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Lecture
S.No | Hours Topics to be covered Support Materials
(Hr)
Unit-1
1 1 Lebesgue Measure:Introduction on
Outer Measure and Problems on T1: Chapter 3, Pg.no:54-58
outer measure
2 1 Measurable set- Theorems T1: Chapter 3, Pg.no: 58-59,
R4: Chapter 6, Pg.no:46-47
3 1 Theorems on measurable set and T1:Chapter 3, Pg.n0:59-61
lebesgue measure
4 1 Theorems on measurable set and T1:Chapter 3, Pg.n0:62-63
lebesgue measure-continuation R4:Chapter 8, Pg.n0:106-120
5 1 A non measurable set ,Theorems T1: Chapter 3 ,Pg.no: 64-66
on non measurable set
6 1 Measurable function theorem and | T1: Chapter 3,Pg.no: 66-71
Problems on Measurable function
7 1 Littlewood’s three principle T1: Chapter 3: 72-73,
R1:Chapter , Pg.n0:132-136
8 1 Theorems on Littlewood’s three T1: Chapter 3 : 73-74
principle
9 1 Recapitulation and discussion of
important questions
Total | 9 Hrs
Unit-11
1 1 Lebesgue integral:Riemann T1: Chapter 4, , Pg.no 75-78
Integral and Lebesgue integral of a
bounded function over a set of
finite measure
2 1 Lebesgue integral of a bounded T1:Chapter 4, Pg.no : 77-78
function over a set of finite
measure
3 1 Simple function theorem, Bounded | T1: Chapter 4, Pg.no : 78-81
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4 1 Theorem on bounded function T1: Chapter 4, Pg.no : 82-85
Bounded convergence theorem
5 1 Integral of a non negative function | T1: Chapter 4, Pg.no: 85-86
theorem
6 1 Fatous lemma, Monotone T1: Chapter 4, Pg.no : 86-89
convergence theorem
7 1 General Lebesgue integral and T1: Chapter 4, Pg.no: 89-93
Lebesgue convergence theorem
8 1 Convergence in measure and T1: Chapter 4, Pg.no: 93-96
Theorems on Convergence in
measure
9 1 Recapitulation and discussion of
important questions
Total | 9 Hrs
Unit-111
1 1 Differentiation of monotone T1: Chapter 5, Pg.no:97-99
function
2 1 Continuation on Differentiation of | T1: Chapter 5, Pg.n0:100-101
monotone function
3 1 Problems on monotone function T1: Chapter 5, Pg.n0:101-102
4 1 Functions of bounded variation T1: Chapter 5, Pg.no:102-104
5 1 Differentiation of an integral T1: Chapter 5, Pg.no:105-108
6 1 Absolute continuity T1: Chapter 5, Pg.no:108-110
7 1 Problems on Absolute continuity T1: Chapter 5, Pg.no:111
R2: Chapter 5, Pg.n0:131-
135
8 1 Recapitulation and discussion of
important questions
Total 8 Hrs
Unit-1Vv
1 1 Introduction on Measure spaces and | T1: Chapter 11,Pg.n0:253-257
their related conditions
2 1 Problems on Measure spaces T1: Chapter 11,Pg.no:258-259
3 1 Measurable functions T1: Chapter 11,Pg.no:259-260
4 1 Continuation on Measurable T1: Chapter 11,Pg.n0:261-262
functions
5 1 Problems on Measurable functions | T1: Chapter 11,Pg.n0:262-264
6 1 Problems on Integration T1: Chapter 11,Pg.no:264-265
7 1 Theorems on Integration T1: Chapter 11,Pg.no:266-268
8 1 General convergence Theorems T1: Chapter 11,Pg.no:268-270
9 1 Recapitulation and discussion of
important questions
Total 9 Hrs
Unit-V
1 1 Signed measures and theorems on T1: Chapter 11,Pg.n0:270-275
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Signed measures
2 1 Problems on Signed measures and T1: Chapter 11,Pg.no:275-278
the Radon-Nikodym theorem
3 1 Lebesgue decomposition and T1: Chapter 11,Pg.no:278-282
Problems on Lebesgue
decomposition
4 1 The Lr spaces T1: Chapter 11,Pg.no:282-287
Some theorems on The Lr spaces R4: Chapter 3,Pg.n0:61-63
5 1 Problems on The Lr spaces R4: Chapter 3,Pg.n0:64-65
6 1 Recapitulation and discussion of
important questions
7 1 Discussion of previous ESE
question papers
8 1 Discussion of previous ESE
question papers
9 1 Discussion of previous ESE
question papers
Total 9 Hrs
TEXT BOOK

T1. Royden H.L,(2004). Real Analysis, Third Edition, Prentice — Hall of India

Pvt.Ltd, New Delhi.
REFERENCES

R1. Keshwa Prasad Gupta,( 2005). Measure Theory, Krishna Prakashan Ltd,
Meerut. R2. Donald L. Cohn, (2013). Measure Theory, United States.

R3. Paul R. Halmos, (2008). Measure Theory, Princeton University Press Dover
Publications.
R4. Rudin W, (2006). Real and Complex Analysis, 3 rd Edition, Mcgraw — Hill,
New Delhi.
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UNIT -1

Lebesgue Measure: Introduction — Outer measure — Measurable sets and Lebesgue Measure — A non
measurable set — Measurable set — Measurable functions — Littlewoods’s three principles.
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Lebesgue Measure

Note. We “weigh” an interval by its length when setting up the Riemann integral.
So to generalize the Riemann integral, we desire a way to weigh sets other than

intervals. This weight should be a generalization of the length of an interval.

Note. Since we know an open set is a countable union of disjoint open intervals,
we would define its “weight” (or “measure”) to be the sum of the lengths of the
open intervals which compose it.
Note. We want a function m which maps the collection of all subsets of R, that
is the power set of the reals P(R), into R™ U {0,000} = [0, 00]. We would like m to

satisfy:

1. For any interval I, m(I) = €(I) (where (1) is the length of I).

SV

. For all E on which m is defined and for all y € R, m(E + y) = m(FE). That

is, m is translation invariant.

3. If { £ 172, is a sequence of disjoint sets (on each of which, m is defined), then

m(WUE) = > m(E;). That is, m is countably additive.

4. m is defined on P(R).
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Here, and throughout, we use the symbol LU to indicate disjoint union.

Note. We will see in Section 2.6 that there is not a function satisfving all four

properties. In fact, there is not even a set function satisfying (1), (2), and (4)

u n
for which m (U Ek) = Zm(E;c] for disjoint Ej (this property is called finite
additivity). S{E(fITIl'hC{}rnm ELI;S for details.
Note. It is “unknown” whether m exists satisfying properties (1), (3), and (4) (if
we assume the Continnum Hypothesis, then there is not such a funetion).
Note. We will weaken Property (4) and try to find a function defined on as large
a set as possible. We will require (by (3)) that our collection of sets, M, on which
m is defined, be countably additive and therefore M will be a o-algebra.
Problem 2.1. Let m’ be a set function defined on a o-algebra .4 with values in
[0, 00]. Assume m’ is countably additive over countable disjoint collections in A.
If A and B are two sets in A with A C B, then m/(4) < m/(B). This is called

monotonicity.

Proof. First, B\ A= BN A¢ and since A is a g-algebra (and hence closed under
countable intersections and complements), then B\ A € A. Next, B = (B\ A)uW A,
50 by the hypothesized Countable Additivity, m'(B) = m/(B\ A) + m/(A) since
B\ A and A are disjoint. Since m’(B\ A) > 0 by hypothesis, then m/(A) < m/(B).
(NOTICE: We could weaken the hypothesis of “o-algebra” to “algebra” and weaken
the hypothesis of “countable additivity” to “finite additivity,” and the result would

still hold.) i

Note. Another property of measure is the following.
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Problem 2.3. Let {E;}7°, be a countable collection of sets in a g-algebra A on

a0 o0
which a countably additive measure m' is defined. Then m’ (U Eg-_) = E m'(Ey).

k=1 k=1

This is ealled countable subadditivity.

The Riemann integral of a bounded function over a closed, bounded interval is defined
using approximations of the function that are associated with partitions of its domain
into finite collections 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. Each interval is Lebesgue measurable. 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 employing intervals. This leads to a
larger class of functions that are Lebesgue integrable over very general domains and an
integral that has better properties. For instance, under quite general circumstances we will
prove that if a sequence of functions converges pointwise to a limiting function, then the
integral of the limit function is the limit of the integrals of the approximating functions.
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.

The length £(/) of an interval / is defined to be the difference of the endpoints of /
if / is bounded, and oo if I is unbounded. Length is an example of a set function, that is, a
function that associates an extended real number to each set in a collection of sets. In the
case of length, the domain is the collection of all intervals. In this chapter we extend the set
function length to a large collection of sets of real numbers. For instance, the “length” of an
open set will be the sum of the lengths of the countable number of open intervals of which
it is composed. However, the collection of sets consisting of intervals and open sets is still
too limited for our purposes. 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.

The collection of Lebesgue measurable sets is a o-algebra! which contains all open sets and
all closed sets. The set function m possesses the following three properties.

The measure of an interval is its length Each nonempty interval / is Lebesgue mea-
surable and

m(I)=€(1).

Prepared by:M.Sangeetha, Asst Prof, Department of Mathematics KAHE. Page 4/24




KARPAGAM ACADEMY OF HIGHER EDUCATION

CLASS: I M.SC MATHEMATICS COURSE NAME:MEASURE THEORY
COURSE CODE: 17MMP401 UNIT: | BATCH-2017-2019

Measure is translation invariant If £ is Lebesgue measurable and y is any number, then
the translate of Eby y, E + y = {x + y|x € E}, also is Lebesgue measurable and

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

Measure is countably additivity over countable disjoint unions of sets’ If (E, 2, isa
countable disjoint collection of Lebesgue measurable sets, then

k=1

It is not possible to construct a set function that possesses the above three properties
and is defined for all sets of real numbers (see page 48). 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 (see Theorem 18). We respond to 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.

We first construct a set function called ounter—measure, which we denote by m*. It
is defined for any set, and thus, in particular, for any interval. The outer measure of an
interval is its length. Outer measure is translation invariant. However, outer measure is not
finitely additive. But it is countably subadditive in the sense that if {E}}?°, is any countable
collection of sets, disjoint or not, then

m‘(@ Ek) < § m*(Ey).
k=1 k=1

The second stage in the construction is to determine what it means for a set to be Lebesgue
measurable and show that the collection of Lebesgue measurable sets is a o-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
Lebesgue measure.
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LEBESGUE OUTER MEASURE

Let I be a nonempty interval of real numbers. We define its length, ¢(7), to be oo if 1 is
unbounded and otherwise define its length to be the difference of its endpoints. For a set
A of real numbers, consider the countable collections {/;}°, of nonempty open, bounded
intervals that cover A, that is, collections for which A C U2, Ix. For each such collection,
consider the sum of the lengths of the intervals in the collection. Since the lengths are positive
numbers, each sum is uniquely defined independently of the order of the terms. We define
the outer measure® of A, m*(A), to be the infimum of all such sums, that is

k=1 k=1

m'(A):inf{i (1) AQG Ik}.

It follows immediately from the definition of outer measure that m* (@) = 0. Moreover, since
any cover of a set B is also a cover of any subset of B, outer measure is monotone in the
sense that

if ACB, thenm*(A) <m*(B).

Example A countable set has outer measure zero. Indeed, let C be a countable set
enumerated as C = {c;}§°,. Let €>0. For each natural number k, define 7, = (c—¢/2**', c+

€/2%*1), The countable collection of open intervals {/ Jie, covers C. Therefore
o0 o0
0<m*(C) < Y U(K) =D ¢/2 =
k=1 k=1
This inequality holds for each € > 0. Hence m*( E) = 0.
Proposition 1 The ourer measure of an interval is its length.

Proof We begin with the case of a closed, bounded interval [a, b]. Let € > 0. Since the open
interval (a — €, b+ €) contains [a, b] we have m*([a, b]) < &((a—¢€,b+¢€)) =b—a+2e. This
holds for any ¢ > 0. Therefore m*([a, b]) < b— a. It remains to show that m*([a, b]) > b—a.
But this is equivalent to showing that if {1, }{?, is any countable collection of open, bounded
intervals covering [a, b], then

Sunyzb-a M
k=1
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By the Heine-Borel Theorem,* any collection of open intervals covering [a, b] has a finite
subcollection that also covers [a, b]. Choose a natural number n for which {/;)}_, covers
[a, b]. We will show that

n

Y Uk)=b-a, 2

k=1
and therefore (1) holds. Since a belongs toU}_, /i, there must be one of the J;’s that contains
a. Select such an interval and denote it by (ay, by ). We have a; <a < b;. If b; > b, the
inequality (2) is established since

n
2 {L)=b—ay>b—a.
k=1

Otherwise, b; €[a, b), and since b; ¢ (ay, by ), there is an interval in the collection {)]_,,
which we label (a;, b;), distinct from (ay, b ), for which by € (a3, b ); that is, az < by < bs.
I b, > b, the inequality (2) is established since

DUR) = (b —a)+(—@m)=br— (@—b)—a > —a;>b—a.
k=1

We continue this selection process until it terminates, as it must since there are only n
intervals in the collection {7;}]_,. Thus we obtain a subcollection {(ax, b))}, of {£}}_, for
which

a <a,

while
ap 41 <bforl<k<N-1,
and, since the selection process terminated,

by > b.
Thus

N
2_1’((1" > 2_‘, L((a;, b))
= (by —an)+ (bn-1 —an-1) + -+ (b1 — @)

=by—(an—by-1)—...— (@ =b1) —a

>by—a1>b-a
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Thus the inequality (2) holds.

If 7is any bounded interval, then given € > 0, there are two closed, bounded intervals
Jy and J; such that

HhCICh
while
£(I)—e<e(Jy)and £( ) <&(I)+e.

By the equality of outer measure and length for closed, bounded intervals and the mono-
tonicity of outer measure,

LI —e<t(N)=m"(h) =m*(I) <m*(h)=U]) <UI)+e

This holds for each € > 0. Therefore £(1) = m*(I).

If 7is an unbounded interval, then for each natural number n, there is an interval J C /
with £(J) = n. Hence m*(I) = m*(J) = ¢(J) = n. This holds for each natural number n.
Therefore m*(I') = o0, (W

Proposition 2 Quter measure is translation invariant, that is, for any set A and number y,
m*( A+ y)=m"(A).

Proof Observe that if {I;)7° , is any countable collection of sets, then (/i )72, covers A if and
only if {I; + y}}2, covers A + y. Moreover, if each Iy is an open interval, then each J; + yis
an open interval of the same length and so

S en) =3 el +y).
k=1 k=1

The conclusion follows from these two observations. O

Proposition 3 Outer measure is countably subadditive, that is, if {E;)g2, is any countable
collection of sets, disjoint or not, then

M’(G Ek) < § m" (Ej).
k=1 k=1

Proof If one of the E;’s has infinite outer measure, the inequality holds trivially. We
therefore suppose each of the Ex’s has finite outer measure. Let € > 0. For each natural

number k, there is a countable collection {J; ;}72, of open, bounded intervals for which

oo 00
Ey C\J Kiand 3 e(1 ;) < m*(E;) +¢/2%.

i=1 =1
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Now {Z i}1 <k i<oc is @ countable collection of open, bounded intervals that covers 2, Ei:
the collection ts countable since it is a countable collection of countable collections. Thus,
by the definition of outer measure,

<3 [ (i) +¢/2'
k=1

= [OEO m'(E;,) + €.
k=1

Since this holds for each € > 0, it also holds for € = 0. The proof is complete. a

If {E¢)}_, is any finite collection of sets, disjoint or not, then

m‘(o Ek) < im‘(Ek).
k=1 k=1

This finite subadditivity property follows from countable subadditivity by taking E; = #
fork > n.

LEBESGUE MEASURABLE SETS

Outer measure has four virtues: (i) it is defined for all sets of real numbers, (ii) the outer
measure of an interval is its length, (iii) outer measure is countably subadditive, and (iv)
outer measure is translation invariant, But outer measure fails to be countably additive. In
fact, it is not even finitely additive (see Theorem 18): there are disjoint sets A and B for
which

m*'(AUB) <m*(A)+m*(B). (3)

To ameliorate this fundamental defect we identify a o-algebra of sets, called the
Lebesgue measurable sets, which contains all intervals and all 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 Constantine Carathéodory.
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Definition A set E is said to be measurable provided for any set A,°
m*(A) = m*(AN E) +m*(AN EC).
We immediately see one advantage possessed by measurable sets, namely, that the

strict inequality (3) cannot occur if one of the sets is measurable. Indeed, if, say, A is
measurable and B is any set disjoint from A, then

m* (AUB)=m*([AUB]N A)) +m*([AUB)]N A®) = m*(A) + m*(B).

Since, by Proposition 3, outer measure is finitely subadditive and A = [ANEJU[ANEC],
we always have

m*'(A) <m*(ANE)+m*(ANE®).
Therefore E is measurable if and only if for each set A we have
m*(A) > m*(ANE)+m*(An EC). (4)

This inequality trivially holds if m*( A) = oc. Thus it suffices to establish (4) for sets A that
have finite outer measure.

Observe that the definition of measurability is symmetric in E and EC, and therefore

a set is measurable if and only if its complement is measurable. Clearly the empty-set @ and
the set R of all real numbers are measurable.

Proposition 4 Any set of outer measure zero is measurable. In particular, any countable set
is measurable.

Proof Let the set E have outer measure zero. Let A be any set. Since
ANECEand ANECC A,
by the monotonicity of outer measure,
m*'(ANE) <m*(E)=0andm*(AN E®) < m*(A).
Thus,

m*(A)>m* (ANES)=04+m*(ANE®) =m*(AN E)+m*(AN EC),
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Proposition 5 The union of a finite collection of measurable sets is measurable.

Proof As a first step in the proof, we show that the union of two measurable sets £, and E»
is measurable. Let A be any set. First using the measurability of E;, then the measurability
of E;, we have

m*(A) =m*(ANE;) +m*(ANEY)
= m*(ANE;)+m*([ANE{]NE2)+m*([ANES]NES ).

There are the following set identities:
[ANESINES = AN[E, UE°

and
[ANEJU[ANES N B3] = AN[E U Ey).

We infer from these identities and the finite subadditivity of outer measure that

m*(A) =m*(ANE;) +m*([AN ES]N E;) + m*([A N ES] N EY)
=m*(ANE1)+m*([AN ES]N E2) + m*(AN[E U E)€)

> m*(AN[E,UEz)) +m*(AN[E1 U EJ°).
Thus E; U E; is measurable.
Now let (E;};_, be any finite collection of measurable sets. We prove the measurability

of the union U _, Ej, for general z, by induction. This is trivial for n = 1. Suppose it is true
for n — 1. Thus, since

n n—-1
U E, = U EkJ U E,,
k=1 k=1

and we have established the measurability of the union of two measurable sets, the set
Ui £ is measurable. 0

Proposition 6 Let A be any set and (EL)}_, a finite disjoint collection of measurable sets.

Then
m* (An OE{|) =im"(AnEk).
k=1 k=1

m'(o Ek) = é m*( Ey).
k=1

In particular,

k=1
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Proof The proof proceeds by induction on ». It is clearly true for n = 1. Assume it is true
for n — 1. Since the collection {E}}}_, is disjoint,

An[OEk NE,=ANE,
k=1
and
n n—-1
AN|UE|NES =An | Ec|.
k=1 k=1

Hence, by the measurability of E, and the induction assumption,

n n—-1
m*|AN|UE||=m*(ANE,)+m*| AN|U Ei
k=1 k=1

n=1

=m*(AﬂEH)+2 m*( AN Ey)
k=1

n
= > m*(AN Ey).
k=1

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 also closed with respect to the formation of finite intersections. We infer
from Proposition 5, together with the measurability of the complement of a measurable set,
that the collection of measurable sets is an algebra. It is useful to observe that the union of
a countable collection of measurable sets is also the union of a countable disjoint collection
of measurable sets. Indeed, let {Az}{, be a countable collection of measurable sets. Define
A| = A; and for each k > 2, define

k-1
Ay = Ap~ U A;.
i=1

Since the collection of measurable sets is an algebra, {A;};2, is a disjoint collection of
measurable sets whose union is the same as that of {4;}7° ;.

Proposition 7 The union of a countable collection of measurable sets is measurable.
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Proof Let E be the union of a countable collection of measurable sets. As we observed above,
there is a countable disjoint collection of measurable sets {E; )72, for which E = U2, E;.
Let A be any set. Let n be a natural number. Define F, = | J;_; E;. Since F), is measurable
and FnC J EC,

m*(A) =m*(ANF,)+m*(ANFC) > m*(ANF,) +m*(ANEC).

By Proposition 6,
m*(ANF,) =" m*(ANE).

k=1

Thus

m*(A) > i m*(AN Ey)+m*(ANEC).
k=1

The left-hand side of this inequality is independent of n. Therefore
00

m*(A)> Y m*(AN Ek)+m*(A nES).
k=1

Hence, by the countable subadditivity of outer measure,

m*(A) > m*(AnE)+m*(AnEC>.

Thus E is measurable. O

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; by De Morgan's
Identities, such a collection is also closed with respect to the formation of countable
intersections. The preceding proposition tells us that the collection of measurable sets is a
o-algebra.
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Proposition 8 Every interval is measurable.

Proof As we observed above, the measurable sets are a o-algebra. Therefore to show that
every interval is measurable it suffices to show that every interval of the form (a, 00) is
measurable (see Problem 11). Consider such an interval. Let A be any set. We assume a does
not belong to A. Otherwise, replace A by A ~ [a}, leaving the outer measure unchanged. We
must show that

m*(A;) +m*(Az) < m*(A), )
where
Al =AN(—0c0,a)and A; = AN (a,0).

By the definition of m*(A) as an infimum, to verify (5) it is necessary and sufficient to show
that for any countable collection {/;}7° ; of open, bounded intervals that covers A,

m*(Ar) +m*(Ay) < § (Ii). (6)

b1
Indeed, for such a covering, for each index k, define
I, =L N(-00,a)and [; = It N (a,o0)
Then I; and I}/ are intervals and

UL) =)+ (1)

Since {[;}52, and {I}}2, are countable collections of open, bounded intervals that cover A,
and Ay, respectively, by the definition of outer measure,

m?(Ar) < gfwn and m*(4;) < i A

Therefore - -
m*(Ar) +m*(Aq) < {215(["‘) + kEIK( ).

= 1) +e0)
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o0
= 3 L)
k=1
Thus (6) holds and the proof is complete.

Every open set is the disjoint union of a countable collection of open intervals.” We
therefore infer from the two preceding propositions that every open set is measurable. Every
closed set is the complement of an open set and therefore every closed set is measurable.
Recall that 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. We infer from Proposition 7 that every G; set and every
F,; set is measurable.

The intersection of all the o-algebras of subsets of R that contain the open sets is a
o-algebra called the Borel ¢-algebra; members of this collection are called Borel sets. The
Borel o-algebra is contained in every o-algebra that contains all open sets. Therefore, since
the measurable sets are a g-algebra containing all open sets, every Borel set is measurable.
We have established the following theorem.

Theorem 9 The collection M of measurable sets is a o-algebra that contains the o-algebra
B of Borel sets. Each interval, each open set, each closed set, each Gy sel, and each F, set is
measurable.

Proposition 10 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. By the
measurability of E and the translation invariance of outer measure,

m*(A) =m*(A—y) =m*([A—y]N E) +m*([A - y] N E)

=m*(AN[E+y]) —i-m*(A N[E -i-y]cj.

Therefore E + y is measurable. 1
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NONMEASURABLE SETS

We have defined what it means for a set to be measurable and studied properties of the
collection of measurabie 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 E is any set of real numbers with positive outer measure, then there are
subsets of E that fail to be measurable.

Lemma 16 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 translaies of E, {A+ E}j e,
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 unions of measurable sets,

m{U(}l+ E)]= > m(A+E). (15)

Ael A

Since both E and A are bounded sets, the set(J) ¢ s (A+ E) also is bounded and therefore has
finite measure. Thus the left-hand side of (15) is finite. However, since measure is translation
invariant, m(A + E) = m(E) > 0 for each A € A. Thus, since the set A is countably infinite
and the right-hand sum in (15) is finite, we must have m(E) = 0. Ol

For any nonempty set E of real numbers, we define two points in E to be ratiomally
equivalent provided their difference belongs to (, the set of rational numbers. It is easy to see
that this is an equivalence relation, 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 equivalence
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 Cf is
characterized by the following two properties:
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(i) the difference of two points in Cg is not rational;
(i) for each point x in E, there is a point ¢ in Cg for which x = ¢ + g, with g rational.

This first characteristic property of Cz may be conveniently reformulated as follows:
For any set AC Q, (A+ Cg},en is disjoint. (16)

Theorem 17 (Vitali) Any set E of real numbers with positive outer measure contains a subset
that fails to be measurable.

Proof By the countable subadditivity of outer measure, we may suppose E is bounded. Let
Cr be any choice set for the rational equivalence relation on E. We claim that Cg 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 (16), the collection of translates of Cr by members of Ay is disjoint, it
follows from Lemma 16 that m(Cg) = 0. Hence, again using the translation invariance and
the countable additivity of measure over countable disjoint unions of measurable sets,

m|J @A+Ce)| = D m(A+Ce)=0.
Aely Aely

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

Ao = [~25, 26]N Q.
Then Ag is bounded, and is countably infinite since the rationals are countable and dense.!!
We claim that
EC U (+Ce). (17)
Ac(-25,26]0Q

Indeed, by the second characteristic property of Cg, if x belongs to E, there is a number ¢ in
the choice set Cz; for which x = ¢ + g with ¢ rational. But x and ¢ belong to [—b, b], so that g
belongs to [—2b, 2b]. Thus the inclusion (17) holds. This is a contradiction because E, a set
of positive outer measure, is not a subset of a set of measure zero. The assumption that Cg
is measurable has led to a contradiction and thus it must fail to be measurable. d
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Theorem 18 There are disjoint sets of real numbers A and B for which
m*(AUB) <m*(A)+m*(B).

Proof We prove this by contradiction. Assume m*(A U B) = m*(A) + m*( B) 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

Lebesgue Measurable Functions

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

Given two functions / and g defined on E, for notational brevity we often write “h < g
on E” to mean that h(x) < g(x) for all x € E. We say that a sequence of functions (£,} on E
is increasing provided f, < f,+1 on E for each index n.

Proposition 1 Let the function f have a measurable domain E. Then the following statement
are equivalent:

(i) For each real number c, the set (x€ E | f(x) > c} is measurable.
(ii) For each real number c, theset {(x€ E| f(x) > c} is measurable.
(iii} For each real number c, the set (x€ E | f(x) < ¢) is measurable.
(iv) For each real number c, the set {x€ E| f(x) < ¢} is measurable.

Each of these properties implies that for each extended real number ¢,

the set {x€ E| f(x)=c} is measurable.

Proof Since the sets in (i) and (iv) are complementary in E, as are the sets in (ii) and (iii), and
the complement in E of a measurable subset of E is measurable, (i) and (iv) are equivalent,
as are (ii) and (iii).

Now (i) implies (ii), since

{xEEl f(x)zc}-_-ﬁ{erl f(x)>c-l/k}.
k=1

Prepared by:M.Sangeetha, Asst Prof, Department of Mathematics KAHE. Page 18/24




KARPAGAM ACADEMY OF HIGHER EDUCATION

CLASS: I M.SC MATHEMATICS COURSE NAME:MEASURE THEORY
COURSE CODE: 17MMP401 UNIT: | BATCH-2017-2019

and the intersection of a countable collection of measurable sets is measurable. Similarly,
(11) implies (i), since

xeE| f) >} =) {xeE| f(x) 2 c+1/k},

k=1
and the union of a countable collection of measurable sets is measurable.

Thus statements (i)—(iv) are equivalent. Now assume one, and hence all, of them hold.
If ¢ is a real number, [x € E| f(x) = c} = (x€ E| f(x)) = ¢} N (xe E| f(x) < ¢),50 £ (e)
is measurable since it is the intersection of two measurable sets. On the other hand, if ¢ is
infinite, say ¢ = oo,

{xeE| f(x)=oo}=ﬁ{x€E| f(x)>k}

k=1

so f~1(o0) is measurable since it is the intersection of a countable collection of measurable
sets. O

Definition An extended real-valued function f defined on E is said to be Lebesgue measur-
able, or simply measurable, provided its domain E is measurable and it satisfies one of the
four statements of Proposition 1.

Proposition 2 Let the function f be defined on a measurable set E. Then f is measurable if
and only if for each open set O, the inverse image of O under f, f~(0) = {xe E| f(x) €0},
is measurable.

Proof If the inverse image of each open set is measurable, then since each interval (¢, o0)
is open, the function f is measurable. Conversely, suppose f is measurable. Let O be open.
Then! we can express ( as the union of a countable collection of open, bounded intervals
{7:}72, where each Ix may be expressed as B; N Ag, where By = (—o0, bx) and Ay = (ay, 00).
Since f is a measurable function, each ¥ —1( Bi) and F1( A;) are measurable sets. On the
other hand, the measurable sets are a o-algebra and therefore f—! () is measurable since

£y = £ [O BkﬁAx]=L°jf"(Bk)nf_l(Ak)- -
k=1 k=1

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

Proposition 3 A real-valued function that is continuous on its measurable domain is
measurable.
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Proof Let the function f be continuous on the measurable set E. Let O be open. Since f
is continuous, f~1(©) = E N U, where U is open.? Thus f~1(©), being the intersection
of two measurable sets, is measurable. It follows from the preceding proposition that f is
measurable. O

A real-valued function that is either increasing or decreasing is said to be monotone.
We Jeave the proof of the next proposition as an exercise (see Problem 24).

Proposition 4 A monotone function that is defined on an interval is measurable.

Proposition 5 Let f be an extended real-valued function on E.

(i) If f is measurable on E and f = g a.e. on E, then g is measurable on E.

(ii) 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 f is measurable. Define A = [x € E| f(x) # g(x)}. Observe that
{xeE| gx)>c}={xeA]| g(x) >c}U[{xe E| f(x)>c}n[E~A]]

Since f = g ae.on E,m(A) = 0. Thus {x€ A| g(x) > ¢} is measurable since it is a subset
of a set of measure zero. The set (x€ E| f(x) > ¢} is measurable since f is measurable
on E. Since both E and A are measurable and the measurable sets are an algebra, the set
{x€ E| g(x) > c} is measurable. To verify (ii), just observe that for any c,

{xeE| f(x)>c}={xeD| f(x)>c}u{xe E~D| f(x)>c}

and once more use the fact that the measurable sets are an algebra. O

The sum f + g of two measurable extended real-valued functions f and g is not
properly defined at points at which f and g take infinite values of opposite sign. Assume f
and g are finite a.c. on E. Define Ej to be the set of points in E at which both f and g are
finite, If the restriction of f + g to Ey is measurable, then, by the preceding proposition, any
extension of f 4 g, as an extended real-valued function, to all of E 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
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Theorem 6 Let f and g be measurable functions on E that are finite a.e. on E.

(Linearity) For any a and B,
a f + Bg is measurable on E.

(Products)
f g is measurable on E.

Proof By the above remarks, we may assume f and g are finite on all of E. If « = 0, then
the function a f also is measurable. If « #0, observe that for a number c,

{x€E| af(x)>c}={x€E| f(x)>c/a}ifa>0

and
{xeE| af(x)>c}={xeE| f(x)<c/a}ifa<O.

Thus the measurability of f implies the measurability of a f. Therefore to establish linearity
it suffices to consider the case thata=p =1,

Forx€E,if f(x)+g(x) <c, then f(x) <c— g(x) and so, by the density of the set of
rational numbers Q in R, there is a rational number ¢ for which

f(x)<g<c-—g(x)
Hence

{xeE| f(x)+g(x)<c}=L%{er| g(x)<c—g}n{xeE| f(x)<g}.
g€

The rational numbers are countable. Thus (x € E | f(x) + g(x) < c} is measurable, since it is
the union of a countable collection of measurable sets. Hence f + g is measurable.

To prove that the product of measurable functions is measurable, first observe that

o1
fe=3l(f +g) - f2-¢
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Thus, since we have established linearity, to show that the product of two measurable
functions is measurable it suffices to show that the square of a measurable function is
measurable. For ¢ > 0,

(xeE| fA(x)>¢) = (x€E| f(x)>Je)U(xeE| f(x) < =)

while for ¢ <0,
(xeE| f}(x)>c}=E.

Thus f2 is measurable. 0O

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

Example There are two measurable real-valued functions, each defined on all of R, whose
composition fails to be measurable. By Lemma 21 of Chapter 2, there is a continuous, strictly
increasing function ¢ defined on [0, 1] and a measurable subset A of [0, 1] for which (A )
is nonmeasurable. Extend # to a continuous, strictly increasing function that maps R onto
R. The function ¢~ is continuous and therefore is measurable, On the other hand, A is a
measurable set and so its characteristic function y, is a measurable function. We claim that

the composition f = y4 o ! is not measurable. Indeed, if / is any open interval containing
1 but not 0, then its inverse image under f is the nonmeasurable set /(A ).

Despite the setback imposed by this example, there is the following useful proposition
regarding the preservation of measurability under composition (also see Problem 11).

Proposition 7 Let g be a measurable real-valued function defined on E and f a continuous
real-valued function defined on all of R. Then the composition f o g is a measurable function
on E.

Proof According to Proposition 2, a function is measurable if and only if the inverse image
of each open set is measurable. Let O be open. Then

(fog) (0)=¢7'(f(O)).
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Since f is continuous and defined on an open set, the set { = f~'(©) is open.’ We infer
from the measurability of the function g that g~'(1/) is measurable. Thus the inverse image
(f 0g)~'(©) is measurable and so the composite function f o g is measurable. O

An immediate important consequence of the above composition result is that if f is
measurable with domain E, then | f| is measurable, and indeed

| f|7 is measurable with the same domain E for each p > 0,

For a finite family (f;};_, of functions with common domain E, the function

max{ fi,..., fa}
is defined on E by
max{fi,..., fa}(x) = max{fi(x),..., falx))}forxeE.
The function min{fi, ..., fz) is defined the same way.

Proposition 8 For a finite family { fi)}_, of measurable functions with common domain E,
the functions max{fi, ..., frland min{ fy, ..., f,) also are measurable.

Proof For any c, we have

n
{xeE| max{f,..., fx)>e} = {xeE| filx)>c}
k=1
so this set 1s measurable since it is the finite union of measurable sets. Thus the function
max{ fi, ..., f»} is measurable. A similar argument shows that the function min{fi, ..., fx}
also is measurable. O

For a function f defined on E, we have the associated functions | f|, f1,and f~ defined
on E by

|f1(x) = max{ f(x), = f(x)}, f*(x) =max{f(x),0}, f~(x)=max{-f(x),0}.
If f is measurable on £, then, by the preceding proposition, so are the functions |f], ¥,

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 onkE,

plays an important part in defining the Lebesgue integral.
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POSSIBLE QUESTIONS

. Prove that outer measure of an interval is its length.
. Prove that the collection M of measurable set is a o - algebra.
. (1) Prove that the interval (a,»0) is measurable.
(ii) Prove that [0,1] is not countable.
. If fbe an extended real valued function whose domain is measurable.Then prove that
the following statements are equivalent
(i) For each real number a the set {x/ f(x) > a}is measurable.
(ii) For each real number a the set {x/ f(x) >a}is measurable.
(iii) For each real number a the set {x/ f(x)< u}is measurable.
(iv) For each real number a the set {x/ f(x) <a}is measurable.
These statements are imply for each extended real number o the set { x/ f(x)=0}is
measurable.
. If “c’ be a constant and f and g two measurable real valued function defined on the
same domain.Then prove that the function ftc, cf ,f+g ,g-f and fg are also measurable.
. State and prove Little wood’s three principles.
. ()If fis an measurable function and f= g a.e then g is measurable.
(ii) Define (a) Almost everywhere (b) Simple function (c) Characterstic function
(d) Little wood’s principle.
If {f,} be a sequence of measurable functions. Then the functions sup { fi £ f, },
. 1) If m*(E) = 0 then E is measurable.
ii) If E1 & E: are measurable, so is E1UE:.
10.Prove that every borel set is measurable, inparticular each open set and each closed set
is measurable.
11. If {E;}be an infinite decreasing sequence of measurable sets. (ie) A sequence with
En+1 €En for each A and mE be finie. Then m(N;Z, Ei)= rlll_l:l'jlc mEn .
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UNIT-1I

The Lebesgue Integral: The Riemann integral — The Lebesgue integral of a bounded function over a
set finite measure — The integral of a non negative function — The general Lebesgue integral —
Convergence in measure.
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Lebesgue Integration

We now turn to our main object of interest in Part I, the Lebesgue integral. We define this
integral in four stages. We first define the integral for simple functions over a set of finite
measure. Then for bounded measurable functions f over a set of finite measure, in terms of
integrals of upper and lower approximations of f by simple functions. We define the integral
of a general nonnegative measurable function f over E to be the supremum of the integrals
of lower approximations of f by bounded measurable functions that vanish outside a set of
finite measure; the integral of such a function is nonnegative, but may be infinite. Finally,
a general measurable function is said to be integrable over E provided |, plfl <oco. 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 principal
virtue of the Lebesgue integral, beyond the extent of the class of integrable functions, is
the availability of quite general criteria which guarantee that if a sequence of integrable
functions ( f,} converge pointwise almost everywhere on E to f, then

Jiy f = [ Ll 5= 1
We refer to that as passage of the limit under the integral sign. Based on Egoroff’s
Theorem, a consequence of the countable additivity of Lebesgue measure, we prove
four theorems that provide criteria for justification of this passage: the Bounded Convergence

Theorem, the Monotone Convergence Theorem, the Lebesgue Dominated Convergence
Theorem, and the Vitali Convergence Theorem.

THE RIEMANN INTEGRAL

We recall a few definitions pertaining to the Riemann integral. Let f be a bounded real-
valued function defined on the closed, bounded interval [a, b]. Let P = {xo, x1, ..., x,) be a
partition of [a, b], that is,

=X <X<.;:i<Xy=b;

Define the lower and upper Darboux sams for f with respect to P, respectively, by
L(f, P) =", mi-(x —xi-1)
i=1

and
U(f, P) =§Mi-(&-xt-1).
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where,! for1 <i <n,

m;i=inf {f(x)| xi-1 <x<x} and M; = sup { f(x) | xi.1 <x<xi}.
We then define the lower and upper Riemann integrals of f over [a, b), respectively, by
b
(R)f f=sup {L(f, P)| Pa partition of [a, b]}

and
(R)]bf=inf {u(f, P)| Papartition 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. The upper integral is always at least as large as the lower
integral, and if the two are equal we say that f is Riemann integrable over [a, b} and call
this common value the Riemann integral of f over [a, b]. We denote it by

(R)/:f

to temporarily distinguish it from the Lebesgue integral, which we consider in the next
section.
A real-valued function ¢s defined on [a, b] is called a step function provided there is a

partition P = [xq, x1,...,x,) of [a, b] and numbers ¢y, ..., ¢, such that for 1 <i <n,
W(x)=cqifx_y <x<x.
Observe that
Ly, P)= 3 axi— 1) = (W, P).

From this and the definition of the upper and lower Riemann integrals, we infer that a step
function ¢ is Riemann integrable and
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Therefore, we may reformulate the definition of the lower and upper Riemann integrals as

follows:
b
<R)/ f=sup{(k)f¢
7h b
(R)f f=inf{(R)/d/

Example (Dirichlet’s Function) Define f on [0, 1] by setting f(x) = 1 if x is rational and
0 if x is irrational. Let P be any partition of [0, 1]. By the density of the rationals and the
irrationals,’

@ a step function and ¢ < f on [a, b]},

and

y a step function and ¢ > f on [a, b]}

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

(R)!;lf=0<1=(R)]01f-

so f is not Riemann integrable. The set of rational numbers in [0,1] is countable. Let {g4)2,
be an enumeration of the rational numbers in [0, 1]. For a natural number n, define f, on
[0, 1] by setting f,(x) = 1, if x = gi for some g; with 1 <k < n, and f(x) = 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],

| ful <1 0n [0, 1] for all »
and
(fa) = f pointwise on [0, 1].
However, the limit function f fails to be Riemann integrable on [0, 1].
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THE LEBESGUE INTEGRAL OF A BOUNDED MEASURABLE FUNCTION
OVER A SET OF FINITE MEASURE

The Dirichlet function, which was examined in the preceding section, 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 the Lebesgue integral does not suffer from this
shortcoming.

Henceforth we only consider the Lebesgue integral, unless explicitly mentioned oth-
erwise, and so we use the pure integral symbol to denote the Lebesgue integral. The
forthcoming Theorem 3 tells us that any bounded function that is Riemann integrable over
[a, b] is also Lebesgue integrable over [, b] and the two integrals are equal.

Recall that a measurable real-valued function ¢ defined on a set E is said to be simple
provided it takes only a finite number of real values. If  takes the distinct values ay, ..., a,
on E, then, by the measurability of i, its level sets y~(a;) are measurable and we have the
canonical representation of  on E as

= Za; - Xg; on E, where each E; = ¢~ '(4;) = {xeE| ¢(x) =ai}. (1)
i=1
The canonical representation is characterized by the E;’s being disjoint and the @;’s being
distinct.

Definition For a simple function y defined on a set of finite measure E, we define the integral

of Y over E by
f Y= ai-m(E;),
E i=l

where  has the canonical representation given by (1).

Lemma 1 Let (E;)!_, be a finite disjoint collection of measurable subsets of a set of finite
measure E. For 1 < i < n, let a; be a real number.

n n
If«pzza;-xg,. on E, then (pzza,--m(E,-).
i=l E

i=1

Proof The collection {E;)!_, isdisjoint but the above may not be the canonical representation
since the a;’s may not be distinct. We must account for possible repetitions. Let (A, ..., An}
be the distinct values taken by ¢. For 1 < j <m, set A; = {x€ E|¢(x) = A;}. By definition

of the integral in terms of canonical representations,
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m
f¢= 2 Ai-m(A)).
E j=1
For 1 < j < m, let I; be the set of indices i in {1,..., n} for which a; = A;. Then
(1,....,n}=U}_, I;, and the union is disjoint. Moreover, by finite additivity of measure,

m(Aj) = 2 m(E,') forall 1 §j$m.

iel;

Therefore

Sune)=5| S an ]w[‘e” ]

i=1 i€lj j=1
=2Aj-m(ﬁj)=f¢. D
Jj=1 E

One of our goals is to establish linearity and monotonicity properties for the general
Lebesgue integral. The following is the first result in this direction.

Proposition 2 (Linearity and Monotonicity of Integration) Let ¢ and § be simple functions
defined on a set of finite measure E. Then for any a and B,

'/‘E(a¢+B¢)=afE¢+B/;¢-

ife <yonE, menL¢5L¢.

Moreover,

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

= 3 i m(E;) and fw= S by -m(E;)
E i=1

i=l
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However, the simple function ag + By takes the constant value aa; + Bb; on E;. Thus, again
by the preceding lemma,

ff“"’”"’) = 3 (ai + Bby) - m(E2)

i=1
=¢!‘_§ai'm(5i)+3i=21bi-m(5i)=a/;¢+ﬂ[£¢-

To prove monotonicity, assume ¢ < ¢ on E. Define = ¢ — ¢ on E. By linearity,

/;ull—j;¢=/;(¢—¢)=/;n20.

since the nonnegative simple function 7 has a nonnegative integral. O

The linearity of integration over sets of finite measure of simple functions shows
that the restriction in the statement of Lemma 1 that the collection {E;}? ; be disjoint is
unnecessary.

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 measure that the Riemann integral over a closed, bounded
interval of a step function agrees with the Lebesgue integral.

Let f be a bounded real-valued function defined on a set of finite measure E. By
analogy with the Riemann integral, we define the lower and upper Lebesgue integral,
respectively, of f over E to be

sup{/(p’ cpsimpleandcpsfonE,}
E

inf{/gcp\ Y simple and f <y on E.}

Since f is assumed to be bounded, by the monotonicity property 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.
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Definition A bounded function f on a domain E of finite measure is said to be Lebesgue
integrable over E 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 E and is denoted by | ef

Theorem 3 Let f be a bounded function defined on the closed, bounded interval [a, b). If f is
Riemann integrable over [a, b), then it is Lebesgue integrable over [a, b] and the two integrals
are equal.

Proof The assertion that f is Riemann integrable means that, setting / = [a, b},

sup {(R)j;:p’ ¢ a step function, ¢ < f}:inf {(R)/Iw’ i a step function, f < d/}

To prove that f is Lebesgue integrable we must show that

sup{];¢’ ¢ simple, ¢ < f}:inf{j’wl d:simplc,fsw}.

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

We are now fully justified in using the symbol [ f, 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 f: &

to denote f[a' » f and sometimes it is useful to use the classic Leibniz notation f: f(x)dx.
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Example 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, yg. Thus
f is integrable over [0, 1] and

j[’o.uf /lo'” xe=1-m(E)

We have shown that f is not Riemann integrable over [0, 1].

Theorem 4 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 Approximation Lemma, with € = 1/n,
there are two simple functions ¢, and ¢, defined on E for which

en<f<¢YyonkE,

and
0<yp—¢, <1/nonE.

By the monotonicity and linearity of the integral for simple functions,

ostwn-[E«p,=[E[¢..—¢nlsl/n-m(E)-

However,

Oginf{] 'f" '¢simplc,wzf}—sup{f¢| ¢simplc,¢_<_f}
E E

sfsw..—/seon <1/n-m(E).

This mnequality holds for every natural number n and m( E) is finite. Therefore the upper
and lower Lebesgue integrals are equal and thus the function f is integrable over E. O

It turns out that the converse of the preceding theorem is true; a bounded function on
a set of finite measure is Lebesgue integrable if and only if it is measurable: we prove this
later (see the forthcoming Theorem 7 of Chapter 5). 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 E of finite positive measure, the restriction to E of the characteristic function
of each nonmeasurable subset of E fails to be Lebesgue integrable over E.
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Theorem 5 (Linearity and Monotonicity of Integration) Let f and g be bounded measurable
functions on a set of finite measure E. Then for any a and B,

fE(af+Bg)=afEf+B/Eg- (2)

iff<gonkE, then/Efsng. (3)

Moreover,

Proof A linear combination of measurable bounded functions is measurable and bounded.
Thus, by Theorem 4, a f + Bg is integrable over E. We first prove linearity for 8 = 0. If ¢ is
a simple function so is af, and conversely (if a# 0). We established linearity of integration
for simple functions. Let a > 0. Since the Lebesgue integral is equal to the upper Lebesgue

integral,
= inf = nf =
j;af ¢Za!/ a[&/la]>f/ ¥/l a/f

For a < 0, since the Lebesgue integral is equal both to the upper Lebesgue integral and the
lower Lebesgue integral,

R A, Wi b

It remains to establish linearity in the case that @ = 8 = 1. Let ¥ and i be simple functions
for which f < ¢, and g < ¢, on E. Then y; + ¢ is a simple function and f + g < 1+ 42 0n
E. Hence, since [,( f + g) is equal to the upper Lebesgue integral of f + g over E, by the
linearity of integration for simple functions,

/;(f+8)5j;(¢1+¢2)=LW1+L¢2~
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The greatest lower bound for the sums of integrals on the right-hand side, as ¢ and ¢, vary
among simple functions for which f < ¢ and g <y, equals [, f + [, g. These inequalities
tell us that [,.( f + g) is a lower bound for these same sums. Therefore,

L(f+g)5/gf+/58-

It remains to prove this inequality in the opposite direction. Let ¢ and ¢; be simple functions
for which¢; < fand¢; < gon E.Then @) + ¢ < f + g on E and ¢; + ¢; is simple. Hence,
since [,(f + g) is equal to the lower Lebesgue integral of f + g over E, by the linearity of
integration for simple functions,

/;(f+s)2L(¢|+m)=fE¢|+Lm-

The least upper bound bound for the sums of integrals on the right-hand side, as ¢; and
@2 vary among simple functions for which ¢; < f and ¢; < g, equals [, f + [ g These
inequalities tell us that |, £(f + g) is an upper bound for these same sums. Therefore,

fE(f+g)2/;f+f£g-

This completes the proof of linearity of integration.

To prove monotonicity, assume f < gon E. Define h = g — f on E. By linearity,

fof=le-n= >

The function h is nonnegative and therefore ¢ < h on E, where =0 on E. Since the integral
of k equals its lower integral, [,k > [ ¥ = 0. Therefore, [, f < [, & O

Corollary 6 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

[AUBI=/AI+LL @)

Proof Both f- y4 and f - yp are bounded measurable functions on E. Since A and B are
disjoint,

f-xavs=f-xa+ f-xs
Furthermore, for any measurable subset E; of E (see Problem 10),
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./;lf=£f'X£,-

Therefore, by the linearity of integration,

'/;UBf=/Ef-XAUB=~/Ef'XA+,/Ef'XB=Lf+Lf-

Corollary 7 Let f be a bounded measurable function on a set of finite measure E. Then

LstUL (5)

Proof The function | f| is measurable and bounded. Now
-Ifl=f=<|flonE.

By the linearity and monotonicity of integration,

-LIIISLIS[EIII.

that is, (5) holds. O

Proposition 8 Let (f,) be a sequence of bounded measurable functions on a set of finite
measure E.

If { fa}— f uniformly on E, then nllmm/;fn = /;f.

Proof Since the convergence is uniform and each f, is bounded, the limit function f is
bounded. The function f is measurable since it is the pointwise limit of a sequence of
measurable functions. Let € > (. Choose an index N for which

|f = fal <€/m(E)onEforalln > N. (6)
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By the linearity and monotonicity of integration and the preceding corollary, for eachn > N,

/;f—j;f~=|[£[f—fn]

Therefore limy - o0 [¢ fo = [¢ f- O

S/;If-fnlSIG/M(E)]m(E):e.

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 E

s\ [ #] = [ [amr)= [

We refer to this equality as passage of the limit under the integral sign.® Before proving our
first important result regarding this passage, we present an instructive example.

that

Example 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) = 0and to be linear on the intervals [0, 1/n] and [1/n, 2/n]. Observe that

fol fa = 1for each n. Define f=0o0n [0, 1]. Then

1 1
(fa}— f pointwise on [0, 1], but "li.mwj; f,,-#j(;

Thus, pointwise convergence alone is not sufficient to justify passage of the limit under the
integral sign.
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The Bounded Convergence Theorem 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 > O for which

|fal <M on E forall n.

If (fu)— f pointwise on E, then lim /;f,. =/;f

n— 00

Proof The proof of this theorem furnishes a nice illustration of Littlewood’s Third Principle.
If the convergence is uniform, we have the easy proof of the preceding proposition. However,
Egoroff’s Theorem tells us, roughly, that pointwise convergence is “nearly” uniform.

The pointwise limit of a sequence of measurable functions is measurable. Therefore f
is measurable. Clearly | f| < M on E. Let A be any measurable subset of E and n a natural
number, By the linearity and additivity over domains of the integral,

[a-[r=[tn-n=[ts-n+[ n+[ ¢n.

Therefore, by Corollary 7 and the monotonicity of integration,

[r-]1

Toprove convergence of the integrals, let €>0. Since m( E) <o and f isreal-valued, Egoroff’s
Theorem tells us that there is a measurable subset A of E for which (f,} — f uniformly on A
and m( E~ A) < ¢/4M. By uniform convergence, there is an index N for which

€
|f”—f|<2-m(£:)

Therefore, for n = N, we infer from (7) and the monotonicity of integration that
€

L”‘L’ 2-m(E)

Hence the sequence of integrals { [ f.} converges to [, f. O

5L|fn'f|+2M-m(E~A). (7)

onAforalln>N.

=

-m(A)+2M -m(E~A) <e.

Remark Prior to the proof of the Bounded Convergence Theorem, no use was made of the
countable additivity of Lebesgue measure on the real line. Only finite additivity was used, and
it was used just once, in the proof of Lemma 1. But for the proof of the Bounded Convergence
Theorem we used Egoroff's Theorem. The proof of Egoroff’s Theorem needed the continuity
of Lebesgue measure, a consequence of countable additivity of Lebesgue measure.
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THE LEBESGUE INTEGRAL OF A MEASURABLE
NONNEGATIVE FUNCTION

A measurable function f on E is said to vanish outside a set of finite measure provided there
is a subset E of E for which m( Ey) < oc and f=0on E ~ Ej. 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 [xe E| f(x)#0}.% In the preceding section, we defined the integral of a bounded
measurable function f over a set of finite measure E. However, even if m( E) = oo, if f is
bounded and measurable on E but has finite support, we can define its integral over E by

[r=L

where Ejp has finite measure and f =0 on E ~ Ej. This integral is properly defined, that is, it
is independent of the choice of set of finite measure E; outside of which f vanishes. Thisis a
consequence of the additivity over domains property of integration for bounded measurable
functions over a set of finite measure.

Definition For f a nonnegative measurable function on E, we define the integral of f over

7
Eb X

Y
f f=sup { f h ‘ h bounded, measurable, of finite supportand0 < h < f on E}. (8)
' B

Chebychev’s Inequality Let f be a nonnegative measurable function on E. Then for any
A>0,

m{xee] =0 <3 [ 1. ©)

Proof Define E) = [x € E| f(x) = A). First suppose m( E, ) = oc. Let n be a natural number.
Define E) n = ExN[—n, n] and ¢4, = A - xg, ,.~Then ¢, is a bounded measurable function
of finite support,

A-m(E,q‘,.)=f&,and[lsa;‘:,,stnEforalln.
E
We infer from the continuity of measure that
0= A-m(Ex) =A- lim m(Exn) = Jim [ o [ 7

Thus inequality (9) holds since both sides equal oo. Now consider the case m( E,) < oc.
Define h = A- xg,. Then h is a bounded measurable function of finite supportand 0 < h < f
on E. By the definition of the integral of f over E,

A-m(EA)=j;hstf.

Divide both sides of this inequality by A to obtain Chebvchev’s Inequality. O
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Proposition 9 Let f be a nonnegative measurable function on E. Then
ff:OifandonIyiff:Oa.e.on E. (10)
E

Proof First assume [ f = 0. Then, by Chebychev’s Inequality, for each natural num-
ber n, m{xeX| f(x) = 1/n} = 0. By the countable additivity of Lebesgue measure,
m(x€ X | f(x) > 0} = 0. Conversely, suppose f = 0 a.e.on E. Let ¢ be a simple function
and h a bounded measurable function of finite support for which0 < ¢ <k < f on E. Then
¢ = 0a.. on E and hence [, ¢ = 0. Since this holds for all such ¢, we infer that [k = 0.
Since this holds for all such k, we infer that [, f = 0. a

Theorem 10 (Linearity and Monotonicity of Integration) Let f and g be nonnegative
measurable functions on E. Then for any a > 0 and B > 0,

fE(af+Bg)=a/Ef+B/£g- (1)

Moreover,

if f<gonE, then/ffsfsg- (12)

Proof Fora>0,0<h < fon Eifand onlyif 0 < ah < a f on E. Therefore, by the linearity
of the integral of bounded functions of finite support, [, af = a [, f. Thus, to prove linearity
we need only consider the case a = 8 = 1. Let 4 and g be bounded measurable functions of
finite support for which0 <h < fand0 <k <gonE.Wehave 0 <h+k < f+gonE,
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,

Lh+£k=/£(h+k)s/£(f+g)-

The least upper bound for the sums of integrals on the left-hand side, as & and k vary
among bounded measurable functions of finite support for which & < f and k < g, equals
Jef+ fE g. These inequalities tell us that [, ( f + g) is an upper bound for these same sums.

Therefore,
/sf+/£gffs(f+8)'
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It remains to prove this inequality in the opposite direction, that is,

fE(Hg)s/EfJf/Eg-

By the definition of [, £(f +g) as the supremum of [ gt 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 £,

/Ets/;f+/;g. (13)

For such a function ¢, define the functions h and k on E by

h=min(f. £}andk=£—honE.
Let x belong to E. If £(x) < f(x), then k(x) = 0 < g(x); if &(x) > f(x), then h(x) =
£(x) = f(x) < g(x). Therefore, h < g on E. Both k and k are bounded measurable functions
of finite support. We have

O<h<f0<k<gandf=h+konE.

Hence, again using the linearity of integration for bounded measurable functions of finite
support and the definitions of [, f and [ g, we have

/l=fh+/k$/f+/g.
E E E E E
Thus (13) holds and the proof of linearitv is complete.

Theorem 11 (Additivity Over Domains of Integration) Let f be a nonnegative measurable
function on E. If A and B are disjoint measurable subsets of E, then

L=l

In particular, if Ey is a subset of E of measure zero, then

fff=f£~60 /. (15)
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Proof Additivity over domains of integration follows from linearity as it did for bounded
functions on sets of finite measure. The excision formula (15) follows from additivity over
domains and the observation that, by Proposition 9, 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.

Fatouw’s Lemma Let ( f,,) be a sequence of nonnegative measurable functions on E.

If (fa) = f pointwise a.e. on E, then / f < liminf / fo- (16)
E E

Proof In view of (15), by possibly excising from E 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 (16) it
is necessary and sufficient to show that if » is any bounded measurable function of finite
support for which 0 < h < f on E, then

h <liminf | f,. (17)
J bt

Let A be such a function. Choose M > 0for which || < M on E. Define Ey = (x € E | h(x)#0).
Then m( Ej) < o0o. Let n be a natural number. Define a function 4, on E by

hll = min(h. fn} On E.
Observe that the function A, is measurable, that
0<h, <MonE;and h,=0on E~ E.

Furthermore, for each x in E, since h(x) < f(x) and {f,(x)) = f(x), [ha(x)) = h(x). We
infer from the Bounded Convergence Theorem applied to the uniformly bounded sequence
of restrictions of &, to the set of finite measure E, and the vanishing of each s, on E ~ Eg, that

i = o, [ o= [ = [
n—+00 n-—+00 Eo

However, for each n, h, < f, on E and therefore, by the definition of the integral of f, over
E, [¢hn < [, fa- Thus,

/h: lim h,.sliminf/ . 0
E E

n-=+ 00 E

The inequality in Fatou’s Lemma may be strict.
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Example Let E = (0, 1] and for a natural number n, define f, = n - y(o, 1/a)- Then {f,)
converges pointwise on £ to f=0on E. However,

‘/Ef=0<]="l_l.ll'l°° Ef,,.

As another example of strict inequality in Fatou’s Lemma, let £ = R and for a natural
number n, define g, = x(,. +1). Then {g,} converges pointwise on E to g=0 on E. However,

E n =+ 00 E

However, the inequality in Fatou’s Lemma is an equality if the sequence {f,} is
increasing.

The Monotone Convergence Theorem Let (f,} be an increasing sequence of nonnegative

measurable functions on E.

If {fu) = f pointwisea.e.on E, then lim | f, =[ 3 D
E

n—»00 E

Proof According to Fatou’s Lemma,

/;:fsliminfj;f,..

However, for each index n, f, < f a.e. on E, and so, by the monotonicity of integration for
nonnegative measurable functions and (15), [ gfn = / ¢ f- Therefore

[ %[ 1
Hence
1= im_ [ . 0

Corollary 12 Let {u,) be a sequence of nonnegative measurable functions on E.
o0 00
If f =" uy pointwise a.e.on E, then / f=3% / Uy
n=| E n=|\ E

Proof Apply the Monotone Convergence Theorem with f, = 37 _, uy, for each index n,
and then use the linearity of integration for nonnegative measurable functions. O
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Definition A nonnegative measurable function f on a measurable set E is said to be integrable
over E provided
/ f<oo.
E

Proposition 13 Let the nonnegative function f be integrable over E. Then f is finite a.e.on E,

Proof Let n be a natural number. Chebychev’s Inequality and the monotonicity of measure
tell us that

1
m{xeE| f(x)=}<m{xeE| f(x)zn}ﬁz‘/f‘
E
But [, f is finite and therefore m{x € E| f(x) = oo} = 0. a
Beppo Levi'sLemma Let (f,) be anincreasing sequence of nonnegative measurable functions

on E. If the sequence of integrals { [ ¢ fn) s bounded, then { f,) converges pointwise on E to a
measurable function f that is finite a.e.on E and

"Emwﬁf"=-Lf<w.

Proof Every monotone sequence of extended real numbers converges to an extended real
number.® Since {f,) is an increasing sequence of extended real-valued functions on E, we
may define the extended real-valued nonnegative function f pointwise on E by

f(x)= "limw fa(x)forallxeE.

According to the Monotone Convergence Theorem, {/; f,} = /| g f- Therefore, since the
sequence of real numbers ([, f,,} is bounded, its limit is finite and so [, f < co. We infer
from the preceding proposition that f is finite a.e.on E. O

THE GENERAL LEBESGUE INTEGRAL

For an extended real-valued function f on E, we have defined the positive part f* and the
negative part f~ of f, respectively, by

f1(x) = max{ f(x),0) and f~(x) = max(—f(x), 0) forall xe E.
Then f* and f~ are nonnegative functions on E,
f=ft-fonE

and
Ifl=f"+f onE.
Observe that f is measurable if and only if both f* and f~ are measurable.
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Proposition 14 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.

Proof Assume f* and f~ are integrable nonnegative functions. By the linearity of integra-
tion for nonnegative functions, |f| = f* + f~ is integrable over E. Conversely, suppose
| f| is integrable over E. Since 0 < f* < |f| and 0 < f~ < |f| on E, we infer from the
monotonicity of integration for nonnegative functions that both f* and f~ are integrable
over E. O

Definition A measurable function f on E is said to be integrable over E provided |f| is
integrable over E. When this is so we define the integral of f over E by

fo=lr-lr

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 15 Let f be integrable over E. Then f is finite a.e.on E and
[1=[  rifEocEman(E) =0 (19)
E E~Ey

Proof Proposition 13, tells us that | f| is finite a.e.on E. Thus f is finite a.e.on E. Moreover,
(18) follows by applying (15) to the positive and negative parts of f. O

The following criterion for integrability is the Lebesgue integral correspondent of the
comparison test for the convergence of series of real numbers.

Proposition 16 (the Integral Comparison Test) Let f be a measurable function on E.
Suppose there is a nonnegative function g that is integrable over E and dominates f in the
sense that

Ifl =gonE.

'Lfsﬁm.

Then f is integrable over E and
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Proof By the monotonicity of integration for nonnegative functions, | f|, and hence f, is
mtegrable. By the triangle inequality for real numbers and the linearity of integration for

nonnegative functions,
[-[r|s[r+fr=[mn "

[1

We have arrived at our final stage of generality for the Lebesgue integral for functions
of a single real variable. Before proving 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 E where f and g take infinite values of opposite sign. However,
by Proposition 15, if we define A to be the set of points in £ at which both f and g are finite,
thenm(E~ A) = 0. Once we show that f + g is integrable over A, we define

/E(f+s)=/;(f+g)-

We infer from (18) that [,.( f+¢) is equal to the integral over E of any extension of ( f+¢)l4
to an extended real-valued function on all of E.

Theorem 17 (Linearity and Monotonicity of Integration) Let the functions f and g be
integrable over E. Then for any a and B, the function a f + Bg is integrable over E and

L(af+ﬂs)=afﬁf+ﬂf£s-

Moreover,

if f <gonE, then /Efs/Eg.

Proof If « > 0, then [af]t = af*t and [af]” = af~, while if a <0, [af]t = —af”
and [af]” = —af™*. Therefore f,af = a [, f, since we established this for nonnegative
functions f and a > 0. So it suffices to establish linearity in the case a = g = 1. By
the linearity of integration for nonnegative functions, | f| + (g| is integrable over E. Since
|f+ gl <|fl+ gl on E, by the integral comparison test, f + g also is integrable over E.
Proposition 15 tells us that f and g are finite a.c.on E. According to the same proposition,
by possibly excising from E a set of measure zero, we may assume that f and g are finite on
E. To verify linearity is to show that
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ff[f+s]+ —/Elf+3]' =

fre-fr |l -Jir |

(f+)t—(f+e) =f+e=(f"-f)+(g" —g )onE,

But

But
(f+e)t-(f+e) =Ff+eg=(f"-f )+ (g —g )onE,

and therefore, since each of these six functions takes real values on E,
(f+8)*+f +g =(f+8) +f +g onE.

We infer from linearity of integration for nonnegative functions that

/E(f+g)++f5f'+/53‘=f£(f+8)'+_/;f*+ffs*.

Since f, g and f + g are integrable over E, each of these six integrals is finite. Rearrange
these integrals to obtain (19). 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,

ffg—fEf=fE(g-f)=fEh20. 0

Corollary 18 (Additivity Over Domains of Integration) Let f be integrable over E. Assume
A and B are disjoint measurable subsets of E. Then

[ r=[r+]1 (20)
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Proof Observe that |f - x4| < |f|and |f - xg| < |f| on E. By the integral comparison test,
the measurable functions f - x4 and f - yp are integrable over E. Since A and B are disjoint

f-XauB=f-xa+f-xaonE. (21)

But for any measurable subset C of E (see Problem 28),

fcf=/sf-Xc-

Thus (20) follows from (21) and the linearity of integration. O

The following generalization of the Bounded Convergence Theorem provides another
justification for passage of the limit under the integral sign.

The Lebesgue Dominated Convergence Theorem Let (f,} be a sequence of measurable
functions on E. Suppose there is a function g that is integrable over E and dominates { f,} on
E in the sense that | f,| < gon E foralln.

If (fa) = f pointwise a.e. on E, then f is integrable over E and limoo/ 5% =f P
NS E

Proof Since |f,| < gon E and |f| < g a.e.on E and g is integrable over E, by the integral
comparison test, f and each f, also are integrable over E. We infer from Proposition 15
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 E.
The function g — f and for each n, the function g — f,, are properly defined, nonnegative
and measurable. Moreover, the sequence {g — f,} converges pointwise a.c.on E to g — f.
Fatou’s Lemma tells us that

/E(g—f)sliminffs(g-fn)-
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Thus, by the linearity of integration for integrable functions,

/Ex-/Ef=/E(s-f)sﬁmmL(g—fn)=Ls~mnsupj;f,.

lim sup f fa < / I
E E
Similarly, considering the sequence (g + f,}, we obtain

[ 1 <timint [ 1,
E E
The proof is complete. O

that is,

Theorem 19 (General Lebesgue Dominated Convergence Theorem) Let ( f, | be a sequence
of measurable functions on E that converges pointwise a.e.on E to f. Suppose there is a
sequence (g, ) of nonnegative measurable functions on E that converges pointwise a.e.on E to
g and dominates ( f,) on E in the sense that

| fal < &n on E for all n.

If lim g,,=/g<oo,then lim ff,.:ff.
F F A0 Jgp E

n-=o

Remark In Fatou’s Lemma and the Lebesgue Dominated Convergence Theorem, the
assumption of pointwise convergence a.e.on E rather than on all of E is not a decoration
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 of Chapter 6) tells us that

g YR ID) oo st almont allin (22)

n— 00 1/n

From this and Fatou’s Lemma we will show that for any closed, bounded interval [a, b},

/jf'(x)dx < f(b) = f(a).

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 (22) fails to
exist at each point in A (see Problem 10 of Chapter 6).
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CONVERGENCE IN MEASURE

We have considered sequences of functions that converge uniformly, 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 Let { f,,} be a sequence of measurable functions on E 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 converge in
measure on E to [ provided for each n > 0,

Jlim m{xeE| |fu(x)= f(x)|>n} =0.

When we write {f,} — f in measure on E we are implicitly assuming that f and each
Ja 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 E, then {f,} = f in measure on £ since for n > 0, the
set (x € E || fu(x) = f(x)| > n)} is empty for n sufficiently large. However, we also have the
following much stronger result.

Proposition 3 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 (fy}— f in
measure on E.

Proof First observe that f is measurable since it is the pointwise limit almost everywhere
of a sequence of measurable functions. Let n > 0. To prove convergence in measure we let
¢ > 0 and seek an index N such that

m{x€E| |fa(x) - f(x)|>n} <eforalln>N. (4)
Egoroff’s Theorem tells us that there is a measurable subset F of E with m(E ~ F) < e such
that { f,} — f uniformly on F. Thus there is an index N such that
|fu—Ffl<mon Fforalln>N.
Thus, forn > N, (x€ E || fa(x) = f(x)| >n} C E~ F and so (4) holds for this choice of N, []

The above proposition is false if E has infinite measure. The following example shows
that the converse of this proposition also is false.
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Example Consider the sequence of subintervals of [0, 1], {Z, Joo ;, 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 func-

tion of I,. Let f be the function that is identically zero on [0, 1]. We claim that

{fz}— f in measure. Indeed, observe that lim,_, » £(/,) = 0 since for each natural

number m,

m(m+1)
2

Thus, for 0 <7 < 1, since (x € E| | fa(x) = f(x)| >0} C I,

ifn>14-.4+m= , then £(1,) <1/m.

0< lim m{xeE| |fa(x) = f(x)| >n} < lim &(L,)=0.

However, it is clear that there is no point x in [0, 1] at which {f,(x)} converges to f(x) since
for each point x in [0, 1], f»(x) = 1 for infinitely many indices », while f(x) = 0.

Theorem 4 (Riesz) If (f,}—> f in measure on E, then there is a subsequence (f,,) that
converges pointwise a.e. on E (o f.

Proof By the definition of convergence in measure, there is a strictly increasing sequence of
natural numbers {n;} for which

m{x€E I |fi(x) = f(x)|>1/k} < 1/2* for all j > .
For each index k, define

Ex={x€E| |fa, - f(x)| > 1/k}.
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Then m(E;) < 1/2* and therefore 3°, m(E,) < co. The Borel-Cantelli Lemma tells
us that for almost all xe E, there is an index K(x) such that x¢ E; if k > K(x),
that is,

[ fai(x) = f(x)] < 1/kforall k > K(x).

Therefore
Jim £, (x) = f(x). "
Corollary 5 Let ( f,) be a sequence of nonnegative integrable functions on E. Then

if and only if
(£2) = 0 in measure on E and (f,) is uniformly integrable and tight over E. (6)

Proof First assume (5). Corollary 2 tells us that { f,) is uniformly integrable and tight over
E. To show that (f,} = 0 in measure on E, let > 0. By Chebychev’s Inequality, for each
index n,

1
E n i ne
m{xe |f>n}<7lj£f

Thus,

Osnlimwm{er| fr>n}<—- lim Ef,,=0.

1
n n-» 00
Hence {f,} — 0 in measure on E.
To prove the converse, we argue by contradiction. Assume (6) holds but (5) fails to
hold. Then there is some €y > 0 and a subsequence ( f,,} for which

/ fny = €o for all k.
E

However, by Theorem 4, a subsequence of {f,,} converges to f =0 pointwise almost
everywhere on E and this subsequence is uniformly integrable and tight so that, by the Vitali
Convergence Theorem, we arrive at a contradiction to the existence of the above €. This
completes the proof. O
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POSSIBLE QUESTIONS

1. If f be defined and bounded on a measurable set E with mE finite.In order that
}’S‘{b J ¥(x)dx = ;‘:_f:'; J; ¢ (x)dx for all simple functions ¢ and 1 it is necessary &
Sufficient that f must be measurable.

2. If fand g are bounded measurable functions defined on a set E of finite measure, then
prove that the following

(i) J.(af +bg)=af.f+b[. g

(i) Iff=gaethen|[ f=]g

(iii) If f<gaethen [ f < [, g, hence |[ f] < [IfI.

(iv)If A and B are disjoint measurable sets of finite measure then,

IAUEf=jAf+jBf

3. If fand g be integrable over E, then prove that
(i) The function cf is integrable over E and integral _fE cf = cfEf.

(ii) The function f+g is integrable over E and fEf +g-= fE f+ fE g-

4. State and prove lebesgue convergence theorem.
5. If fand g are non-negative measurable functions , then
prove that the following

i}fch:cfEf,c >0

i) [f+ag=J.f+].9
i) Iff=gaethen[ f=<[g
6.1f f be a non negative function,which is integrable over a set *E’ then given £ > 0,there
is a 6>0. such that for every set AC E with m(A) < ,then -[4 f <e.
7. If f be a bounded function defined on [a,b].If f is Riemann integral on [a,b] then it is
measurable and R f: flx)dx = f; f(x)dx.
8. If p and ¢ be simple function which vanish outside a set of measure then

Jag+bp=a[@+ [Pandifo = Yaethen [ = [V.
9. State and prove bounded convergence theorem.
10. State and prove Fatou’s lemma.
11. State and prove monotone convergent theorem.
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Question Opt1 Opt2 |Opt3 |Opt4 Answer
A function F defined
on a compact interval Ch.ar2.1c
[a,b] is called a teristic
Jump Step functio |Continuit
............ function |function |n y function |Step function
If E is a measurable
set then the
complement of the set o - measurabl|measurable
1S viviiiiiin, borel set | open set |algebra |e set set
The family of
......................... measurabl - measurable
is an algebra of sets e set open set |algebra |borel set |[set
Every set with outer
measure Zero is
........................... measura (o -
..... open set |ble algebra |borel set | measurable
Every convergent
sequence of
measurable functions uniforml |unifor
is y mly
............................ convergen|converge [continr [continuou [uniformly
t nt ous S convergent
uniforml |unifor
Every measurable y mly
function is nearly continuou |[converge |continr |discontin
.................. ] nt ous uous continuous
The partition of an
interval denoted by P
then the sets A, A2,
A3...A, are
called........ of Compone
partition P. Compact [Closed |Open |nts Components




A measurable space is
said to be

if 6
contains all the subset
of set of measure zero

borel

complete |closed |[set compact [complete
Lebesgue measure
is borel

complete |closed |[set compact [complete
If pisa complete
measure & fis a
measurable function gis fis wis & g is
then f=g ,a.e measurabl [measura |measur [measurabl|g is

e ble able e measurable
Every measurable sub
set of'a +ve set +ve
is and

itself +ve |itself —ve [—ve null set [itself +ve
The union of positive
countable collection and
of +ve set is negative [positive |null set [negative [positive

not

Hahn decomposition absolute |absolut [not
is unique  |value e value [unique  [not unique
A measure v is said to
be absolutely
continuous with
respect to the measure
wif

vA=0 VA= 0 |[vA=1 |vA= 1 |vA =1




A collection {X, } of

disjoint measurable

subsets of X is called a measura [Nikody [decompos|decompositio
forp. |Jordan  [ble m ition n

A measurable i is

called if [measurabl |decompo [decom

it has a decomposition. |e sition posable|Jordan  [Jordan
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Functions of bounded variation

Let f and F be two functions on [a, b] such that f is continuous and F has
a continnous derivative. Then it will be recalled from elementary calculus
that the connection between the operations of differentiation and integration
is expressed by the familiar formulas

d
dr

/ f)dt = f(=),

/ F'(t)dt = F(z) — F(a).

This immediately suggests:

1. Does (7.1) continue to hold almost everywhere for an arbitrary summable
function f7

2. What is the largest class of functions for which (7.2) holds?

These questions will be answered in this chapter. We observe that if f is
nonnegative, then the indefinite Lebesgue integral

/f(t)dt. x € [a,b],

as a function of its upper limit, is nondecreasing. Moreover, since every
summable function f is the difference of two nonnegative summable functions
ST and f~. the integral (7.3) is the difference between two nondecreasing
functions. Hence, the study of the indefinite Lebesgue integral is closely
related to the study of monotonic functions. Monotonic functions have a
number of simple and important properties which we now discuss.
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Monotonic functions

Definition

A function f : [a,b] = R is said to be nondecreasing if
a < xq < x9 < b amplies f(xy) < flx9) and nonincreasing ifa < zy < z3 < b
amplies f(xy) > f(x2). By a monotonic function is meant a function whach
is either nondecreasing or nonincreasing.

Definition

Gwen a monotonic function f : [a,b] — R and z¢ € [a,b),

the lamat

Jlzg) = 1 !};1’}:3“,[(-1'(; + h)

(which always exists) is said to be the right hand limit of f ai the point zy.

Similarly, if zg € (a,b], the limat

_l-(‘l’(; ) = 111 _[(.I'U — ]I)

li
h—0,h>0

is called the left-hand limit of f al xo.
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Remark

Let [ be nondecreasing on [a,b]. If a < x <y < b, then

flz™) < f(y™).

Analogously, if f is nonincreasing on [a.b] and a < x < y < b, then
)2 fly).

We now establish the basic properties of monotonic functions.

Theorem FEvery monotonic function f on |a,b] is Borel and bounded,

and hence summable.

Proof. Assume that f is nondecreasing. Since f(a) < f(x) < f(b) for all
z € [a,b], fis obviously bounded. For every ¢ € R consider the set
E.={z € [ab]| f(x) < c}.

If E. is empty, then E. is (trivially) a Borel set. If E, is nonempty, let y be
the least upper bound of all z € E,.. Then F, is either the closed interval
la,y]. if y € E,, or the half-open interval [a.y), if y € E.. In either case, E,
is a Borel set; this proves that f is Borel. Finally we have

b
/ |f(x)|dr < max{|f(a)l.|f(d)|}b— a),

by which f is summable., O
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Theorem
Let f : [a,b] — R be a monotonic function. Then the set of

points of [a,b] at which f is discontinuous is at most countable.

Proof. Suppose, for the sake of definiteness, that f is nondecreasing, and
let E be the set of points at which f is discontinuous. If x € £ we have
flr™) < f(z"); then with every point x of £ we associate we associate a
rational number r(z) such that

J (&) <rlz) < f(z*)-

Since by Remark 7.3 r; < xy implies f(z)) < f(z5), we see that r(zx;) #
r(z9). We have thus established a 1-1 correspondence between the set E and
a subset of the rational numbers. g

Differentiation of a monotonic function

The key result of this section will be to show that a monotonic function f
defined on an interval [a,b] has a finite derivative almost everywhere in [a, b|.
Before proving this proposition, due to Lebesgue, we must first introduce
some further notation. For every r € (a,b) the following four quantities

(which may take infinite values) always exist:

D,Lf(:l') = liminf f(r T h) - f(.l’)’ D’[ff(l) s lill]Sllp f(r > h) == f(l‘)

h—0, h<O h h—0, h<0 h

Dy f(z) = liminf fiwth) — fis) D, f(z) = limsup flz+h) - f(x)
h—0, h>0 h B0, k>0 h

These four quantities are called the derived numbers of f at z. It is clear
that the inequalities

Dyf(x) € D f(z), Dpf(z) < Dipf(z)
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always hold. If D} f(x) and Df f(x) are finite and equal, their common value
is just the left-hand derivative of f at x. Similarly, if D}, f(x) and DY f(x)
are finite and equal, their common value is just the right-hand derivative of f
at z. Moreover, f has a derivative at x if and only if all four derived numbers
Dj f(z), D] f(z), Dpf(x) and Df,f(x) are finite and equal.

Theorem Let f : [a,b] — R be a monotonic function.

Then f has a derwative almost everywhere on [a,b]. Furthermore f' €

L'(la.bl) and

b
/WMWSUW—HM-

Proof. There is no loss of generality in assuming that f is nondecreasing,
since if f is nonincreasing, we can apply the result to — f which is obviously
nondecreasing. We begin by proving that the derived numbers of f are equal
(with possibly infinite value) almost everywhere on [a,b]. It will be enough
to show that the inequality

Dy f(z) > Dy f(x)

holds almost everywhere on [a,b]. In fact, setting, f*(z) = —f(—=x), we see
that f* in nondecreasing on [—b, —al; moreover, it is easily verified that

DL.f*(2) = Dypf(~2), Dif*(x) = Dpf(~x).
Therefore, applying (7.6) to f*, we get
Dyf*(z) > DR[*(x)

or

Dypf(x) > D f(z).

Combining this inequality with (7.6), we obtain

Drf < Dyf < Di.f < Dpf < Dif,

Prepared by:M.Sangeetha, Asst Prof, Department of Mathematics KAHE. Page 6/24




KARPAGAM ACADEMY OF HIGHER EDUCATION

CLASS: I M.SC MATHEMATICS COURSE NAME:MEASURE THEORY
COURSE CODE: 17MMP401 UNIT: 111 BATCH-2017-2019

after using (7.4), and the equality of the four derived numbers follows. To
prove that (7.6) holds almost everywhere, observe that the set of points
w?mro D; f < Djf can clearly be represented as the union over u, v € Q
with > u > 0 of the sets

(7
(7

Eup = {z € (a,b) | Dif(z) > v > u> D f(x)}.

It will then follow that (7.6) holds almost everywhere, if we suceeed in show-
ing that AM(E,,) = 0. Let s = A(E,,). Then, given ¢ > 0, according to
Proposition 1.53 there is an open set A such that £, , C A and AMA) < s+¢.
For every z € E,, and § > 0, since D] f(x) < u, there exists h, 5 € (0,6)
such that [z — hss, 2] C A and

f(z)— f(x — hos) < uh,s.

Since the collection of closed intervals ([z — h, s, Z])re(an), 550 1S a fine cover
of E, ., by Vitali’s covering lemma there exists a finite number of disjoint
intervals of such collection, say

11 = [.l‘] s /?1.1‘11.....1,\' = [.r‘\v - ’l;\-’..[‘\'jg.

such that, setting B = E,, N U, (z; — hi. 2,

m

A(B) = /\(L n L\J [k) 5 8
i=1

Summing up over these intervals we get

N

N
Z (f(.r,-) — flzi—hy)) < U.Z h; < uMA) < uls+¢).

i=1 =1

Now we reason as above and use the inequality D}, f(x) > v; for every y € B
and n > 0, since D}, f(x) > v, there exists k, , € (0, 7) such that [y, y+ky 5] C
I; forsomeie {1,...,] '} and

f(y T ]"y.u) =t ’(y) > ’-'ky.n-

Prepared by:M.Sangeetha, Asst Prof, Department of Mathematics KAHE. Page 7/24




KARPAGAM ACADEMY OF HIGHER EDUCATION

CLASS: I M.SC MATHEMATICS COURSE NAME:MEASURE THEORY
COURSE CODE: 17MMP401 UNIT: 111 BATCH-2017-2019

Since the collection of closed intervals ([y, y+ky, 5|)yer. »>0 18 a fine cover of B,
by Vitali’s covering lemma there exists a finite number of disjoint intervals
of such collection, say

Jv:= [y + k.. In = [ym, yme + k),

such that,
M
/\(B nJ .1,-) >A(B)—€>s— 2.
=]

Summing up over these intervals we get

M M M
Z(f(‘lj)‘{—k})—f(ljj)) >l‘ZAJ:l'/\(UJ)) >('(5—25].
=1 J=1 =1

For every : € {1,..., N}, we sum up over all the intervals J; such that

J; C I, and, using that f is nondecreasing, we obtain
>~ (flys +ks) — F(wy)) < flw:) — flas — )
3. d;cl;
by which, summing over 2 and taking into account that every interval .J; is
contained in some interval [;,

N M

N
D (Fla)—fla=h)) 2 Y (Fls+k) =) =) (Flus+k) =1 (@))-
i=1 j,J;Cl;

i=1 i=1
Combining this with (7.7)-(7.8),

u(s +¢) > v(s — 2¢).
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The arbitrariness of € implies us > vs; since u < v, then s = 0. This shows
that A(E, ,) = 0, as asserted.
We have thus proved that the function

flz + h)— f(z)
h

P(x) = lim -
h—0

is defined almost everywhere on [a,b] and f has a derivative at x if and only

if ®(x) is finite. Let
1
$n(r)=n (f(l + ;) - f(l))

where, to make ®,, meaningful for all x € [a, b], we get f(x) = f(b) for = > b,
by definition. Since f is summable on [a, 8], so is every ®,. Integrating ®,,,
we get

b by 1 b+d b
/ O,(x)dx = n/ (f(.l - ;) - f(,r))d.r —= (/ : f(x)dx — / f(.r)d.r)
b<—% aﬁ-:’ ' u+%
= n( / flx)dr — / f(.r)d:r) = f(b) — n / flx)dz
Jb Ja Ja

< f(b) — fl(a)

where in the last step we use the fact that f is nondecreasing. From Fatou's
lemma it follows that

b
/ P(z)dr < f(b) — f(a).

o

In particular ® is summable, and, consequently, a.e. finite. Then f has a
derivative almost everywhere and f'(x) = ®(z) a.e. in [a,b|. O
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asy to find monotonic functions f for which (7.5) be-
aven,

Example |, .

PeTtise

comes a strict inequality. For example, given points a = rj < 27 <
..... h, corresponding numbers, con-

z, = b in the interval [a,b] and hy, h,

sider the function
hy fa<z<ay,

h-_) if Ty << Ty,

flz)=

hy Hz2,1<z3<0

A function of this particularly simple type is called a step function. If hy <
hy < ... < h,, then f is obviously nondecreasing and

h
0= / fl(z)dz < f(b) — f(a) = hy — hy.

Example

[Vitali’s f““??“_?‘“ In the preceding example, f is discontin-
uous. However, it is also possible to find continuous nondecreasing functions

satisfying the strict inequality (7.5). To this end let

@)= (53

be the middle third of the interval [0, 1], let

21'_’ -y 1 2 2 ’2 .
(a7, b)) = (azj) (a3, b3) = (
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be the middle thirds of the intervals remaining after deleting (a},b}) from

[0,1], let
9

== 1 92 T 7 &
A= (5 2). = (5d)

L &
(a3,b3) = (l—‘f 2—2) (ai.bf:) = (2—: 2—(3)
o 2l 27 27
be the middle thirds of the intervals remaining after deleting (aj, ), (a7, b3),
(a3,3) from [0, 1] and so on. Note that the complement of the union of all
the intervals (af,bf) is the Cantor set constructed in Example 1.49. Now
define a function

% —

flO)=0, f(1)=1, f(t)=

o if t € (ag, by),

so that

D]
w

o

Il
| i |

] ©

~

—
™
S—
[l
511' -1 |7_,-| Uh:{_x] C,;Jlxl| —
—
o
rob
O~

-~

o
2| 3o ©le el
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and so on. Then f is defined everywhere except at points of the Cantor set
C; furthermore f is nondecreasing on [0, 1]\ C and f([0,1]\C) = {%&2L |n¢
N, 1 < k < 27!} which is dense in [0, 1], that is

F(0.1]\ C) = [0, 1].

Given any point t* € C, let (¢,), be an increasing sequence of points in
[0, 1] \ € converging to ¢* and let (},), be a decreasing sequence of points in
[0, 1]\ C eonverging to t*. Such sequences exist since [0, 1]\ C is dense in [0, 1].
Then the limits lim, f(¢,) and lim, f(;) exist (since f is nondecreasing in
[0,1] \ €); we claim that they are equal. Otherwise, setting a = lim, f(t,)
and b = lim, f(,), then (a.b) c [0,1] \ f([0,1]\ C), in contradiction with
(7.9). Then let
f(t*) = lim f(,) = lim f(t)).
n mn

Completing the definition of f in this way, we obtain a continuous nonde-
creasing function on the whole interval [0, 1], known as Vitali's function. The
derivatives f’ obviously vanishes at every interval (a}, 57 ), and hence vanishes
almost everywhere, since the Cantor set has measure zero. It follows that

1
0= / f'(x)dr < f(1) — f(0) = 1.
JO

Functions of bounded variation

Definition
A function f defined on an interval [a.b] if said to be of

bounded variation #f there is a constant C' > 0 such that

n—1

> 1f(xeir) — fza) £ C

k=0
for every partition

B=TH< T K 54 Tn =20
of |a,b]. By the total variation of f on |a.b], denoted by V'(f), is meant the
quantity:
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n—1

Vi) =sup Y | Flawsr) — flaw)]
k=0

where the least upper bound is taken over all partitions (7.11) of the interval

la, b].

Remark It is an immediate consequence of the above definition that

if o € R and f is a function of bounded variation on [a, d], then so is o f and

Vilaf) = lalVy(f).
Example 1. If f is a monotonic function on [a, b], then the left-hand

side of (7.10) equals |f(b) — f(a)| regardless of the choice of partition.
Then f is of bounded variation and V*(f) = |f(b) — f(a)|.

-

2. If f is a step function of the type considered in Example 7.7 with
hi,...,hy € R, then f is of bounded variation, with total variation
given by the sum of the jumps, i.e.

n-1

V() =D lhas — Ryl
1=1

Example Suppose f is a Lipschitz function on [a.b] with Lipschitz
constant K" then for any partition (7.11) of [a, b] we have

n—1 n—1
Z | flxrr) — flze) < 1\'2 |Zzps1 — 20| = K(b— a).
k=0 k=0

Then f is of bounded variation and \/',f‘( )< K(b—a).

Example [t is easy to find a continuous function which is not of
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bounded variation. Indeed consider the function

x sin —]- if0<z<1,
f(z) = T
0 Hz=0

and, fixed n € N, take the following partition

{) -)
0. - ; =
(dn — 1) (4n — 3)7

I.V
1| o

o
=

The sum on the left-hand side of (7.10) associated to such partition is given

by
4 2n-1 1 9 . » 9 ’
— + — sinl — —|.
T 2k s 03
7w &~ 2k +1
laking into account that ) " | 5+~ = oo, we deduce that the least upper

bound on the right-hand side of (7.12) over all partitions of [a,b] is infinity.

Proposition ' If f and g are functions of bounded variation on |a,b],

hensoss frgand  yaip . < V) +12).

n—1
\f(zrs1) + glxrsr) — flzg) — glag)]
k=0
n-1 n-1
<D If@rer) — fla)l + D lg(zeer) — glaw)| < V() + Vi(g).
k=0 k=0
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Taking the least upper bound on the left-hand side over all partitions of [a, b|
we immediately get the thesis. O
It follows from Remark 7.10 and Proposition 7.14 that any linear com-
bination of functions of bounded variation is itself a function of bounded
variation. In other words, the set BV([a,b]) of all functions of bounded
variation on the interval [a,}] is a linear space (unlike the set of all mono-
tonic functions).
Proposition
If f is a function of bounded variation on [a,b] and a <

c < b, then

V2(F) = VE(F) + V2(F).

n—1

Z \[(zps1) = flxp)]

k=0

Now consider an arbitrary partition of [a,b]. It is clear that adding an extra
point of subdivision to this partition can never decrease the sum Zk _o | f(Zr41)—
f(z&)|. Therefore (7.13) holds for any subdivision of [a, b], and hence

V() < VS +V2().

On the other hand, given any ¢ > 0, there are partitions of the intervals [a, ¢]
and [c,b], respectively, such that

Y It = A > VD - 5,
Z F@hn) — Fla] > VA(S) - =.
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Combining all points of subdivision =}, 7, we get a partition of the interval
la,b], with points of subdivision z;, such that

V2 (f) 22 | f(xrs1) = flxz)] :Z]f(l-;ﬂ) — f(z)] +21f(,,-3.g1) — f(a)
k i J
> VE(F) + V() —e.

Since £ > 0 is arbitrary, it follows that V2(f) > V(f) + VE(f). .

Corollary If f is a function of bounded variation on |a,b], then the
funetion

r— VI(f)

s nondecreasing.
Proof. If a < x < y < b, Proposition 7.15 implies
Va(f) = Vo (N +VZ(f) 2 Vi (f).

Proposition A function f : [a,b] — R is of bounded variation if and

only if f can be represented as the difference between two nondecreasing func-
tions on [a,b].

Proof. Since, by Example 7.11, any monotonic function is of bounded varia-
tion and sinee the set BV ([a, b]) is a linear space, we get that the difference of
two nondecreasing functions is of bounded variation. To prove the converse,
set

gi(z) =V (f), galz) =V (f) - f(=z).

By Corollary 7.16 gy is a nondecreasing function. We claim that gs is non-
decreasing too. Indeed, if = < y, then, using Proposition 7.15, we get
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92(y) — galx) = VI (f) = (fly) = [(=)).
|f(y) = flz) < VI(f)

and hence the right hand side of (7.14) is nonnegative. Writing f = g —

ga, we get the desired representation of f as the difference between two
nondecreasing functions. O

Theorem ' Let f: [a.b] — R be a function of bounded variation. Then
the set of points of [a.bj at which f s discontinuous is at most countable.
Furthermore [ has a dertvatewe almost everywhere on [a,b], f' € L'([a,b])

and
-k

b
/ |f'(z)|dz < V2(f).

Proof. Combining Theorem 7.5, Theorem 7.6 and Proposition 7.17 we im-

mediately obtain that f has no more than countably many points of discon-
tinuity, has a derivative almost everywhere on [a,b] and f' € L'([a, b]). Since
fora<r<y<b

If(y) — f(z)] < V()= V() = Vi (),

we get
If'(z)] < (VF(f)) ae. in [a,b]

Finally, using (7.5)
b b
/ |f(x)|dx < [(\;{(f))’.-h-g V2(1).

Proposition
A function [ : |a,b] — R s of bounded variation if and
on.ly- if the curve
y=f(zr) a<z<b

is rectificable, i.e. has finite lenght'").
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Proof. For any partition of [a, b] we get

n-1 n—1
D 1 f(@eer) — flz)] <) V(i — 22+ (f(@ie) — fl0))?
i=0 i=0
n—1
< (b—a) +Z | f(zis1) — flzi)].
i=0

Taking the least upper bound over all partitions we get the thesis.

Absolutely continuous functions

Definition A function f defined on an interval [a,b] is said to be ab-
solutely continuous if, grwen £ > 0, there w5 a 0 > U such that

Z |f(Br) — flax)| <<
=1

for every finite system of pairwise disjoint subintervals
(ag,b8) C la, 8] k=1,...; n

of total length > ,._, (bx — ai) less than .

Example Suppose f is a Lipschitz function on [a,b] with Lipschitz
constant K; then, choosing § = &, we immediately get that f is absolutely
continuous.

Remark

Clearly every absolutely continuous function is uniformly con-

tinuous, as we see by choosing a single subinterval (ay,by) C [a, b]. However,
a uniformly continuous function need not be absolutely continuous. For ex-
ample, the Vitali’s function f constructed in Example 7.8 is continuous (and
hence uniformly continuous) on [0, 1], but not absolutely continuous on [0, 1].
In fact, for every n consider the set
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® ¢
; ’
= Z & with a,..., Gn # 1}

i=1

= {.r € [0.1]

which is the union of 2" pairwise disjoint closed intervals [;, each of which has
s : K

measure 5‘,— (then the total lengthis (3)"). Denoting by C' the Cantor set (see

Example 1.49), we have ' C ('; since, by construction, the Vitali’s function

is constant on the subintervals of [0, 1] \ C, then the sum (7.16) associated

to the system (/;) is equal to 1. Hence the Cantor set C' can be covered by
a finite system of subintervals of arbitrarily small length, but the sum (7.16)
associated to every such system is equal to 1. The same example shows
that a function of bounded variation needs not be absolutely continuous. On
the other hand, an absolutely continuous function is necessarily of bounded
variation (see Proposition 7.27).

Proposition If f is absolutely continuous on |a,b], then f is of bounded

variation on [a.. b] J

Proof. Given any £ > 0, there is a 4 > 0 such that

n

Zlf(bk) — flag)| < ¢

k=1

for every finite system of pairwise disjoint subintervals (ay,by) C |a,b] such
that

n

Z(bk —ap) < 4.

k=1

Hence if [a, 3] is any subinterval of length less than §, we have

VE(f) <

m

Prepared by:M.Sangeetha, Asst Prof, Department of Mathematics KAHE. Page 19/24




KARPAGAM ACADEMY OF HIGHER EDUCATION

CLASS: I M.SC MATHEMATICS COURSE NAME:MEASURE THEORY
COURSE CODE: 17MMP401 UNIT: 111 BATCH-2017-2019

Let a = zg < z; < ... < zy = b be a partition of [a.b] into N subintervals
[x. x4 1] all of length less than 4. Then, by Proposition 7.15,

V2(f) < Ne.

O
.24 and obvious properties of

7

An immediate consequence of Definition
absolute value is the following.

Proposition [f [ is absolutely continuous on [a,b], then so is af,

where a s any constant. Morcover, if [ and g are absolutely continuous
on [a,b], then so s f + g.

It follows from Proposition 7.28 together with Remark 7.26 that the set
AC([a, b]) of all absolutely continuous functions on [a,b] is a proper subspace
of the linear space BV'([a,b]) of all functions of bounded variation on [a, b].

Lemma [et g € L'([a,b]) be such that [, g(t)dt = 0 for every subin-
terval I C [a,b]. Then g(x) =0 a.e. in [a,b].

Proof. If we denote by Z the family of all finite disjoint union of subintervals
of [a,B], it is immediate to see that T is an algebra and [, g(¢)dt = 0 for every
A € Z. Let V be an open set in [a,b]; then V = U, I, where I, C [a,}]

is a subinterval. For every n, since U!_,/; € T, we have [ . g(t)dt = 0;
. . V=14t
Lebesgue Theorem implies

/g(l)dt = lim / glt)dt =0
Vv n— 00 Jun .1

=17

Assume by contradiction the existence of £ € B([a.b]) such that A(E) > 0
and g(z) > 0in E. By Theorem 1.55 there exists a compact set K C E such
that A(K') > 0. Setting V' = [a,b] \ K, V' is an open set in [a, b]; then

b
Ja JV JK JK

and the contradiction follows. O
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Returning to the problem of differentiating the indefinite Lebesgue in-
tegral, in the following Theorem we evaluate the derivative (7.1), thereby
giving an affirmative answer to the first of the two questions posed at the
beginning of the chapter.,

Theorem If f s absolutely continuous on [a.b|, then f has a derivative
almost everywhere on |a, b, f' € L'(|a,b]) and

f(z) = fla) + / f(tydt Vz € [a,b].

Proof. By Proposition 7.27 f is of bounded variation; hence, by Theorem
7.18, f has a derivative almost everywhere and f' € L'([a,d]). To prove
(7.21) consider the function

g(z) = / f'(t)dt.

Then, by Theorem 7.30, g is absolutely continuous on [a,b] and ¢'(z) = f'(x)
a.e. in [a,b]. Setting ¢ = g — f. ® is absolutely continuous, being the
difference of two absolutely continuous functions, and ®'(z) = 0 a.e. in [a, b].
It follows from the previous lemma that € is constant, that is ®(z) = ®(a) =
fla) — gla) = f(a), by which

flz) =®(x)+ g(z) = fla) + / f(Hdt Yz € [a,b].
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Proposition

Let f : [a,b] — R. The follounng properties are equiva-
lent:
a) [ is absolutely continuous on |a,bl;

b) [ is of bounded variation on [a,b| and

b
/ |/ (8)|dt = VZ(f).

Ja

Proof. |a) = b) | For any partition a = z9 < z1 < ... < zn = b of [a,b], by
Theorem 7.32 we have

n—1 n—1 Thei) n—=1 r iy b
> 1 (k1) —f ()| :Z\/ f'(t)at SZ/ f/(t)|dt = / |/ (2)]dt,
k=0 k=0 VT k=0 ' T4 s

which implies

b
VA(f) < / f()a

On the other hand, by Theorem 7.18, [,' |f'(t)|dt < V2(f), and so VX(f) =
b

I, 1f/(t)|dt.
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b) = a)| For every z € |a, b], using (7.15), we have

P b b b
\;’(f)z/ [j'(_i}JdI:/ f’(t)[dt—/ 'f'(t)|df:\;"(j)—/ f(t)|dt
> V2(f) = V2(S) = VE()

where last equality follows from Proposition 7.15. Then we get

\ﬂf):/ | f'(1)|dt.

Since f' € L'([a,b]). Theorem 7.30 implies that the function z — V*(f)
is absolutely continuous. Given any collection of pairwise disjoint intervals
(ag, bi ), we have

n n n
b -5 @i
DO 1F) = Fla)l €D VR =D (V) - VE(S)).
k=1 k=1 k=1
By the absolute continuity of & + V,;(f), the last expression on the right
approaches zero as the total length of the intervals (a;,bg) approaches zero.
This proves that f is absolutely continuous on [a, b|. O]
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POSSIBLE QUESTIONS

1. State and prove Vitali theorem.
2.Prove that a function f is bounded variation on [ a,b] if and only if f is the difference of two

monotone real valued functions on [a,b].
3. If fis integrable on [a,b] , then prove that the function F defined by F(x) = f: f(t)dtisa
continuous function of bounded variationon [ a b .
4. Prove that if f be an integrable function on [a ,b] , and suppose that F(x) = F(a) + j': f(t)de
then
F '(x) =f{x) for almost all x in [a,b].
5. Prove that a function is an indefinite integral if and only if it is absolutely continuous.
6.Prove that every absolutely continuous function is the indefinite integral of its derivative.
7. Prove that if f is absolutely continuous on [ a, b], then it is of bounded variation on[a,b].
8. Prove that if f is bounded and measurable on [ a,b] and F(x) = f: f(t)dt + F(a) , then
F '(x) =f(x) for almost all x in [a,b].
9. If fis integrable on [a,b] and _[: f(t)dt =0 forall x g [a,b] then prove that f{t)=0 a.e in
[a.b].
10.Prove that if fis absolutely continuous on [ a, b] and f “(x) = 0 a.e then fis constant.
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Question Opt1 Opt 2 Opt 3 Opt 4 Answer
The dependence on the
interval [a,b] or on the
: [a,b] bounded bounded
function f, If T<oo,we say .. measure ..
. variation variation
that f'is of
over [a,b]
variance function
A function f'is of bounded
variation on [a,b] if and only Monotone Real
if fis the difference of Tow value Tow
function monotone monotone
on[a,b] real valued Measure real valued
A monotone function on[0.1]
which is discontinuous at ) ) )
cach discontinu |rational
continuous |ous point point rational point
The derivative of the
indefinite integral of an
integral function is equal to positive negative
the almost every
where non
integrand integrand integrand
absolutel
i continuous continuoz absolutely
A real valued fugctlop f continuous
defined on [a,b] is said to be S
on[a,b] countable [measure
The of tow
absolutely continuous odd
function is absolutely sum &
continuous sum different [difference |sum
If f'is absolutely continuous
> bounded [bounded
on [a,b] then it is of . .
on[a,b] continuou variation (variation
bounded S variation




If fis absolutely continuous

on [a,b]&f(x)=0 a.e ,then f continuou
1S constant bounded |variance s constant
A function F is an indefinite continuo
integral if and only if it is ot
absolutely S absolutely
continuous bounded |[measure |continuous
Every absolutely continuous
function is the of [indefinite mdefinite
its derivative integral integral  |continuous |bounded [integral
If X is any uncountable set &
6 the family of these subset
which are either or the
complement of a countable
set then 6 is a uncountabl
algebra countable [e o-algebra |c-algebra
A measure i is called uncountabl
) ) . . countable .
if p(x)<oo finite infinite e finite
whichoneisan  a [1.1]
finite measure ’
(0,1) (L1) [0,1] [0,1]
which one is an o-finite J; L
measure ('r 5 ) (O’OO) (OO,O) (OO’-OO) (-OO’OO)
the counting measure on
an is a measure which
is not o-finite
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Any measurable set
contained in a set of ¢ finite finite
measure is it self of mfinite measurabl |o-finite measurabl |o-finite
measurable |e measurable |e measurable




Ifpis then every

measurable set is of o-finite o-finite | o-finite
measure countable

o-algebra Borel set  |set
Every o-finite measure is infinite

semi finite constant |finite semi finite
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UNIT -1V

Measure spaces-Measurable functions-Integration-General convergence Theorems.
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Measure Spaces

The first goal of the present chapter is to abstract the most important properties of Lebesgue
measure on the real line in the absence of any topology. We shall do this by giving
certain axioms that Lebesgue measure satisfies and base our theory on these axioms. As a
consequence our theory will be valid for every system satisfying the given axioms.

To establish that Lebesgue measure on the real line is a countably additive set function
on a o-algebra we employed only the most rudimentary set-theoretic concepts. We defined
a primitive set function by assigning length to each bounded interval, extended this set
function to the set function outer measure defined for every subset of real numbers, and then
distinguished a collection of measurable sets. We proved that the collection of measurable
sets is a or-algebra on which the restriction of outer measure is a measure. We call this the
Carathéodory construction of Lebesgue measure, The second goal of this chapter is to show
that the Carathéodory construction is feasible for a general abstract set X. Indeed, we show
that any nonnegative set function u defined on a collection S of subsets of X induces an
outer measure p* with respect to which we can identify a o-algebra M of measurable sets.
The restriction of u* to M is a measure that we call the Carathéodory measure induced by
. We conclude the chapter with a proof of the Carathéodory-Hahn Theorem, which tells us
of very general conditions under which the Carathéodory measure induced by a set function
A is an extension of .

MEASURES AND MEASURABLE SETS

Recall that a o-algebra of subsets of a set X is a collection of subsets of X that contains the
empty-set and is closed with respect to the formation of complements in X and with respect
to the formation of countable unions and therefore, by De Morgan’s Identities, with respect
to the formation of intersections. By a set function x we mean a function that assigns an
extended real number to certain sets.

Definition By a measurable space we mean a couple (X, M) consisting of a set X and a
o-algebra M of subsets of X. A subset E of X is called measurable (or measurable with respect
to M) provided E belongs to M.

Definition By a measure y. on a measurable space (X, M) we mean an extended real-valued
nonnegative set function p: M = [0, oo] for which p.(@) = 0 and which is countably additive
in the sense that for any countable disjoint collection {E}};2 , of measurable sets,
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By a measure space (X, M, p) we mean a measurable space (X, M) together with a measure
u defined on M.

One example of a measure space is (R, £, m), where R is the set of real numbers, £ the
collection of Lebesgue measurable sets of real numbers, and m Lebesgue measure. A second
example of a measure space is (R, B, m), where B is the collection of Borel sets of real
numbers and m is again Lebesgue measure. For any set X, we define M = 2¥, the collection
of all subsets of X, and define a measure 7 by defining the measure of a finite set to be the
number of elements in the set and the measure of an infinite set to be co. We call n the
counting measure on X. For any o-algebra M of subsets of a set X and point xg belonging to
X, the Dirac measure concentrated at xo, denoted by d,,, assigns 1 to a set in M that contains
xg and 0 to a set that does not contain xq: this defines the Dirac measure space (X, M, §,,).
A slightly bizarre example is the following: let X be any uncountable set and C the collection
of those subsets of X that are either countable or the complement of a countable set. Then
C is a o-algebra and we can define a measure on it by setting u(A) = 0 for each countable
subset of X and u(B) = 1 for ecach subset of X whose complement in X is countable. Then
(X, C, u) is a measure space.

It is useful to observe that for any measure space (X, M, p), if X belongs to M, then
(Xo. Mo, uo) is also a measure space where M; is the collection of subsets of M that are
contained in Xg and g is the restriction of w to Mj.

I lj Ex =§F(Et)v

k=1

Prepesition 1 Ler (X, M, p) be a measure space.
(Finite Additivity) For any finite disjoint collection (E;)}_, of measurable sets,

IJ-(U Ek) = w(E).

k=1 k=1

(Monotonicity) If A and B are measurable seis and A C B, then
#(A) < pu(B).

(Excision) If, moreover, A C B and u(A) < oo, then

u(B~A)=pn(B)—p(A),
so thatif u(A) = 0, then
u(B~A) = u(B).
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Proof Finite additivity follows from countable additivit)" by setting E; = @, so that
p(Ex) = 0, for k > n. By finite additivity,
p(B) = p(A)+u(B~A),

which immediately implies monotonicity and excision. To verify countable monotonicity,
define G; = E; and then define

k-1
U E.'J for allk > 2.

i=1

Gr=E;~

Observe that

00 oo
(Ge)g2, isdisjoint, | J Gi =|_J Ex and G; C E; for all k.
k=1 k=1

From the monotonicity and countable additivity of i we infer that

r(E) S#(O Ek) =F(O Gk) = i r(Gx) < § p( Ek).
k=1 k=1 k=1 k=1

The countable monotonicity property is an amalgamation of countable additivity and
monotonicity, which we name since it is invoked so frequently.

A sequence of sets (£ )72, is called ascending provided for each k, E; C E;4y, and
said to be descending provided for each k, E;4 C Ej.
Proposition 2 (Continuity of Measure) Lef (X, M, p) be a measure space.

(i) If |Ax };’?__ | is an ascending sequence of measurable sets, then
w -
wl U Ac ) = lim p(Ag). (1)

(i) If {Be);>, is a descending sequence of measurable sets for which p( By ) < oo, then

#(ﬁ Bk) = lim p(By). ()

k=1

The proof of the continuity of measure is the same, word for word, as the proof of the
continuity of Lebesgue measure on the real line; see page 4.
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The Borel-Cantelli Lemma Let (X, M, 1) be a measure space and (E;}{°, a countable
collection of measurable sets for which § wu( Ex) < 00. Then almost all x in X belong to at
k=1

most a finite number of the E;'s.

Proof For each n, by the countable monotonicity of s, w(UUp2, Ex) < § #(E). Hence, by
k_.

the continuity of g, -

00

# N

00 . 00 . o0
U Be| | = lim p(lJ Ex) < lim 3 p(Ex)=0.
k=n k=n

k=n

Observe that N2, (U5, Ex] is the set of all points in X that belong to an infinite number of
the Ek ¢ 8 O

Definition Let (X, M, p) be a measure space. The measure p is called finite provided
u(X) <oo0. Itis called o-finite provided X is the union of a countable collection of measurable
sets, each of which has finite measure. A measurable set E is said to be of finite measure
provided p(E) < oo, and said to be o-finite provided E is the union of a countable collection

of measurable sets, each of which has finite measure.

Regarding the criterion for o-finiteness, the countable cover by sets of finite measure
may be taken to be disjoint. Indeed, if {X}72, is such a cover replace, for k > 2, each X;
by Xi~ U’j;} X ; to obtain a disjoint cover by sets of finite measure. Lebesgue measure on
[0,1] is an example of a finite measure, while Lebesgue measure on ( —o0, oc) is an example
of a o-finite measure. The counting measure on an uncountable set is not o-finite.

Many familiar properties of Lebesgue measure on the real line and Lebesgue integration
for functions of a single real variable hold for arbitrary o-finite measures, and many
treatments of abstract measure theory limit themselves to o-finite measures. However, many
parts of the general theory do not require the assumption of o-finiteness, and it seems
undesirable to have a development that is unnecessarily restrictive.

Definition A measure space (X, M, p) is said to be complete provided M contains all
subsets of sets of measure zero, that is, if E belongs to M and p( E) = 0, then every subset of

E also belongs to M.
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We proved that Lebesgue measure on the real line is complete. Moreover, we also
showed that the Cantor set, a Borel set of Lebesgue measure zero, contains a subset that
is not Borel; see page 52. Thus Lebesgue measure on the real line, when restricted to the
o-algebra of Borel sets, is not complete. The following proposition, whose proof is left to the
reader (Problem 9), tells us that each measure space can be completed. The measure space
(X, Mo, po) described in this proposition is called the completion of ( X, M, u).

Proposition 3 Let (X, M, p) be a measure space. Define M, to be the collection of subsets
E of X of the form E = A U Bwhere B € Mand A C C for some C € M for which u(C) = 0.

For such a set E define uy(E) = u(B). Then My is a o-algebra that contains M, ug is a
measure that extends p, and (X, My, po) is a complete measure space.

MEASURABLE FUNCTIONS

For a measurable space (X, M), the concept of a measurable function on X is identical
with that for functions of a real variable with respect to Lebesgue measure. The proof of the
following proposition is exactly the same as the proof for Lebesgue measure on the real line;

Proposition 1 Let (X, M) be a measurable space and f an extended real-valued function

defined on X. Then the following statements are equivalent:

(i) For each real number c, the set {x € X | f(x) < c} is measurable.
(ti) For each real number c, the set {x € X | f(x) < c} is measurable.
(ifi) For each real number c, the set {x € X | f(x) > ¢} is measurable.
(iv) For each real number c, the set (x € X | f(x) > ¢} is measurable.

Each of these properties implies that for each extended real number c,

the set {x € X | f(x)=c} is measurable.

Definition Let (X, M) be a measurable space. An extended real-valued function f on X is
said to be measurable (or measurable with respect to M) provided one, and hence all, of the
four statements of Proposition 1 holds.

Prepared by:M.Sangeetha,Asst Prof,Department of Mathematics ,KAHE. Page 6/18




KARPAGAM ACADEMY OF HIGHER EDUCATION

CLASS: I M.SC MATHEMATICS COURSE NAME:MEASURE THEORY
COURSE CODE: 17MMP401 UNIT: IV BATCH-2017-2019

For a set X and the o-algebra M = 2¥ of all subsets of X, every extended real-valued
function on X is measurable with respect to M. At the opposite extreme, consider the
o-algebra M = (X, f}, with respect to which the only measurable functions are those that
are constant. If X is a topological space and M is a o-algebra of subsets of X that contains the
topology on X, then every continuous real-valued function on X is measurable with respect
to M. In Part 1 we studied functions of a real variable that are measurable with respect to
the o-algebra of Lebesgue measurable sets.

Since a bounded, open interval of real numbers is the intersection of two unbounded,
open intervals and each open set of real numbers is the countable union of a collection of
open intervals, we have the following characterizaton of real-valued measurable functions
(see also Problem 1).

Proposition 2 Ler (X, M) be a measurable space and f a real-valued function on X. Then
f is measurable if and only if for each open set © of real numbers, f~'(©) is measurable.

For a measurable space (X, M) and measurable subset E of X, we call an extended
real-valued function f that is defined on E measurable provided it is measurable with
respect to the measurable space (E, Mg ), where Mg is the collection of sets in M that
are contained in E. The restriction of a measurable function on X to a measurable set is
measurable. Moreover, for an extended real-valued function f of X and measurable subset
E of X, the restriction of f to both E and X ~ E are measurable if and only if f is measurable
on X.

Proposition 3 Let (X, M, p) be a complete measure space and X a measurable subset of
X for which pu(X ~ Xy) = 0. Then an extended real-valued function f on X is measurable if
and only if its restriction to X is measurable. In particular, if g and h are extended real-valued
functions on X for which g = h a.e. on X, then g is measurable if and only if h is measurable.

Proof Define fj to be the restriction of f to X. Let ¢ be a real number and E = (¢, 00).
If f is measurable, then f~'(E) is measurable and hence so is /~'(E) N Xo = f5'(E).
Therefore f; is measurable. Now assume f, is measurable. Then

fUE) = f7(E)UA,

where A is a subset of X ~ X,. Since (X, M, ) is complete, A is measurable and hence
sois f~}(E). Therefore the function f is measurable. The second assertion follows from
the first. a

This proposition is false if the measure space (X, M, p) fails to be complete (see Problem 2).
The proof of the following theorem is exactly the same as the proof in the case of Lebesgue
measure on the real line; see page 56.
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Theorem 4 Let (X, M) be a measurable space and f and g measurable real-valued functions
on X.

(Linearity) For any real numbers a and 8,
af + Bg is measurable.

(Products)
f - 8 is measurable.

(Maximum and Minimum) The functions max{ f, g} and min|{ f, g} are measurable.

Remark The sum of two extended real-valued functions is not defined at points where the
functions take infinite values of opposite sign. Nevertheless, in the study of linear spaces of
integrable functions it is necessary to consider linear combinations of extended real-valued
measurable functions. For measurable functions that are finite almost everywhere, we proceed
as we did for functions of a real variable. Indeed, for a measure space (X, M, p), consider
iwo extended real-valued measurable functions f and g on X that are finite a.e. on X. Define
Xg to be the set of points in X at which both f and g are finite. Since fand g are measurable
functions, Xq is a measurable set. Moreover, p(X~ Xy) = 0. For real numbers a and B,
the linear combination af + Bg is a properly defined real-valued function on X,. We say
that a f + PBg is measurable on X provided its restriction to Xy is measurable with respect to
the measurable space ( Xo, M), where M is the o-algebra consisting of all sets in M that
are contained in Xo. If (X, M, ) is complete, Proposition 3 teils us that this definition is
equivalent to the assertion that one, and hence any, extension of a f + Bg on X to an extended
real-valued function on all of X is a measurable function on X. We regard the function a f + g
on X as being any measurable extended real-valued function on X that agrees with af + Bg on
Xo. Similar considerations apply to the product of f and g and their maximum and minimum.
With this convention, the preceding theorem holds if the extended real-valued measurable
functions f and g are finite a.e. on X.

We have already seen that the composition of Lebesgue measurable functions of a
single real variable need not be measurable (see the example on page 58). However, the
following composition criterion is very useful. It tells us, for instance, that if f is a measurable
function and 0 < p < 00, then | f|” also is measurable.

Proposition 5 Let (X, M) be a measurable space, f a measurable real-valued function on
X, and ¢: R — R continuous. Then the composition ¢ o f: X — R also is measurable.

Prepared by:M.Sangeetha,Asst Prof,Department of Mathematics ,KAHE. Page 8/18




KARPAGAM ACADEMY OF HIGHER EDUCATION

CLASS: I M.SC MATHEMATICS COURSE NAME:MEASURE THEORY
COURSE CODE: 17MMP401 UNIT: IV BATCH-2017-2019

Proof Let © be an open set of real numbers. Since ¢ is continuous, ¢~ (Q) is open. Hence,
by Proposition 2, f (¢ 1(@)) = (¢ o f)"!(0) is a measurable set and so ¢ o f is a
measurable function. O

A fundamentally important property of measurable functions is that, just as in the
special case of Lebesgue measurable functions of a real variable, measurability of functions
is preserved under the formation of pointwise limits.

Theorem 6 Letr (X, M, p) be a measure space and { f,) a sequence of measurable functions
on X for which (f,) = f pointwise a.e. on X. If either the measure space (X, M, p) is
complete or the convergence is pointwise on all of X, then f is measurable.

Proof In view of Proposition 3, possibly by excising from X a set of measure 0, we
suppose the sequence converges pointwise on all of X. Fix a real number ¢. We must
show that the set {x € X| f(x) < ¢} is measurable. Observe that for a point x € X, since
lim,, o fz(x) = f(x), f(x) <cif and only if there are natural numbers n and k such that
forall j >k, fi(x) <e—1/n. But for any natural numbers n and j, since the function f; is
measurable, the set {x € X | fj(x) < ¢ —1/n} is measurable. Since M is closed with respect
to the formation of countable intersections, for any k,

o0

N{xex| fi(x)<c-1/n}

J=k

also is measurable. Consequently,

oC

{x€X|f(x)<c}= U ﬂ{xe)(lfj(x)<c—l/n}
1<k.n<oo | j=k
is measurable since M is closed with respect to the formation of countable unions. O

This theorem is false if the measure space fails to be complete (see Problem 3).

Corollary 7 Let (X, M, p) be a measure space and ( f») a sequence of measurable functions
on X. Then the following functions are measurable:

* sup{f,), inf(f,), limsup{f,), liminf(f,).
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Definition Les (X, M) be a measurable space. For a measurable set E, ils characteristic
fanction, y, is the function on X that takes the value 1 on E and 0 on X ~ E. A real-valued
function | on X is said to be simple provided there is a finite collection (Ex)}_, of measurable
sets and a corresponding set of real numbers {c};_, for which

n
W==}EC;-X5,Q"XZ
k=1

Observe that a simple function on X is a measurable real-valued function on X that
takes a finite number of real values.

The Simple Approximation Lemma Let (X, M) be a measurable space and f a measurable
Junction on X that is bounded on X, that is, there is an M > 0 for which | f| < M on X. Then
for each € > 0, there are simple functions ¢, and . defined on X that have the following
approximation properties:

P < f<Peand ) < Yo — @ <€on X.

Proof Let [¢, d) be a bounded interval that contains the image of X, f( X), and
C=YW<N<...<Yp1 <Yp=d
a partition of the closed, bounded interval [c, 4] such that y; = yx_y < efor 1 < k < n. Define
Ie = [ye-1, y) and Xe = £~ (i) for1 <k <n.

Since each J; is an interval and the function f is measurable, each set X; is measurable.
Define the simple functions ¢, and ¢, on X by

n n
@e= X Ye-1- Xx, and ghe = X, Yk - XX,
k=1 k=1

Let x belong to X. Since f(X) C [ec, d), there is a unique k,1 < k < n, for which
Yi-1 < f(x) < y; and therefore

Pe(x) = Y1 < f(x) <3 = Pe(x).

But y; = y;—1 <¢, and therefore ¢, and ¢, have the required approximation properties. []
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The Simple Approximation Theorem Let (X, M, ) be a measure space and f a measurable
function on X. Then there is a sequence (,, ) of simple functions on X that converges pointwise
on X to f and has the property that

[oa| = |f|on X forall n.

(1) If X is o-finite, then we may choose the sequence () so that each i, vanishes outside
a set of finite measure.

(it) If f is nonnegative, we may choose the sequence (1, } to be increasing and each y, > 0
onX.

Proof Fix a natural number n. Define E, = {x € X ||f(x)| < n). Since |f| is a measurable
function, E, is a measurable set and the restriction of f to E, is a bounded measurable
function. By the Simple Approximation Lemma, applied to the restriction of f to E, and
with the choice of € = 1/n, we may select simple functions k, and g, on E,, which have the
following approximation properties:

h, < f<g,and0<g,—h, <1/nonk,.

For xin E,, define ¢,(x) = 0 if f(x) = 0, ¢.(x) = max{h,(x),0} if f(x)> 0 and
¥s(x) = min{g,(x), 0} if f(x) < 0. Extend ¢, to all of X by setting ¢,(x) = nif f(x)>n

and ¢, (x) = —n if f(x) < —na. This defines a sequence (i, } of simple functions on X. It
follows, as it did in the proof for the case of Lebesgue measurable functions of a real variable

(see page 62), that, for each n, |y,| < | f| on X and the sequence {¢,} converges pointwise
on X to f.

If X is o-finite, express X as the union of a countable ascending collection {X,}7° , of
measurable subsets, each of which has finite measure. Replace each y, by ¥, - xx, and (1) is
verified. If £ is nonnegative, replace each ¥, by max <<, [¢i| and (ii) is verified. (W

The proof of the following general form of Egoroff’s Theorem follows from the
continuity and countable additivity of measure, as did the proof in the case of Lebesgue
measurable functions of a real variable; see page 65.

Egoroffs Theorem Ler (X, M, ) be a finite measure space and |f,) a sequence of
measurable functions on X that converges pointwise a.e. on X to a function f that is finite a.e.
on X. Then for each € > 0, there is a measurable subset X, of X for which

[fa) = f uniformly on X, and p(X ~X.) < e.
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INTEGRATION OF NONNEGATIVE MEASURABLE FUNCTIONS

Defimition Ler (X, M, u) be a measure space and  a nonnegative simple function on X.
Define the integral of ¥ over X, [, Wdpy, as follows: if § = 0 on X, define [ ydp = 0.
Otherwise, let ¢y, ¢, ..., ¢, be the positive values taken by Y on X and, for 1 < k < n, define
Ei =[x € X |¢(x) = cx). Define

/'fldﬂf:ifk‘ﬂr(Ek)« (D
X £

using the convention that the right-hand side is o0 if, for some k, p( Ex ) = oc. For a measurable
subset E of X, the integral of ¢ over E with respect to . is defined to be [, ¥ - xpdp and
denoted by [, f du.

Proposition 8 Ler (X, M, ) be a measure space and ¢ and y nonnegative simple function
on X. If a and B are positive real numbers, then

[lav+p-dlan=a: [ yin+p: [ v @)
X X X
If A and B are disjoint measurable subsets of X, then
wd#=fwdn+fwdu- (3)
AUR A n

In particular, if Xy C X is measurable and p(X ~ Xp) =0, then
f vdp= | ydp. 4
X Xo

Furthermore, if < ¢ a.e. on X, then
f wdp < / pdp. )
X X

Proof If either  or ¢ is positive on a set of infinite measure, then the linear combination
@ -y + B - ¢ has the same property and therefore each side of (2) is infinite. We therefore
assume both ¢ and ¢ vanish outside a set of finite measure and hence so does the linear
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combination & - § + B - ¢. In this case the proof of (2) is exactly the same as the proof
for Lebesgue integration of functions of a real variable (see the proofs of Lemma 1 and
Proposition 2 on page 72). The additivity over domains formula follows from (2) and the
observation that, since A and B are disjoint,

Y- Xaup =¥ -Xa+¥-xponX.

To verify (5), first observe that since the integral of a simple function over a set of measure
zero is zero, by (3), we may assume < ¢ on X. Observe that since ¢ and y take only a finite
number of real values, we may express X asJ;_, Xi, a disjoint union of measurable sets for
which both ¢ and ¢ are constant on each X;. Therefore

Y= ax xx,ande@= Y b - xx, where ax < b for1 <k <n. (6)
k=1 k=1

But (2) extends to finite linear combinations of nonnegative simple functions and therefore

(5) follows from (6). O

Definition Let (X, M, u) be a measure space and f a nonnegative extended real-valued
measurable function on X. The integral of f over X with respect to p, which is denoted by
[y [ dp., is defined to be the supremum of the integrals [, ¢ dp as ¢ ranges over all simple
functions ¢ for which0 < ¢ < f on X. For a measurable subset E of X, the integral of f over
E with respect to p. is defined to be [, f - x g dp and denoted by [, f dp.

We leave it as an exercise to verify the following three properties of the integral of
nonnegative measurable functions. Let ( X, M, u) be a measure space, g and k nonnegative
measurable functions on X, X, a measurable subset of X, and « a positive real number. Then
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fa-gd;;:a-fgdu: (7)
X X
if g < h a.e. on X, then f gdp._<_f hdp, (8)
X X
fgdu=f gdpifp(X~Xp)=0. &)
X Xo

Chebychev’s Inequality Ler (X, M, p) be a measure space, [ a nonnegative measurable
function on X, and A a positive real number. Then

1
p{xeX| f(x)=A} Sifxfd“' (10)

Proof Define X, =[x € X| f(x) > AJand @ = A - xx,. Observe that0 <¢ < fon X and ¢
is a simple function. Therefore, by definition,

~ -

A-;L(XA)=[x¢dnﬁfxfdu-

Divide this inequality by A to obtain Chebychev’s Inequality.

Proposition 9 Ler (X, M, u) be a measure space and f a nonnegative measurable function
on X for which fx fdu < o00. Then f is finite a.e. on X and {x € X | f(x) > 0) is o-finite.

Proof Define X, = (x € X | f(x) = o0} and consider the simple function ¢ = yx_. By
definition, [, ¢ dp = p(X ) andsince 0 < ¢ < fon X, p(Xx) < [y f dp < 0. Therefore
f is finite a.e. on X. Let n be a natural number. Define X, = [x € X| f(x) = 1/n}. By
Chebychev’s Inequality,
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w(X,) Sn-/ fdp < o0.
X
Moreover,

(rex| f(x)>0} =) E,
n=]

Therefore the set (x € X | f(x) > 0] is o-finite.

Fatou’s Lemma Let (X, M, ) be a measure space and (f,) a sequence of nonnegative

measurable functions on X for which ( f,} — f pointwise a.e. on X. Assume f is measurable.
Then

Apmymmﬁh@. (1)

Proof Let X be a measurable subset of X for which u( X ~ Xg) =0and (f,) = f pointwise
on X,. According to (9), each side of (11) remains unchanged if X is replaced by X,. We
therefore assume X = Xg. By the definition of | x f dp as a supremum, to verify (11) it is
necessary and sufficient to show that if ¢ is any simple function for which 0 < ¢ < f on X,
then -

/¢m5mm/ﬁu. (12)
X X

Let ¢ be such a function. This inequality clearly holds if [, ¢du = 0. Assume [, ¢dp > 0.

Casel: [ x @dp = 00. Then there is a measurable set X, C X and a>0 for which p( X ) = 00
and ¢ = a on X . For each natural number n, define

A,,={x€X| fk(x)Za/Zforallkzn}.

Then (A, }:"_1 is an ascending sequence of measurable subsets of X. Since Xoo C U, An,

by the continuity and monotonicity of measure,

o0

lim u(A,) =F'(U An) 2 pu(X) = 0.

=00 s
However, by Chebychev’s Inequality, for each natural number n,
2 2
w(Ap) = - fndF-S'/fndF"
a An alyx

Therefore lim,_, fx fadp =00 = [y pdp.
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Case 2:0 < [, ¢dp < 00. By excising from X the set where ¢ takes the value 0, the left-hand
side of (12) remains unchanged and the right-hand side does not increase. Thus we may
suppose that ¢ > 0 on X and therefore, since ¢ is simple and || y @dp < 00, p(X) < 0o. To
verify (12), choose € > 0. For each natural number n, define

X»={xeX| fi(x)>(1-€)ep(x)forallk >n}.

Then {X,} is an ascending sequence of measurable subsets of X whose union equals X.
Therefore (X ~ X,,} is a descending sequence of measurable subsets of X whose intersection
is empty. Since u( X) < oo, by the continuity of measure, lim,—, o (X ~ X,,) = 0. Choose
an index N such that u(X~ X, ) <€ for all n > N. Define M > 0 to be the maximum of
the finite number of values taken by ¢ on X. We infer from the monotonicity and positive
homogeneity properties, (8) and (7), of integration for nonnegative measurable functions,
the additivity over domains and monotonicity properties, (3) and (5), of integration for
nonnegative simple function and the finiteness of [, pdp that, forn > N,

/fndﬂZ/ fodp Z(l-f)fx,.(’dﬂv
X X

=(1—6)fx¢dn—(1—6) x~x~¢du

Z(I-G)fxquu-/; - pdp

z(l-e)fx«»du-e-M

[(odu-l»M
X

=/<pdp—-e
X

Hence

hmmff f,,dp.zfcpdp—e[f<pdp+M
X X X
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This inequality holds for all € > 0 and hence, since [, ¢du + M is finite, it also holds for
e=0. O

In Fatou’s Lemma, the limit function f is assumed to be measurable. In case {f,)
converges pointwise to f on all of X or the measure space is complete, Theorem 6 tells us
that f is measurable.

We have already seen in the case of Lebesgue integration on the real line that the
inequality (11) may be strict. For instance, it is strict for Lebesgue measure on X = [0, 1] and

n = 1 - X[0. 1/n) for all n. It 15 also strict for Lebesgue measure on X = R and f, = x{n, 241
for all n. However, for a sequence of measurable functions { f,} that converges pointwise on

X to f,in the case of Lebesgue integration for functions of a real variable, we established a
number of criteria for justifying passage of the limit under the integral sign, that is,

lim. [ /x o fx ["grr;ofn] da.

Each of these criteria has a correspondent in the general theory of integration. We first
establish a general version of the Monotone Convergence Theorem.

The Monotone Convergence Theorem Ler (X, M, p) be a measure space and (f,) an
increasing sequence of nonnegative measurable functions on X. Define f(x) = lim,_, o0 fn(x)

for each x € X. Then
"lggoﬁfndu = Lfdu-

lim jx frdp = jxfdu.

n—=»00

Proof Theorem 6 tells us that f is measurable. According to Fatou’s Lemma,
[ fd.usliminff Jndp.
X X
However, for each n, £, < f on X, and so, by (8), [y fudp < [y fdp. Thus

limsup/ f,,dy,S/fdp,.
X X

Hence

[ tau=tim [ frdu
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POSSIBLE QUESTIONS

1. If f be an extended real valued function defined on X. Then prove that the following
statements are equivalent.(i){x: fix) > o} € B for each u
(ii) {x: fix) <a}€ B for each «
(i) {x: fix) <a}€ B for each a
(iv) {x: fix) =o}€ B foreach a
2. If ¢ is a constant and the function fand g are measurable then so are the functions
f+c,cf f. g & fvg .Moreover if { fu } is a sequence of measurable functions then prove
that sup fu, inf fu im f, and lim f, are all measurable.
3. (i) If i is a complete measure and fis a measurable function then f=gae = g is
measurable.
ii)If A€ B,Be B and AcB then u(4) < u(B).
4. If { fu } be a sequence of nonnegative measurable function that converges a.e on the set E
to a function f'then prove that [ f < lim f, .
5. If { f, } be a sequence of nonnegative measurable function which converges a.e to a
function f and suppose that fn < f, ¥ n then prove that [ f = limn [ f. .

6. If g be integrable over E and suppose that { f; }is a sequence of measurable functions
such that on E |fn(x)| < g(x) and such that a.e on E, fn(x) — f{x) then prove that
fﬁf = lim fE fn.

7. Prove that if E;e B ,u E; <o and E D E i then p(N_, E;) = n11_’1'1;1C LE,

8. If fand g are non negative measurable functions and a and b non negative constants  then
provethat [af +bg=aff+b[ g
9. Prove that if (X, B ) be a measurable space, <u.> a sequence of measures that converge
set wise to a measure p and <fi> a sequence of non negative measurable functions that
converge pointwise to the function then [ fdu < lim [ f, dun
10. If fand g are integrable function & E is measurable then prove that
(a) fE caf +cog =¢ -[5 f+ c;fE g. (b)If|h| < |f] then h is measurable .

()If f>g aethen [, f= [, g
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UNIT-V

Signed measures-The Radon-Nikodym theorem-the L spaces.
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SIGNED MEASURES:

Observe that if p; and w; are two measures defined on the same measurable space (X, M),
then, for positive numbers « and 8, we may define a new measure u3 on X by setting

wi(E) =a- wi(E)+ B u(E) for all £ in M.

It turns out to be important to consider set functions that are linear combinations of measures
but with coefficients that may be negative. What happens if we try to define a set function »
on M by

v(E) = 1 (E) = po( E) for all E in M?

The first thing that may occur is that » is not always nonnegative. Moreover, »( E) is not
even defined for E € M such that u1(E) = pz( E) = o0. With these considerations in mind
we make the following definition.

Definition By a signed measure v on the measurable space (X, M) we mean an extended
real-valued set function v: M = [-00, 00| that possesses the following properties:

(1) v assumes at most one of the values +00, — 0.

(i) v(@) =0.

(iii) For any countable collection (Ex)32, of disjoint measurable sets,

0

v(g Ey)= 2 v(Ey),

k=]

where the series 30° | v( E; ) converges absolutely if v( loj E} ) is finite.
k=1

A measure is a special case of a signed measure. It is not difficult to sec that
the difference of two measures, one of which is finite, is a signed measure. In fact, the
forthcoming Jordan Decomposition Theorem will tell us that every signed measure is the
difference of two such measures.
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Let v be a signed measure. We say that a set A is positive (with respect to v) provided
A is measurable and for every measurable subset E of A we have »( £) > 0. The restriction
of v to the measurable subsets of a positive set is a measure. Similarly, a set B is called
negative (with respect to ») provided it is measurable and every measurable subset of B has
nonpositive » measure. The restriction of —v to the measurable subsets of a negative set also
is a measure. A measurable set is called null with respect to » provided every measurable
subset of it has » measure zero. The reader should carefully note the distinction between a
null set and a set of measure zero: While every null set must have measure zero, a set of
measure zero may well be a union of two sets whose measures are not zero but are negatives
of each other. By the monotonicity property of measures, a set is null with respect to a
measure if and only if it has measure zero. Since a signed measure v does not take the values
oo and —co, for A and B measurable sets,

if AC Band |v(B)| < oo, then |p(A)| < 0. (3)

Proposition 4 Let v be a signed measure on the measurable space (X, M). Then every
measurable subset of a positive set is itself positive and the union of a countable collection of
positive sets is positive.

Proof The first statement is trivially true by the definition of a positive set. To prove the
second statement, let A be the union of a countable collection {A;}2, of positive sets. Let E
be a measurable subset of A. Define E; = EN A;. For k > 2, define

Ey=[ENA]~[A1V...UA,]

Then each Ej is a measurable subset of the positive set A; and therefore »( E;) = 0. Since E
is the union of the countable disjoint collection {Eg}}? |,

00

v(E) = 2 V(Eg) > 0.

k=1
Thus A is a positive set. O
Hahn’s Lemma Let v be a signed measure on the measurable space (X, M) and E a

measurable set for which 0 < v( E) < co. Then there is a measurable subset A of E that is
positive and of positive measure.
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Proof 1f E itself is a positive set, then the proof is complete. Otherwise, E contains sets of
negative measure. Let m, be the smallest natural number for which there is a measurable set
of measure less than —1/m;. Choose a measurable set E; C E with w(E;) < =1/my. Letn
be a natural number for which natural numbers m,, ..., m, and measurable sets Ey, ..., E,
have been chosen such that, for 1 < k < n, m; is the smallest natural number for which there
is a measurable subset of E ~ U’;;{ E; of measure less than —1/m; and Ej is a subset of

[E~ Uj;: E|] for which v( Ex) < —1/my.

If this selection process terminates, then the proof is complete. Otherwise, define

o0 oo
A=E~|JE, sothat E=AU Ek] is a disjoint decomposition of E.
1

k=1

k=

Since |2 E; is a measurable subset of E and |[v(E)| < oo, by (3) and the countable
additivity of »,

00

-0 < V(O Ek) =% § v(Ek) < 2 —1/mk.
k=1

k=1 k=1

Thus limy_, o, m; = 00. We claim that A is a positive set. Indeed, if B is a measurable subset
of A, then, for each k,

k-1
BCACE~ ||JE|,
j=I

and 50, by the minimal choice of my, »( B) > —1/(my —1). Since limy, o, m; = 00, we have
v(B) = 0. Thus A is a positive set. It remains only to show that »(A) > 0. But this follows

from the finite additivity of v since »( E) >0and v(E~ A) = »(UZ, Ex) = § v(E)<0.0
k=1

The Hahn Decomposition Theorem Let v be a signed measure on the measurable space
(X, M). Then there is a positive set A for v and a negative set B for v for which

X=AUBand AN B = 0.

Proof Without loss of generality we assume + oo is the infinite value omitted by v. Let P be
the collection of positive subsets of X and define A = sup {v(E) | £ € P}. Then A > 0 since
P contains the empty set. Let {A;}72, be a countable collection of positive sets for which
A =limg oo v( Az ). Define A = U2, Ax. By Proposition 4, the set A is itself a positive set,
and so A > »( A). On the other hand, for eachk, A~ A; C A and so v( A~ A;) > 0. Thus

v(A) =v(A) +v(A~AL) = v(AL).

Hence »( A ) = A. Therefore »( A) = A, and A < oo since » does not take the value co.
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Let B = X~ A. We argue by contradiction to show that B is negative. Assume B is
not negative. Then there is a subset E of B with positive measure and therefore, by Hahn’s
Lemma, a subset Ey of B that is both positive and of positive measure. Then AU Ejp is a
positive set and

(AU Ep) =v(A) +v(Ep) > A,
a contradiction to the choice of A. O

A decomposition of X into the union of two disjoint sets A and B for which A is positive
for v and B negative is called a Hahn decomposition for ». The preceding theorem tells us of
the existence of a Hahn decomposition for each signed measure. Such a decomposition may
not be unique. Indeed, if (A, B} is a Hahn decomposition for », then by excising from A a null
set E and grafting this subset onto B we obtain another Hahn decomposition {A ~ E, BU E).

If (A, B} is a Hahn decomposition for v, then we define two measures »* and »~ with
v =v»* -y~ by sctting

v (E)=v(ENA)and v~ (£E) = —v(ENB).

Two measures v and »; on (X, M) are said to be mutually singular (in symbols »; L #7)
if there are disjoint measurable sets A and B with X = AU B for which v (A) = v2(B) = 0.
The measures »* and v~ defined above arc mutually singular. We have thus established the

existence part of the following proposition. The uniqueness part is left to the reader (see
Problem 13).

The Jordan Decomposition Theorem Let v be a signed measure on the measurable space
(X, M). Then there are two mutually singular measures v* and v~ on (X, M) for which
v = v* — v~. Moreover, there is only one such pair of mutually singular measures.

The decomposition of a signed measure » given by this theorem is called the Jordan
decomposition of . The measures »* and »~ are called the positive and negative parts (or
variations) of ». Since » assumes at most one of the values +oc and —oo, either »* or v~
must be finite. If they are both finite, we call » a finite signed measure. The measure |v| is
defined on M by

W|(E)=v*(E)+v (E)forall E € M.

We leave it as an exercise to show that
n
wi(X) =sup 3 W(Ex)l, (4
k=1

where the supremum is taken over all finite disjoint collections {E;}]_, of measurable subsets
of X. For this reason |v|( X) is called the total variation of » and denoted by ||v|| -
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Example ILet f:R — R be a function that is Lebesgue integrable over R. For a Lebesgue
measurable set E, define »(E) = [, fdm. We infer from the countable additivity of
integration (see page 90) that » is a signed measure on the measurable space (R, £). Define
A=(xeR|f(x)>0}and B = (x € R| f(x) <0} and define, for each Lebesgue measurable
set E,

v (E) = fdmandv™ (E)=— fdm.
ANE BNE
Then {A, B}isa Hahn decomposition of R with respect to the signed measure ». Moreover,
v=p* — v~ is a Jordan decomposition of ».

THE CARATHEODORY MEASURE INDUCED BY AN OUTER MEASURE

We now define the general concept of an outer measure and of measurability of a set with
respect to an outer measure, and show that the Carathéodory strategy for the construction
of Lebesgue measure on the real line is feasible in general.

Definition A set function p: S — [0, o] defined on a collection S of subsets of a set X
is called countably monotone provided whenever a set E € S is covered by a countable
collection (E}° , of sets in S, then

Mmsguay

As we already observed, the monotonicity and countable additivity properties of a
measure tell us that a measure is countably monotone. If the countably monotone set
function u: S — [0, oo] has the property that @ belongs to S and (@) = 0, then . is finitely
monotone in the sense that whenever a set £ € S is covered by a finite collection (E}}_, of
setsin S, then

#(E)sgu(lfk)-

To see this, set E; = @ for k > n. In particular, such a set function  is monotone in the sense
that if A and B belongto S and AC B, then u(A) < u(B).

Definition A set function u*: 2X — [0, o0] is called an outer measure provided p*(3) = 0
and p* is countably monotone.
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Guided by our experience in the construction of Lebesgue measure from Lebesgue
outer measure on the real line, we follow Constantine Carathéodory and define the
measurability of a set as follows.

Definition For an outer measure u*: 2% — [0, o0), we call a subset E of X measurable (with
respect to u*) provided for every subset A of X,

p*(A)=p"(ANE) +p*(ANEC).

Since u* is finitely monotone, to show that E C X is measurable it is only necessary to
show that

p*(A) = p*(ANE) +u*(AN EC) for all A C X such that u*(A) < cc.

Directly from the definition we see that a subset E of X is measurable if and only if its
complement in X is measurable and, by the monotonicity of u*, that every set of outer
measure zero is measurable, Hereafter in this section, u*: 2¥ — [0, o] is a reference outer
measure and measurable means measurable with respect to u*.

Proposition 5 The union of a finite collection of measurable sets is measurable.

Proof We first show that the union of two measurable sets is measurable. Let E; and E;
be measurable. Let A be any subset of X. First using the measurability of £}, then the
measurability of E;, we have

p*(A) =p*(ANE)+p*(ANEf)
= p*(ANE) +p*([ANEf]N E2) +pu*([A N ET] N E).
Now use the set identities

[ANESINES = AN[E UE°
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and
[ANEJU[ANE; NES] = AN[E VE)),

together with the finite monotonicity of outer measure, to obtain
p*(A) =p*(ANE;)+p*(ANE])
=u*(ANE;) +p*([ANES]INE) +p*([AN ET] N ET)
= p*(ANE;) +p*([AN Ef]N Ez) +p*(AN[E1 VU E]°)
> u*(AN[E1VE]) + u*(AN[E U E)°).

Thus E; U E; is measurable. Now let {E;};_, be any finite collection of measurable
sets. We prove the measurability of the union (;_, Ex, for general n, by induction. This is
trivial for n = 1. Suppose it is true for n — 1. Thus, since

n n _1
k=1 k=1
and the union of two measurable sets is measurable, the set | Jj_, E is measurable. O

Proposition 6 Let A C X and {Ei};_, be a finite disjoint collection of measurable sets. Then

k=1

) = iﬂ*fﬂn Ey).

k=1

In particular, the restriction of u* to the collection of measurable sets is finitely additive.
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Proof The proof proceeds by induction on ». It is clearly true for n = 1, and we assume it is
true for n — 1. Since the collection {Ey};_; is disjoint,

n
A n[UE,lnE,,:AnE,,
k=1

AN

UEk]nEC_An[UEk}

k=1 k=1

= . L=t ]

Hence by the measurability of E, and the induction assumption, we have

|

p* (A ﬂLL"JlEk]) =p*(ANE,)+p* (A H[UE&
= k=1
n—1
=p(ANE,) + X p*(ANE)
k=1

i (AN Ey).

Proposition 7 The union of a countable collection of measurable sets is measurable.

Proof Let E = |U°, E4, where each Ej is measurable. Since the complement in X of
a measurable set is measurable and, by Proposition 5, the union of a finite collection
of measurable sets is measurable, by possibly replacing each E; with Ex~ U & E,, we
may suppose that {Fk}k ; 18 disjoint. Let A be any subset of X. Fix an index n Define
F, =U}_ Ei. Since F, is measurablc and FC D EC, we have

p*(A)=p*(ANF,) +u*(ANFS) > p*(ANF,) +p*(ANEC).
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By Proposition 6,

n
p(ANF,) 2 (AN Ey).

Thus
*(ANE;) +p*(ANEC).

i M=

The left-hand side of this inequality is independent of n and therefore

p*(ANEy) 4+ p*(ANES).

I M8

By the countable monotonicity of outer measure we infer that
u*(A) > u*(ANE) +p*(ANEC).
Thus E is measurable.

Theorem 8 Let p* be an outer measure on 2. Then the collection M of sets that are
measurable with respect to u* is a o-algebra. If i is the restriction of p* to M, then (X, M, i)
is a complete measure space.

Proof We already observed that the complement in X of a measurable subset of X also is
measurable. According to Proposition 7, the union of a countable collection of measurable
sets is measurable. Therefore M is a o-algebra. By the definition of an outer measure,
wu*(@) = 0 and therefore @ is measurable and (@) = 0. To verify that & is a measure on
M, it remains to show it is countably additive. Since u* is countably monotone and u* is an
extension of gz, the set function g is countably monotone. Therefore we only need show that
if (Ex)P, is a disjoint collection of measurable sets, then
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uf(('j Ek) > S u*(Be). (5)
k=1 k=1

However, u* is monotone and, by taking A = X in Proposition 7, we see that p* is additive
over finite disjoint unions of measurable sets. Therefore, for each n,

#'(Cj Ek) > #*(L’_') Ek) = é r*(Ex).
k=1 k=1 k=1

The left-hand side of this inequality is independent of n and therefore (5) holds. O

THE CONSTRUCTION OF OUTER MEASURES

We constructed Lebesgue outer measure on subsets of the real line by first defining the
primitive set function that assigns length to a bounded interval. We then defined the outer
measure of a set to be the infimum of sums of lengths of countable collections of bounded
intervals that cover the set. This method of construction of outer measure works in general.

Theorem 9 Let S be a collection of subsets of a set X and p: S — [0, oo] a set function.
Define p*(@) = 0 and for EC X, E+# @, define

W(E)=int 3\ (Es), (6)
k=]

where the infimum is taken over all countable collections {E}}>, of seis in S that cover E!
Then the set function u*: 2X — [0, 0c] is an outer measure called the outer measure induced

by L.

Proof To verify countable monotonicity, let [E¢}>, be a collection of subsets of X that
0o

covers a set E. If u*(Ey) = oo for some k, then p*(E) < ¥ p*( Ex) = oo. Therefore we
k=1

may assume each Ej has finite outer measure. Let € = 0. For each k, there is a countable
collection {E;; )2, of sets in S that covers Ej and

€
p(Epx) <u*(Ex)+ 7

s

..
I
-
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Then {Eik}1<k,i<o00 15 @ countable collection of sets in S that covers U}, E; and therefore
also covers E. By the definition of outer measure,

p(E)< 3 w(Ex) = 3 (=2 w(Ei)]
1<k,i<o0 k=1
< S (B + 3 /2
k=1 k=1
= § p*(Ey) + €.
k=1

Since this holds for all € > 0, it also holds for € = 0.

Definition Let S be a collection of subsets of X, p: S = [0, 00] a set function, and p* the
outer measure induced by p.. The measure i that is the restriction of p* to the o-algebra M of
p*-measurable sets is called the Carathéodory measure induced by ..

pt:2%X 5[0, 0]
(the induced outer measure)

//
p,:S—y[O,oo]/ T;IL:M—>[O,0<>]

(a general set function) (the induced Carathéodory measure)

For a collection S of subsets of X, we use S, to denote those sets that are countable
unions of sets of & and use Sy to denote those sets that are countable intersections of sets
in S5. Observe that if § is the collection of open integrals of real numbers, then S, is the
collection of open subsets of R and S5 is the collection of G5 subsets of R.

We proved that a set E of real numbers is Lebesgue measurable if and only if it
is a subset of a G set G for which G~E has Lebesgue measure zero: see page 40. The
following proposition tells us of a related property of the Carathéodory measure induced by
a general set function. This property is a key ingredient in the proof of a number of important
theorems, among which are the proofs of the Carathéodory-Hahn Theorem, which we prove
in the following section, and the forthcoming theorems of Fubini and Tonell.
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Proposition 10 Ler u: S — [0, 0o] be a set function defined on a collection S of subsets of a
set X and p: M — [0, oo] the Carathéodory measure induced by . Let E be a subset of X
for which p*(E) < oc. Then there is a subset A of X for which

A€Sgs, ECAandp*(E) = p*(A).
Furthermore, if E and each set in S is measurable with respect to p*, then so is A and

i(A~E)=0.

Proof Let e > 0. We claim that there is a set A for which
A €8s, ECA.and p*(A) <u*(E)+e (7)

Indeed, since pu*( E) < oo, there is a cover of E by a collection { Ex}2, of sets in S for which

00
W(ER) < (E) +e.
k=1

Define A, = U2, Ex. Then A¢ belongs to S, and E C A.. Furthermore, since (E;}§2, is a
countable collection of sets in S that covers A, by the definition of the outer measure p*,

BH(Ad) < ﬁlu(m < u*(E) +e
k=

Thus (7) holds for this choice of A..

Define A =2, Ay/;- Then A belongs to S, 5 and E is a subset of A since E is a subset
of each A /;. Moreover, by the monotonicity of u* and the estimate (7),

. . 1
u*(E) < p*(A) = p*(Ayx) <p*(E) + ;fOfal”‘-

Thus p*(E) = p*(A).

Now assume that E is p*-measurable and each set in § is p*-measurable. Since the
measurable sets are a o-algebra, the set A is measurable. But x* is an extension of the
measure z. Therefore, by the excision property of measure,

(A~ E) = B(A) - &(E) = u*(A) - p*(E) =0. 0
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THE RADON-NIKODYM THEOREM

Let (X, M) be a measurable space. For p a measure on (X, M) and f a nonnegative
function on X that is measurable with respect to M, define the set function » on M by

v(E):/EfduforallEeM. (28)

We infer from the linearity of integration and the Monotone Convergence Theorem that »
is a measure on the measurable space ( X, M), and it has the property that

if Ee Mand p(E) =0, thenv(E) =0. (29)

The theorem named in the title of this section asserts that if u is o-finite, then every o-finite
measure » on (X, M) that possesses property (29) is given by (28) for some nonnegative
function f on X that is measurable with respect to M. A measure v is said to be absolutely
continuous with respect to the measure u provided (29) holds. We use the symbolism v << p
for v absolutely continuous with respect to w. The following proposition recasts absolute
continuity in the form of a familiar continuity criterion.

Proposition 19 Ler (X, M, ) be a measure space and v a finite measure on the measurable
space (X, M). Then v is absolutely continuous with respect to . if and only if for each € > 0,
there is a & > 0 such that for any set E € M,

ifu(E) <8, thenv(E) <e. (30)

Proof It is clear that the €-& criterion (30) implies that v is absolutely continuous with
respect (0 u, independently of the finiteness of ». To prove the converse, we argue by
contradiction. Suppose v is absolutely continuous with respect to u but the €-é criterion
(30) fails. Then there is an ¢ > 0 and a sequence of sets in M, (E, )}, such that for each n,
u(E,) <1/2" while v( E, ) = €. For eachn, define A, =%, Ei. Then (A,} is a descending
sequence of sets in M. By the monotonicity of » and the countable subadditivity of p,

v(A,) 2 € and u(A,) < 1/2" for all n.

Define Ay = (= Ax. By the monotonicity of the measure p, u(As) = 0. We infer from
the continuity of the measure v that, since v(A;) < »(X) < o0 and v(A,) = € for all n,
¥( Ay ) = €. This contradicts the absolute continuity of » with respect to u.
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The Radon-Nikodym Theorem Let (X, M, p) be a o-finite measure space and v a o-finite
measure defined on the measurable space (X, M) that is absolutely continuous with respect to
. Then there is a nonnegative function f on X that is measurable with respect to M for which

v(E)=/’;fdp.forallEeM. (31)

The function f is unique in the sense that if g is any nonnegative measurable function on X
that also has this property, then g = f a.e. [u).

Proof We assume that both u and v are finite measures and leave the extension to the
o-finite case as an exercise. If »(E) = 0, for all E € M, then (31) holds for f=0on X. So
assume v does not vanish on all of M. We first prove that there is a nonnegative measurable

function f on X for which

/fdp>Oand/fdp.sv(E)forallEeM. (32)
X F

For A >0, consider the finite signed measure » — Ap. According to the Hahn Decomposition
Theorem, there is a Hahn decomposition { Py, Ny) for v — Aw, thatis, X = P,U N, and P, N
N, = 0, where P, is a positive set and N, is a negative set for v — Au. We claim that there is
some A > 0 for which u( P, ) > 0. Assume otherwise. Let A > 0. Then p( P, ) = 0. Therefore
w(E) = 0 and hence, by absolute continuity, »( £) = 0, for all measurable subsets of P,.

Since N, is a negative set for v — Ap,

v(E) < Au(E)forall E€ Mandall A> 0.

We infer from these inequalities that »(E) = 0 if u(E) > 0 and of course, by absolute
continuity, »(E) = 0 if u(E) = 0. Since p(X) < oc, v(E) = 0 for all E € M. This is a
contradiction. Therefore we may select Ay > 0 for which u( Py, ) > 0. Define f to be A times
the characteristic function of Py,. Observe that [, f dp > 0 and, since ¥ — Ao is positive on
Pag.

ffdp=A0“(PMnE)5v(PMnE)sv(E)forallEeM.
E

Therefore (32) holds for this choice of f. Define F to be the collection of nonnegative
measurable functions on X for which

[fdusv(E)fordlEeM,
E

(33)
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and then define
M=super [ fa (34)

We show that there is an f € F for which [, fdu = M and (31) holds for any such f.If g
and h belong to F, then so does max{g, h}. Indeed, for any measurable set E, decompose

E into the disjoint union of Ey = {x € E| g(x) <h(x))and E; = {x € E|g(x) > h(x)} and
observe that

fmax{g, h}dp = hdp.+/ gdp <v(E,)+v(Ey) =v(E).
E Ey E;

Select a sequence {f,) in F for which lim,,_, ., [ x fadp = M. We assume {f,} is point-
wise increasing on X, for otherwise, replace each f, by max{f,..., fu}. Define f(x) =
lim,—, 0 fz(x) for each x € X. We infer from the Monotone Convergence Theorem that
[y fdp = M and also that f belongs to F. Define

n(E):v(E)—LfdpforallEGM. (35)

By assumption, »(X) < oo. Therefore [, fdp < v(X) < oo, and hence, by the countable
additivity of integration, n is a signed measure. It is a measure since f belongs to F, and it
is absolutely continuous with respect to u. We claim that # = 0 on M and hence (31) holds
for this choice of f. Indeed, otherwise, we argue as we just did, with » now replaced by 7, to
conclude that there is a nonnegative measurable function f for which

/]‘dp.>0andf}'dp.5n(£)=v(5)—/fdp.foral]E'eM. (36)
X E E

Therefore f + f belongs to F and Sxlf + fldp > [x fdu = M, a contradiction of the
choice of f. It remains to establish uniqueness. But if there were two, necessarily integrable,
functions f; and f; for which (31) holds, then, by the linearity of integration,

f[f; - foldp = Oforall E e M.
E

Therefore f) = f> a.e. [u] on X.
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In Problem 59 we outline another proof of the Radon-Nikodym Theorem due to John
von Neumann: it relies on the Riesz-Fréchet Representation Theorem for the dual of a
Hilbert space.

Example The assumption of o-finiteness is necessary in the Radon-Nikodym Theorem.
Indeed, consider the measurable space (X, M), where X = [0, 1] and M is the collection
of Lebesgue measurable subsets of [0, 1]. Define u to be the counting measure on M, so
p( E) is the number of points in E if E is finite, and otherwise p( E) = co. The only set of
. measure zero is the empty-set. Thus every measure on M is absolutely continuous with
respect to u. Define m to be Lebesgue measure on M. We leave it as an exercise to show
that there is no nonnegative Lebesgue measurable function f on X for which

m(E) =/£fdpforall Ee M.

Recall that for a measurable space ( X, M) and signed measure v on M, there is the Jordan
decomposition v = »| — v, where v, and v, are measures on M, one of which is finite:

We define the measure |v| to be v + v;. If i is a measure on M, the signed measure v is
said to be absolutely continuous with respect to u provided |v] is absolutely continuous with
respect to u, which is equivalent to the absolute continuity of both v; and v, with respect to
. From this decomposition of signed measures and the Radon-Nikodym Theorem, we have
the following version of this same theorem for finite signed measures.

Corollary 20 Let (X, M, ) be a o-finite measure space and v a finite signed measure on
the measurable space (X, M) that is absolutely continuous with respect 1o p. Then there is a
function f that is integrable over X with respect to j and

v(E):/Efd,uforalIEeM.

Recall that given two measures p and v on a measurable space (X, M), we say that u

and v are mutually singular (and write L ») provided there are disjoint sets A and B in
M forwhichX =AUBandv(A) = u(B) =0.
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The Lebesgue Decomposition Theorem Let ( X, M, i) be a o-finite measure space and v a
o-finite measure on the measurable space (X, M). Then there is a measure vo on M, singular
with respect to p, and a measure vy on M, absolutely continuous with respect to p, for which
v = vo + v|. The measures vy and v are unique.

Proof Define A = p +v. We leave it as an exercise to show that if g is nonnegative and
measurable with respect to M, then

/gdA:/gdu+/gdvforal]E€M.
E E E

Since x and v are o-finite measures, 5o is the measure A. Moreover, u is absolutely continuous
with respect to A. The Radon-Nikodym Theorem tells us that there is a nonnegative
measurable function f for which

,L(E)=/;fda=/Efdp+/5fdvforanEeM. (37

Define X, = (x € X| f(x) >0} and Xy = (x € X| f(x) = 0}. Since f is a measurable
function, X = XU X, is a disjoint decomposition of X into measurable sets and thus
v = »g + v, is the expression of v as the sum of mutually singular measures, where

vo(E)=v(EN Xy)and vy (E) =v(EN X4 ) forall E € M.

Now u(Xp) = fxo fdA=0,since f = 0on Xy, andvo( X+ ) = v(X4:NXg) = v(P) = 0. Thus
1 and v are mutually singular. It remains only to show that vy is absolutely continuous with
respect to . Indeed, let u( E) = 0. We must show v (E) = 0. However, since u(E) = 0,
[& fdu = 0. Therefore, by (37) and the additivity of integration over domains,

ffdv:/ fdv+/ fdv=0.
£ ENXg ENX4
But f=0onENXgand f >0o0n EN Xgand thus »(EN X;) =0, thatis,»;(E)=0. [J

A few words are in order regarding the relationship between the concept of absolute
continuity of one measure with respect to another and their integral representation and
the representation of an absolutely continuous function as the indefinite integral of its
derivative, which we established in Chapter 6. Let [a, b] be a closed, bounded interval and
the real-valued function h on [a, b] be absolutely continuous. According to Theorem 10 of
Chapter 6,

h(d) = h(c) = fh'dp, for all [¢, d] C [a, b). (38)

Prepared by:M.Sangeetha,Asst Prof,Department of Mathematics ,KAHE. Page 18/26




KARPAGAM ACADEMY OF HIGHER EDUCATION

CLASS: I M.SC MATHEMATICS COURSE NAME:MEASURE THEORY
COURSE CODE: 17MMP401 UNIT: V BATCH-2017-2019

We claim that this is sufficient to establish the Radon-Nikodym Theorem in the case
X = [a, b], M is the o-algebra of Borel subsets on [a, b] and p is Lebesgue measure on
M. Indeed, let » be a finite measure on the measurable space ([a, b], M) that is absolutely
continuous with respect to Lebesgue measure. Define the function h on [a, b] by

h(x) = »([a, x]) for all x € [a, b]. (39)

The function 4 is called the cumulative distribution function associated with ». The function &
inherits absolute continuity from the absolute continuity of the measure v. Therefore, by (38),

v(E):Lh'dy.forallE:[c, d) C[a, b].

However, we infer from Corollary 14 of the preceding chapter that two o-finite measures that
agree on closed, bounded subintervals of [, &] agree on the smallest o-algebra containing

these intervals, namely, the Borel sets contained in [a, b]. Therefore

v(E)= / h'du for all E € M.
3

The Radon-Nikodym Theorem is a far-reaching generalization of the representation of
absolutely continuous functions as indefinite integrals of their derivatives. The function f
for which (31) holds is called the Radon-Nikodym derivative of » with respect to . It is

often denoted by gﬁ

General LP Spaces

Prepared by:M.Sangeetha,Asst Prof,Department of Mathematics ,KAHE.

For a measure space (X, M, p) and 1 < p < 00, we define the linear spaces LP(X, )
just as we did in Part I for the case of Lebesgue measure on the real line. Arguments very
similar to those used in the case of Lebesgue measure on the real line show that the Holder
and Minkowski Inequalities hold and that L?(X, p) is a Banach space. We devote the first
section to these and related topics. The remainder of this chapter is devoted to establishing
results whose ptoofs lie outside the scope of ideas presented in Part 1. In the second section,
we use the Radon-Nikodym Theorem to prove the Riesz Representation Theorem for the
dual space of L”(X, ), for 1 < p < oo and p a o-finite measure. In the third section, we
show that, for 1 < p < 0o, the Banach space L”( X, p ) is reflexive and therefore has the weak
sequential compactness properties possessed by such spaces. In the following section, we
prove the Kantorovitch Representation Theorem for the dual of L°°( X, ). The final section
is devoted to consideration of weak sequential compactness in the nonreflexive Banach space
L'(X, ). We use the Vitali—Hahn-Saks Theorem to prove the Dunford-Pettis Theorem,
which tells us that, if u( X ) < 0o, then every bounded sequence in L!( X, ) that is uniformly
integrable has a weakly convergent subsequence.

Page 19/26




KARPAGAM ACADEMY OF HIGHER EDUCATION

CLASS: I M.SC MATHEMATICS COURSE NAME:MEASURE THEORY
COURSE CODE: 17MMP401 UNIT: V BATCH-2017-2019

19.1 THE COMPLETENESS OF L°(X, u)1 <p <

Let (X, M, p) be ameasure space. Define F to be the collection of all measurable extended
real-valued functions on X that are finite almost everywhere on X. Since a function that is

" integrable over X is finite a.e. on X, if f is a measurable function on X and there is a p in
(0, 00) for which | x | fIP dp < 00, then f belongs to F. Define two functions f and g in F
to be equivalent, and write

/= gprovided f = gae.on X.

This is an equivalence relation, that is, it is reflexive, symmetric, and transitive. Therefore
it induces a partition of F into a disjoint collection of equivalence classes. We denote
this collection of equivalence classes by /.. There is a natural linear structure on F/..

Given two equivalence classes [ f] and [g] and real numbers a and B8, we define the linear
combination a - [ f] + B - [g] to be the equivalence class of the functions belonging to F that
take the value a f(x) 4+ Bg(x) on Xy, where X is the set of points in X at which both f and
g are finite. Observe that linear combinations of equivalence classes are properly defined in
that they are independent of the choice of representatives of the equivalence classes. The
zero element of this linear space is the equivalence class of functions that vanish almost
evervwhere on X.

Let L?(X, p) be the collection of equivalence classes [ ] for which

fE 1P < oo,

This is properly defined since if f = f|, then | f|” is integrable over X if and only if | f; |7 is.
We infer from the inequality

la + b|P < 2P[|a|” + |b|”] for all a, b € R

and the integral comparison test that L?( X, u) is a linear space, For an equivalence class [ f]
in LP(X, p) we define ||[f]||, by

1/p
1A, = [ fx Ifl"du] .
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Thisis properly defined. Itis clear that ||[ f]{|, = Oif and onlyif[ f] = 0 and ll[a- f]|| y=a-I[f]ll
for each real number a.

We call an equivalence class [ f] essentially bounded provided there is some M > 0,
called an essential upper bound for [ f], for which

|f] < M ae.on X.

This also is properly defined, that is, independent of the choice of representative of the
equivalence class. We define L®(X, u) to be the collection of equivalence classes [ f] for
which f is essentially bounded. Then L*™(X, u) also is a linear subspace of F/.. For
l fl € L®(X, ), define ||[ f]llo to be the infimum of the essential upper bounds for f. This
is properly defined. It is easy to see that ||[ ]|l is the smallest essential upper bound for f.
Moreover, ||[ f]lloc = 01f and only if [ /] = 0 and ||[a- f]le=a - [ f]lloc for each real number
a. We infer from the triangle inequality for real numbers that the triangle inequality holds
for || - loc and hence it is a norm.

For simplicity and convenience, we refer to the equivalence classes in F/ » as functions
and denote them by f rather than [ f]. Thus to write f = g means that f(x) = g(x) for
almost all x € X.

Recall that the conjugate g of a number p in (1, o0) is defined by the relation
1/p+1/q = 1; we also call 1 the conjugate of 0o and oo the conjugate of 1.

The proofs of the results in this section are very similar to those of the corresponding
results in the case of Lebesgue integration of functions of a real variable.

Theorem 1 Let (X, M, p) be a measure space, 1 < p < oo, and q the conjugate of p. If f be-
longsto LP( X, ) and g belongsto L9(X, p.), then their product f -g belongsto L'( X, p) and
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Holder’s Inequality
Llf’gld#= If-glh = 05lp - llghg.
Moreover, if f #0, the function f* = ||f||},"’-sgn(f) -1f1P~" belongsto LY( X, p),

[x Ff*du=1fl,and |f, =1. (1)

Minkowski’s Inequality For 1 < p<ocand f,ge LP(X, u),
If+gl, 2 UFHp+ gl

Therefore L"(X, 1) is a normed linear space.

The Cndly-Schwm Inequality Let f and g be measurable functions on X for which f*
and g are integrable over X. Then their product f - g also is integrable over X and, moreover,

/xlfgldﬂf\/[xfzdu-\//xgzdu.

Proof If p = 1, then Hoélder's Inequality follows from the monotonicity and homogeneity
of integration, together with the observation that ||gll« 18 an essential upper bound for g.
Equality (1) is clear. Assume p > 1. Young's Inequality asserts that for nonnegative real
numbers a and b,

1 1
ab< —-a” 4+ - -bY.
P q

Define a = [, |f|” dpand B = [y |g|? dpu. Assume a and B are positive. The functions f and

g are finite a.e. on X. If f(x) and g(x) are finite, substitute | f(x)|/a*/? for a and |g(x)|/B"/*
forbin Young's Inequality to conclude that

alle. pn/q'f(‘)g( )|<‘ = lf( )I”+‘];-%-|g(x)l" for almost all x € X.

Integrate across this inequality, using the monotonicity and linearity of integration, and
multiply the resulting inequality by a'/” - 84 to obtain Holder’s Inequality. Verification of
equality (1) is an exercise in the arithmetic of p’s and ¢'s. To verify Minkowski’s Inequality,
since we already established that f + g belongs to L7 (X, u), we may consider the associated
function ( f+¢)*in L9( X, u) for which (1) holds with f + g substituted for f. According to
Hoélder’s Inequality, the functions f-( f+g)* +g- ( f +g)* are integrable over X. Therefore,
by the linearity of integration and another employment of Holder’s Inequality,
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1f +ellp f;(f+g)-(f+g)‘du

- ff-(f+8)‘du+fg~(f+3)‘dn
X X
= Wlp- 00 +28)%lg + Nglp - (S +2)%llq

= [flp+Nglp.

Of course, the Cauchy-Schwarz Inequality is Minkowski’s Inequality for the case p = g = 2.

Corollary 2 Let (X, M, p) be a finite measure space and 1 < py < p < oo. Then
LP2 (X, u) CLM(X, ). Moreover, for

¢ = [u(X)] 77 if pp < coandc = [u(X)]" if pp = o0, @)

1flpy <l fllp, forall fin L72(X). 3)

Proof For f € LP(X, u), apply Holder’s Inequality, with p = p; and g = 1 on X, to
confirm that (3) holds for ¢ defined by (2). O

Corollary3 Let (X, M, ) be ameasure space and 1 < p < oo. If | f,) is a bounded sequence
of functions in L”( X, u), then | f,} is uniformly integrable over X.

Proof Let M >0 be such that || f||, < M foralln. Definey =1lif p=occandy=(p-1)/p
if p < co. Apply the preceding corollary, with py = 1, p» = p, and X = E, a measurable

subset of X of finite measure, to conclude that for any measurable subset E of X of finite
measure and any natural number n,

[E \fuld < M- [W(E)].

Therefore { f,} is uniformly integrable over X. a

For a linear space V normed by | - ||, we call a sequence {v;}) in V rapidly Cauchy
provided there is a convergent series of positive numbers 3 , €; for which

[vg+1 — will < € for all natural numbers k.
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Lemma 4 Let (X, M, p) be a measure space and 1 < p < 00. Then every rapidly Cauchy
sequence in LP( X, j) converges to a functionin LP (X, u), both with respect to the LP( X, p)
norm and pointwise almost everywhere on X.

Proof We leave the case p = oo as an exercise. Assume 1 < p < o0. Let I77, € be a
convergent series of positive numbers for which

I fxs1 = Sellp < ef for all natural numbers k. (4)
Then
s 17
/ | otk — fulP dp < 2 ef for all natural numbers n and k. (5)
X j=n

Fix a natural number k. According to Chebychev’s Inequality,
1 1
ﬂ-{dt € Xl L fis1(x) = fi(x)I? sz} <5 [ |fes1 = filP dp = =5 - I fas1 = Sillh,  (6)
€& Jx €
and therefore

w{x € X| |fisa(x) = filx)| = &} < ¢ for all natural numbers k.

Since p > 1, the series 377, ef converges. The Borel-Cantelli Lemma tells us that there is a
subset X of X for which pu( X ~ Xo ) = O and for each x € X, there is an index K (x ) such that

| fis1(x) = filx)| < & for all k > K(x).

Hence, for x € X,

Unsk(x) = fulx)] < § ¢jforalln > K(x) and all k. (7)

j=n

The series Ej?‘;l € converges, and therefore the sequence of real numbers { fi(x)} is Cauchy.
The real numbers are complete. Denote the limit of { fi(x)} by f(x). Define f(x) = 0 for
x € X~Xj. Taking the limit as k — oc in (5) we infer from Fatou’s Lemma that

’I

00
f If = fulPdp < | €| foralln.
X j=n

Since the series 372, ez converges, f belongs to L?(X) and (f,) = f in L?(X). We
constructed f as the pointwise limit almost everywhere on X of { f,}. y
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The Vitali L” Convergence Criterion Let (X, M, ) be a measure spaceand 1 < p < o0.
Suppose | fy} is a sequence in LP( X, w) that converges pointwise a.e. to f and f also belong

to LP(X, u). Then (f,} = fin LP(X, p) if and only if (| f|7} is uniformly integrable and
tight.

Prepared by:M.Sangeetha,Asst Prof,Department of Mathematics ,KAHE. Page 25/26




KARPAGAM ACADEMY OF HIGHER EDUCATION

CLASS: I M.SC MATHEMATICS COURSE NAME:MEASURE THEORY
COURSE CODE: 17MMP401 UNIT: V BATCH-2017-2019

POSSIBLE QUESTIONS

1.State and prove Jordan decomposition theorem.

2. If E be a measurable set such that 0 < vE <0 then there is a positive set A contained in E
with vA > 0.

3. State and prove Hahn decomposition theorem.
4.State and prove Riesz Representation theorem.

5. Prove that every measurable subset of a positive set is positive and the union ofa countable
collection of positive sets is positive.

6. If (X, B, ) be a finite measure space and g an integrable function such that for some
constant M, |g¢ du| <M ||¢]|» , for all simple function ¢p.Then prove that g€ L 9.
inf {fy, fo fa}, °F fo E:'lf f, [tm f,and lim f, are all measurable.

7. State and prove Radon-Nikodym theorem.

8. Prove that if for 1< p < the spaces LP(u) are Banach spaces , and if f & LP(u), with

Up +1/q=1 then fge ') and fI fgldu < IIf1l, Ilgll,
9. State and prove lebesque decomposition theorem.

10. Prove that if F be a bounded linear functional on LP(g) with 1 < p < oo then there is a

unique element g £ LPsuch that F(f) = [ fg du

COMPULSORY
1. State and prove Hahn decomposition theorem.

2. If { fu } be a sequence of nonnegative measurable function that converges a.e on the set E
to a function f then prove that [ f < lim f, .

3. If fis integrable on [a,b] and f: f(t)dt =0 forall x £ [a,b] then prove that f{t)=0 a.e in
[a.b]
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