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Chapter 1

Logic, Set Theory, and the
Real Numbers

In this chapter we will briefly cover the fundamentals necessary to study real
analysis, including the basics of logic and set theory, and all of the axioms
for the real numbers. We would like to begin by reminding the reader of the
axiomatic method on which mathematics (and through it science) is based.
It is impossible to define all concepts in any logical system, any more than a
dictionary can define all words in a language without relying on some prior
linguistic knowledge of the user (or pictures or other non-lingual aids). After
all, what words would one use to write the “first” definition? The fact that any
mathematical system must begin with terms, such as “set” or “element”, that
must always remain undefined is actually an advantage, not a disadvantage.
After all, if we don’t specify exactly what elements and sets must be, then we
can apply our set theory to sets of numbers, sets of rabbits, sets of matrices, or
sets of atoms.

Likewise, not all statements in a mathematical system can be proved. Indeed
a proof is only a tool to determine that one statement follows logically from one
or more other given statements; one must start somewhere! The starting point
is a collection of statements involving the undefined terms, called axioms, that
are assumed to be true. Given a particular set of axioms, a whole area of
mathematics can be built up by proving statements that follow logically from
those axioms, using these statements to prove more statements (adding new
definitions when needed), ad infinitum. The axioms themselves are intended to
be as few and simple and natural as possible, making it as easy as possible to
check whether they are applicable in a given situation. Even a small number
of axioms can give rise to a powerful collection of theorems. For example, all
of the calculus that you have already learned, and much that you have not yet
learned, is deduced from only nine axioms (actually between eight and twelve,
depending on how you state them). While from the standpoint of mathematics
these axioms are simply assumed, and cannot be “verified,” their validity in
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science has been more than adequately justified by the powerful applications
that arise from them.

Traditionally, theorems are named “lemmas”, “propositions”, “theorems” or
“corollaries.” While there is no fixed convention about the use of these names,
a lemma is typically a statement with a relatively simple proof that is primarily
used (often frequently) to prove other, deeper statements. A proposition is of
greater importance as a statement by itself, and a theorem is usually a statement
of major depth and importance. A corollary is always a statement that follows
with only a small amount of proof from a theorem, proposition, or lemma.

Beyond their applicability to science, there is another reason why the ax-
ioms for the real numbers are likely the “right” ones. If one takes a subset of
the axioms for the real numbers, then there are many different systems that
satisfy them. For example, if one considers only the axioms concerning addition
of numbers, without the commutative law, then the axioms describe something
known in mathematics as a group. Groups are ubiquitous in mathematics and
science, and come in many forms, such as finite groups, matrix groups, and
vector spaces. Other subsets of the real number axioms give rise to other gen-
eral mathematical objects, such as semigroups, rings, fields, and ordered fields.
However, it can be proved that the real number system is the only number
system that satisfies all of the real number axioms together.

We will not actually show that the real numbers exist. As mentioned above,
we must start somewhere, and while it is possible to start with certain basic
axioms of set theory, construct the real numbers, and show that they satisfy
the axioms given later in this chapter, the methods used in this process are not
applied further in the study of basic real analysis. Therefore after a few basic
preliminaries about logic and set theory we will simply take the axioms for the
real numbers as our starting point, and assume that there is a set satisfying
those axioms. To reiterate: the real numbers can be constructed in a natural
way beginning with everyday observations about counting, they are uniquely
determined by their axioms, and they have powerful applications. They are
certainly worth studying.

1.1 Basic Logic

We will informally discuss the basics of logic and set theory. In fact we will
make no effort to develop set theory or logic in a rigorous fashion; as interesting
as these subjects are, a thorough discussion here would detract from the subject
at hand, not contribute to it. Such a “naive” approach to set theory will not
lead to trouble so long as we stick to the real numbers, its subsets, sets (or, as
we will often call them, collections) of such subsets, and sets constructed in very
concrete ways from the real numbers. An example of the sort of troublemaker
that we will avoid considering is “the set of all sets”, which confounds the
distinction between sets and their elements that our naive set theory would like
to maintain.

If A and B represent statements, then the statement “A and B” is true
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precisely if A and B are both true. For example, if A is the statement “in
the 20th century a meteor hit the earth” and B is the statement “in the 20th
century millions of people died,” both of which are true, then the statement “in
the 20th century a meteor hit the earth and millions of people died” is true.
(Our tendency to connect these two statements and read a cause-and-effect
relationship into this statement is not logical, and the mathematics student
needs to learn to be very careful to avoid this and other kinds of illogic.)

The statement “A or B” is true precisely if A, B, or both A and B are true.
For example, the statement “that animal is brown or that animal is a cow” is
true if the animal is a brown cat, a green cow, or a brown cow, but is false if
the animal is a black sheep. The latter example shows how one negates an “or”
statement. The negation of the statement “A or B” is “not A and not B” (in
the previous example, not brown and not a cow). Likewise the negation of the
statement “A and B” is “not A or not B”.

Logic has two quantifiers, “for all” and “there exists”. There are of course
logically equivalent grammatical variations of these quantifiers, such as “for
every” and “for some”, respectively. “For all” means for every one, without
exception, and “there exists” means for at least one (maybe many—or even all).
The negation of a “for all” statement is always a “there exists” statement, and
vice versa. For example, the negation of “all of my pencils are yellow” is “there
exists one of my pencils that is not yellow,” and the negation of “some French
movies are boring” is “all French movies are not boring”. Note that “for all” is a
kind of “super and” while “there exists” is a kind of “super or” in the following
sense. Consider statements A and B. The statement “A and B” is true precisely
if all of the statements in question (A and B) are true. The statement “A or
B” is true precisely if there exists a statement (among A and B) that is true.
While “and” and “or” can connect only two statements, “for all” and “there
exist” have no such restrictions. For example, if we let P(i) be the statement
1/i < 1/2, where 4 is a natural number, then we could write “P(2) is true and
P(3) is true and P(4) is true,...” but it is much simpler (and more precise-what
does “...” really mean in this statement?) to write “P(%) is true for all natural
numbers i > 2”. The parallels between “or” and “for some”, and “and” and
“for all” will appear again in the discussion of unions and intersections of sets
in the next section.

The statement “if A then B” is referred to as an implication, where A is the
hypothesis and B is the conclusion. The statement “if A then B” is false exactly
when A is true and B is not true. For example, the statement “if a car is in lot
B then the car is red” is false only if there is a car in lot B that is not red. In
particular, it is true if the hypothesis is “vacuous” in the sense that the parking
lot is empty! This bothers some students at first, but it really is consistent: if
the only way to show the above statement is false is to produce a nonred car
in lot B then why should it matter whether the failure to do so is the result
of an empty parking lot? It is also important to remember that an implication
is true whenever the hypothesis is false-regardless of whether the conclusion is
true. For example, the statement “if @ is even then 3a is even” is true even
though 3a is odd when a is odd. This discussion can be summarized by stating
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that the negation of “if A then B” is “A and not B”. Very often implications
are equivalent to “for all” statements. For example, the above statement “if a
is even then 3a is even” is equivalent to the statement, “for all even a, 3a is
even.” The negation of this statement is “there exists some even a such that
3a is odd,” which makes more sense grammatically than “a is even and 3a is
odd.” Getting back to the general statement “if A then B”, which may also be
stated “A implies B” or “B only if A”, there are two associated statements,
the converse statement “if B then A” and the contrapositive statement “if not
B then not A”. For example, given the statement “if x = y then 2% = y?”,
the converse is “if 2 = y? then & = 3” and the contrapositive is “if x2 # 32
then x # y.” The contrapositive of a given statement is true if and only if the
given statement is true; more succinctly, a statement and its contrapositive are
logically equivalent. Proving or disproving one proves or disproves the other.
On the other hand, there is generally no logical relationship between a statement
and its converse. In the preceding example (assuming x and y are real numbers)
the original statement is true, but its converse is false. Proving the converse of
a statement rather than a statement is one of the most common abuses of logic,
and is used routinely in politics and advertising. If both “A implies B” and “B
implies A” are true, then we say that A and B are (logically) equivalent; we
may also express this as “A if and only if B” or “A iff B”.

The previously stated basic rules for negation of statements are few and sim-
ple, but actually negating complex statements can take some practice. Consider,
for example, the statement

1
“For every natural number n there exist € > 0 and § > 0 such that — > n—9.”

(1.1)
which negates as “There exists an natural number n such that for every € > 0
and 6 > 0, % < n—9."” Why did we negate “% >n”, but not “c > 0”7 or “6 > 077
Why didn’t we change the “and” to an “or”? Note that the symbol “>” stands
for “greater than or equal to” and so the negation of “% >n—9"is “% is
not greater than n and not equal to n — ¢” which leaves as the only possibility
“% < n —4¢". With a little practice, negation of statements can become fairly
instinctive, as it must be to properly do mathematics.

Exercise 1 For each of the following, write down the negation, converse and
contrapositive. Based on your prior knowledge, state whether each statement
and its converse are true or false. You do not need to supply a proof!

1. If n > M then there exists some € > 0 such that M + ¢ < n.

2. If n and m are integers then there exists some rational v such that n <
r<m.

8. If a; < k for all i and lim;_, o a; exists, then lim; . a; < k.

4. If f'(x) < ¢'(x) for all x such that 0 < x < 1 and f(0) = g(0) then
f(z) < g(z) for all such x.
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There are certain commonly used symbols that represent basic components
of logic. “For all” is normally written as “V,” “there exists” as “3”, “such that”
as “F, “if A then B” as “A = B”, “Aif and only if B” as “A < B”, “Aor B”
as “AV B”, and “A and B” as “A A B”. For example, the statement (1.1) is
abbreviated as “(Vn € N)3 (¢ > 0A & > 0) 5(£ > n —0)”. The parentheses are
included for clarity. Often the “3’ symbol is not used; the presumption being
that the phrase following a “there exist” phrase is the “such that” phrase. This
makes the statement harder to parse at first, but one advantage of doing this
is that the process of negation is simplified (try it!), because the “such that”
doesn’t have to be relocated. With the exception of arrows for implications,
this simplified notation will rarely be used in this text, but every mathematics
student should be familiar with it.

1.2 Basic Set Theory

Sets and elements of sets are undefined terms. We write “x € X” to express
“r is an element of the set X” and “x ¢ X” to express the negation of this
statement. Given sets A and B, the union of A and B is defined to be the set
of all z such that € A or x € B; we will use the notation AUB:={z:z€ A
or x € B}. The intersection of A and B is defined by ANB :={z:z€ A
and z € B}, and the complement of B in A (more briefly “A take away B”)
is defined by A\B := {z : x € A and = ¢ B}. The empty set, which is the set
with no elements, is denoted by @. If AN B = @ then A and B are said to be
disjoint. We say that A is a subset of B (written A C B) if whenever z € A,
x € B. We say that A is a proper subset of B if A C B and there exists some
x € B such that z ¢ A. We denote this by A ¢ B. If X is a set and A is a
subset of X, we define the complement of Ain X by A°:={zx € X :x ¢ A}.

To show two sets are equal, it is often convenient to show that one is a subset
of the other, and vice versa. We will illustrate this by showing that if A and
B are disjoint then A\B = A. We will begin by showing that A\B C A. Let
x € A\B. Then by definition x € A and x ¢ B. In particular, x € A, which is
what we needed to prove. To show that A C A\B, suppose that z € A. If x
were also an element of B we would have x € AN B = &, which is impossible.
Therefore ¢ B. Since we already had x € A this shows that x € A\B. The
above proof that x ¢ B is an example of a proof by contradiction, in which
one assumes the negation of what one wishes to prove, and then show that this
negation logically implies a false statement and therefore itself must have been
false. The usefulness of proof by contradiction is one of many reasons why the
mathematics student must be good at negating statements.

Elementary set theory is completely analogous to elementary logic, and basic
statements in logic have equivalents in set theory, and vice versa. Note the
similarity of the symbols for “and” and “intersect”, and “or” and “union”. For
example, the fact that the negation of an “and” statement is an “or” statement
is expressed in set theory by one of de Morgan’s laws:
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A\(BNC) = (A\B) U (A\C) (1.2)

We will only prove the inclusion C. Let z € A\(B N C). By definition z € A
and z ¢ BN C. That is, it is not true that € B and = € C, which means
xz ¢ Borx¢ C. When a proof involves an “or” statement it is often useful to
consider each of the two statements as a separate statement. For the present
proof suppose that « ¢ B. Since we already have z € A, then by definition
x € A\B, and therefore z € (A\B) U (A\C). In the preceding argument, if we
simply replace the letter “B” by the letter “C” then the exact same proof will
show that © € A\C, and therefore z € (A\B) U (A\C). Rather than wasting
time writing this down we simply state that the proof of the case x ¢ C' is
similar. We leave it to the reader to prove the opposite inclusion (D) and the
second de Morgan law:

A\(BUC) = (A\B)N (A\0) (1.3)

Exercise 2 Let A and B be sets with B C A. Prove that A\(A\B) = B. Give
an example to show that the statement is not true if we do not assume that
B CA.

There are other statements that we will use without going through the proofs,
mainly because they reduce to statements in logic that are best proved using
what are known as “truth tables,” which, although very basic, are outside the
scope of this text. The interested reader is urged to consult a book on basic
logic. Statements we will need are ANB=BNA, AN(BNC)=(ANB)NC
and the identical statements with “N” replaced by “U”. It follows (although
the proof is a tedious inductive argument that we will skip) that the order of
parentheses and sets themselves are irrelevant for any combination of unions
or any combination of intersections of sets. For example, it is unambiguous to
write AN BN C. Mixing intersections and unions is a different story, however;
for example it is not generally true that (AN B)UC = AN (BUC(C).

Although one can prove that a statement is false by showing that it logically
implies another statement already known to be false, often the best and simplest
way to show that a statement is false is to provide a concrete counterexample.
For example, to see why it is false that (ANB)UC = AN (BUC) for all sets A,
B,C,let A= {1}, B={2} =C. Then (ANB)UC = {2}, but AN(BUC) = @.

A common elementary mistake in trying to disprove a statement is to point
out that a particular attempt at a proof fails to work. This is like trying to
prove that it is impossible to drive from place P to place Q by showing that
one particular road from P leads to a dead end! Nonetheless, the failure of
an attempt at a proof, if carefully analyzed, can sometimes lead to a concrete
counterexample.

Another common mistake is to give a “counterexample” that is not concrete.
For example, let’s “disprove” the statement that 22 = —1 has no real solution.
Let = and y be real numbers such that y = 2z and y = 22 + 2z + 1. Then we
have 2z =22 + 2z + 1 or 22+ 1 =0, or 22 = —1. Since z is a real number, the
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statement is false. The error, of course, is that the graphs of the real functions
y =2z and y = 22 + 2z + 1 do not intersect, so no such x and y exist. Trying
to find concrete real x and y with those properties would quickly have exposed
the error. As a rule, counterexamples, even simple ones, must be concrete.

We do have the following relations involving both unions and intersections
(called the set theory distributive laws) for all sets A, B, C:

AN(BUC)=(ANB)U(ANC)and AU(BNC)=(AUB)N(AUC)
Exercise 3 Prove or disprove for all sets A, B:

1. A\B =g if and only if A = B

2. A= (A\B)U (AN B)

3. A\(A\(A\A)) = &

Let X and Y be sets. The Cartesian product of X and Y is X xY := {(x,y) :
z € X and y € Y}. The elements of a Cartesian product are called ordered
pairs; the order of the elements in the pair is essential, and this distinguishes
the ordered pair (z,y) from the set {z,y}, in which order is unimportant. In
particular, the cartesian product is not “commutative”; X x Y and Y x X are
different sets unless X =Y. The cartesian product is one of the most basic and
important ways to construct a new set from existing sets. For example, as the
reader knows, the Euclidean plane is the cartesian product of the real line with
itself.

Cartesian products can be used to make precise the idea of “labeling” a
collection of sets. An indexing set A for a collection A of sets is a subset of A x.A
such that for each A € A there is exactly one ordered pair (A, A). We normally
write Ay rather than (A, A) and denote the indexed collection by {Ax}xrea.
Thus the indexing of A “assigns” to each A a unique set Ay in the collection A.
For example, we can consider the collection {(—n,n)}nen of all real intervals
(—n,n), where n is a natural number. Written more explicitly this is the set
{(-1,1),(-2,2),(-3,3),...}. In this example the indexing set is N. However,
we can consider sets indexed over any arbitrary set-e.g. {[—7,7]}r¢(0,1), Which
consists of all closed intervals having endpoints [—r, r], where 0 < r < 1.

Given an indexed collection of sets {Ayx}rca, we define the intersection of
the collection to be

ﬂAA::{x:xGA)\forall)\eA}
AEA

and the union of the collection to be

UA,\ :={x:xz € A, for some X € A}.
AEA
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Example 1 We will prove that for sets A and {Ax}xea we have the following

distributive law:
AN (U AA> =J n4y,)

AEA AEA

Now z € AN (Uyep Ar) if and only if

r€Aandx € UA,\
AEA

Sz e Aandx € Ay for some XA € A

Saxe AN Ay for some A€ A

esze ) AnA4)).
AEA

Exercise 4 Verify that if we have only two sets Ay and Ay (i.e. the indexing
set is A = {1,2}) then ﬂAe{l’Q} Ay = A1 N Ay and U/\G{I,Q} Ay = A U A,.
Therefore our new more general definitions are consistent with the old ones.

Exercise 5 Let {Ax}aea be a collection of sets. Show that for each Ao € A,
Maea Ax € Axg € Uyen Ar-

When A = N (or A is finite) we will often write, for example, |J;=, 4; (or
Nty Ai).

Exercise 6 Find the intersections and unions of the following collections

1 {(=n,n) o2,
2. {[=rrl}reon)
3. {(0, 3322,

Exercise 7 Prove the following generalization of the de Morgan law (1.8) for
arbitrary intersections A\ (Uyep Ax) = Naea(A\AN). Formulate the appropri-
ate generalizations of (1.2) and the remaining distributive law, but don’t bother
to write down proofs.

Consider now the cartesian product of three sets A, B, C'. Using our defini-
tion of the cartesian product of two sets we can form the products (A x B) x C
and A x (B x C). Elements of the first set are of the form ((a,b),c) and ele-
ments of the second are of the form (a, (b,c)). Strictly speaking these two sets
are different, and yet for all purposes it is useful to consider them as being the
same—moreover, we would like to use the simpler notation of triples (a, b, ¢), or,
for cartesian product of n sets, n-tuples.
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Definition 2 Let Ay, ..., A, be sets. The cartesian product of the sets is defined
to be

n

Alx"'XAn:HAi = {(al,...7an):a¢€Ai}.

i=1

For any (a1, ...,a,) € Ay X -+ x A, a; will be called the i*" component (or
coordinate) of (a1, ...,an).

It is possible to consider cartesian products of arbitrary collections { Ay} e,
but this important construction will not be used in this introductory text. If
the sets A; are all the same set, i.e. A; = B for some set B and all i, we will
write B™ rather than [[;_; A;. It will be useful in the future to be able to
make statements like A x (B x C) = A x B x C, which, as we have pointed
out above, is strictly speaking not true. But each of these two sets is simply
a relabeling of the other in a very natural way; the “difference” between these
sets is purely a matter of notation. We resolve this situation by stating that
we will henceforth “identify” the one set with the other, using the notation
established in Definition 2. Later, when we add further structures to the sets
A;, we should pause for a moment to be sure that this identification that we
have made is consistent with the new structure. For example, in linear algebra
you have already worked with vectors expressed as n-tuples of real numbers,
and likely made this identification without even thinking about it when stating,
for example, that R* “is” the direct sum of R? and R?. Strictly speaking these
two vector spaces are different, but isomorphic as vector spaces via the natural
function (a1, a9, as,aqs) — ((a1,a2),(as,as)). These kinds of identifications in
mathematics are inevitable and frequently encountered.

1.3 Functions

Definition 3 Let X and Y be sets. A function f from (or on) X to (or into)
Y is a subset of X XY such that if (z,y) and (z,2) are in f then y = z.

Normally one assumes that X is the domain of the function, meaning that
for every € X there is some (z,y) € f. Without further ado we will adopt the
standard notation for functions, writing f : X — Y (where X is the domain of
the function) y = f(z) rather than (x,y) € f. The last condition in the above
definition then is clearly the familiar requirement that a function be single-
valued in the sense that if f(x) = y and f(z) = 2z, then y = z. Note that
the indexing of a collection of sets discussed in the previous section is in fact
a function. The set X is called the domain of f and the set of all y € Y such
that y = f(x) for some = € X is called the range of f. The function f is called
one-to-one (or 1-1, or an injection) if whenever f(z) = f(y), z = y, and onto
(or a surjection) if for every y € Y there exists some x € X such that y = f(x),
i.e. if Y is the range of X. A function that is both 1-1 and onto is called a
bijection (or one-to-one correspondence).
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Given functions f: X — Y and ¢g: Y — Z, we define the composition of f
and g tobe go f: X — Z, where (go f)(z) = g(f(x)) for all z € X.

Exercise 8 Let f: X —Y and g:Y — Z be functions.

1. Show that if both f and g are 1-1 (respectively onto) then go f is 1-1
(respectively onto). Note: the “(respectively onto)” indicates that this is
really two statements, one without these parenthetical phrases, which is
about 1-1 functions, and a second statement in which “onto” replaces “I-
17 in each instance. You should prove both. In the future we will often
abbreviate, using “resp.”

2. Show that if g is 1-1 and g o f is onto then f is onto.

If f: X — Y is both 1-1 and onto then there exists a uniquely determined
function f=1:Y — X, called “f inverse” defined by f~!(y) = x where x is the
unique element of X such that f(z) = y. By definition, f~! o f(x) = x and
fo f~Y(x) = =, and according to Exercise 8, f~! is 1-1 and onto. In addition,
(f~1H)~! = f. The function idx : X — X defined by idx(z) = x is called
the identity function on X. In this notation we can write f~' o f = idy and
fofl=idy.

If f: X —Y is a function and A C X we define f(A)={y €Y :y = f(z)
for some z € A}, called the image of A. If B C Y, we define f~1(B) = {z €
X : f(z) € B}, called the inverse image of B. Note that f~1(B) makes sense
even if f is not 1-1 or onto.

Example 4 Let f(x) = 22. Determine the following sets (no proof needed):

FHL, =11, £71((0,1)), f?f;l({—l})), JH-1).
Exercise 9 Let f: X — Y be a function. Prove that
1. AC f7Hf(A) and f(f~1(B)) C B
2. f is 1-1 if and only if for every A C X, f~1(f(A)) = A.
3. f is onto if and only of for every BCY, f(f~1(B)) = B.

We list now list various statements involving images and inverse images of
functions.

f (U AA> = |J f(Ay) and f (ﬂ AA> c () f(Ay) (1.4)

A€A AEA AEA AEA

! (U AA> = |J f7'(A)) and 7! (ﬂ AA> = () f (A  (L5)

AEA AEA AEA AEA

FTHANB) = fTHANFTH(B) and f(A)/f(B) € f(A/B) (1.6)
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Exercise 10 Prove the statements (1.4-1.6).

Note that it is easy to check that the inclusions in Formulas 1.4 and 1.6, are
equalities when fis 1 — 1. .Let f : X — Y be a function and A C X. The
restriction of f to A is the function f |4: A — Y defined by f |4 (z) = f(2)
for all z € A. That is, f |ais simply f, but its domain has been restricted to A.
This simple concept is more useful than it may seem at first, and will be used
frequently.

Finally, we consider functions into cartesian products of sets. Let A, A1, ..., A,
be sets and f: A — [['_, A; be a function. For any a € A, f(a) is of the form
(a1, ...,ay) for some a; € A;. In other words, to each a € A we assign, using
f, some a; € A;. That is, the function f gives rise to a uniquely determined
set of functions f; : A — A;, where f(a) = (fi(a), ..., fn(a)); the function f;
is called the i*" component function of f. For example, the first component of
f(t) = (> + 1,¢,2) is f1(t) = t2 + 1 and the third component is the constant
function f3(t) = 2. Conversely, if we are given functions g; : A — A; for all
i, then there is a uniquely determined function g : A — [[;"; A; defined by
g9(a) = (g1(a), ..., gn(a)).

Now suppose that f: [];-; A; — Ais a function. We will adopt the notation
commonly used in calculus, writing f(aq, ..., a,) rather than the strictly correct
notation f((a1,...,an)).

Definition 5 For any j = 1,...,n, the function 7; : [['_; A; — A; defined by
mi(a1,...,a,) = a; is called the j*" projection of [T, A

Exercise 11 Let f: A — [[_, A; be a function.
1. Prove that, for every i, f; =m;o f.

2. Prove that if every component function f; : A — A; is 1-1 then f is 1-1.
Verify that the function f(t) = (t,t%) from R into R? is a counterezample
to the converse of this statement.

3. Prove that if f is onto then every component f; : A — A; is onto. Prove
or disprove the converse of this statement.

1.4 The Field and Order Axioms

The axioms in this section are familiar to most students from before high school.
They are quite natural. Many of them, such as the distributive and associative
laws, can be observed in simple concrete situations, such as counting apples,
and have been understood and accepted for thousands of years. Others, such as
the existence of 0, or the existence of additive inverses, which leads to negative
numbers, have been readily accepted only more recently. After all, even if you
accept that one can physically have 0 apples, —5 apples is a little harder to vi-
sualize. However, whether or not —5 apples makes physical sense, we now know
that negative numbers are extremely useful in many situations. Rather than
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denying their existence generally, as some mathematicians and scientists (and
religious leaders!) have tried to do in previous centuries, we simply recognize
that, in the process of translating from an application to mathematics, solving
the problem, and translating back, we must be on the lookout for extraneous
solutions, or solutions that don’t make sense in terms of the original problem.

A field is a set F having two operations + and - (addition and multiplication)
satisfying the following axioms:

1. (Associative Laws) (a +b) + ¢ = a+ (b+ ¢) and a(be) = (ab)c for all
a,b,ceF

2. (Commutative Laws) a + b= b+ a and ab = ba for all @ and b in F

3. (Additive and Multiplicative Identities) There exist elements 0 and 1 in F
with 1 # 0, such that a+0=aand 1-a=aforallaeF

4. (Additive and Multiplicative Inverses) For all a € F there is some —a € F
such that a + (—a) = 0 and if a # 0 there exists some a~! € F such that
aa”l =1

5. (Distributive Law) a(b+ ¢) = ab + ac for all a,b,c € F.

Although there are many important fields, in this text we will be only con-
cerned with the real and complex numbers. The complex numbers will be intro-
duced later. From these five axioms can be deduced all the algebraic theorems
that the reader has used since childhood. For example, a quite tedious induc-
tion argument can be used to prove that the associative law implies that sums
and products of any length are independent of arrangement of parentheses—e.g.
a(b(ed)) = (ab)(cd) for any real numbers a, b, ¢, d. There is also a “right-sided”
distributive law in which the single element is multiplied on the right, which
can be proved using the distributive and commutative laws. We will not dwell
further on these kinds of theorems, which are fairly simple to prove, and which
are found in a typical abstract algebra course (in the more general setting of
groups and rings). The reader is not expected to cite each axiom or even show
more steps than would be expected in a calculus course. However, the idea of
uniqueness has a fairly important role in mathematics, and we will spend a little
time proving some basic uniqueness results.

Proposition 6 For all a,b in a field, the equation a + x = b has a unique
solution x.

By now basic algebra has become fairly “automatic” to the reader, and he
or she might give the following argument

a+xz="b (1.7)
0+x=(—a)+b

r=b—a
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Here we have used the standard convention of denoting b+ (—a) by b — a. Does
this mean that x really is a solution to our original equation? Does this show
that z is unique? A careful look at the axioms shows that what we in fact
have here is three equivalent statements. It is clear that the top line implies the
second one by adding —a to each side and using the axiom about the additive
inverse. But we can also go from the second line to the first by adding a to
each side and applying a couple of axioms as well. In other words, using our
axioms we can show that the first line implies the second, and that the second
line implies the first, hence they are equivalent. The reader should also check
that the second and third lines are equivalent, and therefore the first and third
lines are equivalent.

What have we proved? Consider first the statement “If a + = = b then
x = b — a.” This is actually the uniqueness of the solution—if there is a solution
x then it must be of the form b — a. The converse statement “If z = b — a
then a + x = b” is actually the statement that a solution exists, namely b — a.
Therefore we have proved that there is a unique solution, and it is of the form
z = b—a. One can actually check that x = b—a is a solution by “plugging it in”
but this is not needed. Likewise one can prove uniqueness in the following way:
Suppose that x; and x5 are solutions to a +x =b. Then a+z1 =b=a + xo.
Adding —a to each side we obtain that x1 = x5. While this is the standard
framework for proving uniqueness of solutions, again this is unneeded in the
present case because we have carefully checked our logic. Therefore careful
analysis of one’s logic can be a great time saver. Such analysis can also prevent
errors. Consider, for example, the following “proof” that 1 = 2.

1=2 (1.8)
1-0=2-0
0=0

This example plays on the common (and logically incorrect) strategy learned
in high school algebra of starting with the statement that one wants to verify,
and manipulating it algebraically to obtain a true statement. In high school
algebra this plan generally worked because the algebraic manipulation always
produced logically equivalent statements. However, we will more and more
consider steps that do not produce logically equivalent statements, and in these
cases the strategy is clearly backwards. To prove a statement one must start
with something known to be true and deduce the statement, not the other
way around. In the above example the first line implies the second line, which
implies the third line-but that only serves to illustrate that a false statement can
logically imply a true statement! Of course the second statement does not imply
the first; in order to go this way one would have to multiply by the multiplicative
inverse of 0, and our axioms do not provide for such a thing. From this point
on, all arguments of this sort, which we will refer to as “parallel” arguments
because they involve a list of statements in parallel, must have an indication of
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which way the logic goes. Therefore the argument 1.7 should be

at+x=0b
S0+z=(—a)+b
Sr=b—a

and the argument 1.8 should be

1=2
=1-0=2-0
<0=0

Applying Proposition 6 to the equation a + x = a we see that 0 is the unique
additive identity, and applying it to a + = = 0 we see that each a has a unique
additive inverse. In fact, we could have replaced the two axioms concerning the
additive inverse and identity by a single one asserting the existence of a unique
solution to all equations of the form a + x = b (see Exercise 13 below).

Exercise 12 State and prove a theorem about the existence and uniqueness of
solutions of equations of the form ax = b for a,b,z in a field.

Exercise 13 Suppose we are given that a + x = b has a unique solution for all
a,be R. Use this fact, and only the associative and commutative laws, to show
that there exists an additive identity. Hint: Let 0, be the unique solution to
a+ x = a. Next show that for any b € R, b+ 0, is a solution to a +x = a+ b.

Henceforth we will take for granted all algebraic theorems about the real
numbers, using them without reference. We finish the discussion of algebraic
properties with a few comments about powers of real numbers. For quite some
time we will not need to know anything about powers except for integer powers
and square roots. For any z # 0 we define 2™ for n > 0 iteratively: 20 is
defined to be 1 and for any n, 2™ is defined to be "~ ! - z. For n < 0 we define
" = (:1:’")_1. Some rather tedious checking verifies the usual powers rules:
"™ = "™ and (z™)" = ™. We will discuss square roots in the next
section.

We will now add the order axioms to our collection. We assume that there
is a subset L of R x R, the elements of which will be denoted by a < b (rather
than (a, b)), such that the following axioms are satisfied for all a,b,c € R:

1. (Transitivity) If a < b and b < ¢ then a < c.

3

-
2. (Trichotomy) Exactly one of the following is true: a < b, b < a or a = b.
. (Additive Property) If a < b then a +¢ < b+ c.

-

4. (Multiplicative Property) If a < b and ¢ > 0 then ac < be.
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From these three axioms and the algebraic axioms follow all the basic alge-
braic theorems that the reader has learned previously, including, for example,
the fact that multiplication by a negative number reverses inequalities, 0 < 1,
and so on. We will not give the proofs of such statements, which are elemen-
tary (if sometimes tricky), and will use all of these statements without further
reference.

A very common method for showing that a = b is to show both a < b and
b < a. Then by the trichotomy, the only possibility is a = b. A useful basic
technique for showing that a < b is given by the following exercise.

Exercise 14 Let a,b € R.

1. Show that if a < b+ ¢ for every e > 0, then a <b.
2. Prove or disprove: If a < b+ ¢ for every € > 0 then a < b.

3. Prove or disprove: If a < b+ ¢ for every e > 0 then a < b.

1.5 Completeness

For any € R we define the absolute value of x to be |z| = z if x > 0 and
|¢] = —x if © < 0. It is easy to check the four necessary cases to verify that
|zy| = |=| |y| for all z,y € R.

Proposition 7 (Triangle Inequality) For any x,y € R we have
[z 4yl < ||+ ly|

The proof of the triangle inequality involves a series of simple steps, the first
of which is the following useful lemma:

Lemma 8 For allz € R and M >0, |z| < M if and only if —-M <z < M.

Exercise 15 Prove the above lemma and use it to show that for all x,y € R,
—(z|+yl) <z +y <|z|+|y|. Use the lemma again to finish the proof of the
triangle inequality.

Definition 9 A subset A of R is bounded above if there exists some M € R
(called an upper bound of A) such that x < M for all x € A. If there exists an
upper bound S of A such that S < M for all upper bounds M of A then S is
called the supremum (or sup—with a long “u”) of A, denoted sup A. Ifsup A € A
then sup A is called the maximum of A, denoted max A. Lower bound, infimum
and minimum are defined similarly. A real subset that is bounded above and
below is simply called bounded.

Exercise 16 Show that A C R is bounded if and only if there exists some M > 0
such that for all z € A, |z| < M.
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Definition 10 The extended reals are defined to be the set B := RU {00, —o0},
where oo and —oo are symbols that satisfy the following conventions:

1. For every real x, 00 > x (resp. —o0 < x) and oo (resp. —o0) is an upper
(resp. lower) bound for any subset of B.

2. If A C R is not bounded above (resp. below) or A C B contains oo (resp.
—00) then we write sup A = oo (resp. inf A = —c0).

3. x + 0o = oo for any extended real x > —o0 and x - 00 = 00 (resp. —o0)
for any extended real x > 0 (resp. x < 0), with analogous conventions for
—oco+z and x - (—00).

We are not actually defining operations of addition and multiplication on E
(for example we will not consider the combination oo + (—o0)), but it will be
useful to have statements about sums and products of infs and sups (and, at a
later time, limits and integrals) that are true also for infinite values. Of course
when proving such statements we will have to check the infinite cases separately
(see for example Lemmas 13 and 14 below). It is important to realize that these
theorems only apply to those operations defined in Definition 10 and they tell
us nothing, for example, if one encounters something like 0 - co.

Exercise 17 Show that every real number is an upper bound for @ and explain
why it would be reasonable to define sup @ = —oco. We will not do so, mainly
because it is simpler to only consider non-empty sets when dealing with suprema
and infima than it is to treat the empty set as a separate case in every proof
ivolving suprema.

Exercise 18 Prove that if A # & then sup A is unique. Be sure to address the
case when A is not bounded above.

The final axiom for the real numbers states:

Axiom 11 (Completeness) FEvery nonempty subset of the real numbers has
a supremum.

The above formulation includes our convention about unbounded sets: a
subset of the reals is bounded above or not. If it is bounded above then according
to the completeness axiom it has a supremum; if it is unbounded then it has
a supremum of oo by definition. One can argue without much difficulty that
the completeness axiom also implies that every subset of the real numbers has
an infimum. In fact, a set A is bounded above if and only if —A is bounded
below; a number M > 0 is an upper bound for A if and only if —M is a lower
bound for —A; and the previous statement follows from lots of negating and “un-
negating” of sets and numbers. We will see later that a much more useful kind
of completeness is true: the completeness axiom implies that every real sequence
that “should” converge to something because the terms get “closer and closer
together” (we will define this precisely later!) actually does have a limit. This
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is a statement that is taken for granted in modern elementary calculus and was
taken for granted in a limited sense by mathematicians for centuries prior to
the 19*" century when the need to formulate the axiom was realized. Without
the completeness axiom, familiar calculus—and even Euclidean geometry—break
down. For example, the rational numbers are an ordered field in the sense that
they satisfy all the axioms for the real numbers except completeness. But if one
works only with the rational numbers then a square with sides of length 1 has a
diagonal of undefined length; lines in the “rational plane” with different slopes
may not intersect; the polynomial 22 — 2 has no zeros. The real numbers can
be constructed by “completing” the rational numbers—essentially inserting all
the missing suprema in a process known as Dedekind cuts—but there are also
many other ordered fields that are quite unlike the rational numbers. These
“non-Archimedean” fields contain the integers, just like the rational numbers,
but the integers are bounded! However, as we have mentioned previously there
is one and only one complete ordered field, namely R.

The following lemma formalizes what the reader may already have instinc-
tively realized about a finite supremum s of a set A: that s is an upper bound
of A and there are elements of A that are arbitrarily close to s. This “analytical
description” of the supremum, and an analogous description of the infimum that
we will not state, is extremely useful.

Lemma 12 (Approzimation Property for the Supremum) Let A be a nonempty
set of real numbers such that sup A < oo. Then s = sup A if and only if s is
an upper bound of A and for every € > 0 there exists some x € A such that
T>s—e¢.

Proof. First suppose that s = sup A. Then by definition s is an upper
bound of A. If the second statement is false then there exists some ¢ > 0
such that for all x € A, x < s —¢. But then s — ¢ is an upper bound of A and
s—e < s =sup A, a contradiction. Conversely, assume that s is an upper bound
of A and for every € > 0 there exists some x € A such that x > s—e. If s # sup A
then by definition there exists some upper bound M of A such that M < s. Let
¢ :=s— M. Then there is some x € Asuch that t >s—e=s—(s— M) =M,
which contradicts the fact that M is an upper bound of A. m

Our first application of the Approximation Property is the following state-
ment, the proof of which uses of Lemma 12 four times. The reader is invited to
try to come up with a proof that does not use Lemma 12 or some version of its
proof (several times)!

Lemma 13 Let {Ax}xea be a collection of nonempty sets of real numbers.
Then

sup { U AA} = sup {sup Ax},cp -

A€EA

Proof. Let s := sup{sup Ax},c,. Suppose first that s = co. If oo ¢
{sup Ax} ¢, then for every M > 0 there exists some A € A such that sup Ay >
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M + % By Lemma 12 there exists some x € Ay such that x > M. Since z €
Uyea Ax this proves that [J,c, Ax is not bounded above, so sup {{J,cp 41} =
00. On the other hand, if co = sup A) for some A € A then for any M > 0 there
is some x € Ay such that x > M, and the proof follows as in the previous case.

If s < oo, let € UycpAx. Then z € Ay for some A, and so z <
sup Ay < sup {sup Ax},c,. Therefore s := sup {sup Ax},., is an upper bound
for (Jycp Ax. Let € > 0; then /2 > 0. By the Lemma 12 there exists some
x € {sup Ax},cp, i.e. & =sup Ay for some X € A, such that x > s —¢/2. Now
by Lemma 12 there exists some y € Ay such that

y>r—¢e/2>s—¢/2—¢/2=5—¢.
Since y € [Jycp An it now follows from Lemma 12 that s = sup {{ycp Ax}. ®

Exercise 19 Let {Ax}xea be a collection of sets of real numbers such that
m)\eA Ay 75 .

1. Show that sup {Nyep Ax} < inf {sup Ax} o, and give an ezample to show
that these two numbers may not be equal.

2. Prove or disprove the following statement. If each Ay has a maximum then
Usen Ax has a mazumum and max {{J,cp Ax} = max {max Ay}, .

Exercise 20 Write down, but do not prove, the corresponding statements for
infima to Lemmas 12 and 18, as well as the first part of Ezxercise 19.

Let X be a set, f: X — R be a function, and A C X. Then f is said to be
bounded on A if the set f(A) is bounded. Define sup 4 f := sup f(A). If f(A)
has a maximum then we denote the maximum by max4 f. When X = A we
may simply use the terms sup f and max f.

Exercise 21 Prove or disprove the following statements:
1. If f(z) < g(z) for all x € A then supy f < sup,g.
2. If f(x) < g(zx) for allx € A then sup, f < supy g.

3. If f and g have a mazimum on A and f(x) < g(x) for all x € A then
maxy f < maxy g.

If f,g: A — R are functions, we define f+¢g: A — R by (f + g)(x) =
f(@) +g(=).

Lemma 14 Let X be a set, f,g : X — R be functions, and A C X. Then
sup(f +g) <supy f+supyg.

Proof. If sup 4 f or sup,4 g is co then it doesn’t matter whether sup 4 (f + g)
is finite or infinite; the inequality still holds. Therefore we can suppose that
supy f and supy ¢ are finite; i.e., f and g are bounded. Then f + ¢ is also
bounded. By definition of supremum we need only show that sup 4 f+supy4 g is
an upper bound of {f(z) + g(z) : x € A}. Suppose x € A. Then f(z) <supy f
and g(x) <sup, g, so f(z) + g(x) <sup, f+sup,g. ®
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Exercise 22 State and prove the analog of Lemma 1/ for infima and show by
example that sup 4(f +g) < sup, f +sup4 g can occur even if all quantities are
finite.

Proposition 15 For any a > 0, there is a unique real number b > 0 such that
b? = a.

Proof. First suppose that a > 1 and consider the set A := {z > 0: 2% < a}.
Then 1 € A # @. If x > a > 1 then 22 > a? > a; in particular, A is bounded
above and s := sup A satisfies 1 < s < a. Suppose s? > a. Setting € := G2 >0
we have that

a— S

2

(s—e)? =s? —2se + &2 > 5% — 2s( ) = sa > a.
Since s — € < s, this contradicts s = sup A.

Now suppose 52 < a. Let € > 0 be less than 1 and
g2 <e. Now

a782

25+1"

In particular,

(s+e)? =s*+2se+e? <s?+e(2s+1) <a?

which also contradicts s = sup A. Therefore s> = a. Uniqueness follows from
the field and order axioms; for example if 0 < z < s then 22 < s> =a. Ifa =1
there is nothing to prove, and if @ < 1 then by what we proved above there
is some ¢ such that ¢ = % Let b = % and apply the field axioms to see that
b>=a m

As usual we will denote the number b in the above proposition by /a or
a'/?. Tt follows from the field and order axioms that if a < b then /a < v/b.
With more effort one can prove the existence of n'”* roots of positive numbers,
and use this to define rational powers of positive numbers, followed by very
tedious checking to verify the powers rule. However, we will have no need for
these more general powers until much later in the text. Arbitrary real powers
of positive numbers can be quite easily defined using the exponential function,
once we have the mathematical machinary built to understand it (see the end
of Section 3.8).

We conclude with what may seem at first like a surprising consequence of
completeness, namely the Archimedean Principle.

Theorem 16 For every positive a,b € R there exists a natural number n such
that na > b.

Proof. If a > b then we are done, letting n = 1. Otherwise, the set E of
all n € N such that na < b contains 1 and is therefore non-empty. In addition,
any n € F satisfies n < g, and so E is bounded above. Therefore s := sup E
exists and is finite. By the approximation property there exists some m € E
such that m > sup ' — 1. Now n :=m + 1 is a natural number that is greater
than sup F, which implies that n ¢ E. But by definition that means na > b,
which is what we wanted to prove. m
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Corollary 17 The natural numbers are not bounded above.

Frequently beginning mathematics students, if given the problem of proving
that the natural numbers are not bounded above, will attempt to prove this
“obvious” fact without using the completeness axiom. All such attempts are
doomed to fail because there exist so-called non-Archimedean ordered fields,
which satisfy all the real number axioms except completeness, but for which
the Archimedean principle and unboundedness of the natural numbers fail to
be true.

Exercise 23 Prove that for any two real numbers r1 < ro there exits a rational
number % such that r; < %’ < ry. Hint: For q large enough, q(ra —r1) > 1.

1.6 Sequences and subsequences

Definition 18 If A is a set, a sequence in A is a function a : N — A.

We use the following notation for sequences, denoting a(n) by a,, and indi-
cating an entire sequence by (ai,as,...) or (a,)>2, or simply (a,) if no con-
fusion will result. We use this notation to distinguish between the sequence
(ayn) and the image of the sequence, which is the set {a,}. In a sequence the
order is essential and duplicate values are listed. For example the sequence
(—1,1,-1,1,...) has image set {1, —1}. While we have quickly abandoned the
“function notation” for sequences, the fact that they are functions allows us to
use all definitions and theorems that we have previously been given concerning
functions. For example, we know automatically what it means for a sequence
to be bounded since we know what it means for a function to be bounded.

The number a,, is called the n** term of the sequence. We will not be strict
about the requirement that the domain of a sequence be N. In fact we will
frequently consider sequences starting with the 0*" term, or the k** term for
some k > 1.

Example 19 The simplest sequence is a constant sequence defined by a,, := a
for some fized a € A and all n € N. Note that this sequence still has infinitely
many terms even though they all have the same value.

Sequences are often defined iteratively. One is given a “starting term”, often

s or s1, and a procedure for determining s, with n > 1 based on s1, ..., S, _1.
For example, one may let s; := 1, so := 1 and let s,, 1= $y,_2 + 55,1 for n > 2.

We have s3 :=1+1=2,84 =142 = 3,85 := 2+ 3 =5 and so on. This

sequence is called the sequence of Fibonacci numbers. As another examplze, le)t
n(n+1

s1:=1and s, := 8,1 +n forn > 1. Thatis, s, =1+2+..+n=—5-

(the latter formula is easily proved by induction). The formula s, = % is
called the “closed form” for the sequence; it allows one to compute s,, directly

from n without using the values of s1, ..., 8,_1.

Exercise 24 Define a sequence iteratively by s1 := V3 and sy = /3 F /5p_1.



1.6. SEQUENCES AND SUBSEQUENCES 21

1. Write out decimal expansions for the first 4 terms of this sequence.
2. Prove that s, < 3 for all n.

8. Prove that s, > sp_1 for allm > 1.
Example 20 Consider the sequence (%);I’O:l, This sequence has the property
that for every € > 0 there exists some natural number N such that if n > N
then L < e. In fact, for any e > 0, g is also positive. Applying the Archimedean
prmczple to the numbers 1 and + < there exzsts some N € N such that N = N-1 >
E, But then if n > N then n > g and + — <E.

Exercise 25 Show that the sequence ("—;l"—l);’f:l has the following property: For
every € > 0 there exists some N € N such that if n > N then |"T+1 — 1’ <e.
You may not use theorems from calculus that have not been proved in this text

so far!

Example 21 Let A be an unbounded subset of R. Then there is a sequence (a;)
in A such that |a;| > i for all i € N. In fact, since A is unbounded, for any i
there exists some x € A such that |z| > i. Let a; := x. Then (a;)$2, is certainly
a sequence and satisfies |a;| > i by construction. In the future, for constructions
of this sort we will eliminate the intermediate naming of the point x. In this
particular case we would shorten the above argument to: “..by definition for
any i there exists some a; € A such that |a;| > i...”

A subsequence (an, )52, of (an)pe; is the restriction of the function (a,)pe;
to an infinite subset {ni,n2,...} = {ni}32, of the natural numbers such that
ny < ng < ... So a subsequence is an infinite selection of terms of the original
sequence. Note that every sequence is a subsequence of itself: let ny := 1,ng :=
2, etc. In addition, a subsequence is a sequence in its own right; the k" term
of the subsequence is the element a,, in A. We can also take a subsequence of
a subsequence (which one might call a subsubsequence!), which is of the form
(ankj )721- One may continue this process indefinitely.

Example 22 Consider the sequence (%)2":1 = (1,3, é, o). If we let ng = 2,
ng =4, ns := 6, and in general ng := 2k, then the corresponding subsequence
18 (%, i 60 ). If we define ny, 1= 2ny, = 4k then we have defined the subsubse-
quence (3,

Example 23 The sequence (—1,1,—1,1,...) has a subsequence (—1,—1,...) (odd
terms) and a subsequence (1,1, 1, ...) (even terms).

Example 24 Suppose that a,, > n for every n € N. Then (a,) has no bounded
subsequence. Suppose that (ayn, ) were a bounded above by M. By the archime-
dian principle there is some n such that a,, > n > M. Since the set of {ny} is

infinite there is some ng > n > M and therefore a,, > M, a contradition.
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Iterative constructions are not only used to construct concrete sequences.
In a proof an iterative construction can be used to construct a sequence (z,)
such that each z,, has some property P(n) in a process very reminiscent of
mathematical induction. We first show how to obtain z; satisfying P(1) and
then suppose that we have constructed z1, ..., 2,, for some m < 1 such that
x, has property P(n) for all 1 < n < m. We then show how to construct
Zm+1 having property P(m —+ 1) and it follows by induction that there exists a
sequence (z,,)5%; such that z,, has property P(n) for all n. We will illustrate
this process in proofs below.

Lemma 25 If (a;)$2, is an unbounded sequence of real numbers then there is
a subsequence (a;, )72, such that |a;,| > k for all k € N.

Proof. To prove this we must proceed more carefully than in Example
21. We cannot simply construct our sequence by stating that for every k there
exists some a;, such that |a;, | > k. This is a true statement, of course, but
we are ignoring the requirement that i; < 7o < i3 < ---. While the indices
i, must eventually get large, without more effort it is impossible to be sure
that they are chosen in the proper order. To make sure of this we will proceed
iteratively. Since {a;} is unbounded there exists some a, such that |a,| > 1.
Let 71 := n. Before doing the iterative step we will consider the construction
of a;,. The problem is that, for example, it might also be true that |a,| > 2,
but we certainly don’t want to choose i = n = i;. To be sure that 75 > 7
we do the following. Let M; := max;<;, {|a;|} + 1 and let My := max{M;,2}.
Since {a;} is unbounded there exists some a,, such that |a,,| > Ms. Since
|am| > My > max;<;, {|a;|}, we know that m # j for any j < i; and therefore
m > i1. Let io := m. Then iy > i1 and by construction |a;,| > My > 2. To finish
the proof suppose that we have chosen i1 < - -+ < i such that forall 1 < j <k
we have ‘aij} > j. Let M3 := max;<;, {|a;|} and My := max{M3,k} + 1. Then
as in the above proof of £ = 2 there exists some a;, ,, such that ]aikﬂ ‘ > M, and
hence ;41 > i and |aik +1| > k + 1. This completes the iterative construction
of the subsequence (a;, ). ®m

Exercise 26 Show that if (a,) is a real sequence and every subsequence of (ay,)
has a bounded subsequence then (ay) is bounded.

Lemma 26 Let (a;) be a sequence in a set A and let B C A. If B contains

infinitely many terms of (a;) then there is some subsequence (a;, ) of (a;) such
that a;,, € B for all k.

Proof. Let a;, be any term in B. Now suppose we have found i; < --- < iy
such that a;; € B for all 1 < j < k. Since B contains infinitely many terms
there must be some a;,,, € B with g1 > 4. This completes the iterative
construction. =

Corollary 27 Let (a;) be a sequence in a set A and suppose that A = U;?:lAj.
Then there is some j such that a subsequence of (a;) lies entirely in Aj;.
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Proof. Since there are only finitely many sets A;, at least one of them
must contain infinitely many terms of the sequence and hence must contain a
subsequence of (a;) by Lemma 26. m

Given a sequence (a;)$2; there is a special kind of subsequence of (a;) called
a tail, namely a subsequence (ak, agt1,...) = (a;)72, for some k > 1. We will
sometimes use the notation k-tail to specify the index of the first term. So the 1-
tail of (a;) is simply the entire sequence (a;). Although tails are subsequences, we
will rarely use double subscripts to index them. For example, strictly speaking,
the 3-tail of a sequence is constructed using i1 := 3, i2 := 4, and in general
i := k+ 2, i.e., the first term in the tail is a3, the second is a4, and so on. But
it is usually easier to just use the original indices starting at k instead of 1.

Exercise 27 Let X = AU B and suppose (a;) is a sequence in X. Prove or
disprove:

1. There is some tail of (a;) that lies entirely in A or entirely in B.

2. If a tail of (a;) lies entirely in A then at most finitely many terms of (a;)
lie in B.
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Chapter 2

Metric spaces

In this chapter we will introduce a class of abstract mathematical objects called
metric spaces. The reader who is familiar with abstract algebra will recognize
the general idea. We suppose that we have a set satisfying some basic axioms,
then prove theorems using those axioms. At the same time we will discuss
specific examples, such as the real numbers and Euclidean spaces, and find
some applications in these special cases.

2.1 Basic Definitions and Examples

Definition 28 A metric space consists of a pair (X,d), where X is a set and
d: X x X — R is a function, called the metric or distance function, such that
the following hold for all x,y,z € X

1. (Symmetry) d(z,y) = d(y, )
2. (Positive Definiteness) d(x,y) > 0, and d(z,y) =0 if and only if x =y
3. (Triangle Inequality) d(z, z) < d(z,y) + d(y, z)

The letter d is the default for metric spaces; often we will simply state
“let X be a metric space” rather than specifying (X, d). In addition, we will
sometimes even use d to represent distances in different metric spaces in the
same discussion; when there is danger of confusion we will be more careful, e.g.
using dx for the distance on X and dy for the distance on Y. We will often
refer to elements of a metric space as “points”.

The definition of a “metric” captures the most important and basic elements
of what a “distance” should be. The distance from z to y should be the same as
that from y to x; different points should be at positive distance from one another,
but a point should be at distance 0 from itself, and travelling between two points
via an arbitrary third point should not be shorter than the distance between
the original two. Many metrics have stronger properties—for example, between
every two distinct points in the real line (or Euclidean space) there is a unique

25
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midpoint. However, the theory of spaces satisfying only these three axioms is so
powerful and pervasive in mathematics that it is worthwhile to study them in
their own right. In addition, nearly all of the proofs in this chapter would be no
simpler (and would sometimes be notationally more complicated) if we proved
them in the very restricted setting of Euclidean spaces. Therefore nothing is
lost and much is gained by proceeding in this very general setting. We begin
with a familiar example:

Example 29 We define the distance between points z,y € R by d(z,y) =
|z —y|. Let’s check that this makes R a metric space. Symmetry follows from
the definition: d(z,y) = |x —y| = |y — x| = d(y,z). We also know from the
definition of absolute value that | —y| > 0. For the second part of positive
definiteness note that by the definitions of distance and absolute value,

dlz,y)=0&|lz—y|=0c—y=0sz=y.

For the triangle inequality we use the “other” triangle inequality (Proposition

7):
dz,z)=|z—z2[=[z—y)+ Wy —2)| <|z -yl + |y — 2| =d(z,y) + d(y, 2)

Exercise 28 Use the triangle inequality for the distance to prove the triangle
inequality for the absolute value. Hint: Use the fact that x+y = x — (—y). This,
together with the proof in Example 29 shows that, for the real numbers, the two
triangle inequalities are logically equivalent.

Example 30 Let X be any set. For all x,y € X, define d(x,y) = 1 if x and
y are distinct (i.e. different), and d(x,x) = 0. It is easy to check that d is
a metric, called the trivial or discrete metric. This metric is of little interest
except as a very simple example and counterexample to certain statements. It is
also useful to help strip away any preconceived notions about metric spaces that
one might have picked up from working with the real numbers or the plane. For
example, there are no “midpoints” in a discrete metric space.

Example 31 Let C be the set of continuous functions f :[0,1] — R and define
d(f,g) = maxjo{|f(x) — g(z)|}. We will check that (C,d) is a metric space
using some facts from elementary calculus that we will later prove in greater
generality. First, since f and g are continuous, so is |f — g|, and therefore
|f —g| does have a mazimum on the closed bounded interval [0,1], and the
mazximum s clearly non-negative. If f # g then for some xg, f(zg) # g(xo),
which means |f(zo) — g(xo)| > 0. But then
max{f(z) = 9(@)I} = |f(w0) = g(0)] > 0.
Since d(f, f) is clearly 0, we have proved positive definiteness. Symmetry is an
immediate consequence of the definition. To prove the triangle inequality, note
that for f,g,h € C we have
d(f,h) = r[lgaﬁi{lf(ﬂc) —h(=z)|} = I[naX{If(fﬂ) —g(z) +g(z) — h(z)[}

0,1]
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< max{|f(z) — g(z)| + |g(z) — h(z)[}

[0,1]
§%%ﬂﬂ@—m@H+%%ﬂmw—M@H:ﬂﬁw+ﬂmm
by Lemma 14.

Exercise 29 Let f(z) = 2 and g(z) = x, both defined on [0,1]. Find two
different continuous functions that are “midpoints” between f and g; a midpoint
is a function h such that d(f, h) = d(g, h) = 3d(f,g) (there are actually infinitely
many midpoint functions). For this exercise you may use your knowlege about
continuous real functions from calculus.

Exercise 30 Let f be a function that has derivatives of all orders at all points.
Suppose that there exists some M > 0 such that every n'" derivative f™ sat-
isfies | (") (x)| < M for all z € [0,1]. Use Maclaurin’s formula with remainder
to prove that for every € > 0 there is a polynomial g such that d(g, f) <e. You
may use facts that you have learned in basic calculus.

Definition 32 Let x be a point in a metric space X, and r > 0. We define the
(open) ball centered at x of radius r to be B(z,r) :={y € X : d(z,y) <r}.

For the metric space R, we have
B(z,r)={y € X : d(z,y) <r}

={yeX:|lz—yl<r}={yeX:z—-r<y<z+r}

which is simply the open interval (x — r,z + r) of length 2r centered at z.
(An interval doesn’t “look” like a ball, but such preconceived images need to
be abandoned-or replaced with other intuitive images.) Conversely, given any
bounded open interval (a,b) in R,

(a,b) = (a+b_b—a a+b+b—a)

2 2 72 2

b—a
- -

and so (a,b) = B(xz,r), where z = “£2 and r =

Exercise 31 Let x be a point in a metric space X, and suppose r > rg > 0.
Show that B(z,r9) C B(z,T).

Exercise 32 Let x,y be distinct points in a metric space X, and let r = d(z,y).
Use the triangle inequality to prove by contradiction that B(x,r/2) and B(y,r/2)
are disjoint.

Exercise 33 Let X be a non-empty set with the trivial metric (see Exzample
30), and let x € X. Describe the following: B(z,2), B(z,1), B(x,1).
Definition 33 A subset A of a metric space X is said to be bounded if there
exists some x € X and r > 0 such that A C B(z,r).
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Note that, in the special case when the metric space in question is R, our
new definition of “bounded” is equivalent to our old one. In fact,we have already
noted that open balls in R are simply open intervals; therefore A C R is bounded
if and only if A C (a,b) for some open interval (a,b), which is equivalent to
a < x < b for some a,b € R and all z € A, which is equivalent to A being
bounded in the sense of Definition 9. However, in a general metric space X,
“xr < b” makes no sense, so a new definition is required.

Exercise 34 Show that a nonempty set A C X is bounded if and only if there
exists some r > 0 such that for any z,y € A, d(z,y) <.

Exercise 35 Show that if A C X is bounded and nonempty then for any x € X
there exists an v > 0 such that A C B(x,r).

2.2 Open and Closed Sets

Definition 34 A subset A of a metric space X is called open if for every x € A
there exists some r > 0 such that B(x,r) C A. A subset C' of X is called closed
if C° is open.

Exercise 36 Prove that, for a metric space X, X itself and the empty set are
subsets of X that are both open and closed.

In other words, unlike a door, a set can be both open and closed. As we
will see later, sets can also be neither. We will frequently use the next lemma,
the proof of which is an exercise. Since Definition 34 is logically equivalent to
the second statement in the lemma, we could have used either of these for our
definition; some texts use the statement of Lemma 35 as the starting point. We
will use this lemma so often that we will often not refer to it by number.

Lemma 35 A subset A of a metric space X is open if and only if for every
x € A there exists some € > 0 such that if d(z,y) < e then y € A.

Exercise 37 Prove Lemma 35.
Lemma 36 If X is a metric space and x € X then {x} is closed.

Proof. We need to show that {z}° is open. If y € {x}° then y # z. By
the positive definiteness of the metric, d(y,x) = r for some r > 0. But then
x ¢ B(y,r), and hence B(y,r) C {z}°. This proves that {z}¢ is open and so
{z} is closed. m

A set containing a single point is often called a singleton set. Note that the
number r > 0 in Lemma 35 may depend on x—that is, if y is closer to = then
we need to use a smaller r. Similarly, it is not completely trivial that B(x,r),
which we have already named an “open ball”, is in fact open according to our
definition. That is, every y € B(x,r) is contained in an open ball centered at z,
namely B(z,r), but is every y € B(z,r) contained in an open ball centered at
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y that is contained in B(z,r)? This is what we need to show in order to verify
that B(z,r) is open. We will check this now. Let y € B(z,r). By definition,
d(xz,y) <r. Let e :=r — d(x,y) > 0 and suppose that d(z,y) < €. Then by the
triangle inequality

d(z,x) < d(z,y) + d(y, 2) < d(z,y) + (r —d(z,y)) =7,

and by definition z € B(z,r). That is, B(y,e) C B(x,r) and B(x,r) is an open
set. Therefore “open ball” is an appropriate name.

Example 37 From the preceding discussion we know that in R open intervals,
which we have already observed are open balls, are open sets. Are closed intervals
closed according to the above definition? Let a < b. We need to show that [a, b]®
is open. Let x ¢ [a,b] and suppose first that x < a. Define r :==a—x > 0. If
y € B(x,r), y <x+71r < a, hencey ¢ [a,b]. That is, B(z,r) N [a,b] = &, or
B(z,r) C [a,b]°. A similar argument holds if x > b.

Ezxercise 38 Forx an element of a metric space X andr > 0, define the closed
ball of radius r centered at x by C(z,r) := {y € X : d(z,y) < r}. Prove that
C(z,7) is a closed set. The preceding example about closed intervals is a special
case of this statement.

Proposition 38 Let X be a metric space and {Ax}rea be a collection of open
sets in X. Then |Jycp Ax is open in X.

Proof. Let z € U)\eA Ay. Then x € Ay for some \. Since A) is open there
exists some 7 > 0 such that B(z,r) C Ax C Uycp Ax. Hence Jy o5 Ax is open.
|

Conversely, every open set A in X is a union of open sets—open balls, in fact.
To see this, note that by definition, for each = € A there is some r, > 0 and
A = B(x,7,) such that A, C A. Clearly A = J,c4 Ae-

Exercise 39 Let X be a set with the trivial metric. Show that every subset of
X is both open and closed. Hint: show that every subset {x} with © € X is
open.

Proposition 39 If A;, ..., A, are open sets in a metric space X then N_;A;
1S open.

Proof. Let x € N, A;. For each ¢ there exists some ¢; > 0 such that if
d(z,y) < g; then y € A;. Then ¢ := min{ey,...,e,} is positive. If d(z,y) < e
then d(x,y) < g; for all 4, and hence y € A; for all i. By definition, y € N, A;.
]

Example 40 The above proof fails for infinitely many sets A;, since infinite
sets may not have minima—and even if we took the infimum of some infinite col-
lection of epsilons, the infimum could well be 0. To see concretely that Propo-
sition 39 is only wvalid for finitely many sets, consider the collection of open
intervals {(=1/n,1/n)}2 ;. The intersection of this collection is {0}, which we
already know is closed. But it is also mot open, because it is nonempty and does
not contain any open interval at all!
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Exercise 40 Use de Morgan’s laws to show that the intersection of any col-
lection of closed sets is closed, and the union of finitely many closed sets is
closed.

Definition 41 Let A be a subset of a metric space X. The closure A of A is
defined to be the set of all x € X such that for every r >0, B(z,r) N A # @.

Put another way, A is the set of all points « in X such that there are points
in A that are arbitrarily close to . Note that certainly A C A since for every
r > 0,if v € A then z € B(z,r) N A. The next lemma has a satisfying ring to
it. It says that closed sets are precisely those that are equal to their closures.

Lemma 42 A is a closed subset of a metric space X if and only if A = A.

Proof. Suppose A is closed. Since A C A we need only show the opposite
inclusion, which we will prove by contrapositive: Suppose x ¢ A. Since A° is
open there exists an 79 > 0 such that B(x,r9) N A = &. But then by definition
x ¢ Aand A C A is proved.

To prove the converse, suppose that A = A and let z € A° = A°. By
definition of closure there exists some 7 > 0 such that B(z,r) C A° = A° and
A€ is open; hence A is closed. m

Remark 43 Since A is always a subset of Z,_a very useful strategy to prove
that a set A is closed is to choose a point x € A and show that x € A.

Exercise 41 Let A be a subset of a metric space X.
1. Show that if C is any closed set in X containing A then A C C.

2. Show that A is the intersection of all closed sets containing A. In other
words, the closure of A is the “smallest” closed set containing A.

Exercise 42 Let X be a trivial metric space with at least two points. Show that
B(z,1) & C(z,1); that is the closure of an open ball may not be equal to the
closed ball of the same radius.

Definition 44 Let A be a subset of a metric space X. The interior A of A is
defined to be the set of all x € A such that for some r > 0, B(x,r) C A.

Lemma 45 A is an open subset of a metric space X if and only if A = A.
Exercise 43 Prove the above lemma.

Exercise 44 State and prove two statements for interior that are analogous to
those for closure in FExercise 41.

Exercise 45 Prove that if A is a subset of a metric space, A = (A°)°.

Note that the interior of any subset of a metric space always exists, although
it may well be the empty set. In fact we have already observed that the set {0}
in R contains no open interval and hence has empty interior.
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2.3 Sequences in Metric Spaces

The following definition of limit points should be familiar from elementary cal-
culus.

Definition 46 If X is a metric space, we say that x € X is the limit point of
(zn), written x = limx,, or x, — x, if for every € > 0 there exists some natural
number N such that for alln > N, d(z,z,,) < €, or equivalently, x,, € B(z,¢). If
(z,,) has a limit point then (x,,) is said to be convergent. If necessary for clarity
(e.g. if there are several variables involved) we will write x = limy,_, o0 Xy, .

We will now justify the article “the” of the preceding definition. Suppose
that x and z’ are limit points of (z,), and x # z’. By positive definiteness,
d(z,z’) = r > 0. By definition of limit there exist natural numbers N and N’
such that for all n > N, d(z,z,) < r/2 and for all n > N’, d(2',z,) < r/2.
Now suppose n > max{N, N'}. Then we have

r=d(z,2') <d(z,z,) +d(x,, ') <r/24+71/2=Tr

which is a contradiction. Therefore x = z’; this shows that a sequence can have
at most one limit point.

Example 47 Let X be a metric space and let x,, :== a for all n. Then for any
e >0, d(zn,a) =d(a,a) =0 < e and hence z, — a.

Exercise 46 Prove the following lemma:

Lemma 48 Let (x,) be a sequence in a metric space X. Then x € X is a limit
point of (x,) if and only if x is a limit point of every subsequence of ().

Given any sequence (z,,) in a metric space X and 2 € X there is a sequence
of real numbers, the n'" term of which is the number d(z,,z). By definition,
z, — x if and only if for every £ > 0 there exists some N € N such that for
all n > N, d(x,z,) < e. Equivalently, for every € > 0 there exists some N € N
such that for all n > N, |d(z,z,) — 0] < €. But this is precisely what it means
for d(z,z,) — 0 in R. We will use this observation frequently, and so state it
as a lemma:

Lemma 49 Let (x,,) be a sequence in a metric space X. Then x € X is a limit
point of (xy,) if and only if d(x,x,) — 0.

Lemma 50 Let (x,,) be a sequence in a metric space X. Then x € X is a limit
point of (x,) if and only if for every open set U containing x there exists some
N such that for alli> N, z; € U.

Proof. If we know that for every open set U containing z there exists some
N such that for all § > N, z; € U, then in particular letting U be the open set
B(z,¢), it follows from the definition that z; — z. Conversely, let ; — = and
let U be an open set containing . Then by definition of open there exists an
¢ > 0 such that B(z,e) C U. Since z; — z there exists an N such that for all
i>N,z; CBlz,e)CU. m
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Exercise 47 Prove the “Sandwich Theorem” for real sequences: Let (z;), (yi), (2:)
be sequences of real numbers such that x; < y; < z; for all i. If x; — x and
z;i — x then y; — .

The above exercise will be used frequently without specific reference. The
reader will recall from calculus that not every sequence, even a bounded se-
quence, has a limit point, for example e.g. (1,—1,1,—1,...). A related, weaker
concept is obtained by modifying the definition of limit point to require not that
every x, with sufficiently large n be be close to z, but only that there exist
with arbitrarily large n that are close to . More precisely:

Definition 51 Let (x,) be a sequence in a metric space X. A point y € X is
called a cluster (or accumulation) point of (x,,) if for everye > 0 and N € N
there exists some n > N such that d(y,z,) < €.

Example 52 The sequence (1,—1,1,—1,...) has two cluster points, but no limit
point. The number 1 is a cluster point: given any € >0 and N € N let n be the
next odd number greater than N. Then x, =1 and d(x,,1) =d(1,1) =0 < e.
Likewise —1 is a cluster point. Howewver, the sequence has no limit point. In
fact, if a were a limit point of the sequence then by Lemma 48 a would have
to be a limit point of the subsequence of even terms and the subsequence of odd
terms, which is impossible.

Exercise 48 Show the following:

1. The sequence (1,2,3,...) has no cluster points. We will see later that every
bounded real sequence must have at least one cluster point.

2. The sequence (1, %,2, %,37 %7...) has exactly one cluster point, and that

cluster point is not a limit point.
Example 53 There exists a real sequence having every real number as a cluster
point. In fact, since the rational numbers are countably infinite, by definition
there exists a surjective function f : N — Q, which is by definition a sequence
such that for every rational number q there is some n such that x, = q. Let r
be any real number, and € > 0 and N € N be given. Choose 6 > 0 such that
0 <eand
0 <min{d(zg,r) : k < N and xj, # r}

According to Fxercise 23, there exists some q € Q such thatr — 0 < g <r and
q = x,, for some n. By the choice of §, n > N and we have d(x,,r) < § < e.
This proves that r is a cluster point of (x,,).

The relationship between cluster points and limit points is further clarified
by the next lemma.

Lemma 54 Let (z,) be a sequence in a metric space X. A point x € X is a
cluster point of (x,,) if and only if there is a subsequence (,,) of (x,) such that

Tpy — T
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Proof. Suppose that z is a cluster point of (x,). We will iteratively con-
struct a subsequence (z,) such that d(z,,,z) < % for all k. Since z is a
cluster point of (z,) there exists some x; such that d(z;,z) < 1. Let n; := j.
The x,, satisfies d(z,,,z) < 1 = % Now suppose that we have constructed
Ly eey Ty, fOr some m > 1 such that n; < - -+ < ny, and d(zy,,z) < % for all
1 < n < m. Since z is a cluster point, letting N := ny + 1 there exists some
Jj > N =n; + 1> ny such that d(z,z;) < k+r1 Letting ng1 := j finishes the
construction of the subsequence, which converges to z since d(z,,,x) — 0 by
the Sandwich Theorem. The converse is an exercise. B

Exercise 49 Finish the proof of the above lemma.
From Lemmas 48 and 54 we immediately obtain:

Corollary 55 Let (x,) be a convergent sequence in a metric space X. Then x
is the limit point of (x,) if and only if x is the only cluster point of (xy,).

Exercise 50 Give an example of a sequence having a single cluster point that
18 not convergent.

Corollary 56 Let (x,) be a sequence in a metric space X. If a is a cluster
point of a subsequence of (xy,) then a is a cluster point of (zy).

Proposition 57 Let A be a subset of a metric space X. Then
A= {x € X : there exists a sequence (x,,) in A such that x, — x}.

Proof. Suppose that € A. Then for every i € N we can choose some
point z; € B(z,+) N A. Then 0 < d(z,z;) < %, and by the Sandwich Theorem
d(xz,x;) — 0 and therefore x; — x .

Conversely, suppose that there is a sequence (z;) in A such that z; — = € X.
If » > 0 then by definition of convergence there exists some z; € B(x,r) and
therefore z € A. m

Corollary 58 A subset A of a metric space is closed if and only if A contains
every cluster point of every sequence in A.

Exercise 51 Let A C R be bounded above and non-empty. Prove that sup A €
A. Therefore if A is closed, A has a maximum. (Of course a similar statement
is true when A is bounded below.)

Exercise 52 Let (x;) be a convergent sequence in R.

1. Show that if for some k € R, x; < k for alli, then limx; < k. Hint: Prove
this by contradiction.

2. Prove or disprove the statement in the first part if each “<7” is replaced by
a {4< ?7’
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We will now prove a couple of theorems about real sequences that we will
use later. These results are more specialized because they involve the ordering
of the reals, and so do not apply to metric spaces in general. Nonetheless they
are very important for analysis.

Definition 59 A sequence (x;) of real numbers is called increasing (resp. de-
creasing) if for every i > 1, x; < xi11 (resp. x; > xip1). If (m;) is either
increasing or decreasing then (x;) is simply called monotone.

Exercise 53 Prove that (x;) is increasing if and only if whenever 1 < i < j
we have x; < x;. We can write this shorthand as x1 < 29 < ... A similar
statement holds for decreasing sequences.

Proposition 60 If (x;) is an increasing (resp. decreasing) real sequence that
is bounded above (resp. below) then (x;) converges to sup{x;} (resp. inf{z;}).
More succinctly, every bounded, monotone real sequence is convergent.

Proof. We will only consider the increasing case; the other case is similar.
Since (z;) is bounded above, s := sup{z;} < co. Let ¢ > 0. By the Approxi-
mation Property there exists some N such that zy > s — e. But since (x;) is
increasing it must be true that x; > xny > s — ¢ for all ¢ > N. Since we also
have x; < s for all i, we have that d(x;,s) = |z; —s| <ecforalli > N. ®

Notation 61 If (z;) is a decreasing sequence converging to x € R, we will write
x; \, T, with similar notation for an increasing convergent sequence.

Note that a sequence is both increasing and decreasing if and only if it is
constant.

Proposition 62 Let A C R be bounded above. Then s = sup A if and only if
s is an upper bound for A and there exists some sequence (x;) in A such that
x; — 8. A similar statement holds for the infimum.

Proof. That z; — s means, by definition, that for every € > 0 there exists
some ¢ such that |z; — s| < ¢, which is equivalent to s — e < x; < s+e. If s
is an upper bound for A then in fact z; < s and the proof is done by Lemma
Lemma 12. Conversely, suppose that the Approximation Property holds and s
is an upper bound of A. Using ¢ := % we have that for every i there z; € A

such that s —% < x; < s, which implies |z; — s| < % By Lemma 49, z; — 5. m

2.4 Limits and continuity of functions

The definitions of limits and continuity for metric spaces are essentially the same
as those that the reader encountered in calculus, and as we will see, many ideas
and theorems involving continuity from basic calculus—such as the intermediate
value and max-min theorems—are true in a more general form for metric spaces.
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Definition 63 Let f : A — Y be a function, where A is a subset of a met-
ric space X and Y is another metric space. Suppose xo € A. We say that
lim f(x) =y €Y if for every e > 0 there exists a 6 > 0 such that if x € A and
r—xo

0 < d(z,mg) <6 then d(f(x),y) <e. If zg € A, we say that f is continuous at
xo if f(xo) = lim f(z). If [ is continuous at every xg € A then we simply say
T—xT0

that f is continuous (on A).

It is easy to check that the limit of a function, if it exists, is unique. Note
that 0 < d(z, zo) requires that « # xo, which means that lim f(x) by itself has
r—Xo

nothing to do with the functional value of f at xg. In fact f may not even be
defined at zq since g is only required to be in A and not necessarily in the set
A where f is defined. That f not be required to be defined at x( is particularly
important for certain kinds of limits. For example, the derivative in elementary
calculus is defined by the limit
flz+h)— f=z)

h

f(@) = lim

and the function w is never defined at 0. The reader may recall that
in the setting of elementary calculus the requirement for defining lim f(z) is
T—x0

usually that f is defined in some interval (xg — €, 29 + €), except possibly at
2o. This may more simply be expressed that f is defined on A := (xg — &, x9) U
(20,20 +¢) (which does not exclude the possibility that f is defined on a bigger
set, such as (g —¢&,x0+¢). In either case xy € A so the conditions of Definition
63 are also satisfied, and the rest of our definition is equivalent to the one from
calculus. However, in the setting of calculus one must start over with a new
definition for “one-sided” limits; for a left limit, for example, the function must
be defined on some interval (zg — &, x] except possibly at zp. Our definition
works just fine with a choice of A = (z¢ —¢, ), and all theorems that we prove
for limits with some unspecified A will be valid for both left and right limits. In
fact, all of these limit notions from elementary calculus, and many more general
limits that are necessary for analysis are taken care of by the single abstract
Definition 63, with a suitable choice of A.

Why do we not permit zy to lie outside A? If 2y does not lie in A then
by definition there exists a small ball B(zg,d) that does not intersect the set A
where f is defined. In this case the statement “if x € A and 0 < d(z,z0) < ¢
then d(f(z),y) < &” is vacuously true for every y! We avoid this unpleasant
situation by requiring that z be in A when discussing limits, so that there is
always some such x in this statement. Less formally, if we think of a limit as
representing what happens to f(z) when x “approaches” zp, then x should at
least be able to approach xy from within A.

When considering continuity the picture is considerably simpler because we
require that xg be in A and so the issues discussed in the previous two paragraphs
are not relevant. Therefore we normally will state theorems about continuity
only in terms of functions f : X — Y, eliminating A from the picture altogether.
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Later, when we discuss the subspace metric, we will see that there is no loss
in generality in doing this (see Proposition 100). The simplified picture for
continuity is codified in the following lemma, which will often be used without
reference. The reader should especially note that the statement includes the
inequality d(z,y) < § and not 0 < d(z,y) < 4.

Lemma 64 Let f : X — Y be a function between metric spaces X and Y.
Then f is continuous at a point x € X if and only if for every € > 0 there exists
a 0 > 0 such that if d(z,y) < 0 then d(f(x), f(y)) < e. Equivalently, for every
e > 0 there exists a 6 > 0 such that f(B(x,d)) C B(f(z),¢).

Exercise 54 Prove Lemma 64.

Exercise 55 Prove that if f(x) = a + bx, where a,b,x are real numbers, then
f is continuous at every point x.

There are two other equivalent formulations of continuity that are less trivial
to prove, but quite important. First we need another characterization of limits:

Proposition 65 Let f: A —Y be a function, where A is a subset of a metric

space X and Y is another metric space. Suppose xo € A. Then ILm flx) =
y €Y if and only if for every sequence (x;) in A\{xzo} such th;t 320 — T,
f(@i) = y.

Proof. Suppose first that xl:rr;ﬂf(x) = y and let x; — x¢ where z; € A\{zo}.

Suppose € > 0. By definition there exists some ¢ > 0 such that if z € A and
0 < d(z,z0) < ¢ then d(f(z),y) < e. Since x; — ¢ there exists some N such
that for all i > N, 0 < d(x;, zo) < §. But then d(f(z;),y) < ¢ for all i« > N and
we have shown f(z;) — y.

The converse is a bit more tricky; we will suppose that it is not true that
lim f(x) = y and construct a sequence (z;) in A\{zop} such that x; — xq

T—xTg

but (f(z;)) does not converge to y. If it is not true that JLH; f(z) = y then
there exists an € > 0 such that for all § > 0 there is some zoe X such that
0 < d(wg,2) < 6 and d(f(z),y) > e. Since + > 0 for any i € N, we can use
% for § and for each ¢ € N we can find some x; such that 0 < d(z;,z9) < %
and d(f(z;),y) > e. Since d(z;,z9) — 0 it follows that z; — =z, but since
d(f(z;),y) > € >0 for all 7 it is not possible that f(z;) —»y. m

Corollary 66 Let f: X — Y be a function, where X and Y are metric spaces.
For any x € X, f is continuous at x if and only if for every sequence x; — x
in X, f(x;) = f(x), or, stated another way, f(limx;) = lim f(z;).

Corollary 67 Let f: A—Y andg:Y — Z be functions, where X, Y, and
Z are metric spaces and A C X, and let xy € A. If lim,_,., f(z) =y and g is
continuous at y, then

g(lim f(z)) =g(y) = lim g(f(z)).

T—x0 T—xT0

In other words, the limit can be “pulled through" the continuous function g.
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Proof. Let z; — xo, where z; € A\{z(}. Then applying the Proposition 65
and Corollary 66 we have

lim g(f(z)) = g(lim f(z;)) = g(lim f(z)) = g(y).

11— 00 1— 00 r—XTQ

Proposition 65 now implies that

Jim g(7(@) = Jim g(f(z1)) = 9(1).

]

If f is also continuous at y in the above Corollary then we may replace y by
f(zg) and we obtain the following corollary:

Corollary 68 Let f: X — Y and g:Y — Z be functions, where X, Y, and Z
are metric spaces. Suppose that f is continuous ot x € X and g is continuous
at y:= f(x). Then go f: X — Z is continuous at x.

Corollary 69 Let f : X —» Y and g : Y — Z be continuous functions, where
X, Y, and Z are metric spaces. Then go f is continuous.

Proposition 70 A function f : X — Y between metric spaces X and Y is
continuous if and only if for every open set U in'Y, f~Y(U) is open in X.

Proof. First suppose that f is continuous and let U be open in Y. Let
x € f~1(U); by definition f(x) € U. Since U is open there exists some £ > 0
such that B(f(x),e) C U. Since f is continuous at x, by Lemma 64 there exists
some 0 > 0 such that

f(B(z,8)) C B(f(x),e) CU.

By definition B(z,8) C f~1(U), which proves f~(U) is open.

Conversely, suppose that f~1(U) is open for every open U in Y. Let z € X
and € > 0. Then B(f(z),¢) is open in Y and therefore V := f~1(B(f(z),¢)) is
open in X and contains x by definition. Since V is open and contains z there
is some ¢ > 0 such that B(x,d) C V. But then

f(B(z,0)) € f(V) = f(fH(B(f(2),¢))) € B(f(x),¢)
which proves that f is continuous at .

Corollary 71 A function f : X — Y between metric spaces X and Y is con-
tinuous if and only if for every closed set A in Y, f~(A) is closed in X.

Proof. First note that X\ f~1(A) = f~Y(Y)\f~1(A) = f~1(Y'\A). There-
fore f~1(A) is closed for every closed set A in Y if and only if f~1(Y\ A) is open
for every closed set A in Y, which is true if and only if f~1(U) is open for every
openset UinY. m
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Example 72 Any function f : X — Y, where X has the trivial metric and
Y is any metric space, is continuous. In fact, in Exercise it was shown that
every subset of X is open. Therefore for any set U in'Y (whether it is open or
not!), f=1(U) is open. On the other hand, functions from a metric space into
a trivial metric space are often mot continuous because there are simply “too
many” open sets in the trivial metric. For example, suppose that f : X — Y 1is
a continuous 1-1 function between metric spaces, where'Y has the trivial metric.
Let © € X. Then since Y has the trivial metric, {f(x)} is an open set in Y,
and hence f~1({f(z)}) is open in X. But since f is 1-1, f~1({f(2)}) = {z},
which shows that every set {x} in X is open. Since every subset A of X can be
written as A = Ugea{z} it follows from Proposition 38 that every subset of X
is open, and hence every subset of X is closed. So while X may not have the
trivial metric, like the trivial metric every subset of X is both open and closed.
So, for example, there can be no continuous 1-1 function from R into a trivial
metric space.

Exercise 56 Prove that a function f : X — 'Y between metric spaces X and Y
is continuous if and only if for every y € Y and r >0, f~*(B(y,r)) is open in
X.

Exercise 57 Let f : X — Y be a constant function f(x) = yo, where yo is a
fized element of Y. Prove that f is continuous in the following ways:

1. Using the definition of continuity.
2. Using Corollary 66.
3. Using Proposition 70.

Exercise 58 Prove that the identity function f : X — X given by f(z) = =z,
where X is a metric space, is continuous.

We consider one final function in this section. This function is obtained
by fixing a single point x in a metric space X. Then the distance from this
fixed point assigns to each point y € X a non-negative real number. The next
proposition shows that this function is continuous; that is, as a point y “moves
about” in X, the distance from the fixed point x varies continuously.

Proposition 73 Let X be a metric space and x € X. The functiond, : X — R
defined by d.(y) = d(z,y) is continuous.

Proof. Let y € X and € > 0. Let § := ¢ > 0. If d(y,2) < § then by the
triangle inequality,
d(z,y) < d(z,z) + d(y, 2)
or
do(y) — do(2) < d(y, 2) <e.

Likewise from
d(z,z) < d(z,y) +d(y, 2)
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we obtain
di(y) — da(2) > —d(y,2) > —¢

and it follows that

d(ds(y), de(2) = |de(y) — do(2)| <e.
| |

Corollary 74 If y; — y in a metric space X then for any x € X, d(y;,x) —
d(y, z).

Exercise 59 Prove or disprove the converse to Corollary 74.

2.5 Compactness

Definition 75 A subset A of a metric space X is called compact if every se-
quence in A has a cluster point in A.

It is important to note that the above definition of compactness is not the
traditional definition (see Remark 86). For metric spaces the two definitions
are logically equivalent (although it requires some work to prove this) but the
definition we are using, normally referred to as “sequential compactness”, is
much more intuitive and simple to work with. The traditional definition is
necessary in the more general setting of topological spaces, where these two
definitions are mot equivalent, and sequential compactness is too weak to prove
the most important theorems.

Note that the empty set is compact since the hypothesis is vacuous. Recall
that a sequence has a cluster point if and only if it has a convergent subsequence.
Therefore A is compact if and only if every sequence in A has a subsequence
that converges to a point in A. If A = X we can more succinctly state: X is
compact if and only if every sequence in X has a convergent subsequence.

Proposition 76 If A is a compact subset of a metric space X then A is closed
and bounded.

Proof. Note that the statement is vacuously true if A is the empty set.
Suppose A is compact and = € A. By Proposition 57 there is a sequence (z;)
in A such that z; — x. Since A is compact there is a cluster point y € A of
(z;). But since (z;) is convergent, the cluster point y must be equal to the limit
point z (by Corollary 55); i.e., z € A. This shows A C A and so A is closed.

Suppose now that A is not bounded, and fix a point € X. Then for every
i € N there exists some point x; € A such that z; ¢ B(z,1i), i.e., d(x,z;) > i.
We claim that the sequence (z;) cannot have a convergent subsequence, which
will finish the proof by showing that A is not compact. Suppose, to the contrary
that there is a subsequence z;, — y € A. But d(y, z;,) > d(z,z;,) — d(z,y) >
i — d(z,y) — oo, a contradiction. m
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The converse of the above proposition is false in general (as we will see an
example later) but is true if X is the real numbers. This theorem is called the
Heine-Borel Theorem, and will be proved after a couple of preliminaries that
are useful in their own right.

Proposition 77 If A is a compact subset of a metric space X and B C A is
closed then B is compact.

Proof. Let (z;) be a sequence in B. Then (z;) is also a sequence in A, so
has a cluster point y in A. But B is closed and hence contains all cluster points
of (z;),andsoy € B. m

Exercise 60 Let {Ax}rea be a collection of compact subsets of a metric space
X. Show (Nycp Ax is compact.

Exercise 61 Let X be a metric space and x € X. Show any singleton set {z}
18 compact.

Proposition 78 (Bolzano-Weierstrass Theorem) Every bounded sequence of
real numbers has a cluster point.

Proof. Let (x;) be a bounded sequence of real numbers. For all n let
A, = {z;};>n; then A, is non-empty and bounded. Let s, := sup 4,,. Now
{sn} is bounded below. In fact, if L is a lower bound of {x;} then we have
Sp > T > L. In addition, since A, C A, for all n, {s,} is decreasing, and
hence by Proposition 60, s, — x := inf{s, }. We will show that z is a cluster
point of (x;). Let € > 0 and N € N. Since s, \, = there exists some N’ such
that

foralln >N, z<s, <z+e¢. (2.1)

Let M = max{N, N’}. By the approximation property there exists some z; €
Ay such that
sy —€e<x; < S (2.2)

Since M > N’ we can combine Formulas (2.1) and (2.2) to obtain
r—e<sy—ec<x; <sy<zr+e

which is equivalent to |z — z;] < e. Finally, since z; € Ay, by definition
i > M > N and we have shown that x is a cluster point of (z;). m

Theorem 79 (Heine-Borel Theorem) A subset of the reals is compact if and
only if it is closed and bounded.

Proof. Proposition 76 is one direction. Conversely, let A C R be closed
and bounded. Then any sequence (z;) in A is a bounded sequence, so by the
Bolzano-Weierstrass Theorem (x;) has a cluster point. Since A is closed, the
cluster point must be in A. m
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The Bolzano-Weierstrass and Heine-Borel theorems are actually logically
equivalent (in fact we will later, in the setting of R™, prove the Heine-Borel
Theorem first and use it to prove the Bolzano-Weierstrass theorem). In fact,
these theorems are logically so close to one another that they are given separate,
named statements only for historical reasons. The reader will therefore be for-
given for always referring to the Heine-Borel Theorem (which is the “cleaner” of
the two statements) when extracting a convergent subsequence from a bounded
real sequence. Some texts do not mention the names “Bolzano-Weierstrass” at
all.

Theorem 80 Let X and Y be metric spaces, A be a compact subset of X, and
f: X =Y be continuous. Then f(A) is a compact subset of Y.

Proof. Let (y;) be a sequence in f(A). By definition, for each ¢ there exists
some z; € A such that f(z;) = y;. Since A is compact, there is a subsequence
(w;) of (z;) such that x;, — x for some x € A. By Proposition 66, we have that
yi; = f(xi;) — f(z) and by definition f(z) € f(A), so (y;) has a convergent
subsequence in f(A4). =

We will verify later that the function f(z) = e* : R — R takes R (which is
closed) to (0, 00), which is not closed in R. That is, a real continuous function
need not take closed sets to closed sets. We will also later show that the natural
log function is continuous, but it takes (0, 1), which is bounded, to (—o0,0),
which is not. However, the following is an immediate corollary of Theorem 80
and the Heine-Borel Theorem:

Corollary 81 If f : R — R is continuous and A C R is closed and bounded
then f(A) is closed and bounded.

Here is a powerful application of our results so far:

Theorem 82 (Max-min Theorem) Let A be a nonempty compact subset of a
metric space X and f : X — R be continuous. Then f has a mazimum and a
minimum on A.

Proof. By Theorem 80, f(A) is compact, hence a closed, bounded nonempty
set. But then by Exercise 51, f(A) has a maximum M. In other words, for some
x € A, f(x) = M; by definition M is the maximum of f on A The proof that f
has a minimum is similar. =

The next theorem is also useful.

Theorem 83 Let {A;}5°, be a collection of non-empty compact subsets of a
metric space X that is nested, in the sense that if i < j then A; C A;. Then

ﬂfil A; 7é g.

Proof. Since each A; is nonempty there is some x; € A;. Since x; € A; C Ay
for all 4 and A; is compact, (x;) has a cluster point = in A;. We will show that
x € A, for all n. By definition of cluster point, for each n, x is also a cluster
point of the tail (z;)$°,, of the sequence (x;). Since the sets are nested, the tail
(x;)$2,, lies entirely in the compact, hence closed, set A,,, and hence all of its
cluster points, including x, are contained in A4,,. =
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Example 84 The collection {(0,4)} consists of bounded, nested sets, but (;,(0,1) =
@. The collection {[n,00)} consists of closed, nested sets, but also has empty
intersection.

Exercise 62 Prove or disprove: If f: X — Y is continuous, where X and Y
are metric spaces, and A C'Y is compact, then f~1(A) is compact.

Definition 85 Let A be a subset of a metric space X. An open cover of A is a
collection of open subsets {Ux}rca in X such that X C UpeaU,.

Remark 86 The usual definition of compactness is: Every open cover of A has
a finite subcover—that is a finite subcollection, the union of which contains A. A
significant part of the proof that these two definitions are equivalent for metric
spaces is the following proposition, which will also be very useful for us. A full
proof of the equivalence may be found in most topology texts (e.g. [1]).

Proposition 87 Let X be a compact metric space and suppose that {Uyx}rea
is an open cover of X. Then there exists an € > 0, called the Lebesgue number
for the open cover, such that if x,y € X and d(x,y) < € then there is some Uy
such that both x and y are elements of Uy .

Proof. Suppose not. Using e = 1 for all i we can find sequences (z;) and
(yi) in X such that d(x;,y;) < and for all A and 4, x; ¢ Uy or y; ¢ Uy. Since
X is compact there is a cluster pomt x € X of (x;). Since {Uyx}rea is an open
cover, x € Uy for some \. Since U, is open there exists some r > 0 such that
B(z,7) C Uy. Since z is a cluster point of (z;) there exists some i > 2 such
that ; € B(z,%). But then we have d(z;,y;) < § and d(x;,z) < §. It follows
from the triangle inequality that y; € B(xz,r) C Uy. Since z; is also in Uy, this
is a contradiction. m

Lemma 88 Let X be a metric space and {A; } _, be a finite collection of com-
pact subsets of X. Then U Aj is compact.
J_
Proof. Let (z;) be a sequence in U A;. By Corollary 27 there are some j

j=
and a subsequence (z;,) of (z;) such that (x;,) lies entlrely in A;. Since 4; is

compact, (z;,) has a cluster point in A;, and hence in U A;. But this cluster
j=1
point is also a cluster point of the original sequence by Corollary 56. =

Exercise 63 Show by example that the union of infinitely many compact subsets
of X need not be compact.

We finish with some theorems that will be useful later. First we need a
definition.
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Definition 89 Let A be a subset of a metric space X and € > 0. The e-
neighborhood of A is the set

N(Aye) :={z € X : d(z,y) < & for some y € A}.

Note that N({z},e) = B(z,¢). It follows from basic set theory that N(A4,¢)
is the union of all open balls of radius € centered at points in A; that is,

N(A,e) = U B(z,e),

z€A

and therefore N(A4,¢) is open.

Proposition 90 If C is a compact subset of a metric space X and U is an open
set in X containing C then for some ¢ >0, N(C,e) C U.

Proof. Suppose not. Using ¢ = 1 for all i there exists a sequence {z;}
such that x; ¢ U and z; € N(C, %) That is, for each i there is some y; € C
such that d(z;,y;) < +. Since C is compact {y;} has a cluster point y € C.
Since U is open there is some B(y,r) C U. But there also exist ¢ > % such
that y; € B(y, 5). We have d(z;,y) < d(zs,y:) +d(yi,y) < 5§+ 5 =r. In other

words, x; € B(y,r) C U, a contradiction. m

Exercise 64 Use the interval (0,1) to show that Proposition 90 is false if C is
not compact.

Proposition 91 Let C' be a compact subset of a metric space X and suppose
that = ¢ C. Then there exists some € > 0 such that x ¢ N(C,e).

Proof. According to Proposition 73 the function d, is continuous and hence
achieves a minimum on the compact set C'. That is, there exists some y € C
such that d,(y) is the minimum of d(z,y). Now if d(z,y) = 0 then z =y € C,
a contradiction. Therefore d(z,y) = ¢ for some ¢ > 0. Since y is at minimal
distance from x in C, d(z,z) > e for all z € C and = ¢ N(C,¢). m

Exercise 65 Let C be a compact subset of a metric space X.
1. Show that N(C,¢) is bounded for any e > 0.

2. Show that C' = ﬂN(C, €).

e>0

3. Show that if U is any open set containing C' then there is some € > 0 such
that N(C,e) C U.

Definition 92 A function f : X — Y between metric spaces is called uniformly
continuous if for every e > 0 there exists a § > 0 such that for all x,y € X such

that d(z,y) < 6, d(f(z), f(y)) < e.
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As we have seen, for continuity the number § > 0 in the definition may
depend on both ¢ and the point in question, whereas for uniform continuity a
single § > 0 will do the job “uniformly”, i.e. for every x € X.

Proposition 93 Let f : X — Y be a continuous function between metric
spaces. If X is compact then [ is uniformly continuous.

Proof. Let € > 0. Consider the collection of all sets of the form U, :=
S (B(y,5)), where y € Y. Each of these sets is open since f is continuous,
and these sets form an open cover of X. In fact, if 2 € X then € U, where
y = f(x). Let § > 0 be the Lebesgue number for this open cover. By definition,
if d(z,w) < 4, then z and w both lie in some U, and therefore f(z) and f(w)
both lie in B(y, 5). From the triangle inequality we obtain d(f(z), f(w)) < e.
|

Exercise 66 Let f(z) := % on the interval (0,1]. Show that f is not uniformly
continuous.

2.6 Subspaces and isometries

Definition 94 Let (X,d) be a metric space and A be a subset of X. The
subspace metric on A is the restriction of the metric d to the set Ax A C X xX.

In other words, we are considering A as a metric space in its own right,
measuring the distance between two points x and y in A in the same way it is
measured in X. Since we are restricting the function d to A, this function still
satisfies all the requirements of a metric, and so does make A a metric space.
Moreover, if {z;} is a sequence in A and x € A then z; — = in X if and only
if d(z;,x) — 0, which is true if and only if z; — 2 in A. That is, as long as a
given sequence and point both lie in A, then convergence in A means the same
thing as convergence in X.

While the subspace metric may seem at first to be a trivial concept, it is
in fact quite important, and the properties of the metric space A can be quite
distinct from those of the larger space X. The most basic difference has to do
with open balls. Given z € A and r > 0, we have two possibilities: the open
ball of radius r centered at x in the metric space X, and the open ball of radius
r centered at x in the metric space A. In order to keep them straight we will
refer these two balls as Bx (z,r) and B(z, ), respectively. How are these open
balls related?

Bua(z,r)={yeA:d(y,x) <r)}={ye X :y € Aand d(z,y) <r} = ANBx(z,r)

That is, the open ball in the subspace is the intersection of subspace with the
open ball of the same radius in the ambient space.
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Example 95 Consider the interval A := (0,1] C R with the subspace metric.
What do some metric balls look like? Certainly

B39 = 011033 = (3.9 = Bal3. 1)
but 11 13 3 11
Bal(y,5) = 0,1]N(=7,7) = 0,7) # Br(3, 3)-

At least this open ball in A is an open interval, but this is not always the case;
for exzample the reader can easily check that Ba(1,%) = (3,1]. Now (3,1], being
an open ball in the metric space A, is an open set in the metric space A, which
means that its complement in A, (3,1]¢ = (0, 3] is a closed subset of the metric
space A. In addition, (0, %] is certainly a bounded subset of A, and yet it is
not compact, since the sequence (%) has no cluster point in (0,3]. This shows
that the Heine-Borel and Bolzano- Weierstrass Theorems are not true for metric
spaces in general.

The above example illustrates that for subsets of A, being “open” is a relative
concept; a subset of A can be open in A with the subspace metric but not open
in the larger metric space X. Therefore we need to distinguish notationally
between open (resp. closed) subsets of the metric space X that happen to be
contained in A and subsets of A that are open (resp. closed) with respect to
the subspace metric of A. From now on, the former will be referred to as open
(resp. closed) in X and the latter will be referred to as open (resp. closed)
in A. Some authors use the notation open (resp. closed) relative to A, which
admittedly is less likely to lead to confusion, but is a bit cumbersome and may
contribute the the student avoiding the idea that A is a metric space in its own
right. Likewise, if B C A we will refer to the closure of B as a subset of the
metric space A as the closure of B in A.

Example 96 Revisiting Fxample 95 with our new terminology we have: (i %)
and (0, %) are both open in R and in A. In fact, both sets are open balls in both
metric spaces, although (0,2) = Ba(%,3), while (0,3) = Bgr(2,2). The set

(0,1] is both open and closed in A, but neither open nor closed in R.

The next proposition completely characterizes sets that are open or closed
in the subspace metric.

Proposition 97 Let X be a metric space and A C X have the subspace metric.
Then a set B C A is open (resp. closed) in A if and only if B=V NA for some
V C X that is open (resp. closed) in X.

Proof. Suppose first that B = V N A where V is closed in X. Let = be
in the closure of B in A. So z € A and there is some sequence (z;) in B with
x; — x. But (z;) is also a convergent sequence in V', and since V is closed in X,
xz € V. That is, z € VN A = B and so B is closed in A. Conversely, suppose
that B is closed in A. Let V' be the closure of B in X. We need to show that
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B =VnNA. Certainly B C VN A; to prove the opposite inclusion let x € VN A.
By definition, # € A and there is some sequence (z;) in B such that z; — .
But since x € A and B is closed in A, x € B.

We have proved the proposition in the case of closed sets. Now suppose
that B is open in A. Then A\B is closed in A, so (by what we proved above)
A\B = W N A for some W that is closed in X and if we let V := X\W, V is
open in X. Then

B=A\(A\B)=A\(WnNA) =(AW)U(A\A) = AW = An(X\W)=ANnV
The converse statement is an exercise. m
Exercise 67 Let X be a metric space and A C X have the subspace metric.

1. Use de Morgan’s law to finish the proof of Proposition 97.

2. Prove using only the definitions that if V' is open in X then VN A is open
in A.

Remark 98 Give a few moments’ thought to the idea of directly proving that
if B is open in A then B =V N A for some set V open in X. While certainly
possible, constructing such an open set V' requires dealing with complements
and requires more steps than the construction of the appropriate closed set in
the proof of Proposition 97. This is why we chose to work first with closed sets
and use de Morgan’s law to obtain the result for open sets, rather than the other
way around.

Example 99 Let the integers Z C R have the subspace metric, and let n € Z.
Then Bz(n, 3) = (n—%,n+ 3)NZ = {n}; in other words every set containing a
single integer is open in Z. It follows (as in the case of the trivial metric) that
every subset of Z is both open and closed. Note that the subspace metric on Z is
not the trivial metric (e.g. d(1,3) = 2), but still has the same open and closed
sets as the trivial metric.

Exercise 68 Prove or disprove: Let Q C R be the rational numbers with the
subspace metric. Then every subset of Q is open and closed.

Another question that needs to be sorted out is the following. If a continuous
function f : X — Y isrestricted to a subset A of X, is it continuous with respect
to the subspace metric on A? This simple question is important because we have
already defined what it means for f to be continuous on A, and we would like
to be sure that this means the same thing as being continuous when restricted
to the metric space A. The next proposition verifies this.

Proposition 100 Let f : X — Y be a function between metric spaces and let
x € AC X. If f is continuous at x then then f|a: A — Y is continuous at x,
when A is given the subspace metric.
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Proof. Let (z;) be a sequence in A with z; — = € A. Then (z;) is
also a sequence in X and z; — = in X. Since f is continuous at x we have
f(z;) — f(x), which is what we needed to prove. m

Exercise 69 Let X be a metric space and A C X. We can consider A as a
metric space with the subspace metric. The inclusion of A into X is the function
i: A — X defined by i(x) = x for all x € A. Show that i is continuous in three
different ways: Using Lemma 64, using Proposition 65, and using Proposition
70.

The next lemma can be useful if we happen to know that the image of the
function f lies in some set B that is smaller than Y. Then without affecting
continuity we may replace Y by B with the subspace metric.

Lemma 101 Let f: X — Y be a function between metric spaces and B be a
subset of Y such that f(X) C B. Then f is continuous if and only if for every
set A that is open (resp. closed) in B, f~1(A) is open (resp. closed) in X.

Exercise 70 Prove the above lemma. You need only prove it for open sets; the
other case is similar.

We know already that “closed” is a relative concept; a set can be closed in
A C X but not closed in X. Is compactness similarly relative? As the next
proposition shows, the answer is “no”, and we don’t need to bother with phrases
like “compact in A”.

Proposition 102 Let X be a metric space and A C X have the subspace met-
ric. Then B C A is a compact subset of A if and only if B is a compact subset
of X. In particular, A is a compact subset of X if and only if A is a compact
metric space with the subspace metric.

Proof. B is compact as a subset of A if and only if every sequence (;) in
B has a cluster point in B. But this is exactly what it means for B to be a
compact subset of X! m

Definition 103 Let X and Y be metric spaces. A function f : X — Y is called
an isometry if f is onto and for every x,y € X, dx(z,y) = dy (f(z), f(v)). If
there exists an isometry f: X — Y then X and Y are said to be isometric.

Exercise 71 Let f: X — Y be an isometry between metric spaces.

1. Prove that fis1—1.
2. Prove that f~! is an isometry.

3. Prove that f is continuous.
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An isometry, therefore, “identifies” the metric space X with the metric space
Y’; they are indistinguishable except for the names of their elements. In general,
bijective functions that show that two sets have an identical structure are very
important in mathematics. For example, in abstract algebra a function that
identifies two groups as having the exact same group structure is called a group
isomorphism (and there are also ring and field isomorphisms, and linear iso-
morphisms that show that two vector spaces have the exact same vector space
structure). Given metric spaces X and Y, we can ask whether X and Y are
“the same” in terms of the open sets they possess, even if they have “different”
metrics. For example, we have already seen that the integers can be given two
different metrics—the trivial metric and the subspace metric-that give rise to
exactly the same open sets (see Example 99). Since many questions, like con-
vergence and continuity, are really determined by open sets and not specifically
what the metric is, the following concept is very important:

Definition 104 Let X andY be metric spaces. A function f: X — Y is called
a homeomorphism (or topological isomorphism) if f is a bijection and both f
and f~! are continuous. If there exists a homeomorphism f : X — Y then X
and Y are said to be homeomorphic.

Lemma 105 If f : X — Y is a continuous bijection and X is compact then f
is a homeomorphism.

Proof. To show f~! is continuous we need to show that for every closed
subset A of X, (f71)7(A) is closed in Y. But (f~1)71(4) = f(A) and A
is a closed subset of the compact space X, and therefore is compact. But by
Theorem 80 f(A) is compact and hence closed in Y. =

Exercise 72 Prove that 7 with the trivial metric is homeomorphic to Z with
the subspace metric.

Exercise 73 Show that if f : X — Y is a continuous bijection then f is a
homeomorphism if and only if for every open U in X, f(U) is open in Y.

Exercise 74 Show that
1. every isometry is a homeomorphism,

2. the inverse of any homeomorphism is a homeomorphism,

3. the composition of two homeomorphisms is a homeomorphism.

2.7 Product Metrics

The reader should recognize that the next construction is a generalization of
how the usual distance in Euclidean space R is constructed from the distance
on R. Some topology texts call the “product metric” what we later refer to as
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)

the “max” metric. As we will see, the max metric has the same open and closed
sets as the product metric and is simpler to use in some situations, although
the max metric is geometrically less familiar. For example, the product metric
on R" gives rise to classical Euclidean geometry, whereas the max metric gives
rise to a different geometry in which, for example, there are infinitely many
midpoints between any two points (see Exercise 77).

Definition 106 Let (X1,d1), ..., (Xn,dn) be a collection of metric spaces. We
define the product metric on the cartesian product X1 X - -+ X X,, by

=

d((ZCl, [ Q?n), (y17 7yn)) = (d1($17y1)2 +ee d’ﬂ(‘rnvy’ﬂ)Q) (23)

Of course we need to check that this formula really defines a metric. But
first we point out that, if X; = R with the standard metric for all ¢ then the
metric defined in this way on R"™ is given by the familiar formula

[V

d((x1, s Tn)s Y1y ooy Yn)) = ((:El —y)? (g — yn)Q) (2.4)

Therefore the product metric on the cartesian product of metric spaces is a
generalization of the usual distance formula for Euclidean spaces. We will refer
to this metric as the standard or Fuclidean metric.

Positive definiteness of (2.3) is easily checked: Certainly the distance is non-
negative, and is 0 if and only if all of the distances d;(x;,y;) are 0, which
is equivalent to x; = y; for all i (since each d; is positive definite), which is
equivalent to (z1,...,Zn) = (Y1, .oy Yn)-

Exercise 75 Prove the symmetry of (2.3).

Proving the triangle inequality is more difficult. We will show by induction
on n that if we are given

T=(T1,0,Tn), ¥ = Y15, Yn)s 2 = (21,0, 2n) € X1 X -+ X X,

then d(z,z) < d(x,y)+d(y, z). The case n = 1 is simply the triangle inequality
in the metric space X;. We will now prove the statement for n = 2. To simplify
the proof, let a := d(z1,y1), b := d(y1,21), ¢ := d(x2,y2), d := d(ya, 22). Then
by the triangle inequality for d; and da,

d(x,2)? = di(21,21)" + da (22, 22)° < (a+ ) + (¢ + d)*

=a?+ b+ +d*+2(ab+ cd).
On the other hand,

(da.y) +dly. ) = (Va5 @+ VET &)

=a>+ P+ 02 +d*+2v/(a® + ) (b2 + d?)
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and the problem reduces to showing that
(ab+ cd)® < (a® + ) (b + d?) < 2abed < b + a®d® < (ab— cd)® > 0

which is always true. Now suppose that the triangle inequality has been proved
for some n > 2. In particular, we know that the product metric is in fact a
metric on X X --- X X,,. Since we have shown the case n = 2, we also know that
the triangle inequality is valid in the product metric space (X7 X+ x X)) x Xy 41,
the metric for which we will denote by A. But (X7 x -+ x X,;) X X,,41 is the
same set as X7 X - -+ X X, 11 (see the comments surrounding to Definition 2).
Moreover, the function d on X7 X - -+ x X,41 is computed in the exact same
way as A: Given

= (21,0, Tpy Tpp1) and 2 = (21, ey 2y Zng1) 0 X7 X oo X Xy,

n+1 n
d(iL’, 2)2 = Z dl(ibl, 2:1‘)2 = Z di({Ei, Zi)2 + dn+1(.’l?n+1, Zn+1)2
i=1 i=1

2

Zdi<xi7zi)2 + dn+1<xn+lvzn+1)2
=1

= A (@1, 0y @n), Trg1)s (215 20)s Zng1) ) -

That is, the two functions are the same and hence d also satisfies the triangle
inequality.

Note that as a consequence of this computation we see that, for example,
(A x B) x C with the product metric is naturally identified with A x (B x C)
via the function f((a,b),c)) = (a, (b,c)), which is in fact an isometry between
these two metric spaces.

There is a useful alternative metric on the cartesian product of metric spaces,
defined as follows:

Definition 107 Let (X1,d1), ..., (Xn,dn) be a collection of metric spaces. We
define the max metric on the cartesian product X1 x - -+ x X,, by

Qonax (X1 oot T )y (Y1 ooy Yn)) = max{dy (21,Y1), -, dn (T, Yn) }-
It is somewhat easier to check that this metric is indeed a metric.
Exercise 76 Check that the max metric is symmetric and positive definite.
For the triangle inequality we use the triangle inequality for the spaces X;

and Lemma 14:

Qmnax (X1 ooy T )y (21, oy 2n)) = max{dy (21, 21), ..., dp(Tn, 2n) }
< max{di(z1,y1) + d1(y1,21)s s & (T, Yn) + dn(Yns 20) }
< max{di(z1, 1), -, dn(Tn, yn) } + max{di (y1, 21), ..., dn(Yn, 20) }
= dimax((T1, s Zn), (Y15 03 Yn)) F dinax (Y1 oo Yn )y (21, ooy 20))-
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Example 108 The product and max metrics are not the same in general. For
example, in the plane we have d((1,1),(0,0)) = v/2 and dmax((1,1),(0,0)) = 1.

Exercise 77 Find the set of all “midpoints” between the points (—1,0) and
(1,0) in the plane with the max metric. That is, find all points (z,y) in the
plane such that

dmax((wvy)v (_170)) = dmax((‘ray)v (170)) =1

This shows that, geometrically speaking, the max metric and the usual Fuclid-
ean metric (with which every pair of points has a unique midpoint), are quite
different.

Why do we need a second metric on the cartesian product of metric spaces?
In many ways the max metric is simpler to work with than the product metric
and, as we will see shortly, from standpoint of convergence and continuity they
can be used interchangeably. To make this idea precise, we need the following
notion:

Definition 109 Let X be a space with two metrics, di and da. We say that the
two metrics are topologically equivalent if the identity function idyx : (X,d;) —
(X, d2) is a homeomorphism.

As an immediate consequence of the exercises in the preceding section, we
have the following two lemmas:

Lemma 110 (X,d;) and (X,ds) are topologically equivalent metric spaces if
and only if the following statement holds: For every sequence (x;) in X and
r € X, x; — x with respect to the metric dy if and only if x; — x with respect
to the metric ds.

Lemma 111 (X,d;) and (X,ds2) are topologically equivalent metric spaces if
and only if given any U C X, U is open with respect to dy if and only if U is
open with respect to ds.

The above two lemmas show that two metrics on the same set are equivalent
if and only if convergence of sequences is the same in both metrics; equivalently
the two metrics define the same open (and hence closed) subsets. This means
that any definition that depends only on convergence or openness of sets is either
satisfied or not satisfied simultaneously for both metrics For example, if X has
two topologically equivalent metrics dy,ds then a function from X into another
metric space (or from another metric space into X) is continuous with respect
to dy if and only if it is continuous with respect to do. And a subset of X is
compact with respect to dy if and only if it is compact with respect to ds.

Example 112 Consider the metric space R with the usual metric d and the
trivial metric, which we will denote for this exercise by d;. In a previous exercise
it was shown that every subset of a set with the trivial metric is open, whereas
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there are certainly subsets of R with the usual metric that are not. This means
that if idx is the identity map from (R, d) to (R, d;) then idx is not continuous,
although id)_fl s continuous. So d is not topologically equivalent to d;. On the
other hand, the trivial metric and the subspace metric on Z are topologically
equivalent (cf. Exercise 72).

Definition 113 A function f : X — Y is called Lipschitz if there exists some
A > 0 such that for all z,y € X, dy (f(z), f(y)) < Ad(z,y).

A Lipschitz function does not “stretch” any distances by a factor of more
than A. Note that to prove that a function is Lipschitz, we do not need to
consider the case when x =y, since then f(x) = f(y) and d(f(z), f(y)) = 0.

Example 114 Any constant function is Lipschitz for every A.
Exercise 78 Prove that every Lipschitz function is uniformly continuous.

Exercise 79 Let f : X — Y be Lipschitz. Prove that if A is a bounded subset
of X then f(A) is a bounded subset of Y.

Exercise 80 Prove or disprove whether or not each of the following functions
18 Lipschitz.

1. f(z) =22 from R to R.
2. f(x) =22 from [0,1] to [0,1].
3. f(z) =+/x from [0,1] to [0,1].

Proposition 115 Let (X1,dy),...,(Xn,dy) be a collection of metric spaces.
Then for every T,y € X := X1 X ... X Xy, dimax(7,y) < d(z,y) < vV/Ndmax(T,9).

Proof. Let (21, ...,25), (Y1, -, Yn) € X1 X - -+ X X,;. Then

dmax((-rlv 'Haxn)u (yh 7yn)) = max{dl(xlayl)u (LX3} dn(-rnvyn)}

W=

- (maX{d1($17y1)27 7dn(xn7yn)2})% S (dl(mlay1>2 + -+ dn(x’nvyn)2)

= d((zlv "'7xn)7 (yla [X3) yn)) = (dl(x1’y1)2 + 4+ dn(ITHyn)Q) ?

< (TL mzax{dz(xu yz)Q})% = \/ﬁdmaX((mlv ) xn)v (yla ) yn))

|
This proposition shows that the identity map from (X,d) to (X, dmax) is
Lipschitz with A = 1 and so is continuous. Likewise, inverse, which is the

identity map from (X, dpax) to (X, d) is Lipschitz with A = \/n. Therefore the
identity map from (X, d) to (X, dmax) is @ homeomorphism. In other words,

Corollary 116 Let (X1,d1),...,(Xn,dyn) be a collection of metric spaces. Then
the product and mazx metrics on X := X7 X ... X X, are topologically equivalent.
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Corollary 117 Let (X1,d1),...,(Xn,dy) be a collection of metric spaces. Then
AC X := X1 x...x X, is bounded with respect to the max metric if and only
if A is bounded with the product metric.

Definition 118 A function between metric spaces having the property that both
it and its inverse are Lipschitz is called bilipschitz, and the metric spaces are
said to be bilipschitz equivalent.

Note that a bilipschitz function is always a homeomorphism. In general,
if we are given a collection of metric spaces (X1,d1), ...,(Xn,d,) then unless
otherwise stated we will always assume that X; x - - - x X,, has the product
metric. However, in proofs of purely topological properties (depending only on
convergence or open sets) we will sometimes use the max metric because it is
considerably simpler in certain situations. The next lemma shows that the open
and closed balls in the max metric have a particularly simple structure:

Lemma 119 Let (X1,d1), ..., (Xn,dy) be a collection of metric spaces and X :=
X1 x -+ -X,, with the max metric. Then for every (x1,...,x,) € X and r > 0,

Bmax(-rar) = BXl(xlvr) XX BXn(xTHT)

and
Cmax(zar) = CX1 (1‘11771) XX CXn(ITMT)'

Proof. We prove only the case for the open ball; the case for the closed ball
is similar.

Brax(z,7) = {1, -, Un) € X : dimax (Y1, oy Yn), (X1, o0y Tp)) < 7}

={(y1, .-y yn) € X : max{di(y1,21); e, dn(Yn, Tn)} <7}
={(y1, .., yn) € X : di(yi,x;) < r for all i}
={(y1,..»Yn) € X 1 y; € Bx, (x;,7) for all i}
Bx, (x1,7) X - -+ X Bx,, (zp,7)

Exercise 81 Let (X1,d1), ..., (Xn,dy) be a collection of metric spaces and U; C
X, be open, for alli. Show that U := Uy x---x U, is open in X := X1 x---x X,
with the max metric, and hence with the product metric.

We will see later (Exercise 85) that an open ball in X with the product
metric need not be the cartesian product of open sets U; in Xj.

Exercise 82 Let (X1,dy),...,(Xn,dn) be a collection of metric spaces and let
X=Xy x---xX,.Let U C X. Show that U is open in X if and only if U is
a union of open sets of the form Uy x - - - x U, for some open U; C X;.
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Exercise 83 Let X be a metric space with distance d. Prove that the distance
function d : X x X — R is continuous. Hint: Use the max metric on X x X
and Proposition 785.

Exercise 84 Let (X1,d1), ..., (Xn,dyn) be a collection of metric spaces. Define
a metric on the cartesian product X1 X - -+ X X, by

d+(($1a "'axn)a (ylv 7yn)) - d1($1,y1) + -4 d(xnayn)

Prove that d4 is a metric, and that it is topologically equivalent to the product
and max metrics. Hint: Being topologically equivalent is transitive; decide which
of the product or max metrics would be the easiest to work with.

2.8 Euclidean spaces

We now consider the special case of Euclidean space R =R x - -+ x R, with the
Euclidean metric. The elements of R™ are n-tuples (z1, ..., ) where each z; is
a real number and we will refer to these elements as vectors or n-vectors. Note
that R' = R, and we do not denote elements of R as “I-tuples”. To simplify
notation we will often denote elements of R™ using a single boldface character
(e.g. x = (x1,...,my)). Asis traditional, will often denote vectors in R? by (x, )
and those in R? by (z,y, 2).

When n = 1, as we have already observed, open balls are simply open
intervals. When n = 2, the open ball centered at (z,y) of radius r is

B((z,y),r) ={(z1,91) : (w1 —2)* + (11 —y)* <7}

which of course is the region inside the circle of radius r centered at (z,y).
Likewise, when n = 3 open balls are the interiors of spheres, and so on. In R™
we will denote (0,0, ...,0) simply by O (the reader needs to be vigilant because
the same (unbold) symbol is used to represent the real number 0).

Exercise 85 Prove that B(0,1) C R? is not the cartesian product of two subsets
of R. Hint: Show that if B(0,1) were equal to some set Uy x Uy then the point
0

(2, 2) would have to lie in B(0,1).

Recall that R™ is a vector space with addition given by
(1, ) + (Y1, Yn) = (T1 + Y1, s Tn + Yn)
and scalar multiplication given by
kE(x1,...,zpn) = (kx1, ..., kx,) for k € R.

We will not discuss the basic properties of vector spaces; these properties are
very natural and easy to check for R™ and the reader likely uses them instinc-
tively at this point.
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We have already seen that there are two (equivalent) versions of the triangle
inequality for R: the triangle inequality for the metric and that for the absolute
value (Proposition 7). For R™ the situation is analogous; first, the absolute
value is replaced by the norm, which is defined as follows:

Definition 120 For any x = (21, ...,2,) € R™ we define the norm of x by

x| := d(x,0) =

Note that in R"
d(x,y) =[x -yl

and that for n = 1 the norm is the same as the absolute value. A vector v
such that ||v]| = 1 is called a unit vector. We will continue to use the absolute
value notation in connection with real numbers (especially when they are used
for scalar multiplication of vectors), but the norm notation is also legitimate for
R and will be used when making statements about R™ in general, as in the next
exercise.

Exercise 86 Show that, for x € R"™ and c € R,
1. |x]| =0 if and only if x =0
2. [ex|| = |ef ||
Theorem 121 (Triangle inequality) For any x,y € R™,
Ix+yl <=l +lyl-

Proof. Applying the triangle inequality for the distance to the points
X,y,0 € R” we obtain

[x+yll = lx = (=y)l = d(x, —y) < d(x,0) +d(0, —y)

=[x = 0] + {10 = (=y) [ = [l + [yl

|
Recall that the dot product in R™ is defined, for x = (z1,...,z,) and y =

(ylv"‘7yn) by
n
Xy = Zl‘zyl
i=1

The dot product satisfies the following properties, which can be proved simply
using the definition:

1. (Symmetry) x -y =y - x for all x,y in R”
2. (Bilinearity) (kx+y)-z=k(x-z)+y-zforall x,y,z in R" and k € R
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3. (Positive definiteness) x-x > 0 and x - x = 0 if and only if x = 0 for all
xeR

4. ||x|* = x - x, for all x € R.

The following important theorem is logically equivalent to the triangle in-
equality (see Exercise 87).

Theorem 122 (Cauchy-Schwarz Inequality) For any x,y € R™, we have
-yl < [yl
Proof. By the triangle inequality,
2 2 2
(Il +1yID* = lx+yl" = (x+y) - (x+y) = [x]" +2x -y + |yl
while we also have
2 2
(Il + Ny D2 = Nl + 2 {1 Iyl + Iy ]°-
Combining these formulas leads to
x-y < x|yl
Applying this formula to x and —y leads to
—(x-y) =x-(=y) < =l |=yll = lIx] [l
The theorem is now proved by Lemma 8. m

Exercise 87 Use the Cauchy-Schwarz inequality to prove the triangle inequality
for the norm in R™. Hint: Start with |x +y|> = |x|* +2x-y +|ly||* as in the
above proof and use the fact that x -y <|x-y]|.

Let’s take a moment to examine the max metric on R™. We have the formula
Anax (X1 oo T )y (Y1, ooy Yn)) = max{|zy — v1], ., |Tn — ynl|}
For R this formula simply reduces to the standard metric.

Example 123 In R? we see from Lemma 119 that the mazx metric open ball
centered at (z,y) of radius r > 0 is the interior of a square with sides parallel
to the x- and y-azxes having side length 2r. In R3 such an open ball is the
interior of a cube, and so on. That is, the open ball of radius r > 0 centered at
(1, ..., xpn) € R™ with respect to the max metric is equal to the cartesian product

(x1 —rxy+71) X X (T — 1Ty + 7).

For closed balls we simply replace the open intervals in the product with closed
intervals of the same radius.
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Exercise 88 Describe the open balls in R? with the metric dy (see Ezercise

84).

Definition 124 A norm on a (real) vector space V is a function ||| that assigns
to each v € V' a real number ||v|| such that

1. |lv]] = 0 and ||v]| = 0 if and only if v = 0.
2. for any c € R, |lev|| = |¢| ||v]]
3. for any v,w € R, |[v +w| < ||v] + [|w]].

In Definition 120 we defined the standard norm on R™, showing in Exercise
86 and Theorem 121 that it satisfies the above definition. As another example,
let ||v||,,. denote dimax(v,0). It is easy to check that the first two conditions of
Definition 124 are satisfied; the proof of the triangle inequality is identical to the
proof of Theorem 121. Likewise the metric dy from Example 84 defines a norm,
but not every metric on R™ gives rise to a norm in this way (see Exercise 90).
As we will see below every norm on a vector space does give rise to a metric,
moreover a very special kind of metric.

Definition 125 A metric d on a vector space V is called (translation) invariant
if for allx,y,z €V, dx,y) =d(x+z,y + 2).

Exercise 89 Prove that a metric d on a vector space V is invariant if and only
if for everyy € V, the function Ty : V — V defined by Ty(x) :=y +x is an
1sometry.

Invariance of metrics on vector spaces is an extremely important concept be-
cause it establishes a compatibility between the algebraic (vector space) struc-
ture and metric structure. Not all metrics on R™ are invariant, but in this text
we will not be concerned with metrics that are not. Some of the most important
metrics on R™ are given by the following proposition:

Proposition 126 Let ||| be a norm on a vector space V. Defining d(x,y) :=
Ix — vyl always defines an invariant metric, called the metric induced by the
norm.

Proof. Symmetry and positive definiteness are immediate consequences of
the definitions of metric and norm. For any x,y,z €V,

dx,2) = lx—z| =[x =y +y -z < [x =yl +[ly —zl| = dx,y) +d(y, 2).
Finally,
dx+zy+z)=|x+z-(y+2)=[x-y|=dxy).

[
Since ||x|| = d(z,0), from Proposition 73 we now obtain:
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Corollary 127 Let |||| be a norm on a vector space V. Then the function
f:V =R defined by f(x) = ||x|| is continuous.

Corollary 128 Let Y be a metric space, V be a normed vector space, and
f:Y =V be a continuous function. If f(y) # O then there exists some r > 0,
such that if d(x,y) < r then f(x) # 0.

Proof. The function g defined by g(x) := || f(z)|| : ¥ — R is the composition
of continuous functions and is hence continuous, and g(y) = || f(y)|| > 0. Then
there exists some r > 0 such that if d(z,y) < 7 then || f(2)||— IfWIl =
l9(w) = gly)| < L5, which implies || f(z)]| > £ ()] - L5 = L5520 > o,
and hence f(z) #0. m

Exercise 90 Show that if d; denotes the trivial metric on R™ then d; is invari-
ant, but defining ||v||, := d¢(v,0) does not define a norm. In other words, every
norm on R™ defines an invariant metric, but the converse is not true.

Exercise 91 Let ||| be any norm on R™. Show that the identity map

it (R ] pax) — (R[]

is Lipschitz. Hint: Let n; := ||e;||, where e; := (0,...,0,1,0,...,0) with “1” in
the ith coordinate. Express any v €R™ as v =1 ve;.

We will need the following proposition somewhat later.

Proposition 129 If U C R" is open then U is a countable union of open balls
in the product metric (resp. the max metric).

Proof. First note that the set

QW) :={(y1,.syn) €U : y; € Q for all i}

is countable. Now consider the countable collection

Bmax = {Bmax(q, T) 1qE Q(U), (S Q and Bmax(q, T) C U}

Certainly the union of all such open balls (in either metric) is contained in U.
To show that U is contained in this union, let x = (x1,...,x,)€U. Since U is
open there exists some Byax(X,p) C U. Let 7 be rational such that 0 < r < g.
For all ¢, choose some rational g; such that |¢; — z;| < 7. Then y :=(y1, ..., yn)
satisfies dmax(X,y) < 7 and 80 ¥y €Bpax(X,7) C Bmax(X,p) C U. Therefore
y € Q(U) and B(y,r) € Bpax. On the other hand, since dpax(x,y) < r implies
x € B(y,r) € Bmax, and so x lies in the union of all balls in By,.x. The proof
for the product metric is an exercise. W

Exercise 92 Finish the proof of Proposition 129.
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2.9 Sequences and compactness in product spaces

Throughout this section, let X7, ..., X, be metric spaces and denote the product
metric space by X := X7 X ... X X,,. At this point there should be no confusion
if we denote the metrics in all of these spaces, as well as the product metric, by
d. Note that all results in this section are equally valid for the max metric, since
it is topologically equivalent to the product metric. We will also have occasion
to use the max metric in certain proofs.

The first thing that we need to consider is the behavior of sequences, and
here there is potential for confusion, since we are using subscript notation for
both sequences and components of elements of X. We will resolve this problem
by using double subscripts. Each term in a sequence (yj)J‘?‘;l in X has n compo-
nents; we will write y; = (y;1, y;2, ..., Yjn) where each y;; € X;. If we fix some
i, then we obtain a sequence (yjl);";l in X;, which is called the i*" component
sequence of (yj);";l Many of the properties of a sequence in X are completely
determined by the properties of its components. For example, the following
proposition generalizes a familiar theorem from calculus of three variables.

Proposition 130 If (y;)$2, is a sequence in X = X1 x---x X, theny; — a =
(a1, ..., an) tn X if and only if for all i, yj; — a;. In other words the components
of the limit are the limits of the components.

Proof. Since the product metric and the max metric are topologically equiv-
alent, we can prove this proposition for convergence in the max metric, which is
simpler to work with. Suppose first that y; — a. Equivalently, this means that
dmax(yj,a) — 0. But for all 1,

0 < d(yji, ai) < max{d(y;i,a;)} = dmax(yj,a)

and so d(yjs,a;) — 0 for all ¢ by the Sandwich Theorem. Conversely, suppose
that d(y;i, a;) — 0 for all i. Then for every ¢ > 0 and every ¢ there exists an N;
such that if j > N; then d(y;;,a;) < €. Therefore if N = max{Ny, ..., N,} and
j > N then

d(y;,a) = max{d(y;i,a:)} <e.
This proves that dmax(yj, a) — 0 and therefore y; —a. B

1 171

Example 131 In R?, the sequence (7 +) converges to (0,1) because % —0

andl—%—>1.

The reader has already learned a special case of the next corollary in calculus—
that a vector valued function is continuous if and only the component functions
are continuous.

Corollary 132 Let Y be a metric space and f : Y — X := X1 x -+ - x X,
be a function. Then f is continuous at y € Y if and only if each component
fi Y — X, is continuous at y.
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Proof. Let (y;)72; be a sequence in Y such that y; — y. If each f; is
continuous at y, then for all 4, (f;(y;)) — fi(y). Since f;(y;) is the i*" component
of f(y;), this implies f(y;) — f(y) and f is continuous at y. The converse is an
exercise. W

Exercise 93 Finish the proof of Corollary 132.
Corollary 133 For all i, the projections m; : X — X; are continuous.

Exercise 94 Apply Corollary 132 to the identity map idx : X — X to prove
the above corollary.

Exercise 95 Let (y;)32; be a sequence in X = X x---x X,,. Prove or disprove
the following:

L. A point a = (a1, ..., an) is a cluster point of (y;)52; in X if and only if a;
is a cluster point of (y;;)$2, in X; for all i.

2. The sequence (y;)$2; is bounded in X if and only if (y;;)52, is bounded
in X; for all 4.

3. The sequence (y;)52; is unbounded in X if and only if (y;;)72; is un-
bounded in X; for every i.

We would like to take this opportunity to introduce a notational shortcut
used frequently in mathematics. From now on the phrase “for all large n” will
replace the statement “there exists an N such that for all n > N.” This notation
can save quite a bit of effort. For example, in the proof of Proposition 130, rather
than choosing all those NV;’s and then taking the maximum, we could simply
have stated the following: “Then for every ¢ > 0 and every ¢, d(y;i,a;) < € for
all large j.” The idea is that if finitely many statements are each true for all
large 7 then all the statements are simultaneously true for all large i. As another
example, we can restate the definition of z; — x as “for any € > 0, d(x;,z) < &
for all large ¢”. Likewise, we will replace the statement “for every N € N there
exists an ¢ > N” by “for some large i”. Therefore the definition that = is a
cluster point of a sequence (z;) can be stated as “for every € > 0, d(z,z;) < ¢
for some large i”. Now the difference between limit point and cluster point is
much more clear: one simply changes an “all” to a “some”. Warning: unlike
the case with all large i, it is possible that finitely many statements may be true
for some large i, but they are not all simultaneously true for some large ¢. For
example, if 2, = (—=1)" then z, = 1 for some large n and x,, = —1 for some
large n. But certainly it is not true that z,, = 1 and x,, = —1 for some large n.

Theorem 134 If each X; is a compact metric space then X = X1 x -+ x X,
18 compact.

Proof. We will prove the theorem by induction in n. For n = 1 there is
nothing to prove; suppose n = 2 and (yj)‘;‘;l be a sequence in X = X; x Xs.
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We will construct a convergent subsequence of (?JJ);}; Since X; is compact,
there is a subsequence (y;,1) of (y;j1) such that y;,1 — a1 € X;. Now consider
the subsequence (y;,)72;. Since Xs is compact, (y;,2)3>; has a subsequence
Yj,.2 — a2 in Xo, and since (y;,, 1) is a subsequence of (y;,1), we still have
Yj,.1 — a1. Finally, the sequence (y;,, )pv=1 is a subsequence of (y;) such that
Yjr,,1 — a1 and yj, o — az, and by Proposition 130, y;, ~— (a1, as).

Now suppose that we have proved the theorem for some n > 2. As we have
previously observed, X7 x - -+ x X, 11 is naturally isometric to (X1 X -+ x X,) x
X,+1. By the inductive hypothesis, X7 x - -- x X, is compact, and by the case
n = 2 that we have just proved, (X7 x - -+ X X;;) X X,,41 is also compact. =

Exercise 96 Prove or disprove the converse of Theorem 134.

Theorem 135 (Heine-Borel Theorem) A subset A of R™ is compact if and only
if A is closed and bounded.

Proof. If A is bounded in the product metric then A bounded in the max
metric and so by definition is contained in a closed ball B in the max metric.
But such a ball, according to Example 123 is the cartesian product of closed
bounded intervals, and by the Heine-Borel Theorem for the real numbers and
Theorem 134 B is compact. Therefore A is a closed subset of a compact set and
hence compact. The converse is Proposition 76. =

Corollary 136 If f : A — R is a continuous function defined on a subset A of
R™ and B C A 1is closed and bounded then f has a mazximum and a minimum
on B.

Since every bounded sequence in R™ is contained in a closed bounded (hence
compact) ball, we immediately obtain:

Corollary 137 (Bolzano-Weierstrass Theorem) Every bounded sequence in R™
has a cluster point.

Definition 138 The unit sphere in R™ is the set S"1 := {x € R" : ||x|| = 1}.

Note that the sphere is, in a sense that is intuitively clear but more difficult
to define, of one dimension lower than the space in which it lives, hence the
“n — 17 superscript.

Exercise 97 For anyn, prove S*~ ! is compact. You may not use any sequences
in your proof! A similar argument shows that STl = {v €R" : ||v||, .. = 1}
is compact. Hint: {1} is closed in R.

Exercise 98 For this exercise you will need Exercise 91. Let ||-]| be a norm on
R™.

1. Show that there is some m > 0 such that ||v|| > m for all v €R™ such that
[V = 1-

max
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2. Prove that for every v €R™, ||v| > m|v]|

max’

8. Show that the metric spaces of these two norms are bilipschitz equivalent
and hence topologically equivalent.

The above exercise in fact proves the following important statement, which
shows that when it comes to topological issues in R™, one may choose the most
convenient norm for a given purpose. We will see later that the same statement
is not true for norms on an infinite dimensional vector space. As the proof
shows, what is essential about R™ is that the set of unit vectors is compact.

Theorem 139 Any two norms on R™ are bilipschitz equivalent (hence topolog-
ically equivalent), in the sense that they induce bilipschitz equivalent metrics.

2.10 Connected Metric Spaces

The definition of connected set may seem a bit strange and abstract at first;
however, applications such as the Intermediate Value Theorem should increase
the reader’s appreciation of this definition.

Definition 140 A metric space X is said to be connected if X is not the union
of two disjoint non-empty open sets.

Note that the empty set is connected. Definitions involving negatives can
be tricky to work with; often one proceeds by contradiction. There are various
direct approaches to showing that a space X is connected. For example, one
can suppose that X = UUV, suppose that U and V are disjoint, and prove that
U or V is empty. Or one can use an approach given by the following exercises:

Exercise 99 Prove that a metric space X is connected if and only if the only
subsets of X that are both open and closed are X and &. As a consequence we
see that any metric space having at least two points, with the trivial metric, is
not connected.

Exercise 100 Prove that a metric space X is connected if and only if whenever
X =UUV whereU and V' are disjoint and open, if U is non-empty then X C U.

Proposition 141 Let f : X — Y be a continuous function between metric
spaces. If X is connected then f(X) is connected (with the subspace metric).

Proof. We will use Exercise 99. Let Z be a closed and open subset of f(X).
Since f is continuous, f~!(Z) is an open and closed subset of X (see Lemma
101) and hence is either X or @. In the first case, Z = f(X) and in the second
case 2C [(f(2) = 2. m

Proposition 142 Let {A)}areca be a collection of connected subsets of a metric
space X (with the subspace metric) such that X = |Jycp Ax and [ cp Ax # 9.
Then X is connected.
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Proof. Let € [),c, Ax and suppose that X = U UV, where U and V are
open in X and disjoint; then « lies in one of these sets, say x € U. We will show
that X C U and apply Exercise 100. Since X = (J ., Ax we need only show
that for every A € A, Ay C U. This follows from Exercise 100, since U N Ay and
V' N A, are disjoint, open in Ay, their union is Ay, and z € UNA). =

Lemma 143 If A is a connected subset of a metric space X and B is a subset
of X such that A C B C A then B is connected.

Proof. Suppose B = U UV where U and V are open in B, disjoint and
nonempty. Then U N A and V N A are open in A and disjoint. Since A is
connected, one of them is empty; say VN A = @. But V is non-empty and so
there is some z € V C B. But z € A implies V N A # @, a contradiction. m

Example 144 The set A := (0,1) U (1,2) is a union of two disjoint open sets,

and hence is not connected. However, A = (0,2) is an interval and, as we will
see below, is connected. Therefore the converse of the above lemma is false.

We are now in a position to completely characterize the connected subsets
of R.

Theorem 145 A nonempty subset S of R is connected if and only if S is an
interval.

Proof. Consider first an open interval (a,b). Suppose that (a,b) = U UV
where U and V are open in (a,b) (and hence in R), disjoint, and nonempty.
Without loss of generality we can suppose that there exist x € U and y € V'
with < y. Let A = UN[z,y] and let s = supA. Then a < z < s <
y < b, so s € (a,b). Moreover, since V is open there exists some ¢ > 0 such
(y —e,y+¢) C V and therefore (y — e,y + ) NU = @. In particular, y # s,
ie. s <y. We will obtain a contradiction by showing both s ¢ U and s ¢ V.
Suppose s € U. Then since U is open and s < y there exists some sy € U such
that s < sg < y. This contradicts the fact that s is an upper bound of A and
proves s ¢ U. Now suppose s € V. Since V is open there is some € > 0 such
that (s —e,s +¢) C V and therefore (s —e,s +¢) N U = &, which contradicts
the approximation property, so s ¢ V and the proof that (a,b) is connected is
finished.

Every bounded interval is contained in the closure of some interval (a,b)
and so is connected by Lemma 143. Unbounded intervals can be handled by
Proposition 142. For example, an interval (a,00) is a union of the intervals
(a,a+n), for n € 2,3, ..., which are all connected and contain the point a + 1.

Conversely, suppose that S is a nonempty connected subset of R. Let a :=
inf.S and b := sup S, where a and b are extended real numbers. If a = b then
S = {a} and we are finished. If a < b we will show that (a,b) C S. Suppose, to
the contrary, there is some ¢ ¢ S such that a < ¢ < b. Letting U := SN (a,c)
and V := SN (c,b) we have that each of U and V is open in S, and the two sets
are disjoint. In addition, if U were empty then the interval (a, c) would contain
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no element of S, which would contradict @ = inf §. Therefore U # @. A similar
proof shows V' # &, which contradicts the connectedness of S. Since (a,b) C S
and ¢ = sup S and b = sup S, S consists of (a,b) together with possibly a and/or
b and therefore is an interval. m

Theorem 146 (Intermediate Value Theorem) Let f : X — R be a continuous
function, where X is a connected metric space. For any a,b € X such that
fla) < f(b), and for any k € (f(a), f(b)), there exists some ¢ € X such that

fle) =k.

Proof. Since X is connected, f(X) is connected, and hence is an interval
I. Therefore, since f(a) and f(b) lie in I, so does k—i.e., k € f(X). But then
by definition k = f(c) for some c€ X. m

Corollary 147 (Intermediate Value Theorem for Real Functions) Let f : A —
R be a continuous function, where A C R is connected. For any a < b (resp.
b < a) in A such that f(a) < f(b), and for any k € (f(a), f(b)), there exists
some ¢ such that a < ¢ < b (resp. b<c<a)and f(c) =k.

Proof. We suppose a < b; the other case is similar. Since A is connected, A
is an interval and hence contains the interval [a,b]. Applying the Intermediate
Value Theorem to the restriction of f to [a, b] means there exists some ¢ € [a, b]
such that f(c) = k. Since k is not equal to f(a) or f(b) ¢ cannot be equal to a
or b, and hence ¢ € (a,b). ®

Definition 148 A real function f: A — R is called increasing (resp. decreas-
ing, strictly increasing, strictly decreasing) on A if for every x <y in A we have

f(@) < f(y) (resp. f(z) = f(y), f(z) < f(y), f(z)> f(y))

Corollary 149 Let f : [a,b] — R be continuous and one-to-one, where a < b.
Then f is either strictly increasing or strictly decreasing.

Proof. Since f is one-to-one, either f(b) > f(a) or f(b) < f(a); suppose
the first. Let y € [a,b) and = € (a,b] with y < z. If f(x) > f(b) then by the
intermediate value theorem there must be some ¢ € (a, z) such that f(c) = f(b),
a contradiction. This proves f(z) < f(b) and similarly f(a) < f(z). If f(y) >
f(x) then as before there must be some d € (a,y) such that f(d) = f(x), a
contradiction. Since f(y) # f(z), the only possibility is f(y) < f(z). =

Connectedness can be difficult to verify; it is often easier to verify the fol-
lowing condition:

Definition 150 A metric space X is called arcwise connected (or path con-
nected) if there exists some x € X such that for every y € X there is a continu-
ous function o : [0,1] — X (called a curve, path or arc) such that a(0) =z and

a(l) =y.

Proposition 151 Any arcwise connected metric space is connected.
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Proof. Let X be arcwise connected; so there exists an z € X such that
for every y € X there exists a continuous function a,, : [0,1] — X such that
ay(0) = z and ay (1) = y. Let A, := ([0, 1]); then A, is a connected subset of
X that contains both « and y. In particular, X = J,cx Ay and @ € (), cx 4.
By Proposition 142, X is connected. m

yeX

Example 152 In R", every B(x,r) is an arcwise connected metric space. In
fact, given any y € B(x,r) define fy(t) =x+t(y —x). If x = (x1,...,2,) and
Yy = (y1,..-,Yn) then in component form

fy(xla ,.’En) = (ml + t(yl - xl)a cy T + t(yn - .’En))

and each component is a real linear function, hence, by Exercise 55, continuous.
Therefore fy is continuous. Certainly fy(0) = x and fy(1) = y. Finally, for
all t we have

Iy () =x[| =[x+ ty —x) = x| = [t[ [y —=x[| <tr <r

Therefore fy(t) € B(x,r) for all t and by definition fy : [0,1] — B(x,r). It
follows from Proposition 151 that B(x,r) is connected; the reader should give a
few moments’ thought to the difficulty of proving this fact using the definition
of connected. Certainly the proof would be significantly more difficult than the
first part of the proof of Theorem 145, which is the special case when n = 1.

Exercise 101 Prove or disprove: If f : X — Y s a continuous function be-
tween metric spaces and f(X) is connected then X is connected.

Exercise 102 Prove or disprove: If f : X — Y s a continuous function be-
tween metric spaces and X is arcwise connected then f(Y') is arcwise connected.

Remark 153 There exist metric spaces that are connected, but not arcwise
connected. One example consists of the union of {0} x [—1,1] with graph of
f(x) =sind for x € (0,1] in the plane (see [1], p. 157 for a proof).

2.11 Metric Completeness

The completeness axiom for the real numbers depends entirely on the existence
of an ordering, and yet many frequently encountered metric spaces, including
the spaces R™ for n > 1, do not have a natural ordering. Therefore it is useful
to have a notion of metric completeness that does not involve an ordering. The
general idea is that a metric space is complete if every sequence that “should”
have a limit point, really does have a limit point. The following definition makes
precise the notion of a sequence that “should” have a limit point.

Definition 154 A sequence (z;) in a metric space X is called Cauchy if for
every € > 0 there exists an N € N such that for all i,j > N, d(z;,z;) < €.
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More simply we can simply state that a sequence (x;) is Cauchy if for every
e >0, d(z;,z;) < ¢ for all large 7 and j. Convergent sequences behave this way:

Lemma 155 If (x;) is a convergent sequence in a metric space X then (x;) is
Cauchy.

Proof. Suppose z; — = and let ¢ > 0. Then for all large 7, d(z;, z) <
the triangle inequality, if ¢, j are large we have that

By

£
5+

d(zi, xj) < d(zg,z) + d(z,z;) < g + % =e.
|
On the other hand, a Cauchy sequence need not converge. Let X be the
metric space (0,1] with the subspace metric. Note that the sequence (1) is
Cauchy because it is convergent in R. But it is not convergent in the metric
space X because 0 ¢ X. Put another way, the sequence (1) “should” converge
to a point, but that point is “missing” from X.

Lemma 156 If a Cauchy sequence (x;) has a cluster point x then x; — x.

Proof. Let € > 0. Since (z;) is Cauchy there exists some N € N such that
if i,k > N, d(x;,2) < §. Since x is a cluster point of (x;), for some k£ > N,
d(zk,z) < 5. By the triangle inequality, for all i > N we have

d(xia 1') < d(zia l’k) + d(l’, IL’k) <
|
Exercise 103 Prove that every Cauchy sequence in a metric space is bounded.

Exercise 104 Let (z;) and (y;) be Cauchy sequences in a metric space X.
Prove that the real sequence (d;) where d; := d(x;,y;), is convergent.

Definition 157 A metric space X is called complete if every Cauchy sequence
(x;) in X is convergent.

It is possible to show that every metric space X is isometric to a subset
of a complete metric space, called the metric completion of X (see [1]), which
is also the “smallest” such metric space in a certain sense. For example, the
metric completion of Q is R. However, the general construction of the metric
completion of a metric space is beyond the scope of this text. We will be more
interested in proving that metric spaces that we are working with either are or
are not complete. The following theorem takes us a long way in making such
determinations:

Proposition 158 Fuvery compact metric space X is complete.

Proof. Let (x;) be a Cauchy sequence in X. Then (z;) has a cluster point,
hence, according to Lemma 156, is convergent. ®
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Corollary 159 Let X be a metric space such that every closed metric ball of
X is compact. Then X is complete.

Proof. Every Cauchy sequence (z;) in X is bounded by Exercise 103 and
therefore contained in some closed metric ball C', which is a complete metric
space. Hence (x;) is convergent in C' and therefore in X. m

From the Heine-Borel Theorem we now obtain:

Corollary 160 R"™ is complete for all n with respect to the product or maz
metric.

Exercise 105 Prove that any closed subset A of a complete metric space X is
complete with the subspace metric.

Example 161 Recall from calculus that the function e® : R —(0,00) is contin-
wous and has continuous inverse Inx. Therefore e* is a homeomorphism. But
R is complete and (0,00) is not complete ((+) is Cauchy but has no limit in
(0,00)). This shows that a non-complete metric space can be homeomorphic to
a complete metric space. In other words, completeness is not a “topological”
property, but a metric property.

Exercise 106 Suppose that f: X — Y is a function between metric spaces.

1. Prove that if f is Lipschitz and (x;) is Cauchy then (f(x;)) is Cauchy.

2. Prove that if f is bilipschitz and X is complete then Y is complete.
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Chapter 3

Complex sequences and
Series

3.1 Complex Numbers

Definition 162 The complex numbers C consist of the metric space R? having
the usual operation of vector addition and a new operation of multiplication
defined as follows: For (x1,v1), (x2,y2) € R? we define

(z1,91) - (22,y2) = (T122 — Y12, 1Y + T2Y1) (3.1)

There is a more standard notation for the complex numbers with which the
reader may be familiar, where we write x + yi rather than (x,y). Addition and
multiplication are carried out as though the symbols represent real numbers,
except that the symbol ¢ has the property that i> = —1 and otherwise is treated
like an independent variable. For example to compute (z1 + y1¢) + (22 + y=21)
we simply add all the terms and “collect” the terms involving i to obtain (z1 +
z2) + (y1 + y2)i. For multiplication we distribute and collect terms:

(1 4 y19) (2 + y2i) = 2122 + T1Yo2t + Y1220 + (1) () y1Y2

= (z122 — Y1y2) + (T1Y2 + T2y1)1

Note that the above formula is precisely the same as that in Formula 3.1; only
the notation is different. With these two operations, the set C is a field (see
Section 1.4). The details are not difficult, and not too interesting. We simply
note the following: The additive identity is 0 + 0¢, which we will simply denote
by 0. The multiplicative identity is 1 + 0¢, which we will simply denote by 1.
The additive inverse of x + yi is —x — yi. The multiplicative inverse of x + iy is
more tricky to figure out, but it looks like this:

x T
— i
224+ y? 2?2 +y?

(@ +yi) =

69
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which we may write in the more compact form

N1 T — Yl

Exercise 107 Show that (z + iy) (zz—iyz - zzz—f’m?) =1.

One uses the same algebraic definitions and obtains the same basic algebraic
theorems that are familiar for R (or any field). As we did for real numbers, we
can define 2" := 1 and 2" iteratively by z" := z - 2"~ ! for any integer n > 0.
One then defines 2" = Z_% for negative integers n whenever z # 0. In the
next section we will prove the existence of n** roots of positive numbers. This
will allow us to define the root test, which is part of the logical path to the
exponential function and its properties. At the end of this chapter we will use
the exponential function to define real powers of positive numbers.

We make two more notational conventions, extending what we did above for
0 and 1. If a complex number x + yi satisfies y = 0, we write it simply as z, and
refer to it as real. This makes sense because the set of all such complex num-
bers is closed under multiplication and addition and for these specific numbers
addition and multiplication are identical to addition and multiplication for real
numbers. For example

(.’171 —+ OZ)(CL'Q + OZ) = (.’1711’2 —0- 0) + (.’171 -0 + 0- ZL’Q)’L = X1T2 + 0z.

The student who is familiar with abstract algebra will recognize that what is
really going on is that the real numbers are naturally field isomorphic (see the
definition below) to the subfield of C consisting of all complex numbers of the
form x + 0i, but such a formality will not be useful for us now. Note that,
when considering the complex numbers as points in the plane, the real numbers
correspond to the points having second coordinate 0, i.e. the z-axis.

On the other hand if x = 0 we write yi rather than 0 4 yi and refer to
yi as pure imaginary. Pure imaginary numbers are closed under addition but,
obviously, not under multiplication. We also write ¢ rather than 1:.

Finally, as one traditionally does in a field, we often will write Z rather than
zw™1; one can easily check that the usual formulas for adding and multiplying
fractions are still valid.

_\3
Exercise 108 Show that (#) =1, that is, 1 has two cube roots besides
1 in C.

Definition 163 IfF, and Fy are fields, a function f :F, — Fo is called a field
isomorphism if f is a bijection and for all v,y € F1, f(z +y) = f(z) + f(y)
and f(zy) = f(z)f(y)-

A field isomorphism shows that two fields are algebraically identical.
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b
a and b are real numbers, with the operations of matriz addition and matriz
multiplication.

Exercise 109 Consider the set K of all matrices of the form [ _a z } where

1. Show that K is closed under addition and multiplication.

@ b 18
b a

a field isomorphism. It is not necessary to prove that K is a field; in fact

when you check formally the conditions for a field isomorphism it follows
that K is a field.

2. Show that the function M : C — K defined by M (a + bi) =

Let us return to considering C as the metric space R2. When using the
notation x + yi we will use, as in the case of R, absolute value notation to
denote the norm, i.e. |z + yi| denotes ||(z,y)|| = /22 + y2. We will also use
regular roman numerals (not bold) to name elements of C when we are not using
the = + yi notation. For any z € C, the quantity |z| is often referred to as the
modulus of z. We already have the triangle inequality relating to the modulus
of a sum; the following lemma describes the simpler situation for the modulus
of a product.

Lemma 164 For z,w € C, |zw| = |z] |w|.
Proof. Let z = a+ bi and w = ¢+ di. Then
|zw|® = |(a + bi) (¢ + di))* = (ac — bd)? + (ad + be)?
=a?c® + b*d* — 2abcd + a*d? 4 b*c? 4 2abed
= (& + ) + &) = |2 [w]” = (2] [w])®

Exercise 110 Verify that if z = a + bi then z has the following square roots:

4 ( %M + sgn(b) %MQ

where sgn(b) is the sign of the real number b # 0 and sgn(b) =1 if b= 0.

Definition 165 Let z = a+ bi be a complex number. The conjugate of z is the
complex number Z := a — bi.

Proposition 166 Let z and w be complex numbers. Then

Al

1.

=z

2. z+w=zZ+w

I
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~o
w

"W =7Z-W (the - refers to multiplication, used for easier reading)

Exercise 111 Prove the above proposition.
Exercise 112 Let f: C — C be defined by f(z) =Z. Prove that
1. f is an isometry, hence a homeomorphism
2. f is a field isomorphism
8. f is involutive, i.e. fo f =1idc
4. f |r=idg
Exercise 113 Show the following:
1. For complex numbers z and w, |z +w|* + |z — w|* = 2(|z* + |w]?).

2. Use the above problem to show that for any parallelogram in the plane the
sum of the squares of the lengths of the diagonals is equal to the sum of
the squares of the sides. Hint: the sum of the lengths of the diagonals is
on the left side of the equation.

Exercise 114 vae3 that if z # 0 then there exists an N such that for all
n>N, |n2 + %| > n2. Hint: Use the triangle inequality on the three points 0,
n? and n? + %

3.2 Complex Sequences

We will quickly review a few basic facts that we know about sequences of com-
plex numbers. Everything we know so far is a consequence of more general
theorems about the metric space R?. We know that C is a complete metric
space, with metric given by d(z,w) = |z — w|. In particular, we have z,, — z if
and only if |z, — 2| — 0. Closed and bounded subsets of C are compact, and
every bounded sequence of complex numbers has a convergent subsequence. Set-
ting z, := a; + b,i and z = a + b we have z, — z if and only if a,, — a and
b, — b. Note that the proposition below is valid for real sequences since every
real sequence is also a complex sequence.

Proposition 167 Let {z,} and {w,} be complex sequences such that z, — z
and w,, — w. Then

1. zp,+w, — z+w
2. Zp, Wy — ZW

3. if 2 # 0 then z, # 0 for all large n and z;* — 271
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Proof. We leave the proofs of the first two parts as exercises. For the last
part note that |z| > 0 and for all large n |z, — 2| < |—§| and therefore by the
triangle inequality |z,,| > |z| — |2n — 2| > |—§| >0, s0 z, # 0. Now let £ > 0. For

EH

large n we also have |z, — z| < . Combining the two previous inequalities

for large n we have

Zn — 2

2 —
< |Z"|2 d <e

ZnZ |z

]
Exercise 115 Finish the proof of Proposition 167.

Note that, as a special case of part (2) of Proposition 167 we can let w,, be
the constant sequence w,, = ¢, in which case we obtain that cz, — cz. We can
also combine the last two parts to obtain that %ﬂ — 2 provided z # 0.

As in the real case, given a set A and functions f g: A — C and constant
c € Cwedefine f +g: A— Cby (f +9)(z) = f(z) +g(z), and [ -g, f/g, cf,
are defined similarly. All four combinations are defined on A except for f/g,
which is defined for all € A such that g(x) # 0.

Corollary 168 Let X be a metric space and f,g : X — C be continuous at
x € X and c € C. Then the functions f + g, f g, cf, and (provided g(x) #0)
f/g are continuous at x.

Proof. We will prove only that f/g is continuous at = provided g(x) # 0;
the other proofs are similar and simpler. Let A := {z € X : g(x) # 0}, which
is the domain of definition of f/g. Let x, — x in A. Since f and g are
continuous at z, f(z,) — f(z) and g(x,) — g(x) # 0. By Proposition 167
f(zn)/g(xn) — f(x)/g(x), which proves the continuity of f/g at 2. m

Corollary 169 Every complex polynomial, i.e., function of the form f(z) =
2" + 12" 4 ... + a1z + ag where each a; and z are complex numbers, is
continuous

Proof. We will prove the statement by induction in the degree n of the
polynomial. For n = 0, the polynomial is constant, and this case was con-
sidered in Exercise 57. Suppose we have proved the statement for n > 0 and
consider f(z) = ap112" + a2 + ... + a1z + ap. We will be finished by the
inductive hypothesis and Corollary 168 if we can prove that a,, 12" is contin-
uous. However, we know that the identity function f(z) = z is continuous (in
any metric space!) and by Corollary 168, a,,412 is continuous. By the inductive
hypothesis, 2" is continuous, and by Corollary 168 a, 412" = (a,412)2" is
continuous. W

Corollary 170 If a is a positive real number and n > 1 is a natural number
then there is a unique positive nt" root of a, that is, a positive real number x
1

such that ™ = a, denoted by {/a or aw .
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Proof. Consider the real function f(z) = 2™ defined on [0, 00). This func-
tion is the restriction of a complex polynomial and hence is continuous. In
addition, this function is onto [0,00). In fact, f([0,00)) is connected and con-
tains 0, hence is an interval with left endpoint 0. Since z > 1, 2" > z, f(]0, 00))
is unbounded, hence must be the interval [0,00). Since f is onto there exists
some = € [0,00) such that 2™ = a € [0,00). The uniqueness statement follows
from the fact that if 0 < a < b then a™ <b". m

Exercise 116 Prove that the real function f defined by f(z) := ¥/x is contin-
wous for allm > 1.

Note that it follows from the field and order axioms that the functions = +—
1 . . . . . .
2" and x — x» are strictly increasing functions, a fact that we will use without
further comment.

Exercise 117 Let (z,,) be a complex sequence. Prove that if (zy,) is convergent
then (|zn|) is convergent; is the converse true?

Example 171 One immediate consequence of Proposition 167 is that a se-
quence (zp) is convergent if and only if (cz,) is convergent for every ¢ # 0.
However, it is not true that if the sum of two sequences is convergent then the
two sequences are convergent. For example, let a,, = n and b, = —n; the sum
of the unbounded sequences (an) and (b,) is the constant (hence convergent)
sequence whose terms are all 0.

Problems involving complex sequences and series can often be reduced to
problems involving real sequences. For example, we have already observed that
zn — z if and only if |z, — 2| — 0; the latter is a real sequence. Likewise
if z, = a, + bpi then the two sequences (a;) and (b;) are real sequences that
completely determine the convergence of the complex sequence (z,). We will
therefore consider a few useful theorems about real sequences.

The convergence of several sequences follows from the binomial formula for
complex numbers a, b and natural number n:

(a+b)" = i (Z) a"ork (3.2)

k=0

Here (}) = Wlk), satisfies the following property

() =) () s

that can be verified by direct computation and used to prove the binomial
formula by induction in n. Formula 3.3 also is the basis for the construction of
Pascal’s triangle. Note that if a and b are nonnegative then each of the terms
in the right side of Formula 3.2 is also nonnegative. In particular, one can
obtain many useful inequalities by “throwing away” some of these terms. For
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example, (a + b)" > a™ + na" b (for a,b > 0) follows by throwing away all
terms but the first two. One can also sometimes use clever choices of a and b to
get equations and inequalities. For example, by letting a = b = 1 one obtains

that 2" =37 (7).

Example 172 Ifp > 0 thenlim g/p = 1. To prove this, first suppose that p > 1
and let a, = {/p—1>0 then p= (14a,)". By the binomial formula (throwing
away all but the first two terms) p > 1+ na, and so 0 < a, < p—;l, and the
proof is finished by the sandwich theorem. If p =1 no proof is required, and if
p < 1 we can apply the previous case to % > 1 and apply Proposition 167 (3).

Exercise 118 Use the binomial formula to prove that lim ¥/n = 1.
Exercise 119 Prove that if a > 1 then lim ain — 0.

Example 173 Let z € C satisfy 0 < |z| < 1. Then |z|" — 0 by Ezercise 119.
Since |2 = |z|" — 0, 2™ — 0. In other words, for any z inside open unit ball
at 0 in C, higher and higher powers of z tend to 0. If z is real then 2™ is real
for allm, and 2™ — 0 on the x-axis. But other complex numbers do not tend to
0 in a straight line. See Exercise 120 below.

Exercise 120 Plot the first eight terms of the sequence 2™, where z = %

Exercise 121 Show that if z lies on the unit circle in the complex plane then 2™
lies on the unit circle for all natural numbers n. What happens if z lies outside
the unit circle?

We finish this section with some theorems about real sequences. First of all
we adopt the standard conventions for infinite limits of extended real sequences.
Note that we have not defined a metric on the extended real numbers (this is
possible, but not in a way that the subspace metric on the reals is the usual
metric on the reals). Therefore we must define what we mean by limits involving
extended reals without using any kind of metric. We say that x; — oo, where
x; is an extended real number, if for every real M, x; > M for all large i. We
similarly define x; — —oo. We will use the following notation. We will say that
a real sequence (z;) is convergent if it has a real limit, but when we say that (z;)
has a limit this will mean that (x;) is convergent or limx; = f+oo. Note that
we can now state that every monotone real sequence (z;) has a limit (allowing
+00). If (z;) is bounded we have already proved this statement in Proposition
60. The unbounded case is the next exercise.

Exercise 122 Show that if (x;) is an unbounded real sequence then x; — oo
(resp. x; — —o0) if (z;) is increasing (resp. decreasing).

Proposition 174 If (z;) and (y;) are real sequences having (possibly infinite)
limits and x; < y; for all large i then limz; < limy;.
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Proof. Let z = limz; and y = limy;. We will prove the case when both x
and y are finite. The remaining cases are an exercise. Suppose that y < x. Let
a be such that y < a < z. Then for all large i, y; < a < x;, a contradiction. m

Exercise 123 Finish the proof of Proposition 174.

Definition 175 Let (x;) be a real sequence. We define the limit superior (or
lim sup) of (x;) by

limsup ; = lim s,,, where s,, ;= sup{xy}
k>n

and the limit inferior (or lim inf) of (x;) by

lim inf z; = lim m,,, where m,, := é1>1f {1}
>n

This definition may take some time to digest. We will discuss the lim sup;
a similar discussion applies to the lim inf. First of all we should observe that,
unlike the limit of a sequence, the lim sup of a sequence always exists (although
it could be £00). To see why, let S, := {zx}r>n and s, := S,. Since S; D
Sy D S5+ we have s1 > s9 > ...; i.e., the sequence (s,,) is decreasing. Therefore
limsup x; = lim s,, exists. Note that it is always true that

lim inf z; < lim sup z;. (3.4)

In fact, m, < s, for all n and the above inequality follows from Proposition
174.

Lemma 176 If (x;) and (y;) are real sequences and x; < y; for all large i then
limsup z; < limsupy; and liminf z; < liminfy;.

Proof. We will prove only the statement for the limsup; the other case is
similar. But this follows from Proposition 174 and the fact that sup;~,{zx}

sukaH{yk}' n

IN

Lemma 177 Let (z;) be a real sequence and let s := limsupx; (resp. s :=
liminf x; ). Then for all extended real numbers K, M such that K < s < M, we
have x; > K for some (resp. all) large i and x; < M for all (resp. some) large
1.

Proof. We only consider the case of the lim sup; the other case is similar.
Since the interval (K, M) is an open set and s = limsup{x;};>, € (K, M),

K <sup{z;}i>n < M.

for all large n. Then z; < sup{z;}i>n, < M for all i > n. Moreover, s, > s > K
and for any positive ¢ < s, — K, the approximation property implies that there
exists some ¢ > n such that z; > s, — e > K. m
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Lemma 178 Let (z,,) be a real sequence. Then (z,,) is convergent (with finite
limit) if and only if imsup a,, = liminfz,. If (z,) is convergent then limz,, =
lim sup x,,.

Proof. Suppose that limsupz,, = liminfx, := y and let € > 0. Then
y—¢e <y <y+e and by Lemma 177, for all large n, y — e < x,, < y + €, which
implies x,, — y.

Suppose now that x, — =z € R. Then for every ¢ > 0, z, < z + ¢ for
all large n. By Lemma 176 (using the constant sequence (x + €)) we have
limsup z,, < x+¢ for every € > 0. Exercise 14 implies limsup z; < x. A similar
argument shows liminf z; > x and the proof is finished by (3.4). m

Exercise 124 Find the lim sup and lim inf of the sequence (x,), where x, =
1+ (—1)"#. You do not need to give a proof for your answer.

Exercise 125 State and prove an analog of Lemma 178 concerning infinite
limats.

Exercise 126 Let (a,) and (by,) be real sequences.

1. Prove that lim sup(a,, + b,,) < limsup(a,) + lim sup(b,,).

2. Give an example that shows that equality may not occur in the above
formula.

3.3 Series

In this section we will investigate series of complex numbers. We will be con-
cerned with expressions of the form

o0
>
n=1

where each z,, is a complex number. The series may also start at n = 0 (as in the
geometric series below) or some other finite number; theorems below involving
divergence and convergence are clearly also true for any no matter what the
starting value for n.

At first it may not even be clear whether one can make sense of such an
expression. One could start adding the z,’s and see what happens. If z, = 27"
then starting with n = 1 one gets %, %, %, ... when adding the first 1,2,3, ...
terms together, and these “partial sums” form the sequence (nLH), which tends
to 1. Therefore it seems clear that > - | 27" should be 1. (The Ancient Greeks,
who had no good way to represent and therefore add fractions, apparently never
made this observation and were forever troubled by Zeno’s “paradox”.) If one
tries the same thing with Zzozl 1 then the partial sums are 1,2,3,..., which

converges to oo. Again, it is reasonable to say > oo 1 = oo. What about
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>0 1 i? In this case the partial sums are i, 24, 3, 44, ... which “diverges” up the
y-axis in the complex plane. Does it also tend to co? If it does, is this the same
oo that you “approach” as you go out the z-axis? This particular question will
have to be left for a later course in complex analysis. At least we can agree that
the sum ), i doesn’t converge to any complex number.

Another issue that we will have to contend with is the associative law.
Let’s consider the series > 2 (—1)". We could compute the partial sums as
—1,0,—1,0,—1,... which doesn’t converge to anything. On the other hand, by
combining terms in pairs we could compute

(-1+D)+(-1+1)+(-1+1)+---=0+0+0+---=0

or
-1+1-1)+1-1)+---=-14040+---=-1
Which way is “right”? For the second two computations we have tried to use
some kind of “infinite associative law” that allows us to simultaneously rearrange
infinitely many parentheses from the arrangement for partial sums, which looks
like
(1) =)+ ) 1)~

Apparently no such law exists, because arbitrary rearrangements of parentheses
do change the sum. In particular, if we want to have a well-defined notion of
a sum of a series (if it exists) we should stick to finding limits of partial sums,
which we will now formally introduce.

A complex series is an expression » . | z, where each z, is a complex
number. Each series has an associated sequence (o) called the sequence of
partial sums defined by

k
ok = Z Zn
n=1

If the sequence (o) converges to a complex number z we say that the series
converges to z and we will refer to z as the sum of the series; otherwise we say
the series diverges.

Lemma 179 (Small Tails Lemma) A series Y ., z, is convergent if and only
if for every e >0, |30, z,| < & for all large k.

Exercise 127 Prove the above lemma.

Since C is a complete metric space, the sequence (o) is convergent if and
only if it is Cauchy. Since o; — o, = >/ _, 41 2n for j >k, this fact can be
restated as follows:

Lemma 180 (Cauchy Criterion) A series Y | z, converges if and only if for
every € >0

k
E Zn| < €.
n=j

for all large 7 < k.
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Letting k = j in the above lemma yields:
Corollary 181 (Divergence Test) If Y ° | z, converges then |z,| — 0.

The above corollary is the complex version of the “divergence test” for real
series in elementary calculus. It can be used to prove that a series does not
converge (i.e. by showing that |z,| doesn’t converge to 0), but we will see later
that there are divergent series such that |z,| — 0.

Corollzgy 182 If )"~ | 2, is a series and the real series Y~ |zn| converges
then Y~ | zn converges.

Proof. Let € > 0. Then for all large j < k, the triangle inequality and
Cauchy criterion for Y > | |2, | imply

k

k k
ZZ" §Z|Z7z‘: Z|Zn| <e.
n=j n=j

n=j
According to the Cauchy criterion, Zzozl Zy converges. W

Definition 183 A series Y, zn such that >~ |zn| converges is called ab-
solutely convergent.

We will see later that there are series that are convergent but not absolutely
convergent.

Example 184 The geometric series is the series y - 2". If z # 1 then (1 —
2)o, =1— 2"t and
1— zntl

op =
1—=z

According to Example 173, o, — le if |z| < 1; that is,

= 1
doat=—— (|2 < 1)
= 1—=2

On the other hand, if |z| > 1 then |2"| = |z|" > 1 for all n, and > >,z
diverges by the divergence test. Sometimes it is useful to use n = 1 as the
starting point for the geometric series, in which case convergence and divergence
are unchanged, but the sum, in case of convergence, is

z
1-z"
Proposition 185 If > > | z, and Y_.°  w, are convergent then > o~ (z, +

wy,) is convergent and >~ (zn +Wy) =D oo Zn Do Wy

Proof. Let (0,,) and (7,,) denote the partial sum sequences for Y~ z, and
>o° | wy, respectively. Then if (1,,) is the partial sum sequence for > ° (2, +
wy,) we have

k

k k
nkZZ(zn+wn)=Z:1zn+Z:lwn=0k+Tk

n=1
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and by Proposition 167, part (1)

Z Zn +wp) = limn, = lim(og + 7)) = limog + lim 7, = Z Zn + an
n=1

n=1 n=1

Exercise 128 Let ¢ # 0 and > .-, 2z, be a series. Prove that Y .- | z, is
convergent if and only if Y -, ¢z, is convergent, and if Y .| zy is convergent
then Y 0" czn =c¢d o | zn. What happens when ¢ =07

Exercise 129 Prove or disprove: If > .07z, and Y .o | Wn are series then
S0 (2 +wy) is convergent if and only if Zn L Zn and Y07 wy, are conver-
gent.

Exercise 130 (Telescoping Series) Let (z,) be a sequence of complex numbers
and let t, = zp, — zpt+1. Show that the series ZZOZI tn is convergent if and only
if the sequence (zy,) is convergent. When the series is convergent, give a formula
for its sum.

Exercise 131 Compute the sum of the following series:
3
13 o

[e%s} 1 1
e S (b~ )

33 ﬁ Hint: Use a partial fractions decomposition (a fraction of
the form % can always be rewritten in the form = + 35 when

a#b).

Multiplication of series is a bit more complicated because we will have to
contend with the distributive law. Consider what happens to a few terms:

(ap + a1 + az + a3)(bo + by + b2 + b3)

= agbg + agby + agbs + - - - + azbs + agbs.

We need a way to conveniently collect and enumerate all of these terms. The
simplest way to do this is to collect together all terms a;b; so that the sum of
the indices i + j is a fixed number n; that is,

Cp = Zakbn_k (3.5)
k=0

or alternatively, ¢, := Ziﬂ-:n a;b;. The first few terms are co := agby, ¢1 :=
agbr + a1bg and c3 := agbs + a1by + asby.
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Proposition 186 Let Zzozo an, be absolutely convergent, Zzozo b, be conver-
gent, and c,, be defined according to Formula (3.5). Then

(Se) () - ()

In particular, the series on the right side is convergent.

Exercise 132 Prove Proposition 186 as follows. Let (oy), (1), (i) be the
partial sum sequences of o qan =a, Y o oby =b, and > " ¢, Tespectively.
Let ty, be the sum of the (k+ 1)-tail of Y by.

1. Show that n,, = o,b+ &, for all n, where

en = aolyp + a1tn_1 4+ - - -+ anto. (36)

2. Suppose Y |an| = A, and for given € > 0, N is such that |t,| <
whenever n > N (why does such an N exist?). Prove that for anyn > N,

len| < lanto + -+« + an_ntn| + €A.

3. Show that €,, — 0 and finish the proof.

3.4 Convergence tests

The geometric series and series in Exercise 130 are of the exceedingly rare variety
the sum of which can actually be computed; generally the only question that
can be answered precisely about a given series is whether or not it converges.
This is far more useful than it may seem at first. None only can sums of series
be numerically approximated, there are many situations in which knowing the
exact sum of a series is not important.

For series with nonnegative (real) terms there is a particularly simple crite-
rion for convergence since in that case the partial sum sequence (o,,) is monotone
increasing and converges if and only if it is bounded. We restate this as:

Lemma 187 If Y >° |z, is a series with nonnegative terms then Y o | T, is

convergent if and only if there exists an M < oo such that for all k, ZI:L:1 T, <
M, and in this case y .o xn < M.

Corollary 188 (Comparison Test) If 0 < z,, < ¢, and Y~ ¢, is convergent
then Y07 | @y, is convergent and > oo | Ty < Y07 Cp

Proof. Clearly the partial sum sequence (0,,) of Y. | x,, and the partial
sum sequence (7,,) of Y >° | ¢, satisfy o, < 7, for all n; if the latter is bounded
then the former is bounded. m
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Proposition 189 (Root Test) Let > ° | z, be a series and define

r 1= limsup ( m) .

1. If r < 1 then the series converges absolutely.

2. If r > 1 then the series diverges.

Proof. If r < 1 then there is some p such that » < p < 1 and according
to Lemma 177 {/|z,| < p for all large n. Equivalently |z,| < p™ and the series
converges absolutely by comparison with the geometric series Y, p™. If r > 1
then by Lemma 177, for some large n, {/|z,| > 1 and hence |z,| > 1. Then |z,
cannot converge to 0 and the series diverges. m

Lemma 190 Let (z,) be a sequence of positive real numbers. Then

lim inf xxﬂ < liminf /z,, <limsup ¥z, < limsup x;“ )
n n

Proof. We will prove the first inequality; the middle inequality is clear and
the last is similar to the first. First note that if liminf x"“ = 0 then there
is nothing to prove. Suppose liminf w"“ > 0 and let 0 < ‘M < liminf z"“
According to Lemma 177, there is a natural number N such that if m > N
then % > M, which is equivalent to z,,+1 > Mx,,. Iterating this inequality
starting "with some n > N we obtain

_N TN
$n>M£L'n,1>"'>Mn .’EN:WMH
or

ol TN
Ly > M W

From Example 172 we know that {/4A — 1 (IV is fixed) and by Lemma 176,
liminf {/z,, > M. If lim inf 2244 s finite we may take M = liminf Z2+L — ¢ for

any € > 0 and conclude that hm inf /z, > liminf M If lim inf zﬂ =00 we
may take M to be any natural number to conclude that liminf ¢ :vn =00. N

Corollary 191 (Ratio Test) Let Y.~ | z, be a series such that z, # 0 for all
large n.

1. If limsup < 1 then the series converges absolutely.

Zn+1
Zn

2. Ifliminf

Zn41
Zn

> 1 then the series diverges.

Note that we have used the root test to prove the ratio test. The root test is
indeed “stronger” in the sense that it provides a conclusion whenever the ratio
test does, while it can be shown that the ratio test may be inconclusive when
the root test is not. Therefore the main advantage of the ratio test is that it is
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sometimes easier to check. Using either of these tests to show divergence may
not be the easiest approach because, as the proof reveals, divergence is implied
by either test only when the terms of the series do not tend to 0. For concrete
series this fact is generally more easily verified directly. A good general strategy
for testing series is to first use the divergence test. If this does not reveal
divergence, consider the root test. If this seems difficult to check, try the ratio
test.

Proposition 192 (Alternating Series Test) If (ay) is a decreasing sequence of
positive real numbers such that a, — 0 then Y oo (=1)""'a,, is convergent.

Proof. For any m, since (a,) is decreasing, we have
oom = (a1 — ag) + - - + (agm—1 — azm)

and
O2m = a1 — (GQ — CL3) — o A2y < A7

The first formula shows that (o2,,) is a positive increasing sequence, and the
second shows (og,,,) is bounded above, hence o9, / s for some real number s.
Let € > 0. Then for all large n we have a,, < § and, if n is even, s — 0, < /2.
If n is odd then n + 1 is even and

13 g
|s —onl = [s = ony1 — ant1] <[5 = Onp1| + [ang1] < ;T3=¢

Example 193 The harmonic series is the series Y - | % The harmonic series

18 a p-series, convergence and divergence of which are considered in Example 77.
However, one may see directly that the harmonic series diverges. Writing out
the terms one sees

1+ . +(1+1)+(1+1+1+1)+
2 3 4 5 6 7 8
where each of the sets in parentheses consists of 2= terms each of which is
at least 2% and therefore has sum at least % It follows that the sequence of

partial sums is unbounded. However, the terms of the series decrease to 0, and
(=p"+t
n

so0 by the alternating series test, the alternating harmonic series y .-,
18 convergent, but is not absolutely convergent.

We saw earlier that in general there is no “infinite associative law” for series,
and as one might expect there is in general no “infinite commutative” law that
allows one shuffle the order of the terms of a series without affecting the sum.
Worse yet, it can be shown (see [?], Theorem 3.55) that any series that converges
but does not converge absolutely (like the alternating harmonic series) can have
its terms rearranged so that it converges to any arbitrary real number! On the
other hand, as we will see next, the sum any absolutely convergent series is
unaffected by rearrangement.
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Definition 194 A rearrangement of a series Y .| 2y iS a series Y, Wi such
that there is a bijection ¢ : N — N with the property that wyy = 2 for all k.

Note that if > .7, wy is a rearrangement of > °  z, then >~ z, is a
rearrangement of > -, wy, (via the function ¢=1).

Proposition 195 Let Y | z, be an absolutely convergent series. If > po | wy
is a rearrangement of > 7| z, then Y o, wy is convergent and > o |z, =
Dt Wk

Proof. Let (0,), (1) be the partial sum sequences for > | z, = z and
ZZ‘;I wyg, respectively, 1) be the bijection of the rearrangement, and let ¢ >
0. Since Y 7, z, is absolutely convergent, for all large m |0, — 2| < 5 and

2
e 126l < 5. Now let

K= A{¢(1), .., p(m)}

and
M :=max Ky >m

and
KQ = {1, veny M}\Kl

Since wy, k) = 2k, Om = ZneKl wy, and if n € Ky then ¢p~1(n) > m. Therefore

oo
€
RV SRS SETHIS SENSTNES NP
neKo neKs neKs k=m
Finally
T — 2] < |t — o] + |lom — 2| < e.
| ]

Note that the above proposition can be applied to the series > 7 |z,| and
> e lwi| to conclude that Y77 wy is also absolutely convergent. Also, one
may conclude that if "7 | zj is not absolutely convergent then neither is any
rearrangement of it.

Exercise 133 Consider the “double alternating harmonic series”

1—1 1 1 1 1 1
IR T R
Show that this series is convergent and has a rearrangement such that the se-
quence of partial sums (o) satisfies o, — oo. Hint: you will not be able to
write down an explicit rearrangement; show one exists by showing that you can
always move enough positive terms in front of each negative term to make the
partial sums get large.
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3.5 Power Series

Definition 196 Given a sequence (¢,,)22, of complex numbers, an expression

of the form
o0
S
n=0

1s called a power series, and the numbers c, are called the coefficients of the
power series.

A power series is a kind of “infinite polynomial” except that, because the
sum is infinite, there is the question of convergence. Of course the series always
converges for z = 0 and so there is always some nonempty subset C of C on
which the power series defines a function into C. We will study the properties of
these very important functions later, but in the present section we are primarily
concerned with understanding the domain of this function.

Example 197 The power series Y . n"z" converges only for z = 0, for if
z # 0 the terms of the series are of the form (nz)™. Since z is fixed, for large
n we have that |nz| > 1 and therefore the terms of the series do not tend to 0.
This series has the smallest possible domain of convergence.

1

Example 198 Consider the series Y - =

n=0 n!"

Applying the ratio test we have

e L &1

= 0<1
e [n+ D! ntl

for all z, so this power series converges for all z. The reader should recognize
that this power series has the coefficients of the Maclaurin series for the real
function e®. This motivates the following definition.

Definition 199 Define exp : C — C by exp(z) := S.°°  Zr. This function is

n=0 nl

called the (complex) exponential function. We define e := exp(1).

Note that if x is positive, the terms in the series are positive. Since the first
term is always 1, exp(x) > 1 when 2 > 0. Examining the first two terms shows
that e > 2.

Proposition 200 For any complex numbers z,w, we have exp(z)exp(w) =
exp(z +w) and

1. exp(0) = 1.
2. exp(—z) = Wl(z) for any complex z.
3. (exp(2))" = exp(nz) for any complex z and natural number n.

4. exp(%) = e for any natural number q.
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. exp(%) = (/e)? for any integers p and q with q > 0.
Exercise 134 Prove the above proposition.

Corollary 201 The restriction of exp to the real numbers is a strictly increas-
ing, positive, unbounded function.

Proof. If x < y then y = = + k for some k£ > 0. We have already observed
that exp(k) > 1 if £ > 0 and therefore exp(y) = exp (z + k) = exp(z) exp(k) >
exp(z). If z < 0 then exp(z) = ﬁ > 0. Therefore exp(x) is always
positive. It is easy to show by induction that 2" > n for any n € N and
therefore exp(n) = e™ > 2™ > n, which shows the function is unbounded. m

Example 202 The power series Y ., 2" is simply the geometric series (Ex-
ample 184). We have already seen that this series converges for |z| < 1 and
diverges for |z| > 1.

So far we have seen that power series can converge only at 0, on an open
ball, or on all of C. The next theorem shows that the domain is always one of
these three possibilities, possibly including part of the boundary circle when the
domain is an open ball. We will use the following conventions: If 7 = co then
define L =0, if 7 = 0 then define 2 = oo, and let B(0,00) := C. The open unit
ball refers to B(0,1).

Theorem 203 Let Y c,z" be a power series and let

1
7 :=limsup V/|cy| and R := —.
T

If R = 0 then Y " jcnz"™ converges only on the set {0}. If R > 0 then
oo o™ converges if |z| < R and diverges if |z| > R.

Proof. Applying the root test we have

limsup /|c, 2| = limsup |z| ¥/ || = |2| T

provided 7 is finite. If 7 = 0 then the series converges for all z € C, otherwise
the lim sup is less than 1 if [2| < R = % and greater than 1if [z| > R= 1. If
7 = 00 then the limit is infinite unless z = 0. =

The extended real number R in the above theorem is called the radius of
convergence. For z such that |z| = R, convergence or divergence is possible;
sometimes this can be checked using other methods. Note that although the

radius of convergence is defined by a specific formula, the ratio test can be

Cn+4
Cn

used to find the radius of convergence, provided lim} exists (see the next

exercise for a more general statement).

Exercise 135 Let Y 2 ¢, 2™ be a series.



3.6. POINTWISE AND MONOTONE CONVERGENCE 87

1. Show that if there exists some r € (0,00) such that Y .~ c,z" converges
for all z € B(0,r) and diverges for all z ¢ C(0,r) then r is the radius of
convergence of the series.

2. Show that if lim sup

series satisfies R > 1.
T

Cn41
Cn

= 7 then the radius of convergence R of the

8. Show that if liminf

. . l
series satisfies R < .

Cn+41
Cn

= o then the radius of convergence R of the

Example 204 Consider the power series 220:1 Z—Z Applying the ratio test
from the previous exercise,

Tl2

(n+1)2

n2

= 1
n+1)?

so the series converges absolutely if |z| < 1 and diverges if |z| > 1.

Exercise 136 Show that the power series > - i converges absolutely on the

n=1 n
open unit ball and diverges outside the closed unit ball. Show that it converges
at z = —1 and diverges at z = 1. It can be shown that this power series in fact

converges on the unit circle except at z = 1.

Exercise 137 Find the radius of convergence of the following power series z —
3 5
% + % — -+ Do you recognize the coefficients of this series?

Exercise 138 Prove or disprove: If ZZO:O cp2” and ZZO:O bn2™ are power se-
ries and the radius of convergence of each series is R, then the radius of con-
vergence of >~ o (by + ¢,,)2™ is also R.

3.6 Pointwise and monotone convergence

At this point, our understanding of convergence involves sequences in metric
spaces. We have seen in Example 31 that it is possible to define a metric on
some sets of functions, and hence we can discuss convergence of functions in the
same way we would any elements of a metric space, applying all of the results
in the preceding chapters. We will consider this further later in this chapter.
In the meantime we will consider a more basic kind of convergence of functions
called pointwise convergence, which is not defined in terms of a metric on the
set of functions.

Definition 205 Let A be a set, X be a metric space, and (f;) be a sequence
of functions f; : A — X. We say that f; converges pointwise to f : A — X
(written f; 2 f) if for every x € A, fi(z) — f(x) in X.
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The word “pointwise” refers to the fact that each point in the domain gives
rise to a convergent sequence in the range, but as we will see in the next couple
of examples the “rate” of convergence, in some sense, may vary widely from
point to point.

Exercise 139 Prove that the limit of a pointwise convergent sequence of func-
tions is unique. That is, if f; 2 f and f; 2> g then f = g.

Example 206 Let f, : R — R be given by fn(x) = £. Then f, 2.0. In fact,
for any x, we have fn(x) = £ — 0. Note that “how fast” fn(x) tends to 0
depends on x in the following sense: Given x € R and € > 0, there exists an N,
such that if n > N, then |fn(z)| = |fo(z) — 0] <e. In fact, we need |£| <& or
n > @, which is equivalent to N > Iig‘ In other words, the larger |x| is, the
larger we have to choose N, for the same €. This means that for given € > 0,
we cannot choose a single N such that |f,(z)| < € for all x € R. One can see
this behavior graphically: Since the line y = = slopes upwards, the farther out

you go the larger n must be in order to make % close to 0.

Example 207 Let f, : [0,1] — R be defined by

1
14+ nx

fn(x) =

We will check that f,, converges pointwise to the function f defined by f(0) =
1 and f(x) = 0 when © # 0. First, f,(0) = 1 for all n, so f,(0) — 1.
Now let x € (0,1]. Then nx — oo and therefore f,(x) — 0. Note that the
functions f, are all continuous, but f is not! This example shows that it is
possible for a sequence of continuous real functions defined on a compact set to
converge pointwise to a function that is not continuous. This already indicates
that pointwise convergence is too weak for some purposes. What goes wrong
again in this case is a lack of uniformity of convergence, although it is not as
obvious as in the preceding example As before, fixx € (0,1] and let e > 0. Then

< € 18 equivalent to n > L So we need to choose our N, > L But

)1+nw

1
;71

— 00 as x — 0; in other words if x is close to 0 then the N, must be
chosen arbitrarily large. Note that for x =0 any N will work for any €.

This same example illustrates another “problem” with the pointwise conver-
gence that can occur. Note that it follows from our preceding computations that

lim hm fa()) = lim f,(0)= lim 1=1

but
lim ( hm fnlx )) = ili%f(x) =

z—0
In other words, “switching the order of limits” changes the value of those limits!

In fact, as the reader should notice, the discontinuity of the limit function f and
the problem with the order of limits are closely related.
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The following lemma is an immediate consequence of the definition and
Proposition 167. We note only that if g, = g and g(x) # 0 it is possible that
for all n € N there exists some x € A such that g, () = 0 (the reader is welcome

to construct an example) and hence no tail of the sequence (ﬁ> is defined on

gn
all of A. Hence the stronger requirement for the domain in the third part.

Lemma 208 Let (f,) and (gn) be sequence of functions from a set A into C.
If fo s f and g, 2 g then

L fotgn > f+yg
2. fn'gnﬂ)f'g

3. In gi on{z € A:g(z) # 0 and g,(x) # 0 for all n}.

9n

Example 207 also illustrates another kind of convergence when the range
space is R, defined as follows:

Definition 209 Let A be a set and (f,) be a sequence of functions f, : A — X,
(oo}

where X 1is a metric space. We say (fn) is uniformly bounded if \J fn(A) is
n=1

bounded in X. If f, : A — R we say that (fy,) is decreasing (resp. increasing) if
for all x € A the sequence (f,(x)) is a decreasing (resp. increasing) sequence in
R. If in addition (f,) converges pointwise to f : X — R we write f, \, f (resp.
fo 7 f). If (fn) is increasing or decreasing we say that (fy) is monotone.

Exercise 140 Let (f,) be a sequence of functions f, : A — C. Show that (f,)
18 uniformly bounded if and only if there exists some M > 0 such that for all
x €A andn, |fn(z)] < M.

Monotone convergence is “stronger” than pointwise convergence in the sense
that there are sequences that converge pointwise but do not converge monoton-
ically, as will be shown in the next exercise:

Exercise 141 Give an example of a sequence of real functions that converges
pointwise but not monotonically.

As will be shown in an exercise below, an arbitrary sequence of functions
may not converge to any function at all (just like an arbitrary sequence in a
metric space need not converge), but uniformly bounded, monotone sequences
of real functions always do converge pointwise to a function:

Lemma 210 Let (f,,) be decreasing (resp. increasing) uniformly bounded se-
quence of functions f, : A — R. Then there exists some function f : A — R

such that fr, \, f (resp. fn /' f).

Proof. Let € A. Then by assumption the sequence (f,(x)) is a bounded,
decreasing (resp. increasing) sequence in R and therefore f,(z) — y for some
y € R. We define f(z) :=y. By construction f, \, f (vesp. fn /' f). ®



90 CHAPTER 3. COMPLEX SEQUENCES AND SERIES

Exercise 142 Let (f,) be a sequence of functions from a set A into a complete
metric space X. Prove that if for all x € A the sequence (fn(x)) is Cauchy then

there exists some function f: A — X such that f, > f.
Exercise 143 Let f,(x) := 2™ for n € N.

1. Show that (fy) converges monotonically on (—1,1] (i.e. when each f, is
restricted to (—1,1]).

2. Show that (f,) does not converge pointwise to any function on [—1,1].

3. Show that (f,) has a subsequence that converges pointwise to a function
f on [—1,1] that is not continuous.

4. Show that there exists a € [—1,1] such that limg_,, (lim, o0 frn(x)) exists
but lim,, oo (limg_.q frn(z)) does not.

3.7 Uniform convergence

In Example 31 we constructed a metric on the space of continuous functions
f:[0,1] — R by simply defining

d(f,g9) = : ax{|f(x) — g(x)[}.

0,1]

This definition is made possible by the Max-Min Theorem for continuous real-
valued functions, which depends both on the compactness of [0, 1] and the con-
tinuity of the functions in question. If one considers more generally functions
defined on metric spaces one might try to simply replace the maximum by
the supremum, but it is possible that the supremum is infinite: for example
sup(o,l){|ac2 — %}} = 0o. While it is possible to develop a theory of metrics hav-
ing infinite values, there is a more useful approach to this problem, namely by
“truncating” large distances so that the maximum distance between functions
is at most 1. If this seems a bit crude, note that what matters, in terms of
convergence, is small distances, not large ones.

Definition 211 Let (X,d) be a metric space. For every x,y € X, define
d!(z,y) = min{d(z,y),1}.

Proposition 212 If (X,d) is a metric space then d* is a metric on X that is
topologically equivalent to d.

Proof. The proof that d' is a metric is trivial except for the triangle in-
equality d'(x,z) < d'(z,y) + d*(y, z), which must be sorted into cases. First
note that for any a,b € X, d*(a,b) < 1 and d*(a,b) < d(a,b). If d*(z,y) =1 or
d*(y,z) = 1 then

d'(x,2) <1 < d*(z,y) +d*(y, 2).
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Otherwise, d*(z,y) = d(z,y) and d'(y, z) = d(y, z), and we have
d'(z,y) +d'(y,2) = d(z,y) + d(y, 2) > d(z,2) > d'(z, 2).

To see that these metrics are topologically equivalent, let (x;) be a sequence in
X. If x;, — x in (X, d) then d(z;,z) — 0. But for all large 4, d(z;,z) < 1 and
hence d(x;,x) = d'(x;, ), so d'(x;,x) — 0 and z; — x in (X, d'). A similar
argument shows if z; — z in (X,d") then z; — = in (X,d) and it follows from
Lemma 110 that the two metrics are topologically equivalent. m

Definition 213 Let A be a set and X be a metric space. Let F(A,X) denote
the set of all functions f : A — X with the metric defined, for f,g € F(A, X),
by

d(f.g) = sup {d'(f(2), g(x))} (3.7)

If a sequence (f,) converges to f in F(A,X) we will say that f, converges
uniformly to f and write f, — f.

Using essentially the same proof as in Example 31, we see that the function
d defined in the above definition is actually a metric, which satisfies d(f,g) <1
for all f,g € F(A,X). Note that every subset, and hence any sequence, in
F(A, X) is bounded; this is partly why the separate term “uniformly bounded”
was introduced.

Exercise 144 Note that the set C defined in Example 31 is a subset of F ([0, 1], R).
Show that the metric d defined in Example 31 is different from, but topologically
equivalent to, the subspace metric on C as a subspace of F([0,1],R) with the
metric defined in Definition 213.

Lemma 214 If f, — f in F(A, X) then f, > f.

Proof. Let x € A and € > 0. By definition of uniform convergence, for all
large n we have d(f,, f) < &, which implies d*(f,(x), f(z)) < ¢ for all large i.
In other words, f,(z) — f(x) in d* and hence in d. =

Exercise 145 Show that the sequence (fy,) of Exercise 148
1. converges pointwise to a continuous function on [0,1)
2. converges uniformly on [0,c] for any 0 < ¢ < 1,but

3. does not converge uniformly on [0,1) = |J [0,¢]. This shows that a
0<e<1
sequence of functions that converges uniformly on each of a collection of

sets meed not converge uniformly on the union of those sets. We will see
other examples of this kind of behavior later.

Lemma 215 Let A be a set, X be a metric space, and (f,) be a sequence of
functions in F(A,X). Then f, — f in F(A, X) if and only if for every e > 0
there exists an N such that for allm > N and oll x € A, d(fn(z), f(2)) < €.
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Proof. Suppose first that f,, — f and let € > 0. Define § := min{e,1}. By
definition there exists an N such that for all n > N, d(f,, f) < d, which implies
that d(f,(z), f(z)) < J for all such n and z € A. But then

d(fo(z), f(2)) = d" (fa(z), f(x)) < <&
for all n > N and =z € A. The converse is an exercise. H

Corollary 216 If (f,) is a sequence in F(A, X) then f, — f if and only if
supgea {d(fn(2), f(2))} — 0.

The condition given in Lemma 215 is sometimes used as the definition of
uniform convergence. We have chosen to define it in terms of the space F (A4, X)
because this allows us to use certain theorems that we have proved about metric
spaces. Lemma 215, on the other hand, is very often useful in practice and we
will generally use it without direct reference to it. Lemma 215 also more clearly
reveals the difference between uniform and pointwise convergence: Given a fixed
¢ > 0, uniform convergence implies there is an N that “works” uniformly, i.e.
for every point in A simultaneously, but pointwise convergence only provides an
N, that “works” for an individual x and N, may vary from point to point. The
reader should take a moment to look again at Examples 206 and 207, which,
according to our current definitions, are examples of sequences that converge
pointwise but not uniformly.

Exercise 146 Finish the proof of Lemma 215.

We have already seen that one of the deficiencies of monotone and pointwise
convergence is that switching the order of iterated limits can fail to preserve
the limit, or even whether the limit exists. This is not a problem with uniform
convergence in complete metric spaces.

Theorem 217 Let (f,) be a sequence of functions f, : A — Y, where A is
a subset of a metric space X and Y is a metric space. Suppose f, converges
uniformly on A to f : A —Y and for some xog € A, y, = lim,_,, fn(z) exists
for allm. Then

1. (yn) is Cauchy and
2. if (yn) is convergent (e.g. if Y is complete), then

lim lim f,(z) :IILIE f(z) = lim lim f,(z) (3.8)

n—00 T—To T—T0 N—00
(in particular all limits in this expression exist).

Proof. For the first part, let € > 0. Since the sequence (f,,) is Cauchy in
F(A, X), for all large m and n we have d( fy,(z), fn(7)) < § for all z € A. Since
the distance function is continuous, Corollary 67 implies

A(Ym, yn) = d( lim fr(2), lim fo(z)) = lim d(fn(2), fo(2)) <

T—x0 T—x0 T—x0

<e€

DO | ™
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for all large m and n. That is, (y,) is Cauchy.

For the second part let yy := limy,. The proof will be complete if we
show that lim, ., f(z) = yo. Let ¢ > 0. For all large n we have both
d(fn(z), f(z)) < § forall x € A and d(yn,y0) < §. For any such n the fact that
Yn = lim, 5, fn(x) means, by definition, that there exists a § > 0 such that if
0 < d(z,z0) < ¢ and z € A then d(f,(z),y,) < §. Putting all of these together
we have, when 0 < d(x,z¢) < 9,

d(f (), yo) < d(f (), fu(2)) + d(fu(2), yn) + d(yn, y0) <e.
That is, limy .z, f(z) =yo. W

Corollary 218 Let (f,,) be a sequence of functions f, : X — Y between metric
spaces with f, — f. If each f, is continuous at vy € X then f is continuous
Zg.
Proof. By the continuity of each f,, yn = limy_.,, fn(z) = fu(zo) and
since fn, 2 f, yn — f(x0). We may apply Theorem 217 and obtain
lim f(z)= lim (lim fn(:v)> = lim f,(x0) = f(x0).
T—To n—oo \ T—To n— oo

Lemma 219 Let A be a set and X be a metric space. If (f;) is Cauchy in
F(A, X) and f; 2 f then f; — f.

Proof. Let € > 0. Since (f;) is Cauchy there exists some N such that if
i,j > N then d(fi(x), fj(z)) < 5 for all z € A. Now fix any ¢ > N. Then for
all j > i we have for all

9

A(:(w), f5(2) < 5.

Since f(x) = lim f;(x), by Corollary 74 and Exercise 52 we obtain
j—00

d(fi(x), [(2)) = lim d(fi(x), f;(x)) <

| ™

for all z, i.e., d(fi,f) <5 <eforalli>N. m

Proposition 220 Let A be a set and X be a complete metric space. Then
F(A,X) is complete.

Proof. Let (f;) be a Cauchy sequence in F(A, X). Then for each z € A
the sequence (f;(z)) is Cauchy in X, hence convergent. Let f(x) := lim(f;(z)).
Then f; 2 f and the proof is finished by Lemma 219. m

Definition 221 Let X and Y be metric spaces. By C(X,Y) we denote the
subset of F(X,Y) of all continuous functions f : X — Y with the subspace
metric.
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As an immediate consequence of Corollary 218 we obtain.

Theorem 222 If X and Y are metric spaces with Y complete then C(X,Y) is
a closed subset of F(X,Y).

Corollary 223 If X and Y are metric spaces and'Y is complete then C(X,Y)
is complete.

Exercise 147 Let f,, g, : A — C be functions for alln € N such that (f,) and
(gn) converge uniformly to functions f and g respectively.

1. Prove (fn + gn) converges uniformly to f + g.

2. Prove that if (f,) and (g,) are uniformly bounded then (fngn) converges
uniformly to (fg).

Example 224 One cannot remove the requirement in the above exercise that
the sequences be uniformly bounded. For ezample, let f,(z) =1 and g, (z) = L
foralln € N and z € D := B(0,1)\{0}. For any z € D, |gn(2) — 0| = L, and it
follows that g, converges uniformly to the constant function g(z) =0 on D. On
the other hand, (f,) is simply a constant sequence and so converges uniformly
to f(z) := % We have fg(z) = 0 for all z in D. Now for any € > 0 and any

n €N, let z be such that |z| < -=. Then

1

nz

1

|fngn(z)*fg(z)| = m

> €.

Therefore (fngn) does not converge uniformly to 0 on D (although it still con-
verges pointwise to 0).

Exercise 148 Consider the sequence of real functions f,(x) := Py
1. What is the pointwise limit f of (fn)?

2. Prove that (f,) converges uniformly.

3. Using theorems from basic calculus show that lim f](0) # f/(0). That is,
a uniformly convergent sequence of differentiable functions need not have
even pointwise convergent derivatives.

3.8 Series of Functions

Series of functions are defined in an analogous way to series of complex numbers,
namely an expression of the form

> fa
n=0
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where each f, : A — C is a function defined on a set A. Frequently A will
be a subset of complex numbers. As with the case of series of numbers, with
series of functions there is a question of convergence. In this case the sequence
of partial sums is a sequence of functions (gx)3 ,, with g5 = ZZ:O fn. We
can ask on which subsets B of A (gx)5>, converges pointwise or uniformly, and
when it does we will say that ZZO:O fn converges pointwise or uniformly, respec-
tively, on B. In either case we will denote the limiting function by ZZO:() s
and (3" fn) () = D07 fn(x) by definition. We also say that >~ f, con-
verges absolutely (pointwise or uniformly) if Y > | f,| converges (pointwise or
uniformly, respectively). As with the case of numerical series, absolute conver-
gence implies convergence, but the converse is not true.

We are primarily interested in uniform convergence because of the stronger
properties it provides. For example, if A is a metric space, each of the functions
fn is continuous and the series > f,, converges uniformly on A then according
to Corollaries 168 and 218 the function Y -, f,, is continuous on A. It is worth
considering the meaning of “Cauchy” in this context. The difference between
two terms ZZ:O fnand > o f, in the sequence of partial sums with m > k is
o 41 fn. Therefore the sequence of partial sums is Cauchy if and only if for
every € > 0 we have that |y, f,(z)| < e for all z € A and all large k < m.
The next proposition, which is analogous to the Comparison Test for numerical
series, is frequently useful.

Proposition 225 (Weierstrass M-test) Let A be a set and fi, : A — C be a
sequence of functions. Suppose there is a convergent real series y oo My such
that for allz € A and k € N, |fi(z)| < My. Then >, fr converges absolutely
uniformly on A.

Proof. To prove uniform convergence we need only prove that the sequence
of partial sums is Cauchy. Since the sequence of partial sums of Y > M, is
Cauchy, given € > 0, for all large m < k and all z € A we have

k m k k k
D@ =Y 1@l =| > fa@l= > @< Y M <e
n=0 n=0 n=m+1 n=m-+1 n=m+1

]

The most fundamental type of series is the power series >~ j a,z™. In this
case the partial sum functions are polynomials Zi:o anz". We have already
seen that each power series has a radius of convergence R € [0,00] and for
z € B(0,R) the numerical series Y ° ;a,z™ converges absolutely. In other
words, the series Y a,2" converges pointwise on B(0, R).

Theorem 226 If Zif:o an 2" is a power series with radius of convergence R > 0
then ZZO:() anz™ converges absolutely uniformly on any closed ball C(0,r) such
that 0 <r < R.

Proof. For any z € C(0,r) we have for all £ > 0,

}akzk‘ < |ak|rk
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Letting My := |ag|r* and noting that, since r < R, the numerical series
> mepq1 |an| 7" converges, the proof is finished by the Weierstrass M-test. m

Corollary 227 If f(z) := Y " anz" is a power series with radius of conver-
gence R > 0 then f is continuous on B(0, R).

Proof. Let z € B(0,R); so |z| = r, with » < R and suppose z; — z
in B(0,R). Let p be such that » < p < R. Theorem 226 implies that f is
continuous on C(0, p). Moreover, for large i, z; € C(0,p). Therefore f(z;) —

f(z). m

Exercise 149 A power series centered at zg € C is an expression of the form
oo g an(z —20)™. Show that Y, a,(z — 20)" converges uniformly for all z €
B(zp,7), where r is less than the radius of convergence of the series ZZO:O anz™.
Exercise 150 Let f(2):=> 0 1

n=0 14+n2z"

1. Show that f is absolutely and uniformly convergent on any set of the form
C\(B(0,r) where r > 0. Hint: Use Exercise 114.

2. Determine whether f converges uniformly on C\{0}.

Exercise 151 Show that the real function exp : R — (0,00) is a continuous
bijection.

We are now in a position to define powers a”, where ¢ > 0 and 7 is a
real number. Since exp is a bijection onR, it has an inverse, which we will
give its usual name In : (0,00) — R. We define a” := exp(rlna). Note that
e” = exp(rlne) = exp(r) for any real r. Therefore from now on we will denote
exp(r) by e” when r is real. Using Proposition 200 we have for real r, s,

r+s _ e(r-l—s) Ina _ erlna+slna N

a a a .

Moreover,

ers — e(sln(er)) _ (er)s

and so
a’s = erslna _ (erlna)s _ (ar)s_

We need to check that this “new” way to define powers is not really new, at
least for rational exponent. But note that For a natural number n, induction
on the above formula implies

n _ _nlna — elna . _elna

a" =e =a---a,

q
where the last two products have n factors. Next (a%> = a(g) =a' =aq, so

at = ¢/a. Similarly it can be checked that for any integer p, as = (¥/a)’. We
know that the function a® = e*™¢ is the composition of continuous functions
and therefore we have continuously extended rational powers to powers of any
real number.



Chapter 4

Integration

4.1 Riemann Integration

Throughout this section we assume that a < b. Recall from basic calculus that
the Riemann integral of a real function f : [a,b] — R is defined as follows: Take
a partition P of the interval [a, b], which is a set {z; }é?:o such that

To=a<x1 < - <Tp_1<xp=D>o

Choose for each j = 1,2, ...,k some ¢; with ;1 < ¢; < ;. The corresponding

Riemann sum is
k

S(P.{c;}) =Y flej)(wj — i),

j=1

Note that the value of the Riemann sum depends on both the partition and the
choice of the constants c;. The Riemann integral exists if these Riemann sums
converge to a specific number as the partitions get “fine”, regardless of how c;
is chosen. More precisely, for any partition P of [a, b] we define the size of P to
be

o(P) = mjax{xj —Tj_1}

That is, o(P) is the maximum length of the subintervals [z;_1,x;] in the par-
tition. We say f is Riemann integrable on [a,b] if there is some real number I
such that for every € > 0 there exists some § > 0 such that |S(P,{¢;}) —I| <¢
for any partition P such that o(P) < ¢ and any choice of {c¢;}. The number I

is called the Riemann integral of f, denoted by f; for f; f(x)dz.

Exercise 152 Let f be continuous on [a,b]. Prove that if P is any partition of
la,b] then for any choice of {c;},

(b~ a)min f < S(P.{e;}) < (b~ a) maxc .

[a,b]

97
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Which functions are Riemann integrable? We will not state the answer to
this question later, but without proof. For now we will prove the usual theorem
stated in elementary calculus, that continuous functions are Riemann integrable.
We need a few preliminaries about partitions. If P and P’ are partitions, we say
that P’ is a refinement of P if P C P’. That is, P’ is obtained by adding more
points to P. Note that o(P’) < o(P). Note also that every pair of partitions P
and P has a common refinement P’ := P U P”, which is a refinement of both
P and P”.

Given a continuous function f : [a,b] — R, we will be interested in the real
sequence (r;)°; defined by

ri = sup{S(P,{¢;})} : o(P) <

S

}.

That is, 7; is the supremum of all Riemann sums involving partitions of [a, b]
into subintervals of length at most % According to Exercise 152, (r;)°; is
bounded below. Moreover, (r;) is monotone decreasing. In fact if o(P) < 1

then o(P) < 4 for every k < i and therefore

{s.tem o) < 1} e {spien o < 1

Therefore the supremum of the set on the left is not larger than the supremum
of the set on the right.

Next we would like to consider a very specific Riemann sum for a given
partition P, namely

k

SunP) 1= Y- (s @) (@3 =2,

= zj—1,1]

This is the Riemann sum having the largest value for the partition P. One
can similarly define Spin(P), and for any partition P we have Spin(P) <
S(P,{c;}) < Smax(P).-

Exercise 153 Let f : [a,b] — R be continuous and suppose P and P’ are
partitions of [a,b].

1. Show that if P’ is a refinement of P then

Smin(P) S Smin(P/) S Smax(Pl) S Slnax(P)-

2. Show that Spin(P) < Smax(P’) even if neither partition is a refinement of
the other. (Hint: Let P" be a common refinement of P and P’.)

Theorem 228 If f : [a,b] — R is continuous then f is Riemann integrable.
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Proof. Using the notation prior to the statement of this theorem, let I :=
limr; and fix ¢ > 0. First, there exists an N such that I < rny < I + €.
According to Proposition 93, f is uniformly continuous; there exists a § > 0
such that 0 < % and if [z —y| < & then |f(z) — f(y)] < 35=ay Let P bea

partition such that o(P) < § < 4. By definition of 7y,
Smax(P) <ry < I +e.
According to Exercise 153 we will be finished if we can now show

Smin(P) >1] —e¢.

k
Su(P) = Suin(P) £ 3 (o @)= win @) (0~ 210

[j—1,2;] [zj—1,7;]

< 3(bi a) Z@j — o) = 3(b6— a) (b—a)= % (4.1)

(Here we have used the fact that Zle(mj —x;_1) “telescopes” and is equal to
b —a.) Choose any % < d. Since r; > I > I — £ the approximation property
for the supremum implies there exists some P’ such that o(P’) < 1 < § and
choice of d; such that Syax(P') > S(P’,{d;}) > I — 5. Applying Exercise 153
and Formula 4.1 twice we have

2e

Z Smax(P/) ——>1—c

Smin(P) 2 Smax(P) - 3

2 Smin(P,) -

Wl M
W m

Proposition 229 Let f : [a,b] — R be Riemann integrable on [a,b] and g :
[a,b] — R be a function such that f(x) = g(x) for all x except for a single point

Yo € [a,b]. Then g is Riemann integrable on [a,b] and f:f = f:g.

Proof. Let ¢ > 0 and I := fab f. Then there exists a § > 0 such that
o< m and if a partition P satisfies o(P) < § then for any choice of

{¢;} we have I — Zle fle)(z; — xj,l)’ < 5. Now consider the corresponding

sum Z?:l g(¢j)(xj —x;j—1). The two sums are identical unless we happen to
have chosen c¢; = yo for some j. There are two possible cases: we chose only
a single ¢; = yo or we chose ¢; = ¢j41 = yo (in this case yo = z;). We will
consider the second case; the first is an exercise. Now

k

k
> ey —wia) =Y gleg) @y —aj1)| = | D (fle;) = gle;) (w5 — xj-1)

j=1 j=1 j=1
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= [(f(y0) = 9(y0))((xj — zj—1) + (zj41 — ;)| = [(f(y0) — 9(vo))| [7j+1 — 21|

2e 2¢e
< |f(yo) — 9(yo) (m) -3

1= glej) () — wja)‘ <e m

By the triangle inequality,
Exercise 154 Prove the remaining case in Proposition 229.
A simple induction proof yields the following:

Corollary 230 If f : [a,b] — R is continuous except at finitely many points
then f is Riemann integrable.

Example 231 Let fs5 : [0,1]— R be defined by fs(x) = 1 if = is rational and
fs(z) =0 if x is irrational (fs is sometimes called the Dirichlet function). Cer-
tainly this function is not Riemann integrable. In fact, given any partition of
[0,1], if one chooses, for each value of c¢; a rational number then the corre-
sponding Riemann sum is always 1. If one chooses c; to always be irrational
than the corresponding Riemann sum is always 0, so there can be no limit as
the partitions get fine. This shows that a function with countably many dis-
continuities need not be Riemann integrable. More seriously, fs is a monotone
increasing limit of a uniformly bounded sequence of Riemann integrable func-
tions: Let (g,)52 1 be a sequence that is surjective onto the rational numbers.
Define fi(x) to be 1 if x € {q1,...,q;} and O otherwise. Then each f; has finitely
many discontinuities and hence is Riemann integrable and f; /' fs.

Exercise 155 Prove that the function fs is not continuous at any point in [0, 1].

The above example illustrates one of the most important limitations of Rie-
mann integration. Riemann integrable functions lack a basic completeness prop-
erty, which makes them unacceptable for more advanced mathematics. Many
problems in pure and applied mathematics are solved using pointwise limits of
functions, and a theory of integration that behaves well with respect to such lim-
its is essential. Also, as we will see later in our discussion of iterated integration,
the proofs of some very basic theorems about Riemann integration of contin-
uous functions require consideration of non-continuous functions. Without a
more general theory these proofs must be carried out using rather ad hoc meth-
ods that are of little value beyond the proof at hand. In summary, continuous
functions, which are central to the topological component of real analysis, do not
provide a suitable setting for integration theory. Riemann integrable functions,
while more general, are difficult to characterize and still behave badly when it
comes to taking limits. In the next section we will define a class of functions,
called Borel functions, that is more suitable for integration—in particular hav-
ing the property that a pointwise limit of Borel functions is a Borel function.
Specifically we will show that the function fs5 is a Borel function, the integral
of which is 0. In addition, every Riemann integrable real function f is a Borel
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function, and we will see that Riemann integration is a special case of the more
general Lebesgue integral that we will define. In a sense, Lebesgue integration is
a “completion” of Riemann integration. Lebsegue integration enlarges the set of
continuous functions in much the way that the completion of the real numbers
enlarges the rational numbers—allowing a viable theory of limits to be carried
out.

Despite its serious limitations, the Riemann integral should not be com-
pletely dismissed. Riemann sums are, at least, easily computable and can pro-
vide a way to approximate an integral numerically.

4.2 Borel sets and functions

Lebesgue integration theory involves countable processes of the underlying sets,
such as countable unions and intersections. This is an important difference
from Riemann integration, in which one normally considers only finite unions
and intersections. For example, there is a theorem that the integral over the
union of two adjacent intervals is the sum of the integrals over the two intervals
separately.

Definition 232 Let X be a metric space. The collection of Borel sets in X is
the smallest collection B of subsets of X such that

1. every open subset of X 1is in B,
2. if A€ B then A° € B
3. if A; € B for alli € N then U2, A; is in B.

Any nonempty collection of sets satisfying conditions (2) and (3) is called a
o-algebra.

Hence a o-algebra is a nonempty collection of sets that is closed with respect
to complements and countable unions. What do we mean by the “smallest” such
o-algebra, and how do we know that such a thing exists? First of all there is some
collection of subsets of X with the above three properties, namely the collection
P(X) of all subsets of X, and B is formally defined to be the intersection of
all such collections. Certainly B contains all open sets, and an exercise below
shows that B is in fact a o-algebra.

Exercise 156 Let X be a o-algebra. Show that
1. If A; lies in a o-algebra ¥ for all i € N then N2, A; is in X.

2. ¥ contains the empty set and hence contains all finite unions or intersec-
tions of sets in 3.

3. If A,BEY then A\B € .
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Exercise 157 Let {¥.},c5 be a collection of o-algebras. Show that () Xq is
acA
a o-algebra.

What does B contain? By definition B contains all open subsets of X, and
therefore all closed subsets of X by property (2). It also includes all count-
able intersections of open sets, all countable unions of closed sets, and so on.
Roughly speaking, B contains any set that can be obtained from open sets by
any countable combination of taking unions, intersections, and complements.
It turns out that there are subsets of metric spaces, including R, that are not
Borel sets, but their construction is not trivial (see, for example, [3], Theorem
3.38).

Example 233 In any metric space X, we know that singleton sets {xz} are
closed, hence Borel. Therefore any countable subset of a metric space is Borel,
in particular Q is a Borel subset of R. On the other hand, this shows that, unlike
the case with open sets, uncountable unions of Borel sets need not be Borel sets.
In fact any non-Borel subset of R is the uncountable union of the singleton sets
containing each of its points and therefore is an uncountable union of Borel sets.

Definition 234 A function f: A —Y, where X and Y are metric spaces and
A C X is a Borel set, is called Borel if for every open set U in Y, f=*(U) is a
Borel set.

Recall that f is continuous if and only if for every open set U in Y, f~1(U)
is open; therefore every continuous function is a Borel function. Borel functions
are much more general, however:

Proposition 235 Let X be a metric space and X := U2 E;, where each E; is
a Borel set. Suppose f: X — Y is a function such that f |g, is Borel for all .
Then f is a Borel function.

Proof. Let U C'Y be open. Then for any i, f~Y(U)NE; = (f |5,)"" (U) is
Borel and hence f~3(U) = |J f~1(U)N E;) is Borel. m
i=1

Note that the above two results also apply to finite unions—if X = F1U---UFE}
then we can always let F; := Ej, for all ¢ > k to express X as a countable union
U2, E;. Note also that the countability of the union is essential. In fact, R can
be written as an uncountable union of singleton sets, and any function defined on
R is constant, hence continuous, when restricted to a singleton set. Therefore if
the above corollary were true for uncountable unions, every real function would
be a Borel function. Although the proof is beyond the scope of this text, there
do exist real functions that are not Borel functions (see [3]).

Definition 236 If E is a subset of a set X we define the characteristic function
Xg: X 2 Rbyxp(x)=1ifzeFE and xg(x) =0 ifx ¢ E.
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The characteristic function, simple as it is, is of considerable importance in
integration theory—being, in a sense, the simplest kind of non-trivial function.
Note that the characteristic function is rarely continuous—for example, x[o,1) :
R — R has discontinuities at 0 and 1. However, if E is a Borel set then X\E
is a Borel set, and yg is constant, hence continuous, when restricted to £ and
when restricted to X\ E. Proposition 235 therefore implies:

Corollary 237 If E is a Borel set in a metric space X then xg: X — R isa
Borel function.

Example 238 In our current notation we now see that fs = Xoqnjo,1) (see Ex-
ample 281) and therefore fs is a Borel function that is not continuous at any
point.

Exercise 158 Prove that if f: X — R is a function defined on a metric space
X and f is continuous on X\ A where A is countable, then f is Borel.

Exercise 159 Let g : R — R be defined by g(x) = 0 if x is irrational and

g(z) = % if @ is rational and expressed as x = & in reduced form (take the

reduced form of an integer to have 1 in the denominator).

1. Prove that g is continuous at every irrational number and hence is Borel.

2. Sketch a graph of g on [0,1] by indicating the graph above several rational
points.

Recall that the pointwise limit of continuous functions need not be continu-
ous. As we will see shortly, real-valued Borel functions are much more robust.
First we need a preliminary lemma.

Lemma 239 Let f : X — R be a function where X is a metric space. The
following are equivalent:

1. f is Borel,

2. for any closed set C C R, f~1(C) is Borel,

3. for any closed interval [a,b] C R, f~1([a,b]) is Borel,
4. for any open interval (a,b) C R, f~1((a,b)) is Borel.

Exercise 160 Prove the above lemma. Hint: Show (1)=(2)=(3)=(4)=(1),
using Proposition 129 for the last part.

Theorem 240 Let f; : X — R be a sequence of Borel functions defined on a
metric space X such that f; = f. Then f is Borel.
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Proof. This remarkable theorem is a consequence of some tedious set theory.
We will show that for any closed interval [a,b], f~!([a,b]) is Borel. For every
J €N, define U; := (a — %,b—l— jl) Now let W; ; := f;'(U;). Since each f; is
Borel, every W; ; is Borel, as is the set

A ()

j=1 \N=1 \i=N

We will be finished if we show that V = f~!([a,b]). A quick check of the
definitions reveals that x € V if and only if for every j € N we have that

1 1
G,——,<fi($)<b+—,
J J

for all large 7. Taking the limit as i — oo gives us f(z) € [a - %,b—l— %] for
every j, and hence f(z) € [a,b]. Conversely, if f(x) € [a,b] then for any j we
have |fi(z) — f(z)] < % for all large ¢ and hence f;(z) € (a - %,b—i— %) for all
large 7. m

The above theorem shows that a function that is not Borel must be somewhat
difficult to construct—after all, it cannot be constructed using any kind of limiting
process involving continuous or even Borel functions. At the same the theorem
provides perhaps the best way to show that a function is a Borel function,
namely to show that it is a pointwise limit of Borel functions. Finally, this
theorem also makes Borel functions an excellent (if not the most general) setting
for integration theory. We need to know some other ways in which one obtains
Borel functions.

Lemma 241 If f : X — Y is a Borel function between metric spaces and
A C X is a Borel set then f |4 is a Borel function.

Lemma 242 If X,Y,Z are metric spaces, f : Y — Z is continuous and g :
X — Y is Borel then f o g is Borel.

Exercise 161 Prove Lemmas 241 and 242.

Lemma 243 If X is a metric space and h : X — R? is a function having Borel
components then h is Borel.

Proof. Let h; : X — R and hy : X — R be the components of h. Suppose
first that U and V are open intervals in R. Then

YU xV)={z € X :hi(z) € U and hy(z) € V'}

=k '(U) MRy Y(V)

which is a Borel set since h; and hy are Borel functions. Now according to
Proposition 129, every open set in R? is of the form W = U2, Byax(x;,7;) and
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each Bpax(X;,7;) is of the form I; x J;, where I; and J; are open intervals (see
Lemma 119). From what we proved above we have

R (W) = G RNI; x ;)

is a Borel set. m

Proposition 244 Let f,g : X — R be Borel functions defined on a metric
space X and ¢ be any real number. Then the functions f+g, f-g, cf, and f/g
(where it is defined) are Borel functions.

Proof. Let h: R X R — R be the “sum” function defined by h(z,y) = z+y.
Then h is continuous. In fact, if (z;,y;) — (z,y) then by earlier sequence
theorems we have h(z;,y;) = 2, +y; = x+y = h(z,y). Ifk: X - RxR
denotes the function having f and g as components then

(hok)(x) = h(k(z)) = h(f(2),9(x)) = f(x) + 9(z) = (f + g)(x).

That is, we have written f 4+ g as a composition of two functions, where k is
Borel by Lemma 243 and h is continuous. By Lemma 242, f + g is Borel. The
proofs for the other algebraic operations are similar. We only observe that in
the case of the quotient, the domain of definition of f/g is g~ '(R\{0}), which
is a Borel set. m

4.3 Integration of Nonnegative Borel Functions

We will take the existence of the Lebesgue integral on nonnegative Borel func-
tions without proof. In a way this is very similar to our acceptance of the real
numbers without actually constructing them. However, we will do a little more
in this case. In the course of our discussion we will see how Lebesgue integra-
tion can be defined; we will simply not provide the details of the proofs of the
properties that we will assume it has in Theorem 247. The arguments involved
are primarily set theoretic in nature and are valid in much greater generality in
the setting of abstract measure theory, which is normally covered in a first year
graduate course in real analysis. We will not even study Lebesgue integration
in its most general setting in Euclidean spaces. This would involve introduc-
ing the somewhat abstract notions of measurable sets and functions—which again
appear in the more general setting of abstract measure theory. For our purposes
Lebesgue integration involving Borel sets and functions is adequate.
We will need some preliminary notation.

Definition 245 If A C R™ and v €R™ then we define v+ A :={v+x:x € A},
and refer to v+ A as the translation (or translate) of A by v.

Definition 246 Let A be a set and suppose {E;} is a collection of subsets of A.
We say that {E;} is pairwise disjoint if whenever i # j we have E; N E; = @.
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We will use below some properties of the closed max metric balls in R",
which we will refer to as “cubes.” The term “cube” will always refer to closed
max metric balls (which have edges parallel to the standard axes) and not other
geometric cubes (such as the closed balls of the plus metric). Since the max
metric is invariant, every cube of a given radius is a translate of any other such
cube, including the one centered at 0. We will refer to the cube centered at 0 in
R™ with radius r/2 as @™(r) (so this cube has side length r), and we will refer
to @™(1) simply as Q™, and call it the unit cube. Every cube in R™ also has 2n
“faces” that come in pairs, each of which is isometric to the cube Q"1(r). For
example, the cube Q"(2) has two faces perpendicular to the j** axis, namely
the sets .

F{ :={x=(21,...,%n) : dmax(0,x) =1 and z; = 1}

and ‘
Fo={x=(21,....,2y) : dmax(0,x) = 1 and z; = —1}.

The union of the 2n faces of a cube of side length 7 is called the boundary of the
cube; it is the set of all points at max distance exactly 5 from the center of the
cube. Next any cube of side length r can be subdivided into m™ cubes having
edge length - for any natural number m, such that different cubes intersect
only their faces. We won’t give any details here, which are a bit tedious; the
student is encouraged to convince him/herself in lower dimensions with a good
picture. Some special cases are considered in the following exercise. Finally,
define a semicube to be a set of the form Q\A where @ is a cube and A is a
compact subset of its boundary.

Exercise 162 Sketch the subdivision of Q2 in R> into 8 equal sized cubes, and
determine for each of them the vector used to translate Q3(%) to it. Determine
the vector that translates Q4(%) to the subdivision cube of Q* that has (1,1,1,1)
as one of its corners. Fxplicit details are not required in either case.

Exercise 163 Let Bji(r) == {(z1,...,2,) € R* : 0 < z; < r if i # j and
0<mz; <1}

1. Sketch Bgy(3) in R2.

2. Prove that Q"(r + £)\Q"(r) contains a translate of Bjj(r) for all j and
7> 0.

Theorem 247 For each n € N there exists a unique function that assigns to
each Borel set A in R™ and nonnegative Borel function f : A — R a nonnegative
extended real number fA f satisfying the following properties for any f,g: A —
R, ¢ >0 and v eR":

1. (Positivity) [, f > 0.

2. (Linearity) [,(cf+g)=c [, f+ [19 (assuming [, f < o0 orc#0)

3. (Countable Set Additivity) If E = J;=, E; where {E;};~, is a pairwise
disjoint collection of Borel sets, then [, f =372, S, [
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4. (Translation Invariance) If h(x) = f(x — v), which is defined on v + A,
then [, f= [, oah

5. (Normalization) [, 1= 1.

The first two properties are familiar from elementary calculus of the Riemann
integral. The “finite” version of the third property is also familiar from calculus—
although in calculus one actually considers mainly sets that intersect along some
kind of boundary, as in the statement that [ f(z)dz = fabf(x)dx = [, f(z)dx
when a < b < c¢. In this case the intervals [a,b] and [b, ¢] intersect in {b}, but
as we will see later, a single point, by itself, contributes nothing to an integral.
More important is the fact that the third property is stated not just for two
sets, or finitely many sets, but for countably many sets. Note that, as a result
of Proposition 195, the order of the sum is not important. The reader may be
tempted to believe that condition (3) follows by induction from the case when
there are only two sets, but in fact it does not. This situation is explored further
in Exercise 166 below.

The fourth property appears in elementary calculus as a special case of
change of variables. The fifth condition is necessary for uniqueness and non-
triviality. For if one has an integral satisfying only the first four properties,
one may multiply it by any non-negative constant (including 0!) and still have
an integral satisfying those four properties. Note that the usual conventions
involving infinity apply to (2) and (3) (see Definition 10).

We need to establish some very basic properties of the integral.

Lemma 248 Let f,g : A — R be nonnegative Borel functions, A C R". If
f(x) < g(x) for allz e A then [, f < [, 9.

Proof. Let k(z) := g(z) — f(x) > 0. Then g(x) = f(z) + k(z) and [, k>0

imply
/Ag:/AH/Akz/Af.
| |

Our next goal is to understand the integral of a function over the empty set.
As annoying as this may seem at first, it is a necessary task. Mainly we need
to first understand exactly what a function defined on the empty set is. Recall
that a function f: A — B is a set of ordered pairs (a,b) with a € A and b € B.
In particular, if A = & then the function f is actually the empty set. This is
true regardless of what f is called or where f is defined. Therefore, if we show
J, 1 =0 then we will know that [, f = 0 for any Borel function f. But Q"
is the countable pairwise disjoint union of Q™ U @ U @ U - - - and therefore by

countable set additivity
/ 1= / 1+ / 1.
n n 2:1 Z

Since [, 1 =1 we conclude that 7%, [, 1 =0, and hence [, 1 =0. We have
proved:
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Lemma 249 If f : A — R is a nonnegative Borel function with A C R™ then
I, f=0.

If we now let all but finitely many of the sets in Theorem 247 part (3) be
the empty set then we conclude from the above lemma:

Lemma 250 (Finite Additivity) If B, ..., E, CR"™ are pairwise disjoint Borel
sets, B = Ule E;, and f : E — R is a nonnegative Borel function, then

fEf = 25:1 fEl f

We will repeatedly use the following very special case of Finite Additivity:
For any Borel sets E and A in R™ we have that E = EN AU E\A, and this
union is a disjoint union. Therefore we have for any nonnegative Borel function

f:E—R,
= fos ot

If it so happens that A C E then the above expression becomes fE f= fA f+
Jpa -

Lemma 251 If f: E — R is a nonnegative Borel function where FF C E C R™
are Borel sets then [, f < [, [.

Proof. We have [, f= [, f+ fE\F f. Noting that fE\Ff > 0 finishes the
proof. m

Exercise 164 Suppose f,g: A — R are nonnegative Borel functions, A C R",
and f(x) < g(x) for allz € A. Prove: If [, f < oo then [,(9—f) = [19— [, f-

Lemma 252 (Countable Set Subadditivity) If E C R™ is a Borel set and E C
Uiz, Ei where {E;};2, is a collection of Borel sets, then [, f <322, [ f for

any nonnegative Borel function f: ;o E; — R.
Proof. Let E/ = Ufil El and let F1 = El, FQ = EQ\El, F3 = E3\(E1 @]

Es), and so on. It is an exercise in set theory to see that E’ is the pairwise
disjoint union of the sets {F;}°,, and F; C F; for all 4. Therefore

i/fsifzi/Fif—/E,fz/Ef.

Corollary 253 If f(x) =0 on a Borel set A C R" then [, f =0.

Proof. We first compute

/0:/ 0-1:0/ 1=0-1=0.
n n Qn
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As in the proof of Proposition 129, R"™ is the union of the countably many unit
cubes @; having centers with rational coordinates. By Translation Invariance
/. 0 0 = 0 and countable subadditivity implies

/OSi/ O:i():().
A i=1 7 Qi i=1

Corollary 254 If f : E — R is a nonnegative Borel function and A C E C R"

are Borel sets then
[ 1= [xar
A E

Proof. By definition,

wes={ IEEA"

and
/EXA.f:/AXA.f+/E\AXA'f:/Af+/E\A0:/Af.

[

Exercise 165 In the proof of the Countable Set Subadditivity lemma, show that
E’ is the pairwise disjoint union of the sets {F;}°;.

Exercise 166 Prove that the assumption of countable set additivity in Theo-
rem 247 is equivalent to assuming both countable set subadditivity and finite set
additivity. Hint: Use Lemma 251 and Lemma 187.

Definition 255 We say that a collection of sets {E} °, is increasing (resp.
decreasing) if By C Ey C -+ (resp. Ey D Ey D ---). In this case we say
that E = ;2 E; is the increasing union (resp. E = (=, E; is the decreasing
intersection) of {E;}52,. We will use the notation E; /' E (resp. E; \, E).

Proposition 256 If {E;}3°, is a collection of Borel sets in R™ such that E; /
FE and f: E — R is a nonnegative Borel function then fE = lim fEI:

Proof. Note that £y C Ey C - - - implies the sequence (fE )
=1

monotone increasing. Let F} := Fy, F; := E5\F7, and so on. Then the sets Fl
are pairwise disjoint and Ej = Ule F; and E = |J;2, F;. We have

|- Z/fﬂmZ/me Iz
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Corollary 257 If {E;}2, is a collection of Borel sets in R™ such that E; \, E
and f : Ey — R is a nonnegative Borel function with [, f < oo then [, f =

lim fEi f-

Exercise 167 Prove Corollary 257, stating explicitly how you use the fact that
fEl f < oco. Hint: Consider the sets F; := E1\E; and use de Morgan’s laws to
apply Proposition 256.

Example 258 The interval E, := [n,00) contains countably many pairwise
disjoint intervals I, := [2m,2m + 1], each of which is a translate of the unit
interval and hence satisfies f] 1 = 1. Therefore fE = oo for all n. Then

the collection {E, Y2, is decreasing and (\2°, En = @, but J,1=0#0c0=
lim fEn 1. This shows the necessity of the requirement that fEl f < oo in Corol-
lary 257 (actually, assuming that some fE f < oo will do).

4.4 Lebesgue Measure

In elementary calculus one defines the area of a two dimensional region A to
be the double integral over A of the function f(x) = 1 (of course the regions
A were always very simple so that one could actually compute the integral by
iterated integration). We will do precisely the same thing now, although, to
avoid the dimensional connotations of words like “area” and “volume” we will
use the term “measure” for all dimensions.

Definition 259 Let E be a Borel subset of R™. We define the (Lebesgue) mea-

sure of E to be
ue)i= [ e[ 1
n E

From the properties for the Lebesgue integral we immediately obtain the
following:

Theorem 260 Lebesgue measure in R™ satisfies the following properties:
1. (Positivity) For any Borel set E, u(E) > 0.

2. (Countable Set Additivity) If E = J;=, E; where {E;};=, is a pairwise
disjoint collection of Borel sets, then p(E) =Y .=, u(E;).

3. (Translation Invariance) For any Borel set E and x €R™, u(E) = p(x +

4. (Normalization) p(Q™) = 1.

Note that translation invariance implies that every cube of side length 1
in R™ has measure 1. Other consequences of our theorems about integration
include: p(@) = 0, finite set additivity, countable set subadditivity, and the
fact that if E C F then u(F) < u(F). In addition, if f(x) = ¢ > 0 then for any
Borel set E, [, f = cu(E) (by linearity). The next lemma now follows from
Lemma 248.
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Lemma 261 Suppose that for some positive ¢ € R, ¢ < f(z) (resp. f(z) > ¢)
for all x in a Borel set E C R™, where f: E — R is a Borel function. Then

qMDSAme-SLfSw@V

This simple but important lemma will be used repeatedly in the following
way. Consider, for example, the set

E=f"Ya,b]) = {z:a < f(x) < b} with a > 0.

The above lemma implies

ap(E) < [Ef < bu(E).

It will be very useful to divide the range of a nonnegative Borel function into
intervals on which f has specific bounds, above, below, or both. Sometimes it
is beneficial to actually partition the range—for example later we will use the
partition of R into the pairwise disjoint collection {[n,n+ 1)} " ;;if f: A — R
is any function then one can easily check that A is the pairwise disjoint union
of the collection {f~* ([n,n+1))} _ . In other cases, such as the proof of the
next lemma, we will use countable subadditivity and do not need a pairwise
disjoint collection.

Proposition 262 Let f: A — R be a nonnegative Borel function defined on a
Borel set A such that u(A) = 0. Then [, f =0.

Proof. If f were bounded then the proof would be complete by Lemma
261, but f may not be bounded. To resolve this problem, let A,, := f~1([0,n]).
Then f(z) <n for all z € A,,. In addition, A,, C A and therefore u(4,,) = 0.
Note that A, / Aand [, f<mn-u(A,)=0. Therefore [, f=1lim [, f=0.
|

Exercise 168 Let f : E — R be a nonnegative Borel function, defined on
E CR"™ and « be any positive real number.

1. Prove the Tschebyshev Inequality:
_ 1
ulf (oo < ¢ [ .
@ JE

Hint: f~'((a,00)) ={x € E: f(x) > a}.

2. Illustrate this inequality in the case of a continuous real function with a
sketch of a graph, interpreting the integral as area under the graph.

Exercise 169 Let (f;) be an increasing sequence of Borel functions f; : E — R,
with E C R™, and suppose that there exists some M > 0 such that for all i,
Jpfi < M. Let F be the set of all x € E such that the sequence (fi(x)) is
unbounded. Prove that u(F) = 0. Hint: For any fized N, consider the measure
of the union of the sets Fy, := f; *((N,0)).
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Exercise 170 A collection {E;} (finite or countably infinite) of Borel sets is
called nonoverlapping if for every i # j, u(E; N E;) = 0. Prove that if E =
Uiz, Ei where {E;}22, is a nonoverlapping collection of Borel sets, then for
any nonnegative Borel function f : E — R, [, f = Sy Jp. f. Hint: Let
Fi = El\Uj<z(El N EJ)

A direct translation of Proposition 256 and Corollary 257 provides:

Proposition 263 If E is the increasing union (resp. decreasing intersection
with u(E1) < o0) of a collection {E;}52, of Borel subsets of R™ then u(E) =
lim p(E;).

Our next goal is to prove the expected formula that p(Q™(r)) = r™. This is
harder than it may seem at first. Remember: at the moment we have absolutely
no knowledge of how to actually compute a Lebesgue integral (in fact this for-
mula is the first stage in understanding how to compute them). We only know
how to compute the measure of a unit cube, but remarkably this, together with
the properties we have proved so far, is enough. But it will take a few steps.
First of all we need to check that cubes have finite measure. In fact, by Trans-
lation Invariance we need only prove that Q™ (r) has finite measure for all r.
By the Archimedean Principle we need only check that u(Q™(m)) < oo for any
m € N. But Q™(m) is a union of m™ unit cubes and therefore u(Q™(m)) < m™.

The next step is to prove that the faces of a cube have measure 0; this
is proved by showing that each face is contained in a decreasing sequence of
“boxes” the measures of which go to 0.

Lemma 264 Let

Bji(r) :={(z1,....,xn) ER":0<z; <7 ifi #j and 0 < x; <

}.

El e

Then for any j and r > 0, u(Bji(r)) — 0.

Proof. Note that Q" (r) is the decreasing intersection of the cubes Q" (r+1)
and (since cubes have finite measure) lim p(Q"(r + 1)) = p(Q"(r)). But finite
additivity implies

ti p(@"(r + P\Q" (1)) = 0.

According to Exercise 163 each of the sets Q™ (r+%)\Q"(r) contains a translate
of Bj(r) for all j and k and hence p(Bji(r)) — 0. m

Corollary 265 For every n and v > 0, u(Q"(r)\B(0,%5)) = 0. In particular
the faces of Q™(r) have measure 0 and the measure of any semicube Q\A is
equal to the measure of Q.

Proof. Each of the faces of Q™(r) is the intersection of translates of sets
Bji(r) for some fixed j, and therefore has measure 0. Therefore the union
of all the faces has measure 0, and so A has measure 0. By finite additivity

p@Q) = p(@\A). =
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Lemma 266 For any r > 0 and natural numbers n and m,

w(@" (mr)) = m™u(Q"(r)).

Proof. The cube Q™(rm) can be subdivided into m™ cubes that are trans-
lates of Q™(r) and therefore each have measure p(Q"(r)). These cubes meet
only in faces, which have measure 0 by Corollary 265, and the proof is finished
by finite set additivity. m

Proposition 267 For any r > 0, u(Q"(r)) = r™.

Proof. First suppose that » = £, where p,q € N. Applying Lemma 266 a

q )
couple of times yields

q"p (Q"(S)) =p(Q"(p) =p"u(Q()) =p"

which implies
p pn
(®) =2 o
q q

Finally, if » > 0 is real, let r; \, 7, where each r; € Q. Then Q"(r) is the
decreasing intersection of the cubes Q™ (r;) and therefore

W@ (1)) = lim p(@" () = lin ' = 7™
]
Corollary 268 For any x € R™, u({x}) = 0.

Proof. The set {0} the decreasing intersection of the cubes Q”(%), and in
general {x} =x+ {0}. =

Corollary 269 Any countable subset of R™ is of measure 0.
Corollary 270 f[o yfs=0.

Proof.
/ fi = / Xonoa] = £(QN[0, 1]) = 0.
[0,1] [0,1]

)

Exercise 171 Show that the y-azis (and hence any vertical line) in R? has
measure 0.

Example 271 Although we have shown that the measure of the closure of a
max metric ball is the same as the measure of the ball, it is not in general true
that the measure of the closure of a set is equal to the measure of the set. For
example, we know that [0,1] N Q is countable and hence has measure 0, but the
closure of [0,1] N Q is [0, 1], which has measure 1.
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Lemma 272 If f : [a,b] — R is a continuous nonnegative function and f[a b=
0 then f(z) =0 for all x € [a,b].

Proof. We will prove the contrapositive statement. If f(zg) = § > 0
s

for some xy € (a,b) then since f is continuous f(x) > § on some interval
(xo — €,20 + €) C (a,b), where ¢ > 0. But then f[mb]f > f(x0_67x0+€)f >
%(26) = e > 0. The proof if xg is an endpoint is similar. =

We already know that Lemma 272 is not true if we simply replace continuous
by Borel (e.g. the function f5, which has integral 0 but is positive at countably

many points). But something almost like it is true.

Lemma 273 If f : E — R is a nonnegative Borel function defined on a Borel
set E C R™ such that [, f =0 then

u(f7H(0,00))) = u({z € E: f(z) > 0}) = 0.
That is, f(x) =0 except for x in a set of measure 0.

Proof. We will prove the theorem by contrapositive. Letting F' := f~1((0, 00)),
suppose that u(F) > 0. As in the previous proof for continuous functions we
would be done if we knew that f had a positive lower bound on F', but there is
no reason why this should be true. Instead, let F; := ffl([%, 00)). Then F is
the increasing union of the collection {F;}, and so u(F;) — p(F) and for some
i, w(F;) > 0. On F;, we have f(z) > 1 and therefore [, f > fFi f> @ > 0.
|

A statement that is true in the complement of a set of measure 0 is said to be
true “almost everywhere,” abbreviated “a.e.” For example, the last statement
of the above lemma can be restated as “That is, f =0 a.e.”

Exercise 172 Prove that if f and g are nonnegative Borel functions such that
f <g a.e. ona Borel set E then [, f < [.g.

We will conclude this section by showing that one can compute the measure
of a compact set using covers by cubes (or semicubes) and obtaining some
important consequences of this fact.

oo
m=1’

Theorem 274 If C C R™ is compact then there exists a sequence {KCp,}
where K.y, is a collection {Qmi}ti™ of disjoint semicubes such that

1. for m > 2, each Qu; is contained in precisely one Q(m—1);

2. if Ky, = Un Qmi then C is the decreasing intersection of {K,,}.
i=1

7=

In particular, pu(C) = lim u(K,,) and

k
mm—m{ZMQ%

where the infimum is over the collection of all Q; is a semicube (resp. cube) and

CcUi, Qi
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Proof. Since C is compact, C' is closed, hence Borel, and bounded, so C
lies in some Q"(r). We will successively subdivide the cube Q"(r) dividing
the side length by half at each stage. We first subdivide Q™(r) into 2™ cubes
{Q}.} of side length %, any two of which meet only in a face. We then may
change this into a pairwise disjoint collection of semicubes {Q1x} by letting
Qur = Q1;\ U Q1. Each Q, may be subdivided into 2" smaller cubes, each

i<k

of which intersects Q11 in a semicube Q% ;- Again these meet only in faces, and
we may, as in the previous set, replace these semicubes by a pairwise disjoint
collection. We will denote by K,,, the collection of all semicubes constructed in
this way of side length r27™ that intersect C, each of which has measure (57 )".

The corresponding collection {K,,} is decreasing, since any semicube @ in
K. (C) is contained in a larger semicube @’ in the previous subdivision. Since
Q intersects C, so must Q’, which implies Q' € K,,_1(C). This proves the first
condition.

Next, observe that C' C K, for all m. In fact, the semicubes subdivide
all of Q™(r), which contains C' and therefore each « € C' is contained in some
semicube in K,,(C). Therefore C C ()o-_; K. On the other hand, we also

have that K,, C N (C’, (#)") According to Exercise 65 we have

ﬁ K C [(IN(C,e) =C.

e>0

Finally, since C' = ()~_; Ky, and p(K1) < p(Q™(r)) < oo, Proposition 263
implies that u(C) = lim u(K,,). The last statement follows from Proposition
62. In fact, u(C) is certainly a lower bound for the set in question, and p(K,,)
is a sequence converging to p(C'). For any such collection of semicubes we may
replace each semicube by the cube with the same interior, which has the same
measure, and hence the last statement is also true for cubes (but the resulting
cubes are not generally pairwise disjoint). ®

A related proposition, whose proof is an exercise, is the following.

Proposition 275 Let f : U — R be a nonnegative Borel function defined on
an open set U C R™, and suppose that C C U is compact and fU f < oo. For
every e > 0 there exists a & > 0 such that N(C,8) C U and fN(C 5) [ <[of+e.

Corollary 276 If C' C R"™ is compact then for every e > 0 there exists an open
set U such that C C U and p(U) < u(C) + €.

Exercise 173 Prove Proposition 275. Explain how the above corollary follows.

4.5 Convergence Theorems

We already know that pointwise limits of Borel functions are Borel functions and
therefore we can consider what happens when we integrate a sequence of Borel
functions. We already know from Example 258 that the limit of the integrals
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need not be the integral of the limit. The following example shows this may
happen even when the integrals in question are all finite.

Example 277 Let f, : [0,1] — R be defined by f, := (n® +n) X[ 1)- Now

n—+ '

fn(0) =0 for all n € N, and for any x € (0,1], fn(x) =0 for all n such that
% < x. In other words, (f,) converges pointwise to 0 and [lim f, = 0. But

9 1 1
[0,1]fn (n +n)(n TL—H) !
for alln, and so lim f[071] fn=1%#0. We will prove in this section two theorems
about when the limit of the integrals is the integral of the limit, and the required
conditions are quite simple—either that the sequence of functions is monotone
increasing, or that the entire sequence is “dominated,” i.e. there is a single
function g of finite integral that is greater than or equal to every function in the
sequence. This function g prevents the kind of “shifting around” that one sees
in this example. In fact, for a function g to be larger than all of the functions
fn, g would have to have to have under its graph all of the rectangles having
11

base [n_+1’ =] and height n? 4+ n. That would force g to have infinite integral.

We need some preliminary lemmas. The next lemma states, roughly, that if
a Borel function has a finite integral then its integral over small sets must be
small.

Lemma 278 Suppose f : E — R is a nonnegative Borel function, £ C R",
such that fE f < oo. For every e > 0 there exists a § > 0 such that if F C FE is
a Borel set with i(F) < & then [, f <e.

Proof. Note that if f were bounded by some M the proof would be easy.
In that case, we need only choose § = 17 to get fF f < Mup(f) <e. But f may

not be bounded, so we proceed by partitioning the range into bounded pieces.
Define E,, := f~}([m,m+ 1)) and E™ := f~!([m,o0)) = Us—,, Ex- Then the
E is the pairwise disjoint union of { £}, and

o2l

Fix € > 0. By the Small Tails Lemma (179) there exists some m such that

/mf_g/fakf<§

Let 0 := 5. Suppose that F' C E is a Borel set such that pu(F) < 0. Since

f(z) <m for all x ¢ E™ we have

/Ff—/mf+/F\EmfS/Emf+mu(F\Em)
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< - +mu(F) <e.

Exercise 174 Use the sum of the functions (f,) in Ezample 277 to show that
the assumption that fE f < 0o cannot be removed from Lemma 278.

The next lemma deals with the potential situation that a function could have
finite integral on a set of infinite measure (an example of this from basic calculus
is 100 x—lzdm = 1). Sets with finite measure are much easier to work with, and
the next lemma shows that one can always approximate a finite integral over a

set of infinite measure by an integral over a set of finite measure.

Lemma 279 Suppose f : E — R is a nonnegative Borel function, E C R",
such that fE f < oo. For every € > 0 there exists a Borel set F C E such that

WF) <ooand [, f— [pf<e.

Proof. In this case the proof would be simple if we had f > ¢ > 0 for some
¢, for then E would already have to have finite measure. The proof would also
be trivial if f were 0. This suggests dividing up the range in a different way
from the last proof. Let F; := f~!([3,00)) for all i € N, Foy = f~1(0,00) and
Fy := f~1({0}). For any = € F; we have f(z) > + and

oo>/Efz/Fifz%u(Fi)-

Hence u(F;) < oo for all i. Now F; / F,, and since fFo f=0and F = FyUF,
Je. [/ [o_ f=[gf Letting I := F; for sufficiently large i finishes the proof.
| |

The analogous statement for infinite integrals is the following:

Lemma 280 Suppose f : E — R is a nonnegative Borel function, E C R", such
that fEf = o0. For every M > 0 there exists a Borel set F C E such that
W(F) < oo and M < [, f < oo.

Proof. According to Exercise 175 below there is a Borel set F' C E such
that p(F’) < oo and [, f > 2M (the problem is that [, f could still be
infinite). Let F; := f~1(([0,4])) N F". For every i, Je, [ < i pu(F') < oco. Also,
F’ is the increasing union of the collection {F;} and so fFi f—= Jpf>2M.
Therefore for some large j fFj f>M;let F:=F;. m

Exercise 175 Finish the proof of Lemma 280. Hint: let K; == Q™(i)N E.

Theorem 281 (Monotone Convergence Theorem) Let (f;) be a sequence of
nonnegative Borel functions defined on a Borel set E C R™ such that f; /' f
(pointwise) on E. Then [, f =1lim [, fi.
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Proof. Suppose first that fE f < oo and let € > 0. Since f > f;, the proof
will be finished by Exercise 164 if we can show that for all large 1,

Lr=[n=[u-r<e

First of all, by Lemma 279 there exists some Borel set E/ C F such that u(F’) <
oo and [, f — [, f < 5. So for all i we have

/E(f_fi)_/E’(f_fi):/Ef_//f_</Efi_/E’fi)<

If p(E') = 0 then [,(f — fi) < § < € as needed. Otherwise, according to
Lemma 278 there exists a § > 0 such that if F' C F is a Borel set with u(F) <
then [ f < £. Let

Wl ™

€
Fi = EI . — Ji —_—
{eer f@)- 10> 5}
Since f; /' f, {F;}2, is a decreasing sequence with ;2 F; = @. Since pu(F;) <
w(E") < 00, according to Proposition 263 u(F;) < § for all large ¢, and for such
1 we have:

/E(ffi)S/E,(ffi)wL%—/E,mFi(ffz‘)Jr/E/\Fi(ffi)+§

€ € €
< - —_— El - = £.
3+(3N(E’))M< Jtg=e
Now suppose that [}, f = oo and let M > 0. We will prove that for all large
1, fE fi > M. According to Lemma 280 there is a Borel set ' C E such that

2M < fFf < o0o. But f; /' f on F and so we can apply the above case for
finite integrals to conclude that [, f; — [, f > 2M. But then for all large 1,

/EfiZ/FfiZM~

Exercise 176 Let (f;) be a monotone increasing sequence of nonnegative Borel
functions f; : B — R, where E C R™ is Borel. Suppose that there exists some
M such that for all i, fE fi < M. Show that there exists a subset F' of E such
that the following statements are true:

1. wW(F)=0

2. if g; denotes the restriction of f; to H :== E\F then g; /" g for some Borel
function g : H — R

S Jpti /" Jug-
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The Monotone Convergence Theorem is very useful, but it is also important
to have theorems about convergence that is not monotone increasing. The
following definition provides a useful tool to translate pointwise convergence
into monotone convergence.

Definition 282 Let {f;}5°, be a collection of real-valued functions defined on
a set A. The function infy>.,,(fr) (resp. supgs,,(fr)) is defined by

Jnf (fi)(@) := inf {fi(x)} (resp. sup(fi)(z) := sup{fi(2)})
Zm Zm k>m k>m
for all x € A.

When m = 1 we will omit the subscript & > m in this notation. Note
that in general the functions infy>.,(fx) and supys,,(fx) have extended real
values. Below we will only consider the case when these functions are finite, but
a completely general integration theory requires some consideration of possibly
infinite valued functions.

Lemma 283 Let fi, : X — R be Borel functions defined on a metric space X .

If inf>m (fr) (resp. supgs,,(fr)) is finite then infr>., (fr) (resp. supgs,,(fr))
18 Borel.

Proof. We prove only that ¢ := inf(f;) is Borel; the proofs for infy>, (fi)
and supys.,,(fx) are similar. According to Lemma 239 we need only show that
for any a < b in R, g~'([a,b]) is a Borel set. Since [a,b] = [a,00) N (—o0, ]
we need only show that the inverse images of the latter two sets are Borel
sets. We will prove only the first one, leaving the other one for the reader.
But z € g7'([a,00)) is equivalent to inf(fy)(x) > a, which is equivalent to a
being a lower bound for {fi(x)}%2,, which means a < fi(z) for all k, which
means = € (o, f5 ' ([a,00)). Putting these together we have g~'([a,00)) =
Nre, fr '(la,00)), which is a Borel set. m

Lemma 284 Let f; : A — R be a sequence of functions such that fi > f for
some f: A — R. Define gr(x) := infi>y fi(z) (resp. gr(z) := sup;>y fi()).
Then gy, is Borel for all k and g, /" f (resp. gx \ f)-

Proof. Lemma 283 implies that each g is Borel. We prove only the case
gk /" [; the other case is similar. But for any = € A, gi(z) = inf;>y fi(z)
and therefore (g (z)) is increasing and by definition lim g (z) = liminf fi(z) =

lim fy.(z) = f(z). =

Lemma 285 (Fatou’s Lemma) Let (f;) be a sequence of nonnegative Borel
functions defined on a Borel set E such that f; % f on E. Then fEf <
lim inf fE fi-
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Proof. For all z € E and every i, let gx(z) := inf;>; fi(z). Lemma 284
implies each g is Borel and g  f and so fE gr — fEf by the Monotone
Convergence Theorem. Now gi(z) < fi(x) for all z € E and therefore

/leim/gigliminf/ fi-
E E E

Corollary 286 Let (f;) be a sequence of nonnegative Borel functions defined on
a Borel set E such that f; 2 f on E. If [, f = o0 then lim [, fi = [, f = oo,

Theorem 287 (Lebesgue Dominated Convergence Theorem) Let f; : E — R be

a sequence of nonnegative Borel functions such that fi 2 f for some f : E — R,
where E is a Borel subset of R™. If there exists a Borel function g : E — R
such that [, g < oo and g(x) > fi(z) for all i and = € E, then

Lfﬁmﬁﬁ.

Proof. By Fatou’s Lemma we have [, f < liminf [, f;. The functions

h; := g — f; are nonnegative and h; - (9 — f). Fatou’s Lemma now implies

/Eg—/Ef=/Eg—f§Hminf/Eg—fi
:11minf([Eg—/Efi)Z/Eg—limSUP/Efi
[ #=timsw [ .
| ]

Recall that Example 277 shows that the “domination” assumption cannot
be removed. Example 258 shows that one cannot remove this assumption even
for monotone decreasing sequences, however, the next exercise does address this
situation.

or

Exercise 177 Prove that if f; : E — R are Borel functions, E C R", fE i<
00, and (f;) is monotone decreasing to a nonnegative function f : E — R then

Ji f="1im [, fi.

Exercise 178 The purpose of this exercise is to study the Uniform Convergence
Theorem: Let EE C R™ have finite measure and suppose f; : E — R are non-
negative Borel functions functions and (f;) converges uniformly to f : E — R.

Then [, fi — [ f-

1. Prove the theorem. Hint: don’t forget Corollary 286 and mote that the
Lebesgue Dominated Convergence Theorem is still valid if “all i” is re-
placed by “all large i.”
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2. Construct a decreasing sequence of functions (f;) converging uniformly to
0 on R such that fR fi = oo for all i. This shows that the assumption that
u(E) < oo cannot be removed.

3. Construct a sequence of continuous functions (f;) converging uniformly to
0 on R such that fR fi =1 for all i. Hint: You may use the fact, proved
later, that the integral of a function whose graph is the upper part of a
triangle sitting on the x-axis is the area of the triangle.

Exercise 179 Modify Example 277 to make the functions f, continuous. As in
the previous exercise you may use elementary calculus to compute the integrals.
Hint: Replace rectangles by triangles.

4.6 Simple Functions

Definition 288 A simple function f : R™ — R is a function of the form

k
f = Z CiXE;
=1

where each ¢; > 0 and E; is a Borel set.

Exercise 180 Prove that the sum and product of two simple functions are sim-
ple functions.

Exercise 181 Let Zle ciXE; be a simple function. Show that the function can
be expressed as a finite linear combination of characteristic functions of pairwise

disjoint Borel sets. Hint. For any subset S of {1,...,k}, let Es := (] F;, and
€S
use the collection of all such subsets to index the sum.

Exercise 182 Prove that if f = Zle cixg; and g : R® — R™ is a function
k
fog=>" CiXg—1(E;)-
Simple functions are linear combinations of Borel functions and hence are

Borel functions. Given a nonnegative continuous function f defined on an in-
terval [a, b], let P(n) be the partition a = zg < 21 < -+ < xan = b of [a, ] into

n

2™ intervals of length 2~™. Define a simple function g, := Z?Zl m;Xg,, where
E; =|zi_1,2;) for 1 <i< 2" Eon = [x9n_1,x9n], and for all i, m; := f(z;-1).

Exercise 183 Show that if g, is the function defined above then g, — f.

Since f is continuous on [a,b], f is bounded above by some M < oo. By
definition we also have g, < M for all n. Letting g(z) = M, we have f[a 9=

M@ —a) < oo and g, < g for all n. The Lebesgue Dominated Converence
Theorem applies and we have f[a b In = f[a y /- But f[a o) In = 25:1 m;i(27%)

is also a Riemann sum for f and since these converge to fa f, we have proved:
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Theorem 289 If f : [a,b] — R is nonnegative and continuous then f[mb] f=
b
f a f .

Thus the Riemann integral of a continuous function on a compact interval
is the same as the Lebesgue integral, which means that all of the theorems we
have proved about Lebesgue integration hold for Riemann integration of con-
tinuous functions. However, the statements require many caveats—for example,
we already know that pointwise or even monotone limits of continuous func-
tions may not be continuous, so the convergence theorems may only be used
when the limit function can otherwise be proved to be continuous, as in the
case of uniform convergence of continuous functions. It is not hard to extend
the above argument to prove that a continuous nonnegative function defined
on a compact set can also be computed using higher-dimensional analogs of
Riemann sums, although the region in question generally cannot be subdivided
into higher dimensional semicubes.

What about an arbitrary nonnegative Riemann integrable function? It can
be shown that a real valued function defined on [a, ] is Riemann integrable if
and only if it is continuous except on a subset of a Borel set of measure 0 (with
an analogous statement for appropriately defined regions in higher dimensions).
The fact that there are such subsets that are not Borel sets points to the necessity
of “completing” the collection of Borel sets by adding all subsets of Borel sets
having measure 0. The smallest o-algebra of sets containing all open sets and
all subsets of Borel sets of measure zero is called the o-algebra of measurable
sets. One might say that Lebesgue integration of Borel functions, while not the
most general possible, differs from the general theory only by subsets of sets of
measure 0—close enough for our purposes.

In elementary calculus one also learns about “improper” integrals, such as
[ f(x)dz, which is defined to be lim;_.o fat f(z)dz. However, it follows from
Proposition 256 that if f is nonnegative and this limit exists then the limit must
be equal to the Lebesgue integral f[a,oo) f.

We will next prove the interesting fact that the Lebesgue integral of an
arbitrary nonnegative Borel function can be computed in essentially the same
way as the Riemann integral, except that rather than using only simple functions
that are defined on partitions, we must use arbitrary simple functions. The key
difference is that the approximations (Riemann sums) for the Riemann integral
are obtained by subdividing the domain of the interval, while the approximations
of the Lebesgue integral are obtained by subdividing the range and “pulling
back” the subdivision to the domain. The advantage of the latter becomes clear
when the function in question is defined on a subset of R™ for n > 1. While
an interval is relatively easy to subdivide into smaller intervals, an arbitrary
closed, bounded, connected set in higher dimensional space is not so easy to
subdivide nicely, and certainly cannot always be subdivided into cubes. On the
other hand, since all of our functions are real-valued, subdividing the range, as is
done with the Lebesgue integral, remains easy to do regardless of the dimension
of the domain space.
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Definition 290 A subset A of a metric space X is called an F, set if A is the
countable union of closed sets.

Certainly F, sets are Borel sets, and closed sets are F,, sets—but for example
(oo}

any half-open interval is an F, that is not closed. If A = | A;, where each i is
i=1

(o)

closed then one can always write A as an increasing union A = |J (41U---UA;).
i=1

If Ais an F, subset of R” then we can further write

A=A U UA)NQ i)

o

Il
-

2

where each (A; U---UA;) NQ"(¢) is compact. In other words:

Lemma 291 If A C R" is an F, then A is the increasing union of countably
many compact sets.

Sets that are countable increasing unions of compact sets are sometimes
called o-compact.

Proposition 292 Let f : E — R be a nonnegative Borel function defined on a
Borel set E in R™. There exists a sequence (f;) of simple functions such that
fi / f on E. If f is continuous and E is closed then each f; is of the form
PO cjxg; where each Ej is an Fy.

Proof. For every k € N, subdivide [0, k) into k - 2* intervals of equal length
27F: each interval is of the form [(j — 1)27%,j27F) with 1 < j < k-2*F. We
know that each of the sets EF := f~1([(j —1)27%,j27)) is a Borel set. Define
fr = ij: (j — 1)2*kXE§. For z € Ejk we have, by definition, (j — 1)27% <
f(z) < j27% and therefore if E¥ := f~1([0,k)) we have for all z € E¥ 0 <
f(z) — fx(x) < 27*. Now for any = € E we have f(z) € [0,k) for all sufficiently
large k and therefore |f(z) — fx(x)| < 27F for all such k, so fi(z) — f(z). It is
an exercise to prove that the sequence (fi) is monotone increasing.

Note that each interval [(j—1)27%, j27%) is a countable union of closed inter-
vals [(j —1)27%, a;], where a; is some sequence in the interval ((j —1)27F, j27F)
converging to j2~F. If f is continuous then since the inverse image of closed
sets is closed, each E]k is a countable union of sets that are closed in E. If F is
closed in R™ then these sets are also closed in R”. =

Corollary 293 If f : E — R is a nonnegative Borel function then [, f =
sup {ng} where the supremum is over all simple functions g such that g < f
on E.

Exercise 184 Finish the proof of Proposition 292.
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4.7 Fubini’s Theorem

In elementary calculus one learns that double and triple integrals can be com-
puted using iterated integration. We will now show that the same procedure
works for the Lebesgue integral of a nonnegative continuous function defined on
a compact set. This theorem, known as Fubini’s Theorem, is true under weaker
assumptions, but the proof of the most general version is beyond the scope of
this text. The version we present here will be adequate for our purposes; in
particular we will not be combining iterated integration with limits of func-
tions and will not need our general convergence theorems when using iterated
integration. Even though we will prove the theorem for continuous functions
there is still a significant advantage over the theorem for Riemann integration,
namely that we can prove it for continuous functions defined on any compact
set, and not simply on certain “nice” regions (generally called Jordan regions),
which are essentially regions having boundary of measure 0. Such restrictions
on the domain of a function are highly problematic in certain kinds of analysis,
for example geometric measure theory, which includes analysis of fractal sets.

First, let’s examine an exercise from calculus to see how it works in our
present terminology. Suppose we wish to integrate a function f(z,y,z) = zyz
over the region R in R? that is bounded by the parabolic cylinder y = 22, the
plane y + z = 4, and the z, y-plane. We can set up the integral

2 4 4—y
/ / / (zyz) dzdydz.
-2 Jz2 JOo

How do we evaluate it? The usual description from elementary calculus is
something like “treat x and y like constants and do the inside integral with
respect to z.” This results in the iterated integral f_22 ffg %xy(él — y)%dydz,
which is equal to the integral [, %xy(él — y)?dydx where A is the region in the
(z,y)-plane bounded by the parabola y = x2? and the line y = 4. The region A
is also the projection of the region R onto the (z,y)-plane. Really what we have
done in this first stage is reduce the triple integral to a double integral, and this
is the step we will focus on. Reducing the resulting double integral to a single
integral is similar.

We consider R as R? x R, where the first factor is the (z,y)-plane and
the latter factor is the z-axis. We let 71 : R — R? and 75 : R3 — R be the
projections. So A = w1 (R). If we fix any (z,y) € A, the vertical line above (z,y)
is L(y,) = 7 ' ((z,y)). Because R is a “reasonable” set, this line intersects R
in a line segment (possibly a single point). We will be integrating a function of
one variable, so we project this segment onto the z-axis. That gives us a set

Ry = ma(my ' ((2,9)) N R) = {z € R: (z,y,2) € R}.

Again, because R is “reasonable” each R(, ,) is an interval in R, which we will
refer to as the “slice” of R at the point (z,y). What are the endpoints of this
interval? The lower endpoint is the projection of the point where the line L,
first meets the region R, which always has z-coordinate 0. This line exits R
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through the plane y + z = 4, at the point with z-coordinate 4 — y. Therefore
R34 = 0,4 —y]. We may now consider the function of one variable f, ) :
R34y — R defined by f(,,)(2) = f(=,y,2) = wyz. This is what it means to
“treat z and y like constants.” We now integrate this function over the set R, ),

resulting in a function of two variables I(z,y) := f047y flay) (2)dz = f047y xyzdz
we now have a continuous function I : A — R of two variables and can perform
the double integral [ 4 I(z,y)dzdy, which we have been assured by our calculus
text is equal to the original triple integral. Actually proving that this is the case
is nontrivial. Note that, with our current notation, we are finding the measure
of the region by integrating the measure of the “slice” of the region above each
point (x,y) when it is projected onto the z-axis. Note that the measure of
71 Y ((x,y) is actually 0 since it is contained in a vertical line; that is why we
project it to the one-dimensional space R, where its measure is 4 — y.

Proving that iterated Riemann integration works when the region is a rec-
tangle is relatively straightforward; it is the passage from rectangles to more
general regions that presents difficulties. The standard method involves cover-
ing a compact region in the plane by squares that meet only in their faces, the
idea being to apply the theorem to each square and add the results. Even if
one assumes that the function is defined on this larger region, one must still
take a limit as the union of squares decreases to the original region—and as we
have already observed Riemann integration fares poorly when it comes to limits.
Instead, for Riemann integration one must proceed in a fairly ad hoc manner,
extending the function as 0 on the larger region so that the integral over the
larger region is equal to the integral over the original. Of course this extension
need not be continuous, and one must pile on additional assumptions about the
boundary of the region to ensure that the extended function is Riemann inte-
grable. None of this is necessary with Lebesgue integration, for which adequate
limiting theorems are available.

The proof of Fubini’s theorem is somewhat involved, but general strategy
is widely applicable in analysis: prove the theorem for characteristic functions,
then for simple functions, and then use Proposition 292 to finish it off. This
will not be the last time we follow these steps.

Our starting point should also be familiar from elementary calculus; we will
show that the measure of a compact set (which is the integral of its characteristic
function) in R™ x R™ can be computed using “integration by slices”.

Definition 294 Let E C R™ x R™ and let 71 : R®" x R™ — R" and w9 :
R™ x R™ — R™ be the projections. Define By := m(F) C R™ and for any
x €F define

By :={y eR™: (x,y) €E} = my(r; ' (x) N E).
The set Fyx is called the slice of E at x.

Note, the slice Ey is, strictly speaking, a subset of R". Geometrically it is
useful to think of Ex as being the set 1(x) N E, which really is a “slice” of
the set E sitting above the point x in R™, but of course in R"*™ this set has
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measure 0! That is why we must project to R™ if we are to correctly determine
its measure.

Exercise 185 Verify the equality {y €R™ : (x,y) €E} = mo(n; }(x) N E) in
Definition 294.

Lemma 295 If E C R" x R™ s compact then for all x € E1, Ex is compact.

Proof. Since {x} is closed, m; ' (x) is closed and E is compact, hence closed
and bounded. Therefore 7, 1(x) N E is closed and bounded, hence compact.
Finally, Ex = 7o (7T1_1(X) N E) is compact. m

Theorem 296 (Measure by Slices) Let E C R™ x R™ be a bounded F,, set and
define n : R® — R by n(x) := u(Ex). Then Ey is a Borel set, 1 is a Borel
function, and [, n = u(E).

Proof. Note that if x ¢E; then Fx = & and n(x) = 0. Therefore, in each
case below when we have proved 7 is Borel we will know that for any Borel set

A
if £y C A then / 7 :/ 7. (4.2)
A B

Suppose first that E is a cube of the form Q1 x @2, where Q1 = F; and Q5 are
cubes of side length r in R™ R™, respectively. Then Fyx = @ for all x €E; and
therefore n(x) = u(Q2) = r™, which is constant, hence Borel. In addition,

/Eln—/lrm =r"u(Q2) =" = p(E).

Now suppose that E is a semicube (@1 X Q2) \A. A somewhat tedious argument
shows that F; is a semicube @1\ A4; and Fy is a semicube @2\ Ax for all x. (For
example, one needs to show by writing out the definitions of the sets involved
that the boundary of @, is the projection of a compact part of the boundary of
@1 X Q2. This is easy to see in low dimensions.) Once again we have n(x) = r™,
p(E) =r"*"and [ n= [, r™=r"tm.

Next suppose that E is a finite union of pairwise disjoint semicubes in R™ x
R™; E:= K, U---UKy. Now 7; }(x) N E is the pairwise disjoint union of the
sets 7 1(x) N K; and since 7y is one-to-one on 7; *(x), each Ey is the pairwise
disjoint union of the sets (K;)x. We have n(x) = u(Ex) = Zfil w((K;)x). That
is,  is a sum of Borel functions and hence is Borel. Since (K;); C Fi, we have
from (4.2) that

/El " /E ulB) = /E iu(u@x) = 2 /E H((ED)

=1

= Ki)x) = K;) = u(E).
S ) =D ulr) =



4.7. FUBINI'S THEOREM 127

Now let E' be an arbitrary compact set. According to Theorem 274 there
exists a collection {F;} of sets such that E is the decreasing intersection of the
collection and each Fj is a finite union of pairwise disjoint semicubes. It is easy
to check that Fyx is the decreasing intersection of the collection {(F;)x} and
therefore p((F;)x) \ #(Ex). By definition this means that if n;(x) :=p((F;)x)
then n; \, n. Since 7, is Borel by the case we just proved, 7 is Borel. In addition,
f(Fl)l m = p(F1) < 0o, and since the sequence is decreasing n; < 1 for all i. We
can apply the Lebesgue Dominated Convergence Theorem. Applying Formula
(4.2) twice we have

/ n= / n = lim 7; = lim n; = lim p(F;) = p(E).
Ey (F1)1 (F1)1 (Fi)a

The general case, when F is an F,, is an exercise. ®

Exercise 186 Finish the proof of Measure by Slices. Be sure to explicitly use
the fact that E is bounded. Hint: Use the fact that E is the increasing union of
compact sets {E;}.

Example 297 Let E be the union of the y-axis and the segment of the x-axis
from the point (—1,0) to the point (1,0). According to Exercise 171 u(E) =0,
but of course E is not compact. Now let’s see what happens if we try to use
Theorem 296 to compute the measure of E. Then Ey is the interval [—1,1] and
E, ={0} forxz # 0, but Ey = R, and p(Ey) = co. This means that the function
1 has an infinite value at 0 and hence is not a real valued function. Therefore
we cannot apply our integration theory. Resolving this problem (and proving the
general version of Fubini’s Theorem) requires an integration theory for functions
into the extended reals—or at least for functions that have infinite value only on
a set of measure 0. The infinite values then do not affect the integral. In the
present example the function n takes an infinite value at a single point, which
has measure 0, and is 0 elsewhere. Thus in a more general theory the integral
of m would be 0, as expected.

Recall from elementary calculus that the integral of a non-negative contin-
uous function real function defined on an interval is interpreted to be the area
of the region bounded by the graph. We will make this idea precise and more
general by showing that the integral of a bounded function defined on a compact
set is the measure of the set bounded by the graph.

Definition 298 Let f : X — R be a nonnegative function, where X 1is a set.
Define

A(f) =A{(z,y) e X xR: 0 <y < f(a)}.
Exercise 187 Show that if f : E — R is a nonnegative continuous function,

where E is a compact subset of R™ then A(f) is compact. Hint: Use the Heine-
Borel Theorem.
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Theorem 299 If f: E — R is a nonnegative continuous function, where E is
a compact subset of R™ then

HA(S) = /E /.

Proof. We will compute the measure of A(f) C R™ xR by slices. First note
that (A(f)); = E and for any x € E, x (A(f))xis the interval [0, f(x)] in R,
which has measure f(x). Therefore

wan) = [

E

H((A()x) = /E ;.
| |

Exercise 188 Prove that if f : E — R is a nonnegative continuous function,
where E is a compact subset of R™ then the graph of f has measure 0 in R*+1,

Definition 300 Let E C R"xR™, 1 : R"xXR™ — R" and w3 : R" xR™ — R™
be the projections, and f : E — R be a function. Define fx : Ex — R by
fxly) = F(x,y).

Note that if f is continuous then the function g (y) := f(x,y) is continuous
and since fx(y) = f(gx(y)), fx is continuous for any x.

Exercise 189 Let E C R" x R™ let f = Zle c;g; where each g; : E — R is a
function. Prove that for any x € F1, fx = Zle ¢ (9i)y-

Exercise 190 Let f; /' f on E C R"xR™. Prove that for any x €Eq, (fi)x /
fx- A similar statement holds for decreasing sequences.

Lemma 301 Let E C R" x R™. Then for any x € R", (XE)x = XEx-

Proof. For any y €R™, we have (xg), (¥) = xe(x,y) = 1 if and only if
(x,y) € E and 0 otherwise. But xg,(y) = 1 if and only if y € Ex, which is
equivalent to (x,y) € E, and 0 otherwise. ®

Note that in Fubini’s Theorem below, if we take f, = 1 then the theorem
reduces to Measure by Slices; hence the latter theorem is a special case of
Fubini’s Theorem.

Theorem 302 (Fubini’s Theorem) If E C R™ x R™ s compact and f: E — R
is a nonnegative continuous function then I(x) := fE fx 1s a Borel function

[ (L)
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Proof. First let g = Zle c;xr; where each F; C E is a bounded F,,. Then
for any x € Fq, by Exercise 189 and Lemma 301,

/ gx—/x;cz XF)x Zc/ Zczu

and by Theorem 296 the function h(x) := |, g, 9x is a Borel function and

—zcz / zcm / g

According to Proposition 292 there exist simple functions g; of the form
considered above such that g; / f (the F, sets are bounded because they are
contained in the bounded set F). By Exercise 190, for any x €F1, (9i)x /" [x-
By the Monotone Convergence Theorem | o (9)x /[, B, fx for all x. Since

each function [;(x) := | B, (9i)x is a Borel function and I; /' I, I is also a Borel
function. We can now apply the Monotone Convergence Theorem to conclude
that
/ I =lim I, = lim/ / (9i)x = lim gi = I
B B By JE, B Es
|

Note that we could carry out the above proof as well by letting E5 be the
projection of E onto R™ and for any y € E5 defining fy in an analogous fashion

to obtain: /E (/E fy> _ /Ef= /E </E f")'

In other words we can “reverse the order of integration.”

Exercise 191 Let f: A — R and g : B — R be continuous nonnegative real
functions and define h : A x B — R by h(z,y) = f(x)g(y), where A and B are
compact subsets of R. Prove that [, h=([,f) ([z9)

4.8 Integration of Arbitrary Borel Functions

Of course one needs to consider integration of functions that are not necessarily
nonnegative. Nonnegative functions are a bit easier to deal with, especially
when we are dealing with integrals that may be infinite. We treat arbitrary
Borel functions by writing them as a difference of nonnegative functions, and
then applying the theory we have already developed to each of those nonnegative
functions. This allows us to quickly extend our theory to more general functions.
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Definition 303 Let f : E — R be a function defined on a set E. Define
fT(z) = max{f(z),0} and f~(x) := —min{f(z),0}.

Exercise 192 Let f : E — R be a Borel function defined on a Borel set E C
R™. Prove that

1. fT and f~ are nonnegative Borel functions on E,
2. f=ft—f", and
S Afl=fr+ 1"

Definition 304 Let f : E — R be a Borel function defined on a set E C R™. If
at least one of [, f+ or [ [~ is finite we say that [, f exists and define [, f :=
S ft = [pf= If [, f exists and is finite then we say that f is integrable.

Note that f is integrable if and only if both f* and f~ are integrable. There
are analogs for arbitrary Borel functions of most of the main theorems that we
have proved about nonnegative functions, plus a few, like the next two lemmas,
that are trivial for nonnegative functions. We must take care to assume (or
assert) the existence of the integral where needed, and some care must be taken
to avoid trying to add +o0o and —oo. Because of such problems many of the
theorems below will be stated only for integrable functions, although some more
general statements (with appropriate caveats) are also true.

Lemma 305 For any f : E — R, if fEf exists then,
over, f is integrable on E if and only if | f| is integrable.

fEf‘ < fEm More-

Proof. We compute

Lol=| L= [ [res L= [arvm= [,

Now f is integrable if and only if both fE fT and fE [~ are finite, and since
|f] = fT + f~ this is equivalent to [}, |f| being finite. m

A few comments about the above lemma are in order. First of all, one should
contrast what this lemma tells us with what we already know about series—that
a series may converge but not converge absolutely. Lemma 305 is true because
we separate out the positive and negative parts and only proceed if the integral
of one of these parts is finite. In a series that converges, but not absolutely, the
series of negative terms and the series of positive terms must both, by them-
selves, diverge. There is a similar distinction between Lebesgue integration and
improper Riemann integration. While for nonnegative continuous functions we
have already seen that Lebesgue integration and improper Riemann integration
agree, the same is not true for arbitrary continuous functions, as is shown in
the following exercise.
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Exercise 193 Show that of the improper Riemann integrals fooo Sh;xdx and

fooo |%| dx, the first is finite but the second is infinite, using the steps be-

sin x

low. The latter integral must equal the Lebesgue integral f(o 00) ’ -

, and so by

Lemma 305, % is not Lebesgue integrable on (0,00). Therefore the improper
Riemann integral fooo Si%dx is not equal to the Lebesgue integral f(o,oo) sinz

z

You may use theorems from elementary calculus to do the calculations.

1. Show that % is the restriction of a continuous function defined on [0, 00)
and therefore [ #2Ldz is finite if and only if [[° $2Ldx is finite.

2. Use ?ntegmtion by parts and the fact that floo i—g < 0o to finish showing
Jo7 e dy < oo.

3. Prove that f[o nl w > 25" | 1 and use this to show that [~ |22 | dx =
oo. Hint: Consider the intervals [i —1,1].

The (improper) Riemann integrability of | f| is sometimes referred to as “ab-
solute” integrability of f in analogy with series. The above exercise therefore
exhibits a function that is Riemann integrable but not absolutely Riemann in-
tegrable. We know already that there is no such distinction for Lebesgue inte-
grals, although if the Lebesgue integral of a Borel function does not exist one
can sometimes still consider improper Lebsegue integrals using limits in analogy
with improper Riemann integrals.

Lemma 306 Suppose f = f1 — fo, where fi and fo are nonnegative integrable
functions defined on E C R™. Then f is integrable and [, f = [, f1 — [ f2-

Proof. First, |f| < |fi| + |f2|, and since f; and f5 are integrable, so is f by
Lemma 305. Since ft — f~ = fi1 — fo, fT + fo = f~ + f1 and therefore

Jo e = o

Rearranging the terms (which are all finite) finishes the proof. m

Lemma 307 If f: E — R is an integrable function, where E C R™ and A C E
are Borel sets, then f is integrable on A.

Proof. If f is integrable on F then each of the nonnegative functions f
and f~ has finite integral on E and hence on A. Therefore f is integrable on
A m

We now verify the basic properties of the integral. We will list them here
and verify them below. Of course positivity no longer holds and normalization
only concerns a nonnegative function, which leaves three of the original five.

1. (Linearity) If f and g are integrable on A C R™ then for any c € R, c¢f +g
is integrable and [, (cf +g)=c [, [+ [,9
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2. (Countable Set Additivity) If E = (J;2, E; where {E;};°, is a pairwise
disjoint collection of Borel sets and f is integrable on E then [ gf =

Y1 fE J-

3. (Translation Invariance) If f is integrable on A C R™ and h(x) = f(x—vV),
which is defined on v + A, then h is integrable and [, f = [, , h.

Proof. We will prove linearity as two separate parts, proving [ acf=c / i
first. If ¢ = 0 the proof is trivial. If ¢ > 0 then (cf)" = max{0,cf} =
cmax{0, f} = cf* and likewise (cf)” = c¢f~. We now compute

/Acf=/A<cf)+—(cf>—=/Acf+—/Acf—=c(/Af+—/Af—)=c/Af.

The proof for ¢ < 0 is an exercise. Since
frg="+g")—(f"+g7)

Lemma 306 implies that f + g is integrable and
[ra=[ (¢ sat)= [ +o)
A A A

e o [ L
A A A A A A
The rest of the the proof is an exercise. m

Exercise 194 Finish the above proof.

Lemma 308 If f and g are Borel functions defined on a set E C R™ such that
f(x) < g(z) for allz € E and [, f and [, g exist then [, f < [, 9.

Lemma 309 If f is a Borel function defined on a Borel set E C R™ of measure
0 then fE f exists and is equal to 0.

Exercise 195 Prove the above two lemmas.

Exercise 196 Suppose that f and g are integrable Borel functions such that
f>g ae. on a Borel set E.

1. Prove that if [, f = [, g then f =g a.e. on E.

2. Show by example that the statement is false if one removes the requirement
that f > g a.e.

Theorem 310 (General Lebesque Dominated Convergence Theorem) Let f; :

E — R be a sequence of Borel functions such that f; 2> f for some f: E — R,
where E is a Borel subset of R™. If there exists a nonnegative integrable function
g: E — R such that |fi(z)| < g(z) for all i and x € E, then

/Ef=hm/Efi.
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Proof. Note that
0<g—fi<g—(~g9)=2g

and (g — f) 2, g — f. The Lebesgue Dominated Convergence Theorem implies

/Eg—lim/EfFlim/E(g—ﬁ)=/E9—/Ef

and the proof is finished since all the integrals are finite for large i. m

Theorem 311 (Fubini’s Theorem) If E C R™ x R™ is compact and f: E — R
is a continuous function then I(x) := fE fx is a Borel function and

Jor= 1 )

Proof. Since f is continuous on a compact set f is bounded below by some
real number M and g := f — M is nonnegative and continuous. One can easily
check that f, = g, + M and so f, is Borel and integrable. We can apply the
previous version of Fubini’s Theorem to g:

Jor= fo Uroe) = L U m)
S ) ) = L U ) -

On the other hand,
Jo=[ == [ r=mum.

Proposition 312 Let f : U — R be an integrable Borel function defined on an
open set U C R™, and suppose that C C U is compact. For every € > 0 there

exists a & > 0 such that N(C,8) C U and ‘fN(C,é) f- fcf) <e.

Exercise 197 Prove Proposition 312.

At this point we would like to describe the most direct method for showing
the existence of the Lebesgue integral. One can start with the conclusion of
Theorem 274, defining the measure of an arbitrary set in R™ to be the infi-
mum of sums Zle 1(Q;) such that each Q; is a cube and C' C Ule Q;. An
immediate problem is that this measure is not countably additive for arbitrary
subsets of R™; to get countable additivity one must restrict consideration to a
collection of sets for which countably additivity is valid, such as Borel sets or
measurable sets that were defined earlier. This measure allows one to define
the integral of simple functions. One then defines the integral of an arbitrary
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nonnegative Borel function f (or more generally measurable function, that is,
inverse images of open sets are measurable) to be the supremum of the inte-
grals of all simple functions less than or equal to f (see Corollary 293). The
extension to arbitrary Borel or measurable functions is then exactly the same as
what we did this section. While this whole procedure seems straightforward, the
details of the proofs of the various properties are somewhat involved. In some
graduate courses this presentation is avoided and the Lebesgue integral appears
somewhat mysteriously as an application of a theorem known as the Riesz Rep-
resentation Theorem to the Riemann integral; one purpose of this chapter has
been to facilitate the transition to that more sophisticated perspective.

We conclude this section with a brief discussion of integrals of complex val-
ued functions. If E C Cis a Borel set and f : E — C is a function, we say that f
is integrable if and only if the real and imaginary parts of f are integrable. More
specifically, letting f(z) = g(z) 4+ ih(z) where g and h are real function, f is said
to be integrable if and only if g and h are integrable (as real valued functions
defined on C = R?) and we define [ f to be the complex number [}, g+ [}, h.
Using methods similar to what we used in this chapter one can prove linear-
ity, countable set additivity, and translation invariance, plus a version of the
Lebesgue Dominated Convergence Theorem for complex integrals.

4.9 L Spaces

The purpose of this section is to introduce the most important and well-known
infinite dimensional normed vector spaces, the LP spaces. We saw in Theorem
139 that all norms on R™ are bilipschitz equivalent and hence, since the standard
norm on R"™ is complete, it follows that all norms on R™ are complete. The same
cannot be said for norms on infinite dimensional spaces, although we will not
discuss specific examples here. Completeness is important enough a property
that complete normed vector spaces have their own name.

Definition 313 A Banach space is a vector space V' with a norm such that the
metric induced by the norm is complete.

A theorem from linear algebra tells us that every finite dimensional (real)
vector space is isomorphic to R™ for some n and hence we may conclude that
all normed vector spaces of dimension n are Banach spaces that are topologi-
cally equivalent and isometric to R™ with some norm. The most basic infinite
dimensional Banach spaces are defined as follows:

Definition 314 Let E be a nonempty Borel subset of R™ and 1 <p < oo. We
define LP(E) to be the set of all functions f : E — R such that [, |f[" < co.
None of the results in this section depends on the particular properties of E, and
hence we will simply denote the space by LP, as is customary.

Exercise 198 Prove using theorems of elementary calculus that a7 € L?P((0,1))
i p> g, but a5 ¢ LA((0, 1)),
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Note that L? is a vector space. In fact, the set of all real valued functions
on F is easily checked to be a vector space with respect to the usual adding and
scalar multiplication of vectors. Therefore we need only check closure under
scalar multiplication and addition. Certainly if f € LP then cf € LP for any
ceR. If f,g € L? we have for any z € F,

(@) + g@)|” < (If(@)] +[g(@)])" < (2max{|f(x)],]g(x)]})"

= 22 max{|f(2)[", |g(z)|"} < 2°(|f(2)|” + |g(2)[")

and therefore
Lusar<e ([ [1or) <o
E E E

We define the norm of f € LP by

11, = ( /. |f|p)%. (43)

We will verify that this is a norm—almost! It turns out that this “norm” is not
positive definite, and we will have to deal with this later. For now, observe
that certainly for any constant c, [|cf||, = [c| [ f[|,- The triangle inequality (also
known, in this context, as the Minkowski Inequality), will follow from some
other inequalities that are important in their own right.

Lemma 315 (Young’s Inequality) Let f : [0,00) — [0,00) be a continuous,
one-to-one function such that f(0) = 0. Then for any a,b > 0 such that b lies

in the range of f,
a b
abS/ f+/ i
0 0

and equality holds if and only if b = f(a).

Proof. Let A= A(f |j9,q) and B = A(f~* [j0,4)) (see Definition 298). Note
that AN B is the graph of f, which by Exercise 188 has measure 0. Therefore

a b
(AU B) = p(A) + u(B) :/0 f+/0 S

Since f(0) =0 and f is nonnegative, f must be strictly increasing by Corollary
272. Let R :=[0,a] x [0, b], which has measure ab. If (z,y) € R, then y < f(x)
ory > f(x). If y < f(x) then (x,y) € A. If y > f(x) then f~1(y) > x and
(z,y) € B. In other words, R C AUB and we have ab < [ f—i—f(f f~L. Suppose
a = f(b). Since f is increasing, if (z,y) € A then y = f(z) < f(a) = b and so
(z,y) € R. Likewise B C R and therefore AUB C R and the opposite inequality
holds. If b > f(a) then the region A(f |(,f-1()) is contained in R, but not in
A. This region has positive measure since f is continuous and positive. That is,
ab > foa f+ fob f~1. By Lemma 105, f~! is continuous and a similar argument
shows the opposite strict inequality if b < f(a). m
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Exercise 199 Illustrate with a graph the various cases in the proof of Young’s
Inequality; this “proof by picture” is quite simple and clear if the integral is
interpreted as area.

Corollary 316 Let a,b>0 and 1 < p,p’ < oo be such that % + % =1. Then

a? b
p p

Exercise 200 Prove Corollary 316. Hint: Use f(x) = z" for r > 0 in Young’s
Inequality and then let 1 = p — 1. You may use theorems from elementary
calculus to do the necessary integrals.

Theorem 317 (Hélder Inequality) Suppose that 1 < p,p’ < oo are such that
% + % =1 and let f,g be Borel functions defined on a Borel set E C R™ such

that | f|” and \g|pl are integrable. Then

/E Lol < IF1, gl

Proof. If || f||, = 0 then by Lemma 273 |f|” = 0 a.e. and hence |f| = 0 a.c.
This implies that |fg| = 0 a.e and hence [, |fg| = 0 and the inequality must be
true. A similar proof covers the case when ||g||,, = 0, so we may assume both

and k :=
» ||9H

/ 79l = (111, Ul / k]

Corollary 316 implies that

[k = [ iniiw< [ ('h'p %)

1 P 1 P
= p/ﬂ—i_ p’/g|/ :—+—/:1
1, Je p lgll,, JE P p D
| |

In the special case p = p’ = 2 we have:

. Now

are nonzero. h := Hfl

Corollary 318 (Cauchy-Schwarz Inequality) Let f, g be Borel functions defined
on a Borel set E C R such that f? and g° are integrable. Then

/ Fal < 1F11s llgll, -
E

Exercise 201 Prove the Minkowski Inequality for p = 1.
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For p > 1,

Hf+ﬂ§=[!f+mp=zgf+mv+mrdSLJﬂM+ﬂP“+A¢Mf+M“1

Applying the Holder Inequality with p’ = ﬁ gives us

p—1 P % P p;_l_ p—1
L1+ s(Lgf) <£;f+ﬂ> 7L+ gl

Doing a similar calculation with [, |g||f + g|" ™"

yields

and combining the results

1+ gli2 < (171, + gl ) 07 + gl

and the triangle inequality follows by dividing each side by || f + g|

Do we now have a norm? Unfortunately there is a little problem. Recall that
a norm must be postive definite, but, for example, if fs is the Dirichlet function
then by Corollary 270 we know that || fs]|; = 0, but fs is certainly not the 0
function. In fact, if f any function that is 0 a.e. then |f|” has the same property
and hence || f|[, = 0 for all p. Not to be deterred, we define two functions f
and g to be equivalent if f = g a.e. Rather than considering functions, we
consider equivalence classes of functions, and these equivalence classes form a
vector space, also referred to as LP, with a norm naturally induced by |[[|,,.
For example, if [f] denotes the equivalence class of f in LP, we define scalar
multiplication by ¢[f] = [cf]. We need to check that this scalar multiplication
is well-defined. Suppose that [f] = [g]. Then f(z) = g(x) for almost every x
and therefore cf(x) = cg(z) for almost every x. That is, c¢f is equivalent to cg,
i.e., [cf] = [cg].- The remaining details are an exercise. Although it is necessary
to use equivalence classes in order for L? to be formally a normed vector space,
in practice no notation for equivalence classes is used and customary to consider
LP as a normed vector space but still treat its elements as functions. On the
other hand, since we really are dealing with equivalence classes we may in any
proof concerning LP spaces replace a given function by a (presumably nicer or
more convenient) function that differs from the original on a set of measure 0.

p—1
|p N

Exercise 202 Define the sum and norm of equivalence classes of LP and show
that each of these is well-defined. Check the distributive law; the proofs of the
other axioms of a vector space are similar.

Definition 319 If E is a Borel subset of R™ and f;,f : E — R are Borel
functions, we say fi 2> f a.e. if there is some F C E such that w(F) =0 and

fi % fon E\F. We will write f; — f in LP to mean that f; converges to f in
the metric space LP.

Exercise 203 Show that if f; 2 f a.e., where the functions f; and f are all in
L?, then there exist functions f], f' € LP such that
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1. f1 5 f and
2. fi — [ in LP if and only if f| — [ in LP.

Exercise 204 Let f; — f in LP ande > 0, and define E; := {x €E : | fi(x) — f(x)| > ¢}.
Show that lim;_, p(E;) = 0.

Exercise 205 Let 1 < p < ¢ < oo. Show that if u(E) < oo then LI(E) C
LP(E). Hint: Consider F:= {x: f(x) > 1} and E\F.

Lemma 320 If (f;) is a Cauchy sequence in LP and f; L f ae. then f e LP
and f; — [ in LP.

Proof. By Exercise 203, without loss of generality we may assume f; = f.
Let ¢ > 0. There is some j such that if i,k > j,

|ﬁ—ﬁh=(é}m—mﬁp<a

Fixing k = j, an application of Fatou’s Lemma gives
18- g <timint [ 15— g <
FE 11— 00 E

Then f; — f € L? and therefore f = f; — (f; — f) € LP. Moreover,

|ﬁf@—(Lm-ﬂﬂ%Ho

and therefore f; — fin LP. m
Theorem 321 For all 1 < p < oo, LP is a Banach space.

Proof. If (f;) be is a Cauchy sequence in L” then using an iterative con-
struction we can find n; < ng < --- such that for every j anj — f"ri'al <277,

k
Define hk = Z ’fn] - f7zj+1
j=1

Moreover,

; 80 (hg) is monotone increasing and nonnegative.

k k
Hhk“p = Z \fnj - f"j+1| < Z ana - fnj+1Hp <1
Jj=1 j=1

P

for any k; that is, [, h} < 1 for all k. According to Exercise 176, (hy) is
pointwise convergent a.e. For any x €F and k we have

k k
Z (fnJ (X> - fnj+1 (X>) < Z |fn1 (X) - fn]’+1 (X” = hk(x)
j=1

Jj=1
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oo}
That is, the telescoping series Y. (fn, (X) — fn,., (X)) is convergent for almost
j=1

every x. According to Exercise 130, this means that (f,,;(x)) is convergent for
almost every x. That is, (fy,) is pointwise convergent a.e. to some function f.
Since (f,,) is a subsequence of a Cauchy sequence, hence Cauchy, Lemma 320
implies that f € L” and f,, — f in LP. The proof is now finished by Lemma
156. m

Let’s turn to the special case p = 2. What is special about p = 2 is that we
may take p’ = 2 and the (most recent) Cauchy-Schwarz inequality implies that

if we define
(f,9) = /E fg

then (f, g) is finite. It is an exercise below that (f, g) has the same basic prop-
erties as the Euclidean dot product. The Cauchy-Schwarz Inequality in this
setting can now be restated in a form nearly identical to the inequality for
Euclidean spaces:

(£ < £l llglly -

The space L? is referred to as separable Hilbert space. “Separable” means that
there is a sequence having every element of L? as a cluster point. R™ is separable;
simply take a sequence having as its image the (countable) collection of all points
having rational coordinates. A Hilbert space is a vector space (often assumed
to be infinite dimensional) with a dot product (also called an inner product or
positive definite, symmetric bilinear form) that is complete with respect to the
norm defined by the dot product. It turns out that any two separable Hilbert
spaces are isomorphically isometric, but we will not prove this here (nor the
fact that L? is separable). Since the geometry of Euclidean space is entirely
determined by the dot product, any Hilbert space is geometrically essentially
the same as the Euclidean spaces, except that it is infinite dimensional.

Exercise 206 Show that on L?, (-,-) has the same properties of the dot product
in Buclidean space, namely it is symmetric, bilinear, and positive definite—and

by definition Hf||§ = [ P={1)
Exercise 207 Let fi := Xj0,1], f2 == (=1)x[0,1) + X[2.1-

1. Show that fy and fo are orthonormal in L*([0,1]); that is, (fi, f;) = 0 if
i#j and (fi, f;) =1ifi=j.

2. Show how to continue this process to construct a sequence (f;) of ortho-
normal functions. (Drawing the graphs of the next couple of functions will

suffice.)
3. Show that for any i # j, || fi — fill, = V2.

4. Show that the Heine-Borel Theorem fails for L?.
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Exercise 208 The LP spaces have finite dimensional analogs: For (v1, ..., v, )ER™
and 1 < p < oo, define

n s
(w1, s vn)l, = (Z W) :
=1

Verify a version of the Holder Inequality for this norm. The proof of the triangle
inequality, also called the Minkowski Inequality in this case, is very similar to
the proof for LP; you do not need to write the details.



Chapter 5

Differentiation

5.1 A Little Linear Algebra

Differentiation is the process of approximating certain reasonable functions be-
tween Euclidean spaces using linear functions. We will first establish our nota-
tion for basic linear algebra. We denote the standard basis vectors by

e; == (0,...,0,1,0,...,0)

where the “1” is the i*" coordinate. A vector v = (vy,...,v,) is uniquely ex-
pressed as v = Z?:l v;€e;, where the numbers v; are called the components of v.
We will denote (real) matrices with bold capitals (e.g. A) sometimes reserving
for row or column vectors some of the letters near the end of the alphabet (e.g.
X). The entries of a matrix will be denoted by smaller case (not bold) charac-
ters, since they are real numbers: the entry of A that is in the i** row and j**
column will be denoted by a;; or (A);;. For example the product of matrices
may be expressed as

n
(AB)ij = ) aixbs;.
k=1

If A is and n X m matrix and X := (z1,...,&,) € R™ then the expression
Y = AX describes a function from R to R™ given by matrix multiplication.
Explicitly,

n

Ay, ..yzy) = Z Z Qi TL€;

i=1 k=1
In particular,
n
Aej = E aj;€; or (Aej)i = Qjj-
i=1
This function has continuous components and hence is continuous. Moreover

this function is linear in the sense that for every v,w € R™ and t € R we have
A(v+tw) = A(v) +tA(w). Conversely, if f: R™ — R™ is linear then there

141
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is some matrix A such that f(v) = Av for all v. In fact, the 5/ column of A
is given by f(e;). For our purposes it is convenient to simply use matrices and
linear functions interchangeably, and so we will use the same kind of notation
for linear functions that we do for matrices.

Exercise 209 Let f : R™ — R"™ be a function. Show that f is linear if and
only if each component of f is linear. Hint: Using matrices is not the easiest
way to do this.

Note that if M is an m x n matrix and N is an n X £ matrix then the product
matrix MN represents the composition of the linear functions corresponding to
M and N. We will denote the determinant of a square matrix M by det M.
An identity matrix I is a matrix having a 1 in each diagonal entry and 0 in
each other entry; the n x n identity matrix represents the identity function on
R"™. We will need the facts that det MIN = det M det N, and detM = 0 if
and only if M represents an linear isomorphism of R™, i.e. a bijective linear
function. In this case M (and the corresponding linear function) are called non-
singular. In general, a linear function L : R® — R™ is injective if and only if
L~1({0}) = {0}. If n = m then the following are equivalent: L is injective; L
is surjective; L is an isomorphism.

The next proposition is, in a sense, a transition point between linear algebra
and analysis.

Proposition 322 IfL : R™ — R" is linear then L is Lipschitz.

Proof. Since L is continuous and S™~! is compact (Exercise 97) there exists
some M > 0 such that L(y) < M for all y €S™~!. Now for any x # y in R",

X—y m—1
=y € S and

IL(x) = L(y)ll = [Lx - )l

. = eyl (Z22 )] < o

Exercise 210 Suppose that 1 < p < oo and % —i—% =1. For any f € L4, define
¢: LP =R by ¢(g) == [, f9g.

1. Prove that ¢ is linear.

2. Prove that ¢ is Lipschitz. Hint: You cannot mimic the proof of Proposition
322 (cf. Ezercise 207).

The converse of the above exercise, i.e. that every “bounded linear func-
tional” on LP is of the form ¢(g) = fE fg for some f € L9, is an important
theorem known as the Riesz Representation Theorem. The proof of this theo-
rem requires topics that were not covered in the previous chapter.
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5.2 Derivatives

In elementary calculus one learns that the derivative of a real function f at the
point xg is given by the formula

provided this limit exists. The function is assumed to be defined in an open
interval about xy so that xy may be “approached from both sides.” The limit
is, of course, a real number; this formula therefore defines a new real function
called the derivative, denoted by f’, defined wherever the limit exists. There
are various problems with directly generalizing this definition to the case when
more than one variable is involved, including the fact that one cannot divide by
vectors, so the quotient makes no sense when the denominator is a vector h. To
generalize the notion of differentiability we must therefore look at an equivalent
notion—also learned in elementary calculus—that of the “linear approximation”
of a differentiable function. Recall that if f is differentiable at zy then the linear
approximation is given by L(x) := f'(zo)(z — xo) + f(x0), the graph of which
is the tangent line to the graph of f at xg. The linear approximation provides
a “first order” approximation to f at xzq in the following sense:

o J@ L@ T@) o)~ Pl —w)
T—T0 Tr — X T—T0 Tr — X
_ iy J@) = f(20) F(0) = 0

More generally, a function f is an n**-order approzimation of a function g at g

if limy 4, w = 0, where n is a nonnegative integer. The idea is that as
x — xg, (x —x0)" — 0 for any n € N, and for larger n the convergence is more

rapid. In order for % to converge to 0, the numerator must converge

“more rapidly” than the denominator, so the order of the approximation is a
measure of how well g approximates f near xg, with larger n implying a better
approximation. If f and g are continuous then g is a 0*"-order approximation
of f if and only if f(xg) = g(zo).

Exercise 211 To what best possible order do the following functions approx-

imate f(x) = x® at x = 02 (You may use any theorems from elementary
calculus.)

1. g(x) =0

2. g(x) = a?
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In order to extend this idea to functions between higher dimensional Euclid-
ean spaces one needs to replace the x — xg in the denominator by ||x — xg|| to
obtain the formula

x) — g(x
o S0 =900

= =
x=xo[x = xo|

for an n'" order approximation at xg. We will say that a function between
higher dimensional spaces is differentiable at a point if it has a linear first-order
approximation at the point. Note that the function L from elementary calculus
described above is not actually a linear function (due to the constant term).
Therefore the following definition is slightly reformulated from Formula (?7):

Definition 323 Let f : U — R™ be a function, where U C R™ is open. We say
that f is differentiable at xo € U if there exists a linear function L : R™ — R"

such that
lim J(x) = L(x — x¢) — f(xo0)
e = ol

If A is any subset of U we say that f is differentiable on A if f is differentiable
at every xg € A.

=0. (5.2)

We require that U be open so that the above limit involves all points in
a small ball about x3. Roughly speaking we want to be able to approach xg
“from all directions.” Since L(0) = 0, we subtract the term f(xg) so that
L(x —x0) — f(x%0) = f(x0) when x = xq.

Note that Formula (5.2) is equivalent to the real valued limit

o 1969 = Tx = x0) = £

=0.
%= [[x =0l

It is an exercise to show that this limit is also equivalent to the following limits,
which we will use frequently:

||f (x0+h) — Lh—f(x0)|

. f(x0+h) — Lh—f(xo)
1
o I

h—0 ]

=0 and lim =0. (5.3)
h—O0

Exercise 212 Prove that f is differentiable at xq if and only if either (hence
both) of the equations in (5.3) is true. Hint: vague references to “substitution”
won’t do.

We will now show that there is a good way to compute the linear approxi-
mation L (provided it exists) and that it is unique.

Definition 324 Let f : U — R be a function, where U C R™ is open and
x0 = (T1,...,xm) € U. For any 1 < j < m, define the j*" partial derivative of f
at xo by

of

0z

f(x0 +te;) — f(x0)
t

() = iy
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provided the limit exists. In case m =1, i.e. if f is a real function, we will use
the notations f'(xo) and %(mo) and simply refer to the (only) partial derivative
at Xg as “the” derivative. When m = 2 the partial derivatives are sometimes
denoted by % = fr and g—{/ = fy, with similar notation using x,y,z when
m = 3.

Exercise 213 Let f : U — R be a function, where U C R™ is open and
X0 = (1, .., Tm) € U. For any 1 < j <m, define

hi(t) :== f(z1, s Tj—1,T5 + 4, Tjs 1, ey Tin)
Prove that 68Tfj(x0) = 1’;(0).

In the next proof, and frequently in future proofs, we will replace phrases of
the sort “there exists a 0 > 0 such that if ¢ < § then” by “for all sufficiently
small a” or “for all a sufficiently close to 0.” This is completely analogous to
our use of “for all large n” to replace “there exists and N such that for all
n > N7 and is done for similar reasons, namely to shorten statements and to
avoid having to choose several ¢’s and then choose the minimum of all those ¢§’s.
As an example, note that the definition of lim,_,,, f(z) = ¢ for a real function f
may be stated as: “for all € > 0, | f(z) — ¢| < € whenever |z — x| is sufficiently
small”.

Theorem 325 Let f: U — R"™ be a function, where U C R™ is open and let
fi : U — R be the components of f. If f is differentiable at xg € U and L is a
linear function such that

lim f(xo+h) — Lh — f(x0)

=0
h—0 [l

then for all i and j the partial derivative

afi
ij (XO)

exists and is equal to l;;. In particular, the linear function L is unique.

Proof. If the above limit exists then the corresponding limits for the com-
ponents exists, i.e., for every 6 > 0 and 1, if h is sufficiently close to O,

| fi(x0+h) — (Lh); — fi(x0)|

< 4.
[

In particular, if for any j we choose h := te; then ||h|| = ||te;|| = |¢| and
(Lh); = (L(te;)), = tli;.
Therefore if ¢ is sufficiently close to 0,

fi(x0 +te;) — fi(xo)
t

Ji(xo +te;) — fi(xo) — tly;
t

li
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_ [filxo +h) = L(h); — fi(xo)|
([l

< 9.

|
The matrix having components

(or the linear function corresponding to it) is variously referred to as the deriva-
tive or total derivative or Jacobian matrixz of f at x¢, and is written as D(f)(xq)
or Df(xg) or f'(xp). We will use the notations Df to try to avoid potential
confusion arising from the fact that the derivative is not a function from a sub-
set of R™ into R™ (except when m = 1, in which case Df is a column vector,
hence an element of R™). In fact, Df is a function that assigns a matrix (or
linear function) to those points in R™ where f is differentiable. That is, Df
is a function from a subset of R™ into a set of matrices, which can itself be
regarded as a subset of R™". However, studying the derivative from this stand-
point is beyond the scope of this text. Since it is unique, one can occasionally
prove differentiability and identify the derivative simply by checking that the
“candidate” linear function satisfies the role of L in the definition. For example:

Proposition 326 If L : R™ — R" is linear then L is differentiable at every
point xg € R™ and DL(xq) = L.

Proof. For any xy we have

L(x) — L(x — xg) — L(x0) L(x) — L(x) — L(xq) — L(x0)

lim = lim =0.
x—%o [[x — ol x—Xo [[x — ol
| ]

Exercise 214 Prove that if f : R™ — R" is constant then f is differentiable
and Df(x) =0 for all x €R™.

We have seen lemmas like the next one already in the context of limits and
continuity; it will be useful on a number of occasions.

Lemma 327 Let f : U — R" be a function, where U C R™ is open. Then
f is differentiable at xq € U if and only if each component f; : U — R is
differentiable at xo. Moreover, (Df)(x0); = D(fi)(x0); that is, the components
of the derivative of f are the derivatives of the components of f.

Proof. According to Propositions 130 and 65, the limit
i 10 = L(x —x0) = f(xo)ll _

X0 % = xo|

0

is equivalent to

lim | fi(x) — (L(x — x0))i — fi(%0)]

%0 % = xo|

=0
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for all i. Since (L(x —x¢)); = L;(x — x¢), the proof follows from uniqueness. m

Formula (5.1) shows that a real valued function satisfies Definition 323 if
and only if the derivative of the function exists at each point. Combining this
with Lemma 327 gives us:

Corollary 328 A function f : U— R"™, where U C R is open, is differentiable
at xo € U if and only if for all i, %(zo) exists.

Exercise 215 Prove that if f(x) = \/z then for x >0, f'(z) = ﬁ

The next example shows that for functions of more than one variable, mere

existence of partial derivatives does not imply that a function is differentiable.

Example 329 Let

0 if (z,y) = (0,0)
otherwise

f@w={

X
22y
First note that f is continuous. The only possible discontinuity of f is at the
point 0. But when 0 < ||(z,y)|| < € we have

x| 22 |z| (22 + 3>
_ et el Q)ZMSvﬂ+ﬁ<&

24+y2 T 24y

3

2 492

which proves continuity at 0.

When (z,y) # 0 the partial derivatives can be computed using elementary
calculus. At 0 we must compute directly. Then
£00.0) = Tim & =1, £,(0.0) = Tim 2 = 0
(0.0 =iy 5 = 1, £5(0,0) = fi 35 = 0
Therefore all partial derivatives of f exist at all points of R%. On the other hand,
we can check differentiability directly at (0,0), knowing that the linear function

L in question would have to be represented by the matrix ( 1 0 ) We have

p Sy (1 0) @y - f0.0) <x3—x(x2+y2)>

3
2

(z,y)—0 \x2 + g2 (x,y)—0 (22 + y2)

. 23 — z(z? + y?) . —xy?
= hm R — hm —_—
(z,y)—0 (2 4+ 52)2 (z,y)—0 (22 +y2)2

But the latter limit does not exist. In fact if one considers any sequence (x;,x;) —

0,
—z3
11m 71:1 3 = —27%
(af +27)*

but for any sequence (x;,0) — 0,

lim LOS —z; | =0.
@2+ 07)}
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0 ifx=0
Exercise 216 Define f(z,y) = { 22y / . Prove that the partial

otherwise

zi1y2
derivatives of f exist everywhere, but that f is not continuous. Hint: Consider
a sequence that lies on the graph of y = x2.

Example 329 leaves us with no convenient way to actually check whether or
not a function with more than one variable is differentiable. We will remedy
this situation later when we consider continuously differentiable functions.

We conclude by recalling two special cases of derivatives. A differentiable
function a : (a,b) — R™, n > 1, is called a differentiable curve . The derivative
of « is denoted by o : (a,b) — R”, and is called the wvelocity of the curve.
The scalar ||| is called the speed and the second derivative o is called the
acceleration of the curve. The third derivative is referred to by physicists as the
jerk (think about it!).

If f is a real-valued differentiable function defined on U C R™ then (at

least when n > 1) the derivative of f is called the gradient of f, denoted by
Vf= (2L . 20

Ox1’ """ Oxyp,

5.3 Basic Differentiation Theorems

Proposition 330 (Linearity) Let f,g : U — R™ be functions, where U C R™
is open and suppose that f and g are differentiable at xg € U. Then for any

c€R, D(cf +g)(x0) = cD(f)(x0) + D(g)(x0)-
Exercise 217 Use uniqueness to prove the above proposition.

Lemma 331 Let f: U — R"™ be a function, where U C R™ is open and suppose
that f is differentiable at xg € U. Then for some r, M > 0,

1) = f(xo) [l < M [|x — %o
for all x € B(xg,7).
Proof. We have for L := D(f)(xo),
1F (%) = f(xo) || < [[f (%) = f(x0) = L(x = x0)[| + [L(x = x0)]|
For some 7 > 0, if 0 < ||x — xq|| < r then

[f(x) = f(x0) = L(x — xo)|

[[% = o

<1

f— b

and hence (even for x = xq),
1) = f(x0) = L(x = x0) || < [lx = x0l| -

Also,
IL(x = xo)|| < Nlx — o

for some N and all x by Proposition 322. Let M :=N+1. m
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Corollary 332 Let f: U — R™ be a function, where U C R™ is open. If f is
differentiable at xg € U then f is continuous at Xg.

Proof. Let ¢ > 0 and let »,M > 0 be such that | f(x) — f(x0)|] <
M ||x — x¢|| when ||x — x¢|| < r. If ||x — x0|| < min {ﬁ,r} then || f(x) — f(x0)] <
e. N

One of the most important applications of the derivative involves identifica-

tion of local maxima and minima.

Definition 333 Let f: A — R be a function defined on A C R™. The function
f s said to have a local minimum (resp. mazimum) at a point xg € A if there
exists an open set U such that xo € U C A and for every x € U, f(xo) < f(x)
(resp. f(x0) > f(x)). If f has a local minimum or local mazimum at xq then
we say that f has a local extremum at Xg.

Note that by definition a local extremum must be at an interior point of A.
If a real valued function f has a maximum (resp. minimum) at xo in an open
set U C R™ then by definition f has a local maximum (resp. minimum) at xg.

Theorem 334 (First Derivative Test) If f : A — R is a function defined on

A CR™ and xq is a local extremum of f then for any j, if %(xo) exists then
af
ij (XQ) = O

Proof. Suppose that f has a local maximum at xg; the proof for a local
minimum is similar. Let ¢; < 0 satisfy ¢; — 0. By assumption, for any j,
%(Xo) = lim w exists. Because f has a local max at x¢, f(x0) >

J 7

f(xo + t;e;) for all large i and therefore (using ¢; < 0)

f(xo + e;t;) — f(x0)
t;

>0,

which implies a%t(xo) > 0. A similar argument using a sequence with ¢; > 0

implies the opposite inequality. m

Definition 335 Let f : A — R be a function defined on A C R™. A point xq
in the interior of A is called a critical point of f if for every j, %(xo) does
not exist or s 0. ‘

Corollary 336 If f : U — R is a function, where U C R"™ is open, and f is
differentiable on U, then every local extremum of f is a critical point.

In elementary calculus the Chain Rule is introduced as a mechanical compu-
tation method for finding derivatives of compositions of differentiable functions.
The rule is named for this mechanical process in which one starts with the “outer
function”, differentiates it, then moves to the “next inner most” function, mul-
tiplies by the derivative of this function, and so on—thus creating a “chain” of
multiplied derivatives. More complicated rules are learned for functions of more
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than one variable. In fact this computational method comes from a very elegant
and natural theorem, which, through force of habit, we will still refer to as the
Chain Rule-although it would be more aptly named the “Composition Rule”.
The connection between this theorem and the computation method learned in
elementary calculus is addressed in Exercise 218 below.

Theorem 337 (Chain Rule) Let g : U — R™ and f : V — R™ be functions
such that U C R¥ and V C R™ are open and g(U) C V. If g is differentiable at
xg € U and f is differentiable at g(xo) then f o g is differentiable at xo and

D(f o g)(x0) = D(f)(9(x0)) © D(g)(x0)

In other words the derivative of the composition is the composition of the deriv-
atives.

Proof. It is sufficient to show that for every ¢ > 0,

1/(9(x)) = [D(f)(g(x0))] [D(9)(x0)] (x = x0) = f(g(x0))[| < ellx = o

when ||x — x¢|| is sufficiently small. Applying Lemma 331, let M be such that
llg(x) — g(x0)|| < M ||x — x¢|| when ||x — xo|| is small. Since f is differentiable
at g(xg), we already know that

1/ (9(x)) = D(f)(9(x0))(9(x) — g(x0)) — f(9(x0))I| <
€ €
S l9() — g(xa)] < 2 x ]
when ||g(x) — g(xg)| is sufficiently small, and hence (since g is continuous at
xp) when ||x — xg|| is sufficiently small. By the triangle inequality it is now
sufficient to show that

ID(f)(9(x0))] [D(g)(x0)] (x = %0) = D(f)(9(x0))(9(x) = g(x0))| < % l[x = ol

when ||x — xg|| is sufficiently small. The latter inequality is equivalent (for
positive ||x — xg]|) to

H [D(F)(g(x0))] {[D(g)(Xo)] (x —x0) = (9(x) — g(Xo))} H - %

1% = x|
However, if ||x — xg|| > 0 is sufficiently small,

[D(9)(x0)] (x = %0) — (9(x) — 9(x0))
[[x = ol

is close to 0 and we are finished by the continuity of the linear function D(f)(g(xo)).
]

Since composition of linear functions corresponds to the product of the cor-
responding functions, the Chain Rule may be equivalently stated in terms of
matrices using matrix multiplication; that is

D(f o g)(x0) = [D(f)(9(x0))] [D(9)(x0)] -
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For real functions, matrix multiplication is simply scalar multiplication and the
Chain Rule becomes the familiar

(fo 9)/(350) = f'(g(xo))g’(xo)-

Exercise 218 In elementary calculus the chain rule is not stated in terms of
matriz multiplication, but in terms of specific rules for specific kinds of functions.
For example, one might learn that if s and t are functions of uw and v and f is a
function of s and t, then % = %si% + %%. Show that this particular formula
represents a single entry in a matriz that arises from the Chain Rule applied to
f composed with a function from R? to R2.

Example 338 We will find the extrema of the function f(x,y) = zy* on the
closed unit ball C(0,1) C R2. Of course the continuous function f does have a
max and a min on this compact set. First we check in the open ball for local
extrema. We have % =92 and gi = 2zy. These are simultaneously 0 precisely
when y = 0, and the functiona? values at these points are all 0. To check
for extrema on the boundary we observe that the function g(t) = (cost,sint)
is a differentiable function and its restriction to [0,27] is onto the unit circle.
Therefore the mazimum and minimum values of f on the unit circle will be the
mazimum and minimum values of the real function fog on [0,2r]. By the chain
rule, since x = cost and y = sint,

—sint

(fog)(t) = [sin®t,2costsint] [ cost

] = —sin®t + 2cos? tsint

= sint(2cos’t —sin?t) = sint(3cos®t — 1).

Hence the derivative is O precisely when sint = 0 or cos®t = %, i.e. wheny =10

or r = i%, We have already treated the case y = 0; if x = :I:% on the

unit circle then y = i\/g, Among these four points f takes on a mazimum

of 3%/5 and a minimum of —ﬁ, which must be the maximum and minimum
of the function. What we have done here is to first check for local extrema
(which might be mazima or minima) in the interior of the region and then
“parameterize” the boundary to be able to apply the First Derivative Test here
as well. This allows us to avoid the problem that the boundary has no interior
and therefore the First Derivative Test cannot be used directly. We will discuss
parameterizations further in a later section. Note that in the above computation
one could have written h(t) = f(g(t)) = costsin®t and use the Chain Rule as
described in elementary calculus to get the same answer.

Exercise 219 Find the extrema of the function f(x,y) = x> +y? on the closed,
bounded region in R? bounded by the graph of y = 2 and y = v + 1. You may
use what you learned in elementary calculus about how to compute derivatives,
except that you must use the matriz form of the chain rule as was done in
Ezample 338.
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Definition 339 If u €R" is a unit vector then Dyf = Vf -u is called the
directional derivative of f in the direction of u.

Exercise 220 Let f : U — R be differentiable, U C R™.

1. Let u € R™ be a unit vector and x € U. Define g(t) := f(x + tu). Show
that Dy f(x) = ¢'(0). This justifies the term “directional derivative” by
showing that Dy (f) measures the rate of change of f along the line through
x parallel to u.

2. Show that the derivative in the direction of % is the maximum direc-
tional derivative, with value ||V f|. Note: you may not use the formula
v-w =||v| ||w|| cos o, which we have not discussed. In fact this formula is
used to define the angle between two vectors, and verifying that this defin-
inition is legitimate is no easier than (and uses the same theorem as) a
direct solution to this exercise. Moreover, some linear algebra is required
to show that, for n > 2, this notion of angle has the familiar geometric
properties of the angle in the plane.

5.4 The Mean Value Theorem and Applications

The Mean Value Theorem has wide ranging applications, from L’Hospital’s Rule
to optimization problems to the Fundamental Theorem of Calculus. The reader
should pay close attention to when and how it is used because she will likely
have reason to use it in the future.

Theorem 340 (Mean Value Theorem) Let f,g : [a,b] — R be continuous on
[a,b] and differentiable on (a,b), where a < b. Then there exists some xo € (a,b)
such that

[£(0) = f(@)] g (o) = [9(b) — g(a)] f'(x0)-

Proof. Define ¢ : [a,b] — R by

The function ¢ is continuous on [a,b] and differentiable on (a,b), ¢(a) = ¢(b)
and

¢'(t) = [9(b) = g(@)lf'(t) = [£(b) = f(a)lg'(£)-

The proof will therefore be finished if we can show that ¢'(zg) = 0 for some
xo € (a,b). If ¢ is constant then the proof is finished by Exercise 214. If ¢ is
not constant then there exists some ¢ € [a,b] such that ¢(c) < ¢(a) = ¢(b) or
@(c) > ¢(a) = ¢(b). We will consider only the first case; the second is similar.
Then the minimum m of the continuous function ¢ satisfies m < ¢(c) < ¢(a) =
¢(b) and therefore occurs at some x¢ € (a,b). But the First Derivative Test tells
us that ¢'(zg) =0. m
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The Mean Value Theorem is a powerful workhorse in real analysis because it
relates difference quotients to quotients of derivatives; this can be seen explicitly
if g(b) # g(a) and ¢'(xg) # 0, in which case the statement can be written

[f(b) = f(a)] _ f'(x0)

[9(b) — g(a)] — ¢'(x0)

Letting g(x) = = in Theorem 340 leads to the following theorem, which is also
referred to as the Mean Value Theorem (sometimes Theorem 340 is called the
Generalized Mean Value Theorem).

Corollary 341 Let f : [a,b] — R be continuous on [a,b] and differentiable on
(a,b). Then there exists some xg € (a,b) such that f'(x¢) = w.

—a

The next corollary is often referred to as Rolle’s Theorem:

Corollary 342 Let f : [a,b] — R be continuous on [a,b] and differentiable on
(a,b), and suppose that f(a) = f(b). Then f has a critical point in (a,b).

Corollary 343 If f is a real function differentiable on (a,b) and f'(z) > 0
(resp. f'(z) <0, f'(z) >0, f'(x) <0) for all x € (a,b) then f is increasing
(resp. decreasing, strictly increasing, strictly decreasing) on (a,b).

Proof. We prove only the case for f/'(z) > 0. For any x; < 23 € (a,b) by
the Mean Value Theorem we have for some ¢ such that 1 < ¢ < x5 that

0 < f'(c) (wa — x1) = fwa) — f(z1).
[

Exercise 221 Let f be a real function differentiable on (a,b) such that [’ is
bounded on (a,b).

1. Prove that f is Lipschitz on (a,b).
2. Prove that lim,_;, f(x) exists.

3. A similar statement holds for a; show that f can be extended to a contin-
uous function on [a,b).

Exercise 222 The purpose of this exercise is to prove one of the several ver-
sions of L’Hospital’s rule. Let f and g be real functions differentiable on (a,b),
g'(z) #0 for all x € (a,b) where b < co. Suppose that

, L B - fe)

i f(@) = lim g(@) = 0 and Jim 7oy =

for some real number L. Show that lim,_., L) — by justifying the following
g(z)

steps: Let € > 0 and x; — b in (a,b). Then
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1. For all large i, g:giz; <L-+e.

o f@)=f@) _ £
2. For any large ¢ and j,9(x;) — g(x;) # 0 and S =gy = 7o < L+e

for some c.
3. For all large 1, ﬁz:g < L + ¢ and therefore limsup J;g;;:; < L+c¢€ and
therefore limsup £ < L.

g(zi) =

A similar proof shows the opposite inequality for the liminf (you don’t need
to fill in the details).

5.5 (! Functions

Definition 344 Let f : U — R"™ be a differentiable function, where U C R™ is
open. If all the partial derivatives %}%(X) ezist for all x €U and the resulting

functions gf?
Tj

: U — R are continuous then f is called C*.

One may analogously define C™ for n > 1 by requiring that all n** partial
derivatives be continuous, and C'*° to mean partial derivatives of all orders exist
(and hence are continuous). The usual convention is also that C° simply means
continuous.

Exercise 223 Show that the function f(z) = z*sin(1) can be extended to a
function defined on all of R that is differentiable but not C* (you may use
differentiation theorems from elementary calculus).

Verifying that a function is C! is often much simpler than verifying that a
function is differentiable, at least in a concrete situation when one can actually
compute the partial derivatives. Therefore the following theorem is very conve-
nient. Not only does it have as a corollary that C' functions are differentiable,
it shows that the differential approximates a C! function uniformly, in a sense,
on any compact set.

Theorem 345 Let f : U — R"™ be a C! function, where U C R™ is open,
and let A C U be compact. For every € > 0 there exists a § > 0 such that if
|x —yl|l <9 withx € A then

1£(y) = f(x) = DN )y =x)| <elx =yl

Proof. First suppose that n = 1. According to Proposition 90 for some
01 >0, N(A,201) C U. It follows from the triangle inequality that, since A is
bounded, N(A4,d;) C U is bounded, hence compact, and the partial derivatives
of f are uniformly continuous on V' := N(A,d;). Since there are finitely many
partial derivatives, this means there exists some positive § < ¢; such that if
x € A and d(x,y) < § then y € V, and for all i, %(y) is defined and

AL (3) - ol < = (5.4

m
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For any h such that ||h|| < 4, write h =>""", h;e; and set wy, := Zle h;e; for
0<k<m(sow,=h)and wy:=0. If t € [0,1] then for any k

k
(hi)? + 213, < [Ib] <.

Wi + thiyi€epql]l = \l

i=1

In particular expressions such as f(x + Wi +thgi1€g+1) when x € A are defined
when ¢ € [0,1]. We have a telescoping sum

f(x+h) - f(x) ¢=Z[f(X+Wi)—f(X+Wz‘—1)]- (5.5)

i=1

For any 1, let
¢i(t) = f(X—FWi_l + thiei) for0<t<1.

Then
fx+w;) = f(x+wi—1) = ¢(1) — ¢(0)

and by the Mean Value Theorem and the chain rule, for some ¢; € (0, 1),

fx+wi) = fx+wi1)=¢(t:) = hiaa_;;(Yi)

where y; = x + w;_1 + t;h;e;. Combining this with Formula 5.5 we obtain
h) = f(x) = hig (v
ot 1) = ) =3 b ()

and Formula (5.4) implies

[f(x+h) = f(x) = D(f)(x)h] =

; hia_zib’i) - ; h; B, (x)

i=1

Letting y := x + h finishes the proof when n = 1. The proof for n > 1 is an
exercise. W
Taking C to be the singleton set {x} we have the following corollary:

af - € € —
2y = 2L < 1= <= | < < .
) - 50| < >l < 3 bl < cmax{hl) < e b

Corollary 346 If f : U — R" is a C* function, where U C R™ is open, then
f is differentiable on U.

Exercise 224 Finish the proof of Theorem 345.

Definition 347 Let f : U — R"™ be a differentiable function, where U C R™ is
open. A point x € U is called regular if the linear function D f(x) : R™ — R"is
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1. surjective in the case when m >n

2. injective in the case when m < n.

A point that is not reqular is called a critical point. If f is C* and every
point in U is regular, f is simply called regular (on U ).

Remark 348 The above definition unifies two standard uses of the word “reg-
ular”. The first condition (surjectivity) is frequently defined for differentiable
functions in general, without regard to dimension. However, the student famil-
iar with linear algebra knows that if L : R™ — R™ is linear then m is the sum of
the rank of L and the nullity of L (i.e. the dimensions of the image and kernel
of L, respectively). The former must be < n and the latter is > 0. In other
words, if m < m it is impossible for the differential to be surjective and hence
for any point to be regqular; this definition is of no value in this case. The word
“reqular” is also used in reference to reqular curves and surfaces, and in this
case m < n and the differential is assumed to be injective. Note that in the case
m = n, reqularity is actually equivalent to the differential being bijective. A little
linear algebra shows that the two conditions in the above statement may actually
be compressed to the simple statement: dim(ker D f(x)) = max{0,m — n}.

Exercise 225 This exercise uses some of the facts about linear algebra dis-
cussed at the beginning of this chapter. Let f : U — R™ be a differentiable
function, where U C R™ is open. Show the following:

1. If m =n, x €U is regular if and only if det D f(x) #0.
2. Ifm=1 (i.e. fisa curve)then x€U is regular if and only if f'(x) # 0.

3. Ifn=1 (i.e. f isrealvalued) then x €U is regular if and only if%i (x) #
0 for some i. In particular, Definition 335 is consistent with the current
more general one.

4. If f is real valued and C', and x €U is a reqular point then for some
e >0, f is regular on B(x,¢).

5 If m =n+k for k > 1 then x €U is reqular if and only if for some
1<my <---<my, <n+k the square matriz D with (D)ij = azfi (x)

™
has nonzero determinant. This part requires some additional knowledge
of linear algebra. Hint: For one direction, apply Df(x) to the standard
basis and pick out a mazimal linearly independent subset of the resulting

vectors.

Exercise 226 Let g(x) := ||x]|.

1. Show that for x eR™\{0}, %(x) - ﬁ

2. Show that g is regular on R™\{0}.
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By definition, a function is C' if and only if its partial derivatives are con-
tinuous. However, in many situations involving C' functions it is more useful to
know that, in some sense, the differential itself is a continuous function. There
are a couple of ways to interpret this, one of which is in the following exercise.

Exercise 227 We may identify the set M of real m x n matrices with R™"
using any scheme that sets up a bijection between the entries of a matriz and
the components of a vector. Given any matrices (a;;) and (b;;) the number
max |a;; — b;;j| corresponds to the max metric on R™" and therefore defines a
metric on M. Define a function Jf : U — M that assigns to each x € U the
Jacobian matriz Df(x). Show that Jf is continuous if f is C'.

Another method of considering continuity of the differential, which perhaps
better captures the idea that the differentials at close points are close as func-
tions, is the following:

Proposition 349 Suppose that f : U — R™ is a C' function, where U C R™
1s open. Then the function Df : U x R™ — R"™ defined by

Df(x,v) = D(f)(x)(v)
18 continuous.

Proof. By definition the functions g—g are continuous. It suffices to consider
any component

D), = 3 2y - 5 IRV i v)),
i=1 J J

=1

where , is the projection onto the k** factor, which is continuous. But we
have represented this component as a combination of continuous functions using
compositions and algebraic operations, and hence each component is continuous.
]

Proposition 350 Let f;; : X — R be continuous functions, 1 < 4,5 < m,
where X is a metric space and let F(v) be the matriz such that (F(v)),; = fi;(v).
Then

1. detF : X — R is continuous and

2. If F(v) is nonsingular for all v then the function (F_l)ij : X - R is
continuous for all i,j.

Proof. If F is 1 x 1 there is nothing to prove. If F is 2 x 2 then detF =
f11f22 — fi2fo1, which is continuous. The first part of the proposition may
now be proved by induction, since the determinant of a matrix is an algebraic
combination of determinants of lower demensional matrices; details are left to
the reader. Similarly, the entries of the inverse of a matrix are given by Cramer’s
Rule, which expresses them using only algebraic combinations of the entries of
the original matrix, including dividing by the (non-zero) determinant, which we
already know is continuous. Again, details are left to the reader. m
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Corollary 351 If f : U — R" is C' where U is an open subset of R", then
det Df : U — R s continuous. In particular if det D f(x) #£0 for some x €U
then for some € > 0, f is reqular on B(x,¢).

Proposition 352 Suppose that A C U C R™, where A is compact and U is
open. If f: U — R™ is O then there exist ki, ko € R such that for all x € A
and v €ER",

kvl < [[Df(x) (V)| < k2 [lv]]

If f is reqular and m < mn then ki, ko > 0. If f is reqular and m = n then
1 . 1
vl < [0H ™ )| < vl
2 1

Proof. Consider the function g(x,v) =PI, g gm-t R™, which

vl
is continuous (note that v €S™~! implies v # 0) on the compact set A x S™~1.
Therefore ¢ has a minimum k;. If f is regular and m < n then Df(x)(v) # 0
when v # 0 and so Df is never 0 on A x S™~1; hence k; > 0. By definition
of minimum, the left inequality holds for v €S™~!. Certainly the inequality is
also true for v = 0. For v # 0 we let u := H_XH € S™~1, and we have

D)) = VD)) = k([ vi lall = kv

The second inequality is similar and the inequalities concerning the case m =n
are an exercise. W

Exercise 228 Finish the proof of Proposition 352.

5.6 The Inverse and Implicit Function Theorems

The next theorem is used later in this text, but more generally is useful in analy-
sis, differential equations, differential geometry, and other areas of mathematics.

Theorem 353 (Inverse Function Theorem) Let f : U — R™ be a C* function
on an open set U C R™ and xo€U be regular. Then there exists an open set
W C U containing xqg such that

1. V.= f(W) is open,

2. the function g == f |w is injective,

3. g isCt onV and

4 D(g7)(g(x)) = (D(g)(x))"" for all x €V

Proof. By Corollary 351, f is regular on some B(xg,¢). By Proposition
352 there exists some & > 0 such that for all x €C := C(xg, §) and v €R",

kv < IDFG)M)I- (5.6)
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According to Theorem 345 there is some § > 0 such that if |x —y|| < § with
x € C then

179~ 76 = DINE ~ 2l < 5 x I

Let 0 <1 < %2561 If x,y €K := C(x0,r) then x € C'and ||x —y| <. By
the triangle inequality,

196) = F6O = D16y =)l = [DSGR)y = %) + S 6x) = S
> Klly = & lly =l = 5 Iy ] > 0. (1)

I is continuous

It follows that f is injective on K. Moreover, by Lemma 105, g~
on f(K).

We will now show that B(f(xo), %) Cf(K). Suppose not, i.e. there is
some y € B(f(x0), ¥)\f(K) and define g(x) := || f(x) — y||. Since f~*({y}) is
closed, Exercise 226 implies g is regular on an open set containing K. Since K
is compact, g has a minimum at some x € K. But g is regular and hence has no

critical points, so ||x — xg|| = r. But

9(x) = [1F(0) =yl = [IF(6)=f (x)| = [/ (x0) = ¥l

kr kr
> 2 _ S
> 8 p) vl > B

a contradiction. Let V := B(f(xo), ¥) and W := f~}(V)NB(xq,r). It is an
exercise to show f(W) =V, and the first two parts are finished.

We next show that g~! is differentiable, with D(g~!) = (Dgf1 on V. Ap-
plying Inequalities (5.6) and (5.7) and the fact that ¢ = f on W we have for

X,y eW

> || f(x0) = ¥l = 9(x0)

|(Dgx) ™" (9(x) = 9(9) = 97 (9(x)) + 97 (9())

l9G) — 9]
_ [Pt [(2960 ™" (96 — 93 —x-+ 37|
a kllg(x) —g(y)ll

< 2 19x) —9(v) = Dgx)(x —y))|l

L Ix =y '

The latter quantity is arbitrarily small when ||x — y|| is small, and since g~! is

continuous it is small when ||g(x)—g(y)|| is small, and the proof of the fourth
part is finished. The final detail, that ¢! is C! on V, follows from Proposition
350. m

Exercise 229 Finish the proof of the Inverse Function Theorem.

Corollary 354 If f : U — R" is a regular function on an open set U C R”"
then f is open.
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Exercise 230 Prove Corollary 35/.
Exercise 231 Consider the function f(z) =z + 22?sin(1)M.

1. Show that f may be extended to a differentiable function on all of R such
that f'(0) #£ 0.

2. Show that the resulting function is mot one-to-one on any open interval
containing 0, hence necessity of the requirement in the Inverse Function
Theorem that the function be C'.

To motivate the Implicit Function Theorem, recall the process of “implicit
differentiation” learned in elementary calculus. One is given an equation like
2%y —1 =0 and one finds Z—z (or %) without actually solving for the dependent
variable-which can be difficult or impossible to do. Formally, we simply apply
% to each side of the equation, treating x as a function of y and applying the
chain rule (and product rule). The result is an:g—z + 22 =0, and we may then
solve for ‘fl—z. If the reader checks his or her calculus book, he/she will find
buried somewhere in the discussion of implicit differentiation some fine print to
the effect that, in carrying out implicit differentiation it is assumed that the
variable in question is defined implicitly as a function of the other variable(s)
by the given equation. What does this caveat mean? Letting f(x,y) = 2%y — 1,
the above equation becomes f(z,y) = 0. The assumption is that we can write
x = g(y) where g is differentiable function such that f(g(y),y) = 0. If such exists

then implicit differentiation is clearly just the chain rule: 0 = diy( fla(y),y) =
%ﬂég’(y) + %5 - 1, then solve for ¢’(y). There may not be a single function that
works for all y. In the present case, we can solve for x = :I:Ly. We then have two
“inverse functions”, one of which is defined for > 0 and the other for = < 0.
The Implicit Function Theorem justifies the assumption about the existence of
g.

The Implicit Function Theorem concerns functions from open subsets of
R™** into R™, with & > 1. The basic assumption is similar to regularity, except
that in this case the Jacobian matrix is not square and has no determinant.
In fact, the differential is has continuous entries %%, where 7 = 1,...,n and
7 = 1,...,n+k and the assumption will be that the square matrix with j = 1,...,n
has non-zero determinant. In the statement of the theorem we will identify R t#
with R x R¥ the elements of which are pairs of vectors (x,t).

Theorem 355 (Implicit Function Theorem) Let f : U — R™ be a C* function
on an open set U C R"* with k > 1. Suppose that for some (xq,t0) € U,

1. f(x0,t0) =0 and

2. det D #0, where (D),; := %%(xo,to) with 1 < 1,7 <n.

Then there exist an open subset U' C R¥ containing to and a unique C*
function g : U" — R™ such that g(to) = x0 and f(g(t),t)) =0 for allt € U’.
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Proof. Define a new function F : U — R"** by F(x,t) = (f(x,t),t). The
Jacobian matrix for F' consists of a block matrix

0T

where D is the matrix defined above and (A), ;= %t%. It can be checked that

the determinant of this matrix is (det D) (detI) = det D, which is nonzero at
(x0,t0). Moreover this matrix has continuous entries, so the Inverse Function
Theorem applies and there exist open sets V and W and a C*! function G : V —
W such that G = F~! when F is restricted to W. Define Gy := m; o G, where
71 : R"T* — R¥ is the projection. Let V' € R™ and U’ C R¥ be open such that
(0,t,) = F(x0,t0) € V! x U" C V (see Exercise 82) and define g(t) :=G1(0,t)
for all t €U’. Certainly g is C*, and

g(to) = G1(07t0) = G1<F(X07t0)) = Xo-

Since F' is onto V, if t €U’ then there is some (x,t) € W such that f(x,t),t) =
F(x,t) = (0,t). Now

(f(Gl(Oat)7t>7t) = F(Gl(ovt)at)

= F(m(F7Y(F(x,t)),t)) = F(x,t) = (0,t).

The first terms of these ordered pairs must be equal, so

f(g(t),t)) = f(G1(0,t),¢)) = 0.

Now suppose h is another such function. Then f(g(t),t) = f(h(t),t) =0
and

Fg(t),t) = (f(g(t),t),t) = (f(h(t),t),t) = F(A(t),t).

Since F' is one-to-one on V, g(t) = h(t). m

Note that in some cases, reordering the coordinates may allow the Implicit
Function Theorem to apply. That is, the it may be possible to “collect” n
coordinates as the first n coordinates, so that the determinant of the resulting
matrix D is nonzero. This may be more precisely formulated using the notion
of rank of a linear transformation, but we will not give the details here.

Exercise 232 Consider the function f(z,y) = 2%y — 1.

1. Verify that the assumptions for the Implicit Function Theorem are valid
whenever x # 0.

2. What is the largest possible set U’ whose existence the theorem guarantees—
in particular, does U’ really depend on (xq,yo) in this case?

Exercise 233 Use the Implicit Function Theorem to prove the Inverse Function
Theorem, using the following steps:
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1. Given a function f satisfying the conditions of the Inverse Function The-
orem, consider the function g(x,y) = f(x) —y.

2. Show that the resulting one-sided inverse h : U’ — R™ also satisfies the
conditions of the Inverse Function Theorem and is 1-1.

8. Apply the same two steps to the function h and show that the resulting
function k must be the restriction of f to some open set.

Exercise 234 Consider the function f : C — C defined by f(z) = 2°.
1. Rewrite f as a function of two real variables from R? to R2.
2. Show that f is reqular on R?\(0,0) but that it is not one-to-one.

Definition 356 Let h : U — R be a C' function, where U C R". A regular
value of h is ¢ € R such that if h(x) = ¢ then x is not a critical point of h. A

reqular surface is a non-empty set of the form h=(c), where c is a regular value
of h.

Exercise 235 Show that the graph of any C' function f : U — R, where
U Cc R*! is open, is a regular surface.

Exercise 236 Show that the sphere S of radius ¢ > 0 in R"T! centered at 0
is a reqular surface.

Exercise 237 The purpose of this exercise is to justify the following statement:
every regular surface is “locally the graph of a function”.

1. Let h : U — R be a C' function, where U C R"™ and z €U is not a
critical point of h. Define S = h='(h(z)). Show that for some 1 < i <
n the following holds: Let R™ := R x R*"™1 writing x = (x;,t), with
t:=(x1, ..., Ti—1,Tit1, .., Tn). Then there exists an open set V C R™1
and a C' function g : V. — R such that the graph of g is the set of all
y €S such that (Y1, ..., Yi—1,Yit1,---Yn) € V. Hint: Show that for some i,
Oh (2) 2 0 and consider the function f(x) := h(x) — h(z).

Ox;

2. Illustrate the above statement by showing that the unit sphere in R? is the
union of six open hemispheres that are the graphs of six functions. Not a
lot of details needed—just state what the functions are and draw a picture.

5.7 Real Functions

If f: A — R is differentiable on A C R then the derivative at each point
defines a new real function f’ : A — R. Recapping our theorems in the real
case case we have for linearity (cf + g)'(z0) = cf’'(x0) + ¢'(z0) and for the
Chain Rule (f o g)'(z0) = f'(g(z0))g'(z0). Note that every partial derivative is
also a derivative (according to Exercise 213) and therefore the theorems in this
section apply to partial derivatives, and hence to the components of any total
derivative.
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Exercise 238 Let f and g be real functions differentiable at x, and ¢ € R.
1. Prove the Product Rule: (f - g)'(z) = f'(z)g(z) + ¢'(z) f(z).

/ y
2. Use that fact that f(x) (ﬁ) =1 to prove that (ﬁ) = —% for all
x such that f(z) # 0.

!/ ’ ’
3. Prove the Quotient Rule: (%) = fl)g (?(;fz(x)f @) for all x such that
f(z) #0.

4. Prove the Powers Rule for natural numbers: For every natural number n,
if k(z) = 2™ then k'(z) = nz" L.

5. Prove that if f has an inverse f~' in some open interval containing x

and f'(x) exists and is nonzero, then £l%l(f(gﬁ)) = ﬁ Hint: Use
f(f~Y(x)) = x. Note that if f is C' then one need only assume that

f'(z) # 0 in the interval and apply the Inverse Function Theorem.

We will not go farther in discussing the basic computational theorems in cal-
culus beyond a few comments now and additional exercises about the exponen-
tial function later. The derivatives of trigonometric functions can be determined
using geometric arguments and the basic theorems in the previous exercise. Al-
ternatively one can define the trigonometric functions using their power series
and then derive their geometric properties.

Two of the most important applications of the Mean Value Theorem are the
two theorems together known as the Fundamental Theorem of Calculus. Before
proving these theorems we establish a little notation. From now on we will
denote the Lebesgue integral of an integrable Borel function f on an interval
[a,b] by f; for f; f(x) or f; f(x)dz. If @ < b < c then since the intervals [a, b]
and [b, ¢] intersect in the set {b}, which has measure 0, we immediately have
[f= f:erfbc f. When a < b we will define [," f = ff;f. This definition is
made purely for computational convenience; see, for example, the next exercise.
Also, since [a, a] is the single point set {a}, f; f =0 for any f.

Exercise 239 Show that the formula [} f = f: [+ [y [ is true without any as-
sumptions about the relative orders of the points a,b,c. Hint: Don’t be exhaustive—
do a couple of cases including one when two of the points are equal; the rest are
similar.

Theorem 357 (Fundamental Theorem of Calculus I): Suppose that f is a real
function differentiable on an open set containing [a,b]. Then f’ is a Borel

function on [a,b] and if [’ is bounded on |a,b] then f; fr=£(b) - f(a).

Proof. Let t; — 0, with ¢; > 0 for all 4. Since f is defined on an open set

containing [a, b], letting h;(x) := M

- we see that h; is defined on [a, D]
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for all large i. By definition f’ is the pointwise limit of (h;)$2; and hence is
Borel. Moreover by the Mean Value Theorem for all large ¢ and all  we have

fl@+t) — fl=)

|hi()| = > =|f' ()l <M,

where M is a bound for f/ and c is some point between = and z + ¢;. The
Lebesgue Dominated Convergence Theorem applies and we have

[frmm [ [ 22 (00 [ 10)

Invoking translation invariance yields

el ([ )t ()

1 .
< hmt— <ti . [br,rl}jari]f_ti min f) = lim <[InaX f— min f) = f(b)—f(a)

3 la,a+t;] b,b+t;] la,a+t;]

since f is continuous. Changing the max to a min and vice versa reverses the
inequality in the last line, proving equality. =

Corollary 358 If f and g are differentiable on some open set containing [a, b]
and f'(x) = ¢'(x) for all x € (a,b) then for all z, f(z) — g(x) = ¢ for some
c € R. In particular if f'(x) =0 for all x then f is constant.

Proof. Let h(z) = f(z)—g(z). Then h/(x) = 0 and h(x =["W(x
0. Letting ¢ := h(a) finishes the proof. m

Note that a C! function on an open set containing a closed, bounded interval
always has bounded derivative on that interval.

Exercise 240 For this exercise you may use only results from this or previous
sections and not your other knowledge about the function e*. Suppose that
f: R — R satisfies the equations f'(xz) = f(z) for all x and f(0) =1

1. Prove that the function h(zx) := f(z)f(—x) is the constant function 1;
conclude that f is never 0 (hence positive), and that f(—x) = ) for all
z.

2. Prowve that there is only one such function f. Hint: Consider the function
a;% where f and g are any two such functions.

3. Show that f(a+ z) = f(a)f(z) for any a and x. Hint: Fiz a and apply
flatz)

uniqueness to the function k(x) = -
Theorem 359 (Fundamental Theorem of Calculus II) If f : [a,b] — R is con-
tinuous then for any ¢ € (a,b) the function F(x) := f f is differentiable on
(a,b) and F'(z) = f(x).
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Proof. Let ¢ > 0. If h > 0 is small enough that z + h € (a,b) we have
F(z+h)— F(2) :fx+hf—fff:ff+hf and

a

z+h
hminfg/ f<h max f,
[z,z+h] x [z,z+h]

which implies

min f < Flzt+h) — F) < max f.

[z, x+h] " h [z,xz+h]

Since f is continuous, when A is small we have

F(z+h)— F(z)

fla) e < =

< f(z) +e.

A similar argument shows the same inequality when h is negative, and the proof
is finished. =

The function F(z) := [T f is called an antiderivative of f, because F’(x) =
f(x) for all z. Given any other antiderivative g, we see that d%(F(x) —g(z)) =
f(z)— f(z) =0 for every x and hence F(x)— g(z) is constant. That is, any two
antiderivatives of f differ by a constant; conversely, for any constant ¢, g(z) + ¢
is also an antiderivative of f.

We next consider differentiation in connection with sequences of functions.
The Fundamental Theorem of Calculus allows us to derive a useful differentia-
tion theorem from our theorems about limits of integrals.

Theorem 360 Let f; : (a,b) — R be a sequence of differentiable functions such
that (f!) converges uniformly to a function g : (a,b) — R and for some zg €
(a,b), fi(xg) is convergent. Then (f;) converges uniformly to a differentiable
function f: (a,b) — R and for every x € (a,b),

f'(z) = g(x) = lim fj(z).

Proof. Let 6 > 0. Given any z,z + h € (a,b), applying the Mean Value
Theorem and the fact that (f]) is Cauchy, we have for all large i and j there is
some ¢;; € (a,b) such that

|fix +h) — fi(z) — fij(x 4+ h) + fi(z)]
=|(fi = f3) (@ +h) = (fi = [;) ()]
= |h(fi— f3) (ci)| <61nl. (5.8)
(

(fi
Now given € > 0 we may take § := ﬁ_a) in the above inequality and note that
for large 4 and 7, | fi(z0) — fj(zo)] < 5.

Letting h := xo — x we obtain

[fi(w) = fi(0)] < |filz) = fi(2) = filzo) + f5(wo)| + [ fi(zo) — f;(0)]
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€l|xo — 2

T

£ ce
5S¢

This shows (f;) is Cauchy, and Proposition 220 implies that f; — f for some
f. Now for any z,x + h € (a,b) with h # 0, define k;(h) := M
Formula (5.8) implies that (k;) converges uniformly to k(h) := w

Theorem 217 now implies that the following limits exist:

filzx+h) = fi(z)

We now turn our attention to Taylor’s Theorem and power series for real
functions. If f is differentiable on some interval, then we can ask whether
the function f’ is differentiable. If it is, its derivative will be denoted by f”.
Continuing this process (as long as the derivatives in question exist), the higher

derivatives of f will be denoted by f”, f", f®, ... or %, %,.... In order to

simplify the statement of Taylor’s Theorem we will also denote f by (9. In the
next theorem we will say that ¢ is between x and xg if x < ¢ < g or g < ¢ < .

Theorem 361 (Taylor’s Theorem) Let f be a real C™ function defined on an
open set U and suppose that f"1) exists for every x € [a,b] € U. For any
xo, T € [a,b] there exists some point ¢ between xg and x such that

n (k) T (n+1) Nz — xo) 1
o) =3 Lo - gy Lm0

Proof. If we define

(k) (g
oo L) = S T (e — w0t
' (x — xo)nHt

then we need to show that for some ¢ between x and xq, f(**t1)(c) = (n + 1)!M.
Letting

(k) (g
o®) = 7))~ 3 T 4 ap(e g (5.9)

k=0 k

it is an exercise to prove that g(zo) = g(z) = 0 and g\ (z) = 0 for all j < n.
We will show by induction that for all 1 < j < n+ 1, gi¥)(¢;) = 0 for some c;
between x and xg. The case j = 1 follows from Rolle’s Theorem and the fact that
g(xo) = g(z) = 0. Suppose that we have proved that for some k < n, there exists
some ¢ between zy and x such that ¢*)(c;) = 0. Since ¢g*) (x9) = 0 the Mean
Value Theorem implies there exists some ci1 between xg and c¢g, and hence
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*)
between g and x, such that g+ (¢x11) = 0. Now since S p_, L k(!xo) (t—z0)*

is an n'" degree polynomial, differentiating Formula (5.9) (n + 1) times yields

0= g(n+1)(cn+1) = f(nJrl)(CnJrl) —0—(n+1)!IM.
]
Exercise 241 Finish the proof of Taylor’s Theorem.

Exercise 242 Let f : (0,00) — R be a function such that f"(z) exists for all x
and " is bounded on (0,00). Show that if lim, . f(z) = 0 then lim,_,, f'(x) =
0. Hint: Solve for the derivative in Taylor’s formula and figure out how to make
it small by making x — xg small and x large.

We are now in a position to discuss integration and differentiation of real
power series. Although we previously studied power series for complex numbers,
if the coefficients of a power series are real then the restriction of the power series
to those real numbers for which it converges defines a real function. The domain
of this function is the intersection of the domain of the complex series with R;
that is, if R > 0 is the radius of convergence of the complex power series (which
depends only on the coefficients) then the real power series converges absolutely
and uniformly on any interval [—r, 7] where 0 < r < R, and converges pointwise
on (—R, R). A power series > >° c,2", where ¢, and z are real is called a real
power series. Given such a power series one can “formally" differentiate and
antidifferentiate it (i.e. compute now, prove later) as one would a polynomial,
to obtain the real power series

oo o0 1
n—1 n+1
Z ne,T and Z 1 Cn® (5.10)
n=0 n=0

respectively. Since lim {/n = lim /n + 1 = 1, these two series have the same
radius as convergence R as the original. Supposing that R > 0 we know that
Zﬁ:o cpx™ converges uniformly to the continuous function ZZO:() cpx™ on any
[—r, 7] where 0 < r < R. From Theorem 360 we obtain:

Proposition 362 Let f(z) =Y 7 c,x™ be a real power series with radius of
convergence R > 0. The the derivative and an antiderivative of f are given by
Formula (5.10), and these series also have radius of convergence R.

Differentiating a power series n times proves the next corollary, which essen-
tially states that any power series with positive radius of convergence is equal
to its own (infinite) Taylor series with zyp = 0 (such series are often called
Maclaurin series). A function having a Taylor series with nontrivial interval of
convergence is called analytic in that interval.

Corollary 363 If f(z) = > oo, cax™ has radius of convergence R > 0 then

_ 1M

Cn = for all n.
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Exercise 243 Let f be the function from Ezercise 240, which is the unique
function such that f'(z) = f(z) for allx € R and f(0) = 1.

1. Prove that Y~ % is the Maclaurin series for f and hence that f(z) =

ew

2. Show that £ (Inz) = 1

=3

Exercise 244 Write out the first four terms of the Taylor series of f(x) = % at

xo = 1 and use this to find the first five terms of the Taylor series of g(x) = zlnx
at xg = 1. Hint: For the last part multiply by (x — 1) + 1 rather than x.

5.8 Linear Functions and Integration

We will review a little more linear algebra. A nonsingular linear function can be
written as a composition of elementary linear functions of the following three

types:

1. switch coordinates: (Z1,..,%i, ..., T, o0, Tn) = (1, o0y Ty eey Ty ooey T )5 1 <
J

2. scale coordinate: (x1,.., %4, .oy Tp) — (T1, .., ATy ooy Ty )y @ £ O
3. tilt coordinate: (x1,..,Zs, ..., &n) — (T1,..., i + a5, ..., %), a # 0,7 # j

Note that the inverse of any elementary linear transformation is an elemen-
tary linear transformation of the same type. We will need to know the effect on
a unit cube of these three types of elementary functions. The first one takes the
unit cube back to itself. The second one takes the unit cube to a rectangular
box of measure |a|, and the last one takes the unit cube to a parallelepiped of
measure 1 (see also Exercise 247 below). We will only provide details of the last,
computing the measure by slices. Let E be a linear function of the third type.
Since the unit cube Q™ is compact and E is continuous, E(Q™) is compact, and
has the form E(Q") = {(z1,..,x; + axj,...,x,) : 0 <z <1 for all k}. Using
R" = R* ! x R!, where R! is the i*" factor, we see that the projection E; of
E(Q") onto R"! is simply Q"~!. Fixing any x =(1,...,2,_1) € E1, we have
ax; < x;+axr; <ax;+1wherel=jif j <iandl=j—1if j > ¢. This means
Ey = [ax;, ax; + 1], which has measure 1. Applying Theorem 296 shows that

1 (BQY) = / =@ =1

From elementary linear algebra we know that the determinant of an elemen-
tary linear transformation of the first or third type is 1, and the determinant of
one of the second type is a. In other words, for any elementary linear transfor-
mation E,

H(E(Q")) = |det B (5.11)
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Before we continue we need to show that the image of a Borel set with
respect to a homeomorphism is a Borel set. While this fact may seem trivial
since homeomorphisms preserve all topological properties of a metric space, the
definition of Borel sets as the smallest o-algebra of sets with certain properties
makes the argument a little tricky.

Lemma 364 Let f : X — Y be a homeomorphism between metric spaces. If
E C X is a Borel set then f(F) is a Borel set.

Proof. Let B(X) be the collection of all Borel sets in X and B'(X) :=
{f7Y(A): A C X is a Borel set}. It is easy to check that B/(X) is a o-algebra
and contains all open sets. Since B(X) is the smallest collection with these
properties, B(X) C B'(X). Now suppose that A = f(F) where E is a Borel set
in X. Then f~}(E) = A € B(X) C B(X) and therefore E = f~1(C) for some
Borel set C'in Y. But f is one-to-one and E = f~1(A), so f(E) = C and f(E)
is therefore a Borel set. This shows B/(X) C B(X). m

Corollary 365 If f : Y — Z is a Borel function and h : X — Y is a homeo-
morphism, where X,Y, Z are metric spaces then f o h is a Borel function.

Proof. For any open set U in Z, (foh)~Y(U) = h=(f~1(U)). Since f~*(U)
is Borel and A~! is a homeomorphism, the proof is complete. ®

Note that a nonsingular linear function L has a linear, hence continuous,
inverse, and hence is a homeomorphism.

Theorem 366 Let L : R — R" be nonsingular. For any nonnegative Borel
function f : E — R, where E C R™ is a Borel set, [}, f = |det L] fL—l(E) (foL).
In particular for any Borel set E C R™ we have p(L(E)) = |det L| u(E).

Proof. Since L is a homeomorphism, Lemma 364 and Corollary 365 imply
that the set L=(E) and the function f o L are both Borel. Therefore the
integral in the right side of the equation is defined. We will show that the
function that assigns to £ and f the function Ig(f) := |det L fL*l(E) (foL)
satisfies the properties of the Lebesgue integral, which, according to Theorem
247, is uniquely determined by these properties. Positivity is clear. For any
constant ¢ > 0 and nonnegative functions f,g: F — R we have

Ig(ef +g) =|det L] ((ef + g) o L) = |det L| (cfoL+goL)
L-Y(E) L-Y(E)

= c|det L] foL—|—|detL|/ goL =clg(f)+ Ir(g)
L-Y(E) L-Y(E)
= clp(f) + Is(9).

If ¢ = 0 the proof follows from Proposition 262.
Countable set additivity is an exercise.
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Now let v € R™; it is easy to check that L™ (E+v) = L™ (E) + L~} (v). If
h(x) = f(x — v) then

h(L(x)) = f(L(x) - v) =f(L(x - L7(v))

and applying translation invariance to the functions h o L and f o L we have

Iiio(h) = |det L| (hoL) = |det L| / (hoL)
L L-1(E)+L-1(v)

(E+4v)

=ty [ (fon) = 1s(s).

To show normalization, suppose first that L is elementary. According to
Formula (5.11) we have

1
Ion(1 :detL/ 1) = |detL| p(L™H(Q™)) = |det L] —— =1
(U =ldetL] | | (1) = |det L u(LH(Q") = det L] i

(5.12)
This completes the proof of the theorem for any elementary transformation
L, and in particular we have that for any Borel set F,

p(L(E)) = |det L| p(E). (5.13)

But any linear transformation is a composition of elementary linear transfor-
mations, and since the determinant of the composition is the product of the
determinants, Formula (5.13) implies that Formula (5.11) holds for an arbitrary
linear transformation. Now Equation (5.12) holds, and finishes the proof. =

Corollary 367 Let L : R" — R™ be nonsingular. For any integrable Borel
function f : E — R, where E C R™ is a Borel set, fE f=ldetL| fL*l(E) (foL).

Exercise 245 Finish the proof of the above theorem.
Exercise 246 Prove the above corollary.

Recall from linear algebra that a rotation is an orthogonal linear function
from R"™ to itself that preserves orientation. An orthogonal linear function, in
turn, is one that preserves the standard dot product, and such functions have
determinant +1. Therefore:

Corollary 368 Any orthogonal linear function, and in particular any rotation,
preserves measure, i.e., if f: R™ — R"™ is orthogonal and A C R™ is Borel then

p(A) = p(f(A)).

Another fact from linear algebra is that any isometry of R™ is the composi-
tion of an orthogonal linear function and a translation. We already know that
translation preserves measure, and hence we have:
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Corollary 369 Any isometry of R™ preserves measure.

Exercise 247 The parallelepiped spanning {v1, ..., v,} is

n
P(Vl,...,Vn) = {Ztivi : O S tz S 1} .

i=1

Show that i (P (v1, ..., vy,)) = |det M|, where M is the matriz having {v1, ..., vy}
as rows. Hint: Find a linear function that takes the unit cube to P (vy,...,Vy).

Another important type of linear function defined on R"™ is rescaling. A
rescaling of R™ with factor s > 0 is the function ps; : R® — R"™ given by
ps(v) = sv. The matrix for this linear function consists of sI, where I is the
identity matrix; that is, sI has s for the diagonal entries and 0’s elsewhere. The
determinant of this function is the product of the diagonal elements, or s”. We
have proved:

Corollary 370 For any s > 0 and Borel set A C R", pu(os(A)) = s"u(A).

5.9 Change of Variables

In this section we will investigate the following important idea: ifa f : U — R™,
U C R™ is C! then “locally” (that is, in some possibly small open set contain-
ing that point), the function behaves approximately like its derivative in terms
of measure. While there are related results concerning points where the linear
function D(f) is singular, we will only consider the case when det D(f) # 0 and
the Inverse Function Theorem implies that f is open and locally a homeomor-
phism. We start with the following proposition, which extends Theorem 345
and is used in the proof of the main theorem.

Proposition 371 Let f : U — R" be a regular function, where U C R™ is open,
and let A C U be compact. Given z €U, define g, := Df(z)_1 of : U — R".
For every € > 0 there exists a 6 > 0 such that if z,x €A and y €U such that
Ix —y| <9, then

192(y) = 92(%) = Dg(x)(y = x)[| <ellx =yl

Proof. By Proposition 352 there is some & > 0 such that for all z € A and
v €R”,
|Ds@) " )| < kvl
According to Theorem 345 there is some ¢ > 0 such that if |x —y| < § with

x € A then

1f(y) = f(x) = Df(x)(y — x)|| < 5”"7_3’“

For all such x,y and z €A we then have Dg,(x) = Df(z) 'oDf(x) and

192(y) = 92(x%) = D(g2)(x)(y = x|
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~ |ps@ () - 1) - Dy -0

SkNfy) = fx) - DIy —x)l <elx—yl-
]

Theorem 372 Let f: U — R" be a C* function on an open set U C R™ such
that D(x) := |det D(f)(x)| #0 for all x €U. For any compact set A C U and
p > 0 there exists a § > 0 such that if Q is a semicube of radius v < § centered

at x €A,
Proof. Let A > 0 be small enough that
l—p<(A=-X"<A+N"<1+p.

According to Proposition 371 there exists a d > 0 such that if z,x €A and y €U
such that |[x —y|| < J, then

192(5) — 92(x) — Dga(x)(y — || < % "

where g, := Df(z) 'of. Applying Proposition 115, we have that if |x — y||
d, then ||x —y|| < ¢ and

max <

192(¥) = 92(x) = Dga(x)(y = %)l ax < % [x =yl <Al = Yllnax - (5:14)

Now fix any x € A. Since Lebesgue measure and distance are both translation
invariant, by composing f with translations we need only consider the case
x = 0 and f(0) = 0. Taking z = x, we have Dgo(0)) =D f(0)"1Df(0)=1 and
Formula (5.14) simplifies to

”gO(y) - yHmax <A ||yHmax (515)

when ||y . < 6. Ifr < d and y € Crax(0,7) then

max

HgO(Y>||max S HgO(y) - yumax + Hy”max < (1 + A)T

which proves
gO(CInax(07 T)) - Cmax (07 (1 + >‘) T) .

From this we conclude that
1£(90(Cinax(0,7)) < (2(L+X) )" = (1 +X)"(2r)" < (L +p)(2r)".  (5.16)
Since go = Df(0)~! o f, we obtain from Theorem 366 that

1(f (Cimax(0,7)) < (1 + p)D(0)(2r)".
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We next will prove that
C := Ciax (0, (1 = X) r) C go(Bmax(0,7)). (5.17)
Calculating as in Formula (5.16) we then obtain
1t (f(Bmax(0,7)) = (1 = p)D(0)(2r)" (5.18)

to finish the proof of the theorem.

To prove Formula (5.17)9, suppose first that ||y|| .. =, so
A A
”gO(y)Hmax Z ||yumax - Hgo(Y> - YHmax >r—= 57’ = (]‘ - 5)’["
That is, if ||y, .x = 7 then go(y) ¢C and

A= gO(BmaX(O,T)) NC = gU(CmaX(O’r» ne.

Now according to Corollary 354, go is open, so A is open in C. On the other
hand, go(Cmax(0,7)) is compact, hence closed, and so A is also closed in C.
Since go(0) = 0, A is also non-empty, and since C' is connected, C = A C
90(Bmax(0,r)). m

Proposition 373 Let ¢ : U — R" be a one-to-one C* function, where U C R™
is open and for all x €U, D(x) := |det Dp(x)| # 0. Let E C U be an F, set

and F := ¢(E). Then
w(F) = /ED.

Proof. We will prove the proposition through a sequence of weakening
assumptions on F: starting with E being a semicube. In this case consider
the sequence {K,,},-_; from Theorem 274, where K,, is a collection {Qm;}i™
of disjoint semicubes that subdivide the semicube E. Define a simple function
Sm = D(Xmi)XQ.n:» Where X,,; is the center of Q,,;. Since D is continuous,
for any x €E and € > 0, for large enough m, |D(x) — D(xmi)| < &, where
X € Qum;. In other words, s,, — D. According to Theorem 372, given ¢ > 0, for
large enough m we have that

' :U’(QS(QmZ)) . D(Xmi)

for all i. Now F is the disjoint union of the sets ¢(Q,;) for every m and we
have

P = 3 H(0(@n)) < (1) D) (Qui) = (1+2) [ 5.

<e

Applying the Lebesgue Dominated Convergence Theorem (each s, is bounded
above by the maximum of D on the compact set E), we have u(F) < (1+¢) [, D.
A similar argument shows that p(F) > (1—¢) [, D and this first step is finished.
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Now suppose E is an arbitrary compact set. Let ¢ > 0. Using Theorem
274 we can cover E by disjoint semicubes @; such that if A := (JQ; then
i

(A\E) < +7 and therefore fA\E D <e. Now

F)<Zu(¢(Qi))=Z/iD=/AD=/ED+ A\ED</ED+5

and since € was arbitrary we obtain

mgéu

Applying this to the set A\E we have pu(¢(A\E)) < fA\ED < &. Since ¢
is one-to-one we have that ¢(A) is the disjoint union of F' and ¢(A\FE) and
therefore

H(F) = p(6(4)) = W@ A\E)) = 3 (o @)-c=[ D> [ D=

Finally, if E is an F, then according to Lemma 291 FE is the increasing union
of compact sets F;. Since ¢ is injective, F is the increasing union of compact
sets F; := ¢(E;). We have

M(F):limu(Fi)zlim/iD:[ED.

Theorem 374 (Change of Variables) Let ¢ : U — R™ be a one-to-one C*
function, where U C R™ is open and for all x €U, D(x) := |det Dp(x)| # 0.
Let E C U be closed, F := ¢(E), and f: F — R be a Borel function. Then

[ 1= [ 1o

provided either integral exists.

Proof. Suppose first that f = xp where B C Fisan F,—so also A = ¢—1(B)
is an F,,. By Proposition 373,

/Ff:M(B):/AD:/EXWI(A)D:/E(JCO@D

If f=3", ¢ixr is asimple function with each F; an F,, then the proof follows
from linearity. If f is a nonnegative Borel function then by Proposition 292
there exists a sequence (f;) of functions of the type just considered such that

fi /" fon E. Then since D >0, (f;o¢)D / (f o ¢) D and

/f—hm/fz—hm/ (fiod) D = /f 6)D

The rest of the proof is an exercise.
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Exercise 248 Finish the proof of the Change of Variables Theorem.

Exercise 249 Fuvaluate fE e (z* — y*) where E is the region bounded by the
graphs of the functions vy =1, xy =6, 22 —y? =2, 22 —y? = 4.
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Index

o-compact set, 122

accumulation point, 32

angle, 146

antiderivative, 162

approximation property for infs/sups,
17

Archimedean Principle, 19

arcwise connectedness, 64

ball, metric, 27

Banach space, 133

between, 163

bijection, 9

bilipschitz, 53

binomial formula, 74

Bolzano-Weierstrass Theorem, 40, 45,
61

Borel set, see sets

bounded

subset, 27

bounds, upper and lower, see func-

tions, sets

Cauchy-Schwarz Inequality, 56, 134
Chain Rule, 148, 149
Change of Variables, 171
closure, see sets
cluster point, 32
completeness axiom, 16
complex numbers, 69

modulus of, 71

pure imaginary, 70
connectedness, 62
continuous

uniformly, 44
critical point, 148, 154

178

cube, 105
boundary of, 105
faces of, 105
measure of, 112
curve
acceleration of, 146
continuous, 64
differentiable, 146
speed of, 146
velocity of, 146

de Morgan’s laws, 5, 8
derivative, 144

higher, 163

partial, 142

total, 144
differentiable, 142, 145
directional derivative, 146
Dirichlet function, 100, 102
dot product, 55, 138

empty set, 5

exponential function, 85, 160, 161,
164

exponents, 73

extended reals, 16

F, set, 122
Fatou’s Lemma, 119
Fibonacci numbers, 20
field, 12
field isomorphism, 70
First Derivative Test, 147
functions, 9

bilipschitz, 53

Borel, 102

sum and product of, 104
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bounds, upper and lower, 18

Ct, 152

characteristic, 102

composition of, 10

continuous, 34

differentiable, 142

graph of, 127

identity, 10

increasing/decreasing, 64, 151

inf and sup of, 118

inf/sup of, 18

limits of, 34

linear, see linear functions

Lipschitz, 52

local max/min of, 147

max,/min of, 18

one-to-one, 9

onto, 9

regular, 153

restriction of, 11

simple, 121

uniformly continuous, 44

Fundamental Theorems of Calculus,

160, 161

gradient, 146

Heine-Borel Theorem, 40, 45, 61
Holder Inequality, 134
homeomorphism, 48

image, 10
Implicit Function Theorem, 158
inclusion, 47
increasing/decreasing, see functions,
sets
indexing set, 7
infimum or inf, see functions, sets
infinity
algebraic conventions for, 16
limits to, 75
injection, 9
inner product, 138
interior, see sets
Intermediate Value Theorem, 64
Inverse Function Theorem, 156
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inverse image, 10
isometry, 47, 167

Jacobian matrix, 144

L’Hospital’s Rule, 151
Lebesgue Dominated Convergence The-
orem, 120
Lebesgue integral, 106
as area under graph, 127
convergence theorems
Fatou’s Lemma, 119
Lebesgue Dominated Conver-
gence, 120
Uniform, 120
countable subadditivity of, 108
finite additivity of, 107
Lebesgue measure, 110
Lebesgue number, 42
linear functions
derivative of, 144
elementary, 165
rescaling, 167
rotation, 167
Lipschitz, 52
local max/min, see functions

Maclaurin series, 164
matrices, 139
Max-min Theorem, 41
maximum/minimum, see functions,
sets
Mean Value Theorem, 150
measurable, 122, 132
measure by slices, 125
metric
induced by a norm, 57
invariant, 57
standard (Euclidean), 49
standard (real), 26
metric space, 25
complete, 66
constructions
max metric, 50
plus metric, 54
product metric, 49
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examples
complex numbers, 69
continuous functions, 93
continuous real functions, 26,
91
functions into a metric space,
91
integers, 46
real numbers, 26
reals with trivial metric, 51
trivial metric, 26
Minkowski inequality, 135
Monotone Convergence Theorem, 117

n*"-order approximation, 141
nonoverlapping, see sets
nonsingular linear function, 140
norm, 55, 57
norms

topologically equivalent, 62

one-to-one correspondence, 9
open ball, 27

open cover, 42

order axioms, 14

ordered field, 17

ordered pair, 7

parallelepiped, 167
partial derivative, 142
partition, 97
refinement of, 98
size of, 97
path, 64
power series, 85, 95
adding, 87
continuity of, 96
differentiation of, 164
radius of convergence of, 86
powers, 73
Powers Rule, 160
Product Rule, 159
projection, 11

Quotient Rule, 160

regular point, 153

INDEX

rescaling, see linear functions

Riemann integrable, 97

Riemann integral, 97, 121
improper, 122

Riemann sum, 97

Riesz Representation Theorem, 140

Rolle’s Theorem, 151

root,n-th, 73

rotation, see linear functions

o-algebra, 101

Sandwich Theorem, 32

semicube, 106

sequences, 20
Cauchy, 65
convergent, 31
in a product metric space, 59
increasing, 34
limit point of, 31
limsup and liminf of, 76
subsequence of, 21
terms of, 20

sequences of functions
monotone (increasing/decreasing),

89

pointwise convergence of, 87
sum and product of, 94
switching iterated limits of, 92
uniformly bounded, 89
uniformly convergent, 91

series, 78
absolute convergence of, 79
adding, 80
alternataing, 83
Cauchy Criterion for, 78
comparison test for, 81
convergence of, 78
divergence of, 78
divergence test for, 79
geometric, 79, 86
harmonic, 83
ratio test for, 82
rearrangement of terms, 84
root test for, 82
sequence of partial sums of, 78
sum of, 78



INDEX

telescoping, 80
series of functions, 94
sets
o-compact, 122
Borel, 101
homeomorphic image of, 165
nonoverlapping, 111
bounds, 15
cartesian product of, 7, 11
closed, 28
closed in subspace, 45
closure of, 30
compact, 39
complement of, 5
disjoint, 5
F,, 122
increasing/decreasing collection
of, 109
interior of, 30
intersection of, 5, 7
maximimum/minimum of, 15
measurable, 122, 132
neighborhood of, 43
nested, 41
open, 28
open in subspace, 45
pairwise disjoint, 105
singleton, 28
sup/inf of, 15
translation of, 105
union of, 5, 7
slice, 125
Small Tails Lemma, 78
speed, 146
square root, 19
standard basis, 139
subset, 5
proper, 5
subspace metric, 44
supremum or sup, see functions, sets
surjection, 9

tail (of a sequence), 23

Taylor’s Theorem, 163

topologically equivalent, 51
norms, 62
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triangle inequality, 15, 55, 135
Tschebyshev Inequality, 111

Uniform Convergence Theorem, 120
uniformly bounded, 89

unit sphere, 61

unit vector, 55

vacuous hypothesis, 3
vector, b4
velocity, 146

Weierstrass M-test, 95

Young’s Inequality, 133



