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Preface

This book is intended to serve as a first course in analysis for scientists and
engineers. It can be used either at the advanced undergraduate level or as part of
the curriculum in a graduate program. We have taught from preliminary drafts of the
book for several years.

The book is built around metric spaces. In the first three chapters, we lay the foun-
dational material. We cover the all-important “four Cs”: convergence, completeness,
compactness, and continuity. We have organized the material to be as simple and as
logical as possible.

In subsequent chapters, we use the basic tools of analysis to give a brief intro-
duction to closely related topics such as differential and integral equations, convex
analysis, and measure theory. The book is short and yet covers in some depth the most
important subjects. We gave careful consideration to what to include and what to leave
out. In all such considerations, we asked ourselves whether the material would be of
direct and immediate use to scientists and engineers. Our philosophy is “if in doubt,
do without.”

What makes this book different? We pull together some of the foundational ma-
terial one might find, for example, in the classic book by Rudin [Rud76] with material
on convexity and optimization at a level commensurate, say, with the book by Borwein
and Lewis [BL06] and with a completely modern treatment of the basics of measure
theory. The importance of measure theory has increased over the years as stochastic
modeling has become more central to all aspects of analysis. Similarly, optimiza-
tion plays an ever increasing role as one tries to design and analyze the best possible
“widget.”

We hope that the reader will enjoy the book and learn some important mathe-
matics.

We would like to thank the many students whom we have had the pleasure of
teaching over the years. We give a special thanks to John D’ Angelo; he carefully read
a draft of the manuscript and made numerous helpful suggestions.

E. Cinlar and R.J. Vanderbei
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Notation and Usage

We use the terms “positive” and “negative” in their wide sense: positive means
> 0, negative means < 0. Similarly, “increasing” means z < y implies f(x) <
f(y). If strict inequalities hold, we say “strictly positive,”
increasing,” etc. Here is a list of frequently used notations.

9

strictly negative,” “strictly

(): The empty set.

N =1{0,1,2,...}: The set of natural numbers.

N* ={1,2,3,...}: The set of strictly positive integers.

Z =1{0,1,—1,2,—2,...}: The set of integers.

Q= {z : = = " for some m in Z and some n in N* }: The set of rationals.
R = (—00,00) = {z : —00 < x < +00}: The set of reals.

Ry =[0,00) = {z € R: x > 0}: The set of positive reals.

* = (—00, o0]: The set of reals and plus infinity.

R = [~o0, 00]: The set of extended reals.

[a,b] = {x € R:a < a < b}: The closed interval with endpoints a and b.
) ={z € R:a < x < b}: The open interval with endpoints a and b.
log(x): The natural logarithm of x.

x -y = >_1 x;y;: The inner product of x and y.

|z|| = v/z - x: The Euclidean norm of .

C: The set of continuous functions.

d(z,y): The distance from x to y.

B(z,r) = {y : d(z,y) < r}: The open ball centered on x of radius 7.
A°: The interior of the set A.

A: The closure of the set A.

0A: The boundary of the set A.

f : The Legendre transform of the function f.

f * g: The infimal convolution of the functions f and g.

x A y: The minimum of the real numbers = and y.

x V y: The maximum of the real numbers = and y.

1 4: The indicator function of the set A.

B(E): The Borel o-algebra on the metric space E.






CHAPTER 1

Sets and Functions

This introductory chapter is devoted to general notions regarding sets, functions,
sequences, and series. We aim to introduce and review the basic notation, terminology,
conventions, and elementary facts.

A. Sets

A set is a collection of some objects. Given a set, the objects that form it are
called its elements. Given a set A, we write € A to mean that x is an element of A.
To say that x € A, we also say x is in A, or = is a member of A, or = belongs to A, or
A includes z.

One can specify a set by listing its elements inside curly braces, but doing so is
not feasible in most cases. More often we specify a set by precisely describing its
elements. For example, A = {a,b, ¢} is the set whose elements are a, b, and ¢, and
B = {z : x > 2.7} is the set of all numbers exceeding 2.7. The following are some
special sets:

(): The empty set. It has no elements.

N ={0,1,2,...}: The set of natural numbers.

N* ={1,2,3,...}: The set of strictly positive integers.
Z=1{0,1,—1,2,—2,...}: The set of integers.

Q = {z : x = = for some m in Z and some n in N*}: The set of rationals.
R = (—00,00) = {z : —00 < x < +00}: The set of reals.

Ry =[0,00) = {x € R: x> 0}: The set of positive reals.

[a,b] = {z € R:a < x < b}: The closed interval with endpoints a and b.
(a,b) ={x € R: a < x < b}, defined for numbers a and b with a < b: The
open interval with endpoints a and b.

We assume that the reader is familiar with these sets. For example, we take it for
granted that real numbers are limits of rationals.

Subsets

A set A is said to be a subset of a set B if every element of A is an element of B.
We write A C B or B D Ato indicate this and say A is contained in B, or B contains
A, to the same effect. The sets A and B are the same if and only if A C Band A D B,

E. Cmlar and R.J. Vanderbei, Real and Convex Analysis, Undergraduate Texts in Mathematics, 1
DOI 10.1007/978-1-4614-5257-7_1, © Springer Science+Business Media New York 2013



2 Sets and Functions Chap. 1

and then we write A = B. For the contrary situations, we write A # B when A and
B are not the same. The set A is called a proper subset of B if A is a subset of B, and
A and B are not the same.

The empty set is a subset of every set. Let A be a set. The claim is that ) C A,
that is, that every element of () is also an element of A, or equivalently, there is no
element of () that does not belong to A. But the last phrase is true simply because ()
has no elements.

Set Operations

Let A and B be sets. Their union, denoted by A U B, is the set consisting of all
elements that belong to either A or B (or both). Their intersection, denoted by AN B,
is the set of all elements that belong to both A and B. The complement of A in B,
denoted by B\ A, is the set of all elements of B that are not in A. Sometimes, when B
is understood from context, B \ A is also called the complement of A and is denoted
by A¢. Regarding these operations, the following statements hold:

Commutative laws:

AUB = BUA,
ANB = BNA

Associative laws:

Distributive laws:
AN(BUC) = (ANB)U(ANCQO),
AU(BNC) = (AUB)N(AUQ).
The associative laws show that AU BUC and AN BNC have unambiguous meanings.
Definitions of unions and intersections can be extended to arbitrary collections of
sets. Let I be a set. For each 7 in I, let A; be a set. The union of the sets A;, 7 € I,
is the set A such that z € A if and only if x € A; for some ¢ in /. The intersection of

them is the set A such that z € A if and only if z € A, for every ¢ in I. The following
notations are used to denote the union and intersection respectively:

U4, ) A

iel icl

When I = {1,2,3,...}, it is customary to write

Ja A
=1 =1
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All of these notations follow the conventions for sums of numbers. For instance,

n 9
UAai=4u--uA4,, () Ai=AsN AN -0 Ag.

i=1 =3

Disjoint Sets

Two sets are said to be disjoint if their intersection is empty; that is, if they have
no elements in common. A collection {A; : ¢ € I'} of sets is said to be disjointed if
A; and A; are disjoint for every ¢ and j in [ with i # j.

Products of Sets
Let A and B be sets. Their product, denoted by A x B, is the set of all pairs
(x,y) with 2 in A and y in B. It is also called the rectangle with sides A and B.

If Ay,..., A, are sets, then their product A; x --- x A, is the set of all
n-tuples (x1,...,2,) where 21 € Ay,...,x, € A,. This product is called, vari-
ously, a rectangle, or a box, or an n-dimensional box. If A; = --- = A,, = A, then

Ay x --- x A, is denoted by A™. Thus, R? is the plane, R? is the three-dimensional
space, Ri is the positive quadrant of the plane, etc.

Exercises

1.1 Let E be a set. Show the following for subsets A, B, C, and A; of E. Here, all
complements are with respect to E; for instance, A = E \ A.

(@) (A°)° = A

(b) B\ A=BnN A°

(© (B\ANC=(BNC)\(ANC)

(d (AuB)c = AN B*

(e) (AN B)¢ = A°U B¢

(UzGI i) = Mier A
(g) (Mier Ai)° = Uier 45

1.2 Let a and b be real numbers with a < b. Find

o 1 1 pay 1 1
Ulosgoals le-qoe )

1.3 Describe the following sets in words and pictures:
(@ A={zecR?: 22 +22 <1}
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(b) B={zeR?: 27 +23 <1}

(c) C=B\ A
d D=CxB
() S=CxC

1.4 Let A, be the set of points (z,y) in R? lying on the curvey = 1/2",0 < < co.
Whatis (,,>1 An?

B. Functions and Sequences

Let E and F' be sets. With each element x of F, let there be associated a unique
element f(x) of F. Then f is called a function from F into F', and f is said to map E
into F'. We write f: E — F to indicate this.

Let f be a function from E into F'. For z in E, the point f(z) in F' is called the
image of x or the value of f at z. Similarly, for A C E, the set

{y e F:y= f(z)forsomex € A}

is called the image of A. In particular, the image of F is called the range of f. Moving
in the opposite direction, for B C F/,

1.5 f'B={xcE: f(z) € B}

is called the inverse image of B under f. Obviously, the inverse image of F'is E.

Terms like mapping, operator, transformation are synonyms for the term
“function” with varying shades of meaning depending on the context and on the sets F
and F. We shall become familiar with them in time. Sometimes, we write z — f(x)
to indicate the mapping f; for instance, the mapping z + 3 + 5 from R into R is the
function f: R + R defined by f(x) = 2° + 5.

Injections, Surjections, Bijections
Let f be a function from F into F. It is called an injection, or is said to be

injective, or is said to be one-to-one, if distinct points have distinct images, that is, if
x # yimplies f(x) # f(y). Itis called a surjection, or is said to be surjective, if its
range is F’, in which case f is said to be from F onto F. It is called a bijection, or is
said to be bijective, if it is both injective and surjective.

These terms are relative to £ and F'. For example, x +— €7 is an injection from R
into R, but is a bijection from R onto (0, co). The function z — sinz from R into R
is neither injective nor surjective, but it is a surjection from R onto [—1, 1].

Sequences
A sequence is a function from N* into some set. If f is a sequence, it is customary
to denote f(n) by something like x,, and write (x,,) or (21,2, ... ) for the sequence
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(instead of f). Then, the z,, are called the terms of the sequence. For instance,
(1,3,4,7,11,...) is a sequence whose first, second, etc. terms are 21 = 1, zo = 3,
etc. Sometimes it is convenient to define a sequence over N, and then write (2, )nen
or (xzg,x1,...) forit.

If A is a set and every term of the sequence (2, ) belongs to A, then (x,,) is said to
be a sequence in A or a sequence of elements of A, and we write (2,,) C A to indicate
this with a slight abuse of notation.

A sequence (x,,) is said to be a subsequence of (y,,) if there exist integers 1 <
k1 < ko < k3 < --- such that

Tn = Yk,

for each n. For instance, the sequence (1,1/2,1/4,1/8,...) is a subsequence of
(1,1/2,1/3,1/4,1/5,...).

Exercises

1.6 Inverse images. Let f be a mapping from E into F'. Show that

(@ f10=0,

(b) f7'F=E,

© [HB\C)=(f1B)\(f10),

) f"YUier Bi) = Uier f ' B,

(e fﬁl(miel Bi) = Nier 1B,
for all subsets B, C, B; of F.

1.7 Exponential and logarithm. Show that x — e~ 7 is a bijection from R onto
(0,1]. Show that x — logz is a bijection from (0, c0) onto R. (Incidentally, log x:
is the logarithm of x to the base e, which is nowadays called the natural logarithm.
We call it the logarithm. Let others call their logarithms “unnatural” and, while they
are at it, they can also invent unnatural exponentials like z — a®.)

1.8 Bijections between N* and 7. Let f be defined by the arrows below (for instance,
f(6) ==3):
6
+
-3

B <— o
w4

1 2 3 4
N SR S
0 -1 1 -2

This defines a bijection from N* onto Z. Using this, construct a bijection from Z
onto N*.
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1.9 Bijection from Z x Z onto N*. Let f: N* x N* — N* be defined by the table
below where f (i, 7) is the entry in the ith row and the jth column. Use this and the
preceding exercise to construct a bijection from Z x Z onto N*.

il1t 2 3 4 5 6

i

1 1 3 6 10 15 21
2 2 5 9 14 20

3 4 8 13 19

4 7 12 18

5 11 17

6 16

1.10  Functional inverses. Let f be a bijection from E onto F. Then, for each y in
F there is a unique z in F such that f(z) = y. In other words, in the notation of 1.5,
f~'({y}) = {x} for each y in F’ and some unique x in E. In this case, we drop some
brackets and write f~!(y) = x. The resulting function is a bijection from F' onto E;
it is called the functional inverse of f. This particular usage should not be confused
with the general notation of f~!. (Note that 1.5 defines a function f ! from F into
&, where F is the collection of all subsets of F' and £ is the collection of all subsets
of F.)

C. Countability

Two sets A and B are said to have the same cardinality if there exists a bijection
from A onto B, and then we write A ~ B. Obviously, having the same cardinality is
an equivalence relation: it is

(a) reflexive, A ~ A;

(b) symmetric, A ~ B = B ~ A,

(c) transitive, A~ Band B~ (C = A~ C.
A set is said to be finite if it is empty or has the same cardinality as {1,2,...,n} for
some n in N*; in the former case it has 0 elements, in the latter exactly n. It is said to
be countable if it is finite or has the same cardinality as N*; in the latter case it is said
to have a countable infinity of elements.

In particular, N* is countable. So are Z and N* x N* in view of Exercises 1.8
and 1.9. Note that an infinite set can have the same cardinality as one of its proper
subsets. For instance, Z ~ N*, Ry ~ (0,1], R ~ R} ~ (0,1); see Exercise 1.7 for
the latter. Incidentally, R, R, etc. are uncountable, as we shall show shortly.
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A set is countable if and only if it can be injected into N*, or equivalently, if and
only if there is a surjection from N* onto it. Thus, a set A is countable if and only if
there is a sequence (z,,) whose range is A. The following lemma follows easily from
these remarks.

1.11 LEMMA. If A can be injected into B, and if B is countable, then A is countable.
If A is countable and there is a surjection from A onto B, then B is countable.

1.12 THEOREM. The product of two countable sets is countable.

PROOF. Let A and B be countable. If one of them is empty, then A x B is empty
and there is nothing to prove. Suppose that neither is empty. Then, there exist injec-
tions f: A — N* and g: B — N*. For each pair (z,y) in A x B, let h(z,y) =
(f(x),g(y)); then h is an injection from A x B into N* x N*. Since N* x N* is count-
able (see Exercise 1.9), this implies via the preceding lemma that A X B is countable.

O

1.13 COROLLARY. The set of all rational numbers is countable.

PROOE. Recall that each rational is a ratio m/n with m in Z and n in N*. Thus,
f(m,n) =m/n defines a surjection from Z x N* onto the set Q of all rationals. Since
Z and N* are countable, so is Z x N* by the preceding theorem. Hence, Q is countable
by Lemma 1.11. (]

1.14 THEOREM. The union of a countable collection of countable sets is countable.

PROOE. Let I be a countable set, and let A; be a countable set for each 7 in I. The
claim is that A = [ J,c; A; is countable. Now, there is a surjection f;: N* — A;
for each ¢, and there is a surjection g: N* +— [; these follow from the countability
of I and the A;. Note that, then, h(m,n) = fg(m)(n) defines a surjection h from
N* x N* onto A. Since N* x N* is countable, this implies via Lemma 1.11 that A is
countable. [l

The following theorem exhibits an uncountable set. As a corollary, we show that
R is uncountable.
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1.15 THEOREM. Let E be the set of all sequences whose terms are the digits 0 and 1.
Then, E is uncountable.

PROOF. Let A be a countable subset of E/. Let x1, x5, ... be an enumeration of the
elements of A, that is, A is the range of (z,,). Note that each z, is a sequence of zeros
and ones, say T, = (Zn,1,Tn,2,...) where each term x,, ,,, is either 0 or 1. We define
a new sequence y = (y,) by letting v, = 1 — x5, ,,. The sequence y differs from
every one of the sequences x1, zo, . .. in at least one position. Thus, ¥ is not in A but
isin F.

We have shown that if A is countable, then there is ay in F such thaty € A. If £
were countable, the preceding would hold for A = FE, which would be absurd. Hence,
FE must be uncountable. [l

1.16 COROLLARY. The set of all real numbers is uncountable.

PROOF. Itis enough to show that the interval [0, 1) is uncountable. For each z in [0, 1),
let 0.z1x2x3 -+ be the binary expansion of x (in case z is dyadic, say z = k/2" for
some k and n in N*, there are two such possible binary expansions, in which case we
take the expansion with infinitely many zeros), and then identify the binary expansion
with the sequence (x1, za,...) in the set E of the preceding theorem. Thus, to each
2 in [0, 1) there corresponds a unique element f(x) of E. In fact, f is a surjection
onto the set £\ D where D denotes the set of all sequences of zeros and ones that
are eventually all ones. It is easy to show that D is countable and hence that £\ D is
uncountable. It follows that [0, 1) is uncountable. O

Exercises

1.17 Dyadics. A number is said to be dyadic if it has the form k /2" for some integers
k and n in N. Show that the set of all dyadic numbers is countable. Of course, every
dyadic number is rational.

1.18 Let D denote the set of all sequences of zeros and ones that are eventually all
ones. Show that D is countable.

1.19 Suppose that A is uncountable and that B is countable. Show that A \ B is
uncountable.
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1.20 Let x be a real number. For each n in N, let z,, be the smallest dyadic number
of the form k /2™ that exceeds x. Show that o > x1 > x5 > - - and that z;,, > z for
each n. Show that, for every € > 0, there is an n. such that z,, —x < e forall n > n..

D. On the Real Line

The object is to review some facts and establish some terminology regarding the
set R of all real numbers and the set R = [—oc0, +-00] of all extended real numbers.
The extended real number system consists of R and two extra symbols, —oo and oco.
The relation < is extended to R by postulating that —oo < z < 4-o0 for every real
number z. The arithmetic operations are extended to R as follows: for each z in R,

r+oo=x—(—00) = o0,
x4+ (—0)=x—00 = —00,
0 ifx >0,

r-oo = 0 ifx =0,
—00 ifx <0,

z-(-o0) = ()00,
x/oo=2a/(—0) = 0,
o0+ 00 = 00,
(=00) +(=00) = —o0,
00 - 00 = (—00): (—00) = o0,
00 (—00) = —o0.

The operations (co — 00), (—00) — (—00), +00/+00, —00/—00, and 0/0 are unde-
fined.

Positive and Negative

We call z in R positive if x > 0 and strictly positive if z > 0. By symmetry,
then, x is negative if x < 0 and strictly negative if x < 0. A function f: F R is
said to be positive if f(x) > 0 for all z in E and strictly positive if f(x) > 0 for all
z in E. Negative and strictly negative functions are defined similarly. This usage is in
accord with modern tendencies,' though at variance with common usage.

Increasing, Decreasing
A function f: R ~ R is said to be increasing if f(z) < f(y) whenever z < y.

! Often-used concepts should have simpler names. Mind-bending double negatives should be avoided,
and as much as possible, mathematical usage should not conflict with ordinary language.
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It is said to be strictly increasing if f(x) < f(y) whenever < y. Decreasing and
strictly decreasing functions are defined similarly.

These notions carry over to functions f: £ — R with E C R. In particular,
since a sequence is a function on N*, these notions apply to sequences in R. Thus,
for example, (z,,) C R is increasing if z; < 2o < --- and is strictly decreasing if
X1 > X > -

Bounds
Let A C R. A real number b is called an upper bound for A provided that

A C [—00,b], and then A is said to be bounded above by b. Lower bounds and being
bounded below are defined similarly. The set A is said to be bounded if it is bounded
above and below; that is, if A C [a, b] for some real interval [a, b].

These notions carry over to functions and sequences as follows. Given f: F +—
IR, the function f is said to be bounded above, below, etc. accordingly as its range is
bounded above, below, etc. Thus, for instance, f is bounded if there exist real numbers
a < bsuchthata < f(z) < bforall z in E.

Supremum and Infimum

These generalize the notions of maximum and minimum. Let A C R. The
supremum of A is the smallest number b in R such that A C [—o0, b]; the infimum of
A is the largest number @ in R such that A C [a, oc]. They are denoted, respectively,

sup 4, inf A.

In particular, sup ) = —oo, inf ) = +oo, inf(a, b] = inf[a,b] = a, and sup(a,b) =
sup(a,b] =b. For A ={1,1/2,1/3,...}, the supremum is 1 and the infimum is 0.
If A is finite, then inf A is the smallest element of A, and sup A is the largest.
Even when A is infinite, it is possible that inf A is an element of A, in which case it is
called the minimum of A. Similarly, if sup A is an element of A, then it is also called
the maximum of A.
If f: E+— Rand D C F, it is customary to write

injfjf(x) =inf{f(x):x € D}
zE
and call it the infimum of f over D, and similarly with the supremum. In the case of
sequences (z,,) in R,
inf x,, supx,

denote, respectively, the infimum and supremum of the range of (z,,). Other such
notations are generally self-explanatory; for example,

inf z, =inf{ag, xpi1,...},  SUp Tpk = sup{@n1, Tna,...
n>k E>1
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FIGURE 1.1. limsup and liminf. The pairs (n,z,) are connected
by the solid lines for clarity. The pairs (n, z,,) form the lower dotted
line and (n, Z,,) the upper dotted line.

Limits
If (,,) is an increasing sequence in R, then sup ,, is also called the limit of (x,,)
and is denoted by lim x,,. If it is a decreasing sequence, then inf z,, is called the limit
of (r,) and again denoted by limz,,.
Let (x,,) be an arbitrary sequence in R. Then
1.21 z,, = inf x,, ZTp = supx,, meN,
n>m n>m
define two sequences; (z,,) is increasing, and (Z, ) is decreasing. Their limits are
called the limit inferior and the limit superior, respectively, of the sequence (2, ):

1.22 liminf z, =limz, =sup inf z,,
m n>

1.23 lim sup x,, = lim Z,, = inf sup z,,
M n>m

Figure 1.1 is worthy of careful study. Note that, in general,
1.24 —oo < liminf x,, <limsup z, < +4oc.

If liminf ,, = limsup «,,, then the common value is called the limit of (x,,) and
is denoted by lim x,,. Otherwise, if limits inferior and superior are not equal, the
sequence (z,,) does not have a limit.

Convergence of Sequences

A sequence (x,,) of real numbers is said to be convergent if lim x,, exists and is
areal number.
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An examination of Fig. 1.1 shows that this is equivalent to the classical definition
of convergence: (x,) converges to x if for every e > 0 there is an integer n. such
that |z,, — x| < € for all n > n.. The phrase “there is n. ... for all n > n.” can
be expressed in more geometric terms by phrases like “the number of terms outside
(x — €,z + €) is finite,” or “all but finitely many terms are in (z — €,z + €),” or
“|x,, — 2| < € for all n large enough.”

The following is a summary of the relations between convergence and algebraic
operations. The proof will be omitted.

1.25 THEOREM. Let (x,) and (y,) be convergent sequences with limits  and y
respectively. Then,

(a) limcz,, = cz,

(b) im(x, +yn) =+ vy,

(o) limz,y, = zy,

(d) limx, /y, = x/y provided that y,,, y # 0.

In practice, we do not have the sequence laid out before us. Instead, some rule
is given for generating the sequence and the object is to show that the resulting se-
quence will converge. For instance, a function may be specified somehow and a
procedure described to find its maximum,; starting from some point, the procedure
will give the successive points z, zo, ... which are meant to form the sequence that
converges to the point z where the maximum is achieved.

Often, to find the limit of (x,,), one starts with a search for sequences that bound
(z,) from above and below and whose limits can be computed easily: supposing that

Yn < Tp < 2, foralln, limy,, = lim z,,,

then lim z,, exists and is equal to the limit of the other two. The art involved is in
finding such sequences (y,,) and (zy,).

1.26 EXAMPLE. This is to illustrate the technique mentioned above. We want to show
that (n'/™) converges. Note that n'/™ > 1 always, so put z,, = n'/™ —1, and consider
the sequence (z,). Now, (1 + z,,)™ = n, and by the binomial theorem

-1 —1
(a+b)n — an+nan71b+n(n2 )an72b2+._.+bn Z n(n2 )an72b2
fora,b > 0 andn > 2. So,
—1

or
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It follows that lim x,, = 0, and hence

limn!/™ = 1.

Exercises

1.27 Show thatif A D B # () then inf A < inf B < sup B < sup A. Use this to
show that, if A; D Ay D ---, then

infA; <infAs <.--<infA, <---<supd, < - <supds <supA;.

Use this to show that (x,,) is increasing, (Z,) is decreasing, and limgz, < limz,
(see 1.21-1.23 for definitions).

1.28 Show that sup(—x,) = — inf x,, for any sequence (1) in R. Conclude that
limsup(—x,) = — liminf x,,.

1.29 Cauchy criterion. Sequence (x,,) is convergent if and only if for every ¢ > 0
there is an integer n such that |z, — z,| < e for all m > n > n.. Prove this by
examining Fig. 1.1 on the definition of the limit.

1.30 Monotone sequences. If (x,) is increasing, then lim x,, exists (but could be
+00). Thus, such a sequence converges if and only if it is bounded above. Show this.
State the version of this for decreasing sequences.

1.31 [terative sequences. Often, z,+1 is obtained from z,, via some rule, that is,
Zn41 = f(x,) for some function f, in which case the sequence is said to be iterative.
If (x,,) is such a sequence and f is continuous and lim x,, = z exists, then x = f(x).
This works well for identifying the limit especially when f is simple and = f(x)
has only one solution. In general, with complicated functions f, the reverse is true:
To find « satisfying * = f(x), one starts at some point z, computes 1 = f(xo),
29 = f(x1), ... and tries to show that x = lim x,, exists and satisfies z = f(x).

1.32  Domination. A sequence (z,,) is said to be dominated by a sequence (yy,) if

T, < y, for each n. Show that, if this is the case, then
(a) inf z,, <infy,,
(b) sup xy, < sup yn,
(¢) liminf z,, <liminfy,,

(d) limsup z,, < limsup y,,.
In particular, if the limits exist, lim z,, < limy,,.
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Incidentally, (x,,) defined by 1.21 is the maximal increasing sequence dominated
by (x,,), and (Z,,) is the minimal decreasing sequence dominating (z,,).

1.33 Comparisons. Let (x,,) be a positive sequence. Then, (z,) converges to 0 if

and only if it is dominated by a sequence (y;,) with lim sup y,, = 0. Show this.
Favorite sequences (y,,) used in this role are given by y,, = 1/n, y, = r™ for

some fixed number r € (0,1), and y,, = nPr™ with p € (—o0, +00) and r € (0, 1).

1.34  Existence of least upper bounds. Let A be a nonempty subset of R and let
B = {b: bis an upper bound of A}. Assuming that B is nonempty, show that B is an
interval of the form B = [a, co]. Thus a is the minimum of B and is the definition of
sup A.

E. Series

Given a sequence (x,,) in R, the sequence (s,,) defined by

1.35 Sn = Z T;
i=1
is called the sequence of partial sums of (z,,), and the symbolic expression

1.36 >

is called the series associated with (x,,). The series is said to converge to s if and only
if the sequence (s,,) converges to s, and then we write

1.37 ixn =s.
1

Sometimes, we write x1+xo+- - - for the series 1.36. Sometimes, for convenience
of notation, we shall consider series of the form 28" or ano, depending on the index
set. Here are a few examples:

= 1
Zx" i xz e (—1,1),
n=0
0 n
Zx—' = €', zeR,
= n!
B - s
—=n 6

e , e (—1,1).
n;nw — ve(-11)
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The following result is obtained by applying the Cauchy criterion (Exercise 1.29)
to the sequence of partial sums.

1.38 THEOREM. The series > x,, converges if and only if for every ¢ > 0 there is an
integer n. such that

1.39 <e

m
>
=n

forallm > n > n..

In particular, taking m = n in 1.39 we obtain |x,,| < e. Thus we have the
following consequence.

1.40 COROLLARY. If 3" x;, converges, then lim z,, = 0.

The converse is not true. For example, lim1/n = 0 but >~ 1/n is divergent.
In the case of series with positive terms, partial sums form an increasing sequence,
and hence, the following proposition holds (see Exercise 1.30).

1.41 PROPOSITION. Suppose that the terms x,, are positive. Then 3" x,, converges if
and only if the sequence of partial sums is bounded.

In many cases, we encounter series whose terms are positive and decreasing.
The following theorem due to Cauchy is helpful in such cases, especially if the terms
involve powers. Note the way a rather thin sequence determines the convergence or
divergence of the whole series.

1.42 THEOREM. Suppose that (z,) is decreasing and positive. Then > z,, converges
if and only if the series

CC1+2I2+4£C4+8£C8+
converges.

PROOF. Let s, = 1 +---+ 2, asusual and put t, = x1 + 25 + - - - + 2Fz5.. Now,
forn < 2% since x1 > x9 > -+ >0,

sp < m+(xeta3)+ (vat+-4xr)+ -+ (e + -+ Torr )
< $1+2$2+4$4+"'+2k$2k
= g,
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and for n > 2%,
Sn > mtaxa+ (st aa)+ (w5 +-F+xs)+ o+ (Tor-141 + -+ Tok)
1
> 5$1+I2+2I’4+"'+2k71172k
1

= Zt.

2
Thus, the sequences (s,,) and (t,,) are either both bounded or both unbounded, which
completes the proof via Proposition 1.41. O

1.43 EXAMPLE. Y 1/nP converges if p > 1 and diverges if p < 1. For p < 0, the
claim is trivial to see. For p > 0, the terms x,, = 1/n? form a decreasing positive
sequence, and thus, the preceding theorem applies. Now, writing z:(n) for x,,,

S 9ka(2h) = Y7,
k=0

which converges if 2! 7P < 1 and diverges otherwise. Since 2'~7 < 1 if and only if
p > 1, we are done.

1.44 EXAMPLE. The series

— 1
; n(logn)P

converges if p € (1, 0c0) and diverges otherwise. Here we start the series with n = 2
since log 1 = 0. Since the logarithm function is monotone increasing, Theorem 1.42
applies. Now, z(n) = 1/n(logn)?, and so

- 1 1
; 2a(2) = Z 2 log 2F)p ~ (log2)P ; kP

which converges if and only if p > 1 in view of the preceding example.

Ratio Test, Root Test
The ratio test ties the convergence of ) x,, to the behavior of the ratios z,, 41 /T
for large n; it is highly useful.

1.45 THEOREM. We have the following:

(a) If limsup |zp41/xn| < 1, then Y x,, converges.
(b) If liminf 2,41 /2, | > 1, then >~ x,, diverges.



Sec. E Series 17

PROOE. If limsup |2,11/2,] < 1, then there is a number 7 in [0, 1) and an integer
ng such that |2, 1 /x,| < 7 forall n > ng. Thus |2, x| < |Tn,|r* forall k& > 0,
and therefore, for m > n > ng,

n—no

m o0 o0 r
Z:vi < Z|$i| < |£Cno|z7“z_n° = |z |5 —
i=n i=n i=n

Given € > 0 choose n, so that |z, |r™ "™ /(1 — r) < e. Then Cauchy’s criterion
works with this n. and " x,, converges.

If lim inf |2y,41 /@, | > 1 then there is an integer ng such that |z, 41| > |z, for
all n > ng. Hence, |x,| > |z,,| for all n > ng which shows that (z,) does not
converge to 0 as it must in order for " x,, to converge (see Corollary 1.40). O

The preceding test gives no information in cases where
Hminf [, 41 /2, <1 <limsup|zp41/2n]-

For instance, for the two series 3" 1/n and 3" 1/n?, the preceding lim inf and lim sup
are equal to 1, but the first series diverges whereas the second converges. Also, the
series

1.46 tyry1 1y
' 2 3 22 3 23 33 2¢ 34
obviously converges to 3/2; yet, the ratio test is miserably inconclusive:
n 2\"
liminf 22 — lim (g) =0,

Tn

. Tn41 . 3 "
lim sup =lim|(-)] =o0.

Tn 2
The following test, called the root test, is a stronger test—if the ratio test works, so
does the root test. But the root test works in some situations where the ratio test fails;
for example, the root test works for the series 1.46.

1.47 THEOREM. Let @ = limsup |z,|/". Then 3"z, converges if a < 1, and
divergesif a > 1.

PROOF. Suppose that a < 1. Then, there is a number b € (a, 1) such that |z,,|'/™ < b
for all n > ng, where ng is some integer. Then, |z,| < b™ for all n > ng, and
comparing »  x,, with the geometric series 3 b" shows that " x,, converges.
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Suppose that a > 1. Then, a subsequence of |z,,| must converge to a > 1, which
means that |z,,| > 1 for infinitely many n. So, (x,,) does not converge to zero, and
hence, % x,, cannot converge. O

Power Series

The convergence of series is extended to series of complex numbers as follows.
Each complex number z can be thought of as a pair (z,y) of real numbers, or better
yetas z = x + iy where i = y/—1. For a sequence (z,) of complex numbers, the
sequence is said to converge to z if (x,) converges to = and (y,) converges to v,
where z, = x,, + iy, and z = = + iy.

Given a sequence (c;,) of complex numbers, the series

o0
1.48 > enz”
0
is called a power series. The numbers cg,c1,... are called the coefficients of the

power series; here z is a complex number.

In general, the series will converge or diverge depending on the choice of z. As
the following theorem shows, there is a number r € [0, oo, called the radius of conver-
gence, such that the series converges if |z| < r and diverges if |z| > 7. The behavior
for |z| = r is much more complicated and cannot be described easily.

1.49 THEOREM. Let a = limsup |c,|*/™ and r = 1/a.

(a) If |z| < 7, then ) ¢, 2™ converges.
(b) If [z| > r, then Y ¢, 2™ diverges.

PROOF. Put z,, = ¢, 2™ and apply the root test with

1/n 1/n M

limsup |z, | /™ = |z|limsup |c,| /" = a|]z| =

1.50 EXAMPLE.

(@) Y 2"/n! =e*and r = oo.
(b) > 2™ converges for |z| < 1 and diverges for |z| > 1;7 = 1.
(c) 3 z"/n? converges for |z| < 1 and diverges for |z| > 1;r = 1.
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(d) >~ 2™ /n converges for |z| < 1 and diverges for |z| > 1;7 = 1; for z = 1 the
series diverges, but for |z| = 1 with z # 1 it converges.

Absolute Convergence

A series Y xy, is said to converge absolutely if " |z, | is convergent. If the ),
are all positive numbers, then absolute convergence is the same as convergence. Using
Cauchy’s criterion (see Theorem 1.38) on both sides of

m m
D_wil <D lai
i=n i=n

shows that if " x,, converges absolutely then it converges. But the converse is not

true: for example,
> (=1"/n

converges but is not absolutely convergent.

The comparison tests above, as well as the root and ratio tests, are in fact tests
for absolute convergence. If a series is not absolutely convergent, one has to study the
sequence of partial sums to determine whether the series converges at all.

Rearrangements
Let (k1, ko, ...) be a sequence in which every integer n > 1 appears once and
only once, that is, n — k,, is a bijection from N* onto N*. If

Yn = Tk, nEN*a

for such a sequence (k,, ), then we say that (y,,) is a rearrangement of (z, ).

Let (y,) be a rearrangement of (z,,). In general, the series Y ¥, and ) x,, are
quite different. However, if )" x,, is absolutely convergent, then so is " v, and it
converges to the same number as does > x,. The converse is also true: if every
rearrangement of the series » x,, converges, then the series > x,, is absolutely con-
vergent and all its rearrangements converge (to the same sum).

On the other hand, if }_ z,, is not absolutely convergent, its various rearrange-
ments may converge or diverge, and in the case of convergence, the sum generally
depends on the rearrangement chosen. For instance,

11 1 1 1 1

1l 442 _ 4= _ ...
2+3 4+5 6+7

is convergent, but not absolutely so. Its rearrangement

U G I
3 257 49
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(with ++ —++ —++ — pattern) is again convergent, but not to the same sum. In fact,
the following theorem due to Riemann shows that one can create rearrangements that
are as bizarre as one wants.

1.51 THEOREM. Let )z, be convergent but not absolutely. Then, for any two num-
bers a < bin R there is a rearrangement »  y,, of ) x,, such that

n n
lim inf Z Y; = a, limsup Z y; = b.
1 1

We omit the proof. Note that, in particular, taking a = b we can find a rearrange-
ment 3y, with sum a, no matter what a is.

Exercises

1.52 Determine the convergence or divergence of the following:
@ Y (Vnt1-+n)
b) Y (Vn+1—y/n)/n
(© X (sinn)/(ny/n)
d X(=1)"n/(n*+1)

In case of convergence, indicate whether it is absolute convergence.
1.53 Show thatif )" x,, converges then so does [T /.

1.54 Show that if Y x,, converges and (y,) is bounded and monotone (either in-
creasing or decreasing), then ) x,,y, converges.

1.55 Find the radius of convergence of each of the following power series:
(a) ZnQZ"
(b) >>2"z"/n!
(c) Y. 2"z"/n?
(d) S n3z"/3"

1.56 Suppose that f(z) = > cn2™. Express the sum of the even terms, Con 22",
and the sum of the odd terms, 3~ ¢2,,+12%" 1, in terms of f.

1.57 Suppose that f(z) =3 c,2". Express 3 ¢3,2°" in terms of f.
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1.58 Rearrangements. Let Y x, be a series that converges absolutely. Prove that
every rearrangement of " x,, converges, and that they all converge to the same sum.

1.59 Riemann’s theorem. Prove Riemann’s theorem 1.51 by filling in the details in
the following outline:

(a) Let (z;}) denote the subsequence consisting of the positive elements of (.,)
and let (z,;) denote the subsequence of negative elements of (z,,). Both of
these sequences must be infinite.

(b) Both sequences (z;}) and (z,, ) converge to zero.

(c) Both series >~ z;f and Y x;, diverge.

(d) Suppose that a,b € R and define a rearrangement as follows: start with
the positive elements and choose elements from this set until the partial sum
exceeds b. Then, choose elements from the set of negative elements un-
til the partial sum is less than a. Then, choose elements from the set of
positive elements until the partial sum exceeds b. Continue this procedure of
alternating between elements of the positive and negative sets indefinitely.

(e) Prove that the procedure described above can be continued ad infinitum.

(f) Prove that this rearrangement has the properties stated in Riemann’s theorem.

(g) Extend the above arguments to the case where a, b = +o0.

1.60 Poisson distribution. Let p,, = e~*A"/n! where \ is a strictly positive real
number. Show that

(a) pn >0,
(b) Zfzo:O Pn = 1,
©) Yolonpn = A

1.61 Borel summability. Consider a series >~ ,, with partial sums s,, = > i z;.
We say that the series is Borel summable if

converges, where p,, are the Poisson probabilities defined in Exercise 1.60. For what
values of z is the geometric series > 2 2™ Borel summable?
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CHAPTER 2

Metric Spaces

Basic questions of analysis on the real line are tied to the notions of closeness and
distances between points. The same issue of closeness comes up in more complicated
settings, for instance, when we try to approximate a function by a simpler function.
Our aim is to introduce the idea of distance in general so that we can talk of the distance
between two functions with the same conceptual ease as when we talk of the distance
between two points in a plane. After that, we discuss the main issues: convergence,
continuity, approximations. All along, there will be examples of different spaces and
different ways of measuring distances.

A. Euclidean Spaces

This section will review the space R together with its Euclidean distance. Recall
that each element of R™ is an n-tuple x = (x1,...,x,), where the z; are real num-
bers. The elements of R™ are called points or vectors, and we are familiar with vector
addition and scalar multiplication.

Inner Product and Norm
For x and y in R", their inner product x - y is the number

n
2.1 w'yzzfﬂiyi-
1

If we regard « and y as column vectors, then -y = xTy, where 2™ is the transpose of
x, the row vector with the same elements as z. For z in R"™, the norm of x is defined
as the length of z, that is, the positive number

2.2 Izl = V& -z = fo
1

The norm satisfies the following conditions:

2.3 lz|]| > O for every x in R",

24 ||| = 0 if and only if z = 0,

E. Cimlar and R.J. Vanderbei, Real and Convex Analysis, Undergraduate Texts in Mathematics, 23
DOI 10.1007/978-1-4614-5257-7_2, © Springer Science+Business Media New York 2013
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2.5 [IAz|| = |Al||z| for every Ain R,

2.6 llz +yll < |lz| + ||ly|| for all z and y in R™.

Of these, 2.3-2.5 are obvious, and 2.6 is an immediate consequence of the following
proposition.

2.7 PROPOSITION. Schwarz’s inequality. |x - y| < ||z||||y|| for all z and y in R™.

PROOF. Fix z and y. Consider the function f with
FO) =1y = )* = X[lyll* = 2A(@ - y) + [l

This function is clearly positive and quadratic, and its minimum occurs at

_Ty
lly[|2
For this value of \ we have
2
Ty
from which the claimed inequality follows. O

Euclidean Distance
For z and y in R™, the Euclidean distance between x and y is defined as the
number ||z — y/|. It follows from the properties given above that, for all z, y, z in R",

2.8 |z —yll =0,

2.9 lz =yl = lly — =,

2.10 |z —y|| = 0if and only if = y,
2.11 |z =yl +lly — 2l = l|lz — 2|

The last is called the triangle inequality: on R?, if the points x, y, z are the vertices of
a triangle, this is simply the well-known fact that the sum of the lengths of two sides
is greater than or equal to the length of the third side.

The set R™ together with the Euclidean distance is called n-dimensional Eu-
clidean space. The Euclidean spaces are important examples of metric spaces.
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Exercises

2.12 Inner product. Show that the mapping (x,y) — z - y from R x R™ into R is a
linear transformation in = and is a linear transformation in y (and therefore is said to
be bilinear). Conclude that

(z+y) @ty =z -2+2z-y+y-y.
Use this and the Schwarz inequality to prove 2.6.

2.13  Parallelograms. Show that ||z + y||> + [lo — y[|* = 2[|z||* + 2[|y||*. Interpret
this in geometric terms, on R?, as a statement about parallelograms.

2.14 Orthogonality. Points x and y are said to be orthogonal if x - y = 0. Show that
this is equivalent to saying that the line segments connecting the origin to x and y are
perpendicular. In general, letting « be the angle between these line segments, we have
z-y = [z|l[lyll cos .

B. Metrics

Let E be a nonempty set. A metric on E is a function d: ' x F — R, that
satisfies the following for all z, y, z in E:

(@ d(x,y) = d(y, z),
(b) d(z,y) =0if and only if x = y,
© d(z,y) +d(y, z) = d(z, 2).

A metric space is a pair (F, d) where E is a set and d is a metric on E. In this context,
we think of F as a space, call the elements of E points, and refer to d(z,y) as the
distance from x to y.

Examples

2.15 Euclidean spaces. Consider R™ with the Euclidean distance d(x,y) = ||z — y/||
on it. It follows from 2.8 to 2.11 that d is a metric on R™. Thus, (R",d) is a metric
space; it is called the n-dimensional Euclidean space.
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2.16 Manhattan metric. On R™ define a metric d by
d(z,y) = Z |lzi — vil-
1

This d is called the Manhattan metric, or /;-metric, on R™, and (R",d) is a metric
space again. Note that for n > 1 this metric is different from the Euclidean metric of
the preceding example.

2.17 Space C. Let C denote the set of all continuous functions from the interval [0, 1]
into R. For z and y in C, let

d(a.y) = sup [z(t) = (D).

It is clear that d(z,y) is a positive real number, that d(z,y) = d(y,z), and that
d(z,y) = 0if and only if 2 = y. As for the triangle inequality, we note that

() = 2(O)] < |2(t) =y + [y(t) — 2(0)] < d(z,y) + d(y, 2)

for every ¢ in [0, 1], from which we have d(z,z) < d(x,y) + d(y, z). Thus, d is a
metric on C, and (C, d) is a metric space. This metric space is important in analysis.

Usage

In the literature, it is common practice to call E a metric space if (E,d) is a
metric space for some metric d. If there is only one metric under consideration, this
is harmless and saves time. For instance, the phrase “Euclidean space R™” refers to
(R™,d) where d is the Euclidean metric. For a while at least, we shall indicate the
metric involved in each case in order to avoid all possible confusion.

Distances from Points to Sets and from Sets to Sets
Let (F, d) be a metric space. For x in E and A a subset of E, let

2.18 d(z, A) =inf{d(z,y) : y € A};

this is called the distance from the point z to the set A. For subsets A and B of E, the
distance from A to B is defined by

2.19 d(A, B) = inf{d(z,y) : ® € A,y € B}.
The diameter of a set A C F is defined as

2.20 diam A = sup{d(z,y) : x € A,y € A}.
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A set is said to be bounded if its diameter is finite.

Balls

Let (E, d) be a metric space. For z in E and r in (0, c0),
2.21 B(z,r) ={y € E :d(z,y) <r}
is called the open ball with center x and radius r, and

2.22 B(xz,r) ={y € E :d(z,y) <r}

is the corresponding closed ball.

For example, if £ = R? and d is the usual Euclidean metric, then B(z,7)
becomes the set of all points inside the sphere with center = and radius 7, and B(z, )
is the set of all points inside or on that sphere.

Exercises and Complements

2.23 Discrete metric. Let IV be an arbitrary nonempty set. Define

1 ifx ,
d(z,y) = { 0 ifxiz.

Show that this d is a metric on E. It is called the discrete metric on E.

2.24 Metrics on R™. For each number p > 1,

n 1/p
dp(@,y) = <Z |zi — yz‘|p>

1

defines a metric d, on R". Note that d; is the Manhattan metric, and d» is the
Euclidean metric. Finally,

doo(w,y) = sup |z; — yil
1<i<n

is again a metric on R™. Show this last statement.

2.25 Equivalent metrics. Two metrics d and d’ are equivalent if there exist strictly
positive constants c¢; and ¢y such that for all x, y

Cld/(‘ray) S d(I,y) S CQd/(‘rvy)'

Show that dy, ds, and d, are all equivalent to each other as distances on R".
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2.26 Weighted metrics on R™. The metrics introduced in Exercise 2.24 treat all
components of x and y equally. This is reasonable if R™ is thought of geometrically
and the selection of a coordinate system is unimportant. On the other hand, if + =
(21,...,2,) stands for a shopping list that requires buying z units of product one,
and x5 units of product two, and so on, then it would be better to define the distance
between two shopping lists = and y by

d(z,y) = > wilw; — yil
1

where wy, ..., w, are fixed strictly positive numbers, with w; being the value of one
unit of product ¢. Show that this d is indeed a metric. More generally, paralleling the
metrics introduced in Exercise 2.24,

n 1/17
dp(d?,y): <Zwl|$1yl|p> ) IayERna

is a metric on R™ for each p > 1 and each fixed strictly positive vector w (the latter
means wy > 0, ..., w, > 0).

2.27 [2?-Spaces. Instead of R™, now consider the space R> of all infinite sequences
in R, that is, each x in R is a sequence © = (x1, xa, ... ) of real numbers. In analogy
with the ds metrics introduced on R” in Exercises 2.24 and 2.26, we define

o 1/2
da(z,y) = (Z |zi — yi|2> :
1

This d satisfies all the conditions for a metric except that ds (x, ) can be oo for some
z and y. To remedy the latter, we let E be the set of all z in R* with

o0

2
E Ty < 00.
1

Then, by an easy generalization of the Schwarz inequality, it follows that ds(z,y) <
oo for all z and y in E. Thus, (E, dz) is a metric space. It is generally denoted by 12.

2.28 Metrics on C. Consider the set C of all continuous functions from [0, 1] into
R. The interval [0, 1] can be replaced by any bounded interval [a, b], in which case
one writes C([a, b]). A number of metrics can be defined on C in analogy with those
in Exercise 2.24 by observing that every « in R™ can be thought of as a function z
from {1, 2 , =} into R, namely, the function = with x(t) = x; for t = i/n. Thus,

5 ;, e
replacing the set {1, 2, ... 2} with the interval [0, 1] and replacing the summation

n’z’..
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by integration, we obtain

1 1/p
dp(z,y) = (/0 |lz(t) — y(H)P dt)

for all z and y in C. Since every continuous function on [0, 1] is bounded, the integral
here is finite, and it is easy to check the conditions for this d,, to be a metric. So, for
each p > 1, this d,, is a metric on C. Incidentally, the metric of Example 2.17 can be
denoted by d, in analogy with d, in Exercise 2.24.

2.29 Open balls. Let E = R2. Describe the open ball B(x, r), for fixed 2 and r,

(a) under dy of Exercise 2.24,
(b) under d; of Exercise 2.24,
(c) under d, of Exercise 2.24,
(d) under d> of Exercise 2.26 with w; = 1 and wy = 5.

2.30 Open balls in C. For the metric space of Example 2.17, describe B(z, ) for a
fixed function x and fixed number r > 0. Draw pictures!

2.31 Product spaces. Let (E1,dy) and (E2,ds2) be arbitrary metric spaces. Let
E = E; x E5 and define, for x = (21, 22) in F and y = (y1,y2) in E,

d(%l/) = [dl ((Ela y1)2 + d2(x2ay2)2]1/2‘

Show that d is a metric on E. The metric space (E, d) is called the product of the
metric spaces (F1,dy) and (Fa, d2).

C. Open and Closed Sets

Let (E,d) be a metric space. All points mentioned below are points of E, all sets
are subsets of F. Recall the definition 2.21 of the open ball B(x, r) with center = and
radius 7.

2.32 DEFINITION. A set A is said to be open if for every x in A there is a number
r > 0 such that B(x,r) C A. A set is said to be closed if its complement is open.

For example, if £ = R with the usual distance, the intervals (a,b), (—o0,b),
(a, 00) are open, the intervals [a, b], (—o0, b], [a, 00) are closed, and the interval (a, b]
is neither open nor closed.

2.33 PROPOSITION. Every open ball is open.
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PROOF. Fix x and r. To show that B(x,r) is open, we need to show that for every y
in B(z,r) there is a number ¢ > 0 such that B(y, q) C B(x, ). This is accomplished
by picking ¢ = r — d(x,y). Since y is in B(x,r), we have d(z,y) < r and, hence,
g > 0. And, every point of B(y, q) is a point of B(x,r), because z € B(y, q) means
d(z,y) < g, which implies that

d(z,z) < d(z,y) +d(y,z) < g+ d(y,z) =

2.34 THEOREM. The sets () and E are open. The intersection of a finite number of
open sets is open. The union of an arbitrary collection of open sets is open.

PROOF. The first assertion is trivial from the definition.

We prove the second assertion for the intersection of two open sets. The general
case follows from the repeated application of the case for two. Let A and B be open.
Letz € AN B. Since A is open and z is in A, there is a number p > 0 such that
B(z,p) C A. Similarly, there is a number ¢ > 0 such that B(z, q) C B. Letr = pAg,
the smaller of p and ¢. Then, B(x,r) C B(x,p) C A and B(z,r) C B(z,q) C B.
Hence, B(z,r) C AN B. So, AN B is open.

For the last assertion, let { 4; : ¢ € I} be an arbitrary collection of open sets. We
want to show that A = | J; A; is open. Let = be in A. Then, z € A; for some i € I.
Since A; is open, there is a number r > 0 such that B(z,r) C A;. Since A; C A, this
shows that B(x,r) C A. So, A is open. O

The following characterization is immediate from the preceding theorem together
with Proposition 2.33.

2.35 PROPOSITION. A set is open if and only if it is the union of a collection of open
balls.

PROOEF. If A is the union of a collection of open balls, then A must be open in view
of Propositions 2.33 and 2.34. To show the converse, let A be open. Then, for every
x in A, there is an open ball A, = B(z,r(x)) contained in A. Obviously, the union
of all these A, is exactly A. O
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Closed Sets

Recall that a subset of E is closed if and only if its complement is open. Thus,
the following theorem is immediate from Theorem 2.34 above and the fact that the
complement of a union is the intersection of complements and vice versa.

2.36 THEOREM. The sets () and F are closed. The union of finitely many closed sets
is closed. The intersection of an arbitrary collection of closed sets is closed.

Every closed ball is closed. This last observation can be proved along the lines of
Proposition 2.33:if y € E'\ B(x,7) then d(y,x) > r, and picking p = d(z,y) —r >
0, we see that B(y,p) C E \ B(x,r), which proves that E \ B(z,r) is open. In
particular, for each z in F, the singleton {«} is closed. It follows from this and the
preceding theorem that every finite set is closed.

Interior, Closure, and Boundary

Let A be a subset of E. The collection of all closed sets containing A is not
empty (since £ belongs to that collection). The intersection A of that collection is a
closed set by the last theorem. The set A is called the closure of A. Clearly, A is the
smallest closed set that contains A, that is, if B D A and B is closed then B D A.

We define the interior of A similarly as the largest open set contained in A, and
we denote it by A°. In other words, A° is the union of all open sets contained in A.
Note that

2.37 A° C AcC A.

We define the boundary of A to be the set 94 = A\ A°.

For example, if A is the open ball B(z,r) in the Euclidean space F = R", then
A° = A, A= B(z,r), and OA is the sphere of radius r centered at z. If F = R with
the usual metric, and if A = (a, b], then A = [a,b] and A° = (a,b) and OA = {a, b}.
The following seems self-evident.

2.38 PROPOSITION. A set is closed if and only if it is equal to its closure. A set is
open if and only if it is equal to its interior.

Open Subsets of the Real Line
We take EF = R with the usual distance. Then, every open ball is an open interval,
and according to Proposition 2.35, every open set is the union of a collection of open
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balls. The following sharpens the picture by taking into account the special nature of
the real line.

2.39 THEOREM. A subset of R is open if and only if it is the union of a countable
collection of disjoint open intervals.

PROOF. The “if” part is immediate from Proposition 2.35 and the fact that every open
ball is an interval in this case.

To prove the “only if” part, let A be an open subset of R. Recall that the set QQ of
all rationals is countable. For each ¢ in Q N A, let

ag=sup{y < q:y g A}, by =inf{y>q:y¢ A}
Then,
B = U (aq; bq)
geQNA
is the union of a countable collection of open intervals. We show next that A = B by
showing that A C B and B C A.

Let « be in A. Since A is open, there is a ball B(x,r) contained in A. Take a
rational number g in this ball. Clearly, B(z,7) C (aq,bq). Thus, = is in B. Since this
is true for every x in A, we have that A C B.

Fix ¢ € Q N A. Clearly, (a,,b,) C A. Hence, B C A.

We have shown that A = B, and B has the desired form except that the intervals
(aq, bq) are not necessarily disjoint. Note that if r € (aq, bq) then (a,,b,) = (aq, bq)
and ¢ € (a,,b;). Let us write ¢ =~ r if and only if (aq,bq) = (ay,b;). This defines
an equivalence relation on the set Q@ N A. Thus, by picking exactly one ¢ from each
equivalence class, we can form a set I C QN A such that (a4, by) N (ay, b,) = 0 for
all distinct ¢ and r in I, and

A=B=|J(agb,).

qel

2.40 EXAMPLE. The Cantor set. Start with the unit interval B = [0, 1]. To each ¢
in the set T = {1/2; 1/4, 3/4; 1/8, 3/8, 5/8, 7/8; 1/16, 3/16,...,15/16;...}
we associate an open interval D, in the following fashion: Dy, is the open interval
(1/3, 2/3), which is the middle third of B. Deleting it from B leaves two closed
intervals, [0, 1/3] and [1/3, 1]. Let D,/ be the interval (1/9, 2/9), which is the
middle third of [0, 1/3], and let D5/, be (7/9, 8/9), which is the middle third of
[2/3, 1]. Deleting those middle thirds, we are left with four closed intervals of length
1/9 each. Let Dy 3, D3/, D53, D73 be the open intervals that make up the middle
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FIGURE 2.1. Theset D = [ D,,.

thirds of those closed intervals. Delete the middle thirds, and continue in this manner
(see Fig.2.1). Then,
D=|]JD,

qel

is the union of the countably many disjoint open intervals Dy, g € I. It is an example
of a nontrivial open set. Incidentally, note that the lengths of the D, sum to

1 (1 1) ( 1 1 1 1 ) 1
3+ 9+9 + 27+27+27+27 toe=
Thus, the “length” of D is 1. But the set C' = B \ D is not empty.

The set C' = B \ D is called the Cantor set. It is a closed set. The construction
above shows that C' is obtained by starting with B and deleting the middle third of
every interval we can find. Thus, there is no open interval contained in C'. That is,
there are no open balls in C'. Hence, the interior of C' must be empty, and C' is pure
boundary:

c°=0, C=C, 9C=C.

Also, since the length of D is equal to the length of B, the length of C' = B \ D must
be 0. In summary, the Cantor set is very thin.
Nevertheless, C' has at least as many points as the interval [0, 1]. We prove this
next by showing, via construction, that there exists an injection g from [0, 1] into C'.
To this end, we start by defining an increasing function f from D into [0, 1] by
letting

f(x)=¢q, ifzeD,.
Then, we define the function g on [0, 1] by setting g(1) = 1 and
gly)=inf{lzeD: f(x) >y}, 0<y<l1.

We show first that g(y) € C for every y. This is obvious fory = 1. Lety € [0,1);
note that g(y) is the infimum of the union of all intervals D, with ¢ > y; that infimum
cannot belong to D; so g(y) must belong to C' (since it is obvious that g(y) € B).
Finally, we show that g: [0,1] — C is an injection by showing that if y < z, then
g(y) < g(z). Fix y < z. Note that there is at least one ¢ in [ such that y < q < z,
and the corresponding set D,, is contained in {x € D : f(x) > y} butnotin {z € D :
f(z) > z}. It follows that the number g(y) is to the left of the interval D, whereas
g(z) is to the right. So, g(y) < g(z) if y < z. Hence, g: [0, 1] — C is an injection
(Fig.2.2).



34 Metric Spaces Chap. 2
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FIGURE 2.2. The Cantor function f.

Exercises and Complements

2.41 Let (F,d) be a metric space. Show that

A = {recFE:d(xA) =0},
A° = {zxeFE:d(zx, A% >0},
0A = {xe€eFE:d(z,A)=0andd(x,A°) = 0}.

2.42 Let (E,d) be a metric space. Fix A C E. Let Ac = {z € E : d(z,A) < €}
for each ¢ > 0. Show that A, is an open set containing A for each ¢ > 0. Show that

A= ﬂ5>0 A€‘

2.43 Boundedness. Let (E,d) be a metric space. Show that a subset A of E is
bounded if and only if it is contained in some ball, that is, if and only if A C B(x,r)
for some x and r.

2.44 Take E = R and d the usual metric. Let A C E. Show that if A is closed and
bounded above, then sup A belongs to A (that is, A has a maximum). Similarly, if A
is closed and bounded below, then it has a minimum. Show that an open set A cannot
have a minimum, that is, inf A cannot belong to A.

2.45 Let D be the open set of Example 2.40. Find its interior and boundary.
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2.46 Denseness. A set D is said to be dense in E if D = E. Let D be dense in E.
Show that every x in I is at O distance from D. Thus, every open ball has at least one
point of D. Show that the set QQ of all rationals is dense in R, the set of all pairs of
rationals is dense in R2, etc.

2.47 Separability. A metric space E is said to be separable if there exists a countable
set D that is dense in E. So, for example, the Euclidean spaces R, R2, R3, ... are
separable.

2.48 Discrete metric spaces. Let E be arbitrary and suppose that d is the discrete
metric (see Exercise 2.23 for this) on E. Show that each subset A is both open and
closed. For r < 1, every open ball B(z,r) consists of exactly the point . Note
that B(x,1) = {z}, B(x,1) = E for every x. (Moral: B(z,) is not necessarily
the closure of B(x,r).) If E is countable, then it is separable (trivially). If E is
uncountable, it is not separable. Show this.

2.49 Half-spaces. A set H in R™ of the form H = {x : £ -z < b}, where £ in R"
and b in R are given, is called a half-space. Show that half-spaces are closed.

D. Convergence

Let (E, d) be a metric space. Our goal is to discuss the notion of convergence for
a sequence of points in £. We do so by employing the concept of convergence in R,
for which we refer to Sect. D of Chap. 1.

2.50 DEFINITION. A sequence (x,,) in E is said to be convergent in E if there exists
a point z in E such that lim d(x,,,z) = 0. If so, then (z,,) is said to converge to z,
the point x is called the limit of (z,,), and the notation x = lim x,, is used to indicate
this.

2.51 REMARK. The preceding definition includes, implicitly within it, the fact that a
convergent sequence has exactly one limit. To see this, suppose that (x,,) converges
to « and to y, that is, lim d(z,, ) = 0 and lim d(z,,, y) = 0. Then,

0 <d(z,y) < d(x,zn) +d(zn,y)

by the triangle inequality, and the right side converges to zero. Thus, d(x,y) = 0,
which means that x = y.
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The following brings together a number of rewordings of convergence. Each is a
slight alteration of the others. No proof seems needed.

2.52 THEOREM. The following statements are equivalent:

(a) (x,) convergesto x.

(b) For every € > 0 there is an integer n. such that d(x,,, x) < € for all n > n..

(c) Theset {n : d(x,,x) > e} is finite for each ¢ > 0.

(d) For every ¢ > 0, the ball B(x,¢) includes all but a finite number of the
terms .

2.53 COROLLARY. Every convergent sequence is bounded.

PROOF. Let (z,,) be convergent and z its limit. In view of the equivalence of (a) and
(d) in the preceding theorem, B(z, 1) includes all but a finite number of the terms x,.
Let r be the maximum of the distances from z to those terms x,, outside B(x, 1), if
there are any; otherwise, set r = 1. Clearly » < co and B(z, ) contains (z,,), which
means that (z,,) is bounded. O

Subsequences
It follows from Theorem 2.52 that we may remove a finite number of terms, or
rearrange the terms, without affecting the convergence. The following generalizes this.

2.54 PROPOSITION. If a sequence converges to z, then every subsequence of it con-
verges to the same x.

PROOF. Let (x,,) be a sequence with limit 2. Let (y,,) be a subsequence of it, that is,
Yn = Ty, for some k; < kg < ---. Now, by Theorem 2.52, for every ¢ > 0, the
ball B(z, €) includes all the terms z,, except for some finite number of them; therefore
the same must be true for the terms y,,. So, by Theorem 2.52, the subsequence (y,,)
converges to x. O

Convergence and Closed Sets

Think of a particle that moves in £ by jumps: first it is at 21, then at o, then at
x3, and so on. The following gives meaning to the term “closed set” if you think of
sequences in this fashion.
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2.55 THEOREM. A setis closed if and only if it includes the limit of every convergent
sequence in it.

PROOE. “Only if” part. Suppose that A is a closed set and that (x,,) is a sequence in
A with limit z. We show that, then, z must belong to A. For, otherwise, if = were in
A€, there would exist an € > 0 such that B(x,¢) C A€ since A€ is open, and B(z, €)
would include infinitely many terms since x is the limit, which would contradict the
fact that all the x,, are in A.

“If” part. We show that if A is not closed then there is a sequence (z,,) in A
that converges to some point x in A°. Suppose that A is not closed. Then A¢ is not
open. Thus, there exists an = in A° such that B(x,r) N A has at least one point for
each r > 0. Hence, for each n in N*, there is an x,, in A such that d(z,,z) < 1/n.
Obviously, (z,,) is in A and converges to « which is not in A. O

Exercises

2.56 Discrete metric spaces. Suppose that d is the discrete metric on £. Show that
(z,) is convergent if and only if it is ultimately stationary, that is, if and only if it has
the form (x1, 22, ..., Zn, 2, 2, , ... ) for some n.

2.57 Let (E,d) be a metric space. Show that if (x,,) converges to = and (y,) con-
verges to y, then d(x,,,y,) converges to d(x,y). Hint: first show that, for arbitrary
z,y,zin F,

|d(z,y) — d(z,2)| < d(y, 2).

Use this to write

|d(xn, yn) — d(z,y)| (@, yn) — d(@n, y)| + |d(zn, y) — d(z, y)|
d(Yn,y) + d(xn, x),

and take limits.

2.58 Show that if (z,,) converges to z, then d(z,, A) converges to d(x, A) for each
fixed subset A of E.

E. Completeness

Let (E,d) be a metric space. Recall that a sequence (z,,) in E is convergent if
there is an z in F such that lim d(z,,, ) = 0. This definition has two shortcomings.
First, starting with (x,,), we rarely have a candidate 2 for the limit. Second, often we
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are not interested in computing the limit itself; it is generally sufficient to know that
the limit exists and has such and such properties. This section is aimed at rectifying
these shortcomings.

Cauchy Sequences

2.59 DEFINITION. A sequence (z,,) in E is said to be Cauchy if for every € > 0 there
is an integer n. such that d(x,,, x,) < e forall m > n > n..

The following is nearly a restatement of this definition in more geometric terms.

2.60 LEMMA. A sequence () is Cauchy if and only if for every e > 0 there is a ball
of radius e that contains all but finitely many of the terms x,,.

PROOF. Suppose that (z,) is Cauchy. Let e > 0. Then, there is n. such that
d(zpm,xn) < €forall m > n > n.. Thus, in particular, the ball B(z,,_,€) con-
tains all the terms except possibly zj,..., 2, —1. This proves the necessity of the
condition.

Conversely, suppose that for every ¢ > 0 there is a ball B(z, €) with some x as its
center such that all but a finite number of the terms are in the ball. Given € > 0, pick
x so that B(z, €/2) contains all the x,, except perhaps finitely many, that is, there is
ne such that z,, € B(x,¢/2) foralln > n.. Now, if m > n > n,, then

A(Tp, xn) < d(Tm,x) +d(x,2,) < €/2+€/2 =c.

Hence, (x,,) is Cauchy. This proves the sufficiency. (]

2.61 THEOREM.

(a) Every convergent sequence is Cauchy.
(b) Every Cauchy sequence is bounded.
(c) Every subsequence of a Cauchy sequence is Cauchy.

PROOF. The first claim is immediate from the preceding lemma and Theorem 2.52.
The second claim is proved, via the preceding lemma, by following the proof of Corol-
lary 2.53. The last claim is immediate from the preceding lemma. (]
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The following shows that if a sequence is Cauchy and one can find a subsequence
of it that converges to some point z, then the original sequence converges to x.

2.62 PROPOSITION. A Cauchy sequence that has a convergent subsequence is itself
convergent.

PROOF. Let (x,,) be Cauchy. Let x be the limit of a convergent subsequence of it. Pick
€ > 0. By Lemma 2.60, there is a ball B(y, ¢) that contains all but a finite number of
the x,,. That ball B(y, ¢) must contain all but a finite number of the subsequence as
well. Thus, = must be in B(y, €). Then, B(x, 3¢) contains B(y, ¢) and hence contains
all but a finite number of the x,,. Thus, (., ) is convergent and 2 = lim x,, in view of
Theorem 2.52. 0

Complete Metric Spaces

The results above suggest that all Cauchy sequences should be convergent. Un-
fortunately, this is not true in general. Here is an example.

Suppose that £ = Q, the set of all rationals, with the metric it inherits from the
real line. Let z = \/5, which is not a rational number, and let (z,,) be a sequence in
Q that converges to z in the sense of convergence in R: for instance, pick x,, to be a
rational number in the interval (z, 4+ 1/n) for each n. Over the metric space Q, the
sequence (z,,) is Cauchy, but fails to be convergent in QQ simply because z is not in Q.
The problem here is not with the Cauchy sequence, but with the space Q. The space
@ has holes in it!

The following introduces the extra notion we want.

2.63 DEFINITION. The metric space E is said to be complete if every Cauchy sequence
in E converges to a point of E.

Theorem 2.61a becomes stronger: when I is complete, a sequence is convergent
if and only if it is Cauchy. The following is immediate from Theorem 2.55.

2.64 PROPOSITION. If E is complete and D is a closed subset of E, then D is a
complete metric space with the metric it inherits from £.

The next theorem shows that certain familiar spaces are complete. Other examples
are listed in exercises.
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2.65 THEOREM. Every Euclidean space is complete.

PROOF. We start with the one-dimensional Euclidean space, namely R. Let (2,,) C R
be Cauchy. Then, for every e > 0 there is a ball of radius € (namely an open interval
of length 2¢) that contains all but finitely many of the x,,. Therefore, the numbers
z = liminf z,, and y = lim sup z,, must belong to that ball, which means that 0 <
y — x < 2e. Since this is true for every € > 0, we must have x = y, that is, (z,,) is
convergent. This proves that R is complete.

Now, fix £ > 2 and consider the Euclidean space R¥. We write = (a,b,...,c)
for each  in R* for simplicity of notation (in other words, the coordinates of 2 are
a,b,...,c).

Consider a Cauchy sequence of points z,, = (ay, by, . .., ¢,) in R”. Givene > 0,
then, for all m and n large enough, we have

1/2

(T, vn) = (|am — an|2 + [bm — bn|2 +o At e — Cn|2) <,

which shows that
[am — an] <€, |om —bnl <€ ..., lem —cn| <e

In other words, the sequences (ay,), (by), ..., (¢,) in R are Cauchy. We have just
shown that R is complete. So, these sequences must be convergent in R, say, with
limits a, b, . . ., ¢ respectively. Now, let x = (a, b, ..., ¢) and note that

(20, 2)? = |an — a? + by = b* + -+ + |cn — cf?

converges to 0. Hence, lim d(z,,, 2) = 0, and (z,,) is convergent. This completes the
proof that R¥ is complete. (|

Exercises and Complements

2.66 Show that the following metric spaces are complete:

(a) E = R? with the Manhattan metric d.
(b) FE arbitrary, d is the discrete metric.

In fact, each R™ is a complete metric space with every one of the metrics introduced
in Exercises 2.24 and 2.26.

2.67 Show that the space I? introduced in Exercise 2.27 is complete. Incidentally, so
is the space C of Example 2.17 and Exercise 2.28.
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2.68 Two Cauchy sequences (z,,) and (y,,) are said to be equivalent if their merger
(z1,y1,2,Y2,...) is Cauchy. In this case, we write (z,) = (y,). Show that this
defines an equivalence relation. That is,

@ (zn) = (zn),
(b) (z,) = (yn) implies that (y,,) = (z,),
©) (zn) = (yn)s (Yn) = (2n) implies that (z,,) = (z,,).

F. Compactness

Let (E, d) be a metric space. It will be convenient to refer to E as a metric space,
without mentioning d. Also, all sets mentioned will be subsets of . We shall use the
picturesque phrase “the collection { 4; : i € I} covers B” to mean that | J;; A; D B.

2.69 DEFINITION. A set C' is said to be compact if every collection of open sets that
covers C' has a finite subcollection that covers C'. The metric space (F,d) is said to
be compact if F is so.

We shall show that, for many metric spaces, compact sets are precisely the sets
that are bounded and closed. The following are aimed in that direction.

2.70 PROPOSITION. Every compact set is bounded.

PROOEF. Let C' be compact. Cover C' by the collection of balls of radius 1 about each
2 in C. By the definition of compactness, C' can be covered by finitely many of these
balls. Since a finite union of bounded sets is bounded, C' is bounded. [l

2.71 PROPOSITION. Every closed subset of a compact set is compact.

PROOF. Let D be compact. Let C' C D be closed. Fix a collection of open sets that
covers C'. Adding the open set E'\ C to that collection, we obtain a collection of open
sets that covers D. Since D is compact, the latter collection has a finite subcollection
that still covers D. Removing E'\ C' from that subcollection (if it were in), we obtain a
finite subcollection of the original collection that covers C'. Thus, C' must be compact.

O

Compact Subspaces
Recall that every subset D of E can be regarded as a metric space by itself,
with the metric it inherits from FE; see Proposition 2.64. Whether D is open or
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not as a subset of F, it is open automatically when it is regarded as a metric space.
Compactness is not so shiftless.

2.72 PROPOSITION. A set D is compact as a metric space if and only if it is compact
as a subset of F.

PROOF. A subset of D is an open ball in the space D if and only if it has the form
B N D for some open ball B of the space E. Since an open set is the union of all
the open balls it contains, it follows that A is an open subset of the space D if and
only if A = B N D for some open subset B of the space E. Now, the definition of
compactness does the rest. [

Cluster Points, Convergence, Completeness
This is to look into the connections between compactness and convergence.

2.73 DEFINITION. A pointx in E is called a cluster point of a subset A of E provided
that every open ball centered at 2 contains infinitely many points of A.

2.74 THEOREM. Every infinite subset of a compact set has at least one cluster point
in that compact set.

PROOF. We shall show that if C' is compact, and A C C, and A has no cluster point
in C, then A is finite. Let A and C' be such. Since no z in C' is a cluster point of A,
for every « in C' there is an open ball B(z,r) that contains only finitely many points
of A. Those open balls cover C' obviously. Since C' is compact, there must be a finite
number of them that cover C' and, therefore, A. Since each one of those finitely many
balls has a finite number of points of A, the total number of points in A must be finite.

O

The following theorem shows how compactness helps in discussing convergence.
In particular, together with Proposition 2.62, it shows that every Cauchy sequence in
a compact set is convergent.

2.75 THEOREM. Every sequence in a compact set has a subsequence that converges
to some point of that set.
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PROOF. Let C be compact. Let (z,) C C. If the set A = {x1,xo,...} is finite,
then at least one point of A, say z, appears infinitely often in the sequence, and hence
(z,x,...) is a subsequence which obviously convergesto x € A C C. Now suppose
that A is infinite. By the preceding theorem, then A has a cluster point  in C'. Since
each one of the balls B(z, 1/n), n € N*, has infinitely many points in C, we may pick
k1 so that z, isin B(z, 1), pick k2 > ki so that 2, is in B(x, 1/2), pick k3 > ko so
that z, is in B(z, 1/3), and so on. Obviously, (z, ) converges to x. O

2.76 COROLLARY. Every compact set is closed.

PROOF. Let C be compact. The preceding theorem implies that every convergent
sequence in C' converges to a point of C'. Thus, C' is closed by Theorem 2.55. O

2.77 COROLLARY. Every compact metric space is complete. Every Cauchy sequence
in a compact metric space is convergent.

PROOF. The second statement is immediate from Theorem 2.75 and Proposition 2.62.
The first follows from the second by the definition of completeness. (|

Compactness in Euclidean Spaces

We have seen that, for an arbitrary metric space, every compact set is bounded
and closed; see Proposition 2.70 and Corollary 2.76. In the case of Euclidean spaces,
the converse is true as well. This is called the Heine—Borel theorem.

2. 78 THEOREM. A subset of a Euclidean space is compact if and only if it is bounded
and closed.

We start by listing an auxiliary result that is trivial at least for R, R2, R3. We omit
its proof.

2.79 LEMMA. Let B be a bounded subset of a Euclidean space E. Then, for every
€ > 0 there is a finite collection of closed balls of radius ¢ that covers B.
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PROOF OF THEOREM 2.78. As mentioned above, Proposition 2.70 and Corollary
2.76 prove the necessity part. We now prove the sufficiency of the condition.

Let E be a Euclidean space and let C' be a closed and bounded subset of E.
Suppose that C' is not compact. Then, there is a collection {A; : ¢ € I'} of open sets
that covers C' but is such that

2.80 no finite subcollection of {A4; : i € I'} covers C.

(a) Lete = 1/2. By the preceding lemma, we can find a finite number m of closed
balls By, . .., B,, of radius € that cover C. Then, C' = (CNBy)U---U(CNBy,). In
view of 2.80, at least one of C'N By, ..., C' N B, cannot ever be covered by a finite
subcollection of the A;; let that one be denoted by C. Now, C1 is closed, its diameter
is at most 2¢ = 1 (since the B}, have diameter 1), and 2.80 is true for C;.

(b) Applying the arguments of the preceding paragraph with e = 1/4 to the set
Cy we get a new set Cy C (4 that is closed, has diameter at most 1/2, and 2.80
holds for C. Repeating this with ¢ = 1/6, 1/8, 1/10, ... we obtain further sets
Cs, Cy, Cs, ... with the same properties but with diameters at most 1/3, 1/4, 1/5,
....Clearly01 DC;,DC3D---.

(c) Since 2.80 holds for each C),, it must be that no C, is empty (covering an
empty set takes no effort). Thus, we may pick x; from C; and z2 from C5, and so on
to obtain a sequence (x, ).

(d) This sequence is Cauchy: given € > 0 choose n so that 1/2n < ¢, and then
Ty, Tnt1, ... are all in a ball of radius e since all these terms are in C),, which has di-
ameter less than 1/n. Since F is Euclidean, it is complete (see Theorem 2.65), which
means that every Cauchy sequence converges. Hence, the sequence (z,,) converges to
some point z( in E. Since, for each n, (z,, : m > n) C C,, and C,, is closed, the
limit xy belongs to C), by Theorem 2.55.

(e) Since the A; cover C, there must exist an index 4 in I such that xq is in A;.
Fix that . Since A; is open, there is a number € > 0 such that

B(.%‘O,E) C A;.

Now choose n large enough that 1/n < €/2. Since 29 € C,, and diam C,, < 1/n <
€/2, we see that

C, C B(mo,e).

In other words, A; covers C,,. This contradicts the earlier assertion that 2.80 holds for
all C,. This completes the proof. (]
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Exercises

2.81 Supremums. Let A be a nonempty subset of R. Suppose that A is bounded
above but has no greatest element. Show that, then, sup A is a cluster point of A.

2.82 Show that the union of a finite number of compact sets is again compact.

2.83 Give an example of an infinite subset of R that has no cluster points. Give an
example of one with exactly two cluster points. Identify the cluster points of the set

1 1
A= {weR:x:—+—f0rsomem,ninN*}.
m n

2.84 Sequences in R. By 2.78, the Heine—Borel theorem, every closed interval
[a,b] C R is compact. Thus, every bounded sequence in R has a convergent sub-
sequence (cf. Theorem 2.75). Another consequence is the following useful result:

Let (x,,) be a bounded sequence in R. Suppose that all convergent subsequences
of it have the same limit x. Then, (x,,) converges to .

Prove this by following the steps below.

(a) Show that = lim inf x;,, and Z = lim sup z,, are cluster points of (z,,).

(b) Show that there is a subsequence of (z,,) that converges to z. Similarly, then,
there is a subsequence that converges to z.

(c) By the hypothesis that all convergent subsequences have the same limit, we
conclude that z = Z, which means that lim z,, exists (and is in R since (z,,) is
bounded).
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CHAPTER 3

Functions on Metric Spaces

Elementary analysis is mostly about functions from R into R, functions from
R™ into R, or, somewhat more generally, functions from R™ into R". Our aim is
to consider functions from one metric space to another. Replacing Euclidean spaces
by metric spaces introduces no new difficulties and is useful for dealing with various
problems concerning differential and integral equations.

For mappings from one metric space to another we employ either notations like
T, S, U or notations like f, g, h. Generally, the transformation notation is cleaner: we
write T for the image of = under 7', which becomes f(z) in the standard function
notation.

A. Continuous Mappings

Throughout this section, E, E’, etc. will be metric spaces with corresponding
metrics d, d’, etc. Given a mapping 7" from F into E’, we write Tz for the image of
the point z of E and T~!B for the inverse image of the subset B of E’. On a first
reading, the reader may wish to take £/ = R and d'(x,y) = |« — y| as usual.

3.1 DEFINITION. A mapping T': E — E’ is said to be continuous at the point x of E
provided that for every € > 0 there is a number 6 > 0 such that

yeE, dry <d = d(Tz,Ty)<e.

The mapping 7' is said to be continuous if it is continuous at every z of E.

3.2 REMARKS. (a) In the definition, ¢ is allowed to depend on € and .
(b) When E = E’ = R with the usual metric, the preceding is the classic defi-
nition of continuity.
(c) The condition for 7" to be continuous at x can be rephrased in more geometric
terms as follows: for every € > 0 there is a number § > 0 such that 7" maps
the open ball B(x, §) of E into the open ball B’ (T'z, ¢) of E’. Here,

B(z,0) ={y € E :d(x,y) <6}, B (Tx,e)={y€ E :d(Tz,y) < €}.

E. Cimlar and R.J. Vanderbei, Real and Convex Analysis, Undergraduate Texts in Mathematics, 47
DOI 10.1007/978-1-4614-5257-7_3, © Springer Science+Business Media New York 2013



48 Functions on Metric Spaces Chap. 3

Continuity and Open Sets

3.3 THEOREM. A mapping T : E + E’ is continuous if and only if 7! B is an open
subset of F for every open subset B of E’.

PROOEF. Suppose that T is continuous. Let B C E’ be open. We want to show that
A = T71Bis open, that is, for every x in A thereis § > 0 such that B(z, ) C A. To
this end, fix = in A, note that y = Tz is in B, and, therefore, there is € > 0 such that
B'(y,e) C B (because B is open). By the continuity of T, for that ¢, there is § > 0
such that 7" maps B(z, d) into B’(y, €). Because B’ (y,€) C B, we have B(z,0) C A
as needed.

Suppose that T~! B is open in E for every open subset B of E’. Let x in E be
arbitrary. We want to show that 7" is continuous at x. To this end, fix ¢ > 0. Because
B'(Tx,€) is open, its inverse image is open, that is, A = T~'B’(Tx,¢) is an open
subset of E. Note that x is in A; therefore, there is a 6 > 0 such that B(xz,0) C A,
and then T" maps B(z, §) into B'(T'z, €). So, T is continuous at 2. O

Continuity and Convergence
. . . d .
If (x,,) is a sequence in F, we write x,, — x to mean that (z,,) converges to x in

E in the metric d, that is, d(z,,,2) — 0. Similarly, y, i> y means that the sequence
(yn) in E’ converges to y in the metric d’. The following is probably the most useful
characterization of continuity.

3.4 THEOREM. A mappingT: E + E'is continuous at the point z of E if and only if
(xn) CE, z, Lo = Ta, L

. . d
PROOF. Suppose that 7" is continuous at x. Let (z:,) C E and suppose that z,, — .

We want to show that, then, Tx,, i> Tz, which is equivalent to showing that for
every € > 0 the ball B’(Tx,¢€) contains all but finitely many of the points Tx,,. To
this end, fix ¢ > 0. By the continuity of 7" at z, there is § > 0 such that 7" maps
B(z,9) into B'(Tx,¢€). Since x,, € B(x, ¢) for all but finitely many n, it follows that
Tz, € B'(Tz,e¢) for all but finitely many n, which is as desired.
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Suppose that 7" is not continuous at z. Then, there is ¢ > 0 such that for every
d > Othereis y in E' such thatd(x,y) < d and d’(Tx, Ty) > e. Thus, for that €, taking
d=1,1/2, 1/3, ... we can pick y = x1, z2, 3, ... such that d(x,,x) < 1/n and
d' (Tx,,Tx) > e. Hence, there is a sequence (x,,) in E such that x,, % 2 but (Txy)
does not converge to T'z. O

Compositions

The following result is recalled best by the phrase “a continuous function of a
continuous function is continuous.” Here, F, E’, and E” are metric spaces with their
own metrics.

3.5THEOREM. IfT: E — E’iscontinuousatxz € Fand S: E' — E" is continuous
at Tz € £/, then SoT: I+ E" is continuous at z € E. If T is continuous and S is
continuous, then .S o T is continuous.

PROOF. The second assertion is immediate from the first. To show the first, let (z,,) C
FE be such that x,, $ x. If T is continuous at x, then T'x,, $ T'z by the last theorem;

and if S is continuous at 7'z, this in turn implies that S(Tx,,) 4 s (T'z) by the last
theorem again, which means that .S o 7" is continuous at x. O

Examples

3.6 Constants. Let T: FE — E’ be defined by Tx = b where b in E’ is fixed. This T'
is continuous.

3.7 Identity. LetT: E — E be defined by T'x = x. This T' is continuous, as is easy
to see from Theorems 3.3 or 3.4.

3.8 Restrictions. Let T': E — E' be continuous. For D contained in E, the restric-
tion of T to D is the mapping S: D + E’ defined by putting Sz = Tz for each
x € D. Obviously, the continuity of 7" implies that of S.

3.9 Discontinuity. Let f: R — R be defined by setting f(x) = 1 if z is rational and
f(x) = 0if 2 is irrational. This function is discontinuous at every x in R. To see this,
fix « in R. For every ¢ > 0, the ball B(x, §) has infinitely many rationals and infinitely
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many irrationals. Thus, it is impossible to satisfy the condition for continuity at = (for
€< 1).

3.10 Lipschitz continuity. A mapping T: E +— E’ is said to satisfy a Lipschitz
condition if there exists a constant K in (0, co) such that

d(Tz, Ty) < Kd(z,y)

for all -, y in E. Every such mapping is continuous: given € > 0, choose 6 = ¢/ K no
matter what z is.

3.11 Coordinate mappings. Let E = R", the n-dimensional Euclidean space, fix ¢ in
{1,...,n}, and define P;: R™ — R by P,z = 1, the ith coordinate of . Then, P;
satisfies the Lipschitz condition above with K = 1 and, thus, is continuous.

Real-Valued Functions

Functions f from a metric space F into R can be combined through arithmetic
operations to obtain new functions. For instance, f+ ¢ is the function whose value at =
is f(z) + g(z). In defining f /g, however, one must exercise some caution at points x
where g(z) = 0. Itis best to limit the definition of f/g to the set {x € E : g(z) # 0}.
The following is immediate from Theorem 3.4.

3.12 PROPOSITION. If f: £ +— Rand g: E + R are continuous, then so are f + g,
f—g,f-g,and f/g, except that, in the last case, f/g should be treated as a function

on{z: g(z) # 0}.

R"-Valued Functions

These are functions from a metric space F into the Euclidean space R™ (with the
Euclidean distance). The following reduces the notion of continuity for such mappings
to the case of real-valued functions. We use the projection mappings P; introduced in
Example 3.11: P;x is the ¢-coordinate of the vector x in R".

3.13 PROPOSITION. A mapping 7: E — R" is continuous if and only if the map-
pings Py oT, ..., P, oT from E into R are continuous.
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PROOF. Let T be continuous. Then, P; o T is continuous for each ¢ because a contin-
uous function of a continuous function is continuous.

Suppose that Py oT', ..., P, oT are continuous. To show that, then, 7" is contin-
uous, we start by observing that

" 1/2
3.14 u— o = (Z |Piu — Piv|2> . u,veR™
1

Now, fix z in ¥ and € > 0. Using the definition of continuity for P; o1 at x with
€; = €/+/n, we find d; > 0 such that

d(z,y) < 6; = |PiTx — PTy| < ¢/v/n.
Let 6 = min{dy,...,d,}. Then§ > 0 and
d(z,y) <0 = |PTz— PiTy| < e/y/nforeachi
= ||Tz—Ty| <e
in view of 3.14 used withu = Tz and v = T'y. O

Exercises

3.15 Continuity of metrics. For the metric d on E, show that the mapping x +— d(z, y)
is continuous for each fixed y. By symmetry, so is y — d(z,y) for each fixed x.
Indeed, the mapping d: E x E — R is continuous (which implies the preceding two
statements). Hint: let (x,,) and (y,) be sequences in E converging to = and y, and
show that d(zy,, yn) — d(z,y).

3.16 Continuity of pairs. Let f: E — FE’ and g: E — E” be continuous. Define
h: E— E' x E” by letting h(x) be the pair (f(x), g(x)). Show that h is continuous.

3.17 Closed sets. If T: E — E’ is continuous, then 7~ !B is a closed subset of £
for every closed subset B of E’. Show. For f: E +— R continuous, show that the sets
{xeFE: f(x) <bl,{ze€eFE: f(x)=0b},{x € E: f(xr) > b} areclosedin E.

3.18 Indicators. For A C E let 14 be the indicator of A, thatis, 14(x) =1ifz € A
and 14(z) = 0if z ¢ A. Show that 14 is continuous at all points 2 in F except for
x € 0A.

3.19 Left-continuity, right-continuity. Let f: R — FE’. Order properties of the real
line enable us to refine the notion of continuity as follows. The function f is said to be
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right-continuous at x in R provided that f(z,,) 4 f(z) for every decreasing sequence

() C R with limit z. Similarly, f is said to be left-continuous at z if f(x,,) 4t (x)
for every increasing sequence (x,,) with limit z.

Show that f is continuous at z if and only if it is both right-continuous and left-
continuous at x.

3.20 Functional inverses. Let f: Ry +— R, be a continuous and strictly increasing
bijection. Let f~!(y) be that point « for which f(z) = y. Show that the function f !
is continuous and strictly increasing.

3.21 Legendre transforms. A function f: R — R is called convex if

flpz +qy) < pf(x) +qf(y)

forall 2,y in R and all p, ¢ in (0, 1) satisfying p + ¢ = 1. The Legendre transform of
a convex function f is the function g: R +— R defined by

9(y) = max(zy — f(z)).
Show that g is convex and that
f(z) = max(zy — g(y))-

State any extra “smoothness” assumptions you might need.

3.22 Sections. Let f: Ey X Es — R be continuous. Show that, for each y in F»,
the mapping © — f(z,y) from F; into R is continuous. Similarly, y — f(z,y) is
continuous for each x. Unfortunately, the converse does not hold: it is possible to
have z — f(x,y) continuous for each y and y — f(z,y) continuous for each = even
though f is not continuous. Give an example of such a function.

B. Compactness and Uniform Continuity

As before, E, E, etc. are metric spaces with metrics d, d’, etc. This section is on
the effect of compactness on continuity.

3.23 THEOREM. LetT': E — E’ be continuous. If E is compact, then the range of T’
is a compact subset of F’.

PROOF. Let D C E’ be the range of T'. Assuming that F is compact, we need to show
that D is compact. Let {B; : i € I} be a collection of open subsets of E’ that covers
D. Then, the continuity of 7" implies via Theorem 3.3 that the sets A; = T-1B,,
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¢ € I, are open. Moreover, {A; : @ € I} covers E: if z is in E then Tz is in
D, and hence, T'x is in B; for some ¢, which implies that x is in the corresponding
A;. Now the compactness of E implies that there exists a finite subset J of I such
that {A; : i € J} covers E. Thus, if x € F, then 2z € A; for some i in J and
therefore T2 € B; for some ¢ in J. Thatis, {B; : ¢ € J} covers D. So, D must be
compact. (]

Recall that every compact set is closed and bounded. Thus, if f: £ — R is
continuous and F is compact, then the range of f is bounded and closed, which implies
that f attains a maximum and a minimum, that is, there are xy and x1, such that
f(zo) < f(x) < f(xq) forall z in E (see Exercise 2.81 to the effect that if a subset
D of Ris closed and bounded then inf A and sup A belong to D). We have thus shown
the following result.

3.24 COROLLARY. Let E be compactand f: E — R continuous. Then, f is bounded
and attains a maximum and a minimum.

The conclusion fails if E is not compact. For instance, f(z) = zon E = (0,1) is
bounded but has neither a maximum nor a minimum. Also, f(z) = 1/zon E = (0,1)
is not bounded and has neither a maximum nor a minimum.

Uniform Continuity

Recall the definition of continuity: a mapping T': E +— E’ is continuous provided
that for every = in E and every € > 0 there is a number 6 > 0 (depending on x and
€) such that d(x,y) < d implies d’(T'z,Ty) < € for all y in E. The import of the
following is to remove the dependence of § on z.

3.25 DEFINITION. A mapping T': E — E' is said to be uniformly continuous pro-
vided that for every ¢ > 0 there is a number § > 0 such that

r,y€E, dz,y)<d = d(Tz,Ty) <e.

Obviously, every uniformly continuous function is continuous. The converse is
false. For example, the function f: (0,1) — R defined by f(x) = 1/ is continuous
but not uniformly so. The failure here is not due to the unboundedness of f. For
instance, the function f: (0,1) — [—1, 1] defined by f(z) = sin(1/z) is continuous
but not uniformly so. The mappings of Examples 3.6, 3.7, 3.10, and 3.11 are
uniformly continuous. In fact, they are all special cases of Example 3.10 on Lipschitz
continuity. Being Lipschitz almost encapsulates the notion of uniform continuity.
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3.26 PROPOSITION. Let T': E — E’ be Lipschitz continuous. Then 7" is uniformly
continuous.

PROOF. Fix € > 0 and choose 6 = ¢/ K. This 6 works and is independentof z. I

See Exercise 3.34 for an “almost converse” to this result. The following shows
the important role of compactness in relation to uniform continuity.

3.27 THEOREM. LetT: E — E’ be continuous. If E is compact, then 7" is uniformly
continuous.

PROOF. Fix € > 0. We search for § > 0 that will fulfill the condition for uniform
continuity. Since T is continuous, for each z in E there is §(x) > 0 such that

3.28 d(z,y) < d(x) = d'(Tz,Ty) < €/2.

The collection of open balls B(z,d(z)/2), x € E, covers E. Since E is compact,
there must exist a finite number of them, say those corresponding to x1, ..., x,, that
cover F. Define

1 .
0= 3 min{d(x1),...,0(x,)}.

Then, § > 0 and it remains to show that this § works. Let z,y in E be arbitrary and
suppose that d(z,y) < ¢. By the way the x4, ..., z, are chosen, there is an ¢ such
that 2 is in B(x;, 6(x;)/2), that is,

d(x,z;) < %5(:01)
Moreover, for the same %,
Ay, ) < dly,2) +d(w, 2) < 5+ 55(z) < 5,
Thus, d(z, x;) < 6(z;) and d(y, z;) < 0(z;), which by 3.28 imply that
d'(Tz,Tx;) < €/2, and d' (Ty, Tx;) < €/2.

Thus, d’(Tx, Ty) < e by the triangle inequality. O
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Exercises

3.29 Metrics. Show that, for fixed x¢ in F, the function x — d(z, ) from E into
R is uniformly continuous.

3.30 Compositions. Let T: E — E’ and S: E' — E” be uniformly continuous.
Show that, then, SoT': E — E" is uniformly continuous.

3.31 Homeomorphisms. Recall that for a bijection f: E — E’ we define the func-
tional inverse f ! by setting f~1(y) = x if and only if f(x) = y. A homeomorphism
from E onto E’ is a bijection that is continuous and whose functional inverse is also
continuous. Incidentally, two spaces F and E’ are said to be homeomorphic if there
exists a homeomorphism from one to the other. Compactness helps in checking for
homeomorphisms. Show that if f: F — E’ is a continuous bijection and E is com-
pact, then f is a homeomorphism.

3.32 Extensions. Let D be dense in E (see Exercise 2.46 for the definition). Note that
this means that every point of F \ D is a cluster point of D. Suppose that f: D — R
is uniformly continuous. Show that, then, there exists a unique continuous function
f: E +— Rsuch that f(z) = f(x) for all z in D. Then, f is called the continuous
extension of f onto E.

3.33 Cantor function. Let E = [0, 1], and C be the Cantor set, and D = E \ C; see
Example 2.40. Note that D is dense in F, since C' contains no open intervals.

Show that the function f constructed in Example 2.40 of Chap. 2 is a uniformly
continuous function from D into [0, 1]. By the preceding exercise, then, f has a con-
tinuous extension f onto £ = [0, 1]. In fact, f is uniformly continuous (why?).

The function f is called the Cantor function. It is increasing and continuous. Its
derivative exists at every x in D and is equal to 0. So, although f increases from 0 to
1 in a continuous fashion, all its increase is on the set C', and C' has “length” 0.

3.34 Lipschitz continuity. A mapping T: R"™ +— R is uniformly continuous if and
only if for every e > 0 there exists K such that

|Te — Tyl < K¢ ||z —y|+e¢

for all x and y in R™. Prove this.
Hints: (a) The “if” part is easy. Choose § = 6/2K€/2.
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(b) For the “only if” part: fix € > 0 and = and y; choose a chain of points
T = To,T1,T2,...,Ty, = y with distances ||z; — z;41|| < d; ask, how many such
points do we need, and note that

|Tx — Ty| < Z [Tz, — Txip1] < ne;
1
figure out the m needed and then what K should be.

C. Sequences of Functions

Let F and E’ be metric spaces with respective metrics d and d’. Let (T),) be a
sequence of mappings from F into E’.

3.35 DEFINITION. The sequence (73,) is said to converge pointwise to a mapping
T: E — E’' provided that the sequence (7}, ) converges to Tz in E’ for each point x
in E.

In other words, for each x in E, we must have

3.36 limd (T,x, Tx) =0,

that is, for every ¢ > 0 there must be an integer n. , such that d'(T,,z,Tz) < ¢ for
all n > ne ;. If n, can be chosen to be free of =, we obtain the following stronger
concept of convergence.

3.37 DEFINITION. The sequence (T,) is said to converge uniformly to a mapping T
provided that

lim sup d' (T, Tz) = 0.
" zeE

Obviously, uniform convergence of (7,) implies pointwise convergence (and the
limit 7" is the same). That the converse is generally false can be seen from Figs. 3.1
and 3.2: here the functions f,,: R} — [0, 1] converge pointwise, but not uniformly
(Fig.3.3).

Cauchy Criterion

As with sequences of points, it is important to have a criterion for the uniform
convergence of (7},) expressed in terms of the T, themselves. The following Cauchy
criterion does this.
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f4

fo
f3

p
FIGURE 3.1. Here (f,) converges to f, where f(z) = 0forz < 1

and f(z) = 1 forz > 1. Convergence is pointwise but not uniform.

fn (x)

fn

n-1 n

FIGURE 3.2. These f,, converge to f = 0 pointwise, but not uniformly.

f1
fa

/3

FIGURE 3.3. These f,, converge to 0 uniformly (and hence pointwise).

3.38 THEOREM. Suppose that E’ is complete. Then, (T,) is uniformly convergent if
and only if for every € > O there is an integer n. with

3.39 supd (Tyx, Tpw) < e forallm >n > n,.
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PROOF. Suppose that (T},) converges uniformly, say, to 7. Then, for every ¢ > 0,
there is an integer n. such that d’(T,,z, Tz) < ¢/2 forall n > n.. Thus, for m,n > n.,

d (Tpx, Tx) < d (Thx,Tz) +d (Tx, Tpx) < €/2+€¢/2=c¢

for all . So, (7},) is Cauchy (for every ¢ > 0 there is n. such that 3.39 holds).

Let (T},) be Cauchy. Then, in particular, for each z in E, the sequence (7,,x) in
E' is Cauchy. Since E’ is complete, this implies that (7,,x) converges to some point
of E’, call it Txz. This defines a mapping T: F +— E’. We want to show that (T,)
converges to 7" uniformly. Since (7,) is Cauchy, for every € > 0 there is an integer n,
such that

d Tz, Tyw) < e forallm,n > n.

for all . Now, let m — oo; then, (T;,z) converges to T and the continuity of
y — d'(Thx,y) implies that d' (T, x, Tppx) — d'(Tnx, Tx). Thus, as we needed to
show, for € > 0 there is an integer n with

d(T,x,Tx) <e forallm>n.andallz € E.

Continuity of Limit Functions

As can be seen from Fig. 3.1, the pointwise limit of a sequence of continuous
functions is not necessarily continuous. In fact, the primary use of uniform conver-
gence is to ensure the continuity of the limit function.

3.40 THEOREM. Suppose that each T, is continuous and (7)) converges to T
uniformly. Then, T is continuous.

PROOF. Fix x in E. Note that for all n and y
d(Tz, Ty) < d(Tx,Tpx) +d (Thz, Thy) + d (Thy, Ty).

Given € > 0, there is an integer n. such that the first and third terms on the right
side are less than €/3 each for n = n.; this comes from the uniform convergence of
(T,) to T. Moreover, the continuity of T,,_ at the point = implies the existence of
d = 0., such that the second term on the right with n = n. is less than ¢/3 for all
yin B(z,d). Hence, for every € > 0 there is a 6 = d. ., such that d(z,y) < d implies
that d’'(T'z, Ty) < e for all y; that is, T is continuous at . O

Exercises

341 Let0<a<b<1. Letf,: [a,b] — Ry be defined by f,,(z) = ™. Show that
(fn) converges uniformly to f = 0.
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3.42 LetT,: [0,1] — [0,1] be defined by T,,x = z™(1 — x). Show that (T},) is
uniformly convergent.

3.43 Let f: R — R be uniformly continuous. Define f,,(x) = f(z + 1/n). Show
that (f,,) converges uniformly to f.

3.44 Let(f,) be defined as a sequence of functions from R into R4 by f1(x) = /=,

fo(z) =V + Vx, f3(z) = \/x+ /z + /o, .... Show that (f,) is convergent

and find the limit function.

D. Spaces of Continuous Functions

Throughout this section (E, d) will be a compact metric space, and all functions
are from E into R. On a first reading, the reader should take £ = [a,b], a closed
interval. Our aim is to illustrate the uses of the foregoing concepts in the analysis of
the function space C'(E — R) of all continuous functions from E into R. For brevity,
we write C for C(E — R).

The set C is a vector space: if f and g are in C then so is af + bg for each a in
R and b in R. Moreover, various arithmetic operations are well-defined on C: f + g,
f—g9,fg,and f/gall belong to C if f and g are in C, except that in the case of f/g
one must worry about g(z) = 0.

Although each point of C is a function, in many respects C is like a Euclidean
space. We may, for instance, define a norm on C as follows. Let f € C. Being a
continuous function on a compact metric space, f is bounded and attains its maximum
and minimum. It follows that

3.45 171/ = max | f(z)]

is a well-defined positive real number; it is called the norm of f. It is indeed a norm:
3.46 l£]l = 0; || f]l = 0if and only if f = 0;

3.47 llefll = lel - 1£1I;

3.48 £+ gll < [LfII + llgll-

As with Euclidean spaces, we may use the norm above to define a metric on C. We
define the distance between f and g to be

3.49 d(f,g) = Ilf — gll-
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Convergence in C
The following shows that convergence in the metric space C is equivalent to
uniform convergence of functions on E.

3.50 THEOREM. A sequence (f,) in C is convergent if and only if the sequence of
functions f,,: E — R is uniformly convergent.

PROOF. In view of the definition of convergence for a sequence of points in a metric
space and the definition of uniform convergence for a sequence of functions f,,: F —
R, the claim is simply that

imd(fn, f)=0 <« limsup|fu(z) — f(2)| =0.
n " z€E

But this is obvious in view of 3.49 and 3.45. O

Conceptually, then, the somewhat complex concept of uniform convergence of
a sequence of functions is equivalent to the simpler concept of convergence of a
sequence in a metric space.

Lipschitz Continuous Functions
A function f in C is said to be Lipschitz continuous if there exists a constant K
such that

3.51 [f(x)— f(y)| < K -d(z,y) forallz,y € E.

The constant K is called the Lipschitz constant. For example, if E = [a,b], f is
differentiable, and the derivative f’ is bounded by K, then 3.51 holds with the same
K, and f is Lipschitz continuous.

Let Bx be the set of all f in C satisfying 3.51. Then, clearly, the set of all
Lipschitz continuous functions is exactly the union of the By ’s over all K in R . The
next theorem shows that each B is closed. Unfortunately, the union | J, B is not
closed, as can be seen from the sequence of functions shown in Fig. 3.4. In fact, the
closure of this union is precisely C, that is, every f in C is the limit of a sequence of
Lipschitz continuous functions; we leave this as an exercise to prove.

3.52 PROPOSITION. Each By is a closed subset of C.



Sec. D Spaces of Continuous Functions 61

a b

FIGURE 3.4. A sequence of Lipschitz continuous functions con-
verging to a continuous function that is not Lipschitz.

PROOF. We use the characterization given in Theorem 2.55. Let ( f,,) in Bk converge
to the point f in C. We need to show that f is in Bx. Now, for arbitrary x and y in F,

[f(@) = f)l < 1f(@) = fal@)| + | ful2) = fa(u)] + | faly) = f()]
< f = fall+ Kd(z,y) + [ fo — fl
for all n. Since || f,, — f|| — 0, this shows that f satisfies 3.51. O

Completeness
The space C is not bounded. Therefore it cannot be compact. But, at least, it is
complete.

3.53 THEOREM. The space C is complete.

PROOF. Let (f,,) C C be Cauchy, that is, for every e > 0 there is an integer n. such
that || f, — fm|| < e forall m > n > n.. This is equivalent to the condition 3.39 (here
E’ = R which is complete). Thus, by Theorem 3.38, (f,,) is uniformly convergent
as a sequence of functions on E. But, by Theorem 3.50, uniform convergence is
equivalent to convergence in C. So, (f,,) is convergentin C. 0

Functionals

Since C = C'(E — R) is a metric space, we may speak of functions defined on
C as we speak of functions defined on E. For linguistic clarity, a function from C into
R is called a functional. Here are some examples of functionals:

3.54 M:fHM(f):Iwneagf(z),
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3.55 P,: f— Py(f) = f(z), =z € E fixed,
3.56 F: f o o(f(@),.... f ),
where k£ > 1 is a fixed integer, ¢: R* — R is fixed, and T1,...,x) are fixed in F.
Here are some further examples in the particular case where F = [a, b]:
b

3.57 L(f)y= [ f(x)dz,

b
358 Lo(f) = [ o))

where ¢ € C is some fixed function.
The functional M is uniformly continuous; in fact, it is Lipschitz continuous with
Lipschitz constant K = 1:

M(f) = M(g)| = [max f(x) — maxg(a)
max |f(z) = g(z)| = [|f —gll = d(/.9).
Even easier is the Lipschitz continuity of the coordinate mapping P, for fixed x:

[P (f) = Pe(9)| = [f(2) — g(@)| < [|If —gl|-

Assuming that the function ¢ : R* — R is continuous, the functional F is continuous:

IN

if || f — fIl — 0, then the sequence of points ( f,(x1), ..., fn(zx)) in R* converges
to the point (f(z1),..., f(xx)) of R¥ as n — oo, and the continuity of ¢ implies that
F(fn) = F(f).

The functional L is a linear transformation from C into R. It is uniformly contin-
uous; in fact, it is Lipschitz continuous with Lipschitz constant K = b — a. So is L,

with Lipschitz constant K = f: lo()| dex.

Exercises

3.59 If f and g are continuous functions on a compact metric space, show that

|max f(z) — max g(x)] < max |f(z) — g(x)].

3.60 Differentiable functions. For fixed K in R, let Ax denote the set of all differ-
entiable functions f whose derivatives f’ are continuous and bounded by K. The set
A is not closed, which can be seen from Fig. 3.5 where (f,,) C Ak, (f) converges
to finC, but f is not in Ak . In fact, the closure of A is precisely Bx. Show this.
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a b

FIGURE 3.5. A sequence of differentiable functions whose deriva-
tives are bounded but whose limit is not differentiable.

3.61 Closure of | Ji B is C. Foreach f in C there exists a sequence ( f;,) of Lipschitz
continuous functions whose limit is f. Prove this.
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CHAPTER 4

Differential and Integral Equations

The aim of this chapter is to discuss several applications of metric space ideas to
some classical problems of engineering analysis.

We shall start with one theorem, the fixed point theorem for contractions on a
metric space, and show how various problems can be beaten into submission with it.

A. Contraction Mappings

The aim of this section is to prepare the stage for some applications for differential
and integral equations encountered frequently in engineering. Throughout, F is a
metric space with some metric d.

We shall use the term transformation on E to mean a mapping from E into E.
If T is a transformation on F, then the image T’z of x is a point in E, which allows
us to apply T to the point T'z; the image of T'x is T'(T'z), for which we write Tz In
other words, we are writing 75 for T"o T'. Further iterates are defined by

4.1 Thirz=T(T,x), z€EneN,

with Toz = x. So, Tj is the identity, T} = T, etc.

Given a point x in E, the sequence (z,,) obtained by putting x,, = T,x,n € N, is
called the orbit of . One should think of z,, as the position at time n of a particle that
starts at x9 = x and moves successively to 1 = Tzg, xo = Tz, ...; see Fig. 4.1.

Contractions

Let (E,d) be a metric space. A transformation 7" on F is said to be a contraction
if it is Lipschitz continuous with some Lipschitz constant o < 1. In other words, 7" is
a contraction of F if there exists a constant « in [0, 1) such that

4.2 d(Tz,Ty) < a-d(z,y) foralla,ye€ E.
Then, for the iterates of 7" we obtain

4.3 d(Thz, Tpy) < a"-d(xz,y) forallz,y € E, n € N.

E. Cmlar and R.J. Vanderbei, Real and Convex Analysis, Undergraduate Texts in Mathematics, 65
DOI 10.1007/978-1-4614-5257-7_4, © Springer Science+Business Media New York 2013
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by

FIGURE 4.1. The orbit of « under the map 7.

y

y=X

XX, Xy xp 1
FIGURE 4.2. A contraction T on [0, 1] and its fixed point z*.

Thinking of the orbits of x and y, we see that the two particles starting at  and y are
approaching each other geometrically quickly.

Fixed Point Theorem

Let T" be a transformation. A point x is said to be a fixed point of T if Tx =x.
Then, the orbit of x is stationary; that is, T,z = =z for all n. Figure 4.2 shows a
transformation 7" on E = [0, 1]; there, 2* is the unique fixed point of 7', and the orbit
(T,,xo) of o converges to the fixed point z*.

The following theorem shows that every contraction of a complete metric space
has a unique fixed point. Its proof shows how to obtain the fixed point by the method
of successive approximations.
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4.4 THEOREM. Suppose that F is complete. Let T' be a contraction on E. Then, T’
has a unique fixed point, and, for each point x( in E, the orbit of xy converges to that
fixed point.

PROOF. Fix z( in F, let (x,,) be its orbit, and put ¢ = d(xp,x1) for simplicity.
Observe from 4.1 and 4.3 that

d(xp, Tpt1) = d(Thxo, Trrr) < a"d(xg, 1) = ca”™
for every n. Thus, for n < m, using the triangle inequality,

d(SCn,CCm) S d(-rnvxn+1)+d(xn+17xn+2)+ "'+d($m,1,117m)
< ca"+ca"+1+---+cam_1gca"(l—l—a—l—az-i‘"')zca

1—a’

Since o < 1, the right side goes to 0 as n — oo. Hence, the sequence (z,) is Cauchy
and must converge to some point = in E in view of the hypothesis that E' is complete.
Then, by the continuity of 7",

Tr=T(limx,) =limTz, =limz,; =z,

that is, x is a fixed point.
To complete the proof, we now show that the fixed point is unique. To this end,
let x and y be fixed points. Then, since 7'z = x and T’y = y, we have via 4.2 that

d(z,y) < ad(z,y).
Since « < 1, this is possible only if d(x, y) = 0, that is, z = y. O
The preceding theorem can be used to prove existence and uniqueness of solutions
to a wide variety of equations. Besides showing that T'x = x has a solution, the proof
gives a practical method for arriving at it. Indeed, start from an arbitrary point xy and

successively compute ©; = Tz, o = Tz, v3 = T'xy, .... The x,, get close to x
geometrically fast: since z,, = T,,x9 and x = T}z,

d(xp,x) = d(Thxo, Thr) < a™d(xg,x).

Exercises

4.5 For the transformation 7': [0, 1] — [0, 1] shown in Fig. 4.3, find the orbit of the
point x¢ indicated.
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0 X 1
FIGURE 4.3. Exercise 4.5.
y
y=x
y=Tx
. .)(' * ok X
0 X X =1

FIGURE 4.4. Exercise 4.6.

4.6 For the transformation T": [0,1] + [0, 1] given by Tz = 0.3 + 0.2z + 0.523,
Fig.4.4 shows that there are exactly two fixed points. Find them. Show that, for
arbitrary z¢ # 1, the orbit of xy converges to the smaller fixed point z*.

4.7 Branching processes. In a chain reaction, each particle gives rise to a random
number of new particles. Each of these new particles acts independently and produces
random numbers of newer particles. And this continues indefinitely. Let p; be the
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® ®
0 1 2 3 4
generations
FIGURE 4.5. Exercise 4.7.
probability that a particle produces k particles; here pg, p1, p2, ... are positive num-

bers with " pi, = 1. Starting with one particle, we now consider the probability that
the chain reaction fizzles out, that is, the population of particles becomes extinct. Let
x,, be the probability that the nth generation is extinct already (Fig.4.5). Note that
the (n 4 1)th generation consists of particles that are nth-generation offspring of the
individuals of the first generation. In order for the population to be extinct at or before
the (n + 1)th generation, populations initiated by the particles of the first generation
must all become extinct. Thus,

Tn+1 = Zpk(zn)k
k=0
In other words, 2,11 = Tx,, where T': [0, 1] — [0, 1] is defined by
Tx = Zpk:ck, xz €10,1].
k=0

Now, the probability z* of eventual extinction for the population is the limit of x,,,
and thus satisfies

¥ =Tz".

(a) Show that 1 = po. Show that the sequence (z,,) increases to the extinction
probability z*.

(b) Assume that py > 0. If po + p1 = 1 (so that p; = p3 = --- = 0) show that
¥ =1.

(c) Show that the mapping = — T'z is increasing and convex.

(d) Leta = "5~ pik, that is, a is the expected number of particles produced by
one particle. Show that if ¢ < 1, then z = T'x has only one solution and the fixed
pointis x* = 1.
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(e) Suppose that a > 1. Then, show that x = T'x has exactly two solutions. One
solution is 1, the other is the extinction probability 2*. Show this by examining the
graph of 7" and using (a).

4.8 LetT: [0,1] — [0, 1] be defined by
Tz = 4x(1 — ).

Show that T has exactly two fixed points. Compute them. Give an example of an orbit
that converges to the fixed point z* = 0. Note the highly chaotic nature of the orbits.

49 LetT: [0,1] — [0,1] be defined by Tz = 2z (mod 1), that is, Tz = 2x if
2z < 1and T'vr = 2z — 1 if 2 > 1. The only fixed point is z* = 0.

Incidentally, if * = 0.wjwaws - - - is the binary representation of x then T'x =
0.wawswy - -+ and Thx = 0.wswgws - - -, etc. Note the highly chaotic nature of the
orbits by plotting (7}, x).

4.10 LetT: R™ — R™ be a linear transformation, say 7x = Az where A is some
n x n matrix. Give a condition on A that guarantees 7" to be a contraction (with the
Euclidean metric on R"™).

4.11 LetTx = Ax + b where A is an n X n matrix and b is a fixed vector in R".
Consider £ = R" with the weighted Manhattan metric d(z,y) = > i—; w; - |x; — i
where the weights wy, . .., w,, are strictly positive. Show that, to establish that 7" is a
contraction of this metric space E, it is sufficient to have

n
Zwi|aij| <wj;, j=1,...,n.
i=1

B. Systems of Linear Equations

In this section we discuss the use of the fixed point theorem in solving systems
of linear equations. As a by-product, we get a chance to discuss the importance of
choosing the right metric for a particular application.

Let £ = R"; we do not specify the metric just yet. Fix b in R™ and consider the
system of linear equations

n
4.12 xizzaijxj+bia izl,...,n,
j=1
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where the a;; are real numbers. Writing A for the » x n matrix of elements a;;, the
system 4.12 is equivalent to

4.13 xz = Az +b.

In other words, the problem is to find the fixed point of the transformation 7': R"
R"™ defined by

4.14 Tx = Az +b.

If T" is a contraction, then we can use Theorem 4.4 and obtain the unique solution of
Tz = z by the method of successive approximations.

The conditions under which 7' is a contraction depend on the choice of metric on
E = R"™. We discuss three cases.

Maximum Norm
Suppose that d is the metric associated with the maximum norm:

d(z,y) = max |z; —yil.

Then, since Tz — Ty = Az — Ay = A(z — y),

> aii(; —yj)

=1

mfxz laij| - |z — yjl
j

m§XZ|@ij|m]§X|u’Ck — Ykl = <miaXZ|aij|>d($,y)-
J

J

d(Tz,Ty) = max

IN

IN

Thus, the contraction condition 4.2 is satisfied if

4.15 a:mzaxzmiﬂ <1
j

Manhattan Metric
Suppose that d is the Manhattan metric:

d(x,y) =Y |z —yil.
=1
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Then,

d(Tx,Ty) = Z Zaz‘j(»’ca‘*%‘)

J
SO laisl - |z — 5] < <m}XZ|aij|>d(w7y),

(]

IN

and the contraction condition is satisfied if

4.16 . = max a;qi| < 1.
Xl

Euclidean Metric
Suppose that d is the ordinary Euclidean distance. Then,

2
d(Tx,Ty)Q — Z (Z Qij (Ij — yj)>

i

> (Z) <Z<xjyj>2> - <ZZ> d(z.y)?,

i J

IN

where we used Schwarz’s inequality at the second step. Thus, the contraction condi-
tion 4.2 is satisfied if

4.17 a= ZZa?j <1
()

Conclusion

Under each of the metrics discussed, R™ is a complete metric space. Hence, if at
least one of the conditions 4.15—4.17 holds, Theorem 4.4 applies to show that there
exists a unique solution to 4.12. The solution z* is a fixed point of 7', and it can be
obtained as the limit of the sequence of approximations

4.18 z, Tz, Thx, ...

starting with an arbitrary initial point . However, none of the conditions 4.15—
4.17 is necessary; it is easy to give examples of A where one condition holds but not
the others.
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C. Integral Equations

The most interesting applications of fixed point theorems arise when the underly-
ing metric space is a function space. Here we discuss the existence and uniqueness of
solutions to Fredholm and Volterra equations.

Fredholm Equation
A Fredholm equation (of the second kind) is an integral equation of the form

b
4.19 f(z) = p(x) + A/ K(z,y)f(y) dy.

Here, the functions ¢: [a,b] — R and K: [a,b] x [a,b] — R are given, X is an
arbitrary fixed real number, and f: [a, b] — R is the unknown function. The function
K is called the kernel of the equation. The equation is said to be homogeneous if
o = 0, and nonhomogeneous otherwise.

The Fredholm equation is the continuous version of the system of linear Egs. 4.12.
To see this, suppose that the interval is discretized and is replaced by n + 1 equidistant
points ¢ = xg < 1 < -+ < &, = b. Then, writing y; = f(x;) and b; = ¢(x;) and
a;j = MK (x4, 2;)/n, we see that 4.19 becomes

yi =b; + Z aijY;-
J

Whether this discretization is appropriate is a different matter; but it serves to visual-
ize 4.19 as a generalization of 4.13.

Let C = C([a,b] — R), the collection of all continuous functions f from [a, b]
into R, and let the metric on C be defined through the supremum norm:

4.20 d(f.g)=I1f—-gll= iugblf(f) —g(x)].

With this metric, C is a complete metric space (see Theorem 3.53).
Suppose that K is continuous on the square [a, b] X [a, b] and that ¢ is continuous
on [a, b]. Then, the function T'f defined by

b
42 Tf(a) = o(@) + A [ K@) (w)dy

is continuous on [a, b] for each continuous function f on [a, b]. In other words, the
mapping f — 7' f is a transformation on C. Now, the Fredholm Eq. 4.19 becomes
4.22 f=Tf,

and thus, solving 4.19 is equivalent to finding the fixed points of the transformation 7'
onC.
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To this end, in order to apply the fixed point theorem (Theorem 4.4), all we need
to show is that 7" is a contraction (recall that C is complete). The following shows that
T is indeed so if the parameter A is small enough.

4.23 THEOREM. Suppose that ¢ and K are continuous. Then there exists A\g > 0 such
that Eq. 4.19 has a unique solution f for each A in (—\g, Ag). Moreover, the solution
f is continuous.

PROOE. Since K is continuous on the square [a, b] X [a, b], it is bounded there (con-
tinuous functions on compact spaces are bounded). So, there is a constant ¢ > 0 such
that | K (x,y)| < cforall x,y. Thus,

ITf=Tg| = max

/ K(z,y)(f(y) —g(y)) dy
Al ¢ b—a)m;mlf( y) =g = [A[-c-(b—a)-[[f—gl

IN

Choose \g = 1/(¢- (b —a)). Then, for each A in (—Ag, A\g), the preceding shows that
T is a contraction on C. By Theorem 4.4, consequently, there is a unique fixed point
f in C of the transformation 7T'. O

424 EXAMPLE. Suppose that K (z,y) = zy on [0, 1] x [0, 1]. Let ¢ € C and consider
the Fredholm equation

4.25 f(z) = p(z) + A/0 zy f(y)dy

The proof of Theorem 4.23 shows that, for |A| < 1, there is a unique solution f. And
the solution is the limit of the sequence

foz% leTf()v f2:Tf17 f3:Tf25

where, in general,

Tf(z) = plz) + Az / yfy)dy, =< 0,1]
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Now, we start computing. Defining a = fol yo(y) dy, we have

folz) = p(z),
h@) = Th@) = @)+ f;yely)dy
= () + alx,
Palz) = Th) = @)+ f) yley) +ary)dy
= p(x)+alz + a%zzzz,
Ba@) = Thiz) = @)+ e f]yley) +aky +afy)dy
= o¢(x)+alz+ a)‘;x + a%sx,
falz) = Tfooi(z) = o(z)+adz (1 +3+ (%)2 +-+ (%)n_l) .

It is clear from this that a fixed point f exists for every A in (—3, 3), and the solution
to 4.25 is

_ 3a\
T 3-)

Going back to 4.25, the special form of the kernel K suggests a quicker method.
Indeed, let

4.26 f(x)= 1i7rln fn(2) x4+ ().

c=l41yf@)du

Then, using 4.25 in the form

we get

1 1 1
A
c:/ :cf(z)dz:/ :cga(z)d:z:+/ xAzcdr = a+ —c.
0 0 0 3

Solving this for ¢, we see that
3a
x
3—-A
as before provided that A # 3. Note that this is the solution for arbitrary A # 3. But
the method of successive approximations works for [A| < 3 only.

f(@) = p(x) + Azc = p(z) +

Studying the iterative method in the preceding example, we can get a theoretical
understanding of the nature of solutions. To this end, we redo the computations of
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fo =, f1 = Tfo, fo = Tf1, ... once more, now with an arbitrary kernel K, and
omitting the limits of integration. We get
folz) = o),
filz) = Thlz) = ¢@)+[K(zy)ely)dy,
flz) = ThHz) = e@)+A[K(zy)fi(y)dy
= p(@) + A [ K(z,y) [¢ly) + X [ K(y, 2)p(2) dz] dy
= p(@) + A [ K(z,y)py) dy + N [ Ka(z, 2)p(z) dz
where
T,z / K(z,y)K(y,2)dy
Continuing,
fs(x) = Tfax
= +)\/ny y)+)\/Ky,
+ )\2/K2 (y, 2 dz} dy
= o(z)+ )\/K(Jc,z
+)\2/K2 x, 2)p( )dz+)\3/K3 x,2)p(z)dz
where

Ks(z,z2) = /K(me)Kg(y,z) dy.

The pattern is now clear. We have

n b
127 @) = ola) + N [ Koty dy

i=1 a
with K = K, and Ko, K3, ... defined recursively via

b

4.28 Kiv1(z,y) = / K(x,2)K;(z,y) dz.

Theorem 4.23 shows that when |A\| < Ao, the sequence f,, converges to the fixed point
f, where

00 b
4.29 f(z) = p(x) + Z Ai/ Ki(z,y)e(y) dy.
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Since this is true for arbitrary ¢, we can change the order of summation and integra-
tion. Thus, with

4.30 Ry(z,y) = Y NKi(z,y),
1=1
we have
b
4.31 f(z) = o(z) + / Rx(z,y)p(y) dy.

Although 4.28, 4.30, 4.31 together give an “explicit” solution to the Fredholm
equation, this explicitness is only theoretical. For, computing R} is of the same order
of difficulty as solving 4.19 (in fact, even harder).

On the other hand, if the kernel K is simple enough, analytic solutions might be
possible. The following illustrates the computations for such a special case.

4.32 EXAMPLE. Suppose that

n

K(z,y) =Y _pi(@)g(y), .y € [ab],

j=1
for some continuous functions p1, ..., p, and ¢, ..., ¢y, on [a,b]. For ¢ continuous
on [a, b], consider the Fredholm Egs. 4.19. Now, if f € C satisfies 4.19, then
4.33 f@) = o(@) + 2D zpj(x)
j=1

where

b
134 5= [ 4w =1..n

In view of 4.33, then

b
zi = /qz(z)f(x)dx
ab n b
- / qi(:v)cp(w)derAZ( / qi<x>pj<x>dw> .

Thus, letting

b b
4.35 = / gi(x)p(z)de, a;j = / ¢i(x)p;(z) de,
we obtain
4.36 Zi:Ci—l—)\Zaiij, 1=1,2,...,n.

Jj=1
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Note that the ¢; and a;; are known. If we can solve 4.36 for the z;’s, then 4.33 gives
the solution f.
In vector—matrix notation, 4.36 becomes

z=c+ Nz,

whose solution is easy to discern. We can solve it for z (for arbitrary c) as long as
I — \A is invertible, that is, as long as 1/ is not an eigenvalue for A. Thus, we have
a solution z for arbitrary b provided that A € (—1/Ag, 1/X¢), where A is the modulus
of the largest eigenvalue of A.

Volterra Equation
Let K be a continuous function on [a, b] X [a, b] and let ¢ be a continuous function
on [a, b]. Consider the equation

437 F@) = o@)+ 3 [ K)oy, o€ lab)

It is called the Volterra equation. It differs from the Fredholm equation only slightly,
and in form only. If we define

. _J K(z,y) ify<uz,
K(z,y) = { 0 if y > x,

then 4.37 becomes the Fredholm Eq. 4.19 with kernel K. Howeyver, it is easier to
attack 4.37 directly.

4.38 THEOREM. For each A in R, the Volterra Eq. 4.37 has a unique solution f that is
continuous on [a, b].

PROOE. Let C = C([a,b] — R), the set of all continuous functions from [a, b] into
R, with the usual uniform metric || f — g||. Let ¢ be the maximum of |K (z,y)| over
all z, y in [a, b]; this number is finite since K is continuous. Define the transformation
T: f—TfonCby

Tf(a) = o)+ 2 [ K@y)i)dy
Now, for f and ginC,

Tf(z) - To()] = ]A | Kl - gl dy
Ne(e—a)lf—gl, e labl

IN
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We use this, next, to bound To f — Tog =T(Tf — Tg):

Tof0) - o] = | [ Kle)T ) - To]dy
< W[ 1K@y - a)lf - gldy
< W [ w-apdylf g
N2 (2 — a)2
< PREC=aTyr )
Iterating in this manner, we see that
e (2 — a)F
(T (@)~ Teg(a)] < PEEEZ D05

for all x in [a, b]. Hence,

[IA[e(b = a)]

k
1T0f — Tyl < 1 If = gll-

Recalling that 7™ /n! tends to 0 as n — oo for any 7 in R, we conclude that there exists
k such that T}, is a contraction: simply take  large enough to have [|\|c(b—a)]* /! <
1. Finally, the existence and uniqueness of f in C satisfying f = T f follows from the
next theorem. Obviously, if f = T'f, then f solves 4.37. O

Generalization of the Fixed Point Theorem

4.39 THEOREM. Let E be a complete metric space and let 7" be a continuous trans-
formation on E. If T} is a contraction for some k& > 1, then 7" has a unique fixed
point.

PROOF. Fix k such that U = T} is a contraction. By Theorem 4.4, then, U has
a unique fixed point z, and lim,, U,z¢ = x for every point oy in E. Now, by the
continuity of 7', and since T'oU,, = U,, o T,

Tr =1mTU,xo =1limU,Txy = x,
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that is, z is a fixed point of 7". To show that it is the only fixed point of 7" we note that
every fixed point of 7' is a fixed point of T}, = U, whereas U has only one fixed point,
namely x. O

Exercises
4.40 Solve the Fredholm Eq. 4.19 for arbitrary ¢, on [a, b] = [0, 27], with the kernel

K(z,y) = sin(z + y).

4.41 Do the same with [a,b] = [0,1] and K (z,y) = (z — y)*.

4.42 Let p be a continuous function of [0, b]. Show that

Fo) = p(a) + / )@ —y)dy, @ c0.b],

has a unique solution f for each continuous function .

D. Differential Equations

We continue with applications of the fixed point theorem by discussing Picard’s
method of successive approximations for solving systems of differential equations.

We start with the simplest case where the differential equation describes the po-
sition of a particle moving on R. The picture of the motion is given in Fig. 4.6.
The motion is described by the initial data ¢y and xy and by a continuous function
v: R x R — R as follows. The particle starts from z at time t; its velocity at time ¢
is v(t, x) if its position then is x. Thus, letting 2 (¢) denote the position of the particle
at time t, we have

t
4.43 x(t) = xo +/ v(s,x(s))ds, t>to.
to
The points ty and zo and the velocity function v are given. We are interested in the
existence and uniqueness of the function x.
In the classical formulation of this problem, it is usual to express 4.43 as a differ-
ential equation:

d
4.44 d_:tc =o(t,x), x(ty) = xo.
The following is Picard’s theorem:
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x(t)

XO P

FIGURE 4.6. A moving particle.

4.45 THEOREM. Let v be defined and continuous on [tg, 00) X [a, b], and let z( be in
(a, b), and suppose that v satisfies a Lipschitz condition in its spatial argument:

4.46 lv(t,z) —v(t,y)| < Klx —y|, =,y € [a,b].

Then, there is a number ¢; > ¢, such that 4.43 has a unique solution {z(t) : tg < ¢ <
t1}.

PROOF. Let ¢} be an arbitrary number larger than ¢. By the continuity of v, we have
4.47 o(t,z) <e, to<t<t), a<z<b

for some constant ¢. Choose ¢ > 0 so that

4.48 Ko<l and a<zp—cd<xg<z9+0d<b.

Lett; = min{t},to+0}. Let C* be the space of all continuous functions x: [to, 1] —
[0—cd, 2o+cd] with the usual supremum metric; that s, ||z—y|| = sup,, <, <, [2(t)—
y(t)].

The set C* is a closed subset of the space C([tg,t1] — R). Since the latter is
complete, C* is complete.

Consider the transformation 7" defined by letting 7'z be the function

4.49 Tx(t) = xo + /t v(s,z(s))ds, t€ [to,t1].

to

For x in C*, we have from 4.47 that

|T2(t) — zo] < /t [v(s,x(s))|ds < e(t —to) < cd,
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which shows that T'x € C*. Moreover, for z,y in C*,
t
Talt) = Ty(®] < [ fo(s,a() — vls,y(s)] ds
to

< t K|xz(s) —y(s)| ds

< Kollz —y

in view of 4.46. Thus, [Tz — Ty|| < Kd|jz — y|| and K6 < 1 by the way 0 was
chosen. So, T is a contraction on C*. Since C* is complete, Theorem 4.4 applies to
show that 7" has a unique fixed point 2. But, z = T'x means that x solves 4.43. This
completes the proof. (I

The preceding can be easily generalized to the case of systems of differential
equations
dl‘i
dt
Before stating this generalization, we mention that the term “domain” means “an open
and connected subset of a Euclidean space,” and we note that 4.43 can be interpreted
for ¢t < tp by the convention that integrals from 7y to ¢ are the negatives of integrals
from ¢ to ¢y. The following is the analog of Theorem 4.45 for motions in R™.

4.50

:Ui(t,.fCl,...,iZ?n), i:1,2,...,n.

4.51 THEOREM. Let D be a domain in R x R™. Let v be a continuous function from
D into R™. Suppose that (to,x9) € D and that v(¢,2) = (vi(t,2),...,v,(t,x))
satisfies the following Lipschitz condition for some K:

. . s < R
4.52 max fvi(t, z) — it y)| < K max |o; -y,

Then, there is an interval [to — d, tp+ d] in which the system 4.50 has a unique solution
{x(t) : to — 0 <t < to+ 0} satisfying z(to) = xo.

4.53 REMARK. In integral notation, we may write 4.50 as

t
xi(t)zxori—/ vi(8,21(8), ..., xn(s))ds, i=1,...,n.

to
The claim of the preceding theorem is that this has a unique solution {z(¢) : tg — § <
t < tg + 6}. In vector notation, we may rewrite this as

x(t) = xo +/ v(s,x(s))ds, |t —to] <9,

to
which is exactly the same as 4.43 except that here x: [to — d,to + 0] — R™ and
v: D~ R™
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In preparation for the proof of Theorem 4.51, let the metric on R™ be

d(z,y) = max |z; —yil.

Then, the Lipschitz condition 4.52 can be written as
4.54 d(v(t,z), v(t,y)) < Kd(z,y).

It should be clear by now that the proof of Theorem 4.45 will go through for Theo-
rem 4.51 as well, with some notational changes:

PROOF. By the continuity of vy, ..., v,, we have
lv;(t, )| <e, i=1,...,n,

for some ¢ > 0, for all (¢,«) in some domain D’ C D containing (¢, zo). Choose
0 > 0 so that

Ké<1

and
(t,z) € D"if t € [to — d,to + &) and d(z, x0) < cd.

Let C* be the space of continuous functions x: [tg — d,t9 + 6] + B(zo, ¢d), and
let the metric on C* be defined by

[z = yll = maxd(z(t), y(t))-

It is clear that C* is complete. Define, for z € C*,

t
Tx(t) = zo +/ v(s,x(s))ds, to—0<t<ty+4.

to

We proceed to show that 7" is a contraction on C*, which will complete the proof via
Theorem 4.4.

First, we show that Tx € C* for x in C*. For such z, it is clear that Tz is a
continuous function, and

<cd

d(T:C(t),:CO):mlax / vi(s,x(s)) ds

to




84 Differential and Integral Equations Chap. 4

for tin [tg — 0, %o + 6] in view of the bounding of v; by c. Thus, Tz € C* if z € C*.
Moreover, for x,y in C*,

|72~ Tyl = maxd(Ta(t), Ty(t))
t
= maxmax / [vi(s,2(8)) — vi(s,y(s))] ds
4 t
. 0
< méix/ d(v(s,x(s)) —v(s,y(s)))ds
t
!
< méix/ Kd(x(s),y(s)) ds
to
< Koz —yl,
which follows from the Lipschitz condition 4.52 on v; see 4.54 as well. Since K§ < 1,
this shows that 7" is a contraction on C*. O

The preceding theorem ensures the existence and uniqueness of a solution x to the
system 4.50 of differential equations. Successive approximations to x can be obtained
as follows. Define

l‘(o)(f) = x9, t€ [to —4d,tg + (5],
U@ = T2 (1)
¢
= zo+ / v(s, ™ (s))ds, € [to—8,to+d].
to

Then, the sequence of functions (™) converges to the solution .

Exercises

4.55 Solve the system

d.”L’i (t) _

a Zaij:vj(t)—i—bi(t), 1=1,2,...,n,
j=1

for smooth b and initial condition x(0) = x¢. How does the method of successive
approximations work?



CHAPTER 5

Convexity

Linear functions are the simplest functions in linear spaces. Their study is of
fundamental importance and forms the subject known as linear algebra. In this chapter
we assume the reader has mastered the essentials of linear algebra. We therefore spend
some time on the class of functions and sets that are just one step more complicated
than the linear ones, namely convex functions and convex sets.

A. Convex Sets and Convex Functions

For the needs of this chapter, it will be convenient to introduce the notation
R* =R U {+o0}.

5.1 DEFINITION. A function f: R™ — R* is said to be convex if

5.2 pf(z) +af(y) > flpz + qy)

for all z,y in R™ and p, ¢ in (0, 1) with p + ¢ = 1. A function f on R" is said to be
concave if — f is convex.

5.3 DEFINITION. A subset C' of R™ is said to be convex if
pr+qy €C
forallz,yinCand 0 <p<landg=1-—p.

Figure 5.1 shows a convex subset of R? and a convex function on R. Figure 5.2
gives examples of nonconvex functions and sets; the aim is to illustrate the geometric
meanings of convexity.

Epigraphs

For f: R™ +— R*, the epigraph of f is the set of all pairs (x,r) in R” x R
satisfying f(x) < r. The epigraph relates the convexity of functions to the convexity
of sets, as the next theorem shows.

E. Cmlar and R.J. Vanderbei, Real and Convex Analysis, Undergraduate Texts in Mathematics, 85
DOI 10.1007/978-1-4614-5257-7_5, © Springer Science+Business Media New York 2013
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FIGURE 5.1. (a) A convex set. (b) A convex function.

5.4 THEOREM. A function f: R™ +— R* is convex if and only if its epigraph is a
convex subset of R x R.

PROOF. Let f be convex. Fix (x,r) and (y, s) to be points in its epigraph. Fix
0 <p<landputg=1—p. Then, by 5.2,

flpr+qy) <pf(z)+qf(y) <pr+ags,

which means that the pair (px + qy,pr + ¢s) = p(z,r) + q(y, s) belongs to the
epigraph. Thus, the epigraph is convex.

For the converse, suppose that the epigraph of f is convex. Fix x,y in R", 0 <
p<l,g=1—p. If f(x) or f(y) is equal to oo, then 5.2 holds trivially. If both f(z)
and f(y) are real numbers, then (x, f(x)) and (y, f(y)) both belong to the epigraph
of f, and thus

p(z, f(x)) +q(y, f(y) = (px + qu,pf(z) + qf(y))
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FIGURE 5.2. (a) A nonconvex set. (b) A nonconvex function.

belongs to the epigraph by the assumed convexity of the epigraph. It follows from the
definition of epigraph that 5.2 holds, that is, the function f is convex. (]

Exercises

5.5 [Intersections of convex sets. Show that the intersection of an arbitrary collection
of convex sets is convex.

5.6 Concavity. Let f: R™ — RU {—oco}. Show that it is concave if and only if

pf(x) +qf(y) < flpr + qy)
forallz,yinR"and0 <p <landg=1—p.

5.7 Epigraph. Show that the epigraph of f is the empty set if and only if f = oo
identically.
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5.8 Supremum of convex functions. Let f and g be convex functions on R™. Show
that, then, f V g is again convex. Show that the epigraph of f V g is the intersection of
the epigraphs of f and g. These properties extend to arbitrary collections (countable
or uncountable) of convex functions: if { f; : ¢ € I'} is a collection of convex functions
on R", then f = sup;c; fi is a convex function on R", and the epigraph of f is the
intersection of the epigraphs of f;, i € I.

B. Projections

Throughout this section, C' will remain a fixed nonempty closed convex subset of
R™, all points are in R™, and ||z — y/|| is the usual Euclidean distance from point = to
point y.

Figure 5.3 suggests that, for every point z, there is a unique point z that is the
point of C closest to . If C'is a straight line in R?, then Z would be the perpendicular
projection of  onto the line C'.

5.9 DEFINITION. A point Z is called the projection of the point x onto C'if £ € C
and

5.10 |z — Z|| = inf ||z — z||.
zeC
5.11 THEOREM. Every z in R™ has a unique projection Z on C.

PROOF. Existence. Fix z. Lety € C, and let B be the closed ball of radius ||z — y/|
and center z. Note that

o e — 2l = inf = inf
el = A= dghe e =2l = gl 7 2)
where f(z) = |z — z||. This function f is continuous. The set B N C' is bounded

since B is bounded, and is closed since both B and C are closed. Thus, B N C' is

compact, and Corollary 3.24 implies that the function f must attain its infimum over

that compact set. Hence, there exists Z in B N C' C C such that 5.10 holds.
Uniqueness. Suppose that Z and  are in C' and satisfy 5.10, that is

5.12 |z —Z|| = ||z — 2| = ing”x—zH.
z€

Puty = %:E + %:E Since C'is convex, y € C. Note that z — y is orthogonal to y — Z:

@9 -2 = (Ge-D+360-9) (Ge-2-50-9)
1

1
= Jle—al? = Zlle > =0
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FIGURE 5.3. The projection of  on C' is the point z of C.

in view of 5.12. This orthogonality implies that
le—2|° = @-y+y—2) - (x—y+y—2)
= lz—yl* +lly = zl* > ll= — y]|*.
Since T satisfies 5.12, and since y € C, the last inequality must be an equality, which

means that ||y — Z|| = 0. Thus, y = Z, which implies that T = Z as needed to show
uniqueness. O

Characterization of Projection
The following is a useful characterization of the projection  of a point x. Its
geometric meaning is explained in Fig. 5.4.

5.13 THEOREM. A point Z is the projection on C' of the point x if and only if z € C
and
5.14 (x—2) - (z—2) >0, zeC.

PROOF. Suppose that z € C' and 5.14 holds. For z in C, then,
le—2)> = (x—Z+2—2) (x—Z+7%—2)
= llz—z|P+||z—z|?+ 2@z - %) (T — 2).
On the right side, all three terms are positive, the last one by 5.14. It follows that
|l — Z|| < ||& — z|| for all z in C' thus, Z is the projection of 2 on C' by definition.

Suppose that 7 is the projection on C' of the point z. Then, Z € C' by definition,
and there remains to show 5.14. To that end, fix z in C', and with 0 < p < 1 put

y=pz+ (1-p)z.
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FIGURE 5.4. The vector from Z to z makes an obtuse angle with the
vector from 7 to every other point z of C..

Then, y € C by the convexity of C, and by the definition of Z,

lz =21 < llz—yl* = lz—7+p@E-2)|
= |lz = 2|” + 2p(2 — 7) - (7 — 2) +p*||7 - 2|,
Hence,
2z —z)- (z—2) +plz— 2> >0.
Since p > 0 can be taken arbitrarily small, this implies 5.14. O

5.15 COROLLARY. Let z € C and suppose that z - © = z - T for every z in C. Then,
Z is the projection of z on C.

PROOF. Under the assumption, Z - * = Z - = as well (take z = ). Thus, for every z
in C,

(2—2)- (T—2)=2-T—-Z-T—2x-2+T-2=0,
and the claim follows from the preceding theorem. (]

The following gives a converse to the preceding corollary in the special case where
C'is a linear subspace of R™. In addition, it lists an explicit formula for computing the
projection.

5.16 THEOREM. Let A be an m x n matrix of rank m. Suppose that
C={z€R": z= ATy for some y in R™}.
Then, the following are equivalent:

(a) Z is the projection of x onto C.
(b) z=AT(AAT) 1 Ax.
(c) zeCandzx-z=2-zforevery zin C.
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REMARK. The matrix A has m rows; each row is a vector in R™; the rows are linearly
independent since A has rank m. The assumption is that C' is the linear space spanned
by these vectors, that is, each point of C' is a linear combination of the rows of A.
Also, since A has rank m, the m x m matrix AAT is nonsingular, that is, the inverse
(AAT) 71 exists.

PROOF. (a) = (b): Suppose (a). By the definition of projections, z € C and ||z —
Z||? < f(y) for every y in R™, where
f) =llz = ATy|? =22 — 22 (ATy) + (ATy) - (ATy).
Let y be a point in R™ where the gradient of f vanishes, that is,
Vf(y) = —24x +24A 5 = 0.
Since AAT is nonsingular, ¥ is unique and is given by
7= (AA") " Ax.

Hence, z = ATy is as claimed by (b).
(b) = (c): Let  be as given in (b). Then, z = ATy, with an obvious definition
for 7 in R™; hence z € C. If z € C, then z = ATy for some y in R™, and

2z 2=y AAY(AAT) Az = (y " Az =2 -2

as claimed by (¢).
(c) = (a): by Corollary 5.15. O

C. Supporting Hyperplane Theorem
A half-space H is a set of the form
5.17 H={zeR": ¢ z<b},

where b is a fixed real number and € is a fixed nonzero vector in R"™. Then, its boundary
OH is the hyperplane

5.18 OH ={zeR": £ -z=0}.
5.19 THEOREM. Let C' be a nonempty closed convex set in R™. Let « be a point in
R™\ C. Then, there exists a half-space H such that

C CH, CNOH # 0, x ¢ H.
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xe

FIGURE 5.5. The supporting hyperplane theorem.

PROOEF. Let T denote the projection of x on C. Put{ = 2 — Z. Since Z is in C' and z
is outside, £ # 0. Thus,

H={zeR":£-2<¢& -1}
is a half-space. If z € C, then Theorem 5.13 shows that z € H; thus, C' C H. Since

E-x—&-7 = |¢&||* > 0, it follows that z is outside H. Finally, since Z € C and
Z € OH, the intersection C' N 0H is not empty (Fig.5.5). O

Exercises

5.20 Supporting hyperplanes. Let f: R™ — R* be a convex function. Show that f
is the supremum of all affine functions it dominates. That is,

f(x)= sup h(x),
hEH:h<f

where
H=A{h:h(z) =& -x—0bforsome € R" b e R}.

D. Legendre Transform

Let f: R® — R* and let £ € R™ be fixed. Suppose that f dominates the affine
function z — & - & — b, thatis, f(x) > & -« — b for all z in R™. Then,

that is, b is an upper bound for the function z — & -  — f(«). When f is convex, the
smallest such bound is of fundamental importance, especially as a function of .
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5.21 DEFINITION. Let f: R™ — R* be convex. Its Legendre transform is the function
f: R™ — R* defined by

f(€) =sup (-2 — f(x)), E£eR™

reR™

Examples
We shall see shortly that the Legendre transform f of a convex function f is again

convex. Here are some explicit examples.
522 Let f: R — Rbe given by f(z) = |z|. Then, for £ in R,

,]?(f):{ 0 if |€|§17

oo otherwise.

5.23 Let f(z) = az, x € R, where a € R is fixed. Then, for £ in R,

Flo={?2 Ie=o

oo otherwise.

5.24 Let f(z) = ax?, z € R, with a > 0 fixed. Then, for £ € R,
1,
floy = e

5.25 Leta € R™, b € R, both fixed. Let f(z) = a-x — b, x € R™. Then,
~ b if & =a,
fo={" Hese

oo otherwise.

5.26 Let a and b be as in the preceding example, and, for zinR", let f(x) = b if
x = a and f(z) = oo otherwise. Then,

f&)=at—b,  EcR™

Involution

As the examples above illustrate, the Legendre transform fof a convex function
f is again convex, and the transform of f is the original f. Before stating this as a
theorem, we set forth next an elementary fact or two.
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5.27 LEMMA. Let f and g be convex functions on R".

(a) If f < g, then f > G.
(b) If f = cg for some constant ¢ > 0, then f(&) = cg(&/c).

PROOF. If f < g, then

ﬂo:wgwex—f@»zsmwax—gu»:agy

If f = cg with ¢ > 0O constant, then

flo) = sup (€ -z = cg(x))

o (29)-+-ot) =29

Chap. 5

O

The following is the promised theorem. Recall that a function is convex if and

only if its epigraph is convex.

5.28 THEOREM. (Involution) If the epigraph of f is nonempty, closed, and convex,

then so is the epigraph of its Legendre transform f, and, moreover, f = f.

PROOF. Let the epigraph of f be as described. The supporting hyperplane theorem
implies that there exists an affine function h < f, say h(xz) = a - x — b. Also, since
the epigraph is not empty, there is a point z* such that f(z*) = ¢ < oo; define g(x)
to be equal to ¢ if x = x*, and to co otherwise. Then, h < f < g, which implies via

Proposition 5.27 that
5.29 G<f<h,
whereas, as Examples 5.25 and 5.26 show,

b if £ =a,
00 otherwise.

g&=¢a" M@={

The first inequality in 5.29 implies that fcannot take —oo as a value; that is, f: R"™ —
R*. The second inequality implies that f takes some real values. Hence, the epigraph

of jA’is nonempty.
Next, observe that

o~

fl&) = sgp(é':r — f(x)) =sup{{ -z —b:b> f(x),r € R"},
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g f
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=% slope = z*

“

FIGURE 5.6. The functions f, g, and h.

that is, the epigraph of fis the intersection of the epigraphs of all the affine functions

x +— £ - x — b dominated by f. The epigraph of an affine function is a closed half-

space, which is closed and convex. The intersection of an arbitrary family of closed

sets is closed (Theorem 2.34), and similarly, an arbitrary intersection of convex sets

is convex (Exercise 5.5). Hence, the epigraph of fis closed and convex (Fig. 5.6).
Finally, by Exercise 5.20,

—~
-

flz) =sup{s -z —b:E€R™b> f(6)} = sup (2= f©) = flo).

Fenchel’s Inequality

~

5.30 PROPOSITION. Let f be convex. Then & - = < f(z) + f(&), for every £ and z.

~

PROOF. By the definition of the Legendre transform, for every &, f(§) > -z — f(x),
which is equivalent to the claim. (]
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Subgradient

5.31 DEFINITION. Let f: R"™ — R* and £ € R"™. Then, £ is a subgradient of f at x if
f(2) 2 fl@)+&- (z—x)

for z in R™, that is, if z — f(x) + £ - (2 — x) is a supporting hyperplane for the
epigraph of f. Define

Of (x) = {£ € R" : £ is asubgradient of f at 2} .

It is easy to check that Of(x) is a closed convex subset of R”. The following
gives some geometric meanings and connections to the Legendre transform.

5.32 THEOREM. Let f: R™ — R* be convex and fix = in R™. Then the following are
equivalent:

(@ & €0f(x).

(b) £-z— f(2) attains its maximum at z = x.

© fz)+ f(E) =
(d) = € DF(©).

~

(e) A-ax — f(\) attains its maximum at A = &.

~

PROOEF. By definition, £ is a subgradient if and only if
Ex—flr) 22— f(2),
for all z € R™. Thus, since f(f ) is the supremum of the right side,
&-x—flx) = f(O).

Hence, (a), (b), and (c) are equivalent. By the symmetry of (c), then, (c), (d), and (e)
are equivalent. O

Examples

Returning to the examples from R!, we make the following subgradient calcula-
tions.
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5.33 Let f and fA’be as in Example 5.23. Then, it follows from Theorem 5.32(c) that
0f(x) = {a}, which agrees with the usual definition of the derivative of f.

5.34 Let f and fbe as in Example 5.22. Now, the equality given by Theorem 5.32(c)
can be satisfied if and only if £ = |z| and |¢| < 1. These two conditions are equiva-
lent to

1 x>0,
&= -1 x <0,
[-1,1] z=0.

Thus, again 0 f () agrees with the usual definition of the derivative of f, at least for
x # 0. And, for x = 0, the function is not differentiable in the normal sense but has a
subdifferential that is given by the interval [—1, 1].

5.35 Let f and fbe as in Example 5.24. Now, part (c) of Theorem 5.32 reads
€ = f(x) + f(&) = az?/2 + £2/(2a). This equality can be satisfied if and only if
€% — 2ax€ + a?x? = 0. This quadratic form is easily factored:

(€ —ax)® =0.

Hence, £ = ax, which, again, is consistent with the usual definition of derivative.

Exercises

5.36 For each of the following functions, compute its Legendre transform and check
whether jA’: f.
@ f(z)=e"
(b) Assuming that1 < p < oo, f(z) = |z|/p.
(c) Assuming a > 0,
—(a? — 22)1/? if |z| < a,
oy ={ = o] <

00 otherwise

(see Fig.5.7).
(d) Assumingthat0 < a < b,
|z| |lz| < a,
f(x) = b |.Z'| =a,
00 |z] > a.
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FIGURE 5.7. The functions f in Exercise 5.36 part (c).

E. Infimal Convolution

This is similar, conceptually, to the convolution of two functions. We shall see,
also, that the Legendre transform plays the same role here as the Fourier transform
does in that classical setting.

5.37 DEFINITION. Let f and g be functions defined on R™. Their infimal convolution,
denoted f x g, is defined by

[rg(x) = inf (f(y)+g(z—y)).

yE]R”

It is checked easily that the operation is commutative and associative (see Exer-
cise 5.40) and thus extends to any finite number of functions: the infimal convolution
fof fi,..., fm is given by

fl@)y=inf{fi(z1)+ -+ f(@m) 121, ., 2 ER" 21+ + 3, = 2} .

5.38 THEOREM. The Legendre transform of an infimal convolution is the sum of the
Legendre transforms, that is,

-

fl**fm:}‘\l"—"’]/c\m
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PROOF. It is sufficient to prove this for m = 2. Let f = g x h. Fix £ € R™. Using the
formula for the infimal convolution, we have

for = sw(er— nt_ (o) +h)

Y,z:y+z=x

= sup sup (£&-z—g(y)—h(z))

T Y,z:y+tz=x

= sg_lf(éyfg(yHéth(Z))

= s (E-y—gy)+ sup (£ 2= Nh(2)) =79(§) + h(&).

5.39 COROLLARY. If the epigraphs of f1, ..., f, are nonempty, closed, and convex,
and the epigraph of f; % - - - x f,, also satisfies these same three conditions, then

f1++fm:f/i**fm

PROOF. Again, it suffices to prove the result for m = 2. If the epigraphs of g and h
are nonempty, closed, and convex, then the involution theorem implies that

—

Gxh=g+h = g+h.

If the epigraph of g x his nonempty, closed, and convex, then

g+h:§*ﬁ.

Exercises

5.40 Show that f x g = g * f and that (f xg) x h = f * (g x h).
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CHAPTER 6

Convex Optimization

This chapter is about the problem of optimizing a convex function. The concept
of duality is introduced and connections with Lagrangians are made. Throughout, a
convex function is said to be proper if its epigraph is not empty, that is, the function
does take some real values. Also, by an abuse of language, it will be said to be closed
if its epigraph is closed.

A. Primal and Dual Problems

The basic problem of convex optimization is that of finding the infimum of a
convex function on R™. It turns out to be highly beneficial to enlarge the problem
somewhat and to consider the problem of finding the infimum of f(x,0) over all z,
where f is a convex function on R™ x R"., Because the last m variables are set to zero,
this is still the problem of minimizing a convex function over R”. But, the presence of
the last m variables enables us to perturb the original problem in a systematic fashion.
In turn, this leads to a maximization problem in the dual space R™, and it is best to
consider the two problems together.

6.1 DEFINITION. Let f be a proper, closed, convex function on R™ x R" and let

2 = inf (=¢-z—A\- R™, A € R"™.
6 ey = if (—&a-Xy+flry), LR A€

The primal problem is that of finding

inf f
inf (z,0),
and the dual problem is that of finding

sup f*(0, ).
AER™

Throughout this section, f and f* will be as described in the preceding definition.
Because of their roles, they are called the primal and dual functions.
Note that the dual function f* is the negative of the Legendre transform of f, that

is, [* = —fin the notation of Definition 5.21. Thus, it follows from the involu-
tion theorem (Theorem 5.28) that — f* is proper, closed, and convex, and f = — f*

E. Cimlar and R.J. Vanderbei, Real and Convex Analysis, Undergraduate Texts in Mathematics, 101
DOI 10.1007/978-1-4614-5257-7_6, © Springer Science+Business Media New York 2013
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(the Legendre transform of — f*). In short, dual of dual equals primal. We state this
next.

6.3 THEOREM. The dual function f* is proper, closed, and concave and

f(xvy)zsguf(gx'i_)‘y+f*(§a)‘))’ xERnayERm-

Weak Duality

Interest in duality stems from the so-called duality theorems. There are two of
them: weak and strong. We start with the weak duality theorem,; it is simple and easy
to prove.

6.4 THEOREM. We have f*(0,\) < f(x,0) for every A in R” and x in R™.

PROOF. In the definition 6.2, put £ = 0 and replace x with w; we get
JH(0,0) = inf (<X y + f(w,y) < inf f(w,0) < f(z,0)

for arbitrary A and x. (]

The preceding proof treated the primal and dual functions in an asymmetric
manner. A better proof is via Fenchel’s inequality (see Proposition 5.30 and recall

that f* = — f):
Now, put £ = 0 and y = 0 to obtain f*(0, \) < f(z,0) once again.
An equivalent way of stating the weak duality theorem is that

6.5 sup f*(0, \) < inf f(z,0).
by x

The difference between the two sides is called the duality gap.

Strong Duality

The strong duality theorem asserts, under some mild conditions, that the duality
gap vanishes, that is,

6.6 sup f*(0,\) = inf f(x,0),
by x
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or, in other words, the value of the optimal solution to the primal problem is the same
as that to the dual problem.

We shall lead to the theorem via several lemmas; our aim is to reveal the reasons
for the needed conditions. We start by introducing two functions which play important
roles, ¢: R™ +— R and ¢*: R™ + R (recall that R = R U {00, +00}), by letting

6.7 ply) = mf fz,y),  @"(€) = sup f7(§A).
x AER™

The development below uses (; the arguments with ¢* are similar.
6.8 LEMMA. If ¢ is proper, closed, and convex, then the duality gap vanishes.

PROOEF. Suppose that ¢ is such. By the definition 6.2 of the dual function f*,

FHO.N) = inf (=X -y + f(,9) = inf (=X -y + ¢(y)
Since ¢ is convex, the last expression here is the definition of —@, where ¢ is the
Legendre transform of (. Since ¢ is proper, closed, and convex, the involution theorem
(Theorem 5.28) applies: ¢ is the Legendre transform of = — f*(0, \), that is,

e(y) = Sup Ay—o0\) = Sup Ay + (V).

Putting y = 0 here and in 6.7 shows that 6.6 holds, that is, the duality gap vanishes.
O

The preceding lemma reduces strong duality to the condition that ¢ be proper,
closed, and convex. The following reduces the condition further.

6.9 LEMMA. The function ¢ is proper. It is also convex provided that p(y) > —oo
for all y in R™.

PROOF. Since f is proper, there is a point (x’,y’) such that f(z',3') < oo, which
implies by 6.7 that p(y’) < oo; thus, ¢ is proper. Suppose, next, that ¢(y) > —oo for
all y; then, ¢ maps R™ into R* = R U {400} as necessary for ¢ to be convex. As to
the convex inequality, fix (z,y) and (w, z) in R™ x R™ and let 0 < p,q < 1 with
p+ q = 1. Then,

J(px + qu, py + qz)
flp(z,y) + q(w, 2)) < pf(z,y) + qf (w, 2),

o(py +qz)

IAIA
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where the last inequality used the convexity of f. Now, holding y and z fixed, take
the infimum of the rightmost expression over x and w; the result is the convexity
inequality for ¢. O

The next definition paves the way to checking whether ¢(y) > —oo for all y, and
thus to convexity of ¢.

6.10 DEFINITION. The primal function f is said to be feasible if there exists some x
such that f(z,0) < oo. The dual function f* is said to be feasible if there exists some
A such that f*(0, \) > —oo0.

6.11 LEMMA. If f* is feasible, then ¢ is proper and convex. If f is feasible, then ¢*
is proper and concave.

PROOF. We prove the first statement only; the second is similar. Suppose that f* is
feasible, and pick A such that f*(0, A) > —oco. By Theorem 6.3,

f(z,y):SEHS(E'I+>\-y+f*(§,A))2X~y+f*(0,k)

for all « and y. Hence,

ply) = inf f(z,y) 2 Xy + £7(0,N)

Y

—0o0

for all y. It follows from Lemma 6.9 that ¢ is proper and convex. ]

Combining the lemmas above, we obtain the following version of the strong du-
ality.

6.12 THEOREM. (a) If f* is feasible and ¢ is closed, then the primal and dual prob-
lems have the same optimal value, that is,

inf f(z,0) = sup f*(0, \);
x A

the common value may be +oc0.
(b) If f is feasible and ¢* is closed, then the same equality holds; the common
value may be —oo.
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The subtle point is that ¢ or ¢* might fail to be closed; see Exercises 6.30
and 6.34 for possible examples. The duality theorem above has a strong conclu-
sion, but its utility is marred by the difficulty of checking whether ¢ or ¢* is closed.
We seek simpler conditions next.

Closedness

Recall that the primal function f is proper, closed, and convex, which is the same
as saying that its epigraph is a nonempty, closed, convex subset of R” x R™ x R.
We are interested in checking whether the function ¢ is closed, that is, whether its
epigraph is a closed subset of R™ x R.

The next theorem relates the two epigraphs, epi f and epi ¢ for short.

6.13 THEOREM. Let D be the natural projection of epi f into R x R, that is, let
D={(y,r) e R" xR : (x,y,r) € epi f for some x in R"}

and let D be its closure. Then, D C epiy C D.

PROOF. Let (y,r) € D. Then, (x,y,r) € epif for some x, which means that
f(z,y) < rfor some x. Thus,

6.14 ¢(y) = inf f(z,y) <,

which is equivalent to saying that (y, r) € epi . Hence, D C epi .

To prove the other containment, let (y,7) € epi ¢, which is equivalent to saying
that 6.14 holds. If the infimum in 6.14 is attained, there is an x such that f(x,y) =
¢(y) < r, which implies that (x,y,r) € epi f, which in turn yields (y,7) € D C D,
and the proof is done. Next, suppose that the infimum is not attained, and pick a
sequence (€ ) of numbers strictly decreasing to 0. By the definition of infimum, for
each k there is a vector xj, such that

Fre,y) < oy) +ex <7+ e

Then, (zx,y,r + €x) € epi f, and thus, (y,r + €) € D for every k. Letting k — oo,

we see that (y,7) € D. Hence, epip C D. O

6.15 COROLLARY. If D is closed, then ¢ is closed.
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PROOF. If D is closed, D = D, which means that the conclusion of the preceding
theorem becomes epi ¢ = D, which is closed. O

In the next section, we take up linear programming, where the shape of f is such
that D is always closed.

B. Linear Programming and Polyhedra

6.16 DEFINITION. A polyhedron in R™ is a set P of the form
P={zeR": Az < b},

where A is an m X n matrix and b is a vector in R™.
6.17 THEOREM. Every polyhedron is closed.

PROOF. The inequality Az < b is in fact a set of inequalities of the form &; - x < b;,
where &; is the i-row of A. Since {z : & -x < b;} is a half-space for each i, we see that
a polyhedron is the intersection of some number m of half-spaces. Each half-space
is closed by Theorem 2.49, and the intersection of closed sets is closed. So, every
polyhedron is closed. (|

Consider a polyhedron. If it is a bounded set, then it can be characterized as the set
of all convex combinations of its vertices. If it is unbounded, then there must be some
edges that extend to infinity. In this case, the polyhedron cannot be characterized
solely in terms of its vertices—one must also include positive combinations of its
unbounded edges (see Fig.6.1). These comments provide the intuition behind the
following theorem, which we offer without proof. It is known as the Minkowski—Weyl
theorem or finite basis theorem.

6.18 THEOREM. (Finite basis)
(a) Given a matrix A and a vector b, there exists a finite set of vectors v; and a
finite set of vectors wy, such that

6.19 {z: Az <b} = {ZajijrZﬂkwk ta; >0, Zajzl, ﬂkZO}.
J k J

(b) Given a finite set of vectors v; and another finite set of vectors wy,, there exist
a matrix A and a column vector b such that 6.19 holds.
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v1 wo

v2

FIGURE 6.1. The gray region is a polyhedron formed by the inter-
section of three half planes. The vectors vy, v2, w1, and wy from the
finite basis theorem are shown.

6.20 THEOREM. Let P be a polyhedron in R”, and B a matrix of dimension m X n.
Then,

BP ={Bzx : z € P}
is a polyhedron in R™.

PROOF. By the finite basis theorem, there are v;’s and wy,’s in R™ such that 6.19 holds.
Then, the Bv;’s and the Bwy,’s are vectors in R™, and

BP = {Zaijj—i—ZBkak tay >0, Zaj =1, Bk 20},
J k J

which is a polyhedron by the sufficiency part of 6.19. (]

We apply the theorems above on polyhedra to settle the matter of closedness.
Recall the primal function f on R™ x R™, define ¢ as before by 6.7, and recall Theo-
rem 6.13 and its Corollary 6.15. Note that the set D of Theorem 6.13 has the form
BP where P = epi f, and B is a matrix of dimensions m + 1 by m + n + 1. Hence,
as a corollary to the preceding theorem, we get the following.

6.21 THEOREM. If epi f is a polyhedron, then ¢ is closed.

In the case of linear programs, we have seen that epi f is a polyhedron. Thus,
strong duality follows provided only that either the primal or the dual be feasible.
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C. Lagrangians

Let f be a primal function, and f* its dual. Lagrangians represent halfway points
between them. As such, Lagrangians are computationally convenient. Recall the no-
tation R for the extended real line, R U {+00, —o0}.

6.22 DEFINITION. The primal Lagrangian is the function L: R™ x R™ — R de-
fined by

Y
and the dual Lagrangian is the function L*: R” x R™ — R given by

L*(x,\) = s%p(§-w+f*(€7k))-

Here is the point of introducing them.

6.23 THEOREM. Let L be the primal Lagrangian, and L* the dual. Then,

FEN = if(-€at L),
f(x,y) = sg\p()\erL*(:c,)\))

PROOF. Putting together the definitions of f* and L, we get

inf (—§ cx+inf (=X -y + f(x, y))) = inf (=& -2+ Lz, \)).
x y x
as claimed. The claim regarding f and L* is proved similarly. (]

One might hope, or even expect, that L and L* are the same function—after all,
both represent halfway points between f and f*. This is true, but subject to some
conditions—see Example 6.26 for its failure.

6.24 THEOREM.

(a) For fixed A in R™, suppose that the function « — L(x, \) is proper, closed,
and convex; then L(x, \) = L*(z, \) for all  in R™.

(b) For each z in R"™, suppose that the function A — L(z, \) is proper, closed,
and concave; then L(xz, \) = L*(z, \) for all X in R™.
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PROOF. We prove the first statement; the second is analogous. Fix A, let g(z) =
L(zx, \), and assume that g is proper, closed, and convex. By Theorem 6.23, we have
f*(-,\) = —g, the negative of the Legendre transform of g. Since ¢ is proper, closed,
and convex by assumption, Theorem 5.28 applies: g is the Legendre transform of
—f*(-, ). But this last Legendre transform is equal to L*( -, \) by Definition 6.22.
Hence, L( -, A) and L*(-, \) are the same function. From Theorem 6.23, we have

f*(a/\) = 7L('a>‘)'
By assumption, L( -, \) is proper, closed, and convex. Therefore,

where the second equality follows from the definition of L*. (]

D. Saddle Points

Strong duality is equivalent to the equality of the saddle points of L and L*, the
Lagrangians defined in Definition 6.22.

6.25 THEOREM. Strong duality, 6.6, holds if and only if
inf sup L*(z, \) = supinf L(x, A).

PROOF. From Theorem 6.23, we have that

inf f(x,0) = infsup L*(x, ),
x x A
sup f*(0,\) = supinf L(x, \).
A AT
Strong duality means that the expressions on the left are equal. (]

Examples

6.26 Linear programming. Consider the linear programming problem of minimiz-
ing a linear function ¢ -  subject to a collection of m linear inequalities Az > b and
positivity of the n variables x > 0:

minimize c¢-x
subject to Az >
x> 0.
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The m-vector b is called the “right-hand side.” Perturbing the right-hand side by y, we
get the following primal function

flz,y) = {
Recall the definition of the Lagrangian:
L(z, ) = inf (=A-y + f(z.y)).

c-x x>0and Ax > b+ y,
00 otherwise.

If x # 0, then the Lagrangian is plus infinity. So, let us suppose that z > 0. To
keep things finite, we need y < Ax — b. Each component y; of y will be set either
to its largest possible value (Ax — b); or will tend to —oo depending on the sign of
its coefficient —\;. If the coefficient is positive, then —y;\; is minimized by making
y; as small as possible; that is, by letting it approach —oo. If on the other hand the
coefficient is negative, then the term is minimized by setting y; to its largest possible
value (Azx — b);. If any term goes to minus infinity, then the overall minimum is minus
infinity. Hence, the Lagrangian is finite if and only if —\ < 0. To summarize, we have

00 x 20,
L(z,\) = —00 x>0, AN 20,
A (Az=b)+c-x x>0, A\>0.

Similar considerations allow us to compute f* from L:

e = inf(~€ -zt L(r, )

. o T o . . .
_ m:lggo (c—A"XN=¢&) -2)+b-A itA >0,
—00 otherwise
b\ if A\>0and ATX <c—¢,
N —00 otherwise.

Hence, the dual problem is given by

maximize b- A
subject to ATA < ¢
A>0.

Reversing directions, it is easy to compute L* from f*:
—00 AZO0,
L*(x,\) = 00 A=0, 220,
(c—ATX) -2 +b- ) A>0, 2> 0.
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Note that L. # L* in the third quadrant. Note also that f is feasible if and only if
{z: Az >b, >0} #0

and that f* is feasible if and only if
A AT < e, A >0} # 0.

6.27 An unbounded LP. Consider the following trivial linear programming problem:
minimize —x
subject to x >1
x> 0.

Here, x € R. The problem is unbounded. The primal function is

I ifr>0andz > 14y,
fz,y) = { 00 otherwise.
The associated dual function is
N - A ifA>0and A < —1-¢,
&N = { —00 otherwise,

and the dual problem therefore is

maximize A
subject to A < —1
A>0.

The dual problem is clearly infeasible. The functions ¢ and ¢* are easy to compute:
ply) = inf f(z,y) = —o0
and
<p(§)—81§pf(§,>\)—{ e £> -1,

We see now that f is feasible and ¢* is closed. Therefore the first part of the strong
duality theorem tells us that

inf f(z,0) =sup f*(0, \).
x A

Indeed, this is the case. Both sides are minus infinity.

6.28 Quadratic programming. The problem of minimizing a convex quadratic
function subject to a collection of m linear inequalities Az > b is called the quadratic
programming problem:

minimize c¢-x+ %:I: - Qx

subject to Az > b.
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As before, we perturb the right-hand side by y to get

fay) = { rramer ezt
The Lagrangian is easy to compute:
L(z,\) = inf(=A-y+ f(@.y)
_ {—)\-(A:C—b)—i—c-:v—F%iE'QiU A=0,
— 0 otherwise.

Computing f* from L is a little trickier than before. We start out in the same way:

1
b-)\+inf((cf§—AT/\)~:c+§:c-Q:1:) A >0,
—00 otherwise.
The function z — (¢ — & — ATA) -z + 2 - Qu is a convex quadratic function and
it is being minimized over all  in R™. Hence, its minimum is found by taking the

gradient of the function and setting that to zero. That is, the expression is minimized
at the point that solves

c—&— AT N+ Qx=0.

Therefore, the minimum value is

(c—f—AT)\)-x—i—%x-Qx = (c—f—AT)\—l—Qx)-x—%x-Qx

1
5% Qu,
and the dual function f* is given by

b~>\f%:17-Q:17| A >0,

f*(§7 )\) _ zic—E—ATA+Qx=0 .
—00 otherwise.

Hence, the dual problem is given by

maximize b-\— %x - Qx
subject to ATA —Qz =c
A>0.
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Exercises

6.29 Let f: R — R be a proper, closed, convex function and suppose that it is
differentiable at those points where it is finite. Show that f is differentiable on the set
where it is finite and

fr=un

6.30 Consider the linear programming problem: maximize x subjectto 0 - < —1,
x > 0. Compute L, f, and f*. Does strong duality hold?

6.31 Compute the dual of the linear programming problem: minimize c -  subject
to Az = b, x > 0. Hint: use a perturbation to the right-hand side by replacing b with
b+y.

6.32 Given a convex function f: R™ — R and a convex and monotonically increasing
function g: R — R U {oc}, show that the composition g o f is convex.

6.33 Show that the geometric mean

f (x1---xp)Y™ ifx; > 0foralli,
[l mn) = { —00 otherwise.

is concave.

6.34 Compute f* when
r  ifa? <y,
oo ifa? >y.

flay) = {

Does strong duality hold? Is the primal optimal solution attained? Is the dual optimal
solution attained?

6.35 Compute f* when

7\/@ .
f(&y)z{e ifx,y >0,

00 otherwise.
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CHAPTER 7

Measure and Integration

This chapter is an introduction to measure and integration on abstract spaces. The
treatment is driven by the needs of modern analysis and probability. The result is a
robust concept of integration that extends the concepts familiar in calculus.

A. Algebras

Let E' be a set. Let £ be a collection of subsets of F; see Chap. 1 for the notations
and terminology. The collection £ is called an algebra on E if it includes E and
is closed under the operations of complementation and finite unions. It is called a
o-algebra if it is an algebra that is closed under countable unions. To reiterate, £ is a
o-algebra on F if

(i) FEe€g,
7.1 (i) Ae&=A°€g,
(111) Al,Ag,...€5:>Ufl°:1An€E.

A o-algebra is also closed under countable intersections because the intersection of
a collection of subsets is the complement of the union of the complements of those
subsets.

The sets F and () belong to every o-algebra on E. Thus, the simplest o-algebra
on F is & = {0, E'}; it is called the trivial o-algebra. The largest is the collection of
all subsets, denoted by 2F or P(E); itis called the discrete o-algebra on E.

The intersection of an arbitrary family (countable or uncountable) of o-algebras
on F is again a o-algebra. If C is a collection of subsets of E, the intersection of
all o-algebras containing C is the smallest o-algebra that contains C; it is called the
o-algebra generated by C and is denoted by o(C).

If E' is a metric space, then the o-algebra generated by the collection of all open
subsets is called the Borel o-algebra on E}; it is denoted by B(E), and its elements are
called Borel sets. Thus, every open set, every closed set, and every set obtained from
open and closed sets through countably many set operations are all Borel sets.

E. Cmlar and R.J. Vanderbei, Real and Convex Analysis, Undergraduate Texts in Mathematics, 115
DOI 10.1007/978-1-4614-5257-7_7, © Springer Science+Business Media New York 2013
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Monotone Class Theorem
This useful theorem simplifies the task of showing that a given collection is a
o-algebra. Throughout this subsection, F is an arbitrary set.
A collection C of subsets of E is called a w-system if it is closed under finite
intersections, that is, if

7.2 A BeC=ANnDBeC.
A collection D of subsets of E is called a d-system on E if

(i) FEeD,
7.3 (ii) A,BeDandBC A= A\ BecD,
(ii) (A,)CcDand A, A= AeD.

On the last line, we wrote (A,,) C D to mean that (A,,) is a sequence of elements of
D, and we wrote A,, /* Atomeanthat A; C Ay C --- and | J,, 4, = A.

7.4 PROPOSITION. Let & be a collection of subsets of F. Then, £ is a 0-algebraon E
if and only if £ is both a 7-system and a d-system on FE.

PROOF. If £ is a o-algebra then it is obviously a m-system and a d-system. To
show the converse, suppose that £ is both a 7-system and a d-system. Now, 7.3
(i) and 7.3 (ii) show that & is closed under complements. Because AUB = (A°NB°)<,
this implies that £ is closed under unions: if A, B € £ then A° B¢ € &, and thus
A¢N B¢ € £ because £ is a m-system, and hence (A° N B€)¢ € £. This implies that
£ is closed under countable unions. If A1, Aa, ... € &, put

Blel, Bg:Blqu, BgZBQUAg,....

Each B, belongs to £ by what we have just shown. Obviously, By C By C --- and
Un Bn = U, An. Thus, using the property 7.3 (iii) of the d-system &, we see that
UnAn € €. O

The following lemma is needed in the proof of the main theorem. Its proof is
obtained by checking the conditions of 7.3 one by one; we leave it as an exercise.

7.5 LEMMA. Let D be a d-system on E. Fix D in D and let
D={AeD:ANDeD}.

Then, D is again a d-system.
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The following is the main result of this section. It is called Dynkin’s monotone
class theorem.

7.6 THEOREM. If a d-system contains a m-system, then it contains also the o-algebra
generated by that m-system.

PROOEF. Let C be a w-system. Let D be the smallest d-system on E that contains C.
We need to show that D D o(C). To that end, because o(C) is the smallest o-algebra
containing C, it is sufficient to show that D is a o-algebra. For this, it is in turn
sufficient to show that D is a w-system (and then Proposition 7.4 implies that the
d-system D is a o-algebra).

Fix BinCandlet D; = {A € D: AN B € D}. Because B € C C D,
Lemma 7.5 shows that D; is a d-system. Moreover, D; O C since ANB € C C D for
every A € C by the fact that C is a w-system. So D; must contain the smallest d-system
containing C, that is, D; D D. In other words, AN B € D for every A in D and B
inC.

Next, fix Ain D and let Dy = {B € D : AN B € D}. We have just shown that
D, D C. Moreover, by Lemma 7.5 again, Ds is a d-system. Thus, Dy D D. In other
words, AN B € D forevery A in D and B in D, that is, D is a 7w-system. [l

Exercises

7.7 Partitions. A partition of E is a countable disjointed collection of subsets whose
union is E. It is called a finite partition if it has only finitely many elements.

(a)Let {A, B, C'} be a partition of E. List the elements of the o-algebra generated
by this partition.

(b) Let C be a partition of E. Let £ be the collection of all countable unions of
elements of C. Show that £ is a o-algebra. Show that, in fact, £ = o(C).

Generally, if C is not a partition, the elements of o(C) cannot be obtained through
such explicit constructions.

7.8 Let B and C be two collections of subsets of E. If B C C, then o(B) C o(C). If
B Co(C) C a(B), then o(B) = o(C). Show these.

7.9 Borel o-algebra on R. Show that B(R) is generated by the collection of all
open intervals. Hint: Recall that every open subset of R is a countable union of open
intervals.
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7.10 Continuation. Show that every interval of R is a Borel set. In particular,
(—o0,x), (—o0,x], (z,y], [x,y] are all Borel sets. Every singleton {x} is a Borel
set.

7.11 Show that B(R) is also generated by any one of the following:

(a) The collection of all intervals of the form (z, 00)
(b) The collection of all intervals of the form (x, y]
(c) The collection of all intervals of the form [, y]
(d) The collection of all intervals of the form (—oo, z]

(e) The collection of all intervals of the form (z, co) with x rational

B. Measurable Spaces and Functions

A measurable space is a pair (E, £), where F is a set and £ is a o-algebra on E.
Then, the elements of & are called measurable sets. When E' is a metric space and
& = B(FE), the Borel o-algebra on E, the measurable sets are also called Borel sets.

Let (E, ) and (F, F) be measurable spaces and let f be a mapping from E into
F. Then, f is said to be measurable relative to £ and F if f~'B € & for every B in
F (these are the functions we wish to be able to integrate). Recall that, for subsets B
of F, f~!'B denotes the inverse image of B under f; see 1.5 and Exercise 1.6. If E/
and F' are metric spaces and £ = B(E) and F = B(F) and f: E — F is measurable
relative to £ and F, then f is also called a Borel function.

Measurable Functions
The following proposition uses Exercise 1.6 to reduce the checks for measura-
bility.

7.12 PROPOSITION. Let (E, &) and (F, F) be measurable spaces. For f: E — F to
be measurable relative to £ and F, it is necessary and sufficient that f —1B € & for
every B in Fy for some collection F that generates F.

PROOF. The necessity part is trivial. To prove the sufficiency, let /, C F be such that
o(Fo) = F and suppose that f~'B € & for every B in Fy. We need to show that,
then,

Fi={BecF:f'Beé&}
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is equal to F. For this, it is sufficient to show that F7 is a o-algebra because F; D Fy
by hypothesis and F is the smallest o-algebra containing F. But checking that F; is
a o-algebra is easy in view of the relations given in Exercise 1.6. O

Borel Functions

Let F and F' be metric spaces and let £ and .F be their respective Borel o-algebras.
Let f: E'+— F'. Since F is generated by the open subsets of I, in order for f to be a
Borel function, it is necessary and sufficient that f~!B € & for every open subset B
of F'; this is an immediate corollary of the preceding proposition. In particular, if f is
continuous, then f~!'B is open in E for every open B C F. Thus, every continuous
function f: E +— I is Borel measurable. The converse is generally false.

Compositions of Functions

Let (E,&), (F,F), and (G,G) be measurable spaces. Let f: E — F and
g: F — G. Then, their composition go f: & — g(f(z)) is a mapping from E into
G. The following proposition will be recalled by the phrase “measurable functions of
measurable functions are measurable.”

7.13 PROPOSITION. If f is measurable relative to £ and F, and if ¢ is measurable
relative to F and G, then g o f is measurable relative to £ and G.

PROOF. Recall that (go f)7'C = f~(g71C) forevery C C G. If C € G and
g is measurable, then B = ¢~ 'C is in F. Therefore, if f is measurable, f 'B =
fY(¢g7tC)isin & forevery C'in G. O

Numerical Functions

By a numerical function on E we mean a mapping from E into R or some subset
thereof. Such a function is said to be positive if all its values are in R, and is said
to be real-valued if all its values are in R. If (F, £) is a measurable space and f is a
numerical function on F, then f is said to be £-measurable if it is measurable with
respect to € and B(R).

Let (E, ) be a measurable space and let f be a numerical function on E. Using
Proposition 7.12 with F' = R and F = B(R) and recalling Exercise 7.11, we see that
the following holds.
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7.14 PROPOSITION. The numerical function f is £-measurable if and only if any one
of the following is true:

(@) {r e E: f(z) <r}e&forevery rinR,

(b) {x € E: f(x) >r} € Eforevery rin R,

() {x € E: f(z) <r} e &forevery rin R, etc.

7.15 COROLLARY. Suppose that f: E/ — F, where F is a countable subset of R.
Then, f is £-measurable if and only if {z : f(z) = a} € £ forevery ain F.

PROOF. Necessity is trivial since each singleton {a} is a Borel set. For the sufficiency,
fix r in R and note that {« : f(z) < r} is the union of {z : f(z) = a} over all
a < r,a € F, and therefore belongs to £ since it is a countable union of the sets
{z: f(x) = a} € £. Thus, f is £-measurable by the preceding proposition. O

Positive and Negative Parts of a Function
Let (E, £) be a measurable space. Let f be a numerical function on E. Then,’

fr=fvo, fm=-(fA0)

are called the positive part of f and negative part of f, respectively. Note that both fT
and f~ are positive functions and

F=rt-r

7.16 PROPOSITION. The function f is £-measurable if and only if both f* and f~
are £-measurable.

The proof is left as an exercise. The decomposition f = f+ — f~ enables us to
state most results for positive functions only, since it is easy to obtain the correspond-
ing result for arbitrary f.

Indicators and Simple Functions
Let A C E. Its indicator, denoted by 14, is defined by

1 ifzxeA,
1A(‘”)—{0 itz ¢ A

Obviously, 1 4 is £-measurable if and only if A € €.

IEor a,b € R we write a \V b for the maximum of a and b, and a A b for the minimum. The notation
extends to functions: f V g is the function whose value at x is f(z) V g(x); similarly for f A g.
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A function f on F is said to be simple if it has the form

n
7.17 F=Y aila,

1
for some integer n, real numbers as,...,a,, and measurable sets Aq,..., A,. It
is clear that, then, there exist an integer m > 1, distinct real numbers by, ..., by,

and a measurable partition {By, ..., By, } of E such that f = 7" b;1p,; this latter
representation is called the canonical form of the simple function f.

Every simple function on E is £-measurable; this is immediate from Corol-
lary 7.15 applied to the canonical form of f. Conversely, if f is £-measurable and f
takes only finitely many values, and all those values are real, then f is simple.

In particular, every constant is a simple function. Moreover, if f and g are simple,
then so are

f+ga f_g7 fg7 f/g7 f\/g7 f/\g7
except that in the case of f/g one must make sure that g is never 0.

Approximations by Simple Functions
We start by constructing a sequence of simple functions that approximate the
identity function d from R into R.. For each n € N*, let

ik 381 n_

7.18 dn(x):{k/Q if gr <o <%, ke{01,...,n2" —1j,
n if x > n.

The following lemma should be self-evident.

7.19 LEMMA. Each d,, is a simple Borel function on R, . Each d,, is right-continuous
and increasing. The sequence (d,,) is increasing pointwise to the function d: x +— .

The following theorem characterizes all £-measurable positive functions and, via
Proposition 7.16, all £-measurable functions.

7.20 THEOREM. A positive function on F is £-measurable if and only if it is the limit
of an increasing sequence of simple positive functions.

PROOF. Necessity. Let f: E — R, be £-measurable. Let the functions d,, be defined
by 7.18. Since each d,, is a measurable function from R into R, and since mea-
surable functions of measurable functions are measurable, the function f,, = d,, o f
is £-measurable for each n. Since d,, is simple, so is f,,. Finally, lim f,,(z) =
limd, (f(x)) = f(x) since limd,(y) = y for all y in R. Thus, f is the limit of the
sequence (f,,) of simple positive functions and f1 < fo < --- sinced; <dg < ---.
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Sufficiency. Let f1 < fo < --- be simple and positive and let f = lim f,,. Now,
foreach z in F and r in R, we have f(z) < r if and only if f,, (x) < r for all n; thus,

{zelE: f(x)<r}= mzozl{:c eE: folx) <r}

for each r in R. Since the f,, are simple (and therefore measurable), each factor on
the right side belongs to £ and, therefore, so does the intersection. Hence, f is &-
measurable by Proposition 7.14. (I

Limits of Sequences of Functions
Let (E, ) be a measurable space and let (f,,) be a sequence of numerical func-
tions on E.

7.21 THEOREM. Suppose that each f,, is £-measurable. Then, each one of
inf f,, supfn, liminff,, limsup f,

is again £-measurable. Moreover, if lim f;, exists, then it is £-measurable.

PROOF. For z in E and r in R, we have inf f,, () > r if and only if f,,(x) > r for all
n. Thus, for each r in R,

{r e E:inf f,(z) >r} = mn{:c €E: folx) >r}.

Now, {x : fn(x) > r} € & for each n by the measurability of f,,, and therefore the
intersection on the right side belongs to &£ since £ is closed under countable intersec-
tions. Thus, inf f,, is £-measurable by Proposition 7.14.

The proof that sup f;, is £-measurable follows via similar reasoning upon noting
that

{meE:supfn(m)gr}zﬂ {zx e E: fu(z) <r}.
It follows from these that
liminf f,, = sup iI>1f fn, limsup f,, = inf sup f,
m n=m monp>m

are both £-measurable. Finally, lim f,, exists if and only if lim inf f, = limsup f,,
and then lim f,, is the common limit; so, it must be £-measurable. [l

Monotone Classes of Functions
Often we are interested in showing that a certain property holds for all measurable
functions. The following are useful in such quests.
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Let M be a collection of functions on E. Then, M is called a monotone class of
functions provided that

(i) leM,
7.22 (i) f,ge M, anda,beR= af +bge M,
(iii) (fn) CM, f, >0, and f, /' f = f e M.

The following is called the monotone class theorem for functions.

7.23 THEOREM. Let M be a monotone class of functions on E. Suppose that 14 €
M for every A in C for some m-system C that generates the o-algebra £. Then, M
includes all positive £-measurable functions.

PROOF. We start by showing that 14 € M for every A € £. To this end, let
D={Aec&:14 € M}.

Using the properties 7.22 of M, it is easy to check that D is a d-system. Moreover,
D D C by hypothesis. Thus, by Dynkin’s monotone class theorem, D D o(C) = €£.
In other words, 14 € M forevery A € £.

Consequently, in view of property 7.22(ii), M includes all simple positive &-
measurable functions.

Let f be a positive £-measurable function. By Theorem 7.20, there exists a
sequence of positive simple functions f,, * f. Since each f,, is in M by the preceding
step, 7.22(iii) implies that f is in M.

O

Notation

We shall write f € £ to mean that f is an £-measurable function. Thus, £ stands
both for a g-algebra and for the collection of all numerical functions measurable with
respect to it. Furthermore, we shall use the notation

Fe={feF:f=0}

for any collection F of numerical functions. Thus, in particular, £, is the collection
of all positive £-measurable functions.

Exercises

7.24 Trace spaces. Let (E, £) be a measurable space and let D C FE be fixed. Show
that
D={ANnD:Aec&}
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is a o-algebra on D. Then, D is called the trace of £ on D, and (D, D) is called the
trace of (E, &) on D.

7.25 o-Algebra generated by a function. Let E be a set and let (F, F) be a measurable
space. Let f be a mapping from E into F' and set

Y F)={f"'B:BecF}.

Use Exercise 1.6 to show that f~!(F) is a o-algebra on E; it is called the o-algebra
on F generated by f. It is the smallest o-algebra on £ such that f is measurable
relative to it and F.

7.26 Product spaces. Let (E,E) and (F,F) be measurable spaces. A rectangle
A x B is said to be measurable if A € £ and B € F. Show that the collection of all
measurable rectangles form a w-system. The o-algebra on E x F' generated by that -
system is denoted by £®F and is called the product o-algebra. Further, (E x F, EQF)
is called the product of (E, £) and (F, F) and is denoted by (E, &) x (F, F) also. If
(E,E) = (F,F), then it is usual to write E? for E x F and £? for £ ® F. In
particular, it can be shown that (R? B(R?)) = (R, B(R)) x (R, B(R)), and by an
obvious extension, (R, B(R")) = (R, B(R)) x --- x (R, B(R)), n times.

7.27 Continuation. Let (E, &), (F, F), (G, G) be measurable spaces. Let f: E +— F
be measurable relative to £ and F, and let g: E — G be measurable relative to £ and
G. Then,

hz) = (f(z),9(z)), z€k,

defines a mapping from F into F' x G. Show that & is measurable relative to £ and
F®da.

In particular, a function f: F +— R™ is measurable relative to £ and B(R"™) if and
only if its coordinates are measurable relative to £ and B(R); recall that the coordi-
nates of f are the functions fi, ..., f,, such that f(z) = (f1(z),..., fo(z)), z € E.

7.28 Discrete spaces. A measurable space (F, £) is said to be discrete if E is count-
able and & is the o-algebra of all subsets of £. Then, show that every numerical
function on FE is £-measurable.

7.29 Suppose that £ is generated by a partition of E. Show that, then, a numerical
function on E is £-measurable if and only if it is constant over each member of that
partition.
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7.30 Approximation by simple functions. Show that a numerical function on £ is
&-measurable if and only if it is the limit of a sequence of simple functions.

7.31 Arithmetic operations. Let f and g be £-measurable. Show that, then, each
one of

f+9, f—g9, f-9, flg. fVg, [fAg

is £-measurable provided that it is well-defined.
7.32 FunctionsonR. Let f: R +— R be increasing. Show that it is a Borel function.

7.33 Step functions. A function f: R} — R is called a step function if there exists a
subdivision

O=xg< 1 <292 < """
with lim x,, = 400 such that f is constant over (z;, 2;1) for each ¢ > 0. Show that
every such f is a Borel function.

7.34 Right-continuous functions. Show that every right-continuous function f: R
R is Borel measurable. Similarly, every left-continuous function is Borel. Hint for
right-continuous f: define d,,(x) = (k + 1)/2" if k/2" < x < (k + 1)/2" for some
k=0,1,2,... forn = 1,2,.... Show that d,, is Borel. Let f,(z) = f(d.(x)).
Show that each f, is a step function, and show that f,, — f asn — oc.

C. Measures

Let (E, £) be a measurable space. A measure on (E, £) is a mapping yi: € — R
such that
(@ p(@) =0,
() (U, An) =, 1(Ay) for every disjointed sequence (A4,,) in €.
The latter condition is called countable additivity.
A measure space is a triplet (F, £, ;1) where E is a set, £ is a o-algebra on E, and
 is a measure on (E, ).

7.35 PROPOSITION. Let u be a measure on (E, £). Then, the following hold for all
measurable sets A, B, and A,,, n > 1:
Finite additivity: AN B = () implies that (A U B) = p(A) + u(B).
Monotonicity: A C B implies that p1(A) < u(B).
Sequential continuity: A,, /* A implies that 1(A,) 7 p(A).
Boole’s inequality: p(J,, An) <>, 1(Ayn).
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PROOF. Finite additivity is a particular instance of the countable additivity of u: take
Ay = A, Ay = B, A3 = Ay = --- = (). Monotonicity follows from it and the
positivity of u: if A C B,

u(B) = p(A) + (B \ A) > p(A)
since (B \ A) > 0. Sequential continuity follows from (and is equivalent to) count-
able additivity: suppose that A,, * A; then,

By =A), By=A\Ai, Bz=A3\ A4, ...

are disjoint, their union is A, and the union of the first n is A,,; hence, the sequence of
numbers p(A,,) increases by the monotonicity of p, and

oo

lim a(An) = tim g (| Bs) = ngli u(B;) = iuwi) = (U] B:) = n(A).
1 1

Finally, Boole’s inequality follows from the observation that
WAUB) = p(A) + u(B\ A) < p(A) + p(B).

Arithmetic of Measures

Let (E, &) be a measurable space. If p is a measure on it and if ¢ > 0 is a
constant, then cy is again a measure. If i and v are measures on (E, ), so is p + v.
If pu1, pio, . . . are measures, then so is 1 = Y pup, it is obvious that p()) = 0, and if
Aq, Ay, ... are disjoint then

w4 = S (U, )
= D) iml(4n)
oD um(An) = Y u(An),

where the crucial step (where the order of summation is changed) is justified by the

elementary fact that
D2 amn =) amn
m n n m

if @y > 0 for all m, n.

Finite, o-Finite, X-Finite Measures
Let ;2 be a measure on (E, ). It is said to be finite if u(E) < oo. Itis called a
probability measure if u(E) = 1. It is said to be o-finite if there exists a measurable
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partition (E,,) of E such that u(E, ) < oo for each n. It is said to be X-finite if there
exist finite measures p1, ft2, ... such that g = > u,. Note that every finite measure
is trivially o-finite, every o-finite measure is X-finite. The converses are false (see
Exercise 7.49).

Specification of Measures

It is generally difficult to specify u(A) for each A, simply because there are too
many A in a o-algebra. The following proposition is helpful in reducing the task to
that of specifying p(A) for those A belonging to a 7-system that generates the given
o-algebra.

7.36 PROPOSITION. Let p and v be measures on (F,E). Suppose that p(E) =
v(E) < 00, and that 44 and v agree on a 7-system generating £. Then, p = v.

PROOF. Let C be a m-system with o(C) = £. Suppose that ;1(A) = v(A) for every
A in C. We need to show that, then, u(A) = v(A) for every A in €. This amounts to
showing that

D={A€c&:u(A)=v(A)}

contains £. Now, D D C by hypothesis, and it is straightforward to check that D is a
d-system. Thus, by Dynkin’s monotone class theorem, D D o(C) = £. O

7.37 COROLLARY. Let i and v be probability measures on (R, B(R)). Then, u = v
if and only if, for every z in R,

p((—o0, z]) = v((—o00, z]).

PROOE. The collection C of all intervals of the form (—oc, x| is a 7-system generat-
ing B(R). Thus, the preceding proposition applies to prove sufficiency. Necessity is
trivial. O

The following proposition extends Proposition 7.36 to o-finite measures.

7.38 PROPOSITION. Let i and v be o-finite measures on (E, £). Suppose that they
agree on a w-system C generating £. Suppose further that there is a partition (F,,) of
E such that E,, € C and p(E,) = v(F,) < oo for every n. Then, p1 = v.
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PROOF. For each n, define the measures y,, and v,, on (E, £) by
n(A) = u(ANE,), wv,(A)=v(ANE,), Act.
Since E,, € C, and since AN FE,, € C forevery A € C, we have
pn(A) =uw(ANE,) =v(ANE,) =v,(A)for AeC.

And, by hypothesis, 1, (E) = p(E,) = v(E,) = vp(E) < oo. Thus, the last
proposition applies to show that 1, = v, for each n. This completes the proof since
=y pmandv =73 v,. O

Almost Everywhere

Often we face situations where a certain statement is true for every x in Ey and
E) is almost the same as E in the sense that Ey € € and p(E \ Ey) = 0. In that case,
we say that the statement is true for almost every x in E or that the statement is true
almost everywhere.

Incidentally, a set N C F is said to be negligible if there is an A in £ such that
N C Aand pu(A) = 0. So, a statement holds almost everywhere if and only if it fails
only over a negligible set.

Examples

7.39 Dirac measure. Let (E, E) be a measurable space. Fix 2 € E. Define

1 ifzeA
596(‘4)—{0 itz ¢ A

foreach Ain £. Then, , is a measure on (E, £). It is called the Dirac measure sitting
atx.

7.40 Counting measures. Let (E, £) be a measurable space and let D be a countable
subset of E. Define a measure v on (E, £) by

I/:Z(Sx.

zeD

Note that v(A) is the number of points in A N D. Such measures are called counting
measures.
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7.41 Discrete measure spaces. Let E be countable and £ be the collection of all
subsets of E. Specifying a measure on (E, &) is equivalent to assigning a number
m(x) in R, to each point z in E and then letting

p(A)=> m(x), A€k
T€EA
Then, m is called the mass function corresponding to p. In particular, if £ = {1, 2,
...,n}, every measure ;4 on (E, E) can be regarded as a vector in R™.

7.42  Purely atomic measures. Let (E, £) be a measurable space, let D be a countable
subset of F, and let m(x) be a positive number for each = in D. Define

p(A) = m(2)d.(A), A€k
zeD
Then, 4 is a measure on (F, ). It puts the mass m(x) at the point x, and there are
only countably many such points x. Such measures p are said to be purely atomic,
and the points = with p({z}) > 0 are called the atoms of y provided that {z} € &.

Lebesgue Measures

These are the fundamental examples of measures that are familiar from calculus.
A measure p on (R, B(R)) is called a Lebesgue measure on R if p(A) is the length
of A for every interval A; thus, p is a generalization of the concept of length from
intervals to Borel subsets of R. Similarly, Lebesgue measure on R? is the “area”
measure, Lebesgue measure on R3 is the “volume” measure, and so on.

It is impossible to display u(A) explicitly for each Borel set A, but countable
additivity and various properties listed in Proposition 7.35 enable us to figure p(A)
out for most reasonable sets A.

More generally, given a Borel subset £ of R™, it makes sense to talk of the
Lebesgue measure on F; this is the restriction (see Exercise 7.47 below) of the
Lebesgue measure on R™ to the trace space (E, B(E)). These measures are unique.
For instance, on R, the collection C of all open intervals forms a 7-system that satisfies
the conditions of Proposition 7.38; thus, there can be at most one measure that assigns
to each interval the length of that interval.

The existence of Lebesgue measure is another matter: countable additivity is to
hold for every disjointed sequence of Borel sets. Since there are uncountably many
such sequences, it is not clear whether such a measure exists. The following answers
this question, albeit without proof.
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7.43 THEOREM. There exists a unique measure on (R, B(R)), called the Lebesgue
measure, that assigns to each interval its length.

Let A denote the Lebesgue measure on (R, B(R)). The domain of A can be ex-
tended slightly: let B be the collection of all sets having the form B U N where
B € B(R) and N is A-negligible. Then, B is again a o-algebra on R, and defin-
ing A\: B ~ R, by putting \(B U N) = A\(B) we obtain a measure \ on (R, B).
The elements of B are called Lebesgue measurable sets, and ) is called the extended
Lebesgue measure.

It seems impossible to extend A much further. For instance, with P(E) denoting
the collection of all subsets of F, we have the following, again without proof.

7.44 PROPOSITION. Let E = [0,1] and €& = P(FE). Let p be a finite measure on
(E, ). Then, there is a countable subset of D of E and positive numbers m(x) for =
in D such that

p(A) = m(z)la(x), A€k

xeD

As a corollary, we see that there can be no finite measure y on (E, £) such that
1(A) is the length of A for intervals A. Similarly, there can be no such X-finite
measure either.

Exercises

7.45 Infinite measures. Let (E, £) be as in Proposition 7.44. For Ain &, let u(A) be
the number of points in A; this is an integer if the set A is finite, and is +o00 otherwise.
Show that y is a measure.

7.46 Show that D in the proof of Proposition 7.36 is a d-system.

7.47 Restrictions. Let (E, &, 1) be a measure space. Let D € £ andlet D = {A €
€ : A C D}. Then, (D, D) is the trace of (E, ) on D. Define v(A) = u(A) for Ain
D. Then, v is a measure on (D, D); it is called the restriction of u to D.

7.48 Uniform distribution. Let D C R be an interval of finite length. With A
Lebesgue measure on R, let (B) = A(B)/A(D) for Borel subsets B of D. Show
that p is a probability measure on (D, D) where D = B(D). It is called the uniform
distribution on D.
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7.49 X-Finiteness. Let E = {a, b} with the discrete o-algebra, and define u({a}) =
0, u({b}) = +o0. Show that this defines a 3-finite measure 4 that is not o-finite.

7.50 Atoms, atomic measures, diffuse measures. Let (E, £) be such that {z} € & for
every z in E. A point z is said to be an arom for the measure y if u({z}) > 0. If u
has no atoms, then it is said to be diffuse. If  puts no mass outside the set of its atoms,
then it is purely atomic. In general, p will have some atomic part and some diffuse
part. This is to show this decomposition.

(a) Let p be finite. Show that it has at most countably many atoms. Hint: Let
D be the set of atoms, note that D = | J,, D,, where D,, = {z : p({z}) €
[1/n, 1/(n —1)),n = 1,2,.... Use the finiteness of x to conclude that
each D,, is a finite set, and therefore, that D must be countable.

(b) Let uu be X-finite. Show that it has at most countably many atoms.

(c) Let D be the set of atoms of a X-finite measure p. Define

v(A) =p(AND), MNA) =wuAND?), Aecf.
Then, v is purely atomic, A is diffuse, and

w=v+A

D. Integration

Let (E, ) be a measurable space. Recall that £ stands also for the collection of
all £-measurable functions and that £ is the subcollection consisting of positive £-
measurable functions. Given a measure  on (F, £), our aim is to define the “integral
of f with respect to p” for all reasonable functions f in £. We shall denote it by any
of the following:

uf:[Eu(dw)f(x) =[Efdu-

When FE is an interval of R and f is continuous and p is the Lebesgue measure,
the integral will coincide with the usual Riemann integral of f on £. When F =
{1,...,n} and & is the discrete o-algebra, every measure y is specified by a row
vector (fi1, .. ., ftn) With u; denoting p({i}), and every function f in £ corresponds
to a column vector (fy,..., f,) with f; = f(i); in this case the integral pf will
coincide with the product of the row vector (u1, . . ., ft,) with the column vector with
entries f1,..., fn. As this last case illustrates, it is best to think of the integral as a
product. After we define it, we shall show that it has the properties of products.

Definition of the Integral

We define the integral pf in three steps: first for simple positive f, then for f in
&, finally for reasonable f in &.
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Step 1. Let f be a positive simple function. If its canonical formis f = >"7 a;14,,
then we define

7.51 wf = Z%M(Ai)-
1

Step 2. Let f € £;. Let (d,) be defined by 7.18 and recall from the proof of
Theorem 7.20 thatlimd,, o f = f. Now, for each n, the function d,, o f is simple and
positive, and the integral 1(d,, o f) is defined by the preceding step. We shall show
in the remarks below that the numbers u(d,, o f) form an increasing sequence, and
hence, lim u(d,, o f) exists (it may be +00). Since f = limd,, o f, we define

7.52 wf =1lmp(d, o f).

Step 3. Let f € & arbitrary. Then, fT and f~ belong to £, and their integrals
are defined by the preceding step. Noting that f = f+ — f~, we define

7.53 wf=pf"—pf”

provided that at least one term on the right is finite. Otherwise, if uf™ = uf~ = +oo,
then u f does not exist.

7.54 REMARKS. (a) Formula 7.51 holds for positive simple functions even when
ST a;14, is not the canonical representation for f:

F=Yaila, =) bilp, = pf =Y aip(A) =3 bu(By).
1 1 1 1

This is easy to check using the finite additivity of .
(b) If f and ¢ are positive simple functions and a,b € Ry, then a f + bg is again
a positive simple function, and

plaf +bg) =apf +bug.

This can be checked using the preceding remark.

(c) If f is a positive simple function, then 7.51 shows that pf > 0 (it can be +00).

(d) If f and g are positive simple functions and f < g, then the preceding two
remarks applied to f and g — f show that uf < ug.

(e) In Step 2 of the definition, we have dy o f < dyo f < --- and the preceding
remark shows that ;1(dy o f) < p(dao f) < --- as claimed.
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Integral over a Set

Let f be a measurable function, and A a measurable set. Then, f14 € £. The
integral of f over A is defined to be the integral of f1 4; it exists if and only if u(f14)
exists. The following notations are used for it:

7.55 w1 = [ wanse) = [ fan

Integrability

A function f in & is said to be integrable if uf exists and is a real (i.e., finite)
number. Thus, f is integrable if and only if uf T < co and uf~ < oo, or equivalently,
if and only if p|f| < oo (note that |f| = f+ + f7). Itis easy to see that, if f is
integrable, then it is real-valued almost everywhere.

Elementary Properties
Here are some familiar properties of the integrals. A few others are put into the
exercises.

7.56 PROPOSITION. (a) Positivity. If f € £, then puf > 0.

(b) Monotonicity. If f,g € £ and f < g,then puf < pg. If f,g € £ and f, g are
integrable, and f < g, then pf < pug.

(c) Finite additivity over sets. Let f € E;. If {A1,..., A} is a measurable
partition of A in &, then

Afdu—i/&fdu-

PROOF. (a) If f > 0, then the definition of uf yields pf > 0.
®Ifo< f<g,thend,o f <d,ogandso

pldn o f) < p(dnog)

by the monotonicity of integration for simple functions. Now, the left-hand side con-
verges to uf and the right-hand side converges to pg. Hence puf < pg. The general
case follows from the observation that if f < g then f* < gt and —f~ < —g~.

(¢) Fix fin &;. Let Ay,..., A, in £ be disjoint with union A. If f is simple,
the claim of (c) is immediate from Remark 7.54(b) applied to the simple functions
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fla,, ..., fla,, whosesumis f14. Applying this to the simple functions d,, o f, we
see that

> n(ladno f) = p(ladno f).
1

Note that 15(x)d,, o f(x) = d,(15(x)f(x)) for each 2 by the way the function d,, is
defined. Putting this observation into the preceding expression and letting n — oo we
obtain

> u(fla) = thu o(f1a,))
1

hmzlu o(f14,))

= 1Hnu( o(f1a)) = p(f1a),

where the interchange of the limit and the sum is justified by the finiteness of m. [

Of course, if f = 0 then pf = 0. The following converse is useful when pf is
known but f is not.

7.57 COROLLARY. Let f € &;. If uf = 0 then f = 0 almost everywhere.

PROOF. Let f € & and puf = 0. We are to show that u(A) = 0 for A = {« :
f(z) > 0}. Note that A is the limit of the increasing sequence of measurable sets
A, ={z: f(x) > 1/n}. Thus, u(A) = lim u(A,,) by the sequential continuity of
measures; and p(A,) = 0 for every n, since 0 < u(A,) = ula, <npuf = 0by the
monotonicity of integration and the observation that 14, < nf. O

Monotone Convergence Theorem
This is the key result in the theory of integration. It allows interchanging the
order of taking limits and integrals under reasonable conditions.

7.58 THEOREM. Let (f,,) C &; be increasing. Then,

p(lim fr,) = lim pufy.
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PROOF. Let f = lim f,; it is well-defined since f; < fo < ---, and is positive and
E-measurable. So, pf is well-defined. By the monotonicity of integration, pf; <
wfo < -+ < pf. Therefore lim p f,, exists and

lim g fp < puf.

It remains to show that lim,, . f;,, > pf. This is accomplished in steps.

Step 1. Ifb € Ry, B € &, and f(x) > bforxzin B, thenlim,, u(f,1p) > b u(B).

First, note that { f; > b} C {f2 > b} C --- and that

U {fn>b}={z: folx) > bforsomen} = {f > b}.

Put B, = {f, > b} N B. Then, B, /| J,, B, = {f > b} N B = B. Thus,
7.59 lim p(B,,) = p(B)
by the sequential continuity of ;s under increasing limits. Now, note that

fnlB Z fnan Z bana

and so the monotonicity of integration yields that

1(fnlp) > pu(blp,) = bu(By).
Taking limits on both sides and using 7.59, we get
7.60 lim p(frlp) > bu(B).

Step 2. The same inequality holds even if f(x) > b for every x in B.

For b = 0, this is trivial. For b > 0, apply Step 1 with b — € to see that
lim,, u(frlp) > (b — €) u(B). Since € is arbitrary, we can let it go to zero to ob-
tain the desired inequality.

Step 3. If g is a simple function and g < f, then lim,, uf, > ug.

Let > 7" b;1p, denote the canonical representation for g. Then, our assumptions
imply that f(x) > g(x) = b; for z in B;. Hence, we may apply the result of Step 2 to
conclude that

lim p(folp,) > biuw(Bi), t=1,...,m.

Hence, by Proposition 7.56(c) applied to the function f,,, we see that

hrrzn pfn = hfanM(fnlBi)
1

S limu(falp) > Y bip(Bi) = pg.
1

1
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Step 4. limy, pfy, > pf.
Put g = d,, o f. Step 3 applied with this g yields lim,, o f, > wu(d,, o f). Letting
m — oo we get the desired result. O

A particular consequence of the monotone convergence theorem is that, in the
definition 7.52, the special sequence (d,, o f) can be replaced by any sequence (f,,) C
&, increasing to f.

Linearity of Integration

7.61 PROPOSITION. If f,g € £+ and a,b € R, then

pwlaf +bg) =apf+bug.
The same holds for arbitrary f, g in £ and a, b in R provided that both sides are well-
defined. It holds, in particular, if f and g are integrable.

PROOF. If f, g are simple, the result is established by direct checking as was remarked
in Remark 7.54(b). For f,¢ in £;, and a,b in R, choose (f,) and (g,) to be
sequences of simple positive functions increasing to f and g, respectively. Then,

plafn +bgn) = apfn +bpugn,

and af,+bg, af+bg, frn /*f,gn / f. Taking limits on both sides and using the
monotone convergence theorem completes the proof. If f, g in £ are arbitrary, write
f=f"—f andg = g" — g~ and go through the same steps. O

Fatou’s Lemma
This gives a useful inequality for arbitrary sequences of positive measurable
functions.

7.62 LEMMA. Let (f,,) C &4. Then, p(liminf f,,) < liminf puf,.

PROOF. Define g, = inf,>., fn. Then, liminf f,, is the limit of the increasing
sequence (g.,) C &4, and thus

p(liminf f,,) = p(lim gr,) = lim pgy,

by the monotone convergence theorem. On the other hand, g,,, < f, foralln > m,
which yields p1g,, < pfy, foralln > m, which in turn means that p1g,,, < inf,,>p, pof.
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Hence, as needed,

lim pg,, <lim inf pf, = liminf @ f,.
m n>m

7.63 COROLLARY. (a) Let (f,) C &. If f,, > g for all n for some integrable function
g, then
p(liminf f,,) <liminf uf,.

(b) Let (f) C E.If f,, < g forall n for some integrable function g, then
p(limsup fn) > limsup g fp.

PROOEF. Suppose that the integrable function g is real-valued, so that f, —g and g — f,,
are well-defined. If f,, > g for all n, then Fatou’s lemma applies to the sequence of
positive functions f,, — ¢ and the result is the claimed inequality. If f,, < g for all n,
then Fatou’s lemma applies to g — f,, and the desired inequality is obtained by noting
that lim sup 7, = — lim inf(—r,,) for every sequence (r,,) in R. If g is integrable, it is
real-valued almost everywhere, that is, u(E'\ D) = 0for D = {z € E : g(x) € R},
and the integrals of f,, and g on E are the same as their integrals over D; thus, the
preceding proof applies to f,1p and g1 p and yields the desired conclusions. O

Dominated Convergence Theorem

This is the second important tool for interchanging the order of taking limits and
integrals.

A function f is said to be dominated by a function g if | f| < g; note that g > 0
necessarily. A sequence of functions (f,,) is said to be dominated by ¢ if | f,,| < g for
each n. If g can be taken to be a finite constant, then (f,) is said to be bounded.

7.64 THEOREM. Suppose that (f,,) C £ and is dominated by an integrable function
g. If lim f,, exists, then it is integrable and

p(lim fr) = lim pufy.

PROOEF. By assumption, —g < f,, < g for every n, and g and —g are both integrable.
Thus, uf, exists and is sandwiched between the finite numbers —ug and pg. Now,
both statements of the last corollary apply and we get

p(liminf f,,) < liminf pf, <limsup pf, < p(limsup f,).
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If lim f,, exists, then liminf f,, = limsup f, = lim f,, and lim f,, is integrable
since it is dominated by g. Hence, the extreme members of the preceding series of
expressions are finite and equal, which means that equality holds throughout. (|

If (f,) C & and is bounded, say by the constant b, and if the measure y is finite,
then we can take g = b in the preceding theorem. The resulting corollary is called the
bounded convergence theorem.

7.65 THEOREM. Let (f,,) C £ and bounded. Suppose that y is finite. If lim f,, exists,
then

p(lim f,) = lim pufy.

7.66 REMARK. In Theorem 7.64, the condition that the sequence be dominated by
some integrable function is necessary. Here is an example of what can happen other-
wise. Let (E,€) = (R4, B(R4)) and let f,, be the sequence of functions shown in
Fig.7.1. Note that the sequence is not monotone and there is no integrable function
that dominates them. Also, pf,, = 1 for all n and so lim u f,, = 1, whereas lim f,, = 0
and so plim f, = 0.

Characterization of the Integral

The definition of the integral through 7.51-7.52 yields the integral p f for every
fin &;. Thus, in effect, integration extends the domain of 1 from the measurable sets
to the space &£, of all positive £-measurable functions (and beyond). Hence, we may
regard 1 as the mapping f + pf from &£, into R, . This mapping is positive, linear,
and continuous under increasing limits; see Propositions 7.56(a), 7.58, and 7.61.
Here is a summary and a useful converse.

7.67 THEOREM. Let (E, £) be a measurable space. Let L be a mapping from £ into
R . Then, there exists a unique measure x on (E,E) such that L(f) = uf for every
fin &y if and only if

(@ f,ge&ianda,be Ry = L(af + bg) = aL(f) +bL(g),

PROOEF. Necessity of the conditions follows from the properties of the integral x f. To
show the sufficiency, suppose that the properties (a) and (b) hold for L. Define

w(A) = L(14), Acé.
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v
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0 1/
FIGURE 7.1. The first and nth functions in a sequence for which the

dominated convergence theorem does not apply.

We show that 1 is a measure. For the empty set (), we have () = 0 because L(f) = 0
when f = 0 (as can be seen by taking a = b = 0 in the linearity property (a)). Second,
if Ay, Ay, ... are disjoint sets in £ with union A, then the indicator of | J7' A; is equal
to Z’f 14,, the latter is increasing to 1 4, and hence

,LL(A) = L(lA) = th(i]‘Ai>
1
= limiL(lAi)

lim Z n(A;) = Z 1(As),

where we used the condition (b) to justify the second equality, and (a) to justify the
third.
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So, i is a measure on (E,E). It is unique by the necessity that u(A) = L(14).
Now, L(f) = wf for simple f in £, by the linearity property (a) for L and the linearity
of integration. For arbitrary f in £, choosing simple functions f,, * f,

L(f) = th(fn) =limufn = pf

by the condition (b) for L and the monotone convergence theorem for . (]

Lebesgue Versus Riemann
Let E = [a,b], an interval on the real line. Let £ = B(FE) and let A be the
Lebesgue measure on (F, £). This is to discuss the Lebesgue integral

M= Ada)f(a)

[a,0]

versus the Riemann integral

Rf:/abf(m)dm

familiar from calculus. We limit the discussion to f in £, that is, to positive Borel
functions f.

Heuristically, the integral of f on E is the area under f over the interval E. If
f is a step function, this has a clear meaning and is the same as A\f and Rf. If f
is continuous, it can be approximated by step functions, and, again, both \f and R f
existand Af = Rf. Similarly, if f is piecewise continuous. On the other hand, there
are functions f for which A f exists but R f does not: for example, suppose that f(z) is
equal to 1 or 0 accordingly as z is rational or irrational, that is, f is the indicator of the
set @ N E of rational numbers in F; then, \f = A(Q N E) = 0 since Q has Lebesgue
measure 0, but the Riemann integral R f does not exist. As this example illustrates, the
Lebesgue integral exists for a larger class of functions than the Riemann integral does,
and A f corresponds better to our intuitive expectations. The following is the complete
picture; we omit the proof.

7.68 THEOREM. Let f: [a,b] — R and let D be the set of points of discontinuity for
f. The Riemann integral Rf exists if and only if A\(D) = 0. If it exists, then so does
the Lebesgue integral and the two integrals are the same.
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Exercises

7.69 Discrete spaces. Let I, £, p be as in Example 7.41. Then, every f: E+— Riis
E-measurable. Show that, for f: F+— R,

uf =3 m)f(a).

zeE

7.70  Purely atomic measures. Let E, £, D, 1 be as in Example 7.42 and suppose
that {x} € & for every x in E (this is true for £ = R% and & = B(R?) in particular).
Show that, for fin &,

pf = ml)f(@).

xeD

7.71 Integrability. If f € £4 and puf < oo, then f is real-valued almost everywhere.
Show this. More generally, if f is integrable, then f is real-valued almost everywhere.

7.72  Monotone convergence. If (f,) C &4 then show that
pY fn = pfn-
1 1
7.73 Absolute values. If f is integrable, then |pf| < u|f|. Show.

7.714 Mean value theorem. If 1(A) > 0 and a < f(x) < b for every x in A, then
show that
)
a<——= [ fdu<b.
1(A) Ja

E. Transforms and Indefinite Integrals

There are two basic methods of creating new measures from an old one. This
section is to introduce them and their uses.

Image Measures
Let (E, &) and (F, F) be measurable spaces. Let i be a measure on (F, £), and
let i be a transformation from E into [’ that is measurable with respect to £ and F.
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Then, the inverse image h~! B belongs to £ for every B in F, and
7.75 v(B) = u(h™'B), BeF,

defines a measure v on (F,F). The new measure v is called the image of i under
the transformation h; various notations used for v are poh™!, pup, h(p). The next
theorem relates the integrals with respect to v to the integrals with respect to the old
measure /.

7.76 THEOREM. Forevery f in F, we have vf = u(foh).

PROOF. In integral notation, the defining relation 7.75 becomes
VlB = ,u(lB Oh)7

since the indicator of h~!B is equal to 15 o h. Using this, if f is simple, say f =
S 1 bilp, with B, ..., By in F,

vf=> bivig, =Y biu(lp oh) :u<2bi13ioh) = u(foh).

If f € F4, there is a sequence (f,) of simple positive functions increasing to f,
and the preceding applies to give v f, = u(f, oh) for every n. Thus, taking limits
as n — oo, we obtain the claimed formula via the monotone convergence theorem
applied to each side separately. (I

The preceding theorem is a generalization of the change of variable formula from
calculus. In more explicit notation, the claim is that

v [ vt s = [ ute) f(hia),

F E
that is, if h(z) is replaced with y then the measure element p(dz) is to be replaced
with v(dy). In calculus, often, £ = F = R for some dimension d > 1, and pand v
are measures that are expressed in terms of the Lebesgue measure and the Jacobian of
the transformation /. See Exercises 7.86— 7.88 for images of the Lebesgue measure
on R.

Indefinite Integrals
Let (E, &, 1) be a measure space. Let p be a positive £-measurable function.
Define

7.78 v(A) = /Au(d:r)p(:c), Aef.
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Then v is a measure on (E, £); this follows from the monotone convergence theorem
for sums. We call v the indefinite integral of p with respect to .

7.79 THEOREM. We have vf = p(pf) forevery fin &;.

PROOEF. If f is an indicator, the claim is the definition 7.78 of v. If f is simple, say
f=>1aila,, then

vf = ar(a) = Ya [ wdop@)i @) = uio),

For arbitrary f in £, there is a sequence of positive simple functions f;, increasing to
f, and, by the monotone convergence theorem,

vf=Ilimvf, = Hm:u(pfn) = M(Hmpfn) = M(pf)'

Written in explicit notation, the preceding theorem is that

750 [ vtan)s@) = [ wtasptaso)

E E
for every f in £;. Obviously, this holds for arbitrary £-measurable functions f for
which the integrals are well-defined. Informally, this amounts to replacing v(dx) with
w(dz)p(x), which we may write as

7.81 v(dz) = p(dx)p(x), r e k.

Heuristically, we think of ;(dx) as the amount of mass put by x on the “infinitesimal
neighborhood” dz of the point , and similarly for v(dx). Then, 7.81 expresses p(x)
as the mass density at x of the measure v with respect to u. Thus, the function p is
called the density function of v with respect to u, and the following notations are used
for it:

7dy.
=0

~ v(dx) .
p(z) = (dz)’ e k.

The expressions 7.80-7.82 are equivalent ways of saying the same thing.

7.82 14

Radon-Nikodym Theorem
Let 1 and v be measures on a measurable space (F,E). Then, v is said to be
absolutely continuous with respect to y if, for every set A in £,

7.83 w(Ad) =0=v(A) =0.
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If v is an indefinite integral as in 7.78, then it is absolutely continuous with respect to
1. The following, called the Radon—Nikodym theorem, provides a converse. We state
this here without proof.

7.84 THEOREM. Suppose that p is o-finite, and that v is absolutely continuous with
respect to . Then, there exists a positive £-measurable function p such that

7.85 /E V) f@) = [ dnp@)f@).  fee

E

Moreover, p is unique up to almost sure equality, that is, if p is in £, and 7.85 holds
with p, then p(x) = p(z) for u-almost every x in E.

The function p in the preceding theorem can be denoted by dv/dp in view of the
equivalence of 7.80-7.82; and thus, p is called the Radon—-Nikodym derivative of v
with respect to f.

Exercises

7.86 Distribution functions and quantiles. Let 1 be a measure on (R, B(IR)) such that
c(x) = p(—o0, ] is finite for every . Then, c is called the cumulative distribution
function of the measure p, especially when p is a probability measure. Show that c is
an increasing right-continuous function. Define

q(u) = inf{z € R: ¢(x) > u}, u € [0,b],

where b = lim,_, o ¢(z) = p(R); it is possible that b = +oo. Show that g is increas-
ing and right-continuous; it is called the quantile function corresponding to c. When ¢
is continuous and strictly increasing, ¢(u) = x if and only if ¢(x) = u, that is, ¢ and ¢
are functional inverses of each other.

7.87 Images of Lebesgue. Let 1, ¢, g, b be as in the preceding exercise. Let A be the
Lebesgue measure on the interval (0, b) with its Borel o-algebra. Show that

p(A) =XMg™'4),  AeBR).

Thus, most measures p on (R, B(R)) are images of Lebesgue measures on intervals.
Of course, then, by Theorem 7.76,

b
/ p(de) f(z) = / Aldu) f(g(w))
R 0

for every positive Borel function f on R (and positivity can be removed if f is in-
tegrable). This reduces integrals with respect to p to integrals with respect to the
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Lebesgue measure; and the latter integral is equal to a Riemann integral if f is contin-
uous or piecewise continuous.

As a corollary, this exercise shows the following. If c¢ is an increasing right-
continuous function on R, then there exists a measure 1 on (R, B(R)) whose distribu-
tion function is c.

7.88 Continuation. This is to extend the preceding to measures x that are X-finite,
say, i = > 1" i, where each p,, is a finite measure on (R, B(R)). Let b, = u,(R)
and define ¢,, and ¢, as in the preceding exercise but for u,. Let a9 = 0, a, =
ST by, forn > 1, and ¢(u) = gni1(u — ay,) for win [a,, an41). Show that, then,
pu = Aoq~! where ) is the Lebesgue measure on (R, B(R,)). Again, then, the
integral pf becomes the Lebesgue integral of fogon R.

7.89 Radon—Nikodym derivatives. Let 1 be a measure on (R, B(R)) such that c(z) =
1(—o0, x] is a real number for every x in R. Suppose that 1 is absolutely continuous
with respect to the Lebesgue measure A\. Then, the function ¢ is differentiable at
A-almost every point x, and

d d
= plde) = d—c(x) for A-almost every x.
X

7.90 Singularity. Let p and v be measures on some measurable space (E, £). Then,
v is said to be singular with respect to  if there exists a set D in & such that (D) = 0
and v(E \ D) = 0. The notion is the opposite of absolute continuity. For example, if
w is diffuse and v purely atomic, then v is singular with respect to (.

7.91 Cantor set, Cantor measure. Consider the Cantor set C' of Example 2.40, and
recall the set D that consists of open intervals. Show that A\(D) = 1 and A\(C) = 0,
where ) is the Lebesgue measure on [0, 1]. Let g be as in Example 2.40, and define
= Xog~!, where )\ is the Lebesgue measure on [0,1). Then, u(C) = 1 and
w(D) = 0. The measure p is called the Cantor measure; it is singular with respect to
the Lebesgue measure, and its distribution function is the function f of Example 2.40.

7.92 Lebesgue—Stieltjes integrals. Let g: R — R be increasing and right-continu-
ous. Let p be the measure on R whose cumulative distribution function is g; see
Exercise 7.87. For positive Borel functions f on R, define

| #@dsto) = [ i) fa).
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The left side is called the Lebesgue—Stieltjes integral of f with respect to the function
g; the right side is the integral p f. This can be extended to arbitrary Borel f as usual
by using the decomposition f = f* — f~, assuming that either pf T or puf~ is finite.
Integration can be extended to functions g that can be decomposed as g = g1 — g2,
where both g; and gs are increasing right-continuous:

/f ) dg(a /f ) doi (x /f ) dgaa

for those f for which the integrals on the right side both make sense and are not both
+-00 or both —oco.

7.93  Functions of bounded variation. These are functions that can be written as the
difference of two increasing functions. For g: R +— R, we define

Va(@,y) = sup Z 9(zis1) — g(23)],

where the supremum is taken over all subdivisions A of [z, y], where A is a finite
collection of intervals (zg, z1], (21, 22], ..., (Xn_1,2x] With z = 29 < 1 < 22 <
- < &, = y. The number V, (z,y) is called the total variation of g over the interval

[z,y], and g is said to be of bounded variation over [z, y] if V,(z,y) < co. Show the
following:

(a) If g is increasing, then Vg (z,y) = g(y) — g(x).

) Ifx <y <z then Vy(z,y) + Vy(y, 2) = Vy(x, 2).

(©) If g = g1 + g2, then V(](‘r’ y) <Vy (ma y) + Vo, (‘ra y)

(d) The function g is of bounded variation over [, y] if and only if ¢ = g1 — g2,
where ¢; and g» are increasing. Hint: For u in (x, y], define g1 and go such that

2g1(u) = Vg(@,u) + g(u) + g(x),  2g2(u) = Vy(z,u) — g(u) + g(2).

F. Kernels and Product Spaces

Let (F, &) and (F, F) be measurable spaces. A mapping K: F x F + Ry is
called a transition kernel from (E, &) to (F, F) if

(a) the mapping z — K (z, B) is £-measurable for each B in F, and
(b) the mapping B — K (x, B) is a measure on (F, F) for each z in F.

It will be convenient to write K, for the measure B — K (x, B).
For example, with E = F = R and £ = F = B(R), putting

K. B) J e~ (y—2)%/2
€Z, = - =
B 4 vV 2
yields a transition kernel K, which is further a probability kernel. For another exam-
ple,let E ={1,2,...,m}and F = {1,2,...,n} with their discrete o-algebras; then,

x € R, B € B(R),
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a transition kernel from (E, £) to (F, F) is specified by the numbers K (z, {y}), and
we may regard K as an m X n matrix of positive numbers. Thus, transition kernels
are generalizations of positive matrices; recall that functions are generalizations of
column vectors and measures are generalizations of row vectors.

Functions on Product Spaces

If f: Ex F +— R, then the mapping y — f(x,y) is called the section of f at the
point z of F, and, similarly, z — f(z,y) is called the section of f at the point y of F.
The following shows that sections of a measurable function are measurable.

7.94 THEOREM. Let f: E x F' — R be £ ® F-measurable. Then, y — f(z,y) is
F-measurable for each x in E, and © — f(x,y) is £-measurable for each y in F'.

PROOF. Fix zg in F and let h: y — f(x0,y); we are to show that h is F-measurable.
Observe that h = fog, where g: F' — E x F is defined by setting g(y) = (zo,y).
For a measurable rectangle A x B in £® F, the inverse image g~ (A x B) is either () or
B, either case being in F. Since the measurable rectangles generate £ ® F, this shows
that g is measurable with respect to F and £ ® F. Hence, the composition h = f o g of
measurable functions f and ¢ is F-measurable. Since z¢ in E is arbitrary, this proves
the measurability of y — f(x,y) for every x. The measurability of = — f(z,y) is
proved by symmetry. O

Unfortunately, the converse to the preceding proposition is generally false: it
is possible that x — f(x,y) is £-measurable for every y and y — f(x,y) is F-
measurable for every x, and yet f fails to be £ ® F-measurable. If f(x,y) = g(z)h(y)
for some £-measurable function g and some F-measurable function A, then f is EQ F-
measurable. In general, one needs some such special property to conclude that f is
& ® F-measurable; see Exercise 7.105 for an example.

Kernels-Functions

7.95 PROPOSITION. Let K be a transition kernel from (£, £) to (F, F). For positive
£ ® F-measurable functions f, define

Tf(z) = /F K(o.dy)f(z.y), vek.

Then, T f is a positive £-measurable function.
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PROOF. Let f be such. For = in FE, its section at = is the F-measurable function
fo:y = f(x,y). Note that T f(x) is the integral of f, with respect to the measure
K. Thus, T'f is well-defined; and, by the linearity of integration and the monotone
convergence theorem,

7.96 T(af +bg)=aTf+bTg, lLmTf,=TFf,

the latter for (f,,) increasing to f. In view of these properties, proving that T f is £-
measurable reduces to showing that T'f is £-measurable for f that are indicators of the
measurable rectangles A x B; recall that the measurable rectangles form a 7-system
generating the product o-algebra and the monotone class theorem applies to the class
of f for which T'f is £-measurable. But for A in £ and B in F,

Tlacn(e) = [ K@dp)la(o)la@) = La@K@B),  zeE,
F
which is £-measurable since both 14 and z — K (z, B) are such. O
In particular, if f(x,y) is free of x, we prefer to write K f instead of T'f, thereby

giving full play to the matrix—column vector analogy; that is, for f: ' +— R that is
positive F-measurable,

ki@ = [ K@i, cek,

Measures on the Product Space

The following is the general method for constructing measures on the product
space (B x F,E ® F).

7.97 THEOREM. Let u be a measure on (F,&). Let K be a transition kernel from
(E, &) to (F,F). Then, there is a unique measure w on (E x F, € ® F) such that

7.98 | rtaanste) = [ wta) [ K dpson

for every positive £ ® F-measurable function f. In particular,

7.99 W(AXB):/u(d:r)K(z,B), Aeé& BeF.
A

PROOF. For positive £ ® F-measurable f, the right side of 7.98 is equal to (T f), the
integral of the function 7" f of the last proposition with respect to the measure p. The
linearity of the integration with respect to 1 and the monotone convergence theorem
yield, together with 7.96, that

w(T(af +bg)) = pulaTf+bTg)=au(Tf)+bu(Tyg)
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and
lim (T f) = p(Tf) it fu /' f.

It follows from Theorem 7.67 that there is a unique measure 7 on (E x F,& @ F)
such that u(7 f) is equal to the integral of f with respect to 7 for every positive f in
€ ® F. In particular, for f = 1445 with A in £ and B in F, we obtain the claimed
formula for m(A x B). O

In the preceding theorem, the measure 7 defined through its integral by 7.98 is
unique, and it satisfies 7.99. But there might be other measures that satisfy 7.99 but
fail to satisfy 7.98 for some f. The following is directed at this matter of uniqueness
of 7 satisfying 7.99. We call K o-bounded if there exists an F-measurable partition
(F,) of F such that z — K (x, F},) is a bounded function for each n.

7.100 COROLLARY. In the preceding theorem, suppose that . is o-finite and K is
o-bounded. Then, there is exactly one measure 7 satisfying 7.99, and it is o-finite and
it satisfies 7.98.

PROOE. Let (E,,) be an £-measurable partition of E such that ;(E,,) is finite for
each m. Let (F,,) be an F-measurable partition of F' such that © — K(z, F,) is
bounded for each n. Then, 7(E,, x F},) defined by 7.99 is finite for each pair (m, n),
and the measurable rectangles E,,, x F), form a partition of £/ x F'.

Let 7 be a measure on the product space satisfying 7.99. Then, 7(A x B) =
(A x B) for every measurable rectangle, and there is a partition (F,, X F,,) of
E x F for which n(E,, x F,,) = 7#(Em X F,) < oo. It follows from Proposition 7.38
that 7 = 7. O

Product Measures and Fubini

In the last theorem, the measure 7 is often denoted by ;v x K. In particular, if
the kernel K has the special form K (x, B) = v(B) for some measure v on (F, F),
then 7 is called the product of ;1 and v and is denoted by i x v. Note that, then,
(A x B) = u(A)v(B) for A in £ and B in F, and the condition of o-boundedness
on K is equivalent to the o-finiteness of the measure v.

The next theorem, called Fubini’s, is concerned with integration with respect to
the product measure m = p X v. Its main point is the formula 7.102: under rea-
sonable conditions, in repeated integration, one can change the order of integration
without harm. Recall that £ ® F stands also for the collection of all £ ® F-measurable
functions.
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7.101 THEOREM. Let y and v be o-finite measures on (E, £) and (F, F), respectively.
There exists a unique o-finite measure 7 on (E X F, E® F) such that, for every positive

finE®F,
0w [ ) [ dnses = [ v [ s,

This holds for arbitrary f in £ ® F provided that f is m-integrable, that is, 7(f ) and
m(f7) are both finite; moreover, then, y — f(z,y) is v-integrable for p-almost every
x,and x — f(x,y) is p-integrable for v-almost every y.

7.103 REMARK. Since we have more than one measure, we need to indicate the mea-
sure involved for notions like integrability and negligibility. So, p-almost every x
means for every x outside a set N in & with u(N) = 0, and v-integrable means
integrable with respect to the measure v, etc.

PROOF. The measure m = p X v; its existence, uniqueness, and o-finiteness follow
from Theorem 7.97 and Corollary 7.100 with K (x, B) = v(B).
We show next that, for f positive and £ ® F-measurable,

7.104 [Eu(dw)/FV(dy)f(%y)=/FV(dy)[Eu(dw)f(x7y)-

The left side is equal to 7 f where m = p X v as mentioned above. The right side is
equal to 7 f, where # = v x pon (F x E,F ® ) and f(y,z) = f(x,y). Note that
f = foh,where h: E x F — F x E is the transposition mapping (z,y) — (y, z).
It is obvious that & is measurable with respect to £ ® F and F ® €. For Ain € and B
in F,

7(h (B x A)) = 7(A x B) = u(A) v(B) = #(B x A).

Assuming that z and v are finite, this equality of 7 and 7 o ™! on the 7-system of
measurable rectangles implies that # = 7o h~!. Thus,

if=(moh ™ Nf =n(foh)=nf.

This establishes 7.104 for ;. and v finite and f positive.

Assume, next, that ;4 and v are o-finite. Let (E,,) be a measurable partition of
E such that u(E,,) < oo for every m; similarly, pick (F,) such that v(F,,) < oo for
every n. Then, the preceding step yields

[ wtan) [ vtans) = [ vty [ udo s

m n n m

for every m and n. Summing both sides over all m and n gives the result 7.104 claimed
for f positive.
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Dropping the condition of positivity on f, suppose next that f is m-integrable.
Then, 7.104 holds for fT and f~ separately, and 7f = 7(fT) — w(f~) with both
terms finite. Hence 7.104 holds.

As to the integrability of sections, observe that the integrability of f implies that
z — [v(dy)f(z,y) is real-valued for p-almost every z, which in turn implies that
y — f(x,y) is v-integrable for p-almost every z. By symmetry, the finiteness of the
right side of 7.104 implies that = — f(x,y) is u-integrable for v-almost every y. [

Infinite Product Spaces

The concepts and results can be extended by induction to products of finitely
many spaces: let (E1,&1),...,(E,,&,) be measurable spaces. Their product is
denoted by

n

®(E1751): (El Kowe XEn;gl®"'®5n)7

=1

where E; x - - - X E,, is the set of all n-tuples (x1, . .., x,) with z; in E; for each ¢, and
&1 ® - ® &, is the o-algebra generated by the measurable rectangles Ay x --- x A,
with A; in &; for each 7.

Measures on the product space are obtained by repeated applications of Theo-
rem 7.97. We illustrate the technique with n = 3. Let 1 be a measure on (E7, &),
let K5 be a transition kernel from (F1,&1) to (E2, &), and let K3 be a transition
kernel from (E7 x E9,& ® &) to (Es, E3). Then, the formula

nf = pa(dzry) [ Ko(wy,dea) [ Ks((w1,22),dzs) f(21, 22, 73)
FE, Eo E3

for positive f in & ® £ ® &3 defines a measure on (Ey X Ey X E3,& @ £ ® &3).
In short, 7 = (u1 X K3) x K3, which can be written as

W:MXKQXK:J,.

New issues arise when the product space is that of infinitely many measurable
spaces, especially when there are uncountably many spaces. Let 7" be an arbitrary set,
countable or uncountable; it will play the role of an index set, we think of it as the time
set (this of the special cases where T' = Nor T'= R_). For each ¢ in T, let (F¢, &)
be a measurable space. Let x; be a point in E; for each t. We write (x;);cr for the
resulting collection and think of it as a function on T'; this is especially appropriate
when (Ey, &) = (E,E) for all ¢, in which case * = (x;)ier can be regarded as a
function ¢ — x; from T into E. The set F' of all such functions x = (z):cr is called
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the product space defined by {E; : t € T'}. On the set F, we introduce the product
o-algebra F generated by the collection of all measurable rectangles
X Ay ={x € F:x; € A foreach tin T},
teT

where A; differs from FE; for only finitely many ¢, and A; € &; for those t. The
resulting measurable space (F, F) is denoted as

(F,F) = ®(Et75t)v

teT

and it is usual to write Q),c & for F. In the special case where (E;, &) = (E,E)
for all ¢, one writes (F, )T or (ET,ET) for (F, F); and when T' = {1,2,...}, it s
usual to write (F, £)>° = (E°, £°) for the same.

Such product spaces occur naturally in probability theory. There, each = in F’
is a possible path for some particle moving through the spaces E; over time. The
probability measure 7 on (F, F) then assigns to the set B in F the chances that the
particle’s path is a function belonging to B. Often, 7 is to be constructed from “finite-
dimensional” data, the latter giving 7(B) for B that are measurable rectangles. The
details of such a construction are outside the scope of this book.

Exercises

7.105 Measurability. Suppose that E = R, £ = B(R), and (F,F) is arbitrary.
Let f: E x F +— R. Suppose that z — f(z,y) is right-continuous for each y, and
y — f(z,y) is F-measurable for each x. Then, show that f is £ ® F-measurable.

7.106 Images and kernels. Let (E,&) and (F,F) be measurable spaces, and let
h: E — F be measurable with respect to £ and F. Define

K(z,B) =1poh(x), x€E, BeF.
Show that K is a transition probability kernel. For f in F., show that K f(z) =

foh(x).

7.107 Transition densities. Let v be a o-finite measure on (F, F), and let k be a
positive function in £ ® F. Define K by

K(x,B) = /B v(dy)k(z,y), reE BeF.

Show that K is a transition kernel. Then, k is called the transition density of K with
respect to v.
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7.108 Measure—kernel—function. Let K be a transition kernel from (E, £) to (F, F).
For f in F define

:/ K(z,dy)f(y), reE,
F
and show that K f € & . For a measure p on (E, £), let
pK(B) = / wu(dz)K (x, B), BeF,
E

and show that ©K is a measure on (F, F). Show that (uK)f = p(K f). Interpret
these when E and F’ are finite spaces.

7.109 Products of kernels. Let (E, £), (F, F), and (G, G) be measurable spaces. Let
K be a transition kernel from (E, £) to (F, F), and L a transition kernel from (F, F)
to (G, G). Define

M(z,B) = / K(z,dy)L(y, B), reFE Beg.
F

Show that M is a transition kernel from (E, £) to (G, G). It is usual to write KL for
M. When (E,€) = (F,F) = (G,G), and K = L, then one writes K2 for K L.
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Further Reading

The treatment here follows Rudin [Rud76] and Royden [Roy88] closely, espe-
cially on the classic material about metric spaces. On measure theory, we followed
Halmos [Hal74] and Cohn [Coh94]. Convex analysis material is based on Rockafellar
[Roc70]. The following bibliography lists the reference books and related literature.

E. Cinlar and R.J. Vanderbei, Real and Convex Analysis, Undergraduate Texts in Mathematics, 155
DOI 10.1007/978-1-4614-5257-7, © Springer Science+Business Media New York 2013
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Symbols
> -Finiteness, 131
m-System, 116

A

Absolute convergence, 19
Almost everywhere, 128
Atomic measure, 129, 141
Atoms, 131

B

Bijection, 4

Borel, 115

Borel set, 118

Borel summability, 21
Boundary, 31,91
Bounded, 10

Bounded convergence, 138
Bounded set, 27
Bounded variation, 146
Branching process, 68

C

Cantor function, 55
Cantor set, 32, 145
Cauchy sequence, 38
Cauchy criterion, 13,56
Closed ball, 27
Closed interval, ix, 1
Closure, 31,63
Cluster point, 42
Compactness, 41
Complement, 2
Completeness, 39,61
Composition, 49
Continuity, 48

Index

Lipschitz, 60

uniform, 53
Continuous extension, 55
Continuous mapping, 47
Contraction, 65
Contraction mapping, 65
Convergence, 11, 35,48

pointwise, 56

uniform, 56
Convex

function, 85

set, 85
Countable, 6
Countable additivity, 125
Counting measure, 128
Cumulative distribution, 144

D

D-system, 116
Decreasing, 9
Denseness, 35
Diameter of a set, 26
Dirac measure, 128
Discrete spaces, 141
Disjoint, 3
Distribution functions, 144
Dual problem, 101
Duality gap, 102
Dyadic number, 8

E

Element, 1

Empty set, ix, 1
Epigraph, 85
Euclidean distance, 24
Euclidean space, 24

159



160 Index

Exponential, 5 Measurable set, 118

Extended reals, 9 Measurable space, 118
Measure, 125

F. . Measure space, 125

F¥n}te, 6 ) Metric, 25

F%n}te bas%s, 106 discrete, 27,35

F}mte ba§1s theorem, 106 Euclidean, 72

Fixed point, 66 . Manbhattan, 71

Fredh.olm equation, 73 weighted, 28

Function, 4

Metric space, 47
Minimum, 10
Minkowski—Weyl theorem, 106

Functional, 61
Functional inverse, 6, 52

H Monotone, 13
Half-space, 91 Monotone class, 123
Heine—Borel theorem, 43 Monotone convergence, 141
Homeomorphism, 55
Homogeneous, 73 N

Natural numbers, ix, 1
I Negative, 9
Image, 4 Norm, 23
Increasing, 9 function, 59
Indicator function, 120 maximum, 71
Infimal convolution, 98
Injection, 4 (0]
Inner product, 23, 25 One-to-one, 4
Integers, ix, 1 Onto, 4
Integrable, 133 Open ball, 27,29
Interior, 31 Open interval, ix, 1
Intersection, 2 Open set, 48
Inverse image, 4,5 Orbit, 65
K Orthogonality, 25
Kernel, 73 P
L Parallelogram, 25
2 Space, 28 Partitions, 117

Picard’s theorem, 80

Lebesgue measures, 129 .
Point, 23

Lebesgue—Stieltjes integral, 145 . o
Left-continuity, 51 Poisson distribution, 21
Legendre transform, 92 POI}"l'ledrOIl, 106
Limit, 11,35 Positive, 9

Limit inferior, 11 Power series, 18

Limit superior, 11 Primal problem, 101

Lipschitz continuity, 55, 60 Probability measure, 126
Product set, 3

Logarithm, 5
Product space, 29, 124
M Projection, 88
Map, 4
Maximum, 10 Q
Mean value theorem, 141 Quadratic programming problem, 111

Measurability, 152 Quantiles, 144



R

Radius, 27
Radon—-Nikodym derivative, 145
Range, 4

Rationals, ix, 1

Reals, ix, 1
Rearrangements, 21
Rectangle, 3
Riemann’s theorem, 21
Right-continuity, 51
Root test, 17

S
Schwarz inequality, 24
Separability, 35
Sequence, 4
Series, 14
Set, 1

countable, 6
Simple function, 121
Singular measure, 145
Subgradient, 96
Subsequence, 5

161

Subset, 1

Supporting hyperplane, 91
Supremum, 45

Surjection, 4

T

Total variation, 146
Trace space, 123
Transformation, 65
Transition densities, 152
Transition kernel, 146
Triangle inequality, 24

U

Uniform continuity, 53
Uniform distribution, 130
Union, 2

Upper bound, 10

v
Vector, 23
Volterra equation, 78
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