Math 521 Analysis I

Instructor: Chenxi Wu

Email: cwu367Qwisc.edu

Office Hours: TuWed 1-2pm Van Vleck 517, or by appointment

Course Description: This is an introductory course on mathematical analy-
sis. We will cover basic ideas in analysis like real numbers, limits, continuity,
differentiation and integration. It is a more rigorous, proof based treatment of
what we have seen in Calculus classes.

How to succeed in this course:

I know that we all have different academic backgrounds and different learning
styles, so what works for one may not work for another. However the following
is what I found helpful when I learned this subject myself:

1. Make sure that one understands every definition and every step of every
proof.

2. Figure out the key idea behind every concept or theorem, and summarize
it in one sentence.

3. Do as many exercises as possible. To save time it is often not necessary
to write down a complete solution, just figure out the key idea then move
on.

Rudin’s book is one of the most standard introductory text on analysis and
(in my opinion) one of the more accessible one. If you finished it maybe check
out his Real and Complex Analysis or Jean Dieudonné’s Foundations of Modern
Analysis which cover more advanced topics. There are also textbooks, like the
one by Grigorii Fichtenholz, that are at the same level of Rudin’s Principles of
Mathematical Analysis but may contain more examples and application.
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1 Introduction to Naive Set Theory

A thorough treatment of logic and axiomatic set theory may take a whole
semester. So we will only mention some concepts, notations and results from
set theory that are widely used in analysis.

1.1 Set, subsets, specification and power set

Remark 1.1.1. Let A be a set. We write x € A if x is an element, or a
member of A.

Example 1.1.2. 2e N, 1.5 € Z.

Definition 1.1.3. We say a set B is a subset of a set A, if for every z € B,
x € A. We denote it as B C A. If there is at least one element in A which does
not belong to B, we call B a proper subset, denoted as B C A.

Remark 1.1.4. Two sets are considered equal if they contain the same ele-
ments. In other words, A = B iff A C B and B C A.

Definition 1.1.5. A set that contains no element is called an empty set,
denoted as ().

Remark 1.1.6. The empty set is unique by definition. Here by “unique” we
mean that if A and B are both empty sets, then A = B. Also note that () # {0},
Because {#)} has a single element which is {). §) is a subset of every set.

Remark 1.1.7. To describe a set, one can write down its elements and put a
{} around them, for example:

A=1{0,1,2}

One can also use the terminology of specification (or comprehension) to
describe a set consisting of elements that satisfy a certain property. For example:

A={neN:n<2}

means “A is a set consists of natural numbers that are no more than 2”
B = {sin(n) : n € Z}

means “B is a set consisting of the sines of integers”.

Remark 1.1.8. The “” above can be “|” in some texts.

Remark 1.1.9. Note that in both examples in Remark|[I.1.7)above, the variable
n is required to be a member of some known set, like N or Z, i. e. we are doing
restricted specification. The result of unrestricted specification may not
necessarily be a set, for example {z : © € x} can not be a set due to Russell’s
paradox.



Definition 1.1.10. If A is a set, the collection of all its subsets also forms a
set, denoted as P(A) or 24, called the power set.

Remark 1.1.11. Power sets are never empty because () € P(A) for all set A.
If A has n elements, the number of elements in P(A) is 2™.

Remark 1.1.12. Notations for some common sets of numbers:

e N: set of natural numbers. In mathematics we usually think of 0 as a
natural number.

e 7: set of integers

e R: set of real numbers. This is a key concept for this semester which we
will discuss in more details later.

e C: set of complex numbers.

Example 1.1.13. {B € P(N) : 1 € B} is the set of all subsets of the set of
natural numbers that contains 1.

1.2 Unions, intersections and set differences

Definition 1.2.1. Let A be a set of sets. The union of elements in A, denoted
as|JA, or Ugey B, or (when A = {B, : a € I}) J,c; Ba, is a set that satisfies:
x € |J A iff there is some B € A, such that z € B.

acl
Definition 1.2.2. Let A and B be two sets, AU B is a set such that x € AUB
iffre Aorz € B.

Definition 1.2.3. Let A be a non-empty set of sets, then the intersection
NAor gy Bor (when A={B,:a€l})(),c; Ba, is defined as

nA:{xEUA:xGBforallBeA}

Definition 1.2.4. Let A and B be two sets, AN B is defined as {x € AUB :
x € A,x € B}.

Definition 1.2.5. Let A and B be two sets, A\B (A — B in some texts) is
defined as A\B ={a € A:a ¢ B}.

Example 1.2.6. e AUA=ANA=A, AA\A=0.
e (1,2]U(3/2,3] = (1,3]. Here (a,b] means {xr e R:a <z < b}.

e For any natural number n, let A, = [n,00) = {z € R : > n}. Then
UTLEN An = [Oa 00)7 mnEN An = @



1.3 Cartesian product and relations

Definition 1.3.1. Let A and B be two sets (can be equal). The Cartesian
product between A and B is the set consisting of all ordered pairs of elements
in A and elements in B. We can write this as

Ax B={(a,b):a€ Abe B}
Definition 1.3.2. A subset of A x B is called a relation between A and B.
Example 1.3.3. e If A or B is empty, then A x B = ().
e () and A x B are both relations between A and B.
e If B is non-empty, let b € B, then {(a,b) : a € A} is a relation between A
and B.
1.4 Functions, orders and equivalent relations

We are going to see three families of relations for this course:

1.4.1 Functions

Definition 1.4.1. A function or a map f between A and B is a relation
between A and B, such that for any a € A, there is a unique b € B, such that
(a,b) € f. We denote this b as f(a). We often write such a function as

f:A—= B,aw f(a)

Definition 1.4.2. The set A is called the domain, B is called the codomain,
the set (which is a subset of B) {f(a) : a € A} is called the range.

Definition 1.4.3. A function f is called an injection if f(a) = f(b) implies
a = b. It is called a surjection if the range equals codomain. It is called a
bijection if it is both an injection and a surjection.

Example 1.4.4. o f:7Z — Q, n+ n?/2is a function. The domain is Z,
codomain is Q, it consists of pairs of the form (n,n?/2) where n is an
integer. It is neither an injection nor a surjection.

e g: A— P(A), g(a) = A\{a}, is an injection but not a surjection.
e h: P(N — N defined as

0 A=
h(4) = | !
smallest number in A A # ()
is a surjection but not an injection.

Definition 1.4.5. Suppose B is not empty, let b € B, then we can define the
constant function ¢, : A — B which sends any a € A to b.



Definition 1.4.6. The identity function from A to itself is defined as id 4 :
A— A ara. Or,ida ={(a,a):a € A} CAx A

Remark 1.4.7. id,4 is always a bijection.

Definition 1.4.8. Let A C B, then the inclusion function from A to B is
defined as a — a.

Remark 1.4.9. An inclusion function is always an injection.

Definition 1.4.10. Let f be a function from A to B, g be a function from B
to C.

e The composition between f and g, denoted as g o f, is defined as a

9(f(a))-

e IfC=A,g0f=1idy, fog=1idpg, we call g the inverse of f, denoted as
g= f~1, and f to be invertible.

Remark 1.4.11. Identity function composed with any other function equals
the other function itself.

Remark 1.4.12. A function is invertible iff it is a bijection.
Remark 1.4.13. Composition of injections is an injection. Composition of
surjections is a surjection.

Definition 1.4.14. Let f : A — B be a function, A’ C A, ¢ the inclusion
function from A’ to A, then the restriction of f on A’, denoted as f|a/, is
defined as f oi.

Definition 1.4.15. Let f : A — B be a function. Then for every C C A, we
define

f(€)={f(a) :aeC}

For every D C B, we define
f7H(D)={a€A: f(a) € D}

Remark 1.4.16. Any function is the composition of a surjection with an in-
jection. Let f: A — B be a function, f can always be seen as the composition
of surjection f: A — f(A) and the inclusion map from the range f(A) of f to
B.

Example 1.4.17. o If f: N — P(N) is defined as f(n) = N\{n}, g :
P(N) — N is defined as

0 A=10
g(A4) = .
smallest element in A A # (
Then
1 n=0
0 n>0

(9o f)(n) —{



e If g is the same as above, f' : N — P(N) is defined as
f'(n)={zeN:z>n}

Then g o f' =idy but f' o g # idp(y). For example, f’ o g(#) = N. Hence
f' is not an inverse of g.

e Let h: P(N) — P(N) be defined as P(A) = N\A. Then hoh = idpny,
h=h"t
Remark 1.4.18. The set of all functions from A to B is denoted as Map(A, B)
or BA.
Example 1.4.19. The composition of functions gives a map

o: Map(A, B) x Map(B,C) — Map(A,C)

(f,g)—=>gof

Theorem 1.4.20. There is a bijection between Map(Ax B, C) and Map(A, Map(B, C)),
defined as
fr(am (b= fa,b))

Proof. Tt is easy to show that the map from Map(Ax B, C) to Map(A, Map(B, C))
defined above is well defined.

We can also verify that the map from Map(A, Map(B,C)) to Map(Ax B, C)
defined by g — ((a,b) — (g(a))(b)) is its inverse, so it is a bijection. O

Remark 1.4.21. This is called Currying after the American logician Haskell
Curry. It is often used in computer science to reduce multi variable functions
to single variable ones. For example, the binary operator + : Z X Z — Z can be
seen as a function sending integer a to a function b — a + b.

Remark 1.4.22. The concept of functions allow us to define Cartesian product

of possibly infinite families of sets: Let A be a non-empty set of sets, we can
define

[[4= 1] B=1{f€Map(A,|JA) : f(B) € B for all B € A}

BeA

When all elements of A are non-empty, the axiom of choice (AC) says that
this product is non-empty. For this course, as is in most math courses, we always
assume AC.

1.4.2 Orders

Definition 1.4.23. Let A be a set. A partial order < is a relation from A to
itself such that

e For any a € A, (a,a) €=.



o If (a,b) €=, (b,a) €=, then a =b.
o If (a,b) €< and (b,¢) €= then so is (a,c).

If furthermore for any a,b € A, (a,b) €=X or (b,a) €=, we call it a total or
linear order. We often write (a,b) €< as a <X b.

Remark 1.4.24. If a < b and a # b we write a < b.

Remark 1.4.25. If < is a partial or linear order, the relation <’ defined as
a =’ biff b < a is also a partial or linear order respectively.

Example 1.4.26. e The usual < on N is a linear order.

e A=< Biff BC A is a partial order on P(N) but not a linear order. For
example, {1} 2 {2}, {2} £ {1}.

e A =’ Biff there is a bijection from A to B is not a partial order on P(N).
This is because {1} <’ {2}, {2} <’ {1} but {1} # {2}.

e There is a linear order < on P(N) defined as follows:

— If A= B then A < B.

— If A # B, let n be the smallest natural number that belongs to either
A or B but not the other. If n € A then B < A, if n € B then
A< B.

We can check that it is a linear order as follows:

— By construction, for any A € P(N), A < A.

— Suppose A # B, then there must be some natural number that be-
longs to either A or B but not the other. Let n be the smallest such
number, then if n € A then B A A, if n € B then A A B. Hence
A=< B and B < A implies A = B.

— The argument above can also be used to show that A < B or B < A.

— Suppose A < B, B <X C. If either A= B or B=C then A <X Cis
obvious. If A # B, B # C, let n be the smallest number that belongs
to either A or B but not the other, n’ be the smallest number that
belong to either B or C' but not the other, then n € B and n’ ¢ B,
hence n # n’. Suppose n < n/, then n € C, n € A, and all natural
numbers less than n are either in all of A, B and C, or in none of the
three. Hence A < C. The case when n > n’ is analogous.

1.4.3 Equivalence relations

Definition 1.4.27. Let A be a set, an equivalence relation on A is a relation
~ between A and A, that satisfies:

e For any a € A, (a,a) €~



o (a,b) e~ iff (b,a) e~.
o If (a,b) €~, (b,¢) €~, then (a,c) e~.
We usually write (a,b) €~ as a ~ b.
Example 1.4.28. o idgy = {(a,a):a € A} is an equivalence relation.

e A x A is an equivalence relation.

e Let f: A — B be a map, then ~y defined as a ~5 b iff f(a) = f(b) is an

equivalence relation.

Definition 1.4.29. When ~ is an equivalence relation on a set A, the quotient
set is defined as
A/ ~={{beA:b~a}:ac A}

Here the set {b € A : b ~ a} is called the equivalence class containing (or
represented by) a, denoted as [a].

Example 1.4.30. o If ~=idy, A/ ~={{a}:a € A}
o If ~=Ax A, A/ ~={A}.

1.5 Cardinality

Definition 1.5.1. Let A and B be two sets. If there is a bijection from A to
B, we say that they have the same cardinality, denoted as |A| = |B].

Definition 1.5.2. If there is an injection from A to B then we write |A| < |B|.
If |[A] < |B| and |A| # |B| we write |A| < |B|.

Remark 1.5.3. By AC, if both A and B are non-empty, there is an injection
from A to B would be equivalent to there is a surjection from B to A.

Theorem 1.5.4. Let A and B be two sets, then either |A| < |B|, or |B| < |A|.
Furthermore, if |A| < |B| and |B| < |A|, then |A| = |B|.

The proof of this theorem can be found in textbooks on logic or set theory.

Remark 1.5.5. Let A be any set, define equivalence relation ~ on P(A) as
B ~ C iff |B| = |C|. Then Theorem implies that |- | <|-|is a linear order
in P(A)/ ~.

Example 1.5.6. |Z| = |N|. A bijection from Z to N can be defined as, for
example,
2n n>0
f(n)_{—Qn—l n<0

There isn’t a set with the largest possible cardinality, because of the following
theorem:
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Theorem 1.5.7. (Cantor’s diagonal argument) Let A be a set, then |A] <
[P(A)].

Proof. The map a — {a} is an injection from A to P(A), hence |A| < |P(A4)|.
Now we only need to prove that |A| # |P(A)|. Suppose there is a bijection
f:A— P(A). Let B={a€ A:a¢ f(a)}. Because f is surjective, there
must be some b € A such that B = f(b). If b € B = f(b) by construction of B,
b¢ B. If b ¢ B = f(b), by construction of B, b € B. Both possibilities result in
contradiction. Hence such a bijection f can not exist. O

Example 1.5.8. |P(N)| > |Z|.

1.5.1 Finite sets and infinite sets

Theorem 1.5.9. Let A be a set. The followings are equivalent:
1. There is a bijection between A and a proper subset of A.
2. There is an injection from N to A.
3. There isn’t a bijection from A to {z € N: z < n}.

The proof is unrelated to analysis but we include it here as an illustration
of the mathematical induction.

Proof. 1 implies 3: Let f be a bijection from A to some B C A. Suppose
g:A— {r €N:x < n}is a bijection, then go f o g~! is an injection from
{z € N: z < n} to itself which is not a bijection. One can show that such
an injection can not exist by the “pigeon hole principle”, or by mathematical
induction as follows:

o If n =0, the set {x € N: 2 < n} =0, hence there can not be an injection
from this set to itself which is not a bijection.

e Suppose the statement is true for n = k, and there is an injection A from
{z € N:x < k+ 1} to itself which is not a surjection. We will now define
amap h' 1 {x e N:z <k} - {reN:z <k} as

(k) hG) =k
h”)‘{hm W) < k

If h(j) = k for some j < k, then injectivity of h would implies that h(k) <
k, hence h' is well defined. It is also evident from definition that A’ is
injective. When k € Range(h), Range(h') = Range(h)N{zx € N: z < k};
when k ¢ Range(h), Range(h’) = Range(h)\{h(k)}, hence in both cases
h' can not be surjective, which contradicts with the inductive hypothesis.

11



3 implies 2; Let C = {A\F : |F| = |[{z € N: 2 < n}| for some n € N}.
Then 3 implies that § ¢ C. By AC, there is a function ¢ : C — JC = A
such that ¢(x) € x. Pick a € A, define f : N — A inductively as f(0) = q,
f(n+1) = c(A\{f(k) : Kk € Nk < n+1}). This is an injection due to the
construction of c.

2 implies 1: Let f : N — A be an injection, then g : A — A\{f(0)} defined
as

_Ja a & Range(f)
g(a)_{f(nH) a= fn)

is a bijection. O

Definition 1.5.10. If a set A satisfies any of the 3 conditions in Theorem[1.5.9]
we call it an infinite set. Otherwise we call it a finite set.

Definition 1.5.11. As shown in Theorem [1.5.9] a finite set A must have a
bijection to a set of the form {z € N:z < n}. We can write |A| = n.

1.5.2 Countably infinite set

Definition 1.5.12. If |A] = |N|, we call A a countably infinite set. If
|A| > |NJ, we call A an uncountable set.

Remark 1.5.13. The following sets are countably infinite:
e The set of integers.
e The set of prime numbers.

e N x N. A bijection from N x N to N can be defined as
(i, 7)) = (i +J)(i+7+1)/241
e The union of countably many countably infinite sets.

e The Cartesian product of finitely many countably infinite sets.

e The set of finite subsets of a countably infinite set.

e Q.
e Set of polynomials with integer coefficients.

e Set of polynomials with rational coefficients.
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2 Real Numbers
2.1 Ordered fields

Remark 2.1.1. Consider the set of rational numbers QQ, with two functions
+:Q0xQ—Qand x : QxQ — Q, and a linear order <. These three relations
satisfy the following properties:

e a+b=>b+a, ab=ba.
o (a+b)+c=a+ (b+c), (ab)c = a(bc).

e a+0=a,ax1=a.

For any a € Q, there is some —a € Q such that (—a) +a = 0.

If a # 0, there is some a~! € Q, such that aa™! = 1.

e a(b+c)=ab+ ac.
e a<bthena+c<b+ec.
e If0<a,0<b, then 0 < ab.

Definition 2.1.2. A set F, with two distinct elements 0,1 € F, two functions
+,X : FXF — F, and a linear order <, is called an ordered field, if it satisfies
the conditions in the remark above. In other words,

e Foranya,be F,a+b=b+a,axb=>bxa.

e For any a,b,c € F, (a+b)+c=a+ (b+c¢), (axb)xc=ax (bxc),
ax(b+c)=axb+axec

e Foranya€ F,a+0=ax1=a.

e For any a € F, there is some —a € F such that a + (—a) = 0. If a # 0,
there is some a~! € F such that a x =1 = 1.

e [fa<bthena-+c<b+ec.
e If0<a,0<bthen0<axhb.
Remark 2.1.3. If a < b and a # b we write a < b.
Lemma 2.1.4. Let F' be an ordered field, a,b € F, then
e a<b = —a>-b
ea>b>0 = b'>a1>0
Proof. e Add —a — b to both sides of the inequality a < b.

e Firstly we show that @ > 0 implies a~! > 0.

13



— Suppose a > 0 but a=! =0, then 0 = 0a = a~'a = 1, a contradiction.

— Suppose a > 0 but ¢! < 0, then -1 = —a~! x a > 0, hence
1=(-1)x(-1) >0butalso0=(-1)+1>0+1=1, also a
contradiction.

Now we only need to show that a > b > 0 implies b=! > a~!. This is
because b= —a~! = (a — b)(ab)~! > 0.
O

Definition 2.1.5. Let F' be an ordered field, a,b € F, a < b. We can define
the concept of intervals:

(a,b)={reF:a<rr<b}

(a,b)) ={reF:a<rr<b}
[a,b) ={re F:a<rr<b}
[a, b)) ={re F:a<rr<b}

The length of these intervals can be defined as b — a.

2.2 Least Upper Bound Property

Definition 2.2.1. We say that an ordered field F' has the least upper bound
property, if for any non-empty subset A C F if there is some m € F such
that for all @ € A, a < m, then there must be an element sup(A4) € F, called
the least upper bound or the supremum of A, that satisfies the following:

e For any a € A, a < sup(A).
e If m € F satisfies that for any a € A, a < m, then sup(4) < m.

Theorem 2.2.2. There is an ordered field with least upper bound property
that contains Q as a subfield (i.e. the 0 and 1 in this field are the 0 and 1 in @,
+, X, < when restricted to Q are the same as those on Q. We call it the field
of real numbers, denoted as R.

The proof can be found in most analysis textbooks.

Remark 2.2.3. The field of real numbers is unique up to isomorphism. In
other words, given any two fields satisfying the Theorem above, there must be
a bijection between them that sends 0 to 0, 1 to 1, and preserves +, x, <.

Remark 2.2.4. e Smallest upper bound property is equivalent to the “largest
lower bound property”, i.e. the fact that any non-empty subset with a
lower bound has a largest lower bound, denoted as inf(A).

e If the smallest upper bound of a non-empty set A exist, it must be unique.
Similarly for the largest lower bound.
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2.3 Archimedean property

Theorem 2.3.1. (Archimedean property) Let a,b € R, a > 0, b > 0, then there
must be some n € N such that na > b.

Proof. Suppose this is not true, then there are a,b > 0 such that na < b for all
n € N. Now consider the non-empty set S = {na : a € N}, then b is an upper
bound of S, hence S must have a least upper bound m = sup(.S). The fact that
m is an upper bound implies that for any n € N, na < m, hence (n + 1)a < m,
which implies na < m — a. Hence m — a is another upper bound of S and
m — a < m, this is a contradiction. O

Remark 2.3.2. Archimedean property is weaker than least upper bound prop-
erty. For example QQ has the former but not the latter.

As a consequence, we have

Theorem 2.3.3. Any real number can be uniquely written as the sum of an
integer and a real number in [0, 1).

Proof. Firstly we show the uniqueness of this decomposition. Suppose = =
n+r=n+7v,nn €2Z r €[01), then n —n' = ' —r. However
v —re(=1,1),n—n' € Z, hencen—n'=0,n=n' and r = r'.

Now we show the existence of such a decomposition.

e Case 1: If z € Z, then z = x + 0.

e Case 2: If z > 0 and = ¢ Z, Theorem [2.3.1] implies that there must
be natural number larger than x. Let n be the smallest such natural
number, then n —1 <z <n,z=Mn-1)+(@@—-—n+1),n—-1¢€ Z,
r—n+1e(0,1).

e Case 3: If < 0 and = ¢ Z, then —z satisfies Case 2 above, hence
—x =n+r wheren € Z and r € (0,1). Soz = (—n—-1)+ (1 —7r),
—n—1€Zand1l—rel0,1).

O

Remark 2.3.4. In the proof above we used the key property of N that any
non-empty subset has a smallest element. This is equivalent to mathematical
induction.

Remark 2.3.5. If t =n+r, n € Z and r € [0,1), we denote n as [z].

Theorem 2.3.6. (“Q is dense in R”) For any z € R, any € > 0, there is some
qeQnN(z—e¢x+e).

Proof. o If x =0, then let ¢ = 0.
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e If z > 0, by Theorem there is a positive natural number n such that
n > 1/e > 0. Hence 0 < 1/n < e. Let m be the smallest natural number
such that m/n > z (m exists due to Theorem [2.3.1)), then (m — 1)/n <
x < zxz+eand (im—1)/n =m/n—1/n > x—1/n > x —e. Hence
g=(m—-1)/nisin (z —e,xz+¢)NQ.

e If z < 0, apply the Case above to —z, we can find some ¢ € (—z —¢,—x +
€)NQ, hence —g € (x — e,z +€) NQ.
O

Remark 2.3.7. If a,b € R, a < b, then apply the theorem above for x =
(a+b)/2 and € = (b — a)/2, we know that (a,b) N Q # 0.

Remark 2.3.8. As a consequence, the map from R to P(Q) defined as r +—
{q € Q: ¢ <r} is an injection. Hence |R| < |P(Q)|.
2.4 Infinite Decimal Expansions

We will show that any real number in [0, 1) has an infinite decimal expansion.
More precisely:

Theorem 2.4.1. There is a bijection F, from real numbers in [0, 1), to the set
S={ac{0,1,...,9: for any n, there exists m > n,a(m) < 9}

defined as
x+— (n— |10(10"z — [10™z])])
Proof. Step 1: Show that F is well defined. In other words, show that
(n— 10(10"z — [10"x])]) € S
By construction,
10" — |10™] € [0,1)
10(10™z — |10z ]) € [0, 10)

Hence
|10(10™x — [10"z])] € {0,...,9}

Next we need to show that the function (n — [10(10"z — [10"x])|) must
take values less than 9 infinite many times. To do so, we need the following
lemma:

Lemma 2.4.2. Let y,, = 10”2 — [10™z]. Then for any n € N,

Yn+1 = 10y, — LloynJ
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Proof. The definition of |-| implies that for any r € R, any n € Z,
[rtn) = L)+

Hence
Yni1 = 10(10"z) — [10(10"z) |

=10([10"z| + yn) — [10([10"z] + yn)| = 10y, — [10yy]
O

Now, suppose there is some z € [0,1), F(z) ¢ S. In other words, there is
some ng € N, such that for any m > ng, (F(z))(m) = 9. Lemma implies
that if we define y,, = 10"z — [ 10"« ], then

Ymt1 = 10ym — [10ym | = 10y — (F(2))(m)
Hence, if (F(x))(m) =9, then
1= Ymy1 = 10(1 — ym)
Hence we have 1 — y,,,4+1 € (0,1] and
10°(1 = Yngt1) = 1 = Yngr14x € (0,1]
for all £ € N, which contradicts with Theorem [2.3.1
Step 2: Injectivity of F. Let z, 2’ € [0,1), x < a’. Suppose F(z) = F(z'),

then if we define
yp = 10" — | 10"z

Yy, = 10"z" — |10™2'|
Then Lemma [2.4.2[ implies that
Ynt1 — Yn+1 = 10(y; — yn) — ([10y5,] — [10yn])

= 10(y,, = ym) — (F (")) (n) = (F(2))(n)) = 10(y;, = yn)
Hence y), — yn = 10" (y{, — yo) = 10" (2’ — z) for all n € N, while 2’ —z > 0 and
Yl — yn < 1. This contradicts with Theorem m

Step 3: Surjectivity of F. Given w € S, let x,, be the least upper bound of

the set
Zm w(n)
Aw{ 101+nn€N}

n=0

Given any k € N, by assumption on S, there must be some k¥ > k such that
w(k’) < 9. The fact that z,, is an upper bound implies that

o ()
Tw = Z 101+n
n=0
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while the fact that x,, is the smallest upper bound means that it can be no

larger than another upper bound of A, which is ZZ:O fgﬁﬁl + 10,1+1 — 1011+k’ ,

hence i
w(n) 1
Tw < ZO 101+n + 10k+1
n=
These two inequalities imply that (F(z,))(k) = w(k). O

Remark 2.4.3. |S| < |P(N)| because S is a subset of the power set N x
{0,...,9} which has the same cardinality as N. There is also an injection f :
P(N) — S defined as

1 neA

(F(A)) () = {O o

Hence the cardinality of R, which is the same as the cardinality of [0, 1), is

[P(N)].

Remark 2.4.4. The Remark above implies that there must be irrational num-
bers. Actually, Fermat’s Little Theorem implies that the infinite decimal ex-
pansion of any rational number must be eventually periodic.

2.5 Other Consequences of the Least Upper Bound Prop-
erty

Theorem 2.5.1. Let I = [ag,bi], & € N, by > ai, be a sequence of finite
closed intervals in R that satisfies I 11 C I;. Then ﬂkeN I, # 0. Furthermore,
if for any € > 0, there is some k such that by — a; < €, then ﬂkeN I}, consists of
a unique element.

Proof. Let A = {a, : k € N}. For any j € N, if a natural number £ is no more
than j then ar < a; < bj, and if & > j then a; < by < b;. Hence b; is an
upper bound of A. The smallest upper bound property implies that there must
be some real number m = sup(A). m is an upper bound of A implies m > q;
for all j € N, and the minimality of m among the upper bounds of A implies
m < b; for all j € N, hence m € I; for all j € N.

Furthermore, suppose x,y € (,cy Ix, then by —ax > y — x for all k € N.
This proves the second part of the theorem. O

Theorem 2.5.2. Let a < b be two real numbers, I = [a,b]. Let C be a set of
open intervals such that I C [JC. Then there must be a finite subset C' C C
such that T C |JC".

Proof. Firstly, by intersecting with (a — 1,0+ 1), we can assume all intervals in
C are of finite length without loss of generality. In other words, any element in
C is of the form (¢, d) where d > c.
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Assume the Theorem is not true, then there is an infinite set of finite open
intervals C, such that I C |JC but any finite subset C’ of C, I € C’. We call
an interval J to have property (%) if J C |JC and J € |J C’ for any finite subset
C" of C. Now we define a sequence of closed intervals inductively as below:

[ ] I():I

o Let I, = [an,by]. If [an, (an + by)/2] satisfies property (x), then I,,11 =
[an, (an, + by)/2]. Otherwise I,,11 = [(an + bpn)/2,by]

Now we use induction to show that all I,, satisfy property (x). Iy = I
satisfies (*) is by assumption. If Iy = [ag,bx| satisfies property (x) and T4
doesn’t, by construction the only possibility can only be that [ag, (ar + bx)/2]
doesn’t satisfy property * and I+1 = [(ax +bk)/2,bx]. Let C’ be a finite subset
of C such that [ag, (ax + bx)/2] C |JC’, C” a finite subset of C such that
Iy = [(ar +br)/2,b,] € UC”, then

I = [ax, (ax + br) /2| U Iin = | J(C'UC")

and C’ U C” is a finite subset of C, which contradicts with the inductive hy-
pothesis that Ij, satisfies property ().

Now apply Theorem to {I,}, we get some = € (), cnIn. Let J =
(¢c,d) € C be an open interval that contains z, let » = min(d — z,x — ¢), then
r > 0, hence there must be some N € N such that 2Ve > b—a. Because Iy is an
interval that contains = and has length 2=V (b—a) <7, I, C (x —r,2+7) C J,
in other words In C (J{J}, which contradicts with the fact that Iy satisfies
property (x). O

Theorem 2.5.3. Let I = [a,b] be a finite closed interval, Y C I an infinite
subset, then there must be some z € I such that for any e > 0, Y N(z—¢,2+¢)
is an infinite set.

Proof. Suppose this is not true, then there is some closed interval I = [a,],
some infinite set Y C I, such that for any = € I, there is some 7, such that
Y N(x—ry,x+r,) is a finite set. Because I C U, (* — 72,2 + 72), apply
Theorem [2.5.2) we get that there must be finitely many x1,...,z, € I such that
[a,b] = U (xi — 74, 25 + 1rs;). Hence

n

Y = U(Yﬂ (.Tz — Tz, Ts +r$i))

i=1

is the union of finitely many finite set, hence must be a finite set, which is a
contradiction. O
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2.6 Extended Real Numbers

Definition 2.6.1. The extended real number system is the set RU{£oo},
with a linear order where co is defined as the largest and —oo as the smallest.
We sometimes also use the following conventions for arithmetic involving +oc.
Here a € R.

e a+ (foo) = 0.
. =0

e Ifa>0,ax (+oo)==200. If a <0, ax (+oo)=Foo.

Remark 2.6.2. The linear order on R U {£oo} enables us to write infinite
intervals, for example (—oo,a] = {r e R:r < a}.

Remark 2.6.3. The least upper bound property on R implies the least upper
bound property on R U {£oo}. So we can extend the definition of sup and inf
as follows:

e If a subset A doesn’t have an upper bound, we can write sup(A) = occ.
e If a subset A doesn’t have a lower bound, we can write inf(A) = —oc.

Remark 2.6.4. We can also consider sets like Z U {£o0} or NU {oc0}.
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3 Metric Spaces

3.1 Definition and Examples

Definition 3.1.1. A metric space is a pair (X, d), where X is a set and d is
a function d : X x X — [0, 00), such that for any p,q,r € X,

e d(p,q)=0iff p=gq.
e (Symmetry) d(p,q) = d(q,p).
o (Triangle Inequality) d(p, q) + d(q,r) > d(p, ).
This function d is called the metric or distance function.

Remark 3.1.2. When (X, d) is a metric space, we can also write “X is a metric
space with metric (or distance function) d”.

Definition 3.1.3. Let (X, d) be a metric space.
e The diameter of X is defined as
diam(X) = sup({d(z,y) : z,y € X})

If the range of d doesn’t have upper bound we say the diameter is co. If
diam(X) is finite we also call it bounded.

e A closed ball centered at x € X with radius r > 0 is the set

{y e X :d(z,y) <r}

e An open ball centered at € X, with radius r > 0, denoted as Bx(x, r)
(or B(x,q)(x,7) when we want to specify the metric), is the set

Bx(z,r)={y € X : d(z,y) < r}

Example 3.1.4. 1. Let X be a non-empty set,

d(p,q>={(j -

Then (X, d) is a metric space. This d is called the discrete metric.
2. R with Euclidean metric d(z,y) = |z — y| is a metric space.

3. R" with Euclidean metric

is a metric space.
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4. Let S be a finite set, (P(S), (A, B) — |A\B| + |B\A|) is a metric space.

Remark 3.1.5. When we discuss R or R™ as metric spaces and do not explicitly
specify the metric, we always assume the Euclidean metric.

Remark 3.1.6. If (X,d) is a metric space, A C X, then (A4,d|ax4) is also a
metric space, which we call a subspace.

Remark 3.1.7. It is evident, by triangle inequality, that an open ball or a
closed ball with radius r has diameter no more than 2r.

Theorem 3.1.8. If (X, d) is a metric space, g : [0,00) — [0, 00) satisfies
e gt)=0 < t=0
o t <t = g(t) <g(t)
o g(t+1t") < g(t)+9(t)
Then (X, g od) is also a metric space.
Proof. e g(d(z,y)) =0 <= d(z,y) =0 <= x =y
e d(z,y) = d(y, ), hence g(d(z,y)) = g(d(y, x)).
o d(z,z) < d(x,y)+d(y, z), hence g(d(z, 2)) < g(d(x,y)+d(y, 2)) < g(d(z,y))+
g(d(y, 2)).
O

Example 3.1.9. (R, (z,y) — min(l, |z — y|)) and (R, (z,y) %) are

both metric spaces with diameter 1.

Theorem 3.1.10. If (X,d) and (Y, d) are two metric spaces, let dgyp : (X X
Y) X (X xY) —[0,00) be defined as

dsup((2,y), (2, y')) = max(d(z, 2"),d (y,y"))
Then (X x Y, dsyup) is a metric space. dg,, is called the sup metric.

Proof. e Forany 2,2’ € X, y,3y/ €Y,
dsup((2,y), (2',9')) = 0 = max(d(z,2’),d (y,y')) =0
— d(z,2")=d(y,¥) =0 < z=2"andy =9y < (z,y) = (2,y)
e Forany z,2' € X, y,3y/ €Y,
dsup((2,), (2',9/)) = max(d(z,2"),d'(y,y/))

= max(d(x/7 .Z‘), d/(y/v y)) = dsup((mlv yl)7 ($7 y))
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e For any z1,x9,23 € X, y1,y2,y3 € Y, for i = 1,2,
d(@s, i41) < max(d(@i, xig1), d (Y Yir1)) < doup (@6, i), (Tig1, Yig1))
d'(yi, Y1) < max(d(@;, @it1), d' (Yis Yit1)) < doup((@i,9i)s (Tit1, Yis1))
So
d(@1,x2) + d(22, 23) < doup((®1,91), (T2, ¥2)) + dsup (22, y2), (T3, ¥3))

d'(y1,y2) +d' (Y2, y3) < doup((z1,91), (@2, y2)) + dsup((22,92), (3,Y3))

Hence
dsup((x1,91), (3, 93)) = max(d(z1,x3),d (y1,y3))

S max(d(xl, xQ) + d(an .’ﬂg), d/(ylv y2) + d/(yQ, y3))

< dsup((T1, Y1), (72, 92)) + dsup((22, Y2), (73,Y3))
O

Example 3.1.11. Repeatedly apply Theorem [3.1.10 to (R, (z,y) — |z — y|),
we have (R", dsy;) where

Asup(T1, - 2n), (Y1, Yn)) = max{|z; —y;| i =1,...,n}
is a metric space.
Theorem 3.1.12. Let S be a non-empty set, (X, d) a metric space. Define
BF(S,X)={f € Map(S,X) : diam(f(S)) < oo}
Then BF(S, X) is a metric space under the sup metric

dsup(f,9) = sup({d(f(s), 9(s)) : s € S})

Proof. o d,,p is well defined, because the non-emptyness of S implies that
{d(f(s),g(s)) : s € S} is non-empty, and if we pick so € S, then this set
is bounded from above by

diam(f(S)) + d(f(s0), g(s0)) + diam(g(5)) < oo
Hence ds,,, exists due to smallest upper bound property.
o dsyp(f,g) =0iff for all s € S, d(f(s),9(s)) =01iff f=g.

* dsup(f,9) = sup({d(f(s),9(5)) : s € S}) = sup({d(g(s), f(s)) : s € S}) =
dsup(g?f)'

23



e For any f1, f2, f3 € BF(S,X), for any s € S, i = 1,2, the definition of
dsyp implies that

d(fi(s), fi+1(5)) < dsup(fi, fis1)

Hence for any s € 5,

d(fi(s), f3(s)) < d(f1(s), f2(8))+d(f2(5), f3(5)) < dsup(f1, fo)Fdsup(fo, [3)

In other words, dsup(f1, f2)+dsup(f2, f3) is an upper bound of {d(f1(s), f3(s)) :
s € S}a hence dsup(flaf2)+dsup(f27f3) 2 Sup({d(fl(s)a f3(5)) HERS S}) =

dsup(flv f3)
O

Remark 3.1.13. As one can see from the examples above, a set can have many
different metrics. For example R™ can have the discrete metric, the sup metric
(Example[3.1.11)), the Euclidean metric. and many more.

3.2 Open Sets and Closed Sets
3.2.1 Definition and Examples
Definition 3.2.1. Let (X, d) be a metric space.

e A subset A C X is called open, if for any a € A, there is some r, > 0
such that the open ball Bx(a,r,) is a subset of A.

e A subset A C X is called closed, if X\ A4 is open.

Remark 3.2.2. The definition of closed set above can also be rewritten as: A C
X is closed iff for any = € X\ A, there is some 7, > 0 such that Bx (x,r;)NA = (.

Remark 3.2.3. The “openness” or “closedness” of a set depends on the follow-
ing data: the metric space X. the metric d on X, and the subset A C X. For
example, (0, 1] is not open in R with Euclidean metric but is open in R with dis-
crete metric, and is also open in (—oo, 1] with Euclidean metric (x,y) — |z —y|.

Example 3.2.4. If (X, d) is a metric space, then X and () are both open and
closed.

Example 3.2.5. If (X, dy;s.) is a metric space with discrete metric, then any
subset of X is both open and closed.

Theorem 3.2.6. Any open ball is open.

Proof. Let (X,d) be a metric space, z € X, r > 0. For any p € Bx(x,r), let
r" =r —d(z,p) > 0, then for any q € Bx(p,r’),

d(q,x) < d(q,p) +d(p,z) <v' +d(z,p) =71

Hence Bx (p,r’) C Bx(x,r). O
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Theorem 3.2.7. Any closed ball is closed. The set consisting of a single point
is closed.

Proof. Let x be a point in metric space (X,d), » > 0, let B be the closed
ball centered at = with radius r. For any y € X\B, by definition of closed
balls d(z,y) > r, hence triangle inequality implies Bx (y,d(z,y) —r) N B = (.
Similarly, for any = € X, any y € X\{z}, Bx(y,d(z,y)) N {z} = 0. O
3.2.2 Basic Properties

Theorem 3.2.8. The union of a set of open sets is open.

Proof. Let (X,d) be a metric space, C' a set of open sets. For any = € |JU,
there is some U € C such that x € U and U is also open, hence there is some
r > 0 such that Bx(z,r) CU C |JC. O

Remark 3.2.9. An immediate consequence of Theorem [3.2:8]is that intersec-
tion of any non-empty set of closed sets is closed.

This enables us to define the following:
Definition 3.2.10. Let (X, d) be a metric space, A C X. We define
e The closure of A as A= {V C X :V closed, A C V}.
e The interior of A as A° = |J{U C X : U open, U C A}.
e The boundary set of A as 0A = A\ A°.

e A point in the interior is called an interior point, a point in the boundary
set is called a boundary point.

Remark 3.2.11. e A is the smallest closed set that has A as a subset. A°
is the largest open set that is a subset of A.

e X\A°=X\A4,0A=4ANnX\A.
e One can characterize these sets with open balls as follows:
— p€ Aiff for any r > 0, Bx(p,r) N A # 0.
— p € A° iff there is some r > 0, Bx(p,r) C A.
— pedAiff for any r > 0, Bx(p,7) N A# 0, Bx(p,r) N (X\A) # 0.
Theorem 3.2.12. The intersection of finitely many open sets is open.

Proof. Let U;, i = 1,2,...,n be finitely many open subsets of metric space
(X,d). Let U = ., U;. For every p € U, for every i = 1,2,...,n, there
is 7; > 0 such that Bx(p,r;) C U;. Hence if we set r = min(r;) > 0 then
Bx(p,r) CU. O
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Remark 3.2.13. As a consequence of Theorem [3.2.12] the union of finitely
many closed sets must be closed. In particular, any finite subset of a metric
space is closed.

Remark 3.2.14. The intersection of infinitely many open sets may not neces-
sarily be open. For example, {z} = (\,—, Bx(p,1/n) but in general {x} is not
always open.

Example 3.2.15. The closure of an open ball of radius r is not necessarily
the closed ball of radius r. For example, consider X = (—o0,0] U [1,00) with
Euclidean metric, Bx(1,1) = [1,2), its closure is [1,2], but the closed ball
centered at 1 with radius 1 is {0} U [1,2].

Theorem 3.2.16. A subset of a metric space (X, d) is open iff it is a union of
open balls.

Proof. Theorem [3.2.6| and Theorem [3.2.8] implies that union of open balls is
open. If A C X is open, for every z € A, there is some 7, > 0 such that
Bx(z,7.) € A. Hence A = J,c, B(z,72). O
3.2.3 Openness in subspaces

An application of Theorem [3.2.16] is the following:

Theorem 3.2.17. If (X, d) is a metric space, (Y, d|yxy) a subspace, A CY is
open in Y iff there is some open set A’ in X such that A = A’ NY. Similarly,
A CY is closed in Y iff there is some closed set A’ in X such that A =A'NY.

Proof. For any y € Y, any r > 0
By (y,r)={peY :d(y,p) <r} =Y n{pe X :d(y,p) <r} =Y NBx(yr)

If AisopeninY, for every a € A there is some r, > 0 such that By (a,r,) C A.
Let A" = U,c4 Bx(a,r,), then A" is open in X by Theoremand A'NY =
Usea(Bx(a,re) NY) = U,ca By (a,74) = A. The statement about closed sets
follows from the one about open sets. O

3.2.4 Denseness

Definition 3.2.18. A subset A C X is called dense if any non-empty open
subset of X has non-empty intersection with A.

Remark 3.2.19. If A C B C X and A is a dense subset of B under subspace
metric, we can also say “A is dense in B”.

Example 3.2.20. Theorem shows that Q is dense in R under Euclidean
metric.

Remark 3.2.21. Remark|3.2.11implies that A is always dense in A. Actually,
we have A = |J{B C X : AC B, A is dense in B}.
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3.2.5 Open sets and closed sets in R

In this section we will only focus on metric space R under Euclidean metric
d(z,y) = |x —y|. Tt is easy to see that Bg(z,r) = (v —r,x +r). Hence we have:

Lemma 3.2.22. Any finite open interval of the form (a, b), where b > a, or any
infinite open interval of the form (—o0,a), (a,00) or (—o0,c0), must be open.
Proof. By Theorem we only need to write them into unions of open balls:
e (a,b) =Br((a+10)/2,(b—a)/2).
o (—o0,a) =U,en Brl@a—n—1,n+1).
e (a,00) =U,eny Brl@a+n+1,n+1).
e (~50,50) = Uy en Be(0,n +1).

O

Remark 3.2.23. A consequence of Lemma|3.2.22|is that any (finite or infinite)
closed interval must be closed.

Theorem 3.2.24. If A C R is non-empty and sup(A) < oo, then
e If A is open then sup(4) ¢ A.
o If A is closed then sup(4) € A.

Proof. e Suppose A is open and sup(A4) € A, then there is some r > 0
such that (sup(A) — r,sup(4) +r) € A, hence sup(4) + r/2 € A and
sup(A4) +r/2 > sup(A4), a contradiction.

e Suppose A is closed and sup(A) ¢ A, then A C (—oo,sup(A)). The
closedness of A implies that there is some r > 0 such that (sup(A) —
r,sup(A)+7r)NA =0, hence (sup(4) —r,00)NA = ((sup(4) —r,sup(4) +
r) N [sup(4),00)) N A = @, sup(A) — r is an upper bound of A which is
smaller than sup(A), a contradiction.

O

Remark 3.2.25. Replacing sup with inf in Theorem is still true, the
proof is almost identical.

Theorem 3.2.26. A subset A of R is open under Euclidean metric iff it is the
disjoint union of finitely many or countably infinitely many (finite or infinite)
open intervals. More precisely, if A is open then A = |JC, where elements in C'
are open intervals, |C| < |N|, and for any two I,I’ € C,if I # I’ then INI' = ().

Proof. The “if” part follows from Lemma |3.2.22| and Theorem We will
now focus on the “only if” part.

27



Step 1: Build the set C. For every a € A, consider V = [a,00)\A and
V' = (—o0,a\A. If V = 0 set M, = oo, otherwise M, = inf(V). If V' = ) set
me = —00, otherwise m, = sup(V’). And let C' = {(mq, M,) : a € A}.

Step 2: Show that A C |JC. Because A is open, for every a € A,
there is some r > 0 such that (¢ — r,a + 1) C A. Hence V = [a,00)\4 C
[a,00)\(a —r,a+7) = [a+r,00), which implies that M, > a +r > a, Similarly
we can show that m, < a, hence a € (mq, M,), which implies A C |JC.

Step 3: Show that |JC C A. To show this we only need to show that for
every a € A, (mq, M,) C A. Let y be any element in R\ A, because a € A,y < a
ory>a. Ify>atheny eV, V #0 hence M, = inf(V) <y, y & (mq, My).
The case when y < a is analogous. Hence (mg, M,) N (R\A) = 0, in other words
(mg, M,) C A.

Step 4: Show that mg, M, ¢ A. This follows from Theorem [3.2.24

Step 5: Show that if I,I'’ € C, I # I', then INI' = §. Suppose
(mga, My) N (my, Mp) # 0, let y be an element in their intersection. Suppose
mg < my, then my € (mg,y) C (Mg, M,) C A, the last C due to Step 3.
However m;, ¢ A due to Step 4, which is a contradiction. Similarly m;, < mg,
M, < My or My < M, are all impossible, hence (mq, M,) = (my, Mp).

Step 6: Show that |C| < |N|. For every I € C' we can pick some ¢; € INQ,
then I + ¢; is an injection from C to Q. O

Remark 3.2.27. Open subsets of R can be complicated, for example, let 7 be
any bijection from N to Q, then U = (J, cy(i(n) —27",i(n) +27") is a dense
open set in R but the total length of the disjoint open intervals that form U is
no more than 4.

3.3 Continuity
3.3.1 Definitions and Basic Examples

Definition 3.3.1. Let (X,d) and (Y, d’") be two metric spaces, f : X = Y a
map.

e We call f to be continuous if for any open set U C Y, its preimage
f7YU)={z € X : f(z) € U} is open in X.

e We call f to be continuous at x € X if for any open set U C Y, if
f(z) € U, then there is an open set V C X such that z € V and f(V) C U.

Remark 3.3.2. The definition of continuity above is equivalent to “preimages
of closed sets are closed”.

Example 3.3.3. e Constant maps are continuous.
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e Any map from a metric space with discrete metric to another metric space
is continuous.

e Identity map is continuous as a map from (X,d) to (X,d). However, if
d # d', idx is not necessarily continuous as a map from (X, d) to (X, d’).
For example X = R, d is the Euclidean metric and d’ the discrete metric.

e If (X,d) is a metric space, A C X, the inclusion map is continuous as a
map from (A4,d|axa) to (X,d).

o If (X,d), (Y,d) are metric spaces, the map (x,y) — z is continuous from
(X xY,dsyp) to (X,d). Here dg,), is as defined in Theorem [3.1.10

e If (X, d) is a metric space, S a non-empty set, s € S, then fs : f — f(s)is
continuous from (BF (S, X), dsyp) as defined in Theorem to (X, d).

Remark 3.3.4. From definition, it is evident that compositions of continuous
maps must be continuous. And if f : X — Y is continuous at z € X, g:Y — Z
continuous at f(z), then g o f is continuous at x. As a consequence, we have

o If f: X — Y is continuous, Z C X a subspace, then f|z : Z — Y is
continuous as well.

elet f: X =Y, f(X)C ZCY, then f seen as a map from X to Y is
continuous iff it is continuous as a map from X to Z. Here the “only if”
part follows from Theorem

3.3.2 Localness and ¢ — §

Theorem 3.3.5. f: X — Y is a continuous map from metric space (X, d) to
metric space (Y, d’) iff it is continuous at every z € X.

Proof. Suppose f is continuous, then for every x € X, every U C Y that
contains f(x), f~1(U) is an open set in X that contains z and f(f~*(U)) C U.
Hence f is continuous at z. On the other hand, if for every z e X, fis

continuous at x, then for any open set U C Y, for any z € f~Y(U), f(= ) eU,
hence there is an open set V, in X such that z € V, and f(V,) C U, which
implies V,, C f~1(U). This implies that f~1(U) = Uzes-1(r) Ve, hence f “LU)
must be open due to Theorem [3.2.8 O

Remark 3.3.6. It is evident from definition, that if U C X is open, x € U,
then f is continuous at x iff f|y is continuous at . Hence, if X = JC and C is

a set of open subsets in X, then f: X — Y is continuous iff f|y is continuous
for all U € C.

Example 3.3.7. A map f : X — Y is called locally constant if for every
x € X, there is an open set U containing z such that f|y is constant. Remark
3.3.6] implies that any locally constant function is continuous.

Definition 3.3.8. Let f: X — Y be a map, A C X, we say f is continuous
on A iff f is continuous at every a € A.
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Theorem 3.3.9. f: X — Y is continuous at « € X iff for any € > 0, there is
some § > 0, such that f(Bx(z,0)) C By (f(x),€).

Proof. Firstly we prove the “only if” part. Suppose f is continuous at x,
the open ball By (f(z),€) is an open set (due to Theorem that con-
tains f(x), hence there must be an open set V' C X containing x such that
f(V) C By(f(x),€). The openness of V implies that there must be some 6 > 0
such that Bx(z,d) C V, hence f(Bx(z,06)) C By (f(z),€).

Now we prove the “if” part. Let U be an open set containing f(x), there is
some € > 0 such that By (f(z),€¢) C U. By assumption there is some § > 0 such
that f(Bx(z,0)) € By(f(z),e) C U, and Bx(z,d) is open due to Theorem
3.2.0l O

An immediate consequence of Theorem and Theorem is the fol-
lowing:

Theorem 3.3.10. A map f from (X, d) to (Y, d’) is continuous iff for any z € X,
for any € > 0, there is some ¢ > 0 such that for any =’ € X, if d(z,2") < § then

d'(f(z), f(z)) <e. O

Remark 3.3.11. A consequence of Theorem [3.3.10]is that if a map from (X, d)
to (Y,d’) is Lipschitz (or L-Lipschitz), i.e. there is some L > 0, such that for
any z,y € X, d'(f(x), f(y)) < Ld(x,y), then it is continuous. In particular, if
d and d’ are two metrics on X, and there is some ¢ > 0 such that d’ < cd, then
idx as a map from (X,d) to (X,d’) is continuous.

Example 3.3.12. The identity map as a map from (R", dgyciia) to (R™, dsup)
is 1-Lipschitz, its inverse is y/n-Lipschitz, hence both are continuous.

Definition 3.3.13. If a bijection between two metric spaces and its inverse are
both continuous we say it is a homoemorphism.

Example 3.3.14. e Let (X, d) be a metric space, © € X, then the function
d; : X — R defined as d.(y) = d(z,y) is 1-Lipschitz hence continuous.

e Let (X,d) be a metric space, the function (z,y) — d(z,y) from (X X
X, dsup) to R is 2-Lipschitz, hence continuous.

3.3.3 Real Valued Continuous Functions

The continuity of maps to R can often be established via Theorem [3.3.10] Re-
mark or the following theorem:

Theorem 3.3.15. A function f from a metric space (X,d) to R is continuous
iff f71((—o0,a)) and f~1((a,0)) are both open in X for all a € R.
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Proof. By Theorem [3.2.16] any open subset of R can be written as a union of
open balls of the form (z —r, 2 4+ r) for some 2 € R, r > 0. Hence the Theorem
follows from the fact that (z —r,z+7r) = (—oco,z+7r)N(x —r,o0) and Theorem
and Theorem O

Example 3.3.16. Consider function sin : R — R.
|sin(a) — sin(b)| = |2sin((a — b)/2) cos((a +b)/2)| < |a — Y]
Hence it is 1-Lipschitz hence continuous.

Example 3.3.17. We can also use these to show that sums, products and
quotients of continuous functions are continuous. For example, if (X,d) is a
metric space and f,g: X — R are both continuous, we will show that so is fg:

e Proof1: Let x € X, forany e > 0,let ¢ = min(m, 1). Because
f is continuous, there is some ¢; > 0 such that f(Bx(z,d1)) C (f(z) —
€, f(z) + €). Similarly, there is some d2 > 0 such that g(Bx(z,d2)) C
(9(x) — €,g(x) + €). Let 6 = min(dy,d2) > 0, then for any 2/ € X, if
d(z,z") < §, we have

| ()g(x) — f(z")g(«")]

< (@) - )o@ + | @)lg(@) — g@)] + 1 £(@) — F)lg(x) — g(a)
elg(=)] e £ () e -
ST@I+ 1@ +1  F@l+19@+1 @ +lg@+1

o Proof 2: Let U, = {z € X : f(z)g(x) > a}, Ly = {x € X : f(x)g(x) <
a}. We only need to show that for all @ € R, U, and L, are both open.

€

— When a = 0:
Uo = (f71((0,00)) Ng™((0,00))) U (1 ((=00,0)) N g™ ((~00,0)))
Lo = (f71((0,00)) g™ ((—00,0))) U (f 7 ((=00,0)) N g~ ((0,00)))
— When a > 0:
Us = (U ((s,00) N g™ ((a/s,00)))

s>0

U(J (P (=00, ) Ng™ (=00, a/5))))

s<0

Lo=LoU (| ((=s.5) ng~ ((~a/s,a/9))))

s>0

— The case when a < 0 is similar.

There is a key property for continuous functions on R:
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Theorem 3.3.18. (Intermediate Value Property) If f : [a,0] = R is a
continuous map, f(a) < m < f(b) or f(b) < m < f(a), then there is some
¢ € (a,b) where f(c) =m.

Proof. We only prove the case when f(a) < m < f(b) as the other case is
completely analogous. Let g : R — R be defined as

fl@) w<a
g@) =4 f(b) ==b
flz) a<z<bd

Then g is also continuous, which can be shown either with Theorem |3.3.10[or by
writing ¢ as the composition of f and a 1-Lipschitz map x — min(b, max(a, x)).

Let ¢ = sup(g~*((—o0,m])). Then because g~*((—o0,m]) is closed, Theorem
3.2.24] implies that ¢ € g=*((—o00,m]), hence g(c) < m. If g(c) < m, then ¢ <
Sup(g~((—00,m))) < sup(g=1((~o0,m])) = ¢, hence ¢ = sup(g=((—00,m)).
But g~ ((—o00,m)) is open, this contradicts with Theorem [3.2.24 O

3.4 Compactness
3.4.1 Definition and Basic Properties

Definition 3.4.1. A metric space X is called compact, if for any set C' of
open subsets that satisfies | JC = X, there is a finite subset C’ C C such that

Uc' = X.

Remark 3.4.2. A set of open sets whose union is X is called an open cover of
X. Hence, the definition above can be stated as “every open cover has a finite
subcover”.

Example 3.4.3. A discrete metric space (X, dg;sc) is compact iff X is a finite
set.

Theorem 3.4.4. A metric space (X, d) is compact iff any set C' of open balls
whose unions is X has a finite subset C’ whose union is X.

Proof. The “only if” part is due to the fact that open balls are open. For
the “if” part, let C7 be any open cover of X, for every = € X, there is some
U, € C; such that « € U,, hence there is some r, > 0 such that Bx(x,r;) C Uy,
and {Bx(z,7;)} is now a set of open balls whose union is X. By assumption,
there are finitely points @1, ...,z, € X such that X = {J;_, Bx(z;,75,), hence
{Us,,...,Us,} is a finite subcover of C;. O

Example 3.4.5. Theorem [3.4.4] and Theorem [2.5.2] implies that finite closed
intervals are compact.

Theorem 3.4.6. Any compact metric space has finite diameter.
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Proof. Let x be a point in a compact metric space (X, d). Let C = {B; : i € N},
where B; = Bx(z,i+1). Then X = |JC due to Theorem hence there is
a finite subset C" = {B;,,..., B;,} € C such that X = |JC' = Bpax(
hence diam(x) < 24 2max(iy,...,i,) due to Remark

01,eenyin )

Theorem 3.4.7. If (X, d) is a metric space, A C X. Then if A under subspace
metric is compact then A is closed in X.

Proof. We only need to show that for any p € X\ A, there is some r > 0 such
that AN Bx (p,r) = 0. If this is not true, let U, = {¢ € A : d(¢q,p) > %—1—1}7 then
C = {U, : n € N} is an open cover of A that does not have a finite subcover. O

3.4.2 Compactness of images and subsets

Theorem 3.4.8. If f : X — Y is continuous, X is compact, then so is f(X).

Proof. Let C be an open cover of f(X). Because the map f : X — f(X)
is continuous, {f~1(U) : U € C} is an open cover of X. Compactness of X
implies that there are f~1(Uy),..., f~(U,) whose union is X, hence f(X) =
U;L:1 Ui. N

As an application we have:

Theorem 3.4.9. Let (X, d) be a non-empty compact metric space, f: X = R
a continuous function. Then f reaches its maximum and minimum, i.e. there
are T, £ € X such that for any 2’ € X, f(xn,) < f(y) < f(zum).

Proof. By Theorem f(X) is compact. By Theorem it has supre-
mum and infimum. By Theorem [3.4.7] it is closed, hence by Theorem [3.2:24]

sup(f(X)) € f(X), inf(f(X)) € f(X). O
Theorem 3.4.10. A closed subset of a compact metric space is compact.

Proof. Let V be a closed subset of a compact metric space (X,d), C' an open
cover of V. For every U € C, by Theorem let U’ be an open set in X
such that U' NV =U. Then {U’: U € C} U{X\V} is an open cover of X, by
compactness it has a finite subcover. The non-empty intersection of elements
in this finite subcover with V' gives us a finite subcover of C. O

3.4.3 Compactness of subsets of R"

Theorem 3.4.11. Let (X, d) and (Y,d’) be two compact metric spaces, then
(X x Y, dsyp) as defined in Theorem [3.1.10|is also compact.

Proof. 1t is easy to see that
Bx«y((a,b),r) = Bx(a,r) x Bx(b,r)

Suppose C' is an open cover of X x Y. For every (z,y) € X xY, let Uy,
be an element in C that contains (z,y), and 7., > 0 a number such that
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Bxxy((#,9),72,y) € Uz,u € C. Hence, for every x € X, the set {By (y,72,) :
y € Y} is an open cover of Y. Hence there must be finitely many points
Yods-- Yz, sSuch that Y = " By (Yz,is T2y, ). Let rp = min{ry,, , i =
1,...,n;}. Then

Bx(2,72) x Y C | Bxy (#,42,0): Ta.y..)
1=1

Because 7, > 0 for all #, X = J,y Bx(2,7,). Compactness of X implies that
there must be finitely many xz1,...,2,, € X such that X = U]m:1 Bx(z5,74,).
Hence

m  Te; m Mej
X XY = U(U BXXY((Ij7yﬂiji)7’r$jvyacj,i)) - U U ijyymj,i
j=1 i=1 j=1i=1
The set {U,,, Ve, .} € C is a finite cover. O

Theorem 3.4.12. Let a; < b; be n pairs of real numbers, the set []\_; [a;, b;] C
R™ is compact.

Proof. Example and Theorem shows that this set as a subspace

of (R",dsyp) is compact. Example [3.3.12] and Theorem shows that it is
compact as a subspace of R” with Euclidean metric. O

Combining Theorem [3.4.6), Theorem [3.4.7], Theorem [3.4.12f and Theorem
B.410 we have:

Theorem 3.4.13. A subset of R™ is compact iff it is bounded and closed.
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4 Sequential Limit

4.1 Definition and Basic Properties

Definition 4.1.1. Let (X, d) be a metric space.

e A Sequence on X is a function from N to X. We often write the param-
eter in the function in the subscript, and denote a sequence as something
like {ay}.

e Let {a,} be a sequence. We say that b is the limit of {a, }, denoted as
lim,, o a, = b, iff for any € > 0, there is some N € N such that for all
n € N, if n > N then d(ay,b) < e.

e If a sequence has a limit we say it converges. Otherwise we say it di-
verges.

Example 4.1.2. e The constant sequence a,, = ¢ has limit c.
e In R, the sequence a,, = 27" has limit 0.

Theorem 4.1.3. Let (X,d) be a metric space. If a sequence {a,} on X has a
limit, then the limit must be unique.

Proof. Suppose lim,, o0 ay, = b, lim,, o a,, = c¢. For any € > 0, there is some N
such that if n > N, d(ay,b) < €/2, There is also some N’ such that if n > N,
d(an,c) < €/2. Let N” = max(N, N')+1, then d(b,c) < d(b,an)+d(c,an») <
€, hence d(b,c¢) = 0 because the only real number in [0,1) smaller than all
positive real numbers is 0. Hence b = c. O

Theorem 4.1.4. If sequences {a,} and {b,} on a metric space (X,d) differ
at only finitely many places, then {a,} converges iff {b,} converges, and when
they converge they have the same limit.

Proof. Let M be the largest natural number where a,; # bys. Suppose lim, o0 @, =
¢, then for any € > 0, there is some N such that n > N implies d(a,,c) < e.
Hence for any n > max(N, M), d(b,,c) < e. Hence lim,,_,o b, = c. O

4.2 Limit and Continuity

Theorem 4.2.1. Let (X,d) be a metric space, A C X a non-empty subset.
Then

e A is open iff for any sequence {a,} on X, if lim, o a, € A then a, € A
for all but finitely many n. (i.e. there is some N € N such that n > N
implies a,, € A.)

e A is closed iff for any sequence {a,,} on X, if a,, € A for all n, lim,,_, o an
exists, then lim,,_, o a, € A.
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Proof. e Suppose A is open. If lim, ,,, a, = m € A, there is some ¢ > 0
such that Bx(m,e) C A. Hence the existence of such N follows from the
definition of limit. On the other hand, if A is not open, then there is some
x € A where for any r > 0, Bx(z,r) € A. Let a,, € Bx(x,27™)\ 4, then
a, ¢ A for all n and lim,,_, . a, € A.

e Suppose A is closed, then X\ A is open, hence any sequence with limit in
X\ A must be in X\A for infinitely many n. As a consequence, if a, € A
for all n then lim,,_,~ a, can not be in X\ A. On the other hand, if A is
not closed, then there is some x ¢ A where for any r > 0, Bx (x,r)NA # (.
Let a,, € Bx(z,27™) N A, then {a,} is a sequence in A whose limit is not
in A.

O

Remark 4.2.2. Let x be a point in a metric space (X, d). If there is some r > 0
such that Bx(x,r) = {x}, we call 2 an isolated point. Theorem implies
that if x is an isolated point then any sequence {a,} convergent to x must have
a, = x for all but finitely many n. Also, any function from X to another metric
space Y must be locally constant at « hence continuous at x (Example .
This is an example for the Theorem below.

Theorem 4.2.3. Let (X,d) and (Y,d’) be two metric spaces, f : X = Y a
map, then the followings are equivalent:

1. f is continuous at x € X.
2. {a,} is a sequence on X. If lim,, o a, = x, then lim, o f(a,) = f(z).
3. {ay,} is a sequence on X. If lim,, ., a, = x, then {f(a,)} converges.

Proof. 1 implies 2: By Theorem for any € > 0, there is § > 0 such that
f(Bx(z,0)) C By (f(x),€). Let N € N be such that n > N implies d(a,,, x) < 4,
the d'(f(ay), f(z)) < €, this shows that lim,, .« f(a,) = f(z).

2 implies 3: This is obvious.

3 implies 1: Suppose f is not continuous at z, then there is € > 0 such
that for any n € N, f(Bx(z,27")) € By(f(x),¢). For every n € N, pick
by, € Bx(z,27")\fY(By (f(z),€)), and let

{bn n is odd
ap =

xr nis even

Then lim,,_, o a, = z while lim,,_,~ f(a,) does not exist. O

Remark 4.2.4. Theorem and Theorem imply that f is continuous
iff it sends convergent sequences to convergent sequences.

Remark 4.2.5. The inclusion map is continuous, hence if a sequence {a,} on
Y C X converges and has a limit b € Y, then its limit in X is also b.
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Theorem 4.2.6. Let P = {0} U {27" : n € N} C R, metric is the Euclidean
metric. Let (X,d) be a metric space, {a,} a sequence on X, b € X. Define
function fup : P — X as f,5(27") = an, fa,5(0) = b. Then the followings are
equivalent:

1. lim, yooa, =b
2. The function f, is continuous.
3. The function f,; is continuous at 0.

Proof. The equivalence of 2 and 3 is due to the fact that 0 is the only non-
isolated point in P (see Remark . 3 implies 1 follows immediately from
Theorem 4.2.3] To show 1 implies 3, for any € > 0, let N € N such that n > N
implies d(an,b) < €, hence f,; sent Bp(0,27V) = {0} U {2™ : n > N} to
Bx (b, €), hence continuous at 0. O

Remark 4.2.7. The set P above is compact due to Theorem (3.4.13] Hence,
the range of any convergent sequence is bounded.

Remark 4.2.8. A subsequence is the composition between a sequence {a,}
and an increasing injection ¢ : N — N, denoted as {a;, }. Theorem and
Theorem [4.2.6]implies that if a sequence converges so is any of its subsequences,
and the limit of the subsequence is the same as the limit of the original sequence.

Definition 4.2.9. If f is a map from a metric space (X,d) to metric space
(Y,d'), z € X is not an isolated point. We say the limit of f at x is b, denoted
as limy,, f(t) = b, iff the function

o(6) = {f(t) t#w

b t==x
is continuous at x.

Remark 4.2.10. When z is a non-isolated point in X, there is a sequence {a, }
convergent to x such that a,, # z for all n. Hence lim;_,, f(¢) is unique when it
exists.

4.3 Cauchy Sequences

Definition 4.3.1. A sequence {a,} on a metric space (X, d) is called a Cauchy
sequence if for any € > 0, there is some N € N, such that for any m,n > N,
d(am,an) < €.

Theorem 4.3.2. Any convergent sequence is a Cauchy sequence.

Proof. Suppose lim,, o, a, = b. For any € > 0, there is some N € N such
that n > N implies d(a,,b) < ¢/2. Hence for any m,n > N, d(am,a,) <
d(am,b) + d(an,b) <e. O
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Theorem 4.3.3. A closed subset of a complete metric space is complete.

Proof. Let (X,d) be a complete metric space, V' C X closed. Then for any
Cauchy seqeuence {a,} on V, completeness of X implies that it converges to
some b € X, and Theorem implies that b € V. O

Theorem 4.3.4. Let (X,d) be a metric space, if A C X is complete under
subspace metric, then A is closed.

Proof. Suppose not, Theorem implies that there will be a sequence {a, }
on A which converges to some b € X\ A. Theorem implies that {a,} is a
Cauchy sequence, hence A is not complete. O

Theorem 4.3.5. Let (X, d) be a metric space. If there is some r > 0 such
that any closed ball with radius » in X is compact, then (X, d) is complete. In
particular, any compact metric space is complete.

To show this we first need the following Lemma:

Lemma 4.3.6. Let {a,} be a Cauchy sequence on metric space (X,d), r > 0,
then there is some z € X such that for all but finitely many n, a,, lies in the
closed ball centered at x with radius r.

Proof. Let N € N satisfies that for all m,n > N, d(am,,a,) < r, then for all
n> N, a, € Bx(any1,7). O

Lemma 4.3.7. Let {a,} be a sequence on a compact metric space X, then
there is some x € X such that for any r > 0, any m € N, there is some n > m
such that a,, € Bx(x,7).

Proof. If this is not true, then for every z € X, there is some r, > 0, m, €
N, such that if n > m, then a, ¢ Bx(z,7:). X = U,cx Bx(x,72), hence

compactness of X implies that there must be z1,...,zx € X such that X =
Ule Bx (z;,ry;). Let n = max{mg,,...,my, } + 1, then a, can not be in X, a
contradiction. O

Proof of Theorem[4.3.5. By Lemma we can assume without loss of gener-
ality that {a,} lies on a compact closed ball B C X. Now apply Lemma m
we can get a point z € B that satisfies the conclusion of Lemma We will
now show that lim, ., a, = z. For any € > 0, let N be such that m,n > N
implies d(am, an) < €/2. Let n’ > N be such that d(a,/,z) < €/2, then for any

n> N, d(an,z) < d(an,an) + d(an, x) < €. O
Example 4.3.8. e Theorem [4.3.5| implies that any discrete metric space is
complete.

e Theorem [4.3.5| implies that R is complete.

e Theorem implies that Q or (0,1) under Euclidean metric are not
complete.
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Remark 4.3.9. Unlike compactness, completeness is not preserved by home-
omorphisms. For example (0,1) and R are homeomorphic, the former isn’t
complete while the latter is.

Theorem 4.3.10. Let (X, d) be a complete metric space, S a non-empty set.
Then (BF(S,X), dsyp) is also complete.

Proof. Let {a,} be a Cauchy sequence in BF(S,X). For any s € X, any
m,n €N, d(am(s),an(s)) < dsup(@m,an), hence {a,(s)} is a Cauchy sequence
on X. By completeness of X there is some bs € X where lim,,, o ay,(s) = bs.
Now define b : S — X as s — bs, we need to show b € BF(S,X) and

lim,, o0 G, = b.

Step 1: We first show that b € BF(S,X). Let so € S. Let N € N sat-
isfies that for any m,n > N, dsup(@m,an) < 1. any1 € BF(S,X) implies
that diam(an+1(S)) = D < oo, hence an11(S) € Bx(an+1(so), D + 1). For
any s € S, any n > N, {a,(s)} lies in the closed ball with radius 1 centered
at ant1(s), hence d(b(s),an+1(s)) < 1, hence b(S) C Bx(an+1(s0), D + 2),
diam(b(S)) < 2D +4 < co.

Step 2: We now show that lim,, ,. a, = b. Let € > 0, pick N € N such that
when n,m > N, dsyp(am, an) < €¢/3. Now for any s € S, when n > N, a,,(s) lies
in the closed ball centered at ay1(s) with radius €/3, hence by Theorem
b(s) = limy,— 00 Gy () is in this closed ball with radius ¢/3 centered at ay+1(s) as
well. Hence any n > N, d(an(s),b(s)) < d(an(s),an+1(8)) +d(an+1(s),b(s)) <
2¢/3, hence dsup(an,b) < 2¢/3 < e. This means that lim,, o an, = b. O

Remark 4.3.11. When S is an infinite set and X = R, BF(S, X) is complete
but does not satisfy the assumption of Theorem In particular, for any
r > 0, the closed ball B, centered at 0 with radius r is not compact.

To show this, suppose B, is compact, let ¢ : N — S be an injection, consider
sequence {f,} on B, defined as

oo dr s=1i(n)

Then Lemma [4.3.7 implies that there must be some g € B,. such that for all but
finitely many n, dsup(g, fn) < r/3, which is impossible.

4.4 Uniform Convergence

Theorem 4.4.1. Let (X,d), (Y,d') be two metric spaces, BF(X,Y) be the
set of bounded functions (i.e. functions with bounded image). For any z €
X, let C, = {f € BF(X,Y) : fiscontinuous at z}, then C, is closed in
(BF(X,Y),dsup).
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Proof. Suppose f € BF(X,Y)\C,, then there is some e > 0, such that for
any r > 0, there is some z]. € (Bx(z,r)) such that d'(f(z.), f(z)) > €. Let

g€ BBF(X,Y) (fv 6/3)v then d/(g(.ﬁ;), g(ﬂ?)) 2> 6/37 hence BBF(X,Y)(fa 6/3)001 =
0. O

Remark 4.4.2. Let BC(X,Y) be the set of bounded continuous functions from
X to Y, then BO(X,Y) = J,cx C» hence is closed in BF(X,Y).

Remark 4.4.3. By Theorem and Remark as well as Theorem 4.3.10
and Theorem C; and BC(X,Y) are both complete under dgyp.

Definition 4.4.4. Let (X, d) be a metric space, S # (). A sequence of maps
fn S — X are said to converges uniformly to a map f: S — X, if for any
€ > 0, there is some N € N such that for any natural number n > N, any s € S,
d(fn(s), f(s)) < e. Tt is said to be uniformly Cauchy, if for any € > 0, there
is some N € N; such that for any s € S, any m,n > N, d(fn(s), fm(s)) <e.

Lemma 4.4.5. Let (X,d) be a metric space, d; = min(d, 1), S a non-empty
set, {zn} a sequence in X, and {f,} a sequence of functions from S to X. Then:

1. The sequence {z,} is Cauchy in (X, d) iff it is Cauchy in (X, d;).

2. The sequence {z,} converges to b € X under metric d iff it converges to
b under metric d;.

3. The sequence {f,} is uniformly Cauchy in (X, d) iff it is Cauchy in (X, d;).

4. The sequence {f,} converges to f € Map(S,X) under metric d iff it
converges to f under metric d;.

Proof. To prove 1, if {z,} is Cauchy in (X,d), for any ¢ > 0, there is some
N € N such that m,n > N implies d(z,, 2, ) < €. Hence, as long as m,n > N,
dy(Tm, xn) < d(Tm,xs) < €. On the other hand, if {a,, } is Cauchy under (X, d;),
for any ¢ > 0, let N € N such that when m,n > N, di(z,,z,) < min(1,e€).
Then d(@m,, zy) < min(l,e) <e.

The proofs of the other statements are all analogous. O

Remark 4.4.6. Part 2 of Lemma implies that the identity map is an
homeomorphism from (X, d) to (X, min(d, 1)).

Theorem 4.4.7. If (X,d) is a complete metric space, f, : S — X a sequence
of functions, then if {f,} is uniformly Cauchy then it converges uniformly to
some f:5 — X.

Proof. If {f,} is uniformly Cauchy, it is uniformly Cauchy as a sequence of
maps from S to (X, min(d, 1)), hence by Lemma a Cauchy sequence in
BF(S, X) where the metric on X is min(d, 1). By Theorem @ it converges
uniformly to some function f from S to X. Apply Lemma [4.4.5 again we get
the conclusion of this theorem. O
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Theorem 4.4.8. (Uniform Convergence Theorem) If (X, d) and (Y, d’) are two
metric spaces, f, : X — Y converges uniformly to some f: X — Y.

1. If f,, are all continuous at some z € X, then so is f.
2. If f, are all continuous, then f is continuous as well.

Proof. By Lemma {fn} converges to f under d,,, as bounded functions
from X to (Y,min(1,d’)). To prove the first statement, suppose all f, are
continuous at z as maps from (X, d) to (Y,d’), then by Remark they are
continuous at x as maps from (X, d) to (Y, min(1,d’)). By Theorem and
Theorem [4.2.1] f is continuous at x as a map from (X, d) to (Y, min(1,d’)). By
Remark [4.4.6| it is continuous at x as a map from (X, d) to (Y, min(1,d’)). The
proof of the second statement is similar, just replace Theorem above with

Remark |4.4.2] O
Example 4.4.9. Consider real-valued functions on [0,1] f, : © — z™. Here
0 1
we set 20 = 1 for all z, and g(z) = ) v L Then for any = € [0,1],
xr =

lim,, 00 fn(x) = g(x), but f,, does not converge uniformly to g on [0, 1]. How-
ever, for any 0 < r <1, fy|o,r does converge uniformly to gl -

Example 4.4.10. As an example of Theorem let {am, n} be a map from
N x N to R. If lim,, 00 Gm,n = Gm, and for any € > 0, there is some N € N such
that for m,m’ > N, for any n, |am.n — @Gm/ | < €, then

lim lim an, = lim lim ap,
m—00 N—00 n—r00 M—>00
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5 Sequences and Series in R

Now we will apply techniques developed in previous lectures to study the con-
vergence of sequences and series on R.

5.1 Monotone convergence, upper and lower limit

Theorem 5.1.1. (Monotone Convergence Theorem) Let {z,} be a sequence
on R.

1. If 2,41 > x,, for all n, and there is some M € R such that z,, < M for all
n, then {x,} converges, and lim,,_, o, ©, > x, for all n € N.

2. If x,41 <z, for all n, and there is some m € R such that m < z,, for all
n, then {z, } converges, and lim,, o ©, < x, for all n € N.

Proof. We only need to prove Part 1, and Part 2 follows from Part 1 if one
replaces {x,} with {—z,}.

By assumption, the set X = {x,, : n € N} has an upper bound hence has the
smallest upper bound, denote it as . Now for any € > 0, if X N (z — ¢, z] = 0,
then z — € is another upper bound of X, which contradicts the minimality of
z. Hence X N (z — €,] # 0, in other words, there is some N € N such that
rx—e<axy <z Henceforanyn >N,z —e<zy <z, <z, |z, — 2| <e This
shows that lim,,_, T, = . O

Definition 5.1.2. Let {z,} be a sequence on R. Suppose {z, : n € N} has
upper and lower bound in R. Then:

e The sequence y,, = sup({z; : j € N,j > n}) is decreasing and has a lower
bound, hence has a limit, denoted as limsup,,_, ., ©5, called the upper
limit.

e The sequence z, = inf({z; : j € N,j > n}) is increasing and has an upper
bound, hence has a limit, denoted as liminf,,_,. z,, called the lower
limit.

Example 5.1.3. Let z, = (—1)", then

limsupzx, =1
n—oo

liminf z,, = —1
n— o0

Example 5.1.4. Let x,, = sin(n). Then we can show that sup{sin(j) : j >
n} =1 for all n € N, which implies that limsup,,_, . sin(n) = 1.

Because sin(n) < 1, for all n, sup{sin(j) : 7 > n} < 1. To show that

this supremum equals 1, we only need to show that for any e¢ > 0, there is
some k € N, some j > n, such that [j — (2k7 + 3)7| < e. Pick M € N
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such that ¢ > 1/M. Now consider the sequence {2lm — |2l7|}. Because 7
is irrational, the terms of these sequence are all distinct, and they all lie in
a finite interval [0,1), hence pigeon hole principle implies that there must be
I < U such that |(2lr — |2Ix]) — (2U'm — [2U'7]|)| < &, which implies that
(' = 1) — [2n(V = 1)] < <. Now consider the sequence {(2n + 2k(I' — 1) +

D)m—[(2n+2k(I' — 1)+ 3)7]}, there must be some natural number k < M such

that (2n 4+ 2k(l' —1) + )7T —(2n+2k(l' = 1) + 3)7] < 7, and we can then let
j=Cn+2k(l —1)+ %)WJ.

Remark 5.1.5. A bounded sequence {z,} in R converges iff lim sup,, , ., &, =
liminf,, . z,.

5.2 Series

Definition 5.2.1. Let {a,} be a sequence in R.

e The sequence s,, = Z?:o an is called the partial sum.

o If {s,} converges, we denote the limit as the sum of infinite series
Zfio a;, and say the series converges. Otherwise we say the series di-
verges.

The fact that R is complete implies the following:

Theorem 5.2.2. A sequence {z,} converges iff it is a Cauchy sequence, i.e.
for any € > 0, there is N € N such that for any m,n > N, |2, — x| < €.

O
Apply Theorem to the sequence of partial sums s,, we get:

Theorem 5.2.3. A series Y a, converges iff for any € > 0, there is N € N,
such that for any m,m’ > N, m <m/, |3 " a;| <e.
O

Remark 5.2.4. As a consequence of Theorem [5.2.3} if > _, ocoa, converges
then lim, .. a, = 0.

5.2.1 Comparison test

Another consequence of Theorem is the following comparison test for
convergence of series:

Theorem 5.2.5. Suppose |a,| < by, > oo b, converges, then so is Y oo an,
and | Y07 gan| <307 by

Proof. Because |a,| < by, b, > 0 for all n. By Theorem u the fact that
> 0 b,, converges implies that for any € > 0, for any m’ > m > N, E =
> mb| < €, hence for any m’ > m > N, |37 mal\ < Z: \al| <
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Z;im b; < €, hence > °  a, converges by Theorem

For any n € N, any m > n, ..~ b; > > ' ;b;. Because the interval
[ bi,00) is closed and the sequence {37 ) b; }men is on [Y._ b;, 00) for all
but finitely many m, its limit > °_ by = iMoo Do bm > Do bi- Be-
cause | Y0 ga;| <D0 bi <30 b, the convergent sequence {>"1" ) a; }men
lies on closed set [— >0 by, > by], hence its limit Y a, also lies in this

closed set. O
As an application, we have:

Theorem 5.2.6. If Y |a,| converges then so does Y " jay,. In this case
we call the series converges absolutely.

O
A property of absolute convergent series is that the order of summation can
be changed arbitrarily. More precisely,

Theorem 5.2.7. Let o : N — N be a bijection, suppose > > |a,| converges,
then so is Y- 7 ay(n), and

D =D tom)
n=0

n=0
Proof. For any € > 0, by Theorem [5.2.3] pick N’ such that for any m > n > N/,
Z?:n la;| < €/3. Let

N = max{o(0),...,0 " (N')}

Then for any m >n > N,

m
Z o (i)

The last < is because when i > N, (i) > N’. This shows that Y~ ay(n)
converges.

max{o(n),...,c(m)}

m
< Z lag(| < Z lai| <e/3

i=min{o(n),...,c(m)}

Now we show that these two series have the same value. Let S = >~ | ay,.
For any n > max(N, N'),

n N’
Zaa(i) - Zai < Z la;| < €/3
1=0

=0 ] i>N',c-1(i)<n

On the other hand, for all n > N,
n N’
Z a; — Z a;| <¢€/3
i=0 i=0
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So the limit of {}")" ;a;} must also be in the closed ball centered at Z?;O a;
with radius €/3, in other words

N’
ZCLZ'—S §6/3
i=0

Hence by triangle inequality,

zn:an(i) -S| <e
=0

This shows that " ) ap(n) = S. O
Remark 5.2.8. If Y a, converges while > > |a,| diverges, >~ dy(n)
can take any real value, or diverges to infinity or negative infinity.

5.2.2 Power Series

As another application of Theorem [5.2.5] we have:

Theorem 5.2.9. Let {a,} be asequence on R. Suppose M = limsup,, . |a,|"/™.

Then:
1. If |z|M > 1 then Y 2 a,a™ diverges.
2. If |x|M < 1 then > "7 ja,z" converges absolutely.

3. If r > 0and rM < 1, then > 7, a,z™ converges on [—r, 7] uniformly.

Proof. 1. For any N € N, by definition of limsup, Sup{|aj|1/j :j > N} >

M > |1?|, hence there is some n > N such that |a,|'/" > ﬁ7 hence

janz™| = (lan|"/"|])" > 1

This shows that a,z™ does not converge to 0. By Remark[5.2.4] this implies
oo g ana™ diverges.

2. The case when z = 0 is obvious, so we now assume x # 0. By definiton of
limsup, there is some N € N such that

1 1
sup{|a,|/" :n> N} < =(M + —)
2 ||
Let
) lana”| n<N
" GWMz|+ 1) n>N
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Then |a,z™| < b, for all n.

an\|x| + lim Z M|x\+1))
n N+1

N 1 )
:Dan'lxl"ﬂlgg ((;(M|x+1))N+1 <I—<Q<M|x|+1>>l N))

n=0 1—(3(M|z] +1))

— (3(M|z] +1))

uMz

. o0
Hence by comparison test - |anz"| converges.

3. Similar to part 2 above, we can find N € N such that for all n > N ,
|lan Y™ < L(M +1/r). For any € > 0, let N € N satisfies (5 (rM +1))V" <
1(1—rM)e, and let N, = max(N, N’) Then for any m > n > N, then

sup{]| ZGM - Zaz el <r} < Z |ai|r

i=n—+1

m

< i:zn;rl(Mr/Z +1/2) = (Mr/2+1/2)"". 1— (jl\ig/f Lig)m_n

(Mr/2+1/2)"+!
1/2 = rM/2

O

Example 5.2.10. > > o 272::11), converges uniformly on any finite interval.

This is because
0 neven
an =9

a7 n odd

So for any natural number k, any n > k,

1

1
|an| < =<
| kn— Tn—k

lim sup |a, |'/™ < limsup# _1
n— o0 " T n—oo k(n—Fk)/n k
0

Because k can be arbitrarily large, limsup,,_, . |an|"/" =

Example 5.2.11. Y > n%z" "* converges when |z| < 1.
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5.2.3 Summation by Parts
A trick we often use to show convergence of series is the following:

Lemma 5.2.12. Let {a,}, {b,} be sequences of real numbers, 0 < m < n,
S = Zg:o a;. Then Z?:m aibi = Snbn — sm—lbm + Z?;,;L Sz(bl — bi+1).
Proof.

n n n—1
D aibi =Y (si— 8i-1)bi = Subp — Sm-1bm + > _ si(bi = big1)

i=m i=m i=m

As a consequence, we have:

Theorem 5.2.13. Let {a,}, {b,} be sequences of real numbers, let s; =
J_oa;. If there is some M such that |s;| < M for all j, and if b4 < by,
for all n, lim,,_,o by, = 0, then > "7 a,b, converges.

Proof. By Theorem [5.2.3] we only need to show that for any e, there is some N
such that for any N <m <n, |Y."  a;b| <e. Because {b,} is non-decreasing
and lim, s b, = 0, b, > 0 for all n, and there is some N such that when
n>N,0<b, < ﬁ. Because a, = s, — sp—1, and all s; has absolute value
no more than M, |a,| < 2M for all n.

IfN <m=n,

n
€
| Z Clibi| = |U,m||b’m| S 2M - W < €

If N <m <mn, by Lemma [5.2.12

n—1

1) aibil = [snbn — Sm—1bm + Y _ si(b; — bit1))|

n—1
< Isnllbal + [sm-1llbm| + > [sil(bi = bit1)
1=m
n—1
€ €

< . . . h.
,lefwlmM+M;#1mm

€ € € €
= =+ M(bp — bp) < = 4+ Mby, < — + —
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Example 5.2.14. When a,, = (—1)", b,, > 0, Theorem [5.2.13| gives the con-

vergence criteria for alternating series.

Example 5.2.15.

Z sin(7)
i=0

cos(—1/2) — cos(n + 1/2) 1
2sin(1/2) ~ sin(1/2)
Now Theorem |5.2.13| shows that Y~ % converges.

5.3 Discrete L’Hospital’s Rule

" cos(i —1/2) — cos(i +1/2)
Z 2sin(1/2)

=0

Theorem 5.3.1. Let {a,}, {b,} be two sequences of real numbers, b,,1 >

b, > 0 for all n, and {b,} has no upper bound. Then if lim,, Z:E:Z: =1,

then lim,, o * = L.

Proof. For any € > 0, let N be such that when n > Ny, |72H=" — L[| < €/3,

bry1—bn
—Lbn, |

let N be such that N > N; and by > Slan, - . Then for any n > N,

an | _ [lon, — Lby,) + Yo, (@1 = @) = Lbis — b))
by, B by,
n—1
an, — Lbn, (aiv1 —a;) — L(biy1 — b;)
|2 b
i=N;
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6 Differentiation and integration

6.1 Definition of differentiation

Definition 6.1.1. Let f be a real-valued function defined on an open set U C R.
We say that the derivative of f at x € U is L, denoted as f'(x) = L or
4 f|, = L, iff the function

L h=0
o) = {}L<f<:c+h> Cf@) h#0

is continuous at 0.

Remark 6.1.2. By Definition [4.2.9) we can also state this as limj_,o 7 (f(z +
h) — f(z)) = L. If f has derivative on every point in a set A C R we say f is
differentiable on A.

Theorem 6.1.3. (Linear Approximation) f’(z) = L iff for any e > 0, there is
some r > 0, such that when t € (z —r,z + 1),

[f(t) = fz) = L(t — 2)| < €|t — |

Proof. By Definition f'(z) = L iff for any € > 0, there is some r > 0 such
that 0 < [h| < r implies |5 (f(z+h) — f(z)) — L| < €. Replace x4 h with ¢ and
multiply both sides by |t — | one can see that it is identical to the inequality
in the Theorem. O

Remark 6.1.4. An immediate consequence is that if f is differentiable at x
then it is also continuous at x.

Remark 6.1.5. The condition in Theorem can also be written as f(¢) =
f(@) + L(t — z) + o(|t — ).

One can use Theorem [6.1.3] to prove the various properties of derivatives
that we have seen in Calculus. For example the chain rule:

Theorem 6.1.6. Let f, g be two real valued functions on R, f'(z) = L,
9'(f(z)) = L', then (go f)'(z) = L'L.

Proof. Let ri(t) = f(t) — f(x) — L{t — ), ra(t) = () — g(f () = L'(t — f (),
r(t) = 9(f(t) - g(f(x)) — L'L(t — ). Then

r(t) = g(f(2)) + L'(f(t) = f(2)) + r2(f(t) = 9(f(2)) = L'L(t — x)

= g(f(2))+ L' (L(t—a)+ri(t)) +r2(f () + Lt —x) +r1(t) —g(f(2)) — L' L(t —x)
=L'ri(t) +ro(f(x) + L(t — x) + r1(2))
For any € > 0, pick § > 0 such that when ¢t € (z — §,z + J),

T1 (t) <

t—
< gl =l
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Find ¢’ > 0 such that when ¢t € (f(z) — ¢, f(x) + '),

ra(t) < ¢

< m“ — f(=)]

Find 6” > 0 such that when |t — x| < §” then |f(t) — f(z)| < ¢’. Then for any
t € (x — min(d,d”), z + min(d, §”)), we have

r(t) <e/3+¢/3<e¢

6.2 Mean Value Theorem

Theorem 6.2.1. Let f be a real valued function defined on some open set
UCR,zeU.

1. If f/(z) > 0, there is r > 0 such that for any o’ € (z,z + 1), f(2') > f(z),
for any ' € (x —r,z), f(z') < f(x).

2. If f'(x) < 0, there is r > 0 such that for any 2’ € (z, 2+ 1), f(z') < f(x),
for any 2’ € (z —r,x), f(z') > f(x).

3. If f takes maximum or minimum at = (i.e. f(z) = sup f(I) or f(z) =
inf f(I)), then f'(x) =0

Proof. Suppose f'(x) > 0, by Theorem there is » > 0 such that ¢ €
(z —r,z + r) implies

e
50) ~ 1)~ F @) - < T )
Hence f(t) lies in between f’(x) + (t —z) and f'(z) + 3f/2(w) (t — x), which
implies that when © +r > t > =z, (t) f(z), and when =z —r < t < x,
f(t) < f(x). The case when f’(x) < 0 is analogous. Part 3 of the theorem
follows from parts 1 and 2. O

Theorem 6.2.2. (Intermediate Value Theorem for derivatives) If f is differen-
tiable on an open interval I, a < b two elements of I, such that f'(a) < m <
1/ (b), then there is some ¢ € (a,b) where f'(c) = m.

Proof. Consider g(x) = f(z) — mx. g is continuous on compact set [a, b] hence
takes minimum somewhere on [a, b]. It can not take minimum at a or b because
of Theorem g'(a) < 0 and ¢'(b) > 0, hence the minimum has to be taken
at some ¢ € (a,b), hence by Theorem [6.2.1} 0 = ¢'(c) = f'(c) — m. O

Remark 6.2.3. The Theorem is also true if f'(a) > m > f/(b), with an almost
identical proof.
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Remark 6.2.4. The derivative of a function may not be continuous. For ex-

ample
0 z=0
J(@) = {x2 sin(1/23) x #0

The following theorems are usually called “Mean Value Theorem”:

Theorem 6.2.5. If f is a real-valued continuous function that is continuous
on [a,b], differentiable on (a,b), f(a) = f(b), then there is ¢ € (a,b) such that
f'(c) = 0.

Proof. The function f is continuous on compact set [a,b], hence by Theorem

there are xpr, T € [a,b] where f(z,n,) = inf(f([a,b])) and f(zr) =
sup(f([a, b]))-

Suppose both x,, and zp; are in {a,b}, then f is constant and f’(¢) = 0 for
all ¢ € (a,b). If either x,, or x; is in (a,b), by Theorem [6.2.1] f’ is 0 at that
point. O

Theorem 6.2.6. Let f be a real valued function, continuous on [a,b] and
differentiable on (a,b). Then there is some ¢ € (a,b) such that

) —
o - L= 1@
Proof. Apply Theorem to F(x) = f(z) — WJ’J O

Theorem 6.2.7. Let f, g be two real valued functions that are continuous on
[a,b] and differentiable on (a,b). Then there is some ¢ € (a, b) such that

(f(b) = f(a))g'(c) = (9(b) — g(a)) ' (c)
Proof. Apply Theorem [6.2.5] to the function
F(z) = (f(b) = f(a))g(z) — (9(b) — g(a)) f(z)
O

Remark 6.2.8. As a consequence, if on some open interval I we have ¢’ > 0
and ag’(z) < f'(z) < bg'(z), then for any ¢ € I, any x € I we have

17() — 0~ 32 0() — g(e)] < 25 o) ~ o)

6.2.1 L’Hospital’s Rule

Definition 6.2.9. e Let f be a real-valued function defined on (¢, 00). We
say that lim, ,o f(z) = L iff for any e > 0, there is some M € R such
that > M implies |f(x) — L| < e.

ol



e Let f be areal valued function defined on (0, ¢). We say that lim,_,o+ f(z) =
L if for any € > 0, there is § > 0, such that 0 < 2 < ¢ implies | f(x)—L| < e.

Theorem 6.2.10. (L’Hospital’s Rules)

1. Let f, g be differentiable functions on (¢, c0). Suppose g > 0, ¢’ > 0 and

g is unbounded, and also lim,_, % = L, then lim,_, ’gc(—i; = L.

2. Let f,g be differentiable functions on (¢,00). Suppose g > 0, ¢ < 0,
lim, 00 g(x) = limy 00 f(z) =0, and lim, s oo % = L, then lim,_, % =

L.

3. Let f, g be differentiable functions on (0, ¢). Suppose g > 0, ¢’ <0 and g
is unbounded, and also lim,_,¢+ % = L, then lim,_,¢+ % = L.

4. Let f,g be differentiable functions on (0,¢). Suppose g > 0, ¢ > 0
and lim,_,g+ f(z) = lim,_,o+ g(x) = 0, and also lim,_,o+ % = L, then

lim, o+ 25 = L.
Proof. The proof for all 4 states are similar and also all similar to the proof of

Theorem We will only do 2 as an example.

For any € > 0, find M such that when z > M, |£:Ei; — L| < ¢/10. Now for

any x > M, let M’ > x be large enough such that w < 75+ Then

flz) = |f(z) = f(M') = L(g(z) — g(M"))| + |f(M") — Lg(M")| <
g(z) g(z) 5
The last < is due to Remark O

6.3 Definition of integration

Definition 6.3.1. Let I = [a,b] be a finite closed interval. For any finite
subset S of (a,b), the partition induced by S is as follows: suppose S has n—1
elements, ordered from smallest to largest as x1,...,x,—1, then P(S) = (z¢ =
Ay X1y Tp1, Ty = D).

Definition 6.3.2. Let f be a bounded real valued function on [a, b], the upper

sum of f with respect to partition P = (zg,...,z,) is
n—1
U(f,P) =Y (wip1 — @) sup(f([zi, wi11]))
i=0
The lower sum of f with respect to partition P = {zg,...,x,} is
n—1
L(f,P) = Z(%‘H — ;) nf (f ([, 2i41]))
i=0
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Lemma 6.3.3. If S C S’ C (a,b) are two finite sets, then U(f, P(S")) <
U(f, P(S)).
Proof. By induction on the size of S’\S, we only need to show the inequality

for when S’ has one more element than S. Suppose P(S) = (zo,...,zy), and
this extra element &’ is between x; and x4, then

j—1 n—1
U(f, P(S) = > (wap1—i) sup(f ([wi, zia)))+ D (@is1—3) sup(f (@i, 7i11])
i=0 i=j+1

+(2" — x;) sup(f([zj,2])) + (241 — ') sup(f([2', 7541]))
Because
sup(f([z;,2])) < sup(f ([}, 2;11]))
sup(f([2', zj11])) < sup(f([z;, 2j41]))
The sum of the last two terms in the summation formula above is no more than
(zj+1 — ;) sup(f ([}, zj+1])), hence

U(f, P(S) <U(f, P(S))
O

Remark 6.3.4. The same argument can be used to show that if S C S’ C (a,b)
be two finite sets, then L(f, P(S")) > L(f, P(95)).

Theorem 6.3.5. Suppose P and P’ are two partitions of I = [a,b], then
L(f,P) <U(f, P').

Proof. Suppose P = P(S), P = P(5’), then Lemma and Remark
implies that

L(f,P) = L(f,P(5) < L(f,P(SUS") <U(f, P(SUS"))
SU(f,P(S) =U(f,P)

Remark 6.3.6. Theorem implies that
sup{L(f, P) : P partition of I'} <inf{U(f,P) : P partition of I}

Definition 6.3.7. Let f be a bounded real-valued function on finite closed
interval I = [a,b]. If

sup{L(f, P) : P partition of I} = inf{U(f, P) : P partition of I} = C

We call f Riemann integrable on I, and define C' as the Riemann integral
of f on I, denoted as

C’z/lf(a:)dx:/abf(x)dx
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It is easy to see that

Theorem 6.3.8. f is Riemann integrable on I = [a, b], iff for any € > 0, there
is a partition P = (zg,...,x,) of I, such that

n—1

U(f,P) = L(f,P) = > (wiy1 — z;)(sup([zi, 2i41]) — inf ([, 2i41])) < €
1=0

And .
Mﬁﬂg/f@MSUmﬁ

Example 6.3.9. The function f : [0,1] — R defined by

ﬂm={éz;g

is not Riemann integrable, because U(f, P) = 1, L(f, P) = 0 for any partition
P.

6.3.1 Integrability of continuous functions

Definition 6.3.10. Let (X, d), (Y,d’) be two metric spaces. We say a function
f X — Y is uniformly continuous if for any € > 0, there is § > 0, such that
for any p,q € X, if d(p, q) < 6 then d'(f(p), f(q)) <e.

Example 6.3.11. Any Lipschitz function is uniformly continuous. f : (0,1] —
R defined by f(x) = 1/z is continuous but not uniformly continuous.

Theorem 6.3.12. If f : [a,b] — R is uniformly continuous then it is Riemann
integrable.

Proof. For any € > 0, pick natural number N sufficiently large such that when
lo —y| < 52, |f(z) — fy)] < 35-ay- Now apply Theorem using the

partition
b—a 2(b—a)
P= ..ob
<a7a+N+lva+ N—i—l’ 7)

we get U(f,P) — L(f,P) <e. O

Theorem 6.3.13. Let (X, d) and (Y, d’) be two metric spaces, if X is compact
and f: X — Y is continuous then it is uniformly continuous.

Proof 1. For any € > 0, consider the subset V. C X x X defined as

Ve={(a,be X x X : d'(f(a), f(b)) > €}
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We shall show that V; is closed in (X x X, dgyp): for any (p,q) & Ve, by con-
struction d'(f(p), f(q)) < €. Let

, e—d(f(p),[(q)

€ =

3
Let 01 > 0 satisfies d(x,p) < 01 1mphes d(f(x), f(p)) < €, d2 > 0 satisfies
d(z,q) < 02 implies d'(f ( ), f(q)) < €. Then, as long as d(z,p) < min(d1, J2),

d(w’,p) < min(él, (52)
d'(f(x), f(2")) < d'(f(z), f(p)) + d'(f(p), f(q)) + d'(f(q), f(2"))

<d'(f(p), f(q)) +2¢ <e
In other words, B(xxx,d..,)((P;q), min(dy,d2)) N Ve = 0.

By Theorem 1} (X x X,dsyp) is compact, hence by Theorem (3.4.10]

so is V.. The functlon (x y) — d(x,y) is a positive continuous function on V,
(because it is 2-Lipschitz), hence by Theorem it has a positive minimum
0 = d(Tm,Ym), where (m,ym) € Vi. In other words, if d(z,y) < ¢ then
(z,y) & V., hence d'(f(x), f(y)) < e. This shows the uniform continuity of
f O

Proof 2. For any ¢ > 0, any = € X, let r, > 0 satisfies d(z’,z) < r, implies
d'(f(z'), f(x)) < €/2. Then X = |J, .y Bx(z,7:/2). By compactness, there
are finitely many x1,...,z, € X such that |J;_, By(z;,74,/2) = X. Let § =
min{rg,,...,rz, } > 0. For any z,2’ € X, if d(z,z") < §, let x; € {z1,...,70}
such that « € Bx(x;,r;,/2), then

d(x,x;) <1y, /2 <1y,
d(z',x;) < d(w,z;) +d(z',2) <714, /2+0 <71y,

Hence
d'(f(z), fz:)) <e/2
d'(f(2'), f(2:)) < €/2
By triangle inequality d’'(f(z), f(2')) < e. O

Theorem 6.3.14. If f : [a,b] — R is continuous then it is Riemann integrable.
Proof. This follows from Theorem and Theorem [6.3.12] O

Remark 6.3.15. (Please don’t use this fact in HW and exam) One can also
show that a bounded function on a finite closed interval [a,b] is Riemann in-
tegrable iff it is “almost everywhere continuous”, i.e. for any € > 0, there are
countably infinitely many intervals Iy, I, ..., such that Y .o, |I;| < € and f is
continuous at [a,b]\ ;= I;. For example, the function defined on [0, 1]:

o zZQ
f(z) = {q|—1/2 x =p/q,ged(p,q) =1

is Riemann integrable.
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6.4 Fundamental Theorem of Calculus

Theorem 6.4.1. If f : [a,b] — R is Riemann integrable, ¢ € (a,b), then f|4 ¢
and f|cs are both Riemann integrable on [a, c| and [, b] respectively, and

/abf(z)dx_/acf(;z:)dx+/cbf(:z:)dx

Proof. By Theorem for any € > 0 there is a partition P = P(S) such that
U(f,P)—L(f,P) <e
By Lemma [6.3.3] and Remark if P' = P(SU{c}) then
U(f,P") = L(f,P") U(f,P) - L(f.P) <e
In particular, if P’ = (zo = a,...,zx =¢,...,x, =b),let P = (xg =a, -z, =
¢) and P} = (xp = ¢,...,x, = b), then P] and Pj are partitions of [a,c| and

[c, b] respectively, and

U(f,P') = L(f, P") = (U(f, P1) = L(f, P1)) = (U(f, P3) = L(f, P3))

Hence
U(f7P1/)_L(faP1/) <€

U(f, Py) = L(f, P3) <e

These implies that f|, ¢ and f| are Riemann integrable on [a,c] and [c, ]
respectively.

Furthermore, because

b
L(f.P') < / f(x)dz < U(f,P')
L(f.P}) < / " fla)de < U(S, P))

b
L(f.P}) < / f(x)dz <U(f, L)

| / " flayde - / e / " fa)da] < e

Because € can be any positive real number,

/abf(x)dx - /acf(x)da: - /be(x)da? =0

We have
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Furthermore, from the definition of Riemann integrals we can show:

Theorem 6.4.2. If f, g : [a,b] — R are two Riemann integrable functions. If
for any x € [a,b], f(z) < g(x), then

/a " flaydr < / " (@)

Proof. For any ¢ > 0, pick partition P such that U(f, P) — L(f,P) < e. By
definition, L(f, P) < L(g, P), hence

/ f(@)de / g(x)dz < U(f.P) — L(g, P)
U(f,P) — L(f. P)) + (L(f, P) — L(3, P)) < ¢

Because € can be any positive number,
b b
/ f(z)dz < / g(x)dx
a a

Remark 6.4.3. Actually if f(z) < g(z) for all € [a,b] then f; flz)dr <
ffg(x)d:z:, but the proof is far more complicated.

O

Theorem 6.4.4. If f is a real valued continuous function on [a, b], then

F:xH/wf(t)dt

is continuous on [a, b], differentiable on (a,b), and F'(xz) = f(x) for any z €
(a,b).

Proof. f is continuous on compact set hence bounded. Let M be an upper
bound of |f|. For any z,2’ € [a,b], if x < 2’ then

F@) = F@) = | [ 50t < Mla’ ~
in other words F' is M-Lipschitz hence continuous.

For any c € (a,b), any € > 0, let r > 0 satisfies f((c —r,c+ 1)) C (f(c) —
€/2, f(c) + €/2), hence for any 0 < h < r,

c+h c+h
Fle+h) — F(c) = / F(t)dt < / (F(e) + )t = hf(c) + ch/2
Similarly, F'(c+ h) — F(c) > f(¢)h — eh/2. Hence

F(c+h)—F(c)
e r_y,

<e/2<e€

We can similarly prove that the inequality above is true when —r < h < 0,
hence F is differentiable at ¢ and F'(c) = f(c). O
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Theorem 6.4.5. If F is continuous on [a,b], differentiable on (a,b), f is a
Riemann integrable function on [a,b] and F'(x) = f(z) for any = € (a,b), then

b
/ f(z)dz = F(b) — F(a)

Proof. For any € > 0, let P = (9 = a,21,...,2, = b) be a partition of [a, ]
such that U(f, P) — L(f, P) < ¢, then by Mean Value Theorem,

F(b)—F(a):Z(F(:ci) (zi 1) Z Tn—Tp—1) Sup(F'([xn-1,2,])) = U(f, P)

Similarly F(b) — F(a) > L(f, P), hence |f;7 f(z)dx — (F(b) — F(a))| < e. This
proved the theorem. O

Remark 6.4.6. Fi(z) = {02 . v=0 is differentiable on [—1, 1], the
z?sin(1/x) x#0

0 z=0

r?sin(1/2?) x#0

is differentiable on [—1, 1] and the derivative is unbounded hence not Riemann

integrable on [—1,1].

derivative is Riemann integrable but not continuous. Fs(z) =

6.5 Relationship with uniform convergence

Theorem 6.5.1. Let {f,} be a sequence of real valued functions on I = [a, b]
that converges uniformly to g, f, are all Riemann integrable, then so is g.

Proof. g is bounded because all f,, are bounded. For any ¢ > 0, find N such
that dsup(fn,9) < 3375y find partition P of I = [a, b] such that U(fy, P) —

L(fn,P) <¢€/2, then
HU(fn, P) = L(fn, P)| <€
Hence by Theorem [6.3.8] ¢ is Riemann integrable. O

Theorem 6.5.2. Let R be the set of Riemann integrable functions in BF([a, b], R)
(by Theorem R is closed under ds,;). The function I : R — R defined as

f f(z dx is (b — a)-Lipschitz under dy,, on R and Euclidean metric on
R

Proof. 1f dw( ,g) =, then f(x )77’ < g( )< f(z )+r hence this follows from
Theorem and the fact that f )+ c)dx = f f(x)dz + c(b— a). O

An immediate consequence of Theorem and Theorem is the fol-
lowing:
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Theorem 6.5.3. If { f,,} is a sequence of Riemann integrable functions on [a, b],
fn converges to g uniformly, then g is also Riemann integrable and f: g(x)dx =

limy, 00 f; f(x)dz

Example 6.5.4. Let I = [0, 1], consider functions g, f,, on I defined as

=2, ged(p,q) =1,4>0
¢Q

T
T

1
q xzingd(paQ):1a0<q<n
fa(z) =11 N
0  otherwise
Then f, are all Riemann integrable (because they are continuous except for
finitely many points), fol fn =0, and f,, converges to g uniformly. Hence g is

Riemann integrable and fo x)dz = 0.

Example 6.5.5. The functions

nx” x <1
fn:
0 r=1

defined on [0,1] converges to the 0 function pointwise as n — oo, but the
convergence is not uniform. And

n—oo

lim fn x—l#/ Odx

Example 6.5.6. Let R be the set of Riemann integrable functions in BF([a, b], R),
the function J : R — R defined as

0= | o

is also (b — a)-Lipschitz under dg,,. Hence if f,, converges to g uniformly over
[a,b], and f,, are all Riemann integrable, then { f fn(t)dt} converges to f g(t
uniformly.

Theorem 6.5.7. Let I = [a,b] be a finite closed interval, ¢ € I, f, and g
continuous on I and differentiable on its interior. Suppose lim,, . f(c) = g(c),
and f] converges to ¢’ uniformly on the interior of I, then f,, converges to g
uniformly on I.

Proof. For any € > 0, let N satisfies n > N implies |f,(c) — g(c)| < ¢/2, N’
satisfies n > N’ implies | f/ (z) — ¢'(x)| < 3(p=a) for any x € (a,b), then for any
n > max(N, N'), by Theorem for any x # c,

(fn = 9)(@) = (fn = 9)(c) = (x = )(f}, — gn)(d)
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where d lies in between z and ¢, hence is in (a,b). Hence

() = g(@)] < |fnle) = g()] + |z — cl| f1(d) — g, (d)] < e

6.5.1 Application to power series

Consider power series f(z) = Y. " ;an,z™. Theorem implies that if M =
lim sup,,_, o, |an|'/™ < 0o, then for any > 0, if Mr < 1, then the partial sums

pn(z) = D1 a;z’ converges uniformly on [—r, 7] to f(z). Apply Example
to {p,} and f, we get:

Theorem 6.5.8. Let f(z) => 7 a,z", r >0 and rlimsup,_, |t/ <1,
then for any x € [0, 7],

For any z € [—r,0],

O

Remark 6.5.9. When a > b, we often denote — [, f(z)dz as f f(z)dz. Hence
the above theorem can be stated as

! _Oo An  n+1
/Of(t)dt—nz_%n_’_lx

Furthermore, one can verify using definition of lim sup that

lim sup |a,|Y/" = M

n—oo

iff for any € > 0, there is some N such that for any n > N, |a,|'/" < M +e¢, and
there is some m > n such that |a,,|"/™ > M —e. Because lim,, o (n4+1)/" =1,

limsup |(n + 1)an 1|V = M

n—o0

Hence p), () also converges uniformly on [—r, 7] to >° ((n + 1)anp412™.

Because Yo~ ,(n + 1)a,412™ is continuous, by Theorem there is some
function g continuous on [—r, 7| such that ¢'(z) = Y07 (n + 1)a,412™ for
x € (—r,r) and g(0) = ag. By Theorem P, converges to ¢ uniformly on
[—7, 7], hence g = Y ° ja,z™ = f. This shows that
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Theorem 6.5.10. Let f(z) = 30"  a 2™, v > 0 and 7 limsup,,_, ., [an|V/™ < 1,
then for any x € (—r,r)

o0

f(z) = Z(n + Dapy12"

n=0

Example 6.5.11. When |z| < 1,

1 - n, n
1—|—x:z(71) v

By Theorem [6.5.8] for any 0 < r < 1,

log(1+7r) = Z 7(_1)71_17""

Given any € > 0, if % < €/3, then by alternating series test (from what you
might have seen in Calc 2, or you can also deduce this by using summation by

parts)
0 1 n—1 N -1 n—1
ST R
n=1 n n=1
and for all 0 < r < 1,
e nfl rr N n 1 rr
.

Furthermore, there is some § > 0 such that when r € (1 —4,1),

N (_ n—1 N n 1 rn
Z Z <e€/3
n=1 n=1
This shows that for all r € (1 —9,1),
&0 -1 n—1
Z%—log(ur) <e
n=1

This is only possible when

> % = log(2)

n=1
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6.6 Taylor’s Theorem
Definition 6.6.1. The n-th order derivative of a function f is defined as
1=
o = (5
Let f be a function with n-th order derivatives on (—r,r), then

noofn)

n!
i=0

has n-th order derivatives on (—r,r), and all of its higher order derivatives up
to order n are 0 at 0. This is called the n-th Taylor remainder of f, denoted
as R, and Taylor’s Theorems are different ways of estimating this R,,.

Theorem 6.6.2. If f has n + 1-th order derivative on (0,x), then there is
¢ € (0,z) such that
f(nJrl) (C)anrl
 (n+1)!
When n = 0 one can see that this just reduces to Theorem [6.2.6]

Proof. Apply Theorem to f(r) = R,(z) and g(z) = 2", then we get ¢
between 0 and x such that

(n +1)ef (Rn(2) — 0) = By, (1) (@™ = 0)

R, (x)

> Ru(2) Ry(c1)
n (L n\C1
pntl = (n + 1) c”
1
Apply Theorem to f(x) = R (z) and g(z) = z™, we get c3 between 0 and
c1 such that

Ri(cr) _ Rifea)

cr et
Repeat this process, we get
Ry (x) R, (c1) Ry (c2)
) =n+1)—"———=n+1)n——m-=...
1 Cy
= (n+ DR (1) = (0 + DI (1)
Now let ¢ = ¢j41. O

By Fundamental Theorem of Calculus and Integration by Parts, we also
have:

Theorem 6.6.3. If f has n + 1-th order derivative and the n + 1-th order
derivative is continuous on (—r,7), then

AR O
Ro= [ at

n!
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6.7 Further Topics in Analysis
e Arzela-Ascoli, Stone-Weierstrass etc.

e Measure Theory: Lebesgue integration, Rietz representation, probabil-
ity
e Complex analysis

e Harmonic analysis

e Functional Analysis: Gelfand’s spectral theory, C'* algebra, von-Neumann
algebra etc.

e Ergodic Theory
e PDE
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Appendix A Midterm Review
Topics that will be covered in Midterm:
e R

— Smallest Upper Bound Property
— Denseness of Q in R, and related results.

— Compactness of finite closed intervals, and related results.
e Metric Spaces

— Open sets, closed sets

Continuity

Compactness

Open and closed sets in R, intermediate value theorem

Exercises:

1: Let (X,d) be a metric space, f,g : X — R continuous, show that
h: X — R defined by h(z) = max(f(x),g(z)) is also continuous.

Answer: Can use €4, or just by definition: any open subset of R is a union
of finite open intervals of the form (a,b), a < b, and

h=H((a,0)) = f~1((=00,b)) N g~ ((—00,b)) N (£ ((a,00)) Ug™((a, 0))

hence must be open in X.

2: Let (X,d) be a compact metric space, then for any r > 0, there is a
finite subset A, C X such that for any z € X, there is some a € A, such that
d(z,a) <.

Answer: X = (J,cx Bx(z,7), hence compactness implies that there are
finitely many @1, ..., x, such that X = {J;_, Bx (@i, 7). A, = {x1,...,2,}.

3: Let (X,d) be a metric space, V;,, n € N non-empty compact subsets of
X, Vo1 €V, for all n. Show that (), oy Vi is non-empty.

Answer: For any n > 0, because V,, is compact, Vp\V,, is an open subset
of Vo. If N,,eny Vo = 0, then V) = U2, (Vo\V4), hence compactness of Vj im-
plies that there must be finite many n1,...n,, such that Vy = U?:I(V()\an) =
Vo\Vimax(n1,...;nm)- Hence Vigaxny,....nm) = 0, a contradiction.

4: Let (X,d) be a compact metric space, f : R — X a continuous map.
Show that for any € > 0, for any T > 0, there are z,y € R, y —z > T, and
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d(f(x), f(y)) <e.

Answer: Suppose not, then there is some ¢ > 0, T' > 0, such that for any
z,y € R, if d(f(x), f(y)) < ethen |z —y| <T. Let Y = f(R), then Y is closed
hence compact. The set {By (f(t),€) : ¢t € R} is an open cover of Y, hence has
a finite subcover, i.e. Y = J._, By (f(t;),€). Let t' = max{t;} + T + 1, then
d(f(t'), f(t;)) < € for some t; yet |t —t;| > T+ 1 > T, a contradiction.
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Appendix B Practice Problems for Midterm
1. Let A be a non-empty closed subset of R. Define function g : R — R as
glz)=sup{reR:r<0or (z—2r,z+r)NA=0}
e Show that g(x) =0 iff x € A.
e Show that g is continuous.

Answer:

elfxe A foranyr >0, AN (z —2r,z +r) # 0, hence g(x) = 0.

If ¢ A, closedness of A implies that there is € > 0 such that (z — e,z +

€)N A =1, hence g(z) > €/2 > 0.

e We only need to show that x is continuous at every point. If z € A, for
any € > 0, let 6 = ¢, then for any z’ within §-distance to x, the interval
(2’ —2r, 2’ +r) must have non-empty intersection with A for all r > |z —2/|,

and |z — 2’| <e. Hence 0 < g(2') <e.

If z ¢ A, suppose g(z) =y > 0, then (z—2y,x+y)NA = (). Furthermore,
if (a,b)NA=0and a <z —2y,b>z+y,let y =min(b—z, (z —a)/2),
then ¢ > y and (z — 2y',2 + y) N A = 0, which contradicts with the
definition of g. Hence there can not be a < z — 2y, b > x + y such that

(a,b)N A =0.

Given € > 0, let § = min(y/2,€/2). Then for any 2’ € (x—§,x+7), the ar-
gument in the previous paragraph implies that g(z) —e < max(y/2, g(z) —

€/2) < g(&') < g(x) + ¢/2 < gla) + €.

e Let (X,d) be a compact metric space, show that if A C X is the inter-
section of an open set and a closed set in X, then for any p € A, there
is some r > 0 such that the intersection between A and the closed ball

centered at p is compact.

e Find a subset of R which is not the intersection of an open set and a closed

set.

Answer:

e Suppose A=UNV, U is open and V is closed. For any p € A, let 7/ > 0
be such that Bx(p,7') C U, and let r = r//2, then the closed ball B
centered at p with radius r is a subset of U, hence AN B = VN B is closed

hence compact.
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e The previous argument shows that for example Q is not the intersection
of an open set and a closed set.

3. Let f be a function from [0,1] to [0,1], such that for any ¢ € [0,1],
F71([0,¢]) is closed.

e Show that the set {(x,y) : 0 < x < 1, f(z) < y < 1} is compact as a
subspace of R2.

e Show that there is some z € [0, 1] such that for any 2’ € [0,1], f(z) <
f&@).

Answer:

e Because f71([0,¢]) is closed, its complement in [0,1], f~1((c,1]), is an
open subset of [0,1]. Hence the set U = U.¢(o 1y {(z,y) € [0,1] x [0,1] :
y<cax € f71((c,1])} is open. The set in question is [0, 1] x [0, 1]\U hence
closed hence compact.

e The map (z,y) — y is continuous, hence there must be some point
(T, Ym) in the set {(z,y) : 0 < 2 < 1, f(x) <y < 1} where the value of
this function is minimized. It is evident that y,, has to be f(x,,).
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Appendix C Final Review
Topics that will be covered in final exam:
e R

— Smallest Upper Bound Property
— Denseness of Q in R, and related results.

— Compactness of finite closed intervals, and related results.
e Metric Spaces

— Open sets, closed sets

Continuity
— Compactness

— Open and closed sets in R, intermediate value theorem.
e Sequential Limit in metric space

— Relationship between sequential limit and open set, closed sets and
continuity

Cauchy sequences

Completeness, compact sets are complete.

— Uniform convergence theorems
e Sequences and series

— Monotone convergence, upper and lower limits
— Comparison test, convergence of power series
— Summation by parts

e Differentiation and integration

— Definition of differentiation and Riemann integrals

— Integrability of continuous functions, continuity implies uniform con-
tinuity on compact sets

— Intermediate value theorem for derivatives, mean value theorem
— Fundamental Theorem of Calculus

— Uniform convergence, differentiation and integration

e [’Hospital’s Rule and discrete L’Hospital’s Rule.

Exercises:

1. Are the following numbers greater than 1, equals 1 or less than 1?7
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25:1 Sin(,%z)

o limy_, o0 N L
n=1 2

N o1

. 4 S1n( =

o limy_, o0 Zni}b En)

n=1n

Answer: Because when z > 0, sin(z) < z, we have

> 1 =1
;sm(ﬁ) < ; 2

hence

By discrete L’Hospital’s Law,

N . 1 . 1

_ ¢4 S1N( = SN w7
lim 72”*}\, () = lim SN) =1
N —o00 Zn:l %L N—o00 ~

2. Let X be a metric space, show that lim, .. x, = x iff the function
frn : X — R defined by y — d(y, x,,) converges uniformly to g : X — R defined
by y — d(y, x).

Answer: For any € > 0, let N € N such that n > N implies d(z,,z) < ¢,
then for any y € X,

[fn(y) = 9()| = ld(y, xn) — d(y, 2)| < d(zn,x) <€

This shows that f,, converges to g uniformly.

2 >

0
3. Show that the function f(x) = {0 ; 0 is differentiable at 0.
x

Answer: For any € > 0, let 6 = ¢, then for any = € (0 — 6,0+ 9),
|f(2) = f(0) = 0(z — 0)] < |2%| < ez
This shows that f/(0) = 0.

4. Let {a,} be a sequence of real numbers. Suppose lim,_, a2, = 1 and
limy, 00 a2n11 = 0.

e Show that lim,,_, . a, does not exist.
o Calculate limsup,,_, . an.
e Calculate lim,_ |an — apt1]-

e Show that the set {a, : n € N} U{0,1} is compact.
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Answer:

e This is because if a sequence converges then any subsequence must con-
verge to the same limit.

e The answer is 1. To show that, for any € > 0, find N; such that n > N;
implies as, € (1 —€,1+ €), and Ny such that n > Ny implies ag,41 €
(—€,¢€). Now for any n > max(2Ny,2Ny + 1), for any k > n, ar < 1+,
so limsup,,_, o, an < 14€. On the other hand, if k¥ > n and k is even then
ar, > 1 —¢, so limsup,, ,., a, > 1 — €. Because € can be any positive real
number, limsup,,_,., = 1.

e This is 1, argument similar to the calculation of lim sup above.

e Denote this set as X, let C' be an open cover, then there must be two
elements Uy, U; € C which covers 0 and 1 respectively. By assumption
X\(Up U U;) consists of finitely many points hence can be covered by
finitely many elements of C.

5. Suppose limsup,, ., a, = A and limsup,,_, . b, = B, show that limsup,,_, . (an+
b,) < A+ B.

Answer: For any € > 0, let Ny satisfies that n > N; implies sup{ay :
k > n} < A+ ¢, Ny satisfies that n > Ny implies sup{b; : k > n} < B + ¢,
then when n > N = max(Ny, N3), the set {ar + br : kK > n} has an upper
bound sup{a; : k¥ > n} +sup{by : k > n} < A+ B+ 2¢. This shows that
limsup,,_, o (an +b,) < A+ B+ 2¢. Because € can be any positive real number,
limsup,,_, . (an +b,) < A+ B.

6. Show that any monotone increasing function on [0, 1] is Riemann inte-
grable on [0, 1].

Answer: For any € > 0, let n € N satisfies (f(1) — f(0))/n < ¢, let P be
the partition (0,1/n,...,(n —1)/n,1), then

n

UG P)= LU P) = 3 sup(F((G = 1)/, i/ )= S~ inf(7(1(=1)/m,/n])

: n
=1

1 n ' n ]
=~ f(i/n) = f((i=1)/n) = (f(1) = F(0)/n <€
i=1 i=1
7. Show that if Y °  a, converges then > ° a,z" converges uniformly on
[0,1]. (Hint: using summation by parts)

Answer: We just need to show this sequence is uniformly Cauchy. Because
the sequence of partial sums of a,, converges, it is Cauchy, in other words, for

any € > 0, there is N € N, such that for any ¢ >p > N, |31 _ . an| <e€/2.
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Now for any ¢ > p > N, z € [0, 1]

q q—1 n q
Y ana =] Y (Y] a)@ =2+ () an)af|
n=p+1 n=p+1 k=p+1 n=p+1
g—1
<e/2( Z 2™ — 2"t +29) <e/2 <
n=p+1

This shows that the partial sum sequence of a,x™ is uniformly Cauchy. Due to
completeness of R this shows that the series converge uniformly.

8. Show that if f is bounded on [a,b] and continuous on (a,b) then f is
Riemann integrable on [a, b].

Answer: Let M be an upper bound of |f|. For any € > 0, let 0 < r <
min((b — a)/4,¢/(8M)), and let P = (xg,...,z,) be a partition of [a + r,b — 7]
such that U(f, P) — L(f,P) < ¢/2. Let P’ be the partition (a,xq,...,zn,b),
then
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Appendix D Review Problems for Final Exam

1. Let A and B be two non-empty subsets of R, both A and B has upper
bounds. Show that sup(A) < sup(B) iff for any € > 0, for any a € A, there is
some b € B such that b > a —e.

Answer: = : because sup(B) is the smallest upper bound of B, and
sup(B)—e < sup(B), there is some b € B such that b > sup(B)—e > sup(A)—e >
a— €.

<= if sup(B) < sup(A), then let € = (sup(A) —sup(B))/3, a € A such
that @ > sup(A) — ¢, then there can not be any b € B such that b > a — e.

2. Let (X,d) be a compact metric space with infinitely many elements,
r > 0, show that there is some natural number N, such that any subset of X
with N elements would have two element with distance less than 7.

Answer: By compactness, X can be covered by finitely many open r/3-balls.
Let M be the number of these r/3 balls and N = M + 1, then any N points in
X must have at least 2 in the same r/3 ball, hence within distance 2r/3 < r of
one another.

3. Let {an} be a sequence of real numbers. Suppose > a, converges,
show that f,(z) =Y., ana™ converges uniformly on [—r, 7] for any 0 < r < 1.

Answer: This is because ) " a, converges implies |a,| is bounded, hence
: 1/n
limsup,, . |an|"/™ < 1.

4. Let g be a Riemann integrable function on [—2, 2]. Show that the sequence
of functions: f, : [-1,1] — R defined by

z+27 "t
fw =2 [ gt

are all continuous, and when g is continuous, f,, converges uniformly to g|j_1 1.

Answer: Let M be the upper bound of |g|, then for any z < 2/,
2/ —g—n—1 2/ o1
|fu(@) = fula")] < 27(| g(t)dt|+] g(t)dt]) < 2" Mla’ 2|

z—2-n-1 42—t
So f, are all Lispchitz hence continuous.
If g is continuous it is also absolutely continuous. For any € > 0, let 4 be such

that [z —y| < & implies [g(x) — g(y)| < €/2, and let N be such that 2=V =1 < 4.
Then for n > N, for any z € [-1,1],
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|fa(z) — g(@)] < 2"/ lg(t) — g(z)|dt < e/2 < ¢

r—2—n—1

5. Show that the set of functions that are differentiable at 0 is not closed
under dg,;, as a subset of the set of real valued continuous functions on [—1, 1].

Answer: f,(z) = |z|®+2)/(+1) are all differentiable at 0 but this sequence
converges uniformly to |z| which is not differentiable at 0.
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Appendix E HW Solutions
E.1l1 HW1

1. Let < be a linear order on a set A. Let B = A x A, define a relation <’ from
B to itself as (a,b) <’ (¢,d) if and only if either of the following two cases is
true:

l.a<c
2. a=cand b<d

Here, by a < ¢, we mean a < c and a # c. Show that <’ is also a linear order.

Answer: Recall that a relation < between a set and itself is called a linear
order if it satisfies:

1. a<a

2.a=bb=xa = a=b

3.a=xbb<xc = a=<c

4. a<borb=<a

Now we check these four conditions for <’

e Condition 1: For any (a,b) € B, we have a = a. Also, because < satisfies
Condition 1, b < b. Hence by the definition of <’ we have (a,b) <’ (a,b).

e Condition 2: Suppose (a,b) <’ (¢,d) and (¢,d) <’ (a,b), by definition of
<’ we have a < ¢ and ¢ < a, hence a = ¢, which implies that b < d and
d < b, which implies b = d.

e Condition 3: Suppose (a,b) <’ (¢,d) and (¢,d) <’ (e, f). Then by defini-
tion of <’ we must be in one of the following four cases:

— Case 1: a = ¢ = e. In this case the definition of <’ implies that b < d
and d < f, hence b < f, we have (a,b) <’ (e, f).

— Case 2: a < c and ¢ < e. This implies that a < ¢ and ¢ < e, apply
Condition 3 to < we get a < e. On the other hand, if ¢ = e then
a < c and ¢ < a which implies a = ¢, which contradicts with the
assumption that a < ¢. Hence a # e, which together with a < e
implies a < e. Hence by the definition of <’ we have (a,b) <’ (e, f).

— Case 3: a = ¢, ¢ < e. This implies a < e, hence (a,b) <’ (e, f).

— Case 4: a < ¢, ¢ = e. This implies a < e, hence (a,b) <’ (e, f).

e Condition 4: Suppose (a,b) €’ (¢, d), we need to show that (¢,d) <’ (a,b).
By definition of <’ if (a,b) £’ (¢, d), then a £ ¢, which implies ¢ < a. If
¢ < a then (¢,d) <’ (a,b). If ¢ = a, then (a,b) £’ (c,d) implies b £ d,
hence d < b, which implies (¢, d) <’ (a, b).
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2. Write down an injection from Q to N. Let F' be the set of injections from
Q to N, show that F' has the same cardinality as the power set of N. (Hint:
You only need to show |F| < |P(N)| and |P(N| < |F|, by constructing injections
between these two sets.)

Answer: An injection ¢ from Q to N can be defined as follows: any element
in Q can be uniquely written as +p/q where p,q € N, ged(p,q) = 1. Let
i(p/q) = 2V 137+
i(=p/q) = 57130

The injectivity of 7 is due to unique factorization of integers.

An injection from F to P(N) can be defined as follows:
[ {Qi(q)+13f(q)+1 LqeQ}
And an injection from P(N) to F' can be defined as follows:

A'—)fA
where
_Jile) qg A
falg) = {72.((1) geA

The well definedness and injectivity of these maps also follows from unique
factorization.

E.2 HW 2
1. Find a non-empty subset A of R that has an upper bound, and sup(A) ¢ A.

Answer: If A =(0,1) then sup(A) =1¢ A.

2. Let A CR, A # (). Show that a real number m is sup(A), if and only if
it satisfies both of the following two conditions:

(1) Foranya€ A, a <m
(2) For any n € N, n > 0, there is some number b € A, such that b > m—1/n.

Answer: Suppose m = sup(A), then m is an upper bound of A, hence (1) is
true. Now we prove that (2) is true also. Suppose (2) is not true, then there is
some positive natural number n such that for all b € A, b < m — 1/n. Hence
m — 1/n is an upper bound of A that is less than m, a contradiction.

Suppose m satisfies both (1) and (2). (1) implies that m is an upper bound
of A. Suppose there is another upper bound of A which is m’ < m, let n be
a natural number larger than ﬁ, then m — 1/n is an upper bound of A as
well, which contradicts with (2). Hence m is also minimal among upper bounds
of A.
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E.3 HW 3
1. For any function g : [0, 00) x [0,00) — [0, 00), let
dy : R? x R? — [0, 00)
be defined as
dg((,y), (2", 9") = g(|lz — 2|, [y — v/'])
(1) Show that when g(s,t) = s + /1, d, is a metric on R?.

(2) Write down a function g such that (R?,d,) is not a metric space. Justify
your answer.

Answer:

(1)
dg((z,y), («',y")) = g(Jlo — 2|, |y — ')

=g(l2" =z, [y" = yl) = dy((=",¥/), (2, v))

dy((,9),(2",y) =0 <= [z -2 |+/|y—y|=0 <= z =0,y =9
Lastly,
d!]((‘rv y)7 (xlv y/)) + dg((l'/» y/)7 (l'//, y”))

=(lz—2|+]2' = 2")) + Vv — |+ Vv —v"])
> |z — 2"+ ]y —y"| = dg((z,9), (2", y"))
Here the > is due to

\/6+\/B:\/(\/&+¢5)2=\/a+b+2\/&\/52\/a+b

(2) Let g =0, then dg4((0,0),(1,1)), hence d,; is not a metric.

2. Let p: [0,1] = (0,1) be a function.

(1) Show that there is a finite set A C [0, 1], such that for any = € [0, 1], there
is some a € A such that |z — a| < p(a).

(2) Show that there is some € > 0, such that for any = € [0, 1], there is some
y € 10,1] such that |z — y| + € < p(y).

Answer:
1)
[07 1] - U (a_p(a)7a+p(a))
a€(0,1]
Hence there must be finitely many elements a1, ..., a, where
[0,1] € U(ai —plai), a; + plai))
i=1
We can now let A = {ai,...,a;}.



(2) Let A be as above, consider the finite set B = {a; £p(a;) : ¢ € {1,...,n}}.
Let 7’ be the shortest distance between two successive elements in B, r =
min(r’, 0 — min(B), max(B) — 1), then for any = € [0,1], (x — /2,2 +1r/2)
contains at most one element in B. Suppose it doesn’t contain any element
in B, then let y be an element a; € A such that z € (a; —p(a;),a; +p(a;)),
we have

(z —7/2,2+7/2) C (ai — p(ai), a; + p(as))
|z —a;| +7/3 < play)
Suppose it does contain an element in B, this element must also be in
[0, 1] hence must be in some (a; — p(a;), a; + p(a;)), and the end points of
this open interval (a; — p(a;), a; + p(a;)) can not be in (x — /2,2 + r/2).
Hence we also have

(x—7r/2,24+1/2) C (a; — p(a;), a; + p(a;))
| — a;| +r/3 < p(a;)

Alternative solution for 2(2): Because [0,1] € U,¢j01(z — p(2)/2,2 +
p(x)/2), by compactness there must be finitely many elements x1, ...z in [0, 1]
such that for any y € [0, 1], there is some z; such that |y — ;| < p(z;)/2. Hence
we can let € = min(p(x1)/3,...,p(xk)/3).

3. Let X ={[a,b] : a,b € R,a < b} be the set of all finite closed intervals in
R. Define d: X x X — [0,00) as

d([a,b],[a’,0']) =inf({t e R: ¢ > 0,[a,b] C [ —t,b +t],[a’,b)] Cla—t,b+1t]})

Show that (X,d) is a metric space. You need to check that d is well defined
first.
Answer:

e First check that d is well defined: the set {t e R:¢ > 0,[a,b] C [a' — ¢, +
t],[a',b'] C [a —t,b+t]} is non-empty because |a| + |b] + |a’| + [/| + 1 is
always in it, and has a lower bound 0, hence must always have an infimum.

e The symmetry is obvious from the definition of d.

o It is evident that 0 € {t € R : ¢t > 0,[a,b] C [a —¢,b+t],]a,b] C [a —
t,b+ t]}, hence d([a,b],[a,b]) = 0. On the other hand, if [a,b] # [d/, V],
then one of the endpoints of one of these two closed intervals can not be
in the other. Without loss of generality assume that a ¢ [a’,b], then
min(ja — da/|,|a — V'|) > 0 is a lower bound of elements in {t € R : t >
0,[a,b] C [a' —t,b +1],[a,V] C [a—t,b+t]}, hence d([a,b],[a’,V']) # 0.

e Suppose d([a,b], [a’,b]) = dy, d([a’, V'], [a”,V"]) = da. Then, for any € > 0,
there is some d} < d; + € such that

[a,b] C [a" —d},b +di]
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[a’,b’] < [a - Il7b+ dll]
Similarly, there is some df < d2 + € such that
[CL/, b,] C [CL” - dl27 b’ + dl2]

(@) € [ = dy '+ )

Hence
[a,b] C [a" — d} — dy,b" + d} + dy)]

[a”,b"] Cla—d} —dy b+ dy + db)

In other words
d([a, b}, [a”7 b//]) <di+dy+ 2¢

Because € can be arbitrarily small we have
d([aa b]7 [aﬂv b”]) < dj +d2

which is the triangle inequality.

E4 HW 4

1. Let (X,d) be a metric space. For any subset A C X, we define A as the
intersection of all closed sets in X that have A as a subset, and A° as the union
of all subsets of A which are also open subsets of X.

(1) Show that a point p € X is in A°, if and only if there is some r > 0, such
that the open ball centered at p with radius r, Bx(p,r), is a subset of A.

(2) Show that a point p € X isin A, if and only if for any r > 0, Bx (p,7)NA #
0.

(3) Show that

A% C ((A°))7 c((A)y) A

(4) In the case when X is R with Euclidean metric, find an A C R such that

A C () < (@) 4

—~

Answer:

(1) p € A° iff there is some open set U, p € U and U C A. If there is such a
U, let r > 0 satisfies Bx(p,r) C U, then Bx(p,r) C A; if there is some
r > 0 such that Bx(p,r) C A, we can let U = Bx(p,r), then U is open,
peUand U C A.

(2) p € A iff for any closed set V, iff for any open set U C X\A, p & U iff
p & (X\A)°, which by the previous question, is equivalent to the fact that
for any r > 0, Bx(p,7) € X\A, or in other words, Bx (p,7) N A # (.
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(3) A°is an open set and A° C A°, hence A° C (A°)°. Because A C A, any
subset of A which is open must also be a subset of A, hence A° C (A)°,
similarly we have A° C (A)°, hence (A°)o C A° C (A)°. Lastly, A is
closed and (A4)° C A, hence (A)° C A

(4) A=(0,1)U(1,2)U([2,3]NQ)U{4}. Then the four sets are (0,1)U(1,2),
(0,2), [0,3] and [0, 3] U {4} respectively.

2. Let (X, d) be a metric space, d' : X x X — [0,00) is defined as
d'(p,q) = min(1, d(p, ))

Show that the identity map idx is a continuous function from (X, d’) to (X, d).

Answer: For any ¢ > 0, let § = min(e,1/2), then d'(z,y) < § implies
d(x,y) < €, hence idx as a function from (X, d’) to (X, d) is continuous.

E.5 HW 5

Unless specified otherwise, the metric on R or any of its subset are assumed to
be the Euclidean metric d(z,y) = |z — y|.

1. Suppose f : R — R is continuous, and the range f(R) is a subset of
Q. Show that f must be a constant function. (Hint: use intermediate value
theorem).

Answer: Suppose not, there are two real numbers a < b such that f(a) #
f(b), hence by intermediate value theorem there is some ¢ € (a,b) such that

f(c) = fla) + (f(b) — f(a))/V2 & Q, which is a contradiction.

2. Suppose [ and g are two continuous functions from R to R. f(¢) = ¢(q)
for all g € Q. Show that f = g.

Answer: Because both f and g are continuous, sois f —g. Suppose f—g # 0,
there must be some x € R where f(z) # 0, hence by continuity there must be
some r > 0 such that f(z’) # 0 for all 2’ € (x — r,x + r). However denseness of
Q in R implies that (z—r, z+7r) must contain rational numbers, a contradiction.

3. Let f: (—00,0] = Rand g : [0,00) = R be two continuous functions,
and f(0) = ¢g(0). Show that the function f: R — R

h(z) = {f(x) 70

glz) >0

is continuous.
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Answer: For any € > 0, because f is continuous, there is §; > 0 such that
for any 2’ € B(_o0,0(0,01) = (=01,0], |f(z') — f(x)| < e. Similarly, there is
some d2 > 0 such that for any 2’ € [0,02), |g(z’) — g(0)] < e. Hence, if we let
0 = min(dy,02) > 0, then as long as |2’ — x| < 4§, |h(z’) — h(x)| < e. Hence h is
continuous at 0. Continuity of f also implies continuity of h on (—o0,0), while
continuity of g implies continuity of h on (0, 00), hence h is continuous.

4. Let (X,d) be a metric space, A C X, A # (.

(1) Show that the function hy : X — R defined by ha(z) = inf({d(z,a) : a €
A}) is continuous.

(2) Show that A= {z € X : ha(z) = 0}.

(3) If A is compact under the subspace metric, then for any « € X there is
some a € A such that d(a,z) = ha(x).

Answer:
(1) ha is a 1-Lipschitz function, because for any x,2’ € X,
ha(z) —ha(z") = inf({d(x,a) : a € A}) —inf({d(2',a) : a € A})
<inf({d(z',a) + d(2',z) : a € A}) — inf({d(2',a) : a € A}) = d(2', x)
Switching = and ', we know that |ha(z) — ha(2')| < d(x,2').

(2) Ttisevident that A C h;*({0}), and continuity of f4 implies that h;*({0})
is closed, hence A C h;'({0}). On the other hand, if + ¢ A, because
X\A is open, there is some r > 0 such that A N Bx(z,r) = (), hence
ha(z) > r > 0. This shows h;'({0}) C A.

(3) The function d(-,x) restricted to a compact set A is continuous, hence
must reach its minimum at some a € A.

5. Suppose (X,d) is a compact metric space, A C X, and A is an infinite
set. Show that there is some = € X, such that for any € > 0, the intersection
between A and the open ball in X centered at x with radius € is an infinite set.

Answer: Suppose not, for every x € X, there is some ¢, > 0 such that
AN Bx(z,¢€;) is a finite set. X = (J, .y Bx(,¢;), hence by compactness of
X, there are finitely many x1,...,z, such that X = |J_; Bx(z;,¢,,), hence
A=J"(ANBx(x;,€z,)) which is a finite union of finite sets, a contradiction.

E.6 HW 6

Let (X,d) be a metric space of diameter 1. Let Z = Map(N, X) be the set of
sequences on X. Let dgyp 1 Z X Z — [0,00) be defined as

dsup(a,b) = sup{d(a(n),b(n)) : n € N}
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1. Prove that (Z,dsy,) is a metric space.

Answer: Because X is bounded, any function from N to X is a bounded
function, hence (Z,d,,) is a metric space.

2. For any x € X, show that the set L, consisting of all sequences whose
limit is x, is closed in Z.

Answer: For any a ¢ L,, there is € such that for any N € N, there is some
ny > N such that d(a(ny),z) > e. Consider the open ball centered at a with
radius €/2 under metric dg,p, then for any b in this open ball, for any N € N,
we have ny > N and

d(b(ny),x) = d(a(ny), ) — d(a(ny),b(ny)) > €/2
hence b € L,. This shows that the compliment of L, is open, hence L, is closed.
3. Show the set C' consisting of all Cauchy sequences on X is closed in Z.

Answer: For any a ¢ C, there is some ¢ > 0 such that for any N € N,
there is my > ny > N such that d(a(my),a(ny)) > e. Now for any b €
B(Z7dsup)(a, €/3), for any N € N,

d(b(mn), b(ny)) = d(a(my), a(ny))—d(a(my), b(my))—d(a(ny), b(ny)) = €/3

hence b ¢ C. This shows that the compliment of C' is open, hence C' is closed.

4. Show via an counter example, that the set L consisting of convergent
sequences on X is not necessarily closed.

Let X = Q and d be the Euclidean metric restricted to Q. Let ¢ = {g¢,} be
a sequence of rational numbers convergent to v/2 in R, then ¢ ¢ L. Let p; be

defined as
gn n<j
pj(n) = .
p; n>J

Then the limit of p; is ¢; € Q, hence p; € L. On the other hand lim;_, p; = ¢,
which implies that L is not closed.

E7 HWT7T

1. Let {a,} be a sequence of real numbers, |a,| < 1 for all n. Show that
e limsup,,_,., an > liminf, o ap.
e {a,} converges in R iff limsup,,_, ., a, = liminf, . a,.

Answer:
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e By definition of limsup and liminf, For any ¢ > 0, there is N € N such
that when n > N,

sup{a; : j > n} < limsupa, +€

n—00

And there is N’ € N such that when n > N’,
inf{a; : § > n} > liminfa, —¢
n—oo
Let N” = max{N, N’} + 1, then

liminfa,—e < inf{a; : j > n} < anr <sup{a;: j > N"} <limsupa,+e

n— o0 n— o0
Hence
limsup a,, — liminf a,, > —2¢
n—o00 n—oo

Because € can be any positive real number,

limsup a,, — liminf a,, > 0
n—00 n—00

e Suppose lim,, . a, = b, then given any € > 0, there is N € N such that
when n > N, b—e€ < a, < b+ e. Hence

limsup a, — liminfa, <sup{a;:j> N +1} —inf{a; : j > N +1}
n—oo

<(b+e)—(b—€)=2¢

Because € can be any positive real number, this is only possible when
lim sup,,_, o, @n — liminf, o a, = 0.

On the other hand, if

limsup a,, = liminfa, =b
n—00 n—oo

then for any € > 0, there is N € N such that n > N implies
sup{a; :j>n} <b+e
And there is N’ € N such that when n > N’,
inf{a; :j>n}>b—¢
Hence for any n > max{N, N'},
b—e<inf{a;:j>n}<a, <sup{a;j:j>n}<b+e

which implies lim,, ... a,, = b.
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2. Let f, be a sequence of functions from [0,1] to R, that converges uni-
formly to ¢ : [0,1] — R. Show that if for all n, f,, is a polynomial of degree
at most 1 (i.e. of the form x — ax + b for some a,b € R), then ¢ is also a
polynomial of degree at most 1.

Answer: Because f,, is a polynomial of degree at most 1,

fu(@) = (1 —2) fn(0) + 2 fn(1)

Because {f,} converges uniformly to g, for any € > 0, there is N € N such that
n > N implies
|fn(0) — g(0)] <€

and there is N’ € N such that n > N’ implies

[fn(1) —g(1)] < e

Hence for any n > max{N, N'}, any x € [0, 1]

[fn(z) = (9(0)(1 = 2) + g(1)z)| < |fn(0) = g(0)|(1 = 2) + [fu(1) —g(D)]z <€

Hence f,, uniformly converges to g(0)(1 — ) + g(1)x which is a polynomial of
degree no more than 1.

3. Let (X, d) be a compact metric space. F': X x X — X a continuous map
from (X x X, dsyp) to (X,d). Suppose {a,} is a sequence in X that converges
to b, show that the sequence of functions f,, : X — X defined as = — F(z,a,)
converges uniformly to f, : X — X defined as x — F(z,b). (Hint: use an
argument similar to the proof that the product of two compact metric spaces
are compact under dgyp.)

Answer: For any = € X, continuity of F' implies that for any € > 0, there is
rz,e > 0 such that F(Bxxx((z,b),7s,c)) € Bx(F(x,b),€/2). As a consequence,
if d(a,b) < ry e and d(z',2) < ry, then d(F(2',a), F(2',b)) < e. By compact-
ness of X, there is a finite set {x1,...,2,} C X such that [J!"; Bx (@i, 74,,e) =
X. Let re = min{r,, } > 0, then as long as d(a,b) < r. we always have
d(F(z,a),F(x,b)) < € for all z € X. Let N € N such that for any n > N,
d(an,b) < re, then for any n > N, any « € X, d(f,(x), fo(x)) < €, which proved
that f, uniformly converges to fp.

E.8 HW 8

1. Let {a,} be a sequence of real numbers, {|a,
for any = # 0, the series Y ° a,z" diverges.

#} is unbounded. Show that

Answer: For any 2 # 0, suppose Y a,x™ converges, then lim,,_, |a,z"| =
0, hence there is some N € N such that for any n > N, |a,z™| < 1, hence
lan|" < ﬁ when n > N. This implies that the set {|a,|= } has an upper bound
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max(max{|a,|= : n < N}, ﬁ% a contradiction.

2. Suppose {a,} and {b,} are two sequences of positive real numbers,

lim, oo @y, = limy, o0 by, = 0, b1 < by, for all n, and lim,, 'Z”i =11
n

it true that lim, ., = = 1 as well? Prove it or find a counter example.

Answer: This is true. For any € > 0, pick N € N such that when n > NV,

Gp41 — an

—1| < =
bn+1_bn ‘ 2

In other words

€
‘an+1 —an — (anrl - bn)‘ < §(bn - bn+1)

For any n > N, pick n’ > n such that |a, — by/| < Eg", then

n'—1
ien @5 — @jp1 — (bj — bjy1)
by,

Ayt — bn/

bn

o

< €
bn

G ‘

3. Find a real number A such that A < 3" Sﬁ’{) < A+ 1. You can use

calculator but need to justify your answer mathematically.

Answer: Let a,, = sin(n), b, = then

n+1’

e " cos(n — 1/2) — cos(n + 1/2)
7;(1 ; 2sin(1/2)

1
So |Sn| S m

For any natural number m, if n >> m then

n

\Zazb —Zaz il = | Z aibi| =1 Y (si — si—1)bil

1=m-+1 1=m-+1
= | = Smbmt1+ Z b —bit1) +spbyn| < L |bm+1|:;
i1 sin(1/2) (m + 2)sin(1/2)
So

n 3
|Za2bl — Zazbl\ < 1/2
=0 =0

We can let A = Z?:o sin(i) _

1o
) — 1 ~0.2591
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E9 HW9

1. Write down a function from R to R which is differentiable on [0, c0) but not
differentiable on (—o0,0).

22 z>0o0rzeQ
0 otherwise '

Answer: f(z) = {

2. Show that if a function f from R to R is differentiable on R and a bijec-
tion, then either f’(x) >0 for all z € R or f/(z) <0 for all z € R.

Answer: If otherwise, there are two real numbers a # b where f'(a) < 0
and f/(b) > 0. Suppose a < b, then there is some € > 0, € < b — a such that
fla+e) < fla), f(b+€) > f(b). If f(a) > f(b), then apply intermediate value
theorem to [a,b] and [b, b + €] for some m that satisfies

f(b) <m < min(f(a), f(b) +¢)

we get that f can not be injective. If f(a) < f(b), apply intermediate value
theorem to [a,a + €] and [a + €, b] for some m that satisfies

fla+¢€) <m < f(a)
we get that f can not be injective. The case when a > b is analogous.

3. Let f : R — R be a function that is differentiable on R, and f’ is
1-Lipschitz as a function from R to R. Show that the sequence of functions

gn(@) = n(f(z+1/n) — f(z))
converges uniformly to f/ as n — co.

Answer: By mean value theorem, g,(z) = f'(c;) where ¢, € (z,z + 1/n).
Because f’ is 1-Lipschitz,

90(2) = /@) = | (c2) — F'(@)] < lew —a] <
4. Let f :[0,1] — R be defined as

@) = {1 r=2"neN

0 otherwise
Show that f is Riemann integrable on [0, 1].

Answer: For any € > 0, pick N such that 2=V < ¢, consider the partition

27N71 27N71

27N71 27N71
27N+ —N+41_ < 27N+1
2N + 4’ 2N +4’ 2N + 4’ 2N + 4’

Py = (0,27 V71 27N _

85



27N71

1——,1
2N +4° )

Then L(f, Py) =0 and

—N-1 N 9-N-1

2
P :27N71
U(f, Py) +2N+4+2N+2

1=

<2V <¢

E.10 HW 10
1. f is a real valued differentiable function on (0,1). Show that if f is un-

bounded then f’ is also unbounded.

Answer: For any M > 0, there is some = € (0, 1) such that |f(x)— f(1/2)| >
M. Hence by mean value theorem, there is some ¢ between 1/2 and x such that
F(0)] > 2.

2. f is a bounded real valued function on [—1, 1], and is continuous on both
[-1,0) and (0,1]. Show that f is Riemann integrable on [—1,1].

Answer: Let M be an upper bound of |f|. For any € > 0, find partition
P = (wg,...,1,) of [-1,—g%;] such that U(f, P) — L(f, P) < €/4, and partition

P" = (zg,...,2,,) of [g5,1] such that U(f, P") — L(f, P') < €/4, then under

partition P” = (zo,...,xn, 2, ..., 2,,) of [—1,1],

U(f,P") = L(f, P") = (U(f,P) = L(f, P)) + (U(f, P') = L(f,P"))

+m(sup(f([—ma m])) - inf(f([—swa SW])))

<e/d+e/d+e/2=c¢
This shows that f is Riemann integrable on [—1, 1].

3. Write down a sequence of real valued functions {f,} on [0, 1] which con-
verges uniformly to another function g, such that f,, are all differentiable at 1/2
but g is not differentiable at 1/2.

Answer: For example, f,(x) = max(|x —1/2|—27",0), and g(x) = |z —1/2]|.
E.11 Honors HW

1. Let (X,d) be a metric space. Show that X is compact iff any sequence has
a convergent subsequence.

Answer: = is covered in class. To show <=, suppose any sequence on
X has a convergent subsequence, we shall prove that X is compact.
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Firstly, for any r > 0, X can be covered by finitely many closed r-balls.
If that’s not true, pick ag as an arbitrary point on X, for each positive natu-
ral number n let a,, be a point not in the union of closed r-balls centered at
ag, - -.,an—1, then this produces a sequence with no convergent subsequence, a
contradiction.

Now suppose C is an open cover of X without a finite subcover. For any
natural number n, let B,, be a finite collection of closed 27" balls that cover
X, then at least one of them can not be covered by any finite subset of C. Let
by, be the center of this closed 27 ™-ball. Suppose {b,,} has a subsequence with
limit b € X, then there must be some U € C that contains b, hence some e-ball
centered at b for some € > 0 can be covered by a single element in C. Pick
N >> 1 such that d(by,b) < €/2, 27N < ¢/2, then the closed 2~ "-ball centered
at by can be covered this single element, a contradiction.

2. Consider the set Map([0,1],[0,1]) under dsyp, let p be a function from
(0, 00) to (0, 0).

(1) Let
Cp, ={f € Map([0,1],[0,1]) : for all e > 0, for all z,z" € [0, 1],
if & — 2'| < p(e) then |f(z) — f(2')] < €}
Show that C), is closed in Map([0,1],[0,1]) under ds,, metric.

(2) Let {f.} be a sequence in C,. Show that if for any ¢ € Q N [0,1],
lim,, o frn(q) exists, then {f,} converges uniformly.

(3) Show that any sequence in C, has a uniformly convergent subsequence.
In other words, C), is compact.

Remark: The third part of problem 2 is called the Arzela-Ascoli Theorem.

Answer:

(1) Suppose f & C), there is some € > 0 such that there are two x, 2" € [0, 1]
such that | — 2’| < p(e) and |f(z) — f(z')] > €. Let € = W >0
then the €’-ball centered at f would be disjoint from C,,.

(2) For any € > 0, let M be a natural number large enough such that 1/M <
p(€/3). Now for any j = 0,1,..., M, pick natural number N; large enough,
such that for any m,n > Ny, |fn(j/M) — fm(j/M)| < €/3, and let N =
max(Ny, ..., Na). Then for any m,n > N, any x € [0, 1], there is some
natural number j such that |« — j/M| < p(e/3), hence

[fm (@)= ()] < | fon (€)= fon (3 /M) [ frn (3 /M) = (G /M) || fr (@) = (/M| < €

This shows that {f,} is uniformly Cauchy hence it converges uniformly.
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(3) For any sequence {f,} on Cy, let i : N — QN [0,1] be a bijection, pick a
subsequence { f,, ,} that converges at i(0), then pick another subsequence
of the first subsequence, denoted as {f,, ,}, which converges at (1), and
continue for all natural numbers. Now {f,, .} is a subsequence that con-
verges at all points in Q N [0, 1], hence converges uniformly on [0, 1].
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