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Preface

I began writing this book during the mid-year break in 2023, which was when I had a bit of free time to read up
on undergraduate mathematics, and also started learning I&IEX to write this book.

The objective of this book is to serve as a compilation of essential topics at the undergraduate level (as well as
serving as my personal notes). The book covers (or aims to cover) the following topics:

1. Abstract algebra, which follows [DF04].

2. Linear algebra, which follows [Ax124].

3. Real analysis, which follows [Rud76; Apo57]; multivariable analysis, which follows [Spi65; Rud76].
4. General topology, which follows [Mun18].

5. Measure theory and complex analysis, which follows [Rud87].

6. Functional analysis, which follows [Rud91].

7. Stochastic analysis

8. Differential geometry

Prerequisites

This book is written such that it is accessible to high school students. No formal prerequisites are required,
although some experience with proofs may be helpful.

Presentation

This book follows the typical style of “Definition”, “Theorem”, etc.

For ease of reference, important terms are coloured when first defined, and are included in the glossary; less
important terms are italicised when first defined, and are not included in the glossary.

Note on Problem Solving
Mathematics is about problem solving. In [P6145], George P6lya outlined the following problem solving cycle.

1. Understand the problem

Ask yourself the following questions:

* Do you understand all the words used in stating the problem?

* Is it possible to satisfy the condition? Is the condition sufficient to determine the unknown? Or is it
insufficient? Or redundant? Or contradictory?

* What are you asked to find or show? Can you restate the problem in your own words?
* Draw a figure. Introduce suitable notation.

* Is there enough information to enable you to find a solution?
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2. Devise a plan

A partial list of heuristics — good rules of thumb to solve problems — is included:

* Guess and check * Use a model

* Look for a pattern * Consider special cases
* Make an orderly list * Work backwards

* Draw a picture * Use direct reasoning

* Eliminate possibilities * Use a formula

* Solve a simpler problem * Solve an equation

* Use symmetry * Be ingenious

3. Execute the plan

This step is usually easier than devising the plan. In general, all you need is care and patience, given
that you have the necessary skills. Persist with the plan that you have chosen. If it continues not to work
discard it and choose another. Don’t be misled, this is how mathematics is done, even by professionals.

» Carrying out your plan of the solution, check each step. Can you see clearly that the step is correct?
Can you prove that it is correct?

4. Check and expand

Pélya mentions that much can be gained by taking the time to reflect and look back at what you have
done, what worked, and what didn’t. Doing this will enable you to predict what strategy to use to solve
future problems.

Look back reviewing and checking your results. Ask yourself the following questions:

* Can you check the result? Can you check the argument?
* Can you derive the solution differently? Can you see it at a glance?

* Can you use the result, or the method, for some other problem?

Building on Pdlya’s problem solving strategy, Schoenfeld [Sch92] came up with the following framework for

problem solving, consisting of four components:

1. Cognitive resources: the body of facts and procedures at one’s disposal.
2. Heuristics: ‘rules of thumb’ for making progress in difficult situations.

3. Control: having to do with the efficiency with which individuals utilise the knowledge at their disposal.
Sometimes, this is referred to as metacognition, which can be roughly translated as ‘thinking about one’s
own thinking’.

(a) These are questions to ask oneself to monitor one’s thinking.
* What (exactly) am I doing? [Describe it precisely.] Be clear what I am doing NOW. Why am |
doing it? [Tell how it fits into the solution.]

* Be clear what I am doing in the context of the BIG picture — the solution. Be clear what I am
going to do NEXT.
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(b) Stop and reassess your options when you
» cannot answer the questions satisfactorily [probably you are on the wrong track]; OR
* are stuck in what you are doing [the track may not be right or it is right but it is at that moment
too difficult for you].
(c) Decide if you want to
* carry on with the plan,
* abandon the plan, OR
* put on hold and try another plan.

4. Belief system: one’s perspectives regarding the nature of a discipline and how one goes about working on
it.
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1 Mathematical Reasoning and Logic

Summary

* Basic logic.
* Common methods of proof.

§1.1 Zeroth-order Logic

A proposition is a sentence which has exactly one truth value, i.e. it is either true or false, but not both and
not neither. A proposition is denoted by uppercase letters such as P and Q). If the proposition P depends on a
variable z, it is sometimes helpful to denote it by P(x).

We can do some algebra on propositions:
(i) equivalence, denoted by P = (), means P and () are logically equivalent statements;
(ii) conjunction, denoted by P A (), means “P and Q)”;
(iii) disjunction, denoted by P V (), means “P or Q”;
(iv) negation, denoted by —P, means “not P”.

Here are some useful properties when handling logical statements. You can easily prove all of them using truth
tables.

Lemma 1.1.

(i) Double negation law:

P = —|(—|P)
(ii) Commutative laws:
PANQ=QAP
PvQ=QVvP

(iii) Associative laws:
(PNQ)AR=PA(QAR)
(PVQ)VR=PV(QVR)
(iv) Idempotent laws:

PANP=P
PvP=P
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(v) Distributive laws:

(vi) Absorption laws:

v N
> <
~ N
< >
LL
[Tl
v

(vii) de Morgan’s laws:

~(PV Q)= (=P A-Q)
~(PAQ) = (-PV Q)

Remark. Notice that because of the associative laws we can leave out parentheses in statements of the forms

PAQA Rand PV QV R without ambiguity, because the two possible ways of filling in the parentheses are
equivalent.

Statements that are always true are called tautologies; for instance PV —P. Similarly, statements that are always
false are called contradictions; for instance P A —P.

We can now state a few more useful laws involving tautologies and contradictions.

Lemma 1.2.

(i) Tautology laws: if Q is a tautology, then

PAQ=P
PV Q isatautology

=) is a contradiction

(ii) Contradiction laws: if Q) is a contradiction, then

PvQ@=P
P AQ isa contradiction

=@ is a tautology
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If, only if

Implication is denoted by P —> (), which means “P implies )7, i.e. if P holds then ) also holds. It is
equivalent to saying “If P then QQ”. P = () is known as a conditional statement, where P is known as the

hypothesis (or premise) and () is known as the conclusion.
The only case when P = () is false is when the hypothesis P is true and the conclusion () is false.

Statements of this form are probably the most common, although they may sometimes appear quite differently.

The following all mean the same thing:
(i) if P then Q;
(ii) P implies Q;
(iii) P only if Q;
(iv) P is a sufficient condition for Q;

(v) @ is a necessary condition for P.
Given P = @),

* its converse is () = P; both are not logically equivalent;

* itsinverse is P = —(), i.e. the hypothesis and conclusion of the statement are both negated; both are
not logically equivalent;

* the contrapositive is =() =—> —P; both are logically equivalent.
To prove P — (),

1. assume that P holds,

2. deduce, through some logical steps, that () holds.

Alternatively, we can prove the contrapositive: assume that () does not hold, then show that P does not hold.
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If and only if, iff

Bidirectional implication is denoted by P <= (@, which meansboth P — Qand ) — P; P <— @
is known as a biconditional statement. We can read this as “P if and only if )”. The letters “iff”” are also
commonly used to stand for “if and only if”.

P < Q@ is true exactly when P and () have the same truth value.

These statements are usually best thought of separately as “if” and “only if” statements. To prove P < (@,
prove the statement in both directions:

1. prove P = (@, and

2. prove Q — P.

Remember to make very clear, both to yourself and in your written proof, which direction you are doing.
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§1.2 First-order Logic

The universal quantifier is denoted by V, which means “for all” or “for every”. A universal statement takes the
form Vz € X, P(z).

The existential quantifier is denoted by 3, which means “there exists”. An existential statement takes the form
dr € X, P(x), where X is known as the domain.

Lemma 1.3 (de Morgan’s laws).

- [Vz € X, P(z)] =3z € X,~P(z)
-3z € X, P(z)] =V € X,-P(x)

To prove a statement of the form Vz € X, P(z),

1. Start with “let x € X be given” to address the quantifier with an arbitrary = (this will prove the statement
for all z € X).

2. Show that P(x) is true.

Consider statements of the form Vz € X, P(x) = Q(x); we say that the statement is vacuously true if P(x)
is false for all x € X.

To prove a statement of the form 3x € X, P(x), there is not such a clear steer about how to continue:

* you can construct such an x with the desired properties (constructive proof);

* you can demonstrate logically that such an x must exist because of some earlier assumption (non-
constructive proof);

* you can suppose that such an x does not exist, and consequently arrive at some inconsistency (proof by
contradiction).

Remark. Read from left to right, and as new elements or statements are introduced they are allowed to depend
on previously introduced elements but cannot depend on things that are yet to be mentioned.

Remark. To avoid confusion, it is a good idea to keep to the convention that the quantifiers come first, before
any statement to which they relate.
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§1.3 Methods of Proof

What is a proof ? Informally, we will define a mathematical proof to be a logical argument that establishes the
truth of a mathematical statement. A typical proof proceeds as follows:

1. Start with the given hypotheses.
2. Apply rules of inferences (logical deduction) to get new statements.

3. Repeat Step 2 until we reach the desired conclusion.
We first present some straightforward methods of proof:

* Adirect proof of P —> () is a series of valid arguments that start with the hypothesis P and end with
the conclusion ().
P—= ... = Q

* A proof by contrapositive of P —> () is to prove instead -@Q — —P.

* A disproof by counterexample is to provide a counterexample to disprove a statement, which makes the
negation of the statement true.

Thus, to disprove P —> (), the counterexample makes the hypothesis P true, and the conclusion ()
false. Likewise, to disprove Vx € X, P(x), we prove its negation 3z € X, —~P(x), i.e., find a € X such
that P(a) is false.

In seeking counterexamples, it is a good idea to keep the cases you consider simple, rather than searching
randomly. It is often helpful to consider “extreme” cases; for example, something is zero, a set is empty,
or a function is constant.

* A proof by cases is to first dividing the situation into cases which exhaust all the possibilities, and then
show that the statement follows in all cases.
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Proof by Contradiction

To prove by contradiction,

1. Assume P is false, i.e., =P is true (to prove P = () by contradiction, suppose P A —Q).

2. Show, through some logical reasoning, that this leads to a contradiction or inconsistency.

We may arrive at something that contradicts the hypothesis P, or something that contradicts the initial
supposition that () is not true, or we may arrive at something that we know to be universally false.

We illustrate this method of proof using a classic example.

Example 1.4 (Irrationality of v/2). Prove that v/2 is irrational.
Proof. We prove by contradiction. Suppose otherwise, that /2 is rational. Then /2 = % for some a,b €
Z,b # 0, a,b coprime.

Squaring both sides gives
a? = 2b°%.

Since RHS is even, LHS must also be even. Hence it follows that a is even. Let a = 2k where k € Z.
Substituting a = 2k into the above equation and simplifying it gives us

b? = 2k>.
This means that b? is even, from which follows again that b is even. This contradicts the assumption that a and b
coprime, so we are done. 0

Example 1.5 (Euclid). Prove that there are infinitely many prime numbers.

Proof. Suppose otherwise, that only finitely many prime numbers exist. List them as p1, ..., p,. Consider the
number

N =pipa---pp + 1L

Note that [V is divisible by a prime p, yet is coprime to p, . . ., p,. Therefore, p does not belong to our list of all
prime numbers, a contradiction. O
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Proof of Existence and Uniqueness

To prove existential statements, we can adopt two approaches:

1. Constructive proof (direct proof)

To prove statements of the form 3z € X, P(z), find or construct a specific example for z. To prove
statements of the form Vy € Y, Jz € X, P(x,y), construct example for x in terms of y (since x is
dependent on y).

In both cases, you have to justify that your example x

(a) belongs to the domain X, and

(b) satisfies the condition P.

2. Non-constructive proof (indirect proof)

Use when specific examples are not easy or not possible to find or construct. Make arguments why such
objects have to exist. May need to use proof by contradiction. Use definition, axioms or results that
involve existential statements.

To prove uniqueness (after proving existence), we can either

e assume Jz,y € X such that P(z) A P(y) is true, then show = = y, or

* assume that 3z, y € X are distinct such that P(x) A P(y), then derive a contradiction.

We sometimes use 3! to mean “there exists a unique”.

Example 1.6. Prove that we can find 100 consecutive positive integers which are all composite numbers.

Proof. We proceed by constructive proof; we will construct integers n,n + 1,7 + 2,...,n + 99, all of which
are composite.

Claim. n = 101! + 2.
Then n has a factor of 2 and hence is composite. Similarly, n + k = 101! + (k + 2) has a factor k£ + 2 and hence
is composite for k = 1,2,...,99.

Hence the existential statement is proven. O

Example 1.7. Prove that for all p, ¢ € Q with p < ¢, there exists z € Q such that p < x < q.

Proof. We prove by construction; we want to construct x in terms of p and ¢, which fulfils the required condition.

Claim. z = pT—i-q

Evidently z € Q. Since p < ¢,

- -
pobte_ata_ o,

Similarly,

+ +
x:u>u:p:>p<x.
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Remark. There are two parts to prove: 1) x satisfies the given statement 2) x is within the domain (for this
question we do not have to prove x is rational since Q is closed under addition).

O]

Example 1.8. Prove that for all rational numbers p and ¢ with p < g, there is an irrational number r such that
p<r<gq.
Proof. We prove this by construction. Similarly, our goal is to find an irrational r in terms of p and q.

. + . . .
Note that we cannot simply take r = b q; a simple counterexample is the case p = —1,¢ = 1 where r = 0 is

clearly not irrational.

Since p lies in between p and ¢, let r = p + ¢ where 0 < ¢ < ¢ — p. Since ¢ < ¢ — p, we have ¢ = a—» for

some k > 1; to make c irrational, we take k to be irrational.

Claim. » =p + u.

V2

We shall show that (i) p < r < g, and (ii) r is irrational.

>0sor:p+w>p+0:p.

V2

q—>p
V2

q—>p

—— < qg—psor<p+(q— =q.

ﬂqp p+(g—p)=q

(i) Sinceq—p >0,

q—p
r—p
r —p # 0), RHS is rational. This implies that LHS is rational, i.e. /2 is rational, which is a contradiction.

(ii) We prove by contradiction. Suppose 7 is rational. We have v/2 =

. Since p, q, r are all rational (and

O]

Example 1.9. Prove that every integer greater than 1 is divisible by a prime.

Proof. We proceed by a non-constructive proof.
If n is prime, then we are done as n | n.

If n is not prime, then n is composite. So n has a divisor d; such that 1 < d; < n. If d; is prime then we are
done as d; | n. If d; is not prime then d; is composite, has divisor dz such that 1 < ds < n.

If ds is prime, then we are done as da | d; and d; | n imply dy | n. If ds is not prime then dy is composite, has
divisor d3 such that 1 < d3 < ds.

Continuing in this manner after k times, we will get
I<dp<dp_1<---<dg<di <n

where d; | n for all i.

Since there can only be a finite number of d;’s between 1 and n, this process must stop after finite steps. On the
other hand, the process will stop only if there is a d; which is a prime. Hence we conclude that there must be a
divisor d; of n that is prime. O

Remark. This proof is also known as proof by infinite descent, a method which relies on the well-ordering
principle on N.

Example 1.10. Prove that the equation 2 + y? = 322 has no solutions (x, ¥, z) in integers where z # 0.
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Proof. Suppose (x,y, z) is a solution. WLOG assume z > 0. By the least integer principle, we may also
assume that our solution has z minimal. Taking remainders modulo 3, we see that

>+ y*=0 (mod 3)

Since perfect squares can only be congruent to 0 or 1 modulo 3, we must have z = y = 0 (mod 3). Writing
x =3aand y = 3b for a,b € Z gives

90> +90? =322 = 3(a®* +V*) =2 = 3|22 = 3]z
Now let z = 3¢ and cancel 3’s to obtain
a’® + b = 3.

We have therefore constructed another solution (a, b, ¢) = (%, %, %) ,but 0 < ¢ < z contradicts the minimality
of z.

O]
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Proof by Mathematical Induction

Induction is an extremely powerful method of proof used throughout mathematics. It deals with infinite families
of statements which come in the form of lists. The idea behind induction is in showing how each statement
follows from the previous one on the list—all that remains is to kick off this logical chain reaction from some
starting point.

The well-ordering principle on N states the following: every non-empty subset S C N has a smallest element;
that is, there exists m € S such that m < k forall k € S.

The principle of induction states the following: Let S C N. If i) 1 € S,and (ii)) k € S = k+ 1 € S, then
S=N.

Lemma 1.11. The well-ordering principle is equivalent to the principle of induction.

Proof.

Suppose otherwise, for a contradiction, that S exists with the given properties in the principle of
induction, but S # N.

Consider the set N\ S. Then N\ S is not empty. By the well-ordering principle, N \ S has a least element p.
Since 1 € §,1 ¢ N\ Ssop # 1, thus we must have p > 1.

Now consider p — 1. Since p is the least element of N\ S, p —1 ¢ N\ Ssop — 1 € S. But by (ii) of the
principle of induction, p — 1 € S implies p € S, which contradicts the fact that p € N\ S.

Suppose the principle of induction is true. Then this implies that Theorem 1.12 is true, which in turn
implies that Theorem 1.16 is true. In order to prove the well-ordering of N, we prove the following statement
P(n) by strong induction on n: If S C Nand n € S, then S has a least element.

The basis step is true, because if 1 € S then 1 is the smallest element of .S, since there are no smaller elements
of N.

Now suppose that P(k) is true for k = 1,...,n. To show that P(n + 1) is true, let S C N contain n 4 1. If
n + 1 is the smallest element of .S, then we are done. Otherwise, S has a smaller element k, and P(k) is true by
the inductive hypothesis, so again S has a smallest element.

Hence by strong induction, P(n) is true for all n € N. This implies the well-ordering of N, because if S is a
non-empty subset of N, then pick n € S. Since n € N, P(n) is true, and therefore S has a smallest element. [

Theorem 1.12 (Principle of mathematical induction). Let P(n) be a family of statements indexed by
N. Suppose that

(i) P(1) is true;
(ii) forallk € N, P(k) = P(k+1).

Then P(n) is true for all n € N.

(i) is known as the base case; (ii) is known as the inductive step, where we assume P(k) to be true—this is
called the inductive hypothesis—and show that P(k + 1) is true.

Proof. Apply the principle of induction to the set S = {n € N | P(n) is true}. O
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We illustrate the application of this proving technique using a classic example.

Example 1.13. Prove that for any n € N,
Zn:i ~ n(n+1)
=
=1

n(n—i—l).

n
Proof. Induct on n. Let P(n) : Zz = 5
i=1

Clearly P(1) holds. Now suppose P(k) holds for some k € N, k£ > 1; that is,

Zk:i Ck(k+1)
2
i=1
Adding k + 1 to both sides,
o k(k+1)

Y i=—p (k1)

(k+1)(k+2)
2
(k+1)[(k+1)+1]
2

thus P(k + 1) is true. Hence by induction, the result holds. O

Example 1.14 (Bernoulli’s inequality). Let x € R, x > —1. Then for all n € N,
(I1+2)" > 14+ naz.

Proof. Inducton n. Fix x > —1. Let P(n) : (1 4+ z)" > 1 + nx.

The base case P(1) is clear. Suppose that P(k) is true for some k € Z*, k > 1. Thatis, (1 + 2)* > 1 + ka.
Note that 1 + z > 0, and kz? > 0 (since k£ > 0 and z2 > 0). Then

(1+ x)k‘H =(1+z)(1+ m)k

> (14+z)(1+ kx) [induction hypothesis]
=1+ (k+ 1)z + ka?
>1+ (k+ 1)z [ kz? > 0]
so P(k + 1) is true. Hence by induction, the result holds. O

A corollary of induction is if the family of statements holds for n > N, rather than necessarily n > 0:

Corollary 1.15. Let P(n) be a family of statements indexed by integers n > N for some N € Z.
Suppose that

(i) P(N) is true;
(ii) forallk > N, P(k) = P(k+1).
Then P(n) is true for all n > N.
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roof. eorem 1.12 to the statement ()(n) = n -+ orn € N.
Proof. Apply Th 1.12 to th Q(n) = P(n+ N) fi N O

Another variant on induction is when the inductive step relies on some earlier case(s) but not necessarily the
immediately previous case.

Theorem 1.16 (Strong induction). Let P(n) be a family of statements indexed by N. Suppose that
(i) P(1) is true;
(ii) forallk e N, P(1)) A---ANP(k) = P(k+1).

Then P(n) is true for all n € N.

Proof. Let Q(n) be the statement “P(k) holds for k = 1,...,n”. Then the conditions for the strong form are
equivalent to (i) Q(1) holds and (ii) forn € N, Q(n) = Q(n + 1). By Theorem 1.12, (n) holds for all
n € N, and hence P(n) holds for all n. O

Example 1.17 (Fundamental theorem of arithmetic). Prove that every natural number greater than 1 may be
expressed as a product of one or more prime numbers.

Proof. Let P(n) be the statement that n may be expressed as a product of prime numbers.

Clearly P(2) holds, since 2 is itself prime. Let n > 2 be a natural number and suppose that P(k) holds for all
k <n.

* If n is prime then it is trivially the product of the single prime number n.

* If n is not prime, then there must exist some r, s > 1 such that n = rs. By the inductive hypothesis, each
of r and s can be written as a product of primes, and therefore n = rs is also a product of primes.

In both cases, P(n) holds. Hence by strong induction, P(n) is true for all n € N. O

The following is also another variant on induction.

Theorem 1.18 (Cauchy induction). Let P(n) be a family of statements indexed by N>o. Suppose that
(i) P(2) is true;
(ii) forallk € N, P(k) = P(2k) and P(k) = (k—1).

Then P(n) is true for all n € N>s.

Example 1.19 (AM-GM inequality). Given n € N, prove that for positive reals a1, az, .. ., an,

ar+as+---+ay,
n

> Yaiaz - ay.

ap+az+---+ap
n
Base case P(2) is true because

Proof. Let P(n) :

> Yaiag - ay.

aj + as
2

> Varay <= (a1 +CL2)2 >4dajas <= (a1 — a2)2 >0
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Next we show that P(n) = P(2n)

ay 4 ag + - + ag, aitas+-+an + An+1t+ant2+-+aon

— n n
2n 2
tag+e+ ant1tanio+taz
al a2n Qan + n+ n-l’;b n S {L/a/la2 ceeQp + {L/an+1an+2 ce A9
2 - 2
Yaraz - an + Yant1ant2 - a2n
5 > \/{Z/cnaz © A YAy 1Gn42 - A2p

V V@102 i a o = X aan

The first inequality follows from n-variable AM—GM, which is true by assumption, and the second inequality
follows from 2-variable AM—GM, which is proven above.

Finally we show that P(n) = P(n — 1). By n-variable AM-GM, “te2tttn > o/gg5a, Let

ay, = Wf% Then we have

ai+as+-+an_—
a1 +ay+-Fan 1+ artayt -+ Ao

n n—1

So,

a1+a2+-~+an—1>naa_”a e tazt--tan
o1 > 102 n—1 1

.a1+a2+-'-~|—an,1
n—1

N <a1+a2+-~-+an1

n
> a1a2 - Ap—1
n—1

N <a1+a2+~-+an_1

n—1
> ai1a - Ap_1
n—1

ay+as+ -+ ap-
- 12 1 nl > "N/a1a2 - Q-1
n_

By Cauchy induction, this proves the AM—GM inequality for n variables. O
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Pigeonhole Principle

Theorem 1.20 (Pigeonhole principle). If kn + 1 objects are distributed among n boxes, one of the boxes
will contain at least k + 1 objects.

Example 1.21 (IMO 1972). Prove that every set of 10 two-digit integer numbers has two disjoint subsets with
the same sum of elements.

Proof. Let S be the set of 10 numbers. It has 2! — 2 = 1022 subsets that differ from both .S and the empty set.
They are the “pigeons”.

If A C S, the sum of elements of A cannot exceed 91 + 92 + - - - + 99 = 855. The numbers between 1 and 855,
which are all possible sums, are the “holes”.

Because the number of “pigeons” exceeds the number of “holes”, there will be two “pigeons” in the same “hole”.
Specifically, there will be two subsets with the same sum of elements. Deleting the common elements, we obtain
two disjoint sets with the same sum of elements. O

Example 1.22 (Putnam 2006). Prove that for every set X = {x1,x9,...,2,} of n real numbers, there exists a
nonempty subset S of X and an integer m such that

1
< —-.
m Z =0 +1
z€S
Proof. Recall that the fractional part of a real number z is = — | z]. Consider the fractional parts of the numbers

1,1 +Z2,...,T1 +2To+ -+ Tp.

n

T 1} , then we are done.

* If any of them is either in the interval [O, n%q} or [

* If not, consider these n numbers as the “pigeons” and the n — 1 intervals

1 2 2 3 n—1 n
n+1'n+1]" n+1"n+1]"""""|n+1"n+1
as the “holes”. By the pigeonhole principle, two of these sums, say 1 +x2+---+xpand x1 +z9+- - -+

Tk+m. belong to the same interval. But then their difference x41 + - - - + T, lies within a distance of

1 .
1 of an integer, and we are done.
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Exercises

Exercise 1.1. Negate the statement
for all real numbers z, if z > 2, then 22 > 4
Solution. In logical notation, this statement is (Vz € R)[z > 2 = 2% > 4].

~{(Vz eR)[z >2 = 22> 4]}
=3z eR)-[z >2 = 2% > 4]
(3z e R)~[(z < 2) V (22 > 4)]
=3z € R)[(x > 2) A (2* < 4)]

Exercise 1.2. Negate surjectivity.

Solution. If f : X — Y is not surjective, then it means that there exists y € Y not in the image of X, i.e. for
all z in X we have f(z) # y.

VyeY,xe X, f(x)=y
=JycY,-(3r c X, f(x)
=dyeY,Vo € X, ~(f(x)
=dyeY, Ve e X, f(x)#y

)

y
Y)

O]

Exercise 1.3. Use the Unique Factorisation Theorem to prove that, if a positive integer n is not a perfect square,
then /n is irrational.

[The Unique Factorisation Theorem states that every integer n > 1 has a unique standard factored form, i.e.
there is exactly one way to express n = plfl p’Q€2 - pft where p; < py < --- < pg are distinct primes and
ki1, ko, ..., k; are some positive integers.]

Solution. Prove by contradiction. Suppose 7 is not a perfect square and /7 is rational. Then \/n = ¢ for some
a,b € Z. Squaring both sides and clearing denominator gives

nb® = a?. (%)
Consider the standard factored forms of n, a and b:

k1, k k
n:p11p22 ...ptt

e ez 2 2e1 2es . 2eq

a = ¢y gy gy = a =41 g "y
bzr{lrgz'--r{f” = bzzrfflrgh---rgf”

i.e. the powers of primes in the standard factored form of a? and b? are all even integers.
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This means the powers k; of primes p; in the standard factored form of n are also even by Unique Factorisation
Theorem. Note that all p; appear in the standard factored form of a? with even power 2¢;, because of (x). By
UFT, p; must also appear in the standard factored form of nb? with the same even power 2c;.

If p; 1 b, then k; = 2¢; which is even. If p; | b, then p; will appear in b? with even power 2d;. So k; + 2d; = 2¢;,
and hence k; = 2(¢; — d;), which is again even.
k k

2
0 S O OO T S S,
enceén =p; Py Py = | P1 P2 Py .

k1 kg ke
Since % are all integers, p,® p,> ---p,” is an integer and n is a perfect square. This contradicts the given

hypothesis that 7 is not a perfect square. O

Exercise 1.4. Prove that for every pair of irrational numbers p and ¢ such that p < ¢, there is an irrational x
such that p < x < q.

Solution. Consider the average of p and ¢, i.e., 1% Evidently p < % < q.

L. p+q. . . . . _ptgq
Since it may not always be the case that is irrational (so we cannot immediately take z = ?), we
need to consider two cases:

. . +
e is irrational Take x = b4 and we are done.

+4q. . + . +r . +r

b4 is rational Letr = p q’ and take the average of p and r, i.e., Z?T Evidently p < p? <r<aq.
. o L +r.. . : 3
Since p is irrational and r is rational, P is irrational. In this case, take x = p: q‘
O

Exercise 1.5. Given n real numbers a1, ao, ..., a,. Show that there exists an a; (1 < ¢ < n) such that a; is
greater than or equal to the mean of the n numbers.
Solution. Prove by contradiction.
Let a denote the mean value of the n given numbers. Suppose a; < a for all a;. Then

__a+a+---+a, a+a+---+a na _

a= < = — =a.

n n n

We derive a < a, which is a contradiction.
Hence there must be some a; such that a; > a. ]

Exercise 1.6. Prove that the following statement is false: there is an irrational number a such that for all
irrational number b, ab is rational.

Idea. Prove the negation of the statement: for every irrational number a, there is an irrational number b such
that ab is irrational. We shall adopt a constructive proof (note that we can consider multiple cases and construct

more than one b).

Solution. Given an irrational number a, let us consider —. We consider cases:
a

2 2
o If £ is irrational, take b = £ Then ab = /2 which is irrational.
a a
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a V2 V2

irrational. Take b = /3, which is irrational. Then ab = a+/3 is irrational.

2. . . a . . . o .
o If £ is rational, its reciprocal —= is rational. Since /6 is irrational, the product ( ) V6 = a3 is
]
Exercise 1.7. Prove that there are infinitely many prime numbers that are congruent to 3 modulo 4.

Idea. 1t is not really possible to come up with a direct proof, so we prove by contradiction.

Solution. Suppose, for a contradiction, that there are only finitely many primes that are congruent to 3 modulo
4. Let py, pa, . . ., pm be the list of all the primes that are congruent to 3 modulo 4.

Let M = (p1p2 - -pm)2 + 2.

We have the following observation:
(i) M =3 (mod 4).
(i) Every p; divides M — 2.
(iii) None of the p; divides M. [Otherwise, together with (ii), this will imply p; divides 2, which is impossible. ]

(iv) M is not a prime number. [Otherwise, by (i), M is a prime number congruent to 3 modulo 4. But
M = p; for all 1 < ¢ < m. This contradicts the assumption that py, po, . . . , pm, are all the prime numbers
congruent to 3 modulo 4.]

From the above discussion, we know that A is a composite number by (iv). So it has a prime factorization
M = qiq2- - - g

Since M is odd, all these prime factors ¢; must be odd, and hence ¢; must be congruent to either 1 or 3 modulo
4.

By (iii), g; cannot be any of the p;. So all g; must be congruent to 1 modulo 4. Then M, which is the product of
qj, must also be congruent to 1 modulo 4.

This contradicts (i) that M is congruent to 3 modulo 4.

Hence we conclude that there must be infinitely many primes that are congruent to 3 modulo 4. O
Exercise 1.8. Prove that, for any positive integer n, there exists a perfect square m? such that n < m? < 2n.

Idea. A direct proof by construction is not quite possible, so we prove by contradiction.

Solution. Suppose, for a contradiction, that n > m? and (m + 1)? > 2n for some positive integer n, so that
there is no square between n and 2n. Then

(m+1)% > 2n > 2m?.
Since we are dealing with integers and the inequalities are strict, we get
(m+1)? > 2m? +2

which simplifies to
0>m?—2m+1=(m—1)>

The only value for which this is possible is m = 1, but you can eliminate that easily enough. 0
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Exercise 1.9. Prove that for every positive integer n > 4,
n! > 2",

Solution. Induct on n. Let P(n) : n! > 27,

The base case P(4) is clear. Now suppose P(k) is true for some k € N>y, i.e., k! > 2*. Then
(E+1)!=kl(k+1) > 2k +1) > 2~ .2 =21
so P(k + 1) is true. O

Exercise 1.10. Prove by mathematical induction, for n > 2,

1
Un<2——.
n

1
Solution. Inducton n. Let P(n) : /n <2 — —, forn > 2.
n

1
The base case P(2) is clear. Now assume P (k) is true for k > 2,k € N, i.e., Vk <2 — —, or

k
1\ *
k 2—— .
<(2-3)
We want to prove that P(k + 1) is true; that is,
1 k+1
k+1 2—-—
* << k:+1>
Since k > 2, we have
1 k+1 1 k+1
2— — 2 — — ok 2
o) 2 () 4>
1\* 1
=(2-= 9 _ =
C-5) (1)

1 : . .
>k (2 — kz) [by inductive hypothesis]
=2k—-1>k—-1

so P(k + 1) is true. O

Exercise 1.11. Prove that, for all integers n > 3,

3) ~ 21 “o1
Assume that P(k) is true for some k£ € N>3; that is,

1\*
1+ — k.

. 1\* 64 _10 ,
Solution. For the base case P(3), | 1+ = — = 2— < 3. Hence P(3) is true.
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1
Multiplying both sides by (1 + k) (to get a k + 1 in the power),

1 1" 14 = (141 o G P
+ 2 o) =1+ <k{142)=k+

1 1
Si k<k+1l <— —>—0o,
nce kK < kK + k>k:—|—1

1\ F+1 s
1+ - > 1+ ——
( i k) ( T 1>
The rest of the proof follows easily. O

A sequence of integers F;, where integer 1 < ¢ < n, is called the Fibonacci sequence if and only if it is defined
recursively by Fy =1, F, =1, F,, = F,,_1 + Fj,_o forn > 2.

Exercise 1.12. Let (ay,) be a sequence of integers defined recursively by the initial conditions a; = 1, ag = 1,
a3z = 3 and the recurrence relation a,, = an_1 + an_o + an_3 forn > 3.

For all n € N, prove that
a, < 2" 1

Idea. Given the recurrence relation, we may need to use strong induction: use P(k), P(k + 1), P(k + 2) to
prove P(k + 3), for all k € N.
Solution. Let P(n) : a, < 2" L.

The base cases P(1), P(2), P(3) are clear. Now assume P(k), P(k + 1), P(k + 2) are true, for some k € N.
We will show that P(k + 3) is true.

By the inductive hypothesis, for & € N we have

ar <28, app <2V apye < 2FF2

Then
k43 = Ok + Qfy1 + Qpy2 [start from recurrence relation]
< ok 4 okFl 4 o2 [use inductive hypothesis]
=21 +2+2%
< Qk(23) [approximation, since 1 + 2 + 22 < 2]
— 2]€+3
which is precisely P(k + 3) : agy3 < 2FF3. O

Exercise 1.13. For m,n € N, prove that
Fn+m+1 = FpFpy + Fn—&-lFm—i-l‘

Solution. Induct on n. Let P(n) : Fyimy1 = FnFy + Fri1F 1 for all m € Nin the cases & = n and
k=n+1.
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To show that P(0) is true, note that
Fry1 = Fob + FiFn

and
Frpo = F1Fy + FoFy

for all m, as Fy = 0 and F} = Fy = 1.

Now assume P(n) is true; that is, for all m € N,

Foims1 = FnFp 4+ Fop1 Fipga,

Fn+m+2 = Fn+1Fm + Fn+2Fm+1-
Then

Fn+m+3 = Fn+m+2 + Fn+m+1
:FnFm+Fn+1Fm+1 +Fn+1Fm+Fn+2Fm+l
- (Fn + Fn+1)Fm + (Fn+1 + Fn+2)Fm+1

= n+2Fm + Fn+3Fm+1

thus P(n + 1) is true, for all m € N. O



2 Set Theory

Summary

* Basic definitions relating to sets (excluding detailed axiomatic discussions).

 Relations and related concepts including binary relation, partial order, total order, well order, equivalence relations,
equivalence relations, equivalence class, quotient set, partition.

» Functions, injectivity, surjectivity, bijectivity, composition, invertibility.

§2.1 Basics of Naive Set Theory

Definitions and Notations

A set S can be loosely defined as a collection of objects'. For a set S, we write € S to mean that z is an

element of S, and x ¢ S if otherwise.

To describe a set, one can list its elements explicitly. A set can also be defined in terms of some property P(z)
that the elements = € S satisfy, denoted by the following set builder notation:

{z eS| P(x)}

The following sets of numbers are frequently encountered.

N = {1,2,3,...} denotes the natural numbers (non-negative integers).

e Z={...,—2,-1,0,1,2,...} denotes the integers.

Q= {% ‘ 0,q € ZL,q F O} denotes the rational numbers.

* R denotes the real numbers (the construction of which, using Dedekind cuts, will be discussed in
Chapter 10).

* C={x+yi| z,y € R} denotes the complex numbers.

Wehavethat NCZC QC R c C.

The empty set is the set with no elements, denoted by ().

'Russell’s paradox, after the mathematician and philosopher Bertrand Russell (1872—1970), provides a warning as to the loose-
ness of our definition of a set. Suppose H is the collection of sets that are not elements of themselves; that is,

H=1{S|5¢S).

The problem arises when we ask the question of whether or not H is itself in H? On one hand, if H ¢ H then H meets the precise
criterion for being in H and so H € H, a contradiction. On the other hand, if H € H then by the property required for this to be the
case, H ¢ H, another contradiction. Thus we have a paradox: H is neither in H, nor not in H.

The modern resolution of Russell’s paradox is that we have taken too naive an understanding of “collection”, and that Russell’s
“set” H is in fact not a set. It does not fit within axiomatic set theory (which relies on the so-called ZF axioms), and so the question of
whether or not H is in H simply doesn’t make sense.

23
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A is a subset of B if every element of A is in B, denoted by A C B:
ACB < (Vz)(r€ A = z € B)
We denote A C B to explicitly mean that A C B and A # B; we call A a proper subset of B.
Lemma 2.1 (C is transitive). If A C Band B C C, then A C C.
Proof. Letx € A.Since AC Bandz € A,x € B.Since BC Candz € B,z € C. Hence A C C. O
A and B are equal if and only if they contain the same elements, denoted by A = B.
Lemma 2.2 (Double inclusion). Let A C S and B C S. Then
A=B < (ACB)AN(BCA)
Proof. We have
A=B < (Vx)[r€ A < z € B]
— (Vz)[(r€ A = z€B)AN(r€B = z € A)]
— {(Wr)[re A = xze€ B} AN(Vx)[r € B = z € A)]
< (ACB)AN(BCA)
O

Remark. Double inclusion is a useful tool to prove that two sets are equal.

Some frequently occurring subsets of R are known as intervals, which can be visualised as sections of the real

line. We define bounded intervals

(a,b] ={z € R |a <z < b},
and unbounded intervals

(a,00) ={z €eR|a <z},
[a,00) ={z € R|a <z},
( )

—o00,a) ={z € R|z < a},
(c0,a] ={z eR |z <a}.

An interval of the first type (a, b) is called an open interval; an interval of the second type [a, b] is called a closed

interval. Note that if @ = b, then [a, b] = {a}, while (a,b) = [a,b) = (a,b] = 0.
The power set P(A) of A is the set of all subsets of A (including the set itself and the empty set):

P(A) ={S| S C A)}.
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An ordered pair is denoted by (a, b), where the order of the elements matters. Two pairs (a1, b1) and (a2, ba)
are equal if and only if a; = ag and by = be. Similarly, we have ordered triples (a, b, ¢), quadruples (a, b, ¢, d)
and so on. If there are n elements it is called an n-tuple.

The Cartesian product of sets A and B is the set of all ordered pairs with the first element of the pair coming
from A and the second from B:

Ax B:={(a,b) |a € Abe B}.

More generally, we define A} x Ay x -+ x A, to be the set of all ordered n-tuples (a1, az, ..., ay), where
a; € A; for 1 <4 <mn. Ifall the A; are the same, we write the product as A"™.

Example 2.3. R? is the Euclidean plane, R? is the Euclidean space, and R" is the n-dimensional Euclidean

space.

RxR=R*={(z,y9) | 2,y € R}
RxRxR=R>={(z,y,2) | z,y,2 € R}

R" = {(x1,22,...,2p) | T1,22,...,2, € R}

Lemma 2.4. Let A, B,C, D be sets.
(i) AxD=0xA=0.
(i) Ax (BUC)=(AUB) x (AUC).
(iii) Ax (BNC)=(ANB)x (ANC).
(iv) (ANB) x (CND)=(ANC) x (BN D).

(v) (AUB)x (CUuD)C (AUC)x (BUD,).

Proof.

(i) Evidently @ C A x @, which is vacuously true.

To show the opposite containment,
(i)
(iii)
(iv)
(v)

Algebra of Sets
We now disuss the algebra of sets. Given A C Sand B C S,

(i) The union A U B is the set consisting of elements that are in A or B (or both):

AUB={zeS|zec AVze B}
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(ii) The intersection A N B is the set consisting of elements that are in both A and B:

ANB={zeS|ze€ ANz € B}

A and B are disjoint if both sets have no element in common: AN B = ().

More generally, we can take unions and intersections of arbitrary numbers of sets (could be finitely or infinitely
many). Given a family of sets {4; | i € I} where I is an indexing set, we write

Udi={z|Jielze Al
el

and
(Ai={z|Vicl,zecA}.

el
(iii) The complement of A, denoted by A€, is the set containing elements that are not in A:

A={zeS|x¢ A}

(iv) The set difference, or complement of B in A, denoted by A\ B, is the subset consisting of those elements
that are in A and not in B:
A\B={ze€ A|z ¢ B}

Note that A\ B = AN B°.

Lemma 2.5 (Distributive laws). Let A, B,C' C S. Then
(i) AU(BNC)=(AUB)N(AUC);

(ii) AN(BUC)=(ANnB)U(ANC).

Proof.
(i) Suppose x € AU (BN C). Then

re AUBNC) < z€A VvV zeBNC
< €A V (zeB)AN(xel)
< (r€A)V(@eB) AN (x€A)V(xel)
<~ rxcAUB AN zxze€AUC
< ze€(AUB)N(AUC).

Thus AU(BNC)C (AUB)N(AUCQC).

Conversely suppose that z € (AU B) N (AU C). Then go in the reverse direction of the above steps to
show that ( AUB)N(AUC) C Au(BNCQO).
)

By double inclusion, (AU B)N (AUC) =AU (BNC(C).

(i) Similar.
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O
Lemma 2.6 (de Morgan’s laws). Let A, B C S. Then
(i) (AUB)¢ = A°N B¢
(ii)) (AN B)¢ = A°U B°.
Proof.
()
r€(AUB) <= ¢ AUB
<~ zx¢A N z¢B
<— rxecA° N z€B
< zr € A°NB°
(i1) Similar.
O

De Morgan’s laws extend naturally to any number of sets. Suppose {A; | i € I} is a family of subsets of .S, then

ﬂ A’L - U A’icy
el el
U Al = ﬂ ALl

iel iel

Lemma 2.7. The following hold:
(i) (Usjer 4i) UB = U, (A UB)
(ii) (N;es Ai) UB =;c;(4;UB)
(iii) (User Ai) U (UjeJ Bj) = Ui jyerxs(Ai U Bj)

() (Mier Ai) U (mjeJ Bj) = Miijyerxs(4i U Bj)
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§2.2 Relations

Definition and Examples

Definition 2.8 (Relation). R is a relation between A and Bif R C A X B;a € Aand b € B are said to
be related if (a,b) € R, denoted aRb.

Remark. A relation is a set of ordered pairs.

Visually speaking, a relation is uniquely determined by a simple bipartite graph over A and B. On the bipartite
graph, this is usually represented by an edge between a and b.

Example 2.9. In many cases we do not actually use R to write the relation because there is some other
conventional notation:

* The “less than or equal to” relation < on the set of real numbers is
{(z,y) €R? |z <y} CR%

we write z < y if (z,y) is in this set.

* The “divides” relation | on N is
{(m,n) € N? | m divides n} C N

we write m | n if (m,n) is in this set.

* For a set S, the “subset” relation C on P(S) is
{(A,B) € P(8)* | A c B} c P(8)*
we write A C B if (A, B) is in this set.

If A x B is the smallest Cartesian product of which R is a subset, we call A and B the domain and range of R
respectively, denoted by dom R and ran R respectively.

Example 2.10. Given R = {(1,a), (1,b),(2,b),(3,b)}, then dom R = {1,2,3} and ran R = {a, b}.

Definition 2.11 (Binary relation). A binary relation in A is a relation between A and itself; that is,
RC AxA.

Properties of Relations

Let A be a set, R arelationon A, z,y, z € A. We say that

(i) R is reflexive if xRx for all x € A,

(i) R is symmetric if tRy — yRx;
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(iii) R is anti-symmetric if tRy and yRr — = = y;
(iv) R is transitive if tRy and yRz — zRz.

Example 2.12 (Less than or equal to). The relation < on R is reflexive, anti-symmetric, and transitive, but not

symmetric.

Definition 2.13. A partial order on a non-empty set A is a relation on A satisfying reflexivity, anti-
symmetry and transitivity.

A total order on A is a partial order on A such that if for every x,y € A, either x Ry or yRx.

A well order on A is a total order on A such that every non-empty subset of A has a minimal element;
that is, for each non-empty B C A there exists s € B such that s < b forall b € B.

Example 2.14.

* Less than: the relation < on R is not reflexive, symmetric, or anti-symmetric, but it is transitive.

» Not equal to: the relation # on R is not reflexive, anti-symmetric or transitive, but it is symmetric.

Equivalence Relations

One important type of relation is an equivalence relation. An equivalence relation is a way of saying two objects

are, in some particular sense, “the same”.

Definition 2.15 (Equivalence relation). A relation ~ on a set A is an equivalence relation if it is

reflexive, symmetric and transitive.

Notation. We denote a ~ b for (a,b) € R.

An equivalence relation provides a way of grouping together elements that can be viewed as being the same:

Definition 2.16 (Equivalence class). Given an equivalence relation ~ on a set A, and given = € A, the
equivalence class of x is
[z] ={ye A|y~a}.

Grouping the elements of a set into equivalence classes provides a partition of the set, which we define as

follows:

Definition 2.17 (Partition). A partition of a set A is a collection of subsets {A; C A | i € I}, where |
is an indexing set, with the property that

(i) A; # 0 forall i € I (all the subsets are non-empty)
(i) U,;c; Ai = A (every member of A lies in one of the subsets)
(iii) A; N A; = 0 for every i # j (the subsets are disjoint)

The subsets are called the parts of the partition.
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Proposition 2.18. Let ~ be an equivalence relation on a non-empty set X. Then the equivalence classes

under ~ are a partition of X.

To prove this, we need to show that

(i) every equivalence class is non-empty;
(i1) every element of X is an element of an equivalence class;

(iii) every element of X lies in exactly one equivalence class.

Proof.

(i) An equivalence class [x] contains z: as = ~ x, by reflexivity of the relation. Thus [z] # ().

(ii) From (i), note that every = € X is in the equivalence class [z], so every element of X is an element of at

least one equivalence class.
(iii) Suppose otherwise, for a contradiction, that some element of X lies in more than one equivalence class.
Let x € X such that z € [y] and = € [z]; we want to show that [y] = [z] (using double inclusion).

Leta € [y], soa ~ y. ALso = € [y] so  ~ y. By symmetry, y ~ z. By transitivity, a ~ z. Now z € [z]

so x ~ z and similarly a ~ z thus a € [z]. Hence [y] C [2].

By the same argument, [z] C [y]. Hence [y] = [2].

Definition 2.19 (Quotient set). The quotient set is the set of all equivalence classes, denoted by A/ ~.

Example 2.20 (Modular arithmetic). Fix a positive integer n. Define a relation on Z by

a~b < n|(b-a).

Lemma. ~ is a equivalence relation.
Proof. Leta,b e Z.

(1) a ~ a so ~ is reflexive.
(i) a ~b = b ~ a for any integers a and b, so ~ is symmetric.

(iii) Ifa ~band b ~ ¢, thenn | (a —b)andn | (b—c),son|(a—b)+ (b—c)=(a—c),s0a ~ cand ~

1s transitive.

Notation. We write a = b (mod n) if a ~ b.
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For any k € Z we denote the equivalence class of a by [a], called the congruence class (or residue class) of a
mod n, which consists of the integers which differ from a by an integral multiple of n; that is,

[a]| ={a+kn |k e Z}.

There are precisely n distinct congruence classes mod n, namely
[0],[1],...,[n—1],

determined by the possible remainders after division by n; and these residue classes partition the integers Z. The

set of equivalence classes under this equivalence relation is denoted by Z/nZ, and called the integers modulo n.

Define addition and multiplication on Z/nZ as follows: for [a], [b] € Z/nZ,

This means that to compute the sum / product of two elements [a], [b] € Z/nZ, take any representative a € [a],
b € [b], and add / multiply integers a and b as usual in Z, then take the congruence class containing the result.

Lemma. Addition and mulltiplication on Z/nZ are well-defined; that is, they do not depend on the choices of
representatives for the classes involved. More precisely, if a1, as € Z and by, by € Z with ay = by and a3 = bo,
then a1 + ag = by + by and atas = b1bo, i.e., If

ap =b; (modn), ay=by (modn)

then
a1 +az =b1+by (modn), ajay =0b1be (mod n).

Proof. Suppose a; = b; (mod n),i.e.,n| (a; —b1). Then a; = by + sn for some integer s. Similarly, as = bo
(mod n) means ag = by + tn for some integer t.

Then a; + a2 = (b1 + ba2) + (s + t)n so that a3 + ag = by + by (mod n), which shows that the sum of the
residue classes is independent of the representatives chosen.

Similarly, ajas = (b1 + sn)(be + tn) = bibs + (b1t + bas + stn)n shows that ajas = b1by (mod n) and so
the product of the residue classes is also independent of the representatives chosen. O

An important subset of Z/nZ consists of the collection of congruence classes which have a multiplicative
inverse in Z/nZ:
(Z/n2)* = {[a] € Z/nZ | 3[d] € Z/nZ,[a][d] = [1]}.

Lemma. (Z/nZ)* equals the collection of congruence classes whose representatives are relatively prime to n:

(Z/nZ)* ={[a) € Z/nZ | (a,n) = 1}.
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Axiom of Choice and Its Equivalences

Definition 2.21. Let (P, <) be a partially ordered set. Suppose A C P.
(1) u € P is an upper bound for A if x < u for all x € A.
(i) m € P is a maximal element of P if x € P and m < z implies m = z.
(iii) Similarly we define lower bound and minimal element.

(iv) C C Pis called a chain if either x < yory < x forall z,y € C.

This terminology of partially ordered sets will often be applied to an arbitrary family of sets. When this is done,
it should be understood that the family is being regarded as a partially ordered set under the relation C. Thus a
maximal member of 7 is a set M € & such that M is a proper subset of no other member of 27; a chain of
sets is a family & of sets such that A C Bor B C Aforall A, B € ¥.

Definition 2.22. Let .% be a family of sets. Then .% is said to be a family of finite character if for each
set A, we have A € .Z if and only if each finite subset of A is in .%.

We shall need the following technical fact.

Lemma 2.23. Let ¥ be a family of finite character, and let € be a chain in % . Then | )€ € .F.

Proof. Tt suffices to show that each finite subset of | J% is in .#. Let F' = {x1,...,z,} C |J%. Then there
exist sets C'1,...,C, € € suchthat z; € C; (i = 1,...,n). Since ¥ is a chain, there exists iy € {1,...,n}
such that C; C Cj, fori =1,...,n. Then F' C C;, € .#. But .# is of finite character, and so F' € .%. O

Theorem 2.24. The following are equivalent:

(i) Axiom of choice: The Cartesian product of any non-empty collection of non-empty sets is non-
empty.

(ii) Tukey’s lemma. Every non-empty family of finite character has a maximal member.

(iii) Hausdorff maximality principle: Every non-empty partially ordered set contains a maximal
chain.

(iv) Zorn’s lemma. Every non-empty partially ordered set in which every chain has an upper bound
has a maximal element.

(v) Well-ordering principle.: Every non-empty set has a well-ordering.

Proof. We direct the reader to Section 3 of [HS65] for the complete proof. g

Remark. It is a non-trivial result that Zorn’s lemma is independent of the usual (Zermelo—Fraenkel) axioms of
set theory in the sense that if the axioms of set theory are consistent, then so are these axioms together with
Zorn’s lemma; and if the axioms of set theory are consistent, then so are these axioms together with the negation
of Zorn’s lemma.
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§2.3 Functions

Definitions

Definition 2.25 (Function). A function f: X — Y is a mapping of every element of X to some
element of Y; X and Y are known as the domain and codomain of f respectively.

Remark. The definition requires that a unique element of the codomain is assigned for every element of the
_ 1
Tz
Similarly, f(z) = y where y? = x fails because f () is undefined for z < 0, and for > 0 it does not return a

domain. For example, for a function f: R — R, the assignment f(x) is not sufficient as it fails at x = 0.

unique value; in such cases, we say the the function is ill-defined. We are interested in the opposite; functions
that are well-defined.

If a function is defined on some larger domain than we care about, it may be helpful to restrict the domain:

Definition 2.26 (Restriction). Suppose f: X — Y. The restriction of f to A C is the map f|s: A —
Y.

Remark. The restriction is almost the same function as the original function—just the domain has changed.

Another rather trivial but nevertheless important function is the identity map:

Definition 2.27 (Identity map). Given a set X, the identity idx : X — X is defined by

idx(z) =2z (ze€X).

Notation. If the domain is unambiguous, the subscript may be omitted.

Injectivity, Surjectivity, Bijectivity

Definition 2.28. Suppose f: X — Y.

(1) f isinjective (or one-to-one) if each element of Y has at most one element of X that maps to it:

Ve, 20 € X, f(z1) = f(22) = 21 =22

(ii) f is surjective (or onto) if every element of Y is mapped to at least one element of X:

VyeY, JxeX, f(x)=y

(iii) f is bijective if it is both injective and surjective; a bijective function is termed a bijection.

Notation. We write X ~ Y if there exists a bijection f: X — Y.
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Images and Pre-images

Definition 2.29. Suppose f: X — Y. The image of A C X under f is

flA):={yeY |TwecAy=/flz)}
The pre-image of B C Y under f is

fYB):={z e X| f(z) € B}.

Remark. Note the distinction between “codomain” and “range”.

Lemma 2.30. Let f: X — Y. Suppose AC X and BCY.
(i) If A= f~Y(B), then f(A) C B.

(ii) If B = f(A), then A C f~1(B).

Proof.

(i) Lety = f(A). Theny = f(x) for some x € A. Since A = f~1(B), thenz € f~1(B). Then f(z) = w
for some w € B. Thus y = f(x) = w € B. Hence f(A) C B.

(ii) Letz € A. Then f(z) € f(A) = B;let f(x) = y for some y € B. Consider y € B; it could have one or
more elements of A mapped to it. Hence A C f~1(B).

Remark. In general, we cannot conclude that B = f(A) implies A = f~(B).

We can express the previous result as follows:

F®) cB, A (f(4),

Lemma 2.31 (Algebra of pre-images). Suppose f: X — Y. Then
(i) f7H(AC) = [f~1(A)]" forevery AC Y
(ii) 7 (Uier Ai) = User f7H(Ai);
(iii)) f~' (Mier Ai) = Nier £71(A0)-

Proof.

(i) Suppose A C Y. Letx € X, then

z e fTHAY) — f(z) € A°
— flz) ¢ A
= ¢ [TH(A)
— re A
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Hence f~1(A°) = f~1(A)°.

(ii) Suppose {A; | i € I} is a collection of subsets of Y. Then

vef U4 fl)elJ4

el el

!

< f(x) € A;forsomei € [
— 1z € f_l(A,') for some i € 1
—

velJr A

iel
Hence [~ (U;es 4i) = User fH(A)).

(iii) Suppose {4; | i € I} is a collection of subsets of Y. Then

zef 4| <= fl)e[)A

i€l iel
< f(z) € A;foreveryi e I
— zc f1(A) foreveryic I
— T € ﬂ A

el

Hence [~ (M;icy 4i) = Nier fH(Ad).

Lemma 2.32 (Algebra of images). Suppose f: X — Y. Then
(i) f(A)" C f(A);
(ii) f (Uier Ai) = Uies F(A);
(iii) f (Mier Ai) C Nier F(A)

Composition

Definition 2.33 (Composition). Given f: X — Y and g: Y — Z, the composition go f: X — Z is
defined by
(go fl(@)=g(f(z)) (V&€ X)

The composition of functions is not commutative. However, composition is associative, as the following results
shows:

Proposition 2.34 (Associativity of composition). Suppose f: X =Y, g: Y — Z, h: Z — W. Then

fo(goh)=(fog)oh.
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Proof. Let x € X. By the definition of composition, we have

(fo(goh))(z)= f((goh)(x)) = flg(h(x))) = (fog)(h(x)) = ((fog)oh)(z).

Proposition 2.35 (Composition preserves injectivity and surjectivity).
(i) If f: X — Y isinjective and g: Y — Z is injective, then go f: X — Z is injective.

(ii) If f: X — Y is surjective and g: Y — Z is surjective, then g o f: X — Z is surjective.

Proof.

(1) Let f: X - Y andg: Y — Z be injective. To prove that g o f: X — Z is injective, we need to prove:
forall z,2’ € X,

(go f)(x)= (g0 f)(z') = z=2.

Suppose that (g o f)(z) = (g o f)(z'). Then by definition

Injectivity of g implies

and injectivity of f implies

(i) Let f: X =+ Y andg: Y — Z be surjective. To prove that go f: X — Z is surjective, we need to prove
that for any z € Z, there exists x € X such that (g o f)(x) = z.

Let z € Z. By surjectivity of g: Y — Z, there exists y € Y such that g(y) = z. By surjectivity of
f+ X — Y, there exists € X such that f(x) = y. This means that there exists x € X such that

g (f(z)) = g(y) = z, as desired.

Proposition 2.36. f: X — Y is injective if and only if for any set Z and any functions g1,g2: Z — X,

fogi=fogs = g1=go.

Proof.
Suppose f is injective, and suppose f o g1 = f o go. Let z € Z. Then we have

f(91(2) = £ (g2(2)) -

Injectivity of f implies
91(2) = g2(2),

S0 g1 = g2 (since the choice of z € Z is arbitrary).
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Pick Z = {1}, basically some random one-element set. Then for =,y € X, define

g:Z—=X, gi(1)
g2 Z =Y, g1)=uy.

z,

Then for z,y € X,

f@)=fly) = f(a(1)) = f(g2(1)) = q1(1) = g2(1) = 2=y

which shows that f is injective. O

Proposition 2.37. f: X — Y is surjective if and only if for any set Z and any functions g1,gs: Y —
Z’
gof=g0of = g1=g.

Proof.
Suppose that f is surjective. Let y € Y. Surjectivity of f means there exists x € X such that f(z) = y.
Then
gof=gof = g (f(@) =0 (=) = al) =90
80 g1 = 9g2.

We prove the contrapositive. Suppose f is not surjective, then there exists y € Y such that for all x € X
we have f(z) # y. We then aim to construct set Z and ¢1,¢92: Y — Z such that

@) 91(y) # 92(y)

(i) Yy #y,01(y) = g2(¥/)
Because if this is satisfied, then Vz € X, since f(z) # y we have from (ii) that g1 (f(z)) = g2(f(x)); thus
g1 o f = gso f,and yet from (i) we have g1 # go.

We construct Z =Y U {1, 2} for some random 1,2 ¢ Y.

Then we define

Then when y is not in the image of f, these two functions will satisfy g; o f = g2 o f but not g; = go.

So conversely, if for any set Z and any functions g;: Y — Z wehave g1 o f = g2 0 f = g1 = g2, sucha
value y that is in the codomain but not in the range of f cannot appear, and hence f must be surjective. O

Lemma 2.38 (Inverse image of composition). Suppose f: X — Y, g: Y — Z. Then

(g0 )7 (A) =17 (97" ()

for every A C Z.
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Proof. Suppose A C Z. Let x € X, then we have

ze(gof) H(A) < (gof)(x)e A
= g(f(z:)) €A
— f(x) eg™'(4)

= wef (o)

Hence (go f)~'(A) = f~ (¢7'(4)). O

Invertibility

Recalling that id x is the identity map on X, we can define invertibility.

Definition 2.39 (Invertibility). Suppose f: X — Y. We say that
(i) f is left-invertible if there exists g: Y — X such that g o f = idx; we call g a left-inverse of f;

(ii) f is right-invertible if there exists h: Y — X such that f o h = idy; we call h a right-inverse of
g
(iii) f is invertible if there exists k: Y — X which is a left and right inverse of f; we call £ an

inverse of f.

Remark. Notice that if g is left-inverse to f then f is right-inverse to g. A function can have more than one

left-inverse, or more than one right-inverse.

Example 2.40. Let

fiR—=[0,00), f(x)=2?
g9:[0,00) = R, g(z) =z

* f is not left-invertible. Suppose otherwise, for a contradiction, that & is a left inverse of f, so that
hf = idgr. Then

Lemma 2.41 (Uniqueness of inverse). If f: X — Y is invertible, then its inverse is unique.

Proof. Let g1 and g9 be two functions for which g; o f = idx and f o g; = idy. Using the fact that composition
is associative, and the definition of the identity maps, we can write

gi=gioldy =g10o(fog2) =(g10f)oge=idxog2 = go.

Since the inverse is unique, we can give it a notation.
Notation. The inverse of f is denoted by f~!

Remark. Immediately from the definition, if f is invertible then f~! is also invertible, and (f~1)~! = f.

The following result provides an important and useful criterion for invertibility.
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Lemma 2.42 (Invertibility criterion). Suppose f: X — Y. Then
(i) f is left-invertible if and only if f is injective;
(ii) f is right-invertible if and only if f is surjective;

(iii) f is invertible if and only if f is bijective.

Proof.

@) Suppose f is left-invertible; let g be a left-inverse of f, so g o f = idx.
Now suppose f(a) = f(b). Then applying g to both sides gives g (f(a)) = g (f(b)),so a = b.
Let f be injective. Choose any g in the domain of f. Define g: Y — X as follows; note that
each y € Y is either in the image of f or not.
o If y is in the image of f, it equals f(x) for a unique x € X (uniqueness is because of the injectivity
of f), so define g(y) = x.

* If y is not in the image of f, define g(y) = xo.
Clearly g o f = idx.

(ii) Suppose f is right-invertible; let g be a right-inverse of f, so f o g = idy.
Lety € Y. Then f (g(y)) =idy(y) =ysoy € f(X). Thus f(X) =Y so f is surjective.
Suppose f is surjective. Let y € Y, then y is in the image of f, so we can choose an element

g(y) € X such that f (g(y)) = y. This defines a function g: Y — X which is evidently a right-inverse
of f.

(iii) Suppose f is invertible. Then f is left-invertible and right-invertible. By (i) and (ii), f is injective
and surjective, so f is bijective.

Suppose f is bijective. Then by (i) and (ii), f has a left-inverse g: Y — X and a right-inverse
h:Y — X. But “invertible” requires a single function to be both a left and right inverse, so we need to
show that g = h:

g=goidy =go(foh)=(gof)oh=idxoh=nh

so g = h is an inverse of f.

The following result shows how to invert the composition of invertible functions.

Proposition 2.43 (Inverse of composition). Suppose f: X =Y, g: Y — Z. If f and g are invertible,

then g o f is invertible, and
(gof) ' =flog™"
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Proof. Making repeated use of the fact that function composition is associative, and the definition of the inverses
f~Yand ¢!, we note that

and similarly,

=go(idyog™)
=gog™!
=idy
which shows that f~! o g~ ! satisfies the properties required to be the inverse of g o f. U
Corollary 2.44. If f1, ..., [, are invertible and the composition fi o --- o f, makes sense, then it is
also invertible and its inverse is
frjlooffl

Proposition 2.45. ~ is an equivalence relation between sets.

Proof. We need to prove (i) reflexivity, (ii) symmetry, and (iii) transitivity.

(1) The identity map gives a bijection from a set to itself.

(ii) Suppose f: X — Y is a bijection. Then f is invertible, with inverse f~': Y — X. Since f~!is
invertible (with inverse f), it is bijective.

(iii) Suppose f: X — Y and g: Y — Z are bijections, and thus they are invertible. Then by the previous
result, g o f is invertible and thus bijective.

Theorem 2.46 (Cantor—Schréder-Bernstein). If f: X — Y and g: Y — X are injective, then A ~ B.
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§2.4 Cardinality

This section is about formalising the notion of the “size” of a set.

Definition 2.47. A and B said to be equivalent (or have the same cardinality), denoted by A ~ B, if
there exists a bijection f: A — B.

Notation. For n € N, denote

N, ={keN|1<k<n},
nN = {nk | k € N}.

Definition 2.48. For any set A, we say

(i) A is finite if A ~ N, for some integer n € N, then the cardinality of A is |A| = n; A is infinite
if A is not finite;

(ii) Ais countable if A ~ N; A is uncountable if A is neither finite nor countable; A is at most
countable if A is finite or countable.

Remark. Any countable set can be “listed” in a sequence aj,ag,... of distinct terms. This technique is
particularly useful when there is not possible to deduce an explicit formula for a bijection.

Lemma 2.49. N is infinite.

Proof. We want to show that there does not exist a bijection from N,, to N, for all n € N. We prove by induction
onn.

For the base case n = 1, if there exists a function f1: {1} — N, consider the set N\ fi({1}). It is not empty,
so f1 is not surjective, thus it is not bijective.

For the inductive step, we want to show if there does not exist a bijection from N, to N, then there does not exist
a bijection from Ny ; to N. We prove the contrapositive: if there exists a bijection from Ni; — N, then there
exists a bijection from Ni to N.

Suppose h: Nii1 — Nis a bijection. If remove the element £ + 1, then there exists a bijection from N, to
N\ {h(k+1)}. ButN\ {h(k+1)} ~ NsoN; ~ N. O

Corollary 2.50. Any countable set is infinite.

Example 2.51. N is countable since the identity map from N to N is a bijection.

Example 2.52. nN is countable.
Proof. Let f: N — nN which sends k£ — nk. We need to show that f is bijective:

» Forany ki, ko € N, nk; = nko implies k; = ko so f is injective.

e Forany z € nN, x = nk for some k € N, thus ©* = k € N so f is surjective.

Hence f is bijective, so nN ~ N and we are done. U
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Example 2.53. Z is countable.
Proof. Consider the following arrangement of the elements of Z and N:

Z: 0,1,-1,2,-2,3,-3,...
N: 1,2,3,4,56,7,...

In fact we can write an explicit formula for a bijection f: N — 7Z where

(n even)

(n odd)

Proposition 2.54. Every infinite subset of a countable set is countable.

Proof. Let S be the countable set. Then we can arrange the elements of .S in a sequence (s,,) of distinct
elements:

51,52, .-

Suppose £/ C S is infinite. The main idea is to show that we can list out the elements of £ in a sequence. We
now construct a sequence (ny) as follows: Let

ny = min{i | s; € E}

ng =min{i | s; € E,i > ny}

ng =min{i | s; € E,i > ng_1}.

Then
E = {sny,Snyy---}

where we note that the function f(k) = s, (k =1,2,...)is bijective. Hence £ ~ N, as desired. ]

Remark. This shows that countable sets represent the “smallest” infinity: No uncountable set can be a subset of
a countable set.

Proposition 2.55. The countable union of countable sets is countable.

Proof. Let {A,, | n € N} be a fanily of countable sets; clearly this is a countable collection of sets (indexed by

S = fj An
n=1

N). Then we want to show that the union

is countable.

Since every set A, is countable, we can list its elements in a sequence (a,t) (k = 1,2,3,...). Arrange the
elements of all the sets in {4,,} in the form of an infinite array, containing all elements of .S, where the elements
of A,, form the n-th row.
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A ot o o’ o -
Agt 0917 0997 0237 Get” -
Azt ast” 9597 g5y st
Ast oat” 048" 0437 4T o

We then zigzag our way through the array, and arrange these elements in a sequence

a1, a21, a2, asl, a2, a3, a4i, a3z, a3, @414, . . .

thus S is countable, and we are almost done!

A small problem is that if any two of the sets A,, have elements in common, these will appear more than once
in the above sequence. Then we take a subset 7' C S, where every element only appears once. Note that
T is an infinite subset, since A; C T is infinite. Then since T is an infinite subset of a countable set S, by
Proposition 2.54, T is countable. 0

Remark. If we were to instead start by going down by the first row of the above array, then we would not get
to the second row (and beyond); all that would show is the first row is countable. Instead, we wind our way
through diagonally, ensuring that we hit every number of the array.

Corollary 2.56. Suppose A is an indexing set that is at most countable. Let { B, | a € A} be a family

of sets that are at most countable. Then the union
U Ba
acA

is at most coutable.

Proposition 2.57. Let A be a countable set. For n € N, let
B, ={(a1,...,a,) | a; € A}.

Then B,, is countable.

Proof. We prove by induction on n. That B; is countable is evident, since B} = A.

Now suppose B,;,_; is countable. The elements of B,, are of the form
(b,a) (b€ Bp_1,a€ A)

For every fixed b, the set of ordered pairs (b, a) is equivalent to A, and hence countable. Thus B,, is a union of
countable sets. By Proposition 2.55, B, is countable. 0

Corollary 2.58. Q is countable.
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Proof. Note that every x € Q is of the form 2 where a, b € Z. By the previous result, taking n = 2, the set of

pairs (a, b) and therefore the set of fractions g is countable. O

That not all infinite sets are, however, countable, is shown by the next result.

Proposition 2.59. Let A be the set of all sequences whose elements are the digits 0 and 1. Then A is
uncountable.

Proof. Let E C A be countable, consisting of the sequences s1, S2, 83, . . - .

We construct a new sequence s as follows:

. 0 if n-th digitin s, is 1,
n-th digit of s =
1 if n-th digit in sy, is 0.

Then the sequence s differs from every member of E in at least one place, so s ¢ E. But clearly s € A; hence
E C A

We have shown that every countable subset of A is a proper subset of A. It follows that A is uncountable (for
otherwise A would be a proper subset of A, which is absurd). O

Remark. The idea of the above proof is called Cantor’s diagonal process, first used by Cantor. This is because
if elements of the sequences si, s9, s3, ... are listed out in an array, it is the elements on the diagonal which are
involved in the construction of the new sequence.

Corollary 2.60. R is uncountable.

Proof. This follows from the binary representation of the real numbers. O

Theorem 2.61 (Cantor’s theorem). For any set A, we have A 4 P(A).

Proof. Suppose otherwise, for a contradiction, that A ~ P(A). Then there exists a bijection f: A — P(A).
Then for each = € A, f(z) is a subset of A. Now consider the “anti-diagonal” set

B={zecA|z¢ f(x)}.

That is, B is the subset of A containing all z € A such that x is not in the set f(z). Since B C A, we have
B € P(A). Since f is bijective (in particular surjective), there exists z € A such that f(x) = B. Now there are
two cases: (i) x € B, or (ii) x ¢ B.

(i) If z € B, then by definition of the set B it must be the case that ¢ f(z). Butsince f(x) = B, we then

have x ¢ D. This is absurd since we cannot have € B and = ¢ B simultaneously.

(ii) If z ¢ B, by definition of the set B, this implies that z € f(z). But f(z) = B. So we have z € B and
x ¢ B, which is again absurd.

In either case, we have reached a contradiction. Hence there cannot exist a surjective (and thus bijective)
function A — P(A). O
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Exercises

Exercise 2.1. Prove that the statement Vz € (), P(z) is vacuously true.
Solution. Let S be the embedding set. The statement Vz € (), P(2:) means
VeelS, xze€( = P(x).

But z € () is always false, by the definition of empty set. Hence the statement is always true, regardless of
T. O

Exercise 2.2. Prove that forany set A C S, ) C Aand A C A.

Solution. Let A C S.Letx € (), thenx € ) = x € A is vacuously true, so () C A.
Likewise, let x € A,thenz € A = x € Ais always true, so A C A. O
Exercise 2.3. Let A be the set of all complex polynomials in n variables. Given a subset T' C A, define the
zeros of T as the set

Z(T)={P=(a1,...,ay) | f(P)=0forall f € T}.
Y C C"is called an algebraic set if there exists T' C A such that Y = Z(T).

Prove that the union of two algebraic sets is an algebraic set.

Solution. We would like to consider T' = { f1, fa, ... } expressed as indexed sets 7' = { f;}. Then Z(T') can
also be expressed as { P | Vi, f;(P) = 0}.

Suppose that we have two algebraic sets X and Y. Let X = Z(5), Y = Z(T) where S, T are subsets of A
(basically, they are certain sets of polynomials). Then

X =A{P|VfeS f(P)=0}
Y = {P|Vg €T g(P) =0}
We imagine that for P € X N'Y, we have f(P) = 0 or g(P) = 0. Hence we consider the set of polynomials

U={f-g9lfeSgeT}

Forany P € X UY and for any fg € U where f € S and f € g, either f(P) = 0 or g(P) = 0, hence
fg(P)=0and thus P € Z(U).

On the other hand if P € Z(U), suppose otherwise that P is not in X U Y, then P is neither in X norin Y.
This means that there exists f € S,g € T such that f(P) # 0 and g(P) # 0, hence fg(P) # 0. This is a
contradiction as P € Z(U) implies fg(P) = 0. Hence we have X UY = Z(U) and thus X UY is an algebraic
set.

Now the other direction is simpler and can actually be generalised: The intersection of arbitrarily many algebraic
sets is algebraic.

The basic result is thatif X = Z(S)andY = Z(T)then X NY = Z(SUT). O
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Exercise 2.4. Let A = R and for any x,y € A, z ~ y if and only if z — y € Z. For any two equivalence classes
[x],[y] € A/ ~, define
[z] +[y] = [z +y] and — [2] = [-7]

(a) Show that the above definitions are well-defined.

(b) Find a one-to-one correspondence ¢: X — Y between X = A/ ~and Y : |z| = 1, i.e. the unit circle in
C, such that for any [z1], [x2] € X we have

o([z1])o([wa]) = ¢([z1 + w2])

(c) Show that for any [z] € X,

Solution.

(a)
(@ +y)—(e+y) =" —2)+ ¢ —y) €L

Thus [z’ + ¢/ = [z + ]

(=)= (—2)=—(a" —2)€Z
Thus [—2/] = [—x].

(b) Complex numbers in the polar form: z = re®

Then the correspondence is given by ¢([z]) = e2™@
_ _ 2mi(z—y) _ 2mix __ 2wy
] =y <= 2—y€Z < ¢ =1 < ™ =e¢

Hence this is a bijection.
Before that, we also need to show that ¢ is well-defined, which is almost the same as the above.

If we choose another representative x’ then

([z]) = 27 = 2miz . 2mile’—w) _  2miz

(¢) You can either refer to the specific correspondence ¢([x]) = €2™ or use its properties.

P(=lz)¢([2]) = o([=a])o([a]) = o([—= + 2]) = ¢([0]) = 1

Exercise 2.5 (Complex Numbers). Let R[z]| denote the set of real polynomials. Define
C = R[z]/(z* + 1)R[z]

where
f(z) ~ g(x) <= 2%+ 1 divides f(x) — g(z).

The complex number a + b is defined to be the equivalence class of a + bx.
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(a) Define the sum and product of two complex numbers and show that such definitions are well-defined.
(b) Define the reciprocal of a complex number.

Exercise 2.6 ([Rud76] 2.2). z € C is said to be algebraic if there exist integers ay, . . . , ay, not all zero, such
that
apz" + a1z P -+ ap_12+a, =0.

Prove that the set of all algebraic numbers is countable. Hint: For every positive integer IV there are only finitely
many equations with
nt laol +Jat| 4+ +Jan| = N.

Solution. Following the hint, let A be the set of numbers 2z that satisfy agz" + a1 2l an_1z4a, =0,
for some coefficients ay, . . . , a, which satisfy

n+ |ag| + |a1]| + -+ + |an| = N.

By the fundamental theorem of algebra, agz™ + a1 2"l 4 ...+ a,_12+ a, = 0 has at most n solutions, so
each Ay is finite. Hence the set of algebraic numbers, which is the union

U Ax
N=2

is at most countable. Since all rational numbers are algebraic, it follows that the set of algebraic numbers is
exactly countable. O

Exercise 2.7 ([Rud76] 2.3). Prove that there exist real numbers which are not algebraic.

Solution. By the previous exercise, the set of real algebraic numbers is countable. If every real number were
algebraic, the entire set of real numbers would be countable, a contradiction. O

Exercise 2.8 ([Rud76] 2.4). Is the set of irrational real numbers countable?

Solution. No. If R \ Q were countable, R = Q U (R \ Q) would be countable, which is clearly false. O



I1
Abstract Algebra

Algebra is the study of collections of objects (sets, groups, rings, fields, etc). In algebra, we are concerned about
the structures of these collections and how these collections interact than about the objects themselves. In fact,
with homomorphism and isomorphisms, the original objects become irrelevant.
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3 Groups

Summary

* Group, Abelian group, examples. Subgroups. subgroup generated by a subset of a group. Cyclic subgroups.

* Cosets and Lagrange’s theorem; examples. The order of an element. Fermat’s little theorem.

* Isomorphisms, examples. Groups of order 8 or less up to isomorphism (stated without proof). Homomorphisms
of groups with motivating examples. Kernels. Images. Normal subgroups. Quotient groups; examples. First
Isomorphism Theorem. Cayley’s theorem.

* Group actions; examples. Definition of orbits and stabilizers. Transitivity. Orbits partition the set. Orbit-stabilizer
Theorem. Examples and applications including Cauchy’s Theorem and to conjugacy classes. Orbit-counting
formula.

§3.1 Definition and Properties

Definition 3.1. A binary operation on aset G isamap x: G X G — G.

Notation. For any a,b € G, if the operation is clear, we write ab for the image of (a, b) under x.

* is associative if (ab)c = a(bc) for all a, b, c € G; * is commutative if ab = ba for all a,b € G.

Definition 3.2 (Group). A group (G, ) consists of a set G and a binary operation * on G satisfying the
following group axioms:

(i) a(bc) = (ab)cforall a,b,c € G; (associativity)
(ii) there exists e € G such that ae = ea = a forall a € G; (identity)
(iii) for all a € G, there exists ¢ € G such that ac = ca = e. (invertibility)

We say G is abelian if the operation is commutative; otherwise, G is non-abelian.

Remark. When verifying that (G, %) is a group we have to check (i), (ii), (iii) above and also that * is a binary
operation closed in G—that is, a x b € G for all a, b € G.

Notation. We simply denote a group (G, ) by G if the operation is clear.
Notation. Since * is associative, we omit unnecessary parentheses and write (ab)c = a(bc) = abe.

Notation. Forany a € G,n € Z*,denote a” =a -a---a.
—
n times

Notation. Denote the additive group C = (C, +) etc., the multiplicative group C* = C \ {0} etc., the set of
(congruence classes of) integers modulo n under addition as Z/nZ and under multiplication as (Z/nZ)*.

Example 3.3.

* Z,Q, R, C are groups, with identity 0 and (additive) inverse —a for all a.

49
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e Q%,R*,C*,Q", RT are groups under x, with identity 1 and (multiplicative) inverse % for all a.
e Forn € Z*, Z/nZ is an abelian group under +.

e Forn € Z*, (Z/nZ)* is an abelian group under multiplication.

Lemma 3.4. Let G be a group.
(i) The identity of G is unique.
(ii) For each a € G, a~" is unique.
(iii) (a=Y)™' =aforalla € G.
(iv) (ab)™' =b"ta"L.

(v) Forany ay,...,a, € G, ay---ay is independent of how we arrange the parantheses (gener-

alised associative law).

Proof.

(i) Suppose that e and €’ are identities of G. Then

where the first equality holds as €’ is an identity, and the second equality holds as e is an identity. Since
e = €/, the identity is unique.

Notation. Denote the identity of G by 1¢; the subscript may be omitted if there is no ambiguity.

(ii) Suppose that b and c are both inverses of a. Then ab = 1, ca = 1, so
c¢=cl =c(ab) = (ca)b=1b=b.

Hence the inverse is unique.

Notation. Denote the inverse of a € G by a1

(iii) To show (a~!)~! = a is exactly the problem of showing that a is the inverse of !, which is by definition
of the inverse (with the roles of a and ¢! interchanged).

(iv) Let ¢ = (ab)~!. Then (ab)c = 1, or a(bc) = 1 by associativity, which gives bc = a~!. Applying b~! on
both sides gives ¢ = b~ la 1.

(v) The result is trivial for n = 1,2, 3. For all £ < n assume that any a; - - - aj, is independent of parantheses.
Then

(al"'an) = (al"'ak)(ak+1"'an)-

By inductive hypothesis, both terms are independent of parentheses since k,n — k < n. Hence by
induction we are done.
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Lemma 3.5 (Cancellation law). Let a,b € G. Then the equations ax = b and ya = b have unique

solutions for x,y € G. In particular, we can cancel on the left and right.

Proof. We can solve ax = b by applying a~! to both sides of the equation to get x = a~'b. The uniqueness of

1

x follows because a™~ " is unique. A similar case holds for ya = b. O

Definition 3.6 (Order of a group). Let G be a group. The order of G is its cardinality |G|. A group G
is a finite group if |G| < oco.

One way to represent a finite group is by means of a Cayley table. Let G = {1, g2, 93, - .., gn}. The Cayley
table of G is a square grid which contains all the possible products of two elements from G: the product g;g;
appears in the ¢-th row and j-th column.

Remark. Note that a group is abelian if and only if its Cayley table is symmetric about the main (top-left to
bottom-right) diagonal.

Examples

Example 3.7 (Dihedral groups). An important family of groups is the dihedral groups. Forn € Z+, n > 3, let
Dy, be the set of symmetries of a regular n-gon.

Let r be the rotation clockwise about the origin by %’T radians, s be the reflection about the line of symmetry
through the first labelled vertex and the origin. (Read from right to left: for instance, sr means do r then s.)

Properties of Do,,:

o 1,7,72,...,r" ! are all distinct and 7" = 1, so |r| = n.

+ 52 = 1 since we either reflect or do not reflect, so |s| = 2.
* s # 7' for any 1, since the effect of any reflection cannot be obtained from any form of rotation.
o srt#£ sriforalli # j(0<i,j7<n-—1),s0

Dop ={1,7,...,7" Y s, sr,..., 57" 1}

and thus | Doy, | = 2n.

* rs=sT

o rls=sr!
Proof: From above, this is true for i = 1. Assume it holds for k& < n. Then r*+1s = r(rks) = rsr—*.
Then rs = sr~ ! so rsr=% = sr~1r=% = sr=%=1 50 we are done.

Note that for each n € Z*, the generators of D-,, are r and s, and we have shown that they satisfy r* = 1,
s> =1, and rs = sr—'; these are called relations. Any other equation involving the generators can be derived
from these relations.

Any such collection of generators S and relations Ry, ..., Ry, for a group G is called a presentation, written

G=1(S|Ry,...,Rn).
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For example,
Dy, = (r,s| " =5 =1,rs = sr ).

Example 3.8 (Permutation groups). Let S be a non-empty set. A bijection S — S is called a permutation of S
the set of permutations of S is denoted by Sym(.S).

We now show that Sym/(.S) is a group under function composition o; (Sym(.S), o) is the symmetric group on S.
Note that o is a binary operation on Sym(S) since if o: S — S and 7: S — S are both bijections, then o o 7 is
also a bijection from S to .S.

(i) Function composition is associative so o is associative.
(ii) The identity of Sym(.S) is the identity map 1, defined by 1(a) = a foralla € S.

(iii) For every permutation o, o is bijective and thus invertible, so there exists a (2-sided) inverse 0~ 1: S — S

1 1

satisfyingoc oo™ =0 oo = 1.

In the special case where S = {1,2,...,n}, the symmetric group on S is called the symmetric group of degree
n, denoted by S,,.

Proposition. [f |S| > 3 then Sym(S) is non-abelian.

Proof. Let S = {x1,x2,x3} where three elements are distinct. O

Proposition. |S,,| = n!

Proof. Obvious, since there are n! permutations of {1,2,...,n}. ]

Example 3.9 (Matrix groups). Forn € Z*, let GL,,(F) be the set of all n x n invertible matrices whose entries

are in F':
GL,(F) ={A € M, «xn(F) | det(A) # 0}.

We show that G L, (F) is a group under matrix multiplication; G L, (F) is the general linear group of degree n.

(i) Since det(AB) = det(A) - det(B), it follows that if det(A) # 0 and det(B) # 0, then det(AB) # 0,
so G L, (F) is closed under matrix multiplication.

(i) Matrix multiplication is associative.

(iii) det(A) # 0 if and only if A has an inverse matrix, so each A € G L,,(F) has an inverse A~! € GL,,(F)
such that
AAT P =AT1A=T

where I is the n X n identity matrix.

Example 3.10 (Quaternion group). The Quaternion group ()g is defined by
QS = {17 _17 i) _iaja _j7 k? _k}
with product - computed as follows:

el-a=a-1=uaforallac Qg
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cij=kji=—kjk=ik-j=—ik-i=jik=—j

Note that (Jg is a non-abelian group of order 8.

Subgroups

When given a set with certain properties, it is natural to consider its subsets that inherit the same properties.

Definition 3.11 (Subgroup). Let G be a group. Non-empty H C G is a subgroup of GG, denoted by
H < G, if H is a group under the product in G.

That is, H < G if and only if

(i) 1€ H, (identity)
(ii) ab € H forall a,b € H, (closure)
(iii) a=' € H foralla € H. (inverses)

Remark. There is no need to check that associativity holds in /, as it follows from associativity in G.

Every group G has two obvious subgroups: the group G itself, and the trivial subgroup {1}. A subgroup is a
proper subgroup if it is not one of those two.

It would be useful to have some criterion for deciding whether a given subset of a group is a subgroup.

Lemma 3.12 (Subgroup criterion). Let G be a group. Then H < G if and only if
(i) H#0;

(ii) ab~' € H forall a,b € H.

Proof.
If H < G, then we are done, by definition of subgroup.

Check group axioms:
(i) Since H # (), there exists a € H. Then 1 = aa"' € H.
(ii) Since1 € Handa € H,thena ! =1a"! € H.

(iii) Forany a,b € H,a,b~' € H, soby (ii), a(b™')"! = ab € H.

Proposition 3.13. Let G be a group, H, K < G. Then HN K < G.
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Proof. Apply the subgroup criterion:

(i) Sincel € Hand1 € K,thenl € HN K so HN K # 0.

(i) Leta,b € HN K. Thena,b € H and a,b € K. Since H, K < G, by the subgroup criterion, ab~! € H
andab ' € K,soab™' € HN K.

Corollary 3.14. Let G be a group, {H; | i € I} is a collection of subgroups of G. Then

ﬂHi <G.

il

Cyclic Groups

Definition 3.15. The cyclic subgroup H generated by a € G, denoted by H = (a), is the set of all
powers of a:
H={--,a%a1,a,d...}.

a is a generator of H.

You should verify that that (a) is indeed a subgroup of G. Furthermore, (a) is the smallest subgroup of G that
contains a.

Remark. A cyclic subgroup may have more than one generator. For example, if H = (a), then also H = (a™!)
because (a~1)" = a™" € H for n € Z so does —n, thus

{a" |neZ}={(a )" |neZ}.

Lemma 3.16. Cyclic groups are abelian.

Proof. Let G be a cyclic group. For a’, a’ € G, by the laws of exponents,

a'a = a' = dd’.

Proposition 3.17. A subgroup of a cyclic group is cyclic.

Proof. Leta € G, H < (a). If H = {1} then trivially H is cyclic.

Suppose that H contains some other element b # 1. Then b = a” for some integer n. Since H is a subgroup,
b=! = a~™ € H. Since either n or —n is positive, we can assume H contains positive powers of @ and n > 0.
Let m be the smallest positive integer such that o € H (such an m exist by the well-ordering principle).

Claim. h = o™ is a generator for H.
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We need to show that every k' € H can be written as a power of h. Since b’ € H and H < (a), ' = a* for
some integer k. By the division algorithm, there exist integers ¢, such that k = gm 4+ r with 0 < r < m.
Hence

a¥ = @™t = (a™)%" = hid"

soa” = aFh~9. Since a¥, h~7 € H, we must have a” € H. By the minimality of m, we must have m = 0 and
so k = gm. Hence
B =d* = a®™ = h?

and H is generated by h. O

Corollary 3.18. The subgroups of Z are exactly nZ forn =0,1,2,....

There are two possibilities: Either the powers x™ represent distinct elements, or they do not. We analyse the
case that the powers of x are not distinct (finite cyclic groups).

Proposition 3.19. Lera € G, let S = {k € Z | a* = 1}.
(i) S <Z.
(i) a" = a® (withr > s)if and only if a" % = 1.

(iii) Suppose that S is not the trivial subgroup. Then S = nZ for somen € 77 . The powers

n—1

1,a,a%,...,a" ! are the distinct elements of (a), and the order of (a) is n.

Proof.

() a®=1s00€S.
Ifk,l€ S, a*=1anda! =1soa*" =aFal =1thenk +1 € S.

IfkcS,a*=1,thena™ = (a*)"' =150 -k € 8S.
(i1) This follows from the cancellation law.

(iii) Suppose that S # {0}. Then Corollary 3.18 shows that S = nZ, where n is the smallest positive integer

in S.
Let a* € (a). By the division algorithm, write & = gn + 7 with 0 < r < n. Then a?" = 19 = 1 so
a® = a9"a” = a". Hence a” is equal to one of the powers 1, a,a?,...,a" . It follows from (ii) that

these powers are distinct, because a™ is the smallest positive power equal to 1.

The group {a) = {1,a,...,a" '} described by (iii) above is called a cyclic group of order n.

More generally, we make the following definition.

Definition 3.20 (Subgroup generated by subset of group). Let G be a group, S C G. The subgroup
generated by S, denoted by (), is the smallest subgroup of G' which contains S.
If (S) = G, then the elements of S are said to be generators of G.

Notation. If a € G, then we write (a) (rather than the more accurate but cumbersome ({a})).
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Order

Definition 3.21 (Order). Let G be a group, a € G. If there is a positive integer k such that * = 1, then
the order of ¢ is defined as
o(a) :==min{m >0 | a™ = 1}.

Otherwise we say that the order of a is infinite.

Proposition 3.22. If G is finite, then o(a) is finite for each a € G.

Proof. Consider the list
a,a’,a3,--- € G.

Since G is finite, this list must have repeats. Hence a’ = a for some integers i > j, so a’~/ = 1. This shows
that {m > 0 | a” = e} is non-empty and thus has a minimal element. O

Proposition 3.23. Ifa € G and o(a) is finite, then a" = 1 if and only if o(a) | n.

Proof.
Suppose o(a) | n. Then n = ko(a) for some k € Z, so

Suppose a™ = 1. By the division algorithm, there exists integers ¢,  such that n = go(a) + r, where
0 <r < o(a). Then

a" = q"10e) = gn (ao(“)) T 1.

By the minimality of o(a), we must have = 0, and so n = go(a) implies o(a) | n. O

Corollary 3.24. Let G be a cyclic group, a € G. Then a* = a™ if and only if m = k (mod o(a)).
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§3.2 Cosets
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Definition 3.25 (Coset). Let H < G. For a € G, aleft coset and right coset of H in G are

aH :={ah|he€ H}
Ha :={ha|h e H}

Any element of a coset is called a representative for the coset.

The set of left cosets is given by
(G/H); :=={aH | a € G}.

Similarly, the set of right cosets is given by

(G/H), := {Ha | a € G}.

Lemma 3.26. Let H < G. Then aH = H ifand only if a € H. (Similarly, Ha = H if and only if
a€H.)

Proof.
[= |Suppose aH = H. Then ah € H for some h € H. Let k = ah, thena = kh™! € H.
[ <= ]Leta€ H. ThenaH C H.

Sincea™! € H,a™'H C H. Then H = eH = (aa"')H = a(a"')H C aH. Hence aH = H. O
The next result shows when two cosets are equal.
Lemma 3.27. Let H < G, a,b € G. Then aH = bH if and only ifa~'b € H.
Proof.
aH =bH <= a '(aH)=0a"'bH

— (¢ 'a)H = (a '0)H

«— H=(a""0)H
Note that from the previous result, H = (a~'b)H if and only if a='b € H. O]

Proposition 3.28. Let H < G. Then (G/H), forms a partition of G. (Similar remarks hold for right

cosets.)

We need to prove the following.

(i) Foralla € G, aH # 0.

(iii) Forevery a,b € G,aH NbH = QoraH = bH.
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Proof.

(i) Since H < G,e € H. Thus foralla € G, a = ae € aH so aH # (.

(i) For all a € G, aH C G, then UaeG aH C G. Note that ¢ € G implies a = ae € aH, and so
G = Ugeq 9 € U,eq aH . By double inclusion we are done.

(iii) If aH NbH = (), then we are done. If aH NbH # () we need to show aH = bH. Let x € G such that
x € aH NbH. Then z = ah; = bhy for hy, hy € H so hy = a~'bhs. Notice that a~1b = hlhgl €eH
and thus aH = bH.

Lagrange’s Theorem

Definition 3.29 (Index). Let H < G. The index of H in G is the number of left cosets of H in G,
denoted by |G : H|.

The following result shows that H partitions G into equal-sized parts.

Lemma 3.30. The cosets of H in G are the same size as H; that is, for all a € G, |aH| = |H|.

Proof. Let f: H — aH which sends h +— ah. For hi,hs € H,

f(h1) = f(hy) = ahy = ahe
= a tahy = a lahy

— hy=hy

thus f is an injective mapping. Note that f is surjective by the definition of aH. Since f is bijective,
|H| = |aH]|. O

Theorem 3.31 (Lagrange’s theorem). Let G be a finite group, H < G. Then |G| = |H| |G : H|.

Proof. Let |H| = n, and let |G : H| = k. Since G is partitioned into & disjoint subsets, each of which has
cardinality n, we have |G| = kn, or

G| = |H||G : H| 3.1

as desired. O

Eq. (3.1) is known as the counting formula.

Corollary 3.32. The order of an element of a finite group divides the order of the group.

Proof. Let a € G. Then by Proposition 3.19, o(a) = [{a)].

Since (a) is a subgroup of G, by Lagrange’s Theorem, | (a) | divides |G|; that is, o(a) divides |G|. O
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Corollary 3.33. A group of prime order is cyclic.

Proof. Let |G| = p be prime. Let a € G, a # 1. We will show that G = (a).

Since o(a) | |G| = p and o(a) > 1, we must have o(a) = p. Notice that this is also the order of (a). Since G
has order p, thus (a) = G. O

This corollary classifies groups of prime order p. They form one isomorphism class: the class of the cyclic
groups of order p.

The next result is of great interest in number theory. The Euler ¢-function ¢(n) is defined for all positive
integers as follows:

o) =4 =1

number of positive integers less than n, relatively prime ton  (n > 1)

Theorem 3.34 (Euler). If n is a positive integer, and a is coprime to n, then

a®™ =1 (mod n).

Theorem 3.35 (Fermat). If p is prime, and a is any integer, then

a’ =a (mod p).

Proof. If n is a prime number p, then ¢(p) = p — 1. We consider two cases.

* If a is coprime to p, then by Euler’s totient theorem, a?~! = 1 (mod p), and the desired result follows.

* If a is not coprime to p, since p is prime, we must have that p | a, so that a = 0 (mod p). Hence
0 = a? = a (mod p) here also.

Counting Principle

We generalise the notion of cosets, as defined earlier.

Definition 3.36. Let H, K < G, define

HK ={hk|he€ H k€ K}.

Lemma 3.37. HK < G ifandonlyif HK = KH.

Proof.
[ < |Suppose HK = K H;thatis,if h € H and k € K, then hk = kqh; for some k1 € K,h; € H.
We now show that H K is a subgroup of G:
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(i) le Hand1 € K,s01 € HK.
(ii) Letx = hk € HK,y = W'k’ € HK. then
xy = hkh'K .
Note that kh' € KH = HK, so kh' = hoks for some hy € H, ko € K. Then
xy = h(hoka)k' = (hho)(kok') € HK.
Thus HK is closed.
(iii)) Letx € HK, then x = hk for some h € H,k € K. Thus
V= (k) =k'h € KH = HK,
sor ! € HK.
Suppose HK < G.
e Letax € KH,sox = khforsome k € K,h € H. Then
r=kh=(h"'k"NH"'c HK.
Thus KH C HK.
s Letx € HK. Since HK < G, HK is closed under inverses, so z~' = hk € HK. Then
r=@ H =k =k e KH.
Thus HK C KH.
Hence HK = KH. O

An interesting special case is the situation when G is an abelian group, for in that case trivially HK = KH.

Thus as a consequence we have the following result.

Corollary 3.38. Let H, K < G, where G is abelian. Then HK < G.

Proposition 3.39. If H, K < G are finite groups, then

H||K]

HK| = .
| | |HN K|

Proof. Notice that H K is a union of left cosets of K, namely

HK = U hK.
heH
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Normal Subgroups, Quotient Groups

Definition 3.40 (Normal subgroup). Let G be a group. H < G is a normal subgroup of GG, denoted
by H <« G, if
aH =Ha (Ya€Q@Q)

If G has no non-trivial normal subgroup, then G is a simple group.

Remark. This does not mean that ah = ha for all a € G, h € H or that (G is abelian. Although we can easily
see that all subgroups of abelian groups are normal. In general, a left coset does not equal the right coset.

Lemma 3.41. The following are equivalent.
(i) H<«G.
(ii) ghg~' € H forallg € G, h € H.

(iii) gHg™* = H forall g € G.

Proof.

(i) < (ii) | In the forward direction, aH = Ha foralla € G. Letg € G, x € H. Then gH = Hg so
gx = h'g for some b/ € H. Then grg~' = h'gg~' = h' € H.

In the reverse direction, ghg~' € H forall g € G, h € H. Fix g. Then ghg~' € H implies gh € Hg for all
h € H.SogH C Hg. Similarly gH D Hg,sogH = Hg.

(1) <= (iii) | H < G if and only if for all g € G,

gH =Hg < (gH)g~ ' = (Hg)g™"
< gHg '=H

Remark. We frequently use (ii) to check if a subgroup is a normal subgroup.

Definition 3.42 (Quotient group). Let G be a group, H < G. Then the quotient group of G by H is

G/H :={aH | a € G}.

Lemma 3.43. G/H is a group under the following operation: for all aH,bH € G/H,

(aH)(bH) = a(Hb)H = a(bH)H = abH

Proof. Check group axioms.
(1) Fora,b,c € G,
(aH)(bHcH) = (aH)(bcH) = a(bc)H = (ab)cH = (aHbH)cH

so the operation is associative.
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(ii) The identity of G/H is the coset eH = H.

(iii) For aH € G/H, the inverse of aH is a~'H as is immediate from the definition of the product:

(aH)(a'H)=a0c'H=H — (aH)' =a 'H.

Lemma 3.44. Let G be a finite group, H < G. Then

|G|
G/H|=|G:H|= .

Proof. Since G/ H has as its elements the left cosets of H in G, and since there are precisely |G : H| such
cosets, by Lagrange’s theorem, we obtain the desired result. O

Definition 3.45 (Quotient map). Let H < G. The quotient map is the map 7: G — G/H which sends
a+— aH.
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§3.3 Homomorphisms and Isomorphisms

In this section, we make precise the notion of when two groups “look the same”; that is, they have the same
group-theoretic structure. This is the notion of an isomorpism between two groups.

When we talk about functions between groups it makes sense to limit our scope to functions that preserve the
group operation (morphisms in the category of groups). More precisely:

Definition 3.46 (Homomorphism). Let (G, *) and (H, ¢) be groups. A map ¢: G — H is called a
homomorphism if, for all z, y € G,

d(z *y) = () o H(y).

When the group operations for G and H are not explicitly written, we have

d(zy) = () (y).

Definition 3.47 (Isomorphism). An isomorphism ¢: G — H is a bijective homomorphism.
If : G — H is an isomorphism, then G and H are isomorphic, denoted by G = H.

An automorphism of a group G is an isomorphism from G to G; the automorphisms of G form a group Aut(G)
under composition. An endomorphism of G is a homomorphism from G to G.

Example 3.48. (R,+) = (R, x), as the exponential map exp: R — R defined by exp(z) = €® is an
isomorphism from (R, +) to (R™, x).

(i) exp is a bijection since it has an inverse function (namely In).

(ii) exp preserves the group operations since e 1Y = e%eY,

Proposition 3.49. Let ¢: G — H be a homomorphism. Let g € G, n € 7. Then
(i) ¢(1c) = 1u;
(ii) $lg~") = (6(9)) s
(iii) ¢(g") = (6(9))".

Proof.

(i) ¢(1g) = ¢(1gla) = ¢(1¢)¢(1g), then apply ¢(1¢) ! to both sides to get ¢(1g) = 1g.
(i) ¢(g9)o(g™") = o997 ") = d(1c) = 1n.

(iii) Note more generally that we can show ¢(g"™) = (¢(g))"™ for n > 0 by induction. For n = —k < 0 we
have

o(g") = o((g™ 1)) = (o(g7)" = (8(9) ™) = o (9)™.
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Proposition 3.50. Quotient maps are homomorphisms.

Proof. Letm: G — G/H which sends g — gH be a quotient map. Then for all z,y € G,

m(zy) = (zy)H = (xH)(yH) = 7(z)7(y).

Kernel and Image

Definition 3.51 (Kernel and image). Let ¢: G — H be a homomorphism. Then the kernel of ¢ is

kerg:={g€ G |¢(g) =1n} CG.

The image of G under ¢ is
im¢ :=¢(G) ={¢(g9) | g € G} C H.

Remark. im ¢ is the usual set theoretic image of ¢.

Proposition 3.52. Let ¢: G — H be a homomorphism. Then
(i) ker ¢ <G,

(i) im¢ < H.

Proof.

(i) Apply the subgroup criterion. Since 1 € ker ¢, ker ¢ # (. Let x, y € ker ¢; that is, ¢(x) = ¢(y) = 1g.
Then

Play™) = ¢(@)p(y) ™' = 1n
so zy~! € ker ¢. By the subgroup criterion, ker ¢ < G.

Let x € ker ¢, g € G. Then
d(grg™") = ¢(9)d(x)d(g™") = 1,

so grg~! € ker ¢. Hence ker ¢ < G.

(i) Since ¢(1g) = 1y, 1y € im@ so im¢ # (. Let x,y € im ¢. Then there exists a,b € G such that
6(a) = =, 6(b) = y. Then
2yt = d(a)p(b) " = p(ab™)

so 2y~ ! € im ¢. By the subgroup criterion, im ¢ < G.

The following result is a useful characterisation for injective homomorphisms.

Lemma 3.53. Let ¢: G — H be a homomorphism. Then ¢ is injective if and only if ker ¢ = {1g}.




CHAPTER 3. GROUPS 65

Proof.

Suppose ¢ is injective. Since ¢(1g) = 1H, 1g € ker ¢ so {1g} C ker ¢.
Conversely, let x € ker ¢, so ¢(x) = 1g. Then ¢(x) = 1y = ¢(1g), so by injectivity z = 1. Hence
ker ¢ C {1g}, so ker ¢ = {15}

Suppose ker ¢ = {1} Suppose ¢(a) = ¢(b). then ¢(ab~!) = d(a)$(b~!) = d(a)p(a) ™" = Ly

Hence ab™! € ker ¢ = {1}, so ab~! = 14 and thus a = b. Therefore ¢ is injective. O]

Lemma 3.54. Let ¢: G — H be an isomorphism. Then the inverse map ¢~': H — G is also an

isomorphism.

Proof. The inverse of a bijective map is bijective. Hence it suffices to show that ¢~ (z)¢ ™! (y) = ¢~ (xy) for
all xz,y € H.

Leta = ¢ (z), b= ¢ (y), c = p~(xy); we will show that ab = c. Since ¢ is bijective, it suffices to show
that ¢(ab) = ¢(c).
Since ¢ is a homomorphism,

¢(ab) = ¢(a)p(b) = zy = ¢(c).

Isomorphism Theorems

Theorem 3.55 (First isomorphism theorem). Let ¢: G — H be a homomorphism. Then

G/ ker ¢ = im ¢(G).

Proof. Let K = ker ¢. Let

0: G/K — im¢
Vee G, zKw— ¢(x)

Claim. 6 is an isomorphism.

We first need to check if 0 is well-defined: let x,y € G. Suppose * K = yK. Then
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Next we show that 8 is a homomorphism: for all z,y € G,
0 (zKyK) = 0(xyK) = ¢(zy) = ¢(2)o(y) = 0(zK)0(yK).
Finally we show that 8 is bijective:

* @ is injective since
0(zK) = 0(yK) = o(z) = ¢(y) = 2K =yK.

* 0 is surjective, since

imf = {0(zK) | z € G}
={o(x) |z € G}

= im ¢.

Theorem 3.56 (Second isomorphism theorem). Let A < G, B<G. Then
(i) AB < G;
(ii) B < AB;
(iii) ANB<A;

(iv) AB/B = AJ(AN B).

Theorem 3.57 (Third isomorphism theorem). Let H, K <G, H < K. Then K/H < G/H, and
(G/H)/(K/H) = G/K.
If we denote the quotient by H with a bar; this can be written

G/K 2 G/K.

Theorem 3.58 (Fourth isomorphism theorem).

Theorem 3.59 (Cayley’s theorem).
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§3.4 Group Actions

We move now, from thinking of groups in their own right, to thinking of how groups can move sets around—for

example, how S,, permutes {1,2,...,n} and matrix groups move vectors.

Definition 3.60 (Group action). A group action of a group G on a set Aisamap fromG x A — A
(written as g - a, for all g € G, a € A) satisfying the following properties:

1) g1-(92-a) = (9192) -a,forall g1, 92 € G,a € A;
(i) lg-a=aforalla € A.

We say that G is a group acting on a set A.

Intuitively, a group action of GG on a set A means that every element g in GG acts as a permutation on A in a

manner consistent with the group operations in G. There is also a notion of left action and right action.

For the following defintions, let G be a group, and A C G be non-empty.

Definition 3.61 (Centraliser). The centraliser of A in G is defined by

Co(A):={g€G |Vac A gag™' =a}.

Since gag~! = a if and only if ga = ag, Cg(A) is the set of elements of G which commute with every element
of A.

We check that Cz(A) < G-

(i) e € Cg(A),s0 Cg(A) # 0.
(i) Letz,y € Cq(A); thatis, forall a € A, rax~! = a and yay~' = a. Then

(zy)a(zy) " = (zy)aly 'z7")
= z(yay Ha!
—zazr ' =a

so zy € C(A). Hence Cz(A) is closed under products.

(iii) Let x € Cg(A); thatis, for all a € A, zaxz~! = a. Applying 27! to both sides gives az~! = z71a.

Applying x to both sides gives a = 27 'az, so 271 € Cg(A). Hence Cg(A) is closed under taking

Inverses.

Notation. In the special case when A = {a} we simply write C;(a) instead of C({a}). In this case
a" € Cg(a) foralln € Z.

Definition 3.62 (Centre). The centre of G is the set of elements which commute with all the elements
of G:
Z(G) :={9€G|VzeG,gr=urg}

Note that Z(G) = C(G), so the argument above proves Z(G) < G as a special case.
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Definition 3.63 (Normaliser). Define gAg~—! = {gag™' | a € A}. The normaliser of A in G is

Ng(A):={g€ G |gAg~" = A}.

Notice that if g € Cg(A), then gag™! = a € Aforalla € Aso Cg(A) < Ng(A). The proof that Ng(A) < G
is similar to the one that Cz(A) < G.

Definition 3.64 (Stabiliser). If GG is a group acting on a set S, s € S, then the stabiliser of s in G is

Gs:={geG|g-s=s}.

Notation. Denote the set of all fixed points to be S¢ = {s € S | Vg € G, gs = g}.
We check that G, < G
(i) By definition of group action, 15 - a = a, so 1g € Gs.

(i) Letx,y € G, then

=x-85=3s
so zy € GG,. Hence Gy is closed under products.
(iii)) Let x € Gg; thatis, x - s = s. Then
e l.s=a271. (z-5)
=(z7'2) s
=e-5=35

so z~! € Gs. Hence G is closed under taking inverses.

Definition 3.65. The kernel of the action of G on S is

{geG|Vse S,g-s=s}.

Definition 3.66 (Orbit). Let G be a group that acts on a set S. Define the orbit of a group element

s€Sas
G(s):={g-s€ S|geG}.
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Conjugation

Sylow’s Theorem

Definition 3.67 (Sylow p-subgroup). Let G be a group, and let p be a prime.

(1) A group of order p® (v > 1) is called a p-group. Subgroups of G which are p-groups are called
p-subgroups.

(ii) If |G| = p“m (p 1 m), then a subgroup of order p® is called a Sylow p-subgroup of G.

Notation. The set of Sylow p-subgroups of G is denoted by Syl,(G), and the number of Sylow p-subgroups of

G is denoted by n,(G) (or just n, when G is clear from the context).

Theorem 3.68 (Sylow’s theorem). Let |G| = p®m, where p is a prime and p { m.
(i) Sylow p-subgroups of G exist, i.e. Syl,(G) # 0.

(ii) If P is a Sylow p-subgroup of G, and Q) is any p-subgroup of G, then there exists g € G such
that Q < gPg~ ', i.e. Q is contained in some conjugate of P. In particular, any two Sylow
p-subgroups of G are conjugate in G.

(iii) np = 1 (mod p). Furthermore, n,, is the index in G of the normaliser Ng(P) for any Sylow

p-subgroup P, hence ny, | m.
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§3.5 Group Product, Finite Abelian Groups

Definition 3.69 (Direct product). The direct product G x - - - X G,, of the groups (G1,*1), ..., (Gn, *n)
is the Cartesian product

Gy X xGp:={(g1,---,9n) | i € Gi}

with operation defined componentwise:

(g1y---59n) * (h1,...,hy) = (g1 %1 R1y -y Gn *n hn).

Proposition 3.70. If G4, ..., G, are groups, then

|G1 X o+ X Gn| = ‘Gl‘ |G2||Gn|

Proof. Let G = G1 X --- X GYy. The proof that the group axioms hold for G is straightforward since each
axiom is a consequence of the fact that the same axiom holds for each G;, and the operation on G defined
componentwise.

The number of n-tuples in G follows from simple combinatorics. O
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Exercises

Exercise 3.1. Show that any two cyclic groups of the same order are isomorphic.

Solution. Suppose (x) and (y) are both cyclic groups of order n. We first prove the case where n < co. We
claim that the map ¢: (z) — (y) which sends z* ~— y* is an isomorphism.

Lemma. Let G be a group, g € G, let m,n € Z. Denote d = gcd(m,n). If g* = 1 and g™ = 1, then g¢ = 1.
Proof. By Bezout’s lemma, since d = gcd(m, n), then there exists g, 7 € Z such that gm + rn = d. Thus
gt =g = (g™ (¢")" = 1.
O

We first show that ¢ is well-defined; that is, 2" = 2® = ¢(z") = ¢(2*). Note that z"~° = e, so by the above
lemma, n | r — s. Write r = tn + s for some t € Z, so

Bla") = @) = = )y =y = o),
We then show that ¢ is a homomorphism:
o(ata’) = p(a*?) =y = yy’ = G(a")¢(").

Finally we show that ¢ is bijective. Since the element y* of (y) is in the image of 2* under ¢, ¢ is surjective.
Since both groups have the same finite order, any surjection from one to the other is a bijection. Therefore ¢ is
an isomorphism.

We now prove the case where n = oo. If (z) is an infinite cyclic group, let ¢ : Z — (x) be defined by
#(k) = x*. (This map is well-defined since there is no ambiguity in the representation of elements in the
domain.)

Since 2% # x for all distinct a, b € Z, ¢ is injective. By definition of a cyclic group, ¢ is surjective. As above,
the laws of exponents ensure ¢ is a homomorphism. Hence ¢ is an isomorphism. O
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4 Finite Dimensional Vector Spaces

§4.1 Definition of Vector Space

Notation. A field is denoted by F, which can mean either R or C. F" is the set of n-tuples whose elements
belong to F':
F":={(z1,...,2p) | z; € F}

For (z1,...,2,) € F"andi = 1,...,n, we say that x; is the i-th coordinate of (x1,...,x,).

Definition 4.1 (Vector space). V is a vector space over F if the following properties hold:
(i) Addition is commutative: u +v =v + u forall u,v € V

(ii) Addition is associative: (v + v) + w = u + (v + w) for all u,v,w € V

Multiplication is associative: (ab)v = a(bv) forallv € V,a,b € F
(iii) Additive identity: there exists 0 € V suchthatv +0 =v forallv € V
(iv) Additive inverse: for every v € V, there exists w € V such that v + w = 0
(v) Multiplicative identity: lv = v forallv € V'

(vi) Distributive properties: a(u+v) = au+av and (a+b)v = av+bv forall a, b, € F and u,v € V

Notation. For the rest of this text, I denotes a vector space over F'.

Example 4.2. R" is a vector space over R, C" is a vector space over C.

Elements of a vector space are called vectors or points.

The scalar multiplication in a vector space depends on F. Thus when we need to be precise, we will say that V'
is a vector space over F instead of saying simply that V' is a vector space. For example, R" is a vector space
over R, and C" is a vector space over C. A vector space over R is called a real vector space; a vector space over

C is called a complex vector space.

Lemma 4.3 (Uniqueness of additive identity). A vector space has a unique additive identity.

Proof. Suppose otherwise, then 0 and 0’ are additive identities of V. Then
0=0+0=0+0"=0

where the first equality holds because O is an additive identity, the second equality comes from commutativity,
and the third equality holds because 0’ is an additive identity. Thus 0’ = 0. O

73
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Lemma 4.4 (Uniqueness of additive inverse). Every element in a vector space has a unique additive

inverse.

Proof. Suppose otherwise, then for v € V, w and w’ are additive inverses of v. Then
w=w+0=w+v+vw)=(w+v)+uw =0+uv =w.
Thus w = w'. O

Because additive inverses are unique, the following notation now makes sense.

Notation. Let v,w € V. Then —v denotes the additive inverse of v; w — v is defined to be w + (—v).

We now prove some seemingly trivial facts.

Lemma 4.5.
(i) Foreveryv € V, 0v = 0.
(ii) Foreverya € F, a0 = 0.

(iii) For everyv € V, (—1)v = —u.

Proof.

(1) Letv eV,
O0v = (0+0)v = 0v + Ov.

Adding the additive inverse of Ov to both sides of the equation gives 0 = Owv.

i) Leta € F,
a0 = a(0 + 0) = a0 + a0.

Adding the additive inverse of a0 to both sides of the equation gives 0 = a0.

(i) Letv € V,
v+ (-lv=1v+ (-1)v=(14+(-1))v =0v =0.

Since v 4+ (—1)v = 0, (—1)w is the additive inverse of v.

Example 4.6. F*° is defined to be the set of all sequences of elements of F:
F° :={(x1,22,...) | x; € F}
Define addition and scalar multiplication on F°° as

(1, 22,...) + (y1,92,...) = (x1 +y1, 22+ y2,...)
)\(:cl,xg,...) = ()\azl,)\xg,...)

Then F° is a vector space over F, where the additive identity is 0 = (0,0,...).
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Our next example of a vector space involves a set of functions.

Example 4.7. If S is a set, F¥ := {f | f : S — F}. Define addition and scalar multiplication on F** as

(f+9)(@) = f(z) +9(z) (x€5)
(Af)(@) = Af(z) (z€S)

forall f,g € F¥, A\ € F. Then F* is a vector space over F (if S is a non-empty set), where the additive identity
of F¥ is the function 0 : S — F defined as

0(z)=0 (Vzebf)
and for f € F°, additive inverse of f is the function —f : S — F defined as
(=) =—-f(z) (VzeS)
Remark. F™ and F* are special cases of the vector space F¥; think of F™ as F{1:2--1} and F>° as F{l:2},

Example 4.8 (Complexification). Suppose V is a real vector space. The complexifcation of V', denoted by V¢,
equals V' x V. An element of V is an ordered pair (u, v), where u, v € V, which we write as u + iv.

* Addition on V[ is defined as
(u1 + i01> + (UQ + iv2) = (U1 + UQ) + i(Ul + 1)2)

for all uy,ve, us,v9 € V.

* Complex scalar multiplication on V is defined as
(a+ bi)(u+iv) = (au — bv) + i(av + bu)
forall a,b € Rand all u,v € V.

Then V¢ is a (complex) vector space.
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§4.2 Subspaces

Whenever we have a mathematical object with some structure, we want to consider subsets that also have the
same structure.

Definition 4.9 (Subspace). U C V is a subspace of V if U is also a vector space (with the same
addition and scalar multiplication as on V'), denoted as U < V.

The sets {0} and V" are always subspaces of V. The subspace {0} is called the zero subspace or trivial subspace.
Subspaces other than V' are called proper subspaces.

The following result is useful in determining whether a given subset of V' is a subspace of V.

Lemma 4.10 (Subspace test). Suppose U C V. Then U <V if and only if U satisfies the following
conditions:
(i) 0 € U; (additive identity)
(ii) u+w € U forall u,w € U; (closed under addition)
(iii) Mu € U forall A\ € F, u € U. (closed under scalar multiplication)
Proof.

If U <V, then U satisfies the three conditions above by the definition of vector space.

Suppose U satisfies the three conditions above. (i) ensures that the additive identity of V is in U. (ii)
ensures that addition makes sense on U. (iii) ensures that scalar multiplication makes sense on U'.

If u € U, then —u = (—1)u € U by (iii). Hence every element of U has an additive inverse in U.

The other parts of the definition of a vector space, such as associativity and commutativity, are automatically
satisfied for U because they hold on the larger space V. Thus U is a vector space and hence is a subspace of
V. O

Proposition 4.11. Suppose U < V. Then

(i) U is a vector space over F. In fact, the only subsets of V that are vector spaces over F are the
subspaces of V;

(ii) if W < U, then W <V (“a subspace of a subspace is a subspace”).

Proof.

(i) We first check that we have legitimate operations. Since U is closed under addition, the operation +
restricted to U gives amap U x U — U. Likewise since U is closed under scalar multiplication, that
operation restricted to U givesamap F x U — U.

We now check that U satisfies the vector space axioms.

(1) Commutativity and associativity of addition are inherited from V.

(i) There is an additive identity (by the subspace test).
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(iii) There are additive inverses: if u € U then multiplying by —1 € F and shows that —u = (—1)u € U.

(iv) The remaining four properties are all inherited from V. That is, they apply to general vectors of V'
and vectors in U are vectors in V.

(i1) This is immediate from the definition of a subspace.

Definition 4.12 (Sum of subsets). Suppose U1, ...,U, C V. The sum of Uy, ..., U, is the set of all
possible sums of elements of Uy, ..., Upy:

U1+"-+Un3:{ul+"'+un‘UiEUi}'

Example 4.13. Suppose that U = {(2,0,0) € F3 |z € F} and W = {(0,y,0) € F3 | y € F}. Then
U+W ={(z,y,0) | z,y € F}.
Suppose that U = {(z,z,y,y) € F* |2,y € F} and W = {(z, 7, z,y) € F* | 2,y € F}. Then

U+W ={(z,z,y,2) € F* | z,y,z € F}.

The next result states that the sum of subspaces is a subspace, and is in fact the smallest subspace containing all
the summands.

Proposition 4.14. Suppose Uy, ..., U, < V. Then Uy + - -- + U, is the smallest subspace of V
containing Uy, ..., U,.

Proof. 1t is easy toseethat0 € Uy + --- 4+ U, and that U; + - - - + U, is closed under addition and scalar
multiplication. Hence by the subspace test, U1 + --- 4+ U, < V.

Let M be the smallest subspace of V' containing Uy, ..., U,. We want to show that Uy 4 - - - + U,, = M. To do
so, we show double inclusion: Uy + -4+ U, C M and M C Uy + --- + U,.

(1) Forallu; e U; (1 <4 < n),
Ui:0+"'+0+Ui+0+"‘+0€U1+"'+Un,

where all except one of the uw’sare 0. ThusU; C Uy +---+ U, for1 <i <n.Hence M C Uy +---+U,.

(i) Conversely, every subspace of V' containing Uy, . .., U, contains Uy + - - - 4+ U, (because subspaces must
contain all finite sums of their elements). Hence Uy + --- + U,, C M.

Definition 4.15 (Direct sum). Suppose Uy, ...,U, < V. If each element of U; + - - - 4+ U, can be
written in only one way as a sum uq + - - - + Uy, u; € U;, then Uy + - - - 4+ U, is called a direct sum. In
this case, we denote the sum as

U@ U,
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Example 4.16. Suppose that U = {(z,y,0) € F? | 2,y € F} and W = {(0,0,2) € F3 | 2 € F}. Then
FP=UaW.

Suppose U; is the subspace of F" of those vectors whose coordinates are all 0 except for the i-th coordinate;
thatis, U; = {(0,...,0,2,0,...,0) e F*" |z € F}. Then F" =U; & - - - @ U,,.

Lemma 4.17 (Condition for direct sum). Suppose Vi,...,V,, <V, let W =V; + -+ V,,. Then the
following are equivalent:

(i) Any element in W can be uniquely expressed as the sum of vectors in Vy, ..., V.
(ii) Ifv; € V; satisfiesvi + -+ v, =0, thenvy = --- = v, = 0.

(i) Fork=2,...,n, Vi +---+ Vi_1) NV, = {O}.

Proof.

(i) <= (ii) First suppose W is a direct sum. Then by the definition of direct sum, the only way to write O as a
sum u; + - - - + u, is by taking u; = 0.

Now suppose that the only way to write 0 as a sum v; + --- + v, by taking v; = --- = v, = 0. For
v e Vi +--- 4+ V,, suppose that there is more than one way to represent v:

V=01 +" -+ Uy

V= U/1 + -+ U;L
for some v;, v] € V;. Substracting the above two equations gives
0= (vy =)+ + (v, — ).

Since v; — v} € V;, we have v; — v} = 0 so v; = v,. Hence there is only one unique way to represent vy +- - - + vy,
thus W is a direct sum.

(il) < (iii) First suppose if v; € V; satisfies vy + --- + v, = 0, thenv; = --- = v, = 0. Let v, €
(Vi+-+Vi1)NVi. Then vy = vy + - -+ + v where v; € V; (1 <i < k —1). Thus

v+ tvp1—v=0

v+ +v1+ (—vk)+0+---+0=0

by taking vg41 =+ =v, =0. Thenv; = --- = v = 0.

Now suppose that for k = 2,...,n, (V1 + -+ 4+ Vx_1) NV} = {0}.

v+---+v, =0

v+ -+ U1 = —Uy
wherevi + -+ v, 1€V + -+ V1, —v, € V,. Thus
U1+"'+Un71:_vn€(‘/1+"'+anl)mvn:{0}

sov; + -+ vp—1 = 0, v, = 0. Induction on n gives v1 = -+ = v,—1 = v, = 0. ]
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Proposition 4.18. Suppose U,W < V. Then U + W is a direct sum if and only if U N W = {0}.

Proof.

Suppose that U + W is a direct sum. If v € UNW, then 0 = v+ (—v), where v € U, —v € W. By the
unique representation of O as the sum of a vector in U and a vector in W, we have v = 0. Thus U N W = {0}.

[ ]Suppose U N W = {0}. Supposeu € U,w € W,and0 =u+w. u = —w € W, thusu € UNW, so
u=w = 0.By4.17, U + W is a direct sum. O
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§4.3 Span and Linear Independence

Definition 4.19 (Linear combination). v is a linear combination of vectors vy, ...,v, € V if there
exists ay, . . ., a, € F such that

V=a1V1 + -+ anvn,.

Definition 4.20 (Span). The span of {vy, ..., v,} is the set of all linear combinations of vy, ..., vy:
span(vy, ..., v,) = {a1vy + -+ + apv, | a; € F}.

The span of the empty set { } is defined to be {0}.
We say that vy, ..., v, spans V if span(vy, ..., v,) = V.
If S C V is such that span(S) = V, we say S spans V', and S is a spanning set for V:

span(S) := {ajvy + - - - + apvy | v; € S,a; € F}.

Proposition 4.21. span(vy,...,v,) in V is the smallest subspace of V' containing v, . . . , vy,

Proof. First we show that span(vy, ..., v,) < V, using the subspace test.

(i) 0 =0v1 + -+ + Ov,, € span(vy,...,vy)

(i) (a1v1+ -+ apon) + (c1v1 4+ +cuun) = (a1 +c1)vr + -+ + (an + cn)vn € span(vy, ..., vy), S0
span(vy, . .., vy,) is closed under addition.

(iii) AMa1v1 + apvy) = (Aar)vy + -+ + (Aap)v, € span(vy,...,v,), so span(vy,. .., v,) is closed under

scalar multiplication.

Let M be the smallest vector subspace of V' containing vy, ..., v,. We claim that M = span(vy,...,v,). To
show this, we show that (i) M C span(vy,...,vy,) and (ii)) M D span(vy,...,v,).

(1) Each v; is a linear combination of v1, ..., v,, as
vi=0-v1 4+ +0-v1+1-v,+0-vp1 4+ +0- vy,

so by the definition of the span as the collection of all linear combinations of vy, . . ., v,, we have that

v; € span(vy,...,v,). But M is the smallest vector subspace containing vy, . . . , vy, SO

M C span(vy, ..., v,).

(ii) Since v; € M (1 < i < n)and M is a vector subspace (closed under addition and scalar multiplication),
it follows that
av1 + -+ apv, € M

for all a; € F (i.e. M contains all linear combinations of vy, ..., v,). So

span(vy, ..., v,) C M.
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Definition 4.22 (Finite-dimensional). V is finite-dimensional if there exists some list of vector
{v1, ..., v, } that spans V; otherwise, it is infinite-dimensional.

Remark. Recall that by defnition every list of vectors has finite length.

Remark. From this definition, infinite-dimensionality is the negation of finite-dimensionality (i.e. nof finite-
dimensional). Hence to prove that a vector space is infinite-dimensional, we prove by contradiction; that is, first
assume that the vector space is finite-dimensional, then try to come to a contradiction.

Exercise 4.1. For positive integer n, F" is finite-dimensional.
Proof. Suppose (1,22, ...,x,) € F", then

(x1,22,...,2n) = 21(1,0,...,0) + 22(0,1,...,0) +--- + 2,(0,0,...,1)

SO
(zla 7In) S Span ((1707 ,0)7(0717 70)7 7(07 aOa]-))

The vectors (1,0,...,0),(0,1,...,0),...,(0,...,0,1) spans F", so F" is finite-dimensional. d
Definition 4.23 (Linear independence). A list of vectors vy, . .., v, is linearly independent in V if the
only choice of ay, ..., a, € F that makes

ajvr + -+ apv, =0
isa; = --- = ay, = 0; otherwise, it is linearly dependent.
We say that S C V is linearly independent if every finite subset of .S is linearly independent.
Lemma 4.24 (Compare coefficients). Let vy, ..., v, be linearly independent in V. Then
ajvy + -+ + apvy = bivy + - + bpvy
ifand only if a; = b; (1 <1 < n).
Proof. Exercise. O

The following result will often be useful; it states that given a linearly dependent set of vectors, one of the
vectors is in the span of the previous ones; furthermore we can throw out that vector without changing the span
of the original set.

Lemma 4.25 (Linear dependence lemma). Suppose vy, ..., v, are linearly dependent in V. Then there
exists vy, such that the following hold:

(i) vx € span (v1, ..., V1)

(ii) span(vi,...,Vk—1, Vktl,---,Vn) = span(vi,...,vy,)

Proof.
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(i) Since vy, ..., v, are linearly dependent, there exists a1, ..., a, € F, not all 0, such that
aivy + - -+ apv, = 0.

Take k = max{1,...,n} such that a; # 0. Then

a Qp—1

Vg = ——Ur— " — V-1,
ag ag
which means that vy, can be written as a linear combination of vy, ..., vg_1, S0 v; € span (v1,...,Vx_1)
by definition of span.
(ii) Now suppose k is such that vy € span(vs, ..., vg_1). Then there exists by, ...,bx_1 € F be such that
Vg =bjvr + -+ bp_10k_1. (1)
Suppose u € span(vy, ..., vy,). Then there exists c1, . .., ¢, € F such that
U= c1v1 + - + CpUp. (2)

In (2), we can replace v; with the RHS of (1), which gives

U= CU1 + -+ Cp—1Vk—1 + CVk + Ch1Vk+1 + - + CrUn
=c1v1 + -+ cpo1vp—1 + ce(b1vr + -+ bp1Vk 1) + Chy1Vkp1 + -+ CuUn
=cv1 + -+ cp—1Vk—1 + cbivr + - -+ cpbp_1Vk—1 + Ch+1Vk+1 + -+ Cpun

= (Cl + bck)’l)l + -+ (Ck,1 + bkflck)’l)k,1 + Clg1Vk41 + -+ -+ CpUnp.

Thus u € span(vi,...,Vk_1,Vk4+1,-..,VUy). This shows that removing vg from vy, ..., v, does not
change the span of the list.

The following result says that no linearly independent set in V' is longer than a spanning set in V.

Proposition 4.26. In a finite-dimensional vector space, the length of every linearly independent set of
vectors is less than or equal to the length of every spanning set of vectors.

Proof. Suppose A = {uq,...,uy} is linearly independent in V, B = {wy,...,w,} spans V. We want to
prove that m < n.

Since B spans V, if we add any other vector from V' to the list B, we will get a linearly dependent list, since
this newly added vector can, by the definition of a span, be expressed as a linear combination of the vectors in
B. In particular, if we add u; € A to B, then the new list

{ur,wy,...,wy}

is linearly dependent. By the linear independence lemma, we can remove one of the w;’s from B, so that the
remaining list of n vectors still spans V. For the sake of argument, let’s say we remove w,, (we can always order
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the w;’s in the list so that the element we remove is at the end). Then we are left with the revised list
By = {uj,wy,...,wp_1}.

We can repeat this process m times, each time adding the next element u; from list A and removing the last
w;. Because of the linear dependence lemma, we know that there must always be a w; that can be removed
each time we add a u;, so there must be at least as many w;’s as u;’s. In other words, m < n which is what we
wanted to prove. 0

Remark. We can use this result to show, without any computations, that certain lists are not linearly independent
and that certain lists do not span a given vector space.

Our intuition suggests that every subspace of a finite-dimensional vector space should also be finite-dimensional.
We now prove that this intuition is correct.

Proposition 4.27. Every subspace of a finite-dimensional vector space is finite-dimensional.

Proof. Suppose V is finite-dimensional, U < V. To show that U is finite-dimensional, we need to find a
spanning set of vectors in U. We prove by construction of this spanning set.

Step 1 If U = {0}, then U is finite-dimensional and we are done. Otherwise, choose v; € U, v; # 0 and add it
to our list of vectors.

Step k& Our list so far is {vy,...,vx—1}. If U = span(vy,...,vx_1), then U is finite-dimensional and we are
done. Otherwise, choose vi, € U such that vy, ¢ span(vi,...,v;_1) and add it to our list.

After each step, we have constructed a list of vectors such that no vector in this list is in the span of the previous
vectors; by the linear dependence lemma, our constructed list is a linearly independent set.

By 4.26, this linearly independent set cannot be longer than any spanning set of V. Thus the process must
terminate after a finite number of steps, and we have constructed a spanning set of U. Hence U is finite-
dimensional. O
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§4.4 Bases

Definition 4.28 (Basis). B = {v; ..., vy} is a basis of V if
(1) B is linearly independent in V;

(i) B is a spanning set of V.

Example 4.29 (Standard basis). Lete; = (0,...,0,1,0,...,0) where the i-th coordinate is 1. {e1,...,e,} is
a basis of F"*, known as the standard basis of F".

Lemma 4.30 (Criterion for basis). Let B = {v1,...,v,} be a set of vectors in V. Then B is a basis of
V' if and only if every v € V' can uniquely expressed as a linear combination of vy, . .. , Up.
Proof.

Let v € V. Since B is a basis of V, there exists a1, ..., a, € F such that

v =a1v1 + -+ apvy. (D)
To show that the representation is unique, suppose that cy, ..., c, € F also satisfy
V=1C01 + -+ ChUp. )

Subtracting (2) from (1) gives

0= (a1 —c1)vi+ -+ (an — cp)vn.
Since vy, . . . , vy, are linearly independent, we have a; — ¢; = 0, or a; = ¢; for all 7. Thus the representation of v
as a linear combination of vy, ..., v, is unique.

Suppose that every v € V can be uniquely expressed as a linear combination of vy, . . ., v,. This implies
that B spans V.

To show that B is linearly independent, suppose that a1, ..., a, € F are such that
a1v1 + -+ apvy, = 0.

Since O can be uniquely expressed as a linear combination of vy, ..., v,, we have a; = - - - = a,, = 0, thus B is
linearly independent. Since B is linearly independent and spans V', B is a basis of V. O

A spanning set in a vector space may not be a basis because it is not linearly independent. The next result says
that given any spanning set, some (possibly none) of the vectors in it can be discarded so that the remaining list

is linearly independent and still spans the vector space.

Lemma 4.31. Every spanning set in a vector space can be reduced to a basis of the vector space.

Proof. Suppose B = {v1,...,v,} spans V. We want to remove some vectors from B so that the remaining
vectors form a basis of V. We do this through the multistep process described below.

Step 1 If v; = 0, delete vy from B. If v; # 0, leave B unchanged.
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Step k If vy, € span(vy,...,vk_1), delete vy from B. If vy, ¢ span(vy,...,v,_1), leave B unchanged.

Stop the process after step n, getting a list B. Since we only delete vectors from B that are in the span of the
previous vectors, by the linear dependence lemma, the list B still spans V.

The process ensures that no vector in B is in the span of the previous ones. By the linear dependence lemma, B
is linearly independent.

Since B is linearly independent and spans V, B is a basis of V. O

Corollary 4.32. Every finite-dimensional vector space has a basis.

Proof. We prove by construction. Suppose V is finite-dimensional. By definition, there exists a spanning set of
vectors in V. By 4.31, the spanning set can be reduced to a basis. O

Now we show that given any linearly independent set, we can adjoin some additional vectors so that the extended
list is still linearly independent but also spans the space.

Lemma 4.33. Every linearly independent set of vectors in a finite-dimensional vector space can be
extended to a basis of the vector space.

Proof. Suppose u1, ..., up, are linearly independent in V', wy, ..., wy, span V. Then the list
{ula" -5 Um, W1, - - 7wn}

spans V. By 4.31, we can reduce this list to a basis of V' consisting uy, .. ., %, (since uy, ..., u,, are linearly
independent, u; ¢ span(uy,...,u;—1) for all 4, so none of the u;’s are deleted in the process), and some of the
’U)Z"S. O

We now show that every subspace of a finite-dimensional vector space can be paired with another subspace to
form a direct sum of the whole space.

Corollary 4.34. Suppose V is finite-dimensional, U < V. Then there exists W < 'V such that
V=UoW.

Proof. Since V is finite-dimensional and U < V, by 4.27, U is finite-dimensional; by 4.32, U has a basis B.
Let B = {u1,...,un}.

Since B is linearly independent, by 4.33, B can be extended to a basis of V, say

{ut, ..., up,wi, ..., wy}.

Claim. W = span(wy, ..., wy,).
We need to show that V' = U @ W; by 4.17, we need to show (i) V = U + W, and (ii)) U N W = {0}.

(i) Letv € V. Since {uy, ..., up, w1,...,w,} spans V, there exists ay, ..., an, b1, ..., b, € F such that

v=aju] + -+ apuy + brwy + - - + bpwy,.
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Take u = aju1 + --- + apup, € U, w = bjwy + -+ byw, € W. Thenv =u+w € U+ W, so

V=U+W.
(i) Letv € UNW. Since v € U, v can be written as a linear combination of w1, ..., uy:

v=aiui + -+ apupy. (1)
Since v € W, v can be written as a linear combination of w1, . .., wy,:

v ="bjwy + -+ bpwy. 2)
Subtracting (2) from (1) gives

0=ajuy + -+ aptty, — bywy — -+ — bpwy,.

Since uq, . .., Uy, w1, ..., w, are linearly independent, we have a; = b; = 0 for all ¢ (1 < ¢ < n). Thus

v=0,s0UNW = {0}.
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§4.5 Dimension

Lemma 4.35. Any two bases of a finite-dimensional vector space have the same length.

Proof. Suppose V is finite-dimensional, let B; and Bs be two bases of V. By definition, B; is linearly

independent in V, and By spans V, so by 4.26, | B1| < |Bs|.

Similarly, by definition, By is linearly independent in V' and B; spans V, so | Ba| < | By]|.
Since ’Bl‘ < ’BQ’ and ‘BQ‘ < ’Bl

, we have | B1| = | By, as desired. O

Since any two bases of a finite-dimensional vector space have the same length, we can formally define the
dimension of such spaces.

Definition 4.36 (Dimension). The dimension of V is the length of any basis of V', denoted by dim V.

Proposition 4.37. Suppose V is finite-dimensional, U <V. Then dimU < dim V.

Proof. Since V is finite-dimensional and U < V, U is finite-dimensional. Let By be a basis of U, and By be a
basis of V.

By definition, By is linearly independent in V', and By spans V. By 4.26, | By| < |By/, so
dimU = |By| < |By| = dimV,
since |By| = dim U and |By| = dim V' by definition. O

To check that a list of vectors is a basis, we must show that it is linearly independent and that it spans the vector
space. The next result shows that if the list in question has the right length, then we only need to check that it
satisfies one of the two required properties.

Proposition 4.38. Suppose V' is finite-dimensional. Then
(i) every linearly independent set of vectors in V with length dim V is a basis of V;

(ii) every spanning set of vectors in'V with length dim V' is a basis of V.

Proof.

(i) Suppose dim V' = n, {vy,...,v,} is linearly independent in V. By 4.33, {v1,...,v,} can be extended
to a basis of V. However, every basis of V' has length n (by definition of dimension), which means that
no elements are adjoined to {vy, ..., v, }. Hence {vy,...,v,} is a basis of V, as desired.

(ii) Suppose dimV = n, {vy,...,v,} spans V. By 4.31, {v1,...,v,} can be reduced to a basis of V.
However, every basis of V' has length n, which means that no elements are deleted from {v1,...,v,}.
Hence {v1,...,v,} is a basis of V, as desired.
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Corollary 4.39. Suppose V is finite-dimensional, U < V. IfdimU =dimV, then U = V.

Proof. LetdimU = dimV = n, let {uy,...,u,} be abasis of U. Then {uy,...,uy} is linearly independent
in V' (because it is a basis of U) of length dim V. From 4.38, {u1, ..., uy} is a basis of V.. In particular every
vector in V' is a linear combination of uq,...,u,. ThusU = V. ]

Lemma 4.40 (Dimension of sum). Suppose V is finite-dimensional, Uy,Us < V. Then

dim(U; + Uy) = dim Uy + dim Uy — dim(U; N Us).

Proof. Let {u1,...,up,} beabasis of U; NUs; thus dim(U; NUsz) = m. Since {uq, ..., uy,} is a basis of U N

Uy, it is linearly independent in U;. By 4.33, {uy,. .., u,, } can be extended to a basis {u1, ..., Um,v1,...,0;}
of Uy; thus dim Uy = m + j. Similarly, extend {uy, ..., u;} to a basis {u, ..., un,v1,...,v;} of Us; thus
dimUs = m + k.

We will show that

{ui,...,um,v1,...,05,w1,..., Wi}

is a basis of Uy + Us. This will complete the proof because then we will have

dim(Ul—l-Ug) =m+j+k
=(m+j)+(m+k)—m
= dim Uy 4 dim Uy — dim(U; N Us).

We just need to show that {u1, ..., um,v1,...,0;,wr,...,ws} is linearly independent. To prove this, suppose
arur + -+ AUy + by + -+ bjvj + crwy + - -+ cpwy = 0, (1)
where a;, b;, c; € F. We need to show that a; = b; = ¢; = 0 for all 7. (1) can be rewritten as
cuwy + -+ WL = —a1Ur — - — AUy — bivy — - -+ — bjvj,

which shows that cyw; + - - - + cpwy € Up. But actually all the w;’s are in Us, so cyw;y + - -+ + cpwy, € Us,
thus ciwy + - - - + cpwy, € U N Us. Then we can write

cwy + -+ 4 cpwg = dyug + -+ - + dpptim

for some d; € F. But uy,...,un,ws,...,w; are linearly independent, so ¢; = d; = 0 for all ¢. Thus our
original equation (1) becomes

G1U1+'--+amum+b1v1+...+ijj:0_

Since u1,. .., Um, V1, ..., v; are linearly independent, a; = b; = 0O for all 4, as desired. O
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Exercises

Exercise 4.2 ([Ax124] 1C Q12). Suppose W is a vector space over F, V| and V5 are subspaces of W. Show
that V1 U V3 is a vector space over F if and only if V1 C Vo or Vo C V7.

Solution. The backward direction is trivial. We focus on proving the forward direction.

Supppse otherwise, then V3 \ V5 # () and V2 \ V4 # 0. Pick v; € V4 \ Va2 and vy € V5 \ V4. Then

v1,v9 € VIUVY = v+ € V1T UW
= w9,V + vy € V5
= v =(n+uv) el

which is a contradiction. OJ

Exercise 4.3 ([Ax124] 1C Q13). Suppose W is a vector space over F, V1, V5, V3 are subspaces of W. Then
V1 U V5 U Vs is a vector space over F' if and only if one of the V; contains the other two.

Solution. We prove the forward direction. Suppose otherwise, then vy € V1 \ (Vo + V3), vy € Vo \ (V1 + V3),
vy € V3 \ (V1 + V2). Consider

{v1 + v2 + v3,v1 + V2 + 2vu3,v1 + 2vy + v3,v1 + 209 + 203} CVFUVLU V3

Then
(v1 +vg 4+ 2v3) — (V1 +v2+v3) =v3 ¢ Vi + Vs
:>U1—|—U2—|-’L)3¢V1+V2 or ’U1—|—U2—|—2U3¢‘/1—|—V2
= v1+wvt+uv3eVy or v +uvy+2u3€EVy
— v1+v € V3

Similarly,
(v1 4 2v9 +2v3) — (v1 +2va +v3) =v3 & V1 + Vs
= vi+2v4+v3EVi+Ve or v +2v+2u3¢ VI + Vs
= v +2vs+uv3 €V3 or v+ 2vs+2v3 € Vs
— v1 +213 € V3

This implies (v; + 2v2) — (v1 + v2) = vy € V3, a contradiction. O

Exercise 4.4 ([Ax124] 2A Q12). Suppose {v1,...,v,} is linearly independent in V, w € V. Prove that if

{v1 +w,...,v, + w} is linearly dependent, then w € span(vy,...,v,).
Solution. If {v; + w,...,v, + w} is linearly dependent, then there exists a1, ..., a, € F, not all zero, such
that

ar(vi +w) + -+ ap(vy, +w) =0,

or

aivy + -+ apvy = —(ar + - - + ap)w.
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Suppose otherwise, that a; + - - - + a,, = 0. Then
aivy + - +ayv, =0,

but the linear independence of {v1, ..., v,} implies that a; = - -+ = a,, = 0, which is a contradiction. Hence
we must have a1 + - - - + a,, # 0, S0 we can write

a1 Gn
W=———"——V] — = ———————— 0,
ar+---+an ai+---+ap

which is a linear combination of vy, . . ., v,. Thus by definition of span, w € span(vy, ..., v,). O
Exercise 4.5 ([Ax124] 2A Q14). Suppose {v1,...,v,} C V. Let
wi=vi+---+v (i=1,...,n)
Show that {vy, ..., v,} is linearly independent if and only if {w, ..., w,} is linearly independent.
Solution. Write

V1 = W1
V2 = W2 — W1

U3 = w3 — w2

aiwy + -+ apwy, =0

for some a; € F. Expressing w;’s as v;’s,

a1v + az(vi +v2) + -+ ap(vr + -+ vy) =0,

or
(a1 + - +an)vi + (a2 + -+ ap)v2a + - - - + ayv, = 0.
Since vy, . .., v, are linearly independent,
apr+as+---+a, =0
ag+:--+ap=0
a, =0
on solving simultaneously gives a; = --- = a, = 0.
Similar to the above. O

Exercise 4.6 ([Ax124] 2A Q18). Prove that F° is infinite-dimensional.
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Solution. To prove that F*° has no finite spanning sets, we prove by contradiction. Suppose otherwise, that
there exists a finite spanning set of F*°, say {v1,...,v,}.

Let

61:(1,0,...)
es = (0,1,0,...)
e3 = (0,0,1,0,...)

en+1 = (0,...,0,1,0,...)
where e; has a 1 at the ¢-th coordinate, and 0’s for the remaining coordinates. Let

aier + -+ appieny1 =0

for some a; € F. Then

(a1,a2,...,a,41,0,0,...) =0
soa; =ag =+ = apt1 = 0. Thus {ey,...,e,41} is a linearly independent set, of length n + 1. However,
{v1,...,v,} is a spanning set of length n. By 4.26, we have reached a contradiction. O

Exercise 4.7 ([Ax124] 2B Q5). Suppose V is finite-dimensional, U, W < V such that V' = U + W. Prove that
V hasabasisin U UW.

Solution. Let {v;}"_; denote the basis for V. By definition we have v; = u; + w; for some u; € U, w; € W.
Then we have the spanning set of the vector space V' > | a;(u; + w;), which can be reduced to a basis by the
lemma. O

Exercise 4.8 ([Ax124] 2B Q7). Suppose {v1, v2, v3, v4} is a basis of V. Prove that
{v1 + vo,v9 + v3,v3 + vg,v4}
is also a basis of V.
Solution. We know that {vy, ve, v3,vs} is linearly independent and spans V. Then there exist a; € F such that
ay (v + v2) + az(ve + v3) + az(vs +v4) + a4y =0 = a3 =ay =az = a4 = 0.
Write

a1 (v +v2) + az(ve + v3) + az(vs + v4) + agvy

= a1v1 + (a1 + a2)ve + (a2 + az)vs + (a3 + as)vy,
this shows the linear independence. To prove spanning, let v € V, then

U = a1v1 + a2v2 + a3v3 + a4v4

= al(vl + Ug) + (CLQ — al)(?)g + 1)3) + (a3 — CLQ)(’U?, + 1)4) + (a4 — a3)114,

which is a linear combination of vy + va, Vo + v3, V3 + V4, V4. O
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Exercise 4.9 ([Ax124] 2B Q10). Suppose U, W < V such that V' = U @& W. Suppose also that {u, ..., un}
is a basis of U, {wy, ..., w,} is a basis of W. Prove that

{u1, .y Uy Wi,y .. Wy}
isabasisof V.

Solution. We know that this set is linearly independent (otherwise violating the direct sum assumption) so it
suffices to prove the spanning. Let v € V, then

m n
vV=UuFw = E CLZ‘U,Z‘-FE bjﬂ)j.
=1 i=1

Exercise 4.10 ([Ax124] 2C Q8).
Exercise 4.11 ([Ax124] 2C Q16).

Exercise 4.12 ([Ax124] 2C Q17). Suppose that V1, ..., V,, < V are finite-dimensional. Prove that V; +---+V},
18 finite-dimensional, and
dim(Vi +---+V,) <dimV; +--- +dim V,,.

Solution. We prove by induction on n. The base case is trivial. Assume the statement holds for £. Then for
k + 1, denoting V; + - - - + V;, = M}, we have that

dlm(Mk + Vk+1) <dimV) + -+ dim Vi,

which is finite. O



5 Linear Maps

§5.1 Vector Space of Linear Maps

Definition 5.1 (Linear map). A linear map from V to W is a function 7: V' — W satisfying the
following properties:

i) T(v+w)=Tv+ Twforallv,w € V; (additivity)

(i) T(A\v) = AT'(v) forall A\ e F,v e V. (homogeneity)

Notation. The set of linear maps from V' to W is denoted by L(V, W); the set of linear maps on V' (from V' to
V) is denoted by L(V).

The existence part of the next result means that we can find a linear map that takes on whatever values we
wish on the vectors in a basis. The uniqueness part of the next result means that a linear map is completely
determined by its values on a basis.

Lemma 5.2 (Linear map lemma). Suppose {v1,...,v,} is a basis of V, and w1, ... ,w, € W. Then

there exists a unique linear map T': V. — W such that

Tvz-:wi (i:1,...,n)

Proof. First we show the existence of a linear map T" with the desired property. Define T': V' — W by
T(civr + -+ + cpvn) = cqwy + -+ + cpwn,

for some ¢; € F. Since {vy,...,v,} is a basis of V, by 4.30, each v € V can be uniquely expressed as a
linear combination of vy, ..., v,, thus the equation above does indeed define a function 7': V' — W. For ¢
(1 <17 < n), take ¢; = 1 and the other ¢’s equal to 0, then

TOvy+---+1v;+---+0v,) =0w; + -+ 1w; +--- + 0w,

which shows that T'v; = w;.

We now show that T': V' — W is a linear map:
(i) Foru,v € V withu = ajvy 4+ -+ + apv, and cjvy + - - - + Uy,

T(u+v) =T ((a1 + c1)vy + -+ + (an + cn)vn)
= (a1 +c1)wr + -+ (an + cp)wy,
= (aqwi + - - + apwy) + (twy + -+ - + cLwy,)

=Tu+To.

93
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(i) For A €e Fandv = cyv1 + - - - + ¢cpUn,

T(Av) =T (Acivr + -+ + Acpvp)
= Acqwy + - - + Acpwy,
= Aciwy + -+ + chwy)
= \Tv.

To prove uniqueness, now suppose that 7' € L(V, W) and Tv; = w; fori = 1,...,n. Let¢; € F. The
homogeneity of 7" implies that 7'(¢;v;) = c;w;. The additivity of 7" now implies that

T(civ1 + -+ + cpvn) = crwy + - - - + CWp.

Thus T is uniquely determined on span{vy, ..., v,}. Since {vy,...,v,} is a basis of V, this implies that T is
uniquely determined on V. O

Proposition 5.3. L(V, W) is a vector space, with the operations addition and scalar multiplication
defined as follows: suppose S, T € L(V,W), A € F,

(i) (S4+T)(v)=Sv+Tv
(ii) (AT)(v) = A(T)

forallveV.

Proof. Exercise. O

Definition 5.4 (Product of linear maps). 7' € L(U, V), S € L(V, W), then the product ST € L(U, W)
is defined by

(ST)(u) = S(Tu) (uel)

Remark. In other words, ST is just the usual composition S o T" of two functions.

Remark. ST is defined only when 7" maps into the domain of S.

Proposition 5.5 (Algebraic properties of products of linear maps).

(i) Associativity: (T1T2)T5 = T1(T2T3) for all linear maps Ty, T, T3 such that the products make
sense (meaning that T3 maps into the domain of T, T> maps into the domain of T1)

(ii) Iidentity: TI = IT = T forall T € L(V,W) (the first I is the identity map on'V, and the
second 1 is the identity map on W)

(iii) Distributive: (Sl—i-SQ)T = 51T+ 5T and S(Tl +T2) = ST+ STy forall T, T1,T5 € ﬁ(U, V)
and S, 51,53 € ﬁ(V, W)

Proof. Exercise. O

Proposition 5.6. Suppose T' € L(V,W). Then T'(0) = 0.
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Proof. By additivity, we have
T(0)=T(0+0)=T(0)+7(0).

Add the additive inverse of 7'(0) to each side of the equation to conclude that 7'(0) = 0.

95
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§5.2 Kernel and Image

Definition 5.7 (Kernel). Suppose 7' € L(V, W). The kernel of T is the subset of V' consisting of those
vectors that 7" maps to 0:
kerT:={veV |Tv=0}C V.

Proposition 5.8. Suppose T € L(V,W). ThenkerT < V.

Proof. By 4.10, we check the conditions of a subspace:

(i) By 5.6,7(0) = 0,500 € ker T'.

(i) Forall v,w € ker T,
To4+w)=Tv+Tw=0 = v+weckerT

so ker T is closed under addition.

(iii) Forall v € kerT, A € F,
T(A)=XNv=0 = Mve&kerT

so ker T' is closed under scalar multiplication.

Definition 5.9 (Injectivity). Suppose 7' € L(V, W). T is injective if

Tu=Tv — u=v.

Proposition 5.10. Suppose T € L(V,W). Then T is injective if and only if ker T = {0}.

Proof.
Suppose T'is injective. Let v € ker T', then

Tv=0=T7T(0) = v=0

by the injectivity of 7. Hence ker T' = {0} as desired.
Suppose ker I" = {0}. Let u,v € V such that T'u = T'v. Then

T(u—v)=Tu—Tv=0.

By definition of kernel, u — v € ker T' = {0}, so u — v = 0, which implies that u = v. Hence T is injective, as
desired. ]

Definition 5.11 (Image). Suppose 7' € L(V, W). The image of T is the subset of W consisting of those
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vectors that are of the form 7'v for some v € V:

imT:={Tv|veV}CW

Proposition 5.12. Suppose T' € L(V,W). Then imT < W.

Proof.

(i) T(0) = 0 implies that 0 € im T".

(i) For wy,wo € im T, there exist vy, vo € V such that Tvy = w; and T'vo = wo. Then

wy + we = Tvy + Ty :T(U1—|—U2) eimT — w;+wy €im7T.

(iii)) Forw € imT and A € F, there exists v € V such that T'v = w. Then

Aw = NTv=T(\v) €eimT = lwe€imT.

Definition 5.13 (Surjectivity). Suppose T' € L(V,W). T is surjective if imT = W.
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Fundamental Theorem of Linear Maps

Theorem 5.14 (Fundamental theorem of linear maps). Suppose V' is finite-dimensional, T € L(V,W).
Then im T is finite-dimensional, and

dimV = dimkerT + dimim 7. 5.1
Proof. Let {uq,...,upn} be basis of ker T, then dim ker T" = m. The linearly independent list w1, . .., u,, can
be extended to a basis
{ut, .« Um,v1, ..., 0n}

of V, thus dim V' = m + n. To simultaneously show that im 7" is finite-dimensional and dimim 7T = n, we
prove that {T'vy,...,Tv,} is a basis of im 7. Thus we need to show that the set (i) spans im 7", and (ii) is
linearly independent.

(i) Letv € V. Since {uy, ..., Un,v1,...,0,} spans V, we can write
v=ajul + -+ G, + 0101 + -+ byup,
for some a;, b; € F. Applying T to both sides of the equation, and noting that T'u; = 0 since u; € ker T,

Tv =T (a1u1 + -+ Qmim + bivy + - - + bpvy)

=a1 Tur + -+ am Ty, +01T01 + - - - + byvp
~—~ ~——
0 0
=bTvi+---+b,Tv, €imT.

Since every element of im 7" can be expressed as a linear combination of T'vy, . .., Tv,, we have that
{Tvy,...,Tv,} spans im T

Moreover, since there exists a set of vectors that spans im 7', im 7" is finite-dimensional.

(i) Suppose there exist cq, ..., ¢, € F such that
caTvi+ -+ c,Tv, = 0.

Then
T(civ1+ -+ cpvn) =T(0) =0,

which implies c;vy + -+ - + ¢pvy, € ker T'. Since {u1, ..., uy,} is a spanning set of ker T, we can write
Clvl+"'+Cnvn:dlu1+"‘+dmum

for some d; € F, or

c1v1 + -+ epvp — diug — - - — dpuy, = 0.

Since u1, . .., Um, V1, ...,y are linearly independent, ¢; = d; = 0. Since ¢; = 0, {Tvy1,...,Tv,} is
linearly independent.
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We now show that no linear map from a finite-dimensional vector space to a “smaller” vector space can be
injective, where “smaller” is measured by dimension.

Proposition 5.15. Suppose V and W are finite-dimensional vector spaces, dim'V > dim W. Then
there does not exist T € L(V, W) such that T is injective.

Proof. Since W is finite-dimensional and im 7" < W, by 4.37, we have that dimim 7" < dim W.

LetT € £L(V,W). Then

dimkerT =dimV — dimimT (D)
>dimV — dim W 2)
>0

where (1) follows from the fundamental theorem of linear maps, (2) follows from the above claim.

Since dimker 7" > 0. This means that ker T' contains some v € V \ {0}. Since kerT" # {0}, T is not
injective. O

The next result shows that no linear map from a finite-dimensional vector space to a “bigger” vector space can
be surjective, where “bigger” is also measured by dimension.

Proposition 5.16. Suppose V and W are finite-dimensional vector spaces, dimV < dim W. Then
there does not exist T € L(V, W) such that T is surjective.

Proof. LetT € L(V,W). Then

dimim7 = dim V — dimker T (1)
<dimV (2)
< dim W,

where (1) follows from the fundamental theorem of linear maps, (2) follows since the dimension of a vector
space is non-negative so dim ker 7" > 0.

Since dimim 7" < dim W, im T # W so T’ is not surjective. O

Example 5.17 (Homogeneous system of linear equations). Consider the homogeneous system of linear equations

a11x1 + ajgx2 + -+ appxy, =0

a91x1 + agore + -+ + agpxy, =0

(*)

Am1T1 + AmaT2 + -+ AppTn =0

where a;; € F.

Define T': F"* — F™ by

n
T(:L’l,...,l‘n) = E A1iLGy -y E A L4
i=1 ]
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The solution set of (k) is given by

kerT = ¢ (z1,...,2,) € F"

n n
E auxi:O,..., E ami.%'i:()
i=1

i=1

Proposition. A homogeneous system of linear equations with more variables than equations has non-zero

solutions.
Proof. If n > m, then

dimF" > dim F"" = T is not injective
= kerT # {0}

= (x) has non-zero solutions

O

Proposition. A system of linear equations with more equations than variables has no solution for some choice

of the constant terms.
Proof. If n < m, then

dimF" < dim F™ = T is not surjective
= J(e1,.-y0m) EFV(21,. .. xn) €EF T (21, .., 20) # (C1y -0y Cm)

Thus the choice of constant terms (c1, . .., ¢, ) is such that the system of linear equations

a11ry + -+ apxry, = C1

Am1T1 + * + GpnTp = C;m

has no solutions (z1, ..., Zy,). O
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§5.3 Matrices

Representing a Linear Map by a Matrix

Definition 5.18 (Matrix). Suppose m,n € N. An m X n matrix A is a rectangular array with m rows
and n columns:

where a;; € F denotes the entry in row ¢, column j. We also denote A = (aij)an, and drop the
subscript if there is no ambiguity.

Notation. i is used for indexing across the m rows, j is used for indexing across the n columns.

Notation. M, xn(F) denotes the set of m x n matrices with entries in F.

As we will soon see, matrices provide an efficient method of recording the values of 7T'v;’s in terms of a basis of
w.

Definition 5.19 (Matrix of linear map). Suppose 7' € L(V, W),V = {v1,...,v,} is abasis of V,
W = {w1,...,wn} is a basis of W. The matrix of 7" with respect to these bases is the m x n matrix
M(T), whose entries a;; are defined by

m
T’l}j: E aijwi.
=1

That is, the j-th column of M (T') consists of the scalars a; js -+, amj needed to write T'v; as a linear
combination of the bases of V.

Notation. If the bases of V and W are not clear from the context, we adopt the notation M (T; V, W).
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Addition and Scalar Multiplication of Matrices

Definition 5.20 (Matrix operations).

(i) Addition: the sum of two matrices of the same size is the matrix obtained by adding correspond-
ing entries in the matrices:

ail -+ Qln Cl1 - Cin a1 +c1 - Qlp +Cin

Gml **° Qmn Cml *°° Cmn am1 +Cm1 - Qmn + Cmn

(i) Scalar multiplication: the product of a scalar and a matrix is the matrix obtained by multiplying
each entry in the matrix by the scalar:

ailr - Qin Aair -0 Aaip

am1 " OGmn Adm1 *+ AGmn

Lemma 5.21. Suppose S,T € L(V,W). Then
(i) M(S+T)=M(S)+ M(T);

(ii)) M(AXT) = AM(T) for A € F.

Proof. Suppose S, T € L(V,W), {v1,...,v,}isabasis of V, {wi,...,wy} is a basis of W.

(i) By definition, M(.S) is the matrix whose entries a;; are defined by

m
SU]': E aijwi.
=1

Similarly, M(T') is the matrix whose entries b;; are defined by

m
Tvj = E bijw;.
i=1
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M(S + T) is the matrix whose entries ¢;; are defined by

m

(S + T)’Uj = ZCU’UJZ'

=1

m
SUJ' + Tl)j = E Cij W;
1=1

m m m
E a;;w; + E bijwi = E CijW;
i=1 =1 =1

m m

Z(aij + bij)w; = Zcijwi

i=1 =1

aij + bij = ¢ij.

(ii) By definition, M(T’) is the matrix whose entries a;; are defined by

m

ij: E Qi5W;j.

=1

Then for A € F, M(AT) is the matrix whose entries b;; are defined by
m
)\TUj = Z bz-jwi
i=1

m m
A E aijwi = E bijwi
i=1 =1

/\aij = bij.

Lemma 5.22. With addition and scalar multiplication defined as above, M, (F) is a vector space
of dimension mn.

Proof. The verification that M, .,,(F) is a vector space is left to the reader. Note that the additive identity of
M xn(F) is the m x n matrix all of whose entries equal 0.

The reader should also verify that the list of distinct m x n matrices that have 0 in all entries except for a 1 in one

entry is a basis of M, x,,(F). There are mn such matrices, so the dimension of M, x,,(F) equals mn. O
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Matrix Multiplication

Note that we define the product of two matrices only when the number of columns of the first matrix equals the
number of rows of the second matrix.

Definition 5.23 (Matrix multiplication). Suppose A = (ai;)mxn> B = (bij)nxp- Then

AB = Z aikbkj
k=1

mxp

Remark. Thus the entry in row j, column k of AB is computed by taking row j of A and column k of B,
multiplying together corresponding entries, and then summing.

In the next result, we assume that the same basis of V' is used in considering 7" € L(U, V') and S € L(V, W),
the same basis of TV is used in considering S € L(V, W) and ST € L(U, W), and the same basis of U is used
in considering 7' € L(U, V) and ST € L(U,W).

Lemma 5.24 (Matrix of product of linear maps). If T' € L(U,V)and S € L(V,W), then M(ST) =
M(S)M(T).

Proof. Suppose {v1,...,v,} isabasisof V, {ws,..., wy,} is abasis of W, {u1,...,u,} is a basis of U.

Let M(S) = A, M(T) = B.Forj =1,...,p, we have

(ST)uj = S(Tuy)

=5 Z bkjvk
k=1

bkjS’Uk;

m
bi; § ;Wi
1 1=1

I
M= 1M: I

n
E aikbkj w;.
k=1

=1

O]

Notation. A;. denotes the row vector corresponding to the i-th row of A; A.; denotes the column vector
corresponding to the j-th column of A.

Lemma 5.25. Suppose A = (aij)mxn, B = (bij)nxp. Then AB = (¢ij)mxp, where

Cij:Ai,.B.J‘ (izl,...,m,j:L...,p).

That is, the entry in row i, column j of AB equals (row i of A) times (column j of B).
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Proof. We have

blj
AL.B.J = <ai1 e ain) = Zaz‘kbk]‘ = Cij~
k=1
bn;
O
Lemma 5.26. Suppose A = (aij)mxn, B = (bij)nxp. Then
(AB).J' :AB.J' (j: 1,...,p).
That is, column j of AB equals A times column j of B.
Proof. Using the previous result,
AL.B.,J’ Clk
Anv'B'vj Cn]
O
b1
Lemma 5.27 (Linear combination of columns). Suppose A = (a;j)mxn. b= | * |. Then
bn
Ab = blA.,l + -+ bnA-,n-

That is, Ab is a linear combination of the columns of A, with the scalars that multiply the columns coming from
b.
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Proof.

a11b1 + - - + ainby
Ab =

am1b1 + - -+ amnby

a1y a1n,by
am1b1 mnbn
ail Alin
= bl R bn
Am1 Gmn

= blA.’l + .-+ bnA~,n~
L]

The following result states that matrix multiplication can be expressed as linear combinations of columns or
rows.

Proposition 5.28. Suppose C' = (¢ij)mxc: B = (Tji)exn. Then

(i) Columns: fork =1,...,n, (CR).y is a linear combination of C. 1, ..., C. ., with coefficients

coming from R. .

(ii) Rows: fori = 1,...,m, (CR);. is a linear combination of Ry ., ..., R, ., with coefficients

coming from Cj ..

Proof.

®
(ii)
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Rank of a Matrix

Definition 5.29. Suppose A € M« (F). Then the row space of A is the span of its rows, and the
column space of A is the span of its columns:

Row(A) :=span (4;. |1 <i<m),
Col(A) :=span (A.; |1 <j <n).

The row rank and column rank of A are defined as

r(A) := dim Row(A),
¢(A) := dim Col(A).

Definition 5.30 (Transpose). Suppose A = (ai;)mxn- Then the transpose of A is the matrix AT =
(bij )nxm, Whose entries are defined by

bij = aj,;.

Proposition 5.31 (Properties of transpose). Suppose A, B € My,xn(F), C € My xp(F). Then
(i) (A+B)T = AT + BT;
(ii) (ANA)T = XAT for \ € F;

(iii) (AC)T = CTAT.

Lemma 5.32 (Column-row factorisation). Suppose A € M, xn(F), c(A) > 1. Then there exist
Ce MmXC(A) (F), R e Mc(A)Xn(F) such that A = CR.

Proof. We prove by construction, i.e. construct the required matrices C' and R.

Each column of A is a m x 1 matrix. The set of columns of A

{Aq,..., A}

can be reduced to a basis of Col(A), which has length ¢(A), by the definition of column rank. The ¢(A) columns
in this basis can be put together to form a m x ¢(A) matrix, which we call C'.

For k = 1,...,n, the k-th column of A is a linear combination of the columns of C'. Make the coefficients of
this linear combination into column k of a ¢ X n matrix, which we call R. By , it follows that A = C'R. O

Lemma 5.33 (Column rank equals row rank). The column rank of a matrix equals to its row rank.

Proof. Suppose A € Myxn(F). Let A = CR be the column-row factorisation of A, where C' € M, o(4)(F),
R e Mc(A)Xn(F)

d
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Since column rank equals row rank, we can dispense with the terms “column rank” and “row rank”, and just use
the simpler term “rank”.

Definition 5.34 (Rank). The rank of a matrix A is defined as

rank A :=r(A) = c(A).
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§5.4 Invertibility and Isomorphism

Invertibility
Notation. Iy € L(V') denotes the identity map on V:
Iv=v (Mvev)

The subscript is omitted if there is no ambiguity.

Definition 5.35 (Invertibility). 7' € L(V, W) is invertible if there exists S € L(W, V') such that
ST = Iy, TS = Iy; S is known as an inverse of T'.

Lemma 5.36 (Uniqueness of inverse). The inverse of an invertible linear map is unique.

Proof. Suppose T € L(V, W) is invertible, S1, S € L(W, V) are inverses of T'. Then
51 = Slfw = Sl(TSQ) = (SlT)SQ = IVSQ - SZ-
Thus Sl = SQ. O

Since the inverse is unique, we can give it a notation.

Notation. If T is invertible, then its inverse is denoted by 7.

The following result is useful in determing if a linear map is invertible.

Lemma 5.37 (Invertibility criterion). Suppose T € L(V, W).
(i) T is invertible <> T is injective and surjective.

(ii) If dimV = dim W, T is invertible <= T is injective <= T is surjective.

Proof.

() Suppose T € L(V, W) is invertible, which has inverse 7. Suppose Tw. = Tv. Applying T~!
to both sides of the equation gives

u=T""Tu=T"'"Tv=0v

so T is injective.

We now show 7' is surjective. Let w € W. Thenw =T (T‘lw), which shows that w € im T, so
imT = W. Hence T is surjective.

Suppose T’ is injective and surjective.

Define S € L£L(W, V') such that for each w € W, S(w) is the unique element of V' such that 7'(S(w)) = w
(we can do this due to injectivity and surjectivity). Then we have that 7'(ST)v = (T'S)Tv = T'v and
thus STv = v so ST = I. It is easy to show that S is a linear map.
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(i1) It suffices to only prove 7' is injective <= T is surjective. Then apply the previous result.

Suppose 7' is injective. Then dim ker 7" = 0. By the fundamental theorem of linear maps,

dimim7 =dimV —dimkerT
=dimV
=dim W

which implies that 7" is surjective.

Suppose 7' is surjective, then dimim 7" = dim W. By the fundamental theorem of linear maps,

dimkerT =dimV —dimimT
=dimV —dim W
=0

which implies that 7' is injective.

Corollary 5.38. Suppose V and W are finite-dimensional, dimV = dimW, S € L(W,V), T =
L(V,W). Then ST = I ifand only if T'S = I.

Proof.
Suppose ST = I. Let v € kerT'. Then

v=1Iv=(ST)v=5(Tv) =5(0) =0 = kerT = {0}

so 1" is injective. Since dim V' = dim W, by the previous result, 1" is invertible.

Since ST = I, then
S=8TT =171t =17"1

so TS =TT~! = I, as desired.
Similar to above; reverse the roles of S and T" (and V' and W) to show thatif T'S = I then ST = 1. [
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Isomorphism

Definition 5.39 (Isomorphism). An isomorphism is an invertible linear map. V' and W are isomorphic,
denoted by V' = W, if there exists an isomorphism 7" € L(V, ).

The following result shows that we need to look at only at the dimension to determine whether two vector spaces
are isomorphic.

Lemma 5.40. Suppose V' and W are finite-dimensional. Then

VW «<— dimV =dimW.

Proof.

Suppose V' = W, then there exists an isomorphism 7" € L(V, W), which is invertible, so T is both
injective and surjective, thus ker 7" = {0} and im 7" = W, implying dim ker 7" = 0 and dim im 7" = dim W'.

By the fundamental theorem of linear maps,

dimV =dimkerT + dimimT
=0+dimW =dimW.

Suppose V' and W are finite-dimensional, dim V' = dim W = n. Let {v1,...,v,} be a basis of V,
{wy,...,w,} be abasis of W.

It suffices to construct an surjective 7' € L(V,W). By the linear map lemma, there exists a linear map
T € L(V, W) such that

Tvi=w; (i=1,...,n)

Let w € W. Then there exist a; € F such that w = ajwq + - - - + a,w,. Then

T(av1+ -+ apvy) =w = weimT
= W=imT
= T is surjective

— T'is invertible.

Proposition 5.41. Suppose {vi,...,v,} is a basis of V, {w1, ..., wp} is a basis of W. Then

LV, W) = Mupsn(F).

Proof. We claim that M is an isomorphism between £(V, W) and M, x,(F).

We already noted that M is linear. We need to prove that M is (i) injective and (ii) surjective.
(i) Given T € L(V, W), if M(T') = 0, then

Tv;j=0 (j=1,...,n)
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Since vy, . .., v, is a basis of V/, this implies 7" = 0, so ker M = {0}. Thus M is injective.

(ii) Suppose A € M, «n(F). By the linear map lemma, there exists 7" € L£(V, W) such that
m
T’Uj = zaijwi (] = 1,... ,n)
i=1

Since M(T') = A, im M = M, xn(F) so M is surjective.

The following is a useful corollary.

Lemma 5.42. Suppose V and W are finite-dimensional. Then L(V, W) is finite-dimensional and

dim L(V, W) = (dim V) (dim W).

Proof. Since L(V, W) = M, xn(F),

dim L(V, W) = dim M, (F) = mn = (dim V') (dim W).
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Linear Maps Thought of as Matrix Multiplication

Previously we defned the matrix of a linear map. Now we defne the matrix of a vector.

Definition 5.43 (Matrix of a vector). Suppose v € V, {v1,...,v,} is a basis of V. The matrix of v
with respect to this basis is

by
M(v) =
bn
where by, ..., b, € F are such that
v=>bv1 + -+ byun,.
Example 5.44. If z = (x1,...,x,) € F", then the matrix of the vector = with respect to the standard basis is

z

Lemma 5.45. Suppose T € L(V,W). Let {v1,...,v,} be a basis of V, {w1,...,wy} be a basis of
W. Then
M(T).; =M(Tv;) (j=1,...,n)

Proof. By definition, the entries of M(T") are defined such that

m
ij = Zaijwi (] = 1,...,??,)
i=1

Then since T'v; € W, by definition, the matrix of T'v; with respect to the basis {w1, ..., wy,} is
aij
M (T’Uj) =
amj
which is precisely the j-th column of M(T'). ;,forj =1,...,n. O

The following result shows that linear maps act like matrix multiplication.

Lemma 5.46. Suppose T € L(V,W). Let {v1,...,v,} be a basis of V, {wn, ..., wn} be a basis of
W. Letv € V, then
M(Tv) = M(T)M(v).
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Proof. Suppose v = byvy + - - - + b, v, for some by, ...,b, € F. Then

M(Tv) = M (T(byvr + -+ - + byvy))
= blM(Tvl) + -+ bnM(T’Un)
=0 M(T)1+- -+ b, M(T).

b1

d

Notice that no bases are in sight in the statement of the next result. Although M(T') in the next result depends
on a choice of bases of V' and T, the next result shows that the column rank of M(T') is the same for all such
choices (because im 7" does not depend on a choice of basis).

Proposition 5.47. Suppose V and W are finite-dimensional, T € L(V,W). Then

dimker T' = rank M(T).

Proof. Suppose {v1,...,v,} is abasis of V, {wy, ..., wy} is a basis of W.

The linear map that takes w € W to M(w) is an isomorphism from W to M, 1 (F') (consisting of m x 1
column vectors).
The restriction of this isomorphism to im 7" [which equals span(7'vy, . .., T'vy,)] is an isomorphism from im 7’
to span(M(Tv1),..., M(Twvy,)). For j = 1,...,n, the m x 1 matrix M(T'v;) equals column k of M(T).
Thus

dimker 7" = rank M(T),

as desired. O
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Change of Basis

Definition 5.48 (Identity matrix). For n € N, the n x n identity matrix is

Remark. Note that the symbol I is used to denote both the identity operator and the identity matrix. The context
indicates which meaning of I is intended. For example, consider the equation M(I) = I; on LHS I denotes the
identity operator, and on RHS I denotes the identity matrix.

The next result justifies the name “identity matrix”.

Lemma 5.49. Suppose A € My, (F). Then Al, = I,A = A.

Proof. Exercise. 0

Definition 5.50 (Invertible matrix). A € M, (F) is called invertible if there exists B € M, (F)
such that AB = BA = I; we call B an inverse of A

Lemma 5.51 (Uniqueness of inverse). Suppose A is an invertible square matrix. Then there exists a
unique matrix B such that AB = BA = 1.

Proof. Let B and C be inverses of A. Then

B=BI=BAC=1C=C.

Since the inverse of a matrix is unique, we can give it a notation.

Notation. The inverse of a matrix A is denoted by A~".

Lemma 5.52.
(i) Suppose A is an invertible square matrix. Then (A~1)~1 = A.

(it) Suppose A and C are invertible square matrices of the same size. Then AC is invertible, and
(AC)"t=071AL

Proof.

(1) We have
A'A=4A"1 =1,

so the inverse of A~ is A.
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(i) We have

(Ac)(Cc7tA™h = A(co hHaT!
= ATA™!
= AA™!
=1,

and similarly (C~1A71)(AC) = I.

Proposition 5.53 (Matrix of product of linear maps). Suppose T € L(U,V), S € L(V,W). Let
U=A{ui,...,un} beabasisof U,V = {vi,...,v,} be abasis of V, W = {wn, ..., w,} be a basis
of W. Then

M (ST;UW) = M (S;V, W) M (T;U, V) .

Proof. Refer to previous section. Now we are just being more explicit about the bases involved. O

Corollary 5.54. Suppose thatUd = {uy,...,up}andV = {v1,...,v,} are bases of V. Then the
matrices

M(L;U,YV) and M(1;V,U)

are invertible, and each is the inverse of the other.

Theorem 5.55 (Change-of-basis formula). Suppose T € L(V). LetUd = {ui,...,up}andV =
{v1,...,vn} be bases of V. Let

A= M(T;U), B=M(T;V),

and C = M(L;U,V). Then
A=C"'BC. (5.2)

Proof. Note that

M(L;U, V) M(T;U)
¢ A

Hence BC = C A, and the desired result follows. O

THe next result states that the matrix of inverse equals inverse of matrix.

Lemma 5.56. Suppose {v1,...,v,} is a basis of V, T € L(V) is invertible. Then
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where both matrices are with respect to the basis {v1, ... ,v,}.

Proof. We have that
M (T—l) M(T) = M (T—1T> = M) =1.
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§5.5 Products and Quotients of Vector Spaces

Products of Vector Spaces

Definition 5.57 (Product). Suppose V1, ..., V,, are vector spaces over F. The product V|, x --- x V,, is
defined by
Vl Xowee XVn = {(Ula"'avn) | Vg GVYZ}

Remark. This is analagous to the Cartesian product of sets.

Lemma 5.58. Vi x --- X V,, is a vector space over ¥, with addition and scalar multiplication defined
by

(Utyooytpn) + (U1, 0n) = (ur + 01, .oy Up + V)
A1, yvn) = (Mg, . Aoy

The following result shows that the dimension of a product is the sum of dimensions.

Proposition 5.59. Suppose V1, ..., V, are finite-dimensional. Then Vi X - -- X V,, is finite-dimensional,

and

dim(Vp x - x V) =dimVj +--- +dim V},.

Proof. Foreach Vi, (k=1,...,n), choose a basis:

Br = {ex1,.. ., erdimv; } -

For each basis vector of each V}, consider the set consisting of elements of V; x --- x V,, that equal the basis
vector in the k-th slot and 0 in the other slots:

B=A{0,..., ex ,...,0)|1<i<dimVg,1<k<n}.
~—
k-th slot

We want to show that 5 is a basis of V; x - -+ x Vj,. Thus we need to show that it is (i) a spanning set, and (ii)
linearly independent.
(i) Let (vi,...,vp) € Vi x---x V. Fork =1,...,n, since By, is a basis for Vi, we can write

dim Vy,

Vg = E QAkiChi-
i=1
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for some ag1, ..., Ak dimV;, € F. Then

(01, 00) =Y (0,..., Vg, ..., 0)
k=

n dim Vy,
:Z 0,...,2&1”‘6]“‘,...,0
k=1 =1

ak’i(oa"'?ekia'-'ao)

which is a linear combination of vectors in B. Hence B spans Vi X --- X V,.

(ii) Suppose there exist ar; € F such that

n dim Vj
Zaki((),...,e;ﬂ-,...,O):O
k=1 =1
n dim V},
0,..., E akieki,...,() =0
k=1 i=1
dim V; dim V> dim V,,

E alz'eu’E a2;€2i, - - ., E apieni | =0
i—1 i—1 i=1

sofork=1,...,n,
dim Vj,

Z agier; = 0.
i=1
By the linear independence of vectors in By, we have that
ag1 = -+ = Agdimv;, =0
fork=1,...,n.
Hence

dim(Vy x --- x V) = |B]
= |Bi|+ -+ |By|
=dimV; +---+dimV,.

Products are also related to direct sums, by the following result.

119

Proposition 5.60. Suppose that Vi, ..., V, < V. Define a linear map

r-vix.--xvp,—=vi+..-4V,

(U1, V) UL+ F o,
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Then Vi + - - - + V,, is a direct sum if and only if T is injective.

Proof.
(i) <= (ii) | Suppose Vi + - - - + V}, is a direct sum. Let (v1,...,v,) € ker . Then

F(Ul,...,Un):O
vi+---+v,=0

v=---=v,=0

so (v1,...,v,) = 0. Hence ker I" = 0, thus I is injective.

(i) <= (i) | Similar to the above proof. ]

The next result says that a sum is a direct sum if and only if dimensions add up.

Proposition 5.61. Suppose V is finite-dimensional, V1,...,Vy, < V. Then Vi + --- + V,, is a direct
sum if and only if
dim(Vi+---4+V,) =dimV; +--- +dim V.

Proof. The map I' defined in the previous result is surjective. Thus by the fundamental theorem of linear maps,
I' is injective if and only if
dim(Vi 4+ -4+ V) = dim(V1 x V,,).

Then use the previous two results above. O
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Quotient Spaces

Definition 5.62 (Coset). Suppose v € V, U C V. Then v 4 U is called a coset of U, defined by

v+ U :={v+u|ueU}.

Definition 5.63 (Quotient space). Suppose U < V. Then the quotient space V /U is the set of cosets
of U:
ViU ={v+U|veV}

Example 5.64. If U = {(z,2x) € R? | z € R}, then R?/U is the set of lines in R? that have gradient of 2.

It is obvious that two cosets of a subspace are equal or disjoint. We shall now prove this.

Lemma 5.65. Suppose U <V, and v,w € V. Then

v—wel <= v+U=w+U <= (v+U)N(w+U)=0.

Proof. First suppose v —w € U. If u € U, then
vtu=w+ ((v—w)+u) ew+U.

Thusv+ U C w+U. Similarly, w+U C v+ U. Thus v+ U = w + U, completing the proof that v —w € U
impliesv+U =w+U.

The equation v + U = w + U implies that (v + U) N (w + U) # .
Now suppose (v + U) N (w + U) # (). Thus there exist uj, uz € U such that

U+ U = w+ ug.

Thus v — w = ug — uy. Hence v — w € U, showing that (v + U) N (w 4 U) # () implies v — w € U, which
completes the proof. 0

We can define a vector space structure on V/U.

Lemma 5.66. Suppose U < V. Then V/U is a vector space, with addition and scalar multiplication
defined by

w+U)+(w+U)=(v+w)+U
Ao+ U) = () + U

forallv,w eV, A €F.

Proof. We first need to show that addition and scalar multiplication are well-defined.

Addition Suppose v, v, w1, ws € V are such that

v+U=vo+U, w +U=ws+U.
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By 5.65,
vi —ve €U, wy—wyel.

Since U < V, U is closed under addition, so (v; —v2)+ (w1 —ws2) € U. Thus (vi +w;) — (va+w2) € U.
Using 5.65 again, we see that
(’01 +U}1)+U: (v2+w2)+U,

as desired. Hence addition on V/U is well-defined.

Scalar multiplication Suppose vi,v2 € V are such that vy + U = vg 4+ U, suppose A € F.

Since U < V, U is closed under scalar multiplication, so A(v1 — v2) € U. Thus A\v; — Avy € U. By 5.65,
(A1) + U = (Awg) + U.
Hence scalar multiplication on V/U is well-defined.

The verification that addition and scalar multiplication make V/U into a vector space is straightforward and is
left to the reader. Note that the additive identity of V /U is 0 + U (which equals U) and that the additive inverse
ofv+Uis (—v)+U. O

Definition 5.67 (Quotient map). Suppose U < V. The quotient map is the map

m:V—=>V/U
v—=v+U

forallv € V.

We check that the quotient map is a linear map: let v,w € V, A € F,

i) 7(v) +7(w)=W+U)+ (w+U)=(v+w)+U =7(v+w).

(i) T(\v) = () + U = A(v+ U) = (o).

Proposition 5.68 (Dimension of quotient space). Suppose V is finite-dimensional, U < V. Then

dimV/U =dimV —dimU.

Idea. Since dimensions are involved, think of the fundamental theorem of linear maps.
Proof. Let the quotient map 7 : V' — V/U.
e Letv € V. Then

vekerm <= 7(v)=04+U=U
< v+U=U |by5.65]
— velU

sokerm =U.

* The definition of 7 implies im 7 = V/U.
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By the fundamental theorem of linear maps,

dimV = dimker7 + dimim«

=dimU + dim V/U
which gives the desired result. O

Each linear map 7" on V induces a linear map T on V/kerT, as defined below.

Definition 5.69. Suppose T € L(V, W). Define

T:V/kerT — W
v+ kerT — Tv

We first show that T is well-defined.
Proof. Suppose u,v € V are such that
u—+kerT =v+kerT.
By 5.65,u —v € ker T. Thus T'(u — v) = 0,50 Tu = T. O

We then check that T is a linear map from V/kerT to W.

The next result shows that we can think of 7" as a modified version of T', with a domain that produces an injective

map.

Proposition 5.70. Suppose T' € L(V,W). Then
(i) T o =T, where  is the quotient map of V onto V/ ker T';
(ii) T is injective;

(iii) imT = im T.

Proof.

(i) Letv € V. Then
(Tom)(v)=T (7(v)) = T(v+kerT) =Tw.

(ii) Let v + ker T € ker T.. Then

Tv+kerT)=0 = Tv=0
— v ekerT
= v+kerT =kerT

sokerT = {0 + ker T'}.

(iii) The definition of 7" shows that im T = im 7.
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Theorem 5.71 (First isomorphism theorem). Suppose T € L(V, W) is an isomorphism. Then

V/kerT = imT. (5.3)

Proof. Now (ii) and (iii) imply that if we think of 7" as mapping into im 7", then 7T is an isomorphism from
V/ker T onto im T 0

Theorem 5.72 (Second isomorphism theorem).

Theorem 5.73 (Third isomorphism theorem). U C V' C W, then

w/v = W/U)/(V/U). 5.4)
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§5.6 Duality

Dual Space and Dual Map

Linear maps into the scalar field F' play a special role in linear algebra, so they get a special name.

Definition 5.74. A linear functional on V is a linear map from V' to F. (That is, a linear functional is
an element of L(V, F).)
The dual space of V is the vector space of linear functionals on V; that is, V* := L(V, F).

Lemma 5.75 (Dimension of dual space). Suppose V is finite-dimensional. Then V* is finite-

dimensional, and

dimV* =dim V.

Proof. By 5.42,
dimV* :=dim L(V,F) = (dim V)(dim F) = dim V.

Definition 5.76 (Dual basis). Let {v1,...,v,} be a basis of V. Then the dual basis of {vy,...,v,}is

{¢17"'7¢7L} - V*a

where each ¢; is the linear functional on V' such that

¢i(v;) =

Example 5.77 (Dual basis of the standard basis of F"). Fix a positive integer n. Fori = 1, ..., n, define ¢; to
be the linear functional on F" that selects the i-th coordinate of a vector in F":

Gi(x1,. .., Tp) = x;

for each (z1,...,z,) € F™.

Leteq,...,e, be the standard basis of F”. Then

=0
HE = (i # )

Thus ¢1, . . ., ¢y, is the dual basis of the standard basis ey, ..., e, of F".

The next result shows that the dual basis of a basis of V' consists of the linear functionals on V' that give the

coefficients for expressing a vector in V' as a linear combination of the basis vectors.



CHAPTER 5. LINEAR MAPS

126

Proposition 5.78. Suppose {v1,...,v,} is a basis of V, and {¢1, . .., ¢y} is the dual basis. Then for
eachv €V,
v=0¢1(v)v1 + -+ dn(v)vp.
Proof. Letv € V. Since vy, ..., v, is a basis of V, there exist cy, ..., c, € F such that
vV=cCcv1+ -+ oy
For: =1,...,n, applying ¢; to both sides of the equation above gives

oi(v) = ¢.

O]

The next result shows that the dual basis is a basis of the dual space. Thus the terminology “dual basis” is

justified.

Lemma 5.79. Suppose V' is finite-dimensional. Then the dual basis of a basis of V' is a basis of V'*.

Proof. Suppose vy, ...,v, is a basis of V. Let ¢q, . .., ¢, denote the dual basis.

Claim. ¢, ..., ¢, is linearly independent in V'*.
Suppose ay, ..., a, € F are such that
arpr+ -+ angn = 0.

Now foreach:=1,...,n,
(a1¢1 + -+ an¢n)(vl> = Q5.

Thus (1) shows thata; = --- = a,, = 0. Hence ¢1, ..., ¢, is linearly independent.
Since ¢1, ..., ¢, is a linearly independent set in V' of length dim V', we can conclude that ¢1, . ..
of V.

)

, Op, 18 a basis
O

Definition 5.80 (Dual map). Suppose 7' € L(V, W). The dual map of T is the linear map

T W* = V*
o+ poT

We check that 7% € L(W*,V*): let ¢,¢p € W*, X\ € F,

() T*(p+9) = (p+¢)oT =po T+ oT =T*($) + T*(¢))
(i) T*(Ap) = (Ap) o T' = A(¢p o T') = A(T™(¢))

Lemma 5.81 (Algebraic properties of dual map). Suppose T' € L(V,W). Then

(i) (S+T)* =S*+T* forall S € L(V,W)
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(ii) (A\T)* = A\T* forall X € F

(iii) (ST)* = T*S* forall S € L(V, W)

Proof.

(1)

(i1)
(iii) Let ¢ € U*. Then

(ST)"(¢) = ¢o (ST) = (poS) o T =T"(¢05) =T(5(¢)) = (T75)(9).

(i) and (ii) imply that the function that takes 7" to T is a linear map from L(V, W) to L(W™*, V*).
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Kernel and Image of Dual of Linear Map

The goal of this section is to describe ker 7* and im 7™ in terms of im 7" and ker T". To do this, we will need the

next definition.

Definition 5.82 (Annihilator). For U C V, the annihilator of U is defined by

U:={pcV*|¢(u)=0,VuecU}.

We check that U? < V:

(i) Note that 0 € U (here 0 is the zero linear functional on V') because the zero linear functional applied to

every vector in U equals 0 € F.

(i) Suppose ¢, € U, Thus ¢, € V* and ¢(u) = ¢(u) = 0 for every u € U.

Let u € U, then
(¢ + 1) (w) = ¢p(u) +(u) =0+ 0=0.

Thus ¢ + v € U, so UV is closed under addition.
(iii) Suppose ¢ € U% XN eF,letu € U, then
P(Au) = Agp(u) =0

so Mg € U, so U is closed under scalar multiplication.

Proposition 5.83 (Dimension of annihilator). Suppose V' is finite-dimensional, and U < V. Then

dimUY = dimV — dim U.

Proof. O

The following are conditions for the annihilator to equal {0} or the whole space.

Proposition 5.84. Suppose V' is finite-dimensional, and U < V. Then
(i) U'={0} <= U=V;

(ii) U° = V* < U = {0}.

The following result concerns ker 7.

Proposition 5.85. Suppose V and W are finite-dimensional, T € L(V,W). Then
(i) ker T* = (im T)";

(ii) dimker T* = dimker '+ dim W — dim V.

The next result can be useful because sometimes it is easier to verify that T* is injective than to show directly

that T is surjective.
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Proposition 5.86. Suppose V and W are finite-dimensional, T € L(V,W). Then

T is surjective <= T™ is injective.

The following result concerns im 7™,

Proposition 5.87. Suppose V and W finite-dimensional, T € L(V,W). Then
(i) dimim 7™ = dimim T

(ii) dimT* = (ker T')°.

Proposition 5.88. Suppose V and W are finite-dimensional, T € L(V,W). Then

T is injective <= T™ is surjective.
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Matrix of Dual of Linear Map

Proposition 5.89. Suppose V and W are finite-dimensional, T € L(V,W). Then

t

M(T?) = (M(T))".
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Exercises

Exercise 5.1 ([Ax124] 3A). Suppose b, c € R. Define T': R3 — R? by
T(z,y,2) = (22 — 4y + 32 + b, 62 + cxyz).

Show that 7' is linear if and only if b = ¢ = 0.

Exercise 5.2 ([Ax124] 3A Q11). Suppose V is finite-dimensional, 7" € L£(V'). Prove that T is a scalar multiple
of the identity if and only if ST = T'S for all S € L(V).

Exercise 5.3 ([Ax124] 3B Q9). Suppose T' € L(V, W) is injective, {v1, ..., v,} is linearly independent in V.
Prove that {T'vy, ..., Tv,} is linearly independent in TV.

Solution. Suppose there exist a; € F such that

ayTvy + - +a,Tv, =0
= T(arv1 + -+ + ayv,) =0

= a1v1 + -+ apvy € ker T

Since T’ is injective,
kerT ={0} = ajv1+--+apv, =0 = a1=---=a,=0

since {v1, ..., v, } is linearly independent. O

Exercise 5.4 ([Ax124] 3B Q11). Suppose that V' is finite-dimensional, " € L(V, W). Prove that there exists
U <V such that
UnNnkerT ={0} and im7T =T(U).

Solution. O

Exercise 5.5 ([Ax124] 3B Q19). Suppose W is finite-dimensional, 7" € £(V, W). Prove that T is injective if
and only if there exists S € L(W, V') such that ST is the identity operator on V.

Solution. OJ

Exercise 5.6 ([Ax124] 3B Q20). Suppose W is finite-dimensional, 7" € £(V, W). Prove that T' is surjective if
and only if there exists S € L(W, V') such that T'S is the identity operator on .

Exercise 5.7 ([Ax124] 3B 22). Suppose U, V' are finite-dimensional, S € L(V, W), T € L(U, V). Prove that
dim ker ST < dimker S + dim ker 7.

Solution. O

Exercise 5.8 ([Ax124] 3D). Suppose T' € L(V, W) is invertible. Show that T~ is invertible and

(T‘1>71 =T
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Solution. T~! is invertible because there exists 7" such that 77! = T-1T = I. So

TiT=TT7"1'=1

1

thus (771) " = 7. O

3C Q15,16,17
3D Q11,12,17,22,23,24

Exercise 5.9 ([Ax124] 3D). Suppose I € L(U,V') and S € L(V, W) are both invertible linear maps. Prove
that ST € L(U, W) is invertible and that (ST)~! = T-15-1.

Solution.

(STYT 'S ™) =8(TT)S™ ' =1 =T715718T.
O

Exercise 5.10 ([Ax124] 3D). Suppose V is finite-dimensional and 7' € L(V, W). Prove that the following are
equivalent:

(1) T is invertible;
(ii) {Tvy,...,Tv,} is abasis of V for every basis {v1,...,v,} of V;

(i) {Tv1,...,Tv,} is a basis of V for some basis {v1,...,v,} of V.

Solution.

(i) = (ii) It only suffices to prove linear independence. We can show this
a1Tvi+---+aTv, =0 < av1+ -+ apv, =0

since T is injective and thus the only solution is all a; are identically zero.

(i) = (iii) Trivial.

(iii) = (i) By the linear map lemma, there exists S € L£(V') such that S(Tv;) = v; for all 4. Such S is the
inverse of T" (one can verify) and thus 7' is invertible. ]

Exercise 5.11 ([Ax124] 3E Q3). Suppose V1, ..., V,, are vector spaces. Prove that
LOVE XX Vi, W) =2 LV, W) X - X L(Vi, W).
Exercise 5.12 ([Ax124] 3E Q4). Suppose V1, ..., V,, are vector spaces. Prove that
LV, Wy x - x W) = L(V, W) X -+ x L(V, Wp,).
Exercise 5.13 ([Ax124] 3E Q5). For a positive integer m, define V'™ by

Vt=Vix..-xV.
—_—

m times

Prove that V™ = L(F™ V).
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Exercise 5.14 ([Ax124] 3E Q6). Suppose that v,x € V and U, W < V are such thatv + U = x + W. Prove
that U = W.

Exercise 5.15 ([Ax124] 3E Q12, Barycentric coordinates). Suppose v1, ..., v, € V. Let
A={\vi+ -+ \pom | M EF, M+ + X\ =1}

(1) Prove that A is a coset of some subspace of V.
(ii) Prove that if B is a coset of some subspace of V, and {v1,...,v,,} C B, then A C B.
(iii) Prove that A is a coset of some subspace of V', where dim V' < m.

Exercise 5.16 ([Ax124] 3E Q13). Suppose U < V, and V/U is finite-dimensional. Prove that V= U x (V/U).

Solution.
dimV =dimU + (dimV — dimU) = dim U + dim(V/U).

O]

Exercise 5.17 ([Ax124] 3E Q14). Suppose U, W < V such that V = U & W. Suppose wy, . .., w,, is a basis
of W. Prove that wy + U, ..., w, + U is a basis of V/U.

Exercise 5.18 ([Ax124] 3E Q15).
Exercise 5.19 ([Ax124] 3E Q16). Suppose ¢ € L(V,F) and ¢ # 0. Prove that dim V/ ker ¢ = 1.
Exercise 5.20 ([Ax124] 3E Q18).

Exercise 5.21 ([Ax124] 3E Q19). Suppose T' € L(V,W)and U < V. Let 7 denote the quotient map from V' to
V/U. Prove that there exists S € L(V/U, W) such that

T=Som < U CkerT.



6 Polynomials

§6.1 Definitions

Definition 6.1 (Polynomial). p : F — F is a polynomial with coefficients in F if there exist a; € F
such that
p(z) =ap+a1z+--+an2" (z€F)

Notation. The set of polynomials with coefficients in F is denoted by F'[z].

Lemma 6.2. With the usual operations of addition and scalar multiplication, F|z] is a vector space
over F.
Hence F|z] is a subspace of FF¥ (vector space of functions from F to F).

Definition 6.3 (Degree). A polynomial p € F|[z] is has degree n, denoted by deg p = n, if there exist
scalars ag, ai, ..., a, € F with a,, # 0 such that p(z) = ap + a1z + --- + a,z" forall z € F.

Notation. For non-negative integer n, F,,[z] denotes the set of polynomials with coefficients in F and degree at

most n.

Lemma 6.4. For non-negative integer n, ¥,,[z] is finite-dimensional.

Proof. F,[z] = span(1, z,22%,...,2") [here we slightly abuse notation by letting z* denote a function]. ~ [J

Lemma 6.5. F|[z] is infinite-dimensional.

Proof. Consider any list of elements of F[z]. Let n denote the highest degree of the polynomials in this list.
Then every polynomial in the span of this list has degree at most n. Thus 2™ is not in the span of our list.
Hence no list spans F[z]. Thus F[z] is infnite-dimensional. O

134
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§6.2 Zeros of Polynomials

Definition 6.6 (Zero of polynomial). A € F is called a zero of a polynomial p € F[z] if

p(A) = 0.

Lemma 6.7 (Factor theorem). Suppose n € N, p € F,,[z]. Suppose \ € F, then p(\) = 0 if and only if
there exists q € F,,_1|z] such that

p(z) = (= = (=) (V= € F)

Proof.
Suppose p(A) = 0. Let ag, ay, ..., a, € F be such that

p(2) = anz" + -+ a1z +ag (Vz€F)

Then for all z € F,

p(2) = p(z) —p(A)
=(apz" + - +a1z+ag) — (ap\"+ -+ a1 A+ ag)
=a, (2" ="+ Fai(z—\).

Note that for each £k = 1,...,n, we can factorise
KN = (z -\ (z’H + 272+ /\’H) .

Thus p equals z — X times some polynomial of degree n — 1, as desired.

Now suppose that there exists a polynomial ¢ € F[z] such that

p(z) = (= Na(z) (Vz € F)

Then
p(A) = (A= A)g(A) =0,

as desired. UJ

Now we can prove that the degree of a polynomials determines how many zeros it has.

Proposition 6.8. Suppose n € N, p € F,,[z]. Then p has at most n zeros in F.

Proof. Prove by induction on n.

The desired result holds for n = 1 because if a; # 0 then the polynomial ag + a1z has only one zero (which
equals —22).

Now assume the desired result holds for n — 1. If p has no zeros in F, then the desired result holds and we are
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done. Thus suppose p has a zero A € F. By 6.7, there exists ¢ € F[z] of degree n — 1 such that
p(z) = (2 = Nq(z) (Vz €F)

By the induction hypothesis, ¢ has at most n — 1 zeros in F. The equation above shows that the zeros of p in F
are exactly the zeros of ¢ in F along with A. Thus p has at most n zeros in F. g

The result above implies that the coefficients of a polynomial are uniquely determined (because if a polynomial
had two different sets of coefficients, then subtracting the two representations of the polynomial would give a
polynomial with some nonzero coefficients but infinitely many zeros). In particular, the degree of a polynomial
is uniquely defined.
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§6.3 Division Algorithm for Polynomials

Proposition 6.9 (Division algorithm). Suppose p, s € F[z|, s # 0. Then there exists unique polynomials
q,r € F[z], where degr < deg s, such that

p=s8q+r.

Proof. Letn = degp, m = degs. If n < m, take ¢ = 0 and r = p to get the desired equation.

Now assume that n > m. The set
S={l,z,...,2" " s,2s,...,2" s}

is linearly independent in F'[z] because each polynomial in S has a different degree. Also, S has length n 4 1,
which equals dim F[z]. Hence S is a basis of F|[z].

Since p € F|[z] and S is a basis of F'[z], there exist unique constants ag, a1, . ..,a,—1 € Fand by, b1, ..., by_pm €
F such that

p=ao+aiz+ -+ am_ 12" +bos+brzs+ -+ by ™s

=ag+arz+-+am12"" 48 | bo+ b1z + o+ by

T q

With r and ¢ as defined above, we see that p can be written as p = sq + r with degr < deg s, as desired.

The uniqueness of ¢, € F|[z] satisfying these conditions follows from the uniqueness of the constants
ag,ai,...,am—1 € Fand by, b1,...,bp—m € F. O
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§6.4 Factorisation of Polynomials over C

Theorem 6.10 (Fundamental theorem of algebra, first version). Every non-constant polynomial with
complex coefficients has a zero in C.

Theorem 6.11 (Fundamental theorem of algebra). If p € C|z] is a non-constant polynomial, then p has
a unique factorisation (except for the order of the factors) of the form

p(2) = c(z = A1) -+ (2 = An),

where ¢, A1,..., A\, € C.
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§6.5 Factorisation of Polynomials over R

A polynomial with real coefficients may have no real zeros. For example, the polynomial 22 4 1 has no real

ZE108.

To obtain a factorisation theorem over R, we will use our factorisation theorem over C. We begin with the next

result.

Proposition 6.12. Suppose p € C|z] is a polynomial with real coefficients. If X € C is a zero of p, then

so is the conjugate \.

Proof. Let
p(z) =ap+ a1z + -+ ayz",

where ag, . .., a, € R. Suppose A € C is a zero of p, then
ag + a A+ -+ a A" = 0.

Taking the complex conjugate on both sides of the equation gives

X'

ag+aid+ - +a X =0.

Hence ) is a zero of p. O

We want a factorisation theorem for polynomials with real coefficients. We begin with the following result.

Remark. Think about the quadratic formula in connection with the result below.

Lemma 6.13 (Factorisation of quadratic polynomial). Suppose b, c € R. Then there is a polynomial
factorisation of the form
224 br = (x—\)(z— o)

with A1, Ao € R if and only if b* > 4c.

Proof. Completing the square gives

b\> b
x2+bx+0—<x+2> + c=1 - (1

We prove the contrapositive. Suppose b? < 4c, then the RHS of (1) is positive for every = € R. Hence
the polynomial 2 + bz + ¢ has no real zeros and thus cannot be factored in the form (x — A1 )(x — \2) with
)\1, Ao € R.

Suppose b? > 4c. Then there is a real number d such that d? = % — c. Then (1) can be written as

b 2
22 +br+c= <x+2) —d?

b b
—+d ——d
<x+2+><x+2 >,

which gives the desired factorisation. O
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Theorem 6.14 (Factorisation of polynomial over R). Suppose p € R|x| is a non-constant polynomial.
Then p has a unique factorisation (except for the order of the factors) of the form

p(z) =clzr =) (v — )\n)(xQ +bix+cp)--- (x2 +byz + cn),

where ¢, A1, ..., A\n,b1,...,bN,C1,...,cn € R, with by? < 4cy, for each k.




7 Eigenvalues and Eigenvectors

§7.1 Invariant Subspaces

Eigenvalues

Definition 7.1 (Operator). An operator is a linear map from a vector space to itself.

Definition 7.2 (Invariant subspace). Suppose 7' € L(V'). U <V is invariant under T if Tu € U for all
uel.

Example 7.3. Suppose T' € L(V'). Then the following subspaces of V" are all invariant under 7'.

(i) The subspace {0} is invariant under 7": if u € {0}, then u = 0 so Tu = 0 € {0}.
(i) The subspace V' is invariant under 7": if u € V, then Tu € V.

(iii) The subspace ker T is invariant under 7" if u € ker T, then T'w = 0, and hence T'u € ker T, since a

subspace must contain 0.

(iv) The subspace im 7' is invariant under 71": if u € im T', then T'v, € im T by definition.

Definition 7.4 (Eigenvalue and eigenvector). Suppose T € L(V'). A € F is an eigenvalue of T if there
exists v € V' \ {0} such that T'v = Av; we say v is an eigenvector of T' corresponding to \.

Lemma 7.5 (Equivalent conditions to be an eigenvalue). Suppose V is finite-dimensional, T € L(V),
A € F. Then the following are equivalent:

(i) \is an eigenvalue of T.
(ii) T — Al is not injective.
(iii) T — A is not surjective.

(iv) T — M\ is not invertible.

Proof.

(i) <= (i) | Tv = \v is equivalent to the equation (T — A\I)v = 0, so T — AI is not injective.

’ (il) <= (iil) <= (iv) ‘ This directly follows from 5.37. O

141
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Proposition 7.6 (Linearly independent eigenvectors). Suppose T' € L(V'). Then every set of eigenvec-

tors of T corresponding to distinct eigenvalues of T' is linearly independent.

Proof. Suppose, for a contradiction, that the desired result is false. Then there exists a smallest positive
integer m such that vy, . .., v,, are linearly dependent eigenvectors of 1" corresponding to distinct eigenvalues
A1, ..., Am of T. The linear dependence implies there exists ay, ..., a,, € F, none of which are 0 (because of
the minimality of m) such that

a1v1 + -+ amum = 0.

Applying T' — A\, I to both sides of the equation,

ar (T — AmpD)vr + -+ am—1(T — A D) vm—1 + apm (T — AL )vy, = 0
a1 (Tvr — A1) + - + @m—1(Tvm—1 — AnVm—1) + am(T0m — Appvm) =0
ar(M — Ap)vr + - F am—1(Am—1 — Am)Um—1 =0

Since the eigenvalues A1, . . ., A, are distinct, none of the coefficients a;(\; — \;,) equal 0. Thus v1, ..., Vm—1
are m — 1 linearly dependent eigenvectors of T' corresponding to distinct eigenvalues, contradicting the
minimality of m. O

Corollary 7.7. Suppose V is finite-dimensional. Then each operator on 'V has at most dim V distinct

eigenvalues.
Proof. Let T € L(V). Suppose A1, ..., A\, are distinct eigenvalues of 7" with corresponding eigenvectors
Viy+-oyUm.
By 7.6, the eigenvectors v, . . ., v, are linearly independent. Since the length of a linearly independent set is

less than or equal to the length of a spanning set, we have that m < dim V, as desired. g
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Polynomials Applied to Operators

Notation. Suppose T € L(V),n € Z+. T™ € L(V) is defined by T" = T---T. T is defined to be the

m times

identity operator I on V. If T is invertible with inverse 7!, then T~ € L(V) is defined by T~" = (T‘l)n.

Having defined powers of an operator, we can now define what it means to apply a polynomial to an operator.

Definition 7.8. Suppose T € L(V'), p € F[z] is a polynomial given by
p(z) =an2" +---+a1z+ay (z€F)
Then p(T) is the operator on V' defined by

p(T) = anTn SFooo g CL1T + ap.

If we fix an operator 7" € L(V'), then the function F[z] — L(V') given by p — p(T') is linear:

Definition 7.9 (Product of polynomials). Suppose p,q € F[z]. Then pg € F|[z] is the polynomial
defined by

(pg)(2) = p(2)q(z) (2 €F)

Lemma 7.10. Suppose p,q € F[z], T € L(V). Then
(i) (pg)(T) = p(T)q(T); (multiplicativity)

(ii) p(T)q(T) = q(T)p(T). (commutativity)

This means when a product of polynomials is expanded using the distributive property, it does not matter whether
the symbol is z or T

Proof.

(1) Suppose

p(z) = Zaizi, q(z) = Z bjzl (2 € F)
i=0 =0

Then
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Thus
(Pe)(T) = > aib T
i=0 j=0
=D aTt | | b1
i=0 §=0
= p(T)q(T).

(i) Using (i) twice, we have

p(T)q(T) = (pa)(T) = (gp)(T) = ¢(T)p(T)

since the multiplication of polynomials is commutative.

Proposition 7.11. Suppose T € L(V), p € F|z]. Then
(i) ker p(T) is invariant under T

(ii) imp(T) is invariant under T.

Proof.
(i) Letu € ker p(T'). Then p(T)u = 0. Thus

(P(T)) (Tu) = (p(T)T) (u) = (Tp(T)) (u) =T (p(T)u) = T(0) = 0.
Hence T'u € ker p(T), so ker p(T') is invariant under 7.

(i) Letu € imp(7T'). Then there exists v € V such that u = p(T")v. Thus
Tu="T (p(T)v) = p(T)(Tv).

Hence Tu € im p(T'), so im p(T) is invariant under 7.
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§7.2 The Minimal Polynomial

Existence of Eigenvalues on Complex Vector Spaces

The following is one of the most important results in linear algebra.

Theorem 7.12 (Existence of eigenvalues). Every operator on a finite-dimensional, non-zero, complex

vector space has an eigenvalue.

Proof. Suppose V is a finite-dimensional complex vector space, dimV =n > 0,T € L(V). Letv € V' \ {0}.
Consider the set
S = {v,Tv,T?v,...,T"v}.

Since dim V' = n and S has length n + 1, S is not linearly independent; thus there exist ag, . . ., a, € C, not all
0, such that
aov + a1Tv + axT?v + -+ + a, T = 0,

which we can write as
p(T)v =0,

where p(z) = ag + a1z + - - - + a, 2", where we pick p such that deg p is minimal.

By the fundamental theorem of algebra, there exists a root of p in C; let A € C be a root of p. By the factor

theorem,
p(z) = (2= A)g(z) (2€C).
Thus
p(T) = (T = M)q(T)
0 = p(T)o = (T — AD)q(T)v
Tq(T)v = Aq(T)v

Since p is the minimal polynomial and degq < degp, we must have that ¢(7)v # 0. Therefore A is an
eigenvalue of T, with corresponding eigenvector q(T")v. O

Example 7.13. Note that the hypothesis in 7.12 that F' = C cannot be replaced with the hypothesis that F = R.
For instance, consider T’ € £(R?) defined by

0 1
Tv = V. (%)
-1 0
0 1 1 0 0 1 0 -1
-1 0 0 1 -1 0 1 0

Notice that 7" is a rotation, so there is no vector that is fixed in its original direction. Hence T" does not have an
eigenvalue.
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In contrast, consider T' € £(C?) defined by (). Then

S0 7 is an eigenvalue with corresponding eigenvector
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Eigenvalues and the Minimal Polynomial

A monic polynomial is a polynomial whose highest-degree coefficient equals 1.

The following result shows the existence, uniqueness and degree of the minimal polynomial.

Lemma 7.14. Suppose V is finite-dimensional, T € L(V'). Then there exists a unique monic polyno-
mial p € F|z]| of smallest degree such that p(T) = 0. Furthermore, degp < dim V.

Proof.
Let dim V' = n. We use strong induction on n.
If n = 0, then I is the zero operator on V'; thus take p to be the constant polynomial 1.

Now assume that n > 0 and that the desired result holds for all operators on all vector spaces of smaller
dimension. We want to construct a monic polynomial of smallest degree such that when applied to 7' gives the 0
operator.

Letu € V' \ {0}, consider the set
{u, Tu, T?u, ..., T"u}.

This set has length n + 1, so it is linearly dependent. By the linear dependence lemma, there exists a smallest
positive integer m < n such that 7w is a linear combination of u, T, . .., T™ 'u; thus there exist ¢; € F
such that

cou+caTu+ -+ cm_le_lu 4+ Ty = 0.
Define a monic polynomial ¢ € F[z] by q(2) = co +c12 + -+ + ¢p_12™ "L + 2™. Then ¢(T)u = 0. Thus for
non-negative integer k,

q(T) (Tku) = T* (¢(T)u) = T*(0) = 0.

By the linear dependence lemma, {u, T, . .., 7™ 'u} is linearly independent. Thus the above equation implies
that dim ker ¢(7") > m. Hence by the fundamental theorem of linear maps,

dimim ¢(T") = dim V' — dim ker ¢(7")
<dimV —m.

Since im ¢(7T’) is invariant under 7', we can apply the induction hypothesis to the restriction 7T'|;y, 4(7). Thus
there exists a monic polynomial s € F[z] with degs < dim V' — m such that

S (T’imq(T)> = 0.
Hence for all v € V' we have
((sq)(T))v = s(T)(a(T)v) =0

because ¢(T)v € imq(T) and $(T)|im g1y = S(Tlimg(r)) = 0. Thus sq is a monic polynomial such that
deg sq < dimV and (sq)(T) = 0, as desired.

Let p € F[z] be a monic polynomial of smallest degree such that p(7") = 0; let r € F[z] be a
monic polynomial of same degree and r(7") = 0. Then (p — 7)(7") = 0 and also deg(p — r) < degp.

We claim that p — r = 0. Suppose otherwise, for a contradiction, that p — r # 0. Then divide p — r by the
coefficient of the highest-order term in p — r to get a monic polynomial s € F|[z], which satisfies s(7") = 0 and
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also deg s = deg(p — r) < deg p, a contradiction. O

Definition 7.15 (Minimal polynomial). Suppose V is finite-dimensional, 7' € L(V'). The minimal
polynomial of T is the unique monic polynomial p € F[z] of smallest degree such that p(7") = 0.

Theorem 7.16. Suppose V is finite-dimensional, T € L(V).
(i) The zeros of the minimal polynomial of T' are eigenvalues of T.

(ii) If V is a complex vector space, then the minimal polynomial of T has the form
(2= A1) (2 = Am),

where \; are eigenvalues of T.

Proof. Let p be the minimal polynomial of 7.

(i) First suppose A € F is a zero of p. Then p can be written in the form
p(z) = (2 = A)q(z)
where ¢ is a monic polynomial with coefficients in F. Since p(T") = 0, we have
0=(T—-X)(q(T)v) (veV).

Since degp < degp and p is the minimal polynomial of 7', there exists at least one v € V such that
q(T)v # 0. The equation above thus implies that A is an eigenvalue of 7', as desired.

To prove that every eigenvalue of T is a zero of p, now suppose A € F is an eigenvalue of T". Thus there
exists v € V'\ {0} such that T'v = \v. Repeated applications of 7" to both sides of this equation show
that T%v = \Fv for every nonnegative integer k. Thus

Since p is the minimal polynomial of 7', we have p(T")v = 0. Hence the equation above implies that
p(A) = 0. Thus A is a zero of p, as desired.

(i1) To get the desired result, use (i) and the second version of the fundamental theorem of algebra.

O]

The next result completely characterises the polynomials that when applied to an operator give the 0 operator.

Proposition 7.17. Suppose V' is finite-dimensional, T' € L(V'), q € F|z]. Then q(T) = 0 if and only if

q is a polynomial multiple of the minimal polynomial of T

Proof. Let p denote the minimal polynomial of 7.

Suppose ¢(7") = 0. By the division algorithm, there exist polynomials s, € F|[z] such that

q+ps+r (D)
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and degr < degp. We have
0=q(T) =p(T)s(T) +r(T) = r(T).

The equation above implies that » = 0 (otherwise, dividing r by its highest-degree coefficient would produce a
monic polynomial that when applied to T gives 0O; this polynomial would have a smaller degree than the minimal
polynomial, which would be a contradiction). Thus (1) becomes g = ps, so ¢ is a polynomial multiple of p.

Suppose ¢ is a polynomial multiple of p. Thus ¢ = ps for some polynomial s € F[z], so

as desired. O]

The next result is a nice consequence of the above result.

Corollary 7.18. Suppose V' is finite-dimensional, T € L(V'), U < V is invariant under T. Then the

minimal polynomial of T is a polynomial multiple of the minimal polynomial of T'|y.

Proof. Let p be the minimal polynomial of T". Then p(T")v = 0 for all v € V. In particular,
p(T)u=0 (Yuel).

Thus p (T |U) = 0. By 7.17 (applied to T'|;y in place of T'), p is a polynomial multiple of the minimal polynomial
of T|y. g

The next result shows that the constant term of the minimal polynomial of an operator determines whether the
operator is invertible.

Corollary 7.19. Suppose V' is finite-dimensional, T' € L(V'). Then T is not invertible if and only if the

constant term of the minimal polynomial of T is 0.

Proof. Suppose T € L(V), let p be the minimal polynomial of 7". Then

T is not invertible <= 0 is an eigenvalue of 7' [by 7.5]
<= (Oisazeroofp [by7.16]

<= constant term of p is 0.
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Eigenvalues on Odd-Dimensional Real Vector Spaces

The next result will be the key tool that we use to show that every operator on an odd-dimensional real vector
space has an eigenvalue.

Lemma 7.20. Suppose V' is a finite-dimensional, real vector space. Suppose T € L(V) and b,c € R
with b* < 4c. Then dimker(T? + bT + cl) is even.

Proof. By 7.11, ker(T? 4 bT + cI) is invariant under 7. By replacing V with ker(T2 + bT + cI) and replacing
T with T restricted to ker(T2 + bT + cI), we can assume that 72 + bT + cI = 0; we now need to prove that
dim V is even.

Suppose A € R and v € V are such that Tv = Av. Then

b\? b2
0= (T?*+bT +clhv= (N +b\+c)v= <</\+2> +c—>v

so v = 0. Hence we have shown that 7" has no eigenvectors.

Let U < V be invariant under 7', and has the largest dimension among all subspaces of V' that are invariant
under 7" and have even dimension.

Claim. U = V.

If U = V, then we are done; otherwise assume there exists w € V such that w ¢ U.

Let W = span(w, Tw). Then W is invariant under 7" because T'(T'w) = —bTw—cw. Furthermore, dim W = 2
because otherwise w would be an eigenvector of 7'. Now

dim(U + W) =dimU +dim W — dim(U N W) = dim U + 2,

where U N W = {0} because otherwise U N W would be a one-dimensional subspace of V' that is invariant
under 7" (impossible because 7" has no eigenvectors).

Because U + W is invariant under 7', the equation above shows that there exists a subspace of V' invariant under
T of even dimension larger than dim U. Thus the assumption that U # V was incorrect. Hence V' has even
dimension. g

The next result states that on odd-dimensional vector spaces, every operator has an eigenvalue. We already know
this result for finite-dimensional complex vectors spaces (without the odd hypothesis). Thus in the proof below,
we will assume that F = R.

Proposition 7.21. Every operator on an odd-dimensional vector space has an eigenvalue.

Proof. Suppose V' is a finite-dimensional real vector space, dim V' = n is odd. Let " € £(V'). We will induct
on n in steps of size two to show that 7" has an eigenvalue.

To get started, note that the desired result holds if dim V' = 1 because then every nonzero vector in V' is an
eigenvector of 7.
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Now suppose that n > 3 and the desired result holds for all operators on all odd-dimensional vector spaces of
dimension less than n. Let p be the minimal polynomial of 7'.

If p is a polynomial multiple of z — A for some A € R, then A is an eigenvalue of " [by 5.27(a)] and we are done.
Thus we can assume that there exist b, ¢ € R such that b> < 4c¢ and p is a polynomial multiple of 2 + bx + ¢
(see 4.16).

There exists a monic polynomial ¢ € R[z] such that p(x) = q(z)(2? + bz + ¢) for all z € R. Now
0 = p(T) = (a(T))(T? + bT + 1),

which means that ¢(7") equals 0 on im (72 + bT + cI). Because deg ¢ < deg p and p is the minimal polynomial
of T, this implies that im (72 + bT + cI) # V.

By the fundamental theorem of linear maps,
dim V = dimker(T? + bT + cI) 4 dimim(T? 4 bT + cI).

Since dim V' is odd and dim ker (72 + bT + cI) is even (by 5.33), we have that dim im (72 + bT + ¢I) is odd.

Hence im (72 + bT + cI) is a subspace of V that is invariant under 7 (by 7.11) and that has odd dimension less
than dim V. Our induction hypothesis now implies that T restricted to im (72 4 bT + cI) has an eigenvalue,
which means that 7" has an eigenvalue. O
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§7.3 Upper-Triangular Matrices

Suppose T' € L(V'). Recall that the matrix of 7" with respect to a basis {v1,...,v,} of V is the n x n matrix
whose entries a;; are defined by

n
T’Uj = Z CLijUi.
i=1
Notation. The notation M(T;{v1,...,v,}) is used if the basis is not clear from the context.
Remark. The matrices of operators are square matrices.

The diagonal of a square matrix consists of the entries on the line from the upper left corner to the bottom right
corner.

Definition 7.22 (Upper-triangular matrix). A square matrix is called upper triangular if all the entries
below the diagonal are 0.

Typically we represent an upper-triangular matrix in the form

M *

0 An

where the 0 indicates that all entries below the diagonal equal 0, and * denotes entries that we do not know or
that are irrelevant to the questions being discussed.

The next result provides a useful connection between upper-triangular matrices and invariant subspaces.

Lemma 7.23 (Conditions for upper-triangular matrix). Suppose T' € L(V), {v1,...,v,} is a basis of

V. Then the following are equivalent:
(i) The matrix of T with respect to {v1, ..., vy} is upper triangular.
(ii) span(vy,...,vy) is invariant under T for eachk = 1,...,n.

(iii) Tvy € span(vy,...,vg) foreachk =1,... n.

Proof.
(i) = (ii) |Suppose k € {1,...,n}. If j € {1,...,n}, then
Tvj € span(vy, ..., v;)
because the matrix of 7" with respect to {v1, ..., v,} is upper triangular. If j < k, then span(v1,...,v;) C
span(vy, ..., vg), SO
Tv; € span(vy,. .., vg)
foreach j € {1,...,k}. Thus span(vy, ..., vg) is invariant under 7.
(ii) = (iii) | Suppose (ii) holds, so span(vy, ..., ) is invariant under 7" for each k£ = 1, ..., n. In particular,

Ty, € span(vy,...,v;) foreachk =1,... n.
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(iii)) = (i) | Suppose (iii) holds. Then when writing each T'v; as a linear combination of basis vectors
V1,...,Upn, We need to use only vy, . .., v;. Hence all entries under the diagonal of M(T") are 0, so M(T) is an
upper-triangular matrix. O

Lemma 7.24. Suppose T' € L(V'), V has a basis with respect to which T' has an upper-triangular

matrix with diagonal matrix with diagonal entries \1, . .., \,. Then

(T = M)+ (T = Au) = 0.

Proof. Let{v1,...,v,} be abasis of V' with respect to which 7" has an upper-triangular matrix with diagonal
entries Aq,..., An.

* Considering the first column of M(T"), we have
Tvi = )\11}1 — (T — )\1[)1}1 = 0,

which implies (7" — A1) --- (T' = A\pl)vy =0form =1,...,n.

* Note that (T'— Ay )ve € span(vy). Thus (T"— A1 I)(T — A2 )va = 0 (by the previous paragraph), which
implies (T'— A\ I)--- (T — A\pl)va=0form =2,...,n.

* Note that (T'— A3 )vs € span(v1, v2). Thus by the previous paragraph, (T— M\ I)(T'— o) (T — A3 )vs =
0, which implies (T" — A1) --- (T — A\l )vs3 =0 form = 3,...,n.

Continuing this pattern, we see that
(T—MI)--- (T =X D)y =0 (k=1,...,n).

Thus (7' — M) --- (T — A\, 1) is the 0 operator because it is 0 on each vector in a basis of V. O

Proposition 7.25. Suppose T' € L(V') has an upper-triangular matrix with respect to some basis of V.
Then the eigenvalues of T' are precisely the entries on the diagonal of that upper-triangular matrix.

Proof. Let {v1,...,v,} be abasis of V with respect to which 7" has an upper-triangular matrix
A1 *
M(T) =
0 An

Since T'v1 = Ajv1, A1 is an eigenvalue of T'. Suppose k € {2,...,n}, then (T'— A\ )vy € span(vy, ..., v5—1),
so T — A\ maps span(vy, ..., vx) into span(vy, ..., v,_1). Since

The following result gives a necessary and sufficient condition to have an upper-triangular matrix.
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Lemma 7.26. Suppose V' is finite-dimensional, T € L(V'). Then T has an upper-triangular matrix with
respect to some basis of V' if and only if the minimal polynomial equals (z — A1) - -+ (z — A\ ) for some
A € F.

Theorem 7.27. Suppose V is finite-dimensional complex vector space, T € L(V'). Then T has an

upper-triangular matrix with respect to some basis of V.

Proof. The desired result follows immediately from 5.44 and the second version of the fundamental theorem of
algebra (see 4.13). ]
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§7.4 Diagonalisable Operators

Diagonal Matrices

Definition 7.28 (Diagonal matrix). A diagonal matrix is a square matrix that is 0 everywhere except

possibly on the diagonal.

Remark. The entries on the diagonal are precisely the eigenvalues of the operator.

Definition 7.29 (Diagonalisable). An operator on V is called diagonalisable if the operator has a
diagonal matrix with respect to some basis of V.

Remark. Diagonalisation may require a different basis.

Definition 7.30 (Eigenspace). Suppose 7' € L(V'), A € F. The eigenspace of T corresponding to A is
the subspace of V' defined by

ENT) :=ker(T — X)) ={veV|Tv= v}

Remark. Hence E(\,T) is the set of all eigenvectors of T' corresponding to \, along with the 0 vector.

Proposition 7.31. Suppose T € L(V), A1,..., A\, are distinct eigenvalues of T. Then
EM\,T)+ -+ EMp,T)
is a direct sum. Furthermore, if V is finite-dimensional, then

dim E(A\,T) + - -+ + dim E(Ap,, T) < dim V.
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Conditions for Diagonalisability

Lemma 7.32 (Conditions equivalent to diagonalisability). Suppose V is finite-dimensional, T € L(V'),
A, - .., A\ are distinct eigenvalues of T'. Then the following are equivalent:

(i) T is diagonalisable.
(ii) V has a basis consisting of eigenvectors of T
(iii) V=EMAM,T)® - @ E(An,T).

(iv) dmV =dim E(\,T) + - - - + dim E(\,, T).

Corollary 7.33. Suppose V is finite-dimensional, T € L(V') has dim V distinct eigenvalues. Then T is

diagonalisable.

Theorem 7.34. Suppose V is finite-dimensional, T € L(V'). Then T is diagonalisable if and only if the
minimal polynomial of T equals (z — A1) - - - (z — A\ for distinct Ay, ..., Ay, € F.

Corollary 7.35. Suppose T € L(V) is diagonalisable, U < V is invariant under T. Then T|y is a

diagonalisable operator on U.
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Gershgorin Disk Theorem

Definition 7.36 (Gershgorin disks). Suppose T' € L(V), {v1,...,v,} is a basis of V. Let A denote the
matrix of 7" with respect to this basis. A Gershgorin disk of T with respect to the basis {v1,...,v,} is

a set of the form
n

z—aul < D lagl g,

j=lji

zeF

where: =1,...,n.

Theorem 7.37 (Gershgorin disk theorem). Suppose T' € L(V), {v1,...,vn} is a basis of V. Then each

eigenvalue of T' is contained in some Gershgorin disk of T with respect to the basis {v1, ..., v, }.
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§7.5 Commuting Operators

Definition 7.38 (Commute). Two operators ;S and 7" on the same vector space commute if ST = T'S.
Two square matrices A and B of the same size commute if AB = BA.

Lemma 7.39 (commuting operators correspond to commuting matrices). Suppose S,T € L(V)
and {v1,...,vn} is a basis of V. Then S and T commute if and only if M(S;{v1,...,v,}) and
M(T;{v1,...,v,}) commute.

Lemma 7.40 (Eigenspace is invariant under commuting operator). Suppose S,T € L(V') commute,
A € F. Then E(\, S) is invariant under T.

Proposition 7.41. Two diagonalizable operators on the same vector space have diagonal matrices with

respect to the same basis if and only if the two operators commute.

Lemma 7.42 (Common eigenvector for commuting operators). Every pairs of commuting operators

on a finite-dimensional nonzero complex vector space has a common eigenvector.

Lemma 7.43 (Commuting operators are simultaneously upper triangular). Suppose V is a finite-
dimensional complex vector space, S and T’ are commuting operators on V. Then there is a basis of
V' with respect to which both S and T have upper-triangular matrices.

Proposition 7.44 (Eigenvalues of sum and product of commuting operators). Suppose V is a finite-

dimensional complex vector space, S and T are commuting operators on V. Then
(i) every eigenvalue of S + T is an eigenvalue of S plus an eigenvalue of T,

(ii) every eigenvalue of ST is an eigenvalue of S times an eigenvalue of T
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Exercises

Exercise 7.1 ([Ax124] 5A Q1). Suppose T' € L(V'), U < V. Prove that

(1) if U C ker T, then U is invariant under 7T;

(i) if imT" C U, then U is invariant under 7.

Solution.
(1)

(i) Letu € U. ThenTu € imT Cc U soTu € U.

Exercise 7.2 ([Ax124] 5A Q4).
Exercise 7.3 ([Ax124] 5A Q8).
Exercise 7.4 ([AxI24] 5A Q11).
Exercise 7.5 ([AxI24] 5A Q13).
Exercise 7.6 ([Ax124] 5A Q28).

Exercise 7.7 ([Ax124] 5A Q32).

5SB27101113171822



8 Inner Product Spaces

§8.1 Inner Products and Norms

Inner Products

Definition 8.1. An inner product on V isamap (-,-) : V x V — F such that for all u,v,w € V,
AeF,

(i) (v,v) > 0, where equality holds if and only if v = 0; (positive definite)

() (u+v,w) = (u,w) + (v, w) (sesquilinear)

(A, v) = A(u,v);

(i) (u,v) = (v,u). (conjugate symmetric)

An inner product space (V, (-, >) is a vector space V' along with an inner product on V.

Notation. If the inner product on V is clear from context, we omit it and simply denote the inner product space
as V.

Remark. Every real number equals its complex conjugate. Thus if we are dealing with a real vector space, then
in (iii) we can dispense with the complex conjugate, so (u,v) = (v, u) for all u,v € V.

Example 8.2.

* The Euclidean inner product on F" is defined by
<(’U)1,...,U}n),(21,...,zn)> :w171+ +wn%

for all (wy,...,wy), (21,...,2n) € F™.

* An inner product can be defined on the vector space C ([—17 1], R) by

(f,g) = /_11 fg

forall f,g € C ([-1,1],R).

Lemma 8.3 (Basic properties of inner product).
(i) For each fixed u € V, the function that sends u — (u,v) is a linear map from V to F.
(ii) (0,v) = 0 foreveryv € V.

(iii) (v,0) =0 for everyv € V.

160
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(iv) (u,v+ w) = (u,v) + (u, w) for all u,v,w € V.

(v) {u, \v) = X{u,v) forall \ € F, u,v € V.

Proof.
(i) For v € V, the linearity of u +— (u, v) follows from the sesquilinearity of the inner product.
(i) Every linear map takes O to 0. Thus (ii) follows from (i).

(iii) If v € V, by conjugate symmetry and (ii),

(iv) Suppose u,v,w € V. Then

(v) Suppose A € F, u,v € V. Then

=
>
<
Il
>
=
IS

[
>
=
£

Il
> />:\

=

£
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Norms

Each inner product determines a norm.

Definition 8.4 (Norm). For v € V, the norm of v is

[l := /{v,v).

Lemma 8.5 (Basic properties of norm). Suppose v € V.
(i) ||v|| = 0 if and only if v = 0.

(ii) || \v|| = |Al||v]| for all X € F.

Proof.

(i) By positive definiteness of the inner product, (v,v) = 0 if and only if v = 0. Take square root to get
[o]] = 0.

(ii) Suppose A € F. Then
IXoll* = (Ao, Av)
= A (v, \v)
= A\ (v, )
= [AP[lo]?

Taking square roots yields the desired equality.

Remark. Working with norms squared is usually easier than working directly with norms.

Now we come to a crucial definition.

Definition 8.6. u,v € V are orthogonal if (u,v) = 0.

Lemma 8.7 (Orthogonality and 0).
(i) 0 is orthogonal to every vectorin V.

(ii) O is the only vector in V that is orthogonal to itself.

Proof.

(i) Recall that (0,v) = 0 foreveryv € V.

(ii) If v € V and (v,v) = 0, then v = 0, by positive definiteness.
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Lemma 8.8 (Pythagoras’ theorem). Suppose u,v € V. If uw and v are orthogonal, then

Ju+v]” = Jull +[jv]? . 8.1)

Proof. Suppose (u,v) = 0. Then

lu+v)* = (u+v,u+0)
= (u,u+v) + (v,u +v)
= (u,u) + (u,v) + (v, u) + (v,v)
=[ull* +0+0 +]lv|*
= [|ull* + o]

as desired. O

We now introdoce a process known as orthogonal decomposition. Suppose u,v € V, u # 0. Then the
orthogonal projection of v onto u is

(v, u)
(u,u)

proj, (v) := u, (8.2)

which is parallel to u. We check that v — proj,, (v) and u are orthogonal:

(v — proj, (v) ,u) = (v,u) — <<”’“>u,u>

(u, u)

= (v,u) — (v, u) (u,u) = 0.

Lemma 8.9 (Cauchy—Schwarz inequality). Suppose u,v € V. Then
| (w, 0) | <Jlullllo]], (8.3)

where equality holds if and only if u = A\v for some scalar \.

Proof. If u = 0, then both sides of the desired inequality equal 0. Thus assume « # 0. Consider the orthogonal
decomposition of v:
v = (v —proj, (v)) 4+ proj, (v) .

By the Pythagoras’ theorem,
Jol* = Jv = proj, (v)][|° +||projy, (v)||°,

>0

" [ (0, 0)|

[l

(v, u)
(u, u)

lv]l > |[proj, (v)|| = lull =

and rearranging gives the desired inequality. Equality holds if and only if v = proj,, (v), i.e.,
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Lemma 8.10 (Triangle inequality). Suppose u,v € V. Then
[+ ol <[lull +[lv],

where equality holds if and only if u = \v for some X\ € R>o.

(8.4)

Proof. We have

lu+v)* = (u+v,u+0)
= (u,u) + (v,0) + (u,v)
= (u,u) + (v, v) + (4, v)
=[ull® +[o]|* + 2 Re (u, v)
<lull® +[olf* + 2| (u, ) |
<l + vl + 2l |Jo]

= (lull +101)*,

+ (v,
_|_

u)

s

)

)
(2)

where (2) follows from the Cauchy—Schwarz inequality. Taking square roots of both sides of the above inequality

gives the desired inequality.

Equality holds if and only if equality holds in (1) and (2), i.e.,

(u, 0) = lull[]v]]

If u = v for A € R>¢, then the above equation holds. Conversely, suppose the above equation holds. Then

equality in the Cauchy—Schwarz inequality implies that © = A\v for some scalar A. By the above equation, A

must be a non-negative real number, completing the proof.

O]

Corollary 8.11 (Reverse triangle inequality).

Lemma 8.12 (Parallelogram equality). Suppose u,v € V. Then

ol + = ol = 2 (Jlull® + ol -

(8.5)

Proof. We have

4ol +lu—v]? = (w4 v,u+v) + (u—v,u —v)
= (Il + 10l + G, 0} + (0, ) + ([l + 0l = (u,v) = v, u))
=2 (Jlull® + 1ol
as desired.
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§8.2 Orthonormal Bases

Orthonormal Bases

Definition 8.13 (Orthonormal basis). {ej,...,e,} C V' \ {0} is orthonormal if
@ lleill = 1;
(i) the vectors are pairwise orthogonal.

If additionally {e, ..., e} is a basis of V, then {e1, ..., ey} is a orthonormal basis of V.

Lemma 8.14. Suppose {e1,...,e,} is a orthonormal set of vectors in V. Then
lazes + -+ anen® = larf* + - + |an|?

forallay,...,a, € F.

Proof. By the Pythagoras’ theorem,

later + -+ anen”2 = Ha161!!2 +oee "‘HanenH2
= Jax*llex]® + - - + lan[*[lenl]?

— a2+ + fanl?
since each ||e;|| = 1. O

The result above has the following important corollary.

Corollary 8.15. Every orthonormal set of vectors is linearly independent.

Proof. Suppose {e1, ..., ey} is an orthonormal set of vectors in V. Suppose ay, ..., a, € F are such that
aie1 + -+ ane, = 0.

By the previous result,
jarf? 4+ fan? = 0,

soa; =---=a, = 0. Hence ey, ..., e, are linearly independent. ]

Hence every orthonormal set of vectors in V' of length dim V' is an orthonormal basis of V.

Now we come to an important inequality.

Lemma 8.16 (Bessel’s inequality). Suppose {e1, ..., ey} is an orthonormal set of vectors in V. If
v €V then
[ (v e1) P+ -+ [ (v,e0) 2 <[l0]?. (8.6)
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Proof. Letv € V. Fori =1,...,n, consider the orthogonal projection of v onto e;:

v = (U - projei /U)) + projei (U)

~ (o g tge) + ey

= (v — (v, e;) z) + (v, e;) €;.

Then by Pythagoras’ theorem,

ol =v — (v, ei) es]|” +]|(v, i) es]]

=|lv = (v, eid esl|* + | (v, e |

Write
v = proj,, (v) + -+ proj, (v) +w
= <U,61>61—}—--'—|— <U;€n>6n+w
for some w € V. Note that for: =1,...,n,
(v,€;) = <<U7€i> 6i7€i> +{(w, e;)
= (v,e;) + (w, e;)
which implies (w, e;) = 0, so w is orthogonal to ey, ..., e,. Thus ey, ..., e,, w are pairwise orthogonal. By

Pythagoras’ theorem,

2 2
loll* = 1w, ex) P+ - + [ (v, en) [ +[|wl]
—~—
>0
2 2
> [{v,en) |7+ -+ [{v,en) |
as desired. Equality holds for orthonormal bases (as we will see later). O

The next result states that a vector can be expressed as a linear combination of an orthonormal basis. Usually we
write v = Y1 | a;v;, but with orthonormal basis we can just take a; = (v, €;).

Lemma 8.17. Suppose {e1,...,e,} is an orthonormal basis of V, and u,v € V. Then
(l) v = <’U, 61> €1 +---+ <U7 en) €ns

(ii) |vl* = | (v, en) P+ -+ | (v, en) |2 (Parseval’s identity)

(iii) (u,v) = (u,e1) (v,e1) + -+ (u, en) (v, ).

Proof.
(i) Since ey, ..., e, is a basis of V, there exist aq, ..., a, € F such that

v=aie1 + -+ aney.
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Since ey, . .., e, are orthonormal, taking the inner product of both sides with e; gives
(v,e;) =a; (i=1,...,n).
Hence we are done.
(i) Apply Pythagoras’ theorem to (i).
(iii) Taking the inner product of u with each side of (i),
(u,v)y = <u, (vye1)er + -+ (v, en) en>

= <u, <1),61> €1> + -+ <U> <U,€n> e”>
:W(U,Gﬂ +..-+m<u,6n>.



CHAPTER 8. INNER PRODUCT SPACES 168

Gram—Schmidt Procedure

The Gram—Schmidt procedure is a method for constructing orthonormal basis, by turning a linearly independent
set into an orthonormal set with the same span as the original set. It guarantees the existence of orthonormal

bases.
Theorem 8.18 (Gram—Schmidt procedure). Suppose v1, ..., v, are linearly independent in V. Define
U1 (Z = 1)
uz = . . .
Vi — PrOJy, (UZ) - pro.]ui_1 (vl) (Z = 27 cee 7n)
and let
Uj
e; = .
Ul
Then {ei, ..., ey} is an orthonormal set of vectors in V such that
span(vy,...,v;) = span(eq, ..., €;)
fori=1,...,n.
Proof. Induct on i. For i = 1, since e = ” I we have||e1|| = 1, and span(v;) = span(e;) because e is a
non-zero multiple of v;.
Suppose the desired result holds for ¢ — 1; that is, the set {eq, ..., e;—1 } generated by the above procedure is an
orthonormal set, and
span(vy,...,v;—1) = span(eq,...,€_1).
Since vy, . . ., v, are linearly independent, we have v; ¢ span(vy,...,v;—1). Thus v; ¢ span(ey,...,e;—1) =
span(ui, ..., u;—1), which implies that u; # 0 (so we are not dividing by 0); thus ||e;|| = 1.
We now check that eq, . . ., e; is an orthonormal set. For j = 1,...,i — 1,

(eirej) = <uzu]>

’ <“l7“3>

”qu““3|

[z ||| ][ r0jy, (Vi) — -+ = proj,, (vi) — -+ —projy, , (vi),u;
IIUi!\\uj||< o ()= o, 1) =P (1))

J

H%HH%H () T () (i1, ui-1

Uuu]>
||quHUJH (’Uuug> uj, J>uj’uj>
(

vl,uj vl,uj>) =0

{viy 1) L I (/L7
>27a g

HquHujH

so e; is orthogonal to eq, ..., e;_1.
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Corollary 8.19. Every finite-dimensional inner product space has an orthonormal basis.

Corollary 8.20. Suppose V is finite-dimensional. Then every orthonormal set of vectors in' V' can be

extended to an orthonormal basis of V.

Proof. U

Corollary 8.21. Suppose V is finite-dimensional. Then every orthonormal list of vectors in V' can be
extended to an orthonormal basis of V.

Proposition 8.22. Suppose V' is finite-dimensional, T € L(V'). Then T has an upper-triangular

matrix with respect to some orthonormal basis of V' if and only if the minimal polynomial of T equals

(z—= A1)+ (2 = Ap) for some \; € F.

Theorem 8.23 (Schur’s theorem). Every operator on a finite-dimensional complex inner product space
has an upper-triangular matrix with respect to some orthonormal basis.
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Linear Functionals on Inner Product Spaces

Theorem 8.24 (Riesz representation theorem). Suppose V is finite-dimensional and ¢ is a linear
functional on V. Then there exists a unique vector v € V such that

¢(u) = (u,v)

foreveryu € V.
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§8.3 Orthogonal Complements and Minimisation Problems

Orthogonal Complements

Definition 8.25. The orthogonal complement of U C V is

Ut ={veV]|(uv)=0,YueU}.

Lemma 8.26 (Properties of orthogonal complement).
(i) IfU CV, then U+ < V.
(ii) {0} =V, V+ ={o0}.
(iii) IfU C V, then U N U+ C {0}.

(iv) IfG Cc HCV, then H- C G*.

Proof.

(1) Let U C V. Use the subspace test (4.10):

(i) (u,0) =0foreveryu € U,s00 € U™,

(ii) Letv,w € U~+. For every u € U,
(u,v +w) = (u,v) + (u,w) =0+0=0 = v+we Ut

so U+ is closed under addition.

(iii) Letv € U+, A € F. Forevery u € U,
(u, W) = X(u,v) =X-0=0 = \veU™t

so U+ is closed under scalar multiplication.

(i1)
veV <= (0,v) =0 < ve {0}t

veVt «—= Wv)=0 < v=0
(iii)
(iv)

Lemma 8.27. Suppose U <V is finite-dimensional. Then

V=UaU™t
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and thus iim U+ = dim V — dim U. In addition,

U= (UhHt.

172

Lemma 8.28. Suppose U <V is finite-dimensional. Then

Ut ={0} —= U=V

Definition 8.29 (Orthogonal projection). Suppose U < V is finite-dimensional. The orthogonal
projection is the operator Py € L£(V') defined as follows: For each v € V, write v = u + w for some
we U, w e UL, Then let Pyv = .

Remark. Suppose u € V with

Lemma 8.30 (Properties of orthogonal projection). Suppose U <V is finite-dimensional.
(i) Py e L(V).
(ii) Pyu = u for every u € U, Pyw = 0 for every w € U™,
(iii) im Py = U, ker Py = U+.
(iv) v — Pyv € U™ foreveryv € V.
(v) Py* = Py.
(vi) ||Pyvl|| <|v|| for everyv € V.

(vii) If e, ..., ey is an orthonormal basis of U, and v € V, then

Pyv = (v,e1)er + -+ (v, en) en.

(i) to (v) hold for projection maps, (vi) and (vii) are specific to orthogonal projections.
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Minimisation Problems

Given a subspace U of V and a point v € V, we want to find a point v € U that minimises||v — u||. The next

result shows that w = Py o is the unique solution of this minimisation problem.

Theorem 8.31 (Minimising distance to a subspace). Suppose U <V is finite-dimensional. Fixv € V.
Then for all u € U
lo = Pyol <flv—ul, 8.7

where equality holds if and only if u = Pyov.

Proof. We have

lv = Pyol|* <|lv = Pool® +|[Pyo = ul*  [|[Pro—ul* > 0]
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Pseudoinverse

Restriction of a linear map to obtain a bijective map.

Lemma 8.32. Suppose V is finite-dimensional, and T € L(V'). Then T'| (e, 11 is an injective map
from (ker T)* toimT.

Definition 8.33 (Pseudoinverse). Suppose V is finite-dimensional, and 7' € £(V'). The pseudoinverse
T+ € LIW,V) of T is the linear map from W to V defined by

T+’U) = (T|(kerT)J-> PimTw

foreachw € W.

The pseudoinverse is also called the Moore—Penrose inverse.

The pseudoinverse behaves much like an inverse, as we will see.

Lemma 8.34 (Properties of pseudoinverse). Suppose V' is finite-dimensional, and T € L(V).
(i) If T is invertible, then T+ = T~
(ii) TTt = P .

(iii) T*T = Pyeyry-.-

Theorem 8.35 (Pseudoinverse provides best approximate solution or best solution). Suppose V is
finite-dimensional, T € L(V,W), and w € W.

(i) Ifv eV, then
HT (T+w) —w” <|ITw —w], (8.8)
where equality holds if and only if v € TTw + ker T..

(ii) Ifv € TTw + ker T, then
|7 <o, (3.9)

where equality holds if and only if v = T w.
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Exercises

Exercise 8.1 ([Ax124] 6A Q1). Show thatif vy,...,v,, € V, then

Jj=1 k:l
Solution.

Exercise 8.2 ([Ax124] 6A Q2). Suppose S € L(V'). Define (-, -), by

(u,v); = (Su, Sv)

for all w,v € V. Show that (-, -), is an inner product on V" if and only if S is injective.
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Exercise 8.3 ([Ax124] 6A Q4). Suppose T' € L(V) is such that ||Tv|| < ||v|| for every v € V. Prove that

T — /21 is injective.

Exercise 8.4 ([Ax124] 6A Q5).
Exercise 8.5 ([Ax124] 6A Q6).
Exercise 8.6 ([Ax124] 6A Q9).
Exercise 8.7 ([AxI24] 6A Q14).
Exercise 8.8 ([Ax124] 6A Q20).
Exercise 8.9 ([Ax124] 6A Q26).
Exercise 8.10 ([Ax124] 6A Q27).
Exercise 8.11 ([AxI24] 6B Q1).
Exercise 8.12 ([Ax124] 6B Q3).
Exercise 8.13 ([Ax124] 6B Q5).
Exercise 8.14 ([Ax124] 6B Q6(a)).
Exercise 8.15 ([AxI24] 6B Q9).
Exercise 8.16 ([Ax124] 6B Q10).
Exercise 8.17 ([AxI24] 6B Q13).
Exercise 8.18 ([AxI24] 6B Q14).
Exercise 8.19 ([Ax124] 6B Q15).
Exercise 8.20 ([Ax124] 6B Q16).
Exercise 8.21 ([AxI24] 6B Q17).

Exercise 8.22 ([Ax124] 6B Q23).



9 Operators on Inner Product Spaces

§9.1 Self-Adjoint and Normal Operators

Adjoints

Definition 9.1. Suppose 7' € L(V, W). The adjoint is the function T* : V' — V such that

(Tv,w) = (v, T*wy (WeV,weW).

We check that if 7" € L(V, W), then T* € L(V, W); that is, the adjoint of a linear map is a linear map.

Lemma 9.2 (Properties of adjoint). Suppose T € L(V,W). Then
(i) (S+T)* =S5"+T*forall S € L(V,W)
(i) (AT)* = AT* forall A € F
(i) (T*)* =T

(iv) (ST)* = T*S* forall S € L(W,U), where U is a finite-dimensional inner product space over
F

(v) I x= I, where I is the identity operator on V

(vi) if T is invertible, then T* is invertible, and (T*)~! = (T1)*

Lemma 9.3 (Kernel and image of 7*). Suppose T € L(V,W). Then
(i) ker T* = (im T)*
(ii) im T* = (ker T)*
(iii) ker T = (im T*)*

(iv) imT = (ker T*)*

Definition 9.4 (Conjugate transpose).

Proposition 9.5.
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Self-Adjoint Operators

177

Definition 9.6 (Self-adjoint operator). An operator 7' € L(V') is called self-adjoint if T = T™*.

That is, an operator 7" € £(V) is self-adjoint if and only if
(Tv,w) = (v, Tw)

forallv,w € V.

Lemma 9.7. Every eigenvalue of a self-adjoint operator is real.

Lemma 9.8. Suppose V is a complex inner product space, and T' € L(V'). Then

(Tv,v) =0Vv eV <= T =0.

Remark. do not hold for real inner product spaces

Lemma 9.9. Suppose V is a complex inner product space, and T' € L(V'). Then

T is self-adjoint <= (Tv,v) € RYv € V.

Remark. do not hold for real inner product spaces

Lemma 9.10. Suppose T is a self-adjoint operator on V. Then

(Tv,v) =0Vv eV <= T =0.
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Normal Operators

Definition 9.11 (Normal operator). An operator on an inner product space is normal if it commutes

with its adjoint.

Thatis, 7" € £(V) is normal if 77 = T"*T.

Remark. Every self-adjoint operator is normal, but not vice versa.

Lemma 9.12 (Characterisation of normal operators). Suppose T' € L(V'). Then

T is normal <= ||Tv| =||T*v||vVv € V.

Lemma 9.13. Suppose T' € L(V'). Then
(i) kerT = ker T™
(ii) imT = imT*
(iii) V =kerT &imT
(iv) T — M is normal for every A € F

(v) ifv €V and \ € F, then Tv = \v if and only if T*v = \v

Proposition 9.14. Suppose T' € L(V') is normal. Then the eigenvalues of T' corresponding to distinct

eigenvalues are orthogonal.

Proposition 9.15. Suppose ¥ = CandT € L(V). Then T is normal if and only if there exist
commuting self-adjoint operators A and B such that T = A+ iB.
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§9.2 Spectral Theorem

Real Spectral Theorem

Complex Spectral Theorem
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§9.3 Positive Operators
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§9.4 Isometries, Unitary Operators, and Matrix Factorisation

Isometries
Unitary Operators
OR Factorisation

Cholesky Factorisation
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§9.5 Singular Value Decomposition

Singular Values

SVD for Linear Maps and for Matrices
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§9.6 Consequences of Singular Value Decomposition

Norms of Linear Maps

Approximation by Linear Maps with Lower-Dimensional Range
Polar Decomposition

Operators Applied to Ellipsoids and Parallelepipeds

Volume via Singular Values

Properties of an Operator as Determined by Its Eigenvalues



IV
Real Analysis

Real analysis deals with the real numbers and real-valued functions of a real variable.

A great part of analysis deals with inequalities and error terms. This is evident from the very beginning, in the
theory of epsilons and deltas. Instead of obtaining precise values, it is sufficient to show that epsilon and delta
are within a certain range. In order to show convergence, we just need to show that the error terms are small.
Thus, there is often no perfect bound or best approximation, and there need not be; all that is needed is for the
bound or the approximation to be good enough.
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1 O Real and Complex Number Systems

Summary

e Supremum, infimum.

* Construction and properties of the real field R.

¢ Construction and properties of the complex field C.

¢ Construction and properties of the Euclidean space R”.

§10.1 Ordered Sets and Boundedness

Definitions

Let S be a set.

Definition 10.1. An order on S is a binary relation < such that
(1) forall z,y € S, exactly one of x < y, x = y, or y < x holds; (trichotomy)
(i) ifx,y,z € Saresuchthatx < yand y < z, then z < z. (transitivity)

S is an ordered set if it has an order; denote it by (.5, <).

Notation. We write © < y if x < y or x = y. We define > and > in the obvious way.

Definition 10.2 (Boundedness). Let £ C S, where S is an ordered set.

(i) FE is bounded above if there exists 3 € S suchthatx < S forall x € E; we call § an upper
bound of E.

(ii) FE is bounded below if there exists 3 € S suchthatz > [ forall x € E; we call 3 a lower
bound of E.

F is bounded in S if it is bounded above and below.

Definition 10.3 (Supremum, infimum). We say « € S is the supremum of F if

(i) « is an upper bound for F;

@ii) if 8 < «a then f is not an upper bound of F, i.e. dz € S s.t. x > S (least upper bound).
Likewise, we say « € S is the infimum of F if

(1) « is alower bound for F;

(i) if 8 > « then [ is not a lower bound of F, i.e. dz € S s.t. x < ( (greatest lower bound).

185
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Remark. It is not necessary for the supremum and infimum of F to be in F.

Lemma 10.4 (Uniqueness of suprenum). If E has a supremum, then it is unique.

Proof. Suppose « are 3 be suprema of F.

Since 3 is a supremum, it is an upper bound for E. Since « is a supremum, then it is the least upper bound, so
« < . Interchanging the roles of « and 3 gives § < «. Hence a = £5. O

Since the supremum and infimum are unique, we can give them a notation.

Notation. Denote the supremum of F by sup F, the infimum by inf F.

Example 105. Let £ = {1 [n € N}. Then sup = 1, inf E = 0,

Proof. It is clear that 1 is an upper bound for E. Suppose S < 1. Since 1 € E, evidently § is not an upper
bound for E. Hence sup £ = 1.

It is clear that O is a lower bound for E. Suppose 8 > 0. Pick n = L%J + 1, then 8 > %, so 3 is not a lower
bound for E. Hence inf EZ = 0. U
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Least-upper-bound Property

Definition 10.6. An ordered set S has the least-upper-bound property (1.u.b.) if every non-empty subset
of S that is bounded above has a supremum in .S.

We define the greatest-lower-bound property similarly.

Proposition 10.7. Suppose S is an ordered set. If S has the least-upper-bound property, then S has the

greatest-lower-bound property.

Proof. Suppose S has the least-upper-bound property. Let non-empty B C S be bounded below. We want to
show that inf B € S.

Let L C S be the set of all lower bounds of B; that is,

L={yeS|y<avVxe B}

Since B is bounded below, B has a lower bound, so L # (). Since every x € B is an upper bound of L, L is
bounded above. By the least-upper-bound property of .S, we have that sup L € S.

Claim. inf B = sup L.

To show that sup L = inf B (greatest lower bound), we need to show that (i) sup L is a lower bound of B, (ii)
and sup L is the greatest of the lower bounds.

(i) Suppose v < sup L, then + is not an upper bound of L. Since B is the set of upper bounds of L, v ¢ B.
Considering the contrapositive, if v € B, then v > sup L. Hence sup L is a lower bound of B, and thus
supL € L.

(ii) If sup L < S then 8 ¢ L, since sup L is an upper bound of L. In other words, sup L is a lower bound of
B, but g is not if § > sup L. This means that sup L is the greatest of the lower bounds.

Hence inf B=supL € S. O

Corollary 10.8. If S has the greatest-lower-bound property, then it has the least-upper-bound property.
Hence S has the least-upper-bound property if and only if S has the greatest-lower-bound property.
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Properties of Suprema and Infima

This section discusses some fundamental properties of the supremum that will be useful in this text. There is a
corresponding set of properties of the infimum that the reader should formulate for himself.

The next result shows that a set with a supremum contains numbers arbitrarily close to its supremum.

Lemma 10.9 (Approximation property). Let S C R be non-empty, b = sup S. Then for every a < b
there exists x € S such that
a<zx<b.

Proof. We first show = < b. Since b = sup S is an upper bound of S, z < bforall z € S.

We now show there exist « € S such that a < x. Suppose otherwise, for a contradiction, that x < a for every
x € 5. Then a would be an upper bound for .S. But since a < b and b is the supremum, this means a is smaller
than the least upper bound, a contradiction. O

For the rest of this section, suppose S has the least-upper-bound property.

Lemma 10.10 (Additive property). Given non-empty A, B C S, let
C={z+ylxzeAyec B}
If each of A and B has a supremum, then C has a supremum, and

supC = sup A + sup B.

Proof. Leta =supA,b=supB. Letz € C, then z = x + y for some x € A, y € B. Then
z=zxz+y<a-+b,

s0 a + b is an upper bound for C'. Since C' is non-empty and bounded above, by the lub property of S, C has a
supremum in S.

Let ¢ = sup C'. To show that a + b = ¢, we need to show that () a +b > c,and (ii) a + b < c.

(1) Since c is the least upper bound for C, and a + b is an upper bound for C, we must have that ¢ < a + b.
(i1) Choose any ¢ > 0. By 10.9 there exist x € A and y € B such that
a—e<z, b—e<uy.

Adding these inequalities gives
a+b—2e<zxz+y<ec

Thus a + b < ¢ + 2¢ for every € > 0. Hence a + b < c.

Lemma 10.11 (Comparison property). Let non-empty A, B C S such that a < bfor every a € A,
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b € B. If B has a supremum, then A has a supremum, and

sup A < sup B.

Proof. Let 8 = sup B. Since (3 is a supremum for B, then b < g forall b € B.
Let a € A and choose any b € B. Since a < band t < 3, a < . Thus § is an upper bound for A.

Since A is non-empty and bounded above, by the lub property of S, A has a supremum in S; let & = sup A.
Since £ is an upper bound for A, and « is the least upper bound for A, we have that o < 3, as desired. O

Lemma 10.12. Let B C S be non-empty and bounded below. Let
A=-B:={-b|be B}.

Then A is non-empty and bounded above. Furthermore, inf B exists, and inf B = — sup A.

Proof. Since B is non-empty, so is A. Since B is bounded below, let 3 be a lower bound for B. Then b > 3 for
all b € B, which implies —b < —f( forall b € B. Hence a < —( for all a € A, so —f is an upper bound for A.

Since A is non-empty and bounded above, by the lub property of .S, A has a supremum. Then a < sup A for all
a€ A,sob> —supAforallb € B. Thus — sup A is a lower bound for B.

Also, we saw before that if 5 is a lower bound for B then — 5 is an upper bound for A. Then —5 > sup A (since
sup A is the least upper bound), so 3 < — sup A. Therefore — sup A is the greatest lower bound of B. O
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Ordered Fields

Definition 10.13 (Ordered field). A field F' is an ordered field if there exists an order < on F' such that
forall z,y,z € F,

() ify<zthenz+y <x+ z;

(i) ifx > 0 and y > 0 then zy > 0.

If x > 0, we call x positive; if © < 0, = is negative.

All the familiar rules for working with inequalities apply in every ordered field: Multiplication by positive
[negative] quantities preserves [reverses] inequalities, no square is negative, etc. The following result lists some
of these.

Lemma 10.14 (Basic properties). Let F' be an ordered field, x,y, z € F.
(i) If x > 0 then —x < 0, and vice versa.
(ii) Ifx > 0and y < z then xy < x=z.
(iii) If t < Q0 and y < z then xy > xz.
(iv) If x # 0 then 2> > 0. In particular, 1 > 0.

(v) If0<x<ythen0<i<%.

Proof.
(i) Ifz >0then0 = —x+ 2 > —x + 0, so that —z < 0.
Ifrzr <Othen0 = —x+ 2 < —x + 0, so that —x > 0.

(ii) Since z >y, wehave z —y >y —y = 0,s0 z(z — y) > 0. Hence

xz=z(z—y)+zy>0+zy =Y.

(i) By (i) and (ii),
~[z(z —y)] = (—2)(z —y) > 0,

so that z(z — y) < 0. Hence zz < zy.

(iv) If 2 > 0, part (ii) of the above definition gives 2% > 0.
If < 0, then —z > 0so (—z)? > 0. But 22 = (—x)2.

Since 1 = 1%,1 > 0.
(v) Ify > 0and v <0, then yv < 0. Buty (i) =1>0,s0 i > 0. Likewise, 2 > 0.

Multiplying both sides of the inequality x < y by the positive quantity (%) (i), we obtain % < %
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§10.2 Real Numbers

Problems with Q

Q has some problems, the first of which being algebraic incompleteness: there exists equations with coefficients
in Q but do not have solutions in Q (in fact R has this problem too, but C is algebraically complete, by the
fundamental theorem of algebra).

Lemma 10.15. 22 — 2 = 0 has no solution in Q.

Proof. Suppose, for a contradiction, that 22 — 2 = 0 has a solution z = %, q # 0. We also assume % is in lowest
2

terms; that is, p, ¢ are coprime. Squaring both sides gives ‘2—2 = 2, or p> = 2¢°. Observe that p? is even, so p is

even; let p = 2m for some integer m. Then this implies 4m? = 2¢2, or 2m? = ¢2. Similarly, ¢ is even so q is

even.

Since p and ¢ share a common factor of 2, we have reached a contradiction. O

The second problem is analytic incompleteness: there exists a sequence of rational numbers that approach a
point that is not in QQ; for example, the sequence

1,1.4,1.41,1.414,1.4142, ...

tends to the the irrational number v/2.

Continuing from the above lemma,

Lemma 10.16. Let

A={peQ|p>0,p* <2},
B={peQ|p>0,p*>2}.

Then A contains no largest number, and B contains no smallest number.

Proof. Prove by construction. We associate with each rational p > 0 the number

pPP—2 2p+2
q:p— =

p+2 p+2
and so )
2(p* —2
q2—2: (p )
(p+2)?

Forany p € A, ¢ > pand ¢ € A since ¢° < 2, so A has no largest number.

Forany p € B, ¢ < pand ¢ € B since ¢°> > 2, so B has no smallest number. ]

Proposition 10.17. Q does not have the least-upper-bound property.
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Proof. In the previous result, note that B is the set of all upper bounds of A, and B does not have a smallest
element. Hence A C Q is bounded above but A has no least upper bound in Q. O

Real Field

The sole objective of this subsection is to prove the following result.

Theorem 10.18 (Existence of real field). There exists an ordered field R that
(i) contains Q as a subfield, and

(ii) has the least-upper-bound property (also known as the completeness axiom).

We want to construct R from Q; one method to do so is using Dedekind cuts.

Definition 10.19 (Dedekind cut). o C Q is a Dedekind cut, if
() a#0,a#Q; (non-trivial)
(i) ifp € a, g € Qand g < p, then q € a;

(iii) if p € a, then p < r for some r € a.

Remark. Note that (iii) simply says that a has no largest member; (ii) implies two facts which will be used
freely:

e Ifp € aandq ¢ a,then p < q.
e Ifr ¢ cand r < s, then s ¢ a.
Example 10.20. Let » € Q and define
ar:={peQfp<r}
We now check that this is indeed a Dedekind cut.

i) p=1+ré¢a-thusa, #Q.p=7r—1 € a, thus o # ().

(ii) Suppose that ¢ € o, and ¢’ < q. Then ¢’ < ¢ < r which implies that ¢’ < r thus ¢’ € a..

(iii) Suppose that ¢ € «,.. Consider €Qandg < O < r. Thus

q+r q+r q+r
5 € Q.

This example shows that every rational  corresponds to a Dedekind cut .

Example 10.21. /2 is not rational, but it is real. /2 corresponds to the cut

a={peQlp’ <2}
(i) Trivial.
(i) If ¢ < p, by the monotonicity of the cubic function, this implies that ¢ < p? < 2 thus ¢ € a.

3
(iii) If p € a, consider <p + %) < 2.
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Definition 10.22. The set of real numbers, denoted by R, is the set of all Dedekind cuts:

R :={a C Q| ais a Dedekind cut}.

Proposition 10.23. R has an order, where o < f3 is defined to mean that o« C 5.

Proof. Simply check if this is a valid order (by checking for trichotomy and transitivity). 0

Proposition 10.24. The ordered set R has the least-upper-bound property.

Proof. Let non-empty A C R be bounded above. Let 5 € R be an upper bound of A. We want to show that A

has a supremum in R.

Let

v = U Q.
Then p € « if and only if p € « for some a € A.

Claim. v € R and v = sup A.
We first prove that v € R by checking that it is a Dedekind cut:
(i) Since A # (), there exists ag € A. Since g € R, it is a Dedekind cut so ag # (). Since ag C 7, 7 # 0.
Since o C S for every o € A, the union of o € A must be a subset of 3; thus v C 3. Hence v # Q.

(ii) Let p € . Then p € a4 for some a1 € A. If ¢ < p, then ¢ € a; (since o is a Dedekind cut). Hence
q €.

(iii) If r € aq is so chosen that » > p, we see that r € «y (since a1 C ).

Next we prove that v = sup A, by checking that (i) -y is an upper bound of A, (ii) -y is the least of the upper

bounds.

(1) Ttis clear that o < +y for every o € A.

(ii) Suppose § < ~. Then there exists s € « such that s ¢ §. Since s € v, s € a for some o« € A. Hence
d < a, so J is not an upper bound of A.

Remark. The Lu.b. property of R is also known as the completeness axiom of R.

We now define operations on R.

Definition 10.25 (Addition). Given «, 3 € R, define addition as

a+pB:={reQ|r=a+bacabep}

We first check if the above definition makes sense. We want to show that addition on R is closed: for all
a,BER, a+peR.
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Proof. We check that « + (3 is a Dedekind cut:

(i) Since o # () and 8 # (), there exists a € candb € 5. Hencer =a+ b€ a+ Ssoa+ 3 # (.
Since o # Q and 8 # Q, there exist ¢ # aand d # 3. Thus ' = c+d > a+bforanya € a,b € 3, so
r" ¢ a+ . Hence a + 8 # Q.

(ii) Suppose thatr € o + 3 and v’ < r. We want to show that ' € o + .
r=a+bforsomea € a,b € . Thenr' —a < b. Since f € R, —a € Bsor’ —a = by for some

by € S. Hencer' =a+ by € a+ B.

(iii) Suppose r € a+ 3, s0r = a + b for some a € a,b € 5. Since «, 8 are Dedekind cuts, there exist
a €a,b € Bwitha <a' andb<b.Thenr =a+b<a +V € a+pB. Wedefiner' =a' +b € o+
with r < 7/,

Lemma 10.26.
(i) Addition on R is commutative: o+ 3 = 8+ aforall a, 5 € R.
(ii) Addition on R is associative: o+ (B + ) = (a+ ) + v forall o, 5,y € R.
(iii) Additive identity: Define 0* := {p € Q | p < 0}. Then a + 0* = «a for all o« € R.

(iv) Additive inverse: Fix o € R, define f ={p € Q| 3Ir >0, —p —r ¢ a}. Then a + 3 = 0*.

Remark. Recall that to prove that two sets are equal, show double inclusion.
Proof.

(i) We need to show thatav + 5 C B+ aand S+ a C a + .

Letr e a+ 5. Thenr = a+bfora € aand b € 8. Thus r = b + a since + is commutative on Q.
Hence r € 8 + a. Therefore a + 5 C 8 + a.

Similarly, 6 + o C a + 5.
Therefore a + 8 = 5 + «.
(i) Letr € a4+ (84 7). Thenr = a+ (b+ ¢) where a € a,b € 3,¢ € v. Thusr = (a + b) + ¢ by
associativity of + on Q. Therefore r € (o + ) + 7y, hence a + (8 + ) C (a + 5) + 7.
Similarly, (a + 8) +v C a+ (B + 7).
(iii) Itis clear that 0* is a Dedekind cut.

Letr € a+0*. Thenr =a+ pforsome a € a,p € 0*. Thusr =a+p <a+0=asor € a. Hence
a+ 0" Ca.

Let » € «. Then there exists 7’ € o where ¥/ > r. Thusr — ' < 0, sor — ' € 0*. We see that
r=r1"4 (r —r’") where v’ € a, r — 1’ € 0*. Hence e C o + 0*.

(iv) Fix some o € R. We first show that 5 is a Dedekind cut.

(i) Lets ¢ a,letp=—s— 1. Then —p — 1 ¢ . Hence p € 3,50 3 # 0.
Let g € a. Then —q ¢ B so 5 # Q.
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(ii) Let p € . Then there exists » > 0 such that —p —r ¢ «. If ¢ < p,then —¢ —r > —p — 7 s0
—q—1r ¢ «. Hence g € 5.

(iii) Lett =p+ 5. Thent > p,and —t — § = —p —r ¢ o. Hence t € f3.

Letr € o, s € B. Then —s ¢ «. This implies r < —s (since « is closed downwards) so r + s < 0.
Hence o + 5 C 0*.

To prove the opposite inclusion, let v € 0%, and let w = —35. Then w > 0. By the Archimedean property
on Q, there exists n € N such that nw € a but (n + 1)w ¢ «a. Let p = —(n + 2)w. Then

—p—w=nN+2dw—-—w=n+1lwd¢a«a

sop € (. Since v = nw + p where nw € o, p € B, v € a+ [. Hence 0* C o + .

O
Notation. (3 is denoted by the more familiar notation —a.
Lemma 10.27. If o, 5,y € Rand f < v, thena+ 8 < a+ 7.
Proof. O

We say that a Dedekind cut « is positive if 0 € «, and negative if 0 ¢ «. If « is neither positive nor negative,
then a = 0*.

Multiplication is a little more bothersome than addition in the present context, since products of negative
rationals are positive. For this reason we confine ourselves first to R™ (the set of all € R with a > 0*).

Definition 10.28. Given o, 8 € RT, define multiplication as

af:={peQ|p<rs,rea,sep rs>0}

We also define 1* := {g € Q | ¢ < 1}.

As again, check if the above definition makes sense. We want to show that multiplication on R is closed: for
alla, B € R, af € R.

Proof. Check that a3 is a Dedekind cut.

(i) a # () means there exists r € o, 7 > 0. Similarly, 3 # () means there exists s € 3,5 > 0. Thenrs € Q
and rs < rs, sors € af3. Hence a3 # ().

a # Q means there exists 7’ ¢ « such that ' > r for all » € . Similarly S # Q means there exists

s’ € Bsuchthat s’ > sforall s € 8. Thenr's’ > rsforallr € a,s € 8,s0r's’ ¢ af. Hence aff # Q.
(ii) Letp € af. Then p < ab forsome a € o, b € B, a,b > 0.

Ifqg<p,thenqg <p <absoq e ap.

(iii) Let p € af. Then p < ab for some a € a,b € 3, a,b > 0. Picka’ € aand ¥ € 8 with a’ > a and
b > b. Form a'b/ > ab > p, a'b/ < a’t/ means a’'V' € o - B.
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We now complete the definition of multiplication by setting «0* = 0* = 0*«, and by setting

(—Oé)(—ﬁ) a<0*7ﬁ<0*a
af =4 —[(—a)f] a< 08> 0%
—la(=B)] a>0"p3<0*

where we make negative numbers positive, multiply, and then negate them as needed.

Lemma 10.29.
(i) Multiplication on R is commutative: a8 = Pa forall o, f € R.
(ii) Multiplication on R is associative: (af)y = a(B7) for all o, 3,7 € R.
(iii) Multiplicative identity: 1a = « for all o € R.

(iv) Multiplicative inverse: If a € R, o # 0%, then there exists 5 € R such that aff = 1*.

We associate each » € Q with the set
r={peQlp<r}

It is obvious that each 7* is a cut; that is, r* € R.

Proposition 10.30. The replacement of r € Q by the corresponding “rational cuts” r* € R preserves
sums, products, and order. That is, for all *, s* € R,

(i) 7™+ s* = (r+s)*;
(ii) r*s* = (rs)*;

(iii) r* < s* ifand only if r < s.

Proof.

(1) Letp € r* 4+ s*. Then p = v + v for some v € r*, v € s*, where u < r, v < s. Then p < r + s. Hence
pE(r+s),sor*+s* C(r+s)~

Letp € (r+s)*. Thenp < r+s. Lett = W,andlet

/ /
r=r—1t, § =s5-—1t.

Sincet > 0,7 <rsor er*;s <ssos € s*. Thenp =1 +5,s0p € r* + s*. Hence
(r4s)* Cr*+s*.

(i1)

(iii) Suppose r < s. Thenr € s*, but r ¢ r*. Hence r* < s*.

Conversely, suppose " < s*. Then there exists p € s* such thatp € 7*. Hence r < p < 5,507 < s.

O]

This shows that the ordered field Q is isomorphic to the ordered field Q* = {¢* | ¢ € Q} whose elements are
rational cuts. It is this identification of Q with Q* which allows us to regard Q as a subfield of R.
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Remark. In fact, R is the only ordered field with the L.u.b. property. Hence any other ordered field with the l.u.b.
property is isomorphic to R.

Therefore we have proven 10.18.
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Properties of R

Proposition 10.31 (Archimedean property). For any v € R, y € R, there exists n € N such that

nx > y.

Proof. Suppose, for a contradiction, that nx < y for all n € N. Then y is an upper bound of the set
A={nz|neN}

Since A C R is non-empty and bounded above, by the l.u.b. property of R, A has a supremum in R, say
o = sup A.

Consider o — z. Since a — x < o = sup A, a — x is not an upper bound of A. Then o — x < ngx for some
ng € N; rearranging gives o < (ng + 1)x. This implies that « is not an upper bound of A, which contradicts
the fact that « is the supremum of A. O

Corollary 10.32. Let € > 0. Then there exists n € N such that 0 < % < e

Proof. In10.31,takex = cand y = 1. O

Proposition 10.33 (Q is dense in R). For any z,y € R with x < y, there exists p € Q such that

r<p<uy.

Proof. We prove by construction (construct the required p from the given x and y).

Since x < y, we have y — z > (. By 10.32, there exists n € N such that

1
—<y-uz.
n

. .. . 1.
Consider the set comprising multiples of ::

E—{k keN}.
n

Since F is unbounded, choose the first multiple m € N such that 7* > .

Claim. x < 7 <y.
It suffices to show that “* < y. If not, then

m—1

m
<z and — >y,
n n

where the first inequality follows from the minimality of m. But these two statements combined imply that

1 .
— >y — x, a contradiction. ]
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Proposition 10.34 (R is closed under taking roots). For every x € R* and every n € N, there exists a
unique y € R so that y" = .

We call the number y the positive n-th root of , and denote it by ¥/ or T

Proof. Letx € RT, fixn € N.

Let

E={tcR"|t" <z}
Claim. y = sup F satisfies y" = z.

We first show that E has a supremum.

1) Lett:%.Then0§t<1,sot"§t<ximpliest"<1:. Hencet € E,so E # 0.
T

(i) We claim that 1 4 x is an upper bound for F.

Ift > 1+ z,thent" >t > x implies t" > x, so t ¢ E. [This is the contrapositive of t € £ =— ¢ <
1+ x.] Hence 1 + z is an upper bound of F, so F is bounded above.

Hence FE has a supremum; let y = sup E.

To prove that y™ = x, we show that both the inequalities y” < = and y™ > x lead to a contradiction. Consider
the identity 6" — a™ = (b—a) (b" ' +b"2a+ - +a""!). If0 < a < b, then

bt —a" < (b—a)nb" L. (1)

Case 1: y" < z.

Idea. We can find a small h > 0 such that (y + h)" < z.

Choose h sothat 0 < h < 1 and

x—y"
h<< ————.
n(y +1)n—1

In (1), take b = y + h, a = y. Then

(y+ )" —y" < hn(y + h)"!
< hn(y+1)"1

z—y"

Thus (y + h)" < x,and y + h € E. Since y + h > y, this contradicts the fact that y is an upper bound of
E.

Case 2: y" > z.

Idea. Similarly, we can find a small k > 0 such that (y — k)" > x.

Let
y' -
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Then 0 < k <y, by (1). Ift >y — k,

Yyttt <y —(y— k)"

n—1

< kny

Y-z
_W/yﬂ/f

=qy" — .

Thus t" > x,and t ¢ FE. It follows that y — k is an upper bound of F. But y — k < y, which contradicts
the fact that y is the /east upper bound of E.

Suppose, for a contradiction, that there exist distinct y;, yo which are both n-th roots of x. WLOG
assume that 0 < y; < yo. Then taking the n-th power gives y;"™ < y2".

Since y; is a n-th root of z, then x = 31", so x < yo" implies x # y2™. Hence y» cannot be a n-th root of z, a
contradiction. O

Corollary 10.35. Ifa,b € RT and n € N, then

1

(ab)% = anbr.

Proof. Leta = a%, 8= b . Then
ab=a"pg" = (af)"

since multiplication is commutative. The uniqueness assertion of the previous result shows that

(ab)% =af = anbr.
O
Lemma 10.36. Ifz € R" and m,n € N, then
(7)™ = (&™)
Proof. Exercise. O

We can now define rational exponents x”, where > 0 and r € Q.

Definition 10.37 (Rational exponents). For x > 0 and m,n € N, define

m a\\ 7% _m 1
Tn = (xn and z n» = —.
xrn

(We also define 20 = 1.)

We need to check that the above definition of =" is well defined. That is, if m,n, p, ¢ € N are such that % = g,

1
then (x%)m = (x4 )P. To see this, note that mq = np and
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Thus (a:%)m is the g-th root of 27, i.e.,

(a)™ = (a?)3.

Lemma 10.38 (Properties of rational exponents).
(i) Ifa > 0andr,s € Q, then a"* = a"a® and (a")® = a"*.
(ii) If0 <a <bandr € Qwithr > 0, thena” < b".

ii) Ifa>1,r,s € Qwithr < s, then a” < a°.
(iii) )

The next result shows that real numbers can be approximated to any desired degree of accuracy by rational
numbers with finite decimal representations.

Proposition 10.39. Let x > 0. Then for every integer n > 1 there exists a finite decimal r, =

ag.ai1as - - - @y, such that

Tn§x<7'n+ﬁ'

Proof. We prove by construction (construct the required finite decimal from x).

Let
S={keZ|k<ux}.

S is non-empty (since 0 € S), and .S is bounded above by x. Hence by the lub property of R, S has a supremum
in R, say ag = sup S. It is easily verified that ag € S, so ag is a non-negative integer. We call ag the greatest
integer in x, and write ag = |x]. Clearly we have

ag <z <ag+1.
Now let a; = |10(z — ag)]. Since 0 < 10(z — agp) < 10, we have 0 < a; < 9 and
a1 <10z —10ag < a1 + 1.

In other words, a; is the largest integer satisfying the inequalities

aq a + 1
— <z< .
ap + 0 S r <ap+ 10
More generally, having chosen aj,...,ap,—1 with 0 < a; < 9, let a,, be the largest integer satisfying the
inequalities
al G, ai ap +1
ao+10+ +10n_a0+10+ + o7
Then 0 < a,, <9 and we have
Tn S r<r,+ ﬁ’

where r,, = ag.a1as - - - an. O

Furthermore, it is easy to verify that x = sup r,.
neN
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Extended Real Number System

Definition 10.40 (Extended real number system). The extended real number system is defined to be
the union
R:=RU{-00,+oo},

where we preserve the original order in R, and define —oco < z < +o0o for all z € R.

Defining R is convenient since the following result holds.

Proposition 10.41. Any non-empty E C R has a supremum and infimum in R.

Proof. If E is bounded above in R, then by the l.u.b. property of R, it has a supremum in R C R. If F is not
bounded above in R, then sup E = +o0 € R.

Exactly the same remarks apply to lower bounds. O
R does not form a field, but it is customary to make the following conventions for arithmetic on R:

(i) If z € R then

r+oo=400, x—00=-00, —=— =10
+o00  —00
(ii) If x > 0 then
z-(4+00) =400, x-(—0)=—00
If x < 0 then
z-(+00) =—00, x-(—00)=400.

When it is desired to make the distinction between real numbers on the one hand and the symbols 400 and —co
on the other quite explicit, the former are called finite.
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§10.3 Complex Field

Lemma 10.42. Let (a,b), (c,d) € R?. Define addition and multiplication on R? as

(a,b) + (¢,d) = (a+ ¢, b+ d),
(a,b)(c,d) = (ac — bd, ad + bc).

Then R? is a field, with additive identity (0,0) and multiplicative identity (1,0).

We call this structure C, the complex field,; its elements are called complex numbers.
Proof. Check the field axioms. O

The next result shows that the complex numbers of the form (a, 0) have the same arithmetic properties as the
corresponding real numbers a. We can therefore identify (a,0) € C with a € R. This identification implies that
R is a subfield of C.

Lemma 10.43. For any a,b € R, we have

(a,0) + (b,0) = (a + b,0),
(a,0)(b,0) = (ab,0).

Proof. Exercise. O

You may have noticed that we have defined the complex numbers without referring to the mysterious square
root of —1. We now show that the notation (a, b) is equivalent to the more customary a + bi.

Define the imaginary number ¢ := (0, 1). See that

i =(0,1)(0,1) = (~=1,0) = —1.

Lemma 10.44. For a,b € R, (a,b) = a + bi.

Proof.

d

For a,b € R, we write z = a + bi; we call a and b the real part and imaginary part of z respectively, denoted
by a = Re(z), b = Im(z); Z = a — bi is called the conjugate of z.



CHAPTER 10. REAL AND COMPLEX NUMBER SYSTEMS

204

Lemma 10.45 (Properties of conjugate). For z,w € C,
(i) z+w=zZ+w
(ii) Zw=Zw
(iii) z+Z = 2Re(z), z —zZ = 2iIm(z)

(iv) zZz€Rand 2z > 0

For z € C, tbe absolute value of z is defined as

(NI

2] = (22)

Lemma 10.46 (Properties of absolute value). For z,w € C,

(i) [2] =0
(i) |z = ||
(iii) |zw| = |z||w|

(iv) [Re(z)] < 2|

Proof.

(i) The square root is non-negative, by definition.

(i) The conjugate of Z is z, and the rest follows by the definition of absolute value.

(iii) Let z = a + bi, w = ¢ + di where a, b, c,d € R. Then

|zw|? = (ac — bd)? + (ad — be)?
= (a® + ) (¢ +d*)
2
= [z*Jw]? = (|z[lwl)
and the desired result follows by taking square roots on both sides.

(iv) Let z = a + bi. Note that a®> < a? + b?, hence

|Re(2)| = |a| = Va2 < Va2 + b2 = |2].

Proposition 10.47 (Triangle inequality). For z,w € C,

|2+ w| < [z] + |w].

(10.1)
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Proof. Let z,w € C. Note that the conjugate of 2w is Zw, so 2w + Zw = 2 Re(zw). Hence

1z +w|* = (z + w)(z + w) = (2 +w)(Z+ W)
=2Z+ zw + Zw + ww
= |2|* 4+ 2Re(z@) + |w|?
< ol + 2)m] + fuf?
= |2]? + 2|z [w] + |w]?
= Izl + wl)®

and taking square roots yields the desired result.

Corollary 10.48 (Generalised triangle inequality). For z1,...,z, € C,

ok zal S el ol

Proof. We have proven the case n = 2. Assume the statement holds for n — 1. Then
|21 4 2nm1 F zn| <o+ A+ 2| 2] <2l + oo+ Lzl

which establishes the claim by induction.

Corollary 10.49. For z,y,z € C,

i

(i) |lz] = |yl| < |z —y

(i) |z —y| < |z — 2|+ |z —yl.

Proof.

(i) By the triangle inequality,
2] = [(z —y) +yl < |z —yl+ ]yl

so that
lz| — |y| < |z —yl.

Interchanging the roles of x and y in the above gives
lyl = lz| < |z —yl.

Hence
|z — [yl < |z —yl.

(i1) In the triangle inequality, replace x by x — y and y by y — 2.
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Proposition 10.50 (Cauchy—Schwarz inequality). If a1, ..., an,b1,...,b, € C, then

n o 2 n n
D aibi| <> ail* > |bil. (10.2)
=1 =1 =1

Proof. For simplicity, we shall drop the upper and lower limits of the sums. Let

A= "lal’, B=)_|b>, C=> abi.

Then 10.2 becomes
|C> < AB.

If B=0,thenb; = --- = b, = 0, and the conclusion is trivial. Now assume that B > 0. Then consider the

sum
Z ]Bai - CbZ‘Q = Z(BCLz - Cbz)(Bal - Cbz)
= (Ba; — Cb;)(Ba; — Cb;)

=B Z Jail* — Béz aibi — Bczaﬁ'bi +|C? Z |b; |2
= B?A - B|C|?
= B(AB —|C]%).

Each term in Z |Ba; — Cb;|? is non-negative, so Z |Ba; — Cb;|* > 0. Thus
B(AB —|C)?) > 0.

Since B > 0, it follows that AB — |C|? > 0, or |C|?> < AB. This is the desired inequality.
(when does equality hold?) 0

Define
C" ={(z1,...,2n) | zi € C}.

We can define an inner product on C": for a,b € C™,

(a,b) = i a;b;.
i=1

We can also define the norm of a € C":
la| = (a,a)2.




CHAPTER 10. REAL AND COMPLEX NUMBER SYSTEMS 207

§10.4 Euclidean Space

For n € N, define
R™ :={(z1,...,zy) | z; € R}

where x = (1, ...,x,), ;’s are called the coordinates of x. The elements of R™ are called points, or vectors.
Lemma 10.51. Letx = (z1,...,%,), Y = (Y1, .., yn)- R", with addition and scalar multiplication
defined as

X+y:($1+y1,--.,l’n+yn),

ax = (ax1,...,Qaxy,).

forx,y € R", a € R, is a vector space over R. Note that the zero element of R" is 0 = (0, ...,0).

Proof. These two operations satisfy the commutative, associatives, and distributive laws (the proof is trivial, in
view of the analagous laws for the real numbers). O

We define the inner product of x and y by

n
X y:= Z%’ym
i=1

and the norm of x by

x| == vx - x.

The structure now defined (the vector space R™ with the above inner product and norm) is called the Euclidean

n-space.
Lemma 10.52 (Basic properties of norm). Suppose x,y,z € R", a € R.
(i) ||x|| > 0, where equality holds if and only if x = 0 (positive definiteness)
(ii) ||ox| = |af||x]] (homogeneity)
(iii) |x -yl <|x|lly]l (Cauchy—Schwarz inequality)
(v) [|[x+y| <|Ix|| +]yll (triangle inequality)
W) ||lx—z| <||lx—yl| +|y — z| (triangle inequality)
Proof.

(i) Obvious from definition.
(i1) Obvious from definition.

(ii1) We want to show

n
sz‘yz‘ﬁ ZJL’Z Zym
i=1

i=1
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or, squaring both sides,
n n
Z%‘yi < Z%‘Q Z%Q
i=1 i=1
But this is simply the Cauchy—Schwarz inequality 10.2.
(iv) By (iii) we have
Ix+yll=&+y) (x+y)
2 2
<|xI1™ + 2[x [y | +[ly
2
= (Il +lIyll)"-

(v) This follows directly from (iv) by replacing x by x —y,and y by y — z.
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Exercises

Exercise 10.1 ([Rud76] 1.1). If r € Q\ {0} and z € R\ Q, prove that r +x € R\ Qand rz € R\ Q.

Solution. Prove by contradiction. If r and r + x were both rational, then x = (r 4 =) — r would also be rational.
Similarly if 7z were rational, then x = % would also be rational. O

Exercise 10.2 ([Rud76] 1.2). Prove that there is no rational number whose square is 12.

Solution. Prove by contradiction. 0

Exercise 10.3 ([Rud76] 1.4). Let E be a nonempty subset of an ordered set; suppose « is a lower bound of F,
and [ is an upper bound of E. Prove that o < S.

Solution. Since F is non-empty, there exists x € F. By definition of lower and upper bounds, we have
a<z<p. O

Exercise 10.4 ([Rud76] 1.8). Prove that no order can be defined in C that turns it into an ordered field. Hint:
—1 is a square.

Solution. By 10.14, an order < that makes C an ordered field would have to satisfy —1 = i? > 0, contradicting
1>0. O

Exercise 10.5 ([Rud76] 1.9, lexicographic order). Suppose z = a + bi, w = ¢ + di. Define an order on C as
follows:

a<c, or
Z2<Ww <

a=cb<d.

Prove that this turns C into an ordered set. Does this ordered set have the least upper bound property?
Solution. We show that this order turns C into an ordered set.

(i) Since the real numbers are ordered, we have a < c or a = c or ¢ < a. In the first case z < w; in the third
case w < z.

Now consider the second case where a = c. We must have b < d or b = d or d < b, which correspond to

z <w, 2z =w,w < zrespectively.

Hence we have shown that either z < wor z = wor w < z.

(i) We now show that if z < w and w < u, then z < u. Letu = e + fi.
Since z < w, we have either a < ¢, or a = c and b < d. Since w < u, we have either ¢ < f,orc = f
and d < g. Hence there are four possible cases:
*a<candc < f. Thena < f and so z < u, as required.
ca<candc= f,andd < g. Againa < f,s0 z < u.
*a=candb < dandc < f. Once againa < f so z < u.

ca=candb<d,andc= fandd < g. Thena = fand b < g, 50 z < u.
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Exercise 10.6 ([Rud76] 1.10). Suppose z = a + bi, w = u + v, and

1 1
~(|w| w2 |w| —u)\2
a—<2 , b= — ) -

Prove that 22 = w if v > 0 and that 2> = w if v < 0. Conclude that every complex number (with one
exception!) has two complex square roots.

Solution. We have
N

2 32
—b
a 5 5 u,

and

Hence if v > 0,

2?2 = (a2 — b2) + 2abi = u + |v|i = w;
ifv <0,

Z2 = <a2—b2> —2abi = u — |v|i = w.

Hence every non-zero w has two square roots £z or +%. Of course, 0 has only one square root, itself. O

Exercise 10.7 ([Rud76] 1.11). If z € C, prove that there exists » > 0 and w € C with |w| = 1 such that
z = rw. Are w and r always uniquely determined by z?

Solution. If z = 0, take » = 0 and w = 1; in this case w is not unique.

Otherwise take r = |z| and w = 17> these choices are unique, since if z = rw, we must have r = rlw| =

lrw| = |z| sow = % = é are unique. H



1 1 Basic Topology

Summary

» Metric space, subspace. Open ball, closed ball, boundedness. Open set, closed set. Interior, closure, boundary.
Limit point.

* Compactness. Cantor intersection theorem, Heine—Borel theorem, Bolzano—Weierstrass theorem. Sequential
compactness.

¢ Perfect sets. Cantor set.

¢ Connectedness.

Term Notation
metric space X, Y
metric d(p,q)
general set E
point in a set D, q, T

open ball B, (p)
closed ball B,(p)
punctured ball B! (p)
neighbourhood N

interior E°
closure E
boundary oF
induced set E’
compact set K
open cover U
n-cell 1
Cantor set C

Table 11.1: Notation for topological structures in Chapter 11

211
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§11.1 Metric Spaces

Definitions and Examples

Definition 11.1 (Normed space). Let X be a vector space. A norm is a function||-|| : X — [0, c0) if,
for all x,y € X and constants a,

(i) |||l > 0, where equality holds if and only if z = 0; (positive definiteness)
(i) [|oz]| = |er]fl]]; (homogeneity)
@ii) ||z + y|| <llz|l +yll- (triangle inequality)

A normed space (V||| is a vector space V' together with a norm |-||.

Definition 11.2 (Metric space). Let X be a set. A metric is a function d : X x X — [0, o0) if, for all

p,q,r € X,
(i) d(p,q) > 0, where equality holds if and only if p = ¢; (positive definiteness)
(i) d(p,q) = d(g,p); (symmetry)
(iii) d(p,q) < d(p,r) +d(r,q). (triangle inequality)

A metric space (X, d) is a set X together with a metric d.

For the rest of the chapter, X is taken to be a metric space, unless specified otherwise.

Lemma 11.3 (Norm induces metric). Let X be a normed space. Then X is a metric space, with the
metric d(z,y) =|x — y|| for every z,y € X.

Proof. Trivial; check the conditions for a metric. O

Example 11.4 (Metrics on R™). Each of the following functions define metrics on R".

n
di(z,y) =) |z —yil;
=1

n

do(z,y) = (| > (@i — i)
=1
doo(,y) = i = Yil-
(z,9) el |z — il

These are called the ¢'-, ¢2- (or Euclidean) and ¢*°-distances respectively.

The proof that each of dy, d2, d is a metric is mostly very routine, with the exception of proving that do, the
Euclidean distance, satisfies the triangle inequality. To establish this, recall that the Euclidean norm ||z||, of a
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vector x = (x1,...,x,) € R™is

1
2

" 1
lzlly = | D) = (z,2)2,
=1

where the inner product is given by
n

i=1
Then dy(x,y) = ||z — y/|5, and so the triangle inequality is the statement that
lw = ylly <llw —=zlly +[lz = yll,-
This follows immediately by taking ©w = w — x and v = x — y in the following lemma.

Lemma. Ifu,v € R" then|u + v|y <||ully +|v]|,
Proof. Sincel|u||, > 0 for all u € R", squaring both sides of the desired inequality gives
2 2 2
lu+olly™ <llully” + 2|lully[[vlly +[lvll5™

But since
lu+vll,* = (u+v,u+v) =|lully* + 2w, v) + v,

this inequality is immediate from the Cauchy—Schwarz inequality, that is to say the inequality

[{w, 0)| <[lullyflvfl, -

A metric space (X, d) naturally induces a metric on any of its subsets.

Definition 11.5 (Subspace). Suppose (X, d) is a metric space, Y C X. Then the restriction of d to
Y x Y gives Y a metric so that (Y, dy xy ) is a metric space. We call Y equipped with this metric a
subspace.
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Balls and Boundedness

Definition 11.6 (Balls).
(i) The open ball centred at p € X with radius » > 0 is the set
Br(p) :={q€ X |d(p,q) <r}.
(ii) The closed ball centred at p with radius 7 is
B,(p) :=={q € X | d(p,q) <r}.

(iii) The punctured ball is the open ball excluding its centre:

Bi(p)={¢€ X |0<dp,q) <r}.

Figure 11.1: Open ball, closed ball, punctured ball

Example 11.7. Considering R? with the Euclidean metric, By (0) really is what we understand geometrically as

a ball (minus its boundary, the unit sphere), whilst B1(0) contains the unit sphere and everything inside it.

Remark. We caution that this intuitive picture of the closed ball being the open ball “together with its boundary”

is totally misleading in general. For instance, in the discrete metric on a set X, the open ball B;(a) contains
only the point a, whereas the closed ball B1(a) is the whole of X.

Definition 11.8 (Bounded). E C X is said to be bounded if F is contained in some open ball; that is,
there exists M € R and p € X such that E C By(p).

Figure 11.2: Bounded set
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Proposition 11.9. Let E C X. Then the following are equivalent:
(i) E is bounded;
(ii) E is contained in some closed ball;

(iii) The set {d(x,y) | x,y € E} is a bounded subset of R.

Proof.
(i) = (ii) | This is obvious.
(i) = (iii) | This follows immediately from the triangle inequality.

(iii) = (i) | Suppose F satisfies (iii), then there exists € R such that d(z,y) < rforall z,y € E. If E = (),
then E is certainly bounded. Otherwise, let p € E be an arbitrary point. Then £ C By11(p). 0
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Open and Closed Sets

We say N C X is a neighbourhood of p € X if there exists € > 0 such that B.(p) C N.

Definition 11.10 (Open set). £ C X is open (in X) if it is a neighbourhood of all its elements; that is,
for all p € E, there exists € > 0 such that B.(p) C E.

Figure 11.3: Open set

Lemma 11.11. Any open ball is open.

Proof. Let B,(p) be an open ball.
Let ¢ € B,(p). To show that B, (p) is open, we will show that B.(q) C B,(p) for some ¢ > 0.
Take ¢ = r — d(p, q). [Note that ¢ > 0.] Let s € B.(q). By the triangle inequality,

d(p,s) < d(q,s) +d(p,q)
<e+d(p,q) =r

so s € By (p), which implies B:(q) C B,(p). O

Lemma 11.12.
(i) Both ) and X are open.
(ii) For any indexing set I and collection of open sets {E; | i € 1}, |J;c; E; is open.

(iii) For any finite indexing set I and collection of open sets {E; | i € I}, (\;c; E; is open.

Proof.

(i) Obvious by definition.

(ii) If p € U;e; Ei» then 2 € E; for some i € I. Since E; is open, there exists € > 0 such that B, (p) C E;
and hence B:(p) € U, Ei-

(iii) Suppose that [ is finite and that p € ﬂie 7 E;. Foreach ¢ € I, we have p € F; and so there exists ¢;
such that B;,(p) C E;. Set § = min;cy d;, then § > 0 (here it is, of course, crucial that I be finite), and
Bs(p) C Bs,(p) C E; for all i. Therefore Bs(p) C ;e Ei-
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O]

Remark. While the indexing set [ in (ii) can be arbitrary, the indexing set in (iii) must be finite. For instance,
E, = ( L 1) are open in R, but their intersection (-, E,, = {0} is not open.

T non
Suppose Y is a subspace of X. We say that E is open relative to Y if for all p € E, there exists € > 0 such that

B-(p)NY C E. (Note that B.(p) N'Y is in the open ball in Y'!, because the metric d’ : Y x Y — R is the
restrictionto Y X Y of the metricd : X x X — Ron X.)

Proposition 11.13. Suppose Y is a subspace of X, E C Y. Then E is open relative to Y if and only if
there exists an open subset G of X such that E =Y NG.

Proof.
We prove by construction; that is, construct the required set G.

Suppose E is open relative to Y. For each p € E, by openness of E, there exists 7, > 0 such that B, (p)NY C
E. Consider the union

U B, pnY)cCE.
peE

Note that we can write
U ®B.,p)nY)=|JB,p |nYCE
pEE peE
Let
G = U BTp (p) 9

peE
then we have GNY C E.
Since G is an intersection of open balls (which are open sets), by 11.12, (G is an open subset of X.

Note foreachp € E C Y, wehavep € Y, and p € B, (p) for some r, > 0,50 p € UpeE B,,(p) = G. Hence
p € GNY. Thisshows E C GNY.

Hence F =GnNY.
Suppose £ = G NY for some open subset G of X.

Let p € E. Since p € G, by the openness of G, there exists 7, > 0 such that B, (p) C G. Then B, (p) Y C
G NY = E. Thus by definition F is open relative to Y. O

The complement of an open set is a closed set.

Definition 11.14 (Closed set). E C X is closed if its complement £ = X \ F is open.

Lemma 11.15. Any closed ball is closed.

Proof. To prove that B,.(p) is closed, we need to show that its complement

B,(p)={qe X |dp,q) >}

Inotice that the definition of an open ball depends on the metric space!
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is open.
Let s € B,(p)°. Take ¢ > 0 such that r + ¢ < d(p, s); that is, e < d(p, s) — r.

Let ¢ € B:(s), then d(q,s) < e. Thus d(q,s) < d(p,s) —r,orr < d(p,s) — d(g, s). Then by the triangle
inequality,

d(p,q) = d(p,s) — d(q,s)
>r

Hence ¢ € B,(p)¢, and so B.(s) C B,(p)¢. Therefore B, (p)¢ is open, so B,(p) is closed. O

Lemma 11.16.
(i) Both ) and X are closed.
(ii) For any indexing set I and collection of closed sets {F; | i € I}, (), Fi is closed.

(iii) For any finite indexing set I and collection of closed sets {F; | i € I}, |J;c; F; is closed.

Proof. From 11.12, simply take complements and apply de Morgan’s laws. 0

Remark. The indexing set in (iii) must be finite; for instane, the closed intervals F;, = [—1 + %, 1-— % are all
closed in R, but their union | J;” ; F;, = (—1,1) is open.
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Interior, Closure, Boundary

Definition 11.17. Suppose £ C X.

(1) The interior E° of the set F is the union of all open subsets of X contained in E; we call p €
E° an interior point of E.

(ii) The closure E of the set E is the intersection of all closed subsets of X containing E.

We say E is dense if E = X.

(iii) The boundary of E is OF = E \ E°; we call p € OF a boundary point of E.

In the figure below, the black outline represents the boundary; the grey area within represents the interior; the

union represents the closure.

Figure 11.4: Interior, closure, boundary
Example 11.18.

* The interior of the closed interval [a, ] is the open interval (a, b).

e Qis dense in RR.
Remark. E and E° do not necessarily have the same closures; for example, take £ = Q, then FE = R and
E° =0.

Likewise, F and E do not necessarily have the same interiors; for example, take £ = (—1,0) U (0,1) C R.

Then E° = (—1,0) U (0,1) and (E)° = [—1,1].

Lemma 11.19. Suppose E C X.

(i) FE isopenifandonlyif E = E°.

(That is, F is open if and only if every point of E is an interior point.)

(ii) E is closed if and only if E = E.

Proof.

@) Suppose E is open. By assumption, F is an open subset of X contained in E (since £ C F), so
E C E°.
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We now show the opposite containment. Let x € E°. Then x is in some open subset of X contained in F,
sox € E. Hence E° C F.

Therefore ¥ = E°.
Since an arbitrary union of open sets is open, E° is open. Since £ = E°, we have that F is open.

(i1) Suppose E is closed. Then E C E.

We now show the opposite containment. Let 2 € E. Then x is in every closed subset of X containing F,
sox € F. Hence x € F.

Therefore £ = E.

Since an arbitrary intersection of closed sets is closed, FE is closed. Since E = E, we have that £
is closed.

Proposition 11.20. Suppose E C X. Then p € E if and only if every open ball centred at p contains a
point of E.

Proof.
Letp € E.

Suppose, for a contradiction, that there exists an open ball B.(p) that does not meet E. Then B.(p)° is a closed
set containing E. Therefore B.(p)¢ contains E, and hence it contains p, which is obviously nonsense.

Suppose that every ball B.(p) meets E.

Suppose, for a contradiction, that p ¢ E. Since E° is open, there is a ball B.(p) contained in E°, and hence in
FE€, contrary to assumption. O

Remark. A particular consequence of this is that £ C X is dense if and only if it meets every open set in X.

Lemma 11.21 (Properties of closure and interior). Suppose A, B C X. Then
(i) AUB=AUB
(i) ANBCANB
(iii) (AU B)° D A°U B°
(iv) (AN B)° = A°NB°
(v) (A°)¢ = A°

(vi) (A)° = (A°)°
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Limit Points

Definition 11.22.
(i) p € X (not necessarily in E) is an adherent point of E (or is adherent to E) if B-(p) N E # ()
forall € > 0.

(ii) p € X is a limit point of FE if, for all ¢ > 0, there exists ¢ € E \ {p} such that g € B-(p). (In
other words, p is a limit point of F if and only if p adheres to £ \ {p}.)

The induced set of E, denoted by F’, is the set of all limit points of E in X.

(iii)) p € Eis anisolated point of E if p is not an limit point of E (that is, there exists € > 0 such
that B-(p) N E = {p}).

Figure 11.5: Adherent point, limit point, isolated point

Example 11.23 (Adherent point).
* If p € E, then p adheres to £ because every ball contains p.
e If £ C R is bounded above, then sup F is adherent to F.
Example 11.24 (Limit point).

The set {% } neN } has 0 as a limit point.

* The set of rational numbers has every real number as a limit point.
* Every point of [a, b] is a limit point of the set of numbers in (a, b).

» Consider R2. The set of limit points of any open ball B,(p) is the closed ball B,.(p), which is also the

closure of B, (p).

e ConsiderQ c R.Q =Q=R.

Proposition 11.25. If p is a limit point of E, then every open ball of p contains infinitely many points
of E.

Proof. Suppose, for a contradiction, that there exists an open ball B,.(p) which contains only a finite number of

points of E distinct from p; let
Br(p) = {q].? AR ,Qn},
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where p # ¢; fori = 1,...,n. Take

r=min{d(p,q1), - .., d(p, qn)},

then B, (p) contains no points of £ distinct from p, which is a contradiction. O

Corollary 11.26. A finite point set has no limit points.

Remark. The converse is not true; for example, N is an infinite set with no limit points. In a later section we
will show that infinite sets contained in some open ball always have an limit point; this result is known as the
Bolzano—Weierstrass theorem (11.49).

A closed set was defined to be the complement of an open set. The next result characterises closed sets in
another way.

Lemma 11.27. Suppose E C X. Then E is closed if and only if it contains all its limit points.

Proof.
Suppose E'is closed. Let p be a limit point of £/. We want to show p € E.

Suppose, for a contradiction, that p ¢ E. Then p € E°. Since E° is open, there exists € > 0 such that
B:(p) C E°. Thus B.(p) contains no points of E, contradicting the fact that p is a limit point of E.

<—— | Suppose FE contains all its limit points. To show that F is closed, we want to show that E° is open.
pp p p

Let p € E€. Then p is not a limit point of E, so there exists some ball B.(p) which does not intersect E, so
B.(p) C E°. Hence E€ is open, so F is closed. O

Lemma 11.28. Suppose E C X. Then E' is a closed subset of X.

Proof. To prove that E’ is closed, we will show its complement (E’)¢ is open.

Let p € (E')°. Then p ¢ E’, so p is not a limit point of F; thus, there exists a ball B.(p) whose intersection
with E is either empty or {p} (depending on whether p € E or not).

We will show that Bt (p) C (E"). Let g € B:(p).
Case 1: ¢ = p. Then clearly ¢ € (E')°.

Case 2: ¢ # p. There is some ball about ¢ which is contained in B.(p), but does not contain p: the ball B;(q)
where § = min (5, d(p, ¢)) has this property. This ball meets F in the empty set, and so ¢ € (E')¢ in this
case t0o.

g

The next result provides a useful expression for the closure of a set; it states that every point of E is either a
limit point of F, or in F.

Lemma 11.29. Suppose E C X. Then E = EU E'.
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Proof. We show double inclusion.

« |EUE' C E|Obviously E C E, so we need only show that £/ C E.

We prove by contrapositive. Suppose p € E°. Since E is open, there is some ball B, (p) which lies in
E°, and hence also in E°, and therefore a cannot be a limit point of F.

. If p € E, we saw in Lemma 5.1.5 that there is a sequence (1,,) of elements of E with

ryn — p. If x,, = p for some n then we are done, since this implies that p € E. Suppose, then, that
xy, # p forall n. Let e > 0 be given, for sufficiently large n, all the x,, are elements of B-(p) \ {p}, and
they all lie in E. It follows that p is a limit point of £, and so we are done in this case also. to do

Lemma 11.30. Suppose E C X. Then E is the smallest closed set containing E.

Proof. Let F O E be some closed set in X. We will show that E C F.

Let p be a limit point of E. Then p is a limit point of F'. But since F' is closed, by 11.27, F' contains all its limit
points, so all the limit points of E are in F. Hence E C F. L-{to do

Lemma 11.31. Suppose non-empty E C R is bounded above. Lety = sup E. Theny € E. Hence
y € Eif E is closed.

Proof. If y € E, since E C E we have thaty € E.

For the second part, assume y ¢ E. For every h > 0 there exists then a point x € E such thaty — h < z < v,
for otherwise y — h would be an upper bound of E. Thus y is a limit point of £. Hence y € E. L | review
proof
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§11.2 Compactness

Definitions and Properties

Definition 11.32 (Open cover). An open cover of K C X is a collection of opensetstd = {U; | i € I}
such that
K c|Ju.
iel
A subcover of U is a subcollection {U; | i € I'}, where I’ C I, which is an open cover of K. If I’ is
finite, then it is called a finite subcover.

Definition 11.33 (Compactness). K C X is compact if every open cover of K contains a finite

subcover.
That is, if i/ = {U; | i € I} is an open cover of K, then there are finitely many indices i1, ..., i, € I such that
n
K c | U,
k=1
Figure 11.6: Compact set
Example 11.34.

* R is not compact; for instance, the open cover {(—n,n) | n € N} has no finite subcover.
* 7 is not compact in R; for instance, the open cover { <n — %, n+ %) ‘ n € Z} has no finite subcover.

* [0, 1] is compact. (See 11.39 for the proof.)

Lemma 11.35. Every finite set is compact.

Proof. Let E = {p1,...,pn}. LetU = {U; | i € I} be an open cover of E. We will construct a finite subcover
of E.
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For each point p;, € E, choose one U;, such that p, € U;,. Then {U;, | k =1,...,n} is a finite subcover of
Uu. O

Notice earlier than if £ C Y C X, then E may be open relative to Y, but not open relative to X; this implies
that the property of being open depends on the space in which E is embedded. Compactness, however, behaves
better, as shown in the next result; it is independent of the metric space.

Proposition 11.36. Suppose Y is a subspace of X, and K C Y. Then K is compact relative to X if
and only if K is compact relative to Y .

Proof.
Suppose K is compact relative to X.

Let U be an open cover of K in Y'; thatis, i/ = {U; | i € I} is a collection of sets open relative to Y, such that
K C ;e Ui- We want to show that ¢/ has a finite subcover.

Since each Uj; is open relative to Y, by 11.13, there exists V; open relative to X such that U; = Y N Vj. Consider

the open cover {V; | i € I} of K. Since K is compact relative to X, there exist finitely many indices i1, . .., iy
such that
n
K c |V,
k=1

Since K C |J;_, Vi, and K C Y, we have that

KC ka ny = Lnj YNV, = LnJUk
k=1 k=1 k=1

where {U;

Suppose K is compact relative to Y. Let V' be an open cover of K in X thatis, V ={V; |i € I}isa
collection of open subsets of X which covers K. We want to show that V has a finite subcover.

. | k=1,...,n} forms a finite subcover of /. Hence K is compact relative to Y.

Fori e I,letU; =Y NV,. Then {U; | i € I} cover K in Y. By compactness of K in Y, there exist finitely
many indices 41, . . ., i, such that

n n
K C U U;, C U Vi
k=1 k=1

since U; C V. ]

Proposition 11.37. Compact subsets of metric spaces are bounded.

Proof. Suppose K C X is compact. To prove that K is bounded, we want to construct some open ball that
contains the entirety of K.

Fix p € K. Forn € N, let U,, = B,(p). Then {U,, | n € N} is an open cover of K. By compactness of K,
there exists a finite subcover
{Un, |i=1,...,m}.

But note that Uy, C --- C Uy,,, so Uy, contains K. Hence K is bounded. g
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Proposition 11.38. Compact subsets of metric spaces are closed.

Proof. Let K C X be compact. To prove that K is closed, we need to show that K€ is open. Let p € K¢; our
goal is to show that there exists € > 0 such that B.(p) C K¢, or B.(p) N K = 0.

For all ¢; € K, consider the pair of open balls B,, (p) and B (g;), where r; < %d(p, qi)- Since K is compact,
there exists finite many points g;,, ..., q;, € K such that

Consider the intersection

Claim. ¢ = min{d(p,¢;,) | k=1,...,n}.

Note that B-(p) C By, (p) forall k = 1,...,n. By construction, for all ¢; € K, the open balls By, (p) and
By, (g;) are disjoint. In particular,

B:(p)N By, (gi,) =0 (k=1,...,n)
Then

Bop)nW = Bo(p) 01 | | Bry(a0) | = U (B-0) 0 Br,(ai)) =0
k=1 k=1

as desired. O

Proposition 11.39. Closed subsets of compact sets are compact.

Proof. Suppose K C X is compact, F' C K is closed (relative to X'). We will show that F' is compact. Let
U = {U; | i € I} be an open cover of F'. We will construct a finite subcover of U.

Since F' is closed, its complement F'° is open. Consider the union
Q=UU{F},

which is an open cover of K.

Since K is compact, there exists a finite subcover of €2, given by
o ={U;,,...,U;, ,F°}
which covers K, and hence F'. Now remove F° from ® to obtain
& ={U;,...,U; },

which is an open cover of F', since F° N F = (). Hence @’ is a finite subcover of U, so F' is compact. O
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Remark. Caution: this does not say “closed sets are compact”! In fact, closed sets are not necessarily compact.
For instance, R is closed in R, but it is not compact because it is not bounded.

Note that closed and bounded sets are not necessarily compact for general metric spaces, but they are compact
in R™ (by 11.48).

Corollary 11.40. If F is closed and K is compact, then F' N K is compact.

Proof. Suppose F'is closed, K is compact. By 11.38, K is closed. By 11.16, the intersection of two closed sets
is closed, so I'N K is closed.

Since F'N K C K is a closed subset of a compact set K, by 11.39, F' N K is compact. O
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Heine—Borel Theorem

Proposition 11.41. K is compact if and only if every infinite subset of K has a limit point in K.

Proof.
Suppose K is compact. Let E' be an infinite subset of K. Suppose, for a contradiction, that £ has no
limit point in K.

For all p € K, p is not a limit point of I, so there exists 7, > 0 such that B, (p) N E'\ {p} = 0.

Consider the open cover of K given by the collection of open balls at each p € K:

U={B,, () |pecE}.

It is clear that ¢/ has no finite subcover, since E is infinite, and each B, (p) contains at most one point of E.
Since ' C K, the above is also true for K. This contradicts the compactness of K.

Suppose every infinite subset of K that has a limit point in /. Fix an arbitrary open cover U = {U; |
i € I} of K. We will show that ¢/ has a finite subcover, by construction.

Before that, we will reindex I/ to make it more convenient, as follows. By the definition of a cover, every
p € K is contained in some U;. Pick one such U; for each p € K, and call it U,,. Then our open cover is now

U={U,|pe K}, and forall p € K we have p € U, To com-

) | plete
proof

Proposition 11.42 (Nested interval theorem). Suppose (1I,,) is a decreasing sequence of closed and
bounded intervals in R; that is, I1 D Iy D ---. Then

o0

() 1. #0.
n=1

al a9 as aq b 7 b3 b2 bl

Proof. Let I, = [ay, by), forn=1,2,....
Let E = {a, | n € N}. Since F is non-empty and bounded above (by b;), it has a supremum in R; let
r =supF.

o0
Claim. z € ﬂ I,.

n=1
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Since x is the supremum, we have that a,, < zx for all n € N. Note that for m > n, I, D I, implies
an < Ay < by, < by,. This means b, is an upper bound for all a,,; hence z < b, for all n € N.

Therefore x € I,, forn =1,2,... O
To generalise the notion of intervals, we define a k-cell as
{(Il,..‘,l‘k) GRk ‘ a; <x;<b 1 S’Lgk‘}

Example 11.43. A 1-cell is an interval, a 2-cell is a rectangle, and a 3-cell is a rectangular solid. In this regard,
we can think of a k-cell as a higher-dimensional version of a rectangle or rectangular solid; it is the Cartesian
product of k closed intervals.

The previous result can be generalised to k-cells, which we will now prove.

Proposition 11.44. Suppose (1,,) is a decreasing sequence of k-cells; thatis, Iy D I3 D ---. Then
Noey In # 0.
Proof. Let I,, consist of all points x = (z1,...,zy) such that

anﬂ'g.figbn,i (1§z§k‘,n:1,2,),

and put I, ; = [an.i, by i|. For each i, the sequence (I, ;) satisfies the hypotheses of 11.42. Hence there are real
numbers z, (1 < i < k) such that

an; <y <b,; (1<i<k;n=12...).

Setting x' = (, ..., ), we see that x’ € I, forn =1,2,.... Hence (., I, # 0, as desired. O

Lemma 11.45. Every closed interval is compact (in R).

a C2 C3 C1 b

Proof. Suppose, for a contradiction, that a closed interval [a, b] C R is not compact. Then there exists an open
cover U = {U; | i € I} with no finite subcover.

Let c; = 1(a,b). Subdivide [a, b] into subintervals [a, ¢;] and [c1,b]. Then U covers [a, ¢1] and [c1, b], but at
least one of these subintervals has no finite subcover (if not, then both subintervals have finite subcovers, so we
can take the union of the two finite subcovers to obtain a larger subcover of the entire interval). WLOG, assume

[a, c1] has no finite subcover; let Iy = [a, ¢1].
Again subdivide I; in half to get [a, c2] and [c2, ¢1]. At least one of these subintervals has no finite subcover.

Repeat the above process of subdividing intervals into half. Then we obtain a decreasing sequence of closed
intervals
113123133"'

where all of them have no finite subcover of /.



CHAPTER 11. BASIC TOPOLOGY 230

By the nested interval theorem (11.42), there exists 2’ € I,, for all n € N. Notice z’ is in some U;, which is
open. Then there exists € > 0 such that B.(z') C U;.

Since the length of the subintervals is decreasing and tends to zero, there exists some subinterval [,, so small
such that I,, C B.(z'). This means I,, C Uj, so Uj itself is an open cover of I,,, which contradicts the fact that
I, has no finite subcover of 4. O

We now show a more general result.

Lemma 11.46. Every k-cell is compact (in R¥).

Proof. We proceed in a similar manner to the proof the previous result.

Suppose [ is a k-cell; that is,
I={(x1,....,¢1) |a; <2y < b, 1 <i <k}

Write x = (x1,...,7;) € RF. Let

N 1/2
o= Z(bl — ai)Q
i=1
that is, the distance between the points (aq,...,ax) and (b1, ..., bx), which is the maximum distance between
two points in I: for all x,y € I,
x—y|<é.

Suppose, for a contradiction, that I is not compact; that is, there exists an open cover U = {U;} of I which
contains no finite subcover of I.

Forl <i<k,letc; = %(ai + b;). The intervals [a;, ¢;] and [c;, b;] then determine 2 k-cells Q; whose union is
1. At least one of these sets ();, call it 11, cannot be covered by any finite subcollection of ¢/ (otherwise I could
be so covered). We next subdivide I; and continue the process. We obtain a sequence ([,,) with the following
properties:

OI>LHD>DIhD---
(ii) I, is not covered by any finite subcollection of U
(i) |x —y| <2 "§forall x,y € I,

By (i) and 11.44, there is a point x’ which lies in every I,,. For some i, X' € U;. Since Uj is open, there exists
r > 0 such that |y —x’| < r implies that y € U;. If n is so large that 27§ < r (there is such an n, for otherwise
2n < g for all positive integers n, which is absurd since R is archimedean), then (iii) implies that I,, C U,
which contradicts (ii). O

We have now come to an important result, which will be crucial in proving the Heine—Borel theorem and
Bolzano—Weierstrass theorem.

Proposition 11.47. If E C R¥ has one of the following three properties, then it has the other two:

(i) E is closed and bounded.

(ii) E is compact.
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(iii) Every infinite subset of E has a limit point in E.

Proof.

(i) = (ii) | Suppose F is closed and bounded. Since F is bounded, then 2 C I for some k-cell 1.
By 11.46, I is compact. Since E is a closed subset of a compact set, by 11.39, E is compact.

(i) = (iii) | This directly follows from 11.41.

(iii) = (i) | If E is not bounded, then E contains points x,, with
|xn| >n (n=1,2,3,...)
The set S consisting of these points x,, is infinite and clearly has no limit point in R*, hence has none in E.

Thus (iii) implies that F is bounded.

If E is not closed, then there is a point xo € R* which is a limit point of E but not a point of E. For
n =1,2,3,..., there are points x,, € E such that |x,, — x¢| < % Let .S be the set of these points x,,. Then S
is infinite (otherwise |x,, — x| would have a constant positive value, for infinitely many n), S has x¢ as a limit
point, and S has no other limit point in R¥. For if y € R”, y # x, then

xn — ¥l = |x0 —y| = |xn — Xo|

1
Z\Xo—}’\—ﬁ

>1| |
Zlxn —
=5 0—Y

for all but finitely many n; this shows that y is not a limit point of S' (Theorem 2.20).

Thus S has no limit point in E'; hence F must be closed if (iii) holds. [ |review
proof

Theorem 11.48 (Heine—Borel theorem). £ C R” is compact if and only if E is closed and bounded.

Proof. This is simply (i) <= (ii) in the previous result. O

Bolzano—Weierstrass Theorem

Theorem 11.49 (Bolzano—Weierstrass theorem). Every bounded infinite subset of R™ has a limit point
in R™.

Proof. Suppose E is a bounded infinite subset of R"™.

Since E is bounded, there exists an n-cell I C R” such that & C I. Since [ is compact, by 11.41, E has a limit
point in I and thus R". O
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Cantor’s Intersection Theorem

A collection A of subsets of X is said to have the finite intersection property if the intersection of every finite
subcollection of A is non-empty.

Proposition 11.50. Suppose K = {K; | i € 1} is a collection of compact subsets of a metric space X,
which satisfies the finite intersection property. Then ;o K; # 0.

Proof. We fix a member K1 C K. Suppose, for a contradiction, that ﬂie 1 K = (); that is, no point of Ky
belongs to every K; € K.

Fori € I,let U; = K;°. Then the sets {U; | ¢ € I} form an open cover of K;. Since K is compact by
assumption, there exist finitely many indices 1, . . . , i, such that

n
Ki C LJ U@.
k=1

By de Morgan’s laws, we have that

n n n
LJ Uﬂ:::LJ K, = K,
k=1 k=1 k=1
Thus
C
n
f(lC: (W‘B%k s
k=1
which means that
n
fflr](w‘K%kZZQ.
k=1
Thus K1, K;,, ..., K, is a finite subcollection of X which has an empty intersection; this contradicts the finite
intersection property of K. O

Theorem 11.51 (Cantor’s intersection theorem). Suppose (K,,) is a decreasing sequence of non-empty
compact sets; that is, K1 D Ko D ---. Then (\,_ K, # 0.

Proof. This is an immediate corollary of the previous result. O

The following result is a characterisation of compact sets.

Proposition 11.52. K is compact if and only if every collection of closed subsets of K satisfies the finite
intersection property.

Proof.
Suppose K is compact.

If U is an open covering of K, then the collection F of complements of sets in I/ is a collection of closed sets
whose intersection is empty (why?); and
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conversely, if F is a collection of closed sets whose intersection is empty, then the collection I/ of complements
of sets in F is an open covering.

O
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Sequential Compactness

Definition 11.53 (Sequential compactness). We say K C X is sequentially compact if every sequence
in K has a convergent subsequence in K.

We now show that compactness and sequential compactness are equivalent.

Proposition 11.54. K C X is compact if and only if it is sequentially compact.

Proof.

Suppose K C X is compact. Take any sequence (y;,) from K. Suppose, for a contradiction, that every
point z € K is not a limit of any subsequence of (y,,). Then for all z € K, there exists 7, > 0 such that B, ()
contains at most one point in (y;, ), which is z.

Consider the collection of open balls at each z € K:
{B,,(x) |z € K}.
This is an open cover of K. By the compactness of K, there exists a finite subcover of K:

{B% (1), -+ Br,, (acN)} .

In particular, these open balls cover {y,}. Hence there must be some z; (1 < i < N) such that there are
infinitely many y; = z;. Consider the sequence (y;) where each term in this sequence is equal to z;; this is a
subsequence of (y,,) that converges to x; € K. This contradicts the assumption.

Suppose, for a contradiction, that K is not compact. Then there exists an open cover {U, | & € A, }
which has no finite subcover. Then A must be an infinite set.

If A is countable, WLOG, assume A = N. Since any finite union

cannot cover K, we can take some z, € K \ |J;_, U; for every n € N. Then we obtain a sequence (z,,) in K
and so must have a convergent subsequence (z,, ) that converges to some z € K. It follows that there must be
some Uy such that zg € Uy. Since Uy is open, there exists » > 0 such that

Br($0) C Un.
On the other hand, since x,,, — x, there exists N’ € N such that if nj, > N’ then
T, € Br(zo).

However, by our way of choosing x,,, whenever n; > max{N’, N}, Zp, ¢ Un. This leads to a contradiction.
O
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§11.3 Perfect Sets

Definition and Uncountability

Definition 11.55 (Perfect set). F is perfect if
(i) FE'is closed, and

(i) every point of F is a limit point of E.

Proposition 11.56. Let non-empty P C R¥ be perfect. Then P is uncountable.

Proof. Since P has limit points, by 11.25, P is an infinite set.

Suppose, for a contradiction, that P is countable. This means we can list the points of P in a sequence:
X1,X92,X3,...
Consider a sequence (B,,) of open balls, where B,, is any open ball centred at x,,:
Bn:{yeRk‘|y—xnl<r}.

Then its closure B,, is the closed ball

Bn:{yeRkHy—xnlgr}.

Suppose B;, has been constructed. Note that B,, N P is not empty. Since P is perfect, every point of P is a limit
point of P, so there exists By, 41 such that (i) §n+1 C By, (i) x,, ¢ §n+1, (iii) Bp+1 N P is not empty.

By (iii), B+ satisfies our induction hypothesis, and the construction can proceed.

Put K,, = B,, N P. Since B,, is closed and bounded, B,, is compact. Since x,, ¢ K, 1, no point of P lies
in ;2 K. Since K,, C P, this implies that ()~ , K, is empty. But each K, is nonempty, by (iii), and
K, D K41 by (i); this contradicts Cantor’s intersection theorem (11.51). ]

Corollary. Every interval |a,b] is uncountable. In particular, R is uncountable.
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Cantor Set

‘We now construct the Cantor set. Consider the interval
Co =1[0,1].

Remove the middle third (%, %) to give

Remove the middle thirds of these intervals to give

=i B 3ofb o)

Cy

Cy

Figure 11.7: Cantor set

Repeating this process, we obtain a monotonically decreasing sequence of compact sets (Cy, ), where C,, is the
union of 2" intervals, each of length 37". Recursively, we have that C}, 11 = %Cn U ( %Cn + %)

Note that each C,, has the following properties:
(i) closed (since each C,, is a finite union of closed sets, which is closed)
(ii) compact (since each C,, is a closed subset of a compact set [a, b))

(iii) non-empty (since the endpoints 0 and 1 are in each C),)

The Cantor set is defined to be the union

C = ﬁl Ch.

Lemma 11.57 (Properties of the Cantor set).
(i) Cis closed.
(ii) C'is compact.
(iii) C'is not empty.

(iv) C has no interior points.

Proof.

(1) C'is the intersection of arbitrarily many closed sets, so C' is closed.
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(i) C is bounded in [0, 1], by definition. Since C'is closed and bounded, by the Heine—Borel theorem, C' is
compact.

(iii) Since (C),) is a decreasing sequence of non-empty compact sets, by Cantor’s intersection theorem,
Moey Cn = C #0.

(iv) Suppose, for a contradiction, that there exists p € C which is an interior point. Then there exists some
open interval around p, i.e., p € (a,b).

However in C),, each interval has length 3% Hence for any (a, b) we can find some n € N such that (a, b)
is not contained in C,, and hence not contained in C.

Proposition 11.58. C is a perfect set in R which contains no open interval.

Proof. We will show that (i) C' contains no open interval, and (ii) C' is perfect.

(i) No open interval of the form

3k+1 3k+2
gm 7 3m ’

where k,m € ZT, has a point in common with C. Since every open interval (c, 3) contains a open
interval of the above form, if

B-a

37T < ,
6

C contains no open interval.

(i1) Sincw we have shown that C' is closed, it suffices to show that every point of C' is a limit point.

Let z € C, and let S be any open interval containing . Let I,, be that interval of C;, which contains x.
Choose n large enough, so that I,, C S. Let x,, be an endpoint of I,,, such that x,, # x.

It follows from the construction of C' that x,, € P. Hence x is a limit point of C, and C is perfect.

Corollary 11.59. C'is uncountable.

One of the most interesting properties of the Cantor set is that it provides us with an example of an uncountable
set of measure zero.
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§11.4 Connectedness

Definition 11.60 (Connectedness). We say A and B are separated if
(i) ANB =1, and
(i) AN B =;

that is, no point of A lies in the closure of B, and no point of B lies in the closure of A. (Equivalently,
no point of one set is a limit point of the other set.)
FE C X is connected if E is not the union of two non-empty separated sets.

Remark. Separated sets are of course disjoint, but disjoint sets need not be separated. For example, [0, 1] and
(1,2) are not separated, since 1 is a limit point of (1, 2). However (0, 1) and (1, 2) are separated.

Example 11.61. In R?, consider the set
E={(z,y)|z,y€Q}.
Then E is not connected; if we let

A= {(m,y)\x,ye(@,x<\/§},
B = {(m,y)|:p,y€@,x>\@},

then note that AUB = E,aswellas AN B =0and AN B = 0.

Lemma 11.62. Closed intervals in R are connected.

Proof. Suppose, for a contradiction, that a closed interval [a, b] is not connected. Then there exists non-empty
sets Aand B, with AN B =0and AN B = (. WLOG leta € A.

Let s = sup A. By 11.31, s € A. Then AN B = () implies s ¢ B, so s € A. Thus AN B = () implies s ¢ B.
Hence there exists an open interval (s — &, s + €) around s that is disjoint from B. But since AU B = [a, b], we
must have (s — €, s + €) C A. This contradicts the fact that s is the supremum of A. O

The connected subsets of the real line have a particularly simple structure:

Lemma 11.63. E C R is connected if and only if it has the following property: if v,y € E and
T < z<y, then z € E.

Proof.
If there exists z,y € E and some z € (x,y) such that z ¢ F, then E = A, U B, where

A, =FEN(-0,2), B,=FEN(z00).

Since v € A, andy € B,, A and B are non-empty. Since A, C (—o0, z) and B, C (z, 00), they are separated.
Hence E is not connected.
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Suppose F is not connected. Then there are non-empty separated sets A and B such that AU B = F.
Pick z € A, y € B, and WLOG assume that x < y. Define

z :=sup(A N [z,yl.)
By 1131,z € A; hence z ¢ B. In particular, z < z < y.

Case 1: z ¢ A. Itfollowsthatx < z < yand z ¢ E.

Case 2: z € A. Then z ¢ B, hence there exists z; such that z < z; < y and z; ¢ B. Then z < z; < y and
Z1 Qé FE.
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Path Connectedness
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§11.5 Separable Spaces

Definition 11.64 (Separable space). X is separable if it has a countable subset which is dense in X.

Example 11.65.

* R is separable.
Proof. The set of rational numbers Q is countable and is dense in R. O
* Cis separable.

Proof. A countable dense subset of C is the set of all complex numbers whose real and imaginary parts
are both rational, i.e., the set {z + yi | z,y € Q}. O

* The discrete metric space X is separable if and only if X is countable.

Proof. The kind of metric implies that no proper subset of X can be dense in X. Hence the only dense
set in X is X itself, and the statement follows. O]

* The sequence space £*° is the set of all bounded complex sequences, with the metric defined by

d(xvy) = Sup |xn - yn"
neN

£°° is not separable.
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§11.6 Baire Category Theorem

E C X is called nowhere dense (in X) if the interior of the closure of A is empty, i.e., (4)° = 0.

Otherwise put, E is nowhere dense iff it is contained in a closed set with empty interior. Passing to complements,
we can say equivalently that E' is nowhere dense iff its complement contains a dense open set (why?).

Lemma 11.66. Let X be a metric space.
(i) Any subset of a nowhere dense set is nowhere dense.
(ii) The union of finitely many nowhere dense sets is nowhere dense.
(iii) The closure of a nowhere dense set is nowhere dense.

(iv) If X has no isolated points, then every finite set is nowhere dense.

Proof.
(@)
(ii)
(iii)
(iv)
O

Although the union of finitely many nowhere dense sets is nowhere dense, the union of countably many nowhere
dense sets need not be nowhere dense: for instance, in X = R, the rationals (Q are the union of countably many
nowhere dense sets (why?), but the rationals are certainly not nowhere dense (indeed, they are everywhere dense,
ie. (@° =0 =R).

This observation motivates the introduction of a larger class of sets: A C X is called meager (or of first
category) in X if it can be written as a countable union of nowhere dense sets; otherwise, it is non-meager (or of
second category). The complement of a meager set is called residual.

We then have as an immediate consequence:

Lemma 11.67. Let X be a metric space.
(i) Any subset of a meager set is meager.
(ii) The union of countably many meager sets is meager.

(iii) If X has no isolated points, then every countable set is meager.

We are now ready to state the Baire category theorem.

Theorem 11.68 (Baire category theorem). Let X be a complete metric space.

(i) A meager set has empty interior.
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(ii) The complement of a meager set is dense. (That is, a residual set is dense.)

(iii) A countable intersection of dense open sets is dense.

You should carefully verify that (i), (ii) and (iii) are equivalent statements, obtained by taking complements.

In applications we frequently need only the weak form of the Baire category theorem that is obtained by
weakening “is dense” in (b,c) to “is non-empty” (which is valid whenever X is itself non-empty):

Corollary 11.69 (Weak form of the Baire category theorem). Let X be a non-empty complete metric

space.

(i) X cannot be written as a countable union of nowhere dense sets. (In other words, X is nonmea-
ger in itself.)

(ii) If X is written as a countable union of closed sets, then at least one of those closed sets has
nonempty interior.

(iii) A countable intersection of dense open sets is nonempty.
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Exercises

Exercise 11.1. Prove that the following are metrics.

(1) On an arbitrary set X, define
d(z,y) =

(This is called the discrete metric.)

(ii) On Z, define d(z,y) to be 2™, where 2™ is the largest power of two dividing  — y. The triangle
inequality holds in the following stronger form, known as the ultrametric property:

d(z,z) < max{d(z,y),d(y,z)}.

Indeed, this is just a rephrasing of the statement that if 2™ divides both z — y and y — z, then 2" divides

T — z.
(This is called the 2-adic metric. The role of 2 can be replaced by any other prime p, and the metric may
also be extended in a natural way to the rationals (Q.)

(iii) Let G = (V, E) be a connected graph. Define d on V' as follows: d(v,v) = 0, and d(v, w) is the length
of the shortest path from v to w.
(This is known as the path metric.)

(iv) Let G be a group generated by elements a, b and their inverses. Define a distance on G as follows: d(v, w)
is the minimal k such that v = wg; - - - gx, where g; € {a,b,a™!,b=1} for all 4.
(This is known as the word metric.)

(v) Let X = {0,1}" (the boolean cube), the set of all strings of n zeroes and ones. Define d(z, y) to be the
number of coordinates in which = and y differ.
(This is known as the Hamming distance.)

(vi) Consider the set P(R™) of one-dimensional subspaces of R", that is to say lines through the origin. One
way to define a distance on this set is to take, for lines L1, Lo, the distance between L; and Lo to be

[ (v, w)[?

d(Ly,Lo) = |1 — ———,
ol [lw]®

where v and w are any non-zero vectors in L and Ly respectively.
When n = 2, the distance between two lines is sin § where 6 is the angle between those lines.

(This is known as the projective space.)

Exercise 11.2 (Product space). If (X, dx) and (Y, dy) are metric spaces, set

dxxy ((z1,91), (72,52)) = Vdx (21, 22)2 + dy (y1,y2)2.

forxy, 20 € X, y1,y2 €Y.

Prove that dx «y gives a metric on X X Y; we call X x Y the product space.
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Solution. Reflexivity and symmetry are obvious. Less clear is the triangle inequality. We need to prove that

Vidx(1,23)2 + dy (y1,93)% + Vdx (23, 2)% + dy (y3, y2)?

(1)
> \/dX(azl,acg)? + dy (y1,y2)?

Write a] = dx(aig,xg), as = dx(Il,xg), az = d)((:L‘l,l‘z) and similarly bl = dy(yg,yg), bg = dy(yl,yg)
and b3 = dy (y1,y2). Thus we want to show

T . @

To prove this, note that from the triangle inequality we have a1 + a2 > as, by + by > bs. Squaring and adding
gives
a1® 4+ bi? + ag® + bo® + 2(arag + bibo) > az® + b3

By Cauchy-Schwarz,

ajaz + bibe < \/a12 + 512\/6122 + by

Substituting this into the previous line gives precisely the square of (2), and (1) follows. U



1 2 Numerical Sequences and Series

Summary

* Sequences. Convergence, subsequences, Cauchy sequences. Limit superior and inferior.
* Series. Convergence tests.

Throughout, let (X, d) be a metric space.

§12.1 Sequences

Convergence

A sequence (a,) in X is a function f: N — X which maps n — a,.

The range of a sequence (a,,) is the set
{reX|3IneNz=ay}

Note that the range of a sequence may be a finite set or it may be infinite. (a,,) is bounded if its range is bounded.

Definition 12.1. A sequence (a,,) converges to a € X, denoted by a,, — a, if
Ve>0, AN eN, Vn>N, d(ay,a)<e.

We call a a limit of (a,,). If (a,,) does not converge, it is said to diverge.

a9 e AN
° 4 \
é’& a ‘,
[ ] L]
ay : N ,1
a3 N, ON
ANy _2NA

Figure 12.1: Convergence of sequence

Remark. This limit process conveys the intuitive idea that a,, can be made arbitrarily close to a, provided that n
is sufficiently large. (Equivalently, if we remove more and more initial terms from the sequence, the fail of the
sequence is increasingly closer to a.)

Remark. If a,, 4 a, simply negate the definition for convergence:
Je>0, VNeN, In>N, danp,a)>ce.

Remark. From the definition, the convergence of a sequence depends not only on the sequence itself, but also on
the metric space X . For instance, the sequence given by a,, = % converges in R (to 0), but fails to converge in

246
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R*. In cases of possible ambiguity, we shall specify “convergent in X" rather than “convergent”.

Example 12.2. % — 0.

Proof. Fix ¢ > (. By the Archimedean property, there exists N € N such that % < e. Take N = EJ + 1.
Then foralln > N,

n

1 1 1 1
Z_ol=2< = =
‘ n- N L

M =
I
_.I_
—

as desired. Therefore % — 0. UJ

A useful tip for finding the required IV (in terms of €) is to work backwards from the result we wish to show, as
illustrated in the following example.

Example 12.3. Leta, = 1+ (—1)”%. Then a,, — 1.

Before our proof, we aim to find some N € N such that if n > N then

la, — 1] < ¢
1 1
— — = HN'—| <
NG ‘( v
1 2
— — <€
1
<:>n>*2
€
Hence take N = L%J + 1.
Proof. Lete > 0 be given. TakeN:L%J—l—l. If n > N, then
1 1
—1=|(-1)"—=| = —
o =11 = (-1 | = -

as desired. Therefore a,, — 1. ]

Lemma 12.4 (Uniqueness of limit). If a sequence converges, then its limit is unique.

Proof. Let (ay,,) be a sequence in X. Suppose that a,, — a and a,, — a' for a,a’ € X. We will show that
a = a.

Let £ > 0 be given. Then there exists N, N’ € N such that

n>N = d(an,a) <

o IO

n>N = d(ap,d) <
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Take N7 := max{N, N'}. If n > Ny, then both hold. By the triangle inequality,

d(a,a’) < d(a,an) + d(an, a’) < % - g =e.

Since this holds for all € > 0, we must have d(a,a’) = 0. Hence a = a'. O
Since the limit is unique, we can give it a notation.
Notation. 1f (ay) converges to a, denote lim a,, = a.

n—oo

We now outline some important properties of convergent sequences in metric spaces.

Lemma 12.5. Let (a,,) be a sequence in X.
(i) an — a if and only if every open ball of a contains a, for all but finitely many n.
(ii) Every convergent sequence is bounded.

(iii) Suppose E C X. Then a is a limit point of E if and only if there exists a sequence (a,,) in E\{a}
such that a,, — a.

Proof.

@) Suppose a,, — a. Let € > 0 be given, there exists N € N such that
n>N = d(an,a) <e = B:(a).

Hence n > N implies a,, € B:(a).
Suppose every open ball of a contains all but finitely many of the a,.

Let € > 0 be given. Consider the open ball B.(a). Since B.(a) is a open ball of a, it will also eventually
contain all ay; that is, there exists N € N such that if n > N, then a,, € B:(a), i.e. d(an,a) < €. Hence

ay — a.

(ii) Suppose a,, — a. Take € = 1, there exists N € N such that
n>N = d(ap,a) < 1.

Let
r = max{1l,d(ay,a),...,d(an,a)},
then d(ay,, a) < r, so the range of a,, is bounded by B, (a). Hence (a,,) is bounded.
(iii) Suppose a is a limit point of E.

Consider a sequence of open balls <B 1 (a)), for n € N. Since a is a limit point, each open ball intersects
with E at some point which is not a. We pick one such point a,, from each Bi (a) N E. Then

1
d(an,a) < ~.
(an,a) < -

Let € > 0 be given. By the Archimedean property, there exists N € N such that % <elfn>N,

1

d(ap,a) < — < N < g,

S|
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which shows that a,, — a.

Suppose that there exists a sequence (ay,) in E'\ {a} such that a,, — a. Then for each open ball
Bc(a), we can find some N € N such thatif n € N then

an € B:(a).
Since a,, € E \ {a}, this shows that  is a limit point of E.

d

Remark. A consequence of (ii) is its contrapositive: any unbounded sequence is divergent. Note that the
converse is not true; a counterexample is (—1)".

Lemma 12.6 (Ordering). Suppose (ay,) and (by,) are convergent sequences, and a,, < by,. Then

lim a, < lim b,.
n—o0 n—0o0

Proof. Leta = lim a,, b= lim b,. Suppose, for a contradiction, that a > b.
n—oo n—oo

Let e = a — b > 0 be given. There exists N1, N2 € N such that

n> N — \an—a|<%,
n> Ny = \bn—b|<%.

Let N = max{ Ny, No}, then n > N implies
€ €
an>a—§, bn<b+§

and thus
ap — by, >a—-b—e=0

so a,, > b, which is a contradiction. O

Remark. If a,, < b,, we may not necessarily have lim a, < lim b,. For instance, —L1 < L put their limits
are both 0.

Lemma 12.7 (Arithmetic properties). Suppose (a,) and (by,) are convergent seqeunces in C; let
a= lim a,, b= lim b,. Then
n—oo n—oo
(i) lim ca, = ca, where c is a constant (scalar multiplication)
n—oo
(i) lim (ap, +by) =a+b (addition)
n—oo
(iii) lim (apby,) = ab (multiplication)
n—oo
. . Qn a ..
(iv) lim — = — (b, #0,b#0) (division)
n—oo by, b

Proof.
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(1) The case where ¢ = 0 is trivial. Now suppose ¢ # 0. Let € > 0 be given. Then there exists N € N such
that
n>N — |an—a|<£.

|
Thenifn > N,

|can, — ca| = |c| |an, — a] < e.

(i) Lete > 0 be given. Since a,, — a and b,, — b, there exists N1, No € N such that

n>N = \an—al<g,

n>Ny = |by — bl <§.
Let N = max{ Ny, N2}, then n > N implies

’(an—}—bn) — (a—l—b)‘ <lan — a| + |b, — b|

<5+5
—+—-=c.
2 2

Hence lim (a, + b,) = a + b, as desired.
n—oo

(ii1) Write
anb, —ab = (a, — a)(by, — b) + a(b, — b) + b(a, — a).

Let ¢ > 0 be given. Since a,, — a and b,, — b, there exist N1, Ny € N such that

n> N = |a, —a| < Ve,
n> Ny = |b, —b| < ve.

Let N = max{Ny, No}. Then n > N implies
[(an —a)(bn —b)| <,

and thus lim (a,, — a)(b, — b) = 0.

n—o0

Note that lim a(b, —b) = lim b(a, —a) = 0. Hence
n—oo n—oo

lim (a,b, —ab) = 0.

n—00

. . T .1 1
(iv) Since we have proven multiplication, it suffices to show that lim — = —.
n—oo n

Since b, — b, there exists m € N such that
1
n>m = |b, — bl < 5]1)[
Let € > 0 be given. There exists N € N, N > m such that
Lo
n>N = |b, — | <§|b\ £.
Hence forn > N,

2

e

|bp, — b < e.

1 1] |b—b,
bub

b, b|
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We now prove the analogue for Euclidean spaces.

Lemma 12.8.
(i) Suppose x, € RF (n=1,2,...)and
Xn = (Qin, ..oy Q).
Then (x,,) converges to x = (au, . . ., ay) if and only if

lim o;p =0; (1<i<k).

n—oo

(ii) Suppose (x,,) and (yy) are sequences in R¥, (B,,) is a sequence of real numbers, and x,, — X,

Yn =Y, Bn — B. Then

lim (x, +yn) =x+y, limx, y,=x-y, lim §,x,=/x.
n—00 n— 00 n—r0o0

Proof.

1 Suppose x,, — x. From the definition of the norm in R¥, the inequalities
| Qi — i <[[xn = x]|
follow immediately, which show that

lim a;p =0; (1<i<k).
n—oo
Suppose lim «;, = «; fori = 1,..., k. Then to each € > 0, there exists N € N such that
n—00
n > N implies
3 ,
lain —i| < —= (i=1,...,k).

Vk

Hence n > N implies
1/2

k
n — x|l = [ D latim — sl <e,
=1

so that x,, — x.

(i1) This follows from (i) and 12.7.

The next result provides a useful method to evaluate limits of sequences.

Lemma 12.9 (Squeeze theorem). Let a,, < ¢, < b, where (a,) and (by,) are convergent sequences
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such that lim a,, = lim b, = L. Then (cy,) is also a convergent sequence, and
n—oo n—oo

lim ¢, = L.
n—oo

Proof. Lete > 0 be given. There exist N1, No € N such that

n>N = la, — L| <e¢,

n> Ny, = |b,—L|<e.
In particular, we have

apn>L—¢e, by,<L+e.

Let N = max{N;, No}. Thenn > N implies
L—es<ap<c,<b,<L+e¢

or
len, — L| < e.

Hence (c¢,,) is convergent, and ¢,, — L. O

The following example is a classic application of the squeeze theorem.

Example 12.10. Show that lim "' — 0.

n—oo N

Proof. We have —1 < sinn <1, so

Now ) )
lim — = lim (—) =0,
n—oo n n—oo n

so the squeeze theorem yields the desired result. O
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Subsequences

Definition 12.11 (Subsequence). Given a sequence (a,,), consider a sequence (ny,) of positive integers
such that ny; < ng < ---. Then (an, ) is called a subsequence of (ay,).
If (ay, ) converges, its limit is called a subsequential limit of (a,).

Proposition 12.12. (a,,) converges to a if and only if every subsequence of (ay,) converges to a.

Proof.
Suppose a,, —+ a. Let € > 0 be give. Then there exists N € N such that

n>N = d(an,a) <e.

Every subsequence of (a,) can be written in the form (a,, ) where n; < ng < --- is a strictly increasing
sequence of positive integers. Pick M such that ny; > N. Then

E>M = np>ny >N = d(ap,,a) <e.

Hence every subsequence of (a,,) converges to a.

Suppose every subsequence of (a,,) converges to a. Since (a,,) is a subsequence of itself, we must have
an — a. O

Proposition 12.13. In a compact metric space, any sequence has a convergent subsequence.

Proof. Suppose (a,) is a sequence in a compact metric space X.

Let E be the range of (a,,). We consider two cases:

Case 1: F is finite. Notice that there are infinitely many terms in the sequence (a,,), but only finitely many
distinct terms in E. By the pigeonhole principle, at least one term of E appears infinitely many times in
the sequence.

That is, there exists a € F and a sequence (nj) with n; < ng < --- such that
(py = Qpy = -+ = Q.

This subsequence (a,, ) evidently converges to a.

Case 2: E is infinite. If E is infinite, then E is an infinite subset of a compact set. By 11.41, E has a limit
pointa € X.

We now construct a subsequence (a,, ) of (ay,) such that a,, — a.

* Choose n; so that d(a, a,,) < 1.

* Having chosen ny, ..., ng_1, choose ny where nj, > nj_1 such that d(a, a,, ) < % (such ny, exists
due to 11.25).

Then a,, — a.
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Corollary 12.14 (Bolzano—Weierstrass). Every bounded sequence in R* has a convergent subsequence.

Proof. By 11.47, every bounded sequence in R¥ lives in a compact subset of R¥, and therefore it lives in a
compact metric space. Hence by the previous result, it contains a convergent subsequence converging to a point
in R¥. O

Lemma 12.15. Suppose (a,,) is a sequence in X. Then the subsequential limits of (ay,) form a closed
subset of X.

Proof. Let E be the set of all subsequential limits of (a,,), let ¢ be a limit point of £. We want to show that
q€ k.

Choose n; so that a,, # ¢. (If no such n; exists, then E has only one point, and there is nothing to prove.)
Put § = d(q,an,). Suppose ni,...,n;—; are chosen. Since ¢ is a limit point of F, there is an a € E with
d(a,q) < 2716. Since a € E, there is an n; > n;_1 such that d(a, a,, ) < 27°5. Thus

d(q,an,) < 2'7%

fori =1,2,3,.... This says that (a,, ) converges to g. Hence ¢ € E. O
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Cauchy Sequences

This is a very helpful way to determine whether a sequence is convergent or divergent, as it does not require the
limit to be known. Subsequently we will see many instances where the convergence of all sorts of limits are
compared with similar counterparts; generally we describe such properties as Cauchy criteria.

Definition 12.16 (Cauchy sequence). A sequence (ay,,) in X is a Cauchy sequence if

Ve>0, AN eN, Vnm >N, d(an,am)<e.

Remark. Intuitively, the distances between any two terms becomes sufficiently small after a certain point.

A natural question is regarding the relationship between convergent sequences and Cauchy sequences. We now
address this.

Proposition 12.17.
(i) In any metric space, every convergent sequence is a Cauchy sequence.

(ii) If X is a compact metric space and if (a,) is a Cauchy sequence in X, then (a,,) converges to

some point of X.

(iii) In R, every Cauchy sequence converges.

Remark. The converse of (i) is not true. For instance, the sequence {3,3.1,3.14,3.141, 3.1415, . .. } is a Cauchy
sequence but does not converge in Q.

Proof.
(1) Suppose a,, — a. Let & > 0. There exists N € N such that foralln > N,

d(an,a) <

DO | ™

Then for all n,m > N,

d(an, am) < d(an, a) + d(am, a) < % + % =e,

as desired. Hence (a,,) is a Cauchy sequence.

(i) Let (a,,) be a Cauchy sequence in X. Since X is compact, it is sequentially compact. Then there exists a
subsequence (ay, ) such that a,, — a.

Claim. a,, — a.
Let € > 0. Since (a,,) is a Cauchy sequence, there exists N1 € N such that

n,m >Ny = d(a, —ap) <

| ™

an, — aimplies there exists N2 € N such that

ng > No = d(ap,,a) <

| ™



CHAPTER 12. NUMERICAL SEQUENCES AND SERIES 256

Let N = max{Ny, N2}, fix some n; > N. Then n > N implies

dmm@gdmm%g+a%w@<g+gza

(iii) Suppose (a,,) is a Cauchy sequence.
We perform three steps:

» We first show that (a,,) is bounded:
Pick N € N such that |a,, — ay| < 1forall n > N. Then

lan| < max{l + |an], |a1], ..., |lan—1]}.

* Since (a;,) is bounded, by Bolzano—Weierstrass, (a,,) contains a subsequence (ay, ) which converges
to a.

¢ We now show that a,, — a.
Let € > 0 be given. Since (a,,) is a Cauchy sequence, there exists N; € N such that

€

n,m> N, — \an—am\<2

Since a,, — a, there exists M € N such that for all & > M,

€
ng >ny = |an, —al < 3
Now since n1 < ng < --- is a sequence of strictly increasing positive integers, we can pick ¢ > M

such that ni, > Nj. Then for all n > Ny, by setting m = nj; we obtain

3

’ank _a" < 2

e
’an - ank’ < 57

Hence

lan — al < lan, — an,| + |an, —a| <e.

Therefore (ay,) is convergent, and a,, — a.

Definition 12.18. A metric space X is complete if every Cauchy sequence in X converges.

Remark. The above result shows that that all compact metric spaces and all Euclidean spaces are complete. It
also implies that every closed subset E of a complete metric space X is complete. (Every Cauchy sequence in
E is a Cauchy sequence in X, hence it converges to some a € X, and actually a € E since E is closed.)

Example 12.19. The sequence (ay,) is defined as follows:

1 1
=145+t

(ay) does not converge in R.

Proof. We claim that (a,,) is not a Cauchy sequence. WLOG assume n > m. Consider

| =t 4 L o4l
Ay — Q| = e =
" m m+1 m+2 n- n

n—m m
=1- —
n
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Let n = 2m, then

lan — am| = |agm — am| > =.

2

Hence (ay,) is not a Cauchy sequence, so it does not converge. O
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Monotonic Sequences

Definition 12.20 (Monotonic sequence). A sequence (a, ) in R is
(i) monotonically increasing if a, < an4+1 forn € N;
(ii) monotonically decreasing if a,, > an+1 forn € N;

(iii) monotonic if it is either monotonically increasing or monotonically decreasing.

Lemma 12.21 (Monotone convergence theorem). A monotonic sequence in R converges if and only if
it is bounded.

Proof. We show the case for monotically increasing sequences; the case for monotonically decreasing sequences
is similar.

We already proved that a convergent sequence is bounded.
Suppose (a;,) is a monotonically increasing sequence bounded above.

Let E be the range of a,. Since F is bounded above, let a = sup F.

Claim. a, — a.

By definition of supremum, a,, < a for all n € N. For every € > 0, there exists N € N such that
a—e<an <a,

otherwise a — ¢ would be an upper bound of E. Since (a,) is monotically increasing, n > N implies
ay < ap < a, SO

a—e¢<ay<a,

which implies |a,, — a| < €. Hence a,, — a. O
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Limit Superior and Inferior

For properly divergent sequences, we make the following definition.

Definition 12.22. Suppose (a,,) is a sequence in R. We write a,, — oo if
VM eR, INeN, Vn>N, a,>M.
Similarly, we write a,, — —oo if

VM eR, INeN, Vn>N, a, <M.

Definition 12.23. Suppose (a,,) is a sequence in [—00, 0o|. Define respectively the limit superior and
limit infimum of (a,,) as

limsup a,, := lim sup{an,anii1,...}
n—00 R=vE2

liminf a,, := lim inf{an,ant1,...}
n—oo n—oo

Remark. The limit superior and limit infimum exist due to the existence of supremum and infimum in R.

Remark. [Rud76] defines the limit superior and infimum in another manner, using subsequential limits; both
definitons are equivalent.

Example 12.24.

* Let (a,) be a sequence containing all rationals. Then every real number is a subsequential limit, and

limsupa, = +oo, liminf = —occ.
n—00 n—o0
—1)"
e Leta, = ( )1 . Then
1+
limsupa, =1, liminfa, = —1.
n—00 n—r00
Lemma 12.25.
liminf a,, = — limsup(—ay,).
n—00 n—o0
Proof. Exercise; use the definitions and 10.12. O

Lemma 12.26. A sequence (a,) in [—00, 00| converges if and only if

limsup a,, = liminfa, = lim a,.
Nn—00 n—00 n—00

Proof. O
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Proposition 12.27. Suppose (a,,) is a sequence in R. Then

(i) limsupa, € E;

n—oo

(ii) if a > limsup a,, there exists N € N such that a,, < a foralln > N.

n—o0

Moreover, lim sup a,, is the only number that satisfies (i) and (ii).
n—oo

Proof.

(i) We consider three cases for the value of lim sup a,:
n—o0

e If limsup a,, = +00, then sup E = +00, so E is not bounded above. Hence (a,,) is not bounded
n—o0

above, so (ay,) has a subsequence (ay, ) such that a,, — co
e Iflimsupa, € R, thensup I € R, so F is bounded above. Hence at least one subsequential limit
n—o0
exists, so that (i) follows from Theorems 3.7 and 2.28.

e If limsupa, = —oo, then sup E = —o0, so E contains only one element, namely —oo. Hence
n—oo

(ay,) has no subsequential limit. Thus for any M € R, a,, > M for at most a finite number of values
of n, so that a,, — —oc.

(i) We prove by contradiction.

Suppose there is a number a > lim sup a,, such that a,, > a for infinitely many values of n. In that case,
n—oo

there is a number y € E such that y > a > lim sup a,,, contradicting the definition of lim sup a,,.
n—oo n—oo

We now show uniqueness. Suppose, for a contradiction, that two numbers p and ¢ satisfy (i) and (ii). WLOG
assume p < ¢q. Then choose a such that p < a < ¢. Since p satisfies (i), we have a,, < a for alln > N. But
then ¢ cannot satisfy (i). ]

Of course, an analogous result is true for lim inf a,,.
n—oo

Lemma 12.28 (Comparison). If a, < by, forn > N (where N is fixed), then

liminf a,, < liminf b,,,
n—o0 n—oo

limsup a,, < limsup b,.
n—oo n—oo

Lemma 12.29 (Arithmetic properties).

(i) Ifk > 0, limsup ka,, = klim sup ay,.

n—oo n—oo
If k <0, limsup ka,, = kliminf a,,.
n—o00 n—00

(ii) limsup(ay, + b,) < limsup a,, + limsup b,

Moreover, lim sup(ay, + by,) may be bounded from below as follows:
n—oo

lim sup(ay, + by,) > limsup a,, + liminf b,,.
n—00 n—00 n—00




CHAPTER 12. NUMERICAL SEQUENCES AND SERIES 261

write down the analogous properties for liminf, and to prove (i) and (ii)

Now you should try to prove (i) for liminf as well; as for (ii), try to explain why properties (i),(ii) for limsup and
property (i) for liminf would imply property (ii) for liminf



CHAPTER 12. NUMERICAL SEQUENCES AND SERIES 262

§12.2 Series

Definition 12.30 (Series). Given a sequence (a,, ), we associate a sequence (s;,), where

n
snzzak=a1+a2+--~+an,
k=1

where the term s, is called the n-th partial sum. The sequence (sy,) is often written as

oo
E Qn,
n=1

which we call a series.

Definition 12.31 (Convergence of series). We say that the series converges if s,, — s (the sequence of
o0

partial sums converges), and write Z a, = s; that is,
n=1

n
Ve>0, dNeN, Vn>N, Zak—s < €.
k=1

The number s is called the sum of the series. If (s,,) diverges, the series is said to diverge.

oo
Notation. When there is no possible ambiguity, we write Z an simply as > ay,.

n=1

The Cauchy criterion can be restated in the following form:

Lemma 12.32 (Cauchy criterion). Y a,, converges if and only if

Ve>0, INEN, Vn>m>N, [Y af<e
k=m
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Convergence Tests

To determine the convergence of a series, apart from using the definition and the Cauchy criterion, we also have

the following methods:

* Divergence test (12.33)
* Boundedness of partial sums (12.34, for series of non-negative terms)

* Comparison test (12.35)

Root test (12.39)

Ratio test (12.40)

* Absolute convergence (12.41)

Lemma 12.33 (Divergence test). If a,, /4 0, then Y a,, diverges.

Proof. We prove the contrapositive: if ) a,, converges, then a,, — 0.

In the Cauchy criterion, take m = n, then |a,| < ¢ foralln > N. O

Remark. The converse is not true; a counterexample of the harmonic series.

Lemma 12.34. A series of non-negative terms converges if and only if its partial sums form a bounded

sequence.

Proof. Partial sums are monotonically increasing. But bounded monotonic sequences converge. 0

Lemma 12.35 (Comparison test). Consider two sequences (a,) and (by,).

(i) Suppose |a,| < by, for alln > Ny (where Ny is some fixed integer). If > b, converges, then

> ay, converges.

(ii) Suppose a,, > by, > 0 for alln > Ny. If > b, diverges, then ) a,, diverges.

Proof.

(i) Since ) b, converges, by the Cauchy criterion, fix € > 0, there exists N € N, N > N such that for

n>m2>N,
n
Z bk <e.
k=m
By the triangle inequality,
n n n
Zak < Zlaklé ZkaE,
k=m k=m k=m
s0 Y a, converges, by the Cauchy criterion.

(ii) We prove the contrapositive. If ) a,, converges, and since |b,| < a,, for all n > Ny, then by (i), > _ b,

converges.
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To employ the comparison test, we need to be familiar with several series whose convergence or divergence is

known.

Example 12.36 (Geometric series). A geometric series takes the form

oo
E x".
n=0
Proposition.

(i) If |z| < 1, then ) x™ converges;

(ii) If |z| > 1, then )_ x™ diverges.
Proof.

(i) For |z| < 1, the n-th partial sum is given by

n
ka:1+x+x2+---+:p”.
k=0

Multiplying both sides of (1) by x gives
n
xZa:k =z4zl 423 42
k=0

Taking the difference of (1) and (2),

and so

Taking limits n — oo, the result follows.

(ii) For |x| > 1, 2™ 4 0. By the divergence test, >, "™ diverges.

Example 12.37 (p-series). A p-series takes the form

o0

1

np’
n=1

To determine the convergence of p-series, we first prove the following lemma, which states that a rather “thin”

subsequence of (ay,,) determines the convergence of > ay,.
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Lemma (Cauchy condensation test). Suppose a; > ag > --- > 0. Then > ay, converges if and only if the

series

ZQkCLQk =a1+2a9+4as + -
k=0
Converges.

Proof. Let s,, and t;, denote the n-th partial sum of (a,,) and the k-th partial sum of (2" a.x ) respectively; that

18,

Sp =01+ a2+ +ap,

te = a1 + 2ag + - - + 2Fay.
We consider two cases:

* For n < 2*, group terms to give

Sp=a1+ag+ - +ay
<aj+(ag+a3)+ -+ (age + - -+ agrt1_q)
<ay +2az 4 -+ 2%ay
= ty..

By comparison test, if (¢;) converges, then (s, ) converges.

e Forn > 2%,

sp > a1 +az+ (a3 +ag) + -+ (agr-147 + -+ age)

1
> 5a1 +az+2a4 + -+ Qk_lagk

_2k'

By comparison test, if (s, ) converges, then (¢;) converges.

Proposition (p-test).
(i) Ifp > 1, Z converges.
(ii) Ifp <1, Y - diverges.

Proof. Note that if p < 0, then .5 L/ 0. By the divergence test, Z diverges.

If p > 0, we want to apply the above lemma. Consider the series

ZQk iQ (1-p)k _ i (21—p>k
k )
(2 p k=0

which is a geometric series. Hence the above series converges if and only if [2! 7P| < 1, which holds if and only
if 1 — p < 0. Then apply the above lemma to conclude the convergence of nip O
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Remark. If p = 1, the resulting series is known as the harmonic series (which diverges). If p = 2, the resulting
series converges, and the sum of this series is 7 (Basel problem).
Example 12.38 (The number e). Consider the series
>
=z
" .

We first show that the above series converges. Consider the n-th partial sum:

Z —+—+1+1+ 4L
Ko 3! n!
11 1
11
<l4ld+5+ =3

2" 22

Since the partial sums are bounded (by 3), and the terms are non-negative, the series converges. Then we can

make the following definition for the sum of the series:
[e.e]
1
e:= —
2
n=0
Proposition. e is irrational.

Proof. Suppose, for a contradiction, that e is rational. Then e = g, where p and ¢ are positive integers. Let s,

"1
k=0

denote the n-th partial sum:

Then
I
e— sy =
"+ (n42) (n+3)
S (R
(n+1)! n+1l (n+4+1)2
_ 1 n+1 1
(n+1! n  nhn
and thus

O<e—s, < —
n

Taking n = ¢ and multiplying both sides by ¢! gives
1
0<ql(e—sq) <—
q
Note that ¢!e is an integer (by assumption), and
s — ot (141 1 1
g'sq=q! [ 1+ +E+---+a

is an integer, so g!(e — s,,) is an integer. Since ¢ > 1, this implies the existence of an integer between 0 and 1,

which is absurd. Hence we have reached a contradiction. O]
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Lemma. e is equivalent to the following:

Proof. Let

By the binomial theorem,

tn:1+1+l 1_l _|_l 1_l 1_2 _|_..._|_i 1_l 1_2
2! n 3! n n n! n n

Comparing term by term, we see that ¢, < s,,. By 12.28, we have that

limsupt, <limsups, =e.
n—o0 n—oo

Next, if n > m,

1 1 1 1 m—1
th>14+1 4+ (1= )+ —(1—=)-[1- :
2! n m! n n

Let n — oo, keeping m fixed. We get

o 1 1
liminft, >14+14+ —+---+ —

n—oo 2! m!’

so that

Sm < liminf¢,.
n—oo

Letting m — oo, we get
e < liminf t,.
n—o0
Thus it follows that

limsupt, = liminft, = ¢,
n—o0 n—00

so the desired result follows.

267

Lemma 12.39 (Root test). Given ) ap, let o« = limsup /|ay|.

n—oo

(i) Ifa < 1, > ay, converges.
(i) Ifa > 1, > ay, diverges.

(iii) If o = 1, the test gives no information.

Remark. We use limsup since the limsup of a sequence always exists (in R), while the limit may not necessarily

exist.

Proof.

(i) If @« < 1, choose (3 such that & < 5 < 1. Since 8 > limsup {/|a,|, there exists n € N such that for all

n—o0
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n > N,

©|an|<:67

or
lan| < B".

Note that > 5™ converges since 0 < § < 1. By the comparison test, ) _ a,, converges.

(i) If a > 1, limsup {/|an| > 1, so there exists a subsequence (ay, ) such that
n—oo

”ﬁ/ lan, | — a.

Thus |ay| > 1 for infinitely many values of n. Hence a,, /4 0, so by the divergence test, > _ a,, diverges.

(iii) Consider the series ) % and 7712 For each of these series o = 1, but the first diverges, the second

converges. Hence the condition that & = 1 does not give us information on the convergence of a series.

O

Lemma 12.40 (Ratio test). The series Y ay,

. e An+1
(i) converges if lim sup ) < 1;
n—00 Gnp,
Gn+1

(ii) diverges if > 1 forallm > Ny (where Ny is some fixed integer).

n

Proof.
(i) If limsup @1~ 1, there exists B <1land N € Nsuch tht foralln > N,
n—00 an
a
n+1 < B-
an,

In particular, fromn = Nton = N + k,

lan+1] < Blan]

lan2| < Blan+1| < B%lan]|

lan+k| < B|an]
Hence for all n > N,

|an| < lan|6"

= (\GN!ﬁ7N> g

and taking the sum gives
S Jaa] < Jan]B=N 3" 8™

Since 8 < 1, ) 8™ converges. By the comparison test, » | a,, converges.
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Gn+41

(ii) Suppose > 1foralln > Ny. Then |ay4+1| > |ay,| for n > Ny, so a,, # 0. By the divergence test,

n

> ay, diverges.

O]

Remark. The ratio test is easier to apply than the root test (since it is usually easier to compute ratios than n-th
roots), but the root test is more powerful, as shown by Theorem 3.37 in [Rud76].

The series Y | ay, is said to converge absolutely if the series ) _ |a,,| converges.

Lemma 12.41 (Absolute convergence). If Y a,, converges absolutely, then ) a,, converges.

Proof. Suppose » _ a,, converges absolutely; that is, > |a,,| converges. Using the Cauchy criterion, fix ¢ > 0,
there exists N € N such that foralln > m > N,

n
Z |ak| <eE.
k=m

Since all the terms are non-negative, we can simply write

n
D lak| <.
k=m
By the triangle inequality,
n n
S ar <> Jal <
k=m k=m
Hence by the Cauchy criterion, Y a,, converges. O

Note that the converse may not necessarily be true. We say that > a,, is conditionally convergent if it converges,

but does not converge absolutely.

Example 12.42. The alternating harmonic series given by

> -1 n+1
e

converges to In 2, but it is not absolutely convergent (since the harmonic series diverges).
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Summation by Parts

Proposition 12.43 (Partial summation formula). Given two sequences (ay,) and (by,), let the n-partial
sum of (ay,) be denoted by

n
A, = Z ag
k=0

forn >0;let A_1 = 0. Then, if 0 < p < q, we have

q q—1
D anbn =Y An(bn — buy1) + Agbg — Ap_1by.
=P =p

Proof. The RHS can be written as

q—1 q—1
> Apbn + Agbg = > Apbpyr — Ap_1by
n=p n=p

q q—1
= Z Anbn - Anbn+1
n=p n=p—1
q q
= Z Anbn - Z Anflbn
n=p n=p
q
— Z (An - Anfl) bn
n=p
q
= Z anby
n=p
which is equal to the LHS. O

Proposition 12.44. Suppose (a,,) and (b,,) are sequences such that
* the partial sums Ay, of > a,, form a bounded sequence,
*bp>by>by >,

e b, — 0.

Then Y anb, = 0.

Proof. Since the partial sums A,, form a bounded sequence, there exists M such that
|Ap] < M (Vn eN)

Since b,, — 0, fix € > 0, there exists N € N such that
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For ¢ > p > N, by the partial summation formula, we have

q q—1

D anbn| = > An(bn — bnt1) + Agbg — Ap_1by

n=p n=p
q—1
M > (b = bug1) + by +bp| [ |An| < M]
n=p

= M |(by — bg) + bg + by| = 2Mb,, < 2Mb,, <.

271

By the Cauchy criterion, > a,, by, converges to 0. O
Corollary 12.45 (Alternating series test). Suppose (c;,) is a sequence such that
¢ ler] > lea| > Jes| > -,
* com—1 > 0,com <0form=1,2,3,...,
e ¢, — 0.
Then ) ¢, = 0.
Proof. Let
an = (=)™ by = |cql.
Note that
* the partial sums of (a,) are Os and Is, so they are bounded,;
* bg > by > by > - - - holds by assumption;
* ¢, — 0implies |¢,| — 0, s0 b, — 0.
Then by 12.44, we have that > a,b, = 0,s0 Y ¢, = 0. O
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Addition and Multiplication of Series

Proposition 12.46. If > a, = Aand > b, = B, then
(i) > (an +b,) = A+ B, (addition)

(ii) Y cay, = cA for some constant c. (scalar multiplication)

Proof.

(i) Let the n-th partial sums be denoted by

An:iak, anzn:bk.
k=0 k=0

Then

n—oo

n
lim Y “(aj +by) = lim (A, + B,) = lim A, + lim B, = A+ B.
=0 n—oo n—oo n—oo
(ii) Simply factor out the constant c:
n n
nhﬁrglchak = cnlggoz:ak = cA.
k=0 k=0
O

The situation becomes more complicated when we consider multiplication of two series. To begin with, we have
to define the product. This can be done in several ways; we shall consider the so-called “Cauchy product”.

Definition 12.47 (Cauchy product). Given ) a,, and > by, let
n
Cp = Zakbn,k (n=0,1,2,...)
k=0

We call ) ¢, the product of the two given series.

This definition may be motivated as follows. If we take two power series  _ a,,2™ and ) | b, 2", multiply them
term by term, and collect terms containing the same power of z, we get

o0 o
Zanz” anz” = (ao+a1z+a2z2—|—---> (bo+b1z+b2z2+---)
n=0 n=0

= agbo + (apby + a1bo)z + (apbs + a1b; + a2b0)22 + -

2
=cotcrz+coz” +---

Setting z = 1, we arrive at the above definition.

Note that ¢, may not converge, even if »_ a, and >_ b, do. However ) ¢, converges if an additional
condition is imposed: at least one of the two series converges absolutely.
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Proposition 12.48 (Mertens’ theorem). Suppose Y a, = A, > b, = B, and ) a, converges
absolutely. Then their Cauchy product converges to AB.

Proof. Let Y ¢, be the Cauchy product of > a,, and > b,,. Let the n-th partial sums be denoted by

n

A, = Zn:ak, B, = Zn:bk, C, = ch.
k=0 k=0

k=0
Also let 5, = B, — B. Then
Cy, = agbo + (agb1 + arbg) + - - - + (agby, + a1bp—1 + -+ + anbp)
=aoBp,+a1By,-1+ -+ a,By

=ag(B+Bn)+a1(B+ Bn-1)+ -+ an(B+ Bo)
=A,B+ (CLO/Bn +a1Bp1+-+ anﬂO)

Our goal is to show that C;,, — AB. Since A, B — AB, it suffices to show that

Yn = aO/Bn + alﬁn—l +- anﬁO — 0.

We now use the absolute convergence of (a,); let & = > |a,|. Fix € > 0, there exists N7 € N such that

n
n> N = Z\ak\—a<5
k=0

since the terms are non-negative. Since B,, — B, 3, — 0. Then there exists No € N such that
n>Ny = |B] <e.
Let N = max{Nj, Nao}. Then for n > N, by triangle inequality,

[l = [Boan + - -+ + Bnao
< |Boan + -+ + Bnan—N| + [Bn+1an-N-1 + -+ + Brao
< |Boan + -+ + Bnan—n| +e(|an—n_1] + - - + |ao])
< |Boan + -+ - + Bnan—N| + ca.

Keeping NNV fixed, and letting n — oo, we get

lim sup || < o,
n—oo

sine a,, — 0. Since ¢ is arbitrary, we have v, — 0, as desired. ]

Proposition 12.49 (Abel’s theorem). Let Y a, = A, > b, = B, Y ¢, = C, where Y _ ¢y, is the
Cauchy product of > ay, and > by,. Then C = AB.
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Rearrangements

Definition 12.50 (Rearrangement). Let (k,,) be a sequence in which every positive integer appears once

and only once. Let
a, = ag, (VneN)

We say that > a}, is a rearrangement of > a,.

If (s5,) and (s},) are the sequences of partial sums of (a,) and (a},) respectively, it is easily seen that, in general,
these two sequences consist of entirely different numbers. We are thus led to the problem of determining under
what conditions all rearrangements of a convergent series will converge and whether the sums are necessarily

the same.

Theorem 12.51 (Riemann series theorem). Let Y a,, be a series of real numbers which converges, but
not absolutely. Suppose —oo < a < 8 < oo. Then there exists a rearrangement Y . a,, with partial
sums s, such that

. . / . /

liminf s, = «, limsups, = 0.

n—=o0 n—o00
Proof. Let
ap| +a lan| — a
Pn = ‘7J2ﬂ} n — TJZH 01::172w")
Thenpn —qn = Gn, Pn + Gn = ‘an s Pn > O’ dn > 0.

Claim. The series Y p,, and ) ¢, must both diverge.

If both were convergent, then
Z(pn + Qn) = Z |an‘

would converge, contrary to hypothesis. Since

N N N N
Zan = Z(pn - Qn) = an - ZQna
n=1 n=1

n=1 n=1
divergence of > p,, and convergence of ) _ g, (or vice versa) implies divergence of > a,,, again contrary to
hypothesis.

Now let Pj, Py, ... denote the non-negative terms of ) _ ay, in the order which they occur, and let Q1, @2, . . .
be the absolute values of the negative terms of » _ a,,, also in their original order.

The series > P, and ) . Q,, differ from > p,, and > ¢, only by zero terms, and are therefore divergent.

We shall construct sequences (m,,) and (k,, ), such that the series

(P1_|_..._|_Pm1)_(Q1+...+le)+

(1
(Pm1+1+"'+Pm2)_(Qk1+1+"'+Qk2)+"'

. . . . . ! . /I
which clearly is a rearrangement of ) _ a,,, satisfies lim inf s}, = o, limsup s,, = 5.
Nn—00 n—00

Choose real-valued sequences («,) and (3, ) such that o, — «, B, — B, ap, < Bp, S1 > 0.
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Let my, k1 be the smallest integers such that

P1+"'+Pm1>,31,
P+ 4Py — (Qr+ + Q) <a;

let ma, ko be the smallest integers such that

(Pr+-+Pny) = (Qut -+ Q) + (Prys1 + -+ Puy) > 5o
(P1+"'+Pm1)_(Q1+"'+Qk1)+(Pm1+1+"'+Pm2)_(Qk1+l+"'+Qk’2)<a2;

and continue in this way. This is possible since Y P, and > @, diverge.

If 2., yn, denote the partial sums of (1) whose last terms are P,,,,, —Qx,,, then

| = Bnl < Py |yn —an| < Qk,, -

Since P, — 0 and Q,, — 0 as n — oo, wee see that z,, — 5, ¥y, — Q.

Finally, it is clear that no number less than « or greater than S can be a subsequential limit of the partial sums of

(D). to review

O]

Theorem 12.52. If )" a, is a series of complex numbers which converges absolutely, then every
rearrangement of » _ a,, converges, and they all converge to the same sum.

Proof. Let Y al, be a rearrangement, with partial sums s/,. Since > a,, converges absolutely, given £ > 0,
there exists /N € N such that m > n > N implies

> ail <e. (1)

Now choose p such that the integers 1,2, ..., N are all contained in the set k1, ..., k, (we use the notation
of Definition 12.50). Then if n > p, the numbers ay, ..., ay will cancel in the difference s,, — s}, so that
|sn — sl,| < e, by (1) Hence (s,) converges to the same sum as (sy,). [J | to review
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Exercises

Exercise 12.1. Show the following:
- 1
i) lim —=0(p>0)
n—oo NP
(ii) nh—>120 Yp=1(p>0)
(i) lim Yn=1
n—oo

07

(v) lim 2" =0(|z| < 1)
n—0o0

Solution.

1
(1) Lete > 0 be given. Take N = {(i) pJ + 1. Then n > N implies

(i) We need to consider cases corresponding to different values of p.

Case 1: p > 1. Putx, = {/p — 1. Then z,, > 0, and, by the binomial theorem,
1+nz, <(1+z,)" =p,

so that

-1
0<z, <P
n

Hence z,, — 0.
Case 2: p = 1. Trivial.
Case 3: 0 < p < 1. The result is obtained by taking reciprocals.

(iii) Put x,, = {/n — 1. Then xz,, > 0, and, by the binomial theorem,

—1
n=(1+x,)" > %xi
Hence
2

(iv) Let k be an integer such that k£ > «, k > 0. For n > 2k,

n n\ ., nn—1)---(n—k+1) ., nFpF
(1+p)" > (k>p = A p¥ > ST

Hence
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Since o — k < 0, by (i), n®* — 0.

(v) Take a = 0 in (iv).

Exercise 12.2. Let (z,,) be a real sequence, let &« > 2 be a constant. Define the sequence (y;,) as follows:
Yn =Tp +arpyr (n=1,2,...)

Show that if (y,,) is convergent, then (x;,) is also convergent.

Exercise 12.3 ([Rud76] 3.1). Prove that the convergence of (a,) implies the convergence of (|a,|). Is the
converse true?

Solution. Let € > 0 be given. Since (a,,) is a Cauchy sequence, there exists N € N such that for all n, m > N,
lan, — am| < e.

See that

“an| - |am|’ < |an - 6Lm| <g,
so (]ay|) is a Cauchy sequence, and therefore must converge.

The converse is not true, as shown by the sequence (a,,) with a,, = (—1)". O

Exercise 12.4 ([Rud76] 3.2). Calculate li_>m ( vn2+n-— n)
n (o]

Solution. O

Exercise 12.5 ([Rud76] 3.3). The sequence (a,,) is recursively defined by

a():\/i7
an+1 =vV2+a, n>0.

Show that (a,,) converges.

Solution. We first prove by induction that a,, < ap+1 < 2 forall n € N. Forn = 0,

a=V2<\24+V2=a <\/2+Vi=2.

Ifa,—1 <a, <2, then

an =2+ an-1 <V2+a, =ap1 <V2+2=2.

Hence (a,,) is monotonically increasing and bounded above by 2. By the monotone convergence theorem, (ay,)
converges; let a, — a. Applying the limit on both sides of a,,+1 = /2 + an,

lim apy1 = lim 2+ ay,
n—oo

n—oo
a=+v2+a

a=2orl
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Since all a,, > 0, we must have a = 2. ]

Exercise 12.6 (Contractive sequence). A complex sequence (zy,) is contractive if there exists k € [0, 1) such
that
lant2 — ant1| < klant1 —an| (Vn €N)

Show that every contractive sequence is convergent.
Solution. By induction on n, we have

lans1 — an| < k" ag —a1| (Vn eN)
Thus

Untp = n| < |@nt1 — an| + [ant2 — ansa| + -+ + antp — Gngp-1
< (k”‘l +E 4+ k"*p‘Q) lag — a1
< gt (1+k+k2+---+kpfl> lag — a1

n—1

<
11—k

lag — a1

for all n,p € N. Since k"~ — 0 as n — oo (independently of p), this implies (a,,) is a Cauchy sequence, so it
is convergent. 0

Exercise 12.7 ([Rud76] 3.4). Find the limit superior and limit inferior of the sequence (a,,) defined by

a9m—1 1
a1 =0, agm=—o"—, a2mt1 = aom+ =
2 2
Solution. We shall prove by induction that
1 1 B 1
a2m—§_27m7 02m+1—1_27m
form = 1,2,.... The second of these equalities is a direct consequence of the first, and so we need only prove

the first. Immediate computation shows that as = 0 and a3 = % Hence assume that both formulae holds for
m < r. Then

1 1 1 1y 1 1
A2r+2 = §a2r+1 D) Tor) T 9 grer
1
This completes the induction. We thus have limsup a,, = 1 and lim inf a,, = —. ]
n—00 n—oo 2

Exercise 12.8 ([Rud76] 3.7). Prove that the convergence of  _ a,, implies the convergence of
>
n
if ap, > 0.

Exercise 12.9 ([Rud76] 3.8). If }_ a,, converges, and if (b,,) is monotonic and bounded, prove that > a,,b,
converges.

Exercise 12.10 ([Rud76] 3.13). Prove that the Cauchy product of two absolutely convergent series converges
absolutely.
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Exercise 12.11 ([Rud76] 3.23). Suppose (a,,) and (b,,) are Cauchy sequences in a metric space X . Show that
the sequence (d(an, by)) converges.



1 3 Continuity

§13.1 Limit of Functions

Let (X, dx) and (Y, dy) be metric spaces. Let £ C X, then the metric dx induces a metric on E. Consider
a function f: F — Y. In particular, if Y = R, f is called a real-valued function; it Y = C, f is called a

complex-valued function.

Definition 13.1 (Limit of function). Let p be a limit point of E. We say ligl f(x) = q if there exists
T—p
q € Y such that

Ve>0, 36>0, VeeE, 0<dx(z,p)<d = dy(f(z),q) <e.

The definition conveys the intuitive idea that f(z) can be made arbitrarily close to ¢ by taking x sufficiently

close to p.

Remark. Note that p € X, but it is not necessary that p € F in the above definition. Moreover, even if p € E,
we may very well have f(p) # lim f(x).
T—p

We can recast the above definition in terms of limits of sequences:

Lemma 13.2. Let p be a limit point of E. Then

lim f(z) = g (1)
T—p
if and only if
Jim f(pn) = ¢ 2)

for every sequence (py,) in E\ {p} where p,, — p.

Proof.
Suppose (1) holds. Then fix € > 0, there exists § > 0 such that for all z € E,

0<dx(z,p)<d = dy (f(:ﬁ),q) <e.

Let (p,) be a sequence in E \ {p}. Since p, — p, for the same ¢ > 0, there exists N € N such that for all
n > N,
0 < dx(pn,p) < 0.

This implies that for n > N, dy (f(pn),q) < e. Hence by definition lim f(p,) = q.
n—oo
Suppose, for a contradiction, (2) holds and (1) does not hold. Then lim f(x) # ¢, so
T—p

Je>0, V6>0, ek, 0<dx(z,p)<d and dy (f(z),q) >e.

280
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Since (2) holds, taking §,, = % (n=1,2,...), we thus find a sequence (p,,) in E'\ {p} such that

1
0 <dx(pn,p) <— and dy (f(pn),q) > e.

Clearly p,, — p but f(p,) # ¢, contradicting (2). O

Corollary 13.3. If f has a limit at p, this limit is unique.

Proof. Suppose lim f(x) = g and lim f(z) = ¢’. We will show that ¢ = ¢'.
By 13.2, for every sequence (p,,) in E'\ {p} where p,, — p, we have

/

f(pn) > q and f(pn) = q.

But the limit of a sequence is unique, so we must have ¢ = ¢’. O

Suppose f,g: E — C. Define
(f+9)(x) = f(z)+g(z) (z€kE).

We define the difference f — g, the product fg, and the quotient f/g similarly, with the understanding that the
quotient is defined only at z € E at which g(z) # 0.

Similarly, if f, g: F — R*, we define

(f +g)(z) = f(z) +g(x), (f-g)(z)=1f(z)- glz);

and if A is a real number, (\f)(z) = Af(x).

Lemma 13.4 (Arithmetic properties). Suppose E C X, p is a limit point of E. Let f,g: E — C,
lim f(z) = A, lim g(x) = B. Then
T—p T—p
(i) im(f+g)(x)=A+B (sum)
T—p
(ii) lim(fg)(z) = AB (product)
T—p
A
(iii) ili)III) <§> () = 5 (B #0) (quotient)
Proof. These follow from 13.2 and analagous limit properties of sequences in C. O

If f,g: E — R, then (i) remains true, and (ii) becomes lim (f - g)(z) = A - B.
T—p
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§13.2 Continuous Functions

Definition 13.5 (Continuity). Suppose £ C X. We say f: EE — Y is continuous atp € I if
Ve >0, 36>0, VzekE, dx(z,p)<d = dy (f(z), f(p)) <e.

If f is continuous at every point of F/, we say that f is continuous on E.

Remark. This definition reflects the intuitive idea that for any arbitrary target distance around f(p), we can
always find points x € FE that are sufficiently close to p, such that their images under f are within the target
distance around f(p).

Remark. Note that f has to be defined at p in order to be continuous at p. (Compare this with the remark
following Definition 13.1.)

Notation. Let X and Y be metric spaces. We denote the space of continuous bounded functions from X to Y as
C(X,Y).

We will often use the next result to show that a function is continuous at a point.

Lemma 13.6. Let p be a limit point of E. Then f is continuous at p if and only if

lim f(z) = f(p)-

T—rp

Proof. Compare Definitions 13.1 and 13.5. O

Corollary 13.7 (Sequential criterion for continuity). f: £ C X — Y is continuous on E if and only if

for every convergent sequence (py,) in E,

lim f(pn) = f ( lim pn> |

n—o0 n—oo

Remark. This means that for continuous functions, the limit symbol can be interchanged with the function
symbol. Some care is needed in interchanging these symbols because sometimes ( f (pn)) converges when (p,,)

diverges.
Lemma 13.8. Let f, g: X — C be continuous on X. Then the following are continuous on X :
(i) f+yg (sum)
(ii) fg (product)
(iii) ; (9(x) £ O0forall x € X) (quotient)

Proof. At isolated points of X, there is nothing to prove.

At limit points, the statement follows from 13.4 and 13.6. g

Example 13.9. It is a trivial exercise to show that the following complex-valued functions are continuous on C:
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* constant functions, defined by f(z) = cforall z € C;

* the identity function, defined by f(z) = z for all z € C.
Repeated application of the previous result establishes the continuity of every polynomial
f(2) =ag+ a1z +asz® + -+ a,2"
where a; € C.

We now prove the analogue for Euclidean spaces.

Lemma 13.10.
(i) Let fi,..., fr : X = R, and let f : X — R be defined by
f(z) = (fl(as), A fk(x)) (z € X).
Then f is continuous if and only if each of its components f1, . .., fi. is continuous.

(ii) Let £, g : X — R¥ be continuous on X. Then £ + g and f - g are continuous on X.

Proof. (i) follows from the inequalities

1/2
k /

£i(@) = fi)] < [f@) — £@)l = | D |fil) — fily)

i=1
forj=1,... k.

(i1) follows from (i) and 13.8. O

We now consider the composition of functions. The following result shows that a continuous function of a

continuous function is continuous.

Proposition 13.11. Suppose X,Y, Z are metric spaces, E C X. Let
s [t E—Y,
cg: f(E)CY — Z,
e h: E— Zisdefinedbyh=go f.

If f is continuous at p € E, and g is continuous at f(p), then h is continuous at p.

Proof. Lete > 0 be given. Since g is continuous at f(p), there exists > 0 such that for all y € f(E),

dy (3, f(0) <1 = dz (9(v) 9 (f())) <= (M)

Since f is continuous at p, there exists § > 0 such that for all x € F,

dx (z,p) <6 = dy (f(z), f(p)) <n. 2)
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Combining (1) and (2), it follows that for all z € E,

dx(w,p) <6 = dz (@), h(p)) = dz (9 (f(®) .9 (Fp)) ) <&

Therefore h is continuous at p. O

Notation. While functions are technically defined on a subset E of a metric space, the complement of E plays
no role in the definition of continuity, so we can safely ignore the complement, and think of continuous functions
as mappings from one metric space to another.
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Continuity and Pre-images of Open or Closed Sets

The following result is another characterisation of continuity.

Lemma 13.12. f: X — Y is continuous on X if and only if f ~1(U) is open in X for every open set
ucy.

Proof.
Suppose f is continuous on X. Let U C Y be open. Let p € f~1(U).

Since p € f~(U), there exists y € U such that f(p) = y. By openness of U, there exists ¢ > 0 such that
Be(y) cU.

Since f is continuous at p, for the same ¢, there exists § > 0 such that for all z € X,

dx(z,p) <d = dy (f(2),y) <e,

or
f(Bs(p)) C B=(y).
Hence
Bs(p) € f7H (f(Bs(0)) € [~ (B:(y)) C fH(U),
so f~Y(U) is open in X.
Suppose f~1(U) is open in X for every openset U C Y. Fixp € X, lety = f(p). We will show that f
is continuous at p.
For every ¢ > 0, the ball B.(y) is open in Y, so f~! (B.(y)) is open in X (by assumption). Now p €
71 (B:(y)). so by openness of f~! (B:(y)), there exists § > 0 such that Bs(p) C f~' (B:(y)). Hence
[ (Bs(p)) C B:(y); that is,
dx(z,p) <6 = dy (f(2),y) <e.

Therefore f is continuous at p. O

Corollary 13.13. f: X — Y is continuous on X if and only if f ~1(C) is closed in X for every closed
setC CY.

Proof. This follows from the above result, since a set is closed if and only if its complement is open, and since
FUES) = [f"YE)]forevery E C Y. O
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Continuity and Compactness

We say f: E — R" is bounded if there exists M € R such that||f(z)|| < M forallz € E.

The next result shows that continuous functions preserve compactness.

Proposition 13.14. Suppose f: X — Y is continuous on X, where X is compact. Then f(X) is

compact.

Proof. Let {U; | i € I} be an open cover of f(X). Since f is continuous on X, by 13.12, each of the sets
f~YU;) is open.

Consider the open cover {f~(U;) | i € I'}. Since X is compact, there exist finitely many indices i1, ..., i,
such that

n
xc o,
k=1
Since f(f~!(E)) C E forevery E C Y, we have that

f(x) c | Uy,

k=1

Hence f(X) is compact. O

Corollary 13.15. Iff : X — RF is continuous on X, where X is compact, then £(X) is closed and
bounded. Thus, f is bounded.

Proof. By 13.14, £(X) is compact. Since f(X) C R¥, by the Heine-Borel theorem, f(X) is closed and
bounded. O

The result is particularly important when f is a real-valued function; the next result states that a continuous
real-valued function on a compact set must attain its minimum and maximum.

Theorem 13.16 (Extreme value theorem). Suppose f: X — R is continuous, X is compact. Let

Af:zgf@% m = inf f(p).

Then there exist p,q € X such that f(p) = M and f(q) = m.

Proof. From the previous corollary, f(X) is a closed and bounded set in R. Hence f(X) contains its supremum
and infimum, by 11.31. g

Proposition 13.17. Suppose f: X — Y is continuous on X and bijective, X is compact. Then its

inverse f~1:Y — X is continuous on'Y .

Proof. By 13.12, it suffices to prove that f(U) is open in Y for every open set U in X.

Let U be an open set in X. Then its complement U¢ is closed in X. Since U¢ is a closed subset of a compact
set X, U¢ is compact. Thus by 13.14, f(U¢) is a compact subset of Y, so f(U¢) is closed in Y.
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Since f is bijective and thus surjective, f(U) is the complement of f(U*¢). Hence f(U) is open. O
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Bolzano’s Theorem

Lemma 13.18 (Sign-preserving property). Let f: [a,b] — R be continuous at ¢ € [a,b], f(c) # 0.
Then there exists 6 > 0 such that f(x) has the same sign as f(c) forc —§ < x < ¢+ 0.

Proof. Assume f(c) > 0. Let € > 0 be given. By continuity of f, there exists 6 > 0 such that
c—d<zx<c+d = flc)—e< f(x)< flc)+e.

Take the § corresponding to ¢ = ! (QC). Then

%f(c)<f(x)<gf(c) (c—d<z<c+)9)

so f(x) has the same sign as f(c) forc — 0 <z < ¢+ ¢.

The proof is similar if f(c) < 0, except that we take & = —1 f(c). O
The next result states that if the graph of f: [a,b] — R lies above the z-axis at a and below the z-axis at b, then
the graph must cross the axis somewhere in between. (This should be intuitively obvious.)

Theorem 13.19 (Bolzano). Suppose f: [a,b] — R is continuous, and f(a)f(b) < 0 (that is, f(a) and
f(b) have opposite signs). Then there exists ¢ € (a,b) such that f(c) = 0.

Proof. For definiteness, assume f(a) > 0 and f(b) < 0. Let
A={z€la,b]| f(x) =0}

Then A is non-empty since a € A, and A is bounded above by b, so A has a supremum in R; let ¢ = sup A.
Thena < ¢ <b.

Claim. f(c) =0.

If f(c) # 0, by the previous result, there exists § > 0 such that f(z) has the same sign as f(c) forc —J < x <
c+ 6.

 If f(c) > 0, there are points = > ¢ at which f(x) > 0, contradicting the definition of c.

e If f(¢) <0, then ¢ — g is an upper bound for A, again contradicting the definition of c.

Therefore we must have f(c) = 0. O
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Continuity and Connectedness

Proposition 13.20. Suppose f: X — Y is continuous. If E C X is connected, then f(FE) is connected.

Proof. We prove the contrapositive. Suppose f(E) is not connected, then f(E) = AU B forsome A, B C Y
where AN B =BnNA=0.

Consider A and B, which are closed in Y. Since f is continuous, by 13.13, f~!(A) and f~!(B) are closed in
X;let Ky = f~Y(A), K = f~1(B). We now want to construct a separation of E.

Let By = f~Y(A)NE, By = f~Y(B) N E. Since AN B = (), we have that 1 N Fy = (). Since A, B # (), we
have that £y, By # (.

Claim. F, and Ej is a separation of F.

Notice E; C K 4 (which is closed) and Fy C K5 (which is closed). Then E; C K4 and E5 C Kp. Note that
AN (B = (AnB) =0

so K4 N Ey = (). Similarly Kg N Ey = (.

Therefore E is separated. ]

The next result says that a continuous real-valued function assumes all intermediate values on an interval.

Theorem 13.21 (Intermediate value theorem). Suppose f: [a,b] — R is continuous. If f(a) < f(b)
and f(a) < ¢ < f(b), then there exists x € (a,b) such that f(x) = c.

Proof. By 11.62, [a,b] is connected. By the previous result, f([a, b]) is a connected subset of R. Then apply
11.63 and we are done. O

Remark. The converse is not necessarily true. For instance, the topologist’s sine curve

=10 Y
] sin (%) (x #0)

satisfies the intermediate value property, but f is not continuous.
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§13.3 Uniform Continuity

Definition 13.22 (Uniform continuity). We say f: X — Y is uniformly continuous on X if

V5>07 35>07 vpalev dX(p,Q)<6 = dY (f(p)vf(q)> <Ee&.

Remark. The difference between continuity and uniform continuity is that of one between a local and global
property.

» Continuity can be defined at a single point, as é depends on ¢ as well as the point p.

» Uniform continuity is a property of a function on a set, as the same ¢ has to work for all p € X (which
ensures a uniform rate of closeness across the entire domain.).

Hence uniform continuity is a stronger continuity condition than continuity; a function that is uniformly
continuous is continuous but a function that is continuous is not necessarily uniformly continuous.

Example 13.23.

* Let f(z) = 1. Then f is continuous on (0, 1] but not uniformly continuous on (0, 1]. To prove this, let
€ = 10, and suppose we could find a § (0 < § < 1) that satisfies the condition of the definition. Taking
p=204,q= %,weobtain |p — q| < ¢ and

)~ fl@) =5 — 5 =5 > 10,

Hence, for these two points we would always have |f(p) — f(g)| > 10, contradicting the definition of
uniform continuity.

e Let f(z) = 2% Then f is uniformly continuous on (0, 1]. To prove this, observe that

1f) = f@l =1’ - =1+ — )| <2lp—ql

If [p — q| < 4, then |f(p) — f(q)| < 26. Hence, for any given ¢, we need only take § = 5 to guarantee
that | f(p) — f(q)| < € for every p, ¢ € (0,1] with |p — ¢| < 6.

The next result concerns the relationship between continuity and uniform continuity.

Lemma 13.24.
(i) If f: X — Y is uniformly continuous on X, then f is continuous on X.

(ii) (Heine—Cantor theorem) If f: X — Y is continuous on X, and X is compact, then f is uni-

formly continuous on X.

Proof.

®
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(ii) Lete > 0 be given. Since f is continuous on X, for each p € X, we can associate some ¢(p) > 0 such
that for all ¢ € X,

dx(p.q) < o(p) = dy (f(p), f(q)) <

Consider the collection of open balls centred at each p € X:

| ™

{B1o@) [ pex}.

Sincep € B1 $(p) (p), the above collection of open balls forms an open cover of X. Since X is compact,
2
there exists finitely many points py, ..., p, € X such that

X C U Béaﬁ(pk)(p’f)'
k=1

Let ) )
5= nin{ Jo)..... 300 |

We claim that this value of § works in the definition of uniform continuity. Note that § > 0. (This is
one point where the finiteness of the covering, inherent in the definition of compactness, is essential.
The minimum of a finite set of positive numbers is positive, whereas the inf of an infinite set of positive
numbers may very well be 0.)

Let p,q € X such that dx (p, q) < d. SInce X is covered by finitely many open balls, p € Biy, )(pm)
2 m
for some m (1 < m < n); thus

dx (p, pm) < %qﬁ(pm)-

We also have

dx(q,pm) < dx(p,q) + dx(p, pm)

1
<+ §¢(pm)

< ¢(pm)-
Finally, invoking the continuity of f,
dy (f(p): f(a)) < dy (f(p): f(pm)) +dv (f(a), f(Pm))
< g + % =ec.

Lemma 13.25 (Lebesgue covering lemma). Suppose {U; | i € I} is an open cover of a compact metric
space X. Then there exists § > 0 such that for all x € X,

Bs(xz) C U;

for some i € I; 9§ is called a Lebesgue number of the cover.
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Proof. Since X is compact, there exist finitely many indices 1, . . . , %, such that
n
X C U Uik-
k=1

For any closed set A, define the distance

d(z,A) = inf d(z,a).

acA

Claim. d(z, A) is a continuous function of x.

Then let the average distance from each x to the complements of U;, be the function
1 n
flo) == d(@,Uy,°).
k=1

Since f is a sum of continuous functions, f is continuous. Since f is continuous on a compact set, f attains
its minimum value; call it §. See that § > 0 since {U;,,...,U;,} is an open cover (so z € U;, implies
d(l‘, Uikc) > 0).

For each z, f(x) > ¢ implies that at least one of the distances d(x,U;,“) > ¢. Hence Bs(z) C Uj,, as
desired. ]
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§13.4 Discontinuities

‘We now focus our attention on real-valued functions defined on intervals of the real line.

Definition 13.26 (One-sided limits). Let f: (a,b) — R. Let z € [a,b). The right-hand limit, denoted
by f(z+) or lim f(t), exists if
t—axt

Ve>0, 36>0, z<t<z+d<b = |f(t)— f(z+)| <e.

If f is defined at = and if f(z+) = f(x), we say that f is continuous from the right at z.
Similarly, let « € (a, b]. The left-hand limit, denoted by f(z—) or lim f(¢), exists if
t—x—

Ve>0, 30>0, a<z—-d<t<z = |f(t)— flz—)|<e.

If f is defined at = and if f(z+) = f(x), we say that f is continuous from the left at x.

Remark. Compare the above definition with Definition 13.1; for one-sided limits, we are only concerned with
half open balls around ¢ (since we only require x to approach ¢ from either the right or left side).

Remark. An equivalent formulation using limits of sequences is presented in [Rud76].

Lemma 13.27. Ifa < x < b, then f is continuous at c if and only if

f(@) = flz+) = f2—).

If f is not continuous at =, we say that f is discontinuous at x, or that f has a discontinuity at .

Example 13.28 (Dirichlet function). The Dirichlet function, defined by

1 (z€Q)
fz) =
0 (xeR\Q)
is discontinuous everywhere; that is, f is not continuous at any point in R.

Proof. We consider two cases.

* If z € Q, then f(z) = 1. Take ¢ = 1. Since the irrational numbers are dense in the reals, for any § > 0,
we can always find an irrational y € R \ Q such that

[z —yl<d and |f(z)—f(y)l=1=

DO |

« Ifz € R\ Q, then f(z) = 0. Again take ¢ = 1. Since Q is dense in R, for any § > 0, we can always
find y € Q such that

[z -yl <0 and |f(z) - fly)l=1=

N |

If f is defined on an interval, it is customary to divide discontinuities into two types.
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Definition 13.29 (Discontinuities). Let f: (a,b) — R. Suppose f is discontinuous at z € (a, b).

(i) We say f has a discontinuity of the first kind (or a simple discontinuity) at z, if f(x+) and
f(x—) exist;

(ii) we say f has a discontinuity of the second kind if otherwise.

There are two ways in which a function can have a simple discontinuity: either f(z+) # f(x) [in which case
the value f(x) is immaterial], or f(z+) = f(x—) # f(x).

Example 13.30.

* The function
r+2 (-3<zr<-2)
flx)=9-2-2 (-2<2<0)
r+2 (0<z<1])

has a simple discontinuity at = 0, and is continuous at every other point of (—3, 1).

* The Dirichlet function has a discontinuity of the second kind at every = € R, since both f(x+) and
f(z—) do not exist.

* The topologist’s sine curve has a discontinuity of the second kind at x = 0, since f(z+) does not exist.
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§13.5 Monotonic Functions

We now study those functions which never decrease (or never increase) on a given interval.

Definition 13.31 (Monotonicity). f: (a,b) — R is said to be
(i) monotonically increasing, if f(x1) < f(x2) forany a < z1 < xo < b;
(ii) monotonically decreasing, if f(x1) > f(z2) for any any a < z1 < x9 < b;

(iii)) monotonic if it is either monotonically increasing or monotonically decreasing.

Proposition 13.32. Let f: (a,b) — R be monotonically increasing. Then f(x+) and f(x—) exist for

all z € (a,b); more precisely,

sup f(t) = flz=) < @) < flat) = inf F()

te(a,x) te(x,b

Furthermore, if a < x <y < b, then

flz+) < fly—).

Analogous results evidently hold for monotonically decreasing functions.

Proof. We will prove the first half of the given statement; the second half can be proven in precisely the same
way.

Let x € (a,b). Since f is monotonically increasing, the set
A={ft) |a<t<x}

is bounded above by the number f(z). Hence A has a supremum in R; let v = sup A. Evidently o < f(x).

Claim. f(z—) = .
To prove this, we need to show that for all € > 0, there exists 4 > 0 such that

r—0<t<z = |f(t)—a|<e.

Let € > 0 be given. Since o = sup A, there exists § > O such that a < x — § < x and
a—e< flx—90) <a. (1)
Since f is monotonic, we have
fe=0)<ft)<a (z—-0<t<x) ()

Combining (1) and (2) gives
lft) —al<e (z—0<t<ux)

as desired. Hence f(z—) = a.
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Next, if a < © < y < b, we see from the given statement that

flz+) = inf)f(t) = inf f(t)

te(z,b te(w,y)

where the last equality is obtained by applying the given statement to (a, y) in place of (a, b). Similarly,

fly=) = sup f(t)= sup f(t).

te(a,y) te(z,y)

Comparing these two equations, we conclude that f(z+) < f(y—). O

Corollary 13.33. Monotonic functions have no discontinuities of the second kind.

Proposition 13.34. Let f: (a,b) — R be monotonic. Then the set of points of (a,b) at which f is

discontinuous is at most countable.

Proof. Suppose, for the sake of definiteness, that f is monotonically increasing. Let D be the set of points at

which f is discontinuous.

For every x € D, we associate a rational number 7(z), where

flz=) <r(z) < f(z+).

We now check that the rationals picked for two distinct points of discontinuities are different: since z; < x2
implies f(x1+) < f(z2—) (from the previous result), we see that r(z1) # r(x2) if 1 # z2.

We have thus established a 1-1 correspondence between D and a subset of Q (which we know is at most

countable). Hence D is at most countable. ]
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§13.6 Lipschitz Continuity

Definition 13.35. f: X — Y is Lipschitz continuous if there exists K > 0 such that

Vo,y € X, dy (f(z), f(y) < Kdx(x,y).

K is called a Lipschitz constant for f; we also refer to f as K -Lipschitz.

Lemma 13.36. Lipschitz continuity implies uniform continuity.

Proof. Let f: X — Y be K-Lipschitz continuous.

Let e > 0 be given, let z,y € X. We consider two cases.

Case 1: K < 0. Then
dx(z,y) < 0dy (f(z), f(y))

SO
dx(z,y) <0 = dx(z,y) =0 = x =y

for all z,y € X. Hence f is a constant function, which is uniformly continuous.
Case 2: K > 0. Take § = &. If dx(z,y) < 0, then

Kdx(z,y) < e.

By Lipschitz continuity of f,

These last two statements together imply dy (f(z), f(y)) < e. Hence f is uniformly continuous on X.
O

Wesay f: X — Y is a contraction if it is a K-Lipschitz map for some K < 1.

Let f: X — X, wesay z € X is afixed point if f(z) = x.

Theorem 13.37 (Contraction mapping theorem). Let X be a complete metric space, and f: X — X

be a contraction. Then f has a unique fixed point.

Remark. The hypotheses “complete” and “contraction” are necessary. For example, f: (0,1) — (0, 1) defined
by f(z) = Kz forany 0 < K < 1 is a contraction with no fixed point. Also, f: R — R defined by
f(z) = x + 1 is not a contraction (X = 1) and has no fixed point.
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Proof. Pick any xg € X. Define a sequence () by 2,41 = f(z,). Since f is a contraction, we have

d(Znt1,70) =d (f(l’n), f(xn—l))
< Kd(l‘namnfl)

IN

< K"d(z1,x0)

by induction. Suppose m > n, then

<Y K'd(wy, o)

m—n—1

= K"d(z1,20) Y _ K
=0

1-K

oo
< K"d(z1,x0) Z K'=
1=0

Thus (z,) is a Cauchy sequence. Since X is complete, (z,,) converges; let lim x,, = = for some x € X.
n—oo

Claim. x is our unique fixed point.

Note that f is continuous because it is a contraction. Hence

f(ﬂ?) = nh—>n;o f(l‘n) = nh_{%o Lp+1 = L,

so z is a fixed point.

Let 2’ also be a fixed point. Then

d(z,2') =d (f(z), f(2')) = Kd(z,2').

As K < 1 this means that d(z, 2’) = 0 and hence = = 2. The theorem is proved.

d(z1,x0).

298

O]

Note that the proof is constructive. Not only do we know that a unique fixed point exists. We also know how to

find it.
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§13.7 Infinite Limits and Limits at Infinity

To enable us to operate in the extended real number system, we shall now enlarge the scope of Definition 13.1,

reformulating it in terms of open balls.

For any real number x, we have already defined an open ball of x to be any open interval (x — d, z + 0).

Definition 13.38. Let c € R. A neighbourhood of +oc is
(¢, +00) :={x e R |z > c}.

Similarly, the set (—oo, ¢) is a neighbourhood of —oo.

Definition 13.39. Let f: £ C R — R. We say that hm f(t) = A where A and z are in the extended
%

real number system, if for every neighbourhood of U of A there is a neighbourhood V' of = such that

V' N E is not empty, and such that f(t) € U forallt € VN E, t # x.

Remark. When A and z are real, Definition 13.39 coincides with Definition 13.1. [:
i to do

Lemma 13.40 (Uniqueness of limit). Let f : E C R — R. The limit of f at a point x is unique.

Proof. Suppose
lim (1) = A, Jim f(t) =

t—=z

We will show that A’ = A. O

The analogue of Theorem 4.4 is still true, and the proof offers nothing new. We state it, for the sake of

completeness.

Lemma 1341. Let f,g: E C R — R. Suppose }im f(t) = A, lim g(t) = B. Then
—r

t—x
(i) lm(f +9)(t) = A+ B
(i) lim(fg)(t) = AB
(iii) lim(f/g)(t) = A/B

provided the RHS are defined.

Note that co — 00, 0 - 00, 00/00, A/0 are not defined (see Definition 1.23).
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Exercises

Exercise 13.1 ([Rud76] 4.1). Suppose f: R — R satisfies
li h) — —h)) =
lim (f(z+h) = f—h)) =0

for every x € R. Does this imply that f is continuous?

Exercise 13.2 ([Rud76] 4.2). If f: X — Y is continuous, prove that

f(E) C f(E)

forevery £ C X.
Exercise 13.3 ([Rud76] 4.3). Let f: X — R be continuous. Let the zero set of f be

Z(f) ={z e X | f(z) = 0}.

Prove that Z( f) is closed.

Exercise 13.4 ([Rud76] 4.8). Let f be a real uniformly continuous function on the bounded set ¥ C R. Prove
that f is bounded on E.

Show that the conclusion is false if boundedness of F' is omitted from the hypothesis.

Exercise 13.5 ([Rud76] 4.11). Suppose f: X — Y is uniformly continuous on X. Prove that (f(z,)) isa
Cauchy sequence in Y for every Cauchy sequence (z,,) in X.

Exercise 13.6 ([Rud76] 4.12). A uniformly continuous function of a uniformly continuous function is uniformly
continuous.

Exercise 13.7 ([Rud76] 4.14). Let I = [0, 1] be the closed unit interval. Suppose f is a continuous mapping of
I into I. Prove that f(x) = z for at least one z € I.

Exercise 13.8 ([Rud76] 4.15). f: X — Y issaid to be open if f(V') is an open set in Y whenever V' is an open
setin X.

Prove that every continuous open mapping of R into R is monotonic.

Exercise 13.9 ([Rud76] 4.16). Let [z] denote the largest integer contained in x, and let {x} = = — [z] denote
the fractional part of x. What discontinuities do the functions [x] and {z} have?

Exercise 13.10 ([Rud76] 4.18). Every rational = can be written in the form x = %, where m € Z,n € N,
ged(m,n) = 1. When x = 0, we take n = 1. Consider the function f defined on R by

Prove that f is continuous at every irrational point, and that f has a simple discontinuity at every rational point.

Exercise 13.11 ([Rud76] 4.26). Suppose X, Y, Z are metric spaces, and Y is compact. Let f: X — Y,
g: Y — Z be continuous and injective, and h = g o f.

Prove that f is uniformly continuous if 4 is uniformly continuous. Hint: g~! has compact domain g(Y), and
f(z) = g7" (h(z)).

Prove also that f is continuous if / is continuous.



1 4 Differentiation

§14.1 The Derivative of A Real Function

Definitions and Properties

Definition 14.1 (Derivative). Suppose f: [a,b] — R. For any x € [a, b], if the limit

o £ — 1)

lim —=— (a <t <bt+#x)

exists, we call it the derivative of f, denoted by f’. If f’ is defined at x, we say that f is differentiable
at z. If f’ is defined at every point of E C [a, b], we say that f is differentiable on E.
f is continuously differentiable on E if f’ exists at every point of E, and f’ is continuous on E.

Lemma 14.2 (Differentiability implies continuity). If f: [a,b] — R is differentiable at x € |a, b], then
f is continuous at x.

ft) = flz)

exists. Thus by
t—x

Proof. Suppose f: [a,b] — R is differentiable at = € [a, b]. Then the limit tlim
—x

arithmetic properties of limits,

: [ () = f=)
lim[f(t) = f(2)] = lim T (t—x)
= lim S = J) lim (¢t — x)
t—x t—2x t—ax
Since lim f(t) = f(z), by 13.6, f is continuous at x. O

t—z

Remark. The converse is not true; it is easy to construct continuous functions which fail to be differentiable at
isolated points.

Example 14.3 (Weierstrass function). Let 0 < a < 1, let b > 1 be an odd integer, and ab > 1 + %77. Then the
function

[o@)
W(z) = Z a" cos(b"mx)
n=0
is continuous and nowhere differentiable on R.

Example 14.4. One family of pathological examples in calculus is functions of the form

1
= P gi —_
f(x) = xPsin .

301
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For p = 1, the function is continuous and differentiable everywhere other than = = 0; for p = 2, the function is
differentiable everywhere, but the derivative is discontinuous.

Lemma 14.5 (Differentiation rules). Suppose f, g : [a,b] — R are differentiable at x € [a,b]. Then

(i) For a constant o, of is differentiable at x, and (scalar multiplication)
(ef)'(z) = af'(x).
(ii) f + g is differentiable at x, and (addition)
(f +9)(z) = f'(z) + g'(2)-
(iii) fg is differentiable at x, and (product rule)

(f9)'(x) = f'(x)g(x) + f(2)g (x).

(iv) f/g (when g(x) # 0) is differentiable at «, and (quotient rule)
(£ ) L)~ L1 )
Proof
(1)
(0770) = i DO NG SO I _
(i)
(f+9)(2) = lim (f + g)(ti - ;f +9)(x)
I+ () — @) — @)
_ F@) +9@)
(i11)
(2 = iy U2~ )
0 — f@)(@)
0 - 5050+ 50 90— )]
T 0-t@ . s
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(iv)

1 SO F@) o)~ et)
}l—r}i g(t)g(z) [ () t—x /(@) t—x

_ f'(@)g(x) = f(z)g'(x)

g(x)?
O
By induction, we can obtain the following extensions of the differentiation rules.
Corollary. Suppose fi1, fa,..., fn : [a,b] — R are differentiable at x € [a,b]. Then
(i) fi + fo+---+ fn is differentiable at x, and
(fitfott fo) (@) = fi'(2) + S (@) + -+ fu ().
(ii) fifo--- fn is differentiable at x, and
(fifor fo) () = (@) fo(2) - ful@) + fr(2) o (2) - ful)
Ft @) fla) 1),
The next result concerns the derivative of composition of functions.
Lemma 14.6 (Chain rule). Suppose f is continuous on [a,b], f'(x) exists at x € [a,b], g is defined on I
that contains f([a,b]), and g is differentiable at f(x). Then h = g o f is differentiable at x, and
W(z) =g (f(x)) (). (14.1)
Proof. By the definition of the derivative, we have
ft) = f(@) = (t = 2)[f' (@) + u(®)] (D)
9(s) — g(f(@)) = (s = f(2))lg'(f(2)) + v(s)] 2)
where ¢ € [a,b], s € I, }1_1}1% u(t) =0, s—lj;r(lx) v(s) = 0. (u(t) and v(s) can be viewed as some small error terms

which eventually go to 0.) Using first (2) and then (1), we obtain

h(t) = h(z) =g (f(1) — g (f(x))
=[f(t) = f(@)] - [g'(f(z)) + v(s)]
= (t —2)[f'(2) +u(®)][g'(f(2)) + v(s)],
or, if t # x,
h(t) — h(x)

= [g'(f(2)) +v(s)ILf'(x) + u(®)].

t—=x
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Taking limits ¢ — x, we see that u(¢) and v(s) eventually go to 0, so

as desired. O

Later on when we talk about properties of differentiation such as the intermediate value theorems, we usually
have the following requirement on the function:

f is continuous on [a, b], differentiable on (a, b).
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Derivatives of Higher Order

If f has a derivative f’ on an interval, and if f’ is itself differentiable, we denote the derivative of f' by f”, and
call f” the second derivative of f. Continuing in this manner, we obtain functions

N A A A I LN

each of which is the derivative of the preceding one. f (7) is called the n-th derivative (or the derivative or order
n) of f.

Notation. Ci|a,b] denotes the set of differentiable functions over [a, b] whose derivative is continuous. More
generally, C,,[a, b] denotes the set of functions whose n-th derivative is continuous. In particular, Cy|a, b] is the
set of continuous functions over [a, b].
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§14.2 Mean Value Theorems

Let (X, d) be a metric space.

Definition 14.7 (Local maximum and minimum). f: X — R has
(i) alocal maximum at z( € X if there exists 0 > 0 such that f(zg) > f(x) for all z € Bj(xo);

(ii) alocal minimum at x( € X if there exists § > 0 such that f(zg) < f(x) for all x € Bs(xo).

Our next result is the basis of many applications of differentiation.

Lemma 14.8 (Fermat’s theorem). Suppose f: [a,b] — R. If f has a local maximum or minimum at
x € (a,b), and if ' (x) exists, then
f(a) =o.

Proof. We prove the case for local maxima; the proof for the case for local minima is similar.

Since z is a local maximum, choose § > 0 such that
a<r—o0<z<xz+06<b,
and f(z) > f(t) forallz — 6 <t <z + 0.

e Ifx — 6 <t < x,then

-1
t—x -
Letting t — x, we see that f'(z) > 0.
e If x <t <x+9,then
-1 _,
t—x -
Letting t — x, wee see that f'(x) > 0.
Hence f'(x) > 0. O

Theorem 14.9 (Rolle’s theorem). Suppose f is continuous on |a,b] and differentiable in (a,b). If
f(a) = f(b), then there exists ¢ € (a,b) such that

f'(c) = 0.

The idea is to show that f has a local maximum/minimum, then by Fermat’s theorem this will then be the
stationary point that we’re trying to find.

Proof. Since f is continuous on [a, b], by the extreme value theorem (13.16), f attains its maximum M and

minimum m.

e If M and m both equal f(a) = f(b), then f is simply a constant function; hence f’(x) = 0 for all
x € [a,b].
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* Otherwise, f has a maximum/minimum that does not equal f(a) = f(b). Then there exists ¢ € (a,b)
such that f(c) is a local maximum/minimum. Since f is differentiable on (a,b), f/(c) exists, so by
Fermat’s theorem, f’(c) = 0.

Theorem 14.10 (Generalised mean value theorem). Suppose f and g are continuous on [a, b] and
differentiable in (a,b). Then there exists ¢ € (a,b) such that

[£(0) = f(a)lg'(¢) = [g(b) — g(a)]f(0). (14.2)

as desired. O

Theorem 14.11 (Mean value theorem). Suppose f is continuous on [a, b] and differentiable in (a,b).
Then there exists ¢ € (a, b) such that

fb) = fla) = f'(c)(b - a). (14.3)

Proof. Take g(x) = z in 14.10. O

Lemma 14.12. Suppose f is differentiable in (a, b).
(i) If f'(z) > 0 forall x € (a,b), then f is monotonically increasing.
(ii) If f'(x) = 0 for all x € (a,b), then f is constant.

(iii) If f'(x) < 0 forall z € (a,b), then f is monotonically decreasing.

Proof. All conclusions can be read off from the equation

f/(x) _ f(z2) — f(ifl)’

T2 — X1

which is valid, for each pair of numbers z1, 2 in (a, b), for some x between x; and 5. O
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§14.3 Continuity of Derivatives

The following result implies some sort of a “intermediate value” property of derivatives that is similar to
continuous functions.

Theorem 14.13 (Darboux’s theorem). Suppose f is differentiable on [a,b], and suppose f'(a) < ¢ <
1/ (D). Then there exists x € (a,b) such that f'(x) = c.

Proof. Fort € (a,b), consider the auxilliary function

glt) = £(t) —ct.

Then
g'(a) = f'(a) = <0,

so there exists t1 € (a,b) such that g(¢1) < g(a). Similarly,

g () = f'()—c>0,

so there exists to € (a, b) such that g(t2) < g(b).

By the extreme value theorem, g attains its minimum on [a, b]. From above, g(a) and g(b) cannot be minimums,
s0 g attains its minimum at = € (a, b). By Fermat’s theorem, ¢'(x) = 0. Hence f’(x) = ¢, as desired. O

Corollary 14.14. If f is differentiable on [a,b], then f' cannot have any simple discontinuities on [a, b).




CHAPTER 14. DIFFERENTIATION 309

§14.4 L’Hopital’s Rule

The following result is frequently used in the evaluation of limits.

Lemma 14.15 (L'Hopital’s rule). Suppose f and g are differentiable over (a,b), with ¢'(x) # 0 for all
x € (a,b), where —o0 < a < b < +o0. If either

(i) lim f(z) = 0and lim g(x) = 0; or
T—a Tr—a

(i) lim g(z) = +o0,

and ,
lim £ /(x) — A,
z—a g (:U)

then
im 78 — 4
T—a g(:r)

The analogous statement is of course also true if > b, or if g(x) — —oo in (ii).

Note that we now use the limit concept in the extended sense of Definition 13.39.

Proof. We first consider the case in which —oco < A < 400. Choose g € R such that A < ¢, and choose r € R
such that A < r < ¢. By (13) there exists ¢ € (a,b) such that a < x < ¢ implies

ffa) _
g (x) =

If a < z < y < c, then by the generalised mean value theorem (14.10), there exists ¢ € (x,y) such that

=
<
IN
5
A
LS
)
A
<
A
&

(ii) Next, suppose li_1)"n g(z) = 400. Keeping y fixed in (18), we can choose a point ¢; € (a,y) such that
r—a
g(x) > g(y) and g(z) > 0if a < = < ¢;. Multiplying (18) by [g(x) — g(y)]/g(z), we obtain

f(x) gly)  f)

< r—r==+== (a<z<ac).

g(x) g(x)  g(z)

If we let x — a in (20), (15) shows that there exists ¢ € (a, ¢1) such that

Lac)<q (a <z < co).

9(x)
Summing up, (19) and (21) show that for any ¢, subject only to the condition A < ¢, there is a point ¢,
such that f(z)/g(x) < q¢ifa < x < ca.
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In the same manner, if —oo < A < 400, and p is chosen so that p < A, we can find a point c3 such that

f(z)

p<m (a <z <c3),

and (16) follows from these two statements. D.
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§14.5 Taylor’s Theorem

Theorem 14.16 (Taylor’s theorem). Suppose f: [a,b] — R, f"=1 is continuous on [a, b, f(™) exists
on (a,b). Assume that ¢ € [a,b]. Let the Taylor polynomial of degree n — 1 of f at © = c be

f"(c)

(©) + [z =) + =

Il
[y

(x—c)2+~--+7lc(x—c)”_l.

(z—c)™. (14.4)

For n = 1, this is just the mean value theorem. In general, the theorem shows that f can be approximated by a
polynomial of degree n — 1, and that Eq. (14.4) allows us to accurately estimate the error.

Proof. Let M be the number defined by
f(x)=Py_q(x)+ M(x—c)".

We claim that n!M = f(")(z,) for some z, between z and c.

For all z € [a, b], let

Then for all € (a,b),
g™ () = f" (z) — nlM.
Hence our proof will be complete if we can show that g(*™) (zz) = 0 for some z, between ¢ and x.

Since Pr(lli)l(c) = f®)(¢) for k =0,...,n — 1, we have
g(e) =g'(c)=---=g" V() =0.

By our choice of M, we have that g(x) = 0. By the mean value theorem, there exists x; between x and ¢ such
that ¢’(z1) = 0. Since ¢’(¢) = 0, we conclude similarly that ¢”(z2) = 0 for some x5 between z1 and c. After
n steps we arrive at the conclusion that g(”) (z,,) = 0 for some x,, between x,,_1 and c, that is, between x and
c. O
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Example 14.17.
2 3
T _ T
e—1+:1:+2!+3!+
o L
sma:—x—a—i-a—ﬁﬁ-“-
_ 1 x?2  xt af
coSx = —g—kﬂ—a—iﬂ”
2 3 4
T T T
In(1 —r -y 4
n(l+z)==z st -4t
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There’s a lot of things to say about these equations, for example the one for In(1 + x) only works for |z| < 1

Also, if we want the RHS of the expression to be an infinite power series, f(x) has to be smooth (infinitely

differentiable).
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Exercises

Exercise 14.1. Let f and g be continuous on [a,b] and differentiable on (a,b). If f'(x) = ¢'(x), then
flz) =g(x)+C.

Exercise 14.2. Given that f(x) = z® where 0 < a < 1. Prove that f is uniformly continuous on [0, +00).

Exercise 14.3. Let f be continuous on [0, 1] and differentiable on (0, 1) where f(0) = f(1) = 0. Prove that
there exists ¢ € (0, 1) such that

fl@)+ f'(z) =0.



1 S Riemann-Stieltjes Integral

The present chapter is based on a definition of the Riemann integral which depends very explicitly on the order
structure of the real line. Accordingly, we begin by discussing integration of real-valued functions on intervals.
Extensions to complex- and vector-valued functions on intervals follow in later sections.

§15.1 Definition of Riemann—Stieltjes Integral

To approximate the area under the curve of a function, we partition the interval into finitely many sub-intervals,
then multiply the width of each sub-interval by its height.

* For the height, we can choose to either use the supremum of the function over the interval or the infimum.
Obviously, using the supremum will provide an upper bound, and using the infimum will provide a lower
bound.

* For the width, we use the difference between the two endpoints in their output values when input into a
monotonically increasing function a.

The upper Riemann integral is the infimum of upper bounds over all possible partitions. The lower Riemann

integral is similarly defined. If they are equal, then the function is said to be Riemann—Stieltjes integrable.

Notation and Preliminaries

A partition P of a closed interval [a, b] is a finite set of points {x¢, z1, ..., 2, }, where
a=x9<11 < <wp1 <y = b

Notation. Denote the set of all partitions of [a, b] by P|[a, b].

Let f: [a,b] — R be bounded. Denote

M;= sup f(x), my= inf f(z) (i=1,...,n).

T€[i_1,34) €T 1,74

Let o be a monotonically increasing function on [a, b]. Denote
Aa; = afz;) — a(ri—1) (GE=1,...,n).

(These suprema and infima are well-defined, finite real numbers due to the boundedness of f.)

314
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The upper sum and lower sum of f with respect to the partition P and « are respectively

=1 insert
The partition P’ is a refinement of P if P' > P. Given two partitions P; and P,, we say that P’ is their common (J1agram
refinement if P! = P, U P;.

Intuitively, a refinement will give a better estimation than the original partition, so the upper and lower sums of
a refinement should be more restrictive.

Lemma 15.1. If P’ is a refinement of P, then
(i) L(f, o P) < L(f, o P')

(it) U(f,o; P') <U(f,0; P)

Proof.

(i) Suppose first that P’ contains just one point more than P. Let this extra point be z’, and suppose
xzi—1 < o' < z; for some i (1 <4 < n), where z;_1,x; € P. Let

w; = inf  f(z), wy= inf f(x).
z€[ri_1,2'] z€[z! x4

Let, as before,

Clearly w; > m; and wo > m;. Then

L(f,a; P') = L(f,; P)
=wi (a(2') — a(zi—1)) + w2 (a(z;) — a(@)) —m; (a(z;) — a(zi—1))
= (w1 —my) (a(2') — alwi1)) + (w2 — my) ((:) — a(2'))

-~ ~~

>0 >0 >0 >0

>0
and hence L(f,«; P) < L(f, a; P').
If P’ contains k more points than P, we repeat this reasoning k times.

(i) Analogous to the proof of (i).

O]

Since f is bounded, there exist m and M such that m < f(z) < M for all = € [a, b]. Hence for every partition
P,
m (a(b) — afa)) < L(f,a; P) < U(f,0; P) < M (a(b) — a(a))

so that the numbers L(f, o; P) and U(f, «; P) form a bounded set. This shows that the upper and lower
integrals are defined for every bounded function f. We now define the upper and lower Riemann—Stieltjes
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integrals respectively as

/ fda:= inf U(f,a;P)

PePla,b]

/fda sup L(f,«a; P)

PePla,b]

where we take inf and sup over all partitions.

One would expect the lower RS integral to be less than or equal to the upper RS integral. We now show this.

/abfdag/abfda.

Proof. Let P’ be the common refinement of partitions P; and P; that is, P’ = P; U P,. Clearly P’ D P;; by
15.1,

Lemma 15.2.

L(f,Oé;Pl) SL(f,Oé,P/)

Similarly, P’ D P, so
U(f,Oé;P/) S U(f,Ong)

Clearly L(f,a; P') < U(f,«; P"). Thus combining the above two equations gives
L(f,c; P1) S U(f, ;5 P2).

Fix P; and take sup over all P; gives

b
/ fda <U(f,a; P).

/abfdag/abfda.

Then taking inf over all P» gives
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Defining the Integral

Definition 15.3 (Riemann-Stieltjes integral). We say f : [a,b] — R is Riemann—Stieltjes integrable

/abfda:/:fda.

We call the common value the Riemann—Stieltjes integral of f with respect to « over [a, b], and de-

/abfda.

The functions f and « are referred to as the integrand and the integrator, respectively.

with respect to « over [a, b], if

note it as

Notation. R(«) denotes the set of Riemann—Stieltjes integrable functions with respect to «.

In particular, when a(x) = z, we call the corresponding Riemann—Stieltjes integral the Riemann integral, and
use R to denote the set of Riemann integrable functions.

Notation. Since z is a “dummy variable” and may be replaced by any other variable, we shall omit it.

Example 15.4 (Dirichlet function). The Dirichlet function is defined over [0, 1] by

(z€Q)

1
=10 wer\Q

For each subinterval [x;_1, x;], due to the density of rationals and irrationals, [z;_1, z;] contains both rationals
and irrationals, so M; = 1 and m; = 0. Thus for any partition P,

U(f;P)=1, L(f;P)=0.

lz/fda;«é/fda:()

so the Dirichlet function is not Riemann—Stieltjes integrable.

Therefore,

The next result is particularly useful in determining the Riemann—Stieltjes integrability of a function. We will

use it many times later.

Lemma 15.5 (Integrability criterion). f € R(«) if and only if

Ve >0, 3P, U(f,a;P)— L(f,a;P) <e.

Proof.
Suppose f € R(«). Let € > 0 be given. Then there exists partitions P; and P; such that

b

U(f,a;Pg)—/ fda <§

and

| ™

/bfda—L(f,a;Pl) <
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Choose P to be the common refinement of P; and P». Then

U(f,a; P) <U(f, 5 P2)

b €

d <

</a f a+2
< L(f,a; P1) +¢

< L(f,a; P) +e.
Hence for this partition P, we have

U(f,o; P) — L(f,a; P) <e.
By 15.2, for every partition P,

b b
LfaP)< [ fla< [ fla<U(rasp),

Since U(f,a; P) — L(f,«; P) < €, we have

b b
og/da/fda<e.

/abfda:/abfda.

Hence f € R(«a). O

Since this holds for all € > 0, we have
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Useful Identities

Proposition 15.6 (Cauchy criterion).

(i) IfU(f,a; P) — L(f,a; P) < ¢ holds for some P and some e > 0, thenU(f,c; P') —
L(f,«; P') < € holds (with the same ¢) for every refinement of P, P’.

(ii) IfU(f,; P) — L(f, «; P) < € holds for P = {xg,...,x,}, and
siyti € w1, z] (i=1,...,n)

then

ST f (i) — f(t)] Aas < e
=1

(iii) If f € R(«) and the hypotheses of (ii) hold, then

n b
Zf(ti)Aai—/ fdal <e.
i=1 a

Proof.

(i) Suppose U(f,a; P) — L(f,a; P) < ¢ holds for some partition P and some ¢ > 0. By 15.1, for any
refinement P/,

U(f,a; P') <U(f,a; P), L(f,a;P) < L(f,e; P').
Hence

U(f,o; P') — L(f,a; P") < U(f,a; P) — L(f,;; P) < e.

(i1) Since

it follows that
|f(si) = f(t)| < My —m,.

Hence
n

D o f(si) = f(t)] Aai <TU(f,0; P) = L(f, 05 P) < e.
i=1
(iii) The desired result follows from the two inequalities

L(f.:P) < 3 f(t)Das < U(f,0: P)

=1

b
L(f.0: P) < / fda < U(f,a: P)

The next result states that all continuous functions are integrable.
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Proposition 15.7 (Continuity implies integrability). If f is continuous on [a,b], then f € R(«).

Proof. Lete > 0 be given. Choose 1 > 0 such that

(a(b) — afa)) p < e.

Since f is continuous on [a, b] which is compact, by 13.24, f is uniformly continuous on [a, b]. Thus there exists
d > 0 such that for all z,y € [a, b],

[ —yl <8 = [f(z) = f(y)| <.
If P is any partition of [a, b] such that Ax; < § fori =1,...,n, then

M;—m; <n (i=1,...,n).

Hence
U(f,a; P)— L(f,o; P) = Zn:(MZ m;) Ay
i—1
< niAai =7 (a(b) —a(a)) <e
i=1
Therefore f € R(«), by the integrability criterion (15.5). O

Proposition 15.8. If f is monotonic on [a, b, and if o is continuous on [a, b)], then f € R(«).

Proof. Lete > 0 be given. For any positive integer n, choose a partition P such that

Aai:M (i=1,...,n).

n
This is possible by the intermediate value theorem, due to the continuity of a.

Suppose that f is monotonically increasing (the proof is analogous in the other case). Then
M; = f(x;), m; = f(ri1) (1=1,...,n).
Hence

U(f,a; P) = L(f,0; P) = Y (M; — m;)Aa
i=1

= M Z (f(l'z) _ f(xz‘q))

n :
=1

= O‘@n“(“) (f(b) = f(a) <&

if n is taken large enough. Hence f € R(«), by the integrability criterion. O
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Proposition 15.9. Suppose f is bounded on [a,b], f has only finitely many points of discontinuity on

[a, b], and « is continuous at every point at which f is discontinuous. Then f € R(«).

Proof. Lete > 0 be given. Since f is bounded, let M = sup | f(z)|. Let E be the set of points at which f is

discontinuous.

Since FE is finite, and « is continuous at every point of E, we can cover E by finitely many disjoint intervals
[uj, v;] C [a,b] such that the sum of the corresponding differences (a(vj) — a(u;)) < e. Furthermore, we
can place these intervals in such a way that every point of £ N (a, b) lies in the interior of some [u;, v;].

Remove the segments (u;, v;) from [a, b]. The remaining set K is compact. Hence f is uniformly continuous
on K, so there exists § > 0 such that for all s,¢ € K,

s =t <6 = |f(z) = fO)] <e.

Now form a partition P = {xq, z1,..., 2z} of [a, b] as follows: Each u; occurs in P. Each v; occurs in P. No

point of any segment (u;, v;) occurs in P. If z;_; is not one of the u;, then Ax; < 6.

Note that M; — m; < 2M for every 4, and that M; — m; < € unless x;_; is one of the u;. Hence

U(fva;P) - L(f,Oé;P) = Z(Mz - mz)Aaz
i=1
< (ab) — a(a)) € + 2Me.

Since ¢ is arbitrary, we have f € R(«), by the integrability criterion. 0

The next result states that a uniformly continuous function of an integrable function is also integrable.

Proposition 15.10. Suppose f € R(«), m < f < M, and ¢ is continuous on [m, M]. Then po f €
R(a).

Proof. Leth = ¢ o f. Lete > 0 be given. Since ¢ is uniformly continuous on [m, M|, there exists > 0 such
that & < ¢, and for all s,t € [m, M],

s —t] <0 = |o(s) —d(t)] <e.

Since f € R(«), by 15.5, there exists a partition P = {xy, ..., z,} of [a, b] such that
U(f,o; P) = L(f,a; P) < 6% (1)

Let
M;= sup f(z), M= sup h(z),

T€[wi_1,2;4) T€[wi_1,%4)

m; = inf  f(z), m;= inf h(z).

TE[Ti_1,%;) TE[Ti_1,%;)
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Divide the numbers 1, ..., n into two classes:

A:{i|Mi—mi<5},

* For i € A, our choice of § shows that M —m; <e.

* Fori € B, M —m} <2K,where K = sup |¢(t)].
m<t<M

By (1), we have

0> Ay < (M; —mi)Aay < 8
i€EB i€EB

sothat ) . 5 Aa; < 6. It follows that

U(h,a; P) = L(h,0; P) = Y _(M; —m})Ac; + Y (M; — m;])Aq,

1A i€B
<e(a(b) — ala)) + 2K
< e (a(d) —a(a) +2K) .

Since € was arbitrary, by the integrability criterion, h € R(«).

322
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§15.2 Properties of the Integral

323

Lemma 15.11.

(i) If f1, fo € R(a), then f1 + f2 € R(«), and

/ab(fl+f2)da:/abf1da+/abf2da.

(ii) If f € R(«), then cf € R(«) for every c € R, and

/ab(cf)da:c/abfda.

(iii) If f1, f2 € R(a) and fi < fo, then

/abf1doz§/abfzdoz.

(iv) If f € R(«) and ¢ € [a,b], then f € Ryla,c] and f € Ry, b], and

/abfda:/acfda%—/cbfda.

(v) If f € R(a) and |f| < M, then

/abfda

(vi) If f € Ra,[a,b] and f € Ra,la, b, then f € Ra,4a,la,b), and

/abfd(a1—|—a2):Lbfda1+/abfda2;

if f € R(«) and c is a positive constant, then f € R, [a,b], and

/abfd(ca):c/abfdoz.

(vii) If f € R(a) and g € R(«), then fg € R(«).

< M (a(b) — afa)) .

Proof.

(i) If f = f1 + f2 and P is any partition of [a, b], we have

L(fi1,a; P) + L(f2,; P) < L(f,o; P) S U(f,; P) < U(f1,05 P) + U(f2,0; P).

)
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If f1 € R(«) and f € R(), lete > 0 be given. There are partitions P; and P, such that

U(fr1, 5 P1) = L(fr, 05 P1) <

N O M

U(f2,a; Py) — L(f2, 0 Pp) <
Let P be the common refinement of P; and P,. Then (1) implies
U(f,a; P) — L(f,a5 P) < ¢

which proves that f € R(«).

With this same P we have

b
U(f1, a: P) </ fidot

b
UlfnaiP) < [ fada+ S

Hence (1) implies

/abfdagU(f,a;P)</abf1doz+/abf2da+€.

Since € was arbitrary, we conclude that

/abfdag/abflda—l—/abfgda.

If we replace fi and f5 in the above equation by — f7 and — f5, the inequality is reversed, and the equality

is proved.

(ii) The case where ¢ = 0 is trivial. Given € > 0, there exists P such that U(f,«; P) — L(f,a; P) < e. If

c > 0 write
n n
Ulcef,a; P) = ZcMiai = CZ M;o; = cU(f, a; P).
i=1 i=1
Similarly,
L(Cfv()é;P) = CL(fva;P)'
Then

U(Cf,Oé;P) —L(Cf,Oé;P) :C(U(f,Oé,P) —L(f,Oé,P)) <ce
and since ¢ is arbitrary, we are done. The case where ¢ < 0 is similar. Therefore cf € R(«).

With this same P we have

b
U(f,a;P)—/ fda <e.
Then if ¢ > 0,
b b
/cfdagU(cf,a;P):cU(f,a;P)<c/ fda+ce

/abcfdagc/abfda.

If we replace f in the above equation by — f, the inequality is reversed, and the equality is proved.

SO
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(iii) For every partition P, we have
n n
U(fr,e;P) = Mi(f)Ac; < M;(fo) Ao = U(fa, ; P)
i=1 i=1
since « is monotonically increasing on [a, b].
(iv)
v)
(vi)

(vii) Take ¢(t) = 2. By 15.10, f2 € Ry[a, b] if f € Ru[a,b]. Write

fo=1 (7 +97 (7 -97?).

Then the desired result follows.

Lemma 15.12 (Triangle inequality). Suppose f € R(«). Then |f| € R(«), and

/abfda s/abmda.

Proof. Take ¢(t) = |t|, which is a continuous function. By 15.10, we have that |f| = ¢ o f € R(«). Choose
c = =£1, so that ,
c/ fda>0.
a

Then

b b b b

/ fda :c/ fda:/ cfdag/ |flda,

a a a a

since ¢f < |f]. O

Example 15.13 (Heaviside step function). The Heaviside step function is defined by

Proposition. Suppose f is bounded on [a,b], continuous at s € (a,b). Let a(x) = H(z — s), then

b
[ da=16s).
Proof. Consider partitions P = {xq, x1, x2, x3}, where g = a, and x1 = s < x2 < x3 = b. Then
U(f,a; P) = Ms, L(f,a;P)=mao.

Since f is continuous at s, we see that Mo and my converge to f(s) as zo — s. O
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Proposition. Suppose ¢, > 0forn =1,2,..., Y ¢, converges, (sy) is a sequence of distinct points in (a, b),
and

a(x) = chH(:c — Sn).
n=1

Let f be continuous on [a,b]. Then

b 0o
/ fda = Z Cnf(sn)'
a n=1

Proof. Since 0 < ¢, H(x — s,) < ¢, forn =1,2,... and ) ¢, converges, by the comparison test, a(z) =
> enH(x — sy,) converges for every x. Its sum «(x) is evidently monotonic (since each term in the sum is
non-negative), and «(a) = 0, a(b) = > ¢,.

Let £ > 0 be given. Since ) ¢,, converges, choose N € N so that

o
Z en < €.

n=N+1
Let
N 00
ay(z) = Z cnH(x —sp), ofx)= Z enH(z — sp).
n=1 n=N+1
By the previous result,
b N
fday = chf(sn)
a n=1

Since a2(b) — az(a) < e,

where M = sup | f(x)]|. Since a = a1 + g,

/abfda:/abfdal—i-/abfdag

N

b
/ fda—chf(sn) < Me.

n=1

so it follows that

Since € was arbitrary, and taking N — oo, we obtain

o0

/abfda =Y cnf(sn).

n=1

In this case, we call a(x) a step function; then the integral reduces to a finite or infinite series.

The next result states that if « has an integrable derivative, then the integral reduces to an ordinary Riemann
integral.
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Proposition 15.14. Assume « increases monotonically, o' € R. Let f: [a,b] — R be bounded, then
f € R(«a) ifand only if fo! € R. In that case

b b
/fda:/f(:v)o/(x)dx. (15.1)

Proof. Lete > 0 be given and apply 15.5 to : There exists a partition P = {x, ..., 2z, } of [a, b] such that
U(d/;P) — L(d/; P) < e. (1)
By the mean value theorem, there exist points ¢; € [x;_1, z;] such that
Aa; =/ (t)Ax; (i=1,...,n).
Ifs; € [.%'i_l, l‘i], then by 15.6,
n
Z o/ (si) — &/ (t;)| Aw; < e. (2)
i=1
Let M = sup |f(z)|. Since
n n
D f(si)Aai =D f(si)d () A
i=1 i=1

it follows from (2) that

D f(s)Aai =D fsi)d (si)Axi| = Y f(si) (o (t:) — o (s3)) A
i=1 i=1 i=1

<3 |#s0) (@) = o/(s1) A
i=1

= 1f(s)l o (ts) — o (s0)] A
i=1

< MZ o/ (t) — &/ (s5)| Aw;

i=1
< Me. (3)
In particular, for all choices of s; € [x;—1, x;],

Zf(si)Aai <U(fd;P)+ Me
i=1

so taking sup for f(s;) gives
U(f,a; P) <U(fd; P) + Me.

The same argument leads from (3) to
U(fd'; P) <U(f,a; P) + Me.

Hence
\U(f,a; P) = U(fo'; P)| < Me. 4)
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Since (1) holds true for any refinement of P, hence (4) also remains true. We conclude that

/abfda - /ab f(x)d (z)dx

/abfda = /abf(x)o/(x) dz

for any bounded f. The equality of the lower integrals follows from

/ab—fda:/ab—fo/dx
—/abfdoz:—/abfo/dx
/abfda:/:f(x)a’(x)dx

Therefore the theorem follows. O

< Me.

But ¢ is arbitrary. Hence

Proposition 15.15 (Change of variables). Suppose ¢: [A, B] — |a,b] is strictly increasing and
continuous. Suppose o is monotonically increasing on [a,b], f € R(«). Define B and g on [A, B] by

Then g € R(S), and

B b
/ gdp = / fda. (15.2)
A a

Proof. To each partition P = {zg, ..., zy} of [a,b] corresponds a partition Q = {yo, ..., yn} of [A, B], where

X :qﬁ(yz) (i: 1,...,71).

All partitions of [A, B] are obtained in this way. Since the values taken by f on [z;_;, z;] are exactly the same
as those taken by g on [y;—;, y;], we see that

U(Q?ﬁ;Q) - U(f7a;P)7

(D
L(g, 8; Q) = L(f,a; P).

Since f € R(«), P can be chosen so that both U(f, «; P) and L(f, a; P) are close to [ f da. Hence (1),
combined with 15.5, shows that g € Rg[A, B] and

/ABgdﬂz/abfda.



CHAPTER 15. RIEMANN-STIELTJES INTEGRAL 329

Note the following special case: Take a(x) = . Then 8 = ¢. Assume ¢’ € R. Applying 15.14 to the LHS of

tglwzlwmu

b B
/fwmz/fwmw@@.

A

we obtain
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§15.3 Integration and Differentiation

We shall show that integration and differentiation are, in a certain sense, inverse operations.

Theorem 15.16. Suppose f € R(«). For a < x < b, let the camulative function be

F(z) = /mf(t) dt.

Then F is continuous on [a, b|; furthermore, if f is continuous at xo € |a, b, then F is differentiable at
To, and

F'(x0) = f(x0).

Proof. Suppose f € R(«). Since f is bounded, let |f(¢t)| < M fort € [a,b]. If a < z < y < b, then

/ayf(t)dt/:f(t)dt'
/:f(t)dt’

</ ")t
< M(y — ).

[F(y) — F(x)]| =

Hence F is Lipschitz continuous, so F' is uniformly continuous on [a, b].

Now suppose f is continuous at zg. Fix € > 0, choose § > 0 such that fora <t < b,
t— ol <6 = |f(t) - fx0)] <&
Hence, if s, t are such that
ro—0<s<zg<t<zp+d and a<z<t<h,

we have, by 15.11(v),

F(ti — SF(S) - f(ﬂco)' _ |fe ) dz::é{a flwdu f(:co)|
== | = ) du
— | (@ = ) du
< [ 1)~ fGao)ldu
< tise(t—s) =¢

so it follows that F'(xg) = f(z0). O
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Theorem 15.17 (Fundamental theorem of calculus). Suppose f € R(«), and there exists a differen-
tiable function F on [a,b] such that F' = f. Then

b
/ f(z)dx = F(b) — F(a). (15.3)

Proof. Lete > 0 be given. Choose a partition P = {xq, ..., z,} of [a, ] such that U(f; P) — L(f; P) < e.
By the mean value theorem, there exist ¢; € [z;_1, z;] such that

F(]}z) — F(-ﬁifl) = F/(ti)AJ}i

= f(tz)Aa:Z
Thus .
> f(ti)Az; = F(b) — F(a).
i=1
Then by 15.6,
b n b
F(b) — F(a) — / f(z)dz| = Zf(ti)Aa:i — / f(z)dz| <e.
a i=1 a
Since this holds for all € > 0, the proof is complete. O

Lemma 15.18 (Integration by parts). Suppose F and G are differentiable on [a,b], F' = f € R and
G' =g € R. Then

b b
/ F(z)g(z)dz = F(b)G(b) — F(a)G(a) — / f(z)G(x)dx. (15.4)

Proof. Let H(z) = F(z)G(x). Then apply the fundamental theorem of calculus to H and its derivative. [
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§15.4 Integration of Vector-valued Functions

Let fi,...,fx: [a,b] — R, and let f = (f1,..., fx) where f: [a,b] — RF. We say that f € R(a) if
fi,--o, fx € R(c). If this is the case, we define

[ o= (/jflda,...7/:fkda).

In other words, we “integrate componentwise”, so that [ f de is the point in R* whose i-th coordinate is [ fide

It is clear that parts (a), (c), and (e) of Theorem 6.12 are valid for these vector-valued integrals; we simply apply
the earlier results to each coordinate. The same is true of Theorems 6.17, 6.20, and 6.21. To illustrate, we state
the analogue of the fundamental theorem of calculus.

Theorem 15.19. If f, F: [a,b] — R*, f € R(«a), and F' = f. Then

/bf(t) dt = F(b) — F(a). (15.5)

The analogue of Theorem 6.13(b) offers some new features, however, at least in its proof.

Lemma 15.20 (Triangle inequality). Let f : [a,b] — RF, f € R(«) where o is monotonically

b
g/ £ dex.

increasing on |a, b]. Then |f| € R(«), and

b
/fda

Proof. If f1,..., fi, are the components of f, then

£ = (3244 57) "

By 15.10, each of the functions f;?> € R(c), so their sum fi% 4 - - + f? € R(«).

2

Since x is a continuous function of z, Theorem 4.17 shows that the square-root function is continuous on

[0, M], for every real M. If we apply Theorem 6.11 once more, (41) shows that||f|| € R(«).
Lety = (y1,..-,yk), where y; = [ f; do. Then we have y = [ f dc, and

k

k k
Iyl?=>w?=>" (yz/fz dOé> :/ > yifi | da.
i=1 i=1 i=1
By the Cauchy—Schwarz inequality,
k
Zyifi(t) <llyll|lf@®)| (a <t <b);
i=1

hence Theorem 6.12(b) implies
€12 <yl / 1] dor.
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If y = 0, (40) is trivial. If y # 0, division of (43) by ||y|| gives (40).
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§15.5 Rectifiable Curves

Definition 15.21 (Curve). A curve in R” is a continuous mapping 7: [a, b] — RF.
If v is bijective, ~ is called an arc. If y(a) = v(b), 7 is said to be a closed curve.

The case k = 2 (i.e., the case of plane curves) is of considerable importance in the study of analytic functions of
a complex variable.

Remark. Note that we define a curve to be a mapping, not a point set. Of course, with each curve ~ in R¥ there
is associated a subset of R¥, namely the range of -, but different curves may have the same range.

For each partition P = {zy, ..., x,} of [a, ] and each curve 7 on [a, b], define
n
A P) = |y(mi) = y(mio1)l.
i=1

The i-th term in this sum is the distance (in R*) between the points y(z;_1) and y(z;), Hence A(~y; P) is the
length of a polygonal path with vertices at y(x¢),y(z1),...,7(zy), in this order. As our partition becomes
finer and finer, this polygon approaches the range of v more and more closely.

Definition 15.22. The fotal variation (or length) of -y is

A(y):== sup A(y;P).
PcPla,b]

We say + is rectifiable if A(v) < oo.

The next result gives a formula for calculating the length of a rectifiable curve that is continuously differentiable.

Proposition 15.23. If v is a continuously differentiable curve on |a, b, then vy is rectifiable, and

b
A(y) = / (1) dt. (15.6)

Proof. If a < x;—1 < xz; < b, then
v(zi) —v(zi-1)| =

/ ()t
i1

Hence, for every partition P of [a, b], taking the sum on both sides gives

< / ).
Ti—1

b
Ay P) < / /(1)) dt

and taking sup gives
b
A0 < [ ol
a

We now prove the opposite inequality. Since 7/ is (continuous and thus) uniformly continuous on [a, b], fix

insert
figure
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€ > 0, there exists 6 > 0 such that
s—t]<d = [Y'(s) =) <e.
Let P = {xo,...,z,} be a partition of [a, b], with Az; < ¢ for all i. If t € [x;_1, x;], it follows that
V] < V(@) +e.
Hence

/ (B dE < 7 ()| A + Az

i—1

+ eAx;

[ 60+ ) a

/2 v (t) dt
Ti—1

i—

<

+ + cAx;

/ Y () — A (1) dt

i—1

< (@) = y(wiz1)| + 2eAw;.
If we add these inequalities, we obtain
b
/ v (t)|dt < A(v; P) + 2¢(b— a)
< A(y) +2¢(b—a).

Since € was arbitrary, we must have
b
GG
a

This completes the proof. O
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Exercises



1 6 Sequences and Series of Functions

Suppose f, : E C X — Y is a sequence of functions. In some cases, we shall restrict ourselves to complex-
valued functions (take Y = C).

§16.1 Pointwise Convergence

A natural extension of convergence of sequences of numbers to sequences of functions is to fix a point z € E,

and consider the behaviour of the sequence (f,,(z)).

Definition 16.1 (Pointwise convergence). Suppose (f,) is a sequence of functions, and ( f,(x))
converges for every x € E. We say ( f,,) converges pointwise to f on E, denoted by f,, — f, if

f(z) = li_)m fa(z) (Vzx e E).
That is, forall x € F,
Ve>0, IN€eN, Vn>N, d(falz)- f(z)) <e.

£ is called the limit (or limit function) of (f,).

Similarly, if Y f,,(x) converges for every x € E, and if we define

f@)=> fulz) (Vz€E)
n=1

the function f is called the sum of the series ., f,.

Example 16.2. The sequence of functions f,(z) = I converges pointwise to the zero function f(z) = 0.

The main problem which arises is to determine whether important properties of functions are preserved by
pointwise convergence. For instance, if f,, are continuous, or differentiable, or integrable, is the same true of the
limit function? What are the relations between f}, and f, say, or between [ f,, and [ f?

Example 16.3 (Continuity). For 0 < z < 1, the sequence of functions f,,(z) = 2™ converges pointwise to the
function
1 (x=1)
flx) =
0 (0<z<1)

Evidently f,, are continuous, but f is discontinuous. Hence

lim lim f,(z) # lim lim f,(z).

T—Ty N—00 n—00 T—>xQ

337
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Example 16.4 (Differentiability). For x € R, let

sinnx

NLD

fn(z) =
SO
flz) = lim_ fp(z) = 0.
Then f'(x) = 0, and
fi(x) = v/ncosnz,

so (f}) does not converge to f’.

This shows that the limit of the derivative does not equal the derivative of the limit.

Example 16.5 (Integrability). Let
fn(m) = X[n,n+1] (IL'),

Then/ fo(z)dz =1, s0
R

lim [ fo(r)dz =1
R

n—oo

However
/ lim fn(x)dx—/de—O.
Rn—)oo

This shows that the limit of the integral does not equal the integral of the limit. Thus we may not switch the
order of limits.

Pointwise convergence does not preserve many nice properties of functions. Hence, we need a stronger notion
of convergence for sequences and series of functions.
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§16.2 Uniform Convergence

Definition 16.6 (Uniform convergence). We say ( f,,) converges uniformly to f over E, denoted by

=N
Ve>0, IN€eN, VzeE, VYn>N, d(fulz)-f(z)) <e.

Similarly, a series of functions Y f,,(z) converges uniformly on F if the sequence of partial sums (s,,) defined
by

sa@) = 3 fula)
k=1

converges uniformly on E.

Intuitively, uniform convergence can be visualised as the sequence of functions ( f,,) eventually contained in an

e-tube around f, for sufficiently large n. insert
Remark. Uniform convergence is stronger than pointwise convergence, since N is uniform (or “fixed”) for all figure
x € F; for pointwise convergence, the choice of N is determined by .

Uniform convergence implies pointwise convergence, but not the other way around.

Example 16.7. Consider the sequence of functions f,,(x) = ™ defined on (0, 1). Then f,, — 0. But f,, & 0.
Proof. U

We shall restrict our focus to sequences of complex-valued functions defined on £ C X, for the remaining of
the chapter.

The Cauchy criterion for uniform convergence is as follows.

Lemma 16.8 (Cauchy criterion). f,, = f on E if and only if

Ve >0, INE€N, Vze€E, Vnm>N, |fu(@)— fmlz)|<e.

Proof.

Suppose f, = f on E. Let e > 0 be given. Then there exists N € N such that for all x € F, for all
n>N,
| fu(z) = f(2)] <

DN ™

Then for all n,m > N,

(@) = @) = | (fal@) = F(@)) + (F(@) = funl@)|

< |fulx) = f(@)] + | fm(x) — f ()]
S e

Suppose the Cauchy criterion holds for ( f,,); that is,

Ve>0, ANEN, Vze€E, Vnm=>N, |fu(z)— ful(2)|<e
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Then for every = € E, the sequence ( f,(x)) is a Cauchy sequence and thus converges to a limit f(z). Hence
by definition, f,, — f on E. We are left to prove that the convergence is uniform.

Let £ > 0 be given. There exists N € N such that for all n,m > N and forall z € E,

{fn(x) — fm(a;)‘ < E.

Fix n, and let m — oo. Since lim f,(z) = f(x), thus foralln > N and forall x € E,
m—0o0

‘fn(x) — f(:n)‘ <e,

which completes the proof. O

Definition 16.9. If f € C(X, C), we define the suprenum norm of f as

[£]l == sup [f()].

zeX

Lemma 16.10. || f|| gives a norm on C(X, C). Then C(X, C) is a metric space, with metric d(f, g) =
1f = gll

Proof. Check that|| f|| satisfies the conditions for a norm:

(i) |f(x)] > 0forall z € X, sol|f|| > 0. Itis clear that|| f|| = 0 if and only if f(z) = 0 for every z € X,
that is, only if f = 0.

(ii) Forall A € C,
IAfI] = sup [Af(z)| = [Al sup | f ()] = [A][lf]]-
reX reX

(iii)) If h = f + g, then for all z € X,
[h(@)] < [f (@) + |g(@) <[FI+lgll-
Hence taking sup on the left gives|| f + g|| <||f]| +|lg]|-
Check conditions for metric space. 0

The following result provides another way to determine uniform convergence.

Lemma 16.11. f,, = f on E if and only if f,, — f on E with respect to the metric of C(E,C).
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Proof.
< lim (sup | fr(x) — f(a:)]) =0
n—oo z€E
<= Ve >0,3IN € N,Vn > N,sup |fn(z) — f(z)| <e
zeE

< Ve >0,IN e NVn > N,Vx € E,|f(z) — f(z)| <e

which precisely means that f,, = f on E, by definition.

Note that for the last step, the direction is tricky, since the limit can equal €, so we take § instead. [

For series, there is a very convenient test for uniform convergence, due to Weierstrass.

Lemma 16.12 (Weierstrass M-test). Suppose ( f,,) is a sequence of complex-valued functions defined
on E, and
|fn(@)| <M, (n=12,...,z€F)

If > M, converges, then >, f,, converges uniformly on E.

Proof. Suppose . M, converges. Let £ > 0 be given, the partial sums of > | M,, form a Cauchy sequence, so
there exists N € N such that foralln > m > N,

Zn: M, < e.
k=m

Then considering the partial sums of the series of functions,

S @] < Y @)l < Y My <
k=m k=m k=m

By the Cauchy criterion (16.8), we are done. g

Example 16.13.

oo .
) sinnz . .. . .
* The series g ——— converges uniformly on R. (Note: this is a Fourier series, we’ll see more of these
n
1

n=

later). That is because

sin nx 1
<

1
and g —5 converges.
n

n=1

n2

> ..n
* The series g — converges uniformly on any bounded interval. For example take the interval [—r, 1| C
n!

n=0
R’

n n X n

T

n!

r T .
< — and g — converges by the ratio test.
n! n!

n=1



CHAPTER 16. SEQUENCES AND SERIES OF FUNCTIONS 342

§16.3 Properties of Uniform Convergence

We now consider properties preserved by uniform convergence.

Uniform Convergence and Continuity

We prove a more general result.

Proposition 16.14. Suppose f, = f on E. Let x € X be a limit point of E, and suppose that

lim f,(t) = A, (n=1,2,...).

t—x

Then (A,,) converges, and tlim f(t) = lim A,
—x

n—0o0

In other words, the conclusion is that
lim lim f,(¢) = lim lim f,(¢).

t—x n—o00 n—oo t—x

Proof.

1. We first show that (A4,,) converges. Since ( f,,) uniformly converges on E, by the Cauchy criterion (16.8),
fix € > 0, there exists N € N such that foralln,m > N,t € E,

|fn(t) - fm(t)| <Ee.
Letting t — x, since tlim fn(t) = A, we have that for all n,m > N,
—z
|A, — Ap| < e.

Thus (A,,) is a Cauchy sequence and therefore converges, say to A.

2. Next we will show that lim f(¢) = A.
t—x

Idea. We want to bound the term | f(t) — AJ, using terms of known values.

Write
‘f(t) - A’ < |f(t) - fn(t)‘ + ’fn(t) - An| + |An - A| (1)

By the uniform convergence of ( f;,), there exists N1 € N such that for all n > Ny,
€
[ft) = )] <5 (e B).
By the convergence of (A,,), there exists No € N such that for all n > N,
€
|A, — A| < 3

Choose N = max{Ny, N2} such that the above two inequalities hold simultaneously. Then for this 7,
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since tlim fn(t) = A, we choose an open ball B of z such thatif t € BN E, t # x, then
—x

IS
‘fn(t) - An’ < g

Substituting the above inequalities into (1) gives

g £ 9
) —Al<-d-+-=c
FO-Al<S+Z+5=c

provided ¢t € BN E, t # x. This is equivalent to gim flt) =A.
—x

d
An immediate important corollary is that uniform convergence preserves continuity.
Corollary 16.15. Suppose (f,,) are continuous on E, and f, = f on E. Then f is continuous on E.
Proof. By continuity of f,,
}ggfn(t) = fn(2).
Then
fm 0= iy (Jin ) = Jng (Jg0) = i o) = ),
which precisely means that f is continuous on F. O

Remark. The converse is not true; for instance, the sequence of functions f,, : (0,1) — R defined by f,(z) = ="
converges to the zero function, which is continuous, but the convergence is not uniform.

Let us see that we can have extra conditions such that the converse of the previous result is true.

Proposition 16.16 (Dini’s theorem). Suppose K is compact, and ( f,,) is a sequence of continuous
functions on K, f,, — f on K, and ( f,,) is monotonically decreasing:

fa(@) > fori(x) (n=1,2,...).

Then f, = fon K.

1

. Then
nr +1

Remark. The compactness in the hypotheses is necessary; for instance, on (0, 1) define f,,(z) =

fn(x) — 0 monotonically in (0, 1), but the convergence is not uniform.
Proof. Let g, = f, — f. Then g, is continuous, g, — 0, and g, > g,+1 > 0. We have to prove that g, = 0
on K.

Lete > 0 be given. Forn =1,2,..., let
K, ={z e K| gn(x) > c}.

Since gy, is continuous, and {g,(x) | gn(x) > €} is closed, by 13.13, its pre-image K, is closed. Since K, is a
closed subset of a compact set K, by 11.39, K, is compact.

Since g,, > gn+1, we have K, D K,,41. Fix x € K. Since g,,(z) — 0, we see that z ¢ K, if n is sufficiently
large. Thus = ¢ (2, K. In other words, ()2, K,, = 0. Hence K = () for some N (by the converse of
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Cantor’s intersection theorem). It follows that for all x € K and for alln > N,
0 <gn(x)<e.

Therefore g, = 0 on K, as desired. O

Lemma 16.17. C(X, C) is a complete metric space.

Proof. Let (fy) be a Cauchy sequence in C(X,C). Then fix ¢ > 0, there exists N € N such that for all
n,m> N,

an - me <e.

By the Cauchy criterion (16.8), f,, = f for some f : X — C. We now need to show that f € C(X, C); that is,
f is continuous and bounded.

* f is continuous by 16.15.

* f is bounded, since there is an n such that | f(z) — f,(z)| < 1 forall z € X, and f,, is bounded.

Hence f € C(X,C), and since f, =2 f on X, we have||f — f,|| = 0 as n — oo. O
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Uniform Convergence and Integration

The next result states that the limit and integral can be interchanged.

Proposition 16.18. Suppose (f,) are defined over |a,b] and f, € R(«). If f, = f on [a,b], then
f € R(a), and

lim fnda—/ fda.

n—oo

Proof. 1t suffices to prove this for real-valued f,. Let

en = sup |fu(z) — f(z)|.

z€[a,b]

Then
fn_ggfgfn"i_gn?

so that the upper and lower integrals of f (see Definition 6.2) satisfy
b b b b
[h=endas [raas [faas [(+enda
a Ja a a

b b
Og/fda—/ fda < 2e,[a(b) — ala)).

Hence

Since €, — 0 as n — oo (Theorem 7.9), the upper and lower integrals of f are equal. Thus f € R(«).

Another application of (25) now yields

/abfda—/abfnda

b

b
lim fnda—/ fda.

n—oo

< epla(db) — ala)].

This implies

Corollary 16.19. Suppose f, € R(«) and

n=1

converges uniformly on [a,b]. Then

/abfda:gl/abfnda.

In other words, we can swap the integral and sum, such that the series may be integrated term by term.

to do
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Proof. Consider the sequence of partial sums

ful@) =D felz) (n=1,2,...).

k=1

It follows f,, € R(«) and f,, = f. Apply above theorem to ( f,,) and the conclusion follows.

Example 16.20. Let us show how to integrate a Fourier series:

2 cosnt . [* cosnt . sinnz
[y [ a3
0 =1 n=1"0

346
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Uniform Convergence and Differentiation

The next result shows that the process of limit and differentiation can be interchanged.

Proposition 16.21. Suppose (f,,) are differentiable on [a,b], and ( fn(z0)) converges for some xo €
[a,b]. If f], converges uniformly on [a, b), then there exists a differentiable f such that f, = f on [a,b],
and

F(@) = lim fiz) (a<o<b).

n—oo

Proof. Lete > 0 be given. Since ( f, (o)) converges, (fn(z0)) is a Cauchy sequence, so there exists N € N
such that for all n,m > N,

[Fal@o) = fn(ao)| < 3.

Since (f])) converges uniformly on [a, b], by 16.8,

| fo(@) = f(2)] <

20— a) (a <z <b).

Now apply the mean value theorem to the function f,, — fy,: for zo, x € [a, b], there exists ¢ between xo and x
such that

(fn - fm)(mo) - (fn - fm)(x) = (fn - fm),(t)(wo - SL‘)

and thus if n,m > N, then

() = Fn@)) = (falt) = Fn®)] = [ £ = Fin(8)] Lo — 2]

g
< m|$0—x| (D

<

| ™

Finally, by the triangle inequality,

fu(@) = fm(x) = fa(z0) + fin(@0)| + [ fn(z0) = fim(20)|

This holds true for all z € [a, b]. Hence by 16.8, (f,,) converges uniformly on [a, b].

Let
f(x) = lim fu(x) (a<z<b).

n—oo

Fix z € [a, b], and let

_ fa(t) — fu(2)

t—x

f(t) — f(=z)

t—«x

Pn(t) . o(t) = (a<t<b, t+2z).

To show that f is differentiable, we need to show that 1%im ¢(t) exists. Note that since f,, are differentiable, we
—x
have

lim ¢, (t) = fi(x) (n=1,2,...).

t—x

By (1), for alln,m > N,
€

2(b—a)’

|¢n(t) - ¢m(t)| <
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so (¢, ) converges uniformly, for ¢  x. Since (f,,) converges to f, we conclude from (31) that

lim_on(t) = ¢()

n—oo
uniformly fora <t < b, t # x.
If we now apply Theorem 7.11 to (¢y,), (32) and (33) show that

lim ¢(t) = lim_ f(x),

n—oo
and this is (27), by the definition of ¢(t). O

Example 16.22 (Weierstrass function). Let us construct a continuous nowhere differentiable function on R.

Define
¢(z) =lz| (-1<z<1).

We extend the definition of ¢(x) to all of R by making ¢ 2-periodic: ¢(x) = ¢(z + 2). Then ¢ : R — Riis
continuous as |p(x) — ¢(y)| < |z — y| (not hard to prove).

Let the Weierstrass function be defined as

Claim. The Weierstrass function is continuous and nowhere differentiable on R.

n
* Since ) (%) converges, and |¢(z)| < 1 for all z € R, by the Weierstrass M-test, f(x) converges
uniformly and hence is continuous.

» Fix x € Rand m € Z%, and define

r

where the sign is chosen in such a way so that there is no integer between 4™« and 4™ (x + d,,), which
can be done since 4™(5,,| = 3. Define

oAz +0m)) — 9(4"x)
Tn = 5 .

If n > m, then as 4"6,, is an even integer. Then as ¢ is 2-periodic we get that ~y,, = 0.

Furthermore, since there is no integer between 4™ x + % and 4™ x, we have that

<4mx + ;) —4Mg

1

‘¢ (4% + ;) — p(4ma)

Therefore
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Similarly, if n < m, since |¢p(s) — ¢(t)] < |s —t

’

¢ (4% +1. 4n—m) — p(4mx)

. 4n—m

|’7n| = :I:%-Zl_m <

Finally,

f(x'i‘(sm)_f(x) _

. 4—m

Om

%
NIt
QS
3
|
1
N
NGy
~——
3
5

3m—1 3" +1
>3m— ) 3 =3" - S

3—-1

2

n

349

It is obvious that d,,, — 0 as m — oo, but % goes to infinity. Hence f cannot be differentiable at x.
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§16.4 Equicontinuous Families of Functions

We would like an analogue of Bolzano—Weierstrass; that is, every bounded sequence of functions has a
convergent subsequence.

Definition 16.23. Suppose (f,,) is a sequence of functions. We say ( f,,) is pointwise bounded on E if
for every = € E, the sequence (f,,(z)) is bounded; that is,

Vee E, IMeR, VneN, |f.(z)|<M.
We say (fy,) is uniformly bounded on E if

dIM eR, VxeEneN |f,(z) <M.

Lemma 16.24. Suppose (f,) is a pointwise bounded sequence of complex-valued functions on a
countable set E. Then ( fy,) has a subsequence (fy, ) such that f,, (x) converges for every x € E.

Proof. We will use a very common and useful diagonal argument.
Arrange the points of F in a sequence (x;), where : = 1,2, . ...
Since (f) is pointwise bounded on E, the sequence ( fn(:rl))zozl is bounded. By the Bolzano—Weierstrass

theorem, there exists a subsequence, which we denote by ( f1 1)7° ;, such that ( fik (931)) >

k=1 converges.

Consider the array formed by the sequences S1, .S, . . . :

St fir fiz fis
Szt for fo2 fo3
Szt f31 fa2 f33

and which have the following properties:

(1) S, is a subsequence of S,,_1, forn =2,3,...

(i1) ( fnk(:nn)) converges, as k — oo (the boundedness of ( fn(:vn)) makes it possible to choose S, in this

way);

(iii)) The order in which the functions appear is the same in each sequence; i.e., if one function precedes
another in S1, they are in the same relation in every .S, until one or the other is deleted. Hence, when
going from one row in the above array to the next below, functions may move to the left but never to the
right.

We now go down the diagonal of the array; i.e., we consider the sequence

St fir foe f33

By (iii), the sequence S (except possibly its first n — 1 terms) is a subsequence of S, forn = 1,2,.... Hence
(ii) implies that ( fnn(azl)) converges, as n — oo, for every x; € E. U to do
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Definition 16.25. A family .# of functions f : £ C X — C is equicontinuous on E if

Ve>0, 36>0, Ve,ye E,feF, dxy <o = |f(x)— f(y)|<e.

Proposition 16.26. Suppose X is a compact metric space, f, € C(X,C), and (f,) converges uniformly

on X. Then (fy,) is equicontinuous on X.

Proof. Let e > 0 be given. Since ( f,,) converges uniformly on X, f,, — f on X with respect to the metric of
C(X,C). Then
Jim || fn = fI =0,

i.e., there exists NV € N such that foralln > N,

1= £l < 5.

Since continuous functions are uniformly continuous on compact sets, f, are uniformly continuous on K, so
there exists & > 0 such that

da,y) <8 = |file) = fily)l < £

fori=1,...,N.Ifn > N and d(z,y) < ¢,

[fn(2) = fn(y)| < |fu(x) = (o) + [fn (@) = v @)+ [N () = fo(y)]

<tH4i=c
3 3 3 7

™

In conjunction with (43), this proves the theorem. 0

We first need the following lemma.

Lemma 16.27. A compact metric space X contains a countable dense subset.

Proof. For each n € N, there exist finitely many balls of radius % that cover X (by compactness of X). That is,

for every n, there exist finitely many points x, 1, ..., Ty, such that
kn
X = UB; (.Z‘nﬂ) .
i=1
Claim. S = {z,;|i=1,...,k,} is a countable dense subset of X.

» Since S is a countable union of finite sets, .S is countable.

* For every x € X and every € > 0, there exists n € N such that % < eandan z,; € S such that
T € B1 (xn,z) C Be(xn,i)-

Hence z € S, so S = X and therefore S is dense.
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We can now prove the very useful Arzela—Ascoli theorem about existence of convergent subsequences.

Theorem 16.28 (Arzela—Ascoli theorem). Suppose X is compact, f,, € C(X,C), and (f,) is pointwise
bounded and equicontinuous on X. Then (f,,) is uniformly bounded on X, and contains a uniformly

convergent subsequence.

Proof. Let us first show that the sequence is uniformly bounded. By equicontinuity, there exists 4 > 0 such that

Bs(x) C fi ' (Bi(fa(2))) (z € X).

Since X is compact, there exist finitely many points x1, . .., xj such that
k
X = Bs(xy).
j=1

Since ( f,,) is pointwise bounded, there exist M7, ..., M} such that

[falzp)| < M; (j=1,...,k)

for all n. Let M = 1 + max{M;,..., My}. Now given any z € X, x € Bj(z;) for some 1 < j < k.
Therefore, for all n we have z € f,; ' (B1(fn(z;))) orin other words

[fn(x) = fr(z;)| < 1.
By reverse triangle inequality,
[fu(2)| <1+ [fn(e;)] <14+ M; <M

Since x was arbitrary, ( f,,) is uniformly bounded.

Next, pick a countable dense set S. By Theorem 7.23, there exists a subsequence (f,;) that converges pointwise
on S. Write g; = fy, for simplicity. Note that (g,) is equicontinuous.

Let € > 0 be given, then pick 6 > 0 such that for all x € X,

Bi(@) € g (B5(9a(2)))

By density of S, every x € X is in some Bj(y) for some y € S, and by compactness of X, there is a finite
subset {x1,...,zx} of S such that

k
X = Bs(x;).
j=1

Now as there are finitely many points and we know that (g,,) converges pointwise on S, there exists N € N
such that for all n,m > N,

3
= o(G=1.....k).
3 (G=1,...,k)

Let x € X be arbitrary. There is some i such that z € Bs(z;) and so we have for all i € N,

gn(25) — gm(25)] <

l9:(2) = gi())] < 3
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and so n,m > N that

190 (%) = gm ()] < |gn (@) = gn ()| + |9n(25) = gm(25)] + [9m(25) = gm(2)|

9 9 9
<ztztz=

373737 %

Corollary 16.29. Suppose X is a compact metric space. Let S C C(X,C) be a closed, bounded and

equicontinuous set. Then S is compact.

Corollary 16.30. Suppose (f,,) is a sequence of differentiable functions on [a,b], (f],) is uniformly
bounded, and there exists xo € [a,b] such that ( fn(mo)) is bounded. Then there exists a uniformly

convergent subsequence ( fy, ).
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§16.5 Stone—Weierstrass Approximation Theorem

Perhaps surprisingly, even a very badly behaving continuous function is really just a uniform limit of polynomials.
We cannot really get any “nicer” as a function than a polynomial.

Weierstrass’s Version

Theorem 16.31 (Weierstrass approximation theorem). If f :: [a,b] — C is continuous, there exists a
sequence of polynomials (P,,) such that P,, = f on [a,b].
If f is real, then P, may be taken real.

Proof. WLOG assume that [a, b] = [0, 1]. We may also assume that f(0) = f(1) = 0. For if the theorem is
proved for this case, consider

g9(x) = f(x) = f(0) —z[f(1) = f(O)] (0<z<1).

Here g(0) = ¢g(1) = 0, and if g can be obtained as the limit of a uniformly convergent sequence of polynomials,
it is clear that the same is true for f, since f — ¢ is a polynomial.

Furthermore, we define f(x) to be zero for x outside [0, 1]. Then f is uniformly continuous on the whole line.

Let
Qn(x) =cn(1— x2)” (n=1,2,...),

where ¢,, is chosen such that

1
/_1Qn(:r)dx:1 (n=1,2,...).

We need some information about the order of magnitude of ¢,,. Since

/1 (1—x2)"d:c:2/01(1—x2)”dx

-1

1
> 2/ﬁ(1 — )" dz
0
%
> 2/ (1 —nz?)dz
0
4
- 3vn
S 1
Vi
it follows from (48) that

cn < /.

The inequality (1 —22)™ > 1 — nx? which we used above is easily shown to be true by considering the function
(1 —2%)" =1 4 na?

which is zero at x = 0 and whose derivative is positive in (0, 1).
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For any § > 0, (49) implies
Qn(z) < Vn(1=8%)" (< 2| < 1),

sothat @, = 0ind < |z| < 1.

Now let

1
P,(z) = /_1 flx+t)Qut)dt (0<x<1).

Our assumptions about f show, by a simple change of variable, that

1—x 1
Pao) = | ﬂx+®Qmﬂdﬁ=A;ﬂﬂQat—wdn

—x

and the last integral is clearly a polynomial in 2. Thus (P,) is a sequence of polynomials, which are real if f is
real.

Given € > 0, we choose § > 0 such that
€
ly—al <0 = |f(y) - fl2)]l <5

Let M = sup | f(z)|, Using (48), (50), and the fact that Q,,(z) > 0, we see that for 0 < z < 1,

| Pr(z) — f(2)] = ‘/_1[f(w+t) — f(@)]Qn(t) dt

1
S/Jﬂx+ﬂ—ﬂ@@4ﬂ&
-5

c 1) 1
<2M 3 Qu(t) dt+2/6Qn(t)dt+2M/5 Qn(t)dt
< AM/n(1 — 64" + g

<eg
for all large enough n, which proves the theorem. O

Think about the consequences of the theorem. If you have any property that gets preserved under uniform
convergence and it is true for polynomials, then it must be true for all continuous functions.

Let us note an immediate application of the Weierstrass theorem. We have already seen that countable dense
subsets can be very useful.

Corollary 16.32. The metric space C ([a, b], C) contains a countable dense subset.

Corollary 16.33. For every interval |—a, al, there exists a sequence of real polynomials P, such that
P,(0) = 0 and

lim P,(2) = |af

uniformly on [—a, al.
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Algebra of Functions

We shall now isolate those properties of the polynomials which make the Weierstrass theorem possible.

Definition 16.34. A family .2/ of complex-valued functions f : X — Cis an algebra if, for all

f,ge o, ceC,
() f+ge o, (closed under addition)
(i) fg € o, (closed under multiplication)
(iii)) cf € . (closed under scalar multiplication)

If we talk of an algebra of real-valued functions, then of course we only need the above to hold for
ceR.

& is uniformly closed if the limit of every uniformly convergent sequence in .7 is also in <.

Let 4 be the set of all limits of uniformly convergent sequences in 7. Then 4 is the uniform closure
of o7 .

Example 16.35.

* C(X,Y) is an algebra of functions.

Proposition 16.36. Let % be the uniform closure of an algebra <7 of bounded functions. Then % is a

uniformly closed algebra.

Now let us distill the right properties of polynomials that were sufficient for an approximation theorem.

Definition 16.37. Let .o/ be a family of functions defined on X.
We say o7 separates points if for every z,y € X, with ¢ # y there exists f € 7 such that f(x) #

f(y)-

We say o7 vanishes at no point if for every = € X there exists f € .o/ such that f(z) # 0.

Example 16.38.

Proposition 16.39. Suppose <7 is an algebra of functions on X, that separates points and vanishes at
no point. Suppose x,y are distinct points of X and c,d € C. Then there exists f € </ such that

The Theorem

We now have all the material needed for Stone’s generalisation of the Weierstrass theorem.

Theorem 16.40 (Stone—Weierstrass approximation theorem). Let X be a compact metric space and </
an algebra of real-valued continuous functions on X, such that < separates points and vanishes at no
point. Then the uniform closure of </ is all of C(X,R).
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Exercises



1 7 Some Special Functions

§17.1 Power Series

Definition 17.1. Given a sequence (¢, ) of complex numbers, a power series takes the form

[o.¢]
E cn 2",
n=0

where z € C; the numbers c¢,, are called the coefficients of the series.

The convergence of > ¢,z depends on the choice of z (we would expect that a power series will be more likely
to converge for small |z| than for large |z|). More specifically, there is a “circle of convergence”, where » ¢, 2"
converges if z is in the interior of the circle, and diverges if z is in the exterior.

Lemma 17.2 (Cauchy—Hadamard theorem). Given the power series >, c,z", let

1
a =limsup {/|c,|, R=—.
«

n—oo
(Ifa =0, R =400, ifao = 400, R=0.) Then ) ¢, 2"
(i) converges if |z| < R,

(ii) diverges if |z| > R.

R is called the radius of convergence of > c,,(z — a)"; the disk of convergence for the power series is
Dgr(a) :=={z € C:|z| < R}.

Proof. Let a,, = c,2™. We apply the root test:
z
limsup {/|a,| = limsup {/|c,2"| = |z| limsup V/|c,| = u
(i) If |z| < R, then lim sup v/|a,| < 1. By the root test, > | ¢, 2" converges absolutely and thus converges.
n—oo

(i) If |z| > R, then limsup 1/|ay| > 1. By the root test, > ¢, 2" diverges.
n—oo

Example 17.3.

oo
. g 2" has radius of convergence 1.
k=0

358
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. g —-z" has radius of convergence co.
n
k=0

oo
1 . )
. g —Z has radius of convergence co.
n!
k=0
oo

. Z n"z* has radius of convergence 0, so it converges only if z = 0.
k=0

In the previous result, we have shown that the radius of convergence can be found by using the root test. We can
also find it using the ratio test (which is easier to compute).

Lemma 174. If Y ¢,2" has radius of convergence R, then

c
R = lim L
if this limit exists.
Proof. By the ratio test, Y ¢, 2" converges if
) c Zn—‘rl
lim |2t <1
n—oo Co 2T
This is equivalent to
1 c
|z] < = lim |—
hmn%oo Cn+1 n—00 | Cp41
Cn
O
Proposition 17.5. Suppose the radius of convergence of »  ¢,,z" is 1, and suppose co > ¢ > ¢ > - - -,
cn — 0. Then )~ cp, 2" converges at every point on the circle |z| = 1, except possibly at z = 1.
Proof. Let
a, =2", b, = cy.
Then the hypothesis of Proposition 12.44 are satisfied, since
n
1— Zn-i—l 2
[Aul = D5 = <
1—2z 11— z|
k=0
if|z| =1, 2| # 1. O

Definition 17.6. An analytic function is a function that can be represented by a power series; that is,
functions of the form

flz) = Z "
n=0
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or, more generally,

f(z) = ch(x —a)".
n=0

We shall restrict ourselves to real values of x (since we have yet to define complex differentiation). Instead of
circles of convergence we shall therefore encounter intervals of convergence.

As a matter of convenience, we shall often take a = 0 without any loss of generality. If > ¢, 2™ converges for
all z € (—R, R), for some R > 0, we say that f is expanded in a power series about the point = = 0.

Proposition 17.7. Suppose > c,x™ converges for |z| < R. Let

fl@)=> caa” (2| <R).
n=0

Then
(i) > cpa™ converges absolutely and uniformly on (—r,r) where r < R;

(ii) f(x) is continuous and differentiable on (—R, R), and

f(z)= chnxnfl (lz| < R).
n=1

Proof.

(i) We will show that ) ¢,2™ converges absolutely and uniformly on [-R + ¢, R — ¢] for all ¢ > 0.

Idea. Weierstrass M-test.
Let ¢ > 0 be given. For |z| < R — ¢, notice that we have
lenz™| <lep|(R—¢e)" (n=1,2,...).

Consider the series
> lenl(R =)

By Lemma 17.2, which states that every power series converges (absolutely) in the interior of its internal
of convergence, we have that ) |c,,|(R — )™ converges.

By the Weierstrass M-test, » _ ¢, 2™ uniformly converges on [-R + ¢, R — ¢].

(ii) Since lim /n = 1, we have
n—oo

limsup {/n|e,| = limsup {/|cy/,

(0.] oo o0
so the series g cpx™ and E ncpz™ ! have the same radius of convergence; thus g neaz™ ! has

. n=0 n=1 n=1
radius of convergence R.

Idea. Interchange limits and derivatives.
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oo
Since Z ncp,x™ 1 is a power series, by (i), it converges uniformly in [-R 4 ¢, R — €], for every € > 0.
n=1

Consider the partial sums f,,(z) = S_1_, cxz"; evidently £, are differentiable on [~ R + ¢, R — ¢], and
(fn(z)) converges whenever |z| < R. Also,

f(z) = Z kepat=t,
k=1

converge uniformly on [—R + €, R — ¢]. By Proposition 16.21, for all |x| < R,

n—oo

f'(z) = lim f(z) = nliﬁn;Ochkxkfl = chnxnfl.
k=1 n=1

Since f is differentiable on (—R, R), by Lemma 14.2, f is continuous on (—R, R).

O
Corollary 17.8. f is infinitely differentiable in (— R, R); its derivatives are given by
oo
FE@) = nn-1)--(n—k+ epa™ ", (17.1)
n=~k
In particular,
FB0) =klep, (k=0,1,2,...). (17.2)
Proof. Apply the previous result successively to f, f/, f,....
Then plug in z = 0. g

Remark. Eq. (17.2) is very interesting.

* It shows, on the one hand, that the coefficients of the power series development of f are determined by
the values of f and its derivatives at a single point.

* On the other hand, if the coefficients are given, the values of the derivatives of f at the center of the

interval of convergence can be read off immediately from the power series.

If the series (3) converges at an endpoint, say at x = R, then f is continuous not only in (—R, R), but also at
z = R, as shown by the following result (for simplicity of notation, we take R = 1).

Proposition 17.9 (Abel’s theorem). Suppose > ¢, converges. Let
(o9}
f(z) = chx” (-l<x<1).
n=0

Then f(x) is continuous at x = 1.

(0.9}
Proof. We want to show that lim f(z) = Z Cn-
rz—1

n=0
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Let
Sp=co+---+cp, s-1=0.

Then we write

Z " = Z(sn — Sp—1)x
n=0 n=0
m m
= Z Spx’t — Z Sp—1%
n=0 n=1
m m—1
= Z Spx’t — Z syt
n=0 n=0
m—1
=(1-2x) Z Spx” + spa™
n=0
For |z| < 1, we let m — oo and obtain
o
f@) = (1-2)Y s
n=0

Suppose s, — s. We will show that lim f(z) = s. Fix ¢ > 0, there exists N € N such that

z—1
€
n>N = ]sn—s|<§.
- 1
Note that f i "= i
ote that for |z| < 1, since Zm 1_$,Wecanwrlte
n=0
oo
(l—x)ZSx” = s.
n=0
If x > 1 — 9, for some suitably chosen § > 0, we have
oo
F@) = s = |(1 =) D (m — )"
n=0
N ]
=(1-x) Z(sn —s)z" + Z ($p — s)x"
n=0 n=N+1
N oo
<(1-u2) Z(sn —s)z"| + (1 —x) Z (8, — s)a"
n=0 n=N-+1

362
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Note that
oo o0
(=) Y Gn—s)a"| < =2) > lsu—s|lal"
n=N+1 n=N+1
o
< -(1-2x) Z x"
n=N+1
N+1
€ T €
= (1= Z
(I-o)i— <3
and
N N
(1=2) |3 (50— 8)a"| < (1=2) 3 |sn — 8| Ja]"

n=0 n=0
N

< (1755)Z|3n75
n=0

which can be bounded by, say, M because there are only finitely many terms in the sum. Choosing § < 55;

gives
N N .
(L=a) ) lsn—sl < (L=(1=0) ) Isn—s| <oM <.
n=0 n=0
Hence
e €
fa)—sl< 45 =¢

and therefore lim f(z) = s, as desired. O

r—1

We now require a result concerning an inversion in the order of summation.

Proposition 17.10 (Fubini’s theorem for sums). Given a double sequence (a;j), i = 1,2,..., j

Z\aij\ :bi (i:1,2,...)
Jj=1

1,2,..., suppose that

and " b; converges. Then

oo

Zzaw = Z 3 aij. (17.3)

=1 j=1 7j=1

Remark. This is analogous to Fubini’s theorem for the swapping of double integrals.

Proof. Let E be a countable set:

FE = {.730,1‘1,3}2,...},

and suppose z,, — x as n — oo. Define the sequence of functions f; : E — C by

o0

wo):Zazj (i:1,2,...)
j=1
n

xn):ZaZj (t,n=1,2,...)
j=1
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See that each f; is continuous at x.

n
Since | fi(z)| < b; for z € E (by triangle inequality), and > b; converges, by the Weierstrass M-test, Z fi(x)
i=1
converges uniformly. Let

g(x) =) fi(z) (z€E).
=1

By 7.11, g is continuous at g, SO
lim g(x,) = g(zo).

n—oo

It follows that

S ay =3 filwo) = glwo) = lim g(w)
i=1j=1 i=1

o0

o0 o0
=3 o) = Jim 33

i=1 i=1 j=1

n o0 o0 o0
lim g g a;; = g E Qi
n—0o0 ZJ Zj

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

Theorem 17.11 (Taylor’s theorem). Suppose Y | c,x" converges in |z| < R, let

f(z) = Z ez
n=0

Ifa € (=R, R), then f can be expanded in a power series about the point x = a which converges in

|z —a| < R —|al|, and

a

n

% r(n)(g
1) =3 W oy (o=l < R—al). (17.4)
n=0 ’

Proof. We have

i (;) cna"m] (x—a)™ (D)

This is the desired expansion about the point x = a. We need to show that the swapping of summations in (1) is
valid, which is applicable only if (" )c,a™ ™ (z — a)™ satisfies Theorem 8.3, i.e.
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converges. Write

o0 n

2.

n
Cn ( )an_m(:): —a)™
n=0m=0 m

o0 o0 n
-y Y ( )|cn|ra|”—m|w g
m

n=0m=0

)
= leal (J& = al +al)",
n=0

which converges if and only if |x — a| 4 |a| < R.

Finally, the form of the coefficients in Eq. (17.4) follows from Eq. (17.2): differentiate f(z) repeatedly to obtain

f(m)(g;) = Z cnn(n— 1) (n_m _ 1)$n—m

n=m
o

n _
= Z cpm! A
m

n=m
and then plug in z = a. O
If two power series converge to the same function in (—R, R), (7) shows that the two series must be identical,

i.e., they must have the same coefficients. It is interesting that the same conclusion can be deduced from much
weaker hypotheses:

Proposition 17.12. Suppose > anx™ and ) b,a™ converge in S = (—R, R). Let E be the set of all
x € S such that

o0 o
E anx"™ = E box™.
n=0 n=0

If E has a limit point in S, then a,, = b, forn =0,1,2,.... Hence (20) holds for all x € S.

Proof. Let ¢, = a,, — by, and let
oo
f(z) = chx" (x € S)

n=0
We will show that ¢,, = 0, so that f(z) =0 on E.
Let A be the set of all limit points of E in S, and let B consist of all other points of .S. It is clear from the
definition of ”limit point” that B is open. Suppose we can prove that A is open. Then A and B are disjoint open
sets. Hence they are separated (Definition 2.45). Since S = A U B, and S is connected, one of A and B must

be empty. By hypothesis, A is not empty. Hence B is empty, and A = S. Since f is continuous in S, A C E.
Thus £ = S, and (7) shows that ¢,, = 0 forn =0, 1, 2, ... , which is the desired conclusion.

Thus we have to prove that A is open. If zp € A, Theorem 8.4 shows that

f(z) = Zdn(x —z0)"  (lz — 20| < R—|zol) -
n=0
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We claim that d,, = 0 for all n. Otherwise, let k be the smallest nonnegative integer such that di # 0. Then
f(@) = (z —w0)*9(x) (| —xo| < R — |z},

where

9(x) =Y diym(z — o)™
m=0

Since g is continuous at xy and
g(xﬂ) - dk 7é 07
there exists 0 > 0 such that g(z) # 0 if |z — xo| < 6. It follows from (23) that f(z) # 0if 0 < |x — xg| < J.

But this contradicts the fact that x( is a limit point of E.

Thus d,, = 0 for all n, so that f(z) = 0 for all « for which (22) holds, i.e., in a neighborhood of x(. This shows
that A is open, and completes the proof. to do
]
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Exponential and Logarithmic Functions

Definition 17.13 (Exponential function). For z € C, define

exp(z) 1= Z % (17.5)
n=0

Proposition 17.14. exp(z) converges for every z € C.

Proof. Ratio test. O

The series (1) converges absolutely. for every z and converges uniformly on every bounded subset of the complex
plane. Thus exp is a continuous function.

Lemma 17.15 (Addition formula). For z,w € C,

exp(z + w) = exp(z) + exp(w). (17.6)

Proof. By multiplication of absolutely convergent series, we have

n m

w

|

Zk:—l w ,wk
G- T

k
( > znwk—n
n
k

.(z+w)k

exp(z) exp(w) =

Nk
Nk

Il
()¢
4

0

3
I
=
= 3
Il

i§
[e=)

Il
(Nt
&=

m—+n=

I
Nk
=~

I
g T
o

xp(z + w)

Corollary 17.16. For z € C,
exp(z) exp(—z) = 1.

Proof. Take z = z, w = —z in Eq. (17.6). O

Evidently e = exp(1), and we shall usually replace exp(z) by the customary shorter expression e*. Note that
e = exp(0) = 1, by (1).

Lemma 17.17 (Basic properties of exp).
(i) exp(z) # O for every z € C.

(ii) exp is its own derivative: exp’(z) = exp(z)
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(iii) The restriction of exp to R is a monotonically increasing positive function, and

lim e* = oo lim e* =0.
M
Tr—r00 Tr—r—00

(iv) There exists a positive number T such that ez =iand such that e = 1 if and only if 5— is an

integer.
(v) exp is a periodic function, with period 2.
(vi) The mapping t — €% maps the real axis onto the unit circle.

(vii) If w € C, w # 0, then w = e* for some z.

Proof.

(1) This follows from the previous corollary.

(i1)) We have
exp(h) — 1

exp’(z) = lim exp(z +h) = exp(z) = exp(z) lim

h—0 h h—0 - exp(z),

where the first equality is a matter of definition, the second follows from Eq. (17.6), and the third from (1).
(iii)

O

We shall encounter the integral of (1 + 22)~! over the real line. To evaluate it, put ¢(t) = S2% in (-2, 7). By
m™ T

(6), ¢’ = 1+ ¢*. Hence ¢ is a monotonically increasing mapping of (—%, %) onto (—00, 00), and we obtain

/leﬁdx:/ﬂlﬂ%dt:/g dt = 7.

us us
2 2

M
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Trigonometric Functions

Definition 17.18. For z € C, define

eiz e—iz eiz _ e—iz
cos z 1= % sin 2 1= ———. (17.7)

By Eq. (17.5), we obtain the power series

0 »2n
cosz = » (=1)"
nz:o (2n)!
0 2n+1
S g
e nzzo( VG

Lemma 17.19 (Euler’s identity).

e” = cosz +isinz.

Proof. This is immediate from Eq. (17.7). ]
Thus when z is real, we note that from definition
cosz = Ree®, sina =Ime™.

In other words, sine and cosine are real-valued when we plug in real z.

Lemma 17.20 (Basic properties).
(i) For x € R, cos’ x = —sin z and sin’ z = cos z.
(ii) exp is periodic, with period 2mi.
(iii) C and S are periodic, with period 2.
(iv) If 0 <t < 2m, then exp(it) # 1.

() If z € C,

z| = 1, there exists a unique t € [0, 2m) such that exp(it) = z.
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§17.2 Algebraic Completeness of the Complex Field

We now prove that the complex field is algebraically complete; that is, every non-constant polynomial with
complex coefficients has a complex root.

Theorem 17.21 (Fundamental Theorem of Algebra). For a; € C, let

P(z) = Z a2
k=0

where n > 1, a,, # 0. Then P(z) = 0 for some z € C.

Proof. WLOG assume a,, = 1. Let
pw=inf|P(z)| (2 €C).
If |z| = R, then
|P(2)| > R" (1 —Janq R = — |ao\R_”) .
The RHS tends to co as R — oo. Hence there exists Ry such that |P(z)| > p if |2| > Ry. Since |P| is
continuous on the closed disk D g, (0), Theorem 4.16 shows that | P(z)| =  for some zo.
Claim. p = 0.

If not, let Q(z2) = P(;(l-;«“o)
0

is a smallest integer k, 1 < k < n such that

. Then @ is a non-constant polynomial, Q(0) = 1, and |Q(z)| > 1 for all z. There

Q(2) =14 bp2" +--- +b,2" (b, #0).
By Theorem 8.7(d) there is a real # such that
e by, = —|bg|.
If r > 0 and 7¥|b;| < 1, the above equation implies
1+ bkrkeik0| =1- 7”k|b;€|7

so that
‘Q <rei9>

For sufficiently small r, the expression in braces is positive; hence |Q(re?)| < 1, a contradiction.

Thus i = 0, that is, P(z9) = 0. O

< 1= (1] = ol = - = " E ).
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§17.3 Fourier Series

Definition 17.22. A trigonometric polynomial is a finite sum of the form

N
f(z) =ap+ Z(an cosnx + by sinnz) (z € R)

n=1

where ag, a1 ...,an,b1,...,by € C.

Using Eq. (17.7), we can write the above in the form

for some constants ¢, € C. This is a more convenient form of trigonometric polynomials, which we shall work
with.

It is clear that every trigonometric polynomial is periodic, with period 2.

For non-zero integer n, e is the derivative of - e®_ which also has period 2. Hence
m
1 i

2 ),

(n=0)

e dx = !
0 (n==1,42...)

Definition 17.23. Let f € R[—m, w|. The Fourier coefficients of f are the numbers ¢, defined by
Tr .
Cn = — f(z)e """ dax.
—T

The series

We say f is an L? function if | f|? is Lebesgue integrable. The space of L? functions on a set E is denoted by
L?(E). Forall f,g € L*(E), define the inner product

(f.g) = /E H@)g (@) de.

Then the norm of f squared is defined as

2. _ T 2 T.
112 = <f,f>—/Ef( )2d

We say that f and g are orthogonal if (f, g) = 0.
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Definition 17.24. Let (¢,,) be a sequence of complex functions on [a, b].
(i) We say (o) is an orthogonal system of functions on [a, 0] if (¢, ¢p,) = 0 for all n # m.

(ii) We say (¢y,) is an orthonormal system of functions on [a, b] if (¢,,) is an orthogonal system,
and||¢y,|| = 1 for all n.

Example 17.25.

1 nx | ;
. e is an orthonormal system on [—, 7].
ous

1 1 1
* § ——, — cosnx, — sinnz ; is an orthonormal system on |—7, 7|.
{ Vor T VT } g | |

Proof. We have

i
cosnx sinmx dx

T

o ™ einz + 6—in:c eimx _ e—imx
/ i 2 2

T gilntm)z _ gi(n—m)z + e—iln—m)z _ —i(ntm)z
/.

dx

dr=0

and similarly

™
/ cosnx cosmz dx

s eznx + e—ZTL[L' ezmx + e—zmx
dx

. 2 2
/7r et(n+m)z + et(n—m)z + e—i(n—m)z + e—i(ntm)z

dx

£}
o
2

If (¢y,) is an orthonormal system of functions on [a, b], then

f ~ Z Cn¢n
n=1

where ¢, = (f, ¢p,); we call ¢,, the n-th Fourier coefficient of f relative to (¢y,).

Example 17.26. In R?, let

d)l = (17070)7 ¢2 = (07 130)7 ¢3 = (0703 ]-)

Suppose f = (2, —1,3). Then

(f,o1) =2, (f,02)=—1, (f ¢3)=3.
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Hence

[ ~2¢1 — g2+ 3¢3.

The following theorems show that the partial sums of the Fourier series of f have a certain minimum property.
We shall assume here and in the rest of this chapter that f € R, although this hypothesis can be weakened.

Proposition 17.27. Let (¢y,) be an orthonormal system of functions on [a,b]. Let

n

sn(@) =3 cxen(a)

k=1

be the n-th partial sum of the Fourier series of f, and let

= wow(x)
k=1

Then
Hf - SnH S Hf - th ) (17-8)

where equality holds if and only if v, = cp fork =1,...,n

That is to say, among all functions ¢, s,, gives the best possible mean square approximation to f.

Proof. We want to show that

(f =sn [ —s0) <(f—tu, [ —tn) -

Note that

3
3

(f,sn) = <f,ZCk¢k> C7(]“’7@51&: ek = Y |erl?
(Sn,sn) = <Z Ck¢kyzck¢k> = Z (ck Pk, Crdr)

=1 k=1

I
o
=
o

n

<f7tn> = chﬁ

k=1

(tn, f Z’chk
tnut Z |7k‘2
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Hence we rewrite the desired inequality as
n n n n
= (LD =Dl <D =Y ok — Y e+ >l
k=1 k=1 k=1 k=1
n
= Y (crlr — KTk — Wl + WTk) > 0

k=1

= Y (e — W)@ —7) >0
k=1

n
= Y Ja—nl*=0
=1

which holds true. Then equality holds if and only if |c; — vx| = 0, i.e.,

ve=ck (k=1,...,n).

O
Proposition 17.28 (Bessel inequality). Let (¢,,) be an orthonormal system of functions on [a, b], and
o0
n=1
Then
oo
> leal® <Nl (17.9)
n=1
In particular, c, — 0.
Proof. Letting n — oo in (72), we obtain (73) (]

the case where equality holds is called Parseval’s identity

From now on we shall deal only with the trigonometric system. We shall consider functions f that have period
27, and are Riemann-integrable on [—, 7] (and hence on every bounded interval). The Fourier series of f is
then the series (63) whose coefficients en are given by the integrals (62), and

N
sv(@) =sn(fir) = 3 o™
n=—N

is the IV-th partial sum of the Fourier series of f. The inequality (72) now takes the form

In order to obtain an expression for sN that is more manageable than (75) we introduce the Dirichlet kernel
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It follows that

N

Dy(z) = Z ein®
n=—N

o—iNz [(eir)2N+1 1

et —1
Gi(N+D)z _ iNz

e —1
ol (N+3)z _ o—i(N+3)z

ir —ix

e2 —e 2

sin(N—k%)a?
1

S §IE

Then, for some dummy variable ¢,
N

N 7T . .
SN(.T) _ Z Cneinx: Z [217T/ f(t)ezntdt] eine

n=—N n=—N

_ i " Z f zn(:r t) dt

27T

/ F(O) Dy (z — 1) dt.

Define the convolution of f and g as

(f * o)t /f (z—t)d

The periodicity of all functions involved shows that it is immaterial over which interval we integrate, as long as
its length is 27r. This shows that

1 1 "
= f( )Dn(x—t)dt = o [ fl@—H)Dn(t)dt.

sy(x) = o |

We shall prove just one result about the pointwise convergence of Fourier series. Before that, we require the
following result.

Proposition 17.29 (Riemann-Lebesgue lemma). Ler f € R[a, b]. Then

b
lim f( )sinnzdz = 0. (17.10)

n—o0

Proof. O
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M >0, 0 > 0 such that
Vt € (=0,0), |f(z+1t)— f(z)] <M.

Then
lim sy(f;z) = f(x).

N—oo

Proposition 17.30 (Pointwise convergence of Fourier series). Suppose for some x € [—, | there exists

Proof. Since

% 7;DN(:U) dez =1,
we can write L
f@) =5 [ J@Dx(t)at
Then
sw(@) = 1@ = 5 [ =0 - f@IDx (0
1 /7 sin( N + 5 |t
=5 | Ue=1- 5@ <Sin 5t2> a
Let g(t) = f( __t) l_t f(x), then
smi

(@) — f(z) = = /W o(t) sin <N + ;) Ldt.

:% .

By the Riemann—Lebesgue lemma, we are done.

Corollary 17.31.

Here is another formulation of this corollary:

This is usually called the localisation theorem. It shows that the behaviour of the sequence (s ~(f; x)), as far as

convergence is concerned, depends only on the values of f in some (arbitrarily small) neighbourhood of z. Two

Fourier series may thus have the same behavior in one interval, but may behave in entirely different ways in

some other interval. We have here a very striking contrast between Fourier series and power series (Theorem

8.5).

We conclude with two other approximation theorems.

polynomial P such that
|P(z) = f(z)| <& (z€R).

Theorem 17.32. If f is continuous (with period 2m) and if € > 0, then there exists a trigonometric

Proof.
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Theorem 17.33 (Parseval’s theorem). Suppose f and g are Riemann-integrable functions with period
2w, and
o0 o
fa)~ Y ed™, gla)~ Y ™
n=-—oo n=—oo
Then
(i) ,
Jim [[f = sn(A]F =0
(ii)
1 o
%Uﬂag) = Z CnIn
n=-—oo
(iii)
oo
2
IFIP = leal?
n=-—oo
Proof.
@)
(i)

(iii)
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§17.4 Gamma Function

The Gamma function simulates the factorial.

Definition 17.34 (Gamma function). For 0 < x < oo, the Gamma function is defined as

[(z) :—/ t* e tdt. (17.11)
0

The integral converges for these . (When z < 1, both 0 and co have to be looked at.)

Lemma 17.35.

(i) The functional equation
Iz +1) =al'(z)

holds for 0 < x < oo.
(ii) T'(n+ 1) =nlforn=1,2,3,...

(iii) logT" is convex on (0, 00).

Proof.

(1) Integrate by parts:
o
Nz+1) = / tet dt
0

(%) o0
= [—t%—t}o +/ xt* et dt
0

=0+ zI'(z) = 2'(x).

(i) We have
o0 o9
T(1) = / etdt = [—eﬂ =1
0
Since I'(1) = 1, (i) implies (ii) by induction.

(iii) To show that log I'(x) is convex, we need to show that for all p, ¢ > 1 with % + % =1,

1 1
logT’ (m + y> > —logI'(x) + —log I'(y).
p q p q

This is equivalent to showing
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We have

F<$+y> :/ tptalet
p q 0
:/Ootﬂl“qbre_t(;*}z) dt
0
o] 1 1
:/ (tx—le—t>P (ty—le—t>th
0
1 1
o] -1 _t p p o] y—1 ¢t q q
§/<tﬁeﬂ>dt /<tqu>dt
0 0
1 1
= D) T(y)"

where the penultimate line holds as a result of Holder’s inequality.

In fact, these three properties characterise I' completely.

379

Lemma 17.36 (Characterisation of I'). If f is a positive function on (0, c0) such that
(i) flx+1)=zf(z)
(i) f(1)=1,
(iii) log f is convex,

then f(z) = T'(z).

Proof.

Definition 17.37 (Beta function). For x > 0 and y > 0, the beta function is defined as

1
B(z,y) ::/0 "1 —t)vtde.

Lemma 17.38.

Iz +y)

Proof. Let f(z) = o)

(@ :
B(:U—l—l,y):/ t(1—t)v~1dt.
0

B(z,y). We want to prove that f(z) = I'(z), using Lemma 17.36.
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Integrating by parts gives

y 1 Y
B(ﬂ?-}-l,y): |:tx. (1—t) (_1):| +/01xtm—1(1yt)dt

" 1 =)y — ) de

1 1
/ U O NS L / (1 — )yt dt>
0 0

(B($7y> - B(l‘—l— 17y>)

- \O\H

LSRR QIR <R

which gives B(z + 1,y) =

x
B(z,y). Thus
prpr (z,y)

f(x+1)zw

_@tyBaty
B T(y) w+yB(’y)

=z f(x).

Bz +1,y)

(i)

<1—t>y]1_1

Blly) = /01(1 o= [_ Y o Y

and thus (1 r')
r) = H 0 By = 1Y

(iii) We now show that log B(x, y) is convex, so that

=1.

< | =

log f(z) = log'(z + y) +1og B(z,y) — logI'(y)

convex constant

is convex with respect to x.

1 1

Taking log on both sides gives

log B(z, 4)F Bl )t > log B (””1 T “y>
p q
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or
1 1
—log B(z,y) + — log B(x2,y) > log B <xl + xQ,y) .
p q p q

Hence log B(z,y) is convex, so log f(z) is convex.

I'()l'(y)

Therefore f(z) = I'(x) which implies B(x,y) = . O
f(a) = T(a) plies B(r. ) =
An alternative form of I' is as follows:
+oo 5
H@:z/ t22 et qt
0
Using this form of I', we present an alternative proof.
Proof.
—+0o0 9 +oo 5
L(x)T'(y) = 2/ 2=t dt 2/ s e ds
0 0
_ 4// p2e-12y—1,—(+5%) 3¢ s
[0,4-00) x[0,+-00)
Using polar coordinates transformation, let £ = r cos §, s = rsin 6. Then dt ds = r dr df. Thus
5 +o0 )
L(z)'(y) = 4/ / 22 L eos® g . p L gin® 9. e L dr| df
0 0
3 oo 2
= 2/ cos?* 1 9sin? "1 0db - 2/ p2@Ety)=le=r" gy
0 0
B(z,y) [(z+y)
since
1
B(z,y) = / t Y1 —t)y"tdt t=cos’d
0
0
= [ cos®@ 1 gsin®¥1 . 2 cos (— sin §) db
3
=2 / * cos? 1 gsin219d .
0
['(x)l
Hence B(z,y) = M O
I'(z+y)
More on polar coordinates:
+o0 9
I :/ e dr = /7. (17.12)
—00
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Proof.
+oo 9 +oo )
I’ = / e * d:z:/ e ¥ dy
—0o0 —0o0
= // e~ (@+%) 4z dy x=rcosf,y=rsinf
R2
2w +00 5
:/ / e " rdrdd s=r?ds=2rdr
o Jo
constant w.r.t. 6
400 1
= 27T/ e - —ds
0 2
1 oo
=27 [e_s(—l)} =7
2 0
and thus
+o0 2
I :/ e dr =1
—00
O
From this, we have
1 ©
r(=|=2 e Vdt =7
2 0
Lemma 17.39. .
A 1
M) =~—r (Z)r(ZE2).
v \2 2
201 1
Proof. Let f(z) = FF <923> r (i) We want to prove that f(z) = I'(z).
(1)
27 z+1 x
1)=—=I r{=+1
o= (57)r(50)
27 r+1\ =z T
= =r r(z
756
=zf(x)
i) f(1) = LT (%) (1) = 1 since I (%) — JT.
(iii)
T z+1
log f(z) = (x —1)log2+1logl | = | +logT [ —— ) —log /7
linear ~~ constant
convex convex
and hence log f(x) is convex.
Therefore f(z) = I'(x). O
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Theorem 17.40 (Stirling’s formula). This provides a simple approximate expression for T'(x + 1) when

x is large (hence for n! when n is large). The formula is

. I(z+1)
lim ———— =1. 17.13
=00 (/€)% 2mx ( )
Proof. (]
Lemma 17.41.
T
B(p,1—p)=T(pT{1-p) = )
(p,1—=p) =T(p)I( )= po

Proof. We have

a1
= d
1+z o
1 pr_l /oo xp—l
= + dx
1+ 1 142

See that

oowp—l Oyl—p 1 1
[ ot [ 252 e
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SO
1 .p—1 -p
X +x
Bp,l—-p) =] — " ax
(p,1—p) /0 52
r 00
= I p—1 4 _
Jim f @ )
k=0
r 00 00
= lim D (=DFEPT Ny (—1)Fah P | da
r=1mJo o k=0
= lim
r—1- :0 k+p P 0 k p+1 .
oo x
1 1
D D S
— k+p P k—p+1
 — 1 > 1
=+ ) (-D)F—— ) () ——
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Exercises



\Y%

Multivariable Analysis

Vector functions, limits and continuity, vector derivatives, total derivative, chain rule, partial derivatives, gradient,
inverse function theorem, implicit function theorem.

Multiple integrals, Fubini theorem, change of variables.

Differential forms, closed and exact forms, wedge product, simplexes and chains, integration on chains,
manifolds, integration on manifolds, Stokes Theorem. The volume element, connections with the classical
theorems of vector calculus.
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1 8 Functions of Several Variables

We shall now switch to a different topic, namely that of differentiation in several variable calculus. More
precisely, we shall be dealing with maps f: R” — R™ from one Euclidean space to another, and trying to
understand what the derivative of such a map is.

Before we do so, however, we need to recall some notions from linear algebra, most importantly that of a linear
map and a matrix.

§18.1 Linear Transformations

Some linear algebra prerequisites.

§18.2 Differentiation

The Derivative

Recall that for f: R — R, we defined the derivative at x as

o f@ ) = @)

h—0 h

In other words, there exists a number « (the derivative of f at x) such that

fla+h) — f(a) flat+h) = f@)—ah| _

. . fw+h) — fw) —ah| _
h h h—0 |h’

=0.

= lim

h—0 h—0

Multiplying by « is a linear map in one dimension: h — ah. Namely, we think of a € L(R,R). Hence we can
use this definition to extend differentiation to more variables.

Definition 18.1 (Derivative). Let U C R" be open, f: U — R™. We say f is differentiable at x € U if
there exists A € L(R™,R™) such that

. |£(x + h) — f(x) — Ah|| _

0.
h—0 |Ihl|

Then we write f'(x) = A, and say that A is the derivative of f at x.
If f is differentiable at every x € U, we say f is differentiable on U.

Remark. Note that the derivative is a function from U to L(R"™,R™).

We now show that the above derivative is in fact unique.
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Lemma 18.2 (Uniqueness of derivative). Let U C R"™ be open, £: U — R™. Suppose x € U, and there
exist A, B € L(R™,R™) such that

. ||[f(x+h) — £(x) — Ah|| [£(x +h) — f(x) — Bh[| _

1 = d i .
wlb T 0 and g ] 0
Then A = B.

Proof. Suppose h # 0. Compute

I(A—Byn|| || (EGc+h) = £(x) = AB) — (£(x + h) — £(x) - Bh)|
T [
_lfx+ 1) — £ = Ab| Je(x+ h) — £) — B
[l [l

Taking the limit h — O on both sides gives

-] _
h—0 |Ih|

Thus given € > 0, for all non-zero h in some J-ball around the origin we have

W :H(A—B)H::HH <e.

For any given v € R" with||v|| = 1, if h = v, then|/h| < ¢ and & = v. So|[(A — B)v|| < e. Taking the

Tul =
supremum over all v with||v|| = 1, we get the operator norm||A — B|| < e.

As e > 0 was arbitrary, we must have ||A — B|| = 0, or in other words A = B.

Example 18.3. If f(x) = Ax for a linear mapping A, then f'(x) = A:

£(x +h) — £(x) — Ah|| _[[A(x+h) - Ax— Ah|| _ 0

= —=0.
[l [l [l

O]

Lemma 18.4 (Differentiability implies continuity). Let U C R" be open, suppose £: U — R™ is

differentiable at x € U. Then f is continuous at x.

Proof. Another way to write the differentiability of f at x is to consider the remainder:

r(h) := f(x + h) — f(x) — f'(x)h.

r(h
By definition, f is differentiable at x if lim H ( )H
h—0 | hl|

= 0, so r(h) itself goes to zero.

The mapping h — f/(x)h is a linear mapping between finite-dimensional spaces, hence continuous and

lim f'(x)h = 0. Thus, lim f(x + h) = f(x). That is, f is continuous at x.
h—0 h—0

Differentiation is a linear map on the space of differentiable functions.

O]
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Lemma 18.5. Let U C R" be open, suppose £,g : U — R™ are differentiable at x € U, let o € R.
Then

(i) f+ g is differentiable at x, and (addition)
(f+8)(x) =f'(x) +&'(x).

(ii) of is differentiable at x, and (scalar multiplication)

(af) (x) = af’'(x).

Proof. Leth € R, h # 0.
(i) Write

|f(x +h) + g(x +h) — (f(x) + g(x)) — (f'(x) + &'(x))h]|
[l

- Hf(x—i— h) — f(x) — f’(x)hH Hg(x +h) —g(x) — g’(x)hH

- [[hl [l

Then take limits h — 0 on both sides of the equation.
(i) Write
||af(x +h) — of (x) — of’(x)h| |£(x +h) — f(x) — £'(x)h||
h = lof h '
[l [
Then take limits h — 0 on both sides of the equation.

We now extend the chain rule to the present situation.

Lemma 18.6 (Chain rule). Let U C R™, V C R™ be open. Suppose £: U — R™ is differentiable at
x €U, f(U) CV,and g: V — R is differentiable at f(x).
Then ¥ = g o f is differentiable at x, and

F'(x) =g (f(x)) f'(x).

Without the points where things are evaluated, we write F' = (g o f)’ = g'f’. The derivative of the composition
g o f is the composition of the derivatives of g and f: If f'(x) = A and g (f(x)) = B, then F'(x) = BA, just
as for linear maps.

Proof. Let A = f'(x) and B = g’ (f(x)). Take a non-zero h € R™ and write y = f(x), k = f(x + h) — f(x).
Let

r(h) =f(x+h) — f(x) — Ah.
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Thenr(h) =k — Ah or Ah = k —r(h), and f(x + h) = y + k. We look at the quantity we need to go to zero:

|F(x+h) —F(x) — BAh|| _||g(f(x +h)) — g(f(x)) — BAh||

([l B [l
_|lgy + k) —g(y) - Bk —x(h))|
[
|g(y +k) — g(y) — Bk| 15] [r(h) |
- [ [
sty 10— () ~ B [+ 1) ~ 100 [0
1] [l [
Take the limit h — 0. We examine the three terms:
[r(mf] _
* Since f is differentiable at x, hm SRl 0.
* Since f is continuous at x, k — 0 as h — 0. Thus since g is differentiable at y,
. |lg(y +k) —g(y) - Bk| _
lim =0.
h—0 |||
* Write
|f(x +h) — £(x)|| _ |£(x +h) — f(x) — Ah|| . ll4n]
[ - I I
|£Gx + h) — £(x) — AR
< + Il Al
[l
Since f is differentiable at x, for small enough h, the quantity Hf(x+h)”71:”(x)iAh” is bounded. Thus the
term w stays bounded as h — 0.
Therefore
. |F(x+h) - F(x) — BAh||
lim =0,
h—0 ||l

so F/(x) = BA as desired. O
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Partial Derivatives

There is another way to generalise the derivative from one dimension. We can simply hold all but one variables
constant and take the regular derivative.

Let {e,...,e,} and {uy,...,u,,} be the standard bases of R" and R".

Definition 18.7 (Partial derivative). Let U C R" be open, f: U — R™. The components of f are the
real functions fi, ..., f,, defined by

The partial derivative at x € U is defined as

O (o) 1= tig FXF D = FilX) () 5y 1< <),
al’j t—0 t

provided the limit exists.

Partial derivatives are easier to compute with all the machinery of calculus, and they provide a way to compute

the total derivative of a function.

Proposition 18.8. Let U C R™ be open, suppose f: U — R™ is differentiable at x € U. Then all the

partial derivatives at X exist; with respect to the standard bases of R™ and R™,

e e e
o] = | PO BROO 36
Pl Gt o Pk

In other words,

The matrix of f/(x) is often called the Jacobian matrix.

Proof. Fix j. Since f is differentiable at x,

E(x + te;) — £(x) = £/(x)(te;) + r(te;)

where ”r(tfj )| — 0 as t — 0. Taking the limit ¢ — 0 on both sides, the linearity of f’(x) shows that

f te;) — f
lim (x + tey) = £(x) =f'(x)e;.
t—0 t
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If we now represent f in terms of its components, the above equation becomes

lim
t—0 —

u; = f'(x)e;.

L fi(x +tey) — fi(x
; ( t) (x)

It follows that each quotient in this sum has a limit as ¢ — 0 (see Theorem 4.10), so that each partial derivative

% exists. O]
Tj
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Gradients, Curves, and Directional Derivatives

Let v be a differentiable mapping of (a,b) C R into an open set U C R"; that is, ~y is a differentiable curve in
U. Let f: U — R be differentiable.

Fort € (a,b), define
By the chain rule,

Since 7/(t) € L(R,R™) and f’ (v(t)) € L(R™,R), ¢'(t) is a linear operator on R; thus, we can regard ¢'(t) as
a real number. This number can be computed in terms of the partial derivatives of f and the derivatives of the
components of 7;, as we shall now see.

With respect to the standard basis {e1, ..., e,} of R", the matrix of 7/(¢) is the n x 1 matrix which has ~,(¢)
in the i-th row, where 71, . . ., v, are the components of 7. For every x € U, the matrix of f'(x) isthe 1 X n
matrix which has a% in the j-th column. Hence the matrix of ¢/(¢) is the 1 x 1 matrix whose only entry is the

real number
n

g0 = 0N 1) =3 2Ly = 3 I
j=1 "7 j=1 "7

Definition 18.9 (Gradient). Let U C R" be open, suppose f: U — R is differentiable. The gradient at
x € U is defined as

(VHE) =) 6f(xy%. (18.1)

Writing +'(t) as components

using the scalar product, we can rewrite ¢'(t) as
g ) =(VHN®) -7 ). (18.2)
Let us now fix x € U, take a unit vector u € R", and let v be
~v(t) = x + tu.
Then ~/(t) = u for every ¢. Hence Eq. (18.2) shows that

g'(0) = (Vf)(x) u

On the other hand, we have
9(t) —g(0) = f(x+tu) — f(x).

Hence
i G W) = f(2)

t—0 t

= (V) u (18.3)

We call this limit the directional derivative of f at x, in the direction of the unit vector u, and may be denoted
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by (Duf)(x).
If f and x are fixed, but u varies, then Eq. (18.3) shows that (D, f)(x) attains it maximum when u is a positive
scalar multiple of (V f)(x). [The case (V f)(x) = 0 should be excluded here.]

Ifu =73, ujej, then Eq. (18.3) shows that (Dy f)(x) can be expressed in terms of the partial derivatives of f

at x:

(Duf)(x) =) P, 0 (18.4)

Proposition 18.10. Let U C R"™ be open and convex, suppose £: U — R™ is differentiable on U, and

there exists a real number M such that
IF@|| <M xeD).

Then for all a,b € U,
If(b) — f(a)| < M|b — a.

Proof. Fix a,b € U. Define
v(t)=(1—-t)a+tb

for all t € R such that v(¢) € U. Since U is convex, y(t) € U if 0 <t < 1. Put

Then
g'(t) =1 (1) (1) =f (v(1)) (b - a),
so that
g'(t)] <

forall t € [0,1]. By Theorem 5.19,

£ (4()||[b—al < M]b—al

g(1) —g(0) < M|b — al.

But g(0) = f(a) and g(1) = f(b). This completes the proof. O

Corollary 18.11. [If; in addition, f'(x) = 0 for all x € U, then f is constant.

Proof. To prove this, note that the hypotheses of the previous result hold now with M = 0. g
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The Jacobian

Definition 18.12 (Jacobian). Let U C R”, suppose f: U — R™ is differentiable. Define the Jacobian
offatx € U as
Jg(x) = det [f'(x)].

We shall also denote Jy as

O f1,---s fn)
8(x1,...,:cn)'

This last piece of notation may seem somewhat confusing, but it is quite useful when we need to specify the
exact variables and function components used, as we will do, for example, in the implicit function theorem.

The Jacobian determinant Jr is a real-valued function, and when n = 1 it is simply the derivative. From the
chain rule and det AB = det A det B, it follows that

Jfog(x) = Jf(g(x))Jg(X)

The determinant of a linear mapping tells us what happens to area/volume under the mapping. Similarly,
the Jacobian determinant measures how much a differentiable mapping stretches things locally, and if it flips
orientation. In particular, if the Jacobian determinant is non-zero than we would assume that locally the mapping
is invertible (and we would be correct as we will later see).
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§18.3 Continuity and The Derivative

Let us prove a “mean value theorem” for vector-valued functions.

Theorem 18.13. If ¢ : [a,b] — R" is differentiable on (a,b) and continuous on [a, b|, then there exists
t € [a,b] such that

[6(b) = o(a)|| < (b —a)|[¢'(1)]] - (18.5)

We say f: U C R™ — R™ is continuously differentiable if f is differentiable, and f' : U — L(R"™,R™) is
continuous; we also say that f is a C’-mapping, or that f € C'(U).

Proposition 18.14. Let U C R™ be open, f: U — R™. Then f is continuously differentiable if and only

if all the partial derivatives gg]: L exist and are continuous on U.
J

Proof.

Suppose f € C'(U).
O
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§18.4 Inverse and Implicit Function Theorems

Inverse Function Theorem

The inverse function theorem states, roughly speaking, that a continuously differentiable mapping f is invertible
in a neighbourhood of any point x at which the linear map f’(x) is invertible:

Theorem 18.15 (Inverse function theorem). Let U C R™ be open, suppose £: U — R" is a C'-mapping,
and f'(a) is invertible for some a € U, and b = f(a). Then

(i) there exist open sets U,V C R" such thata € U, b € V, f is bijective on U, and f(U) = V;
(ii) if g is the inverse of £ [which exists, by (i)], defined in V by
g(f(x) =x (x€U),

theng € C'(V).

Corollary 18.16. Let U C R"™ be open,
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Implicit Function Theorem
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§18.5 Derivatives of Higher Order

Definition 18.17. Let U C R" be open, suppose f: U — R, with partial derivatives %, 2L

Y Oxm *
% are themselves differentiable, then the second-order partial derivatives of f are
J

0% f o [ of .
= == =1,... .
8951- (%:j 83;, (89@) (717] ’ 7n)
02 f

If all these functions 9w, 0w, re continuous on U, we say that f is of class C" in U, or that f € C"(U).
f: U C R™ — R™ is said to be of class C” if each component of f is of class C”.

If the functions
defined by

It can happen that

§18.6 Differentiation of Integrals



CHAPTER 18. FUNCTIONS OF SEVERAL VARIABLES 400

Exercises
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