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Preface

Overview of Book

This book evolved over a period of years as the authors taught classes in varia-
tional calculus and applied functional analysis to graduate students in engineering
and mathematics. The book has likewise been influenced by the authors’ research
programs that have relied on the application of functional analytic principles to
problems in variational calculus, mechanics and control theory.

One of the most difficult tasks in preparing to utilize functional, convex, and
set-valued analysis in practical problems in engineering and physics is the intimi-
dating number of definitions, lemmas, theorems and propositions that constitute
the foundations of functional analysis. It cannot be overemphasized that functional
analysis can be a powerful tool for analyzing practical problems in mechanics and
physics. However, many academicians and researchers spend their lifetime study-
ing abstract mathematics. It is a demanding field that requires discipline and
devotion. It is a trite analogy that mathematics can be viewed as a pyramid of
knowledge, that builds layer upon layer as more mathematical structure is put in
place. The difficulty lies in the fact that an engineer or scientist typically would
like to start somewhere “above the base” of the pyramid. Engineers and scientists
are not as concerned, generally speaking, with the subtleties of deriving theorems
axiomatically. Rather, they are interested in gaining a working knowledge of the
applicability of the theory to their field of interest.

The content and structure of the book reflects the sometimes conflicting
requirements of researchers or students who have formal training in either engi-
neering or applied mathematics. Typically, before taking this course, those trained
within an engineering discipline might have a working knowledge of fundamental
topics in mechanics or control theory. Engineering students may be perfectly com-
fortable with the notion of the stress distribution in an elastic continuum, or the
velocity field in an incompressible flow. The formulation of the equations govern-
ing the static equilibrium of elastic bodies, or the structure of the Navier-Stokes
Equations for incompressible flow, are often familiar to them. This is usually not
the case for first year graduate students trained in applied mathematics. Rather,
these students will have some familiarity with real analysis or functional analy-
sis. The fundamental theorems of analysis including the Open Mapping Theorem,
the Hahn-Banach Theorem, and the Closed Graph Theorem will constitute the
foundations of their training in many cases.
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Coupled with this essential disparity in the training to which graduate stu-
dents in these two disciplines are exposed, it is a fact that formulations and so-
lutions of modern problems in control and mechanics are couched in functional
analytic terms. This trend is pervasive.

Thus, the goal of the present text is admittedly ambitious. This text seeks
to synthesize topics from abstract analysis with enough recent problems in control
theory and mechanics to provide students from both disciplines with a working
knowledge of functional analysis.

Organization

This work consists of two volumes. The primary thrust of this series is a discussion
of how convex analysis, as a specific subtopic in functional analysis, has served to
unify approaches in numerous problems in mechanics and control theory. Every
attempt has been made to make the series self-contained.

The first book in this series is dedicated to the fundamentals of convex func-
tional analysis. It presents those aspects of functional analysis that are used in
various applications to mechanics and control theory. The purpose of the first vol-
ume is essentially two-fold. On one hand, we wish to provide a bare minimum of the
theory required to understand the principles of functional, convex and set-valued
analysis. We want this presentation to be accessible to those with little advanced
graduate mathematics, which makes it a formidable task indeed. For this reason,
there are numerous examples and diagrams to provide as intuitive an explanation
of the principles as possible. The interested reader is, of course, referred to the
numerous excellent texts that present a complete treatment of the theory. On the
other hand, we would like to provide a concise summary of definitions and theo-
rems, even for those with a background in graduate mathematics, so that the text
is relatively self-contained.

The second book in the series discusses the application of functional analytic
principles to contact problems in mechanics, shape optimization problems, con-
trol of distributed parameter systems, identification problems in mechanics and
control of incompressible flow. While this list of applications is impressive, it is
hardly exhaustive. The second volume also overviews recent problems that can
be addressed with extensions of convex analysis. These applications include the
homogenization of steady state heat conduction equations, approximation theory
in identification problems and nonconvex variational problems in mechanics.

The first volume is organized as follows. Chapter 1 begins with a brief over-
view of topological spaces, and quickly focuses on metric topologies in particular.
Two of the most fundamental theorems included in this chapter are the Arzela-
Ascoli Theorem and Baire Category Theorem. Next, a brief discussion of normed
vector spaces follows. Section 1.4 presents the foundations of measure and integra-
tion theory, while Section 1.7 introduces Hilbert Spaces.
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Chapter 2 includes a tutorial on bounded linear operator and weak topologies.
The chapter presents the Hahn-Banach Theorem, Uniform Boundedness Theorem,
Closed Graph Theorem, Riesz’s Representation Theorem and common construc-
tions such as Gelfand Triples.

Chapter 3 is particularly important to applications: it includes descriptions
of common abstract spaces encountered in practice. A special emphasis is given to
a discussion of Sobolev Spaces.

Chapter 4 discusses the most common notions of differentiability for func-
tionals: Gateaux and Fréchet differentiability. It also presents classical examples
of differentiable functionals.

Chapter 5 introduces Lagrange multiplier techniques to characterize extrema
of optimization problems. The chapter includes a discussion of certain specialized
techniques for studying Fréchet differentiable functionals and equality constrained
problems.

Chapter 6 represents the fundamentals of classical convex analysis in func-
tional analysis. Convex functionals and sets are defined. The relationship between
continuity, convexity and differentiability is outlined. The chapter discusses formal,
“engineering techniques” for solving certain optimal control problems. Multiplier
methods are derived for convex functionals on ordered vector spaces.

Chapter 7 introduces the important notion of lower semicontinuity and intro-
duces the class of lower semicontinuous functionals. The crucial interplay of semi-
continuity and compactness in weak topologies is discussed. The chapter presents
several versions of the Generalized Weierstrass Theorem formulated for lower semi-
continuous functionals.
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Chapter 1

Classical Abstract Spaces
in Functional Analysis

1.1 Introduction and Notation

Set Theory Notation

Throughout this text, sets are typically denoted by capital letters
A, B, C
while elements of sets are denoted by lower case letters
a, b, c.
The membership of an element a in a set A is written as
a€A

while we write

ag A

if the element a is not in the set A. A set A is sometimes described explicitly by
listing its elements
A={a1, az, ..., an}.

More frequently, set builder notation is employed wherein we write
A={ae X :D(a)}.

That is, A is comprised of all elements a in some well-defined, universal set X such
that the description, or property, D(a) is true. For example, if we want to define
the set consisting of the positive integers we can write

N={ieR:4 is an integer and i > 0}.
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As usual, we define the union of sets A and B as all the elements that are a member
of Aor B:
AUB={c:c€ A or ce B}.

The intersection of A and B is the collection of elements that are members of both
A and B
ANB={c:c€ A and c€ B}.

A set B is a subset of A if every element of B is also an element of A
BCA < (zeB=zcA).

If B is a subset of A, the complement of B in A, denoted B, consists of all the
elements of A that are not elements of B. We write

B={zrcA:z¢ B}
Sometimes, when we want to emphasize that we refer to the complement of B in
the particular set A, we write
A\B={reA:z ¢ B}.
Two sets are equal if they are comprised of the same elements. That is, A = B if

and only if
ACB and B CA.

A set B is a proper subset of A if and only if
BCA and B # A.

On many occasions, we employ set theoretic operations on families of sets. Suppose
F is a collection of sets. Then we define

U}'é{x:xeFforsomeFef}
m}'é{x:xeFforallFe}"}.

Specific sets occur so frequently in this text that we have reserved designa-
tions for them.

N The set of positive integers
Z The set of integers

Q The set of rational numbers
R The set of real numbers
C The set of complex numbers

By a sequence in the set X, we mean a mapping either from N to X or from
7Z to X. In this book, sequences will be denoted as

{xk}kGN or {xm}m,GZ

depending on the desired index set.
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Real Variables

When considering sets consisting of real numbers, conventional notation is em-
ployed for the open, closed and half-open intervals

[a,b))={x eR:a <z <b}
(a,0)={z eR:a<z<b}
[a,b) ={x €R:a < x <b}.

Of particular importance throughout the text are the infimum, supremum, limit
superior and limit inferior of a set of real numbers. If a set of real numbers A C R
is bounded from above, there is a smallest real number @ € R such that

z<a
for all x € A. The number a is the supremum of the set A C R. This relationship
is written

a=sup{z:z € A}

= sup <.
z€EA

The supremum of a set A C R is also sometimes referred to as the least upper
bound, or l.u.b., of A. Likewise, if the set A is bounded below, there is a greatest
real number a € R such that

a<czc
for all z € A. The number a is the infimum of A
a=inf{z: 2 € A}
= inf z.

r€A

The infimum of a set A C R is also sometimes referred to as the greatest lower
bound, or g.l.b., of A. Let {x,}nen € R be some sequence of real numbers. We
define the limit superior, or lim sup, of the sequence to be

lim sup z,, = inf (sup xn>
n—oo ke n>k

The limit inferior, or lim inf, of the sequence is defined to be

lim inf z,, = sup ( inf xn>
n—00 keN \n>k

The following example illustrates notions of lim sup x,, and lim inf z,,.
n—00 n—00
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Example 1.1.1. Let a sequence {xy }nen be defined as

1
Ty = (1 + ) cos TN,
n

This sequence is depicted in Figure 1.1. We have

supx, = 1—1—,1c for k=25 jeN
n>k
inf o, = —(14;) for k=2j-1 jeN

(1+%)Cos[7m]

Xn Xn =
limsup x5, = 1
n - o
— n
6
TN\ s ~ liminf Xp = -1
-2 n- o
-4

Figure 1.1: Hlustrations of notions of lim sup x,, and lim inf z,,
n—oo n—oo

By definition of limsup x,, and liminf z,,, we obtain
n— o0 n—0o0

1
limsup = inf <1 + ) =1
k—oo I 2j

1
liminf = sup — [ 1 - 1.
i <+2j—1)

This example also makes clear that the limsup, or liminf, of a sequence of real
numbers are simply the largest, or smallest, accumulation points of the sequence,

respectively. Note that if a sequence {z,, }nen converges, then

lim sup z,, = liminf z,,.
n—oo n—0oo
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For f:R — R the notation f(x) = O(z) means

lim sup ‘f;x)’

z—0

=cC

for some constant ¢ # 0. We write f(z) = o(x) whenever

‘f(w)

T

lim sup =0.

z—0

A sequence of real numbers {xy }ren is said to converge to its limit z* if for
any € > 0 there exists n. such that for any & > n., we have |z, — 2*| < ¢, or in
terms of “6 — €¢” notation

Ve>0 dn.eN: k>n. = |zp—z"|<e

A function f(x) is said to be continuous at point zg if for any € > 0 there exists
d > 0 such that for any x € (zg — d,x¢ + J), we have |f(z) — f(zo)| <, ie.,

Ve>036>0: z€(xg—0d,z0+0) = |f(x)— f(zo)| <e.

1.2 Topological Spaces

The previous section discussed notions of infimum, supremum, convergence and
continuity for sequence of real numbers and functions of real variables. But can
we generalize these notions for other abstract mathematical objects? A large part
of mathematical analysis has been devoted to giving a precise definition to the
notion of “convergence.” In conventional language the word “convergence” has
many connotations. We say that a hurricane is “converging on the coast,” or that
“negotiators are converging” in discussions. When asked, most graduate students
would have little difficulty in defining a convergent sequence of numbers. Consid-
erable difficulty arises in defining the convergence of more abstract mathematical
objects, such as those, for instance, that represent the states of physical systems.
For example, when can we say that a sequence of functions converges “as a whole”
to another function? To answer to this question we should specify what we mean
by “convergence of a function as a whole.” This intuitive notion is hardly a rig-
orous mathematical definition. We should also know whether a considered set of
functions is “rich enough” to contain the limit of the sequence. All these matters
lead us to determining a structure of abstract spaces under consideration.

For instance, the set of real numbers when plotted may intuitively be per-
ceived as a continuous, infinitely long line. But this graphical description does not
determine R completely. In fact, if we also plot the set of rational numbers Q,
then it also “looks” like a continuous, infinitely long line. However, from classical
analysis, we know that not every point on the real line belongs to Q. Indeed, v/2
is such an example, i.e., v/2 ¢ Q. Moreover, if we consider the sequence of rational



6 Chapter 1. Classical Abstract Spaces in Functional Analysis

numbers {g, }nen € Q with ¢, = 107"[10"v/2], where [p] denotes the integer part
of number p, then obviously ¢, — ¢* = v/2 and the limit ¢* ¢ Q. The conclusion
is that the space Q is not “rich enough” to contain limits of all convergent se-
quences of rational numbers. On the other hand, one of the remarkable properties
of the space R, taken for granted, is that the limit of any convergent sequence
{Zn}nen € R always belongs to R. This property is known as completeness, which
is one of the most important concepts in functional analysis. But abstract spaces
may also have many other properties, additionally characterizing their structures
and making them different one from another. Notions of completeness, openness,
boundedness, connectedness etc. constitute the foundation of the theory of ab-
stract spaces.

In the previous section, we noticed that notions of “convergence” and “con-
tinuity” were based on the idea of a meighborhood. In the examples of sequence
convergence and function continuity, a neighborhood was implicitly defined by the
distance between any two points. However, a general definition of a neighborhood
does not assume the existence of any measure of distance. Instead, a neighbor-
hood can axiomatically be defined through a structure of open sets, providing a
motivation for the introduction of topological spaces.

Simply put, a topological space is an abstract space of mathematical objects
and a set of axioms that define the structure of open sets. The collection of open
sets, in turn, determines the notions of a neighborhood and convergence in this
space.

To appreciate how general our definition of convergence of entities in abstract
spaces must be to be useful, consider the sequences of images in Figure 1.2. As we
examine this sequence of figures, it appears to the eye that the figures are “focusing
in” on an image that represents the limit. But what is the “limiting image,” and
how do we define the closeness of each of the images? The following examples
provide some insight on what may constitute a neighborhood and convergence for
various mathematical objects in abstract spaces.

Example 1.2.1. Suppose we picture a hierarchy of finer and finer rectilinear grids
{Mj}jeN over the unit square. Each grid M; is comprised of constituent cubes

07, . as pictured in Figure 1.3 (a). We define
M;={0),,: m=0,...,2 =1, n=0,...,2 -1} (1.1)
where
o= {(x,y)e 0,1]x[0,1]: Mz o nfl}.
, 27 27 27 27

One sufficient condition for the convergence of a sequence of points {pk}ren =
{(zk, yx) }ken that lie in the unit square might be stated as follows:
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09 09
08 08
07 07
06 06
osf 05
04| 04|
03 03
02 02

01 01

(a) N = 1000 (b) N = 2000

09 09
LE LE
07 07
06 06
05 05
04| 0 4]
03 . 03
02) 02)

01 01

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

(¢) N = 4000 (d) N = 6000

Figure 1.2: Blurred Sierpinski Gasket, Various N

A sequence of points {pr}ren = {(xk, yr) tren converges to a point p* =
(x*,y*) if for any arbitrarily selected mesh M;, there is an integer K;
such that the “tail of the sequence” {pk}szf lies in the grid box (1. .
that contains p*. '

A moment’s reflection will show that this sufficient condition for convergence
makes sense independent of the shape of the refined meshes. We could replace
the selection of the hierarchy of rectilinear meshes with the triangular meshes as
depicted in Figure 1.3 (b). Also note that since this statement embodies a suf-
ficient condition for convergence, there may still be convergent sequences that
do not satisfy this condition. Obviously if p* lies on a dyadic grid line, i.e.,
p* = (i12_j1,i22_j2) for some integers iy, iz, j1 and ja, then this condition cannot
be applicable. Why?

Now, the geometrically intuitive description of convergence given above, and the
observation that it should not depend on the “shape” of the grids, leads us to
generalize the definition of convergence. If we refer to each of the cubes (07, ,
comprising grid M; as a neighborhood, the definition can be written more succinctly
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T L
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(a) Dyadic Refinements of Unit Square (b) Triangular Refinements
Figure 1.3: Refinements of a Topological Space

A sequence of points {px }ren converges to a point p* if the sequence is
eventually in every meighborhood of the point p*.

In this definition, we have used the phrase “eventually in” to replace “the tail of
the sequence is contained in.” Thus, defining convergence is inextricably connected
to the task of defining the points that neighbor a given point.

The following example is fundamental in introductory analysis texts, and
discusses the convergence of a classical Fourier series.

Example 1.2.2. Consider the characteristic function of the unit interval.

1, z€]0,1]

f@) =Tiozesny = {07 ¢ [0,1].

It is well known that we can build approrimations of this discontinuous function
from very smooth collections of functions. For example, consider the collection

{01(2) ben = {sin(km)}ren:

Suppose we seek a sequence that approzimates f on the closed interval [0,1] having
the form

falw) = frgw(@),  w€[0,1] (1.2)
k=1

where the collection of constants fi, k € N, must be determined. To find coefficients
S, we multiply Equation (1.2) by ¢, () and integrate with respect to x to obtain

/0 u@)om(a)de = 3 i / 6 (2) b (2) (1.3)

Using the relation

sin(knx) sin(mra) = ; (cos((k — m)mx) — cos((k + m)nx))
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we obtain
1 1
k‘ =
/ sin(knz) sin(mmrx)dr = | 2 "
0 0 k#m
and consequently, the Equation (1.3) is reduced to
1
cos(mmx) 1
- - fm,-
mm 2
0
Finally,
2 0, m=2k
Jm = mﬂ(l—cob(mﬂ)) = { 4 =2k 1
and

n

fn(z) = :Z 2k1—|— 1 sin((2k + 1)7z).
k=0

However, it is well known from classical analysis that the value of the ap-
proxzimants fn(x) at the ends of the interval [0,1] do not converge to the values of
the function f(x) at 0 or 1. Indeed, for any n, fn,(0) = 0 and f,(1) = 0, while
f(0) = f(1) = 1. On the other hand, the Fourier approzimants do appear to ap-
proach the function f(x) on [0,1] as the number of kept terms in the series n gets
large, in some sense. In fact, the observation that the approximants do converge to
the function “in some sense” led to the definition of convergence “in the mean,”
that is, L? convergence of functions. Consider the simple function as depicted in
Figure 1.4(a), and its sequence of Fourier approximants plotted in Figures 1.4(b)
through 1.4(d). Clearly, {fn}nen approaches the function f(x) “in the mean.” In
this case we say that a neighborhood of f(x) on [0, 1] is determined in the L? space.

In these examples we noticed that a topological space is defined by stating precisely
which subsets of an underlying set constitute the neighborhoods, or open sets, of
the topological space. We now make this definition precise.

Definition 1.2.1. Let X be a set, and let T be a family of subsets of X. The pair
(X, 7) is said to be a topological space if

(T1) The empty set is in 7, 0 € T.
(T2) The whole set X isinT, X € 7.
(

T3) If {Oa}oca is a subfamily (finite or infinite) of sets contained
inT, then |J Oy € 7.
acA
(T4) If {Oﬁ}ﬁeA s a finite subfamily of sets contained in T,

then () Og €.
BeA



10 Chapter 1. Classical Abstract Spaces in Functional Analysis

12
1.0
1
038
06
04
02
0-+—o o—
0]
l l
T T
0 1.0 ° 0 02 04 06 08 1
(a) Simple Function (b) Fourier Series, n = 2
12 12
" " AVAVAV W
038 038
06 06
04 04
02 02
0] 0]
0 0 02 04 06 08 1 0 0 02 04 06 08 1
(c) Fourier Series, n = 4 (d) Fourier Series, n = 49

Figure 1.4: Simple Function and Sequence of Fourier Approximations

The family of subsets 7 of X are the open sets of the topology. A set in the
topological space (X, 7) is closed if and only if it is the complement of an open
set. That is, C' is closed if there exists O € 7 such that C = X\O. Recall that the
purpose of introducing a topology on a set is to quantify which points are near
other points. A set A (z) is a neighborhood of the point z if there is an open set
O such that z € O C N ().

Definition 1.2.2. Let (X, 7) be a topological space and let A C X. The interior of
A is the union of all open sets contained in A. The closure of A is the intersection
of all closed sets containing A. We denote the interior of A

int(A) = A°

and the closure of A by
A.

A subset B C A is said to be dense in A if

ACB.
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Of course, for an arbitrary subset A C X, it need not be the case that A € 7 or
A € 7. In other words, A may not be an open set and A may not be a closed set. In
many applications we will be interested in the interior of A and the closure of A.

Definition 1.2.3. A topological space (X,T) is separable if and only if it has a
countable dense subset.

Now, in actuality, it is only possible to explicitly list or enumerate all of the open
sets that define a topology in the most trivial of examples. One of the easiest ways
to define a topology on a set A C X arises when A inherits its topology from X.

Definition 1.2.4. Let (X, 7x) be a topological space. If A C X, the relative topology
on A is defined in terms of the open sets

TAa={BCA:B=ANO0O for some O € 7x}.
The topological space (A,Ta) is the relativization of (X, Tx) to the set A.

For topological spaces of interest to engineers and scientists, it is often the case
that we can describe sets that are building blocks for all of the open sets that
comprise the topology. One means of describing the topology is by describing a
base for the topology.

Definition 1.2.5. Let (X,7) be a topological space, and let {Ba} c, be a family
of subsets of 7. The collection of sets {Ba},c 4 is said to form a base for the

topological space (X, T) if any set in T is the union of sets contained in {Ba} ¢ 4-

The following proposition provides an alternative definition for a base for a topo-
logical space.
Proposition 1.2.1. A collection of sets {Ba},c, forms a base for a topological
space (X, 1) if and only if it satisfies the following two properties

(1) any x € X is contained at least in one B,

(2) if © € Bay, N By, then there exists By, such that © € Bay C Boy N Ba,.

A second useful means of describing the topology on a set gives a description of
the open sets that contain a given point. This description is in terms of the local
base for the topology.

Definition 1.2.6. Let (X, 7) be a topological space. A family of subsets B of X is a
local base for the topology at the point x € X if

(1) every member of B is a neighborhood of x € X, and
(2) for every neighborhood N (z) of x € X there is a set B € B such that B C

Of course, there is a fundamental relationship between a base and a local base for
a given topological space.
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Theorem 1.2.1. Let (X, ) be a topological space. The collection of subsets {Ba} ¢ 4
of T is a base for the topology if and only if {Ba},c 4 contains a local base at each
zeX.

Finally, it is often useful to construct a topology from a collection of subsets that
cover X, but are not necessarily a base for X.

Definition 1.2.7. Let X be a set and let {On},c 4 be a collection of sets that cover X

xXc | o..

acA

The collection of all finite intersections of sets in {Oa},c4 defines a base for a
unique topology on X, referred to as the topology generated by the {On} ¢ 4-

In general, the index set A for a base {B,}aca is not restricted in any way. Of
particular interest in applications are the cases in which the index set of a base,
or local base, is in fact countable.

Definition 1.2.8. A topological space (X, 1) is first countable at x if it has a local
base at x that is countable. It is first countable if it is first countable at each x € X.
The topological space (X, ) is second countable if it has a countable base.

Theorem 1.2.1 (Lindelhof’s Theorem). Let the topological space X have a countable
base. Every open covering of a set T C X has a countable subcovering.

Proof. Let {B;}ien be a countable base for the topology on X and let {Oa} ¢4

be a covering of T', i.e., T C |J O,. Each z € T belongs to some O,. Suppose
acA
2 € Oq. Since {B;}jen is a base for the topology on X, it contains a local base at

each € X. Consequently, for each x € T there exists B; such that € B; C O,.

If for each B; we choose S; = O,, then since base {B;};en is countable, the
subcovering {S;};en is also countable, and obviously T'C | S;. O
iEN

Example 1.2.3. Let us pause to re-consider the meshes M; in equations (1.1). Pick
any x € [0,1] x [0,1] and define a set B(z) such that
B(x) = {D{nn rx € D%’n for some j, m, n € N}.

For some choices of x, it is clear that B(x) is not a local base for the usual Eu-
clidean topology on [0,1] x [0,1]. If we simply consider any point that lies on one
of the mesh lines, say a number like x = 512, B(x) contains a finite number of
subsets. On the other hand, if we choose a number x € [0,1] x [0,1] such that
its base-two expansion is non-terminating, B(z) is a local base for the Euclidean
topology at x.
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1.2.1 Convergence in Topological Spaces

Up to this point, we have emphasized that endowing a set with a topology allows
us to describe convergence, and we have noted that convergence can be defined
only by introducing a notion of neighborhoods that define “nearness” of elements
in a topological space. It turns out that topological spaces often contain rather ab-
stract objects, and in general, it is impossible to index these objects by a sequence
of integers. For example, in scientific computation, we often deal with refinements
of meshes used in approximating partial differential equations. A prototypical col-
lection of “nested” mesh refinements is depicted in Figures 1.5. Figures 1.5(b) and
1.5(c) depict refinements of the mesh in Figure 1.5(a), but neither is a refinement
of the other. Clearly, if we want to number sequentially all such meshes from “the
coarsest” to the “finest,” such an ordering is not possible. Some meshes are refine-
ments of one another, and are simply incommensurable. Also, we should carefully
note that each of the two refinements under consideration do constitute an entry
in a separate path of refinements that ultimately lead to the most refined mesh
depicted in Figure 1.6. Thus, we see that our idea of convergence must also in-
corporate a more generalized concept of ordering elements in a topological space.
This is accomplished by first introducing a relation on a set.

(a) Nested Refinement « (b) Nested Refinement

(c) Nested Refinement (d) Nested Refinement e

Figure 1.5: Nested Refinements

Definition 1.2.9. Let X be a set. A relation on X is a mapping R : X x X — {0,1}.

The interpretation of this definition is actually straightforward; we say that x
is related to y if R(x,y) = 1, otherwise z and y are not related. Another common,
frequently employed definition of a relation R defined on a set X simply associates
R with a subset of X x X. That is,  and y are related if and only if (z,y) € R C
X x X. Depending upon the reference, a relation on a set can be denoted in several
ways. For example, it is common to employ zRy, x < y or > y to indicate that x
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Figure 1.6: Path of Triangular Refinements

is related to y. The important point here is that a relation provides a fundamental
construction to order sets. In particular, we will find that a relation serves as the
mechanism for defining

e an ordering on a general set X, and
e the equivalence of elements in a general set X.

Thus, depending on the use of the relation, we will use the notation xRy, x < y,
x >y, or x = y depending on which is most appropriate for the task at hand.
We first begin by defining a partial ordering, that is, an ordering in which not all
elements of the set need be related.

Definition 1.2.10. Let > be a relation on the set X. The set is said to be partially
ordered if the relation > is

(PO1) z>z VeeX Reflexive
(PO2) z>y,y>z = x>z Transitive
(PO3) z>y,y>x = x=vy Antisymmelric

A total ordering is a partial ordering in which every pair of elements (z,y) € X x X
are related. Now, the notation in Definition 1.2.10 makes sense. It is trivial to see
that the inequality binary operators “<” and “>” define total orderings on R.
As noted earlier, a relation can also be used to define notions of equivalence on a
set X.

Definition 1.2.11. A relation R defined on a set X induces an equivalence relation
on X if R is

(ER1) (z,z)e RCXxX VzeX Reflezive
(ER2) (z,v), (y,2) € R = (x,z)€ R Transitive
(ER3) (z,y) € R if and only if (y,x) € R Symmetric
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As a last example of the use of a relation R, we define a directed set. Intuitively
speaking, defining a directed set provides a somewhat stronger notion of ordering
of a set into subsets that can be ordered by precedence.

Definition 1.2.12. The pair (X, >) consisting of a set X and relation > is a directed
set if for each x, y € X, there exists a z € X such that z > x and z > y.

Finally, we are prepared to define convergence on a general topological space.
We define a generalization of sequences that can be used to order abstract elements
of a topological space. These generalized sequences are known as nets. In some
references, they are also called directions.

Definition 1.2.13. A net is a function defined on a directed set. If A is the directed

set and the function maps A into X, the net of points in X is denoted {To} ¢ -

The convergence of a net in a topological space is given by the following definition:

Definition 1.2.14. A net of points {xqa},c 4 is said to converge to a point x € X if
for any neighborhood N'(x) of z, ag € A such that if « > ag, then o € N(x).

In other words, a net {z,},., converges to some element x if and only if it
is eventually in every neighborhood of x. At this point, the reader is urged to
compare the abstract Definition 1.2.14 with the heuristic example shown in Figure
1.3. The analogy between the two should be clear. Our previous example is simply
a special case of Definition 1.2.14.

1.2.2 Continuity of Functions on Topological Spaces

One of the fundamental tasks is determining what mathematical properties are
intrinsic to particular abstract spaces. For topological spaces, concepts like con-
nectedness, continuity and convergence are intrinsic properties that arise from the
structure of the space itself. We have spent considerable time discussing conver-
gence in topological spaces because it is of fundamental importance in applications.
We will also find that continuity of functions on topological spaces is likewise of
central importance in applications in mechanics and control theory.

Definition 1.2.15. Let X and Y be topological spaces, a function f : X — Y is
continuous at point x € X if for any neighborhood N (y) CY of point y = f(x),
there exists a neighborhood N'(z) C X of point x such that f(N(x)) C N(y).

This definition may be reformulated in terms of nets, which are widely used in
various engineering applications, including optimal control and mechanics. Indeed,
relying on our earlier definition of nets, if {xs5}5., is a net in X, and if f maps
X into Y with ys = f(zs) then {ys}scp is a net in Y. Both nets are indexed
by the same directed set D. Continuity of a mapping in a topological space can
thus be stated quite simply: every convergent net in the domain is mapped into a
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convergent net in the range. This definition is easier to remember by recalling one
of the definitions of continuity of real-valued functions from calculus:

A function f: R — R is continuous at z¢ € R if

=z = f(z) = f(zo).
This result for topological spaces is rigorously proved in the following theorem.

Theorem 1.2.2. Let X and Y be topological spaces, and let D be a directed set. A
function f : X — Y is continuous at x € X if and only if

vs —x = f(zs) — f().

Proof. Sufficiency. If f is a continuous mapping at point z, then for any Q, C
Y, containing f(z), there exists a neighborhood Q, C X of point = such that
f(Qz) C Q. Based on x5 — x, there exists g such that x5 € Q, for all 6 > Jo.
But for the same ¢ > &g, we have f(zs) € Q,, which means that f(zs5) — f(z).

Necessity. Let x5 — x imply f(zs) — f(x) for every net {zs}scp converging
to z € X. Suppose to the contrary that there exists an open set @, C Y with
f(z) € Qy such that for all neighborhoods Q, of point x: f(Q,) ¢ Q,. Let the
directed set D be comprised of all neighborhoods of z, and let Q, > P, for any
Qu, P € D if Q, C P,. Define a net on D by choosing zg, € Q, such that

f(zg,) € f(Qu)\Qy- Then zg, — & but f(z0,) » f(z). 0

There are many alternative characterizations of continuity of functions acting
on topological spaces. For the most part, we feel that these characterizations are
less intuitive than the definition above. For completeness, we summarize the most
common equivalent characterization in the following theorem. It can be very useful
in some applications.

Theorem 1.2.3. Suppose (X, 7,) and (Y,7,) are topological spaces. The mapping
f: X =Y is continuous at xg € X if and only if the inverse image of every open
set Q, CY with f(xo) € Qy contains an open set Q, C X such that

To € Qa: g fﬁl(Qy)

Proof. Necessity. Let f be continuous mapping X — Y at g and let Q, be an
open set, containing point yo = f(zo). But it means that Q, is a neighborhood
of yo. Consequently, according to Definition 1.2.15, there exists a neighborhood
Q. € X of point xg such that f(Q,) C Q,, that is, g € Q, C f~1(Q,) and Q,
is open.

Sufficiency. On the other hand, the fact that for any open set Q, with f(zo) € Q,
there is an open set Q, C ffl(Qy) with 9 € Q, implies that f(Q,) C Q,, and
consequently f is continuous at xzg. O



1.2. Topological Spaces 17

1.2.3 Weak Topology

In applications, one frequently uses continuous functions on topological spaces to
define alternative topologies. That is, given two topological spaces X and Y, and
a continuous mapping f between them, we can induce a new and sometimes more
useful topology on X. This topology is called the weak topology from f.

Definition 1.2.16. Let X be a set, (Y,T) a topological space, and f a mapping from
X into Y, i.e., f: X — Y. The weak topology induced by f on X is defined to be

(X, weak(f)) = (X,{O C X : O = f~*(P) for some P € 7}).

The practical use of the weak topology, however, usually requires that we
induce a topology from some suitably large class of continuous functions defined
on X. Obviously, each individual function induces its own weak topology according
to Definition 1.2.16. To define a weak topology from a collection of functions, we
first consider the more fundamental question of how a topology can be constructed
from several auxiliary topologies.

Definition 1.2.17. Let X be a set and let {74}, 4 be a collection of topologies
on X. ((X,7a) is a topological space for each oo € A). The supremum topology,

denoted by
\/ (X, 7a)
acA

is the topology generated by the collection of subsets {To},cq of X.
Definition 1.2.18. Let X be a set and let F be a collection of functions such that

if feF,
f: X =Y.

The weak topology on X induced by F is defined as
(X, weak(F)) = \/ (X, weak(f)).
fer

Now, this definition has many implications. First of all, the weak topology
is the smallest topology for which all of the functions f € F are continuous. In
addition, it is quite easy to write down precisely which nets converge in X when
it is endowed with the weak topology.

Theorem 1.2.4. Let F be a collection of functions that induce a weak topology on
X, denoted (X, Weak(}")). A net {xa},eq converges in the weak topology on X,

o —x in (X, weak(F))

if and only if
flxa)— f(x) im Yy VfeF.
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Topological spaces, with no additionally imposed structure, are very abstract
indeed. One crucial property of topological spaces X, that is important to engineers
and scientists for applications, has to do with the extent to which we can “separate”
the points of X. While there are different notions of the degree to which points can
be separated in a topological space [34], we need consider only one in this book.

Definition 1.2.19. A topological space (X, T) is said to be a Hausdorff topological
space if for each two distinct points x, y € X, x # y, we can find open subsets Q,
and Qy such that x € Qg, y € Q, and

The following theorem shows why this property is essential in most applications:
it guarantees the uniqueness of limits.

Theorem 1.2.5. Let (X, 7) be a topological space. X is a Hausdor(f topological space
if and only if every convergent net in X has a unique limit.

Proof. Suppose X is a Hausdorff topological space and {zs}scs is a convergent net.
Suppose to the contrary that this net converges to both x and y, where x # y.
Since X is a Hausdorff topological space, there are two disjoint open sets Q, and
Q, such that

r€Q, and ye€ Q,.

Since {zs}ser is convergent to x, 34, € I such that
x5 € Qp V>0,
Likewise, since {s}ser is convergent to y, 36, € I such that
x5 € Qy Vé > dy.
By the definition of a directed set, there must be some §y € I such that
g > Oy and dp > dy.

Hence,
xﬁegmey V(5250

implies that Q, and Q, are not disjoint, which is a contradiction.
Now suppose that every convergent net in X has a unique limit. Suppose
that X is not a Hausdorff topological space. Define a directed set

D ={(Qs,Qy) : Qs is neighborhood of z, Q, is neighborhood of y}.
We define the relation 2 on D as follows. If

(Q2,9y) €D and (P, Py) €D
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then
(Qz,Qy) X (Pas Py)
if
P2 Q; and Py D Q,.
It is not difficult to show that (D, ) defines a directed set. Indeed, if (Q, Q) € D
and (P, Py) € D, then
(S, Sy) =(Q2NP, QyNPy) €D

and

(8:,8y) 2 (94, 9Qy)
(S Sy) 2 (Pa, Py)-

Now, define a net on D by choosing
2(0,,9,) € Qo N Qy

for any (Qz, Qy) € D. The intersection is nonempty by virtue of the fact that X
is not a Hausdorff topological space. But the net {20, 0,)}(0.,0,)ep converges

to both x and y, which is a contradiction. O

1.2.4 Compactness of Sets in Topological Spaces

Finally, we consider what may be the most abstract mathematical property of sub-
sets of a topological space that is required in this volume. To non-mathematicians,
the applicability of this concept may not be immediately apparent. However, if the
frequency of use is any indication of the importance of a concept, the relevance to
application of the definition of a compact set cannot be overstated. Nearly every
application in this book series relies on a compactness argument, in one form or
another.

Definition 1.2.20. Let (X, 7) be a topological space. A subset S C X is compact if
and only if every covering of S by open sets contains a finite subcovering.

Theorem 1.2.6. Let C' be a compact subset in the topological space (X, 7), and let
F C C be closed, then F' is compact.

Proof. Let F C |J Q, be a covering of F' by open sets. In this case,
acA

CC (U Qa>u(X\F)

acA

defines a covering of C' by open sets. Since C' is compact, there is a finite collection
{Qa, 1Y, such that

Cc (U Qak> U (X \ F).

k=1
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But this implies that

N
FclQu
k=1

and F' is consequently compact. O

The characterization of compactness in terms of a cover of open sets can be
intimidating to engineers and scientists. As usual in mathematics, an alternative
characterization of compactness is possible. Compactness in topological spaces can
be expressed in terms of certain convergent nets. This alternative characterization
is made precise by defining cofinal subsets of a directed set and subnets.

Definition 1.2.21. Let D be a directed set. A subset E C D is cofinal in D if for
each d € D, there is an e € E such that e > d.

It is clear from the definition that a cofinal subset extends throughout a directed
set, at least as measured by the order defined on the directed set.

Definition 1.2.22. Let D, E be directed sets, {xd}deD be a net and f : E — D.
Then the set

{xf(e)}eeE

is a subnet of {xq}tacp if
1. e1 > eq in E implies f(e1) > f(e2) in D, and
2. f(E) is cofinal in D.

A little reflection shows that a subnet of a given net is akin to a subsequence of
a given sequence. The analogy between subnets and subsequences is fundamental
and is made precise in the next section. For now, we simply note that compactness
is readily defined in terms of convergent subnets.

Theorem 1.2.7. A subset C of a topological space is compact if and only if every
net contained in C contains a subnet converging to an element in C.

Thus, we can anticipate an important role for compactness in applications. If a set
can be shown to be compact, any extracted net has a convergent subnet. Moreover,
it is possible to use the language of nets to show that a set is closed. In applications,
one need not produce an open set that is the complement of a given set to show
that the given set is a closed set.

Theorem 1.2.8. A subset C' of a topological space is closed if and only if C contains
the limit of every convergent net whose elements are contained in C.
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1.3 Metric Spaces

Now that we have defined a topological space, and given some examples for illus-
tration, we will present some of the more common techniques for creating useful
topologies. Perhaps the most frequently used method for creating topologies that
are of interest to engineers and scientists makes use of metrics. In a metric space,
we define a distance function that precisely determines what are the open sets,
or equivalently the neighborhoods, that comprise the topology. The prototypical
metric space is just the real line R along with the function

d(.]j,y)E \x—y| V%ZJER
An arbitrary metric space is defined axiomatically.

Definition 1.3.1. A metric space is a pair (X, d) where X is a set and d is a distance
function defined on the set. The distance function is defined such that
M) d: X — R+ (real-valued, finite and nonnegative)
(M2) d(z,y) = = x=y
(M3) d(z,y) = d(y, x)  (symmetry)
(M4) d(z,2) < d(z,y) +d(y,z) (triangle inequality)
The above definition makes it clear that every metric space is a topological space.

The open sets of the topology induced by the metric are just the collection of
subsets that can be expressed as the union of open balls B, (z) where

B.(z)={y€ X :d(z,y) <7}.

In other words, the set B, consisting of all open balls B,.(z), is a base for the metric
topology. The set B(z) defined as

B(z) ={B.(z): 7> 0}

is a local base at x for the metric topology on X.

1.3.1 Convergence and Continuity in Metric Spaces

With the added structure of a metric, we can specialize the general definition of
convergence of a net in a topological space to define convergence of a sequence in
a metric space. This definition should start to look quite familiar.

Definition 1.3.2. A sequence {x,,} in a metric space X is said to converge if 3z € X
such that

lim d(zy,,z) =0.

n—o0
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An intuitive interpretation of this definition is depicted in Figure 1.7. It is clear
that this definition is just a special case of convergence of a net in a topological
space. When we recall that a neighborhood of a point x contains an open ball
B.(z) ={y € X :d(z,y) <r}, it is evident that

lim d(z,,z) =0

n—oo

if and only if the sequence of points {x,}, .\ is eventually in every neighborhood
of x.

X

d(x.%,) /

Figure 1.7: Convergent Sequence, Schematic Representation

The definition of continuity of mappings can also be deduced from the defi-
nition of continuity of mappings between topological spaces.

Definition 1.3.3. Let X, Y be metric spaces and consider the mapping f: X — Y.
The mapping f is continuous at a point xo € X if for every e > 0 there exists
0 > 0 such that for any x satisfying d(z,x¢) < J§, we have d(f(x), f(xo)) < €, or

Ve>0 35>0: dz,zg)<d = d(f(x),f(x0)) <e.

Our statement of this definition is in terms of the familiar “0 — €” notation, simply
because this notation seems to be used most frequently in beginning analysis texts.
It should be clear that this definition is equivalent to the statement that

x—x9 = f(z)— f(zo).

That is, the definition essentially says that points in the range of f approach one
another as points in the domain do. This observation is consistent with the general
definition of continuity in topological spaces.
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1.3.2 Closed and Dense Sets in Metric Spaces

We consider next some equivalent notions of closed sets in a metric space. Recall
that a set C is closed if and only if it is the complement of an open set in the
topology on X. It is seldom the case, however, that this axiomatic definition is
particularly useful in applications. A more convenient definition, when we have
the added structure of a metric space in place, makes use of the notion of an
accumulation, limit or cluster point.

Definition 1.3.4. A point x € X is a limit (accumulation, cluster) point of A C X
if there is is a sequence of elements {xk}keN C A such that xp, — x.

Carefully note that a limit point need not belong to the set A, and that every
point in A is trivially a limit point of A (consider the sequence {z,z,z,z,...}).

Definition 1.3.5. The closure of a subset A in the metric space X, denoted A, is
the set of all of the limit points of A in X. A set A is closed if and only if A = A.

Now that we have available a more useful definition of the closure of a set, we can
define when one set “can approximate” another set. The idea that one set is dense
in another lies at the heart of all problems in approximation theory.

Definition 1.3.6. The subset A is dense in the metric space X if A= X.

When we consider Definitions 1.3.4, 1.3.5, we can fully appreciate the centrality of
this definition in approximation. Suppose that a set A is dense in the metric space
X, and pick some random element of X. Even if z € X cannot be “represented
explicitly,” we are guaranteed that there is a sequence {w},y contained in A
such that x; — 2. Approximation theory deals with finding sequences {x1},cy
defined in terms of “fundamental functions,” ones that are easy to compute and
are dense in abstract spaces.

1.3.3 Complete Metric Spaces

By adding a metric to a set, we obtain a metric space. It is important to remem-
ber that not all topological spaces are metrizable. In addition, another important
concept that is introduced with the structure of a metric, that does not arise in
a non-metrizable topological space, is the idea of “completeness.” Essentially, we
can think of a complete metric space as one which does not have any “holes in the
limit.” This description is not rigorous, of course, but it does convey the spirit of
what a complete metric space is. To define a complete metric space, we must first
define a Cauchy sequence.

Definition 1.3.7. A sequence {x,}, oy in a metric space X is said to be Cauchy if
for every € > 0 there is an N(e) such that

d(xm,zn) <€, for every m, n> N(e).
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A Cauchy sequence is one for which the elements “squeeze” closer together in the
tail of the sequence, as depicted in Figure 1.8. This figure should be compared to
Figure 1.7 depicting a convergent sequence. It is important to note that although
the elements of the sequence cluster together, they may not get closer to a single
particular point in the set X. This is what we meant earlier by suggesting that a
metric space can have a “hole” in the limit. Thus, we define a complete space as
one that has no “holes.”

Definition 1.3.8. The metric space X is said to be complete if every Cauchy se-
quence in X converges to a point in X.

X

X

X

~
d(x.x,) /

Figure 1.8: Cauchy Sequence, Schematic Representation

Not every metric space is complete. That is, for some metric space X, it is possible
to find a sequence {xy}, .y that is Cauchy

lérrll d(xp,x1) — 0
but does not converge to an element in X.

Example 1.3.1. The space of all rational numbers Q is not complete. Indeed, if for
any p, ¢ € Q we introduce d(p,q) = |p — q| then, clearly, d(p,q) satisfies all the
azioms of a metric, but the Cauchy sequence of ¢, = 107"[10"\/2] converges to
V2, which is not in Q.

Incomplete metric spaces are, for many applications, flawed in the sense that
they do not contain all their points of accumulation. However, it is possible to
construct a completion X of any metric space X. To define the completion of an
arbitrary metric space, we define an isometry i.
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Definition 1.3.9. Let (X,dx) and (Y,dy) be metric spaces. An isometry i is a
mapping
i: X =Y
such that
dx(l‘l,l‘g) = dy(i(xl),i(l‘g)) Vi, zo € X.

Thus, the isometry “preserves the metric” of the space X. In effect, the metric
spaces X1 and X5 have the same topological structure. A sequence {xk}k cny Con-

verges to ¢ € X in metric if and only if the image of {xk} ey under the isometry

{i(xk)}keN converges to i(xg) € Y. We now can define the completion of a metric
space X.

Definition 1.3.10. Let (X, dx) be a metric space and let (Y, dy) be a complete met-
ric space. The space Y is said to be a completion of X if there exists an isometry i

1: X =Y
such that the range of i(X) is dense in Y.

The relationship between X, Y and the isometry ¢ is depicted graphically in Fig-
ure 1.9. Thus, every metric space can be completed by embedding it isometrically
and densely into a complete metric space. While this construction is not difficult,
it is lengthy. It is left as an exercise. The full details can be found in numerous
texts including [15, 21].

X i Y

Figure 1.9: Embedding of Incomplete Metric Space X in Complete Metric Space
Y via Isometry ¢

1.3.4 The Baire Category Theorem

The Baire Category Theorem describes the structure of complete metric spaces.
Roughly speaking, the Baire Category Theorem asserts that a complete metric
space cannot be written as the (countable) union of sets that are too “sparse”
or “too thinly populated.” Specifically, this notion is made precise in terms of a
nowhere dense set.

Definition 1.3.11. A subset of a topological space X is nowhere dense in X if its
closure has empty interior.
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Recall that the interior of a set is the union of all open sets contained in the
set. This definition thus implies that if X is a metric space, the closure of a nowhere
dense set contains no open ball whatsoever. The Baire Category Theorem then says
that we cannot construct a complete metric space in terms of (a countable union)
of these meager sets.

Theorem 1.3.1 (The Baire Category Theorem). A nontrivial complete metric space
s mot the countable union of nowhere dense sets.

Proof. Suppose, to the contrary, that X is a complete metric space and

(o)
xX=Jm
=1

where each N; is a nowhere dense set. By definition, N; does not contain an open
ball. However X \ V7 is open and nonempty. There is consequently some open ball
B(x1,71) € X\N;. Moreover, X\ N, is an open set. Since Ny is nowhere dense,
N, does not contain an open set. In particular, Ny does not contain the open ball
B(zy, yr1). The intersection B(x1, 3r1) N (X\N2) is therefore a nonempty open
set. There is some

1 _ _
B(.’tg,?"g) - B(.’El, 27"1) n (X\Nz) - (X \ N2)
Subsequent iterations yield a nested sequence of open balls
1
B(zp+1,7h41) © Blzk, ,7x) © B(@w, k)

B(J,‘k,’l“k) g (X\Nk)

The sequence {z, }ren is Cauchy, and converges to some x € X by the completeness
of X. In addition, for n > k we have

d(x,z) < d(xp, k) + d(zn, ).
As n — oo, we obtain
1
d(z,zr) < 2rk.

Thus,
x € B(xg, 1)) vk

and
x ¢ Ny, VEk.

Consequently, we conclude that

¢ Ny =X

k=1

This is a contradiction and the theorem is proved. O
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1.3.5 Compactness of Sets in Metric Spaces

The next topic in our review of metric spaces is a discussion of compact sets. As we
will see later, compactness plays a crucial role in establishing uniform continuity
in many applications.

Definition 1.3.12. A subset A contained in a metric space X is sequentially compact
if any sequence extracted from A

{xk}keN cA

contains a subsequence that converges to some xg € A. That is, there exists
{n&} ey such that
Tn, = To €A as k— oo.

A cursory inspection of Definition 1.3.12 would suggest that there might be signifi-
cant differences between the notion of sequential compactness in a metric space and
the general definition of compactness in a topological space in Definition 1.2.20.
At best, there is a similarity between sequential compactness in Definition 1.3.12
and the characterization of compactness in terms of convergent subnets in Theo-
rem 1.2.7. However, the following theorem makes clear that all of these definitions
coincide on a space whose topology is defined via a metric.

Theorem 1.3.2. Suppose (X, d) is a metric space. A set A C X is compact if and
only if it is sequentially compact.

Compact sets play a fundamental role in a host of applications, and are
an indispensable tool for engineers and scientists. Indeed, a substantial number of
problems in the numerical methods for optimization of partial differential equations
are based on showing that a sequence of approximations is contained in a compact
set. We can then deduce that at least some subsequence of the approximations
converge. In most cases there are still a number of important considerations that
must be addressed to solve the problem: for example, is the limit we have obtained
actually the solution to the problem? In any event, the use of compactness to find
a candidate for the solution is paramount.

As we will see, with a considerable amount of effort, it can be shown that the
notion of sequential compactness defined above for metric spaces agrees with the
more general definition of compactness in Definition 1.2.20 whenever the topologi-
cal space is a metric space. We warn the reader, however, that the two definitions of
compactness are not equivalent for general topological spaces. Still, the concept of
a sequentially compact set plays an important role in many applications of interest
to scientists and engineers. To study the relationship of compactness, sequential
compactness and boundedness, we introduce two new concepts. We introduce a
finite e-net and the definition of a totally bounded set.

Definition 1.3.13. A finite collection of points Y. = {y1, ..., yn} is said to comprise
a finite e-net for a subset A of a metric space (X,d) if for each x € A there is an
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integer k € {1, ..., n} such that
d(x7yk) S e

Clearly, if Y. is a finite e-net for the set A C X, the set A is covered by the open
balls B.(y;) having radius € and center y; € Y,

A B ().
=1

Finite e-nets are used to define sets that are totally bounded in a metric space.

Definition 1.3.14. A subset A contained in the metric space (X, d) is said to be
totally bounded if for every e > 0 there is a finite e-net for A.

The concept that a set is totally bounded is stronger than the notion that a set is
merely bounded.

Definition 1.3.15. A precompact set is a totally bounded set in a metric space
(X, d).

Theorem 1.3.1. Let A be a totally bounded set in a metric space (X, d). Then A is
bounded.

Proof. Pick some € > 0, and let Y. = {y1, ..., yn} be an e-net for A. Define
C = max d(yi,y;)
L

i
J
Choose any two points z,y € A. By the definition of an e-net there are two balls
B.(ym) and Bc(y,) such that

2z € Be(ym)
Y € Be(yn)

where Y., yn € Ye. By the triangle inequality, we can write

d(z,y) < d(@,ym) + d(Ym> Yn) + d(Yn, y)
<e+C+e
=C + 2e.

Since z,y € A are arbitrary, we have that diam (A) < C+2¢ and A is bounded. O

The above result was rather straightforward. Note that the following theorem
shows that total boundedness gives a rather concise characterization of sequentially
compact sets in metric spaces.
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Theorem 1.3.2. A metric space (X,d) is sequentially compact if and only if it is
complete and totally bounded.

Proof. Let {z }ren be an infinite sequence in X . Suppose that X is complete and
totally bounded. Pick ¢ = 1. There is a finite enet Y1 = {y1.1, ..., y1,n, } for
X, and at least one of the open balls B;(y1,;) having radius 1 and center at y;
contains an infinite number of points of the sequence. Choose some z, € Bi(y1,5).
The set X N Bi(y1,) is totally bounded. Pick € = }. There is a finite e-net Yi=
{Y2.1, -+, Y2,np } for X N Bi(y1,;), and at least one of the open balls B%(yg,k)
contains an infinite number of points of the infinite sequence. Pick xx, € By (y2,k)-
Proceeding in this way, we construct a subsequence {x,}jen € {Zr}ren and a
sequence of nested balls

Bi(y15) O By (y2,6) O B (ys,1)
such that

Thy € Bi(y1j), Tk, € By(yak), ks € Bi(ys1)

Clearly the subsequence {z,} en is a Cauchy sequence. Since the metric space
is complete, the sequence converges, which shows that X is sequentially compact.
Now suppose that (X, d) is sequentially compact and complete, but to the contrary
it is not totally bounded. This means that for some ¢ > 0 there is an infinite
sequence {xy }ren such that d(zy, z;) > € for all k, j € N. However, since the space
is sequentially compact there must be a subsequence {xy; } jen that is convergent.
But every convergent sequence is Cauchy. There is an My such that m, n > M
implies d(zk,, , zk, ) < €. But this is a contradiction. O

From this theorem we see that sequential compactness is equivalent to com-
pleteness and total boundedness in a metric space. Further, we will often use the
notions of precompact sets and relatively compact sets.

It often occurs that definitions provided by various authors in abstract anal-
ysis use identical terms that vary in a subtle ways from one text to another. One
example where subtle variations may arise is in the definition of precompact and
relatively compact sets. As noted earlier, a precompact set in a metric space is
defined to be a set that is totally bounded. This definition is consistent with that
in classical monographs such as [14] as well as with more modern treatments as
n [10]. On the other hand, a relatively compact set can be defined in a general
topological space as follows.

Definition 1.3.16. A set A in a topological space X is relatively compact if the
closure of A is a compact set in X.

There is another common definition of a relatively compact set, however. By a
relatively compact set some authors also mean a set A C X such that there is a
compact set K C X such that A C K. The next theorem shows that if the space
X is a Hausdorff topological space then these two definitions coincide.
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Theorem 1.3.3. Suppose X is a Hausdorff topological space. Then a set A C X s
a relatively compact if and only if there is a compact set K C X such that A C K.

Proof. Suppose A is relatively compact in the Hausdorff topological space X. Then
the set K £ A is compact by definition. Hence we have constructed a compact set
K C X such that A C K. On the other hand, suppose that there is a compact set
K C X such that A C K. A compact subset of a Hausdorff space is necessarily
closed, so we have K = K. It follows that

ACK =— ACK — ACK.

Since in a Hausdorff space a closed subset of a compact set is compact, we conclude
that A is compact and, consequently A is relatively compact. O

The next theorem characterizes relatively compact sets in metric spaces.

Theorem 1.3.4 (Hausdorff). A set A is relatively compact in a complete metric
space X if A is totally bounded.

We see that a set A is relatively compact in a metric space X if every sequence in A
contains a subsequence that converges in X. The point to which the subsequence
converges may not be an element of A, however. The following theorem describes
the relationship between precompact and relatively compact sets.

Theorem 1.3.5. Let X be a metric space. A relatively compact set in X is precom-
pact. If X is complete, a precompact set is relatively compact.

1.3.6 Equicontinuous Functions on Metric Spaces

In some applications, we will need to establish that a collection of real-valued
functions is compact in some suitable topology. A useful strategy for deriving
convergent sequences of real-valued functions, when endowed with the uniform
metric, can be based on the idea of equicontinuity of a family of functions. We
first define equicontinuity of a family F at a point xy € X.

Definition 1.3.17. Let F be a family of functions each of which maps the metric
space (X,dx) into the metric space (Y,dy). The family F is said to be equicon-
tinuous at a point xg € X if for each € > 0 there is a 6 > 0 such that

VieF: dx(xo,z)<d = dy(f(zo),f(x)) <e

If the above definition holds for all xg € X, we say that the family F is equicon-
tinuous on X. The following definition introduces uniform equicontinuity.

Definition 1.3.18. Let F be a family of continuous functions each of which maps
the metric space (X, dx) into the metric space (Y,dy). The family F is said to be
uniformly equicontinuous if for each € > 0 there is a § > 0 such that

VIEF, Var, o€ X: dx(zi,22) <8 = dy(f(x1),f(z2)) <e.
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We first note that if X is compact, equicontinuity and uniform equicontinuity are
equivalent.

Theorem 1.3.6. Let F be a family of equicontinuous functions each of which maps
the metric space (X,dx) into the metric space (Y,dy). Suppose A C X is a com-
pact set, then family F is uniformly equicontinuous on A.

Proof. Suppose F is equicontinuous. Fix € > 0. For each z € A there is a 6, > 0

such that c

2

for all f € F. The collection of open sets Bs, (z) of radius 52”” and center z is a
2

dX(Jf,y) < 635 - dy(f(l‘),f(y)) <
covering of A by open sets
AC UB? (z).

Since X is compact, there is a finite subcovering

2

-

i=1

Set § = miin 6;1' . Suppose y1, y2 are any two points in X such that dx (y1,y2) < d.

There is some k such that y1 € Bs,, (zx). In fact, by the triangle inequality
2

Y2 € Bs,, (xk):

dx (zr,y2) < dx(zr,y1) + dx (Y1, 92)-
. -~ . ~ -~

~

S Sy
<% <6<y

Hence, we have

~ - ~
<3 <3
for all f € dx, y1,y2 € X, and F is uniformly equicontinuous. O

Examples 1.3.2 through 1.3.7 present some of the most common rudimentary
metric spaces. A distinguished role is played in applications, however, by the space
of continuous real-valued functions defined on a compact metric space X. We
denote this set

CX) =4/ : X =R, sup|f(&)] < oo}.
xr

We leave it to the reader to verify that C'(X) is a metric space with metric
d:C(X)xC(X)—R
d(f.g9) = sup | f(z) — g(2)|.
r€X



32 Chapter 1. Classical Abstract Spaces in Functional Analysis

Theorem 1.3.7. Let X be a compact metric space, let {fr}ren C C(X) be an
equicontinuous sequence, and let Q C X be a dense set. If the sequence of real

numbers
{fk (SC) } keN

is convergent for every x € @, then the sequence of functions {fi}tren converges
uniformly to an element fo € C(X).

Proof. Fix € > 0. Since the sequence {fx}ren is equicontinuous and defined on the
compact set X, it is uniformly equicontinuous. This implies that for any ¢ > 0 and
k € N, there is a 6 > 0 such that for all z and y satisfying d(z,y) < 4, we have

| fe(2) = fr(y)| < e (1.4)
Since X is a compact metric space, there is a finite covering of X by open balls
X = UBg(xk)
k=1

having radius ¢ and centers {z1, ..., z,}. The set @Q is dense in X and therefore
there is at least one element &, € @ such that

&k € Bs (k) k=1,...,n.
By hypothesis, each of the n sequences, 1 < k < n,

{fm(gk)}meN

is a convergent sequence of real numbers. Let x be an arbitrary point in X. There
is some ball Bs(x) such that @ € Bs(zk). Consider two functions f,,, and f,,. We
have

| fm () = ful@)| < |\fm(x) = fm(@k)| + | fm(2k) — fm(gkr)l

ter\g 1 - term 2
+|\fm(£k) - fn(ﬁk)l
term 5
+|\fn(£k) - fn(wk)lﬂ\fn(wk) - fn(w)l
te:g 3 te:n/"x 4

< Be.

By construction, z, xp and & are elements of Bs(xy), and by the equicontinuity
condition (1.4) yield terms 1, 2, 3, and 4 that are bounded by e. By hypothesis,
the sequence

{fm(gk)}meN
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is a convergent Cauchy sequence of real numbers. For m,n large enough, term 5
is bounded by €. In all, we have

sup|fm(x) — fn(ac)| < be
zeX

for m,n large enough. Hence the sequence {fx}ren is Cauchy, and since C(X) is
complete, it converges to some fy € C(X). O

1.3.7 The Arzela-Ascoli Theorem

Compactness in general topological spaces is discussed in terms of coverings of sets
by open sets in the topology. With the introduction of the metric space structure,
considerable simplification is achieved. We are able to connect compactness with
the behavior of sequences. We characterize compact sets in terms of more intuitive
notions like total boundedness. All of these ingredients allow us to state a pow-
erful theorem that characterizes compactness of sets in the space of continuous
functions.

Theorem 1.3.8 (The Arzela-Ascoli Theorem). Let X be a compact metric space.
A subset F C C(X) of functions is relatively compact in C(X) if and only if F is
bounded and equicontinuous.

Proof. Suppose F is relatively compact in C(X). We want to show that F is
bounded and equicontinuous. Suppose to the contrary that F is not bounded.
Then there is a sequence {gi}ren C F such that

d(gk,O) >k

for k£ € N. In this case, there is no subsequence of {gr}ren that converges in
C(X). This is a contradiction and F is consequently bounded. Fix € > 0. Since F
is relatively compact, there is a finite collection of n open balls of radius § that
cover F:

F B (fr).

i=1
The finite collection {fi1, ..., fn} is uniformly equicontinuous. There is a § > 0
such that
€
doy) <6 = |5 - H)| <
for all j =1, ..., n. Therefore, for any f € F we have

|f(@) = fu)] < |f(2) = frl@)] + [ fule) = fu@)| + | fuly) — fly)| < e

whenever d(z,y) < ¢. Thus, F is equicontinuous.
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Suppose now that F is bounded and equicontinuous. Since X is compact and
metric, it is separable. Let @ = {xx}ren be a countable set dense in X. Since F
is bounded, the set of real numbers

(PACHIRSE

is bounded for any f,, € F and z; € Q. Since R is a compact metric space, for
each k € N the sequence

{fn(xk)}neN

contains a convergent subsequence { I, (xk)}n en- BY Theorem 1.3.7 the subse-
J

quence { fy, }n,en converges in C'(X) and F is precompact. O

As noted earlier, many of the most common topological spaces employed by
engineers and scientists in applications are in fact metric spaces. The utility of
these spaces provides evidence of the power of abstract methods to unify diverse
concepts in applications. We now consider a collection of examples that illustrate
the generality of these ideas. The first two examples are quite elementary.

Example 1.3.2. The simplest useful metric space is, perhaps, the set of real numbers
R endowed with the usual distance function

d:RxR— [0,00)
d(z,y) = |z —yl.

Clearly, this choice of d defines a real-valued, finite and nonnegative function on
R x R. The function d is symmetric (M3), satisfies the triangle inequality (M4)
and vanishes if and only if x =y (M2).

Example 1.3.3. It is likewise fundamental that the collection of all complex num-
bers C, endowed with the distance function that evaluates the magnitude of the
difference

d:CxC—[0,00)

d(Zl,Zg) £ |Zl — ZQ|
is a metric space. Properties (M1), (M2), (M3) and (M4) are all easy to verify.
Passing to more general examples can make it increasingly difficult to verify the

hypotheses (M1)—(M4). The following example, which is a simple extension of the
previous cases in Examples 1.3.2 and 1.3.3, illustrates this fact.
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Example 1.3.4. Let either R, or CV, denote the set of N-tuples {z1, w2, T3, ...,
xn} each of whose entries x; are extracted either from R, or C, respectively. It
turns out that there are many interesting and useful metrics that can be defined
on RN, or CN. The most common of these metrics are given by

N 1
e 2 (Ll uil)
=1

We claim that each function d, is a metric for 1 < p < co. It is trivial to establish
(M1), (M2) and (M3). However, the verification of (M4), the triangle inequality,
entails considerably more work. To establish this fact, we will need to derive two
well-known inequalities. These inequalities are the subject of the next section.

1.3.8 Holder’s and Minkowski’s Inequalities

In this section we will derive two of the most commonly employed inequalities in
analysis: Holder’s and Minkowski’s inequalities. Their derivation is not difficult,
it is simply lengthy. However, the derivation does illustrate the details that must
be considered in proving that functions are indeed metrics. The proof of Holder’s
and Minkowski’s inequalities rely on still another, more fundamental inequality:
Young’s inequality.

Figure 1.10: Young’s Inequality
Proposition 1.3.1. Let [ be a real-valued, continuous, strictly increasing function
defined on [0,00) such that
lim f(z) = oo, f(0)=0.

Let g 2 f~1. Define the integrals

F@) = [ fo)ds. G = [ g
0 0
Then if a and b are nonnegative and finite, we have

ab < F(a) + G(b).
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Proof. This proof is immediate when we consider the Figure 1.10. In either case,
we see that the area ab is less than or equal to the area of the sum of the shaded

regions F'(a) and G(b). O
Corollary 1.3.1. Forp > 1, ]1) + ; =1 and a, b nonnegative and finite, we have
X
ab < @ + .
p q
Proof. Suppose we choose f(s) = sP~! so that
g(t) = tr-.
Then
@ 1
F(a) :/ sP7lds = " aP
0 p
and

b -1
1 —1 1
G(b) :/ to-rdt = ( +1> briatl =P Tyt = e,
0 p—1 P q
Then Young’s inequality guarantees that
1 1
ab< aP? +
p q
and the corollary is proved. O

Theorem 1.3.9 (Hélder’s Inequality). Let p, g be two integers such that 1 < p < oo,
Ly (11 = 1. Then Hélder’s inequality holds

p
N N 1, N 1
Z|$iyi| < <Z|xi|p) <Z|yi|q> :
i=1 i=1

i=1
Proof. We have shown that
1 1
ab< aP + b
p q

choose
a sl

ag = 1
Then we have

(St (zﬁumﬁé.
N

N
T 1 P 1 |a
Z | lzsz 1 <Z{p 1\|/ il p+q lezl q}
i1 (ZiN:l |xk|p)p(ziN:1 |yk|q)q = P> | > k=1 Ukl

N N
D RIS vri 71 NN

= N N
Py lwklP 43 lyelt P4
The theorem is proved. O
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Theorem 1.3.10 (Minkowski’s Inequality). Let p be an integer such that 1 < p < co.
Then Minkowski’s inequality holds

N » N ’ N ,
(Zmiy#’) < (Z|$i|p) +(Z|yvz|p>
i=1 i=1 i=1

Proof. Consider
N
Z |x74 + y’L Z |x74| + |y’L
i=1

N

1 1
Z |$1|+|yz p |xl|+z |xl|+|y1|)p |yil.
i=1 i=1

We can now apply Holder’s inequality to each term on the right-hand side of the
above inequality

N N
> G+ )"l < (3 (s + 1) ”Q) (Dx |p)
i=1 i=1

N N

-1 1)
> G+ )"l < (35 bl -+ 1) ) (Zw)
=1 =1

and obtain

N N N 11)
S (laal + [wsl)” (Z (il + i) {(Zw (Dym’) }
=1 =1 )

(i (Jel + ) ){(ﬁ_vju) (Zw) }

1

q
Dividing right- and left-hand sides of this inequality by (Zf\il (|xl| + |yi|)p) ,
we obtain

_1

N 1 4 N ;} N }17
(S t+m)?) "< (Sher) +(Swr)
=1 =1 =1

so that

IN

(ilxﬂrwlp); (fjn,;wf " (ﬁ_vjm) 0

i=1
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Corollary 1.3.2. Let {x;}ien and {y;}ien be such that
S 1 S 1
P q
(Shl) <o (Tlul) <o
i=1 i=1

for1 < g < oo, 1 <p< oo, and ; + ; = 1. Then, Hélder’s and Minkowski’s
inequalities hold, respectively

S fean] < (Zw) (Zw)
=1 =1 =1
S 1 %) 1 %) 1
(lei iin”)p < (Dxiw)p ; (va))’”.
=1 =1 =1

Proof. As in the proof of the finite-dimensional Holder’s inequality, we know that
1 1
ab< aP + bl
p q

We can choose
Tk k
a & |z | . by & Yk .
P q
(72 fanl?) (7l

In this case, the denominator in each expression makes sense by hypothesis. Fol-
lowing the same line of reasoning as in the derivation of Theorem 1.3.9, we have

N
s 1 1
)y o S
(S leel)” (S k)
or

N o0 1, > :

Z lwiys| < (Z ka|p> v (Z |yk|<1) v

i=1 k=1 k=1

Again, the right-hand side makes sense by hypothesis. We can take the limit on
the left-hand side to obtain Hélder’s inequality

o] e o] 1 0 1
> fiil < (D lanl?)” (3 Iwel?) "
i=1 k=1 k=1
By similar reasoning, we can follow the proof in Theorem 1.3.10 to obtain Min-

kowski’s inequality for infinite sequences. O

We can now return to Example 1.3.4 and show that the function d, does
satisfy a triangle inequality.
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Example 1.3.5. Now, with Hoélder’s and Minkowski’s inequalities, it is simple to
show that RN or CN is a metric space when equipped with the metric

N 1
P
e 2 (Ll uil)
=1

Clearly the function dy(-,-) is symmetric, real-valued, finite and nonnegative. The
only property remaining to be shown is that dp(-,-) satisfies the triangle inequality.
Suppose x,y,z € RN. We can calculate

N 1
dp(z,2) = <Z |x; — zi|p)
i=1

1

= (i|($i—yi)+(yi—zi)}p)p

=~ b ;
< <;|$i —yz‘|p) + <;|yi—zi|p>
= dp(,y) + dp(y, 2)-

The function d,(-,-) is a metric.

Thus far, all of our examples have dealt with collections, or sequences, of real or
complex numbers. However, the strength of abstraction is that we can treat diverse
mathematical entities. The next example shows that many collections of functions
can be cast as metric spaces with the definition of an appropriate metric function.

Example 1.3.6. One common metric space studied in this book is constructed as
follows. We take the collection of all real-valued functions that are continuous on
the closed interval [a,b]. We define a candidate for a metric on this set by the
function

d(f,9) £ max |f(z) —g(z)|.
z€[a,b]

This collection of sets, equipped with the above distance function defines a metric
space Cla,b]. Since f, g are continuous on [a,b], their sum is continuous on [a, b].
Since every continuous function defined over a closed and bounded set attains
its maximum (the Weierstrass Theorem), the function d is well defined for any
pair of continuous functions. Moreover, it is clear that d is real-valued, finite and
nonnegative. Symmetry of the function d is obvious

d(fag) = d(g’f)

as is the property
d(f,9)=0 = [f=g
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To show that a triangle inequality holds for the function d, let f, g and h be
continuous functions on [a,b]. For each x € [a,b] we can write

|[f(@) = h(@)] < [f(2) = g(x)| + [g(z) — h(z)]

by the triangle inequality for the real numbers f(x), g(x) and h(x). We can take
the maximum over both sides of the above inequality to obtain

e |£(@) b)) < max {/f(x) - g<x>| + |g(e) - ()|}
< goes 1@ = 9@ + ey lo(e) — h@)]

But this means that
d(f,h) <d(f,g)+d(g,h)

and the function d(f,g) is a metric.

In Example 1.3.4 we showed that N-tuples of real or complex functions can be
made a metric space with the choice of many different metrics. In the following
example, we see that the same is true of infinite sequences of real or complex
numbers. Again, the crucial step is establishing the triangle inequality via Holder’s
and Minkowski’s inequalities.

Example 1.3.7. The Space l,,. The metric spaces (RY,d,) and (CV,d,) are defined
in terms of finite sequences. Extensions to metric spaces defined in terms of infinite
sequences can be constructed in an analogous fashion. We define the space l, on
R or C to be the collection of all (infinite) sequences in R or C such that

<Z|xl|p> < 0.

{{xz ien CR: (va’) < oo}
{{xz ien CC: (lezlp) <oo}.

To show that these spaces are metric spaces, we use Corollary 1.3.2 establishing
infinite-dimensional versions of Holder’s and Minkowski’s inequalities. With these
two inequalities it is now straightforward to show that I, for 1 < p < oo is a metric
space when equipped with the distance function.

%) 1
p
= (Zm —yz‘|p>
=1

In other words,

or
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First it is clear that d,(x,y) is real-valued and finite for all {zy}ren € 1, and
{Yr}ren € lp. Minkowski’s inequality guarantees that the metric is finite.

1
2

dy (. y) = (Zm —w)” < (Zw)” n (Dw) < oo.
=1 =1 =1

Finally, we also see that the function d,(-,-) satisfies the triangle inequality. Sup-
pose x,y,z € l,. We have

dy(z,2) = (Zm — Y+ —Zz'|p)

i=1
oo 1 oo 1
P p
< (Zm—ym)) +(Z|yi—zilp>
i=1 i=1
by Minkowski’s inequality. But this simply says that

dp(xvy) S d(m,y) + d(y,z)

for any x,y,z € 1.

1.4 Vector Spaces

Until now, we have not introduced any algebraic structure in our considerations of
abstract spaces. Of course, there are many interesting fields of study that comprise
modern abstract algebra. In fact, group theory and the study of rings are two
such fields that have had a profound impact in areas related to mechanics just
over the past few years. For example [22] studies group theoretic methods for the
identification of invariants of dynamical systems that govern physical systems. The
study of rings and fields plays an important role in control theory [36].

We will deal with only one class of algebraic structure in this book: the
linear, or vector, space. As usual, when viewed axiomatically, a linear space can
be rigorously defined in terms of an Abelian group (the vectors) and a field (the
scalars), and a collection of allowable rules for combining these two species of
mathematical entities. See for examples, [21, 17]. For our purposes, much less
detail will suffice.

Definition 1.4.1. A set that is closed under the two algebraic operations of vector
addition and multiplication by scalars is called a vector space.

Again, we emphasize that while this definition is not “axiomatic”, it does convey
the essential ingredients of a vector space. The nature of this definition is made
clear if we consider a few simple examples.
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Example 1.4.1. In Ezample (1.3.4), we saw that the set of N -tuples {z1,...,zn} C
RN or CN comprised a metric space. Define the addition of vectors x,y € RN or
CN in the obvious way

e = (00T

TN YN TN + YN ZN

Likewise, define the multiplication of a vector x € RN or CV as

o L)

TN YN

In this case it is clear that RN or CV constitute a vector space: they are closed un-
der addition of vectors and multiplication of vectors by scalars. The reader should
note that the considerations above are purely algebraic. It does not matter, in this
example, what metric d, from Example 1.3.4 is defined on RY or CN.

Perhaps it is no surprise to the reader that our common notion of vectors or
N-tuples define a vector space. Again, we emphasize that the general definition
of a vector space encompasses many mathematical objects, as the next example
illustrates.

Example 1.4.2. In Ezample 1.3.6, we showed that the set of all continuous, real-
valued functions Cla,b] defined on the closed interval [a,b] is a metric space when
endowed with the uniform metric
d(f,9) = max [f(z) — g(x)].
z€|a,b]
It is also not difficult to see that Cla,b] is a vector space. We define the addition
of two vectors f, g € Cla,b] in the expected way

h=f+g <= h(x)=f(z)+g) YV € [a,b]. (1.5)
The definition of multiplication of a vector by a scalar is also intuitive:
g=aof <= g(z)=af(z) Vz € [a,b]. (1.6)

Again, it is clear that the addition of two continuous, real-valued functions f, g €
Cla, b] generate a function h € Cla,b] according to the definition in Equation (1.5).
The multiplication of a function f € Cla,b] by a real number o € R in Equation
(1.6) generates a continuous function g € Cla,b]. Hence, Cla,b] is closed under
the defined operators of vector addition and scalar multiplication. It is a vector
space.
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In fact, most of the examples considered in our discussion of metric spaces are
also examples of vector spaces. The next example shows that the metric space [,
can also be construed as a vector space, with the appropriate definitions of vector
addition and scalar multiplication.

Example 1.4.3. Consider the sequence spaces l,, defined on R or C discussed in
Ezample 1.3.7. Addition of two vectors f, g € I, and multiplication of a vector by
a scalar are defined as

h=f+g <= {hitien={fi+ gi}ien (1.7)
g=af < {gi}ien = {afi}ien. '

Clearly, the algebraic manipulations make sense on a component-wise basis. To

show that the set l,, is closed under vector addition and multiplication of vectors by
scalars, we must show that h € l,, and g € 1, in (1.7). From Minkowski’s Inequality

we can write ) X X
(S imal)” < (1) + (X lail?) "
i€N ieN ieN

Since f, g € l, by hypothesis, the terms on the right of this inequality are finite.
Hence, the summation on the left of the inequality is finite, and h € I,. Finally,
we can directly compute

(S lahil)’ = lal (S 1F)" < o0
1€EN €N

and g € l,.

In our discussions of topological spaces, we learned that the characterization of
the topology is often carried out by defining the building blocks, or bases and local
bases, of the topology. For vector spaces, it is again essential to identify building
blocks for the vector spaces under consideration. The bases for vector spaces are
defined in terms of algebraic notions of linear independence of elements of a vector
space.

Definition 1.4.2. Let X be a vector space. A linear combination of a finite collection
of m wvectors x1, ..., x, contained in X is any vector y that can be written as

n
y= Z oL
i=1

for some constants a; €R or C, i =1, ..., n.

Definition 1.4.3. Let X be a vector space. A finite set of n wvectors xi, ..., Ty
contained in X is said to be linearly independent if none of the vectors can be
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written as a linear combination of the remaining vectors. Alternatively, the set
{z1, ..., n} C X is linearly independent if the sum

a1r] +oexe + ...+ apx, =0
holds only for the choice of constants
a1 =ag =...=a, =0.

With the definition of a linearly independent set of vectors, we can define a basis
for a vector space.

Definition 1.4.4. Let X be a vector space and suppose S is a set of linearly inde-
pendent vectors contained in X. The set S is a basis for X if every element of
X can be written uniquely as a finite linear combination of elements in S. The
number of elements in S is the dimension of the vector space X .

For some simple cases, the basis for a vector space is self-evident. For example, if
X is a set and {z1, ..., 2, } is a finite collection of linearly independent elements
in X, we define the span {z1, ..., x,} to be

n
span {z;}1*, = {x eX:x= Zaixi, o € ]R}.

i=1

By construction, the span of a set of linearly independent vectors is a vector
space and the generating set {x;}?_; is a basis for this space. In other cases, it is
not nearly so evident that we can construct a basis for a given vector space. To
show that every vector space has a basis, we require an abstract theorem. One of
the foundations of functional analysis is Zorn’s lemma, which can be employed to
prove many other fundamental theorems, including, for example, the Hahn-Banach
theorem.

Lemma 1.4.1 (Zorn’s Lemma). Let X be a nonempty partially ordered set. Suppose
every totally ordered subset of X has an upper bound. Then X has a maximal
element.

Like many of the essential, fundamental results of functional analysis, the impact of
this lemma is probably not clear at first glance. We briefly present an application
of Zorn’s lemma. We will see in many applications in this book that there is a
similarity in the structure of the proofs based on Zorn’s lemma. That is, there is
a common framework for application of the lemma.

Proposition 1.4.1. Let X be a nontrivial vector space. Then X has a basis.

Proof. We construct our partially ordered set Y as the collection of all subsets of
linearly independent elements extracted from X. That is,

yeY <<= Y=A{v1, ..., Un}
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for some n € N, where y; € X, i =1, ..., n, are linearly independent. The set )
is partially ordered by set inclusion

V<zZ = YV=A{y1,. -} S Z={21,..., Zm}

for some m > n. If {Va}aca is a totally ordered subset of Y, then {), }aca has an
upper bound. The upper bound is just the union of all ), in the totally ordered

subset {Va}aca
yu - Uyow

According to Zorn’s lemma, there is a maximal element ), in Y. We claim that YV,
is a basis for X . Suppose to the contrary that these exists some zy € X that cannot
be expressed as a linear combination of elements in Y,,. Then the set YV, U {zo}
is linearly independent and contains ),,. This contradicts the maximality of V,,
and the proposition is proven. O

1.5 Normed Vector Spaces

Once a vector space is defined, it is possible to endow it with a topology. The most
common method for defining a topology on a vector space is to specify a length
for each vector. The function that associates a length to each vector is called the
norm on a vector space.

Definition 1.5.1. A normed vector space X is a vector space with a real-valued
function || - || with the properties that for all x,y € X and a € R (or C)

(N1) flz] = 0

(N2) ||lz] =0 <= =x=0

(N3) [|az]| = [e||z]]

(N4) flz +yll < llzll + llyll-

Every normed vector space is a metric space, and consequently, a topological space.
We can always define a metric d(-,-) on a normed vector space in terms of its norm

dlz,y) = |lz —y|| Vz,yeX.

1.5.1 Basic Definitions

By recalling the notion of convergence in a topological space, and interpreting this
definition with the additional structure of the normed vector space, we can define
convergence in a normed vector space.

Definition 1.5.2. A sequence {x}nen in a normed vector space X is said to be
convergent if 3z € X such that

lim ||z, —z| =0.
n—oo
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Likewise, we can define a Cauchy sequence via the definition introduced for general
metric spaces.

Definition 1.5.3. A sequence {xy }nen in a normed vector space X is Cauchy if for
every € > 0 there is an N (€) such that

|Zm — 2nll <€ Vm,n> N(e).

Hence, a normed vector space X is complete if the norm defined on X induces a
metric for which X is a complete metric space. A complete normed vector space is
the foundation on which we define most abstract spaces that are of practical use
to engineers and scientists.

Definition 1.5.4. A complete normed space is called a Banach space.

Again, as we noted for the metric space, there are useful alternative characteriza-
tions of a continuous function, a closed set and a compact set in a normed vector
space.

Definition 1.5.5. Let (X,Y) be normed vector spaces and let f : X — Y. The
function f is continuous at xog € X if for each € > 0, 35(€¢) > 0 such that

|z —zollx <d(e) = [[f(z) - f(zo)lly <e.
Definition 1.5.6. Let X be a normed vector space. A subset M C X is closed if

and only if it contains all of its accumulation points.

Definition 1.5.7. Let X be a normed vector space. A subset M C X is compact if
and only if every sequence extracted from M contains a subsequence that converges
to an element of M.

We leave to the reader the exercise of demonstrating that these definitions
of a closed set and a compact set agree with the definition for closed and compact
sets in a topological space.

1.5.2 Examples of Normed Vector Spaces

As in previous sections, we begin our discussion of examples by studying the most
elementary cases.

Example 1.5.1. Again, a prototypical example of a normed vector space is simply
the vector space of real numbers R where we endow R with the norm
]| = |-

Properties (N1) through (N3) follow simply from the definition of the absolute
value function, while (N4) is the celebrated triangle inequality for real numbers.

The vector spaces of N-tuples of real or complex numbers are examples of normed
vector spaces also. The norm is obvious and can be deduced from our discussion
of metrics on the set of real numbers.



1.5. Normed Vector Spaces 47

Example 1.5.2. We can endow the vector spaces of N-tuples of real numbers, R™,
or N-tuples of complex numbers C", with many different norms. We define the

p-norm
n 11)
ol = (Lloir) (18)
i=1
for & € R™ or C". These normed vector spaces are denoted by (R™,| -|,) and
((C", I|- ||p), respectively. That these functions are in fact norms over R™ and C" is

not difficult to establish. Clearly, properties (N1) through (N3) are an immediate
consequence of Definition 1.8. The triangle inequality expressed in property (N4)
follows from Minkowski’s inequality in Theorem 1.3.10.

And, once again, normed vector spaces can be constructed from rather abstract
objects, ones that might not immediately come to mind. The following discussion
presents one such example.

Example 1.5.3. Example 1.4.2 showed that the collection of all continuous functions
Cla, bl is a vector space. The vector space Cla, b] is frequently endowed with a norm

I7lle = mise | £(a)]. (19)

As in all of our previous cases, properties (N1), (N2), and (N3) follow directly
from the definition of the norm in Equation (1.9). Property (N4), the triangle
inequality follows from the proof of the triangle inequality for the metric on Cla,b]
in Example 1.3.6.

We saw in Example 1.5.2 that N-tuples of real or complex numbers constitute a
normed vector space, as our intuition would suggest. Likewise, the next example
shows that infinite sequences of real or complex numbers can be construed as
normed vector spaces. Again, the definition of the norm is critical and is related
to the metric discussed in Example 1.4.3.

Example 1.5.4. Consider the collection of all sequences {xy}ren C R or {zk}ren C
C such that the expression

%) 1

p

ol 2 { Yt}
k=1

is finite. The sets
Ip £ {{zr}ren CR: 2], < oo}

and
lp £ {{xk}keN CC: [zll, < OO}
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are normed vector spaces. As in all of our previous examples, it is clear that
(N1) [|f|, =0
(N2) |z]l, =0 <= z=0
(N3) llazlp = lal [lzp |-

By Minkowski’s inequality for infinite sums, we also can conclude that

1z +yllp < llzllp + llyllp (1.10)

whenever z, y € l,. Finally, it is clear in view of the above considerations that the
set l, is in fact a vector space. Suppose x € l,. Then
az = {az;}ien

and

1

Jaal, = ( 3 i)’

=1
oo
= (laP PRE
i=1
= [el]lzll, < oo.
Hence ax € 1, and 1, is closed with respect to multiplication by scalars oo € R.
Similarly, suppose z,y € l,. Then by the triangle inequality in Equation (1.10)

the norm ||z + y||p is finite, and the set I, is closed with respect to addition of
vectors.

In the next example, we consider a norm that has not appeared previously in this
text. While it is somewhat less frequently encountered than the previous examples,
it plays a crucial role in some applications.

Example 1.5.5. Let f be a real-valued function on an interval [a,b] C R. A partition
P on [a,b] is a finite set {zy}}_, such that

a=xg <1 <Tp <<y =Db.

The variation of the function f over a partition P is defined to be

n—1
S| Fwign) = fla)]-
1=0

The total variation of a function is defined to be the supremum of the variation
over all possible partitions. Suppose P is the collection of all partitions defined on
the interval [a,b]. Then the total variation of f is given by

)2 sulef ris) — @),

PeP
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A function is defined to be a function of bounded variations provided V(f) < oc.
The set of all functions of bounded variation defined on the interval [a,b] is denoted
BV]a,b]. The variation of a function V(f) is equal to zero if and only if the
function f is identically equal to a constant on [a,b]. Thus, V() is not a norm
on BVla,b]. It is simple to modify it, however, to define a norm on BV|a,b]. For
example, the expression

1= V() + | f(a)

defines a norm on BV[a,b]. To show that ||| defines a norm on BV |a,b], we have

lefll = V(af) + |af(a)l
= [V (f) + ol [f(a)]
= [l 7]

and must also show that || - || satisfies a triangle inequality

If+gll =V(f+9)+|f(a) + gla).

By definition,

n—1
V(f+g)= sup S | f@ir) + g(mipa) — fl:) — g(x)|
€7 =0
< g1 3 {I#wie0) = 1@l + lotrien) oo
n—1 n—1
< sup ; |f(zir1) = flai)| + sup ; l9(zis1) — g(zi)|
=V(f)+V(g).

Hence,
1f + gl <IIf1+llgll-
We have only left to show that

Ifl=0 <= f(z)=0 forall z€]la,b].

Clearly, if f(z) =0 then ||f|| = 0. This follows since

n—1

£l = ;1;1%; ’f($i+1) - f(l“i)| + |f(a)| =0

for any choice of P € P. On the other hand, suppose that ||f]| = 0 but f(z) = C#0
for some & € [a,b]. Since ||f|| =0, it must be that f(a) =0. Choose P € P to be

a=x90<T<xo =0
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That is, * = x;. Without loss of generality we assume that £ #b. We know that

I£1l > [ f(@1) = fxo)| + | f(2) = f(a1)]
= [f(&) — f(a)| +|F(b) = F(@)].

Consequently,
IfIl > [ f(x1)] = | f(Z)| = CH£0.

But this is a contradiction and therefore f(x) = 0.

All of Examples 1.5.1, 1.5.2, 1.5.3, 1.5.4, and 1.5.5 provide elementary examples
of complete normed vector spaces. The following examples provide increasingly
complex generalizations of the Banach space Cla, b] first encountered in Example
1.5.3. First, we will show that it is straightforward to extend the definition of
Cla, b] to accommodate more general domains.

Example 1.5.6. In Ezample 1.5.3, we saw that Cla,b] is a normed vector space
when the norm is defined as

[fllctap = sup [f(z)| = max [f(z)].
z€|a,b] z€[a,b]

There is a clear generalization of this normed vector space that is used frequently in

applications. Let §) be an open set in R™. We define the set of continuous functions
from Q to R to be

() 2 {f:Q =R, f is continuous}.

Sometimes we will denote this set as C°(2). The set C(Q2) is a normed vector
space with the norm defined as

A
Il fllci) = sup | f(z)].
z€EN

With this norm C(Q) is a Banach space.

Thus, continuous functions, when endowed with an appropriate norm define not
only a normed vector space, but also a Banach space. In the next example, we will
see that collections of continuously differentiable functions likewise can be given a
Banach space structure.
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Example 1.5.7. Let Q be an open set in R™ and suppose f : Q@ — R. We define a
multi-index m of length n to be an ordered n-tuple of integers

m={mq, ..., m,} CN"

The length |m| of the multi-indez is simply the sum of the components of m,

n
|m| = Z m;.
i=1
Multi-indices are useful as a compact notation for defining derivatives. Let

Dmf é a\m|f é am1+m2+...+mnf
~ Qxm 9z MOy - dxpn

The set of k-times continuously differentiable functions is defined by
CHO) 2 {f e C*1Q): D™ f € C(Q) VYm:|m|=k}.
The set of functions C*(Q) is a Banach space with norm

A m
Ifllerey = D I1ID™ fllogo -

|m|<k

Finally, we consider our most refined Banach space of classically continuously
differentiable functions. These Banach spaces will be useful in characterizing im-
portant classes of domains.

Example 1.5.8. Further refinements on the spaces of continuous functions can be
made. Let Q C R™ be open and bounded and suppose f : Q@ — R. The function f
is said to be Hélder continuous in § if there is a constant ¢ > 0 such that

1f(y) = f@)] < clo —y|*

for all x, y € Q and some « € (0,1]. The coefficient « is the Holder exponent. If
a =1 the function is Lipschitz continuous. A function f € C™(Q) is (m, «)-Holder
continuous in §) if there is a constant ¢ > 0 and « € (0,1] such that

D7 f(y) = DY f(x)| < cly — x|

for all multi-indices |j] < m and for all x,y € Q. The set of (m, a)-Holder contin-
wous functions in Q is a Banach space when endowed with the norm

N | D7 f(y) — D7 f(x)|
m,a = m + maX Su )
[fllema@ = I fllem@ 0<|jl<m xy;ﬁepﬂ ly — z|*
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Example 1.5.9. Let X and Y be Banach spaces. The Banach space C(X,Y) of
continuous functions acting from X toY is defined as

C(X,Y) - {f X =Y, Il £ s @)y < oo} |

Similarly, the Banach space C(Qx,Qy) of continuous functions acting from a
compact set Qx C X to Qy CVY is defined as

A
C(Qx,Qy) = {f Ox = Qv | flle@xan = sup 1 (@)[ly < OO}~
rellx

For example, C([a,b],R™) is a Banach space of continuous vector-valued functions
with || fllc(a,prm) = sup [|f(z)|[rm < oco.
a<z<b

1.6 Space of Lebesgue Measurable Functions

This section discusses the functional principles and constructions employed in
defining integrals on abstract spaces. These principles and constructions are widely
used in various optimization applications. The reader is advised that entire mono-
graphs [8] and [5] are dedicated to this topic, and the details in the derivations
are available in these texts. For at least two reasons, however, some discussion of
these concepts is warranted in this book

Most modern treatments of partial differential equations in engineering and
physics make use of the notion of generalized derivatives, and especially those
functions whose generalized derivatives are integrable in certain classes of abstract
spaces. In particular, nearly all graduate texts presenting continuum mechanics
now require a working knowledge of Sobolev spaces.

The integration of Banach space valued functions is more readily understood
by drawing close analogies with the derivation of integrals of real-variable functions
on abstract spaces. The integration of Banach space valued functions is central to
the definition of evolution equations, of both parabolic and hyperbolic type, in
applications. The governing equations of an enormous class of problems in engi-
neering and physics are expressed in terms of this class of integral.

1.6.1 Introduction to Measure Theory

With this motivation understood, we now discuss the “bare minimum” of mea-
sure and integration theory required for applications. The theory of integration in
abstract spaces requires that we identify precisely which sets are “measurable.”
Roughly speaking, we can visualize measurable sets in R?, or R, as those for which
we can assign a measure of area, or of length, respectively.
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Definition 1.6.1. A collection of subsets S of a set X is a o-algebra over X if

1. Xe s
2. S is closed under taking the complement of sets in S
3. § is closed under taking countable unions of elements of S

Definition 1.6.2. The Borel o-algebra of X is the o-algebra B generated by the open
sets of X. An element of B is called a Borel set of X .

Once we have a particular o-algebra of subsets over a set X, we are able to define
a measure space.

Definition 1.6.3. A measure space is a triple (X,S,pn) where X is a set, S is a
o-algebra of subsets over X, and p is a set function that satisfies two conditions:
1. The empty set is measurable, and has measure zero,

pu(0) = 0.

2. For every sequence {A;};°, of pairwise disjoint sets contained in S, we have

1 <U Ai) = u(A).
i=1 i=1

This last property is known as the countable additivity of the measure. Note that
triple (X, S, ) is called a measure space, while the pair (X,S) is referred as to
measurable space.

Definition 1.6.4. Let (X,S, ) be a measure space. A set A is measurable with
respect to u if A is an element of S.

Definition 1.6.5. Let (X,Sx,ux) and (X, Sy, py) be measure spaces. A function
f:8x — Sy is said to be (Sx,Sy)-measurable on X if for any set A C Sy

F71(A) € Sx.

Unless stated otherwise, a real-valued function is said to be measurable if it
is measurable with respect to the Borel sets.

Definition 1.6.6. Let (X, S, i) be a measure space. Real-valued function f : X — R
is said to be pu-measurable on X if for any Borel set A C R

FiA) e s.

Theorem 1.6.1. Let (X, S, ) be a measure space. Real-valued function f: X — R
is p-measurable on X if for any ¢ € R set {x: f(x) > c} is measurable, that is,

(e, +0)) € S.



54 Chapter 1. Classical Abstract Spaces in Functional Analysis

Proof. The proof is obvious due to the fact that the o-algebra, generated by the
system of all intervals (¢, +00), coincides with the o-algebra of all Borel sets on R.
O

The next theorem provides insight to conditions of measurability for a real-valued
function defined on a closed interval [a,b] C R.

Theorem 1.6.2. A real-valued function f : [a,b] — R is measurable if and only if
for any € > 0 there exists a continuous function ¢ € Cla,b] such that

o flz) # o)} <e.
In the literature, there are two basic notions of convergence associated with a given

measure space (X, S, ).

Definition 1.6.7. Let (X, S, u) be a measure space. A sequence of measurable func-
tions { fn}nen converges to f almost everywhere (written as a.e.) if

pla s lim fo(z) # f(z)} =0

Definition 1.6.8. A sequence of measurable functions {fn}nen converges to f with
respect to (w.r.t.) measure p if for any € >0

lim g [fale) ~ f@2)] > €} = 0.

The following two theorems establish a link between convergence a.e. and conver-
gence w.r.t. measure [.

Theorem 1.6.3. Let (X,S,u) be a measure space. If a sequence of measurable
functions { fn}nen converges to f a.e. then it converges to f w.r.t. measure .

Theorem 1.6.4. Let (X,S,u) be a measure space. If a sequence of measurable
functions {fn}nen converges to f w.r.t. measure p then there is a subsequence

{fni trnnen C {fn}nen that converges to f a.e.

1.6.2 Lebesgue Integral

The strategy in defining the integral of functions defined on a measure space
(X, S, i) consists of two steps. First, we define the integral of finitely-valued, step
functions. We subsequently define the integral of limits of finitely-valued step func-
tions. A finitely-valued, step function is employed so frequently in this section that
we refer to it as a simple function.

Definition 1.6.9. A simple function is a finite linear combination of characteristic
functions of measurable sets. That is, if f is a simple function, then it can be
expressed as

N
f = Z Qi XA; (JJ)
=1
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where the functions x a,(x) are the characteristic functions of the measurable sets

Ai,izl,...,N.'
() 1 JTEAZ‘,
Ax) =
X4 0 $¢Al

The integral of a nonnegative, simple function is defined in an intuitive fashion:

Definition 1.6.10. Let (X,S,u) be a measure space, and let f be a nonnegative
simple function having the representation

N
f = Z Qi XA; (JJ)
=1

where each A; € S fori =1, ..., N. The integral of f is defined to be

N
/ fdu = Zai,u(Ai).
X i=1

A moments reflection shows that this definition is indeed intuitively appeal-
ing. If the measure p corresponds to our usual notion of “area of subsets in R2,”
the integral of a nonnegative simple function is the volume under the function.
In this case, it agrees with the Riemann integral defined in elementary calculus.
We generalize this notion and define integrals of nonnegative functions f to be
supremum over the integrals of all simple functions majorized by f. That is, we
define the integral of a nonnegative function as follows:

Definition 1.6.11. Let (X,S, ) be a measure space and let f : X — Rar be a
nonnegative measurable function. We define the integral of f as

/ fdu =sup {/ ody = @ is a simple function, and ¢ < f a.e. in X} .
X X

Now that, the Lebesgue integral of a nonnegative function is understood, the
general definition of a Lebesgue integral is obtained by defining the absolute values
of the positive and negative parts of a function f

|[f"(2) = max{f(z),0}
|/~ I(x) = = min{f(z),0}.

Since each of the functions |f¥|(z) and |f~|(z) are nonnegative, we define the
Lebesgue integral of f to be

[ s@dn= [ 1@ [ 11w

whenever the integrals on the right exist (are finite). Alternatively, some authors
use the following concise definition of the Lebesgue integral that does not require
the separation of the positive and negative parts of a function f.
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Definition 1.6.12 (Lebesgue Integral). Let (X, S, 1) be a measure space. A function
f:S — R is said to have Lebesque integral on a measurable set A C S with respect

to measure [
I= / f(z) dp
A

if there exists a sequence of simple functions { fn}nen converging a.e. x € A to f
such that the sequence {fA fn(x) du} converges to I uniformly.

We will have the occasion to use the following two theorems frequently in the text.
The reader is referred to [27] for the proofs.

Theorem 1.6.1 (Fatou’s Lemma). Let (X,S,u) be a measure space and suppose
that fn is a nonnegative, measurable function

fn:X—>R3_

for each n € N. If
fn—=f ae inX

then we have

/fdugliminf/ fndu
b's n—oo Jx

It should be noted that the conclusion of Fatou’s Lemma may also be written as

/ (hm 1nf fr)du < hm 1nf/ fndu
s

which may be easier to remember.

Theorem 1.6.2 (Lebesgue’s Dominated Convergence Theorem). Let (X, S, 1) be a
measure space, and suppose that {f,} —, is a sequence of measurable functions

fn: X —>R

such that
’fn(x)| <g(zr) VeeX

for some integrable function g. If

fn—=f ae inX

/X fudyi — /X fdu.

then
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1.6.3 Measurable Functions

This section presents two theorems on measurability conditions for various func-
tions, which are often encountered in mathematical modelling of various applica-
tions in mechanics and optimal control.

Theorem 1.6.5. Let (T, S, 1) be a measure space, X be a separable topological space
and let f : T x X — R be such that for each x € X

fG,x): T —R is p-measurable
and for each t € T
flit,): X =R
s continuous and bounded. Then the function
g:T—R

g(t) £ sup f(t, )
rzeX

s p-measurable.

Proof. Since X is a separable topological space, there is a countable set {z1,z2,...}
that is dense in X. We claim that

g(t) £ sup f(t,x) = sup f(t,z;).
zeX €N
It is clear that

s 2 sup f(t,x) > sup f(t,z;)
zeX i€N

simply because the supremum over a set must be greater than the supremum over
any of its subsets. By the definition of the supremum, there must be a sequence
{&k}ken C X such that

f(tvfkr) — S

as k — oo. Since {z;};cn is dense in X, for each k there is a sequence {xkj }jeN -
{z;}ien such that
xTg; — & as j — oo.

We can write
’S - f(t’xkj)| < |3 - f(t7£k)| + |f(t’§k) - f(t’xkj)|'

By the continuity of f(t,-) on X, we have
f(t7‘rkj) - f(tvgkr)

as k; — oo. Thus,

g(t) = sup f(t,a) = sup f(t,,).
zeX ieN
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For any given constant ¢ € R,
g(t) <c ifand only if f(¢t,2;) <c forall ieN.

We can write
g ((~o0,d) = {teT: g(t) < ¢}
=({teT: f(t,z)<c}.
€N

By hypothesis, each set on the right in y-measurable. The set gfl((—oo, c]) es
for each ¢ € R and we conclude that g is measurable. O

Theorem 1.6.6. Let (X,d) be a separable metric space, (T, S, ) a measure space
and f: T — X. Then the following are equivalent
o fis pu-measurable

e go f is p-measurable for every continuous g : X — R
e The function t — d(f(t),z) is p-measurable V € X.

Proof. See [33, p. T1]. O

1.7 Hilbert Spaces

As a final example of a general class of an abstract space, we consider inner product
spaces. This class of spaces has more mathematical structure than any of the
previously discussed spaces. In summary, every inner product space is

e a topological space,

e a metric space, and

e a normed vector space.

In addition, an inner product space defines an attribute of its elements that does
not arise in the definitions of general topological, metric or normed vector spaces.
The notion of “orthogonality” of the elements is defined in an inner product space.

Definition 1.7.1. Let X be a vector space. An inner product is a mapping (-,-) :
X x X — C. The inner product must satisfy

IP1) (z+vy,2)=(2,2)+(y,2) Va,y,z€X

(
(IP2) (az,y) = alz,y) Ve,ye X VaeC
(IP3) (z,y) = (y,z) Ve, ye X
(IP4) (x,z) >0 VeeX
and (z,2) =0 <— xz=0.

Several obvious properties of an inner product can easily be deduced from these
axioms

(z,ay) = a(z,y)
(@9 +2) = (2,9) + (2, 2).
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A vector space equipped with an inner product is an inner product space. An
inner product space has as much structure as a normed vector space, and hence a
topological and metric space, because we can always define a norm from the inner
product.

Definition 1.7.2. The inner product generates a norm on X given by ||z||=+/(z,z).
Hence, all inner product spaces are normed vector spaces, but the converse is not
generally true.

Among the more common attributes of a Hilbert space we will frequently use the
Cauchy-Schwarz Inequality, and the continuity of the inner product.

Theorem 1.7.1 (Cauchy-Schwarz Inequality). Let X be an inner product space and
suppose that x,y € X. For any z, y € X, we have

@ )| < [l fly]l-

Theorem 1.7.2. The inner product is continuous. That is, if v, — x € H and
yn — Yy € H, the inner product (xn,yn) — (z,y) € R or C.

And, as in the case of a general normed vector space, the metric induced via the
inner product may, or may not, induce a complete metric space structure. That is,
an inner product space is complete if the metric induced from its inner product is
complete over the set H.

Definition 1.7.3. A Hilbert Space is a complete inner product space.

The introduction of the inner product allows us to introduce the concept of or-
thogonality of elements in an inner product space. The following theorem shows
that this idea can lead to very intuitive constructions in inner product spaces. We
define the orthogonal complement A+ of a set A C H to be

AL:{xEH:(x,a):O Vae A}

The orthogonal complement appears in many important theorems that are stated
within the Hilbert space framework. For example, a set is dense in a Hilbert space
if and only if the only element that is orthogonal to the dense set is the zero
vector. The concepts of linear subspace along with orthogonal complement induce
an additional structure in a Hilbert space.

Definition 1.7.4. A set A C H is a linear subspace of a Hilbert space H if ayxy +
oo € A for any x1, T2 € A and oy, as € R.

The following two propositions establish a connection between notions of linear
subspace and orthogonal complement

Proposition 1.7.1. If A is an arbitrary set of a Hilbert space H then its orthogonal
complement A+ is a closed linear subspace of H.
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Proof. A is a linear subspace if for any xi, Trs € At and a1, s € R we show that
171 + asry € AL, Indeed, based on inner product axioms (IP1) and (IP2), for
any a € A we have

(11 + ex9,a) = aq(x1,a) + az(z2,a) = 0.

To show that AL is closed, consider a sequence {Zn}tnen € At such that z,, — «
and (x,,a) = 0 for all @ € A and n € N. According to Theorem 1.7.2, the inner
product is continuous, and consequently, we obtain

lim (2,,a) = (x,a) = 0.
n—oo

But this means that € A+, and thus, closedness of A+ is shown. O
The next theorem plays an important role in the theory of Hilbert spaces.

Theorem 1.7.3. Let A C H be a closed linear subspace of a Hilbert space H and A+
be its orthogonal complement. Then any element x € H can uniquely be represented
asx=a+a', wherea € A and o’ € AL, We write H = A® A+,

Proof. First we establish the existence of the representation z = a + a’ for any z €
H, where a € A and o’ € AL. Let d = p(z, A), and let the sequence {a, }nen € A
be defined such that ||z — a,|| < d? + . This sequence is convergent. Indeed,

lan — am|* =2 (lz — an|* + ||z — am|*) = [|(z — an) + (z — am)||?
2
ap + am ‘

=2l = anll + o = anlP) — 40 -

1 1
<2<d2—|— , + &+ 2)—4d2
n m

Since H is a complete space, there exists a such that lim a, = a. Moreover, since

n—oo
A is closed, we have a € A. Based on the continuity of the inner product, we also
have lim ||z — a,|| = ||z — a|| = d. Now let us show that a’ = x —a € AL. Let
n—oo

b € A. Since A is a linear subspace, a + Ab € A for any A € R. By definition of d,
we obtain a chain of equivalent inequalities
|z — (a+ Ab)||? > d?
(z — a) = 2b|]* > ||z — al |?
[la" = Xb||* > ||a/||?
(a',a’) —2X(d,b) + N%(b,b) > (d',d’)
M (b,b) > 2\(d/, D)
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which should hold for all A € R. Substituting A = (&/’:)) into the last inequality,

we obtain K‘&;:Zglz > 2“?;:23'2. But it follows that |(a’,b)[? < 0, which can be true
only if (a’,b) = 0. Since b was chosen arbitrarily, (a’,b) = 0 for any b € A. Thus
we proved that @’ € AL and the existence of £ = a+a’, where a € A and o’ € A+,

To prove uniqueness of this representation, suppose that x can also be repre-
sented as © = b+ ', where b € A and V' € A+, Consequently, x = a+a’ = b+ ¥,
which can be reduced to a — b =" — a’. Because A and A’ are linear subspaces,
we have a — b € A and b’ —a’ € A+, and hence (a — b, b’ — a’) = 0. However, since
a—b="V —da, weobtain (a—b,a—b)=0and (V' —a’,b' —a’) = 0. It follows that
a=>band a’ =V, and the theorem is proved. O

Proposition 1.7.2. If A is a linear subspace of a Hilbert space H then (A+)* = A.

Proof. Let B = A+. By definition of the subspace B, any element a € A is or-
thogonal to B, i.e., a L B. This means that ¢ € B+, and consequently A C B*.
According to Proposition 1.7.1, the space B' is closed. Hence, A C B*. On the
other hand, (A)* C B. Indeed, suppose a’ € (A)*, i.e. a’ L A. Consequently,
a’ 1 A C A. But this means that o’ € A, and thus (A)t C At = B. Now
consider an arbitrary element x € B+. By Theorem 1.7.3, the Hilbert space H can
be represented as H = A @ (A)* and the element x is represented as © = a + a’,
where a € A and @’ € (A)t. Since a € A C B, 2 € B+ and Bt is a linear
subspace, we have o/ = z —a € B*+. However o’ € (A)* C B. But @’ € B and
a’ € Bt can hold only for a’ = 0. Consequently, z = a € A and B+ C A. From
A C Bt and B+ C A we conclude that A = B+ = (A1), and the proposition is
proved. O

Theorem 1.7.4. Let H be a Hilbert space. A set V is dense in H if and only if
V+ ={0}.

Proof. We will show that if V is dense in H, then V- = {0}. Suppose V is dense
in H and let vg € V+. Since vy € H there is a sequence {vi }reny € V such that

v, — v in H.

Using the Cauchy-Schwarz inequality and the fact that (vk,vo) = 0, we can directly
compute

||,UOH2 = (’UQ,’U()) - (”k»UO)
= (vo — vk, o)

< [lvo = vkl f[voll-
Consequently, we have
lvol] < lvo — vkl =0 as k — oo.
Hence, vg = 0 and V+ = {0}. O

To show that if V4 = {0} then V is dense is left as an exercise.
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This theorem has immediate applicability. It is used in the next theorem to show
that every Hilbert Space has a dense orthonormal set.

Proposition 1.7.3. Let H be a nontrivial Hilbert space. Then H possesses a dense
orthonormal collection of vectors.

Proof. In this case we construct a partially ordered set by taking Y to be the
subsets of H comprised of mutually orthonormal elements. Specifically,

YeV <= Y={y,ecH:~vel, y, Ly, V1,72 € T'}
for some (perhaps uncountable) index set I'. If H is nontrivial, then ) is nonempty
since "
x # 0, reH = {” H}eY.
x

Again, set inclusion defines a partial ordering on Y

V)<Z — YCZ
Moreover, if {V4}aca is a totally ordered set, then the set

yu = U yoz
acA

is an upper bound for the chain. By Zorn’s lemma, there is a maximal element
YV €Y. We now claim that ), is dense in H. Recall that a set F' is dense in the
Hilbert space H if and only if

F+ ={0}.

Suppose that Jyg € V5 and yo # 0. Then the set V,,, U {yo} is related to Y,
But this contradicts the maximality of ), and the proposition is proved. O

The last theorem becomes more constructive for separable Hilbert spaces.

Definition 1.7.5. A Hilbert space H is separable if there is a countable, everywhere
dense set in H.

Theorem 1.7.5. Let H be a separable Hilbert space. Then H possesses a countable
orthonormal collection of vectors.

In the case of infinite-dimensional separable Hilbert spaces, a countable orthonor-
mal collection is also complete.

Theorem 1.7.6. Let H be an infinite-dimensional separable Hilbert space. Then H
possesses a complete countable orthonormal collection of vectors.

The most remarkable property of separable Hilbert spaces is that all separable
Hilbert spaces are isomorphic.

Theorem 1.7.7. Any two separable Hilbert spaces are isomorphic to each other.
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Linear Functionals and
Linear Operators

The introduction of the algebraic operations that define a vector space enable us
to introduce an important class of functions on normed linear spaces: the class of
linear operators. We denote the domain dom(7") of the operator T': X — Y to be
the set of x € X such that T'(z) € Y. That is,

dom(T)={x e X : T(x) e Y}.
Likewise, the range of the operator 7': X — Y is
range(T) = {y € Y : Jz € X such that Tz = y}.

Definition 2.0.6. An operator T mapping elements of the vector space X to the
vector space Y is a linear operator if Vx, y € dom(T') and scalars «

Tx+y) = Tzx+Ty
T(ax) = oTz.

It is an elementary exercise to show that the set of all linear operators that act
between two vector spaces X and Y form a vector space themselves. This vector
space is denoted by L(X,Y’), where the operations of “vector addition” (addition
of linear operators) and scalar multiplication are defined in the obvious way:

(Tl-l-Tg)SC = Tl(ac)—i—Tg(x)
(aTh)z = Ti(ax).

Definition 2.0.7. Let X and Y be vector spaces with dimension n, and n,, respec-
tiwely. Then the set of all linear mappings from X into Y, denoted L(X,Y), is a
vector space of dimension ny X ny.

Not only can we define a new vector space L(X,Y") from the two vector spaces
X and Y, we can endow a subset L(X,Y) C L(X,Y) with a norm; the operator
norm. We define the operator norm by first defining the important class of linear
operators that map bounded sets of vectors in the domain into bounded sets of
vectors in the range.
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Definition 2.0.8. Let X and Y be normed vector spaces and T: dom(T) C X —Y
a linear operator. We say that T is a bounded linear operator if there is a real
number ¢ such that

|Tz|| < cllz||, VYzedom(T).

For each bounded, linear operator we define a norm.
Definition 2.0.9. The operator norm of the bounded linear operator T is defined by

17|

]

The set of all bounded linear operators from X into Y is denoted by £(X,Y). To
emphasize a point, recall that the following definition characterizes continuity of
a mapping T acting between normed vector spaces.

IT|| = sup Vo € dom(T).
z#0

Definition 2.0.10. Let T: dom(T) C X — Y be an operator, not necessarily
linear, where dom(T) C X and X and Y are normed vector spaces. Then T is
continuous at a point xg € dom(T") if for every e > 0 there is a § > 0 such that

le —xoll <6 = ||Tx—Txol <e.
If T is continuous at every x € dom(T'), then T is a continuous operator.

Because normed vector spaces are indeed examples of topological spaces, this def-
inition is but one special case of our general definition. Interestingly enough, for
linear operators acting between normed vector spaces, the notion of continuity
coincides with that of boundedness.

Theorem 2.0.8. Let T: dom(T) C X — Y be a linear operator, where X, Y are
normed spaces. Then T is continuous if and only if T is bounded.

In our definition of a linear operator, we have allowed that the operator need not
be defined on the entire underlying vector space. That is, dom(7") C X, and we
have not insisted that 7" exhausts X. If we are given an operator 7' defined on
some subspace of X, it is often necessary to define an extension of the operator T'.

Definition 2.0.11. Let T: dom(T) C X — Y, where X and Y are normed vector
spaces. The extension of T to all of X is an operator

T: X =Y, such that f|dom(T) =T.

The notation T|dom(T) denotes the restriction of T to dom(T).

The following theorem embodies a fundamental tool from mathematical anal-
ysis that we will have frequent occasion to use in the chapters that follow. This
theorem states that a bounded, linear operator defined on a dense subset of a
normed vector space has a “canonical” extension.
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Theorem 2.0.9. Consider the bounded linear operator T: dom(T) C X — Y, where
Y is a Banach space and X is a normed vector space. Then T has a bounded linear

extension T such that R
T:dom(T)C X - Y

1T = |7l
Note that if dom(T) is dense in X the operator is extended to all of X.

2.1 Fundamental Theorems of Analysis

If X is a linear vector space, the set of all operators that map X into R are denoted
the functionals on the space X.

Definition 2.1.1. A linear functional f on a vector space X is an element of
L(X,R).

2.1.1 Hahn-Banach Theorem

Of all the foundational theorems of functional analysis, the Hahn-Banach theorem
can be the most mystifying to beginning students. In principle, the Hahn-Banach
theorem is simple to describe: it provides a means of constructing extensions to lin-
ear functionals defined on subspaces of Banach spaces. Apparently, many students
would question why we want to do this in the first place. In many applications, this
is a common requirement and crucial to the solution of many practical problems in
science, engineering and control theory. There are many forms of the Hahn-Banach
theorem, and we first summarize what may be the most general form considered
in this book. Its proof relies on Zorn’s lemma.

Theorem 2.1.1 (Hahn-Banach Theorem). Let X be a real vector space and let
f X — R be positively homogeneous,

flaz) = af(z)
for alla >0 and all x € X, and subadditive,
fl@+y) < flz)+ fy)

for all z,y € X. Let Ly be a linear functional defined on a subspace Y C X that
is magorized by f over Y:

Lo(x) < f(x) VazeY.
Then there is a linear extension L of Lg

L:X—->R
L(z) = Lo(x) VzeY



66 Chapter 2. Linear Functionals and Linear Operators

and L is majorized by f over X
L(z) < f(x) VaoelX.
Proof. Let S be the set of all linear extensions of Ly that are majorized by f.
That is,
S = {g € L(dom(g),R) : dom(Lo) C dom(g), Lo(z) = g(z) V x € dom(Ly),

g(z) < f(z) Ve dom(g)}.

S is a nonempty set since Ly € S. Moreover, we can define a partial ordering =
on the set S. If a,b € 5, then we say

azb
if
dom(a) 2 dom(b)
a(x) = b(x) V z € dom(b).
Tt is straightforward to show that (S, 2) is a partially ordered set. We want to apply

Zorn’s lemma to conclude that the set S contains a maximal element. Suppose C
is any totally ordered subset in S. For the chain C, define the function I. such that

dom(l.) € U dom(g)
gecC

and
le(z) = g(x) x € dom (g). (2.1)

Clearly, the definition in Equation (2.1) makes sense since x € dom(l.) implies
that there is some g € C with « € dom(g). If there are g1, g2 € C, x € dom(l.), and

z € dom g1 N dom go

the definition in (2.1) remains clear. Since C is a chain either g = g2 or g2 2 ¢1-
Thus,

le(z) = g1(z) = ga(2).

We claim that [. is an upper bound for C. That is, we must show that
le2g vV geC.
But this is certainly true since for any g € C, we have
dom(le) = |_Jdom(h) D dom(g)

and
le(z) = g(x) for x € dom(g).
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Consequently we have shown that any arbitrary chain C in .S has an upper bound.
By Zorn’s lemma S has a maximal element. Denote the maximal element of S as
L. By the definition S, the element L is linear, it is an extension of Ly and it is
majorized by f. That is

L(z) = Lo(z) VezeY
L(z) < f(x) V x € dom(L) C X.

If we can show that dom(L) = X, the proof will be complete. As conventional
in constructions via Zorn’s lemma, we will argue by contradiction. Suppose that
there is some z¢ € X such that xo ¢ dom(L). Since dom(L) is a vector space, we
construct a linear functional on the vector space Z

Z = dom(L) @ span{zg}.
Fix a constant a € R. For any € dom(L), define the functional L such that
L(x + cxo) = L(x) + ac.

The functional L is linear on Z. Any two elements z1,22 € Z have the unique
representation

Z1 =1 + c1Tp
Z9 = X2 + C2%o
for x1,z2 € dom(L) and ¢1,co € R. By definition, we have
L(z1 4+ 722) = L(z1 +7w2) + afcr + 7e2)
L(z1) + acy + v (L(x2) + acs)
= i(zl) + 'yz/(zg).

Moreover, L is an extension of L since
dom(L) C dom(L) = z.

In fact, we would have R ~
LeS and LZL

if we could show that L is majorized by f
L(z) < f(z) V z € dom(L).

Consider any z and y in dom (L). We can compute

L(z) — L(y) = L(z — y)
< flz—-vy)
<flr+zo—20—y)
< flz+20) + f(=20 — y).
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In this sequence of equations, we have used the linearity of L, the majorization
of L by f, and the subadditivity of f. We can rearrange the above inequality to
make

—L(y) = f(=20 —y) < —L(x) + f(z + o).

We note that this equation holds for all z € dom (L) and for all y € dom (L).
Recall that our definition of the functional L is

L(z + cxg) = L(z) + ac
but we have not yet selected the constant a € R. We always have

oo (I = flemo ) £ i (= L)+ @+ o)),

Choose the constant a such that

ye;ff(m( ~L) - fm-y)<as zediorrlrf(lz)( ~L@+ fla+ ). @2

Now the value of the functional L on an element
T4cxg €Z (2.3)

can be studied for the case when ¢ > 0, ¢ = 0, and ¢ < 0. Suppose ¢ = 0. Then
2 € dom (L) and .
L(2) = L(@) < f(2)

and L is majorized by f in this case. On the other hand suppose ¢ > 0. From
Equation (2.2). We know that

a < —L(&) + f(§ + o)

for any choice of £ € dom (L). Choose £ = ix where ¢ and x are given in Equation

(2.3). We know that
1 1
a< —L< ac) —|—f< x—i—xo).
c c

If we multiply by the positive number ¢, and rearrange the terms, we obtain
L(z) 4+ ca < f(z + cxo)

or
L(z) < f(2) V z € dom (L).
But this means L € S and ~
LZL
which is a contradiction to the maximality of L. Now suppose ¢ < 0. From Equation
(2.2), we can write

—L(&) — f(mz0—§) <a (2.4)



2.1. Fundamental Theorems of Analysis 69

for any choice of £ € dom (L). Again, with the choice of
z =X+ cxg.

Choose £ = !z in Equation (2.4):

—L(lx) —f(—xo— 1x> <a.
c c

If we multiply the above equation by the positive number (—c) we get

L(z) — f(x + cxo) < —ca
L(z) + ca < f(z + cxo)

L(z2) < f(2).

Again, we get L € S and L > L, which is a contradiction of the maximality of L.
Hence, our assumption that dom (L) # X is false. We have

dom (L) =X

and the theorem is proved. O

2.1.2 Uniform Boundedness Theorem

In terms of application, the Uniform Boundedness Theorem may find more direct
application for engineers and scientists than the Baire category theorem in Section
1.3.4 or the Hahn-Banach theorem in Section 2.1. Its proof, at least the form
presented here, employs the Baire Category Theorem. Philosophically, the Uniform
Boundedness Theorem enables us to utilize “pointwise bounds” on families of
bounded linear operators to conclude that we actually have “uniform bounds” on
the same family.

Theorem 2.1.2 (Uniform Boundedness Theorem). Let {Lj}ren be a sequence of
bounded linear operators on the Banach space X. Suppose that for each x € X,
there exists a constant ¢, (depending on x) such that

ILizl| <o VkeN. (2.5)

Then the family { Ly }ren s uniformly bounded in the sense that there is a fized
constant C' such that

ILy| <C  VEkeN.

Proof. For each integer k € N, define the set Cj,

Cr={zxeX: |Lyx||<k Vn € N}.
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Each Cj, is closed. Perhaps the simplest way to see this is to note that the map f
frze | Lozl
is a continuous map from X to R. Suppose {z;};ecn € Cf and z; — . Then
[Lnzj|| = ([ Lozl < K

and z € C}. In addition
X=JG
k=1

by the pointwise bound in Equation (2.5). By the Baire category theorem, there
must be some kg € N such that Cj, contains an open ball

B(zg,70) € Ch,.

If z is any element of X, we can define

1
y=x0+ .70 .
2 7 ||zl

Note that )
|y — ol < ,f0 = YE B(zo,70) C Ck,

and that zg,y € Cy, implies that
[ Lnzoll < Ko

[ Lnyll < ko
for all n € N. By construction, we have

x
e =21y )

To

and

]
1nzll =27 TllEa(y = zo)l

||
7o
< 4kq

[l]]-

This implies that 4kg /7 is an upper bound for || L, || and the theorem is proved. O
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2.1.3 The Open Mapping Theorem

We studied several alternative characterizations of continuity of functions in the
previous chapter. Perhaps the most abstract definition is cast in terms of inverse
images of open sets. A function f : X — Y is continuous according to this defi-
nition if and only if for every open set © C Y the inverse image f~(0) C X is
an open set. The reader should carefully note that there is no guarantee that a
continuous function will map open sets in X into open sets in Y. Functions having
this particular property are referred to as open mappings.

Definition 2.1.2. Let f : dom(f) C X — Y where X and Y are topological spaces.
The function f is called an open mapping if the image under f of every open set
in the domain of f is an open set in Y.

One of the most important applications of open mappings is that they can some-
times provide a convenient method for establishing the boundedness of certain
invertible operators. This fact is summarized in the celebrated Open Mapping
Theorem, which is also known as Banach-Schauder Theorem.

Theorem 2.1.3 (Open Mapping Theorem). Let L be a bounded linear operator from
a Banach space X onto a Banach space Y. Then L is an open mapping.

This theorem is extremely powerful. In fact, it is an immediate consequence of the
theorem that if the bounded linear operator is invertible, the inverse is necessarily
continuous. Moreover, since the inverse of a linear operator is itself linear, the
Open Mapping Theorem guarantees that if the inverse exists, it is bounded.

The proof of the Open Mapping Theorem is lengthy. We will first derive an
intermediate result that will facilitate the proof of the theorem. Similar approaches
can be found in [3, 15, 30].

Proposition 2.1.1. Suppose L is a bounded linear operator mapping the Banach
space X onto the Banach space Y. Let B1(0) be the open ball of radius 1 centered
at0 e X

Bi(0)={zx e X :|z|| < 1}.

The image L(31 (0)) contains an open ball 8 containing the origin in 'Y
0€6C L(B1(0)).
Proof. The proof is conducted in three steps.
a) For any = € X there is an integer n € N such that
z € By (0) =nB1(0).

Clearly, for any integer n > 2[|z||, € nB; (0). It is therefore possible to cover X
by such sets
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Since L maps X onto Y we can write

Y = L(X)

L (U nB, (0)>

neN

U Z(nB:(0)).

neN

In fact, since the union above is equal to all of Y, we can take the closure of each
set and obtain

Y = [ JL(nB,(0). (2.6)

neN

But Equation (2.6) expresses the complete space Y as the countable union of
closed sets. By the Baire Category Theorem, Y cannot be the countable union of
nowhere dense sets. Thus, there must be at least one integer m € N such that

L(mB, (0))

contains an open ball. But it is a simple matter to show that

L(mBé (0)) = mL(B1(0)).

1
2

mL(B,,(0))

@ Open

Ball
ﬁ@

L(B,,(0))

\4

1N

Figure 2.1: Schematic Diagram of Dilation of Open Ball

As depicted schematically in Figure 2.1 , if L(mB 1 (O)) contains an open ball,
so does L(Bé (0)).

b) Denote by B,.(yo) the open ball centered at yo with radius » > 0 that is contained
in L(B 1 (0))

B, (y) C L(By(0)). (2.7)

1
2
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Of course, we can also write
B,(0) € L(B1(0)) — yo.
We want to show that
B,(0) € L(B1(0)) —yo C L(B1(0)). (2.8)
Let € be some arbitrary element

£ e L(B;(O)) — Yo-
In this case we have

§+yo € L(B1(0))
and in view of equation

Yo € L(Bé (0))

we can find two sequences {n}ren and {7k }ren, both contained in L(B% (0)),
such that

e — &+
Y2 — Yo

as k — oo. Since both sequences are contained in L(B; (O)), we know that there
are pre-images {vy }ren and {wy}ren contained in B1(0) such that

e = Ly

Y = Lwyg
for each k € N. But the difference {vy — wy }ren is a sequence that is contained in
B1(0)

1 1
loe — will < llvell + flwell <, +, =1.

Moreover, the sequence {L(vy — wy)}ren converges to &.

€ — L(vk —wg)|| = || — Lok + Lwg|
= [|& = + Wl
— 1= (§+vo) + woll
- 0

as k — oo. We have consequently shown that the inclusions shown in Equation
(2.8) hold, since the point £ was chosen arbitrarily in L(Bé (0)) — Yo-

¢) Now, we will use the inclusion

B,(0) C L(B1(0)) (2.9)
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from Equation (2.8) to show that
B3 (0) € L(B1(0))
and the proof will be complete. First we observe from Equation (2.9) that
27"B,.(0) = B,y-x(0), k€N

and
27%L(B1(0)) = L(By-«(0)), keN.

That is, we can write
B,5-(0) C L(Bsz(O)) (2.10)

for any integer k € N. Choose some arbitrary
z € Br(0).
But this means that the inclusion (2.10) holds for k =1
z € L(By-1(0)).

There must be some element z; = Ly € L(By-1(0)) such that

r

L= r272 (2.11)

Iz = z1ll = |z = Ll <

where 11 € By-1(0). When we compare Equation (2.11) with the inclusion Equa-
tion (2.10), we see that Equation (2.10) holds for k = 2. That is

(Z - L’I71) € B,o—2 (O) C L(Bgfz (0))
There must be a zo = Ly € L(By-2(0)) such that
|2 = Lm — Lna|| < ; =r273

where 79 € By-2(0). It is clear that we can proceed iteratively in this fashion. For
each k € N,
Nk € Ba-x(0)

and the sequence {Y ;_, nx} is a Cauchy sequence in a complete space. We

must have

neN
n
. _ *
nh_)n;Oan =n" eX.
k=1
Furthermore, n* € B1(0). This is true since

00 o) 1 k
<Siml<X(y) -t
k=1 k=1

oo

an

k=1
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Finally, we can also write

n 1
z— Z Lng|| < 27‘2_".
k=1
We conclude that Ln* = z, and therefore
Br(0) C L(B1(0)). O

Proof. Open Mapping Theorem

With the use of the last proposition, the proof of the Open Mapping Theorem
now follows directly. Suppose that @ is an open set in X, and choose an arbitrary
point y = Lx € LQ. Since @ is open, there is an open ball Br(x) contained in @
where R > 0, centered at x. It follows immediately that

1 1
Bi(0) = (Ba(r) ~2) € (@ 2).
By the previous proposition, the image of B;(0) contains an open ball § about the
origin 0 € Y.
We have

OEHQL(]I%(Q—JJ))

0encC ;(LQ—Lx).

But this last inclusion implies that there is an open ball contained in L) containing
y = Lx. Since y € L@ was chosen arbitrarily, we conclude that L@ is open and
the theorem is proved. O

2.2 Dual Spaces

In the last few sections, we discussed how the set of all linear operators L(X,Y)
acting between any two normed vector spaces X and Y can be used to create the
normed vector space of bounded linear operators , denoted by £(X,Y"). Perhaps the
most frequent use of the normed vector spaces £(X,Y") arises when Y is selected
to be the real line R, endowed with the usual topology. When we consider the
space of all linear mappings from X into R, we call this vector space the algebraic
dual X' of X. Each mapping f € X' is called a linear functional.

Definition 2.2.1. A linear functional is a linear operator with domain in the vector
space X and range in the scalar field of X. That is, if X is a real vector space,
then

frdom(f) =X — R orC.

Definition 2.2.2. A bounded linear functional f is a bounded linear operator with
range in the scalar field of X, where dom(f) = X.
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Definition 2.2.3. The algebraic dual space Xtof a vector space X is defined to be
X' =L(X,R).

When we further endow L(X,R) with the operator topology defined in Definition
2.0.9, we obtain the topological dual space X* £ L(X,R) of X.

Definition 2.2.4. Let X be a normed vector space. The set of all bounded linear
functionals on X is a normed vector space with norm given by

171 = sup 12

Vo e X.
z#0 [zl

This space is called the topological dual space of X and is denoted by X*.

We will only have occasion to use the topological dual in the remainder of this
text; we consequently do not distinguish between the algebraic and topological
dual space in our notation.

Each f € X* is a bounded linear functional on X. We can write f(x) to
denote the action of f on a particular x € X. Alternatively we use the notation

(fiz)xxx = f()

to denote the action of f on x. The expression (-, -) x+ x is referred to as the duality
pairing notation. This notation can be advantageous in applications with different
dual spaces.

Important classes of linear operators can be defined in terms of the notion of
duality. For example, the transpose or dual operators associated with a bounded
linear operator will be used in numerous applications in this text.

Definition 2.2.5. Let U and V' be normed vector spaces and let A € L(U,V). The
transpose A’ € L(V*,U*) is the unique operator defined via the relationship

(A uyy=xu = (V', Au)y-xv
forallv e V* andu e U.

The following theorem illustrates interesting and useful relationships between
the nullspace and range of certain dual operators. These relationships are likewise
used frequently in this book and make use of the annihilator of a given set.

Definition 2.2.6. Let X be a normed vector space and A be a linear operator.
Nullspace or kernel of operator A is a subspace ker(A) of X defined to be

ker(A) = {z € X : Az =0}.

Definition 2.2.7. Let S be a subset of a normed vector space X. The annihilator
S+ is defined to be the set of bounded linear functionals that evaluate to zero on
every element of S

St={AeX*: (A x)=0 VzeSCX}
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Now we can illustrate the usefulness of duality in characterizing how the range
and nullspace of certain operators are related via the annihilator.

Theorem 2.2.1. Let X and Y be normed vector spaces and suppose A € L(X,Y).
Then N
(range(A))™ = ker(A’).

Moreover, if the range(A’) is closed, we have
range(A4’) = (ker(A))L

Proof. Suppose B € (range(A))L. Then we have (B, Az)y«xy = 0 for all z € X.
But this means (A’'B, z) x+x x = 0 for all z € X, which can be true only if A’B = 0.
Consequently B € ker(A’), and

(raunge(A))L C ker(4").
Suppose on the other hand, z € ker(A’). This means that A’z = 0. It follows that
(A'z,2)xxx = (2, AZ)y+xy =0 forallz € X
which simply implies that z € (range(A))J'. But this means that

ker(A) C (range(A)) "

Altogether we have
(range(A))L = ker(4’). O

In the last theorem, we found that duality and the definition of the annihilator
enabled a succinct relationship between the nullspace and range of certain dual
operators. In the following theorem, we find that duality and the definition of the
annihilator enables a characterization of the solution of an important minimum
norm problem. This theorem will find use in various applications in this book.

Theorem 2.2.2. Let U be a subspace of the real, normed vector space V. For some
v €V, define the distance
d = inf |ju— v
uelU

from v to U. Then there is an element Ay € U+ CV* such that

d= max (A, v)y«xy = (Ag, V)v+xv-
HAHS1< >V xV < 0 >V xV

AcU+

Proof. By the definition of the infimum, there is a sequence {uy}reny C U such
that

1
llug — v|| < d+ x
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Choose any arbitrary A € U+ with ||A|| = 1. We can directly compute

(A, 0) = (A0 —w) < [JA|| lv—ugl| < d + ;
Since k is arbitrarily large, we must have that
(A,v) < d.
Consider the subspace X C V that is defined as
X={u+tv|uel, teR}

and define the functional f : X — R such that

flz) =td, r=u+tv, ueU.
The functional f is linear on X. Suppose x1, 3 € X and

Ty =u; +tiv, up €U
Ty = ug +tov, us €U
then

flxi+z2) = (t1+t2)d = f(z1) + f(z2)
fQz) = (A)d = Atd) = Af(x).

Let us show that the functional f has norm 1 over the subspace X. Let z = tv+u,
where u € U and t € R. By definition, we have

| f]| = sup /@ = sup ] = sup /1] = sup !
SoR Nzl T aeh o ul T ael el o+ v T aep o + ¥
inf [[v+ %] infflo—z|
uelU zeU

By the Hahn-Banach theorem there is an extension of f to all of V' having norm
1. Denote the extension by Ay. We have

[ Aol =1
Aoy = f.

We claim that the extension Ag € UL. Suppose v € U C X then it is easy to

compute
(Ag,u) = f(u)=0-d=0.

Moreover, v € X, so that
<A0,U>:il‘d

However, we have shown that </~1, v) < d for any A € Ut and we have constructed
Ag € Ut such that (Ag,v) = d. The theorem is proved. O
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There is simply an enormous literature that describes the structure of normed
vector spaces, and their dual spaces. We cannot do justice to this theory in a short
introduction. We would be remiss, however, if we did not address the role of dual
spaces in the introduction of weak topologies on normed vector spaces. This topic
plays an important role in numerous applications to mechanics.

2.3 The Weak Topology

Recall from Section 1.2 that it is possible, and often indispensable, that we are able
to define different topologies on a given set X. Indeed, some of the most difficult
questions in applied mathematics, control theory and mechanics arise in deciding
which topology is appropriate for a given application. If a suitable topology can
be found for a specific set X arising in an application, an enormous set of tools
from functional analysis are then available for analyzing the intrinsic properties of
that problem. Now, every normed vector space has an “intrinsic” topology derived
from the norm. This topology is called the strong topology on X, and every open
set in this topology is just the union of open balls B,.(x) having the form

Br(r) ={y e X : [z -yl <r}.

If we unravel the notion of convergence of a net in this topology, we find that a
sequence {Z,}nen converges to © € X in the strong topology on X if for every
€ > 0, there is an N(e) € N such that

k>N(e) = w1 € B.(2).

Now, this can be a stringent requirement. If it is too difficult, or even impossible, to
show that x; — x strongly in X, it may be the case that we can define a topology
with fewer neighborhoods, or open sets. Proving convergence can be considerably
simpler in this coarser topology.

Simply stated, one of the most frequently employed, alternative topologies
that we can consider is the weak topology from X*. Recall from the definition of
weak topology that any collection of continuous functions from one topological
space (X, Tx) to another (Y, 7y) can be used to define a new topology on X. By
convention, if we choose the space (Y, 7y) to be (R, Euclidean) and consider all
of the continuous linear functionals from (X, 7x) into (R, Euclidean) the resulting
weak topology is called “the” weak topology on X. It is a simple exercise to show
that convergence in the weak topology is characterized by the following theorem:

Theorem 2.3.1. Let X be a normed vector space. A sequence {xy}, oy in X is
convergent in the weak topology on X if

flzr) = f(z) mRY fe X"

As noted in the construction of general weak topologies in Section 1.2, the weak
topology on X is generated by the set of finite intersections of inverse images of
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open sets in R under continuous functionals in X*. A local base at zg € X for the
weak topology is then given by

Br(20; f1, s fn) 2 ﬂ {xeX:|<f,x—xo>f <r}

f€f7l

where F,, = {f1, ..., fn} is any collection of n functionals contained in X* and
7> 0.

2.4 The Weak* Topology

So we have seen that given a normed vector space X, there is a useful, direct
construction of a topology on X that is weaker than the norm topology. We take
the set of all bounded, linear functionals, endow this set with the “usual” algebraic
structure, further endow it with the operator norm, and we get the topological dual
X*. “The weak topology” on X is the weak topology in the sense of Definition
1.2.16. But we do not need to stop at this point. We can carry out the same
construction starting with X*. This process gives rise to the bidual, or second
dual space, X**.

Definition 2.4.1. Let X be a normed vector space. The second dual space, or bidual,
of the space X is X**.

Now at first this might seem like a sterile mathematical exercise. If we are
truly interested in X, as being descriptive of a physical system, it is relatively
clear that the construction of X* is interesting in that it describes alternate char-
acterizations of convergence of states in our physical system. What is the use in
constructing X ** that is, strictly speaking, a way of defining a topology on a space
that is “one space away” from our physical space X7

The answer is that there is an interesting and useful relationship between X
and X**: we can view each element of x € X “as an element” of X**. Now to see
how we can make this identification, pick an arbitrary pair of elements z, y € X.
By the definition of X*, if f € X*, we know that

f@+y) = fl@)+fy)
fOw) = M),

We can define two mappings g and h that act on X*
g(f) = [f(=)
h(f) = [f)

Clearly, g and h are determined by the fixed elements x and y from X. If we define
addition of g and h to be

(g+h)(f) =9(f) +h(f) VfeX"
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then a moment’s reflection shows that the set of all functions defined via this
construction on X* is a vector space. That is,

S={ge LX"R)|Fze X :g(f) = f(x) Ve X"}

is a vector space, and each of its elements is uniquely determined by an element
of X. In fact, much more is true. We can show that the above construction defines
a mapping Z : X — S C X**. This mapping is called the canonical injection of X
into X**.

Theorem 2.4.1. Let X be a normed vector space. There exists a canonical injection
T of X into its bidual X**
IT:X —X*

such that
Z:X — range(Z) C X**

s a linear isometry.

Thus, Theorem 2.4.1 has shown that a normed vector space can be “identified”
with a subset of X**. In the case when the range of the canonical injection Z is
all of X** that is Z is onto, X is said to be a reflexive normed vector space.

Definition 2.4.2. A normed vector space X is reflexive if the canonical injection
7 :X — X* is onto. That s,

range(Z) = X™**.
Having defined the canonical injection
T:X—X"

it is possible to define yet another weak topology in the sense introduced in Defi-
nitions 1.2.17 and 1.2.18 for general topological spaces. The collection of functions

range (Z) C X**

defines a collection of bounded linear functionals in X **. We can use this collection
of functions to define a weak topology on X*. This topology is denoted the weak*
topology on X*

(X*, weak™) = (X*, weak(range 7)).

As in Theorem 2.3.1, there is direct characterization of convergent sequences in
X* in the (X*, weak*) topology.

Theorem 2.4.2. Let X be a normed vector space. A sequence of functionals { fn}nen
C X* converges to f € X* in the weak* topology if

fu(z) — f(x) Vo e X.
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Proof. The proof is based on the general definition of weak* convergence in a
topological space. From Theorem 1.2.4, we know that

fn— f
in (X*, weak”) if and only if
9(fn) = 9(f)
forall g € range(Z) C X**. If we unravel the definition of the canonical embedding
7, we obtain the conclusion of the theorem. O

Alternatively, a local base at n € X* for the weak* topology is given by the
open sets

Br(m;x1, oy ) = ﬂ {feX* : ’(f—n,x>| <7‘}

zeEXy,

where X,, = {z1, ..., x,} is any collection of n elements in X and r > 0.

The usefulness of the weak™* topology in applications is immediately apparent.
One of the most pragmatic properties of the weak™ topology is that it contains a
large collection of compact sets. As the following theorem shows, the closed unit
ball of the dual space of a Banach space is weak* compact. While the proof of the
following theorem is beyond the scope of this text (see for example [3]), it is used
frequently in computational methods and mechanics.

Theorem 2.4.3 (Alaoglu’s Theorem). The closed unit ball of the dual space X* of
a normed space X is compact in the weak™ topology.

Theorem 2.4.3 is of a very general nature. Various approaches exist for its proof, as
typified in [20, p. 229] or [30, p. 174]. More specialized results, that assert the rela-
tive compactness of sequences under certain separability or reflexivity assumptions
may find more direct application for engineers and scientists.

Theorem 2.4.4. Suppose X is a separable normed linear space. Fvery bounded
sequence in X* contains a subsequence that is weak® convergent.

Proof. Suppose that {fr}ren is a bounded sequence in X* and that {xj}ren
is a dense collection of vectors in X. We construct a convergent subsequence
{fr.ktren C {fi}ren via a diagonalization argument. First consider the sequence
of real numbers

(v z)| < Il Nl ]l <

that is bounded in R. We can extract a subsequence

{fr,1teen € {fr}ren

such that the sequence of real numbers

{<fk,1’x1>}keN
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converges in R. Subsequently, we note that the sequence of real numbers

f<fk,1,$2>f < | fra

| [[z2]] < Co

is bounded. We can extract a further subsequence

{fr.2}tken C {fr,1teen C {fr}ren

such that the sequence of real numbers

{<fk72’x1>}keN
{{fe2:22) e

converge to real numbers. Proceeding in this fashion, we obtain a diagonal sequence

{frkten € {fr}tren

such that the sequence of real numbers

{<fk,kv‘rj>}k6N

converges for any fixed j € N. Fix z € X. By the triangle inequality we have

[(Figr ) = {Frpo2)| < [(Figr @) = (Figsxmd| + [(Figs 2m) = (faps Tm)|
+ | s Tm) = (fres )|
<20 @ = 2l + [(f15 = Frkr Tm)|-

Fix € > 0. Since {Z,, } men is dense in X, we can choose m large enough so that

-zl < -
— T €.
3C

Furthermore, for m so selected, there is an N such that j, £ > N implies

1
(£ = Fromm)| < ge
But this means that j, k¥ > N implies

|[(f02) = (fok )| < e

and the sequence
{<fj,ja x>}jeN

is consequently a Cauchy sequence of real numbers, and therefore converges to a
real number we denote by (f, x). The assignment so defined is linear and bounded,
hence f € X*. (]
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This theorem can, in fact, lead to another characterization of compact se-
quences, in this case for bounded sequences in reflexive normed spaces.

Theorem 2.4.5. Let X be a normed vector space. X is reflexive if and only if every
bounded sequence in X contains a weakly convergent subsequence.

Proof. For this text, we will only use the implication that if a normed space is
reflexive then a bounded sequence in this space contains a convergent subsequence.
The reverse implication is proven in [20, p. 119]. Suppose {zj}ren is a bounded
sequence in the reflexive normed vector space X. Then the subspace

V £ span{zy }ren € X

is separable and reflexive. V is reflexive since any closed subspace of a reflexive
Banach space is reflexive. Moreover, the construction of the canonical isometry of
V onto V** guarantees that V** is separable. If Y* is separable, then Y is also
separable for any normed vector space Y and its dual Y*. Hence, V* is separable.
We know that {I(xk)}keN C V** is bounded since 7 is an isometric mapping of
V onto V**. By Theorem 2.4.4, there is a subsequence {I(xkj )}kjeN that is weak*

convergent to some Z(x) € V**. Since 7 is a linear isometry that is onto V**,
the sequence {zy, } ;€N is weakly convergent to x in V. In general, we have the
inclusions

VCXand X*CV*.
We conclude that the sequence {xk7 } ;€N is in fact convergent to x in the weak
topology of X. O

We close this section by considering a very specific interpretation of the weak*
topology restricted to the closed unit ball of the dual space X* of a separable
normed vector space. In fact, we can show that the relative weak™ topology that
the closed unit ball of dual space inherits as a subset of X* is metrizable. This
metric in induced by a norm called the weak norm on X*.

Theorem 2.4.1. Let X be a separable normed vector space and let Sx+ be the closed
unit ball of the dual space X*

Sx+ ={f e X" :|Ifllx- <1}

(1) If {zk}ren is dense in X, the expression

wé = 2_k |f(xk)|
I1£1] kz::l (1+ el

defines a norm on X*. This norm is referred to as the weak norm on X*.
(2) The relativization of the weak norm topology on X* induced by || - ||, and the
relativization of the weak® topology on X* coincide on Sx~.
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Proof (1). By inspection, we see that

oo

Ny o ()]
lofle =227 Ll

_ ok | f ()| _
||Z L o = 1l 151

Likewise, the function || - ||, satisfies a triangle inequality
o0
el f(r) + glaw)|
f+g w — 2 k|
750l =22 0 )
< i2k{|f<xk>| + lo(@i)l }
B (1 + flzk]l)

k=1
= [1£llw + lgllw-

We would like to show that
Iflo=0 = f=0 m X~

From the definition of the weak norm, we see that

k’fack . -
£l = 22 Vi =0 |f(zr)| =0 VEEN,

Let x € X be arbitrary. For any such x there is a subsequence {xx; }x;en € {@k }ren
such that

Ty, — .
By the continuity of f, we must have
f(ar;) = f(2).
Since each f(xy;) = 0, we have
fz)=0 VzelX.

That is,
Ifle=0 = f=0 in X"

Hence || - || is & norm on X*. O

Proof (2). Recall that in this theorem we consider two topologies on X *. Denote by
(X*,7..,) the topology on X* induced by the weak norm || - [|,, and by (X*, 7,~)
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the weak® topology on X*. A base for (X*,7).,) is given by the collection of
T||-||l,~OPen sets

B.(f)={9eX*:|lg— fllw<r} [feX* r>0

indexed by the center f of the ball and radius r. A base for the space (X*, 7« ) is
the collection of 7,+-open sets

Bo(fi€n6a, .o &) = {g € X'+ _max (&) - f(&)] <r}
indexed by the center f, the finite integer n, points &1, ..., &, € X, and radius 7.
Now, suppose that 6, is an open set in the relativization of the weak* topology
(X*, 7w+ ) to Sx+. What does this mean? Pick any point f € 6,,+. By the definition
of the base for the weak* topology, there is a finite number n, a set of points
&, ..., &, and a real number r > 0 such that

SX*mBr(f;é.l)fQ)"'agn)gQW*' (212)

That is, we can find one of the sets in the base for (X*, 7,+) relativized to Sx~
that contains f and is “small enough” to be contained in 6,,«. We first note that
the sequence {x}ren is dense in X by definition. Thus, it is always possible to
find candidates

{xkl,xkz, ceey $kn} - {xk}kEN (2.13)

that approximate the fixed points {1, &2, ..., &, } in Equation (2.12) to any desired
degree of accuracy. For example, we can choose the candidates in Equation (2.13)
such that

ok, =&l <er j=1,....n (2.14)

where € < é The choice of approximation in equation (2.14) determines a set of
integers {ki, ks, ..., kn} that picks out certain terms in the sequence {z}ren-

Define the constant
9—Fk;
C2  inf { }
= UL+ [l |

(S Sx+ OB;(f)

Now, suppose that

where

>

eC -r.

,f;
In this case, we can write
If = gllw < C 7. (2.15)
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But the left-hand side of inequality (2.15) can be bounded below as follows

1f = 9gllw nli_)n;OZQ—ij_g)?ﬂ

227 gyl

o (= 9z
> E 2k J
Nt L+ (|, |

J_

f 2" 3 ( )Tk, |

> in T
- =1, n{1+xkj||} I/ =9z,

= YN - 9, |- (2.16)

Combining inequalities (2.15) and (2.16), we see that

I(f = g)an,| <er.

Finally, we can write

1F(&) —9(&)l = [(f = 9)(&)]

< (f = 9)(@y) = (f = 9)(aw; = &)
< e+ ([[fllxe + lgllx)llen, — &l
< er+2-er=3er<r. (2.17)

In this last inequality we have used the fact that

f7 ge SX* .
But Equation (2.17) implies that

(SX* me(f)) c (SX* mBr(f;fla sy gn)) c 9w*~

This process can be repeated for any choice of f € 6,+. Hence, 0, is the union
of sets extracted from a basis for the relativization of the weak norm topology
to Sx+. We can conclude that 0,,« is an open set in the relativized weak norm
topology.

Now suppose that 6,, is an open set in the relativization of the weak norm
topology (X*, T,) to Sx+. Choose any f € 6,,. By the definition of a basis for this
topology, there is an r > 0 such that

Sx+ N B-(f) C b. (2.18)
Recall that the inclusion (2.18) implies that for any g € B,.(f), we have

f 9 ]|
lim 277 <.
"—*OOZ 1+ [|lz; ]



88 Chapter 2. Linear Functionals and Linear Operators

Of course, the summation above, being convergent, implies that the tail of the
series converges to zero. There is an index K € N, consequently, such that

Define the constant

Now, suppose that g € Sx+ and

If(zj) —g(z;)] <€

r

oA=L K (2.19)

under these conditions, we can bound |f — g|,, via a direct computation.

Jj

1+||awc||
< 22 klf gxkl Z 2,€|f—g)x,€|.
1+ ll] Hmk = 14 |||
~ 4 ~ o
SC S (f—g)mxl <er

But from inequality (2.19), we conclude that

K
|f_g|w<C;€C7jK+€T:26T<T.

Thus, we have shown that
Sx+ N B.(f;21, ..., x) € Sx+ N Br(f) C Oy

This argument can be repeated for every f € 6,,. Consequently, 6,, is the union
of basis sets for the relativization of the weak™® topology to Sx«. The set 6, is
thereby open in this topology. O

2.5 Signed Measures and Topology

In the previous chapter, we discussed the rudiments of measure theory, and its role
in the development of integration theory. In several of the examples that follow
in this book, it is important that some classes of measures can be interpreted as
a subspace of the dual space of a Banach space. We have defined a measure as an
extended, real-valued set function

uw:A—1[0,+0] CR, AeB
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where B is a o-algebra of subsets of the underlying set X. By definition, a measure
is countably additive on the o-algebra B of X, and the measure of the empty set
is always zero. The pair consisting of the set X and a o-algebra of subsets of X
is called a measurable space. Perhaps the most direct method for introducing a
topology on measures is to define the set of signed measures associated with a
given measurable space (X, B).

Definition 2.5.1. A signed measure p defined on the measurable space (X, B) is an
extended real-valued set function such that

(i) The set function p assumes at most one of the values +00, —00,
(ii) the measure of the empty set is zero, u(0) =0, and
(iii) the set function p is countably additive for any sequence of pairwise disjoint
sets extracted from B.

Some care must be taken in the interpretation of property (iii) above. If p <U Ai)
i
is finite, then

H (U Ai) = ZM(Az') (2.20)

implies that the series in Equation (2.20) converges absolutely.

It is essential in many applications that every signed measure can be decom-
posed in a “canonical fashion” into measures. While the axiomatic development of
the “canonical decomposition” of signed measures is somewhat lengthy, the idea is
straightforward. The reader is referred to [6, 9, 27] for the details; we simply out-
line the procedure here for completeness. Roughly speaking, we restrict the signed
measure to a particular collection of subsets of B having a positive signed mea-
sure, and subsequently define a new measure. Note that we cannot choose just any
collection of sets having positive signed measure in this construction, as some sets
might contain subsets that have negative signed measure. Likewise, we restrict the
signed measure to a carefully selected collection of subsets in B that have negative
signed measure, take the negative of this set function, and define another measure.
We consequently achieve a decomposition of a measure that is analogous to the
decomposition of a real-valued function into its positive and negative components.
To precisely describe which subsets in B are used to define the restricted measures,
we must introduce the notion of positive and negative sets for a signed measure. If
1 is a signed measure on the measurable space (X, B), a subset A € B is positive
for p if p(B) > 0 for every measurable set B C A. We define a negative set for p
similarly. It is a remarkable fact that for any signed measure p, there are disjoint
subsets A, B € B such that

X=AUB

where A is positive for p and B is negative for p. This representation of the set X
is known to be Hahn decomposition, which, in general, is not unique. Associated
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to such a distinguished decomposition of X, we can construct our pair of measures
uT and p, denoted the positive and negative measures corresponding to u

pt(C) = pAnC) vCeB
uw (C) = —u(BnC) VCeB.

Since A and B are disjoint, we have in particular that

A pair of measures pp and ps are said to be mutually singular if there are disjoint
measurable sets such that X = AU B and pi(B) = ua(A) = 0. We have the
following proposition guaranteeing the uniqueness of this decomposition:

Proposition 2.5.1. Let p be a signed measure on the measurable space (X, B). Then
there are two mutually singular measures p* and p= on (X, B) such that

p=pt—p

Moreover, there is only one such pair of measures. The representation of u by u*
and p~ is called Jordan decomposition.

The total variation of a signed measure yu is subsequently defined as

ul(C) = () + 1~ (C).

We now have arrived at our goal; we can define the precise sense in which measures
can be endowed with a topology.

Theorem 2.5.1. Let X be a compact metric space and denote by C(X) the Banach
space of all real-valued, continuous functions on X endowed with the usual sup-
norm

[ fllex) = sap |f(2)]-
reX
The set of all finite, signed Borel measures on X is isometrically isomorphic to the

dual space of C(X). The action of each p on f € C(X) is given by the integration
formula

u(h)= [ fau2F(p)
b'e
where F' € C(X)*. The mapping u— F defines the isometric isomorphism where
(X)) = 1Fllex-

The structure of these spaces is depicted graphically in Figure 2.2.
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Canonical injection

C(X) CX)* C(X)**
Continuous functions Topological dual space Bidual space
X compact

Isometrically isomorphic

S(X)

Finite signed Borel measures
Figure 2.2: C(X), its Dual and Bidual

4 b, (x)-b(x)

v

Figure 2.3: Difference adjacent basis functions

2.6 Riesz’s Representation Theorem

A fundamental issue in Operator Theory is the representation of bounded lin-
ear functionals on different normed vector spaces. Theorem 2.5.1 describes one
such representation. This theorem is sometimes known as Riesz’s Representation
Theorem for continuous functions.

2.6.1 Space of Lebesgue Measurable Functions

The proof of Theorem 2.5.1 on a general compact metric space can be quite lengthy.
Detailed proofs are given in [3, 28]. However, it is possible to obtain a constructive
proof of Riesz’s Representation Theorem in the special case that the compact set
X =[a,b] C R. In this case we can see that the dual of Cf[a, b] can be identified in
terms of certain functions of bounded variation.
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Theorem 2.6.1 (Riesz’s Representation Theorem). Let f be a bounded linear func-
tional on Cla,b]. Then there is a function g of bounded variation such that for all
h € Cla,b]

b
f(h) = / h(x)dg(z) (2.21)

and
/] C*la,b] = V(g). (2.22)

Conversely, every function g of bounded variation on [a,b] defines a bounded linear
functional on Cla,b] via (2.21) that satisfies (2.22).

a4 b(x)

il & 4 »
t & + >
S

a

X

Figure 2.4: Basis function for Theorem 2.6.1

Proof. Suppose f is a bounded linear functional on C|[a,b]. The space Cla,b] is
a subspace of the space Bla,b] of all bounded functions defined on [a,b]. By the
Hahn-Banach theorem, there is an extension F' of f to all of Bla,b] such that

I = 111

C*la,b]*

We define the step functions bs € Bla, b] for each s € [a, b] according to

1, a<z<s,
bs(m):{o, s<x<hb.

This function is depicted schematically in Figure 2.4. We claim that the function
g appearing in the representation formula in (2.21) is simply

This expression makes sense since b, € Bla,b] and F is a bounded linear func-
tional on Bla,b]. We need to show that g is of bounded variation, the integral
representation in (2.21) holds, and the norm of the bounded linear functional f
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is equal to the variation of g. Let us show that ¢ has bounded variation. Let
a=1z9 <z <--+<x, =Dbbe a partition of [a,b]. We can compute

I
—_

n

n—1
Z ’g(karl) - g(xk)| = ’F(b$k+1) - F(bwk)’
k=0

T
= O

Ak (F(b£k+1) - F(bﬁk))

>
Il
=]

where
A = sign(F(bg,,,) — F(bs,)).

By the linearity and boundedness of F' on Bla, b], we have

z_: ’g(ka) - g(xk)’ = F(z_: )‘k(bﬂck+1 - bﬂck))
k=0 k=0

n—1
Z )‘k(b«’vk+1 - bwk) .

k=0

< [1#]

But since
1, ap <z <24
bayir () = b (2) = {07 otherwise

and |\g| = 1, we have

n—1
Z )‘k(b«’vk+1 - bwk) = Sup] ‘)‘k (bwk+1 (.’t) - ba:k (SC))’ =1L
k=0

z€la,b

We can conclude that

i |9(zk41) — g(zx)| < ||l = |I£1. (2.23)
k=0

Thus V(g) < ||f]]. Next, we show that the integral representation in (2.21) holds.
Let h € Cla, b]. Define

n—1
Tn(.’t) £ Z h(xk)(bwk-H (.’t) ba:k (SC))
k=0
We have
1h = rnllBlay = sup |h(z) —rn(z)]
z€[a,b]
=  max max |h(ac) - h(ack)f

k=0, ....,n—1 zp<x<TKi1
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By the uniform continuity of h(z), which is a continuous function on a compact
set, we have
rn, —h in Bla,b]

as n — oo. But F is a continuous functional on Bla, b] so that
E(rp) — F(h)

as n — oo. Since h € Cla, b]

Moreover
F(’/‘n) = F(z_: h’(‘rk)(bﬂfk+1 - bﬂk))
k=0
n—1
=Y hlaw) (9(xrr1) — glan))
k=0

b
—>/ h(z)dg(x).
Thus, we have \
£ = [ )iy

Finally we can calculate

b
700 =| [ nt)iato)| < I
So that ’f( )’
h
< V(g).

17l
But this implies that

Ifl < V(g).
Combining this result with the conclusions from (2.23), we have

LAl = V(g)- O

2.6.2 Hilbert Spaces

The introduction of the notion of “orthogonality” in inner product spaces adds
considerably more structure than normed vector spaces. One practical implication
is that the class of bounded linear functionals on Hilbert spaces have an explicit
representation. Each bounded linear functional defined on a Hilbert space can be
represented in terms of an inner product with a distinguished, or representative,
element of H. This celebrated result is known as Riesz’s Representation Theorem
for bounded linear functionals on Hilbert Spaces.
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Theorem 2.6.2 (Riesz’s Representation Theorem). Let H be a Hilbert space, and
let f € H*, that is, f is a bounded linear functional on H. Then, the following
two conditions hold:

i) There is a unique element x¢ € H such that
f

fly) = (zp,y) YyeH.

(ii) The norm of f € H* is equal to the norm of xy € H

[z = [l g

It is not difficult to show that Riesz’s representation theorem allows us to construct
a linear isometry ¢ : H — H* defined via

1 H— H*
t:x— ()= (z,)m.

By convention, the Riesz map R from H* to H is the function that associates to
each linear functional f € H* the unique zy € H such that

fW) = (s, y)u Yy e H.

In other words,
R=i'.

This construction has many implications. Some of the more useful implications for
applications to mechanics are embodied in the two following theorems.

Theorem 2.6.3. Every Hilbert space is reflexive.
Theorem 2.6.4. The closed unit ball of a Hilbert space is weakly compact.

This latter theorem follows from Theorem 2.4.3, and the fact that we can show
that the weak and weak™ topologies coincide on a Hilbert space H.

2.7 Closed Operators on Hilbert Spaces

The simplest class of operators that we will need to consider in this book are
those operators that are linear and bounded on normed vector spaces. It is well
known, however, and quickly pointed out in a number of introductory texts treating
functional analysis, that many of the most frequently encountered operators in
applications to mechanics are not bounded linear operators. Perhaps the single
largest class of operators of interest to us that are not bounded are differential
operators. It is not difficult to construct examples of linear differential operators
on normed vector spaces that are not bounded.

To accommodate a larger class of linear operators that includes differential
operators, it is conventional to consider closed linear operators. Throughout this
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section, we will consider a linear operator L that acts from a real Hilbert space V'
to itself

L:dom(L)CV — V.

In our original definition of a linear operator acting between normed vector spaces,
we did not require that the domain ezhaust V. We allowed the possibility that there
might exist v € V and v &€ dom(L). When discussing unbounded linear operators,
we will be most interested in those cases for which the dom(L) # V! However, we
require that the domain of an unbounded linear operator L is a dense subset of V.

Definition 2.7.1. In a normed space V, a linear operator L : dom(L) CV — V is
said to be densely defined if dom(L) is a dense vector subspace of V.

A densely defined operator L : dom(L) C V — V is said to be closed if its graph
is closed in the product space V x V', endowed with the usual norm on product
spaces.

Definition 2.7.2. Let L : dom(L) CV — V be a densely defined linear operator on
the Hilbert space V. The mapping L is said to be closed if its graph G(L) CV xV
defined as

G(L)={{z,y} eV xV: zedom(L), y = L(z)}
18 closed in V x V.

The following theorem follows immediately from the definition, and frequently is
used to characterize closed linear operators instead of the definition.

Theorem 2.7.1. Let L : dom(L) CV — V be a linear operator. The operator L is
closed if and only if the following condition is true: If {xy, Ly}, € dom(L) x V
is a sequence such that xi, — x* and Lxy — y, then 2* € dom(L) and y = La*

It is a simple exercise to show that every continuous linear operator is closed.
We define the resolvent set of L to be all A € C such that Al — L is bijective
(invertible) and the inverse (A — L)~ is a bounded operator. The spectrum of L
is the complement of the resolvent in C.

Closed Graph Theorem

Theorem 2.7.2 (Closed Graph Theorem). Let X and Y be Banach spaces and let
L:dom(L) C X —Y be a closed linear operator. If dom(L) is closed, then L is a
bounded linear operator on dom(L) C X.

Proof. Since X and Y are Banach spaces, it is not difficult to show that the Carte-
sian product X x Y is also a Banach space with norm

A
1@ )l xxy = llzllx + [yl
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By hypothesis, G(L) is closed in (X xY, || (-, )||) and dom(L) is closed in (X, |- |).
A closed subspace of a complete normed vector space is itself a complete normed
vector space. Hence,

(@) 1e,0)
(dom(L), || - [|x)
are in fact Banach (sub)spaces. Define the mapping
i:G(L) — dom(L)
i:(x,Lx)— x.

Clearly, the mapping i is surjective and injective. The mapping is also linear and
bounded since

li(z, Lo)llx = llzllx < llzllx + [Lely = [[(z, Le) | x <y

Hence, 7 is a bounded, linear operator mapping the Banach space G(L) onto the
Banach space dom(L). By the Open Mapping Theorem, the mapping 4 is an open
mapping. That is, if B C G(L) is an open set, then

i(B) C dom(L)
is an open set. But this is equivalent to stating that the inverse map i~! :
dom(L) — G(L) is continuous. Since the mapping 4 is linear and bijective, the
mapping ¢! is linear. We can conclude that i~! is continuous and linear, and
therefore bounded. We can write

1
lzllx + [[Lzlly = l(z, Lo)||xxy = i7" (@)lxxy < cllz]lx

for all € dom(L). But this inequality implies that

[ Lzlly < cllz]|x

and L is a bounded linear operator on dom(L). O

2.8 Adjoint Operators

Let L be a bounded linear operator whose domain is all of H. For each fixed y € H,
the mapping
T (Lx, y)

is a bounded, linear operator. Boundedness follows since
|(La, y)| < || Lz||ly|

< 1Lyl
= Cyll[].
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Linearity is also clear

r+az — (L(z 4 az),y)
x4 az— (Lz,y) + a(Lz,y).

By the Riesz representation formula, there is a unique &, € H such that
(vay): (x7£y) VeeH
for fixed y € H. However, it is simple to check that the mapping

Y= gy
so constructed is a bounded, linear operator. By the Riesz representation theorem

@) Il

1€yl = sup < Clyll-

lzf0 | lzfzo |l

Definition 2.8.1. The adjoint operator L* for a linear bounded operator L : H — H
is defined to be

L*y = Sy
for each y € H. In other words, the adjoint operator is the unique mapping L*
such that
(Lz,y) = (z,L*y) Va,y € H.

If L is a densely defined operator L : domL C H — H, we can define the adjoint
L* : dom(L*) C H — H again via Riesz’s representation theorem. For each y € H
the mapping

x+— (Lx,y)

is a bounded linear operator on the dom(L). Then there exists a unique &, € H
such that the mapping can be represented as

(x,&) = (Lz,y) Va e dom(L).

Note that the uniqueness of §, for L : H — H is guaranteed by Riesz’s representa-
tion theorem, while the uniqueness of &, for L : dom(L) C H — H is provided by
the requirement for L to be densely defined. Indeed, suppose there exists another
€, such that (z,§)) = (La,y) for all x € dom(L). Then (z,, —&,) = 0 for all
r € dom(L), which implies §;, — &, = 0 since dom(L) is dense.

Definition 2.8.2. The adjoint operator L* : dom(L*) C H — H for a densely
defined linear operator L : dom(L) C H — H is defined by

(Lz,y) = (z, L™y) Vo € dom(L) Vy € dom(L")
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where
dom(L*) ={y € H : 3§, € H such that (z,§,) = (Lz,y) Yz & dom(L)}.
The adjoint operator L* is given by
Ly = &y
for such a &, € H, with associated y € H.
Proposition 2.8.1. Let L be densely defined. Then L* is a closed operator.
Proof. Let {zy, }nen C dom(L*) be a sequence such that z,, — x and L*z,, — y. By

definition of adjoint operator, for all ' € dom(L) we have (', L*z,,) = (La/, x,,).
Hence, taking the limit we obtain (z/,y) = (Lz’,2). But this means that « €
dom(L*) and L*x = y. O
Definition 2.8.3. An operator is called symmetric if and only if

(Lz,y) = (z, Ly) Vz,y € dom(L).

In other words, an operator is symmetric if dom(L) C dom(L*) and L* = L on
dom(L). For a symmetric operator L, we also have G(L) C G(L*).

Definition 2.8.4. An operator L is self-adjoint if it is symmetric and dom(L) =
dom(L*), i.e., L = L* and dom(L) = dom(L*).
Obviously, if L is self-adjoint then G(L*) C G(L).

We may consider a self-adjoint operator as an extension of a corresponding
symmetric operator. However, in general, a symmetric operator does not admit
a self-adjoint extension. Even if it does then a self-adjoint extension may not be

unique. The following proposition establishes a condition for a symmetric operator
to be self-adjoint in the case of dom(L) = H.

Proposition 2.8.2. If L is a bounded symmetric operator and dom(L) = H then L
is self-adjoint.

We introduce the notions of positive and monotone operators. They play important
roles in applications. All operators are assumed to be linear and unbounded.

Definition 2.8.5. An operator L is positive, if for all x € dom(L)
(Lz,z) > 0.

Theorem 2.8.1. Let L be an operator with dom(L) in a Hilbert space H. The
following are equivalent:

(i) The operator L is positive.
(ii) For every A > 0 the operator (A + L) is injective, or one-to-one, and

_ 1
I+ L)yl < vl

for every y € range(Al + L).
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Proof. We first show that
(i) — (ii). Let y € range(AI + L), so that there exists an « € dom(L) such that

y= A+ L)z

We can write

(M + L)x,2) = Az, x) + (L, ) > M|z|]? (2.24)
which implies that the nullspace of (Al + L) is simply {0}. (Otherwise, there would
exist a z € Ker(AI 4+ L) with z # 0 and

0=(N+L)z,2) = Nz,2)+ (Lz,2) > 0

which is a contradiction.) Thus, (A + L) is injective. Since x = (A + L)'y, the
inequality (2.24) implies that

ML+ L)yl (AL + L)y, )|

<
< T+ L) " ylllyll

which implies that
_ 1
AL+ L) "yl < NLE

(ii) — (i). For any = € dom(L), let y = (Al + L)z. We have

lzI* = (AT + L)yl
< IO+
< /\12 (N(z,2) + 2A(Lz, ) + || Lz|]?) -
We conclude that )
0 <2(Lz,x) + )\HLxHQ.
Since this inequality must hold for all A > 0, L is consequently positive. (]

Proposition 2.8.3. Every positive symmetric operator L, densely defined in a Hil-
bert space H, admits at least one self-adjoint extension, which is also known as a
canonical extension or the Friedrichs extension.

Proof. Since operator L is symmetric and positive, we can define a new inner
product by (z,y);, = (Lz,y) on dom(L). An extension of dom(L) by the norm
(z,y)r is a Hilbert space Hy C H. Obviously, Hy is a linear subspace of H. Note
that by construction, L is self-adjoint on dom(L*)N Hy. Consequently, we obtained
a self-adjoint extension Ly of the symmetric positive operator L. The operator Ly
is also positive and called the Friedrichs extension of L. The Friedrichs extension
is a restriction of operator L* to the domain dom(L*) N Hy. O
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The construction of Friedrichs extensions is very simple. It requires only the knowl-
edge of expression (Lx, y). Because of simplicity of construction, Friedrichs exten-
sions are widely used in the theory of partial differential equations.

Definition 2.8.6. An operator L is monotone if for any {x1,y1}, {x2,y2} € G(L)

(x2 —x1,y2 —y1) > 0.

Proposition 2.8.4. If L is a symmetric, positive and densely defined operator, then
L is monotone.

Proof. By definition of densely defined operator, dom(L) is a vector subspace.
Hence, if z1, 2 € dom(L) then z; — 22 € dom(L). By definition of positive
operator, for any x1, 2 € dom(L) we have (L(xze2 — z1),22 — x1) > 0. However,
since L is symmetric, the last inequality is equivalent to (xo —x1, L(z2 — 1)) > 0,
which, for the linear operator L, is rewritten as (xo — x1, Lxa — Lz1) > 0. But this
means that L is monotone. O

A distinguished role will be played by those operators that are, in some sense,
the “largest” positive operators. If L and L are linear operators with graphs G(L)
and G(L), respectively, we say that (L) is an extension of L if

G(L) C G(L).

An extension L of an operator L is said to be mazimal if there is no extension of
L that contains G(L) as a proper subset.

Definition 2.8.7. An operator L is maximal monotone if it is monotone and for
any monotone operator L'

G(L") C G(L).

An alternative characterization of a maximal monotone operator is given by the
following theorem:

Theorem 2.8.2. Let L be monotone and {x,y} € H x H. Then L is mazimal
monotone if

(x—2',y—y)>0 V{2,y} e GL) = {z,y}€G(L).

The following theorem shows that positive self-adjoint operators are maximal
monotone operators.

Theorem 2.8.3. Suppose that L is a symmetric, positive and densely defined oper-
ator acting on the Hilbert space H and A > 0. The following are equivalent

(i) The operator L is self-adjoint.

(ii) For any A > 0, the range of A\l + L is all of H.

(iii) The operator L is mazximal monotone.
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Proof. We first show that

(i) — (ii). Suppose that L is self-adjoint. We will first show that the orthogonal
complement of range(Al + L) for A > 0 is the null vector, and consequently must
be dense in H. Suppose that z € {range(AI + L)}". It means that

(M +L)z,z)=0 Vz € dom(L)

Note that z € dom((AI+L)*). Indeed, by definition of adjoint operator, an element
z belongs to dom((A+L)*) if there exists £, € H such that (M +L)z, z) = (z,&,)
for all z € dom(AI+L) and (A[+L)*z = &,. In this case, £, =0 € H and (z,0) =0
for all z. Hence, (Al + L)*z = 0, and since L is self-adjoint, we have Lz = —\z.
But because L is also positive, we conclude

(Lz,z) = —A(z,2) >0

and, consequently since A > 0, we obtain z = 0. Thus, the range of (A + L)
is dense in H. We now show that the range of (AI 4+ L) is closed, and therefore
equal to all of H. By Theorem 2.8.1, (\I + L)~ ! is injective and bounded. But
since L is self-adjoint, it is closed. Consequently, (Al + L) and (M + L)~ are also
closed. Based on the Closed Graph Theorem, if an operator is closed, bounded
and densely defined then its domain is closed, i.e., the domain coincides with the
whole space H. Thus, range(A + L) = dom((A\M + L)1) = H.

(ii) — (iii). Since L is symmetric, positive and densely defined, by Proposition
2.8.4, L is monotone. To show that L is maximal monotone, suppose that {zo, yo} €
H x H and (zg — «',y0 — y') > 0 for all {«/,y'} € G(L). Because y = Lz’ and
Az — @', 20 — ') > 0 for A > 0, we have (o — 2/, (yo + Azo) — (M + L)2’) > 0.
But since range(M + L) = H and A + L is boundedly invertible, there exists
Z) € dom(L) such that #y = (A + L) *(yo + Azo). Hence, we obtain (zy —
', (M + L)(Zx — «')) > 0. Because operator AI + L is positive and symmetric,
in the dense vector subspace dom(L) we can introduce a new inner product by
(z1,22)* = (z1, (M + L)x2). With this definition, the last inequality is rewritten
as (xg — ', 2y — 2')* > 0 for all 2’ € dom(L). But since the dom(L) is dense, this
inequality can hold for all 2’ € dom(L) only when xg = Z. Thus, 29 € dom(L) and
20 = (A + L)Y (yo + Azo). This expression simplifies to yo = Lxo. Consequently,
{zo,yo} € G(L) and, according to Definition 2.8.2, L is maximal monotone.

(iii) — (i). Now let L be maximal monotone. Since L is positive and symmet-
ric, by Proposition 2.8.3, there exists a self-adjoint extension L; of the operator
L, and dom(L) C dom(Ly). Note that by construction of Friedrichs extensions,
Ly is positive and symmetric on dom(Ly). Hence, by Proposition 2.8.4, Ly is
monotone. However, L is maximal monotone. It means that G(Ly) C G(L), and
hence dom(Ly) C dom(L). Thus, we conclude that dom(Ls) = dom(L) and, con-
sequently, L is self-adjoint. O
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2.9 Gelfand Triples

The use of Gelfand triples [35], or evolution triples [37], has come to assume a cen-
tral role in the formulation of elliptic, parabolic and hyperbolic partial differential
equations in abstract spaces. In this section, we summarize the most fundamental
properties of this construction, and emphasize those attributes of the construction
that are most important in characterizing dynamical systems. To begin, we review
the notion of the transpose of a linear operator in a Banach space.

Definition 2.9.1. Let U, V be Banach spaces and let A € L(U,V). The transpose
A € L(V*,U*) is the unique operator defined via the relationship

(A u)y=xu = (V', Au)y-xv
forallv e V* andu e U.

The following theorem is crucial in determining the structure of the Gelfand triple:

Theorem 2.9.1. Suppose that U, V' are Banach spaces, and that A € L(U, V). Then
the range(A) is dense in V if and only if the dual operator A’ is injective.

Proof. First of all, suppose that the range(A) is dense in V. We know that A’ is
injective if and only if the kernel of A’ is the set {0}. Let v’ € ker(4’), that is,

Av' =0 in U™
By definition, we can write

<A/’U/,’UJ>U*><U = 0 VYueU
(W, Au)yxy = 0 Yuel.

But this means that v’ is “perpendicular” to all elements in a dense subset of V.
Hence, v" = 0, and A’ must be injective.
On the other hand, suppose that A’ is injective. In this case, again,

ker(A") = {v' e V*: A'v' =0} = {0}.

Suppose to the contrary that range(A4) is not dense in V. Then there is some
2" € V*, 2/ # 0 such that

(2, Au)yexy =0 YucU.

But in this case,
<A/Z/,’LL>U*><U:0 YueU.

This implies
2" € ker(A") 2 #0

which is a contradiction. O
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Definition 2.9.2. A Banach space U is continuously embedded in V if and only if
li()lly < ellully
for some constant ¢, where i : U — V is the embedding map

U — V
icuelU — ueV.

Now suppose we are given a Banach space V and a Hilbert space H such that
V C H. Further, suppose that V' is dense in H (in the topology on H). We denote
by i : V' — H the canonical injection of V' into H. That is, the map i associates
to each element v in the Banach space V' the element v in the Hilbert space H

t:veVi—ove H
By applying Definition 2.9.1, we know that the dual mapping 7’ maps H* into V*,
i H* — V™.

Since H is a Hilbert space, the inverse of the Riesz map defines an isometric
isomorphism of H onto H*: for each 2’ € H* there is a y € H such that

R ty=2a'.

Moreover, by considerations detailed in Section 2.6.2, the Riesz map has a repre-
sentation in terms of the inner product on H

¥ eH" = 3JyeH: (@, 2)gxu=y,x)g Vze€H.
We can summarize the structure of the Gelfand triple as
v R g d e
Usually, we write this construction as
VeH=H" <V"
or even as

Ve H<—V*

The Hilbert space H in the above construction is the pivot space of the
Gelfand triple. The following theorem relates an important attribute of the Gelfand
triple that we will use frequently in applications to partial differential equations.
The following theorem shows that the duality pairing on V* x V' can be viewed
as the extension by continuity of the inner product (-, )y acting on H x V.
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Theorem 2.9.2. Let V' be a Banach space continuously and densely embedded in
the Hilbert space H.

(i) For any f € V*, there exists a sequence {fn} C H such that

neN
(fr,v)a = (f,0)vexv Vo eV

(ii) we can write
(f,0)w = {(f,v)vexy VfEH vEV.

Proof. This theorem employs an abuse of notation that has become conventional
in references to Gelfand triples: all references to the embeddings 7, R and ¢’ are
dropped in (i) and (i) above. These mappings play an important role in the
derivation of the theorem. Recall that we have the following structure that defines
the Gelfand triple,

-/
7

v g gy

From Theorem 2.9.1, i'(H*) is dense in V*. Given any v* € V*, we can find
a sequence

Ui then © H

such that
i'hf —v* in V*.

For each fixed k, we have

(i'hp, v)vexy = (R, iv) pex
= (R_lhz,iU)H.

Hence for any arbitrary v* € V*, we have found a sequence in H
NP
hi = {R™"'h;}
such that

lim (hg,iv)g — <U*,’U>V*><V-

k—o0

Thus, (¢) is proved. Moreover, each term on the left-hand side of the above limit
can, in fact, be construed as an element in V*. For each h € H, the mapping

v (v, h)g

defines a bounded linear functional on V. This follows since v — (iv, h) is clearly
linear and we have

(@0, B | < [[ivl[allb]la < cllvllvipla < enlvllv.

It follows that the inner product (-, )y can be extended by continuity from H x V/
to V* x V. This extension is given by the duality pairing (, )v«xv. O
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2.10 Bilinear Mappings

The Gelfand triple
Ve H-—->H"<-V*

frequently arise in conjunction with a bilinear mapping
a(,):VxV-R
that satisfies the following assumptions:

Assumption 2.10.1.

(i) symmetry:
a(r,y) =aly,z) Va,yeV

(ii) coercivity: There is a constant ¢ > 0 such that
a(z,z) > é|lz||?3 VeeV
(i) boundedness: There is a constant ¢ > 0 such that
la(z,y)| <cllzlvllylly — zyeV.

With this structure, it is possible to consider several operators. Two of the
most important are considered briefly. The first operator acts from V to V*.

Theorem 2.10.1. Suppose that a(-,-) : V x V — R is bilinear, symmetric, coercive
and bounded. Define the operator A:V — V* by

(Au, v)y«xv 2 a(u,v) u,v € V.

Then A is
(i) linear,
(ii) bounded, and
(iii) boundedly invertible (i.e., A~1 exists and is bounded).

Proof. The proof that A is linear is straightforward. We have
(Ao + Bu), v)v+wv = alon + B, v)

= aa(u,v) + fa(w,v)
= a{Au,v) .y + BlAW, V) v xy YoeV

so that
A(au + Bw) = aAu + BAw

for all w,w € V. By the boundedness of the bilinear form a(-,-), we can write

[(Au, v)vexv| = |a(u, v)| < clluflv(o]v.
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Thus, for each u € V

[{(Au, v)y«xv]

[ Auly+ = sup < cllullv.
VA0 [[v]l
Therefore, we have
Aully-
] = sup v <
uev ”u”V

By the coercivity of A, we know that the kernel of A is {0}, and A is invertible.
Suppose v* = Av, then

ellol? < a(v,v) = |[(Av, o)y xv| < [ Av]lv-[lo]lv
or
—1_ % 1 *
W o 1

This is simply a statement that A~! is uniformly bounded,

1

A7 < . O
c

Thus, we see that the bilinear form a(:,-) induces a bounded, linear oper-
ator, and this operator has a bounded inverse. It is also possible to define an
unbounded, but closed operator A associated with the bilinear form a(-,-). We
define the domain of A as

dom(A)={veVCH: Ave H}

2.25
— AN(H). (2.25)

The operator A is then defined to be the restriction of A to dom(A)
A = Aldom(a)- (2.26)

Some of the most commonly employed properties of A are summarized in Theorem
2.10.2.

Theorem 2.10.2. Suppose that a(-,-) : V x V — R is bilinear, symmetric, coercive
and bounded. Define the operator A as in Equations 2.25 and 2.26. Then
(i) A is linear,
(ii) dom(A) is dense in H and
(iii) A is closed.

Proof. The linearity of the operator A follows immediately from the linearity of
the operator A. To show that the domain of A is dense in H, let

w € dom(A)* C H.
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If this is the case, we have
(w,v)pr =0 Vo € dom(A).

Since A = A|gom(A) and A is proved to be invertible, A is invertible on dom(A).
Consequently, there is a u € dom(A) such that

Au = w.

Thus, we have
(Au,v)g =0 Vo € dom(A)

and because A is symmetric,
(Av,u)g =0 Vo € dom(A).
By the definition of A,
0= (Av,u)g = a(v,u) = (Av,u)y=xv.

Finally, recall that
(Av, uyy«wy = (Av,u) g

In other words, the duality pairing (-, )y +xy can be interpreted as the extension
of (-,)g on H x V to V* x V. Combining Equations 2.25 and 2.26, we see that

(Av,u)g =0 Vo € dom(A)

since A maps dom(A) onto H, it follows that v = 0 and that w = Au = 0. We have
shown that dom(A)L = {0} and, consequently dom(A) is dense in H. Finally, we
show that A is closed. We must show that if {ug}ren C dom(A) and

up —ug in H and Aup— ¢ in H,

then
uo € dom(A) and Aug =¢.

Define
Vi é Aup € H

o N
ut = A7le
By the triangle inequality, we have
luo — vz < [Juo — wrlle + llue — u*[|a-
By the continuity of the embedding

V—H
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we have the bound

A

lvo —ulla < lluo — unlla + cfluk — w"[lv

= |luo — ukllmr + ¢4 o — ATE|v
By Theorem 2.10.1, the operator A" is bounded from V* to V, i.e., A7} < 1.
Consequently, we obtain

C/
luo = w™llzr < fluo —urllm + _ vk = Ellv-- (2.27)
By hypothesis, we know that
v, — & in H.
However, the continuous embedding
H<—V*

implies that

lok = &llve < ok — €l
so that inequality (2.27) becomes

U/

C
|uo —u*|lm < [Juo — k|l m + |ve — &l &

¢
Thus we have
Ug = u = .Ailf. O






Chapter 3

Common Function Spaces
in Applications

Throughout this book, we have presented various abstract spaces whenever they
could illustrate a particular topic in functional analysis. For example, we have
discussed

e [, in Examples 1.3.7, 1.5.4

e Cla,b] in Examples 1.3.6, 1.5.3, Theorem 2.6.1

e BV]a,b] in Example 1.5.5

Each of these spaces plays a central role in a host of applications. In this chapter,
we will present some of the abstract spaces that are essential to applications in
control and mechanics. We include a discussion of the

L?(Q), Lebesgue spaces of integrable functions

WP1(Q), HP(Q), Sobolev spaces of weakly differentiable functions

Lp ((0, T7),X ), Bochner spaces of integrable functions

Wr4a ((0, 7), X, Y), Bochner spaces of weakly differentiable functions

3.1 The L? Spaces

If their frequency of use is a measure of indispensability, the spaces of Lebesgue
integrable functions may be the single most important class of functions having
practical use to engineers and scientists.

Definition 3.1.1. Let 1 < p < oo and suppose €2 is a Lebesgue measurable subset of
R™. We define

VAN VAN p
P®={WQHK mm@z(émwﬁ <w}

while for p = oo, we define

meé{ﬁQHR wmﬂmémgmmm<m}
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The LP spaces are utilized in nearly every example in this book. In other exam-
ples, vector-space-valued generalizations of the LP spaces are employed. We recall
several properties of these spaces that are important in applications.

Theorem 3.1.1. For 1 < p < oo, LP(Q) is a Banach space. The spaces LP(Q) are
reflexive if 1 < p < oo and separable for 1 < p < co. The topological dual (LP(Q))*
is isometrically isomorphic to L1(2) for 1 < p < 0o, where
1 1
I
q
Any bounded linear functional ¢q4(-) defined on LP(Q) is realized by the integral
representation

£ bolf) = /Qfgdx, feIrQ), geLiQ)

Compactness properties of the Lebesgue spaces LP(2) are straightforward if 1 <
p < 0o, and more complicated in the case p = oo or p = 1. The reader may consult
[23] for details. Since LP(f2) is a reflexive Banach space for 1 < p < oo, bounded
sets are weakly sequentially compact. That is, if a sequence {fi}rez is bounded
in LP(Q)
| frllro) < C < oo

then the sequence contains a weakly convergent subsequence. It is important to
note that L>®(Q) = (Ll(Q))*, but the topological dual of L>(Q) is not L(€).
In fact, (L‘X’(Q))* can be characterized in terms of a collection of additive set
functions, [26], but we will not have the occasion to use this space in this book.
Figure 3.1 shows how to define a weak* topology on L*>(Q).

According to Figure 3.1, a weak™ topology on L*>(Q2) is the weak topol-
ogy generated by image I(Ll(Q)) in (Ll(Q))** of the canonical injection Z. If
{fr}ren C L°°(Q), then this sequence converges to f in the weak* topology on

L=(Q) if
/ngkdxﬁ/ggfdx

for all ¢ € L'(£2). Since L'(2) is separable, bounded sequences in L>()) =
(Ll(Q))* are sequentially weakly* compact. That is, if {fx}ren € L>(2) and

ka”oo <C

there is a subsequence { fi, }x,en such that

/ka_,gdaH/Qfgdx

for all g € L*(€). The weak relative compactness of L!(2), in comparison, requires
additional analysis. Specifically, we need to define equi-integrability.
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1

-

Canonical injection

Q) (') (Z' @)

Topological dual space Bidual space

i Isometrically isomorphic

L7(Q)

Figure 3.1: L*(Q), its Dual and Bidual

Definition 3.1.2. A collection of functions {fi}, ., is said to be equi-integrable if
for each € > 0 there is a § > 0 such that for any Lebesgue measurable set E with

|E| < ¢, we have
/ | frlde < e
E

The following theorem provides useful characterizations of compactness in L (£2).

uniformly in k € Z.

Theorem 3.1.2. A bounded set in L'(Q) is weakly relatively compact if and only if
it 1s equi-integrable.

3.2 Sobolev Spaces

In discussing classical examples of Banach spaces, we introduced the set
C™(Q) = {f : f is m times (classically) continuously differentiable on Q C R"}

which proved to be a Banach space when endowed with the norm

I fllem@y = D> sup|D*f(a)].

k| <m 2€Q

It is important to note that the derivative used to define C™(€2) is the classical
derivative, first studied in an introductory course in differential calculus. For sev-
eral reasons, abstract spaces based on the existence of only classical derivatives
have not proven to provide a sufficiently rich foundation for the study of partial
differential equations. The theory of Sobolev spaces has been developed by gen-
eralizing the notion of a classical derivative and introducing the idea of weak or
generalized derivatives.
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3.2.1 Distributional Derivatives

By a multi-index over (Zd)" we will mean an n-tuple o = (a1, ag, ..., ay) of
nonnegative integers. The length of the multi-index, denoted by |« is simply

n
la] = Z Q.
i=1

Multi-indices are effective for representing the partial derivatives of real-valued
functions defined over open subsets 2 of R™. We write

aal aaz aan
D¢ =
f Ozt Oxy? oy f
Hortazt - tan

- Qp f

a1 (6]
0x]'0xy? - - - Oxn

where f : R® — R" and = = (z1, 2, ..., ©,) € R™. Heuristically speaking,
Sobolev spaces are constructed by replacing the rather strict notion of a classical
derivative by a weak derivative defined via the integration by parts formula. Recall
that the integration by parts formula of classical differential calculus can be written
formally as

/(Do‘f) cpdr = (—1)‘“| / f-D%pdzx + “boundary terms”.
Q Q ~ ~ -

—0

We are interested in considering cases in which the boundary terms above vanish.
Of course, there are a variety of conditions under which the above expression
makes sense, classically speaking. Let us define C§°(R™) or D(R™) to be the set of
all smooth (differentiable of any order in the classical sense) functions with support
contained in a compact subset of R”. By the support of any function f, we mean
the closure of the set on which f is nonzero. Because we will have occasion to
use this space of functions frequently, we refer to it as the space of test functions.
Similarly, C§°(€2) or D(£2) will be used to denote the set of all smooth functions
with compact support contained in the open set Q2. If the underlying set Q2 or R™
does not play a role in a particular definition, we simply refer to the set of test
functions as D.

The actual mechanics of defining rigorously the weak derivative of functions
from the integration by parts formula above is a lengthy process, one that has
been studied extensively elsewhere. For completeness, we will briefly outline the
development. The interested reader is referred to any of the numerous excellent
texts on the subject for details [1, 35].

The collection of infinitely differentiable functions with compact support,
D(Q), can be made a topological space if we define convergence of functions in
D(Q) as follows:
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Definition 3.2.1. A sequence of functions { fi},cn € D(2) converges in the sense
of test functions to ¢ € D(Q) if and only if the following two conditions hold:

(i) there exists a single compact set © C Q such that
support(fi) CO VkeN
(ii) For any multi-inder a € (Z3)™,
D® fr(z) — D*¢(x)
uniformly in ©.

In fact the topology on D(2) induced by defining convergence of elements
as in Definition 1.2.14 is the strict inductive limit topology (see, e.g., Wilansky in
[34]). Thus, D is a vector space, and more generally, a topological vector space.
It makes sense, consequently, to consider the collection of all continuous linear
functionals on D(2). We represent the topological dual of the test functions D(2)
by D*. That is, we define

D*={f:D—R: f()is linear on D and
$n—dinD = f(¢n) = f(¢) €R}.

Following the notational convention introduced in Section 2.2, we denote the action
of any f € D* on ¢ € D by the familiar duality pairing notation,

(f.d)pxp=f(¢) VeeD, feD"

The reader should note, however, that the space of test functions D is not metriz-
able, and not a normed vector space. With this structure in place, we can now
define the distributional derivative, that is the derivative of a continuous linear
functional on the space of test functions.

Definition 3.2.2. Let T € D*. We define the derivative of the distribution T of
order m to be the unique continuous linear functional TU™ € D* satisfying

(T, $)pexp = (=1)™(T, ¢ )pe x> (3.1)
where ¢(™M) = g:ﬁ denotes the usual classical derivative of the test function ¢ € D.

Several comments are in order to justify Equation (3.1) in the above defini-
tion. First, by the definition of D*, if T' € D* and ¢ € D, the right-hand side is
well defined, since (™ € D. In addition, the map

¢+ (T, ™) peyp

is clearly linear for each ¢ € D. Finally, suppose that ¢, converges to ¢ in the
sense of test functions D. We want to show that the map ¢ — (T, ¢(m)>1)*><'p is
continuous. We must show that

(T, ¢£Lm)>D*xD — (T, ¢>(m)>D*xD~
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But this follows immediately from the definition of T" as an element of D*, and the
fact that

tYp —p €D

where ¥, = 6\ and v = (™).

Of course, this definition was not chosen at random; rather it agrees with our
usual notion of differentiability when T' corresponds to a classically differentiable
function. The definition also extends the classical notion of differentiability in
several other respects.

Theorem 3.2.1. Let T be a distribution in the topological dual D* of the space of
test functions D.
(i) The distributional derivative of T of order a exists for any multi-index «,
and can be written as

<T(a)a ¢)>D* xD = (_1)‘04 <Ta ¢)(a)>’D* xD-
(ii) Every f € CJ*(2) defines a distribution F via the formula

<F7¢>D*><D:/Qf¢dl' V¢ eD.

We can identify the distributional derivative of F' with the classical derivative
of f via the formula

(FI) ¢)pesp = (—1)™(F, (™) perp

—1)m/ﬂf¢(m)dx:/9f(m)¢da:.

At this point, we should note that several classes of functions can be associ-
ated, or identified with distributions. For example, for any function f € L2, the

Lebesgue integral
/ fodx
Q

is well defined for any ¢ € D. The integral defines a functional that is linear in
the test function ¢, and continuous in the sense of convergence of test functions.
That is, if ¢, — ¢ in D, then

< ¢ suplon(o) ~ o) [, = (/Qd)/

which converges to zero as n approaches infinity. We can consequently define a
distribution 7’y via the formula

<Tfa¢>D*xDE/Qf¢d$~

¢)dx

We also know that D C L?, and we can view L? as being intermediate between D
and D* in the sense that
D C L? C D*.
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3.2.2 Sobolev Spaces, Integer Order

With the definition of distributions, or generalized functions, and their derivatives,
we can now define the Sobolev spaces of integer order.

Definition 3.2.3. Let Q) be an open and bounded domain in R™, let 1 < p < oo
and let k > 0 be an integer. The Sobolev space WP (Q) consists of the set of all
functions contained in LP(Q)) whose distributional derivatives through order k are
contained in LP(S2). That is,

WHhP(Q) = {f € LP(Q) : |D*f|l 1oy < oo Vl|a| <k}.

We have already discussed how LP(2) can be interpreted as a subset of D*. It
should be clear that when we speak of the distributional derivative of a function
f € LP(Q)), we mean the distributional derivative of the distribution T generated
by f. With this interpretation in mind, it is conventional to simplify notation
and dispense with the qualifier “... distributional derivative of the distribution
generated by f.” It is crucial to the study of partial differential equations that the
Sobolev spaces are in fact Banach spaces.

Theorem 3.2.2. Let Q be an open and bounded domain in R™, let 1 < p < o0
and let k > 0 be an integer. The Sobolev space WP (Q) is a Banach space when
endowed with the norm

1 lniy = S 1D ey,

la|<k
The Sobolev space W*P(Q) is reflexive for 1 < p < oo and separable for 1 < p < oc.

Proof. We only sketch the proof of this well-known result, and the reader is referred
to [35] for a detailed presentation. Suppose that {f;},.y is Cauchy in W*?(Q).
We have

I.fi — fJ”Wk rQ) 0 as 4,j — oo. (3.2)
For each fixed «, with |a| < k, we must have
D*fi — &~

in LP(€). This fact follows since LP(€2) is complete, and Equation (3.2) implies
that

1D fi — DafjHLp(Q) —0

for each |a| < k. Of course, for o = 0, we obtain
fi— feLP(Q).
From the definition of a distributional derivative we conclude that

¢ =D°f
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since

(D fin ) = /Q (D) - pdx = (~1)le] /Q fiD% d.

But it is straightforward to show that the left most term converges to (€, ¢)p~ x D,
while the right most term converges to (—1)!°! Jo [D*¢dx. O

For 1 < p < oo, the Sobolev spaces W¥P(Q) are separable, and if 1 < p < oo
they are reflexive. Of particular interest in applications is the case when p = 2.

Definition 3.2.4. The Sobolev space W*2(Q) is denoted by H*(Q).
We then find that W*2(Q) is denoted by H*(2) because it is a Hilbert space.

Theorem 3.2.3. The Sobolev space H*(Q) = WH2(Q) is a Hilbert space with the
inner product

(fs 9 mr@) = Z (Daf’Dag)Lz(Q)'

| <k

3.2.3 Sobolev Spaces, Fractional Order

The Sobolev spaces of integer order have an intuitive interpretation. For some
function f € WkP(Q), the integer order k gives the number of weak derivatives
that exist in the space LP(Q2). However, many applications require extension of
the definition of Sobolev spaces to include fractional order spaces. The definition
of fractional order Sobolev spaces can be accomplished by at least three distinct
techniques:

(1) Fourier transform methods,
(2) Interpolation space methods, and
(3) Introduction of the Sobolev-Slobodeckij Norm.

The Fourier transform methods and interpolation space methods are instructive
and provide interesting interpretations of the fractional order Sobolev spaces. How-
ever, their discussion and explanation are simply too lengthy for this brief overview.
The interested reader is referred to [2, 29, 31] for detailed discussions of each
method. The clear advantage of the third approach above is that it is succinct.
Unfortunately, the introduction of the Sobolev-Slobodeckij norm simply does not
give much insight into the nature of these spaces. We will rely on the discussions of
domains, traces and duals of fractional order Sobolev spaces in succeeding sections
to provide insight into the nature of these spaces.

Definition 3.2.5. Let 2 C R"™ be open and bounded. Let k be a monnegative real
number having the form

k=[k+¢>0
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where [k] is the integer part of k, [k] > 0 and q € (0,1). We define W*P(Q) to be
the subspace of WFLP(Q) with finite Sobolev-Slobodeckij norm

pDm Dm p
oy 2 171y Q>+§ju//’| P 2l daay

|m|=I[K]

where 1 < p < co. If p= oo, W*(Q) is defined to be the subspace of Wk>(Q)
for which the norm

|D™ f(x) = D™ f(y)

F k.o =|f + max ess sup
17wy = 1 e s ess supl ™0
x#Y

is finite.

The Sobolev spaces are among the most common function spaces in use in
diverse fields of mechanics. Among the numerous important attributes of these
spaces, the embedding, density and compactness properties are indispensable in
applications. The theorems in the remainder of this section, which describe the
compactness, embedding, density and boundary behavior of functions in Sobolev
spaces require specific notions of the regularity of the underlying domain €. The
precise statement of the regularity of a given domain €2 can be quite abstract,
depending on the degree of generality [35]. Fortunately, in our applications, some
fairly intuitive notions of regularity will suffice. We will treat domains in this text
that are either C™ smooth domains, or in some instances, Lipschitz domains. In
either case, the regularity of the domain is intrinsically tied to the smoothness of
the curves (or parameterizations) of the boundary 92 of the domain €.

Definition 3.2.6. Suppose that 1, Q3 CR™ and f: Q1 — Qo. The mapping f is
said to be C™-diffeomorphic between €y and Qs if:

(1) f is homeomorphic from Qy to Qo (f is continuous from Q1 to Qu and has
continuous inverse f~1 from Qg to Q).
(2) f and f~' are classically differentiable up to order m on Qy and Qy, respec-
tively. Specifically, we have f € C" (1), f~1 € C"(Qg) for 1 <r < m.
(3) there exist two constants ¢ and ¢ such that the Jacobian |Df| of the transfor-
mation satisfies
c<|Df(z)|<e¢ Ve

We can now define a C™-smooth domain:

Definition 3.2.7. Let Q be a domain in R™. We say that Q is of class C™ if for
every x € 0S), we can find an open set O, containing x and a coordinate chart ¢,
such that:

(1) ¢y is C™-diffeomorphic from O, to B1(0) C R™, the unit ball in R™.
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Moreover, for some k € 1,2,...,n we have
(2) ¢2(0,NOIN) ={z € B1(0) : x =0}
(3) $:(0.NQ) ={x € B1(0) : =z, >0}
(4) ¢(0: N (R"/Q)) ={x € B1(0) : =z <0}

Figure 3.2 shows the schematic representation for ¢, diffeomorphic from O, to
B1(0).

{x € B;(0) : x, > 0}

*~B,(0)

Figure 3.2: ¢, Diffeomorphic from O, to B1(0)

A C™ domain can be a rather smooth domain. To allow a finer classification
of domains, it is possible to state Definition 3.2.7 in terms of C*% Holderian
coordinate charts. The resulting domains are denoted (k,a)-Holderian domains,
or are said to be of class C*?.

Recall that a space of real-valued functions C*?, or (k,a)-Hblderian func-
tions were defined in Example 1.5.8. The special case where (k, o) = (0,1) defines
Lipschitz continuous functions. A straightforward extensions of these examples will
enable us to define class C* domains.

Definition 3.2.8. Let X and Y be normed vector spaces. A mapping f: X — Y is
called Lipschitz if for all x1, x9 € X

1f (22) = f@)lly < Cllze —mlx

where C > 0 is a constant independent of r1 and 2.

For example, any function f : R — R with a bounded first derivative must be
Lipschitz.

Definition 3.2.9. A mapping f : R™ — R" is (k, «)-Hélderian if there exists a real
constant C > 0 such that

Haljlf olilf

g @) = g5 @) < C(llez —@lrm)”

R

for all x1,22 € R™ and for all multi-indices |j| < k.
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Now, the definition of C*“ coordinate charts extends the definition in Example
1.5.8 in the obvious way.

Definition 3.2.10. A C** Hélderian coordinate chart is a one-to-one (k,a)-Hol-
derian mapping from an open set 1 C R™ to an open set Qo C R™. The set of
all C% Hélderian coordinate charts from Q1 to Qs is denoted by C’k’o‘(Ql,Qz).

Definition 3.2.11. Let  be a domain in R™. We say that Q is (k,a)-Hélderian,
or of class C**, if the conditions (2), (3) and (4) of Definition 3.2.7 are sat-
isfied with a coordinate chart ¢, € C*® (Ox,Bl(O)) and whose inverse ¢, €
C*(B1(0),04) for some k >0 and o € (0, 1].

Definition 3.2.12. A Lipschitz domain is a (0,1)-Hélderian domain.

Theorem 3.2.4. Suppose that ) is a bounded Lipschitz domain. For positive integers
k, r such that k > r > 0, we have the inclusions

WkP(Q) C WP (Q)
for 1 < p < oo. Moreover, for k> 0 we have

WhPH(Q) C WhP2(Q)
whenever 1 < ps < p; < o0.
Of course, this embedding can be interpreted as saying that there is an injection
I:WkEP(Q) — W"P(Q) and

A

I fllwre) = () llwre@) < cllfllwer@)-

Again while there are numerous types of compactness theorems relating embed-
dings of Sobolev spaces, the following theorem is prototypical.

Theorem 3.2.5. Suppose that Q@ C R™ is a bounded, Lipschitz domain. The embed-
ding
WmP(Q) — L9(Q)

is continuous and compact for 1 <p < oo, 1 < q<r, m < n/p where

1 1 m

r p n
In addition, the embedding
Wm™P(Q) — C(Q)
is continuous and compact for m >n/p, 1 < p < co.

The reader is referred to specialized, focussed treatments of Sobolev and
other function spaces in [4, 16, 31] for more complete lists of various embedding
theorems.
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3.2.4 Trace Theorems

The purpose of this section is to describe in what sense we can prescribe boundary
values to functions in Sobolev spaces. The fundamental problem can be described
as follows: by definition, the Sobolev spaces W*P (1) are subspaces of LP(2). The
Sobolev space W#P(Q) consists precisely of those distributions in LP(2) whose
distributional derivatives up to order |s| are in LP(2). However, the elements of the
space LP(f2) are equal in norm if they agree almost everywhere, that is except on
a set of Lebesgue measure zero. In other words, LP(2) is comprised of equivalence
classes of functions. The designation f € LP(2) is not meant to refer to a single
function, but to a collection of functions. Two functions g and h are in the same
equivalence class if and only if

lg — hllzr) = 0.

Suppose we take two specific functions in W*?(Q) which differ only on the bound-
ary d9) of the domain . If the Lebesgue measure of the boundary 0 is zero as a
subset of R™, then the two functions are viewed as the same element of WP (Q).

The construction by which we assign zero boundary values to functions in
H™(Q) is relatively simple to describe. Recall that the space of test functions
D consists precisely of those smooth functions with support in a compact set
contained in . Thus, if f € D, it must be equal to zero in a neighborhood of the
boundary. We create a Hilbert space that captures the essence of this construction
by defining Hg"(€2) to be the completion of D in the || - [[yym.2 (o) norm.

Definition 3.2.13. The completion of D in the || - |lwm.z2q) norm is denoted by
Hg ().

Functions in HJ*(Q) are thereby interpreted to be functions whose boundary
values on 0f2 are zero. At best, this construction provides an intuitive feeling about
how we view the boundary values of functions in H™(£2). The set of results known
as the Trace Theorems gives a precise meaning to what we mean by the boundary
values of functions in H™. To begin, it is important to note that the Sobolev spaces
H™(Q) and HJ*(?) differ significantly.

Theorem 3.2.1. For all integers m > 0, we have
Hg" () € H™(Q)
and HJ'(Q) is not dense in H™(Q).
Proof. The proof that H{*(Q) C H™(Q) follows easily from the following theorem.

Theorem 3.2.6. For m € N and 1 < p < oo, the Sobolev space W™P(Q) is the
completion of

{Fec™@): | fllwmr@) < oo}

in the || - |lwm.»q) norm.
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A clear, concise proof that HJ*(€2) is not dense in H™(Q2) can be found in
several places, for example [24]. O

The following theorem shows that not only is HJ*(2) a proper subset of
H™(), it is the kernel of a map <, the trace operator, that evaluates smooth
functions on the boundary of 2.

Theorem 3.2.7. Let Q be a C™ domain with m > 1. There is a collection of
bounded linear operators y; € L(H™ (), H™= =2 (8Q)) where j =0, 1, ..., m—1
such that

0 w= 2
’YJ B 8nj 50
for all smooth w and j =0, 1, ..., m—1, where 8‘2; is the normal derivative
of order j on the boundary Of).
(ii) Hp(Q)={we H™(Q) :vjw=0 forj=0,1,..., m—1}.

The implication of this theorem is that the trace operators 7y; agree with our
intuition when the function w is smooth enough in a classical sense: they merely
evaluate the function or its normal derivative on the boundary in this case. In
addition, the trace operators “evaluate to zero” if and only if a function is in
HJ*(2). Thus, the trace operator is used to represent the boundary values for
partial differential equations. A formal statement like

/ wods, we HY(Q), ve L*09)
[219]

should be interpreted as

[ e

3.2.5 The Poincaré Inequality

By definition, the Sobolev norm includes terms that contain all derivatives up to
a specific order. For example, in R?, a simple example is

Il = D ID°flieq

Isll<1
af |I? H of |I? >

= + + . 3.3
H Al I P8 171320 (3.3)

In some important applications, we will be able to obtain simpler expressions for
the Sobolev norm when we restrict our attention to those functions that have zero
boundary values. More precisely, we will be able to omit certain low-order terms
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from the summation in Equation (3.3). Obviously, this is not always possible. The
essential result relies on an inequality having the form

1fll2@) < clIVFllze (34)

wherever (2 is bounded and f € HE (). This result is made precise in the celebrated
Poincaré Inequality.

Theorem 3.2.2 (Poincaré Inequality). Let Q@ C R™ be a bounded domain. Then
there is a constant c that depends only on the diameter of  such that

[ £l @) <c [IVFllzza (3.5)
for all f € HL(Q).

Proof. By definition, H{(f2) is the completion of C§°(f) in the usual norm on
H(Q). We will establish the inequality (3.5) for a function f in C§°(Q), and
the theorem will then follow via a standard density and extension by continuity
argument. Consider the following identity

2> [ 1P

=1 Q

> @) v,

=1 ¢

£ 11720
(3.6)

Because we have assumed that f € C§°(2), we can integrate Equation (3.6) by
parts in each coordinate direction to obtain

1< of
e = &> {1m] = [27 0 wv o).
o L f T Om

i=1
The first term on the right is zero by virtue of the assumption that f € C§°(Q).
By taking the absolute value of each side we obtain the inequality

) 2 n af
e < 23 [ |51
=

By assumption, the domain €2 is bounded. There is some constant a such that

~
—0

|f] ;| de. (3.7)

|zi| < a.

As a consequence, the inequality (3.7) becomes

20, > of
AN oF ol [N
=19 '
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By the Cauchy-Schwarz inequality, we can write

20 «— af
e < w fm@
T ; 0| ey
or
20 < || Of
Il < . (3.8)
Y ; 07|l ()

We have nearly obtained our desired intermediate result in Equation (3.4). We can
rewrite Equation (3.8) as

2 n
Al < 25 ( [

=1 g

-n{(/

v Q

of

2 1/2
dx -1

2 1/2
dx) -1}.

If we apply the Cauchy-Schwarz inequality in R™, we obtain

9a [ 8f2 (1/2)-2 1/2 n 1/2
CS (o)) ()

i=1
2a
IV ey - Vo

of
83:@

IN

£l 220

The result is precisely the form of the inequality in Equation (3.4):
Flz@ < 221941 (39)
L2Q) < \/n L2(Q)- .

It remains to establish the inequality (3.5). By definition, we have

1 3 = If1IZ20) + IV 720

From Inequality (3.9) we have

4a?
[ R [\

4a?
I fllm ) < \/1+ " IV £z

1l < cllVEllzz @

which is the desired result. Recall that we have established this theorem under the
assumption that f € C§°(2). The result can be extended for all f € HZ(Q) by a
standard extension by continuity argument. O
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3.3 Banach Space Valued Functions

In the second book of this series, we will review linear first-order and second-
order evolution equations. These equations play a central role in applications in
engineering and physics. However, they provide not only representations of a host
of practical physical problems, but also the foundation for excursions to classes of
nonlinear evolution equations.

Simply put, a rigorous treatment of both of these classes of evolution equa-
tions absolutely requires that we review fundamentals of Banach space valued
functions and their integration in abstract spaces. Fortunately, the construction of
integrals of Banach space valued functions is easier to understand when we keep
in mind that the construction proceeds, at least strategically, in a manner similar
to that employed for real-valued functions.

3.3.1 Bochner Integrals

Let (X, S, 1) be a measure space and let Y be a Banach space. A Banach space
valued function f
f: X—=Y
is said to be finitely-valued if
e card(f(X)) < N < oo. That is, there exists a finite set {y,}f\il such that

flz) e {yi}ﬁvzl for all x € X.
e The inverse image of each value in Y is a measurable subset in X. That is

B ={xeX: f(x) =y} (3.10)

is measurable for each i =1, ..., N, and
e The class of sets {B,}fil covers X, except possibly for a set of measure zero.

As will be demonstrated shortly, finitely-valued functions in Banach spaces play a
role that is analogous to simple functions in the theory of integration of real-valued
functions. The Banach space valued function f : X — Y is strongly Y-measurable
if and only if it is the strong limit of finitely-valued functions p a.e. in X. It is no
accident that the definition of the integral of finitely-valued functions resembles
the definition of the integral of simple, real-valued functions given in Definition
1.6.9.

Definition 3.3.1. Let (X, S, i) be a measure space and let f : X —'Y be a finitely-
valued function where Y is a Banach space. The integral of f is defined to be

N
/X f(a)n(de) = Y yiu(B,)

where y; and B; are defined in Equation (3.10).
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Now, we can define the integral of strongly Y-measurable functions. The reader
who is unfamiliar with these constructions should note that the integral of Ba-
nach space valued functions is defined in terms of finitely-valued Banach space
valued functions. This construction bears close resemblance to the construction of
integrals of real-valued integrals in terms of simple functions in Definition 1.6.12.

Definition 3.3.2. Let (X, S, u) be a measure space, and let f : X — Y where Y s
a Banach space. The function f is Bochner integrable if and only if

1. there is a sequence of finitely-valued functions f, such that

fn— f ae. in X,

and
2. the limit
Jm [ 15@) = £y uld) =0 (3.10)
as n — oo.

At this point, we would emphasize that the existence of the Bochner integral
relies on the existence of a convergent sequence of finitely-valued functions, and on
the existence and convergence of a sequence of integrals of real-valued functions.
If the limit in Equation (3.11) exists, we define the Bochner integral to be given
by

/ flx)p(de) = lim [ fu(x)p(dz) €Y. (3.12)
n—oo X

At least two questions arise in the definition of the Bochner integral in Equa-
tion (3.12) above. First, does the condition (3.11) guarantee that the limit in YV
expressed in Equation (3.12) exists? In addition, does the limit in (3.12) depend on
the sequence of finitely-valued functions {f,}.- ;7 The fact that condition (3.12)
does indeed follow from condition (3.11) is evident from the following proposition:

Proposition 3.3.1. Suppose that (X, S, i) is a measure space, Y is a Banach space,
[:X =Y, and {fn},—, is a sequence of finitely-valued functions such that

fn—f ae inX,

and
lim Hf() fn(@)|ly p(dz) — 0.

n—oo

Then there is a unique element F' € Y such that

n—oo

F=lim [ fu(z)u(dr).
X
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Proof. For each m, n € N, we can write

H [ tutomtds) = [ pmtomtas

because the integral of finitely-valued functions is just a finite sum. By hypothesis,
we have

/an — fn@)lly du(z) /an F(@) + (@) — fon(@) |y a(d)
/an ~ F@)lly ulde) /Ilfm )= F(@)lly plda)

/an — fnl@)lly )

and the right-hand side approaches zero as m,n — oco. But this means that the
sequence { [ fn(x)u(da:)}i;l is a Cauchy sequence in the Banach space Y, and
hence has a limit. We define the integral of f to be the limit of the sequence

{fn}nENa
/f w(dz) énh_»H;o an(x)u(dx). (3.13)

This limit is unique and does not depend on the selection of the sequence { f;, }rnen
of finitely-valued functions. Suppose that {gn }nen and {h, }nen are two sequences
of finitely-valued functions such that

lgn(x) = f(z)|ly — 0 z a.e in X

|hn(z) = f(z)|ly — 0 z a.e. in X

and furthermore

/ 1£(2) = gn@)ly p(da) — 0
X

[ 17@) = ha@ i) o
X

From the argument used in deriving Equation (3.13), we know that

Fy & lim [ gu(2)p(de)

F 2 lim | hy(@)p(de).

We construct a sequence {f,(z)}nen by alternating elements of the sequences
{gn}neN and {hn}nEN

>

fn(x) for k € N.

gn(x), ifn=2k
hno(x), ifn=2k-1



3.3. Banach Space Valued Functions 129
By construction, {fy}nen is a sequence of finitely-valued functions. We have
@) = f @)l utae)
< max{ [ 170 = @)y tds). [ 176) = h(o)lvntaa) |

By the same argument as used in the derivation of Equation (3.13), we can conclude
that there is a limit

F=lim [ fu(z)u(dr).
n—oo X
However, { [ gn(x),u(da:)}neN and { [ hn(x),u(da:)}neN are just subsequences of

the convergent sequence { [ fn(z)u(dz)}
limit so that

neN" They must converge to the same

Fy=F=F,
and the value of the Bochner integral does not depend on the representation. [
As a final result in this section, the following theorem shows that the Bochner

integrable functions are precisely those whose norm is integrable as a real-valued
function with respect to the measure pu.

Theorem 3.3.1. Let (X, S, 1) be a measure space and let f: X —Y whereY is a
Banach space. The strongly measurable Banach space valued function f is Bochner
integrable if and only if the real-valued function || f(x)||y is p-integrable.

Proof. Throughout the proof, let f be a strongly measurable Banach space valued
function, with {f,} -, a sequence of finitely-valued functions f, : X — Y such
that

fn—f ae in X.

Suppose that f is Bochner integrable. In this case we know that there is a sequence
{fn}nen such that
fal®) = f(x) ae in X

and

lim [ [[f(x) = fu(2)]ly pldz) — 0.
X

n—oo

By the triangle inequality, we can write

@)y = @)y | < 1 @) = fal@)]ly

and conclude that

I fn(@)ly — If(@)|y x a.e. in X.



130 Chapter 3. Common Function Spaces in Applications

Additionally, we know that there exists v € R such that

3= Jim [ @)l o)

since

\ J @ tae) - / 1 fon @)l ()

/ V) = fon @)y ()
/ | ul@) — £(@) |y () / () — £ (@)l a(d).

S/Xlllfn(x)lly—fm(x)llylu(dx)

But the right-hand side of the above inequality approaches zero as n approaches
infinity by the Bochner integrability of f. Thus the sequence

{/ fn(w)yu(dx)}neN

is a Cauchy sequence of real numbers, and has a limit v € R. By Fatou’s lemma,
|| f(z)|]y is Lebesgue integrable satisfying

/ 1 @)y p(dz) < linH_ligf/ fo(@)|y o(de)
* X
= Jin [ @)l ()

=77 < o0

Since 7 is finite, || f(z)||y is integrable. On the other hand, suppose that || f(z)|,
is p-integrable. By hypothesis f is strongly measurable and, consequently, there
exists a sequence of finitely-valued functions { f,, }nen that converge a.e. in X to f.
Define the finitely-valued functions {g,}, -, from the {f,},—, according to

o fa@) i @y <ellf@)]
9”(’”)‘{0 it [fa(@)ly > el f@)]y

for some constant ¢ > 1. Clearly, we have that
gn — [ ae.in X
and we have that the family of functions {g,}, ; is bounded uniformly,
lgn(@)lly <clf(@)lly  forallzeX.

By the triangle inequality, we can write

1 (@) = gn(@)lly < £ @)y +lIgn(@)lly < X+ ) [f( @)y -
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By Lebesgue’s dominated convergence theorem, we have that

(LHf@)—gAxmyuww—AO

and f is Bochner integrable. O

3.3.2 The Space Lp((O, T), X)

Equipped with the Bochner integral of Banach space valued functions discussed
in the last section, we can construct the analogs of Lebesgue spaces of real-valued
functions. For example, we define the space of Lebesgue integrable real-valued
functions as the completion of the step functions in the L' norm. That is, the
space of real-valued functions L(0, 7)) can be defined as

T
LY0,7) = {f : R — R such that / |fldz < oo}
0

where the integral is interpreted in the Lebesgue sense. Alternatively, the space
L'(R) can be interpreted as the completion in the L!(R)-norm of the set of step
functions x(R):

L*(R) = closure of {g € x(R)} in [RIFSE

Now, suppose that X is a Banach space. We define
T
L'((0,7),X) =< f:(0,T) — X such that / || f(x)||x dx < oo p .
0
The space L'((0,T), X) is a Banach space when equipped with the norm

T
|vmw@mx,=4|uuwxmL

Again, if x((0,T), X) is the space of finitely-valued functions from (0,7 into X,
we can also define

L'((0,7),X) = closure of {g € x((0,T),X)} in Il 1 0,7, x)-

The generalization of the L” spaces of real-valued functions to Banach space
valued functions is immediate. If we consider all Banach space valued functions
f:(0,T) — X such that

T
A|mw&M<w
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we obtain LP((0,T), X). The space LP((0,T), X) is a Banach space when equipped

with the norm
T l/p
11l Lo 0,1y, x) = (/0 1 (@)% da:) :

We have the following important theorem that summarizes two useful character-
istics of Banach space valued functions.

Theorem 3.3.2. Let X,Y be Banach spaces with X continuously embedded in Y .
o The embedding

Lr((0,T),X) € LU((0,7),Y), 1<g<p<o0

1§ continuous.
o Let X be a separable and reflexive Banach space, 1 < p < oo and ]1) + ; =
Then
(LP((0,T),X))" = L(0,T),X").

Proof. The proof of the first part of this theorem is straightforward when we recall
the definition of a continuous embedding. The Banach space X is continuously
embedded in Y if and only if

H(Hlly <cllfllx

for some constant ¢, where I : X — Y is the embedding map

I:X — Y
I:feX — fev.

Suppose that f € LP((0,T), X) where 1 < p < co. We can write

LI 0.5 /Hf( )% d.

But we know that
If @5 < If @) < IIf (@) -

Integrating from 0 to T', we see that

Hf||izp((07T)7Y) < Cprng((O,T),X)
and that

T T
”f”qu((o,T),y) = Hf(l“)qudﬂ? < ||f(x)H€/d$ = Hinp((o,T),y) .
0 0
The last inequality can be re-written

”fHLq((O 7)y) S ”f”if’((O,T),X)

and the theorem follows. The reader is referred to [37, p. 411] for a proof of the
second assertion. g
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3.3.3 The Space W”’q((O, T), X)

One of the first topics in many applied functional analysis manuscripts introduces
the idea of the generalized derivative of a real-valued function. This notion of dif-
ferentiation is critical in the definition of the Sobolev scale of weakly differentiable
functions. Essentially, a real-valued function f is said to have a weak derivative,
or generalized derivative, if there is a function g such that

[ 1@¢@de = - [ gmswis Vo e C@. (3.14)
Q Q

That is, we define the weak derivative to be given by the integration by parts
formula in Equation (3.14). If this condition holds for all smooth functions with
compact support contained in 2, then by definition ¢ = f’ in the generalized, or
distributional sense. Obviously, if the classical derivative of f exists, the generalized
derivative is equal to the classical derivative.

Now, just as in the last section, we can lift this definition to the framework
of Banach space valued functions.

Definition 3.3.3. Let X be a Banach space, and let f,g € L*((0,T),X). We say
that g is the nth-order generalized derivative of f if and only if

T T
/ g(2)p(x)dz = (~1)" / F(2)™ (2)dz
0 0

for all ¢ € C§°(0,T), where the integrals are understood in the Bochner sense.

In our treatments of linear first-order and second-order partial differential
equations, the generalized derivatives arise within the framework of Gelfand triples
of spaces. In this setting, there is a characterization of the generalized derivative
that seems particularly well suited for many applications that appear in this book.

Theorem 3.3.3. Let V — H <— V* define a Gelfand triple, and suppose that
fe€LP((0,T),V) and 1 < p, g < co. There is an nth-order generalized derivative

of f,
™ e L9((0,T),V*)

if and only if there is a function g € L1((0,T),V*) such that

T T
/ (F(2), )™ (z)dz = (—1)" / (0@), &)y ryd(e)de  (3.15)
0 0

for all € € V and for all ¢ € C°(0,T). In this case, we define f) = g and write

(@), &n = (@), sy = ([.8) . aeinwe[0.1]

dx™ V*xV

for all £ € V. This derivative is understood to be the generalized derivative of the
real-valued function (f(x),&)u-
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Because the duality pairing on V* x V' can be viewed as the extension by continuity
of the H-inner product (-, -) i from H xV to V* x V, the left-hand side of Equation
(3.15) can be written as

T T
/ (@), )y oy 8™ () = / (F(2), €)™ (z)de. (3.16)
0 0

Now, the following proposition is required to show that the “integral of the du-
ality pairing” is equal to the “duality pairing of the integrals” that comprise the
Equation (3.16).

Proposition 3.3.2. Let V be a Banach space. If f € LP((0,T),V) then we have

T T
/ (9, f(@)) ey de = <g,/ f(ac)dx> Vg € V*. (3.17)
0 0

V*xV

If, on the other hand, g € LP((0,T),V™*) then we have

T T
/ (9(@), fryepda = </ g(x)da:,f> Vfev. (3.18)
0 0

V*xVv

Proof. We will only consider the proof of the assertion in Equation (3.17) above,
as the proof of the second statement in Equation (3.18) is nearly identical. If
f € LP((0,T),V), we know that there is a sequence of finitely-valued functions
{fn},—, such that

f(z) inV, a.e. in z € (0,7

fo(x) —  f(2)
T T
/O fal@)de — /0 fayde eV

Since each f,, is finitely-valued, we have

T T
0 0

V*xVv

Each of the above integrals is, in fact, a finite sum for each n € N. The right-hand

side of Equation (3.19) converges
T
- <g, |t
0

<g, /0 ' fn(x)dx>

because of the strong convergence of the sequence

V*xV V*xV

/OT fn(x)de — /OT flx)dr inV.
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For the term on the left, we can write

’\/OT (9, fn(2)) e oy d — /OT (9, fm(x)>v*xvdx/

I;
T
< / Wl (@) = fon(@)ly e

But the right-hand side of the above inequality approaches zero since f is Bochner
integrable. Thus, the sequence {fOT (9, fn(x)>v*xvda:} . is a Cauchy sequence
ne

of real numbers and therefore convergent. Since we can write

‘(/OT (g, F (@) da — /OT (9, fn(x)>wxvdx‘

<L

—’/OT (9, f(@))ye ypd — /OT <g,fm(x)>wxvdx‘

it is clear that fOT (9, frn(2))ye gy dr — fOT (9, f(x))y« «ydx. The proposition is
therefore proved. O

Now using this proposition, we can combine equations (3.15) and (3.16) to

obtain
T T
< / f(x><z><">(w>dx,s> =<(—1>" / g(w)¢(x>dx,s>
0 0

V*xV V*xV

which implies that

T T
/ f(@)o™ @)z = (~1)° / g(@)p(x)dz Vo € C(0,T).
0 0

This is the desired result.
Having defined the spaces

L?((0,7),V) l<p<oo
and its topological dual
Li((0,T),V*)
where
1 1
_l’_
P q

we define Sobolev spaces that are comprised of Banach space valued functions.
These spaces are crucial to the development of evolution equations.

=1
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Definition 3.3.4. Suppose that V. — H — V* forms a Gelfand triple and let
l<p<o and;—i—;:l, We define

d

WhP((0,T),V,H) = {u € LP((0,7),V) : dj € Lq((O,T),V*)} .

The space W1P((0,T),V, H) is a Banach space when equipped with the norm

La((0,T),V*)

df
[ llwre 0.1y vom) = 1o 0.1y v) + H dt‘

The embedding
WhP((0,T),V,H) € C([0,T], H)

is continuous.



Chapter 4

Differential Calculus
in Normed Vector Spaces

4.1 Differentiability of Functionals

In our first extension of the notion of differentiability of real-valued functions, we
introduce the Gateaux differential of a functional mapping a vector space into a
normed vector space. The Gateaux differential will play a crucial role throughout
the remainder of this text, and the student is advised to study the definition
carefully.

4.1.1 Gateaux Differentiability

Definition 4.1.1. If A is a function mapping a vector space X into the normed

vector space Y, the Gateauzx differential DgA of A at uw € X in the direction

v € X is given by

DgA(u,v) = lim Alu+ev) = Afu)
e—0 €

when the limit exists.

It should be noted that, strictly speaking, the Gateaux differential does not require
a norm on the vector space X for Definition 4.1.1 to make sense. If the Gateaux
differential exists, the Gateaux derivative need not exist. The existence of the
Gateaux derivative requires the existence of the Gateaux differential. But it also
requires that the derivative defines an operator that is bounded and linear in the
direction the derivative is taken.

Definition 4.1.2. Suppose A is a function mapping a vector space X into the normed
vector space Y. A function DgA : X x X — 'Y is the Gateaur derivative at u € X
in the direction v € X if

(i) the Gateaux differential

DGA(u U) — lim A(u + E’U) — A(u)

e—0 €
exists for all v € X,
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(ii) DgA(u,-) is linear, and
(iii) the mapping DgA(u,-) is bounded.

It should be emphasized that the mapping A acts from a normed vector space
X to some general normed vector space Y

A: X ->Y
and the Gateaux differential Dg A(-, ) maps
DcA(,) : X xX =Y

For any fixed u € X, the mapping,

DcA(u,): X =Y
is linear and bounded. We will frequently employ the notation

DcA(u) € L(X,Y).
To define D A(u), we equate the mappings

v +— DgA(u,v)

and
v— DgA(u)ow.

By the hypotheses that D A(u,-) is linear and bounded on X, we obtain DgA(u) €
L(X,Y). This fact follows since

1DgA(u) o vlly = [[DaA(u, v)lly < cfv]x
and it is clear that
DgA(u) o (aw + pw) = aDgA(u) ov + SDgA(u) o w.

We are particularly interested in the case in which A is a mapping from the
vector space X into R. That is, Y = R and A is a functional. In this case, the
condition that DgA(u, -) is bounded and linear in X implies that

1DaA(u, v)|ly < cflv]lx
which reduces to
[DaA(u, v)| < cfvllx.
It is not difficult to show that we can define an operator
DcA(u) = DgA(u,) YueX
where DgA(u) € X* for each u € X. In other words, we have that
DcA(u) € L(X,R)
and the Gateaux derivative can be expressed using the duality pairing
(DgA(u),v) yuy x = DgA(u,v) Yu,veX.

This representation of the Gateaux derivative will be used extensively in applica-
tions, discussed in the second book of this series.
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4.1.2 Fréchet Differentiability

Careful inspection of the definition of the Gateaux derivative shows that it can
be defined without any topology on the domain of the operator A. A somewhat
stronger notion of differentiability, one that is well defined for operators mapping
a normed vector space into another normed vector space, is the Fréchet derivative.

Definition 4.1.3. Let X,Y be normed vector spaces, and suppose that
A: X —-Y.

A function DpA: X x X — Y is the Fréchet derivative at w € X in the direction
ve X if

(i) the limit
L () — F(n) — De A )y

=0
[[v]|—0 HU”X

exists,
(ii) the mapping DpA(u,-) is linear, and
(iii) the mapping DpA(u,-) is bounded.

As in our discussion of the Gateaux derivative in the previous section, the
same arguments allow us to identify the Fréchet derivative with a bounded linear
operator. We can write

DrpA(u)ov = DpA(u,v) YveX
DrA(u) € L(X,Y)

for a fixed u € X. Again, in our most frequently studied applications (in the next
book of this series), we will focus on mappings that are functionals, and the Fréchet
derivative can be expressed in terms of the duality pairing

DrA(u,v) = (DFAu),v) xox Vu,v e X.

As an immediate consequence of the definition for the Fréchet derivative, we have
a type of “Taylor formula” for Fréchet differentiable functions.

Proposition 4.1.1. Let X,Y be normed vector spaces, and let f : X — Y be Fréchet
differentiable at u € X in the direction v € X. We have

flutv) = f(u) + Dpf(u,v) + R(u,v)
where the remainder R satisfies

| R, 0)lly
lolx—0  ||v|lx

The proof of this proposition is a direct consequence of part (i) in Definition 4.1.3.
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One of the most important properties of the Fréchet derivative, in contrast
to the Gateaux derivative, is the existence of a chain rule.

Theorem 4.1.1. Suppose that X,Y and Z are normed vector spaces and that f, g are
Fréchet differentiable on open sets O, and Oy, contained in X and Y, respectively,

g:0, CX—-Y
f:0,CY = Z.
Then the Fréchet deriwative of the composition f o g is given by the chain rule
Drp(f o g)(u,v) = Dpf(g(u), Drg(u,v)).
Proof. To prove this theorem, we first note that by definition

Drf(): Y XY — Z
Dpg(,): X xX — Y.

Thus, the expression
Drf(g(u_), Drg (u,v))

\v/
€X eEXxX
N~ 7 ~ ~ -
ey cYy
~ ~ -
€z

makes sense, if the Gateaux differentials D f and Dpg exist. Now, fog: X — Z
and
Dp(fog): X xX — Z.

Consider the difference
(feg)(u+tv)—(fog)(u)
We can directly calculate that

(fog)lutw) = (fog)(u) = [flglu+wv))—flg(w)
= Flglu+v) — g(u) +9(w) ~ F(g(w)
Drg(u,v)+Ri(u,v)

since g is Fréchet differentiable. Furthermore, we can write

(fog)(u+v) = (fog)(u) = f(g(u) + Drg(u,v) + Ri(u,v)) = f(g(u))
= Drf(g(u), Drg(u,v) + Ri(u,v))
+ Ra(g(u), Drg(u,v) + Ri(u,v))
= Dpf(g9(u), Drg(u,v)) + Dr f(g9(u), Ri(u,v))
+ Ra(g(u), Drg(u,v) + Ri(u,v)) (4.1)



4.1. Differentiability of Functionals 141

by the Fréchet differentiability of f. By the definition of the Fréchet derivative, we
have

HRl(U,’U)”Y 0 as HUHX_)()
[ollx
and
1R2(g(w), Drg(u,v) + Ba(u,0))llz _
HDFg(u7U)+R1(u7U)HY
as

| Drg(u,v) + Ry (u,v)|y — 0.

We can write
IDFf(g(u), Ba(uw,0)llz _ lI1B1(u, 0)lly

< —0 (4.2)
vl x lollx

as ||v||x — 0, by Definition 4.1.3. By the boundedness of the Fréchet derivative in
its second argument, we have

1Drg(u,v) + Ri(u,v)lly < cl|vllx + [|Ri(u, v)lly — 0

as ||v||x — 0. Finally, we can write

1 R2(g(w), Drg(u,v)+Ra(w,o)llz _ I1R2(9(w),Drg(w.v)+R1(wv)llz | [|IDrg(u,v)+R(wv)lly
llvllx | Drg(u,v)+Ra(u,v)lly vl x
< I1R2(g(w), Drg(u,v) + Ra(w,v))z | . IBa(u, o)y
B [1Drg(u,v) + Ra(u, v)|ly ol x
~ - ~ ~ -
—0 —0
(4.3)
as ||v]|lx — 0. The result now follows when we take the norm of Equation (4.1),
divide by ||v| x, and employ Equations (4.2) and (4.3). O

Every Fréchet differentiable functional is Gateaux differentiable, but the con-
verse in not true. There are some simple conditions however, which taken to-
gether with Gateaux differentiability, are sufficient to guarantee that a functional
is Fréchet differentiable. As a preliminary result in establishing this fact, we show
that a mean value theorem can be derived for Gateaux (or Fréchet) differentiable
functionals. This result is important in its own right.

Theorem 4.1.2. Let X and Y be linear topological spaces, let U be an open subset
of X, and let a mapping

F:U—->Y

be Gateaux differentiable at every point of the interval

[z,z+h] C U.
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Then,

a) If the z — DgF(2)h is a continuous mapping of the interval [x,x + h] into
Y, then

1
Fz+h)—F(z) = / DeF (x4 th) o hdt.
0
b) If moreover X andY are Banach spaces, then

[F(z+h)— F(z)|| < sup [|[DgF(z +th)|| [[h]]
0<t<1

and for any A € L(X,Y),

|F(x+ h) — F(z) — Ah|| < sup ||DgF(z + th) — Al ||A]].
0<t<1

In particular

[F(z +h) = F(z) = DaF(2)h] < OS<uI<>1HDGF(x + th) — Do F(2)]| [|A|]
<t<

for any point z € [x,x + h].

Proof. Define ¢(t) & F(x + th). The definition of the Gateaux derivative yields

/ i () —a(t)
¢'(t) = lim "

— lim F(z+(t+e)h)—F(xz+th)
e—0 €

— DgF(z+th)oh.

By the mean value theorem for the real variable function ¢

o(1) = 6(0) = [, ¢'(t)dt
F(z+h)—F(z) = [ DgF(z+th)o hdt.

Suppose that A € £(X,Y). By direct computation, we have
[P+~ Fo) - aa = | [ " DaF(o +th) o hat - A
= H/Ol(DGF(x +th)—A)o hdtH
< /OlH(DgF(x +th)—A)o hH dt
< / 1H<DGF<x+th> — ) el at

< sup [[DaF(x +th) — Al [|A]. 0
te[0,1]
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With the mean value theorem, we can derive useful conditions that guarantee
that a given Gateaux differentiable functional is in fact Fréchet differentiable.

Corollary 4.1.1. Let X be a Banach space and let F' be a continuous mapping of
a neighborhood U C X of a point xo€X into a Banach space Y. Assume that
the mapping is Gateauz differentiable at every point of U, and that the mapping
x—DgF(x) from U into L(X,Y) (considered with the uniform operator topology)
s continuous. Then F is Fréchet differentiable on U and for all x€U

DgF(x) = DpF(z).
Proof. By the mean value theorem
Bz + ) = F(zo) = DeF(wo) o bl < sup DG F(zo + th) — DeF(xo)l| [kl
<t<

Since the mapping « — DgF(z) is continuous, for every € > 0 there exists 6 > 0
such that

H.’E—.’EQHX <4 — HDgF(CC) —DgF(.’EQ)”y < €.
Therefore
||F($0 + h) — F(l‘o) — DgF(J}O) o h”y —0
1]l x—0 IRl x
which means that F is Fréchet differentiable and
DgF(x) = DpF(z). O

4.2 Classical Examples of Differentiable Operators

The following examples, while elementary, serve as a conceptual bridge between
classical derivatives as studied in calculus, and those differentials that must be
calculated routinely in practical problems of mechanics and control applications.
In this first example, we show that affine functions on an abstract space are Fréchet
differentiable. The derivative agrees with our intuition that a derivative of an affine
function “picks off” the coefficient of the independent variable.

In examples, we omit indices G and F' at differential D, since it will be clear
from context whether the Gateaux or Fréchet differential is considered.

Example 4.2.1. Suppose X,Y are normed vector spaces and

T.-X->Y
T(x) %2 Az +y

where A is a bounded linear operator from X into Y, andy € Y is fived. Then T
is Fréchet differentiable, and hence Gateaux differentiable, at all x € X. By the
linearity of A, we have

T(x+h) —T(x) = Ah.
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For any x € X, define
DT(x)oh = Ah
then clearly
_ |IT@+h)—T(x) — DT(x) o |,

lim =0.
h—c0 IRl x

By inspection, the Fréchet derivative at any fized x € X is a bounded linear oper-
ator acting on h € X. We can compute

| DT () o hl|y = [[Ahlly <Ch|x
by the boundedness of the operator A.

In this example we show that a classically differentiable, real-valued function de-
fined on the real line is both Gateaux and Fréchet differentiable, provided some
rather weak assumptions hold. The example again serves to emphasize that differ-
entiation of functionals extends our conventional notion of differentiation.

Example 4.2.2. Let f : O C R — R be a classically differentiable real-valued
function defined on the open set O. Let us calculate the Gateauz differential of f
at g € O in the direction y € R. By definition,

f(xo +ey) — f(zo)

e—0 €

For y # 0, we can always write

f(zo+ey)—f(xo) lim f($o+ey)—f(ﬂco)y

e—0 €y
—  Qim f@ot+e)—f(zo)
e’—0 € Y

d,
= d{c (900)19

Hence, we have that the Gateauz differential is given by

Do) = ¥ o)y

Let us show that f is also Gateaux differentiable. According to the definition, we
must also show that D f(xg, ) is linear and bounded. Linearity in y is clear. Bound-
edness follows if the classical derivative is bounded over the open set O. This condi-

tion holds if f € C1(S)). We should also note that in this case since f : O C R — R,
we can alternatively write

Df(l‘o,y) = <Df($0),y>X*><X~

lim
e—0

In the next example, we show that the results for the derivative of a function
acting from R to R can be extended readily to multiple dimensions. The analysis
requires, of course, the introduction of the classical derivative of functions on R™.
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Example 4.2.3. Let f : O C R™ — R be a real-valued, classically differentiable
function defined on the open set O. Let us calculate the Gateaux differential of f
at xo € O in the direction y € R™. As in the last example, the answer is nearly
immediate, given that [ satisfies such strong classical differentiability properties.
Indeed, by definition we have

Df(wo,y) = lim 70+ V) = T00)
€e— €
To calculate the Gateaux differential of f : O C R™ — R, let us recall the

definition of the classical derivative of a function g : R — R™.

Definition 4.2.1. Suppose g : O C R™ — R™ where O is an open set. The function
g is classically differentiable at x¢ € O if

(i) The partial derivatives of g, gg’{ fori=1,....mand j = 1,...,n exist at
g, and '
(ii) The Jacobian matriz J(xo) = [ggj (xo)} € R™*™ satisfies
L o) — g(ao) — o) -zl _ W
=20 [l — ol ' '

We say that the Jacobian matriz J(xg) is the derivative of g at xg.

To return to our construction of the Gateauz derivative from Equation (4.4), we
can write from the definition of the classical derivative

o+ )~ fEol _ @) e

b ey b eyl
_ 1oyl
Iy
i @0+ ) = FGo)l|_ Gl
b : Il

and consequently

Df(wo) oy = J(z0)y.

Again, it is not difficult to show that f is in fact Gateaux differentiable and Fréchet
differentiable. Linearity in y € R™ is clear. Boundedness follows since

IDf(xo, y)ll = 1D f(20) 0 Yllm.a < 1T (x0) lm.n [[ylln.2

where || - ||, » is a matrix norm. Hence, we have

Df(l‘o) = J(l‘o)
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Example 4.2.4. Let f : C*°(K) — R be a function defined via the integral operator

f(@) = / £(€)de
K

where © € C*°(K) is a smooth function and K is a closed, bounded subset of
R. We calculate the Gateaux differential of f at xo € C*°(K) in the direction
y € C*(K). Note that in contrast to the previous two examples, x is a function,
not an element of the real line. Similarly, while f maps into R, its domain is a
collection of smooth functions. We apply the definition directly

_ Jiy f(@otey)—f(wo)
Df(‘rm y) - eh_r}%

€

—tiny  {  an(€) + en(€)de — [ ao(©)de = [ o€
K K

A K
Obviously, this expression for D f(xo,y) is linear in y. We have
Df(zo,y + az) = Df(xo,y) + aD f(xo, 2).
But is this expression bounded in its second arqument? Recall that
Df(-,-): C*(K) x C*(K) — R.

We require the map
Df(xo,) : C*(K) — R

to be a bounded transformation. According to the definition, this means that we
must find a constant ¢ such that

IDf (o, y)ll = |Df (0, y)| < cllyl-
By definition

C=(K) 2 ﬁck(m C O(K).
k=0

So, C*(K) is a subspace of C(K) and we can endow it with the norm | - ||c(x)-
In other words, we will consider that C*°(K) is endowed with the norm

|yl = suply(&)|-
EeK

We can consequently write

DS (20, )| = / y(€)de| < / ly(€) e

K K

< / sup|y(€)|ds < meas(K)||yllcex)
EeK

which is the desired result.



4.2. Classical Examples of Differentiable Operators 147

The last example provided an introduction to functional differentiation on abstract
spaces, those different from R™. The next example is similar in nature, but finds
more application in practice.

Example 4.2.5. Consider the mapping F : C[to,t1] — R where

F(o) = [ g(s)ds,

to

We claim that F is Fréchet differentiable and

DF(g)oh = /h(s)ds.

In fact, this result is nearly immediate. We can write

|F(g+h) —F(g)—Df(g)oh|

1 os) + h(s) ds — [ a()ds — [ is)as

to to to

=0.

Moreover
[DF(g) o hl|

:flh(s)ds

ty

S lIn(s)|ds

to

ty

< [ sup |h(7)|ds

to TE€[to,t1]
=t —to)lPll creo.)
so that DF(g) is a bounded and linear functional on Cltg,t1].

IN

Quite complicated examples can be built up from much simpler building blocks.
The following example is an instructive exercise, and it appears as part of the key
results in several applications. Examples 4.2.6 trough 4.2.9 are based on simplifi-
cations of examples that can be found in [11].

Example 4.2.6. Let f : R® — R™ be continuously differentiable and let g €
(Clto, t1])". With these definitions of f and g, the operator

T:g— (fog)(t1) = f (9(t1))
T: (Clto,t1])" — R™

is Fréchet differentiable. By definition, we must show that
T(z +h) = T(z) = DT(x) o hh = o (||All(clrg,01))")
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for some bounded linear operator DT (x) that maps
DT(.’E) : (C[to,tl])n — R™,

Since f is continuously differentiable on all of R™, we know that the partial deriva-
tives g’g exist and are continuous on all of R™. In addition, we know that the Taylor
series approximation

f&+m) = £€)+ 51 ©n+ ol

R") (4.5)

holds. Suppose x,h € (Clto,t1])". Equation (4.5) is evaluated at & = z(t;) € R"
andn = h(t;) € R

of

fla(ty) +h(t)) = £ (2(t)) + o¢

(z(t1)) h(t1) + o ([|A(t1)]|rn) -

By definition, we have

T )= T(0) = o (b)) h(t) = o ([h(er) )

In other words,

IT (@ + h) = T(x) = 5L (x(t2)) h(t1))]

Ih(ty)] -0 (4.6)

R
as
[h(t1) R — 0. (4.7)

This is nearly the result we seek. If we could replace ||h(t1)|rn with the norm
Il (clto,t)yn in Equations (4.6) and (4.7), the desired result would follow. How-
ever, we know that

12l cteo.apyn = sup [[A(E)[[rn = [|A(t1)[|rn-
t€(to,t1]
Consequently, we have the inequality

1T (z+h)—T(x)— ?,’g (z(t1))h(t1)|l > 1T (z+h)—T(x)— ?,’g (z(t1))h(t1)|l
A (t1) lpn = Il o e '

We have shown that
IT(x + h) = T(x) = 5L (x(t2)) h(t1)]|

5 —

21l (clto,ta))™

as ||hll(cito,t)y» — 0. Hence, the Fréchet derivative is given by

of

DT(z)oh = o€

(x(t)) h(t).
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In the next example, we study the difference in establishing that a functional is
Gateaux differentiable, in comparison to Fréchet differentiable. We will see that in
some cases, considerably more work is necessary to establish the Fréchet differen-
tiability of a functional. A primary tool in the current example is Theorem 4.1.2.

Example 4.2.7. Again, suppose f : R x R* — R™ and f(t,z) is continuously
differentiable with respect to x. The function g : [to,t1] — R™ is assumed to be
continuous. Define the shorthand notation for two Cartesian product spaces:

X £ (Clto, )", Y 2 (Clto, i)™,
A functional F : X — 'Y is defined as
(F(9)) (t) = f (t,9(t))-

By hypothesis, the function f(t,x) is continuously differentiable with respect to x

at all points x € R™. Consequently,
lim Floten—F(g)
e—0

= lim
e—0

=1im ! {7 (1.9() + 52 (¢ 9(8)) en(t) + o (len()])) — £ (t,9(8))}

e—0 €

=7 (t, g(t)) n(t)
= DaF(g) on.

Since f is globally continuously differentiable, DgF(g)(n) exists for any g or n
in X. Obviously,

F(t.g(t)+en(t))—f(t,9(t))

DgF(g) € L(X,Y).

We have
IDcF(g)onlly = sup |50 (t,9(t) n(t)|e~
t€(to,t1]
< sup (132 (gl (o))
t€(to,t1]
<C(g) sup [[n(t)|rn
t€(to,t1]
=C(9)lInllx
where of
e sw |0 gt
te€(to,t1] Ox RmXxn

The constant C(g) is finite for each g € X. This follows since the entries of the
Jacobian g£ are continuous. The composition of continuous functions is continuous
and every continuous function defined on a compact set attains its mazximum.
Finally, we claim that the map

g— DgF(9)
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is continuous from X into L (X,Y). By definition,

DgF — I — DgF(€)—DgF (7))o
H G (f) D¢ (’Y)H —iu%“( G (g)Hn\IG (M)onlly
{Esup ]”(gi(tvf(t)) gi(tvfy(t)))n(t)ukm}
t 1

[to.t
= sup 0

40 lInll
sup || 97 (8.6(0) = 3L e (0)|| unu)an}
< sup teftg.t] ,
= 20 71l
{ swp |2 (e®)— 2L ol \In\lx}
< Sup te(tg,ty] : )
= Il x
n#0
Recall that the notation || - |lm,n denotes the matriz norm. Suppose & — v in X.
Then we have o7 o7
sup |97 1.60) - 5 o) o (48)
N P CEORCEION I

since the function g£ (t,z) is uniformly continuous on some compact set Q0 cho-
sen large enough so that £(t),y(t) € Q V't € [to,t1]. The convergence shown in
Equation (4.8) follows from the following proposition

Proposition 4.2.1. Suppose f : R — R is uniformly continuous and v — v in
C[tl,tg]. Then
fove— foy in Clty,ts].

Proof. We must show that for any € > 0, 3 k¢ € N such that
k>ko = |(fow)(t) = (fon®t)] <e Vielt,t]

Fix € > 0. By the definition of uniform continuity, there is a § > 0 such that

E—nl<d = [f)—Ff)]<e YENER,
Since v — v in C[t1,t], for each € > 0 there is a ky € N such that

k>ko = |w(t)—~y{t)| <& Ve lto,t].
In particular, for the choices € = §, there is a ky € N such that

k>ko = |w@)—y{t)] <5 Vte lto,ta].
But this means that

k>ky = ’f('yk(t)) - f('y(t))‘ <e YtEto,t1]. O

By Corollary (4.1.1), the functional F is in fact Fréchet differentiable and
DpF = DgF.
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Example 4.2.8. This example is but a slight generalization of Example 4.2.7. Sup-
pose that f: R™ x R™ x R — RP

flz,u,t) = (fl(x,u,t),fz(x,u,t),...,fp(x,u,t)).

Each of the functions f; : R® x R™ x R — R is assumed to be continuously

differentiable with respect to x and u. In the remainder of this example, define the
Cartesian product spaces

X = (C%to,t1])", X' = (C'to,t1])", Y =(Clto,t:))™, Z=(Clto,t1])".
We define the functional
F:X'xY—2Z
[F(z,u)](t) = f(z(t), u(t),t).

Note that, in comparison to the last example, a higher degree of smoothness is

assumed for the first argument. We claim that F is Fréchet differentiable with
respect to x and u and

[(DF(x,u)) o (y,v)} (t) = gi (z(t), u(t), t)y(t) + gz (z(t), u(t), t)v(t).

Since [ is continuously differentiable with respect to x and u at all points in R™ x
R™, we have

F(x—l—ey,u—l—ev)—F(y,u)

lim
e—0 €
i f(z(t) + ey(t), u(t) + ev(t), t) — f(x(t),u(t),t)
e—0 €
= lim 1{3{: (2(8), u(t), ) ey(t) + gz ((), u(t), ) ev(t)
v (Ol + ) }
_of

= o (z(t),u(t), t)y(t) + gz (z(t), u(t), t)v(t)

= [(DF(z,w) o (4,0)] ).
By definition, we must have
DF(z,u)o () : X'xY = Z
is a bounded and linear operator. It is clear that the operator

(y,v) = DF(x,u) o (y,v)



152 Chapter 4. Differential Calculus in Normed Vector Spaces

18 linear. It is likewise bounded since

8 (x(t), ult), )y(t) + 9 (a(t), u(t), t)u(t)

= | DF(u, v) ° (y,v)llz

sup | ’ -

tE[t(),tl

< sup z(t ‘ y(t Rn)
t€[to, t1] o ) L el
+ sup (H @) @)
tE[to,t1] Rpxm
Cy sup |y (t)HR"Jrcz sup [[v(t)|[rm
te[to,tl E[ 07t1}

< C {llyllxo + llvlly
lyllx: + llvlly

where
of
C; = su x(t),u(t),t
! te[tolil] ‘ax( () () ) Rpxn
of
Co= su x(t),u(t),t
’ te[togl] ‘au( () () ) RpXxm
and

C = max{Cy,Ca}.

We have yet to show that F is Fréchet differentiable. As in Example 4.2.7, we can
argue that the map

(z,u) — DF(z,u)

is continuous from
X'xy

to
LX'xY,Z.

The desired result then follows. The functional F' is Fréchet differentiable by Corol-
lary 4.1.1.

In the last example, it may not have been clear why we required the extra degree
of regularity in the first argument of the functional F'. In this example, we demon-
strate how several of the previous examples provide a framework for studying the
differentiability of functionals that contain ordinary derivatives. This is not the
only technique, but provides an excellent starting point.
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Example 4.2.9. Let g : R™ x R™ x R — R" and suppose the function
(x7 u) - g(x7 u7 t)

is continuously differentiable. Define the Cartesian product spaces X', X°, Y as
in Example 4.2.8. Define the mapping

G:X'xY — X0
Gz, u)(t) £ i(t) — g(z(t), u(t),t).

Define
X=X'xY
=X
We claim that the function G is Fréchet differentiable and that
Oy Oy

[DG(%U)O(y,v) (&) =9(0) — 5 (@0, u(@), )y(t) = o (@(t), u(t), 1)o ().

The function G is the composition of two mappings
G=G) — Gy

where

Gi(z,u)|(t) =2(t)
Ga(z,u)|(t) = g(x(t),u(t),t).

Each of these mappings are, in fact, Fréchet differentiable. The map

(y,v) =9

from X toY is linear and bounded. This fact is clear since

sup  [[g(t) e = (9]l xo
telto,t1]
< |lyllx:
<yl + [vlly
= [ (y,v)| x-

We have
[G1(e+y,u+0) = Ga(ww)] (1) — ()] =0

and consequently

||G1(£C +y7u+ ’U) - Gl(CE,U) - y”y

=0.
H(y,vl)r\lric—>0 H(y, ”)Hx

We have shown, thereby, that

DG(,u) o (y,v) = 9.
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Moreover, by Example 4.2.8, G5 is Fréchet differentiable and

dg
ox

dg

[DGa(a,u) o (3. v)] (1) = ou

(z(t),u), t)y(t) + .7 (z(t),u(t), t)v(t).

The proof is complete.

The last several examples have been associated with the Banach spaces of con-
tinuous functions, C™(2). Functionals on these spaces play an important role in
the optimization of systems governed by ordinary differential equations. We now
turn to examples that focus on types of quadratic functionals. These functionals
appear in many control and identification problems.

Example 4.2.10. In this example we study the Gateauz differential of the quadratic
functional

/||Cw Bt |2 dt

where C € R™™ w € L%((0,T),R™), and w(t) € L?((0,T),R"™). There is simply
an enormous collection of control and mechanics problems in which we seek to
minimize quadratic functionals. Quadratic functionals are perhaps the simplest
nonnegative functionals that admit differentiability properties. By definition, we
can write

—f HCw(t> - u?(t)HRndt}
= lim {fHCw W(t) + eCo(t)|2n
—f [Cw(t) — u?(t)HRndt}
0 T
= lim 1{2ef (Co(t) — (2), Colt) )andt

+e2f Co(t), Co(t))gn dt}

T
=2 [(Cw(t) — w(t), Cv(t))rndt.
0
As in the previous cases, it remains to show that DJ(w, ) is linear and bounded.
It is trivial to verify that

DJ(w,v + au) = DJ(w,v) + aDJ(w,u).
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Furthermore, by the Cauchy-Schwarz inequality, we have

T

J

0

|DJ(w,v)] =2 <Cw(t) - 1I)(t),CU(t)> dt

Rn

T
< 2{ 1Cw(t) = @(t)l|gn [[Co ()| dt

< 2([Cw — @l 20,7y, [IC]

RnXm

[0 20,7y mem)
< Cllvllz2¢0,1),8m)-

We have consequently shown that

T
DngoUZQ/ﬁnmw—w@%cmwmuw
0

The last example was cast in very conventional terms. The functions took values
in R™. The inner products and Hilbert spaces were all the most familiar that are
encountered in applications. In the next example, we consider a natural extension
of Example 4.2.11 to more abstract spaces.

Example 4.2.11. In this example, we show how the calculation of the Gateauz
derivative of a class of functionals defined over time-varying vectors

w e L*((0,T),R™)
can be extended to quadratic functionals defined on general Hilbert spaces. Let
H be a real Hilbert space with inner product (-,-)g and suppose the C € L(X, H)

where X is a normed vector space. We now consider the calculation of the Gateauz
differential of the quadratic functional

T
Iw) = [ lew(s) - a0)
0
where w € L2((0,T),X) and w € L*((0,T),H). First, note that since w €
L2((0,T),X), we know that
Cw € L*((0,T), H)

since

T T
/HCw(t)H?Hdtg ||C\\2£(X,H)/\\w(t)||§<dt~
0 0
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Thus, the cost functional makes sense for any w € L?((0,T), X). Following the
line of attack taken in the last example, we can directly calculate

DJ(w,v) = lim {fnc )+ ev(t)) — ()|}t

—f [Cw(t) — ITJ(t)H%,dt}
0

. T
= lim §{2ef (Cuw(t) — @(t), Co(t)) ,dt + 0(62)}
0
=2 [ (Cw(t) —w(t), Cu(t)) ,dt.
0
Again, it is trivial to prove that

DJ(w,v + au) = DJ(w,v) + aDJ(w,u)

and hence DJ(w,-) is linear. The mapping

v — DJ(w,v)
1s also bounded since
T
/ (Cw(t) —w(t), Cv(t))Hdt < || Cw — 1I)||L2((0,T),H) HCUHLZ((O7T)7H)
0

< Cllv|l 20,1y, x)-

As in the last example, we have shown that the Gateaux derivative can be written as

T
—2 B(t), Cu(t)) ,dt. (4.9)
vz fon

In this last example in this section, we study what is perhaps, the most well-known
example of the use of the calculus of variations. The result of the derivation of the
functional studied below is the Euler-Lagrange equations.

Example 4.2.12. Perhaps the most well-known example of an integral functional
that has been studied in variational calculus is the Lagrange functional

ty
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where the given function f is continuous and has continuous first partial derivatives
in each of its arguments. Define the domain of L to be a subset of C[ty,t1] that
contains functions that assume two given values yo and y1 at the endpoints of the
interval [to,t1]. That is, the domain of the functional L is given by

D(L) = {y € C'[to, t1] : y(to) = yo and y(t1) =y1}.

We must derive the Gateauz differential of L at y € D(L) in the z direction. To
begin with, we note several qualitative properties of the functional L defined on the
set D(L). Because D(L) C Clto,t1], y(t) exists for all y € D(L), and because the
composition of continuous functions is continuous, the integrand is a continuous
function over the closed and bounded interval [tg,t1]. Consequently, L(y) is finite
for anyy € D(L). Finally, it is an elementary exercise to show that D(L) is in fact
a convex set in Cl[tg,t1]. In contrast to many of the preceding examples, however,
the domain of L is not a subspace. Given any two elements

y,z € D(L)

it is not true that ay+ Bz € D(L) for any choice of a, B € R. Indeed, for ay+ Bz €
Clla,b] with arbitrary real o and 3, we have

(ay + B2)],, = (a+ B)yo # yo-

The boundary conditions are not satisfied by sums of elements extracted from D(L).
The Gateaux differential can be calculated along certain directions, however. By
the definition of the Gateaux differential, we can write

DL(y, ) = lim | /f ) ex(6), (1) + €(1), t)dt

e—0 €

[ s o).

to

Because L maps into the real line, e — L(y + €z) is a real-valued function of €. If,
in addition, the map € — L(y + €z) is classically differentiable, we can write

L(y +ez) — L(y)

DL(y, z) = lim .

_ dL( tez)

 de yrex =0

(P Pz )
4-0 g e=0

This identity can be quite useful when calculating the Gateaux differential of real-
valued functionals. For the case at hand, L is an integral functional. By Leibniz’s
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rule, we can write

dL
DL(y,z) = de (y+ez)

e=0
;6 { tol fly(t) +ezx(t),y(t) + Ei(t),t)dt}

e=0

{7 5 000+ 0.5+ 0.0 ar

0

e=0

By differentiating the integrand and using the chain rule, we obtain

DL(y,z) = / 1 {gf(y—i-ez,y—i-eé,t)z(t)

t°af Y (4.10)
+ Y (y + ez, + €z, t)z(t)}dt L

Evaluating the expression at € = 0, we obtain
hof of | o
DLy, ) = / {5 w0500+ ] (0(0).9(0).0)20) .
If, in addition, the mapping
of
9y

is classically differentiable, we can integrate by parts to achieve

t— " (y(®),9(t),t) (4.11)

prt = [ {2 wwo0.0 - 5 2 a0 }wa

t1

+ (S wi.0:0)

to

Since we require that y + ez € D(L) for all € small enough, and y € D(L), we
require that z(tg) = 0 and z(t1) = 0. The above expression consequently reduces to

DL(y,z) = /: {?); (y,9,t) — &t (Zf (y,9, ))}z(t)dt.

Again, we emphasize that we have calculated the Gateauz differential in a particular
direction. We have chosen

z e {Cl[to,tl]Z Z(to) = Z(tl) = O} .

In reviewing this development, it may seem awkward to hypothesize the differentia-
bility of the map appearing in Equation (4.11). However, as shown in the following
theorem, this is often not a serious restriction when we seek to characterize extrema
of functionals.
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Theorem 4.2.1. Suppose that
DL(y,2) =0 Yz Cltg,t1]N{z: 2(ty) = 2(t1) = 0}
where DL(y, z) is given in Equation (4.10). Then the mapping

e ol (0,00,

is differentiable.

The interested reader is referred to Proposition 4.2 in [32, p. 98] or Section 7.5 in
[17, pp. 179-181] for a proof.






Chapter 5

Minimization of Functionals

The collection of intertwining definitions, theorems, lemmas and propositions that
constitute optimization theory in a functional analytic setting can be intimidating
for those who are not full-time mathematicians. However, the task of utilizing the
functional analytic framework in practical problems is made tractable by keeping in
mind that all of these concepts are generalizations of much simpler, more familiar
ideas. In this chapter we will emphasize that an understanding of minimization
of convex functionals over abstract spaces is facilitated by drawing analogies to
some well-known facts from elementary calculus. At the heart of any optimization
problem, whether it arises in structural design or control design, it is necessary to
find the extrema of some function that represents a cost, usually subject to a set
of constraints. To solve this problem, at least three “natural” questions arise:

e Is the optimization problem at least well posed? That is, does there exist an
optimal solution for the problem as stated?

e How can we find the extrema that represent a solution of the optimization
problem?

e Can we guarantee that the extrema we have found are the minima or maxima
we sought?

In the language of mathematics, the first question above is a statement of the
well-posedness and existence of a solution to an optimization problem, while the
second question seeks to characterize the optimal solutions.

5.1 The Weierstrass Theorem

If the measure of the utility of any theorem is judged by how concisely it may
be expressed, and how widely it may be applied, then the Weierstrass Theorem
rightly plays a central role in optimization theory. It provides sufficient conditions
for the solution of the optimization problem where we seek to find u € Y C X
such that

f(u) = inf f(v)

veld
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without requiring the differentiability properties for f, stated in Theorem 5.3.2.
It is important to note that this theorem combines continuity and compactness
requirements to guarantee the solution of the optimization problem.

Theorem 5.1.1. Let (X, 7) be a compact topological space and let the functional
f: X — R be continuous. Then there exists an xy € X such that

f(zo) = inf f(x).

zeX

Because the proof of this theorem, while well-known, is instructive and serves as
a model for the proofs of more general results in this chapter, we will summarize
it here. We will require the following alternative characterizations of continuity
on topological spaces to carry out this proof in a manner that can be “lifted” to
more general circumstances. Recall that one of the most common definitions of
continuity is cast in terms of inverse images of open sets.

Definition 5.1.1. Let (X, 1,) and (Y, 7,) be topological spaces. A function f: X —
Y is continuous at xg € X if the inverse image of every open set O in'Y that
contains f(xo) is an open set in X that contains xo. That is

Ocr,and f(xg) €O = x0€ f1O) €T,

A function that is continuous at each point of a topological space is said to be
continuous on that space. The following two definitions restate this fact.

Definition 5.1.2. Let (X, 7,) and (Y, 7,) be topological spaces. The following are
equivalent:

(i) f: X =Y is continuous.
(ii) The inverse image under f of every open set in'Y is an open set in X.
That 1is,
Oecr,— fHO) e,

(iii) The inverse image of every closed set in'Y is a closed set in X.

Now we return to the proof of Theorem 5.1.1.

Proof. Suppose that a = ing( f(x). Consider the sequence of closed sets in the
e

range of f

Qk:[a—llc,aJr]lc] keN.

From this sequence of closed sets, we can construct a sequence of closed sets in
the domain X

Cr={zeX:[f(z) e}

By construction, this sequence of sets is nested

Cr+1 CCr VkeN
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and each C} is compact being a closed subset of a compact set. The sequence of
compact sets {Cy }r—, clearly satisfies the finite intersection property, so that

oo
dxg € ﬂ Ck.
k=1
It consequently follows that
= = i f . D
f(wo) = a = inf f(z)

5.2 Elementary Calculus

To set the foundation for the analysis that follows, let us review some well-known
results from elementary calculus that give relatively straightforward methods for
answering these questions for cost functions defined in terms of a single real vari-
able. When we express an optimization problem in terms of a function f that maps
the real line into itself, that is,

f:R—R (5.1)
we seek to find a real number zy € R such that
flawo) = inf f(x) (52)

where C' is the constraint set. Now, there are many ways in which we can construct
simple functions for which there is no minimizer over the constraint set. If the
constraint set is unbounded, such as the entire real line, an increasing function
like f(x) = x obviously does not have a minimizer. Even if the constraint set is
bounded, for example C = (0, 1], there is no minimizer for the simple function
f(x) = z. Intuitively, we would like to say that zo = 0 is the minimizer, but
this point is not in the constraint set C. While there are many theorems that can
describe when a function will achieve its minimum over some constraint set, one
prototypical example is due to Weierstrass.

Theorem 5.2.1. If f is a real-valued function defined on a closed and bounded
subset C of the real line, then f achieves its minimum.

If f is in fact a differentiable function of the real variable z, and is defined on all
of R, then the problem of characterizing the values of x where extrema may occur
is well known: the extrema may occur only when the derivative of the function f
vanishes. From elementary calculus we know that:

Theorem 5.2.2. If f is a differentiable, real-valued function of the real variable x
and is defined on all of R, then

flxo) = lg%f(x) implies that  f'(xg) = 0.

In fact, most students studying calculus for the first time spend a great deal of time
finding the zeros of the derivative of a function, in order to find the extrema of the
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function. Soon after learning that the first derivative can be used to characterize
the possible locations of the extrema of a real-valued function, the student of
calculus is taught to examine the second derivative of a function to gain some
insight into the nature of the extrema.

Theorem 5.2.3. If f is a twice differentiable, real-valued function defined on all of
R, f'(z9) =0, and
" (x0) >0 (5.3)

then xq is a relative minimum. In other words,

f(x) = f(zo)
for all x in some neighborhood of xg.

Of course, readers will recognize these theorems immediately. These theo-
rems are fundamentals of the foundations of real variable calculus, and require no
abstract, functional analytic framework whatsoever. Because of their simple form
and graphical interpretation, they are easy to remember. They are important to
this chapter in that they provide a touchstone for more abstract results in func-
tional analysis that are required to treat optimization problems in mechanics. For
example, the elastic energy stored in a beam, rod, plate, or membrane cannot be
expressed in terms of a real-valued function of a real variable f(z). One can hy-
pothesize that equilibria of these structures correspond to minima in their stored
energy, but the expressions for the stored energy are not classically differentiable
functions of a real variable. We cannot simply differentiate the energy expressions
in a classical sense to find the equilibria as described in the above theorems.

What is required, then, is a generalization of these theorems that is suffi-
ciently rich to treat the meaningful collection of problems in mechanics and control
theory. For a large class of problems, we will find that each of the simple, intuitive
theorems above can be generalized so that they are meaningful for problems in
control and mechanics. In particular, this chapter will show that:

e The Weierstrass Theorem can be generalized to a functional analytic frame-
work. To pass to the treatment of control and mechanics problems, we will
need to generalize the idea of considering closed and bounded subsets of the
real line, and consider compact subsets of topological spaces. We will need to
generalize the notion of continuity of functions of a real variable to continuity
of functionals on topological spaces.

e The characterization of minima of real-valued functions by derivatives that
vanish will be generalized by considering Gateaux and Fréchet derivatives of
functionals on abstract spaces. It will be shown that Theorem 5.2.1 has an
immediate generalization to a functional analytic setting.

e The method of determining that a given extrema of a real-valued function is
a relative minima, by checking to see if its second derivative is positive, also
has a simple generalization. In this case, a relative minima can be deduced if
the second Gateaux derivative is positive.
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5.3 Minimization of Differentiable Functionals

Now we can state our first step in “lifting” the results from elementary calculus for
characterizing minima of a real-valued function, described in Equations (5.1)—(5.3).
We consider only functionals having relatively strong differentiability properties
to begin, and weaken these assumptions in subsequent sections. It is important to
note that the results in this section are strictly local in character. That is, if X is
a normed vector space and f : X — R is an extended functional, f is said to have
a local minima at zo € X if there exists a neighborhood N (zg) such that

f(xo) < fly) Yy € N(xo).

This is clearly a result that is directly analogous to the local character of the
characterization of extrema of real-valued functions. In fact, the primary results
of this section are derived by exploiting the identification of f(xz¢ + th) with a
real-valued function

g(t) = f(xo + th)

where ¢t € [0,1] and h € X. Note that for fixed xo,h € X, g(t) is a real-valued
function. Indeed, if g is sufficiently smooth, uniformly for all g and A in some
subset of X, we can expand ¢ in a Taylor series about ¢t = 0

n tk (k) 0
o0 =90+ 3" O
k=1 ’

Now we obtain the most direct, simple generalization of Theorem 5.2.2 for real-
variable functions.

Theorem 5.3.1. Let X be a normed vector space, and let f : X — R. If f has a
local minimum at 9 € X and the Gateaux derivative D f(xg) exists, we have

(Df(0),h) 5o x =0 YheX.

Proof. By assumption, the limit

(Df(w0), h) - x = lim flzo + ﬂ? — f(ao)

exists. Since xg is a local minimum, we have that

fzo +th) — f(zo)

¢ >0 Vx0+thej\/(x0).

But as we take the limit as ¢t — 0 for ¢ > 0, we always have xg + th € N (xg) for ¢
small enough, for any h € X. This fact implies that

(Df(0),h)x-xx =0 VheX.
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By choosing h = ££, we can write

+ <Df(‘r0)7£>X*><X >0

and consequently we obtain Df(xg) =0¢€ X*. O

For some functionals that have higher order differentiability properties, it is
also possible to express sufficient conditions for the existence of local extrema in
terms of positivity of the differentials. These conditions appear remarkably similar
to results from the calculus of real-variable functions.

Theorem 5.3.2. Let X be a normed vector space and let the functional f : X — R.
Suppose that n is an even number with n > 2 and

(i) f is n times Fréchet differentiable in a neighborhood of xy,

(i) Df" is continuous at xo, and

(iii) the nth derivative is coercive, that is

(DF (o), (hhs . b)) x> |k
Then f has a strict local minimum at xg.

Proof. The proof is left as an exercise. O

5.4 Equality Constrained Smooth Functionals

In the last section, we have discussed necessary conditions for existence of a local
minimum for unconstrained optimization problems. We now consider constrained
optimization problems where we seek zo € X such that

flxo) = inf f(x)

zeC

where
C ={z:g(x) =0}

Provided that the functions are smooth enough and the constraints are regular,
there is a very satisfactory Lagrange multiplier representation for this problem.

Definition 5.4.1. Let X and Y be Banach spaces. Suppose g : X — Y is Fréchet
differentiable on an open set O C X, and suppose that the Fréchet derivative
Dg(xg) is continuous at a point xg € O in the uniform topology on the space
L(X,Y). The point xo € O is a regular point of the function f if Dg(xo) maps X
onto Y.
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Ljusternik’s Theorem

As will be seen in many applications, the regularity of the constraints plays an im-
portant role in justifying the applicability of Lagrange multipliers to many equality
constrained problems. In fact, this pivotal role is made clear in the following the-
orem due to Ljusternik.

Theorem 5.4.1 (Ljusternik’s Theorem). Let X and Y be Banach spaces. Suppose
that

(i) g: X — Y is Fréchet differentiable on an open set O C X,
(i) g is regular at xo € O, and
(iii) the Fréchet derivative xg — Df(xo) is continuous at xo in the uniform op-
erator topology on L(X,Y).

Then there is a neighborhood N (yo) of yo = g(xg) and a constant C' such that the
equation

y=g(x)
has a solution x for every y € N(yo) and
[z —zol[x < Clly —yolly-

With these preliminary definitions, we can now state the Lagrange multiplier the-
orem for equality constrained extremization.

Theorem 5.4.2. Let X and Y be Banach spaces, f : X — R, andg: X — Y.
Suppose that:
(i) f and g are Fréchet differentiable on an open set O C X,
(ii) the Fréchet derivatives
Zo — Df(xo)
2o — Dg(xo)
are continuous in the uniform operator topology on L(X,R) and L(X,Y),
respectively, and
(iii) zo € O is a regular point of the constraints g(x).
If f has a local extremum under the constraint g(xg) = 0 at the regular point
xo € O, then there is a Lagrange multiplier y5 € Y™ such that the Lagrangian

f(x) +yo9(x)
1s stationary at xo. That is, we have
Df(zo) +yg © Dg(zo) = 0.

Proof. We first show that if xq is a local extremum, then D f(xg) oz = 0 for all
such that Dg(xg) o x = 0. Define the mapping

F:X—>RxY
F(z) = (f(x),9(2)).
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Suppose, to the contrary, that there is u € X such that
Dg(xg)ou =10

but
Df(xg)ou=2z#0.

If this were the case, then g would be a regular point of the mapping F'. To see
why this is the case, we can compute

DF(zg) ox = (Df(z0) o, Dg(xg) ox) € R x Y.

By assumption Dg(xzo) : X — Y is onto Y since zy is a regular point of the
constraint g(x) = 0. Pick some arbitrary (a,y) € R x Y. Since Dg(z) is onto Y,
there is an T € X such that

Dyg(zg) 0T = y.

The derivatives D f (x¢)ou and Dg(xg)ou are linear in the increment u by definition.
This fact, along with the definition of the real number 3, where 8 = D f(z¢) o Z,

implies that
piene (7 u) = (*77) Drta) o

Z =a—fB=a—-Df(xg)ox
Dg(z0) o (O‘; u) - (O‘;ﬁ> Dy(wo) o u = 0.

If we choose = = (O‘;Bu) + Z, it is readily seen that

DF(xg) o (a;’gu + f) = (Df(zg)o (a;’gu + f) ,Dg(xg) o (O‘gﬁu + E))
= (*2°Df(xo) o+ Df(ao) o7, Dy(ao) o 7)
= Ea —)Df(xo) oZ+ Df(zo)o,y)
= (a,y).

The map DF(xo) is consequently onto R x Y and z( is a regular point of the
map F. Define

F(z0) = (f(20),9(z0)) = (29, 0) ER X Y.
By Ljusternik’s theorem, there is a neighborhood of (ag, 0)

N(QQ,O)QRXY

such that the equation
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has a solution for every (o, y) € M(agp,0) and the solution satisfies
[z = zollx < C{la—aol +[lylly}-

In particular, the element (ag — ¢, 0) is in the neighborhood N (ay, 0) for all € small
enough. For every e > 0 there is a solution z, to the equation

F(ze) = (ap — €,0).
But this means that

flze))=ap—¢
= f(wo) —€
and
g(ze) =0.

Furthermore, we have that
[z — zollx <e.

This contradicts the fact that x( is a local extremum, and we conclude
Df(xg)oxz =0
for all x € X such that
Dyg(zg)ox =0.
Recall that
{o € X : Dg(x0) oz = 0} = ker(Dg(z0)).

In fact Df(z¢) € X* and Df(zo) € (ker (Dg(z0)) )L. Since the range of Dg(xo)
is closed, we have

. L
range((Dg(xo)) ) = (ker(Dg(xo))>
By definition
Dg(zg): X =Y
and
(Dg(wo))” : Y* — X*.
We conclude that there is a y5 € Y* such that
D f(wo) = —(Dg(x0))" oy
Df(xo) + (Dg(xo))" o y5 = 0.
By definition
((Dg(a0))" oyse) = (i Dylao) o)y

So that this equality can be written as

D f (o) + yo © Dg(zo) = 0. O
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The above theorem bears a close resemblance to the Lagrange multiplier the-
orem from undergraduate calculus discussed in [12], [18] in the introduction. The
essential ingredients of the above theorem include smoothness of the functionals
f and g and the regularity of the constraints. There is an alternative form of this
theorem that weakens the requirement that the constraints are in fact regular at
xg. It will be useful in many applications.

Theorem 5.4.3. Let X and Y be Banach spaces, f : X — R, and g : X — Y.
Suppose that:
(i) f and g are Fréchet differentiable on an open set O C X,
(ii) the Fréchet derivatives
g Df(xo)
xg +—  Dg(zo)
are continuous in the uniform operator topology on L(X,R) and L(X,Y),
respectively, and
(iii) the range of Dg(xo) is closed in'Y .
If f has a local extremum under the constraint g(zo) = 0 at the point xg € O, then
there are multipliers Ao € R and yg € Y™* such that the Lagrangian

Aof (@) + yg g(x)
is stationary at xo. That is
oD f(zo) + y5 © Dg(xo) = 0.

Proof. The proof of this theorem can be carried out in two steps. First, suppose
that the range of Dg(zo) is all of Y. In this case, the constraint g(xy) is regular at
xo. We can apply the preceding theorem and select A\g = 1. If, on the other hand,
the range Dg(xg) is strictly contained in Y, we know that there is some § € YV
such that

d=inf {||g —y|| : y € range(Dg(zo))} > 0.
By Theorem 2.2.2 there is an element yj € (raunge(Dg(aco)))L such that
{Y0,9) =d #0
and y§ # 0. But for any linear operator A
(raunge(A))L = ker(A4")
so that

1 *
Yy € (range(Dg(m@)) = ker((Dg(mo)) )
By definition, since y; € Y*

(W5, Dg(o) o @)y -y = ((Dg(a) opiix) =0

for all z € X. We choose A\g = 0 and conclude
oD f(zo) + y5 © Dg(xo) = 0. U
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5.5 Fréchet Differentiable Implicit Functionals

In all of our discussions so far in this chapter, optimization problems having quite
general forms have been considered. In this section, we discuss a class of opti-
mization problem that has a very specific structure. These problems often arise
in the study of optimal control. It has been noted by several authors that the
distinguishing feature of optimal control problems within the field of optimization
is their distinct structure. The standard optimization problem is such that we seek
ug € U such that

J(ug) = ir&f {J(u) : v elU}. (5.4)

Instead of Equation (5.4), optimal control problems frequently arise where we seek
a pair (zo,up) € X x U such that

J(xo,up) = ;HE {T(z,u): Alx,u) =0, uelU}. (5.5)

In these equations, x represents the dependent quantity or physical state of the
system under consideration, while u denotes the input or control. Optimization
problems having the form depicted in Equation (5.5) arise in control problems for
physical reasons. We typically seek to minimize some quantity such as fuel, cost,
departure motion, or vibration, etc. subject to a collection governing equations
that are inviolate. In Equation (5.5),

Alz,u) =0 (5.6)

denotes the equations of physics that relate the inputs u to the states x. It is
a fundamental premise of optimal control that a pair (z,u) € X x U that does
not satisfy Equation (5.6) violates some physical law. The equations of evolution
that govern the physical variables of the problem are encoded by ordinary differ-
ential equations, partial differential equations or integral equations represented by
Equation (5.6). It is usually very difficult, either computationally or analytically
to solve for the state = as a function of the control u in Equation (5.6). If we can
find x(u) that satisfies Equation (5.6)

A(z(u),u) =0
it is clear that we can reduce Equation (5.5) to the form in Equation (5.4).

T(u) £ T (x(u), )

J(uo) = T (x(uo), uo) = iI&f {J(u) = T (z(u),u) : u € U}.

In some cases, it will be possible to solve for xz(u). More frequently, it will not.
We will need methods for calculating the Gateaux derivative of J(u) without
calculating x(u) explicitly. This task is accomplished by using the co-state, adjoint,
or optimality system equations.

The following theorem provides the theoretical foundation of adjoint, co-state
or optimality system methods for Fréchet differentiable, implicit functionals.
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Theorem 5.5.1. Let X,Y,U be normed vector spaces, J : X xU — Z, and suppose
A: X xU =Y defines a unique function x(u) via the solution of

A(z(u),u) =0.

Suppose further that:

o A(-,u): X =Y is Fréchet differentiable at v = x(u),

J(-,u) : X — Z is Fréchet differentiable at x = x(u),

Az, ) : U =Y is Gateauz differentiable,

J(z,") : U — Z is Gateauz differentiable,

Gateauz differential D, A(x,u) is continuous on X x U,
Gateauz differential D, J (z,u) is continuous on X x U, and
z(u) is Lipschitz continuous

[2(u) = 2()]x < Cllu=wvllv

for some C € R.
If there is a solution A € L(Y, Z) to the equation

Ao D A(z,u) = Dy J (2, u)

at © = x(u), then
A

J(u) = T (x(u), u)
is Gateauz differentiable at v and
DJ(u) = DyJ (x,u) — Ao D, A(z,u) € LU, Z).
Proof. Suppose 0 < e < 1. For w, @ € U, define

ueéu—i—e(ﬂ—u) elU

(5.7)
Ze 2 z(ue).
Recall that we want to find an expression for D.J(u)
DJ(u)ov 2 lim Tl 6”6) — W), (5.8)
We have
J(ue) = J(u) _ T (x(ue), ue) = T (x(u), u)
_ TG u) — TG | T - Ta,w

By the Fréchet differentiability of J (-, u)

T (@(ue),u) = T (w(u),u) + Do J (x(u), u) o (2(ue) — 2(w)) + Ri ([o(ue) — 2(u)|x)
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where the remainder R;(-) satisfies
Ry ([l (ue) — z(u)llx)
[l (ue) — x(u)llx

[z (ue) — z(u)||lx — 0.

By the Lipschitz continuity of z(u), we note that
[2(ue) — z(u)|| < Clla —ullv - €

so that
Ry ([l(ue) — 2(u)||x) < Ry (| (ue) — @(u)]|x)
Cla—ullv-e 7 [lo(u) —z(u)lx

Consequently, we write
T (@(ue),u) = J(x(u),u) + Do J (2(u), u) o (2(ue) — x(w)) + R(e)  (5.10)
where R(e) is a remainder term such that

lim R(e)

e—0 €

— 0.

In the various derivative expressions that follow, we will use R(¢€) to denote gener-
ically any remainder terms that have the above asymptotic behavior as a function
of e. In addition, by the Gateaux differentiability of J(z,-), we have

T (@(ue),ue) = T (w(ue), u) + DuJ (2(uc), ) o (ue — u) + R(e)

= J(z(ue),u) + €Dy T (x(ue),u) o (@ —u) + R(e). (5.11)
Substituting Equations (5.10) and (5.11) into (5.9) yields
T I D wu).w o (@ - u)
LDl ) o o) —a(w) | RO

€

Since the pairs (z(uc),uc), (z(u),u) are solutions of A(-,-) = 0, it is always true
that
Ao (A(z(ue),ue) — A(z(u),u)) =0 e Z.

We can write
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Since A is Gateaux differentiable in its second argument

Az (uc), ue) = A(z(uc), u) + Dy Az (ue), u) o (ue —u) + R(e)

5.14
= A(z(ue),u) + €Dy A(z(ue),u) o (@ —u) + R(e) (5.14)
and Fréchet differentiable in its first argument

Az (ue),u) = A(z(u), u) + Dy A(z(u), u) o (z(ue) — z(u)) + Ra([|z(ue) — z(u)])
= A(z(u),u) + Dy A(z(u),u) o (z(ue) — z(u)) + R(e).

(5.15)
When we substitute Equations (5.15) and (5.14) into (5.13), we obtain
D£A ) e)
oDl - PrAEID ) ) HOY_
€ €
(5.16)

By hypothesis, we have
Ao Dy A(z(u),u) o (z(uc) — x(u)) = DaJ (x(u), u) o (x(ue) — x(u))
which, from Equation (5.16) implies that

Dy J(x(u),u) o (2(uc) — z(u))

€ €

=-M\o {DUA(:c(ue),u) o(t—u)+ k() } .
When we substitute this expression into Equation (5.12), we obtain

J(ue) = J(u) _ D (), ) © (7 — 1) — Ao DuA(w(uc),u) o (@ — u) + R(e)_

€ €

Recalling that u. = u + ¢(@ — u), we can take the limit above to obtain
DJ(u)o (& —u) = DyJ(x(u),u) o (& —u) — Ao Dy, A(x(u),u) o (@ — u).

In this last limit, we have used the continuity of D, J(z,u) and D, A(z,u) on
X xU. O



Chapter 6

Convex Functionals

Mathematicians worked diligently to extend the “prototypical” optimization re-
sults of the calculus of a real variable to a broader functional analytic setting.
The result was the emergence of the field of convex analysis 7], [25]. In this sec-
tion, we review the fundamentals of convex analysis, and study its relationship to
continuity and differentiability properties of functionals defined on normed vector
spaces.

As usual, the definition of a convex set agrees with our intuitive understanding
of what constitutes convexity. Simply put, a set can be thought to be convex if
it has no reentrant “bumps or corners.” Mathematically, this idea can be made
precise by defining the segment joining any two points = and y in a vector space
to be the set of all points having the form az + (1 — a)y for 0 < a < 1. A set is
convex if and only if it contains all the segments joining any two of its points.

Definition 6.0.1. A set C is convex if and only if
z,yeC = az+(1-a)yeC Vaelll].

The geometric nature of this definition is depicted in Figure 6.1. Given a collection
of convex sets, it is always possible to create other convex sets by the operations
of dilation, sum or intersection.

Convex Set Nonconvex Set

+— od+(1-a)B
o €[0,1]

ad+(1-a)B
a €[0,1]

Figure 6.1: Convex and Nonconvex Sets
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Theorem 6.0.2. If A and B are convex sets then

1. The dilation NA of a convex set A is convex. In other words, the set
M ={)\x:z € A}

1S convez.
2. The sum A+ B of convex sets is convex. In other words, the set

{a+b:acAbe B}

18 convez.
3. The arbitrary intersection of convex sets is convet.

Proof. The proof that these three operations yield convex sets is quite simple. The
dilation of a convex set is convex: Let A be fixed in R. Pick any pair of points
z,y € AA where A is convex. Then there exists x4 € A such that Axs = x, and
ya € A such that A\y4 = y. Since A is convex, we have that

ars+ (1 —a)ya = z4 € A.
Multiplying this equation by A, it follows that

Aazxa + AM1—a)ya =Aza
ar + (l—a)y=z€ XA Vacl0,1].

The sum of convex sets is convex: Let x +y € A+ B, where A, B are convex. Then
there exists points x4, xp,y4,yp such that

r = XA+Ip
Yy = Ya+ys
where x4,y4 € A and xp,yp € B. Since A and B are convex we have
arsg + (I—a)ya€ A
arg + (l1—-a)yp€ B VYael0,1].
Adding these equations, we obtain
ar+(1—a)y=(azsa+(1—a)ys) + (aczp+(1—a)yp) €A+ B

for all « € [0, 1].

The arbitrary intersection of convex sets is convex: Suppose that {Ax} is a family

of convex sets, and select z,y € () Ag. By definition, for each k we have that
k

ax + (1 — a)y € Ay, for each a € [0,1]. It follows that ax + (1 — )y € () Ay for
k

each a € [0,1], and that the set (] A is convex. O
k
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As we finish this section introducing convex sets, we note three special classes
of convex sets that will play a special role in the remainder of this chapter, hyper-
planes, cones and convex hulls.

Definition 6.0.2. A linear variety, or hyperplane, V is a translation of a subspace
U of linear vector space X . In other words, if Vis a linear variety in a vector space
X, then every element v € V can be expressed as

v=vg+u for someuecU

where vy € X is the fized translation, and U is a subspace of the vector space X.

Definition 6.0.3. Let A be an arbitrary set in a vector space X. The conver hull
of A, denoted co(A), is the smallest convex set containing A. In other words, the
convex hull of an arbitrary set A is the intersection of all convex sets containing A.

6.1 Characterization of Convexity

As noted in the introduction of this chapter, convexity becomes a particularly
useful property for studying extremal problems when

e the set of constraints is convex, or
e the graph of the function to be minimized is convex.

In the last section, some rudiments for ascertaining if a given set is convex have
been introduced. In this section, we show that functions defined on vector spaces
can likewise be given a useful notion of convexity. By convention, convex analysis is
often couched in terms of functionals defined on the extended real line R = RU{co}.

Definition 6.1.1. An extended functional fon a vector space X is a mapping
f: X —>R.

The extended functional is said to be strict, or proper if it is not identically equal
to +oo.

As usual, we identify a functional f: X — R with its graph

graph(f) = {(z,y) € X xR:y = f(2)}

as shown in Figure 6.2 for X C R. The (closed) lower sections of the graph of f
are defined to be the inverse images under f of any set of the form (—oo,r| for
some 7 € R. An example of the lower sections of the graph of f for a fixed r € R
are depicted schematically in Figure 6.3.

Definition 6.1.2. A functional is convex if and only if

flax+ (1 -a)y) <af(x)+ (1 -a)f(y) Yael01].
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f(x) graph(f) = {x,f(x)}

Figure 6.2: Graph of a Function

f(x)

x A
f- 1(_001 r]

Figure 6.3: Lower Sections of the Graph

Thus, a functional is convex if the segment connecting two points on its graph lies
above the graph of the function, as shown in Figure 6.4. Now, this definition is
often expressed concisely by defining the set of all points that lie above the graph
of a extended functional to be the epigraph.

Definition 6.1.3. The epigraph of a functional f acting on a vector space X is the
subset

epi(f) = {(z,7) € X xR : f(z) <~}

The following theorem makes clear how the definitions of convexity of a set and
convexity of a functional are related.

Proposition 6.1.1. Suppose f is a functional defined on a convex set. Then f is a
convex functional if and only if the set epi(f) is convex.

Proof. First, suppose that f is convex, and consider two points in the epigraph of f,

(z,6) € epi(f)C X xR
(y,m) € epi(f) C X xR.
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Convex Functional Nonconvex Functional

1) S

\ oad+(1-a)B 5 B
A N

A od+(1-a)B

»
>

X X

\/

Figure 6.4: Convex and Nonconvex Functionals

f(x)

Figure 6.5: Epigraph of a Functional

To prove sufficiency, it is enough to show that

a(z, ) + (1 —a)(y,n) € epi(f) Vae[0,1].
But by the convexity of f, we can write
flaz+ (1 —a)y) < of(@)+1-a)f(y) Vael01] (6.1)
< €+ (1—-a)m (6.2)
where the latter inequality follows from the fact that (x,€) € epi(f) and (y,n) €
epi(f). But Equations (6.1)—(6.2), simply say that
(ax + (1 — a)y,af + (1 — a)n) € epi(f)
or
a(z,€) + (1 — a)(y,n) € epi(f).
To prove necessity, suppose that epi(f) is convex. By definition, we have that
(z, f(x)) € epi(f)
(v, f(y)) € epi(f).
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Figure 6.6: Separation of Sets via a Hyperplane

By the convexity of epi(f), we can write
a(z,€) + (1 —a)(y,n) €epi(f) Vael0,1] (6.3)

for any (z,€), (y,n) € epi(f). In particular, for (x,&) = (x, f(x)) and (y,n) =
(y, f(y)) Equation (6.3) becomes

a(z, f(x)) + (1 = a)(y, f(y)) € epi(f)
(ax+ (1 —a)y,af(z) + (1 —a)f(y)) € epi(f).

But this equation just asserts that
flaz+ (1 —a)y) <af(z)+ (1 -a)f(y) Yaec|01]

and f is convex. O

6.2 Gateaux Differentiable Convex Functionals

From a practical standpoint then, our alternatives for establishing the existence
of solutions to minimization problems are enhanced if we can establish that a
functional is convex. The following theorem provides several equivalent character-
izations of convexity, if a functional is Gateaux differentiable. The utility of this
theorem rests in the fact that the conditions required to prove convexity arise
frequently in applications.

Theorem 6.2.1. Let X be a reflexive Banach space, and let f : M C X — R be
Gateauz differentiable over the closed, convex set M. Then the following conditions
are equivalent:
(i) f is convex over M.
(ii) We have
f(u) = f(v) 2 (Df(v),u—v)x-xx, Yu,veEM.
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(iii) The first Gateaux derivative is monotone,
(Df(u) = Df(v),u —v)x+xx >0, VYu,veM.
(iv) The second Gateaux derivative of f exists and is positive,
<D2f(u) ov,V)x+xx >0 VYveM.
Proof. (i) = (ii). Because f is convex, we have
M)+ 1 =Nfv) > fOu+1Q—-ANv) YuveM
Mf@) = f@) = fo+Au—v) - f(0) YuveM.  (6.4)

Dividing Equation (6.4) by A, we obtain

Jo 4+ M= v) = f(v)
- ) 2 \

> (Df(v),u—v)x-xx. (6.5)

(ii) = (iii). By interchanging the roles of u and v in Equation (6.5), we can also
write

f) = f(u) 2 (Df(u),v —u)x-xx = —(Df(u),u—v)x-xx. (6.6)
By adding equations (6.5) and (6.6), we obtain

(Df(uw) = Df(v),u = v)x=xx > 0.

(iii) = (iv). Now let us suppose that the first Gateaux derivative of f is monotone,
and show that this implies that the second Gateaux derivative is positive. By
definition, we know that

flutev) = f(u)

Df(u,v) = lim .
sz(u,v,w) _ IE}% Df(u + ewvz) - Df(uvv) (67)

Let us consider just the numerator of the right-hand side in equation (6.7). Suppose
we choose, w = v. Then we can write

e(Df(u+ev)ov—Df(u)ov) = (Df(u+ev)—Df(u))o (e
Df(u+ev) — Df(u)) o ((u+ev) —u)
(<)Df(u+ev) — Df(u),(u

AVAN|

This last inequality follows from the monotonicity in (iii) above. Hence, by the
monotonicity of Df, we know that

<D2f(’LL) 0V, V)X xX = sz(uvvvv)
_ llH(l) Df(que'u,ve)fo(u,'u)

> 0.
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To complete the proof, we must show that
(iv) = (iii). Suppose that
(D?f(u) ov,v)x-xx >0 Yu,ve€ M.
Let u = u(t) = uy + t(us — uy) and v = (ug — uy) for uy, ug € M and t € [0, 1].

Introducing a function ¢(¢) = D f(u(t), uz — u1), we rewrite the last inequality as

(D?f(u(t) o (uz — u1), (uz — uy))x+xx = lim ¢(t + dt) — (t)

> 1
dt—0 dt 20 vtelol]

which is reduced to
Gt +dt) > ¢(t) Vtelo,1].

It follows that the function ¢(¢) is nondecreasing on [0, 1]. Consequently, ¢(1) >
¢(0), or, equivalently,

¢(1) = (Df(uz), uz — u1) = (Df(u1), uz — u1) = ¢(0).
(iii) = (ii). Now suppose that
(Df(u) = Df(v),u—v)x*xx 20 Vu,v€M.

For u = u(t) = ug + t(uz — u1) and v = ug, where uy, us € M and ¢ € [0, 1], this
inequality is rewritten as

(Df(u(t)),ug —ur)x=xx > (Df(ur),ug —ur)x-xx Vtel[0,1]
which, by definition, is equivalent to

i (@t +dt)) = f(u(t)

dt—0 dt > (Df(ur),uz —ur)x+xx Vtel0,1]

or

flut+dt)) — (Df(ur),us —ur)x~xxdt > f(u(t)) Vtelo,1].

As a consequence, we obtain

1
F(u(1)) = (Df (1), uz — ) xexx / dt > f(u(0)).
0

But this means that
flug) = f(ur) > (Df(ur),ug —ur)x-xx Vu, uzg € M.
(ii) = (i). Finally, suppose that

f(u) = f(v) > (Df(v),u — V) x-xx VYu,ve M.



6.3. Convex Programming in R" 183

For uw = u; and v = Auy + (1 — Nuz, A € [0, 1], this inequality is reduced to
flur) = fFQur + (1 = Nuz)
1—A
and for u = ug and v = Aug + (1 — Nusg, A € [0,1], we have
fluz) = f(Aur + (1 — Aus)
A
From (6.8) and (6.9), we obtain

fluz) = fAun + (1= Nuz) _ fhur + (1 = Nuz) = f(ur)
A - 1—A

> —(Df(Muy + (1= Nug),us — ur)xexx  (6.8)

> (Df(Aug + (1 — Nug),ug —u)x-xx.  (6.9)

or, equivalently,

Af(u) + (1= A fu2) = f(Aur + (1 = Nuz). O

6.3 Convex Programming in R"

We will discuss multiplier methods for convex optimization problems that are
progressively more general in this, and the following, sections. To begin, we limit
consideration to optimization problems wherein we seek xg € R™ such that

flzo) =p=inf{f(z): gi(x) <0, z€R", i=1,..., m}

and
gi(z0) <0 Vi=1,...,m
where
f+ R"=R
g; : R™ — R.

This study will lead in subsequent sections to various generalizations for functionals
defined on convex subsets of normed vector spaces.

Theorem 6.3.1. Let f : U CR*" > Randg; : U CR* - R, i=1,...,m be
proper convex functions where U is a convex set. Then there are nonnegative real
numbers o, B;, i =1,...,m

(67

Bi

IV v

not all equal to zero such that
alf(x) —p) + Y Bigi(x) >0
i=1

forallxz e U.
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Proof. The proof of this theorem is based on an application of the Hahn-Banach
theorem. Define the set

A
C = {(f(@)—p+7,91(x) +71, -+, gm(T) +vm) :
reld, v >0,1=1, ,m}
ng—‘rl.

We first note that the set C' is convex. Indeed, if we let
c2 (co,C1y...,Cm) € C CR™H
d2 (do,di, ... .dw) € C CR™!

then it is clear that

Ao+ (1=Ndo = Af(ze) = p+7e,0) + (1= A)(f(2a) =+ 7a,0)
M(xe) + (1 =N f(za) =+ Meo+ (1= A)va,0
f()\xc + (1 - )\)xd) — U + )\’Yc,O + (]- - )\)’Yd,O

by the convexity of f. In other words,
Aco + (1 = AN)do = f(Aze + (1 = Nxd) — 1+ 70
for some 7y > 0. Likewise, for i =1, ..., m,
Aei +(1=Ndi = Agi(ze) + i) + (1= N (gi(a) + 7a,)
Agi(we) + (1 = A)gi(xa) + Me,i + (1 = A)yaa
gi(Aze + (1 = AN)za) + Mei + (1 — A)va

VAN

v

by the convexity of g;, ¢ =1, ..., m. That is,
Aci + (1= Nd; = gi(Aze + (1 = N)zg) + v
for some v; > 0. Thus, ¢,d € C implies that Ac+ (1 — A\)d € C for all 0 < X < 1.

Upon consideration, it is also evident that 0 ¢C. If indeed it were the case that
the origin is an element of C, we would have some & and 7y > 0 such that

f@) —p+7%=0
and
91(2) 0, g2(2) <0, ..., gm(2) <0
which contradicts the definition of p as the infimum of f over the set of constrained

elements. Consequently, the sets C and {0} are a pair of nonempty, disjoint, convex
sets. By the Hahn-Banach theorem, there are real numbers

aceR, [BeR, i=1,...,m
not all equal to zero, such that

a(f(x) = p+0) + Zﬁz(gz(x) +7) >0

i=1
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for all z € U and all v; > 0,7 =1, ..., m. Suppose we pick any arbitrary x € U
and fix 5, i =1, ..., m. As we let 79 = k — o0, we obtain
>0 L 0
o — 0.
- k
We can repeat this process for each §;, i =1, ..., m to conclude that
B; >0 L 0
i = —
k
fori=1,..., mas k — co. On the other hand, if we take the limit as
¥ — 0
fori=1, ..., m, we obtain

a(f(@) =)+ Bigi(z) > 0.
i=1

The theorem is proved. O

In essence, the only property that has been employed in the proof of this
theorem has been the convexity of the functionals f, g;, ¢ = 1, ..., m and the
convexity of the constraint set . Unfortunately, if the scalar « turns out to be
precisely zero, a = 0, the conclusions that can be drawn from the above theorem
are not very profound. In this degenerate case, the theorem simply asserts a self-
evident property of the constraint functions. Significant attention has been directed
toward the study of conditions that guarantee that this degenerate case does not
occur. If @ > 0, the multipliers appearing in the theorem are said to be regular
multipliers. Perhaps the simplest condition guaranteeing that the multipliers are
indeed regular, a > 0, is the Slater condition embodied in the following theorem.

Theorem 6.3.2. Let f: U C X -Randg; - UC X —R,i=1,..., m be proper
convex functionals over the convex set U C X. Suppose that the functionals g;,
i=1, ..., m satisfy the Slater condition: there is some v € U C R™ such that

gi(z) <0 Vi=1,...,m.

Then there exist real numbers Ao; > 0, i =1, ..., m such that

p< f(x)+ Z Ao,igi ()
i1

for all x € U. Moreover,

M:inf{f(x)+2/\o7igi(x) : er}. (6.10)
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Proof. From the proof of the last theorem, we know that there are real numbers
a>0,8,>0,i=1,..., m such that

a(f(e) = 1)+ Y figi(e) 2 0

for all z € U. Suppose to the contrary that the multipliers are degenerate, that is,
a = 0. Hence,

m

> Bigi(x) > 0. (6.11)

i=1
By the Slater condition there is an Z such that g;(z) < 0 for each i =1, ..., m.
In view of (6.11), the Slater condition implies that 5; = 0 for ¢ = 1, ..., m. But
this is a contradiction of the requirement that not all of the coefficients «, ;,
i = 1, ..., m are zero. We conclude that & > 0 when the Slater condition is

fulfilled. Dividing by the coefficient « we obtain

p< @)+ M)

1>

for all z € U and the first assertion of the theorem is proved for the choice Ag ;
Gi/a, i =1, ..., m. Thus, we have shown that

p< @)+ Noigi(x)
i=1
for all z € Y. It is also clear that
uw<Ch = inf{f(x) +Z)\0,igi($) 1T GU} .
i=1

If we restrict the set over which we take the infimum, the value of the infimum
can only increase. We can deduce that

nw<C <Cqy éin’f{f(ac)—1—22)\0,igi(ac) tx €U, ¢gi(x) <0,i=1, ..., m}.
i=1

But since g;(x) < 0 implies Ao ;gi(z) < 0, we conclude that

,ugclSC’zguéinf{f(x):gi(x)SO, i=1,...,m, x €U}.

Hence,
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The familiar characterization of constrained minima for convex functionals
defined on convex subsets of R™ can now be stated in terms of Lagrange multipliers.
Define the Lagrange functional

L(x,\) 2 f(z) + D Aigi(w).
=1

Theorem 6.3.3. Let f : U CR" - Rand g; : U CR*" - R, i =1,...,m,
be proper convex functions defined on the convex set U C R™. Suppose that the
functions g;, i =1, ..., m, satisfy the Slater condition

gi(x) <0 Vi=1,...,m

for some x € U. If there is a point xy € R™ at which the infimum is attained in
the minimization problem

flxo) =p=inf{f(z) : gi(x) <0, z€eR™ i=1,..., m}

and
g(wo) <0

then there are real numbers
)\071‘20 Vi=1,...,m,
such that we have

Z 20,igi(x0) =0
i=1

and
L(SC(),)\) S L(xo,)\o) S L(.’t,)\o)

for allx €U and X € [0, 00)™.

Proof. First we will show that
Z X0,i9i(z0) = 0.
i=1
We know from the last theorem that
p=f(zo) = inf {f(x) +> )\O,igi(x)}
i=1

Fl@o) + > Xoigilo)

=1

IN
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or that
0<> Xoigio).
=1

On the other hand, since Ag; > 0 and g;(zo) < 0, we know that

0> Z Xo0,i9i (o).

=1

Combining these results, we conclude that
Z Ao,igi(z0) = 0.
i=1

Now we can show that the pair (zg, Ag) is a saddle point for the Lagrange func-
tional. By definition, we have

L(xo,\) = f(xO)'i'Z)\igi(xO)

i=1
~ ~ -

<0

< flmo) + Z)\o,igi(xo) = L(z0, Xo)

i=1
~ ~ ~

=0

< flx)+ Z)\O,igi(x) = L(x, \o).
i—1

This last inequality follows from Equation (6.10). Hence, altogether we have
L(l‘o,)\) S L(l‘o,)\o) S L(x,)\o)

and the point (zg, A\g) is a saddle point for the Lagrange functional L(z,A). O

6.4 Ordered Vector Spaces

In the last section, we discussed the role of Lagrange multipliers in the extrem-
ization of convex functionals defined in terms of real variables. In this section, we
study the generalization of this approach to convex functionals defined over vector
spaces that are endowed with an ordering. The constraints imposed via inequali-
ties are couched in terms of the ordering, which is induced via the introduction of
a positive cone.
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6.4.1 Positive Cones, Negative Cones, and Orderings

We have already seen that convexity plays an important role in numerous opti-
mization problems. In addition, some classes of inequality constraints couched in
terms of convex cones are amenable to Lagrange multiplier methods for abstract
spaces. In this section we discuss how convex cones can be used to define orderings
on vector spaces, which in turn facilitate the introduction of inequality constraints.

Definition 6.4.1. Let X be a vector space. A set Cy C X is a cone with vertex at
the origin if
r € Cy implies ax € Cy.

for allae > 0. A cone C with vertez at a point vy € X is defined to be the translation
vo + Co of a cone Cy with vertex at the origin

C={v+z:Vzely},

Definition 6.4.2. A cone C is pointed if it does not contain a line.

Definition 6.4.3. Let X be a vector space. A positive cone Ci C X is defined by
Cf={r:2€Cy x>0}.

These definitions are widely employed. Examples of cones in R? are depicted
schematically in Figure 6.7. Some features of the definition should be noted.

(a) Not Convex (b) Convex (c) Not Convex

Figure 6.7: Examples of Cones in R?

A cone C with vertex at the origin need not be convex. Examples of cones that
are not convex are depicted in Figures 6.7a and 6.7c. Just as importantly, a cone
need not be closed, in general. For example, Figure 6.8a depicts the open cone
obtained via translation of the open cone with vertex at origin

{(z,y) €eR*: 2 >0,y > 0}.
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y y
A / A
|
4
|
. !
G LSS v,
> X > X
(a) An Open Cone with (b) A Closed Cone with
Vertex at vg Vertex at vg

Figure 6.8: Open and Closed Cones

Figure 6.8b depicts the closed cone obtained via translation of the closed cone with
vertex at the origin
{(z,y) eER?:2>0,y> 0}.

In our applications, we will be primarily concerned with closed convex cones.
Unless we state otherwise, when we refer to a cone we will always mean a cone
with vertex at the origin.

To define inequality constraints in extremization problems, it is important to
note that convex cones induce orderings on a vector space.

Proposition 6.4.1. Let C' be a convexr pointed cone with vertex at the origin con-
tained in a vector space X . The relation R defined by

uRv <— wu—-veC

defines an ordering on X.

Proof. Recall that an ordering is a relationship that is reflexive, transitive, and
antisymmetric. The relation R is reflexive if uRu for all w € V. But this is always
true since 0 = u — u € C. A relationship R is transitive if

uRv and vRw — uRw.

But suppose
u—veC and v—weC.

Since C' is convex, we have

Ju—v)+iv-—w)eC
y(u—w)eC.

Since C is a cone, this implies that

u—welC
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or, equivalently
uRw.

The relation is therefore transitive. Finally, the relation R is antisymmetric if
uRv and vRu = u=wv.

The left-hand side implies that
u—veC and —(u—v)el

which means that the cone C contains the line A(u — v), where A € R. But since
the cone is pointed, we have u — v = 0. O

A graphical representation of the ordering induced by a convex pointed cone
with vertex at the origin is given in Figure 6.9.

Y
Y
.u
oU

__—coneC Cone

v v+C

X X
(aA)u>0suel bu>veu=v+C

Figure 6.9: Ordering Associated with a Convex Cone

Note that to define an ordering on V it is not enough for a cone to have
vertex at the origin and be convex. Indeed, for any constant a, a half-space au > 0
is a convex cone with vertex at the origin. However, for any u; and us such that
au; = 0 and aus = 0, an ordering is not defined since from u; Rus and usRu;, we
cannot conclude that uq = us.

6.4.2 Orderings on Sobolev Spaces

Some of the most important applications and examples of orderings, and their
associated cones, in this chapter are defined on Sobolev spaces. These orderings
will facilitate the introduction of constraints that represent contact between classes
of elastic continua. In this section, we introduce orderings on the Sobolev space
H'(Q). Extensions to more general Sobolev spaces follow similar reasoning.
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Definition 6.4.4. A function u € H'(Q) is said to be nonnegative in the sense of
HY(Q) if there exists a sequence {uy}reny C WH(Q) such that

up —u in HYQ)
and
ug(z) >0
for all x € Q.

Recall that Wh(Q) C W12(Q) = HY(Q).

More general definitions of nonnegativity in the Sobolev space H!(Q), given
in terms of subsets of €1, are possible. This definition will suffice for the examples
considered in this chapter. The interested reader should see [21] or [13] for detailed
discussions of these cases. We will abbreviate the phrase “u is nonnegative in the
sense of H(Q)” as

uz20

in the sequel. The following proposition makes clear that the relation 2 is an
ordering on H'(f) and defines a closed convex cone.

Proposition 6.4.2. The set
4 1
C={feHd (Q): f20}
is a closed convex cone with vertex at the origin in H'(Q).

Proof. First, we show that C is a closed set in H'(€2). Suppose that {u}ren C C
and that
up — ug in HY(Q).

By the definition of the set C' for each fixed uy there is a sequence {ug,;}jen C
W1°°(Q) such that
Uk,j — Uk in Hl(Q)

as j — oo and for each j € N
ug, () >0

for all z € . But in this case the doubly-indexed sequence {uy, ; } 1 jen € W1(£)
satisfies
Uk,5 — U0 in Hl(ﬂ)

as k,j — oo and for each pair (k,j) € Nx N
ug,;(x) > 0.

That {ug ;}x jen converges to ug follows since

|uo — u il mr (o) < [lwo — ukllmr(@) + lur — wkjllmr (@) — 0
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as k,j — oco. But this simply means that ug € C, and the set C' is consequently
closed in H'(£). Moreover, C is clearly a cone in H'(2). Suppose ug € C. By
definition there exists a sequence {u}ren € WH°°() such that

u, — up € H'(Q)

and for each k € N
ug(z) >0

for all z € Q. But for any o > 0, the sequence {au}ren € WH°(Q) and
|aur, — auo g1 (o) = |e||ur — ol 1@y — 0

as k — oo and for each k
oug(xz) >0

for all x € Q. In other words, au € C and C is a cone with vertex at the origin.
Finally, the cone C' is convex. Suppose ug,v9 € C, with associated sequences

{urtren, {v bken € WH(Q) satisfying

up —ug in HY(Q)
v, — vy in HYQ)

and for each k € N

ug(z) >0
vg(z) >0

for all z € Q. Then Aug + (1 — Nyy € C for all A € [0,1] since the sequence
{)\uk + (1 - /\)'Uk}keN - Wl’OO(Q)

Aug + (1= Mo — Adug + (1 — Mg
in H(Q) and for each k
Aug(z) + (1 — Nog(x) >0
for all z € Q. ]

6.5 Convex Programming in Ordered Vector Spaces

Suppose that f : X - R, g: X — Y, X and Y are vector spaces, and U is a
convex set contained in X. In this section, we study the optimization problem in
which we seek zg € U4 C X such that

f(wo) = p=inf{f(z):g(x) <0, z €U C X}

and
g(xo) <0.
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Suppose that the vector space Y contains a cone P, that induces an ordering of
Y. Hence, expressions like
9(x) <0

are understood in the sense discussed in Section 6.4.1. That is, if y1, y2 € Y
Y2 > Y1 — yy—yi €P.

Further, we will need a notion of dual cone.

Definition 6.5.1. The cone P* dual to P, or dual cone P*, is defined by
P ={heY*:(hy)yxy >0Vye P}

As in the case of functionals defined over the real variables, the existence
of a Lagrange multiplier depends in a critical fashion on the application of the
Hahn-Banach theorem.

Theorem 6.5.1. Let f: X — R and g : X — Y be proper convex functions defined
over the conver set U C X. Let P be a positive cone in Y and suppose P has an
interior point. Then there exists a pair (o, %) € R x Y* such that

a(f(z) —p) + (8%, 9(z)) >0

where
a >0, 6* > 0.

The notation 8* > 0 means that 3* € P*.

Proof. The proof of this theorem, again, relies in a fundamental way on the Hahn-
Banach theorem. Define the sets

Cy
Cs

{(&mn) : &> f(x), n > g(x), for some x € U}
{&mn):&<pu n<o0}.

The sets C; and Cy are convex. Suppose that (£1,71) and (€2, 12) are elements of
C:. By the definition of C, there exist x1 and x5 in U such that

> 1>

A+ (1= N)& = Af(21) + (1= AN f(z2)
and by the convexity of f it follows that
AL+ (1= N& > fFOar + (1= V). (6.12)
Similarly, we have

Ant+ (1= A)me Ag(w1) + (1 = N)g(z2)

g(Az1 + (1 — Nzg). (6.13)

(AVARLVS
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Note that we have used the ordering property
a<b and ¢<d <= a+c<b+d

discussed in the introduction to this chapter. From the convexity of U, we know
that Azy 4+ (1 — M)z € U for A € [0, 1]. Consequently, the inequalities (6.12) and
(6.13) imply that
A€,m) + (L= A)(&2,m2) € Cy
corresponding to the point
Azy + (1 — Nxe € U.

In a like manner, if (§1,71) and (£2,72) are contained in Co, it follows that

Mi+(1-XN& < u+(1-Np=p
M+ (1=Nne < A-0+(1—X)-0=0.

Taken together, these last two inequalities imply that
(517771)7 (527772) ECQ = )‘(517771)—’—(1_)‘)(5277’2) € 02'

Sets C7 and C5 are not only convex, but C; also contains no interior points of Cs.
If the point (£,7) € int(Cy), then by definition we have

£ < p (6.14)
n < 0. (6.15)

In the latter case, the condition that n < 0 is equivalent to
0—n € int(P)
n € int(—P).
On the other hand, if the point (£,7) € Cy, then there is some & € U such that
€2 f(#) and 7> g(#). (6.16)

Thus we have, by combining inequalities (6.15), (6.14) and (6.16), that there is
some & € U such that
0>n>g(2)
and
> f(@) = inf{f(z):g(z) <0, z €U} = p.
But this inequality contradicts the fact that (£,n) € int(Cy) as characterized in

(6.14), and we conclude that Cy ()int(Cz) = 0. In addition, it is not difficult to
argue that the set Cy contains an interior point. By definition,

(57 77) € int(c2)

if and only if
E<p and n<O0.
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Since f is proper, p is finite. By hypothesis the positive cone P contains an interior
point. It follows, therefore, that the set C contains an interior point. By Eidelheit’s
separation theorem, a variant of the Hahn-Banach theorem, for all (£1,m1) € Ch
and (&2, 72) € Cy, there exists a linear functional (o, 8*) € R x Y such that

a(§r — &) +(B%,m —m2)y-xy > 0. (6.17)

We claim that, in fact, we have

Recall that
j=inf {f(): g(x) <0, w €U C X}.

By the definition of the infimum, there is a sequence {zy},.y C U such that

flek) — w flazw) 2p, k—oo
glzy) < 0 vk € N.

Then the sequence {(f(z%),0)},cy C C1 and (i,0) € Co. Substituting these values
in the separation inequality (6.17), we obtain

a(flax) —p) 20

~
>0

and consequently a > 0. In addition, for any (f(zx),0) € Cq and (§,n) € Ca, we
have
a(f(zk) =€) + (6,0 = n)y-xy = 0.
By the definition of Cs,
n<0

which is equivalent to
—n e P.

By the definition of the positive cone,
(—meP <<= n(-neP

for every positive integer n € N. When we evaluate the separation inequality at
—nn € P, we obtain

(8%, —nn)y=xy > —a(f(zr) — &)

or
B vy = = (Fla) =€)
(B —myexy = —O<1)—>0
n

which approaches zero as n — oo. Since n € —P, we have —n € P and, therefore,

grepP <« p*>0. O
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As in the last section, the key property employed to establish the existence
of the Lagrange multipliers has been the convexity of f, g and the constraint set
U. Again, the conclusion of this theorem is not very strong in the degenerate case
when o = 0. The generalization of the Slater condition to the current framework
is straightforward, and guarantees that the Lagrange multipliers are regular.

Theorem 6.5.2. Let f: X — R and g : X — Y be proper convex functions defined
on the convexr setUd C X. Let P be a positive cone in Y that contains an interior
point. Suppose that the function g satisfies the Slater condition

g(x) <0
for some x € U. Then there exists a Ay > 0 such that
1< f(@) + (A5, 9(x)) v+ xy
for all x € U. Moreover,
p=nf{f(z) + (A5, 9(x))y-xy : v €U}.

Proof. From the last theorem, we know that there exists a pair (a, 3*) € R x Y*
such that

a(y — &)+ (B m —m2)y-xy =20
for all (&1,m1) € C1 and (&2,12) € Co, where o > 0 and §* > 0. Since (p,0) € Co,
we have in particular that

a(éy —p) + (B m)y-xy =20

for all (&1,m1) € Cy. Suppose that o = 0, which is the degenerate case. Then,

(B m)y=xy >0
for all n; such that
m > g(x)
for some x € U. For the choice x = z defined in Slater condition, we consider
m = g(z) and obtain
(8%, 9(x))y=xy 20.
Since 5* > 0, this contradicts the hypothesis that g(z) <0, i.e.,

(8% 9(x))y-xy <0.

We conclude that o > 0. Since a > 0, there exists a A\§ > 0

such that
<&+ (Ao M)y exy
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for all (&1,m) € Cy. Clearly, we have

< inf{&+ (A, my-xy : (&) € Ci}
< {8+ QG My xy (&) = (f(2),9(x), x €U}
inf {f(x) + (A5, 9(2))y=xy : x €U}.

I

However, since (A\§, g(x))y+xy < 0 then

inf {f(z) + (A5, 9(x))y*xy :x €U} inf {f(z) : xz € U}

<
< inf{f(z):9(z) <0, z €U}
As a result of the last two inequalities, we obtain
p=inf {f(z) + (A5, 9(2))yxy sz €U}, O

As in the case when we studied functionals defined in terms of real variables,
the current case can also be cast in terms of a Lagrange functional

L : XxY*" =R
L@ \) 2 fl@)+ (N g(@)yexy-

Theorem 6.5.3. Let f: X — R and g: X — Y be proper convex functions defined
on the convex set Y C X. Let P be a positive cone in'Y that contains an interior
point. Suppose that the function g satisfies the Slater condition

g(z) <0
for some x € U. If there is an xy € U such that
flxo)=p=inf{f(x):9(x) <0, zeld C X}
and
9(x9) <0
then there is a A\j > 0 such that
<)‘Sag(‘r0)>Y*XY =0

and
L(zg, \*) < L(x0, A§) < Lz, Af)

forallx e U and \* € Y*.

Proof. From the last theorem, there is a Aj > 0 such that

< f(2) + (A5 g(2))y = xy
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for all x € U. Since x¢ is the point at which f attains the infimum

f(xo) = p < f(wo) + (A5, 9(@0)) v+ xv

we obtain
0< <)‘0a ( )>Y*><Y

Since A§ > 0 and g(xg) < 0, we have

(A0, 9(z0))y=xy < 0.

Taken together, these inequalities imply that
(A6, 9(w0))y+xy = 0.

Finally, we can directly compute

Lizo, ) = F(w0)+ (V' gw0)hyony
<0

< Flao) + (5,90 = Lo, ).
=0

Likewise, we have

= o) + (A5, 9(@o))yxy < f(@) + (A5, 9())yexy

-~
=0
= Lz, \)).
Combining these inequalities, we have

L(wo, \*) < L(wo, A}) < Lz, \))

for all € dom(f) Ndom(g), and the theorem is proved. O

6.6 Gateaux Differentiable Functionals on
Ordered Vector Spaces

In this section we consider problems that have a structure quite similar to that
considered in Section 6.4. Suppose f: U/ C X — Rand g: U C X — Y, where
X and Y are normed vector spaces and U is a convex subset of X. We study the
optimization problem in which we seek zg € U C X such that

f(xo) = inf{f(z): g(x) <0, x €U}

and
g(xo) <0.
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The function g embodies the constraints on the optimization problem, and the
normed vector space Y contains a cone P, that induces an ordering of Y. Hence,
expressions like

g9(x) <0

are understood in the sense discussed in Section 6.4.1. That is, if y1, y2 € Y,
Y2291 <= 12—y €P

Up to this point, we have not focussed on techniques to characterize the
minimizers of such problems. The following theorem is prototypical of multiplier
methods that do characterize these solutions.

Theorem 6.6.1. Suppose that U is convex, f : X — R is Gateaux differentiable,
g : X — Y is Gateauzx differentiable, and P has nonempty interior. Then every
solution xg to the minimization problem satisfies

(Df(0)) 0 Xo + (Dglxo)) 0 A1 € —Ny(o) (6.18)
(A1, 9(x0))yxy =0 (6.19)

for some Ny € R and \1 € Y™* such that A\g > 0 and Ay > 0, where the normal
cone is defined by

Nu(zo) ={§{ € X : ({20 —2)x+xx =0 VzeU}.

Proof. Before proving the above assertion, let us carefully interpret each term
comprising Equations (6.18), (6.19) and (6.20). Since f : X — R, the Gateaux
differential of f is just

Df (a0, ) = lim | 0+ €)= f (o)

e—0 €

Vv e X

so that
(Df(x0),v)x+xx = Df(wo,v) YveX

and, consequently D f(xg) € X*. Similarly, g : X — Y, the Gateaux differential is
given by
Dg(zo,v) = lim 9(zo + ev) = g(wo)
€— €

Yo € X.
We can rewrite these Gateaux derivatives
Df(zg)ov=Df(zxo,v) and  Dg(zo)ov = Dg(zo,v)

where D f(zo) € L(X,R) and Dg(zo) € L(X,Y).
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We can define the transpose of these operators in the usual way. Recall that
the transpose A’ of the linear operator A € L(X,Y) satisfies

<y*vAx>Y*><Y = <A/y*,$>x*><x
ALY — X

Therefore, we have )
(Df(z0)) : R— X~

(a, Df(x0) 0 V)rex = ((Df (20)) 0, v)xoxx

and
(Dg(xg))/: Y* - X*

(5", Dyg(0) 0 v)y+xy = {(Dg(x0)) 0", v)x+xx-
Now, we review the compositions that appear in Equation (6.18). Since we have
~[(Df(x0)) 0 Ao + (Dg(x0)) o M] € Nu(zo)
the definition of the normal cone yields
—((Df(xo))/ o Ny + (Dg(aco))/ oA, xo—x)x+xx >0 Vrel.
By linearity, we have
<(Df(x0))/o/\0,x—xo>x*xx+<(Dg(xo))/o/\1,x—xo>x*xx >0 Voxel. (6.21)

Moreover, for any arbitrary bounded linear operator A that is written as the
product of two other bounded linear operators B and C

A=BC (6.22)
the transpose operator is given by
A'=C'B. (6.23)

The equivalent representation for the Equation (6.18) is a consequence of Equa-
tions (6.21)—(6.23):

<)\0, Df(xo) o (.’E — .’EQ)>]R*><]R =+ <)\1, Dg(.’to) e} (SC — LEQ))y*Xy Z 0 (624)

We conclude that the theorem follows if we can establish that Equations (6.24),
(6.19) and (6.20) hold.
It is straightforward to establish that the following two subsets of R x Y’

Ch 2 {&n)eRXY: &> Df(xg)o(xz—z0),
n > g(xo) + Dg(xo) o (x — x¢), for some x € U}

Co2{(6,m) ERXY :£<0, <0}
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are non-empty and convex. We show that C1Nint(Cy) = 0. Assume to the contrary
that 3(¢,n) € C; Nint(Cy). This fact implies that there is some & € U such that

Df(xg)o (T —x9) <0
g(zo) + Dg(xo) o (& — x0) < 0. (6.25)

By the definition of the Gateaux derivative, we can write

Df(z0) o (Z — x0) = lim f(zo + €@ — o)) — f(wo)

e—0 €

< 0.

Since this limit exists, it follows that de¢ > 0 such that
f(zo + €@ — x0)) — f(wo) < 0.
The inequality (6.25) implies that
0 — (g(z0) + Dg(x0) o (& — x0)) € int(P).
By the definition of the interior of a set, there is an open ball centered at
B-(g(xo) + Dg(xg) o (& — z0)) € —P

for some r > 0. Since P is a cone, the dilation of this ball by a factor 0 < v < 1 is
likewise contained in —P

v[B(g(x0) + Dg(o) o (Z — 20))] € —P.
Since —P is convex and g(zg) < 0, i.e., g(xg) € —P,
Y(9(x0) + Dy(xo) o (Z — 20)) + (1 = 7)g(x0) € —P.
Simplifying, we have
9(xo) +vDg(wo) o (& — o) € —P.
But this point can be selected arbitrarily close to g(zo + v(Z — o)) since

lg(xo + (2 — 20)) — (g(z0) +¥Dg(20) © (T — 20))ll¥
’9(330 + (& — x0)) — g(0)
¥

— 0
Y

— Dg(zg) o (Z — x0)

as v — 0. Consequently, we can choose v small enough so that g(zo+y(Z —x¢)) €
—P. In summary, we have shown that

f(wo +~(Z — w0)) < f(wo)

g(zo +v(Z — x0)) <0.
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It means that point xg + v(Z — x¢) is feasible and yields a value of f less than
f(x0). This fact violates the optimality of x¢, and it follows that

01 N int(C'z) = (Z)

The sets C7 and C5 are convex and C7 does not meet the interior of Cs. By
Eidelheit’s separation theorem [17, p. 133, Theorem 3] there is a closed hyperplane
separating Cy and Cy. The sets C7 and C5 are subsets of R x Y, so the hyperplane
can be represented by a pair of functionals (Ag, A1)

(/\0,)\1) S (R X Y)* =RxY".
Since (Mg, A1) separates C7 and Ca, we have, in particular

()‘07 A1) © (fa 77) >c V(g,’l?) € Cl
()‘07 )‘1) © (5777) <c v(f?ﬁ) € 02

for some constant c. In other words,

A€+ (A, yxy > ¢ V(€ m) € Cy

6.26
M€+ (AL, my-xy <c¢  V(n) € Cs. (6.26)

In fact, (0,0) € C1 N Cs, and we conclude that ¢ = 0. From the second relation of
(6.26), for any (£,0) € Ca, we obtain
A& <0

but since £ < 0, we have
Ao > 0.

Similarly, for any (0,7) € Cs
(A, My=xy <0,
where, by the definition of Cy, 7 < 0. Consequently,
A1 > 0.

From the first relation of (6.26) and the definition of the set C; , we obtain

Ao D f(zo) o (x — x0) + (A1, 9(x0) + Dg(z0) o (x — 20))y=xy = 0. (6.27)
for all x € U. For the choice = = zg,

(M, 9(z0))y=xy > 0. (6.28)

Relations A\; > 0 and g(z¢) < 0 imply that A; € P* and g(x¢) € —P. Hence, we
have
—(A1,9(z0))y=xy 2 0. (6.29)
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From Equations (6.28) and (6.29), we obtain
(A1, 9(x0))y+xy =0
and Equation (6.27) becomes
Ao Df(zo) o (x — x0) + (A1, Dg(z0) © (¥ — x0))y+xy >0

((Df(0)) © Ao, (& — 0))x-xx + ((Dg(x0)) © A1, (T — 20))x+xx >0

for all x € U. Consequently, we have shown that Equations (6.18) and (6.19)
hold. But since (Mg, A1) # (0,0) in construction of the separating hyperplane, the
relations A\g > 0 implies inequality (6.20) and the proof is complete. (]



Chapter 7

Lower Semicontinuous Functionals

Several important results, including the Weierstrass Theorem, may be established
under weaker conditions than functional continuity. One such condition is known
as lower semicontinuity, which has several equivalent definitions.

Definition 7.0.1. Let (X, 1) be topological space and let f: X — R. The functional
f s lower semicontinuous at xq if the inverse image of every half-open set of the
form (r,00), with f(z¢) € (r,00) contains an open set U C X that contains xo.
That 1is,

flzo) € (r,00) = 3UET:20€U C f1(r,00)

As in the case of continuity, a function f is lower semicontinuous on a topological
space X if it is lower semicontinuous at each point in X.

7.1 Characterization of Lower Semicontinuity

The next theorem establishes some alternative characterizations of lower semicon-
tinuity.

Theorem 7.1.1. Let (X, T) be a topological space and let f : X — R. The following
are equivalent:

(i) The functional f is lower semicontinuous on X,
(ii) the inverse image of every half-open set of the form (r,00) is an open set in
X, and
(iii) the inverse image of every half-closed set of the form (—oo,r| is a closed set
in X.

As a first step, let us define a version of the definition of lower semicontin-
uous functionals that is more appropriate for applications. Many applications are
formulated in spaces with considerably more structure than a general topological
space. The following proposition, couched in terms of a metric space, will suffice
for a wide class of applications.
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Proposition 7.1.1. Let (X,d) be a metric space. A functional f: X — R is lower
semicontinuous at a point xg € X if

f(zo) <liminf f(x).

Tr—xo
Proof. Suppose f is lower semicontinuous at xg € X. By definition, we know that

liminf f(z) =sup  inf  f(x).

T— Lo r>0 TEB(zo,T)

Now, from our earlier definition of lower semicontinuity, for each € > 0, there exists
r(e) such that
flzo) —e < f(x) forall z e B(xg,r(e))

or,

To) < €+ inf x).
f( O) xGB(mO,T(e))f( )

This implies that

Tg) < su inf ).
fleo) Ssup inf (@)

On the other hand, suppose that

Tg) < su inf ).
fleo) Ssup _inf (@)

Suppose to the contrary that f is not lower semicontinuous at zy. This means that
for every t < f(xo) and for every r > 0, there is a & € B(xo,r) such that

f(z) <t
For every r > 0, we can conclude that

inf < t.
Jcelér(lxo,r) f(iC)

Hence, we have

t< f(zg) <sup inf f(z)<t
r>0 z€B(zo,7)

which is a contradiction. O

We can obtain a practical result that shows that lower semicontinuity of a
functional on a metric space is in fact equivalent to sequential lower semicontinuity
of the functional. This is not true on a general topological space.

Proposition 7.1.2. Let (X, d) be a metric space. A functional f : X — R is sequen-
tially lower semicontinuous at xg € X if

flxo) < limkinf flag)

for any sequence {xy}ren such that i — o in metric.
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Theorem 7.1.2. Let (X, d) be a metric space. A functional f : X — R is lower semi-
continuous at xg € X if and only if f is sequentially lower semicontinuous at xg.

Thus, we see that on a metric space, we can characterize lower semicontinuous
functionals by their behavior on convergent sequences. Now we show that a lower
semicontinuous functional has a simple geometric interpretation. A lower semicon-
tinuous function can be visualized in terms of its epigraph.

Theorem 7.1.3. Let (X,d) be a metric space, and suppose that f : X — R. The
functional f is lower semicontinuous if and only if epi(f) is closed.

N\

“Graph
fxa) | Jur%%sl “—

Down”

“Graph
fixa){ -\I Juros

Figure 7.1: A function that is lower semicontinuous at xy but not lower semicon-
tinuous at x7.

Proof. Suppose that f is lower semicontinuous. Let {(zx,&)}peny € epi(f), and

that (xg, &) — (z0,&) € X x R. By the definition of the epigraph, we know that
f(xk) <&, VkeN
In particular, because {x} converges to xy, we can write

f(zg) < limkinff(xk) < limkinf & = liin & =&

since f is lower semicontinuous. This just means that f(zg) < &, and that
(z0,&) € epi(f). On the other hand, suppose that the epi(f) is closed. That

is, if {(wx,&k)}peny € epi(f), then
(zk, &) — (20,&) in X xR
implies that (zo, &) € epi(f). Consider any sequence such that
z; —x9 €X.

Clearly, {(z;, f(acj))}jeN is contained in epi(f). Since the epigraph is closed, we
can write

(x5, f(z)) = (20,&) € epi(f).
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But now we get the required result
flzo) < &=1lim f(z;) = liminf f(z;). O
J J

The graphical interpretation of this theorem is depicted in Figure 7.1. When
the epigraph of f is closed, f makes no “jumps up” in its graph.

7.2 Lower Semicontinuous Functionals and Convexity

7.2.1 Banach Theorem for Lower Semicontinuous Functionals

We will show that convex lower semicontinuous functionals can always be mi-
norized by affine functionals. This result is important for developing an intuition
regarding the global behavior of lower semicontinuous functionals, as well as pro-
viding an important result for set-valued characterizations of differentiability.

Theorem 7.2.1 (Hahn-Banach Theorem for Lower Semicontinuous Functionals).
Let X be a mormed vector space and suppose that the functional f : X — R is
proper, convex and lower semicontinuous. Then f is bounded below by an affine
functional.

Recall that a functional is proper if it never takes the value —oo and there is
at least one point at which the functional is finite. The proof of this theorem relies
on several fundamental results that guarantee the separation of convex sets in
normed vector spaces. The foundation of this proof is the Hahn-Banach theorem,
one of the cornerstones of functional analysis. To prepare for the proof of this
theorem, we will require the definition of hyperplane.

Definition 7.2.1. A hyperplane H contained in a normed vector space X is the
inverse image of a real number o under a given linear functional z* € X*. In
other words,

H={zeX: <ax>xxx=a}.

A hyperplane H is necessarily closed, because the inverse image of a closed set
in the range of a continuous linear mapping is a closed set in the domain. A
hyperplane has many uses, in particular, providing a notion of separation in a
normed vector space.

Definition 7.2.2. If H is a hyperplane defined on the normed vector space X, the
open upper half-space is defined to be

Hiy={rxeX: <z z>xxx>a}.
The open lower half-space is defined in an analogous manner:

Definition 7.2.3. If H is a hyperplane defined on the normed vector space X, the
open lower half-space is defined to be

Ho={zeX: <a*,x>xxx<a}l.
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With the definition of the upper and lower half-spaces, we can define the notion
of separation of sets in a normed vector space.

Definition 7.2.4. A hyperplane H strictly separates two sets A, B C X if
ACHy and BCH_.

In Chapter 2, we introduced the Hahn-Banach theorem and showed that it
could be used to provide a rich collection of bounded linear functionals on normed
vector spaces. These functionals were obtained via extension of functionals defined
on subspaces. Sometimes, the version of the Hahn-Banach theorem discussed in
Chapter 2 is referred to as the “extension version” of the Hahn-Banach theorem.
It turns out that there are many forms of the Hahn-Banach theorem, and many
of them are expressed in terms of separation of sets. The following theorem is one
of the “separation versions” of the Hahn-Banach theorem.

Theorem 7.2.2. Suppose that A and B are disjoint, convex subsets of a normed
vector space X, where A is compact and B is closed. Then there is a hyperplane
that strictly separates A and B.

Now we can return to the proof of Theorem 7.2.1.

Proof. Choose some value t € R such that

t < f(xo)

for some xy € X. Since f is proper, we know that some such z( exists. The set
{zo,t} is a compact, convex subset of X x R, and it is disjoint from the epigraph
of f. Since f is lower semicontinuous and convex, its epigraph epi(f) is closed and
convex. By the Hahn-Banach Theorem 7.2.2, there is a functional g € (X x R)*
such that

(9, (20, 1)) (x xR)* x (X xR) < @ < (G, (T, 8)) (X x R)* x (X xR)
for all (z,s) € epi(f). Because (X x R)* = X* x R, each g € (X x R)* can be
written as
g=(z",7)
where z* € X* and 7 € R. In this case, the statement of separation can be written

as
(@ xo)xxx +Tt < a< (2", x)x-xx +7s V(z,s) € epi(f).

Since (xo, f(xo)) € epi(f), the last inequality is reduced to
(%, m0) xxx + 7t <@ < (2", 20) x+xx + Tf(20)

which implies that
0<7(f(xo)—1t).
~ ~ -
>0
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Consequently, we have 7 > 0. Finally,

a 1 )
. T<x*»$>x*xx <s Y(z,s) € epi(f).

But since (z, f(z)) € epi(f), the last inequality means that the convex lower
semicontinuous functional f is minorized by an affine functional

% e < f@) 0

T

7.2.2 Gateaux Differentiability

In our consideration of the relationship of convexity, differentiability and lower
semicontinuity, we show that Gateaux differentiability is also useful in proving
that a functional is weakly sequentially lower semicontinuous.

Theorem 7.2.3. Suppose X is a separable, reflexive Banach space and that f :
M C X — R is Gateauz differentiable over the closed, convex set M. Then if f is
convez, f is weakly sequentially lower semicontinuous.

Proof. Consider z, y € M. By the convexity of f, we can write
af@)+(1-a)fly) = flaw+(1-a)y)
f@) - 1) > {fly+al—y) - fG)} YeyeM
F@) = f@) = (D) a—yhxox Vaye M.

Now choose any sequence such that z,, — = weakly in X. We can write

limninf (f(zn) — f(y)

\%

v

(Df(y),xn —y)x-xx YyeM VneN
liminf(Df(y), xn —y)x-xx Vye M

= Wm(Df(y),zn —y)x-xx Vye M.

2
2

If we choose y = = in the above expression, we obtain
liminf (f(z,) — f(z)) > Iim(Df(z), 2n — 2) x+xx = 0.

But this means that
f(z) <liminf f(z,). O

7.2.3 Lower Semicontinuity in Weak Topologies

If we can show that a functional is convex, we can choose the weak or strong
topology to study lower semicontinuity. In the following theorem, we are able
to state conditions under which lower semicontinuity and lower semicontinuity
in the weak topology are established. Interestingly enough, these two notions of
semicontinuity can both be shown to hold if the functional f is convex.
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Definition 7.2.5. Let (X, 7) be a topological space. A functional f : X — R is
T-lower semicontinuous on X if and only if epi(f) is T-closed in the vector space
X xR.

We renew a well-known relationship between weak and strong closures at convex
sets.

Theorem 7.2.4 (Mazur’s Theorem). A convex subset of a Banach space is strongly
closed if and only if it is weakly closed.

Theorem 7.2.5. Suppose that X is a Banach space and f : X — R is convex. Then
f is lower semicontinuous in the strong topology on X if and only if f is lower
semicontinuous in the weak topology on X.

Proof. Recall, that if epi(f) is lower semicontinuous in the strong topology on X,
epi(f) is strongly closed. Since f is convex, epi(f) is also convex. But a convex
set is strongly closed in a Banach space if and only if it is weakly closed. Hence,
epi(f) is closed in the weak topology in X, and therefore lower semicontinuous in
the weak topology on X. O

Now in many applications, it is not the case that the functional of interest
is defined on the entire space X. Generally, the domain of definition of f will
be subject to constraints. If the constraint set is closed and convex, however, the
conclusions of the preceding theorem still hold true.

Theorem 7.2.6. Suppose that X is a Banach space, f : M C X — R is conver,
and M 1is closed and convex. Then f is strongly lower semicontinuous if and only
if [ is weakly lower semicontinuous.

Proof. Recall that a function is 7-lower semicontinuous if and only if all of its lower
sections M, = {z € M : f(x) < r} are 7-closed for all € R. Consequently, if f is
strongly lower semicontinuous, then M, is strongly closed in X. Since f is convex,
M, is convex for each r € R. Indeed, suppose that x,y € M,.. By the convexity of
f and f(x) and f(y) boundedness above by r when z,y € M,., we have

flaz + (1 —a)y) <af(@) + (1 -a)f(y) <ar+(1-a)r=r.

Note that ax + (1 — )y € M since M is convex. Hence, M, is convex and strongly
closed, and therefore, by Mazur’s Theorem 7.2.4, M, is weakly closed. But this
means that f is weakly lower semicontinuous. O

Now, to summarize the development thus far, we have shown that:

e concise existence results for minimization problems are available for lower
semicontinuous functionals,

e lower semicontinuous functionals have a simple geometric interpretation in
terms of the epigraph, and

e convexity widens the class of topologies for which lower semicontinuity can
be deduced.
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7.3 The Generalized Weierstrass Theorem

The greatest difficulty encountered in applying the conditions of sufficiency stated
in Theorem 5.3.2 is that nth-order Fréchet differentiability is a restrictive assump-
tion indeed. Moreover, the task of verifying that an nth-order Fréchet derivative
is bounded away from zero, or coercive, is a difficult task in itself. In this section,
and the next, we discuss how the assumptions on the functional f can be weak-
ened, so that we still can derive conditions that guarantee a solution of the original
minimization problem.

Now we can state the generalized Weierstrass Theorem, which forms the basis
of nearly all of the sufficiency conditions we employ in the remainder of this volume.
The generalized Weierstrass Theorem weakens the requirement of continuity, to
that of lower semicontinuity.

Theorem 7.3.1 (Generalized Weierstrass Theorem). Let (X, 1) be a compact topo-
logical space, and let f : X — R be a proper, lower semicontinuous functional.
Then there exists g € X such that

f(xo) = inf f(x).

zeX

The proof of this theorem will closely follow the proof of the Weierstrass
Theorem.

Proof. Suppose that o = 12)f{ f(x). Consider the sequence of half-closed sets in the

range of f
Qr = (—oo,a—i—]i] VkeN.

From this sequence of sets, we can construct a sequence of closed sets in the
domain X

Cr={reX:f(x)eQr} VkeN.
By construction, this sequence of sets is nested

Cry1 C€CCy VkeN

and each C} is compact, being a closed subset of a compact set. Following identical
reasoning as in the proof of Theorem 5.1.1, we conclude that

dzg € n Ch
k=1
and, therefore,
f(xo) = a = inf f(x). O

zeX
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Now, admittedly, the preceding discussions of continuity and lower semicon-
tinuity are expressed in somewhat abstract form. Checking to see if a functional to
be minimized “maps half-closed sets into half-closed sets” is not a task that would
be embraced enthusiastically by someone interested in a particular applications. In
the remainder of this section, we investigate lower semicontinuity in more detail,
and study its relation to convexity and differentiability.

7.3.1 Compactness in Weak Topologies

Up until this point we have emphasized that there are two key ingredients in The-
orem 7.3.1: the lower semicontinuity of the functional f and the compactness of
the underlying space. We have discussed the role of convexity in establishing lower
semicontinuity in either the strong or weak topologies. Thus, convexity provides
a practical means of establishing lower semicontinuity in many applications. In
this section, we discuss a framework for addressing the second primary hypothesis
of Theorem 7.3.1: compactness. As we recall from Chapter 2, several results are
available that describe conditions that ensure weak compactness in various sce-
narios. Alaouglu’s theorem is perhaps the most general and guarantees the weak*
compactness of the closed unit ball of the topological dual space of a Banach space.

Theorem 7.3.2. The closed unit ball of the dual space of a Banach space is weakly*
compact.

From this quite general result, it has been shown in Section 1.5 that alternative,
more applicable theorems may be derived. The following theorem is used frequently
throughout various applications in mechanics and optimal control.

Theorem 7.3.3. A bounded sequence in a reflexive Banach space contains a weakly
convergent subsequence.

This theorem follows from the previous one essentially because the weak and weak*
topologies on the topological dual space of a Banach space coincide. Carefully note
that this theorem says that a bounded sequence of a reflexive Banach space is al-
most weakly sequentially compact. The weakly convergent subsequence guaranteed
by the theorem need not converge to an element of the bounded subset.

These two theorems allow us to construct what will be the foundation of the
most frequently used technique for employing Theorem 7.3.1 in practical applica-
tions. As a general philosophy, we

(i) seek to establish lower semicontinuity in the weak topology on X, and
(ii) seek to establish compactness in the weak topology on X.

From the foregoing comments, boundedness is nearly sufficient for weak sequential
compactness of a subsequence in a reflexive Banach space. Some care must be
taken as we proceed. In deriving the conditions that follow, it is important to
note that every weakly lower semicontinuous functional is automatically weakly
sequentially lower semicontinuous. This fact follows, for example, from Property
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(IV) in Theorem 7.1.1. It is not true in a general topological space, however,
that a sequentially lower semicontinuous functional is lower semicontinuous. The
equivalence of sequential lower semicontinuity and lower semicontinuity holds if
the topological space is first countable (has a countable base for the neighborhood
system at each point). See [19, Proposition 1.3, p. 9]. Similarly, every set that is
closed in the weak topology is weakly sequentially closed. This fact follows from
Theorem 1.2.8. However, it is not the case that every sequentially closed set is
a closed set in a general topological space. We can now write a version of the
generalized Weierstrass Theorem that is tailored to our approach.

Theorem 7.3.4. Let X be a reflexive Banach space, and let f : M C X — R be
weakly sequentially lower semicontinuous over the bounded and weakly sequentially
closed subset M. Then, 3xg € M such that

flao) = inf f(a).

Proof. We first show that f is bounded below. Suppose to the contrary that there
is a sequence {zy}ren € M such that

f(:ck) < —k.
Since M is bounded, there is a subsequence {z; }jen such that
J}kj — X

weakly in X. Because M is weakly sequentially closed, x € M. By the weak
sequential lower semicontinuity of f

f(x) <liminf f(xy,) = —oo.
J
But this is a contradiction and f is bounded below. Let
= 1 f
@ aclélM f(.’ﬂ)
and suppose {zy }ren s a sequence contained in M such that
a= lilgn flzg).

Since M is bounded and weakly sequentially closed, there is a subsequence
{z, }jen € M such that
Tg; — 0 € M

weakly in X. By the weak sequential lower semicontinuity of f, we can write

a < f(zo) < liminf f(zy,) = lim f(zy,) = a
J J
and the theorem is proved. O

To derive more applicable results, we would like to bring to bear all of the
tools we derived in Sections 6.2 and 7.2.2 that employ the relationship among
convezity, differentiability and lower semicontinuity.
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7.3.2 Bounded Constraint Sets

One direct result of Theorem 7.3.4 is the following theorem, that is applicable
when the constraint set is bounded.

Theorem 7.3.5. Let X be a reflexive Banach space and suppose that f: M C X —
R is weakly sequentially lower semicontinuous over the bounded, convez, closed
subset M. Then, Jxy € X such that

flwo) = inf f(2)

Proof. Since M is closed and convex, it is closed in the weak topology on X. It
is therefore weakly sequentially closed. The conclusion now follows from Theorem
7.3.4. O

If it happens that we can show that f is Gateaux differentiable, the fol-
lowing theorem provides several useful alternatives for directly showing that the
minimization problem has a solution.

Theorem 7.3.6. Let X be a reflexive Banach space and suppose that f: M C X —
R is Gateauz differentiable on the closed, convex and bounded subset M. If any of
the following three conditions holds true,

(i) f is convex over M,
(ii) Df is monotone over M,
(iii) D2f is positive over M,
all three conditions hold, and 3x¢g € X such that

Flao) = inf f(x).

Proof. By Theorem 6.2.1 and Theorem 7.2.3, f is weakly sequentially lower semi-
continuous under any of the hypothesis (i) through (iii) above. The proof now
follows from Theorem 7.3.5. O

7.3.3 Unbounded Constraint Sets

In the preceding section, we saw that by considering bounded constraint sets, uti-
lizing convexity and by employing the weak topology on X, the minimization
problem of finding zg € M such that

x9) = inf f(x

flwo) = inf f(2)

has a solution. For a surprisingly large class of problems, we can “bootstrap” this
argument to treat some unbounded constraint sets. The crucial additional property
we impose when the constraint set is not necessarily bounded is that the functional
f is coercive.
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Definition 7.3.1. Let X be a normed vector space and let
f:MCX—R
The functional f is coercive over M if
[z =00 = |f(z)] = o0
forallz e M.

How we will exactly use this condition becomes clearer when we note that if f is
coercive and bounded over a set M, then the set M itself is bounded. For example,
if f is coercive, then for two constants ¢; and ¢y, we have

lf(@z)|<ep VeeM = |z| <cx YzeM.
We derive the following supporting proposition.

Proposition 7.3.1. Let X be a normed vector space, M be a closed subset of X,
and let f: M C X — R be coercive. Then 3z € M and 3R > 0 such that

inf f(z) = inf{f(ac) tx € MOBR(Z)}.

zEM
Proof. Pick any z € M. We claim that there is an R > 0 such that the condition
|z —z|| > R implies |f(x)] > [f(2)| (7.1)

for all x € M. Suppose to the contrary that this is not the case. Then for every
R > 0 there is an g € M such that

lzr =z >R and |[f(zr)] <|f(2)]-
But as R — oo, we have
lzrll + 2]l = lzr — 2| > R

and therefore
|z r]l — oo.
On the other hand,
|f(zr)] < |f(2)]

is a contradiction of the coercivity of f. The claim in Equation (7.1) follows. The
proposition now follows since

inf{f(z) : x € M} = inf {f(x) cz € (M Bg(z)) U (M\BR(Z))} .

But since
F(2) < mf{f(z) : = € M\Bg(2)}

we conclude that

inf{f(z):x € M} =inf{f(z) : 2 € M N Br(z)}. O
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Theorem 7.3.7. Let X be a reflexive Banach space, and let f : M C X — R be
coercive and weakly sequentially lower semicontinuous over the closed and convex
set M. Then dxy € X such that
= inf .
flwo) = inf f(2)
Proof. Based on Proposition 7.3.1, the proof of the theorem is straightforward. By
Proposition 7.3.1, we choose R > 0 and z € M such that

inf f(z) = inf ).
IEMf( ) a:eMmBR(z)f( )

The ball Bg(z) is closed, convex and bounded. Its intersection with M is like-
wise closed, convex and bounded in a reflexive Banach space. Thus, we can apply
Theorem 7.3.5. U

We can view this theorem as a prototypical minimization result for un-
bounded constraint sets. We can ensure that the hypotheses of this theorem are
satisfied by bringing to bear all of the tests for convexity, monotonicity of the first
Gateaux differential, and positivity of the second Gateaux differential discussed in
Sections 6.2 and 7.2.2.

Theorem 7.3.8. Let X be a reflexive Banach space and let f: M C X — R be
Gateauz differentiable and coercive on the nonempty, closed, convex set M. If one
of the following conditions hold,

(i) f is convex,

(ii) Df is monotone, or
(iii) D2f is positive,
then all of the conditions (i) through (i) hold, and 3z € X such that

flao) = inf f(a).

Proof. The proof follows from noting that if f is convex and Gateaux differentiable,
then it is weakly sequentially lower semicontinuous by Theorem 7.2.3. In addition,
Theorem 6.2.1 notes that, under the hypotheses of this theorem, the convexity
of f in condition (i) is equivalent to the monotonicity of the first differential in
(ii) or the positivity of the second differential in (iii). The proof now follows from
Theorem 7.3.7. O

7.3.4 Constraint Sets on Ordered Vector Spaces

In this section we consider problems that have a structure quite similar to that
considered in Section 6.4. Suppose f: U C X — Rand g: U C X — Y, where
X and Y are normed vector spaces and U is a convex subset of X. We study the
optimization problem in which we seek o € U C X such that

f(zo) =inf{f(x): g(z) <0, z € U} (7.2)
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and
g(zo) <0.

The normed vector space Y contains a cone P, that induces an ordering of Y.
Hence, expressions like
g(x) <0

are understood in the sense discussed in Section 6.4.1. That is, if y1, yo € Y
Y2291 = 12—y €P

Section 6.5 has discussed several techniques by which the existence of a so-
lution to this optimization problem can be established. The following theorem is
but a slight generalization of those results to accommodate convex constraints.

Theorem 7.3.9. Suppose that

Y is a normed vector space with a closed convexr cone P,
f: X — R is weakly sequentially lower semicontinuous,
g 1is weakly sequentially continuous,

the optimization problem (7.2) is feasible, and

U is weakly sequentially compact.

Then dxg such that

J(wo) = nf{f(2) : g(2) <0, ¢ €U C X}

and
g(zo) < 0.

Proof. The proof of this theorem follows closely the methodology employed in the
derivation of Theorem 7.3.7. The only significant difference is the form of the
constraint in the current theorem. By the definition of the infimum,

Harren CU

such that
f(@k) — f(zo)

and
g(zr) <0 VkeN

Since U is weakly sequentially compact, there is a subsequence
{xk, }jen S {xr}ren CU

such that
Tg; — xo  weakly in X
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Since U is weakly sequentially compact, it is weakly sequentially closed and xg € U.
By the weak sequential lower semicontinuity of f, we conclude

f(zo) < limkinff(xk) = li}gn f(zp)
and, consequently, obtain
f(zo) =inf{f(x):g(zx) <0, zeU C X}.

It only remains to show that g(z¢) < 0. However, since g is weakly sequentially
continuous, we have

9(zr;) — g(xo)-

Because g(z;) € P, and P is a weakly sequentially closed set, we conclude that
g(xo) € P. O

The reader should note that numerous variants of this theorem are possible.
We can modify the hypotheses to guarantee weak sequential continuity and weak
sequential compactness. For example, the conclusions of the theorem hold if f is
Gateaux differentiable and convex.
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