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Abstract

This is the lecture notes from Prof. Chang-Lara Modern Analysis, an
upper level course offered in the school year of 2016-2017 (two semesters, I
& 11). Similar to Calculus, Real Analysis studies the behavior of functions.
In this course we mainly consider real valued functions defined over a
subset of the real line. The emphasis will be to establish rigorous proofs
for some of the theorems and properties you already know from your
Calculus class: Sequences and series, continuity, differentiability, Riemann
integral, sequences and series of functions, uniform continuity, Arzela-
Ascoli Theorem and Wierstrass approximation Theorem.



This note is dedicated to Hector Chang-Lara.



Preface

When I was doing undergraduate studies in mathematics,
I have not been able to fully appreciate the proofs of some
of the basic knowledge encountered in the lectures. With
this regret in mind, I have come to Columbia University
to take the class I have missed out from my undergrad
studies, Real Analysis.

I found Professor Hector Chang-Lara’s lecture providing
students a great variety of knowledge in the field of real
analysis. Instead of following the textbooks like majority
of undergraduate professors do, he implemented his own
ideas and understanding about the theorems and proofs in
the classroom. His lecture is, in its way, a poetry of logi-
cal ideas in the realm of real numbers. I found it difficult
to give up this valuable information so I have decided to
document each and every lecture he taught in this course.

Yigiao Yin
2016 ~ 2017 at Columbia University



Contents

[L_8The Real and Complex Number Systemsg| 6

LI Introductionl. . . . - « v v v vov e et e 6
[1.2_The Real Numbers: Sets, order and field axioms| . .. . .. 6
1.3 e Real Numbers: Ordered Fields an ompleteness| . . . 6

[2__§Basic Topology§| 14
[2.T Metric Spaces and Point Set Topology] . . . . . . . . . ... 15

2.2 Compact Sets| . . . . . . . ..o 23
13 §Numerical Sequences and Series§| 31
............................ 31
B2 Serled . . . ... 38
............................ 43
4 3Continuityg| 45
A1 Continuity]. . . . « v v v oo 45
4.2 Weierstrass Theorem (Extreme Value Theorem)|. . . . . . . 52
4.3 Intermediate Value Theorem| . . . . ... ... ... .. .. 28

4.4 Uniform Continuity]. . . . . . . ... ... ... ....... 69
[f5 Tipschitz Function] . . . . . .. ... ... ... ....... 70

E6 _Holder Functionl . . . .« v v vt e e 71

[ §Differentiationg| 73
............................ 73

B2 Mean Value Theoreml. . . . . - v v v v v i e 78
|§.3 L’Hopital’s Rulef . . .. .................... 81

5. aylor’s eorem|. . . . ...l 84
[6__§Riemann-Stieltjes Integralg§| 84
........................ 85

6. Properties of the Integral] . . . . ... ... ... ... ... 90
.............. 91

[7_8Sequences and Series of Functionsg| 97
...................... 99
------------- 102

7.3 Unitorm Convergence and Integration| . . . . ... ... .. 103
[7-A_Uniform Convergence and Differentiation] . . . . .. .. .. 108
[[5_Stoke’s Theoreml . . . . o v v v vv i e 109
17.6  The Arzela-Ascoli Theorem| . . . . . . . . . ... ... ... 112
[7.7__Wierstrass Approximation Theorem| . . . ... .. ... .. 114
8 Convolutionl . . . .« v v v v v e e 116
7.9  The Gamma Functionl . . . . . . . . . .. . ... ... ... 117

18 8Some Special Functionsg| 119
81 Power Sertesl. . . . . . . . . ... 119
8.2 The Exponential and Logarithmic Functions|. . . . . . . . . 123

19 sFunctions of Several Variablesg| 124




110 gIntegration of Difterential Formsg| 124




1 §The Real and Complex Number
Systems§

Go back to Table of Contents. Please click

1.1 Introduction

Go back to Table of Contents. Please click

We would see a lot of names from the 1600 to 1700 dealing with calculus
problems and we would also see a lot of the names dealing with analy-
sis in 1900. Newton and Leibniz contributions belong to the end of the
XVII century. In the XVIII century we have the Bernoulli family, Euler,
Lagrange, etc. The rigorous formulation of Calculus then started in the
XIX century with Cauchy (also influenced by Lagrange), Abel, Riemann,
and Weierstrass. We would try to answer the questions like the followings.
When does the limit of continuous functions a continuous function? When
does a differential equation have a unique solution? We would also try to
discuss the story that Weistress came up with an example of a continuous
function that is nowhere differential?

1.2 The Real Numbers: Sets, order and field ax-
ioms
Go back to Table of Contents. Please click

Let us start by introducing some definitions.

Definition 1.1. A set is a collection of elements, z € S: x belongs to S,
and the negation is © ¢ S.

Some famous examples are N, Z, Q, 0.

Definition 1.2. We use A C B to denote A is a subset in B. We can also
write B D A, that is to say, B is a superset of A (the two statements are
equivalent). The opposite of this statement is that there is some element
in A which is not in B.

Some examples: A C Band B C A= A = B. More examples: ) C A,
and in fact we have ) CN C Z C Q.

We are mostly dealing with real numbers. Are rational numbers
enough? The answer is “no”, first answered by Pythagoras. We can
see from the following that rational numbers are not sufficient to describe
magnitudes such as v/2. Let a, b, ¢ be the three sides of a triangle with the
opposite angle of side ¢ to be 90 degrees, then we have a® 4+ b? = ¢2. For
example, we can choose a = b = 1, and compute ¢ = v/2. But ¢ = /2 ¢ R.
This example shows us that there is a case we can a number that is not
rational.

1.3 The Real Numbers: Ordered Fields and Com-
pleteness

Go back to Table of Contents. Please click



Definition 1.3. (S, <) is an ordered set if
(1) Trichotomy: a < b, b >a,ora=>5b

(2) Transitivity: Va,b,c,€ S, we have a < band b < ¢ = a < c.
Examples: (N, <), (Z, <), and (Q, <).

A field is a set where two (binary) operations are defined, namely
addition and multiplication. We have the following axioms to define a
field.

Definition 1.4. A field, (S, +, X), is a set where two binary operations
are defined. A field, S, satisfies the following axioms [10].
Axioms of summation: (S, +)

(1) Closed: Va,b € S, we have a+b € S

(2) Commutative: Va, b€ S,a+b=b+a

(3) Associative: Ja,b,c€ S, (a+b)+c=a+ (b+c¢)

(4) Neutral: 30 € S,s.t. Va € S, we have a + 0 =a

(5) Opposite: Vae S, 3—a € S,st. a+(—a)=0

Axioms of product: (S, x)
(1) Closed: Ya,b e S, we havea xbe S
(2) Commutative: Va,b € S, a xb=">bX a or ab = ba
(3) Associative: Ja,b,c € S, (a xb) x c=a x (b x ¢) or (ab)c = a(bc)
(4) Unit: 31 #£0€ S,s.t. Va€ S, wehaveax 1 =a
(5) Inverse: Ya € S|{0}, 32 € S, st. ax (2)=1
We have Distributivity stating that Va,b,c € S, we have a X (b+ ¢) =
a X b+ a X c. Some famous examples: (Q,+, x), ({0,1},+, x).

Lemma 1.5. 0 xa =0

Proof:

First, we have 0 x a = 0 X (0 + a) by neutral quality from summation.
Then we have 0 x a =0 X (0 4+ a) =0 x 0+ 0 x a by distributivity.

Given 0 x (04 a) = 0x 0+ 0 x a, we use opposite to this equation and
obtain 0 X a+ (—0xa)=0x04+0xa+ (—0xa). Weget 0=0x0.

Q.E.D.
Some examples of field are Q and Zy = {0,1}. For the set of Zy =
{0, 1}, we have addition and multiplication defined to be the following:
0+0=0,0+1=1,14+0=1,1+1=0

0x0=0,0x1=0,1x0=0,1x1=1
We have the field of ({0,1}, +, x):
+ (0|1 x 0|1
0|01 0
11110 1101

o
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We looked at all the possibilities that we have to define the opera-
tions in Zo and we conclude the operations listed above. One interesting
deduction is that 0 x 0 = 0.

Then we can move on to discuss some of the properties we see.

First, we have cancellation, i.e. * +y =x+ 2z = y = 2. We also
know for x # 0, we have vy = xy < y = z. We can prove this easily by
subtracting x on both sides.

Secondly, we have uniqueness of inverses. That is, we have the follow-
ing identity t +y =0« y = —z. For £ # 0, we have zy = 1 & y = %

Thirdly, We have inverse of inverse. That is, for z # 0, we have
+ = 2. We also have opposite of opposite, —(—x) = x. Moreover, we
ﬁave multiplication by zero, @ x a = 0. We can also set product to zero.
That is, Vz,y € R, 2y = 0 = 2z = 0V y = 0. We can also have different
signs. We can have (—z)y = —zy = z(—y), and (—z)(—y) = zy. After the
understanding of definitions and basic properties, we move on to discuss
some more advanced properties [10].

Proposition 1.6. The axioms for addition imply

(a) Ifc+y=xz+z, theny = z.

(b) If t+y ==z, theny =0.

(¢) Ift+y=0, theny = —x.

(d) If =(—z) = x.
Proposition 1.7. The axioms for multiplication imply

(a) If x #0 and xy = xz, then y = x.

(b) If £ #0 and vy = z, then y = 1.

(c) Ifx #0 and xy =1, theny = .

(d) Ifx #0, then 1/(1) = .
Proposition 1.8. The field axioms imply

(a) 0z = 0.

(b) If £ #0 and y # 0, then zy # 0.

(¢) If (=z)y = —(zy) = z(—y).

(d) If (—z)(—y) = zy.
Remark 1.9. We can define n € F', while F'is a field, and n = 1+14...41.
Is it possible for 1 + 1 = 07 The answer is yes and we can observe such
result in Zo = {0,1}.

d

We can define F' to be a field of characteristic zero if 1+14... =1 # 0,
Vn € N. The consequence is the following. If F' has a characteristics zero,
then we have N C F,Z C F,Q € F. This is where Newton’s Binomial
Identify comes in. We have (a + b)" and we want to see how to describe
it. The idea is to write the term into a product of a series of terms, i.e.
(a+0)" = (a+b)(a+b)...(a+b). For each of the n factor, for m terms, by
either picking a or b. The next question we are interested is the amount
of terms we have. The answer is 2V, since this is a combination of a



and b. That is, each term of the function for m is in the form a"b"™ ",
(r=0,...,n). For given r, how many times do we get a"b" .

With this idea in mind, another question that is equivalent to the
combination question is the following: how many subsets are there in the
set of {1,2,...,n}? The answer is (':), i.e. among n we choose r. For
example, (’11) =n, (Z) =1, and (3) =1.

g) = n<n271) =

annilz)l and so on. Up to now, we can compute (a+b)" = > "_, (;)arbnff
For example, (a + b)? = a® 4 2ab + b*, and (a + b)* = a® + 3a?b + 3ab® +
b3. Thus, we have an illustrated understanding of the famous binomial
theorem. And we need to prove the theorem to have a legit understanding
of it.

Theorem 1.10. Binomial Theorem. Ya € R;b € R, and n # 0, we have

(a+b)" = En: <:> a’b" "

r=0

In general, we know for n choose 2, we compute (

Proof: We prove this theorem by mathematical induction. For the
base cases, we have

(a+b)° =1
(a+b)'=a+b
(a+b)*> = a® + 2ab + b*

Continuing the steps above, we can have base cases check for any arbitrary
number, e.g. 0, 1, 2, and so on.
Now we assume that

k _ : k ryk—r
(a+0b) —Z . a"b

r=0

and we need to show, as an inductive conclusion, that this argument holds
for k+ 1, that is, (a +b)*™ = Zfl’é (kfl) a"b* 17T We compute the fol-
lowing

(a+ b)FF!

=(a+b)* x (a+0)

= (Z’::O (i) aTbkfr) X (a + b) by induction hypothesis,

= (Efzo ) a’“bkﬂ"> X a—+ <ZI::0 (f)arbkf’”) x b by distributivity,
= (Eﬁ:o ) a”‘lbk_r> + (Zf:o ) arbk_’"“) by definition of power,

= (Zk+1 (O )arbk_TH) + (Zk (f)a’"bk_TH), since the first term

r=1 \r—1 r=0
can be written as Zf:o (’:)arﬂbkfr =y (sfl)asbkﬂ*l, and then re-
place s by r (dummy variable), and Zﬁ:o (’:)a”'lbk_r = Zfi} (Tﬁl)arbk_”'l

= ak“—i—zlf ( k ) (k) a"bF TR+ gince the ranges of the two terms

r—1/ \r

have common range of [1, k], so we sum this range together, and we are



left with the case of 0 and the case of k+ 1,
= a8 () a b 4 68 sinee (F) (F) = (1)

T T

= Z’:;Lé (kH)arka*T, by taking the sum adding the case k 4+ 1 back to

T

the range of the summation. Thus we have

k+1
n k+1 rik+1—r
b)" = b
(at+d)" =3 ( , >a

r=0
Q.E.D.

Definition 1.11. An ordered field is a field F' which is also an ordered
set, s.t.

(i) z+y<z+zifz,y,z€ Fand y < z.
(ii) zy >0ifz € F,ye F,x >0, and y > 0.
If x > 0, we call z positive; if x < 0, x is negative.
Ezample 1.12. For example, QQ is an ordered field.
O

Proposition 1.13. The following statements are true in every ordered

field [10]
(a) If x > 0, then —z < 0, and vice versa.
(b) If £ >0 and y < z, then zy < xz.
(¢) If £ <0 and y < z, then xy > xz.
(d) If x #0, then x> > 0. In particular, 1 > 0.
(e) If0 <z <y, then0<§<%.
We shall discuss a little about the inequalities here.
(1) We have 2® > 0 and the equivalence, =, holds if and only if 2 = 0.

(2) Assume Vz >0, 3y/z € F, s.t. + < > 2, Vo > 0. Then we have
r—2+ % > 0. This is true from the first inequalities. We have a
complete square (v/x + ﬁ)"’ > 0.

(3) Cauchy-Schwarz Inequality, see the following theorem.

Theorem 1.14. Let (a1, a2, ...,an) and (b1, b, ..., byn) be two sequences of
real numbers, then

Proof: The Cauchy-Schwarz inequality is an elementary inequality at
the same time a powerful inequality. We consider the following complete
square, which we know from the first inequality that it is larger or equal
or zero. Then we open up the brackets and collect the identical terms.

> > (aib; —a;bi)?

i=1 j=1
n n n n n n
2 : 2 2 : 2 z : 2 z : 2 z : 2 :
i=1 j=1 i=1 j=1 i=1 j=1

10



n n n 2
=2 at) (L) -2 )
i=1 i=1 i=1

The left-hand side of the equation is a sum of the squares of real
numbers, that is, greater or equal to zero, thus we have

2(§a§> (ébQ) 2(§aibi)2 >0

QE.D.

An interesting question is, when does = hold? This leads to some
other famous inequalities.

Theorem 1.15. AM-GM Theorem (Arithmetic Mean-Geometric Mean).
The theorem states that for any set of nonnegative real numbers, the arith-
metic mean of the set is greater than or equal to the geometric mean of
the set. That is, for a set of nonnegative real numbers ai,az, ..., an, the

following holds
al +a2+~~-+an

n
We can also write in the shorthand notation with summations and prod-
ucts:

> (alag...an)%

n a; n 1
s i
25 = e
=1 i=1
Proof: Note that the function « — In(z) is strictly concave. Then, by
Jensen’s Inequality (proof see Jensen’s Inequality), we have

In Z ia; > Z Ailn(a;) =In H a?i

with equality if and only if all the a; are equal. Since z — In(x) is a
strictly increasing function, it then follows that

A %

with equality if and only if all the a; are equal, as desired.
Q.E.D.

Theorem 1.16. GM-HM Theorem (Geometric Mean-Harmonic Mean).
For a set of nonnegative real numbers a1, a2, ..., arn, the following holds

1
(a1a2...an)" > <

Proof: Proof is similar.

Theorem 1.17. Jensen’s Inequality. A real function ¢(x) is convex on
the interval [a, b] if V0 € (0,1) we have

$(0a+ (1 — 0)b) < 6(a) + (1 — 0)$(b)

11



Notice that when n = 2, this is the definition of convexity.

Definition 1.18. Let ¢ is convex. Va,b, and V0 € (0,1), we have ¢(a) <
0¢(a) + (1 — 0)¢(b)

For this definition, we have the following observation. An ordered field
has the characteristic of zero, and we have 14+ 1+ .. 4+ 1 # 0. The idea is
the following:

(1) For 1 >0, we have (I=1x1=1)and 1#0 = 1> 0.
(2)1+1>1>0

(3) 1+1+...+41>14+1+...4+1>..>1>0 by transitivity (the first
term has n one’s and the second term has n — 1 one’s and so on)

Now we can go back ordered sets to introduce more definition and
theorems.

Definition 1.19. Let E C S to be bounded above (below) if 3M € S s.t.
M>xz, Ve e E, (M <z, Vr€E).

Theorem 1.20. Archimedean Property. The set or real numbers (an or-
dered field with the least upper bound property has the Archimedean Prop-
erty.

Lemma 1.21. The set N of positive integers N = {0,1,2,...} is not
bounded from above.

Proof: We prove this by contradiction, assume N is bounded from
above. Since N C R and R has the least upper bound property, then N
has a least upper bound a@ € R. Thus n < « for all n € N and is the
smallest such real number.

Consequently o — 1 is not an upper bound for N (if it were, since
a —1 < «, then a would not be the least upper bound). Therefore there
is some integer k with a — 1 < k. But then a < k 4 1, which contradicts
that « is an upper bound for N.

Q.E.D.

Corollary 1.22. Let x be any real number. Then there exists a natural
number n such that n > x.

Proof: Let z € R, and let S = {a € N: a < z}. The set S is either
empty or nonempty.

If S is empty, let n = 1 and note that < n (since otherwise 1 € S).

If S is not empty, consider the following. Since S has an upper bound,
S must have a least upper bound, call it b. Now consider b — 1. Since b is
the least upper bound, b — 1 cannot be an upper bound of S. Thus, there
exists some y € S such that y > b— 1. Let n =y + 1, then n > b. But
y is a natural number, so n must also be a natural number. Since n > b,
we know n ¢ S; but is n ¢ S, we can say n > x. Therefore, we have a
natural number greater than z.

Q.E.D.

Corollary 1.23. If x and y are real numbers with x > 0, there exists a
natural n such that nx > y.

12



Proof: Since z and y are real numbers, and = # 0, ¥ is a real number.
By the Archimedean property, we can choose an n € N such that n > £.
Then nz > y.

Q.E.D.

Theorem 1.24. The Density of Real Numbers. Let x,y € R be any two
real numbers where x < y. Then there exists a rational number r € Q
such that x < r <y.

Proof: Suppose that z > 0. Since z < y we have that y >0 and then
we have y — x > 0. By the Archimedean properties, since y — z > 0,
then there exists a natural number n € N such that % <y—uwz If we
multiply n on both sides, we get 1 < ny — nx and rewrite as nz + 1 < ny.
Now we know that since n > 0 and since x > 0, and by the Archimedean
properties that since nx > 0 then there exists a natural number, call it
A € N such that A —1 < nz < A or equivalently A <nz+1 < A+ 1.
Therefore nx < A <nzx+1 < ny and so nx < A < ny and so the rational
number r = % works for z < r < y.

QED.

Definition 1.25. For E C S bounded above (below), supF has a smallest
upper bound. Let supFE = « if

(1) a>z,Vze E

(2) assume 3o’ >z, Vz €E, = d >«
Remark 1.26. Let E C S bounded above (below) % supE exists. For
example we have S = Q and £ = {r € Q : r? < 2}. Is this bounded?
Yes, we can simply consider 10 > r, Vr € E. Is supE exists in Q7 No. If
a =supF € Q, then we have a? = 2. Thus we have (%)2 =2=m?=2n?
= m,n are even which contradicts assumption.
Definition 1.27. Let £ C S bounded below in F; £ = g if

1) <z, Ve e F

(2) B <z,Vze E=p <8
Theorem 1.28. The Completeness Aziom. Every mnon-empty subset
of R that is bounded from above has a least upper bound supF € R. Every

non-empty subset E of R that is bounded from below has a greatest lower
bound infE € R.

Proof: Let us prove the case that is bounded from below. Let T be the
set {—s:s € E}. Since E is bounded from below there is an m € R such
that m < s for all s € E. This implies that —s < —m for all s € S and
sot < —m for allt € T. Then T is bounded from above, hence by axiom,
supT exists. Let u = supT. We show —u =infE. That is, Vs € E, —u < s
and Vs € E, we have t < s = u < ¢q. Set ¢ = —t, we have —s < —t,
Vse F =u<—t. Hence, Vs e E, t < s =t < —u.

Q.E.D.

Next, we discuss Dedekind cut. The idea is simple. A Dedekind cut in
an ordered field is a partition of it, (A4, B), such that A is nonempty and
closed downwards, B is nonempty and closed upwards. This satisfies all
the axioms we discussed above, and hence is unique up to isomorphisms.

13



Let us recall the density of Q. Va,b € F, Ir € Q s.t. a < r < b.
Consider the following question. How to define v/2? Let E = {r € Q :
r? < 2}, then

(1) E#0 while0e E
(2) Bounded above (we can consider 10 > r Vr € E)

Therefore, we have v/2 = supE = . We can check the result. In this
case, we have only three possibilities, a? > 2, a? < 2, or a? = 2. We can
see that it is neither of the first two cases. We construct v/2 = sup{r € R :
r? < 2}, then it is well defined when sup{r € R : r? < 2} = 2, excluding
the case a® > 2 and o? < 2. The consequence is v/2 ¢ R.

Let us take a closer look at this problem. If o > 2, then the goal is
to find » € R. Since r < a, a is an upper bound for E. If a? < 2, then
the goal is to find r € F, s.t. a < 2. We can take r = a + % and choose
n — oo and n € Q.

Proposition 1.29. We have following properties for powers
(i) z"z* = 2" **
(ii) (@) = ™
(iti) ="y" = (zy)"
Definition 1.30. Dedekind Cut. Let E C Q, s.t.
(1) ae Eandod' <a=d €FE
(2) o€ E,3IBE E,s.t. B> a.
We can construct R and look at the set of all cuts.
(1) Ordered. Ey C Es if E1 C E»

(2) Operations. E1 < Eb, if E1 C E», with addition (4) and multipli-
cation (x)

(3) Ordered field. We can use cancellation.

(4) Completeness. We can check bounded or not. We take a cut and
check whether it is upper bound. Then look at the largest union.
That is, there exists a complete ordered field that satisfies three
properties (see theorem).

Theorem 1.31. There exists a complete ordered field that
R={FCQ:(1D)E#Q,(2)PeFEandq<p=q€ E,(3)pe E— Jq€ E,s.t.q > p}

With the concepts discussed in mind, we can ask questions like how
big are these sets? Are all of the infinite sets countable? We can move on
to the next section.

2 §Basic Topology§

Go back to Table of Contents. Please click
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2.1 Metric Spaces and Point Set Topology
Go back to Table of Contents. Please click

Consider two sets A and B, whose elements may be any objects whatso-
ever. We can establish a map, a function f, from A to B. The set A is
called the domain of f, and the elements f(x) are called the values of f,
or the range of f.

If for each y € B, f~'(y) consists of at most one element of A, then
f is said to be one-to-one mapping of A into B. If for all y € B, there
exists © € A, s.t. y = f(x). Then we say f is onto.
Definition 2.1. If there exists a one-to-one mapping of A onto B, we say
that A and B can be put in one-to-one correspondence, or that A and B
have the same cardinal number (or same cardinality), or, briefly, that A
and B are equivalent, and we write A ~ B. Then it is clear that
It is reflexive: A ~ A
It is symmetric: A ~ B, then B ~ A
It is transitive: A ~ B and B ~ C, then A ~ C.

Definition 2.2. For any positive integer n, let J, be the set whose ele-
ments are the integers 1, 2, ..., n; let J be the set consisting of all positive
integers. For any set A, we say:

(a) A is finite if A ~ J, for some n (the empty set is also considered to
be finite)

(b) A is infinite if A is not finite
(¢) A is countable if A~ J
(d)

(e) A is at most countable if A is finite or coutnable

A is uncountable if A is neither finite nor countable

Theorem 2.3. Every infinite subset of a countable set A countable.

Proof: Suppose E C A, and E is infinite. Arrange the elements z of
A in a sequence {z,} of distinct elements. Construct a sequence {n;} as
follows:

Let n1 be the smallest positive integer such that z,, € E. Having
chosen n1,...,np—1(k = 2,3,4,...), let ni be the smallest integer greater
than ng_; such that z,, € E.

Putting f(k) = zn, (k= 1,2,3,...), we obtain a one-to-one correspon-
dence between E and J. The theorem shows that, roughly speaking,
countable sets represent the “smallest” infinity. No countable set can be
a subset of a countable set [10].

Q.E.D.

Theorem 2.4. Let {E,},n =1,2,3,..., be a sequence of countable sets,
and put

S = E,.

(G

n=1

Then S is countable.
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Proof: Let every set E, be arranged in a sequence {nk, k = 1,2,3, ...,
and consider the infinite array

Figure 1: Graphic illustration of array

V 1»3/‘51'4
1 2 3 X24
W X33 Xag

*31 X42 X43 Xag

----------------------------------

in which the elements of F, from the nth row. The array contains all
elements of S. As indicated by the arrows, these elements can be arranged
in a sequence
T11, 21, T12, T31, T22, T13, ...

If any two of the sets E,, have elements in common, these will appear
more than once in the series above. Hence there is a subset T of the
set of all positive integers such that S ~ T, which shows that S is at
most countable. Since Fi C S, and F; is infinite, S is infinite, and thus
countable [10].

Corollary 2.5. Suppose A is at most countable, and for every a € A,
B is at most countable. Put

T= U Ba.

acA

Then T is at most countable. For T is equivalent to a subset of S such
that S =, En.

There is famous story here called “Hilbert’s hotel”. Suppose a hotel
has countably many rooms, numbered 1, 2, 3, ... with guest g; occupying
room %; so the hotel is fully booked. Now a new guest x arrives asking
for a room, whereupon the hotel manager tells him: sorry, all rooms are
taken. No problem, says the new arrival, just move guest g1 to room 2,
g2 to room 3, g3 to room 4, and so on, and I will then take room 1. To
the manager’s surprise this works; he can still put up all guests plus the
new arrival x!

Now it is clear that he can also put up another guest y, and another
one z, and so on. In particular, we note that, in contrast to finite sets, it
may well happen that a proper subset of an infinite set M has the same
size as M. In fact, this is a characterization of infinity: a set is infinite if
and only if it has the same size as some proper subset [1].
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Figure 2: Graphic illustration of Hilbert’s Hotel

Theorem 2.6. Let A be a countable set, and let B, be the set of all n-
tuples (a1, ...,an), where ay € A (k=1,...,n), and the elements a1, ..., an
need not be distinct. Then B, s countable.

Proof: That B, is countable is evidence, since B1 = A. Suppose B,_1
is countable (n = 2,3,4,...). The elements of B,, are of the form

(b7 a)7 (b € Bn—l,a S A)

For every fixed b, the set of pairs (b,a) is equivalent to A, and hence
countable. Thus B, is the union of a countable set of countable sets.
Then B, is countable, which follows by induction [10].

Q.E.D.
Corollary 2.7. The set of all rational numbers is countable.

Proof: We apply previous theorem, with n = 2, noting that every
rational r is of the form b/a, where a and b are integers. The set of pairs
(a,b), and therefore the set of fractions b/a, is countable [10].

Q.E.D.

Theorem 2.8. Let A be the set of all sequences whose elements are the
digits 0 and 1. This set A is uncountable. The elements of A are sequences
like 1,0,0,1,0,1,1,...

Proof: Let E be a countable subset of A, and let E consist of the
sequences $1, S2, S3, ... We construct a sequence s as follows. If the nth
digit in s, is 1, we let the nth digit of s be 0, and vice versa. Then the
sequence s differs from every member of E in at least one place; hence
s ¢ E. But clearly s € A, so that E is a proper subset of A.

We have shown that every countable subset of A is a proper subset of
A. Tt follows that A is uncountable (for otherwise A would be a proper
subset of A, which is absurd) [10].

This leads us to the famous Cantor-Berstein theorem.

Theorem 2.9. If each of two sets M and N can be mapped injectively
into the other, then there is a bijection from M to N, hat is, |M| = |N]|.

Proof: We assume that M and N are disjoint - if not, then we just
replace N be a new copy.
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Figure 3: Graphic illustration of sets M and N in this theorem

The functions f and g map back and forth between the elements of
M and those of N. One way to bring this potentially confusing situation
into perfect clarity and order is to align M U N into chains of elements:
take an arbitrary element mo € M, say, and from this generate a chain
of elements by applying f, then g, the nf again, then g, and so on. The
chain may close up (in Case 1.) if we reach mo again in this process,
or it may continue with distinct elements indefinitely. (Note that the
first “duplicate” in the chain cannot be an element different from myg, by
injectivity.)

If the chain continues in definitely, then we try to follow it backwards:
from mg to g~ ' (mo) if mo is in the image of g, then to f~' (g™ (mo)) if
g~ (mo) is in the image of f, and so on. Three more cases may arise from
here: the process of following the chain backwards may go on indefinitely
(Case 2.), it may stop in an element of M that does not lie in the image
of g (Case 3.), or it may stop in an element of N that does not lie in the
image of f (Case 4.).

Thus M U N splits perfectly into four types of chains, whose elements
we may label in such a way that a bijection is simply given by putting
F : m; — n;. See the figures below for four cases.

Figure 4: Case 1. Finite cycles on 2k + 2 distinct elements (k > 0).
I g f f

T — 3= Th] — P TP — . - - - My — o= Tiy
g

Figure 5: Case 2. Two-way infinite chains of distinct elements.
I g f g I

Ce e T — Tl — e T — Tl — 3 T —
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Figure 6: Case 3. The one-way infinite chains of distinct elements that start at
the elements mg € M \ g(IV).
f g i g f

M) —F==Ti] — 3] —F= 7] — 3 T3 —F=

Figure 7: Case 4. The one-way infinite chains of distinct elements that start at
the elements ng € N '\ f(M).

q f g ¥

) —3 T —X= Tl] —3= ] —E=

Q.E.D.

With this understanding, we can move on to discuss metric spaces.

Definition 2.10. A set X, whose elements we shall call points, is said
to be metric space if with any two points p and ¢ of X there is associated
a real number d(p, q), called the distance from p to g, such that

(a) d(p,q) > 0if p#g; d(p,p) =0
(b) d(p,q) = d(g, p);
(c) d(p,q) < d(p,r) +d(r,q), Vr € X.
Any function with these three properties is called a distance function,
or a metric. We can think of the following examples. For real set, R, the

distance between two points d(z,y) = |x — y|, and the triangle inequality
tells us |z + y| < |z| + |y|. Moreover, for R™, we have d(z,y) = ||z — y],

and ||z|| = vz ox while x >y =>"" | ziyi.

Here it worth to note the details of triangle inequality.

Theorem 2.11.
d(z,y) < d(z,2) +d(z,y)

Proof: Let d(z,y) = ||z —y||, d(z, z) = ||z — z||, and d(z,y) = ||z — y||.
Taking the power of two on both sides and open up the brackets, we have
lla +b]|* = [|al|* + |[b]|* + 2ab. Then ||al|* + [[b]|* + 2ab < [[al|* +|b]|* +
2|al[/[o]].

= ab < |a[l[b]]
which is the Cauchy - Schwarz equation.

Definition 2.12. Let X be a metric space. All points and sets mentioned
below are understood to be elements and subsets of X.

(a) A neighborhood of p is a set N,(p) consisting of all ¢ such that
d(p,q) < r, for some r > 0. The number r is called the radius of

Np(p)-
(b) A point p is a limit point of the set E if every neighborhood of p
contains a point ¢ # p such that g € F.
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(¢) If p € E and p is not a limit point of E, then p is called an isolated
point of FE.

(d) FE is closed if every limit point of E is a point of E.

(e) A point p is an interior point of E if there is a neighborhood N of p
such that N C E. Or we can notate the definition with shorthand
notations. The set of interior points is as the following: E° = {z €
X d(z, E%) > 0} = Up,(x)cp Br(z)

(f) E is open if every point of F is an interior point of E.

(g) The complement of E (denoted by E°) is the set of all points p € X
such that p € E.

(h) E is perfect is E is closed if every point of E is a limit point of E.

(i) E is bounded if there is a real number M and a point ¢ € X such
that d(p,q) < M for all p € E.

(j) E is dense in X if every point of X is a limit point of E, or a point
of E (or both).

From the definition of metric space, limit point, interior point, perfect,
and closures, we can show the following proofs.

Theorem 2.13. Every neighborhood is an open set.

Proof: Consider a neighborhood E = N,(p), and let ¢ be any point of
E. Then there is a positive real number h s.t.

d(p,q) =7 — h.

For all points s s.t. d(q,s) < h, we have then d(p,s) < d(p,q) < h, we
have then
d(p,s) <d(p,q) +d(g,s) <r—h+h=r,
so s € E. Thus ¢ is an interior point of E.
Q.E.D.

We can take a look at the following examples to understand closed, open,
perfect, and bounded properties. We can simply consider the following
subsets of R,

(a) The set of all complex z s.t. |2z| < 1.

(b) The set of all complex z s.t. |z| < 1.

(¢) A nonempty finite set.

(d) The set of all integers.

(e) The set consisting of the numbers = (n = 1,2,3,...). Let us note

that this set F has a limit point (namely, z = 0) but that no point of
F is a limit point of E; we wish to emphasize the difference between
having a limit point and containing one.

(f) The set of all complex numbers (that is, R?).
(g) The segment (a,b).
Then we have the following checklist:

20



Closed Open Perfect Bounded

(a) No Yes No Yes
(b) Yes No Yes Yes
(c) Yes No No Yes
(d) No Yes No No
(e) No No No No
(f) Yes Yes Yes No
(g) No Y/N No Yes

Here we have an interesting theorem about finite and infinite sets.

Theorem 2.14. Let {E.} be a finite or infinite collection of sets E.

Then .
(LQJEQ) =[(E%).

Proof: Let A and B be the left and right members of the equation.
If x € A, then « € |, Eo for any o, hence x € Ef, for every a, so that
z € E;. Thus A C B.

Conversely, if z € B, then x € E, for every «, hence x € F, for any
a. This implies that « € |J,, Eo. Thus B C A.

This completes the proof.

Q.E.D.
Theorem 2.15. A set E is open if and only if its complement is closed.

Proof: First, suppose E° is closed. Choose z € E. Then z € E¢, and
x is not a limit point of E°. Hence there exists a neighborhood N of x
s.t. E°( N is empty, that is, N C E. Thus « is an interior point of E,
and F is open.

Next, suppose F is open. Let x be a limit point of E°. Then every
neighborhood of x contains a point of E°, so that z not an interior point
of E. Since FE is open, this means that z € E°. It follows that E° is
closed.

Q.E.D.
Theorem 2.16. This theorem states the following four properties.
(a) For any collection {Ga} of open sets, |J, Ga is open.
(b) For any collection {Fa} of closed sets, [, Fa is closed.
(c) For any finite collection G, ..., Gn of open sets, (\;_, Gi is open.
(d) For any finite collection Fu, ..., Fy of closed sets, |Ji_, Fi is closed.
Then we can introduce the following definition.

Definition 2.17. If X is a metric space, if E C X, and if E’ denotes
the set of all limit points of F in X, then the closure of E is the set

E=EUE.

Theorem 2.18. If X is a metric space and E C X, then
(a) X is closed,
(b) E =E if and only if E is closed,
(c) E CF for every closed set F' C X such that E C F.
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Remark 2.19. Suppose E C Y C X, where X is a metric space. To say
that F is an open subset of X means that to each point p € E there is
associated a positive number r such that the conditions d(p,q) <r,q € X
imply that ¢ € E. But we have already observed that Y is also a metric
space (see [10] 3E Page 31), so that our definitions may equally well be
made within Y. To be explicit, we say that E is open relative to Y if
to each p € E there is associated an r > 0 such that ¢ € E whenever
d(p,q) <randqg€Y.

Definition 2.20. If X is a metric space, if E C X, and if E’ denotes
the set of all limit points of E' in X, then the closure of E is the set
E=EF.
Theorem 2.21. If X is a metric space and E C X, then

1. E is closed,

2. E =FE if and only if E is closed,

3. E C F for every closed set F C X s.t. E C F.

With this understanding, let us discuss some propositions and theo-
rems.

Proposition 2.22. The following propositions are about open sets.

(1) X and () are open

(2) {Ga} be a collection of open sets = |J, Ga-

(3) Gi,...,Gn is open = (;_, G; is open.

Proposition 2.23. Furthermore, we have the following propositions.

(1) E° is the largest open set and E° C E, i.e. if G C E and G is open,
then C E°.

(2) E® = UG open and GCE G.

(3) (B = E°.

(4) E°=E & E is open.

Proof:

(1) Let Gisopen and G < E. Vx € G, 3r > 0, s.t. Br(z) C G. Then
"~ G C E= (by transi.) Br(z) CE =z € E°.

.G CE°.

(2) E° is an open set. Every x € E°, is an interior of E°. z € E°
= Jz > 0, st. Br(z) C E. Yy € Br(z), there is r(y) > 0 s.t.
Br(y) € Br(z) C E. This implies that y € E°, which then implies
Br(z) C E° = E° = z is an interior point of E°.

Then for £° = |4 open ccp Gy B° is open and E° C E = E° =
E° g UG open GCE

(3) (E°)° = E°. We show the proof by “L C R”, and “R C L”.

For “L C R”, let z € (E°)°, and we can consider x € F°, while F =
E°. That is, 3z € F° s.t. (d, F°) > 0, which implies z € E° since
F° C E°.

For “R C L”, the proof is backward.
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(4) E° = E < Eisopen. We show the proof by “L = R”, and “R < L”.
For “L = R”, from definition, if £° = F, then 3z € E s.t. x € E
and vice versa. That is, z € E s.t. d(z,y) > 0,Vy € E, which implies
that F is open.

For “L <= R”, the proof is backward.

QE.D.

Theorem 2.24. E is closed if and only if E€ is open.

Proof: We prove “=" and we prove “<".

“=": Suppose that E is closed. Let x be in E°, which means = ¢ E.
That means x is not a limit point of £/. Then there exists a neighborhood
N s.t. N C E°, which means E° is open.

“<": Assume E° is open. Let x be a limit point of E. Then every
neighborhood of = contains . This implies that x is not an interior point
of E¢. Then E° is open = x € F.

Q.E.D.
Theorem 2.25. De Morgan’s First Law:
(1) (AUB)" = (A)*N(B)*.
(2) (ANB)° = (A)°U(B)".
Proof:

(1) Consider z € (AUB)°. We can start with z € (A{JB)®, then
x € AJ B, by definition of compliment.
=z € (A|JB)®, by definition of &.
= (z € A|Jz € B)°, by definition of |J.
= (z €)°N(z € B)°
= (z ¢ A)(\(z € B), by definition of ¢
= (z € A°)((z € B), by definition of compliment.
= x € A°( B¢, by definition of .

(2) Consider z € (A B)°
=z € (A B)° then =z € A B, by definition of compliment
= (z € A( B)°, by definition of ¢
= (z € Az € B)°, by definition of
= (z € A°N(z € B)°
= (z ¢ A)(\(z € B), by definition of ¢&.
= (z € A°)N(z € B°), by definition of compliment.
= x € A°(B°, by definition of (.

Q.E.D.

2.2 Compact Sets
Go back to Table of Contents. Please click

This subsection we introduce compact set. Before we start, let us review
several properties from finite set.

Proposition 2.26. Let F be a finite set: we have
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(1) f: E—R= f is bounded.
(2) f: E— R: max and min are attained in E.

(3) x1,22 € E = XTn,,Tny,... 18 a constant series, which leads to the
pigeon hole principle.

4) fFECU,A=a1,...,an s.t. ECN_, Aa.

An exercise can be the following: Assume (X, d) to be a metric space.
Prove that E finite and £ C X = F is closed.

Here let us pause for a minute to discuss the famous Pigeon-hole Prin-
ciple. The principle states the following: “If n objects are placed in r
boxes, where r < n, then at least one of the boxes contains more than one
object.” ([I)

This is intuitive, but let us describe the proof in mathematics language.
Let N and R be two finite sets with |N| =n > r = |R|, and let f: N —
R be a mapping. Then there exists some a € R with |f~'(a)] > 2.
We may even state a stronger inequality: there exists some a € R with
|f7"(a)| > [2]. Otherwise we would have got |f~"(a)| < Z for all a, and
then n =3, _.[f '(a)] <72 = n, which cannot be. Hence the proof is
complete. The concept of Pigeon-hole Principle is applied here in similar
ways.

Figure 8: Graphic view for a pigeon-hole from a bird’s point of view [I].

=

An
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Lt

Definition 2.27. By an open cover of a set F in a metric space X we
mean a collection {G.} of open subsets of X such that E C |J, Ga.

Definition 2.28. A subset K of a metric space X is said to be compact
if every open cover of K contains a finite subcover.

More explicitly, the requirement is that if {G4} is an open cover of K,
then there are finitely many indices aa, ..., ay s.t.

K C Goy U...UGq,

The notion is very important in analysis, especially in connection with
continuity. It is clear that every finite set is compact.
From the definition, we have the following theorems.

Theorem 2.29. Any finite set is compact.

Proof: Let {Ga} be a set covering K = {a1,...an}. Then Vz; € K,
3X; € Ga, = Ga,y,...Ga,, covers K.
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Q.E.D.
Theorem 2.30. The set of real numbers is not compact.

Proof: Consider the set of real numbers, R. Take the covering, say,
(—00,v2— 1) and (V2 + },+00). A a subcover that will contain all of
the elements of R, since you can only go close to v/2 but not exactly same

to it.
Q.E.D.

An exercise following these two theorems can be trying to prove that £
is unbounded implies that E is not compact. The idea is straightforward.
Take E to be unbounded. By definition, there is not an element allows
one to take the points inside E to be on the boundary (or the set of limit
points, if you will). Then there cannot be a collection of open cover, hence
completes the proof.

Another interesting exercise can be the following: let I = (0,1), and
show that [ is not compact. Consider G, = (n%_l,ﬁ with n > 2
and n € N. Is there any open covering? Vz € (0,1), n > 2, we have
z € (737, 757) Let E={K : k> 2and k € N} while x > 25} Now
we discuss n in the two cases:

(1) E # 0 = we can use Archimedean property.
(2) FE is bounded below, say choose 2, then inf(FE) is well defined.

1
— <
T infE) +1 -

and inf(F) > 2 while inf(E) € N. Then there are two more sce-
narios: (1) if we take “<”, then it implies that n = inf(E), which
implies that < —L;, which causes a contradiction; for (2) if we
take “=", then it implies x = + for some m € N, which is trivial.

m

Proposition 2.31. Let (X,d) be a metric space:
(1) K C X is compact = K is closed.

(2) F is closed C K compact = F is compact. (Reader can also go to
Corllary 1.66 for more details.)

(8) E infinite C K compact = K (E’ # 0.

Proof: We prove the propositions accordingly:

(1) Let K be compact and let z € K°. Choose for any point p € K, s.t.
r = +d(z,p). That is, {Bas(p)} covers k = 3p1,pa,... s.t. {B(pi)}
also covers k. Then we simply take rz = min(repy, ooy To,p) > 0,
which implies B(z)(k = 0 = =z € (X°)°. Hence, B\ z € K is
arbitrary = K¢ is open < K is closed.

(2) Let {Gqo} be an open covering of F' C K. This implies that F° ({Ga}
open covering K. This is because K is compact and there ex-
ists a finite subcovering from F°(1{Ga}. Thus, for F°, we have
Gayy ...y Ga,, covers K, which implies that they also cover F' while
F C K, therefore also covers F. (Please see Remark after proposi-
tion for detailed comments.)
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(3) We prove by contradiction. Assume that Ap € ks.t. p € E’. That is,
3rp > 0, s.t. Bp(p)NE = () by definition. Then we have {B,(z)},p C
K covers K, which implies that 3p1, ...pn, s.t. B(p1), ..., B(pn) covers
FE C K, which causes a contradiction since F is finite.

Q.E.D.

Remark 2.32. From part (3) of the propositions above, note that F' is
closed and K is compact. That is, “F' () K is closed and K is compact”
implies “K is closed; and the intersection of closed sets is closed”. On the
other hand, F (| K is compact, because F [ K is closed and is a subset
of K while K is compact.

Theorem 2.33. Suppose K CY C X. 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, and let {V,} be a collec-
tion of sets, open relative to Y, s.t. K C |J, Va. Then there are sets Ga,
open relative to X, s.t. V, =Y NGy, for all a; and since K is compact
relative to X, we have

K CGayN...NGa,
for some choice of finitely many indices aq, ..., ay. Since K C Y,
KCVy, NNV,

which proves that K is compact relative to Y.
Q.E.D.
Theorem 2.34. Compact subsets of metric spaces are closed.

Proof: Let K be a compact subset of a metric space X. Suppose
pe X. If g€ K, let V; and W, be neighborhoods of p and g, respectively,
of radius less than %d(p, q). Since K is compact, there are finitely many
points qi, ..., qn in K s.t.

KC Wy N.o.NW,, =W.

IfV =V, Nn..NVg,, then V is a neighborhood of p which does not
intersect W. Hence, V' C K¢, so that p is an interior point of K, which
completes the proof.

Q.E.D.
Theorem 2.35. Closed subsets of compact sets are compact.

Proof: Suppose FF C K C X, F is closed (relative to X), and K is
compact. Let {Va} be an open cover of F. If F¢ is ajoined to {Va},
we obtain an open cover ) of K. Since K is compact, there is a finite
subcollection ® of 2 which covers Kj and hence F. If F is a member of
®, we may remove it from ® and still retain an open cover of F. We have
thus shown that a finite subcollection of {V,} covers F.

Q.E.D.
Corollary 2.36. If F' is closed and K is compact, then FNK is compact.
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Proof: We know from previous theorem that F' N K is closed; since
FNK C K, then FN K is compact.

Q.E.D.

Theorem 2.37. If {K.} is a collection of compact subsets of a met-
ric space X s.t. the intersection of every finite subcollection of {Ka} is
nonempty, then () Ka is nonempty.

Proof: Fix a member K of {K.} and put Go = K. Assume that no
point of K belongs to every K,. Then the sets G, form an open cover
of K1; and since K, is compact, there are finitely many indices aq, ..., an
such that K1 C Go, N...N Gqa, . But this means that

KiN Ko, NN Ky,

is empty, in contradiction to out hypothesis.
Q.E.D.

Theorem 2.38. If E is an infinite subset of a compact set K, then F
has a limit point in K.

Proof: if no point of K were a limit point of E, then each ¢ € K would
have a neighborhood V; which contains at most one point of E (namely,
g and g € E). IT is clear that no finite subcollection of {V1} can cover E;
and the same is true of K, since £ C K. This contradicts the compactness
of K.

Q.E.D.

Theorem 2.39. If {I,,} is a sequence of intervals in R', s.t. Kn11 C K,
while n =1,2,3, ..., then NT°K,, is not empty.

Proof: If I, = [an, by], let E be the set of all a,. Then E is nonempty

and bounded above (by b1). Let x be the sup of E. If m and n are positive

integers, then
an < Qmiyn < bm+n < bm»

so that x < b, for each m. Since a,, < xz, we see that x € I,, for
m=1,2,3,...

Q.E.D.
Theorem 2.40. FEvery k-cell is compact.

Proof: Let I be a k-cell, consisting of all points x = (z1, ..., zx) such
that a; < z; <b;(1 <j<k). Put

k 1/2
6= {Z(bj —aj)Q} :
1
Then |z —y| <4, ifx €, ye I.

Suppose, to get a contradiction, that there exists an open cover {Gq}
of I which contains no finite subcover of I. Put ¢; = (a; + b;)/2. The
intervals [a;, ¢;] and [c;, b;] then determine w* k-cells Q1 whose union is
I. At least one of these sets @1, call it I1, cannot be covered by any
finite subcollection of {Gn} (otherwise I could be so covered). We next
subdivide I; and continue the process. We obtain a sequence {I,} with
the following properties:
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(a) IDL DI DI3D ..y
(

(¢) ifr C I, and y C I, then |z —y| <2774

b) I, is not covered by any finite subcollection of {Gq };

By (a) and previous theorem, there is a point z* which lies in every I,,.
For some «, " € G,. Since G, is open, there exists f > 0 such that
ly — 2| < r implies that y € G,. If n is so large that 27§ < r (there
is such an n, for otherwise 2" < §r for all positive integers n, which is
absurd since R is archimedean), then (c) implies that I, C Ga, which
contradicts (b).

This completes the proof.

Q.E.D.

Theorem 2.41. If a set E in R® has one of the following three properties,
then it has the other two:

(a) E is closed and bounded.
(b) E is compact.
(¢) Every infinite subset of E has a limit point in E.
Remark 2.42. This is covered in Heine-Borel Theorem.
Theorem 2.43. Weierstrass. Every bounded infinite subset of R® has a
limit point in RF.
Proof: Consider the set E to be bounded. Let E to be a subset of a

k-cell I ¢ R*. By previous theorem, I is compact, and so E has a limit
point in I, which completes the proof.

Q.E.D.

Theorem 2.44. If K C X is compact and K' C K is closed, then K' is
compact.

Remark 2.45. Two sources I am using for this famous theorem are one
from University of Washington (https://www.math.washington.edu/~morrow/
334_14/heine-borel.pdf) and another one from Princeton Math De-
partment (https://web.math.princeton.edu/~mdamron/teaching/F12/
notes/MAT_215_Lecture_10.pdf).

To understand Heine-Borel Theorem, we need some background on
compactness. Throughout the proof of the theorem, we have two other
lemmas. Hence, let us do them accordingly.

Proof: Let C be an open cover of K. Define
D=CU{K}

and note that D is actually an open cover of K. Therefore, as K is
compact; we can extract from D a finite subcover {Dy, ..., D, }. If D; € C
for all i, then we are done; otherwise K’ is in this set (say it is D,) and
we consider the collection {Dx, ..., Dn,—1}. This is a finite sub collection
of C. We claim that it is an open cover of K’ as well. Indeed, if z € K’
then there exists i = 1,...,n such that x € D;. Since z ¢ K'°, D; cannot
equal K'¢, meaning that i # n, which completes the proof.

Q.E.D.
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Theorem 2.46. Heine-Borel. A set K CR" is compact if and only if it
is closed and bounded.

Remark 2.47. To prove this theorem, we will need some preliminary re-
sults. Recall that Rudin defines an n-cell to be a subset of R™ of the
form

[a1,b1] X ... X [an,bp] for a; < b, i =1,...,n.

Please note that the two lemmas below should be considered part of
the proof of Heine-Borel Theorem. One should really start the proof by
proving the lemmas first.

Proof: Suppose that K is closed and bounded R"™. Then there exists
an n — cell C such that K C K. By lemma (see below), C is compact.
But K is a closed subset of C' so K is compact.

Suppose conversely that K is compact (which is from the second lemma
below). Then we have already shown K is closed and bounded.

Q.E.D.

Lemma 2.48. Suppose that C1, Cs, ... are n-cells that are nested; that
18, if C; = szl[az(.k),bgk)], then

[aiiib&ii] C [al, b}], Vi and VE.

Then U;C; is nonempty.

Proof: We ﬁr_st consider the case n = 1. That is, take C; = [as, b;] for
i >1and a' <b'. Define A = {a1,a2,...} and a = sup A. We claim that

a € U;C;.
To see this, note that a; < b; for all 4, 5. Indeed,
ai <a; <bj, ifi<j

and

a; < b <by, if i >
Therefore b; is an upper bound for A. But A is the least upper bound of
A so a < bj for all m. This gives

a; <a<b; for all m,

or a € U;C;.
For the case n > 2 we just do the same argument on each of the
coordinates to find (a(1),...,a(n)) such that

al(-k) <a(k) < bgk), for all i, k,

or (a(1),...,a(n)) € U;C;.
Q.E.D.

Lemma 2.49. Any n-cell is compact in R™.
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Proof: For simplicity, take K = [0,1] X ... x [0,1] = [0,1]". Since R"
is a metric space (with the usual metric), it suffices to prove that K is
limit point compact; that is, that each infinite subset of K has a limit
point in K. (This is from a homework problem this week which states
that compactness and limit point compactness are equivalent in metric
spaces.)

Suppose that £ C K is infinite. We will produce a limit point of
E inside K. We begin by dividing K into 2" sub-cells by cutting each
interval [0, 1] into two equal pieces. For instance, in R? we would consider
the 4 sub-cells

1 1 1 1 1 1., .1 1
[07 5] X [07 5]7 [07 5} X [571]7 [571] X [07 5]7 [571} X [571]'

At least one of these 2n sub-cells must contain infinitely many points of
E. Call this sub-cell K;. Repeatedly dividing K into 2n equal sub-cells
to find sub-sub-cell K3 which contains infinitely many points of E.

We continue this procedure ad infinitum, at stage ¢ > 1 finding a
sub-cell K; of K of the form

K, = [7“17»;271.7 (7“1,1‘ + 1)271.] X oo X [’r‘n}i27i, (’I“n,i =+ 1)7“71‘}

which contains infinitely many points of K. Note that the K;’s satisfy
the conditions of the previous lemma: they are nested n-cells. Therefore
there exists z € N; K;. Because each K, is a subset of K, we have z € K.

We claim that z is a limit point of E. To show this, let » > 0. Note
that for all points x,y € K; we have

o= y* = @ —3)* + o+ (@0 =) 027 = 2.

Therefore

diam(K;) = sup{lz —y|: =,y € K;} < g < @

(You can prove this inequality 4 < 2° for all 4 by induction.) So fix any
7> @; then for all z € K;, we have (since z € K;)

|z — 2| < diam(K;) < @ <,
i

so that K; C Br(z). However K; contains infinitely many points of E, so
we can find one not equal to z in B-(z). This means z is a limit point of
E.

Q.E.D.
Remark 2.50. From the idea of the theorem, we find that

(closed + bounded) = (compact) in R™,

(closed + bounded) < (compact) in metric spaces,

and
(compact) < (limit point compact) in metric spaces.
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3 §Numerical Sequences and Series§

Go back to Table of Contents. Please click;

3.1 Sequences
Go back to Table of Contents. Please click

Let us start this section with some terminologies. For n € N, we have
a sequence S(n). We say that S(n) holds eventually if S, is true for all
n € N sufficiently large. The logic statement is the following. To be
precise, 3N € N such that S(n) is true if n > N. Then we say that S(n)
holds frequently if S(n) is true for infinitely many n’s. Also we describe,
to be precise, VN € N 3n > N such that S(n) is true.

With this in mind, we can discuss the major definitions in this section.
Notate a map from natural number to a metric space, that is, f : N — X.

Definition 3.1. Subsequence of {fy}n.

n: N — N (injective and increasing)
such that
gk = fn(k) = fauk, which means g(k) = f(n(k))

Ezample 3.2. For example, we can consider the following random sequence
{17,%’ %, f%, ...} and we can extract a subsequence {1, %,%,} or a
subsequence {—%, —i, ...}. The first subsequence is defined by z, < %
eventually if n > 4 = z, < % The second subsequence is defined by
Ty < 0 frequently if for any N € N and for any n € Norn € N+ 1, we

have z,, < 0.
O

From the logical reasoning, we can also negate the statement above.
We say that

Negate :  S(n) holds eventually
= It is not the case that S(n) holds eventually
= 1S(n) holds eventually, ! means complement

Remark 3.3. For an example, consider the sequence {mnnzl} C N. We
say either “{x,} is eventually even” or “{z,} is frequently odd”.

O

Remark 3.4. Please notice that textbook offers an alternative but more
complicated notation-wise definition for subsequences, which is described
as the following [10].

Definition 3.5. Given a sequence {p,}, consider a sequence {n;} of a
positive integers, such that ny < na < nz < .... Then the sequence {pn;}
is called a subsequence of {pn}. If {pni} converges, its limit is called a
subsequential limit of {pn}.

It is clear that {p,} converges to p if and only if subsequence of {p, }
converges to p.
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O

We consider (X,d) to be a metric space throughout this section. We
define the concept of convergence in the following.

Definition 3.6. For {P,},>1 C X, we say {P,}n>1 converges top € X
if
Ve > 0,IN € N s.t. d(Pn,P) < e

which can be interpreted Vn > N we have P, € Bc(p). This is to say that
Ve > 0, we have P,, € Bc(p) eventually.

Remark 3.7. This is the same notation as in textbook [10]. We can con-
sider a ball with center p and radius e. As ¢, the radius, decreases (no
matter how small), the area of the ball is getting smaller. This would
excludes some of points which originally included in the ball. However, it
would be the case that there always exists some points within the radius
of € > 0 (no matter how small it is).

O

We can also take the negation of the statements in the definition.

Negate : “Ye > 0 s.t. pp, € Be(p) eventually”
= Je>0, P, & Be(p) frequently
< Je > 0 and subsequence {pniktr>1: Puk & Be(p) Vk > N

Remark 3.8. We notate the following limy,—copn = p Or pp, — p asn — p.
O

Proposition 3.9. We have three propositions coming with the definition
of convergence. Let {pn} be a sequence in a metric space X.

(1) Uniqueness. If p€ X, p' € X, and if {pn} converges to p and to p’,
then p’ = p.

(2) Subsequence Converges Too. If pn — p as n — oo, then for any
subsequence: pni — p as k — oo.

(3) Stronger Convergence. If {Pp}n>1 such that any subsequence, which
is a function of a subsequence (i.e. sub-subsequence) converges to p,
then p, — p as n — oo.

Proof: Here we prove all three propositions, as shown in the following.

(1) Uniqueness. We prove by contradiction. Assume otherwise that we
have p # p’. This means that d(p,p’) = d > 0 for some distance d.
We can choose a smaller € than d, so simply let € = %. Then, going
back to the definition, we have p,, — p as n — 0o, which implies that
IN € N s.t. d(pn,p) < € for some n € N. However, we also have
prn, — p’ as m — 0o, which implies that 3N’ € N s.t. d(pn,p’) < € for

some n > N'.

What would happen is the following: consider some n to be the
larger one of N and N’, that is, n > maxz(N, N'). Then, by Triangle
Inequality, we have

d(p,p") < d(dp,pn) +d(p +n,p")
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while d(p,p") = 2¢, d(p,pn) < €, and d(p,,p") < ¢, we have
2e < 2¢

which leads to a contradiction.

(2) Subsequence Converges Too. Assume we have left side of the argu-
ment, which states p, — p as n — oo, and let {pnr}r>1 to be a
subsequence of p,.

By definition, we have Ve > 0, 3n € N s.t. d(pn,p) < €, if we have
n> N eN.
For the subsequence, notated as p,x in the assumption, if np > N €
N, then d(pnk,p) > €. (Notice that my is injective and increasing,
which is a property coming from its own definition, i.e. defined
already.)

=3dLeN, st.FJk>L, np > N €N.

Note that in the lecture the notation is a little confusing. It should
be an element nj which is greater or equal to another big element
N such that N is in the set N. Please correct me if you think this is
wrong.

(3) Stronger Convergence. We prove this proposition by contradiction.
Assume it is not the case that p, — p as n — oco. Then there exists
€ > 0 such that for k& € K there is ny > k such that d(pn,,p) > €
(i.e. you want to find a subsequence of the subsequence). Then there
exists a subsequence {pn, } such that d(pn,,p) > €.

By induction, we can check the case n; = 1.

Now for N; = maz(l,nl,...,ni_1), there exists m > N, such that

d(pn,p) > €. Let n; = n, we have a subsequence does not have a
further subsequence that converges to p, which leads to a contradic-
tion.

Q.E.D.

This completes the proof of the three properties in the proposition
above.

We can now discuss the subsequence in R* with & > 1. Consider
{Xn}tn>1 and {Yn}n>1 C R. We have the following proposition.

Proposition 3.10. Consider X, — = and Y, — y as n — oo, then we
have

(1) Monotonicity. X, <Y, =z <y.
(2) Lindear Combination. Vo, B € R : aX,+B8Y, — az+ By asn — oo.
(3) Product. X, Y, — xy as n — oo.
(4) Inverse. X—ln =L asn— oo (x and z, #0).
Proof:
(1) Monotonicity. X, <Y, =z <y.
(2) Linear Combination. Vo, 8 € R : aX,,+8Y,, = aX +8Y asn — co.
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(3) Product. Let € > 0 to be arbitrary and consider X,Y, — axy =
(Xn — 2)yn + (Y — y). Take absolute values and we have the
following inequalities.

XY — 2yl < |Xo —al[Ya] + Je]|Ys — ]

From X, — x as n — oo, we have 3N € N such that | X, — z| < € if
n > N. From Y,, — y as n — oo.

Let m = maxz(N,N’) and R be an upper bound of {|Y,|} U {|z|}.
This implies that | X, Y, — zy| < eR + Re = 2e¢R, which leads to a
contradiction.

(4) Inverse. )%L — L asn — oo (z and z, #0).
Q.E.D.

Remark 3.11. It is also a reasonable argument to claim that “Y,, — y as
n — oo = {Y,} is bounded. This is given as part (c) in the following
theorem and the proof for the theorem is also provided as the following
[10].
O
Proposition 3.12. ForR* : k > 1 arbitrary, we have Xp, = (a1,n, ..., Gk.n),
and then we have
(1) Xp > X = (a1, ..., n) as 1 — 00.
& Qigp = ap asn — 00, Vi =1,... k.
(2) Xn > Xasn—o00and Y, =Y as n — x|
= [X,Y, — XY].
(3) Xn > Xasn— o0 and Y, = Y as n — x|
= [aXn + BY - aX 4+ Y as n — o0 Vo, 8 € R]
Theorem 3.13. Let {p,} be a sequence in a metric space X .

(a) {pn} converges to p € X if and only if every neighborhood of p
contains py for all but finitely many n.

() Ifpe X, p' € X, and if {pn} converges to p and to p’, then p’ = p.
(This is proved earlier.)

(c) If {pn} converges, then {p.} is bounded.
(d) If E C X and if p is a limit point of E, then there is a sequence
{pn} in E such that p = limn—coPn.
Proof:

(a) Suppose p, — p and let V' be a neighborhood of p. For some ¢ > 0,
the conditions d(q,p) < €, ¢ € X imply ¢ € V. Corresponding to
this €, there exists N such that n > N implies d(pn,p) < €. Thus
n > N implies that p, € V.

(b) Proof is omitted since it is presented above.
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(c)

Suppose p, — p as n — oo. That means there is an integer N such
that n > N implies d(pn,p) < 1 (In class, we discussed that the “1”
is not necessary, but referring to the textbook let us follow the au-
thority here. After consulting with instructor, we have the following.
Using € = 1 you get that p, is within distance one from p eventu-
ally (let us say for all n > N). If r = max(1,d(pl,p),...,d(pN, p))
then p, is contained in B,(y) and it is hence bounded. You can
use any epsilon you wish and the proof still works. Another ques-
tion was: Is 1 really necessary inside the maximum? Can we just
take r = maxz(d(pl,p),...,d(pN,p)) instead? This would be fine if
the N is optimal such that d(pn,p) is greater or equal than 1 and
d(pn,p) < 1 for n > N. We are not assuming that N is optimal in
this sense and that’s why 1 is included in the max.). Simple choose

r= max{17d(p17p)> --->d(pN>p)}‘

Then d(pn,p) <r for n=1,2,3, ..., which completes the proof.

For each positive integer n, there is a point p, € FE such that
e(pn,p) < % Given € > 0, choose N so that N. > 1. If n > N, it
follows that d(pn,p) < e. Hence p, — p.

Q.E.D.

Theorem 3.14. This theorem states some interesting facts about se-
quence, subsequence, and boundedness.

(a) If {pn} is a sequence in a compact metric space X, then some sub-

sequence of {pn} converges to a point of X.

(b) Every bounded sequence in R® contains a convergent subsequence.

Proof:

(a)

(b)

Let E be the range of {p,}. If F is finite, there is a p € F and a
sequence {n;} with n; < nz <ns < ..., such that

Pny =Pny = ... =P

The subsequence {py, } so obtained converges evidently to p.

If E is infinite, Theorem 2.37 [I0] shows that E has a limit point
p € X. Choose ny so that d(p,pn,) < 1. Having chosen n1,,n;—1,
we see from Theorem 2.20 [10] that there is an integer n1 > n;—1
such that d)p, pn—1) < 1/i.

This follows from (a), since Theorem 2.41 [I0] implies that every
bounded subset of R* lies in a compact subset of R*.

Q.E.D.

Corollary 3.15. In metric space X = R, if {Py}Yn>1 is bounded, then
{Pn}n>1 C Br(0) which is compact by Heine-Borel Theorem. Then P,
has convergent subsequence.

A reciprocal of the statement above is the following. In a metric space
K C RF, any sequence in k has a convergence sub-sequence. This implies
that K is compact.
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Proof: Consider the statement “K is compact = “K is closed and
bounded. We are showing the proof of “K is compact = K is closed.

We prove by contradiction. Assume p € K and p ¢ K, i.e. limit point
p is not in K.

Vn € N, we have B1 (p) N K \ {p} # 0. Then we take p, € B1 (p)NK.

This implies that pz — p as n — oo. Then by uniqueness limit point
p € K, which leads to a contradiction.

The other part of statement is the same procedure. “K is compact”
= “K is bounded”.

Q.E.D.

Definition 3.16. {P,},>1 is cauchy if VN € N: n,m > N such that
d(pn,pm) < €.

Remark 3.17. An alternative definition can be said as the following
Ve > 0, 3N € N: p, € Be(pm) eventually YVm > N

O

Remark 3.18. Referred textbook offers a similar yet wordy description.
A sequence {p,} in a metric space X is said to be Cauchy sequence if for
every € > 0 there is an integer N such that d(pn,pm) < € if n > N and
m > N.

d

Just for notation purpose, we offer the definition of diameter of E by
textbook [10].
Definition 3.19. Let E be a nonempty subset of a metric space X, and
let S be the set of all real numbers of the form d(p,q), with p € E and
q € E. The sup of S is called the diameter of E.

If {p,} is a sequence in X and if En consists of the points pn, pn+1,
DN+42, ..., it is clear from the two preceding definitions that {p,} is a
Cauchy sequence if and only if

limN_oodiam En = 0.

Proposition 3.20. A convergence sequence is a Cauchy Sequence.

Proof: Let p, —p as n — oco. Then for € > 0 no matter how small,
we have 3N € N : d(pn,p) < €/2. This implies that if m,n > N, then
d(pn,Pm) < d(pn,p) + d(p, pm) < €.

Q.E.D.
Remark 3.21. Notice that the opposite direction is may or may not be
true. Consider X = R\ {0}, p» = 1 and p, is Cauchy and p, does not
converge.

O

Definition 3.22. A metric space in which every Cauchy sequence con-
verges is said to be complete.
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Remark 3.23. Theorem 3.11 says that all compact metric spaces and all
Euclidean spaces are complete [I0]. It also implies that every closed subset
E of a complete metric space X is complete. That is, every Cauchy
sequence in F is a Cauchy sequence in X, hence it converges to some
p € X, and actually p € F since FE is closed.

An example can be the following. Consider a metric space which is
not complete, this metric space is the space of all rational numbers, with

d(z,y) = & —y.
|
Remark 3.24. Theorem 3.2 (c) and example (d) of Definition 3.1 show

that convergent sequences are bounded, but that bounded sequences in
R* need not converge [10].

O
Proposition 3.25. This proposition states the following:
(1) If X is compact, then X is complete.
(2) R* is complete.
Proof:
(1) Let {pn}n>1 € X. This implies that there is a subsequence pn, —
p € K, since K is compact.

Assume {p,} is Cauchy and our goal is to get p, — p. Let € > 0 no
matter how small.
Since py, is Cauchy, M € N: m,n > M implies that d(pn, pm) < €/2.
Since pn, — p, we have k € N such that £ > K, which implies
d(p"k) < 6/2'
Then we have n > M, which implies that d(pn, pm) < d(pn,Pn,) +
d(pn,,,p) < €.

(2) Consider k = 1. Then we claim that {p,} is Cauchy implies that
{pn} is bounded.
3N € N such that d(pn,pm) <1, Vn,m > N.
This implies that p., € Bi(pn), Vm,n € N.
Consider R = max(d(p1,pn), .-, d(Pns,Pn)), then we have p, €
BR(pN), Vm Z 1.
Since {pn } is Cauchy, this sequence is bounded. Then by the theorem
of subsequence we had earlier, pp, — p € R*.

Q.E.D.

Now we introduce the famous Bolzano-Weierstrass Theorem.

Theorem 3.26. (Bolzano-Weierstrass Theorem). Let (an)n=g be a bounded
sequence (i.e., there exists a real number M > 0 such that |an| < M for
all n € N). Then there is at least one subsequence of (an)pe—q which
converges.

Proof: Let L be the limit superior of the sequence (an)p=q. Since
we have —M < a, < M for all natural numbers n, it follows from the
comparison principle (Lemma 6.4.13) that —M < L < M. In particular,
L is a real number (not 400 or —co). By Proposition 6.4.12(e), L is
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thus a limit point of (an)ne—o. Thus by Proposition 6.6.6, there exists a
subsequence of (an)n=o which converges (in fact, it converges to L).

Q.E.D.

Remark 3.27. To understand the proof of the theorem above, we need to
notate the lemma and proposition in textbook [II].

Lemma 3.28. Comparison Principle (Lemma 6.4.13 from textbook [11]).

Suppose that (an)mem and (bp)nem are two sequences of real numbers s.t.

an < by, for all n > m. Then we have the inequalities
sup(an)nem < sup(bn)nem

inf(an)mem < inf(bn)mem

lim sup a, < lim sup b,

n—oo n—oo
lim inf a, <lim inf b,
n—r oo n—r o0

Proposition 3.29. Proposition 6.4.12 (e) from referred textbook [II]. Let
(an)S2,, be a sequence of real numbers, let L™ be the limit superior of this
sequence, and let L™ be the limit inferior of this sequence (thus both L
and L™ are extended real numbers).

(e) If L is finite, then it is a limit point of (an)S%y,. Similarly, if L™
is finite, then it is a limit point of (an)mem -
Proposition 3.30. Subsequences related to limit points (Proposition 6.6.6
from textbook [11]). Let (an)nzo be a sequence of real numbers, and
let L be a real number. Then the following two statements are logically
equivalent.

(a) L is a limt point of (an)n=o-

(b) There exists a subsequence of (an)m=o which converges to L.

3.2 Series

Go back to Table of Contents. Please click
The concept of convergence is really important in the study of real num-
bers. From textbook [10], recall the following definition from sequence.

Definition 3.31. A sequence {p,} in a metric space X is said to converge
if there is a point p € X with the following property: for every € > 0 there
is an integer N such that n > N implies that d(pn,p) < e.

Then we can start to introduce series.

Definition 3.32. Given a sequence {a,}, we use the notation

q
> an, p<q
n=p

to denote the sum ap+ap—1+---+aq. With {a,} we associate a sequence
{Sn}, where s,, = >, ax. For {s,} we also use the symbolic expression
a1 + a2 + -+ + an or more concisely, Y 7, an, which is called infinite
series, or just a series. The numbers s,, are called the partial sums of the
series. If {s,} converges to s, we say that the series converges, and write

> an =s.
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We start by discussing the types of series converge. Then we discuss
how to compute the examples, which leads to Fundamental Theorem of
Calculus. Lastly, we introduce convergence/divergence tests.

(1) Types of Convergence.
We have conditional and absolute convergence. Need to refer to
text.[I1] For absolute convergence, we have rearrangement, prod-
uct, and convolution. Product states the following > > ,a, and
> o o bn convergences absolutely. Convolution states for (a % b), =
S kb, then Y07 (a4 b)n = (50 an) (3 bi).
From text [11], we have the following definition and test.

Definition 3.33. (Absolute convergence). Let > a, be a formal

series of real numbers. We say that this sereis is aboslutely conver-

gent if and only if the series Y |ay| is convergent.

Proposition 3.34. (Absolute convergence test). Let | > an be a

n=m
formal series of real numbers. If this series is absolutely convergent,
then it is also conditionally convergent. Furthermore, in this case
we have the triangle inequality

[eS) oo
D an| < D lanl
n=m n=m

Ezample 3.35. For example, convolution has the following proper-
ties: linearity, commutative, associative, and unit element.

O
Linear: Yo, B € R, [(aa + Bb) x c]n = a(a*¢c) + B(b*c).
Commutative: (a*b)n = (bxa)n.
Associative: (a*b)*c=ax*(b*c).
Unit:

. 1, ifn=0 . .
Sn_{ 0, elsewhere Foxa=axd=a

Fubini: {amn} sequence of complex numbers says the following:
“For all n € N, there is A,, = 22:1 amn converges absolutely and
> o2 An converges absolutely.” =

SIS co oo
g 5 Amn = é é Ammn,
n=1m=1 m=1n=1

which is as illustrated as the matrix below,

ail a2 ais . Aln
a1 a2 aszs e azn
Am1 Am?2 aAm3 P Amn
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Ezample 3.36. For example consider p € (—1, 1), then we have

1 p pz pz
0 p p2 p3
0 0 p P

O

Then we count the sum of each columns. Column 1 has 1. Column
2 has 2p. Column 3 has 3p?, etc. We can also count the sum of rows.

Row 1 has 1=5. Row 2 has L Row 3 has %.

Then we have

—~ —l-p (1-p)?*

How to compute them? Recall the telescopic theorem, (which is also
similar to Fundamental Theorem of Calculus, i.e. fab f=17fb). We
have

q
(Aa)n = ant1 — an = Z(Aa)n = ant+1 — a1
n=p
Ezample 3.37. For example, consider a,, = p. We have
= (Lan) =p" —p" =p"(1-p)
=N p(1-p) = ppi_fl — ﬁ as N - oo if pe(—1,1)
a

Ezample 3.38. For another example, consider

> 1 1
n(n+1 =limN_ Z = limn— oo N+1)

n=1 n+1

This is summation by parts, (similar to integration by parts, [ udv =
uwv — [vdu), and we have the following

Zam Ab), = (ag + bygs1) Zb (Aa),

n=p n=p

The idea is to combine them by the product rule, and also follow
Fundamental Theorem of Calculus. That is

A(ab)n = (Aan+1)(Ab)n+(Aa)nbn

- an+1bn+1 - anbn

As an exercise, solve
oo
E np" =7
n=1

by using summation by parts, also by considering An = 1.
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(3) Convergence/Divergence Test

(a) Comparison Tests. In this section we have two parts.
Part I. |an| < b, eventually and > b, convergence = > an
converges absolutely.
Part IL. |a,| = b, > 0 eventually and > b, divergence = 3 |an|
divergence.
(b) Alternative Series Test. This test states the following:
If an, >0, an, — 0 as n — oo,
then we have > (—1)"a, convergence.
Remark 3.39. Note that > b, — 00 = |an| — 00 as well.
g

Consider the following example about Alternative Harmonic Se-

ries.
n

Z(—l)”% — _In(2)

n=1

Figure 9: Graphic view for a standard Alternative Harmonic Series.

Series
-1
o T en
n
8
" ®eing., .

We have the following strategy, just as illustrated in the graph.
That is, consider s2,,+1 increasing and sz, decreasing. Then we
can prove that san+1 < 22p. Then s < san+1 < s2n, < S2.
Remark 3.40. Notice that each term in the series is decreasing
and bounded below.

O

For another example about harmonic series: » -, % = 00, that

is, 1+ % + % + i + ... The first term, 1 > 1, the second term,

1 > 1 the third term, 3 > 1 and so on. We observe the first
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term is greater or equal to 1, the second term is greater or equal
to % The third to sixth term are summed up to be % and so on.
We would have a series greater or equal to 1+ % + % 4+ = o00.
For an example, we can consider p-series.

i 1 convergence , if p>1
‘ nP B divergence , ifp<1
n—

and we apply the same method. Consider the first term to be
less or equal 1. The second and third term to be less or equal
2%. Starting from the third term, there are four terms less or
equal 4%,. Then we have the first term equal to 1. The second

and third term sum up to be less or equal to —. The third to

2P
sixth term to sum up be less or equal to - and so on. This

4P
becomes -
k1-p) _ 1
Qkp 22 1 -

which is convergent.
The text [I1] offers an alternative:

[e9]

Proposition 3.41. (Alternating series test). Let (an)nem be
a sequence of real numbers which are non-negative and decreas-
ing, thus an > 0 and an > ant1 for every n > m. Then the

series Z (=1)"an is convergent if and only if the sequence an

converges to 0 as n — oo.

Comparison w/ Geometric Series. The motivation here is to
understand that {a,} is a geometric series.

If (1) “»=L =, whch is common ratio, or (2) (an)
commonnratio, then we have a,, = r".

lants]
lan]

(i.1) » € [0,1), = > an convergence absolutely.
(i.2) r > 1, = > a, divergence. This infers that lim,—c inf ‘G‘Z*lﬂ >
1= 3 a, divergent.

(i.3) » = 1, there is no information. This is saying limn—co sup
1= no 1nf0rmat10n

The idea is straightforward. For (i.1), we have r < 1, then
‘al"i*‘l‘ < 4L eventually. This implies that |an| < c(Z5L)"
eventually, while c is a constant. This is done by applying
Comparison Test Part L. For (i,2), we assume r > 1, then we

/7 which is

(i) Ratio: limn—oo SUp =r

\an+1\

have ‘a’”ll > i1 frequently. This implies that compare

|an| Wlth o(mt )

by using Comparison Test Part II.
(ii) Root: limn—oo sup\an|1/" =r.
(ii.1) r < 1 = > a, which convergence absolutely.

(ii.2) Unif(|an|)/™ > 1 = " an divergence.
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(ii.3) limn—oo(|an])’’™ = 1 = no information implied.

An exericse (Jan|)}/™ < 1 eventually = |an| < c(“E)"
eventually.

Remark 3.42. Referred textbook has the following lemma
for comparison principle [I1].

Lemma 3.43. Comparison Principle. Suppose that (an)nem
and (bp)p=m are two sequences of real numbers such that
an < by, for alln > m. Then we have the inequalities

sup(an)flo:m S Sup(b")'zo:m

an(an)flo:m S an(b”)?lo:m
lim sup an < lim sup by,
n—oo n— oo

lim inf an < liminf b,
n—oo n— oo

O

Now we can look at some examples. Consider {an}n>1 C R (or C).
Consider s, = Zzzl ax a partial sum.

For another example, consider geometric series: a
b)(a” + a™ b+ - +ab" ' 4 b). If b= 1, it implies 152 = 3" g”,

n+l _ bn+1 — (a _

l1—a
If a € (0,1), then 332, a" = ;2. If a > 1, then 372, a* = oc.
Ezample 3.44. For example, consider harmonic series, > .o, % = 00.

g
oo 1

Ezample 3.45. Also we can consider example, p-series, > 2, =. We have

npP

i 1 { converge , if p>1

« - diverge ,ifp<1

7

O

A goal can be: absolute value implies commutative proposition, which
leads to the following proposition.

Proposition 3.46. Absolute convergence implies convergence.

Proof:

m

Su = Sl =D anl <3 lawl = |5 — Sl
k=n

k=n

B k
Sk = Z |al|
=1

For one that is small, it implies that the other is sufficiently large.

3.3 Rearrange

Go back to Table of Contents. Please click
We start with a definition.

Definition 3.47. Consider o : N — N a bijection, then >~ a,(n) is a real

of Y an.
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Theorem 3.48. If > a, converges absolutely, then Y ay(n) = D an (also
the commutative property).
Lemma 3.49. an, < 0= Y aomn) = an.

Proof: (of lemma) Let € > 0, and let Y a, = s, and we have 3N € N
s.t. |s — sn| < ¢, for n > N. Take large neough such that {1,2,...,N} C
{o(1),0(p)}. Let m > p, compute |s—s;,| while we define s, = >_"'_ | ao(x)-
Then we have

‘Sisil|:|a1+“'+aN+"'7(aU(l)+ao'(2)+"'+aa(p)+"‘+acr(n))|

oo
< Z an| =|s—sn| <e
n=N-+1

Proof of Lemma. Q.E.D.
Proof: (of theorem)

> lan| converges = 3" |ao(n)| converges
& > agm) converges absolutely
= Y ag(n) cOnverges

Proof of Theorem. Q.E.D.

Now we discuss the Application Product.
Take (a + b+ ¢)(a + B + 7), which will be 9 terms. We consider the
matrix form

Then we take Y an and > b, and we would have the expanded form of
the equation above.

Definition 3.50. For {a.}, {bn} C R, we have (axb)n = > 1_, arbn_x.
For an exercise, consider a,, = 1 and b, = n. Then compute (a x b)n.
(axb)n = aibp—1+asbp_—2+ -+ anbo
n(n+1)
2
I need to redo this part since I haven'’t figured out why.

Theorem 3.51. If > a, and Y b, converge absolutely, then > (axb), =
(22 an) (32 bn).

Next, is the Convergence/Divergence Test, which has four parts to be
discussed.

(1) Cauchy. > an, is convergent < {S,} is Cauchy. That is, Ve > 0,
IN € N, s.t. |[Sp — Sm| < €, Vn,m > N. Notice that |S,, — S| is
the term ) " ax.

(2) Divergence Test. “limn—ocan # 0 does not exist” = “> a, di-
verges”.

(3) Bounded. S, = Y7, |ax| increasing. That is, Y- a, converge abso-
lutley < {S,} bounded above. Moreover, > |an| = supShn.
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(4) Comparison (Monotonicity). We discuss two scenarios:
(4.2) “lan| < cn eventually” = “3" a, converge if Y ¢, converge”.
(4.b) “lan] > cn > 0" = “>" |an]| diverge if Y ¢, diverge”.

We need to continue with Power Series, which finishes up Chapter 3.

4 §Continuity§
Go back to Table of Contents. Please click

4.1 Continuity

Go back to Table of Contents. Please click
In this section, we discuss the following topics: limit, continuity, continuity
and compactness, and uniform continuity.
(1) Limit
Consider the metric space (X,dx), (Y,dy). Consider function f :
X — Y. That is, consider lim,_,, f(z) = ¢ is f(z) is close to ¢ if =
is sufficiently closely to p.

Figure 11: Graphic view for function f at x = p with € > 0 and B(q).

W
be s $rx2Y

62(\'{)

Definition 4.1. “limg—, f(z) = qor f(z) = qgasx — p” if “Ve > 0,
36 > 0, such that f(z) € Be(q) for all z € Bs(p) \ {p}.”

Ezxample 4.2. For example, consider X and Y in R, limy_px =
p, Ye > 0. That is, Ve > 0, take § = ¢, then “z € B(p)” if
“x € Bs(p) \ {p} while interval is (p — ¢,p + ¢€) \ {p}”, which is
illustrated in the following graph.
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Figure 12: Graphic view for function f at z = p with € > 0 and B(q).

|

Consider an alternative but similar example, f(z) = 2z. In this
case, we can no longer take § = ¢, instead we take § = €/2. The rest
is the same procedure.

Figure 13: Graphic view for function f at z = p with e > 0 and B.(q).

(2%

We can also state the negation of the statement above. That is,
“flz) A qasn — o0, & “Je > 0: V6 > 0, there exists some
x € Bs(p) \ {p} such that f(z) & Bc(q)”.

Remark 4.3. The procedure is always the following: choose a point,
no matter how small, it will always fall outside of target.

O
Proposition 4.4. We have the following statements:
“fx) > qasx — p” if and only if “f(pn) = q as n — oo for every
sequence pn, — p as n — oo and p, p.”
Proof:
(=) Ve > 0, 30 > 0, such that f(z) € Bc(q) if z € Be(p) \ {p}. If
Pn — p as n — oo, then p, € Bs(p) eventually.
= f(pn) € Bc(q) eventually.
= f(pn) = @
(<) By condition, f(x) /A g as x — p. Je >), s.t. § = %, dpn €
Bi/n(p) \ {p} s.t- f(pn) & Be(q)-

= pn # q and p, — p as n — oo. But since f(pn) /4 g as n — oo,
which is a contradiction.
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Q.E.D.
Now we move on to discuss limsup and liminf.
Definition 4.5. Consider {an}n>1} C R. We have a;, = supm>nam.
Notice that a;, is decreasing.
Definition 4.6.

. . * Remark ;. *
liMpsoo SUP an = infp>1a, =  liMnpsccln

= liMp— 00 SUPm>nam.

Remark 4.7. Notice that since ay decreasing.

In a similar way, we also have

Definition 4.8.
liMp—soo INf an = liMp—soo iNfrn>nam

= SUPp>1 N fm>ntm

An exercise can be: consider a, = (—1)". Then limn— o sup(—1)" =

1 and limp—oee inf(—1)" = —1.

Proposition 4.9.
lz'mn_mo ZTLf an = —liMn—o0o Sup(fan)

The moral of this proposition is that for lim sup, it implies dual
proposition for liminf. Check textbook

Proposition 4.10. This proposition states:
(1) limp—oo sup an < N < Ve >0, an < M + € eventually.
(2) limn—oo sSup an > M < Ve >0, an > M — € frequently.

Figure 14: Graphic view for a line with interval (M — e, M + ¢).

-~
3

~
4

From the graph illustration, we discuss two points. First, consider
M + €, we have “limsup a, < N” < “a, only crosses this a finite
number of times”. Then consider M — €, we have “limsup a, > M”
& “ap crosses an infinite number of times”.

Proof: We discuss two cases accordingly:

First, limp—oo sup an < M

infay < Ve>0,INe€N:a, <M +e¢, forn>N,
n>1

from definition
& am < M4e€, form>n>N
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Second, lim sup a, > M
n—oo

inf ay>M < apM, foralln
n— o0
< Ve >0,VN € Nyan, > M — ¢, for some m > N

Q.ED.

Then we have the following proposition.

Proposition 4.11. This proposition states two cases:

(1) iminf an, < M < Ve > 0,a, < M + € frequently

(2) liminf an > M < Ve > 0,a, > M. eventually.

In the discussion of limits, we are given (X, dz) and (Y, dy) as metric
spaces with a function f : X — Y. Then we have the following
definition.

Definition 4.12. f(z) - ¢if Ve > 0,36 > 0:z € Bs(p) \ {p} =
f(z) € By(q).-

Then we have the analogy with limit of sequences, which is the
following. Consider p, — p as n — oo, Ve AN € N, we have n >
N = p, € Be(p), i.e. converge eventually. Then for f(z) — ¢ as
n — 0o, we have Ve > 0,35 > 0: z € Be(p) \ {p} = f(z) € Be(q).
Remark 4.13. Note that f(p) plays no role here. We can consider
E C X while (E,dz) is a metric space with function f: E — Y.

O

Definition 4.14. Consider p € X, f(z) - ¢ € Y as x — p. Then
we have the following argument: if Ve > 0, 30 > 0 s.t. Vz € Bs(p) N
E\ {p}, then it implies that f(z) € B(q).

Remark 4.15. Note that (1) if p € X \ E, then the definition holds
for any ¢; (2) if p € E' \ {E}, then we can discuss possible limit,
something we are interested, and (3) if p € E \ E’, then definition
holds for any p.

O

Remark 4.16. Note that we can also consider the metric space X to
be restricted if we define X — (FE,dz).

|
Remark 4.17. For the metric space FE, it is inherited from X.

Then we have the following proposition.

Proposition 4.18. Limit of functions and limit of sequences.
“flx) > qasz —q”

=

Npn #£p — p asn — 0o, we have f(pn) = q asn — o00”.
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Starting from here, we would discuss the consequences from series.
Notice that the proposition for limit of sequences also implies the
same propositions for limit of functions.

(1.1) Uniqueness. Consider p € E’, then “f(z) — ¢ as = — p and
flz)—>qd asx—p" = “g=¢.
Proof: If “p € E', Ip, = pasn — cos.t. f(pn) = qasn — oo,
and f(pn) — q¢' as n — 00”, then “g = ¢’ is implied”.
Q.E.D.
(2.2) Limits and operation of R". Given f : E C X — R*, and
g:FE C X — R" such that f(z) = A asz — p and g(z) — B
as * — p, we have
(2.2.a) (f+g)(x) = A+ Basz —p, Vo, B € R, (af +Bg)(z) —
aA+ BB as x — p.
(2.2.b) “(fog)(x) — ABasx — p” = “If [g(x)e’ = (0,...,0,1,0, ...
with 1 to be the ith element], then [fi(z) — A; as x — p|”.
(2.2.c) For k=1, g(z) # 0, and B # 0, then we have (g)(x) — 4
asn — p.
(2.2.d) Given f(z) = (fi(z),..., fu(z)), we have fi(z) — A; as
rz—pforali=1,..k
= f(z) > A= (A1,..., Ax) as k — p.
(2.2.e) For k=1, max(f,g)(x) — mazx(A,B) as n — p. Also
min(f,g)(x) = min(A, B) as n — p.
(2) Continuity

Definition 4.19. Consider f : X — Y, f is continuous at p € X
if f(z) — f(p) as x — p. In other words, f is continuous if it is
continuous Vp € X.

Remark 4.20. If p is isolated, then f is automatically continuous at
p. If 6 is small, then Bs(p) \ {p} = 0, nothing to check.

O
Remark 4.21. EC X, f: X — Y continuous at p is defined if p € E.

O

For an example, consider the identity map: f: X — Y s.t. I(z) = =z,
we can check € = §. This will be simply be an equal size ball on p
on both axis.

For another example, consider £ C X, dg : X — R, then dg(x) =
d(z,E) = inf{d(z,y) : y € E}. Then we can check d(z,E) —
d(p, E) as x — p, and d(p, E) — d(z, E) < d(p,y) — d(z, E),Vy € E,
of which d(p,y) is the best lower bound.

Then for every € > 0, 3z € E s.t. d(z,Z2) < d(z,E) < d(z,Z) +e.
For the last step to be true, simply take y = 2, then we have

d(p,E)—d(iE,E) < d(p,Z)—[d(a:,Z)—e]
< d(p,Z2) +e

Moreover, if d(z, Z), then f(z)— f(p) < e+6. The case that bounded
from below is similar. That is, |f(z) — f(p)| < € + §, and simply
choose § = € then we have |f(z) — f(p)| < 2¢ if d(x,p) < e.
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Proposition 4.22. Consider f : EC X - RF, andg: EC X —
R*, then we have
(2.1) “f and g are continuous” = “af+ fg is continuous Va, B € R”
(2.2) “f and g continuous = f o g continuous” = “f is continuous
= fi continuous”.
(2.3) For k=1, f and g are continuous and g # 0 = g continuous.

(2.4) For k = 1, f and g continuous = we have maz(f,g) and

min(f,g) continuous.
Note: we define maz(f,g)(z) = maz(f(z), g(z)).

For an exercise, consider for k = 1 the polynomial, p(z) = ana™ +
-4 a1z +ao. We have (1) I : R — R, there is I(z) = x continuous,
(2) z* is continuous by definition of product, and (3) p is continuous
by super position (linear).

We can discuss the following scenarios.

Monomials. Consider 3!, %2, ..., zi¥ are continuous. Then z&!, ..., zi¥
are polynomials, which implies that monomials are continuous by
Remark 4.23. Note that consider the z1, ...,z are continuous. The
first term z; will be x.1, and so on.

O

Polynomials. Polynomials are linear combination of monomials,
which is continuous.

Ezample 4.24. For example, we can consider zy or simply z? + 32
from calculus.

O

Rationals. Rationals are defined as the ratio of polynomials, which
is restricted to {x € R*, denomination # 0}.
Ezample 4.25. For example, z%ﬂ or simply the form

exericse can be |z| = maz(z,0) + maz(—z,0).

ax+by
e tdy An

Composition. Consider metric spaces X, Y, Z. Consider maps f :
X =Y and g:Y — Z. Then f o g is well-defined.

Figure 15: Graphic view for a composition: for metric spaces X, Y, and Z, we
have pe X, ¢ = f(z) €Y, and r = g(q) € Z.

/ § o X /,%

_ o ° y
. — [N — / né,;,-
- & NN

- {
AN o
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We have the following property:

Proposition 4.26. “f continuous at p and g continuous at q” =
“go f is continuous at p”.

Proof: Let € > 0 g continuous at ¢ = In > 0: g(y) € Be(r) if y €

By (q)-

And also f continuous at p implies that 3§ > 0, f(x) € By,(q) if = €
Bs(p)-

This implies: “x € Bs(p) = f(x) € By(q)” = “go f(x) € Be(r)”.

Q.E.D.

An exercise can be |z? — 1] is continuous, or [dg(z)]? is continuous.
Proof: Consider open scenario with closed scenario to be exercise.

Consider G C Y that is open. The goal is to show Vp € ¢~ !(G) is
an interior point, which implies that f(p) € G that is open.

Then we have 3¢ > 0 : Bc(f(p)) C G, since f is continuous, then
36 > 0s.t. f(z) € Be(f(p)) if € Bs(p).

= Bs(p) C f~'(g) since “Be(f(p)) € G — Bs(p) € f'(9)”.
Q.E.D.

(3) Continuity and Compactness (Weierestrass)
(4) Uniform Continuity
Recall that we have a function f : X — Y is continuous if and only:
1) f(z) = f(p)asz —pVp e X.
2) f(pn)n = f(p) as — 00 Vpn — p.
3) VG C Y open if and only if f~!(G) C X is open
4) YF CY closed if and only if f~*(F) C X is closed

o~ o~ o~ —

Figure 16: Graphic view for a continuous function f: X — Y.

X Y

G ) 7 (a0

Proof: (Proof for (3)).

[=] Goal is Vx € f7*(G), Ir > 0 s.t. Be(z) C f~'. The idea is that
for f(z) C G with G open, we have 3¢ > 0 such that B.(f(z)) C G. By
continuity, 3r > 0, Je > 0, B.(f(z)) € G. Notice that f~(B.(f(z))) D
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B, (x), but fﬁl(Be(f(:c))) - fﬁl(G). This implies that By(z) C fﬁl(G)7
referring to the graph below.

Figure 17: Graphic view for proof (3) [=].

[<=] Use Bc(p) which is an open set. Ve > 0, we have f~'(Bc(f(p))) is
open and p € f~H(Be(f(p))), i.e. 36 > 0 such that Bs(p) C f~*(Bef(p)))-
This is equivalent as saying Vx € Bs(p), we have f(z) € Be(f(p)), which
implies that f(z) — f(p), as x — p.

Figure 18: Graphic view for proof (3) [«<].

s I £ s

? ? -

Proof (4) will be an exercise.

Q.E.D.

4.2 Weierstrass Theorem (Extreme Value Theo-
rem)

Go back to Table of Contents. Please click

This section we introduce the Extreme Value Theorem, which is also the
Weierstrass Theorem. Consider the following graph, there is a function

f and there exists Tmaz and Tmin such that f(Tmaez) gives us maximum
and f(Zmin) gives us minimum.
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Figure 19: Graphic view for Weierstrass Theorem.

Xnow R

Theorem 4.27. (Extreme Value Theorem, a.k.a., Weierstrass Theorem).
Consider f : X — Y continuous. Vk to be compact and k € K C X =
f(k) CY is compact.

Let us start by considering some particular cases.

First, consider k is finite. This implies that f(k) is finite if f is not
continuous.

Second, consider f : [a,b] — R. Then it is the case that f([a,b]) C R
to be compact, which is equivalent as saying it is closed and bounded. (It
is closed because there is sup and inf of f([a,b]) are actually maz and
min, and it is bounded because we can define sup and inf of f([a,b])).

Also we have the following lemmas.

Lemma 4.28. Assume [ : [a,b] = R and also f is continuous. f must
be bounded. That is, AIM € R, f(z) € (=M, M)Vx € [a,b].

Proof: (Prove that it is bounded above.) By contradiction, Vn € N,
3z, € [a,b] such that f(zn) > n. Then we have {z,} is a sequence
C [a,b]. This implies that there exists a convergent subsequence {zn, },
that ©n, — p € [a,b]. Then we have f defined at p € [a,b], IN € N, such
that f(p) < N.

From Archimedean Property, use continuity of f at p with e = 1 (note
that € can be anything), we have f(z) < N + 1, for z € (p — d,p + 9).
Now zn, € (p—d,p+ 0) eventually, which contradicts f(zn, ), which can
be referred to the following graph.
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Figure 20: Graphic view for proof of Lemma 1.

S

An exercise can be the following. Show that f is bounded below. The
proof is to reproduce the same argument as above. The fact that f is
continuous would imply that — f is also continuous.

Here is an alternative proof. Let M be the least upper bound of f(z)
for any z in [a, b]. If this is true, then we have the following, Ve > 0, 3n € N
such that for 1 we have f(z1) — M =€, for 2 we have f(z2) — M = €/2,
and so on. In other words, as n — oo, the image for x,, that is f(xn),
will go very close to M. This is the definition of boundedness.

Consider this a series, x1, x2, ..., n, which we call {z,}. Then we take
any subsequence of {z,}. We find the subsequence by the following steps
(by Archimedean Property). First, we split the interval [a,b] into two
equally sized pieces. In other words, let us split [a,b] into two and pick
the piece with infinitely many elements and call it [a1, b1], call it d;. Then
we consider the sub-interval [a1, b1] and split in half again, which is [az, b2]
and let us call it d2. We choose the piece with infinitely many elements
and call it [as, b3] and call it ds. We keep repeating this action and we will
get di,d2, ...,d,. This action will cut d,, smaller and smaller as n goes to
infinity. We can denote a d that is the limit as n goes infinity, which is

lim d,, = d. Hence, we have
n—r o0

£(d) = £( lim du) = lim f(d) = (an)

Because we chose z,, arbitrarily such that the images f(z,) were getting
closer and closer to M, we see this limit must equal to M. From the equal
above, we know this f(d) = M, which is what we want.

Here is another alternative, by contradiction. First of all, we want
to show that it is bounded above and then we show that there is a sup.
Assume by contradiction, that it is not bounded above, that is, Vn >
Ny € N, 3z, € [a,b] such that f(x,) > Ni. Then {z,} can be sequence.
By Bolzano-Weierstrass, subsequence {Xn, } — p1, for some p — 1. At
p1, f(p1) is well defined and continuous. From Archimedean Property, we
have xn, € {p1—9,p1+d}, V6 > 0 eventually, which leads to contradiction.

Then we know it has to be bounded above. There exists p1 € [a,b]
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1) = su x), call 1t and we have Vn € N such that —=<
fpr) p f(z), call it M, and we have V¥n € N such that M — 1 < M,

z€[a,b]

which implies that 3za € [a,b] such that M — % < flzm) < M. We
conclude, Squeeze Theorem, there exists 3z such that f(za) = M.

Second, we want to show that it is bounded below and there is an inf.
Assume by contradiction that “it is not bounded below”. That gives us
VYn > Nz € N, 3z, € [a,b], f(zn) < Na. Then {z,} can be a sequence.
By Bolzano-Weierstrass, subsequence {zn, } — p2 for some p, for f(p2)
defined and continuous. By A.P., we have x,, € {p2 — d,p2 + 6}Vé > 0
eventually, which leads to contradiction.

Then we show that there exists inf. There Jpa € [a,b] such that

f(p2) = inf f(z), let us call it m. Vn € N, we have m < m + %, which
z€[a,b]

implies that 3z, € [a,b] such that m < f(zm) < m+ . From squeeze
theorem, we say that 3z, : f(zn) = m.

Q.E.D.
Lemma 4.29. There exists q € [a,b] such that f(p) = sup,c(,4 f(2)

Proof: Observe that sup,c(, 5 f(z) is well-defined, and that f(a) €
{f(x) e R:z € [a,b]}, so it is not an empty set.

From Lemma 1 above, we know that the set is bounded above. Let
SUD,¢(q,5 /(%) = M, we have M > f(z) for all z € [a,b]. We have Ve > 0,
M — e is not an upper bound. Then 3z € [a, b] such that f(z) > M —e.

Take n € N, e = % > 0, let z,, € [a,b] such that M —e < f(zn) < M.
Thus, {z,} C [a,b] has a convergent subsequence that z,, — p € [a,b].

Now the goal is to show that f(p) = M. By continuity at p, we have
f(zn,) — f(p) as k — oco. which is what we want. By contradiction
of f(zn), we have f(zn) - M as n — oo (checked). Then {f(zn,) is a
subsequence of { f(zn)}. This implies that f(zn,) — M as k — oo, which
implies that f(p) = M. Done.

QE.D.

Ezample 4.30. For example, 3¢ € [a,b] such that f(q) = infecia,pf().
It is necessary of the proof for boundedness and closeness.

First example, consider f(0,1) — R, which is continuous and un-
bounded in what situation?

|

We can refer to the following graph, i.e. y = % In this case, we have
f well defined on (0,1) and we have a continuous function. Note that f
is not bounded.

Figure 21: Graphic view for f such that it is continuous and unbounded.

2
‘I
*Y
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Second example, consider f : (0,1) — R continuous and bounded but
f(p) # supze(o,1)f(x). We can simply take f(x) = x. It is continuous for
certain and also bounded since x = 1 is not included.

Figure 22: Graphic view for f that is continuous and bounded.

N=X

Third example, consider f : [0,00) — R continuous and unbounded.
Take f(z) = x again and it is straightforward.

Figure 23: Graphic view for f that is continuous and bounded.

¥=X

"

o 0

Fourth example asks the following: for f : [0,00) — [R) that is con-
tinuous and bounded, but f(p) # supcio,o0)f(x), VP € (0, c0)

Fifth examples states: f[0,1] — R bounded but f(p) # supgecpo,1)f(x),Vp €
[0,1]. Consider the function:

z—2% |, ifc#
{ 0 , ifx=

ST IR

flx) =

which is presented in the following graph.
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Figure 24: Graphic view for f[0,1] — R bounded but f(p)
8upx€[0,1]f(£)7vp € [07 1]

N

P N
: 31—

Sixth example: consider f : [0,1] — R to be unbounded. Take f(z) =

L as shown in the graph below.

x)

Figure 25: Graphic view for f : [0,1] — R to be unbounded.

With the idea in mind, we can introduce the general theorem.

Theorem 4.31. (General Theorem. Weierstrass Theorem). Consider

f: X =Y, KCX and K is compact. Then we have f(k) to be compact
while k € K.

Figure 26: Graphic view for Weierstrass Theorem.

Referring to the graph we have:

(1) G open = f~!(G) to be open.

(2) F closed = f~'F(G) to be closed.

(3) K compact = f(k) to be compact.

Proof: The goal is the following: for any open covering of f(k) has a
finite sub-covering, we have {Gq} is covering of f(g) while f is continuous.
This implies that f~'(Ga) € X is open for all @ and {f™*(Ga)} is an
open covering for that compact set K.

= Jau,...,a, such that K C f7H(Ga)U---U fH(Ga,,)
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= f(k) C Ga, U---UG,,. That means

f(k)CU,Ga & Vqe f(k),q € Gafor some alpha
& JpeK q=[f(p)
=4 P S fﬁl(Ga)

An application can be the following: consider f : X — Y with X
compact. Given that f is continuous and bijective, we have r ' : Y — X
is continuous.

4.3 Intermediate Value Theorem

Go back to Table of Contents. Please click:
This subsection we discuss Intermediate Value Theorem, a.k.a., Weier-
strass Theorem.

Theorem 4.32. Given a function f : X — Y that is continuous, and
also suppose we have K C X that K is compact. Then the theorem states
that f(k) CY while f(k) is compact.

Corollary 4.33. Given k = [a,b], and also given Y = R, then we have
f([a,b]) C R compact if and only if f([a,b]) is bounded and closed.
This also implies that

sup f(z) = f(z7)

z€[a,b]
for some x* € [a,b].

Corollary 4.34. Given f: X — Y compact, given X to be compact, and
f a bijection, we have f~' =g:Y — X to be continuous.

Figure 27: Graphic view for Intermediate Value Theorem.

Proof: Referring to the graph below, we want g to be continuous,
which is equivalent as ¢! (F) to be closed if F is closed while F C X.

Then take F' C X to be closed. We have F' to be compact (because X
is compact). This implies that f(F') is compact because f is continuous.
Thus, we have f(F) to be closed and f(F) = g~ *(F).
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Figure 28: Graphic view for the proof.

—

Q.E.D.

For an example, we can consider the following, f : [0,27) — {(z,y) €
R? : 2% + y? = 1}. Then we have f(0) = (cos, sind), which is shown in
the graph. Consider f to be continuous, and bijection, which are both
assumptions. We would have f~! = g to be not continuous.

Why is this the case? Consider § = 0 and at this point we need to
consider § — 07 and also § — 0. From the definition of sine and cosine
function, we know that the limit from North would tend to 0 but the limit
from the South would tend to 27, hence causing a discontinuity.

Figure 29: Graphic view for example.

~ (s &, vk ) |

gmMN&\ ¥ <
—
jﬁnﬂ\agwr.k -~ 17

Later on, we can apply W.T. to Rolles Theorem, and mean value
theorem. Consider f to be compact and define an interval [a,b]. We
would have a max that can be found by connecting f(a) and f(b) and
shift the line above.
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Figure 30: Graphic view for some application, i.e. Rolles Theorem.
LTS

- F D Cuwebart

Here we discuss Intermediate Value Theorem.

Theorem 4.35. Suppose [ : [a,b] = R is a continuous function. Assume
fla) < f(b) without loss of generality and ¢ € [f(a), f(b)]. Then there
exists ©* € [a,b] such that f(z™) = ¢, hich can be shown in the graph.

Figure 31: Graphic view for Intermediate Value Theorem.

at b
Sows G

The idea is straightforward as the below. Let us say the goal is to
compute v/3. This is equivalent as finding x such that 2 —3 = 0. We
choose z2 — 3|lz=0 = —3 < 0. Then choose e 3le=2 = 1 > 0. Observe
one positive and negative relation. We choose z% — 3le=1 = =2 < 0, at
x = 1 in between the values of x in previous two statements. We repeat
this process and we would eventually get an answer satisfies our goal.

Now we can prove the theorem.

Proof: Let us present the proof from the class and we will present the

proof from textbook. Consider Iy = [a, ] = [ao, bo] so we have co = 2ot0.

Define Int1 = [@nt1,bnt1] and cpnp1 = ’W% recursively. If f(cn) >

¢, then I, 41 = [an, cp]. If else, then we take I41 = [cn, bn].
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Here let us recall the sequence of nested intervals Ip D Iy D I2 D ...

such that ||| = %% and also f(an) < f(bn). Let 2" = supa, and
n>1

also assume that {a,} is increasing and bounded above. Then we have
z* = sup an, = lim a, since f is continuous f(z*) = lim f(ay).
n—oo n— o0

By contradiction, e > 0 such that f(an) Z (c—¢,c+€) eventually (see
remark). This is equivalent as f(an,) € (c—e¢, c+¢) for some subsequence.
Notice that f(an, ) has a convergent subsequence, because it is contained
in a compact set f([a,d]).

Thus we infer that 3f(an,,) — d as | = oo and that f(an,,) & (c —
€,c+e). Here, d & (c—e, c+e), otherwise we would contradict f(an,,) — d.
Remark 4.36. Notice that f(an) € (¢ — €, ¢+ €) eventually means that it
is outside frequently.

O

Referring to the graph, we can argue that 39 > 0 such that (¢ —¢,c+
€)U(d —6,d+8) = () and that f is continuous at d. Moreover, we have
|[In]] = 0, i.e. the norm of I, goes to zero, e.g. an,, — z".

Hence, f(In) C (d — d,d + 9) eventually, which contradicts the fact
flan) <c < f(bn) = f(an) = casn — 0o = f(z*) =c.

Figure 32: Graphic view for Intermediate Value Theorem.

e cte

Q.E.D.

Here is an alternative proof from textbook.[I1]

Theorem 4.37. (Intermediate Value Theorem). Let a < b, and let f :
[a,b] — R be a continuous function on [a,b]. Let y be a real number
between f(a) and f(b), i.e., either f(a) <y < f(b) or f(a) >y > f(b).
Then there exists ¢ € [a,b] such that f(c) =y.

Proof: We have two cases: f(a) <y < f(b) or f(a) >y > f(b). We
will assume the former (without loss of generality), that f(a) <y < f(b);
the latter is proven similarly.

If y = f(a) or y = f(b), then the claim is easy, as one can simply set
c¢=aor c=b, so we will assume that f(a) <y < f(b). Let E denote the
set

E:={z€[a,b]: f(z) <y}
Clearly FE is a subset of [a, b], and is hence boudned. Also, since f(a) < y,
we see that a is an element of F, so F is non-empty. By the least upper
bound principle, the supremum

c:= sup(F)
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is thus finite. Since E is bounded by b, we know that ¢ < b; since F
contains a, we know that ¢ > a. Thus we have ¢ € [a,b]. To complete the
proof we now show that f(c) = y. The idea is to work from the left of ¢
to show that f(c¢) = y. The idea is to work from the left of ¢ to show that
f(c) <y, and to work from the right of ¢ to show that f(c) > y.

Let n > 1 be an integer. The number ¢ — % is less than ¢ = sup(F)
and hence cannot be an upper bound for E. Thus there exists a point,
call it x,, which lies in E and which is greater than ¢ — % Also z,, < ¢
since ¢ is an upper bound for E. Thus,

1
c—— <z, <c
n

By the squeeze test (Corollary 6.4.14, see remark), we thus have lim z, =
n—oo

c. Since f is continuous at ¢, this implies that nh_}rrgof(acn) = f(c). But
since z,, lies in F for every n, we have f(z,) < y for every n. By the
comparison principle (Lemma 6.4.13, see remark), we have f(c) < y. Since
f(b) > f(c), we conclude that ¢ # b.

Since ¢ # b and ¢ € [a,b], we must have ¢ < b. In particular there is
an N > 0 such that ¢+ % < bfor all n > N (since ¢ + % converges to ¢
as m — 00). Since c¢ is the supremum of E and ¢ + % > ¢, we thus have
c+ L ¢ Eforalln>N. Since c+ % € [a,b], we thus have f(c+ 1) >y
for all n > N. But ¢+ % converges to ¢, and f is continuous at ¢, thus
f(c) > y. But we already knew that f(c) <y, thus f(c) =y, as desired.

Figure 33: Graphic view for Intermediate Value Theorem.

Remark 4.38. Here we introduce Corollary 6.4.14 of textbook [11].

Corollary 4.39. (Squeeze Test). Let (an)oem, (bn)oem, (Cn)ne=m be se-
quences of real numbers such that

an < b, <cn

for all n > m. Suppose also that (an)me—m and (cn)me=m both converge to
the same limit L. Then (bn)5Z,, is also convergent to L.

O
Remark 4.40. Here we introduce Lemma, 6.4.13 of textbook [I1].
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Lemma 4.41. (Comparison Principle). Suppose that (an)nem and (bn)nem
are two sequences of real numbers such that an, < by, for alln > m. Then
we have the inequalities

sup(an)nzm < sup(bn)nzm

inf(an)mem < inf(bn)mem
lim sup a, <lim sup b,
n— oo n— oo

lim inf a, <lim inf b,
n—o0 n—oo

]
Q.ED.

Now we can discuss some applications. There exists a solution to a
certain equations. Let us say for ¢ > 0, v/c exists by solving z? — ¢ = 0.
Then ¢'/™ exists that is the roots of certain polynomials.

This is also the homework problem. Consider P(z) a polynomial of odd
degree. We can infer that there eixsts a rela root. For example, consider
P(z) = 2® + 2+ L. As shown below, there is a solution somewhere crosing
y=0.

Figure 34: Graphic view for Intermediate Value Theorem.

~
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We can also fix a point. Consider f : [0,1] — [0, 1] continuous. There
eixsts * € [0, 1] such that f(z*) = " < f(z*)—2" = 0. As shown below,
consider g(z) = f(x) — z. We can compare two functions. For z — 0, we
have f to be above. For x — 1, we have f to be below. Then it must be
the case that it crosses over in the interval [0, 1].

Figure 35: Graphic view for Intermediate Value Theorem.
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Another application is the famous Meteorology theorem, which we can
refer to textbook [5].

Theorem 4.42. (Meteorology Theorem). Consider T to be temperature
and P to be pressure.

Ja € §* = T(a) = T(—a) and P(a) = P(—a)

Remark 4.43. (Meteorology Theorem). The theorem can be interpreted
as: somewhere on the Earth, there is a pair of antipodal points having
simultaneously the same temperature and pressure.

O

Proof: Let T, P respectively denote the temperature and pressure
functions, assumed to be continuous, on the Earth’s surface. Then we
have a continuous map

f:8* > R*:z— (T(x),P(S))

and the theorem applies.
Q.E.D.

Figure 36: Graphic view for Metheology Theorem.

o TL-awpotur oy
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More ideas about the proof is the following. Let f(z) = T'(z) —T(—=x).
If T(x0) = T(—x0), then we are done. Else if T'(z,) > T'(—xo) (or <),
goes from o to —xo, that is, f goes from greater than 0 to less than 0.

Figure 37: Graphic view for proof of Metheology Theorem.

Here we attempt to introduce Toeplitz’ conjecture, an unsolved prob-
lem formally published by the referred text [13]. In page 143 of referred
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text [I3], it is introduced as the Squaring the Lake question. The ques-
tions is the following: prove that every simple closed curve in the plane
contains four points forming the vertices of a square.

Figure 38: Graphic view for Intermediate Value Theorem.

Figure 39: Graphic view for Intermediate Value Theorem.
<€

Proof: T attempted the proof myself. Here is my thought. Suppose we
have a simple closed curve in the plane.
Recall the definition of a simple closed curve:

Definition 4.44. A Jordan curve or a simple closed curve in the plane R?
is the image C of an injective continuous map of a circle into the plane,
¢ : S' — R?. A Jordan arc in the plane is the image of an injective
continuous map of a closed interval into the plane.

Definition 4.45. Let f be a mapping of a metric space X into a metric
space Y. We say that f is uniformly continuous on X if for every € > 0
there exists § > 0 such that

dy (f(p), f(q)) <€
for all p and ¢ in X for which dx(p,q) < 4.

Proof starts here. Consider ¢ : S' — R2?. We have ¢ an injection and
continuous. The goal is to show ¢ is convex.

We have ¢ continuous, so we have p(tz+(1—t)y) = o((1—t)y) = »(y)
as t — oo, which implies that ¢(tx + (1 — t)y) is bounded. By H.B.
Theorem, we also know that it is compact.

Last, from Toeplitz [12] and Emch [6], we know it is always possible
find four points that form a square.

Corollary 4.46. On every simple closed continuous curve in the plane
there are four points that form a square.

Remark 4.47. From Toeplitz [12] and Emch [6], we have already known
that for convex curves: on every simple closed continuous curve in the
plane there are four points that form a square.
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0
Q.E.D.

Next, consider general case as the following.

Definition 4.48. Suppose F C X is disconnected. If A, B C X open
and disjoint such that £ C AU B open covering and ENA and ENB # (.

Ezample 4.49. For example, suppose E = {p, q} is disconnected. We have
A = B.(p) and B = B,(q). Simply take r = 1d(p, q), and we are done.

Figure 40: Graphic view for the example.

O

Definition 4.50. Suppose £ C X is connected. If VA, B C X open
and disjoint, then we have E C AU B. This implies that EN A = 0 or
ENnB=1.

Consider the following example. Suppose X = R, I = [a,b] is con-
nected. By contradiction A and B are open and disjoint such that I =
AUB, INA # (@ and INB # 0. Some p € I for some q € I. As-
sume without loss of generality, p < ¢, r € I, because I is an interval
r€[pq] <1.

Question: 7 € A or B?

If r € A, and r € I, then Je € I, then Je > 0, such that (r—e,r+¢) C
AN I. Then r is not an optimal upper bound.

If r € B,and r € I, then (r —e,7+¢) C BN 1. Then r is not an
optimal upper bound for AN 1.

Theorem 4.51. Suppose f : X — Y is continuous and E C X connected.
Then f(E) is connected.

Corollary 4.52. Suppose E = [a,b], f : E — R. Then f([a,b]) is
connected. Hence, the interval is shown and we can show I.V.T.

From Intermediate Value Theorem, we consider f : [a,b] — R to be
continuous. Consider ¢ € [f(a), f(b)]. Then we have the following, 3z* €
[a, b] such that f(z") = c.

There are three types of proofs that we discussed and we present ac-
cordingly.

Proof: Proof 1, Algorithm. Consider the graph below. We have some
constants ¢ = 0. Assume without loss of generality, f(a) < ¢ < f(b). We
start the proof with considering interval Iy = [ao,bo] = [a,b]. In each
step, i.e. each n, we have I, = [an, bs] such that f(an) < ¢ < f(by).
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For the next stop, evaluate f(b"%) If f(b“LQ‘I") > ¢, then Iy =
[an, Z”LQ‘I"] If else, then we have I,,11 = [b"%, bn].

We claim that 1) ay, is increasing and bounded above (by a) which im-
plies that a, is increasing (consider aos); 2) by is decreasing and bounded
below (by b) which implies that b, is decreasing (consider beo).

Finally, we have f(an) < ¢ < f(bn)-

flan) = (@) .
F(bn) — £(z") } = J@)=c

Figure 41: Graphic view for the Proof 1.

Proof: Proof 2, textbook [11]. Assume we have f(a) < ¢ < f(b).
Consider E = {X € (a,b) : f(z) < c¢}. Then we have 1) E # () (a € E)
and 2) E bounded above (by b).

Then we have X* = sup F, and claim that f(z*) = ¢. We now can
check whether the sign is greater or less than. We would have either
“f(z*) > ¢ or “f(x> < ¢”, yet both cases lead to contradiction. More
specifically, f(z*) > ¢ leads to contradiction of least upper bound; and
f(z*) < ¢ leads to contradiction of upper bound.

Proof: Proof 3, textbook [10].

Definition 4.53. E C X is connected if A, B are open in X such that
ECAUBand ANB=0. Thatis, EC Aor E C B.

I

Figure 42: Graphic view for the definition.

AR

Proposition 4.54. Consider [a,b] or any interval of R and is also con-
nected. The hint here is to prove by contradiction. Take interval I C R,
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and we would have form of [a,b] ..., which can be expanded to (—oo,b) or
(a,0).

I am not sure about this one and I will update this one later after I
ask professor.
Now we consider the following property.

Proposition 4.55. (Intermediate Value Prop). Take o, 8 € I = [, 8] C
I. Suppose a map f : X =Y, and E is connected. Then we have f(E)
is connected.

Corollary 4.56. Consider [a,b] — R, and [a,b] is connected. This im-
plies that f([a,b]), any connected set of R. For any connected set like this,
and has 1. V.P. satisfied, we would have Ve € (f(a), f(b)), Iz* € [a, b], such
that f(z*) =c.

Now we show the proof (a proof within Proof 3.) Proof: Let A, B to be
open sets in Y and given that they are disjoint. Let us say f(E) C AUB.
Consider f to be continuous, and then we have f~'(A) and f~'(B) are
open in X. That is, we would have x € E which implies that it should
be the case that f(z) € f(E) C AU B. This would then imply f(z) € A
or f(z) € B, which is equivalent as saying = € f '(A) or z € f~1(B).
However, we also know that f~(A) N f~1(B) = 0, which is equivalent as
saying f(z) € AN B = 0. Then we have a contradiction. Q.E.D.

Figure 43: Graphic view for Proof 3.

This completes Proof 3.
Q.E.D.

Now we can put Intermediate Value Property and Extreme Value The-
orem together.

Consider f : [a,b] — R and f to be continuous. E.V.P. states that
dM, m such that

Vz* € [a,b], M = sup f(z) = f(z")
z€(a,b]

and
Vo, € [a,b], m= inf f(z)=f(z.)
z€[a,b]
Then E.V.T. and L.V.T. states tells us f([a,b]) = [m, M]. Referring to the
graph below, we can see that this means we would have an interval such
that in the interval the domain gets mapped to an image that is bounded
just exactly by maximum, M, and minimum, m.
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Figure 44: Graphic view for putting E.V.T. and I.V.T. together.
e OX: B

As a warning, we should be cautious that it is not the case I.V.P.
implies continuity.
Consider the following example, which is shown in the graph. We

would have :
_ sin(; , ifxz#0
f(x)_{ 0 , ifr=0

which is presented in the graph. We would have a map satisfying I.V.P.,
but this is not continuous since it is undefined at = = 0.

Figure 45: Graphic view for the warning.

Next section, we will be discussing uniform continuity.

4.4 Uniform Continuity

Go back to Table of Contents. Please click

To start this subsection, we need to understand the motivation behind
the concept of Uniform Continuity. Consider an example, a map f, which
is shown below. This map, f, takes elements from X to Y. Consider two
points p and ¢ in X and there will be images for them from the map, say
f(p) and f(q). We call this map isometry if we have the distance between
point p and ¢ preserved after the map. Let us see the definition.

Definition 4.57. (Isometry). Suppose a map f: X — Y. The map f is
isometric if

Vp,q € X, dy(f(p), f(q)) = dx(p,q)
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Figure 46: Graphic view for Isometry.

Then a natural question to ask is: are isometric functions continuous?

Consider an example, p € X, Ve > 0 3§ > 0 we have d(f(z), f(p)) <€
if d(z,p) < 4. Simply take § = ¢, that is, § only depends on €, we can
show that the function f is continuous.

4.5 Lipschitz Function
Go back to Table of Contents. Please click

For another example, let us say we have d(f(p), f(q)) = d(p,q). What
if we switch “=” to become “<”? In this case, we would have d(f(p), f(q)) <

¢ for some constant c¢. This is the famous Lipschitz Function.

Consider a Lipschitz Function, notice that every isometry is a Lipschitz
Function. Take a simple example, f(z) = |z|, as shown below. One can
use triangle inequality to show the characteristic. Suppose f € C' with f
bounded. Then f is a Lipschitz Function.

An intuitive question would be: does Lipschitz imply continuity? Vb €
X take € > 0, 36 > 0 such that d(f(p), f(q)) < € if d(z,p) < §. Simply
take 0 = £ and again 0 is independent of p (the location of p does not
matter) while ¢ > 0.

Figure 47: Graphic view for Lipschitz Function, for example, y = |z|.

\(

ya

§ =\x|
N

N\

X

Om———

Remark 4.58. We can also refer to page 151, section 12.3, of textbook [7]
for an alternative definition. A function f is Lipschitz continuous with
Lipschitz constant Ly on I, if there is a (necessarily nonnegative) constant
Ly such that |f(z1) — f(z2)| < Lylz1 — @2|, V1,20 € I.

O
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4.6 Holder Function
Go back to Table of Contents. Please click

We can also introduce another type of continuity, Holder Function.
For o € (0,1), let us say we have d(f(p), f(q)) < (d(p,q))®. Consider the
example, f(z) = |z|%, given that f : R — R, which would satisfy to be a
Holder Function.

Again, we ask the question would an a-Hélder Function be continuous?
Vp € X, Ve > 0, 3§ > 0 such that d(f(p), f(q)) < e if d(p,z) < §. Simply
choose (E)l/o‘

Remark 4.59. We can refer to page 52 of textbook [§] for an alternative
definition. Let xo be a point in R™ and f a function defined on a bounded
set D containing xo. If 0 < a < 1, we say that f is Holder continuous

with exponent « at zg if the quantity [f]az, = sup%.
D

O

Remark 4.60. Note that so far we have the following relationships: Con-
tinuously differentiable C Lipschitz continuous C a-Holder continuous C
Uniformly continuous C Continuous. Important!

O
Now we introduce Oscillation.

Definition 4.61. (Oscillation). An oscillation is defined as the following,
suppose A C X,
osc = sup d(f(z), f(y))

z,y€A
which is shown below in the graph.

Referring to the graph, consider f a function. In some interval in the
domain of f, we have the image of the map move up and down between
two values. A collection of distances that can bound these values would be
an upper bound of the distances of any two images mapped from domain.
An oscillation is defined to be the least upper bound of that collection of
distances.

Figure 48: Graphic view for the definition of Oscillation.
o v
’;\\/ s b
1T ;T\ ‘\'

!
i ———
N v

A

Also consider the following argument.
Theorem 4.62. A map f : X — Y to be continuous at p € X if and
only if

osc f—0asr—0".
Br(p)
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Referring to the graph, we simply have a map, f, taking values from
X to Y. For any point p, we can draw a ball with radius r. Given some 7,
we have a range of maps, and can be represented by some kind of notation
of f, which is Bos;g)f. Then we take r, no matter how small, we would

have the oscillation goes to 0. If all of these are satisfied, we say f is
continuous.

Figure 49: Graphic view for the theorem.

Definition 4.63. (Modulus of Continuity). At p, suppose we have wy, :

(0,00) — (0, 00) such that wy(r) > os(c)f and wp(r) — 0 as r — 0. Then
B (p

we say f is continuous at p and we also have w, measures the convergence,

that is, f(z) = f(p) as © — p.

Ezample 4.64. For example, f is Lipschitz, d(f(p), f(¢)) < c¢d(p, q), then
wp(r) = cr. For another example, f is a-Holder function and d(f(p), f(q)) <
cd(p, q), then wy(r) = cr®.

g

A natural question is: for f, a continuous map, will there exists a
common modulus of continuity for all p € X7 The answer is no. Consider
the function y = i, which is shown below. As x — 0, the modulus of
continuity becomes worse, that is, you cannot choose a uniform §.
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Figure 50: Graphic view for the common modulus.

Definition 4.65. (Uniform Continuity). Suppose there is a map, f :
X — Y. We say it is uniformly continuous if

(1) Vp, Jw(r) a common modulus of continuity, or

(2) Ve > 0, 36 > 0 (independent of p), there is d(f(p), f(q)) < € if
d(p,q) <.

Common examples can be Lipschitz and Hélder.

5 §Differentiation§
Go back to Table of Contents. Please click

5.1 Derivative

Go back to Table of Contents. Please click
This section we discuss the derivative of real functions.

Definition 5.1. Let f be defined and real-valued on [a,b]. For any = €
[a, b] from the quotient
_ /@

P(t) = t%i(x)(a<t< bt # ),

and define
f'(x) = limg(t),

t—x

Then we can discuss function f and function f’ whose domain is the

set of points = at which the limit exists; f is called the derivative of f.

Ezample 5.2. For example, consider f(z) = 1, and f'(xo) = }ILIH%)M =
—

0 since the numerator goes to zero.

d
Ezample 5.3. For another example, consider f(z) = ma + b, we have
f'(z0) = ;?L% (m(zo+h)+s)—(mzo+b) — ;lllg%)mTh - m.
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O

Ezample 5.4. For example, consider f(z) = %, assuming xo # 0, we have

1 1
/() = Lim 20t 20— [jm Eo=zo—h)/((zoth)z0) _ |3 —h _ -1
i) = }133%) h - flzlg%) h - 7111—%900(560+h)h T

(]
Theorem 5.5. Let f be defined on [a,b]. If [ is differentiable at a point
x € [a,b], then f is continuous at x.
Proof: The goal is to show that f(z + h) — f(z) as h — 0. Then we
need f(z + h) — f(z) = wh%f'(x) x0—0ash—0.
Q.E.D.

Theorem 5.6. Suppose f and g are defined on [a,b] and are differentiable
at a point x € [a,b]. Then f + g, fg, and /g are differentiable at x,

(a) Linearity. (f +g)'(x) = f'(z) + ¢'(x);

(b) Product Rule. (fg)'(z) = f'(z)g(x) + f(z)g'(x);

(¢) Quotient Rule. (5) (z) = %W, assume g(x) # 0.

Proof: We present the proof accordingly:

(a) Let h = fg. Then h(t) —h(z) = f(t)[g(t) — g(x)] +g(z)[f () — f(z)].
If we divide both sides by ¢t —z, we would have had [f(¢) — f(z)] — 0.
That is, we would have f'(z)g(z) + f(z)g'(z) left, which completes
the proof.

(b) Recall that f(z+h)g(z+h)— f(z)g(x) = 0= (f(z+h)— f(z))g(z+

h)+ f(z)(g(x+h)—g(x)) ~ (df)g+ f(dg). Where did it come from?
Then we divide the equation both sides by h and let h — 0. Thus

f@+h)g(x+h) + f(z)g(x)
h

= JEEW T o0 ) 4 (o

h
= f'(z)g(z) + f(z)g'(z)
as h — 0 since g is continuous at x.
(¢) Let h(z) = 5(3&) & f(z) = g(x)h(x). Formally we have f'(z) =
g’ (z)h(z) + g(x)h'(z). Solving h'(x), we have

g(z +h) —g(z)
h

’ ’ f(=x)
h/(ZE) _ (@) =g" (@) gizy

g(z)
f(@)g(x)—g(z) f(x)
9(z)?

Notice here that h'(x) is not well defined since we may have the case
that the denominator is zero. In that case, we need to evaluate

. 1
Hm s Sy ~ @

F(zth) f(z)]

= Jin |7+ 190 o+ IO st

h—0

— i |£1Ge + 19(0)  Fo(o + 1)) s
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The numerator would tend to zero as h — 0, which completes the
proof.

Q.E.D.

Theorem 5.7. Suppose f is continuous on [a,b], f'(x) ewists at some
point © € [a,b], g is defined on an interval I which contains the range of
f, and g is differentiable at the point f(x). If

h(t) = g(f(t)),a <t <b,
then h is differentiable at x, and
W(z)=g'(f(2))f(z).

Ezample 5.8. Consider (fg)" = (f'g+ fg') = f"g+2f'¢g" + fg", which
is similar as (a 4 b)? = a® + 2ab + b

|
Ezample 5.9. Prove that
. k i —5
(fg)* =>"j=0" <j>f( Jghd
which is the same idea as the Newton’s identity (by induction).
O

Consider the chain rule, we have h, f, and g. We want the following,

f'(@) =g'(@)f ().

Figure 51: Graphic view for the Chain Rule.

1}
LAl

o b %R Iy

Pegrz o5

Take f(z) = 5 as an example, h(z) = go f(z) = g(5). Referring to
the following graph, we know that the geometrical sketch will be stretched

from the multiplying of half, i.e. %

()



Figure 52: Graphic view for the example f(z) = §. The map is stretched wider.

) 4

Xo

Then we present the following attempt (although wrong, yet worth
noticing), remember we defined above that h(x) = g o f(x) = g(5), say
/2 as an example,

h(z+h})l—h(a:) — 9 @+h)—g(f(z))

s eth—a(f (@) fath)—f(z)
Fa@th)—f(o) %

g f (x)

The problem is that we might be dividing zero. To correct this, we intro-
duce a definition. We need to define the derivative without using danger-
ous denominations.

Definition 5.10. Newton’s Linear Approximation. Suppose there is a
function f. The tangent line at any point, say zo, is the approximation
of f. That is,

y = f'(z0)(z — xo) + f(zo)

Figure 53: Graphic view for the Newton’s Linear Approzimation.

That is, we consider slope m and at point (a,b), we have y — b =
m(z—a) =y=m(x—a)+b.

Proposition 5.11. Consider u(z — x0) — 0 as © — xo.
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Proof: Start with u, we have u(z—xzo) = %ﬁgzo) = f(zo) as x — xo.
Then we have u(z—xz9) — 0. The advantage of this approach is that there
is no denominator.

Recall Chain Rule. Suppose we have f differentiable at xo, g differen-
tiable at yo = f(zo), and h = f o g. Then we have h differentiable at xo
and h'(z0) = g'(z0) ' (zo).

Proof: f(z) = f(z) + f'(w0)(& — w0) + (& — wo)u(z — o) and gly) =
9(yo) + ¢'(y0)(y — yo) + (y — yo)v(y — yo). Notice that u(z — x0) — 0
as * — zo and v(y — yo) — 0 as y — yo. Take y = f(x), we have
9(£(@)) = 9(uo) + ¢/ (W) (F(&) — F(w0)) + (F(z) — F(20))v(y — o), which
implies that h(z) = h(xo) + ¢’ (y0)(f' (z0)(z — m0) + (z — mo)u(z — z0)) +
(f(z) — f(z0))v(y — yo). Then as z — zo, ¢’ (xo)u(x — x0) — 0. Then
y = f(zo) = f(zo) =yo = v(y —yo) = 0 as z — xo.

Therefore, the second and third term cancel and we conclude the ar-
gument.

Exzample 5.12. An exercise can be the following. Consider

B z?sin(L) . x#0
f(m)_{ 0 , z=0

O

Definition 5.13. (Inverse Function). Suppose f : X — Y is well-defined
and a bijection. Then there exists f~' : Y — X such that fo f' =Ty
and f~'o f=1Ty. If fand f~! are differentiable, then fo f~*(y) = y.

Applying £ y=yo : f®(20)f 7"V (yo) = 1, then we have f~'(yo) =
m. Geometrically, we have some function f. Let us say f is well-
defined and y = f(x). Then the inverse of f, which is ™! is well-defined
and mirror reflected by the line y = x. Thus, some arbitrary point, say
(z0,yo) will be (yo,x0). The slope at the point (zo,yo) will be m and will
be reflected to m’ =

1
ponll

Figure 54: Graphic view Inverse Function.

. -z";ﬂ“” 4= )

This concept leads to the following theorem.
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Theorem 5.14. (Inverse Function Theorem). Suppose f : (zo — J,x0 +

0) =Y C R and a bijection. Also suppose the map f is differentiable at

zo and fY(zo) #0. Then f~' is continuous at yo = f(xo). Then f~' is

differentiable at yo.

=" o) N
Y=o

ﬁ as y — yo. It suffices to show that if y, # yo — yo as n — oo then

S ) ="M (wo) 1
Yn—Y0 - f=(zo0)

—1 -1 _
have Z, = f ' (yn) or yn = f(2n). Then L OZ;)_?’;O (wo) — oA T =

Proof: The goal is the following. We want to show

as n — oo. Consider f a bijection. Then we

-1
(W . It is important to notice that ! is continuous at yo
n 0)
and this gives us f~'(yn) — f~(yo) which is also x, — xo.
Q.E.D.

Ezample 5.15. Suppose [ : (xo — 6,20 + ) — Y C R and a bijection.
Also suppose f is continuous. Then we have f~! a continuous function.
For this problem, simply take f : [zo — /2,20 +6/2] == Z C Y C R
continuous. Notice that the interval is compact. This gives us that f~*
is continuous. Then we take §/3, §/4, ... /N such that N — oo, which
will show the complete proof.

O
Ezample 5.16. Suppose f(z) = 2™ and z > 0 and f~' = % Then we
have f~'(z) = —1— = %xﬁfl,
n(zﬁ)n—l
O

Ezxample 5.17. We can also compute z such that o € Q. Then take
a = ",n # 0. Also the same for o € R. We use chain rule and power
rule.

O

5.2 Mean Value Theorem
Go back to Table of Contents. Please click

Definition 5.18. Let f be a real function defind on a metric space X.
We say that f has a local maximum at a point p € X if there exists § > 0
such that f(q) < f(p) for all ¢ € X with d(p,q) < 4.

Remark 5.19. Local minima are defined likewise.
O

Theorem 5.20. Let f be a defined on [a,b]; if f has a local mazimum at
a point x € (a,b), and if f'(z) ewists, then f'(x) = 0.

Theorem 5.21. If f and g are continuous real functions on [a,b] which
are differentiable in (a,b), then there is a point x € (a,b) at which

[£(0) = f(a@)lg' () = [9(b) — g(a)]f' ().

Note that differentiability is not required at the endpoints.
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Theorem 5.22. If f is a real continuous function on [a,b] which is dif-
ferentiable in (a,b), then there is a point © € (a,b) at which

F(b) = fla) = (b= a)f'(x).
Proposition 5.23. Suppose f is differentiable in (a,b),
(a) If f'(x) >0 for all x € (a,b), then f is monotonically increasing.
(b) If f'(z) = 0 for all z € (a,b), then [ is constant.
(c) If f'(z) <0 for all x € (a,b), then f is monotonically decreasing.
Proof: We prove Monotonicity accordingly. For (a), by contradiction,
we assume f(z) > f(y) for some a <z <y <b. By MM\V.T., 3¢ € (z,y)
such that f'(c) = W < 0, which is a contradiction. For (b), by
contradiction, we assume that f(z) < f(y) for some a < z < y < b.
By M.V.T., 3¢ € (z,y) such that f'(c) = w > 0, which leads to
contradiction. The last proof is the same.
Q.E.D.

Theorem 5.24. Suppose f is a real differentiable function on [a,b] and
suppose f'(a) < A < f'(b). Then there is a point x € (a,b) such that
fz) =
Note a similar result hold for f'(a) > f'(b).
Proof:
Q.E.D.

A particular case is to let f(a) = f(b), then we would get local maxi-
mum and local minimum, which leads to the following definition.
Definition 5.25. f : [a,b] — R has a local maximum (or minimum) at
¢ € [a,b] if 36 > 0 such that f(z) < f(c), Vz € (c—d,c+ 6) N[a,b].
Proposition 5.26. f : [a,b] = R continuous and differentiable in (a,b)
has a local mazimum (or minimum) at ¢ € (a,b). This implies that f'(c) =
0.

Proof: Consider f has local max at ¢, then 3¢ > 0 such that f(z) <
f(e), Vz € (¢ — d,c+ ) by using ¢ € (a,b) to get x € (¢ — §,c+ ).

Ifz — ¢t (Le. @ > ¢), then %=1 < 0. This implies that f'(c) < 0.
If £ —» ¢ (ie. z <c), then %:i(c) > 0. This implies that f'(c) > 0.

Hence, we have f'(c) = 0.

Q.E.D.

Now a question needs to be asked. Can we have some ¢ = a (or ¢ = b)
for any ¢ € [a,b]? The answer to this question leads to Rolle’s Theorem.
Theorem 5.27. (Rolle’s Theorem). Suppose f : [a,b] = R continuous
and f differentiable in (a,b) and f(a) = f(b). This implies that there
exists ¢ € (a,b) such that f'(c) = 0.

Proof: Discuss all cases accordingly.

If f(z) = f(a) = f(b) for all z € (a,b), then we have Vc € (a,b),
f(¢) = 0, which is done. Else if f(z) has a maz or min in (a,b), since
E.V.T. at such value ¢ (which we obtained from previous proof), we have

f'(c)=0.
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Q.E.D.

Theorem 5.28. (Mean Value Theorem). Suppose f : [a,b] — R and f
continuous. Also suppose that f is differentiable in (a,b). There exists
c € (a,b) such that f'(c) = M.

Proof: The first strategy takes the secant line of any two points in the
interval. Then one is able to move the secant line up or down so that it just
touches the function f. Applying Rolle’s Theorem, one can show that at
this point that the secant line just touches f there is f(c) = f(a) = f(b).

The second strategy is to let g(z) = f(z) — [m(xz — a) + f(a)] where
m= W. Then take g(a) = g(b), and by Rolle’s Theorem, 3¢ € (a, b)
such that g’(c) = 0, which implies f'(c)—m = 0. Thus, we have f'(c) = m.

Q.E.D.
A consequence is the following:

Theorem 5.29. If a function is Lipschitz continuous, then the derivative
of the function is bounded.

Given a function f is Lipschitz continuous. We have f : [a,b] — R such
that |f/| < M, which implies that LE&=SWl < A7 for all 2 =y € [a, b).

|z —y]
Assume for z < y. By M.V.T.| there exists some ¢ € R such that

fl(c)= %{I@ for some c € (x,y). Thus, we have f' € (=M, M).
For = > y, we have f'(z¢) = Ain})w7 which is in [-M, M].
—
Q.E.D.

Definition 5.30. (Convex). Let f be a function defined on an interval
[a,b]. The function f is convex on [a, b] if for each interval [a, 8] C [a, b],
the inequality

f<9a . 9)5) < 6f(a)+ (1—6)f(5)

for some 6 € [0,1].

Ezample 5.31. For an example, let us look at f(z) = 2®. Let [¢,d] C T
and 0 < 0 < 1. We have

f((l —0)c—|—9d> = (1-0)>%2+20(1 —0)cd + 62d*
= (1-0)c®—0(1—0)c+20(1—0)cd+ 6%d*
= (1-0)c+0(1—0)c (2d —¢)+ 6*d® — 0d* + 0d*
= (1-=6)c—-0(1—-0)(? —26d+d2)+9d2
= (1—0)c2—0(1—0)( d)? + 0d*
< (1—-6)P+6d*

which shows that f is a convex function.
O

Remark 5.32. We have discussed convexity in previous sections. Please go
to Theorem 1.17 on page 10 of this notes to recall the initial introduction
of convexity.

O
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5.3 L’Hopital’s Rule
Go back to Table of Contents. Please click

Theorem 5.33. Suppose f and g are real and differentiable in (a,b), and
g’ (x) # 0 for all € (a,b), where —oco < a < b < +oco. Suppose

f'(x)

g'(x)
If f(z) = 0 and g(z) — 0 as ¢ — a, or if g(z) — +oo as ¢ — a, then
ZE;C; — A asz— a.

Proof: First consider the case —oco < A < +o0. Choose ¢ € R such
taht A < ¢, and then choose r such that A < r < g. Suppose we have
f'(z)/g'(x) - A as * — a.Then there is a point ¢ € (a,b) such that
a < x < c implies

f'(x)

g'(x)
If a < x < y < ¢, then Theorem 5.9 from text [10] shows that there is a
point ¢ € (x,y) such that

— A as x — a.

<r

f@) —Iw) _ S0,
=L .
9(x) —g(y) gt
Suppose f(z) — 0 and g(xz) — 0 as © — a. Let © — a, we have
@ <r<gqg a<y<ec
9(y)
Next, suppose g(z) — +oo as © — a. We keep y fixed in % =

O]
g’(t)
and g(z) > 0ifa < z < 1. Multiplying% <r<gq a<y<chy

[g9(x) — g(v)]/g(x), we obtain
f(@) 9(y) | f)

X <r—r=—%+—=5,a<z<ci.
9(x) g(x)  g(z)
As x — a, g(x) — 400 as © — 0 tells us that there is a point ¢z € (a,c1)
such that
f(z)

——X<q, a<z<co.

g(z)
Summing up everything,“% <r<gq a<y<c and “ZE:; <gq, a<
x < c2” tell us that for any ¢, subject only to the condition A < ¢, there
is a point ¢z such that f(z)/g(z) < ¢ if @ < = < c2. In the same manner,
if —o0o < A < 400, and p is chosen so that p < A, we can find a point c3
such that

f(z)

p< —F=<,a<zx<c3
9(x)
and f(z)/g(x) — A as x — a would follow. Note that this proof from text
[10] would seem more complicated because this approach puts everything
together. Later after an example, we will present an alternative proof of
L’Hopital’s Rule, as explained in the lecture.

< r, and simply choose a point ¢1 € (a,y) such that g(z) > g(y)
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Q.E.D.

Remark 5.34. The analogous statement is of course also true if © — b, or
if g(z) — —o0.
O

Remark 5.35. Theorem 5.9 of text [10] (Theorem 5.21 on page 76 in
this section) says that: if f and g are continuous real functions on [a, b]
which are differentiable in (a,b), then there is a point z € (a,b) at which
[f(b) — f(a)]g () = [g(b) — g(a)]f'(z). Note that differentiability is not
required at the endpoints.

O

Ezample 5.36. As an application, we see the following example. I’Hopital’s
Rule helps us to compute indefinite limit. For example we want to eval-

uate hn})% at £ = 0. The denominator would be 0, and this
T—r

calculation would seem meaningless. However, using L’Hopital’s Rule, we

have

[7m—sin(x)]’

Tx—sin(x)
[x2+sin(3z)]’

z2+sin(3x)

=

=
7—cos(x)
2z+3cos(3x)

_ 7—cos(0) =
T 2X043cos(3x0)
= 2
which is a lot easier and actually meaningful.
g

For a better understanding, let us present an alternative proof of the
L’Hopital’s Rule.

Proof: We first prove a special case under a more restrict condition.
Then we present generalized case.

For special case, suppose f and g are both continuous and differentiable
at a ¢ € R, and also suppose f(c) = g(c) = 0, and that ¢g'(c) # 0. Then
we have

s fl@) s f@)=0 _ s f(x)—f(c)
Imse = Imgm— = M e =g
. f(=)—f(e) lim %
= lm s = S
Tr—c T—c r—c
N i (5 R PR )
= g = Im gy,
f(z) I ()

and hence lim = lim 2.
z—c9(®) z—c 9 (@)

Now we show L’Hopital’s Rule in general case. Let f and g be two
continuous and differentiable functions. Let Z be the open interval in
the hypothesis with c¢. Assuming ¢'(x) # 0, Z can be chosen very small

so that g is nonzero on Z. For any x € Z, define m(z) = inf 5:28 and

M(z) = supgfég as £ can be any value between z and c¢. Mean Value

Theorem ensures that for any two distinct points x and y in Z there exists
F@)—fw) _ £
g(z)—g(y) g’ (&) "

a & between x and y such that Then, as a consequence,
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m(z) < f(@)—f(v)
= g(=)—g(v)
The value g(z) —g(y) is always nonzero for distinct x and y in the interval,
for if it was not, the mean value theorem would imply the existence of a
p between z and y such that ¢’(p) = 0.

Here we discuss two cases:

First case is for lim f(z) = limg(z) = 0. For any z in the interval Z,
Tr—c r—c

< M (z) for all choices of distinct z and y in the interval.

and any point y between x and c, there is

f@) _ f)
miz) < f(x):f(y) _ 3@ gg;()z) < M(z)
9(x) —g(y) 1- 21
and therefore as y approaches c, % and % will be zero, so we are left
with P
_ 2 -0
m(x) S f(:C) f(y) — g(x) S M(;L’)
g(x)—gly)  1-0
and thus
m(z) <= 1% < ()
9(x)

which completes the first case.
Second case we discuss lim |g(z)| = co. For every z in the interval Z,
r—rc

define S, = {y|y between x and c}. For every point y between = and c,
we have

i) < fly) = f(=) _ o)~ o) < M(z)
Ty —g@) 1-m T

As y goes to ¢, both gg; and ;E;) go to zero, and therefore

m(x m in M im su M x
(o) <t 3T otyy = P oy < M)

The limsup and lim inf are necessary since the existence of the limit of
f/g has not yet been established. Then we recall the fact that

!
limm(z) = im M (z) = lim F'(@) =1L
r—c T—c z—c g (;E)
and
lim (lim infM> =lim me
v—e\ vesa g(y) ame - 9(@)
and
lim (lim infM) =lim sup@
e—e\ vess g(y) e—c 9(T)
In first case, the squeeze theorem, establishes that lim ; E;; exists and
r—rc
is equal to L. In second case, the squeeze theorem again asserts that
liminf£ = limsupZ® = L, and so the limit lim £ exists and is
ze 9(2) oo 9@ z—c9(@)
equal to L, which is proven.
Q.E.D.
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5.4 Taylor’s Theorem
Go back to Table of Contents. Please click

Theorem 5.37. Suppose f is a real function on [a,b], n is a positive
integer, {7V is continuous on [a,b], f")(t) exists for every g € (a,b).
Let a, 8 be distinct points of [a,b], and define

n—1
1
P(t) = 3 M (@) — )",
k=1
Then there exists a point x between o and B such that

1(8) = P(B) + 1™ (@)(5 — )",

Proof: The text [I0] provided the following proof. Let M be the
number defined by
f(B)=PB)+M(B—a)
and put
g(t) = f(t) = P(t) = M(t—a)", a<t<b

that is, we have to show that n!M = f™(z) for some = between o and
B. By

n—1

P =3 =P ()t - o).
k=1

and
git) =ft) - Pt)—M(t—a)", a<t<b
we have
g™ = f"M ) —nIM, a<t<b.

Hence, we just need to show that g(")(m) = 0 for some z between a and
. Since

P®9a) = f*(a), k=0,...,n—1,
we have

gl@)=g'(a)=---=¢g"(a) =0.
Our choice of M shows that g(8) = 0, so that g'(z1) = 0 for some z1
between o and 8, by the M.V.T. Since ¢g’'(a) = 0, we conclude that
g”(mg) = 0 for some x2 between o and x1. We repeat this n steps and
conclude that g(")(xn) = 0 for some x, between o and x,_1, that is,
between a and S.

Q.E.D.

Theorem 5.38. Suppose f is a continuous mapping of [a,b] into R* and
f is differentiable in (a,b). Then there exists x € (a,b) such that

[f(0) = f(a)] < (b—a)|f'(2)].

6 §Riemann-Stieltjes Integral§

Go back to Table of Contents. Please click
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6.1 Riemann Integral

Go back to Table of Contents. Please click

The motivation is to obtain a solution for a differential equation, say vy’ =
f(t) ~ YDV #(1). That is, we want h(t + At) ~ y(t) + f(t)At.
We have a map, f, defined on [a,b], and suppose there are yo at = a,
y1 at © = t1 with At = t1 — a. We iterate the following;:

yk+1 = f(tu)At, with yo = yo known
Y1 = ye+ f(te) At
= (ye—1 + f(te—1)O8) + f(te) AL

= ot S (t)A
=0

k
with Y2 f(t;)At ~ [? f(t)dt, the Riemann Sum.
1=0

Remark 6.1. Suppose we know before that ¥’ = ¢’ and that y(a) = g(a)
at some a. The goal is to solve y = g, which is a unique solution. The
reason is that from M.V.T., we know y = g + ¢, ¢ being some constant,
and this condition at a will give us ¢ = 0.

O

Definition 6.2. Let [a,b] be a given interval. By a partition P of [a, ]
we mean a finite set of points xo, x1, ..., Tn, Where

a—x20 <21 < - < Tp1Tn = b.

We write
Aa:i = Ti — Ti—1, 1= 1, ey N

Now suppose f is a bounded real function defined on [a,b]. Corre-
sponding to each partition P of [a, b] we put

My = sup f(z), for zi—1 <z < 3,

m; = inf f(z), for zi—1 <z <y,

UP, f) =Y MAw,
i=1

L(P, f) = ZmiAxi,
i=1
and finally we have
—b
/ fdx =infU(P, f),
b
/ fdx =sup L(P, f),

where the inf and the sup are taken over all partitions P of [a,b]. The
left members of Tl;fdm =inf U(P, f) and fbfdcc = sup L(P, f) are called
upper and lower Riemann integrals over [a, b], respectively.
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If the upper and lower integrals are equal, we say that f is Riemann-
integrable on [a, b], we write f € R (that is, R denotes the set of Riemann-

integrable functions), and we denote the common value of TZ fdx =
infU(P, f) and fbfd:c = sup L(P, f) by fab fdz, or by f:f(ac)dm
This is the Riemann integral of f over [a,b]. Since f is bounded, there
exist two numbers, m and M, such that
m < f(z) <M, fora<az<b.
Hence, for every P, we have

m(b—a) < L(P, f) < U(P, f) < M(b - a),

so that the numbers L(P, f) and U(P, f) form a bounded set. This shows
that the upper and lower integrals are defined for every bounded function
f- The question of their equality, and hence the question of the integra-
bility of f, is a more delicate one. From text, we have the following more
general definition [10].

Definition 6.3. Let o be a monotonically icnreasing function on [a, b]
(since a(a) and «(b) are finite, it follows that a is bounded on [a,b]).
Corresponding to each partition P of [a, b], we write

Ao = afz;) — a(zi-1).

It is clear that A«a; > 0. For any real function f which is bounded on
[a, b], we write

U(P, f,a) = > M;Aa,
i=1

L(P7 fa Oé) - ZmiAai,
i=1

where M;, m; have the same meaning as the previous definition, and we
define

—b
/ fda=infU(P, f, a),
b
| fda=swwL(p.f,0)
the inf and sup again being taken over all partitions.

If the left members of the two equations above are equal, we denote
their common value by
b
/ fda
a

/ ' fa)daz).

This is the Riemann-Stieltjes integral (or simply the Stieltjes integral) of
f with respect to a, over [a, b].

or by
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Definition 6.4. We say that the partition P* is a refinement of P if
P* D P (tat is, if every point of P is a point of P*). Given two partitions,
P, and P», we say that P* is their common refinement if P* = P; U Ps.

Theorem 6.5. If P* is a refinement of P, then
L(P, f,a) < L(P", f, )
and
U(P", f,a) SU(P, f,a).

Proof: To prove limit sum, L, suppose first that P* contains just one
point more than P; Let this extra point be =, and suppose z;—1 < z* <
x;, where x;—1 and x; are two consecutive points of P. Write

wy = inf f(z), w1 <z <2,

wy = inf f(z), 2* < x < z;.

Observe w1 > m; and w2 > m;, where m; = inf f(z), zi—1 < = < z;.
Hence, we have

L(P*vaa) 7L(Pafva)

wifo(z”) = o@io1)] + waa(z:) — alz®)] — mifo(wi) — a(@i-1)]
(w1 —mi)[ea™) — a(wi—1)] + (w2 — mi)[e(w;) — (z™)]

0

(A\VAIl

If P* contains k points more than P, we repeat this reasoning k times,
and arrive
L(P7 f? a) S L(P*’ f7 a)?

which completes proof for L.
Proof for U is similar.

Q.E.D.
Theorem 6.6. Suppose f is defined on [a,b]. Then we have

frue s

Proof: Let P* be the common refinement of two partitions P; and Ps.
By the theorem directly above, we have

L(P1>f7a) SL(P*7f,Oé)SU(P*,f7Oé) SU(P27f705)'

Hence,
L(Plafva) < U(P27faa)'

If P, is fixed and the sup is taken over all P;, then we have
[ 140 < U2 100,
The theorem follows by taking the inf over all P, in [fda < U(P, f, ),

which completes the theorem.
Q.E.D.
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Theorem 6.7. Suppose we have a function f. We say f € R(«a) on [a, b]
if and only if for every € > 0 there ezists a partition P such that

U(P,f,a)—L(P,f,Ol) <€

Proof: (<) For every P, we have

L(P,f.0) < [ fda < 7fda <U(P,f,a).

Thus, U(P, f,a) — L(P, f,a) < €, implies that

0S7fda—/fda<e.

Hence, if U(P, f,a) — L(P, f,a) < €. can be satisfied for every € > 0, then

we have s
/fda: /fda,
that is f € R(a). N

(=) Conversely, suppose f € R(a), and let € > 0 be given. Then there
exist partitions P; and P> such that

U(Ps, fro) = [ fda < 5,

/fda —L(Py, f,a) < %

‘We choose P to be the common refinement of P; and P>. Then Theorem
6.5 above (which is Theorem 6.4 in text [10]), together with two equations
above, shows

U(P.f,0) SU(Pwf.0) < [ fdact § < L(Pr.foa) + € S L(P.fo0) + 6,

0 0 < [fd(e) — [ fda < € holds for this partition P.
Q.E.D.
Theorem 6.8. This theorem has three parts:

(a) If U(P, f,a) — L(P, f,a) < € holds for some P and some ¢, then
U(P, f,a)—L(P, f,«) < € holds with the same € for every refinement
of P.

(b) IfU(P, f,a) — L(P, f,a) < € holds for P = {xo,...,xzn} and if si, t;
are arbitrary points in [xi—1,x;], then

Z|f(5i) — f(t:)|Aay < e
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Proof: Theorem 6.5 above (which is Theorem 6.4 in text [I0]) implies
(a). Under the assumptions in (b), both f(s;) and f(¢;) lie in [m;, M;], so
that |f(s:) — f(t:)| < M; —m;. Thus

Z‘f(sl) - f(tl)|Aa1 < U(P7 f7 a) - L(P7 f7 O‘)v

which proves (b). The obvious inequalities

L(nyva) < Zf(tl)Aal < U(P7f705)
and
L(P.J.0) < [ fda < UP1.0)
prove (c).
Q.E.D.
Theorem 6.9. If f is continuous on [a,b], then f € R(a) on [a,b].

Proof: Let € > 0 be given. Choose n > 0 so that [a(b) — a(b)]n < e.
Since f is uniformly continuous on [a, b] (from Theorem 4.19 of text [10]),
there exists a § > 0 such that

[f(z) = F@) <n
if € [a,b], t € [a,b], and |z —¢] < 4.
If P is any partition of [a,b] such that Az; < § for all ¢, then |f(x) —
f(®)| < n implies that

M;—m; <n,i—1,..,n

and therefore

U(P, f,0)—L(P, f,a) = > (Mi—mi) Ao <nY Aoy = nla(b)—ala)] < €.
i=1 i=1
By Theorem 6.7 (Theorem 6.6 in text [10]), we have f € R(«).
Q.E.D.

Theorem 6.10. Suppose that « is monotonic. If f is monotonic on [a, b],
and if o is continuous on [a,b], then f € R(a).

Proof: Let € > 0 be given. For any positive integer n, choose a parti-
tion such that

a(b) — afa)

Aai =, = 1,...,”.
n

This is because « is continuous (one can refer to Theorem 4.23 from text
[10)).

Suppose that f is monotonically increasing and assume w.l.o.g.. Then
we have M; = f(x;), m; = f(zi—1), for i = 1,...,n so that

U(P, f,a) — L(P, f,a) = Mémmfﬂm_m
a®=ale) (£(p) — f(a)]

< €

We can take n sufficient large, and by Theorem 6.7 (Theorem 6.6 in text
[10]), f € R(e).
Q.E.D.
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6.2 Properties of the Integral
Go back to Table of Contents. Please click

Theorem 6.11. This theorem states four properties of integral.

(a) If f1 € R(a) and f2 € () on [a,b], then f1+ f2 € R(e), cf € R(«)
for every constant ¢, and

/fab(fl+f2)do¢:/abf1da+/abf2da,

/abcfda:c/:fda.

(b) If fi(z) < fa(x) on [a,b], then

/: frda < /: fada.

(c) If f € R() on [a,b] and if a < ¢ < b, then f € R(a) on [a,c] and

on [e,b], and
/acfda—&-/cbfdoz:/abfdoe.

(d) If f € R(a) on [a,b] and if |f(x) < M on [a,b], then

‘/abfda

(e) If f € R(a1) and f € R(az), then f € R(cu + a2) and

/abfd(al+a2):/abfda1+/abfdaz;

if f € R(e) and ¢ is a positive constant, then f € R(ca) and

/ab fd(ca) = c/ab fda.

Theorem 6.12. If f € R(«) and g € R(«a) on [a,b], then
(a) fg € R(@);

< Ma(b) — afa)].

(b) |f| € R(@) and ‘ff fda| < [?|f|da.
Definition 6.13. The unit step function [ is defined by
0, z<L0,
I(w) = { 1, x>0
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6.3 Fundamental Theorems of Calculus
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Theorem 6.14. If f in R on [a,b] and if there is a differentiable function
F on [a,b] such that f' = f, then

/ F(z)dz = F(b) — F(a).

Ezample 6.15. Consider In : (0,00) — R. Then we have Inz = [;" {dt.
One observation is that Inz > 0if 2 > 1 and Inz < 0 if z € (0,1). Also
note that In1 = 0 and In is increasing.

Figure 55: Graphic view for example y = Inz.

TS //tr—{ 1.0
3

(x from -1to 1)

— real part
— imaginary part

Figure 56: Graphic view for example y = exp(z) = e”.

/

O

Definition 6.16. (Inverse). Consider function exp(z). There exists an
inverse exp(z) = In~"'(x). Moreover, exp(x) is an increasing function that

is concave upward. Then the derivative of exp(z) is exp’(z) = m.

A question to ask is: is it the case that exp(z) — 0 as x — —o0?
The answer is “yes” since exp(z) decreases monotonically as z — —oo.
We consider the identities. Note that In(zy) = Inz 4 Iny. Note that
exp(0) = 1 and exp(z + y) = exp(z) exp(y).
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Ezxample 6.17. Consider the function arctanx = foz 1112. We start with

y = ﬁ, which is the following graph. We take integral of this function
from 0 to z and we would obtain arctanx

Figure 57: Graphic view for example y = (Hilﬁ)

¥

it from —3.3to 3.3)

—10 10

|
r
n

O

dt

V1-t2

Ezxzample 6.18. For another example, consider arcsinx = fox for

z € (—1,1).
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Figure 59: Graphic view for example [y = arcsinz.

fr_l \\ . (x from -6 to &)

-2 — real part
— imaginary part

Consider a particular solution of

V() = /t : £ (s)da.

we assume that we know y = F(¢) with F(to) = 0 is a solution of y'(t) =
f() with y(to) = 0. This gives us f = F’. For f = F’ is integrable in
[a, b], we prove that it implies f; f(t)dt = F(b) — F(a).

Proof (Fundamental Theorem of Calculus): Given f is integrable. In
other words, we have the following, Ve > 0, 3P a partition such that
U(f,P)— L(f,P) <eforto=a <t <t <...t, <b}. The goal is to

obtain
n

F(b) = Fa) = Y (F(to) = F(i-1))-

i=1
From M.V.T., we know that 3t; € [t;—1,t;] such that F(t;) — F(ti—1) =
FEH At = f(t7)(t; — ti—1). Then we have

{ F(b) - F(a) = i)lf(t?)ﬁti e [L(f,P),U(f,P)]
[Pfydt € [L(f.P),U(f,P)]

Adding them together, it gives us

1 it — () — Fla))| < e

Q.E.D.
Remark 6.19. This is an application of telecopic sum, that is,
n
ZAai = an — Qo, Aai = a; — Aj—1
i=1
d

Now we can look at the following examples.
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Ezxample 6.20. Consider foz tdt = £ et

—| = n+11 for n € N.
0
0
Ezample 6.21. For a € R\ {—1}, we have [ t%dt = %; and then
Tdt— g
0t :
g

Remark 6.22. Consider 2%, consider o > 1, a € (0, 1), and o < 0.

Figure 60: Graphic view for example, considering z¢, of o > 1.

¥

A

—10

-5

Figure 61: Graphic view for example, considering %, of « € (0, 1).

[
[LEI
| 1

foz} \ll

Job
0.1} \
e L ——
-5 5

—10

x
10

Moreover, we can consider z|z|*"! for a > 1, o € (0,1), and « < 0.
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Figure 63: Graphic view for example, considering z|z|*~!, of a > 1.
.
1500
1000
500
—10 =5 | 5 10
—500 I
—1000

—1500 |

Figure 64: Graphic view for example, considering z|z|*~t, of a € (0, 1).

O

Now we discuss integration by parts. Suppose we have f and g inte-
grable. That is, we can assume that f’ and ¢’ are integrable. This implies

that
b , b b ,
/fg:fg f/fg

which is proved as the following.

Proof: By Product Rule, we have (fg)' = f'g + fg'. Compute fab dx
on both sides. We obtain fg|% = f:(f'g + fq').

We can interpret this proof from the following geometric appearances,
which is shown in the following graph.
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Figure 66: Graphic view for the proof.

glx) Ag

A

| at

fix+ Ax)
xtAx fix,)

‘%/—/

g(x + Ax)

Note that AgAf is AfAg = f(z + Ax)g(x + Azx) — f(x)g(x) to be
the area of the purple region, which tends to 0 as A partition tends to
sufficiently small.

The sum of all the shaded region:

ZAT@G - |:ITop Left Blue + DBottom Right Blue + l:lTop Right Purple
o
= Axg/ = lAwg+/A:cg + gxg
= (f9) = fg+fg+0

which completes the proof.
Q.E.D.

Remark 6.23. The procedure is the same ofr integral. Consider function
y = f(x). We can take integral of y, that is, fabf(ﬂc)dx, to obtain some
area under f. For o and § in the image of f, we have the inverse of y. Let
it be g = f~1. Then we can take the integral as well, that is, ff g(y)dy.

In the situation that we do not know y but we want the integral of y,
we can consider g = y ' and take the integral of g.

g

We discuss the following applications.

Ezample 6.24. Consider f: p(z) exp(z)dz with p(z) some polynomial,
Fundamental Theorem of Calculus can help us obtain this integral.

g
Remark 6.25. Consider the integral of In(t) from 1 to z. We compute
[P In(t)dt = t(In(t) —1)+c
1
= z(n(z) - 1) — (In(1) — 1)
= zln(z)
a
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We can also compute integral by the change of variable. Consider
Chain Rule, by Fundamental Theorem of Calculus, we have

b g(b)
/ Fla@)aly) = / Fy)dy

(a)

which requires us the following aassumptions. We assume that g’ is con-
tinuous, which is equivalent as g is continuous. We also assume f is con-
tinuous. We further aassume that g([a,b]) C dom f. First, consider the
function f(g(y))g’(y) to be continuous, which imply that it is integrable.
Next, f is the derivative of F(x) = [ f(t)dt. This gives us

= (fog) = (fo g)bg/

= [Ufog)d Fog

= Fg(b) ~ Flg(a)
= fcf((a;

Finally, as the end of this section, we summarize the following. The
properties of derivations are interchangeable with properties of integrals
through the work of Fundamental Theorem of Calculus. We have the
following table for simple memory:

F.T.C.

Property of Derivation & Properties of Integration
Product Rule Integration by Parts
Chain Rule Substitution Rule or Change of Variables

7 §Sequences and Series of Functions§

Go back to Table of Contents. Please click

Definition 7.1. Suppose {fn}, n =1,2,3,..., is a sequence of functions
defined on a set F, and suppose that the sequence of numbers {f,(x)}
converges for every x € E. We can define a function f by

In this case, we say that {f,} converges on E and that f is the limit, or
the limit function, of {f.}. Sometimes we shall use a more descriptive
terminology and shall say that “{f.} converges to f pointwise on E” if
the above euqation holds. Similarly, if Y f»(x) converges for every x € E,
and if we define

f@) = fule), z€ B,
n=1
the function f is called the sum of the series > fn.

A natural question is to ask whether eseential properties of cuntions
are preserved under the limit operations in the above equations.
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Ezample 7.2. Form=1,2,3,...., n=1,2,3,..., let

m

Sm.n = .
’ m-+n

Then for every fixed n, we have

lim $mn =1,
m—r o0

so that

lim lim sy, =1.
n—ooMm—+oo

On the other hand, for every fixed m,

lim spmm,n =0,

n— o0
so that
lim lim sp,,, = 0.
m—roon—r oo
a
Ezxzample 7.3. Let
22
fn(z) = T+
forz € R and n =0,1,2,..., and consider

[e'e]

f@) = fulx) = Z(lfw

=0

Since f,(0) = 0, we have f(0) = 0. For = # 0, the last series in f(z) is a
convergent geometric series within sum 1 + 22 (see remark). Hence,

0 , =0
so that a convergent series of continuous functions may have a discontin-
uous sum.

g
Remark 7.4. Recall Theorem 3.26 from text [10]. If 0 < z < 1, then
1

o0
Y a" = . if x > 1, the series diverges.
n=0

Ezxample 7.5. Let
fn(z) = n’z(l — )"
for0<x<1,n=1,2,3,.... Then, for 0 < z <1, we have

lim f,.(z) =0,

n—o0

by Theorem 3.20(d). Since fn(z) = 0, we see that
lim f(z) =0

n—o0o

for0 <z <1.
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Thus, we have

1 ) 1
1-2?)de = .
/Ox( v)de = 5

Thus,

1 n2
n der =
/Of(x)x 2n+2—>oo

as n — 0.

7.1 Uniform Convergence
Go back to Table of Contents. Please click

Definition 7.6. We say that a sequence of functions {fn}, n =1,2,3,...,
converges uniformly on F to a function f if for every ¢ > 0 there is an
integer N such that n > N implies

|fn(z) — f(z)| <€
for all x € E.

Definition 7.7. Let D be a subset of R and let {f,} be a sequence of
functions defined on D. We say that {f,} converges pointwise on D if
lim f,(z) exists for each point « in D. This means that lim f,(z) is a
n—oo n—oo

real number that depends only on z.

Ezample 7.8. Consider the sequence {f,} of functions defined by

nx + 2

Show that {fn} converges pointwise.

O
Proof: For all x € R, we have
2
. T X x o . 1 2 . 1 _ _

A fn(e) = Jim o+ om = el ) e (lim 25) = 0+0=0
Q.E.D.
Ezample 7.9. Let {f.} be the sequence of functions on (0, co) defined by

nx

This function converges pointwise to zero. Indeed, 1 + n2x2) ~n2z? asn

gets larger and larger. Then

lim fn(z) = lim ZIQ _1 lim 1 0.
n—o0 n—oo NI Irn—oomn
For any € < 1/2, we have
1 1 1
()= F()|=5-0>€

Hence, {f»} is not uniformly convergent.
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Q.E.D.
O

Thus, {f»} converges pointwise to the zero function on R.

Every uniformly convergent sequence is pointwise convergent. Explic-
itly, the difference between the two concepts is this: if {f,} converges
pointwise on F, then there exists a function f such that, for every € > 0,
and for every x € F, there is an integer N, depending on € and on x such
that the above equation holds for n > N. If {f,} converges uniformly on
E, it is possible for € > 0, to find one integer N which the argument holds
for all z € F.

In other words, we say the series Y f,(x) converges uniformly on E if
the sequence {sn} of partial sums defined by

Zﬁ(w) = sn(2)

converges uniformly on E, which leads to the following theorem.

Theorem 7.10. The sequence of functions {fn}, defined on E, converges
uniformly on E if and only if for every e > 0 there exists an integer N
such that m > N, n> N, x € E implies that

|fn(z) = fm(2)] < e

Proof: Suppose {f.} converges uniformly on E, and let f be the limit
function. Then there is an itneger IV such that n > N, x € E implies that

|ful@) = fl@)] < 3.
so that

[fn(2) = fm(@)| < |fn(@) = f(2)] + [f(2) = fm(2)| <€

ifn>N, m>N,x€E.

For the opposite direction, suppose Cauchy holds. Then the sequence
{fn(z)} converges, for every z, to a limit which we may call f(z). Thus
the sequence {fn,} converges on E, to f. We have to prove that the
convergence is uniform. Given € > 0, choose N such that | f, (z)— fm (z)| <
€ holds. Since fim(x) = f(z) as m — oo, this gives

|fn(2) = f(z)] <€
for every N > N and every x € F, which finishes the proof.
Q.E.D.
Theorem 7.11. Suppose

lim fo(z) = f(z), v € E.

n—r00

Let
M, = sup|fn(z) — f(z)|.

nek
Then we have fn, — f uniformly on E if and only if M,, — 0 as n — 0.
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Theorem 7.12. Suppose {fn} is a sequence of functions defined on E,
and suppose that

[fo(z)| < My, x€ B, n=1,2,3,....

Then > fn converges uniformly on E if > M, converges.

Proof: Suppose >, M, converges as stated in the condition. For arbi-
trary € > 0, provided that m and n are sufficiently large, we have

Zfi(ﬂ?)

which shows unfirom convergence.

SiMiS€,$€E7

i=n

Q.E.D.

Ezample 7.13. Let {fn} be the sequence of functions defined by fn(z) =
cos™(z)f for —m < x < w/2. Discuss the pointwise convergence of the
sequence.

Solution: For —m/2 < x < 0 and for 0 < z < 7/2, we have

0 < cos(z) < 1.

It follows that
lim (cos(z))® =0, for z #0.
n— oo

Moreover, since f,(0) =1 for all n € N, one gets lim f,(0) = 1. There-
n— oo

fore, {fn} converges pointwise to the function f defined by

. 0, if —3<x<0,0r0<x< 7
f("”)*{ 1, ifz=0

Ezample 7.14. Consider the sequence {f.} of functions defined by

T
fn(m) = m7 Vo S R.

Show that {f,} converges pointwise.

Proof: For every real number xz, we have

lim fn(z) = lim — =0.

n— 00 n—oo NI

Hence, f(x) converges pointwise to the zero function.
Q.E.D.
Example 7.15. Consider the sequence of functions defined by

fo(x) =nz(1—2)", on [0,1]

Show that {f,} converges pointwise to the zero function.
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Solution: Note that fn(0) = fn(1) = 0, for all n € N. Suppose
0 < x <1, we have
lim fo(z) =0
n— oo
Therefore, the given sequence converges pontwise to zero.
Ezample 7.16. Let {fn} be the sequence of functions on R defined by

fn(x):{ n® if0<x§%

1 , otherwise

Show that {f»} converges pointwise to the constant function f =1 on R.
O

Solution: For any x € R, there is a natural number N such that x does
not belong to the interval (0,1/N). The intervals (0,1/n) get smaller as
n — co. We see that fn(z) =1 for all n > N. Hence,

lim fn(z) =1, V.
n—oo

which leads to conclusion.

7.2 Uniform Convergence and Continuity
Go back to Table of Contents. Please click

Theorem 7.17. Suppose fn, — f uniformly on a set E in a metric space.
Let x be a limit point of E, and suppose that

tllrgfn(t) =A,, n=1,23, ..

Then {An} converges, and
lim f,, (t) = lim A,.
t—x

n—>00

That is, the conclusion is

lim lim fn(¢t) = lim lim fy(¢).

t—x n—oo t—x n—oo

Proof: Let € > 0 be given. By the uniform convergence of {f}, there
exists N such that n > N, m > N, t € E imply

[fn(t) = fm(t)] <€
Letting g — =, we obtain
[An — Am| <€

for n > N, m > N, so that {A,} is a Cauchy sequence and therefore
converges, say to A.
Next, we have

[F(#) = AL < [f() = fa @] + [fn(t) = Al + [An = A]

Choose n such that |f(¢t) — fu(t)] < €¢/3 for all t € E, and such that
|An — A] < €/3; then for this n, we choose a neighborhood V' of z such
that |fn(t) — An| <¢/3ift € VUE, t # x. Hence, we have |f(t) — A| <
€/3+€/3+ ¢/3 = ¢, which completes the proof.
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Q.E.D.

Theorem 7.18. If {f.} is a sequence of continuous functions on E, and
if fn — f uniformly on E, then f is continuous on E.

Theorem 7.19. Suppose K is compact, and
(a) {fn} is a sequence of continuous functions on K,
(b) {fn} converges pointwise to a continuous function f on K,
(c) {fn(x) > foti(zx) forallz e K, n=1,2,3,..

Then fn. — f uniformly on K.

7.3 Uniform Convergence and Integration

Go back to Table of Contents. Please click

Recall that we have discussed pointwise convergent versus uniform con-
vergence. For pointwise convergence, Vx € X, there is fn(z) — f(x) as
N — oo, that is, we have Vx € X, for € > 0, there 3N = N(z,¢) € N suf-
ficiently large such that f,(z) — f(z). For uniform convergence, we have
fn — f as n — oo uniformly convergent if Ve > 0, there IN = N(e) € N
sufficiently large such that |f,(z) — f(z)| < € for n > N for all z € X.

Figure 67: Graphic view for the pointwise convergence. For pointwise conver-
gence, we first fix a value xg. Then we choose an arbitrary neighborhood around
f(zo), which corresponds to a vertical interval centered at f(z¢). Finally, we
pick N so that f,,(z) intersects the vertical line x = z( inside the interval

(f(zo) =€ f(zo) +€).

Y s
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Figure 68: Graphic view for the uniform convergence. For uniform convergence,
we draw an e-neighborhood around the entire limit function f, which results in
an “e-stip” with f(z) inthe middle (anywhere in the middle). Now we pick N
so that f,(x) is completely inside that strip for all z in the domain.

N Ll eg

e

tdﬁ(wl -L

| ~
< X

Next, let us recall the definition of Cauchy. Let (an) be a sequence
in R. We say that (an) is a Cauchy sequence if, for all e > 0 there exists
N € N such that

m,n > N = |am — an| < €.

We already showed in previous sections that a Cauchy sequence is
bounded. The proof is simple. Take 1 > 0 so there exists N such that
m,n > N = |am —an| < 1. For m > N, |am < 1+ |an| be the triangle
inequality. Thus, for all m, there is |am < 1+ |an| + |az2| + -+ + |an].

We shall prove the following theorems.

Theorem 7.20. FEvery convergent sequence is Cauchy. Moreover, every
real Cauchy sequence is convergent.

Proof: This proof has two statements and we prove them accordingly.
(Convergence = Cauchy) Let a, — [ and let € > 0. Then there exists
N such that & > N = |ar — ] < €/2. For m,n > N, we have

lam — 1] < €/2
lan — 1] < €/2,
so

lam —an| < lam =1 + |an — 1], by Triangle Inequality
< €/24¢/2=¢

Now we prove the second part.

(Cauchy = Convergent(R)) By the above, (an) is bounded. By
Bolzano-Weierstrass, (an) has a convergent subsequence (an,) — I; so
let € > 0. Then we have

EIN1:TZN1:>|aanl|<e/2

and
ANz :m,n > No = |am — an| < €/2
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Let s = min{r|n, > N2} and write N = n, (simple rewrite it). Then we
have
m,n>N = |am — an]

lam — an,| + |an, =1

2
< €/24+¢€/2=¢€
Q.E.D.

Remark 7.21. The theorem is false if we take uniform convergence out of
the condition.

O

Theorem 7.22. If a sequence of functions fn(x) defined on D converges
uniformly to a function f(x), and if each fn(x) is continuous on D, then
limit function f(z) is also continuous on D.

Proof: The idea is the following. Given f, converges uniformly and
that each f,, is continous. We want to prove that f is continuous on D.
Thus, we need to pick an z¢ and show that

|f(wo) = f(@)| < €if |wo—a| <6

as if it is stated in the definition.
Let us start by choosing an arbitrary ¢ > 0. Because of uniform
convergence, we can find an N such that

|fn(x) = f(z)| <€/3if n= N

for some N sufficiently large and for all x € D. Because all f,, are contin-
uous, we can find a particular 6 > 0 such that

|fn (o) — fn ()| < €/3if wo—x| <o
Then, we sum up and have

[f(zo) = f(x)] < |f(z0) — fn(@o)| + | fn (o) — fn(2)| + [ (@) — f()]
< €/3+¢/3+¢€/3=c¢

as long as |zo — x| < d; and that means that f is continuous at xo by
definition, which completes the proof.
Q.E.D.

Recall that we have discussed metric spaces. A metric on X is a
function d : X x X — R, with the following properties: (a) d(z,y) > 0 for
all z,y € X, and d(z,y) = 0 if and only if z = y; (b) d(z,y) = d(y, =), for
all z,y € X; and (c) d(z,y) < d(z,z) + d(z,y), for all z,y,z € X. Based
on this understanding, we can move further and define norm as well as
formed spaces.

Definition 7.23. A norm on a linear space X is a function || || : X = R
with the following properties:

(a) ||z|] >0, for all z € X (nonnegative);
®) [Az|| = |Al||=]|, for all z € X and A € R (or C) (homogenous);
©) llz+yll <zl + lly||, for all z,y € X (triangle inequality);
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(d) ||z = 0]|] implies that = 0 (strictly positive).
Definition 7.24. A normed linear space (X,|| - ||) is a linear space X
equipped with a nrom || - ||.

Definition 7.25. In the understanding of this analysis, a metric space
M is called complete or Cauchy space if every Cauchy sequence of points
in M has a limit hthat is also in M. Alternatively, we say a metric space
M is complete if every Cauchy sequence in M converges.

Ezample 7.26. Consider {f,} C C(z) and f, — f uniformly continuous
in C(z). That is, there is {x, } C X such that zp,, — 29 as m — oco.

d
Ezxample 7.27. We say that lim c¢nm = L if Ve > 0, N € N, we have
m,n— oo
|en,m — L] < e if n,m € N.
d

Ezample 7.28. Consdier f, — 0 (pointwise) such that f, takes the fol-
lowing form

Figure 69: Graphic view for function f,.

[N w S wm

£

e S B B A e oo o
0.0 0.5 0.75 1.0

.25
K-O-l X

Notice that x,, = i — 0 given, that is, the area under the function
is always 1. For example, take x = 0.2 and we would have f,(0.2) = 5.
We discuss two aspects. First, fn(zm) — fn(0) = 0 as m — oo.

Second, we have ,(zm) — 0 as n — co. However, we have lim f,(xm)
n,m— oo

would not work. Because if take m = n, we would have fn(zm) = 1. And
also because if take m = 2n, we would have f,(zm) = 0. Thus, the limit
does not exist.

O
Now we can discuss integration.

Theorem 7.29. Let a be monotonically increasing on [a,b]. Suppose
fn € R(a) on [a,b], forn =1,2,3,..., and suppose fn — f uniformly on
[a,b]. Then f € R(a) on [a,b], and

b b
/ fda = lim f/ frnda.
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Proof: It suffices to prove this for real fx. Put €, = sup |fn(z) — f(2)],
the supremum being taken over a < x < b. Then f, — ¢, < f < fn +€n,
so that the upper and lower integrals of f satisfy

/ab(fn—%)daﬁ/fdaﬁjfdag/ab(fn+en)da_

0< /fda - /fda < 2en[a(b) — ala)].

Hence,

Since €, — 0 as n — 00, the upper and lower integrals of f are equal.
Thus, f € R(«).

Q.E.D.
The rest of the section is for education purpose only.

Definition 7.30. A family F of complex functions f defined on a set F
in a metric space X is said to be equicontinuous on E if for every € > 0
there exists a > 0 such that |f(z) — f(y)| < € whenever d(z,y) < 0,
x € FE,y€ FE,and f € F. Here d denotes the metric of X.

It is clear that every member of an equicontinuous family is uniformly
continuous.

Theorem 7.31. If K is a compact metric space, if fn € G(K) for
n=1,2,3,..., and if { fn} converges uniformly on K, then { fn} is equicon-
tinuous on K.

Proof: Let € > 0 be given. Since {fn} converges uniformly, there is
an integer N such that ||f, — fn|| < € for n > N. Since continuous
functions are uniformly continuous on compact sets, there is a § > 0 such
that |fi(z) — fi(y)] < eif 1 < ¢ < N and d(z,y) < 6. If n > N and
d(z,y) < 6, it follows that |fn(z) — fu(y)| < [fn(x) — fn ()] + |fn(z) —
INW)| + 1fn(y) — fn(y)| < 3e, which completes the theorem.

Q.E.D.

Thus, we have the following general understanding, which is an alter-
native approach to Theorem 7.29 above.
Consider f, — f uniformly. We have {f.} and f are integrable in

[a, b], which implies that
b b
lim / fo = / f
n—oo a a

The idea is the following. Referring to the figure of f, that is uniformly
continuous, we are essentially looking at the difference between f, and f,
which is bounded (always inside) by the dotted line.
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Figure 70: Graphic view for the uniform convergence. For uniform convergence,
we draw an e-neighborhood around the entire limit function f, which results in
an “e-stip” with f(z) inthe middle (anywhere in the middle). Now we pick N
so that f,(x) is completely inside that strip for all z in the domain.

N Ll eg

e

tdﬁ(wl -L

| ~
< X

We can simply let ¢ > 0 and N € N: |f(z) — fu(z)| < e if n > N and
Vx € [a,b]. This is equivalent as stating f(z) — € < fn(z) < f(z) + €. By
monotonicity, we have

/abf—e(b—a)</:fn</abf+e(b—a)

which is equivalent as
b b
[ [ <o

which completes the proof.

7.4 Uniform Convergence and Differentiation
Go back to Table of Contents. Please click

Consider function f,(z) = % sin(nz). We know that f, — 0 uniformly.
However, f,, does not converge. To understand this situation, we introduce
the following theorem.

Theorem 7.32. Suppose {fn} is a sequence of functions, differentiable
on [a,b] and such that {fn(x0)} converges for some point xo on [a,b).
If {f).} converges uniformly on [a,b], then {f.} converges uniformly on
[a,b], to a function f, and

f'(z) = lim f(z), a <z <b.

Proof: Let € > 0 be given. Choose N such that n > N, m > N,
implies that
€
Ja(o) = fm(@o)| < 5
and
€

_ <t<Lb
206 —a)’ a<t<b

Ifa(t) = fm ()] <
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If we apply the M.V.T., to the function f, — f., we have

[£2(0) = Fnl) = £(0) + Fut)] < J 115 < 5

for any  and ¢ on [a,b], if n > N, m > N. The inequality
[fu(@) = frn (@)| < [fn(@) = fm (@) = fr(20) + fin(0)| + [fn(20) — fim (20|
would imply that

|[fr(z) — fm(z)] <€, a<x<b, m>N, m>N,
so that {fn} converges uniformly on [a,b]. Let f(z) = nan;ofn(x), for
a <z <b. Let us now fix a point = on [a, b] and define

_ fn(t) = fn() ft) = (=)

t—x t—x

bn(t) , o(t) =

for a <t <b, and t # x. Then we have

lime, (t) = fr(z), n=1,2,3,....

t—x

From above, we have

€
[#n(t) — pm ()] < 20b—a)’ n>N, m>N,

so that {¢n} converges uniformly, for g # z. Since {f,} converges to f,
we conclude from above that

lim ¢, (t) = (t)

n—00

uniformly for a <t < b, and for t # x. Thus, we have

limg(t) = lim f}(x),

t—x n—o0o
and this gives us f'(x) = lim f}(x), which completes the proof.
n— oo

QE.D.

7.5 Stoke’s Theorem
Go back to Table of Contents. Please click

In vector calculus and more general cases such as differential geometry,
Stokes’ theorem is a statement about the integration of differential forms
on manifolds, which both simplifies and generalizes several theorems and
vector calculus. The theorem provides understanding of the integral of
a differential form w over the boundary of some orientable manifold 2 is
equal to the integeral of its exterior derivative dw over the whole of 2,

ie.,
/ w:/dw.
9} Q
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Theorem 7.33. (Stokes’ Theorem). Let S be an oriented smooth surface
that is bounded by a smple, closed, smooth boundary curve C' with positive

orientation. Also let
— —
/F~d7://curlF-d§
c s

Theorem 7.34. (Kelvin-Stokes Theorem). Let v : [a,b] — R? be a piece-
wise smooth Jordan plane curve. The Jordan curve theorem implies that
~ divides R? into two components, a compact one and another that is non-
compact. Let D denote the compact part that is bounded by v and suppose
W D — R is smooth, with S := (D). If T is the space curve defined by
T'(t) = ¥(y(t)) and F field on R3. then

?{F-dl“://vx]F'dS
N S

One consequence of the Kelvin-Stokes theorem is that the field lines
of a vector field with zero curl cannot be closed contours. The formula
can be rewritten as:

OR  0Q OP OR 9Q OP
T (G~ Gtz + 5 = Gyata + (G2 5ot

while ) represents a surface that the curl of a vector field is in.
— —
Example 7.35. Use Stokes’ Theorem to evaluate f fs curlF" - dS where

o 27 73,37 2 2
F =21 —3zyj +x°y°k and S is the part of z = 50x“ — y~ above the
plane z = 1. Assume that S is oriented upwards.

We can start by the following graph.

Figure 71: Graphic view for example.

In this case the boundary curve C' will be where the surface itnersets
the plance z = 1 and so will be the curve 1 = 6 — 2% —y? and z? +y*> = 4
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at z = 1. So, the boundary curve will be the circle of radius 2 that is in
the plance z = 1. The parameterization of this curve is,

N — =
r(t) =2costi +2sintj + k, —0<t < 2rx

The first two components give the circle and the third component makes
sure that it is in the plane z = 1.

Using Stokes’ Theorem we can write the surface integral as the follow-
ing line integral.

- = P 2s — —/
//curlF-dS:/F~dr:/ l_*:(r(t))-r(t)dt
s c 0

Hence, it looks like we need a couple of quantities before we do this inte-
gral. Let us get the vector field evaluated on the curve. Remember

gy 277 . - 3 . 37
F(r(t) = g) i —2(2 Costl(2 sint)j + (QCosj) (2sint)° k
= § —12costsintj + 64cos®tsin®tk

Next, we need the derivative of the parameterization and the dot product
of this and the vector field.

7

— —
r (t) = —2sinti +2costj

—

z 2
F(r(t)) = —2sint — 24sintcos” ¢

We can not do the integral

- = 27 . . 2
[[geurlF -dS = [;" —2sint —24 512ntcos tdt
= (()2 cost + 8 cos® t) OS

O

Stokes’ Theorem is a generalization of Green’s Theorem from circula-
tion in a planar region to circulation along a surface. Given a continuously
differentiable two-dimensional vector field F, the integral of the “micro-
scopic circulation” of IF over the region D inside a simple closed curve C'is
equal to the total circulation of F around C, as suggested by the equation,
that is, [, ¢ Fds is equivalent as I p “microscopic circulation of F” dA. We
often write C' = 9D as notation meaning simply that C' is the boundary
of D. The “microscopic circulation” in Green’s theorem is captured by
the curl of the vector field and is illustrated by the green circles in the
figure below.

Figure 72: Graphic view for geometric interpretation.
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In other words, we can also consider the following cut. Suppose we
want to compute the total area Aq of a region 2 in the following figure:

Figure 73: Graphic view for geometric interpretation.

The idea is to break up the domain in to a bunch of little pieces that
are easy to measure (like squares) and add up their areas:

As these squares get smaller and smaller, we get a better and better
approximation, ultimately achieving the true area

Aq :/dA.
Q

7.6 The Arzela-Ascoli Theorem
Go back to Table of Contents. Please click

Theorem 7.36. If a sequence {fn}7° in C(X) is bounded and equicon-
tinuous then it has a uniformly convergent subsequence.
IN this statement,

(a) “F C C(X) is bounded” means that there exists a positive constant
M < oo such that |f(x)| < M for each x € X and each f € F, and

(b) “F C C(X) is equicontinuous” means that: for every e > 0 there
exists 6 > 0 (which depends only on €) such that for x,y € X:

d(z,y) <6 = |f(x) = f(y)| <eVfeF,

where d is the metric on X.
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Proof:

STEP 1. We show that the compact metric space X is separable, i.e.,
has a countable dense subset S.

Given a positive integer n and a point = € X, let

B(z,1/n) ={y € X : d(z,y) < 1/n},

the open ball of radius 1/n, centered at x. For a given n, the collection of
all these balls as x runs through x is an open cover of z, so (because X is
compact) there is a finite subcollection that also covers X. Let S, denote
the collection of centers of the balls in this finite subcollection. Thus S,
is a finite subset of X that is “1/n-dense” in the sense that every point of
X lies within 1/n of a point of S,. Clearly the union S of all the sets S,
is countable, and dense in X.

STEP II. We find a subsequence of {f,} that converges pointwise on
S.

This is a standard diagonal argument. Let’s list the (countably many)
elements of S as {z1,z2,...}. Then the numerical sequence {fn(z1)}ne1
is bounded, so by Bolzano-Weierstrass it has a convergent subsequence,
which we will wrtie using double subscripts: {fi1,n(z1)}ne=1. Now the
numerical sequence { f1,(z2)}r=1 is bounded, so it has a convergent sub-
sequence {f2,n(z2)}ne=1. Note that the sequence of functions {f2n}ne1,
since it is a subsequence of {fi,n}nz; is bounded, so it has a conver-
gent subsequence {fa2n.(z2)}n=1. Note that the sequence of functions
{f2,n}nz1, since it is a subsequence of {fi,»}ae1, converges at both z;
and x2. Proceeding in this fashion we obtain a countable collection of
subsequences of our original sequence:

fir fiz fis
f2,1 f2,2 f2,3

where the sequence in the n-th row converges at the points z1, ..., x,, and
each row is a subsequence of the one above it.

Thus the diagonal sequence {fn.} is a subsequence of the original
sequence {f,} that converges at each point of S.

STEP III. Completion of the proof.

Let {gn} be the diagonal subsequence produced in the previous step,
convergent at each point of the dense set S. Let € > 0 be given, and choose
0 > 0 by equicontinuity of the original sequence, so that d(z,y) < d implies
lgn(z) — gn(y)| < €/3 for each z,y € x and each positive integer n. Fix
M > 1/§ so that the finite subset Sy C S that we produced in Step I
is 0-dense in X. Since {g»} converges at each point of Sys, there exists
N > 0 such that

(%) n,m > N = |gn(s) — gm(s)] < €/3 Vs € Sp.
Fix z € X. Then z lies within § of some s € Sy, so if n,m > M:

|gn (@) = gm (z)| < [gn(z) = gn(s)| + |gn(5) — gm ()] + |gm(s) — gm(z)]
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The first and last terms on the right are < €/3 by our choise of ¢ (which
was possible because of the equicontinuity of the original sequence), and
the same estimate holds for the middle term by our choise of N in (*). In
summary: given € > 0 we have produced N so that for each z € X,

m,n >N = |gn(z) — gm(x)] <€¢/34+€/3+¢/3=c¢c.

Thus on X the subsequence {g,} of {f»} is uniformly Cauchy, and there-
fore uniformly convergent. This completes the proof of the Arzela-Ascoli
Theorem.

Q.E.D.

7.7 Wierstrass Approximation Theorem

Go back to Table of Contents. Please click

In analysis, the Stone-weierstrass Theorem (Weierstrass approzimation
theorem) provides both practical and theoretical relevance, especially in
polynomial interpolation.

Theorem 7.37. (Stone-Weierstrass.) If f is a continuous complex func-
tion on [a,b], there exists a sequence of polynomials P, such that

lim Pu(z) = f(2)

uniformly on [a,b]. If f is real, the P, may be taken real.

Proof: Assume, w.lo.g., that [a,b] = [0,1]. We also assume that
f(0) = f(1) = 0. For if the theorem is proved for this case, consider

9(x) = f(z) = £(0) = =[f(1) = f(O)], for 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 — g is a polynomial.
Moreover, we define f(z) to be zero for x outside [0,1]. Then f is
uniformly continuous on the whole line.
We put
Qn(x)=cn(1—2%)", n=1,2,3,..,

where ¢, is chosen so that

1
/ Qn(z)dz =1, n=1,2,3,....
-1

We need some information about the order of magnitude of ¢,,. Since

f_ll(l —z3)"dx =2 fol(l —)"de > 2f01/ﬁ(1 —z3)"dx
> 2!01/\/5(1 — nz?)dz
= 3
!
o

and it follows that ¢, < \/n.
The inequality (1—2%)" > 1—n2? which we used above is easily shown
to be true by considering the function (1 —z?)™ — 1 +na? which is zero at
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z = 0 and whose derivative is positive in (0,1). For any § > 0, ¢, < \/n
implies that
Qn(z) < Vn(1 =86, for 6 <|z| <1,
so that @, — 0 uniformly in § < |z| < 1.
Now we set

1
P,(z) = flz+)Qn(t)dt, 0 <z <1.
-1
The the assumptions about f show, by a simple change of variable, that

Pu(x) = / T f e+ )@ (t)dt = / F(OQu(t — z)dt,

and the last integral is clearly a polynomial in . Thus {P,} is a sequence
of polnomials, which are real if f is real.
Given € > 0, we choose ¢ > 0 such that |y — 2| < § implies that

[f(y) — f(@)] <

Let M = sup|f(z)|. From above and the fact @n(x) > 0, we have for
0<z <1,

€

2

|Pn(z) — f ()]

\ P - f(x)]Qn(t)dt'

JH @+t — f(2)|Qn(t)dt

2M [7) Qu(t)dt+ 5 [°5 Qu(t)dt + 2M [} Qu(t)dt
AM/n(1—8*)" + §

AVAN VANV

for large enough n, which proves the theorem.
Q.E.D.
Corollary 7.38. For every interval [—a,a] there is a sequence of real

polynomials P, such that P,(0) = 0 and such that

lim P, (z) = |z|

n—r oo
uniformly on [p — a,al.

Proof: By Theorem 7.26 from text [I0], there exists a sequence { Py, } of
real polynomials which converges to |z| uniformly on [—a, a]. In particular,
P;(0) — 0 as n — co. The polynomials

Po(z) = Pf(z) — P2(0) (n=1,2,3,...)

have desired properties.
Q.E.D.
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7.8 Convolution

Go back to Table of Contents. Please click

Let f(z) and g(z) be continuous rela-valued functions for z € R and
assume that f or g is zero outside some bounded set (this assumption can
be relaxed a bit). Define the convolution

(f* o) / f(z — y)g(y)dy

One preliminary useful observation is

frxg=gx*f

To prove this make the change of variable ¢ = x —y in the integral of fxg.
Remark 7 39. Note that if g is zero outside of the interval [a,b], then
(f xg)( f f(z — y)g(y)dy, so only the values of f on the interval
[z — b x — a] are used. Thus if x € [c,d], then the convolution only
involves the values of f on [c — b,d — a].

Remark 7.40. Similarly, if f is zero outside of the interval [—5, 5] and
z € [e,d], then the convolution only involves the values of g on the interval
[C - %7 d + %] .

SMOOTHNESS OF f xg.
Theorem 7.41. If f € C*(R) then fxg € C*(R). Better yet, if f €
C*(R) and g € CY(R), then f*g € CFT(R).
Proof: This is clearer if we write h(z) := f(*g)(z). Then
h9zx) — h(xo) / flz— x)_ flxo —y) o(z)dz.

r — Xo Zo

We can be done if we can show that [f(z—y)— f(z0—y)]/(z—xz0) converges
uniformly to f'(zo — y). To do this we use the integral form of the mean
value theorem:

flx—y) — flwo—y)

flwdt

=[S F (@0 — y + t(w — wo))dt)(x — o).
Then
flx—y) = fl@o —y)

xr — X0

—f(wo—y) = / [ (o—y-+t(z—0)) — I (0 —y)]dt

Since f’ is assumed continuous and is zero outside of a bounded set, it is
uniformly continuous. Thus, given any e > 0 there is a § > 0 so that if
|z — xo| < 6 then
fllz 4tz —x0)) = fl(2)| <e

for all values of z. In our case z = x9 — y. Thus the left side of
%ﬁ:gzo*y) — f'(xo — y) tends to zero uniformly for all choices of xg
and y. Consequently, h € C*(R).

Repeating this we conclude that if f € C* then h € C*. Because of
commutative property f(k) *xg=g* f(k), so we can repeat this reasoning
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to show that g% f*) € C'. Thus fxg € C**'. note that alghough ¢ might
not be zero outside a bounded set, because f is zero outside a bounded
set, the integration in g % f(k) is only over a bounded set - in which the
derivatives of g are uniformly continuous.

Theorem 7.42. f,(z) € C™ converges uniformly to f(z) for all z €
R. Thus, on a compact set any continuous function can be approximated
arbitrarily closely in the uniform norm by a smooth function.

Proof: The smoothness of the approximations f, is an immediate con-
sequence of Theorem 1. Since f(z) = f(z)([~2_ @n(t)dt) = [T f(z)en(t)dt,

fole) = f@) = [ fe=0) - f@lenltat
[t|<1/m

Since f is uniformly continuous, given any € > 0 there is a § > 0 such

that if [t| < & then |f(x —t) — f(z)| < e for all z. If 1/n < 4, then by (c)

above we have

fue) = f@l <[ pudr=c
[t|<1/n
Since the right side is independent of x this shows that in the uniform
norm ||fn — fllee < €.

Since the operators f,(f) := f*pn — f, so in this sense T;, converges
to the identity operator I, we sometime call the T,, (or the ¢, ) approzimate
identities.

APPROXIMATE IDENTITIES

Let ¢n(t) be a sequence of smooth real-valued functions with the prop-
erties

(@gn(t) > 0, (Bpn(t) =0 for [t > 1/n, (c) /

[e’s}

Note: because of (b), this integral is only over —1/n <t < 1/n.
Assume f(x) is uniformly continuous for all z € R and zero outside a
bounded set. Define

fole) = (Frga)@) = [ " @ tpn(t)dr.

7.9 The Gamma Function

Go back to Table of Contents. Please click

This function is closely related to factorials and crops up in many unex-
pected places in analysis. Its origin, history, and development are very well
described in an interesting article by P.J. Davis (Amer. Math. Monthly,
vol. 66, 1959, pp. 849-869). Artin’s book is another good elementary
introduction [4].

Definition 7.43. For 0 < x < o0,

F(ac):/ t" e tdt.
0

The integral converges for these z. (When = < 1 both 0 and oo have to
be looked at.
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Theorem 7.44. This theorem has the following parts:

(a) The functional equation
I(z+1) =al'(x)

holds if 0 < & < o0.
(b)) T(n+1)=n! forn=1,2,3,...
(c) logT is convez on (0,00).
Theorem 7.45. If f is a positive function on (0,00) such that
(a) flx+1)==zf(z)
(b) f(1)=1
(c) log f is convex,
then f(z) =T'(x).

Proof: Since T' satisfies (a), (b), and (c), it is enough to prove that
f(x) is uniquely determined by (a), (b), and (c), for all z > 0. By (a), it
is enough to do this for z € (0,1). Write ¢ = log f. Then

plx+1) =¢(x)+logz, 0 <z < oo,

»(1) =0, and ¢ is convex. Suppose 0 < z < 1, and n is a positive integer.
By the equation above, we have ¢p(n+1) = log(n!). Consider the difference
quotients of ¢ on the intervals [n,n + 1],[n + 1,n+ 1+ z],[n+ 1,n + 2].
Since ¢ is convex

(n+1+z)—pn+1)

logn < L <log(n+1).

Then we have
pn+1+2x)=¢x)+loglz(z+1)...(x+n).
Thus,

nlz®

m(m+1)...(m+n)] Smlog<1+%)‘

The last expression tends to 0 as n — co. Hence, ¢(z) is determined, and
the proof is complete.

0 < p(z) —log

Q.E.D.
Remark 7.46. As a by-product we obtain the relation

T

nln
I'(z) = li
(@) nlﬁ»n;ox(x—‘,—l)...(m—i—n)

at least when 0 < x < 1; from this one can deduce that the Gamma
function holds for all z > 0 since I'(z + 1) = 2I'(z).

O
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8 §Some Special Functions§
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8.1 Power Series
Go back to Table of Contents. Please click

In this section we shall derive some properties of functions which are
represented by power series, i.e., functions of the form

fa) =3 ens”
n=0

or, more generally,
f@) = enlw—a)".
n=0

These are called analytic functions.

Theorem 8.1. Suppose the series
S e
n=0
converges for |z| < R, and define

f@) = caz™ (|2 < R).

OO

Then > converges uniformly on [—R+¢€, R— €], no matter which e > 0 is
n=0

chosen. The function f is continuous and differentiable in (—R, R), and

f(z) = chnxn_l (lz] < R).
n=1

Proof: Let € > 0 be given. For |z| < R — €, we have

|ena™| < fen(R —€)";

> ca(R—e)"

converges absolutely (every power series converges absolutely in interior
of its interval of convergence, by the root test), Theorem 7.10 from text

and since

[10] shows the uniform convergence of > ¢,z on [-R+ €, R — €.
n=0
Since {/n — 1 as n — 0o, we have

limsup y/n|cn| = limsup Y/ |cn|,

so that the series f(z) and f’(z) have the same interval of convergence.
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Since f'(z) is a power series, it converges uniformly in [-R+¢, R — ¢,
for every € > 0, and we can apply Theorem 7.17 from text [10]. It follows
that f’(x) holds if |z| < R —e.

But, given any x such that z| < R, we can find an € > 0 such that
|z| < R —e. This shows that f’(z) holds for |z| < R. Continuity of f
follows from the existence of f'.

Q.E.D.

Corollary 8.2. Under the hypotheses of Theorem 8.1 (theorem above), f
has derivatives of all orderes in (—R, R), which are given by

f(k')(it) = in(n — 1) . (n —k+ 1)Cn$n_k_
n==k

In particular,
FH0) = Kle (k=0,1,2,...).

(Here f© means f, and f* is the kth derivative of f, fork =1,2,3,...).

Proof: From f®)(z), it follows that if we apply Theorem 8.1 to f, f/,
f", ... Setting & = 0 for them, we obtain f*)(0) = klcx.

Q.E.D.

Proposition 8.3. We have the following properties (summarized from
lecture):

(1) Real analytic function form a vector space (close by superposition)

(2) Real analytic functions have k-derivatives for any k > 0, then, for
a € E°, we have

F@) =3 calz—a)" = f*(a) = Klex

(3) Uniqueness. Fora € E°, we have f(z) = Y ca(z—a)™ = . ch(z—
a)" = cp =c, and

—1/z?
O

Theorem 8.4. (Abel’s Theorem). Let

G(z) = ara”
k=0

be a power series with real coefficients with radius of convergence 1. Sup-
pose that the series Y ay converges. Then G(z) is continuous from the

k=0
left at x =1, i.e.
(oo}

lim G(z) = Zak.

=1
r k=0

An alternative approach is the following:
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Let f(z) = Y. cu(xz — a)” and let R to be radius of convergence such
n=0
that R ¢ {0,00}. Then we have

icanzlﬁ lim f(z)=

T—a+r

Ezxample 8.5. Suppose we have

log(1+2) = (1", ViT = z L (2n)!

22np12(2n — 1)
n>1

at x = 1. Set g(x) = 3 (=1)""'z"/n for |z| < 1. Then g(z) = log(1+x)
n>1
for |z| < 1. The series g(1) converges since it is alternating, so by Abel’s
theorem
g(1) = lim g(z) = lim log(1+ z) = log2

x—1— r—q~

since the logarithm is a continuous function.

Ezxample 8.6. Again, suppose we have

log(1 +2) = S (-1 L, VT = Z

n>1

n 1(2n)
22"n'2 2n — 1)’

n—1
and we can set g(z) = > %x" for |z] < 1,80 g(z) =V1+=
n>0 ‘

here. The series g(1) is al_asolutely convergent, so by Abel’s theorem and
the continuity of /1 + ,

g(1) = lim g(z) = ET,\/I +r=2

|

(1 + z?), which is differentiable for all real

Ezample 8.7. Let g(z) = 1/
)= > (- 1)" 2" by expanding a geometric series.
n>0

z. When |z] < 1, g(z
While g(x) has a limit as x — 1~ (namely 1/2), the power series does not
converge at x = 1.

g

Now we can prove Abel’s Theorem.

Proof: We are given that Y c¢,a" converges for |z| < 1 and at z = 1.
n>0

lim chx ch.

e—=1" n>0 n>0

Our goal is to prove

For —1 < = < 1 we will work with the trancated sums Eg:o cnx™ and

Zf:;ocn. Set
Sp =cCco+c1+---+cn
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for n > 0. Note that z,, — s,_1 = ¢, for n > 1. Then

N N
Yoenz" = cot D x"(Tn — Sn—1)
n=0 n=1

N
= co+ DO un($n — Sn—1) where u, = a"

n=1
N-1
= cot+unsn —u1so — Y Sn(Un+t1 — un) by summation by parts
N
= co+a2Vsy —xco — > sn(ac”+1 —z")
"N
= (1-2)co+aVsn+ 3 sn(z™ — ™)
@
= (1—2)co+2Vsy+ Sn(l—x)z™.

n=1

Since so = ¢p, we can absorb the first term into the sum as the n = 0
term, and then pull a 1 — x out of each term in the sum:

N N-1
N
E cnx" =z sy + (1 — 1) E spx’.
n=0 n=0

By hypothesis, the left side of the equation converges as N — oco. Also
2Nsny — 0 as N — oo since 2V — 0 and sy is bounded (in fact sy
converges since we are assuming » . ¢, converges). Therefore when —1 <

n=1
x < 1 the partial sums on the right side of the equation converge as

N — oo and we get

chxn =(1- x)anx".

n>0 n>0

Let x =), <o ¢n. We want to show > . cpz™ - sasz —17. We

subtract s from both sides of Y ¢,z = (1 — ) Y spz™ and we have
n>0 n>0

chw" —s=(1- :L‘)Z(Sn —s)z",

n>0 n>0

where on the right side we used the formula (1 — x) so2" = 1. Our

2n
goal is to show the right side of > cpz” —s=(1—z) > (sn — s)a" tends
n>0 n>0

tolasz — 1.

By assumption, s, — s as n — oo. Pick a positive number €. For
all large n, say n > M, |sp, — s| < e. Then we break up the right side of
Senz —s=(1—-2)3 (sn — s)z" into two sums

n>0 n>0
M-1
chx” —s=(1-=x) Z (sn —s)z" + (1 —x) Z (sn — s)z™
n>0 n=0 n>M
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and estimate

Senz™ — s

n>0

IN

M—-1
[T =] 3 |sn = sllz]" + 1 — x| 32 |sn — s|lz["
n>M

n=0

IN

|1 — z|oversetM — 15" |sp — s||m_|" + 1=z > €lz|”
n=0 n>M

M—1 oM

= 1=l 3 [sn = slla]" + [1 — alelz
n=0
M—1

< 1=z > |sn—sllz|"+ 1 —m|e—1_1|x|.
n=0

Taking 0 < < 1, |1 — 2| = 1 — x so this upper bound becomes

M-1
chac"—s < |1—x\2|sn—s\+e.
n>0 n=0

When x — 17, the first term on the right side of

S enz™ — s

n>0

<|1-

M—1

x| > |sn — s|+ € tends to 0 on account of the 1 — z there. (Note that the
n=0

upper index of summation M — 1 has nothing to do with z, so it does not

change as © — 10.) When z is close enough to 1, we can make the first

term on the right side at most ¢, so

chx"fs <e+e=2
n>0
as * — 17. Since € is an arbitrary positive number, the left side of

chx”fs' <€+ e =2e¢ must go to zeroas z — 1.
n>0

QE.D.

8.2 The Exponential and Logarithmic Functions

Go back to Table of Contents. Please click
Define the following

o0 Zn
n=0
and as an alternative notation we also write
R n
T
exp(z) = Zﬁ
n=0

Theorem 8.8. Let e” be defined on A' by E(z) = €* and E(z) = Y %;.

(a) €% is continuous and differentiable for all x;

(b) (€)' =e”;

(c) € is a strictly increasing function of x, and e* > 0;
(d) e*TY = e%eY;

(e) e — 400 as x — 00, ¥ = 0 as x — —o0;

(f) lim z"e™® =0, for every n.
r—+o00
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10 §Integration of Differential Forms§
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