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Chapter 1

Introduction

The book we will be using for this class is Real Analysis by H.L. Royden .We are using the 3rd
edition, or the 4th, depending on your interests.

1.0.1 Office Hours and Contact Information

Dr. Saric’s office is in KY 405, and office hours will be Tuesday/Thursday from 2-3 p.m. My email
is Dragomir.Saric@Qqc.cuny.edu. In case you need it, my office phone is 718-997-5824.

The grading policy is as follows:
1. Homework (30 %)
2. One in-class Exam (30 %)
3. A (cumulative) Final Exam (40 %)

The general plan of our course is to cover part I sections 2-5 in our textbook. Also we will jump
to chapters 11-12 or so, to go through some measure theory.

1.1 Set Theory: Intersections, Unions, and Complements

Suppose we have a set, X. All other sets will be subsets of X. P(X) is ‘the set of all subsets of
X7, and is called the power set of X.
Example.
X ={1,2,3}

So,

Ple) = {{} {1} {2}, {3}, {1,2}{1,3},{2,3}, {1,2,3}}
Notice that if | X| = n, then |P(X)| = 2™.
Definition. If A, B C X (or A, B € P(X)) Then we have:

A(B={z:2€ Aand z € B}

5



CHAPTER 1. INTRODUCTION

We have the following facts:
1. AnNB=BNA
2. ANBCA
3. ANB=A < ACB
4. (ANB)NC=AnNn(BNC)

Proof of 3.

e Let us assume that AN B = A. By property two, we see that AN B C B. Since ANB = A,
we know that A C B.

e Let us assume that A C B. We wish to show that AN B = A, which we can do by showing
that AN B C A and that A C AN B. By 2, we have that AN B C A. Now let x € A. By
A C B, we have that x € B as well. Then, x € A and x nB, which equivalent to saying
that € AN B. This shows that A C AN B, so we have that AN B = A.

O

Definition. We have the following definition for union:

AUB={z:x€ Aorz € B}

We have the following facts about union:
1. AUB=BUA
2. AUBUC)=(AUB)UC=AUBUC
3. ACAUB
4. A=AUB < BCA
The following facts are known about both union and intersection:
1. AN(BUC)=(ANB)U(ANC)
2. AU(BNC)=(AUuB)N(AUCQC)

Proof of (2). First let us try to show the following:
AU(BNC)C (AUB)N(AUC)

Take an element x € AU (BN C). By definition, this means that z € A or X € (BN C'), which is
equivalent to saying that that x € B and x € C. We have two cases to deal with now:

Notice that if 2 € A, then clearly x must be in AU B and AUC. Then z € (AUB)N(AUC).

Notice also that if z € B and x € C, then x € x € AU B and AU C, from which it follows that
re(AUB)N(AUC).

So, we are done. The proof of (1) will be left to you. O
Definition. The empty set, denoted (), is the set that has no elements.

6



1.1. SET THEORY: INTERSECTIONS, UNIONS, AND COMPLEMENTS

We have the basic facts about the empty set:
1. Aub=A

2. AN0 =10
Definition. If A C X, then the complement A® of A (relative to X ) is as follows:

A°={reX x¢ A}

Example. If X = {1,2,3} and A = {1}, then A° = {2,3}. Notice that )¢ = X and that X = ().

We have the following facts:

1. (A9 = A
2. AUAY = X
3. AN A =)

4. AC B «— B¢ C A¢

Definition. DeMorgan’s Laws:
1. (AuB)¢ = AN B¢
2. (AN B)Y = AU B¢

(1) follows from noticing that € (AU B)® is the same as saying that z ¢ (AU B) and this says
that z ¢ A and = ¢ B. From this it follows that x € A® N B¢. Going the other way, saying that
x € A°N BY, this tells us that * € A and X € BY, from which we see that z ¢ A and x ¢ B, so
z ¢ (AU B), telling us that z € (AU B)°.

Definition. We have the following definition of the difference, or relative complement of two
sets A and B: let A, B C X. Then

B—A={reX:z€Bandx¢ A}

notice that the following is true:
B—A=BnA“

Definition. AAB is called the symmetric difference of A and B, and is defined as follows:
AAB=(B—-A)U(A-B)=AUB-(ANDB)

Definition. If AN B = (), then we say that A and B are disjoint sets.

Definition. A collection C of sets is a disjoint collection or a collection of pairwise disjoint sets
if any two sets in C are disjoint.

Definition. The intersection of the collection C is the set of all elements of X that belong to each
member of C. This can be denoted as follows:

(NMA or ({A:AeC(}

AeC



CHAPTER 1. INTRODUCTION

We have that:

NA={reX:(VA)(AeC =z A}
AeC

We also have the union of an arbitrary collection of a set,

U ={reX:(34)(AecCandzec A}
Aec

Again, we have DeMorgan’s laws, telling us that:
c c
() -9 (W) -0
Aec Aec Aec Aec

In trying to prove the right-most identity, we have the following:
Proof. Let x € (Uaee A)C. This tells us that z ¢ Uaeea, which tells us that (VA)(A e C =z ¢ A)
which tells us that (VA)(A € C =z € AY) = 2 € N ec A, O
We have the following distributive laws:

1. B ﬂ [UAEC A] - UAEC[B ﬂ A]

2. BU[Nacc A] = Naec[B U 4]

Also, the union of the empty collection of sets is empty, and the intersection of an empty collection
of set is X, since by definition since the collection is empty there is nothing to check, and we wind
up with all z € X.

If a collection is given in a sequence, C = {4,}3°, then

N4=N4 Ua=UA4
i=1 =1

AeC AeC

Definition. {A;};—1, ¢ € N is called a index set. We can also talk about {4, : A € A}, and we
can talk about their unions and intersections:

UAs={z:INecAdandz e A}
AeA

N Av={z: V(A€ A =z A}

AeA

Let
f: X=X

be a function. Then let {A)}rca be a collection of subsets of X, in which case:

fIU A== U f(A)

A€A A€A
fIN A=A c ) f(A)
A€A AeA



1.2. HOMEWORK

Now we assume that {B)}\c4 is an indexed collection of subsets of Y, then we have that
FUB =UF (B
A A
and that
s =nsm
A A
Notice that we have the following chain of events:

ze(VfU(B)=>VA€EA f(z) €By= f(z) e(\Byx=z€ (B
A A by

We also have that

BT (s BN B =B f(flA) DA

1.2 Homework

Page 17 questions (16, 17) and Page 19 question (19).

1.3 Algebras of Sets

Definition. A collection A of subsets is called an algebra of sets (or boolean algebra), if:
1. Forall A,B € A, then AUB € A
2. For ever A € A, A® € A.

Given A, B € A, we would like to show that AN B is in A. Based on what we know (along with
DeMorgan’s laws) we have:

(ANB) =A°UBY = A°UB°c A= (A°UBY)Y c A= ANB=(A°UB“)“c A

Finite unions and finite intersections are also in the algebra.
Proposition 1. Given any collection C of subsets of X, there is a smallest algebra A which
contains C.

Proof. P(X) is an algebra, and it contains C O

Consider the family F of all algebras that contain C. Then,
A=({{B:BeF}>C

Now we just need to verify that A is an algebra. This follows from seeing the following: let
A, B € A. Since both A, B are in A, this implies that A, B € B, for all B € F. Since B is an
algebra, this implies that AU B € B for all B € F, from which we see that AU B € A.
Definition. The smallest algebra containing C is called an algebra generated by C.



CHAPTER 1. INTRODUCTION

Proposition 2. Let A be an algebra of subsets of X, and {A;}52, is a sequence of sets in A.Then,
there exists a sequence { B;}2, of sets in A such that B,NB,, =0 forn # m, and U2, B; = U2, A;

Proof. Define the following: B; = A;. By = Ay — Ay = A N A?. Generally, for n > 1, we define:
B,=A,— (A UAU...UA, 1) =A4,NnANAN...NAY |

So, B, C A, and B, C A,. Given some m < n, we can look at B,, N B,. Well, B,, N B,, C
A, NB, =A4,N (A, NAYNAS N ..N AT ;) = 0 since m < n, and since you'll have m some
where in that chain of complements, so you’ll hit the empty set somewhere when you take the
intersection of A,, with A¢.

We also know that B; D A; = U2 B; D UX, A;. So, let
Then, = belongs to at least one A;. Let ¢y be the smallest such index such that = € A;,. Then,
T € Bio = Aio - (Al U AQ U...u Aio—l)
So this implies that
n

Definition. An algebra A of sets is called a o-algebra or a Borel field, if every union of a countable
collection of sets in A is also in A.

Any o-algebra contains countable intersections, which follows again from union.
i=1 i=1 i=1

Proposition 3. Given any collection C of subsets of X, there is a smallest o-algebra that contains
C (this is a homework question)

1.4 The Axiom of Choice

Let C be any collection of non-empty sets. Then, there is a function F' defined on C which assigns
to each set A € C an element F(A) in A. The function F is called a choice-function. If our
collection

C= {XA}AeA

Notice that
Ax B={(a,b):a€ Abe B}

How to we talk about the direct product of an infinite collection, C = {X)}rea? Well, it is a
collection of all sets {x)}rea indexed by A such that x, € X),.
Remark. 1f one X is the empty set, then

10



1.5. COUNTABLE SETS

I1 %,

AEA

is empty. If all X, # 0, then
ITX\#0

AEA

1.5 Countable Sets

Definition. A set is countable if it is the range of some sequence.
Definition. A set is finite if it is either empty or the range of a finite sequence.

A set is countably infinite if it can be put in a one-one correspondence with the natural numbers
N.
Proposition 4. Every subset of a countable set is countable.

Proof. Let E = {x,} be a countable set, and A C E. If A is empty, then we are done by definition.
Otherwise, let x € A. Define a sequence {y,}°2; as follows: if x,, € A, then y, = x,. If z, ¢ A,
then y, = . We now have a sequence {y,}, and its range is A- thus it is countable.

O
Proposition 5. Let A be a countable set. Then the set of all finite sequences of A is countable.

Proof. We establish a one-one correspondence between the set of all finite sequences of elements
of A and N. Since A is one-one with N, let us look at sequences of the following type:

<2357, ... Pk, .>

Now,
n=2".3"_..P%*

Notice that
f el (.1’1,332, ,l’k)

which is a finite sequence in N U {0}. The range of f are all finite sequences in N U {0}, which
contains all finite sequences in N- and thus is countable. O

Proposition 6. The set of all rational numbers is countable- they map into all sequences of length
2.
Proposition 7. The union of a countable collection of countable sets is countable.

Proof. C, {A,}32,. Each A, is a set {x, »}5_;, indexed by the natural numbers. Thus,

J A, s indexed by sequences of length 2, {m, n}
n=1

11



CHAPTER 1. INTRODUCTION

1.6 Relations and Equivalences

R is a relation on set X is a subset of X x X. We write the following:
(x,y) € R rRy
Some examples of relations on the set R are =, or <. We denote them in the following way:
= {(z,z):xz€R < A(zy):z,y e Rz <y}
Definition. A relation R is transitive on X if
xRy, xRz= xRz

Notice that the examples above are transitive relations.
Definition. A relation R is symmetric if

xRy = yRx

Notice that = is symmetric, but < is not a symmetric relation.
Definition. A relation R on X is reflexive if

zRzx

For all x € X. Again, = is an example of a reflexive relation. Notice that < is not reflexive on R.
Definition. A relation R on X is an equivalence relation if it is reflexive, symmetric, and
transitive. For example, = is an equivalence relation on R. However, < is not an equivalence
relation.

Suppose that = is an equivalence relation on some set X. Then, we can define:
E,={ye X :xz=y}

If y,z € E,, then z = y, and ©* = z.Then, y = z. This set F, is called an equivalence class.
Thus, either £, = E, or E, N E, = (. One nice construction of such equivalence relations is a
partition on a set, where each pair of sets in your partition are either disjoint or the same. So, we
get this:

X/ = ={E,:x € X} = A Collection of Equivalence Classes

Since v € E,, then E, # () for all z € X.
Definition. A binary operation on X is a mapping map : X x X — X. One example is the
addition of real numbers. An equivalence relation = is compatible with a binary operation + if

r=2andy=y =>r+y=a"+v

If + is compatible with =, then + defines a new binary operation on the set Q = X/ =. For
example,

v/=5y/=€Q  (g/=5)+ /=) =@+y/=)

One good example is the addition of rational numbers.

12



1.7. HOMEWORK 2/7/2012

1.7 Homework 2/7/2012

On page 23, do questions 24 and 25.

1.8 Partial Orderings and the Maximal Principle

Definition. A relation R on a set X is antisymmetric if
xRy and yRx = x =y

One example would be the < relation on R. Similarly, C on P(X) is an antisymmetric relation.
Definition. A relation < is a partial ordering on X if it is transitive and antisymmetric. Some
examples of such a relation include < on R, and C on P(X).

Definition. A partial ordering < on a set X is a linear ordering if for all x,y € X either z <y
or y < x. One such example is < on R. However, C on P(X) is not a linear ordering if X has
more than one element (for example you could pick two disjoint subsets of X, neither of which will
then be contained in each other).

We read
a<b

As ‘a precedes b’, or ‘a less than b. Alternatively, we can say that ‘b is greater than a’.
Definition. If £ C X, an element a € F is the smallest element in F if for every x € E, if v # a
then a < x. It is very simple to show that this smallest element must be unique.
Definition. A minimal element of E is an element a € F such that there is no x € E with x # a
and r < a.
Example.

X:{1727374} C:{{1}7{1v2}7{3}}
Notice that with the relation C, C' has two minimal elements: {1}, {3}. But, there is no smallest
element.
Fact. The smallest element is a minimal element. This can be shown from their definitions.
Definition. If for all x € X, x < x then < is a reflexive partial ordering. If it is never true that
xr < x, then < is called a strict partial ordering.

1.9 Hausdorff Maximum Principle

Let < be a partial ordering on a set X. Then, there exists a maximal linearly ordered subset S of
X.
Remark. X is maximal with property M if a any S’ D S does not have property M.

1.10 Well ordering

A strict linear ordering on a set X is called a well-ordering if every nonempty subset of X
contains the smallest element.

13



CHAPTER 1. INTRODUCTION

Example. Take the set N with the relation <. This is well-ordered. Alternatively, if we take R
and the relation <, it is not well-ordered. This follows from taking an open interval on R, which
does not have a smallest element.

1.10.1 The well-Ordering Principle

Every set X can be well-ordered.
Proposition 8. There is an uncountable set X that is well-ordered by a relation < in the following
way:

1. There is the largest element € in X.

2. Ifx € X, and x # 2, then
{reX: y<uz}

is countable.
Proof. (i) Let Y be an uncountable set. By the well-ordering principle, Y has a well-ordering <.
If Y does not have the largest element, then we introduce Z =Y U {a}, where a ¢ Y. Ordering

on Z extends the ordering < on Y by saying that for all y € Y, y < a. Then, « is the largest
element of Z.

(ii) The set of all y € Z such that {z € Z : © < y} is countable is nonempty, because « is in this
set. Let 2 be the smallest element in this set. Let

X={reZ:x<Qoraz=Q}
Then, X satisfies (i) and (ii). O

() is called the first uncountable ordinal, and anything less that €2 is called a ‘countable ordi-
nal’.

1.11 The Real Numbers

Definition. The set R is a set that consists of two binary operations + and -, and can be con-
structed from the following axioms:

1. (R, +,-) isafield, or in other words, (R, +) is a commutative group (for all z,y € R, z+y € R,
addition is commutative, there exists an identity element (0), and there exists an additive
inverse for all elements in R) and (R, x) for all z,y € R we have that z-y € R, - is associative,
there exists a multiplicative identity (1) in R, and for all the non-zero elements in R there
exists another element in R that is its multiplicative identity, multiplication is commutative,
and multiplication distributes over addition.

We have the axioms of order: there is a set P of positive real numbers that satisfies:
1. Forallz,y e P, x +y € P
2. Forallz,ye P,x-ye P

14



1.11. THE REAL NUMBERS

3. Foralz € P, —x ¢ P
4. Foreveryx e R, 2 =0orxz € Por —z € P

Thus, our set is called an ‘ordered field’. Such examples of an ordered field include Q, and of course
R.

We can introduce the following relation by definition:
r<y << y—xeP”P
Similarly, by definition
r<y < y<zrory==zx

Definition. Let S C R. The number b is an upper bound for S if for every x € S, z < b.
Definition. The least upper bound for S is a number b such that if ¢ is an upper bound of S,
then b < ¢. Sometimes this is denoted:

sup(S) =b

And called ‘the supremum’ of S
Definition. A lower bound for S is a if for all x € S, a < x. Similarly, the greatest lower bound
for Sis a if for any lower bound d for S, we have that d < a. Sometimes this is denoted

imf(S)=ua

Pronounced ‘infimum’.
Example. Let

1

Notice that 2 is an upper bound for S. However, also notice that sup(S) = 1. Similarly, - 6 is a
lower bound for S, however the imf(S) = 0.

1.11.1 The Completeness Axiom

Every non-empty set of real numbers which has an upper bound has a least upper bound.

1.11.2 The Natural Numbers

We have the following definition:
N=1{1,2,3,4,..}

Notice that N C R.
1.11.3 Axiom of Archimetes
For all x € R, there exists n € N such that x < n. This axiom isn’t particularly helpful, but it

does give us the following:
Corollary 9. Between any two real numbers, there is a rational number.

15



CHAPTER 1. INTRODUCTION

1.11.4 The Extended Real numbers

The extended real numbers are the set R, along with the two numbers +o00, —oo. Notice that
—00 < x <00
And that
r+oo=00 x—00=-—00 x-00=o00ifzis positive,co+00=00 —00—00=—00

0o(+o0) = (£o0) — oo(£o0) = Foo
0o — oo = undefined 0-oo = 0 by convention

Definition. If S has no upper bound, then sup(S) = co. If S has no lower bound then imf(S) =
—00.

1.11.5 Sequences of Real Numbers

A sequence is a map f: N — R, f(n) = x,, denoted

{zntois, or {zn}

and we have that

lim z, =z
n—oo

if for all € > 0 there exists N € N such that for all n > N,
|z, — 2| <e

Definition. {z,} is a Cauchy sequence if for all € > 0 there exists N such that for all n,m > N
we have that
Ty — z| < €

Fact. If a sequence has a limit, then it is unique.

Fact. If a sequence of real numbers is Cauchy, then it has a limit. This follows from the Com-
pleteness axiom.

Definition. z is a cluster point of a sequence {z,} if every neighborhood of x contains infinitely
many elements of the sequence.

Definition.

lim z,, = c©
n—oo

If for all C' > 0, there exists N(C') € C such that if m > N(C') then z, > C. Similarly,

lim z, = —
n—oo

If for all D € R, there exists N(D) € N such that if n > N(D), then z,, < D.
Example. x, = n!. Then

lim z,, = oo
n—oo

Also, if x, = —n then

lim z, = —©
n—oo

16



1.11. THE REAL NUMBERS

Definition. Let {z,} be a sequence of real numbers. The limit superior of {z,} is defined by
Jim 2, = infrsupgsptr = M supgznty

Example. We can show that the limit superior of the following sequence is 0:

Definition. The limit inferior of {x,} is:

lim x,, = sup, nfi>nTk
n—0o0 -

Notice that unlike wit the limit superior, in fx>,%) is monotonically increasing.
Fact. x = lim,,_,.x, if and only if it satisfies:

1. For all € > 0, there exists n such that x;, <[+ e forall k >n
2. For all € > 0 and for all n, there exists £ > n such that x;, > [ —e.
Example. z, = sin("5") + 1. Notice that

limz, =2, limz,=0
n—oo n—oo

Fact.
lim (—z,) = — lim z,,
n—oo n—oo
and
lim z, < lim x,
n—oo Tr—00
limz, + limy, <lim(z, +y,) < limz, + limy, <lim(z, +y,) < limz, + limy,
Let us prove that lim(—z,) = —lim z,,.

Proof. We have that

nh_}ngo(—:cn) = N fnSupksn(—2k) = info(—infisnrr) = —sup,(in fy>nTr)

We have the following fact:
—A={-a:a€ A}

So,
sup(—A) = —infA

This follows from seeing that
—sup(—A) =infA

So, letting b = sup(—A) we notice that b is an upper bound for —A, namely for all a € A we have
that b > —a. From this, —b < a, for all a € A. Thus, —b is a lower bound for A. Let ¢ be a lower
bound for A, so ¢ < a for all @ € A. In this case, —a < —c for all alinA, so —c is an upper bound
for the set —A. Since b is the least upper bound, we have that b < —¢, or sup(—A) = —b > C.
This implies that —sup(—A) is the greatest lower bound, and is the infinitum of A. m
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1.11.6 Homework

Prove the last two of the above claims that aren’t finished.

1.12 Open and Closed Set of Real Numbers

We have the standard open interval on R,
(a,b) ={zr:a<x<b}

and we have
(a,00){z;z > a}

which is an infinite open interval, similarly

(—o0,b) ={x:x < b}
which is also an infinite open interval. Alternatively,

[a,b] ={z:a < x <)}

which is a closed interval. Notice that [a,b) and (a, b] are half-open and half-closed intervals.
Definition. A set O of real numbers is called ‘open’ if for every x € O, there exists some § > 0
such that each y with |y — x| < ¢ belongs to O. Another way to say this, is to say that

(x—=6,z+6) C O

Open sets, for example, include things like open intervals, R, ()
Proposition 10. The intersection of two open sets O1 and Oq is an open set.

Proof. Let © € O1 N Oy. We know that there exists some ¢; > 0 such that (z — d;,z + 1) C O,
because O; is open. Similarly, Oy has some 09, so defining 6 = min{d;,d2}, we see that

(:L‘—(S,:L‘—i—(5) COlﬂOg
So, O1 N Oy must be open. n

As a corollary, this implies that the finite intersection of open sets is open.
Proposition 11. The union of any collection C of open sets is open.

Proof. Suppose we took U = Upcc O. If x € U, this implies that there exists some O; in our
collection such that z € Oy, and since O; is open there must exist some § > 0 such that the
interval around z of radius ¢ is open. n

Example.

Notice that this infinite intersection of open sets is {0}- which isn’t open.

18
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Proposition 12. Fvery open set of real numbers is the union of a countable collection of disjoint
open intervals.

Proof. Let O be an open set. For all x € O, there exists y > z such that (z,y) C O. There also
exists some z < x such that (z,2) C O. Let

b=sup{y : (z,y) C O}

and
a=inf{z: (z,2) C O}

This implies that a < x < b, also, I, = (a,b). Our first claim is that
I, CO.

Let w € I,. We can say that © < w < b. Then, there exists some y such that y > w and (z,y) C O.
This implies that w € O.

Also, b ¢ O. If b € O, then you know that there would have to exist some § > 0 such that
(b —6,b+ 0 is a subset of O. But if this were true, then b would not be the supremum of all
{y : (z,y) C O}, since (z,b+ ) C O. This would imply that (z,b+ &) C O), and then b is not
the supremum. There is a similar proof that a ¢ O. It can follows that Uycol, = O.

If we have to intervals (a,b) and (c,d) that are elements of {I,{.co and (a,b) N (c,d) # 0, then we
want to show that (a,b) = (¢, d). If their intersection was nonempty, then ¢ < b, and also, a < d.
Since ¢ ¢ O, then ¢ < a. Since a ¢ O, then we know also that a ¢ (¢, d), which implies that a < c.
Putting these two together, we have that a = ¢. Similarly, we get that b = d. Thus, (a,b) = (¢, d).
Thus, {I,}.co is a disjoint family of open sets. Each open interval contains a rational number,
since the intervals are disjoint this gives a well-defined function from Q — {I.}.co, thus {I,}.co
is countable. O]

Proposition 13. Let C be a collection of open sets of real numbers. Then there exists a countable
sub-collection {O;}52, such that Upee O = U2, O;

Proof. Let U = Upec O. Let x € U. This implies that there exists some O € C such that z € O.
Since O is open, there exists I, such that I, (an open interval) such that x € I, C O. Suppose
that I, = (a,b). This implies that there exists J,, an open interval with rational endpoints such
that x € J, and J, C I,. The collection of all intervals with rational endpoints is a countable set.
Thus {J,}.ev is a countable collection, and U,er J. = U, because © € J,. For each J,, choose
one O € C such that Jx C O—we get a countable collection. n

Definition. A real number z is a point of closure of F if for all 6 > 0, there exists some y € E
such that |z — y| < 0.

Remark. Every point of E is a point of closure of E.

Definition. F is the set of points of closure of E. Notice that £ C E.

Proposition 14. If A C B, then A C B, and also AUB = AU B.

Proof. Since AU AU B, then A, B C (AU B), so
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Let # ¢ AU B. Then there exists §; > 0 such that no y € A satisfies |r — y| < §;. Similarly
there exists d, > 0 such that no y € B satisfies |z — y| < d2. Simply, take § = min(dy,d2) > 0. If
|t —y| <0, theny ¢ A, and y ¢ B, which implies that y ¢ AU B. This means that x ¢ AUB. [

Definition. A set F is closed if F' = F.

Example. Some examples of closed sets include closed intervals, R, and . Also, [a,00) and
[—o0, b) are closed.

Proposition 15. For any set I, the set E is closed. It is also true that E = E.

Proof. Let x € E. Given § > 0, there exists y € E such that |z — y| < g. Since y € E, there then
exists some z € E that |y — z| < £. Finally, we get that |v — 2| < [z —y|+ |y — 2| < 2+ 2 =,
which also implies that x € E. O

Proposition 16. If F} and F, are closed, then Fy U Fy is closed.

Proof. Based on what we proved before,
RUR=FRUFR=FUF

which must be closed. O

Corollary 17. The union of finitely many closed sets is closed.

Example. Look at U2, [+, 2 — £]. Taking their union, we’ll get (0,2), which is open- despite the
fact that each one of these sets is closed.

Proposition 18. The intersection of any collection F of closed sets is closed.

Proof. Let x € (Nper F). Then for any 6 > 0 there exists some y € pep F' such that |z —y| < 4.
Then y is in each F' € F. Then, z € F. But since F' = F(remember, F' is closed) we thus have
that x € Uper F. So, Nrer F' is closed, since “any point in the closure of this intersection is in
the intersection”. O

Proposition 19. The complement of any open set is closed, and the complement of any closed set
1S open.

Proof. Let O be open. If x € O, then there exists § > 0 such that if [z — y| < J, then y € O.
Then, z ¢ OC. Thus, O° = O, from which we gather that O is closed.

Let F be closed, and say that € F¢. Then z is not a point of closure of F¢, which implies that
there exists § > 0 such that if |z — y| < §, then y € FC. Thus, F° is open. O

Definition. A collection C of sets covers a set F'is FF C U{O : O € C}. If each O is open, we say
that C is an open cover. If C is finite, then C is a finite cover.

Theorem 20. Heine-Borel: Let F' be a closed and bounded set of real numbers. Then each open
cover of F' has a finite subcover.

Proof. Assume a covering C of F'is given. First, we assume that ' = [a,b]. We define
E ={z : x < b such that for [a, z] there is a choice of finite subcover of C }

First, we observe that a € E. In particular, this tells us that £ # (. E is bounded, let ¢ =
sup(F) € R. Since b is an upper bound for ¢, we have that ¢ < b. We need to show that
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¢ = b. Since ¢ € [a,b], there exists some open set O € C such that there exists some e such that
(c—¢€,c+¢€) C O. Since ¢ = sup(FE), this implies that there exists some x € F and x > ¢ —e. This
implies that there exists some finite sub-collection {O1, O, ..,0,} of C that covers [a,z]. Then
{O1, ..., 0.} covers [a, ¢+ 3¢l

a C c4e/2 b
[ / 117 ]
AN (R

Thus ¢ is not the supremum of E unless ¢ = b. This finishes our first case, when F = [a, b].

Now let F' be any closed bounded set of the reals. Then, there exists some [a,b] D F. Then we
define the following:

C*:=CUF"“
which is also an open cover of [a,b]. By the first case, there exists some {O;, ...,O,, F°}, a sub-

collection of C* which covers [a, b]. Restricting this set to {Ox, ..., O, }, we have a sub-collection of
C, and covers F'. O

Proposition 21. Let C be a collection of closed sets with the property that every finite subcollection
of C has a non-empty intersection and suppose that one of the sets in C is bounded. Then,

N F#£0

FeC

This will be left as an exercise, the idea is to apply the Heine-Borel Theorem.

1.13 Continuous Functions

Suppose we have £ C R and we have f : E — R. f is continuous at x € F if for all € > 0 there
exists some 0 > 0 such that for all y € E if |z — y| < ¢ then |f(x) — f(y)| <e.

Definition. f is continuous on A C F if f is continuous at each point of A.

Proposition 22. Let f : ' — R be a continuous function, and F' C R is closed and bounded.
Then f is bounded on F, and it assumes it is maximal and minimal on F.

Proof. For all x € F. there exists an interval I, such that x € I, where if y € I, N I then
|f(z) — f(y)| < 1. This implies that |f(y)| < |f(z)|+ 1 for all y € Ix N F. Then, {I,},er is an
open cover of F'. By the Heine-Borel theorem, we have that there exists a finite subcover {I,,...I,, }
of F'. Let

M = mazx{|f(z1) + 1], [f(2r)| + 1}

Let y € F. Then there exists some interval I,, that contains y. Then |f(y)| < |f(z;)| +1 < M.
Thus f is bounded on F' by the constant M.
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Since f is bounded, m = sup,cp f(z) is finite. We need t o show that there exists some z; € F.
such that f(x;) = m. Suppose such x; does not exist. Then f(z) < m for each x € F. Then by
the continuity of f, for each x € F' there exists an interval I, containing x such that for all y € I,
we have

LHw) + 57 0) = Fy) < S (@) +m)

(we abandoned the above proof to do the following) There exists an interval I, such that = € I,.

For all x € I, N F', we have
1

[f(y) = fl@)] < 5(m = f(z))

SO

£(9) = F(2) < 3l = 1)
fly) < 50+ £(2)

Well, {I,.}.cr is an open cover of F. By the Heine-Borel theorem again, there exits a finite subcover
{ls, ..., 1, } of F. Let a = max{f(x1),..., f(x,)} < m. For y € F, there exists I, containing y,
and we have

1) < 2(F(@) +m) < La+m) < Sm+m) =m

2 2 2
This implies that m is not the least upper bound because %(a + m) is an upper bound which is
less than m. This is a contradiction, thus f must achieve tis maximum. O]

Proposition 23. Let
f:(=o00,00) > R

Then f is continuous if and only if f~1[O] is open for each open O C R.

Proof. For all O open subsets of R, we want to show that f~![O] is open. Given z € R, for all
e >0 we have I = (f(x) — ¢, f(z) + €) C R and is open, and x € f~!(I). This implies that there

exists some d > 0 such that
(x—=6,z+9) C ffl([)

SO

f(x=6,2+0)) C(f(x) —€ flz) +e)

Working in the other direction, let f be a continuous function and let O C R that is open. Let
xr € f~YO). Then f(z) € O, O is open implies that there exists some € > 0 such that

(f(x) —¢ flz)+€) CO
There then exists some 6 > 0 such that
f((@=0d,2+0)) C (f(z) —¢€ f(z) +¢)

which in turn implies that
(x — &, a+]delta) C f7((f(z) — € f(z) +€) C f7(O)

which implies that f~*(O) is open. O
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Definition. A real-valued function f on a set F is uniformly continuous if for all € > 0 there exists
d > 0 such that if z,y € F and |z — y| < J then |f(z) — f(y)| <€

Example. Uniformly continuous functions are also continuous. However, it is not true that con-
tinuous functions are uniformly continuous. For example,

f(x):i, x>0

is continuous, but not uniformly continuous. This follows from the fact that the function f(z) as
x — 0 gets so steep so quickly, the ¢’s disappear as you choose €.

Another example is
f(z) =2’

Proposition 24. If a function f is a continuous function defined on a closed and bounded set I,
then f is uniformly continuous.

Proof. Given e > 0, x € F' (where f : F — R), then there exists d, > 0 such that if |x —y| < ¢, and
y € F then |f(2) — f(z)] < ie. Let I, = (v — 305, 2+ 30,), @ € I, is an open cover of F as z € F.
By Heine-Borel, there exists a finite subcover {I,,, ..., I, }. Let 6 = min3d,,,...30,,} >0 € R. We
let y,z € F, and assume that |y — z| < 0. There exists some I, containing y and I, containing
z, which implies that

1
|z — x| < |z —yl+ |y — z <5+§5xi < Oy,
This implies that |f(z) — f(z;)| < ie. It is also true that |f(y) — f(z;)| < 3¢. We now have that

1

£() = F@)I < 1) = F| + 17w — F@) < e+ g6 =

so we are done. O

Definition. A sequence {f,} of functions defined on a set E converges point-wise on E to a
function f if for each x € E we have that

lim fn(x) = f(l’)

Definition. A sequence of functions {f,} on E uniformly converges on E to a function f if for
all € > 0 there exists some N € N such that for every x € E we have that

[fn(X) = f(2)] <€

for all n > N.
Example. Suppose that

fu(X) =2"

for 0 < z < 1. In this case, f, converges point-wise to f(x) = 0 for all 0 < z < 1 and 1 for
x = 1. However, f, does not converge uniformly to f. This idea follows from what happens to the
distance at the point (1,0): the functions f,, do not get closer to f nicely.
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1.14 Borel Sets

Remark. A countable union of closed sets is not necessarily closed.

Definition. The collection B of Borel Sets is the smallest o-algebra which contains all of the open
sets. It is certain that B is generated by all closed sets. It is also true that B is generated by all
open intervals.

A set is F), if it is a countable union of closed sets. Notice that every closed set is F,. Also, notice
that every countable set F,,. An example of a F, set that is not countable is the following set: N,
which follows directly from our last example. Alternatively,

1
{ 'n € N}
n
is another example.
Definition. A set is G if it is a countable intersection of open sets.

An open interval is F,, for one could do the following:

@h)=U o+ 20-1]

1.15 Lebesgue Measure

Taking the interval I = [a, b], the length ¢ of I(I) of I is
(1) =0b—a.

The length is an example of a set function ( it associates a real number to each set in a collection
subsets of a set). £ is a set function on the collection of intervals in R. The length of an open set
is defined as follows: the sum of the lengths of the open intervals of which it is composed.

Given a collection M of sets, with m a set function on M such that for every £ € M, we
would like to define m such that m(FE) € Rso U {oo} and such that m satisfies our “wish-list” of
properties:

1. m(FE) defined for all £ C R.
2. For every interval I, we would like to have that m([) = ¢(I).
3. If {E,} is a disjoint sequence then m(U,E,) = >y m(E,)

4. m(E +y) = m(E) for all E and for each y € R. In other words, we want E to be invariant
under translation. With intervals, we can notice that

[a,b] +y =la+y,b+yl
which preserves distance trivially.
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Unfortunately, it is not possible to satisfy all four properties for any set function m. What we will
end up doing is weakening (1): m(FE) will be defined on as many sets as possible, and we will keep
properties 2-4.

We will require that M is a o-algebra. Any such M has to contain a Borrel o-algebra, by property
number 2 (since the Borel o-algebra is the smallest o-algebra which contains all of the open sets
in some collection).

1.15.1 Outer Measure

For any subset A C R, we will consider a countable collection {/,,} of open intervals which covers
A; in other words

AclI,
Definition. Lebesgue outer measure of A is as follows:

m*(A) = inf > ((I,)

ACUnIn 7

From the definition, it is immediate that m*(0)) = 0. Also, if A C B, then m*(A) < m*(B). It also
follows that m*{z} = 0. One way to see this would be to let

L= (-5t )
n=\r— s ——,7

2" + 1 2" + 1
in which case,

ni::lé([n) = ei <21n) =€

n=1
and since our choice of € was arbitrary, we let € — 0.
Proposition 25. The outer measure of an interval is its length.

Proof. Notice that () is considered an open interval. We have [a, b], and that for all € > 0, that
(a — €,b+¢€) D [a,b]. This tells us that the outer measure

m* ([a,b]) <b—a+2¢

Where we define
I,=(a—¢b+e), I,=0, n>1

since this holds for all ¢ > 0,it follows that m*(|a,b]) < b — a. It remains to be shown that
m*([a,b]) > b —a. Let {I,} be an arbitrary collection of open intervals that covers [a,b]. By the
Heine-Borel Theorem, {I,} has a finite subcover

Since a € [a,b], there exists an interval (aq,b;) containing a which is in that finite subcover. If
by < b, let (ag, by) be an interval in the finite sub-cover which contains b;. Then

Ao < bl < bg
We can continue this process, were we would then say that

a3<b2<b3
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and we can continue this process until b is in an interval, which must happen (this process stops
because the collection is finite, which we have from the Heine-Borel theorem). We have now that

a; < bi_1 < b;

So,

00 k
Z f([n) Z ZE((CL“ bz)) = bk — Qg —f—bk_ — Qp—1 —I— +b1 —a) = bk — (ak — bk—l) — ... (CLQ — bl) —ay
n=1

i=1
Notice that each term a; — b1 is negtive, so we can remove them:
>by—a; >b—a=m"a,b] >b—a

from which we conclude that
m*[a,b] =b—a = {([a,b])

If I is any finite interval, then given € > 0 there exists a closed interval J C I such that
0J)>U(1)—¢

Since

0I) - e < 0(J) = m*(J) < m (1) < m*(T) = £(T) = (1)
This implies that as € — 0, then

]

For homework, prove this when [ is an interval: if [ is any infinite interval, then given some € > 0
there exists a closed interval J C I such that

0J) > 0(I) — e

1.16 Review Questions

Notice that
a, D)

Is a Borel set, since it is a F), set. This can be shown by looking at the union:

Jlo.b- 1]

of closed sets.

Notice that
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uniformly converges to f(x) = 0. This takes some work to show: given € > 0, we need to find N
such that if n > N then
|z — 0] <e
First notice that ]
|x"—0|:|$”|:$”§2—n<e

for every z in the interval = € [0, 3]. We want to find n from the following:

LI T
— =e=nlog - =loge
on &5 7108

So,

log €

N =] |+1

log %

1.17 Outer Measure

If ACR then

m*(A) = Aciﬁf . > (1)

This definition has some consequences: for example, if A C B, then m*(A) < m*(B). This follows
directly from the fact that A has more covers than B does.
Proposition 26. If I is an interval, then m*(I) is the length of I, ¢(I).

Proof. First, look at a closed interval [a,b]. We have to show that m*[a,b] < b — a and that
m*[a,b] > b — a. The first one follows quickly, choosing I = [a — €,b + €] and for all others to be
I, =0,n=2,3,.. In this case, the sum of the lengths of I, is b — a + 2¢. Notice that

m*la,b] <> U(I,) =b—a+2e=m*la,b] <b—a

Since we let € to go zero. For the second case, we have to work a bit harder - but we can us
the Heine-Borel theorem. Suppose that we have a cover {I,,}. There must exists Iy, ..Ij, a finite
sub-cover for [a,b]. Based on how this interval should look, it has to look like (ay,b;), containing
a. If this set doesn’t contain b, we look at point b;. Since we have a cover, we have to add another
set that contains b;. This process continues k times, since we have a finite cover. We can then
show that (thanks to the overlaps of these sets) that the sums of this alternative cover is greater
than or equal to b — a.

If I is finite, in this case there exists a closed set J such that J C I, and that ¢(J) > ¢(I) — €
(there is a trick that you can do to make this work) given some € > 0. So,

m*(J) = {(J)
since J is a closed interval. Since J C I, this implies that
m*(J) <m*(I)

But we also note that I C I. Then,
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Thus what we have is
I —e<m*(J)=L(J) <m*(I) <m*(I) < (1)

Which ultimately tells us that m*(I) = ¢(1).

We now approach the case in which I is infinite. Suppose we had something like (a, 00) or (—o0, b).
Well suppose had some infinite interval: in any case, given some M > 0 it is possible to find some
closed set J C [ such that

() =m*(J) > M

This then implies that m*(I) > m*(J) > M for all M > 0. This then implies that m*(I) = oo,
which is the length of I, ¢([). O

Proposition 27. Let {A,} be a countable collection of sets of real numbers. Then

m*(J An) < 3-m"(4n)

In other words, m* is ‘countably sub-additive’.

Proof. For A,, there exists a cover {I,,i};—1 by open intervals such that

€

m*(A,) > Zé([n,i) ~ o

So

Since

Because {I,, z'}zo:’fizl is a cover of the union of all A,,. Notice that N x N is countable, therefore
our set {I,, i}zo:’fi:l is countable. Let ¢ — 0, in which case you get the conclusion we wanted.

Just a s a remark, we need to consider the case when one m*(A,,) = co separately. However, it is
a trivial case, we don’t have anything to check. O

Corollary 28. If A is countable, then m*(A) = 0. This follows from seeing that A is the countable
union of singletons, and based on above, we have the fact that m*(A) = 0.

Corollary 29. The set [0,1] is not countable. If it were, then m*[0,1] would be 0- however, we
know based on the fact that it is a closed interval that m*[0,1] = 1.

Proposition 30. Given any set A and any € > 0, there exists an open set O such that A C O and
m*(0) <m*(A) +e.

There is a set G which is Gs such that A C G and

Proof. For homework! O

28



1.18. MEASURABLE SETS AND LEBESGUE MEASURE

1.18 Measurable Sets and Lebesgue Measure

Outer measure is countable sub-additive, as we showed, but not countably additive (in general).
We restrict ourselves to a smaller family of subsets of R in order to get a measure.
Definition. A set E is said to be measurable if for each set A we have that

m*(A) =m*(ANE) +m*(An E°)

Remark. Tt is always true that m*(A) < m*(AN E) +m*(AN E°).

This follows directly from the fact that our measure is countably sub-additive. This tells us that
E' is measurable if and only if

m*(A) >m*(ANE) +m*(An E°)

for all A C R.

Fact. If F is measurable, then E¢ is measurable. This follows from the fact that (E“)¢ = E, and
that addition is commutative.

Fact. The (), R are both measurable. This follows simply from plugging in these sets for E, and
recognizing that at least one of the terms in our sum of m* is zero.

Lemma 31. If m*(E) =0, then E is measurable.

Proof. We take A C R. In this case,

ANECE=  ANnE°cCA
So,
m* (AN E) +m*(ANEY) <m*(E) +m*(A) = m*(A)
Using the fact that m*(E) = 0. This implies that £ is measurable. O

Lemma 32. If E| and Es are measurable, then Fy U Ey is measurable.
Proof. Take A C R, some arbitrary set. Since both E, is measurable, we have that
m (AN EY) =m* (AN ES N Ey) +m* (AN ES N EY)
Just as a remark: notice that
ANESNES = An (B, U E,)°
Now looking at A N (E; U Ey), we have that
AN(BLUEy) = (ANE)U(ANEN) = (ANE)U(ANE,NEY)

So,
m (AN[E U Ey)) <m*(ANE;) +m* (AN Eyn EY)

(by the additivity of countable sets). Looking at the whole thing,
m* (AN[ELUEy)) +m* (AN [ELUE)°) <m*(ANE) +m* (AN EY N Ey)) + m* (AN EC N EY)
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Now, what we really have is
=m*"(ANEy) +m* (AN EY)

because Fj is measurable. Now using the fact that F; is measurable,
=m"(A)

This then implies that F; U E5 is measurable. ]

Corollary 33. The family M of all measurable sets is an algebra.
Lemma 34. Let A C R be any set and let En, ..., E, be a finite sequence of disjoint measurable

sets. Then,

m (AN E]) = im*(A NE;)

i=1 i=1

Proof. The poof follows by induction on n. It is true for n = 1, and we assume that it is correct
for n — 1, we need to show that it is true for n. Well we have

AN[UEINE,=ANE,

i=1
Because E;’s are all disjoint. Another thing that is true is as follows:

An) EINES = an[U B

i=1 i=1
By assumption FE,, is measurable, which implies that

m*(An [ B) = m* (AN B +m*(An (U E)

i=1 i=1
Using our inductive hypothesis,

i=1

Recall from the last class that we had the following Lemma:
Lemma 35. Given Ey, E5 measurable, Ey U Ey is measurable.

As a corollary to this, we have
Corollary 36. The collection M of all such sets is an algebra.

We also had the following:
Lemma 37. If A is any set, E, ..., E, are measurable and disjoint sets, then

m(An[J E)) =3 m* (AN E)

=1 i=1

We now have the following:
Theorem 38. The collection M of measurable sets is a o—algebra.
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Proof. Since M is an algebra, it is enough to show that a countable union of elements of M is
again an element of M. For example suppose that {A,}2, is in M. We want to show that their
union is in M, that is:

A, =E
n=1

where E is measurable. We need to show that
m*(A) =m*(ANE) +m*(An E°)
for any set A such that A C R. Since E is the union of our collection of A’s, and since all such
A e M (and M is an algebra ) then
E = Ej E,

n=1

Such that each F), is pairwise disjoint, and in M. This can be constructed in the following way:
Ey=A), Ey=Ay—FE, E3;=A;—(EyUE,),..
Now, let
ﬂ:OEeM

i=1
We also know that F¢ contains E¢. From this we can write the following:
m*(A) = m*(F,NA) + m*(F° N A)
By the definition of a measurable set. notice that this line,
m*(A) =m*(F,NA) +m*(FCNA) >m*(F,NA) +m*(An E°)

But notice that

m*(F, N A)+m* (AN E°) = m*([LnJ E,)NA)+m* (AN E°)

i=1
Using our lemma above, we have that
:iﬁﬂAm&%wﬁMmE%
i=1
which is true for all n € N, that
m*(A) > zn:m*(A NE) +m* (AN EY)
i=1
What we do is let n — oo, from which we get
m*(A) > i m* (AN E;) + m*(An E°)
i=1
Now, by countable sub-additivity, we have that
m*(A) > m*(ANE) +m*(An EY)

This implies that E is measurable. O
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Lemma 39. The interval (a,00) is measurable.

Proof. Let A CR. Let Ay = AN (a,00) and let Ay = AN (a,00) = AN (—o0,a]. We need to
show that
m*(A) > m*(Ay) +m* (4y)

Of m*(A) = oo, then we are done. If m*(A) < oo, then given € > 0 there exists some {I,} cover
of A by open intervals such that
> (S0 ) e
n=1

Let I! = I, N (a,00) and let 1)) = I,, N (—o0, a]. If we have that

A C LJ ];
n=1
then
(A < me(U) 1) < 3o (1)
n=1 n=1
Similarly,
AQ(: LJ ]g
n=1

tells us that
m*(Ay) < Y m (1)
n=1

Thus,

K

m*(Ay) +m"(Az) < 3 [m* (1) +m*(1,)]

n=1

Notice that
m*(I,) = (1),  m*(I;) = L(1,)

Since both I} and )] are intervals. Thus,

o

Z “(I1) + m* (1) SZ Z m*(A) + e

since our choice of € was arbitrary, we let € — 0, in which case

m* (A1) + m*(Ay) < m*(A)

The theorem that follows from this lemma is as follows:
Theorem 40. Fvery Borel set is measurable. In particular, each open and each closed set is
measurable.
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Proof. Recall that M is a o-algebra. Since (a, 00) are measurable, then (—oo,a] are measurable.
From this, it follows that sets of the form (—o0, b) are measurable as well. This follows from seeing
that

(—00,b] = (~00,5) U {0}

and since both (—oo,b] and {b} are measurable, thus {b}“ is measurable, and since
(—00,b) = (=00, b] N {b}*
our set is measurable.
More directly, notice that
> 1
U —00,b— —
1 n
and each of these sets is measurable. From this it would follows that (—oo, b) is measurable.
We see that as long as a < b, that
(_007 b) n (a7 OO) = (av b)
It then follows that (a,b) € M, and that M, a o-algebra, contains all open intervals, and implies
that M contains all Borel sets. [

Definition. If E is a measurable set, then the Lebesgue measure m(F) is the outer measure
Proposition 41. Let {E;} be a sequence of measurable sets. Then,

m(U E) < > m(E)

If the E;’s are pairwise disjoint, then

i=1 =1

This is the property of countable additivity.

Proof. The first part of our proposition follows from countable sub-additivity of the outer measure.
Suppose we have the sequence {E;}°,. Then
m (AN E]) = Zm*(A N E;)

=1 =1

A = R tells us that

m*@ :i:m*(E»

So
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Thus

From this we conclude that

Letting n — oo, we have that

UE > > m(E;)

=1

Which follows from seeing that “this is an infinite sequence (increasing) that is bounded above, so
it must have a limit”. O

Proposition 42. Let {E,}5°, be a infinite decreasing sequence of measurable sets. Let m(E;) <
oo. Then,

ﬂE = lim m(E,)

n—00
=1

We have that {E,} is decreasing if E, 2 E,.1 for all n.

Proof. We call

E=()E
i=1
Let
Fi=E - Fiy,
We have the following:
—-E=JF
i=1

which are pairwise disjoint. Thus, according to countable additivity,

- imm) = > (B~ Eu)

Notice that
E,=EU(E,—Ei11), EiCE

And that these two are disjoint. We get
m(E;) = m(Eis) +m(E; — Eip)

Since we are under the assumption that m(F;) is finite for all 4, we have that
m(E; — Eiv1) = m(E;) — m(Eii1)

So,

[e.e]

S (B~ B = S () = m(Eesr)) = Jim S = m(Feer)] = Jim [(Br) = m(Foso)]

n—o00
i=1 n=1
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= m(Ey) - lim m(Ey)

So,
m(E, — FE) =m(E;) — Lim m(E,)
Thus
m(Ey) —m(E; — E) =m(E) = Jim m(E,)
1.19 Exam

The exam will be on Thursday, the 29",

1.20 Measurable Sets (continued)

A set F is measurable if for all A C R
m*(A) =m*(ANE) +m*(An E°)

We said that if E is measurable, then the Lebesgue measure of F is given as

We said that if we have {E,} where E, D E,;; where each E, is measurable, then

n—oo

lim m(E,) = m( Fi E,)

This was all shown in our last class. We have the following now:
Proposition 43. Let E be any set. The following are equivalent:

1. E is measurable

2. Given € > 0, there exists an open set O O E such that

m* (0 —F) <e

3. Given € > 0 there exists a closed set F' C E such that

m(E—F)<e

4. There exists G in Gs with E C G and

m*(G—FE)=0
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5. There exists ' in F, with F C E and
m*(E—F)=0
If m*(E) < oo, the above are equivalent to number (6):
6. Given € > 0 , there exists a finite union U of open intervals such that
m*(UAE) < ¢ *

Proof. Assume first that m*(F) < e. We first want to show that (1) = (2).

We know that m*(F) is finite, given € > 0 we can conclude that there exists a cover {I,,} such that

n=1
Since by definition,
m"(E)= inf (1,
ECUZ‘LIMZ ()
Let .
O=JI,
n=1

which is an open set. O is measurable because each I,, is measurable (open sets are measurable).
We also know that £ C O. Then,
m(0) <m*(E) +e

Which is true because {I,,} is a cover of O, so
m(0) =m*(0) < Y U(I,) < m*(E) + e
Since F is measurable, we have that
m(0) = m*(0) =m* (0N E) +m*(0On E°)

But this is the same as saying
=m(E)+m(O —E)

Since E C O. From above, we have that
m(E)+m(O—E)<m(E)+e
Canceling out since m(F) is finite, we have that

m* (0 —F) <e

Now we want to show that (2) = (4).

*This is the symmetric difference of sets
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1.20. MEASURABLE SETS (CONTINUED)

We have that there exists O; open, such that £ C O; and

1
m(0; —E) <=, VYi=1,23..
2

We now take N2, O; = G, and we notice that G is Gs. We know that G D £, because O; D E for
all 7. So we need to look at

m*(G — F)
and need to show that this outer measure is 0. We know that G C O;, which implies that

G-FEcO,—E, Vi

Which tells us that .
m*"(G—FE)<m"(0O;,— E) < ;—>0,i—>oo
So by letting ¢ — oo,
m*(G—FE)=0
O

We now want to show that (4) = (1). We have that G D E, and that m*(G — E) = 0. This in
itself implies that G — E' is measurable, and we know that GG is measurable because it is a Borel
set. We can write the set E as follows:

E=G-(G-F)
Since both G and G — E are measurable, their difference is measurable: E' is measurable. n

Now we want to show that (1) = (2). We now assume that m*(E) = oco. For all covers {I,} of £
by open intervals,

ij:l (1,) = o0

We have a set E, = [-n,n]. E, has finite outer measure m*(FE,) < oo, since E, is a subset of
[—n,n] which has finite order (m*([—n,n]) = 2n).

We know that given e > 0, there exists O,,, open, such that O,, D E,,, and m*(O,, — E,,) < €. Let
O=U,.,0,. Then O D O,, D E, for all n. This implies that O D E = U,;2, E,. We now have
to look at O — E. We claim that

n=1

By countable sub-additivity,
m* (0 — E) <> m*(0, — E,)
n=1

€. S0 we have

We change our trick above to saying that instead, m*(O,, — E,) < 57:

€

m* (0 — E) < im*(On —FE,) < i o

n=1 n=1

=€
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We now want to prove that (2) = (4). For all i > 0, there exists O; 2 F, O; open such that

1

Then, we define G = (2, O;, which is a G set. It is true that G D E, and we have that
m*(G—FE)<m*(0;, - E) < 1, Vi
So let i — oo, in which case + — 0, and we have that m*(G — E) = 0. O
As before, the proof that (4) = (1) follows in the same manner. Thus we have
(1) = 2) = (¢

For an arbitrary E. Now let us see that (1) = (3): We have that E is measurable, this implies
that E¢ is measurable. We use that (1) = (2) for EY (in other words, E¢ satisfies (2)). Given
€ > 0, there exists O D F, where O is open such that

m* (O — E°) < ¢
So, O D E€. Thus, O¢ D E. We define F' = O°. Thus, O — E¢ O E—0% = E — F. What we're

really saying is that ON E = ENO. Thus, (1) = (3). O
We now claim that (3) = (5). For all 4, let F; C E, F; closed such that
1
m*(E - Fz) < -
i
Then, we define
F={F

i=1
Which is a F, set (it is a countable union of closed sets). We have that
1

F—-—FCFE-F <- Vi
1

Thus, we let © — 00, so
m*(E—F)=0

We want to show now that (5) = (1).

We have that E' — F' is measurable, because m*(E — F') = 0. F is a Borel set because it is a
countable union of closed sets (i.e., f,-sets), and is thus measurable. We then notice that

E=(E-F)UF
And therefore, E is measurable. In total at this point, we have that

(1) = (2) = ) = (@) =

For (6) recall first that
UAE=({U-E)U(E-U)=UUE)—-(UNE)
We will discuss (6) next class. O
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1.21 Measurable Functions

As a nice reminder, see if you can figure out why

Is measurable, and of measure 0.

We would like to prove property (iii) for [0, 1] — Q without referring to our proposition from last
section.

Proposition 44. Let f be an extended real-valued function whose domain is a measurable set,
which we can think of it as

f:D—RU{+o0,—o0}

(An extended real valued function is a function that can handle £00. ) Then the following are
equivalent:

1. For each o € R, the set
{reD: f(x)>a}

Is measurable.

2. For each a € R the set
{z: f(z) > a}
Is measurable.

3. For each o € R the set
{z: flx) <a} = (-0, a))
Is measurable

4. For each o € R the set
{z: f(a) <a} = f7H([~o0,a))
Is measurable. In addition, these statements imply statement (5).

5. For all extended real numbers c,
{z: flz) =a}

Is measurable.

Proof.
(1 =4) Let a € R, we see that

{o:f@)<a}=D—fa: fz) > a)

Since our sets {x : f(x) > a} and D are measurable by assumption, {x : f(z) < a} is measurable.
(4 = 1) This is the reverse of our previous argument

(2 = 3), (3 = 2) These proofs follows exactly as the proof for (1 = 4).
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(1 = 2) Notice that
{z: f(x) >04}—ﬂ{x >04——}

and equality follows since x € (02 {z : (x) a— 1} if f(z) > a— L for all n. So we let
n — oo, and we have the set {z : f(x) > a}. Since we have the countable intersection of (assumed)
measurable sets, we conclude our proof.

(2) = (1)
Notice that

{z:f >a}U{x ) > a+ }

This proof follows as the one above.

(1 <= 2 <= 3 <= 4 <= 5)
In case one, suppose that a € R.
{z: f(x) =a}={z: f(x) Za} N {z: f(z) <a}

In case two, we have that a = +00. Then,
{z: f(z) oo}—ﬂ{x x) >n}
and
{:v:f(x):—oo}—ﬂ{x ) < —n}

which is measurable by (3). O

Definition. An extended real valued function f is (Lebesgue) measurable if its domain is a mea-
surable set and one of the four conditions hold (from the proposition above). In other words, for

alla € R
{z: f(X)>a}

Is measurable.
Remark. A continuous function with a measurable domain is a measurable function.

Proof. For the sake of example, suppose f : R — R. Then
{z: f(x) >a} = [ ((a,0))
Is open, because f is continuous. Therefore, this set is measurable, and thus f is measurable.

If f: D— R, where D is a measurable set Recall that IU C D is open in D if there exists V' open
in R such that U = DNV.

This means that f~!((caoc0)) is open in D, so there exists V,, open in R such that
(o, @) =DnNV,

Since D is open by assumption and V, is open (and thus measurable), their intersection is open. []
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Definition. The function ¢ : [a,b] — R is a step function if there exists a subdivision
To=a<T; < <..<x,<b

and ¢; € R for ¢ = 1,...,n such that
p(z) = ¢
For all z;_y <z < x;, fori=1,2,...,n.

Claim. Step functions are measurable; if ¢ : [a,b] — R is a step function, then it is measurable.

Proof. We want to look at

¢ ' ((a, 0))
Take o« € R. We want to show that this set is measurable. Notice that this set is a finite union of
intervals and singletons- so it is a Borel set. O]

Remark. Tt f is a measurable function, and E a measurable subset of the domain of f, then f|g
is measurable T.

Proof. Taking a € R, We want to show that

(fle) " (e, 00))
Is measurable. Notice that we can write this set as :
{reFE:flr)>al={xeD: flx)y>a}NE

These two are measurable, since f is a measurable function, and E' is measurable by assumption.
Therefore, their intersection is measurable.

]

Proposition 45. Let ¢ be a constant, and let f and G be two measurable real-valued functions.
Then,

f+C, f+gv Cfa f_gu fg

Are measurable
Proof. Suppose we had f(x) + ¢. We want to examine the set
{z: f(x)+c>a}
Let @ € R, we want to show that this set is measurable. Well, we have that
{z:f(x)+ec>a}l={z: f(z) >a—c}

Which is measurable, since f is measurable. Thus, f(x) + ¢ is measurable.

Now suppose we had f(z) + g(x). Fixing some a € R, we look at

{z: f(z)+g(x) >}

fthis is ‘f restricted to E’
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Notice that we can write f(z) 4+ g(x) > « as f(x) > a — g(x). Using the fact that between any
two real numbers there is a rational number, we know that there exists » € Q such that

flx)>r>a—g(r)

Since the rational numbers are countable, we can write our set as:

{z:f(@)+g@) >a}=U{z: flx) >r}n{g(x) > a—r})

reQ

The two sets are measurable since f and g are measurable functions, and since a countable union
of measurable sets is measurable, we are done.

Supposing now that we have cf(z). Our first case is that ¢ > 0, then

{o: f(X) > 2}

If ¢ < 0, then we have that
!
{z: flz) < Z}

And if ¢ = 0 we have
{z:0>a}

Notice that this set is either empty, or the entire domain- either way, it is measurable. O

1.22 Homework

Page 70 question 18

1.23 Continued

Proposition 46. If f, g are measurable and ¢ € R, then

f+caf+gacfag_f

are all measurable.

Proof. We have that
g—f=9+(-1)yg

How can we show that fg is measurable? Well, we want to show that f? is measurable, so for
a € R we have that

{z: [f(2))* > o}
If & > 0, thne we have the inequality f(z) > /«, which is equivalent to saying
fl@) < —va
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So we have
{z:[f(@)* > a} ={z: f(z) > Va} U{i: f(x) < —\/alpha}
And since f is measurable, this union is measurable. Alternatively if a = 0, we have
{w: [f(@)? =0} ={z: f(z) = 0}
which is measurable, and if a < 0 then we have

{z: [f(2)]* < a} = Domain

Similarly,
1
i(f +g)? — f* — ¢* = fg which is measurable
This shows that all these algebraic combinations are really measurable.
O

Theorem 47. Let {f,} be a sequence of measurable functions with the same domains. Then the
functions

i%f{fl,u-,fn}y S%p{flu“wfn}

are measurable. From this we also have that

Tim f,, lim f,

n—o0 n—r 00

are also measurable.

Proof. Suppose that
h(z) = inf{ fi(2), fo(z), .., fulz)}
If we then look at the set

{z:h(x) > a}

for a € R, we need to show that this set is measurable. Notice that we can do the following:
{z:h(z)>a}={z: fi(z) > a}
i=1

Each of these sets is measurable, and thus their intersection is measurable. Similarly, suppose

o0

o) = inf fu(e) = U (0% o fila) <+ )

n=1

From this, we have that if x € A,,, then

Now, we examine why the following set is measurable:
{z: lim f,(z) > a}
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This follows from seeing that
lim f,(z) = inf sup fr(x)

If we call sup,s,, fe(%) = gn(), we have that each g,(r) is measurable by what we showed above.
Taking the infimum over these measurable functions, we have something measurable.

]

Definition. A property holds almost everywhere (a.e) if the set of points were it fails to hold is
a set of measure 0.

For example, f = g a.e. if f and g have the same domain and the measure of {x : f(z) # g(z)} is
0.

We say that f,, converges to g almost everywhere if there exists a set £ with m(E) = 0 such that
folz) — g(x) as n — oo

For x ¢ E.
Proposition 48. If f is a measurable function and f = g almost everywhere, then g is a measurable
function.

(for example: the characteristic function x (look up the definition) has the following property:
XR = Xr-qalmost everywhere

because m(Q) = 0. )

Proof. Let E ={z: f(z) # g(x)}. Then m(E) = 0, by definition. Then for o € R,

{r:g(z)>at=[{{z: f(x) >atU{z € E:g(z) >a}] —{z € E:g(x) <a}
Each one of these sets is measurable. O

Proposition 49. Let f : [a,b] — R be measurable, and assume that m{z : f(z) = £oo} = 0.
Then given € > 0, a step function g and a continuous function h such that

lf —gl<e and |f—hl<e

except on a set of measure < €. If, in addition, m < f(x) << M, then we can choose g and h
such that

m<g<M, m<h<M

Proof. We have a function f : [a,b] - R and a set £ = {x : f(z) = £oo}, where m(E) = 0. So,
let’s just worry about

fila,b] —E—=R
From this, we can assume that f is finite. Since E is measure 0, it doesn’t affect anything.

Claim. There exists M > 0 such that |f(x)] < M except on a set F' of measure < .

44



1.23. CONTINUED

Proof Of Claim. We let C,, = {z : n—1 <|f(z)| <n}. Then C,’s are disjoint, and U2, C,, is the
domain of f. We then have

m G C,) = i m(C,)

Then, there exists N : 3202 v, m(Cy) < 5. So, we take

N
f=U Cn, M = N; forz € F,|f(z)] < N

n=1
So
D—-—F = U C,
n=N-+1
O
Definition.
¢ :la, b)) = R

Is a simple function if it is measurable, and assumes only a finite number of values.

Example. xq is simple, but not a step function. If {cy, ..., ¢,} are the values of a simple function
©, then

P(X) = Zx (@)

Where A; = {z: Pp(z) = ¢;} = f1({c}).

Claim. (assume f is bounded ) There is a simple function ¢ such that |f — ¢| < € outside of a
set of measure < .

Proof of Second Claim. We know that
|f(2)] < MV

We know that there exists an € N such that

M + 1]
< €
n
We then look at the set
M+1 . M+1
Ai={z: f(x) € (i (i +1) )}
n n
We can then write
" M+1
o) = 3 iy (@)

Which is a simple function, and we can say that

M+1 M+1 M+1

£(@) = p(@)] < (+1) ()~ ==
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Going from a simple to a step function, we then say that there exist finitely many intervals

I;,7=1,2,3,...k; suc that

€

Then we have .
" M4+1E

()= i

i=—n j=1

XI;

which is a step function. We have that

¥(x) = p(z) outside of LnJ (A;A U L)

i=—n =1
And we have that
m<i_Qn(A,A [] 1) < iiﬂm((AiAfjj pem f=
O
O

1.24 Littlewood’s Three Principles

1. Every measurable set is “nearly” the union of finitely many intervals.
2. Every measurable function is “nearly” continuous

3. Every convergent sequence of measurable functions is “nearly” uniformly convergent.
Proposition 50. Let E be a measurable set with m(E) < oo and {f,} a sequence is measurable
function defined on E. Let f: E — R such that for all x € E, f,(z) = f(x) as n — oco. Then,
given € > 0 and 0 > 0, there exists A C E (measurable) with m(A) < 6 , and there ezxists N € N
such that for all x ¢ A and Vn > N,

[fu(@) — fz)] <e
Remark. Notice that f,, = f on E — A.
Proof. Define a set G,, = {x € E : |f,(x) — f(z)| > €}. We then let Exy = U2 NG, ={z € E:

|fn(x) — f(z)| > €} for some n > N. Notice that E, ;1 C E,. Notice that m(E,) < oo for all n,
since m(E) < e. Then,

U By =0

N=1
because lim,, o fn(x) = f(x) for all € > 0, there exists N(x,¢) such that |f,(z) — f(x)] < ¢, for
all n > N(z,e€).

Recall: For {A,} measurable, m(A;) < oo, A,41 C A, for all n, then

m(Fj1 Ap) = lim m(A,)

n—oo
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1.25. HOMEWORK

Applying this fact to what we have here,

0=m( ﬁ E,) = lim m(E,)

Ne1 N—oo

This implies that there exists Ny such that m(Ey,) < 6, and A := Ej,. O

1.25 Homework

Page 71 question 24, page 73, question 30.

1.26 Continued

Definition. If there exists B C E with m(B) = 0 such that f,, — f point-wise on E — B, then
fn — f almost everywhere.

Proposition 51. Let E be measurable with m(E) < oo and {f,} a sequence of measurable func-
tions that converge to f almost everywhere on E. Then given € > 0 and § > 0, there exists A C E
with m(A) < 0 and there exists N € N such that for all x € A and for alln > N,

[fn(z) — f(z)] <e
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Chapter 2

The Lebesgue Integral

2.1 The Riemann Integral

We assume f : [a,b] — R, a bounded function. There exists some M > 0,|f(z)| < M for all
x € [a,b].

Subdivision: a =Cy < C; < Cy < ... < C, = b, and
i=1

And

n

= Z(CZ — C’i_l)m

i=1
Where
M; = cijgggoi /(). i = Ci_1n<1£§C¢ f
The upper Riemann integral e
R/bf(x)dx — inf S
and the lower Riemann integral: '

R/bf(x)dx =sup s

Definition. When the upper and the loewr Riemann integral of f are equal, then f is Riemann
Integrable.

2.2 Step Functions

A step function has the property that ¢(x) =¢; , Ci=; < x < C;. Then
b
[ vayda — Y (G — )
a =1
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CHAPTER 2. THE LEBESGUE INTEGRAL

We can set _

- b

R fla)d = in [ v

o f(‘r) Z (z)>f(x), iérzla step function Jq ¢<x) v

We say that
b
S = / W(z)dz

Similarly

b b
R/a f(l')dl' = anw(z)gf(a:) is a step function/a gD(.T)dl'

2.3 Lebesgue Integration

The Lebesgue Integral of a bounded function over a set of finite measure

Given ¢(z), a simple function that assumes finitely many values is measurable. We can write it as
follows:

wm—iqmm>

Which is a representation that is not unique. If ¢(z) assumes non-zero values {ci,...,cx}, let

A =9 '({e;}) = {x : ¢(x) = ¢;}. Then we have

p(r) = ; cixa; ()

This is a unique representation.

If ¢ vanishes outside a set of finite measure,

k
/@(x)dx =Y em(4;)
i=1
If F is any measurable set, then

[ e@dz = [ el

Lemma 52. Let
¥ = Z i X By
i=1

With E; N E; = 0 for i # j. Suppose each E; is measurable with finite measure. Then
/(p(x)d:v = > a;m(E;)
i=1

20



2.4. THE LEBESGUE INTEGRAL OF A BOUNDED FUNCTION OVER A SET OF FINITE

MEASURE
Proof. The set A, = {x : p(x) = a} = U,,—, Ei. Then,
a-m(A,) = > am(E;)
Therefore "
/go(a:)dx =Y a-m(A,) => am(E)
i=1
O

2.3.1 Additional homework

Show that ya(x), A =[0,1] — Q is not Riemann Integrable.

Whenever F is measurable,
xe(r)=1(zx € £),0(x ¢ F)

should be measurable.

2.4 The Lebesgue Integral of a Bounded Function over a
set of Finite Measure

We had that if ¢(x) is a simple function, then
p(r) =) aixa,(z)
i—1

Where A; = ¢ '{a;}, and a; # 0, and take all {ay, as, ..,a,} non-zero values of o, we have that
A; C R, and we have that ¢~ '{a;} is measurable, since ¢ is measurable. This is called our
‘canonical representation’.

We could have written the following:

p(r) = ; cixe,(7)

but unless you know something especially helpful about FE, this isn’t a great idea. We had the
following last time:
Lemma 53. We said let o = ¢;xp, with E; # E)j when i # j, then

/90 =Y cm(Ey)

We had the following definition:
Definition.

’ o(z)dr = zn: a;m(A;)
/a i=1
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CHAPTER 2. THE LEBESGUE INTEGRAL

Proposition 54. Let ¢ and ¢ be simple functions which vanish outside a set of finite measure.

Then,
Jap+v)=a[e+b v

and if ¢ > 1 almost everywhere, then
/wZ/w

Proof. Take {A;}, {B;} sets occurring in canonical decompositions for ¢ and . Let Ay and By
be sets where ¢ and ¢ are 0. Let Ej be the pairwise intersections of families {A4,} U {4y} and
{B;j} U{By}. There are finitely many E}’s, and each is measurable. Suppose now that we want
to write ¢ as follows:

Y= Z CLXE),
And we do the same with :
v => dpXp,

In this case,

ap + by = Z(ack + bdy) X E,
k

S0,

/(agp +by) = Z(ack + bdy)m(Ey) = aZCkm(Ek) + bdem(Ek) = a/gp + b/@b

k

We also have that ¢ > 9 = ¢, > diVk, then

/gp =Y exm(Ey) > > dym(Ey) = /w

Remark. It follows that if ¢ — " a;x4,, then

/‘P =Y am(4)

without the assumption that A; N A; = 0.
Definition. Suppose we have f : F — R where f is bounded and measurable, we would like to
say that if

.
inf/ = su
TZJZf E 1/) LIDSI‘? e QO

then f is Lebesgue integrable, where ¢ and 1 are integrable functions.
Proposition 55. Let f be a bounded function on a measurable set E with m(E) < co. Then,

i f/ dr = d
inf | ¥(z)dz Sup | e(@)d

for all simple functions @, if and only if f is measurable on E.
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2.4. THE LEBESGUE INTEGRAL OF A BOUNDED FUNCTION OVER A SET OF FINITE
MEASURE

Proof. Suppose that |f| < M, and f is measurable. Let E, = {x € E : kTM > f(x) >
%M }, —n < k < n. These sets are measurable, disjoint, and their union is £. We then
have

S m(Ey) = m(E)

k=—n

and we define ¢,,(z) = 2 Y7 kxp, (x) which is the upper bound, and we have
M n
oulX) =25 3 (k= e (@)
k=—n
as a lower bound, where these functions are both simple. Then we look at

mf/w dx</¢n —kaEk)

<

and

n

sup [ ¢(x)dx > / on(x)de = M > (k= 1)m(Ey)

Looking then at

0 < inf do — d
< inf Esc(x)fc igl; p(z)dx

< otaie [ staar = 5

k=—n

M
=—m(E) - 0asn— oo
n

Now going in the other direction, we assume that inf;<y [z 1 (2)dr = sup,; [ ¢(r)dz. Then for
all n € N, there exist simple functions 7,, ¢, such that

on(z) < flx) <¢p(x) Ve eFE

[ @iz = [ oufa) < -

¢*(I) = i%f ¢n(x)= @*(x) = Slip §0n<x>

which are both measurable functions. We have that

() < f(2) < ()

and

We then define

And we want to look at the set
A={z:p.(2) <u(x)}
We represent it as

A= fr: e <w*<>—;}

peN

Ap
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CHAPTER 2. THE LEBESGUE INTEGRAL

foon= o<

/E (tn — @n)

Which is a simple, non-negative function-whose integration is therefore non-negative.

Now, we have that

This is really the same as

Remark. We have ¢ > 0, which is a simple function. Then,
I) = ZCiXEiJCi >0
Then,

égp(w)dw =Y ¢m(E

So, we can do the following:
x)dr = m(E;NA,) < m(E;) = / d
/AmE T=> em > cm(E) Egp(x) x

By this remark, we have that

[ e < [0 < [ @
S [ ) <

1

So we have that

Which tells us that

Letting n — oo, we get that m(A,) < 0, which implies that m(A,) = 0. From this, countable
sub-additivity, we have that m(A) = 0. Therefore f = 1, on F — A, and since A has measure
zero, we have that f is measurable. O

Definition. If f is a bounded and measurable function defined on a measurable set E with
m(E) < oo, then f is Lebesgue integrable and

[ f@)de = int [ v(a)de

Where the infimum is over all simple functions ¢ > f.
Proposition 56. Let f be a bounded function on [a,b]. If f is Riemann integrable on |a,b], then

it is measurable and
R / )z = L /
(R and L here represent ‘Riemann’ and ‘Lebesgue’ ).

Proof. Since every step function is a simple function, we have that

b b
R[ f@)de <sup [ dx<1nf/ e dx<R/f
Ja o<f f<y

Where ¢, 1) are simple. Equalities hold everywhere, because f is Riemann integrable. This implies
that f is Lebesgue integrable. O]
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THE LEBESGUE INTEGRAL OF A BOUNDED FUNCTION OVER A SET OF FINITE
MEASURE

Proposition 57. If f and g are bounded, measurable functions defined on E with m(E) < oo,

then
1.

Jlaf+bg)=aff+b[g

2. If f = g almost everywhere, then [ f = [g
3.
4. If A< f(z) < B, forallx € E, then

If f < g almost everywhere, then [ f < [g. In particular, this implies that | [z f| < [z |f]-

A.m(E>g/Eng.m(E)

If A and B are disjoint, measurable subsets of E, then

Jun? =0+ 0

Proof. 1. We will first try to show that [af = a [ f. We know that if a > 0, then

for = o=t o=

Alternatively, if a < 0, then

af = inf /a = asu = a/
/E / p<f=ap<af 7 (pSE") ESO Ef

Where 1, ¢ are simple. Now looking at f + g, we choose simple functions ¢y, s such that
f <, g < 1y, from which it follows that f + g < 1 + 105. In this case,

/E(f+g)§/]5(¢1+¢2):/E¢1+/]5¢2

Ju+a< [ 1+

By taking the infimums for all ¥; > f, 1y > g in the previous equation. Now going from
below, we have that ¢; < f, s < g, which are simple functions. In this case, 1 +ps < f+g,

e Lot [ = [(er+e)< [ (F+9)

Taking the supremums over all 1, 2, we have that

L1+ [(+9)

We need to show that if f = 0 almost everywhere, then [, f = 0. Recall that f = g almost
everywhere is equivalent to saying that f — g = 0 almost everywhere. We showed in (1) that
integration can be taken over sums, so we have that ) > f, ¢ simple, implies that

This implies that

Which proves (1).

1 > 0 almost everywhere.
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CHAPTER 2. THE LEBESGUE INTEGRAL

In this case,

Jezo0=[ =0

We have that ¢ < f, and ¢ is simple. Since ¢ < 0 almost everywhere,

[e=0 [e=XecmE)<0

Taking the supremum over all ¢, we end up showing that

|r<o
E
Implying that f = 0, and we are done with (2).

3. f < g almost everywhere means that f — g < 0 almost everywhere. Let ¢ be a simple
function such that ¢ < f — g. This implies that ¢ < 0 almost everywhere. We then know

that
[e<0
E

This follows from the fact that ¢ is a simple function, i.e.,
p(z) = _cxe (@)
i=1

which we call our ‘canonical representation/decomposition’. Recall that {¢i,ca, ..., ¢, } are a
set of values of ¢, except 0. In this case,

E; = ¢ ({a})
Notice that E; N E; = () for i # j, as a result of this definition. In this case,

foo=3eme)

If any ¢;’s are positive, since ¢ < 0 almost everywhere, this would imply that m(E;) = 0.
Therefore,

/ = cm(E) <0
E i=1
we have that

0= swp = [(f~g)

p<f-g
where ¢ is simple. By (1), [ f— [¢<0,= [f < [g.

4. By (3),
/Efg/EB:B.m(E)

The other inequality follows in the same way.

5. The characteristic function xyaup = x4 + X5, because A and B are disjoint. We have that

[ f= [ xamf = [Ca+xa)f = [Caf +xof) = [xaf+ [xaf= [ £+ [ f

]
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2.4. THE LEBESGUE INTEGRAL OF A BOUNDED FUNCTION OVER A SET OF FINITE
MEASURE

Proposition 58. The Bounded Convergence Theorem: Let {f,} be a sequence of measurable
functions defined on E, with m(E) < co. Assume that there is M > 0 such that |f,(z)| < M for
allx € E andn. If f,(z) = f(x) asn — oo for all x € E, then

| 1=t [ 1,
[ =8

(f(z) = lim,, 00 fr(x) = lim, o fn(z), so f(x) is measurable- this is something we proved a while
ago). For a fixed x, we have that —M < f,(z) < M, so —M < lim,,_,o fn(z) < M, so |f(z)| < M-
which is true for every x.

Proof. Take € > 0. Then

Proposition 59. Recall: (this is a piece of an old proposition) Given 6 > 0,e > 0, then there
exists N € N, and A C E such that m(A) < 0 and

|[folz) = f(2)] <€
For xz ¢ A.

Using this proposition in our proof,

o= [ A= [ G=Dl=1 [ =D+ [ (fa= D
< G DU =DV [ V=S4 [ 1= 1)
Which also follows from the fact that
1< [

|fo(@) = f(@)] < |ful@)| + | f(2)] < 2M

From this it follows that

So, we have that
L A5 =115 [ 1= 11 € € m(Ea) + 2Mm(4) < em(E) + 2Mm(4)
To make some progress, we take our proposition and adapt it so that

Let N = N(ﬁ(ﬁ“) - 137 be from the proposition. Then n > N, for all A C F, and we have in our

chain of equations that

e -m(E4) +2Mm(A) < m(E) + 2Mm(A) < g +2< S =

2m(E) AM

[]

Proposition 60. A bounded function f on mla,b] is Riemann Integrable if and only if the set
of points at which f is discontinuous is of Lebesgue measure 0.

This proposition tells us immediately that X[ 1j-g is not Riemann integrable. This follows from
the fact that this function is never continuous, and the measure of [0, 1] — Q is 1.
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CHAPTER 2. THE LEBESGUE INTEGRAL

2.5 The Integral of a Non-negative Function

We assume that f > 0, and is a measurable function defined on a measurable set E.
Definition.

/Ef:sup h

n<tJE

Where h is a bounded, measurable function such that m({z : h(x) # 0}) < co. This set is called
‘the support’ of h.
Proposition 61. If f and g are non-negative measurable functions, then

foer=c /s
Jo+a=[r+]9

3. If f < g almost everywhere, then
/fé/g
E E

Proof. 1. If you have h < f, ¢ > 0, ch < c¢f. Then

1.

/cf::sup chzsupc/h:csup h:c/f
E E E

h<f JE h<f h<fJE

2.t h< fand k < g, then h+ k < f + g. So, we have that

/h+/k_/ (h+k) < /f+g) (2.5.1)

il;%c) Eh—l—/EKS/Ef-I—g (2.5.2)
ilé}k)[Eh—i—iléI;/Ekg/E(f—i-g) (2.5.3)
Ji+[aft+9 (25.4)

3. If f < g almost everywhere, then 0 < f — g almost everywhere. We again use our definitions:
if we have h < f, then h < g. In this case,

/f:sup h < sup h’:/g
E E

h<fJE h<g/E
O

Let I < f+g, m({z : l(z) # 0}) < oo, and [ is bounded. We form h(x) = min(f(x),[(x)),
and k(z) = l(x) — h(z). The minimum is non-negative. We have that h(z) < f(z),k(z) < g(z),

and
Jor= b o= oo o
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2.6. REVIEW FOR MIDTERM

Taking the supremum over all [, we have

Jro=sw [1< [+ [

The test material is up to this section (page 85 in the book).

2.6 Review for Midterm

2.6.1 Solution to (1)

We have that f : F — R, such that m(E) < oo, and f is non-negative and bounded. We need to
prove that infg f(x)dx = 0 implies that f = 0 almost everywhere.

Proof by contradiction: we assume that there exists some set A C F with m(A) > 0 such that
f(z) > 0 for all z € A. We have that

/Ef(x)dm => /Af(x)dx

which follows from the fact that f(x) > 0, so
[ f@yde= [ f@)de+ [ fa)de
E Ea A

where [5_4 f(x)dx > 0, implying that

dx >0 / dx > / d
/_ f(x) x>0+ f(x) €T > f(x) x
This follows from the definition:

(x)dr = inf >0

E-A v>f JE,

(f is a simple, bounded function). This follows by recalling that
P = Z CiXE;

and since ¢ > 0, we have that each ¢; > 0 so the integral of ¢ is

[v=>cm(E) =0
We have that f is bounded, by definition this means that there exists M > 0 such that |f| < M.
We have the set A,, C A as follows:
M M
A, = A:—— < =
rea: < pm <ty

We have that A, N A,, if n # m. We also know that UA,, = A. We have that
m(A) = m(A)
n=1
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but before we do this, we have to show that each A, is measurable- which follows from the fact

that
M M M M

Ay = f_l((n +1 ;D = f_l((m7 OO]) N f_l([_oov ;])

These two sets are measurable, therefore their intersection is measurable. We have that

0<m(A) = im(An)

Of course for all n, m(A,,) > 0. This implies that there exists ny such that m(A,,,) > 0. Which

would mean that
/ f(z)dz > / f(z)dz
E Ano

Notice that z € Ay = % < f(z). So,

M
7’L0+1

/Ef(x)dx > /Ano f(x)dx > m(A,,) >0

Which is a contradiction, and we are done.

2.6.2 Solution to (2)

We have that f > 0, and we have an increasing sequence ,, such that ¢, > 0 and are simple. We
want to show that

f(z) = lim p,(z) Va

n—0o0

We can assume that f : R — R. Given n, we look at [%, n], more specifically [%, %], kE=1,..,n%

We define Ay, = f~1([£, =1)) N [—n, n] (the intersection is to keep the set of finite measure). Then
w define

euli) = 3 a0

Notice that ¢, (z) < f(x), since we choose the lower value. We have that

n2

on U A

k=1

S|

[f(x) = en(2)] <

since ¢, (x) is increasing, we are essentially finished. This doesn’t work with step functions: for
example, we can’t do this over xq, for if we wanted to approximate it over an interval, the step
function can only take on value on every interval, and xq takes on two values at every interval.

2.6.3 Solution to (3)

We have that

1
lim we_xcos(x)dm
n—oo Jo n
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2.6. REVIEW FOR MIDTERM

Recall that we had something called the bounded-convergence theorem, which tells us that if we
have f,, measurable and bounded on a closed interval [a, b],

lim f,(z) = f(x) a.e.

Then f is measurable, and bounded, and

/[a ’ f(z)dz = lim f(z)dz

n—00 [a’b}

Notice that

l
Me’“oos(w} <1 Vz,¥n
n
since
log(x +n), _ log(1+mn)

—0 asn— o

This implies that there exists some M > 0 such that

sup |
T n

log(x +n) < log(1+n)
n - n

<M

We also have that f, is continuous, so we have that this set is measurable. Since

lim Me”cos(m) =0
n—00 n

So, the integral is 0.

2.6.4 Solution to (1)

We have f : [0,1] — R, and the definition:
1 ) 1
f(x) :0,x7£2—n,0 1f:1::2—n (2.6.1)

We want to show that f is Riemann integral. One way to do this is to show that the lower integral
is equal to the upper integral, i.e.,

k
inf ) M;(& — &i1)
i=1
Where M; = supg, | <,¢, f(2).

We take the division & = (55, 5i).

We can eventually show that

k
1nfz Mz(& — fi_1> =0
i=1
This function is also Lebesgue integrable, simply because it is Riemann Integrable.
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2.6.5 Solution to the other (2)

We have f, : [a,b] — R, a sequence of bounded functions that converges uniformly to f on [a, b].
We want to show if each f)n is Riemann integrable over [a, b, then

b
n—00 a

lim /ab folz)dx :/ f(z)dx

We have that f,, converges to f uniformly, and that sup,¢(, s fn(z) < 00. Given e > 0, there exists
n € N such that |f,(z) — f(z)| < € for every x € [a, b] and for every n > N. From here, we conclude
that

[f(@)| < |fulx)] +€

Taking the supremum,
sup [f(z)| < sup [fu(2)] + €

z€[a,b] z€[a,b]

So f is a bounded function, and it is even uniformly bounded, for

(@) < |f(@)] + €

For allm > N, for all x. (notice that Lebesgue measurable + bounded implies Riemann integrable).
We apply the bounded convergence theorem, which will tell us that our integrals at the beginning
of the question are equal.

We sort of screwed up and forgot to show that f is Riemann integrable. We have the following:
we take ¢ < f,,, where ¢ is a step function. We have that

b b
| h@)de = swp [ p(a)da

p<fn’a
Since we have that
[ful@) — flz)] <€
for some n > N(e) and for all x € [a, b], then this is equivalent to saying that

fa(x) —e < f(z) < fulz) + €

Then
p(r) — € < fu(x) —€ < f(x)
In this case,
b b b
[let@) = ddz < [ Ta(e) = ddo = [ fu(@)dz = (b~ a)

Given another step function, we have that

b b b

/ fo(z)dr = sup | ¢(x)dx = inf / Y(x)dx
a e<fn/a Y2>fn Ja

So
/ab[SO(x) — €]dz < /ab[fn(x) — €dz = /ab fu(@)dz — e(b—a)
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2.7. POST EXAM, INTEGRAL OF A NONNEGATIVE FUNCTION

</Abfn($)dx+e(b—a) /(fn( )+edxleq/ )+e d:L‘—/ U(z)dx + e(b — a)

What this tells us is that , ,
sup | p1(z)dr < zﬁlflsz/a W (z)dx

p1<fJa

which is always the case. Since we have that

p(z) —€

is one of those ‘p,’s’, we know that

/ab(SO(:E)—E)S sup b%( Ydx < 1nf/q/;1 x</

p1<f/a

Screw above. He redid the proof. See below:

Since f,, is Riemann integrable, there exist ¢,,, ¥, step functions such that
On < fur Jn < Un
and

1
n

b b
/a Y (x)de — /a on(z)dr <
Let €, = sup,efu |f(¥) — fu(x). Then we have that
So,
b b b
/(gpn(:c) —€ey)dr < sup [ ¢*(z)dr < figl/f*/a ¥ (x)de < /a (Yn(x) + €,)dx

pr<fra

Looking at

/ab[(l/zn(x) +€,) — (pn(T) — €,)]de = /ab Yp(x)de = /ab on(x)dx + 2€, < ;4— en(b—a) = 0,n — o0

Since |f(x) — fu(z)| = 0 as n — oo.

2.7 Post Exam, Integral of a Nonnegative Function

We have that f > 0, and is measurable on a set F- this will be a long standing assumption for
this section. As a remark, we allow m(F) to possibly be infinite. We have that

/Ef:sup h

n>f JE

Where h is bounded and measurable, and m(supp(h)) < co. Recall that
supp(h) = {z € E: h(z) # 0}
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CHAPTER 2. THE LEBESGUE INTEGRAL

Proposition 62. We have that if f, g are nonnegative and bounded, then

" /ch:c/Ef,c>0
JG+a=[r+]g

/fﬁ/g

E E

This proposition was demonstrated last time.

Theorem 63. Fatou’s Lemma: If {f,} is a sequence of nonnegative measurable functions and
fn(x) = f(x) almost everywhere on E, as n — oo, then

fr<jim [ g,

Proof. We can assume that f,(x) — f(x) on the whole set E. Since h is bounded and measurable
on E, h(z) < f(z)Vx € E. In this case supp(h) = E’, and m(E’) < oo. We then define the new
function

3. If f < g almost everywhere, then

hn () = min{h(x), fa(x)}
So supp(hy,) C E’. We then have the h,(x) is bounded by the bound for i (another way to say
this is that ‘h,, is uniformly bounded), measurable (since it’s the minimum of two measurable
functions). We now apply the Bounded convergence Theorem, which we would like to apply to
show that h,(x) — h(z) for all x € E. This last statement follows from taking = € E, knowing
that h(x) < f(x), we have the following:

1. If h(z) < f(x), then there exists some n(x) : h(x) < fu@)(x), for all n > n(z).
2. hp(x) = f(x).

So, by the bounded convergence theorem,

E n—oo Jp — JE

Since the following are true

Taking the supremum over all h < f, we have that

[ < tim [,
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2.7. POST EXAM, INTEGRAL OF A NONNEGATIVE FUNCTION

Theorem 64. The Monotone Convergence Theorem Let {f,} be an increasing sequence of
nonnegative measurable functions, and let lim, _, f,(x) = f(x) almost everywhere. Then,

[ 7=t [

Proof. By Fatou’s lemma, we have that

[ 1< lm [,

So, we just need to show the opposite inequality. We have that f,(z) < f(x), almost everywhere,
since our sequence is increasing. This means that

[r< ]
Taking the limit superior on both sides,
T [ o< (1< i [ fo< T [
Thus, our proof is complete. O

Corollary 65. Let u, be nonnegative measurable functions, and let f =32, u,. Then,

[1-5 [

Proposition 66. Let f > 0 be a measurable function defined on E, and let {E;} be a sequence of
disjoint and measurable sets such that £ —\J; E;. Then,

Jof =% 7

L= [ rxe

And since we know that xg = >, x&,, we just apply our last corollary to get that

fXE:ZfXEi

Proof. We define

Then we have that

S[row=X] !
[

Proposition 67. Let f and g be two nonnegative measurable functions. If f is integrable over K
(which means that [ f < 00), and f(x) > g(z) almost everywhere on E| then g is integrable and

J =9 =[ 1]

65



CHAPTER 2. THE LEBESGUE INTEGRAL

J+a=[1+]9

E E E

We write f = (f — g) + g. Notice that f — ¢ > 0, and g > 0 by assumption. In this case,
/f /f g+/g

Both of these integrals on the right hand side are less than infinity, which implies that ¢ is inte-
grable. This line above is equivalent to

Jf=[o=[(+9

Proposition 68. Let f > 0 be measurable, and integrable over a set E. Then given € > 0 there
exists § > 0 such that VAT C E if m(A) < §, then

/Af<€

Proof. We know that

]

Proof. 1f f is bounded by some M, then

[ £ < [ M= am(a)
(prove that [, 1= [, m(A)

Alternatively, let f not be bounded. Then

fulz) = f()if f(z) <n nif f(z) >n

fn bounded, and increasing, since f,(z) — f(z) as n — oo, we use the monotone convergence

theorem to show that
/ fn — / f7 n — oo
E E

Jobe= 0o =5

\ful <N

Given € > 0, let N € N such that

We know that

Applying what we know about bounded functions, if we chose 6 = 5%, then if m(A) < 4, then we
have that

€ €
N = =
/M< = ON T 2
Taking this, we have that
€ €
Jif< [ frg<5ri=c
For all m(A) < 4. O

Tmeasurable
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2.8. THE GENERAL LEBESGUE INTEGRAL

Homework

On page 89, do questions 3,7, and 8.

2.8 The General Lebesgue Integral

Now, we will mean that f is a measurable function.
Definition. f*(z) = max{f(z),0}, and f~(z) = maz{—f(x),0}.
Fact.
f=r=r. l=rr+fr
Definition. A measurable function f is integrable over a measurable set E if f* and f~ are
both integrable over F, and in this case,

Jof = Jod = Jet

Proposition 69. Let f and g be integrable over E, and ¢ € R. Then,

=l

2. The function f + g is integrable over E, and

Ju+ra=[r+]g
Afﬁég

4. If A and B are disjoint measurable subsets in E, then

Juw =I5 1

Proof. We have that [, fT, [ f~ < oco. We now want to look at c¢f, where ¢ € R. Like
before, we have that

1. c¢f is integrable over E, and

3. If f < g almost everywhere, then

cf = (cf)" = (cf)”
If ¢ > 0, then
(cf)F =cfT (cf)” =cf”

/(cf)*z/cf*zc/f+<oo

Similarly, we can do the same for f~. Thus,

Ler=[er = [en =ef = [ M=c| 1
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Alternatively, if ¢ < 0, then (¢f)* =c¢f~, and (¢f)” = —cf*. Thus,

/—cf’:—céf’<oo

So both pieces are integrable. Then,

Ler=[en=[en =] et =[eff=c[fr=c][f=c|s

We would like both (f + ¢)*, (f + g)~ to be integrable. It follows that
frg=UT+g) = +g)
We have to prove that if f; >0, fo > —, and f = f; — fo, we would need to show that
[i1=[n-]s
Which are integrals of non-negative functions. We have by assumption, that
f=1=f=h-r

This implies that
T+ f=H+[
We have that

Jutsm = [ r= [ [ r=[n+[r=[r=[r=[n-]f

Where the last line follows from integrability. By the claim, if we know that f+g¢ is integrable,
it follows that

[+ = [+ - [ +9) (2:81)
:/f++/g+—(/f’+/g’):/f+—/f’+/g+—/g’ (2.82)
= /f+/g (2.8.3)

2. We have f < g; Then [;(g — f) > 0. Using property 2 and 1 with ¢ = —1, we have that

[E(g—f)ZOZ/Eng/E(—f):/Eg:/Ef

3. We have

[ f= o= [foa+xe) = [fxat [ o= [ 1+ ] 1
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2.9. THE LEBESGUE CONVERGENCE THEOREM

2.9 The Lebesgue Convergence Theorem

Theorem 70. The Lebesgue Convergence Theorem: Let g be an integrable (non-negative)
function over a measurable set E, and let {f,} be a sequence of measurable functions over E such
that | fn| < g almost everywhere on E, and

lim fa(z) = f(2)

fof = [, 1

Proof. We know that |f,,| < g almost everywhere. Then f,, < |f,| < g. We can then write

For almost all x € E, then

g_fnZO

This is a non-negative function, on which we can apply Fatou’s lemma. This gives us that

lim [ (9= f)= [ (9= 5

n—oo

Yo (fo= [ 0= [a= [0

moving the limit inferior inside, we have that

Jo—Tm [z [g=[r=Tm [ f.<[ s

We have that |f,| < g, then —f,, < |f.| < g. Thus, g+ f, > 0. By Fatou’s lemma,

Thus

lim E(g+fn) 2[E(9+f>

n—oo

Going with the integral inside, we have that

Jim ( g+/fn_/g+/Eg
/Eg+11m/fn>/g—|—/f:>hm/fn>/f

Putting these two things together, we have that

T [ s [7< b [ g T f S

Thus, the whole chain has to be equal. This implies that there exists lim,, ., | f,, and

fo = o [
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2.10 Back from the break, Quick Review

2.10.1 The General Lebesgue Integral

We had the following definition: given a function f : £ — R which is measurable, it’s Lebesgue
integral is as follows: we define

fH(x) = maz{f(z),0} [ (z) = maz{—f(x),0}

In this case, f = f*— f~, and |f| = f* + f~. Noting that both f*, f~ are nonnegative functions,
we can define their Lebesgue integrals. We then say that f is Lebesgue integrable if

[rfr e
L= fr

Example. Notice that |f| > 0, but if f is integrable this means that [ fT, [ f~ < 0o so

Jisi= [+ [ <o

So, | f] is integrable. It is interesting to notice that

Zl:oo, but Z(_l)n<oo
n=1 n n=1

and in this case

n

2.10.2 The Lebesgue Convergence Theorem

Given g : ' — R integrable, we take f,, : £ — R is integrable and assume that |f,| < ¢g almost
everywhere, and we have that f,(z) — f(x) almost everywhere on E as n — co. Then

[ f@) = jim [

2.11 Differentiation of Monotone functions

We denote by Z a collection of intervals.
Definition. We have that Z covers a set £ C R in the sense of Vitali if for all ¢ > 0, and for each
xr € E there exists I € 7 such that x € I and ¢(I) < e. Here, I can be an open, half open, or
closed interval.
Theorem 71. Let m*(E) < oo, and I a collection of intervals that cover E in the sense of Vitali.
Then for every € > 0, there exists a finite disjoint collection {Iy, I, ..., I,} of intervals in T such
that

m*(E —UN_|I,) <e
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2.11. DIFFERENTIATION OF MONOTONE FUNCTIONS

Proof. We can assume that intervals in Z are closed. Let O be an open set such that O D E and
m(0O) < co. We then drop the elements of Z which are not contained in O. This new collection,
called Z again, is also a covering of E in the sense of of Vitali.

Our goal is to chose a disjoint sequence {I,,} in Z as follows:

1. [ is any interval in Z. Suppose that I, ..., I,, are already chosen. Let k,,, = sup of the lengths
of the intervals of Z that to not meet any of I, ..., I,. Notice that 0 < k, < m(O), because
each interval in [ is contained in O.

Unless I C UL, I;, then there exists I,,,1 € Z with ¢(I,1) > %/{:n, and I, is disjoint from all
I, .., I,. Notice that U2, I, C O. Slnce {I,} is a disjoint sequence, we have that

i/(m () ) < m(0) <

n=1
Hence there exists N such that

S Ul <

n=N-+1

ol m

Let R=FE—UYN_, I,. Let x € R. Since UY_, I,, is a closed set not containing z, there exists I € T
with 2 € I and I does not intersect Iy, .., I,,. If INI; = 0, for all i < n, then we can conclude that
UI) <k, <20(141).

We also have that lim,, ., ¢(I,) = 0, which follows from the fact that the sums of the lengths are
finite.

This implies that I has to meet at least one I,,. Let n be the smallest such that I NI, # (). Then
n > N and

(1) < k,q < 20(1)
We have that

1
dist(midpoint(1,,),x) < (1) + iﬁ(ln) < Zé(ln)

We make J, the interval whose midpoint is the midpoint of I,,, and ¢(J,) = 5((1,). Then,
R C U, Jn- Based on how we chose our sequence of I,,, we have that

S () =53 e(fn)<5.§:€

n=N+1 n=N+1
]

Definition. 7 is a cover of a set E in the sense of Vitali if for every € and =z € Ej there exists
I € T such that
((I)<exel

Lemma 72. Due to Vitali, we have that if m*(E) < oo and Z (a cover in the sense of Vitali for
E), then there exist Iy, ..., I, in T such that
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Definition. )
D+f(x) _ ,}LIOHJF (z + })L_ f(z)
b o)< g ) S
Do f(e) = i HHE D=1
D gie) =t H) =S
Fact.

D*f(z) =2 D f(x), D™ f(z) = D_f(x)
Definition. If D f(z) = Df(x) = D~ f(x) = D_f(x) # +oo, then f is differentiable and

f'(x) = D" f()

Similarly, if DT f(x) = D f(x) then f is differentiable from the right, denoted f’'(z+) = DT f(x)-
often called the right-hand derivative.

If D~ f(x) = D_f(x), then f is differentiable from the left, and f'(x—) = D~ f(z), and is called
the left-hand derivative.

Proposition 73. If f is continuous on [a,b] and one of its derivatives is everywhere non-negative
on (a,b) then f is non decreasing on [a,b].

Theorem 74. Let f : [a,b] — R be an increasing function. Then, f is differentiable almost
everywhere on (a,b). The derivative f' is measurable and

[ 1@de < 1)~ f(@)

Proof. Let E ={xz: DV f(X) > D_f(z)}. We want to show that the measure of this set is zero.
We let E = U, veq Pup Where By, = {z: D" f(x) > v >wv > D_f(x)}. It is enough to show that
m*(E,,) = 0 for all u,v € Q. Let s = m*(E,,) < oo because E,, C [a,b]. Take ¢ > 0. Then
there exists an open set O such that O D E,, and m(O) < s+ €. Then for all z € E,, there
exists an interval [z — h,z] C O such that

f(x) = fle—h) <v-h

The family of all such [x — h,z] is a Vitali cover of E,,. By the previous lemma, there exists
finitely many intervals {Iy, ..., I,,} whose interiors cover a subset A of E, , with

m*(A) > S —e
N
A C | interiors (I,,)
n=1
So, we look at the following:
N N
In:[xn_hnawn]a Z[f(a;n)_f( T Zh <Um <'U(S+€)

n=1
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Let y € A. Then Jk > 0 such that
(y,y + k) C I, for somen =1,...,. N
We have that DT fz) = limh_>o+w > u, and

fly+k)—fly) >u-k

Consider [y, y + k] for y € A with the above choice of k; this is a Vitali cover of A.
Proof. By Vitali’s lemma, there exists a finite collection {.J;, .., Jy/} such that their union contains
a subset of A of outer measure greater than S — 2¢. So, J; = (y;, y; + ky). So,
M n
> f(yi + ki) = f(y)] > u- D ki > u(s — 2¢)

i=1 =1

Note that J; C I, (for every i, there is an n such that this is true). We take the sum over all i
with J; C I, and we get (fix n):

Yo fyit ki) = fw)] < flan) = fan + kn)

i:J; Clp,
Because f is increasing. This implies

u(s — 2€) < ;[f(yzkz) — flys)] < Z[f(xn) — f(n + k)]

n=1

Which implies that
u(s —2€) < wv(s+e)

Since this is true for all €, let ¢ — 0. In this case, we show that u < v, which is a contradiction.
This means that s = 0, so the measure of our set is indeed zero. In other words, m*(E) = 0, which
implies that f is differentiable almost everywhere.

2.12 Homework

On page 101, Question number 3.

2.13 Continued

We have that
o(e) = i 1D = 1)

defined almost everywhere, and f is differentiable when g(x) # +o00. Let

Fat L) - f)]

gn(fl?) = n

S| =
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where f(z) := f(b) for x > b. Then g)n(z) — g(z) almost everywhere, and this implies that g is
measurable.

We know that f is increasing, this implies that g)n(z) > 0. To this we can apply Fatou’s lemma,

which tells us that , ,
/ f < lim / g = limn /

— limn[/bbhll f(z)dx — /;Jri f(z)dz]

o
S| =

1

TH+ ) — f@)d

1
a+n

=lmlf() —n [ f(x)da] < F() - fla)

a

From this, our proof is finished. O

2.14 Functions of Bounded Variations

Suppose we take f : [a,b] — R, and we take a subdivision a = zo < 27 < 29 < ... < Tp_1 < Tp =
of [a,b].
Definition. If r € R is a real number, we define

— rifr>0
J0ifr<0

similarly

_ ) =rifr <0
" Tl 0ifr>0

In this case, r = r™ —r~, and |r| = r* 4+ r~. Letting

and

And we define



2.14. FUNCTIONS OF BOUNDED VARIATIONS

Definition. P = sup(p), N = sup(n),T = sup(t), and all of these supremums are taken over all
subdivisions of [a, b].

Notice that P, N < T'. This is because p,n < t, since both p and n are positive and ¢ is their sum.
It turns out to also be true that
PN<T<P+N

which is true because sup(A + B) < sup(A) + sup(B). P, N, and T are positive negative and total
variations of f | respectively.

Definition. If ' < oo, then f is of bounded variation on [a, b], sometimes denoted f € BV.
Lemma 75. If f is of bounded variation on [a,b], then

T, = Py + N,

and
f() = f(a) = P} = N}

Proof. We always have that T? < P?+ N?. Recall that for any subdivision of [a, b], p = n+ f(b) —
f(a). Taking the supremum over all subdivisions of [a, b), we get

P =N+ f(b) - f(a)

Notice that

P = sup(p) = sup[n + f(b) — f(a)] = sup(n) + [f(b) — f(a)] = N + f(b) — f(a)

Doing some algebra, t = p + n so using our fact that f(b) — f(A) = p — n we say that
t=p+n=2p—[f(b) - f(a)]
Taking the supremum,
T=2P—[f(b)— f(a)]=2P—-(P—N)=P+N

Which gives us that indeed,
TP = P’ + N!
The second part of the lemma follows directly from the second line above. O

Theorem 76. A function f on [a,b] is of bounded variation if and only if f is the difference of
two monotone real valued functions on [a,b].

Proof. Assume first that f of bounded variation. Define g(x) = P? (the positive variation of the
function f on the interval [a, z]). Also define h(x) = N? (the negative variation of the function f
on the interval [a, x]. We have that

f(@) = fla) = Py = Ny = g(x) = h(z)

From here, we can say that

f(x) = g(z) = [M(z) — f(a)]
It is true that g(z) is an increasing function, since g(x) = P®. This is increasing simply because as
x increases, we have a larger interval, and P is the supremum over all the interval’s subdivisions.
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Similarly, if zo > 1, then N* < N2, It also follows that h(z)— f(a) is increasing, for a monotonic
function minus a constant is still monotonic.

Now proving the other direction, assume that f(z) = g(x) — h(x) where g(x) and h(z) are mono-
tonic. Looking at

This means that

> lg(@) — glaioa)| = lg(b) — g(a)]

=1

and the same is true of h(z). Noticing that
|f(z:) = f(zim)] = [[9(2:) — g(@ima)] = [P(z:) — h(zi-1)]] < |g(@:) — g(@ima)| + |P(2:) — h(zi-1)]
which tells us that
k k
t< Z: 19(zi) — g(wi1)] Z: \h(z5) — h(zim1)| < |g(x:) — g(ziz)| + [M(23) — h(i-1))]

which holds for any subdivision, and thus f € BV. m
Corollary 77. If f is of bounded variation on |a,b] then f'(z) ezists for almost all x € (a,b).

2.15 Differentiation of an Integral

We assume that f is integrable on [a,b] and define

is a continuous function of bounded variation on |a,b.

Proof. F(x) is continuous- Assume that f > 0. Taking x,y € [a, b], we want
|F(x) — F(y)|

If x <y, then

F() = F(y) = F(y) = F@) = [ fde~ [ fae= [ oyae+ [" e = [ gy

:/ayf(t)dt<e

for |z —y| < 0.
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Since f is integrable over [a,b], then by the proposition from before, we have that Ve > 0,35 > 0
such that

d
/ f < ewhenever|d — ¢| < 9

We take a subdivision a = zy < z; < ... < x = b of [a, ], and look at

k k z;
IR~ Pl = Y| [ # w<z/ (tldt = [ 17(0))dt < oo

because f is integrable, therefore f € BV. m
Lemma 79. If f is integrable over [a,b] and

/;f(t)dt —0

for all x € [a,b], then f(x) =0 almost everywhere on |a, b).

2.16 Homework

Question 8 on page 104

2.17 The Differentiation of an Integral

Take f to be integrabl on [a,b]. We have that F(z) = [)a” f(t)dt, and we're trying to show that
F(z) is a differentiable function. We had the following lemma:
Lemma 80. If f is integrable on the closed interval [a,b], then the function

is a continuous function of bounded variation on |a,b.
Proof. In showing continuity, let x < y, then
T Y Y
F) = Fl = [ sdt— [ swae=1 [ rwan < [*17wlde <

For |z —y| > 4.

For bounded variation, we look at the subdivision a = zg < 1 < .. < 2, = b, and examine

k k )
/ F(x) — Flaiy)| = | / (t)dt| < Z/ (t)|dt = /66|f )|dt < oo
i=1 i—1 Ti_1 T 1

Recall that )
T = sup(t) < [ 17(0)lat

which implies that f is of bounded variation. O
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Lemma 81. If f is integrable on [a,b] and

[ rwar =

for all x € [a,b] then f(t) =0 almost everywhere in |a,b).

Proof. Suppose that f(x) > 0 on E with m(FE) > 0. Then there exists a closed set F' C E with
m(F) > 0. We define an open set O = [a,b] — F. We have that

0:/abf(t)dt:/of(t)dt%—/Ff(t)dt

From the homework, we know that

| st =~ [ sty =#0

O being open implies that it is a countable union of open disjoint intervals {(a,, b,)}. So,

/f 1t = Z/ dtﬁ/ 1)dt # 0
This means that , ,
/nf(t)dt:/nf(t)dt—/ T f)at
Which implies that either
bn, an
#0 or / f(t)dt =0

which is a contradiction, and thus f is 0 almost everywhere. O

Lemma 82. If f is bounded and measurable on |a,b] and

— /:f(t)dtJrF(a)
then F'(x) = f(x) for almost all x € [a,].

Proof. Since F is of bounded variation on [a,b], we know that F(z) has a derivative almost
everywhere. Let K > 0 be such that |f(z)| < K for all x € [a,b]. We then let

3=

falz) =

1
n

So, we get that
z4+1

fn(l’):n/ nf(t)dténK-(eri—x)_K

T

And we know that f, are each uniformly bounded by K. Notice that f,(x) — F’(z) almost
everywhere. We use the bounded converge theorem on f,, Let ¢ € [a,b]. Then

[ F@ = tm [
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= i [[F(+ i) — F()dt

n—o0

Notice that

c 1 c+%
/ F(t+—)dt:/ F(t)dt
a n a—‘,—%

Thus

n—oo n—oo

ln nf [ it — / “ P(0)dt] = Tim [n / Pt — n / " ()

F(z) is continuous by our previous lemma, and the above line is equal to

This tells us that .
/ [F'() — £(£)]dtOVe € [a, ]

Which implies that F'(t) — f(t) almost everywhere on [a, b]. O

Theorem 83. Let f be an integrable function and suppose that F(x) = F(a) + [ f(t)dt. Then,
F'(z) = f(x) for almost all x € [a,b).

Proof. Assume that f > 0.

fx) if f(z) <n
fn(2) :{ nif f(z) >n

Note that f(x) — f.(x) > 0 and

Gula) = [ 170) = Fult)at

is increasing in x ( you have a positive function, the more you integrate it, the larger it gets). This
implies that G,,(x) has a derivative almost everywhere and G/, (z) > 0, We have that |f,(z)| > n
for all x € [a, b], so by the previous lemma

o [ e = gt

almost everywhere. i N
Fla) = F(@)+ [ [£(0) = fal®ldt+ [ (0

which means that F’(x) exists, and
Fl(z) = G (z) + fulx) 2 fulz)
almost everywhere, for all n. Let n — oo, in which case F'(x) > f(x) almost everywhere. We take
b
/ Vo' F(z)da > / f(a)de = F(b) — F(a)

Since f > 0 by assumption, F'(z) is monotonically increasing. By the theorem for increasing
functions, we have that

/ " Ft)dt < F(b) — Fla)
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This gives us that
/b Fl(2)dz = F(b) — F(a) = /bf(:r;)dx
This implies that ' '
[1F@) ~ f)ldr = 0= Fla) = (2)
almost everywhere. ' O

Remark. An increasing function can have at most countably many points of discontinuity.

2.18 Absolute Continuity

Definition. f : [a,b] — R is absolutely continuous if Ve > 030 > 0 such that

k

doIf(a) = flzi)l <e

i=1
for every collection {(z;, x})} of non-overlapping intervals with sum

k

Z\x;—xi|<5

i—1
Lemma 84. If f is absolutely continuous, on [a,b], then it is of bounded variation on |a,b].

Proof. Since f is absolutely continuous, we set € = 1 and choose § = (1) > 0 from the definition
of absolute continuity. Start with a subdivision of [a,b],a = zy < 9 < ... < z,, = b and look at

n

Z |f(xi) — fzi1)]

i=1
Let K =1+ bTT“. Then,
SoIf(ai) = flzia)| S K -1
i1

And this implies that f is of bounded variation. O]

Corollary 85. If f is absolutely continuous, then f has a derivative almost everywhere.
Lemma 86. If f is absolutely continuous on [a,b] and f'(x) =0 almost everywhere, then f(x) is
constant.

Proof. Take ¢ € [a, b]; we need to show that f(a) = f(c)Ve. Let E := {x :€ [a,c]|f'(x) =0} C [a, ]
thus, m(E) = ¢ — a. Since the derivative is 0 at each such pint, this means that

h—o00 h

We fix n,e > 0. For all z € E, there exists an arbitrary small interval [x,z + h] C [a, ¢] such that
[f(z+h) = fz) <n-h
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2.18. ABSOLUTE CONTINUITY

There exists some finite collection {[xg,yx|} of non-overlapping intervals which satisfy property
(*), and which cover E, except for a set of measure §(e) > 0, where ¢ is the constant corresponding
to € and f in the definition of the absolute continuity of f. We assume that x; < x;,1 for the
convenience of notation. Then,

Ti <Yi < Tit1 < Yit1
Then

k k
Do) = fla)l <3on- |y — 2l <nlc—a)
i=1 i=1

Alternatively,

k
Z |f(yi) — f(mip1)] <€
=0

which follows from absolute continuity, and that

k
> lyi — @i <6
i=0

From the triangle inequality, we have that

k
|[f(e) = fla)l < D6k f () — fya)l + X _1f (i) — fl@ia)l <mlc—a) +e
=1 i=0
And since both 7 and € were chosen arbitrarily, we let them go to 0.This then implies that f(c) =
f(a). Also, ¢ is arbitrary from [a, b], thus f is constant.
O

Theorem 87. A function f is absolutely continuous if and only if it is an indefinite integral.

Proof. 1f F is an indefinite integral, then use ¢ — ¢ for the integral of an integrable function.

In the other direction, we suppose that F' is absolutely continuous on [a,b]. Then F'is of bounded
variation, which means that F' = F; — F, where both F, F, are increasing. In this case, F'(x)

exists almost everywhere, and
|F'(2)| < F{(X) + Fy(x)

So
b b
[ 1P @)lde < [ TF(@)Fye))de < Fi(b) = Fi(a) + F(b) ~ Fa(a)
Which gives us that |F’(z)| is integrable, which tells us that F'(z) is integrable. We let

G(z) = / " F(2)dz

and that then G(x) is absolutely continuous, which implies that F(z) — G(z) is also absolutely
continuous, which we will call f. We take the derivative of f:

f'(x) = F'(z) — F'(x) =0 almost everywhere

By the previous lemma, we have that f(z) is constant, which gives us that F(z) = G(z) =
JXF'(t)dt + F(a). Therefore F' is an indefinite integral (in fact, it is the indefinite integral of its
derivative), and we are done. O

Corollary 88. FEvery absolutely continuous function is the indefinite integral of its derivative.
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CHAPTER 2. THE LEBESGUE INTEGRAL

2.19 Convex Functions

Definition. ¢”(a,b) — R is convex if for every z,y € (a,b) and for every A\,0 < A < 1, we have
that

ez + (1= Ny) < Ap(z) + (1= Nep(y)

Lemma 89. If ¢ : (a,b) — R is convex, and if x,y, 2’y € (a,b) with x <2’ <y and x <y <y
then
py) —elz) _ (y) — (@)
y —x - y/ _ x/

Proof. This proof is mainly computation. Let there be two points on the real line z, x5, and
x € (x1,23). Then
r=Ar1+ (1 — N2

where 0 < A < 1. So x = Mx; — 23) + 25 and A\ = =21 So,

T2—71

r — T

1—\=

To — X1
So we look at ¢(zz1+)(1 — N)xs) < Ap(z1)+)1 — Ay(22). Then,

To — X r — T

p(z1) +

oAz + (1 — Azp) <
To — X1 To — X1

o(2)
Dividing by x5 — 1, we have

(22 — 21)p(7) < (22 — 2)p(21) + (T — 71)P(22)

Subtracting (z2 — z1)p(x2), we get

(z2 — 21)(p(x) — p(z1)) < (21 — 2)(p(21)) + (T — 21) (1)

SO
(@2 — @1)[p(2) — p(21)] < (2 — 21)[0(22) — (21)]
p(x) — p(21) < p(x2) — (1)
T — I - To — 1
and we are done for the first case. The second follows similarly. O

Proposition 90. If ¢ is convex on (a,b) then ¢ is absolutely continuous on each closed sub-interval
of (a,b). The right and the left-hand derivatives of ¢ ezist at each point of (a,b) and are equal
to each other except on a countable set. The left and the right-hand derivatives are monotonically
increasing functions, and at each point the left-hand derivative is smaller or equal to the right-hand
derivative.

Proof. Take [c,d] C (a,b). We know that

plc) —pla) _ oly) —p(x) _ ob) -
c—a - y—x - b—



2.19. CONVEX FUNCTIONS

e () = ¢la) (b) = o(d)
p\c) —vla 2 — ¥
RS R  SV _ < X\ TN
T, Sely) —el) s
Which tells us there exists some M such that

M = max{|g0(c> — Qp(a) " |§O(b) — Cf(d)‘} >0

c—a b—

Which tells us that
lo(y) — (x)] < My — x| = ¢ is absolutely continuous

because
Sole(@) — o) <> Mz — | =M |a; —af| < Mé =€
which fits in the with the definition of absolute continuity. We then have that for zy € (a,b), that
¢lz) — plzo)
r — X

is increasing by the previous lemma. The limits as x approaches xy from the right and from the
left exist and are finite. Thus ¢ has left and right-hand derivatives at each point of (a,b). From
this it is then clear that the left-hand derivative is less than or equal to the right hand derivative
at each point.

Take z¢ < yo, z < Yo, o < y. The following inequality still persists:

() = plwo) _ ¢(y) = ¢(y0)
rT—2Zo Y~ Y

Either the derivative at x is less than or equal to either derivative at 3. Each derivative function
is a monotone increasing function. Monotone functions are continuous except almost everywhere
on a countable set. We then let ¢/, be the right-hand derivative function, and let ¢ € (a,b) be a
point of continuity of ¢,. We have that

@ (c—h) < (c) < ¢ (c)
for h > 0. Then

lim ¢/, (¢ - h) = ¢/, (c)

because ¢’ = ¢’ (c) = ¢'(c) exist for each point of continuity of ¢/,. We are then done with our
proof.

O

Proposition 91. If ¢ is a continuous function on (a,b) and if one of the derivatives (say, D p)
of v is nondecreasing then ¢ is conver.

Proof. We take a < y < x < b and form functions of the form

U(t) =ty + (1 = t)x) —toy) — (1 = t)e(x)
We want to show that ¥ (¢) < 0. So we take ¥(0) = ¢(1) = 0. We use the chain rule to get:

D* Y = (DT p)(z —y) — o(x) + ¢(y)

83



CHAPTER 2. THE LEBESGUE INTEGRAL

which gives us that
Dt t= D* 1

S0,
¥ :[0,1] = R = for a fixed x,y, ¢ is continuous on [0, 1]

Thus there exists a maximum of ¢ on [0,1]. Let v € [0,1] be the point where the maximum is
achieved. At the maximum, we know that

D¥p(y) <0,D7Y 1

= D*y(t) <OVt € [0,7] = ¢ | on [0,]

Then, ¥(0) = 0 = ¥ () <=, and since ¥ (7) is the maximum, this implies that ¢(¢) < 0Vt € [0, 1].
Hence, we are finished. m

Corollary 92. Assume that ¢ has the second derivative at every point in (a,b). Then, ¢ is convex
if and only if ¢" >0 Vax € (a,b).

Proposition 93. (Jensen’s Inequality) Let ¢ : R — R be a convex function and let f:[0,1] — R
be integrable. Then

[ etsoyae = o ([ so)

Definition. ¢ : (a,b) — R is convex, g € (a,b) the supporting line of ¢ at z; is
y = m(x — xo)p(x0)
Such that the graph of ¢(x) lies above this line. In other words,
o(x) > m(z —xo) + p(xg) Vz € (a,b)

where
¢ (zg) <m < ¢ (20)

There is at least one support line (I think he meant to write, “There is at least one support line
for a convex function”.)

Proof. We define
1
a= / F(t)dt
0

We take the supporting line at «, which is the line

p(r) 2y =m(r —a)+e(a)

Then we know that
e(f(t) = m(f(t) —a)+p(a)

Integrating,
1

[ ety o [ pieya)
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Chapter 3

End of Class, LY -Spaces

Take p > 0, € R, and fixed. Then L? = L([0,1]) = {f : [0,1] — R]| fJ | f[?dm < co}. As a result,
L' consists of all Lebesgue’s integrable functions.
Example. Notice that f(z) = 1 for 0 < z < 1 and f(z) = 0 when z = 0 is not in L', but is in
L2
Remark. Taking |f + g|P < 2P(|f|” + |g|P) because
[f+gl” < (1 + 19D < [2-maz{| [, [9]})" = 2Pmaz{|f]", |g["} < 2"[|f1" + |g]"]
Remark. Given a € R, then |af|P = |a|? - | f|P.
Fact. From these two remarks, if f,g € L? o, 3 € R, then

af +pg e LP

LP is a linear space (or infinite dimensional vector space). Then, the P norm is as follows:

11l = ([ 1Pdm)’

Fact. ||f||, = 0 if and only if f = 0 almost everywhere. Also, if a € R, then
ety = laf - [1F1]y

Definition. A linear space X is a normal linear space if for every f € X there exists an
assignment || f|| > 0 such that the following three properties hold:

L laf|l = laf - [[f]]
2 + gl < IIF1T+ gl

3 fll=0 = f=0.
Definition. Two measurable functions are equivalent if and only if they are equal almost every-
where.
Example. O(x) = 0 for all z,
n,r = %
0, elsewhere

() = {

interestingly, O(z) and f(x) are equal almost everywhere so they are equivalent.
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Let p = oco. Then, L™ is all measurable functions on [0, 1] which are bounded except on a subset
of measure 0. We identify equivalent functions as we did before, but introduce the L* norm:

[|flloo = essential sup |f]

Definition.

ess sup f = inf{tzl[é%g(t) cg(t) = f(t), a.e}

Alternatively,
ess sup f := /{M eR:m{te[0,1]: f(t) > M}) =0}

3.1 Minkowski’s Inequality

If f,ge L?, with 1 <p < oo, then f+ g € L, and

1+ gllo < [1F1lp + llgllo

If 1 < p < oo, then the inequality can be an equality if and only if there exists «, 3 > 0 such that
Bf = ag.

Proof. 1f p =1, then
1 1 1
|1 +gldm < [\ fldm+ [ lgldm

We'll worry about the case in which 1 < p < oo. If ||g||, = 0 or ||g]|, = 0, then we are really done.
We will assume that ||g||, = a # 0, ||g||, = 8 # 0. We define functions fy, go : [0, 1] — R by the
equations

|f’:O‘f0’ ’9’2590

from which we claim that || fo|[, = 1 = |[gol[,. Define A = J%5.
0 < A < 1, based on the way we defined a and S.

(1) f(2) +g9(@)[" < ([f (@) + [9(2)])” = (afolx) + Bgo(x))”

) + 52n(a)| = o+ BPIa(a) + (1~ (o)

So, 1 —\= a’%ﬁ We know that

— @4y |2

We have that F'(x) = 2P is a convex function for p > 1, so we have that the line above is less than
or equal to:

< (a+ BV Mol@)” + (1= Mol
As a result, X X .
| 17@) + g@)Pdm < o+ By [ frdm+ (1= [ ghaul

1+ gllo < {1F1lp + llgllo

The inequality at (1) equality if sign(f) = sign(g) almost everywhere, so you have that fy(z) =
go(x), so B|f| = alphalg| almost everywhere, which gives you that 8f = ag. ]

86



3.2. MINKOWSKI'S INEQUALITY FOR0 < P < 1

3.2 Minkowski’s Inequality for 0 < p <1

Let f,g >0, f,ge LP, 0 <p < 1. Then,

1+ gllo = 111l + gl

Lemma 94. Let 1 < p < oo. Then for a,b,t > 0 we have that
(a+ tb)? > a” + ptba’~!

Proof.
o(t) = (a +tb)P — a? — ptbaP~!

So ¢(0) = 0, if we show that ¢ is a decreasing function, then we’re done.

¢ (t) = pbla +tb)P~t — pba?~' = pb[(a +b)P"t —a’" >0,t >0

3.3 Holder Inequality

If 0 <p<q < oo such that

and if f € LP,g € L% then f-g € L' and
1 1 % 1
1 fgllx :/0 |fgldm < (/0 |f\Pdm> . (/0 !g|qdm>

[1£9 < 1£lsllgll,

The equality holds if and only if for some constants a and 3 not both equal to 0

1
q

which says that

Proof. 1If p =1 and ¢ = oo, then
J1za1= ([ 101) - llgll

If(z)g(x)| < |f(z)|-ess sup|g| a.e.

If 1 < p < oo, then this implies that 1 < ¢ < co. Assume f > 0,9 > 0. Define h(zx

This can be written as g(a:)%, because %4—% = 1. Also note that from here, g(x) = h(x)P~
Applying our lemma, we have that

because

- g(x)r".

2
q

h(z)a.

ptf(@)g(x) = ptf(2)h(z)P~ < [h(x) + tf(2)]” — h(z)”
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From here we take the integration of this inequality,

pt/fgé/\f+tg\p—/hp

pt [ Fg < b+l = lInll

which gives us that

from our last inequality,
< ([Rllp + 1E[1F 1) — IRl

taking the derivative at t = 0, we get that

p [ 9 <plfl,- 1l

finally, we get that ||h|[5~" = ([ |h[?)/?)P~! | so we get that

[ £9< A1l llgll

3.4 Convergence and Completeness

Definition. {f,} in a normal space X converges to f € X if Ve > 0 there exists N : Vn > N,

Hf_an <€

and

nh_{glofn =fLf—f
Let X = LP, 1 <p < o0, f, converges to f if ||f — f,||[, = 0 as n — oo is the convergence in the
mean of order p.

If X = L, then f, converges to f if
I fn = flloo = 0,n — 0

nearly uniformly convergence.

A sequence of functions converging at each point of the domain (pointwise convergence).
Definition. If {f,} is a sequence in a normed space X, then it is Cauchy if Ve > 0 there exists
N :Vn,m > N,

Hf n f m|| <€

Definition. A normed space is complete if every Cauchy sequence converges. (Complete normed
space are called Banach space).
Definition. {f,} is summable to a sum s if

||S—Zfz~||—>0,n—>oo

=1
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3.4. CONVERGENCE AND COMPLETENESS

Definition. {f,} is absolutely summable if Y>>0, || f.|| < oo.
Proposition 95. A normal space X is complete if and only if every absolutely summable series
is summable.

Proof. X complete, {f,} is also summable, so

Do llfall =M < o0
n=1

=e>0,3IN: > ||fal| <e€

n=N
Let s, =", fi. Let m,n > M,

150 = smll =11 20 fill < XAl < 3 [1fallMe
i=m =1 =N

which means that {s,} is Cauchy. X is complete implies that s, — s. Then, s = >2°, f;.

In the other direction, take {f,} to be a Cauchy sequence in X. For all £ € N, 3n; such that
|| fn — fml] < 27F for every n,m > ny. Assume ngy; > ng. So, {fy,}22; is a subsequence of
{fn}se,. Let g1 = fu,. So gk = fn, — fuk — 1, for k > 1. This tells us that

k

Zgz = fnk

1=1

So ||gk|| = [ frx = frr |l < 27k for k> 1, so
S lgell < llgull +>- 275 = lgill + 1
k=1 k=2

which implies that {gx} is absolutely summable. This implies that there exists an element f € X
such that

k
Zgi_>f
i=1
SO fn, = f as k — oo. O

Proof. We show f = lim,,_,o fn, € > 0, there exists N : Vn,m > M

€
||fn_fm|| < 5

fne = f, kK — oco. There exists K such that for all £ > K, ,
€
o = fll < 5

so {f.} is a Cauchy sequence in X.

Choose k large enough such that £ > K, and ny > N. Then for each n > N,

Hh—NSHh—hM+W@—N<§+g:e
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Theorem 96. The Riesz-Fischer Theorem: The LP-spaces are complete, 1 < p < 0.

Proof. 1If p = oo, this is clear. Else, {f,} is a sequence in L? such that >0° | || fu]| = M < co. We

define .
Z | [ (2
Notice,

lanll = ([ (fo)r as)” < S el

(the last part follows from Minkowski’s inequality). We have that

[y << arr

For all z € [0,1], {gn(2)}°, 1. Let g(x) = lim, 00 gn(x) (the limit in the sense of extended real
numbers). ¢g(z) is measurable. By Fatou’s lemma, we have that

/(g)” = /m(gn)p Sm/gﬁ < MP

This gives us that g € LP. This means that g is finite almost everywhere. For every z where g(x)
is finite,

i: fule)

is an absolutely convergent series of real numbers. Then,

2 fule)

converges for each x where g(z) is finite- which is almost everywhere- and let

=3 i)

when it exists and s(z) = 0 where g(z) = oc.

(0.)
sn:ka—>sa.e.
k=1

implies that s is measurable.
|sn(2)] < gn(z) < g(z)Ve
By the Lebesgue Dominated Convergence theorem applied to,

551" < g”

[ = Jim [lou = [ Jim lsat = [15P
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3.5. APPROXIMATIONS IN L*

this implies that s € LP. So
s — sul” < (Is| + [sa])” < (29)" = 2°¢"
by the Lebesgueq dominated convergence theorem, we have

i _ Y Z— i _ yZ— —
iy Js = sul? = [ Jim [s = s = [0=0

3.5 Approximations in L?

Proposition 97. Given f € LP, where 1 < p < 0o and € > 0, there is a step function ¢ and a
continuous function v such that

1f = ellp <00, If =l <€

3.6 Bounded Linear Functionals on the L? Spaces

If X is some normed space, and F' : X — R, such that F(af 4+ 8g) = aF(t) + fF(g) for all
f,g € X and every a, 8 € R, then F is said to be linear-functional.

F is bounded if there exists M such that |F'(f)| < M - ||f]|. If this is true for every f € X, then
F' is a bounded linear functional, and

()
1F|| =
2 T
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