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Introduction

This book is directed to people who have a good understanding of the concepts of one
variable calculus including the notions of limit of a sequence and completeness of R. It
develops multivariable advanced calculus.

In order to do multivariable calculus correctly, you must first understand some linear
algebra. Therefore, a condensed course in linear algebra is presented first, emphasizing those
topics in linear algebra which are useful in analysis, not those topics which are primarily
dependent on row operations.

Many topics could be presented in greater generality than I have chosen to do. I have
also attempted to feature calculus, not topology. This means I introduce the topology as
it is needed rather than using the possibly more efficient practice of placing it right at the
beginning in more generality than will be needed. T think it might make the topological
concepts more memorable by linking them in this way to other concepts.
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Some Fundamental Concepts

2.1 Set Theory

2.1.1 Basic Definitions

A set is a collection of things called elements of the set. For example, the set of integers,
the collection of signed whole numbers such as 1,2,-4, etc. This set whose existence will be
assumed is denoted by Z. Other sets could be the set of people in a family or the set of
donuts in a display case at the store. Sometimes parentheses, { } specify a set by listing
the things which are in the set between the parentheses. For example the set of integers
between -1 and 2, including these numbers could be denoted as {—1,0,1,2}. The notation
signifying x is an element of a set S, is written as € S. Thus, 1 € {-1,0,1,2,3}. Here
are some axioms about sets. Axioms are statements which are accepted, not proved.

1. Two sets are equal if and only if they have the same elements.

2. To every set, A, and to every condition S (x) there corresponds a set, B, whose
elements are exactly those elements = of A for which S (z) holds.

3. For every collection of sets there exists a set that contains all the elements that belong
to at least one set of the given collection.

4. The Cartesian product of a nonempty family of nonempty sets is nonempty.

5. If A is a set there exists a set, P (A) such that P (A) is the set of all subsets of A.
This is called the power set.

These axioms are referred to as the axiom of extension, axiom of specification, axiom of
unions, axiom of choice, and axiom of powers respectively.

It seems fairly clear you should want to believe in the axiom of extension. It is merely
saying, for example, that {1,2,3} = {2,3,1} since these two sets have the same elements
in them. Similarly, it would seem you should be able to specify a new set from a given set
using some “condition” which can be used as a test to determine whether the element in
question is in the set. For example, the set of all integers which are multiples of 2. This set
could be specified as follows.

{x € Z : 2 =2y for some y € Z} .

In this notation, the colon is read as “such that” and in this case the condition is being a
multiple of 2.

Another example of political interest, could be the set of all judges who are not judicial
activists. I think you can see this last is not a very precise condition since there is no way
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to determine to everyone’s satisfaction whether a given judge is an activist. Also, just
because something is grammatically correct does not mean it makes any sense.
For example consider the following nonsense.

S = {x € set of dogs : it is colder in the mountains than in the winter} .

So what is a condition?

We will leave these sorts of considerations and assume our conditions make sense. The
axiom of unions states that for any collection of sets, there is a set consisting of all the
elements in each of the sets in the collection. Of course this is also open to further con-
sideration. What is a collection? Maybe it would be better to say “set of sets” or, given a
set whose elements are sets there exists a set whose elements consist of exactly those things
which are elements of at least one of these sets. If S is such a set whose elements are sets,

U{A: A8} or US

signify this union.

Something is in the Cartesian product of a set or “family” of sets if it consists of a single
thing taken from each set in the family. Thus (1,2,3) € {1,4,.2} x {1,2,7} x {4,3,7,9}
because it consists of exactly one element from each of the sets which are separated by x.
Also, this is the notation for the Cartesian product of finitely many sets. If S is a set whose
elements are sets,

114

AeS

signifies the Cartesian product.

The Cartesian product is the set of choice functions, a choice function being a function
which selects exactly one element of each set of S. You may think the axiom of choice,
stating that the Cartesian product of a nonempty family of nonempty sets is nonempty,
is innocuous but there was a time when many mathematicians were ready to throw it out
because it implies things which are very hard to believe, things which never happen without
the axiom of choice.

A is a subset of B, written A C B, if every element of A is also an element of B. This
can also be written as B D A. A is a proper subset of B, written A C Bor BD Aif Ais a
subset of B but A is not equal to B, A # B. AN B denotes the intersection of the two sets,
A and B and it means the set of elements of A which are also elements of B. The axiom
of specification shows this is a set. The empty set is the set which has no elements in it,
denoted as ). AU B denotes the union of the two sets, A and B and it means the set of all
elements which are in either of the sets. It is a set because of the axiom of unions.

The complement of a set, (the set of things which are not in the given set ) must be
taken with respect to a given set called the universal set which is a set which contains the
one whose complement is being taken. Thus, the complement of A, denoted as A¢ ( or
more precisely as X \ A) is a set obtained from using the axiom of specification to write

A°={zeX:x¢ A}

The symbol ¢ means: “is not an element of”. Note the axiom of specification takes place
relative to a given set. Without this universal set it makes no sense to use the axiom of
specification to obtain the complement.

Words such as “all” or “there exists” are called quantifiers and they must be understood
relative to some given set. For example, the set of all integers larger than 3. Or there exists
an integer larger than 7. Such statements have to do with a given set, in this case the
integers. Failure to have a reference set when quantifiers are used turns out to be illogical
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even though such usage may be grammatically correct. Quantifiers are used often enough
that there are symbols for them. The symbol V is read as “for all” or “for every” and the
symbol 3 is read as “there exists”. Thus VV33 could mean for every upside down A there
exists a backwards E.

DeMorgan’s laws are very useful in mathematics. Let S be a set of sets each of which is
contained in some universal set, U. Then

U{A®:AeS}=(n{A:Aes8})°

and

N{A°:A4e8}=(U{a:A4e8})°.

These laws follow directly from the definitions. Also following directly from the definitions
are:
Let S be a set of sets then

BUU{A: AeS}=U{BUA:AeS}.
and: Let S be a set of sets show
BNnU{A:AeS}=U{BnA:AecS}.

Unfortunately, there is no single universal set which can be used for all sets. Here is why:
Suppose there were. Call it S. Then you could consider A the set of all elements of S which
are not elements of themselves, this from the axiom of specification. If A is an element of
itself, then it fails to qualify for inclusion in A. Therefore, it must not be an element of
itself. However, if this is so, it qualifies for inclusion in A so it is an element of itself and
so this can’t be true either. Thus the most basic of conditions you could imagine, that of
being an element of, is meaningless and so allowing such a set causes the whole theory to
be meaningless. The solution is to not allow a universal set. As mentioned by Halmos in
Naive set theory, “Nothing contains everything”. Always beware of statements involving
quantifiers wherever they occur, even this one. This little observation described above is
due to Bertrand Russell and is called Russell’s paradox.

2.1.2 The Schroder Bernstein Theorem

It is very important to be able to compare the size of sets in a rational way. The most useful
theorem in this context is the Schroder Bernstein theorem which is the main result to be
presented in this section. The Cartesian product is discussed above. The next definition
reviews this and defines the concept of a function.

Definition 2.1.1 Let X and Y be sets.
XxY={(z,y):z€X andy €Y}
A relation is defined to be a subset of X x Y. A function, f, also called a mapping, is a

relation which has the property that if (x,y) and (x,y1) are both elements of the f, then
y =1y1. The domain of f is defined as

D(f)={x:(z,y) € [},

written as f: D(f) =Y.
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It is probably safe to say that most people do not think of functions as a type of relation
which is a subset of the Cartesian product of two sets. A function is like a machine which
takes inputs,  and makes them into a unique output, f (z). Of course, that is what the
above definition says with more precision. An ordered pair, (z,y) which is an element of
the function or mapping has an input, z and a unique output, y,denoted as f (x) while the
name of the function is f. “mapping” is often a noun meaning function. However, it also is
a verb as in “f is mapping A to B 7. That which a function is thought of as doing is also
referred to using the word “maps” as in: f maps X to Y. However, a set of functions may
be called a set of maps so this word might also be used as the plural of a noun. There is no
help for it. You just have to suffer with this nonsense.

The following theorem which is interesting for its own sake will be used to prove the
Schroder Bernstein theorem.

Theorem 2.1.2 Let f: X =Y and g:Y — X be two functions. Then there exist
sets A, B,C, D, such that

AUB=X,CUD=Y, AnB=0,CnNnD=0,
f(A)=0C, g(D)=B.
The following picture illustrates the conclusion of this theorem.

X Y

B=g[D)| ~— D

Proof: Consider the empty set, ) C X. If y € Y \ f(0), then g (y) ¢ 0 because () has
no elements. Also, if A, B,C, and D are as described above, A also would have this same
property that the empty set has. However, A is probably larger. Therefore, say Ag C X
satisfies P if whenever y € Y\ f (Ao), g (y) ¢ Ao.

A={Ay C X : Aj satisfies P}.

Let A=UA. f y € Y\ f (A), then for each Ag € A,y € Y\ f (Ap) and so g (y) ¢ Ag. Since
g (y) ¢ Ap for all Ay € A, it follows g (y) ¢ A. Hence A satisfies P and is the largest subset
of X which does so. Now define

C=f(A),D=Y\C, B=X\A.

It only remains to verify that g (D) = B.

Suppose z € B = X \ A. Then A U {z} does not satisfy P and so there exists y €
Y\ f(AU{x}) C D such that g(y) € AU{x}. But y ¢ f (A) and so since A satisfies P, it
follows g (y) ¢ A. Hence g (y) = x and so x € g (D) and this proves the theorem.

Theorem 2.1.3 (Schroder Bernstein) If f : X =Y and g: Y — X are one to one,
then there exists h : X — Y which is one to one and onto.
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Proof: Let A, B,C, D be the sets of Theorem2.1.2 and define

fl@) ifzeA
h(x):{ g l(z)ifreB

Then h is the desired one to one and onto mapping.
Recall that the Cartesian product may be considered as the collection of choice functions.

Definition 2.1.4 Let I be a set and let X, be a set for each i € I. f is a choice
function written as
fe HXi

iel

if f (i) € X; for each i€ 1.

The axiom of choice says that if X; # ) for each i € I, for I a set, then

iel

Sometimes the two functions, f and g are onto but not one to one. It turns out that
with the axiom of choice, a similar conclusion to the above may be obtained.

Corollary 2.1.5 If f : X — Y is onto and g : Y — X is onto, then there exists
h: X — Y which is one to one and onto.

Proof: Foreachy € Y, f~1(y) ={z € X : f (z) = y} # 0. Therefore, by the axiom of
choice, there exists f; ' € [Ley f~!(y) which is the same as saying that for each y € Y,
fot(y) € £~ (y). Similarly, there exists g5 ' (z) € 9! (z) for all z € X. Then f;! is one
to one because if f; ' (y1) = fo ' (y2), then

y1=f (f(;l (y1)) = f (f(fl (y2)) = v2.

Similarly go !'is one to one. Therefore, by the Schroder Bernstein theorem, there exists
h : X — Y which is one to one and onto.

Definition 2.1.6 4 set S, is finite if there exists a natural number n and a map 0
which maps {1,---,n} one to one and onto S. S is infinite if it is not finite. A set S, is
called countable if there exists a map 6 mapping N one to one and onto S.(When 6 maps a
set A to a set B, this will be written as 6 : A — B in the future.) Here N={1,2,---}, the
natural numbers. S is at most countable if there exists a map 0 : N —S which is onto.

The property of being at most countable is often referred to as being countable because
the question of interest is normally whether one can list all elements of the set, designating
a first, second, third etc. in such a way as to give each element of the set a natural number.
The possibility that a single element of the set may be counted more than once is often not
important.

Theorem 2.1.7 If X andY are both at most countable, then X XY is also at most
countable. If either X orY is countable, then X X Y is also countable.
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Proof: It is given that there exists a mapping 1 : N — X which is onto. Define 7 (i) = z;
and consider X as the set {x1, 22, x5, - -}. Similarly, consider Y as the set {y1,y2,y3, -}
It follows the elements of X x Y are included in the following rectangular array.

(x1,11) (z1,92) (x1,y3) --- <« Those which have x; in first slot.
(x2,11) (w2,y2) (x2,y3) --- <« Those which have x4 in first slot.
(x3,91) (23,y2) (23,y3) -+ <« Those which have x3 in first slot. -

Follow a path through this array as follows.

(z1,11) — (21,92) (1,y3) —
e /
(z2,91) (w2,92)
! /!
(w3,91)

Thus the first element of X x Y is (x1,y1), the second element of X x Y is (21, y2), the third
element of X x Y is (x2,y1) etc. This assigns a number from N to each element of X x Y.
Thus X x Y is at most countable.

It remains to show the last claim. Suppose without loss of generality that X is countable.
Then there exists « : N — X which is one to one and onto. Let 3 : X x Y — N be defined
by B((x,y)) = a~!(x). Thus 3 is onto N. By the first part there exists a function from
N onto X x Y. Therefore, by Corollary 2.1.5, there exists a one to one and onto mapping
from X X Y to N. This proves the theorem.

Theorem 2.1.8 If X andY are at most countable, then X UY is at most countable.
If either X or'Y are countable, then X UY is countable.

Proof: As in the preceding theorem,
X - {.’E1,$27ZL’3, t }

and
Y= {ylay27y37 T } .
Consider the following array consisting of X UY and path through it.

X1 — X9 r3 —
/ /
Y — Y2

Thus the first element of X UY is x1, the second is x5 the third is y; the fourth is ys etc.

Consider the second claim. By the first part, there is a map from N onto X xY. Suppose
without loss of generality that X is countable and « : N — X is one to one and onto. Then
define 3 (y) =1, for all y € Y,and 8 (x) = o~ ! (z). Thus, 8 maps X x Y onto N and this
shows there exist two onto maps, one mapping X UY onto N and the other mapping N onto
X UY. Then Corollary 2.1.5 yields the conclusion. This proves the theorem.

2.1.3 Equivalence Relations

There are many ways to compare elements of a set other than to say two elements are equal
or the same. For example, in the set of people let two people be equivalent if they have the
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same weight. This would not be saying they were the same person, just that they weighed
the same. Often such relations involve considering one characteristic of the elements of a
set and then saying the two elements are equivalent if they are the same as far as the given
characteristic is concerned.

Definition 2.1.9 Iet S be a set. ~ is an equivalence relation on S if it satisfies the
following azioms.

1. x~x forallzeS. (Reflexive)
2. If x ~y then y ~ x. (Symmetric)
3. Ifx ~y and y ~ z, then x ~ z. (Transitive)

Definition 2.1.10 [x] denotes the set of all elements of S which are equivalent to
x and [x] is called the equivalence class determined by x or just the equivalence class of x.

With the above definition one can prove the following simple theorem.

Theorem 2.1.11 Let~ be an equivalence class defined on a set, S and let H denote
the set of equivalence classes. Then if [x] and [y] are two of these equivalence classes, either
x ~y and [z] = [y] or it is not true that x ~y and [z] N [y] = 0.

2.2 limsup and liminf

It is assumed in all that is done that R is complete. There are two ways to describe
completeness of R. One is to say that every bounded set has a least upper bound and a
greatest lower bound. The other is to say that every Cauchy sequence converges. These two
equivalent notions of completeness will be taken as given.

The symbol, F will mean either R or C.

Definition 2.2.1 rorAa nonempty set of real numbers, sup A is defined as the least
upper bound in case A is bounded above and equals co if A is not bounded above. Similarly
inf A is defined to equal the greatest lower bound in case A is bounded below and equals —oo
in case A is not bounded below.

Sometimes the limit of a sequence does not exist. For example, if a, = (—1)", then
lim,, .~ a, does not exist. This is because the terms of the sequence are a distance of 1
apart. Therefore there can’t exist a single number such that all the terms of the sequence
are ultimately within 1/4 of that number. The nice thing about limsup and liminf is that
they always exist. First here is a simple lemma and definition.

Definition 2.2.2 Denote by [—o0, 0] the real line along with symbols co and —oo.
It is understood that oo is larger than every real number and —oco is smaller than every real
number. Then if {A,} is an increasing sequence of points of [—o00,00], lim,, o A, equals
oo if the only upper bound of the set {A,} is co. If {A,} is bounded above by a real number,
then lim,, o A, is defined in the usual way and equals the least upper bound of {A,}. If
{A,} is a decreasing sequence of points of [—o00,00], limy, o A, equals —oo if the only
lower bound of the sequence {Ay} is —oo. If {A,} is bounded below by a real number, then
lim,, o A, is defined in the usual way and equals the greatest lower bound of {Ay,}. More
simply, if {An} is increasing,

nh_)rrgo A, =sup{A4,}
and if {A,} is decreasing then

lim A, =inf{A,}.

n—oo
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Lemma 2.2.3 Let {a,} be a sequence of real numbers and let U, = sup{ay : k > n}.
Then {U,} is a decreasing sequence. Also if L,, = inf {ay : k > n}, then {L,} is an increas-
ing sequence. Therefore, lim, oo L, and lim,, .., U, both exist.

Proof: Let W,, be an upper bound for {aj : k > n}. Then since these sets are getting
smaller, it follows that for m < n, W, is an upper bound for {aj : k > n}. In particular if
Wi, = Up, then U, is an upper bound for {aj : k > n} and so U,, is at least as large as
U,, the least upper bound for {ay : £ > n}. The claim that {L,} is decreasing is similar.
This proves the lemma.

From the lemma, the following definition makes sense.

Definition 2.2.4 ret {an} be any sequence of points of [—00, 0]

lim sup a, = lim sup{ay: k > n}
n— 00 n— o0

lim inf a, = lim inf{ay : k > n}.

n—oo

Theorem 2.2.5 Suppose {an} is a sequence of real numbers and that lim sup,,_, . ap,
and liminf, .. a, are both real numbers. Thenlim,, ... a, exists if and only if iminf,, .. a, =
limsup,,_, . an and in this case,

lim a, =lim inf a, =lim sup a,.

n— oo n— oo n—00
Proof: First note that
sup{ay : k > n} > inf {ay : k > n}

and so from Theorem 4.1.7,

lim sup a, = lim sup{ay:k>n}
n— oo n—0oo
> lim inf{a;: k > n}
n—oo
= lim inf a,.
n—oo

Suppose first that lim,_, a, exists and is a real number. Then by Theorem 4.4.3| {a,} is
a Cauchy sequence. Therefore, if € > 0 is given, there exists IV such that if m,n > N, then

lan — am| < /3.
From the definition of sup {ay : k > N}, there exists n; > N such that
sup{ar : k> N} < ay,, +¢/3.
Similarly, there exists no > N such that
inf{ax : k> N} > an, — /3.
It follows that

2
sup{ak:kzN}—inf{ak:kZN}g|an1_an2|+§<5.

Since the sequence, {sup {ay : k > N}}%_, is decreasing and {inf {aj : k > N}}3_, is in-
creasing, it follows from Theorem 4.1.7

OSJ\;im Sup{ak:kZN}—Nlim inf{ar : k> N} <e
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Since € is arbitrary, this shows
Nlim sup{ak:kzN}:A}im inf {ay : k > N} (2.1)

Next suppose 2.1. Then
Nlim (sup{ar : k> N} —inf{ar : k> N}) =0

Since sup {ay : k > N} > inf {ay : k > N} it follows that for every e > 0, there exists N
such that
sup{ar : k> N} —inf{ap: k> N} <e¢

Thus if m,n > N, then
|am — an| < €

which means {a,} is a Cauchy sequence. Since R is complete, it follows that lim,, . a, = a
exists. By the squeezing theorem, it follows

a =lim inf a, =lim sup a,

n— o0 n—00

and this proves the theorem.
With the above theorem, here is how to define the limit of a sequence of points in
[—00, 00].

Definition 2.2.6 Let {a,} be a sequence of points of [—oo0,00|. Then lim, . an
exists exactly when
lim inf a, =lim sup a,
n—00 n— 00
and in this case

lim a, =lim inf a, =lim sup a,.
n— o0 n— o0 Nn—o0o

The significance of lim sup and lim inf, in addition to what was just discussed, is contained
in the following theorem which follows quickly from the definition.

Theorem 2.2.7 Suppose {a,} is a sequence of points of [—00,00]. Let

A =lim sup a,.

n—oo

Then if b > X, it follows there exists N such that whenever n > N,
a, <b.
If ¢ < X, then a,, > c for infinitely many values of n. Let
v = lim nlilgo G-
Then if d < vy, it follows there exists N such that whenever n > N,
a, > d.

If e >, it follows a,, < e for infinitely many values of n.

The proof of this theorem is left as an exercise for you. It follows directly from the defi-
nition and it is the sort of thing you must do yourself. Here is one other simple proposition.
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Proposition 2.2.8 Letlim, .o a, =a > 0. Then

lim sup a,b, = alim sup b,.

n—oo n—oo

Proof: This follows from the definition. Let A, = sup {axbi : K > n}. For all n large
enough, a,, > a — € where ¢ is small enough that a — ¢ > 0. Therefore,

An > sup{by : k >n}(a—e)

for all n large enough. Then

lim sup a,b, = lim A, =lim sup a,b,
> lim (sup{by: k>n}(a—c¢))

= (a—¢)lim sup b,

n—oo

Similar reasoning shows

lim sup apb, < (a+¢)lim sup b,

n—oo n—oo

Now since € > 0 is arbitrary, the conclusion follows.

2.3 Double Series

Sometimes it is required to consider double series which are of the form

(o) oo e} o0
D = | 2
k=m j=m k=m \j=m

In other words, first sum on j yielding something which depends on k£ and then sum these.
The major consideration for these double series is the question of when

o0 o0 o0 oo
DD k=D ) am
k=m j=m j=mk=m

In other words, when does it make no difference which subscript is summed over first? In
the case of finite sums there is no issue here. You can always write

M N N M
DD k=D Y
k=m j=m j=m k=m

because addition is commutative. However, there are limits involved with infinite sums and
the interchange in order of summation involves taking limits in a different order. Therefore,
it is not always true that it is permissible to interchange the two sums. A general rule of
thumb is this: If something involves changing the order in which two limits are taken, you
may not do it without agonizing over the question. In general, limits foul up algebra and
also introduce things which are counter intuitive. Here is an example. This example is a
little technical. It is placed here just to prove conclusively there is a question which needs
to be considered.
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Example 2.3.1 Consider the following picture which depicts some of the ordered pairs
(m,n) where m,n are positive integers.

0. 0 0. 0 0 Ce 0. -Ce
0 0o 0 0 Ce 0 -Ce 0o
0 0 0, Ce 0 -Co 0 0
0. 0 Ce 0 -Ce 0, 0 0
0 Ce 0 -Ce 0o 0 0 0
be 0 -Co 0 0 0 0 0
0 G 0. 0. 0 0, 0 0

The numbers next to the point are the values of apy,. You see an, = 0 for alln, as; =
a,a12 = b, amp = ¢ for (m,n) on the line y = 1+ & whenever m > 1, and a,n, = —c for all
(m,n) on the line y = x — 1 whenever m > 2.

Then > ° ampn=aifn=1,% " am,=b—cifn=2andifn >2,> " | am, =0.
Therefore,

o0 oo
E Gmn =0 +b—c
n=1m=1

Next observe that Y07 | apmy =bifm=1,>"" amn =a+cif m=2,and Y oo | amp =0

if m > 2. Therefore,
Yt =brarte
n=1

m=1

and so the two sums are different. Moreover, you can see that by assigning different values
of a,b, and ¢, you can get an example for any two different numbers desired.

It turns out that if a;; > 0 for all 7,7, then you can always interchange the order of
summation. This is shown next and is based on the following lemma. First, some notation
should be discussed.

Definition 2.3.2 Let f(a,b) € [~00,00] for a € A and b € B where A, B are sets
which means that f (a,b) is either a number, oo, or —oco. The symbol, +oo is interpreted
as a point out at the end of the number line which is larger than every real number. Of
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course there is no such number. That is why it is called 0o. The symbol, —oo is interpreted
similarly. Then sup,c 4 f (a,b) means sup (Sy) where Sy = {f (a,b) :a € A}.

Unlike limits, you can take the sup in different orders.
Lemma 2.3.3 Let f(a,b) € [—00,] for a € A and b € B where A, B are sets. Then

sup sup f (a,b) = supsup f (a,b) .
acAbeB beBacA

Proof: Note that for all a,b, f(a,b) < supycpsup,ca f (a,b) and therefore, for all a,
supyep f (a,b) < supycpsup,ca f(a,b). Therefore,

sup sup f (a,b) < supsup f (a,b).
acAbeB beEB acA

Repeat the same argument interchanging a and b, to get the conclusion of the lemma.
Lemma 2.3.4 If {A,} is an increasing sequence in [—oo, 0], then
sup {A,} = lim A,.
n—oo

Proof: Let sup ({4, : n € N}) = r. In the first case, suppose r < co. Then letting € > 0
be given, there exists n such that A, € (r —e,r]. Since {A,} is increasing, it follows if
m>mn,thenr —e < A, < A,, <r and so lim,_ . A, = r as claimed. In the case where
r = 00, then if a is a real number, there exists n such that A,, > a. Since {A} is increasing,
it follows that if m > n, A,, > a. But this is what is meant by lim,,_.., A;, = co. The other
case is that r = —oo. But in this case, A,, = —oo for all n and so lim,,_,, 4, = —cc.

Theorem 2.3.5 ILet ai;; > 0. Then

i=1 j=1 j=1i=1

Proof: First note there is no trouble in defining these sums because the a;; are all
nonnegative. If a sum diverges, it only diverges to co and so oo is the value of the sum.
Next note that

oo

o0 oo n
ZZCLU ZsupZZaZj
n

Jj=r i=r Jj=r i=r

because for all j,
o0 n
PLTED I
i=r i=r

Therefore,

oo oo n m n
Z Zaij > sgpz Zaij = Slip n}i_r)nooz Zaij

Jj=r i=r Jj=r i=r Jj=r i=r

n m n m
= sup lim E E aij :supg lim g Qij
n M—00 n m—o0o 4
i=r j=r

i=r j=r
n oo n oo oo oo
= sup E E a;; = lim E E a;j = E E aij
1=r j=r i=r j=r 1=r j=r

Interchanging the ¢ and j in the above argument proves the theorem.



Basic Linear Algebra

All the topics for calculus of one variable generalize to calculus of any number of variables
in which the functions can have values in m dimensional space and there is more than one
variable.

The notation, C™ refers to the collection of ordered lists of n complex numbers. Since
every real number is also a complex number, this simply generalizes the usual notion of
R"”, the collection of all ordered lists of n real numbers. In order to avoid worrying about
whether it is real or complex numbers which are being referred to, the symbol F will be
used. If it is not clear, always pick C.

Definition 3.0.6 Define
F*" ={(z1, -, xn) :x; €F forj=1,---,n}.
(1, xn) = (Y1, -, yn) if and only if for all j =1,---,n, x; =y;. When
(1, x,) € F",

it is conventional to denote (x1,- - -, xy) by the single bold face letter, x. The numbers, x;
are called the coordinates. The set

{(Oa"'70at507""0):tEF}

for t in the it" slot is called the it" coordinate axis. The point 0 = (0,---,0) is called the
origin.

Thus (1,2,44) € F3 and (2,1,44) € F3 but (1,2,4i) # (2, 1,44) because, even though the
same numbers are involved, they don’t match up. In particular, the first entries are not
equal.

The geometric significance of R™ for n < 3 has been encountered already in calculus or
in precalculus. Here is a short review. First consider the case when n = 1. Then from the
definition, R! = R. Recall that R is identified with the points of a line. Look at the number
line again. Observe that this amounts to identifying a point on this line with a real number.
In other words a real number determines where you are on this line. Now suppose n = 2
and consider two lines which intersect each other at right angles as shown in the following
picture.

21
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Notice how you can identify a point shown in the plane with the ordered pair, (2,6).
You go to the right a distance of 2 and then up a distance of 6. Similarly, you can identify
another point in the plane with the ordered pair (—8,3). Go to the left a distance of 8 and
then up a distance of 3. The reason you go to the left is that there is a — sign on the eight.
From this reasoning, every ordered pair determines a unique point in the plane. Conversely,
taking a point in the plane, you could draw two lines through the point, one vertical and the
other horizontal and determine unique points, x; on the horizontal line in the above picture
and x5 on the vertical line in the above picture, such that the point of interest is identified
with the ordered pair, (z1,22). In short, points in the plane can be identified with ordered
pairs similar to the way that points on the real line are identified with real numbers. Now
suppose n = 3. As just explained, the first two coordinates determine a point in a plane.
Letting the third component determine how far up or down you go, depending on whether
this number is positive or negative, this determines a point in space. Thus, (1,4, —5) would
mean to determine the point in the plane that goes with (1,4) and then to go below this
plane a distance of 5 to obtain a unique point in space. You see that the ordered triples
correspond to points in space just as the ordered pairs correspond to points in a plane and
single real numbers correspond to points on a line.

You can’t stop here and say that you are only interested in n < 3. What if you were
interested in the motion of two objects? You would need three coordinates to describe
where the first object is and you would need another three coordinates to describe where
the other object is located. Therefore, you would need to be considering R®. If the two
objects moved around, you would need a time coordinate as well. As another example,
consider a hot object which is cooling and suppose you want the temperature of this object.
How many coordinates would be needed? You would need one for the temperature, three
for the position of the point in the object and one more for the time. Thus you would need
to be considering R®. Many other examples can be given. Sometimes n is very large. This
is often the case in applications to business when they are trying to maximize profit subject
to constraints. It also occurs in numerical analysis when people try to solve hard problems
on a computer.

There are other ways to identify points in space with three numbers but the one presented
is the most basic. In this case, the coordinates are known as Cartesian coordinates after
Descartes! who invented this idea in the first half of the seventeenth century. I will often
not bother to draw a distinction between the point in n dimensional space and its Cartesian
coordinates.

The geometric significance of C™ for n > 1 is not available because each copy of C
corresponds to the plane or R2.

1René Descartes 1596-1650 is often credited with inventing analytic geometry although it seems the ideas
were actually known much earlier. He was interested in many different subjects, physiology, chemistry, and
physics being some of them. He also wrote a large book in which he tried to explain the book of Genesis
scientifically. Descartes ended up dying in Sweden.
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3.1 Algebra in ", Vector Spaces

There are two algebraic operations done with elements of F”. One is addition and the other
is multiplication by numbers, called scalars. In the case of C™ the scalars are complex
numbers while in the case of R™ the only allowed scalars are real numbers. Thus, the scalars
always come from F in either case.

Definition 3.1.1 If x €e F" and a € F, also called a scalar, then ax € F" is defined

by
ax =a(x1, -+, Tpn) = (a1, -, azy,) . (3.1)

This is known as scalar multiplication. If x,y € F" then x +y € F" and is defined by
X+y= (xla' : '7zn) + (yla' ! 7yn)
=(@14+y1, 5 Tn+Yn) (3.2)
the points in F™ are also referred to as vectors.

With this definition, the algebraic properties satisfy the conclusions of the following
theorem. These conclusions are called the vector space axioms. Any time you have a set
and a field of scalars satisfying the axioms of the following theorem, it is called a vector
space.

Theorem 3.1.2 For v,w € F" and a, B scalars, (real numbers), the following hold.

V+W=w+V, (3:3)
the commutative law of addition,
(v+w)+z=v+(w+12), (3.4)
the associative law for addition,
v+0=v, (3.5)
the existence of an additive identity,
v+ (—=v) =0, (3.6)

the existence of an additive inverse, Also

a(v+w) =avtaw, (3.7
(o + B) v =av+pv, (3.8)
a(pv) =af(v), (3.9)
lv=wv. (3.10)

In the above 0 = (0,- - -,0).

You should verify these properties all hold. For example, consider 3.7

a(v+w)=a(vy+wy, v, +wy)
= (a(vi +wi), - a (v +wn))
= (avy + awy, - - -, av, + awy,)
= (v, -, avy) + (qwy, - - -, qwy,)
= av + aw.

As usual subtraction is defined as x —y = x+ (-y).
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3.2 Subspaces Spans And Bases
The concept of linear combination is fundamental in all of linear algebra.

Definition 3.2.1 ret {x1,---,x,} be vectors in a vector space, Y having the field
of scalars F. A linear combination is any expression of the form

p
E CiX;
i=1

where the c; are scalars. The set of all linear combinations of these wvectors is called
span (X1, Xp). If V.CY, then V is called a subspace if whenever a, 3 are scalars and u
and v are vectors of V, it follows au+ v € V. That is, it is “closed under the algebraic
operations of vector addition and scalar multiplication” and is therefore, a vector space. A
linear combination of vectors is said to be trivial if all the scalars in the linear combination
equal zero. A set of vectors is said to be linearly independent if the only linear combina-
tion of these vectors which equals the zero vector is the trivial linear combination. Thus

{xX1," -, Xn} is called linearly independent if whenever
P

Z CLXE = 0

k=1
it follows that all the scalars, cx equal zero. A set of vectors, {x1,---,Xp}, is called linearly
dependent if it is not linearly independent. Thus the set of vectors is linearly dependent if
there exist scalars, ¢;,i =1,---,n, not all zero such that Y % _, c;x) = 0.
Lemma 3.2.2 A set of vectors {x1,- -, x,} is linearly independent if and only if none

of the vectors can be obtained as a linear combination of the others.

Proof: Suppose first that {x1,- - -,x,} is linearly independent. If

X = E CiXj,

J#k

then
0=1x + Z (—¢j) x5,

7k
a nontrivial linear combination, contrary to assumption. This shows that if the set is linearly
independent, then none of the vectors is a linear combination of the others.

Now suppose no vector is a linear combination of the others. Is {xi,---,x,} linearly

independent? If it is not, there exist scalars, ¢;, not all zero such that

P
Z CiX; = 0.
i=1

Say ¢ # 0. Then you can solve for xj, as

xp =Y (—¢)) Jerx;

ik

contrary to assumption. This proves the lemma.
The following is called the exchange theorem.
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Theorem 3.2.3 Let {x1, -, %} be a linearly independent set of vectors such that
each x; is in the span{yy,---,ys}. Then r < s.

Proof: Define span {yi,---,ys} =V, it follows there exist scalars, ¢1, - - -, ¢s such that

X1 = Zciyi. (311)
i=1

Not all of these scalars can equal zero because if this were the case, it would follow that
x1 = 0 and so {x1,---,%,} would not be linearly independent. Indeed, if x; = 0, 1x; +
Y5 0x; = x1 = 0 and so there would exist a nontrivial linear combination of the vectors
{x1," -+, %x,} which equals zero.

Say ¢, # 0. Then solve (3.11) for yj and obtain

s-1 vectors here

Ye €span | X1, Y1, 3 Yk—1, Yk+1," " 5 Ys

Define {z1,---,25-1} by

{zla t '7Zs—1} = {Y1a S YE—1,Yk+1s '7y$}

Therefore, span {x1,21,- -+, 2Zs—1} = V because if v € V] there exist constants ¢y, - -, ¢s such
that
s—1
vV = Zcizi + CsYk-
i=1
Now replace the yy in the above with a linear combination of the vectors, {x1,21, -, 251}
to obtain v € span {x1,21,- - +,Zs—1}. The vector yy, in the list {y1, -+, ¥s}, has now been

replaced with the vector x; and the resulting modified list of vectors has the same span as
the original list of vectors, {y1,- -, ¥s}-

Now suppose that r > s and that span{xi,---,%;,21,---,2,} = V where the vectors,
Z1,- - -, 2, are each taken from the set, {y1,---,¥s} and I + p = s. This has now been done
for I = 1 above. Then since r > s, it follows that [ < s < r and so [ + 1 < r. Therefore,
X;41 18 a vector not in the list, {x1,- - -,x;} and since span {x1,- - -, Xy, 21, - -,2p} = V there
exist scalars, ¢; and d; such that

l p
Xi+1 = ZCiXi + Z dej. (312)
i=1 J=1

Now not all the d; can equal zero because if this were so, it would follow that {x1,---,x,}
would be a linearly dependent set because one of the vectors would equal a linear combination
of the others. Therefore, (3.12) can be solved for one of the z;, say zg, in terms of x;11 and
the other z; and just as in the above argument, replace that z; with x;;; to obtain

p-1 vectors here

span x17"'Xl7xl+17zlv'"zk717Zk+17"'7zp :V

Continue this way, eventually obtaining
span (xi,- -, Xg) = V.

But then x, € span{xj,---,Xs} contrary to the assumption that {xi,---,x,} is linearly
independent. Therefore, r < s as claimed.
Here is another proof in case you didn’t like the above proof.
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Theorem 3.2.4 1f

v

span (ug, - - -, u,) C span (vy,- -+, V)
and {uy,---,u.} are linearly independent, then r < s.

Proof: Suppose r > s. Let E,, denote a finite list of vectors of {vi,-- -, v,} and let |E,|
denote the number of vectors in the list. Let F), denote the first p vectors in {uy,-- -, u,}.
In case p = 0, F}, will denote the empty set. For 0 < p < s, let E, have the property

span (F,, E,) =V

and |E,| is as small as possible for this to happen. I claim |E,| < s — p if E, is nonempty.
Here is why. For p = 0, it is obvious. Suppose true for some p < s. Then

Uyt € span (F, E,)

and so there are constants, ¢i,- -+, ¢, and dy, - - -, dp, where m < s — p such that

P m
Uyt = E c;u; + E diZ]‘
i=1 j=1

for
{zla' ' '7Zm} g {V17‘ : 'avS}'

Then not all the d; can equal zero because this would violate the linear independence of
the {uy,---,u,}. Therefore, you can solve for one of the z; as a linear combination of
{ui, -+, upy1} and the other z;. Thus you can change F), to F,11 and include one fewer
vector in E,. Thus |Ep;1] <m —1<s—p—1. This proves the claim.
Therefore, F; is empty and span (ug, - - -, us) = V. However, this gives a contradiction
because it would require
Ust1 € span (ug, - -, uy)

which violates the linear independence of these vectors. This proves the theorem.

Definition 3.2.5 4 finite set of vectors, {x1, -+, X} is a basis for a vector space
V if

span (X1, X,) =V

and {x1,- - -, X} is linearly independent. Thus if v € V there exist unique scalars, vy, -+, vy
such that v =>""_, v;x;. These scalars are called the components of v with respect to the
basis {x1, -+, X, }.

Corollary 3.2.6 Let {x;, -, x,} and {y1,- -, ys} be two bases? of F*. Thenr = s = n.

Proof: From the exchange theorem, r < s and s < r. Now note the vectors,

1 is in the i*" slot

ei:(ov"'707170'“’0)

for i =1,2,---,n are a basis for F. This proves the corollary.

2This is the plural form of basis. We could say basiss but it would involve an inordinate amount of
hissing as in “The sixth shiek’s sixth sheep is sick”. This is the reason that bases is used instead of basiss.
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Lemma 3.2.7 Let {vy,---,v,} be a set of vectors. Then V = span(vy,---,Vv,) is a
subspace.

Proof: Suppose «a, 8 are two scalars and let 271;:1 kv and Z;zl di vy are two elements

of V. What about . .
o Z kv + 0 Z dpvy?
k=1 k=1

Is it also in V7

achvk +ﬂdevk = Z(ack —|—6dk)vk eV
k=1 k=1

k=1
so the answer is yes. This proves the lemma.

Definition 3.2.8 Let V be a vector space. Then dim (V) read as the dimension of
V' is the number of vectors in a basis.

Of course you should wonder right now whether an arbitrary subspace of a finite dimen-
sional vector space even has a basis. In fact it does and this is in the next theorem. First,
here is an interesting lemma.

Lemma 3.2.9 Suppose v ¢ span (uy,- - -, u;) and {uy,- -, ug} is linearly independent.
Then {uy,- - -, ug, v} is also linearly independent.

Proof: Suppose Zle c;u; + dv = 0. It is required to verify that each ¢; = 0 and
that d = 0. But if d # 0, then you can solve for v as a linear combination of the vectors,

{uh. . ‘;uk}; .
S NOE

i=1

contrary to assumption. Therefore, d = 0. But then Zle c;u; = 0 and the linear indepen-
dence of {uy,- - -,u} implies each ¢; = 0 also. This proves the lemma.

Theorem 3.2.10 LetV be a nonzero subspace of Y a finite dimensional vector space
having dimension n. Then V has a basis.

Proof: Let vi € V where vi # 0. If span{vi} = V| stop. {vi} is a basis for V.
Otherwise, there exists vo € V which is not in span{v;}. By Lemma 3.2.9 {v;,vs2} is a
linearly independent set of vectors. If span{vy,vao} = V stop, {vi,va} is a basis for V. If
span{vy,va} # V, then there exists vs ¢ span {vy,va} and {vy,va,v3} is a larger linearly
independent set of vectors. Continuing this way, the process must stop before n + 1 steps
because if not, it would be possible to obtain n + 1 linearly independent vectors contrary to
the exchange theorem and the assumed dimension of Y. This proves the theorem.

In words the following corollary states that any linearly independent set of vectors can
be enlarged to form a basis.

Corollary 3.2.11 Let V be a subspace of Y, a finite dimensional vector space of dimen-

sion n and let {vi,---,v,.} be a linearly independent set of vectors in V. Then either it
is a basis for V or there exist vectors, Vyi1,- -+, Vs such that {vi, -,V Vi1, -+, Vs} 1S a
basis for V.

Proof: This follows immediately from the proof of Theorem 3.2.10. You do exactly the
same argument except you start with {vy,- -, v, } rather than {v}.
It is also true that any spanning set of vectors can be restricted to obtain a basis.
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Theorem 3.2.12 Let V be a subspace of Y, a finite dimensional vector space of
dimension n and suppose span(uy - --,u,) = V where the u; are nonzero vectors. Then
there exist vectors, {vy---,v,} such that {vy--,v,} C {uy--,up} and {vy--,v,.} is a
basis for V.

Proof: Let r be the smallest positive integer with the property that for some set,

{Vl . “aV’I"} g {ul . ..’up}’
span (vy - -+, v,) = V.

Then r < p and it must be the case that {v; - -+, v,.} is linearly independent because if it
were not so, one of the vectors, say v would be a linear combination of the others. But
then you could delete this vector from {v; ---,v,.} and the resulting list of r — 1 vectors
would still span V' contrary to the definition of r. This proves the theorem.

3.3 Linear Transformations

In calculus of many variables one studies functions of many variables and what is meant by
their derivatives or integrals, etc. The simplest kind of function of many variables is a linear
transformation. You have to begin with the simple things if you expect to make sense of
the harder things. The following is the definition of a linear transformation.

Definition 3.3.1 Let V and W be two finite dimensional vector spaces. A function,
L which maps V to W is called a linear transformation and written as L € L (V,W) if for
all scalars o and (3, and vectors v, w,

L(av+pw) =alL (v)+ L (w).

An example of a linear transformation is familiar matrix multiplication, familiar if you
have had a linear algebra course. Let A = (a;;) be an m x n matrix. Then an example of a
linear transformation L : F™ — F™ is given by

(Lv), = Z a;jv;.
j=1

Here
U1

In the general case, the space of linear transformations is itself a vector space. This will
be discussed next.

Definition 3.3.2 Given L,M € L(V,W) define a new element of L (V, W), denoted
by L + M according to the rule

(L+M)v=Lv+ Mv.
For « a scalar and L € L (V,W), define aL € L (V,W) by
al(v)=a(Lv).

You should verify that all the axioms of a vector space hold for £ (V,W) with the
above definitions of vector addition and scalar multiplication. What about the dimension
of L(V,W)?

Before answering this question, here is a lemma.
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Lemma 3.3.3 Let V and W be vector spaces and suppose {v1,- -+, vp} is a basis for V.
Then if L:V — W is given by Lvi, = wi € W and

n n n
L (Z akvk> = Zakka = Zakwk
k=1 k=1 k=1
then L is well defined and is in L(V,W). Also, if L, M are two linear transformations such

that Lvy, = Mvy, for all k, then M = L.

Proof: L is well defined on V' because, since {vy,---,v,} is a basis, there is exactly one
way to write a given vector of V' as a linear combination. Next, observe that L is obviously
linear from the definition. If L, M are equal on the basis, then if >_,'_, ayvy is an arbitrary
vector of V,

L (i akvk> = iakka

k=1 k=1
iakMVk =M (i akvk>
k=1 k=1

and so L = M because they give the same result for every vector in V.
The message is that when you define a linear transformation, it suffices to tell what it
does to a basis.

Definition 3.3.4 The symbol, 0;; is defined as 1 if i = j and 0 if i # j.

Theorem 3.3.5 Let V and W be finite dimensional vector spaces of dimension n
and m respectively Then dim (£ (V,W)) = mn.

Proof: Let two sets of bases be
{Vla t '7Vn} and {Wla t '7Wm}

for V' and W respectively. Using Lemma [3.3.3, let w;v; € £ (V, W) be the linear transfor-
mation defined on the basis, {v1,- -, v,}, by

wivi (V) = widji.

Note that to define these special linear transformations, sometimes called dyadics, it is
necessary that {vy,-,v,} be a basis since their definition requires giving the values of the
linear transformation on a basis.

Let L € £L(V,W). Since {w1,- - -, Wy, } is a basis, there exist constants d;, such that

m
LVTZ E derj
Jj=1

Then from the above,

m n

Lv, = Z djrw; = Z Z djrOprw; = Z Z djrw;vi (vy)
j=1

j=1k=1 j=1k=1

which shows
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because the two linear transformations agree on a basis. Since L is arbitrary this shows

{wivk:i:L...’m, k:17...’n}

spans L (V, W).

If
> digwivi, =0,
ik
then
m
0= duwivi (vi) = dyw;
ik i=1
and so, since {wy, -, W, } is a basis, d;; = 0 for each i = 1,---,m. Since [ is arbitrary, this

shows d;; = 0 for all ¢ and [. Thus these linear transformations form a basis and this shows
the dimension of £ (V, W) is mn as claimed.

Definition 3.3.6 ret V., W be finite dimensional vector spaces such that a basis for
V is
{Vla Y vn}

and a basis for W is

{Wl, t '7Wm}'

Then as explained in Theorem [3.3.5, for L € L(V,W), there exist scalars l;; such that
L= Z lijWiVj
ij

Consider a rectangular array of scalars such that the entry in the it" row and the j*" column
18 lij;

lll 112 e lln
121 122 e lQn
lml lm2 o lmn

This is called the matrix of the linear transformation with respect to the two bases. This
will typically be denoted by (l;;) . It is called a matriz and in this case the matric is m X n
because it has m rows and n columns.

Theorem 3.3.7 LetLer (V,W) and let (I;;) be the matriz of L with respect to the
two bases,

{V17 t '7vn} and {le c ',Wm}.

of V. and W respectively. Then for v € V having components (x1,- - -, x,) with respect to
the basis {vy,- -+, vp}, the components of Lv with respect to the basis {w1,- -+, W, } are

DUITEITEREN) S AT
j i
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Proof: From the definition of 5,

Lv = Zlijwivj (v) = Zlijwivj (Z :Ckvk>
ij ij k
= Zlijwivj (Vk) T = Zlijwiéjkxk = Z Zlijxj Wi
J

ijk ijk i
and this proves the theorem.

Theorem 3.3.8 Let (V,{v1,---,vn}), (U, {uy,- - upn}), (W, {w1,- -, w,}) be three
vector spaces along with bases for each one. Let L € L(V,U) and M € L(U,W). Then
ML e L(V,W) and if (c;j) is the matriz of M L with respect to {v1,---,vp} and {wq, -, w,}
and (1;;) and (m;;) are the matrices of L and M respectively with respect to the given bases,

then
m
Crj = E mrslsj.
s=1

Proof: First note that from the definition,
(wiuy) (upvy) (Vi) = (Winj) updy = widjxdsr

and
w;vidjk (Ve) = Wid k01
which shows
(wiuy) (upvy) = wividji, (3.13)

Therefore,

ML

(E mrswrus> E lijuivj
TS i

= Zmrslij (Wrus) (uivj) = Z mrslijwrvjdis

rsij rsij
= E Myl jWpV; = E ( E mmlsj> W, V;
rsj rj s

and this proves the theorem.
The relation [3.13] is a very important cancellation property which is used later as well
as in this theorem.

Theorem 3.3.9 Suppose (V,{v1,- -, vp}) is a vector space and a basis and (V, {v/, - -
is the same vector space with a different basis. Suppose L € L(V, V). Let (I;;) be the matriz
of L taken with respect to {vy,---,v,} and let (l;j) be the n X n matriz of L taken with
respect to {vY,- -, v } That is,

L= Z lijvivju L= Z l,/r‘SV;V/S.
ij s
Then there exist n x n matrices (d;;) and (dgj) satisfying

> dijdly, = i
J

.’V;’L})



32 BASIC LINEAR ALGEBRA

such that

=> dil) d;
s

Proof: First consider the identity map, id defined by id (v) = v with respect to the two
bases, {vy,---, vy} and {v}, -, v, }.

id = d,viva, id=>_di;v;V} (3.14)
tu 17
Now it follows from [3.13
id = idoid= ded” (vivy) (viv Zd w0 ViV
tuij tuij
= Zd dletV = Z (Z d;ld”> VIV/
tig 1% 7

On the other hand,

id = E A
tj
: ! _ /!
because id (v},) = v}, and

1! ! / / /
E Y (vi) = E 015Vl = E Otk Vy = V.
tj tj t

(Z dgidij> =0y

Switching the order of the above products shows

<Z dtid§j> =y

In terms of matrices, this says (dj;) is the inverse matrix of (d;;) .
Now using 3.14' and the cancellation property [3.13,

L = Zliuvivu Zl” V.V 1lersvTv81d

U

= Zdwvv ers TVSZd A
= Z il odi (ViV5) (VivL) (vViva)

Therefore,

ijturs
roq
= 2 : di] rs uvivudjrast = g g dljljsdsu ViVy
1jturs m js

and since the linear transformations, {v;v,} are linearly independent, this shows
lw =Y dijl)d,
Jjs

as claimed. This proves the theorem.
Recall the following definition which is a review of important terminology about matrices.
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Definition 3.3.10 If A is an mxn matriz and B is an nxp matric, A = (A;;),B =
(Bij) , then if (AB),; is the ijt" entry of the product, then

(AB)ij = Z Aik By
k

An n X n matriz, A is said to be invertible if there exists another n X n matriz, denoted
by A1 such that AA~Y = A=YA = I where the ij'" entry of I is &;j. Recall also that
(AT) = Aj;. This is called the transpose of A.
ij

Theorem 3.3.11 7The following are important properties of matrices.

1. TA=AI=A

2. (AB)C = A(BC)

3. A~ is unique if it exists.

4. When the inverses exist, (AB)™' = B~*A~!

5. (AB)T = BT AT

Proof: I will prove these things directly from the above definition but there are more
elegant ways to see these things in terms of composition of linear transformations which is
really what matrix multiplication corresponds to.

First, (IA)ij = > . 0ikArj = Aij. The other order is similar.

Next consider the associative law of multiplication.

((AB)C),; D (AB), Cij = > > AinBuiCi;
k k T

ZA” ZBrkij = ZAz'r (BC),; = (A(BC)),;
r k r

Since the ij*" entries are equal, the two matrices are equal.
Next consider the uniqueness of the inverse. If AB = BA = I, then using the associative
law,
B=IB=(A""A)B=A""(AB)=A"'1=4""
Thus if it acts like the inverse, it is the inverse.
Consider now the inverse of a product.

AB(B'AY) =ABB ')A '=AIAT =1
Similarly, (BflAfl) AB = I. Hence from what was just shown, (AB)f1 exists and equals
B~lA-L
Finally consider the statement about transposes.

((AB)") =(AB);; =Y AuBu=Y (BY), (a),, = (B"4"),,

)

Since the ij*" entries are the same, the two matrices are equal. This proves the theorem.
In terms of matrix multiplication, Theorem [3.3.9/ says that if M; and M, are matrices
for the same linear transformation relative to two different bases, it follows there exists an
invertible matrix, S such that
My =S 'M>,S

This is called a similarity transformation and is important in linear algebra but this is as
far as the theory will be developed here.
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3.4 Block Multiplication Of Matrices

A B E F
C D G H
You know how to do this from the above definition of matrix mutiplication. You get

AE+ BG AF+ BH
CE+DG CF+DH )

Consider the following problem

Now what if instead of numbers, the entries, A, B,C, D, E, F, G are matrices of a size such
that the multiplications and additions needed in the above formula all make sense. Would
the formula be true in this case? I will show below that this is true.

Suppose A is a matrix of the form

Ain o A
.. (3.15)

Arl e Arm
where A;; is a s; X p; matrix where s; does not depend on j and p; does not depend on
i. Such a matrix is called a block matrix, also a partitioned matrix. Let n = 3. p;

and k = ), s; so A is an k x n matrix. What is Ax where x € F"? From the process of
multiplying a matrix times a vector, the following lemma follows.

Lemma 3.4.1 Let A be an m x n block matriz as in'3.15 and let x € F*. Then AX is of
the form
> Ayx;
Ax =
225 ArgX;
where x = (x1, - - -,xm)T and x; € FPi,

Suppose also that B is a block matrix of the form

By, -+ By,
: . (3.16)
Brl e Brp
and A is a block matrix of the form
An - A
: o (3.17)
Ap o Apm

and that for all ¢, j, it makes sense to multiply B;sAs; for all s € {1,---,m} and that for
each s, BjsAs; is the same size so that it makes sense to write ) BjsAs;.

Theorem 3.4.2 Let B be a block matriz as in 3,16 and let A be a block matriz as
in|3.17 such that B;s is conformable with Ag; and each product, BisAg; is of the same size
so they can be added. Then BA is a block matriz such that the ijt" block is of the form

> Bi.As;. (3.18)
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Proof: Let B;s be a ¢; X ps matrix and A,; be a p, x r; matrix. Also let x € " and

let x = (xq,- - -,xm)T and x; € F" so it makes sense to multiply A,;x;. Then from the
associative law of matrix multiplication and Lemma (3.4.1 applied twice,

By -+ By A - Aim X1
PR L WA § ) U
By -+ By > Avyx;

) Bzrl B:Tp > Arjxj

ZS Zj BlsAstj Zj (ZS BlsAsj)Xj

> 2 BrsAsix; > (02 BrsAsj) %,

ZS BlsAsl e Zs BlsAsm X1
Zs BTSASl o Zs BTsAsm Xm

By Lemma [3.4.1, this shows that (BA)x equals the block matrix whose ij" entry is given
by [3.18| times x. Since x is an arbitrary vector in F", this proves the theorem.

The message of this theorem is that you can formally multiply block matrices as though
the blocks were numbers. You just have to pay attention to the preservation of order.

3.5 Determinants

3.5.1 The Determinant Of A Matrix

The following Lemma will be essential in the definition of the determinant.

Lemma 3.5.1 There exists a unique function, sgn,, which maps each list of numbers from

{1,---,n} to one of the three numbers, 0,1, or —1 which also has the following properties.
sgn, (1,--+,n) =1 (3.19)
sgn,, (ila Dy g, 71774) = —sgn, (7;1’ gyt Dyt 7Zn) (320)
In words, the second property states that if two of the numbers are switched, the value of the
function is multiplied by —1. Also, in the case where n > 1 and {i1,- -, in} ={1,---,n} so
that every number from {1,---,n} appears in the ordered list, (i1, - -, in),
sgn,, (7:17 o '7i9—17n; 7:9-‘1-17 ©e 77/n) =
(_1)”—9 sgn,, 1 (ilv T i@—la Z.9-‘,-17 T in) (321)
where n = ig in the ordered list, (i1, - -, ipn).

Proof: To begin with, it is necessary to show the existence of such a function. This is
clearly true if n = 1. Define sgn; (1) = 1 and observe that it works. No switching is possible.
In the case where n = 2, it is also clearly true. Let sgn, (1,2) = 1 and sgn, (2,1) = —1
while sgn, (2,2) = sgn, (1,1) = 0 and verify it works. Assuming such a function exists for n,
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sgn,, ,, will be defined in terms of sgn,, . If there are any repeated numbers in (i1, - - -, in41),
sgn,, yq (i1, iny1) = 0. If there are no repeats, then n 4 1 appears somewhere in the
ordered list. Let € be the position of the number n + 1 in the list. Thus, the list is of the
form (i1, -, i9—1,n+ 1,421, - -, 4n+1) - From [3.21] it must be that
sgn,, q (i1, dg—1,n + Lidgqr, - ing1) =
1-6 ) ) . ,
(=) sgn, (iy, - - io—1,0041, - ing1) -

It is necessary to verify this satisfies [3.19 and [3.20 with n replaced with n 4 1. The first of
these is obviously true because

Sgnn+1 (1’ SN (N ¢} + 1) = (_1>n+17(n+1) Sgnn (1, .. .7n) = 1
If there are repeated numbers in (i1, - -, 9,+1), then it is obvious 3.20 holds because both
sides would equal zero from the above definition. It remains to verify[3.20/in the case where
there are no numbers repeated in (i1, - -, 4,+1) . Consider

T

. S .
Sg1y, 41 (7’17 Py gyt ';ZnJrl) y

where the r above the p indicates the number, p is in the 7** position and the s above the
q indicates that the number, ¢ is in the st" position. Suppose first that 7 < § < s. Then

0
. r s .
Sgnn—i—l <Zla Dy, + 15 g, ’7Zn+1> =

+1-6 . T s—1 .
(_1)n SgI, (7’17"'7p7"'a q 7"';Zn+1)
while
. r 0 s .
SN, 1 Zla'"7qa'"an+17"'7pa"’7ln+1 -
1-6 . -1 .
(_1)”+ Sgnn (Zh o '75) t '7sp [ 'aZn-‘rl)

and so, by induction, a switch of p and ¢ introduces a minus sign in the result. Similarly, if
0 > s or if 8 < r it also follows that 3.20/ holds. The interesting case is when 6 = r or 6 = s.
Consider the case where § = r and note the other case is entirely similar.

r

SgnnJrl (il,‘ . ',TL+ ]-7 T '737 t ';in—i-l) ==
(=)™ " sgn, (2-17. ) "3517' ) .,z‘n+1) (3.22)

while
. r s .
Sgnn+1 (7’1,. tq, ',TL+ 17 t ';Zn—i-l) ==

(1)1~ sgn. (21 . .Jnﬂ) . (3.23)

By making s — 1 — r switches, move the ¢ which is in the s — 1** position in 3.22 to the r*"
position in [3.23. By induction, each of these switches introduces a factor of —1 and so

. s—1 . o 1 s—1—r . T .
SgN, \ 21,0y G 5 intd _(* ) SgN, (21, G,y tngl ) -
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Therefore,

T s

. L . — . s—1 .
Sgnn+1 (7]17. . .7n+ 1’ .. .,q’ .. .77/1’7,-‘,-1) — (_1)Tl+1 ngnn (217. R gq S -’Zn_,’_l)
— (_1)n+177‘ (_1)871*7‘ Sgnn <217 .. .767 .. 7ZTL+1)
= (=" s, (i1, i) = (S0P )" sgn, (i i)

. r S .
= — 88N, (Zlv’"aqv"'an+1a"‘,ln+l> .

This proves the existence of the desired function.

To see this function is unique, note that you can obtain any ordered list of distinct
numbers from a sequence of switches. If there exist two functions, f and g both satisfying
3.19 and [3.20, you could start with f (1,---,n) = g (1,- - -,n) and applying the same sequence
of switches, eventually arrive at f (i1,--+,4,) = g (i1, - -, i) . If any numbers are repeated,
then [3.20] gives both functions are equal to zero for that ordered list. This proves the lemma.

In what follows sgn will often be used rather than sgn, because the context supplies the
appropriate n.

Definition 3.5.2 ret f be a real valued function which has the set of ordered lists

of numbers from {1,--- ,n} as its domain. Define
Z f (kl s kn)
(k1,0 5kn)

to be the sum of all the f (ki -- - ky) for all possible choices of ordered lists (k1,- - -, ky) of
numbers of {1,---,n}. For example,

Z f(k17k2):f(172>+f(271)+f(171)+f(2’2)'

(k1,k2)

Definition 3.5.3 Let (aij) = A denote an n x n matriz. The determinant of A,
denoted by det (A) is defined by

det (4) = Z sgn (ki, -+, kn) a1k, - - - Qng,,
(klv”'vk’n)

where the sum is taken over all ordered lists of numbers from {1,---,n}. Note it suffices to
take the sum over only those ordered lists in which there are no repeats because if there are,
sgn (ki, -, k) =0 and so that term contributes 0 to the sum.

Let A be an n x n matrix, A = (a;;) and let (rq,---,r,) denote an ordered list of n
numbers from {1,---,n}. Let A(ry,---,r,) denote the matrix whose k" row is the r;, row
of the matrix, A. Thus

det (A(ry,---,1)) = Z sgn (ki, -« kn) Qriky -+ - Qrokn (3.24)
(K1, 5kn)

and
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Proposition 3.5.4 Let
(Tlv Y Tn)

be an ordered list of numbers from {1,--- n}. Then

sgn (ry, -« -, 1) det (A)

= Z sgn (k'17' D kn) Ariky * 0 Qrp kg, (3.25)
(klﬂ”'7kn)
— det (A(r1,- ). (3.26)
Proof: Let (1,---,n)=(1,---,r,--8,---,n) sor < s.
det (A(].,"‘,T,"',S,"‘,TL)) = (327)

E Sgn (k'17 BN k7,7 BN ks’ . 7kﬂ) a’lkl PP aT‘k‘T PP a’Sks . e ank'-,m
(k17"'7k7n)

and renaming the variables, calling ks, k. and k.., ks, this equals

= E Sgn(kh"'ak87"'7k7‘7"'akn)a1k1"'arks"'a’skr"'ankn

(K1, kn)
These got switched
—
= Z —sgn kla"'a kTa"'aks 7"'akn Aiky *° * Qgk,. * " Qprk, * * ° Qnk,
(k1,mekn)
= —det (A (17 Sy Ty ,TL)) (328)
Consequently,

7det(A(1,-~-,7’,~~~,S,o~-,n)):7det(A)

Now letting A (1,---,s,- -, 7, --,n) play the role of A, and continuing in this way, switching
pairs of numbers,

det (A (ry,- -+ m)) = (=1)"det (A)
where it took p switches to obtain(ry, - - -, 7,) from (1,---,n). By Lemma [3.5.1), this implies
det (A (ry,- -+ my)) = (=1)"det (A) = sgn (ry,- - -, ) det (A)

and proves the proposition in the case when there are no repeated numbers in the ordered
list, (71, - -,7,). However, if there is a repeat, say the r*" row equals the s** row, then the
reasoning of 3.27 43.28 shows that A (ry,---,7,) = 0 and also sgn (ry,---,7,) = 0 so the
formula holds in this case also.

Observation 3.5.5 There are n! ordered lists of distinct numbers from {1,--- n}.

With the above, it is possible to give a more symmetric description of the determinant
from which it will follow that det (A) = det (A7) .
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Corollary 3.5.6 The following formula for det (A) is valid.

det (A) = %

Z Z Sgn (ri,- - rn)sgn(ki, - kn) Grigy - - Grpky,- (3.29)
(r1,rn) (Rayee b
And also det (AT) = det (A) where AT is the transpose of A. (Recall that for AT = (aiTj),
al =a;;.)
1] J

Proof: From Proposition 3.5.4, if the r; are distinct,

det (A) = Z sgn (Tla o ~,’I"n) sgn (klv ' kn) Ariky * 0 Ar k-

(klf";kn)
Summing over all ordered lists, (ry,---,7,) where the r; are distinct, (If the r; are not
distinct, sgn (1, - +,r,) = 0 and so there is no contribution to the sum.)

nldet (A) =

Z Z Sgn(rlu"'7rn)Sgn(k17"'7kn)a7’1k1 s Qpp ke, -

(r1yern) (R, kn)

This proves the corollary since the formula gives the same number for A as it does for AT

Corollary 3.5.7 If two rows or two columns in an n x n matriz, A, are switched, the
determinant of the resulting matriz equals (—1) times the determinant of the original matriz.
If A is an nxn matriz in which two rows are equal or two columns are equal then det (A) = 0.
Suppose the it" row of A equals (zay + yby,- - -, xa, + yb,). Then

det (A) = x det (Ay) + ydet (As)

where the it" row of Ay is (ai,- -, a,) and the it row of Ay is (by,- -+, by), all other rows
of Ay and As coinciding with those of A. In other words, det is a linear function of each
row A. The same is true with the word “row” replaced with the word “column”.

Proof: By Proposition 3.5.4] when two rows are switched, the determinant of the re-
sulting matrix is (—1) times the determinant of the original matrix. By Corollary [3.5.6! the
same holds for columns because the columns of the matrix equal the rows of the transposed
matrix. Thus if A; is the matrix obtained from A by switching two columns,

det (A) = det (A") = —det (A]) = —det (4;).

If A has two equal columns or two equal rows, then switching them results in the same
matrix. Therefore, det (4) = —det (A) and so det (4) = 0.
It remains to verify the last assertion.

det (A) = Z sgn (kly Y kn) Alfy =" (ﬂl‘aki + ybk,) c Ok,
(K1, ykn)

=z E sgn (ki,- - kn) @ik, - - Gk, - Gk,
(kly"'ykn)

ty > sen(kr, k) ae - bi o du,
(klv"'ykn)
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=z det (A1) + ydet (As).

The same is true of columns because det (A7) = det (A) and the rows of A are the columns
of A.
The following corollary is also of great use.

Corollary 3.5.8 Suppose A is an n x n matriz and some column (row) is a linear
combination of r other columns (rows). Then det (A) = 0.

Proof: Let A = ( a; -+ a, ) be the columns of A and suppose the condition that
one column is a linear combination of r of the others is satisfied. Then by using Corollary
3.5.7 you may rearrange the columns to have the n!” column a linear combination of the
first r columns. Thus a, = Y., _, cxay and so

det(A) =det (ay -+ a, -+ A,y > ,_jckar ).

By Corollary 3.5.7
det(A):chdet( ap --- a, --- an_1 ay )=0.
k=1

The case for rows follows from the fact that det (A) = det (A”) . This proves the corollary.
Recall the following definition of matrix multiplication.

Definition 3.5.9 If 4 and B are n x n matrices, A = (a;j) and B = (b;;), AB =
(cij) where
Cij = Zaikbkj.
k=1

One of the most important rules about determinants is that the determinant of a product
equals the product of the determinants.
Theorem 3.5.10 Let A and B be n x n matrices. Then
det (AB) = det (A) det (B) .
Proof: Let c;; be the ij'" entry of AB. Then by Proposition 3.5.4,

det (AB) =

> sen(ky,c i kn) cag o,

(k17"'1kn)
- Z sgn (kla Y kn) <Z a1ry br1k1> ot <Z anm,br,,,k,,,)
(k1 kn) 1 Tn

Z Z sgn (klv T kn) b?“lkl e brnkn (alrl c anrn)

(r1yrn) (K1, k)
Z sgn (ry -« ry) aip, + + + Gpy, det (B) = det (A) det (B) .

(r1-++,7mn)

This proves the theorem.
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Lemma 3.5.11 Suppose a matriz is of the form

M = ( 81 Z ) (3.30)

M= ( 40 ) (3.31)

or

* a

where a is a number and A is an (n — 1) x (n — 1) matriz and * denotes either a column
or a row having length n — 1 and the 0 denotes either a column or a row of length n — 1
consisting entirely of zeros. Then

det (M) = adet (A4).

Proof: Denote M by (m;;). Thus in the first case, mp, = a and m,; = 0 if ¢ # n while
in the second case, m,, = a and m;, = 0 if i # n. From the definition of the determinant,

det (M) = Z sgn,, (K1, k) Mk, - Mok,
(k1,0 5kn)

Letting @ denote the position of n in the ordered list, (k1,- - -, ky) then using the earlier
conventions used to prove Lemma 3.5.1, det (M) equals

0 n—1
Z (71)n—9 sgn,, 4 <k1’ S k9—17 k9+17 cey kn ) Mk, *° Mnk,
(klv"'ykn)

Now suppose [3.31. Then if k,, # n, the term involving m,, in the above expression equals
zero. Therefore, the only terms which survive are those for which 6 = n or in other words,
those for which k,, = n. Therefore, the above expression reduces to

a Z sgn, g (k1,- - kn_1) mig, - - Mp_1)k,_, = adet (A).
(kly"'1kn—l)

To get the assertion in the situation of 3.30/ use Corollary [3.5.6/ and [3.31 to write

AT 0
— Ty _ _ Ty _
det (M) = det (M") = det (( . )) =adet (A") = adet (A).
This proves the lemma.

In terms of the theory of determinants, arguably the most important idea is that of
Laplace expansion along a row or a column. This will follow from the above definition of a
determinant.

Definition 3.5.12 Let A= (ai;) be an n xn matriz. Then a new matric called the
cofactor matriz, cof (A) is defined by cof (A) = (c;;) where to obtain c;; delete the i'" row
and the j™" column of A, take the determinant of the (n — 1) x (n — 1) matriz which results,
(This is called the ij*" minor of A. ) and then multiply this number by (—1)i+j. To make

the formulas easier to remember, cof (A)ij will denote the ij'" entry of the cofactor matriz.
The following is the main result.

Theorem 3.5.13 Let A be an n x n matriz where n > 2. Then
det (A Z a;; cof (A Z a;; cof (A (3.32)

The first formula consists of expanding the determinant along the it" row and the second
expands the determinant along the j*" column.
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Proof: Let (a1, -, a;n) be the it" row of A. Let Bj be the matrix obtained from A
by leaving every row the same except the i** row which in Bj equals (0, - -,0,a,5,0,---,0).
Then by Corollary [3.5.7,

det (A Z det (B

Denote by A% the (n—1) x (n — 1) matrix obtained by deleting the it" row and the j**
column of A. Thus cof (4),; = (—1)"*7 det (A¥) . At this point, recall that from Proposition

ij
3.5.4, when two rows or two columns in a matrix, M, are switched, this results in multiplying

the determinant of the old matrix by —1 to get the determinant of the new matrix. Therefore,
by Lemma [3.5.11)

det (B;) = (-1)"7 (—1)"_idet(< A(;j at-j ))
= (=1)"" det (( fgj C:j )> = ajj cof (A),; .

det (A) = i a;j cof (A)

which is the formula for expanding det (A) along the i*" row. Also,

Therefore,

det (4) = det (A7) = Za” cof AT

Z aj; cof (A)
j=1

which is the formula for expanding det (A) along the i*” column. This proves the theorem.
Note that this gives an easy way to write a formula for the inverse of an n x n matrix.

Theorem 3.5.14 A-! czists if and only if det(A) # 0. If det(A) # 0, then A~! =
(ai_jl) where
a;jl = det(A) ™! cof (A)

for cof (A). . the ijt" cofactor of A.
ij

Jt

Proof: By Theorem 3.5.13 and letting (a;-) = A, if det (A) # 0,
> aircof (A),;, det(A) ™" = det(A) det(4) ™" = 1.

Now consider

> air cof (A),, det(A) ™!

when k # r. Replace the k" column with the 7" column to obtain a matrix, B; whose
determinant equals zero by Corollary 3.5.7. However, expanding this matrix along the k"
column yields

0 = det (By) det (A Z a;y cof (A),, det (A1
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Summarizing,
Z a;r cof (A),, det (A" =6,
i=1

Using the other formula in Theorem [3.5.13 and similar reasoning,
> " ayj cof (A),; det (A) ™" =5
j=1

This proves that if det (A) # 0, then A~! exists with A=! = (ai_jl), where

a;;' = cof (A) ; det (A)™".

ij
Now suppose A~! exists. Then by Theorem [3.5.10,
1 =det (I) = det (AA™") = det (A) det (A7)

so det (A) # 0. This proves the theorem.
The next corollary points out that if an n X n matrix, A has a right or a left inverse,
then it has an inverse.

Corollary 3.5.15 Let A be an n x n matriz and suppose there exists an n X n matriz,
B such that BA = 1I. Then A™' exists and A~' = B. Also, if there exists C an n x n matriz
such that AC =1, then A~ exists and A~ = C.

Proof: Since BA = I, Theorem [3.5.10 implies
det Bdet A =1
and so det A # 0. Therefore from Theorem [3.5.14, A~ exists. Therefore,
A™'=(BA)A™' =B (AA™") = BI = B.

The case where CA = [ is handled similarly.

The conclusion of this corollary is that left inverses, right inverses and inverses are all
the same in the context of n X n matrices.

Theorem [3.5.14! says that to find the inverse, take the transpose of the cofactor matrix
and divide by the determinant. The transpose of the cofactor matrix is called the adjugate
or sometimes the classical adjoint of the matrix A. It is an abomination to call it the adjoint
although you do sometimes see it referred to in this way. In words, A~! is equal to one over
the determinant of A times the adjugate matrix of A.

In case you are solving a system of equations, Ax = y for x, it follows that if A~! exists,

x=(A"TA)x=A""(Ax) = A"y

thus solving the system. Now in the case that A~! exists, there is a formula for A~! given
above. Using this formula,

n n
1
—1
Ti = E :%' Yi = § MCOf(A)jiyj'
j=1 j=1
By the formula for the expansion of a determinant along a column,

x-*#det : : :
17det(A) . : : ’

* e yn cen *
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where here the i*" column of A is replaced with the column vector, (y; - - - -, yn)T, and the

determinant of this modified matrix is taken and divided by det (A). This formula is known
as Cramer’s rule.

Definition 3.5.16 A matriz M, is upper triangular if M;; = 0 whenever ¢ > j.
Thus such a matriz equals zero below the main diagonal, the entries of the form M;; as
shown.

* % *
0 =
0 0 =

A lower triangular matriz is defined similarly as a matriz for which all entries above the
main diagonal are equal to zero.

With this definition, here is a simple corollary of Theorem [3.5.13.

Corollary 3.5.17 Let M be an upper (lower) triangular matriz. Then det (M) is ob-
tained by taking the product of the entries on the main diagonal.

Definition 3.5.18 A4 submatriz of a matriz A is the rectangular array of numbers
obtained by deleting some rows and columns of A. Let A be an m X n matriz. The deter-
minant rank of the matriz equals r where r is the largest number such that some r X r
submatriz of A has a non zero determinant. The row rank is defined to be the dimension
of the span of the rows. The column rank is defined to be the dimension of the span of the
columns.

Theorem 3.5.19 If A has determinant rank, r, then there exist r rows of the matriz
such that every other row is a linear combination of these r rows.

Proof: Suppose the determinant rank of A = (a;;) equals r. If rows and columns are
interchanged, the determinant rank of the modified matrix is unchanged. Thus rows and
columns can be interchanged to produce an r X r matrix in the upper left corner of the
matrix which has non zero determinant. Now consider the r + 1 x r + 1 matrix, M,

air - A QAlp
ar1 o Qpry Qrp
ap e Qe Alp

where C will denote the r x r matrix in the upper left corner which has non zero determinant.
I claim det (M) = 0.

There are two cases to consider in verifying this claim. First, suppose p > r. Then the
claim follows from the assumption that A has determinant rank r. On the other hand, if
p < r, then the determinant is zero because there are two identical columns. Expand the
determinant along the last column and divide by det (C') to obtain

" cof (M),,
Uy =~ ; det (C) "

Now note that cof (M), does not depend on p. Therefore the above sum is of the form

r
alp = § m;Qgp
=1
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which shows the I*” row is a linear combination of the first r rows of A. Since [ is arbitrary,
this proves the theorem.

Corollary 3.5.20 The determinant rank equals the row rank.

Proof: From Theorem 13.5.19, the row rank is no larger than the determinant rank.
Could the row rank be smaller than the determinant rank? If so, there exist p rows for
p < r such that the span of these p rows equals the row space. But this implies that the
r X r submatrix whose determinant is nonzero also has row rank no larger than p which is
impossible if its determinant is to be nonzero because at least one row is a linear combination
of the others.

Corollary 3.5.21 If A has determinant rank, r, then there exist r columns of the matriz
such that every other column is a linear combination of these r columns. Also the column
rank equals the determinant rank.

Proof: This follows from the above by considering A”. The rows of AT are the columns
of A and the determinant rank of A” and A are the same. Therefore, from Corollary [3.5.20),
column rank of A = row rank of AT = determinant rank of A7 = determinant rank of A.

The following theorem is of fundamental importance and ties together many of the ideas
presented above.

Theorem 3.5.22 Let A be an n x n matriz. Then the following are equivalent.
1. det (A) = 0.
2. A, AT are not one to one.

3. A is not onto.

Proof: Suppose det (A) = 0. Then the determinant rank of A = r < n. Therefore,
there exist r columns such that every other column is a linear combination of these columns
by Theorem [3.5.19. In particular, it follows that for some m, the m!* column is a linear
combination of all the others. Thus letting A = ( a; --- a,, --- a, ) where the
columns are denoted by a;, there exists scalars, «; such that

Ay, = E arag.

k#m
Now consider the column vector, x = ( ar - —1 o ag )T. Then

Ax = —a,, + Z ara, = 0.
k#m

Since also A0 = 0, it follows A is not one to one. Similarly, A” is not one to one by the
same argument applied to AT. This verifies that 1.) implies 2.).
Now suppose 2.). Then since AT is not one to one, it follows there exists x # 0 such that

ATx =o0.
Taking the transpose of both sides yields

x'A=0
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where the 0 is a 1 X n matrix or row vector. Now if Ay = x, then
x|*=x" (Ay) = (x"A)y =0y =0

contrary to x # 0. Consequently there can be no y such that Ay = x and so A is not onto.
This shows that 2.) implies 3.).

Finally, suppose 3.). If 1.) does not hold, then det (A) # 0 but then from Theorem 3.5.14
A~ exists and so for every y € F" there exists a unique x € F" such that Ax = y. In fact
x = A~'y. Thus A would be onto contrary to 3.). This shows 3.) implies 1.) and proves the
theorem.

Corollary 3.5.23 Let A be an n x n matriz. Then the following are equivalent.
1. det(A) # 0.
2. A and AT are one to one.
3. A is onto.

Proof: This follows immediately from the above theorem.

3.5.2 The Determinant Of A Linear Transformation

One can also define the determinant of a linear transformation.

Definition 3.5.24 ret L ¢ LV, V) and let {vy,---,v,} be a basis for V. Thus
the matriz of L with respect to this basis is (I;;) = My, where

L= Z lijViVj
ij
Then define
det (L) = det ((1;5)) -
Proposition 3.5.25 The above definition is well defined.

Proof: Suppose {v},--, v} } is another basis for V and (Ij;) = M} is the matrix of L
with respect to this basis. Then by Theorem [3.3.9)

M =S"*M.S
for some matrix, S. Then by Theorem [3.5.10,
det (M7) = det (S™")det (M)det (S)
= det (S7'S) det (M) = det (M)

because S~1S = I and det (I) = 1. This shows the definition is well defined.
Also there is an equivalence just as in the case of matrices between various properties of
L and the nonvanishing of the determinant.

Theorem 3.5.26 Let L € £ (V,V) for V a finite dimensional vector space. Then
the following are equivalent.

1. det (L) =0.

2. L is not one to one.
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3. L is not onto.
Proof:Suppose 1.). Let {vq,- - -, v, } be a basis for V and let (/;;) be the matrix of L with

respect to this basis. By definition, det (({;;)) = 0 and so (l;;) is not one to one. Thus there
is a nonzero vector x € F™ such that Zj lijz; = 0 for each 7. Then letting v = Z?Zl TV,

Lv

n
E lTSVTVS E TjVy = E E lrsvrésja:j
TS 7j=1 j rs

Z erjl‘j V, = 0
r j

Thus L is not one to one because LO = 0 and Lv = 0.
Suppose 2.). Thus there exists v # 0 such that Lv = 0. Say

vV = Z XT;Vi.
Then if {Lv;};_, were linearly independent, it would follow that

0=Lv= Z xiLvi
i
and so all the x; would equal zero which is not the case. Hence these vectors cannot be
linearly independent so they do not span V. Hence there exists
w € V \span (Lvy,- - -,Lvy)

and therefore, there is no u € V such that Lu = w because if there were such a u, then
u = Z T;V;
i

and so Lu =3 x;Lv; € span (Lvy,---,Lvy).

Finally suppose L is not onto. Then (I;;) also cannot be onto F™. Therefore, det ((1;;)) =
det (L) = 0. Why can’t (I;;) be onto? If it were, then for any y € F", there exists x € F”
such that Y = Zj lijIj. Thus

E ykvk=§ lrsVivs E zjv; | =L E T;vj
k TS i i

but the expression on the left in the above formula is that of a general element of V' and so
L would be onto. This proves the theorem.

3.6 Eigenvalues And Eigenvectors Of Linear Transfor-
mations

Let V be a finite dimensional vector space. For example, it could be a subspace of C"or R™.
Also suppose A € L(V,V).
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Definition 3.6.1 The characteristic polynomial of A is defined as g (\) = det (Aid —A)
where id is the identity map which takes every vector in 'V to itself. The zeros of g (\) in C
are called the eigenvalues of A.

Lemma 3.6.2 When ) is an eigenvalue of A which is also in F, the field of scalars, then
there exists v # 0 such that Av = \v.

Proof: This follows from Theorem 3.5.26. Since \ € I,
Ald—A e L(V,V)

and since it has zero determinant, it is not one to one so there exists v # 0 such that
(AMd-A4)v=0.

The following lemma gives the existence of something called the minimal polynomial. It
is an interesting application of the notion of the dimension of £ (V, V).

Lemma 3.6.3 Let A€ L(V,V) where V is either a real or a complex finite dimensional
vector space of dimension n. Then there exists a polynomial of the form

POA) = A"+ A" )+
such that p (A) = 0 and m is as small as possible for this to occur.

Proof: Consider the linear transformations, I, A, A%, -- -, A™ . There are n2 + 1 of these
transformations and so by Theorem 3.3.5 the set is linearly dependent. Thus there exist
constants, ¢; € F (either R or C) such that

n2

col + chAk =0.
k=1

This implies there exists a polynomial, ¢ (\) which has the property that ¢ (A) = 0. In fact,
one example is ¢ (A) = ¢g + ZZ; e\ Dividing by the leading term, it can be assumed
this polynomial is of the form A™ + cm,l)\m*1 4+ -+ 4 c1 A+ ¢p, a monic polynomial. Now
consider all such monic polynomials, ¢ such that ¢ (A) = 0 and pick the one which has the
smallest degree. This is called the minimial polynomial and will be denoted here by p (\).
This proves the lemma.

Theorem 3.6.4 Let V be a nonzero finite dimensional vector space of dimension n
with the field of scalars equal to F which is either R or C. Suppose A € L(V,V) and for
p(N) the minimal polynomial defined above, let u € F be a zero of this polynomial. Then
there exists v # 0,v € V such that

Av = pv.

If F =C, then A always has an eigenvector and eigenvalue. Furthermore, if {\1, -+, Am}
are the zeros of p(\) in I, these are exactly the eigenvalues of A for which there exists an
etgenvector in V.

Proof: Suppose first p is a zero of p (A). Since p (u) = 0, it follows
p(A) = —p) k()

where k () is a polynomial having coefficients in F. Since p has minimal degree, k (A) # 0
and so there exists a vector, u # 0 such that k (4) u = v # 0. But then

(A—pul)v=(A—pul)k(A)(u)=0.
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The next claim about the existence of an eigenvalue follows from the fundamental theo-
rem of algebra and what was just shown.

It has been shown that every zero of p(\) is an eigenvalue which has an eigenvector in
V. Now suppose p is an eigenvalue which has an eigenvector in V' so that Av = uv for some
v € V,v # 0. Does it follow y is a zero of p (A)?

0=p(A)v=pv

and so p is indeed a zero of p (\). This proves the theorem.

In summary, the theorem says the eigenvalues which have eigenvectors in V' are exactly
the zeros of the minimal polynomial which are in the field of scalars, F.

The idea of block multiplication turns out to be very useful later. For now here is an
interesting and significant application which has to do with characteristic polynomials. In
this theorem, pys (t) denotes the polynomial, det (¢ — M) . Thus the zeros of this polynomial
are the eigenvalues of the matrix, M.

Theorem 3.6.5 Let A be an m x n matriz and let B be an n x m matriz form <mn.
Then

— n—m

ppA(t) = pas (1),

so the eigenvalues of BA and AB are the same including multiplicities except that BA has
n —m extra zero eigenvalues.

Proof: Use block multiplication to write
AB 0 ABA
B 0 B
I A AB ABA
0 I B BA B '

AB

Therefore,
I AN '/ AB oN\(T A\ [0 0
0 I B 0 0 I /) \ B BA
. . Ca 0 0 AB 0
Since the two matrices above are similar it follows that ( B BA ) and ( B 0 > have

the same characteristic polynomials. Therefore, noting that BA is an n X n matrix and AB
is an m X m matrix,
t" det (tI — BA) =t" det (tI — AB)

and so det (tI — BA) = ppa (t) = t"™det (tI — AB) = t" ™pap (t). This proves the
theorem.

3.7 Exercises

1. Let M be an n X n matrix. Thus letting Mx be defined by ordinary matrix multipli-
cation, it follows M € L (C™,C™). Show that all the zeros of the minimal polynomial
are also zeros of the characteristic polynomial. Explain why this requires the mini-
mal polynomial to divide the characteristic polynomial. Thus ¢ (A) = p(A) k(A) for
some polynomial k (\) where ¢ (\) is the characteristic polynomial. Now explain why
q (M) = 0. That every n x n matrix satisfies its characteristic polynomial is the Cayley
Hamilton theorem. Can you extend this to a result about L € £ (V,V) for V an n
dimensional real or complex vector space?
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10.

11.
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Give examples of subspaces of R™ and examples of subsets of R™ which are not sub-
spaces.

Let L € L(V,W). Define ker L = {v € V : Lv = 0} . Determine whether ker L is a
subspace.

. Let L € L(V,W). Then L (V) denotes those vectors in W such that for some v,Lv = w.

Show L (V) is a subspace.

Let L € L(V,W) and suppose {wq,- - -, w} are linearly independent and that Lz; =
w;. Show {z,- - -,zx} is also linearly independent.

If L e £(V,W)and {z1,- -+, 2z} is linearly independent, what is needed in order that
{Lz1,- -+, Lz} be linearly independent? Explain your answer.

Let L € £L(V,W). The rank of L is defined as the dimension of L (V). The nullity of
L is the dimension of ker (L) . Show

dim (V) = rank +nullity.

Let L € L(V,W)andlet M € L(W,Y). Show rank (ML) < min (rank (L) ,rank (M)) .

Let M (t) = (b1 (t),- - -, by, (t)) where each by, () is a column vector whose component
functions are differentiable functions. For such a column vector,

b (1) = (b1 (1), ba (1),
define

b (1) = (5 (1), b (1)
Show

det (M (t))" = zn: det M; (t)

i=1

w/here M; (t) has all the same columns as M (t) except the i*" column is replaced with
b (¢).

Let A = (a;;) be an n x n matrix. Consider this as a linear transformation using
ordinary matrix multiplication. Show

A= E aijeiej
ij

where e; is the vector which has a 1 in the i*" place and zeros elsewhere.
Let {wy,- -+, wy,} be a basis for the vector space, V. Show id, the identity map is given
by

id = Z (SijWin

j
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3.8 Inner Product And Normed Linear Spaces

3.8.1 The Inner Product In F"

To do calculus, you must understand what you mean by distance. For functions of one
variable, the distance was provided by the absolute value of the difference of two numbers.
This must be generalized to F™ and to more general situations.

Definition 3.8.1 Let x,y € F*. Thus x = (21, -,x,) where each x, € F and a
similar formula holding for y. Then the dot product of these two vectors is defined to be

x-yEijijxlﬁ+~--+mny7.
J

This is also often denoted by (x,y) and is called an inner product. I will use either notation.

Notice how you put the conjugate on the entries of the vector, y. It makes no difference
if the vectors happen to be real vectors but with complex vectors you must do it this way.
The reason for this is that when you take the dot product of a vector with itself, you want
to get the square of the length of the vector, a positive number. Placing the conjugate on
the components of y in the above definition assures this will take place. Thus

x-X:Zacjaszzij > 0.
J J

If you didn’t place a conjugate as in the above definition, things wouldn’t work out correctly.
For example,

(1402 +22=4+42i

and this is not a positive number.

The following properties of the dot product follow immediately from the definition and
you should verify each of them.

Properties of the dot product:

lLLu-v=v-u
2. If a,b are numbers and u, v,z are vectors then (au+bv)-z=a(u-2z)+b(v-2).

3. u-u >0 and it equals 0 if and only if u = 0.

Note this implies (x-ay) =@ (x - y) because

(x-ay) =(ay x)=a(y-x)=a(xy)

The norm is defined as follows.

Definition 3.8.2 rorx e Fr,

n 1/2
x| = (Z xk|2> = (x-x)"/?
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3.8.2 General Inner Product Spaces

Any time you have a vector space which possesses an inner product, something satisfying
the properties 1/ - 3] above, it is called an inner product space.

Here is a fundamental inequality called the Cauchy Schwarz inequality which holds
in any inner product space. First here is a simple lemma.

Lemma 3.8.3 If z € F there exists € F such that 0z = |z| and 0] = 1.

Proof: Let § = 1if z = 0 and otherwise, let § = —. Recall that for z = z+iy,z = r—1iy

_ 2 . .
and Zz = |z|”. In case z is real, there is no change in the above.

Theorem 3.8.4 (Cauchy Schwarz)Let H be an inner product space. The following
inequality holds for x andy € H.

(x-y) < (x-%)2 (y - y)H? (3.33)
FEquality holds in this inequality if and only if one vector is a multiple of the other.
Proof: Let 6 € F such that |#| = 1 and
0(x-y)=|(x-y)

Consider p (t) = (x + 0ty -x + t@y) where t € R. Then from the above list of properties of
the dot product,

0 < pt)=(x-x)+t0(x-y)+t0(y-x)+t*(y-y)

(x-x) + 0 (x - .Y)+t9(x y)+t2 (y-y)

(x-x)+2tRe(0(x-y)) +*(y-y)

= (x-x)+2t|(x- Y)|+t2 (y-y) (3.34)

and this must hold for all ¢ € R. Therefore, if (y - y) = 0 it must be the case that |(x-y)| =0
also since otherwise the above inequality would be violated. Therefore, in this case,

xy)| < (x- %) (y - y) 2

On the other hand, if (y -y) # 0, then p(¢) > 0 for all ¢ means the graph of y = p(¢) is a
parabola which opens up and it either has exactly one real zero in the case its vertex touches
the ¢ axis or it has no real zeros. From the quadratic formula this happens exactly when

4(x-y) —4(x-x)(y-y) <0

which is equivalent to 3.33.

It is clear from a computation that if one vector is a scalar multiple of the other that
equality holds in [3.33. Conversely, suppose equality does hold. Then this is equivalent to
saying 4|(x - y)|* =4 (x-x) (y - y) = 0 and so from the quadratic formula, there exists one
real zero to p () = 0. Call it ¢g. Then

p(to) = (x—f—?toy,x—i—to@y) = |x—i—§ty|2 =

and so x = —60tyy. This proves the theorem.
Note that in establishing the inequality, I only used part of the above properties of the
dot product. It was not necessary to use the one which says that if (x - x) = 0 then x = 0.
Now the length of a vector can be defined.
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Definition 3.8.5 Letz e H. Then |z| = (z- z)l/z.

Theorem 3.8.6 ror length defined in Definition 3.8.5, the following hold.

|z| >0 and |z| =0 if and only ifz =0 (3.35)
If a is a scalar, |az| = |al|z] (3.36)
|z +w| < |z| + |w]. (3.37)

Proof: The first two claims are left as exercises. To establish the third,
lz+w]® = (z+w,z+w)

ZZ+W - W+W-Z+Z W

|z|* + |w|* + 2Rew - z

j2* + [w[* +2|w - 2|

j2* + [w|* + 2 |w| |2 = (|z] + |w])”.

IN N

3.8.3 Normed Vector Spaces

The best sort of a norm is one which comes from an inner product. However, any vector
space, V' which has a function, ||-|| which maps V to [0, 00) is called a normed vector space
if ||-]| satisfies [3.35/ - [3.37. That is

[|z]| > 0 and ||z|| =0 if and only if z=0 (3.38)
If o is a scalar, ||az|| = |of ||z (3.39)
|2+ wi| < |z + [Iwl]. (3.40)

The last inequality above is called the triangle inequality. Another version of this is

lzl| = llwl]| < [|z — wl| (3.41)
To see that [3.41! holds, note
|lz]] = [|z — w + wl| < ||z — w|| + ||w]|
which implies
|lzl] = [Iwl| < [lz — wl]
and now switching z and w, yields
Wl = llzl| < [lz — wl|

which implies [3.41.

3.8.4 Orthonormal Bases

Not all bases for an inner product space H are created equal. The best bases are orthonor-
mal.

Definition 3.8.7 Suppose {v1,- -+, Vi} is a set of vectors in an inner product space
H. It is an orthonormal set if

e s lifi=j
vi Vﬂ‘”ﬂ{ 0ifi#]
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Every orthonormal set of vectors is automatically linearly independent.

Proposition 3.8.8 Suppose {vi,---,vi} is an orthonormal set of vectors. Then it is
linearly independent.

Proof: Suppose Zle ¢;v; = 0. Then taking dot products with v,

OZO'VJ' :ZCiVZ"Vj :Zqéij = Cj.

i %

Since j is arbitrary, this shows the set is linearly independent as claimed.

It turns out that if X is any subspace of H, then there exists an orthonormal basis for
X.

Lemma 3.8.9 Let X be a subspace of dimension n whose basis is {x1,- -+, X, }. Then
there exists an orthonormal basis for X, {uy,---,u,} which has the property that for each
k <mn, span(x1y,---,Xx) = span (uy, - - -, ug) .

Proof: Let {xi,---,X,} be a basis for X. Let u; = x;/|x1|. Thus for £k = 1, span (u;) =
span (x1) and {u;} is an orthonormal set. Now suppose for some k < n, uy, - - -, u; have
been chosen such that (u;,w;) = J§; and span (xq,- - -,X;) = span (uy, - - -, ug). Then define

k
Xp+1 = 2jog (k1 - u5) 4
Uil = =1 A (3.42)

k
X1 = 2oy (Xkt1 - Uj) 0y

where the denominator is not equal to zero because the x; form a basis and so
X+1 € span (xq,- - -, Xg) = span (uy, - - -, Ug)
Thus by induction,
Uyq1 € span (uy, - - -, Uk, Xgt1) = Span (X1, - - -, Xg, Xk41) -

Also, xj41 € span(uy,- -, ug, ug41) which is seen easily by solving 3.42] for x4 and it
follows
span (Xla t '7Xk7xk+1) = Span (u17 T ukvuk:+1) .

-1
If I < k, then denoting by C' the scalar ’ka — Z?Zl (Xkt1 - 1)) uy ,

M-

Il
-

(g1 -w) = C| Xpy1-w) — (Xk41 - 1) (w5 - )

J

M-

C| Xpy1-w) — (Xk41 - 1y) 0y

j=1

= C((xp+1-w) = (Xpq1 - w)) = 0.

The vectors, {u; }?:1, generated in this way are therefore an orthonormal basis because
each vector has unit length.
The process by which these vectors were generated is called the Gram Schmidt process.
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3.8.5 The Adjoint Of A Linear Transformation

There is a very important collection of ideas which relates a linear transformation to the
inner product in an inner product space. In order to discuss these ideas, it is necessary to
prove a simple and very interesting lemma about linear transformations which map an inner
product space H to the field of scalars, F. This is sometimes called the Riesz representation
theorem.

Theorem 3.8.10 Let H be a finite dimensional inner product space and let L €
L (H,F). Then there exists a unique z € H such that for all x € H,

Lx=(x-2z).

Proof: By the Gram Schmidt process, there exists an orthonormal basis for H, {e1,- - -,e,}.
First note that if x is arbitrary, there exist unique scalars, x; such that

n
X = E xT;€e;
i=1

Taking the dot product of both sides with e yields

n n
(x-eg) (Zx e; - ek) :in (ei~ek):in6ik:xk
i=1 i=1
which shows that .
=3 e
i=1

and so by the properties of the dot product,

Lx:i(x e;) Le; = ( Ze,Lez>

=1

solet z = E?:l e;Le;. It only remains to verify z is unique. However, this is obvious because
if (x-2z1) = (x-29) = Lx for all x, then

(x-21—22)=0

for all x and in particular for x = z; — zo which requires z; = z5. This proves the theorem.

Now with this theorem, it becomes easy to define something called the adjoint of a linear
operator. Let L € £ (H;, Hs) where Hy and Hy are finite dimensional inner product spaces.
Then letting ( - ), denote the inner product in H;,

x = (Lx-y),

is in £ (H1,F) and so from Theorem [3.8.10) there exists a unique element of Hy, denoted by
L*y such that for all x € Hy,

(Lx-y), = (x-L7y),
Thus L*y € H; when y € Hy. Also L* is linear. This is because by the properties of the
dot product,

(x-L* (ay + pz)), = (Lx 'OZY‘FﬁZ)Q
= a(lx-y),+B(Lx-2)
_ abeL'y), 4 BlxL)
& (L), + B (e L)
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and
(x-aL*y + BL*z), =a(x-L*y), + B (x-L*z),

Since
(x-L* (ay + Bz)), = (x oL’y + BL"z),

for all x, this requires
L* (ay + pz) = aL*y + fL"z.

In simple words, when you take it across the dot, you put a star on it. More precisely, here
is the definition.

Definition 3.8.11 ret H, and Hs be finite dimensional inner product spaces and
let L € L(Hy,Hs). Then L* € L (Hy, Hy) is defined by the formula

(Lx-y)y = (xL"y), .

In the case where Hy = Hy = H, an operator L € L (H,H) is said to be self adjoint if
L = L*. This is also called Hermitian.

The following diagram might help.

H,y
H,

Hy
H,

L

el
L

—

I will not bother to place subscripts on the symbol for the dot product in the future. I will
be clear from context which inner product is meant.

Proposition 3.8.12 The adjoint has the following properties.

L (xLy) = (L*x-y), (Lx-y) = (x-L"y)
2. (L*)* =

3. (aL+bM)" =aL* +bM*

4. (ML) = L*M*

Proof: Consider the first claim.

(x-Ly) = (Ly -x) = (y-L*x) = (L"x - y)

This does the first claim. The second part was discussed earlier when the adjoint was
defined.

Consider the second claim. From the first claim,

(Lx-y) = (xL"y) = ((L")" xy)

and since this holds for all y, it follows Lx = (L*)" x
Consider the third claim.

(x:(aL +bM)"y) = ((aL +bM)x-y) =a(Lx-y) + b(Mx-y)

and
(x- (@L* +bM*)y) =a(x-L*y) + b(x-M*y) =a(Lx-y) +b(Mx-y)
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and since (x' (aL +bM)* y) = (X~ (EL* + BM*) y) for all x, it must be that
(aL +bM)"y = (aL* +bM*)y

for all y which yields the third claim.
Consider the fourth.

(x (ML)'y) = (ML)xy) = (Lx-M"y) = (x L*M"y)

Since this holds for all x,y the conclusion follows as above. This proves the theorem.
Here is a very important example.

Example 3.8.13 Suppose F € L (Hy, Hy). Then FF* € L (Ha, Hy) and is self adjoint.

To see this is so, note it is the composition of linear transformations and is therefore
linear as stated. To see it is self adjoint, Proposition 3.8.12/ implies

(FF*)* = (F*)" F* = FF*

In the case where A € £ (F",F™), considering the matrix of A with respect to the usual
bases, there is no loss of generality in considering A to be an m X n matrix,

(Ax), = Z Aijy.
J

Then in terms of components of the matrix, A,

(A*)ij = Aji.

You should verify this is so from the definition of the usual inner product on F¥. The
following little proposition is useful.

Proposition 3.8.14 Suppose A is an m x n matriz where m < n. Also suppose
det (AA¥) # 0.

Then A has m linearly independent rows and m independent columns.

Proof: Since det (AA*) # 0, it follows the m x m matrix AA* has m independent rows.
If this is not true of A, then there exists x a 1 X m matrix such that

xA =0.

Hence
xAA* =0

and this contradicts the independence of the rows of AA*. Thus the row rank of A equals
m and by Corollary [3.5.20/ this implies the column rank of A also equals m. This proves the
proposition.
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3.8.6 Schur’s Theorem

Recall that for a linear transformation, L € £ (V, V), it could be represented in the form
L= Z lijvivj
ij

where {vi,---,va} is a basis. Of course different bases will yield different matrices, (I;;).
Schur’s theorem gives the existence of a basis in an inner product space such that (I;;) is
particularly simple.

Definition 3.8.15 et L e £ (V, V) where V is vector space. Then a subspace U
of V is L invariant if L (U) C U.

Theorem 3.8.16 LetL e (H,H) for H a finite dimensional inner product space
such that the restriction of L*to every L invariant subspace has its eigenvalues in F. Then
there exist constants, ¢;; for i < j and an orthonormal basis, {w;}._, such that

n j
L= E E CijWin

j=11i=1
The constants, c;; are the eigenvalues of L.
Proof: If dim (H) = 1 let H = span(w) where |w| = 1. Then Lw = kw for some k.

Then
L =kww

because by definition, ww (w) = w. Therefore, the theorem holds if H is 1 dimensional.

Now suppose the theorem holds for n — 1 = dim (H). By Theorem [3.6.4] and the as-
sumption, there exists w,,, an eigenvector for L*. Dividing by its length, it can be assumed
|w,| = 1. Say L*w,, = uw,,. Using the Gram Schmidt process, there exists an orthonormal
basis for H of the form {vy,---,v,_1,w,}. Then

(Lvy - wy) = (v - L*w,) = (Vi - pwy,) =0,

which shows

L:Hy =span(vy, -, Vp_1) — span (Vi, -, Vyu_1).
Denote by L; the restriction of L to H;. Since H; has dimension n — 1, the induction
hypothesis yields an orthonormal basis, {w1, - - -, w,_1} for H; such that
n—1 j
L1 = Z Z CijW;Wj. (343)
j=1i=1
Then {wy, - - -, W, } is an orthonormal basis for H because every vector in span (vy,««+, vp_1).
has the property that its dot product with w,, is 0 so in particular, this is true for the vectors
{w1, -, wpn_1}. Now define ¢;,, to be the scalars satisfying
n
Lw, = Z CinW; (3.44)
i=1
and let
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Then by [3.44,

1

Z Cz]Wz nj Z CinW; = Lwn
j=11i=
fl<k<n-l1,

n J k
Bwy, = E E CijWilkj = E CikW;
i=1

j=1i=1

while from [3.43,
n—1 j

LWk: = Llwkt = E C’L]WZ ik — E CikWj.
1

j=11i=

Since L = B on the basis {wy,---,w,}, it follows L = B.
It remains to verify the constants, ¢y are the eigenvalues of L, solutions of the equation,
det (A — L) = 0. However, the definition of det (AI — L) is the same as

det (A — C)

where C is the upper triangular matrix which has ¢;; for ¢ < j and zeros elsewhere. This
equals 0 if and only if A is one of the diagonal entries, one of the cpx. This proves the
theorem.

There is a technical assumption in the above theorem about the eigenvalues of restrictions
of L* being in T, the field of scalars. If F = C this is no restriction. There is also another
situation in which F = R for which this will hold.

Lemma 3.8.17 Suppose H is a finite dimensional inner product space and {w1,- - -, W}
is an orthonormal basis for H. Then

(Win)* = WjWi

Proof: It suffices to verify the two linear transformations are equal on {wy, -, w,}.
Then
(Wp - (wiw;) " wi) = ((Wiw;) Wy - wy) = (Widjp - Wk) = 0500
(wp - (wjw;) wg) = (W W;dik) = dindjp

Since wy, is arbitrary, it follows from the properties of the inner product that
(x - (wWiw;)" wi) = (x - (W;wi) W)

for all x € H and hence (wiwj)* wi = (W;w;) Wy. Since wy, is arbitrary, this proves the
lemma.

Lemma 3.8.18 Let L € L(H,H) for H an inner product space. Then if L = L* so L
18 self adjoint, it follows all the eigenvalues of L are real.

Proof: Let {wy,- -, w,} be an orthonormal basis for H and let ({;;) be the matrix of
L with respect to this orthonormal basis. Thus

L= E lijWin, ld: E (SijWin
17 1]
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Denote by My the matrix whose ij*" entry is l;;. Then by definition of what is meant by
the determinant of a linear transformation,

det (Aid —L) = det (AT — M)

and so the eigenvalues of L are the same as the eigenvalues of M;. However, M €
L(C™ C™) with Mpx determined by ordinary matrix multiplication. Therefore, by the
fundamental theorem of algebra and Theorem [3.6.4) if X\ is an eigenvalue of L it follows
there exists a nonzero x € C" such that Mpx = Ax. Since L is self adjoint, it follows from

Lemma [3.8.17 o o
L= E lijWin =L"= E lijiji = E ljiWin
1] iJ 1]

which shows I;; = ZTZ
Then

Mx]? = Ax-x)=(x-x)=(Mrx-x) Zl”z]xz

> liTiws = Zlﬂmz (Mpx ) = (x:Myx) = X|x|”

showing A\ = \. This proves the lemma.

If L is a self adjoint operator on H, either a real or complex inner product space, it
follows the condition about the eigenvalues of the restrictions of L* to L invariant subspaces
of H must hold because these restrictions are self adjoint. Here is why. Let x,y be in one
of those invariant subspaces. Then since L* = L,

(I'x-y) = (x-Ly) = (x:L"y)

so by the above lemma, the eigenvalues are real and are therefore, in the field of scalars.

Now with this lemma, the following theorem is obtained. This is another major theorem.
It is equivalent to the theorem in matrix theory which states every self adjoint matrix can
be diagonalized.

Theorem 3.8.19 et H be a finite dimensional inner product space, real or complez,
and let L € L (H, H) be self adjoint. Then there exists an orthonormal basis {wy,- -+, Wy}
and real scalars, A\, such that

L= Z )\kaWk.
k=1

The scalars are the eigenvalues and Wy, is an eigenvector for A for each k.

Proof: By Theorem 3.8.16, there exists an orthonormal basis, {w1,- -, w,} such that
n n
L= Z Z CijWiWy
j=1i=1

where ¢;; = 0 if 7 > j. Now using Lemma [3.8.17) and Proposition 13.8.12] along with the
assumption that L is self adjoint,

n o n n o n n n
L= CijWin =L = E Cijiji = E E CjiWin

j=11i=1 j=11i=1 i=1 j=1
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If 7+ < 4, then this shows ¢;; = ¢;; and the second number equals zero because j > i. Thus
cij = 0if 4 < j and it is already known that ¢;; = 0 if ¢ > j. Therefore, let A\, = cpi and the
above reduces to

n n
L= E )\joWj = E )\joWj
j=1 j=1

showing that \; = )\7 so the eigenvalues are all real. Now

Lwy = Z Ajwiw, (wy) = Z AjW;0 5 = AWy

j=1 j=1

which shows all the wy, are eigenvectors. This proves the theorem.

3.9 Polar Decompositions

An application of Theorem [3.8.19, is the following fundamental result, important in geo-
metric measure theory and continuum mechanics. It is sometimes called the right polar
decomposition. When the following theorem is applied in continuum mechanics, F' is nor-
mally the deformation gradient, the derivative of a nonlinear map from some subset of three
dimensional space to three dimensional space. In this context, U is called the right Cauchy
Green strain tensor. It is a measure of how a body is stretched independent of rigid motions.
First, here is a simple lemma.

Lemma 3.9.1 Suppose R € L(X,Y) where X,Y are finite dimensional inner product
spaces and R preserves distances,
|Rx|y = |x[x -

Then R*R = 1.

Proof: Since R preserves distances, |Rx| = |x| for every x. Therefore from the axioms
of the dot product,

x* Iy + (- y) + (v %)
= |x+yl’
= (R(x+y) R(x+y))
= (Rx-Rx)+ (Ry-Ry) + (Rx- Ry) + (Ry - Rx)
= [ +[y/"+ (R*Rx-y) + (y - R*Rx)
and so for all x,y,
(R"Rx—x-y)+ (yR"Rx—x) =0

Hence for all x,y,
Re(R*Rx—x-y) =0

Now for x,y given, choose o € C such that
a(RFRx—x-y)=|(R*"Rx —x-Yy)|
Then

0 = Re(R'Rx—xay)=Rea(R*'Rx—x-Yy)
= |(R"Rx—xy)|
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Thus |[(R*Rx —x-y)| = 0 for all x,y because the given x,y were arbitrary. Let y =
R*Rx — x to conclude that for all x,

R'Rx—x=0
which says R*R = I since x is arbitrary. This proves the lemma.

Definition 3.9.2 mncse Re £ (X, X) for X a real or complex inner product space
of dimension n, R is said to be unitary if it preserves distances. Thus, from the above
lemma, unitary transformations are those which satisfy

R*R=RR*=1id
where id is the identity map on X.

Theorem 3.9.3 Let X be a real or complex inner product space of dimension n, let
Y be a real or complex inner product space of dimension m > n and let F' € L(X,Y). Then
there exists R € L(X,Y) and U € L(X,X) such that

F = RU, U=U* (U is Hermitian),
all eigenvalues of U are non negative,
U?=F*FR*R=1,
and |Rx| = |x]|.

Proof: (F*F)" = F*F and so by Theorem 13.8.19, there is an orthonormal basis of
eigenvectors for X, {vy,---,v,} such that

F*F = Z)\ivivi, F*Fvy = \yvy.
i=1
It is also clear that A; > 0 because
>\i (Vi 'Vi) = (F*Fvl 'Vi) = (FVi 'FV,‘) Z 0.

Let

U= Z”: )\;/ZVZ'VZ'.
i=1
so U maps X to X and is self adjoint. Then from [3.13,
Ut = NN i) (i)
ij
YAy, = z": Ny, — F°F
1j i=1

Let {Uxy,---,Ux,} be an orthonormal basis for U (X). Extend this using the Gram
Schmidt procedure to an orthonormal basis for X,

{lev S UXTayT+11 t 7yn} .
Next note that {Fxy,- -+, Fx,} is also an orthonormal set of vectors in Y because

(Fxy - Fx;) = (F*Fxy, - xj) = (UQXk -xj) = (Uxy - Ux;) = 0 k.
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Now extend {Fxy,- -, F'x,.} to an orthonormal basis for Y,
{Fxla t '7Fxrazr+1; t '7Zm} .

Since m > n, there are at least as many zj as there are yy.
Now define R as follows. For x € X there exist unique scalars, ¢, and dj such that

X—ZCkUXk + Z dkyk-

k=r+1
Then
Rx = ZCkFXk + Z drzy,. (345)
k=r+1
Thus, since {Fx1,- -+, FXy,2y41," * *,2Zm } is orthonormal, a short computation shows
T n
[Rx* = lenl*+ Y ldil* = x[*.
k=1 k=r+1

Now I need to verify RUx = Fx. Since {Uxy,- -, Ux,} is an orthonormal basis for UX,
there exist scalars, by such that

Ux =Y bUxy (3.46)
k=1

and so from the definition of R given in [3.45]

RUx = zr: bkFXk =F (i bkxk> .
k=1

k=1

RU = F is shown if F (3, _, byxy) =

[ (,Zlm) & (ZWO- )

<; by — x) : (; bxy — x))
)

(ikaXk — UX'ikaXk —UX) =0

k=1 k=1

I
A/~
<

by [3.46.

Since |Rx| = |x], it follows R*R = I from Lemma [3.9.1. This proves the theorem.

The following corollary follows as a simple consequence of this theorem. It is called the
left polar decomposition.
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Corollary 3.9.4 Let F € £(X,Y) and suppose n > m where X is a inner product
space of dimension n and Y is a inner product space of dimension m. Then there exists a
Hermitian U € L(X,X), and an element of L (X,Y), R, such that

F=UR, RR* =1.

Proof: Recall that L** = L and (ML)* = L*M*. Now apply Theorem [3.9.3 to F* €
L(X,Y). Thus,
F*=R'U

where R* and U satisfy the conditions of that theorem. Then
F=UR

and RR* = R**R* = I. This proves the corollary.
This is a good place to consider a useful lemma.

Lemma 3.9.5 Let X be a finite dimensional inner product space of dimension n and let
R e L(X,X) be unitary. Then |det (R)| = 1.

Proof: Let {wy} be an orthonormal basis for X. Then to take the determinant it
suffices to take the determinant of the matrix, (c;;) where

R = E CijWiWj.
ij

Rwy =3, ciyw; and so
(ka,wl) = Clk-

and hence

R= Z (RWk, Wl) Wi WL
Ik

Similarly
R* = Z (R*W]‘, Wz) W;W;.

j

Since R is given to be unitary,

RR* = id= Z Z (Rwy,wp) (R*wj, w;) (wiwy) (w;w;)

Ik ij
= Z (Rwy, wp) (R*Wj, W;) Ok Wiw;
ijkl
= Z <Z (Rw;, wy) (R*wj,wi)> WIW
jl i
Hence
> (Rrwj,wi) (Rwi,wi) =65 = Y (Rwy, w;) (Rwi, wy) (3.47)
because

id = Z (SjlWle
gl
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Thus letting M be the matrix whose ij" entry is (Rw;, w;), det (R) is defined as det (M)

and 13.47 says
> (MT) Ma =35
i 7
It follows
1::(km(Al)det<]ZT) = det (M) det (M) = det (M) det (M) = |det (M)]?.

Thus |det (R)| = |det (M)| =1 as claimed.

3.10 Exercises
1. For u,v vectors in F3, define the product, u* v = w177 + 2usTs + 3usT3. Show the
axioms for a dot product all hold for this funny product. Prove
1/2

|u*v\§(u>«<u)1/2(v*v)

2. Suppose you have a real or complex vector space. Can it always be considered as an
inner product space? What does this mean about Schur’s theorem? Hint: Start with
a basis and decree the basis is orthonormal. Then define an inner product accordingly.

3. Show that (a-b) =1 la+b|* —|la—b|*|.
4. Prove from the axioms of the dot product the parallelogram identity, |a—&-b|2 +
la—b|* =2lal’ +2|b|.

5. Suppose f, g are two Darboux Stieltjes integrable functions defined on [0, 1] . Define

1
um:Afwﬂﬂm

Show this dot product satisfies the axioms for the inner product. Explain why the
Cauchy Schwarz inequality continues to hold in this context and state the Cauchy
Schwarz inequality in terms of integrals. Does the Cauchy Schwarz inequality still
hold if

1
<fm:AquEme

where p(z) is a given nonnegative function? If so, what would it be in terms of
integrals.

6. If A is an n x n matrix considered as an element of £ (C",C") by ordinary matrix
multiplication, use the inner product in C™ to show that (A*), ;= Aj;. In words, the
adjoint is the transpose of the conjugate.

7. A symmetric matrix is a real n x n matrix A which satisfies AT = A. Show every
symmetric matrix is self adjoint and that there exists an orthonormal set of real
vectors {x1,- - -, X, } such that

A= Z )\kaXk
k
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8.

10.

11.

12.

13.

14.

BASIC LINEAR ALGEBRA

A normal matrix is an n X n matrix, A such that A*A = AA*. Show that for a normal
matrix there is an orthonormal basis of C", {x1,- - -, %, } such that

A= E a; X;X;
)

That is, with respect to this basis the matrix of A is diagonal. Hint: This is a harder
version of what was done to prove Theorem [3.8.19. Use Schur’s theorem to write
A= 2?21 Yoi, Bijw;w,; where B;; is an upper triangular matrix. Then use the
condition that A is normal and eventually get an equation

> BB =Y _ BriBu
k k

Next let ¢ = [ and consider first [ = 1, then [ = 2, etc. If you are careful, you will find
B;; = 0 unless ¢ = j.

Suppose A € L (H, H) where H is an inner product space and
A= Z a; W; W;
i

where the vectors {wy, - - -, w,, } are an orthonormal set. Show that A must be normal.
In other words, you can’t represent A € £ (H, H) in this very convenient way unless
it is normal.

If L is a self adjoint operator defined on an inner product space, H such that L has
all only nonnegative eigenvalues. Explain how to define L'/" and show why what you
come up with is indeed the n*" root of the operator. For a self adjoint operator L on
an inner product space, can you define sin (L) = >, (=1)" L2/ (2k + 1)!? What
does the infinite series mean? Can you make some sense of this using the representation
of L given in Theorem [3.8.197

If L is a self adjoint linear transformation defined on £ (H, H) for H an inner product
space which has all eigenvalues nonnegative, show the square root is unique.

Using Problem 11l show F € L (H, H) for H an inner product space is normal if and
only if RU = UR where F = RU is the right polar decomposition defined above.
Recall R preserves distances and U is self adjoint. What is the geometric significance
of a linear transformation being normal?

Suppose you have a basis, {vi,- -+, v, } in an inner product space, X. The Grammian
matrix is the n x n matrix whose ij" entry is (v; - v;) . Show this matrix is invertible.
Hint: You might try to show that the inner product of two vectors, )", arvy and

>k brvi has something to do with the Grammian.

Suppose you have a basis, {vy,- - -, v, } in an inner product space, X. Show there exists
a “dual basis” {vl, . ~,v”} which satisfies v¥ - v; = 5;‘-', which equals 0 if j # &k and
equals 1 if j = k.



Sequences

4.1 Vector Valued Sequences And Their Limits

Functions defined on the set of integers larger than a given integer which have values in a
vector space are called vector valued sequences. I will always assume the vector space is
a normed vector space. Actually, it will specialized even more to F", although everything
can be done for an arbitrary vector space and when it creates no difficulties, I will state
certain definitions and easy theorems in the more general context and use the symbol ||-||
to refer to the norm. Other than this, the notation is almost the same as it was when the
sequences had values in C. The main difference is that certain variables are placed in bold
face to indicate they are vectors. Even this is not really necessary but it is conventional to
do it.The concept of subsequence is also the same as it was for sequences of numbers. To
review,

Definition 4.1.1 Zet {a,} be a sequence and let ny < ny < ng,- -+ be any strictly
increasing list of integers such that ny is at least as large as the first number in the domain
of the function. Then if by = a,,, {br} is called a subsequence of {a,} .

Example 4.1.2 Let a,, = (n + 1,sin ( L )) . Then {an}zoz1 is a vector valued sequence.

n

The definition of a limit of a vector valued sequence is given next. It is just like the
definition given for sequences of scalars. However, here the symbol || refers to the usual
norm in F”. In a general normed vector space, it will be denoted by ||-||.

Definition 4.1.3 A vector valued sequence {a,},2, converges to a in a normed
vector space V, written as

lim a,, =a ora, — a

n—oo
if and only if for every e > 0 there exists n. such that whenever n > n. ,

[la, —al| <e.

In words the definition says that given any measure of closeness ¢, the terms of the
sequence are eventually this close to a. Here, the word “eventually” refers to n being suffi-
ciently large.

Theorem 4.1.4 If lim, .. a, = a and lim,,_, ., a, = a; then a; = a.

Proof: Suppose a; # a. Then let 0 < € < ||a; — al| /2 in the definition of the limit. It
follows there exists n. such that if n > n., then ||a,, — a|| < € and |a,, — a;| < e. Therefore,

67
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for such n,

lar —all < [lar —au][ + [Jan — al

< ete<|lai—all/2+lar —al| /2 = [[a1 - a]|,
a contradiction.
Theorem 4.1.5 Suppose {an} and {b,} are vector valued sequences and that

lim a, =aand lim b, =b.
n—oo n—oo

Also suppose x and y are scalars in F. Then

lim za, + yb, = xa+yb (4.1)
n—oo
Also,
lim (a,-b,)=(a-b) (4.2)

If {x,,} is a sequence of scalars in F converging to x and if {a,} is a sequence of vectors in
F™ converging to a, then
lim z,a, = za. (4.3)

n—oo

Also if {xy} is a sequence of vectors in F™ then xj, — x, if and only if for each j,

lim @] = a7, (4.4)

k—oo

where here

Proof: Consider the first claim. By the triangle inequality
|lza + yb— (zan +yby)|| < [z|[la — anl| + [y|[|b = bal| .

By definition, there exists n. such that if n > n.,

€
lla—an|[,[[b— byl <m
so for n > ne,
[|lza 4+ yb— (za, + yb,)|| < |z| c + |yl c <e.
2(1+ |z + |yl) 2(1+ |z + |y)

Now consider the second. Let € > 0 be given and choose n; such that if n > n; then
la, —a| < 1.

For such n, it follows from the Cauchy Schwarz inequality and properties of the inner product
that

la, - b, —a- b |(an - by) — (an - b)| +[(a, - b) — (a- b))
|an‘ |b71 - b| + |b| |an - a|

(la] +1) b, — b| + |b|[a, —a].

IN A CIA
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Now let ny be large enough that for n > no,

& &
b,—b| < —— and |a,—a] < ———.
| < Sy 24 lae—al < 5

Such a number exists because of the definition of limit. Therefore, let
ne > max (ny,ng) .
For n > n.,
la, b, —a-b|] < (Ja]+1)|b, —b|+ |b||a, — a]

3
1 b

(al+ 1) ) ==

This proves [4.2. The claim, 4.3|is left for you to do.
Finally consider the last claim. Ifl4.4 holds, then from the definition of distance in F™,

n

Z (:cj 7#;)2 =0.

j=1

lim |x — x| = lim
k—oo k—o0

J

On the other hand, if limy_, |x — x| = 0, then since ‘xk — xj‘ < |x — xg/|, it follows from

the squeezing theorem that

lim |7, —xj‘ =0.
k—oo

This proves the theorem.

An important theorem is the one which states that if a sequence converges, so does every
subsequence. You should review Definition [4.1.1/ at this point. The proof is identical to the
one involving sequences of numbers.

Theorem 4.1.6 rLet {xn} be a vector valued sequence with lim, . x, = x and let
{Xn,} be a subsequence. Then limy_, o0 Xy, = X.

Proof: Let € > 0 be given. Then there exists n. such that if n > n., then ||x,—x|| < e.
Suppose k > n.. Then n > k > n. and so

||, —x|| <&
showing limy_. o X, = x as claimed.

Theorem 4.1.7 Let {zn} be a sequence of real numbers and suppose each x, <l
(> Dand lim, oo, = x. Then x < [(>1). More generally, suppose {x,} and {y,} are
two sequences such that lim, ..z, = = and lim, .o yp = y. Then if z, < y, for all n
sufficiently large, then x < y.

Proof: Let € > 0 be given. Then for n large enough,
>z, >x—¢€

and so
l4+e>u.

Since € > 0 is arbitrary, this requires [ > x. The other case is entirely similar or else you
could consider —! and {—z,} and apply the case just considered.
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Consider the last claim. There exists N such that if n > N then z, <y, and
|z — n| + |y — yn] <e/2.
Then considering n > N in what follows,
r—y<azpn+e/2—(yp—¢€/2)=xp —ynt+e<e.

Since ¢ was arbitrary, it follows
x—y <0

This proves the theorem.

Theorem 4.1.8 Let {x,} be a sequence vectors and suppose each ||x,|| <1 (> )and
limy, 00 X, = X. Thenx < 1(>1). More generally, suppose {x,,} and {yn} are two sequences
such that lim, oo X, = X and lim, .y, =y. Then if ||x,|| < ||lyn]|| for all n sufficiently
large, then [[x|| < ly||.

Proof: It suffices to just prove the second part since the first part is similar. By the
triangle inequality,
x| = X[l < [lxn —x]]

and for large n this is given to be small. Thus {||x,||} converges to ||x||. Similarly {||y.||}
converges to ||y||. Now the desired result follows from Theorem 4.1.7. This proves the
theorem.

4.2 Sequential Compactness

The following is the definition of sequential compactness. It is a very useful notion which
can be used to prove existence theorems.

Definition 4.2.1 4 set, K C V, a normed vector space is sequentially compact if
whenever {a,} C K is a sequence, there exists a subsequence, {a,,} such that this subse-
quence converges to a point of K.

First of all, it is convenient to consider the sequentially compact sets in F.
Lemma 4.2.2 Let I, = [a*,b*] and suppose that for all k =1,2,- - -,
I O Ipqq.
Then there ezists a point, ¢ € R which is an element of every Ij.
Proof: Since I, D Iy, this implies
ab <aftl ok > Rt (4.5)

Consequently, if £ <1,
alt <al <b < (4.6)

Now define
czsup{al = 1,2,-~-}

By the first inequality in 4.5, and 4.6
akgc:sup{al:l:k,k—i—l,-n}gbk (4.7)

for each k = 1,2 ---. Thus ¢ € I for every k and this proves the lemma. If this went
too fast, the reason for the last inequality in [4.7 is that from 4.6, b* is an upper bound to
{al =k k+1,-- } . Therefore, it is at least as large as the least upper bound.
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Theorem 4.2.3 Every closed interval, [a,b] is sequentially compact.

Proof: Let {z,} C [a,b] = Iy. Consider the two intervals [a, %2] and [“E,b] each of

which has length (b — a) /2. At least one of these intervals contains x,, for infinitely many
values of n. Call this interval Iy. Now do for I; what was done for Iy. Split it in half and
let I be the interval which contains x,, for infinitely many values of n. Continue this way
obtaining a sequence of nested intervals Iy O I; O Iy O I3 - - where the length of I, is
(b —a) /2™. Now pick ny such that z,, € I, ny such that ny > n; and x,, € Iy, n3 such
that n3 > ne and x,, € I3, etc. (This can be done because in each case the intervals
contained z,, for infinitely many values of n.) By the nested interval lemma there exists a
point, ¢ contained in all these intervals. Furthermore,

|2, — | < (b—a)27F

and so limy_,c @, = ¢ € [a,b]. This proves the theorem.

Theorem 4.2.4 Let
n
I= H Ky
k=1
where Ky, is a sequentially compact set in F. Then I is a sequentially compact set in F™.
Proof: Let {xj},-, be a sequence of points in I. Let
Xp = (33]1“ . .7952)

Thus {x}c};il is a sequence of points in K;. Since K; is sequentially compact, there exists a
subsequence of {x; },- ; denoted by {x1;} such that {1, } converges to ! for some 2! € K;.
Now there exists a further subsequence, {x2;} such that {m%k} converges to ', because
by Theorem 4.1.6, subsequences of convergent sequences converge to the same limit as the
convergent sequence, and in addition, {x%k} converges to some 22 € K,. Continue taking

subsequences such that for {xjk};il , it follows {x;k} converges to some x" € K, for all

r < j. Then {Xnk};:il is the desired subsequence such that the sequence of numbers in F
obtained by taking the j** component of this subsequence converges to some 2/ € K i It
follows from Theorem [4.1.5 that x = (:El,- : ~733”) € I and is the limit of {xX,x};.,. This
proves the theorem.

Corollary 4.2.5 Any boz of the form
[a,b] +ie,d] ={x+iy:x € [a,b],y € [c,d]}
is sequentially compact in C.
Proof: The given box is essentially [a,b] X [¢,d].
{wx + g}z, € la b + il d]
is the same as saying (zx,yx) € [a,b] X [¢,d]. Therefore, there exists (z,y) € [a,b] X [c,d]

such that z; — = and y; — y. In other words xy + iy — = + iy and z + iy € [a,b] +i[c,d].
This proves the corollary.
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4.3 Closed And Open Sets

The definition of open and closed sets is next.

Definition 4.3.1 Let U be a set of points in a normed vector space, V. A point,
p € U is said to be an interior point if whenever ||x — pl| is sufficiently small, it follows
x € U also. The set of points, x which are closer to p than § is denoted by

B(p,d)={xeV:|x—p|l <d}.

This symbol, B (p,d) is called an open ball of radius §. Thus a point, p is an interior point
of U if there exists § > 0 such that p € B (p,0) C U. An open set is one for which every
point of the set is an interior point. Closed sets are those which are complements of open
sets. Thus H is closed means H is open.

Theorem 4.3.2 The intersection of any finite collection of open sets is open. The
union of any collection of open sets is open. The intersection of any collection of closed sets
18 closed and the union of any finite collection of closed sets is closed.

Proof: To see that any union of open sets is open, note that every point of the union is
in at least one of the open sets. Therefore, it is an interior point of that set and hence an
interior point of the entire union.

Now let {Uy,- - -, Uy} be some open sets and suppose p € N}, Ui. Then there exists
ri > 0 such that B (p,r,) C Uk. Let 0 < r < min (71,72, - -, 7). Then B (p,r) C N7, Uy
and so the finite intersection is open. Note that if the finite intersection is empty, there is
nothing to prove because it is certainly true in this case that every point in the intersection
is an interior point because there aren’t any such points.

Suppose {Hq,- -+, Hy} is a finite set of closed sets. Then U} | Hy, is closed if its com-
plement is open. However, from DeMorgan’s laws,

C
(U?=1Hk) = QZL:lHkCa

a finite intersection of open sets which is open by what was just shown.
Next let C be some collection of closed sets. Then

(n0)° =U{H®:H e},

a union of open sets which is therefore open by the first part of the proof. Thus NC is closed.
This proves the theorem.

Next there is the concept of a limit point which gives another way of characterizing
closed sets.

Definition 4.3.3 Let A be any nonempty set and let X be a point. Then x is said
to be a limit point of A if for every r > 0, B (x,r) contains a point of A which is not equal
to x.

Example 4.3.4 Consider A= B (x,0), an open ball in a normed vector space. Then every
point of B(x,0) is a limit point. There are more general situations than normed vector
spaces in which this assertion is false.

If z € B(x,0), consider z+7 (x — z) = wy, for k € N. Then

1
z+—(x—2)—x

k

102 (1)

k-1
= THZ_XH<§

[l —x[| =
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and also

1
lwi — ]| < T [Ix — 2] < §/k

so Wi, — z. Furthermore, the w are distinct. Thus z is a limit point of A as claimed. This
is because every ball containing z contains infinitely many of the wj and since they are all
distinct, they can’t all be equal to z.

Similarly, the following holds in any normed vector space.

Theorem 4.3.5 Let A be a nonempty set in V, a normed vector space. A point a is
a limit point of A if and only if there exists a sequence of distinct points of A,{a,} which
converges to a. Also a nonempty set, A is closed if and only if it contains all its limit points.

Proof: Suppose first a is a limit point of A. There exists a; € B(a,1) N A such that
a; # a. Now supposing distinct points, ay,- - -, a, have been chosen such that none are
equal to a and for each k <n, a; € B(a,1/k), let

. 1
0< T+l < mln{q’H—l?

- aull,e ol - anl ]}

Then there exists a,+1 € B (a,r,4+1) N A with a,17# a. Because of the definition of 7,1,
a,+1 is not equal to any of the other a;, for k¥ < n+1. Also since ||a — a,,|| < 1/m, it follows
lim,, 0 a,,= a. Conversely, if there exists a sequence of distinct points of A converging to
a, then B (a,r) contains all a,, for n large enough. Thus B (a,r) contains infinitely many
points of A since all are distinct. Thus at least one of them is not equal to a. This establishes
the first part of the theorem.

Now consider the second claim. If A is closed then it is the complement of an open set.
Since A€ is open, it follows that if a € A, then there exists § > 0 such that B (a,§) C A®
and so no point of A® can be a limit point of A. In other words, every limit point of A must
be in A. Conversely, suppose A contains all its limit points. Then A® does not contain any
limit points of A. It also contains no points of A. Therefore, if a € A, since it is not a
limit point of A, there exists § > 0 such that B (a,d) contains no points of A different than
a. However, a itself is not in A because a € AC. Therefore, B (a,d) is entirely contained in
A%, Since a € A® was arbitrary, this shows every point of A® is an interior point and so
A€ is open. This proves the theorem.

Closed subsets of sequentially compact sets are sequentially compact.

Theorem 4.3.6 If K is a sequentially compact set in a normed vector space and if
H is a closed subset of K then H is sequentially compact.

Proof: Let {x,} C H. Then since K is sequentially compact, there is a subsequence,
{xn,} which converges to a point, x € K. If x ¢ H, then since H® is open, it follows
there exists B (x,r) such that this open ball contains no points of H. However, this is a
contradiction to having x,, — x which requires x,, € B (x,r) for all k large enough. Thus
x € H and this has shown H is sequentially compact.

Definition 4.3.7 A set S C V., a normed vector space is bounded if there is some
r >0 such that S C B(0,r).

Theorem 4.3.8 Every closed and bounded set in F™ is sequentially compact. Con-
versely, every sequentially compact set in F™ is closed and bounded.



74 SEQUENCES

Proof: Let H be a closed and bounded set in F*. Then H C B (0,r) for some r.
Therefore, if x € H,x = (21, -, &), it must be that

n
Z lzi|> < r
i=1

and so each z; € [—r,r]+1i[—r,7] = R,., a sequentially compact set by Corollary 4.2.5. Thus
H is a closed subset of N

1x

i=1

which is a sequentially compact set by Theorem 4.2.4. Therefore, by Theorem 4.3.6!it follows
H is sequentially compact.

Conversely, suppose K is a sequentially compact set in F”. If it is not bounded, then
there exists a sequence, {k,,} such that k,, € K but k,, ¢ B(0,m) for m = 1,2, - -.
However, this sequence cannot have any convergent subsequence because if k,,, — k, then
for large enough m, k € B(0,m) C D (0,m) and k,,,, € B (0,m)¢ for all k large enough
and this is a contradiction because there can only be finitely many points of the sequence
in B(0,m). If K is not closed, then it is missing a limit point. Say k., is a limit point
of K which is not in K. Pick k,,, € B (koo, %) . Then {k,,} converges to ks and so every
subsequence also converges to ko, by Theorem 4.1.6. Thus there is no point of K which is
a limit of some subsequence of {k,,}, a contradiction. This proves the theorem.

What are some examples of closed and bounded sets in a general normed vector space
and more specifically F™?

Proposition 4.3.9 Let D (z,r) denote the set of points,
(weV:lw—zl<r}

Then D (z,r) is closed and bounded. Also, let S (z,r) denote the set of points
[weV:lw—zl=r}

Then S (z,r) is closed and bounded. It follows that if V- = ™ then these sets are sequentially
compact.

Proof: First note D (z,r) is bounded because
D (z,r) C B(0,||z|| + 2r)
Here is why. Let x € D (z,r). Then ||x — z|| < r and so
x| < [[x = z[| + ||z]| <7+ [|z]] <2r+||z]].

It remains to verify it is closed. Suppose then that y ¢ D (z,r). This means ||y — z|| > r.
Consider the open ball B (y,|ly —z|| — 7). If x € B(y, ||y — z|| — r), then

Ix=yll <lly —zl| -~
and so by the triangle inequality,
|z =x[[ = [lz =yl = lly =x[| > [x =yl +r =[x =yl =r

Thus the complement of D (z,r) is open and so D (z,r) is closed.

For the second type of set, note S (z,r)c = B(z,r)UD (z,r)c, the union of two open
sets which by Theorem 14.3.2] is open. Therefore, S (z,r) is a closed set which is clearly
bounded because S (z,r) C D (z,7r).
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4.4 Cauchy Sequences And Completeness

The concept of completeness is that every Cauchy sequence converges. Cauchy sequences
are those sequences which have the property that ultimately the terms of the sequence are
bunching up. More precisely,

Definition 4.4.1 {a,} is a Cauchy sequence in a normed vector space, V if for all
e > 0, there exists n. such that whenever n,m > n.,

llan—an|| <e.

Theorem 4.4.2 The set of terms (values) of a Cauchy sequence in a normed vector
space V' is bounded.

Proof: Let € = 1 in the definition of a Cauchy sequence and let n > ni. Then from the
definition,
[lan—an, || < 1.

It follows that for all n > nq,
lan|| <1+ [lan, |

Therefore, for all n,
ni

llan|| < 1+ [[an ||+ > llax]|.
k=1
This proves the theorem.

Theorem 4.4.3 If a sequence {a,} in V, a normed vector space converges, then the
sequence is a Cauchy sequence.

Proof: Let ¢ > 0 be given and suppose a,, — a. Then from the definition of convergence,

there exists n. such that if n > n,, it follows that
€
lan—al| < £

Therefore, if m,n > n. 4+ 1, it follows that

g 13
lan—am|| < llan—all + lla = anll < S +5 =<

showing that, since € > 0 is arbitrary, {a, } is a Cauchy sequence.
The following theorem is very useful. It is identical to an earlier theorem. All that is
required is to put things in bold face to indicate they are vectors.

Theorem 4.4.4 Suppose {a,} is a Cauchy sequence in any normed vector space and
there exists a subsequence, {ay, } which converges to a. Then {a,} also converges to a.

Proof: Let € > 0 be given. There exists N such that if m,n > N, then
llam—an|| < e/2.
Also there exists K such that if £ > K, then
[la—an,|| <e/2.
Then let k& > max (K, N). Then for such &,

lax—all < [lar—an,[[ + [|an, —a]|
< €g/24¢€/2=¢.

This proves the theorem.
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Definition 4.4.5 If V is a normed vector space having the property that every
Cauchy sequence converges, then V s called complete. It is also referred to as a Banach
space.

Example 4.4.6 R is given to be complete. This is a fundamental axiom on which calculus
is developed.

Given R is complete, the following lemma is easily obtained.
Lemma 4.4.7 C is complete.

Proof: Let {x) + iy}, be a Cauchy sequence in C. This requires {z;} and {y,} are
both Cauchy sequences in R. This follows from the obvious estimates

By completeness of R there exists € R such that z; — x and similarly there exists y € R
such that yi — y. Therefore, since

Ve - + (e —y)?

|z — 2| + lyx — |

|(r + iyr) — (= + iy)|

it follows (zx + iyx) — (x + 1y) .
A simple generalization of this idea yields the following theorem.

Theorem 4.4.8 F is complete.

Proof: By 4.4.7, F is complete. Now let {a,,} be a Cauchy sequence in F". Then by
the definition of the norm _ _
’a{n - a?@’ <la,;, — ag|

where a/, denotes the 4t component of a,,. Thus for each j = 1,2,-- -, n, {a{n}::l is a

Cauchy sequence. It follows from Theorem [4.4.7, the completeness of F, there exists a’ such
that

] J =gl
lim a, =a
m— 00

Theorem 4.1.5/ implies that lim,, .. a,, = a where
a= (a1,~~-,a”).

This proves the theorem.

4.5 Shrinking Diameters

It is useful to consider another version of the nested interval lemma. This involves a sequence
of sets such that set (n + 1) is contained in set n and such that their diameters converge to
0. It turns out that if the sets are also closed, then often there exists a unique point in all
of them.

Definition 4.5.1 Let S be a nonempty set in a normed vector space, V. Then
diam (S) s defined as
diam (S) = sup{||x — y|| : x,y € S}.

This is called the diameter of S.
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Theorem 4.5.2 Let {F,},2_, be a sequence of closed sets in F" such that

lim diam (F,) =0

n— oo

and F,, D Fy,41 for each n. Then there exists a unique p € N2, F,.

Proof: Pick pip € Fj. This is always possible because by assumption each set is
nonempty. Then {px},—,, C F,, and since the diameters converge to 0, it follows {py}
is a Cauchy sequence. Therefore, it converges to a point, p by completeness of F™discussed
in Theorem 4.4.8. Since each F} is closed, p € F} for all k. This is because it is a limit of
a sequence of points only finitely many of which are not in the closed set Fj. Therefore,
p € N Fy. If g € Ng2, F}, then since both p,q € Fj,

|p — q| < diam (F}).

It follows since these diameters converge to 0, |p — q| < e for every . Hence p = ¢. This
proves the theorem.

A sequence of sets, {G,,} which satisfies G,, D G,,41 for all n is called a nested sequence
of sets.

4.6 Exercises
1. For a nonempty set, S in a normed vector space, V, define a function
x —dist (x,5) =inf {|lx—y||:y € S}.

Show
dist (x, ) — dist (y, S)|| < [[x — y]|.

2. Let A be a nonempty set in F™ or more generally in a normed vector space. Define
the closure of A to equal the intersection of all closed sets which contain A. This is
usually denoted by A. Show A = AU A’ where A’ consists of the set of limit points of
A. Also explain why A is closed.

3. The interior of a set was defined above. Tell why the interior of a set is always an
open set. The interior of a set A is sometimes denoted by A°.

4. Given an example of a set A whose interior is empty but whose closure is all of R™.

5. A point, p is said to be in the boundary of a nonempty set, A if for every r > 0,
B (p,r) contains points of A as well as points of A“. Sometimes this is denoted as 0A.
In a normed vector space, is it always the case that AU 0A = A? Prove or disprove.

6. Give an example of a finite dimensional normed vector space where the field of scalars
is the rational numbers which is not complete.

7. Explain why as far as the theorems of this chapter are concerned, C" is essentially the
same as R2".

8. A set, A C R" is said to be convex if whenever x,y € A it follows tx+ (1 —t)y € A
whenever ¢ € [0,1]. Show B (z,r) is convex. Also show D (z,r) is convex. If A is
convex, does it follow A is convex? Explain why or why not.
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10.

11.

12.

13.

14.
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Let A be any nonempty subset of R™. The convex hull of A, usually denoted by co (A)
is defined as the set of all convex combinations of points in A. A convex combination
is of the form Zgzl trag where each t;, > 0 and Ek tr = 1. Note that p can be any
finite number. Show co (A) is convex.

Suppose A C R™ and z € co(A). Thus z=>7_; tyay for ¢, > 0 and >, t, = 1.
Show there exists n+ 1 of the points {ay, - - -,a,} such that z is a convex combination
of these n + 1 points. Hint: Show that if p > n + 1 then the vectors {a; — a1}, _,
must be linearly dependent. Conclude from this the existence of scalars {a;} such
that Y7  asa; = 0. Now for s € R, z =) 7_, (tx + sa;) ag. Consider small s and
adjust till one or more of the t; + say vanish. Now you are in the same situation as
before but with only p — 1 of the a;. Repeat the argument till you end up with only
n + 1 at which time you can’t repeat again.

Show that any uncountable set of points in F"™ must have a limit point.

Let V be any finite dimensional vector space having a basis {vy,---,v,}. For x € V,

let
n
X = Z TV
k=1

so that the scalars, xj are the components of x with respect to the given basis. Define
for x,y e V

(x-y) = Z T
i=1

Show this is a dot product for V satisfying all the axioms of a dot product presented
earlier.

In the context of Problem 12! let |x| denote the norm of x which is produced by this
inner product and suppose ||-|| is some other norm on V. Thus

x| = (Z xz-|2> "

X = Zxkvk. (48)
k

where

Show there exist positive numbers § < A independent of x such that
6 x| < [[x|| < Alx|

This is referred to by saying the two norms are equivalent. Hint: The top half is easy
using the Cauchy Schwarz inequality. The bottom half is somewhat harder. Argue
that if it is not so, there exists a sequence {x;} such that |x| = 1 but k=% |xx| = k=1 >
||xx|| and then note the vector of components of xj, is on S (0, 1) which was shown to
be sequentially compact. Pass to a limit in [4.8 and use the assumed inequality to get
a contradiction to {vy,- -+, v, } being a basis.

It was shown above that in F", the sequentially compact sets are exactly those which
are closed and bounded. Show that in any finite dimensional normed vector space, V'
the closed and bounded sets are those which are sequentially compact.
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Two norms on a finite dimensional vector space, ||-||; and ||-||, are said to be equivalent
if there exist positive numbers § < A such that

S [[x[ly < [lx[ly < Aflxall; -

Show the statement that two norms are equivalent is an equivalence relation. Explain
using the result of Problem 13 why any two norms on a finite dimensional vector space
are equivalent.

A normed vector space, V is separable if there is a countable set {wy},-; such that
whenever B (x,d) is an open ball in V| there exists some wy, in this open ball. Show
that F” is separable. This set of points is called a countable dense set.

Let V be any normed vector space with norm ||-||. Using Problem [13 show that V is
separable.
Suppose V' is a normed vector space. Show there exists a countable set of open balls

B = {B (xy, k) } =, having the remarkable property that any open set, U is the union
of some subset of 5. This collection of balls is called a countable basis. Hint: Use
Problem (17 to get a countable dense dense set of points, {xk}?}:l and then consider
balls of the form B (Xk, %) where r € N. Show this collection of balls is countable and
then show it has the remarkable property mentioned.

Suppose S is any nonempty set in V' a finite dimensional normed vector space. Suppose
C is a set of open sets such that UC O S. (Such a collection of sets is called an open
cover.) Show using Problem [18 that there are countably many sets from C, {Uy},o,
such that § C U72,Uy. This is called the Lindeloff property when every open cover
can be reduced to a countable sub cover.

A set, H in a normed vector space is said to be compact if whenever C is a set of open
sets such that UC D H, there are finitely many sets of C, {Uy, - - -, U,} such that

HC UleUi.

Show using Problem [19 that if a set in a normed vector space is sequentially compact,
then it must be compact. Next show using Problem 14 that a set in a normed vector
space is compact if and only if it is closed and bounded. Explain why the sets which
are compact, closed and bounded, and sequentially compact are the same sets in any
finite dimensional normed vector space
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Continuous Functions

Continuous functions are defined as they are for a function of one variable.

Definition 5.0.1 Let V, W be normed vector spaces. A function f: D (f) CV — W
is continuous at x € D (f) if for each € > 0 there exists § > 0 such that whenevery € D (f)
and

lly —x[ly, <90

it follows that
IF () —f ()l <e

A function, f is continuous if it is continuous at every point of D (f).

There is a theorem which makes it easier to verify certain functions are continuous
without having to always go to the above definition. The statement of this theorem is
purposely just a little vague. Some of these things tend to hold in almost any context,
certainly for any normed vector space.

Theorem 5.0.2 The following assertions are valid

1. The function, af+bg is continuous at x when f, g are continuous at x € D (£)ND (g)
and a,b € F.

2. If and f and g have values in F™ and they are each continuous at x, then f-g is
continuous at x. If g has values in F and g(x) # 0 with g continuous, then f/g is
continuous at X.

3. If £ is continuous at x, £(x) € D(g), and g is continuous at f (x),then gof is
continuous at X.

4. If V is any normed vector space, the function £ : V. — R, given by f (x) = ||x]|| is
continuous.

5. f is continuous at every point of V if and only if whenever U is an open set in
W, £=1 (W) is open.

Proof: First consider 1.) Let ¢ > 0 be given. By assumption, there exist 6; > 0
such that whenever |x —y| < 47, it follows |f (x) —f (y)| < sarierny and there exists
d2 > 0 such that whenever |x —y| < 02, it follows that |g (x) — g (y)| < ety Lhen
let 0 < 6 < min (d1,d2). If |x — y| < §, then everything happens at once. Therefore, using
the triangle inequality

|af (x) + bf (x) — (ag (y) + bg (¥))]

81
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< lal [f (x) = £ (y)| + [l lg (%) — g (¥)

<t (ggare ) + M (sgarprem) <

Now consider 2.) There exists §; > 0 such that if |y — x| < d1, then |f (x) — f (y)| < 1.
Therefore, for such y,
f ) <1+EFx)].

It follows that for such y,

f-g(x)—f-gy)<f(x)-gx-—gx) f¥)+lgx fiy)—fy) gl

g () f (%) — £ (¥)| + I ()l g (x) —g(y)
(I +1g G +IE@)) (g x) —g )+ If(x) —f(y)]]
2+1g )+ g ) —g@+fx) —f(y)l]

Now let £ > 0 be given. There exists d2 such that if |x —y| < 2, then

<
<
<

22+ g )| +If (X))’

lg(x) —g(y)l <

and there exists d3 such that if |x — y| < d3, then

9
2+ g ()| + [ (x)])

Now let 0 < ¢ < min (d1,02,03) . Then if |[x —y| < 4, all the above hold at once and so

If-g(x)—f gyl <

£ — £ (v)l < 5

2+ [g ()| +[f (x)]) (g (x) =g @)+ |f(x) = £ (¥)l]

<2+ lg®)|+ If (x)]) (2(2+ e+ E) T 221 e®+ |f(x)|)> -C

This proves the first part of 2.) To obtain the second part, let §; be as described above and
let dp > 0 be such that for |x —y| < o,

lg(x) —g ()| <lg(x)/2

and so by the triangle inequality,

—lg /2 <lg(¥)l = lg () < lg (x)I/2

which implies [g (y)| = |g (x)| /2, and |g ()] < 3|9 (x)[ /2.
Then if |x — y| < min (Jo,d1) ,

‘f(X) f(Y)’:’f(X)Q(Y)—f(Y)g(X)

g% g(y) 9(x)g(y)
cE®9y) —f(y)g )

(=)
_2lf(x)g(y) —f(¥) g (x)|
lg (x)[”
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< IR0 )~ )5 (3) £33 (3) ~ F(3) 0 (0]

: |g<i)|2 llg (IE () — £ ) +IE 3] lg (v) — 9 ()]

<2 Blemliee - £l + (4 1E0D g () - 9 )
9P 12

< (20800 + 209 (D [E () — £ )]+ (3) g ()]

lg (x)*
=M[f(x)—f(y)+19(y) -9

where M is defined by

M=—2 (14206 ()| +21g ()))
9]

Now let 05 be such that if |x — y| < a2, then

£(0) — £ (y)] < SM!
and let d3 be such that if [x — y| < d3, then

l9(v) — g () < M.

Then if 0 < ¢ < min (d¢,d1,d2,03), and |x — y| < J, everything holds and

£ T e o
7 ) Mﬂ’gMﬂﬂ) £(y)| + g () — g (x)]

13 13
M[fM‘l 7M—1} —e.
< 5 + 5 I

This completes the proof of the second part of 2.)

Note that in these proofs no effort is made to find some sort of “best” §. The problem
is one which has a yes or a no answer. Either it is or it is not continuous.

Now consider 3.). If f is continuous at x, f (x) € D (g), and g is continuous at f (x) ,then
gof is continuous at x. Let € > 0 be given. Then there exists 7 > 0 such that if |y — f (x)| <7
and y € D (g), it follows that |g (y) — g (f (x))| < €. From continuity of f at x, there exists
0 > 0 such that if |x — z] < § and z€ D (f), then |f (z) — f (x)| < n. Then if |x — z| < ¢ and
ze€ D(gof) C D(f), all the above hold and so

lg(f(z)) —g(f(x))] <e.

This proves part 3.)
To verify part 4.), let € > 0 be given and let § = €. Then if ||x — y|| < J, the triangle
inequality implies

I£(x) — £ ()] = |11xI] — [Iyl
<lx-yll<i==.

This proves part 4.)
Next consider 5.) Suppose first f is continuous. Let U be open and let x € =1 (U).
This means f (x) € U. Since U is open, there exists ¢ > 0 such that B (f (x),e) C U. By
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continuity, there exists 6 > 0 such that if y € B(x,d), then f(y) € B(f(x),¢) and so
this shows B (x,6) C =1 (U) which implies f~! (U) is open since x is an arbitrary point of
f=1 (U) . Next suppose the condition about inverse images of open sets are open. Then apply
this condition to the open set B (f (x),¢). The condition says f~! (B (f (x),¢)) is open and
since x € f~! (B (f (x),¢)), it follows x is an interior point of f=! (B (f (x),¢)) so there
exists § > 0 such that B (x,d) C £~ (B (f(x),¢e)). This says f (B (x,d)) C B(f(x),e). In
other words, whenever ||y — x|| < 4, ||f (y) — f (x)|| < € which is the condition for continuity
at the point x. Since x is arbitrary, this proves the theorem.

5.1 Continuity And The Limit Of A Sequence

There is a very useful way of thinking of continuity in terms of limits of sequences found
in the following theorem. In words, it says a function is continuous if it takes convergent
sequences to convergent sequences whenever possible.

Theorem 5.1.1 A function £ : D (f) =W is continuous at x € D (f) if and only if,
whenever x, — x with x, € D (f), it follows f (x,,) — f (x).

Proof: Suppose first that f is continuous at x and let x,, — x. Let € > 0 be given. By
continuity, there exists 6 > 0 such that if ||y —x|| < d, then [|f (x) —f (y)|| < e. However,
there exists ns such that if n > ngs, then ||x,, — x|| < ¢ and so for all n this large,

If (%) = (xn)l| <&

which shows f (x,,) — f (x).

Now suppose the condition about taking convergent sequences to convergent sequences
holds at x. Suppose f fails to be continuous at x. Then there exists € > 0 and x,, € D (f)
such that ||x — x,|| < 1, yet

n

I () = £ (xn)]] = &

But this is clearly a contradiction because, although x, — x, f(x,) fails to converge to
f (x) . It follows f must be continuous after all. This proves the theorem.

Theorem 5.1.2 Supposef: D (f) — R is continuous at x € D (f) and suppose||f (x,,)
1 (> 1) where {x,} is a sequence of points of D (f) which converges to x. Then ||f (x)|| <
1(>1).

Proof: Since ||f (x,,)|| <1 and f is continuous at x, it follows from the triangle inequality,
Theorem 4.1.8 and Theorem 5.1.1},

IF ()11 = tim [IF ()| < L

The other case is entirely similar. This proves the theorem.
Another very useful idea involves the automatic continuity of the inverse function under
certain conditions.

Theorem 5.1.3 Let K be a sequentially compact set and suppose £ : K — £ (K) is
continuous and one to one. Then £~1 must also be continuous.

Proof: Suppose f (k,) — f (k). Does it follow k, — k? If this does not happen, then
there exists € > 0 and a subsequence still denoted as {k,} such that

k, — k| > (5.1)
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Now since K is compact, there exists a further subsequence, still denoted as {k, } such that
k, -k €K

However, the continuity of f requires
f(kn) — £ (k)

and so f (k') = f (k). Since f is one to one, this requires k’ = k, a contradiction to 5.1 This
proves the theorem.

5.2 The Extreme Values Theorem

The extreme values theorem says continuous functions achieve their maximum and minimum
provided they are defined on a sequentially compact set.
The next theorem is known as the max min theorem or extreme value theorem.

Theorem 5.2.1 etk C F™ be sequentially compact. Thus K is closed and bounded,
and let f: K — R be continuous. Then f achieves its mazximum and its minimum on K.
This means there exist, x1,%X3 € K such that for all x € K,

fx) < f(x) < f(x2).

Proof: Let A = sup{f(x):x € K}. Next let {\;} be an increasing sequence which
converges to A but each \; < A. Therefore, for each k, there exists x; € K such that

f (Xk) > >\k~

Since K is sequentially compact, there exists a subsequence, {xg, } such that lim; . xx, =
x € K. Then by continuity of f,

F(x) = lim f (x4,) > Jim Ay, = A

which shows f achieves its maximum on K. To see it achieves its minimum, you could repeat
the argument with a minimizing sequence or else you could consider —f and apply what
was just shown to —f, —f having its minimum when f has its maximum. This proves the
theorem.

5.3 Connected Sets

Stated informally, connected sets are those which are in one piece. In order to define what
is meant by this, I will first consider what it means for a set to not be in one piece.

Definition 5.3.1 Let A be a nonempty subset of V' a normed vector space. Then A
is defined to be the intersection of all closed sets which contain A. Note the whole space, V
is one such closed set which contains A.

Lemma 5.3.2 Let A be a nonempty set in a normed vector space V. Then A is a closed
set and B
A=AUuA

where A” denotes the set of limit points of A.
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Proof: First of all, denote by C the set of closed sets which contain A. Then
A=nC

and this will be closed if its complement is open. However,

A% =U{H® :HeC).

Each H¢ is open and so the union of all these open sets must also be open. This is because
if x is in this union, then it is in at least one of them. Hence it is an interior point of that
one. But this implies it is an interior point of the union of them all which is an even larger
set. Thus A is closed.

The interesting part is the next claim. First note that from the definition, A C A so if
x € A, then x € A. Now considery € A’ buty ¢ A. If y ¢ A, a closed set, then there exists

B(y,r) C A°. Thus y cannot be a limit point of A, a contradiction. Therefore,
AUA ' C A

Next suppose x € A and suppose x ¢ A. Then if B (x,r) contains no points of A different
than x, since x itself is not in A, it would follow that B (x,r) N A = () and so recalling that
open balls are open, B (x,r)c is a closed set containing A so from the definition, it also
contains A which is contrary to the assertion that x € A. Hence if x ¢ A, then x € A’ and
SO

AUA DA

This proves the lemma.
Now that the closure of a set has been defined it is possible to define what is meant by
a set being separated.

Definition 5.3.3 4 set, S in a normed vector space is separated if there exist sets,
A, B such that

S=AUB, AAB#0), and ANB=BnNA=1{.

In this case, the sets A and B are said to separate S. A set is connected if it is not separated.
Remember A denotes the closure of the set A.

Note that the concept of connected sets is defined in terms of what it is not. This makes
it somewhat difficult to understand. One of the most important theorems about connected
sets is the following.

Theorem 5.3.4 Suppose U and V are connected sets having nonempty intersection.
Then U UV is also connected.

Proof: Suppose UUV = AU B where AN B = BN A = (. Consider the sets, ANU
and BN U. Since

(ANU)N(BNU)=(AnU)Nn(BNU) =0,

It follows one of these sets must be empty since otherwise, U would be separated. It follows
that U is contained in either A or B. Similarly, V' must be contained in either A or B.
Since U and V have nonempty intersection, it follows that both V and U are contained in
one of the sets, A, B. Therefore, the other must be empty and this shows U UV cannot be
separated and is therefore, connected.
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The intersection of connected sets is not necessarily connected as is shown by the fol-
lowing picture.

Theorem 5.3.5 Letf: X — Y be continuous where Y is a normed vector space and
X is connected. Then £ (X) is also connected.

Proof: To do this you show f (X) is not separated. Suppose to the contrary that
f(X) = AUB where A and B separate f (X). Then consider the sets, f~! (A) and f~! (B).
Ifz € f~1 (B), then f (z) € B and so f (z) is not a limit point of A. Therefore, there exists an
open set, U containing f (z) such that UN A = (). But then, the continuity of f and Theorem
5.0.2 implies that £~ (U) is an open set containing z such that £=1 (U) N £~ (A) = 0.
Therefore, f~1 (B) contains no limit points of f=! (A4). Similar reasoning implies £~! (A)
contains no limit points of f~! (B). It follows that X is separated by f=! (A) and f~! (B),
contradicting the assumption that X was connected.

An arbitrary set can be written as a union of maximal connected sets called connected
components. This is the concept of the next definition.

Definition 5.3.6 Let S be a set and let p € S. Denote by Cp the union of all
connected subsets of S which contain p. This is called the connected component determined
by p.

Theorem 5.3.7 Let Cp be a connected component of a set S in a normed vector
space. Then Cp is a connected set and if Cp N Cq # 0, then Cp = Cy.

Proof: Let C denote the connected subsets of S which contain p. If C, = AU B where
ANB=BnA=1,

then p is in one of A or B. Suppose without loss of generality p € A. Then every set of C
must also be contained in A since otherwise, as in Theorem [5.3.4) the set would be separated.
But this implies B is empty. Therefore, C}, is connected. From this, and Theorem [5.3.4,
the second assertion of the theorem is proved.

This shows the connected components of a set are equivalence classes and partition the
set.

A set, I is an interval in R if and only if whenever z,y € I then (z,y) C I. The following
theorem is about the connected sets in R.

Theorem 5.3.8 4 set, C in R is connected if and only if C is an interval.

Proof: Let C be connected. If C consists of a single point, p, there is nothing to prove.
The interval is just [p, p] . Suppose p < g and p, ¢ € C. You need to show (p,q) C C. If

ze(pq\C
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let CN(—o0,2) = A, and CN(z,00) = B. Then C = AU B and the sets, A and B separate
C contrary to the assumption that C' is connected.

Conversely, let I be an interval. Suppose [ is separated by A and B. Pick x € A and
y € B. Suppose without loss of generality that © < y. Now define the set,

S={telz,y]: [zt C A}

and let I be the least upper bound of S. Then | € A so [ ¢ B which implies [ € A. But if
I ¢ B, then for some § > 0,
L,I1+6)NB=0
contradicting the definition of [ as an upper bound for S. Therefore, | € B which implies
I ¢ A after all, a contradiction. It follows I must be connected.
This yields a generalization of the intermediate value theorem from one variable calculus.

Corollary 5.3.9 Let E be a connected set in a normed vector space and suppose f : E —
R and that y € (f (e1), f (e2)) where e; € E. Then there exists e € E such that f (e) = y.

Proof: From Theorem 5.3.5, f (E) is a connected subset of R. By Theorem [5.3.8 f (E)
must be an interval. In particular, it must contain y. This proves the corollary.
The following theorem is a very useful description of the open sets in R.

Theorem 5.3.10 Let U be an open set in R. Then there exist countably many
disjoint open sets, {(a;,b;)}io, such that U = U2, (ai, b;) .
Proof: Let p € U and let z € C),, the connected component determined by p. Since U
is open, there exists, ¢ > 0 such that (z — §,z + §) C U. It follows from Theorem 5.3.4 that
(z—0,240) C C,.

This shows C), is open. By Theorem [5.3.8, this shows C), is an open interval, (a,b) where
a,b € [—00,00]. There are therefore at most countably many of these connected compo-
nents because each must contain a rational number and the rational numbers are countable.
Denote by {(a;,bi)};~; the set of these connected components. This proves the theorem.

Definition 5.3.11 A4 set E in a normed vector space is arcwise connected if for
any two points, p,q € E, there exists a closed interval, [a,b] and a continuous function,
v : [a,b] — E such that v (a) = p and v (b) = q.

An example of an arcwise connected topological space would be any subset of R™ which
is the continuous image of an interval. Arcwise connected is not the same as connected. A
well known example is the following.

1
{(x,sinx) (X € (O,l]}u{(O,y) cy e [-1,1]} (5.2)
You can verify that this set of points in the normed vector space R? is not arcwise connected
but is connected.

Lemma 5.3.12 In a normed vector space, B (z,r) is arcwise connected.

Proof: This is easy from the convexity of the set. If x,y € B (z,r), then let v (¢) =
x+t(y —x) for t € [0,1].

Ix+t(y —x)—zl[ = |[01-1)(x—2)+i(y—2)
< A=t)|x—z|[+t|y -z
< (I-t)r+tr=r

showing ~ (t) stays in B (z,r).
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Proposition 5.3.13 If X is arcwise connected, then it is connected.

Proof: Let X be an arcwise connected set and suppose it is separated. Then X = AUB
where A, B are two separated sets. Pick p € A and q € B. Since X is given to be arcwise
connected, there must exist a continuous function v : [a,b] — X such that v (a) = p and
v (b) = q. But then 7 ([a, b]) = (v ([a,b]) N A)U (v ([a, b]) N B) and the two sets, v ([a,b])NA
and v ([a,b]) N B are separated thus showing that « ([a, b]) is separated and contradicting
Theorem 5.3.8 and Theorem [5.3.5. It follows that X must be connected as claimed.

Theorem 5.3.14 Let U be an open subset of a normed vector space. Then U is
arcwise connected if and only if U is connected. Also the connected components of an open
set are open sets.

Proof: By Proposition [5.3.13] it is only necessary to verify that if U is connected and
open in the context of this theorem, then U is arcwise connected. Pick p € U. Say x € U
satisfies P if there exists a continuous function, v : [a,b] — U such that v (a) = p and
v (b) =x.

A = {x € U such that x satisfies P.}

If x € A, then Lemma[5.3.12 implies B (x,r) C U is arcwise connected for small enough
r. Thus letting y € B (x,r), there exist intervals, [a,b] and [c,d] and continuous functions
having values in U, «,n such that v (a) = p,v (b)) = x,n(¢c) = x, and 7 (d) = y. Then let
1 : la,b+d —¢] = U be defined as

_ (t) if t € [a, D]
vl(t){ 77(15+c—b) ift€b,b+d—c|

Then it is clear that -, is a continuous function mapping p to y and showing that B (x,r) C
A. Therefore, A is open. A # @ because since U is open there is an open set, B (p,d)
containing p which is contained in U and is arcwise connected.

Now consider B = U \ A. I claim this is also open. If B is not open, there exists a point
z € B such that every open set containing z is not contained in B. Therefore, letting B (z, ¢)
be such that z € B(z,d) C U, there exist points of A contained in B (z,d). But then, a
repeat of the above argument shows z € A also. Hence B is open and so if B # ), then
U = BU A and so U is separated by the two sets, B and A contradicting the assumption
that U is connected.

It remains to verify the connected components are open. Let z € Cp where Cp is the
connected component determined by p. Then picking B (z,6) C U, C,UB (z, §) is connected
and contained in U and so it must also be contained in Cp. Thus z is an interior point of
Cp. This proves the theorem.

As an application, consider the following corollary.

Corollary 5.3.15 Let f : Q — Z be continuous where § is a connected open set in a
normed vector space. Then f must be a constant.

Proof: Suppose not. Then it achieves two different values, k and [ # k. Then Q =
LU ft({meZ:m+#1}) and these are disjoint nonempty open sets which separate
Q. To see they are open, note

FlUmeZ:m#1)) = f (um# (m—é7m+é)>

which is the inverse image of an open set while f=1 (1) = f~! ((l — %,l + l)) also an open

6
set.
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5.4 Uniform Continuity
The concept of uniform continuity is also similar to the one dimensional concept.

Definition 5.4.1 Letf be a function. Then £ is uniformly continuous if for every
€ > 0, there exists a 6 depending only on ¢ such that if ||x — y|| < § then ||f (x) — f (y)|| <
€.

Theorem 5.4.2 Letf: K —F be continuous where K is a sequentially compact set
in F™ or more generally a normed vector space. Then f is uniformly continuous on K.

Proof: If this is not true, there exists € > 0 such that for every § > 0 there exists a pair
of points, x5 and y;s such that even though ||xs — ys|| < 0, ||f (x5) — f (ys5)|| > €. Taking a
succession of values for § equal to 1,1/2,1/3,- - -, and letting the exceptional pair of points
for § = 1/n be denoted by x,, and y,,

1
[Ixn = ynll < = (I (xn) = £ (ya)ll 2 &
Now since K is sequentially compact, there exists a subsequence, {x,,} such that x,, —
z € K. Now ng > k and so
Hxnk _ynkH < %
Hence

yne =2l < lyne = Xni |l + [[%n, — 2|

1
< 7+ lbn 2l
Consequently, y,, — z also. By continuity of f and Theorem [5.1.2,
0=[f(z) —£(z)]] = lim [[f () = £ (yn)ll 2 €,

an obvious contradiction. Therefore, the theorem must be true.
Recall the closed and bounded subsets of F™ are those which are sequentially compact.

5.5 Sequences And Series Of Functions
Now it is an easy matter to consider sequences of vector valued functions.

Definition 5.5.1 4 sequence of functions is a map defined on N or some set of
integers larger than or equal to a given integer, m which has values which are functions. It
is written in the form {f,} __  where £, is a function. It is assumed also that the domain

of all these functions is the same.

Here the functions have values in some normed vector space.
The definition of uniform convergence is exactly the same as earlier only now it is not
possible to draw representative pictures so easily.

Definition 5.5.2 ret {f.} be a sequence of functions. Then the sequence converges
pointwise to a function £ if for all x € D, the domain of the functions in the sequence,

f(x)= lim f, (x)

n—oo
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Thus you consider for each x € D the sequence of numbers {f,, (x)} and if this sequence
converges for each x € D, the thing it converges to is called f (x).

Definition 5.5.3 Let {f.} be a sequence of functions defined on D. Then {f,} is
said to converge uniformly to £ if it converges pointwise to £ and for every e > 0 there exists
N such that for alln > N

If (x) — £, (x)]| <

for allx € D.

Theorem 5.5.4 Let {f.} be a sequence of continuous functions defined on D and
suppose this sequence converges uniformly to £f. Then £ is also continuous on D. If each £,
1s uniformly continuous on D, then f is also uniformly continuous on D.

Proof: Let € > 0 be given and pick z € D. By uniform convergence, there exists N such
that if n > N, then for all x € D,

If (%) — £ (x)[| < /3. (5:3)

Pick such an n. By assumption, f,, is continuous at z. Therefore, there exists § > 0 such
that if ||z — x|| < J then
|Ifn (x) — £n (2)[| < /3.

It follows that for ||x — z|| < 0,
IE ) = £ @) < [If (x) = £ (D] + [|fn (%) = £ (2)[| +[|fn (2) — £ (2)]]
< €¢/3+¢/3+¢/3=¢

which shows that since € was arbitrary, f is continuous at z.
In the case where each f,, is uniformly continuous, and using the same f,, for which 5.3
holds, there exists a 6 > 0 such that if ||y — z|| < §, then

£ (z) — £a (¥)[| <e/3.
Then for ||y — z|| < 6,
I£(y) —f@I < [If(y) = O+l (y) — fn (2)]] + [[£n () — £ (2)]]
< ¢/34+¢/3+¢/3=¢

This shows uniform continuity of f. This proves the theorem.

Definition 5.5.5 Let {f.} be a sequence of functions defined on D. Then the se-
quence is said to be uniformly Cauchy if for every e > 0 there exists N such that whenever
m,n > N,

(£ (x) — £ (x)]] <€

forallx € D.
Then the following theorem follows easily.

Theorem 5.5.6 Let {f,} be a uniformly Cauchy sequence of functions defined on D
having values in a complete normed vector space such as F" for example. Then there exists
f defined on D such that {f,} converges uniformly to f.
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Proof: For each x € D, {f, (x)} is a Cauchy sequence. Therefore, it converges to some
vector f (x). Let € > 0 be given and let N be such that if n,m > N,

[Ifm (%) — £ (X < /2
for all x € D. Then for any x € D, pick n > N and it follows from Theorem 4.1.8
I (x) =, (3)|| = lim [[f, (x) — £n (x)]| < /2 <e.
This proves the theorem.

Corollary 5.5.7 Let {f,} be a uniformly Cauchy sequence of functions continuous on
D having values in a complete normed vector space like F™. Then there exists f defined on
D such that {f,} converges uniformly to f and f is continuous. Also, if each £, is uniformly
continuous, then so is f.

Proof: This follows from Theorem 5.5.6 and Theorem 5.5.4. This proves the Corollary.
Here is one more fairly obvious theorem.

Theorem 5.5.8 Let {f.} be a sequence of functions defined on D having values in a
complete normed vector space like F™. Then it converges pointwise if and only if the sequence
{f, (x)} is a Cauchy sequence for every x € D. It converges uniformly if and only if {f,}
s a uniformly Cauchy sequence.

Proof: If the sequence converges pointwise, then by Theorem 4.4.3 the sequence {f,, (x)}
is a Cauchy sequence for each x € D. Conversely, if {f,, (x)} is a Cauchy sequence for each
x € D, then {f, (x)} converges for each x € D because of completeness.

Now suppose {f,} is uniformly Cauchy. Then from Theorem [5.5.6] there exists f such
that {f,,} converges uniformly on D to f. Conversely, if {f,} converges uniformly to f on D,
then if € > 0 is given, there exists IV such that if n > N,

If (x) — £, (x)] <¢&/2
for every x € D. Then if m,n > N and x € D,
If, (x) — £, (x)] < |f, (x) — £ (x)|+|f (x) =, (x)| <e/2+¢e/2=¢.

Thus {f,} is uniformly Cauchy.
Once you understand sequences, it is no problem to consider series.

Definition 5.5.9 rLet {f.} be a sequence of functions defined on D. Then

(Z fk> (x) = lim > i (x) (5.4)
k=1 k=1

whenever the limit exists. Thus there is a new function denoted by

> ki (5.5)
k=1

and its value at x is given by the limit of the sequence of partial sums in 5.4 If for all
x € D, the limit in 5.4 exists, then 5.5 is said to converge pointwise. Y po fi is said to
converge uniformly on D if the sequence of partial sums,

)

converges uniformly.If the indices for the functions start at some other value than 1, you
make the obvious modification to the above definition.
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Theorem 5.5.10 Let {f.} be a sequence of functions defined on D which have values
in a complete normed vector space like ™. The series Y - fi converges pointwise if and
only if for each € > 0 and x € D, there exists N x which may depend on x as well as € such
that when ¢ > p > N x,

The series Y poy i converges uniformly on D if for every e > 0 there exists N. such that if
q>p> N then

d f(x)||<e (5.6)

for allx € D.

Proof: The first part follows from Theorem [5.5.8. The second part follows from observ-
ing the condition is equivalent to the sequence of partial sums forming a uniformly Cauchy
sequence and then by Theorem 5.5.6, these partial sums converge uniformly to a function
which is the definition of Y.~ fi. This proves the theorem.

Is there an easy way to recognize when 5.6 happens? Yes, there is. It is called the
Weierstrass M test.

Theorem 5.5.11 Let {f.} be a sequence of functions defined on D having values in
a complete normed vector space like F™. Suppose there exists M, such that sup {|f, (x)| : x € D} <
M, and Y 7 M, converges. Then Y .- £, converges uniformly on D.

Proof: Let z € D. Then letting m < n and using the triangle inequality

m

D fi(z) = fi(2)
k=1

k=1

n

< Y @l Y Mo<e

k=m+1 k=m+1

whenever m is large enough because of the assumption that Y > | M, converges. Therefore,
the sequence of partial sums is uniformly Cauchy on D and therefore, converges uniformly
to Y po; £y on D. This proves the theorem.

Theorem 5.5.12 If {f.} is a sequence of continuous functions defined on D and
> B converges uniformly, then the function, > 7=, fi must also be continuous.

Proof: This follows from Theorem 5.5.4 applied to the sequence of partial sums of the
above series which is assumed to converge uniformly to the function, >y fi.
5.6 Polynomials

General considerations about what a function is have already been considered earlier. For
functions of one variable, the special kind of functions known as a polynomial has a corre-
sponding version when one considers a function of many variables. This is found in the next
definition.

Definition 5.6.1 Let a be an n dimensional multi-indexz. This means

o = (0417' . '70471)
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where each «; is a positive integer or zero. Also, let

n
ol =) ol
i=1

Then x*means

a — .01 02 Qp,
x® =atay? - ay

where each x; € F. An n dimensional polynomial of degree m is a function of the form

p(x) = Z dox”

lo|<m

where the d, are complex or real numbers. Rational functions are defined as the quotient of
two polynomials. Thus these functions are defined on F™.

For example, f (x) = z123 + 7riz; is a polynomial of degree 5 and

T173 + Trir + 23

4a3x3 + Tadey — 23

is a rational function.
Note that in the case of a rational function, the domain of the function might not be all

of F™. For example, if

123 + Todry + o3
z3 +3z% — 4

fx) = :
the domain of f would be all complex numbers such that 3 + 327 # 4.
By Theorem 5.0.2] all polynomials are continuous. To see this, note that the function,

Tk (X) = XL
is a continuous function because of the inequality
Tk (%) = T (V)] = |2e — ye| < [x —y].

Polynomials are simple sums of scalars times products of these functions. Similarly, by this
theorem, rational functions, quotients of polynomials, are continuous at points where the
denominator is non zero. More generally, if V' is a normed vector space, consider a V' valued
function of the form

where d, € V, sort of a V valued polynomial. Then such a function is continuous by
application of Theorem 5.0.2/and the above observation about the continuity of the functions
Tk-

Thus there are lots of examples of continuous functions. However, it is even better than
the above discussion indicates. As in the case of a function of one variable, an arbitrary
continuous function can typically be approximated uniformly by a polynomial. This is the
n dimensional version of the Weierstrass approximation theorem.
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5.7 Sequences Of Polynomials, Weierstrass Approxima-
tion

Just as an arbitrary continuous function defined on an interval can be approximated uni-
formly by a polynomial, there exists a similar theorem which is just a generalization of the
earlier one which will hold for continuous functions defined on a box or more generally a
closed and bounded set. The proof is based on the following lemma.

Lemma 5.7.1 The following estimate holds for x € [0,1] and m > 2.

i (Z‘) (k —ma)?2* (1 —2)™ " < %m

k=0

Proof: First of all, from the binomial theorem

Zm: (’Z) kot (1 — 2)™

k=0
_ oy (m ka® (1—z)™ "

> (%)

% (m—1) -1 m—

- mx;(k—l)!(m—k)lk (1—a)""
_ - (m — 1)' m—1—
—m;(k—1)!(m—1—k)'mk(1 o
= me(l+1-—2)"""=ma

Next, using what was just shown and the binomial theorem again,

é (Pt a-omt = S (T k-t oo
+ zm: <’Z> kak (1— 2)™ "

m—2 m— 2
= m(m—1) ( i )xk+2 (1—2)" % 4 ma
k=0
m—2 _9
= 2m(m—1) <mk >x’“ (1—2)" " fma
k=0
= 2’m(m—1)+mz = 2°m? — *m + maz
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It follows

=0

i (7;:) (k —mz)? 2% (1 — )™ "
(

k
= Z (7:) k? — 2kmz + 2°m?) 2 (1 — z)™*
k=0

and from what was just shown along with the binomial theorem again, this equals

1\2
z2m? — 2°m 4+ ma — 2max (mzx) + 22m? = —2*m + mx = % -m (x 2) .
Thus the expression is maximized when x = 1/2 and yields m/4 in this case. This proves
the lemma.

Now let f be a continuous function defined on [0,1]. Let p, be the polynomial defined

by
= k _
p@ =Y (1)1 ()t amar (5.7
k=0
Now for f a continuous function defined on [0,1]" and for x = (1, - -, z,) ,consider the
polynomial,
“ “ m m m k:l m—k1 k:2 m—kz
pm(X)EZ"'Z P L U R P 1 (1—x1) 252 (1 — x2)
kim=l  kp=1 N1 2 n
1 n
_ k k
R € I Ll L S S I 58
b (Ut g (L (58)

Also define if [ is a set in R"
A, = sup{|h (x)] : x € I}.
Thus p,, converges uniformly to f on a set, I if

Tim {lpn — 1l = 0.

To simplify the notation, let k = (ky,- - -, k,,) where each k; € [0, m], % = (’:n—l, - %) , and
let

m\ _ /m)\ (m m

k) \ki)\ko ko)’
Also define

lk|| = max {k;,i =1,2,---,n}
k m-k _ Kk m—ki1 ko m—ko k, m—ky
x< (1 —x) =z1t (1 —xq) 252 (1 —x2) coexer (1 —xp) .
Thus in terms of this notation,
P (X) _ Z m Xk (1 _X)mfkf E
k m
k||, <m

This is the n dimensional version of the Bernstein polynomials presented earlier.

Lemma 5.7.2 For x € [0,1]", f a continuous F valued function defined on [0,1]", and

Pm given 5.8, p,, converges uniformly to f on [0,1]" as m — oc.
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Proof: The function, f is uniformly continuous because it is continuous on a sequentially
compact set, [0,1]". Therefore, there exists § > 0 such that if |x — y| < 4§, then

fx)—fy)l<e

Denote by G the set of k such that (k; — ma;)* < n2m?2 for each i where n = §/y/n. Note
this condition is equivalent to saying that for each i, |% - xl| < 7. A short computation
shows that by the binomial theorem,

Ik§<m <I§)Xk (1—x)™* =1

and so for x € [0,1]"

b9 =Sl < 5 (5 ) =nmr (15 - 1
<y (5 ) a—m s (£) - s

+ Y () aemr () - e (5.9)
keG®
Now for k € G it follows that for each i
k; 0
Dl < —= 1
i) < N (5.10)

and so ‘f (%) —f (x)| < ¢ because the above implies ‘% — x‘ < J. Therefore, the first sum
on the right in [5.9/is no larger than

o L

keG k|| oo <m

Letting M > max {|f (x)| : x € [0,1]"} it follows

[Pm (%) = f (%)
< 6+2Mkeza:c (k) (1—x)™k
< 5+2M( > Ci‘) _n P (1
s ef2M ( > e (III{I) ﬁl(kj —ma;)?x* (1 — %)™

because on G,

2
772m2 I =

Now by Lemma [5.7.1

[P (%) = [ (x)] < &+ 2M (njn) ()"
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Therefore, since the right side does not depend on x, it follows that for all m sufficiently
large,
lpm = flljo,an < 2¢

and since ¢ is arbitrary, this shows lim,, e ||[pm — f ||[0’1]n = (. This proves the lemma.

Theorem 5.7.3 Let f be a continuous function defined on

R = H [ak, bk] .
k=1

Then there exists a sequence of polynomials {p,} converging uniformly to f on R.

Proof: Let g : [0,1] — [ag, bk] be linear, one to one, and onto and let

x=g(y)= (01 (11),92(W2), - gn (yn)) -

Thus g :[0,1]" — TT;_, [ax,bx] is one to one, onto, and each component function is linear.
Then f o g is a continuous function defined on [0, 1]". It follows from Lemma [5.7.2 there
exists a sequence of polynomials, {p,, (y)} each defined on [0, 1]" which converges uniformly
to fogon [0,1]". Therefore, {pn, (g7* (x))} converges uniformly to f (x) on R. But

Y= ym) = (91" (@), 90" (2n))

and each g,;l is linear. Therefore, {pm (g_1 (X))} is a sequence of polynomials. This proves
the theorem.

There is a more general version of this theorem which is easy to get. It depends on the
Tietze extension theorem, a wonderful little result which is interesting for its own sake.

5.7.1 The Tietze Extension Theorem

To generalize the Weierstrass approximation theorem I will give a special case of the Tietze
extension theorem, a very useful result in topology. When this is done, it will be possible to
prove the Weierstrass approximation theorem for functions defined on a closed and bounded
subset of R™ rather than a box.

Lemma 5.7.4 Let S CR"™ be a nonempty subset. Define
dist (x,S) =inf{|x —y|:y € S}.
Then x — dist (x, S) is a continuous function satisfying the inequality,
|dist (x,S) —dist (y,9)| < |x—y|. (5.11)

Proof: The continuity of x — dist (x,.5) is obvious if the inequality [5.11] is established.
So let x,y € R™. Without loss of generality, assume dist (x,5) > dist (y,.S) and pick z € S
such that |y — z| — e < dist (y, S) . Then

|dist (x,S) —dist (y,S)] = dist(x,S5) — dist (y,5)
< x—z[-(ly—z[—¢)
< lz-yl+x-yl-ly—zl+e=x-y[+e

Since ¢ is arbitrary, this proves 5.11.



5.7. SEQUENCES OF POLYNOMIALS, WEIERSTRASS APPROXIMATION 99

Lemma 5.7.5 Let H, K be two nonempty disjoint closed subsets of R™. Then there exists
a continuous function, g : R" — [=1,1] such that g (H) = —1/3, g(K) = 1/3,9(R") C
[-1/3,1/3].
Proof: Let dist (x, 1)
ist (x,
T = G e i + dst . K

The denominator is never equal to zero because if dist (x, H) = 0, then x € H because
H is closed. (To see this, pick hy € B(x,1/k) N H. Then hy — x and since H is closed,
x € H.) Similarly, if dist (x, K) = 0, then x € K and so the denominator is never zero as
claimed. Hence f is continuous and from its definition, f =0 on H and f =1 on K. Now

let g (x) = % (f (x) — %) . Then g has the desired properties.

Definition 5.7.6 ror f a real or complex valued bounded continuous function de-
fined on M C R™.

A1y = sup{lf (¥)]: x € M}.

Lemma 5.7.7 Suppose M is a closed set in R™ where R™ and suppose f : M — [—1,1]
is continuous at every point of M. Then there exists a function, g which is defined and
continuous on all of R™ such that ||f — gl|,, < %, g(R™) C [-1/3,1/3].

Proof: Let H = f~1([-1,-1/3]),K = f~1([1/3,1]) . Thus H and K are disjoint closed
subsets of M. Suppose first H, K are both nonempty. Then by Lemma 5.7.5/ there exists g
such that g is a continuous function defined on all of R™ and g (H) = —1/3, g (K) = 1/3,
and g (R™) C [-1/3,1/3]. It follows ||f — g||,; < 2/3. If H = (), then f has all its values in
[—1/3,1] and so letting g = 1/3, the desired condition is obtained. If K =@, let ¢ = —1/3.
This proves the lemma.

Lemma 5.7.8 Suppose M is a closed set in R™ and suppose f : M — [—1,1] is contin-
wous at every point of M. Then there exists a function, g which is defined and continuous
on all of R™ such that g = f on M and g has its values in [—1,1].

Proof: Using Lemmal5.7.7, let g; be such that g; (R™) C [—1/3,1/3] and ||f — g1]|,, <
2. Suppose g1, - -, g have been chosen such that g; (R™) C [-1/3,1/3] and

m 2 i—1 2 m
‘f -y <3> gll < (3) . (5.12)
i=1
This has been done for m = 1. Then
3 m m 9 i—1
(-5

and so (%)m (f -, (%)i_ng) can play the role of f in the first step of the proof.

Therefore, there exists g,,41 defined and continuous on all of R™ such that its values are in

[~1/3,1/3] and ) ) "
H(g> (f - ; <§> 9i> ~ gm+1

M

<1
M

Hence
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It follows there exists a sequence, {g;} such that each has its values in [—-1/3,1/3] and for
every m 5.12/ holds. Then let

It follows

and

so the Weierstrass M test applies and shows convergence is uniform. Therefore g must be
continuous. The estimate [5.12 implies f = g on M.
The following is the Tietze extension theorem.

Theorem 5.7.9 Let M be a closed nonempty subset of R™ and let f : M — [a, b]
be continuous at every point of M. Then there exists a function, g continuous on all of R™
which coincides with f on M such that g (R™) C [a,b].

Proof: Let fi (x) =1+ 32 (f (x) — b). Then f; satisfies the conditions of Lemma/[5.7.8
and so there exists g; : R®™ — [—1, 1] such that ¢ is continuous on R™ and equals f; on M.
Let g (x) = (g1 (x) — 1) (%5%) + b. This works.

With the Tietze extensmn theorem, here is a better version of the Weierstrass approxi-
mation theorem.

Theorem 5.7.10 Let K be a closed and bounded subset of R" and let f : K — R
be continuous. Then there exists a sequence of polynomials {pm} such that

Tim_(sup {|f (x) ~ pm (x)] : x € K}) = 0.

In other words, the sequence of polynomials converges uniformly to f on K.

Proof: By the Tietze extension theorem, there exists an extension of f to a continuous
function g defined on all R™ such that ¢ = f on K. Now since K is bounded, there exist
intervals, [ag, b] such that

n
H [ak, br] =

Then by the Weierstrass approximation theorem, Theorem [5.7.3 there exists a sequence of
polynomials {p,,} converging uniformly to g on R. Therefore, this sequence of polynomials
converges uniformly to g = f on K as well. This proves the theorem.

By considering the real and imaginary parts of a function which has values in C one can
generalize the above theorem.

Corollary 5.7.11 Let K be a closed and bounded subset of R™ and let f : K — F be
continuous. Then there exists a sequence of polynomials {pm} such that

Tim_(sup {|f (x) ~ pm (x)] : x € K}) = 0.

In other words, the sequence of polynomials converges uniformly to f on K.
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5.8 The Operator Norm

It is important to be able to measure the size of a linear operator. The most convenient
way is described in the next definition.

Definition 5.8.1 Let V.W be two finite dimensional normed vector spaces having
norms ||-||y, and ||-|| respectively. Let L € L(V,W). Then the operator norm of L, denoted
by ||L|| is defined as

||L]| = sup {||Lx]|y : %], < 1}.

Then the following theorem discusses the main properties of this norm. In the future,
I will dispense with the subscript on the symbols for the norm because it is clear from the
context which norm is meant. Here is a useful lemma.

Lemma 5.8.2 Let V be a normed vector space having a basis {v1,- -+, v,}. Let
A{aGIE‘": Zakvk §1}
k=1

where a = (a1, -+, a,). Then A is a closed and bounded subset of F™.

Proof: First suppose a ¢ A. Then

> 1.

n
§ aEVg
k=1

Then for b = (by,- -+, b,), and using the triangle inequality,

n
g b v,
k=1

= ‘ > (a — (ar = br)) vi

k=1

>

n n
> axvi ‘ — > lak — bl [[vil]
k=1 k=1

and now it is apparent that if |a — b| is sufficiently small so that each |ay — by| is small
enough, this expression is larger than 1. Thus there exists § > 0 such that B (a,d) C A®
showing that A€ is open. Therefore, A is closed.

Next consider the claim that A is bounded. Suppose this is not so. Then there exists a
sequence {ay} of points of A,

a = (alz;a' : ',CLZ) )

such that limg_ . |ax| = co. Then from the definition of A,

a}; 1
—Lvl < —. 5.13
2 Tl = T (519

1 n
a a
by = <k7_..7k>
E |a|

Let



102 CONTINUOUS FUNCTIONS

Then |by| = 1 so by, is contained in the closed and bounded set, S (0, 1) which is sequentially
compact in F™. Tt follows there exists a subsequence, still denoted by {by} such that it
converges to b € §(0,1) . Passing to the limit in [5.13 using the following inequality,

Z|ak| Zb \Z Si

|a | |V]||

to see that the sum converges to Z?:l bjv;, it follows

i ijj =0
j=1

and this is a contradiction because {v1,- - -,v,} is a basis and not all the b; can equal zero.
Therefore, A must be bounded after all. This proves the lemma.

Theorem 5.8.3 The operator norm has the following properties.

1. ||L|| < oo

2. For all x € X,||Lx|| < ||L||||x]| and if L € L(V,W) while M € L(W,Z), then
[IML|| < [[M][]|L]]-

3. ||| is @ norm. In particular,

(a) ||L|| > 0 and ||L|| = 0 if and only if L = 0, the linear transformation which sends
every vector to 0.

(b) |laL|| = |a| ||L|| whenever a € F
(c) |IL+ M| < [|L]] + || M]|

4. If L € L(V,W) for V,W normed vector spaces, L is continuous, meaning that L= (U)
is open whenever U is an open set in W.

Proof: First consider 1.). Let A be as in the above lemma. Then

[IL]]

n
sup } ||L Zajvj a€ A

= sup ZajL(vj) ra€ Ay <oo

because a — ‘ ‘Z?:l a; L (VJ)H is a real valued continuous function defined on a sequentially

compact set and so it achieves its maximum.
Next consider 2.). If x = 0 there is nothing to show. Assume x # 0. Then from the

definition of ||L]||,
< |IL]|
= ()l

and so, since L is linear, you can multiply on both sides by ||x|| and conclude

1L G < (I [ -
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For the other claim,

[|ML| sup {[[ML (x)[| : [[x]| <1}

[|M ]| sup {[|Lx]| : [[x[| <1} = [|M][|[|L]]

IN

Finally consider 3.) If ||L|| = 0 then from 2.), || Lx|| < 0 and so Lx = 0 for every x which
is the same as saying L = 0. If Lx = 0 for every x, then L = 0 by definition. Let a € F.
Then from the properties of the norm, in the vector space,

laLll = sup {[laLx]] : |[x[| < 1}
sup {[a| [|Lx|| : |[x[| < 1}
lalsup {[[Zx]| : [[x[| < 1} = |al [|L]|

Finally consider the triangle inequality.
IL + M| = sup {||Lx + Mx]| : ||x[| <1}

< sup {[|Mx|[| + [[Lx|| : ||]x]| < 1}
< sup {[[Lx]] : []x[| < 1} + sup {|[Mx]] : [|x]|| <1}

because ||Lx|| < sup {||Lx]| : ||x|| < 1} with a similar inequality holding for M. Therefore,
by definition,
1L+ MI[ < [[L]| + [[M]]

Finally consider 4.). Let L € £ (V,W) and let U be open in W and v € L= (U). Thus
since U is open, there exists § > 0 such that

L(v)eB(L(v),8) CU.

Then if w € V,
1L (v = w)[| = ||L (v) = L(W)|| < [|L[|[[v — wl]

and so if ||[v — w|| is sufficiently small, ||v — w]|| < &/||L||, then L (w) € B(L (v),d) which
shows B (v,§/||L|]) € L~ (U) and since v € L~! (U) was arbitrary, this shows L= (U) is
open. This proves the theorem.

The operator norm will be very important in the chapter on the derivative.

Part 1.) of Theorem 5.8.3| says that if L € £ (V,W) where V and W are two normed
vector spaces, then there exists K such that for all v € V,

ILvllw < K lv]ly
An obvious case is to let L = id, the identity map on V and let there be two different norms
on V,||-||; and [|||,. Thus (V,||-[|;) is a normed vector space and so is (V,]|:||5). Then
Theorem 5.8.3/ implies that
Ivlly = [lid (W)[l, < Kz [lvl]y (5.14)
while the same reasoning implies there exists K such that

VIl < K ffvlly - (5.15)

This leads to the following important theorem.
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Theorem 5.8.4 Let V be a finite dimensional vector space and let [-]l; and ||-||5 be
two norms for V. Then these norms are equivalent which means there exist constants, 0, A
such that for all v eV

S[Ivily < Ivlly < Allvlly

A set, K is sequentially compact if and only if it is closed and bounded. Also every finite
dimensional normed vector space is complete.

Proof: From 5.14] and [5.15
Ivlly < Kilvlly < KiKz||v]];

and so 1
E VIl < lvlly < K2 |[vl]; -

Next consider the claim that all closed and bounded sets in a normed vector space are
sequentially compact. Let L : F* — V be defined by

L (a) = Z ARV
k=1

where {vy,---,v,} is a basis for V. Thus L € £ (F", V) and so by Theorem 5.8.3 this is a
continuous function. Hence if K is a closed and bounded subset of V it follows

LY (K)=F"\L ' (K =F"\ (an open set) = a closed set.

Also L7! (K) is bounded. To see this, note that L~! is one to one onto V and so L~! €
L (V,F™). Therefore,

LM< [IE7H Vi< 127
where K C B(0,r). Since K is bounded, such an r exists. Thus L™! (K) is a closed and
bounded subset of F™ and is therefore sequentially compact. It follows that if {vi};-, C K,
there is a subsequence {vy,};°, such that {L~'vy,} converges to a point, a € L™ (K).
Hence by continuity of L,

vi, =L (L' (vi,)) — La€ K.

Conversely, suppose K is sequentially compact. I need to verify it is closed and bounded.
If it is not closed, then it is missing a limit point, kg. Since kg is a limit point, there exists
k, e B (ko7 %) such that k,, # kg. Therefore, {k,} has no limit point in K because ko ¢ K.
It follows K must be closed. If K is not bounded, then you could pick k, € K such that
k,, ¢ B(0,m) and it follows {kj} cannot have a subsequence which converges because
if k € K, then for large enough m, k € B(0,m/2) and so if {kkj} is any subsequence,
ki, ¢ B(0,m) for all but finitely many j. In other words, for any k € K, it is not the limit
of any subsequence. Thus K must also be bounded.

Finally consider the claim about completeness. Let {vj}r-; be a Cauchy sequence in
V. Since L~!, defined above is in £ (V,F"), it follows {L‘lvk}:ozl is a Cauchy sequence in
™. This follows from the inequality,

|L_1Vk — L_lvl’ S HL_IH ||Vk — Vl|| .
therefore, there exists a € F™ such that L~'v; — a and since L is continuous,
vi =L (L' (v)) = L(a).

This proves the theorem.
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Example 5.8.5 Let V be a vector space and let {vy,--,v,} be a basis. Define a norm on
V as follows. For v =% ,_, agvg,

[|v]| = max {|ag| : k =1,---,n}

In the above example, this is a norm on the vector space, V. It is clear ||lav|| = |a|||V]]
and that ||v]| > 0 and equals 0 if and only if v = 0. The hard part is the triangle inequality.
Let v=>)7_ apviand w=v=>7_ bpvy.

lv+wll = max{|ay + by} < max {|ay| + |by}

< maxag] + max|by] = (V]| + [Iwl].

This shows this is indeed a norm.

5.9 Exercises

1. In Theorem 5.7.3 it is assumed f has values in F. Show there is no change if f has
values in V, a normed vector space provided you redefine the definition of a polynomial
to be something of the form Z\a\<m aaX™ where ao € V.

2. How would you generalize the conclusion of Corollary [5.7.11] to include the situation
where f has values in a finite dimensional normed vector space?

3. If {f,} and {g,} are sequences of F" valued functions defined on D which converge
uniformly, show that if a,b are constants, then af,, + bg, also converges uniformly.
If there exists a constant, M such that |f, (x)|,|g. (x)| < M for all n and for all
x € D, show {f, - g, } converges uniformly. Let f, (x) = 1/|x| for x € B(0,1) and let
gn (x) = (n—1) /n. Show {f,} converges uniformly on B (0,1) and {g,} converges
uniformly but {f,g,} fails to converge uniformly.

4. Formulate a theorem for series of functions of n variables which will allow you to
conclude the infinite series is uniformly continuous based on reasonable assumptions
about the functions in the sum.

5. If f and g are real valued functions which are continuous on some set, D, show that

min (f,g) ,max (f, g)

are also continuous. Generalize this to any finite collection of continuous functions.
Hint: Note max (f,g) = M#. Now recall the triangle inequality which can be
used to show |-| is a continuous function.

6. Find an example of a sequence of continuous functions defined on R™ such that each
function is nonnegative and each function has a maximum value equal to 1 but the
sequence of functions converges to 0 pointwise on R™ \ {0}, that is, the set of vectors
in R™ excluding 0.

7. Let x — h (x) be a bounded continuous function. Show the function f (x) = Y77 hnx)

n=1 n?2
1s continuous.

8. Let S be a any countable subset of R™. Show there exists a function, f defined on
R™ which is discontinuous at every point of .S but continuous everywhere else. Hint:
This is real easy if you do the right thing. It involves the Weierstrass M test.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
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By Theorem /5.7.10 there exists a sequence of polynomials converging uniformly to
f(x) = |x|] on R = [[,_,[-M, M]. Show there exists a sequence of polynomials,
{pn} converging uniformly to f on R which has the additional property that for all
n,p, (0) = 0.

If f is any continuous function defined on K a sequentially compact subset of R",
show there exists a series of the form >~ px, where each pj, is a polynomial, which
converges uniformly to f on [a,b]. Hint: You should use the Weierstrass approxima-
tion theorem to obtain a sequence of polynomials. Then arrange it so the limit of this
sequence is an infinite sum.

A function f is Holder continuous if there exists a constant, K such that
f(x)—f(y)l < K|x—y["

for some a < 1 for all x,y. Show every Holder continuous function is uniformly
continuous.

Consider f (x) = dist (x,5) where S is a nonempty subset of R™. Show f is uniformly
continuous.

Let K be a sequentially compact set in a normed vector space V and let f : V — W
be continuous where W is also a normed vector space. Show f (K) is also sequentially
compact.

If £ is uniformly continuous, does it follow that |f] is also uniformly continuous? If |f] is
uniformly continuous does it follow that f is uniformly continuous? Answer the same
questions with “uniformly continuous” replaced with “continuous”. Explain why.

Let f : D — R be a function. This function is said to be lower semicontinuous® at
x € D if for any sequence {x,,} € D which converges to x it follows
f(x) <lim inf f(x,).
n—oo
Suppose D is sequentially compact and f is lower semicontinuous at every point of D.
Show that then f achieves its minimum on D.

Let f : D — R be a function. This function is said to be upper semicontinuous at
x € D if for any sequence {x,} C D which converges to x it follows

f (X) > lim sup f (Xn)'
n—oo
Suppose D is sequentially compact and f is upper semicontinuous at every point of
D. Show that then f achieves its maximum on D.

Show that a real valued function defined on D C R" is continuous if and only if it is
both upper and lower semicontinuous.

Show that a real valued lower semicontinuous function defined on a sequentially com-
pact set achieves its minimum and that an upper semicontinuous function defined on
a sequentially compact set achieves its maximum.

Give an example of a lower semicontinuous function defined on R™ which is not con-
tinuous and an example of an upper semicontinuous function which is not continuous.

IThe notion of lower semicontinuity is very important for functions which are defined on infinite dimen-
sional sets. In more general settings, one formulates the concept differently.
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Suppose {f, : @ € A} is a collection of continuous functions. Let
F(x)=inf{f, (x):a €A}

Show F' is an upper semicontinuous function. Next let
G (x) =sup{fa(x):a €A}

Show G is a lower semicontinuous function.

Let f be a function. epi (f) is defined as

{(x,9):y=f(x)}.

It is called the epigraph of f. We say epi(f) is closed if whenever (x,,y,) € epi (f)
and x, — x and y,, — vy, it follows (x,y) € epi(f). Show f is lower semicontinuous
if and only if epi (f) is closed. What would be the corresponding result equivalent to
upper semicontinuous?

The operator norm was defined for £ (V, W) above. This is the usual norm used for this
vector space of linear transformations. Show that any other norm used on £ (V, W)
is equivalent to the operator norm. That is, show that if ||-||; is another norm, there
exist scalars §, A such that

SIILI <Ll < AL
for all L € £ (V,W) where here ||-|| denotes the operator norm.

One alternative norm which is very popular is as follows. Let L € £ (V,W) and let
(I;) denote the matrix of L with respect to some bases. Then the Frobenius norm is

defined by
1/2

2
> |11 =Ll -
i

Show this is a norm. Other norms are of the form

1/p
> 1|
i

where p > 1 or even
IIL]| o = Hg?xﬂiﬂ-

Show these are also norms.

Explain why £ (V, W) is always a complete normed vector space whenever V, W are
finite dimensional normed vector spaces for any choice of norm for £ (V,W). Also
explain why every closed and bounded subset of £ (V, W) is sequentially compact for
any choice of norm on this space.

Let L € £L(V,V) where V is a finite dimensional normed vector space. Define

> 1k
L _ L

i
k=1

(&

Explain the meaning of this infinite sum and show it converges in £ (V,V) for any
choice of norm on this space. Now tell how to define sin (L) .
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The Derivative

6.1 Basic Definitions

The concept of derivative generalizes right away to functions of many variables. However,
no attempt will be made to consider derivatives from one side or another. This is because
when you consider functions of many variables, there isn’t a well defined side. However, it
is certainly the case that there are more general notions which include such things. I will
present a fairly general notion of the derivative of a function which is defined on a normed
vector space which has values in a normed vector space. The case of most interest is that of a
function which maps F™ to F'™ but it is no more trouble to consider the extra generality and
it is sometimes useful to have this extra generality because sometimes you want to consider
functions defined, for example on subspaces of F™and it is nice to not have to trouble with
ad hoc considerations. Also, you might want to consider F” with some norm other than the
usual one.

In what follows, X,Y will denote normed vector spaces. Thanks to Theorem 5.8.4! all
the definitions and theorems given below work the same for any norm given on the vector
spaces.

Let U be an open set in X, and let f : U — Y be a function.

Definition 6.1.1 A4 function g is o (v) if

gv) _
o vl = ° (61)

A function £ : U — Y is differentiable at x € U if there exists a linear transformation
L e £L(X,Y) such that

f(x+v)=f(x)+Lv+o(v)
This linear transformation L is the definition of Df (x). This derivative is often called the

Frechet derivative.

Note that from Theorem 5.8.4/ the question whether a given function is differentiable is
independent of the norm used on the finite dimensional vector space. That is, a function is
differentiable with one norm if and only if it is differentiable with another norm.

The definition 6.1 means the error,

f(x+v)—f(x)—Lv
converges to 0 faster than ||v||. Thus the above definition is equivalent to saying

[If (x +v)—f(x)— Lv||

im -0 6.2
IIv]| =0 [[v]| (6.2)

109
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or equivalently,

o I ) = £ (x) = DF () (v =)

y—x [y — ||

= 0. (6.3)
The symbol, o (v) should be thought of as an adjective. Thus, if ¢ and k are constants,
o(v)=o(v)+o(v), o(tv)=0(v), ko(v) =0 (v)
and other similar observations hold.
Theorem 6.1.2 The derivative is well defined.

Proof: First note that for a fixed vector, v, o (tv) = o (t). This is because

o (tv)

im 2Y)
[[tv]]

= =0
t—0 |t t

i [|v]

Now suppose both L; and Ly work in the above definition. Then let v be any vector and

let t be a real scalar which is chosen small enough that tv +x € U. Then
f(x+tv)=Ff(x)+ Litv+o(tv), f(x+tv) =1 (x)+ Lotv + o (tv).

Therefore, subtracting these two yields (Ly — L1) (tv) = o (tv) = o (t). Therefore, dividing

by t yields (Ls — L1) (v) = @ Now let t — 0 to conclude that (Ls — L1) (v) = 0. Since

this is true for all v, it follows Lo = L. This proves the theorem.

Lemma 6.1.3 Let £ be differentiable at x. Then f is continuous at x and in fact, there
exists K > 0 such that whenever ||v|| is small enough,

If (x+v) —f ()] < K[]v]|
Proof: From the definition of the derivative,
f(x+v)—f(x)=Df (x)v+o(v).

Let ||v|| be small enough that ollvD < 1 so that [lo(v)|| <||v||- Then for such v,

[vll

I (x +v) = £ (x)]] [IDE () V][ +v]|

<
< (IPEE)[[+ D) Iv]]

This proves the lemma with K = ||Df (x)|| + 1.
Here || Df (x)|| is the operator norm of the linear transformation, Df (x).

6.2 The Chain Rule

With the above lemma, it is easy to prove the chain rule.

Theorem 6.2.1 (The chain rule) Let U and V' be open sets, U C X and V C Y.
Suppose £ : U — V is differentiable at x € U and suppose g : V. — F9 is differentiable at
f(x) € V. Then gof is differentiable at x and

D(gof)(x) =D (g(f(x))D(f(x)).
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Proof: This follows from a computation. Let B (x,r) C U and let r also be small enough
that for ||v]| < r, it follows that f (x +v) € V. Such an r exists because f is continuous at
x. For ||v|| < r, the definition of differentiability of g and f implies

g(f(x+v)-g(f(x) =

Dg (f (x)) (f (x+v) —f(x)) +o(f(x +v) - f(x))
= Dg(f(x)[Df(x)v+o(v)]+o(f(x+v)-f(x)
(X)) D(f(x)v+o(v)+o(f(x+v)—f(x). (6.4)

It remains to show o (f (x + v) — f (x)) = o (v).
By Lemma [6.1.3, with K given there, letting € > 0, it follows that for ||v|| small enough,

lo(f (x+v) = f )| < (e/K) [If (x +v) = £ (X)[| < (e/K) K [[v]| = [[v]].

Since € > 0 is arbitrary, this shows o (f (x +v) — f (x)) = o(v) because whenever ||v|| is
small enough,
llo(f (x+v) —f )l

By 6.4, this shows

g(f(x+v))—g(f(x)=D(gf(x))D(f(x)v+o(v)

which proves the theorem.

6.3 The Matrix Of The Derivative

Let X,Y be normed vector spaces, a basis for X being {vy,- -, v, } and a basis for Y being
{w1,- -, wy, }. First note that if 7; : X — F is defined by

;v = x; where v = E TV,
k

then m; € £ (X, F) and so by Theorem[5.8.3], it follows that 7; is continuous and if lim,_,; g (s) =
L, then |m;g (s) — mL| < ||7:]| ||g (s) — L|| and so the i** components converge also.
Suppose that f : U — Y is differentiable. What is the matrix of Df (x) with respect to
the given bases? That is, if
Z Jm )W, iVj

what is J;; (x)?

Df (x) (tvk) + o (tvg)

—_
=

Dy, f (%)

= Df(x)(vg) = Z‘]ij (x) w;vj (Vi) Z‘]” X) Wil
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It follows
lim (f(x—l— tvy) — f(x))
t—0 t
= }irr(l) £ (e 4 tv:) — /i) = Dy, fj (%)

= 7y <Z Jik (X) Wz) = Jjk (X)

Thus Ji (x) = Dy, fi (x).

In the case where X = R™ and Y = R™ and v is a unit vector, Dy f; (x) is the familiar
directional derivative in the direction v of the function, f;.

Of course the case where X = F” and f : U C F™ — F™, is differentiable and the basis
vectors are the usual basis vectors is the case most commonly encountered. What is the
matrix of Df (x) taken with respect to the usual basis vectors? Let e; denote the vector of
F” which has a one in the i*" entry and zeroes elsewhere. This is the standard basis for F".
Denote by J;; (x) the matrix with respect to these basis vectors. Thus

Df (x) = Z Jij (x) eie;.

Then from what was just shown,

fi (x +teg) — fi(x)
t

(%) = fiap (%) = fir (%)

Jit (X) = De,fi(x)= th_r)%

o
al'k

where the last several symbols are just the usual notations for the partial derivative of the
function, f; with respect to the k" variable where

m

f(x)= Zfi (x) e;.

i=1

In other words, the matrix of Df (x) is nothing more than the matrix of partial derivatives.
The k" column of the matrix (.J;;) is

OF () = iy T TR) — ()
Oxy, t—0

= D, f (x).

Thus the matrix of Df (x) with respect to the usual basis vectors is the matrix of the

form
J1,2, (%) T, (x) - f1a, (%)

Foos () Frnen () Frnn (%)

where the notation g, denotes the k' partial derivative given by the limit,

i $(X T ter) —g(x) _ 99
t—0 t Oy,

The above discussion is summarized in the following theorem.
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Theorem 6.3.1 Let f : F* — F™ and suppose f is differentiable at x. Then all
the partial derivatives %m(x) exist and if Jf (x) is the matriz of the linear transformation,
bt}

Df (x) with respect to the standard basis vectors, then the ij*" entry is given by glf (x) also
J
denoted as f; j or fi ;-

Definition 6.3.2 m general, the symbol
D, f (x)
s defined by

lim f(x+tv)—f(x)
t—0 t

where t € F. This is often called the Gateauz derivative.

What if all the partial derivatives of f exist? Does it follow that f is differentiable?
Consider the following function, f:R? — R,

i (29) # (0.0)
1en = T =0

Then from the definition of partial derivatives,

f(hvo)*f((),()) — lim 0-0

li = lim — =

hli% h h—0 0

and 0,h 0,0 0-0
Jimg 702 = f (0, ):hm;zo
h—0 h h—0

However f is not even continuous at (0,0) which may be seen by considering the behavior
of the function along the line y = = and along the line x = 0. By Lemma [6.1.3! this implies
f is not differentiable. Therefore, it is necessary to consider the correct definition of the
derivative given above if you want to get a notion which generalizes the concept of the
derivative of a function of one variable in such a way as to preserve continuity whenever the
function is differentiable.

6.4 A Mean Value Inequality

The following theorem will be very useful in much of what follows. It is a version of the
mean value theorem as is the next lemma.

Lemma 6.4.1 LetY be a normed vector space and suppose h :[0,1] — Y is differentiable

and satisfies
I (£)[] < M.

Then
[ (1) = h(0)]] < M.

Proof:Let € > 0 be given and let
S={te]0,1]: forall s €[0,t],|/h(s) —h(0)|]] < (M +¢)s}
Then 0 € S. Let t = sup S. Then by continuity of h it follows

I (t) —h (0)|| = (M +¢e)t (6.5)
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Suppose t < 1. Then there exist positive numbers, hj decreasing to 0 such that
b (t + hx) =D (0)]| > (M +¢) (£ + hx)
and now it follows from 6.5/ and the triangle inequality that

I[h(t+ he) = h(t)][ + [[h(¢) —h(0)]]
= ||h(t+hy)—h@)||+(M+e)t>(M+e)(t+ hy)
and so
||h(t+hk) —h(t)H > (M-I—E)hk
Now dividing by hx and letting k — oo

[ (@) = M +e,
a contradiction. This proves the lemma.

Theorem 6.4.2 Suppose U is an open subset of X and £f: U — Y has the property
that Df (x) exists for all x in U and that, x +t(y —x) € U for all t € [0,1]. (The line
segment joining the two points lies in U.) Suppose also that for all points on this line
segment,

IDE (et (y — )| < M.

Then
£ (y) —f(x)|| < My —x|.
Proof: Let
h(t) = f(x+¢(y—x))

Then by the chain rule,
W (t) = Df (x +t(y —x)) (y — x)

and so

I (@) IDf (x +t (y —x)) (y = x)|

My —x||

A

by Lemma 6.4.1
(1) =h(0)]] = [If (y) - f )| < M |ly — ]|

This proves the theorem.

6.5 Existence Of The Derivative, C'! Functions

There is a way to get the differentiability of a function from the existence and continuity
of the Gateaux derivatives. This is very convenient because these Gateaux derivatives are
taken with respect to a one dimensional variable. The following theorem is the main result.

Theorem 6.5.1 Let X be a normed vector space having basis {vi, -+, v,} and let
Y be another normed vector space having basis {w1,- -, Wy, }. Let U be an open set in X
and let £ : U — Y have the property that the Gateauz derivatives,

. f(x+tvy) —f(x
Dot ) = iy L) =109
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exist and are continuous functions of x. Then Df (x) exists and

X)v = Z D, f (x)ay
k=1

where
n
vV = Z AEVi.
k=1
Furthermore, x — Df (x) is continuous; that is

lim || Df (y) — Df (x)|| = 0.

y—Xx
Proof:Let v =>"}_, axvy. Then
f(x+v)—f(x)=f <X+Zakvk> —f(x).
k=1
Then letting 22:1 =0, f (x+v)—f(x) is given by

k k—1
Z f X+Z(IjVj — f X+ZajVj
Jj=1 j=1

k=1

3

= [f (x + arvy) — £ (x)] +
k=1

n k k—1
Z f|x+ Z a;v; | —f(x+apve) | — || x+ Z a;v; | —f(x) (6.6)
j=1

k=1 j=1

Consider the k" term in[6.6. Let

k-1
h(t)=f | x+ Zajvj +tapvy | — £ (x+ tagpvy)
j=1
for ¢ € [0,1]. Then
h'(t) = akhmL f x—i—Zav +({t+h)agvy | —f(x+ (t+h)arvy)
h—0 agh 77
k-1
— | f | x+ Z a;v; + tapvy | — £ (x + tapvy)
j=1
and this equals
k-1
D, f | x+ Z a;v; +tagvy | — Dy, f(x+tagvy) | ar (6.7)

Jj=1
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Now without loss of generality, it can be assumed the norm on X is given by that of Example
5.8.5,

n
[[v|| = max ¢ |ak| : v :Zakvk
j=1
because by Theorem [5.8.4] all norms on X are equivalent. Therefore, from 6.7 and the
assumption that the Gateaux derivatives are continuous,

k—1
Dy, f | x+ Z a;vj +tagvy | — Dy, f (x + tarvy) | ax
j=1

b’ (@)

IN

e lax| < ellv]|

provided [|v]|| is sufficiently small. Since € is arbitrary, it follows from Lemma [6.4.1 the
expression in 6.6 is o (v) because this expression equals a finite sum of terms of the form
h (1) — h(0) where ||k’ (¢)|| < e]|v||. Thus

f(x+v)— Z (x+agpvy) —f(x)]+0(v)
k=1

:Zkaf ak+z (x+apvg) —f(x) — Dy, f (x)ag] +0(v).

Consider the k" term in the second sum.

f(x+apvy) —f(x)
ar

f(x+apvy) —f(x) — Dy, f (x)ar = ag ( — Dy, f (X))

where the expression in the parentheses converges to 0 as ay — 0. Thus whenever ||v|| is
sufficiently small,

If (x + apvi) — £ (x) — Dy, f (x) ar|| < € lar| < el|v]]

which shows the second sum is also o (v). Therefore,

f(x+v)—f(x) :Zkaf(x)ak +o(v).

Defining
v = Z Dy, f (x)ag
k=1

where v = ), apvy, it follows Df (x) € £L(X,Y) and is given by the above formula.
It remains to verify x — Df (x) is continuous.

I(Df (x) — Df (y)) vl|

n

(D, f (x) = Dy, £ (y)) ax||

IA

max{|ak|ak =1, an}ZHDka(x) —kaf(y)H

IN

= VD IDv £ (x) = Dy, £ (y)l]
k=1
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and so

IDE (x) = Df (y)|| < > |IDv,f (x) = Dy, £ (vl
k=1

which proves the continuity of Df because of the assumption the Gateaux derivatives are
continuous. This proves the theorem.
This motivates the following definition of what it means for a function to be C*.

Definition 6.5.2 Let U be an open subset of a normed finite dimensional vector
space, X and let £: U — Y another finite dimensional normed vector space. Then f is said
to be C if there exists a basis for X,{vi,- -, v, } such that the Gateauz derivatives,

Dy, f (%)
exist on U and are continuous.
Here is another definition of what it means for a function to be C?.

Definition 6.5.3 et U be an open subset of a normed finite dimensional vector
space, X and let f:U — Y another finite dimensional normed vector space. Then f is said
to be C if f is differentiable and x — Df (x) is continuous as a map from U to L (X,Y).

Now the following major theorem states these two definitions are equivalent.

Theorem 6.5.4 LetU be an open subset of a normed finite dimensional vector space,
X and let £ : U — Y another finite dimensional normed vector space. Then the two
definitions above are equivalent.

Proof: It was shown in Theorem [6.5.1] that Definition 6.5.2 implies 6.5.3. Suppose then
that Definition [6.5.3| holds. Then if v is any vector,

f(x+tv)—1f(x)

lim — lim Df (x)tv 4+ o (tv)

t—0 t t—0 t
. o(tv)
= Df(x)v+ }H% ——= =Df (x)v

Thus D, f (x) exists and equals Df (x)v. By continuity of x — Df (x), this establishes
continuity of x — Dyf (x) and proves the theorem.
Note that the proof of the theorem also implies the following corollary.

Corollary 6.5.5 Let U be an open subset of a normed finite dimensional vector space, X
and let f : U — Y another finite dimensional normed vector space. Then if there is a basis of
X, {v1, -, vn} such that the Gateaux derivatives, Dy, f (x) exist and are continuous. Then
all Gateaux derivatives, Dyf (x) exist and are continuous for all v € X.

From now on, whichever definition is more convenient will be used.

6.6 Higher Order Derivatives
If f:UCX —Y for U an open set, then
x — Df (x)

is a mapping from U to £ (X,Y), a normed vector space. Therefore, it makes perfect sense
to ask whether this function is also differentiable.
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Definition 6.6.1 The following is the definition of the second derivative.
D?*f (x) = D (Df (x)).
Thus,
Df (x +v) — Df (x) = D*f (x)v+o (V).

This implies
D?*f (x) € L (X,L(X,Y)), D*f (x) (n) (v) €,

and the map
(u,v) — D*f (x) (u) (v)

is a bilinear map having values in Y. In other words, the two functions,
u— D*f (x) (u) (v), v — D*f (x) (u) (v)

are both linear.
The same pattern applies to taking higher order derivatives. Thus,

D*f (x) = D (D*f (x))

and D?f (x) may be considered as a trilinear map having values in Y. In general D*f (x)
may be considered a k linear map. This means the function

(ur, - up) — DPF(x) (wr) - -+ (ug)

has the property
wy = DME() (1) () - ()

is linear.
Also, instead of writing
Dt (x) (u) (v), or D*f (x) (u) (v) (w)
the following notation is often used.

D?*f (x) (u,v) or D3f (x) (u,v,w)

with similar conventions for higher derivatives than 3. Another convention which is often
used is the notation

D*f (x) vF

instead of
D*f (x) (v, -, v).

Note that for every k, D*f maps U to a normed vector space. As mentioned above,
Df (x) has values in £ (X,Y), D?f (x) has values in £(X,£(X,Y)), etc. Thus it makes
sense to consider whether DFf is continuous. This is described in the following definition.

Definition 6.6.2 Let U be an open subset of X, a normed vector space and let
f:U — Y. Thenf is C* (U) if f and its first k derivatives are all continuous. Also, D*f (x)
when it exists can be considered a 'Y wvalued multilinear function.
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6.7 C* Functions

Recall that for a C! function, f

Z Dy, f(x Z Dy, fi (x) wia;
Z Dy, fi (x) WV <Z akvk> Z Dy, fi (x)wv; (V)
ij k

Df (x)v

where )", aivy = v and

This is because
WiV <Z akvk> = Zakwidjk = W;a;.
k k

Thus
X) = E Dy, fi (x) WiV
ij

I propose to iterate this observation, starting with f and then going to Df and then D%f
and so forth. Hopefully it will yield a rational way to understand higher order derivatives
in the same way that matrices can be used to understand linear transformations. Thus
beginning with the derivative,

Z Dle fl W v]l
ij1
Then letting w;v;, play the role of w; inl6.8,
D?*f (x) = Z Dy, (Dy,, fi) (x) Wivj, vy,
1j1j2

Z Dv“vh fz (X) WiV Vi,

1172

Then letting w;v;, v;, play the role of w; in 6.8,

D3f (x) = Z va3 (Dv]'lv]-2 fl) (x) WiVj1Via Vi,

1j1J273

Z Dvn Vi Vig fi (x) WiV Vi Vs

iJ1j273

etc. In general, the notation,
WiVj Vi, = Vi,
defines an appropriate linear transformation given by
WiV, Vs Vi, (Vk) = WiV, Vi, - Vi Okj,,

The following theorem is important.
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Theorem 6.7.1 The function x — DFf (x) exists and is continuous for k < p if and
only if there exists a basis for X,{vy,---, vy} and a basis for Y,{wy,- - -, Wy, } such that for

f(x)= Zfi (x) wy,

it follows that for each i = 1,2, --,m all Gateaur derivatives,
Dlevj2 Vi fi (X)
for any choice of vj, v, ---v;, and for any k < p exist and are continuous.

Proof: This follows from a repeated application of Theorems [6.5.1 and 6.5.4] at each
new differentiation.

Definition 6.7.2 Let X, Y be finite dimensional normed vector spaces and let U be
an open set in X and f: U — Y be a function,

f(x)= Zfz (x) w;

where {wy,- -, W, } is a basis for Y. Then £ is said to be a C™ (U) function if for every
k < n,D*f (x) eists for all x € U and is continuous. This is equivalent to the other
condition which states that for each i =1,2,-- - m all Gateauzr derivatives,

DVj1Vj2 Vi f’L (X)

for any choice of v, v;, - - v, where {vi,---, vy} is a basis for X and for any k < n exist

and are continuous.

k

6.7.1 Some Standard Notation

In the case where X = R™ and the basis chosen is the standard basis, these Gateaux
derivatives are just the partial derivatives. Recall the notation for partial derivatives in the
following definition.

Definition 6.7.3 Letg: U — X. Then

_ Og . g(x+hey) —g(x)
8y (X):aixk(x):}llg}) .

Higher order partial derivatives are defined in the usual way.

0%g
Barat (X) = &claxk x

and so forth.

A convenient notation which is often used which helps to make sense of higher order
partial derivatives is presented in the following definition.

Definition 6.7.4 o = (a1, ap) for ay - - - ay, positive integers is called a multi-
index. For a a multi-indezx, || = a1 + -+ a, and if x € X,

X = (mla T '7xn)7
and f a function, define

oledlf (x)

a 01,00 an a _
x*=zMas? -2 D%f(x) = .
12 " (x) Or{t0xs? - - - Dz
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Then in this special case, the following definition is equivalent to the above as a definition
of what is meant by a C* function.

Definition 6.7.5 Let U be an open subset of R™ and let £ : U — Y. Then for k a
nonnegative integer, £ is C* if for every |a| < k, D*f exists and is continuous.

6.8 The Derivative Of A Function Defined On A Carte-
sian Product

There are theorems which can be used to get differentiability of a function based on existence
and continuity of the partial derivatives. A generalization of this was given above. Here a
function defined on a product space is considered. It is very much like what was presented
above and could be obtained as a special case but to reinforce the ideas, I will do it from
scratch because certain aspects of it are important in the statement of the implicit function
theorem.

The following is an important abstract generalization of the concept of partial derivative
presented above. Insead of taking the derivative with respect to one variable, it is taken
with respect to several but not with respect to others. This vague notion is made precise in
the following definition. First here is a lemma.

Lemma 6.8.1 Suppose U is an open set in X x Y. Then the set, Uy defined by
Uy={xeX:(xy)eU}

18 an open set in X. Here X XY is a finite dimensional vector space in which the vector
space operations are defined componentwise. Thus for a,b € F,

a(x1,y1) +b(x2,y2) = (ax1 + bxa, ay; + bya)
and the norm can be taken to be

G, y)I| = max([[x[], [y])

Proof: Recall by Theorem [5.8.4] it does not matter how this norm is defined and the
definition above is convenient. It obviously satisfies most axioms of a norm. The only one
which is not obvious is the triangle inequality. I will show this now.

NG y) + Gyl = (x4 x,y +y)ll = max ([lx +xa], [ly +y4ll)
< max (|[x[[ + [[xa][, [[y[l + [ly]])

suppose then that ||x|| + ||x1]|| > |ly|| + |ly1]| - Then the above equals

el + [ | < max ([l [[y[[) + max ([ s [lyal]) = 16691+ [[(x1,y0)]

In case |[x[| + |[x1]| < [ly|| + [ly1]|, the argument is similar.
Let x € Uy. Then (x,y) € U and so there exists r > 0 such that

B((xy),r) €U
This says that if (u,v) € X x Y such that ||(u,v) — (x,¥)|| < r, then (u,v) € U. Thus if

I(w,y) = Gyl = [lu—x[[ <,
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then (u,y) € U. This has just said that B (x,r), the ball taken in X is contained in Uy.
This proves the lemma.
Or course one could also consider

Ux ={y:(x,y) €U}

in the same way and conclude this set is open in Y. Also, the generalization to many factors
yields the same conclusion. In this case, for x € H?:1 X, let

/] = max (|x.] [, X = (X1, %n))
Then a similar argument to the above shows this is a norm on []}" ; X;.
Corollary 6.8.2 Let U C ], X; and let
Uy o 3i 1, %10 %n) = {x e (xl, X1, X, X, ',Xn) € U} .

Then Uy, .. is an open set in Fi.

X 1,Xi4 1,0 Xn)
The proof is similar to the above.
Definition 6.8.3 Let g:UC H?zl X; — Y, where U is an open set. Then the map

z—g (Xla t '7Xi717Z7X7;+17 o '7X’I’L)
s a function from the open set in X;,
{z:x:(x1,~--,xi,l,z7xi+1,--~7xn) € U}

to Y. When this map is differentiable, its derivative is denoted by D;g (x). To aid in the
notation, for v € X;, let 0;v € [[_, X; be the vector (0,---,v,---,0) where the v is in the
ith slot and for v € [T, X, let v; denote the entry in the ith slot of v. Thus, by saying

z g (X1, Xi1, 2 Xy g %)
is differentiable is meant that for v € X; sufficiently small,

g(x+0iv) —g(x)=Dig(x)v+o(v).
Note D;g (x) € L(X;,Y).

Definition 6.8.4 Let U € X be an open set. Then £ : U — Y is C (U) if £ is
differentiable and the mapping
x —Df (x),

is continuous as a function from U to L(X,Y).
With this definition of partial derivatives, here is the major theorem.

Theorem 6.8.5 Let g, U, TT, X, be given as in Definition6.8.5. Then g is C* (U)
if and only if D;g exists and is continuous on U for each i. In this case, g is differentiable
and

Dg(x)(v) = Dig(x) vk (6.9)
k

where v.=(vy,- -+, V).
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Proof: Suppose then that D;g exists and is continuous for each . Note that
k
Zejvj = (V17 s 'vvk707 T 70) .
j=1

Thus Y77, 0;v; = v and define 23:1 0;v; = 0. Therefore,

n k k—1
gx+v)—g(x) :Z g X+ZejVj -g X—l—Zé‘jvj (6.10)
k=1 j=1 j=1
Consider the terms in this sum.
k k—1
g x—I—Zvaj -g x—|—Zt9jvj =g (x+0,vi) — g (x)+ (6.11)
j=1 j=1
k k—1
g|x+> 0vi | —gx+0evi) | — [g|x+ D 0;v; | —g(x) (6.12)
Jj=1 j=1

and the expression in [6.12 is of the form h (v4) — h (0) where for small w € X},

k—1
h(w)=g x—|—29jvj +O0w | —g(x+0w).
j=1
Therefore,
k—1
Dh (w) = Dig | x+ Z 0;vi+ 0w | — Drpg(x+ 0pw)
j=1

and by continuity, ||Dh (w)|| < & provided ||v|| is small enough. Therefore, by Theorem
6.4.2, whenever ||v|| is small enough,

b (vi) =B (0)]] < eflvil[ < e]lv]]
which shows that since ¢ is arbitrary, the expression in[6.12/is o (v). Now in[6.11
g (x+0xvi) — g (x) = Dig (X) Vi + 0 (Vi) = Drg (x) Vi +0(v).

Therefore, referring to [6.10}
g(x+v)—g(x) =) Dig(x)vi+o(v)
k=1

which shows Dg (x) exists and equals the formula given in [6.9.
Next suppose g is C!. I need to verify that Dyg (x) exists and is continuous. Let v € X},
sufficiently small. Then

g(x+0rv)—g(x) = Dg(x)0pv+o(biv)
= Dg(x)0v+o(v)
since ||0xv|| = ||v||. Then Dyg (x) exists and equals

Dg (x) o 6
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Now x — Dg(x) is continuous. Since 0y is linear, it follows from Theorem [5.8.3 that
0 : Xi, — H?:l X; is also continuous, this proves the theorem.

The way this is usually used is in the following corollary, a case of Theorem [6.8.5 obtained
by letting X; = IF in the above theorem.

Corollary 6.8.6 Let U be an open subset of ™ and let £ :U — F™ be C! in the sense
that all the partial derivatives of £ exist and are continuous. Then f is differentiable and

" of
f(x+v)= kza— X)vi+0(v).

6.9 Mixed Partial Derivatives

Continuing with the special case where f is defined on an open set in F”, I will next consider
an interesting result due to Euler in 1734 about mixed partial derivatives. It turns out that
the mixed partial derivatives, if continuous will end up being equal. Recall the notation

of
fac ax Delf
and 5
fxy = 8y3x = Delezf'

Theorem 6.9.1 Suppose f: U CF? — R where U is an open set on which f., fy,
foy and fy, exist. Then if fq and fy, are continuous at the point (x,y) € U, it follows

fzy (x,y) = fym (m,y) .

Proof: Since U is open, there exists r > 0 such that B ((z,y),r) C U. Now let [¢],|s| <
r/2,t, s real numbers and consider

h(t) h(0)

A= T@rty+s)—J@rt)-T@yts) - T@wol  (613)

Note that (z + ¢,y + s) € U because

(@t+ty+s) — (@) = |(ts)] = (#+52)"

P2 p2\'?
<4 + 4) = ﬁ <.
Asimplied above, h (t) = f (x +t,y + s)—f (x + t,y). Therefore, by the mean value theorem
and the (one variable) chain rule,

IN

A (s,1)

L@ -no)= %h (at)t

1
S (fe(z+at,y+ ) — fo (v + at,y))
for some « € (0,1). Applying the mean value theorem again,

A (s,t) = foy (x + at,y + Bs)
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where a, 8 € (0,1).
If the terms f (x +t,y) and f (z,y + s) are interchanged in [6.13, A (s,t) is unchanged
and the above argument shows there exist v,6 € (0,1) such that

A(s,t) = fyz (x+7t,y+9s).
Letting (s,t) — (0,0) and using the continuity of f,, and fy,, at (z,y),

li A(8,8) = foy (2,y) = fou (2,7).
(5,)=(0,0) (8,8) = fay (2,9) = fyu (2,9)

This proves the theorem.
The following is obtained from the above by simply fixing all the variables except for the
two of interest.

Corollary 6.9.2 Suppose U is an open subset of X and f : U — R has the property
that for two indices, k,l, fz,, [z, foize, 0Nd fz,2, exist on U and fy, o, and fz,q, are both
continuous at x € U. Then fz, 2, (X) = fa,z, (X) -

By considering the real and imaginary parts of f in the case where f has values in C
you obtain the following corollary.

Corollary 6.9.3 Suppose U is an open subset of F* and f : U — F has the property
that for two indices, k,l, fz., fz, frizn, ANA fo o, exist on U and fy, o, and fz,z, are both
continuous at x € U. Then fz, 2, (X) = fa,z, (X) -

Finally, by considering the components of f you get the following generalization.

Corollary 6.9.4 Suppose U is an open subset of F* and f : U — F ™has the property
that for two indices, k,l, £5,, £,,f2,2,, and £3, 5, exist on U and £, ,, and £, are both
continuous at x € U. Then f;, 4, (x) = .0, (X).

It is necessary to assume the mixed partial derivatives are continuous in order to assert
they are equal. The following is a well known example [3].

Example 6.9.5 Let
131/((13271/2) .
o) = " aTigr if (z,y) #(0,0)
f &) { 0 if (#4) = (0,0)

From the definition of partial derivatives it follows immediately that f, (0,0) = f, (0,0) =
0. Using the standard rules of differentiation, for (x,y) # (0,0),

24 y4 + 4x2y2 P y4 _ 4x2y2
Jo = T o N2 fy = T 2
(2® +y?) (z% +y?)
Now
. fx(ovy)_fm(ovo)
2y (0,0) = 1
fay (0,0) yli% Y
= _y4 = —
y=0 (y2)?
while
_ o Sy (2,0) = £, (0,0)

w0 (22)
showing that although the mixed partial derivatives do exist at (0,0), they are not equal
there.
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6.10 Implicit Function Theorem

The following lemma is very useful.

Lemma 6.10.1 Let A € £ (X, X) where X is a finite dimensional normed vector space
and suppose ||A|| <r < 1. Then

(I—A)"" emists (6.14)

and

H(I—A)*H <(1-r"". (6.15)

Furthermore, if
I={AcL(X,X): A" exists}

the map A — A~1 is continuous on I and T is an open subset of L (X, X).
Proof: Let ||A]| <r < 1.If (I — A)x =0, then x = Ax and so if x # 0,
[l = [l Ax[[ < [|A[[[[x]| < r[[x]]

which is a contradiction. Therefore, (I — A) is one to one. Hence it maps a basis of X to
a basis of X and is therefore, onto. Here is why. Let {vy,---,v,} be a basis for X and
suppose

Zn:ckl AVk—O

k=1

— A) (zn: ckvk> =0
k=1

and since (I — A) is one to one, it follows

n
E CrVE — 0
k=1

which requires each ¢; = 0 because the {v;} are independent. Hence {(I — A) vy },_, is a
basis for X because there are n of these vectors and every basis has the same size. Therefore,
if y € X, there exist scalars, ¢, such that

y = chl A)v (chvk>

o (I — A) is onto as claimed. Thus (I — A)~' € £(X,X) and it remains to estimate its
norm.

Then

[ = Ax[[ = [|x[| = [[Ax]] = [[x[[ = [[AJ[{[x[| = [l (1 =)

Lettingy =x— Axsox = (I — A)_1 y, this shows, since (I — A) is onto that for all y € X

Iyll = || =) y||a-n

and so H(I - A)_1H < (1—7)"". This proves the first part.
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To verify the continuity of the inverse map, let A € Z. Then
B=A(I-A"'(A-B))
and so if ||A~! (A — B)|| < 1 which, by Theorem /5.8.3, happens if
14— Bl <1/[[A7Y],
it follows from the first part of this proof that (I — A= (A — B))™ exists and so
Bl=(I-A'(A-B) 4!
which shows Z is open. Also, if
[|[A"' (A= B)||<r<1, (6.16)
1B~ < [la7H [ =n"
Now for such B this close to A such that 6.16/ holds,
[B7 =AM = ||B7 (A=A | < [lA-BIl||[B7[[|A7]]
< la-BIlla|fa-n"

which shows the map which takes a linear transformation in 7 to its inverse is continuous.
This proves the lemma.

The next theorem is a very useful result in many areas. It will be used in this section to
give a short proof of the implicit function theorem but it is also useful in studying differential
equations and integral equations. It is sometimes called the uniform contraction principle.

Theorem 6.10.2 et XY be finite dimensional normed vector spaces. Also let
E be a closed subset of X and F a closed subset of Y. Suppose for each (x,y) € E X F,
T (x,y) € E and satisfies

IT (x,y) = T (x",y)|l < r|lx = x| (6.17)
where 0 < r <1 and also
IT (x,y) = T (xy)ll < Mlly —y'll. (6.18)
Then for each 'y € F there exists a unique “fized point” for T (-,y),x € E, satisfying
T (x,y) =x (6.19)

and also if x (y) is this fixed point,

)~ x &I < Ty =¥l (6.20)

Proof: First consider the claim there exists a fixed point for the mapping, T (-, y). For
a fixed y, let g (x) = T (x,y). Now pick any xg € F and consider the sequence,

X1 =g (X0), Xe+1 = 8 (Xx) -

Then by 6.17,

k41— xk|| = llg (xx) — g (xp—1)[| < 7l|xp —xp—1]] <
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r? [|xp-1 = xpa| < -+ < ¥ g (x0) — %ol| -

Now by the triangle inequality,

p
1%kt = Xkl <D I hpi = Xngia|
=1
P k
T X — X
<2 s lx o)~ < IO =0l

Since 0 < r < 1, this shows that {xj},, is a Cauchy sequence. Therefore, by completeness
of E it converges to a point x € E. To see x is a fixed point, use the continuify of g to
obtain

x = lim x; = lim xp11 = lim g (xx) =g (x).
k—o0 k—o00 k—o0

This proves 6.19. To verify [6.20),
I (y) =x@)I =T x(y),y) - T ).y <
IT(x(y),y) =T &), ¥+ T xy),y) - TxE),y)l
< Mlly —y'll +7llx(y) =x(¥)ll-
Thus
Q=7 |x@)—x@)Il <My -yl
This also shows the fixed point for a given y is unique. This proves the theorem.

The implicit function theorem deals with the question of solving, f (x,y) = 0 for x in
terms of y and how smooth the solution is. It is one of the most important theorems in
mathematics. The proof I will give holds with no change in the context of infinite dimensional
complete normed vector spaces when suitable modifications are made on what is meant by
L(X,Y). There are also even more general versions of this theorem than to normed vector

spaces.
Recall that for X,Y normed vector spaces, the norm on X x Y is of the form

1166, ¥ = max ([[x[], [|yl]) -

Theorem 6.10.3 (implicit function theorem) Let X, Y, Z be finite dimensional normed
vector spaces and suppose U is an open set in X x Y. Let £ : U — Z be in C* (U) and

suppose
f (x0,¥0) = 0, Dif (x0,¥0) ' € L(Z,X). (6.21)

Then there exist positive constants, 6,m, such that for every y € B(yo,n) there exists a
unique x (y) € B (x0,0) such that

£(x(y),y) =0. (6.22)
Furthermore, the mapping, y — x (y) is in C* (B (yo,n)).
Proof: Let T (x,y) = x — Dif (x0,y0) ' £ (x,y). Therefore,
DT (x,y) = I — Dif (x0,y0)" " Dif (x,y). (6.23)

by continuity of the derivative which implies continuity of DT, it follows there exists § > 0
such that if ||(x — %0,y — yo)|| < ¢, then

1
DT (3l < 5. (6:24)
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Also, it can be assumed ¢ is small enough that

Dt G, v0) ™[] 11D (3| < M1 (6.25)

where M > Hle (Xo,yo)_l H || D2f (%x0,¥0)||- By Theorem[6.4.2, whenever x,x’ € B (xg, )
and y € B (yo,9),

1
IT () = T )l < 5 lIx =] (6.26)
Solving 6.23| for D1f (x,y),
Dy f (Xa y) = le(XO7y0) (I - DT (Xa y)) :

By Lemma [6.10.1/ and the assumption that le(XO,yo)_1 exists, it follows, Dif (x, y)_1

exists and equals
(I — DT (x,y)) " Dif (x0,y0) "

By the estimate of Lemma 6.10.1 and 6.24,

Hle(X,y)_lH <2 Hle(xo,yo)_lH. (6.27)

Next more restrictions are placed on y to make it even closer to yg. Let

) )
0<n<m1n(5,w>.

Then suppose x € B (xg,d) and y € B (yo,7n). Consider
X = le(X07yO)_1 f(XaY) — X0 = T(X7y) —Xp = g(X7y) .

Dig(x,y) = I — Dif (x0.y0)  Dif (x,y) = DiT (x,y),

and
Dag (x,y) = —Dif (x0,¥0) " Daf (x,).

Also note that T (x,y) = x is the same as saying f (xg,y0) = 0 and also g (xo,yo) = 0.
Thus by 6.25 and Theorem [6.4.2] it follows that for such (x,y) € B (x0,d) x B (yo0,7),

IT (x,¥) = ol = |lg (%, ¥)Il = llg (%, ¥) — & (%0, ¥0)l|

< Jlg (x.y) ~ & (x.y0)ll + 11 (x.30) — & (<0 v0)

1 6 & 56
< - —lx - — - =< :
< Mlly —yoll+ 5 lix—xoll < 5 +5 =5 <6 (6.25)

Also for such (x,y;),7 = 1,2, Theorem [6.4.2! and [6.25 implies
I (x,31) = T G2 l| = || D1 (x0,y0) ™" (£ (G 32) = £ (. 30)|

< Mlly2 —yill- (6.29)

From now on assume ||x — xg|| < § and ||y — yo|| < 1 so that 6.29] 6.27, [6.28, [6.26, and
6.25/ all hold. By 6.29, 16.26], 6.28, and the uniform contraction principle, Theorem 6.10.2

applied to E = B (xo, 5—65) and F' = B (yo,n) implies that for each y € B (yo, ), there exists
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a unique x (y) € B (x0,6) (actually in B (xo,22) ) such that T (x(y),y) = x (y) which is
equivalent to
f(x(y),y)=0.

Furthermore,
Ix(y) =< <2M|ly —¥'||. (6.30)

This proves the implicit function theorem except for the verification that y — x (y) is
C'. This is shown next. Letting v be sufficiently small, Theorem [6.8.5/ and Theorem [6.4.2

imply
0=Ff(x(y+v),y+v)-f(x(y),y) =

Dif (x(y),y) (x(y +v) —x(y)) +
+Dof (x(y),y)v+o((x(y+v)—x(y),Vv)).

The last term in the above is o (v) because of 6.30. Therefore, using 6.27, solve the above
equation for x (y +v) — x (y) and obtain

x(y+v)—x(y)=-Di(x(y).y) ' Dof (x(y).y) v +o0(v)

Which shows that y — x (y) is differentiable on B (yo,n) and

Dx(y) = —Dif (x(y),y) ' Dof (x(y).,y). (6.31)

Now it follows from the continuity of Dof | D1f, the inverse map, 6.30, and this formula for
Dx (y)that x (+) is C* (B (yo,n)). This proves the theorem.

The next theorem is a very important special case of the implicit function theorem known
as the inverse function theorem. Actually one can also obtain the implicit function theorem
from the inverse function theorem. It is done this way in [27] and in [2].

Theorem 6.10.4 (inverse function theorem) Let xo € U, an open set in X , and
let £f:U —Y where X, Y are finite dimensional normed vector spaces. Suppose

fisC' (U) , and Df(xo)™* € L(Y, X). (6.32)

Then there exist open sets, W, and V' such that

xo € W CU, (6.33)
f: W — V isone to one and onto, (6.34)
f=1isCt, (6.35)

Proof: Apply the implicit function theorem to the function
Fxy)=f(x) -y
where yo = f (x¢). Thus the function y — x (y) defined in that theorem is f~1. Now let
W = B (x0,6) N £~ (B (y0,7))

and
V = B(yo,n)-

This proves the theorem.
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6.10.1 More Derivatives

In the implicit function theorem, suppose f is C*. Will the implicitly defined function also
be C*? It was shown above that this is the case if k& = 1. In fact it holds for any positive
integer k.

First of all, consider Dof (x(y),y) € L(Y,Z). Let {w1,-- -, w,,} be a basis for ¥ and
let {z1,--+,2,} be a basis for Z. Then Dof (x(y),y) has a matrix with respect to these

bases. Thus conserving on notation, denote this matrix by (Dgf (x(y),¥); j) . Thus
Dof (x(y),y) = Z Dof (x (y) 7Y)ij Z;Wj
ij

The scalar valued entries of the matrix of Dof (x(y),y) have the same differentiability
as the function y —Dof (x (y),y) . This is because the linear projection map, m;; mapping
L(Y,Z) to F given by m;;L = L;j, the ij*" entry of the matrix of L with respect to the given
bases is continuous thanks to Theorem [5.8.3. Similar considerations apply to D:if (x (y),y)
and the entries of its matrix, D1f (x (y) ,y)ij taken with respect to suitable bases. From
the formula for the inverse of a matrix, Theorem [3.5.14) the ij*" entries of the matrix of
Dif (x(y),y) ", Dif (x(y) ,y);jl also have the same differentiability as y —D1f (x(y),y).
Now consider the formula for the derivative of the implicitly defined function in 6.31,

Dx(y) = —D:f (x(y),y) " Dof (x(y).y). (6.36)

The above derivative is in £ (Y, X). Let {wy,- -+, w,,} be a basis for Y and let {vy,-- -, v,}
be a basis for X. Letting z; be the i*® component of x with respect to the basis for
X, it follows from Theorem 6.7.1, y — x (y) will be C* if all such Gateaux derivatives,
Dyw; w;,-w;, Ti (y) exist and are continuous for r < k and for any ¢. Consider what is
required for this to happen. By 6.36,

Dui(y) = Y (-Dif (x(9).9)7) (Daf (x (). ¥
k

= Gi1(x(y),y) (6.37)

where (x,y) — Gy (x,y) is C*~! because it is assumed f is C* and one derivative has been
taken to write the above. If k > 2, then another Gateaux derivative can be taken.

Dy w,zi (y) = i GL X W)y +twy) — G (x(y), y)
Ik t—0 t

DGy (x(y),y) Dx(y) wi + D2G1 (x(y),y)
G2 (x(y),y,Dx (y))

Since a similar result holds for all ¢ and any choice of w;, wy, this shows x is at least C?. If
k > 3, then another Gateaux derivative can be taken because then (x,y,z) — G2 (x,y,2)
is C! and it has been established Dx is C'. Continuing this way shows Dyw; wj, - w;, Ti (y)
exists and is continuous for r < k. This proves the following corollary to the implicit and
inverse function theorems.

Corollary 6.10.5 In the implicit and inverse function theorems, you can replace C*
with C* in the statements of the theorems for any k € N.
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6.10.2 The Case Of R"

In many applications of the implicit function theorem,
f:UCR"xR™ —-R"

and f (x¢,yo) = 0 while f is C*. How can you recognize the condition of the implicit function
theorem which says D1f (xg, yo)_1 exists? This is really not hard. You recall the matrix of
the transformation D1f (xg,yo) with respect to the usual basis vectors is

fiz, (%X0,¥0) - fiz, (X0, ¥0)

fn,zl (X07 y0) o fn,a:n (X07 YO)

and so D1f (xq, yo)f1 exists exactly when the determinant of the above matrix is nonzero.
This is the condition to check. In the general case, you just need to verify Dif (xq,yo) is
one to one and this can also be accomplished by looking at the matrix of the transformation
with respect to some bases on X and Z.

6.11 Taylor’s Formula

First recall the Taylor formula with the Lagrange form of the remainder. It will only be
needed on [0, 1] so that is what I will show.

Theorem 6.11.1 Let h : [0,1] — R have m + 1 derivatives. Then there emists
t € (0,1) such that

(k) (m+1)

k=1

Proof: Let K be a number chosen such that

h(1) - (h 0+ h(k;!(o) + K) 0

k=1

Now the idea is to find K. To do this, let

F(t)=h(1)— (h (t) + i h(k];(t) Q-+ K1 - t)’”“)
k=1 ’

Then F (1) = F (0) = 0. Therefore, by Rolle’s theorem there exists ¢ between 0 and 1 such
that F” (t) = 0. Thus,
mp(k+1) (t)

!
Pt k!

0 = —F({t)=K"({t)+ (1—t)"

fzm: A (t)k:(l )" K m+1)(1-t)"

k!
k=1
And so
™ p(k+1) (t) L m—1 p(k+1) (t) .
= h’(t)—s—ZT(l—t) = — -1
k=1 k=0

~-K(m+1)1-t)™



6.11. TAYLOR’S FORMULA 133

—wo+ D Gy - K ) -
and so
_ h(m+1) (t)
 (m+1)

This proves the theorem.
Now let f: U — R where U C X a normed vector space and suppose f € C™ (U). Let
x € U and let r > 0 be such that
B(x,r) CU.

Then for ||v|| < r consider
fxttv) = f(x) = h(t)
for t € [0,1]. Then by the chain rule,
W (t) = Df (x+tv) (v), h" (t) = D*f (x-+tv) (v) (v)
and continuing in this way,
) (1) = DW) f (x+tv) (v) (v) - - - (v) = DF) f (x+tv) v
It follows from Taylor’s formula for a function of one variable given above that

m D(k)f (X) Vk D(m+1)f (x+tv) vm+1
JeAv)=1(+> = (m 1 1)!

k=1

(6.38)

This proves the following theorem.
Theorem 6.11.2 Let f: U — R and let f € C™ L (U). Then if
B (x,r) CU,

and ||v|| < r, there exists t € (0,1) such that|6.38 holds.

6.11.1 Second Derivative Test

Now consider the case where U C R™ and f : U — R is C? (U). Then from Taylor’s theorem,
if v is small enough, there exists ¢ € (0,1) such that

F(x+v) = f (x) + Df (x) V+M. (6.39)
Consider
D*f (x+tv) () (e;) = D(D(f(x+tv))ei)e,
- D <6f (:;:;r tv)) e
Pf(x+tv)

8.’£ja$i

where e; are the usual basis vectors. Letting

n
vV = g Vi€,
i=1



134 THE DERIVATIVE

the second derivative term in 6.39 reduces to

1 1
3 Z D2 f (x+tv) (e;) (€j) vivj = 5 Z H;j (x+tv) vv;
1,] ]
where
O f (x+tv)

H;j (x+tv) = D*f (x+tv) (e;) (ej) = d;01;

Definition 6.11.3 The matriz whose it entry is g;fg;z is called the Hessian ma-
triz, denoted as H (x).

From Theorem [6.9.1) this is a symmetric real matrix, thus self adjoint. By the continuity
of the second partial derivative,

fx+v)=fx)+Df (x) v—iévTH(x) v+

1
B (vI (H (x+tv) —H (x)) V). (6.40)
where the last two terms involve ordinary matrix multiplication and
v = (vy---vp)

for v; the components of v relative to the standard basis.

Definition 6.11.4 ret f: D — R where D is a subset of some normed vector space.
Then f has a local minimum at x € D if there exists § > 0 such that for all'y € B (x,0)

fy) = f(x).

[ has a local mazimum at x € D if there exists § > 0 such that for all y € B (x,9)
fy)<f(x).

Theorem 6.11.5 If f : U — R where U is an open subset of R™ and f is C?,
suppose Df (x) = 0. Then if H (x) has all positive eigenvalues, x is a local minimum. If
the Hessian matriz H (x) has all negative eigenvalues, then x is a local mazimum. If H (x)
has a positive eigenvalue, then there exists a direction in which f has a local minimum at X,
while if H (x) has a negative eigenvalue, there exists a direction in which H (x) has a local
maximum at X.

Proof: Since Df (x) = 0, formula [6.40 holds and by continuity of the second derivative,
H (x) is a symmetric matrix. Thus H (x) has all real eigenvalues. Suppose first that H (x)
has all positive eigenvalues and that all are larger than 6> > 0. Then by Theorem [3.8.19)
H (x) has an orthonormal basis of eigenvectors, {v;}!"_; and if u is an arbitrary vector, such

n
that u=>_7_, u;v; where u; =u-v;, then

u'H (x)u= Z ujfo (x) Z UjVv;
j=1 j=1

n n
_ 2 2 2 ¢2 2
—E ujA; >0 E uj; =0 [ul”.
=1 =1
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From [6.40 and the continuity of H, if v is small enough,
Lo 2 1o o 5 o
FOev) 2 £ 60+ 500 = 0% v = £ )+ 5 VI,
This shows the first claim of the theorem. The second claim follows from similar reasoning.

Suppose H (x) has a positive eigenvalue A2, Then let v be an eigenvector for this eigenvalue.
Then from [6.40),

f(x+tv) = f(x) —&—%thTH (x) v+
Lo

§t (v' (H (x+tv) —H (x)) V)

which implies

F )+ 5PN 4522 (V7 (H () —H () V)

1
> f )+ N v

f (xv)

whenever t is small enough. Thus in the direction v the function has a local minimum at
x. The assertion about the local maximum in some direction follows similarly. This proves
the theorem.

This theorem is an analogue of the second derivative test for higher dimensions. As in
one dimension, when there is a zero eigenvalue, it may be impossible to determine from the
Hessian matrix what the local qualitative behavior of the function is. For example, consider

filzy) =o' +y°, folz,y) = —a' + 42
Then Df; (0,0) = 0 and for both functions, the Hessian matrix evaluated at (0,0) equals
0 0
0 2

but the behavior of the two functions is very different near the origin. The second has a
saddle point while the first has a minimum there.

6.12 The Method Of Lagrange Multipliers

As an application of the implicit function theorem, consider the method of Lagrange mul-
tipliers from calculus. Recall the problem is to maximize or minimize a function subject to
equality constraints. Let f : U — R be a C'! function where U C R™ and let

be a collection of equality constraints with m < n. Now consider the system of nonlinear
equations

f(x) = a
g (x) = 0,i=1,---,m.

X is a local maximum if f (x¢) > f (x) for all x near xo which also satisfies the constraints
6.41. A local minimum is defined similarly. Let F : U x R — R™! be defined by

F (x,a) = , . (6.42)
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Now consider the m + 1 x n Jacobian matrix, the matrix of the linear transformation,
D F (x,a) with respect to the usual basis for R” and R™+1.

for (x0) fa, (X0)
91z, (Xo) 0 Yz, (Xo)
Ima, (XO) e gmzn. (XO)

If this matrix has rank m + 1 then some m + 1 x m + 1 submatrix has nonzero determinant.
It follows from the implicit function theorem that there exist m + 1 variables, x;, , - -
such that the system

5 L1

F (x,a) =0 (6.43)

specifies these m + 1 variables as a function of the remaining n — (m + 1) variables and
a in an open set of R”~™. Thus there is a solution (x,a) to 6.43 for some x close to xg
whenever a is in some open interval. Therefore, xy cannot be either a local minimum or a
local maximum. It follows that if xq is either a local maximum or a local minimum, then
the above matrix must have rank less than m + 1 which, by Corollary 13.5.20, requires the
rows to be linearly dependent. Thus, there exist m scalars,

)‘17 Y )"ma
and a scalar p, not all zero such that
fml (XO) 91z, (XO) Ima; (XO)
1 : =\ : 4+ 4 A ; . (6.44)
fz, (%0) 91z, (%0) Imz,, (%0)
If the column vectors
91z, (XO) Ima, (XO)
: e : (6.45)
91z, (Xo0) Ima, (Xo0)

are linearly independent, then, u # 0 and dividing by p yields an expression of the form

fay (X0) g1z, (Xo) Imz, (Xo)
J, (XO) J1z, (XO) Ima, (XO)

at every point xg which is either a local maximum or a local minimum. This proves the
following theorem.

Theorem 6.12.1 LetU be an open subset of R and let f : U — R be a C* function.
Then if xg € U 1is either a local mazimum or local minimum of f subject to the constraints
6.41, then|6.44 must hold for some scalars p, A1, - - -, Ay not all equal to zero. If the vectors
n 0.45 are linearly independent, it follows that an equation of the form|6.46 holds.

6.13 Exercises

1. Suppose L € L (X,Y) and suppose L is one to one. Show there exists r > 0 such that
for all x € X,
[[Lx][ > 7 [[x]].

Hint: You might argue that |||x]||| = ||Lx]| is a norm.
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2. Show every polynomial, Z|a|<k dax® is C* for every k.

3. If f : U — R where U is an open set in X and f is C?, show the mixed Gateaux
derivatives, Dy, v, f (x) and Dy, f (x) are equal.

4. Give an example of a function which is differentiable everywhere but at some point it
fails to have continuous partial derivatives. Thus this function will be an example of
a differentiable function which is not C*.

5. The existence of partial derivatives does not imply continuity as was shown in an
example. However, much more can be said than this. Consider

f(:c,y):{ )it () £ 0,0),
Uit (2y) = (0,0).

Show each Gateaux derivative, Dy, f (0) exists and equals 0 for every v. Also show each
Gateaux derivative exists at every other point in R2. Now consider the curve 22 = y*
and the curve y = 0 to verify the function fails to be continuous at (0,0). This is an
example of an everywhere Gateaux differentiable function which is not differentiable
and not continuous.

6. Let f be a real valued function defined on R? by

— 22 yz if (m,y) (0,0)
f(x’y)‘{ oE( ) = (0,0)

Determine whether f is continuous at (0,0). Find f; (0,0) and f, (0,0). Are the
partial derivatives of f continuous at (0,0)? Find D, ) f ((0,0)),lim; o M Is

the mapping (u,v) — D(y)f ((0,0)) linear? Is f differentiable at (0,0)?

7. Let f: V — R where V is a finite dimensional normed vector space. Suppose f is
convex which means

fix+ 1=y <tf(x)+(1—1t)f(y)

whenever ¢ € [0,1]. Suppose also that f is differentiable. Show then that for every
xyeV,
(Df (x) =Df(y)) (x—y) = 0.

8. Suppose f : U CV — F where U is an open subset of V, a finite dimensional inner
product space with the inner product denoted by (-,-). Suppose f is differentiable.
Show there exists a unique vector v (x) € V such that

(u-v(x) = Df (x)u

This special vector is called the gradient and is usually denoted by V f (x) . Hint: You
might review the Riesz representation theorem presented earlier.

9. Suppose f : U — Y where U is an open subset of X, a finite dimensional normed
vector space. Suppose that for all v € X, Df (x) exists. Show that whenever a € F
D.vf (x) = aDyf (x). Explain why if x — Df (x) is continuous then v — D f (x) is
linear. Show that if f is differentiable at x, then D,f (x) = Df (x)v
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10.

11.

12.

13.
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Suppose B is an open ball in X and f : B — Y is differentiable. Suppose also there
exists L € L (X,Y) such that

||Df (x) — L|| < k
for all x € B. Show that if x1,x5 € B,
|f(X1) — f(XQ) —L(Xl —X2)| S k’|X1 —X2| .

Hint: Consider Tx = f (x) — Lx and argue ||DT (x)|| < k. Then consider Theorem
6.4.2.

Let U be an open subset of X, f: U — Y where X,Y are finite dimensional normed
vector spaces and suppose f € C! (U) and Df (xg) is one to one. Then show f is one
to one near xo. Hint: Show using the assumption that f is C! that there exists § > 0
such that if

X1,X0 € B (X07(5) ,

then ,
|f (Xl) —f (XQ) — Df (X()) (Xl - X2)| S 5 |X1 — X2 (647)

then use Problem [1.

Suppose M € L(X,Y) and suppose M is onto. Show there exists L € £ (Y, X) such
that
LMx =Px

where P € £ (X, X), and P? = P. Also show L is one to one and onto. Hint: Let
{¥1, -, ¥m} be a basis of Y and let Mx; =y;. Then define

m m
Ly = Z a;x; where y = Z ;Y.
i=1 i=1

Show {x1, -+, X, } is a linearly independent set and show you can obtain {x1, -, X, --
-, Xp}, a basis for X in which Mx; = 0 for j > m. Then let

m
Px = E ;X5
i=1

where

m
X = E ;X5
i=1

This problem depends on the result of Problem 12. Let f : U C X — Y, f is C!,
and Df (x) is onto for each x € U. Then show f maps open subsets of U onto
open sets in Y. Hint: Let P = LDf (x) as in Problem [12. Argue L maps open
sets from Y to open sets of the vector space X; = PX and L~! maps open sets
from X; to open sets of Y. Then Lf (x +v) = Lf (x) + LDf (x) v+ o (v). Now for
z € X1, let h(z) = Lf (x +2z) — Lf (x). Then h is C' on some small open subset of
X1 containing 0 and Dh (0) = LDf (x) which is seen to be one to one and onto and
in £(X1,X;). Therefore, if r is small enough, h (B (0,r)) equals an open set in X7,
V. This is by the inverse function theorem. Hence L (f (x + B (0,r)) — f (x)) = V and
sof(x+ B(0,r)) —f(x)=L"1(V), an open set in Y.
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14. Suppose U C R? is an open set and f : U — R? is C'. Suppose Df (s¢,t() has rank

15.

16.

two and
Zo

f(so.to) = | o
2o
Show that for (s,t) near (so,to), the points f (s,t) may be realized in one of the
following forms.
{([L’,y,qﬁ(.’li,y)) : (x,y) near (x07y0)}7

{(¢(y,2),y,2) : (y,2) near (yo,20)},
or

{(z,¢(x,2),2,): (x,2) near (xg,20)}-
This shows that parametrically defined surfaces can be obtained locally in a particu-
larly simple form.

Let f : U — Y, Df (x) exists for all x € U, B(x¢,d) C U, and there exists L €
L (X,Y), such that L= € £(Y, X), and for all x € B (xq,d)
r

IDf (x) = L] < 77> 7 < 1.
=]

Show that there exists ¢ > 0 and an open subset of B (x¢,d),V, such that f :
V—B (f (xq),¢) is one to one and onto. Also Df ! (y) exists for eachy € B (f (xo),¢)
and is given by the formula
_ _ -1
Df'(y)=[Df (f ' (y))] .
Hint: Let
Ty (x) =T (x,y) =x-L7" (f(x) —y)

for |y — f (x0)] < %, consider {73 (xo)}. This is a version of the inverse function

theorem for f only differentiable, not C*.
Recall the n'”* derivative can be considered a multilinear function defined on X™ with
values in some normed vector space. Now define a function denoted as w;v;, --- v,
which maps X™ — Y in the following way

WiV Vi, (Ve Vi) = Wiljik Gy -+ 0k, (6.48)

and w;Vv;, - - - vj, is to be linear in each variable. Thus, for

n n
(Z Ak, Vi, - Z aknvkn> S Xn,

)
ki1=1 kn=1

n n
WiVij, = Vi, E Ay Vi, " E Ak, Vi,

k1=1 kn=1

= Y Wilark, k) 05k Oaks Ok,
kiko-ky

= Wil aj, - aj, (6.49)

Show each w;v;, ---v; is an n linear Y valued function. Next show the set of n linear
Y valued functions is a vector space and these special functions, w;v;, - - - v;, for all
choices of 7 and the j; is a basis of this vector space. Find the dimension of the vector
space.
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18.

19.

20.

21.

22.

23.

24.

25.

26.
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Minimize Z?Zl x; subject to the constraint Z?:l x? = a®. Your answer should be

some function of a which you may assume is a positive number.

Find the point, (z,y,z) on the level surface, 422 + y? — 22 = lwhich is closest to
(0,0,0).

A curve is formed from the intersection of the plane, 2z + 3y + z = 3 and the cylinder
22 + 92 = 4. Find the point on this curve which is closest to (0,0,0).

A curve is formed from the intersection of the plane, 2z 4+ 3y 4+ z = 3 and the sphere
22 + y? + 2% = 16. Find the point on this curve which is closest to (0,0,0) .

Find the point on the plane, 2z + 3y + z = 4 which is closest to the point (1,2,3).

Let A = (A;;) be an n x n matrix which is symmetric. Thus A4;; = Aj; and recall
(Ax), = Ajjxz; where as usual sum over the repeated index. Show 8%1- (Aijajx;) =
2A;jz;. Show that when you use the method of Lagrange multipliers to maximize
the function, Ajjzjz; subject to the constraint, >3, #7 = 1, the value of A which
corresponds to the maximum value of this functions is such that A;;x; = Az;. Thus
Ax = Ax. Thus ) is an eigenvalue of the matrix, A.

Let xy,---, x5 be 5 positive numbers. Maximize their product subject to the constraint
that

T1 + 2x9 + 3x3 + 424 + S5 = 300.
Let f (w1, 2,) = 2fah~ ! zl. Then f achieves a maximum on the set,

S:{xeR”:Zixi—landeachxi>0}.

i=1
If x € S is the point where this maximum is achieved, find z1/x,,.

Let (z,y) be a point on the ellipse, 22/a? + y?/b?> = 1 which is in the first quadrant.
Extend the tangent line through (z, y) till it intersects the z and y axes and let A (z, y)
denote the area of the triangle formed by this line and the two coordinate axes. Find
the minimum value of the area of this triangle as a function of a and b.

no,2_ .2

- nooo2 2 2 2 2 : : _
Maximize [[;,_, 7 (= @7 x x5 X x5 X --- x x;) subject to the constraint, > " | x5 = .

Show the maximum is (r2/n)" . Now show from this that

n 1/n 1
2 < = 2
([I) <5
i=1
and finally, conclude that if each number x; > 0, then

n 1/n n
1

and there exist values of the x; for which equality holds. This says the “geometric
mean” is always smaller than the arithmetic mean.
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27. Maximize 22y? subject to the constraint

p

2 2
w2y )
—=r

q

where p, g are real numbers larger than 1 which have the property that

1 1
-4 - = 1
p q
show the maximum is achieved when 2% = 427 and equals r2. Now conclude that if
z,y > 0, then
a? oyl
xy < — 4+ =—
q

and there are values of z and y where this inequality is an equation.
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Measures And Measurable
Functions

The integral to be discussed next is the Lebesgue integral. This integral is more general than
the Riemann integral of beginning calculus. It is not as easy to define as this integral but
is vastly superior in every application. In fact, the Riemann integral has been obsolete for
over 100 years. There exist convergence theorems for this integral which are not available
for the Riemann integral and unlike the Riemann integral, the Lebesgue integral generalizes
readily to abstract settings used in probability theory. Much of the analysis done in the last
100 years applies to the Lebesgue integral. For these reasons, and because it is very easy to
generalize the Lebesgue integral to functions of many variables I will present the Lebesgue
integral here. First it is convenient to discuss outer measures, measures, and measurable
function in a general setting.

7.1 Compact Sets

This is a good place to put an important theorem about compact sets. The definition of
what is meant by a compact set follows.

Definition 7.1.1 Let U denote a collection of open sets in a normed vector space.
Then U is said to be an open cover of a set K if K C UU. Let K be a subset of a normed
vector space. Then K is compact if whenever U is an open cover of K there exist finitely
many sets of U, {Uy,- - -,Un} such that

K C Ukm:1 Uy.
In words, every open cover admits a finite subcover.

It was shown earlier that in any finite dimensional normed vector space the closed and
bounded sets are those which are sequentially compact. The next theorem says that in any
normed vector space, sequentially compact and compact are the samel' First here is a very
interesting lemma about the existence of something called a Lebesgue number, the number
r in the next lemma.

Lemma 7.1.2 Let K be a sequentially compact set in a normed vector space and let U
be an open cover of K. Then there exists v > 0 such that if x € K, then B (x,1) is a subset
of some set of U.

L Actually, this is true more generally than for normed vector spaces. It is also true for metric spaces,
those on which there is a distance defined.

143
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Proof: Suppose no such r exists. Then in particular, 1/n does not work for each n € N.
Therefore, there exists x,, € K such that B (x,,r) is not a subset of any of the sets of U.
Since K is sequentially compact, there exists a subsequence, {x,,} converging to a point
x of K. Then there exists r > 0 such that B (x,7) C U € U because U is an open cover.
Also x,,, € B(x,r/2) for all k large enough and also for all k£ large enough, 1/n; < r/2.
Therefore, there exists x,, € B (x,r/2) and 1/nj < r/2. But this is a contradiction because

B (xp,,1/n;) € B(x,7) CU

contrary to the choice of x,,, which required B (x,,,1/ny) is not contained in any set of U.
This proves the lemma.

Theorem 7.1.3 Let K be a set in a normed vector space. Then K is compact if and
only if K is sequentially compact. In particular if K is a closed and bounded subset of a
finite dimensional normed vector space, then K is compact.

Proof: Suppose first K is sequentially compact and let U be an open cover. Let r be a
Lebesgue number as described in Lemma [7.1.2l Pick x; € K. Then B (x1,7) C U; for some
Ui € U. Suppose {B (x;,7)};~, have been chosen such that

B(Xi7’f’) CU; el.

If their union contains K then {U;};~, is a finite subcover of U. If {B (x;,r)}.~, does not
cover K, then there exists X411 ¢ U B (x;,7) and so B (Xm+1,7) € Upnt1 € U. This
process must stop after finitely many choices of B (x;,r) because if not, {x;},., would
have a subsequence which converges to a point of K which cannot occur because whenever
i F s
Ilxi =[] >
Therefore, eventually
K C Ut B (xg,7) C U, Ug.

this proves one half of the theorem.

Now suppose K is compact. I need to show it is sequentially compact. Suppose it is not.
Then there exists a sequence, {x} which has no convergent subsequence. This requires that
{x} have no limit point for if it did have a limit point, x, then B (x,1/n) would contain
infinitely many distinct points of {x;} and so a subsequence of {x;} converging to x could
be obtained. Also no xj is repeated infinitely often because if there were such, a convergent
subsequence could be obtained. Hence U {xx} = C,, is a closed set, closed because it
contains all its limit points. (It has no limit points so it contains them all.) Then letting
Un = CS, it follows {U,,} is an open cover of K which has no finite subcover. Thus K
must be sequentially compact after all.

If K is a closed and bounded set in a finite dimensional normed vector space, then K is
sequentially compact by Theorem [5.8.4. Therefore, by the first part of this theorem, it is
sequentially compact. This proves the theorem.

Summarizing the above theorem along with Theorem [5.8.4 yields the following corollary
which is often called the Heine Borel theorem.

Corollary 7.1.4 Let X be a finite dimensional normed vector space and let K C X.
Then the following are equivalent.

1. K is closed and bounded.
2. K is sequentially compact.

3. K is compact.
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7.2 An Outer Measure On P (R)

A measure on R is like length. I will present something more general because it is no trouble
to do so and the generalization is useful in many areas of mathematics such as probability.
Recall that P (S) denotes the set of all subsets of S.

Theorem 7.2.1 Let F be an increasing function defined on R, an integrator func-
tion. There exists a function p: P (R) — [0, 00] which satisfies the following properties.

1. If AC B, then 0 < u(A) < p(B), 1 (0) =0.
2. p(UR2 A) < 30725 1 (A)

3. p(la, b)) = F (b+) — F (a—),

4 p((a,0)) = F (b=) = F (a+)

5. 1((a,b])) = F (b+) — F (a+)

6. 1 ([a,b)) = F (b=) — F (a—) where

F(b+)= lim F(t),F(b—)= lim F(t).

t—b+ t—a—

Proof: First it is necessary to define the function, p. This is contained in the following
definition.

Definition 7.2.2 ror ACR,
1 (A) = inf Z (F (bi—) — F (a;+)) : A CUZ, (a;,b;)

In words, you look at all coverings of A with open intervals. For each of these open
coverings, you add the “lengths” of the individual open intervals and you take the infimum
of all such numbers obtained.

Then 1.) is obvious because if a countable collection of open intervals covers B then it
also covers A. Thus the set of numbers obtained for B is smaller than the set of numbers
for A. Why is p (@) = 07 Pick a point of continuity of F. Such points exist because F' is
increasing and so it has only countably many points of discontinuity. Let a be this point.
Then @ C (a — d,a+ ) and so u (0) < 26 for every § > 0.

Consider 2.). If any u(A;) = oo, there is nothing to prove. The assertion simply is
oo < oo. Assume then that p(A4;) < oo for all &. Then for each m € N there exists a
countable set of open intervals, {(a",b")};°, such that

7 07

o0

1 (Am) + 5 > D (F () = F (@ +).
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Then using Theorem 12.3.5/ on Page 20,

p(UnmiAm) < Z(F (0" =) = F (ai"+))

= Y (FOP) - )
m=1 i=1

< mij:lp (Am) + 2%

= Z 1(Ap) +e
m=1

and since ¢ is arbitrary, this establishes 2.).
Next consider 3.). By definition, there exists a sequence of open intervals, {(a;, b;)}
whose union contains [a, b] such that

o)
i=1

p(la, b)) +e > Z(F (bi—) = F(ai+))

By Theorem [7.1.3] finitely many of these intervals also cover [a,b]. It follows there exists
finitely many of these intervals, {(a;,b;)};_, which overlap such that a € (a1,b1),b1 €
(a2,b2),- -+, b € (an,by). Therefore,

plla,b]) <D (F (bi-) = F (ait))

i=1

It follows

S (Fo) - Flat) = ulab)

Y

Z(F (bi=) = F(ai+)) —¢

F(b+) - F(a—)—¢

<

Y

Since ¢ is arbitrary, this shows
i ([a,b) = F (b+) — F (a-)
but also, from the definition, the following inequality holds for all § > 0.
p([a,b) < F((b+6)—)—F((a—¥8§)—)<F(b+6)—F(a—9)
Therefore, letting § — 0 yields
p([a, b)) < F(b+) — F (a—)

This establishes 3.).
Consider 4.). For small § > 0,

(la+8.5—3]) < u((a,)) < p([a,b]).
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Therefore, from 3.) and the definition of y,
F(b=96)-F((a+0) <F((b-6+)-F(la+d)-)
=p(la+6,b=0]) < p((a,b)) < F(b—) = F(a+)
Now letting § decrease to 0 it follows
F(b=) = F(at) < p((a,b) < F(b=) = F(at)

This shows 4.)
Consider 5.). From 3.) and 4.)

F(b+) — F((a+9))
(0+) = F((a+9)-)
[a+6,0]) < pu((a,0])
(
)

F
1 (

w((a,b+9)=F((b+0)—)— F(a+)
Fb+9)—F(at).

VANVAN

Now let § converge to 0 from above to obtain
F(b+) - F(a+) = p((a,b]) = F (b+) — F' (a+) .
This establishes 5.) and 6.) is entirely similar to 5.). This proves the theorem.

Definition 7.2.3 Let Q be a nonempty set. A function mapping P () — [0, 00] is
called an outer measure if it satisfies the conditions 1.) and 2.) in Theorem |7.2.1.

7.3 General Outer Measures And Measures

First the general concept of a measure will be presented. Then it will be shown how to
get a measure from any outer measure. Using the outer measure just obtained, this yields
Lebesgue Stieltjes measure on R. Then an abstract Lebesgue integral and its properties
will be presented. After this the theory is specialized to the situation of R and the outer
measure in Theorem [7.2.1. This will yield the Lebesgue Stieltjes integral on R along with
spectacular theorems about its properties. The generalization to Lebesgue integration on
R”™ turns out to be very easy.

7.3.1 Measures And Measure Spaces

First here is a definition of a measure.

Definition 7.3.1 scp (Q) is called a o algebra , pronounced “sigma algebra”, if
0,QesS,

IfEc€S then E€ €S

and
If E; €8, fori=1,2,---, then U2, E; €S.

A function p : 8 — [0, 00] where S is a o algebra is called a measure if whenever {E;};2; C S
and the E; are disjoint, then it follows
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The triple (2, S, 1) is often called a measure space. Sometimes people refer to (,S) as a
measurable space, making no reference to the measure. Sometimes (2, S) may also be called
a measure space.

Theorem 7.3.2 Let EL 1501 be a sequence of measurable sets in a measure space
m=1
(Qa]:a /J) Then Zf : En c En+1 - En+2 c-- )

(U2, E;) = lim p(Ey) (7.1)
n— 00
and if -+ -E, 2 Epy1 2 Epye O -+ - and u(Ey) < oo, then
p(NZ i) = Tim p(En). (7.2)

Stated more succinctly, Ey T E implies p (Ex) 1 p(E) and Ey, | E with p(E7) < oo implies
1 (Er) | p(E).

Proof: First note that N, F; = (UX;ES)C € F so N2, E; is measurable. Also note
that for A and B sets of F, A\ B = (AC U B)C € F. To show 7.1, note that 7.1/is obviously
true if pu(E)) = oo for any k. Therefore, assume pu(Ey) < oo for all k. Thus

1(Ery1 \ Ey) + p(Er) = p(Eg1)
and so
1(Ergr \ Ex) = p(Brs1) — p(E).
Also,
o0 o0
U EBx = Bvu | (Brsr \ Ex)
k=1 k=1
and the sets in the above union are disjoint. Hence

n(UZ, Ei) = p(Er) + ZM(Ek+1 \ Ex) = p(En)
k=1

+ Z 1(Eyr1) — p(Ey)
k=1

n
= @(By) + lim Y ju(Bpgr) — p(Br) = lim p(Epa).
k=1
This shows part [7.1.
To verify 7.2,
p(Er) = (N2 Ei) + p(Ey \ N2 Eq)
since p(Eq) < oo, it follows u(NL, E;) < co. Also, By \ NI, E; 1 E1 \ N2, E; and so by [7.1]

p(E) = (N2 Bi) = p(Ex \ 02, B) = lim p(Er\ il B)

= pu(Er) = Tim p(Niy B) = p(Er) — lim p(E),
Hence, subtracting p (F1) from both sides,
Jim p(En) = (0521 Ei).-
This proves the theorem.
The following definition is important.

Definition 7.3.3 If something happens except for on a set of measure zero, then it
is said to happen a.e. “almost everywhere”. For example, {fi ()} is said to converge to
f(x) a.e. if there is a set of measure zero, N such that if x € N, then fi (z) — f(x).
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7.4 The Borel Sets, Regular Measures

7.4.1 Definition of Regular Measures

It is important to consider the interaction between measures and open and compact sets.
This involves the concept of a regular measure.

Definition 7.4.1 LetY be a closed subset of X a finite dimensional normed vector
space. The closed sets in'Y are the intersections of closed sets in X with Y. The open sets
in'Y are intersections of open sets of X with Y. Now let F be a o algebra of sets of Y and
let 1w be a measure defined on F. Then p is said to be a reqular measure if the following two
conditions hold.

1. For every F € F

w(F)=sup{u(K): K CF and K is compact} (7.3)

2. For every F € F

w(F)=inf{u(V): V2 F andV is open in Y} (7.4)

The first of the above conditions is called inner reqularity and the second is called outer
regularity.

Proposition 7.4.2 In the above situation, a set, K CY is compact in'Y if and only if
it is compact in X.

Proof: If K is compact in X and K C Y, let U/ be an open cover of K of sets open in Y.
This means U = {Y NV : V € V} where V is an open cover of K consisting of sets open in X.
Therefore, V admits a finite subcover, {V4,- - -, V;;,} and consequently, {Y N'Vy,-- - Y NV, }
is a finite subcover from Y. Thus K is compact in Y.

Now suppose K is compact in Y. This means that if / is an open cover of sets open in
Y it admitts a finite subcover. Now let V be any open cover of K, consisting of sets open
in X. Then i ={VNY :V €V} is a cover consisting of sets open in Y and by definition,
this admitts a finite subcover, {Y N Vi, -+, Y NV,,} but this implies {V,- -+, V,,} is also a
finite subcover consisting of sets of V. This proves the proposition.

7.4.2 The Borel Sets

If Y is a closed subset of X, a normed vector space, denote by B(Y) the smallest o algebra
of subsets of Y which contains all the open sets of Y. To see such a smallest o algebra
exists, let § denote the set of all o algebras which contain the open sets P (Y'), the set of all
subsets of Y is one such o algebra. Define B (Y) = N$. Then B (Y) is a o algebra because
(,Y are both open sets in Y and so they are in each o algebra of §. If F € B(Y), then
F is a set of every o algebra of $ and so FC is also a set of every o algebra of . Thus
FC e B(Y). If {F;} is a sequence of sets of B(Y), then {F;} is a sequence of sets of every
o algebra of $ and so U;F; is a set in every o algebra of $ which implies U;F; € B(Y)
so B(Y) is a o algebra as claimed. From its definition, it is the smallest o algebra which
contains the open sets.
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7.4.3 Borel Sets And Regularity

To illustrate how nice the Borel sets are, here are some interesting results about regularity.
The first Lemma holds for any o algebra, not just the Borel sets. Here is some notation
which will be used. Let

S0,r) = {xeY:|x||=r}
D(0,r) {xeY:|x||<r}
B(0,r) {xeY:|x||<r}

Thus S (0,r) is a closed set as is D (0,r) while B (0,r) is an open set. These are closed or
open as stated in Y. Since S(0,r) and D (0,r) are intersections of closed sets, ¥ and a
closed set in X, these are also closed in X. Of course B (0, r) might not be open in X. This
would happen if Y has empty interior in X for example. However, S (0,r) and D (0,r) are
compact.

Lemma 7.4.3 Let Y be a closed subset of X a finite dimensional normed vector space
and let S be a o algebra of sets of Y containing the open sets of Y. Suppose u is a measure
defined on S and suppose also p(K) < oo whenever K is compact. Then if[7.4 holds, so
does |7.5.

Proof: It is desired to show that in this setting outer regularity implies inner regularity.
First suppose F' C D (0,n) where n € N and F' € S. The following diagram will help to
follow the technicalities. In this picture, V is the material between the two dotted curves,
F is the inside of the solid curve and D (0,n) is inside the larger solid curve.

The idea is to use outer regularity on D (0,n) \ F' to come up with V' approximating
this set as suggested in the picture. Then V¢ N D (0,n) is a compact set contained in F'
which approximates F. On the picture, the error is represented by the material between the
small dotted curve and the smaller solid curve which is less than the error between V and
D (0,n) \ F as indicated by the picture. If you need the details, they follow. Otherwise the
rest of the proof starts at &

Taking complements with respect to Y

D(0,n)\ F=D(0,n)NFC = (D(O,n)CUF>C€S
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because it is given that S contains the open sets. By [7.4] there exists an open set, V' 2
D (0,n) \ F such that
p(D0,n)\ F)+e>p(V). (7.5)

Since p is a measure,
p(VA(D(0,n)\ F)) +p(D(0,n) \ F) = p(V)

and so from [7.5
p(VA(D(0,n)\ F)) <e (7.6)

Note
VA (D(0,n)\ F) =V (D(0,n)nF) = (VnD(o,n)C) UV NF)

and by (7.6,
p(VA(D(0,n)\ F)) <e

so in particular,
w(VNF)<e.

Now
V 2 D(0,n)NF°¢

and so
vec DO, UF

which implies
VenD(0,n) CFND(0,n)=F

Since F C D (0,n),
p(FA\(vOnD,m) = u(Fn(venD(m))
= u ((FmV) U (FﬂD(O,n)C>)
= p(FNnV)<e
showing the compact set, V¢ N D (0,n) is contained in F and
p(VeND(0,n)) +e>pu(F).

&In the general case where F' is only given to be in S, let F,, = B (0,n) N F. Then by
7.1, if I < u (F) is given, then for all ¢ sufficiently small,

l+e<p(Fy)

provided n is large enough. Now it was just shown there exists K a compact subset of F},
such that p (F),) < p(K) +¢e. Then K C F' and

I4e<p(F)<p(K)+e
and so whenever | < p (F), it follows there exists K a compact subset of F' such that
I <p(K)

and this proves the lemma.
The following is a useful result which will be used in what follows.
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Lemma 7.4.4 Let X be a normed vector space and let S be any nonempty subset of X.
Define
dist (x,S) = inf {||x —y|| : y € S}

Then
|dist (x1,.S) — dist (x2,5)] < ||x1—x%2]|.

Proof: Suppose dist (x1,5) > dist (x2,.5). Then let y € S such that
dist (x2,5) + ¢ > ||x2 — ¥

Then

|dist (x1,.5) — dist (x2,.9)] dist (x1,.59) — dist (x2, 5)
dist (x1,5) = (|lx2 =yl —¢)
1 —yll =[xz —yll +¢
IPar =yl =[xz —ylll +¢

[|x1 — x2|| +&.

VAN VAN VAN VAN

Since ¢ is arbitrary, this proves the lemma in case dist (x1,.5) > dist (x2, S) . The case where
dist (x2,.5) > dist (x3,.5) is entirely similar. This proves the lemma.

The next lemma says that regularity comes free for finite measures defined on the Borel
sets. Actually, it only almost says this. The following theorem will say it. This lemma deals
with closed in place of compact.

Lemma 7.4.5 Let p be a finite measure defined on B(Y) where Y is a closed subset of
X, a finite dimensional normed vector space. Then for every F € B(Y),

w(F)=sup{u(K): K CF, K is closed }
w(F)=inf{pu(V):V D F, V is open}

Proof: For convenience, I will call a measure which satisfies the above two conditions
“almost regular”. It would be regular if closed were replaced with compact. First note
every open set is the countable union of closed sets and every closed set is the countable
intersection of open sets. Here is why. Let V be an open set and let

Ky ={x eV :dist (x,V°) > 1/k}.

Then clearly the union of the K} equals V' and each is closed because z— dist (x,5) is
always a continuous function whenever S is any nonempty set. Next, for K closed let

Vi={xeY: dist(x,K) <1/k}.

Clearly the intersection of the V}, equals K because if x ¢ K, then since K is closed, B (x,7)
has empty intersection with K and so for k large enough that 1/k < r, V}, excludes x. Thus
the only points in the intersection of the Vj are those in K and in addition each point of K
is in this intersection.

Therefore from what was just shown, letting V' denote an open set and K a closed set,
it follows from Theorem [7.3.2/ that

w(V) = sup{p(K): K CV and K is closed}
w(K) = inf{u(V):V DK and V is open}.
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Also since V' is open and K is closed,

pw(V) = inf{uU):UDV and V is open}
w(K) = sup{u(L): L C K and L is closed}

In words, p is almost regular on open and closed sets. Let
F ={F € B(Y) such that p is almost regular on F'}.

Then F contains the open sets. I want to show F is a o algebra and then it will follow
F=B().

First I will show F is closed with respect to complements. Let F' € F. Then since p is
finite and F' is inner regular, there exists K C F such that

p(F\NK)=p(F)—p(K) <e.
But K¢\ F¢ = F\ K and so
p(KENF) = (K) = p(FC) <e

showing that p is outer regular on F'C. I have just approximated the measure of F¢ with
the measure of K¢, an open set containing F¢. A similar argument works to show F¢ is
inner regular. You start with V' O F such that u(V \ F) < ¢, note F¢ \ V¢ =V \ F, and
then conclude p (FC \ Vc) < e, thus approximating F¢ with the closed subset, V°.

Next I will show F is closed with respect to taking countable unions. Let {Fj} be
a sequence of sets in F. Then since Fy, € F, there exist {K}} such that K C Fj and
p(Fi \ Kj) < /281 First choose m large enough that

(U2 \ (U F)) < 5.
Then
PO\ (U KD) < (U (i K)
and so
1 ((URZ1 Fie) \ (Uit Kk)) < p((URZy Fio) \ (Upsy Fi))
11 (UF ) \ (U2 K)
< faioe

Since p is outer regular on Fy, there exists Vj, such that p (Vi \ Fx) < €/2%. Then

p (R V) N (UL F)) - <0 p (U2 (Vi \ F))

o0

< Y (Vi \ Fy)

1

b
I

€

< k

=&

NE

>
Il

1

and this completes the demonstration that F is a ¢ algebra. This proves the lemma.
The next theorem is the main result. It shows regularity is automatic if u (K) < oo for
all compact K.
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Theorem 7.4.6 Let w be a finite measure defined on B (Y') whereY is a closed subset
of X, a finite dimensional normed vector space. Then p is regular. If p is not necessarily
finite but is finite on compact sets, then p is regular.

Proof: From Lemmal[7.4.5 i is outer regular. Now let F' € B (Y'). Then since p is finite,
it follows from Lemma [7.4.5 there exists H C F such that H is closed, H C F, and

w(F) < p(H) +e.

Then let Ky = H N B(0,k). Thus K is a closed and bounded, hence compact set and
U321 K = H. Therefore by Theorem [7.3.2, for all k large enough,

p(F)

p(Ky) +e

sup{u (K): K C F and K compact} + ¢
p(F)+e

IN A A

Since € was arbitrary, it follows
sup{p (K): K C F and K compact} = p (F).

This establishes p is regular if  is finite.

Now suppose it is only known that p is finite on compact sets. Consider outer regularity.
There are at most finitely many r € [0, R] such that u (S (0,r)) > 6 > 0. If this were not
so, then (D (0,R)) = oo contrary to the assumption that p is finite on compact sets.
Therefore, there are at most countably many r € [0, R] such that p (S (0,r)) > 0. Here is
why. Let Sy denote those values of r € [0, R] such that u (S (0,r)) > 1/k. Then the values
of r such that p (S (0,r)) > 0 equals USS_;S,,, a countable union of finite sets which is at
most countable.

It follows there are at most countably many r € (0, 00) such that (S (0,r)) > 0. There-
fore, there exists an increasing sequence {7y} such that limy_,o, rx = oo and p (S (0,7%)) = 0.
This is easy to see by noting that (n,n + 1] contains uncountably many points and so it
contains at least one r such that p (S (0,r)) = 0.

S(0,r) =N, (B(0,7+1/k) — D (0,r — 1/k))

a countable intersection of open sets which are decreasing as k — oo. Since p (B (0,r)) < 0o
by assumption, it follows from Theorem [7.3.2 that for each 7 there exists an open set,
Ui 2 S (0,rg) such that

w(Ur) < g/28+L,

Let 4 (F') < oo. There is nothing to show if p (F') = co. Define finite measures, p;, as
follows.

pe (A) = p(B(0,1)NA),
po (A) = p((B(0,2)\ D(0,1))NA),
ps(4) = p((B(0,3)\ D(0,2))NA)

etc. Thus -
= Z fi (A)
k=1

and each p, is a finite measure. By the first part there exists an open set Vj, such that

Vi 2 FN(B(0,k)\D(0,k—1))
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and
(Vi) < g, (F) /25

Without loss of generality Vi, C (B (0,k) \ D (0,k — 1)) since you can take the intersection
of V}, with this open set. Thus

puy, (Vi) = (B (0,k) \ D (0,k = 1)) N Vi) = pu (Vi)

and the V}, are disjoint. Then let V' = U2, V}, and U = U2, Uy. It follows V' UU is an open
set containing F' and

p(F) = > () > Y e (Vi) = g = D_on(Ve) — 5
k=1 k=1 k=1

w(V) =

Zp(V)+pU) -

>u(VUulU)—e

N | ™
| ™
| ™

which shows p is outer regular. Inner regularity can be obtained from Lemma [7.4.3. Alter-
natively, you can use the above construction to get it right away. It is easier than the outer
regularity.

First assume p (F) < co. By the first part, there exists a compact set,

Ky CFO(B(0,k)\ D(0,k 1))
such that

e (Kx) +/270 >y (FO(B(0,k)\ D (0,k —1)))
= (F) =p(FN(B(0,k)\D(0,k—1))).

Since Kj, is a subset of F'N (B (0,k) \ D (0,k — 1)) it follows py, (K%) = p (K%). Therefore,

o0

p(F) = ZMk(F)<ZMk(Kk)+E/2k
k=1 k=1
%) N
< (Zuk(Kk)>+s/2<Z,u(Kk)+s
k=1

k=1

provided N is large enough. The K} are disjoint and so letting K = Uivlek, this says
K C F and

p(F) < p(K)+e

Now consider the case where u (F) = oo. If | < oo, it follows from Theorem [7.3.2
w(FNB(O,m))>1

whenever m is large enough. Therefore, letting u,, (A) = p (AN B(0,m)), there exists a
compact set, K C F N B(0,m) such that

(1 (K) = pyn, (K) > pi, (F N B(0,m)) = pu(F0B(0,m)) > 1

This proves the theorem.
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7.5 Measures And Outer Measures

7.5.1 Measures From Outer Measures

Earlier an outer measure on P (R) was constructed. This can be used to obtain a measure
defined on R. However, the procedure for doing so is a special case of a general approach
due to Caratheodory in about 1918.

Definition 7.5.1 Let Q be a nonempty set and let p : P(Q) — [0,00] be an outer
measure. For E C Q, E is u measurable if for all S C €,

w(S) = w(S\ E) + p(SNE). (7.7)

To help in remembering [7.7, think of a measurable set, E, as a process which divides a
given set into two pieces, the part in E and the part not in E as in[7.7. In the Bible, there
are several incidents recorded in which a process of division resulted in more stuff than was
originally present.? Measurable sets are exactly those which are incapable of such a miracle.
You might think of the measurable sets as the nonmiraculous sets. The idea is to show that
they form a ¢ algebra on which the outer measure, p is a measure.

First here is a definition and a lemma.

Definition 7.5.2 (u|S)(A) = u(SNA) for all A C Q. Thus p|S is the name of a
new outer measure, called p restricted to S.

The next lemma indicates that the property of measurability is not lost by considering
this restricted measure.

Lemma 7.5.3 If A is u measurable, then A is u|S measurable.

Proof: Suppose A is p measurable. It is desired to to show that for all T C Q,
(1LS)(T) = (u|S)(T N A) + (ulS)(T'\ A).
Thus it is desired to show
w(SNT)=pu(TNANS)+ pu(TNSNAS). (7.8)

But (7.8 holds because A is p measurable. Apply Definition [7.5.11to S N'T instead of S.

If Ais p|S measurable, it does not follow that A is u measurable. Indeed, if you believe
in the existence of non measurable sets, you could let A = S for such a y non measurable
set and verify that S is p| S measurable. In fact there do exist nonmeasurable sets but this
is a topic for a more advanced course in analysis and will not be needed in this book.

The next theorem is the main result on outer measures which shows that starting with
an outer measure you can obtain a measure.

Theorem 7.5.4 Let Q be a set and let w be an outer measure on P (Q). The collec-
tion of u measurable sets, S, forms a o algebra and

IfF, €S FNF; =0, then p(U2, F) = > u(Fy). (7.9)

i=1

21 Kings 17, 2 Kings 4, Mathew 14, and Mathew 15 all contain such descriptions. The stuff involved was
either oil, bread, flour or fish. In mathematics such things have also been done with sets. In the book by
Bruckner Bruckner and Thompson there is an interesting discussion of the Banach Tarski paradox which
says it is possible to divide a ball in R? into five disjoint pieces and assemble the pieces to form two disjoint
balls of the same size as the first. The details can be found in: The Banach Tarski Paradox by Wagon,
Cambridge University press. 1985. It is known that all such examples must involve the axiom of choice.
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If -+ F, CFui1 C--- thenif F =US F, and F,, € S, it follows that

p(F) = lim pu(Fy). (7.10)
If - -F,2F,11 2+, and if F =N, F, for F,, € S then if u(Fy) < oo,

p(F) = lim pu(Fy). (7.11)

This measure space is also complete which means that if u(F) =0 for some F € S then if
G C F, it follows G € S also.

Proof: First note that @ and Q are obviously in S. Now suppose A, B € S. T will show
A\ B=ANB%isin S To do so, consider the following picture.

Since p is subadditive,
pn(S)<p(SNANBY) +pu(ANBNS)+u(SNBNAY) +u(SNA°NBY).
Now using A,B € S,

n(S) < p(SNANBY)+p(SNANB)+p(SNBNAY) +pu(SNA°NBY)
= p(SNA) +u(SNA%) =pu(s)

It follows equality holds in the above. Now observe, using the picture if you like, that
(ANBNS)U(SNBNAY)U(SNA°NBY) =S\ (A\B)
and therefore,

n(S) = p(SNANBY)+p(ANBNS)+u(SNBNAY) +pu(SnA°NBY)
> p(SN(A\B)) +p(S\(A\ B)).

Therefore, since S is arbitrary, this shows A\ B € S.
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Since Q € S, this shows that A € S if and only if A € S, Now if A, B€ S, AUB =
(A° N BY)Y = (A9 \ B)Y € S By induction, if Ay, -, A, € S then so is U A;. If
A, BeS with ANB =0,

W(AUB) = u((AUB) N A) + (AU B) \ A) = u(A) + u(B).
By induction, if A;NA; =0 and 4; € S,

UL A) = 3 (). (7.12)

Now let A = U2, A; where A; N A; =0 for i # j.

ZM(Ai) > p(A) > p(Ufz A) =D p(Ay).

Since this holds for all n, you can take the limit as n — oo and conclude,

Z n(A

which establishes [7.9.

Consider part [7.10. Without loss of generality u (F)) < oo for all k since otherwise
there is nothing to show. Suppose {F};} is an increasing sequence of sets of S. Then letting
Fo =0, {Fy1 \ Fr}, is a sequence of disjoint sets of S since it was shown above that the
difference of two sets of S is in S. Also note that from [7.12

o (Feg1 \ Fi) + 1 (Fi) = o (Frg1)
and so if p (Fy) < oo, then
e (Fegr \ Fi) = o (Frga) — p (Fi) -

Therefore, letting
F= Uzolek

which also equals
UrZy (Flet1 \ Fi),

it follows from part [7.9 just shown that

w(F)

ZM (Fr1 \ Fr) = Jim ZM (Fry1 \ Fi)
k=1 =1

= nligr;OZu(FkH) —p(F) = lim g (Foi).

In order to establish [7.11) let the F;, be as given there. Then, since (F; \ F),) increases
o (F1 \ F),[7.10/ implies
Jim (g (F1) = p (Fn)) = p (Fy \ F) -

Now p(Fy\ F)+ p(F) > p(Fy) and so p (Fy \ F) > p(Fy) — 1 (F). Hence

Jim (p (Fr) = p(Fn)) = p (Fy\ F) 2 p(Fr) = p(F)
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which implies
lim g (Fy) < p(F).

But since F' C F,,,
iw(F) < lim p(F)

n—oo

and this establishes [7.11. Note that it was assumed p (F7) < oo because p (F7) was sub-
tracted from both sides.

It remains to show S is closed under countable unions. Recall that if A € S, then A¢ € S
and S is closed under finite unions. Let A; € S, A = U2 A;, B, = U A;. Then

/J(S) = (SN By)+ u(S \ B.) (713>
= (u[S)(Bn) + (uS)(By).

By Lemma [7.5.3 B,, is (11|S) measurable and so is BS. T want to show u(S) > p(S\ A4) +
u(SNA). If 4(S) = oo, there is nothing to prove. Assume u(S) < co. Then apply Parts
7.11l and [7.10 to the outer measure, S in[7.13 and let n — oco. Thus

B, 1A, BY | A“

and this yields u(S) = (u[S)(A) + (u|S)(AC) = u(SNA) + u(S\ A).

Therefore A € S and this proves Parts [7.9] [7.10, and [7.11.

It only remains to verify the assertion about completeness. Letting G and F' be as
described above, let S C €. I need to verify

p(S) =z p(SNG)+p(S\G)
However,
p(SNG) +p(S\G) < p(SNF)+p(S\F)+p(F\G)
= p(SNF)+p(S\F)=p(S)

because by assumption, g (F\ G) < u (F) = 0.This proves the theorem.

7.5.2 Completion Of Measure Spaces

Suppose (€2, F, 1) is a measure space. Then it is always possible to enlarge the o algebra and
define a new measure z on this larger o algebra such that (Q,?7 ﬁ) is a complete measure
space. Recall this means that if N C N’ € F and @ (N’) = 0, then N € F. The following
theorem is the main result. The new measure space is called the completion of the measure
space.

Definition 7.5.5 A measure space, (2, F, ) is called o finite if there exists a se-
quence {Q,} C F such that U8, = Q and p(9,) < co.

For example, if X is a finite dimensional normed vector space and p is a measure defined
on B (X) which is finite on compact sets, then you could take ,, = B (0,n).

Theorem 7576 Let (Q,F, u) be a o finite measure space. Then there exists a unique
measure space, (Q, F, ﬁ) satisfying

1. (Q,?, ﬁ) is a complete measure space.

2. p=ponF
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3. FDOF

4. For every E € F there exists G € F such that G D E and n(G) =1 (E) .
In addition to this,

5. For every E € F there exists F € F such that F C E and u(F) =71 (E).

Also for every E € F there exist sets G, F € F such that G O E O F and
WG\ F) =7 (G\F) =0 (7.14)

Proof: First consider the claim about uniqueness. Suppose (Q, Fi,v1) and (2, Fa,v2)
both satisfy 1.) - 4.) and let E € Fy. Also let 1 (9,) < 00, -+ Qp, € Qppyq -+, and U2, Q,, =
Q. Define E,, = ENQ,,. Then there exists G,, 2 E,, such that u(G,) = vy (F,),G, € F
and G,, C . I claim there exists F,, € F such that G,, D E, 2 F,, and u (G, \ F,,) = 0.

To see this, look at the following diagram.

In this diagram, there exists H,, € F containing G,,\ E,,, represented in the picture as the
set between the dotted lines, such that u (H,) = i (G, \ E,). Then define F,, = HS N G,,.
This set is in F, is contained in F,, and as shown in the diagram,

B(En) —p(Fn) < p(Hp) —0(Gn\ En) =0.

Therefore, since [z is a measure,

= p(Gn) =B (En) +a(Ey) —p(Fa) =0

Then letting G = U,,G,, F = U, F,,, it follows G O E D F and

p(G\F)

IN

w(Un (Gn \ F))
> pw(Gn\ Fy) =0.

IN

Thus v; (G\ F) =0 for i = 1,2. Now E\ F C G\ F and since (, Fa,v2) is complete,
it follows E\ F € Fs. Since F € Fo, it follows E = (E\ F)UF € F,. Thus F; C Fo.
Similarly Fo C F;.
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Now it only remains to verify v; = vo. Thus let £ € F; = F5 and let G and F be as
just described. Since v; = p on F,

uw(F) < 1

IN
S

|
<
=
—~ o~~~

— v (F) = u(F)

Similarly vs (E) = p (F) . This proves uniqueness. The construction has also verified [7.14.
Next define an outer measure, i on P (Q2) as follows. For S C €,

n(S)=inf{u(E): FeF}.
Then it is clear [ is increasing. It only remains to verify @ is subadditive. Then let
S =U2,S;. If any 71 (S;) = oo, there is nothing to prove so suppose 7 (S;) < oo for each i.
Then there exist F; € F such that E; O S; and
7(S;) +¢e/2" > u(E;).

Then

=
A
I
= =

(UiSi)
(UiE;) < Z w(E;)

> (E(S) +e/2) =D m(S) +e.

%

IN

IA

Since ¢ is arbitrary, this verifies Iz is subadditive and is an outer measure as claimed.
Denote by F the o algebra of measurable sets in the sense of Caratheodory. Then
it follows from the Caratheodory procedure, Theorem [7.5.4, that (Q,?, ﬁ) is a complete
measure space. This verifies [1.
Now let E € F. Then from the definition of 7, it follows

L(E)=inf{u(F):FeFand F DO E} <pu(E).

If FDOFE and F € F, then u(F) > p(E) and so p(E) is a lower bound for all such p (F)
which shows that

p(E)=if{u(F):FeFand FOE}> pu(E).

This verifies 2.
Next consider 3. Let £ € F and let S be a set. I must show

f(S)>(S\E)+A(SNE).

If @ (S) = oo there is nothing to show. Therefore, suppose i (S) < oo. Then from the
definition of fi there exists G D S such that G € F and u(G) = @ (S). Then from the
definition of 7z,

m(5)

IA IA
= T
QD
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This verifies 3.

Claim 4! comes by the definition of 77 as used above. The other case is when 1 (S) = co.
However, in this case, you can let G = ().

It only remains to verify [5. Let the Q,, be as described above and let E € F such that
E C Q,. By 4 there exists H € F such that H C Q,,, H D Q,, \ E, and

i (H) = i (2 \ E). (7.15)
Then let F =, N HC. Tt follows F C F and

E\F = ENF°=En(HUQY)
= ENH=H\ (2 \E)

Hence from [7.15
BENF)=nu(H\ (2 \E) =0.
It follows
7 (E) =71 (F) = u(F).
In the case where E € F is arbitrary, not necessarily contained in some €,,, it follows
from what was just shown that there exists F;, € F such that F,, C EN¢, and

p(Fn) =m(ENQ).
Letting F = U, F,

T(E\F)<T(Up (ENQ\F,)) <Y H(ENQ, \ F,) =0.

Therefore, i (E) = p (F) and this proves [5. This proves the theorem.
Here is another observation about regularity which follows from the above theorem.

Theorem 7.5.7 Suppose p is a regular measure defined on B (X) where X is a

finite dimensional normed vector space. Then denoting by (X,B(X),u) the completion of

(X,B(X),pn), it follows [ is also regular. Furthermore, if a o algebra, F 2O B(X) and
(X, F, ) is a complete measure space such that for every F € F there exists G € B(X)
such that p(F) = p(G) and G D F, then F = B(X) and p = T.

Proof: Let F' € B(X) with i (F) < co. By Theorem [7.5.6! there exists G € B (X) such
that

B(G)=p(G)=p(F).
Now by regularity of p there exists an open set, VO G O F' such that

BE)+e=p(@) +e>pu(V)=nuV)

Therefore, T is outer regular. If 7 (F) = oo, there is nothing to show.

Now take F' € B(X). By Theorem [7.5.6/ there exists H C F with H € B(X) and
w(H) =n(F). Ifl < p(F) = p(H), it follows from regularity of u there exists K a
compact subset of H such that

I <p(K)=n(K)

Thus @ is also inner regular. The last assertion follows from the uniqueness part of Theorem
7.5.6/ and this proves the theorem.
A repeat of the above argument yields the following corollary.

Corollary 7.5.8 The conclusion of the above theorem holds for X replaced with Y where
Y is a closed subset of X.
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7.6 One Dimensional Lebesgue Stieltjes Measure

Now with these major results about measures, it is time to specialize to the outer measure
of Theorem [7.2.1. The next theorem gives Lebesgue Stieltjes measure on R.

Theorem 7.6.1 Let S denote the o algebra of Theorem |7.5.4| applied to the outer
measure | in Theorem |7.2.1 on which u is a measure. Then every open interval is in S. So
are all open and closed sets. Furthermore, if E is any set in S

p(E) =sup{u(K): K is a closed and bounded set, K C E} (7.16)
w(E)=inf{p (V) :V is an open set, V D E} (7.17)

Proof: The first task is to show (a,b) € S. I need to show that for every S C R,
n(S) = u(Sﬂ(a,b))+u(Sﬂ(a,b)C) (7.18)

Suppose first S is an open interval, (¢,d). If (¢,d) has empty intersection with (a,b) or is
contained in (a,b) there is nothing to prove. The above expression reduces to nothing more
than p(S) = p(5). Suppose next that (¢,d) 2 (a,b). In this case, the right side of the
above reduces to

1 ((a,)) + 1 ((c;a] U [b,d))
< F(b—)— F(a+)+ F(a+) — F(c+) + F (d—) — F (b-)
= F(d-)—=F(ct) = p((c,d))

The only other cases are c < a < d<bora<c<d<b. Consider the first of these cases.
Then the right side of [7.18 for S = (¢, d) is

p(a,d)) +p((c;al) = F(d=) = F(at)+ F(at+) — F(ct)
F(d=) = F(ct) = p((c,d))

The last case is entirely similar. Thus [7.18 holds whenever S is an open interval. Now it is
clear [7.18| also holds if y (S) = co. Suppose then that p (S) < co and let

S C URZy (ak, by)
such that - -
p(S)+e>> (F(br—)—F(ax+) =Y n((an,br)).
k=1 k=1

Then since p is an outer measure, and using what was just shown,

1 (SN (a,b) + (s N (a, b)c)

p(UR21 (s, be) 0 (@) + g (U7 (o, bi) 1 (0,0))

IN

IA

> i (ans i) 1 (@,6) + g (o be) 1 (a.0))

1

=
Il

NE

< p((ar, br)) < p(S) +e.

el
Il

1

Since € is arbitrary, this shows [7.18 holds for any S and so any open interval is in S.
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It follows any open set is in S. This follows from Theorem [5.3.10 which implies that if
U is open, it is the countable union of disjoint open intervals. Since each of these open
intervals is in S and S is a o algebra, their union is also in §. It follows every closed set is
in § also. This is because § is a ¢ algebra and if a set is in S then so is its complement.
The closed sets are those which are complements of open sets.

Thus the o algebra of p measurable sets, F includes B (R). Consider the completion

of the measure space, (R,B(R),u), (R,B (R),ﬁ). By the uniqueness assertion in Theo-

rem [7.5.6] and the fact that (R, F, ) is complete, this coincides with (R, F, u) because the
construction of p implies p is outer regular and for every F' € F, there exists G € B (R)
containing F' such that p (F) = u(G). In fact, you can take G to equal a countable inter-
section of open sets. By Theorem [7.4.6] 41 is regular on every set of B (R), this because u
is finite on compact sets. Therefore, by Theorem [7.5.7 p = [ is regular on F which verifies
the last two claims. This proves the theorem.

7.7 Measurable Functions

The integral will be defined on measurable functions which is the next topic considered.
It is sometimes convenient to allow functions to take the value +oco. You should think of
400, usually referred to as co as something out at the right end of the real line and its only
importance is the notion of sequences converging to it. x,, — oo exactly when for all [ € R,
there exists IV such that if n > N, then

Ty > 1.

This is what it means for a sequence to converge to co. Don’t think of co as a number. It
is just a convenient symbol which allows the consideration of some limit operations more
simply. Similar considerations apply to —oo but this value is not of very great interest. In
fact the set of most interest for the values of a function, f is the complex numbers or more
generally some normed vector space.

Recall the notation,

fTHA) ={z: f(2) e A} =[f (v) € 4]
in whatever context the notation occurs.

Lemma 7.7.1 Let f : Q — (—o0,00] where F is a o algebra of subsets of ). Then the
following are equivalent.

F71((d, 0]) € F for all finite d,
7 ((—o0,d)) € F for all finite d,
f Y([d, 00]) € F for all finite d,
(=00, d]

I ) € F for all finite d,
fﬁl((a,b)) € F foralla <b,—oo <a<b<oo.

Proof: First note that the first and the third are equivalent. To see this, observe
FHds 00]) = N5y f7H((d = 1/, o)),
and so if the first condition holds, then so does the third.

FH(d, o)) = UpZy f7H([d + 1/n, o)),
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and so if the third condition holds, so does the first.
Similarly, the second and fourth conditions are equivalent. Now

FH(=00,d)) = (f7H((d, o0])¢

so the first and fourth conditions are equivalent. Thus the first four conditions are equivalent
and if any of them hold, then for —oo < a < b < o0,

F7H(a, b)) = f7H((=00,0)) N fH((a, 00]) € F.
Finally, if the last condition holds,

FH(d o0]) = (2 f (—k+ d,d)C e F

and so the third condition holds. Therefore, all five conditions are equivalent. This proves
the lemma.

This lemma allows for the following definition of a measurable function having values in
(=00, 0.

Definition 7.7.2 Let (Q, F, ) be a measure space and let f : Q — (—o0,00]. Then
f is said to be F measurable if any of the equivalent conditions of Lemma|7.7.1 hold.

Theorem 7.7.3 Let fn and f be functions mapping Q to (—oo,00] where F is a o
algebra of measurable sets of Q. Then if f, is measurable, and f(w) = lim,_ o0 frn(w), it
follows that f is also measurable. (Pointwise limits of measurable functions are measurable.)

Proof: The idea is to show f~'((a,b)) € F. Let V,;;, = (a+ =,b— =) and V,,, =
[a + %,b - i] . Then for all m, V,,, C (a,b) and
(a,b) = U Vi = US0_ V.
Note that V,,, # () for all m large enough. Since f is the pointwise limit of f,,
I Vi) C{w: fr(w) € Vi, for all k large enough} C f~H(V,,).
You should note that the expression in the middle is of the form
UnZr M i (Vi)
Therefore,
FH(a,b)) = gy f 71 (Vi) € Uiiy Uply MR fi ! (Vim)
C Unoi /71 (Vi) = £ ((a, 1)

It follows f~1((a, b)) € F because it equals the expression in the middle which is measurable.
This shows f is measurable.

Proposition 7.7.4 Let (Q,F, i) be a measure space and let f : Q — (—o0,00]. Then f
is F measurable if and only if f~* (U) € F whenever U is an open set in R.

Proof: If f~1 (U) € F whenever U is an open set in R then it follows from the last
condition of Lemma [7.7.1 that f is measurable. Next suppose f is measurable so this last
condition of Lemma [7.7.1l holds. Then by Theorem [5.3.10/ if U is any open set in R, it is
the countable union of open intervals, U = U2 ; (a, b) . Hence

FTHU) = 2y f 7 ((aw, be)) € F

because F is a o algebra.
From this proposition, it follows one can generalize the definition of a measurable function
to those which have values in any normed vector space as follows.
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Definition 7.7.5 Let (Q, F, ) be a measure space and let f: Q — X where X is a
normed vector space. Then f is measurable means f~1 (U) € F whenever U is an open set
m X.

Now here is an important theorem which shows that you can do lots of things to mea-
surable functions and still have a measurable function.

Theorem 7.7.6 Let (Q,F, 1) be a measure space and let X, Y be normed vector
spaces and g : X — Y continuous. Then if £ : QO — X is F measurable, it follows gof is
also F measurable.

Proof: From the definition, it suffices to show (g o f)~' (U) € F whenever U is an open
set in Y. However, since g is continuous, it follows g=! (U) is open and so

(gof) N (U)=£"" (87" (U)) = ! (an open set) € F.

This proves the theorem.

This theorem implies for example that if f is a measurable X valued function, then ||f||
is a measurable R valued function. It also implies that if f is an X valued function, then if
{v1, -, vp} is a basis for X and 7, is the projection onto the k** component, then 7 of is
a measurable F valued function. Does it go the other way? That is, if it is known that 75 of
is measurable for each k, does it follow f is measurable? The following technical lemma is
interesting for its own sake.

Lemma 7.7.7 Let ||x|| = max {|z;|,i = 1,2, - -,n} for x € F*. Then every set U which
is open in F™ is the countable union of balls of the form B (x,r) where the open ball is defined
in terms of the above morm.

Proof: By Theorem [5.8.3| if you consider the two normed vector spaces (F",||) and
(F™,|]-]|) , the identity map is continuous in both directions. Therefore, if a set, U is open
with respect to |-| it follows it is open with respect to ||-|| and the other way around. The
other thing to notice is that there exists a countable dense subset of F. The rationals will
work if F =R and if F = C, then you use Q + Q. Letting D be a countable dense subset
of F, D™ is a countable dense subset of F”. It is countable because it is a finite Cartesian
product of countable sets and you can use Theorem [2.1.7| of Page [13 repeatedly. It is dense
because if x € F", then by density of D, there exists d; € D such that

|dj—3'}j| <e€

then d = (dy, - - -, d,) is such that ||d — x|| < e.
Now consider the set of open balls,

B={B(d,r):de D", reQ}.

This collection of open balls is countable by Theorem 2.1.7 of Page [13. T claim every open
set is the union of balls from B. Let U be an open set in F" and x € U. Then there
exists § > 0 such that B (x,d) C U. There exists d € D" N B (x,d/5). Then pick rational
number 6/5 < r < 26/5. Consider the set of B, B(d,r). Then x € B (d, r) because r > /5.
However, it is also the case that B (d,r) C B (x,0) because if y € B (d,r) then

ly =x|l < lly —d[[ +]|d - x]
2—5+é<6
5 5 ’

This proves the lemma.
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Corollary 7.7.8 Let (2, F,u) be a measure space and let X be a normed vector space
with basis {vy,---,vn}. Let Ty be the k" projection map onto the k" component. Thus

n
TEX = T}, where X = E T;V;.
i=1

Then each T of is a measurable F valued function if and only if f is a measurable X valued
function.

Proof: The if part has already been noted. Suppose that each my o f is an F valued
measurable function. Let g : X — F" be given by

g (x) = (mx, -, TpX).

Thus g is linear, one to one, and onto. By Theorem [5.8.3 both g and g~! are continuous.

Therefore, every open set in X is of the form g=! (U) where U is an open set in F". To
see this, start with V open set in X. Since g~! is continuous, g (V') is open in F" and so
V =g (g (V)). Therefore, it suffices to show that for every U an open set in F",

£ (g7 (U)) = (gof) ' (U) € F.

By Lemma [7.7.7) there are countably many open balls of the form B (x;,;) such that U is
equal to the union of these balls. Thus

(o) (U) = (gof)™ (U B (xk,74))
= Ui (gof)™" (B (k7)) (7.19)

Now from the definition of the norm,

B(Xk,’r‘k) = H (l‘kj — 5;33kj +6)

j=1
and so
(gof) ™ (B (xk,71)) = NIy (10 ) ((whj — 0,255 + ) € F.

It follows [7.19 is the countable union of sets in F and so it is also in F. This proves the
corollary.

Note that if {f;};—, are measurable functions defined on (€, F, ) having values in F
then letting £ =(f1, -, fn), it follows f is a measurable F" valued function. Now let
¥ : F* — F be given by ¥ (x) = >.}'_, axz). Then ¥ is linear and so by Theorem [5.8.3) it
follows ¥ is continuous. Hence by Theorem [7.7.6, ¥ (f) is an F valued measurable function.
Thus linear combinations of measurable functions are measurable. By similar reasoning,
products of measurable functions are measurable. In general, it seems like you can start
with a collection of measurable functions and do almost anything you like with them and
the result, if it is a function will be measurable. This is in stark contrast to the functions
which are generalized Riemann integrable.

The following theorem considers the case of functions which have values in a normed
vector space.

Theorem 7.7.9 Let {f.} be a sequence of measurable functions mapping Q to X
where X is a normed vector space and (Q, F) is a measure space. Suppose also that f (w) =
lim,, o £, (W) for all w € Q. Then £ is also a measurable function.
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Proof: It is required to show f~! (U) is measurable for all U open. Let

sz{er:dist(x,Uc) >1}.

m

Thus

Vi C {XE U : dist (X,Uc) > 7712}

and V,,, € V,,, € Viyq and Uy, Vy,, = U. Then since V;, is open, it follows that if f (w) € V,,
then for all sufficiently large k, it must be the case fy, (w) € V;, also. That is, w € £, (Vi)
for all sufficiently large k. Thus

£! (Vm) = U'(V)LOZI ﬂi":n fk_l (Vm)
and so

£ (U) = Unof ! (Vi)
= U?:LD=1 U;z.o=1 mioznfk_l (Vm)
C Up_ (V) =£f1(U)
which shows f~1 (U) is measurable. The step from the second to the last line follows because
if w e w2, N, £ ' (V;,), this says f; (w) € Vi, for all k large enough. Therefore, the
point of X to which the sequence {fy (w)} converges must be in V,,, which equals V,, UV,
the limit points of V,,,. This proves the theorem.

Now here is a simple observation involving something called simple functions. It uses
the following notation.

Notation 7.7.10 For E a set let Xg (w) be defined by

lifwekFE
XE(x){ Oifw¢ E

Theorem 7.7.11 Letf:Q — X where X is some normed vector space. Suppose
£) = X, (@)
k=1

where each x;, € X and the Ay are disjoint measurable sets. (Such functions are often
referred to as simple functions.) Then f is measurable.

Proof: Letting U be open, f~! (U) = U{A : xx € U}, a finite union of measurable
sets.

In the Lebesgue integral, the simple functions play a role similar to step functions in
the theory of the Riemann integral. Also there is a fundamental theorem about measurable
functions and simple functions which says essentially that the measurable functions are those
which are pointwise limits of simple functions.

Theorem 7.7.12 Let f > 0 be measurable with respect to the measure space (Q, F, ).
Then there exists a sequence of nonnegative simple functions {s,} satisfying

0 < sp(w) (7.20)

s (W) < Snat (W) - -
flw) = 71113;0 Sn(w) for allw € Q. (7.21)

If f is bounded the convergence is actually uniform.
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Proof: First note that

F7H(ab) = f7H((=00,a) N T (00, b))
C
= (S (e a) U (=, b) ) e F

Letting I = {w : f (w) = oo}, define

on

k
tn(w) = Z ng—l([k/n,(k_;'_l)/n))(w) =+ TLX[(LU).
k=0

Then t,(w) < f(w) for all w and lim,, . t,(w) = f(w) for all w. This is because t,, (w) =n
for w e I and if f (w) € [0, 22+L), then

n

0< fw) =ty (w) < —. (7.22)

S|

Thus whenever w ¢ I, the above inequality will hold for all n large enough. Let
S1 = tl, S9 = max (tl,tg) , 83 = Imax (tl,tQ,tg) PRI

Then the sequence {s,} satisfies [7.2047.21l

To verify the last claim, note that in this case the term nX7(w) is not present. Therefore,
for all n large enough that 2"n > f (w) for all w, [7.22/ holds for all w. Thus the convergence
is uniform. This proves the theorem.

7.8 Exercises

1. Let C be a set whose elements are o algebras of subsets of 2. Show NC is a ¢ algebra
also.

2. Let Q be any set. Show P (£2), the set of all subsets of Q is a o algebra. Now let
L denote some subset of P (2). Consider all o algebras which contain £. Show the
intersection of all these o algebras which contain £ is a o algebra containing £ and it
is the smallest o algebra containing £, denoted by o (£). When 2 is a normed vector
space, and £ consists of the open sets, o (£) is called the o algebra of Borel sets.

3. Consider Q = [0,1] and let S denote all subsets of [0, 1], F such that either F¢ or F
is countable. Note the empty set must be countable. Show S is a o algebra. (This is
a sick o algebra.) Now let y: S — [0,00] be defined by p (F) = 1 if F is countable
and pu (F') = 0 if F is countable. Show p is a measure on S.

4. Let Q = N, the positive integers and let a o algebra be given by F = P (N), the set
of all subsets of N. What are the measurable functions having values in C? Let p (E)
be the number of elements of £ where E is a subset of N. Show p is a measure.

5. Let F be a o algebra of subsets of 2 and suppose F has infinitely many elements.
Show that F is uncountable. Hint: You might try to show there exists a countable
sequence of disjoint sets of F, {A;}. It might be easiest to verify this by contradiction
if it doesn’t exist rather than a direct construction however, I have seen this done
several ways. Once this has been done, you can define a map, 6, from P (N) into F
which is one to one by 0 (S) = U;esA;. Then argue P (N) is uncountable and so F is
also uncountable.
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6. A probability space is a measure space, (€2, F, P) where the measure, P has the prop-

erty that P (Q2) = 1. Such a measure is called a probability measure. Random vectors
are measurable functions, X, mapping a probability space, (2, F, P) to R™. Thus
X (w) € R™ for each w € Q and P is a probability measure defined on the sets of F, a
o algebra of subsets of (). For E a Borel set in R™, define

p(E) =P (X' (E)) = probability that X € E.

Show this is a well defined probability measure on the Borel sets of R”. Thus u (F) =
P (X (w) € E). It is called the distribution. Explain why g must be regular.

Suppose (£, S, ) is a measure space which may not be complete. Show that another
way to complete the measure space is to define S to consist of all sets of the form E
where there exists F' € S such that (FF\ E)U(F \ F) C N for some N € S which has
measure zero and then let u (F) = pq (F)? Explain.



The Abstract Lebesgue Integral

The general Lebesgue integral requires a measure space, (2, F, ) and, to begin with, a
nonnegative measurable function.

8.1 Definition For Nonnegative Measurable Functions

First of all, the notation

lg < f]

is short for
{fwe:g(w) < f(w)}

with other variants of this notation being similar. Also, the convention, 0 - co = 0 will be
used to simplify the presentation whenever it is convenient to do so.

The following picture illustrates the idea used to define the Lebesgue integral to be like
the area under a curve.

3h
2h hu([3h < f])
h hu([2h < f])

hu([h < f1)

You can see that by following the procedure illustrated in the picture and letting h get
smaller, you would expect to obtain better approximations to the area under the curve!
although all these approximations would likely be too small. Therefore, define

[ fdn=sup>~ s (it < 1)

h>0 %=1

Lemma 8.1.1 The following inequality holds.

ghu([ih<f]) si’;u([’; 1)

INote the difference between this picture and the one usually drawn in calculus courses where the little
rectangles are upright rather than on their sides. This illustrates a fundamental philosophical difference
between the Riemann and the Lebesgue integrals. With the Riemann integral intervals are measured. With
the Lebesgue integral, it is inverse images of intervals which are measured.

171
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Also, it suffices to consider only h smaller than a given positive number in the above defini-
tion of the integral.

Proof: Let N € N.

ZNZM([Z <1]) > Mg <)

i=1 i=1

Nop Nop,
=y Sr([(2i=1)h <2f]) + > Sr((2)h <2f])

i=1 i=1

S ([ S

N
Zhu [ih < f]) +Z zh<f]):Zh,u([z‘h<f]).

— 2 ;
i=1 i=1

Now letting N — oo yields the claim of the lemma.
To verify the last claim, suppose M < [ fdu and let 6 > 0 be given. Then there exists
h > 0 such that

M <> by (fih < f]) < /fdu-

By the first part of this lemma,

and continuing to apply the first part,

wegto((er))=

Choose n large enough that h/2" < §. It follows

M < sup Zh,u [ih < f]) S/fdu.

5>h>0

Since M is arbitrary, this proves the last claim.

8.2 The Lebesgue Integral For Nonnegative Simple Func-
tions

Now the Lebesgue integral for a nonnegative function has been defined, what does it do to
a nonnegative simple function. Recall a nonnegative simple function is one of the form

w) = ZCiXEY; (w)

where the ¢; are each nonnegative real numbers.

Note that by taking the union of some of the E;, you can assume the numbers, ¢; are
the distinct values of s. Simple functions are important because it will turn out to be very
easy to take their integrals as shown in the following lemma.
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Lemma 8.2.1 Let s(w) =>""_, a;Xg, (w) be a nonnegative simple function with the a;
the distinct non zero values of s. Then

/Sdu=Zaiu (E;). (8.1)

Also, for any nonnegative measurable function, f, if A > 0, then

//\fdu: )\/fd,u. (8.2)

Proof: Consider 8.1/ first. Without loss of generality, you can assume 0 < a1 < ags <
- < ap and that g (F;) < co. Otherwise, both sides will equal co. Let € > 0 be given and

let §; be small enough that
P
(51 Z 12 (E ) <e
i=1

Pick 6 < 61 such that for h < ¢ it is also true that
1 .
h < imln(al,ag —a1,a3 — A2,y Ap — Ap—1) -
That is, h is smaller than half the distance between any two successive values of s. Then

for 0 < h < 9, it follows from Theorem 2.3.5/ on Page 200 about double sums of nonnegative
terms,

> hu([s > kh]) = ZhZu ([ih < s < (i + 1) h)])
k=1 i=k
= Z hu ([ih < s < (i4+1)h))
=1 k=1
= Y ihu(fih <s<(i+1)h]). (8.3)
i=1
Because of the choice of h there exist positive integers, i such that ¢; < iy <---, < i, and

inh < alg(i1+1)h<-~-<i2h<a2<
< (la+1Dh<---<iph<ap <(ip+1)h

Then in the sum of[8.3 the only terms which are nonzero are those for which i € {i1,42 - -+, 9p}.
From the above, you see that

,U,([Zkh <s< (ik + 1) h]) = [J,(Ek)

Therefore,

D hp([s > kh) = ixhp(Ey).

k=1
It follows that for all A this small,

0 < > apu(Ep)—> hu(ls> kh])

= > app(Ep) =Y ixhp(Ey) <h Y p(Ey) <e.
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Taking the inf for A this small and using Lemma [8.1.1]

o
IN

Zak,u (Eg) — sup Zh,u [s > kh])

5>h>0k 1
p
Z arp (E) /sdu <e.
k=1

Since € > 0 is arbitrary, this proves the first part.
To verify 8.2l Note the formula is obvious if A = 0 because then [ih < Af] = @ for all
i > 0. Assume A > 0. Then

/)\fdu ili%zh'u ([ih < Af])

= suth,u ([th/ X < f])

h>07

= sup/\z (h/X) e ([i (R/X) < f])

h>0 5

= )\/fdu.

Lemma 8.2.2 Let the nonnegative simple function, s be defined as

w) = chXEh (w)

where the ¢; are not necessarily distinct but the E; are disjoint. It follows that

/s = icm (Ei)

Proof: Let the values of s be {ay,- - -, an, }. Therefore, since the E; are disjoint, each a;
equal to one of the ¢;. Let A; = U{E; : ¢; = a;}. Then from Lemma 8.2.1 it follows that

[+ - A= 0 Y uiE)

=1 {j'fj=av'}

> n(E wa

1 {5: Cj =a;}

This proves the lemma.

et
>

This proves the lemma.
Note that [ s could equal +oo if p (A

k) = oo and ay > 0 for some k, but [ s is well
defined because s > 0. Recall that 0 co = 0.

Lemma 8.2.3 Ifa,b > 0 and if s and t are nonnegative simple functions, then

/as—i—btza/s—i—b/t.
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Proof: Let
= @ik, (W), Hw) =Y B;X, (w)
i=1 i=1

where «; are the distinct values of s and the 3; are the distinct values of ¢. Clearly as + bt
is a nonnegative simple function because it has finitely many values on measurable sets In
fact,

m n

(as + bt)( Z Z(aai +08;)Xa,nB; (W)

j=11i=1

where the sets A; N B; are disjoint and measurable. By Lemma 8.2.2]

/as+bt izn:aa, +b8;)u(A; N By)

j=11:i=1
= Z Z%MA N B;) +bZZﬂuA N B;)
=1 j=1 j=11:i=1

- azazu +b26 1(B;)

_ /s+b/

This proves the lemma.

8.3 The Monotone Convergence Theorem

The following is called the monotone convergence theorem. This theorem and related con-
vergence theorems are the reason for using the Lebesgue integral.

Theorem 8.3.1 (Monotone Convergence theorem) Let f have values in [0,00] and
suppose { fn} is a sequence of nonnegative measurable functions having values in [0, 0] and
satisfying

lim f,(w) = f(w) for each w.

n—oo

@) € fua (@) -

Then f is measurable and

/ fdp = lim / Fodp.
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Proof: From Lemmas2.3.3 and 2.3.4, see Page [20),

/fdu %réglhﬂ([ih < f1)
k

= supsuth,u([ih <fD

h>0 k
k

= supsupsu hu ([ih < fm
Sup sup mp; 1 ([ih < fm])

= sglpiuth,u([ih < fml)

>0i=1

sup / Fondp

= lim fmdp.

m— o0

The third equality follows from the observation that
Jim g ([ih < f]) = p (i < f])

which follows from Theorem [7.3.2 since the sets, [ih < f,,,] are increasing in m and their
union equals [ih < f]. This proves the theorem.

To illustrate what goes wrong without the Lebesgue integral, consider the following
example.

Example 8.3.2 Let {r,} denote the rational numbers in [0,1] and let

fn(wz{ Liftg dm, o)

0 otherwise

Then fn (t) T f (t) where f is the function which is one on the rationals and zero on the irra-
tionals. FEach f, is Riemann integrable (why?) but f is not Riemann integrable. Therefore,
you can’t write [ fdr =lim,_, [ fndz.

A meta-mathematical observation related to this type of example is this. If you can
choose your functions, you don’t need the Lebesgue integral. The Riemann Darboux integral
is just fine. It is when you can’t choose your functions and they come to you as pointwise
limits that you really need the superior Lebesgue integral or at least something more general
than the Riemann integral. The Riemann integral is entirely adequate for evaluating the
seemingly endless lists of boring problems found in calculus books.

8.4 Other Definitions

To review and summarize the above, if f > 0 is measurable,
[ fdn=sup (s > i) (54)
h>0 4]

another way to get the same thing for [ fdu is to take an increasing sequence of nonnegative
simple functions, {s,} with s, (w) — f (w) and then by monotone convergence theorem,

/fdu: lim [ s,
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where if s, (w) = Z;n:l ciXg, (w),

/snd,u = ZCW (Ey).
i=1

Similarly this also shows that for such nonnegative measurable function,

/fduzsup{/s:OSsgf, ssimple}

Here is an equivalent definition of the integral of a nonnegative measurable function. The
fact it is well defined has been discussed above.

Definition 8.4.1 Fforsa nonnegative simple function,

s(w) = chXEk (w) ,/3 = chu (Eg) .
k=1 k=1

For f a nonnegative measurable function,

/fciu:sup{/s:0<s<f7 ssimple}.

8.5 Fatou’s Lemma

The next theorem, known as Fatou’s lemma is another important theorem which justifies
the use of the Lebesgue integral.

Theorem 8.5.1 (Fatou’s lemma) Let f,, be a nonnegative measurable function with
values in [0,00]. Let g(w) = liminf, o fn(w). Then g is measurable and

/gd,uglim inf /fnd,u.
In other words,
/(lim inf fn> dp < lim inf /fndu
Proof: Let g, (w) = inf{fx(w) : £ > n}. Then
grjl([%oo]) = ml?;nfl;l([%oo])
o s c
= (UZnfi (la,00])¥) € F.

Thus g, is measurable by Lemma [7.7.1. Also g(w) = lim,_ gn(w) so g is measurable
because it is the pointwise limit of measurable functions. Now the functions g, form an
increasing sequence of nonnegative measurable functions so the monotone convergence the-
orem applies. This yields

/gdu: lim /gnd,uglim inf /fndu.
n—oo n—oo
The last inequality holding because

/gndu < /fndu-

(Note that it is not known whether lim,, . | f,du exists.) This proves the Theorem.
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8.6 The Righteous Algebraic Desires Of The Lebesgue
Integral

The monotone convergence theorem shows the integral wants to be linear. This is the
essential content of the next theorem.

Theorem 8.6.1 Let f, g be nonnegative measurable functions and let a,b be nonneg-
ative numbers. Then af + bg is measurable and

/(af—&-bg)duza/fdu—!—b/gd,u. (8.5)

Proof: By Theorem [7.7.12] on Page 168 there exist increasing sequences of nonnegative
simple functions, s,, — f and t,, — g. Then af + bg, being the pointwise limit of the simple
functions as,, + bt,, is measurable. Now by the monotone convergence theorem and Lemma
8.2.3,

/ (af +bg)dy = lim [ as, + bt,du

n—oo

= lim (a/s,bdu—kb/tybdu)
= a/fd,u—f—b/gd,u.
This proves the theorem.

As long as you are allowing functions to take the value +o0o, you cannot consider some-
thing like f + (—g) and so you can’t very well expect a satisfactory statement about the
integral being linear until you restrict yourself to functions which have values in a vector
space. This is discussed next.

8.7 The Lebesgue Integral, L!

The functions considered here have values in C, a vector space.

Definition 8.7.1 Let (Q,S, 1) be a measure space and suppose f:Q — C. Then f
1s said to be measurable if both Re f and Im f are measurable real valued functions.

Definition 8.7.2 4 complex simple function will be a function which is of the form
s(w) = Z cXp, (W)
k=1
where ¢, € C and p (Ey) < 0o. For s a complex simple function as above, define
I(s)= ch,u (Ey) .
k=1

Lemma 8.7.3 The definition, [8.7.2 is well defined. Furthermore, I is linear on the
vector space of complex simple functions. Also the triangle inequality holds,

[ (s)] < I(]s])-
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Proof: Suppose Y ,_, cxXEg, (w) = 0. Does it follow that >, cxp (Ex) = 07 The sup-
position implies

ZRe cxXp, (w) =0, ZIkaXEk (w) =0. (8.6)
k=1 k=1

Choose A large and positive so that A + Recy > 0. Then adding ), AXg, to both sides of
the first equation above,

Z )\—I—Reck XEk Z)\XE"
k=1

and by Lemma [8.2.3/ on Page 174, it follows upon taking [ of both sides that

D> (A +Recr) u(Br) =Y A (Ey)
k=1 k=1
which implies Y, _; Recpp (Ex) = 0. Similarly, > ") Imcip (Ej) = 0andso >_p_; cpp (Ex) =
0. Thus if
ot - Yt
j k

then . c;Xp; + > (—di) Xp, = 0 and so the result just established verifies }_, c;p (Ej) —
>k depe (Fr) = 0 which proves I is well defined.
That I is linear is now obvious. It only remains to verify the triangle inequality.
Let s be a simple function,
S = Z Cj XEj
J

Then pick 6 € C such that 61 (s) = |I (s)| and || = 1. Then from the triangle inequality for
sums of complex numbers,

1) = 01(s)=1(05) = Oc;u(E))

Z%M»<ZWM I(js).

This proves the lemma.
With this lemma, the following is the definition of L (2).

Definition 8.7.4 f € LY(Q) means there exists a sequence of complex simple func-
tions, {s,} such that

Sn (W) — f(w) for allw € Q

limm,n—>oo 1 (|5n - 5m|) = hmnm—>oo f |5n - 5m| d# =0

(8.7)

Then
I(f)= lim I(sy,). (8.8)

n—oo

Lemma 8.7.5 Definition|8.7.4 is well defined.
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Proof: There are several things which need to be verified. First suppose [8.7. Then by
Lemma 8.7.3

1 (sn) =1 (sm)| = [1 (80 — sm)| < I (|Sn — sml)

and for m,n large enough this last is given to be small so {I (s,)} is a Cauchy sequence in
C and so it converges. This verifies the limit in [8.8 at least exists. It remains to consider
another sequence {t,} having the same properties as {s,} and verifying I (f) determined
by this other sequence is the same. By Lemma [8.7.3 and Fatou’s lemma, Theorem 8.5.1/ on
Page 177,

T = 1t] < 10— tal) = [ I~ tal di
< [lsu Sl 1~ taldu
< limkinf /|sn—sk|d,u+1imkinf /|tn—tk\du<5

whenever n is large enough. Since ¢ is arbitrary, this shows the limit from using the t,, is
the same as the limit from using s,. This proves the lemma.

Consider the following picture. I have just given a definition of an integral for functions
having values in C. However, [0,00) C C.

complex valued functions

What if f has values in [0,00)? Earlier [ fdu was defined for such functions and now
I(f) has been defined. Are they the same? If so, I can be regarded as an extension of [ du
to a larger class of functions.

Lemma 8.7.6 Suppose f has values in [0,00) and f € L' (Q). Then f is measurable
and

1) = [ fdu.

Proof: Since f is the pointwise limit of a sequence of complex simple functions, {s,}
having the properties described in Definition [8.7.4) it follows

f(w)= lim Res, (w)

n—oo

and so f is measurable. Also it is always the case that if a, b are real numbers,

la™ = bT| <la—0|
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and so

/‘ Resn — (Re sm) ‘du</|ResnfResm\dp</|snfsm|du

where 2t = 1 (|z|+ ), the positive part of the real number, z. ?Thus there is no loss
of generality in assuming {s,} is a sequence of complex simple functions having values in

[0, 00). Then since for such complex simple functions, I (s) = [ sdp,

]uf)—/fdu] s|f<f>—f<sn>|+]/sndu—/fdu\ <et [lon—flda

whenever n is large enough. But by Fatou’s lemma, Theorem 8.5.1/ on Page [177, the last
term is no larger than

limkinf / |sn — skldu < e

whenever n is large enough. Since ¢ is arbitrary, this shows I (f) = [ fdu as claimed.
As explained above, I can be regarded as an extension of [ du so from now on, the usual
symbol, [dp will be used. It is now easy to verify [ du is linear on L' (Q).

8.8 Approximation With Simple Functions

The next theorem says the integral as defined above is linear and also gives a way to
compute the integral in terms of real and imaginary parta. In addition, functions in L' can
be approximated with simple functions.

Theorem 8.8.1 [ du is linear on L* () and L* (Q) is a complex vector space. If
f €LY (Q), then Re f,Im f, and |f| are all in L' (Q). Furthermore, for f € L' (Q),

/fdu/(Ref)+du/(Ref)_du+i(/(1mf)+du/(Imf)_du),

and the triangle inequality holds,
[ 1)< [ 1100

Also for every f € L' (Q), for every € > 0 there exists a simple function s such that

/\f—s|du<€.

Proof: First it is necessary to verify that L! (2) is really a vector space because it makes
no sense to speak of linear maps without having these maps defined on a vector space. Let
f,g bein L' () and let a,b € C. Then let {s,} and {t,} be sequences of complex simple
functions associated with f and g respectively as described in Definition 8.7.4. Consider
{asy, + bt, }, another sequence of complex simple functions. Then as, (w) + bt, (w) —
af (w) + bg (w) for each w. Also, from Lemma [8.7.3

/|asn+btn—(asm+btm)|d,u§ |a|/|sn—sm|d,u+|b|/|tn—tm\du

2The negative part of the real number z is defined to be x~ = % (l#| — z). Thus || = zt + 2~ and
— ot -
z=zt —x ..
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and the sum of the two terms on the right converge to zero as m,n — oco. Thus af + bg €
L' (Q). Also

/(af +bg)dp = lim [ (as, +bt,)du

n—oo

lim (a/sndu—i—b/tndu)
n—oo

= alim [ spdu+0b lim [ t,du

n—oo

= a/fdqub/gdu.

If {s,, } is a sequence of complex simple functions described in Definition 8.7.4 correspond-
ing to f, then {|s,|} is a sequence of complex simple functions satisfying the conditions of
Definition [8.7.4] corresponding to |f|. This is because |s, (w)| — |f (w)| and

/||sn| smlldp < /|sm sl di

with this last expression converging to 0 as m,n — oo. Thus |f| € L' (€2). Also, by similar
reasoning, {Res,} and {Ims,} correspond to Re f and Im f respectively in the manner
described by Definition [8.7.4/ showing that Re f and Im f are in L' (Q2). Now

(Re /)" = 5 ([Re fl +Re )
and )
(Re f)~ = 3 (Re f| - Re f)

so both of these functions are in L' (€) . Similar formulas establish that (Im f)* and (Im f)~
are in L' (Q).
The formula follows from the observation that

f=@®ef)" —(®ef) +i(mp)* —(myp))

and the fact shown first that f — [ fdp is linear.
To verify the triangle inequality, let {s,} be complex simple functions for f as in Defi-
nition [8.7.4. Then

‘/fdu‘ ~ im ‘/sndu‘ <t [lsaldn= [ \7ldn

Now the last assertion follows from the definition. There exists a sequence of simple
functions {s,} converging pointwise to f such that for all m,n large enough,

%>/|sn—sm\dﬂ

Fix m and let n — oco. By Fatou’s lemma
€>%Zlim inf \sn—sm|du2/|f—sm|du.
Let s = s,,,. This proves the theorem.

Now here is an equivalent description of L! () which is the version which will be used
more often than not.
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Corollary 8.8.2 Let (2, S,u) be a measure space and let f : Q — C. Then f € L* ()
if and only if f is measurable and [ |f|dp < co.

Proof: Suppose f € L' (). Then from Definition 8.7.4, it follows both real and imag-
inary parts of f are measurable. Just take real and imaginary parts of s, and observe the
real and imaginary parts of f are limits of the real and imaginary parts of s, respectively.
By Theorem [8.8.1] this shows the only if part.

The more interesting part is the if part. Suppose then that f is measurable and [ |f|dp <
0o. Suppose first that f has values in [0, 00). It is necessary to obtain the sequence of complex
simple functions. By Theorem [7.7.12, there exists an increasing sequence of nonnegative
simple functions, {s,} such that s, (w) T f (w). Then by the monotone convergence theorem,

n—oo

tim [ (2f = (F = sw)du = [ 21

and so
lim [ (f —sn)du=0.

n—oo

Letting m be large enough, it follows [ (f — s,,)dp < € and so if n > m

/Ism—snlduﬁ/lf—smldu<€-

Therefore, f € L' () because {s,} is a suitable sequence.

The general case follows from considering positive and negative parts of real and imag-
inary parts of f. These are each measurable and nonnegative and their integrals are finite
so each is in L! (2) by what was just shown. Since

f:Ref'*'—Ref‘—!—i(hn]“'—Imf_)7

it follows f € L' (). This proves the corollary.
One of the major theorems in this theory is the dominated convergence theorem. Before
presenting it, here is a technical lemma about limsup and liminf .

Lemma 8.8.3 Let {a,} be a sequence in [—oo,00]. Then lim, o a, exists if and only

if
lim inf a, =lim sup a,
n—00 n—00

and in this case, the limit equals the common value of these two numbers.

Proof: Suppose first lim, .o a, = a € R. Then, letting ¢ > 0 be given, a, €
(a —e,a+¢) for all n large enough, say n > N. Therefore, both inf {ay : kK > n} and
sup {ay : k > n} are contained in [a — £, a + €] whenever n > N. It follows limsup,,_, ., an
and liminf,,_, ., a, are both in [a — ¢, a + €], showing

lim inf a, —lim sup a,| < 2e¢.
n—00 n—00

Since € is arbitrary, the two must be equal and they both must equal a. Next suppose
lim,, .o an, = 00. Then if [ € R, there exists N such that for n > N,

[ <a,
and therefore, for such n,

I <inf{ar:k>n} <sup{ap:k>n}
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and this shows, since [ is arbitrary that

lim inf a, =lim sup a, = cc.

n—0o0 n— o0

The case for —oo is similar.
Conversely, suppose liminf, .- a, = limsup,,_,., a, = a. Suppose first that a € R.
Then, letting € > 0 be given, there exists N such that if n > N,

sup{ar : k>n} —inf{ag: k> n} <e
therefore, if k,m > N, and ax > am,
lag, — am| = ar, — am <sup{ag : k >n} —inf{ar : k>n} <e

showing that {a,} is a Cauchy sequence. Therefore, it converges to a € R, and as in the
first part, the liminf and limsup both equal a. If liminf,,_,. a, = limsup,_, . an = o0,
then given [ € R, there exists N such that for n > N,

inf a, > 1.
n>N "

Therefore, lim,, .~ a, = co. The case for —oo is similar. This proves the lemma.

8.9 The Dominated Convergence Theorem

The dominated convergence theorem is one of the most important theorems in the theory
of the integral. It is one of those big theorems which justifies the study of the Lebesgue
integral.

Theorem 8.9.1 (Dominated Convergence theorem) Let f, € L'(Q2) and suppose
fw) = lim f,(w),

n—oo

and there exists a measurable function g, with values in [0,00],® such that

£2(@)| < gte) and | gw)dn < o
Then f € L' (Q) and
0= lim /|fn ~ fldp = lim ‘/fdu/fndu’
Proof: f is measurable by Theorem [7.7.3. Since |f| < g, it follows that
feLi(Q)and |f - ful < 2g.
By Fatou’s lemma (Theorem [8.5.1)),
/2gdu < lim inf /29— |f = faldu
— [ 2gdn—tim sup [ 17 foldn

n—oo

3Note that, since g is allowed to have the value oo, it is not known that g € L' (Q).



8.9. THE DOMINATED CONVERGENCE THEOREM 185
Subtracting [ 2gdpu,

0< ~tim sup [ If = fold.

n—oo

lim sup. </|ffn|dﬂ>
i (17~ fuldn) = | [ san = [ ] .

This proves the theorem by Lemma [8.8.3 because the lim sup and lim inf are equal.

Hence

o
v

v

Corollary 8.9.2 Suppose f, € L' (Q) and f (w) = lim,, o0 fn (W) . Suppose also there
exist measurable functions, g, g with values in [0,00] such that lim, . [ g,du = [ gdpu,
gn (W) = g (W) p a.e. and both [ gndp and [ gdp are finite. Also suppose | f,, (w)| < g (w).
Then

i [ 1f = fuldn =0,

Proof: It is just like the above. This time g + g, — |f — fn] > 0 and so by Fatou’s
lemma,

/29du—lim sup /If—fnldu=

n— oo

lim inf /(gn+g)du—1im sup /\f—fn\du

= limniggo/((gwrg)—If—fnl)duz/29du

and so —limsup,,_,o [ |f — fu|dp > 0. Thus

tin sup. ( e fnldu>
i it ([ 17 = flan) > ‘/fdu - /fndu‘ >0

This proves the corollary.

o
v

v

Definition 8.9.3 Let E be a measurable subset of Q.

[Efduz/fXEdu-

If LY(E) is written, the o algebra is defined as
{ENA:AcF}
and the measure is y restricted to this smaller o algebra. Clearly, if f € L'(Q), then
fXg € LY(E)

and if f € L1(E), then letting f be the 0 extension of f off of E, it follows f € L(f).
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8.10 Approximation With C. (V)

Let (Y, F, 1) be a measure space where Y is a closed subset of X a finite dimensional normed
vector space and F D B (Y), the Borel sets in Y. Suppose also that u (K) < oo whenever
K is a compact set in Y. By Theorem [7.4.6! it follows p is regular. This regularilty of u
implies an important approximation result valid for any f € L' (Y). It turns out that in
this situation, for all € > 0, there exists g a continuous function defined on Y with g equal
to 0 outside some compact set and

/\f*gldu<€-

Definition 8.10.1 retf: X — Y where X is a normed vector space. Then the
support of £, denoted by spt (f) is the closure of the set where £ is not equal to zero. Thus

spt (f) = {x: f (x) # 0}

Also, if U is an open set, £ € C. (U) means f is continuous on U and spt (f) C U. Similarly
f e C(U) if £ has m continuous derivatives and spt (f) CU and f € C° (U) if spt (£) CU
and f has continuous derivatives of every order on U.

Lemma 8.10.2 Let Y be a closed subset of X a finite dimensional normed vector space.
Let K CV where K is compact in'Y and V is open in Y. Then there exists a continuous
function f Y — [0,1] such that spt (f) CV, f(x) =1 forallx € K. If (Y,F,u) is a
measure space with F 2O B(Y) and p(K) < oo, for every compact K, then if p(E) < oo
where E € F, there exists a sequence of functions in C. (Y) {fx} such that

lim |fi (x) — Xg (x)| dp = 0.
k—o0 Y
Proof: For each x € K, there exists ry such that
D(x,r) ={y €Y :|x-yll<r} CV.

Since K is compact, there are finitely many balls, {B (Xi,7x, )}, which cover K. Let
W = U B (Xk,x, ) . Since there are only finitely many of these,

W =U D (x,7x)
and W is a compact subset of V because it is closed and bounded, being the finite union of
closed and bounded sets. Now define
dist (X, WC)

Fx) dist (x, W) + dist (x, K)

The denominator is never equal to 0 because if dist (x, K) = 0 then since K is closed, x € K
and so since K C W, an open set, dist (X,Wc) > 0. Therefore, f is continuous. When
x €K, f(x)=1.1fx ¢ W, then f(x) = 0 and so spt (f) C W C V. In the above situation
the following notation is often used.

K<f=<VW (8.9)

It remains to prove the last assertion. By Theorem [7.4.6, u is regular and so there exist
compact sets, {K}} and open sets {Vj} such that Vi, D V11, Ki C Kp4q for all k, and

Ky CECV,, p(Vi\ Ki) < 27k,
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From the first part of the lemma, there exists a sequence { f} such that
K < fk < Vi.

Then fj (x) converges to Xg (x) a.e. because if convergence fails to take place, then x must
be in infinitely many of the sets Vj, \ K. Thus x is in

m;).j:l U?:m V’f \ Kk
and for each p

(Moo=t Uy, Vi \ Ki)

IN

K (Uzika \ Kk)

n (Vi \ Ki)

M8

=~
I

P

< 9—(p—1)

A
M8
w"_‘

2

P

=~
Il

Now the functions are all bounded above by 1 and below by 0 and are equal to zero off V7,
a set of finite measure so by the dominated convergence theorem,

dimn [ 12 ()~ fi ()| du =0,

the dominating function being Xg (x) + Xy, (x). This proves the lemma.
With this lemma, here is an important major theorem.

Theorem 8.10.3 Let Y be a closed subset of X a finite dimensional normed vector
space. Let (Y, F,u) be a measure space with F 2 B(Y) and p(K) < oo, for every compact
K inY. Let f € L* (Y) and let € > 0 be given. Then there exists g € C. (Y) such that

/If(X)—g(X)\du<a
Y

Proof: By considering separately the positive and negative parts of the real and imag-
inary parts of f it suffices to consider only the case where f > 0. Then by Theorem [7.7.12
and the monotone convergence theorem, there exists a simple function,

s(x) = Z cmXE, (x), s(x) < f(x)
m=1
such that
/|f (x) — 5 (x)|dp < /2.

By Lemma [8.10.2, there exists {hm }r—, be functions in C. (Y) such that

lim / | Xe,, — fumkldp = 0.
Y

k—oo
Let
p
gk (X) = Z thmk-
m=1



188 THE ABSTRACT LEBESGUE INTEGRAL
Thus for k large enough,

1560 = ldn =

dp

14
Z Cm (XEm - hmk)
m=1

p
> em / | X, — hoie| dpp < €/2
m=1

IN

Thus for k this large,

J1r60-aldn < [176) = sGldun+ [ 1s6x) 0 (o) d

< g/24¢/2=c¢.

This proves the theorem.

People think of this theorem as saying that f is approximated by gp in L' (Y). It is
customary to consider functions in L' (Y') as vectors and the norm of such a vector is given
by

I1£11y E/|f(x)|d,u.

You should verify this mostly satisfies the axioms of a norm. The problem comes in asserting
f =01if ||f|] = 0 which strictly speaking is false. However, the other axioms of a norm do
hold.

8.11 The One Dimensional Lebesgue Integral

Let F' be an increasing function defined on R. Let p be the Lebesgue Stieltjes measure
defined in Theorems [7.6.1 and [7.2.1. The conclusions of these theorems are reviewed here.

Theorem 8.11.1 Let F be an increasing function defined on R, an integrator func-
tion. There exists a function p: P (R) — [0, 00] which satisfies the following properties.

1. If AC B, then 0 < p(A) < u(B),u(0) = 0.

(R, Ai) < 30770 i (Ad)
[a,b]) = F (b+) — F (a—),

S R S
=T T T ®

F(+)= lim F(t),F(b—)= lim F(t).

t—b+ t—a—

There also exists a o algebra S of measurable sets on which p is a measure which contains
the open sets and also satisfies the reqularity conditions,

w(E) =sup{u(K): K is a closed and bounded set, K C E} (8.10)

w(E)=1inf {u (V) :V is an open set, V 2O E} (8.11)

whenever E is a set in S.
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The Lebesgue integral taken with respect to this measure, is called the Lebesgue Stieltjes
integral. Note that any real valued continuous function is measurable with respect to S.
This is because if f is continuous, inverse images of open sets are open and open sets are
in S. Thus f is measurable because f~! ((a,b)) € S. Similarly if f has complex values this
argument applied to its real and imaginary parts yields the conclusion that f is measurable.

For f a continuous function, how does the Lebesgue Stieltjes integral compare with the
Darboux Stieltjes integral? To answer this question, here is a technical lemma.

Lemma 8.11.2 Let D be a countable subset of R and suppose a,b ¢ D. Also suppose f
is a continuous function defined on [a,b]. Then there exists a sequence of functions {s,} of
the form

my

sn (@) =Y F (211) Xep_, o) (@)
k=1
such that each 2} ¢ D and

sup{|sn (z) — f(z)| : € [a,b]} < 1/n.

Proof: First note that D contains no intervals. To see this let D = {dj},—, . If D has an
interval of length 2¢, let I}, be an interval centered at dj which has length ¢/2*. Therefore,
the sum of the lengths of these intervals is no more than

oo
3
E:ﬁ_&
k=1

Thus D cannot contain an interval of length 2¢. Since € is arbitrary, D cannot contain any
interval.

Since f is continuous, it follows from Theorem 5.4.2 on Page 90 that f is uniformly
continuous. Therefore, there exists § > 0 such that if |z — y| < 35, then

[f (@) = Fy)l <1/n

Now let {xq,- -, &m,} be a partition of [a,b] such that |x; —x;_1] < ¢ for each i. For
k=1,2,---,m, —1,let 2! ¢ D and |2}’ — x| < . Then

|zit = 2¢_1| < |28 — @il + |ok — Tt | + |Tr—1 — 25_1] < 36.

It follows that for each = € [a, b|

mMn

S F(ER) Aep e (@) = f (@)
k=1

< 1/n.

This proves the lemma.

Proposition 8.11.3 Let f be a continuous function defined on R. Also let F be an
increasing function defined on R. Then whenever c,d are not points of discontinuity of F

and [a,b] 2 [¢,d],
b
/ fX[c,d]dF:/fd'“

Here p is the Lebesgue Stieltjes measure defined above.
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Proof: Since F is an increasing function it can have only countably many disconti-
nuities. The reason for this is that the only kind of discontinuity it can have is where
F (z+) > F (x—) . Now since F is increasing, the intervals (F' (z—), F (x+)) for x a point of
discontinuity are disjoint and so since each must contain a rational number and the rational
numbers are countable, and therefore so are these intervals.

Let D denote this countable set of discontinuities of F. Then if I,r ¢ D, [l,r] C [a,b], it
follows quickly from the definition of the Darboux Stieltjes integral that

b
| Aundr = F@)-FQ)=F(r-) - F-)

) =
— ultr) = [ Hosyin

Now let {s,} be the sequence of step functions of Lemma [8.11.2/ such that these step func-
tions converge uniformly to f on [¢,d] Then

‘/ (Xe,af — Xje.qsn) dM’ < / |X(e,q) (f = sn)| dp < %M([Ca d))

and
1

b b
/ (X[c,d}f — X[c,d]sn) dF S / X[c,d] ‘f — Snl dF < E (F (b) — F(a)) .

Also if s, is given by the formula of Lemma [8.11.2)

/X[c,d]sndﬂ = /Zf(zlrfl—l) X[z7k}717z?)du
k=1
My

- Z/f(zlgq) Ao | omydp
k=1

= 37 n (o)
k=1

= S ) (FGp-) = F (o))
_ E_n:f (1) (F (2f) = F (2f-1))

k
Mn b

- Z/ f(ZITcLﬂ)X[zg,l,zg)dF:/ spdF.
k=174

a

Therefore,

< ‘/X[c,d]fdﬂ_/x[c,d]snd:u‘

b
/X[Qd]snduf/ SpdF

pllesd)) + - (F () ~ F (a))

b
‘ [ Xeatdn= [ Xeasir

+ +

b b
\/Snde/ X[c,d]de

<

S|
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and since n is arbitrary, this shows

b
/fd,uf/ fdF =0.
This proves the theorem.

In particular, in the special case where F' is continuous and f is continuous,

b
| #dr = [ o sin

Thus, if F' (z) = x so the Darboux Stieltjes integral is the usual integral from calculus,

/abf(t) dt = /X[mb]fdﬂ

where p is the measure which comes from F'(z) = = as described above. This measure is
often denoted by m. Thus when f is continuous

/a ’ F(t)dt = / Xig ) fdm

and so there is no problem in writing
b
|
a

for either the Lebesgue or the Riemann integral. Furthermore, when f is continuous, you
can compute the Lebesgue integral by using the fundamental theorem of calculus because
in this case, the two integrals are equal.

8.12 Exercises

1. Let @ = N={1,2,---}. Let F =P(N), the set of all subsets of N, and let u(S) =
number of elements in S. Thus p({1}) = 1 = u({2}), wu({1,2}) = 2, etc. Show
(Q,F,u) is a measure space. It is called counting measure. What functions are
measurable in this case? For a nonnegative function, f defined on N, show

o0
[ tau=3"rw)
N k=1
What do the monotone convergence and dominated convergence theorems say about
this example?

2. For the measure space of Problem [1, give an example of a sequence of nonnegative
measurable functions {f,} converging pointwise to a function f, such that inequality
is obtained in Fatou’s lemma.

3. For a measurable nonnegative function, f, the integral was defined as

sup > hy([f > ih])

6>h>0 =7
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Show this is the same as

/wmv>ﬂMt
0

where this integral is just the improper Riemann integral defined by

/Ooo (If > 1) t:hm/ (f > 1) d

4. Using the Problem 3| show that for s a nonnegative simple function, s (w) = 3" ; ¢;Xg, ()
where 0 < ¢; < ¢g - -+ < ¢, and the sets, Ey are disjoint,

/Sdu = icm (E3)

Give an easy proof of this, much easier than the one presented earlier.

5. If (Q, F, u) is a measure space and f > 0 is measurable, show that if g (w) = f (w) a.e
wand g > 0, then [gdu = [ fdu. Show that if f,g € L' () and g (w) = f (w) a.e.
then [ gdu = [ fdu.

6. An algebra A of subsets of 2 is a subset of the power set such that €2 is in the algebra
and for A,B € A, A\ B and AU B are both in A. Let C = {E;},Z, be a countable
collection of sets and let 2y = U2 E;. Show there exists an algebra of sets, A, such
that A D C and A is countable. Note the difference between this problem and Problem
5. Hint: Let C; denote all finite unions of sets of C and ;. Thus C; is countable.
Now let B; denote all complements with respect to 1 of sets of C;. Let Cy denote all
finite unions of sets of B; UC;. Continue in this way, obtaining an increasing sequence
Cy, each of which is countable. Let

7. Let A C P () where P () denotes the set of all subsets of . Let o (A) denote the
intersection of all o algebras which contain A, one of these being P (2). Show o (A)
is also a o algebra.

8. We say a function g mapping a normed vector space, €2 to a normed vector space is
Borel measurable if whenever U is open, g~!(U) is a Borel set. (The Borel sets are
those sets in the smallest o algebra which contains the open sets.) Let f: Q — X
and let g : X — Y where X is a normed vector space and Y equals C, R, or (—o0, o]
and F is a o algebra of sets of (2. Suppose f is measurable and g is Borel measurable.
Show g o f is measurable.

9. Let (Q, F, u) be a measure space. Define i : P(2) — [0, 0] by
w(A) =inf{u(B): B2 A, Be F}.
Show [ satisfies
A) = 0,if AC B, §(A) < u(B),

U2, 4;) < Zﬁ(Ai)y,u(A):ﬁ(A) if AeF.

If 7z satisfies these conditions, it is called an outer measure. This shows every measure
determines an outer measure on the power set.
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10.

11.

12.

13.

Let {E;} be a sequence of measurable sets with the property that

Z u(E;) < oo.

Let S = {w € Q such that w € E; for infinitely many values of i}. Show u(S) =0 and
S is measurable. This is part of the Borel Cantelli lemma. Hint: Write S in terms of
intersections and unions. Something is in .S means that for every n there exists k > n
such that it is in Ey. Remember the tail of a convergent series is small.

1 Let {fn}, f be measurable functions with values in C. {f,} converges in measure if

lm p(x € Q:[f(z) = fo(z)] 2 €) =0

n—oo

for each fixed € > 0. Prove the theorem of F. Riesz. If f,, converges to f in measure,
then there exists a subsequence {f,,} which converges to f a.e. Hint: Choose n4
such that

w | f(z) = fo, (@) 2 1) < 1/2.
Choose ny > nq such that

o |f(2) = fro (@) > 1/2) <1/2%

ng > no such that

wla | f (@) = fos (2)] 2 1/3) < 1/2°
etc. Now consider what it means for f,, (z) to fail to converge to f(z). Then use
Problem [10L

Suppose (€2, i) is a finite measure space (p(2) < oo) and & C L' (Q). Then & is
said to be uniformly integrable if for every € > 0 there exists § > 0 such that if F is a
measurable set satisfying p (E) < J, then

[ fld <

for all f € &. Show & is uniformly integrable and bounded in L' (Q) if there exists
an increasing function h which satisfies

lim M:oo, sup{/h(|f)du:f€6}<oo.
t )

t—oo

G is bounded if there is some number, M such that

/\fldug M
for all f € &.

Let (92, F, ) be a measure space and suppose f,g :  — (—o0,00] are measurable.

Prove the sets
{w: flw) <g(w)} and {w: f(w) = g(w)}
are measurable. Hint: The easy way to do this is to write
{w: flw) <gw)} =Ureq[f <r]N[g>r].

Note that I (z,y) = x — y is not continuous on (—o0,o0] so the obvious idea doesn’t
work.
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14.

15.

16.

17.

18.

19.

20.

THE ABSTRACT LEBESGUE INTEGRAL

Let {f,} be a sequence of real or complex valued measurable functions. Let

S ={w: {fn(w)} converges}.

Show S is measurable. Hint: You might try to exhibit the set where f, converges in
terms of countable unions and intersections using the definition of a Cauchy sequence.

Suppose u,,(t) is a differentiable function for ¢ € (a,b) and suppose that for ¢ € (a, b),
lun ()], Juy, ()] < Kn

where Y ° | K,, < co. Show

O ua(t)) =D up(t).

Hint: This is an exercise in the use of the dominated convergence theorem and the
mean value theorem.

Let E be a countable subset of R. Show m(E) = 0. Hint: Let the set be {e;};-; and
let e; be the center of an open interval of length &/2%.

T If S is an uncountable set of irrational numbers, is it necessary that S has a rational
number as a limit point? Hint: Consider the proof of Problem [16/ when applied to
the rational numbers. (This problem was shown to me by Lee Erlebach.)

Suppose { f,} is a sequence of nonnegative measurable functions defined on a measure
space, (€2, S, 1). Show that

/’ifkd/i:’i/fde

Hint: Use the monotone convergence theorem along with the fact the integral is linear.

The integral ffooo f (t) dt will denote the Lebesgue integral taken with respect to one

. . . . 2,
dimensional Lebesgue measure as discussed earlier. Show that for oo > 0,¢ — e~ % is

in L' (R). The gamma function is defined for z > 0 as

I'(z) = /00 e " dt
0
Show ¢t — e~ **~1 is in L' (R) for all z > 0. Also show that
Fz+1)=al(x), T(1)=1.
How does T (n) for n an integer compare with (n — 1)!?

This problem outlines a treatment of Stirling’s formula which is a very useful approx-
imation to n! based on a section in [33]. Tt is an excellent application of the monotone
convergence theorem. Follow and justify the following steps using the convergence
theorems for the Lebesgue integral as needed. Here z > 0.

F(a:+1):/ e~ dt
0
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21.

22.

23.

First change the variables letting ¢t = 2 (1 4+ u) to get I'(x + 1) =

e*waH/ (e7™(1 —|—u))$du
~1

Next make the change of variables u = s\/g to obtain I' (x + 1) =

V2e=# gt (1/2) / (es\/g (1 + 8\/§>> ds
, T

— z
2

The integrand is increasing in x. This is most easily seen by taking In of the integrand
and then taking the derivative with respect to . This derivative is positive. Next show
the limit of the integrand as * — oo is e~%". This isn’t too bad if you take In and then
use L’Hospital’s rule. Consider the integral. Explain why it must be increasing in x.
Next justify the following assertion. Remember the monotone convergence theorem
applies to a sequence of functions.

x
o0 2 o0
lim e_s\/g 1+ S\/7 ds = / e~ ds
T o z —o0

Now Stirling’s formula is

T 1 o0
lim —(x—i— ) :/ e~ ds
T—00 \/ie—wxa:-i-(l/Q) oo

where this last improper integral equals a well defined constant (why?). It is very
easy, when you know something about multiple integrals of functions of more than
one variable to verify this constant is v/ but the necessary mathematical machinery
has not yet been presented. It can also be done through much more difficult arguments
in the context of functions of only one variable. See [33] for these clever arguments.

To show you the power of Stirling’s formula, find whether the series
> nle™
>

n=1

converges. The ratio test falls flat but you can try it if you like. Now explain why, if
n is large enough

n! > % (/ e_s2ds) V2e it (1/2) = /2t (1/2)

—o0
Use this.

The Riemann integral is only defined for functions which are bounded which are also
defined on a bounded interval. If either of these two criteria are not satisfied, then the
integral is not the Riemann integral. Suppose f is Riemann integrable on a bounded
interval, [a,b]. Show that it must also be Lebesgue integrable with respect to one
dimensional Lebesgue measure and the two integrals coincide.

Give a theorem in which the improper Riemann integral coincides with a suitable
Lebesgue integral. (There are many such situations just find one.)
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24.

25.

26.

27.

28.
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Note that fooo Sigwdx is a valid improper Riemann integral defined by

. R sinz
lim dx
R—o0 0 x

but this function, sinz/z is not in L! ([0, 00)). Why?

Let f be a nonnegative strictly decreasing function defined on [0,00). For 0 < y <
£(0),let f~1(y) = 2 where y € [f (z+), f (z—)]. (Draw a picture. f could have jump
discontinuities.) Show that f~! is nonincreasing and that

i~ £(0)
o —1
/0 @) dt—/o I~ (y)dy.

Hint: Use the distribution function description.

Consider the following nested sequence of compact sets, {P,}. We let P, = [0,1],
P, = [O, %] U [%, 1}, etc. To go from P, to P,41, delete the open interval which is
the middle third of each closed interval in P,. Let P = N5_;F,. Since P is the
intersection of nested nonempty compact sets, it follows from advanced calculus that
P # (). Show m(P) = 0. Show there is a one to one onto mapping of [0,1] to P. The
set P is called the Cantor set. Thus, although P has measure zero, it has the same
number of points in it as [0, 1] in the sense that there is a one to one and onto mapping
from one to the other. Hint: There are various ways of doing this last part but the
most enlightenment is obtained by exploiting the construction of the Cantor set.

1 Consider the sequence of functions defined in the following way. Let fi () = = on
[0,1]. To get from f, to fnt1, let fni1 = fn on all intervals where f,, is constant. If
fn is nonconstant on [a,b], let fri1(a) = fn(a), fasr1(b) = fu(b), fni1 is piecewise
linear and equal to 3(f,(a)+ f, (b)) on the middle third of [a, b]. Sketch a few of these
and you will see the pattern. The process of modifying a nonconstant section of the
graph of this function is illustrated in the following picture.

s

Show {f,} converges uniformly on [0, 1]. If f(z) = lim, o fn(z), show that f(0) =
0, f(1) =1, f is continuous, and f/'(x) = 0 for all x ¢ P where P is the Cantor
set. This function is called the Cantor function.It is a very important example to
remember. Note it has derivative equal to zero a.e. and yet it succeeds in climbing
from 0 to 1. Thus

/Of’(t)dt=0#f(1)—f(0)-

Is this somehow contradictory to the fundamental theorem of calculus? Hint: This
isn’t too hard if you focus on getting a careful estimate on the difference between two
successive functions in the list considering only a typical small interval in which the
change takes place. The above picture should be helpful.

Let m(W) > 0, W is measurable, W C [a,b]. Show there exists a nonmeasurable
subset of W. Hint: Let « ~ y if x —y € Q. Observe that ~ is an equivalence relation
on R. See Definition 2.1.9/ on Page [15/ for a review of this terminology. Let C be the
set of equivalence classes and let D = {CNW : C € C and CNW # (}. By the
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29.

30.

31.

axiom of choice, there exists a set, A, consisting of exactly one point from each of the
nonempty sets which are the elements of D. Show

W C UpegA + 1 (a.)

A+T10A+T2:®if7“1§é7“2,7“i€@. (b)

Observe that since A C [a,b], then A +r C [a — 1,b + 1] whenever |r| < 1. Use this
to show that if m(A) = 0, or if m(A) > 0 a contradiction results.Show there exists
some set, S such that m (S) < m(SNA)+m(S\ A) where ™ is the outer measure
determined by m.

1 This problem gives a very interesting example found in the book by McShane [30].
Let g(z) = « + f(x) where f is the strange function of Problem 27. Let P be the
Cantor set of Problem 26. Let [0,1]\ P = U2, I; where I; is open and I; N Iy = ) if
j # k. These intervals are the connected components of the complement of the Cantor
set. Show m(g({;)) = m(I;) so

m(g(U7s,15)) = Z m(g(l;)) = Zm(lj) =1.

Thus m(g(P)) = 1 because g([0,1]) = [0,2]. By Problem 28 there exists a set, A C
g (P) which is non measurable. Define ¢(x) = X4(g(z)). Thus ¢(x) = 0 unless = € P.
Tell why ¢ is measurable. (Recall m(P) = 0 and Lebesgue measure is complete.) Now
show that Xa(y) = ¢(g~ (y)) for y € [0,2]. Tell why g—! is continuous but ¢ o g=*
is not measurable. (This is an example of measurable o continuous # measurable.)
Show there exist Lebesgue measurable sets which are not Borel measurable. Hint: The
function, ¢ is Lebesgue measurable. Now show that Borel o measurable = measurable.

If A is m|S measurable, it does not follow that A is m measurable. Give an example
to show this is the case.

If f is a nonnegative Lebesgue measurable function, show there exists g a Borel mea-
surable function such that g (z) = f (x) a.e.
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The Lebesgue Integral For
Functions Of n Variables

9.1 7 Systems

The approach to n dimensional Lebesgue measure will be based on a very elegant idea due
to Dynkin.

Definition 9.1.1 Let Q be a set and let K be a collection of subsets of Q). Then K
is called a w system if 0,Q € K and whenever A, B € K, it follows AN B € K.

For example, if R® = (), an example of a 7 system would be the set of all open sets.
Another example would be sets of the form [];_; Ay where Ay is a Lebesgue measurable
set.

The following is the fundamental lemma which shows these 7 systems are useful.

Lemma 9.1.2 Let K be a m system of subsets of Q, a set. Also let G be a collection of
subsets of Q0 which satisfies the following three properties.

1. KCG

2. IfAe€ G, then A® € G

3. If {A;};2, is a sequence of disjoint sets from G then U2, A; € G.

Then G D o (K), where o (K) is the smallest o algebra which contains IC.

Proof: First note that if
H = {G :[1- 3 all hold}

then NH yields a collection of sets which also satisfies [1/ - I3l Therefore, I will assume in the
argument that G is the smallest collection of sets satisfying [1/- 13, the intersection of all such
collections. Let A € K and define

Ga={BeG:ANBeG}.

I want to show G, satisfies (1] - [3 because then it must equal G since G is the smallest
collection of subsets of €2 which satisfies [1/ - 3. This will give the conclusion that for A € K
and B € G, AN B € G. This information will then be used to show that if A, B € G then
AN B € G. From this it will follow very easily that G is a ¢ algebra which will imply it
contains o (). Now here are the details of the argument.

199
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Since K is given to be a m system, K C G 4. Property [3|is obvious because if {B;} is a
sequence of disjoint sets in G4, then

AﬁU;’ilBi = U?ilAmBi eg

because AN B; € G and the property 3| of G.
It remains to verify Property 2/ so let B € G4. I need to verify that B¢ € G4. In other
words, I need to show that AN B® € G. However,

ANBC = (ACU(AmB))CEQ

Here is why. Since B € G4, AN B € G and since A € K C G it follows A€ € G. Tt follows
the union of the disjoint sets, A and (AN B) is in G and then from 2| the complement of
their union is in G. Thus G4 satisfies 1/- 13/ and this implies since G is the smallest such, that
Ga O G. However, G4 is constructed as a subset of G and so G = G4. This proves that for
every Be Gand A€ K, ANB € G. Now pick B € G and consider

Gep={AeG:ANBegG}.

I just proved K C Gg. The other arguments are identical to show Gp satisfies [1/ - [3/ and is
therefore equal to G. This shows that whenever A, B € G it follows AN B € G.

This implies G is a o algebra. To show this, all that is left is to verify G is closed under
countable unions because then it follows G is a o algebra. Let {A4;} C G. Then let A} = A;
and

A;l+1 = Anp \ (UL A
Apy1 N (N2, AF)
= Ny (App1 NAY) €6

because finite intersections of sets of G are in G. Since the A} are disjoint, it follows
U, Ai = U2, Af € G

Therefore, G 2 o (K) because it is a ¢ algebra which contains X and this proves the Lemma.

9.2 n Dimensional Lebesgue Measure And Integrals

9.2.1 Iterated Integrals

Let m denote one dimensional Lebesgue measure. That is, it is the Lebesgue Stieltjes
measure which comes from the integrator function, F' () = xz. Also let the o algebra of
measurable sets be denoted by F. Recall this o algebra contained the open sets. Also from
the construction given above,

m ([a,8]) = m ((a,)) = b - a

Definition 9.2.1 rLet f be a function of n variables and consider the symbol

/--~/f(:v1,--~,xn)dxil~--d$z’n- (9.1)

where (i1, -+, in) s a permutation of the integers {1,2,---,n}. The symbol means to first
do the Lebesgue integral

[ s,
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yielding a function of the other n — 1 variables given above. Then you do

[(f i) s,

and continue this way. The iterated integral is said to make sense if the process just described
makes sense at each step. Thus, to make sense, it is required

Tiy — f (‘Tlv o 'azn)

can be integrated. FEither the function has values in [0,00] and is measurable or it is a
function in L. Then it is required

Tiy —>/f($17"';337z)d33i1
can be integrated and so forth. The symbol in 9.1 is called an iterated integral.
With the above explanation of iterated integrals, it is now time to define n dimensional
Lebesgue measure.

9.2.2 n Dimensional Lebesgue Measure And Integrals

With the Lemma about 7 systems given above and the monotone convergence theorem, it
is possible to give a very elegant and fairly easy definition of the Lebesgue integral of a
function of n real variables. This is done in the following proposition.

Proposition 9.2.2 There exists a o algebra of sets of R™ which contains the open
sets, F™ and a measure my defined on this o algebra such that if f : R" — [0,00) is
measurable with respect to F™ then for any permutation (i1,- - -, i,) of {1, --,n} it follows

- fdm, = / . /f (1, xn) dxyy - - day, (9.2)

In particular, this implies that if A; is Lebesque measurable for each i =1,---,n then
i=1 i=1

Proof: Define a 7w system as

n
K= {H A; : A; is Lebesgue measurable}

i=1

Also let R, = [—p,p]", the n dimensional rectangle having sides [—p,p]. A set F C R" will
be said to satisfy property P if for every p € N and any two permutations of {1,2,-- -, n},
(i1, +yin) and (j1,- - -, jn) the two iterated integrals

/. . '/XRmedwil R / . ./;\(RmFdle day,

make sense and are equal. Now define G to be those subsets of R” which have property P.
Thus K C G because if (i1, -+, i,) is any permutation of {1,2,--- n} and

A:ﬁAiGIC

i=1
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then

/' : '/XR,,rmdilUi1 e dg, = Hm ([=p.p) N A4).

i=1

Now suppose F' € G and let (i1, --,i,) and (j1,- -+, Jn) be two permutations. Then
R,=(R,NF°)U(R,NF)

/-“/XRmecdl“n ceeday, = /"'/(XRp — Xp,nr) dzi, - - dw;,

Since R, € G the iterated integrals on the right and hence on the left make sense. Then
continuing with the expression on the right and using that F' € G, it equals

(2p)77, _ / .. '/XRpﬂFdxil e dwin
_ (Qp)n _ / .. '/XRpﬁde_h P dx]n
/- . / (XRP - XRPQF) dJle e dl‘jn

/"'/XR,,chdﬂﬂjl codxj,

which shows that if F' € G then so is F©.
Next suppose {F;};, is a sequence of disjoint sets in G. Let F' = U2, F;. I need to show
F € G. Since the sets are disjoint,

/. ) '/XanFd:Eil cooday, = / . '/ZXandefcil coday,
k=1

N
= / - '/]\}EHOO;XRpﬂde‘ril e dwg,

Do the iterated integrals make sense? Note that the iterated integral makes sense for
EkN:1 XR,nF, as the integrand because it is just a finite sum of functions for which the
iterated integral makes sense. Therefore,

and so

[e.e]
T — Z Xr,nF, (%)
k=1
is measurable and by the monotone convergence theorem,
o0 N
/;XanFk (x) dxy, = Nliinoo/;XR,)ﬂdexil

Now each of the functions,

N
xiQ s / E XRpﬁdexil
k=1

is measurable and so the limit of these functions,

/Z XRmek (X) dxil
k=1
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is also measurable. Therefore, one can do another integral to this function. Continuing this

way using the monotone convergence theorem, it follows the iterated integral makes sense.

The same reasoning shows the iterated integral makes sense for any other permutation.
Now applying the monotone convergence theorem as needed,

/"'/XRmedxil“'dl“in :/.../ZXRmekdxil cooday
k=1

XRpﬂdezil e dmin

lim
N—oo

_ /"'/N“Blo

M= M-

/XRpﬁdexil e d.’L‘in

=~
Il
_

N
SR oy LR

N
ngnooz:/ . '/XRPkad% oday,
k=1
N
dm 3 [ [ Xnande, s,

the last step holding because each Fj, € G. Then repeating the steps above in the opposite
order, this equals

//ZXRmekdle dxﬂn ://XRmedle dl’gn
k=1

Thus F € G. By Lemmal9.1.2/G D o (K).

Let F* = o (K). Each set of the form []}_, Uy where Uy, is an open set is in K. Also
every open set in R™ is a countable union of open sets of this form. This follows from Lemma
7.7.7 on Page [166. Therefore, every open set is in F".

For F' € F™ define

My = lim / /XR Ardx;, -+ - dxj,
~ poo
where (j1, - -, jn) is a permutation of {1,- - -,n}. It doesn’t matter which one. It was shown

above they all give the same result. I need to verify m,, is a measure. Let {F}} be a sequence
of disjoint sets of F™.

M (U Fr) _plggo/ /ZXR nrdzj, - - - dx;

Using the monotone convergence theorem repeatedly as in the first part of the argument,

this equals
Z lim / . ~/XanFk_darjl R Zmn (F) -
k=17 k=1
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Thus m,, is a measure. Now letting Ax be a Lebesgue measurable set,

! <,]‘:[1 Ak) phjgo/ /HX —ppnay (Tk) dzj, - - dzj,

It only remains to prove [9.2.
It was shown above that for F' € F it follows

Xpdm, = lim / . -/XRmedel e day,

R™ p—00

Applying the monotone convergence theorem repeatedly on the right, this yields that the
iterated integral makes sense and

Xpdm, = / : -/Xpdle o dxy,
]R'n.

It follows 9.2/ holds for every nonnegative simple function in place of f because these are
just linear combinations of functions, X'r». Now taking an increasing sequence of nonnegative
simple functions, {s;} which converges to a measurable nonnegative function f

/fdmn = lim skdmn

k—oo

klim/ /skdle- ~dxj,
/"'/fdle"'dxj”

This proves the proposition.

9.2.3 Fubini’s Theorem

Formula 9.2l is often called Fubini’s theorem. So is the following theorem. In general, people
tend to refer to theorems about the equality of iterated integrals as Fubini’s theorem and
in fact Fubini did produce such theorems but so did Tonelli and some of these theorems
presented here and above should be called Tonelli’s theorem.

Theorem 9.2.3 Let m, be defined in Proposition 9.2.2 on the o algebra of sets F"
given there. Suppose f € L* (R™). Then if (i1, -, in) is any permutation of {1,---,n},

Anfdm7z=/---/f<x>dxil~--dxin.

In particular, iterated integrals for any permutation of {1,---,n} are all equal.

Proof: It suffices to prove this for f having real values because if this is shown the
general case is obtained by taking real and imaginary parts. Since f € L! (R"),

/ |f|dm, < oo
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and so both (| f| + f) and % (|f| — f) are in L' (R™) and are each nonnegative. Hence from
Proposition [9.2.2]

fdmay
R”

[ 30+ n=3051-n]am,
/%(|f|+f)dmn—/w§(|f|—f)dmn

[ [ 508004 1 ) da, -,
[ [ 306 F G, -,

= [ [ S07G 6 = 5(7 GOl = F )y -,

= /"'/f(x)d%‘l"'dxin

This proves the theorem.
The following corollary is a convenient way to verify the hypotheses of the above theorem.

Corollary 9.2.4 Suppose f is measurable with respect to F™ and suppose for some per-
y

mutation, (i1, -+, in)
[+ [1£ 00l - dzi, <o

Proof: By Proposition 9.2.2

/n |f|dmn=/"'/\f(X)ld:vil---dmin <o

and so f is in L' (R™) by Corollary 8.8.2. This proves the corollary.
The following theorem is a summary of the above specialized to Borel sets along with
an assertion about regularity.

Then f € L' (R™).

Theorem 9.2.5 Let B(R™) be the Borel sets on R™. There exists a measure my,
defined on B (R™) such that if [ is a nonnegative Borel measurable function,

. fdm, = / . /f (x)dz;, - - - dz;, (9.3)

whenever (i1, -+, iy,) is a permutation of {1.-- n}. If f € L*(R") and f is Borel mea-
surable, then the above equation holds for f and all integrals make sense. If f is Borel
measurable and for some (i1, -+, i,) a permutation of {1.- -, n}

/.../|f(x)|dx,;1'~~d:17,;n < o0,

then f € L* (R™). The measure m,, is both inner and outer regular on the Borel sets. That
is, if E € B(R"),

my, (E) =sup {m,, (K) : K C E and K is compact}
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My, (B) =inf {my, (V) : VD E and V is open} .
Also if Ay is a Borel set in R then

114
k=1
is a Borel set in R™ and

Mp <ﬁ Ak) = ﬁ m (Ag) .
k=1 k=1

Proof: Most of it was shown earlier since B(R™) C F". The two assertions about
regularity follow from observing that m,, is finite on compact sets and then using Theorem
7.4.6. It remains to show the assertion about the product of Borel sets. If each Ay is open,
there is nothing to show because the result is an open set. Suppose then that whenever
Ay, -+, Ap,m < n are open, the product, [],_, Ay is a Borel set. Let K be the open sets
in R and let G be those Borel sets such that if A,,, € G it follows szl Ay, is Borel. Then K
is a 7 system and is contained in G. Now suppose F' € G. Then

(HAkxe H Ak> (HAkchx H Ak>

k=m+1 k=m-+1

(HAkax H Ak>

k=m-+1

and by assumption this is of the form
BUA=D.

where B, A are disjoint and B and D are Borel. Therefore, A = D\ B which is a Borel set.
Thus G is closed with respect to complements. If {F;} is a sequence of disjoint elements of

<HAkaF>< H Ak>_u”<HAk><F>< H Ak>

k=m-+1 k=m-+1

which is a countable union of Borel sets and is therefore, Borel. Hence G is also closed with
respect to countable unions of disjoint sets. Thus by the Lemma on 7 systems G D ¢ (K) =
B (R) and this shows that A,, can be any Borel set. Thus the assertion about the product is
true if only Ay, - -+, A,,,—1 are open while the rest are Borel. Continuing this way shows the
assertion remains true for each A; being Borel. Now the final formula about the measure of
a product follows from 9.3.

- XH2:1 Akdmn = / /Xnk LA dl‘l . dIn

/.../Iﬁlek (xk)dx1~~~dxnlﬁm(Ak)-

This proves the theorem.

Of course iterated integrals can often be used to compute the Lebesgue integral. Some-
times the iterated integral taken in one order will allow you to compute the Lebesgue integral
and it does not work well in the other order. Here is a simple example.
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Example 9.2.6 Find the iterated integral

1 1 ..
/ / W) g
0 x Y

Notice the limits. The iterated integral equals

sin
X (2.y) y(y) dms

R2

where
A= {(z,y) : x <y where z € [0,1]}

Fubini’s theorem can be applied because the function (z,y) — sin (y) /y is continuous except
at y = 0 and can be redefined to be continuous there. The function is also bounded so

(ZL’, y) — Xa (.’E, y) sin (y)

clearly is in L* (RQ) . Therefore,

sin (y)

, dmgz//XAxy )ddy
R2 Yy

Xa (2,y)
= / / Ln y dxdy
o Jo Yy

1
= / sin (y) dy =1 — cos (1)
0

9.3 Exercises

1. Find fo 0722 [P (3 — 2) cos (y?) dydx dz.

3T

2. Find fo 1832 flﬁ_z (6 — 2) exp (y?) dydx dz.

347/'
3. Find fo S ffy_z (6 — 2) exp (2?) da dyd=.

4. Find [y [y*7 77 902 da dy de.
4

: 20 r1 r5—2 ging 5=z sinx
5. Find [ [, f%y BE da dz dy + f fo 5yf dx dzdy. Hint: You might try
doing it in the order, dydx dz

6. Explain why for each ¢ > 0,2 — e~ is a function in L' (R) and

o0
1
/ e dy = —.
0 t
/ sin ( dt / / sin (t) e " dxdt
0

Now explain why you can change the order of integration in the above iterated integral.
Then compute what you get. Next pass to a limit as R — oo and show

oo : 1
/ sin (t) gt = 1o

Thus
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. Explain why [ f () dt = lim, o [ f (t) dt whenever f € L' (a,00); that is f X[, o) €

L' (R).

. B(p,q) = fol aP~H(1 — 2)9"dz,T(p) = [~ e 1P~ 1dt for p,q > 0. The first of these is

0
called the beta function, while the second is the gamma function. Show a.) I'(p+1) =

pL'(p); b.) T'(p)T'(¢) = B(p,q)T(p+ q).Explain why the gamma function makes sense
for any p > 0.

CLet f(y) = g(y) = |y ity € (1,00 U (0,1) and f(y) = g(y) = 0if y ¢

(=1,0) U (0,1). For which values of z does it make sense to write the integral
Je £z =y)g(y)dy?

Let {a,} be an increasing sequence of numbers in (0, 1) which converges to 1. Let g,
be a nonnegative function which equals zero outside (ay,, an+1) such that [ g,dz = 1.
Now for (x,y) € [0,1) x [0,1) define

flxy) = Zgn (¥) (gn () = gnt1 ()
k=1

Explain why this is actually a finite sum for each such (z, y) so there are no convergence
questions in the infinite sum. Explain why f is a continuous function on [0, 1) x [0, 1).
You can extend f to equal zero off [0,1) x [0, 1) if you like. Show the iterated integrals
exist but are not equal. In fact, show

/Ol/olfmy)dydx:1#0:/01/01f<x,y)dxdy.

Does this example contradict the Fubini theorem? Explain why or why not.

9.4 Lebesgue Measure On R"

The o algebra of Lebesgue measurable sets is larger than the above o algebra of Borel
sets or of the earlier o algebra which came from an application of the 7 system lemma. It
is convenient to use this larger o algebra, especially when considering change of variables
formulas, although it is certainly true that one can do most interesting theorems with the
Borel sets only. However, it is in some ways easier to consider the more general situation
and this will be done next.

Definition 9.4.1 The completion of (R™, B (R™),my,) is the Lebesgue measure space.
Denote this by (R™, Fp,,my,) .

Thus for each F € F,,

my, (E) =inf{m, (F): F D F and F € B(R")}

Tt follows that for each E € F,, there exists F' € B (R™) such that F' O E and

my (E) =my, (F).

Theorem 9.4.2 my, s reqular on F,. In fact, if E € F,, there exist sets in B(R™),F,G
such that

FCFECQG,
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F is a countable union of compact sets, and G is a countable intersection of open sets and
my, (G\ F)=0.

If Ay is Lebesgue measurable then szl Ay € F,, and

k=1 k=1

In addition to this, m,, is translation invariant. This means that if E € F, and x € R",
then
my (x+E) =m, (E).

The expression x + E means {x +e:e € E}.

Proof: m,, is regular on B (R") by Theorem [7.4.6 because it is finite on compact sets.
Then from Theorem [7.5.7, it follows m,, is regular on F,,. This is because the regularity
of m,, on the Borel sets and the definition of the completion of of a measure given there
implies the uniqueness part of Theorem [7.5.6 can be obtained to conclude

®", Foym,) = (R, BR), 757

Now for E € F,, let
E, =(B(0,m)\B(0,m—-1))NE.

It follows from regularity there exists a sequence of open sets, {mG};il such that

mG :_) Em
and
My (Vink) = M (Em) = min (Vinr, \ Em) < (27F) (277)..
Then
E=Uy_1E, CUX Vi =V
and
(M V) \ E C US_ Vini \ E
SO

My (M V) \E) <> my (Ve \ B) <278 Y 27m <27k,
m=1 m=1

Let G =Ny, ﬂle V;. Then from the above, and passing to the limit, it follows
my, (G\ E) =0.

To obtain F' a countable union of compact sets contained in E such that m,, (E\ F) = 0,
let Ky C By, such that my, (B, \ Kng) < (2"“) (2=™).

M, (B \ U Zq Konr) < my (Upq (B \ Kin)) < 27"
Let FF = U2, Uy Kk Then
M (BE\F) <my, (E\UX_; Kpy) <27°

for every k and so m,, (E\ F) = 0.
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Consider the next assertion about the measure of a Cartesian product. By regularity of
m there exists By, Cy € B(R") such that By, 2 Ay 2 Ci and m (By) = m (Ar) = m (Cy).
In fact, you can have Bj equal a countable intersection of open sets and C} a countable
union of compact sets. Then

ﬁmA

k=1

flco < (110

n <fﬁ;Ak> §7nn (fﬁ;Bk>
k=1 k=1

= [ImBo =m0
k=1 k=1

It remains to prove the claim about the measure being translation invariant.
Let IC denote all sets of the form
n
[1 0
k=1

where each Uy is an open set in R. Thus K is a 7 system.

IA

X+HUk—H xk+Uk)
k=1

which is also a finite Cartesian product of finitely many open sets. Also,

My, <X—|— ﬁ Uk> My, <ﬁ (xr + Uk))
k=1

k=1

(zx + Ug)

ﬁ
- fen 1)

The step to the last line is obvious because an arbitrary open set in R is the disjoint union
of open intervals and the lengths of these intervals are unchanged when they are slid to
another location.

Now let G denote those Borel sets E with the property that for each p € N

M (x4 EN(=p,p)") = ma (BN (=p,p)")
and the set, x + EN (—p,p)" is a Borel set. Thus K C G. If £ € G then
(x+ BN (=p,p)") U (x+EN(=p,p)") =x+ (-p,p)"
which implies x + E€ N (—p,p)" is a Borel set since it equals a difference of two Borel sets.
Now consider the following.
my (x+ EC N (=p,p)") +m, (EN (=p,p)")
= my (x+E°N(=p,p)") +mn (x+ EN(-p,p)")
= my (x+(=p,p)") = my ((=p,p)")
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= Mn (EC n (_p’p)n) +mp, (BN (_p»p)n)
which shows
my, (x 4+ E° N (=p,p)") = my (E° N (=p,p)")
showing that E€ eg.
If {Ex} is a sequence of disjoint sets of G,

My (X + U2 Ex 0 (—p,p)") = mp (URZ1x + Ex. N (—p,p)")

Now the sets {x + E, N (—p,p)"} are also disjoint and so the above equals
Y oma(x+Epn(=p,p)") = Y mn(ExN(-p,p)")
k k

= mu (L1 BN (=p,p)")
Thus G is also closed with respect to countable disjoint unions. It follows from the lemma
on 7 systems that G O ¢ (K). But from Lemma [7.7.7 on Page [166, every open set is a
countable union of sets of K and so o () contains the open sets. Therefore, B(R™) D G D
o () 2 B(K) which shows G = B (R").
I have just shown that for every E € B(R"), and any p € N,
My (X + E 0 (=p,p)") = mn (BN (=p,p)")
Taking the limit as p — oo yields
my (x+ E)=m, (E).

This proves translation invariance on Borel sets.
Now suppose m,, (S) = 0 so that S is a set of measure zero. From outer regularity, there
exists a Borel set, F' such that F' 2 S and m,, (F') = 0. Therefore from what was just shown,

My (X +5) <mp (x+F)=my (F) =m,(5)=0

which shows that if m,, (S) = 0 then so does m,, (x+ S). Let F be any set of F,,. By
regularity, there exists E O F' where E € B(R"™) and m,, (E'\ F') = 0. Then

My (F) =mp (E) =my (x+ E) =my, (x+ (E\F)UF)
=m, (x+E\F)+m,x+F)=m, (x+F).

This proves the theorem.

9.5 Mollifiers

From Theorem 8.10.3, every function in L' (R"™) can be approximated by one in C. (R™)
but even more incredible things can be said. In fact, you can approximate an arbitrary
function in L' (R™) with one which is infinitely differentiable having compact support. This
is very important in partial differential equations. I am just giving a short introduction to
this concept here. Consider the following example.

Example 9.5.1 Let U = B (z,2r)

-1
exp [(|x—z|2—r2) ] if |x—z| <,
0if |x—z|>r.

¥ (x) =

Then a little work shows ¥ € C°(U). The following also is easily obtained.
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You show this by verifying the partial derivatives all exist and are continuous. The only
place this is hard is when |x — z| = r. Tt is left as an exercise. You might consider a simpler

example,
o e 1/ if g #0
f(””)_{ 0ifz=0

and reduce the above to a consideration of something like this simpler case.
Lemma 9.5.2 Let U be any open set. Then C°(U) # 0.

Proof: Pick z € U and let r be small enough that B(z,2r) C U. Then let ¢ €
C (B(z,2r)) C C (U) be the function of the above example.

Definition 9.5.3 LetU = {x e R": |x| < 1}. A sequence {¢,,,} € CX(U) is called

a mollifier if

. 1
¢m(X) >0, wm(x) =0, Zf |X‘ 2> E?

and [1,,(x) = 1. Sometimes it may be written as {1.} where . satisfies the above
conditions except V. (x) = 0 if |x| > €. In other words, € takes the place of 1/m and
in everything that follows € — 0 instead of m — oc.

J f(x,y)dmy(y) will mean x is fixed and the function y — f(x,y) is being integrated.
To make the notation more familiar, dz is written instead of dm,,(z).

Example 9.5.4 Let
P e C2(B(0,1)) (B(0,1) ={x:[x| <1})

with Y(x) > 0 and [Pdm = 1. Let ,,(x) = cpmp(mx) where ¢, is chosen in such a way
that [ ,,dm = 1.

Definition 9.5.5 4 function, f, is said to be in L, (R™) if f is Lebesque measurable

and if |f|Xx € LY(R™) for every compact set, K. If f € Li .(R"), and g € C.(R"),

loc

frot) = [ Fw)alx -y
This is called the convolution of f and g.

The following lemma will be useful in what follows. It says that one of these very

unregular functions in L}, (R™) is smoothed out by convolving with a mollifier.

Lemma 9.5.6 Let f € L}, .(R"), and g € C*(R™). Then f g is an infinitely differen-
tiable function.

Proof: Consider the difference quotient for calculating a partial derivative of f x g.

frg(x+te;) — fxg(x) :/f(y)g("”ej_y)_g(x_y)du(y)-

t t

Using the fact that g € C2° (R™), the quotient,

g(x+tej—y)—g(x—y)
t b
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is uniformly bounded. To see this easily, use Theorem 6.4.2/ on Page[114/to get the existence
of a constant, M depending on

max {|[Dg (x)[| : x € R"}

such that
lg(x+te; —y) —g(x—y)| < M [t

for any choice of x and y. Therefore, there exists a dominating function for the integrand
of the above integral which is of the form C'|f (y)| Xk where K is a compact set depending
on the support of g. It follows from the dominated convergence theorem the limit of the
difference quotient above passes inside the integral as ¢t — 0 and so

8(; (fxg)(x)= /f(y)aijg(x—y) dp (y) .

Now letting % g play the role of g in the above argument, a repeat of the above reasoning
J

shows partial derivatives of all orders exist. A similar use of the dominated convergence

theorem shows all these partial derivatives are also continuous. This proves the lemma.

Theorem 9.5.7 Let K be a compact subset of an open set, U. Then there exists a
function, h € C(U), such that h(x) =1 for all x € K and h(x) € [0,1] for all x.

Proof: Let r > 0 be small enough that K + B(0,3r) C U. The symbol, K + B(0, 3r)
means

{k+x:ke K and x€ B(0,3r)}.

Thus this is simply a way to write
uU{B(k,3r): ke K}.

Think of it as fattening up the set, K. Let K, = K+ B(0,r). A picture of what is happening
follows.

; @Krf U:

Consider X, *1,, where v,,is a mollifier. Let m be so large that % < r. Then from the
definition of what is meant by a convolution, and using that v,, has support in B (0, %),
Xk, *1,, =1 on K and its support is in K + B (0, 3r). Now using Lemma 9.5.6, Xk, *1,,
is also infinitely differentiable. Therefore, let h = Xk, * 1,,,.

The following is the remarkable theorem mentioned above. First, here is some notation.

Definition 9.5.8 Let g be a function defined on o vector space. Then gy (x) =
gx-y).

Theorem 9.5.9 ¢>(R") is dense in L'(R™). Here the measure is Lebesgue mea-
sure.
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Proof: Let f € L*(R™) and let € > 0 be given. Choose g € C.(R") such that

/\g—f|dmn<s/2

This can be done by using Theorem [8.10.3. Now let

Im (X) = g * P, (x) = / g (x—y) b, (y)dm, (y) = / 9(y) Y (x—y)dm, (y)

where {¢,,} is a mollifier. It follows from Lemma [9.5.61 g,, € C*(R™). It vanishes if
x & spt(g) + B(0, ;).

/ 19— gl dy = / l9(x) - / 9(% = ¥)0rm () drma(y) [dimn (x)
< / ( / 19(%) = 90X — ) o (3 )t ()b (x)

whenever m is large enough. This follows because since g has compact support, it is uni-
formly continuous on R™ and so if 7 > 0 is given, then whenever |y| is sufficiently small,

lg(x) —g(x—-y)l<n

for all x. Thus, since g has compact support, if y is small enough, it follows

[ 1= gyl ) < 2.
There is no measurability problem in the use of Fubini’s theorem because the function

(6,y) = 19(x) = g(x = ¥)|¢,n(y)
is continuous. Thus when m is large enough,

9

216.

9
/‘ffgm|dmnS‘/|ffg|dmn+/‘g*gm|dmn<§+

This proves the theorem.

9.6 The Vitali Covering Theorem

The Vitali covering theorem is a profound result about coverings of a set in R™ with open
balls. The balls can be defined in terms of any norm for R™. For example, the norm could
be

[Ix|| = max {|zx| : k=1, - -,n}

x| = > |l

k

or the usual norm

or any other. The proof given here is from Basic Analysis [26]. It first considers the case of
open balls and then generalizes to balls which may be neither open nor closed.
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Lemma 9.6.1 Let F be a countable collection of balls satisfying
oo > M =sup{r: B(p,r) € F} >0

and let k € (0,00). Then there exists G C F such that

If B(p,r) € G then r > k, (9.4)
If Bl,BQ € G then By N By = 0, (95)
G is mazimal with respect to 9.4 and[9.5. (9.6)

By this is meant that if H is a collection of balls satisfying 9.4 and 9.5, then H cannot
properly contain G.

Proof: If no ball of F has radius larger than k, let G = (). Assume therefore, that some
balls have radius larger than k. Let F = {B;};-,. Now let B, be the first ball in the list
which has radius greater than k. If every ball having radius larger than k intersects this one,
then stop. The maximal set is {B,, }. Otherwise, let B,,, be the next ball having radius
larger than k which is disjoint from B,,. Continue this way obtaining {B,,};~,, a finite
or infinite sequence of disjoint balls having radius larger than k. Then let G = {B,,,}. To
see G is maximal with respect to 9.4 and 9.5, suppose B € F, B has radius larger than k,
and G U { B} satisfies 9.4 and [9.5. Then at some point in the process, B would have been
chosen because it would be the ball of radius larger than k which has the smallest index.
Therefore, B € G and this shows G is maximal with respect to 9.4/ and [9.5.

For an open ball, B = B (x,r), denote by B the open ball, B (x, 4r) .

Lemma 9.6.2 Let F be a collection of open balls, and let
A=U{B:BeF}.

Suppose
00> M =sup{r: B(p,r) € F} > 0.

Then there exists G C F such that G consists of disjoint balls and
ACU{B:Beg}

Proof: Without loss of generality assume F is countable. This is because there is a
countable subset of F, 7’ such that UF’ = A. To see this, consider the set of balls having
rational radii and centers having all components rational. This is a countable set of balls
and you should verify that every open set is the union of balls of this form. Therefore, you
can consider the subset of this set of balls consisting of those which are contained in some
open set of F, G so UG = A and use the axiom of choice to define a subset of F consisting
of a single set from F containing each set of G. Then this is 7’. The union of these sets
equals A . Then consider F' instead of F. Therefore, assume at the outset F is countable.

By Lemma [9.6.1, there exists G; C F which satisfies 9.4, 9.5 and 9.6 with k& = %

Suppose Gy, - - -, G,n—1 have been chosen for m > 2. Let

union of the balls in these G;

Fm={BEF:BCR"\ U{GU - UGn_1} }

and using Lemma [9.6.1), let G,, be a maximal collection of disjoint balls from F,, with the
property that each ball has radius larger than (%)m M. Let G = U2 ,Gi. Letx € B(p,r) €

F. Choose m such that )
2\ 2\
- M < (= M
(3) m<r=<(3)
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Then B (p,r) must have nonempty intersection with some ball from G; U - - - U G, because
if it didn’t, then G,, would fail to be maximal. Denote by B (po, 7o) a ball in Gy U---U G,
which has nonempty intersection with B (p,r). Thus

2\ ™
To > (3) M.

Consider the picture, in which w € B (po,r9) N B (p, 7).

)

Then
<ro

——
Ix—pol < [x—p|l+[p—wW|+|w—pg

<%ro
9 m—1
< 7“+7“+7‘0§2(3> M +rg
3
< 2 5 ro + 19 = 419.

This proves the lemma since it shows B (p,r) C B (po,4ro) -

With this Lemma consider a version of the Vitali covering theorem in which the balls do
not have to be open. In this theorem, B will denote an open ball, B (x, ) along with either
part or all of the points where ||x|| = r and ||-|| is any norm for R™.

Definition 9.6.3 Let B be a ball centered at x having radius r. Denote by B the
open ball, B (x,5r).

Theorem 9.6.4 (Vitali) Let F be a collection of balls, and let
A=U{B:B¢ecF}.
Suppose
o0 > M =sup{r: B(p,r) € F} > 0.
Then there exists G C F such that G consists of disjoint balls and

ACU{B:Beg}).

Proof: For B one of these balls, say B (x,7) 2 B 2 B(x,r), denote by B, the open
ball B ()g%). Let 71 = {B; : B € F} and let A; denote the union of the balls in F;. Apply
Lemma 9.6.2/ to F7 to obtain .

A C U{Bl : By € gl}

where G; consists of disjoint balls from F;. Now let G = {B € F : B; € G1}. Thus G consists
of disjoint balls from F because they are contained in the disjoint open balls, G;. Then

ACA CU{B,:B €G}=U{B:BegG}

because for B; = B (x, %), it follows ,B: = B(x,br) = B. This proves the theorem.
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9.7 Vitali Coverings

There is another version of the Vitali covering theorem which is also of great importance.
In this one, disjoint balls from the original set of balls almost cover the set, leaving out only
a set of measure zero. It is like packing a truck with stuff. You keep trying to fill in the
holes with smaller and smaller things so as to not waste space. It is remarkable that you
can avoid wasting any space at all when you are dealing with balls of any sort provided you
can use arbitrarily small balls.

Definition 9.7.1 Let F be a collection of balls that cover a set, E, which have the
property that if x € E and € > 0, then there exists B € F, diameter of B < € and x € B.
Such a collection covers E in the sense of Vitali.

In the following covering theorem, m,, denotes the outer measure determined by n di-
mensional Lebesgue measure. Thus, letting F denote the Lebesgue measurable sets,

7y (S) = inf {Zmn (Ex): S C UpEy, Ej, € ]—'}
k=1

Recall that from this definition, if S C R™ there exists E7 D S such that m,, (E1) = m, (S).
To see this, note that it suffices to assume in the above definition of 7, that the E; are
also disjoint. If not, replace with the sequence given by

Fy=E\,F,=FE\F, - F,=E,\ Fn1,

etc. Then for each | > i, (S), there exists {E}} such that

> Zmn (Ek) > Zmn (Fk) = Mn (UkEk) ZWH(S)
k k

If M, (S) = oo, let By = R™. Otherwise, there exists G € F such that
my (S) < my, (Gr) <My, (S) + 1/k.

then let B4 = N Gy.
Note this implies that if 72, (S) = 0 then S must be in F because of completeness of
Lebesgue measure.

Theorem 9.7.2 Let E C R and suppose 0 < Wy, (E) < oo where my, is the outer
measure determined by my, n dimensional Lebesque measure, and let F be a collection of
closed balls of bounded radii such that F covers E in the sense of Vitali. Then there exists
a countable collection of disjoint balls from F, {B;}52,, such that m,(E \ U2, B;) = 0.

Proof: From the definition of outer measure there exists a Lebesgue measurable set,
E; D E such that m,, (E1) = m, (E). Now by outer regularity of Lebesgue measure, there
exists U, an open set which satisfies

mn(Ey) > (1= 10"")ym,(U), U 2 By
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Each point of F is contained in balls of F of arbitrarily small radii and so there exists a
covering of E with balls of F which are themselves contained in U. Therefore, by the Vitali
covering theorem, there exist disjoint balls, {B;};-, C F such that

E C U, B;, B; CU.

Therefore,
m (B1) = i (E) < mn (u;’;lBj) <Y m, (BJ)
J
= 5" Zmn (Bj) =5"my (Uj,lBj)
J
Then
mup(F1) > (1 —107")m,(U)
= (1 =107")[mn(Ey \ UFZ, B;) + mn (U532, B;)]
:mn(El)
—n o0 N =
= (1 =107")[mn(Ey \ UFZ, Bj) + 57" My (E) |.
and so

(1= (1=10"")5"") my (B1) > (1 —107")my,(Ey \ U2, By)
which implies
(1-(1-10"")5"")
(1—10—7)

my, (B \U;ilBj) < mn (E1)

Now a short computation shows

(1-(1-10"")5"")

0< <1
(1-10—"n)
Hence, denoting by 6,, a number such that
1—(1—-107")5—"
(- )57") 6, <1,

(1-10—")
My (B \ U2, B;)) < my (B \ U2, Bj) < 0pmy, (Er) = 0,71, (E)
Now using Theorem [7.3.2 on Page [148| there exists N7 large enough that

0,5 (E) > my(Ey \ UL, By) > my(E\ UL, Bj) (9.7)



9.7. VITALI COVERINGS 219
Let 71 ={B€F :B;NB=0, j=1,---,Ni}. If E\UY; B; =), then 7} = () and
T (E \ uj.":llBj> =0
Therefore, in this case let By, = () for all &k > N;. Consider the case where

E\UM, B; # 0.

In this case, since the balls are closed and F is a Vitali cover, 1 # () and covers E \ U;V:llBj
in the sense of Vitali. Repeat the same argument, letting F \ U;V:llBj play the role of E.

(You pick a different E; whose measure equals the outer measure of E'\ U;y:llBj and proceed
as before.) Then choosing B; for j = N1 +1,-- -, Na as in the above argument,

0T (B \ U2, B)) > T (B \ U2, B))

and so from (9.7,
07 (E) > (B \ U2, B)).

Continuing this way
0, (E) > iy (E \ ué\’:’lej) :

If it is ever the case that E \ U;V:’HBJ- = (), then as in the above argument,
Tin (E \ uj.\’:lej> =0.
Otherwise, the process continues and
T (E\ U2, B)) < n (E \ uj\f:’ClBj> < 0*m, (E)

for every k € N. Therefore, the conclusion holds in this case also because #,, < 1. This
proves the Theorem.
There is an obvious corollary which removes the assumption that 0 < 7, (E).

Corollary 9.7.3 Let E C R" and suppose T, (E) < oo where m,, is the outer measure
determined by m.,, n dimensional Lebesgue measure, and let F, be a collection of closed balls

of bounded radii such thatF covers E in the sense of Vitali. Then there exists a countable
collection of disjoint balls from F, {B;}52,, such that my(E \ U2, B;) = 0.

Proof: If 0 = m,(FE) you simply pick any ball from F for your collection of disjoint
balls.
It is also not hard to remove the assumption that m, (E) < co.

Corollary 9.7.4 Let E C R™ and let F, be a collection of closed balls of bounded radii
such that F covers E in the sense of Vitali. Then there exists a countable collection of
disjoint balls from F, {B;}32,, such that W, (E \ U2, B;) = 0.

Proof: Let R,, = (—m,m)" be the open rectangle having sides of length 2m which is
centered at 0 and let Ry = ). Let H,, = R, \ R,,. Since both R,, and R,, have the same
measure, (2m)" , it follows m,, (H,,) = 0. Now for all k € N, R, C Ry C Ry.. Consider
the disjoint open sets, U, = Rjt1 \Fk Thus R™ = U2 ,Ui UN where N is a set of measure
zero equal to the union of the Hy. Let Fj; denote those balls of F which are contained in
Uy and let Ey, = Uy N E. Then from Theorem [9.7.2) there exists a sequence of disjoint balls,
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Dy = {Bf}zl of Fy, such that m, (E) \ U;-’ile) = 0. Letting {B;}.=, be an enumeration
of all the balls of Uy Dy, it follows that

Mn(E\ U2, B;) < my, (N) + Zm(Ek \ U2, By =o0.
k=1

Also, you don’t have to assume the balls are closed.

Corollary 9.7.5 Let E C R" and let F, be a collection of open balls of bounded radii
such that F covers E in the sense of Vitali. Then there exists a countable collection of
disjoint balls from F, {B;}32,, such that T, (E \ U2, B;) = 0.

Proof: Let F be the collection of closures of balls in F. Then F covers E in the sense
of Vitali and so from Corollary 9.7.4 there exists a sequence of disjoint closed balls from F
satisfying m,, (E \ ug;E) = 0. Now boundaries of the balls, B; have measure zero and so
{B;} is a sequence of disjoint open balls satisfying 7, (E \ U2, B;) = 0. The reason for this
is that
(E\UZ,B) \ (E\ U2y B;) CUZ, B; \UZ,B; C UL, B; \ Bi,

a set of measure zero. Therefore,
E\UZ | B; C (E\UZ B;) U (U2, B; \ B;)
and so

m, (E\UZ,B;) < m, (E \ Ufilg) +my (U;’;E\Bz)
= M, (B\UZ,B;) =0.

This implies you can fill up an open set with balls which cover the open set in the sense
of Vitali.

Corollary 9.7.6 Let U C R™ be an open set and let F be a collection of closed or even
open balls of bounded radii contained in U such that F covers U in the sense of Vitali.
Then there exists a countable collection of disjoint balls from F, {B;}32,, such that T, (U \
U, B;) =0.

j=1"-7

9.8 Change Of Variables For Linear Maps

To begin with certain kinds of functions map measurable sets to measurable sets. It will be
assumed that U is an open set in R™ and that h : U — R" satisfies

Dh (x) exists for all x € U, (9.8)

Note that if
h(x)=Lx

where L € £ (R™,R™), then L is included in 9.8 because
L(x+v)=L(x)+L(v)+o(v)

In fact, o(v) = 0.
It is convenient in the following lemma to use the norm on R™ given by

[|Ix]| = max {|zx| : k=1,2,---,n}.
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Thus B (x,r) is the open box,

H(»’F/k*?”,kar?”)

k=1
and so m,, (B (x,7)) = (2r)".

Lemma 9.8.1 Let h satisfy9.8. If T C U and m,, (T) = 0, then m,, (h(T)) = 0.

Proof: Let
T, ={xeT:||Dh(x)|| <k}

and let € > 0 be given. Now by outer regularity, there exists an open set, V', containing T}
which is contained in U such that m, (V) < e. Let x € T},. Then by differentiability,

h(x+v)=h(x)+Dh(x)v+o(v)
and so there exist arbitrarily small rx < 1 such that B (x,5rx) C V and whenever ||v|| <
<, |Jo (V)|| < k||v||. Thus
h(B(x,7x)) € B (h(x),2kry).
From the Vitali covering theorem there exists a countable disjoint sequence of these balls,
{B (xi,7i)};=; such that {B (x;,5r;)};=, = {/B\Z} | covers T} Then letting m,, denote the

outer measure determined by m,,,

- Z M (B (Xi,2krs,)) = (2k)" > my (B (x4, 7x,))

i=1

< (2k)"my, (V) < (2k)"e
Since € > 0 is arbitrary, this shows m,, (h (T})) = 0. Now
my, (h(T)) = lim m, (h(T})) = 0.
k—o0

This proves the lemma.

Lemma 9.8.2 Let h satisfy 9.8. If S is a Lebesgue measurable subset of U, then h(S) is
Lebesgue measurable.

Proof: By Theorem 9.4.2! there exists F' which is a countable union of compact sets,
F = U2, K}, such that
FCS m,(S\F)=0.
Then since h is continuous
h (F) = Ukh(Kk> eB (Rn>

because the continuous image of a compact set is compact. Also, h(S\ F) is a set of
measure zero by Lemma 9.8.1 and so

h(S)=h(F)Uh(S\F) e F,

because it is the union of two sets which are in F,,. This proves the lemma.
In particular, this proves the following corollary.
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Corollary 9.8.3 Suppose A € L(R",R"). Then if S is a Lebesque measurable set, it
follows AS is also a Lebesque measurable set.

In the next lemma, the norm used for defining balls will be the usual norm,

n 1/2
x| = <Z xk|2> :
k=1

Thus a unitary transformation preserves distances measured with respect to this norm. In
particular, if R is unitary, (R*R = RR* = I) then

R(B (0,7”)) =B (0,7‘) :
Lemma 9.8.4 Let R be unitary and let V be a an open set. Then my, (RV) =m, (V).

Proof: First assume V is a bounded open set. By Corollary 9.7.6/ there is a disjoint
sequence of closed balls, {B;} such that U = U2, B; U N where m, (N) = 0. Denote
by x; the center of B; and let r; be the radius of B;. Then by Lemma [9.8.1 m,, (RV) =
Yoo my (RB;) . Now by invariance of translation of Lebesgue measure, this equals >, m,, (RB; — Rx,
Yoo mp (RB(0,7;)). Since R is unitary, it preserves all distances and so RB(0,r;) =
B (0,r;) and therefore,

mn (RV) = Zmn (B(0,7;)) = Zmn (B;) =my (V).

This proves the lemma in the case that V is bounded. Suppose now that V' is just an open
set. Let Vi, = VN B(0,k). Then m,, (RVy) = m, (Vi) . Letting k — oo, this yields the
desired conclusion. This proves the lemma in the case that V' is open.

Lemma 9.8.5 Let E be Lebesgue measurable set in R™ and let R be unitary. Then
my (RE) = my, (E).

Proof: Let I be the open sets. Thus K is a 7 system. Let G denote those Borel sets F
such that for each p € N,

Thus G contains I from Lemma [9.8.4. It is also routine to verify G is closed with respect
to complements and countable disjoint unions. Therefore from the 7 systems lemma,

G20(K)=B[R")2G

and this proves the lemma whenever E € B (R"). If E is only in F,,, it follows from Theorem
9.4.2

E=FUN

where m,, (N) =0 and F is a countable union of compact sets. Thus by Lemma 9.8.1
My (RE) = my, (RF) +my, (RN) = my (RF) = my, (F) = my, (E).

This proves the theorem.
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Lemma 9.8.6 Let D € L (R",R") be of the form
D = Z djejej

J

where dj > 0 and {ej} is the usual orthonormal basis of R™. Then for all E € F,
my, (DE) = |det (D)| m,, (E).

Proof: Let K consist of open sets of the form

H ak,bg) = {Z zrey such that z; € (a;wbk)}
k=1

k=1
Hence
(H ay, by > = { drxrer such that x;, € (ak,bk)}
k=1 k=1
=[] (deax, dibs).
k=1
It follows

(ol es))

Now let G consist of Borel sets F' with the property that

My (D (F N (=p,p)")) = Idet (D)|man (F N (=p,p)").

NI

= |det (D)|my, (H ag, bg) )

k=1

Thus K C G.
Suppose now that F' € G and first assume D is one to one. Then

my (D (FC N (=p,p)")) + man (D (F 0 (=p,p)")) = my (D (—p,p)")

and so

my, (D (FC N (=p,p)")) + |det (D) my, (F N (—p,p)") = |det (D)|mn ((—p,p)")

which shows

mp, (D (FCN(=p,p)")) = |det (D)|[mn ((—=p,p)") —mn (F N0 (—p,p)")]
= |det (D)|my (FC N (=p,p)")

In case D is not one to one, it follows some d; = 0 and so |det (D)| = 0 and

n

0 < my(D(F°N(=p,p)")) <mn(D( H dip+dip) =0

= |det (D) my, (F€ N (—p,p)") 7

223
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so F€ e g.
If {F}} is a sequence of disjoint sets of G and D is one to one

mp (D (Uzolek N (_pvp)n)) Zmn (D (Fk N (_p’p)n))
k=1

|det (D) Y m (Fx 0 (—p,p)")
k=1

= |det (D) my (UrFi N (—p,p)") -

If D is not one to one, then det (D) = 0 and so the right side of the above equals 0. The
left side is also equal to zero because it is no larger than

My (D (=p,p)") =0.

Thus G is closed with respect to complements and countable disjoint unions. Hence it
contains o (K), the Borel sets. But also G C B (R") and so G equals B (R™) . Letting p — oo
yields the conclusion of the lemma in case E € B (R™).

Now for E € F,, arbitrary, it follows from Theorem [9.4.2

E=FUN

where N is a set of measure zero and F' is a countable union of compact sets. Hence as
before,

m, (D(E)) = m, (DFUDN)<m,(DF)+m,(DN)
= [det (D)[my (F) = |det (D)|m (E)
Also from Theorem 9.4.2] there exists G Borel such that
G=EUS
where S is a set of measure zero. Therefore,

|det (D)|m,, (E) \det (D)|my, (G) = my (DG)

my (DEUDS) <my, (DE) +m, (DS)
= m, (DE)

This proves the theorem.
The main result follows.

Theorem 9.8.7 LetE ¢ 7, andlet A € £ (R",R"). Thenm,, (AV) = |det (A)| m,, (V).

Proof: Let RU be the right polar decomposition (Theorem [3.9.3 on Pagel62) of A. Thus
R is unitary and
U= Z dkwkwk
k

where each dj, > 0. It follows |det (A)| = |det (U)| because
|det (A)| = |det (R) det (U)| = |det (R)| |det (U)| = |det (U)] .

Recall from Lemma [3.9.5 on Page (64! the determinant of a unitary transformation has
absolute value equal to 1. Then from Lemma 9.8.5]

my (AE) = m, (RUE) = m, (UE).
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Let

Q=) wje;

J

and so by Lemma [3.8.17 on Page |59,
Q* = Z €eLWi.

k

Thus @ and @Q* are both unitary and a simple computation shows
U=Q) diee;Q"=QDQ".
Do both sides to wy, and observe both sides give diywy. Since the two linear operators agree
on a basis, they must be the same. Thus
|det (D)] = |det (U)] = |det (4)].

Therefore, from Lemma 9.8.5/ and Lemma 9.8.6

my (AE) = my, (QDQ*E) =m, (DQ*E)
— et (D)|mn (Q°E) = |det (A)] m, (B).

This proves the theorem.

9.9 Change Of Variables For C' Functions

In this section theorems are proved which yield change of variables formulas for C! functions.
More general versions can be seen in Kuttler [26], Kuttler [27], and Rudin [34]. You can
obtain more by exploiting the Radon Nikodym theorem and the Lebesgue fundamental
theorem of calculus, two topics which are best studied in a real analysis course. Instead, I
will present some good theorems using the Vitali covering theorem directly.

A basic version of the theorems to be presented is the following. If you like, let the balls
be defined in terms of the norm

||| = max {|zx| : k=1, ,n}

Lemma 9.9.1 Let U and V be bounded open sets in R™ and let h,h™" be C functions
such that h (U) =V. Also let f € C. (V). Then

/f(y)dmn:/f(h(x)) \det (Dh (x))]| dim
1% U

Proof: First note h™! (spt (f)) is a closed subset of the bounded set, U and so it is
compact. Thus x — f (h(x))|det (Dh (x))]| is bounded and continuous.
Let x € U. By the assumption that h and h™! are C*,
h(x+v)—h(x) = Dh(x)v+o(v)
= Dh(x)(v+Dh ' (h(x))o(v))
Dh(x) (v +0(v))

and so if 7 > 0 is small enough then B (x,r) is contained in U and

h(B(x,r)) —h(x) =
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h (x+B (0,r)) — h (x) C Dh (x) (B (0, (1 +¢)7)). (9.9)

Making r still smaller if necessary, one can also obtain

If(y)—f(h(x)| <e (9.10)

for any y € h (B (x,7)) and also
|f (h(x1)) |det (Dh (x1))[ — f (h(x)) [det (Dh (x))[| <& (9.11)

whenever x; € B (x,r). The collection of such balls is a Vitali cover of U. By Corollary
9.7.6 there is a sequence of disjoint closed balls {B;} such that U = U2, B; U N where
my, (N) = 0. Denote by x; the center of B; and r; the radius. Then by Lemma [9.8.1) the
monotone convergence theorem, and 9.9 -19.11]

Jy ) dma =52, fny £ ) dmy
< ema (V)4 524 gy £ (0 (x2)) dm
<emy (V) + 302, f (h(xi) mn (h(B;))

<em, (V) + 372, f (h(x)) my (Dh (x:) (B(0,(1+¢)rs)))

=emy (V) + 1 +e)" 37, [5 f ) |det (Dh (x;))| dmu,
<em, (V) +(1+2)" 1%, (fB )) [det (Dh (x))| dmy + e (Bi))
<em, (V) + (142" ° 1fB )) |det (Dh (x))| dmy, + (1 + €)™ em,, (U)
=emy, (V)+ (1+¢)" [, f (h(x))|det (Dh (x))|dmy + (14 ¢)" emy, (U)

Since € > 0 is arbitrary, this shows

/f ) dmy, < /f )) [det (Dh (x))| dmy, 9.12)

whenever f € C. (V). Now x —f (h(x)) |det (Dh (x))| is in C, (U) and so using the same
argument with U and V switching roles and replacing h with h=!,

/ £ (b (x)) [det (Dh (x))| dm,
/V f (b7 (y))) |det (Dh (h™" (y)))]||det (Dh™" (y))| dms,

- /Vf(.V)dmn

by the chain rule. This with [9.12] proves the lemma.
The next task is to relax the assumption that f is continuous.

IN

Corollary 9.9.2 Let U and V be bounded open sets in R™ and let h,h™" be C' functions
such that h (U) = V. Also let E CV be measurable. Then

/XE ) dmy, = /xE }) |det (Dh (x))] dmn.
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Proof: By regularity, there exist compact sets, K and a decreasing sequence of open
sets GG, such that
K, CECGy

and m,, (G}, \ K1) < 27, By Lemma 8.10.2, there exist f; such that Kj < fx < G%. Then
fr (y) = Xg (y) a.e. because if y is such that convergence fails, it must be the case that y
is in G}, \ K}, for infinitely many k and >, m,, (G \ Kj) < co. This set equals

N = r-]m 1Uk mGk\Kk

and so for each m € N

mp (N) < mp (UR2,,Gr \ Ky)
< Y ma(Ge\Kyp) < > 27F=270mD)
k=m k=m

showing m,, (N) = 0.
Then f, (h(x)) must converge to Xz (h(x)) for all x ¢ h™! (IV), a set of measure zero
by Lemma 9.8.1. Thus

/fk dmnf/ fr (0 (x)) |det (Dh (x))| dim.

Since U is bounded G is compact. Therefore, |det (Dh (x))| is bounded independent of
k and so, by the dominated convergence theorem, using a dominating function, Xy in the
integral on the left and Xg, |det (Dh)| on the right, it follows

/XE )dm, = /XE )) |[det (Dh (x))| dm,.

This proves the corollary.
You don’t need to assume the open sets are bounded.

Corollary 9.9.3 Let U and V be open sets in R™ and let h,h™" be C' functions such
that h (U) = V. Also let E CV be measurable. Then
/ X (y) dmy, = / X (h (x)) |det (Dh (x))| dma,.

Proof: For each x € U, there exists ry such that B (x,7x) C U and ry < 1. Then by the
mean value inequality Theorem [6.4.2, it follows h (B (x, %)) is also bounded. These balls,
B (x,rx) give a Vitali cover of U and so by Corollary [9.7.6 there is a sequence of these balls,
{B;} such that they are disjoint, h (B;) is bounded and

My, (U \ Usz) =0
Tt follows from Lemma [9.8.1 that h (U \ U;B;) also has measure zero. Then from Corollary

9.9.2
/ Xg (y)dm, = Z/ Xenn(s,) (v) dma,
v ~ Jn(B

I
—
&
o
g
-]
=
B
3

3

= Xg (h (%)) |det (Dh (x))| dm,.

This proves the corollary.
With this corollary, the main theorem follows.
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Theorem 9.9.4 LetU and V be open sets in R™ and leth,h™" be C' functions such
that h (U) = V. Then if g is a nonnegative Lebesque measurable function,

[ 9)dma = [ 9(a0) det (Db o) dim,. (913)
v U

Proof: From Corollary 9.9.3, 19.13 holds for any nonnegative simple function in place of
g. In general, let {si} be an increasing sequence of simple functions which converges to g
pointwise. Then from the monotone convergence theorem

/g(y) dm,, lim spdm, = lim / sk (h(x)) |det (Dh (x))| dm,
v k—oo Jy, k—oo Jir

/U g (h (x)) |det (Dh (x))| dm,.

This proves the theorem.
Of course this theorem implies the following corollary by splitting up the function into
the positive and negative parts of the real and imaginary parts.

Corollary 9.9.5 Let U and V be open sets in R™ and let h,h™" be C' functions such
that h (U)=V. Let g € L* (V). Then

/ g (y) dmy, = / g (h (x)) |det (Dh (x))| dm,.
Vv U

This is a pretty good theorem but it isn’t too hard to generalize it. In particular, it is
not necessary to assume h=! is C.

Lemma 9.9.6 Suppose V is an n — 1 dimensional subspace of R" and K is a compact
subset of V.. Then letting

KE = UXEKB (X75) =K + B (078)7

it follows that
mp (K.) < 2% (diam (K) + )" ",

Proof: Using the Gram Schmidt procedure, there exists an orthonormal basis for V,
{vi, -+, vh_1} and let
{V17 5y Vin—1, Vn}

be an orthonormal basis for R™. Now define a linear transformation, @ by Qv; = e;. Thus
QQ* = Q*Q = I and Q preserves all distances and is a unitary transformation because

2
2
|Qzaiei S| =Sk =Y ae

Thus m,, (K.) = m, (QK,). Letting ko € K, it follows K C B (ko,diam (X)) and so,

2 2

QK C B" ! (Qko,diam (QK)) = B" ! (Qko, diam (K))

where B"~! refers to the ball taken with respect to the usual norm in R”~!. Every point
of K. is within e of some point of K and so it follows that every point of QK. is within ¢
of some point of QK. Therefore,

QK. C B" ! (Qkg,diam (QK) 4 ¢) x (—¢,¢),
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To see this, let x € QK.. Then there exists k € QK such that |k — x| < e. Therefore,
[(1, - xpn_1) — (k1,- -+, kn—1)| < & and |z, — k,| < € and so x is contained in the set on
the right in the above inclusion because k, = 0. However, the measure of the set on the
right is smaller than

[2 (diam (QK) + €)]" " (22) = 2" [(diam (K) + )] ' e.

This proves the lemma.
Note this is a very sloppy estimate. You can certainly do much better but this estimate
is sufficient to prove Sard’s lemma which follows.

Definition 9.9.7 If T, S are two nonempty sets in a normed vector space,
dist (S, T) =inf{||s—t||:s € S;t € T}.

Lemma 9.9.8 Let h be a C' function defined on an open set, U C R™ and let K be a
compact subset of U. Then if € > 0 is given, there exists r1 > 0 such that if |[v| < rq, then
forallx € K,

|h(x+v)—h(x)— Dh(x)v| <el|v].

Proof: Let 0 < § < dist (K U C) . Such a positive number exists because if there exists
a sequence of points in K, {k;} and points in UY, {s;,} such that |kj — sj| — 0, then you
could take a subsequence, still denoted by k such that k; — k € K and then s; — k also.
But U is closed so k € K NUY, a contradiction. Then for |v| < § it follows that for every
x €K,

x+tv e U
and
1
‘h(X+V)7h(X)th(X)V| ‘fODh(X—i—tV)th—Dh(X)V
v| - v
) |Dh(x + tv) v — Dh (x) v| dt
- v '

The integral in the above involves integrating componentwise. Thus ¢t — Dh (x + tv) v is a
function having values in R™
Dhy (x+tv) v

Dh,, (x+tv)v
and the integral is defined by

fol Dhy (x+tv) vdt

fol Dh,, (x+tv) vdt

Now from uniform continuity of Dh on the compact set, {x : dist (x,K) < §} it follows there
exists r; < ¢ such that if |v| < rq, then ||[Dh (x + tv) — Dh (x)|| < € for every x € K. From
the above formula, it follows that if |v| < ry,

lh(x+v) —h(x) — Dh(x) V]| ) |Dh (x + tv) v — Dh (x) v| dt

v

[vi
Jyelvldt
Mo
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This proves the lemma.
The following is Sard’s lemma. In the proof, it does not matter which norm you use in
defining balls.

Lemma 9.9.9 (Sard) Let U be an open set in R™ and let h: U — R™ be C1. Let
Z ={x €U :det Dh(x)=0}.
Then my, (h(Z)) =0.

Proof: Let {Uy},-, be an increasing sequence of open sets whose closures are compact
and whose union equals U and let Z;, = Z N Ug. To obtain such a sequence, let

1
U, = {XGUIdiSt(X,UC) < k}OB(O,k‘)

First it is shown that h (Z;) has measure zero. Let W be an open set contained in Uy
which contains Z;, and satisfies

My (Zk) +€ > my, (W)
where here and elsewhere, € < 1. Let
r = dist (m, UkCH)
and let 71 > 0 be a constant as in Lemma[9.9.8 such that whenever x € Uy, and 0 < |v] <,
|h(x+v)—h(x) — Dh(x)v|<el|v]. (9.14)

Now the closures of balls which are contained in W and which have the property that their
diameters are less than r; yield a Vitali covering of W. Therefore, by Corollary [9.7.6| there

is a disjoint sequence of these closed balls, {EZ} such that
W =U2,B;UN

where N is a set of measure zero. Denote by {B;} those closed balls in this sequence which
have nonempty intersection with Zy, let d; be the diameter of B;, and let z; be a point in
B;NZy. Since z; € Zy, it follows Dh (z;) B (0,d;) = D; where D; is contained in a subspace,
V' which has dimension n — 1 and the diameter of D; is no larger than 2C}d; where

Cr > max {||Dh (x)|| : x € Z}
Then by 9.14] if z € B;,
h(z) —h(z;) € D; + B(0,ed;) € D; + B(0,ed;) .

Thus o

By Lemma 9.9.6

my (h(B;)) < 2" (2Ckd; + ed;)" " ed;
<y (2” [2C) + 5}"71) €
< Chemp (By)e.
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Therefore, by Lemma [9.8.1

< 5Cn,kmn (W) < ECn,k (mn (Zk:) + 5)

Since ¢ is arbitrary, this shows m,, (h (Z;)) = 0 and so 0 = limy_.oc my, (h (Zx)) = my, (h(2)).
With this important lemma, here is a generalization of Theorem 9.9.4.

Theorem 9.9.10 Let U be an open set and let h be a 1 — 1, CY(U) function with
values in R™. Then if g is a nonnegative Lebesgue measurable function,

/ g (y) dmy, = / g (h (x)) [det (Dh (x))| dm,. (9.15)
h(U) U

Proof: Let Z = {x:det(Dh(x)) =0}, a closed set. Then by the inverse function
theorem, h™! is C* on h(U \ Z) and h (U \ Z) is an open set. Therefore, from Lemma
9.9.9, h (Z) has measure zero and so by Theorem [9.9.4]

/h L) = /h oy )= / g (h (x)) |det (Dh ()| dm,

/U ¢ (h (x)) |det (Dh (x))| dm,.

This proves the theorem.
Of course the next generalization considers the case when h is not even one to one.

9.10 Change Of Variables For Mappings Which Are
Not One To One

Now suppose h is only C!, not necessarily one to one. For
Uy ={x €U :|det Dh(z)| > 0}

and Z the set where |det Dh (x)| = 0, Lemma [9.9.9 implies m,,(h(Z)) = 0. For x € Uy, the
inverse function theorem implies there exists an open set Bx C U, such that h is one to
one on By.

Let {B;} be a countable subset of {By}xecv, such that Uy = U2, B;. Let By = By. If
Ey,- -, E) have been chosen, Ej 1 = Bjy1 \ US| E;. Thus

U2 E; =Uy, hisonetooneonE;, E;NE; =40,

and each E; is a Borel set contained in the open set B;. Now define

y) = ZXh(Ei)(y) + X2 (¥)-

The set, h (E;),h(Z) are measurable by Lemma [9.8.2 Thus n (-) is measurable.

Lemma 9.10.1 Let F C h(U) be measurable. Then

/ n(y)Xp(y)dm, = /XF x))| det Dh(x)|dm.,.
h(U)
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Proof: Using Lemma [9.9.9 and the Monotone Convergence Theorem

o (h(2))=0
s ——
/ n(y)Xr(y)dm, = / > X))+ Xu)(y) | Xe(y)dmn
h(U) hU) \ ;=1
= Z Xn(z) (¥)XP(y)dmn

h(U)

_ Z /h Xoncisy) (9) X (y)dm,

_ _Z / X, (x) X (B(x) | det Dh(x)dm,
- Z / X, ()X (1(x))| det Dh(x)|drm,
- /ZXE )Xr(h(x))| det Dh(x)|dm,,

— [ Xp(h(x))| det Dh(x)|dm,, = /XF x))| det Dh(x)[dm,..
Uy

This proves the lemma.
Definition 9.10.2 ror v € h(U), define a function, #, according to the formula
#(y) = number of elements in h™'(y).

Observe that
#(y) =nly) ae. (9.16)

because n(y) = #(y) if y ¢ h(Z), a set of measure 0. Therefore, # is a measurable function
because of completeness of Lebesgue measure.

Theorem 9.10.3 Let g >0, g measurable, and let h be C*(U). Then

#(v)g(y)dm, = / g(h(x))|det Dh(x)|dm,.. (9.17)

n(U) U

Proof: From9.16/and Lemmal9.10.1,9.17/ holds for all g, a nonnegative simple function.
Approximating an arbitrary measurable nonnegative function, g, with an increasing point-
wise convergent sequence of simple functions and using the monotone convergence theorem,
yields 9.17 for an arbitrary nonnegative measurable function, g. This proves the theorem.

9.11 Spherical Coordinates In n Dimensions

Sometimes there is a need to deal with spherical coordinates in more than three dimensions.
In this section, this concept is defined and formulas are derived for these coordinate systems.
Recall polar coordinates are of the form

y1 = pcost
Yo = psind
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where p > 0 and # € R. Thus these transformation equations are not one to one but they
are one to one on (0,00) X [0,27). Here I am writing p in place of r to emphasize a pattern
which is about to emerge. [ will consider polar coordinates as spherical coordinates in
two dimensions. I will also simply refer to such coordinate systems as polar coordinates
regardless of the dimension. This is also the reason I am writing y; and y» instead of the
more usual x and y. Now consider what happens when you go to three dimensions. The
situation is depicted in the following picture.

R (xlax27x3)

R2

From this picture, you see that y3 = pcos¢,. Also the distance between (y1,y2) and
(0,0) is psin (¢;) . Therefore, using polar coordinates to write (y1,y2) in terms of § and this
distance,

y1 = psin ¢, cos b,
Yo = psin ¢, sinf,
s = poos .

where ¢; € R and the transformations are one to one if ¢, is restricted to be in [0, 7] . What
was done is to replace p with psin¢; and then to add in y3 = pcos ¢,. Having done this,
there is no reason to stop with three dimensions. Consider the following picture:

R ($1,$2,$37$4)

R3

From this picture, you see that y4 = pcos ¢,. Also the distance between (y1,y2,ys) and
(0,0,0) is psin (¢,) . Therefore, using polar coordinates to write (y1,ys2,y3) in terms of 6, ¢y,
and this distance,

Y1 = psin ¢, sin ¢, cos b,
Y2 = psin ¢, sin ¢, sin b,
Ys = psin gy cos by,

Ya = PCOS Py

where ¢, € R and the transformations will be one to one if
¢o, b1 €[0,7],0 € 10,27),p € (0,00) .

Continuing this way, given spherical coordinates in R™, to get the spherical coordinates
in R"™! you let y,,41 = pcosd,,_; and then replace every occurance of p with psin¢,,_; to
obtain y; - - - y, in terms of ¢y, ¢y, -+, ¢,,_1,0, and p.

It is always the case that p measures the distance from the point in R™ to the origin
in R, 0. Each ¢; € R and the transformations will be one to one if each ¢, € [0, 7], and
0 € [0,27). It can be shown using math induction that these coordinates map []}—; [0, 7] x
[0,27) x (0,00) one to one onto R™\ {0} .
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Theorem 9.11.1 Let vy =h(p,0,p) be the spherical coordinate transformations in
R™. Then letting A = H;:f [0, 7] x [0,27), it follows h maps A x (0,00) one to one onto
R™\ {0}. Also |det Dh (¢, 0, p)| will always be of the form

|det Dh (¢, 0, p)| = p" 1 (¢, 6). (9.18)

where ® is a continuous function of ¢ and 01 Furthermore whenever f is Lebesgue mea-
surable and nonnegative,

f(y)dy = / e / £ (1 ($.6.)) ® (.6) dp doddp (9.19)
R 0 A

where here dgdf denotes dm,,_1 on A. The same formula holds if f € L* (R").

Proof: Formula [9.18 is obvious from the definition of the spherical coordinates. The
first claim is also clear from the definition and math induction. It remains to verify [9.19.
Let Ag = H?;lz (0,7) x (0,27). Then it is clear that (A\ Ag) x (0,00) = N is a set of
measure zero in R™. Therefore, from Lemma 9.8.1] it follows h (N) is also a set of measure
zero. Therefore, using the change of variables theorem, Fubini’s theorem, and Sard’s lemma,

fly)dy = / f(.Y)dy=/ f(y)dy
Rn R7\{0} R\ ({0}Uh(N))

_ / £ (0(,0,p)) p" "' (,0) dm.,
A x(0,00)

/ Xase(o) (6:.0.9) f (0(6,0, p)) p"~ 1 (,0) dm,,
/OOO ot (/Af(h(cﬁﬁm))@(qﬁ,@) d¢d9) p.

Now the claim about f € L! follows routinely from considering the positive and negative
parts of the real and imaginary parts of f in the usual way. This proves the theorem.

Notation 9.11.2 Often this is written differently. Note that from the spherical coordinate
formulas, f (h(p,0,p)) = f(pw) where |w| = 1. Letting S~ denote the unit sphere,
{w € R": |w| =1}, the inside integral in the above formula is sometimes written as

/SH [ (pw) do

where o is a measure on S"1. See [26] for another description of this measure. It isn’t an
important issue here. FEither|9.19 or the formula

/OOO p (/S f (pw) do) dp

will be referred to as polar coordinates and is very useful in establishing estimates. Here

o (571) = [, ®(¢,0)dg db.

Example 9.11.3 For what values of s is the integral fB(O R) (1 + |x|2) dy bounded inde-
pendent of R? Here B (0, R) is the ball, {x € R : |x| < R}.

L Actually it is only a function of the first but this is not important in what follows.
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I think you can see immediately that s must be negative but exactly how negative? It
turns out it depends on n and using polar coordinates, you can find just exactly what is
needed. From the polar coordinats formula above,

s R
/ (1 + |X|2) dy / / (1+ pz)s p"Ydodp
B(0,R) 0 Jgn—1

R
Cn/ (14 %) p" Ydp
0

Now the very hard problem has been reduced to considering an easy one variable problem
of finding when

R s
/0 pn—l (1+p2) dp

is bounded independent of R. You need 2s + (n — 1) < —1 so you need s < —n/2.

9.12 Brouwer Fixed Point Theorem

The Brouwer fixed point theorem is one of the most significant theorems in mathematics.
There exist relatively easy proofs of this important theorem. The proof I am giving here
is the one given in Evans [14]. T think it is one of the shortest and easiest proofs of this
important theorem. It is based on the following lemma which is an interesting result about
cofactors of a matrix.

Recall that for A an n x n matrix, cof (4),; is the determinant of the matrix which

results from deleting the i row and the j* column and multiplying by (—=1)""7. In the
proof and in what follows, I am using Dg to equal the matrix of the linear transformation
Dg taken with respect to the usual basis on R™. Thus

Dg(x) = Z (Dg),; eie;

j
and recall that (Dg),; = 0g;/0x; where g =3, g;e;.

Lemma 9.12.1 Letg:U — R" be C? where U is an open subset of R™. Then
Zcof (Dg);;,; =0,

where here (Dg),;; = gi,; = 6;7; . Also, cof (Dg),; — 0det(Dg)

99i,j

Proof: From the cofactor expansion theorem,

det (Dg) = Zgl ; cof ( Dg)

i=1

and so
0det (Dg)

99i,;

which shows the last claim of the lemma. Also

dy; det (Dg) = Zgl k (cof (Dg)),; (9.21)

= cof (Dg),; (9.20)
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because if k # j this is just the cofactor expansion of the determinant of a matrix in which
the k*" and j** columns are equal. Differentiate [9.21 with respect to 2; and sum on j. This

yields
0 (det Dg)
E Okj 76%3 Gr,sj = E Yikj (cof (Dg))i_j + E Yi.k cof (Dg)ij,j .
9 Zj

r,8,] 17
Hence, using 6x; = 0 if j # k and [9.20),
Z (cof (Dg)),.s Gr,sk = Zgr ks (cof (Dg)),., + ZQZ keof (Dg); ;-
T8 ij

Subtracting the first sum on the right from both sides and using the equality of mixed
partials,

Zgzk Z cof(Dg))ijJ. =0.

J

If det (g;,k) # 0 so that (g;,) is invertible, this shows > (cof (Dg))
let

4.5 = 0. If det (Dg) =0,
gk =g+ el
where ¢, — 0 and det (Dg + €1) = det (Dgy) # 0. Then
Z (cof (Dg))ij,j = kli_)ngo Z (cof (ng))i]j’j =0
J J
and this proves the lemma.

Deﬁnii:ion 9.12.2 Let h be a function defined on an open set, U C R"™. Then
h c CF (U) if there exists a function g defined on an open set, W containng U such that
g=honU and g is C* (W).

In the following lemma, you could use any norm in defining the balls and everything
would work the same but I have in mind the usual norm.

Lemma 9.12.3 There does not existh € C? ( (0, R)) such thath :B (0, R) — 0B (0, R)

which also has the property that h (x) = x for all x € OB (0, R). Such a function is called
a retraction.

Proof: Suppose such an h exists. Let A € [0, 1] and let py (x) = x+ A (h(x) — x). This
function, py is called a homotopy of the identity map and the retraction, h. Let

I(\)= / o det (Dpy (x)) dz.

Then using the dominated convergence theorem,

rey = / Z adeta(Dp‘))‘\ (x)) 8pAa¢i\(x) de
B(O,R) 5 PXij
ddet (Dp ( ))
= h; (x) —x;) . dx
/B(O R) Z Z OPxij (i (x) s

-/ oy 2o 2 (PP () 1) =20,y
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Now by assumption, h; (x) = x; on dB (0, R) and so one can form iterated integrals and
integrate by parts in each of the one dimensional integrals to obtain

I'(\) = _zi:/B(O,R) zj:cof(Dp,\ (%)) (hi (x) — 2;) dz = 0.

Therefore, I () equals a constant. However,
I(0)=my,(B(0,R))>0
but
I(1)= / det (Dh (x)) dm,, = / # (y)dm, =0
B(0,1) 0B(0,1)

because from polar coordinates or other elementary reasoning, m, (0B (0,1)) = 0. This
proves the lemma.
The following is the Brouwer fixed point theorem for C? maps.

Lemma 9.12.4 Ifh € C? (B (O,R)) and h : B(0,R) — B(0,R), then h has a fized
point, x such that h (x) = x.

Proof: Suppose the lemma is not true. Then for all x, |x — h (x)| # 0. Then define

x — h (x)

g(x):h(x)+m

t(x)

where ¢ (x) is nonnegative and is chosen such that g(x) € 9B (0, R). This mapping is
illustrated in the following picture.

g(x)

If x —t (x) is C? near B (0, R), it will follow g is a C? retraction onto OB (0, R) contrary
to Lemma 9.12.3. Now ¢ (x) is the nonnegative solution, ¢ to
x —h(x)

H(x,t)=|hx)*+2 (h(X),|X_h(X)

> t+1t? = R? (9.22)

Then
B x —h(x)
H; (x,t) =2 h(x)’7|xfh(x)| + 2t.

If this is nonzero for all x near B (0, R), it follows from the implicit function theorem that
t is a C? function of x. From [9.22

2t = =2 <h(x)’|x—hg

i\/zl (h(x),i:}}i
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and so

Hy(x,t) = 2t+2 (h(x),m)

j:\/4 <R2 - |h(x)|2) +4 <h(x),|§:m>2

If |h(x)| < R, this is nonzero. If |h (x)| = R, then it is still nonzero unless
(h(x),x — h (x)) = 0.

But this cannot happen because the angle between h(x) and x —h(x) cannot be /2.
Alternatively, if the above equals zero, you would need

(h(x),x) = [h ()" = R’

which cannot happen unless x = h (x) which is assumed not to happen. Therefore, x — ¢ (x)
is C? near B(0,R) and so g(x) given above contradicts Lemma [9.12.3. This proves the
lemma.

Now it is easy to prove the Brouwer fixed point theorem.

Theorem 9.12.5 Let f - B(0,R) — B(0,R) be continuous. Then f has a fized
point.

Proof: If this is not so, there exists € > 0 such that for all x € B (0, R),
|x — f(x)| >e.
By the Weierstrass approximation theorem, there exists h, a polynomial such that

max{|h(x)—f(x)| :XEW,R)} < g

Then for all x € B (0, R),

=D ()] > fx— £ ()] = [ (x) = £ ()] >e— = =

contradicting Lemma [9.12.4. This proves the theorem.

9.13 Exercises

1. Recall the definition of f,. Prove that if f € L' (R"), then

;1_% - |f = fyldmn =0

This is known as continuity of translation. Hint: Use the theorem about being able
to approximate an arbitrary function in L' (R™) with a function in C, (R").
2. Let E be a Lebesgue measurable set in R. Suppose m(E) > 0. Consider the set
E-E={x—y:x€E,yeE}.
Show that F — E contains an interval. Hint: Let

f(z) =/XE(t)XE(a:+t)dt.

Explain why f is continuous at 0 and f(0) > 0 and use continuity of translation in
L'
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3. If f € L' (R"), show there exists g € L' (R") such that g is also Borel measurable
such that g (x) = f (x) for a.e. x.

4. Suppose f,g € L* (R™). Define f x g (x) by

[ rx=v)9)m, ).
Show this makes sense for a.e. x and that in fact for a.e. x

/\f(X—Y)Ilg(Y)Idmn )

J1£+90ldma ) < [ 171dm, [ 1g]dm.

Hint: Use Problem 3. Show first there is no problem if f, g are Borel measurable.
The reason for this is that you can use Fubini’s theorem to write

Next show

//\f(X—Y)Hg(y)Idmn () dim, ()
/ / 1 (= 9| g ()] dim () dim (1)

15 @ldm, [ 1g()|dm..

Explain. Then explain why if f and g are replaced by functions which are equal to f
and g a.e. but are Borel measurable, the convolution is unchanged.

5. In the situation of Problem 4 Show x — f * g (x) is continuous whenever g is also
bounded. Hint: Use Problem [1.

6. Let f : [0,00) — R be in L'(R,m). The Laplace transform is given by flz) =
J e tf(t )dt Let f,g be in L'(R,m), and let h(z) = [ f(z — t)g(t)dt. Show

he L', and h = f3.

7. Suppose A is covered by a finite collection of Balls, 7. Show that then there exists
a disjoint collection of these balls, {B; }1 1» such that A C UY_, B; where B; has the
same center as B; but 3 times the radius. Hint: Since the collection of balls is finite,
they can be arranged in order of decreasing radius.

8. Let f be a function defined on an interval, (a,b). The Dini derivates are defined as

flz+h) - f(=z)

Dif(x) = lim hingr W )
DT f(xr) = lim sup fath =)
h—0+ h

D_f(x) = lm inf (m)_i(x_h),
D™ f(x) = lim sup f(x)—z(x—h)

h—0+
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Suppose f is continuous on (a,b) and for all z € (a,b), D4 f(x) > 0. Show that
then f is increasing on (a,b). Hint: Consider the function, H (z) = f(x)(d —¢) —
2 (f(d) — f(c)) where a < ¢ < d <b. Thus H (¢) = H (d). Also it is easy to see that
H cannot be constant if f(d) < f(¢) due to the assumption that Dy f (x) > 0. If
there exists z1 € (a,b) where H (z1) > H (c), then let xg € (¢,d) be the point where
the maximum of f occurs. Consider D4 f (x¢). If, on the other hand, H (z) < H (c)
for all x € (¢, d), then consider Dy H (c).

T Suppose in the situation of the above problem we only know
D,f(z) >0 ae.

Does the conclusion still follow? What if we only know D, f (z) > 0 for every x
outside a countable set? Hint: In the case of D, f () > 0,consider the bad function
in the exercises for the chapter on the construction of measures which was based on
the Cantor set. In the case where D, f (x) > 0 for all but countably many x, by
replacing f (z) with f(z) = f(z) + ex, consider the situation where D f (z) > 0
for all but countably many z. If in this situation, f (c) > f (d) for some ¢ < d, and

ye (Fd).F(0)et
z = sup {x € [e,d] f(x) > yo}.

Show that f(z) = 9o and D+f(z) < 0. Conclude that if ffails to be increasing, then
D, f (2) <0 for uncountably many points, z. Now draw a conclusion about f.

1 Let f : [a,b] — R be increasing. Show
NPLI

m| [DYf(z)>qg>p>Dif(x)] | =0 (9.23)

and conclude that aside from a set of measure zero, DT f (z) = D, f(z). Similar
reasoning will show D~ f (z) = D_f (z) a.e. and DV f (z) = D_f () a.e. and so off
some set of measure zero, we have

D_f(z) =D f(z)=D"f () = Dif (z)

which implies the derivative exists and equals this common value. Hint: To show [9.23),
let U be an open set containing N, such that 7 (N,q) +& > m (U). For each x € Ny,
there exist y > «x arbitrarily close to x such that

f)—f(z)<ply—=).

Thus the set of such intervals, {[z,y]} which are contained in U constitutes a Vitali
cover of Np,. Let {[z;,y;]} be disjoint and

M (Npg \ Ui [, yi]) = 0.
Now let V' = U; (z;,y;). Then also we have

=V

o —_——
m Npq\Ui (miayi) = 0.
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and so T (Npg N V) = M (Npq). For each x € Npg NV, there exist y > x arbitrarily
close to = such that

fy) =F(@)>qy—2).
Thus the set of such intervals, {[z,y']} which are contained in V is a Vitali cover of
Npq NV, Let {[z}, y;]} be disjoint and
M (Npg NV \ U [, 43]) = 0.

Then verify the following:
S —f@) > q) (W — i) = qm (Npg V) = g (Npg)
> pm(Npg) >p(m(U) —¢ >pz i — ;)

> > (f(yi) = f (@) —pe > Zf(yi)—f(wé)—pe

i

and therefore, (¢ — p) M (Npq) < pe. Since € > 0 is arbitrary, this proves that there is
a right derivative a.e. A similar argument does the other cases.

11. Suppose f is a function in L' (R) and f is infinitely differentiable. Does it follow
that f/ € L' (R)? Hint: What if ¢ € C°(0,1) and f (z) = ¢ (2" (x —n)) for z €
(ny,n+1), f(x)=0if x <07

12. For a function f € L' (R"™), the Fourier transform, F'f is given by

Ff(t) = e xf (x) dx

1
V21 Jrn

and the so called inverse Fourier transform, F~! f is defined by

Ff(t)= et f (x) dx

1
V21 Jrn
Show that if f € L' (R"), then limy_.o Ff (x) = 0. Hint: You might try to show
this first for f € C° (R™).

13. For this problem define [ f t dt = lim,_ [ f (t)dt. Note this coincides with the

a

Lebesgue integral when f € L ( ,00). Show

(a) OOO sin(u) du = 72|—
(b) lim, oo [5° Smfru) du = 0 whenever § > 0.

(¢) If f € L* (R), then lim, o [p sin (ru) f (u) du = 0.

Hint: For the first two, use 1 = [ e7“*dt and apply Fubini’s theorem to fOR sinu [, e” " dtdu.
For the last part, first establish it for f € C$° (R) and then use the density of this set
in L' (R) to obtain the result. This is called the Riemann Lebesgue lemma.

14. TSuppose that g € L' (R) and that at some z > 0, g is locally Holder continuous from
the right and from the left. This means

Jim g (z+7) =g (at)
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exists,
li —r)= —
Jim g (z—7)=g(z—)

exists and there exist constants K,d > 0 and r € (0, 1] such that for |z —y| < 9,

9 (x+) =g W) < K|z —yl"
for y > x and

lg(x—) —g W) <Kz -y’
for y < x. Show that under these conditions,

2/000 siniur) (g(m—u)—;—g(x—ku))du

_g(at) tg(a)
role)

T Let g € L' (R) and suppose ¢ is locally Holder continuous from the right and from
the left at . Show that then

1 R 0 ) —
lim 7/Reizt €7ltyg (y)dydt: g(I-F)—gg(l’ )

This is very interesting. This shows F~! (Fg) (z) = %, the midpoint of the
jump in g at the point, = provided Fyg is in L'. Hint: Show the left side of the above
equation reduces to

™ u 2

2/000 sin (ur) (g(a:—u)—i—g(x—!—u))du

and then use Problem [14 to obtain the result.

7 A measurable function g defined on (0, 00) has exponential growth if |g (¢)] < Ce™
for some 7. For Re (s) > 7, define the Laplace Transform by

Lg(s) = /000 e~ g (u) du.

Assume that g has exponential growth as above and is Holder continuous from the
right and from the left at t. Pick v > 7. Show that

. 1 ; . g(t+)+g(t-)
~yt iyt _
lim o [ e"eV' Lg (y+iy)dy = —

This formula is sometimes written in the form

1 y+ioco

st
— e’ Lg (s)ds
2'/TZ ~—ioo

and is called the complex inversion integral for Laplace transforms. It can be used to
find inverse Laplace transforms. Hint:
1 R

o | e Ly (i) dy =
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17.

18.

1 (B , 00 ,
— eVtetvt / e_("*'“y)“g (u) dudy.
2m J g 0

Now use Fubini’s theorem and do the integral from —R to R to get this equal to

et [ =g (1) sin (R (t — u))

T J-x

du

t—u
where g is the zero extension of g off [0,00). Then this equals
evt [

e —(t=w)g (4 _
- e g(t—u)

sin (Ru) du
u

— 00

which equals

U

2¢e7t /°° gt —uw)e " 5 (t 4 u) e 7 sin (Ru) d
™ 0 2

U
and then apply the result of Problem 14.

Let K be a nonempty closed and convex subset of R™. Recall K is convex means that
if x,y € K, then for all t € [0,1] ,tx+ (1 — t)y € K. Show that if x € R™ there exists
a unique z € K such that

|x —z| =min{|x—y|:y € K}.

This z will be denoted as Px. Hint: First note you do not know K is compact.
Establish the parallelogram identity if you have not already done so,

lu—v>+u+v’=2u* +2|v].
Then let {z;} be a minimizing sequence,
lim |z, — x> =inf{|x—y|:ye K} =\
k—o0

Now using convexity, explain why

2
+2

2
X — Zg

2

X — Zm,

2

Zk—Zm2 zk+zm2_2
2 2 B

and then use this to argue {z;} is a Cauchy sequence. Then if z;, works for i = 1,2,
consider (z; + z2) /2 to get a contradiction.

In Problem [17 show that Px satisfies the following variational inequality.
(x—Px) - (y—Px) <0

for all y € K. Then show that |Px; — Pxa| < |x; — x2|. Hint: For the first part note
that if y € K, the function t — |x— (Px + t (y—Px))|? achieves its minimum on [0, 1]
at t = 0. For the second part,

(Xl—le) . (PXQ—PX1) é 07 (XQ—PXQ) . (PXl—PXQ) S 0.

Explain why
(xg—Px3 — (x1—Px1)) - (Px2—Px1) >0

and then use a some manipulations and the Cauchy Schwarz inequality to get the
desired inequality.
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19.

20.

21.

22.

23.
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Establish the Brouwer fixed point theorem for any convex compact set in R™. Hint: If
K is a compact and convex set, let R be large enough that the closed ball, D (0, R) D
K. Let P be the projection onto K as in Problem [18 above. If f is a continuous map
from K to K, consider foP. You want to show f has a fixed point in K.

In the situation of the implicit function theorem, suppose f (xg,y0) = 0 and assume
f is C'. Show that for (x,y) € B (x0,8) x B (yo,r) where §,r are small enough, the
mapping

x =Ty (x) = x—D:f (Xo,yo)_1 f(x,y)

is continuous and maps B (xo,d) to B (x0,d/2) C B (xq,d). Apply the Brouwer fixed
point theorem to obtain a shorter proof of the implicit function theorem.

Here is a really interesting little theorem which depends on the Brouwer fixed point
theorem. It plays a prominent role in the treatment of the change of variables formula
in Rudin’s book, [34] and is useful in other contexts as well. The idea is that if a
continuous function mapping a ball in R* to R¥ doesn’t move any point very much,
then the image of the ball must contain a slightly smaller ball.

Lemma: Let B = B(0,7), a ball in R¥ and let F : B — R* be continuous and
suppose for some € < 1,
|F (v) —v| <er (9.24)

for all v € B. Then
F(B) 2 B(0,r(1—¢)).

Hint: Suppose a € B(0,7(1—¢)) \ F(B) so it didn’t work. First explain why
a# F (v) for all v € B. Now letting G :B — B, be defined by G (v) = %,it
follows G is continuous. Then by the Brouwer fixed point theorem, G (v) = v for
some v € B. Explain why |v| = r. Then take the inner product with v and explain

the following steps.

r

(G(v),v) = \V|2:r2:m(a—F(V)vV)
- m(a_v—kv—]?(v),V)
- m[(a—v,v)ﬂv—mvm)]
= aww) @Y M F )
m[ﬂ(l—a)—r%r%]zo.

Using Problem 21! establish the following interesting result. Suppose f : U — R" is
differentiable. Let

S ={x e U:detDf (x) =0}.
Show f (U \ S) is an open set.
Let K be a closed, bounded and convex set in R™ and let f : K — R"™ be continuous and
let y € R™. Show using the Brouwer fixed point theorem there exists a point x € K

such that P (y — f (x) + x) = x. Next show that (y —f(x),z—x) <0 for all z € K.
The existence of this x is known as Browder’s lemma and it has great significance
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in the study of certain types of nolinear operators. Now suppose f : R — R” is
continuous and satisfies

|x|—00 |X|

Show using Browder’s lemma that f is onto.
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Brouwer Degree

This chapter is on the Brouwer degree, a very useful concept with numerous and important
applications. The degree can be used to prove some difficult theorems in topology such
as the Brouwer fixed point theorem, the Jordan separation theorem, and the invariance of
domain theorem. It also is used in bifurcation theory and many other areas in which it is an
essential tool. This is an advanced calculus course so the degree will be developed for R™.
When this is understood, it is not too difficult to extend to versions of the degree which hold
in Banach space. There is more on degree theory in the book by Deimling [9] and much of
the presentation here follows this reference.

To give you an idea what the degree is about, consider a real valued C! function defined
on an interval, I, and let y € f (I) be such that f’ (x) # 0 for all z € f~! (y). In this case
the degree is the sum of the signs of f’ (z) for z € f=1 (y), written as d (f, I, ).

In the above picture, d (f,I,y) is 0 because there are two places where the sign is 1 and
two where it is —1.

The amazing thing about this is the number you obtain in this simple manner is a
specialization of something which is defined for continuous functions and which has nothing
to do with differentiability.

There are many ways to obtain the Brouwer degree. The method I will use here is due
to Heinz [22] and appeared in 1959. It involves first studying the degree for functions in C
and establishing all its most important topological properties with the aid of an integral.
Then when this is done, it is very easy to extend to general continuous functions.

When you have the topological degree, you can get all sorts of amazing theorems like
the invariance of domain theorem and others.

10.1 Preliminary Results

In this chapter 2 will refer to a bounded open set.

247
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Definition 10.1.1 For Q a bounded open set, denote by C (ﬁ) the set of functions
which are continuous on Q and by C™ (ﬁ) ,m < oo the space of restrictions of functions in
Cm (R") to Q. The norm in C () is defined as follows.

1flloe = l1fllc@m) = sup {If (x)] : x € Q}.

If the functions take values in R™ write C™ (ﬁ; R") or C (ﬁ; ]R”) for these functions if there
s no differentiability assumed. The norm on C (ﬁ; R”) is defined in the same way as above,

1flloe = Ifllc(@pe) = sup{If (x)] : x € Q}.

Also, C (;R™) consists of functions which are continuous on § that have values in R™ and
C™ (Q;R™) denotes the functions which have m continuous derivatives defined on ).

Theorem 10.1.2 Let Q be a bounded open set in R™ and let f € C (ﬁ) Then there
erists g € C* (ﬁ) with ||g — f”c(ﬁ) < e. In fact, g can be assumed to equal a polynomial
for all x € Q.

Proof: This follows immediately from the Weierstrass approximation theorem, Theorem
5.7.10. Pick a polynomial, p such that ||p — f”c(ﬁ) <e. Now p ¢ C*=® (Q) because it does

not vanish outside some compact subset of R™ so let g equal p multiplied by some function
¥ € C° (R™) where ¢ = 1 on €. See Theorem 9.5.7.

Applying this result to the components of a vector valued function yields the following
corollary.

Corollary 10.1.3 If f € C (% R™) for Q a bounded subset of R™, then for all € > 0,
there exists g € C* (ﬁ; R”) such that

llg —fll <e
Lemma 9.12.1 on Page 235 will also play an important role in the definition of the
Brouwer degree. Earlier it made possible an easy proof of the Brouwer fixed point theorem.
Later in this chapter, it is used to show the definition of the degree is well defined. For

convenience, here it is stated again.

Lemma 10.1.4 Letg:U — R"™ be C? where U is an open subset of R™. Then

Zcof (Dg);;; =0,
j=1

where here (Dg),; = gi,; = ggz. Also, cof (Dg),; = %ﬁg),

Another simple result which will be used whenever convenient is the following lemma,
stated in somewhat more generality than needed.

Lemma 10.1.5 Let K be a compact set and C a closed set in a complete normed vector
space such that KNC = 0. Then

dist (K, C) > 0.
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Proof: Let
d=inf{||k—c||: k€ K,ce C}

Let {k,},{cn} be such that
1
d+ — > [|kn — cnll.
n

Since K is compact, there is a subsequence still denoted by {k,} such that k, — k € K.
Then also
||Cn - Cm” < ch - kn” + ||kn - ka + ||Cm - kmn

If d = 0, then as m,n — oo it follows ||¢, — ¢m|| — 0 and so {¢,} is a Cauchy sequence
which must converge to some ¢ € C. But then ||c — k|| = lim,,—co ||, — k|| = 0 and so
c=k e CNK, a contradiction to these sets being disjoint. This proves the lemma.

In particular the distance between a point and a closed set is always posibive if the point
is not in the closed set. Of course this is obvious even without the above lemma.

10.2 Definitions And Elementary Properties

In this section, f : Q — R” will be a continuous map. It is always assumed that f (9€2)
misses the point y where d(g,$2,y) is the topological degree which is being defined. Also,
it is assumed (2 is a bounded open set.

Definition 10.2.1 ¢, = {f e C (GR") : y ¢ £(9Q)}. (Recall that 90 = 0\ Q)
For two functions,
f.g ey,

f ~ g if there exists a continuous function,
h:0Qx[0,1] - R"

such thath (x,1) = g (x) andh (x,0) = f (x) andx — h (x,t) € Uy, forallt € [0,1](y ¢ h(0Q,1)).
This function, h, is called a homotopy and £ and g are homotopic.

Definition 10.2.2 ror W an open set in R™ and g € Ct (W;R") y is called a
regular value of g if whenever x € g=1 (y), det (Dg (x)) # 0. Note that if g~ (y) = 0, it
follows that y is a regular value from this definition. Denote by Sg the set of singular values

of g.

Lemma 10.2.3 The relation, ~, is an equivalence relation and, denoting by [f] the equiv-
alence class determined by £, it follows that [f] is an open subset of

Uy ={f e C (LR :y ¢ £(0Q)}.

Furthermore, Uy is an open set in C (ﬁ; R”) and if £ € Uy, and € > 0, there exists g €
[£] N C? (4 R™) for which y is a regular value of g and ||f — g|| < e.

Proof: In showing that ~ is an equivalence relation, it is easy to verify that f ~ f
and that if f ~ g, then g ~ f. To verify the transitive property for an equivalence relation,
suppose f ~ g and g ~ k, with the homotopy for f and g, the function, h; and the homotopy
for g and k, the function hy. Thus h; (x,0) = f (x), h; (x,1) = g (x) and h;y (x,0) = g (x),
hs (x,1) = k(x). Then define a homotopy of f and k as follows.

_f hi(x2t) ifte 0,1
h(xt) = { hy (x,2t — 1) if t € [,1].
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It is obvious that U, is an open subset of C (ﬁ; R”). Next consider the claim that [f]
is also an open set. If f € Uy, There exists 6 > 0 such that B (y,25) N f(0Q) = 0. Let
fi € C (G R™) with [|f; — ]|, < d. Then if ¢ € [0,1], and x € 90

If(x)+t(fi (x) —f(x)—y|>f(x)—y|—t|f —fi]|, >20—1t5>0.
Therefore, B (f,§) C [f] because if f; € B (f,d), this shows that, letting h (x,t) = f (x) +
t(f; (x) —f(x)), fi ~f.

It remains to verify the last assertion of the lemma. Since [f] is an open set, it follows
from Theorem [10.1.2l there exists g € [f] N C? (;R") and ||g — f|| < /2. If y is a regular

value of g, leave g unchanged. The desired function has been found. In the other case, let
§ be small enough that B (y,2§) Ng (0Q) = 0. Next let

S={x€Q:det Dg(x) =0}

By Sard’s lemma, Lemma [9.9.9 on Page 230, g(S) is a set of measure zero and so in
particular contains no open ball and so there exists a regular values of g arbitrarily close to
y. Let y be one of these regular values and consider

Tt follows g1 (x) =y if and only if g (x) = ¥ and so, since Dg (x) = Dg; (x), y is a regular
value of g;. Then for ¢t € [0,1] and x € 99,

lg(x)+t(g1(x)—g((x)—yl>|gx) -yl —tly-y|>20-td > 5 >0.

provided |y—Yy| is small enough. It follows g; ~ g and so g; ~ f. Also provided |y—y| is
small enough,

IIf—gill < [If—gll+Ilg—gll
< g/24¢/2=¢.

This proves the lemma.

The main conclusion of this lemma is that for f € U4y, there always exists a function g of
C? (ﬁ; R") which is uniformly close to f, homotopic to f and also such that y is a regular
value of g.

10.2.1 The Degree For C? ((;R")

Here I will give a definition of the degree which works for all functions in C? (ﬁ; R"). Part of
this is to show the integral definition about to be given reduces to the sort of thing described
earlier where you add signs of the determinant of the derivative.

Definition 10.2.4 ret g c 2 (Q;R™) NUy where Q is a bounded open set. Also
let ¢, be a mollifier.

6. € C= (B(0,2)), . >0, /qbedz:l.
Then
d(g,y) zgii%/gqss (g (x) — y)det Dg (x) dx
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Lemma 10.2.5 The above definition is well defined. In particular the limit exists. In
fact

/Q 6. (g (x) — y) det Dg (x) dz

does not depend on € whenenver € is small enough. If y us a regular value for g then for
all € small enough,

/Q ¢. (g (x) —y)det Dg (x) dx =

Z {sgn(det Dg (x)) :x € g™ ' (y)} (10.1)
Iff,g are two functions in C? (ﬁ; R") such that for all x € 09
yeitf(x)+(1-1t)gx) (10.2)

for allt € [0,1], then for each & > 0,

/ngb6 (f (x) — y)det Df (x) dx

= /Q¢€ (g (x) —y)det Dg (x) dz (10.3)

Ifg,f €Uy, NC? (ﬁ; ]R") , and10.2 holds, then
d(f,Qy)=d(g,Qy)

Proof:

The case where y is a regular value

First consider the case where y is a regular value of g. I will show that in this case,
the integral expression is eventually constant for small € > 0 and equals the right side of
10.1L T claim the right side of this equation is actually a finite sum. This follows from the
inverse function theorem because g~! (y) is a closed, hence compact subset of £ due to the
assumption that y ¢ g (09Q). If g~! (y) had infinitely many points in it, there would exist
a sequence of distinct points {x;} C g~ ! (y). Since (2 is bounded, some subsequence {xy, }
would converge to a limit point X.,. By continuity of g, it follows x,, € g~! (y) also and
S0 Xoo € §2. Therefore, since y is a regular value, there is an open set, Ux__, containing X.,
such that g is one to one on this open set contradicting the assertion that lim;_, o Xr, = Xoo-
Therefore, this set is finite and so the sum is well defined.

Thus the right side of [10.1is finite when y is a regular value. Next I need to show the left

side of this equation is eventually constant. By what was just shown, there are finitely many

points, {x;},, = g~! (y). By the inverse function theorem, there exist disjoint open sets,

i=1 =
U; with x; € U;, such that g is one to one on U; with det (Dg (x)) having constant sign on Uj;
and g (U;) is an open set containing y. Then let £ be small enough that B (y,e) C N, g (U;)

and let V; = g~ (B (y,¢)) N U;.
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Wi
U
Vs g(th)
Va
Therefore, for any e this small,
/ o ( y)det Dg (x) dx = Z/ o ( —y)det Dg (x) dx

The reason for this is as follows. The integrand on the left is nonzero only if g (x) —y €
B(0,¢) which occurs only if g(x) € B(y,e) which is the same as x € g~ (B (y,¢)).
Therefore, the integrand is nonzero only if x is contained in exactly one of the disjoint sets,
V;. Now using the change of variables theorem,

Z/ (z)det Dg (g™ (y +2z)) |det Dg™" (y +z)| dz
—1 /&(Vi)—

By the chain rule, I = Dg (g™ (y +z)) Dg' (y + 2) and so

det Dg (g™ " (y +2z)) |det Dg™" (y + z)|
= sgn (det Dg (g_1 (y+2)))-

|det Dg (87" (y +z))| |det Dg™" (y + z)|
= sgn (det Dg (g_l (y+ z)))
= sgn (det Dg (x)) = sgn (det Dg (x;)) .

Therefore, this reduces to

> sen(detDg(x)) [ o.(a)ds =

i=1 g(Vi)—y

Z sgn (det Dg (x;)) / ¢, (z)dz = Z sgn (det Dg (x;)) .

i=1 B(O,E) =1

In case g~! (y) = 0, there exists £ > 0 such that g () N B (y,e) = 0 and so for ¢ this small,

/QS y)det Dg (x) dx = 0.

Showing the integral is constant for small ¢
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With this done it is necessary to show that the integral in the definition of the degree
is constant for small enough € even if y is not a regular value. To do this, I will first show
that if [10.2 holds, then [10.3l holds. This particular part of the argument is the trick which
makes surprising things happen. This is where the fact the functions are twice continuously
differentiable is used. Suppose then that f, g satisfy [10.2. Also let € > 0 be such that for all
telo,1],

B(y,e)N(f+t(g—1£))(02) =10 (10.4)

Define for ¢ € [0, 1],

H(t)E/QQZ)E(f—y+t(g—f))det(D(f+t(g—f)))dz.

Then if ¢ € (0,1),
H' (1) = /QZ% (E(x) — y +1(g(x) — £ (x))-

(g0 () — Jo (x)) det D (£ + 1 (g — £)) d
ot —y -1

> detD(f+t(g—1)) o (9o — fo) jdr=A+B.

a,j

In this formula, the function det is considered as a function of the n? entries in the n x n
matrix and the , oj represents the derivative with respect to the a;j** entry. Now as in the
proof of Lemma [9.12.1 on Page 235|

det D (f +t(g —f)) ,; = (cof D (f+t (g —1))),;
and so

B [ Y30t -y+te=1):

(cof D (f-+t (g~ £))),; (90 — fa) ; d.

By hypothesis

x — ¢ (f(x)-y+t(gx)—f(x)):
(cof D (f (x) +t (g (%) =f (x)))) o

is in C! () because if x € 99, it follows by [10.4/ that for all ¢ € [0, 1]
f(x) -y +t(g(x)—f(x)) ¢ B(0,¢)

and so ¢, (f (x) —y +t (g (x) —f (x))) = 0. Furthermore this situation persists for x near
0f). Therefore, integrate by parts and write

0
B/Qza;;axjws(fngfm

(cof D (£+t (g — 1)), (ga — fo) dat
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- [ X ey ri-1)

~(cof D (f+t (g — 1)) ;5 (90 — fa) dz.

The second term equals zero by Lemma [10.1.4. Simplifying the first term yields

B:*/ZZZ@,g(f—yH(g—f)w
Ca g

(fa.;+t(g8; — fs,3)) (cof D (f+t (g —1))),; (90 — fo) dx

- —/QZZ%,ﬁ(f—Y-Ft(g—f))(Sﬂa'
a B

det (D (f+1 (g = 1))) (9o — fa) dz

- —/quﬁe,a(f—yﬂ(g—f))

~det (D (f+t (g — £))) (9o — fa) d
— —A.

Therefore, H' (t) = 0 and so H is a constant.

Now let g € U, NnC? (ﬁ; R"). By Sard’s lemma, Lemma [9.9.9 there exists a regular value
y1 of g which is very close to y. This is because, by this lemma, the set of points which are
not regular values has measure zero so this set of points must have empty interior. Let

g1(x)=g(x)+y—y
and let y; — y be so small that
vyeE(l—t)gr +gt(00) =g +t(g—g;) (0Q) forall t €[0,1].

Then g; (x) =y if and only if g (x) = y; which is a regular value. Note also D (g (x)) =
D (g1 (x)). Then from what was just shown, letting f =g and g = g, in the above and

using g —y; =81 -,

/Q 6. (&(x) — y1) det (D (g (x))) da

/Q 6. (g1 (%) — y) det (D (g (x))) da
/Q 6. (g(x) — y) det (D (g (x))) da

Since y; is a regular value of g it follows from the first part of the argument that the first
integral in the above is eventually constant for small enough €. It follows the last integral is
also eventually constant for small enough e. This proves the claim about the limit existing
and in fact being constant for small €. The last claim follows right away from the above.
Suppose 10.2 holds. Then choosing e small enough, it follows d (f,2,y) = d (g, Q,y) because
the two integrals defining the degree for small € are equal. This proves the lemma.

Next I will show that if f ~ g where f,g € Uy, N C? (ﬁ; R”) then d (f,Q,y) =d(g,Q,y).
In the special case where

h(x,t)=tf (x)+ (1 —-t)g(x)
this has already been done in the above lemma. In the following lemma the two functions
k,1 are only assumed to be continuous.
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Lemma 10.2.6 Suppose k ~ 1. Then there exists a sequence of functions of Uy,

{g7}:il )

such that g; € C? (ﬁ; R") , and defining go = k and gm4+1 =1, there exists § > 0 such that
fori=1,---m+1,

B(y,0)N(tg; + (1 —t)gi—1) (0) =0, for allt €[0,1]. (10.5)

Proof: This lemma is not really very surprising. By Lemma [10.2.3, [k] is an open
set and since everything in [k] is homotopic to k, it is also connected because it is path
connected. The Lemma merely asserts there exists a piecewise linear curve joining k and 1
which stays within the open connected set, [k] in such a way that the vertices of this curve
are in the dense set C? (ﬁ; R"). This is the abstract idea. Now here is a more down to
earth treatment.

Let h: Qx[0,1] — R"™ be a homotopy of k and 1 with the property that y ¢ h (99, ) for
all t € [0,1]. Such a homotopy exists because k ~ 1. Now let 0 =tg < t; < <ty =1
be such that fori=1,---,m+1,

I ti) —h(tioa)ll <9 (10.6)

where ¢ > 0 is small. By Lemma [10.2.3, for each i € {1,---,m}, there exists g; € Uy N
C? (Q;R") such that
llgi —h (1)l <0 (10.7)

Thus
lgi — gi—1lloe < ll&s —h ()l
+{h (i) —h( izl + g1 —h (- tim1)|[ < 36.

(Recall gg =k in case i = 1.)
It was just shown that for each x € 09,

gi (x) € B(gi—1(x),39)
Also for each x € 992

Ih(x,t;) = y| —[g; (x) —h(x,t;)]
lh(x,t;) —y[ ¢

g (x) — ¥

(AVARV}

For x € 992

ltgi (x) + (1 — 1) gi—1(x) — ¥I
|gi—1 (%) +t(gi (x) —gi—1(x)) — vl

lgi—1 (%) —y| —tlgi (%) — gi—1 (%)|
(lh(x,ti—1) —y|—9) — 36

(AVARYS

> ‘h(X,tifl) — y| —46 > 6
provided § was small enough that
B(y,50) nh(0Q x [0,1])) =0 (10.8)

so that for all ¢ € [0,1], |h (x,?) —y| > 5d. This proves the lemma.

With this lemma the homotopy invariance of the degree on C? (ﬁ; R”) is easy to obtain.
The following theorem gives this homotopy invariance and summarizes one of the results of
Lemma [10.2.5.
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Theorem 10.2.7 Let f,gcl, N C? (ﬁ; ]R”) and suppose f ~ g. Then
d(f.Q,y) =d(gRy).
When f € Uy N C? (O R™)

d(fQ,y) =) {sen(detDg(x)):xcg ' (y)}.
The degree is an integer. Also
y = d(fQ,y)
is continuous on R™ \ £ (9Q) and y — d(f,Q2,y) is constant on every connected component

of R™\ £ (9Q0).

Proof: From Lemma [10.2.6] there exists a sequence of functions in C? (ﬁ; R”) having
the properties listed there. Then from Lemma [10.2.5

d(f,Q,y) = d(glagvy) = d(%%@}’) == d(g,Q,y) .

The second assertion follows from Lemma [10.2.5. Finally consider the claim the degree is
an integer. This is obvious if y is a regular point. If y is not a regular point, let

g1(x)=g(xX)+y -y

where y; is a regular point of g and |y — y;| is so small that

y ¢(tg1 +(1—t)g) (09).

From Lemma [10.2.5
d(glaQaY) = d(g7Q7y)
But since g1 —y = g — y; and det Dg (x) = det Dg; (x),

e—0

(g, y) = lim / 6. (g1 (%) — y) det Dg (x) da

e—0

— Im / 6. (8(x) — y1) det Dg (x) da

which by Lemma [10.2.5 equals Y {sgn (det Dg (x)) : x € g~ (y1)}, an integer.
What about the continuity assertion and being constant on connected components? Let

U be a connected component of R™\ f (9Q) and let y,y; be two points of U. The argument
is similar to some of the above. Let y € R™\ f (92) and suppose y; is very close to y, close
enough that for

fix)=fx)+y—-v;
it follows

y ¢ tf+ (1 —t) £, (0Q)

Then from Lemma 10.2.5

d(f797y) = d(f1797y):5h_r% Q¢€(f1 (X)—y)Df(X)diC

e—0

— i [ 6.(F60) ~ 31) DE () do = d (£, 3)
Q

which shows that y — d(f,Q,y) is continuous. Since it has integer values, it follows
from Corollary [5.3.15 on Page 189 that this function must be constant on every connected
component. This proves the theorem.
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10.2.2 Definition Of The Degree For Continuous Functions

With the above results, it is now possible to extend the definition of the degree to continuous
functions which have no differentiability. It is desired to preserve the homotopy invariance.
This requires the following definition.

Definition 10.2.8 Let f € Uy wherey € R\ £(09Q). Then
d(f,y)=f(8g2y)
where g € Uy N C? (ﬁ; R") and f ~ g.

Theorem 10.2.9 The definition of the degree given in Definition 10.2.8 is well de-
fined, equals an integer, and satisfies the following properties. In what follows, id (x) = x.

1. did,Qy)=1ifye Q.

2. If Q; CQ,Q; open, and Q1N Qe =0 and ify ¢ £ (Q\ (1 UQQ)), then d (£,9Q1,y) +
d(faQQay) :d(f’Qay)

3. Ify ¢ £(Q\ ) and Q is an open subset of 2, then

d(fvgv}’) :d(f7917y)

4. Fory e R*\ £ (0Q), ifd(£f,Q,y) #0 then £~ (y) N Q £ 0.

5. If £,g are homotopic with a homotopy, h : Q x [0,1] for which h(0Q,t) does not
contain 'y, then d (g,Q,y) =d(f,Q,y).

6. d(-,Q,y) is defined and constant on
{ge C(UR") :[lg—fl[, <7}
where r = dist (y, f (09)).
7. d(f,Q,-) is constant on every connected component of R™ \ £ (992).
8 d(gfly) =d(f,Q,y) if glyg = flyg-

Proof: First it is necessary to show the definition is well defined. There are two parts
to this. First I need to show there exists g with the desired properties and then I need to
show that it doesn’t matter which g I happen to pick. The first part is easy. Let § be small
enough that

B (y,0) nf(09) = 0.

Then by Lemma [10.2.3| there exists g € C? (Q;R") such that ||g — ||, < 4. It follows that
for ¢ € [0,1],
y ¢ (tg+(1-1)f) (09Q)

and so g ~ f. This does the first part. Now consider the second part. Suppose g ~ f and
g1~ f. Then by Lemma [10.2.3/ again
g~ &
and by Theorem [10.2.7 it follows d (g,Q,y) = d (g1,12,y) which shows the definition is well
defined. Also d (f,Q2,y) must be an integer because it equals d (g,2,y) which is an integer.
Now consider the properties. The first one is obvious from Theorem [10.2.7 since y is a
regular point of id.
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Consider the second property. The assumption implies
vy ¢ £(0Q)Uf(0921)UT (0Qs)
Let g € C? (Q;R") such that ||f — g||, is small enough that

y €8 (Q\ (2 U)) (10.9)

and also small enough that

y ¢ (tg+(1-0)1)(09), y ¢ (tg+(1—1D) (02)
y ¢ (g+ (1) (00) (10.10)

for all ¢ € [0,1]. Then it follows from Lemma [10.2.5, for all € small enough,

d(g,y) / ¢ ( y) Dg (x) dx
From [10.9 there is a positive distance between the compact set
g (2\ (21 UQ))
and y. Therefore, making ¢ still smaller if necessary,
¢ (8(x) —y) =0if x ¢ O Uy

Therefore, using the definition of the degree and [10.10

df,Q,y)=d(g,Qy) —hm/(bE Dg (x) dx

- hm< 6. (g (x) — y) Dg (x) du-+

e—0

6. (g (x) —y) Dg (%) dx)
Q2

= d(g,Q,y)+d(g ,y)
= d(f,Q,y) +d(f,Q,y)

This proves the second property.
Consider the third. This really follows from the second property. You can take Qs = (). I
leave the details to you. To be more careful, you can modify the proof of property 2 slightly.
The fourth property is very important because it can be used to deduce the existence
of solutions to a nonlinear equation. Suppose f~!(y) N Q = 0. I will show this requires
d(f,Q,y) =0. It is assumed y ¢ £ (92) and so if £~ (y)NQ =0, then y ¢ f (Q) . Choosing
g e (2 (ﬁ; R") such that ||f — g||_ is sufficiently small, it can be assumed

yég(@),y¢f+(1—1)g) (09 forall t € [0,1].

Then it follows from the definition of the degree

d(faQ7Y):d(g7QY)—hm Q¢E( ()—y)Dg(X)dJ?:O
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because eventually ¢ is smaller than the distance from y to g (ﬁ) and so ¢ (g(x)—y)=0
for all x € Q.

Property 5 follows from the definition of the degree.

Consider the sixth property. If g is in the specified set, and ¢ € [0, 1] with x € 92

tg(x)+ (1 -t)f(x) =f(x) +t(g(x) —f(x))
and so
ltg (x) + (1 =) f (%) —y]
> [f() —yl—tlg(x) £ ()| > —tr 20
and from the definition of the degree

d(f,Qy) =d(g,QYy)

The seventh claim is done already for the case where f € C? (ﬁ; ]R”) in Theorem [10.2.7.
It remains to verify this for the case where f is only continuous. This will be done by
showing y — d (f,2,y) is continuous. Let yo € R™ \ f (9Q) and let ¢ be small enough that

B (y0,46) N £ (8Q) = 0.

Now let g € C? (Q;R") such that ||g — f||., < 6. Then for x € 9Q,t € [0,1], and y €
B(Y076)7
((tg+ (1 =) f) (x) —y| = [f (x) —y| - t|g (x) - f (%)

2 f(x) —yol = lyo -yl - llg = fll«
> 46—-6—60>0.

Therefore, for all such y € B (yy, 9)
d(f,Q,y) =d(gQy)

and it was shown in Theorem [10.2.7 that y — d(g,Q,y) is continuous. In particular
d (f,€,-) is continuous at yq. Since yg was arbitrary, this showsy — d (f,Q,y) is continuous.
Therefore, since it has integer values, this function is constant on every connected component
of R™\ f (0Q) by Corollary [5.3.15.
Consider the eighth claim about the degree in which f =g on 9. This one is easy
because for
y € R\ £(00) = R" \ g (90),

and x € 012,
t(x)+(1-t)gx)—y=Ff(x) -y #0
for all t € [0, 1] and so by the fifth claim, d (f,Q,y) = d (g, Q,y) and this proves the theorem.

10.3 Borsuk’s Theorem

In this section is an important theorem which can be used to verify that d (f,Q,y) # 0. This
is significant because when this is known, it follows from Theorem [10.2.9 that f~! (y) # 0.
In other words there exists x € Q such that f (x) =y.

Deﬁnitign 10.3.1 A bounded open set, Q) is symmetric if —Q = Q. A continuous
function, £: Q — R" is odd if f (—x) = —f (x).
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Suppose € is symmetric and g € C? ( Q; R") is an odd map for which 0 is a regular value.
Then the chain rule implies Dg (—x) = Dg (x) and so d (g, §2,0) must equal an odd integer
because if x € g=!(0), it follows that —x € g~'(0) also and since Dg(—x) = Dg(x),
it follows the overall contribution to the degree from x and —x must be an even integer.
Also 0 € g1 (0) and so the degree equals an even integer added to sgn (det Dg(0)), an
odd integer, either —1 or 1. It seems reasonable to expect that something like this would
hold for an arbitrary continuous odd function defined on symmetric 2. In fact this is the
case and this is next. The following lemma is the key result used. This approach is due to
Gromes [19]. See also Deimling [9] which is where I found this argument.

The idea is to start with a smooth odd map and approximate it with a smooth odd map
which also has 0 a regular value.

Lemma 10.3.2 Let g € C* ( ;R™) be an odd map. Then for every e > 0, there exists
h e C? ( Q; ]R”) such that h is also an odd map, ||h —g|| < e, and 0 is a reqular value of
h.

Proof: In this argument 1 > 0 will be a small positive number and C will be a constant
which depends only on the diameter of . Let hg (x) = g (x) + nx where 7 is chosen such
that det Dhg (0) # 0. Now let Q; = {x € Q: a; # 0}. In other words, leave out the plane
z; = 0 from Q in order to obtain ;. A succession of modifications is about to take place on
21,4 UL, ete. Finally a function will be obtained on U7_,€2; which is everything except
0.

Define h; (x) = hg (x) — y'a} where |y'| <nand y' = (y{,---,y.) is a regular value of
the function, x —>h0w—(3x) for x € ;. the existence of y! follows from Sard’s lemma because

1

this function is in €2 ( Qy;R™). Thus hy (x) = 0 if and only if y! = 2 ™) Since y! is a

0
T

regular value, it follows that for such x,

dot (hm',j (x) zf — % (%) hoi (X)>

6
Ty

0
z$ 7

<h01‘,j (x) 2} — 32 (23) y}x%)
det z

implying that
9 3y 1
det | hoi,; (x) — B (23) y; ) = det (Dhy (x)) # 0.
j

This shows 0 is a regular value of h; on the set 2y and it is clear h; is an odd map in
C? (;R™) and ||hy — g||, < Cn where C depends only on the diameter of €.

Now suppose for some k such that 1 < k < n there exists an odd mapping hy in
C? ( Q;R") such that 0 is a regular value of hy on UF_,€; and ||h, —g||., < Cn. Sard’s
theorem implies there exists y**! a regular value of the function x — hy, (x) /23 41 defined on
Q4 1such that |[y* || <7 and let hyyq (x) = hy, (x) — y** 123 ;. As before, hj11 (x) =0
if and only if hy, (x) /z},, = y**!, a regular value of x — hy (x) /27 ;. Consider such x
for which hyy1 (x) = 0. First suppose x € Q1. Then

3 9 3 k+1_.3

et i (%) T3 4q — ? (23 1) il 40
L1

which implies that whenever hiy; (x) = 0 and x € Qp41,

det (hk” (x) — % (z311) yf“) = det (Dhy41 (x)) # 0. (10.11)
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However, if x € Uleﬁk but x ¢ Qg41, then z511 = 0 and so the left side of [10.11] reduces
to det (hg; ; (x)) which is not zero because 0 is assumed a regular value of hy. Therefore, 0
is a regular value for hy; on Uf:llﬂk. (For x € Uf:lle, either x € Q41 or X & Qpyq. If
X € Q41 0is aregular value by the construction above. In the other case, 0 is a regular value
by the induction hypothesis.) Also hy; is odd and in C? ( Q: R"), and |[hy41 —gl[, < Cn.

Let h = h,,. Then 0 is a regular value of h for x € U}_,€;. The point of © which is
not in U}_;Q; is 0. If x = 0, then from the construction, Dh(0) = Dhg (0) and so 0 is a
regular value of h for x € Q. By choosing 7 small enough, it follows ||h —g|| < e. This
proves the lemma.

Theorem 10.3.3 (Borsuk) Let £ € C ( 2 R") be odd and let Q be symmetric with
0¢f(0Q). Then d(f,Q,0) equals an odd integer.

Proof: Let § be small enough that B (0,35) N f (992) = (. Let
g € C? (LR

be such that ||f —g,[|,, < J and let g denote the odd part of g;. Thus

(81 (%) — 81 (%))

| =

g(x) =

Then since f is odd, it follows that for x € Q,

< S IG) — g1 (0] + 5 1F (%) — g1 ()] <0

N | =

Thus ||f — gl|, < 6 also. By Lemma [10.3.2] there exists odd h € C? ( Q;R™) for which 0 is
a regular value and ||h — g||_ < §. Therefore,

If —hll, <[If —gll +lg —hll, <20
and so for ¢ € [0,1] and x € 09,

[th (x) + (1 = 1) f (x) - Of If (x) = 0] = t[h(x) — £ (x)|

>
> 30—6>0

and so, from the from the definition of the degree, d (f,2,0) = d (h, Q,0).
Since 0 is a regular point of h, h=! (0) = {x;, —x;,0},",, and since h is odd, Dh (—x;) =
Dh (x;) and so

d(h,Q,0) = i sgndet (Dh (x;)) + i sgndet (Dh (—x;)) + sgndet (Dh (0)),

i=1 i=1

an odd integer.
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10.4 Applications

With these theorems it is possible to give easy proofs of some very important and difficult
theorems.

Definition 10.4.1 Iff : U CR™ — R™ where U is an open set. Then f is locally
one to one if for every x € U, there exists § > 0 such that £ is one to one on B (x,9).

As a first application, consider the invariance of domain theorem. This result says that
a one to one continuous map takes open sets to open sets. It is an amazing result which is
essential to understand if you wish to study manifolds. In fact, the following theorem only
requires f to be locally one to one. First here is a lemma which has the main idea.

Lemma 10.4.2 Let g: B(0,r) — R™ be one to one and continuous where here B (0,r)
is the ball centered at O of radius r in R™. Then there exists § > 0 such that

g(0)+ B(0,6) Cg(B(0,r)).
The symbol on the left means: {g(0)+x:x € B(0,6)}.

Proof: For ¢t € [0,1], let

o =e(i%) ¢(7)

Then for x € 9B (0,7), h(0,t) # 0 because if this were so, the fact g is one to one implies
x  —ix
1+t 1+t

and this requires x = 0 which is not the case. Since B (0,r) x [0, ] is compact, there exists
0 > 0 such that for all ¢t € [0,1] and x € 0B (0,r),

B(0,5) Nh (x,t) = 0.

In particular, when ¢ = 0, B (0,9) is contained in a single component of R\ (g — g (0)) (0B (0,r))
and so
d(g—g(O) ,B(O,T) 7Z)

is constant for z € B (0,0) . Therefore, from the properties of the degree in Theorem [10.2.9,

d(g—g(O),B(O,r),z) = d(g—g(O),B(O,T),O)
— d(h(-0),B(0),0)
d(h(-1),B(0;),0) £ 0

the last assertion following from Borsuk’s theorem, Theorem [10.3.3/and the observation that
h(-,1) is odd. From Theorem [10.2.9 again, it follows that for all z € B (0,d) there exists
x € B(0,r) such that
z=g(x) —-g(0)
which shows g (0) + B (0,6) C g (B (0,r)) and this proves the lemma.
Now with this lemma, it is easy to prove the very important invariance of domain theo-
rem.

Theorem 10.4.3 (invariance of domain)Let Q be any open subset of R™ and let
f:Q — R™ be continuous and locally one to one. Then £ maps open subsets of  to open
sets in R™.
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Proof: Let B (xg,r) C U C Q where f is one to one on B (xg,7) and U is an open
subset of . Let g be defined on B (0, ) given by

g (%) = f(x+x0)

Then g satisfies the conditions of Lemma [10.4.2, being one to one and continuous. It follows
from that lemma there exists § > 0 such that

f(U) 2 f(B (XO’T)) = f(XO +B (07T)>
= g(B(0,r)) 2g(0)+ B(0,9)
= f(x0)+B(0,6) = B(f(x0),6)

This shows that for any xo € U,f (%) is an interior point of f (U) which shows f (U) is
open. This proves the theorem.

Corollary 10.4.4 If n > m there does not exist a continuous one to one map from R"
to R™.

Proof: Suppose not and let f be such a continuous map, f (x) = (f1 (x),- -, fm (x))T.
Then let g (x) = (f1 (X),- - - fm (x),0,---,0)" where there are n —m zeros added in. Then
g is a one to one continuous map from R” to R™ and so g (R™) would have to be open from
the invariance of domain theorem and this is not the case. This proves the corollary.

Corollary 10.4.5 Iff is locally one to one and continuous, f : R® — R", and

lim |f (x)| = oo,

|x|—00
then £ maps R™ onto R".

Proof: By the invariance of domain theorem, f (R™) is an open set. If f (x;) — y, the
growth condition ensures that {x;} is a bounded sequence. Taking a subsequence which
converges to x € R™ and using the continuity of f, we see that f (x) = y. Thus f (R") is
both open and closed which implies f must be an onto map since otherwise, R™ would not
be connected.

The next theorem is the famous Brouwer fixed point theorem.

Theorem 10.4.6 (Brouwer fized point) Let B = B(0,r) C R" and let f : B — B

be continuous. Then there exists a point, x € B, such that f (x) = x.

Proof: Consider h (x,t) = tf (x) — x for ¢ € [0,1]. Then if there is no fixed point in B
for f, it follows that 0 ¢ h (0B, t) for all ¢. When t = 1, this follows from having no fixed
point for f. If ¢ < 1, then if this were not so, then for some x € 9B,

tf(x) =x

and taking norms,
r>tr=Ix|=r

a contradiction.
Therefore, by the homotopy invariance,

0=d(f —id, B,0) = d(—id, B,0) = (—1)",

a contradiction. This proves the theorem.
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Definition 10.4.7 £ is a retraction of B(0,r) onto 0B (0,r) if f is continuous,
f (B (O,T)) COB(0,r), and f (x) =x for all x € 0B (0,r).

Theorem 10.4.8 There does not exist a retraction of B(0,7) onto its boundary,
0B (0,7).

Proof: Suppose f were such a retraction. Then for all x € B (0,r), f (x) = x and so
from the properties of the degree, the one which says if two functions agree on 052, then
they have the same degree,

1=d(id, B(0,r),0) = d(f, B (0,7),0)

which is clearly impossible because =1 (0) = () which implies d (f, B (0,7),0) = 0. This
proves the theorem.

You should now use this theorem to give another proof of the Brouwer fixed point
theorem.

The proofs of the next two theorems make use of the Tietze extension theorem, Theorem
5.7.9.

Theorem 10.4.9 Let Q be a symmetric open set in R™ such that 0 € Q and let
f: 00 — V be continuous where V is an m dimensional subspace of R, m < n. Then

f(—x) =f(x) for some x € Of).

Proof: Suppose not. Using the Tietze extension theorem, extend f to all of Q, f (ﬁ) cV.
(Here the extended function is also denoted by f.) Let g(x) = f(x) — f(—x). Then
0 ¢ g (99) and so for some r > 0, B (0,r) CR"\ g (9N). For z € B(0,r),

d(g,Q0,z)=d(g,Q,0)#0

because B (0,r) is contained in a component of R™ \ g (912) and Borsuk’s theorem implies
that d (g, $2,0) # 0 since g is odd. Hence

V2og(Q)2B(0r)

and this is a contradiction because V' is m dimensional. This proves the theorem.

This theorem is called the Borsuk Ulam theorem. Note that it implies there exist two
points on opposite sides of the surface of the earth which have the same atmospheric pressure
and temperature, assuming the earth is symmetric and that pressure and temperature are
continuous functions. The next theorem is an amusing result which is like combing hair. It
gives the existence of a “cowlick”.

Theorem 10.4.10 Letn be odd and let 2 be an open bounded set in R™ with 0 € ).
Suppose £ : 0Q — R™ \ {0} is continuous. Then for some x € 9Q and X # 0, f (x) = Ax.

Proof: Using the Tietze extension theorem, extend f to all of Q. Also denote the
extended function by f. Suppose for all x € 99, f (x) # Ax for all A € R. Then

0¢tf(x)+(1—1)x, (x,t) €92 x [0,1]
0¢tf(x)—(1—t)x, (x,t) € x[0,1].

Thus there exists a homotopy of f and id and a homotopy of f and —id. Then by the
homotopy invariance of degree,

d(f,9,0) = d(id,Q,0), d(f,Q,0) = d(—id, Q,0).

But this is impossible because d (id,Q,0) = 1 but d (—id,,0) = (—1)". This proves the
theorem.
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10.5 The Product Formula

This section is on the product formula for the degree which is used to prove the Jordan
separation theorem. To begin with here is a lemma.

Lemma 10.5.1 Let yy,- - -, y, be points not in £ (0Q) and let 6 > 0. Then there exists

fec? (ﬁ; R”) such that ’ f— f‘ < 6 and y; is a reqular value for? for each i.

oo

Proof: Let f, € C? (;R"), ||fo —f||., < &. Let ¥1 be a regular value for fy and

ly1 —y1| < %. Let f; (x) = fo(x) + y1 — y1. Thus y; is a regular value of f; because
Df; (x) = Dfy (x) and if f; (x) = yi, this is the same as having f; (x) = y; where y; is a

regular value of fy. Then also

£ —fill < [If —foll +[Ifo —fill
If —foll o +1¥1 — ¥1l
_ 0,8
3r 2

Suppose now there exists f, € C? (ﬁ; R") with each of the y; for i =1, .-, k a regular value

of f, and
6 k[

Then letting Sy denote the singular values of f;, Sard’s theorem implies there exists yii1
such that

- 1)
[Yet1 = Yet1] < 3
and
Yit+1 & Sk U U?:l (Sk + Ye+1 — ¥i) - (10.12)
Let
frt1 (%) = £l (X) + Y1 — Yer1- (10.13)
If £, 11 (x) = y; for some i < k, then

i (X) + Yi41 — ¥i = Ye+1

and so fj, (x) is a regular value for f;, since by 10.12, ¥44+1 ¢ Sk +yk+1—Yy: and so fj, (x) ¢ Sk.
Therefore, for i < k, y; is a regular value of f}, 1 since by [10.13, Dfy 11 = Df;,. Now suppose
fir1 (X) = yk+1. Then

Vi1 = £ (X) + Yit1 — Yit+1

50 f (X) = Yr4+1 implying that £y, (x) = ¥r4+1 ¢ Sk. Hence det Dfy 1 (x) = det Dfy, (x) # 0.
Thus yx41 is also a regular value of fi 1. Also,

A

et = £l < [[forn — £l + [[f — £]]

56 k(6)_d k+1(d
3r 2 r\3) 2 g \3)°

H?—fHOO < g+ (g) <4

and each of the y; is a regular value of f. This proves the lemma.

IN

Let f = f.. Then
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Definition 10.5.2 Let the connected components of R™ \ £ (09) be denoted by K;.
From the properties of the degree listed in Theorem[10.2.9, d (f,,-) is constant on each of
these components. Denote by d (£,9Q, K;) the constant value on the component, K;.

The product formula considers the situation depicted in the following diagram in which
v ¢ g (f (09)) and the K; are the connected components of R™ \ f (99).
a & f(Q) £ R®
R7\F(9Q)=U; K; y

The following diagram may be helpful in remembering what it says.

Lemma 10.5.3 Let f € C (Q;R"),g € C*(R",R"), and y ¢ g (£ (0)). Suppose also
that y is a regular value of g. Then the following product formula holds where K; are the
bounded components of R™ \ f (0€2).

oy

d(gof,Q,y) =) d(f,Q K,)d(g Kiy).
=1

All but finitely many terms in the sum are zero.

Proof: First note that if K; is unbounded, d (f,Q, K;) = 0 because there exists a point,
z € K; such that ! (z) = 0 due to the fact that f (Q) is compact and is consequently
bounded. Thus it makes no difference in the above formula whether the K; are arbitrary
components or only bounded components. Let {x } denote the points of g~ (y) which

are contained in K;, the i*" bounded component of R" \ f(09). Then m; < co because if
not, there would exist a limit point x for this sequence. Then g (x) =y and so x ¢ f (9Q).
Thus det (Dg (x)) # 0 and so by the inverse function theorem, g would be one to one on an
open ball containing x which contradicts having x a limit point.

Note also that g=! (y) Nf (€2) is a compact set covered by the components of R™\ f (99)
because g~ (y) Nf (9Q) = 0. It follows g~ (y) N f (ﬁ) is covered by finitely many of these
components.

The only terms in the above sum which are nonzero are those corresponding to K; having
nonempty intersection with g=* (y)Nf (ﬁ) The other components contribute 0 to the above
sum because if K; Ng~! (y) = 0, it follows from Theorem [10.2.9/ that d (g, K;,y) = 0. If K;
does not intersect f (Q), then d (f,Q, K;) = 0. Therefore, the above sum is actually a finite
sum since g~ ! (y) Nf ( ) being a compact set, is covered by finitely many of the K;. Thus
there are no convergence problems. Now let € > 0 be small enough that

B(y,3¢)ng(f(09)) =0,
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and for each x§ ceg (y)
B (x;, 35) Nf o) =0.

By uniform continuity of g on the compact set f (ﬁ) , there exists § > 0, § < e such that if
z1 and z, are any two points of f () with |z, — 23| < 4, it follows that |g (z1) — g (2z2)| < €.

Now using Lemma [10.5.1, choose fecC? (ﬁ; R") such that Hf— fH < ¢ and each
oo

point, Xé is a regular value of f. From the properties of the degree in Theorem [10.2.9
d(f,Q,K;) =d(f,Q,x))

for each j =1,---,m;. For x € 9Q, and ¢t € [0, 1],

(f(x) +t (?(x) - f(x)) R

> |f(x)—x;|—t]'f(x)—f(x)\
> 3e—te>0

and so by the homotopy invariance of the degree,
d ('f“, Q,xg‘.) —d(£,0,x}) = d(f,9,K,) (10.14)

independent of j. Also for x € 99, and ¢ € [0, 1],

’g(f(x)) +t (g (F00) — g (F (x)) —y‘ >3 e >0
and so by the homotopy invariance of the degree,
d(gof,Qy) =d(gof,0y). (10.15)

Now f—! (X;) is a finite set because ! (X;) C ), a bounded open set and x;- is a regular
value. It follows from [10.15

d(gof,Q,y) :d(goig,y)

i
Zj

oo My

= Z Z Z sgndet Dg ﬁ\z\) sgn det Df (z)

i=1j=1 zEF‘l(x;)

co my; 0o

= ZZSgn det Dg (x;) d (?, Q,x;) = Zd(g, K;,y)d (F, Q7x§-)

i=1j5=1 i=1
=1

This proves the lemma.
With this lemma, the following is the product formula.

Theorem 1954 (product formula) Let {K;};-, be the bounded components of R™\
£(09Q) for f € C(Q;R"), let g € C(R",R"), and suppose that'y ¢ g (£ (9R)). Then

o0

d(gof,Qy)=> d(g Ki,y)d(f,QK,). (10.16)

i=1

All but finitely many terms in the sum are zero.
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Proof: Let B (y,36) Ng (f (02)) = 0 and let g € C? (R",R") be such that
sup {[8(z) —g(z)| : 2 € £(Q)} <0

And also y is a regular value of g. Then from the above inequality, if x € 9Q and ¢ € [0, 1],

g (f(x) +t(&(f(x) —g(f(x) -yl = [gfXx)-yl-t[gf ) -gf )
> 36 —t6>0.

It follows that
d(gof,Q,y)=d(gof,Qy). (10.17)
Now also, OK; C f(9Q) and so if z € 0K, then g (z) € g (f (02)). Consequently, for such

z,

lg(z) +t(g(z) —g(z) —y|>|g(z)—y|—td >30—t5 >0

which shows that, by homotopy invariance,
Therefore, by Lemma [10.5.3)

d(gof,Qy)=d(Eof,Qy) = ng, Ly)d(f,Q,K;)

i g,Kuy f Qsz)

and the sum has only finitely many non zero terms. This proves the product formula.

Note there are no convergence problems because these sums are actually finite sums
because, as in the previous lemma, g=! (y) N f (ﬁ) is a compact set covered by the com-
ponents of R™ \ f (9Q) and so it is covered by finitely many of these components. For the
other components, d (f,Q, K;) =0 or else d (g, K;,y) = 0.

The following theorem is the Jordan separation theorem, a major result. A homeomor-
phism is a function which is one to one onto and continuous having continuous inverse.
Before the theorem, here is a helpful lemma.

Lemma 10.5.5 Let Q2 be a bounded open set in R™, £ € C (€ R™), and suppose {2 }ie;
are disjoint open sets contained in € such that

y ¢ f (U;)inQJ)

and B
y ¢ £(Q\ U2, Q)
Then -
d(f,Q,y)=> d(f,9y)
j=1

where the sum has all but finitely many terms equal to 0.

Proof: By Theorem [10.2.9/and letting O = U2, €5,

n—1 e}
d(f,Q,y) =Y d(f,Q,y)+d(f0,y) = de], )
j=1

because d (f,0,y) =0 as is Z;’;n d(£,9Q;,y). This proves the lemma.
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Theorem 10.5.6 (Jordan separation theorem) Let f be a homeomorphism of C' and
f (C) where C is a compact set in R™. Then R™\ C and R™ \ f (C) have the same number
of connected components.

Proof: Denote by K the bounded components of R™\ C and denote by £, the bounded
components of R"\f (C'). Also using the Tietze extension theorem applied to the components
there exists f an extension of f to all of R” which maps into a bounded set and let =1 be
an extension of £~! to all of R” which also maps into a bounded set. Pick K € K and take
y € K. Let 'H denote the set of bounded components of R™ \ f (0K') (note 0K C C). Since
f—1 o f equals the identity, id, on 0K, it follows from the properties of the degree that

1=d(id,K,y) =d (Fof,f(,y) .
By the product formula,

1= d(fjof,K,y) -3 d(?,K,H)d(F,H,y), (10.19)
HeH

the sum being a finite sum. It might help to consult the following diagram.

f
R'\C = R*\f(0)
—
K c
K R"\ f (K)
yeK H, H1
H
u

Now letting x € L € L, if S is a connected set containing x and contained in R™ \ f (C),
then it follows S is contained in R \ f (OK) because 0K C C. Therefore, every set of L is
contained in some set of H. Letting Gy denote those sets of £ which are contained in H,
the following claim is needed.

Claim:

H\Ugy Cf(0).

Proof of the claim: This is because if z ¢ UG, then z cannot be contained in any set
of £ which has nonempty intersection with H since then, that whole set of £ would be
contained in H due to the fact that the sets of H are disjoint open sets and the sets of L
are connected. Since the sets of £ are open, z cannot be in any set of £ which has empty
intersection with H and still be in H. It follows that z is not in any set of £ and so it is in
f (C). This proves the claim.

Claim: y ¢ -1 (H \UGy). Recall y € K € K the bounded components of R™ \ C.

Proof of the claim: If not, then f~1(z) = y where z € H \ UGy C f(C) and so
f~1(z) =y € C. But y ¢ C and this contradiction proves the claim.

Now every set of £ is contained in some set of H. What about those sets of H which
contain no set of £? Let H be one of these sets. Thus Gy = (. From the claim, y ¢

ffl(ﬁ\ugH) =f-1 (ﬁ) and so d (fj, H, y) = 0. Therefore, letting H; denote those

sets of H which contain some set of £, [10.19 is of the form

1=y d(f,K,H)d(fj,H,y).
HeH,
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I want to expand d (ﬁ, H, y) as a sum of the form

ng:H d (f—l,L,y)

To do this, consider whether y € f=1(L). If (f*l) (y) € £(C), then doing f~! to both
_\ -1 _
sides, it follows y € C which is not the case. Therefore, the points of (f—1> (y)"H

are none of them in f (C). Thus, this compact set is covered by finitely many sets of L.
Consequently y € =1 (L) for only finitely many L € Gg. Also it was shown above that

y ¢ -1 (F\ UQH) . By Lemma [10.5.5, T can write the above sum in place of d (fj, H, y) .

Therefore,
1=y d(ﬁK,H)d(fj,H,y) =Y dE K H) S d(fj,L,y)
HeH, HeH, LeGy

where that sum at the right end has only finitely many nonzero terms and the first sum also
has only finitely many nonzero terms because it comes from the product formula. Now the

above equals
-y ¥ d(?,K,H)d(F,L,y)
HeH, LeGu

Now by definition,

d(f, K, H) =d(F, K,x)

where x is any point of H. In particular d (f, K. H d (f K, ) for any L € Gg. Therefore,

d(f
the above reduces to )
= > d(fK.L)d(FTLy)
Lel
(Fr.L.K)

and all but finitely many terms in the sum are 0. By the same argument,

1=y d(f,K,L)d(fj,L,K)

Kek

=Y d(f,K,L)d(f T
LeL

and so letting |K| denote the number of elements in K, similar for £,

K| = Z1Z<Zd(f,K,L)d(f1,L,K)>

Kek KeK \LeL
il = Y 1=y (Z d(f,K,L)d(f—l,L,K))
LeL LelL \KeKk

It follows that if either |K| or |L£] is finite, then they are equal. Thus if one is infinite, so
is the other. This proves the theorem because if n > 1 there is exactly one unbounded
component to both R® \ C and R™ \ f (C) and if n = 1 there are exactly two unbounded
components.

As an application, here is a very interesting little result. It has to do with d (f, Q, f (x))
in the case where f is one to one and € is connected. You might imagine this should equal 1
or —1 based on one dimensional analogies. In fact this is the case and it is a nice application
of the Jordan separation theorem and the product formula.
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Proposition 10.5.7 Let Q be an open connected bounded set in R™,n > 2 such that
R"™\ 9Q consists of two connected components. Let f € C (Q;R") be one to one. Then f ()
is the bounded component of R™\ f (9Q) and fory € £(Q), d(f,Q,y) either equals 1 or —1.

Proof: By the Jordan separation theorem, R™ \ f (9€2) consists of two components, a
bounded component B and an unbounded comonent U. Using the Tietze extention theorem,
there exists g defined on R” such that g = £~' on f (Q) . Thus on 99, g o f = id. It follows
from this and the product formula that

1=d(id, Q,g(y)) =d(gof,Q,g(y) =d(g B,g(y))d(f,Q,B)

Therefore, d (f,Q, B) # 0 and so for every z € B, it follows z € £ (). Thus B C f (). On
the other hand, f () cannot have points in both U and B because it is a connected set.
Therefore f () C B and this shows B = £ (2). Thus d(f,Q, B) = d (f,Q,y) and the above
formula shows this equals either 1 or —1 because the degree is an integer. This proves the
proposition.

10.6 Exercises

1. Show the Brouwer fixed point theorem is equivalent to the nonexistence of a continuous
retraction onto the boundary of B (0, 7).

2. Using the Jordan separation theorem, prove the invariance of domain theorem. Hint:
You might consider B (x,r) and show f maps the inside to one of two components of
R™\ f (0B (x,r)). Thus an open ball goes to some open set.

3. Give a version of Proposition [10.5.7) which is valid for the case where n = 1.

4. Suppose n > m. Does there exists a continuous one to one map, f which maps R™
onto R™? This is a very interesting question because there do exist continuous maps
of [0, 1] which cover a square for example. Hint: First show that if K is compact and
f: K — f (K) is one to one, then f~! must be continuous. Now consider the increasing

PR e e
sequence of compact sets {B (0, k:)} whose union is R” and the increasing sequence

{f (B (0, k:)) }k which you might assume covers R™. You might use this to argue
=1

that if such a function exists, then f~! must be continuous and then apply Corollary
10.4.4.

5. Can there exists a one to one onto continuous map, f which takes the unit interval
to the unit disk? Hint: Think in terms of invariance of domain and use the hint to
Problem 4.

6. Consider the unit disk,
{(z,9): 2 +¢y* <1} =D

and the annulus

1
{(x,y):2§x2+y2§1}EA

Is it possible there exists a one to one onto continuous map f such that £ (D) = A?
Thus D has no holes and A is really like D but with one hole punched out. Can
you generalize to different numbers of holes? Hint: Consider the invariance of domain
theorem. The interior of D would need to be mapped to the interior of A. Where do
the points of the boundary of A come from? Consider Theorem [5.3.5.
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7. Suppose C is a compact set in R™ which has empty interior and f : C' — I' C R"” is one

10.

to one onto and continuous with continuous inverse. Could I' have nonempty interior?
Show also that if f is one to one and onto I then if it is continuous, so is £ 1.

Let C denote the unit circle, {(x,y) ER?: 22492 = 1} . Suppose f : C — T C R? is
one to one and onto having continuous inverse. The Jordan curve theorem says that
under these conditions R?\I" consists of two components, a bounded component (called
the inside) and an unbounded component (called the outside). Prove the Jordan curve
theorem using the Jordan separation theorem. Also show that the boundary of each
of these two components of R?\ T is I'. Hint: Let U; and U, be the two components
of R?\ I'. Explain why none of the limit points of U; are are in Us so they must all
be in I'. Similarly no limit point of U; can be in U;. Use Problem [7/ to show I' has
empty interior. Use this observation to argue U; U Uy = R%. Suppose p € U; \ 9Us.
Then explain why, since p ¢ 9Us, it is not a limit point of Uy and so there is a ball
B (p,r) which contains no points of U. Now where is B (p,7)? Doesn’t this contradict
p € 9U;? Similarly U, \ 9U; = () and so dU; = OU,. Now justify the statement

' CoU,UQUy =0U; =0Uy CT.
Thus oU; =T.

Let K be a nonempty closed and convex subset of R™. Recall K is convex means that
if x,y € K, then for all t € [0,1],tx+ (1 —t)y € K. Show that if x € R™ there exists
a unique z € K such that

|x —z| =min{|x—y|:y € K}.

This z will be denoted as Px. Hint: First note you do not know K is compact.
Establish the parallelogram identity if you have not already done so,

lu—v]® +u+v]>=2u+2|v].
Then let {z;} be a minimizing sequence,
lim |z, — x| =inf{|x —y| :y € K} = A.
k—o0
Now using convexity, explain why

2 2
X — Zg

2

Zi + Zm 2_2
5 —=

2
Zi — Zm X — Zm
— t|x
2 '

2
+ 2

and then use this to argue {z;} is a Cauchy sequence. Then if z;, works for i = 1,2,
consider (z; + z2) /2 to get a contradiction.

In Problem 9 show that Px satisfies the following variational inequality.
(x—Px) - (y—Px) <0

for all y € K. Then show that |Px; — Pxa| < |x; — X2|. Hint: For the first part note
that if y € K, the function ¢t — |x— (Px +t (y—Px))|2 achieves its minimum on [0, 1]
at t = 0. For the second part,

(Xl—le) . (PXQ—le) é 0, (XQ—PXQ) . (PXl—PXQ) S 0.
Explain why

(XQ—PXQ — (Xl—le)) . (PXQ-PXl) Z 0

and then use a some manipulations and the Cauchy Schwarz inequality to get the
desired inequality.
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11.

12.

13.

14.

15.

16.

17.

Establish the Brouwer fixed point theorem for any convex compact set in R™. Hint: If
K is a compact and convex set, let R be large enough that the closed ball, D (0, R) D
K. Let P be the projection onto K as in Problem [10 above. If f is a continuous map
from K to K, consider foP. You want to show f has a fixed point in K.

Suppose D is a set which is homeomorphic to B (0,1). This means there exists a
continuous one to one map, h such that h ( B(0,1)) = D such that h™! is also one

to one. Show that if f is a continuous function which maps D to D then f has a fixed
point. Now show that it suffices to say that h is one to one and continuous. In this
case the continuity of h™! is automatic. Sets which have the property that continuous
functions taking the set to itself have at least one fixed point are said to have the
fixed point property. Work Problem |6/ using this notion of fixed point property. What
about a solid ball and a donut?

There are many different proofs of the Brouwer fixed point theorem. Let [ be a line
segment. Label one end with A and the other end B. Now partition the segment
into n little pieces and label each of these partition points with either A or B. Show
there is an odd number of little segments with one end labeled with A and the other
labeled with B. If f :l — [ is continuous, use the fact it is uniformly continuous and
this little labeling result to give a proof for the Brouwer fixed point theorem for a one
dimensional segment. Next consider a triangle. Label the vertices with A, B, C and
subdivide this triangle into little triangles, 11, -+ ,T,, in such a way that any pair of
these little triangles intersects either along an entire edge or a vertex. Now label the
unlabeled vertices of these little triangles with either A, B, or C' in any way. Show
there is an odd number of little triangles having their vertices labeled as A, B, C.
Use this to show the Brouwer fixed point theorem for any triangle. This approach
generalizes to higher dimensions and you will see how this would take place if you are
successful in going this far. This is an outline of the Sperner’s lemma approach to the
Brouwer fixed point theorem. Are there other sets besides compact convex sets which
have the fixed point property?

Using the definition of the derivative and the Vitali covering theorem, show that if
f € C' (UR™) and OU has n dimensional measure zero then f (OU) also has measure
zero. (This problem has little to do with this chapter. It is a review.)

Suppose € is any open bounded subset of R™ which contains 0 and that f : Q — R”
is continuous with the property that

f(x)- x>0

for all x € 99Q. Show that then there exists x € {2 such that f (x) = 0. Give a similar
result in the case where the above inequality is replaced with <. Hint: You might
consider the function

h(t,x)=tf (x)+ (1 -1t)x.

Suppose € is an open set in R™ containing 0 and suppose that f : Q — R™ is continuous
and |f (x)| < |x| for all x € 9. Show f has a fixed point in Q. Hint: Consider
h(t,x) =t(x—f(x))+ (1 —t)x fort € [0,1]. If ¢t = 1 and some x € 99 is sent to
0, then you are done. Suppose therefore, that no fixed point exists on 92. Consider
t < 1 and use the given inequality.

Let Q be an open bounded subset of R™ and let f,g : © — R™ both be continuous
such that

If ()| — g (x)| >0
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for all x € 9. Show that then
d(f7g7Qa0) = d(f7Qa0)

Show that if there exists x € £~1(0), then there exists x € (f —g) " (0). Hint: You
might consider h(¢,x) = (1 —¢)f (x) + ¢ (f (x) — g (x)) and argue 0 ¢ h(¢,99Q) for
t e 0,1].

Let f : C — C where C is the field of complex numbers. Thus f has a real and
imaginary part. Letting z = x + 4y,
fz) =u(z,y)+iv(z,y)

Recall that the norm in C is given by |z + iy| = /22 + y? and this is the usual norm
in R? for the ordered pair (z,y). Thus complex valued functions defined on C can
be considered as R? valued functions defined on some subset of R2. Such a complex
function is said to be analytic if the usual definition holds. That is

L fEER @)
h—0 h ’

In other words,
FG+h)=f)+f(z)h+o(h) (10.20)

at a point z where the derivative exists. Let f (z) = 2™ where n is a positive integer.
Thus 2" = p(x,y) + iq(x,y) for p,q suitable polynomials in z and y. Show this
function is analytic. Next show that for an analytic function and u and v the real and
imaginary parts, the Cauchy Riemann equations hold.

Uy = Uy, Uy = —Vg.

In terms of mappings show [10.20] has the form

w(x + h1,y + ha) _ u(w,y) g Ue
v(xz+ h1,y+ ha) N v(x,y Uy

where h = (hy, hg)T and h is given by hy + ihy. Thus the determinant of the above
matrix is always nonnegative. Letting B, denote the ball B (0,7) = B ((0,0),7) show

d(f,B,,0) =n.

where f (2) = 2". In terms of mappings on R?,

_ [ ulzy)
f(z,y) = < v (2,y) >
Thus show
d(f,B,,0)=n.

Hint: You might consider
n

g(x)=[[z-q)
j=1
where the a; are small real distinct numbers and argue that both this function and f

are analytic but that 0 is a regular value for g although it is not so for f. However,
for each a; small but distinct d (f, B,,0) = d (g, By, 0).
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19. Using Problem (18| prove the fundamental theorem of algebra as follows. Let p(z) be
a nonconstant polynomial of degree n,

P() = ans" + g2

Show that for large enough r, |p (2)| > [p(z) — anz"| for all z € OB (0,7). Now from
Problem [17 you can conclude d (p, B;,0) = d (f, By,0) = n where f (2) = a,2".
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Line Integrals

11.1 Basic Properties
11.1.1 Length

I will give a discussion of what is meant by a line integral which is independent of the earlier
material on Lebesgue integration. Line integrals are of fundamental importance in physics
and in the theory of functions of a complex variable.

Definition 11.1.1 Let : [a,b] — R™ be a function. Then ~ is of bounded variation

if
Sup{Z|7(tz) _v(ti71)| ia:to <<ty :b} EV(’Yv[avb]) <00
i=1
where the sums are taken over all possible lists, {a =ty < --- < t, =b}. The set of points

traced out will be denoted by v* =~ ([a,b]). The function v is called a parameterization of
~*. The set of points v* is called a rectifiable curve. If a set of points v* =+ ([a, b]) where
v is continuous and ~y is one to one on (a,b) such that also v (t) # v (a) if t € (a,b) and
v (t) #~(b) ift € (a,b), then v* is called a simple curve. A closed curve is one which has
a parameterization v defined on an interval [a,b] such that v (a) = v ().

The case of most interest is for simple curves. It turns out that in this case, the above
concept of length is a property which v* possesses independent of the parameterization -~y
used to describe the set of points v*. To show this, it is helpful to use the following lemma.

Lemma 11.1.2 Let ¢ : [a,b] — R be a continuous function and suppose ¢ is 1 — 1 on
(a,b). Then ¢ is either strictly increasing or strictly decreasing on [a,b]. Furthermore, ot
18 Continuous.

Proof: First it is shown that ¢ is either strictly increasing or strictly decreasing on

(a,b).
If ¢ is not strictly decreasing on (a, b), then there exists z1 < y1, x1,y1 € (a,b) such that

(¢ (y1) — ¢ (z1)) (y1 — 1) > 0.

If for some other pair of points, zo < yo with x9,y2 € (a,b), the above inequality does not
hold, then since ¢ is 1 — 1,

(¢ (y2) — ¢ (22)) (y2 — 22) <O,
Let z; = txy 4+ (1 — t) 22 and y; = ty1 + (1 — t) y2. Then z; < y; for all ¢ € [0, 1] because

try <ty and (1 —t)za < (1 —1)y2

277
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with strict inequality holding for at least one of these inequalities since not both ¢ and (1 — )
can equal zero. Now define

h(t) = (¢ (y) — & (w0)) (ye — x1) -

Since h is continuous and h(0) < 0, while A (1) > 0, there exists ¢t € (0,1) such that
h (t) = 0. Therefore, both z; and y; are points of (a,b) and ¢ (y:) — ¢ (x¢) = 0 contradicting
the assumption that ¢ is one to one. It follows ¢ is either strictly increasing or strictly
decreasing on (a,b) .

This property of being either strictly increasing or strictly decreasing on (a,b) carries
over to [a,b] by the continuity of ¢. Suppose ¢ is strictly increasing on (a,b), a similar
argument holding for ¢ strictly decreasing on (a,b) . If > a, then pick y € (a,z) and from
the above, ¢ (y) < ¢ (z). Now by continuity of ¢ at a,

dla) = Tim 6(2) <6 (y) <6 (a).

Therefore, ¢ (a) < ¢ (¢) whenever x € (a,b) . Similarly ¢ (b) > ¢ () for all z € (a,b).

It only remains to verify ¢~ ' is continuous. Suppose then that s, — s where s,, and s are
points of ¢ ([a,b]). It is desired to verify that ¢! (sn) — ¢ ' (s). If this does not happen,
there exists € > 0 and a subsequence, still denoted by s,, such that |¢_1 (8,) — ¢ (s)| >e.
Using the sequential compactness of [a, b] there exists a further subsequence, still denoted
by n, such that ¢~ (s,) — t1 € [a,b],t1 # ¢ ' (s). Then by continuity of ¢, it follows
Sn — ¢ (t1) and so s = ¢ (t1) . Therefore, t; = ¢~ * (s) after all. This proves the lemma.

Now suppose v and 1 are two parameterizations of the simple curve v* as described
above. Thus v ([a, b]) = v* = n([¢,d]) and the two continuous functions v, n are of bounded
variation and one to one on their respective open intervals. I need to show the two definitions
of length yield the same thing with either parameterization. Since v* is compact, it follows
from Theorem [5.1.3 on Page 84, both v~ and ~! are continuous. Thus v~ ' on: [c,d] —
[a,b] is continuous. It is also uniformly continuous because [c,d] is compact. Let P =
{to," -+, tn} be a partition of [a,b],tg < t; < --- , such that

n

0<V (v fab) = Y ly () = v (i)l <
k=1

Note the sums approximating the total variation are all no larger than the total variation
because when another point is added in to the partition, it is an easy exercise in the triangle
inequality to show the corresponding sum either becomes larger or stays the same.

Let v~ omn(sk) = ti so that {sg, - -,s,} is a partition of [c,d]. By the lemma, the s,
are either strictly decreasing or strictly increasing as a function of k, depending on whether
~~!omn is increasing or decreasing. Thus v (t;) = 1 (s;) and so

n

Vv (7? [aab]) -V (na [Ca dD < Vv (77 [a’7 b]) - Z |"7 (Sk) -n (Sk—1)| <eg
k=1
It follows
V(. [a,b]) <V (n,[c.d]) +e
and since ¢ is arbitrary, this shows V (v, [a,b]) < V (1, [¢,d]) . Turning the argument around
reverses the inequality. This proves the following fundamental theorem.

Theorem 11.1.3 Let T be a simple curve and let v be a parameterization for T’
where v is one to one on (a,b), continuous on [a,b] and of bounded variation. Then the
total variation

V (v, [a,b])
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can be used as a definition for the length of I in the sense that if T = n([c,d]) where n is
a bounded variation continuous function which is one to one on (c,d) with n([c,d]) =T

V (v, [a,0]) =V (n,[c,d]).
This common value can be denoted by V (I') and is called the length of T

The length is not dependent on parameterization. Simple curves which have such pa-
rameterizations are called rectifiable.

11.1.2 Orientation

There is another notion called orientation. For simple rectifiable curves, you can think of it
as a direction of motion over the curve but what does this really mean for a wriggly curve?
A precise description is needed.

Definition 11.1.4 ret 1,7 be continuous one to one parameterizations for a simple
rectifiable curve. If ™' o~ is increasing, then v and n are said to be equivalent parameter-
1zations and this is written as v ~ 1. It is also said that the two parameterizations give the
same orientation for the curve when ~y ~ 1.

When the parameterizations are equivalent, they preserve the direction of motion along
the curve and this also shows there are exactly two orientations of the curve since either
1n~! o v is increasing or it is decreasing thanks to Lemma [11.1.2. In simple language, the
message is that there are exactly two directions of motion along a simple curve.

Lemma 11.1.5 The following hold for ~.

Y~ (11.1)
If v ~n then  ~ 7, (11.2)
If v ~n and n ~ 6, then v ~ 6. (11.3)

Proof: Formula 11.1 is obvious because v~ o 4 (t) = t so it is clearly an increasing
function. If v ~ 1 then v~! o7 is increasing. Now n~! o+ must also be increasing because
it is the inverse of v~ ! o 5. This verifies 11.2. To see[11.3, v 108 = (’y_l ) 77) ) (77_1 ) 0)
and so since both of these functions are increasing, it follows v~ ! 0 is also increasing. This
proves the lemma.

Definition 11.1.6 et T be a simple rectifiable curve and let v be a parameteri-
zation for T'. Denoting by [v] the equivalence class of parameterizations determined by the
above equivalence relation, the following pair will be called an oriented curve.

T, D)

In simple language, an oriented curve is one which has a direction of motion specified.

Actually, people usually just write I' and there is understood a direction of motion or
orientation on I". How can you identify which orientation is being considered?

Proposition 11.1.7 Let (T, [v]) be an oriented simple curve and let p,q be any two
distinct points of T'. Then [v] is determined by the order of v~ (p) and v~ '(q). This
means that n € [¥] if and only if n~' (p) and n~* (q) occur in the same order as v~* (p)

and v~ (q).
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Proof: Suppose v~ ! (p) < v~ !(q) and let € [y]. Is it true that n~! (p) < ! (q)?
Of course it is because v~ ! on is increasing. Therefore, if n=1 (p) > 7! (q) it would follow

1 1

Y p)=~7""on(m ' (p) >y ten(n (@) =7 (a)

which is a contradiction. Thus if =1 (p) < v~! (q) for one v € [y], then this is true for all

ne ]
Now suppose 7 is a parameterization for I" defined on [c, d] which has the property that

n ' (p) <n '(q)

Does it follow n € [v]? Is ¥~ o i increasing? By Lemma [11.1.2 it is either increas-

ing or decreasing. Thus it suffices to test it on two points of [¢,d]. Pick the two points
n~ ' (p).n ' (a). Is ) X X )
vy ton(nt(p) <y ton(n'(a)?

Yes because these reduce to v~ (p) on the left and v~ (q) on the right. It is given that
~~1(p) < v~ !(q). This proves the lemma.

This shows that the direction of motion on the curve is determined by any two points and
the determination of which is encountered first by any parameterization in the equivalence
class of parameterizations which determines the orientation. Sometimes people indicate this
direction of motion by drawing an arrow.

Now here is an interesting observation relative to two simple closed rectifiable curves.
The situation is illustrated by the following picture.

71(@) = 72(8)

¥1(6) = 72(0)

Proposition 11.1.8 Let 'y and ' be two simple closed rectifiable oriented curves and
let their intersection be l. Suppose also that 1 is itself a simple curve. Also suppose the
orientation of I when considered a part of 'y is opposite its orientation when considered
a part of Ta. Then if the open segment (I except for its endpoints) of l is removed, the
result is a simple closed rectifiable curve I'. This curve has a parameterization vy with the
property that on 7;1 (r'nry), 'y_l'yj 18 increasing. In other words, I' has an orientation
consistent with that of T'y and T's. Furthermore, if I' has such a consistent orientation, then
the orientations of | as part of the two simple closed curves, I'y and 'y are opposite.

71(@) = 72(8)

71(5) = '72(9)

Proof: Let 'y = v, ([a,b]) ,v; (a) = 41 (b), and Ty = 5 ([¢,d]) , ¥4 (¢) = 5 (d), with
1=~ ([o,0]) = 2 ([0, 8]). (Recall continuous images of connected sets are connected and
the connected sets on the real line are intervals.) By the assumption the two orientations
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are opposite, someting can be said about the relationship of «, d, 8, 3. Suppose without loss
of generality that o < 4. Then because of this assumption it follows § < 3. The following
diagram might be useful to summarize what was just said.

a o 1) b

Note the first of the interval [3,d] matches the last of the interval [a,a] and the first
of [4, 8] matches the last of [c, 0], all this in terms of where these points are sent. If the
orientations for [ were not opposite, such a thing would not happen.

Now I need to describe the parameterization of I' = I'y UT's. To verify it is a simple closed
curve, I must produce an interval and a mapping from this interval to I" which satisfies the
conditions needed for v to be a simple closed rectifiable curve. The following is the definition
as well as a description of which part of I'; is being obtained. Then - (¢) is given by

() =

71 (1)t € la,af 71 (a) = 71 (@) =72 (B)
’Yz(t+ﬂ*a) telo,atd—pB],75(8) = 72 (d) =72 (c)

Yo (t+c—a—-d+0),t€la+d—pF,a+d—0+0—(],

Ys () =2 (d) = ¥2 (8) =1 (6)
71(t—a—d+ﬁ O0+c+d),tefa+d—pF+0—ca+d—F+0—c+b-7],
Y1 (8) = 1 (b) =4 (a)

The construction shows = is one to one on
(a,a+d—F+0—c+b—0)
and if ¢ is in this open interval, then
v () #v(a) =7 (a)

and

y(@#) #Ey(a+d—F+60—c+b—30§) =~,(b).

Also
Y@ =7 (a)=7v(a+d=B+0—c+b—25) = (b)

so it is a simple closed curve. The claim about preserving the orientation is also obvious
from the formula. Note that ¢ is never subtracted.

It only remains to prove the last claim. Suppose then that it is not so and [ has the
same orientation as part of each I';. Then from a repeat of the above argument, you could
change the orientation of [ relative to I'ys and obtain an orientation of I' which is consistent
with that of I'; and I'y. Call a parameterization which has this new orientation «,, while
is the one which is assumed to exist. This new orientation of [ changes the orientation of
I's because there are two points in [. Therefore on 5 LIrnry), Y17, is decreasing while
~~ 14, is assumed to be increasing. Hence v and =,, are not equivalent. However, the above
construction would leave the orientation of both ~; ([a, a]) and v, ([d, b]) unchanged and at
least one of these must have at least two points. Thus the orientation of I' must be the same
for ~,, as for . That is, v ~ ,,. This is a contradiction. This proves the proposition.
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There is a slightly different aspect of the above proposition which is interesting. It
involves using the shared segment to orient the simple closed curve T'.

Corollary 11.1.9 Let the intersection of simple closed rectifiable curves, 'y and 'y con-
sist of the simple curve I. Then place opposite orientations on I, and use these two different
orientations to specify orientations of I'y and I's. Then letting I' denote the simple closed
curve which is obtained from deleting the open segment of I, there exists an orientation for I’
which is consistent with the orientations of I'y and I'y obtained from the given specification
of opposite orientations on .

11.2 The Line Integral

Now I will return to considering the more general notion of bounded variation parameter-
izations without worrying about whether « is one to one on the open interval. The line
integral and its properties are presented next.

Definition 11.2.1 ret v : [a,b] — R™ be of bounded variation and let f : v* — R™.
Letting P = {to, - -, tn} where a =tg <ty <--- <t, =, define

[|P|| = max {|t; —t;—1]|:j=1,---,n}

and the Riemann Stieltjes sum by

n

S(P)=Y (v (r)))- (v(t;) = (tj-1)

=1

where T; € [tj_1,t;]. (Note this notation is a little sloppy because it does not identify the
specific point, T; used. It is understood that this point is arbitrary.) Define f7 f-dv as the
unique number which satisfies the following condition. For all € > 0 there exists a § > 0
such that if ||P|| < 0, then

/f-d’y—S(P)’ <e.

Sometimes this is written as
f-dy= lim S(P).

~ IPil—0

Then ~* is a set of points in R™ and as ¢t moves from a to b, v (t) moves from = (a)
to 7y (b). Thus v* has a first point and a last point. (In the case of a closed curve these
are the same point.) If ¢ : [¢,d] — [a,b] is a continuous nondecreasing function, then
yo¢: [e,d] — R™ is also of bounded variation and yields the same set of points in R™ with
the same first and last points.

Theorem 11.2.2 Let ¢ and v be as just described. Then assuming that

/ f-dvy
~

Lo¢f-d(70¢)

/de'y—[/wfd(ﬁyo@. (11.4)

exists, so does

and
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Proof: There exists § > 0 such that if P is a partition of [a, b] such that ||P|| < J, then

/f-d'y—S(P)’ <e.

By continuity of ¢, there exists ¢ > 0 such that if Q is a partition of [c,d] with ||Q]] <
0,9 = {s0, -, Sn}, then |¢ (s;) — ¢ (sj—1)| < J. Thus letting P denote the points in [a, b]
given by ¢ (s;) for s; € Q, it follows that ||P|| < § and so

[ty =3 f GG (6 (s) =7 (6 (55| <2

where 7; € [s;_1, 8;] . Therefore, from the definition [11.4 holds and

[ tdeveo
Yoo
exists. This proves the theorem.

This theorem shows that f7 f-d~v is independent of the particular parameterization -~y
used in its computation to the extent that if ¢ is any nondecreasing continuous function
from another interval, [¢, d], mapping to [a, b], then the same value is obtained by replacing
~ with 7 o ¢. In other words, this line integral depends only on +* and the order in which
~(t) encounters the points of v* as ¢ moves from one end to the other of the interval. For
the case of an oriented rectifiable curve I' this shows the line integral is dependent only on
the set of points and the orientation of I'.

The fundamental result in this subject is the following theorem.

Theorem 11.2.3 Let £ : v — R” be continuous and let ~ [a,b] — R™ be con-
tinuous and of bounded variation. Then f,y f-dv exists. Also letting 6,, > 0 be such that

|t — 5| < 8, implies [£ (v (1)) — £ (v (s)] < 17,

2V (v, [a, b])

/fdv—S(P)‘g

whenever ||P|| < .

Proof: The function, f o~ , is uniformly continuous because it is defined on a compact
set. Therefore, there exists a decreasing sequence of positive numbers, {d,,} such that if
|s —t| <y, then

1
f t)) —f s))| < —.
f(y (@) —Ev () <
Let

o ={S(P) : [Pl < m}-

Thus F,, is a closed set. (The symbol, S (P) in the above definition, means to include all
sums corresponding to P for any choice of 7;.) It is shown that

_ 2V (3.fab)

diam (F,,)
m

(11.5)

and then it will follow there exists a unique point, I € NS_;F,,. This is because R is
complete. It will then follow I = f,yf(t) d~ (t). To verify 11.5] it suffices to verify that
whenever P and Q are partitions satisfying ||P|| < d,, and ||Q|| < dm,

S(P) ~ S(Q) < =V (3.[a,b). (11.6)
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Suppose ||P|| < 6y, and @ O P. Then also ||Q|| < . To begin with, suppose that
P={to, "y tp, - tn}and Q= {to, -, tp—1,t",tp, - -, tn} . Thus Q contains only one more
point than P. Letting S (Q) and S (P) be Riemann Stieltjes sums,

p—1

S(Q =) t(v(o5)- (v () = (tj—1) +£ (v (0:)) (¥ (¢) = (tp-1))

j=1

HE (Y (0) - (Y () = TN+ D (v (o) (v () = (t-1) s

Jj=p+1
S(P) = Zf (v (15)) - (v (t5) =7 (ti-1)) +

=t(v(75))-(v(tp) =¥ (tp-1))

F(y (o) - (v (8) = (tp-1)) + £ (v (7)) - (7 (8p) — v (7))

n

+ ) (v () (v () =y (t-1) -

Jj=p+1

Therefore,

1S (P) = S(QI < 3 — by (1) = (-0l + - by (#) = ¥ -] +

1 1 1
S =y )+ Y ) -yl S SV (nlat). (L)
Jj=p+1
Clearly the extreme inequalities would be valid in 11.7 if @ had more than one extra point.
You simply do the above trick more than one time. Let S (P) and S (Q) be Riemann Stieltjes
sums for which ||P|| and ||Q|| are less than §,, and let R = P U Q. Then from what was
just observed,

1S(P)=S(QI<[SP)=SR)+[S(R) - 5(Q) < %V(% [a,0]).

and this shows/11.6/which proves/11.5. Therefore, there exists a unique number, I € NS°_; F,
which satisfies the definition of f7 f-d~. This proves the theorem.

Note this is a general sort of result. It is not assumed that -+ is one to one anywhere in
the proof. The following theorem follows easily from the above definitions and theorem.
This theorem is used to establish estimates.

Theorem 11.2.4 Let f be a continuous function defined on v*, denoted as C (v*)
where 7 : [a,b] — R™ is of bounded variation and continuous. Let

M > max{|fovy(t)|:t € [a,b]}. (11.8)

Then

[yf-d'y‘ < MV (v, [a,}]).- (11.9)

Also if {£,} is a sequence of functions of C (v*) which is converging uniformly to the func-
tion, £ on ~v*, then

lim [ f,-dy= [ fdv. (11.10)
¥
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kth

In case v (a) =~ (b) so the curve is a closed curve and for fy the component of f,

my < fir (x) < M,

for all x € v*, it also follows

Jeef

Proof: Let 11.8 hold. From the proof of Theorem [11.2.3, when ||P|| < d,n,

n

1/2
(M, — mk)2> V (v, la, b]) (11.11)

k=1

V(v [a, b))

2
m

/f~d'y—S(P)‘ <

and so

[far] <ls@+ 2 et

Using the Cauchy Schwarz inequality and the above estimate in S (P),

IN

S by (t) = ()l + -V (9, [a,B)
=1

< MV [a b))+ 2V (. o).

This proves [11.9] since m is arbitrary. To verify [11.10 use the above inequality to write

/f-d’y—/fn-d'y’:
¥ ¥

<max {[foy(t) —f, oy (t)] : ¢ € [a, 0]} V (7, [a,b]).

L(f—fn)-dv(t)‘

Since the convergence is assumed to be uniform, this proves 11.10.
It only remains to verify [11.11. In this case v (a) =« (b) and so for each vector ¢

Lf~d’y[y(fc)~d’y

1
cp = 5 (Mk—ka)

for any constant vector c. Let

Then for ¢ € [a, D]

n

Ev @) —e® = Y

i (r () = 5 (M + 1)

k=1

) 1 2 1 n
< > (50— =) (Mg —my)?
a k=1 (2 ( * mk)> 4 k:l( * mk)

Then with this choice of ¢, it follows from [11.9 that

[yf-d*y’: L<f_c).d7‘
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<

" 1/2
(Z (M}, — mk>2> V (7, la,b])

k=1

DN =

This proves the lemma.

It turns out to be much easier to evaluate such integrals in the case where ~ is also
C!' ([a,b]) . The following theorem about approximation will be very useful but first here is
an easy lemma.

Lemma 11.2.5 Let v : [a,b] — R™ be in C* ([a,b]). Then V (v,a,b]) < oo so v is of
bounded variation.

Proof: This follows from the following

St =yt = >
j=1

n tj

S [ s
j=17%i—1

n t;

S [ Il ds
j=17ti—1

= [Vl ®=a).

IA

IN

where
1Yl = max {|¥' (t)] : t € [a,b]} .

Therefore it follows V (v, [a,b]) < [|7'|| (b —a) .
The following is a useful theorem for reducing bounded variation curves to ones which
have a C! parameterization.

Theorem 11.2.6 Let v : [a,b] — R™ be continuous and of bounded variation. Let
Q be an open set containing v* and let £ : Q@ — R™ be continuous, and let € > 0 be given.
Then there exists 1 : [a,b] — R™ such that n(a) =~ (a), v (b) =n(b), n € C* ([a,b]), and

Iy =nll <e, (11.12)

where ||y —n|| = max {|y (t) —n (¢)| : t € [a,b]}. Also

/f-d’y—/f-dn’<5, (11.13)
V(n,[a,b]) <V (v,[a,b]), (11.14)

Proof: Extend « to be defined on all R according to the rule v (t) =« (a) if t < a and
v (t) =~ (b) if t > b. Now define

1 t+ (bz,ha) (tfa)
=g | ¥ (s)ds.

—2htt+ 2 (t—a)

where the integral is defined in the obvious way, that is componentwise. Since = is contin-
uous, this is certainly possible. Then

1 b+2h 1 b+2h
n=g [ v@ds=g [ y@as=v ),
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n@=g [ v@ds=g [ v@ds=q0.

2h a—2h

Also, because of continuity of v and the fundamental theorem of calculus,

0 =g {7 (1 o - 0) (14525 -
< 2h+t+b2_h(t—a)) <1+b2_h)}

and so 7, € C! ([a,b]) . The following lemma is significant.
Lemma 11.2.7 V (v,,[a,b]) <V (v,]a,b]).

Proof: Let a =ty <t; <--- <t, =b. Then using the definition of =, and changing
the variables to make all integrals over [0,2h],

S ) = -] =

1 [k 2h
_ -9 4T (. — —
2h/o [’Y<S h+t]+b_a(t] a>>

2h

n

D

j=1

1 2h M

SEOZ

Jj=1

2h
7(5—2h+tj+ba(tj—a)>—

2h
¥ (s —2h+t;1+ o (tj—1 — a)) ‘ ds.

For a given s € [0,2h], the points, s — 2h + t; + % (tj —a) for j = 1,- - -,n form an
increasing list of points in the interval [a — 2h,b+ 2h] and so the integrand is bounded
above by V (v, [a — 2h,b+ 2h]) =V (v, [a, b]) . It follows

Zl‘m =Y (G- SV (7, [a, b])

which proves the lemma.

With this lemma the proof of the theorem can be completed without too much trouble.
Let H be an open set containing 4* such that H is a compact subset of . Let 0 < € <
dist (v*, HY). Then there exists d; such that if h < 61, then for all ¢,

1 [ttty t—a)

YO =7 @O < o v (s) = (t)| ds
—2htt+ 2l (t—a)

t+ oy (t—a)
< / eds=c¢ (11.15)
2h 2htt+ 2y (t—a)

due to the uniform continuity of «. This proves [11.12.
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Using the estimate from Theorem [11.2.3, [11.5, the uniform continuity of f on H, and
the above lemma, there exists § such that if ||P|| <, then

<
37

[/f-dﬂy(t)—S(P)’< /Mf-d'yh(t)—Sh(P) <

Wl m

for all h < 1. Here S (P) is a Riemann Stieltjes sum of the form

n

S E(y () - (o (1) = (1)

i=1

and Sy, (P) is a similar Riemann Stieltjes sum taken with respect to «y,, instead of 4. Because
of 11.15! ~;, (t) has values in H C Q. Therefore, fix the partition, P, and choose h small
enough that in addition to this, the following inequality is valid.

1S (P)= S (P)] < £

This is possible because of [11.15 and the uniform continuity of f on H. It follows

f,f"”(”L £ dvy (1)

h

<

[£-ave =5 +15P) - 517

+ < €.

Sh (P) — / £ dvy, (1)

h

Let 1 = «;,. Formula [11.14] follows from the lemma. This proves the theorem.

This is a very useful theorem because if v is C! ([a,b]), it is easy to calculate f,y fd~y
and the above theorem allows a reduction to the case where ~ is C'. The next theorem
shows how easy it is to compute these integrals in the case where ~ is C'. First note that
if f is continuous and v € C* ([a,b]), then by Lemma [11.2.5/ and the fundamental existence
theorem, Theorem [11.2.3) f,y f-dv exists.

Theorem 11.2.8 17t :+* — X is continuous and ~ : [a,b] — R™ is in C* ([a, b)),
then

b
/f-d’y:/ £ (v (1)~ (¢)dt. (11.16)
Yy a

Proof: Let P be a partition of [a,b], P = {to, -, tn} and ||P]| is small enough that
whenever |t — s| < ||P|],

£ (v (1) — £ (7 (s))] < (11.17)
and

/f'd'y =Y E ) - () — 7 ()| <
Now

S EQ ) (7 () =¥ (t-1)

b n
- / Z £ (Tj)) ’ X[tj—htj] (s) '7/ (s)ds
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where here

Also,

and thanks to[11.17,

IN

IN

It follows that

< EH’YH (b

_ | 1litsep,q]
X[m]() {Olfsgé[pq]
b n
Yds = [ D> F(v(5) X,y ()7 (s)ds
a 7_1

=220 £ (v (1)) (v(E) =y (tj-1))
b n

/ ) - X, (5) () ds

= [ £ () (s)ds

b n
[ ) Fy i (97

j=1

"(s)ds

S [ e -t Gl
||7 ||oozg(tj —tj_l)
N1l 6 o).

—a)+e.

Since € is arbitrary, this verifies [11.16.

You can piece bounded variation curves together to get another bounded variation curve.
You can also take the integral in the opposite direction along a given curve. There is also
something called a potential.

289

Definition 11.2.9 4 function £ : Q — R™ for Q0 an open set in R™ has a potential

if there exists a function, F),

continuous and of bounded variation, for k=1, --

the potential, such that VF = f. Also if v,
. and v, (by)

/ f«d’ykzZ/ fdy,.
Dot Vi k=1"7%

: lag, bg] — R™ s
= Yit1 (ar), define

(11.18)
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In addition to this, for v : [a,b] — R™, define —v : [a,b] = R™ by —y () =~v(b+a—1).
Thus v simply traces out the points of v* in the opposite order.

The following lemma is useful and follows quickly from Theorem [11.2.2.

Lemma 11.2.10 In the above definition, there exists a continuous bounded variation
function, ~ defined on some closed interval, [c,d], such that v ([¢,d]) = U7 ([ak, bi])
and 7y (¢) = v, (a1) while v (d) = ~,,, (bm) . Furthermore,

/f-d’y:Z/ f-dv,.
vy k=1"Y7k

If v : [a,b] — R™ is of bounded variation and continuous, then

/f-d'y:—/ f-dy.
¥ -

The following theorem shows that it is very easy to compute a line integral when the
function has a potential.

Theorem 11.2.11 et v : [a,b] — R™ be continuous and of bounded variation.
Also suppose VE =1f on Q, an open set containing v* and f is continuous on . Then

/fwszwaww»

Proof: By Theorem 11.2.6/ there exists 7 € C' ([a,b]) such that v (a) = n(a), and

~ (b) = m (b) such that
/f-d’y—/f~dn‘<6.
¥ n

Then from Theorem [11.2.8, since 7 is in C* ([a,b]), it follows from the chain rule and the
fundamental theorem of calculus that

b b
[tan = [tmow©d= [ Lrmo
Fn®) - F(n(@) = F(v®) - F (v ().

Therefore,

(Fh@%Fhwm—/H@%

~
and since € > 0 is arbitrary, this proves the theorem.

<e

Corollary 11.2.12 If~ : [a,b] — R" is continuous, has bounded variation, is a closed
curve, ¥ (a) =y (b), and v* C Q where Q is an open set on which VF = £, then

/f~d’y:0.
~

Theorem 11.2.13 Let Q be a connected open set and let f : @ — R™ be continuous.
Then f has a potential F if and only if
/ f-dy
~

1s path independent for all v a bounded variation curve such that v* is contained in 2. This
means the above line integral depends only on ~y (a) and ~y (b).
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Proof: The first part was proved in Theorem [11.2.11. It remains to verify the existence
of a potential in the situation of path independence.

Let zg € Q be fixed. Let S be the points x of 2 which have the property there is a
bounded variation curve joining xg to x. Let v,  denote such a curve. Note first that S is
nonempty. To see this, B (xq,r) C Q for r small enough. Every x € B (x¢,) is in S. Then
S is open because if x € S, then B (x,r) C Q for small enough r and if y € B (x,7), you
could go take v, , and from x follow the straight line segment joining x to y. In addition
to this, 2\ .S must also be open because if x € 2\ S, then choosing B (x,r) C €, no point of
B (x,r) can be in S because then you could take the straight line segment from that point
to x and conclude that x € S after all. Therefore, since 2 is connected, it follows 2\ S = ().
Thus for every x € S, there exists 7, x, a bounded variation curve from xg to x.

Define

F(x) = / f-dvyx
Vscox
F is well defined by assumption. Now let Iy(xse,) denote the linear segment from x to
x + tey. Thus to get to x + tey you could first follow vy, , to x and from there follow
lx(x+tey,) 10 X + teg. Hence

F(x+tey) — F(x) 1 /
l

t t f N dlx(x+tek)

x(x+tek)

= %/0 f(x+ ser) - erds — fi (x)

by continuity of f. Thus VF = f and this proves the theorem.

Corollary 11.2.14 Let Q be a connected open set and £ : Q@ — R™. Then f has a
potential if and only if every closed, v (a) = v (b) , bounded variation curve has the property

that
/f-d’y:()
-

Proof: Using Lemma [11.2.10, this condition about closed curves is equivalent to the
condition that the line integrals of the above theorem are path independent. This proves
the corollary.

Such a vector valued function is called conservative.

11.3 Simple Closed Rectifiable Curves

There are examples of space filling continuous curves. However, bounded variation curves
are not like this. In fact, one can even say the two dimensional Lebesgue measure of a
bounded variation curve is 0.

Theorem 11.3.1 Let ~ : [a,b] — v* C R™ where n > 2 is a continuous bounded
variation curve. Then

Mp (7*) =0

where m,, denotes n dimensional Lebesgue measure.

Proof: Let € > 0 be given. Let tg = a and if ¢y, --- ,t; have been chosen, let t; 1 be
the first number larger than ¢y such that

|y (teg1) — (te)| = €.
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If the set of ¢ such that |y (¢) — v (tx)| = € is nonempty, then this set is clearly closed and
so such a ;41 exists until k is such that

¥ CUN_oB(v(t;).¢)

Let m be the last index of this process where t,,+1 does not exist. How large is m? This
can be estimated because

V(v fa,B) = S by (tees) = ()] = me

mp (7*) < Z s (B (7 (tj) 76))
=0
V (7;[a,b])

<

Since € was arbitrary, this proves the theorem.
Since a ball has positive measure, this proves the following corollary.

Corollary 11.3.2 Let v : [a,b] — ~* C R™ where n > 2 is a continuous bounded
variation curve. Then v* has empty interior.

Lemma 11.3.3 Let T be a simple closed curve. Then there exists a mapping 6 : C — T’
where C' is the unit circle

{@y)a® +y* =1},

such that 0 is one to one and continuous.

Proof: Since T is a simple closed curve, there is a parameterization « and an interval
[a,b] such that « is continuous and one to one on (a,b) and v (a) = v (b). Also ~ (t) #
v (a) =~ (b)if t # a and if t # b. Define ' : ' — C by

0 )= (cos (275 (0 - ) s (2 (70 09 - ) ) )

Note that @' is onto C. The function is well defined because it sends the point v (a) = ~ (b)
to the same point, (1,0). It is also one to one. To see this note v~! is one to one on I"\
{v(a),~ (b)} . What about the case where x # 7 (a) =~ (b)? Could 87" (x) = 0" (v (a))?
In this case, ¥~ ! (x) is in (a,b) while v~ (v (a)) = a so

07 (x) #07" (v(a)) = (1,0).

Thus ' is one to one on T.

Why is 8~ continuous? Suppose x,, — v (a) = v (b) first. Why does 8~ (x,,) — (1,0) =
0~ (v (a))? Let {x,,} denote any subsequence of the given sequence. Then by compactness
of [a, b] there exists a further subsequence, still denoted by x,, such that

~ 1 (x,) =t € [a,b]

Hence by continuity of v, x, — - (¢) and so ~ (t) must equal v (a) =« (b) . It follows from
the assumption of what a simple curve is that t € {a,b} . Hence 8" (x,,) converges to either

(oo (20 0) i (i )
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(cos (1)2_: (b a)) sin <b2_”a (b a)))

but these are the same point. This has shown that if x,, — ~(a) = ~(b), there is a
subsequence such that 8! (x,) — 67 (v (a)). Thus 8! is continuous at ~ (a) = ~ (b).
Next suppose X, — x # 7 (a) = p. Then there exists B (p,r) such that for all n large
enough, x,, and x are contained in the compact set I'\ B (p,r) = K. Then « is continuous
and one to one on the compact set v~ (K) C (a,b) and so by Theorem [5.1.3 v~1 is
continuous on K. In particular it is continuous at x so 8" (x,,) — 6~ ' (x). This proves the
lemma.

or

11.3.1 The Jordan Curve Theorem

The following theorem includes the Jordan Curve theorem, a major result for simple closed
curves in the plane. In this theorem and in what follows U; will denote the inside of a simple
closed curve and U, will denote the outside.

Theorem 11.3.4 LetC denote the unit circle, {(:v, y) ER?: 22 9% = 1} . Suppose
~: C — T CR? is one to one onto and continuous. Then R™\T consists of two components,
a bounded component (called the inside) U; and an unbounded component (called the outside),
U,. Also the boundary of each of these two components of R* \ T is ' and T' has empty
mterior.

Proof: That R™ \ T consists of two components, U, and U; follows from the Jordan
separation theorem. There is exactly one unbounded component because I' is bounded and
so U; is defined as the bounded component. It remains to verify the assertion about I" being
the boundary. Let x be a limit point of U;. Then it can’t be in U, because these are both
open sets. Therefore, all the limit points of U; are in U; UT. Similarly all the limit points
of U, are in U, UT". Thus 0U; C T and 90U, C T.

I claim I" has empty interior. This follows because by Theorem [5.1.3| on Page 84, v and
~~! must both be continuous since C' is compact. Thus if B is an open ball contained in T,
it follows from invariance of domain that v~! (B) is an open set in R?. But this needs to
be contained in C' which is a contradiction because C' has empty interior obviously.

Now let x € R™ such that x ¢ U, UU,;. Then x € I and must be a limit point of either
U, or U; since if this were not so, I' would be forced to have nonempty interior. Hence
Uy UU, = R2. Next I will show 0U; = dU,. Suppose then that

pPE oU; \3U0

Then p ¢ U, because p € OU; C I' which is disjoint from U,. Thus p is not in U, because
it is given to not be in OU,. Hence there is a ball centered at p, B (p,r) which contains
no points of U,. Thus B (p,r) C U; and so p is an interior point of U; which implies p is
actually in U;, a contradiction to p € dU;. Thus dU; \ dU, = () and a similar argument
shows AU, \ OU; = 0. Thus OU; = dU, and so if x € T, then it is in either OU; or AU, and
these are equal. Thus

oU, =0U, CT CoU; UaU, = 9U; = dU,,.

This proves the theorem.

The following lemma will be of importance in what follows. There are of course more
general versions of this lemma. I am only presenting what will be needed. To say two
sets are homeomorphic is to say there is a one to one continuous onto mapping from one
to the other which also has continuous inverse. Clearly the statement that two sets are
homeomorphic defines an equivalence relation.
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Lemma 11.3.5 In the situation of Theorem [11.3.]), let T be a simple closed curve and
let v* be a straight line segment such that the open segment, v* without its endpoints, is
contained in U; such that the intersection of v* with T' equals {p,q}. Then this line segment
divides U; into two connected open sets which are the interiors of two simple closed curves.

Proof: Suppose 0 is a one to one onto continuous mapping of C, the unit circle, to I'.
Say 0 (a) = p and 0 (b) = q where a, b are points of C. Then I'U~* is homeomorphic to the
C Ul* where [I* is the straight line joining a and b. This is easy to see because [* is clearly
homeomorphic to v* so all that is required is to extend @ to all of C Ul*. By the Jordan
separation theorem, R?\ (I' U~*) is the union of three disjoint open connected sets, exactly
one of which is unbounded. This is because this is obviously true for the circle and secant line
[*. Also, denoting one of the arcs of C joining a to b by C; and the other arc by Cs, it follows
0 (C;)U~* is a simple closed curve because it is homeomorphic to the half of the circle C;Ul*
which is clearly homeomorphic to the unit circle. Let T'; = 8 (C;) . The two connected open
sets are the insides of 'y U~* and T's U~* respectively and TU~* = (T; U~v*) U (To U~*).

Here is why. Denote them by Uy; and Usy; respectively. First note they can have no
point in common for if x were such a point, then since both of these sets are open connected
components, this would require them to coincide. Hence R? \ (I' U~4*) would only have two
components, a bounded and an unbounded component contrary to what was shown above.

If x is a point of U; which is not on v*, why must it be in one of Uy; or Uy;? If it is in
neither, then it is in Uy, N Uy, the intersection of the two unbounded components. I claim
this intersection equals U,. To see this, note the unbounded component of R? \ (I' U~*)
equals the unbounded component of R?\ I" which equals U, because v* is contained entirely
in U; UT. But the unbounded component of R?\ (I' U~*) equals everything which is not in
the union of the interior components and the boundary. Thus this unbounded component
equals

((Fl U ’)’*) U (FQ U "}’*) U Uh' U UQi)C

= (LU UUL)Y N ((T2U~") UU)C
- Ulo N U2o

Now this is a contradiction because x € U; and so is not in U,. This proves the lemma.
The following lemma has to do with decomposing the inside and boundary of a simple
closed rectifiable curve into small pieces. The argument is like one given in Apostol [3]. In
doing this I will refer to a region as the union of a connected open set with its boundary.
Also, two regions will be said to be non overlapping if they either have empty intersection
or the intersection is contained in the intersection of their boundaries.The height of a set A
equals sup {|y1 — y2| : (z1,91), (2,y2) € A}. The width of A will be defined similarly.

Lemma 11.3.6 Let T be a simple closed rectifiable curve. Also let 6 > 0 be given such
that 26 is smaller than both the height and width of I'. Then there exist finitely many non
overlapping regions {Ry};_, consisting of simple closed curves along with their interiors
whose union equals U; UT. These regions consist of two kinds, those contained in U; and
those with nonempty intersection with I'. These latter regions are called “border” regions.
The boundary of a border region consists of straight line segments parallel to the coordinate
axes of the form x = md or y = kdé for m,k integers along with arcs from I'. The regions
contained in U; consist of rectangles. Thus all of these regions have boundaries which are
rectifiable simple closed curves. Also all regions are contained in a square having sides of
length no more than 20. There are at most

S0
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border regions. The construction also yields an orientation for I' and for all these regions
and the orientations for any segment shared by two regions are opposite.

Proof: Let I' = v ([a, b]) where v = (v1,72) - Let

y1 = max {7, (t) : t € [a,b]}

and let
yo =min{v, (¢) : t € [a,b]}.

Thus (21, 1) is the “top” point of I" while (z2,y2) is the “bottom” point of I'. Consider the
lines y = y1 and y = yo. By assumption |y; — y2| > 26. Consider the line I given by y = mé
where m is chosen to make md as close as possible to (y1 + y2) /2. Thus y; > md > ya. By
Theorem [11.3.4 (z;,y;) j = 1,2 are neither of them interior points of I' and so by Theorem
11.3.4] again, there exist points p; € U; such that p; is above  and ps is below [. (Simply
pick p; very close to (z;,y;) and yet in U; and this will take place.) Therefore, the horizontal
line [ must have nonempty intersection with U; because U; is connected. If it had empty
intersection it would be possible to separate U; into two nonempty open sets, one containing
p1 and the other containing ps.

Let q be a point of U; which is also in [. Then there exists a maximal segment of the
line [ containing q which is contained in U; UT'. This segment, v* satisfies the conditions of
Lemma [11.3.5/ and so it divides U; into disjoint open connected sets whose boundaries are
simple rectifiable closed curves. Note the line segment has finite length. Letting I'; be the
simple closed curve which contains p;, orient v* as part of I'y such that motion is from right
to left. As part of I'y the motion along the curve is from left to right. By Proposition 11.1.7
this provides an orientation to each I';. By Proposition 11.1.8/there exists an orientation for
I' which is consistent with these two orientations on the I';.

Now do the same process to the two simple closed curves just obtained and continue till
all regions have height less than 2§. Each application of the process yields two new non
overlapping regions of the desired sort in place of an earlier region of the desired sort except
possibly the regions might have excessive height. The orientation of a new line segment in the
construction is determined from the orientations of the simple closed curves obtained earlier.
By Proposition [11.1.7 the orientations of the segments shared by two regions are opposite
so the line integrals over these segments cancel. Eventually this process ends because all
regions have “height” less than 2§. The reason for this is that if it did not end, the curve I'
could not have finite total variation because there would exist an arbitrarily large number
of non overlapping regions each of which have a pair of points which are farther apart than
26. This takes care of finding the subregions so far as height is concerned.

Now follow the same process just described on each of the non overlapping “short”
regions just obtained using vertical rather than horizontal lines, letting the orientation of
the vertical edges be determined from the orientation already obtained, but this time feature
width instead of height and let the lines be vertical of the form x = kd where k is an integer.

How many border regions are there? Denote by V (I') the length of I'. Now decompose

I' into N arcs of length § with maybe one having length less than §. Thus N —1 < @
and so VT
N2 Y0,

Each of these N arcs can’t intersect any more than four of the boxes in the construction.
Therefore, at most 4N boxes of the construction can intersect I'. Thus there are no more

than
(VD)

border regions. This proves the lemma.
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11.3.2 Orientation And Green’s Formula

How do you describe the orientation of a simple closed rectifiable curve analytically? The
above process did it but I want another way to identify this which is more geometrically
appealing. For simple examples, this is not too hard but it becomes less obvious when you
consider the general case. The problem is the simple closed curve could be very wriggly.

The orientation of a rectifiable simple closed curve will be defined in terms of a very
important formula known as Green’s formula. First I will present Green’s formula for a
rectangle. In this lemma, it is very easy to understand the orientation of the bounding
curve. The direction of motion is counter clockwise. As described in Proposition 11.1.7 it
suffices to describe a direction of motion along the curve using any two points.

Lemma 11.3.7 Let R = [a,b] x [c,d] be a rectangle and let P,Q be functions which are
C' in some open set containing R. Orient the boundary of R as shown in the following
picture. This is called the counter clockwise direction or the positive orientation

Then letting v denote the oriented boundary of R as shown,

[ @) = By e ma = [ Fay

¥

where
f(z,y)=(P(2,9),Q(z,y)).

In this context the line integral is usually written using the notation

Pdz + Qdy.
OR

Proof: This follows from direct computation. A parameterization for the bottom line
of R is

ygt)=(a+t(b—a),c), t€]0,1]

A parameterization for the top line of R with the given orientation is
Yr(t)=((b+t(a—0),d), t €[0,1]

A parameterization for the line on the right side is
yr ()= (bc+t(d—c)), t €]0,1]

and a parameterization for the line on the left side is

v, () = (a,d+t(c—d)), t€0,1]
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Now it is time to do the computations using Theorem [11.2.8.
1
/f-d’y = / P(a+t(b—a),c)(b—a)dt
¥ 0

+/1P(b+t(a—b),d)(a—b)dt

+/0 Q(b,c+t(d—c))(d—c)dt+/0 Q(a,d+t(c—d))(c—d)dt

Changing the variables and combining the integrals, this equals

/abP(z,C)dx/abP(I»d)dIJr/ch(bay)dy/CdQ(aal/)dy

—/ab/chy(I,y)dydx—k/cd/awa(x,y)dxdy

[ @ - pam:

By Fubini’s theorem, Theorem [9.2.3/ on Page 204, (To use this theorem you can extend the
functions to equal 0 off R.) This proves the lemma.
Note that if the rectangle were oriented in the opposite way, you would get

K’f'd’)’:/R(Py_Qz)dWQ

With this lemma, it is possible to prove Green’s theorem and also give an analytic
criterion which will distinguish between different orientations of a simple closed rectifiable
curve. First here is a discussion which amounts to a computation.

Let I' be a rectifiable simple closed curve with inside U; and outside U,. Let {Ry}2,
denote the non overlapping regions of Lemma [11.3.6! all oriented as explained there and let
I' also be oriented as explained there. It could be shown that all the regions contained in
U; have positive orientation but this will not be fussed over here. What can be said with no
fussing is that since the shared edges have opposite orientations, all these interior regions
are either oriented positively or they are all oriented negatively.

Let Bs be the set of border regions and let Zs be the rectangles contained in U;. Thus
in taking the sum of the line integrals over the boundaries of the interior rectangles, the
integrals over the “interior edges” cancel out and you are left with a line integral over the
exterior edges of a polygon which is composed of the union of the squares in Zs.

Now let f (z,y) = (P (z,y),Q (z,y)) be a vector field which is C! on U;, and suppose
also that both P, and Q, are in L' (U;) and that P, Q are continuous on U; UT'. (An easy
way to get all this to happen is to let P, @ be restrictions to U; U T of functions which are
C' on some open set containing U; UT.) Note that

Us>o0 {R:R EI(;} =U;

and that for
IgEU{RZREIg},

the following pointwise convergence holds.

;irr(l) X1, (x) = Ay, (x).



298 LINE INTEGRALS

By the dominated convergence theorem,

lim [ (Qz — Py)dma = / (Qz — Py) dmy
6—0 Is U

lim (Py—Qy)dme = / (P, — Q) dmy

6—>0 15

i

Let OR denote the boundary of R for R one of these regions of Lemma [11.3.6! oriented as
described. Let wy (R)? denote

(max {Q (x) : x € R} — min {Q (x) : x € IR})?

+ (max {P (x) : x € R} — min {P (x) : x € OR})*

By uniform continuity of P,Q on the compact set U; UT, if § is small enough, ws (R) < ¢
for all R € Bs. Then for R € B;, it follows from Theorem [11.2.4

/ f~d'y‘ < %wg (R) (V (9R)) < = (V (9R)) (11.19)
OR

whenever 0 is small enough. Always let § be this small.
Also since the line integrals cancel on shared edges

Z/ f~d~y+2/ f~d7:/f~d7 (11.20)
Rez, /R ReB; /Ol r
Consider the second sum on the left. From [11.19

> /{)Rf-ch <3 /aRf-d'y‘Ssz (V (9R))

ReBs ReBs ReBs

Denote by I'p the part of I' which is contained in R € Bs and V (I'g) is its length. Then
the above sum equals

€ ( > V(FR)+B5> =e(V (D) + Bs)
ReBs

where B;s is the sum of the lengths of the straight edges. This is easy to estimate. Recall
from [11.3.6/ there are no more than
V(T
(5 1)

of these border regions. Furthermore, the sum of the lengths of all four edges of one of these
is no more than 8§ and so

Bs <4 (V((SF) + 1) 85 = 32V (T') + 320.

Thus the absolute value of the second sum on the right in [11.20 is dominated by

£ (33V (T) + 326)

Since ¢ was arbitrary, this formula implies with Green’s theorem proved above for squares

f-dvy=lim / f-dvy+ lim / f-dvy
\/F 5%02 9R 5~>OZ R

R€eZs ReBs
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~ Jim / f~d7:Iim/i(Qm—P)dm :/ +(Q, — P,)dm
SHOREE;S SR 5—0 1, Y 2 U Y 2

i

where the + adusts for whether the interior rectangles are all oriented positively or all
oriented negatively. This has proved the general form of Green’s theorem which is stated in
the following theorem.

Theorem 11.3.8 LetT be a rectifiable simple closed curve in R? having inside U;
and outside U,. Let P,Q be functions with the property that

Q., P, € L* (U;)

and P,Q are C' on U;. Assume also P,Q are continuous on T' U U;. Then there exists an
orientation for T' (Remember there are only two.) such that for

f(z,y) = (P(2,y),Q (z,9)),

[eiv=[ @ pyam.

i

Proof: In the construction of the regions, an orientation was imparted to I'. The above

computation shows
/f-d’y:/ +(Qz — Py) dma
r Ui

i

If the area integral equals
| =@ pym.
U;

just take the other orientation for I". This proves the theorem.

With this wonderful theorem, it is possible to give an analytic description of the two
different orientations of a rectifiable simple closed curve. The positive orientation is the one
for which Greens theorem holds and the other one, called the negative orientation is the one

for which
/f-d*y:/ (Py — Q) dma.
T U;

i

There are other regions for which Green’s theorem holds besides just the inside and
boundary of a simple closed curve. For I' a simple closed curve and Uj; its inside, lets refer
to U; UT as a Jordan region. When you have two non overlapping Jordan regions which
intersect in a finite number of simple curves, you can delete the interiors of these simple
curves and what results will also be a region for which Green’s theorem holds. This is
illustrated in the following picture.

There are two Jordan regions here with insides Uy; and Us; and these regions intersect
in three simple curves. As indicated in the picture, opposite orientations are given to each



300 LINE INTEGRALS

of these three simple curves. Then the line integrals over these cancel. The area integrals
add. Recall the two dimensional area of a bounded variation curve equals 0.

Denote by I' the curve on the outside of the whole thing and I'; and I's the oriented
boundaries of the two holes which result when the curves of intersection are removed, the
orientations as shown. Then letting f (z,y) = (P (z,y),Q (z,y)) , and

U = Uy; U Us; U {Open segments of intersection}

as shown in the following picture,

SR

it follows from applying Green’s theorem to both of the Jordan regions,

/f~d’y+/ f~d’yl+/ f-dy, / (Qz — Py) dmy
T I s U1;UU2;
/ (QT - Py) dms

U

To make this simpler, just write it in the form

| giv= [ @ - pyim,

where QU is oriented as indicated in the picture and involves the three oriented curves
r,r,rs.

11.4 Stoke’s Theorem

Stokes theorem is usually presented in calculus courses under far more restrictive assump-
tions than will be used here. It turns out that all the hard questions are related to Green’s
theorem and that when you have the general version of Green’s theorem this can be used to
obtain a general version of Stoke’s theorem using a simple identity. This is because Stoke’s
theorem is really just a three dimensional version of the two dimensional Green’s theorem.
This will be made more precise below.

To begin with suppose I is a rectifiable curve in R? having parameterization e : [a,b] — T
for a a continuous function. Let R : U — R"™ be a C'! function where U contains a*. Then
one could define a curve

~¥(t)=R(a(t)), t €la,b].

Lemma 11.4.1 The curve v* where ~ is as just described is a rectifiable curve. If F is
defined and continuous on v* then

/F-d’yz/‘l((FoR)~Ru,(FoR)-Rv)~da

where R, signifies the partial derivative of R with respect to the variable u.
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Proof: Let
K={yeR :dist(y,a*) <r}

where r is small enough that K C U. This is easily done because a* is compact. Let

Ck =max{||DR (x)|| : x € K}

Consider )
> R (e (tjsn)) — Re(ty))| (11.21)
§=0

where {to,--- ,t,} is a partition of [a, b] . Since « is continuous, there exists a ¢ such that if

[|P]| < &, then the segment

{a(ty) + s (a(tjpr) —ally) s €[0,1]}

is contained in K. Therefore, by the mean value inequality, Theorem 16.4.2,

3R (1))~ Rac()] £ Y- Ol (t0) — (1)

Now if P is any partition, [11.21] can always be made larger by adding in points to P till
[|P|| < & and so this shows

V(7. la,0]) < Ok V (e [a,b]) .

This proves the first part.
Next consider the claim about the integral. Let

G(v,x)=R(x+v)—R(x)— DR (x)(v).

Then
DG (v,x) =DR (x+v) — DR (x)

and so by uniform continuity of DR on the compact set K, it follows there exists § > 0 such
that if |[v| < 4, then for all x € a*,

IDR (x +v) — DR (x)[| = || D:G (v,x)]| < e.
By Theorem [6.4.2] again it follows that for all x € a* and |v| < 4,
G (v, %) = R (x +v) — R (x) - DR (x) (v)] < v (11.22)
Letting ||P|| be small enough, it follows from the continuity of o that
loc(tj1) —a(t;) <0

Therefore for such P,
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n—1

=Y FR(a(t)) - [DR(a () (@(tjn) - alty) +o(a(tj) - alt;)]

§=0
where
o(a(tjr1) —a(t)) =R(a(tj+)) —R(a(t;)) — DR (a(t))) (e (tjz1) — alt)))

and by [11.22]
o (e (tj1) — e (t)))| <ele(tjsr) — e (t))]

It follows
z_: F (v () (v (tj+1) =7 () — Z_: FR(a(t))) DR (a(t))) (a(tjyi) —alt)))
7=0 j=0
(11.23)
<> lola(tiy) —a(t) <> ela(tin) —at;)| <V (a,a,b])
=0 §=0

Consider the second sum in 11.23. A term in the sum equals
F (R (a(t)))) - (Ry (a(t)) (ar (tj+1) — a1 (t;)) + Ry (a(t5)) (a2 (tj41) — a2 (5)))

= (F(R(a(t;)) Rula(t;)),FR(a(t)))) Ry (a(t;))) - (a(tjy) —alt;))
By continuity of F, R, and R,, it follows that sum converges as ||P|| — 0 to

/((FOR)-RU,(FOR).RE).da

Therefore, taking the limit as ||P|| — 0 in[11.23

/F~d’y—/((FoR)~Ru,(FoR)-Rv)~da <eV(a,la,b]).

Since € > 0 is arbitrary, this proves the lemma.

The following is a little identity which will allow a proof of Stoke’s theorem to follow
from Green’s theorem. First recall the following definition from calculus of the curl of a
vector field and the cross product of two vectors from calculus.

Definition 11.4.2 retu= (a,b,c) and v =(d, e, f) be two vectors in R3. Then

uxv=

D T e

k
c
f

QL Qe

where the determinant is expanded formally along the top row. Let £ : U — R3 for U C R3
denote a vector field. The curl of the vector field yields another vector field and it is defined
as follows.

(curl (f) (x)); = (V x (%)),

where here 0; means the partial derivative with respect to x; and the subscript of i in
(curl (f) (x)), means the it" Cartesian component of the vector, curl (f) (x). Thus the curl
is evaluated by expanding the following determinant along the top row.

i j k
9 0 9
ox Jy 0z

fl (x,y,z) f2 (.Z’,ly,Z) .f3 (:r,y,z)
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Note the similarity with the cross product. More precisely and less evocatively,
0Fs O0Fy\, OoF, O0F3)\ , oFy, 0F;
V xf =(—=—-—=— _— - — - — |k
xE(z,9,2) < dy 0z ) 1+ ( R E R dy

In the above, i = ey,j = e,, and k = e3 the standard unit basis vectors for R>.

With this definition, here is the identity.

Lemma 11.4.3 Let R: U — V C R? where U is an open subset of R? and V is an open
subset of R3. Suppose R is C? and let F be a C' vector field defined in V.

(R, xRy) - (VxF)(R(u,v)) = (FoR), R, — (FoR), -Ry) (u,v).  (11.24)

Proof: Letting x,y, z denote the components of R (u) and f1, f2, f3 denote the com-
ponents of F, and letting a subscripted variable denote the partial derivative with respect

to that variable, the left side of [11.24' equals
i j k i j k
Ty Yu Zu || Oz Oy 0O,
Ty Yo 2ov fl f2 f3

= (fo - f22) (yuzv - Zuyv) + (flz - me) (Zuxv - xuzv) + (f2z - fly) (xuyv - yuxv)

= fSyyqu + fazzuYo + f1220T0 + [32Tuz0 + fooTulo + flyyuxv
- (f2zyuzv + fdyzuyv + flzxuzv + f3xzuxv + foyuxv + flyxuyv)

= flyyul'u + f1220%0 + fouTuYo + fr220l0 + f3oTuzy + foyuzv
- (flyy'uwu + flzzvxu + f2x$vyu + fZZZvyu + fBI‘rvzu + fSyyvzu)

At this point add in and subtract off certain terms. Then the above equals

= flzxul'v + flyyuxv + flzzuxv + f2xxuyv + f2xyuyv
+f2zzuyv + f3w$uzv + foyuzv + f3zzuzv
_ flxxvxu + flyyvxu + flzzvxu + f2wxvyu + wiy’Uyu
+f2zzvyu + f3xxvzu + f3yyvzu + szZvZu
9fioR (u,v)
= T

n anOR(u,v)y N afgoR(um)Z

ou Y ou v ou Y
~(0h oR(u,v)xu_i_ afzoR(u,v)yu N 8f30R(u,v)Zu
v ov ov

=((FoR),-R,—(FoR), -Ry,) (u,v).

This proves the lemma.
Let U be a region in R? for which Green’s theorem holds. Thus Green’s theorem says

that for P, Q continuous on U; UT, P,,Q, € L' (U; UT), P,Q being C* on U;,

/U@u—Pv)de:/anda

where QU consists of some simple closed rectifiable oriented curves as explained above. Here
the u and v axes are in the same relation as the x and y axes.
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Theorem 11.4.4 (Stoke’s Theorem) Let U be any region in R? for which the con-
clusion of Green’s theorem holds. Let R € C? (U,R3) be a one to one function. Let

7] :Roaja

where the a; are parameterizations for the oriented curves making up the boundary of U
such that the conclusion of Green’s theorem holds. Let S denote the surface,

S ={R(u,v) : (u,v) € U},

Then for F a C' vector field defined near S,

Z/vF.d%:/U(Ru(u’U)XRU(U)U)).(VXF(R(U’U)))de

Proof: By Lemma[11.4.1}

j=1v7;

Z/v((FoR).Ru,(FoR).Rv).daj

j=17

By the assumption that the conclusion of Green’s theorem holds for U, this equals

| (FoR) Ry, — (FoR) R dms

- /[(FoR)u-R@+(FoR)-RUu—(FoR)~RuU—(FoR)U~Ru]dm2
U

= /[(FoR)u-RU—(FoR)v~Ru]dm2
U

the last step holding by equality of mixed partial derivatives, a result of the assumption
that R is C2. Now by Lemma [11.4.3] this equals

/U (R (u,v) x Ry (u,v)) - (V x F (R (u,v))) dms

This proves Stoke’s theorem.

With approximation arguments one can remove the assumption that R is C? and replace
this condition with weaker conditions. This is not surprising because in the final result, only
first derivatives of R occur.

11.5 Interpretation And Review

To understand the interpretation of Stoke’s theorem in terms of an integral over the surface
S, it is necessary to either do more theoretical development or to review some beginning
calculus. I will do the latter here. First of all, it is important to understand the geometrical
properties of the cross product. Those who have had a typical calculus course will probably
not have seen this so I will present it here. It is elementary material which is a little out of
place in an advanced calculus book but it is nevertheless useful and important and if you
have not seen it, you should.
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11.5.1 The Geometric Description Of The Cross Product

The cross product is a way of multiplying two vectors in R3. It is very different from the
dot product in many ways. First the geometric meaning is discussed and then a description
in terms of coordinates is given. Both descriptions of the cross product are important. The
geometric description is essential in order to understand the applications to physics and
geometry while the coordinate description is the only way to practically compute the cross
product. In this presentation a vector is something which is characterized by direction and
magnitude.

Definition 11.5.1 Three vectors, a,b,c form a right handed system if when you
extend the fingers of your right hand along the vector, a and close them in the direction of
b, the thumb points roughly in the direction of c.

For an example of a right handed system of vectors, see the following picture.

In this picture the vector ¢ points upwards from the plane determined by the other two
vectors. You should consider how a right hand system would differ from a left hand system.
Try using your left hand and you will see that the vector, ¢ would need to point in the
opposite direction as it would for a right hand system.

From now on, the vectors, i,j,k will always form a right handed system. To repeat,
if you extend the fingers of your right hand along i and close them in the direction j, the
thumb points in the direction of k. Recall these are the basis vectors eq, es, e3.

The following is the geometric description of the cross product. It gives both the direction
and the magnitude and therefore specifies the vector.

Definition 11.5.2 Leta and b be two vectors in R3. Then a x b is defined by the
following two rules.

1. |ax b| = |a||b|sin @ where 0 is the included angle.

2.axb-a=0,axb-b=0, and a,b,a x b forms a right hand system.

Note that |a x b| is the area of the parallelogram spanned by a and b.
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The cross product satisfies the following properties.
axb=—(bxa),axa=0, (11.25)

For « a scalar,
(ea) xb=a(axb)=ax (ab), (11.26)

For a, b, and c vectors, one obtains the distributive laws,
ax(b+c)=axb+axc, (11.27)

(b+c)xa=bxa+cxa. (11.28)

Formula [11.25 follows immediately from the definition. The vectors a x b and b x a
have the same magnitude, |a| |b|sinf, and an application of the right hand rule shows they
have opposite direction. Formula [11.26/ is also fairly clear. If « is a nonnegative scalar,
the direction of (aa) xb is the same as the direction of a X b, (a x b) and ax (ab) while
the magnitude is just o times the magnitude of a x b which is the same as the magnitude
of a(a x b) and ax (ab). Using this yields equality in [11.26. In the case where a < 0,
everything works the same way except the vectors are all pointing in the opposite direction
and you must multiply by || when comparing their magnitudes. The distributive laws are
much harder to establish but the second follows from the first quite easily. Thus, assuming
the first, and using [11.25]

(b+c¢)xa=—-ax(b+c)
=—(axb+axc)
=bxa+cxa.

To verify the distributive law one can consider something called the box product.

11.5.2 The Box Product, Triple Product

Definition 11.5.3 4 parallelepiped determined by the three vectors, a,b, and c
consists of

{ra+sb +tc:rs,te[0,1]}.

That is, if you pick three numbers, r,s, and t each in [0,1] and form ra+sb + tc, then the
collection of all such points is what is meant by the parallelepiped determined by these three
vectors.

The following is a picture of such a thing.
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You notice the area of the base of the parallelepiped, the parallelogram determined by
the vectors, a and b has area equal to |a x b| while the altitude of the parallelepiped is
|c| cos @ where 6 is the angle shown in the picture between ¢ and a x b. Therefore, the
volume of this parallelepiped is the area of the base times the altitude which is just

|a x b||c|]cosd =axb-c.

This expression is known as the box product and is sometimes written as [a,b,c]. You
should consider what happens if you interchange the b with the c or the a with the c. You
can see geometrically from drawing pictures that this merely introduces a minus sign. In any
case the box product of three vectors always equals either the volume of the parallelepiped
determined by the three vectors or else minus this volume. From geometric reasoning like
this you see that

a-bxc=axb-c.

In other words, you can switch the x and the -.

11.5.3 A Proof Of The Distributive Law For The Cross Product

Here is a proof of the distributive law for the cross product. Let x be a vector. From the
above observation,
x-ax(b+c)=(xxa)-(b+c)

=(xxa) -bt+(xxa)-c

=x-axb+x-axc

=x-(axb+axc).
Therefore,

x-lax(b+c)—(axb+axc)]=0

for all x. In particular, this holds for x = ax (b+¢) — (ax b+ a x ¢) showing that
ax (b+c) =ax b+ ax cand this proves the distributive law for the cross product.

11.5.4 The Coordinate Description Of The Cross Product
Now from the properties of the cross product and its definition,

ixj=k jxi=-k
kxi=j ixk=—j
jxk=i kxj=—i
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With this information, the following gives the coordinate description of the cross product.

Proposition 11.5.4 Let a = a1i + asj + ask and b = byi + boj + bsk be two vectors.
Then

a x b = (az2bs — azbs) i+ (asby — a1bs) j+
+ (a1by — azby) k. (11.29)
Proof: From the above table and the properties of the cross product listed,
(a1i+ asj + ask) x (bii+ boj + bsk) =
a1boi X j+ a1bsi X k + agb1j x i+ agbsj x k+
+asbik x 1+ aszbsk x j

= a1bok — a1b3j — asb1k + agbsi + asbrj — azboi
= (agbs — asby) i+ (agby — a1bs) j+ (a1bay — a2b1) k (11.30)

This proves the proposition.
The easy way to remember the above formula is to write it as follows.

i j k
axb=|a a2 a3 (11.31)
b1 by b3

where you expand the determinant along the top row. This yields
(a2b3 — a3b2) i— (a1b3 - agbl)j+ (a1b2 — a2b1> k (11.32)

which is the same as [11.30.

11.5.5 The Integral Over A Two Dimensional Surface

First it is good to define what is meant by a smooth surface.

Definition 11.5.5 Let S be a subset of R3. Then S is a smooth surface if there
exists an open set, U C R? and a C* function, R defined on U such that R(U) = S, R is
one to one, and for all (u,v) € U,

R, x R, #0. (11.33)

This last condition ensures that there is always a well defined normal on S. This function,
R is called a parameterization of the surface. It is just like a parameterization of a curve
but here there are two parameters, u,v.

One way to think of this is that there is a piece of rubber occupying U in the plane and
then it is taken and stretched in three dimensions. This gives S.

Definition 11.5.6 Let up,uy be vectors in R3. The 2 dimensional parallelogram
determined by these vectors will be denoted by P (uy,us) and it is defined as

2
P(lll,lIg) = ZSjllj 185 € [O, 1]
j=1

Then the area of this parallelogram is

area P (u1,u2) = |ug X ug|.
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Suppose then that x = R (u) where u € U, a subset of R? and x is a point in V,
a subset of 3 dimensional space. Thus, letting the Cartesian coordinates of x be given
by x = (21, xg,xg)T, each x; being a function of u, an infinitesimal rectangle located at
ug corresponds to an infinitesimal parallelogram located at R (ug) which is determined

by the 2 vectors {8%(;0) du, 8Ra(:°) dv} , each of which is tangent to the surface defined

by x =R (u). This is a very vague and unacceptable description. What exactly is an
infinitesimal rectangle? However, it can all be made precise later and this is good motivation
for the real thing.

d'LLQ
av

Uo du1

From Definition [11.5.6, the volume of this infinitesimal parallelepiped located at R (up)
is given by

IR (ug) IR (uo) _ |9R (o) _ IR (uo)
50 du x 5 dv| = % < By dudv (11.34)
= |R, x Ry| dudv (11.35)

This motivates the following definition of what is meant by the integral over a parametrically
defined surface in R3.

Definition 11.5.7 Suppose U is a subset of R? and suppose R : U — R (U) =
S C R3 is a one to one and C* function. Then if h: R (U) — R, define the 2 dimensional
surface integral, fR(U) h(x) dS according to the following formula.

/h(x) dsE/ h (R (u)) [Ru (1) x Ry (u)] dudo,
S U

With this understanding, it becomes possible to interpret the meaning of Stoke’s theo-
rem. This is stated in the following theorem. Note that slightly more is assumed here than
earlier. In particular, it is assumed that R, x R, # 0. This allows the definition of a well
defined normal vector which varies continuously over the surface, S.

Theorem 11.5.8 (Stoke’s Theorem) Let U be any region in R? for which the con-
clusion of Green’s theorem holds. Let R € C? (7“ R?’) be a one to one function such that
R, xR,#0onU. Let

7]’ =Ro aja

where the o; are parameterizations for the oriented bounded variation curves bounding the
region U oriented such that the conclusion of Green’s theorem holds. Let S denote the
surface,

S ={R(u,v) : (u,v) €U},
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Then for F a C' vector field defined near S,

2":/ F-dy, = /U(Ru x Ry) - (VX F) (R (u,v))dms (11.36)

/ (V x F) - ndS (11.37)
S

Proof: Formula 11.36 was established in Theorem [11.4.4. The unit normal of the point
R (u,v) of S is (Ry xRy)/|Ry X Ry| and from the definition of the integral over the
surface, Definition [11.5.7, Formula 11.37 follows.

11.6 Introduction To Complex Analysis

11.6.1 Basic Theorems, The Cauchy Riemann Equations

With Green’s theorem and the technique of proof used in proving it, it is possible to present
the most important parts of complex analysis almost effortlessly. I will do this here and leave
some of the other parts for the exercises. Recall the complex numbers should be considered
as points in the plane. Thus a complex number is of the form x + iy where 2 = —1. The
complex conjugate is defined by

r+iy=x—1iy

and for z a complex number,

|z| = (zE)l/2 =22+ 2.

Thus when z + iy is considered an ordered pair (z,y) € R? the magnitude of a complex
number is nothing more than the usual norm of the ordered pair. Also for z = x + iy, w =
U+ v,

2= w = /(z — ) + (y - v)°

so in terms of all topological considerations, R? is the same as C. Thus to say z — f (z) is
continuous, is the same as saying

(#,y) = ulz,y), (x,y) = v(z,y)

are continuous where f(z) = u(x,y) + iv(x,y) with v and v being called the real and
imaginary parts of f. The only new thing is that writing an ordered pair (x,y) as = + iy
with the convention i = —1 makes C into a field. Now here is the definition of what it
means for a function to be analytic.

Definition 11.6.1 Let U bte an open subset of C (R?) and let f : U — C be a
function. Then f is said to be analytic on U if for every z € U,

Az—0 Az

exists and is a continuous function of z € U. For a function having values in C denote by
u(x,y) the real part of f and v (x,y) the imaginary part. Both u and v have real values and

f(x+iy) = f(2) = u(x,y) +iv(z,y)
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Proposition 11.6.2 Let U be an open subset of C . Then f: U — C is analytic if and
only if for
fle+iy) =u(z,y) +iv(z,y)

u(z,y),v(x,y) being the real and imaginary parts of f, it follows
Uy (1,y) = Uy (x,y) , Uy (a:,y) = —Ug (a:,y)

and all these partial derivatives, Uy, Uy, Vg, vy are continuous on U. (The above equations
are called the Cauchy Riemann equations.)

Proof: First suppose f is analytic. First let Az = ¢h and take the limit of the difference
quotient as h — 0 in the definition. Thus from the definition,

f(z+ih) = f(2)

/ — 1
fiz) = Jim ih
h—0 th

.1 . )
= Jim = (uy (2,9) + v, (2,9)) = —ity (2,9) + v, (2,)

Next let Az = h and take the limit of the difference quotient as h — 0.
L fEth) ()

f'(z) = lim W
_ g L@t hy) tiv (@ hy) - (u(@y) +Hiv(z,y)
h—0 h

= Ug ('r7y)+“}w (l‘,y)
Therefore, equating real and imaginary parts,
Uy = Uy, Vg = —Uy

and this yields the Cauchy Riemann equations. Since z — f’(z) is continuous, it follows
the real and imaginary parts of this function must also be continuous. Thus from the above
formulas for f'(z), it follows from the continuity of 2 — f’ (z) all the partial derivatives of
the real and imaginary parts are continuous.

Next suppose the Cauchy Riemann equations hold and these partial derivatives are all
continuous. For Az = h + ik,

Fet Az~ F() = ulet by k) +iv (et hy k) — (uey) +iv ()
:um(a:,y)h—l—uy(J:,y)k—i—i(vx(x,y)h—&-vy(x,y)k:)+o((h,k))

This follows from Theorem [6.5.1/ which says that C* implies differentiable along with the
definition of the norm (absolute value) in C. By the Cauchy Riemann equations this equals

= ug (z,y)h— vz (2, y) k+i(vy (z,9) b+ uy (z,9) k) + 0 (Az)
— e () (b 08) + v (1) (4 i8) + 0 (A2)
Uy (x,y) Az + iv, (x,y) Az + 0 (Az)

Dividing by Az and taking a limit yields f’ (z) exists and equals u, (z,y) + iv, (2,y) which
are assumed to be continuous. This proves the proposition.
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11.6.2 Contour Integrals

The most important tools in complex analysis are Cauchy’s theorem in some form and
Cauchy’s formula for an analytic function. I will give one of the very best versions of these
theorems. They all involve something called a contour integral. Now a contour integral is
just a sort of line integral. Here is the definition.

Definition 11.6.3 ret v : [a,b] — C be of bounded variation and let f : v* — C.
Letting P = {tg, - -, tn} where a =ty < t; < --- < t, =0, define

||P|| = max {|t; —tj_1|:j=1,---,n}

and the Riemann Stieltjes sum by

n

SP)Y =D (v (7)) (v (t) =7 (t-1))

j=1

where T; € [tj_1,t;]. (Note this notation is a little sloppy because it does not identify the
specific point, T; used. It is understood that this point is arbitrary.) Define fv f(2)dz as
the unique number which satisfies the following condition. For all € > 0 there exists a 6 > 0
such that if ||P|| <9, then

(2)dz — S(”P)‘ <e
Sometimes this is written as

/f(z)dzz lim S (P).

[IP]1—0

You note that this is essentially the same definition given earlier for the line integral only
this time the function has values in C rather than R™ and there is no dot product involved.
Instead, you multiply by the complex number 7 (¢;) —y (t;—1) in the Riemann Stieltjes sum.
To tie this in with the line integral even more, consider a typical term in the sum for S (P).
Let v (t) = 7, (t) + 474 (t) . Then letting u be the real part of f and v the imaginary part,
S (P) equals

D (v (1) 72 (75)) + v (71 (75) 72 (75))
j=1

Y1 () =71 (E-1) + 8 (2 (8) = 72 (¢-1)))

I
NE

w1 (75)72 (7)) (01 (85) = 71 (85-1))

<.
Il

N

v (71 (75),72 (15)) (v2 (£5) — 72 (ti-1))

T
M- 1

v (71 (75) 72 (75)) (71 (85) — 71 (ti-1))

<.
Il
—_

u (7, (Tj) » V2 (Tj)) (V2 (tj) — 72 (tj—l))

s
M§

<.
Il
—
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Combining these leads to

M:

(w(y(r5), —v(v(75)) - (v (&) — v (ti-1))

1

<.
Il

+.

-

iy (v (), uy () (v () =7 (tj-1)) (11.38)

1

J

Since the functions v and v are continuous, the limit as ||P|| — 0 of the above equals

L(u,—v)-d7+iL(U,u)-d7

This proves most of the following lemma.

Lemma 11.6.4 Let T be a rectifiable curve in C having parameterization v which is
continuous with bounded variation. Also let f : T' — C be continuous. Then the contour
integral fv f(2) dz exists and is given by the sum of the following line integrals.

[yf(z)dz:[y(u, —v)-dv—i—i/(v,u)-dw (11.39)

~

Proof: The existence of the two line integrals as limits of S (P) as ||P|| — 0 follows from
continuity of u, v and Theorem [11.2.3|along with the above discussion which decomposes the
sum for the contour integral into the expression of [11.38 for which the two sums converge
to the line integrals in the above formula. This proves the lemma.

The lemma implies all the algebraic properties for line integrals hold in the same way
for contour integrals. In particular, if v is C!, then

[yf(z)dzz /abf(v (1))~ (t)dt.

Another important observation is the following.

Proposition 11.6.5 Suppose F' (z) = f(z) for all z € €, an open set containing v*
where v : [a,b] — C is a continuous bounded variation curve. Then

[1Gd=Fe®) - F ).

.

Proof: Letting v and v be real and imaginary parts of f, it follows from Lemma 11.6.4
/f(z)dZZ/(u, —v) ~d’y—|—i/(v,u) dy (11.40)
2l 2l

v

Consider the real valued function

G(Ly)fé(F(eriy)JrF(eriy)) =Re F (x + iy)

By assumption,
Fl(z +iy) = f (z +1iy) = u(z,y) +iv(z,y).

Thus it is routine to verify VG = (u, —v). Next let the real valued function H be defined
by

H (2,y) = % (Foti) - Flatiy) =ImF («+ )
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Then VH = ) and so from [11.40/ and Theorem [11.2.11

/f = GOy () -G (a) +i(H (v (b)) - H(y(a)))
= F(v(0)=F(y(a).

This proves the proposition.

A function F such that F' = f is called a primitive of f. See how it acts a lot like a
potential, the difference being that a primitive has complex, not real values. In calculus,
in the context of a function of one real variable, this is often called an antiderivative and
every continuous function has one thanks to the fundamental theorem of calculus. However,
it will be shown below that the situation is not at all the same for functions of a complex
variable.

11.6.3 The Cauchy Integral
The following is the first form of the Cauchy integral theorem.

Lemma 11.6.6 Let U be an open set in C and let T be a simple closed rectifiable curve
contained in U having parameterization v. Also let f be analytic in U. Then

Lf(z)dzz

Proof: This follows right away from the Cauchy Riemann equations and the formula
11.39. Assume without loss of generality the orientation of T' is the positive orientation. If
not, the argument is the same. Then from formula [11.39)

/Wf(z)dz:[y(u,—v).ah-H‘L(v’u).d7

and by Green’s theorem and U; the inside of I" this equals

/ (v — uy) dma +i/ (ug —vy)dma =0
U; b

by the Cauchy Riemann equations. This proves the lemma.

It is easy to improve on this result using the argument for proving Green’s theorem. You
only need continuity on the bounding curve. You also don’t need to make any assumption
about the functions u,, etc. being in L' (U). The following is a very general version of the
Cauchy integral theorem.

Theorem 11.6.7 Let U; be the inside of T' a simple closed rectifiable curve having
parameterization . Also let f be analytic in U; and continuous on U; UT'. Then

Af(@dz:

Proof: Let Bs,Zs be those regions of Lemma [11.3.6/ where as earlier Zs are those which
have empty intersection with I" and B are the border regions. Without loss of generality,
assume I is positively oriented. As in the proof of Green’s theorem you can apply the same
argument to the line integrals on the right of [11.39 to obtain, just as in the proof of Green’s

theorem
Z f dz+Z/f dz—/f

ReZs ReBs
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In this case the first sum on the left in the above formula equals 0 from Lemma [11.6.6) for
any d > 0. Now just as in the proof of Green’s theorem, you can choose ¢ small enough that

2

ReEBs

(2)dz| < e.

OR

Since ¢ is arbitrary this proves the theorem.

With this really marvelous theorem it is time to consider the Cauchy integral formula
which represents the value of an analytic function at a point on the inside in terms of its
values on the boundary. First here are some lemmas.

Lemma 11.6.8 Let R be a rectangle such that OR is positively oriented. Recall this
means the direction of motion is counter clockwise.

Then if z is on the inside of OR,

1 1

2mi Jogp w — 2

while if z is on the outside of OR, the above integral equals 0.

Proof: This follows from a routine computation and is left to you. In the case where z
is on the outside of R, the conclusion follows from the Cauchy integral formula Theorem
11.6.7] as you can verify by noting that f(w) = 1/(w — z) is analytic on an open set
containing R and that in fact its derivative equals what you would think,

1/ (w—2)°.

This proves the lemma.
Now with this little lemma, here is the Cauchy integral formula.

Theorem 11.6.9 LetT tea positively oriented simple closed rectifiable curve having
parameterization v and let z € U;, the inside of T'. Also let f be analytic on U;, and

continuous on U; UT'. Then
L[ fw)
= — dw.
FE) =gy [

w—z

In particular, letting f (z) =1,

1 1
211 LWz

Proof: In constructing the special regions in the proof of Green’s theorem, always choose
0 such that the point z is not on any of the lines mdé = y and x = kd. This makes it possible
to avoid thinking about the case where z is not on the interior of any of the rectangles of
Zs. Pick 6 small enough that Zs # @ and z is contained in some Ry € Zs. From Lemma
11.6.8| it follows for each R € Zs

L[ fw) L[ fw)-f)
gt et =1 () = g [

w
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Then as in the proof of Theorem [11.6.7

f( - [ (2)
27 Z - dw+2m Z - -z - dw

REZs ReBs

1 /f —fz
= — | —————“dw
211 ~ w—z

By Theorem [11.6.7, all these integrals on the left equal 0 except for Ry, the one which
contains z on its interior.
Thus the above reduces to

1 fw)—f() /f -

27 JaR, w—z

The integrand of the left converges to f’(2) as § — 0 and the length of Ry also converges
to 0 so it follows from Theorem 11.2.4 that the limit as § — 0 in the above exists and yields

f(w f(w 1 1
" 2mi / —z " 2mi / — z — 1) 2mi )., mdw. (11.41)

Consider the last integral above.

Z/Rw_zdw+2/aRw_Zdw_/ _Zdw (11.42)

ReT;s ReBs

As in the proof of Green’s theorem, choosing § small enough the second sum on the left in

the above satisfies
1
g / / dw‘ <e
SR w — Z R w—z

ReBs
By Lemma [11.6.8], the first sum on the left in [11.42 equals

1
/ dw
OR, w—z

where Ry is the rectangle for which z is on the inside of dRy. Then by this lemma again,
this equals 27i. Therefore for such small ¢, [11.42l reduces to

1
27m'—/ dw’<5
N W= 2

1 1
21 S W=z

Now using this, 11.41/implies the claimed formula of the theorem. This proves the theorem.

<>

REB;s

Since ¢ is arbitrary, this shows

Theorem 11.6.10 Let v : [a,b] — C be of bounded variation. Let [ be continuous

on v*. For z ¢ v*, define
2) E/ (w) dw
W2

Then g is infinitely differentiable. Futhermore,

M) (1) — p f (w)
g ( ) '/y (w )n+1
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Proof:

(g(z+h)—g(2) /h= ;L <(wf(:)z h (i@i))dw

:Mﬂw((w—z—%(w—z))dw:/wf(w)<<w—2—2)(w‘z))dw

Consider only h € C such that 2|h| < dist (z,7*). The integrand converges to 1/ (w — z)°.
Then for these values of h,

S 111
T dist (z,7%)% /2 dist (z,7%)°

and so the convergence of the integrand to
f(w)/ (w=2z)*
is uniform for |h| < dist (z,7*) /2 . Using Theorem [11.2.4] it follows

J@) = SN 00

- z?i’%h ( w—z—h _(i(wi))dw
/(u{_;)dw

One can then differentiate the above expression using the same arguments. Continuing
this way results in the following formula.

g(”) (z) =n! /7 (wji<:)))”+1dw

This proves the theorem.

It turns out that in the definition of what it means for a function defined on an open
set, U to be analytic it is not necessary to say that z — f’(2) is continuous. In fact, this
comes for free. The statement that z — f’(z) is continuous is REDUNDANT! The key to
understanding this is the Cauchy Goursat theorem.

11.6.4 The Cauchy Goursat Theorem

If you have two points in C, z; and zg, you can consider 7y (t) = z1 + ¢ (22 — 21) for t € [0, 1]
to obtain a continuous bounded variation curve from z; to zo. More generally, if z1,- - -, 2,
are points in C you can obtain a continuous bounded variation curve from z; to z,, which
consists of first going from z; to z3 and then from z; to z3 and so on, till in the end one
goes from z,,,_1 to z,,. Denote this piecewise linear curve as v (21, - -, z2m) . Now let T be a
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triangle with vertices z1, zo and z3 encountered in the counter clockwise direction as shown.

Z3

21 22

Denote by [, f (2) dz, the expression, [/ f(z)dz. Consider the following pic-
ture. '
23

21 22

Thus
2)dz = Z (11.43)

BTl

On the “inside lines” the integrals cancel because there are two integrals going in opposite
directions for each of these inside lines.

Theorem 11.6.11 (Cauchy Goursat) Let f : Q — C have the property that f'(z)
exists for all z € Q and let T be a triangle contained in ). Then

/an<w>dw:0.

f(w)dw‘:aséo.

Proof: Suppose not. Then

orT

From [11.43! it follows
osy

and so for at least one of these T}, denoted from now on as 77,

dT1

a
T

f(w) dw‘ >
0Ty

Now let T3 play the same role as T'. Subdivide as in the above picture, and obtain T3 such
that

f(w)dw‘ > %.

Continue in this way, obtaining a sequence of triangles,

Ty D Thy1,diam (T},) < diam (T)27F,
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and

oY

w)dw| > —.
[ pwa|> 5
Then let z € N3, T} and note that by assumption, f’(z) exists. Therefore, for all k large
enough,

(dw= [ (FE)+1 G w=2)+gw)dv
BTk BTk

where |g (w)] < e|w — z|. Now observe that w — f(z) + f'(2) (w — z) has a primitive,
namely,

F(w)=f(x)w+f(2) (w—2)" /2.
Therefore, by Proposition [11.6.5,

(w) dw = /8T g (w) dw.

0Ty,

From Theorem [11.2.4] applied to contour integrals or the definition of the contour integral,

(07

4k

IA

/ g (w) dw‘ < ediam (T}) (length of 0T)
ATy
< 27% (length of T') diam (T") 27*,

and so
a < € (length of T') diam (T') .

Since ¢ is arbitrary, this shows a = 0, a contradiction. Thus f or [ (w)dw = 0 as claimed.
This fundamental result yields the following important theorem.

Theorem 11.6.12 (Morera) Let Q2 be an open set and let f ' (z) exist for all z € Q.

Let D = B (zp,7) C Q. Then there exists € > 0 such that f has a primitive on B (2,7 + €).
(Recall this is a function F such that F' (z) = f(2).)

Proof: Choose ¢ > 0 small enough that B (29,7 +¢) C Q. Then for w € B (29,7 +¢),

define
(’LU) /y(zo o (’LL) U

Then by the Cauchy Goursat theorem, Theorem [11.6.11, and w € B (zg,r + €), it follows
that for |h| small enough,

Fw+h)—F(w)
h

[
y(w,w+h)

1 1 1
= h) hdt = h)d
P | rwsmnar= [ p e a

S =

which converges to f (w) due to the continuity of f at w. This proves the theorem.

The following is a slight generalization of the above theorem which is also referred to as
Morera’s theorem. It contains the proof that the condition of continuity of z — f’(2) is
redundant.

LGiancinto Morera 1856-1909. This theorem or one like it dates from around 1886
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Corollary 11.6.13 Let Q be an open set and suppose that whenever

Y (Zl7 22,23, Zl)

s a closed curve bounding a triangle T, which is contained in , and f is a continuous
function defined on €, it follows that

/ fx)dz=0,
~v(21,22,23,21)

then f is analytic on Q. Also, if ' (z) exists for z € Q, then z — f' (z) is continuous.

Proof: As in the proof of Morera’s theorem, let B (2g, ) C £ and use the given condition
to construct a primitive, F' for f on B (2q,7). (As just shown in Theorem [11.6.12, the given
condition is satisfied whenever f’ (z) exists for all z € €2.) Then F is analytic and so by the
Cauchy integral formula, for z € B (z,r)

1 F (w) w
F(2) /aB( ——dw.

2m 20 W— 2

It follows from Theorem [11.6.10| that F' and hence f have infinitely many derivatives, im-
plying that f is analytic on B (zg,7). Since zg is arbitrary, this shows f is analytic on €.
In particular z — f’(z) is continuous because actually this function is differentiable. This
proves the corollary.

This shows that an equivalent definition of what it means for a function to be analytic
is the following definition.

Definition 11.6.14 Let U be an open set in C and suppose f' (2) exists for all
z € U. Then f is called analytic.

These theorems form the foundation for the study of functions of a complex variable.
Some important theorems will be discussed in the exercises.

11.7 Exercises

1. Suppose f : [a,b] — [c,d] is continuous and one to one on (a,b). For s € (¢, d), show
d(f,(a,b),5) = +£1

show it is 1 if f is increasing and —1 if f is decreasing. How can this be used to relate
the degree to orientation?

2. In defining a simple curve the assumption was made that v (¢) # « (a) and 7y (t) # v (b)
ift € (a,b) . Is this fussy condition really necessary? Which theorems and lemmas hold
with simply assuming - is one to one on (a,b)? Does the fussy condition follow from
assuming =y is one to one on (a,b)?

3. Show that for many open sets in R?, Area of U = faU xdy, and Area of U = faU —ydx
and Area of U = % fBU —ydz 4+ xdy. Hint: Use Green’s theorem.

4. A closed polygon in the plane starts at (zg,y0), goes to (x1,y1), to (z2,y2) to
<+ (Tp,Yn) = (x0,y0). Suppose the line segments never cross so that you have a
simple closed curve. Using Green’s theorem find a simple formula for the area of the
parallelogram. You can use Problem 3. Get the area using a line integral obtained by
adding the line integrals corresponding to the vertices of the polygon.



11.7. EXERCISES 321

10.

11.

12.

13.

Let I’ be a simple C! oriented curve having parameterization 4 where ¢ is the time
and suppose f is a force defined on I". Then the work done by f on an object of mass
m as it moves over the curve is defined by

/f-d’y
-

Newton’s second law states that f = m2¥ where v =+ (t). Let v, = v (b) with v,
defined similarly. Thus these are the final and initial velocities. Show the work equals
sl = gm vl

—m|vp|” — =m|ve|.

g M g e

In the situation of the above problem, show that if f(x) = VF (x) where F is a
potential, then if the motion is governed by the Newton’s law it follows that for ~ (¢)
the motion,

1 2
—Fy®))+5mh ()]
is constant.
Generalize Stoke’s theorem, Theorem [11.4.4] to the case where R is only assumed C*.

Given an example of a simple closed rectifiable curve I' and a horizontal line which
intersects this curve in infinitely many points.

Let T" be a simple closed rectifiable curve and let U; be its inside. Show you can remove
any finite number of circular disks from U; and what remains will still be a region for
which Green’s theorem holds. Hint: You might get some ideas from looking at the
proof of Lemma 11.3.6. This is much harder than it looks because you only know I'
is a simple closed rectifiable curve. Begin by punching one circular hole and go from
there.

Let 7 : [a,b] — R be of bounded variation. Show there exist increasing functions f (¢)
and g (t) such that

1) =) —g().
Hint: You might let f(t) = V (v;][a,t]). Show this is increasing and then consider
gt) =, —~@).

Using Problem [10/ describe another way to obtain the integral fy fdy for f a real
valued function and - a real valued curve of bounded variation as just described using
the theory of Lebesgue integration. What exactly is this integral in this simple case?
Next extend to the case where 4 has values in R and f : 4* — R". What are some
advantages of using this other approach?

Suppose f is continuous but not analytic and a function of z € U C C. Show f has no
primitive. When functions of real variables are considered, there are function spaces
C™ (U) which specify how many continuous derivatives the function has. Why are
such function spaces irrelevant when considering functions of a complex variable?

Analytic functions are all just long polynomials. Prove this disappointing result. More
precisely prove the following. If f : U — C is analytic where U is an open set and if
B (20,7) C U, then

()= an(z—2)" (11.44)
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for all |z — zg| < r. Furthermore,

_ F™ (20)

- (11.45)

Qn

Hint: You use the Cauchy integral formula. For z € B (29, r) and C the positively
oriented boundary,

_ L fw 1 fw) 1
F) = 27Ti/cwz_27ri/cwzolij_2dw

- L _ S 2 —z0)" dw
- /cg_:ow e )

211 — 2

Now explain why you can switch the sum and the integral. You will need to argue the
sum converges uniformly which is what will justify this manipulation. Next use the
result of Theorem [11.6.10.

Prove the following amazing result about the zeros of an analytic function. Let €2 be
a connected open set (region) and let f : 2 — X be analytic. Then the following are
equivalent.

(a) f(z)=0forall z€Q
(b) There exists zg € 2 such that f( (zy) = 0 for all n.
(c¢) There exists zyp € © which is a limit point of the set,

Z={2€Q:f(2)=0}.

Hint: From Problem [13| if ¢.) holds, then for z near z

(2 ,
re = B oy

Say f(™ (20) # 0. Then consider

FE) I 5 )

(z —2z0)™ m!

Now let z, — 20,2, # 20 but f(z,) = 0. What does this say about fim) (20)?
Clearly the first two conditions are equivalent and they imply the third.

You want to define e* for z complex such that it is analytic on C. Using Problem [14
explain why there is at most one way to do it and still have it coincide with e* when
z = x + 0. Then show using the Cauchy Riemann equations that

e = e” (cos (y) + isin (y))
is analytic and agrees with e¢* when z = x 4 i0. Also show
d z z
—e® =e”.
dz

Hint: For the first part, suppose two functions, f,g work. Then consider f — g. this
is analytic and has a zero set, R.
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16.

17.

18.

19.

20.

Do the same thing as Problem [15! for sin (z),cos (z). Also explain with a very short
argument why all identities for these functions continue to hold for the extended
functions. This argument shouldn’t require any computations at all. Why is sin (z)
no longer bounded if z is allowed to be complex? Hint: You might try something
involving the above formula for e* to get the definition.

Show that if f is analytic on C and f’(z) = 0 for all z, then f(z) = ¢ for some
constant ¢ € C. You might want to use Problem (14| to do this really quickly. Now
using Theorem [11.6.10 prove Liouville’s theorem which states that a function which
is analytic on all of C which is also bounded is constant. Hint: By that theorem,

f/(z)_iL (f(w)de

where C,. is the positively oriented circle of radius r which is centered at z. Now con-
sider what happens as 7 — oo. You might use the corresponding version of Theorem
11.2.4/ applied to contour integrals and note the total length of C, is 27r.

Using Problem (15| prove the fundamental theorem of algebra which says every non-
constant polynomial having complex coefficients has at least one zero in C. (This is
the very best way to prove the fundamental theorem of algebra.) Hint: If p(z) has
no zeros, consider 1/p (z) and prove it must then be bounded and analytic on all of C.

Let f be analytic on U;, the inside of I, a rectifiable simple closed curve positively
oriented with parameterization . Suppose also there are no zeros of f on I'. Show
then that the number of zeros, of f contained in U; counted according to multiplicity

is given by the formula
1 !/
Lre,
2mi J, f(2)

Hint: You ought to first show f (z) =[]}, (z — z1) g (z) where the 2 are the zeros
of fin U; and g (z) is an analytic function which never vanishes in U; UT. In the
above product there might be some repeats corresponding to repeated zeros.

An open connected set U is said to be star shaped if there exists a point zg € U called a
star center such that the for all z € U, v (20, 2)" as described in before the proof of the
Cauchy Goursat theorem is contained in U. For example, pick any complex number
a and consider everything left after leaving out the ray {ta : ¢ > 0} . Show this is star
shaped with a star center ta for t < 0. Now for U a star shaped open connected set,
suppose ¢ is analytic on U and g (z) # 0 for all z € U. Show there exists an analytic
function h defined on U such that

") =g (2).

This function h (z) is like log (¢ (z)). Hint: Use an argument like that used to prove
Morera’s theorem and the Cauchy Goursat theorem to obtain a primitive for ¢'/g, h.

Next consider the function
ge ™

Using the chain rule and the product rule, show d% (ge‘hl) = 0. Using one of the

results of Problem 17 show

g = ce

for some constant c. Tell why ¢ can be written as e®**®. Then let h = hy + a + ib.
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21. One of the most amazing theorems is the open mapping theorem. Let U be an open

connected set in C and suppose f : U — C is analytic. Then f (U) is either a point
or an open connected set. In the case where f (U) is an open connected set, it follows
that for each zy € U, there exists an open set, V' containing zo and m € N such that
for all z € V,

f(2)=f(20) + ()" (11.46)

where ¢ : V — B (0, §) is one to one, analytic and onto, ¢ (z0) = 0, ¢’ (2) # 0 on V and
¢~ ! analytic on B (0,0) . If f is one to one then m = 1 for each zp and f~': f (U) - U
is analytic. Consider the real valued function f (z) = z2. f (R) is neither a point nor
an open connected set. This is a strictly complex analysis phenomenon. Hint:Work
out the details of the following outline. Suppose f (U) is not a point. Then using
Problem (14! about the zeros of an analytic function there exists r > 0 such that for
z € B(z0,7) \ {20},
f(z) = f(20) #0.

Explain why there exists g (z) analytic and nonzero on B (zg,r) such that for some
positive integer m,

f(2) = f(20)=(2—20)"g(2)

Next one tries to take the m'" root of g (z). Using Problem 20 there exists h analytic
such that

9(2) =", g(z) = (Hm)"

Now let ¢(2) = (z— zp)eM*)/™ This yields the formula T1.46. Also ¢ (z9) =
e(z0)/m £ (. Now consider

¢ (v +iy) = u(z,y) +iv(z,y)

(2)=(uen)

Here u,v are C'! because ¢ is analytic. Use the Cauchy Riemann equations to verify
the Jacobian of this transformation at (xg,y¢) is nonzero. This is where you use
¢’ (20) # 0. Use inverse function theorem to verify ¢ maps some open set V containing
2o one to one and onto B (0,4). Thus also ¢ maps V onto B (0,§™). Explain why it
follows from [11.46/ and the fact that zg is arbitrary that f is an open map. Since f is
continuous and U is connected, so is f (U). However, if m > 1, this mapping, f can’t
be one to one. To verify this,

and the map

/M (21) # ¢ (21)

but both are in B (0,§). Hence there exists zy # z; such that ¢ (z2) = e2™/™¢ (21) (¢
is one to one) but f (22) = f(21). If f is one to one, then the above shows that f~!
is continuous and for each z, the m in the above is always 1 so f(z) = e*®)/1 £ (.
Hence

—1y/ _ im 7P () - (f(2)
)@ = f(211)—>f(Z) f (1) = f(2)
= im LTE = !
e =7 - @
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22.

23.

24.

25.

Let U be what is left when you leave out the ray ta for ¢ > 0. This is a star shaped
open set and ¢ (z) = z is nonzero on this set. Therefore, there exists h (z) such that
z = e"(®) by Problem 20. Explain why A (z) is analytic on U. When o = —1 this is
called the principle branch of the logarithm. In this case define Arg (2) =6 € (—7, )
such that the given z equals |z| ¢??. Explain why this principle branch of the logarithm
is
log (2) =1In(|z]) + iArg (2)

Note it follows from the open mapping theorem this is an analytic function on U. You
don’t have to fuss with any tedium in order to show this.

Suppose I is a simple closed curve and let U; be the inside. Suppose f is analytic on
U; and continuous on U; UT'. Consider the function z — |f (z)|. This is a continuous
function. Show that if it achieves its maximum at any point of U; then f must be a
constant. Hint: You might use the open mapping theorem.

Let f,g be analytic on U;, the inside of T', a rectifiable simple closed curve positively
oriented with parameterization . Suppose either

If(2)+g9()| <|f()|+]g(z)] onT
If(z)—g()|<I|f(z)] onT

Let Z; denote the number of zeros in U; and let Z; denote the number of zeros of g
in U;. Then neither f, g, nor f/g can equal zero anywhere on I' and Z; = Z,. Hint:
The first condition implies for all z € T,

mG(C\[O,oo)

9(2)

Show there exists a primitive F' for

(f/9)
flg

0:[Y(‘;//gg)/dz:lyg:dz—/v‘(;/dz:Zf—Zg.

You could consider F = L (f/g) where L is the analytic function defined on C\ [0, c0)
with the property that

and argue

el = 4

Thus
PO (2) =1, L' (2) = 1/=.

In the second case, show g/f ¢ (—o00,0] and so a similar thing can be done. This
problem is a case of Rouche’s theorem.

Use the result of Problem 24! to give another proof of the fundamental theorem of
algebra as follows. Let g (z) be a polynomial of degree n, a,z™ + an_12" 1+ -+ +
a1z + ag where a,, # 0. Now let f (z) = a,2™. Let I' be a big circle, large enough that
|7 (2) — g (2)| < |f ()] on this circle. Then tell why g and f have the same number of
zeros where they are counted according to multiplicity.
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Let p(2) = 27+ 1123 — 522 4 5. Identify a ball B (0,r) which must contain all the zeros
of p(z). Try to make r reasonably small. Use Problem [24.

Here is another approach to the open mapping theorem which I think might be a little
easier and shorter which is based on Rouche’s theorem and makes no reference to real
variable techniques. Let f : U — C where U is an open connected set. Then f (U) is
either an open connected set or a point. Hint: Suppose f (U) is not a point. Then
explain why for any zy € U there exists r > 0 such that

f(2)=f(20)=9(2)(z—20)"

where ¢ is analytic and nonzero on B (29, 7). Now consider the function z — f (z) —w.
I would like to use Rouche’s theorem to claim this function has the same number of
zeros, namely m as the function z — f (2) — f (20). Let

d=min{|f (2) — f (20)| : |z — 20| =7}
Then if |w — f (29)] < 9,

lw—f (20)] = [f (2) = £ (20) = (f (2) —w)| <0 <[f (2) = [ (20)]|

for each z € 9B (zp,7) and so you can apply Rouche’s theorem. What does this say
about when f is one to one? Why is f (U) open? Why is f (U) connected?

Let 7 : [a,b] — C be of bounded variation, v (a) = v (b) and suppose z ¢ v*. Define

n( z)zi/ dw
1A= 5m W= 2

This is called the winding number. When ~* is positively oriented and a simple closed
curve, this number equals 1 by the Cauchy integral formula. However, it is always an
integer. Furthermore, z — n (v, z) is continuous and so is constant on every component
of C\ v*. For z in the unbounded component, n (v, z) = 0. Most modern treatments
of complex analysis feature the winding number extensively in the statement of all
the major theorems. This is because it makes possible the most general form of the
theorems. Prove the above properties of the winding number. Hint: The continuity
is easy. It follows right away from a simple estimate and Theorem [11.2.4] applied
to contour integrals. The tricky part is in showing it is an integer. This is where
it is convenient to use Theorem [11.2.6/ applied to contour integrals. There exists
7 : [a,b] — C which is C* on [a, b] and

max {[7 (t) = (#)] : ¢ € [a,b]} <e,

n(a) =n) =~ (a)=7(b)

1 / dw 1 dw
211 W=z 21 nW—2

where ¢ < dist (z,7*). Thus z ¢ n*. Consider the contour integral which involves 7
and show it is an integer. Then there exists a sequence of these C'* contours {#,} such

that
L[ L e
211 W=z 21 n, W— 2

— 0.
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29.

Consequently, for all k large enough there can be no change in

1 dw

2me ), w—z
which shows ) dw

2 Jyw—z

is an integer as claimed. So how do you show the contour integral involving 7 yields
an integer? As mentioned above,

1 d 1 /Y ot
w1 m)

2mi nkw—zi%m' . N(t)—z

Let

Formally this is a lot like some sort of log (77 (s) — z) (recall beginning calculus) so it

is reasonable to consider ,

( ed(®) >
nt)—z/
Show this equals 0. Explain why this requires the function which is differentiated must

be constant. Thus
e9(a) e9(b)

n(a)—= n(b) -z

Now 7 (a) = 1(b),g(a) = 0, and so e9(®) = 1 = €9}, Explain why this requires
g (b) = 2mmi for m an integer. Now this gives the desired result.

Let

B’ (a,r) = {z € C such that 0 < |z —a| < r}.
Thus this is the usual ball without the center. A function is said to have an isolated
singularity at the point a € C if f is analytic on B’ (a,r) for some r > 0.

An isolated singularity of f is said to be removable if there exists an analytic function,
g analytic at a and near a such that f = g at all points near a. A major theorem is
the following.

Theorem 11.7.1 Let f: B'(a,r) — X be analytic. Thus f has an isolated
singularity at a. Suppose also that

lim f (2) (z —a) =0.

z—a

Then there exists a unique analytic function, g : B (a,r) — X such that g = f on
B’ (a,r). Thus the singularity at a is removable.

Prove this theorem. Hint: Let i (z) = f (2) (z — a)®. Then h (a) = 0 and /’ (a) exists
and equals 0. Show this. Also h is analytic near a. Therefore,

z) = Zak (z — a)"
k=2

Maybe consider g (z) = h(z) /(z — a)®. Argue g is analytic and equals f for z near a.
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Another really amazing theorem in complex analysis is the Casorati Weierstrass the-
orem.

Theorem 11.7.2 Let a be an isolated singularity and suppose for some r >
0, f(B'(a,r)) is not dense in C. Then either a is a removable singularity or there

exist finitely many by, - - -, by for some finite number, M such that for z near a,
b
—k
fE =9+ — (11.47)
i (2 —a)

where g (z) is analytic near a. When the above formula holds, f is said to have a pole
of order M at a.

Prove this theorem. Hint: Suppose a is not removable and B (2p,d) has no points
of f(B'(a,r)). Such a ball must exist if f (B’ (a,r)) is not dense in the plane. this
means that for all 0 < |z —a| <7,

|f(z) — 20| 28>0

Hence 1
lim ———(z—a)=0
LY ICEr N

and so 1/ (f (z) — zo) has a removable sincularity at a. See Problem 29. Let g (z) be
analytic at and near a and agree with this function. Thus

g(z) = Zan(z—a)”.
n=0

There are two cases, g (a) = 0 and g (a) # 0. First suppose g (a) = 0. Then explain
why

9(z) =h(2)(z—a)"

where h (z) is analytic and non zero near a. Then

1 1
h(z)(z—a)"

Show this yields the desired conclusion. Next suppose g (a) # 0. Then explain why
g (z) # 0 near a and this would contradict the assertion that a is not removable.

f(z)—20=

One of the very important techniques in complex analysis is the method of residues.
When a is a pole the residue of f at a denoted by res (f, a), is defined as b_; in[11.47.
Suppose a is a pole and I is a simple closed rectifiable curve containing a on the inside
with no other singular points on I' or anywhere else inside I'. Show that under these
conditions,

/ f(2)dz = 2mi(ves (f,a))
r

Also describe a way to find res (f,a) by multiplying by (z —a)™ and differentiating.
Hint: You should show fr ﬁdz = 0 whenever m > 1. This is because the function
has a primitive.
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32.

33.

Using Problem [9] give a holy version of the Cauchy integral theorem. This is it. Let
I' be a positively oriented rectifiable simple closed curve with inside U; and remove
finitely many open discs B (z;,r;) from U;. Thus the result is a holy region. Suppose
f is analytic on some open set containing U; \ UJ_1 B (zj,75) . Then letting I'; denote
the negatively oriented boundary of B (z;,r;), show

Oz/f(z)dz—FZ f(z)dz

where 7, is a parameterization for I';. Hint: The proof is the same as given earlier.
You just use Green’s theorem.

Let T be a simple closed curve and suppose on its inside there are finitely many poles
for a function f which is analytic near I'. Call these poles {z;};_, . Then

/f (2)dz = 2m’zn:res (f.z5)
Y j=1

This is the very important residue theorem for computing line integrals. Hint: You
should use Problem 32/ and Problem 30}, the Casorati Weierstrass theorem.
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Hausdorff Measures And Area
Formula

12.1 Definition Of Hausdorff Measures

This chapter is on Hausdorff measures. First I will discuss some outer measures. In all that
is done here, a (n) will be the volume of the ball in R” which has radius 1. This volume is
the usual Lebesgue measure and the balls will be determined by the usual norm on R”.

Definition 12.1.1 For a set, E, denote by v (E) the number which is half the di-
ameter of E. Thus

1
r(E)=-sup{|x—y|:x,y e £} = idiam(E)

DO =

Let E C R™.

H3(E) = inf{ Y B()(r (C3)" B C U,y (C) < 8}

H(E) = lim H; ().

In the above definition, [ (s) is an appropriate positive constant depending on s. Later
I will tell what this constant is but it is not important for now. It will be chosen in such a
way that whenever n is a positive integer, H" ([0,1)") = 1 = m,, ([0,1)") . In fact, this is all
you need to know about it.

Lemma 12.1.2 H* and Hj are outer measures.

Proof: It is clear that H*(0) = 0 and if A C B, then H*(4) < H*(B) with similar
assertions valid for H3. Suppose E = U2, E; and Hj(E;) < oo for each i. Let {C’J’ 521 be
a covering of E; with

> . .
D B)(r(C)))* — /2" < HY(E)

j=1

331
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and diam(C?) < §. Then

H3(E)

IN

2.2 B0
i=1 j=1

ZH i) +e/2!

=1

< a—i—iH‘g(E)

i=1

IN

It follows that since € > 0 is arbitrary,

H3(E) <> H3(E
=1

which shows H3 is an outer measure. Now notice that Hj(E) is increasing as 6 — 0. Picking
a sequence 0y decreasing to 0, the monotone convergence theorem implies

H(E) < S,

This proves the lemma.
The outer measure H? is called s dimensional Hausdorff measure when restricted to the
o algebra of H?® measurable sets. Recall these are the sets, F such that for all 5,

H(S) =H* (SNE)+H* (S\ E).

Next I will show the o algebra of H® measurable sets includes the Borel sets. This is
done by the following very interesting condition known as Caratheodory’s criterion.

12.1.1 Properties Of Hausdorff Measure
Definition 12.1.3 For two sets, A, B in a metric space, define
dist (4, B) =inf{||lx —y|| : x € A,y € B}.

Theorem 12.1.4 Let u be an outer measure on the subsets of X, a closed subset of
a normed vector space and suppose

u(AU B) = pu(A) + pu(B)
whenever dist(A, B) > 0, then the o algebra of measurable sets contains the Borel sets.

Proof: It suffices to show that closed sets are in F, the o-algebra of measurable sets,
because then the open sets are also in F and consequently F contains the Borel sets. Let K
be closed and let S be a subset of Q. Is u(S) > pu(SNK)+ u(S\ K)? It suffices to assume
p(S) < oco. Let

K, = {z:dist(z,K) < l}
n

By Lemma [7.4.4 on Page 152,  — dist (x, K) is continuous and so K, is closed. By the
assumption of the theorem,
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H(S) > u((S N K) U (S\ Kn)) = (S N K) + (S \ Ko) (12.1)
since SN K and S\ K,, are a positive distance apart. Now
WS\ Ky) < p(S\ K) < p(S\ Ko) + (Ko \ K) N1 S). (12.2)

If limy,— oo p((K, \ K)NS) = 0 then the theorem will be proved because this limit along
with [12.2 implies lim;,, oo (S \ K,) = 1 (S\ K) and then taking a limit in 12.1, p(S) >
(SN K)+ pu(S\ K) as desired. Therefore, it suffices to establish this limit.

Since K is closed, a point, ¢ K must be at a positive distance from K and so

K, \ K= Uzo:nKk \Kk+1.

Therefore
p(S N (Kn\ K)) <> u(S 0 (K \ Kiy1)). (12.3)
k=n
If -
Z /.L(S N (Kk \Kk+1)) < 00, (12.4)
k=1

then (S N (K, \ K)) — 0 because it is dominated by the tail of a convergent series so it
suffices to show [12.4

M
D (SN (K \ K1) =
k=1
S SN K\ Er)+ > (S0 (K \ Kipa)). (12.5)
k even, k<M k odd, k<M

By the construction, the distance between any pair of sets, S N (K \ Kiy1) for different
even values of k is positive and the distance between any pair of sets, S N (Kj \ Kj41) for
different odd values of k is positive. Therefore,

Yo wSNE N K ) + Y p(S N (Ki \ Kiga)) <

k even, k<M k odd, k<M

p( U S0 (Ke\ Kin)) +u( | S0 (Ki\ Kiya)) <20 (S) < o0
k even k odd
and so for all M, 224:1 (SN (Kp\ Kit1)) < 2p(S) showing [12.4 and proving the theorem.
The next theorem applies the Caratheodory criterion above to H?.

Theorem 12.1.5 The o algebra of H® measurable sets contains the Borel sets and
H® has the property that for all E C R™, there exists a Borel set F 2 E such that H*(F) =
HE(E).

Proof: Let dist(A, B) = 209 > 0. Is it the case that
H*(A) +H*(B) = H*(AUB)?

This is what is needed to use Caratheodory’s criterion.
Let {C;}52be a covering of AU B such that r(C;) < 6 < do/2 for each j and

H3(AUB) +e> > B(s)(r(Cy))"

j=1
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Thus
H3(AUB)+2> > B(s)(r(Cy)*+ > Bs)(r(Cy))*

JEJ1 jE€J2

where

Ji={j:C;NA#M}, Jo={j:C;NB#0}.
Recall dist(A, B) = 26g and so J; N Jy = (. Tt follows
H;(AUB) +¢e > Hs(A) + H;(B).
Letting 6 — 0, and noting ¢ > 0 was arbitrary, yields
H*(AU B) > H*(A) + H®(B).

Equality holds because H® is an outer measure. By Caratheodory’s criterion, H® is a Borel
measure.
To verify the second assertion, note first there is no loss of generality in letting H® (E) <
0o. Let
E C U?‘;ICJ‘, ’I"(Cj) <4,

and
H3(E) +6 > 26(5)(7“(0]'))5-
Let
Fs = Ujo'ilij
Thus Fs O F and
H3(E) < H3(Fs) < Zﬁ(S)(T (@)
= Y B()(r(Cy)* <5+ H;(E),
j=1

Let 0 — 0 and let F" = N2, F5,. Then F' O E and
H;, (B) < H5, (F) < H;, (Fs) < 0 + H;, (B).
Letting £ — oo,
H(E) < H*(F) < H*(E)

This proves the theorem.
A measure satisfying the first conclusion of Theorem [12.1.5 is sometimes called a Borel
regular measure.

12.1.2 K" And m,

Next I will compare H™ and m,,. To do this, recall the following covering theorem which is
a summary of Corollaries 9.7.5/ and 9.7.4 found on Page 220.

Theorem 12.1.6 Let E C R" and let F, be a collection of balls of bounded radii
such that F covers E in the sense of Vitali. Then there exists a countable collection of
disjoint balls from F, {B;}32,, such that T, (E \ U2, B;) = 0.
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In the next lemma, the balls are the usual balls taken with respect to the usual distance
in R™.

Lemma 12.1.7 If m,, (S) =0 then H" (S) = H? (S) = 0. Also, there exists a constant,
k such that H™ (E) < km,, (E) for all E Borel. Also, if Qo = [0,1)", the unit cube, then
H™([0,1)™) > 0.

Proof: Suppose first m,, (S) = 0. First suppose S is bounded. Then by outer regularity,
there exists a bounded open V' containing S and m,, (V') < €. For each x € S, there exists

a ball By such that é; CVandéd >r (E;) By the Vitali covering theorem there is a

sequence of disjoint balls { B } such that {Ec} covers S. Then letting a (n) be the Lebesgue
measure of the unit ball in R"

(s < Yo (B) =20 a6
k
3(n) B(n)

a(n) a(n)

Since ¢ is arbitrary, this shows H} (S) = 0 and now it follows H™ (S) = 0. In case S is not
bounded, let S,,, = B (0,m)NS. Then HY (S,) = 0 and so letting m — oo, H} (S) = 0 also.
Then as before, H™ (S) = 0.

Letting U be an open set and 6 > 0, consider all balls, B contained in U which have
diameters less than 6. This is a Vitali covering of U and therefore by Theorem [12.1.6, there
exists {B;}, a sequence of disjoint balls of radii less than ¢ contained in U such that U2, B;
differs from U by a set of Lebesgue measure zero. Let «(n) be the Lebesgue measure of the
unit ball in R™. Then from what was just shown,

5"m, (V) < 5"

My (U) = M3 (UiB) <> B(n)r(B)" =

=1

3
sy
z

1Ngk
Q
z
=
=
=

- 2 S 80 = 2, 1) = b 0.

a(n) &

Now letting F be Borel, it follows from the outer regularity of m,, there exists a decreasing
sequence of open sets, {V;} containing E' such such that m,, (V;) — m,, (E). Then from the
above,

Hy (E) < hm Hy (Vi) < lim kmy, (Vi) = kmy, (E).

1—00

Since 6 > 0 is arbitrary, it follows that also
H" (E) < km, (E).

This proves the first part of the lemma.

To verify the second part, note that it is obvious H§ and H" are translation invariant
because diameters of sets do not change when translated. Therefore, if H™ ([0,1)") = 0, it
follows H™ (R™) = 0 because R" is the countable union of translates of Qo = [0,1)™. Since
each H} is no larger than H", the same must hold for Hj. Therefore, there exists a sequence
of sets, {C;} each having diameter less than ¢ such that the union of these sets equals R™

but -
1>Zﬂ(n)r(0)
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Now let B; be a ball having radius equal to diam (C;) = 2r (C;) which contains C;. It follows

which implies

>3 8@ =3 L0, () = e,

i=1
a contradiction. This proves the lemma.

Lemma 12.1.8 Every open set in R™ is the countable disjoint union of half open boxes
of the form

n

H(ai, a; + 2"“]

i=1
where a; = 127F for some integers, I, k. The sides of these bozes are of equal length. One
could also have half open boxes of the form

n

H[ai,ai +27F)

i=1
and the conclusion would be unchanged.

Proof: Let .
Cr = {All half open boxes H(ai, a; + 27%] where
i=1
a; = 127% for some integer .}

Thus Cj, consists of a countable disjoint collection of boxes whose union is R™. This is
sometimes called a tiling of R™. Think of tiles on the floor of a bathroom and you will get
the idea. Note that each box has diameter no larger than 27%/n. This is because if

X,y S H(aiaai + Q_k]v
i=1

then |z; — y;| < 27F. Therefore,

n 1/2
x —y| < <Z (Qk)2> =2 % /n.

i=1
Let U be open and let B; = all sets of C; which are contained in U. If By, - - -, By have been
chosen, By = all sets of Cx41 contained in
U \ U (Ui-c:lBi) .

Let Boo = U2 B;. In fact UBo = U. Clearly UB,, C U because every box of every B; is
contained in U. If p € U, let k be the smallest integer such that p is contained in a box
from Cj which is also a subset of U. Thus

p € UBr CUB4.

Hence B, is the desired countable disjoint collection of half open boxes whose union is U.
The last assertion about the other type of half open rectangle is obvious. This proves the
lemma.
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Theorem 12.1.9 By choosing B (n) properly, one can obtain H™ = m, on all
Lebesgue measurable sets.

Proof: T will show H" is a positive multiple of m,, for any choice of 3 (n). Define

L= M, (Qo)

H™ (Qo)
where Qo = [0,1)" is the half open unit cube in R"™. I will show kH" (E) = m,, (E) for
any Lebesgue measurable set. When this is done, it will follow that by adjusting 5 (n) the
multiple can be taken to be 1.
Let Q = [[}_,[ai,a; + 27%) be a half open box where a; = [27%. Thus Qo is the union
of (2’“)” of these identical half open boxes. By translation invariance, of H™ and m,,

(Qk)” H"(Q) =H" (Qo) = %mn (Qo) = % (Qk)nmn Q).

Therefore, kH" (Q) = m,, (Q) for any such half open box and by translation invariance, for
the translation of any such half open box. It follows from Lemma 12.1.8 that kH" (U) =
my, (U) for all open sets. It follows immediately, since every compact set is the countable
intersection of open sets that kH™ = m,, on compact sets. Therefore, they are also equal
on all closed sets because every closed set is the countable union of compact sets. Now let
F be an arbitrary Lebesgue measurable set. I will show that F' is H"™ measurable and that
EH™ (F) = my, (F). Let F; = B (0,])NF. Then there exists H a countable union of compact
sets and G a countable intersection of open sets such that

HCFCG (12.6)
and m, (G \ H) = 0 which implies by Lemma [12.1.7
my (G\ H) =kH" (G\ H) = 0. (12.7)

To do this, let {G;} be a decreasing sequence of bounded open sets containing F; and let
{H;} be an increasing sequence of compact sets contained in F; such that

EH™ (Gi \ Hy) = m,, (G \ H;) < 27°

Then letting G = N;G; and H = U; H; this establishes[12.6/ and [12.7. Then by completeness
of H™ it follows F; is H™ measurable and

KH™ () = kH" (H) = my, (H) = my (F) .

Now taking [ — oo, it follows F is H"™ measurable and kH™ (F) = m,, (F). Therefore,
adjusting (8 (n) it can be assumed the constant, k is 1. This proves the theorem.

The exact determination of §(n) is more technical. You can skip it if you want. Just
remember 3 (n) is chosen such that H™ ([0,1)™) = 1. It turns out this will require 3 (n) =
a (n) where a (n) is the volume of the unit ball taken with respect to the usual norm. The
optional sections are starred.

12.2 Technical Considerations*

Let «(n) be the volume of the unit ball in R”. Thus the volume of B(0,r) in R™ is a(n)r"™
from the change of variables formula. There is a very important and interesting inequality
known as the isodiametric inequality which says that if A is any set in R", then

m(A) < a(n)(2”  diam(A))™
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This inequality may seem obvious at first but it is not really. The reason it is not is that
there are sets which are not subsets of any sphere having the same diameter as the set. For
example, consider an equilateral triangle.

Lemma 12.2.1 Let f: R"~! — [0,00) be Borel measurable and let

S={(xy) :lyl < f(x)}.
Then S is a Borel set in R™.

Proof: Set sj be an increasing sequence of Borel measurable functions converging point-
wise to f.

Zc gy, (x
Let
Sk = Unla By, X (= ).

c
Then (x,y) € Sk if and only if f(x) > 0 and |y| < sk(x) < f(x). It follows that Sy C Sky1
and
S = UpZ, Sk

But each Sy is a Borel set and so S is also a Borel set. This proves the lemma.
Let P; be the projection onto

Span (elv oy €-1,€541, - '7en)

where the e, are the standard basis vectors in R", e, being the vector having a 1 in the k"
slot and a 0 elsewhere. Thus Px = Zj# zje;. Also let

APi,X = {‘TZ : (xla' IR TR '7:1771) € A}

Pix e Span{ela T € 1€i41, 0 '7en}‘
Lemma 12.2.2 Let A CR"™ be a Borel set. Then P;x — m(Ap,x) is a Borel measurable

function defined on P;(R™).

Proof: Let K be the 7 system consisting of sets of the form H?:1 A; where A; is Borel.
Also let G denote those Borel sets of R™ such that if A € G then

Pix — m((AN Rg)p.,) is Borel measurable.
where R, = (=k,k)". Thus K€ G. If Aeg
Px —m ((AC N Rk)Pix)
is Borel measurable because it is of the form

m ((Ri) p,y) —m (AN Ry) p.)
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and these are Borel measurable functions of P;x. Also, if {4;} is a disjoint sequence of sets
in G then
m ((Uidi N Ri) px) Zm ((4i N Ri)py)

and each function of P;x is Borel measurable. Thus by the lemma on 7 systems G = B (R™)
and this proves the lemma.
Now let A C R™ be Borel. Let P; be the projection onto

span (e17~ C € 1,€1 1, ~,en)

and as just described,
Apx={y€R : Px+ ye; € A}

Thus for x = (z1, - -, Tn),
Apx ={yeR: (21, - @i—1,Y, Tit1, - Tn) € A}.
Since A is Borel, it follows from Lemma [12.2.1] that
Pix — m(Ap,x)

is a Borel measurable function on P;,R? = R*~L

12.2.1 Steiner Symmetrization*

Define
S(A,e;) = {x=Pix+ye;: |yl <2 'm(Apx)}

Lemma 12.2.3 Let A be a Borel subset of R™. Then S(A,e;) satisfies
Px +ye; € S(A,e;) if and only if Pix — ye; € S(A,e;),
S(A,e;) is a Borel set in R",
mn(S(A,e;)) = mp(A), (12.8)
diam(S(A,e;)) < diam(A). (12.9)

Proof: The first assertion is obvious from the definition. The Borel measurability of
S(A4,e;) follows from the definition and Lemmas [12.2.2 and [12.2.1l To show Formula [12.8|

Ap x)
mn(S(A,el)) = / / dxld:z:l ce dl’i_ldl'i+1 e den
P;R"™ 2-1

m(AP x

_/ m(Apx)dxy - - - dzi1dzipr - - - day
P;R™
= m(A4).
Now suppose x; and x5 € S(4,e;)
le + Yyi1€;, X2 = PX2 + Y2€;.

For x € A define
I(x) =sup{y : Px+ye; € A}.

g(x) =inf{y : P,x+ye; € A}.
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Then it is clear that
l(Xl) - g(xl) > m(APix1) > 2|y1‘7 (1210)
I(x2) — g(x2) > m(Apx,) > 2[yal. (12.11)
Claim: [y; — o < [l(x1) — g(x2)] or [y — ol < li(x2) — g1
Proof of Claim: If not,
2ly1 — ya| > [I(x1) — g(x2)| + |l(x2) — g(x1)]
> l(x1) — g(x1) + U(x2) — g(x2)|
= 1(x1) — g(x1) + (x2) — g(x2).
> 2|y1] + 2 |yo|

by [12.10 and 12.11] contradicting the triangle inequality.
Now suppose |y1 — ya| < |I(x1) — g(x2)|. From the claim,

X1 —x2| = (|Px1i— Pxol? + |y1 — y2|?)"/?
< (|Pixq — Pxal? +|l(x1) — g(x2)[})/?
< (IPx1 — Pixol? + (|21 — 2] + 26)%)1/
< diam(A) + O(v/)

where 21 and 2o are such that P;x; + z1e; € A, Pixo + 20€; € A, and
|21 — I(x1)] < € and |22 — g(x2)| < €.

If ly1 — y2| < |i(x2) — g(x1)], then we use the same argument but let
|21 — g(x1)| < € and |22 — I(x2)| < &,

Since x1, X2 are arbitrary elements of S(A,e;) and ¢ is arbitrary, this proves [12.9.
The next lemma says that if A is already symmetric with respect to the j** direction,
then this symmetry is not destroyed by taking S (4, e;).

Lemma 12.2.4 Suppose A is a Borel set in R" such that Pjx +e;z; € A if and only
if Pyx+(—x;)e; € A. Then if i # j, Pix+ejz; € S(A,e;) if and only if Pjx+(—x;)e; €
S(A,e;).
Proof: By definition,

Pix+ejz; € S(A e;)

if and only if
|$Z| < 2_1m(APi(ij+ejz]-))~
Now
T; € APi(ij+ejzj)

if and only if

Ti € AP,(Pyjx+(~a;)e;)
by the assumption on A which says that A is symmetric in the e; direction. Hence

Pix+ejz; € S(A,e)
if and only if

|1'Z| < 271m(APi(PJx+(—acj)ej))

if and only if
Pix+(—zj)e; € S(A,e;).

This proves the lemma.
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12.2.2 The Isodiametric Inequality*

The next theorem is called the isodiametric inequality. It is the key result used to compare
Lebesgue and Hausdorff measures.

Theorem 12.2.5 Let A be any Lebesgue measurable set in R™. Then

mn(A) < a(n)(r (A))"

Proof: Suppose first that A is Borel. Let A; = S(A4,e1) and let Ay = S(Ak—_1,ex).
Then by the preceding lemmas, A4,, is a Borel set, diam(A4,,) < diam(A), m,(4,) = m,(4),
and A, is symmetric. Thus x € A,, if and only if —x € A,,. It follows that

A, € B(0,r (4,)).

(Ifx € A,\B(0,7 (A,)), then —x € A, \B(0,r (4,)) and so diam (A4,,) > 2|x| > diam(A,).)
Therefore,
mn(An) < a(n)(r (4)" < a(n)(r (A)".

It remains to establish this inequality for arbitrary measurable sets. Letting A be such a
set, let {K,,} be an increasing sequence of compact subsets of A such that

m(A) = kh—>nol<> m(Ky).

Then
m(4) = khi& m(K}) < lim ksllgo a(n)(r (Kg))"
< a(n)(r(4)"

This proves the theorem.

12.2.3 The Proper Value Of 3 (n)"

I will show that the proper determination of §(n) is «a(n), the volume of the unit ball.
Since B (n) has been adjusted such that k = 1, m,, (B (0,1)) = H™ (B (0,1)). There exists
a covering of B (0,1) of sets of radii less than &, {C;};2, such that

HY (B(0,1)) +¢ > Zﬂ (n)r(Cy)"

Then by Theorem 12.2.5 the isodiametric inequality,

Now taking the limit as § — 0,

H™ (B (0,1)) + ¢ > mZ) H" (B (0,1))

~—

a(
and since € > 0 is arbitrary, this shows a(n) > 5 (n).
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By the Vitali covering theorem, there exists a sequence of disjoint balls, { B;} such that
B(0,1) = (U2,B;) UN where m,, (N) = 0. Then H} (N) = 0 can be concluded because
Hy < H™ and Lemma 12.1.7. Using m,, (B (0,1)) = H" (B (0, 1)) again,

Hy (B(0,1)) = H?(UiBi)SZﬁ(N)T(Bi)"

= ggz; Za(n)r(Bi)n = ggz; Zmn (B;)
TN TN B,
= o™ (U; By) o)™ (B(0,1)) ” (n)H (B(0,1))

which implies «(n) < §(n) and so the two are equal. This proves that if a(n) = 8 (n),
then the H™ = m,, on the measurable sets of R™.

This gives another way to think of Lebesgue measure which is a particularly nice way
because it is coordinate free, depending only on the notion of distance.

For s < n, note that H* is not a Radon measure because it will not generally be finite
on compact sets. For example, let n = 2 and consider H!(L) where L is a line segment
joining (0,0) to (1,0). Then H!'(L) is no smaller than H!(L) when L is considered a subset
of R, n = 1. Thus by what was just shown, H!(L) > 1. Hence H!([0,1] x [0,1]) = co. The
situation is this: L is a one-dimensional object inside R? and H' is giving a one-dimensional
measure of this object. In fact, Hausdorff measures can make such heuristic remarks as
these precise. Define the Hausdorff dimension of a set, A, as

dim(A4) = inf{s : H*(A) = 0}

12.2.4 A Formula For a (n)"

What is a(n)? Recall the gamma function which makes sense for all p > 0.
T (p) E/ e P 1at.
0

Lemma 12.2.6 The following identities hold.

pl'(p) =T(p+1),

Proof: Using integration by parts,

o0 o0
F(p+1) = / eTHPdt = —e T HP|5° +p/ e P dt
0 0

Pl (p)
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Next
oo oo
7ttp71dt/ e %597 s
o0 o0
/ e~ (tHs)p—1ga—1g4s
0
(o)
/ s)P™ b sa=1duds

1
/ e (u— s’ s dsdu

3

(=)

I
c\%ﬁc\c\

e8] 1
/ (u —uz)? " (uz)? " udzdu

(=)

e} 1 1
= / e Pt (1 — )P 29 dadu
0

(p+q) </ P (1 - x)qldx> .
It remains to find I (%) .
1 o0 oo 1 o0
Tr <) :/ e 124t :/ e Zoudy = 2/ e du
2 0 0 U 0

oo 2 oo
</ e " d:z:> = / - dx/ e ¥ dy*/ / (=24 dxdy
0
= " rdfdr = -
o=

o

Il
—

Now

and so

This proves the lemma.
Next let n be a positive integer.

Theorem 12.2.7 a(n) = 72(T(n/2 + 1))~ where T'(s) is the gamma function

F(s):/ e tt5at.
0

-t (1)-

Proof: First let n = 1.

Thus

2
/2r(1/24+1)7t = V= 2=a(l).
and this shows the theorem is true if n = 1.

Assume the theorem is true for n and let B, 41 be the unit ball in R™*1. Then by the

result in R™,
1

M (Br) = [ alm)(1 = o, 0) e,
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— 2a(n) /01(1 22y,

Doing an integration by parts and using Lemma 12.2.6
1
= za(n)n/ 21 — 3 (=224
0

11
= 2a(n)n§/ (1 — )" du
0

1
= na(n)/ w21 — u)? N du
0

= na(n)L'(3/2)0(n/2)(T((n+3)/2))~"

= na"?(C(n/2+ 1)) (T((n + 3)/2))"'T(3/2)L(n/2)

= nr"?(T(n/2)(n/2)) ' (T((n +1)/2 4 1))"'T(3/2)(n/2)
= 27"%0(3/2)(T((n+1)/2+ 1))}

= a"D2(D((n+1)/2+ 1))

This proves the theorem.

From now on, in the definition of Hausdorff measure, it will always be the case that
B(s) = a(s). As shown above, this is the right thing to have [ (s) to equal if s is a positive
integer because this yields the important result that Hausdorfl measure is the same as
Lebesgue measure. Note the formula, 7%/2(T'(s/2 + 1))~ makes sense for any s > 0.

12.3 Hausdorff Measure And Linear Transformations

Hausdorff measure makes possible a unified development of n dimensional area including
in one theory length and surface area. Imagine the boundary of an open set in R3. You
would tend to think of this as something two dimensional. The way to measure it is with
H2. Length can be measured by H' and the boundary of an open set in R* is measured in
terms of H? etc.

As in the case of Lebesgue measure, the first step in this is to understand basic con-
siderations related to linear transformations. Recall that for L € £ (Rk, ]Rl) , L* is defined
by

(Lu,v) = (u,L*v).

Also recall the right polar decomposition, Theorem 13.9.3| on Page 62 This theorem says
you can write a linear transformation as the composition of two linear transformations, one
which preserves length and the other which distorts, the right polar decomposition. The one
which distorts is the one which will have a nontrivial interaction with Hausdorff measure
while the one which preserves lengths does not change Hausdorff measure. These ideas are
behind the following theorems and lemmas.

Lemma 12.3.1 Let R € L(R®,R™), n <m, and R*R = 1. Then if A C R",
H"(RA) =H"(A).
In fact, if P : R™ — R™ satisfies |Px — Py| = |x — y|, then

H"™ (PA) = H" (A).
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Proof: Note that
IR(x-y)’=(R(x-y),R(x-y)=(R'R(x—y),x—y) =[x -y’

Thus R preserves lengths.
Now let P be an arbitrary mapping which preserves lengths and let A be bounded,
P(A) - U;—ilc’j, T(Oj) < 6, and

M3 (PA) +e> > a(n)(r(C)))".
j=1
Since P preserves lengths, it follows P is one to one on P (R") and P~! also preserves

lengths on P (R™). Replacing each C; with C; N (PA),

Hy(PA)+¢ > ia(n)r(C’j N (PA)"

= Y am)r (PTH(C N (PA))"

Thus Hy(PA) > HJ(A).

Then

HEA) +e = D aln)(r(Cy)"

> HI(PA).

Hence H} (PA) = H3(A). Letting 6 — 0 yields the desired conclusion in the case where A
is bounded. For the general case, let A, = AN B(0,r). Then H"(PA,) = H"(4,). Now
let » — oco. This proves the lemma.

Lemma 12.3.2 Let F € L(R",R™),n < m, and let F = RU where R and U are
described in Theorem [3.9.3 on Page 62. Then if A CR"™ is Lebesque measurable,

H™(FA) = det(U)m,(A).
Proof: Using Theorem 9.8.7 on Page 224/ and Theorem [12.1.9,
H"(FA) = H"(RUA)
=H"(UA) = m,(UA) = det(U)m,,(A).
Definition 12.3.3 Define J to equal det(U). Thus
J = det((F*F)Y?) = (det(F*F))'/2.
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12.4 The Area Formula

12.4.1 Preliminary Results
It was shown in Lemma [12.3.2 that for F € £L(R™",R™),m >n

H"(FA) =det(U)m,(A)

where F' = RU with R preserving distances and U € £ (R™,R") having all positive eigen-
values. The area formula gives a generalization of this simple relationship to the case where
F ' is replaced by a nonlinear mapping, h. It contains as a special case the earlier change of
variables formula. The area formula has to do with n dimensional measure on a set in R™
where m > n. Thus it includes notions of length and area of curves or surfaces in higher
dimensional space. For example, you can use these ideas to consider the two dimensional
area of a surface in R? or even in R® and it can all be done in a unified and rational way. In
addition, the area formula will not require integration over open sets. Measurable sets are
good enough.
Assume m > n and h maps an open set in R™ to R™. Also suppose

Dh (x) exists for all x € V, (12.12)

Lemma 12.4.1 IfT CV whereV is an open set in R™ and m,, (T) = 0, then H" (h (T)) =
0. If h is one to one, V and h (V) are both bounded, N C h(V),H" (N) = 0, and for
Dh(x) = R(x)U (x) the right polar decomposition, U (x)™" ezists for all x € V, then
m, (b= (N)) = 0.

Proof: Let
T ={xeT:||Dh(x)|| < k}.

Thus T = UiT}. I will show h (T}) has H™ measure zero and then it will follow that
h(T) = U2 h (Tk)

must also have measure zero.
Let € > 0 be given. By outer regularity, there exists an open set, W, containing 7}, which
is contained in V' such that m,, (W) < %= For x € T}, it follows from differentiability,

h(x+v)=h(x)+ Dh(x)v+o(v)

and so whenever ry is small enough, B (x,5r7x) € W and whenever |v| < 5rx, |o (V)| < krx.
Therefore, if |v| < 5ry,

Dh(x)v+o0(v) € B(0,5krx) + B (0,krx) C B(0,6krx)

and so
h (B (x,5rx)) C B (h(x),6krx).

Letting § > 0 be given, the Vitali covering theorem implies there exists a sequence of disjoint
balls {B;}, B; = B (x;,x,), which are contained in W such that the sequence of enlarged

balls, {El}, having the same center but 5 times the radius, covers T} and 6krx, < é. Then

H (h (1) < g (b (U4 B:))

<>m (n(B)) < oMz (B hx) Gh)
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= (6K)" Z M (B (Xi; 7x;))

3
kn 6n

< (6k)"m, (W) < (6k)" =e
Since € > 0 is arbitrary, this shows H} (h(T%)) = 0. Since ¢ is arbitrary, this implies
H" (h (T))) = 0. Now

H" (h(T)) = klim H" (h(Ty)) = 0.

It remains to verify the last claim. Recall

n
X) = E ARV Vg
k=1

where {vj} is an orthonormal basis and since U (x)*1 is given to exist, each ar > 0.
Therefore, (U (x) w,w) > 6 (x) |w|* where 6 (x) > 0.

Next I claim h™! is continuous on h (V). Suppose then that h (x;) — h(x). Then let
the sequentially compact set B (x,7) C V. Without loss of generality all x; may be assumed
to lie in B (x,7). If {x;} fails to converge to x, then since B (x,7) is sequentially compact,
there exists a subsequence {xy, } converging to z # x. But then

h(x) = Jim b (x;,) = h (2)

a contradiction to h being one to one. Thus x; — x and so h is continuous.
For n > 0 let

N,={yeN:5(h"(y) >n}.
Then for y € N,,
(y+v)—y=h(h"(y+v)) —h(h(y))
= Rh'(y)U ('

y)) (b (y+v)—h7'(y))
+o(h™'(y+v)—h"'

(
h™! (y))

therefore
R (™ (y)v=U('(y) (b (y+v)-h ' (y)+o(h ' (y+v)-h~'(y) (12.13)
Using continuity of h™!, it follows that if v is small enough,
o(h! (y+v)=h 7' ()| < S |h ' (y+v)—h 7' (y)

Taking the inner product of both sides of 12.13 with h=! (y + v) — h™! (y) yields

[R* (h™! (y)) v|[h™" (y +v) = h™" (y)]

> b y+v) -h @) - I v b ()]

Now since R preserves distances and R*R =1

(R*v,R*v) = (v, RR*v) < |[V||RR"V| = |v| |R"V]
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and so
|R*v| <|v]. (12.14)

Thus the above formula implies
V=2 v+ v) - b ()] (12.15)

Since N,, has H™ measure zero, there exist {C}} covering N,, such that r (C;) < ¢ and

en™ /4" > Z a(n)r(Ck)"
k=1

Without loss of generality each Cj has nonempty intersection with N, containing y;. Now
{h=1(Cy)} covers h™! (N,) and from 12.15

diam (h™" (Cy)) < = x 2 x diam (Cy,)

2
n

and so

" -1 a(n 2 ! iam "
iy, (7 ) < 3 ) (2) (@am )
il en" 4 _

< nnZa(n)r(Ck) < 77"_5
k

Since € is arbitrary, HZSM (h*1 (Nn)) =0 and letting 6 — 0 yields
H™ (b~ (N,)) =my, (W71 (N,)) =0

because by Theorem [12.1.9/ Lebesgue and Hausdorff measure are the same on the Lebesgue
measurable sets of R™. Now take n,, — 0

my, (b~ (N)) = lim m, (h™" (N,,)) =0.

k—oo

This proves the lemma.

Lemma 12.4.2 If S is a Lebesque measurable subset of an open set V.C R™, on which
h is defined and C*, then h(S) is H™ measurable.

Proof: Let S, = SN B(0,k),k € N. By inner regularity of Lebesgue measure, there
exists a set, F', which is the countable union of compact sets and a set T with m,, (T') =0
such that

FUT =5;.

Then h (F) C h(S;) € h(F)Uh(T). By continuity of h, h(F) is a countable union of
compact sets and so it is Borel. By Lemma [12.4.1, H™ (h(T)) = 0 and so h(Sg) is H"
measurable because of completeness of Hausdorff measure, which comes from H" being
obtained from an outer measure. Now h (S) = U2 h (Sy) and so it is also true that h (.5)
is H™ measurable. This proves the lemma.

The following lemma, depending on the Brouwer fixed point theorem and found in Rudin
[34], will be important for the following arguments. The idea is that if a continuous function
mapping a ball in R* to R* doesn’t move any point very much, then the image of the ball
must contain a slightly smaller ball.
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Lemma 12.4.3 Let B = B(0,r), a ball in R* and let F : B — R* be continuous and
suppose for some € < 1,
|F(v)—v| <er (12.16)
for all v € B. Then
F(B) 2> B(0,r(1—¢)).

Proof: Suppose a € B(0,7(1—¢)) \F(B).
I claim that a # F (v) for all v € B, not just for v € B. Here is why. By the assumption
a¢ F(B),if F(v) =a, then |v| =r and so
[F(v)—v|l=la—-v|>|v|—la| >r—r(1—c¢) =re,

a contradiction to 12.16.
Now letting G :B — B, be defined by

r(a—F(v))
la—F(v)]

it follows from what was just shown G is continuous. Then by the Brouwer fixed point
theorem, G (v) = v for some v € B. Using the formula for G, it follows

G(v)

M= l6 W)= B )]
Taking the inner product with v,
@)V = W=t = s @ F () )
— m(a—v—i—v—F(v),v)
= aoEy vV - F ) v)
= aTE (@) M F )]
m[TQ(l—E)—rg—i-ers]:O,

a contradiction to |v| = r. Therefore, B (0,7 (1 —€))\F (B) = () and this proves the lemma.
Lemma 12.4.4 If |Px — Py| < L|x —y]|, then for E a set,
" (PE) < L"H" (E).

Proof: Without loss of generality, assume H" (E) < co. Let § > 0 and let {C;}:=, be
a covering of F such that r (C;) < § for each ¢ and

Za (n)r(C)" <HY(E) +e.

i=1

Then {PC;};, is a covering of PE such that r (PC;) < L§. Therefore,

His(PE) < > a(n)r(PCy)"

i=1

" Z a(n)r(C;)" < L"H§ (E) + L"e
i=1

< L"H"™(E)+ L.

IN
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Letting § — 0,
H" (PE) < L"H" (E) + L"e

and since € > 0 is arbitrary, this proves the Lemma.
Then the following corollary follows from [12.14L

Corollary 12.4.5 Let R : R® — R™ where m > n and R is linear and preserves
distances. Let T C R™. Then

H™ (T) > H" (RR*T) = H" (R*T).
Now let V be an open set in R” and let h : V. — R™ be a C' (V) function. For
Dh (x) = R(x)U (x) the right polar decomposition, suppose U (x) ™" exists for all x € U.

By definition of the derivative,

h(x+v)—-h(x) = Rx)U(X)v+o(v)
Dh(x)v+o(v) (12.17)

and therefore letting € > 0 be given,
[UT'R* (h(x+v) —h(x)) —v| <e|v|
whenever v is small enough. Thus by Lemma [12.4.3] if r is small enough,
U™'R* (h(x+B(0,rx)) —h (x)) 2 B (0,7 (1 —¢))

which implies
h(x+B(0,7«)) 2 RUB (0,7« (1 —¢)) + h (x)

or in other words,
h (B (x,7x)) 2 Dh(x) B (0,75 (1 —¢)) + h(x). (12.18)
Referring to [12.17 again,
R (x) (h(x +v) ~h(x) = U (x) v +0(v)
—UX) (V4 U (x)0(v) = U (x) (v +0(v))
It follows that if r« is sufficiently small,

R* (x) (h(x+B(0,r«)) — h(x)) U (B (0,r«) + B(0,erx))

UB (0,7 (1+¢))

N 1N

and so

h(x+B(0,rx)) =

h (B (x,rx)) € Dh(x) B (0,7« (1 +¢)) + h (x) (12.19)
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12.5 The Area Formula

The following lemma is the first approximation to the area formula.

Lemma 12.5.1 Let V be a bounded open set in R™ and leth € C* (V) ,h:V — R™ for
m > n be one to one such that for

Dh (x) = R(x) U (),
the right polar decomposition, U (x) is one to one. Assume also
|detU (x)| <M, x eV

Also assume H™ (h (V) < oo and h (V) is bounded. Let W be a Borel set in R™ and let A
be a Lebesque measurable subset of V.. Then

v () " = [ 2w (G0 det (U ()] dim,
h(A) A

Proof: Recall
det (U (x)) = det (Dh (x)* Dh (x))"/*

and so the function, x — det (U (x)) is continuous.

Also let O be an open set containing h™! (W)N A such that m,, (O \ (b= (W)NA)) <e
and H" (h (O\ (h™' (W) N A))) < e. Todo this, let {Oy,} be a decreasing sequence of open
sets containing h™! (W) N A such that m,, (O,,) — m, (h™' (W) N A) . Thus

My ((NmOm) \h™H (W) N A) =0
and so
H" (b ((NmOy) \ b~ (W) N A)) =0

by Lemma [12.4.1. Therefore, if m is large enough, letting O = O,,, gives the desired open
set.
Let x € h™ (W) N A. First note h™! (W) is a Borel set because

S={EeB[R™):h " (E) € B(R")}

is a o algebra which contains the open sets due to the fact h is continuous. Therefore,
S =B(R™). Thus h™! (W) N A is measurable.
There exists 1 > ryx > 0 small enough that 12.19 and [12.18| both hold. There exists a

possibly smaller ry such that
B (x,mx) CO (12.20)

and
[|det (U (x1))| — |det (U (x))]] < (12.21)

whenever x; € B (x,7x) .
The collection of such balls is a Vitali cover of h=! (W) N A. By Corollary [9.7.5 there is
a sequence of disjoint balls {B;} such that for

N=h"'(W)nA\UZ,B;,
my, (N) = 0. Therefore, renaming N to equal

h™ ' (W)NnA\UZ,B;,nh~ ' (W) N A,
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m,, (N) =0 and by Lemma [12.4.1,
H" (h(N)) = 0.
h™'(W)nA= (UBinAnh™ (W))UN
W Nh(A) = (U2 h(B;NA)NW)Uh(N) (12.22)

where m,, (N) =H" (h(N)) =0.

Denote by x; the center of B; and r; the radius. Using [12.18, Lemma [12.4.1/ which says
h takes sets of Lebesgue measure zero to sets of H™ measure zero, the translation invariance
of H™, Lemma [12.3.2] which gives the rule for taking a linear transformation outside the
Hausdorff measure of something, [12.21, and the assumption that h is one to one,

Juay Xw () dH" = [, 4y dH fuoo nBnaynw AH"
= Ju(uz=, Binann-1w)) " 2 Juue, 5y H" —€ 2
S M (h(By) —e = 372 H* (Dh(xy) (B(0,(1 —¢)73))) — ¢
= 22 |det (U (%)) mu (B (0, (1 —€) 7)) — €
= (1—¢)" 22721 |det (U (%) mn (B (xi,19)) — &

> (1=2)" 5%, ([, Idet (U (x)) dmy —emy, (By) ) =&

> (1=)" S, fpanncwy et (U ()] dimy — (1= )" emy (V) — ¢
= (1=)" fy X mmnann-s vy (B () |det (U (x))] dimy, — (1= 2)" em, (V) — ¢
= (1—&)" fy, Xwonca) (b (x)) det (U (x)) | dm, — (1~ £)" em, (V)

—(1—¢)" [, Xn (x) |det (U (x))| dm,, — €
= (1—e)" [, Xw (h(x)) |det (U (x))| dmy, — (1 —&)" emy, (V) — ¢

The last three lines follows from [12.22. Recall m,, (N) = 0. Since € > 0 is arbitrary, this
shows

/ Xy (y) dH™ > /XW )) |det (Dh (x))| dmy,

The opposite inequality can be established in exactly the same way using [12.19 instead
of 12.18 and turning all the inequalities around featuring (1 + ¢) instead of (1 — ), much
as was done in the proof of Lemma 9.9.1. Thus

Juay Xw (V) AR = [ yow AR = 32720 foginayow aH"
=32 H " (h(B;nA)NW) <32 H™ (h(B)))
< 3t H* (Dh(x;) (B(0,(1 +¢)7:)))
= 2o |det (U (x4))| mu (B (0, (1 +€)74))
= (1+e)" 2272 |det (U (%)) mun (B (xi,74))

<(14e Y™, (fBi \det (U (x))| dmy, + emn (Bi)>
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<(1+e9)" X2, JB.narn—1(wy 1det (U ()] dm, + (1 + e)" emy, (V)
14" o anmes wy [det (U ()] dm,

(1+8)" [ Xuse n(Binayw (h(x))|det (U (x))| dm,
+(1+e)"em, (V)+e(l+e)" M
= (14 )" fy Fwomeay (b () det (U ()] i + (1 -+ )" ey (V)
+e(l4e)"M—(1+¢)" [, Xn (x)|det (U (x))|dmyp
= (14 9)" [, Xw (0.(x) |det (U (x))| dimg + (1 + )" emn (V) + ¢ (1 + )" M

Since ¢ is arbitrary, this proves the lemma.
Next the Borel sets will be enlarged to H"™ measurable sets.

Lemma 12.5.2 Let V be a bounded open set in R™ and leth € C1 (V) , h:V — R™ for

m > n be one to one such that for
Dh (x) = R(x)U (),

the right polar decomposition, U (x) is one to one. Assume also
|detU (x)| < M, xe€V

Also assume H"™ (h (V) < oo and h (V) is bounded. Let W be a H™ measurable set in R™
and let A be a Lebesgue measurable subset of V.. Then

/ Xy (y) dH" = /XW )) [det (U (x))] (12.23)

Proof: By Theorem[12.1.5/there exists a Borel set, F' containing W such that H™ (F'\ W) =

0. By Lemma [12.4.1/ m,, (h=! ((F \ W) nh(A))) = 0. Therefore, from Lemma [12.5.1

Xw (y)dH" = Xr (y) dH"
h(A) h(4)

:l/& )) |det (U () i,

:t/%w ))|det (U (x))] dm,
+ [ 2 (0 60) et (U o),

- /&V )) [det (U (x)) | dm.

Note that

Xw (h(x)) |det (U (%)) + Xp\w (h(x)) |det (U (%)) = X (h(x)) [det (U (x))]

and the second term on the left equals X, -1y (x) and is measurable because h=! (F'\ W)
has Lebesgue measure zero by Lemma [12.4.1] while the term on the right is Lebesgue mea-
surable because F' is Borel so X oh is measurable because it is a Borel measurable function
composed with a continuous function (why?). Therefore, x =Xy (h(x)) |det (U (x))] is also
measurable. This proves the theorem.

You don’t need to assume the open sets are bounded and you don’t need to assume a
bound on |det U (x)].
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Corollary 12.5.3 Let V be an open set in R™ and let h € C (V) be one to one and
also for Dh(x) = R (x) U (x) the right polar decomposition, U (x) is one to one. Let E be
H"™ measurable and let A CV be Lebesgue measurable. Then

Xp (y) dH" = / X (h (x)) det (U (x))] dim,.
h(A)

Proof: For each x € A, there exists 7« such that B (x,7x) C V and rx < 1. Then by the
mean value inequality Theorem [6.4.2] and the observation that ||Dh (x)|| is bounded on the
compact set B (x,ry), it follows h (B (x,7x)) is also bounded. Also |det U (x)| is bounded
on the compact set B (x,rx). These balls are a Vitali cover of A. By Corollary [9.7.5 there
is a sequence of these disjoint balls {B;} such that m, (A\ U2, B;) =0 and so

A=U2, (B;NA)UN

where N = A\ U2, B; has measure zero.
It follows from Lemma [12.4.1] that h (N) also has measure zero. Then from Lemma
12.5.2 applied to B;,

Xp (y)dH" = Z/B " Xprn(Bina) (v) dH"
N

D e 00} et (U (<)
= [ X a(0) et (U () .

h(A)

This proves the corollary.
With this corollary, the main theorem follows.

Theorem 12.5.4 LetV be an open set in R™ and A is a Lebesque measurable subset
of V. Let h € C'(V) be one to one and also for Dh(x) = R(x)U (x) the right polar
decomposition, U (x) is one to one. Then if g is any nonnegative H" measurable function,

/ g(y)dH" = / g (h(x))|det (U (x))| dm,. (12.24)
n(A) A

Proof: From Corollary [12.5.3] [12.24 holds for any nonnegative simple function in place
of g. In general, let {s;} be an increasing sequence of simple functions which converges to
g pointwise. Then from the monotone convergence theorem

/ g (y) dH" im [ spdH® = Tim [ s (h(x) |det (U (x))] dim
h(A) k=00 Jh(a) k—oo /A

/ g (h (x)) |det (U (x))] dm,.
A

This proves the theorem.
Of course this theorem implies the following corollary obtained by splitting the function
into the positive and negative parts of the real and imaginary parts.

Corollary 12.5.5 Let V be an open set in R and A is a Lebesque measurable subset
of V. Let h € CY(V) be one to one and also for Dh(x) = R(x)U (x) the right polar
decomposition, U (x) is one to one. Then if g is any function in L' (h (V)),

/ g (y) dH" = / g (h (x)) |det (U (x))] dirt.
h(A) A
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You don’t need to assume U (x) is one to one. The following lemma is like Sard’s lemma
presented earlier. However, it might seem a little easier and if so, it is because the area
formula above is available and Hausdorff measures are in some ways easier to work with
since they only depend on distance.

Lemma 12.5.6 Let V be an open set in R™ and let h: V — R™ be a C' function such
that the right polar decomosition of the derivative is Dh (x) = R(x)U (x). Let E denote
the set

E= {x eV :U(x)"" does not ea:ist}

Then H™ (h (E)) = 0.
Proof: Recall the notation J (x) = |det (U (x))| discussed earlier. Modify it slightly as
Jh (x) = |det (U ()
where Dh(x) = R(x)U (x). First suppose V is bounded and so is ||Dh (x)||. Define

k. :R" — R™ x R"
k. (x) = ( h (x) )

Thus -
ke (x4 v) — k. (x) = ( h(x+v) —h (3 )
_ ( Dhg(;c)v ) o)
and so

Dk. (x) = ( Di‘ig‘) > € £ (R",R™ x R")

It is left as an exercise to explain how
Dk, (x)" = ( Dh(x)" eid ) € L(R™ x R",R")

and
Jke (x)? = det (Dk. (x)* Dk, (x)) = det (Dh* (x) Dh (x) + £2id)

Now there is an orthonormal basis, {v} for R™ such that
Dh* (x) Dh(x) = Z agVive, €2 id = 2 Z ViV.
k=1 k=1

where each a; > 0 and on FE, at least one equals 0. Thus the determinant above is the
determinant of a diagonal matrix which has all positive entries on the diagonal but at
least one of them is £2. Since ||[Dh(x)|| is bounded, this shows there exists a constant
C independent of x € V such that on E, Jk. (x) < eC. Now by the earlier area formula,
Theorem [12.5.4,

/ st (E) (Z) dH" = / XkE(E) (ks (X)) Jkg (X) dmn
ke (V) 1%

Thus
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However, |h(x)— k. (x) — k. (x1)| and so by Lemma [12.4.4 H" (k. (F)) >
H" (h(E)). Let P
H" (h(F)) <eCm, (E)

and since € is arbitrary, this shows H" (h (E)) = 0.
In the general case when V' might not be bounded define for each k € N sufficiently large
that the sets are nonempty

Vi =B(0,k) N {x €V :dist (X,VC) > 1/k}

Then V}, is compact and if E, = ENVj, and Vj plays the role of V above, it follows || Dh (x)]|
is bounded on Vi, and H"™ (h (E))) = 0. Now let £ — oo to conclude H"™ (h (E)) = 0. This
proves the lemma.

Now with this lemma it is easy to give a fairly general version of the area formula.

Theorem 12.5.7 LetV be an open set in R™ and A is a Lebesgue measurable subset
of V. Leth € C1 (V) be one to one. Then if g is any nonnegative H™ measurable function,

[ g = [ g0y det (U (el dm,. (12.25)
h(V) 1%

Proof: Let E = {xeV:U (x)*1 does not exist ; which is the same as the set where
det U (x) = 0. Then by Lemma [12.5.6 H" (h (E)) = 0 and so

/ g(y)dH = / Xovim () 9 (y) dH
h(V) h(V)

I
—
=
—
ol
%
S
=
X
o
1
+
d
%
=
3

/ g (h (x)) |det (U (x))] dim,
5

This proves the theorem.

Note that if m = n, this reduces to the usual change of variables formula because
H™ = m,, on R" as was shown above.

As before, there is an obvious corollary obtained by splitting up the function in L! into
positive and negative parts of real and imaginary parts, noting the desired result holds for
each of these pieces and then adding them together.

Corollary 12.5.8 Let V be an open set in R™ and A is a Lebesque measurable subset
of V and let h € C* (V) be one to one. Then if g is any function in L' (h(A)),

/ g(y)dH" = / 0 (h (%)) [det (U (x))| dm.
h(A) A

12.6 Area Formula For Mappings Which Are Not One
To One

Now suppose h is only C!, not necessarily one to one. For

Vi={xeV:|detU (z)| > 0}
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and Z the set where |det U ()| = 0, Lemma [12.5.6 implies H"(h(Z)) = 0.
Now the following lemma is very interesting for its own sake.

Lemma 12.6.1 For x € V., there exists an open ball Bx C V, such that h is one to
one on By.

Proof: Let Dh (x) = R (x) U (x) be the right polar decomposition. Recall that U (x) is
self adjoint and satisfies U (x) v - v > § |v|? for some § > 0 where § is the smallest eigenvalue
of U (x), the square root of the smallest eigenvalue of U (x)> = Dh (x)* Dh (x). Let > 0
such that B (x,7) C V4. Then for y € B (x,7), the continuity of y — U (y)®, resulting for
the assumption that h is C*, implies

U)Pvey = Uyt (U U7 vy
2 2
> 8- O R = O

provided r is sufficiently small. Thus for small enough r, the eigenvalues of U (y)2 for
y € B(x,r) are at least as large as 62/2 and so the eigenvalues of U (y) for these values of
y are lat least as large as 0/v/2. Thus for y € B (x,7),

Uy)vev = vl

Now make r still smaller if necessary such that for y,z € B (x,r),

IDh(y) ~ Dh ()] < °.

Then for any y,z of this sort,

h(z) ~h(y) - Dh(y)(z~y)| < 3l y]. (12.26)

This follows from the mean value inequality, Theorem 6.4.2 because if you define for such a
fixed y € B (x,7)

F(z)=h(z) -h(y) - Dh(y)(z—-y),

it follows F (y) = 0 and DF (z) = Dh(z) — Dh(y).
Then for y,z € B (x,r),

R*(y)(h(z) —h(y)) =U(y)(z—y) + R'o(z-y) (12.27)

where o (z —y) is of the form

h(z) —h(y) - Dh(y)(z—y)
Then from [12.26),
. 1)
[Ro(z—y)|<lo(z-y)<7lz-yl.

If h(z) = h(y), then taking the inner product of both sides of 12.27 with z — y,

02U (@)= y) - gla-y = (5§ ) la-P

showing z = y. This proves the lemma.
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Let {B;} be a countable subset of { Bx}xev, such that V = U2 B;. Let By = By. If
E1,- -+, Ex have been chosen, Ey11 = Bj1 \ US| E;. Thus

U2 E; = V4, hisonetooneonE;, E;NE; =10,

and each E; is a Borel set contained in the open set B;. Now define

Z Xn(E:na) () + Xnn) (y)-

Thus
Z Xn(zna)(y) = Xa,

where A, =V, N A. The set, h(FE;),h(Z) are H™ measurable by Lemma [12.4.2. Thus
n (+) is H™ measurable.

Lemma 12.6.2 Let V be an open set, F C h(V) be H™ measurable and let A be a
Lebesgue measurable subset of V. Then

/ n(y)Xr(y )dmn—/ Xr(h(x))| det Dh(x)|dm.,.
h(A)

Proof: Using Lemma [12.5.6/ and the Monotone Convergence Theorem
H"™(h(Z))=0

n n
/h(A)n(y)XF(y)dH = /h(A ZXh(E) )+ Xuz)(y) | Xr(y)dH

i=1

- ; /h( N () (¥) Xr (y)dH"

- ; /h(BmA) (0 a) (¥) X (y)dH"

-y /B a9 (h(x)] det U (<)) ldmy
= Z/AXEmA(X)XF(h(x)ﬂdetU(x)|dmn

_ /A S X () X (B(x))| det U (x) |dim,

= [ Xp(h(x)|det U (x) [dm,, = /XF x))| det U (x) |dm,.

Ay

The integrand in the integrand on the left was shown to be Lebesgue measurable from
the above argument. Therefore, the integrand of the integral on the right is also Lebesgue
measurable because it equals

Xp(h(x))|detU (x) |Xa, +0X7 (x)

and both functions in the sum are measurable. This proves the lemma.
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Definition 12.6.3 ror y € h(4), define a function, #, according to the formula
#(y) = number of elements in h™'(y).
Observe that
#(y) =n(y) H" a.e. (12.28)
because n(y) = #(y) if y ¢ h(Z), a set of H" measure 0. Therefore, # is a measurable

function because of completeness of H".

Theorem 12.6.4 et g >0, g is H™ measurable, and let h be CYV) and A is a
Lebesgue measurable subset of V. Then

/ #(y)g(y)dmnz/g(h(x))|dech(x)|dmn. (12.29)
h(A) A

The integrand on the right is Lebesgue measurable.

Proof: From 12.28 and Lemma [12.6.2, [12.29 holds for all g, a nonnegative simple func-
tion. Approximating an arbitrary measurable nonnegative function, g, with an increasing
pointwise convergent sequence of simple functions and using the monotone convergence the-
orem, yields [12.29 for an arbitrary nonnegative measurable function, g. This proves the
theorem.

12.7 The Coarea Formula

In the coarea formula, h maps V' C R" to R™ where m < n. It is possible to obtain this
formula from the area formula and some interesting linear algebra.

Lemma 12.7.1 Let A € L(R",R™). Then the nonzero eigenvalues of AA* and A*A
are the same and occur with the same algebraic multiplicities.

Proof: This follows from Theorem [3.6.5 on Page 149 applied to the matrices of A and
A*.
Corollary 12.7.2 Let A€ £(R",R™). Then
det (id +A*A) = det (id +AA™) .

Proof: This follows from Lemma because

T

id+A*A = Z (14 ap) wiwy + Z 1w wy,
k=1 k=r+1

while id +AA* is of the form

m
(1 + Cl,k> ViV + Z 1vivg.
k=1 k=r+1

Therefore, both of these determinants equal

T

H(1+ak).

k=1

This proves the corollary.
Next is a lemma which leads to some conclusions about measurability.
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Lemma 12.7.3 Leth : V C RP — R™ be continuous and § > 0. Then if A C RP is
either open or compact,
y — Hj (A Nh™! (y))

1s Borel measurable.
Proof: Suppose first that A is compact and suppose for § > 0,
H; (AN h™! (y)) <t
Then there exist sets .S;, satisfying
r(S;) <8, Anh™' (y) CUZ,S;,

and

Za (s) (r(S:))* < t.

i=1

I claim these sets can be taken to be open sets. Choose A > 1 but close enough to 1 that

D a(s) (A (8:)° <t

0
i=1

Replace S; with S; + B (0, 7;) where 5, is small enough that
diam (S;) + 2n, < Adiam (S;) .
Then
diam (S; + B (0,7,)) < Adiam (.5;)
and so 7 (S; + B(0,7;)) < Ar(S;). Thus
ia (s)r(S; + B(0,m,))° < t.
i=1

Hence you could replace S; with S; + B (0,7,) and so one can assume the sets S; are open.
Claim: If z is close enough to y, then ANh~!(z) CUX,S;.
Proof: If not, then there exists a sequence {z} such that
Zy — Y,
and
X, € (A Nh™! (Zk)) \ U;’ilSi.

By compactness of A, there exists a subsequence still denoted by k such that
zr — Yy, X, > X € A\UZ,S;.

Hence
h(x) = lim h(xg) = klim Zr =Y.

k—o0

But x ¢ U°,S; contrary to the assumption that ANh™! (y) C U®,S;.
It follows from this claim that whenever z is close enough to y,

H; (Anh (2)) < t.
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This shows
{zeR:H; (Anh™ ' (z)) < t}

is an open set and so y —Hj (A Nh™! (y)) is Borel measurable whenever A is compact.
Now let V be an open set and let

Ar 1V, Ag compact.
Then
H; (V Nh! (y)) = klim H; (A;C Nh! (y))
soy —H; (V Nh-! (y)) is Borel measurable for all V' open. This proves the lemma.

Lemma 12.7.4 Leth:V CRP — R™ be Lipschitz continuous, satisfying an inequality
of the form

|h (x) —h(y)| < Lip (h) [x —y|
where Lip (h) is a positive constant. Suppose A is either open or compact in RP. Then
y = H* (Anh~!(y)) is also Borel measurable and

/m H* (ANh™ (y)) dmy, < 2™ (Lip (h))™ ‘mem (A)

In particular, if s=n—m andp=n

H"™ (ANnh™! (y)) dmy, < 2™ (Lip (h))™ wmn (A) (12.30)

R a(n)

Proof: From Lemma 12.7.3'y — Hj (ANh~! (y)) is Borel measurable for each § > 0.
Without loss of generality, H5T™ (A) < oco. Now let C; be closed sets with r (C;) < §, A C
U, Cy, and

Hs+m + e > Z S +m Z)S+m )
Note each C; is compact so y — Hj (C’i Nh~ (y)) is Borel measurable. Thus

/Rm Hs (A Nh™! (y)) dm.,

< /M/ZHg(C’iﬂh_l(y))dmm
_ Z T (C; nh~! (y)) dmy,
< Z C;) dmy,

h(C;)

me ) H; (Cr)

Now h (C;) is contained in a ball of radius 2r (C;) and so

< 3 (Lip(0)" 2 (m)7 (C)" a () (C)°
ma(m)a(s)

= (Lip (h)) a(mts)

ZmZ (s+m)r(C;)™*

(Lip (h))m Om (Hs-l-rn (A) + 8)

IN
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Since € > 0 is arbitrary,
s —1 . m & (m) « (8) mays+m
< - 7 7
/ H3 (Anh™" (y)) dmy, < (Lip (h)) o (mt ) 2MHET™ (A)

Taking a limit as § — 0 this proves the lemma.
Next I will show that whenever A is Lebesgue measurable,

y—H"™ (A Nh™! (y))
is m,, measurable and the above estimate holds.

Lemma 12.7.5 Let A be a Lebesgue measurable subset of V' an open set and leth : V C
R™ — R™ be Lipschitz continuous,

|h(x) —h(y)| < Lip (h) [x —y].

Then
y —>HT™ (A Nh! (y))

1s Lebesgue measurable. Furthermore

Hm (AN D (y)) dimg, < 27 (Lip ()™ 2= (m)
o (n)
Proof: Let A be a bounded Lebesgue measurable set in R™. Then by inner and
outer regularity of Lebesgue measure there exists an increasing sequence of compact sets,
{K}} contained in A and a decreasing sequence of open sets, {Vj} containing A such that
m, (Vi \ Ki) < 27F. Thus m,, (V1) < m,, (A) + 1. By Lemma [12.7.4

Mp (A)

/m HE~™ (Vi nh™! (y)) dmy, < 2™ (Lip (h))™ W (mn (A) +1).
Also
HgL—m (Kk N hfl (y)) <
HP " (Anh™! (y)) <HZ™ (Vi nh™t (y)) (12.31)

By Lemma 12.7.4
= / (H:;“m (V;~C Nh! (y)) —Hg" (K;,C Nh=! (y))) dm.,

_ / H2=™ (Vi — Ki) Wb (y)) dim

m a(m—m)a(m)
a(n)

IN

2™ (Lip (h)) mn, (Vi \ Kp)

m a(n—m)a(m)

—k
am)

< 2 (Lip ()
Let the Borel measurable functions, g and f be defined by
g(y) = lim H;™" (Vi nh™(y)), f(y) = Jim H;~" (Kx nh™" (y))

It follows from the dominated convergence theorem using Hj ™™ (V1 Nh! (y)) as a domi-
nating function and [12.31] that

fy)<H™(Anh ' (y)) <gl(y)
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and

/m (9(y)— f(y))dmm =0.

By completness of m,y,, this establishes y —H§ ™™ (A Nh! (y)) is Lebesgue measurable.
Then by Lemma 12.7.4/ again,

m a(m—m)a(m)

HE ™ (Anh™! (y)) dm,, < 2™ (Lip (h)) my, (A).

R™ a(n)
Letting § — 0 and using the monotone convergence theorem yields the desired inequality
for H*=™ (Anh~(y)).

The case where A is not bounded can be handled by considering A, = AN B (0,r) and
letting r — oo. This proves the lemma.

By fussing with the isodiametric inequality one can remove the factor of 2 in the above
inequalities obtaining more attractive formulas. This is done in [13]. See also [27] which
follows [13] and [16]. This last reference probably has the most complete treatment of these
topics.

With these lemmas, it is now possible to give a proof of the coarea formula.

Define A (n,m) as all possible ordered lists of m numbers taken from {1,2, -, n}.

Lemma 12.7.6 Let A be a Lebesque measurable set in V and let h : V C R* — R™
where m < n is C' and also a Lipschitz map and for which

1/2

Jh (x) = det (Dh (x) Dh (x)")"'~ #0.

Then the following formula holds along with all measurability assertions needed for it to
make sense.

/m H"™ (Anh™! (y)) dy:/AJh(x)dm (12.32)

Proof: For x € R™, and i € A (n,m), with i = (i1, - -, 4m), define x; = (z4,, - - -, @i, ),
and mix = x;. Also for i € A(n,m), let i. € A(n,n —m) consist of the remaining indices
taken in order. For h: R" — R™ where m < n, define Jh (x) = det (Dh (x) Dh (x)*)l/z.
For each i € A (n,m), define hi:R” — R™ x R"™™ by

i _( h(x)
h (X) = ( XiC )
As in Lemma [12.6.1, since h' is in C* (V) there exist Borel sets { F}}} which are disjoint,
F} C B}, h' is one to one on the open ball B}, with a C* inverse defined on h' (B}) and
UpFi = {x € R" : det Dh' (x) # 0} .

By assumption, for each x € V there exists i such that det (Dx,h(x)) # 0 which implies
det Dh! (x) # 0. This follows from Proposition [3.8.14! which says that Dh (x) has m inde-
pendent columns. Hence .
Ui7jF; =V

Thus )

Ui FjNA=A
The problem is the F} might not be disjoint. Let {E}} be measurable sets such that
E; C Fin A for some k, the sets, Ei. are disjoint, and their union equals A. Then

/Jh(x)dx: 3 Z/ det (Dh (x) Dh (x)*)"* da. (12.33)
A

i €A(n,m) j=1
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Now each E; is contained in some B,iC and so hi has an inverse on h! (B,‘C) which I will denote
by g. Thus letting m;, x = x;, and using the definition of g

g(h(x),x;,) =x.

By the chain rule,
Dh'(g(y)) Dg(y) =1

on hi (EJ‘) Changing the variables using the area formula, the expression in [12.33| equals

/AJh(x) dz =

D> / det (Dh (g (y)) Dh (g (y))")? |det Dg ()| dy =

i €A(n,m) j=1

3 Z/ det (Dh (g () Dh (g (v)")"/? [det Db (g (v))| " dy.  (12.34)

i €A(n,m)j=1

Note the integrands are all Borel measurable functions because they are continuous functions
of the entries of matrices which entries come from taking limits of difference quotients of
continuous functions. Thus from [12.33,

/. det (Dh (x) Dh (x)*)"/* da =

[ Xy ) det (Dh (g (v)) D (g (v))) 7 [det Db (g (v)| "y (12:39)

Next this integral is split using Fubini’s theorem. Let y; € R™ be fixed and now it is
necessary to decide where y5 is. I need

(y1.y2) € b (E;) = (h (E;) ) T, (E;))

This requires yo € i, (E;) . However, it is also the case that y; is given. Now y; = h (x)
and so
x = (x1,%;,) = (Xi,y2) € h™' (y1)
which implies 7;,x = y2 € m;,h™! (y1). Thus
y2 € mi, (h™" (y1) N E})

and by Fubini’s theorem, the integral in [12.35! is

1/2 _
"% |det Dy h (g (v))| " dyadys  (12.36)

/m / (h-1( )nEi_)det (Dh (g (y)) Dh(g(y))")

Now consider the inner integral in [12.36 in which y; is fixed. The integrand equals

* 1/2
et ( (e Duiee)) ( pREN )| e )
(12.37)
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I want to massage the above expression slightly. Since yy is fixed, and y; = h (mig (y), 7.8 (y)) =
h(g(y)), it follows
0 = Dyxh(g(y)) Dy,mig(y)+ Dx, h(g(y)) Dy,mi.g(y)
= Dxh(g(y)) Dy,mig(y) + Dx, h(g(y))-

because by definition of g and hi, ;g (y) = y2 so Dy, mi,g (y) = id. Letting A = Dyx,h (g (y))
and B = Dy, m;g (y) and using the above formula, 12.37 is of the form

A 1/2 .
det [( A —AB) ( _BAr )} |det A|

= det[AA* + ABB*A*]"/? |det A| ™

= det[A(I + BB*) A*]"/? |det A| ™"

= (det (A)det (A*))"/? det (I + BB*)"/? |det A| "

— det (I + BB*)'/?,
which, by Corollary 12.7.2] equals det (I + B*B)l/ % (Note the size of the identity changes in
these two expressions, the first being an m x m matrix and the second being a n—mxn—m

matrix.)
Since 7;,g (y) = ye,

der(t+ 5B ~de (5 1) (] )]”2

. 1/2
= det (Dyzg (y) Dy,g (Y)) .
Therefore, [12.36/ reduces to

/‘ det (Dh (x) Dh (x)*)"/* dz =

/m / det (Dy,g (y)" Dy,g (y))l/2 dyody; - (12.38)

1(}’1)0E'
Recall g (y1,y2) =g(h (x) ,¥2) = x. Thus
gy, m.x) =g(y1,y2) =x

Thus ] )
g (yi,m. (b7 (y1)N EY)) = h™' (y1)N E;

and so the area formula applied to the inside integral in [12.38 yields
n * 1/2
[ o= et (Dy.g ()" Dy, (v)" dady
Hy1)NE] mi. (b= (y1)NEY)

and so this integral equals
HT (h_1 (y1)N E;) .
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It follows

1/2 da

/ det (Dh (x) Dh (x)")
Ei
J
= H* ™ (b (y1) N EY) dys.
Rm
Therefore, summing the terms over all i and j,

1/2

/ det (Dh (x) Dh (x)") '~ dz = H"™ (h™' (y) N A) dy.
A

Rm
This proves the lemma.
You don’t need to assume h is Lipschitz.

Corollary 12.7.7 Let A be a Lebesque measurable set in V, an open set and leth : V C
R™ — R™ where m < n is C' and for which

Jh (x) = det (Dh (x) Dh (x)*)"/*

# 0.
Then the following formula holds along with all measurability assertions needed for it to
make sense.

H"™ (Anh™! (y)) dy:/Jh(x)dx (12.39)

Rm A

Proof: Consider for each x € A, a ball, B (x,rx) C B (x,rx) C V such that r < 1.
Then by the mean value inequality, Theorem [6.4.2] h is Lipschitz on B;. Letting {B;} be
an open covering of A, let C; = B; N A. Then let {A;} be such that A; C C; but the A; are
disjoint and U; A; = A. The conclusion of Lemma [12.7.6] applies with B; playing the role of
V in that lemma and one can write

H™ (4;nh! (y))dy:/‘Jh (x) dx

Rm™ Az

By Lemma 12.4.1 "™ Then using the monotone convergence theorem,

m

/ CHTT(ANKT () dy = / H (U3, A b (y)) dy =

0o M

/ SoHm Ak ) dy = [ dim SR (A0 (y)) dy
R™ =1 R M=o i
M M

= lim [ M (AiNhT (y)) dy = lim Z/ H"™ (A4;nh™ (y)) dy
TR T = IR
M oo
= lim > / X4, (x) Jh (x) dz = / > X, (x) Jh(x) da

=1 i1

:/XU?LAI- (X)Jh(x)dx:/XA (x) Jh(x) dx

This proves the theorem.

You don’t need to assume Jh (x) = det (Dh (x) Dh (x)*)l/2

£ 0.
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Corollary 12.7.8 Let A C V an open set be measurable and let h : V — R™ be C*
where m < n. Then the following formula holds along with all measurability assertions
needed for it to make sense.

/m H"™ (Anh™! (y)) dy:/AJh(x)dx (12.40)

where Jh (x) = det (Dh (x) Dh (x)*)"/*.

Proof: By Corollary [12.7.7, this formula is true for all measurable A contained in the
open set R™ \ S. It remains to verify the formula for all measurable sets, A, whether or not
they intersect S.

Consider the case where

ACS={x:J(Dh(x)) =0}

Let A be compact so that by Lemma 12.7.4, y —H"™™ (A Nh™! (y)) is Borel measurable.
For € > 0, define k, p : R” x R™ — R™ by

k(x,y)=h(x) +ey, p(x,y) =y

Then
Dk (x,y) = (Dh(x),el)

and so
Dh*

JK2 — det ((Dh (x),l) ( el

)) = det (Dh (x) Dh (x)* +£°I)

Now ||Dh (x) Dh (x)"|| is bounded on A because A is compact and Dh is continuous. The
linear operator is also of the form

> Meznzi

k=1

for each A\ > 0 because it is self adjoint and
Dh (x) Dh (x)*x-x =Dh (x)" x-Dh (x)"x > 0.

Since A C S, at least one of these Ay equals zero. However, they are all bounded by some
constant, C' for all x € A due to the existence of an upper bound for HDh (x) Dh (x)*H .
Thus

Jk? = H (A7 +€2) € [£*™, C%e?) (12.41)
i=1

since one of the \; equals 0. Since Jk # 0, [12.41 implies

eCnm (A x B (0,1)) > / | TK]| dittg s
AxB(0,1)

= [ (k)N A xB@D) dy

Which by Lemma [12.7.4' is at least as large as

Com / / e (k7 () e (w) 1 A X BO.1)) dudy (12.42)
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%. It is formula [12.30 applied to the situation where h = p. It is
clear p is Lipschitz continuous with Lipschitz constant 1 since p is a projection.

Claim:

where C,,,, =

H (k7 (y) npt(w) N A x B(0.D))

> X561y (w)H*™ ™ (h™! (y —ew) N A).

Proof of the claim: If w ¢ B (0,1), there is nothing to prove so assume w € B (0,1).
For such w,
(x,wi) ek~ (y)Np~ (W)NAx B(0]1)

if and only if
k(x,w;)=h(x)+ew; =y,p(x,w;) =w; =w,x € A,

if and only if
(x,w;) €h™! (y —ew) N A x {w}.

Therefore for w € B (0,1),
M (k*l (y)Np~'(w)NAxB (0,1))
>H™ (h ' (y—ew)NAx {w}) =H""" (h' (y —ew) N A).

(Actually equality holds in the claim.) From the claim, 12.42]is at least as large as

Crm / /77%””” (h™! (y —ew) N A) dwdy (12.43)
m JBO1)

= C’nm/ / H"™ (h™! (y —ew) N A) dydw
B(0,1) JR™

= CUnmMm (B (Oal)) . Hh (h71 (y)n A) dy. (12.44)

The use of Fubini’s theorem is justified because the integrand is Borel measurable.
Now by [12.44 this has shown

Crtin (4 BOD) = Copn (BOD) [ 30 (07 () 014)
it follows since € > 0 is arbitrary,
i H" ™ (Anh™ ' (y))dy =0= /AJh (x) dz.
Since this holds for arbitrary compact sets in S, it follows from Lemma [12.7.5 and inner

regularity of Lebesgue measure that the equation holds for all measurable subsets of S. Thus
if A is any measurable set contained in V'

R (ANDTH(y))dy = [ MU (AnSNhTH(y)dy
R R

+ [ M ((A\S)Nh (y)) dy

Rm

H ™ ((ANS)Nh™ (y)) dy

R™

s Jh (x)dz = /AJh (x) dx

This completes the proof of the coarea formula.
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12.8 A Nonlinear Fubini’s Theorem

Coarea formula holds for h: VC R™ — R™,n > m if whenever A is a Lebesgue measurable
subset of the open set V the following formula is valid.

H*™ (Anh™" (y)) dy:/AJh(x)dx (12.45)

Rm

where
Jh (x) = det (Dh (x) Dh (x)*)"/* .

Note this is the same as
/ Jh(x))de= [ HT (AN (y)) dy
A h(A)

because if y ¢ h(A), then h=! (y) = (). Now let

P
=> X, (%)
=1

where E; is a Lebesgue measurable subset of V' and ¢; > 0. Then

/Vs(x),]h(x)dx = Zci Jh (x) dx
= Zci A(E)H7l_m' (E,Lﬂh_ (y)) dy
/h(v)zcm" ™ (E;nh7\(y)) dy

= / [/ s dHnm] dy
h(V) [/h=1(y)
= / / sdH"™ ™| dy. (12.46)
h(V) [/h=1(y)

Theorem 12.8.1 Let g > 0 be Lebesgue measurable and let V' be an open subset of
R™,
h:V->R™ n>m

where h is C'.Then

[ a0 (h o)y ae = [ N [ / e

Proof: Let s; T g where s; is a simple function satisfying12.46. Then let i — oo and use
the monotone convergence theorem to replace s; with g. This proves the nonlinear version
of Fubini’s theorem.

Note that this formula is a nonlinear version of Fubini’s theorem. The “n—m dimensional
surface”, h~! (y), plays the role of R"~™ and H"~™ is like n — m dimensional Lebesgue
measure. The term, J ((Dh(x))), corrects for the error occurring because of the lack of
flatness of h=! (y) .

dy.
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inner regularity, 149
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simple functions, [168
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Taylor’s formula, 133
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