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ABSTRACT

Measure theory is fundamental in the study of real analysis and serves as the basis for
more robust integration methods than the classical Riemann integrals. Measure the-
ory allows us to give precise meanings to lengths, areas, and volumes which are some
of the most important mathematical measurements of the natural world. This thesis is
devoted to discussing some of the major proofs and ideas of measure theory. We begin
with a study of Lebesgue outer measure and Lebesgue measurable sets. After a brief
discussion of non-measurable sets, we define Lebesgue measurable functions and the
Lebesgue integral. In the last chapter we discuss general outer measures and give two
specific examples of measures based on an outer measure and Carathéodory’s defini-
tion of measurable sets. Lebesgue-Stieltjes measures are important because they are
not limited to the identity function that gives rise to Lebesgue measure, and Hausdorff
measure is often able to distinguish a variety of sets whose Lebesgue measure are all
zero. The goal of this thesis is to present the proofs and ideas of fundamental measure
theory in a way that is accessible and helpful to senior level undergraduates and begin-
ning graduates in their quest to lay a solid foundation for further training in analysis.

KEYWORDS: Hausdorff measure, Lebesgue measure, Cantor set, outer measure,
Lebesgue-Stieltjes, measurable sets, Dirichlet function
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1. INTRODUCTION

Some of the most important ideas in mathematics are those of length, area, and
volume and the methods for finding them. Much of introductory calculus is devoted
to studying the integral as a way of calculating area. In many college and high school
classes, students are introduced to the Riemann integral as the main definition for in-
tegration. The Riemann integral is based on sums of areas of rectangles and is gen-
erally a good introduction into integration theory. There are numerous applications
of the Riemann integral and in many cases it is sufficient for evaluating and approx-
imating values associated with areas and volumes. However, when it comes to more
abstract functions the Riemann integral becomes less powerful.

A good example of a function that is not Riemann integrable is the Dirichlet

function D(x), which is defined on [0, 1] by

1 if x is rational,
D(z) =

0 if x is irrational.

This function is not Riemann integrable because it is nowhere continuous on [0, 1], but
the function is, as we will show later, Lebesgue integrable. In fact, we will see that the
Lebesgue integral of the function is 0. Some other drawbacks of the Riemann integra-
tion method are that it depends too much on the continuity of the underlying function
and on uniform convergence of a limit process. These drawbacks of the Riemann inte-
gral are the motivation for finding a more powerful and flexible integration method.

In working towards such an integration method, we come to the study of mea-
sures. Measures are generalizations of length, area, and volume. A measure is essen-
tially a set function that assigns a numerical value for a given set satisfying some de-
sirable conditions. With these measures we can define a more robust method of in-

tegration. One of the main topics of this thesis will be on systematically establishing



Lebesgue measure theory and outlining the Lebesgue integral. Later on, we will focus
our discussion on other types of measures. As a survey thesis, much of the proofs and
theorems will be based on well-established works. Sometimes a specific text with ex-
clusive ideas will be cited. Unless otherwise stated the general theory will be sourced
from [1], [2], [3], [4]. We arrange the thesis as follows.

In Chapter 2 we discuss Lebesgue measure theory which entails constructing
the Lebesgue outer measure. Next we discuss Lebesgue measurable sets and the exis-
tence of non-measurable sets. We then study measurable functions and briefly overview
the Lebesgue integral.

In Chapter 3 we discuss other important measures. This requires that we de-
fine a general outer measure. Finally, we address some specific measures based on
Carathéodory’s definition of measurable sets. These measures are the Lebesgue-Stieltjes

measures and Hausdorfl measures.



2. LEBESGUE MEASURE

We will first give some definitions that serve as a foundation for Lebesgue mea-

sure theory. The first definition is that of a o-algebra.

DEFINITION 2.1 Given a set X, a collection S of subsets of X is a o-algebra if it

has the following properties:
1. § € S (the empty set is in .5).
2. If T € S, then T® € S where T is the complement of T'.

3. If V,, € S for n € N, then |J,—, Vi € S (countable union).

Simply put, a o-algebra is a collection of subsets of X which is closed under the
set operations as specified above. Most of our discussion will focus on the real line R
that has a well-established order and topology. An important property that follows
from the definition of a o-algebra and De Morgan’s law is that if V,, € S forn € N,

then (,—, Vi € S. We can say that a o-algebra is closed under countable intersection.

DEFINITION 2.2 Let £ C R. If EN(a,b) # 0 for any given open interval (a,b) € R,

then we say FE is dense in R.

In other words, E' is said to be dense in R if between any two elements of R
there lies an element of E. For example, both the rationals and irrationals are dense in

R since between any two real numbers we can find a rational or an irrational number.

DEFINITION 2.3 A nonempty set £ C R is said to be bounded above if there
exists a real number b such that z < b for all z € E. Such a number b is called an

upper bound of F.

Axiom 2.4 (Completeness axiom) For a nonempty set of real numbers that is bounded
above there exists among the set of upper bounds a least upper bound p where for
any upper bound b, we have p < b. The least upper bound is often called the supre-

muin.



DEFINITION 2.5 (Open sets) A set O is said to be open if for each x € O there

exists an r > 0 such that (x —r,z +r) C O.

THEOREM 2.6 Every nonempty open set is the disjoint union of a countable col-
lection of open intervals, meaning that for an open set O # () there exists a countable

collection of disjoint open intervals {1, }2°, such that J>~, I,, = O.

A collection of sets {E)}ea is said to be a cover of aset Eif £ C J,, Ex.
If each F) is open, then we say {E)}xen is an open cover. We say {E)}rea is a finite
cover if |A| < oco. We will mostly use the definition of open cover with respect to open

intervals on the real line. This definition is also related to the following theorem.

THEOREM 2.7 (Heine-Borel Theorem) Let F be a closed and bounded set of real

numbers. Then every open cover of F has a finite sub-cover.

2.1. Lebesgue Outer Measure
A set function is a function that assigns a real value to each set from a collec-
tion of sets. We now define a set function that generalizes the concept of length of an

interval. For a given interval I we denote the length by ¢(I) and define it as follows,

(D) = b—a if I =(a,b),

00 if I is unbounded.

DEFINITION 2.8 For a set A of real numbers, let {I;}32; be an open cover for A,
meaning that the union of the I}’s contains A. We define the set function Lebesgue

outer measure, sometimes called an exterior measure, as
m*(A) = inf { S unyac | Ik}.
k= k=1

1

Here the infimum is taken over all possible open covers of E. From the defini-



tion, we note that m*(()) = 0. It is also clear that the outer measure of a countable
set is zero, which we will use in a later proposition. Outer measure is also monotone;
meaning if A C B, then m*(A) < m*(B). It is straight forward to verify the following

excision property:
m*(A) = m*(A\B) where B is a countable set.

Some often used properties of Lebesgue outer measure are as follows.

PROPOSITION 2.9 The Lebesgue outer measure of an interval is its length. This
simply means that, (1) = m*(I).

PROPOSITION 2.10 Lebesgue outer measure is translation invariant. Let
S(R)={s|sCR}

If r€ Rand A € S(R), then m*(A) = m*(A+r). Where A+r={a+r:a¢c A}

Proof. 1f {I;}32, is an open cover for A, then {I; + 7}, is an open cover for A + r.

Since the length of an interval is translation invariant, i.e. ¢(I) = ¢(I + r), we have

Yope U(Iy) = > 002 (I + 7). Therefore m*(A) = m*(A+r). O

Another property we want outer measure to have is countable additivity in

the following sense:
oo oo
v (0m) =S
k=1 k=1
However, this is not to be the case. In fact, resorting to some ingenious ways of con-

struction, we can show the existence of two disjoint sets A and B such that!

m* (AU B) < m*(A) + m*(B).

'We will later show that these sets A, B thus constructed are not Lebesgue measurable.



As such, we can only prove the weaker property for outer measure, which is countable

subadditivity.

PROPOSITION 2.11 For a given countable collection of sets { Ej}72 ,, the following

subadditivity holds true for outer measure:

m*(|J Ex) <> m*(Ey).

Outer measure becomes countably additive when it is restricted to what we will

define as measurable sets.

2.2. Lebesgue Measurable Sets

To do Lebesgue integrals, countable additivity is a necessary property. As such,
we settle upon a smaller o-algebra £ consisting of Lebesgue measurable sets. There
are several ways to restrict the outer measure m* on £ so that countable additivity is
satisfied. We will use the method first proposed by the Greek mathematician Constan-

tine Carathéodory; see [3, pp. 35].

DEFINITION 2.12 A set F is Lebesgue measurable if for any set A, we have
m*(A) =m*(ANE) +m*(An E°). (2.1)

For brevity, we will often shorten Lebesgue measure as simply measure.

Using this definition for Lebesgue measurable sets is helpful in many ways. For
one, we see that the empty set and R are measurable. We can show that if A and B

are Lebesgue measurable with AN B = (), then
1. AU B is measurable.

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



We will defer our proof of the first part until Proposition 2.17. For the second part, we
write

m*(AUB) =m*((AUB)N A) +m*((AU B) N AY)

=m"(A) + m*(B) (using the absorption law).
Another interesting observation from this definition is that if ' is measurable, then
so is B¢, as can be shown by interchanging the places of E and E¢ in Equation 2.1.
Therefore, measurable sets are closed under operations of taking complements. This
means that measurable sets already fulfill the second property of a o-algebra. We will
show later that the collection of measurable sets forms a o-algebra.
Carathéodory’s definition of measurable sets, though arguably not one that

flows naturally, is very useful when it comes to showing a set is measurable in a sim-
ple and abstract form. To be clear, there are alternate definitions of what constitutes a

Lebesgue measurable set. Another commonly used definition is as follows,

DEFINITION 2.13 A subset E of R is said to be Lebesgue measurable if given € >

0,d an open set G such that

E C G and m"(G\F) < e.

In the future, we will mainly consider Carathéodory’s definition.

DEFINITION 2.14 If F is a measurable set then its Lebesgue outer measure is de-

fined as Lebesgue measure which will be denoted m(FE). That is,

m*(F) =m(E) if F is a measurable set.

This brings us to our next set of propositions as they relate to this idea of a

Lebesgue measurable set.

PROPOSITION 2.15 If m*(E) = 0, then E is measurable.



Proof. Let m*(E) = 0 for a set E. By the subadditivity of outer measure, we have

m*(A) < m* (AN E) +m*(An E).

We need to show the opposite inequality. Since outer measure is monotone,

m* (AN E) <m*(E) =0 and m* (AN EY) < m*(A).

Thus,

m*(A) >m*(ANEY) =0+m*"(ANEY) =m*(ANE) +m*(AN E°).

Therefore, E is measurable. [

Since a countable set has outer measure zero, it follows from Proposition 2.15
that a countable set is measurable.

At this point we know measurable sets are closed with respect to complements.
To show that L is a o-algebra, it suffices to show that the union of a countable collec-

tion of measurable sets is measurable. This requires two preliminary results.

PROPOSITION 2.16 The union of a finite number of measurable sets is measur-
able. In other words, if Ej, is measurable for each k = 1,...,n, then U}_, E} is measur-

able.

Proof. We will proceed by induction. First, suppose E; and E5 are measurable sets

and let A be any set. By the subadditivity of outer measure,

m*(A) < m* (AN [EL U By)) +m* (AN [Ey U By)°)).



We want to show the other direction. Since F; and E5 are measurable we have,

m*(A) =m* (AN Ey) +m* (AN EY)

=m* (AN E) +m*([ANEY| N Ey) + m*([AN EY] N EY).
Applying De Morgan law gives

m*(A) =m* (AN Ey) +m*([AN EY| N Ey) + m*([AN ES] N EY)

=m* (AN E) +m*([AN EY] N Ey) + m* (AN [EL U Ey)9)).
Then using the subadditivity of outer measure and the fact that
[ANEJU[ANESNEy)) = AN[E, U Ey),
we have

m*(A) = m* (AN Ey) + m*([AN ES] N Ey) + m* (AN [Ey U Ey)°])

> m*(AN[E U Ey]) +m* (AN [E U Ey]°)).

Thus, we have both directions and m*(A) = m*(A N [Ey U Ey)]) + m* (AN [EL U E,]°)).

That is, E; U E5 is measurable. [l

PROPOSITION 2.17 The finite additive property of measurable sets holds.

That is for a finite collection of disjoint measurable sets Fj and any set A we have,

n

m* (AN [Ln) Ey))=> m'(ANE).
k=1

k=1

We can use mathematical induction to show that the result in Proposition 2.16

is true for a finite collection of { Ex}}_; of measurable sets. Suppose the (n — 1) case



is true. Since we proved the union of two measurable sets is measurable and we know
n and the union of all E, for £ < n — 1 are measurable, we can say their union is also

measurable. With Propositions 2.17 and 2.16, we can prove the following,

PROPOSITION 2.18 The union of a countable collection of measurable sets is

measurable.

Proof. Let E = U2 | Ey,, where each Ej is measurable and E; N E; = 0 if ¢ # j. Define
F, = U;_E) for n € N. From the previous proposition we know that the union of
a finite number of measurable sets is measurable. Then using the additive property of

finite measurable sets, we have for some set A,
m(ANFE,) =Y m" (AN E).
k=1

Since F,, C E, we have E¢ C FY. Then using the monotonicity of outer measure,

m*(A) =m*(ANE,) +m* (AN FEY)
>m*(ANF,) +m*(An EY)

=m* (AN [U_ EL]) +m* (AN E°)

=> m*(ANE) +m* (AN EY).
k=1

Since m*(A) does not depend on n, the inequality holds for all the Ej;’s and we can

take the sum over infinity. We know by subadditivity that

m*((J B <) m*(Ey).

10



Then, using the fact that E = J;—, E), we get

Z (AN Ey) + m* (AN E°)

>m* (AN E)+m* (AN E°).
Thus F is measurable. O]

Thus the measurable sets are closed under countable union. We already know
that the empty set is measurable and that measurable sets are closed under comple-
ments. With this information, we can now say that the collection of measurable sets is

a o-algebra.

PROPOSITION 2.19 Every interval is a measurable set.

Proof. Since we know that measurable sets are a g-algebra, our next goal is to show
that if a o-algebra of R contains intervals of the form (a, 00), then it contains all in-
tervals. Let S be a o-algebra that contains such intervals. Since S is a g-algebra, the

¢ = (—o0,dl.

complement of (a,00) is in S. Note that (a, c0)
We need to show [b, 00), (a,b), [a,b), (a,b],[a,b] € S. We know (b—1,00) € S for
all n € N since it is of the form (a, 00), so we have [b, 00) = M>2,(b — =, 00). Thus the
complement (—o0,b) € S. Then (a,b) = (—o0,b) N (a,00). Finally, (a,b] = (—o0,b] N
(a,50), [a,5) = (2% (a = 1.b), [a,4] = [a,50) 1 (~00, U,
Let I = (a,00). Then for any set A we can split it into parts Ay = AN I and

Ay = AN T such that A = A; U A,. By subadditivity of outer measure we have,
m*(A) =m*(A; U Az) <m*(Ay) + m*(Ay).

We want to show the opposite inclusion. By definition of m*(A) as an infimum, for

11



any given € > 0, there exists an open cover {I;}%2,; for A such that
> U(I) <m*(A) +e.
k=1

Let I, = I, NI and I} = I, NI such that ¢(I;) = ¢(I})+£¢(I}'). Since the countable sets
{I;}22, and {I}}%2, form open covers for A; and Aj, then by the definition of outer

measure we have
(o) o
1
E (I,) and m*(Ay) < E (I})
k=1 k=1

So then
m*(Ar) +m*(As) S

o) +Z€ (17

(1) + (Iy)

MS ||M8

B
Il
—

WE

(1) <m*(A) +e.

B
Il
—

Since this holds for each ¢ > 0, it also holds for e = 0. Thus we have

m*(A) = m*(ANI) + m*(ANn1).

The proof is complete. [

2.3. Non-measurable Sets
So far we have gained a basic understanding of measurable sets, we now dis-
cuss the existence of non-measurable sets. Our goal is to prove that any measurable

set with positive measure contains a non-measurable subset.

DEFINITION 2.20 For a nonempty family X of nonempty sets and for every set

A € X, a choice function is a function f : X — [J,.y A4 that has the property that

12



f(A) € A. [i.e. a choice function is a function f on X defined as above such that for

all A € X we have f(A) € A].

For example, if we had a set X = {{1,2},{3,4}{5,6}} then we can define a
choice function f such that f({3,4}) € {3,4}. If we want the choice function f to

return the max of the set, then f({3,4}) =4 and so on.

THEOREM 2.21 (Axiom of Choice) For a nonempty family X of nonempty sets

there exists a choice function.

In many cases the axiom is not necessary, such as in the example above where
a choice function can be clearly defined. It is essential, however, in cases where there
is not a clear distinction between elements in a set that would yield a choice function.
The axiom is then necessary in order to make an arbitrary choice in such sets. An-

other important definition is that of cosets of the rationals.

DEFINITION 2.22 Let E be a set real numbers and x,y € R. Then z,y are called
rationally equivalent if the difference between them is rational. That is, x ~ y iff
xr —y € Q. This set forms a rational equivalence relation on E' in the sense that it is

reflexive, symmetric, and transitive.

DEFINITION 2.23 A coset of Q in R is any set of the form

r+Q={r+q|qeQ}

for a chosen z € R.

From the two definitions we see that if two numbers are rationally equivalent,
then they are in the same coset of Q in R. We will now prove a lemma that is needed
to show there exists non-measurable sets.

LEMMA 2.24 Let E C R be a measurable set with positive outer measure. Then
the set of differences {d | d = © — y where z,y € E} contains an interval centered at

the origin.

13



Proof. Given € > 0, it follows from the definition of outer measure that there exists an

open set G such that £ C G and
m(G) < (1+¢€)-m(E).

By Theorem 2.6, we know every nonempty open set is the disjoint union of a countable
collection of open intervals, so for some intervals I, we can write G = | J . Let Ey =

E N I. Then,
E={JEnL) =]JE.

It follows that each Ej is measurable. Then by the additive property of measurable

sets, m(G) = >_ m(ly) and m(E) = > m(Ey). Since m(G) < (1 +¢€) - m(E), we have
m(l;) < (14 ¢€) - m(E;) for some j. Let € = % Then we have I; C E; and simplifying
gives m(E;) > 2 - m(I;). Now, if we translate E; by some d such that m(d) < 3m(I;),
then the translated set has points in common with Ej;. If not, then E; U (E; 4 d) is

contained in an interval of length m(/;) + m(d). Since measure is translation invariant
we have m(E;) +m(E; + d) < m(I;) + m(d). but this is false if m(d) < $m(I;) since

m(E;) > 3 -m(I;). Thus we have proved our claim. O

THEOREM 2.25 There exists non-measurable sets

Proof. For some x € R, let B, = {z+q | ¢ € Q} the cosets of Q with R. By the Axiom
of Choice, define the Cg as the choice set of exactly one element from each equivalence
class of E,. Note, the number of distinct equivalence classes is uncountable and the
classes themselves are countable since QQ is countable, so the union of all classes is un-
countable. In other words, |J,.g £z = R. Since any element in C'r must differ by an

irrational number, the set

{d| d=x—y where z,y € Cg}

14



cannot contain an interval since QQ is dense in R. It follows from the lemma then that
CE is not measurable or m(Cg) = 0. Since (J, g £z = R, m(Cg) is not zero. Thus Cg

is non-measurable. ]

COROLLARY 2.26 Any set E of real numbers with positive outer measure contains

a non-measurable subset.

Proof. Let E be a set of real numbers with positive outer measure. Let C' be the non-
measurable set in the previous theorem. For r € R, let C. denote the translate of C'

by r. Then each C, is disjoint and the union is the real line. That is £ = U(E N C,.).
From this we have m*(C') < > m*(C' N Eg). If m*(C) > 0, then there exists some r

such that C' N E, is not measurable. O

2.4. Lebesgue Measurable Functions
In this subsection, we introduce the definitions of measurable functions and

prove some basic properties of measurable functions.

DEFINITION 2.27 Let f be a function defined on a measurable domain £ taking
values in the extended real line. We say f is a Lebesgue measurable function (or sim-

ply a measurable function) if for every real number ¢ the set

{reE|[f(x)>c}

is measurable.

Essentially, for a function to be measurable it must have a domain F that is

measurable and for all ¢ € R the set {z € E | f(x) > ¢} is measurable.

THEOREM 2.28 Let f be a real-valued function defined on a measurable set E.
Then f is measurable if and only if any of the following equivalent statements holds.

For each c € R,

15



1. The set {z € E | f(x) > ¢} is measurable.
2. The set {x € E'| f(x) > ¢} is measurable.
3. The set {x € F | f(x) < ¢} is measurable.
4. The set {z € E | f(z) < ¢} is measurable.

Proof. From the definition of measurable sets, we know that the complement of a mea-
surable set is measurable. Note that the set in Statements 1 and 4 are complements
and so are those in Statements 2 and 3. It suffices to show that Statement 1 implies
Statement 2 and vice versa. We also know that the intersection of a countable collec-
tion of measurable sets and the union of a countable collection of measurable sets are

measurable. Thus we have for z € F,

mMMzézﬁ{c

f@>w1}

n

which shows Statement 1 implies Statement 2. Moreover, we write

i == U s

n=1

f(x)2c+l},

n

which shows Statement 2 implies Statement 1. Thus, all four statements are equiva-

lent. ]

Note that Statement 1 in Theorem 2.28 is our definition for a function being
measurable. Thus, the result of the Theorem 2.28 allows us to interchangeably use any

statement to show a function is measurable.

COROLLARY 2.29 Let f be a real valued function defined on a measurable set F.

If f is a measurable function, then for any ¢ € R the sets

{reE|f(r)=c}and {z € E| f(z) = o0}
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are measurable.

Proof. We know that the countable intersection of measurable sets is measurable. Thus,
{zeE|f@)<cdn{zcE|flx)2ct={zecE]f(z)=c}
We also have
{reE|fx)=oc}=(V{z € E| fx)>c}.
n=1
This completes the proof. O

PROPOSITION 2.30 Let f be a real valued function defined on a measurable set

E. If f is measurable, then |f| is measurable.

Proof. Let x € E. For any ¢ € R we have the following,

{z[[f@) <} ={x | f(z) <ci U{z | fz) > —c}.

Thus |f| is measurable. O

DEFINITION 2.31 Let f be a real valued function defined on a set E. If S C R,

then the inverse image of S under f is defined by

FUS) = {w € B| f(z) € S).
THEOREM 2.32 A function f defined on a measurable domain E' is measurable if
and only if for every open set O € R, the inverse image f~1(O) is measurable.

Proof. The sufficiency is obvious. To prove the necessity, suppose that f is measur-
able, and O is an open set. We want to show f~!(O) is measurable. By Theorem 2.6,

the set O can be written as O = |J;—, (ay, b) with ay, by € R and aj, < by,. However, we
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know f~'((ax,bx)) = {z € E | f(x) € (ax, by)} is measurable by Theorem 2.28. Since
F7H0) =z € E| f(x) € (ar, bi)},
k=1

it again follows from Theorem 2.6 that f~'(O) is measurable. O

DEFINITION 2.33 A property is said to hold almost everywhere (a.e.) on a

measurable set £ provided it holds on E\Ey where Ey C E for which m(E,) = 0.

THEOREM 2.34 If f is measurable and if g = f a.e., then g is measurable, and for
any a € R,

m({z e E|g>a})=m{z e E|f>a}).

Proof. Let Z ={x € E'| f # g}, then
{reE|g>atUZ={zeE|f>a}UZ

Since f is measurable, {x € E | ¢ > a} U Z is measurable. Since this set differs from
{r € E'| g > a} by a set of measure zero, g is also measurable. Because Z is a set of

measure zero, we have

m{z e E|g>a})=m({zr e E|g>alUZ)

=m({x € E|g>a}).

This completes the proof. ]

It is important to note that if f is measurable on FE, then it is measurable on

any measurable set £y C E. This is true since

{reE | f>a}={z€E|f>a}NE.
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THEOREM 2.35 If f and g are measurable functions on F, then so is f + g.

Proof. Since g is measurable, for any fixed a € R we have a — g is measurable. Let {r}

be the set of rational numbers. Then,

{eeE|f>gt=UfzeE|f>r>g}

=U{zeE|f>min{reE|g<ry}.
So{xz € E| f > g} is measurable. Then we have
{reE|f+g>al={x€E|f>a—g}

Thus f + g is measurable. [

COROLLARY 2.36 If f and g are measurable functions on F and A\; and A, are
real numbers, then A\; f 4+ Aog is measurable. This is the so called linearity of measur-

able functions.

THEOREM 2.37 If f and g are measurable functions on F, then so is f - g.

Proof. Observe that

f-gZ%[(f+9)2—f2—92]-

Since linear combinations of measurable functions are measurable, it suffices to show
that the square of a measurable function is measurable. Let ¢ € R. We will consider

two cases for ¢. For ¢ > 0,

{reEB|fP>c={rcE|f>VcJu{reE|f<—c}

Since a finite union of measurable sets is measurable, we have proven our first case.
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Now if ¢ < 0, then our inequality will always be true for all x € E. So,

{reE|f*>c}=E.

Thus f? is measurable and the desired result follows. [

THEOREM 2.38 Let ¢ be a continuous function on R and let f be finite a.e. in E.
If f is measurable, then so is ¢(f).

Proof. Let f be finite almost everywhere on E. Since ¢ is continuous, for any open
set G we have ¢~!(G) is open (a proof of this can be found in [1, pp. 25-26]). With

Theorem 2.32, it suffices to show that for every open set G € R,

{re Elo(f(x)) € G} (2.2)

is measurable. So {z € F | ¢(f(z)) € G} = f (¢ (G)). Since ¢~ !(G) is open
and f is measurable we can then apply Theorem 2.32 to conclude that Equation 2.2 is

measurable. [

We have now shown that the composition of a continuous function with a mea-
surable function is measurable. It is interesting to note that if we were to remove the
continuous requirement from ¢, the composition may not be measurable. In fact, there
exists two measurable functions f and g such that f o ¢ is not measurable. We refer
interested readers to [1, pp. 59].

In defining the Lebesgue integral later on we will need to first talk about the
idea of max and min as well as the limit process. For a finite set of functions { fi}}_;

with a domain F, we can define the max as

max{ fi, ..., f[n} = max{fi(z), ..., fu(x)} for each given z € E.
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The min function would be defined similarly. In the following, we show that the max

function is measurable.

PROPOSITION 2.39 For a finite family of measurable functions { fx}}_, with a

common domain £, the max{fi,..., f,} and min{fy, ..., f,} are measurable.

Proof. For any ¢ € R, we have

{z € E| max{fi,.... f} > c} = J{r € E| fu(x) > c}.

By Proposition 2.16, the finite union of measurable sets is measurable. The proof of

the other part is similar. O

Some other important functions that will be used later are defined as follows,

fH(@) = max{f(x),0},
f~ (@) = max{—f(z),0}.

We can see that if f is measurable on E, then so are f* and f~. These two functions
play an important role in Lebesgue integration. The function f can be expressed as
the difference of the two functions, that is f = f* — f~. The next step in our study
of measurable functions is in convergence, which plays an important role in analysis.
There are multiple ways to consider whether a sequence of functions converges. In de-
veloping our theory towards Lebesgue integration, we follow many of the same steps

taken in an introductory analysis course.

DEFINITION 2.40 Let {f,} be a sequence of functions with a common domain E.

For a function f on F and A C E, we have the following,

1. {f.} converges to f pointwise on A provided

lim f,(z) = f(x) for all z € E.

n—o0
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2. {fa} converges to f pointwise a.e. on A provided it converges to f pointwise on

A\ B, where m(B) = 0.

3. {fn} converges to f uniformly on A provided for each ¢ > 0, there exists an N
such that

|f(z) = fu(z)] <€eon Aforalln > N, and all z € A.

For more information on pointwise convergence, see [5, pp. 204-211].

LEMMA 2.41 For a measurable subset Fj of E, f is measurable on F if and only if

the restrictions of f to Ey and E\Ey are measurable.

Proof. For any ¢ € R,
{reE|f(z)>c={re k| f(z)>ctU{zeE\E | f(z)>c}

Since measurable sets are closed under countable union, the above equation shows

both directions. This completes the proof. ]

PROPOSITION 2.42 Let {f,} be a sequence of measurable functions on E that

converges pointwise a.e. on F to the function f. Then f is measurable.

Proof. Let Ey C E where m(Ey) = 0 and {f,} converges to f pointwise on E\ Ej.
Since m(FEy) = 0, it follows from Lemma 2.41 that we can replace E by E\FEy. With-
out loss of generality, we assume f,(z) converges to f(z) for all z € E. Let ¢ € R. We
want to show that {z € E' | f(x) < ¢} is measurable. For x € E, f(z) < ¢ if and only if
there exists natural numbers n and & such that f;(z) < ¢ —1/n for all j > k. However
since each f; is measurable, then sois {z € E | f;(z) < ¢ — 1/n}. Since a countable

intersection of measurable sets is measurable, for any k, the set
(Hz € E| fi(x) <c—1/n}

J=k
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is also measurable. Furthermore, since a countable union of measurable sets is measur-

able we have

{reE|flx)<ct= |J {ﬂ{x€E|fj(x)<c—l/n}

1<k,n<oco -j=k
is measurable. Thus, f is measurable. [

We can see, in the context of pointwise limits of sequences, measurable func-
tions are more robust than continuous functions; in the case of continuous functions, it
is not guaranteed that the pointwise limit of the sequence is continuous. For example,

consider the piecewise function

;

0 ifz <0,
fo@) =92 if0<z<1/n,

1 ifz>1/n.

\

The function f,, is continuous on R for each n € N. However, for each x € R, we have

lim, o0 fu(z) = f(x), where

0 ifa <0,
fz) = (2.3)

1 ifx >0,

which is discontinuous at x = 0. This example shows that a sequence of continuous

functions can converge pointwise to a discontinuous function.

DEFINITION 2.43 Let E be any set. The characteristic function of F is defined
by

1 ifzek,
xe(@) =
0 ifxégFE.

It is interesting to note that the characteristic function has the property that
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for a set E, xg is measurable if and only if F is measurable. This also implies that

there exists non-measurable functions.

DEFINITION 2.44 A real valued function s defined on a measurable set X is called

simple provided it is measurable and takes only a finite number of values.

It follows from the definition that finite linear combinations and finite prod-
ucts of simple functions are again simple functions. In notation we can say that if
s is a simple function taking on distinct values aq, ..., a,, on disjoint measurable sets
Ey, ..., E,, then we can write s as a linear combination of characteristic functions as

follows

s(x) = Zak - XE, ().

Simple functions play an important role in the Lebesgue integration method, we will
show that any measurable function can be represented as a pointwise limit of a se-
quence of simple functions. Before we show that any measurable function can be rep-
resented as the limit of a sequence of simple functions, we show that any measurable
function can be approximated arbitrarily well by simple functions as shown in the fol-

lowing lemma.

LEMMA 2.45 Let f be a measurable real-valued function on domain F and suppose
that f is bounded on E. Then for each € > 0, there exists simple functions ¢, and ),

defined on E such that

¢e§f§weand0§we_¢e<e~

Proof. Since f is bounded on FE, there exists an M > 0 such that |f| < M. Let (¢, d)
be an open bounded interval containing f(F). Let yo < 1 < ... < Yn_1 < Y, be a
partition of the closed bounded interval [c, d] given by

c=yYo <y <..<y,=d
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where y. — yp_1 < € for 1 < k < n. In other words, we want the distance between each

pair of adjacent y,_1, yx in our partition to be less than the given e. We then define
Ik = [ykfl,yk) and Ek = fﬁl(Ik) for 1 S k S n.

Since each [} is an interval and f is measurable, from Proposition 2.32 and Lemma
2.41 we see that each Fj is measurable. We then define the simple functions ¢, and .,

on E as follows,

Pe = Zyk—l - XE, and ¢ = Zyk " XEg>
k=1 k=1

where x g, is the characteristic function for Ej. Let x € E. Since f(E) is contained in

[, d], there exists a unique 1 < k < n such that yx_1 < f(x) < yx and therefore

Pe(z) = yp1 < f(2) < yp = Ye(2).

Since yr — yr_1 < €, we have our approximation property. (]

THEOREM 2.46 (The Simple Approximation Theorem) An extended real-valued
function f on a measurable set F is measurable if and only if there exists a sequence
of simple functions { fx} on F that converges pointwise on F to f and has the prop-
erty that

|fx] <|f] on E for all n.

If f is non-negative, we may choose {fr} to be an increasing sequence.

Proof. Suppose that there is a sequence { fi} of simple functions on E that converges
pointwise on F to f. Since simple functions are measurable, from Proposition 2.42, we
see that f is measurable.

Now suppose f is measurable. Lets first show that if f > 0 then we may choose

{fx} to be an increasing sequence. If f > 0, then for each k& € N we subdivide the
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values of f between [0, k] by partitioning the interval into subintervals

[J’—l J

> ﬁ] for j =1, ..., k2.

Now let

ZLoif f(z) € [L, &) for j =1, ..., k2F,

fk(ﬂf) =
k if f(x) > k.

Each f; is a simple function defined in the domain of f with f, < fry1. This is true
since increasing from f; to fri1 each time divides the subinterval in half. If we have
f(z) < oo, then there exists a k such that f(x) < k. It follows that

1

0< flz) = fiulX) < 5.

If f(x) = oo, then fr(z) = k, which approaches infinity. We can apply our increasing
function to f* and f~ denoting those sequences of simple functions as {f;} and {f/}

where f; — f* and f — f~. Then f; — f/ is simple with
fim =T =f =1

Let I ; = []2%1, zj—k) Thus for f >0,

k2k .
j—1
fe= ZT Xy TR X(r2k)-

J=1
This equation defines a measurable function since each f; is measurable. Thus we have

our sequence of simple functions converging pointwise on F to f. 0]

Next we study two important theorems: Egorov’s theorem and Lusin’s theorem.
The basic idea of Egorov’s theorem is that if a sequence of measurable functions con-

verges pointwise to a real-valued function on a domain F of finite measure, then for
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any € > 0, there exists a measurable set Fy C E such that
1. m(E\E)) <€,
2. the sequence converges to its limit function uniformly on FEj.
Before we go into the formal statement and proof of Egoroft’s theorem, it will be help-

ful to establish a lemma.

LEMMA 2.47 Suppose E has finite measure. Let {f;} be a sequence of measurable
functions on E that converges pointwise on F to a real-valued function f. Then for

any given €, > 0, there exists a set A C F with an integer N where
|fn — f] <eon Afor alln > N and m(E\A) < 4.

Proof. Let €,5 > 0 be given. Since f is a real-valued function and is measurable, |f; —
f| is defined for each k. Then the set {z € E | |f(z) — fe(z)| < €} is measurable. Since

the intersection of a countable collection of measurable sets is measurable, the set

E,= (e € E||f(z) - filx)| < &

k>n

={xe BF||f(x)— fe(x)|] <eforall k >n}

is also measurable. From this we see that E, C E,1, so {E,}22, is an ascending col-
lection of measurable sets with £ = |J,~, E,,. Then by the continuity of measure, for
which one can find a proof at [1, pp. 44-45], m(E) = lim,,,. m(E,). Since m(E) < oo,
we may choose a sufficiently large N such that m(Ey) > m(E) — 0, which implies that
m(FE) —m(Ey) < 0. Let A:= Ey. Then we have

|fulz) — f(@)] <€, 7€ A, n> N.

Then by the excision property, m(E\A) = m(E) — m(A) < 6. This proves our last
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property and thus the lemma. ]

THEOREM 2.48 (Egoroff’s Theorem) Assume E has finite measure. Let {f,} be a
sequence of measurable functions on E that converges pointwise on E to a real-valued

function f. Then for each € > 0, there is a closed set F' contained in E for which
{fn} — f uniformly on F’ and m(E\F) < e.

Proof. Let € > 0. We will use Lemma 2.47 to create a closed set F,, C E form > 1

and an integer K,, . such that
1 ) €
\fk — fl < —on F, if k > K, and m(E\F,,) < o
m m
The set F := (. _, Fy, is closed. Since F' C F,, for all m, we can say that fj converges

uniformly to f on F. Finally, E\F = E\(\_; Fin = U,_(E\F,,). Then using the

countable subadditivity of measure and the geometric series, we have

m(E\F) < m(E\Fy,)
= Z 2im < €.

This completes the proof. ]

We know that continuous functions are measurable. Lusin’s theorem seeks to
give some clarification to the converse of this statement; its goal is to give a continuity
property that we can apply to measurable functions. We will start by proving the spe-
cial case for simple functions, and then use the special case to prove the general result,

which is Lusin’s Theorem.

PROPOSITION 2.49 Let f be a simple function defined on a measurable domain

E. Then for each ¢ > 0, there exists a continuous function g on R and a closed set
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F' C FE such that
f=gon F and m(E\F) < e.

Proof. Suppose f is a simple function on F. Let ay, as, ..., a, be a finite number of dis-
tinct values from f taken on measurable subsets of E denoted E4, Es, ..., E, respec-
tively. Then {E}}7_, is disjoint since each ay, is distinct. Let ¢ > 0 be given. Now

choose closed sets F1, Fy, ..., F,, such that for each 1 < k < n, we have
Fi C Ey, and m(E,\Fy) < <. (2.4)
n

Then the set F' := |J;_, Fy is closed, since it is a union of a finite collection of closed

sets. Since {Ej}y_; is disjoint and by the finite additivity of measurable sets,

n

m(E\F) =m (U[Ek\Fk]> = zn:m(Ek\Fk) <e

k=1

Define a function g on F' to take the values of a, on Fj, for 1 < k < n. Since {Fy}}7_,
is disjoint, g is well defined. Also, g is continuous on F' since for z € F; there exists an

open interval containing z that is disjoint from the closed set

U F..

ki

Thus on the intersection of this open interval with F' the function ¢ is constant. To ex-
tend g to be a continuous function on R, we first note that the set R\ F' is open, and
therefore can be written as a union of at most countably many disjoint open intervals
whose end points are in F'. We then use linear interpolation to complete this exten-

sion. ]

THEOREM 2.50 (Lusin’s Theorem) Let f be a real-valued measurable function on

E. Then for each € > 0, there exists a continuous function g on R and a closed set
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F' C FE such that
f=gon F and m(E\F) < e.

Proof. Let m(FE) < oo. The case m(E) = oo can be solved using the extension argu-
ment we employed in the proof of Proposition 2.49. By Theorem 2.46, there exists a
sequence { f,,} of simple functions defined on E that converge pointwise to f on E. Let
n be a natural number. We want to use Proposition 2.49, so let f be replaced by f,
and € replaced by 55r. Then choose a function g, on R and a closed set F;,, C E such
that

fn = gn on F, and m(E\F,) < 2%

By Egoroff’s Theorem (Theorem 2.48) there exists a closed set Fy C F such that {f,}
converges to f uniformly on Fy and m(E\F,) < 5. Define F' := (" F,. By De

Morgan’s law and the countable subadditivity of measure,

m(E\F) = m ([EO\F] U U[E\Fn]> < g +3 27; =«

n=0

The set F'is closed since it is the intersection of closed sets. Each f,, is continuous on
F since F C F, and f, = g, on F,. Finally, {f,} converges to f uniformly on F
since F' C Fy. Furthermore, the uniform limit of a sequence of continuous functions
is continuous, so the restriction of f to F' is continuous on F'. So there is a continuous

function g defined on R whose restriction to F'is f. Thus g is the desired function. [

2.5. Lebesgue Integral

We begin our study of the Lebesgue integral by reviewing some basic terms
from the Riemann integral. This will also help us when we make comparison of the
two integrals later on.

Let f be a bounded real-valued function defined on a closed bounded interval
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[a,b]. We then define a partition of [a,b] as P = {zg, 21, ..., ,,} with
a=x9g<11<..<x, =0

Define Azx; = x; — x;1. For 1 < i < n,let M; = sup{f(z) | z; < = < x;1} and
m; = inf{f(z) | z; <z < x;_1}. We define the upper and lower Darboux sums, see [3,

pp. 120-121}), for f with respect to P as the following:

U(f,P) =Y M- A,
1=1

1=1

At this point we define the upper and lower Riemann integrals of f over [a,b] in terms

of the upper and lower Darboux sums respectively by

(R) / ' Zf{U(f.P) | P is a partition of [a, 1]},

(R)/bf = sup{L(f, P) | P is a partition of [a, b]}.

We use the (R) to distinguish it from the Lebesgue integral to be defined. Since f is

bounded and [a, b] has finite length, the upper and lower integrals are also finite.

DEFINITION 2.51 If f is a bounded real-valued function over the interval [a, b]
and the upper and lower Riemann integrals are equal, then we say f is Riemann in-

tegrable over [a,b]. The common value of the Riemann integral of f over [a,b] is de-

(R) / 'y

DEFINITION 2.52 A real-valued function ¢ defined on [a, 8] is called a step func-

noted by

tion if there exists a partition P = {xg,x1, ..., z,} and numbers ¢y, ¢s, ..., ¢, such that
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for 1 <i<n,

U(x) = if x € (x;_1, ;).

We see that a property of a step function v is that

L(y, P) = U(y, P).

This means that the step function ¢ thus defined is Riemann integrable, which serves
as a starting point for our study of the Lebesgue integral. We will denote the Lebesgue
integral using the integral sign without the (R). The Lebesgue integral is usually de-
fined by stages, see [4, pp. 49-50]. Though the purpose of this work is not to cover the
Lebesgue integral in depth, we give an overview of its construction for simple func-
tions. Let 9 be a simple function on E. Then ¢ takes on the distinct values aq, ..., a,
on E. Since v is measurable, so is ¥~ (a;) = {z € E | ¥(z) = a;}. Let E; = ¥ (a;).

We can represent 1) as the following;:
w:Zai-XEi on F.
i=1

This is known as the canonical form, which is a unique decomposition of .

DEFINITION 2.53 If ¢ is a simple function defined on a measurable set E of finite

measure with ¢(x) = Y, a; - xg, being its canonical form, we define the integral of
Y by

IRCE Z m(E).

LEMMA 2.54 Let {E;}, be a finite disjoint collection of measurable subsets of a

set of finite measure F. For 1 < i <n, let a; be a real number.

If o = Zai'XEi on F, then /¢= Zazm(Ez)
i=1 E =1
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Lemma 2.54 is needed to show the linearity and monotonicity of integration

given in the following proposition.

PROPOSITION 2.55 Let ¢ and ¥ be simple functions defined on a measurable set

E of finite measure. Then for any «, 8 € R,

Jtaorsv)=a[ovn [ v

Moreover, if ¢ > 1 on E, then / o < / .
E E

DEFINITION 2.56 Let f be a bounded measurable function defined on a measur-
able set E of finite measure. We define the lower and upper Lebesgue integral

respectively by
Lo(f) = sup{/ o ' ¢ is simple and ¢ < f on E} ,
E

L,(f):= inf{/ Y ’ 1 is simple and ¢ > f on E}
E
From this definition we see that the lower and upper integrals are finite with
the property that L,(f) < L.(f).

DEFINITION 2.57 A bounded function f on a domain E of finite measure is said
to be Lebesgue integrable over E provided L£,(f) = L,(f). The common value of

Ly(f) and L,(f) is called the Lebesgue integral and is denoted [, f.

For an example of the usefulness of the Lebesgue integral over the Riemann in-

tegral we can examine the Dirichlet function. Define D on [0, 1] by

1 if x is rational,
D(x) =

0 if x is irrational.
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This function is not Riemann integrable because it is nowhere continuous. However,
the set £ of rational numbers on [0, 1] is a measurable set of measure zero. Thus, the

Dirichlet function D is the function xg. Thus, D is Lebesgue integrable over [0, 1] with

/ D:/ l-xg=1-m(E)=0.
[0,1] [0,1]

The next result we want to prove is related to bounded measurable functions.

THEOREM 2.58 Let f be a bounded measurable function on a set of finite measure

E. Then f is integrable over F.

Proof. Let n € N. By Lemma 2.45 with ¢ = %, there exist two simple functions ¢,, and

1, defined on E for which
1
On < f<tY,on E and 0 <, — ¢, < —on E.
n

By Proposition 2.55,

[n=[ on= [ln=0 < - m().

With [, ¢, — [, ¢» > 0. But we have,

Oginf{/@/z'@/)issimple,¢2f}—sup{/¢‘gzﬁissimple,qbgf}
E E

Sé%_l%
L),

< —-m(

n
The inequality holds for every n € N and m(FE) finite. Thus the upper and lower

Lebesgue integrals are equal and thus the function f is integrable on E, proving our

theorem. O
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3. OTHER MEASURES

The process we will use for constructing the following measures will be based
on an outer measure, the development of these measures follows the same general steps
as Lebesgue measure. A measure constructed this way is known as a Carathéodory
measure. In the case of Lebesgue measure, we first established a primitive set func-
tion for the length of an interval ¢(I). We then extended the length function to a set
function for the outer measure, m*, that was defined for every subset of real numbers.
Once m* was established, we restricted the outer measure to a collection of Lebesgue
measurable sets £, which were a o-algebra. Then m* restricted to measurable sets was

called a Lebesgue measure and denoted by m.

3.1. Outer Measure
We begin by giving some some properties that must be fulfilled in order for a

set function to be an outer measure.

DEFINITION 3.1 A function I' = I'(A) which is defined for every subset A of our

space P is an outer measure if it satisfies the following:
1. T(A) >0, T(0) = 0.
2. I'(A)) <T'(Ay) if A; C As.
3. T'(UAx) <D T(Ag) for any countable collection of sets {Ay}.

We can see from this definition that Lebesgue outer measure is an outer mea-
sure. This definition gives flexibility when it comes to defining a class of measurable
sets and the corresponding measure. We have at this point only talked about the space
of R, and the focus of our discussion will continue to be on R. For measurable sets,
we will use a similar definition to Carathéodory’s in Definition 2.12. We can restate

Carathéodory’s definition here in terms of T'.

35



DEFINITION 3.2 Given an outer measure I', £ € P is ' — measurable, or simply

measurable, if for every A C P,

[(A)=T(ANE)+T(ANE°).

THEOREM 3.3 Let I be an outer measure on the subsets of our space P.
1. The family of I'-measurable subsets of P forms a o-algebra.

2. If {EL} is a countable collection of disjoint measurable sets, then
D(UER) =D T(Eg) and T'(A) = > T'(AN Ey) + T(A\ U Ek).
Interested readers can find a proof of Theorem 3.3 at [2, pp. 194-195].

DEFINITION 3.4 A Borel g-algebra B is the smallest o-algebra generated by the
open sets in R™. The sets of B are called Borel sets and a measure is called a Borel

measure if every Borel set is measurable.

We will also want to define the distance between sets. For two sets A; and A,,

the distance between the two is defined by

d(Al,A2> = mf{d(ac,y) ’ x € Al,y c Ag}

DEFINITION 3.5 For an outer measure I' on some space P, we say that ' is a
Carathéodory outer measure if whenever we have two sets A; and A, such that

d(Ay, Ag) > 0, we also have

[(A3UA) =T(A4)) +T'(A). (3.5)

A measure is also a Borel measure provided the the above property holds. Equation

3.5 is the familiar additive property from Lebesgue measure.
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3.2. Lebesgue-Stieltjes Measure

We now consider a case of Carathéodory outer measure known as Lebesgue-
Stieltjes measure. One of the benefits of this measure is that it clears the connection
between measures and monotone functions. We will again restrict ourselves to R when
discussing this measure.

To construct this measure, consider a reasonable function f which is finite and
monotonically increasing on R. For each half open interval of the form (a,b], we define

a primitive set function A\ as

Aa, b := As((a,0]) = f(b) = f(a).

Note that A > 0 since f is increasing. Already we see a distinction from Lebesgue mea-
sure; for Lebesgue our primitive set function was length ¢(7) for an interval I, which
again returned oo if I is unbounded and if I = (a,b), it returned b — a. The function
¢ can be thought of as the set function for the identity function, namely f(z) = x. We
now extend A to an outer measure. If A is a nonempty subset of R and f is defined as

above, let

A*(A) == Aj(A) = inf Y Aa, by,

where the inf is taken over all countable collections {(ag, bx]} such that we have A C
U(ak, bk], with A*(w) =0.

THEOREM 3.6 A* is a Carathéodory outer measure on R.

Proof. We want to show that A* fulfills the three properties given in Definition 3.1
as well as Definition 3.5. From the definition of A* and since f is increasing we have

A*(0) = 0 and A* > 0 respectively. We want to show that if A; C Ay, then

A"(A;) <A (Ay).
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It is clear if either A; = @ or A*(Ay) = oo. Otherwise, choose {(ax, bx|} a cover for
Ay, that is Ay C J(ak, bx] and > A(ag, bp] < A*(A3) + €. Then A; C |J(ax, by] since
Ay C As. Thus A*(Ay) < > A (ag, bi] and

A*(A)) < A*(Ag) + e

The result follows from letting e — 0.
We want to show A* is subadditive. Let {A4;}52, be a collection of nonempty
subsets of R and let A := (JA;. Assume that A*(4;) < 4oo for each j. Choose

{(a],b]]} as a cover for each A;. That is,

A; cUak,bﬂ,mth Z)\ak, <A*A)+2—]

Since A =|J A;, we have A C Ujvk(ai, bl] and

A) < 3Mal b < 3 [A(A) + 5] = DTAA) +e

It follows then that A*(A) < > A*(A;), and therefore A* is an outer measure. Lastly,
we want to show that A* is a Carathéodory outer measure. To begin, if a = ag < a1 <

.. <ay =b, then

)\(a,b]:f(b)—f(a):Z[f(ak)— flag—1) Z/\ k-1, Q|-
k=1

k=1

From the definition of A*, we can always choose an arbitrarily small (ag, bg]. Thus, if
Ay and A, satisfy d(A;, A2) > 0, then given € > 0, choose {(ag, bx]} such that each
(ax, b has length less than d(A;, Ay) with

AlUA, C U(ak, bk] and Z )\(ak, bk] < A*(Al U AQ) +¢€
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Therefore we can split {(ay, bx|} into coverings for A; and Aj respectively. Thus, we

have A*(A;) + A*(As) <> A(ag, bg]. Since € is arbitrary, we have

A* (A1) + A"(As) < A*(A, U Ay).

From the definition of A*, we always have

A" (A;) + A" (Ay) > A" (AL U Ay).

Thus we have equality and A* is a Carathéodory outer measure. [

We call A} the Lebesgue-Stieltjes outer measure corresponding to f. Sim-
ilar to our construction Lebesgue measure, A} restricted to the sets which are A}-
measurable is called the Lebesgue-Stieltjes measure, which is denoted by A or
simply A. An interesting property of Lebesgue-Stieltjes measure is that A’ which cor-
responds to the identity function f(z) = x is the same as ordinary Lebesgue outer

measure, namely

Ar((a,0]) = f(b) = f(a) = b—a=L£((a,b)).

DEFINITION 3.7 An outer measure I' defined on R" is said to be regular if for
every E C R", there exists a I'-measurable set B such that £ C B and that I'(A) =
['(E).

THEOREM 3.8 Let A* be a Lebesgue-Stieltjes outer measure. If A is a subset of R,
there is a Borel set B with A C B such that A*(A) = A(B).

The proof of Theorem 3.8 as well as further information on the subject of Lebesgue-
Stieltjes measure can be found at [2, pp. 199-200]. The importance of this theorem
comes in the fact that Lebesgue-Stieltjes measure is regular, which is a nice character-

istic when it comes to constructing an integral based on A.
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3.3. Hausdorff Measure
Hausdorff measure has many uses, in particular as a mechanism to distinguish

sets of Lebesgue measure zero. The most common example is the Cantor set between

log(2)

109 (3) and a measure of 1. For readers not familiar

0, 1] has Hausdorff dimension of
with the Cantor set, a construction of the Cantor set as well as some properties of the
Cantor-Lebesgue function can be found at [1, pp. 51-53]. We now set about construct-

ing Hausdorff measure.

DEFINITION 3.9 The diameter of a set E on R" is defined as
diam(F) := sup{|z — y| | z,y € E}.

To define Hausdorff outer measure, fix @ > 0, and let A be any subset of R™.

Given € > 0, let

HO(A) = inf {i diam(Ag)*

k=1

Ac | A and diam(Ay) < e} . (3.6)
k=1
We may assume that each A in a given covering are disjoint and that A = | J A. If

€ < ¢, each covering of A by sets with diameters less than €’ is also such a cover for

€. Hence, as € decreases, the collection of coverings decreases, and Hgf) (A) increases.
That is, f:e — Hc(f)(A) is non-decreasing. Hence, we can define

Hy(A) == 1lim HO(A). (3.7)

«a
e—0

Other texts use the more general definition of Hausdorff that requires a normalization

constant
71.5/2
a(s) = =F——=fors >0
2

+1)
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where I'(z) = [~ t*~'e~"dt, see [6]. Define Hi(E) as follows,

H(E) := inf {ia(s) (dlamT(cn)>

n=1

E C U cn, diam(c,,) < 5} .

n=1

This notation is necessary for higher dimensions, see [7], but when the dimension s = 1

xl/2

we get O[(].) = m

= 2 and H{(E) becomes what we see in Equation 3.6. With our
main focus on the real line, we will use Equation 3.6 and 3.7 as our primary definition

for Hausdorfl outer measure.

THEOREM 3.10 For o > 0, H, is a Carathéodory outer measure on R".

Proof. From the definition of H,, we have H, > 0 and H,(0) = 0. If A; C Ay, then
any covering of A, is also a covering of A;. So, H\? (A1) < HY(A,). Letting € — 0,

we have H, (A1) < H,(As). We next want to show H, is subadditive. Let A = |J Ay,
and choose a cover of A; for each k. Now the union of the covers for each Ay, is also a

cover for A. Then,

HO(A) <Y HO(A) <) HalAp).

Letting € — 0, we get H, < > H,(Ax). Finally, we need to show if d(A;, Ay) > 0, then
H,(A1 UAs) = Hy(A1) + Ho(As). From subadditivity we have

Ho(A1UAy) < Hy(Ar1) + Ho(A2).

We need to show H,(A; U Ag) > H, (A1) + Hy(As). Fix e > 0 with € < d(Ay, Ay). Let

{By} be a cover for A; U Ay with the property diam(By) < ¢ where 0 < ¢, let
B];:AlﬂBk and B]Z:AQHB]C

Then the sets {B},} and {Bj/} are covers for A; and A, respectively with {B}} and
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{B}'} being disjoint. Hence,
Z diam(B})" + Z diam(By)* < Z diam(B;)“.
j i i

To get to H, from our inequality, what remains to do is to take the infimum over the

coverings and the limit as 6 — 0. This gives us our inequality and thus,
H, (A1 UAs) > Hy(Ay) + Hy(As).

So H, is a Carathéodory outer measure on R". [

We say H, is the Hausdorff outer measure of dimension o on R”. One way
to think of H,(FE), see [4, pp. 324], is as the a-dimensional mass of F among the sets
of dimension «. Hausdorff measure is denoted the same as Hausdorff outer measure.

We can also see that 0 < H,(E) < oo for all subsets £ C R™.

PROPOSITION 3.11 H, is regular.

Proof. To show that H, is regular, without loss of generality, assume the covering sets
in the definition of H\ are closed. Let E C R™ with H, < co. Then H < oo for all

€ > 0. For each k € N, let{C%}2° | be a cover of E such that diam(C%) < 1 and

. 1
> diam(C})* < Hi(E) + -

n=1

Let E, = J>2, EF and B = (,—, E. Then B is a Borel set with F C B. O
THEOREM 3.12 For H,(A) we have the following properties:
1. If 0 < Hy(A) < 400, then Hz(A) =0 for 5 > a.

2. If Hy(A) > 0, then Hg(A) = 400 for f < a
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Proof. Let € > 0. Property (2) is the contrapositive of (1), so the properties are equiv-

alent. To prove (1), let A = |J Ay with diam(A;) < e. If > ¢, then we have
HY(A) <7 diam(Ap)? < 7> diam(Ay)".
Therefore,
HY(A) < #H (A).
Letting € — 0, we get Hg(A) = 0 if H,(A) < +00. Thus completing our proof. O

We have already shown that H, is a Borel measure in Theorem 3.10 by showing
H, was a Carathéodory outer measure. Hausdorff measure also has the property that

if {E;} is a countable family of disjoint Borel sets, and £ = J -, then

Jj=D

= Z Ha(EJ)

PROPOSITION 3.13 Hausdorff measure has the following properties:

1. the quantity Hy(A) counts the number of points in A. This is known as a count-

ing measure.
2. Hi(A) =m(A) on R where m(A) is the Lebesgue measure.
3. if & > n, then H,(A) =0 for all A C R".

Proof. For (1), if « = 0 we have

e—0

= lgréznf{zkzl

Ho(A) = liminf {Z diam(A4;)" | A C UAk and diam(Ay) < 6}
k

AC UAk and diam(Ay) < e} .
k
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For (2), if « =1,

m(A) = inf {Z diam(4;) | A C UAk}

<nf {Z diam(Ag) | A C UAk and diam(Ay) < e}
k

To show the opposite of the inequality, let I, = [ek,e(k + 1)]. Then we have

Upez Ix = R and for any collection {c,}52,, diam(c, N I) < €. Further,
diam(c,) > Z diam(c, N Iy).
k
Now,

m(A) = inf {Z diam(c,,)

AC UC”}
> inf {ZZdiam(cn NI | AcC UC"}

> H' (since A C U(C" N I).
k.mn

It follows that m(A) > Hi(A). Thus we have equality.

For (3), let @« > n. We show H,(C) = 0 for the unit cube C' in R". The result
follows as any set can be covered by unit cubes. Divide C' into m™ cubes of side length
% and diameter ‘/Wﬁ Then

(L) (VAT e
Ham C < — - n a.
( L;(m) nfm

We can see that n2m"™® — 0 as m — 0o if @ > n. This implies H,(C) = 0. O
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DEFINITION 3.14 Let £ C R™. the Hausdorff dimension of E is defined as

Hyim(E) = inf{0 < a < oo | Hy(E) =0}

=sup{0 < a < oo | Hy(F) = +o0}.

From the definition of Hausdorfl dimension and Theorem 3.12 we have that

there exists a unique « such that

oo if B < a,
Hg(E) =

0 ifg>a.

In other words, there exists a critical value of a at which H,(E) jumps from oo to 0.
We say that the set E' has Hausdorff dimension a and write it as a = dimFE. At this
value for «, we can say that H,(FE) in general satisfies 0 < H,(F) < oo. The final
proposition we want to prove is that the Cantor set has Hausdorff dimension of ;Z—%. In
order to find the Hausdorff dimension of the Cantor set, we will use the scaling prop-

erty for Hausdorff measure, see [8, pp. 27|. If F¥ C R™ and A > 0, then
H,(AF) = \"H,(F). (3.8)

Where \F' = {A\z | x € F'}. We will follow the proof presented in [8, pp. 31-32].

PROPOSITION 3.15 For the Cantor set F, Hyy,(F) = 222

~ log3"
Proof. We will consider two different approaches to finding Hgy;,,(F'). We start with a
heuristic calculation. The Cantor set F splits into a left part Fj, = FUI0, %] and a right
part Fr = F'N [%, 1] with both parts being disjoint. Both Fg and F are geometrically
similar to F' and scaled by a ratio % with F' = F, U Fg. Thus, for any o we have
1\“ 1\“
Ho(F) = Ha(F2) + HolF) = (3 ) HalP)+ (3) HulP),
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by the scaling property in Equation 3.8. Assuming that at the critical value we have
a = dimF, then 0 < h,(F) < oo. Dividing both sides of Equation 3.3 by H,(F') gives

1= 2(%)‘“. Finally, taking the log of both sides and solving for « gives a = ﬁg—?g.

For the more rigorous calculation, we call the intervals of length 37% for k =

0,1,2, ... that make up the sets Ej in the construction of F' basic intervals. The cov-

ering {U;} of F consisting of the 2* intervals of Ej, of length 37% gives that H3 " (F) <

Sodiam(U;)® = 2F37h = 1if a = ﬁgg; Letting k — oo gives H,(F) < 1. To prove

H,(F) > 1, we need to show that

> diam(U;)* > 5=3" (3.9)

for any cover {U;} of F. We may assume that the {U;} are intervals. By expanding
them and using the compactness of F'; we only have to show Equation 3.9 if {U;} is a

finite collection of closed subintervals of [0,1]. For each U, let k € Z such that
37D < diam(U;) ™. (3.10)

Then U; can intersect at most one basic interval of E), since the separation of these
basic intervals is at least 37%. If j > k then, by construction and using Equation 3.10,
U; intersects at most 2/7% = 2/37°% < 273%diam(U;)* basic intervals of E;. If we choose
a large j such that 3=U+Y < diam(U;)® for all U;, then since the {U;} intersects all 27

basic intervals of length 37/, counting intervals gives
2/ <) 273%diam(U;)".

This equation reduces to Equation 3.9. This completes the proof. O

This concludes our brief introduction to Hausdorfl measure and dimension.

Hausdorff measure is fundamental in many disciplines including fractal geometry, in-
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terested readers can refer to [8, pp. 25-34] for more information. Hausdorff measure
is an extensive subject. We have hopefully given a solid foundation to preface further

study of the theory.
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4. CONCLUSION

In this thesis we have illustrated some of the fundamental theorems that show-
case the power and versatility of measure theory with specific examples in Lebesgue,
Lebesgue-Stieltjes, and Hausdorff. We constructed Lebesgue outer measure, defined
Lebesgue measurable sets, and gave a basic construction of the Lebesgue integral. We
saw how the Lebesgue integral fixed some of the problems with the Riemann inte-
gral. For example, the Dirichlet function is measurable with Lebesgue measure even
though the function is not Riemann integrable. In the last chapter, we defined abstract
outer measure and a way of creating a measure from an outer measure. We also dis-
cussed two very important measures based on the definition of measurable sets given
by Carathéodory. The measures we discussed were the Lebesgue-Stieltjes measure and
Hausdorff measure which built on the measure theory given by Lebesgue. We have
shown that measure theory is of core importance to the continual development of in-

tegration theory.
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