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Preface

Real Analysis is all about formalizing and making precise, a good deal of the intuition
that resulted in the basic results in Calculus. As it turns out, the intuition is spot on, in
several instances, but in some cases (and this is really why Real Analysis is important at
all), our sense of intuition is so far from reality, that one needs some kind of guarantee,
or validation to our heuristic arguments.

I thank all my students of this course who very actively and enthusiastically acted as
scribes for the lectures for this course.






1.1

Preliminaries: The Real Line

As mentioned in the preface, in order to formalize the results one has studied in a first
Calculus course, one needs to start at the very beginning, in order to ensure that there
is no inconsistency in our settings. And we shall begin at the very beginning - with the
Natural numbers.

It may be a bit difficult to formally define what the natural numbers actually are. But,
we shall avoid doing this, by making our approach axiomatic. The more important thing
is to ensure that the axioms are no contradictory. As it turns out, very basic axioms about
the natural numbers are sufficient to set up our understanding of the natural numbers in
a wholesome manner.

Relations

Definition 1 Suppose S is a set,then the Relation R on S is defined as a subset of
S xS :={(s1,52)]$1,52 € S}

If (s1,82) € R we denote it as s1 ~ so.

Definition 2 1. A relation R is Reflexive ifa ~a ,¥V a € S

2. A relation R is Symmetric ifa ~b = a~b,Vabe S

3. A relation R is Transitive ifa ~b b~c =a~c ,Va,bjceS

Definition 3 (Equivalence Relation)
A relation is an Equivalence relation iff it is Reflexive, Symmetric and Transitive.

Proposition 1 Suppose ~ is an equivalence relation defined on a set S, then ~ induces
a partition on S. Conversely, for any partition 11 = {S,}aecx of the set S, there is an
equivalence relation ~p which induces partition 11 on S.



Proof: Given ~, an equivalence relation, for each a € S ,define
Se ={be S|b~a}
Claim 1 {S,}.cs is a partition of S.
Let a # b, where a,b € S. Consider S, N S,. Suppose S, NS, # ®. We shall show that
Sa € (Sa NSp). Similarly, S, C (S, N Sy) and these will prove that S, = S, = (S, N Sp).

Since S, N Sy # ¥, there exists some ¢ € (S, NS,). Let © € S,. Then we have z ~ a.
However, since ¢ € S,, we have ¢ ~ a = a ~ ¢, by symmetry. Therefore, by transitivity,
x ~ c. And since ¢ ~ b, we also get t ~ b = x € S,. Now that x € S, and = € S,
x € (S,NSy). Since this is true for any = € S,, we have S, C (S, N S). Similarly, we can
show that S, C (S5,NSy). Thus, S, = S, = (5,NS,) which is a partition of S induced by ~.

Converse: Given II = {S,}aen, & partition of S, we define a relation ~p as follows:

a~mbif dae X such that a,b e S,

Now, we prove that it is an equivalence relation on S.

Reflexivity: (a ~p a) Va € S as it is in the same partition as itself.

Symmetry: a ~ b = a is in the same partition as b = b is in the same partition as
a=b~pa

Transitivity: a ~g b,= a,b € S, and b ~1 ¢,= b,c € Sg. But since S has been
partitioned by IT and b belongs to both S, and Sg, we must have S, = Sg. Hence a and
¢ belong to S, and are related under ~p, thus proving the transitivity.

These three properties put together make ~p; an equivalence relation defined on S. &

1.2 Natural Numbers

1.2.1 Axioms for Natural Numbers N
1. 0 e N.
2. For each n € N there is a unique successor for n, denoted by n + 1.
3. If § C N,satisfying

e 0 EN.
eneN=n+1€EN.

then S = N. This is referred to as The Principle of Mathematical Induction.

4. For each n € N\{0}, there exists a unique m € N such that m +1 =n.



1.2.2 Addition and Multiplication

We can define two operations on N called ‘addition, multiplication’ that satisfies the
following. We skip the proofs.

Theorem 1 Given m,n € N ,there exists a binary operation '+’ on N satisfying:
1.0+n=n,VneN.
2. m+n=n+m, Vm,n € N. (Commutative Property)

3. m+ (n+p)=(m-+n)+p, Vm,n,p € N. (Associative Property)

)

Theorem 2 Given m,n,p € N ,there exists a binary operation ’.” on N satisfying:
1. 1n=nVYn €N.
2. m.n =n.m, Vm,n € N. (Commutative Property)

3. m.(n.p) = (m.n).p, YVm,n,p € N. (Associative Property)

4. m.(n+p)=mmn+m.p, Vm,n,p € N. (Distributive Property)

Example 1 Prove that 2+2=}.

Proof:

24+2=2+4+(1+1)...(since 2 is successor of 1),
=(2+ 1)+ 1...(Associative property),
=3+ 1...(3 is successor of 2),

=4...(4 is successor of 3).



1.2.3 Order on N
Definition 4 We say a > b, if

1. a =0b+ c for some c € N,

2. a#b.

The following theorem follows from the definition of order. The proof is again skipped.
Theorem 3 ' >' on N satisfies
I.a>b=a+c>b+cVceZ.
a>bandc>0= ac> bec.
a>b,b>c=a>c. (Transitivity)

Given a,b € N, precisely one of a > b or b > a or a = b s satisfied.

O0<l<2<3<---

Lemma 1 Ifc,deN, andc+d=0, then c=d = 0.

Proof: Suppose ¢ # 0. Then,

c=c +1
c+d=(+1)+d
= +d)+1
=0

So, it follows that 0 is the successor of ¢ + d, which is a contradiction to the fact that 0
has no predecessor in N. Hence proved. )

Remark 1 Ifx =x +y, then y = 0.
Note 1 Suppose a,b € N and suppose a > b, can we have b > a too?
If yes, then
a>b=>a=0b+c
and

b>a=b=a-+d



1.2.4

where ¢,d € N and ¢,d #0 = (a +b) = (a+b) + (c +d). From earlier remark, we have
¢ =d = 0 which shows that only one of the above two is possible, else they are equal.

Remark 2 We have already seen that 0 <1 < 2 < 3.... In particular, we have:
Foranya €N, a< (a+1)+b for any b € N,b > 0.

The Well Ordering Principle, and the Euclidean Algorithm

We start with an equivalent formulation to the principle of Induction, known as the
Principle of Complete Induction.

1. 0€S.
2. {0,1,2,...,.n} CS=n+1€S5.

Then S = N. The proof is a simple consequence of the principle of Mathematical Induc-
tion. We skip the proof.

Proposition 2 The Well Ordering Principle (WOP): Every non empty subset
S C N contains a least element, i.e., there exists s € S such that s < s for all s’ €

S, s’ #s.

Proof: For natural numbers a < b, we shall denote by [a, b] the set {a,a+1,...,0—1,b}.

Let 0 € S C N. We need to show that S has a minimal element.
Suppose S has no minimal element. Let P(n) be the propositional function: n ¢ S.
We have two cases:

Case 1: 0 € S. Since 0 is the least element of N, it is also the minimal element of S
which is a contradiction.

Case 2: 0 ¢ S so P(0) holds. Suppose P(j) holds for 0 < j < k, i.e., suppose for all
je [0k :j¢S.

If k+1 € S then k£ + 1 would be the minimal element of S. So k+ 1 ¢ S and so
P(k + 1) also holds. Thus we have proven the following.

1. P(0) holds.

2. For all j € [0,k] : P(j) holds) = P(k -+ 1) holds.

So by the principle of complete induction P(n) holds for all n € N. But this means S
is empty which is a contradiction. &

A simple consequence is the following:



1.25

Theorem 4 Fuclidean division and the FEuclidean algorithm: Given positive
integers m,n there exist unique non-negative integers q,r such thatm = gn+r, 0 < r < n.
We describe this by saying that the Euclidean algorithm when applied to the ordered pair
(m,n) gives a quotient of q¢ and remainder r.

Proof: Define S = {m —kn | k € No,m — kn > 0}. Now, S C Ng and S # @ as
m—0n=m € 5. By WOP, S has a least element; call it » = m — gn. We claim

1.0 r<n.
2. q,r as determined above, are unique.

To prove this claim, note that by definition of S, » > 0. Indeed, suppose otherwise. Then
m—(qg+1)n=m-—qgn—n =r—n >0, and this implies m — (¢ + 1)n € S. Also
m—(q¢+1)n=r—n<rasn>0. Hence, r is not the least element of S, and this is a
contradiction. This proves the first part.

To prove the second, again, suppose otherwise. Let m = ¢yn 4+ r1 and m = gan + 79
be two such representations and WLOG, let ry > ry.
Equating the RHS of the above equations and simplifying,
(1 — @)n =1y — 1y,
= ry — 11 is a multiple of n. But since, r1,79 < n,ry — r; < n, the only possibility is
ro —r1 = 0. which implies that r; = r5 and it follows that ¢; = ¢» and this proves the
second claim as well.

Thus, r, ¢ are unique integers satisfying r € [0,n) and m = gn + r. s

A very important consequence of the Euclidean algorithm is the following. For natu-
ral numbers a, b we say that n divides m if the corresponding value of r in the Euclidean
algorithm above equals 0. For natural numbers a, b we say that d is the greatest com-
mon divisor (and denoted (a, b)) of a, b if d divides a, b and for any d' that divides both
a,b we also have d divides d’. A very useful consequence of the Euclidean algorithm is
this: Given m,n,r as in the theorem, (m,n) = (r,n).

Prime Numbers

Definition 5 Supposen € N, n > 1. We say that n is prime if n = ab,
= a=1o0rb=1. An equivalent definition is that for every 1 < a < p we must have

(a,p) =1.
Theorem 5 (Euclid) The set of Prime Numbers has no largest element.

Proof: Suppose that there are only N € N prime numbers. Let them be py,ps,...pN.
Consider the number

n=ppz...pn+1

Now, the number n is none of the prime numbers listed above and so it can be another
prime number not in the listed N primes,which then contradicts our assumption. If n

10



1.3

is not a prime number, then n can be written as n = ab for a,b € N such that a > 1
and b > 1 (If either a or b is 1, then n will be a prime). Now we note that py, ps,...pnN
do not divide either a or b, which contradicts the Fundamental Theorem of Arithmetic
(given below), i.e., there must exist atleast another prime number apart from py, pa, ... py
which can divide n. This is due to our incorrect assumption that there exists only N prime
numbers. Hence, there is no largest prime number. L3

Integers

informally, an integer is a ‘number’ that can be represented as (a — b) where a,b € N.
But this definition is clearly a deficient one. We shall see how to make sense of this as
follows.

Definition 6 Describe a relation " on N X N as follows:

(a,b) \ (c,d)

if and only iof
a+d=b+c

Lemma 2 (Cancellation Law for N) If x +y =z + y,thenx = z, ¥V x,y,z € N.

Proof: We prove it by induction on y. Fory =0,z 4+0=2+0 =z = 2.

Suppose it is true for y, i.e, if t +y = 2z + y, then z = 2.

Now we need to prove it for y+ 1. If 2+ (y + 1) = 2+ (y + 1), then by associativity, we
have, (x +y)+ 1= (y+2) + 1.

Since predecessors in N\{0} are unique, z + y = y + z. By induction, it follows that
x = z. Hence, the lemma holds good. &

Proposition 3 '\ on N X N is an Equivalence relation.

Proof: We have (a,b) \ (a,b) if a + b = b+ a. Since addition is commutative ,this is
satisfied and '\ is reflexive.

Now consider (a,b) \ (¢,d). This gives a + d = b+ ¢. Similarly (¢,d) \ (a,b) this gives
c+b=a+ d. Since addition on natural numbers is commutative, this also proves the
symietry.

Now considering, (a,b) \ (¢, d) i.e.,

at+d=b+c

and (c,d) \ (e, f) i.e.,
c+f=d+e

11
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Adding the above gives
a+d+c+f=b+c+d+e

which is
(a+ f)+(c+d)=(b+e)+ (c+d)

Using the cancellation law, we get a + f = b+ e, thus proving transitivity.
Since '\ is Reflexive, Symmetric and Transitive, it is an Equivalence relation.

L3

Since the relation ~ defines an Equivalence relation, it partitions N x N and these
equivalence classes are called Integers, and the set of integers is denoted by Z.

Addition on Z

Consider the integers (a,b) and (¢, d). We define addition in the following manner:
(@) + (c,d) = (a+ ¢, b+ d)
Claim 2 (+) is well defined.

Proof: Let (a,b) and (d/,b") belong to one equivalence class and (¢, d) and (¢, d’) belong
to another. By definition,

(a,b) + (¢,d) = (a+ ¢, b+ d)

and
(a/,b/>+ (Cl,d,) — (a/+C/,b/+d,)
Also,
a+b =d+b...(1)

c+d =c+d... (2
Adding (1) and (2), we get
a+b+c+d=d+b+d+d
Using Associativity, we can rewrite it as
at+c+b+d=d++b+d
Thus, (a+¢,b+d) and (o’ + ¢, 0’ +d’) belong to the same equivalence class, proving that

(+) is well defined. &

12



1.3.2 Multiplication on Z
Definition 7 Consider the integers (a,b), (c,d). Then multiplication is defined as

(a,b).(c,d) := (ac + bd, ad + bc)
Claim 3 (.) is well defined.

Proof: Let (a,b) and (d/,b") belong to one equivalence class and (¢, d) and (¢, d’) belong
to another. By definition,

(a,b).(c,d) := (ac+ bd,ad + be)

and
(', b).(d,d):=(dd +Vd dd + V)
Also,
a—b=d-b...(1)

c—d=d—d...(2)
Multiplying (1) and (2),

(@ —b).(c—d)=ac+bd—ad—bc...(3)
(a =b).(d —d)y=dd +bd —dd -bd.. . (4
Since LHS of (3) and (4) are equal, we have
ac+bd—ad—bec=add +0d —dd -V

(ac+bd) + (d'd + V') = (ad + be) + (d'd + V' d')

Thus, by definition, it follows that (ac+ bd, ad + bc) and (a'd +b'd',a’d’ + ') belong to
the same equivalence class, proving that (.) is well defined. s

1.3.3 Subtraction

If (a,b) € Z then we define negation on 7 as follows
—(a,b) := (b,a).
Definition 8 Subtraction on integers is defined as
(a,b) — (¢,d) :== (a,b) + (—(c,d)) i.e.,

(a,b) — (¢,d) := (a,b) + (d, c)

13



It can be checked that (-) is also well defined, by using the 'well-defined’ness of (+) and
the fact that (—) can be represented in terms of (+).

Claim 4 N C Z.

Proof: Define a set N:= {(a,0) € Z}. Now, consider the following map.
fiN— N

i.e.,f:a— (a,0)

We observe that f(a +b) = (a + b,0) and f(a) = (a,0) , f(b) = (b,0)= f(a+b) =
f(a) + f(b) Va,b € N . This map identifies Natural Numbers sitting inside the Integers.
L3

Proposition 4 Addition and Multiplication on 7, satisfy the following:
1. They are Commutative, Associative and Addition distributes over Multiplication
2. 0:=(0,0) satisfies (a,b)+0=(a,b) ¥(a,b) € Z
3. Given m € 7, there exists a unique n € 7, such that m+n =0
4. Ifm+x=n+ax,thenm=n, Ye,mnéecZ

Proof: 3. Let us consider m = (a,b) € Z. Let n = (¢,d) € Z such that m +n = 0.

(a,b) + (¢, d) = (0,0)
(a+c,b+d)=(0,0)
(a+c¢)—(b+d)=0-0
(a+c)—(b+d)=0

a+c=b+d
a—b=d—c
—(a—b)=c—d
(b,a) = (c,d)

Hence (¢, d) = (b, a) and this shows existence of additive inverse in Z.
Now, we prove the uniqueness of additive inverse. Let n; = (¢,d) € Zand ny = (e, f) € Z

14



both be additive inverses for m.

(a,b) + (¢,d) = (0,0)...(1)

(a,b) + (e, f) = (0,0)...(2)
(a+c,b+d)=1(0,0)...(using (1))

(a+e,b+ f)=1(0,0)...(using (2))
(a+c,b+d)=(a+eb+ f)...(from above two)

(a+c)+ b+ f)=(b+d) + (a+e)...(from definition)
a+b+c+f=a+b+d+e...(using associativity)
c+ f=e+d... (cancellation law)
c—d=e—f
(c,d) = (e, f)

Hence (¢, d) and (e, f) represent the same integer and hence, we have proved uniqueness
of the inverse. L)

Proof: 4. Let us consider m = (a,b) and n = (¢,d) € Z. Let x = (x1,22) € Z such that
m+x = n+ x. For = (0,0), we have (a,b) 4+ (0,0) = (¢,d) + (0,0) = (a,b) = (¢, d).
Now, we induct on x;.

Assume that m + = n + x = m = n is true for x = (x1, 25). We now prove this to be
true for x = (1 + 1, 29).

(a+z1,b+ x9) = (c+ x1,d + 22) = (a,b) = (¢,d) ... (given)
(a+x1) — (b+x2) = (c+ 1) — (d+ x2) = (a,b) = (¢,d)
(@ —=0)+ (z1 — 22) = (¢ — d) + (z1 — 22) = (a,]) = (¢, d)
(a=b)+ (r1—x)+1=(c—d)+ (r1 —22) + 1 = (a,b) = (¢,d)
(@a—b)+ ((z1+1) —x9) = (c—d) + ((x1 + 1) — 22) = (a,b) = (¢,d)

Hence, we have shown that the statement holds for = = (1 4+ 1, x5), thus completing the
induction. &

1.3.4 Order on 7

Let m,n € 7z We say m > n if

1. m=n+p, for some p € 7

2. m#n.

15



The following theorem is in the same spirit as the corresponding one for the natural
numbers.

Theorem 6 ' >' on 7 satisfies
I.a>b&sa—-0b>0.
2.a>b=>a+c>b+cVceZ.
3. a>band c> 0= ac > bc.

4. a>b= —b>—a.
5 a>bb>c=a>c.

6. Gien a,b € 7 precisely one of a >b orb > a or a =10 is satisfied.

We return to the notion of divisibility that was introduced for the natural numbers.
We extend the same to the integers in the following manner. We say that a|b (for integers
a,b if there exists an integer ¢ such that b = ac. We also define the greatest common
divisor in exactly the same manner as in the case of the natural numbers.

Theorem 7 If a,b € Z and suppose (a,b) = 1. Then there exist integers m,n such that
1 =am + bn.

Proof: We will sketch the proof. Consider the set S := {am + bn|m,nZ}. The following
can be proved in a straightforward manner.

1. 0eS.
2. z,ye S=a+beS. Similarly, x € S = —x € S.

3. xeSANeEZL= X eES.

In particular consider Sy := S N N. This is clearly non-empty by the above observations,
and the fact that a,b € S. Now, let d be the least element of Sy which exists by the
WOP. Consider the remainder r by applying the Euclidean algorithm to (+a, d) (i.e. pick
the appropriate non-negative integer). It is easy to check that r € S as well since both
a,d € S. By the minimality of d, it follows that r = 0, i.e. d|a. By the same reason, d|b.
Hence d|(a,b) = 1, so we must have d = 1. &

16



1.4

Rational Numbers

Again, informally, by the rational numbers, we denote ‘numbers of the form b , where

p,q € Z and q # 0’. But as we have seen before with the Integers, the path to formalizing
this involves setting up the right kind of equivalence relation on pairs of integers.

Definition 9 We define a Relation ~ on 7, x (Z ~{0}) as

afJb~ cf]d
if ad = be, where a,b,c,d € Z.and b,d # 0.

Remark 3 The integers satisfy the property that there are no zero divisors,

.e. if a,b € 7 and ab = 0,then either a =0 or b =0 or both a,b = 0. Indeed, if a,b > 0
then we have seen from the properties of the natural numbers that ab > 0. If say a < 0,
then (—a)b > 0 and this also implies that ab < 0, so in particular, it is not zero. The
same argument works in the other cases as well.

Proposition 5 ~ defined on 7 x (Z ~{0}) is an Equivalence Relation.

Proof: We prove the three properties of equivalence relations.

1. Reflexivity
We have

a//b~a//b
= ab = ba and this is true.

2. Symmetry
We have , if

a//b~c//d
= ad = bc, then

c//d~allb
= bc = ad, which is true, since ad = bc.

3. Transitivity
If

a//b~c//d
= ad = bc, and

c//d~ellf

17



1.4.1

= fc=ed, we get

(af)(cd) = (eb)(cd)........ (Using Associativity)

Let x = cd .We now use the property of no zero divisors for integers. If x # 0 we
are through, since it implies that af = eb and hence = a//b~¢e//f.

If x =0, then cd = 0,= ¢ =0, since d # 0 by definition. But then, if ¢ = 0, then
a =0 and e = 0 (by definition of the relation) and thus = a//b~¢//f.

Since, the relation ~ is Reflexive , Symmetric and Transitive, it is an Equivalence
Relation.

L]

Remark 4 The set of Rational Numbers, denoted by Q, is the set of equivalence classes
of 7 x(7Z~{0}) with respect to the equivalence relation ~ .

Addition and Multiplication on Q

We define Addition on Q in the following manner:
(a//b) + (¢//d) := (ad + bc)//bd
We define Multiplication on Q) in the following manner:
(a//b).(c//d) := (ac)//bd

We can check that both Addition(+) and Multiplication(.) on @ are well defined as we
have done with the integers.
Claim 5 (.) is well defined for Q.

Proof: Let (a//b) and (a’//b") belong to one equivalence class and let (¢//d) and (¢'//d’)

belong to another equivalence class. Then by definition,
(a//b).(c//d) := (ac)//bd
(a'//V).(]]d) == (') [ JV'd
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Also, since (a//b) and (a’//V') belong to the same equivalence class,we have ab’ = ba'.
Similarly, c¢d’ = dd .= (ab)(cd’) = (ba')(dc’). By associativity,we have (ac)(t'd) =
(bd)(a’c’). Thus, by definition,

(ac//bd) ~ (a'd /b d")
and hence (.) is well defined for Q &

Claim 6 (+) is well defined for Q

Proof: Let (a//b) and (a’//b") belong to one equivalence class and let (¢//d) and (¢'//d)
belong to another equivalence class. Then by definition,

(a//b) + (c¢//d) = (ad + bc)//bd
(@'//V).(]/d) = (a'd"+ V') / b d
Also, since (a//b) and (a’//V’) belong to the same equivalence class,we have
ab =ba' ... (1)

Similarly,
cd =dd ... (2)

Now, multiplying (1) on both sides by dd' and (2) by b, we get
ab'dd = ba'dd ... (3)
cd'bb’ = dd'bb' . .. (4)
By associativity,(3) and (4) can be written as
adb'd = d'd'bd. .. (5)
b'd'be =b'cbd. .. (6)
Adding (5) and (6), we get
adb'd +V'd'bec = a'd'bd + b'c'bd

Thus,by definition
= (ad+bc)//bd ~ (d'd + V') /b d

and hence (4) is well defined for Q. &

Theorem 8 (() is a FIELD)
The set of Rationals , along with the binary operations (.) and (+) defined on it satisfy
the following:
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1.4.2

. Addition and Multiplication on Q are commutative , associative and (+) dis-

tributes over (.) .

7 s a subset of Q .i.e., 7 —— Q and this can be obtained by
n+—— (n//1). Therefore, the map identifies 7, inside Q and all the operations are
compatible.

Forxz € Q , we have

r+0=ux...{Additive Identity}
.1 = x...{Multiplicative Identity}.

Forx =a//b, there is a unique rational y = —a/ /b such that x+y = 0. Therefore,
Q has a unique Additive Inverse.

If v = a//b where a # 0 , then there exists unique v~ := b/ /a satisfying

r.x ' = 1...{Multiplicative Inverse}.

Note 2 For x = (a//b) we define —x := (—1//1).(a//b).i.c., —x = —1.x.

Order on Q
For x € Q , we say that

1.
2.
3.

x>0if , forz =a//b, a,b € N—{0}
r<0if —1.z > 0.

x=0ifa=0andb#0.

In general | for x,y € () we say that z >y ,if 3r € Q and r > 0 such that z =y +r .

Theorem 9 (Total Order) The Rational numbers Q and >, < defined earlier on Q
satisfy the following:

1.

2.
3.
/.
5.

For xz,y € Q, exactly one of x >y , x <y , x =y is satisfied. (Trichotomy)
Forz,y,z€eQ,z<y=rx+z<y—+z.

Forx,y,z2€Qand 2 >0, xr <y = xz < yz.

Forx <y, —x > —y.

Forx,y,2€Q ,ifx <y andy < z , then x < z.

Thus, (Q, (+),(.),<,>) is a Totally Ordered Field. [
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1.4.3

Q misses some ‘numbers’

Before we move to the next important theorem we need a lemma. Recall the definition
of primes (in the set N).

Lemma 3 For a prime number p , if plab for natural numbers a,b, then pla or plb or

both.

Proof: First, using the Euclidean algorithm we may assume WLOG that a,b < p. Since
p is prime, if p does not divide a, then we must have (a,p) = 1. By a previous theorem,
there exist integers A, such that a\ 4+ pu = 1. Multiplying by b on both sides we
have b = ab\ + bpu. Now, both the terms on the right hand side are divisible by p by
assumption. Hence we must necessarily have plb. s

Theorem 10 Fundamental Theorem of Arithmetic
Every Natural number n > 1 can be expressed as a product of primes in a unique way,
except for permuting the factors.

Proof:

1. (Existence of the product of primes)

We use induction to prove that all natural numbers n > 1 can be expressed as a
product of primes. For n = 2, it is true since 2 is itself a prime number. Assume
that for all n > 2 and less than N, there is a way to express the numbers as a
product of primes. Now, consider n = N. If N is prime, we are through. If N is
not a prime, then N can be written as N = ab , where a,b € N and 0 < a,b < N.
According to induction, a and b can be expressed as a product of primes. Thus,
N = ab can also be expressed as a product of primes.

2. (Uniqueness) Suppose that the number N can be expressed in two ways as

m _ b1,.b n
N =pi'p3?...por —q11q22...q2

Here all the p; 's and ¢; ‘s are distinct primes and all a; s and b; 's are the number
of times each prime occurs in the product. We want to show that m = n and each
pit = q?j for some j ; i.e., p; = ¢; and a; = b; . Now, consider p;.We have

PrPS D =0ty g (1)
p1 divides LHS of (1). Hence p; divides even RHS of (1).= p1|q?j for some j.

= p1/g;. But since p; and ¢; are primes , we must have p; = ¢; . Let us renumber
the index j as 1 and vice-versa. We get,

aj, a2 am __ .01 ba bn
Py Dy Py = P14y -4y
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Now, if a; > b; then divide both sides by p?l to get

ptlu—blpgm Lpim = qu o qZR
We notice that the LHS is now divisible by p; while the RHS is not.This is not
possible. Similarly we can show that a; < b; is also not possible. Hence , the only
possibility is that a; = b;.The equation now becomes

a2 am __ ,.b1 ba bn
by Py =P1 4y -Gy

Without loss of generality, we will assume m < n. Proceeding similarly for ps, ps ... pm
we can cancel terms on both sides until we are left with

_ bm+1 b'm+2 bn
1= qm+1 qm+2 cee qn

However since the RHS is supposed to be a product of primes which is equal to 1, it
implies that all the terms on the RHS are 1’s and do not contribute to the product
of (1). Hence, we will have each of the prime in LHS paired up with a prime in RHS
with equal powers, thus proving the uniqueness of the product expression except
for the order in which they occur.

&

From the fundamental theorem of arithmetic it follows that every rational x can
be expressed asg where p,q are integers that have no prime factors in common. This
representation of the rationals will be of use to us.

Firstly, the rationals are a pretty ‘large’ set. Indeed, we have the following:

Fact 1 Ifa,b€ Q and a < b, then there exists ¢ € Q such that a < ¢ < b.

Indeed, it is easy do check that if a < b € Q then ¢ = %(a + b) is also in Q and we have
a<c<b.

Proposition 6 There is no Rational Number x such that x* = 2.
Proof: Let us assume to the contrary that there exists z € Q such that 2? = 2. Writing

T asx = § where p,q € 7Z,q # 0 and p, ¢ have no common factor other than 1.Then we
have,

(p/a)* =2 (1.1)
= p? = 2¢° (1.2)
= 2[p? (1.3)
= 2|p (1.4)
= p =2k for some k € N (1.5)
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1.5

Substituting p in (2),we get

= 4k* = 2¢* (1.6)
= 2k* = ¢° (1.7)
= 2|¢? (1.8)
= 2|q (1.9)

From (4) and (9) , we get 2|p and 2|¢ which is a contradiction to the assumption that
P, ¢ have no common factor other than 1.
Therefore there is no rational number such that z? = 2.

&

Real Numbers
Definition 10 (Dedekind Cut) A Dedekind Cut is a partition AUB of Q satisfying
1. A#0, B#0.
2. Forae A ,be B, we have a < b.
3. A has no largest element
Definition 11 A Dedekind Cut A B is defined to be a Real number.i.e.,
R={A!B | Al B is a Dedekind cut of Q}
Proposition 7 Q C R, i.e., xr € Q = z € R.
Proof: For every z € Q , we define the partition
L={yeQly <=},

R={yeQly >z},

By this partition, we can associate every x € QQ to a corresponding partition L R which
is a Real Number in R. &

Definition 12 (Order on Real Numbers) If t = (LU R) andy = (L’ ' R’) are Real
numbers , then x <y if L C L’.

Definition 13 A non-empty set S C R is said to be bounded above if there is an
r € R, such that for every s € S, s < x. Such an z is called an Upper Bound of S.
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Theorem 11 FEvery non empty set S C R which is bounded above has a least upper
bound (lub).i.e., Jy € R satsifying

1. s<y,Vsels.
2. If y satisfies s <y VseS , theny <y .
Proof: Let s = (Ls!1 Ry) . Let L = Uges Ly and R = Q \ L.

1. CLAIM: y = (L R) will do.
First, L # () and R # (), since every rational upper bound for S is not in L, for
any s. Further, for a € L and b € R, we have a < b. Lastly, it is not hard to see
that L has no greatest element since such an element must necessarily be in some
of the L, which is not possible by assumption. Now we have L, C L and therefore
for every s € S we have s <y .

2. Suppose there exists another number 3y’ such that ¢y > s Vs € S. Since ¢y > s Vs ,
by definition we have L, O Ly Vs € S,

:> Ly/ 2 USGSLS
=y >y.
&
Example 2 The real number \/5 can be obtained as the following Dedekind cut L R

defined as:
L={reQlr<0or2®<2}

R=Q-\L.

We will in fact prove something stronger and more general later.

1.5.1 Addition and Multiplication on R

We define Addition on R in the following manner:

r= (L, R,)

and

T+y= (Lx+y ! Rm+y)7
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where
Lyty:=L,+Ly,:={r+s|reL,secL,}

Royy = Q\La4y.
We define Multiplication on R in the following manner:
First consider the case of positive cuts where x,y > 0.

Then
L,,={r<0}uU{ablaecL,beL,ab>0}

For the remaining cases, we need to define the notion of negative cut.

Definition 14 If
y=(L,'R,) €R

then
L_,:={r|r=—s for some s € R,,s is not min(R,)}
Now,
Ifz>0y<0
vy = —(r.(=y))
Itz <0,y>0
vy = —((=).y)
Iftr <0,y <0,

ry = (—x).(—y).

One can prove (we omit the rather laborious proof) that
Theorem 12 (R, +, ") is a field. &
The next proposition shows that the set of reals constructed this way does not have ‘gaps’
the way the set of rationals did.
Proposition 8 R has no gaps.
Proof: Suppose A B is a partition of R s.t

. AB#0O, AUB=R, ANB=0.

2. Forae A ,be B, we have a < b.
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3. A has no largest element.

By (2) each b € B is an upper bound for A = A is bounded above = 2z = lub(A)
exists.
Since x = lub(A), we have

a<z, foralla€ A (xisaleast upper bound ),

x <b forall b€ B (each b is also an upper bound for A),

so it follows that

a<x<bforallac A, beB.

Consider
A'={reQl| r<uz}
B ={reQ|r>uz}
xr=A"B
Claim 7
A={yeR||y<z}
B={yeR|y>ux}
Indeed,

AC{yeR|y<az}
clearly it is true as = lub(A) and moreover
{yeR||y<a} CA.
The last holds since otherwise there is y < x, y ¢ A = y € B. But each b € B satisfies

x < b and this contradicts y < .
The other parts are proven similarly. [ 3

The following theorem (whose proof we skip as the details are laborious) consolidates
our understanding of the reals.

Theorem 13 (R, (+),(.), <,>) is a Totally Ordered Field. [
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1.5.2 Another description for Real Numbers

Before we go there, here is a remarkable property of R.
Definition 15 A real number z is called IRRATIONAL if t e R\ Q

Notation: Suppose a < b, a,b € R.
(a,b) ={x € R|| a < x < b}.

la,b] = {z e R| a <z < b}
(—00,a) = {x € R|| = < a}.
(—o00,a] = {x e R|| = < a}.
(b,00) ={z e R|| = > b}.
b,00) = {z € R = > b}.

Theorem 14 For every a < b, the interval (a,b) contains both rational and irrational
numbers.

Proof: V2 e R\ Q = \/LQ eERNQ.

Also we know that % € Q and in fact, % € (0,1) since if % > 1, then multiplying by 2 on
both sides, we get 1 > 2 which is a contradiction.

Thus for a = 0,b = 1 we are through.

Now let a = AVB,b=A 1B anda <b

= ACA =3rsec A A

WLOG, r<s=a<r<s<b

Now, consider the function, f: (0,1) — (r,s) defined as f(x) =7+ z(s —r).

Clearly, f maps rationals to rationals and this property is also satisfied by its inverse,
which exists as f is a bijection.

= f(3) €Q, f(\/iﬁ) € R\ Q and they lie in (a,b). &
Theorem 15 For all x > 0, and n > 2,n € N, there exists a unique y > 0 such that
y" = x or equivalently, we write y = /x

Proof: Suppose x > 1 (WLOG, this is the only case we have to deal with).
Let R={r > 0| r* < z}. Clearly, R # 0 as 1 € R.

Claim 8 R is bounded abowve.

x > r for all r € R. A simple induction argument shows that x” > x. Also, by
definition, z ¢ R so R is bounded above. Hence y = lub (R) exists.
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Claim 9 y" = x.

We will use the Trichotomy law for showing that equality holds, i.e., we shall show
y" > 2 and y" < x.
As y = lub(R), we have r < y for any r € R. Now, for any r € R we have r <y = r.r <
y.r (as r > 0). Hence r* < y%. Similarly, r" < y". (by induction) = y" > x.

For the other case consider A = {(y —¢)"|| 0 < € < y}.

Claim 10 z is an upper bound for A.

y = lub(R)
= y — € 1s not an upper bound forR.

Claim 11 (y —e)" < x.

Since y — € is not an upper bound for R, there exists € R such that (y—e)" <" <z
= x is an upper bound for A.

Claim 12 y" = lub(A)

Suppose not. Clearly, y™ is an upper bound.
Let y™ — 0 be the lub for A for some fixed 6 > 0

So
(y—e)" < y"—4¢forall 0 <e <y, which implies
0 < y'—(y—e)
< T YTy — o) by — ")
S €nyn_1

forall0 <e<y. Ife= Qy‘ST < y then we have § < % for 0 > 0 which is a contradiction.

n

So, y™ = lub(A) < x, and this completes the proof that y" = x. [ 3

Archimedian Property of R

Proposition 9 For any real x > 0, there exists a unique n € N s.t n <z <n+ 1.
Proof: Let x € R, = A B. For p,q € N, pick
BGB,B>QZ>O, and p,q > 0.

q
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So, there exists an integer p > z. Consider

S={meN| m>z}.

By the above, S# ). So, by the WOP, S has a least element n + 1, say. Son+1 > x
sincen+1€S,andn €S son <= x. &

Corollary 1 Every x € R can be written as x = n + xog with xo € [0,1), and n € Z.

Proof: Trivial. &

Definition 16 A Sequence is a function whose domain is N.

Let z € (0,1). Define a Sequence in the following way:

1
ap = 0if0 <z < -

2
1
=1 4 > Z
if v > 5
1 1 3
aQZOif0<x<zlor§§x<Z
1 1 3
zlif1§x<§07’x21
In general, at the k™ step, after having defined (ay, ay, as,....... ,ax_1), note that we have
ay a2 ar—1
xr 2 ? + ? 4+ ... —+ 2k—1
If )
a1 a2 ag—1
:c—(2 52 o +2k_1)<?
then define
Qg = 0
else
ap = 1

This gives a function f : (0,1) — a where a is the set of all binary sequences.

Conversely, given a binary sequence a = (ay, aa,......) define the set
Sa - Z ? H neN;.
k=1
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Since each element of S is strictly less than 1, lub(S) exists for each binary sequence.

To summarize: For every x , 0 < x < 1 we can associate a binary sequence a, ,

and conversely, for each binary sequence a we can define a real number in (0,1) by
X = ub(Sa).

Question 1: If 0 < z < y < 1, then can we have a, = a,? In other words, if z < y
then is it true that ay(x) # ay(y) for some k?

If y — 2z =6 > 0, pick n such that § > 5. Suppose a, = a, i.e a,(i) = a,(i) for all
7 € N. Then

1
>y ——

v >t _ 530 on’

2 2

so that we have
1 5 1
y — T < 2_n =0 < 2_n’
which is a contradiction. Hence, distinct elements of (0, 1) give distinct binary sequences
by this mapping. In other words, x — a, is an injection.

Question 2: If a; # ag, is lub(S1) # lub(Ss)?

This is not the case. Consider
a; = (1,0,0,0...,) and ay = (0,1,1,1...). Both ‘represent’ the same number.

Proposition 10 The sequence a = (1,1, 1...) has lub(S,) = 1.

Proof: Clearly 1 is an upper bound. Suppose lub(S,) =1—0 3§ > 0. Then Ekgnzik <
1—4¢forall n € N. But then 1 — 2% <l-d=6< 2% for all n € N. By the Archimedean
property, there exists N € N such that N > %. Now, one can prove by induction, that
2V > N for all N € N, so this gives 2V > %. This is a contradiction. &

A consequence of the above proposition is the following. For any sequence a which
terminates in ones, i.e. a; = 1 for all ¢ > Ny for some Ny there is another binary sequence
b such that b, = 0 for all i > Ny and lub(S,) = lub(Sp). Let us now denote by A the set
of all binary sequences that do NOT terminate in ones.

We now can prove the following

Theorem 16 The maps F, G,

F:A — (0,1), defined as F(a) = lub(Sa),
G:(0,1) — A, defined as G(z) = a,

as defined in class, are inverses of each other, i.e., F(G(z)) = z,G(F(a)) = a.
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Proof: The first statement essentially says that the lub of the binary sequence generated
by z is x itself. Let

y = lub(Sa,),
and consider the sequence generated by y; call it b. If a = b then y = z, and we are

done. So suppose they are not equal. Then the sequences a,b must differ for the first
time at some position, say the i** position.
Case 1:

a; =1 and b; = 0.
In this case

b1 b2 bzfl 1
y_(5+§ ,,,,, +2ll)<§sothat
<l LS.

y 2 22 ..... 21/_1 21/ .

But this term on the RHS is an element of S,, so y is not an upper bound for S,
contradicting that y = lub(S,).
Case 2:

a; =0 and b; = 1.

Clearly z is an upper bound for S,. Moreover

bl b2 bifl 1
— (= — 4+ . - > —
y- (g Tt om) 25
SO ; ;
1 2
> (= — 4+ ... —
y > (= + 5 T + 21)
But ]
aq as Qi1
Tr — (3 + ? 4+ ... + 51 ) < 5
so that
PR IS o B
T — — 4+ ... — .
2 22 2171 21
This implies that
<k + 2
T — — 4+ . —
2 22 2’

because a and b differ for the first time at the i** position. This proves y > x. But this
is a contradiction because x is an upper bound for S,. Hence

F(G(z)) = ,
The details for the other part, namely,
G(F(a)) = a
are similar. &
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1.6

Cardinality

Until now, we have talked a great deal about natural numbers, integers, rationals and
then the reals, but haven’t had a look at the sizes of these sets. A measure of the number
of elements in any set in general motivates the idea of cardinality.

Definition 17 We say that two sets A and B have the same cardinality iff 3 a bijection
h:A»—» B

Definition 18 Set A is said to have cardinality n (for some n € N if A has same
cardinality as 0,1,2,...,n-1 (or equivalently 1,2,...,n). We write it as : |A| =n

Remark 5 We denote the set 1,2,...,m by [m].
Proposition 11 Given m,n€ N where m < n, there is no injection f : [n| — [m].

Proof: Let S = {n € N | 3m € N, m < n such that there is an injection f,,, : [n] — [m]}
We now need to prove that S = ®.

If not, then by the Well-Ordering Principle, it must have a least element (say ng) and a
corresponding m < ny.

Let h be the injection h : {1,2,...,n0} — {1,2,...,m}. Consider the value h(ng).

Case I: h(ng) =m
Counstruct the function A’ such that

h':ng—1] — [m —1]
h'(i) =h(i)Vie{1,2,...,n9 — 1}

Then A’ is also an injection. Hence (ng — 1) € S which contradicts the fact that ng is the
least element of S.

Case II: h(ng) #m

Suppose h(ng) =k, k <m

Let 7 be the map (km), i.e., the map that permutes k and m.

Then, we have an injection m o h : [n] — [m] with (7 o h)(n) = m which is a function
satisfying Case I, hence again leading to a contradiction.

So, our assumption was wrong. S must be ®. &

Corollary 2 If A —» [n], then we cannot have A —» [m] for any m # n.

Definition 19 We say that a non-empty set A is INFINITE iff there is no n € N such
that |A| = n.

Remark 6 || :=0.
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Proposition 12 N is infinite.

Proof: Suppose [ : N —» [n] for some n. In particular, restrict f to [n+ 1]. This defines
an injection f’: [n + 1] — [n]| which is a contradiction. s

Proposition 13 Suppose A C N. Then either |A| = n for some n € Ny or A has the
same cardinality as N.

Proof: If A C N is finite, we say that |A| = n for some n € Ny. Also, if A =N, we are
through. So, the only thing that remains to be proved is that if A is infinite and A # N,
there exists

f:A—>»N

Since A # ®, it has a least element, say a;. Let Ay = A.

Consider A; = Ap \ {a1}. A; must be infinite. Because if it weren’t, then Ag would have
just one more element than A; and hence also be finite.

So, there must exist a minimum element in A;, say ay. Construct Ay = A; \ {az}.
Inductively, obtain a,+1 = min(A,); Apy = An \ {ani1}

The bijection is:

fN—=A
f(i):ai

[ is clearly injective since a; < a;Vi < j. Hence also observe that a; > i (can be proved
using induction). We now need to prove surjectivity of f.

Suppose f is not surjective. Since A # N, we must have an x € A such that a, > x and
x # a;Vi. But in this case, x € A,_; and x < a, which is a contradiction. So, f must be
surjective and hence bijective too. s

Corollary 3 There are as many primes as elements of N.

Remark 7 We write |A| < oo if |A] = n for some n € Ny.
If |A| < 00, B C A, then |B| < |A].

Definition 20 We say that a set is countable (countably infinite) if it has same cardi-
nality as N.

Observations:

1. |Even naturals| = |N|
This is because we have the bijection

f:2N—»N
f(2k) =k
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2. |Z]=|N|
We can build the bijection here as

f N—>Z
F(2k) =k
fk+1) = —k

3. |N| =|Nx N| This can be shown using the bijection as depicted in the diagram.

7 ah RN S T —

N N N N N
4 DN N : :
1,3 AN N SRR
’ A N . . .
AN A . . .
AY AN A . . .
.

\ y X : :
v s N : :
(1,2 \ N oY . :
.......... R TR O D S
’ . \\ . A . .
(U TN : :
: . : . : :

(1,1) (2;1) (3,1) (4,1)
1 3 6 10

Theorem 17 Q is COUNTABLE

Proof: Every x € Q is uniquely of the form z = B, p € 7Z, q €N, where p and ¢ are
q

relatively prime.

Proof 1: Q CZxZ and |ZxZ|=|NxN|=|N|,
and a subset of N is either finite or countable.

Proof 2: We build a bijection between the sets Q7 and N where Q™ represents all positive
rational numbers.
x € Q" = = —, where m and n are relatively prime natural numbers.

n

Every m,n € N, n > 1 can be written (uniquely upto rearrangement) as a product of
primes:

m :pi;lp%?...pg’“
m=q) g ....q,"

So, we map
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m 201, 2 20p 261—1 2Bo—1 281
- — (])10”1020‘2....19/,;”“c11’81 ¢P o] A=ty

This is a bijection as an even exponent will map to a factor in the numerator while an

odd one will give me one in the denominator. s

What about R? Is it also countable?

In the following material, we attempt to answer this particular question.

Definition 21 For a set A, the power set of A is defined as P(A) := {B|B C A}.
Theorem 18 |N| # |P(N)|

Proof: Here, we simply show that there can’t be an injection from P(N) to N.
Identify P(N) with binary sequences in the following way:

Given ACN, for i € N, as(i) =1 if i € A and 0 otherwise.

Suppose if possible that such an injection exists.

f N — BinarySequences

Construct the binary string b such that b; = 1if f(i) has 0 at i"* position and o otherwise.
Then, b can’t be the image of any natural number and hence f cannot be surjective,
leading to the fact that the injection we wanted can’t exist. s

Observation: If € R is associated with binary string o where « ends in all zeroes,
then x € Q.

Theorem 19 R is not countable.

Proof: We will show that there is no bijection from from the real numbers in (0,1) to
N. We once again use the idea of identifying elements (real numbers in this case) with
strings. The only difference being that we use ternary strings instead of binary in order
to avoid dealing with such strings that end in all 1s.

Each real number between 0 and 1 can be represented in ternary notation as a string of
0s, 1s and 2s, leading to a one-to-one mapping between (0,1) and the set T" of all ternary
strings on 0,1,2.

Suppose f is a bijection from N to T'.

Using Cantor’s diagonalization idea,

Construct a ternary string ¢t wherein t; = 0 if f(i) has 1 or 2 in the *" position and 1
otherwise. Then ¢ cannot be the image of any natural number, ruling out the possibility
of the existence of a bijection between (0,1) and N. L
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Proposition 14 |(0,1)| = | R|

Proof: Construct the bijection:

f:(0,1) =R
20 — 1
x'_}2x(1—x)

Definition 22 We say that |A| > |B| if there is an injection f: B — A.

Theorem 20 (SCHRODER-BERNSTEIN)
If|[A] < |B| and |B| < |A|, then |A| = |B.

Proof: Consider two sets A and B such that there is an injection f from A to B and an
injection g from B to A. Construct the sequences:

Ag=A, Ay =go f(Ag, Ao =ygo (A, ...
By =B, By = fog(By, Bo= fog(B, ...

We can define our bijections between A; 1\ A; and B; 1 \ By, i > 1.
In the figure that follows, the blue parts are in bijection and so are the ones in white.

f

Consider the blue parts. Under f, the range of A is f(A) which is precisely the blue and
yellow coloured parts in B. Also, the range of g(B) is the yellow coloured part in B. So,
since f is an injection, the range of A\ g(B) must be the blue part in B, meaning that
the two blue parts are in bijection.

By symmetry, the two white parts are also in bijection. Hence, extending this argument
to the entire sequence, we will need to show that A,.s and B,.s are in bijection where
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Apes = A\ (UiZI Aia \Az)
Byes = B \ (Uigl B \ Bi)

Claim: f(Ayes) = Bres- Suppose there exists a y € B,..; which does not have a pre-image
in A,.; under f. Say f(z) =y. Then z € (U, Ai—1 \ 4;). But this means that z € A,
for some i. Then y € B,., is a contradiction.

Therefore, A,., and B,.s must be in bijection and this completes our proof. &

Remark 8 So, we say that A and B are in bijection if we have two injections, one from
A to B and one from B to A.

Examples: Consider the two sets (0,1) and [0,1]. The two injections are as follows:

f:(0,1) = [0,1]
rz—xg:[0,1] — (0,1)
2z +1
T — 1

Theorem 21 For any set A, |A| < [P(A)|

Proof: If A is finite, we have |P(A)| = 24, Now, we need to prove the theorem for
infinite sets. Suppose there is a bijection between A and P(A)| where A is infinite.

f:A—=>PA) ={BC A} a f(a)

Construct B :=a € A| ¢ f(a).

Suppose f~1(B) =b= B = f(b).

If b€ B, then b ¢ B.

If b¢ B, then b € B.

This is a contradiction. Hence such a bijection cannot exist. )
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1.7

The Complex Numbers

A simple algebraic equation like X? = —1 may not have a real solution. Introducing com-
plex numbers validates the so called fundamental theorem of algebra: every polynomial
with a positive degree has a root (though we will not prove that here).

Definition 23 A complex number is a pair z = (a,b) where a,b € R and we write
z =a+1b.

RXR~ C as sets.

Consider two complex numbers z; = (aq,b1) and z5 = (ag, by)
1. z1 4+ 22 = (a1 + az, by + by)

2. 2129 = (ajag — byba, arbe + asghy)

3. z1 = (a1, —by). This is called the conjugate of z;.

4. |z1] = v/a? + b3. Note that |21] =0 iff a; = b = 0.

5 Forz; #0, 2;' = —— and 227! = 1.

Proposition 15 C along with the operations +, - as defined above make it a field with
additive and multiplicative identities being 0,1 respectively. However, there is no total
order on C, satisfying the following order properties:

e acC=a>0,a=00ra<0.
e a,b>0=a+b>0.

e a>0,b>c= ab> ac.

Proof: We will only prove the latter statement here. Suppose if possible that there exists
a total order on C satisfying the properties listed above.
Since ¢ # 0, ¢ must be either less than or greater than 0.

Suppose i > 0, then 7.4 = > = —1 > 0 where —1 € C. Hence —1 x —1 = 1 > 0 where
leC. -1>0and1>0= —1+1=0 >0 which is a contradiction. Hence, « must be
less than 0 for which we can find a similar contradiction. &
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2.1

Basic Topology

Metric Spaces

We start with some basic inequalities.

l.z€R = 22> 0;2%2=0;iff z = 0.

T if x>0
|| = .
—x ifx<0

2. 2R =

Clearly, = < |x| for all z € R.

Theorem 22 The Triangle Inequality:
r+yeR = |z +y| < ||+ y|-

Proof: =+ y < |z| + |y|, comes from adding = < |z|,y < |y| for all x € R and y € R.
The other inequality, namely, —(z +y) < |z|+ |y|, comes from adding —z < |z|, —y < |y
for all z € R and y € R. &

Definition 24 Metric Space: A metric space is a set X, along with a function d :
X xX— R (Rt ={z €R|z > 0}) satisfying:

1. d(z,y) = d(y, x),for all x,y € X.
2. d(z,y) =0 if and only if x =y for all x,y € X.

3. Triangle Inequality: d(z,y) < d(x,z) + d(y, z) for all z,y,z € X.
Here are some examples:

1. X =R, d(z,y) = |z —y|

2. X=Q,d(z,y) = |z —y|
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3. X=C,d(z,w) = |z — w|.
4. X ={0,1}", z,y € X i.e x,y are binary strings. d(z,y) = #{1 <i < n|z; # y;}.

5. One of the most commonly used metrics is X = R? = R x R, with the distance
function defined as d((z,y), (2/,v')) = /(z — 2')2 + (y — ¥')2.

6. One also uses the other metric (called the Taxicab metric) on R? with the distance
function d((z,y), (', y)) = |z — 2'| + |y — ¢/

Definition 25 Limit point: Suppose A C R. We say that x € R is a Limit point of A
if for any € > 0 we have (x —e,x +€) N (A — {z}) # 0.

Definition 26 Cauchy sequence: A sequence x, in the reals is called a Cauchy se-
quence if given € > 0 there exists N, € N such that for allm,n € N, we have |z, —x,,| < €.

The following proposition is an immediate consequence.

Proposition 16 If {z,} is Cauchy the the set {x,} is bounded. Equivalently, there
exists M > 0 such that x,, € [-M, M| for all n € N.

Proof: For ¢ = %, there exists N = N% such that for all n > N, xz,, € (xy — %,QJN + %)
Let

1

We claim that this value of M does the job as stated in the proposition.
Now for all n < N, x,, < |x,| + %, so x, < M. Also if n > N, then

11 1
Tp — TN —a'a Tp — TN )
€ (—55) = lmm—unl <
1
1
= x, < |x,| < |zN|+

57
== x, < M.

Example 3 z,, = (—=1)"+. Is {z,} Cauchy?
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Suppose n < m. Then

L (=1)mt
e L

I 1 2
<-4+ —=<-

n m n

Consider an € > 0. By the archimedian property, ng < % < ng + 1 for some ng. So
nlo >€e> % Therefore |z, — x,,| < €, for every n > ny. Hence this sequence is indeed
Cauchy.

Proposition 17 Suppose {z,}is Cauchy. Then the set {x,} contains at most one limit
point.

Proof: Suppose x < y and z,y are both limit points of {z,|n € N}. Since x is a limit
point of {z,|n € N}= A. For every small enough € > 0, the set (z —e,x +¢€) N A is
infinite. Similarly, (y — €,y + €) N A is infinite. Since {z,} is Cauchy, there exists IV
such that for all m,n > N, |z, — z,,| < €. By (the first observation above there exists
n > N, such that z, € (x — ¢,z + €) N A. In the same vein, there exists m > N, such
that z,,, € (y — €,y + ¢) N A. This gives |z, — x,,| < e. However, on the other hand, for
any a € (r —e,x+e€),f € (y—€,y+e)

=Bl = (y—¢) —(z+¢),
=y —x — 2,
o pa—

- 100
= 98k,

where e = #55; this gives a contradiction and our proof is complete. )

Definition 27 For any metric (X,d), for any point x € X,we define the open ball of
radius r at x asB,(x) = {y € X|d(x,y) <r}.

Remark 9 One defines a limit point in an arbitrary metric space in the same manner
as in the case of the real line. Indeed, for A C X, we say that a is a limit point of the set
A if and only if B,(e) N A~ {a} # D for every r > 0.

We also define a Cauchy sequence in a metric space in the same manner.

Definition 28 Cauchy Sequence in X: {x,}is Cauchy in X iff for every e > 0, there
exists N. € N such that for m,n> N, we have d (z,,,z,) < €.
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The following proposition follows along the same lines as the real case.
Proposition 18 A Cauchy sequence in (X,d) has atmost one limit point.

However, in the case of the reals, we are guaranteed a limit point as the following theorem
states

Theorem 23 FEvery Cauchy sequence in R has a limit point.

Remark 10 Not all metric spaces enjoy this privilege. Indeed, the metric X = Q has
Cauchy sequences that do not have any limit in Q.

Proof: Suppose {x,} is Cauchy. As seen before, {x,} is bounded, i.e., there exists M > 0
such that z,, € [-M, M| for all n € N. Consider

A={a€R|a<x, for infinitely many n} .

Clearly, A # () since —M € A. Also, A C [—o0, M]. So, A is non-empty and bounded
above. Let (A) = z.

Claim 13 x is a limit point for the sequence {x,,}. In other words, for anye > 0, (x — €,z + €)
contains some x,,.

Suppose not. Then there exists some ¢ > 0 such that (z — €,z + €) has no element of
Zp. Since x = lub (A) x — € is not an upper bound for A, so there exist infinitely many
x, > x — €. But this implies that all elements of {x,} greater than z — ¢ must in fact be
larger than x + €. This gives x4+ ¢ € A, a contradiction since = lub (A). This completes
the proof of the claim, and consequently, every Cauchy sequence in R has a limit point.

L3

We say that a set A € X is bounded if A C B, (x) for some x € X and a suitable
r > 0. The following proposition is also easy.

Proposition 19 In a metric space, every Cauchy sequence is bounded.

Definition 29 Given {z,} C X, we say that {x,} converges to a limit if it is Cauchy
and has a limit point.
In symbols, lim x, = x if for any € > 0 there exists N. € N such that for all n > N,
n—oo

we have d (z,,z) < €.

Example 4 z, = 1

Claim 14 lim, o + =0
|L — 0| =+ < ¢ for large enough n ( Archimedian Property )
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Proposition 20 (X =R, |.|) Suppose {z,}and {y,}are sequences in R. Let
lim z, = X, lim y, =Y.
n—so0 n—yo0
1. lim, yoor, Ty, =X Y.
2. lim, oo Ay, = A.X.

3. limy, oo Tpy, = XY

4. If y, # 0 for alln > N for some N and lim, o y, # 0. then lim,,_, i—: =

=I5

Proof: We only write the proofs for statements (3), (4) in the proposition above.

lim x,.y, = X.Y

n—o0
|Tnyn — XY | = |zpyn — Xyn + Xy, — X.Y|
S |yn|'|$n - Xl + |X||yn - Y|

If z = 0, then the second term vanishes; otherwise choose Nj, such that |y, —Y| < 3]
for all n > Nj_. Since lim, ooy, =Y, |yn| < M for some M > 0 for all n € N.
So, for the first term pick Ny, such that |z, — X| < 55;. Hence,

€ €

nn — XY| < M.— + - =c¢
[2n-y <M tg=e
We need to show that yin converges to ;7 Now,

1 1 Y — yn|

Yo Y Y|yl

Suppose lim,, ooy, = Y # 0. Then there exists N, such that for all n > N, (where
Y] Y] Y]

_ .. . |Y— nl |Y— TL'
€ = %) ,we have |y, — Y| < 5. This implies y, > 5 — |Y|\5n| < 2. ‘Y‘% for all

n > N. Pick N* > N such that [V — y,| < X for n > N*. &

The following proposition is often useful in deducing the existence of a limit of a
sequence.

Proposition 21 Suppose {x,} is increasing and bounded above, then lim,, . x,, ezists

and equals lub({x,}).
The same conclusion also holds if the sequence is decreasing and bounded below.
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Example 5 If 2 > 0 and 0 < x < 1 let x, = 2™. Note that 2" > "' (This can be
proved by Induction.), so {x,} is decreasing. By the previous proposition, since x > 0 for
all n, lim,,_,o0 2" = L exists and lim,,_,. 2" = L as well. Hence,
L= lim 2" =2 lim 2" = z.L,
n—oo n—0o0

S0

— L(1—-2)=0 = L=0.

If © > 1 then {x,} is not bounded. Indeed, suppose not, i.e., suppose " < M for all n.
Then z™ < 2! s0 a™ is increasing. But then by the proposition above the limit would
exist, and then by the same argument the limit would be zero. But since x > 1 thesis
leads to a contradiction.

Proposition 22 ¢ :=lim,,_, (1 + %)n exists

Proof: Let z,, = (1 + %)n We show that z,, is increasing and bounded above. Indeed,

()
Tp = 1+ - 5
n

n n
n(n=1 n(n=1 1
2! n!
Hence,
n+1 n n+1 n 1
oo+t G GE) L G )
i n+1 2! (n+1)! '
We know that 1 — nL—H > 1 — %; also, x,.+1 has more number of terms of than x,, so it
follows that x,, .1 > z,. Also,
S IHLIIL ST R A LY
Ty < —+—+4+...+ =< -+t =4+ =4+...+ = )
12! n! 1 22 23 2m
Since the sequence is increasing and bounded above, by the above proposition the limit
exists. &

Example 6 lim, .., /n = 1.
Write 3/n =1+ x,. Then, we have

n = (14+z,)"

> xQ n

= Tl

/2
1f0rn22.

n_

44

V



2.2

% exists and is equal to 0. Also, x, > 0. So, by the sandwich

theorem, lim,, o x, = 0 and so lim, o, Yn=1+0=1.

Now, lim,,_

Subsequences

Definition 30 Given a sequence {x,} in R any sequence {x,, }r>1 where {ny} is an
increasing infinite subset of N is called a subsequence of {z,}.

Proposition 23 Any subsequence of a convergent sequence converges to same value i.e.,
if v, = X then for any subsequence x,, — X as k — oco.

Proof: Given € > 0, there exists N, € N such that | z,, — x |< € for all n > N.. Since
{nk} is an increasing infinite subset of N, there are atmost finitely many k such that
ng < N¢ i.e., for k > k.(for some k.) , we must have n;, > N,.. Therefore for all k£ > k.,
we must have | z,,, —z |< e. &

Remark 11 The converse of this proposition is not true. For instance the sequence
0,1,0,1,0,1..... does not converge even though it has convergent subsequences.

We now state one of the most important theorems in the context of bounded sequences.

Theorem 24 Bolzano- Weierstrass Theorem Fuvery bounded real sequence admits a
convergent sub-sequence.

Proof: Without loss of generality we may assume 0 < z, < 1 for all n. There are two
cases to deal with.
Case 1: {z,} has only finitely many distinct values.

In this case one element x must repeat infinitely many times. Consider that sub-
sequence {x,x,z,z ...} which clearly converges to x.

Case 2: {z,} has infinitely many distinct values:
Let A = {x,|n € N}. Since A is infinite either AN[0, 3] is infinite or AN[3, 1] is infinite.

Let I; be one of the intervals [0, 1], [3, 1] which contains infinitely many elements of
A.Inductively if I}, = [a, b] then let I}, be one of [a, “TH’], [“TH’, b] which contains infinitely
many elements of A.

This gives a sequence of intervals Iy D Iy D Iy D I3--- such that each I contains
infinitely many elements of A.Write

Iy = [ag, b, [y = [a1, 1], I2 = [ag, by . ...
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Since the sequence of intervals is nested, it follows that
ap <ap <ay <o <bgand by > by > by > -+ > ap.

Since {a,} is increasing and bounded, lim,,_,~, a,, = a exists.
For each k, pick z,, € Ij.
{b,} is decreasing and bounded below. So b, — b for some b as n — oc.

a, < b, , we must have a < b. Note that b, — ar = 4. Thus,

2k -
! B C lim - — 0= _ _ Y
(0 = o) = g e = 0 = im0 — ) = g b = i v
which gives b = a.
Since ay, < x,, < by, the sandwich theorem implies that {z,, } is convergent. &

Proposition 24 Suppose {a,} is a sequence in [0,1] and a, — a for some a, then
a€[0,1].

Proof: Suppose not. Without loss of generality suppose a > 1; then a > 1 + % for some
natural number n. Then we have (a —§,a+ ) N[0,1] # 0 for § = a — (1 + +). But since
a, € [0,1] (a — §,a + J) cannot have any element of {a,}, and this contradicts that a,
converges to a. [

Remark 12 Suppose Iy D I, D ... D I, D ... is a sequence of bounded closed intervals.
Pick z; € I;; by the Bolzano-Weierstrass theorem, there exists x,, — = for some x € R.
By the preceding proposition x € I . Similarly {z,, },>r — x and {z,. }r>k C Iz So,
x € I by the preceding proposition, and therefore x € I, for all k. This implies that

01‘21 I; # 0.
Remark 13 The above property is not true on all nested families of sets of reals. Con-
sider I, = (0,1). Here Iy D Iy D ... D I, D .... In this case, (;», I; = 0.

Definition 31 1. A set U € R is open if for each x € U, there exists a 6 = 6, > 0
for which (x — 0,z + ) C U.

2. A set U € R is closed if U is open.

Any open interval in R is an open set clearly. It is also easy to see that a closed
interval in R is a closed set.

Some Generalities: The following properties are easily verified.
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2.3

1. Ais open if and only if A is closed.

2. () is closed; it is also open.

@

A set can be neither open nor closed: U = (0, 1] not open and U = (—o0,0]U(1, c0)
is not open.

If A; are open then [J A; is open.

If A; are closed then [ 4; is closed.
Finite intersection of open sets is open.
Finite intersection of closed sets is closed.

{a} is closed.

S S

Remark 14 ()7, (=5, 5=) = {0}. This need not be true for infinite sets.

Continuity

Definition 32 Suppose U € R is open. f:U = R is said to be continuous at a point
a € U if given € > 0, there exists 6 > 0 such that | v —y |< § =| f(z) — f(y) |< €.

Proposition 25 f : U — R is continuous and {z,} is a sequence in U converges to

xeU. Then f(x,) — f(z).

Proof: Given € > 0, we need to prove: There exists N, such that | f(z,) — f(z) |< € for
all n > N,.

Since f is continuous there exists & > 0 such that | f(z)— f(y)| < e whenever |[x—y| < J.
Since U is open, there exists §; > 0 such that (x — d§;,2 + 0;) C U. Since z,, — x there
exists N, such that | x,, — x |< 0; if n > N,.. Hence for n > N.,we have | z,, —x |< ¢

== fzn) = f(2) [< e &

Proposition 26 f is continuous at x if and only if every sequence {x,} = x, we also
have f(x,) = f(z).

Proof: It suffices to prove the sufficiency part of the proposition. Suppose it does not
hold, i.e., suppose f is not continuous at some x i.e. given € > 0 there exists o > 0 such
that | x —y |< 6 =] f(x) — f(y) |< e. This is the same as saying that there exists € > 0
such that for every 0 > 0, there is some y such that | z —ys |< d, but | f(z) — f(ys) |> €.

In particular, for §==, (for every n € N), there exists y,, such that | z — y, |< % and

| f(z) — f(yn) |> €. Now, {y,} — x and still {f(y,)} does not converge to f(x) - this
contradicts the hypothesis. &
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2.4

Proposition 27 A set A C R is closed if and only if it contains all its limit points.

Proof: Recall that = € R is a limit point of A if and only if for each § > 0 (x — §,z +
NN(A—{x})#0.

Proof of Necessity:

Suppose A is closed. Let = be a limit point of A. If x ¢ A then z € A which im-
plies that there exists § > 0 such that (z — 6,z + ) C A. But then for this 6 > 0,
{(A={z})Nn(z =6,z + )} = 0. but this contradicts the hypothesis that A is closed.

Proof of Sufficiency:

Suppose A contains all its limit points. It suffices to prove that A is open.
Pick x € A. We claim that there exists ¢ > 0 such that (z — d,x +0)N A =0.

Suppose not,then for each § = %, there exists =, € (v — %,m + %) NA. Let B =
{zpIn > 1}. By definition, x is a limit point of B, but B is contained in A. In other
words x is a limit point of B C A, and therefore x € A, contradicting the hypothesis that
x € A. &

Compactness

Recall: For any closed interval [a,b] any sequence {z,} C [a,b] contains a convergent
subsequence, whose limit is also in [a,b]. This comes from the fact that [a, b] is a closed
set and the Bolzano Weierstrass theorem.

Definition 33 Sequentially Compactness Let K C R. We say that K is sequentially
compact if every sequence in K has a convergent subsequence whose limit is also in K .

Example 7 1. The interval |a,b] is Sequentially Compact.

2. Consider A = [0,1] N Q. This is not sequentially compact since if we consider
Tp — %, {z,} C A the limit of any of its subsequence does not lie in A.

3. R or N. Neither of these is sequentially compact. Indeed, consider the sequence
T, =n. None of its subsequences converge.

Lemma 4 If a set K C R s sequentially compact, then it is closed.
Proof: Suppose x is a limit point of K and it does not lie in K. Then for every

d >0 (x—dx+0)NK # 0, because z is a limit point. In particular for § = %,
Ty € (xz — %,x + %) N K. So, x, converges to x. So, any subsequence of that sequence
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would also converge to x. This in particular implies that the limit x should lie in K
because K is sequentially compact. So, all limit points of K lie in K. That means K is
closed. &

Lemma 5 If a set K C R s sequentially compact, then it s bounded.

Proof: Suppose K is not bounded, then there is no M € N such that K C [-M, M]. So
there exists a sequence in K such that for z,, € K ~ [-M, M].

Consider {z,}m>1 C K. As K is sequentially compact, it has a convergent subse-
quence {x,,, }. Let {z,, } = yask — oco. Now z,,, € (y—1,y+1) for all k > ky. Hence,
T, € (—myg, my) by the choice of the z;’, so

Mpy1 = My,

(y—1,y+1) € [-M, M], for some M
and this yields z,,, ¢ [—M, M], which is a contradiction. &

Another Characterization of Continuity: Let U C R beopenin R, f: U — R
and suppose f is continuous i.e., for x € U, given ¢ > 0, there exists § > 0 such that
|z —y| < ¢ implies |f(z) — f(y)| < e. Equivalently, for ye (z — d,x + J), we have
fly) € (f(x) — €, f(z)+¢€). Foraset VeR,

JHV)={ueUlf(u) eV}
so that for V = (f(x) — ¢, f(x) + €) we have

@) —e fx)+e)D(r—ex+e)
In other words if V' is open in R, f~1(V) is open in U. The converse is also valid, i.e
if f:U — R such that f~!is open in U for every open set V in R, then f is continuous.
For v € V| there exists € > 0 such that (v —e,v+¢) € Vif f7(v—¢cv+¢€) =0,
then there is nothing to prove. Suppose u € U such that f(u) = v. Since f~'(v—¢€,v+€)
is open in U, and contains u, there exists § > 0 such that (u—d,u+9) € f~'(v—¢€,v+¢).

For the next lemma, we need a definition.

Definition 34 A collection of open sets 3L in R is called an open cover for a set K if

KclJuU

Ueu

Lemma 6 Lebesgue Number Lemma: Given a set K that is sequentially compact and
an open covering M for K, there exists § > 0 such that for each x € K, (v —0,x+9) C U
for some U € 4.
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Proof: Suppose not. For every § > 0, there exists © € K such that (z — 6,2 +0) € U
for any U € 4. In particular take § = %, get z, € K such that (v, — 8,2, +0) € U for
all U e Uie (z, — 2,2, 4+ 1) € U for all U € 4.

Consider {z,} in K, this has a convergent subsequence xz,,, — = in K. Now if z € Uy
for some Uy € 4, Uy is open , then there exists a dg > 0 such that (z—dg, x+0d9) C Uy. Pick
1

a k such that % < %0 len > % . For such n, clearly (z,, —n—k,xnkjti) C (x—00,z+dp).

So (2, — i, T, + n—lk) C U, which is a contradiction. &

Theorem 25 [f K is sequentially compact, then for every open cover i for K, there
exists a finite subcover. i.e., if K C U there exists Uy, Us, ..., U,, for some n € N, such

that K € U;_, U..

Proof: Suppose not. Pick x; € K, there exists U; € U such that x; € U;. Since there is
no finite subcover, pick x5 € K\ Ujsuch that Us € { and (x9—3, 294+0) C Us. Proceeding
inductively, pick z,, € K~\J;_, U; and U,, € YU such that z,, € U, and (z,—9, ,+0) C U,.

For the sequence {z,},>1, let z,, be a convergent subsequence, and let z € K be a
limit of x,,. Let U € U such that (z — 0,2+ 0) C U. Write y,, = x,,,. We have y; — z in
K i.e given € > 0, there exists NN, such that |y, — x| < € for every k > N,.. This implies
|yk — Yry1| < 2€ for k > N.. Pick e = g; then for k& > N, we have

L |yr — Yrs1| <26 = Y1 € (Yp — 0, yx +9).
2. (yr — 0, yr +0) C Us.
3. Yr+1 ¢ Uy.
That is a contradiction. &

The Lebesgue Number Lemma has a very important consequence for continuous func-
tions defined on compact sets, in particular, closed intervals.

Theorem 26 Suppose f : [0,1] — R is continuous, then f is bounded, and attains
mazimum and minimum.

Proof: Consider f~!'(—n,n) asn € N. Let U, = f~'(—n,n). As f is continuous, U, is
open in [0,1]. Also |J,_, > [0,1]. [0,1] is sequentially compact implies there is a finite
subcover i.e., there exists ni,ng,...,n, such that [0,1] C UJ;_, f~'(—ns,n;) implies f
maps from [0, 1] to some finite open sets. So, f is bounded.

Suppose M = sup(f(x)). If M is never attained, then the continuous function g(z); =
M — f(z) > 0 which implies M+M > (. Since a continuous function is bounded, it

follows that M+f("£) < k for all z which implies f(x) < M — %
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This is a contradiction that M is the supremum of f. So, M is attained. The proof of
attainment of minimality is similar. L 3

Definition 35 A set K is Compact if every open cover of K admits a finite subcover.
In particular, for subsets of R sequentially compactness implies compactness.

Theorem 27 Heine-Borel Theorem: If K C R is compact, then it is also sequentially
compact. In particular, K C R is compact if and only if K is closed and bounded.

Proof: Suppose {z,} € K. There exists convergent subsequent i.e we want {x,, } such
that x,, — z for some z € K.
We will instead prove the following: If K C R is compact then K is closed and

bounded. By a previous theorem, this will prove that K is sequentially compact.

1. K is compact — K 1is bounded.

Foreachz € K [(x—1,2+1) = U,, 4 = |JU,. Clearly U covers K. So, there exists
a finite subcover. WLOG 21 < 29 < ... <y, ; Uy, U, ..., U,, cover K. Hence

[I1—2,$n+2] QK

Let M = max{|xy — 2|, |z, + 2|}, so that K C [-M, M], hence K is bounded.

2. K is compact —> K is closed.

Suppose {z,} C K and z,, — z in R but z ¢ K. WLOG we assume z,, < z . Since
infinitely many x,, are less than x, that will do.

Consider U,, = (—o0, x,, + u;—x"‘) and U = (x,00) ,U,», Un = (=00, 7). Let
U={U}U{U,|n > 1}.

il is an open cover for K, so there is a finite subcover, say U,,,U,,,...,U,, with
ny <mng <...<ny, and (z,00) UJ., U; covers K.

But since z,, — x there exists k such that |z — x| < min’;:llg”;—m and that is a
contradiction. So, x € K, which implies K is closed.

51



2.5

Induced Topology on Subsets of R

We have thus far defined continuity of functions whose domain is open in R (e — ¢
definition). We also saw that this definition is equivalent to the following:

f : (a,b) — R is continuous if and only if for any U C R open, we have that f~*(U) is
open in (a,b) . We use this as a more general definition of continuity for functions whose
domain is an arbitrary subset X of R.

Definition 36 Given X € R, we define the Induced topology of open subsets in X
as follows. We say that U C X is open in X if U =X NV, for some V open in R. It is
easy to verify the following.

1. 0, X are open in X.
2. {Uy} C X are open , so is |, U,

3. Uy, Us, ..., U, are open in X, then (;_, U; is also open in X.

Definition 37 For f : X — R, we say that X is continuous, if for any open set U C R,
f~YU)is open in X.

Example 8 1. X =N. The topology induced by R gives {1} = NN (1—3,1+3) and
(1—3,1+3) is open in R . So every {n},n € N is open in N. So every function
whose domain is N is continuous!

2. X = la,b|. Here, intervals of the form [0,€), (1 — €,1] are also open in [0,1] other
than the ones open in R and contained in [0, 1].

Remark 15 We can define sequential compactness and compactness for arbitrary subsets
of R in a similar fashion as we did for R.

Another feature of Compact Sets: We have already seen that continuous func-
tions defined on a compact set attain maxima and minima. Here, we shall see that
something else holds for continuous functions defined on a compact set.

Definition 38 f: [0,1] — R is continuous, we say that f is uniformly continuous if
for a given € > 0, there exists 6 > 0 such that |z —y| <0 = |f(z) — f(y)| <e.

Example 9 1. f:]0,1] = R, f(z) =z ,f(x) is uniformly continuous. Indeed, take
0 =€, for a given € > 0.

2. f:[0,1] = R, f(x) is a constant function, then f(x) is uniformly continuous. Take
0=k k e R, for a given € > 0.

8. f:(0,1) =R, f(z) =1 is not uniformly continuous.
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Proof: The last statement needs a little clarification. Suppose for given , € = 1, there
exists a 0 > 0 such that if |z — y| < & implies |f(z) — f(y)| < e. Take x = k = =2EVO+8 V4‘52+8‘5
andy:g+k. Then

Since k is root of k*+.5 = & |f(z) — f(y)| is not less than e. Hence f(z) is not

uniformly continuous. &

Theorem 28 Suppose f:[0,1] — R is continuous, then f is uniformly continuous.

Proof: It follows from continuity of f that for a given ¢ > 0 and x € [0, 1] there exists
d; > 0 such that for all y € (v + 6., 2 — ;) N [0,1] , we have |f(x) — f(y)] <e.

Consider 4 = {(z — d,,x + 0,)|z € [0,1]}; clearly, this is an open cover for [0, 1] and
since [0, 1] is sequentially compact the Lebesgue Number lemma tells us that there is
d > 0 such that for any x € [0,1], (z — d,x + ) C U, for some y € [0,1]. For this §
suppose we have |[x —y| < diey € (z — 9,2+ J) C U, for some z. Then by continuity
of f at z,

[f(z) = f(2)] <e

Also, |f(2) — f(y)| < e. Therefore
[f(2) = F)l = 1f(2) = f(z) + f(2) = Fv)]

[f(@) = f)l < |f(2) = F() + [f(2) = f(y)]
[f(z) = fy)] < 2e.

In any arbitrary metric space, consider

B.(z) ={y € X|d(x,y) <r}

Let K be compact in X. Suppose z is a limit point for K . If z ¢ K, for each y € K pick
B,.(y) such that x ¢ B,(y) (for some suitable ). Then {B,, (y)|y € K} is an open cover
for K . Since K is sequentially compact, there is a finite subcover for K. Therefore, say

B, (y1)UB,,(y2)U...UB, (y) 2 K
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2.6

Let min{d(y1, z), d(y2, ), ..., d(yn, x)} = dy. Since z is limit point, Ba, ()N K # (). But
dp 1s minimum.This is a contradiction.

Remark 16 f:[0,1] — R is continuous = f is uniformly continuous.
The same proof works for any K compact and f : K — R.

Proposition 28 U is open in R then U = J,_,(a;, b;), where (a;,b;) N (a;j,b;) =0 for
i j.

Proof: Suppose = € U, By definition there is some (x — §,z + d) C U for some > 0 .
Let a, = inf{a|(a, z) C U},b, = sup{b|(z,b) C U}.

If R, = {b|(x,b) C U} is not bounded above, then (z,00) C U. Similarly, remark for
{a|(a,z) C U} is not bounded below, (—oo,z) C U.

x € (ag,b;), then b, cannot be in U because if it is in U, then (b, — 4, b, + 9) will also
be in U. So b, will be not be supremum. So b, does not lie in U. Similarly a, also does
not lie in U.

We claim that the set U is at most countably infinite. We can say this because there
can be either finite sets which would be countable or infinite sets. In that case take all
the infimums of those sets say C' = {co, ¢1, ¢z, ...}. Then define a bijection from that set
to N where each element of the set C' represents one open set (suppose infimum of a set
does not exist, the only case is that there is only one set of that sort in U i.e of the form
(—o0, k), k € R.So that does not effect the type of infinity). So, the number of such sets
is at most countably infinite. s

Extending from the Reals to arbitrary Metric spaces

Many of the results we have considered in the case of Real numbers also extend with the
‘same’ proof (with some cosmetic changes, of course) an to arbitrary metric space. But
some properties do not necessarily carry through. We tabulate them in this table for
convenience.

Property (%,4d)
Limits of Sequences

Continuity of function

Sequential Compactness

Compactness

Sequential Compactness < Closed and Bounded

Sequential Compactness < Compact

SSENENENENENEE
NFIENENENEN

SR Rl R R
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2.7

Example 10 For Property 5, consider X = Q([0,1] and d(z,y) = |z — y|. This is
closed and bounded but there are Cauchy sequences with no limit point in X; for
instance the rational sequences which converge to an irrational number in R.

Theorem 29 For a metric space (X,d) if (X,d) is sequentially compact, then (X,d) is
compact.

Proof: We have proved the Lebesgue number lemma for open covers which states that
if K is sequentially compact and U is an open cover for K, then there exists > 0 such
that for all x € K, Bs(z) C u for some u € U. In fact, we have just replaced (z —d, z +0)
with Bs(z). Both the proofs carry through with minimal changes. &

The question of the converse of this statement is quite a natural one. Unfortunately,
our proof from the real case does not quite apply since the Heine-Borel theorem does not
hold for an arbitrary metric space. We will see the validity of the converse in a slightly
more general manner, in the next section. We do however, make one remark: If {z,}
has a convergent subsequence, then it’s limit must lie in X because compact sets are
necessarily closed in an arbitrary metric space.

Alternate way of looking at compactness: The following proposition is a con-
sequence of interpreting the definition of compactness by taking the complements of the
sets of any open cover. We omit the proof.

Proposition 29 K is compact if and only if for any finite collection of closed sets C
satisfying Cy, Cs, ... C, € C with Cy N Cy--- N Cy, # 0, we must have (\pee 7 0.

Connectedness

We have already seen that any open set in R is at most a countable union of pairwise
disjoint open intervals. In particular, if ) C U C R is open in R, then U is not closed.
Equivalently, the only sets of R that are both open and closed are () and R. What about
in general?

Example 11 X = Q, open sets are of type Q N U, where U C R s open. The set
(—00,v2]NQ = (=00, v2) NQ is both closed and open in Q. As witnessed over Q, in
the general case, this is not true.

Definition 39 We say that a metric space (X,d) is disconnected if there exists U,V
(open)C X, that satisfy

1. {UnNnV}=0.
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2. {UUV} =X.

3. U,V #0.

And we say X is connected if it is not disconnected. (If U,V witness a discon-
nection, we say that U,V separate X).

Theorem 30 R is connected and so is any interval of the type (a,bl, (a,b),|a,b], a,b).

Proof: We have already seen that R is connected. For the remaining ones, we shall only
prove the case of (a,b]. The other cases follow similarly.

Consider (a, b].Suppose this is not connected. U,V are open in R such that UNV = (),
UUV D (a,b] and U,V # (). Pick a < ¢ < d < b such that ce U,d € V.

Now consider [c,d] N U, [¢,d] N V. This must give a separation of [c, d]. Pick [¢,d] N U.
This is bounded above and non-empty. Let x € R = sup([c,d] N U). &

Theorem 31 Intermediate Value Theorem

Suppose f : la,b] = R is continuous and f(a) > 0, f(b) < 0. Then there exists
¢ € (a,b) such that f(c) =0.

Suppose not. Then for all z € [a,b], f(x) > 0 or f(x) <0. Let U = {x € [a,b]|f(x) > 0}
and V = {z € [a, b]| f(z) < 0}.

UV #0sinceac UbeV.
UUV =la,bland UNV = 0.
U= f10,00) and V = f!(~00,0) = U,V are open in [a,b].

So, U,V separate [a, b] which is a contradiction.
Note: Open in R ~ [ J;°, (an, by).

This begs another question. Is it true that a closed set in R is a countable union of
closed intervals? The answer is a resounding NO.

26



2.7.1 A Weird Closed Set in R:

Consider
CO - [0,1]
1 2
- -1
Cl [073] N [3’ ]
1 2 3 6 7 8
=[0.= - = — = —.1

c=()C
i=0
C is called the Cantor Set. We make a few observations.

1. C is closed since C is a union of open intervals and hence it is open.

2. 0,1 €, since 0,1 € Cj,for all : € N.

3. No (a,b) C C where a,b € [0,1]. Indeed, C,, is a finite union of closed intervals and
the sum of lengths of these intervals is ()"
If (a,b) C C, then (a,b) C C, for all n € N. But lim, o ()" = 0 which implies if
(2)" < 2, then we have a contradiction.

4. C is uncountable! More precisely |C| ~ |R].
Consider a ternary expansion for elements z € [0, 1], where we pick only those
expansions which don’t terminate in 2.
Note that = € (] < the first place after the decimal is either 0 or 2.

Similarly z € C), < the first n places after the decimal are all either 0 or 2.
Replacing 2’s in these ternary strings with 1’s gives us the set of all binary strings
whose cardinality is same as |R].

We return to a question we posed earlier, namely, the equivalence of the notions of
Compactness and Sequential Compactness on Metric spaces. We have already seen that
Sequential Compactness gives compactness in metric spaces, and we now wish to show
that Compactness implies Sequential Compactness.

Over R, Compactness of a set is equivalent to the set being Closed and Bounded
which is in turn equivalent to Sequential Compactness. What is boundedness in the
general metric space context? This is straightforward; we say that a metric space (X, d)
is bounded if there exists € X and r € R such that B,.(z) D (X, d).

Unfortunately, in a general metric space, ‘Closed and Bounded’ does not guarantee
Sequential Compactness. For instance, there is no guarantee that Cauchy sequences even
converge.
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2.7.2

Definition 40 We say that a metric space (X,d) is Complete if every Cauchy sequence
actually converges to some member of X.

Pathological Examples:
X=Qn]|0,1],d(z,y) = |x — y|. Here X is not complete.
If X is complete and bounded, is it also sequentially compact?
NO!
Suppose X = N and the discrete metric d(z,y) where

d(z,y) =1 if x#y,
=0 if x=uy.

This is complete as every Cauchy sequence on N will eventually have the same number
coming up infinitely often.

This is bounded as d(x,y) can be just 0 or 1. In particular, any ball of radius 1 contains
every element in X. However the sequence a,, := n has no convergent subsequence. So, it
is not sequentially compact. And it is not compact either; {1}, {2}, {3}, ... form an open
cover with no finite subcover.

This begs a question:
Can we characterize compact sets in (X,d)?

Proposition 30 If X is compact then it is complete.

Proof: Suppose {z,} is Cauchy in X. It suffices to find a limit point for this set A =
{z,|n > 1}. Suppose A has no limit point. Then note that A is closed. Consider

Al = {171,1'2, .. }
AQ = {ZEQ,J/’g, .. }

An = {Ina Tpt1,-- }

For the same reason that A is closed, it follows that each A; is also closed. Furthermore,
A, NA,N...NA; #0forall n € N and iy, is,...,4, But mnzlAn = 0.

But the above observation contradicts the Finite Intersection Property for compact
sets. This completes the proof. &
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Suppose (X, d) is compact. The above theorem implies that it is complete.
For each = € X, consider B;(z), and consider the open cover

U={B(z)|r € X}.

Since 4l is an open cover Bj(x1) U Bi(xs)... U By(z,) 2 X for some z1,23...,2,. In
particular, for any sequence {y,} in (X, d) it follows that there exists some subsequence

{Yn.} C Bi(x1).

Lemma 7 Suppose X is compact and K C X is closed then K is also compact.

Remark 17 The set B (z) := {y € X,d(x,y) < r} is closed. So, by this lemma Bf'(z)
15 compact in X.

Proof: (Of the lemma)
Suppose U is an open cover for K. Then

W=dU{X\ K},

is an open cover for X. This implies it has a finite subcover for X, which gives a finite

subcover of 4 for K. &

So far, we have {y&l)} C B; C B¢ which is compact. So, {B%(a:)|x € Bi(z)} is an

open cover for Bi(x)?. Suppose (WLOG) that there exists an infinite {yy(f)} C {yfll)} C
B% (l’g) = B2

Get {ynk }(infinite) such that y By, (zy) for all n € N
Given € > 0

= d(yn ,xk)
- d(yn aym

)
<3
So,given € > 0, pick k such that 7 < e. So the sequence {yl ,y2 , ...} is Cauchy in
X.

Remark 18 Suppose X has the property that for any e > 0, there is a finite open cover
of X by balls of radius €, then the same proof essentially works.

Definition 41 We say X is totally bounded if for any e > 0,X is a union of finitely
many balls of radius €.

Theorem 32 Generalized Heine-Borel Theorem: A metric space (X,d) is compact
if and only if it 1s complete and totally bounded.
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2.8

Another Construction of R from Q

Informally: Every Cauchy sequence of rationals represents a real number.

Definition 42 Say X = (r1, 29,23, ) and Y = (y1,Y2,ys, -+ - ), where z;,y; € Q.
We say X ~ Y if for any rational € > 0, there exists N. such that |z, — y,| < € for all
n > N..

Proposition 31 ~ s an equivalence relation.

Proof: Reflexive: Trivial, because |z,, — x,| is zero.
Symmetric: Trivial, because |z, — yn| = |y, — z,| for all z,, y,.
Transitive: X,Y, Z are such that if we are given an € > 0
there exists N, such that |z, —y,| < § for all n > Nel, and
there exists N, such that |y, — z,| < 6 for all n > N,,
Let N, be the greater of N., and N,.
Using the triangle inequality, we have:
|Tn — 20| <0 — Yn| + [yn — 20| < 5+ 5 = ¢ for all n > N, Hence, it is transitive. &

Let Q = {X|Xi is an equivalence class of the Cauchy sequence X, related by ~ }
Let X = {z,} and ¥ = {y,}. We can define the operations + and - on Q:

° )A(—I—}A/ZmZ{xn—l-yn}
o )??:ﬂ:{xnyn}
Similarly define:
o —(X) =X = {-w.}
. )?/?:)?/T/:{z—:},whereyn#()forallnzl.
Since + and . are well defined (proofs skipped), we have the following:

Theorem 33 (@, +, -, 0, 1) is a field, where 0= {0, 0, 0, --- }and 1 ={1, 1, 1, ---
.

Definition 43 We sayizl\ > B if a, = b, + € for some rational € > 0, for all n > N,
where a, € A and b,, € B.

Making use of this definition, we have:
Theorem 34 (@7 +, ., 0, 1, <, >) is an ordered field.
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Proof: A C @ is bounded above, i.e., for all p C A, p < q for some q € @ R
WLOG, ¢, > p, + € for some rational € > 0, for all n > 0. We want to produce an X as
an lub for A, i.e. a sequence {x,} where z,, € Q.

Pick x; € N such that x; is the least element which is an upper bound for A.

Pick x5 as the least element of the form 7, such that it is an upper bound for A, n € N.
Pick x5 as the least element of the form g3, such that it is an upper bound for A, n € N.

Continue this process for all n
Claim: {x,} is Cauchy.
Ty > Ty 2> X3 2>

Also, x, —x,_1 < %

Suppose m < n:

| — xn| =[(@m — Tims1) + (Tmg1 — Tg2) + -+ (X1 — T4)|

S’xm - xm+1| + |xm+l - xm-ﬁ-?‘ +---+ |Z’n_1 - xn’

1
SQ_m+2m+1+“.+2n—l

1
— 2m71

So, X = m, is Cauchy.

Clatm: X is an lub for A.

We prove it in two steps:

(i)X is an upper bound for A.

(ii))A( is the least upper bound.

Suppose X is NOT an upper bound for A, i.e. p > X for some peE A
So, there exists € > 0 such that p, > z, + ¢, for all n > ng. ——— (%)
For m > n, this means p,, > x,, + €.

Pick n > ng such that 2,%1 <e€
But z,, was chosen such that x,, > p,, for all large m.

Then,

Tp 2 Pm = Ty + €
or,6<xm—xn<2n%1<e

which is a contradiction.

So, X is an upper bound for A. R

2. Suppose ¢ is a SMALLER upper bound for A than X,

ie.g>pforallpe A, and X > g+ € for some € > 0.

Pick n such that W;—l < €.

We claim that at the n'* step in the construction of X, we could then, in light of (*),
have done strictly better and that would contradict the choice of x,,.

For each p € A,

qn > pnforalln > n(p)

61



xnzxn_GZQann

But x,, was Chosen to be the least rational of the form % that is an upper bound for A.
Since € > QTH, the element —L must also satisfy:

a—1
2n—1

2 Gn = Dn

This contradicts the minimality of z,,.
So, X is the least upper bound for A.
Hence, if A C Q is bounded above, then it has an lub in Q [

We have seen that R can be constructed from QQ by taking all Cauchy sequences.
We have also seen before (from the Dedekind cuts definition of R), that Cauchy sequences
in R are convergent.
Question: Can we do the same for an arbitrary metric space (X, d)?
Answer: Yes. Suppose (1,9, ) =X
(y1,Y2,- -+ ) =Y are Cauchy sequences in (X, d).
Define: X ~ Y iff
limn — Ood(xn, yn) = 0. We can check that ~ is an equivalence relation.
Let X = { X | Equivalence classes of Cauchy sequences in X }
Define: d (X,Y) = limn — ood(n, yn).
__ Wwhere,
X = {xhx%...}’

~

Y = {y1,y2,--- }. We can check that:
1. d is well defined.

2. d gives a metric space, i.e.

&>

(X,X)

I
o

~ o~ o~

(X,Y)=d (Y, X)

&)

~ ~ o~

e d(X.V)<d(X,2)+d(Z,Y)

Lemma 8 If{z,}, {yn} are Cauchy in X, then lim, — « d(xn,yn) = oy, exists, {a,} C
R.

Proof: It is enough to check that d(x,,y,) is Cauchy in R.
WTS: Given € > 0 there exists N, such that if m, n > N,
|, — am| < €.
The triangle inequality gives:

AT, Ym) < d(Tpm, Tn) + d( @0y Yn) + d(Yn, Ym)
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{z,} and {y,} are Cauchy. Pick N, large so that d(zp,z,) < § and d(ym,yn) < 5.
S0, d(Tym, Ym) — d(Tp, yn) < €, and
d(xp, Yn) — d(Tm, Ym) < € = {ay,} is Cauchy in R. &

If X~ X andY ~ Y’ then

And since X ~ X', we have
lim, — o d(Tn,2),) = lim, — o d(Yn,y,,) =0
i.e., given € > 0, there exists N, such that if n > N, d(x,, ;) < § and d(y,,y,) < 5. As

n
before,

Taking limits:
limy, — oo d(Tp,Yn) < limy, — o d(z],y)) + € for any € > 0
= liMy, — 0o A(Tn,Ypn) < limy, — o d(2),,y.,).
Supposing (x,,z}) and (y,,y.,) in the above, we get the reverse inequality.
— d is well defined.
Clearly,

X — %by
v ((@7,7), 0y, )

d(z,y) = d (55,7, 7))
limy, —s ood(Zn, Ypn) = limy, — d(z,Y)

Theorem 35 (X,d) contains an isometric copy of (X,d) and is complete.

ISOMETRIC: For any z, y € X, C/i\(ﬁ y) =

where ¥ = (z,x,- )
y=Wwuy.-)

UPSHOT: Every metric space can be completed. Proof: We need to show that every
Cauchy sequence in X has a limit in X,

i.e. given € > 0, there exists N, such that c%\()/(;,)/(;) < € for all m,n > N..
el N L (T R )

1 =T Xy "y 3Tyt st 9"
Yoo .2 (2 2) ©)
X2_x1 7'1:2 ,...’xml’...7xn/’...
T m) () (m) (m)
Xm_l'l 7x2 7...’xm/,...’xnl g
where Xy, Xy, -+, X, - -+ are all Cauchy sequences,

and (X7, Xo, -+, X, -+ ) is a Cauchy sequence.
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Take X = (:vgl), xéQ), )
Is X Cauchy?
Pick N, such that:

(triangle inequality)

We need to show that for € > 0, d(X,,X) < € for all n > N, for some N, i.e.,

limy, — o d(z\™, 2M) < €, or
d(a:;n),m,gk)) < eforal k> ke, n> N, s

2.9 Returning to the Cantor Set

Co = [0,1]
Ci=[0,5) U [5.1)
Cr=00,5] U 23] U [org) U [5.1]

Let C* = N,>¢ C,,. We have the following:
1. C* is closed, uncountable and bounded.

2. Elements of C* are those with a ternary expansion involving no ones.

3. Consider f: C* = [0,1], where
xr = (0.1’11‘2' . ')3 — (0%% . ')2
It is a continous, surjective map.

4. C* has measure zero.

Theorem 36 (Cantor Surjection Theorem)
If X is a COMPACT metric space, then there exists a continuous surjection f: C*
= X.

64



3.1

Differentiation

Differentiation of Real Valued Functions

Definition 44 Suppose there is a function f : (a,b) — R, we say f is differentiable at ay

if
lim flao +h) — f(ao)

h—0 h

exists; that is, for a given € > 0 there exists § > 0(0 may depend on ay) and a real L such

that
(z) — f(ao)

0<|a0—x|<5:>]f — Ll <e

Remark 19 The derivative of f at ag is what we will call the number L in this definition.
It heuristically captures the notion of slope of a tangent line to the curve y = f(x) at the

point (ao, f(ao)).

Remark 20 The differentiability of f is a local property, that is f is differentiable on (a,b)
if and only if it is differentiable at each ay € (a,b).

Proposition 32 If a function f: (a,b) — R is differentiable at aq, then f is continuous
at ag.

Proof: Let ¢ > 0, we need to find 6 > 0 such that
[z —ao| <= |f(z) = flao)| <e.

Since f is differentiable at ag for this given € > 0, there exists § > 0 and L& R such that

O<|a0—x|<5:>|M—L|<e
T — Qo
that is
L—e< M <L+e
T — Qg
which implies
(L —e)|zr —ag| < () = f(ao)) |z = a| < (L +¢€)|x — agl

T — Qo
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We shall assume e < |L|. Therefore 0 < |f(z) — f(ag)| < (L + €)|x — ag| because

|z — ag| < dy. therefore |f(x) — f(ao)| < (|L| + €)d. This completes the proof. )

Proposition 33 Suppose f,g: (a,b) — R are differentiable at ao.
1. (f +9) (ao) = f'(ao) + ¢ (ao)-
2. (f9) (ao) = f'(a0) g (a0) + ¢’ (ao) f (ao).

3. (Af) (ao) = Af' (ao).

/ , ,
4. §> (ag) =1 (GO)Q(?;)ZGO))(QGO) @0) if g(x) is never zero in some small neighborhood of
ap
5. (fog)(z)=[f(y9(x)) g (z).
Proof:

1. Consider (f + g) (z) = f (z) + g (2).
We want to show:
(f+9)(@)—(f+9)(a)

limg 4, p— exists and is equal to f’ (ap) + ¢’ (ag). Now,
RS (O R G R T NP NP G B I NTIC R T

and these two terms are bounded above by €y, €5 respectively.

2. |f(z)g(xlij;(0a0)g(a0) —f (ao) q (ao) - f (ao) g (ao) |

_ |f(x)g(Z)*f(:v)g(ao)+f(x)g(ao)*f(ao)9(ao) — f(ao) ¢’ (ao) — 1 (ao) g (ao) |

T—ag

< If (@) (22220 — £ (ao) of (a0) | + Ig (ao) || 222222 — £ (ag) |

Since g(x) is differentiable in the interval so g(x) is bounded (by a positive number
M) and f(x) is differentiable

g (ag) [|H2=£90) — f7 (ag) | < MeVe, € Ry

T—agp

Hence it suffices to show that the other term is small enough.

Now, |f (2) (22242)) — f (ag) ¢’ (a0) + f (2) g (a0) = f () g (a0)
< 1f ) 1] (22222 ) — g/ (ag) | + |9’ (ao) IIf (=) = f (o)
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Since f’ (ag) exists and f is also continuous which implies |f (z)| < f («) for some
constant «v in |x — ag| < 0 for some small § > 0.

LD (o) |

r—ag

= [N HZELE — £ (ag) |

< |)\|€1
Choose ¢ < 5y; this gives
fl)=f=) €
P\||x_—a0 — f'(ag) | < 7
. QUOTIENT RULE :
0 aw , gw) | _gla)—g(a)  g(a)
T —ap 9* (ao) (z —ao) g(r)g(ao)  g*(ao)
1 ’g(ao) —g(x) n g (a0)|
9 (ao) | (z —ao) g (x)  g(ao)

g(x%)_g(m) — ¢'(x) and w = LRI _ 1))

. Define variable v = k

We see that v - 0as h — 0,w — 0 as k — 0.
We can rewrite the above equations as
glz+h) = glz)+[g'(x) +v]h,
fly+k) = fly)+[f'(y) +wlk
Taking f of the first equation, we get
flg(z +h)) = f(g(x) + [g'(x) + v]h)
Now, put y = g(z) and k = [¢'(z) + v]h in the second equation

fly+ k) = flg(z) + [g'(x) +v]h) = fg(x)) + [f'(9(x)) + w].lg'(x) + v]h
So, Lt =—fla(a)) _ Sala)tlf el ully' @yl h=flota)
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_ [f/(g(x))+w}}b~[9/(r)+v]~h

= [/(9(x)) + w].[g'(x) + v].h

limy,_o f(g(”h),z_f(g(x)) = limy o[ f'(g(x)) + w].[¢'(z) + V]
= (limp 0 f'(g(x)) + limy_,o w).(limy, 0 ¢’ () 4 limy_o v)

= f'(9(z)).g'(x)

sincev—>0ash—0and w—0ash— 0.

)

Remark 21 Suppose f: (0,1) — R is differentiable at a € (0,1). Then by definition,
giwen € > 0 there exists o > 0 such that

0< |z —ag| <d= L0l _ rig)]<e

=>f(a0)—e<M<f(a0)+ef07"allx€(ao—é,ao+5)—{ao}

T—ag

In particular, for x € |ag, ap + 0),

(f" (a0) =€) (x = ao) < [ (x) — [ (ao) < (f' (a0) + €) (x — ao)

= ([ (a0) =€) (x — ao) + [ (a0) < f(x) — [ (ao) + [ (a0) < (f' (a0) + €) (x — ao) + f (ao)
that is f (x) = f' (ao) (x — ao) + f (ao)

Similar analysis can be done for x € (ag — 0, ag).

This is called (NEWTON’S APPROXIMATION) or (THE FIRST ORDER
EXPANSION)

Theorem 37 (Rolle’s theorem) Suppose f: (0,1) — R is continuous and suppose f is

differentiable at each x € (0,1). Further suppose f(0) = f(1), then there exists £ € (0,1)
such that f'(§) =0

Proof: Without loss of generality, we assume f(0) = f(1) = 0.

1. Suppose f(z) = 0 for all z € (0,1), then f’(z) = 0 everywhere in the interval.
Hence this part is trivial.

2. Suppose f(x) is not identically 0.

Without loss of generality, let f (a) > 0 for some ae (0,1). Since f: (0,1) —» R is
continuous, it attains maximum. Since f(a) > 0, if { attains maximum at some
¢ €10,1], then f (&) > 0, in particular for £ € (0, 1).
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3.2

Claim 15 f'(£) =0.

Suppose not, that is f'(§) > 0 (this can be assumed without loss of generality).
Then given € > 0 there exists 6 > 0 such that for all x € (£ —9,£ + 0)

Fr&) —e< LELE < pr () 4

Pick € = @ — € and pick a corresponding § > 0, then

! T)— 3f
L8 < JO2[8) o 3T holds for all @ € (€ —0,€ — ).

In particular, at © = £ + %

! /ég)g <f (5 + g) — f (&), contradicting that f attains maximum at &

The case where [’ (£) < 0 is similarly dealt with.
)

Remark 22 The above proof actually shows that if f'(ag) > 0, then for element to the
right of ag in its small neighbourhood, the function value is higher than that at ag, the
function value is higher than that at ag; likewise for all x to the left of ag and sufficiently

close to ag, f(z) < f (ao).

The Mean Value Theorems and Consequences

Theorem 38 (Mean Value Theorem): Given f: |a,b] — R, continuous on [a,b] and
differentiable on (a,b), there exists & € (a,b) such that f' () = w

—a

Proof: Consider g (z) = f(x) — bl)) ) define on [a,b] Then g is continuous on [a, b]

,differentiable on (a,b) and g(a) = g (b) By applying Rolle’s theorem on g(x), we get
g (&) = 0 for some £ €(a,b). So,

ro-LO=J0
- b
RPRIUES (0

)

Proposition 34 Ratio Mean Value Theorem Suppose f,g: |a,b] — R are continuous
on [a,b], differentiable on (a,b), then there exists & € (a,b) such that

(f(b) = f(a))g'(€) = (9(b) — g(a)) f'(£)-
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Proof: Consider the function, h(z) = J;((i)):}c((z)) + zgzg:zgzg -1

Since h(a) = 0 and h(b) = 0, applying mean value theorem to h(x), we get

&

Proposition 35 Suppose f: [0,1] — R is continuous on [0,1], differentiable on (0,1)
and suppose that f'(x) > 0 for all xe(0,1). Prove that f is strictly increasing.

Proof: Let us suppose that f(a) > f(b) and a < b for some a,be(0, 1)

Applying Mean value theorem on the interval (a,b), for some £ € (a,b)

f(b) = f(a)

1)

Since f’(x) > 0 for all x in the interval, we have

S~ fla) _,
b—a
which implies
f(b) > f(a)
which is a contradiction. &

Remark 23 The converse is false. Take for example the function f(z) = 3.

3.2.1 A Theorem of Darboux

The following theorem, due to Darboux tells us a rather interesting feature of the first
derivative. In particular, it tells that arbitrary functions cannot be candidates for the
derivative function.

Theorem 39 If f: [a,b] — R is differentiable ,then function f' satisfies the Intermediate
Value Theorem.

Corollary 4 f’ cannot have JUMP DISCONTINUITIES.
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3.2.2

Proof: Pick ¢ > 0 such that f'(z;) + § < v < (22) — § Let hy > 0 such that

|w_f(xl)|<§and|w—f@2)|<§

Let g(x) = Jeth /@) g 4 € 21, T2| . By the continuity of f on (a,b) it follows that g
h

is also continuous.

Hence ,by I.V.P for g ,it follows that there exists y € [x1, 2] such that

f(y+h]z—f(y) .

Now restrict f to [y, y + h] and apply the mean value theorem. s

The L'Ho6pital Rule

The L’Hopital Rule is one of the most convenient-to-use results in Differential Calculus.
But surprisingly, history seems to suggest that the result was most probably discovered
by Bernoulli, and yet does not bear his name.

Theorem 40 (The L’Hépital Rule): Suppose f,g (a,b) — R such that lim f (x) —

z—0
O,Iir%g () — 0 and if lim, o —5% = L for some real L,then lim, o —J;Eg = L.
z—

Proof: Given € > 0 we need to show that

f (=)

1 L <e

9()

We note that by Ratio Mean Value Theorem for any interval (y,z), we have

for some €(y,z) and € and g(x) — g(y) # 0. We can see by the triangle inequality that

f@ fl) fl@)—fly), flo)-f)
O Y (1O ) TRV 1O )
g(x) g(x)  g(z) —g(y) () —g(y)
Since f/’éz) converges as x goes to 0, we can pick dy > 0 small enough so that |£:g;; —L[ < 3.

The second term in the inequality above can be written

f(z) f' (o)

o =gy
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where y < &, , < x, so by choosing z < Jy, we can make |f(‘r —L| < 5. In order to bound
the first term, note that

fl@)  flx)—fy), _ fyglx) -
g(z)  g(x) —g(y) 9(z)(g(z) — g(y))

Now since g(x) — 0 as x — 0 for a fixed x < &y we can choose y < yy < x such that
lg(x) —g(y)| > ‘g . Consequently,

|f(y)9(w) — f(x)g(y)| < |2(|f(x)| + |g(x)])
g(x)(g(x) —gly) '~ g*(z)

Again, since both f, g go to 0 as y approaches 0, pick y < y; so that

I(1f )]+ 19(y)])

I+ 1500 < ()

which makes the first term less than . This completes the proof. s

Corollary 5 Suppose f,g : [a,b] — R are differentiable on (a,b) and suppose ch—,/ con-

verges to a finite limit L, as x — a.Suppose that % is of the form oco/oco as x — a,

then, /
TR ACO I A

oo g(x) e g'(a)

Proof:
Consider u(z) =

Then Zgg i % will also converge to the finite limit.
Using L’Hopital Rule, we will have,

f( and v(z) = g(lx), and let limgHa ﬁ = L.

v(z) . V(z)
il{)r}t u(m) glelirclz u(x

(@)
@) ) (@)
= lim 5 = lm 2

I (x)

Since, 7 converges to a finite limit L and % to Lg, as x — a, we can write this as,

tim L) _ i L&) g, S @)
z—a g(m) z—a f /(IE) z—a (g(x))Q

which gives Ly = %Lg, so we have L = L. &
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3.3

Series

n

Definition 45 Given a real sequence {a,}, if the sequence of partial sums Zak con-

k=1
n

verges,we say that the series Z ai COnverges .
k=1
Example 12 a, = 2",0<z < 1

The partial sums are

= x(l—am)
Zxk:x+a:2+x3+...—l—xn:1—
k=1 (1-x)

n

As n — oo we have x,, — 0, so E Ty =
k=1

1-a)

Definition 46 We say Za@k diverges to infinity, {S,} of partial sums satisfies :
k=1
Given M > 0 ,there exists ng € N such that for all n > ng, we have S,, > M.

Example 13 a,, =1 for all ng € N.

o0

Proposition 36 Suppose Z ay converges, then a, — 0 as n — oo.
k=1
Proof: Given € > 0 ,let ny be such that for all n > ng |S, — L| < § for some real L.
In particular for n > ng, we have [S, +1—L| < § and [S,,11 — L| < §, so
= ’Sn+1 - Sn‘ <,
= |ans1] < €. &

Remark 24 THE CONVERSE IS NOT TRUE;

Example 14 : a, = %, The Harmonic series. It is easy to see that this series diverges
as

L + L + —i—l
n+1 n+2 2n

>

DO | —

holds for all n.

Theorem 41 Suppose {a,} ,{b,} are non-negative sequences. Suppose a,, < b, for alln
large enough, i.e., (n > ng).
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[e.9]

1. If Y70 _ by converges ,then so does Z G, -
k=1

2. If Y"p_, ai diverges to infinity, so does an.
k=1

Proof:

1. >°r_, by converges ,so in particular there exists n; € N such that
| > r_ by — L| <1Vn>n, for some real L.
In particular, Y, by < L+ 1 for all n > ny,
=Y par < L+1foralln>ny,
= {>",_, ax} is bounded above.
Since Y _,_, ay, is increasing and bounded above it follows that {>"}'_; a;} converges.

2. Y i, ax diverges ,so in particular there exists n; € N such that
> op_jax > M for all n > n; for some M.
= > o, by, > M for all n > ny.
Hence )",_, by, diverges.

Theorem 42 Suppose a, > 0 .If lim,, . “221 = L,then

1. If0 < L <1 then ) ",_, a; converges.
2. If L > 1 ,then Y ,_, ay diverges.
3. If L =1, then the test is inconclusive.

Proof:

1. Suppose lim,,_, QZII =L<1
= there exists ng such that if n > ng ,then
(L —€)a, < any1 < (L + €)a, where L +¢€ < 1
Qg1 < (L + E)am)
ng+2 < (L + €)ane41
ng+3 < (L + €)an42
In general,
tng ik < (L + €)Fan,
= D ko1 Gngtk < D gz (L + e)kano
But since 3, (L + ¢€)" is convergent (L + € < 1)
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we must have covergence of ), ., a, as well.

2. Suppose lim,,_, aZ—:l =L>1
= there exists ng such that if n > ng ,then
(L —€)a, < apy1 where L —e > 1
Ungt1 > (L — €)ay,
In general
Aok > (L — e)kano
Since » ;5 (L + €)" is divergent (L — e > 1) it follows that > k>1 n diverges.

)

Remark 25 For L=1, RATIO TEST is inconclusive, that is there are instances of series
where aZ—J:l — 1 and ), -, a, converges and also instances where % = 1 but 3~ an
diverges.

Theorem 43 Suppose a,, > 0 and lim,,_, an% =L .Then

1. If0 < L <1 ,then 2@1 a, converges

2. If L > 1,then 3, a, diverges

Proof:

1. Fix € > 0 ,such that L +e <1

Get ng € N such that for n > ng ,we have
L—e< a,% < L+e

(L—¢e)"<a, <(L+e)"

Now,we get

Sy e < (L) {1 (L+ 9}

But since >, (L + €)" is convergent (L4 ¢ < 1)

> k>1 @n converges as well.

2. The proof of this part is similar, and we omit the details.
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Remark 26 1. Consider x,, = a,x™ for some x > 0 a real number for some positive
. 1 .
sequence ap,. If xlim, o a,» < 1, then > x, converges that is,
of
o<z < L
r< —=
lim /a,’
n—oo

then > x, =Y a,x™ converges.

2. A general technique: Calculate L = lim,, an%. If this limit is finite for all 0 <
x < % then series x, converges. We may define a function f: [O, %) — R.

fz) =2 ana"

Theorem 44 Suppose a, € R. We can still define convergence of Y a,, .Suppose Y |a,|converges.

then > a, also converges.

Proof: We can check the Cauchyness of {>_S,}, that is for given ¢ > 0 ,we must find
no € N such that |S,, — S,| < € for all m,n > ng Without Loss of Genrality, m > n.

|Sm — Snl < lam + am-1+ .. + ang1] < lam| + |am-1] + ... + |ani1| (%)

notNY g < e for any N > 1

since ) |a,| converges, there exists ng € N such that » /7

Clearly, this same ng establishes that R.H.S of (%) < e
&

Definition 47 We say that a series Y a,, is absolutely convergent if »_ |a,| converges.

Remark 27 Consider Y a,x™. The Root test applies to |a,z"| = b, In general if a, ] 0
,then > (—1)" a,, converges.

Proposition 37 Rearrangements of absolutely convergent sums are absolutely conver-
gent. i.e. given an absolutely convergent series Y a, and a bijection 0 : N = N, Y Go(n)
15 absolutely convergent.

Proof:
Pick any € > 0. Since ) a,, is absolutely convergent, there exists an no € N such that

m
Z|ak| <€ Vn,m > nyg
k=n

Now, consider the set S = {t|o(t) < no,t € N}. Since S is a finite set (it has exactly
ng elements, o being just a rearrangement), so S has a maximum element, say Mg. Let
n() = MS + 1.
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So, for any u > ng, we have o(u) > ng. (Since u clearly does not belong to .S).
Thus, for any m > n > ny,

D aowl <> lad] <€
k=n

t>ng

&

Proposition 38 Rearrangements of a series do not necessarily have the same sum as
the series itself. i.e. if Y a, is a convergent series, and o : N — N is a bijection such
that Y ag(n) is also convergent, Y aymy may not be equal to ) a.

Proof: Consider the series a,, = %, which sums to S. We propose a rearrangement o
such that a,(,) will sum to 2S.
(=1)"
S = —_—
2

n>1

S =
5_2 2n

n>1

where b, is 0 if n is odd, and b,, = % if n is even. (Basically, we've just added a ‘40’

after every term in the series). Also,

P

n>1
where ¢, is 0 if n is not divisible by 4, and ¢, = % if n is divisible by 4. (Here, we’ve
added a ‘40’ after every term in b,). So,
S S
28 =5+ —-+—
+ 2 + 2

= Z(an + b, + ¢p)

n>1

Let d, = a, + b, + ¢, for all n € N. As we have just shown, > d, = 25. However, it
can be seen that d, is just a rearrangement of a,,, where every even term occurs at every
fifth place, and odd terms occur at the rest of the places. s
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3.3.1 Power Series

Definition 48 (Radius of Convergence) Given a series ), .oana" , its radius of
convergence is defined to be
1
 limsup ||
n—oo
Theorem 45 Suppose f(x Zanx has radius of convergence R > 0, then

n>0

1

1. g(x) =), na,2"" also has radius of convergence R.

2. f is differentiable on (R, R) and f'(x) = g(x) for allx € (—R, R).

Proof:
Part 1:
The radius of convergence of this series is
1 1 1
limsup v/ |an1|(n+ 1) " lim sup /|1l hm sup Vn+1
n— oo n—oo
=R-1
= R.

Part 2:
Pick a certain z € (—R, R)

We need to show that for every € > 0 there exists a 6 > 0 such that |f f(t)
provided |z — t| < §; that is, as * — ¢ we have ]fx—_{() —g(z)] =0
Without loss of generality, we can assume z <t < 8 < R

fx) = (1) _ A

|T —g(z)| = !Zan(ﬁ —nz")|

n>1
= | Z an[(x" 1+t 2+ 2" ) — )
n>1
= an|[(@" ™ — 2" + (t2" =2 L (T =2
n>1
= apllz" Pt —2) + 2" —2) o (=2
n>1

= anl|(t = 2) 2" 2+ 2" Pt 2) + o+ T P 2]

n>1
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<3 lanllt - a2 g2

n>1

—x nn—1
= A

Since # < R, the root test, tells us that

n _1 1 1
lim sup \an\m ——.1==

2 R R’

and we have

FOIO g1 < LS

Thus as © — t or |z —t| — 0,

fz) = f()

| x—1

—g(x)| = 0.

&

Corollary 6 A function defined by a power series f(z) =, -, a,x™ is infinitely often
differentiable, and the deriwvatives can be computed by differentiating the series term-by-
term.

In particular, we recall some ‘well-known’ functions’ from elementary calculus; here are
their formal definitions!

Definition 49 .

) -1 2n
cos(z) := Z% ((271;' x

By the theorem above,
PY (ex)l — e:v_
e (sin(z)) = cos(z).

e (cos(x)) = sin(x).
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3.3.2

Consider f(x) =), -anx"™, then on differentiating it repeatedly we obtain

/" 0 " 0
10 = a0, (0 =, T =y T,
and so on. In general,
(n)
")
n!

In short, if f has a power series in some neighborhood of 0, then power series expansion
for f can be uniquely determined.

If we are given a function f, can we determine if it has a power series expansion?
Suppose f has derivatives of all order, the candidate for the power series of f is

(n)
) =300,

n!
n>0

Definition 50 A function is said to be analytic on an open interval I, if

@)=Y auw—a)"

n>0

which holds for all x € I, for some o € 1.

NOTE: The expansion Y, £o@2" is called the TAYLOR SERIES for f.

Definition 51 A function is said to be smooth if all its derivatives ezist.

FACT: There exist smooth and non-analytic functions defined on R.

Taylor Series and Taylor Approximation

Theorem 46 (Taylor Approximation)
Suppose f(x) exists for all x € (a,b) and 0 < i <1 for some r € N.
Define R(h) = f(x + h) — Prayior(h) where,

TR (o
PTayZm"(h) = f ]{J'< )hk
k=0 ’
Then,
lim k() =0.
h—0 h"



Proof:

Suppose h > 0

Now we have R(0) = R'(0) = R"(0) = ... = R™(0) = 0.

Thus by the mean value theorem, we have a ¢, where 0 < 6; < h such that,

R(h) = R(h) — R(0) = R'(61)h
Similarly we will have,
R'(6;) = R'(0,) — R'(0) = R"(62)6,

R//(eg) _ R”(@g) i R//(O) _ R///(93)92

RC(60,_5) = R™2(6,_,) — R"2(0) = R"V(0,_,)0,_,

where, h > 60, >0, > ..>0,_1>0.

R(h),  R(6))h 016050, shRUD(0, 1) 616y 6.5 R"V(6, 1)

Since we have h > 601 > 0, > ... > 60,_1 > 0, so each % will be less than 1. Thus,

R RO\ REDO ) RO ) — ROD(O)
1S

i e 0,1 |

Now, as h — 0, we also have 6,_; — 0. So,

h (r—1) 0. ) — (r—1) (r—1) 0. ) — (r—1)
h—0' AT h—0 97"—1 0,_1—0 Q'r—l
Therefore,
lim () =0
h—0 h"
&

Theorem 47 Suppose in addition to the hypothesis of the above theorem, we also have
that f0+1)(x) exists, that is f9(x) exists for all v € (a,b) and 0 <i < r+ 1, then

_ ),
R(h) = mh )

for some 6 € (z,x+ h).
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3.4

Proof:
Suppose h > 0. Consider for 0 <t < h

- f(k) ($) tk) . R(h> tr—l—l
hr+1

g(t) = fla+1) =Y (
k=0 ’

Now we have g(0) = ¢’(0) = ... = ¢(0) = 0. So using the mean value theorem, we get
g(0) = 0 and g(h) = 0 = there exists 6, 0 < 6; < h such that ¢'(f;) =0

Hence there exists 65, 0 < 0; < 6; such that ¢”(6s) =0

Continuing in this vein, we see that there exists 6,, 0 < 6, < #,_; such that ¢ (6,) = 0.

Also ¢ is differentiable, so,

9 ) = S04 1)~ Ty

Since g™ (0) = ¢ (6,) = 0, by mean value theorem, there exists 6,1 € (0,6,) such that
g(r+1) (9r+1> -0

R(h)
hr—l—l

= (2 4+ 0,4,) — (r+1)!'=0

Thus for = x + 6,11, we have 0 € (z,z +6,) C (x,x + h) such that

f(r+1)(9) _ %(r +1)!'=0

FU0) i

= B =T

Uniform Convergence

Definition 52 A sequence {f,} is said to converge uniformly to f on [0,1] if given
€ > 0, there exists ng € N such that | f,,(z) — f(z)| < € whenever n > ng for all x € [0, 1].
This is denoted by writing f, = f.

Theorem 48 Suppose f, : [0,1] — R and f, = f on [0,1]. If f, are continuous at x
for some o € [0, 1], then f is also continuous at xy.

Proof:
Given an € > 0, we have to show that there exists § > 0 such that |zg — z| < § =

|f(x0) — f(2)] <e
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34.1

By the triangle inequality,

|[f(z0) = f(@)] < [f(x0) = fulwo)| + | fu(x0) — ful@)| + | fu(x0) — f ()]

By uniform convergence, there exists ng € N such that |f,(z) — f(x)| < § for all n > ng
and = € [0,1]. Now since f, is continuous at z, there exists § > 0 such that |f,(x¢) —
fu(w)| < § for all |zg — 2| < 6. Therefore

|f(x0) — f(2)] <€

Remark 28 The converse of the above theorem is not true.

Proposition 39 Let f(z) =), -, fu(z). Suppose there exists a sequence {M,} of non-
negative reals such that |f.(x)| < M, for all x and Y, | M; converges, then > . | f;
converges uniformly to f.

Proof: In order to prove the result, it is sufficient to show that for every ¢ > 0 there
exists ng € N such that | ZZOIZ? fn(x)] < € for all .
Clearly,

no+m no+m no+m

Y @< Y @l Y Mo Y M,

n=ng n=ng n=ng n>ng

As M, converges, given € > ( there exists ng € N such that ) . M, <e.
This establishes uniform convergence of > f,, to f. s

Corollary 7 (Weierstrass’ M-test)
For f(z) = > ,50anx", consider any interval I C (=R, R) where R is the radius of

n

N .
convergence. Then Y ', a,z" converge uniformly to f on I.

Proof: Without loss of generality, consider I symmetric about 0. Fix 0 < 8 < R lying
outside I. Let f,(z) = a,z", so |fu(x)| < |an|B™. Also > |a,|8™ converges. So by the
previous theorem, we're done. )

The Metric Space (C[0, 1], d)

(0, 1] is the set of all continuous functions defined on C10, 1].
Define

d(f,g) = sup |f(z) — g()|

z€[0,1]

where f,g € C[0,1]. Here d is called the sup-norm metric.
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Proposition 40 (C|0, 1],d) is a metric space.

Proof:

d(f,g) == sup |f(z) — g(z)|

z€[0,1]
where f,g € C[0,1]. Clearly,
d(f, f)=0
and,
d(f,9) =0< f(z) = g(x) for all z € [0,1]
Now,
d(f,h) = sup [f(z) —h(z)| = sup |f(z)— g(z) + g(z) — h(z)].
z€(0,1] z€[0,1]
Hence,
d(f,h) < il[lo%](’f(x) —9(@)| + |g(z) — h(z)])
< sup |f(z) —g(z)[ + sup [g(z) — h(z)]
x€[0,1] z€[0,1]
= d(f,9) +d(g,h).
This proves the result. &

Remark 29 Define
IS llsup:=sup |f(x)].

z€0,1]

So the corresponding distance d(f,g) =|| f — g ||sup-
Remark 30 Since C[0,1] is a metric space, f, = f < d(fn, f) = 0 as n — oc.
Theorem 49 C|0, 1] is complete with respect to the sup-norm metric.

Proof:

Suppose {f,} is Cauchy in C[0, 1] with respect to the sup-norm metric.

Given an € > 0, we have to find an ng such that |f,(x) — f(z)| < ¢, for all z € [0,1],
whenever n > ng.

Since {f,} is Cauchy, we can find an ng such that

sup [ fu(2) = fm ()] <

€
z€]0,1] 2

whenever m,n > ny.
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So, for each fixed z € [0,1], {f.(x)} is a real Cauchy sequence. Define

f(@) == lim f,(z)

n—o0

Now, for any x € [0, 1], take M, such that

[ fm(2) = f(2)] <

NN e

for all m > M,,.
Now, for any n > ny,

[fn(@) = f(@)| < [fal2) = far, (@) + | far, (2) = f(2)] <

DO
(NN e

3.4.2 Theorems of Weierstrass

Theorem 50 (Weierstrass’ Approximation Theorem)

Suppose f € C[0,1] and € > 0. There is a polynomial P € C|0,1] such that || f — P ||sup<
€. In other words, if P denotes the set of polynomials in C[0,1], then P is dense in
1o, 1].

Proof: (Bernstein)

f € C[0,1] = given ¢ > 0 there exists 6 > 0 such that |f(z) — f(y)| < € whenever

|z —y| < 9.
Let || f ||sup= M. Consider

Suppose X is a random variable X ~ Bin(n,z). Then
<Z) 21— 2)"F = P(X = k)
By Chebychev’s inequality,
P(|X —nz|>1t) <
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Taking t = n%,
1

4n

P(X —nz| >t) <

Wl

Call k as deviant if |k — nz| > n3. So,

3 (Z)xk(l ko 4;

deviant k

=13 ()t - - 1)
k=0

1
3

< ¥ (Pta-arte@-sEe X (Data-or i - )

deviant k non—deviant k
Now,
n . k 2M
> (3)aa- o - sy < 2
deviant k dns
and,

> (})ea- oo - 1)

non—deviant k

S <n0n—deviant k (Z> xk(l B a:)nik) (non—fllelvg)ant k ’f(x) B f(%)’)
k
< sup|f(x) = (=)
non—deviant k n

Pick (]5\4> 0 such that |f(z) — f(y)| < § whenever |z —y| < § and pick n such that ns > 2
and =7 < s.

2n3
This will guarantee that P is the required polynomial. s
Theorem 51 (Weirstrass)
There exists f : R — R such that f is continuous but nowhere differentiable.

Proof: Let fy(z) : R — R

(@)} on [2n,2n + 1] .
folw) = {{(1 —xz)} on [2n+1,2n + 2] ez

and fi(x) = of fo(4*x), for some 0 < o < 1.

Let f(Z‘) = ZkZO fk(‘r)

Since || fi]| < @” and ", ., a* < oo, by the M-test it follows that f is continuous.
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Claim 16 f is any NOT differentiable at any x € R.

Observe : ‘Slopes’ appearing on fy € {1, —1}.‘Slopes’ appearing on f, € {(4a)*, —(4a)*}.
So we want o > T but @ < 1 (if f can be guaranteed to be non-differentiable).

It suffices to show that there is a sequence ¢,, — 0(J,, > 0) such that

|f(xi5n)—f(w)’
5n

>n
Also notice that fo(z +2) = fo(z) for all .

frlz + 21@ = o fo (4" (x + gk))

4 4
= o’ fy(4*z + 2)
= o fo(4*2)
= fr(x)
Choose 9,, = ﬁ

flx£6n) = f(2) _ Zak{f0(4k(x +0n) - fo(4kllf)}
5 :

k>0

For k > n, coefficients are zero, therefore

flx£6n) = f(z) _ i&k{fo(él’“(ff +0n) — fo(4kﬂf)}'

n On
k>0
Atk=n, ak{f0(4’“x:l:%i—fo(4kx)} — (4a)F.
For k < n,
Ak (x + 1)) — fo(4F
ak{fo( (z 2.41)) fo( -75)} < (4Oé)k’
2.47

on
k<n 0<k<n
Now,
n—1
4da)" —1
i
2 _(ta)" = o=
w0 (da)" — 1. da—2
o)t — o —
4o)" — (4a)"
(o) — (S=2) > (5= (1a)



This shows that f/(x) — 0o as n — co. As x was arbitrary, this shows that f’(x) does
not exist for any = € R. &

We denote Cla, b] as the set of continuous functions in the interval [a, b]. The previous
result in fact shows that there are members of C|0, 1] that are nowhere differentiable in
la, b].

One might wonder if the example of Weierstrass is a pathological extreme, and is not
the norm. The next result however shows that far from being the norm, most members of
Cla, b] are in fact of this type, i.e., a ‘generic’ element of C[a, b] is nowhere differentiable.

Theorem 52 Consider f € C[0,1]. A ‘generic’ element of C|0, 1] is nowhere differen-
tiable.

Consider for some h,, , > 0,

flx+hy,) — f(z)
hn,r

}%:{feCMH“ !zaneml—%@

Note that if f is differentiable at x € (0, 1), then f ¢ R, for all n > ngy for some ny € N.
If f € (0,5, Fn, then f is nowhere differentiable (not differentiable at every z € [0,1] ).
We shall first prove a lemma.

Lemma 9 Define R,, as,

f(.%’ + hn,m) B f(l’)

R, = {f €C[0,1]|] .

1
| >n Ve el0,1——].
n

Then R, is open and dense in C|0, 1].

Note 3 In general, in a metric space (X,d) if U, C X, are open in X, then one could
have (5, Un = 0.

The theorem follows as a consequence of the Baire Category theorem, which we shall do
in the next section, and the lemma above. This incidentally also defines what we mean
by ‘generic’.

Proof: There are two things we need to prove:
1. R, is open in C]0, 1].
2. R, is dense in C10, 1].

We will address both of these below.
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1. We have to show that, given f € R, we want e > 0 such that for all g € C'[0,1]
satisfying || f — ¢l|sup < € We also have g € R,,.

For each z, there is a h, = h such that

L th) = o)
h

| > n.

fzxh)—f(z)

The functions i

Z.

are continuous and have absolute value greater than n at

By continuity, there is some small interval I, containing x and a ¢, > 0 such that

|w’ > n+ 9, for all y € I, and corresponding h, for an appropriate choice

of + or —.
1
uz{mxe [o,l__”.
n

This clearly covers [O, 1— %] . So by compactness of [O, 1— %], there is a finite

Consider

sub-cover, i.e., there exist x1,xo...... z, such that (J;_, I,, covers [O, 1-— ﬂ In
other words, for all z € [O, 1— ﬂ , |W| > n + min {01, ds, ..., }

and a suitable A for each x.

In particular, if ||g — f]| < €, then

|g($+h) —g(x) fle+h)— f(x)| _ |(9(x+h) —fz+h) —(9(=) - f(w))| -
h h h -
This completes the proof.

2. We have to show that, given f € C[0,1] and € > 0, we want a g € R, and
llg — fl| < e. We shall think of g = f + a where h satisfies ||a|| < €, where a is a
suitable sawtooth function.

‘f(x+h)+a(fv+h)—f(x)—a($)
h
flx+h) = flz) a(fv+h)—a(fv),
h h

| >n

for a large enough k.
So slopes occurring in a are £3%,

If f is piecewise linear, then f consists of finite number of straight line segments.
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Let M = max(slopes of line segments occurring in f). Pick k large so that 3 — M >
n and we are through.

If P € C]0,1] is the set of all piecewise linear functions in C'[0, 1], then (R, P)
is dense in P.

Hence, P is dense in C'[0, 1] and therefore R, is dense in C'[0, 1]. This completes
the proof of the lemma.

L

3.4.3 Baire Category Theorem

In this section, we state and prove the Baire Category theorem (in the context of a
Complete Metric space) which completes the proof of the previous theorem. It states
that in a complete metric space, dense open sets are in some sense, ‘large’. This sense of
largeness is not set-theoretic (i.e., in cardinality terms) but is something topological.

Theorem 53 (Baire Category Theorem)
In a complete metric space (X,d), if U, C X are open and dense, then (), U, is dense in
X.

Proof: Let © € X and let € > 0. U is dense and open, so there exists P, € B, (z) and
r1 > 0 such that

B,«l P1 CB ﬂUl

U, is open and dense. So there exists P, and ry such that B,, (pa) C B, (p1)[Usz C
UL\ Us.

Get P, € X,r, € R such that B, (P,) C B,,_,(P.—1) (U, for each n > 2.

Consider {P,}. Note that B, (P,) contains P, for all m > n. r, can be chosen as
< if m,k > n, so {P,} is Cauchy. Since X is complete, P, — p for

Tn
some p.

_€
on—1

Claim 17 p € U, for alln € N.

Note that: d(p,x) < 2¢. So, d(p,x) < d(x,ps) + d(ps, p). Pick £ such that d(ps,p) < {.
d(z,pe) < €sod(p,x) < 2e.
We want to show that p € U, for all n; that will complete the proof. To see for instance
that p € Uy, note that

P, € B,,(P) CcU
for all n > 2. Hence, p € U; since p is a limit point of P,. Similarly we can show that
p € U, for all n € N. s
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Remark 31 As commented before, the last lemma of the previous section and the Baire

category theorem tell us that functions that are nowhere differentiable are in fact dense
in C[0,1].

Definition 53 A set A is of CATEGORY 1 if A can be written as countable union of
“nowhere dense” sets.

(A set A is nowhere dense if A does not contain any non-trivial open ball.)
Examples :
1. X =R and A is any linear set.
2. X=R A=7.
3. XY =R A=Q.
Definition 54 A set is said to be of CATEGORY 2 if it is not CATEGORY 1.
Proposition 41 Suppose X is a metric space. The following are equivalent.
o X is CATEGORY 2.
e U, C X are dense open =), U, is dense in X.
Examples:
1. Cantor set is of category 1.

2. Real line(R) is of category 2.
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4

4.1

Riemann Integration

Integrals according to Riemann and Darboux

Definition 55 A Partition P of [a,b] is a set
{a=zg<my <29<--- <12 = b}

Definition 56 For a bounded function f, let
m; = inf  f(z)

TE[T5—1,%;)

where i = 1,2,...,n. Then the Lower Sum denoted by L(P, f) is given by

Emzlel

Definition 57 For a bounded function f, let
M;= sup f(z)

T€[wi_1,2;]

where i = 1,2,...,n. Then the Upper Sum denoted by U(P, f) is given by

ZM _le

Definition 58 A partition @ is a refinement of P if Q O P and this is denoted by
Q=P

Observations:

1. If Q = P.then U(Q, f) < U(P, f).

Proof: The case where () = P is trivial. Otherwise, () contains some additional
points to that of P. As they must belong to some interval of P.let us denote them
as y; € [r;_1,r;]. Now

M;= sup f(z) > MY = sup f(z) (4.1)
[z5—1,24] [zi—1,y:]

M;= sup f(z) > M,® = sup f(z). (4.2)
[Zi-1,24] [yi,@i]
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Hence,
Mi(z; — zi-1) = My(x; — y;) + Mi(ys — 1) > M (2 — i) + M;WY (g — 2i1).

Therefore

U@, f) <U(P,f).
2. It Q = P,then L(Q, f) > L(P, f).

Proof of this is similar to the above case except for M; being replaced with m; and
the inequalities reversed.

Definition 59 For a partition P,the Norm of P (written as N'(P)) equals
max{z; — x;_1|1 <i<n}.

Definition 60 Darboux Integrability: We say f: [a,b] — R is (Darbouz) integrable
if there exists a real I such that the following holds: Given € > 0, there exists 6 > 0 such
that for any partition P with N'(P) < §,we have

U(P,f) —I| <€ and |I — L(P, )| < e.

Observe that f is Darboux integrable iff given € > 0, there exists § >0 such that
for every P with N(P) < ¢, we have

U(P,f) < L(P, f) +e.

This is because both U(P, f) and L(P, f) tend to the same I as N (P) tends to zero.
Definition 61 Riemann Integrability: Given P, let T be a subset of [a,b] such that
T={t; <ty <..<t,} andt; € [x; 1,1

Define

n

R(P,T, f)=> (2 —zi1).f(t:).

i=1
f is (Riemann) integrable if there exists I real such that

giwven € > 0, there exists 0 > 0 such that for any P with N(P) < and any T of P,
’R(P7T>f>_j| <€
The above sum R(P, T, f) is called Riemann sum of f w.r.t partition P.

Theorem 54 Darboux integrability is equivalent to Riemann integrability.
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Proof: Darboux integrability = Riemann integrability:

m; < f(t;) < M; for every t; € [x;_1,x;]. Therefore

mi(zi —xi1) < f() (@ —zi1) < Mi(zi — 2i4) (4.3)

L(P.f) < R(PT.f)<U(P.J) (4.4)

By Darboux integrability, we mean that both L(P, f), U(P, f) tend to I as N'(P) tends to
zero. From (3),(4), by the Sandwich Theorem, R(P, T, f) tends to I which is equivalent

to
|R(P,T, f)—1I| <e.

Riemann integrability = Darboux integrability:

Riemann integrability provides us a P such that |R(P, T, f) — I| < % for every T
of P. Choose T1 = {t1, < t3, < ... <t} such that for every ¢;, € [z;_1,x],

> sup f(z).

[ —1,24]

Then

n

UP f)— R(P,T,f) < 2(b€—a) Z(l’z — 1) :g

Similarly,choose Ty = {t1, < ta, < ... < t,,,} such that for every t;, € [z;_1, ],

ti,) — inf
f(tiy) Zw—a)<mfmf@)
Then .
R(PaT27f) _L(P7f) > 5
Hence,by Triangle inequality, we have |U(P, f) — I| < e and |I — L(P, f)| < e. L

Notation 1: We define the set R]a,b] to denote the set of all Riemann integrable func-
tions on [a, b].

Proposition 42 If f is continuous on |[a,b], then f is integrable on [a,b], i.e., [ €
Cla,b] = f € Rla,b).

Proof: Given € > 0, we need to show that U(P, f) — L(P, f) < € for N(P) < ¢. Given

)
that f is continuous on [a, b], it follows that f is uniformly continuous on [a, ], i.e., given
€ > 0, there exists > 0 such that

[z —yl <0 =|f(x) = fly)l <e
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4.2

Here,

is also another positive number. Hence € can be replaced by b;
—a
For any partition P with AN'(P) < 4, we have

- € - €
(P = LAPA) = Y0 o —i) < 0 S =) = ) =
This completes the proof. [ )

Example 15
1 rx2e]0,1]
f(x)_{o ‘e (1,2]

This is also Riemann integrable. To see this, note that for a partition P, any interval of
P does not contain x = 1,we are through. FElse, as the norm of P gets lower and lower,
it essentially adds to zero and hence is Riemann integrable.

Example 16
1 2eQ
@)= { 0 :x¢Q
M; on any subinterval is 1 and m; on any subinterval is 0. Hence U(P, f) does not tend
to

L(P, f) for any partition. This is therefore not Riemann integrable.

What kind of discontinuities admit Riemann Integrability? Before answering this

question,we’ll look into the concept of measure zero.

Measure Zero sets and Riemann Integrability

Concept of Measure Zero: A set A is said to be of Measure Zero if given € > 0,
there exists a sequence of open intervals {(a;, b;)};>1 such that U(ai, b;) covers A and

i>1
Z(bi —a;) <.
Eixamples:
1. Finite sets.
2. Countable sets.

3. Cantor set.
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Some Useful Facts:

1. [0,1] is not a set of measure zero. In fact, any proper closed interval [a, b] is not
of measure zero.

2. Subset of a set of measure zero also has measure zero.
o
3. If D,(n > 1) are of measure zero, then U D, also has measure zero, i.e., countable

n=1
union of measure zero sets is also a measure zero set.

Proof: We give a proof of the last statement here. Let ¢ > 0 be given. D; is of
measure zero, so we have an open cover {(ay,,b1,)} such that

Y (b —ar,) <

i>1

O ™

D,, is of measure zero, so we similarly have an open cover {(a,,,by,)} such that

Z(bm - am) < 2%

i>1

o)
Then U D,, has the open cover

n=1

U U(ama bn; )

n=11=1

bi—ai S i.:E.
Z( ) 21

i>1 i>1

and

)

Notation 2: If f: [a,b] — R is Riemann integrable, then we denote corresponding real

b
number [ by / f(x)dx.

Theorem 55 (Riemann-Lebesgue Theorem:) If f is bounded in [a,b], [ € R[a,D]
iff the set of discontinuities of f is a set of measure zero.

Proof:
Riemann integrability= set of discontinuities is of measure zero

Suppose f € Rla,b]. First observe that if f is a real valued function discontinuous
at
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Zo, then there exists € > 0 such that

sup  fly)— inf f(y) >e
ye(z—r,z+r) yE(x—ra+r)

for every r > 0, i.e.,

oscy(z) == limdiam(f(x —r,x + 1)) > €.

r—0

Fact: f is discontinuous at z if and only if osc(x) > 0.
Let D(f) be the set of discontinuities of f. Then D(f) = U D¢(n) where

D¢(n) = {z : oscs(x) > %}

So, if f € R|a,b], it suffices to show that for each n > 1, Ds(n) has measure zero. As
f € Rla,b], given € > 0, there exists § > 0 such that for P satisfying N'(P) < 4, we have

U(P.f) = L(P.f) <

In particular, take the open intervals (z;, z;41) determined by the partition P such that

D¢(n) C U(:ci,xiﬂ); call i BAD if (z;,x;11) N Dg(n) # 0. Therefore,

Z@S Z(Mi—mi)(fiﬂ—xi)SU(Pvf)_L(P’f)<%

% BAD:i
Z(l’i+1 — .CIS'Z) < €.

%

Hence, D(n) is of measure zero. Hence U D¢(n), a countable union of measure zero
n>1
sets, is also of measure zero.

Proof of Converse:

1
Given Dy has measure zero. Note that if + € Dy \ Dy(n), then oscs(xz) < —. Consider
n

D, = U D¢ (i) for some large n (which will be determined later) and Dy = Dy \ D;.
i=1

n
Now D; = U D¢(7) is a set of measure zero. So, there’s a collection of open intervals
=1

{(a;, b;)} such that D; C U(ai, b;) and Z(bZ —a;) < € for any € > 0.

We want a § > 0 such that any P with N (P) < ¢ satisfies U(P, f) — L(P, f) < e. Note
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that for any z, and any interval [« 3] containing z,

(Mio.p) — Mpa) (B — @) < 2M(B — a)
Mia.5) = SUD,¢(o g f () and mys g) = infrefa p) f(x). Consider the set D(n).It is it closed?.

Note 4 Df(l) - Df(2) -

Since Dy(n) is closed and bounded, it is compact(proof given below). As D¢(n) has
measure

zero, there exists {(a;, b;)} such that Ds(n) C U a;, b;) and Z —a;) < € for any € > 0.

Since Dy(n) is compact, the open cover U = {(ai, b;)} admits a Lebesgue number § > 0,
ie., for any x € D¢(n), (x — d,x +9) C (a;, b;) for some 4.

J
We claim that as long as N (P) < o weare through. Let P be a partition with N'(P) < 3
N
Want S = Z(MZ —m;)(xip1 — ;) to be small. We say i is BAD if [¢;, ;1] contains an
i=1

element of Dy(n); else say i is GOOD.

S = Z (M; —m;) (241 — ;) + Z (M; — mi) (Tis1 — 1)

GOOD1 BAD:i

i is GOOD = for any © € (x;,%i41), oscp(z) < — = E Wz — ) <
n
GOODi

- Tiv1 — Ty b—a
S (=) _ (b=a)

- n
=1

(M —m)(win —2i) <2M Y (w1 — )

BAD:i BAD:i

The subcovers U (@i, x;41) contains Ds(n) and each of these is contained in one of the

BADi
(a;, b;)s of the cover U. Therefore,

Z (g1 — ;) < Z(bi —a;) <e

BADi
h—
Hence U(P, f)—L(P, f) < (2M +1)e, where n is chosen large enough such that ¢ <.
n
If we choose instead of € since the start of the proof (this is allowed as oM 1

18
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4.3

also another positive number), we end up getting

U<P>f)_L<P>f)§€

Proposition 43 Let f have the domain [a,b]. Then for any n, D,(f) = {x € |a,b] such

1
that oscp(x) > —} is compact.
n

1
Proof: Our claim is that D, is open in [a, b]. For every zy € D, 0s¢s(x0) = t(say)< —.
n
So,
= lim sup | f(z1) — f(22)]
h—0

—nt

1
for x1,x9 € (xg — h,xo + h) N [a, b].Therefore, for € = > 0 there exists ¢ > 0 such

that if 0 < h < 4, then,

n
[sup [f(21) — fla2)| — ] <e
for all @1, zy € (g — h, o + h) N [a, b]. Therefore,

t 1 1 1 1
sup|f(x1)—f(1:2)\<t+e_§+%<%+%<ﬁ

That is, (xg — 9,20 +9)N]a,b] C Ds(n)°. Hence, D¢(n)is open in [a, b] and hence Dy(n)
is closed.Also Dy(n) C [a,b] is bounded. Hence, it is compact. &

Consequences of the Riemann-Lebesgue Theorem
1. If f € R[a,b]R[b,c], then f € R[a,c] (a <b < c).
2. f,g € Rla,b] = f+ g € R|a,b] and fg € Rla,b].

1
3. If g > 01in [a,b] and g € Rla,b], then — € R|a, b].
g

Proposition 44 If f, g € R|a, b],then

i} /ab(f—i—g)(x)dx—/abf(x)dx+/abg(ac)dx.
2 /abAf(m) Ay = )\/abf(x) ds.
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. [ @) do < (supanl )0 - ).

Proof: (1)f € R[a,b] = we can find a partition P; such that

€
U(Pr, f) = LA, f) < 3

Similarly, we can find another partition P, such that
€
U<P27g) - L(P2ag) < 5

Nowon P = PLUPR = {a =2y <21 < ... <Tp = b} SuPue, ([ +9) <
Supxe[xi_l,zi} f +
SUDyels; 4.2, 9 a0 infoeiz, 12 (f+9) > infocp, | on [+ infocp, | 29 Therefore,

P.Hence, U(Py, f) > U(P, f) and —L(Py, f) > —L(P, f). Similar thing holds for P, g.

Now,
UP,f+9)—L(P f+g) < UP[)+UPg) - LP f) - L(Pyg)
= UPf) = L(P, f)+ U(P,g) — L(P,g)
< U f) = LA f) + U(Ps, g) — L(Ps, 9)
< %—i—%:e
(2),(3) can be similarly proved. &

If f € R|a,b|, then by Riemann-Lebesgue theorem, [a,b] () D(f) is of measure zero =
for any x € (a,b), [a,z] () D(f) has measure zero= f € Rla, x| for every x € (a,b].

Consider F(z / f(x)dx ; F(a) = 0 (denoted by / f(x)dx =0 for any a.)

Theorem 56 (a) F': [a,b] — R is continuous.
(b) If f is continuous at xq, then F is differentiable at xo and F'(x¢) = f(xo)(Fundamental

Theorem of Calculus).

Proof: (a) We need to show that given € > 0, there exists a § > 0 such that [z —y| < § =
|F(z) — F(y)| < e. Without loss of generality, let a < x <y <b.

101



4.4

Note 5 If f € Rla,b], f € R[b, ], then f € Rla,c] and
c b c
dz = d d
[ r@e= [ rwae [

F(z) - Fy) = / Cpe) e

From the above result,

/xf(t)dt‘ < sup |f(t)].(y —x) < sup [f(1)].-(y —x) = M.(y — x)

te[x,y] tela,b]
for some M > 0. Therefore,
[F(y) = F(z)] < Mly — x|
We can therefore choose § = % and this completes the proof of (a).
Now, let h > 0.

F(zo+ h) — F(xg)
h

-1/ " ey dt - fao)

Z0

~[3 [ 0 - st

o

— f(z0)

Since f is continuous at xg, given € > 0, there exists § > 0 such that for every t €

(20, 2o +0), [f(t) — fwo)| < e
b b
/ f(t)dt] < [shar
e.h

B zo+h
Rt BT )| < 3 [0 = e < 5 =

This proves (b). )

. Hence, for h < §

— f(z0)

Note 6 f'(z) =0 for every x = f(x) = constant. So, in particular,
f(z) = sin*x + cos’x = f'(r) = 2sinz cosz + 2cosz(—sinz) =0

Therefore f(x)=constant. Plugging x = 0,we get f(x) = 1.

Antiderivatives and some ‘well known' Integral Calculus techniques

Definition 62 Given a real valued function f, a real valued function F is an
Antiderivative for f if F is differentiable and F' = f.

If F' is antiderivative for f, then so is G = F + ¢ where ¢ is any constant.
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Proposition 45 Any two antiderivatives differ by a constant.

Proof: If F/ =G’ = f, then (F — G)’ = 0. Hence by note 3, ' — G = constant. &

Theorem 57 (Integration by Parts) Suppose f, g are differentiable on (a,b) and
continuous on |a,b] and suppose f',g" € R|a,b|, then

b b
/ oty dt = fol! - / fo'(t)dt

Proof: By consequences of Riemann-Lebesgue theorem, f'g, f¢’ € R|a,b]. By the

Product rule of differenciation,

(fg) = fg+fd

(4
Hence, (fg)' € Rla,b]. Pick antiderivatives f(x)g(z)—(constant), / fg(t)dt / fq'(t)de

respectively of the three functions in (5) and substitute b for x. Constant can be evalu-
ated

5)

by substituting a in = and this yields ¢ = f(a)g(a). This completes the proof. &

Theorem 58 (Integration by Substitution) If f € R[a, ], ¢ > 0 and continuous
for

every x € [a, f] and g : [a,b] — [a, B] bijectively, then

/f @&_Af@&

Proof: By M.V.T, there exist t;s € [z;_1,x;] such that

g(x;) — g(xiz1) = ¢'(t:) (@ — xi-1)

Pick these ¢;s and form the corresponding Riemann sum

Ry(P,T, f) = Zf i — i) Zf — g(:-1))

on [a,b]. Let y; = g(x;) and s; = g(t;). Note that as ¢'(z) >O a=yY <y <..<y,=p
and y;_1 < s; < y;. Now, the sum will simplify to Ry = Z f(si — y;—1) which is the

same as the one on the other hand, i.e;

Jé] n b
[ 10 = Y ) v = R = [ Fla0)g 0
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&

Some facts about sinz and cosx: We know some of the properties of the trigono-
metric functions (such as the sin of a sum and so forth); here, we look at some of them,
from their formal definitions, and see how we might go about proving them. Recall that

—1)ng2n
1. cosx = Z %

2n)!
n>0
) _ (_1)nx2n+1
S Dy

n>0

Here we consider some well-known properties.

1. Consider f(z) = sin®z + cos?z. By differentiating a peer series term-by-term, we
know that (sinx) = cosz, (cosx) = —sinz. Hence it follows that f'(z) = 0. By the
fundamental theorem of calculus, it follows that f(x) = Const. At x = 0,sinz =0
and cosx = 1, hence this constant is 1. In particular, sin® x + cos?z = 1 for all z,
and cosz attains its maximum value 1 at z = 0.

2. sin(—z) = —sinz (substituting —x in power series).

3. cosl <sinl.

To see this,
1 1 1
Slnlzl—gﬁ—g—ﬁ
1 1 1
COSlzl—E—f—I—a
1 1_1 11 1 1 1 1 (1 1 1 1
Sln 1 — CoSs _5_5_54_54_6_%___}_ - 5—5 Z—a +....
6
inl— 1l==—-= ——— ] +...
it (2 4) 4 (5-5)
2n 2n+2  (2n+2)(4n*+6n —1) 50
2n+1)!  (2n+3)! (2n + 3)! .
Hence,

sinl > cos1.

Define f(z) = cosz —sinz.f(0) =1 > 0 and f(1) < 0. Therefore by Intermediate
Value Property, f(z) = 0 for some x € (0,1) Hence, there is some x (denoted by

7r
Z) where sinz = cosx for the first time in (0, 00).

4. Consider the following equations which will be proved later.

sin(x + a) = sinz cosa £ cosrsina (4.6)

cos(r £ a) = cosx cosa F sin z sin a. (4.
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a) If x = a, then first equation gives us sin2z = 2sinz cosz. Plugging z = %
sin (g) = 2sin (%) coS (%) = 25in? (%) .
sin? (%) + cos? <%> = 2sin? (%) =1.

1
hence sin? (%) =3 Therefore, sin <g) =1

b) cos? (g) =1 —sin? (g) =0, so cos (g) = 0.

c) sin (:L‘ + g) = cosz (from eq.n(6))

gives

But

Cos (m + g) = —sinz.(from eq.n(7))

d) sin(x + 7) = sin <$+g—l—g> = —sinx

e) sin(z+27) =sin(z+7+m) = (—1)(—1)sinz = sinx. We can similarly obtain
cos(x 4 2m) = cosz. Hence we conclude that sinz and cos z are periodic.

5. To prove that sin(x 4+ a) = sinxcosa + coszsina, for instance, consider f(z) =
sin(z+a) —sinz cosa—cosxsina. Then f'(z) = cos(x +a) — cos x cos a+sin z sina
and f”(z) = —sin(x + a) + sinx cosa + coswsina. Hence f"(x) = —f(x).

Note that plugging = = 0 gives f'(0) = f(0) = 0. Also, f(x) is analytic on R

as sinx,cosx are analytic in R as discussed in the previous chapter. Hence, we

can differentiate it further and obtain the relation f*"(x) = (—1)"f(z).Therefore,

FE(0) = (=1)"f(0) = 0. Also, fE"V(z) = (=1)"f'(x). Hence, fE"V(0) =
(M) ()"

(—1)"f'(0) = 0. Hence f(x) = Z # = 0. Therefore,

n>1
sin(z + a) = sinx. cosa + cos . sin a.

By substituting —a for a in the above result we get sin(z—a) = sin x cos a—cos z sin a
and differentiating these two results gives cos(z £ a) = cosx. cos a F sin z sin a.

Some facts about ¢* and the log function:

n

1. We have seen that e* = E a:_' and (e”) = e”.Define f(z) = e*.e~*. Hence
n!
n>0

fl(z)=(e"e™) =€ +e".(e7"(—1)) =0,
so by the fundamental theorem of calculus,

f@)=c



But f(0) =1. Hence f(z) =1 for all x. Hence

For z > 0, it is easy to see that e* > 0 (from expansion). Hence e~ > 0. This
proves that e” is positive throughout and is increasing (Derivative is itself which
is positive= increasing throughout) and hence f has an inverse. We'll denote it
by y = logz. In particular, we have eV = x. Since the inverse of a differentiable
function is also differentiable, we have (by results of the preceding chapter), the
following: If yo = f(x0),then

1
-1 I
(f (yO)) f/(xo)'
In particular, log x is differentiable and
1 1
r_ — —
(logz)" = il

2. e*TY = e%eY.

This will be proved after the following proposition.

Proposition 46 Suppose g is analytic on R and ¢'(x) = g(z) for every z, then g(x) =
ce® for some constant c.

Proof:For every x, we have the following two equations.

™) ()"
o) = 3 O (4.5)

n>0

g'(x) = g(x) (4.9)

g'(0) = g(0) = ¢ (say). ¢"(x) = ¢'(x) = g(z). Hence ¢"(0) = ¢ as well. Proceeding further
by differentiating the equation ¢'(x) = g(z), by induction, we obtain that g™ (0) = ¢ for
every n. Hence, substituting ¢ (0) back in eq.n(8),we get the desired form, i.e.,

)
Now, consider f(x) = e*t* — e .e” f'(z) =" —e®.e* = f(x) for every 2 € R and f(z)

is analytic throughout R as discussed in topic 3. Hence by above proposition, f(x) = ce®.
Substituting # = 0 in this equation, f(0) = c¢. But f(0) = e* — e%(1) = 0. Hence ¢ =0
and so f(z) = 0.
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4.5

The Integral Test

00 N
Notation: By / f(z)dz, we mean A}im f(z)dz provided the limit exists and is
a 00 a

finite.

Theorem 59 (Integral Test:) Suppose f : RT — RT is monotonically decreasing

and continuous, then Z f(n) converges or diverges accordingly as / f(z)dz exists or
k

n>k
not respectively.

t
Proof: Note that since F(t) = / f(t)dt is differentiable, using M.V.T,
to

F() = F(t) - Flto)

= F'(&)(t —to)
= [t —t)
for some £ € (ty,t). Now,
iwar = jow -
= f(§)

for some £ € (N, N + 1). But as f is monotonically decreasing,
f(N) > f(&) > f(N+1) for every £ € (N, N +1).

Therefore,

Hence we have

Sy = 3 [ = Y fv e
I; _K+1 K -

S > / fayde> S F(N+1)

I; K41 Kll

SN = / f@)de > S V)



4.6

for every K € N. As K — oo, if the integral diverges, then so does the series, as

K K+1
Z f(N) > / f(z)dz. Similarly, if the integral converges, then so does the series as
N=1 1

K+1 K+1
/ F()de> 37 F(N). &
1 N=2
Note 7 In the convergent case, Z f(N) = f(1)+ Z f(N). Addition of a constant
N=1 N=2

doesn’t disturb the convergence of the sequence.

1 1
Example 17 Let f(x)=—. When does Z — converge?
e ne

n>1

We have seen in the previous chapter that it diverges for a« = 1 and converges for

a = 2. Now let a > 1. The function
1
fla) = —

:L»Of

is continuous and monotonically decreasing (x > 0). Hence the Integral test is applicable:

[e'e) 1 00 —a+1 |o°
/ —dz = / z %dx = v )
. @ 1 —a+ 1},

The integral above converges when —a+1 < 0, i.e., when o > 1.

Weak version of Stirling's formula for n!
n+%.

Theorem 60 Stirling’s Approximation: n!=~+/2me "n

We will prove that a weaker version which states n! ~ Ce~"n" 2. The approximation is
more precisely stated as follows:

Theorem 61 \
lim —— = C.
n—00 e—nnn+§
for some constant C'.
Proof: Consider the following equation(for a,b > 0) whose proof is given below:
log ab = log a + logb.
Therefore,

log(n!) = Z log k.
k=1
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Since log z is monotonically increasing function, from eq.n(10) of the proof for the Integral
test,

n+1
logng/ logxdr <logn + 1.

Hence we obtain

n n+1 n+1
Zlogkﬁ/ log:vd:c§210gk.
k=1 1 k=2

Now,
n+1
/ logzdr = (zlogx — 2)|° = (n+ 1) log(n + 1) — n,
1
which gives us
logn! < (n+1)log(n+1) —n <log(n+ 1)!,
(n+1)log(n+1) —n <logn!+log(n+1)

which implies
nlog(n + 1) —n < logn!

nlogn —n <nlog(n+1) —n <logn! < (n+1)log(n+1)—n

Therefore
nlogn —n <logn! < (n+1)log(n+1) —n.

Vaguely speaking,
logn! = (n+¢&)logn —n

1
for some € € (0,1). Let us examine how £ = 3 works.

1
Consider y, = logn! — (n + 5) logn +n

1 1
Yn — Ynil = (n + —) log (1 + —) -1 (4.10)
2 n

Using (the following eqns will be analyzed later)

r 2?2 2P
log(l4+2z) = 1—54-3—
r 2
log(l—2z) = — (T—FE—F?-F)
simplifies eqn.(11) to
= ! + ! +...>0 (4.11)
Yn U = R on 1) T 52n 1) ‘
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4.7

1 1 1 /1 1
0 < Yp—Ynt1 < 1 e p = = — | -=- .
YnTHnt1 S 3 on £ 1) { Tenre " } 3{(2n+ 12 -1} 12 <n n+ 1)
Consequently,

1
Yn — 75 < Yn+1 — (412)

12n 12(n+1)
1
Yn is decreasing(from eqn.(12)) and y,, — Tom is increasing(from eqn.(13)). Now assume
n
1
that y, — Ton is not bounded. Then, for every M > 0, there exists an nj; such that
n

1
Yn — Ton > M for all n > ny,. Hence, y,, > M + Ton > M for all n > nj;. Hence, for

n n
all M > 0, we have y,, > M for all n > nj,. This shows that ¥, has no upper bound. But
Yn is a decreasing sequence. Hence y, < y; for all n. This is a contradiction. Therefore

lim y, exists. Let the limit be c.
n—oo

logn! — (n+ >logn+n%c,

As €€ is also a constant, we’ll replace it with C'. Hence

1
nl ~ Cn"t2e "

)
Proposition 47 loga + logb = log ab.
Proof: Let loga = x and logb = y. Then by definition, a = e¢* and b = €Y. Hence,
a.b=e"e¢Y ="t
as seen earlier. Therefore,
log ab = log(e*™) = z +y = loga + log b.
)

Convergence of sequences of functions and Integrals

The following questions have been implicitly made during some of the calculations of the
preceding section: Questions:
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1. Why and for what values of z is log(1 + x) = % -
More generally, if
flz) = Z anx"
n=01

is an analytic function defined on a closed interval [a, b], then can we integrate term-
by-term? The previous questions (with the log function) can be easily answered if

1
such were the case. We can take the expansion of ] and integrate. Thus the
x

relevant question really is:

If we have a power series f(z) = Z a,z” in some interval (-R,R), is it true that
n>0

b b
for —R<a<b<R,/ f(a:)dx:Zan/a:”dx?

n>0

2. Above question can more generally be posed. Suppose {f,} is a sequence where
fn € Rla,b] and suppose f(z) = lim f,(z) for every = € [a,b]. Then when is
n—oo

/bf(x) dz = lim bfn(a:) dx?

n—oo
3. Further more basically, if f,, € R[a,b] and f = lim f,,does f € R[a,b]?
n—oo
If f, has discontinuity set D,,, then f,, is continuous at all z € [a,b] \ D,,. Consider

la, b] \ U D,,. By the Riemann-Lebesgue theorem, the sets D,, all have measure zero, so

n>1
U D,, has measure zero. So if f is continuous at all x € [a,b] \ U D,,, then we could
n>1 n>1
conclude that f € R|a,b]. Now, each f,, is continuous at every element of |a, b \ U D,. If

n>1

fns uniformly converge to f, then we know that f is also continuous at x € [a, b] \ U D,.
n>1

Indeed,

bfn(x) dz — bf(x) dz
[ oo |

as f, uniformly converges to f. This (partially) answers the above question and proves
the following theorem.

b
< / @) — F@)] e < [1fo — Fllaap(b— @) — 0,

Theorem 62 If f, uniformly converge to f and f, € R[a,b],then f € R|a,b] and

b b
lim fn(x)dx:/f(x)dm.

n—oo
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Remark 32 Without Uniform convergence, we may have a problem. We can have f,

b
that tend to zero(thereby

b
f(z)dz = 0) but / folz)dz = 1 for every n. Indeed the

following example shows that such a possibility is eminent.

Example 18 Define a sequence as follows.

p

An’x

1
For any x > 0, there ezists N € N such that — < z for every n > N. Further f,(0) =0
n

for every n. Hence lim f,(x) =0 for every x > 0. But each f, encloses a region of area
n—oo

1 with x-axis.
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5.1

Measures of sets and a peek into Lebesgue
Integration

The idea of Lebesgue Integration as an alternate viewpoint to the theory of Riemann
Integration is motivated by the following analogy. Suppose we have a pile of coins and we
wish to count the total money. One way we can do it is go over all the coins one by one,
and add the denomination of the coin in consideration, to the running total. Another
way would be to count the number of coins of each denomination, and sum these over
all the denominations. The first way of doing it is analogous to the idea of Riemann
integrals; we shall now pursue the other way of calculating ‘integrals’. This is the spirit
of Lebesgue integration.

Measure for subsets of R

In order to make this point more meaningful, suppose we have a function f defined
on a closed interval [a,b] and we wish to give an alternate perspective on the idea of
calculating the area under the curve f. To make the earlier analogy more relevant, we
pick each ¢ € Tmage(f) and consider the sets f~'(c). The idea now is to be able to
‘measure’ the content of this set f~!(c) in order to crystallize a meaningful version of
the earlier analogy. So that is our primary question: How do we define a measure of an
arbitrary subset of R?
Firstly, we make a list of some of the properties, this measure ought to possess.

Desirable properties of MEASURE: We would like to determine a function g :
P(R) — [0,00] (:=[0,00) U{o0}) which satisfies the following properties.

L u(g) = 0.

2. p([a,b]) = b — a. This comes from the intent to have compatibility with the corre-
sponding Riemann Integral. Indeed, the function f(z) = 1 on the interval [a, b] has
Riemann integral equal b — a, and this new notion of the integral needs to agree
with the Riemann integral.

3. AC B = u(A) < u(B).
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4. p(ANnfa,b) =b—a—pu(ANia,b]).
This can be generalized as: If A, As,.... are pairwise disjoint, then

K <U An) = ZM(A

Remark 33 If {A,} is increasing sequence of sets, then

M(UAH> = (A U (A3 \ AU (As\ A) U (A \ Apy).nn)

n>1

= u(Ar) + (A \ Ar) + pu(Az \ Ag) + ...
= (A1) + (u(A2) — p(A1)) + (1(As) — p(Az))
= g pdn)

In particular, take A, = [a + %, b— ﬂ . By the above remark, we get u((a,b)) =b — a.
Now we will examine a candidate for u.
Definition 63 The outer measure of a set A CR as

w*(A)=inf (Z |[n|> where I,s are open intervals covering A, i.e., A C U I,

n>1 n>1
where |I|=length of the open interval I.
Proposition 48 1. p*(¢) = 0.
2. AC B = (A) < p(B).

pw (U An> <> (A

Note 8 The last desirable property for a measure was for pairwise disjoint sets. But, in
the above proposition, the last point corresponds to any sets and this property is called
sub-additivity.

Proof: Part 1 is trivial. For part 2, note the fact that any open cover for B will also
cover A. Hence the infimum of sum of lengths of intervals for A will be less than that of
B. For part 3, let ¢ > 0. For each A, consider the cover {I,, }r>1 such that

E *
Z Ly | < ol TH (An).

k>1
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Now U U I, covers U A, hence
n k n

DD Ml <) w4 +e

Now, as € is an arbitrary positive number,

Hence, p* is sub-additive. &

When does the equality hold in the last step of previous proof? As per the desired
property, it must hold for pairwise disjoint sets. But does p* accomplish this? Unfortu-
nately, the answer is no! It turns out, that an arbitrary subset of R can be a lot more
‘funky’ than we imagine. This is explained in the next proposition formally.
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Proposition 49 p* is not countably additive.

Before looking into the proof of this proposition, we will need the Axiom of Choice.

Axiom of Choice: Given {A,}aen, where A is an arbitrary set,

[[4.#0¢

a€EA

More explicitly, it states that for every indexed family (.S;);e; of non-empty sets there
exists an indexed family (x;);c; of elements such that z; € S; for every i € I.

Proof: Let us first define an equivalence relation on R as follows
r~yiffte—ye@.

Consider the equivalence classes of this relation. Let E be the set that contains exactly
one element from each equivalence class. The validity of such a set is given by the Axiom
of Choice. Further, as all real numbers have rational translates in [0, 1] we’ll pick an
element from each equivalence class that lies in [0, 1].

Define £+ r := {e + rle € E} where r € Q. Also note that if r # s, then
(E+7)N(E+s) = ¢. This is because if there is a common element e, then e —r € E
and e — s € E. But e — r, e — s are rational translates Therefore, they must belong to
same equivalence class which contradicts our construction of E that it must contain only
one element from each class.

Now, define E* = U E+r. Now, E C [0,1]. E* is a translation of F to right
reQn[—1,1]

by a maximum of 1 and to left by again a maximum of 1 unit. Hence, E* C [—1,2].

Now, consider an element of E. any other element of its equivalence class in [0, 1] is a ra-

tional translate by at most 1 on either side. As E* includes all such translates, £* D [0, 1].

We can consolidate the above discussion as

As E* is a countable union of pairwise disjoint sets, if ©* is countably additive,

pEY = Y w(E )

reQN[—1,1]

But, if {I,} covers E +r, then {I,, + s —r} covers E + s. This happens for all such open
covers and the lengths are not altered. Hence, pu*(E 4 r) = pu*(E + s).

If each of p*(E + r) = 0, then p*(E*) = 0 (countable summation of zeroes) and we
run into a contradiction as E* D [0, 1]. If each of p*(E + r) is finite nonzero value, then
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w*(E*) is a countably infinite sum of terms each of which is a nonzero constant, and this
gives a contradiction since we must have p*(E*) < 3 as E* C [—1,2].

Hence p* isn’t countably additive. ]

Remark 34 u* is not even finitely additive. To see this, in the above example, take E*
to be the union of n translations where n is such that n > 3/u*(E). Here, if each of the
n measures is zero, we have p*(E*) = 0 which is a contradiction. Else, although p*(E™)
doesn’t shoot up to oo, it exceeds 3 which is again a contradiction.

Remark 35 In the above construction of a pathological example, we only used one of the
important properties of pw* that it is translation invariant. But that is a desired property
for any p because of the intent to make it compatible with the corresponding Riemann
Integral. Hence, there’s no u satisfying all desired properties of a measure! This looks
like our exercise of defining a suitable ‘measure’ for al subsets of R has been one in vain.

As a remedy, we seek to define p only on a (suitably large) subset of P(R) and this
collection should not include any sets like the previous E*. Recall that our choice of F
didn’t satisfy the equation

pH(E) + ([0, 1]\ E) = p*([0,1]) = 1

This is the motivation to define measurable sets and to distinguish them from sets like
E*.

Definition 64 A set A C R is good/splitter /measurable if for any X C R
W) = (X 0 A) + (X 0 )

*

w* is referred to as the Lebesgue outer measure.
Observations:

1. 0 is measurable.

2. A is good, then A is good.
Proposition 50 If Ay, Ay are good, so is A1 U As,.

Proof: We want to show: For every set X, p*(X) > p*(XNA; NAy)+p*(XN(A; N Ay)),
as we already have other inequality by sub-additivity property of p*
Since, A; and A, are measurable,

(X)) = pi(XN A+ (XN (A) (5.1)
pr(X) = p (X NA) +p (XN (A2)) '
XN(AUA) = (XNA)U(XNANA, (5.3)
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Using X N A; in place of X in (2) gives
pr(XNA) = (XNANA)+p (X NANA) = p* (X NANA)+p* (XN (A UAY)).

From (3) we have :
PHX N (AL U Ay)) = i (X N A) Ut (X AN Ay))
Adding p*(X N (A; U As)) on both sides gives:

(XN (AL UA)) +p* (XN (AL U Ap)) < p*(XNAD)+p*(XNAINA))+u*(XNA U Ay)

Due to sub-additivity of u*, we have

pE((XNALN Az)) + p* (X N (AU Ap)) < p'(X N A)

Summarily we have,

XN (AU A)) +p (X NATUA) < pf(XNAY)) + (X NAIN Ay)) + 55 (X N (A U A))
< WX NA)) + (X N )
= IU*(X)v

(from (1)) proving the required inequality. )

Corollary 8 If Ay, Ay are good, then so are Ay \ Ay, A1 N As.

Proof: Ay iélg are good, therefore, Ay, Ay are good. Therefore, by the previous proposi-
tion, A; U Ay is good. But, this implies

is good. Now, A;\As = A4 QE. So, we are done since if Ay, A, are good, then Ay, A,
are good and therefore, A; N Aj is good. &

Corollary 9 If Ay, A, ..., A, are good, then so are UAZ-, ﬂAi.

=1 i=1

Proof: Follows by induction and the above corollary. L 3

Proposition 51 If A;, Ay are good, and Ay N Ay = 0, then
p (AU Az) = p(Ar) + ' (Aq)
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Proof: Let X = A, U A,
Using the fact that A; is good, we get

(X) = (X A A + (X 1 7
= 1" (Ay) + p*(As).

Corollary 10 If Ay, Ao, ..., A,, are good and pairwise disjoint, then

w (U Ai) = ZM*(Az')

Proof: This follows by induction again.

o0

Proposition 52 {4;}°, are measurable, then U A; is also measurable.
i=1

Proof: Without loss of generality, A; are pairwise disjoint; else, consider

A=A
Al2 - AQ\Al

Let A = GAi‘

=1
By the sub-additivity of u*, we already have,
W (X) < (X 0 A)+ (X N A)

It suffices to show: For any X,
PH(X) = (X NA) + (X N A)

n

For A, As, ..., A, U A; is good. Therefore,

i=1 -
pH(X) = ut (Xm (U/L)) + (Xm (U/L))
i=1 i=1
> (Xﬂ (UA)) + 1t (X NA)
i=1
Hence, from the previous proposition, we get,
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pHX) =) (X NA)+pt (XNA) forallneN.
i=1
Taking the limit as n tends to infinity, we get
p(X) = p (X NA) + (X N A).

&

We can consolidate the above discussion as the statement of the following theorem. By
M*, we shall denote to denote the set of all measurable sets.

Theorem 63 The set of measurable sets M* C P(R) (w.r.t. p*) satisfies
(i) 0 € M”.
(i) Ae M* = Ae M"
(1ii) A; € M* for every i € N = UAi and ﬂAi e M*.
i=1 i=1

Proposition 53 If {A;}i>1 are good and pairwise disjoint, then

M*(U A) = Z w(A;)

Proof: Let X = U A;. By the previous corollary, U A; is measurable for all natural n.
=1 =1
Therefore,

(X)) =p (XN(AAUAU...UA,))+ " <Xﬂ(A1UA2U...UAn))

o )
>t (XN(AUAU.LUA))
=p ((XNA)U(XNA)..UXNA))
= 4" (AT UA U UA,)

Therefore,

Ty <U Ai) > p(A;) foralln €N,
=1 =1

Taking the limit as n tends to infinity on the right hand side, we get

But, since the outer measure is sub-additive, we get the equality. s
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Proposition 54 If A, are pairwise disjoint and measurable, then for any X,
o (x0 (0a)) = Swernm
i=1 i=1

o
The previous proposition is the special case where X = U A;.

i=1
Proof: It suffices to prove: If A; and As are measurable, disjoint, then
pH(X N (A UA)) =p" (X NAD)+p (X NA).

This will yield finite additivity (induction) and passing on to the countable case is similar
to the previous proposition. Since, A; is measurable, therefore,

(X N (AU A)) = p*((X N (AU AR))NAD) + (X N (A U Ap)) N AY).

But, since A; and A, are disjoint, in the above equation, the first term is equal to
w* (X N Ap) and the second term is equal to p*(X N Asg). &

Proposition 55 If Z is a set of measure zero, then Z is measurable.

Proof: Want to show: p*(X) = p* (X N2Z) 4+ p*(X\2)
By sub-additivity of u*, we have

pH(X) < pr (X0 2) +pt(X\Z)

Since, XNZC Z, p*(XNZ)=0.
This implies p*(X) < p*(X\Z)

Also,
X\E C X = ' (X\2) < u*(X)

Hence, p*(X) = p*(X \ 2). As p*(X N Z) =0, we are through. &
Proposition 56 p* ((a,b)) =b— a.
Proof: Since, (a,b) is an open cover for itself, therefore
w((a,0)) <b—a.
We now want to show: p* ((a,b)) > b— a.
We will instead show p* ([a,b]) > b — a and then prove that p* ((a,b)) = p* ([a,b]) .
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{I,}52, is an open cover for [a, b], then by compactness of [a, b], there is a finite sub-
cover, say Iy, Is, ..., I,,. W.L.O.G., each [; is a finite interval.

Consider f;(z) : R — R

file)=1ifz e [,

= 0 otherwise, for allt =1,2,....n
f(x)=11if x € [a,D]

=0if = ¢ [a,b]

Since f; has only 2 points of discontinuity, f; € R[—M, M| for a suitably large M. Similar
is the case for f. Hence,

M
-M

Since, {[;}, cover [a,b],
ifl(x) > f(x) for all x € [-M, M].
i=1

Integrating both sides from —M to M, we get

g\h! :/_]\;(gfi) Z/_Zf(x)dx:b—a,

Therefore,
i (a,b]) = b—a.

Since, (a,b) C [a,b],
p ((a;0)) < p” (la, b])
Also, [a,b] = (a,b) U{a} U {b}, by sub-additivity we have,

p ([a, b)) < p* ((a,0))

using the fact that {a}, {b} are measure zero sets. Hence, we get

w([a, b)) = p* ((a,0)) = b —a.

Theorem 64
(a,00) € M* for all a € R.

The following corollary is an immediate consequence.
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Corollary 11 FEvery open set and closed set in R is contained in M*.
Proof: Want to show: p*(X) > p*(X N (a,00)) + p*(X N (=00, al)
Let {I,} be a collection of open intervals covering X. Want to show,

D Ml = 47 (X 0 (a,00)) 4w (X 1 (00, d]).

n

W.L.O.G, assume a = 0.

We start with an observation: If Z is any set of measure zero,

p(X\Z) = p(X)
We shall assume, without loss of generality that 0 ¢ X and 0 ¢ I,, for any n.
Let 3= ={n| I, C (—00,0) and X NI, # 0}.
and 37 ={n | I, C (0,00) and X N I, # 0}.

In other words, if we write,

we then have XT U X~ = X.

Since, {I,,}ney+ and {I,,},c5- are open covers for Xt and X~ respectively, we have

Z | > " (XT)

neJt

Z |In| > N*<X_)

neJ -

Therefore,

Z|In| = Z 1| + Z |1,,]
n neJt nej—
> 0t (XH) 4 (X0)

Now, taking the infimum over all such open covers, we get

P X) > (X)) + (X)),
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5.2

5.3

Sigma Algebras and the Borel Sigma Field

Definition 65 A o-algebra of R is a collection A satisfying
(i) 0 € A.
(ii)AeA:ZeA.oo
(iii) {A}2, C A= JAi € A
i=1
What we have shown is
(i) M* is a o-algebra.

(ii) M* contains all open subsets of R.

Proposition 57 Suppose A, are o-algebras where o € A for some indexing set A, then

ﬂ A, is also a o-algebra.

a€EN

The proof is trivial, which we skip. The more important consequence is the following.
Given any collection of sets U we may consider the smallest sigma algebra containing the
members of U.

This makes sense because, Y C P(R) and the latter is a sigma algebra. In particular,
the collection of all o-algebras containing all the members of U is non-empty. Hence by
the preceding proposition, if we index by A the collection of all o-algebras containing U
then the intersection of all these o-algebras is the smallest sigma algebra containing U
since every o-algebra containing all the members of ¢ must necessarily contain the above
intersection.

Definition 66 M is the smallest o-algebra containing all open sets.

In the rest of our discussions, we shall restrict our attention only to the sigma field M,
which is also referred to as the Borel Sigma Field.

Lebesgue Integration

Definition 67 For measurable sets Ey, Es, ..., E, and constants cy,ca, ...,c, (> 0) satis-
fying E; N E; = ¢ fori # j, the function

n

s(z) = ZcilEi(:p) VazeR,

i=1

where

124



lp(z)=1ifz€E

= 0 otherwise,
15 called a positive Stmple function.

Consider the notation:
00+ 00 =00
00.00 = 00

00.0=0

Define the Lebesgue Integral for a simple positive function,

/s = gcm(@)

Example 19 Suppose
fl@)=1ifze[0,1]N(R\Q)

= 0 otherwise.

fris simple and [ f=p([0,1]N(R\Q))-1=1.

Recall the set E C [0, 1] obtained by picking a representative from each equivalence class

of R\ Q:

flx)y=1ifz el
—0ifz ¢ E

Such functions cannot be assigned reasonable definition for a Lebesgue integral. This

motivates the following:

Definition 68 A function f : R — R is said to be measurable if f~'(F) is measurable

if B is measurable.

Suppose € M. The following question is the most natural follow-up to the the defini-

tion from above. Is s = 15 measurable?

Ans: Yes. Consider F' € M.

fTUF) ={z€eR | f(x) € F}.

11 is measurable, since there are four possible choices for f~!(F), namely ¢, E, E, R,

depending on

()0,1¢F (i)1€F0¢F (ii))0eF1¢F
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respectively.
Similarly, we can prove simple functions are measurable by inducting on n. We skip the
details.

The next proposition tells us that a‘good’ function (continuous) is measurable.
Proposition 58 If f is continuous then it is measurable.
Proof: Let A={F € M | f7'(E) is measurable}. We shall show that A = M.

Firstly, note that if F is open then E € A. This follows from the definition of conti-

nuity, since the inverse image of an open set (under a continuous function) is open, and
open sets are members of M. Thus, it suffices to show that A is a o-algebra.

To see why, note that M is the smallest o-algebra containing all open sets. So, if A
is a o-algebra and A contains all the open sets, then A must contain M. But since, A is
a subset of M by definition, we are through.

To check that A is a o-algebra involves the following checks:

(i) 0 € A This follows, since f~!(¢) = ¢ is measurable.
(i) Ac A= fHA) e M= f~1(A) e M.
But, since f~!(A) = f~1(A), this implies, A € A. Thus, if A € A then A € A as well.

(i) A€ A= fH(A) e M =[] (A) e M
=1

But, since Uf_l(A) = f! (U Ai) , we get
i=1 i=1

G A, e A
=1
&

Note 9 The A defined above is a o-algebra regardless of whether f is a continuous func-
tion or not. To show that it contains all the open sets is the only part that requires the
definition of continuity of f

Note 10 The proof above uses very useful and simple set-theoretic identities:

(i) £ (A) = A
s =r (U AZ-)
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Definition 69 Suppose we have a sequence {f.}, fn: R — R, sup{f.} and limsup{f.}

are the functions defined as,
sup{fu}(z) := sup{fu()}
limsup{ £, }(2) = inf sup{ s (2)}

Proposition 59 If {f,} are all measurable, then so are sup{f,} and limsup{f,}.

Proof:
A={EeM| fE)e M}

We will show that A is a o-algebra and that A contains all the open sets.
(i) Let f :=sup{f,}. Also,
FHA) ={z] f(z) € A}
f(z) € Aif and only if sup f,(z) € A
In particular, if A = (a, c0)

f(z) > a if and only if sup f,(z) > a
which implies, . .
velJ £ a00) = [ £1(A)
n=1 n=1
So, we get, f~1(A) is measurable or equivalently,

(a,00) € AV a €R

We have proved earlier, that A= {EF € M | f~}(E) € M} is always a o-algebra. Hence
we are through.

(i) Let f =limsup f,, = inf{sup frim}

By the same kind of reasoning, one can show that inf,{f,} is measurable if f, are all
measurable.

The only difference in the proof as in the previous case, is that this time we use A =
(—00,a) and show that (—oo,a) € A as defined there.

So, lim sup f,, is also measurable if f,,’s are all measurable. s

Definition 70 Suppose [ is a positive valued measurable function.

/f ;= sup {/s | s(x) < f(z) Vo and s is simple}
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Suppose, f =", a;lp,, we had defined earlier, then

/f = izn;aiﬂ(Ei)

It is clear that if we use the definition of / f, then / f> Z a;i(E

=1
This is because f can itself be used as a simple function underestlmatmg the integral of

f.
Suppose if possible that

/f:: sup{/s | 0<s(z) < f(x)Vzand s is Simple} >Zai,u(E)

Then in particular, there exists a simple function s, such that
()0<s(@) < f@)¥a  and,

(i) [ s> Y, an(E)

In other words, we have the following question:

If s, are simple functions and

where

W.L.O.G., m = n in the equations above.
Then, can it happen that

n

i=1
Answer: No.

Proof: We want to prove: If s, ¢ are simple functions and

0<s(x)<tlx)Vzx

I

then,



We prove by induction on n. For n =1,
s(z) = alg(x)
t(z) = blp(x)
with a,b > 0 and E, F # ¢
Observe, if z € F, then

Also,
s(r)=a=x€eE=xecF=tx)=>

But, since s(x) < t(x) V x, implies
O0<a<b

Combining the above two inequalities, we get

ap(E) < bu(F)

o<

Let the hypothesis be true for n = k.

or,

For n=k+1,
k+1 k
s = E ailp, = E ailp, + ap1le,
k+1 k+1 k+1

t = Z bllpz = Z bilpi\EkJrl + Z bilFiﬂEkJrl
=1 =1 =1

So, now we will prove the corresponding terms (for the integral) in the above two equations
are less than or equal to each other. That will complete the proof.

Define

k+1 k+1

F=|JFadE=|]JE
=1 =1

Now, if z € F, then t(z) = 0 = s(z) = 0, therefore, v € E
which implies that F C FE and therefore, £ C F' and hence, we can write
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k+1

By = U (F; N Ejy1)

i=1

Therefore, since F;’s are disjoint, we get

k1
1(Egy1) = Z o (Fi N Epy)
i=1
Using the fact that s(x) < t(x) V z,
k1 k1

a1 pb(Epgr) = Z b (F5 N Epy) < Z bip (F; N Egyr)

i=1 i=1

Note E;’s are disjoint, so that

k+1 k
UJF\E) = (E) U(F\E)
i=1 i=1
Let,
¢; = min (b;)
F;NEi#¢

Observe that a; < ¢; for each i. So, by induction hypothesis,

k k+1

ZCMM cip (B;) < Zbi,u(Fi\Ek+1)

i=1 =1 i=1

M»

&

This shows in particular, that the definition of Lebesgue integral given above for measur-
able functions, is consistent with the definition of the Lebesgue integral of simple functions
as defined earlier. Question: Given a measurable function f, can we find “nice”simple
functions s < f 7

Proposition 60 Given f: Rt — R, measurable, there exists a sequence {s,} of simple
functions such that

(1) sn(z) < Sppi(x) V o

(i2) sn(x) 1 f(x) ¥V

Proof: Define 2
)= _min, S0 if 1€ ¢|%

[k k+1
oMy on

k+1
2n

] and 0 < k<n2"—1, keyg

=0ift>n
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Clearly, s, is a simple function for all natural n. We claim that {s,} is the desired
sequence.

(2) 3n<t> S Sn+1(t) v tﬂ’L
ift>n+1, s,(t) = sp11(t) =0
else if, t € [n,n + 1], then s,,1(t) > s,(t) =0

k k—i—l}

else get k < n2™ — 1 such that, t € {ﬁ’ Ty

and therefore,

on+1 ) on+1 2_n’ mn

then { i k’kl] c:[LgJ L5l +1

min f(z) > min f(x)

k k+1 k k
ze| b, by ] me[Lﬂ’LQHl

(17) s, — fasn — o0

=— 30asn— o &

2n

(Clear, since the width of the interval {2%, k; 1} !

Note 11 In the above few properties, we have that the function is non-negative every-
where. Everything above can be similarly extended to general functions in more or less
the same way.

Remark 36 To check if a function is measurable, it may require more than just checking
if f~Y({z}) is measurable for each x € R. Indeed, consider f :[0,1] = R

fle)=142 ifxeE
=—1—-2z ifzx¢FE

where E is not a measurable set.

Note that f~1((0,00)) = E is not measurable, although f~({x}) is measurable for every
x.

Proposition 61 Let s,t be simple functions.

1. Suppose s(z) >0 for allx € R and [ s =0, then s(x) =0 except on may be a set
of measure zero.

2. s <t, then [s < [t.
3. [as=a[s for any o € R.
4. [s+t=[s+[t.
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Proof: We only prove (iv) since the others are practically trivial.
n m

Suppose s = zcile t= Zdj].pj.
i=1 j=1

Note that
s+t o= D Y (a+d)lpor
i=1 j=1
firn = S{Sentenn sannn)]

i=1 \j=1
Since, F}’s are pairwise disjoint Z,u (E; N F}) <E N U )

J=1
Therefore,

/(s+t) Zczu +Zd]u /s+/

=1

Recall: If f: Q — R™ is measurable for some measurable Q C R, then
[ f=sup{[s]0<s<[,sissimple}
Proposition 62 Suppose f >0 for allz € Q and [ f =0. Then f(x) =0 “almost

everywhere” (except on a set of measure zero).

Proof: Suppose not; i.e., Suppose that {z|f(z) > 0} is not of measure zero.

{z|f(z) > 0} = U{x|f }

Let, |
By = {alf(@) > -}

Note that E;’s are measurable. Also, F; C Fy C Ej...

If each p(F;) =0, then p (U EZ> = 0. Hence for some n, we must have p(E,) > 0.

i=1

Consider

1/n :x€kE,
Sn(x>:{0 cx ¢ By,

Observe that s, < f. But then,



54

Therefore,

/fZ/Sn:%M(En)>Oa

and this contradicts the hypothesis. &

Lemma 10 1. 0 < f < g, then /f < /g. FEquality occurs iff f = g almost

everywhere.

2. Foraz(),/af:a/f
s feos 1+ [

Proof: We'll prove part 3; the others are easier to prove, and so we skip those proofs.

/f:sup{/s]()gsgf, sissimple}.
/g:sup{/t|0§t§g, tissimple}.

Hence,
sup/(s+t)§sup/s+sup/t.
/(f+g)§/f+/g

or,

Lebesgue’'s Monotone Convergence Theorem

The Monotone Convergence Theorem is really where the power of the Lebesgue Integral
comes to the fore. The Riemann Integral’s biggest weakness is its inability to provide
simple proofs for statements of the type:

foord= 8 [ 1

The Riemann integral guarantees this under the stronger condition of uniform conver-
gence. The Lebesgue integral gives us the same convergence under a much weaker con-
dition.
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Theorem 65 Suppose f;’s are measurable and suppose fi < fo < f3 < ... d.e., fo(z) <
fro1(z) for all z. Let f = lim f,(z). Then fis measurable and /f = hm /fn( ). T
n—oo

put it in other words,

/mwmﬁmm £(2).

n—oo n—oo

Proof: f,(z) < f(zx) for every z, so,
[hs[s

im [ fulw) < [ £

n—oo

which implies

So, it suffices to show that lim /fn(:c) > /f.
n—oo

We use the idea of using ‘an epsilon of room’ to prove this. Pick any 0 < € < 1. It suffices
to show that for any 0 < e < 1,

i 120 [s=[u-os

Since 0 < e <1, (1 —€)f < f. Since f,, — f at each x, for all large n, we have
fu(z) = (1 =€) f(z).
Let E, = {z|fu(x) > (1 —€)f(x)}. Since f,,’s are increasing, we have
Ey C Es C Fys...

Furthermore,

UE Q.

[z [a-or

Take s simple and s < f so that we have

LhZéh%Zl&—mh_ Fe/f@ kﬂéﬂm

Since, s is simple, write s = > " ¢;1p, Then,

We wish to show

m

SlEn = E Cz‘lFimEn

=1
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Therefore,
/ foz (1= an(F;N E,)
Q i=1
Note that for each fixed 1 <i < m,

Fi N En Q Fl N En+1 and

U(FzﬂEn) =F;

(2

We know that if A; C Ay C ... are measurable, then

u(UiA) = lim p(A,)

n—o0

Therefore,
lim ,U’(Fz N En) = M(E)
n—oo
So,
i > — ] . ) = —
lim n_uemﬁ§wwn<1o/&

Therefore, for any 0 < s < f,

lim fnz(l—e)/s.

n—oo

Take supremum over s < f to get

tw [fz0-0 [

Take lir% to complete the proof.
e—

Corollary 12 [(f+g)=[f+ [g

Proof: Wehave/(f+g)§/f+/g
Get sequences of simple functions {s,} and {¢,} such that
S, < f such that / s, — [ f and sequence {s,} is increasing

t, < g such that / tn — / g and sequence {t,} is increasing

Since {s, +t,} is increasing and converging to f + g, by monotone convergence theorem,
we have

/ lim (s, +t,) = lim [ (s,+t,) = lim [ s,+ lim [ ¢, or,

n—oo n—o0 n—oo n—o0
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/(f+g)=/f+/g
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