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PREFACE

The Self Learning Material (SLM) Real Analysis Il is prepared
based on the syllabus for M.Sc. Mathematics (CBCSS) PG
Programme of University of Calicut effective from 2019 ad-
mission onwards. The material is mainly intended for helping
the students who are studying M.Sc. Mathematics course un-

der the School of Distance of Education, University of Calicut.

The material is prepared based on the text book Real Anal-
ysis (Fourth Edition) by H.L. Royden and P. M. Fitzpatrick
(Prentice Hall of India (2000)).
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v

In Real Analysis Il we present the fundamental concepts of
the Lebesgue theory of measure and integration. The Rie-
mann integral, dealt with in calculus courses, is well suited
for computations but less suited for dealing with limit pro-
cesses. In this course we will introduce the so called Lebesgue
integral, which keeps the advantages of the Riemann integral

and eliminates its drawbacks.

In Chapter 1, we discuss definitions and examples of Sigma
Algebras and Borel Sets. We see that the collection B of Borel
sets of real numbers is the smallest o-algebra of sets of real
numbers that contains all of the open and closed sets of real
numbers (Definition 1.1.12 and Example 1.1.13). In Chapter
2, we lay the foundation of Lebesgue theory by describing the
concept of measurable set and the Lebesgue measure of such
a set. In Chapter 3, we study measurable functions. We es-
tablish that all continuous functions on a measurable domain
are measurable (Proposition 3.1.5), as are all monotone and
step functions on a closed, bounded interval. In Chapter 4,

we study Lebesgue integration.

In Chapter 5, we consider a generalization of the Vitali



Convergence Theorem to sequences of integrable functions on
a set of infinite measure; for a pointwise convergent sequence
of integrable functions, tightness must be added to uniform
integrablity in order to justify passage of the limit under the

integral sign.

The fundamental theorems of integral and differential cal-
culus, with respect to the Riemann integral, are the workhorses
of calculus. In Chapter 6, we formulate these two theorems
for the Lebesgue integral. We answer the question: for a

function f on the closed, bounded interval [a,b], when is
b
Jf=fb)—fla)?

In Chapter 7, we discuss completeness for Lebesgue inte-

grable functions.

Throughout this course we use the following notations:

N={0, 1, 2, ...}, the set of natural numbers
Z=A{...,-2,-1,0,1,2, ...}, the set of integers
Q, the set of rational numbers

R, the set of real numbers
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Chapter

Sigma Algebra and Borel Sets

A Borel set is an element of a Borel o-algebra. Roughly speak-
ing, Borel sets are the sets that can be constructed from open
or closed sets by repeatedly taking countable unions and in-
tersections. This is an advantage over open sets for which

countable intersections of open sets need not be an open set.



2 Chapter 1. Sigma Algebra and Borel Sets

1.1 Sigma Algebra

Definition 1.1.1. Given a set X, a collection A of subsets of

X is called a o-algebra (of subsets of X ) provided

1. the empty set, @), belongs to A;
2. the complement in X of a set in A also belongs to A;

3. the union of a countable collection of sets in A also

belongs to A.

Example 1.1.2. Given a set X, the collection A = {0, X'}

is a g-algebra because of the following observations:

1. the empty set, @, belongs to A;

2. =X -0 =X, and X® = X — X = (), showing that
the complement in X of the sets ) and X in A are X
and (), respectively, and also belongs to A;

3. 0 UP =0, UX =X, and XUX = X, showing that

the unions of collection of sets in A also belong to A.
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Remark 1.1.3. {0, X} is the smallest o-algebra] The
o-algebra {(), X} (discussed in Example 1.1.2), which has only

two members, is contained in every o-algebra of subsets of X.

Example 1.1.4. Given a set X, the collection P(X) of all
subsets of X, called the power set of X (which is also denoted

by 2%), is a o-algebra because of the following observations:

1. the empty set, (), belongs to A;

2. the complement in X of any subset of X is a subset of
X and so the complement in X of a set in P(X) also
belongs to P(X);

3. the countable unions of collection of sets in P(X) also
belong to P(X).

Remark 1.1.5. [P(X) is the largest o-algebra] The o-algebra
P(X) (discussed in Example 1.1.4), which is the collection of

all subsets of X, is a superset of every o-algebra of subsets of

X.
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Remark 1.1.6. Combining remarks 1.1.3 and 1.1.5, we have

{0, X} CAC P(X)
N———’

——
smallest o algebra of largest o algebra of
subsets of X subsets of X

for any o-algebra A of subsets of X.

For any o-algebra A, we infer from De Morgan’s Identities
that A is closed under intersections of countable collections of
sets that belong to A; moreover, since the empty-set belongs
to A, A is closed with respect to the formation of finite unions

and finite intersections of sets that belong to A.

Definition 1.1.7. [Difference of Sets, Complement of A
in B] Let A and B be two sets. The complement of A in B,
denoted by B ~ A, is the set of all points in B that are not
in A; that is,

Br~A={x|z€B, x¢ A}
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Remark 1.1.8. If X is the universal set, or the reference set,
then
X~A={z|zeX, x¢ A} = A,

the complement of A.

We observe that a g-algebra is closed with respect to rel-
ative complements since if A; and A, belong to A, so does
Ay ~ As. This is because of the following observation: We
know that

Ay~ Ay = A1 N AS. (1.1)

Since A, belongs to A, its complement X ~ A, also be-
longs to A. Now A; and X ~ Aj belong to A, implies their
intersection A; N [X ~ As] belongs to A. Hence from (1.1) it
follows that A; ~ A, belongs to A.

Proposition 1.1.9. Let F be a collection of subsets of a set
X. Then the intersection A of all o-algebras of subsets of X
that contain F s a o-algebra that contains F. Moreover, it is
the smallest o-algebra of subsets of X that contains F in the

sense that any o-algebra that contains F also contains A.
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Let {A,}22, be a countable collection of sets that belong
to a g-algebra A. Since A is closed with respect to the forma-
tion of countable intersections and unions, the following two

sets belong to A :

limsup{A,}>>, = ﬁ D A,
k=1 Ln=k
and o T o
liminf{A,}>*, = U ﬂ Anl
k=1 Ln=k

Remark 1.1.10.

1. The set lim sup{A,}22, is the set of points that belong

to A, for countably infinitely many indices n;

2. The set liminf{A4,}22, is the set of points that belong

to A, except for at most finitely many indices n.

Remark 1.1.11. Although the union of any collection of
open sets is open and the intersection of any finite collec-
tion of open sets is open, as we have seen, the intersection

of a countable collection of open sets need not be open. In
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our development of Lebesgue measure and integration on the
real line, we will see that the smallest g-algebra of sets of real
numbers that contains the open sets is a natural object of

study.

Definition 1.1.12. The collection B of Borel sets of real
numbers is the smallest o-algebra of sets of real numbers that

contains all of the open sets of real numbers.

Example 1.1.13.

1. Every open set is a Borel set and since a o-algebra is
closed with respect to the formation of complements,

every closed set is a Borel set.

2. As singleton sets are closed, by the above remark, every

singleton set is a Borel set.

3. Since each singleton set is closed and since every count-
able set is the countable union of singleton sets, it fol-

lows that every countable set is a Borel set.

Definition 1.1.14. A countable intersection of open sets is
called a G5 set. A countable union of closed sets is called an

F, set.
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Example 1.1.15. [G; sets and F, sets are Borel sets]
Since a o-algebra is closed with respect to the formation of
countable unions and countable intersections, each Gy set and

each F, set is a Borel set.

Example 1.1.16. Both the lim inf and lim sup of a countable
collection of sets of real numbers, each of which is either open

or closed, is a Borel set.



Chapter

Lebesgue Measure

The Riemann integral of a bounded function over a closed,
bounded interval is defined using approximations of the func-
tion that are associated with partitions of its domain into
finite collection of subintervals. The generalization of the
Riemann integral to the Lebesgue integral will be achieved
by using approximations of the function that are associated
with decompositions of its domain into finite collections of sets
which we call Lebesgue measurable sets. Each interval (Def-

inition 2.1.1) is Lebesgue measurable (Proposition 2.3.20).
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The richness of the collection of Lebesgue measurable sets
provides better upper and lower approximations of a function,
and therefore of its integral, than are possible by just employ-
ing intervals. This leads to a larger class of functions that are
Lebesgue integrable over very general domains and an inte-
gral that has better properties. In this chapter we establish
the basis for the forthcoming study of Lebesgue measurable
functions and the Lebesgue integral: the basis is the concept

of measurable set and the Lebesgue measure of such a set.

2.1 Intervals

The simplest sets of real numbers are the intervals.

Definition 2.1.1. Intervals

1. We define open interval (a, b) to be the set

(a,b)={r €R:a <z <b}.
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2. The half open interval (a, b] is the set

(a, b)) ={r eR:a <z <b}.

3. The half open interval [a, b) is the set

[a,b) ={r €eR:a <z <b}.

Remark 2.1.2. We always take a < b, but we also consider

the infinite intervals
(a, 0) ={reR:a<zx}

and
(=00, a)={reR:x<a}.

We write (—oo, oo ) for R, the set of all real numbers.
Closed interval [a, b] is the set
la, b ={x e R:a <z <b}.

Definition 2.1.3. [Bounded and Unbounded Intervals]



12 Chapter 2. Lebesgue Measure

Intervals of the form
(a, b), [a,b], (a,b], and |[a, b)
are bounded intervals. Intervals of the form
(a, 00), (=00, a), [a,0), and (—o0, a]

(—00, 00 ) can also be regarded as an interval. are unbounded

intervals.

2.1.1 Length of an Interval

Let I be an interval of any type given above. Then we have

the following definition:

Definition 2.1.4. The length [(I) of the interval [ is defined

1. to be the difference of the endpoints of the interval [ if
I is bounded, and

2. oo if I is unbounded.
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Example 2.1.5.

1. The length of the bounded interval (a, b) is b — a.
Lengths of the intervals [a, b], (a, b] and [a, b) are also
b — a. In particular, the length of (0, 1) is 1 and that
of [0, 1] is also 1.

2. The lengths of the unbounded intervals (a, 00), (—o0, a ),

[a, o) and (—o0, a| are the same and is co.

Remark 2.1.6. (We recall that the system of real numbers
R can be extended by including two elements +oo and —oc.
This enlarged set is called the extended real number sys-
tem.) If we let S be the collection of all intervals (bounded

and unbounded), then the length is the function
[:S—>RU{x}

from the collection of all intervals to the extended real number
system. That is, length is an example of a set function,
(Recall that a set function is a function that associates an

extended real number to each set in some collection of sets.)
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So far, the domain of the set function length is the collec-
tion of all intervals.
Aim of this chapter is to extend the notion of length to

more complicated sets than intervals.

As a generalization, we could define the length of an
open set to be the sum of the lengths the countable number

of open intervals of which it is composed.

Example 2.1.7. The length of the open set (0, 1)U(3, 8)is
the sum of the lengths the of open intervals (0, 1) and (3, 8)

of which it is composed and is given by

[0, DU, 8)) = (0, 1))+1U(3, 8))
= (1-0)+(8—-3)=6.
—— N —

1 5

However, the collection of sets consisting of intervals and
open sets is still too limited for our purposes.
Aim: We construct a collection of sets called Lebesgue
measurable sets, and a set function of this collection called

Lebesgue measure which is denoted by m.



2.1 Intervals 15

2.1.2 Collection of Lebesgue measurable sets

is a o-algebra

Definition 2.1.8. [Definition 1.1.1 (Page 2) revisited] A col-
lection of subsets of R is called a o-algebra provided it con-
tains R and is closed with respect to the formation of com-

plements and countable unions.

Remark 2.1.9. By De Morgan’s Identities, a collection as in
the definition above is closed with respect to the formation
of countable intersections. That is, o-algebra is closed with

respect to the formation of countable intersections.

Definition 2.1.10. [ Collection of disjoint sets]| A col-
lection of sets is said to be disjoint if the members of the
collection are pairwise disjoint; that is, that each pair of sets

in the collection has empty intersection.

The collection of Lebesgue measurable sets (which we
will construct in coming sections) is a o -algebra which con-
tains all open sets and all closed sets The set function m,
called measure (or Lebesgue measure), possesses the

following three properties:
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1. (The measure of an interval is its length) Each

nonempty interval [ is Lebesgue measurable and

(Measure m is translation invariant) If F is
Lebesgue measurable and y is any number, then the

translate of E by y, given by
E+y={r+y|zekFE}
is also Lebesgue measurable and

m(E +y) = m(E).

(Measure is countably additive over countable
disjoint unions of sets) If { £, },~, is a countable dis-

joint collection of Lebesgue measurable sets, then

m <U Ek) => m(Ey).
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2.1.3 Construction of a set function satisfy-

ing the above three properties

It is not possible to construct a set function having the above
three properties and is defined for all sets of real numbers. In
fact, there is not even a set function defined for all sets of real
numbers that possesses the first two properties and is finitely
additive. We overcome this limitation by constructing
a set function on a very rich class of sets that does
possess the above three properties. The construction
has two stages.

Stage One: We first construct a set function called outer
measure, which we denote by m*. It is defined for any
set of real numbers (any subset of R), and thus, in

particular, for any interval. We will see that

1. The outer measure of an interval is its length.
2. Outer measure is translation invariant.

3. However, outer measure is not finitely additive. But it

is countably subadditive in the sense that if {Ej}., is
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any countable collection of sets, disjoint or not, then

Stage Two: The second stage in the construction is to
determine what it means for a set to be Lebesgue measur-
able and show that the collection of Lebesgue measurable
sets is a 0 -algebra containing the open and closed sets. We
then restrict the set function m* to the collection of Lebesgue
measurable sets, denote it by m, and prove m is countably

additive. We call m, the Lebesgue measure.

2.2 Lebesgue Outer Measure

We have seen that the length (([) of the interval [ is (Defi-
nition 2.2) defined

1. to be the difference of the endpoints of the interval I if
I is bounded, and

2. oo if I is unbounded.
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Definition 2.2.1. [Outer measure] For a set A of real
numbers, consider the countable collections { I}, ; of nonempty
open, bounded intervals that cover A, that is, collection for
which A C ;2 Iy. For each such collection, consider the
sum of the lengths of the intervals in the collection. Since the
lengths of nonempty intervals are positive numbers, this sum
is uniquely defined independently of the order of the terms.
We define the outer measure of A, denoted by m*(A), to

be infimum of all such sums, that is,

k=1 k=1

Remark 2.2.2.

1. For any set A of real numbers, m*(A) > 0, because
by the Definition 2.2.1 (Equation (2.1)) m*(A) is the
infimum of a set of positive real numbers.

2. For the empty set 0, m*(0) = 0.

3. Since any cover of a set B is also a cover of any subset
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of B, outer measure is monotone in the sense that
if A C B, thenm*(A) < m*(B).

Example 2.2.3. Each set consisting of a single point has
outer measure 0 (Ref. Exercise 2.8.1 in Page 106)

Example 2.2.4. A countable set has outer measure 0 (Ref.
Exercise 2.8.2.)

Proposition 2.2.5. The outer measure of an interval is its

length.

Proof. CASE 1: We begin with the case of a closed, bounded
interval, say, [a, b].
Claim:

m*[a, b] = b— a. (2.2)

i.e., we claim that

m*[a, bl =1([a, b]).

Subclaim 1: m*[a, b] < b — a. To prove this subclaim, let

e > 0. Since the open interval (a — ¢, b+ ¢) contains [a, b
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(Fig.2.1),

m*a, b] <l(a—e, b+¢e)=b—a+ 2e. (2.3)

(
A

‘
—
a—e a bb+ e

Figure 2.1: The open interval (a — e, b+ ¢) contains [a, b] and
lla—e, b+e)=(b+¢e)—(a—e)=b—a+ 2¢.

[[ Details: By the definition of outer measure,

m*([a, b]) = inf {Zzuk)m < Ik} (2.4)

where infimum is taken over all countable coverings {Ij},-,
of [a, b] (where I}’s are nonempty open, bounded intervals).
In the above, we have seen that the open interval (a—e, b+¢)
contains [a, b], so that the collection { (a — e, b+¢)} (con-

taining the single element, which is the open interval (a —
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g, b+¢€)) covers C. Hence, from (2.4), we have

m*([a, b]) = 1nf{Zl (I1)|A C Ulk} < l(a—&? b+e¢) |

k=1 b+e—(a— ) b—a+2¢

Since € > 0 is arbitrary, (2.3) shows that
m*[a, b] < b—a. (2.5)

Subclaim 2:
m*[a, b] > b — a. (2.6)

This is equivalent to showing that if {I}},-, is any countable

collection of open, bounded intervals covering [a, b], then

> L) =b—a. (2.7)
k=1

[[ Why (2.6) and (2.8) are equivalent? If we show that

M8

(I)>b—a

e
Il
—

for any countable collection {I} },-,of open intervals covering
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[a, b], then

inf{Zl(Ik) | AC UIk} >b—a
k=1 k=1

where infimum is taken over all countable coverings {Ij};-,

of [a, b] (where I}’s are nonempty open, bounded intervals).
Then

m*([a, b]) = inf {il([kﬂfl C G [k} >b—a

proving the subclaim 2. ]]
Now to show that if {I;},~, is any countable collection of

open, bounded intervals covering [a, b], then

S UL) =b—a, (2.8)

[e.9]
k=1
we use the Heine-Borel Theorem, which gives that the closed
bounded interval [a, b] is compact and hence, any collection of
open intervals covering [a, b] contains a finite subcollection

that also covers [a, b]. So for the given collection {fj};-, of



24 Chapter 2. Lebesgue Measure

open intervals covering [a, b] has a finite subcollection, say,

{ I };_, that covers [a, b]. We will show that

zn: I(I)>b—a (2.9)

and therefore
D UI) =) i) = b—a. (2.10)

Since the finite collection { I, };/_, covers [a, b] (i.e., that [a, b] C
Us—, Ix) and since a € [a, b], we have a € |J;_, Iy and so
there must be one of the I.’s that contains a. Select such
an interval Ip from the collection { I} },_, and denote it by
Ip = (a1, by).

Case 1: If by > b, then

Z(IP) :l(al, b1>:b1—a1 >b—a.
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—t

Vi
(
aq a

o T
g" e
[

Figure 2.2: By the choice of the interval (a1, b1), a € (a1, by).

If also b; > b, then we have the situation as in the figure.

Hence
n

S UI) = U(Ip) > b—a.

k=1
Case 2: Consider the case by < b. Then b, € [a, b) (i.e., b
is an element in the left closed right open interval [a, b)) and
since by ¢ (aq, by), there must be an interval in the collection
{I).},_,, which we label Iy = (as, b2), distinct from (ay, by),
for which by € (ag, by); that is as < by < bs.

Case 2a: If by > b, then (Fig. 2.3)
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i [ [ 1 \
( | R N N N
a1 a a» bl b b2

Figure 2.3: By the choice of the interval (a1, b1), a € (a1, by).
If by < b, then we choose (asz, bs) such that by € (ay, by).
Figure consider the Case 2a where by > b.

l([p)‘Fl(IQ) = l(al, b1)~|—l(a2, bg)
= (bl—a1)+(b2—a2)

= bz—(a2—bl)—a1

= b2_al_(a2_bl)

— —

>0
by — ay

b—a.

Hence
n

> UI) = U(Ip) +1(Ig) > b—a.

k=1
We continue this selection process until it terminates, as it
must since there only n intervals in the collection {Ij};_;.

Thus, we obtain a subcollection {(ax, bx)}n-; of {I;},_, for
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which the following three conditions are satisfied:

1. a1 <a
2. apy; <bpfor 1 < k< N-—1,and

3. by > b.
(Third condition holds since the selection process terminated.
Since {I};_, is a finite collection, our process must terminate
k=1

with some interval (ay, by). But it terminates only if b €
(CZN, bN); that is if ay < b< bN) Thus,

ULy = D> lak — by)

k=1
= (by —an)+ (bn-1 —an—1)+ -+ + (b1 —aq)
= by — gak - bk—1z—£ak—1 — br_2)
=0 =0

— o —(ag—by) —ay
N——
>0
= bN—fh—(ak—bkq)
N ——

>0
— (a1 —bg2) = -+ — (a2 = by)
—_——— ——

>0 >0
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> by —ay

> b—a.

Thus the inequality (2.9) holds. Hence m*[a, b] > b— a, prov-
ing the subclaim 2 given by the inequality (2.6). Now from
(2.5) and (2.6) it follows that

m*[a, b =b— a.

This proves the claim (2.2).

CASE 2: If ] is any bounded interval (need not be a closed
interval), then given ¢ > 0, there are two closed, bounded

intervals (Fig. (2.4)) J; and J, such that
J1CICJ,

while
I(I)—e<I(Jy) and I(J2) <I(I)+e. (2.11)
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Jy

I

Jo

Figure 2.4: We choose J; and J; such that J; C I C J; and
I(I)—e < I(Jy) and I(J3) < I(I) +e.

By CASE 1, for closed, bounded intervals J; and .Js,
m*(Jy) =1(Jy) and m*(Jy) =1(J2). (2.12)
Also, by the montonicity of outer measure,
J CICJy=m"(J1) <m*(I) <m*(Jy). (2.13)

Hence using (2.12),
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and using (2.11),
I(I)—e<l(J1)<m™"(I)<I(Jy) <I(I)+e

As the choice of ¢ > 0 is arbitrary, it follows that for any
e >0,
I(I)—e<m™(I)<I(I)+¢

and hence

Remark: Case 1 and Case 2 together shows that for any
bounded interval I,
I(I)=m"(I).

CASE 3: If I is an unbounded interval, then for each
natural number n, there is an interval J C I with [(J) =
n(Fig. (2.5)).

By the monotonicity of outer measure, J C I implies

m*(I) > m*(J).

Since J is a bounded interval, by the Remark just above,
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Figure 2.5: If I is an unbounded interval, then for each natural
number n it is possible to find an interval of length n which is a
subset of I. In the figure, two such intervals (of lengths 4 and 6)
are shown.

m*(J) = 1(J). Also, by the choice of J, I(J) = n. Thus,

That is,

The above holds for each natural number n. Therefore

m*(I) = 0. (2.14)
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Being the length of an unbounded interval (by Definition )
I(I) =00.

This together with (2.14) gives

Considering all cases we have outer measure of an interval is

its length. This completes the proof. [

Definition 2.2.6. For any set A and number y, A + y is the
set given by
A+y={a+y:acA}.

Example 2.2.7. If A =[1, 5|, then A4+3 ={a+3:a€ A} =
[4, 8] (Fig. ( 2.6)).
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A=]1,5]

A+3=[1,5+3=[4, 8]

Figure 2.6: A=[1, 5] and A+ 3 = [4, 8.

Example 2.2.8. If A =[-3, 1], then

A+ (=3)={a+(=3):ae Al =[-6, —2] (Fig.( 2.7)).

-6 -3 -2 1

A=[-3,1]

A+ (_3) = [_3’ 1] + (_3) = [_ﬁ’ _2]

Figure 2.7: A =[-3, 1] and A+ (—-3) = [-6, —2].
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Example 2.2.9. If A = (-2, 0), (Fig. ( 2.8)) then

A+ (=6) = {a+(=6) 1 a e A} = (=8, c0).

-8 -2

A= (-2, 00)

A+ (—6) = (-2, oc) +(—6) = (-8, <)

Figure 2.8: A =1, 5] and A+ 3 = [4, §|.

Proposition 2.2.10. Outer measure is translation invariant,
that is, for any set A and number vy,

m*(A+y) = m*(A).

Proof. Observe that if {I;}32, is any countable collection of

sets, then

{Ix}72, covers Aif and only if {1 + y}7>, covers A + y.
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_8 —6 -1 1

I, = (—8, —1) of length 7

I.+2=(—6,1) of length 7

Figure 2.9: A = (=8, —1) and A+ 2 = (—6, 1) are open
intervals.

[Details: We know that
A+y={a+y:a€ A}.

{I).}32 covers A if and only if A C |J;o, I} if and only if
A+y C U,y +y) where I +y = {z +y:z € I} for
k=1,2, ...ifand only if { I +y}3°, covers A+y .|| Moreover,
if each [ is an open interval, then each [ + y is an open

interval of the same length (An example is shown in Fig. 2.9)

and so . -
S UL) =) (I +y).
k=1 k=1
The conclusion follows from these two observations. O]

Proposition 2.2.11. Outer measure is countably subadditive.
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That is, if { Ex}32, is any countable collection of sets, disjoint

or not, then

m* (U Ek) <> mt(Ey). (2.15)

Proof. Case 1: If one of the sets F}’ s has infinite outer
measure, say m*(E,) = oo, the inequality (2.15) holds triv-
ially. [[Reason: m*(E,) = oo implies Y .- m*(E)) = 00, so
that the right hand side of (2.15) is oo; also we know that
always m* (U,—, Ex) < co. Thus (2.15) holds.]]

Case 2: Suppose m*(Ey) is finite for all £ (i.e., we assume
that each of the Ej’s has finite outer measure). Let ¢ > 0.
For each natural number k, there is a countable collection

{I,:};=, of open, bounded intervals for which
o oo i c
By, C I and Y 1T ) < m*(Ey) + L (2.16)
i=1 k=1

[Reason: Fix a natural number k. By the definition of
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outer measure,

m*(Ey) = inf {Zl(JkﬂEk =y Jk}
k=1 k=1

where infimum is taken by considering all countable collec-
tions {Ji },—, of nonempty open, bounded intervals that cover
Ey, that is, we consider all collections {Jy},-, for which Ej, C

Uiei Ji- Then m*(E}y) 4 & is not the infimum of the set

{il<Jk)|Ek C G Jk}

and hence there is a countable collection {Ij, ;};-, of nonempty
open, bounded intervals for which Ex, C ;2 Ix i, D _pey (Ix, i) €
{300 W ER € ULy Jit and 3207, LTk, o) < m*(Ey) + 7.
| Now we vary k over the set of natural numbers and obtain

the collection

Uk ihicp i coo = b2y UL b2 U T b2, U -
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Being the countable union of countable collections,

{I/a i}lgk, i <00

is a countable collection. For each natural number &k, FE} is
covered by {I, ;};-,. Hence {I; i}, ., . _ is a countable col-
lection of open, bounded intervals that covers | J,-, Ex. That

is,
Uec U e
k=1

Thus, by the definition of outer measure,
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m* (DEk> < D I

1<k, i<oco

e
k=1 Li=1

< ; [m (Ex) + ;—k} ,using (2.16)
k=1 k=1

In the above

being the geometric series with initial term a = % and common

: __ 1. © 1 _ a _ _2 __
ratio r = 5; we have )~ | o = = %—1.
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Since ¢ is an arbitrary positive number, we have

o (05) < [Se

k=1 k=1

+e

holds for every € > 0. Hence

Thus 2.15 is obtained and the proof is complete. O

The following result follows from Proposition 2.2.11 (Ex-

ample 2.2.3 revisited) and its proof is given in Exercise 2.8.3.
Corollary 2.2.12. A countable set has outer measure zero.

Example 2.2.13. The set [0, 1] is not countable.

Solution. If [0, 1] is countable, then by Corollary (2.2.12), its
measure must be 0, which is a contradiction to the fact that
the outer measure of the interval [0, 1] is its length given by

1 — 0= 1. Hence [0, 1] is not countable.

Corollary 2.2.14. Quter measure s finite subadditive. That

is, if {Ex}i_q is any finite collection of sets, disjoint or not,
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then

Proof. The result is obtained by taking Ej = () for k > n in
Proposition 2.2.11. O

2.3 The o-Algebra of Lebesgue Mea-
surable Sets

In the previous section we have seen that outer measure has

four virtues:

1. it is defined for all sets of real numbers,
2. the outer measure of an interval is its length,
3. outer measure is countably subadditive, and

4. outer measure is translation invariant.

But outer measure fails to be countably additive. In fact, it

is not even finitely additive because there are disjoint sets A
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and B for which
m* (AU B) <m*(A) +m*(B). (2.18)

To solve this fundamental defect and make things better, we
identify a o-algebra of sets, called the Lebesgue measurable
sets, which contains all intervals and open sets and has the
property that the restriction of the set function outer measure
to the collection of Lebesgue measurable sets is countably

additive.

There are a number of
ways to define what it means
for a set to be measurable.
We follow an approach due
to the Greek mathematician

Constantine Caratheodory.

Constantine Caratheodory
(1873-1950)

Greek Mathematician
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Definition 2.3.1. A set F is said to be measurable if for

each set A, we have
m*(A) =m*(ANE) +m* (AN E°). (2.19)

Remark 2.3.2. 1. One advantage possessed by measur-

able sets is that the strict inequality (2.18)
m* (AU B) < m*(A) + m*(B)

cannot occur if one of the sets is measurable. To
exhibit this, suppose A is measurable and B is any set
disjoint from A. Then, since A is measurable, by the

definition of measurability given above, for any set @),
m*(Q) = m*(Q N A) +m*(QNn A7),
In particular, taking () = AU B, we have
m*(AUB) = m*([AUB]NA)+m*([AUB]NAY) (2.20)

By assumption B is disjoint from A, and hence (Fig.
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(2.10))
[AUB]NA=[ANAJU[BNA =A
T T
and

[AUB]INA® = [AnA°]| U [Bn AY] = B.

. . /
-~ -~

1] B

OO0

Figure 2.10: If AN B =0, then [AUB]NA = A and [AU
BN A® = B.

Thus, from (2.20), we obtain

m*(AU B) = m*(A) +m*(B).
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A E

Figure 2.11: Figure 2.12:
AN

2. Since A = [ANE]U[AN E°] (two cases are shown in

/

Am(EuEC) =A
Fig.2.11 and Fig.2.12) and since outer measure m* is

finitely subadditive (Corollary 2.2.14), we always have

m*(A) = m* ([AN E]U[ANEY))
< m*(ANE)+m* (AN E°)
1
asm™ is finitely
subadditive

Hence we see that E is measurable if (and only if) for
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each A we have
m*(A) > m* (AN E)+m*(An E°). (2.21)

This last inequality trivially holds if m*(A) = co. Thus
it suffices to establish (2.21) for sets A that have finite

outer measure.

Remark 2.3.3. [Method of verifying measurability of
a set] In view of the observation in Part 2 of the Remark
2.3.2 above, to show the measurability of a set E we proceed as

follows:

1. if m*(A) = oo, then there is nothing to prove.

2. if A that has finite outer measure, then it suffices to
establish

m*(A) > m* (AN E) +m*(An E°). (2.22)

Proposition 2.3.4. A set is measurable if and only if its

complement is measurable.
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Proof. By the Definition 2.3.1 of measurability, FE is mea-

surable if and only if for any set A,
m*(A) = m* (AN E) +m*(An E°)
By reordering the summands, we obtain
m*(A) =m*(ANE®) + m*(ANE). (2.23)
Since (EY)¢ = E, (2.23) can be rewritten as, for any set A,
m*(A) =m* (AN EY) +m*(An (E)°). (2.24)

(i.e., the definition of measurability is symmetric in F and
E°)
By Definition 2.3.1 of measurability, the last equality (which

is true for any set A ) shows that E¢ is measurable. O

Proposition 2.3.5. The empty set () is measurable.

Proof. The empty set () is measurable, since for each set A
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we have

m*(ASE'@) +m*(4 2 %) = m*o(@) +m’(A) =m"(A).

O
Proposition 2.3.6. The set R of real numbers is measurable.

Proof. The set R of real numbers is measurable, since for each

set A we have

m (ANR) +m* (ANREY) =m*(A) + m*(0) = m*(A).
A ANpP=0 0

]

Theorem 2.3.7. If m*(E ) =0, then E is measurable. i.e.,

if Eis a set of outer measure zero, then FE is measurable.

Proof. Let the set E have outer measure zero. i.e., suppose
m*(E) = 0. By Remark 2.3.3 (See inequality (2.22)), to
show that F is measurable, it is enough to show that for any
set A,

m*(A) > m*(ANE) +m* (AN E°). (2.25)



2.3 The o-Algebra of Lebesgue Measurable Sets

For this, let A be any set. Then
ANECE,
and so, by the monotonicity of outer measure,
m* (ANE)<m*"(E)=0.

Hence
m*(ANE)=0.

Also
ANE® C A,

and so by the monotonicity of outer measure,

m* (AN EY) <m*(A).

49
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Thus,

m*(A) > m*(AnE°)

= _ 0 +m*(ANE")
m*(ANE)

= m'(ANE)+m* (AN E°).

Hence (2.25) holds for any set A. This shows that FE is

measurable and proof is complete. [

Corollary 2.3.8. Any countable set is measurable.

Proof. By Example 2.2.4, outer measure of any countable set
is zero. By Theorem 2.3.7, if FE is a set of outer measure zero,
then F is measurable. Hence any countable set is measurable.

m

Proposition 2.3.9. If Ey and Es are measurable, so is E1 U
E.

Proof. By the Remark 2.3.3 (See inequality (2.22)), to show

that E7 U Ey is measurable, it is enough to show that for any
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set A,
m*(A) > m* (AN (E;UE,y))+m* (AN (B, U Ey)Y). (2.26)

To show this, let A be any set. Since F; is measurable, we

have
m*(A) =m* (AN E;) +m* (AN EY). (2.27)

Since E, is measurable, considering the set A N EY,
m*(ANES) = m*([ANEC|NEy) +m*([ANECINES). (2.28)
Hence (2.27) becomes

m*(A) =m*(ANE)+m*([AN EC] N Ey) + m*([AN EC) N EY).

(&

(2.29)

Also we use the following two set identities:

[ANECINEY = AN[EYNES] = AN[E, UE,°
—

[El UE2]C
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and
[ANE|U[ANESNE,)] = AN[E U(E°NE,)]
El‘JEQ
= AN (B U Ey)
Hence

m* (AN(ELUE,y)) = m* | [ANEJU[ANES N Ey)
< m*([ANE]) +m* ([ANES N E)],

where the last inequality follows by the finite subadditivity of

outer measure (Corollary 2.2.14).
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Hence (2.29) gives

m*(A) = m*(ANE) +m*([ANE’|NE,)
+ m*([AN EY]N EY), using (2.28)
m* (AN [TE: UE,] ©)
= m (AN E) +m*([AN E{]N E,)
Zm*(Aﬂ‘(rElUEz))
+m (AN [E U B, 9)

> m* (AN (E1UEy)) +m* (AN [E,UE,]°).

This inequality is true for any set A. Hence (2.26) is
proved. Thus, F; U E, is measurable. O

Proposition 2.3.10. The union of a finite collection of mea-

surable sets is measurable.

Proof. By Proposition 2.3.9, if F; and FE, are measurable, so
is £1 U Es.

Now let {Ej},_, be any finite collection of measurable sets.
We prove the measurability of the union | J,_, Ej, for general

n, by induction.



54 Chapter 2. Lebesgue Measure

Step 1. The result is trivially true for n = 1. (i.e., if consider
a set {E'} consisting of a singleton measurable set F, then its

union is F itself, which is measurable.)

Step 2. As induction argument, assume the result is true
for n — 1. That is, we assume that for any collection of n —
1 measurable sets, its union is measurable. Now we show
that the union |J;_, Ej (the union of n measurable sets) is

measurable. We note that

n n—1
UE=|JE| VE.. (2.30)
k=1 k=1

By the induction argument, being the union of n — 1 measur-
able sets, UZ: E}, is measurable. By the assumption, F,, also
is a measurable set. Hence, by Proposition 2.3.9, the union
of the two measurable sets UZ’;} FE, and FE,, is also measur-
able. That is, | - E}] UE, is measurable. Hence by (2.30),

Ui_, Ex is measurable. 0

Proposition 2.3.11. Let A be any set, and {Ey, ..., E,}
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be a disjoint collection of measurable sets. Then

m* (/1ﬂ (j_Ek ) =:§§:7R*L4FWE%)
k=1

k=1
Proof. We prove the Proposition by induction on n.

Step 1. The result is clearly true for n = 1, because
1
m* (flﬂ LJ‘E%

k=1
Step 2. As induction argument, we assume the result is

>_m (AN E,) = Zm (AN Ey).

true for n — 1. Since the Ei, k = 1, 2, ... , n are disjoint

sets, we have (a special case is shown in Figure 6.8)

n

UE

and -
U Ey| N ES U E,
k=1 k=1

and hence
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E,

E;

Figure 2.13: If Ey, E,, and Fj3 are disjoint sets, then
[Ui:l Ey] N Es = E3 and [U2:1 B NEY = Us=1 Ex-

AN UEk NE,=ANE, (2.31)
k=1
and )
An|JE | nES=An || E (2.32)
k=1 k=1
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Now by the measurability of F, (using the Definition 2.3.1
of measurability of a set), for the set AN [J;_, Eil,

m*(Aﬂ ) = m*(Aﬂ ﬁEn>
+m* (Aﬂ ﬁES)

Using (2.31) and (2.32), the above equation becomes

m* (Aﬂ

By the induction assumption, the result in the statement of

n

U

k=1

U
k=1
U

k=1

n—1
U %

T )

n

Uz

k=1

) =m"(ANE,)+m" (Am

the Proposition is true for n — 1 sets, and hence

n—1 n—1
m* (/1F1 LJ Ek > ::j£:7n*(f1F]E%).
k=1 k=1
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Thus, (2.33) gives

m* (Aﬂ

s

> = m*(AﬂEn)+nz:m*(AﬂEk)

k=1 k=1
= ) m (ANE).
k=1
This completes the proof. O]
Corollary 2.3.12. Let {FE;, ..., E,} be a disjoint collection

of measurable sets. Then

o (05) - i

Proof. By taking A = R in the statement of Proposition
2.3.11, we obtain

m* (Rﬂ

U
k=1

Since
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and
RNE,=E, for k=1,... n,

we conclude that

k=1

k=1

]

Definition 2.3.13. A collection of subsets of R is called an
algebra provided it contains R and is closed with respect
to the formation of complements and finite unions; by De
Morgan’s Identities, such a collection is closed with respect to

the formation of finite intersections.

Remark 2.3.14. [collection of measurable sets is an alge-
bra] We infer from Proposition 2.3.10, together with the mea-
surability of the complement of a measurable set (Proposition

2.3.4), that the collection of measurable sets is an algebra.

It is useful to observe that the union of a countable collec-
tion of measurable sets is also the union of a countable disjoint

collection of measurable sets. We state this as follows:
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Lemma 2.3.15. Let { A} _, be a countable collection of mea-

surable sets. Define
All - Al

and for each k > 2, define

k-1

A=A~ A
=1

Then { A}~ is a disjoint collection of measurable sets whose

union is the same as that of {Ax}r—,.

Proof. Since the collection of measurable sets is an algebra,
{A}}o2, is adisjoint collection of measurable sets whose union
is the same as that of {Ax}, ;. O

Proposition 2.3.16. The union of a countable collection of

measurable sets is measurable.

Proof. Let FE be the union of a countable collection of mea-
surable sets. As we observed in Lemma 2.3.15, there is a

countable disjoint collection of measurable sets {Ej},-, for
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which .
E=|]E.
k=1
Let A be any set. Let n be a natural number. Define
F,=JEx
k=1
That is,

F,=E,UEy---UL,.

Being the finite union of measurable sets, F;, is measurable
(Proposition 2.3.10). Hence, by the definition of measurable

set, for the measurable set F),, and the given set A,

m*(A)=m*(ANFE,)+m" (A N Fnc) ) (2.34)
Since . .
m:UmgUm:E
k=1 k=1
we have
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and hence
ANFEY D ANE",

and so the monotonicity of outer measure gives
m* (AﬂFnC) >m* (AQEC).

Thus, (2.34) gives

m*(A) m* (ANF,)+m* (AN E)

m* (ANE,)+m* (AnNE®).  (2.35)

)

= Z m* (AN Ey), using Proposition 2.3.11.
k=1

v

Also,

s

k=1

m* (ANF,) = m" (Aﬂ

Thus, (2.35) gives

m*(A) > zn:m*(Aﬂ Ey) +m* (AN E°).

k=1
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Since the left side of this inequality is independent of n, it
follows that the above result is true for any natural number

n and hence we have (letting n — 00)

i (AN Ey) +m* (AN EY). (2.36)

k=1

By the countable subadditivitiy of the outer measure m* (Propo-

sition 2.2.11), we have

S (Juns)

k=1

Since

G(AmEk):AmGEk

the above inequality gives

U Ee|) =m"(AnE),

k=1

> m(ANE;) > m* (AN

k=1
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and so (2.36) gives
m*(A) >m* (AN E) +m* (AN E°).

Thus, (2.22) in the Remark 2.3.3 is satisfied for any set A.

Hence E is measurable. This completes the proof. [

Definition 2.3.17. [o-algebra ] A collection of subsets of
R is called an o-algebra provided it contains R and is closed
with respect to the formation of complements and countable

unions.

Remark 2.3.18. By De Morgan’s Identities, o-algebra is also
closed with respect to the formation of countable intersec-

tions.

Proposition 2.3.19. The collection of measurable sets is a

o-algebra.

Proof. Let M be the collection of measurable sets.

1. By Proposition 2.3.6, R € M.

2. By Proposition 2.3.4, A € M implies A° € M; i.e., M

is closed with respect to the formation of complements.
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3. By Proposition 2.3.16, the union of a countable col-
lection of measurable sets is measurable. Hence M is

closed with respect to the formation of countable unions.

Hence, by Definition 2.3.17, M is a o-algebra. That is, the

collection of measurable sets is a o-algebra. O

Proposition 2.3.20. FEvery interval is measurable.

Proof. By Proposition 2.3.19, the set of measurable sets are
a o-algebra. Therefore to show that every interval is measur-
able it suffices to show that every interval of the form (a, oo)
is measurable [Because then, by the Definition of o-algebra or
by Part 2 of the proof of Proposition 2.3.19, its complement
(—o0, a] is measurable. Using De-Morgan’s laws, Remark
2.3.18 and various set identities it can be shown that intervals
of the form [a, b], [a, ), (a, b], (a, b), (—o0, a], and (a, o) are
also measurable].

Consider such an interval (a, 00). Let A be any set. We

assume a does not belong to A. Otherwise, replace A by A ~

{a} (thena ¢ A ~ {a}) leaving the outer measure unchanged,
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because of the following observation:

m*(A) = m*([A ~ {a}] U{a}) <m*(A ~ {a}) + m"({a})
X i

(where the last inequality is obtained by the countable sub-

additivity of outer measure) and so
m*(A) <m*(A\{a})

As outer measure is monotonic increasing, since A ~ {a} C A,

we also have

m*(A\{a}) <m*(A4)

and thus
m*(A\{a}) =m"(A).
It is enough to prove (2.22) in the Remark 2.3.3. That is, we

must show that

m*(A) > m* (AN (a, 00)) +m* (AN (a, 00)).



2.3 The o-Algebra of Lebesgue Measurable Sets

AN (a, 00)? = AN (—o0, d
and since a ¢ A, it follows that
AN (a, 00)’ = AN(-o0, a).

Hence it we let

Ay :Aﬂ(—oo, a), and Angﬂ(a, 00).

then it must be shown that

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

67

(2.37)

By the definition of the outer measure m*(A) as an infimum

(Definition 2.2.1 ), to verify (2.37) it is necessary and sufficient

to show that for any countable collection {I}.;-, of open,

bounded intervals that covers A,

m*(Ay) +m*(4y) < Z

(2.38)
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Indeed, for such a covering, for each index k, define
I, = I ﬂ(—oo, a), and I =1 ﬂ(a, 00).
Then I; and I} are intervals and
[(Iy) = U(I,) + U(I}). (2.39)

Since {I} },-, and {I}/};7, are countable collections of open,
bounded intervals that cover A, and A, , respectively, by the

definition of outer measure (Definition 2.2.1 ),

m*(A;) gi and m*(Ay) gi 1.
k=1 =1

Therefore,
m* (A +m(As) < Y I+ U
k=1

[(13,) + U(I)

I
Mo T

i

1

[M]¢

(1), using (2.39).

i

1
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Thus (2.38) holds and the proof is complete. O

Proposition 2.3.21. FEvery open set is measurable.

Proof. Every open set is the disjoint union of a countable col-
lection of open intervals. By Proposition 2.3.20, every open
interval is measurable. Hence, by Proposition 2.3.16, every

open set is measurable. [

Proposition 2.3.22. Fvery closed set is measurable.

Proof. By Proposition 2.3.21, every open set is measurable.
Since the collection of measurable sets is a g-algebra (Propo-
sition 2.3.19), it follows that complement of an open set is
also measurable. Every closed set is the complement of an
open set. Hence closed sets are measurable. This completes
the proof. O

Recall that (Definition 1.1.14) a set of real numbers is said
to be a G5 set provided it is the intersection of a countable
collection of open sets and said to be an F,, set provided it is

the union of a countable collection of closed sets.

Proposition 2.3.23. Fvery G5 set is measurable.
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Proof. Since open sets are measurable (Proposition 2.3.21)
and since the collection of measurable sets is a o-algebra
(Proposition 2.3.19), using Remark 2.3.18, it follows that G
set, which is the intersection of a countable collection of open

sets, is measurable. O

Proposition 2.3.24. Fvery F, set is measurable.

Proof. An F, set is the union of a countable collection of
closed sets. By Proposition 2.3.22, every closed set is mea-
surable and by Proposition 2.3.16 the union of a countable
collection of measurable sets is measurable. Hence every F,

set 1s measurable. ]

Definition 2.3.25. The intersection of all the o-algebras of
subsets of R that contain the open sets is a o-algebra called the
Borel o-algebra; members of this collection are called Borel

sets.
Notation 2.3.26. Borel o-algebra is denoted by B.

Remark 2.3.27. The Borel o-algebra is contained in every

o-algebra that contains all open sets. i.e., if A is a o-algebra
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that contains the open sets, then
BC A

Theorem 2.3.28. The collection M of measurable sets is a
o-algebra that contains the o-algebra B of Borel sets. Fach
interval, each open set, each closed set, each Gy set and each

F, set is measurable.

Proof. e By Proposition 2.3.19, the collection M of mea-

surable sets is a o-algebra.
e By Proposition 2.3.21, M contains all open sets.

e Now M is a o-algebra that contains all open sets. Hence,
by Remark 2.3.27,
BCM.

Hence M is a g-algebra that contains the o-algebra B

of Borel sets.

e Each interval, each open set, each closed set, each G
set and each F, set is measurable follows from various

propositions given above.
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O

Proposition 2.3.29. The translate of a measurable set is

measurable.

Proof. Let E be a measurable set. Let A be any set and y
be a real number. We show that E + y is measurable, using
the measurability of £ and the translation invariance of outer

measure (Proposition 2.2.10).

m*(A) = m'(A-y),
by the translation invariance of outer measure
= m*([A—y] NE)+m"([A—y] NET),
by the measurability of F and
using the set A —y
= m"(AN[E+y)+m (AN[E+y]°).

As the choice of the set A is arbitrary,
m*(A) =m*(AN[E+y)+m*(AN[E+y]°)

holds for any set A and this shows that E + y is measurable.
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As the choice of the real number y is also arbitrary, it follows
that any translate of E is measurable. As the choice of the
measurable set E is also arbitrary, we have translate of a

measurable set is measurable. O]

2.4 QOuter and Inner Approximation

of Lebesgue Measurable Sets

We now present two characterizations of measurability of
a set, one based on inner approximation by closed sets and
the other on outer approximation by open sets, which provide
alternate angles of vision on measurability. These character-
izations will be essential tools for our forthcoming study of
approximation properties of measurable and integrable func-

tions.

Measurable sets possess the following excision property:

Proposition 2.4.1. Excision Property: If A is a measur-

able set of finite outer measure that is contained in B, then
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m*(B ~ A) = m*(B) — m*(A). (2.40)

Figure 2.14: If A C B then BN A= A and BN A® = B\ A.

Proof. By the measurability of A, for the set B,

m*(B) = m*(BNA)+m*(Bn A°).
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Also, since A C B, we have BNA=Aand BNA° =B~ A
(Fig.(2.14)), and hence the above equation gives

m*(B) =m*(A) + m*(B ~ A).

Since A is a measurable set of finite outer measure, m*(A) <
00, and subtracting m*(A) from both sides of the above equa-

tion, we get
m*(B ~ A) =m*(B) —m*(A).

]

Theorem 2.4.2. Let E be any set of real numbers. Then
each one of the following four statements is equivalent to the

measurability of E.
(Outer Approximation by Open Sets and Gs Sets)

(1) Givene > 0, there is an open set O D E withm* (O ~ E) <

€.

(ii) Thereis a Gs set G such that E C G, andm* (G ~ E) =
0.
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(Inner Approximation by Closed Sets and F,
Sets)

(11i) Givene > 0, there is a closed set F C E withm* (E ~ F) <

€.

(iv) There is an F, set F with FF C E, and m* (E ~ F) = 0.

Proof. We establish the equivalence of the measurability of
with each of the two outer approximation properties (i) and (ii).
The remainder of the proof follows from De Morgan’s Iden-
tities together with the observations that a set is measurable
if and only if its complement is measurable, is open if and
only if its complement is closed, and is F, if and only if its
complement is Gs.

We are now going to show that FE is measurable implies
property (i) holds for E implies property (ii) holds for E

implies F' is measurable. Assume E is measurable. Let ¢ > 0.

Case 1: First consider the case that m*(E) < oco. By the

definition of outer measure (Definition 2.2.1), since

m*(E) = inf Y 1(J),

ECUJk
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where infimum is taken by considering nonempty open, bounded
intervals {Jy},-, that cover E. Hence, m*(E) + ¢ cannot be

a lower bound of the set

{Zl (Jr): E C UJk’ where {Jj},—, covers E}

and hence there exists a countable collection of open intervals
{ I }32; which covers E and for which

D U(I) <m*(E) +e. (2.41)
k=1

Define

o-Jn
k=1

Then, being the union of open intervals, O is an open set .
Since { I;;}32, covers E, we have E C |J;—, I. Thus O is an
open set containing F. By the definition of outer measure of
0,

m*(0) = OClnLﬁJk [(Je),

where infimum is taken by considering nonempty open, bounded

intervals {Jj},, that covers O.
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Thus, in particular,

m*(0) < 3 (L),

k=1

Using (2.41), this gives

io: Ik <m )‘l‘g
k=1

Hence
m*(0) —m*(E) < ¢.

However, FE is measurable and has finite outer measure.
Therefore, by the excision property of measurable sets (Propo-
sition 2.4.1 ) |

m* (O ~ E)=m*(0) —m*(E) <e.

Case 2: Now we assume that F is a measurable set of infinite

measure; i.e., m*(E) = oo . For each k € N| let

Er=EnN(—k, k).
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Then Ej, C (—k, k) and hence each Ej, has finite measure and
by what proved in Case 1 above (corresponding to 57) there

is an open set, say Oy, O D E} such that

m* (Oy ~ Ey) < % (2.42)

Let O = Up—; Og. Then O is open, O D E and since

ONE:GOkNECG[OkNEk]
k=1 k=1

we get (by the monotonicity of m*)

m* (0 ~ E) <m* (U (O ~ Ek]> : (2.43)
k=1
By the countable subadditivity of outer measure,

k=1
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and hence (2.43) gives

o0

8 I

5
2k’

(]

using (2.42)
1

i

Thus property (i) holds for E.

Now assume property (i) holds for E.  For each natural

number £, choose an open set Oy that contains £ and for
which

1
Define .
G={)0.
k=1

Then, being the countable intersection of open sets, G is a
(s set that contains FE. Moreover, since for each k, G ~ E C
O ~ E', by the monotonicity of outer measure,

m* (G~ E)<m* (O ~ E) <

e
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That is, for each £,

0<m"(G~E)<

| =

Hence

m* (G~ FE)=

and so (ii) holds.

Now assume property (ii) holds for E. i.e.., assume that there
is a G set G such that £ C G, and m* (G ~ E) = 0. Since
a set of measure zero is measurable (Theorem 2.3.7), it fol-
lows that G ~ E is measurable. Also (G5 sets are measurable
(Theorem 2.3.28). Hence G is also measurable. Also, since
the collection of measurable sets is an algebra, intersection of
the measurable sets G ~ E and G is also measurable. That

is, the set G N[G ~ E]¢ is measurable. Since
E=GN[G~ E|°

it follows that E' is measurable.
Thus, we have shown that FE is measurable implies property

(i) holds for E implies property (ii) holds for £ implies £
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is measurable. This completes the proof. O

Theorem 2.4.3. [Measurable sets of finite outer measure are
nearly equal to the disjoint union of a finite number of open
interval] Let FE be a measurable set of finite outer measure.
Then for each € > 0, there is a finite disjoint collection of
open intervals { Iy }p_, for which if O = J;_, I, then

m*(E ~ O)+m* (0O~ E) <e.

Proof. According to Theorem 2.4.2(i), since E is measurable

corresponding to € > 0 there is an open set U such that

ECU ,with ,m*(U~E)<~. (2.44)

DO ™

Since F is measurable and has finite outer measure, we infer
from the excision property of outer measure that U also has
finite outer measure [[Details: By excision property (Proposi-
tion 2.4.1), m*(U ~ E) = m*(U)—m*(E) and hence m*(U) =
m*(U ~ E)+m*(F) < oo, sincem*(F) < coand m* (U ~ F) <
5.]] We note that Every open set of real numbers is the dis-

joint union of a countable collection of open intervals . Let
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U be the union of the countable disjoint collection of open
intervals { Ix}7°,. Each interval is measurable and its outer
measure is its length. Therefore, by Proposition 2.3.11 and
the monotonicity of outer measure, for each natural number

/n”
n

iz(zk) =m* (U 1k> <m*(U) < 0.

k=1
The right-hand side of this inequality is independent of n.
Therefore

1

TR

k=
Define O = | J;_, 1. Since O ~ E C U ~ E, by the mono-
tonicity of outer measure

m* (O~ E)<m* (U~ FE)

and since &£ C U with m* (U ~ E) < § (using 2.44), the above
gives

m* (O~ E)<m*(U~E)<

YRS
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On the other hand, since £ C U,

Thus,
m* (O~ E)+m*(E~O0)<ce.

2.5 Countable Additivity, Continu-
ity, and the Borel-Cantelli Lemma

2.5.1 Lebesgue Measure

Definition 2.5.1. The restriction of the set function outer

measure to the class of measurable sets is called Lebesgue
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measure. [t is denoted by m, so that if E is a measurable

set, its Lebesgue measure, m(E), is defined by
m(E) =m"(E).

Proposition 2.5.2. Lebesgue measure is countably additive,
that is, if { Ex}32, is a countable disjoint collection of mea-

surable sets, then its union | J;—, By also is measurable and

m <U Ek) => m(Ey).

Proof. Proposition 2.3.16 tells us that | J,-, Ej is measurable.
According to Proposition 2.2.11, outer measure is countably
subadditive. Thus,

To get the equality, it remains to prove this inequality in the

opposite direction. According to Proposition 2.3.11, for each
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natural number n,

k=1 k=1

Since |J;—, By contains (J;_, Ej, by the monotonicity of outer

measure and the preceding equality, for each n,

The left-hand side of this inequality if independent of n.

Therefore

From the inequalities (2.45) and (2.46) it follows that

[]

Theorem 2.5.3. The set function Lebesgue measure, defined

on the o-algebra of Lebesgue measurable sets, assigns length to



2.5 Countable Additivity, Continuity, Borel-Cantelli... 87
any interval, is translation invariant, and is countable additive.

Proof. By Definition 2.5.1, the restriction of the set func-
tion outer measure to the class of measurable sets is called
Lebesgue measure and denoted by m. Hence if A is a mea-

surable set, then m(A) = m*(A).

e By Proposition 2.3.20, every interval is measurable. Hence
its Lebesgue measure is the same as the outer measure.
By Proposition 2.2.5, the outer measure of an interval
is its length. Hence the Lebesgue measure of an interval

is its length.

e By Proposition 2.2.10, outer measure is translation in-
variant. Hence on the o-algebra of Lebesgue measurable

sets, Lebesgue measure is translation invariant.

e By Proposition 2.5.2, Lebesgue measure is countably
additive.
This completes the proof. n

Definition 2.5.4. A countable collection of sets { Ej}2, is
said to be
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1. ascending provided for each k, Ey C Fjy,q, and

2. descending provided for each k, Fy,1 C Ej.

Remark 2.5.5. 1. { E;}2, is ascending if

Ey.CE,CE3C - CE,CEq C

2. { B}, is descending if
EyDFE, D k32D -+ DEpDE 2

Theorem 2.5.6. (The Continuity of Measure) Lebesgue

measure possesses the following continuity properties:

1. If{ Ax}32, is an ascending collection of measurable sets,
then

m (U Ak> = lim m(Ay). (2.47)

2. If { Bk}32, is a descending collection of measurable sets
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and m(B;) < oo, then

m (ﬁ Bk> = ’}LIEOm(Bk) (2.48)

k=1
Proof. We first prove (i).

Case 1. If there is an index kg for which m(Ayg,) = oo, then,

o
by the monotonicity of measure (|J A O A, and A; D
k=1

Ay, for k > ky implies m (U Ak> > m(Ay,) and m(Ag) 2
k=1

m(Ay,) fork > ko so that ) m (U,—, Ax) = co and m(4;) =

oo for all k > k.

Therefore (2.47) holds since each side equals oco.

Case 2. It remains to consider the case that m(Ag) < oo for
all k. Define
Ag=1

and then define

Cy = Ay ~ A4 for eachk > 1.

By construction, since the sequence { Ay }72, is ascending,
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{Cy}2, is disjoint and (=, Ax = Ure; Ck.

By the countable additivity of m (Proposition 2.5.2),

Since { Ax}72, is ascending, we infer from the excision prop-

erty of measure that
> om(Ag~ Apr) =) [m(Ak) — m(Ap-y)]
k=1

= lim » [m(A) — m(Ax-1)](2.50)

= lim [m(A4,) — m(Ay)]

Since m(Ag) = m(0) = 0, (2.47) follows from (2.49) and
(2.50).

To prove (ii) we define

D, = B, ~ By, for each k.
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Since the sequence { By }32, is descending, the sequence { Dy }72

is ascending. By part (i),

m <G Dk> = I}Lrgom(Dk)

k=1

UDk = UBlek

= By~ ﬂ By, using De Morgan’s identities.
k=1

On the other hand, by the excision property of measure,

for each k, since m (By) < oo,
m (Dy) = m (By) —m (By).

Therefore,

(Bl ~ ﬂ Bk) T}LITOIO m(B1) — m(B,)].



92 Chapter 2. Lebesgue Measure
Once more using excision we obtain the equality (2.48).

[]

Definition 2.5.7. For a measurable set E, we say that a
property holds almost everywhere on F, or it holds for
almost all x € F, provided there is a subset Ej of E for which
m ( Ey) = 0 and the property holds for all x € E ~ Ej.

Remark 2.5.8. If f and g are extended real-valued functions
on F, then

f=gaeon Eifm{zeFE: f(r)#g(x)} =0.

Lemma 2.5.9. [ The Borel-Cantelli Lemma |

Let { Ex}22, be a countable collection of measurable sets for
which Y2~ m(Ey) < co. Then almost all x € R belong to at
most finitely many of the Ey’s.

Proof. For each n, by the countable subadditivity of m,

m (D Ek) < im(Ek) < 00.

k=n k=n
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Hence, by the continuity of measure (Proposition 2.5.6,

([0

n=1 Lk=n

) = limm(| ] B) < lim Y m(E) = 0.
k=n k=n

Therefore almost all = € R fail to belong to (.~ [U,—,, Ex]
and therefore belong to at most finitely many F}’s. O

2.5.2 Properties of Lebesgue measure

The set function Lebesgue measure inherits the properties
possessed by Lebesgue outer measure. We Isit some of these

properties.

(Finite Additivity) For any finite disjoint collection { Ej }7_,

of measurable sets,

k=1 k=1
(Monotonicity) If A and B are measurable sets and A C B,
then

m(A) < m(B).
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(Excision) If, moreover, A C B and m(A) < oo, then
(B ~ A4) = m(B) — m(A)
so that if m(A) =0, then
m(B ~ A) = m(B).

(Countable Monotonicity) For any countable collection

{ Ei}32, of measurable sets that covers a measurable set E,

Countable monotonicity is a combination of the monotonicity

and countable subadditivity properties of measure.

Remark 2.5.10. In our forthcoming study of Lebesgue inte-
gration it will be apparent that it is the countable additivity
of Lebesgue measure that provides the Lebesgue integral with

its decisive advantage over the Riemann integral.
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2.6 Nonmeasurable Sets

In the previous sections, we defined Lebesgue measurable sets
and studied properties of the class of measurable sets. It is
only natural to ask if, in fact, there are any sets that fail to

be measurable. The answer is not at all obvious.

We know that if a set E has outer measure zero, then it is
measurable, and since any subset of E also has outer measure
zero, every subset of E is measurable. This is the best that
can be said regarding the inheritance of measurability through
the relation of set inclusion: we now show that if £ is
any set of real numbers with positive outer measure,

then there are subsets of ¥ that fail to be measurable.

Lemma 2.6.1. Let E be a bounded measurable set of real
numbers. Suppose there is a bounded, countably infinite set

of real numbers A for which the collection of translates of E,
{ A+ E }xen, is disjoint. Then m(E) =0.

Proof. The translate of a measurable set is measurable. Thus,

by the countable additivity of measure over countable disjoint
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unions of measurable sets,

m [U(/\—l—E)

A€A

=> mA+E). (2.51)

AEA

Since both E and A are bounded sets, the set

Un+E)

AEA
also is bounded and therefore has finite measure. Thus the
left-hand side of (2.51) is finite. However, since measure is

translation invariant,
mA+E)=m(E)>0

for each A € A. Thus, since the set A is countably infinite and
the right-hand sum in (2.51) is finite, we must have m(£) =
0. This completes the proof. n

Definition 2.6.2. For any nonempty set E of real numbers,
we define two points in £ to be rationally equivalent pro-
vided their difference belongs to Q, the set of rational num-

bers. It is easy to see that this is an equivalence relation,
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that is, it is reflexive, symmetric, and transitive. We call it
the rational equivalence relation on E. For this relation,
there is the disjoint decomposition of E into the collection of
equivalence classes. By a choice set for the rational equiva-
lence relation on E we mean a set Cg consisting of exactly one
member of each equivalence class. We infer from the Axiom

of Choice that there are such choice sets.

A choice set Cg is characterized by the following two prop-

erties:

1. the difference of two points in Cg is not rational;

2. for each point z € F, there is a point ¢ € Cg for which

xr = c+ q, with ¢ rational.

This first characteristic property of Cg may be conve-

niently reformulated as follows:
For any set A C Q, {\+ Cg}ea is disjoint. (2.52)

Theorem 2.6.3. (Vitali) Any set E of real numbers with

positive outer measure contains a subset that fails to be mea-
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surable.

Proof. By the countable subadditivity of outer measure, we
may suppose E is bounded. Let Cg be any choice set for the

rational equivalence relation on F.

We claim that Cr is not measurable. To verify this

claim, we assume it is measurable and derive a contradiction.

Let Ag be any bounded, countably infinite set of rational
numbers. Since Cg is measurable, and, by ((2.52)), the col-
lection of translates of C'r by members of A is disjoint, it
follows from Lemma 2.6.1 that m(Cg) = 0. Hence, again us-
ing the translation invariance and the countable additivity of

measure over countable disjoint unions of measurable sets,

m [U(A—FCE)

X

= > m(A+Cp)=0.

AEAg

To obtain a contradiction we make a special choice of Ay.
Because E is bounded it is contained in some interval [—b, b].
We choose

Ao =[—2b, 20]NQ.
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Then Ay is bounded, and is countably infinite since the ratio-

nals are countable and dense. We claim that

Ec |J (\+cCr) (2.53)

A€ [—2b, 2b]NQ

Indeed, by the second characteristic property of Cg, if v € F,
there is a number c in the choice set Cg for which z = c+ ¢
with ¢ rational. But x and ¢ belong to [—b, b] , so that ¢
belongs to [—2b, 2b]. Thus the inclusion (2.53) holds. This is
a contradiction because F, a set of positive outer measure, is
not a subset of a set of measure zero. The assumption that
Cr is measurable has led to a contradiction and thus it must

fail to be measurable. O]

Theorem 2.6.4. There are disjoint sets of real numbers A
and B for which

m* (AU B) <m*(A) + m*(B).
Proof. We prove this by contradiction. Assume

m* (AU B) = m"(A) + m*(B)
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for every disjoint pair of sets A and B. Then, by the very
definition of measurable set, every set must be measurable.

This contradicts the preceding theorem. O]

2.7 The Cantor Set

We have shown that a countable set has measure zero and
a Borel set is Lebesgue measurable. These two assertions
prompt the following two questions.

Question 1 If a set has measure zero, is it also countable?
Question 2 If a set is measurable, is it also Borel?

The answer to each of these questions is negative. In this
section we give a detailed answer to the first question by con-

structing a set called the Cantor set.
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2.7.1 The Cantor Set

[F-Lre

ol ol

Wl W g
1

Figure 2.15: The Cantor set, produced by the iterated process

of open middle one-third removal.

Consider the closed, bounded interval I = [0, 1]. The first
step in the construction of the Cantor set is to subdivide [
into three intervals of equal length 1/3 and remove the interior
of the middle interval, that is, we remove the open interval
(1/3, 2/3) from the interval [0, 1] to obtain the closed set C1,
which is the union of two disjoint closed intervals, each of
length 1/3:
Cy =10, 1/3]U[2/3,1].

We now repeat this open middle one-third removal on each
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of the two intervals in C'; to obtain a closed set (5, which is

the union of 4 = 22 closed intervals, each of length 1/3? :

Cy = [0, 1/9] U [2/9, 1/3] U [2/3, 7/9] U [8/9, 1].

We now repeat this open middle one-third removal on each
of the four intervals in C5 to obtain a closed set C3, which is
the union of 8 = 23 closed intervals, each of length 1/33.
We continue this removal operation countably many times to
obtain the countable collection of sets {C} }72 ;. We define the
Cantor set C by

C= ﬁ Cr.
k=1

The collection {C}}72, possesses the following two properties:

1. {Ck}2, is a descending sequence of closed sets;

2. For each k, C}, is the disjoint union of 2* closed intervals,
each of length 1/3".

We need the Nested Set Theorem in the proof of Proposition
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2.7.2.

Theorem 2.7.1. [ The Nested Set Theorem | Let {F,}>2
be a descending countable collection of nonempty closed sets

of real numbers for which Fy is bounded. Then

() F. #9.
n=1

Proposition 2.7.2. The Cantor set C is a closed, uncount-

able set of measure zero.

Proof. 1. Each C} considered in the construction of the
Cantor set is closed. As the intersection of any collection

of closed sets is closed, it follows that the Cantor set

C= ﬁ Cr.
k=1

is closed.

2. Each closed set is measurable so that each C), and C
itself is measurable. Now each C} is the disjoint union

of 2% intervals, each of length 1/3*, so that by the finite
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additivity of Lebesgue measure,

m(Cy) = (;)k

By the monotonicity of measure, since
2\ ¥
m(C) < m(Cy) = (5) , forall k,

we have

m(C) = 0.

It remains to show that C is uncountable. To do so we
argue by contradiction. Suppose C is countable. Let
{ck}72, be an enumeration of C. One of the two disjoint
Cantor intervals whose union is C; fails to contain the
point c;; denote it by F3. One of the two disjoint Cantor
intervals in 'y whose union is Fj fails to contain the
point co; denote it by F;. Continuing in this way, we
construct a countable collection of sets {F}}72,, which,

for each k, possesses the following three properties:

(a) Fy is closed and Fyq C Fy;
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(b) F, C Cy: and

(¢c) cx ¢ F.

From (i) and the Nested Set Theorem (Theorem 2.7.1)
we conclude that the intersection () Fj is nonempty.

k=1
Let the point z belong to this intersection. By property

(i),
ﬂ F. C ﬂ Cr =C,
k=1 k=1

and therefore the point  belongs to C. However, {c; }72,
is an enumeration of C so that x = ¢, for some index
n. Thus
[e.e]
Ch =T € ﬂFngn.
k=1
This contradicts property (iii). Hence C must be un-

countable.
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2.8 Exercises
1. Prove that a set consisting of a single point has outer
measure 0.
2. Prove that a countable set has outer measure 0.

3. Using Proposition 2.2.11 , prove that a countable set

has outer measure zero.

4. Prove that a set of measure zero is measurable.

2.8.1 Answers to Exercises

1. Let {x} be a singleton set. Then for e > 0, (x—¢, z+¢)

is an open cover of {z} so that

m*({z}) = inf {ZZ(IMA oy Ik}

< 2e
~

1
length of the

interval (z —e, x +¢)
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The above inequality is true for any € > 0. That is, for

any € > 0, we have
0 <m*({z}) < 2.

Since ¢ is arbitrary, it follows that m*({z}) = 0.

2. Let C' be a countable set. Then we can enumerate it
(i.e., we can number the members of C' by arranging it

in an order) as

C= {Ck:};ozl .

Let € > 0. For each natural number £, define

I — € g
o= (o g ot )

For each k, ¢, € I, = (ck — rrry Gkt Qk%), so that
the countable collection of open intervals {I;},;-, covers

C. By the definition of outer measure,

e}

m*(C') = inf {Zl(Jk)]A C D Jk} (2.54)

k=1
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where infimum is taken over all countable coverings {Jj }r-,
of FE (where Ji's are nonempty open, bounded inter-
vals). In the above, we have constructed {I;};—, that

covers C. Hence, from (2.54), we have

k=1 k=1

M8

(1)
(2.55)

e
Il

1
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Therefore,
0 < m*(C)< > L)
k=1
= 2 T
k=1 ~
1
length of the
interval (cx — 557, & + 557)
- 1
= <2 T
k=1 ~ ~
1
geometric series with intial term %
and common ratio %
1
2
= ¢ =¢
=
That is,
0<m*(C)<e.

The above inequality is true for any € > 0. That is, we
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have for any € > 0,
0<m"(C)<e.

Since € is arbitrary, it follows that m*(C') = 0.

. This is an alternate proof of Exercise 2.8.2.If A is

countable, then the set A is of the form
A:{xl,l'g, T3, ..., Ty, }

Then A can be expressed as the countable union of pair

wise disjoint singleton sets {z1}, {x2}, {z3}, ..., {zn}, .. .o

A={z1} U{z}U{zs}U...U{z,,}U....

Then

m*(A) = m’ (U{xn})
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< Z m* ({x,}), using Proposition 2.2.11

or inequality (2.15)
= ZO, since m*({z,})=0forn=1,2 3, ...

using Example 2.2.3
= 0.

4. Ref. Theorem 2.3.7



Chapter

Lebesgue Measurable

Functions

In this chapter we study measurable functions that will lay
the foundation for the study of the Lebesgue integral (Chap-
ter 4). We establish that all continuous functions on a mea-
surable domain are measurable (Proposition 3.1.5), as are all
monotone and step functions on a closed, bounded interval.
Linear combinations of measurable functions are measurable.

The pointwise limit of a sequence of measurable functions is

112
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measurable. We establish results regarding the approxima-
tion of measurable functions by simple functions (Definition

3.2.5) and by continuous functions.

3.1 Sums, Products, and Composi-

tions

All the functions considered in this chapter take values in the
extended real numbers, that is, the set RU{+o00} . Recall that
a property is said to hold almost everywhere (abbreviated
a.e.) on a measurable set F provided it holds on E ~ Ey,
where Ej is a subset of E for which m(Ey) = 0 (Definition
2.5.7).

Given two functions h and g defined on E, for notational

brevity we often write
h < g to mean that h(z) < g(z) forallxz e FE.

Definition 3.1.1. A sequence of functions { f,, } on F is

increasing provided f, < f,+1 on E for each index n. i.e.,
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if
fo(@) < fasi(x) for all x € E' and each index n.

Proposition 3.1.2. Let f be an extended real-valued function
whose domain FE is measurable. Then the following state-

ments are equivalent:

(i) For each real number c, the set {z : f(x) > ¢} is mea-

surable.

(i1) For each real number c, the set {x : f(x) > c} is mea-

surable.

(11i) For each real number c, the set {x : f(z) < ¢} is mea-

surable.

(iv) For each real number c, the set {x : f(x) < ¢} is mea-

surable.

FEach of these properties implies that for each extended real

number c,

(v) the set {x € E: f(x) = c} is measurable.
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Proof. Since the sets in (i) and (iv) are complementary in
E| as are the sets in (ii) and (iii), and the complement in F
of a measurable subset of E is measurable, (i) and (iv) are

equivalent, as are (ii) and (iii). Details are given below:

(¢) implies (%2): Note that

By the assumption (i),

{er:ﬂ@>c—%}

is measurable for any natural number k, and, since intersec-
tion of a countable collection of measurable sets is measurable

(Proposition 2.3.19 and ), we have

(e 9]

ﬂ{er:ﬂﬂ>c—%}

k=1

is measurable. This implies (using (3.1)) that {z € E: f(x) > ¢}

is measurable. That is, (¢) implies (i) is proved.
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(#¢) implies (2): Note that

oo

{xGE:f(m)>c}:U{$€E:f(x)20+%}.

k=1

By the assumption (ii), {x € E : f(z) > ¢+  } is measurable
for any natural number & , and, since union of a sequence of
measurable sets is measurable (Proposition 2.3.16), we have
Ure, {z € E: f(z) > ¢+ +} is measurable. This implies that
{z € E: f(z) > ¢} is measurable. That is, (i) implies (i) is

proved.

(¢) implies (iv): Note that
{reE: flzx)<c}=E~{ze€E: f(zx)>c}.

E and {z € E: f(z) > ¢} are measurable implies the differ-
ence E ~ {z € E: f(z) > ¢} is also measurable. That is,
{z € E: f(z) < ¢} is measurable. That is, (i) implies (iv).

(2v) implies (2): Note that

{reE:flxr)>ct=E~{zxeFE: f(x)<c}.
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E and {z € F: f(z) < ¢} are measurable sets implies the
difference set ' ~ {x : f(z) < ¢} is also measurable. That is,

{z € E: f(z) > ¢} is measurable. That is, (iv) implies ().
As above, (42) implies (#i7) and (4¢2) implies (4¢) can be
proved.

That we have shown that the first four statements are

equivalent.

Next we have to show that first four statements imply the
fifth statement. For this assume one statement; and then by
the discussion above, all the four statements hold. We have

to show that this implies fifth statement.

Case 1) If ¢ is a real number:
{zeE: fz)=c={xecE:flx)>cin{z e E: f(x)<c},

and so (i) and (7v) implies sets on the right hand side are
measurable and hence their intersection is measurable. i.e.,

{z € E: f(z) = ¢} is measurable.
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Case 2) If ¢ = oot
{xGE:f(x):oo}:ﬂ{xEE:f(x)>k:}.

By (i), for any natural number k, {z € E : f(x) > k} is mea-

surable, and hence the countable intersection

{z€E: f(x) >k}
k=1
is measurable. Thus, {z € E': f(z) = oo} is measurable.

Case 3) If ¢ = —o0:

{reE: fz)=-oc}=({z € E: flx) < -k},

k=1

and for any natural number k, {x € E': f(z) < —k} is mea-

surable, and hence the countable intersection
({z € E: f(z) < -k}
k=1

is measurable. Hence {x € E : f(x) = 0o} is measurable.
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Hence in any case (v) holds. This completes the proof. O

Definition 3.1.3. [Lebesgue measurable function] An ex-
tended real valued function f defined on a set F is said to
be Lebesgue measurable or simply measurable, provided
its domain F is measurable and it satisfies one of the first

four statements of Proposition 3.1.2.

Proposition 3.1.4. Let the function f be defined on a mea-
surable set E. Then f is measurable if and only if for each

open set O, the inverse image of O under f,
f0)={z € E|f(x) € O},
15 measurable.

Proof Suppose the inverse image of each open set is measur-
able. To prove that f is measurable, by Definition 3.1.3, it is
enough to show that one of the first four statements of Propo-
sition 3.1.2 holds. We show that statement (i) of Proposition
3.1.2 holds. Fix a real number c. Then

{z € Elf(z) > c} = f((c, 00)).
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Since the interval (¢, co) is open, by the assumption the set
f7 (¢, 00)) is measurable. Hence, the set {x € E|f(z) > c}
is also measurable. Since ¢ is an arbitrary real number, this
shows that, for each real number ¢, the set {x: f(z) > ¢} is
measurable. Hence statement (i) of Proposition 3.1.2 holds,
and hence, by Definition 3.1.3, f is measurable.

Conversely, suppose f is measurable. Let O be open. Then we
can express O as the union of a countable collection of open,

bounded intervals { I; }?2, where each I}, may be expressed as
Ik = Bk N Ak

where By, = (—o0, by) and Ay = (ag, oo). That is,

GBkmAk

k=1

o- Ui
k=1

Since f is a measurable function, by Definition 3.1.3, any one
of the statements in Proposition 3.1.2 holds, and since the

statements are equivalent, it follows that all statements in
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Proposition 3.1.2 hold. Hence, noting that

FH(By) = {x € E|f(x) < b}

and

F7HAR) = {z € E|f(x) > ax}

we have (using statements in Proposition 3.1.2) each f~1(By,)
and f~!'(Aj) are measurable sets. On the other hand, the
measurable sets are a g-algebra (Proposition 2.3.19) and there-

fore f~'(O) is measurable since

[eS) [e%9)
FrOo) = \UBenA = 7B N (&)
k=1 k=1
{neasurable set  measurable set
measu;gble set ,

measurable set

The following proposition tells us that the most familiar
functions from elementary analysis, the continuous functions,

are measurable.

Proposition 3.1.5. [Continuous functions are measurable]

A real-valued function that is continuous on its measurable do-
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main s measurable.

Proof. Let the function f be continuous on the measurable set
E. Let O be open. Since f is continuous, f~1(O) is an open
subset of £. Hence this open subset can be expressed as the
intersection of £ with an open set U of R (Ref. The section

Subspace Topology in any one of Topology text books). So
fO)=EnU (3.2)

where U is open. Being open set, O is measurable. Thus,
from (3.2), f~1(0), being the intersection of two measurable
sets, is measurable. It follows from the preceding proposition

that f is measurable. n

Definition 3.1.6. A real-valued function that is either in-

creasing or decreasing is said to be monotone.

We leave the proof of the next proposition as an exercise.

Proposition 3.1.7. A monotone function that is defined on

an nterval is measurable.
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Proposition 3.1.8. Let f be an extended real-valued function
on E.

1. If fis measurable on E and f = g a.e. on E, then g is

measurable on E.

2. For a measurable subset D of E, f is measurable on E
if and only if the restrictions of f to D and E ~ D are

measurable.

Proof. First assume that fis measurable on £ and f = ¢
a.e. on K. To prove that g is measurable on F (by Definition
3.1.3), it is enough to show that for each real number ¢, the set

{z : g(x) > ¢} is measurable. Define

A={z € E: f(z) # g(a)}.
Observe that

{reFE:g(x)>c} = {reA:g(x)>c}
Uz e E: f(x) > c}N[E ~ A].
(3.3)
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e Since f =g a.e. E, we have m(A) =0 (Remark 2.5.8).
Thus, noting that

{reFE:g(x)>c}CA

it follows that {z € E : g(x) > ¢} is measurable, being

a subset of the set A of measure zero.

e Since f is a measurable function on E, by Definition

3.1.3, the set {x € E : f(x) > ¢} is a measurable set.

e Since both £ and A are measurable, and since the
measurable sets are an algebra (Remark 2.3.14), the

set /' ~ A is measurable.

Hence, the set on the right hand side of (3.3), being the union
of measurable sets, is measurable. So, theset {z € E : g(z) > ¢}

is measurable.

To verify (ii), just observe that for any c,

{reE:f(r)>ct = {zeD: f(x)>c}
U{z € E~D: f(x)>c}
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and once more use the fact that the measurable sets are an

algebra. O

Remark 3.1.9. The sum f + g of two measurable extended
real-valued functions f and ¢ is not properly defined at points
at which f and ¢ take infinite values of opposite sign.

Assume f and ¢ are finite a.e. on E. Define E; to be the
set of points in E at which both f and ¢ are finite. If the

restriction of f + g to Ejy is measurable, then,

e by the preceding proposition, any extension of f + g,
as an extended real-valued function, to all of £ also is

measurable.

This is the sense in which we consider it unambiguous to state
that the sum of two measurable functions that are finite a.e.

is measurable. Similar remarks apply to products.

The following proposition tells us that standard algebraic
operations performed on measurable functions that are finite

a.e. again lead to measurable functions.

Theorem 3.1.10. Let f and g be measurable functions on
E that are finite a.e. on FE.
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(a) (Linearity) For any o and [3,

af 4+ PBg is measurable on E.

(In particular,

Taking oo = 3 =1, f 4 g is measurable on E.
Taking o =1, = —1, f — g is measurable on F.
Taking =0, af is measurable on E. )

(b) (Products) fg is measurable on FE.

Proof. By the above remarks, we may assume f and ¢ are
finite on all of E. If a = 0, then the function af also is

measurable. If a # 0, observe that for a number c,
{reE:af(x)>ct={zeE: f(z)><}ifa>0
and {z € E:af(x)>ct={zcE: fzx) <t} ifa<O.

Thus the measurability of f implies the measurability of o f.
Therefore to establish linearity it suffices to consider the case
a=p0=1.

For x € E, if f(z) 4+ g(z) < ¢, then f(z) < ¢ — g(x) and



3.1 Sums, Products, and Compositions 127

so, by the density of the set of rational numbers QQ in R, there

is a rational number ¢ for which

flx) <g<c—g(x).

Hence
{(reE: f(@) +g(x) < c}
= U{reE ga)<c—gdnfz e E: fx) < q}.
q€Q

The rational numbers are countable. Thus
{reE: flx)+g(x)<c}

is measurable, since it is the union of a countable collection

of measurable sets. Hence f + g is measurable.

(b) To prove that the product of measurable functions is

measurable, first observe that

fo==[(f+9)?— -4 (3.4)

N —
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By (a), if f and ¢ be measurable functions on F, then f+ g is
measurable. If we also prove that square of a measur-
able function is measurable, then it follows that (f + g)?,
f? and ¢* are measurable. Then by the Linearity in (a),
(f + g)? — f? is measurable. Then, (f + ¢g)® — f? is mea-
surable and ¢? is measurable implies, again by linearity, that
(f+9)*— f*—g? is measurable. Again by linearity with a = 1
and (f +g)? — f*— ¢? in place of measurable function, linear-
ity 1mphes S 1(f +9)* — f*> — g% is measurable. That is, fg
is measurable. So we claim that square of a measurable
function is measurable. i.e., we show that if f is measur-
able, then f? is measurable. By Definition 3.1.3, it is enough
to show that for any real number ¢, {x € F : f?(x) > ¢} is
measurable.

Case 1) For ¢ > 0;

{zeE:f(x)>c} = {ze€E:(f(x)?>c}
= {xEE f(x >\/_}
U{xEEf < \/_}

Since f is a measurable function, by Definition 3.1.3, the sets
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{r € E: f(x) >+/c} and {x € E: f(x) < —y/c} are measur-
able sets. Hence their union

{a:eE:f(w)>\/E}U{:UGE:f(x)<—\/E}

is also measurable. i.e., {r € E: f?(z) > ¢} is measurable.
Case 2) For ¢ < 0,

{zeE:f(z)>c}={z€eE:(f(x)*>c}=FE

is measurable, since F, the domain of f | is a measurable set.
By Case 1 and Case 2, it follows that for any real number c,
{z € E: f*(x) > ¢} is measurable. This completes the proof.

O

Many of the properties of functions considered in elemen-
tary analysis, including continuity and differentiability, are
preserved under the operation of composition of functions.
However, the composition of measurable functions may not be

measurable.

Proposition 3.1.11. [The Preservation of Measurability

Under Composition] Let g be a measurable real-valued func-
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tion defined on E and f a continuous real-valued function de-
fined on all of R. Then the composition f o g is a measurable

function on E.

Proof. According to Proposition 3.1.4, a function is measur-
able if and only if the inverse image of each open set is mea-

surable. Let O be open. Then

(fog)(0) =g (f(0)).

Since f is continuous and defined on an open set, the set
U = f71(0) is open. We infer from the measurability of the
function g that ¢g='(U) is measurable. Thus the inverse image
(fog)~(O) is measurable and so the composite function fog

is measurable.

This completes the proof. [

Definition 3.1.12. If f is real valued function defined on a
subset E of R. Then |f|: £ — R is defined by

|f| () = |f(z)| for z€ E
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and for p > 0, |f|” : E — R is defined by
IfIP (x) = |f(z)]" for z € FE.

Corollary 3.1.13. From the definition above, we also have

[f1 () = |f(@)| = max{ f(x), —f(z)},

Corollary 3.1.14. If f is a measurable function on E, then

| f ] is a measurable function on E.

Proof. 1f we take h be defined on E by h(x) = |z| for x € E,
then h is continuous on E. Also, if we let f be a measurable
function on E, then by the above Proposition, the composition

h o f is a measurable function on E. Since

[fl=hof

it follows that | f | is a measurable function on FE.. O

Corollary 3.1.15. If f is a measurable function on E, then

| f P is measurable with the same domain E for each p > 0.

Definition 3.1.16. For a finite family { f; }7_; of functions
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with common domain FE, the function

max{ fi, ... , fu}

is defined on F by

max{ fi, ... fu} =max{ fi(z), ... fu(x) torz € E.

The function

min{ f1, ..., fu}

is defined on F by

min{ f1, ... , fo} =min{ fi(z), ... , fu(z)} forx € E.

Proposition 3.1.17. For a finite family { fi }}_, of measur-

able functions with common domain E, the functions

max{ f1, ..., fu}

and

min{ f1, ..., fu}

also are measurable.
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Proof. For any ¢, we have
{reEBmax{fi, ..., fu@)>c} =z € E: filx) >}
k=1

so this set is measurable since it is the finite union of mea-

surable sets. Thus the function max{ fi, ... , f, } is measur-
able. A similar argument shows that the function
min{ f1, ... , fn} also is measurable. [

Definition 3.1.18. For a function f defined on E, we have
the associated functions |f|, fT, and f~ defined on E by

[f1 (x) = max{ f(z), —f(z)},

f(z) = max{ f(z), 0},
f(2) = max{ —f(x), 0},
Example 3.1.19. For the function
f(z) =sinz, 0<z<2r (Fig. (3.1))
we have

—f(l’) =—sinz, 0 <2 <27 (Flg (32))
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sinz, 0<z<7m

|f] (z) = max{ f(z), —f(2)} = {
(Fig. (3.3)

—sinz, "<z <27

sinz, 0<zx<m

S () = max{ f(z), 0} = { (Fig.

(3.4))
f(x) = max{—f(z), 0} = {

(Fig. (3.5))

0, m<x <27

0, 0<z <

—sinz, ™ <x < 2w

(z) =sinz, x € [0, 27|

Figure 3.1: Graph of f(z) =sinz, 0 <z <27
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—f(z) = —sinz, z € [0, 2n]

Figure 3.2: Graph of —f(z) = —sinz, 0 <z <27

[f1(=) = max{ f(z), —f(z)}
= sinxz for 0 <z < 7w and
—sing for m < x < 27

Figure 3.3: Graph of |f]|
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f(x) = max{ f(=), 0}
=sinz for 0 <z <7 and
0 form<ax<2mw

Figure 3.4: Graph of f*

f~(2) = max{ —f(a), 0}
= 0 for0 <z <m and
—sing for m < x < 27

Figure 3.5: Graph of f~

Corollary 3.1.20. If f is measurable on E, then, so are the
functions |f|, [T, and f~.
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Proof. 1f f is measurable on £, then, by the preceding propo-

sition, so are the functions |f|, fT, and f~. ]

This will be important when we study integration since the
expression of f as the difference of two nonnegative functions,
f=/f"—=f" on E, plays an important part in defining the

Lebesgue integral.

3.2 Sequential Pointwise Limits and
Simple Approximation
For a sequence { f,,} of functions with common domain E and

a function f on E, there are several distinct ways in which it

is necessary to consider what it means to state that

“the sequence {f,} converges to f.”

In this section we consider the concepts of pointwise con-
vergence and uniform convergence, which are familiar from

elementary analysis.
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Definition 3.2.1. For a sequence { f,,} of functions with com-
mon domain F, a function f on E and a subset A of E, we

say that

1. The sequence {f,} converges to f pointwise on A

provided

lim f,(x) = f(x) for allz € A.

n—oo

2. The sequence {f,} converges to f pointwise a.e.
on A provided it converges pointwise on A ~ B, where

m(B) =0.

3. The sequence {f,} converges to f uniformly on A

provided for each € > 0, there is an index N for which

|f — fu| <eon Aforalln > N.

When considering sequences of functions {f,} and their
convergence to a function f, we often implicitly assume that
all of the functions have a common domain. We write “{ f,,} —

f pointwise on A ” to indicate the sequence {f,} converges
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to f pointwise on A and use similar notation for uniform con-

vergernce.

The pointwise limit of continuous functions may not be
continuous. The pointwise limit of Riemann integrable func-
tions may not be Riemann integrable. The following proposi-
tion is the first indication that the measurable functions have

much better stability properties.

Proposition 3.2.2. Let {f,} be a sequence of measurable
functions on E that converges pointwise a e. on E to the func-

tion f . Then f is measurable.

Proof. Let Ey be a subset of E for which m(E;) = 0 and
{fn} converges to f pointwise on E ~ Ej,. Since m(Ey) = 0,
it follows from Proposition 3.1.8 that f is measurable if and
only if its restriction to F ~ FEj is measurable. Therefore, by
possibly replacing F by E' ~ Ej, we may assume the sequence

converges pointwise on all of E.

Fix a number ¢. We must show that {z € FE|f(z) <

c} is measurable. Observe that for a point x € F, since
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lim fo(z) = f(x),

n—oo

flz) <c

if and only if

there are natural numbers n and k for which f;(z) < ¢ — 1

for all j > k.

But for any natural numbers n and j, since the function f;
is measurable, the set {z € E|f;(z) < c— 1} is measurable.
Therefore, for any k, the intersection of the countably collec-

tion of measurable sets

o0

ﬂ{x€E|fj(x)<c—%}

Jj=k

also is measurable. Consequently, since the union of a count-

able collection of measurable sets is measurable,

{reE|f(z)<ct= [ﬂ {xEE\fj(x)<c—%}

1<k, n<oco Lj=k

is measurable. This completes the proof. O]
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Definition 3.2.3. If A is any set, we define the charac-

teristic function y 4 of the set A to be the function given

by
() lifze A
gj:
. 0if v¢ A

Remark 3.2.4. The function y 4 is measurable if and only if

A is measurable.

Thus the existence of a nonmeasurable set implies the ex-
istence of a nonmeasuarble function. Linear combinations
of characteristic functions of measurable sets play a role in
Lebesgue integration similar to that played by step functions

in Riemann Integration, and so we name these functions.

Definition 3.2.5. A real-valued function ¢ defined on a mea-
surable set F is called simple if it is measurable and assumes

only a finite number of values.

If ¢ is simple, has domain F and assumes only the finite

number of values ¢q, ..., ¢,, then

Y= Z CkXEy,
k=1
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on FE, where By, ={x € E: p(z) = ¢ }.
This particular expression of ¢ as a linear combination of char-

acteristic functions is called the canonical representation

of the simple function o.

It is easy to show that the sum, product, and difference of

two simple functions are simple.

Lemma 3.2.6. The Simple Approximation Lemma Let
f be a measurable real-valued function on FE. Assume f is
bounded on E, that is, there is an M >0 for which |f| < M
on FE. Then for each ¢ > 0, there are simple functions ¢,
and 1. defined on FE which have the following approximation

properties:
p: < f<WY.and 0 <¢p. —p. <eon E.

Proof. Let (¢, d) be an open, bounded interval that contains
the image of FE, f(F'), and

c=y% << o <Yp1<yYn=d

be a partition of the closed, bounded interval [¢, d] such that
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Y — Y1 < € for 1 < k < n. Define
I = [yk—1, yx) and E, = f1(I}) for 1 <k <n.

Since each I is an interval and the function f is measurable,
each set Fj is measurable. Define the simple functions ¢, and
Y. on FE by

0= ko1 Xp, and Yo = yp - X5,
k=1 k=1

Let z € E. Since f(E) C (¢, d), there is a unique k, 1 <k <
n, for which y,_1 < f(z) < yx and therefore

0e(r) = yp1 < f(2) < yp = Ye(2).

But yx — yx—1 < €, and therefore . and 1. have required

approximation properties. This completes the proof. [

To the several characterizations of measurable functions

that we already established, we add the following one.

Theorem 3.2.7. The Simple Approximation Theorem

An extended real-valued function f on a measurable set E is
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measurable if and only if there is a sequence {p,} of simple
functions on E which converges pointwise on E to f and has

the property that

lon| < |f| on E for all n.

If f is nonnegative, we may choose {p,} to be increasing.

Proof. Since each simple function is measurable, Proposition
3.2.2 tells us that a function is measurable if it is the pointwise
limit of a sequence of simple functions. It remains to prove

the converse.

Assume f is measurable. We also assume f > 0 on FE. The
general case follows by expressing f as the difference of non-
negative measurable functions. Let n be a natural number.
Define

E,={z € E|f(x) <n}.

Then E, is a measurable set and the restriction of f to E,
is a nonnegative bounded measurable function. By the Sim-

ple Approximation Lemma, applied to the restriction of f to
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E,, and with the choice of ¢ = %, we may select simple func-
tions ¢, and v, defined on FE,  which have the following

approximation properties:
0<p, < f<Y,onE, andogwn—gon<%onEn.
Observe that
0< ¢, <fand0< f— o, <t —9, < LonE,. (34)

Extend ¢, to all of E by setting

on(x) =nif f(x) >n.

The function ¢, is a simple function defined on F and 0 <
¢©n < f on E. We claim that the sequence {1, } converges to

f pointwise on E.

Let x € E.
Case 1: Assume f(z) is finite. Choose a natural number N
for which f(x) < N. Then

0 < f(z) — pn(x) <%f0rn2N,

and therefore lim ¢, (z) = f(x).

n—oo
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Case 2: Assume f(z) = co. Then ¢,(z) = n for all n, so
that lim ¢, (z) = f(x).

By replacing each ¢, with max{¢1, ... , p,} we have
{¢n} increasing. This completes the proof. O

3.3 Littlewood’s Three Principles,
Egoroff’s Theorem, and

Lusin’s Theorem

Theorem 3.3.1. Egoroff’s Theorem Assume E has finite
measure. Let {f,} be a sequence of measurable functions on
E that converges pointwise on F to the real-valued function

f. Then for each € > 0, there is a closed set F contained in
E for which

{fn} — f uniformly on F and m(E ~ F) < ¢.

To prove Egoroft’s Theorem it is convenient to first estab-

lish the following lemma.
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Lemma 3.3.2. Under the assumptions of Egoroff’s Theorem,
for each m > 0 and 6 > 0, there is a measurable subset A of
FE and an index N for which

|fo—fl<mon A foralln> N and m(E ~ F) <.

Proof. For each k, the function |f — fx| is properly defined,
since f is real-valued, and it is measurable, so that the set
{z € E||f(x) — fr(x)] < n} is measurable. The intersection
of a countable collection of measurable sets is measurable.

Therefore
E,={z e E||f(z) — fi(x)] <n forall k>n}

is a measurable set. Then {E,}5°, is an ascending condition

of measurable sets, and

E = G E,,
n=1

since { f,} converges pointwise to f on E. We infer from the
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continuity of measure that

m(E) = limm(E,).

n—oo

Since m(F) < oo, we may choose an index N for which
m(Eyx) > m(E) —e.

Define A = FE,, and observe that, by the excision property of

measure,

m(E ~ A) =m(E) —m(Ey) < e.

This completes the proof of the Lemma. [

Proof of Egoroff’s Theorem For each natural number n,
let A,, be a measurable subset of £ and N(n) an index which
satisfy the conclusion of the preceding lemma with 6 = 557
and n = %, that is,

3

m(E ~ A,) < STEs

(3.5)

and .
|fe — f| < — on A, for all k > N(n). (3.6)
n
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Define

A= ﬁ A,
n=1

By De Morgan’s Identities, the countably subadditivity of

measure and (6.4),

(B~ 4) = ([j )

meE ~ A,)

We claim that {f,} converges to f uniformly on A. Indeed,
let € > 0. Choose an index ng such that - < e. Then, by
(6.5),

Ifi — f| < n—lo on A,, for all & > N(ng).
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However, A C A,,, and 1/ny < € and therefore
|fr — fl <eon A for k> N(ng).
Thus { f,,} converges to f uniformly on A and m(E ~ A) < 5.
Finally, by Theorem 2.4.2, we may choose a closed set F'
contained in A for whichm(A ~ F) < 5. Thusm(E ~ F) <«

and {f,} — f uniformly on F. This completes the proof of
Egoroff’s Theorem. O

It is clear that Egoroft’s Theorem also holds if the conver-

gence is pointwise a.e. and the limit function is finite a.e.

We now present a precise version of Littlewood’s second
principle in the case the measurable function is simple and
then use this special case to prove the general case of the

principle, Lusin’s Theorem.

Proposition 3.3.3. Let f be a simple function defined on E.
Then for each € > 0, there is a continuous function g on R

and a closed set F' contained in E for which

f=gon Fand m(A~F) <e.
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Proof. Let a1, as, ... ,a, be the finite number of distinct

values taken by f, and let them be taken on the sets
Eha E&? s 7E%7

respectively. The collection {Ej}72, is disjoint since the ay s

are distinct. According to Theorem 2.4.2, we may choose

closed sets Fy, F5, ... ,F, such that for each index &, k, 1 <
k<n,
F.CE, and,nz(E% “JJQJ < %.
Then -
F=|JF.
k=1

being the union of a finite collection of closes sets, is closed.

Since {Ej}72, is disjoint,

7ME~PU:m<UM%~ﬂD::zyM&me<a
k=1 k=1

Define g on F to take the value a, on Fy for 1 < k < n.
Since the collection {F}}}_, is disjoint, g is properly defined.

Moreover, ¢ is continuous on F' since for a point = € F;,
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there is an open interval containing x which is disjoint from
the closed set |J, i Fi. and hence on the intersection of this
interval with F the function ¢ is constant. But g can be
extended from a continuous function on the closed set F' to
a continuous function on all of R. The continuous function ¢

on R has the required approximation properties. [

Theorem 3.3.4. [ Lusin’s Theorem | Let f be a real-valued
measurable function on E. Then for each € > 0, there is a

continuous function g on R and a closed set F contained in
E for which

f=gon Fand m(E~ F) <e.

Proof. We consider the case m(F) < co and leave the exten-
sion to m(E) = oo as an exercise. According to the Simple
Approximation Theorem, there is a sequence {f,} of simple
functions defined on E that converges to f pointwise on F.
Let n be a natural number. By the preceding proposition,
with f replaced by f, and ¢ replaced by 57, we may choose

a continuous function g, on R and a closed set F,, contained
in F for which
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fn=gnon F, and m(E ~ F,) < 557

According to Egoroft’s Theorem, there is a closed set Fj con-
tained in F such that {f,} converges to f uniformly on Fj
and m(E ~ Fy) < 5. Define

F= ﬁ E,.
n=0

Observe that, by De Morgan’s Identities and the countable

subadditivitiy of measure,
m(E~F) = m ([EN FulJIE~ Fn]>

n=1
00
g
+ Z gn+1
n=1

™ ol m

The set F' is closed since it is the intersection of closed
sets. Each f,, is continuous on F since F' C F,, and f, = g,
on F,. Finally, {f,} converges to f uniformly on F' since
F C F,. However, the uniform limit of continuous functions

is continuous, so the restriction of f to F' is continuous on



154 Chapter 3. Lebesgue Measurable Functions

F. Finally, there is a continuous function g defined on all of
R whose restriction to F' equals f. This function g has the

required approximation properties. O



Chapter I

Lebesgue Integration

In this chapter we study Lebesgue integration. We define this

integral in four stages.

e We first define the integral for simple functions (Defini-

tion 3.2.5) over a set of finite measure.

e Then define the integral for bounded measurable func-
tions f over a set of finite measure, in terms of integrals
of upper and lower approximations of f by simple func-

tions.

155
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e We define the integral of a general nonnegative mea-
surable function f over E to be the supremum of the
integrals of lower approximations of f by bounded mea-
surable functions that vanish outside a set of finite mea-

sure; the integral of such a function is nonnegative.

e Finally, a general measurable function is said to be in-

tegrable over E provided [ |f| < oc.
B

We prove that linear combinations of integrable functions are
integrable and that, on the class of integrable functions, the
Lebesgue integral is a monotone, linear functional. A princi-
pal virtue of the Lebesgue integral, beyond the extent of the
class of integrable functions, is the availability of quite gen-
eral criteria which guarantee that if a sequence of integrable

functions { f,, } converge pointwise almost everywhere on E to

f, then
=y fn—/hmfn /f

We refer to that as passage of the limit under the integral
sign or interchanging of limit and integration. Based on Ego-

roff’s Theorem, a consequence of the countable additivity of
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Lebesgue measure, we prove four theorems that provide cri-
teria for justification of this passage: the Bounded Conver-
gence Theorem, the Monotone Convergence Theorem, the
Lebesgue Dominated Convergence Theorem, and the Vitali

Convergence Theorem.

4.1 The Riemann Integral

Definition 4.1.1. Let f be a bounded real-valued function
defined on the closed, bounded interval [a, b]. Let

P ={xg, 1, ..., x,}
be a partition of [a, b], that is,

a=xg< 11 <---< x, =0
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ith subinterval

4 . i  E— i >
X, =a X X, X, X, 1 x =bh
Figure 4.1: A partition P = {xo, x1, ..., x,} of [a, b

The lower Darboux sum for f with respect to the
partition P, denoted by L(f, P), is defined by

L(f, P) :Zmz"(%—%q)

and the upper Darboux sum for f with respect to the
partition P, denoted by U(f, P), is defined by

U(f. P) = M- (2; — xi)
i=1
where, for 1 <1 <n,
m; = inf {f(z)|v; 1 <z < x;}

and

M; =sup{f(x)|ri.1 <z <2}
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The lower Riemann integral of f over [a, b], denoted by

(R) _fab f, is defined by
b
(R)/ f=sup{L(f, P)| P a partition of [a, 0]}

and the upper Riemann integral of f over [a, b], denoted

by (R) [ f, is defined by
b
(R)/ f=mf{U(f, P)| P a partition of [a, b]}

Since f is assumed to be bounded and the interval [a, b] has

finite length, the lower and upper Riemann integrals are finite.

Proposition 4.1.2.

That is, the upper integral is always at least as large as the

lower integral.

Definition 4.1.3. A bounded real-valued function f defined

on the closed, bounded interval [a, b] is Riemann integrable
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(R)_/abfz(R)/;bf

and in that case the common value, called Riemann integral

over [a, b] if

of f over [a, b], is denoted by

w [ s

Notation 4.1.4. The notation of Riemann integral of f over
la, b] as (R) f; f is just to distinguish it from the Lebesgue

integral, which we consider in the next section.

Remark 4.1.5. If we define

m; = inf {f(z)|r;1 <z <}
and

M; =sup{f(x)|r;i.1 <z < x;}

so the infima and suprema are taken over closed subintervals,
we arrive at the same value of the upper and lower Riemann

integral.

Definition 4.1.6. A real-valued function v defined on [a, b]
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is called a step function provided there is a partition P =
{zo, 1, ..., z,} of [a, b] and numbers ¢;, ..., ¢, such that
for 1 <i <n,

'lb(fl?) =¢ it 1 <z<u;.

Remark 4.1.7.

3

¢i(x;—xziq) =U(, P).

i=1

From the above remark and the definition of upper and
lower Riemann integrals, we infer that a step function v is

Riemann integrable and

R) /abw _ Zlc (3 — 21_1).

Therefore, we may reformulate the definition of the lower and
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upper Riemann integrals as follows:
b
® [ f
y b
= sup {(R)/ ¢ | ¢ a step function and ¢ < fon|a, b }
and
7b
) [ f
’ b
= inf {(R)/ ¥ | ¥ a step function and+ > fon|a, b } :
Example 4.1.8. [Dirichlet’s Function - An Example of

a Function which is Not Riemann Integrable ] Define f
on [0, 1] by setting

1 if x is rational,
fle)=§ .
0 if x is irrational,

Let P be any partition of [0, 1]. By the density of the rationals
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and the irrationals,

L(f, P)=0 and U(f, P)=1.

(R)_/Olf=0<1=(R)/;1f,

so f is not Riemann integrable. The set of rational numbers

Thus

in [0, 1] is countable. Let {¢;}?2; be an enumeration of the
rational numbers in [0, 1]. For a natural number n, define f,

on [0, 1] by setting

1if x = g, for some ¢, with 1 < k <n,
falz) = .
0 otherwise.

Then each f, is a step function, so it is Riemann integrable.
Thus, {f,} is an increasing sequence of Riemann integrable

functions on [0, 1],
|fu] <1 onf0, 1] forall n

and
{fn} — [ pointwiseon [0, 1].
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However, the limit function f fails to be Riemann integrable

on [0, 1].

4.2 The Lebesgue Integral of a Bounded
Function over a Set of Finite Mea-

sure

The Dirichlet function (Example 4.1.8) exhibits one of the
principal shortcomings of the Riemann integral: a uniformly
bounded sequence of Riemann integrable functions on a closed,
bounded interval can converge pointwise to a function that is
not Riemann integrable. We will see that Lebesgue integral

does not suffer from this shortcoming.

Notation 4.2.1. Henceforth we only consider the Lebesgue in-
tegral, unless explicitly mentioned otherwise, and so we use

the pure integral symbol to denote the Lebesgue integral.

Theorem 4.2.8 tells us that any bounded function that is
Riemann integrable over [a, b] is also Lebesgue integrable over

la, b] and two integrals are equal.



4.2 The Lebesgue Integral of a Bounded Function ... 165

We recall Definition 3.2.5 of simple function over a mea-

surable set with the function ¢ in place of ¢ :

Definition 4.2.2. A real-valued function 1 defined on a set
FE is called simple if it is measurable and assumes only a

finite number of real values.

If ¢ is simple, has domain E and assumes only the finite
number of distinct values ay, ..., a,, then, by the measura-
bility of 9, its level sets (or inverse images) ¢ ~!(a;) are mea-
surable ! and we have the canonical representation of ¢ on F

as

n

Y = > cxp on E (4.1)

k=1
where each E; = ¢ (a;) = {x € E : ¢(z) = a;} .

This particular expression of ¢ as a linear combination of

! Using Definition 3.1.3 and Proposition 2.3.10, ¥~1(a;) is measur-
able, since

P Ha;) = {r e E:¢(x) > a;} N {zr € E:9¢(x) <a;}

measurable set since 1) is measurable measurable set since % is measurable

measurable, beingtheintersectionofmeasurablesets
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characteristic functions is called the canonical representa-
tion of the simple function 1, and it is characterized by
the fact that a; distinct and nonzero (and hence the E; are

disjoint also).

Definition 4.2.3. (Integral of a simple function)For a sim-
ple function v defined on a set of finite measure F, we define

the integral of ¢ over E by

/Ez/z:if;ai-mw»

when 1) has the canonical representation (4.1)

=1

on FE, where each
Ei =y Y a;) ={r € E:(x) = a;}.

Lemma 4.2.4. Let {E;}" | be a finite disjoint collection of
measurable subsets of a set of finite measure E. For1 <1 <

n, let a; be a real number.



4.2 The Lebesgue Integral of a Bounded Function ... 167

If o =31 aixg on E, then [, =>"" a;-m(E;).

Proof. The collection {E;}! , is disjoint but the above may
not be the canonical representation since the a;’s may not
be distinct. We must account for possible repetitions. Let
{A1, ..., A} bedistinct values taken by ¢. For 1 < j < m,

set
A;={z e E:¢(x)=\} .(Fig4.2)

By definition of the integral in terms of canonical representa-

tions,
/@ZZAJ'W(AJ')-
E et

For 1 < j < m, let I; be the set of indices ¢ € {1, ... , n}
for which a; = A;. Then

{t. ..., n}=JI,

and the union is disjoint. Moreover, by finite additivity of
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Figure 4.2: In the figure, assuming that a3 = a; = ag = A\, we
have for x € Es, p(x) = Y 1", aixr, () = a3 = A,. Similarly,
p(x) = A, for x € E; and © € Ey. Also, p(z) = A, for
x € Fy, x € Ey and x € Eyy. Also, p(x) = A for x € E4 and
T e EG-
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measure,
m(A;) = Zielj m(E;) for 1 < j <m.
Therefore

Zai -m(E;) = Z Zai -m(E;)| = Z Aj Zm(Ez)

i€l

This completes the proof. O

Proposition 4.2.5. [ Linearity and Monotonicity of In-
tegration [Let ¢ and ¢ be simple functions defined on a set

of finite measure. Then for any aand (3,

(a) (Linearity of Integration)

[E(w+ﬁ¢>=a[Ew+ﬁ[Ew;

and,
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(b) (Monotonicity of Integration)

if op <Y onkE, then/gpg/qﬂ.
E E

Proof. Since both ¢ and i take only a finite number of values
on F, we may choose a finite disjoint collection {E;}! | of
measurable subsets of FE, the union of which is F, such that
¢ and 1 are constant on each FE;. For each 7, 1 <1 < n,let
a; and b;, respectively, be the values taken by ¢ and ¢ on E;.
By the preceding lemma,

Jeo=21ai-m(E:) and [ =300 bi-m(E).
However, the simple function ap—+ 31 takes the constant value

aa; + #b; on E;. Thus, again by the preceding lemma,

n

[ g +80) = D(aa+ ) -m(r)
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(b) To prove monotonicity, assume ¢ < 1) on FE. Define

n =1 — pon FE. By linearity,

/Ew—/Esoz/E(w—w)sznzO,

since the nonnegative simple function n has a nonnegative

integral. This completes the proof. m

The linearity of integration over sets of finite measure of
simple functions shows that the restriction in the statement
of Lemma 4.2.4 that the collection {E;},_, be disjoint is un-

necessary.

A step function takes only a finite number of values and
each interval is measurable. Thus a step function is simple.
Since the measure of a singleton set is zero and the measure of
an interval is its length, we infer from the linearity of Lebesgue
integration for simple functions defined on sets of finite mea-
sure that the Riemann Integral over a closed, bounded interval

of a step function agrees with the Lebesgue integral.

Definition 4.2.6. Let f be a bounded real-valued function
defined on a set of finite measure FE. By analogy with the

Riemann Integral, we define the lower Lebesgue integral
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of f over FE to be

sup{/ © :gpsimpleandgogfonE}
E

the upper Lebesgue integral of f over FE to be
inf{/ ¥ : 1 simple and f < ¢ on E}
E

Since f is assumed to be bounded, by the monotonicity prop-
erty of the integral for simple functions, the lower and upper
integrals are finite and the upper integral is always at least as

large as the lower integral.

Definition 4.2.7. A bounded function f on a domain F of
finite measure is said to be Lebesgue integrable over F
provided its upper and lower Lebesgue integrals over E are
equal. The common value of the upper and lower integrals
is called the Lebesgue integral, or simply the integral, of f
over F and is denoted by [, f.

Theorem 4.2.8. Let f be a bounded function defined on the

closed, bounded interval [a, b]. If f is Riemann integrable over
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[a, b], then it is Lebesque integrable over [a, b] and the two

integrals are equal.

Proof. The assertion that f is Riemann integrable means that,

setting I = [a, b],

sup {(R)/ ¢ : ¢ astep function, ¢ < f}
I

= inf {(R)/ 1 1 astep function, f < } )
I

To prove that f is Lebesgue integrable we must show that

sup{/cp : ¢ simple and on cpgfonf}
I

:inf{/w : 1 simple and fgwonf}
I

However, each step function is a simple function and, as we
have already observed, for a step function, the Riemann
integral and the Lebesgue integral are the same.
Therefore the first equality implies the second and also the

equality of the Riemann and Lebesgue integrals. O
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Notation 4.2.9. We are now fully justified in using the symbol
[ [, without any preliminary (R), to denote the integral of
a bounded function that is Lebesgue integrable over a set
of finite measure. In the case of an interval E = |[a, b], we
sometimes use the familiar notation fab f to denote f[a b f

and sometimes it is useful to use the classic Leibniz notation
b
fa f(z)dz.

Example 4.2.10. The set E of rational numbers in [0, 1] is
a measurable set of measure zero. The Dirichlet function f
is the restriction to [0, 1] of the characteristic function of E,

Xe- Thus f is integrable over [0, 1] and

/f:/ 1-xp=1-m(E)=0.
[0,1] [0,1]

We have shown that f is not Riemann integrable over [0, 1].

Theorem 4.2.11. Let f be a bounded measurable function on

a set of finite measure E. Then f is integrable over E.

Proof. Let n be a natural number. By the Simple Approxi-
mation Lemma, with ¢ = %, there are two simple functions
v, and v, defined on E for which
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on < f <, on B,

and
1
0< ¢, —p,<—onkFE.
n

By the monotonicity and linearity of the integral for simple

functions,

o</¢n—/ n—/[wn—wn]s%-mw).

However,
0 < infd [ o]v simple, > f
E

—sup /M@ﬁmm,wéf
E

/%—/@S% m(E).

E E

IN

This inequality holds for every natural number n and m(E) is
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finite. Therefore the upper and lower Lebesgue integrals are

equal and thus the function f is integrable over F. n

It turns out that the converse of the preceding theorem is
true; a bounded function on a set of finite measure is Lebesque
integrable if and only if it is measurable (We will see this
in Theorem 5.3.2 in Page 249). This shows, in particular,
that not every bounded function defined on a set of finite
measure is Lebesgue integrable. In fact, for any measurable
set F of finite positive measure, the restriction to £ of the
characteristic function of each nonmeasurable subset of E fails

to be Lebesgue integrable over E.

Theorem 4.2.12. (Linearity and Monotonicity of In-
tegration) Let f and g be bounded measurable functions on

a set of finite measure E. Then for any o and f3,

/af+ﬁg=a/f+ﬁ/g- (4.2)

Moreover,
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if f<gonFE, then /fg/g. (4.3)

E

Proof. A linear combination of measurable bounded functions
is measurable and bounded. Thus, by Theorem 4.2.11, af+3g
is integrable over E. We first prove linearity for g = 0. If
Y is a simple function so is atp, and conversely (if o # 0).
We established linearity of integration for simple functions.
Let a > 0. Since the Lebesgue integral is equal to the upper

Lebesgue integral,

for- gt fomops [2=o [

For @ < 0, since the Lebesgue integral is equal both to the

upper Lebesgue integral and the lower Lebesgue integral,
= inf = asu =«
/ af = 90>af 9’<I])f/ /f
E

It remains to establish linearity in the case that a = 3 = 1.

Let 11 and 15 be simple functions for which f < ; and g <
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Y9 on E. Then 1/, +1)5 is a simple function and f+g < ¥+,
on E. Hence, since [ (f + g) is equal to the upper Lebesgue
E

integral of f + g over E, by the linearity of integration for

simple functions,

/(f+9)§/(1/11+¢2):/@/}1+/¢2-

E E

The greatest lower bound for the sums of integrals on the

right-hand side, as ¥; and 1, vary among simple functions for

which f <)y and g < 49, equals [ f+ [ g. These inequalities
E E

tell us that [ (f + g) is a lower bound for these same sums.

/<f+g)§/f+/g.

Therefore,
E E

It remains to prove this inequality in the opposite direction.
Let ¢ and ¢, be simple functions for which ¢; < f and
w2 < gon E. Then o1 + vy < f+gon E and 1 + ¢y is
simple. Hence, since [ (f + g) is equal to the lower Lebesgue

E
integral of f 4+ g over F, by the linearity of integration for
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simple functions,

/f+g /solﬂoz /sD +/s02-

E

The least upper bound bound for the sums of integrals on the
right-hand side, as ¢ and ¢, vary among simple functions for

which 1 < f and s < g, equals [ f+ [ g. These inequalities
E B

tell us that [ (f + g) is an upper bound for these same sums.
B

Therefore,
E/(f+g)2E/f+E/g-

This completes the proof of linearity of integration.

To prove monotonicity, assume f < g on E. Define h =

g — f on E. By linearity,
/g—/fZ/(g—f)z/h.

The function h is nonnegative and therefore v < h on F,

where 1 = 0 on E. Since the integral of h equals its lower



180 Chapter 4. Lebesgue Integration

integral, [h > [ = 0. Therefore,
E E

]

Corollary 4.2.13. Let f be a bounded measurable function
on a set of finite measure E. Suppose A and B are disjoint

measurable subsets of E. Then

Ji=[s+]s (1.4)

AUB

Proof. Both f-x4 and f-xp are bounded measurable functions

on FE. Since A and B are disjoint,

fxauB=f-xa+ [ xs

Furthermore, for any measurable subset E; of E,

EZf—E/f'XEl-
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Therefore, by the linearity of integration,

/f—Zf~xAUB—Zf-xA+!f-xB—A/HB/f.

AUB

O

Corollary 4.2.14. Let f be a bounded measurable function

on a set of finite measure E. Then

JEEYE (4.5)

Proof. The function |f| is measurable and bounded. Now
—Ifl < f<If] on E.

By the linearity and monotonicity of integration,

- i< [s< 1.
E E E

that is, (4.5) holds. O



182 Chapter 4. Lebesgue Integration
Proposition 4.2.15. Let {fn} be a sequence of bounded mea-
surable functions on a set of finite measure E.

n—oo

If{ f.} — f uniformly on £, then lim fn / f.

Proof. Since the convergence is uniform and each f,, is bounded,
the limit function f is bounded. The function f is measur-
able since it is the pointwise limit of a sequence of measurable

functions. Let € > 0. Choose an index N for which

If — ful < on E foralln > N. (4.6)

€
m(E)
By the linearity and monotonicity of integration and the pre-

ceding corollary (Corollary 4.2.14), for each n > N,

/f / /[f 3 /!f il € om(E) = =

Therefore

) 1= /f
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O

This proposition is rather weak since frequently a sequence
will be presented that converges pointwise but not uniformly.

It is important to understand when it is possible to infer from

{fa} — f pointwise a.e. .on F

i | i) = [ [

E E E

that

We refer to this equality as passage of the limit under the
integral sign or interchange of limit and integration. Be-
fore proving first result regarding this passage, we consider an

example.

Example 4.2.16. For each natural number n, define f,, on
[0, 1] to have the value 0 if x > 2/n, have f(1/n) =n, f(0) =
0 and to be linear on the intervals [0, 1/n] and [1/n, 2/n].
Observe that

1
/fn = 1 foreach n.
0
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Define f =0 on [0, 1]. Then

{fn} — [ pointwiseon [0, 1], but lim [ f, # [ f.

Thus, pointwise convergence alone is not sufficient to justify

passage of the limit under the integral sign.

Theorem 4.2.17. [The Bounded Convergence Theo-
rem] Let {f,} be a sequence of measurable functions on a
set of finite measure E. Suppose {f,} is uniformly pointwise
bounded on E, that is, there is a number M > 0 for which

|ful < M on E forall n.

If { fn.} — f pointwiseon [0, 1], then lim fn /f

n—oo

Proof. The proof of this theorem furnishes a nice illustration
of Littlewood’s Third Principle. If the convergence is uni-
form, we have the easy proof of the preceding proposition.
However, Egoroft’s Theorem tells us, roughly, that pointwise

convergence is nearly uniform.
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The pointwise limit of a sequence of measurable functions
is measurable. Therefore f is measurable. Clearly |f| < M
on F. Let A be any measurable subset of £ and n a natural

number. By the linearity and additivity over domains of the

integral,
/fn—/f—/[fn—f]—/ n+ [ o+ [ e
E E E E~A E~A
Therefore, by Corollary 4.2.14 and the monotonicity of inte-
gration,
/fn—/ S/ fl+2M-m(E ~ A). (4.7)
E E A

To prove convergence of the integrals, let ¢ > 0. Since m(E) <
oo and f is real-valued, Egoroftf’s Theorem tells us that there
is a measurable subset A of F for which {f,} — f uniformly
on A and m(E ~ A) <
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By uniform convergence, there is an index N for which

|fn_f|<#(E) on A for all n > N.

Therefore, for n > N, we infer from (4.7) and the monotonic-

ity of integration that

/fn / _Q;L(E) m(A) +2M -m(E ~ A) < ¢

Hence the sequence of integrals { Ik fn} converges to [ f. O
E E

4.3 The Lebesgue Integral of a Mea-

surable Nonnegative Function

A measurable function f on F is said to vanish outside a set
of finite measure provided there is a subset F, of E for which
m(Fy) < ooand f =0on E ~ Ey. It is convenient to say that
a function that vanishes outside a set of finite measure has

finite support and define its support to be {x € E|f(z) # 0}.
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In the previous section, we defined the integral of a bounded
measurable function f over a set of finite measure £. However,
even if m(E) < oo, if f is bounded and measurable on F

but has finite support, we can define its integral over FE by

/Ef= s

where Ej has finite measure and f = 0 on £ ~ FE,. This
integral is properly defined, that is, it is independent of the
choice of set of finite measure Fy outside of which f vanishes.
This is a consequence of the additivity over domains property
of integration for bounded measurable functions over a set of

finite measure.

Definition 4.3.1. (Lebesgue Integral of a Measurable Non-
negative Function) If f is a nonnegative measurable function
defined on a measurable set FE, we define the integral of f

over FE by

/ f = sup { / h ‘ h bounded, measurable, of finite support
E E
and 0 < h < fon E}.
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Theorem 4.3.2. Chebychev’s Inequality Let f be a non-

negative measurable function on FE . Then for any X > 0,

m{er!f(x)ZA}S;/Ef- (4.8)

Proof. Define
Ex={x € E| f(z) > \}.

Case 1. Suppose m(E)) = co. Let n be a natural number.
Define

Ex n=ExN[-n, n] and ¥, = X xg, ,
Then 1), is a bounded measurable function of finite support,
)\~m(E,\7n):/wn and 0 <, < f on E for all n.
E

We infer from the continuity of measure that

n—oo n—oo

oo =A-m(Ey\) =A- limm(E) ,) = lim @Dn / e
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Thus inequality (4.8) holds since both sides equal oo.

Case 2. Now consider the case m(FE)) < co. Define
h=M\- XEA .

Then h is a bounded measurable function of finite support
and 0 < h < f on E . By the definition of the integral of f

waw=éhﬁéf

Divide both sides of this inequality by A to obtain Chebychev’s

over E,

Inequality. This completes the proof. O

Proposition 4.3.3. Let f be a nonnegative measurable func-

tion on E. Then

/ f=0if and only if f =0 a.e. on E. (4.9)
E

[i-0

Proof. First assume
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Then, by Chebychev’s Inequality, for each natural number n,

n

m{xexyf(x)zl}:o.

By the countable additivity of Lebesgue measure,
m{zr e X | f(x)>0}=0.

Conversely, suppose f =0 a.e. on F. Let ¢ be a simple func-
tion and h a bounded measurable function of finite support
for which 0 < ¢ < h < fon E. Then ¢ =0 a.e. on F
and hence [ 7 = 0. Since this holds for all such ¢, we infer
that f »h = 0. Since this holds for all such h, we infer that

[y f=0. O

Theorem 4.3.4. [Linearity and Monotonicity of In-
tegration] Let f and g be nonnegative measurable functions

on E. Then for any a > 0 and 8 > 0,

(Linearity)

Jtar+om=afr+5]q (4.10)
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Moreover,

(Monotonicity)

if f<gon E, then /f:/g. (4.11)
E E

Proof. Fora > 0,0 <h < fon Fifand only if 0 < ah < af
on F. Therefore, by the linearity of the integral of bounded

functions of finite support,

/Eaf:&/Ef.

Thus, to prove linearity we need only consider the case a =
(8 =1. Let h and g be bounded measurable functions of finite
support for which 0 < h < f and 0 < k < g on E. We have
0 < h+k < f+gon E, and h+k also is a bounded measurable
function of finite support. Thus, by the linearity of integration

for bounded measurable functions of finite support,

/Eh+/Ek:/E(h+k:)§/E(f+g).

The least upper bound for the sums of integrals on the left-
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hand side, as h and k vary among bounded measurable func-
tions of finite support for which h < f and k < ¢, equals
Ju [+ [z 9. These inequalities tell us that [,(f + g) is an

upper bound for these same sums. Therefore,

/Ef+/Eg§/E(f+g)-

It remains to prove this inequality in the opposite direction,

that is,
/E<f+g>§/Ef+/Eg-

By the definition of [,(f + ¢) as the supremum of [, 1 as
ranges over all bounded measurable functions of finite support
for which 0 < [ < f + g on E, to verify this inequality it is

necessary and sufficient to show that for any such function [

/Elg/Ef—l—/Eg. (4.12)

For such a function [, define the functions h and k£ on E by
h=min{f, [} and k=1—hon E.

Let x belongs to E. If I(z) < f(x), then k(x) = 0 < g(x);
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if {(x) > f(z), then h(z) = l(z) — f(x) < g(z). Therefore,
h < gon E. Both h and k are bounded measurable functions
of finite support. We have

0<h<f 0<k<gandl=h+konE.

Hence, again using the linearity of integration for bounded

measurable functions of finite support and the definitions of
[ [ and [, g, we have

/Ez:/Em/Ekg/EH/Eg

Thus (4.12) holds and the proof of linearity is complete.

In view of the definition of f »J as a supremum, to prove
the monotonicity inequality (6.16) it is necessary and suffi-
cient to show that if h is a bounded measurable function of
finite support for which 0 < h < f on E, then

/Ehg/Eg (4.13)

Let h be such a function. Then h < g on E. Therefore, by the
definition of [, g as a supremum, [, h < [, g. This completes
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the proof of monotonicity. O

Theorem 4.3.5. [Additivity Over Domains of Inte-
gration [Let f be a nonnegative measurable function on E. If

A and B are disjoint measurable subsets of E, then

Juu =175 15

In particular, if Ey is a subset of E of measure zero, then

/E f= [E " f (4.14)

Proof. Additivity over domains of integration follows from lin-
earity as it did for bounded functions on sets of finite mea-
sure. The excision formula (4.14) follows from additivity over
domains and the observation that, by Proposition 4.3.3, the
integral of a nonnegative function over a set of measure zero

is zero. O

The following lemma will enable us to establish several

criteria to justify passage of the limit under the integral sign.

Lemma 4.3.6. [Fatou’s Lemma | Let { f,, } be a sequence
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of nonnegative measurable functions on E.

If{f.} — fpointwisea.e.on £, then /f < lim inf/fn.
E E

(4.15)

Proof. In view of (4.14), by possibly excising from F a set of
measure zero, we assume the pointwise convergence is on all
of E. The function f is nonnegative and measurable since it is
the pointwise limit of a sequence of such functions. To verify
the inequality in (4.15) it is necessary and sufficient to show
that if h is any bounded measurable function of finite support
for which 0 < h < f on E, then

/thMM/ﬁV (4.16)
E

E

Let h be such a function. Choose M > 0 for which |h| <
M on E. Define

Ey ={z € Elh(x) # 0}.

Then m(Ey) < oo. Let n be a natural number. Define a
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function h, on E by
h, = min{h, f,} on E.
Observe that the function h,, is measurable, that
0<h,<Mon Ejand h, =0 on E ~ Ej.

Furthermore, for each x € E, since h(z) < f(x) and { f,(z)} —
f(z), {hn(x)} — h(z). We infer from the Bounded Conver-
gence Theorem applied to the uniformly bounded sequence
of restrictions of h,, to the set of finite measure Ej, and the

vanishing of each h, on E ~ FEj, that
lim [ h, = lim hn—/h—/h.
E Ey Eqg E

However, for each n, h, < f, on E and therefore, by the
definition of the integral of f, over E, [h, < [ f,. Thus,
E E

/h: lim [ h, gliminf/fn.
E

E E
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The inequality in Fatou’s Lemma may be strict.

Example 4.3.7. Let £ = (0, 1] and for a natural number n,
define f, = n - X(o, 1) Then {f,} converges pointwise on E

to f =0 on E. However,

n—oo

E

/f:()<1:lin1 I

As another example of strict inequality in Fatou’s Lemma,
let £ = R and for a nautral number n, define g, = X(n, n+1)-

Then {g,} converges pointwise on E to g = 0 on E. However,

/g:0<1:lim n-

n—oo

E E

However, the inequality in Fatou’s Lemma is an equality if

the sequence {f,} is increasing.

Theorem 4.3.8. The Monotone Convergence Theo-

rem Let {f,} be an increasing sequence of nonnegative mea-
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surable functions on E.

If {f.} — f pointwise a.e. on E, then lim fn /f

n—oo

Proof. According to Fatou’s Lemma (Lemma 4.3.6),

/fgliminf/fn.

However, for each index n, f, < f a.e.on E, and so, by the

monotonicity of integration for nonnegative measurable func-

tions and (4.14),
Zhﬁ!ﬁ
limsupE/fngE/f.

[ 1=t [ 5

Therefore

Hence
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Corollary 4.3.9. Let {u,} be a sequence of nonnegative mea-

surable functions on E.

If f= Zun pointwise a.e. on F, then /f = Z/U”
n=1 B n=1 B

Proof. Apply the Monotone Convergence Theorem with f,, =

> ug, for each index n, and then use the linearity of integra-
k=1
tion for nonnegative measurable functions. O]

Definition 4.3.10. A nonnegative measurable function f on

a measurable set F is said to be integrable over F provided

E/f<oo.

Proposition 4.3.11. Let the nonnegative function f be inte-

grable over E. Then f is finite a.e. on E.

Proof. Let n be a natural number. Chebychev’s Inequality
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and the monotonicity of measure tell us that

m{z € B|f(z) = 0o} <m {z € B|f(z) > n} < /f.

E

S|

But [ f is finite and therefore m{x € E|f(z) = 00} =0. O
B

Lemma 4.3.12. Beppo Levi’s Lemma Let {f,} be an in-

creasing sequence of nonnegative measurable functions on E.
If the sequence of integrals {f fn} is bounded, then { f,} con-

E
verges pointwise on E to a measurable function f that is finite

a.e. on E and

lim fn /f<oo

Proof. Every monotone sequence of extended real numbers
converges to an extended real number. Since {f,} is an in-
creasing sequence of extended real-valued functions on F, we
may define the extended real-valued nonnegative function f

pointwise on F by

f(z) = lim f,(z) for all x € E.

n—oo
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According to the Monotone Convergence Theorem, { S fn} —
E

[ f. Therefore, since the sequence of real numbers { | fn} is
E E

bounded, its limit is finite and so [ f < co. We infer from the
E

preceding proposition that f is finite a.e. on F. m

4.4 The General Lebesgue Integral

We first recall Definition 3.1.18 (Also ref. Example 3.1.19):

Definition 4.4.1. For an extended real-valued function f on

E, positive part f* of f is given by
[T (z) = max{f(z), 0} forallz € F
and the negative part f~ of f is given by

f~(z) = max{—f(x), 0} forallx € E.
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|f| is defined by
|f| (z) = max{ f(z), —f(z)} forallz € E.

Example 4.4.2. [Example 3.1.19 revisited] For the func-
tion
f(z) =sinz, 0 <z <27 (Fig. (4.3))
we have
—f(z) = —sinz, 0 <z <2r (Fig. (4.4))
simnz, 0<x<m

fT(@) = max{ f(z), 0} = { 0. 7 <z<om (Fig.
(4.5))

- = maxy — = bUsesT
J (@) = max{—f(z), 0} {—sinx, T<x<27
(Fig. (4.6))
Also,

sinz, 0<z<m

71(2) = max{ f(2), —f(x)} = {
(Fig. (4.7)

—sinx, <z <27
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(x) =sinz, = € [0, 27|

Figure 4.3: Graph of f(z) =sinz, 0 <z <27

—f(x) = —sinz, x € [0, 27|

Figure 4.4: Graph of —f(z) = —sinz, 0 <z <27
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f(x) = max{ f(=), 0}
=sinz for 0 <z <7 and
0 form<ax<2mw

Figure 4.5: Graph of f*

f~(2) = max{ —f(a), 0}
= 0 for0<z<m and
—sinzx for m < x < 27

Figure 4.6: Graph of f~
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[fl(z) = max{ f(z), —f(x)}
= sinz for 0 <z < m and
—sinx for m < x < 27w

Figure 4.7: Graph of |f|

Remark 4.4.3. f* and f~ are nonegative functions on F,

and

f=f"—f onE
and

fl=f"+f onE.

An example of this can seen in Example 4.4.2. Observe that

f is measurable if and only if both f* and f~ are measurable.

Proposition 4.4.4. Let f be a measurable function on E.
Then f* and f~ are integrable over E if and only if |f] is

integrable over E.
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Proof. Assume f* and f~ are integrable nonnegative func-
tions. By the linearity of integration for nonnegative func-
tions,

[T+

is integrable over E. Hence
fl=f"+f

is integrable over F.

Conversely, suppose |f] is integrable over E. Since
0< fH<If]
and

0< f~<|f]

on F, we infer from the monotonicity of integration for non-
negative functions that both f™ and f~ are integrable over
E. O

Definition 4.4.5. A measurable function f is said to be

integrable over F provided |f| is integrable over E. In this
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case we define the integral of f over E by

fo-fr-1s

Of course, for a nonnegative function f, since f = f* and
f~ =0 on E, this definition of integral coincides with the one
just considered. By the linearity of integration for bounded
measurable functions of finite support, the above definition
of integral also agrees with the definition of integral for this

class of functions.

Proposition 4.4.6. Let f be integrable over E. Then f is

finite a.e. on E and

E

E~Ey

Proof. Proposition 4.3.11, tells us that |f| is finite a.c. on E.
Thus f is finite a.e. on E.

Moreover, (4.17) follows by applying (4.14) to the positive
and negative parts of f. n
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The following criterion for integrability is the Lebesgue inte-
gral correspondent of the comparison test for the convergence of

series of real numbers.

Proposition 4.4.7. [ The Integral Comparison Test ]
Let f be a measurable function on E. Suppose there is a non-
negative function g that is integrable over E and dominates f
in the sense that

fl<gonE.

Then f is integrable over E and

E/fsE/\f\-

Proof. By the monotonicity of integration for nonnegative
functions, |f|, and hence f, is integrable. By the triangle
inequality for real numbers and the linearity of integration

for nonnegative functions,

E/f‘ E/f*—E/f- SE/f++E/f‘=E/\f\-
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O

We have arrived our final stage of generality for the Lebesgue
integral for functions of a single real variable. Before prov-
ing the linearity property for integration, we need to address,
with respect to integration, a point already addressed with
respect to measurability. The point is that for two functions
f and g which are integrable over E., the sum f + g is not
properly defined at points in F/ where f and ¢ take infinite
values of opposite sign. However, by Proposition 4.4.6, if we
define A to be the set of points in £ at which both f and g
are finite, then m(E ~ A) = 0. Once we show that f + g is

integrable over A, we define

[tra=[u+a.

E A

We infer from (4.17) that [ (f + g¢) is equal to the integral
o

over E of any extension of (f+ ¢)|, to an extended real-

valued function on all of F.

Theorem 4.4.8. [Linearity and Monotonicity of In-
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tegration] Let the functions f and g be integrable over E.
Then for any o and (3, the function of + Bg is integrable over

E and
[@r+pg=afr+5[s

Moreover,

iffggonEthen/fg/g.
E

E

Proof. If a > 0, then [af]T = afT and [af]” = af~, while if
a <0, laf]t = —af” and [af]” = —afT. Therefore

-

since we established this for nonnegative functions f and o >
0. So it suffices to establish linearity in the case « = 3 = 1. By
the linearity of integration for nonnegative functions, |f|+ |g|

is integrable over E. Since

\f+g] <|f]+ 9]
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on E, by the integral comparison test, f 4 ¢ also is integrable
over E. Proposition 4.4.6 tells us that f and g are finite a.e.
on E. According to the same proposition, by possibly excising
from E a set of measure zero, we may assume that f and ¢

are finite on E. To verify linearity is to show that

/[f+g]+—E/f+g /f+ /f /g+—/g—

E

But

f+9)" =+ =f+9g=U"=f)+(g"—g )omE,

and therefore, since each of these six functions takes real val-

ues on F,

(f+)t+f +g =49 +fT+gtomE.

We infer from linearity of integration for nonnegative func-
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tions that
E/<f+g>++E/f‘+L/g‘=E/(f+g)‘+E/f++E/g+.

Since f, g and f + g are integrable over E, each of these six
integrals is finite. Rearrange these integrals to obtain (4.18).

This completes the proof of linearity.

To establish monotonicity we again argue as above that we
may assume g and f are finite on E. Define h =g — f on E.
Then h is a properly defined nonnegative measurable function
on E. By linearity of integration for integrable functions and

monotonicity of integration for nonnegative functions,

/g—E/f=/<g—f>=/h20-

E E E

Corollary 4.4.9. [Additivity Over Domains of Inte-

gration] Let f be integrable over E. Assume A and B are
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disjoint measurable subsets of E. Then

/f—/f+/f. (4.19)

AUB

Proof. Observe that

|f - xal < 1Sl

and

If x|l < |f]

on E. By the integral comparison test, the measurable func-
tions f - x4 and f - xp are integrable over F. Since A and B

are disjoint
fXxauB=f xa+ [ xponkE. (4.20)

But for any measurable subset C' of E,

C/sz/f-xC.
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Thus (4.19) follows from (4.20) and the linearity of integra-
tion. [

The following generalization of the Bounded Convergence
Theorem provides another justification for passage of the limit

under the integral sign.

Theorem 4.4.10. [The Lebesgue Dominated Conver-
gence Theorem] Let {f,} be a sequence of measurable func-
tions on E. Suppose there is a function g that is integrable
over E and dominates {f,} on E in the sense that |f,| < g
on E for all n. If {f,} — f pointwise a.e. on E, then f is

integrable over E and

) 1= /f

Proof. Since |f,| < gand |f| < g a.e. on F and g is integrable
over F, by the integral comparison test, f and each f,, also
are integrable over E. We infer from Proposition 4.4.6 that,
by possibly excising from E a countable collection of sets of
measure zero and using the countable additivity of Lebesgue

measure, we may assume that f and each f, is finite on FE.
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The function g — f and for each n, the function g — f,, are
properly defined, nonnegative and measurable. Moreover, the
sequence {g — fn} converges pointwise a.e. on E to g — f.

Fatou’s Lemma (Lemma 4.3.6) tells us that

[ o= <timint [ (g £.).

E E

Thus, by the linearity of integration for integrable functions,

/g—/fz/(g—f) Sliminf/(g—fn) Z/g—limsup/fm
e [ 1< [ 1

Similarly, considering the sequence {g + f,}, we obtain

E/fgliminfE/fn.

This completes the proof. n

that is,
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The following generalization of the Lebesgue Dominated
Convergence Theorem, the proof of which we leave as an ex-

ercise, is often useful.

Theorem 4.4.11. (General Lebesgue Dominated Con-
vergence Theorem) Let {f,} be a sequence of measurable
functions on E that converges pointwise a.e. on E to f. Sup-
pose there is a sequence {g,} of nonnegative measurable func-
tions on E that converges pointwise a.e. on E to g and dom-

inates {f,} on E in the sense that

|ful < lgn |on E for all n.

If
lim gn:/g<oo,

n—oo

E E

then
lim fn / f.

Remark 4.4.12. In Fatou’s Lemma and the Lebesgue Dom-
inated Convergence Theorem, the assumption of pointwise

convergence a.e. on F rather than on all of E' is not a decora-
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tion pinned on to honor generality. It is necessary for future
applications of these results. We provide one illustration of
this necessity. Suppose f is an increasing function on all of
R. A forthcoming theorem of Lebesgue (Lebesgue’s Theorem
(Theorem 6.4.6 in Page 284) tells us that

o F@+1/n) — f(@)

Tim. n = f'(z) for almost all z.  (4.21)

From this and Fatou’s Lemma we will show that for any

closed, bounded interval [a, 0],

b
/f@stﬂw—fm»

In general, given a nondegenerate closed, bounded interval
[a, b] and a subset A of [a, b] that has measure zero, there is
an increasing function f on [a, b] for which the limit in (4.21)

fails to exist at each point in A.
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4.5 Countable Additivity and Con-

tinuity of Integration

The linearity and monotonicity properties of the Lebesgue in-
tegral, which we established in the preceding section, are ex-
tensions of familiar properties of the Riemann integral. We
now establish two properties of the Lebesgue integral
which have no counterpart for the Riemann integral.
The following countable additivity property for Lebesgue in-
tegration is a comparison of the countable additivity property

of Lebesgue measure.

Theorem 4.5.1. (The Countable Additivity of Inte-
gration)Let [ be integrable over E and {E,}°2, a disjoint

countable collection of measurable subsets of E whose union
1s E. Then .
/f:Z/f. (4.22)
E n:lEn

Proof. Let n be a natural number. Define
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where Yy, is the characteristic function of the measurable set

Usr—, Ex- Then f, is a measurable function on E and
[l < 1f] on E.

Observe that { f,,} — f pointwise on E. Thus, by the Lebesgue

Dominated Convergence Theorem,

/f—,}zf;o I

On the other hand, since {E,}°°, is disjoint, it follows from
the additivity over domains property of the integral that for

each n,
/fn Z/f
k=15,
Thus
/f:lim fo= lim / Z/f
E E k=1p, k=1p
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We leave it to the reader to use the countable additivity
of integration to prove the following result regarding the con-
tinuity of integration: use a pattern similar to the proof of
continuity of measure based on countable additivity of mea-

sure.

Theorem 4.5.2. (The Continuity of Integration) Let f

be integrable over E.

1. If {E,}22, is an ascending countable collection of mea-
surable subsets of E, then

n—oo

/ f = lim f (4.23)

2. If{E,}>2 is an descending countable collection of mea-

surable subsets of E, then

n—oo

/ f= lim f (4.24)
n=", B,



4.6 Uniform Integrability: Vitali Convergence Theorem 221

4.6 Uniform Integrability:

Vitali Convergence Theorem

We conclude this chapter on Lebesgue integration by estab-
lishing, for functions that are integrable over a set of finite
measure, a criterion for justifying passage of the limit under the
integral sign which is suggested by the following lemma and

proposition.

Lemma 4.6.1. Let E be a set of finite measure and 6 > 0.
Then E is the disjoint union of a finite collection of sets, each

of which has measure less than .

Proof. By the continuity of measure,

lim m(E ~ [—-n, n]) =m(0) = 0.
Choose a natural number ng for which m(E ~ [—ng, ng]) <
. By choosing a fine enough partition of [—ng, ng], express
E N [—ng, np] as the disjoint union of a finite collection of

sets, each of which has measure less than . [
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Proposition 4.6.2. Let f be a measurable function on E. If
f is integrable over E, then for each ¢ > 0, there is a 6 > 0
for which

if A C E is measurable and m(A) < 4, then /|f| <e.
A

(4.25)
Conversely, in the case m(E) < oo, if for each €, there is a
d > 0 for which (4.25) holds, then f is integrable over E.

Proof. The theorem follows by establishing it separately for
the positive and negative parts of f. We therefore suppose
f > 0on E. First assume f is integrable over E. Let ¢ > 0.
By the definition of the integral of a nonnegative integrable
function, there is a measurable bounded function f. of finite

support for which
0<f. <f onE and 0§/f—/f6<g.
E E

Since f — f. > 0 on E, if A C E is measurable, then, by the
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linearity and additivity over domains of the integral,

[r=[r=[ir-ra<[u-r1=[r-[r<5

A

But f. is bounded. Choose M > 0 for which 0 < f. < M on
Ey. Therefore, if A C E is measurable, then

/f</fg+§§M-m(A)+%.
A A

Define
€

T oM
Then (4.25) holds for this choice of 6.

J

Conversely, suppose m(F) < oo and for each £ > 0, there
is a § > 0 for which (4.25) holds. Let 9 > 0 respond to
the ¢ = 1 challenge. Since m(E) < oo, according to the
preceding lemma, we may express F as the disjoint union of a

finite collection of measurable subsets { E;}4_,, each of which
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has measure less than d. Therefore
N
> [rew.
k=1p,

By the additivity over domains of integration it follows that if

h is a nonnegative measurable function of finite support and

0<h< fonFE, then
/h<N.

E
Therefore f is integrable. O]
Definition 4.6.3. A family F of measurable functions on £
is said to be uniformly integrable over E provided for each

€ > 0, there is a 6 > 0 such that for each f € F,

if A C E is measurable and m(A) < 4, then / If] <e.
A

(4.26)

Example 4.6.4. Let g be a nonnegative integrable function
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over E. Define
F ={f]| f is measurable on F and |f| < gon E}.

Then F is uniformly integrable. This follows from Proposition
4.6.2, with f replaced by ¢, and the observation that for any

measurable subset A of E, by the monotonicity of integration,

if € F,then
/If! < /g-
A A

Proposition 4.6.5. Let { fi}}_, be a finite collection of func-
tions, each of which is integrable over E. Then {fi}i_, is

uniformly integrable.

Proof. Let ¢ > 0. For 1 < k < n, by Proposition 4.6.2, there
is a 9, > 0 for which

if A C E is measurable and m(A) < d;, then / \fr] <e.
A

(4.27)
Define
0 = min{dy, ..., I}
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This 0 responds to the € challenge regarding the criterion for

the collection { fx}7_; to be uniformly integrable. O

Proposition 4.6.6. Assume E has finite measure. Let the
sequence of functions {f,} be uniformly integrable over E. If

{fn} — f pointwise a.e. on E, then f is integrable over E.

Proof. Let 69 > 0 respond to the ¢ = 1 challenge in the uni-
form integrability criteria for the sequence { f,,}. Since m(E) <
00, by Lemma 4.21, we may express E as the disjoint union
of a finite collection of measurable subsets { £y }4_, such that
m(Ey) < 6 for 1 < k < N. For any n, by the monotonicity

and additivity over domains property of the integral,

/Wzi/W<N

k=1 Ey

We infer from Fatou’s Lemma that

[ 11 < timint [ 15, <.
E E

Thus |f] is integrable over E. O
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Theorem 4.6.7. [The Vitali Convergence Theorem]
Let E be of finite measure. Suppose the sequence of functions

{fn} is uniformly integrable over E.

If {f.} — f pointwise a.e. on E, then

f is integrable over F and lim fn / I

n—oo

Proof. Propositions 4.24 tells us that f is integrable over E
and hence, by Proposition 4.14, is finite a.e. on E. There-
fore, using Proposition 4.14 once more, by possibly excising
from E a set of measure zero, we suppose the convergence is
pointwise on all of E and f is real-valued. We infer from the
integral comparison test and the linearity, monotonicity, and

additivity over domains property of integration that, for any
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measurable subset A of E and any natural number n,

E/fn—E/f _ E/(fn—f)
< [1t.-1
- /Ifn—f|+A/|fn—f!

E~A

< [n-a1+ [18l+ 1@

E~A

Let ¢ > 0. By the uniform integrability of {f,}, there is a

6 > 0 such that
€
n<_
15l <3
A

for any measurable subset of E for which m(A) < 4. Therefore,

by Fatou’s Lemma (Lemma 4.3.6), we also have

/|f|§§
A
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for any measurable subset of A for which m(A) < 4. Since
f is real-valued and E has finite measure, Egoroff’s Theorem
tells us that there is a measurable subset Ey of E for which
m(Ey) < ¢ and {f,} — f uniformly on E ~ Ej. Choose a

natural number N such that

19
|fn—f|<m

on F ~ FEy for all n > N. Take A = FEj in the integral
inequality (4.28). If n > N, then

/fn—/f < /Ifn—f|+/|fn|+/!f|
E E Eo Ep
£
<

E~Ey
€ €
-  .m(E~E 24z
5 omE) ™ ) +3F3
< e
This completes the proof. O

The following theorem shows that the concept of uniform
integrability is an essential ingredient in the justification, for

a sequence {h,} of nonnegative functions on a set of finite
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measure that converges pointwise to h = 0, of passage of the

limit under the integral sign.

Theorem 4.6.8. Let E be of finite measure. Suppose {h,} is
a sequence of nonnegative integrable functions that converges

pointwise a. e. on E to h =0. Then

lim [ h, =0 if and only if

E
{hy} is uniformly integrable over E.

Proof. 1f {h,} is uniformly integrable, then, by the Vitali

Convergence Theorem,

lim [ h,=0.

E

Conversely, suppose lim f h, = 0. Let £ > 0. We may choose
n—oo E

a natural number N for which

/hn<5ifn2N.
E



4.6 Uniform Integrability: Vitali Convergence Theorem 231

Therefore, since each h, > 0 on F,

it AC FE is measurable and n > N, then/hn <e. (4.29)
E

According to Propositions 4.6.2 and 4.6.5, the finite collection
{h, YN is uniformly integrable over E. Let § respond to the e
challenge regarding the criterion for the uniform integrability
of {h, }N-'. We infer from (4.29) that & also responds to the &
challenge regarding the criterion for the uniform integrability
of {hn}> . O



Chapter

Lebesgue Integration: Further

Topics

In this brief chapter, we first consider a generalization of the
Vitali Convergence Theorem to sequences of integrable func-
tions on a set of infinite measure; for a pointwise convergent
sequence of integrable functions, tightness must be added to
uniform integrablity in order to justify passage of the limit un-
der the integral sign. We then consider a mode of sequential

convergence for sequences of measurable functions called con-

232
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vergence in measure and examine its relationship to pointwise
convergence and convergence of integrals. Finally, we prove
that a bounded function is Lebesgue integrable over a set of
finite measure if and only if it is measurable (Theorem 5.3.2),
and that a bounded function is Riemann integrable over a
closed, bounded interval if and only if it is continuous at al-

most all points in its domain.

5.1 Uniform Integrability and Tight-
ness: A General Vitali Conver-

gence Theorem

The Vitali Convergence Theorem (Theorem 4.6.7) of the pre-
ceding chapter tells us that if m(E) < oo, {f,} is uniformly
integrable over F and converges pointwise almost everywhere

on E to f, then f is integrable over E and passage of the limit
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under the integral sign is justified, that is,

lim /fn :/ lim f, = lim /f (5.1)

E E E
This theorem requires that E have finite measure. Indeed,
for each natural number n, define f,, = X}, nt1) and f =0 on
R. Then {f,} is uniformly integrable over R and converges

pointwise on R to f. However,

lim /fn zl#Oz/lim fn = lim/f.
B SR e
The following property of functions that are integrable over
sets of infinite measure suggests an additional property which
should accompany uniform integrability in order to justify
passage of the limit under the integral sign for sequences of

functions on a domain of infinite measure.

Proposition 5.1.1. Let f be integrable over E. Then for each
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e > 0, there is a set of finite measure Ey for which

Proof. Let € > 0. The nonnegative function |f| is integrable
over E. By the definition of the integral of a nonnegative func-
tion, there is a bounded measurable function g on E, which
vanishes outside a subset Ej of E of finite measure, for which

0<g<|fland [|f] — [ g < e. Therefore, by the linearity
E E

and additivity over domains properties of integration,
[ = [ u-a< [in-g<=
E~Eo E~Eo E
O
Definition 5.1.2. A family F of measurable functions on F

is said to be tight over E provided for each € > 0, there is a

subset Ey of E of finite measure for which

/ |f| <eforall feF.

E~Ey
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We infer from Proposition 4.6.2 of the preceding chapter
that if F is a family of functions on E that is uniformly inte-
grable and tight over F, then each function in F is integrable

over F.

Theorem 5.1.3. [The Vitali Convergence Theorem]
Let {f.} be a sequence of functions on E that is uniformly

integrable and tight over E. Then f is integrable over E and

oy [ o= [

Proof. Let ¢ > 0. By the tightness over E of the sequence
{fn}, there is a measurable subset Fj of E which has finite

measure and

/ |fn] < Z for all n.

E~Ey

We infer from Fatou’s Lemma that
€
< -.
[ n<s
E~Ey

Therefore f is integrable over E ~ Ejy. Moreover, by the lin-
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earity and monotonicity of integration,

/[fn—f] < / | ful + / |f|<g for all n.  (5.2)

~Fq E~FEy E~FEy

But Ej has finite measure and {f,} is uniformly integrable
over Fy. Therefore, by the Vitali Convergence Theorem for
functions on domains of finite measure, f is integrable over

FEy and we may choose an index N for which

/[fn —f]l < g for all n > N. (5.3)

Eo

Therefore f is integrable over F and, by (5.2) and (5.3),

/[fn—f] < e foralln> N.

E

The proof is complete. n

We leave the proof of the following corollary as an exercise.

Corollary 5.1.4. Let {h,} be a sequence of nonnegative in-
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tegrable functions on E. Suppose {h,(z)} — 0 for almost all
x in E. Then

lim [ A, = 0 if and only if

n—oo

E
{h,} is uniformly integrable and tight over E.

5.2 Convergence in Measure

We have considered sequences of functions that converge uni-
formly, that converge pointwise, and that converge pointwise
almost everywhere. To this list we add one more mode of
convergence that has useful relationships both to pointwise
convergence almost everywhere and to forthcoming criteria

for justifying the passage of the limit under the integral sign.

Definition 5.2.1. Let { f,,} be a sequence of measurable func-
tions on F and f a measurable function on E for which f and

each f, is finite a.e. on E. The sequence {f,} is said to con-
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verge in measure on F to f provided for each n > 0,
Jim m{z € E [ [fu(z) = f(2)] > n} = 0.

When we write {f,} — f in measure on E we are im-
plicitly assuming that f and each f, is measurable, and finite
a.e. on E. Observe that if {f,} — f uniformly on E, and f
is a real-valued measurable function on F, then {f,} — f in

measure on F since for n > 0, the set

{z e B [fule) = f(2)] >n}

is empty for n sufficiently large. However, we also have the

following much stronger result.

Proposition 5.2.2. Assume E has finite measure. Let {f,}
be a sequence of measurable functions on E that converges
pointwise a.e. on E to f and f is finite a.e. on E. Then

{fn} — [ in measure on E.

Proof. First observe that f is measurable since it is the point-

wise limit almost everywhere of a sequence of measurable
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functions. Let n > 0. To prove convergence in measure we

let ¢ > 0 and seek an index N such that
m{x € E||fu(x) — f(z)] >n} <e foralln>N. (5.4)

Egoroft’s Theorem tells us that there is a measurable subset
F of E with m(E ~ F) < € such that {f,} — f uniformly on
F. Thus there is an index N such that

\fn— fl>non F for all n > N.
Thus, for n > N,
{z € El|fu(z) = f(@)| >n} CE~F

and so (5.4) holds for this choice of N. O

The above proposition is false if £ has infinite measure.
The following example shows that the converse of this propo-

sition also is false.

Example 5.2.3. Consider the sequence of subintervals of
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0, 1], {1,}22,, which has initial terms listed as
[0, 1], [0, 1/2], [1/2, 1], [0, 1/3], [1/3, 2/3], [2/3, 1],

[0, 1/4], [1/4, 1/2], [1/2, 3/4], [3/4, 1] ...

For each index n, define f,, to be the restriction to [0, 1] of
the characteristic function of I,,. Let f be the function that is
identically zero on [0, 1]. We claim that {f,} — f in measure.

Indeed, observe that

lim [(/,) =0

n—oo
since for each natural number m,

1 1
ifn>1+---+m=%, then I(I,,) < —.
m

Thus, for 0 < n < 1, since

{zre B |fulz) = f(@)] >n} C L,
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we have
0 < lim m{x € E||fu(z) — f(z)] >n} < lim I({,) = 0.

However, it is clear that there is no point z in [0, 1] at which
{fn(x))} converges to f(z) since for each point x in [0, 1],

fn(x) =1 for infinitely many indices n, while f(x) = 0.

Theorem 5.2.4. (Riesz) If {f.} — [ in measure on E, then
there is a subsequence { f,, } that converges pointwise a. e. on
E to f.

Proof. By the definition of convergence in measure, there is a

strictly increasing sequence of natural numbers {n;} for which

1 1
m{fleE’ ‘f](x)_f(x)|>z}<ﬁ for all j > ny.

For each index k, define

Bo={oe B 1@ - 1@l> 1},
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Then m(Ey) < 1/2% and therefore

Z m(Ey) < 00.

The Borel-Cantelli Lemma tells us that for almost all x € F|
there is an index K (z) such that = ¢ Ej if K > K(x), that is,

|fo, () — f(z)] < — forall k > K(x).

| =

Therefore
lim f () = f(z).

Corollary 5.2.5. Let {f,} be a sequence of nonnegative in-

tegrable functions on E. Then

lim [ f,=0 (5.5)

E
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if and only if

{fn} — 0 in measure on Fand{f,}is
uniformly integrable and tight over E. (5.6)

Proof. First assume (5.5). Corollary 5.1.4 tells us that {f,,} is
uniformly integrable and tight over E. To show that {f,} — 0
in measure on F, let n > 0. By Chebychev’s Inequality, for

each index n,
1
m{x€E|fn>n}§_'/fn~
7 E
Thus,
. .
0<lmm{zelE]| f,>n}<—- hm/fn:O.
n—oo 'r] n—oo
E

Hence {f,} — 0 in measure on E.

To prove the converse, we argue by contradiction. Assume
(5.6) holds but (5.5) fails to hold. Then there is some g > 0
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and a subsequence { f,,, } for which
/fnk > ¢q for all k.
E

However, by Theorem 5.2.4, a subsequence of { f,,, } converges
to f = 0 pointwise almost everywhere on E and this subse-
quence is uniformly integrable and tight so that, by the Vitali
Convergence Theorem, we arrive at a contradiction to the ex-

istence of the above ¢y > 0. This completes the proof. O]

5.3 Characterizations of Riemann and
Lebesgue Integrability

Lemma 5.3.1. Let {¢,} and {{,} be sequences of functions,

each of which is integrable over E, such that {y,} is increasing

while {1, } is decreasing on E. Let the function f on E have
the property that

on < f <, on E for all n.
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If
E
then
{¢n} — f pointwise a.e. on E,
{¢Yn} — f pointwise a.e. on E,
f is integrable over E,
and

hm/gon /fand hm/wn /f

Proof. For x in E, define

©*(x) = lim @,(z) and P*(z) = lim ¢, (z).

n—oo n—oo

The functions are ¢* and * properly defined since monotone
sequences of extended real valued numbers converge to an
extended real number and they are measurable since each is

the pointwise limit of a sequence of measurable functions. We
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have the inequalities
on <" < f <Y <1, on E for all n. (5.7)

By the monotonicity and linearity of the integral of nonnega-

tive measurable functions,

OS/(zﬁ*—go*) S/(wn—cpn) for all n,

E E

so that

0< [ =9 < tim [ (@) =0

n—oo

E E
Since ©¥* — ¢* is a nonnegative measurable function and
Jw=e1=0
E

Proposition 4.3.3 in Page 189 tells us that ¢* = ¢* a.e. on E.
But
o < f <" onE.



248 Chapter 5. Lebesgue Integration: Further Topics

Therefore
{on} — f and {¥,,} — f pointwise a.e. on E.
Therefore f is measurable. Observe that since
0<f—-pi <Y —¢ponk

and 11 and ¢, are integrable over E, we infer from the integral
comparison test that f is integrable over E. We infer from

inequality (5.7) that for all n,

and
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O

Theorem 5.3.2. Let f be a bounded function on a set of
finite measure E. Then f is Lebesque integrable over E if and

only if it is measurable.

Proof. We have already shown that a bounded measurable
function on a set of finite measure is Lebesgue integrable
(Theorem 4.2.11 in Page 174). It remains to prove the con-
verse. Suppose f is integrable. From the equality of the upper
and lower Lebesgue integrals we conclude that there are se-

quences of simple functions {¢,} and {1, } for which

on < f <, on E for all n,

and

lim [ [¢, — ¢n] = 0.
n—oo
E
Since the maximum and minimum of a pair of simple functions
are again simple, using the monotonicity of integration and by
possibly replacing ¢, by maxi<i<n@; and 1, by mini<;<nif,

we may suppose {p,} is increasing and {¢,,} is decreasing. By
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the preceding lemma, {¢,} — f pointwise almost everywhere
on E. Therefore f is measurable since it is the pointwise limit

almost everywhere of a sequence of measurable functions. [J

At the very beginning of our consideration of integration,
we showed that if a bounded function on the closed, bounded
interval [a, b] is Riemann integrable over [a, b], then it is
Lebesgue integrable over [a, b] and the integrals are equal.
We may therefore infer from the preceding theorem that if a
bounded function on [a, b] is Riemann integrable, then it is

measurable. The following theorem is much more precise.

Theorem 5.3.3. (Lebesgue) Let f be a bounded function on
the closed, bounded interval |a, b]. Then f is Riemann inte-
grable over [a, b] if and only if the set of points in [a, b] at

which f fails to be continuous has measure zero.

Proof. We first suppose f is Riemann integrable. We infer
from the equality of the upper and lower Riemann integrals

over [a, b] that there are sequences of partitions {P,} and
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{P!} of [a, b] for which

n—oo

where U(f, P,) and L(f, P) are upper and lower Darboux
sums, respectively. Since, under refinement, lower Darboux
sums increase and upper Darboux sums decrease, by possibly

replacing each P, by a common refinement of
pP,...,P, P, .. P,

we may assume each P, is a refinement of P, and P, = P/.
For each index n, define ¢,, to be the lower step function asso-
ciated with f with respect to P,, that is, which agrees with f
at the partition points of P, and which on each open interval
determined by P, has constant value equal to the infimum of
f on that interval. We define the upper step function v, in a

similar manner. By definition of the Darboux sums,
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b

b
L(P, f.) = /gon and U(P, f,) = /wn for all n.

a

Then {¢,} and {¢,} are sequences of integrable functions

such that for each index n,

on < f <9y onE.

Moreover, the sequence {¢,} is increasing and {¢,} is de-

creasing, because each P, is a refinement of P,. Finally,
b

lim [¢n - ‘Pn] = lim [U(Pa fn) - L(P, fn)] = 0.

n—oo n—oo
a

We infer from the preceding lemma that
{¢n} — f and {¥,,} — f pointwise a.e on [a, b].

The set E of points x at which either {¢,(z)} or {¢,(z)} fail

to converge to f(z) has measure 0. Let Ey be the union of F



5.3 Characterizations of Riemann and Lebesgue... 253

and the set of all the partition points in the P,’s. As the union
of a set of measure zero and a countable set, m(Ey) = 0. We
claim that f is continuous at each point in £ ~ Ej. Indeed,
let xy belong to F ~ Ey. To show that f is continuous at x,
let € > 0. Since {¢,(x0)} and {pn(x0)} converge to f(xo), we

may choose a natural number ngy for which

f(x0) — € < @no(x0) < f(0) < Wng(w0) < flwo) +6. (5.8)

Since xy is not a partition point of P,,, we may choose § > 0
such that the open interval (zg — 0, ¢+ ) is contained in the
open interval I,,, determined by F,, which contains . This

containment implies that

if |z — x| <6,

then Qono(xo) S 90710<I> S f(l‘) S 1/}710(1:) S ¢n0($).

From this inequality and inequality (5.8) we infer that
if |x — xo| <9, then|f(z) — f(xo)| <e.

Thus f is continuous at xg.



254 Chapter 5. Lebesgue Integration: Further Topics

It remains to prove the converse. Assume f is continuous
at almost all points in [a, b]. Let {P,} be any sequence of

partitions of [a, b] for which

lim gap P, = 0,

n—oo

where the gap of a partition P is defined to be the maximum

distance between consecutive points of the partition.

We claim that

lim [U(P, f.)— L(P, f,)]=0. (5.9)

n—oo

If this is verified, then from the following estimate for the

lower and upper Riemann integrals,

) b
o< [ [ 5 <WP £~ L £) foralln,

we conclude that f is integrable over [a, b]. For each n, let ¢,

and 1, be the lower and upper step functions associated with
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f over the partition P,. To prove (5.9) is to prove that

b
lim [ [, — ¢n] = 0. (5.10)

n—oo
a

The Riemann integral of a step function equals its Lebesgue
integral. Moreover, since the function f is bounded on the
bounded set [a, b], the sequences {p, } and {1, } are uniformly
bounded on [a, b]. Hence, by the Bounded Convergence The-
orem, to verify (5.10) it suffices to show that {¢,} — f and
{¥»,} — f pointwise on the set of points in (a, b) at which f is
continuous and which are not partition points of any partition

P,. Let xy be such a point. We show that

lim ¢, (10) = f(z0) and lim ¥, (vg) = f(x0).  (5.11)

n—oo n—oo

Let € > 0. Let 4 > 0 be such that

F(zo) — g < f(z) < f(a) +§ if |z — x| <6.  (5.12)

Choose an index N for which gap P, <dif n > N.If n > N

and [, is the open partition interval determined by P,, which
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contains zy, then I,, C (xg — §, xo + 0). We infer from (5.12)
that

F(a0) = § < paleo) < fla0) < Yaleo) < Flzo) + 5
and therefore
0 < Yp(xg) — f(zg) <€ foralln >N

and
0 < f(zo) — pn(xo) < e for all n > N.

Thus (5.11) holds. This completes the proof. O



Chapter

Differentiation and Integration

6.1 Introduction

The fundamental theorems of integral and differential calcu-
lus, with respect to the Riemann integral, are the workhorses
of calculus. In this chapter we formulate these two theorems

for the Lebesgue integral. For a function f on the closed,

257
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bounded interval [a, b], when is

/ J'= ) fa)? (6.1)

Assume f is continuous. Extend f to take the value f(b)
on (b, b+ 1], and for 0 < h < 1, define (Definition 6.4.7)
the divided difference function Diff; f and average value

function Av,f on [a, b] by

flx+h) - f(x)

Diffy f(z) = 3

and
x+h

Avyf = % / f(t)dt for all x € [a, b].

A change of variables and cancellation provides the discrete

formulation of (6.1) for the Riemann integral:

b
/Dlﬂhf = AVhf(b) - AVhf<Cl).
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Figure 6.1: Henri Lebesgue (1875-1941) French Mathe-
matician

The limit of the right-hand side as h — 07 equals f(b) — f(a).
We prove a striking theorem of Henri Lebesgue which tells us
that a monotone function on (a, b) has a finite derivative al-
most everywhere. We then define what it means for a function
to be absolutely continuous and prove that if f is absolutely
continuous, then f is the difference of monotone functions
and the collection of divided differences, {Diff,f },_;<,, is
uniformly integrable. Therefore, by the Vitali Convergence

Theorem, (6.1) follows for f absolutely continuous by taking



260 Chapter 6. Differentiation and Integration

the limit as h — 07 in its discrete formulation. If f is mono-
tone and (6.1) holds, we prove that f must be absolutely con-
tinuous. From the integral form of the fundamental theorem,
(6.1), we obtain the differential form of the fundamental

theorem, namely, if f is Lebesgue integrable over [a, b], then

xT

% /f = f(z) for almost all z in [a, b]. (6.2)

a

6.2 Monotonic Functions

Definition 6.2.1. Let f be a real-valued function defined
on a subset S of R. Then f is said to be increasing ( or

nondecreasing) on S if for every pair of points x and y in
S,

<y implies f(z) < f(y)
If

x <y implies f(x) < f(y),

then f is said to be strictly increasing on S.
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YA

s Y

Figure 6.2: Graph of an increasing function.
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Figure 6.3: Graph of a decreasing function.
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Figure 6.4: Graph of a function which is neither increasing or
decreasing on the interval where it is defined. If we restrict the
function to smaller domain that restriction functions can be made

either increasing or decreasing.

Definition 6.2.2. Let f be a real-valued function defined

on a subset S of R. Then f is said to be decreasing ( or
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nonincreasing) on S if for every pair of points z and y in S,

z<y implies f(z)> f(y).

If
r <y implies f(z)> f(y),

then f is said to be strictly decreasing on S.

Definition 6.2.3. A function is called monotonic on S if it

is increasing on S or decreasing on S.

Remark 6.2.4. If f is an increasing function, then —f is
a decreasing function. Because of this simple fact, in many
situations involving monotonic functions it suffices to consider

only the case of increasing functions.

Definition 6.2.5. [RIGHT HAND LIMIT OF A FUNCTION
AT A POINT| Let f be defined on an interval (a, b). Assume
c€la,b). If f(x) — A as & — ¢ through values greater than
¢, we say that A is the righthand limit of f at ¢ and we
indicate this by writing

lim f(z)= A.

T—C+
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12

flem) = fa-) =1,

o e
I
-

Figure 6.5: The function f is not defined at ¢ = 1. Lefthand
limit at 1 is 1 and righthand limit at 1 is —1, because f(z) — 1
as © — 1 through values less than 1, and f(z) — —lasz — 1

through values greater than 1.
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The righthand limit A is also denoted by f(c+). In the
€, 0 terminology this means that for every ¢ > 0 there is a
0 > 0 such that

|f(z) = f(c+)| <e whenever c¢<xz<c+0d<b.

Note that f need not be defined at the point c itself. If f is
defined at ¢ and if f(c+) = f(c), we say that f is continuous
from the right at c.

Definition 6.2.6. [LEFT HAND LIMIT OF A FUNCTION AT
A POINT| Let f be defined on an interval (a, b). Assume ¢ €
(a, b]. If f(x) — B as © — c¢ through values less than ¢, we
say that B is the lefthand limit of f at ¢ and we indicate
this by writing

lim f(x) = B.

r—C—

The righthand limit A is also denoted by f(c—). In the g, §
terminology this means that for every € > 0 there is a 6 > 0
such that

|f(z) — f(c—)| <e whenever a<c—d<xz<ec.
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Note that f need not be defined at the point c itself. If f is
defined at ¢ and if f(c—) = f(c), we say that f is continuous

from the left at c.

If a < c < b, then f is continuous at c if, and only if,

fle) = flet) = fle=).

We say c is a discontinuity of f if f is not continuous at c. In

this case one of the following conditions is satisfied :

(a) Either f(c+) or f(c—) does not exist.

(b) Both f(c+) and f(c—) exist but have different values.
(c) Both f(c+) and f(c—) exist and f(c+) = f(c—) # f(c).

In case (c), the point ¢ is called a removable discontinuity,
since the discontinuity could be removed by redefining f at
¢ to have the value f(c+) = f(c—). In cases (a) and (b), we
call ¢ an irremovable discontinuity because the discontinuity

cannot be removed by redefining f at c.
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Definition 6.2.7. (Fig.6.5 and Fig.6.6) Let f be defined on
a closed interval [a, b]. If f(c+) and f(c—) both exist at some

interior point ¢, then

(a) f(c) — f(c—) is called the left hand jump of f at c,

(b) f(c+) — f(c) is called the right hand jump of f at c,

(¢) f(et) — f(c—) is called the jump of f at c,

If any one of these three numbers is different from 0, then ¢

is called a jump discontinuity of f.

For the end points a and b, only one-sided jumps are con-
sidered, the right hand jump at a, f(a+)— f(a), and the left
hand jump at b, f(b) — f(b—).

Next theorem states that functions which are monotonic
on compact (closed and bounded) intervals always have finite
right hand and left hand limits. Hence their discontinuities

(if any) must be jump discontinuities.
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J(x2)

fle)+

x]i)n(]_ f(x) = an

f(x1)

Figure 6.6: Functions which are monotonic on compact (closed
and bounded) intervals always have finite right hand and left

hand limits.

Theorem 6.2.8. If f is increasing on [a, b], then (the right
hand limit) f(c+) (the left hand limit) f(c—) both exist for

each ¢ in (a, b) and we have

fle=) < fle) < flet).
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At the end points we have

fla) < fla+) and  f(b—) < f(b).

6.3 Continuity of Monotone

Functions

Definition 6.3.1. A function is defined to be monotone if

it is either increasing or decreasing.

Monotone functions play a decisive role in resolving the
question posed in the introductory section. There are two
reasons for this. First, a theorem of Lebesgue (Theorem 6.4.6
in Page 284) asserts that a monotone function on an open in-
terval is differentiable almost everywhere. Second, a theorem
of Jordan (Theorem 6.5.6 in Page 299) tells us that a very gen-
eral family of functions on a closed, bounded interval, those of
bounded variation, which includes Lipschitz functions, may be
expressed as the difference of monotone functions and there-

fore they also are differentiable almost everywhere on the in-
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terior of their domain. In this brief preliminary section we

consider continuity properties of monotone functions.

Theorem 6.3.2. Let f be a monotone function on the open
interval (a, b). Then f is continuous except possibly at a count-

able number of points in (a, b).

Proof. Assume f is increasing. Furthermore, assume (a, b) is
bounded and f is increasing on the closed interval [a, b]. Oth-
erwise, express (a, b) as the union of an ascending sequence of
open, bounded intervals, the closures of which are contained
in (a,b), and take the union of the discontinuities in each of
this countable collection of intervals. For each xy € (a, b), f
has a limit from the left and from the right at zy. Define
flxg) = lim f(z) =sup{f(z)la <z <o},

flxd) = hmi f(z) =inf {f(x)|zo < z < b}.

l’—)(EO

Since f is increasing,

flag) < flag).
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The function f fails to be continuous at z if and only if
f(xg) < f(zg), in which case we define the open jump interval
J(xo) by

J(xo) = {ylf(zg) <y < flag)}-
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. fxy)
Open Jump interval :

J(xo) = {y | flzy) <y < flzg)}
J(ay)

Figure 6.7: Figure shows open jump interval (on the y-axis)
of the function f at the point zo. A function may have (i) no
jump interval (if the function is continuous on [a, b]) (ii) only one
jump interval (if the function have only one point of discontinuity
on [a, b]) or (iii) more than one jump interval (if the function
have more than one point of discontinuity on [a, b].) Each jump
interval is contained in the bounded interval [f(a), f(b)] and the

collection of jump intervals is disjoint.
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Each jump interval is contained in the bounded interval
[f(a), f(b)] and the collection of jump intervals is disjoint.
Therefore, for each natural number n, there are only a finite
number of jump intervals of length greater than 1/n. Thus the
set of points of discontinuity of f is the union of a countable

collection of finite sets and therefore is countable. O]

Proposition 6.3.3. Let C' be a countable subset of the open
interval (a, b). Then there is an increasing function on (a, b)

that is continuous only at points in (a, b) ~ C.

Proof. Case 1. If C is finite the proof is clear.
Case 2. Assume C is countably infinite. Let {¢,}3>, be an

enumeration of C. Define the function f on (a, b) by setting

1
flx) = Z 2—nf0ralla<x<b,

{n|gn<z}

where we use the convention that a sum over the empty-set

1S zero.

Since a geometric series with a ratio less than 1 converges,
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f is properly defined. Moreover,

if a <u<wv<b, then f(v) — f(u) = Z 2% (6.3)

{nlu<gn<v}

Thus f is increasing. Let g = g, belong to C. Then, by (6.3),

f(zo) — f(x) > % forall z < x.

Therefore f fails to be continuous at xg. Now let xy belong
to (a, b) ~ C. Let n be a natural number. There is an open
interval I containing xy for which ¢, does not belong to I for

1 <k < n. We infer from (6.3) that
1
|f(x) = f(zo)] < on forall x € 1.

Therefore f is continuous at xg. O
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6.4 Differentiability of Monotone

Functions: Lebesgue’s Theorem

Definition 6.4.1. A closed, bounded interval [c, d] is said to

be nondegenerate provided ¢ < d.

Definition 6.4.2. Let F be a collection of closed, bounded,
nondegenerate intervals. We say that F covers a set F in
the sense of Vitali if for each point z in £ and ¢ > 0,

there is an interval I € F such that € I and I(]) < e.

Lemma 6.4.3. [ The Vitali Covering Lemma ] Let E be
a set of finite outer measure and F a collection of closed,
bounded intervals that covers FE in the sense of VItali. Then

for eache > 0, there is a finite disjoint subcollection {I},_, =
{I, ..., I,} of F for which

m*

E ~ LNJ In] <e. (6.4)

Proof. Since E is a set of finite outer measure, we have m*(F) <

oo, and hence there is an open set O containing F for which
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m(0O) < oo . Because F is a Vitali covering of FE, we may
assume that each interval in F is contained in 0. By the

countable additivity and monotonicity of measure,
if {I;};_, C Fisdisjoint, then Y "1 (I;) <m(0) < co. (6.5)
k=1

Moreover, since each I} is closed and F is a Vitali covering of

E

’

if {l},_, CF, then E~ U I, C U I where

k=1 IeF,
Fn:{lef|IﬁUIk:®}.(6.6)
k=1

Case 1: If there is a finite disjoint subcollection of F that

covers E/, the proof is complete.

Case 2: Otherwise, we inductively choose a disjoint count-

able subcollection {Ij},- , of F which has the following prop-

erty:
E ~ Ulk C U 5% I}, for all n, (6.7)
k=1 k=n+1
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where, for a closed, bounded interval I, 5 % I denotes the
closed interval that has the same midpoint as I and 5 times

its length.

e Cy T da dy

Figure 6.8: We choose points ¢y, ¢o, dyi, dy, and m such that
I = [eg, ds]; 5% I = [cq, di]; m is the midpoint of both the
intervals and that the closed interval 5 x I has 5 times length of
1.

To begin this selection, let I; be any interval in F. Sup-
pose n is a natural number and the finite disjoint subcollec-
tion {I},_, of F has been chosen. Since E ~ |J;_, I # 0,
the collection F,, defined in (6.6) is nonempty. Moreover, the
supremum, s,, of the lengths of the intervals in F,, is finite
since m(0) is an upper bound for these lengths. Choose I,,41
to be an interval in F,, for which I(I,,41) > s,/2. This induc-

tively defines {I;},-, , a countable disjoint subcollection of F
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such that for each n,

I(Ins1) > @ if 7TeF and IN U I, = 0. (6.8)
k=1

We infer from (6.5) that {({;) — 0. Fix a natural number n.
To verify the inclusion (6.7), let © € E ~ J,_, Iy. We infer
from (6.6) that there is an I € F which contains x and is
disjoint from | J;_, I. Now I must have nonempty intersection
with some I_k, for otherwise, by (6.8), {({}) > @ for all k,
which contradicts the convergence of {I(I;)} to 0. Let N be
the first natural number for which I NIy # 0. Then N > n.
Since I N Uy, I = 0, we infer from (6.8) that I(Iy) > @
Since x € [ and I NIy # 0, the distance from z to the

midpoint of I is at most

and hence, since I(I) < 2-[(Iy), the distance from x to the

midpoint of Iy is less than 2-I(Iy). This means that = belongs
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to 5 * I. Thus,

zE€5% Iy C LJ5*@.
k=n-+1

We have established the inclusion (6.7).

Let € > 0. We infer from (6.5) that here is a natural num-
ber n for which 7 ., 1(I;) < £. This choice of n, together
with the inclusion (6.7) and the monotonicity and countable
additivity of measure, establishes (6.4). This completes the
proof. [

Definition 6.4.4. For a real-valued function f and an inte-

rior point z of its domain, the upper derivative of f at z,

denoted by Df(x), is defined by

)

- . flz+1) = f(z) |
o1t =iy | s [

and the lower derivative of f at x, Df(x) is defined by

Qﬂ@:hm[iﬁ f@+”_f@q.

h—0 [0<]|t|<h t
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Clearly, we have

Df(x) > Df(z).

If
Df(z) = Df(x)

we say that f is differentiable at z and define f'(z) to
be the common value of the upper and lower derivatives of f

at

The Mean Value Theorem of Calculus tells us that
if a function f is continuous on the closed, bounded interval
[c, d] and differentiable on its interior (¢, d) with f’ > a on
(¢, d), then

a-(d—c) < [f(d) = f(o)].
The proof of the following generalization of this inequality,
inequality (6.9), is a nice illustration of the fruitful interplay

between the Vitali Covering Lemma and monotonicity prop-

erties of functions.

Lemma 6.4.5. Let f be an increasing function on the closed,
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bounded interval |a, b]. Then for each o > 0,

m*{z € (a, b)|Df(z) > a} <

Q=

[f(0) = fla)]  (6.9)

and
m*{z € (a, b)|Df(z) =0} =0. (6.10)

Proof. Let a > 0. Define
E,={z € (a, b)|Df(z) > a}.

Choose o/ € (0, «). Let F be the collection of closed, bounded
intervals [¢, d] contained in (a, b) for which f(d) — f(c) >
o'(d — ¢). Since Df > a on E,, F is a Vitali covering of
E,. The Vitali Covering Lemma tells us that there is a finite
disjoint subcollection { [cy, di] }_, of F for which

m*

E, ~ O[Ck, dk]] < €.

k=1

Since

E, C U[Ck> dy] U {Ea ~ U[Ck, dk]},

k= k=1

—_
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by the finite subadditivity of outer measure, the preceding

inequality and the choice of the intervals [c, dy],

m*(Eo) <Y (dg—c)+e < $~Z[f(dk)—f(ck)]+e. (6.11)

k=1 k=1

However, the function f is increasing on [a, b] and { [cx, di] }7_,

is a disjoint collection of subintervals of [a, b]. Therefore

n

> [f(di) = flew)] < f(b) = fla).

k=1

Thus for each € > 0, and each o € (0, «),
. 1
m*(E,) < vl [f(b) — f(a)] + . (6.12)
This proves (6.9). For each natural number n,
{re(a, b) | Df(z) = 0} C E,
and therefore

m{a € (a, b) | Df(r) = 00} < m(E,) < - (70) ~ (@)
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Letting n — oo the right hand approaches 0 and hence this
proves (6.10). O

Theorem 6.4.6. [ Lebesgue’s Theorem | If the function f
is monotone on the open interval (a, b), then it is differen-

tiable almost everywhere on (a, b).

Proof. Assume f is increasing. Furthermore, assume (a, b) is
bounded. Otherwise, express (a, b) as the union of an ascend-
ing sequence of open, bounded intervals and use the continuity
of Lebesgue measure. The set of points x in (a, b) at which
Df(z) > Df(z) is the union of the sets

Eop={z € (a, b)|Df(x) >a>p>Df(z)}

where o and [ are rational numbers. Hence, since this is a
countable collection, by the countable subadditivity of outer
measure, it suffices to prove that each E, g has outer measure
zero. Fix rationals o and 8 with o > 3 and set £ = E, 3.
Let € > 0. Choose an open set O for which

ECOC(a, b) and m(O) <m*(E) +e. (6.13)
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Let F be the collection of closed, bounded intervals [¢, d] con-
tained in O for which f(d) — f(c) < B(d — ¢). Since Df <
0 on E, F is a Vitali covering of E. The Vitali Covering
Lemma tells us that there is a finite disjoint subcollection
{lcx, dy] }i_, of F for which

LiJ Ck, dk ] (6.14)

By the choice of the intervals [cx, di], the inclusion of the

union of the disjoint collection intervals {[cy, di]};_, in O

and (6.13),

D Uf(d) = flew)] < 8 [Z(dk - Ck)]

k=1 k=1
< B-m(0) (6.15)
< B-[m*(E)+<.  (6.16)

For 1 < k < n, we infer from the preceding lemma, applied

to the restriction of f to [c, d], that

m* (BN (ck, dp)) < —[f(di) — f(ck)]:

Q|+
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Therefore, by (6.14),

m*(E) < Y m"(EN (e, dy))+e

k=1

L [Zmdk) ~ flew)

(6]
k=1

IN

+e. (6.17)

We infer from (6.16) and (6.17) that

m*(E) <

Ll

1
-m*(E)+ —-e+eforalle>0.
«

Therefore, since 0 < m*(E) < oo and g <1, m*(E)=0. O

Lebesgue’s Theorem is the best possible in the sense that
if I/ is a set of measure zero contained in the open interval
(a, b), there is an increasing function on (a, b) that fails to be

differentiable at each point in F.

Definition 6.4.7. Let f be integrable over the closed, bounded
interval [a, b]. Extend f to take the value f(b) on (b, b+1). For
0 < h <1, define the divided difference function Diff;, f
of [a, b] by
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flx+h) = f(x)

Diff, f = .

for all z € [a, b

and the average value function Av,f of [a, b] by
1 x+h
Avhfzﬁ/ f for all z € [a, b]

By a change of variables in the integral and cancellation,

forall a <u < v <b,

/” Diff, f = Avyf(v) — Avy f(u). (6.18)

u

Corollary 6.4.8. Let f be an increasing function on the
closed, bounded interval [a, b]. Then ' is integrable over |a, b]

and

b
/ £ < 1) - fla). (6.19)

Proof. Since f is increasing on [a, b+ 1], it is measurable and
therefore the divided difference functions are also measurable.
Lebesgue’s Theorem tells us that f is differentiable almost

everywhere on (a, b). Therefore {Diffl mf } is a sequence of
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nonnegative measurable functions that converges pointwise al-
most everywhere on [a, b] to f’. According to Fatou’s Lemma,

4.3.6,
b

b
£ < liminf [ / Diffy /, f} (6.20)

a

By the change of variable formula (6.18), for each natural

number n, since f is increasing,

b 1 b+1/n 1 a+1/n
Diffy, f = —— - .
/a ! = 15 / I =1 / d

a+1/n
SICEET 2
£(6) ~ f(a).

IN

Thus

lim sup [ / ' Dif, f] < fB) - fla).  (6.21)

n—oo

The inequality (6.19) follows from the inequalities (6.20) and
(6.21). O

Remark 6.4.9. The integral in (6.19) is independent of the
values taken by f at the endpoints. On the other hand, the
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right-hand side of this equality holds for the extension of any
increasing extension of f on the open, bounded interval (a, b)
to its closure [a, b]. Therefore a tighter form of equality (6.19)
1s

b
/f'§ sup f(z)— inf f(x). (6.22)

z€(a, b) z€(a, b)
The right-hand side of this inequality equals f(b) — f(a) if and
only if f is continuous at the endpoints. However, even if f is
increasing and continuous on [a, b], inequality (6.19) may be
strict. It is strict for the Cantor-Lebesgue function ¢ on [0, 1]
since p(1) — ¢(0) = 1 while ¢’ vanishes almost everywhere
on (0, 1). We show that for an increasing function f on |a, b),
(6.19) is an equality if and only if the function is absolutely

continuous on |a, b] (see the forthcoming Corollary 6.7.3).

Remark 6.4.10. For a continuous function f on a closed,
bounded interval [a, b] that is differentiable on the open in-
terval (a, b), in the absence of a monotonicity assumption on
f we cannot infer that its derivative f’is integrable over [a, b].

We leave it as an exercise to show that for f defined on [0, 1]
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Fa) = { r?sin(1/2?) for 0 <z <1, (6.23)

0 for z =0,

f’ is not integrable over [0, 1] where

f(x) = 2xsin (i) 2 cos (i) , O<z<l.

z2 T 2
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o

__.‘W\V/\\./ %

Figure 6.9: Graph of f given by (6.23)

6.5 Functions of Bounded Variation:
Jordan’s Theorem
Lebesgue’s Theorem tells us that a monotone function on an

open interval is differentiable almost everywhere. Therefore

the difference of two increasing functions on an open interval
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also is differentiable almost everywhere. We now provide a
characterization of the class of functions on a closed, bounded
interval that may be expressed as the difference of increasing
functions, which shows that this class is surprisingly large: it

includes, for instance, all Lipschitz functions.

Let f be a real-valued function defined on the closed,
bounded interval [a, b] and P = {z, ..., xx} be a partition

of [a, b]. Define the variation of f with respect to P by

VI P) =D I () = i)
and the total variation of fon [a, b] by
TV (f) =sup{V(f, P)|P is a partition of [a, b]}.

For a subinterval [c, d] of [a, b], TV (fi., aq) denotes the total

variation of the restriction of f to ¢, dJ.

Definition 6.5.1. A real-valued function f on the closed,

bounded interval [a, b] is said to be of bounded variation
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on [a, b] provided
TV (f) < o0.

Example 6.5.2. Let f be an increasing function on |[a, b].

Then show that f is of bounded variation on [a, b] and

Solution For any partition P = {xg, ..., zx} of [a, b],

V(f7 P) = Z’f(%)_f(%flﬂ

k

= Z(f(xz) — f(x;_1)), since f is an increasing
i=1
function on [a, b], f(x;) > f(x;—1), and so

‘f(xz) - f(xifl)‘ = f(l’z) - f(-Tifl)
= f(b) = f(a).

Example 6.5.3. Let f be a Lipschitz function on [a, b]. Then

show that f is of bounded variation on |a, b] and

TV(f) <c-(b—a),
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where
|f(u) — f(v)] < clu—wv| forall u, vin [a, b]. (6.24)

Solution For any partition P = {xg, ..., xx} of [a, b],

k

V(f, P) = Y |f(x) = flxiz)|

=1

k
< e¢- Z |z; — x;_1|, using (6.24)

i=1
k

= C- Z[ZL’Z — ZL‘i_l], since x; Z Ti—1
=1
‘ilfz' - ll?ifll =T; —Tj—1

= c-(b—a).

Thus, ¢ - [b — a] is an upper bound of the set of variations of

f with respect to a partition of [a, ,b] and hence

TV(f)<c-(b—a).
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1
al

Figure 6.10: Graph of f mentioned in Example 6.5.4.

Example 6.5.4. Define the function f on [0, 1] by (Fig. 6.10)

|} weos(m/2z) if 0 <2 <1
J _{ 0 ifz=0

Then prove that f is continuous on [0, 1], but not of bounded
variation on [0, 1].

Solution The verification that f is continuous on [0, 1] is left
as an exercise. To prove that f is not of bounded variation

on [0, 1], we proceed as follows:
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For a natural number n, consider the partition

1 1 1 1
Pn: 07 P ) ottty o _7]-
2n’ 2n—1 32

of [0, 1]. Then

Hence

TV(f) = sup{V(f, P)|P isa partition of [a, ]}

1 1
> 14+-+-+—.
2 n

That is, the inequality

1 1
T 14+ 4+...4 =
V(f) > +2+ +n

holds for any natural number n. Since the series

1 1
1_|_§_|_..._|_ 4.

n
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is the divergent harmonic series the above shows that
TV (f) < oo is not possible.

Hence f is not of bounded variation on [0, 1]. O

Observe that if ¢ € (a, b), P is a partition of [a, b], and
P’ is the refinement of P obtained by adjoining ¢ to P, then,
by the triangle inequality,

V(f, P)< V(S P).

Thus, in the definition of the total variation of a function on
[a, b], the supremum can be taken over partitions of [a, 0] that
contain the point ¢. Now a partition P of [a, b] that contains
the point ¢ induces, and is induced by, partitions P, and P,

of [a, ¢] and [c, b, respectively, and for such partitions

V(fiwo: P)=V(fiwd, P)+V(fen, P). (625

Take the supremum among such parttions to conclude that

TV (fiia, 1) =TV (fija, 1) + TV (fije, v))- (6.26)
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We infer from this that if f is of bounded variation on [a, b],

then

TV (fia, o) =TV (fiie,u) = TV(fiw, v)>0) (6.27)
forall a <wu<v<hb.

Therefore the function x +— TV(fjj, ), which we call the
total variation function for f, is a real valued increasing
function on [a, b]. Moreover, for a < u < v < b, if we take the

crudest partition

P = [u, v]
of [u, v], we have
fw) = flv) < |f(w) = fv)]
= V(f|[u, v] s P)

= TV(fia, o) =TV (fiia, u])-
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Thus,

JW)+TV(fila, o)) = f(u) + TV (fila, ) foralla <u < v <b.
(6.28)

We have established the following lemma.

Lemma 6.5.5. Let the function f be of bounded variation on
the closed, bounded interval [a, b]. Then f has the following
explicit expression as the difference of two increasing functions

on la, b] :

f(@) = [f(@) + TV (fia, )] = TV (fila, z) forall x € [a, b].
(6.29)

Theorem 6.5.6. [Jordan’s Theorem | A function f is of
bounded variation on the closed, bounded interval |a, b] if and

only if it is the difference of two increasing functions on |a, b].

Proof. Let f be of bounded variation on [a, b]. The preceding
lemma provides an explicit representation of f as the differ-

ence of increasing functions.
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To prove the converse, let
f=g—h on [a, 0],

where g and h are increasing functions on [a, b]. For any par-

tition P = {xg, ..., %} of [a, ,b],
V(f, P) = Z|f (i) = f(xio)]
= Z |(g(xi) — h(x:)) = (g(xi1) — h(xi-1))|

_ Z 1(g(z:) — g(zi1)) + (h(zi1) — h(z:))]

< Z!g(ﬂcz $z1|+2\hle )|
= Z (9(xi) — g(@i—1)) + Z ¥ (h(x;) — h(xi)),

since [g(z;) — g(zi-1)| = g(@) — g(xi-1)
and |h(z;) — h(z;—1)| = h(z;) — h(zi—1)

= (9(b) = g(a)) + (h(b) = h(a)).
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Thus, the set of variations f with respect to partitions of [a, b]
is bounded above by (g(b) —g(a))+ (h(b) —h(a)) and therefore

f is of bounded variation of [a, b]. O

Definition 6.5.7. We call the expression of a function of
bounded variation f as the difference of increasing functions

a Jordan decomposition of f.

Corollary 6.5.8. If the function f is of bounded variation
on the closed, bounded interval [a, b], then it is differentiable
almost everywhere on the open interval (a, b) and f' is inte-

grable over [a, b].

Proof. According to Jordan’s Theorem, f is the difference of
two increasing functions on [a, b]. Thus Lebesgue’s Theorem
tells us that f is the difference of two functions which are
differentiable almost everywhere on (a, b). Therefore f is dif-
ferentiable almost everywhere on (a, b). The integrability of
f! follows from Corollary 6.4.8. O
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6.6 Absolutely Continuous Functions

Definition 6.6.1. A real-valued function f on a closed, bounded
interval [a, b] is said to be absolutely continuous on [a, )]
provided for each € > 0, there is a 6 > 0 such that for ev-

ery finite disjoint collection {(ag, by)},_, of open intervals in
(a, b),

if > (b —ar) <06, then > [f(bp) — flax)| <.
= = (6.30)

The criterion for absolute continuity in the case the finite
collection of intervals consists of a single interval is the crite-
rion for the uniform continuity of f on [a, b]. Thus absolutely
continuous functions are continuous. The converse is false,

even for increasing functions.

Example 6.6.2. The Cantor-Lebesgue function ¢ is increas-
ing and continuous on [0, 1], but it is not absolutely contin-
uous. Indeed, to see that ¢ is not absolutely continuous, let
n be a natural number. At the n-th stage of the construc-

tion of the Cantor set, a disjoint collection {[c, di]};<pcon
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of 2" subintervals of [0, 1] have been constructed that cover
the Cantor set, each of which bas length (1/3)". The Cantor-
Lebesgue function is constant on each of the intervals that
comprise the complement in [0, 1] of this collection of inter-

vals. Therefore, since ¢ is increasing and ¢(1) — p(1) = 1,

()

1<k<2n
while
> lp(dr) — plen)] = 1.
1<k<2n
There is no response to the ¢ = 1 challenge regarding the
criterion for ¢ to be absolutely continuous. U

Clearly linear combinations of absolutely continuous func-
tions are absolutely continuous. However, the composition
of absolutely continuous functions may fail to be absolutely

continuous.

Proposition 6.6.3. If the function f is Lipschitz on a closed,
bounded interval [a, b], then it is absolutely continuous on
[a, b].
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Proof. Let ¢ > 0 be a Lipschitz constant for f on [a, b], that

is,
|f(u) — f(v)| <clu—wv| forall u, v €]la, b].

Then, regarding the criterion for the absolute continuity of f,

it is clear that 0 = ¢/c responds to any € > 0 challenge. [

There are absolutely continuous functions that fail to be
Lipschitz: the function f on [0, 1], defined by

flx)=+x for 0 <2 <1,

is absolutely continuous but not Lipschitz.

Theorem 6.6.4. Let the Junction f be absolutely continuous
on the closed, bounded interval |a, b]. Then f is the difference
of increasing absolutely continuous functions and, in particu-

lar, is of bounded variation.

Proof. We first prove that f is of bounded variation. Indeed,
let 6 > 0 respond to the € = 1 challenge regarding the criterion
for the absolute continuity of f. Let P be a partition of [a, b]
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into N closed intervals {[cy, dk]}szl , each of length less than
0. Then, by the definition of § in relation to the absolute

continuity of f, it is clear that
TV(f[CkV dk}) <1 for 1<k<n.

The additivity formula (6.25) extends to finite sums. Hence

WE

TV(f) = Tv(f[ck7 dk]) <N.

k=1

Therefore f is of bounded variation. In view of (6.29) and
the absolute continuity of sums of absolutely continuous func-
tions, to show that f is the difference of increasing absolutely
continuous functions it suffices to show that the total variation
function for f is absolutely continuous. Let ¢ > 0. Choose §
as a response to the €/2 challenge regarding the criterion for
the absolute continuity of f on [a, b]. Let {(cx, dp)},_, be
a disjoint collection of open subintervals of (a, b) for which

Yo lde —cx] < 9. For 1 < k < n, let P, be a partition of
k=1

[ck, di]. By the choice of § in relation to the absolute conti-
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nuity of f on [a, b,

- g
ZTV(f[Ck, di]> P < 5

k=1

Take the supremum as, for 1 < k£ < n, P, vary among parti-

tions of [¢x, di], to obtain

ZTV [k, dk] g

We infer from (6.27) that, for 1 < k <mn,

TV (fier, a) =TV (fla, ar) = TV (fla, ex))-

Hence

n

if > [dr— ] <6, then Y |TV(fi, ay) = TV (fia, a))| <
= k=1

(6.31)
Therefore the total variation function for f is absolutely con-

tinuous on [a, b]. O

Theorem 6.6.5. Let the function f be continuous on the
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closed, bounded interval [a, b]. Then f is absolutely contin-
uous on |a, b] if and only if the family of divided difference

functions {Diffy f},_,, is uniformly integrable over [a, b].

Proof. First assume {Diff, f},_, <1 is uniformly integrable over
la, b]. Let € > 0. Choose ¢ > 0 for which

/\Diffh\<§ if m(E) <6 and 0<h <1,
E

We claim that ¢ responds to the € challenge regarding the cri-
terion for f to be absolutely continuous. Indeed, let {(cx, di)},_,
be a disjoint collection of open subintervals of (a, b) for which

Yoldk — ] <d. For0<h<land1l<k<n,by(6.18),
k=1

d

AVhf(dk) - AVhf<Ck) == /lefhf

Ck

Therefore

dy,
S AV (dy) — Avaf(e)] < / IDiff f| = / Diff, f1.
k=1 k=1 x E
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where E = (J;'_, (¢, di) has measure less than d. Thus, by
the choice of 9,

Z |Avy, f(di) — Avif(er)| < g forall 0 < h < 1.
Since f is continuous, take the limit as h — 07 to obtain

Z‘fdk Ck’<2<€

Hence f is absolutely continuous.

To prove the converse, suppose f is absolutely continu-
ous. The preceding theorem tells us that f is the difference
of increasing absolutely continuous functions. We may there-
fore assume that f is increasing, so that the divided difference
functions are nonnegative. To verify the uniformly integrabil-
ity of {Diffs,f} <1, let € > 0. We must show that there is a
d > 0 such that for each measurable subset F of (a, b),

/Diffhf <eif m(E) <6 and 0 <h <1. (6.32)

E
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According to Theorem 2.4.2 in Page 75, a measurable set
is contained in a Gs set G for which m(G ~ E) = 0. But
every G set is the intersection of a descending sequence of
open sets. Moreover, every open set is the disjoint union of
a countable collection of open intervals, and therefore every
open set is the union of an ascending sequence of open sets,
each of which is the union of a finite disjoint collection of open
intervals. Therefore, by the continuity of integration, to verify
(6.32) it suffices to find a § > 0 such that for {(cy, di)},_, a

disjoint collection of open subintervals of (a, b),

/ Diff, < g it m(E) <, (6.33)

E

where F = U (ck, dg), and 0 < h <1.

k=1

Choose 0 > 0 as the response to the £/2 challenge regarding
the criterion for the absolute continuity of f on [a, b+1]. By a
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change of variables for the Riemann integral and cancellation,

/h g(t)dt,

where g(t) = f(v+t) — f(u+1)

for 0<t<land a<u<wv<h

v

/Diffhf -

u

SRS

Therefore, if {(cx, dy)}y_, is a disjoint collection of open subin-

tervals of (a, b),

where

and

3
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If > [dr — cx] <9, then, for 0 <t <1,
k=1

n

Z [(dx +1) — (cx +1)] <9,

k=1

and therefore g(t) < 5. Thus

h
1 €
Diff, = — t)dt < —.
/ Wy =5 /9( Jdt < 5
E 0
Hence (6.33) is verified for this choice of 6. O

Remark 6.6.6. For a nondegenerate closed, bounded inter-
val [a, ], let FLip, Fac, and Fpy denote the families of func-
tions on [a, b] that are Lipschitz, absolutely continuous, and of
bounded variation, respectively. We have the following strict
inclusions:

Frip € Fac € Fpv

Proposition 6.6.3 tells us of the first inclusion, and the
second inclusion was established in Theorem. Each of these

collections is closed with respect to the formation of linear
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combinations. Moreover a function in one of these collections
has its total variation function in the same collection. There-
fore, by (6.29), a function in one of these collections may be
expressed as the difference of two increasing functions in the

same collection.

6.7 Integrating Derivatives: Differ-

entiating Indefinite Integrals

Let f be a continuous function on the closed, bounded interval
la, b]. In (6.18), take a = w and b = v to arrive at the following
discrete formulation of the fundamental theorem of integral

calculus:
b

/Dlﬁhf :AVhf(b) — Avhf(a).

Since f is continuous, the limit of the right-hand side as h —
0% equals f(b) — f(a). We now show that if f is absolutely

continuous, then the limit of the left-hand side as h — 07
b

equals [ f" and thereby establish the fundamental theorem of

a
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integral calculus for the Lebesgue integral.

Theorem 6.7.1. Let the function f be absolutely continuous
on the closed, bounded interval [a, b]. Then f is differentiable
almost everywhere on (a, b), its derivative f" is integrable over

la, b], and

/ f' = 1(b) - f(a). (6.34)

Proof. We infer from the discrete formulation of the funda-

mental theorem of integral calculus that

b

lim / Diffy f | = f(B) - f(a). (6.35)

n—oo
a

Theorem 6.6.4 tells us that f is the difference of increas-
ing functions on [a, b] and therefore, by Lebesgue’s Theo-
rem, is differentiable almost everywhere on (a, b). Therefore
{Diffy/, f} converges pointwise almost everywhere on (a, b) to
f'. On the other hand, according to Theorem 6.6.5, {Diff; /,, f}
is uniformly integrable over [a, b]. The Vitali Convergence

Theorem 4.6.7 in Page 227 permits passage of the limit under
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the integral sign in order to conclude that

b b b
lim / Diff, f | = / lim Diff, ), f = / f. (6.36)
Formula (6.34) follows from (6.35) and (6.36). O

In the study of calculus, indefinite integrals are defined
with respect to the Riemann integral. We here call a function
f on a closed, bounded interval [a, b] the indefinite integral

of g over [a, b] provided g is Lebesgue integrable over [a, b] and

T

f(z) = f(a) + /g for all z € [a, b]. (6.37)
Theorem 6.7.2. A function f on a closed, bounded interval
la, b] is absolutely continuous on [a, b] if and only if it is an

indefinite integral over [a, b].

Proof. First suppose f is absolutely continuous on [a, b]. For
each © € (a, b, f is absolutely continuous over [a, x] and

hence, by the preceding theorem, in the case [a, b] is replaced
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f(x) = fla) + jf’-

Thus f is the indefinite integral of f’ over [a, 0].

by [a, 7],

Conversely, suppose that f is the indefinite integral over
[a, b] of g. For a disjoint collection {(ax, bx)}}_, of open in-

tervals in (a, b), if we define

- U (ak’ bk)v
k=1

then, by the monotonicity and additivity over domains prop-

erties of the integral,

by I
|/ (br) )| = < gl = [ lgl. (6.38)
Z k) — flax 1/g ;Zg b/g

A

Let ¢ > 0. Since |g| is integrable over [a, b], according to
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Proposition 4.6.2 in Page 221, there is a 0 > 0 such that

/|g| <e¢if ECa, b] is measurable and m(E) < 6.
E

It follows from (6.38) that this same § responds to the e chal-
lenge regarding the criterion for f to be absolutely continuous
[a, b]. O

Corollary 6.7.3. Let the function f be monotone on the
closed, bounded interval [a, b]. Then f is absolutely contin-

uous on |a, b] if and only if

/ £ = £ - f(a). (6.39)

Proof. Theorem 6.7.1 is the assertion that (6.39) holds if f
is absolutely continuous, irrespective of any monotonicity as-
sumption. Conversely, assume f is increasing and (6.39) holds.

Let = belong to [a, b]. By the additivity over domains of inte-



6.7 Integrating Derivatives... 317

gration,

0=./f—mw—ﬂm

_ {/&’[ﬂ@f@ﬂ}+{/&'[ﬂ@ﬂw*.

According to Corollary 6.4.8 in Page 6.4.8,

/f“{ﬂ@—fmﬂéo
and ,
/}twﬂm—f@nga

If the sum of two nonnegative numbers is zero, then they both

are zero. Therefore
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Thus f is the indefinite integral of f’. The preceding theorem

tells us that f is absolutely continuous. [

Lemma 6.7.4. Let [ be integrable over the closed, bounded

interval [a, b]. Then

f(z) =0 for almost all z € [a, 0] (6.40)
if and only if
/ F=0 forall (z1, 22) C [a, b]. (6.41)

Proof. Clearly (6.40) implies (6.41). Conversely, suppose (6.41)
holds. We claim that

/f =0 for all measurable sets E C [a, b]. (6.42)
E

Indeed, (6.42) holds for all open sets contained in (a, b) since
integration is countably additive and every open set is the
union of countable disjoint collection of open intervals. The

continuity of integration then tells us that (6.42) also holds
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for all G sets contained in (a, b) since every such set is the
intersection of a countable descending collection of open sets.
But every measurable subset of [a, b] is of the form G ~ Ey,
where G is a G subset of (a, b) and m(Ey) = 0 (Theorem 2.4.2
in Page 75). We conclude from the additivity over domains

of integration that (6.42) is verified. Define
EY ={zela, 8] | f(x) 2 0}

and
E-={z€a, V]| f(z) <0}.

These are two measurable subsets of [a, b] and therefore, by

(6.42),

fr= [1m
a Et
b

[er==[i=o0

According to Proposition 4.3.3 in Page 189, a nonnegative

and

integrable function with zero integral must vanish almost ev-
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erywhere on its domain. Thus f* and f~ vanish almost ev-

erywhere on [a, b] and hence so does f. O

Theorem 6.7.5. Let [ be integrable over the closed, bounded

interval |a, b]. Then

xT

% /f = f(z) for almost all = € (a, b). (6.43)

a

Proof. Define the function F' on [a, b] by
F(x) = /f for all z € [a, b].

Theorem 6.8.7 in Page 331 tells us that since F' is an indefinite
integral, it is absolutely continuous. Therefore, by Theorem
6.7.1, F' is differentiable almost everywhere on (a, b) and its
derivative F is integrable. According to the preceding lemma,
to show that the integrable function F” — f vanishes almost
everywhere on [a, b] it suffices to show that its integral over
every closed subinterval of [a, b] is zero. Let the closed interval

[x1, x5] be contained in [a, b]. According to Theorem 6.7.1, in
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the case [a, b] is replaced by [z, 23], and the linearity and

additivity over domains properties of integration,

2

i /F—/f

x1

T2

— Flas) - Flay) - [ f
[
0. h

]

Definition 6.7.6. A function of bounded variation is said
to be singular provided its derivative vanishes almost ev-
erywhere. The Cantor-Lebesgue function is a non-constant

singular function.

We infer from Theorem 6.7.1 that an absolutely continuous
function is singular if and only if it is constant. Let f be of

bounded variation on [a, b]. According to Corollary 6.5.8, f
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is integrable over [a, b]. Define

g(z) = /f’ for all z € [a, V],

and

h(z) = f(x) — /f’ for all z € [a, b],

so that
f=g+hona, b.

According to Theorem 6.7.2, the function g is absolutely con-
tinuous. We infer from Theorem 6.7.5 that the function A is
singular. The above decomposition of a function of bounded
variation f as the sum g+ h of two functions of bounded vari-
ation, where ¢ is absolutely continuous and h is singular, is

called a Lebesgue decomposition of f.
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()

Ap(@)+ (1 — A)p(22) (Azy+ (1= X)yzz, Ap(2:)+ (1 - )\)‘P(fz))

oAz + (1= A)as)
Az + (X =N a2, pAzi+ (L= N 22))

()

Amy+ (L= X)xy

Figure 6.11: Graph of a convex function. For each pair
of points zy, 3 in (a,b) and each A with 0 < A < 1,
e(Axy + (1 — Naxg) < Ap(x1) + (1 — A)p(z2). The point
(Azy + (1 = X) 22, ¢(Az1 + (1 — X)x3)) lies on the graph
while (Azq + (1 = X) 2, Ap(x1)+ (1 —N)p(x2)) lies on the line
segment with end points (z1, ¢(z1)) and (22, @(z2)).

6.8 Convex Functions

Throughout this section (a, b) is an open interval that may

be bounded or unbounded.
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P(x),

e(hz; + (1 — X)as) (A + (1 =N a2, oAa+ (1= N az))

Mgt (1= Neles) A1 (Lo 22 Ap(@n) + (L= A)p()'e

T A+ (L= A) a2 £
p(x2)

Figure 6.12: Curve in the figure is not the graph of a convex
function. There are points 21, x5 in (a, b) and Awith 0 < A < 1,
e(Axy 4+ (1 — N)xa) > Ap(z1) + (1 — N)p(z2).

Definition 6.8.1. A real-valued function ¢ on (a, b) is said
to be convex provided for each pair of points z1, 25 in (a, b)
and each A with 0 < A\ <1,

e(Az1 + (1 = A)az) < Ap(z1) + (1 = A)p(az).  (6.44)

If we look at the graph of ¢ (Fig. 6.11), the convexity
inequality can be formulated geometrically by saying that
each point on the chord between (z1, ¢(x1)) and (2, ¢(x2))
is above the graph of .

Observe that for two points z; < x5 in (a, b), each point
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x in (21, 2) may be expressed as

To — X

r=Ar; + (1 — X\)zy where \ = .
To — X1

Thus the convexity inequality may be written as

To — X

o) < | 222 gt + | 222 oo

for y <x <azyin (, b).

To — X7

Regathering terms, this inequality may also be rewritten

as

p(r) — ¢(r1) < p(r2) — ()

for 1 < & < x9in (a, b).
r — I To — X

(6.45)
Therefore convexity may also be formulated geometrically by
saying that for z; < x < x9, the slope of the chord from
(1, ¢(z1)) to (x, ¢(z)) is no greater than the slope of the
chord from (z, ¢(z)) to (za, @(x2)).

Proposition 6.8.2. If ¢ is differentiable on (a, b) and its
derivative ¢’ is increasing, then ¢ is convexr. In particular,

@ 1is convex if it has a nonnegative second derivative ©” on
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(a, b).

Proof. Let x1, x5 be in (a, b) with x; < x5, and let x belong

to (z1, x2). We must show that

p(r) — o) _ plra) — o)

T — 1 - Ty —T
However, apply the Mean Value Theorem to the restriction of
¢ to each of the intervals [xq, x] and [z, z5] to choose points

¢ € (z1, ) and ¢y € (2, z2) for which

ﬂ@—¢@ﬁam¢%ﬂ:¢@ﬁ—w@.

@) =

Thus, since ¢ is increasing, (¢; < ¢o implies ¢'(¢1) < ¢'(¢2)

and hence)
So(xx) : ffxl) _ 90,(01) < (P/(CQ) _ Sp(x;i : f<x>

O

Example 6.8.3. Each of the following three functions is con-

vex since each has a nonnegative second derivative:
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(i) ¢1(z) =2 on (0, oo) for p > 1;
(i) @a(x) = €™ on (—oo0, 0);
(iii) ps(z) =In(1/z) on (0, o).

The following final geometric reformulation of convexity
will be useful in the establishment of differentiability proper-

ties of convex functions.

Lemma 6.8.4. The Chordal Slope Lemma et ¢ be convex
n (a,b). If 11 < x < xy belong to (a, b), then for py =
(@1, p(21)), p = (%, (@), p2 = (x2, (21)) (Fig. 6.15),

slope of p1p < slope of pips < slope of pps

Proof. Regather terms in the inequality (6.45) to rewrite it in

the following two equivalent forms:

o(r1) — p(z) < o(12) — (1)

for x1 < x < xg in (a, b);
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)
PP, " b,
pip
Pl‘\_/ P
X1 x Xy

Figure 6.13: slope of pip < slopeof pips < slope of ppy
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and

o(r2) — (1) < o(r2) — p(z)

for x1 <o < x9 in (a, b).

O

For a function g on an open interval (a, b), and point zg €

(a, b), it

lim g(wo + h) — g(xo)

exists and is finite,
h—0, h<0 h

we denote this limit by ¢’(x, ) and call it the left-hand deriva-
tive of g at zy. Similarly, we define right-hand derivative

of g at x.

J(z5) = lim g(wo + h) — g(wo)

h—0, h>0 h

provided the limit on the right hand side exists. Of course, ¢
is differentiable at xg if and only if it has left-hand and right-hand
derivatives at z( that are equal. The continuity and differentia-
bility properties of convex functions follow from the following

lemma, whose proof follows directly from the Chordal Slope
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Lemma.

Lemma 6.8.5. Let ¢ be a convex function on (a, b). Then
© has left-hand and right-hand derivatives at each point x €
(a, b). Moreover, for points u, v in (a, b) with u < v, these
one-sided derivatives satisfy the following inequality:

H < P Zelw)

¢'(u”) <¢'(u o SY ) <) (646)

Corollary 6.8.6. Let ¢ be a convex function on (a, b). Then
@ 1s Lipschitz, and therefore absolutely continuous, on each

closed, bounded subinterval [c, d] of (a, b).

Proof. According to the preceding lemma, for ¢ < u < v < d,

and therefore

[p(u) — p(v)]| < M |u—v| forallu, v € [c, d]
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where
M = max{|¢'(c")], |¢'(d7)|}.

Thus the restriction of ¢ to [u, v] is Lipschitz. A Lipschitz
function on a closed, bounded interval is absolutely continu-

ous. L]

We infer from the above corollary and Corollary 6.5.8 in
Page 301 that any convex function defined on an open interval
is differentiable almost everywhere on its domain. In fact,

much more can be said.

Theorem 6.8.7. Let ¢ be a convez function on (a, b). Then
v 1s differentiable except at a countable number of points and

its derivative @' is an increasing function.
Proof. O]
We infer from the inequalities (6.46) that the functions
r— f'(27) and x — f'(z7)

are increasing real-valued functions on (a, b). But, according

to Theorem 6.3.2 in 271, an increasing real-valued function
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is continuous except at a countable number of points. Thus,
except on a countable subset C of (a, b), both the left-hand
and right-hand derivatives of ¢ are continuous. Let xq belong
to (a, b) ~ C. Choose a sequence {z,} of points greater than
xo that converges to x¢. Apply Lemma 6.8.5, with 2y = u and

r, = v, and take limits lo conclude that
¢'(xg) < ¢'ag) < ¢'(x0)

Then
+

'(xg) = ¢ (z5)
so that ¢ is differentiable at xy. To show that ¢’ is an increas-
ing function on (a, b) ~ C, let u, v belong to (a, b) ~ C with
u < v. Then by Lemma 6.8.5,

o) — o(v) _

¢'(u) < —_, S ¢'(v).

Let ¢ be a convex function on (a, b) and z( belong to (a, b).
For a real number m, the line y = m(z — x¢) + ¢(x¢), which
passes through the point (zg, ¢(x¢)), is called a supporting

line at zy for the graph of ¢ provided this line always lies
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below the graph of ¢, that is, if
o(x) > m(x —xo) + p(xg) for all x € (a, b).

It follows from Lemma 6.8.5 that such a line is supporting if
and only if its slope m lies between the left- and right-hand
derivatives of ¢ at xy. Thus, in particular, there is always at
least one supporting line at each point. This notion enables

us to give a short proof of the following inequality:

Theorem 6.8.8. [Jensen’s Inequality] Let v be a convex
function on (—oo,00), f an integrable function over [0, 1], and

@ o f also integrable over [0, 1]. Then

1

o| [1wir] < [won@an @)

0

1
Proof. Define o = [ f(x)dx. Choose m to lie between the

0
left-hand and right-hand derivative of ¢ at the point a. Then

y=m(t—a)+e(a)
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is the equation of a supporting line at (o, p(a)) for the graph
of p. Hence

o(t) >m(t —a)+ ¢(a) forall t € R.

Since f is integrable over [0, 1], it is finite a.e.on [0, 1] and

therefore, substituting f(z) for ¢ in this inequality, we have
o(f(x)) >m(f(x) — a)+ p(a) for almost all z € [0, 1].

Integrate across this inequality, using the monotonicity of the
Lebesgue integral and the assumption that both f and ¢ o f

are integrable over [a, b], to obtain

/wummm m(f(z) — @) + @(a))dx

AV4
O\H

= m | [ f@)iz - a| + ()

= o(a).
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A few words regarding the assumption, for Jensen’s In-
equality, of the integrability of o f over [0, 1] are in order. We
have shown that a convex function is continuous and therefore
Proposition 3.1.11 in Page 129 tells us that the composition
wo f is measurable if ¢ is convex and f is integrable. If o f is
nonnegative, then it is unnecessary to assume the @ o f is in-
tegrable since equality (6.48) trivially holds if the right-hand
integral equals +o00. In the case p o f fails to be nonnegative,

if there are constants ¢; and ¢, for which
lo(x)] < e +colx| forallz e R, (6.49)

then we infer from the integral comparison test that ¢ o f
is integrable over [0, 1] if f is. In the absence of the growth
assumption (6.49), the function ¢ o f may not be integrable
over [0, 1].



Chapter

LY spaces
7.1 Introduction

We have already seen the notion of completeness in the case
of real numbers R, given a sequence of real numbers a,,, such
that limy, ;n—o0 |an — am| = 0, then there exits a real number
a such that lim,, . |a, —a| = 0. In this chapter we will see a

corresponding completeness for Lebesgue integrable function.

336
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7.2 Normed Linear space

Let E be a measurable set of real numbers. Define F to be
the set of measurable extended real valued function of E, that

is finite a.e on E. Define an equivalence relation ‘ ~ > on F

by f =~ g if
f(z) =g(x), for almost all x € E

Check that ¢ = ’ indeed forms an equivalence relation on F.
Let F/ = denote the collection of all equivalence classes of F.
F/ = has a natural linear structure:given two functions f and
g in F, their equivalence classes [f] and [g] and real numbers
a and 3, we define the linear combination «ff] + S[g] to be
the equivalence class of the functions in F that take the value

af(x)+Fg(z) at points z in E at which both f and g are finite.

Definition 7.2.1. For 0 < p < oo, define LP(E) to be the

collection of equivalence classes [f] of functions such

that
/ |fIP < 0.
E
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The above property is well defined because if f =~ g,
then [, |f[? = [, ]g|". Notice that, for any real number a, b,
la+bP < 2P(|aP +|b|P). This fact along with the linearity and
monotonicity of integration gives us that if [f] and [¢g] beongs
to LP(FE), then so does their linear combination «[f]| + 5[5].

Therefore, LP(E) is a linear space.

We call a function f € F essentially bounded if there is

some M > 0, called an essential upper bound for f, for which
|f ()| <M for almost all z € E

We define L*(E) to be the collection of equivalence classes
[f] for which f is essentially bounded. Check that L>(E) also

forms a linear space.

Definition 7.2.2. Norm: Let X be a linear space. A real-
valued functional ¢ ||| > on X is called a norm if for each f
and ¢ in X and each real number a, it satisfies the following
properties:

LALf + gll < [[f1] + [lgll (The Triangle Inequality)

2. |laf|| = |al||f]| (Positive Homogeneity)
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3. ||f]l > 0and || f|| = 0 if anf only if f = 0 (Nonnegativity ).

Definition 7.2.3. A normed Linear space is a linear space
together with a norm. If X is a linear space normed by || ||, we
say that a function in X is a unit function provided || f|| = 1.
For any f € X and f # 0, the function f/| f|| is a unit
function and it is a scalar multiple of f which we call the

normalization of f.

Example 7.2.4. Normed Linear space L'(E)
For f € L'(E), define
I = [ 11
E

For f,g € L*(F) and real number a,

1.

If gl = /E|f+g|

< [ Uf1+1d
= [+ [ 1o

= [fll + llglls-
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2. [lafllr = lalllfllx

3. ||flli =0 if and only if f =0 a.e.

Therefore,
| [l; is a norm on L'(E).

Example 7.2.5. Normed Linear space L>*(F) For f €
L>®(E), define ||f||s as the infimum of the essential upper
bounds of f( we will call this the essential supremum)and
we claim that ’||||, is a norm on L>*(E). We will first show

that || f||o is an essential upper bound of f on F i.e

Il < fllo, a.eon E

For each natural number n, there is subset F,, of F such that
1
1f]l < || flleo + = on E ~ E, and m(E,,) =0
n
Now define E,, = |J,—, E,,. Then, we have

1< [l on E ~ B and m(Ex) =0
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Thus, proving that || ||« is a essential upper bound of f. || ||
clearly satisfies positive homogeneity and non negativity. Now

to show if satisfies triangle inequality. For f, g € L>(FE),

|f(@)+g(x)] < [f(@)]+|g(x)]
< [ flloo + ll9llse for almost all z € E.

Thus, || f|leo+ 9]l is & essential upper bound of f+g. There-

fore,

1+ gllce < M1 lloo + [19lloo

(since ||f + g/ is the infimum of the essential upper bound

of f+g.)

Example 7.2.6. The Normed Linear Spaces [, and [,

We define [, to be the collection of real sequences a = (ay, as, ....)

such that
o0
Z lag|P < oo
k=1

Since for real number a,b, |a + b|P < 2P(|a? + |b[?), the sum
of two sequences in [, also belongs to [,. Also real multiple of

a sequence in [, belongs to [,. Thus [, is a linear space. For
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{ar} €1, we define

oo
Hawtlly =D lawl?
k=1

It is trivial to check that || || is a norm on [,,.
We define [, to be the linear space of real bounded sequences

and for {ax} € I, define

[{ar}|oo = sup{ax}

Clearly, || | is @ norm on /.

Example 7.2.7. The Normed Linear Space Cla, b]
Let [a,b] be a closed, bounded interval. Then the linear space

of continuous real-valued functions on [a,b] is denoted by
Cla,b]. We define

[1f l[max = max | f(z)]
z€[a,b]

Clearly, || ||mas is satisfies positive homogeneity and non neg-
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ativity. For f,g € Cla, ]

1f + gllmax = max |f(z) 4+ g()]

< max (|f(2)] +lg(2)])

= +
nax | f(z)] nax lg(z)]

= ||f||max + ||gHmaX

Thus, || [|max satisfies traingle inequality. Therefore, || ||max 1S

a norm on Cla, b)].

7.3 The inequalities of Young, Holder,
and Minkowski

We have already seen the linear space LP(E) for 1 < p < o0
for a mesurable set E of real numbers. We have defined the
norm in the case of p =1 and p = oo. In this section, we will

define the norm for 1 < p < oo.

Definition 7.3.1. For F a measurable set, 1 < p < oo, and
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a function f in LP(FE), define

1l =1 /E K

We will show that [|f]|, is norm on LP(E). Clearly || ||,
satisfies positive homogeneity. If || f|l, = 0, then f vanishes
a.e in E. Thus, [f] is a zero element in LP(FE), which implies
that f = 0. Therefore, non negativity is also satisfied. Now,
it only remains to establish triangle inequality, which need

some work.

Definition 7.3.2. The conjugate of a number p € (1,00) is
the number ¢ = 1%’ which is the unique number ¢ € (1, 00)
for which

__|__:1
p 4q

The conjugate of 1 is defined to be oo and the conjugate of
oo defined to be 1.

Proposition 7.3.3. Young’s Inequality For 1 < p < oo,

q the conjugate of p, and any two positive numbers a and b,

al b
ab< —+ —
p q
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Proof. Defined by g(z) = (1/p)2?+1/q—x for x > 0. Observe
that the derivative of g(x) is positive for z € (1, 00), negative
for € (0,1) and g(z) vanishes at © = 1. Therefore, g(x) is

non negative for z € (0, 00).
(1/p)a® +1/qg—2x >0 for z € (0,00)

— (1/p)a? +1/q¢ >z for x € (0,00)

Thus, we have

< (1/p)a?+1/g>0 if x>0
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Put z = %
a
b1
a
a
a
ab

Then

IN

IN

IN

IN

IN

Chapter 7. L' spaces

P
a? bt
pbla—1 (1) q
ab bt
— 4+ —— (using p(g—1) =g¢q
5t ( (¢—1)=q)
a? b
— + — (multiplying by b)
p q

]

Theorem 7.3.4. Let E be a measurable set, 1 < p < oo, and

q the conjugate of p. If f belongs to LP(E) and g belongs to

Li(E), then their product fg is integrable over E and

Holder’s Incquality [ |£-9| < Ifllol  (T1)
E

Moreover, if f # 0, the function f* defined by

fr=1f1p Psen(H)IfIP (7.2)
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is an element in LI(F).

/E FE = 1fl, and [, =1 (7.3)

Proof. We will first consider the case when p = 1. Then
(7.1) follows from the monotonicity of integration and the
fact that ||g|| is the essential upper bound of g in E. Since
f*=segn(f), (7.3) also follows trivially. Now consider the case
when p > 1. Assume f # 0 and g # 0 as otherwise its trivial.
Without loss of generality take ||f||, = 1 and ||g||, = 1( we

can always replace f and g by their normalization). Thus, we

/|f|”—1 and /|g|Q—1
F F

Then the Holder’s inequality becomes

/Elfg|§1

Since fP and g? are integrable over F, f and g are finite a.e

have

on E. Thus, by Young’s inequality

LfIP . lgl?
|fal = 1fllg] < 7—1—7 a.eon E
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Thus, we get

1 1 1 1
/Ifglé—/|f|p+—/lg|q=—+—=1
E PJE qJE b g

Now, observe that
Fre=1fIrLfr

* _ 1-p P _— 1—p =
— /Eff = [If1l /E|f| AN 2 1l = (11l
Also,

/ (1777 = 1710 / P (using (p— 1)g = p)
E FE
— 1 (using || ], = 1)
which proves (7.3). O

Remark 7.3.5. For f € LP(F), f* as defined in (7.2) is called

the conjugate function of f.

Theorem 7.3.6. Minkowski’s Theorem Let E be a mea-
surable set and 1 < p < oo. If the functions f and g belong
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to L,(E), then so does their sum f + g and, moreover,

1F+ally < 171+ llglls

Proof. We have already seen the case when p = 1 and oc.
Therefore we will consider the case when p € (1,00). We
have already inferred why f + g also belongs to L,(E). Let
f+g+#0and (f + g)* be the conjugate function. Then by
Holder’s inequality;,

Hf+ng=/E(f+g)(f+g)*
= /Ef(f+g)* +9(f+9)

< [ALICF +9)lla + Ngllo[1CF +9)"llq

= [1£1lp + llgll,

[]

Definition 7.3.7. The Cauchy-Schwarz Inequality :.It
is a special case of Holder inequality when p = ¢ = 2. Let E
be a measurable set and f and g measurable functions on F

for which f2 and ¢? are integrable over E. Then their product
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fg also is integrable over F and

/E!fg| < \/E\/E

Corollary 7.3.8. Let E be a measurable set and 1 < p < oo.
Suppose F' is a family of functions in LP(E) that is bounded
in LP(E) in the sense that there is a constant M for which

Ifll, <M forall f€F

Then the family F is uniformly integrable over E.

Corollary 7.3.9. Let E be a measurable set of finite measure
and 1 < p; < py < oo. Then LP?(E) C LP'(E). Furthermore,

[fllpy < cllfllp, for all f e LP(E)
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7.4 L? Space Completeness Theorem:

The Riesz-Fischer Theorem

Definition 7.4.1. A sequence {F},} in a linear space X that

is normed by || || is said to converge to f in X provided that
T | = full =0
and we denote it by
{fu} = fin X or T}Lrlgofn:finX

Remark 7.4.2. 1. For a sequence { f,} and function f in
Cla,bl, {f.} — f in C[a,b], normed by the maximum
norm, if and only if {f,} converges to f uniformly on
[a, b].

2. Similarly, for a sequence { f,} and function f in L*(FE),
{f.} = fin L>®(E) if and only if {f,} — f uniformly

a.eon F.

3. For a sequence {f,} and function f in LP(FE), where
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1 <p< oo,
{fu} — fin LP(E) if and only if lim / |f—falf =0.
n—oo E

Definition 7.4.3. A sequence {f,} in a linear space X that
is normed by ’||||" is said to be Cauchy in X provided for each

€ > 0, there is a natural number N such that
| fm — full <€ forall myn >N

A normed linear space X is said to be complete provided
every Cauchy sequence in X converges to a function in X. A

complete normed linear space is called a Banach space.

Proposition 7.4.4. Let X be a normed linear space. Then
every convergent sequence in X is Cauchy. Moreover, a Cauchy

sequence in X converges if it has a convergent subsequence.

Proof. Let {f,} — f. Then, by the triangle inequality, for all
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m, n,

||fm_fn|| = ||f_m_.f:f_fn||
< fm =Sl
1fn = £l

Therefore { f,} is cauchy.

Now, let {f,} be cauchy and {f,,} be the convergent subse-
quence of {f,}, which converges to f in X. Choose a N such
that | f,, — fn| < €/2 for all m,n > N. Now we choose k such
that ny > N and |f,, — f| < €/2. By triangle inequality, for
n>N,

1o = fll = [lfa = fan + far = ]
<= Fuull + g — I

< €.

Thus {f.} — f in X. O

Definition 7.4.5. Let X be a linear space normed by ||| . A
sequence {f,} in X is said to be rapidly Cauchy provided

there is a convergent series of positive numbers Y- € for
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which
| frerr — full < €& for all k

Observe that

n+k—1 00

| frr — full < Z | fir = fill < Ze? for all n and k
Jj=n J

i—n

Theorem 7.4.6. Let X be a normed linear space. Then every
rapidly Cauchy sequence in X is Cauchy. Furthermore, every

Cauchy sequence has a rapidly Cauchy subsequence.

Proof. Let {f,} be a rapidly cauchy sequnce and > .~ ¢, the

convergent series of non negative numbers such that

| fes1 — full < €& for all k

Then,
||fn+k - fn” S ZEJQ fOT all n and k
j=n

Since >_:°, € converges, > .-, € also converges. Thus {f,} is

cauchy.

Now assume that {f,} is a cauchy sequnce in X. We choose a
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strictly increasing sequence of natural numbers nj such that

| faner — Fall < (1/2)% for all k

The subsequence {f,, } is rapidly Cauchy.
O

Theorem 7.4.7. Let E be a measurable set and 1 < p < oo.
Then every rapidly Cauchy sequence in LP(E) converges both

with respect to the LP(E) norm and pointwise a.e. on E to a
function in LP(E).

Theorem 7.4.8. The Riesz-Fischer Theorem: Let E be
a measurable set and 1 < p < oo. Then LP(FE) is a Banach
space. Moreover, if f, — f in LP(E), a subsequence of f,

converges pointwise a.e. on E to I.

Proof. Let f, be a Cauchy sequence LP(FE). Then there is
a subsequence f,, of f, that is rapidly Cauchy. Then by
the previous theorem f,, converges to a function f in LP(E)
both with respect to the LP(E) norm and pointwise a.e. on
E. Therefore, the whole Cauchy sequence converges to f with

respect to the LP(E) norm. O
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Module 1

The Real Numbers: Sets, Sequences and Functions.
Chapter 1: Sigma Algebra , Borel sets Section 1.4: Proposition
13
Lebesgue Measure Chapter 2: Sections 2.1, 2.2, 2.3, 2.4, 2.5,
2.6, 2.7 upto Proposition 19.

Lebesgue Measurable Functions Chapter 3: Sections 3.1, 3.2 ,
3.3

Module 2

Lebesgue Integration Chapter 4: Sections 4.1, 4.2, 4.3, 4.4,
4.5, 4.6

Lebesgue Integration: Further Topics Chapter 5: Sections:
5.1, 5.2,5.3

Module 3

Differentiation and Integration Chapter 6: Sections 6.1, 6.2,
6.3, 6.4, 6.5, 6.6. The L? spaces : Completeness and Approx-
imation Chapter 7: Sections 7.1,7.2,7.3
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