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Chapter 1

THE REAL NUMBERS
AND COUNTABILITY

1.1. Introduction

We shall only give a brief introduction of the basic properties of the real numbers, and denote the set of
all real numbers by R.

The first set of properties of R is generally known as the Field axioms. We offer no proof of these
properties, and simply accept them as given.

FIELD AXIOMS.
(A1) For every a,b € R, we have a + b € R.
(A2) For every a,b,c € R, we have a+ (b+¢) = (a+b) +c.
(A3) For every a € R, we have a + 0 = a.
(A4) For every a € R, there exists —a € R such that a + (—a) = 0.
(A5) For every a,b € R, we have a+b="b+ a.
(M1) For every a,b € R, we have ab € R.
(M2) For every a,b,c € R, we have a(bc) = (ab)c.
(M3) For every a € R, we have al = a.
(M4) For every a € R such that a # 0, there exists a~! € R such that aa™* = 1.
(M5) For every a,b € R, we have ab = ba.
(D) For every a,b,c € R, we have a(b+ ¢) = ab + ac.

REMARK. The properties (A1)-(A5) concern the operation addition, while the properties (M1)—(Mb5)
concern the operation multiplication. In the terminology of group theory, we say that the set R forms

T This chapter was first used in lectures given by the author at Imperial College, University of London, in 1982 and 1983.
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an abelian group under addition, and that the set of all non-zero real numbers forms an abelian group
under multiplication. We also say that the set R forms a field under addition and multiplication.

The set of all real numbers also possesses an ordering relation, so we have the Order Axioms.

ORDER AXIOMS.
(O1) For every a,b € R, exactly one of a < b, a =b, a > b holds.
(O2) For every a,b,c € R satisfying a > b and b > ¢, we have a > c.
(0O3) For every a,b,c € R satisfying a > b, we have a + ¢ > b+ c.
(O4) For every a,b,c € R satisfying a > b and ¢ > 0, we have ac > be.

An important subset of the set R of all real numbers is the set
N=1{1,2,3,...}

of all natural numbers. However, this definition does not bring out some of the main properties of the
set N in a natural way. The following more complicated definition is therefore sometimes preferred.

DEFINITION. The set N of all natural numbers is defined by the following four conditions:
(N1) 1eN.
(N2) If n € N, then the number n + 1, called the successor of n, also belongs to N.
(N3) Every n € N other than 1 is the successor of some number in N.
(WO) Every non-empty subset of N has a least element.

REMARK. The condition (WO) is called the Well-ordering principle.

To explain the significance of each of these four requirements, note that the conditions (N1) and
(N2) together imply that N contains 1,2, 3,.... However, these two conditions alone are insufficient to
exclude from N numbers such as 5.5. Now, if N contained 5.5, then by condition (N3), N must also
contain 4.5,3.5,2.5,1.5,0.5,—-0.5,—1.5,-2.5,..., and so would not have a least element. We therefore
exclude this possibility by stipulating that N has a least element. This is achieved by the condition
(WO).

It can be shown that the condition (WO) implies the Principle of induction. The following two
forms of the Principle of induction are particularly useful.

PRINCIPLE OF INDUCTION (WEAK FORM). Suppose that the statement p(.) satisfies the
following conditions:

(PIW1) p(1) is true; and

(PIW2) p(n+ 1) is true whenever p(n) is true.

Then p(n) is true for every n € N.

PRINCIPLE OF INDUCTION (STRONG FORM). Suppose that the statement p(.) satisfies
the following conditions:

(PIS1) p(1) is true; and

(PIS2) p(n + 1) is true whenever p(m) is true for all m < n.
Then p(n) is true for every n € N.

1.2. Completeness of the Real Numbers

The set Z of all integers is an extension of the set N of all natural numbers to include 0 and all numbers
of the form —n, where n € N. The set Q of all rational numbers is the set of all real numbers of the
form pg~!, where p € Z and ¢ € N.

We see that the Field axioms and Order axioms hold good if the set R is replaced by the set Q. On
the other hand, the set Q is incomplete. A good illustration is the following result.
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THEOREM 1A. No rational number x € Q satisfies 2% = 2.

PROOF. Suppose that pg~! has square 2, where p € Z and ¢ € N. We may assume, without loss of
generality, that p and ¢ have no common factors apart from 1. Then p?> = 2¢2 is even, so that p is
even. We can write p = 2r, where r € Z. Then ¢? = 2r? is even, so that ¢ is even, contradicting that
assumption that p and ¢ have no common factors apart from 1. &

It follows that the real number we know as v/2 does not belong to Q. We shall now discuss a
property that distinguishes the set R from the set Q.

DEFINITION. A non-empty set S of real numbers is said to be bounded above if there exists a number
K € R such that z < K for every x € S. The number K is called an upper bound of the set S. A
non-empty set S of real numbers is said to be bounded below if there exists a number k& € R such that
x > k for every x € S. The number £ is called a lower bound of the set S. Furthermore, a non-empty
set S of real numbers is said to be bounded if it is bounded above and below.

EXAMPLE 1.2.1. The set N is bounded below but not bounded above. See Section 1.3 for further
discussion.

ExaMpPLE 1.2.2. The set Q is neither bounded above nor bounded below.
ExXAMPLE 1.2.3. The set {x € R: —1 <z < 1} is bounded.

The axiom that distinguishes the set R from the set Q is the Completeness axiom. It can be stated
in many equivalent forms. Here we state it as the Axiom of bound.

AXIOM OF BOUND (UPPER BOUND). Suppose that S is a non-empty set of real numbers
and S is bounded above. Then there is a number M € R such that

(B1) M is an upper bound of S; and

(B2) given any € > 0, there exists s € S such that s > M — .

REMARK. Note that (B2) essentially says that any real number less than M cannot be an upper bound
of S. In other words, M is the least upper bound of S. Note the important point here that the number
M is a real number.

The axiom can be stated in the obvious alternative form below.

AXIOM OF BOUND (LOWER BOUND). Suppose that S is a non-empty set of real numbers
and S is bounded below. Then there is a number m € R such that

(b1) m is a lower bound of S; and

(b2) given any € > 0, there exists s € S such that s < m + e.

DEFINITION. The real number M satisfying (B1) and (B2) is called the supremum (or least upper
bound) of S and denoted by M = supS. The real number m satisfying (bl) and (b2) is called the
infimum (or greatest lower bound) of S and denoted by m = inf S.
DEFINITION. Any number in R\ Q is called an irrational number.

We now show that /2 is a real number.
THEOREM 1B. There is a positive real number M satisfying M? = 2.
PrROOF. Let S = {z € R: 2? < 2}. Since 0 € S, the set S is non-empty. On the other hand, it is

easy to see that 2 is an upper bound of S; for if x > 2, then 2 > 4. Hence S is bounded above. By
the Axiom of bound, S has a supremum M € R. Clearly M > 0, since 1 € S. It remains to show
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that M? = 2. Suppose on the contrary that M? # 2. Then by Axiom (O1), we must have M? < 2 or
M? > 2. Suppose first of all that M? < 2. Then

2 — M?
(M+e)?=M?*12Me+ < M2+ (2M +1)e<2 if 0<E<min{1’2M+1}’

contradicting that M is an upper bound of S. Suppose next that M2 > 2, then

M2 -2

(M —€)?=M?*—-2Me+e*>M*-2Me>2 if 0<e< ST

contradicting that M is the least upper bound of S. We must therefore have M? = 2. &

REMARK. The above argument can be adapted to prove the following more general result: Suppose
that n € N, ¢ € R and ¢ > 0. Then the equation ™ = ¢ has a unique solution for z € R and = > 0.

1.3. Consequences of the Completeness Axiom

In this section, we shall prove two simple consequences of the Completeness axiom. The first of these
shows that there are arbitrarily large natural numbers, while the second shows that rational numbers
and irrational numbers are everywhere along the real line.

THEOREM 1C. (ARCHIMEDEAN PROPERTY) For every x € R, there exists n € N such that
n > .

PROOF. Suppose that x € R, and suppose on the contrary that n < x for every n € N. Then z is an
upper bound of N, so that N is bounded above. By the Axiom of bound, the set N has a supremum, M
say. Then

M>n for every n =1,2,3,....

In particular, dropping the case n = 1, we have
M>n for every n =2,3,4,....
Now every n = 2,3,4,... can be written as k + 1, where k = 1,2,3, ... respectively. Hence
M>k+1 for every k =1,2,3,...,

so that
M-1>k for every Kk =1,2,3,...;

in other words, M — 1 is an upper bound of N. This contradicts the assumption that M is the supremum
of N. &

We are now in a position to prove the following important result.

THEOREM 1D. The rational and irrational numbers are dense in R. More precisely, between any
two distinct real numbers, there exist a rational number and an irrational number.

PROOF. Suppose that z,y € R and = < y.

(a) We shall show that there exists r € Q such that < r < y. Suppose first of all that x > 0. By
the Archimedean property, there exists ¢ € N such that ¢ > 1/(y — z), so that ¢(y — x) > 1. Consider
the positive real number ¢z. By the Archimedean property, there exists n € N such that n > gx. It
follows that S = {n € N: n > gz} is a non-empty set of natural numbers, and so has a least element p,
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in view of (WO). We now claim that p — 1 < gz. To see this, note that if p = 1, then p — 1 =0 < gz.
On the other hand, if p # 1, then p — 1 > gx would contradict the definition of p. It now follows that

gr<p=(p-1)+1<qgr+qly—z)=qy,

so that
p
r< —=<y.
q

Suppose now that x < 0. Then by the Archimedean property, there exists & € N such that k& > —z, so
that k£ 4+ x > 0. Then there exists s € Q such that x + k < s < y + k, so that

r<s—k<uy.
Clearly r = s —k € Q.

(b) We shall now show that there exists z € R\ Q such that z < z < y. By (a), there exist
r1, 79 € Q such that z < ry < ro < y. The number

o —T1

V2

Z2=1r1+

is clearly irrational and satisfies 1 < 2z < ry. &

1.4. Countability
In this account, we treat intuitively the distinction between finite and infinite sets. A set is finite if it
contains a finite number of elements. To treat infinite sets, our starting point is the set N of all natural

numbers, an example of an infinite set.

DEFINITION. A set X is said to be countably infinite if there exists a bijective mapping from X to N.
A set X is said to be countable if it is finite or countably infinite.

REMARK. Suppose that X is countably infinite. Then we can write

X ={z1,29,23,...}.
Here we understand that there is a bijective mapping ¢ : X — N where ¢(z,,) = n for every n € N.
THEOREM 1E. A countable union of countable sets is countable.
PROOF. Let I be a countable index set, where for each i € I, the set X; is countable. Either (a) I is
finite; or (b) I is countably infinite. We shall only consider (b), since (a) needs only minor modification.

Since I is countably infinite, there exists a bijective mapping from I to N. We may therefore assume,
without loss of generality, that I = N. For each n € N, since X,, is countable, we may write

Xn = {anh An2,an3, - . '}7

with the convention that if X, is finite, then the sequence a1, a,2, ans, ... is constant from some point
onwards. Hence we have a doubly infinite array

aix a2 ais
a21 Q22 a23
azi1 asz ass
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of elements of the set

X = UXn.

neN

We now list these elements in the order indicated by

V///
L

NN
N\

but discarding duplicates. If X is infinite, the above clearly gives rise to a bijection from X to N. &
EXAMPLE 1.4.1. The set Z is countable; simply note that Z =NU {0} U {-1,-2,-3,...}.
THEOREM 1F. The set Q is countable.

PROOF. Any x € Q can be written in the form p/q, where p € Z and ¢ € N. For every n € N, the set
Qn ={p/n:p € Z} is countable (why?). Clearly

Q={J @n

neN

The result follows from Theorem 1E. &

Suppose that two sets X; and X5 are both countably infinite. Since both can be mapped to N
bijectively, it follows that each can be mapped to the other bijectively. In this case, we say that the two
sets X1 and X, have the same cardinality. Cardinality can be considered as a way of measuring size. If
there exists a one-to-one mapping from X; to X5 and no one-to-one mapping from X5 to X, then we
say that X5 has greater cardinality than X;. For example, N and Q have the same cardinality. We shall
now show that R has greater cardinality than Q.

We shall first of all need an intermediate result.

THEOREM 1G. Any subset of a countable set is countable.

PROOF. Let X be a countable set. If X is finite, then the result is trivial. We therefore assume that
X is countably infinite, so that we can write

X = {l‘l,l‘g,xg,...}.

Let Y be a subset of X. If Y is finite, then the result is trivial. If Y is countably infinite, then we can
write
Y ={Zny,Tnys Tngs - -}

where
ny =min{n e N:z, € Y},

and where, for every p > 2,
n, =min{n >ny_1:x, € Y}.

The result follows. &
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THEOREM 1H. The set R is not countable.

PROOF. In view of Theorem 1G, it suffices to show that [0, 1) is not countable. Suppose on the contrary
that [0,1) is countable. Then we can write

[071) :{$1,$2,x3,...}. (1)
For each n € N, we express x,, in decimal notation in the form
LTp = Tn1Tnp2Tn3 ...,

where for each k € N, the digit 2,1 € {0,1,2,...,9}. Note that this expression may not be unique, but
it does not matter, as we simply choose one. We now have

1 = 11212213 - - -
Lo = 2122223 ...,

T3 = .T31232%33 - - -,

Let y = .y1y2y3 - . ., where for each n € N, y,, € {0,1,2,...,9} and y,, = ppn + 5 (mod 10). Then clearly
y # xp, for any n € N. But y,, € [0,1), contradicting (1). &

Note that the set R\ Q of all irrational numbers is not countable. It follows that in the sense of
cardinality, there are far more irrational numbers than rational numbers.
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Chapter 2

THE RIEMANN INTEGRAL

2.1. Riemann Sums

Suppose that a function f(z) is bounded on the interval [A, B], where A, B € R and A < B. Suppose
further that
A: A=<z <z<...<zxz,=B

is a dissection of the interval [A, B].

DEFINITION. The sum

n

s(f,0) = (& —wi1) et I@)

=1 Ti—1,T4]

is called the lower Riemann sum of f(z) corresponding to the dissection A.

DEFINITION. The sum

S(f,4) = Z(xz —xi-1) sup  f(z)

i—1 z€[@i—1,7]

is called the upper Riemann sum of f(z) corresponding to the dissection A.

EXAMPLE 2.1.1. Consider the function f(z) = 22 in the interval [0,1]. Suppose that n € N is given
and fixed. Let us consider a dissection

Ap: 0=rp<zr1<a2<...<z) =1

T This chapter was written at Macquarie University in 1996.
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of the interval [0, 1], where x; = i/n for every ¢ = 0,1,2,...,n. It is easy to see that for every i =
1,2,...,n, we have
i—1)2
inf  f(z)= inf 2?= ( 5 )
rE[wi—1,mi] El<a<t n
and
,L'Q
sup  f(z)= sup a°= —
T€[Ti—1,24] Slop<d

It follows that

S(fAn):Z(:ci—xi,l) inf f(x):z ' =

i—1 r€[wi—1,7] = n3 6n3
and . )
2 nn+1)2n+1
S(fiAn)=> (i—mi1) sup  flx)=) — = ( 6)(3 ).
i=1 z€[wi—1,7i] pril n

Note that s(f,An) < S(f,A,), and that both terms converge to 1/3 as n — oc.

THEOREM 2A. Suppose that a function f(z) is bounded on the interval [A, B], where A, B € R
and A < B. Suppose further that A’ and A are dissections of the interval [A, B], and that A" C A.
Then

S(LA) S s(£8)  and  S(f.A) < S(f,A).

PROOF. Suppose that 2’ < 2" are consecutive dissection points of A’, and suppose that

=y <y <...<ym=21"

are all the dissection points of A in the interval [z, 2”]. Then it is easy to see that

Si—yia) inf  f@) =3 (i—pia) inf f@)=(@"—a) inf f()
- T€[yi—1,yi] — z€lz’ 2] z€fa ']
=1 i=1

and . .
Z(yi - yi—l) sup f(x) < Z(y’ — yi—l) sup f(a:) _ (:EN _ x/) sup f(x)
i=1 T€[Yi—1,Yi] i=1 z€[z’ z'] zelz’,z"]

The result follows on summing over all consecutive points of the dissection A’ (the reader is advised to
draw a few pictures if in doubt). &

THEOREM 2B. Suppose that a function f(x) is bounded on the interval [A, B], where A, B € R
and A < B. Suppose further that A’ and A" are dissections of the interval [A, B]. Then

s(f,A") < S(f,47).

PRrROOF. Consider the dissection A = A’ UA” of [A, B]. Then it follows from Theorem 2A that
s(f,A) <s(f,A)  and  S(f,A) < S(f,A"). (1)
On the other hand, it is easy to check that
s(f,A) < S(f,A). (2)

The result follows on combining (1) and (2). &
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2.2. Lower and Upper Integrals
Suppose that a function f(z) is bounded on the interval [A, B], where A, B € R and A < B.

DEFINITION. The real number
I™(f,A,B) =sups(f,A),
A

where the supremum is taken over all dissections A of [A, B], is called the lower integral of f(x) over
[A, B].

DEFINITION. The real number
I*(f,4,B) =inf S(f,4),

where the infimum is taken over all dissections A of [A, B], is called the upper integral of f(x) over
[A, B].

REMARK. Since f(z) is bounded on [4, B], it follows that s(f,A) and S(f,A) are bounded above and
below. This guarantees the existence of I~ (f, A, B) and I (f, A, B).

THEOREM 2C. Suppose that a function f(x) is bounded on the interval [A, B], where A, B € R
and A < B. Then I~ (f, A, B) < I*(f, A, B).

PROOF. Suppose that A’ is a dissection of [A, B]. Then it follows from Theorem 2A that s(f, A’) <
S(f,A) for every dissection A of [A, B]. Taking the infimum over all dissections A of [A, B], we conclude
that

s(f,A") < inS(f,A) =1%(f, A, B).

Taking the supremum over all dissections A’ of [A, B], we conclude that

IT(f,A B)>sups(f,A") =1 (f,A,B).
A/

The result follows. &

ExXAMPLE 2.2.1. Consider again the function f(z) = 22 in the interval [0,1]. Recall from Example
2.1.1 that both s(f, A,) and S(f, A,,) converge to 1/3 as n — oo. It follows that

I~(f,0,1) > and  I7(f,0,1) <

wl

1
3

In view of Theorem 2C, we must have

I7(f,0,1) =I"(f,0,1) = %

2.3. Riemann Integrability
Suppose that a function f(x) is bounded on the interval [A, B], where A, B € R and A < B.

DEFINITION. Suppose that I~ (f, A, B) = IT(f, A, B). Then we say that the function f(x) is Riemann
integrable over [A, B], denoted by f € R([A, B]), and write

B
/A f(x)dz=1"(f,A,B)=1"(f,A,B).
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EXAMPLE 2.3.1. Let us return to our Example 2.2.1, and consider again the function f(z) = 22 in the
interval [0, 1]. We have shown that

I=(f,0,1) =1I%(f,0,1) = %

1
1
/ 2?dz = =.
0 3

THEOREM 2D. Suppose that a function f(z) is bounded on the interval [A, B], where A, B € R
and A < B. Then the following two statements are equivalent:

(a) f € R(A, B]).

(b) Given any € > 0, there exists a dissection A of [A, B] such that

It now follows that

S(f7A)_S(f7A)<6' (3)

ProOF. ((a)=(b)) If f € R([4,B]), then

sup s(f, A) = inf S(f, A), (4)
A A
where the supremum and infimum are taken over all dissections A of [A, B]. For every e > 0, there exist
dissections A; and Ay of [A, B] such that

s(f,A1)>sups(f,A)—% and S(f,A2)<ing(f,A)—|—§. (5)
A

Let A = Ay UAs. Then by Theorem 2A, we have
s(f,A) = s(f,A1)  and  S(f,A) < S(f,A2). (6)

The inequality (3) now follows on combining (4)—(6).
((b)=(a)) Suppose that e > 0 is given. We can choose a dissection A of [A, B] such that (3) holds.
Clearly
s(f,A) < I (f,A,B) <I"(f.A B)<S(f,A). (7)

Combining (3) and (7), we conclude that 0 < I'™(f, A,B) — I~ (f,A,B) < e. Note now that ¢ > 0
is arbitrary, and that IT(f, A, B) — I~ (f, A, B) is independent of e. It follows that we must have
[*(f, A, B)— I~ (f, A, B) = 0. &

2.4. Further Properties of the Riemann Integral

In this section, we shall use some of our earlier results to study some simple but useful properties of the
Riemann integral. First of all, we shall study the arithmetic of Riemann integrals.

THEOREM 2E. Suppose that f,g € R([A, B]), where A, B € R and A < B. Then

B B B
(8) f+g€R(A, B]) and / (f(z) + g(z)) da = /A fla)de + / o(c) dz;

A ., B A
(b) for every ¢ € R, cf € R([A, B]) and/ cf(x)dx = c/ f(z)dz;
A A

B
(c) if f(x) > 0 for every x € [A, B], then / f(z)dx > 0; and
A

B B
(d) if f(z) < g(x) for every x € [A, B, then/A flz)dx < /A g(x)dx.



Chapter 2 : The Riemann Integral _____  2-5

PRrROOF. (a) Since f,g € R([A, B]), it follows from Theorem 2D that for every ¢ > 0, there exist
dissections A; and Ay of [A, B] such that

€ €
S(f, Al) —S(f,A1> < E and S(g,Ag) —8<g,A2) < 5
Let A = Ay U A,. Then in view of Theorem 2A, we have
S(A) =s(fA) <5 and  S(g,A)-s(g.4) < 3. (8)

Suppose that the dissection A is given by A: A=x¢ < a1 <3 < ...< 1z, = B. It is easy to see that
for every i = 1,...,n, we have

sup  (f(z)+g(x)) < sup f(z)+ sup g(x)

r€[wi_1,24) TE[xi—1,%4) rE€[ri—1,2]

and
inf  (f(x)+g(x)) > inf  f(z)+ inf g(x).
TE[Ti—1,%4] TE€[Ti—1,%4] T€[Ti—1,24]
It follows that
S(f+9,4)<S(f,A)+S(g,A)  and  s(f+9,4) > s(f,A) +5(g,A). 9)

Combining (8) and (9), we have

It now follows from Theorem 2D that f + g € R([4, B]). Suppose now that A; and A, are any two
dissections of [A4, B]. Let A = Ay U A,. Then in view of Theorem 2A and (9), we have

so that
S(Q,Ag) Z I+(f+gvAvB) - S(val)

Keeping A; fixed and taking the infimum over all Ao, we have IT(g, A, B) > IT(f+g, A, B)—S(f, A1),
so that
S(f,A1) > I*(f +9,4,B) = (9,4, B).

Taking the infimum over all Ay, we have IT(f, A, B) > I (f+g,A,B) —I"(g, A, B), so that
I"(f+9.A,B) <I"(f,A,B)+I"(9,A,B). (10)
Similarly, in view of Theorem 2A and (9), we have
s(f, A1) +5(9, A2) < s(f,A) +5(9,8) <s(f +9,A) <I"(f+9,A D),

so that
S(QaAQ) S I_(f+gaA7B) - 8(f7A1)'

Keeping A; fixed and taking the supremum over all A, we have I~ (g, A, B) < I~ (f+g, A, B)—s(f, A1),
so that

Taking the supremum over all Ay, we have I~ (f,A,B) <1 (f+g,A4,B)— I (g, A, B), so that

I (f,A,B)+ I (9,A,B)<I (f+g,A,B). (11)



26 W WL Chen : Introduction to Lebesgue Integration

Combining (10) and (11), we have
I"(f,A,B)+1 (9,A,B) < I (f+9,A,B)=I"(f +9,A,B) <I"(f,A,B) +I"(9,A,B). (12)

Clearly I=(f,A,B) =IT(f, A, B) and I~ (g, A, B) = I'*(g, A, B), and so equality must hold everywhere
in (12). In particular, we have IT(f, A, B) + IT(g,A,B) = I'*(f + g, A, B).

(b) The case ¢ = 0 is trivial. Suppose now that ¢ > 0. Since f € R([A, B]), it follows from
Theorem 2D that for every € > 0, there exists a dissection A of [A, B] such that

S(f,A) — s(f,A) < E
It is easy to see that
S(ef,A) =cS(f,A) and s(ef,A) =es(f,A). (13)

Hence

S(ef,A) —s(cf,A) <e.

It follows from Theorem 2D that cf € R([A, B]). Also, (13) clearly implies I (cf, A, B) = cI*(f, A, B).
Suppose next that ¢ < 0. Since f € R([4, B]), it follows from Theorem 2D that for every € > 0, there
exists a dissection A of [A, B] such that

€

S(faA)is(faA) < 72'
It is easy to see that
Sef,A) =cs(f,A)  and  s(cf,A) =cS(f,A). (14)

Hence
S(ef,A) —s(cf,A) < e.

It follows from Theorem 2D that ¢f € R([A, B]). Also, (14) clearly implies I (cf, A, B) = ¢I~(f, A, B).
(¢) Note simply that

B
/ fx)de > (B—A) inf f(a).
A ]

z€[A,B

where the right hand side is the lower sum corresponding to the trivial dissection.
(d) Note that g — f € R([4, B]) in view of (a) and (b). We now apply (c) to the function g— f. &

Next, we investigate the question of breaking up the interval [A, B] of integration.
THEOREM 2F. Suppose that f € R([A, B]), where A,B € R and A < B. Then for every real
number C € (A, B), f € R([A,C]) and f € R(|C, B]). Furthermore,

/AB (@) dx:/;f(x)das—l—/CB (@) da. (15)

PRrROOF. We shall show that for every C’, C” € R satisfying A < €’ < C” < B, we have f € R([C",C"]).
Since f € R([4, B]), it follows from Theorem 2D that given any e > 0, there exists a dissection A* of
[A, B] such that

S(f,A") — s(f,A%) <e.

It follows from Theorem 2A that the dissection A = A* U {C’,C"} of [A, B] satisfies
S(va)_S(va)<€' (16)

Suppose that the dissection A is given by A: A =9 < r1 < 22 < ... < &, = B. Then there exist
kK k" €{0,1,2,...,n} satistying k' < k" such that C' = zy» and C"” = xp». It follows that

Ag : C'= T < Tprg1 < Tprgo < oo < T = c”
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is a dissection of [C’, C"]. Furthermore,

o
S(f,80) = s(f,80) = Y (@i —wio1) < sup  f(z)— inf f($)>

i=k/+1 xe[xi,l,xi] me[zi—lvmi]

n

IN

(xi —@i-1) ( E[Sup f(z) = inf f($)>

: 1,24 x€[wi_1,24)

=S5(f,48) =s(f,8) <e

in view of (16). It now follows from Theorem 2D that f € R([C’,C"]). To complete the proof of
Theorem 2F, it remains to establish (15). By definition, we have

B
/f(x)d:c:infS(f,A), (17)
A A
while
C B
| f@ar=iesr Ay and [ pe)de = igfS(7 M), (18)

Here A, A1 and A, run over all dissections of [A, B], [A, C] and [C, B] respectively. (15) will follow from
(17) and (18) if we can show that

inf S(f, ) = inf S(f, Ar) +inf S(f, o). (19)

Suppose first of all that A is a dissection of [A, B]. Then we can write AU {C} = A’ UA”, where A’
and A" are dissections of [A, C] and [C, B] respectively. By Theorem 2A, we have

S(f,8) =2 S(f,Au{C}) = S(f,A") + 5(f,A").

Clearly

Hence

Taking the infimum over all dissections A of [A, B], we conclude that

inf S(f,A) > inf S(/, ) + inf S(/, ). (20)

Suppose next that A; and A, are dissections of [A,C] and [C, B] respectively. Then A; U As is a
dissection of [A, B], and

S(f, A1) +S(f,82) = S(f,A1UAg) > iIAlfS(f,A)-

This implies that

Keeping A, fixed and taking the infimum over all A, we have

inf S(f, A1) 2 mf S(f, &) = S(f, A2),

and so
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Taking the infimum over all As, we have

. > .

inf S(f, A2) > inf S(f.4) — inf S(/, &),
and so

inf S(f, A) +inf S(f, M) > inf S(F, A). (21)
The equality (19) now follows on combining (20) and (21). &

THEOREM 2G. Suppose that A,B,C € R and A < C < B. Suppose further that f € R([4,C])
and f € R([C, B]). Then f € R([A, B]). Furthermore,

/ABf(x)dz = Acf(x)dx+LBf(x)dx.

PRrROOF. Since f € R([4,C]) and f € R([C, B]), it follows from Theorem 2D that given any € > 0,
there exist dissections A; and Ay of [A, C] and [C, B] respectively such that

S(f, A1) —s(f,A1) <= and  S(f,A0) — s(f,As) <

. (22)

€

5

Clearly A = Ay U Ay is a dissection of [A, B]. Furthermore,
S(faA):S(f7A1)+S(f7A2) and S(faA):S(f7A1)+S(f7A2)

It follows that

S(f;A) = s(f,8) = (S(f, A1) = s(f, A1) + (S(f, A2) — s(f, A2)) <,

in view of (22). It now follows from Theorem 2D that f € R([4, B]). The proof can now be completed
as in the proof of Theorem 2F. &

Finally, we consider the question of altering the value of the function at a finite number of points.
The following theorem may be applied a finite number of times.

THEOREM 2H. Suppose that f € R([A, B]), where A,B € R and A < B. Suppose further that
the real number C € [A, B], and that f(x) = g(x) for every x € [A, B] except possibly at x = C. Then

g € R([4, B]), and
B B
/A f(x)dx :/A g(z) dz.

PROOF. Write h(z) = f(x) — g(x) for every = € [A, B]. We shall show that

/AB h(z) dz = 0.

Note that h(z) = 0 whenever z # C. The case h(C) = 0 is trivial, so we assume, without loss of
generality, that h(C) # 0. Given any € > 0, we shall choose a dissection A of [A, B] such that C' is not
one of the dissection points and such that the subinterval containing C' has length less than €/|h(C)|.
Since —|h(C)| < h(C) < |h(C)], it is easy to check that
€ €
S(h,A) < |W(C)|—== <€ and s(h,A) > —|h(C)| 5= > —¢.

[h(O)] Ih(O)]
It follows that

—e< I (h,A,B)<It(h,A,B)<e.
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Note now that € > 0 is arbitrary, and the terms I~ (h, A, B) and I (h, A, B) are independent of €. It
follows that we must have I~ (h, A, B) = I'*(h, A, B) = 0. This completes the proof. &

2.5. An Important Example

In this section, we shall find a function that is not Riemann integrable. Consider the function

() = 0 (x is rational),

IE=11 (x is irrational).

We know from Theorem 1D that in any open interval, there are rational numbers and irrational numbers.
It follows that in any interval [«, 5], where oo < 3, we have

inf g(x)=0 and sup g(z) =1.
we[avﬁ] we[a7ﬁ]

It follows that for every dissection A of [0, 1], we have
s(g,A) =0 and S(g,A) =1,

so that
17(g9,0,1) =0 #1=1"(g,0,1).

It follows that g(x) is not Riemann integrable over the closed interval [0, 1].

Note, on the other hand, that the rational numbers in [0,1] are countable, while the irrational
numbers in [0,1] are not countable. In the sense of cardinality, there are far more irrational numbers
than rational numbers in [0, 1]. However, the definition of the Riemann integral does not highlight this
inequality.

We wish therefore to develop a theory of integration more general than Riemann integration.



INTRODUCTION TO
LEBESGUE INTEGRATION

W W L CHEN

(© W W L Chen, 1983.
This work is available free, in the hope that it will be useful.
Any part of this work may be reproduced or transmitted in any form or by any means, electronic or mechanical, including

photocopying, recording, or any information storage and retrieval system, with or without permission from the author.

Chapter 3

POINT SETS

3.1. Open and Closed Sets

To study a Riemann integral, one needs to subdivide the interval of integration into a finite number of
subintervals. In Lebesgue’s approach, the interval is subdivided into more general sets called measurable
sets. In 1902, Lebesgue gave a definition of measure for point sets and used this to develop his integral.

Since then, measure theory and integration theory have both been generalized and modified. It is
now possible to introduce the Lebesgue integral with very little reference to measure theory, but focusing
directly on functions and their integrals instead.

We shall attempt here to give an account of this approach. The only concept from measure theory
that we shall need is that of sets of measure zero. In this chapter, we shall cover some basic results on
point sets for later use.

DEFINITION. Suppose that S C R is given. A point x € S is said to be an interior point of S if there
exists € > 0 such that the open interval (z — e,z +¢) C S.

DEFINITION. A set G C R is said to be open if every point of G is an interior point of G.
REMARK. It is quite common to denote open sets by G after the German word “Gebiet”.

EXAMPLE 3.1.1. The interval (0, 1) is open. For any given = € (0, 1), we can choose € = min{z, 1 —z}.
Then e <z and e <1—xz,s0that 0 <z —e<z+e<1, whence (x —¢,2+¢) C (0,1).

ExAMPLE 3.1.2. The interval [0,1] is not open, since clearly the point 0 is not an interior point of
[0,1].

T This chapter was first used in lectures given by the author at Imperial College, University of London, in 1983.
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EXAMPLE 3.1.3. The sets ) and R are both open.

We have the following two simple results.
THEOREM 3A. The union of any collection of open sets in R is open.
THEOREM 3B. The intersection of any finite collection of open sets in R is open.

REMARK. Note that Theorem 3B cannot be extended to infinite collections. Note, for example, that
Gn = (—1/n,1/n) is open for every n € N. On the other hand,

ﬂ Gn = {0}

is not open. The reader is advised to study the proof of Theorem 3B below and try to pinpoint where
the proof fails when the collection is infinite.

PrOOF OF THEOREM 3A. Suppose that G is a collection of open sets in R. Denote by U their union.
Suppose that © € U. Then x € G for some G € G. Since G is open, it follows that z is an interior point
of GG, and so there exists € > 0 such that

(r—ex+e) CGECU.
It follows that z is an interior point of U. &
PROOF OF THEOREM 3B. Suppose that the open sets are Gy, ...,G,. Denote by V their intersection.
Suppose that © € V. Then = € Gy for every k = 1,...,n. Since G}, is open, it follows that z is an
interior point of Gy, and so there exists €, > 0 such that

(x — ex,z + €) C G
Now let € = min{ey,...,e,} > 0. Then for every k =1,...,n, we have

(r—e,x+¢€) C (v —ep,x+e;) C Gy,

so that
(r—c,x+e)CGN...NG,=V.

It follows that x is an interior point of V. &
The following result gives a characterization of all open sets in R.
THEOREM 3C. Every open set G € R is a countable union of pairwise disjoint open intervals in R.

PrOOF. For every = € G, let I, denote the largest open interval in R satisfying € I, C G. Suppose
now that z,y € G and I, NI, # 0. Then I, U I, is also an open interval. Furthermore,

I,CI,UI,CG and [,CI,UILCG.

From the definition of I, and I, we must have I, = I, U I, and I, = I, U I, so that I, = I,. We
therefore conclude that I, and I, are either disjoint or equal. It follows that G' is a union of disjoint
open intervals in R. Write

G=Jr

IeC

It remains to show that the collection C is countable. Note that every interval I € C contains a rational
number z;. We can now construct a bijective mapping ¢ : C — {z; : I € C} by writing ¢(I) = z;
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for every I € C; in other words, we identify each interval I with a rational number it contains. Clearly
{zr: T € C} C Q, and so must be countable. It follows that C is countable. &

DEFINITION. Suppose that S C R is given. A point = € R is said to be a limit point of S if it is the
limit of a sequence in S.

DEFINITION. A set F' C R is said to be closed if it contains all its limit points.
REMARK. It is quite common to denote closed sets by F' after the French word “fermé”.
EXAMPLE 3.1.4. The interval (0,1) is not closed. The sequence 1/n is in (0,1), but its limit 0 is not.

ExAMPLE 3.1.5. The interval [0, 1] is closed. If z,, is a convergent sequence in [0, 1], then its limit x
must satisfy 0 < z < 1, so that z € [0, 1].

EXAMPLE 3.1.6. The sets ) and R are both closed. These are examples of sets which are both open
and closed.

We have the following useful result on open and closed sets.
THEOREM 3D. A set F CR is closed if and only if its complement F' = R\ F is open.

PROOF. (=) Suppose that F is closed. For every z € F’, x is not a limit point of F, so that no
sequence in F converges to z. Hence there exists € > 0 such that (x — e,z + €) N F = (), so that
(x—e,x+¢€) CF.

(<) Suppose that x ¢ F. Then x € F’. Since F’ is open, it follows that there exists ¢ > 0 such
that (z — e,z +¢€) C F’, so that (zx — €,z +¢) N F = (. Hence no sequence in F' converges to =, and so z
is not a limit point of F. It now follows that F' must contain all its limit points. &

Using Theorem 3D, the following two results follow immediately from Theorems 3A and 3B respec-
tively.

THEOREM 3E. The intersection of any collection of closed sets in R is closed.
THEOREM 3F. The union of any finite collection of closed sets in R is closed.

Proor oF THEOREMS 3E AND 3F. Note simply De Morgan’s law, that

Nr-m (Ymin)

FeF FeF

for any collection F of sets in R. &
Our aim is to establish the following important result.

THEOREM 3G. (CANTOR INTERSECTION THEOREM) Suppose that the sequence of sets
F,, C R satisfies the following conditions:

(a) For every n € N, F,, # 0.

(b) For everyn € N, F, 11 C F,.

(¢) For every n € N, F, is closed.

(d) Fy is bounded.

Then the intersection

is closed and non-empty.
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To prove Theorem 3G, we need some results on real sequences.

DEFINITION. A sequence z, € R is said to be increasing if =, 11 > x, for every n € N. A sequence
T, € Ris said to be decreasing if x,,41 < z,, for every n € N. A sequence z,, € R is said to be monotonic
if it is increasing or decreasing.

THEOREM 3H. Consider a sequence z,, € R.

(a) Suppose that z,, is increasing and bounded above. Then z,, is convergent.

(b) Suppose that z,, is decreasing and bounded below. Then z,, is convergent.

PROOF. We shall only prove (a), as the proof of (b) is similar. Since z,, is bounded above, let

M = sup{x,, : n € N}.

We shall show that x,, — M as n — oco. Given any € > 0, there exists N € N such that zy > M —e.
Since x,, is increasing, it follows that for every n > N, we have

M—-e<ay <z, <M<M+e,
so that |z, — M| < e. The result follows. &
DEFINITION. Consider a sequence x,, € R. Suppose that n; € N for every & € N. Suppose further that
1<ni<no<ng<...<np<....
Then the sequence z,, is called a subsequence of the sequence z,,.

ExAMPLE 3.1.7. The sequence of all even natural numbers is a subsequence of the sequence of all
natural numbers. Here, note that z,, = n for every n € N and ny = 2k for every k € N.

ExXAMPLE 3.1.8. The sequence 3,5,7,11,... of all odd primes is a subsequence of the sequence 1, 3,5,7,
. of all odd natural numbers. Here z,, = 2n — 1 for every n € N. Also z,, = 3 = 2, xp, = 5 = 23,
Tps = 7 = X4, and so on, so that ny =2, ny =3, n3 =4, and so on.

THEOREM 3J. Any sequence z,, € R has a monotonic subsequence.

PrROOF. We shall call n € N a “peak” point if z,, < x,, for every m > n. Then there are two cases:
(a) There are infinitely many peak points ny < ng < ... < ng < .... Then clearly

Tpy 2 Tpy 2 oo 2 Xy = o ney

and we have a decreasing subsequence.

(b) There are finitely many or no peak points. In this case, let ny = N + 1 where N is the largest
peak point, or n; = 1 if there are no peak points. Then n; is not a peak point, so there exists no > n;
such that z,, > x,,. Then ns is not a peak point, so there exists ng > ng such that x,, > z,,.
Proceeding inductively, we conclude that there exists a sequence

Ny <noe < ...<nep<...

of natural numbers such that
Ty < Tpy < oot < Ty, < oney

and we have an increasing subsequence. &

THEOREM 3K. (BOLZANO-WEIERSTRASS THEOREM) Any bounded sequence x,, € R has a
convergent subsequence.
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ProoOF. By Theorem 3J, the sequence z,, has a monotonic subsequence. Clearly this subsequence is
bounded. The result now follows from Theorem 3H. &

We can now prove the Cantor intersection theorem.

PROOF OF THEOREM 3G. The set

DX

F= F,

n=1

is closed, in view of Theorem 3E. It remains to find a point € F. For every n € N, choose a point
x, € F,. The sequence x,, is clearly bounded, so it follows from the Bolzano-Weierstrass theorem that
it has a convergent subsequence z,,. Suppose that z,, — = as k — oo. To show that x € F, it suffices
to show that x € F,, for every n € N. Note that in view of hypothesis (b), we have, for every n € N, that

Ty Tngls Tng2y - - € Fp.

It follows that x is a limit point of F,. Since F,, is closed, it follows that x € F,,. This completes the
proof of Theorem 3G. &

3.2. Sets of Measure Zero
Our study of the Lebesgue integral will depend crucially on the notion of sets of measure zero in R.

DEFINITION. A set S C R is said to have measure zero if, for every € > 0, there exists a countable
collection C of open intervals I such that

S C UI and Z“(I)<e’

IeC IeC

where, for every I € C, u(I) denotes the length of the interval I. In other words, the set S can be
covered by a countable union of open intervals of arbitrarily small total length.

REMARK. The argument in the remainder of this section depends on the use of a convergent series of
positive terms. For the sake of convenience, we have chosen the series

[o]
1
DES]
27’L
n=1
In fact, the argument will work with any convergent series of positive terms. We do not even need to
know its sum, except for the fact that it is finite and positive.

ExXAMPLE 3.2.1. We shall show that the set Q has measure zero. Note that Q is countable, so that we
can write

Q ={x1,22,23,...}.

Let € > 0 be given. For every n € N, let

Then clearly
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In fact, we have all but proved the following result.
THEOREM 3L. Every countable set in R has measure zero.
A similar idea enables us to prove the following result.
THEOREM 3M. A countable union of sets of measure zero in R has measure zero.

PrOOF. We shall show that a countably infinite union of sets of measure zero in R has measure zero.
The case of a finite union needs only minor modification. Suppose that for every n € N, the set S,, CR
has measure zero. Given any e > 0, there exists a countable collection C,, of open intervals I such that

Sp C U I and Z,u(])<2in.

IeCy, IeC,
Let

a:@cw
n=1

Then C is countable by Theorem 1E. Clearly
UsscUU7r=Ur ad  Sum<d S an<ed 5 =
n=1 n=11eC, IeC IeC n=11¢eC,, n=1

The result follows. &

DEFINITION. A property P(z) is said to hold for almost all z € S if P(z) fails to hold for at most a
set of measure zero in S.

3.3. Compact Sets

DEFINITION. A set S C R is said to be compact if and only if, for every collection C of open intervals

I such that
sclUr,
IeC

there exists a finite subcollection Cy C C such that

SgUL

I€Cy
In other words, every open covering of S can be achieved by a finite subcovering.
Our main task in this section is to establish the following important result.

THEOREM 3N. (HEINE-BOREL THEOREM) Suppose that F' C R is bounded and closed. Then
F' is compact.

PROOF. We need to show that for every collection C of open intervals I such that

FclJr

IeC
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there exists a finite subcollection Cy C C such that

FgUI.

I€Co

We shall achieve this by first (a) reducing C to a countable subcollection ¢’ C C; and then (b) reducing
C’ to a finite subcollection Cq C C'.

(a) Let Q denote the collection of all open intervals in R with rational midpoints and lengths.
Then Q is countable (why?), so that we can write

Q={J1,J o, Js,...}.
Suppose that x € F. Then there exists I € C such that x € I. It is easy to see that we can find an
interval J,,(,) € @ such that
T € Jn(z) clI (1)
Clearly

oo

FC U In.

n=n(x) for some z€F

For every n € N for which n = n(z) for some « € F, we now find an interval I,, € C for which J,, C I;
this is possible in view of (1). Then

oo

FC U I,.

n=n(x) for some z€F

FC UI.

Iec!

(b) Suppose that

The result is immediate if C’ is finite, so we assume, without loss of generality, that C’ is countably
infinite. We can therefore write
C'={I,I15,...},

so that -
Fc |
k=1
For every n € N, the set
Gn=J It
k=1

is open, in view of Theorem 3A. We shall show that there exists n € N such that F C G,,. For every
n € N, consider the set
F,=Fn R\ G,).

To complete the proof, it clearly suffices to show that F,, = @) for some n € N. Suppose, on the contrary,
that F,, # 0 for every n € N. Note that for every n € N, the set F}, is closed and bounded. Furthermore,
F,+1 C F, for every n € N. It follows from the Cantor intersection theorem that

() Fn # 0.

n=1

Hence there exists x € F' such that x & I, for every k € N, clearly a contradiction. ¢

REMARK. Part (a) of Theorem 3N is sometimes known as the Lindeldf covering theorem.
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Chapter 4

THE LEBESGUE INTEGRAL

4.1. Step Functions on an Interval

The first step in our definition of the Lebesgue integral concerns step functions. In this section, we
formulate a definition of the Lebesgue integral for step functions in terms of Riemann integrals, and
study some of its properties.

DEFINITION. Suppose that A,B € R and A < B. A function s : [4, B] — R is called a step function

on [A, B] if there exist a dissection A = g < 21 < ... < &, = B of [A, B] and numbers cj,...,c, € R
such that for every k = 1,...,n, we have s(x) = ¢ for every x € (xx_1,2k).
REMARK. Note that we have not imposed any conditions on s(xy) for any k = 0,1,...,n, except that

they are real-valued. This is in view of the fact that a Riemann integral is unchanged if we alter the
value of the function at a finite number of points.

For every kK =1,...,n, the integral
Tk
/ s(z)dz = cp(zr — Tp—1)

Tk—1

in the sense of Riemann. Also the integral
B n
/ s(z)de =Y cp(rg — K1) (1)
A k=1

in the sense of Riemann, and is in fact independent of the choice of the dissection of [A, B], provided
that s(x) is constant in any open subinterval arising from the dissection.

T This chapter was written at Imperial College, University of London, in 1977 while the author was an undergraduate.
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We now make a simple generalization.

DEFINITION. Suppose that I C R is an interval. We say that a function s : I — R is a step function
on I, denoted by s € S(I), if there exists a finite subinterval (A, B) C I such that s : [4,B] — Ris a
step function on [A, B] and s(z) = 0 for every = € I \ [A, B]. Furthermore, the integral

/s(m) dz (2)
I
is defined by the integral of s over [A, B] given by (1).

REMARKS. (1) Note that in the above definition, the function s : I — R may not be defined at z = A
and/or = B. In this case, we may assign s(A) and s(B) arbitrary finite values, and note that (1) is
not affected by this process.

(2) Of course, the choice of the interval [A, B] may not be unique. However, in view of the
requirement that s(z) = 0 for every x € I\ [A, B], it is not difficult to see that the value of the integral
(2) is independent of the choice of such [4, B].

The following theorem can be deduced directly from the definitions.
THEOREM 4A. Suppose that I C R is an interval, and that s,t € S(I). Then
(a) s+ € S(I) and /(s(x) + () de = /s(x) dz +/t(m) dz;
I I I

(b) for every c € R, ¢s € S(I) and /cs(m) dz = c/s(x) dz; and
I I

(c) if s(x) < t(x) for every x € I, then /Is(a:) dz < /It(:n) dz.

PROOF. (a) From the definition, there exist intervals (A1, B1) C I and (Ag, B2) C I such that s and
t are step functions on [A;, B1] and [As, Ba] respectively,

/Is(x)dxz/A]jl s(z)dz  and /It(x)dxz/jt(x)dx,

and that s(x) = 0 for every z € I\ [A1, B;] and ¢(z) = 0 for every « € I\ [Ag, B2]. Furthermore, the

integrals
Bl B2
/ s(z)dx and / t(z)dx
A1 A2

are in the sense of Riemann. Now let A = min{A4;, A>} and B = max{Bj, By}. Then
(Al,Bl) - (A,B) QI and (AQ,BQ) - (A,B) QI

Furthermore, it is easy to see that both s and ¢ are step functions in [4, B], and that s(z) = t(x) = 0
for every x € I\ [A, B]. Hence

B B
/s(x) dz = / s(x) dzx and /t(z) dz = / t(x) dx. (3)
I A I A
Note also that the integrals
B B
/ s(z)dx and / t(z)dx
A A

are in the sense of Riemann. On the other hand, it is easily checked that s + ¢ is a step function on
[A, B], and that s(z) + t(z) = 0 for every x € I\ [A, B]. By definition, we have

/1 (5(2) + t(x)) dz = / (5(2) + t(x)) da. (4)

A
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Note, however, that

/B(s(as)th(x))dx/Bs(z) der/Bt(x)dx, 5)

A A A

where the integrals in (5) are in the sense of Riemann. The result now follows on combining (3)—(5).
(b) From the definition, there exists an interval (A, B) C I such that s is a step function on [A, B],

/Is(a:) dz = /AB s(z) dz, (6)

and that s(z) = 0 for every x € I\ [A, B]. Furthermore, the integral

/AB s(z) da

is in the sense of Riemann. It is easy to see that cs is a step function on [A, B], and that ¢s(z) = 0 for
every x € I\ [A, B]. By definition, we have

/Ics(x) dz = /AB cs(x)dz. (7)

Note, however, that

/B cs(z)dx = C/B s(z) da, (8)

A A

where the integrals in (8) are in the sense of Riemann. The result now follows on combining (6)—(8).
(¢c) We follow the argument in part (a) and note, instead, that

/AB s(z)dz < /AB t(z) dx, (9)

where the integrals in (9) are in the sense of Riemann. The result now follows on combining (3) and (9).

&

THEOREM 4B. Suppose that the interval I C R can be written in the form I = I; U I, where the
intervals I and Is have no interior points in common. Suppose further that s € S(I). Then

/Is(x) dz = /11 s(z)dx + /12 s(z) dx.

Proor. For j = 1,2, let x; : I — R denote the characteristic function of the interval I;. Then
s(x) = s(x)x1(x) + s(x)x2(z) for every x € I, apart from possibly a finite number of exceptions (which
do not affect the values of the integrals). Note now that s(z)x;(z) is a step function on Iy, I and I,
and that s(z)x;(z) = 0 for every « € I\ I;. Furthermore, s(z)x;(z) = s(x) for every x € I;. It follows
that

[ s@ar = [s@ra@rsene@) e = [ s@p@ o s = [ s@des [ @

I I I Iy

as required. o

4.2. Upper Functions on an Interval

The second step in our definition of the Lebesgue integral concerns extending the definition of the
Lebesgue integral for step functions to a larger collection which we shall call the upper functions. In this
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section, we formulate a definition of the Lebesgue integral for upper functions by studying sequences of
step functions, and study some of its properties.

DEFINITION. Suppose that S C R. A sequence of functions f,, : S — R is said to be increasing on S
if fut1(z) > fu(x) for every n € N and every z € S. A sequence of functions f, : S — R is said to be
decreasing on S if f,11(z) < fn(z) for every n € N and every z € S.

DEFINITION. Suppose that u : I — R is a function defined on an interval I C R. Suppose further that
there exists a sequence of step functions s,, € S(I) satisfying the following conditions:

(a) The sequence s, : I — R is increasing on I.

(b) sp(xz) — u(x) as n — oo for almost all = € I.

(¢) lim /sn(x) dz exists.
n—oo I

Then we say that the sequence of step functions s,, € S(I) generates u, and that u is an upper function
on I, denoted by u € U(I). Furthermore, we define the integral of u over I by

/Iu(x) dz = lim [ s,(z)dz. (10)

n— oo I

The validity of the definition is justified by the following result.

THEOREM 4C. Suppose that I C R is an interval, and that u € U(I). Suppose further that both
sequences s, € S(I) and t, € S(I) generate u. Then

lim [ sp(z)de = lim [ ¢,(z)dz.
n—oo I n—oo I

Theorem 4C is a simple consequence of the following result on step functions.

THEOREM 4D. Suppose that I C R is an interval. Suppose further that the sequence t,, € S(I)
satisfies the following conditions:

(a) The sequence t,, : I — R is increasing on I.

(b) There exists a function u : I — R such that t,(x) — u(x) as n — oo for almost all x € 1.

(c) lim [ t,(z)dz exists.

n—oo I

Then for any t € S(I) satisfying t(x) < u(x) for almost all z € I, we have

/t(z) de < lim [ t,(z)dx.
I

n—oo I

ProoF oF THEOREM 4C. Note that the sequence of step functions t,, : I — R satisfies hypotheses (a)
and (c) of Theorem 4D. Furthermore, since this sequence generates u, it follows that hypothesis (b) of
Theorem 4D is satisfied. On the other hand, for every m € N, it is easy to see that s, (z) < u(x) for
almost all x € I. It now follows from Theorem 4D that for every m € N, we have

/sm(a?) de < lim [ ¢,(z)dx,
I

n— oo I

and so on letting m — oo, we have

lim [ sp(x)de < lim [ ¢,(z)dz

m— 00 I n— oo I
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(note here that m and n are “dummy” variables). Reversing the roles of the two sequences, the opposite
inequality

lim [ t,(z)de < lim [ s,(z)de

can be established by a similar argument. The result follows immediately. &
The main part of the proof of Theorem 4D can be summarized by the following result.

THEOREM 4E. Suppose that I C R is an interval. Suppose further that the sequence s, € S(I)
satisfies the following conditions:

(a) The sequence s,, : I — R is decreasing on I.

(b) sp(x) >0 for every n € N and every = € I.

(c) sp(x) — 0 asn — oo for almost all z € I.

Then

lim [ sp(z)dz =0.

n—oo I

PROOF. Since s; € S(I), there exists (A, B) C I such that s;(z) = 0 for every x € I'\ [A, B]. For every
n € N and every x € I, we clearly have 0 < s,,(z) < s1(z), and so s,(x) = 0 for every x € I\ [4, B].
Since s, € S(I), it is a step function on [4, B], and

/Isn(:v) dz = /AB Sp(z) dx, (11)

where the integral on the right hand side is in the sense of Riemann. Furthermore, there exists a
dissection A,, of [A, B] such that s,(z) is constant in any open subinterval arising from A,,. Let

o)
n=1

represent the collection of all dissection points. Since A,, is a finite set for every n € N, it follows that
D is countable, and so has measure 0. Next, let

E={zel:s,(x) A 0asn— oo}
denote the set of exceptional points of non-convergence. By (c), £ also has measure 0, so that the set
F=DUE

has measure 0. Let € > 0 be given and fixed. Then there exists a countable collection of open intervals
Fi, where k € IC, of total length less than ¢, such that

Fcl F
ke

Suppose now that y € [A, B] \ F. On the one hand, since y ¢ £, it follows that s, (y) — 0 as n — o0, so
that there exists N = N(y) such that sy (y) < e. On the other hand, since y ¢ D, it follows that there
is an open interval Z(y) such that y € Z(y) and sy(z) is constant in Z(y), so that sy(z) < e for every
x € Z(y). Clearly the open intervals Z(y), as y runs over [A, B]\ F, together with the open intervals Fy,
where k € I, form an open covering of [A, B]. Since [A, B] is compact, there is a finite subcovering
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Let No = max{N(y1),...,N(yp)}. In view of (a), we clearly have

p
sn(z) <€ for every n > Np and x € U Z(yi)- (12)
i=1

Write
Tv=JF and T=[AB]\T,

and note that both can be written as finite unions of disjoint intervals. For every n € N, since s,,(z) =0
outside [A, B], it follows that

/ABsn(x)d:z:—/Tlsn(x)dx+/725n(z)dz, (13)

where all the integrals are in the sense of Riemann. We now estimate each of the integrals on the right
hand side of (13). To estimate the integral over 77, let M denote an upper bound of s;(x) on [A, B].
Then s, (z) < M for every z € 7; (why?). On the other hand, note that the intervals Fj, have total
length less than e. Hence

/T Sp(z)de < Me. (14)

To estimate the integral over 75, note that

T C ) Z(yi).

-

=1

It follows from (12) that s,(x) < € for every n > Ny and & € T3. On the other hand, note that
7> C [A, B]. Hence for every n > Ny,

/ sp(z)dr < e(B — A). (15)
T
Combining (11) and (13)—(15), we conclude that for every n > Ny,

/sn(x) dz < (M + B — A)e.
I

The result follows. &

PROOF OF THEOREM 4D. For every n € N and every z € I, write s,(z) = max{t(xz) — t,(x),0}.
Clearly s, (z) > 0 for every = € I. Since t,t, € S(I), it follows that s,, € S(I). Since the sequence t,, is
increasing on I, it follows that the sequence s,, is decreasing on I. Finally, since t,,(z) — u(z) asn — oo
for almost all € I, it follows that s, (z) — max{t(z) — u(z),0} for almost all z € I. It now follows
from Theorem 4E that

lim [ sp(z)dz =0. (16)

n—oo I

On the other hand, clearly s, (x) > t(x) — t,(x) for every n € N and x € I. It follows from Theorem 4A

that
/I sn(@) de > /I H(z) dz — /l b () da. (17)

The result now follows on letting n — oo in (17) and combining with (16). &

Corresponding to Theorem 4A, we have the following result.
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THEOREM 4F. Suppose that I C R is an interval, and that u,v € U(I). Then
(a) u+veU(I) and /(u(:z:) +o(z))dx = /u(m) dz + /v(m) dz;
I I I

(b) for every non-negative ¢ € R, cu € U(I) and /cu(x) dz = c/u(x) dz;
I I

(c) if u(x) < v(x) for almost all x € I, then /u(a:) dz < /v(:z:) dz; and
I I

(d) if u(x) = v(x) for almost all x € I, then /u(x) dz = /v(a:) dz.
I I

PROOF. Since u,v € U(I), there exist increasing sequences s, € S(I) and t,, € S(I) of step functions
such that s, (z) — u(z) and ¢,(x) — v(x) as n — oo for almost all x € I, and that

/u(:f:) dz = lim [ s,(z)dz and /v(x) dz = lim [ t,(z)dz. (18)
I T

It follows that s, +t,, and cs,, for any ¢ > 0 are increasing sequences of step functions on I. Furthermore,
Sn(x) +tn(x) — u(z) + v(x) and cs,(z) — cu(z) as n — oo for almost all x € I. By definition, we have

n—oo I

/(u(x) +o(z))de = lim [ (sp(x) + t,(z))dz and /cu(x) dz = lim [ ecsp(z)dz, (19)
T I

provided that the limits exist. In view of Theorem 4A, we have, for every n € N, that

/ (n(2) + t(2)) dz = / sn(@)da + / to(z)dz  and /1 con(z) dz = ¢ /1 sn(@)dz.  (20)

I I I

(a) and (b) now follow on letting n — oo in (20) and combining with (18) and (19). To prove (c), note
that for every m € N, we have

sm(x) <wu(z) <v(x) = lim ¢,(z)

- n—oo

for almost all € I. It follows from Theorem 4D that

/Ism(x) dz < lim Itn(x)dxz/lv(x) dz.

n—oo

(¢) now follows on letting m — co. To prove (d), note that we clearly have u(z) < v(z) and v(x) < u(x)
for almost all « € I. It follows from (c) that

/u(m) dz < /v(x) dx and /U(CC) dz < /u(x) dz.
I I I I
Equality therefore must hold. &

DEFINITION. Suppose that S C R. For functions f: S — R and g : S — R, we define the maximum
and minimum functions max{f, g} : S — R and min{f, g} : S — R by writing

max{f,g}(r) = max{f(z),g(x)} ~ and  min{f, g}(z) = min{f(z),g(x)}
for every z € S.

THEOREM 4G. Suppose that I C R is an interval, and that u,v € U(I). Then so are max{u,v}
and min{u,v}.

PROOF. Since u,v € U(I), there exist increasing sequences s, € S(I) and ¢, € S(I) of step functions
such that s,(z) — u(x) and t,(z) — v(z) as n — oo for almost all x € I. It is easy to see that
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an, = max{s,,t,} and b, = min{s,,t,} are increasing sequences of step functions on I, and that
an(z) — max{u,v}(z) and b,(zr) — min{u,v}(x) as n — oo for almost all z € I. Tt remains to show

that both sequences
/an(x) dx and /bn(x) dx
I I

are convergent. To establish the convergence of the sequence

/bn(x) dz, (21)
I

note that it is increasing. On the other hand, for every n € N, we have b, (z) < s,(x) < u(z) for almost
all z € I. Tt follows from Theorem 4F(c) that

/Ibn(m) dz < /Iu(x) dz,

so that (21) is bounded above. Finally, it is not difficult to check that for every n € N, we have
an + b, = 8y, + t,, so that a, = s, + t,, — b,,. It follows from Theorem 4A that

/Ian(m) dz = /Isn(a:) dm—i—/ltn(x) dx—/lbn(m) dz. (22)

The convergence of the left hand side of (22) follows immediately from the convergence of the right hand
side. &

Corresponding to Theorem 4B, we have the following result.

THEOREM 4H. Suppose that the interval I C R can be written in the form I = I; U I, where the
intervals I; and Iy have no interior points in common. Suppose further that v € U(I), and that u(x) > 0
for almost all x € I. Then u € U(I1) and u € U(I3), and

/Iu(x) dz = /11 u(z)dz + /12 u(z) dz.

This is complemented by the following result.

THEOREM 4J. Suppose that the interval I C R can be written in the form I = Iy U I, where the
intervals Iy and I have no interior points in common. Suppose further that uy € U(Iy) and uy € U(L3).
Define the function v : I — R by

 Jw(z) ifzel,
u(m)_{u;(a:) jfxell\ll.

/Iu(x)dx/Ilul(x)d:r+/12uz(:1:)d:z:.

ProOOF oF THEOREM 4H. Since u € U(I), there exists an increasing sequence s, € S(I) of step
functions such that s,(x) — u(x) as n — oo for almost all x € I. Since u(z) > 0 for almost all
x € I, it is easy to see that s} = max{s,, 0} is an increasing sequence of step functions on I, and that
st (z) — u(z) for almost all z € I. It follows that for every subinterval J C I, s is an increasing
sequence of step functions on J, and s} (z) — u(x) for almost all z € J. To show that u € U(J), it

remains to show that the sequence

Then u € U(I), and

/ st(z)dz (23)
J
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is convergent. This follows easily on noting that the sequence (23) is increasing, and that

/ﬁf(x) dr < /Isi(x) dz < /Iu(a:) dz,

so that it is bounded above. This proves that u € U(I1) and v € U(I3). To complete the proof, note
that for every n € N, we have

/Isfl(x)dx:/ srf(x)dx—k/ st (z)dx,

I I

in view of Theorem 4B. The result now follows on letting n — co. &

PROOF OF THEOREM 4J. Since u; € U(I), there exists an increasing sequence s, of step functions on
I such that s, (z) — u1(z) as n — oo for almost all = € I;. Since uy € U(I3), there exists an increasing
sequence t,, of step functions on Iy such that t,(x) — ua(z) as n — oo for almost all 2 € I5. For every
n € N, define the function a,, : I — R by writing

[ osp(z) ifzel,
a"(x)_{tn(x) ifxe[l\ll.

It is easy to see that a, is an increasing sequence of step functions on I, and that a,(z) — wu(z) as
n — oo for almost all € I. This proves that v € U(I). To complete the proof, note that for every

n € N, we have
/an(x) dz = / Sp(z) dz —|—/ tn(x)de,
I I I

noting that a,(x) = t,(x) for almost all = € Is. The result now follows on letting n — co. &

4.3. Lebesgue Integrable Functions on an Interval

The final step in our definition of the Lebesgue integral concerns extending the definition of the Lebesgue
integral for upper functions to a larger collection which we shall call the Lebesgue integrable functions.

DEFINITION. Suppose that f: I — R is a function defined on an interval I C R. Suppose further that
there exist upper functions u : I — R and v : I — R on I such that f(z) = u(z) — v(z) for all z € I.
Then we say that f is a Lebesgue integrable function on I, denoted by f € L£(I). We also say that f is
Lebesgue integrable over I, and define the integral of f over I by

/If(33> dr = /Iu(m)dx—/lv(a:) dz.

The validity of the definition is justified by the following simple result. The proof is left as an
exercise.

THEOREM 4K. Suppose that I C R is an interval. Suppose further that uy, vy, us, vy € U(I), and
that uy(x) — v1(x) = ug(x) — va(x) for every x € I. Then

/Iul(m)dx—/lvl(:c)dm:/Iug(x)dx—/lvg(sc)dx.

Corresponding to Theorems 4A and 4F, we have the following result. The proof is left as an exercise.



4-10 ____ W W L Chen : Introduction to Lebesgue Integration

THEOREM 4L. Suppose that I C R is an interval, and that f,g € L(I). Then

(0) f+9€ £(1) and [ (@) + g(a))de = [ f@)dn+ [ g(o)do:
(b) for every c € R, c¢f € L(I) and /cf(x) dz = c/f(;v) dz;
I I
(c) if f(x) > 0 for almost all € I, then /f(x) dz > 0;
I
(d) if f(x) > g(z) for almost all x € I, then /f(a:) dz > /g(aj) dz; and
I

I

(e) if f(x) = g(x) for almost all x € I, then /f(x) dz = /g(x) dz.
I 1

We now investigate some further properties of the Lebesgue integral.

THEOREM 4M. Suppose that I C R is an interval, and that f € L£(I). Then so are f* = max{f, 0},
f~ =max{—f,0} and |f|. Furthermore,

/If(a:) dz

PROOF. There exist u,v € U(I) such that f(z) = u(z) — v(z) for all € I. Then

S/If(x) dx. (24)

fT = max{u — v,0} = max{u,v} — v.

By Theorem 4G, max{u,v} € U(I). It follows that f* € L£(I). By Theorem 4L(a)(b), we also have
f-=ft—feL{) and |f| = ft + f~ € L(I). On the other hand, we have —|f(z)| < f(z) < |f(2)]
for every x € I. The inequality (24) now follows from Theorem 4L(d). &

THEOREM 4N. Suppose that I C R is an interval, and that f,g € L£L(I). Then so are max{f, g},
min{f, g}.

PROOF. Note that

frg+|f—dl

5 and min{f,g} =

max{f, g} — f+g—2|f—g|_

The result now follows from Theorem 4L(a)(b). &

Corresponding to Theorems 4H and 4J, we have the following two results. The proofs are left as
exercises.

THEOREM 4P. Suppose that the interval I C R can be written in the form I = I, U Iy, where the
intervals I and Iy have no interior points in common. Suppose further that f € L£(I). Then f € L(I;)
and f € L(I), and

/ f@)de = [ f@)de+ [ fz)de.
I I I
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THEOREM 4Q. Suppose that the interval I C R can be written in the form I = I; U I, where the
intervals I and I have no interior points in common. Suppose further that fi € L(I1) and fy € L(I3).
Define the function f: I — R by

| filz) fxel,
fla) = {f;(x) ifre 11\ Ih.
Then f € L(I), and
/I f@)de= [ fi@dr+ [ fa@)ds

We conclude this section by proving the following two results which are qualitative statements
concerning the approximation of a Lebesgue integrable function by an upper function and by a step
function respectively.

THEOREM 4R. Suppose that I C R is an interval, and that f € L(I). Then for every € > 0, there
exist u,v € U(I) satisfying the following conditions:

(a) f() u(z) — v(x) for every x € I;
(b) v(z) > 0 for almost all x € I; and

(c) / )dz < e.

PROOF. There exist u1,v1 € U(I) such that f = ug —v; on I. Suppose that vy is generated by the
sequence of step functions ¢, € S(I). Since

/vl(x) dz = lim [ t,(z)dz,
I

n— oo I

it follows that there exists N € N such that

< €.

0< /I(vl(x) ~ tn(z))dz =

/Ivl(m) dx—/ItN(x) dz

Let u=1wuy —ty and v =v; —¢x on I. Then it is easy to see that u,v € U(I). Also (a) and (c) follow
immediately. To show (b), note that the sequence ¢, is increasing, and that t,(z) — v1(z) as n — oo
for almost allz € I. &

THEOREM 4S. Suppose that I C R is an interval, and that f € L(I). Then for every ¢ > 0, there
exist s € S(I) and g € L(I) satisfying the following conditions:
(a) f(z) = s(x)+ g(z) for every x € I;and

(b) /I|g(x)|da: <e

PrROOF. By Theorem 4R, there exist u,v € U(I) such that f = v —wv on I, v(z) > 0 for almost all
x € I, and

0< /Iv(a:) de < % (25)

Suppose that wu is generated by the sequence of step functions s,, € S(I). Since

/Iu(:v) dez = lim [ s,(z)dz,

n—oo I

/Iu(m)d:cf/ls]v(x)dx

it follows that there exists N € N such that

< % (26)

0< /I(u(x) —sy(x))de =
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Let s = sy and g =u— (v+sy) on I. Clearly s € S(I) and g = L(I). Also (a) follows immediately.
On the other hand, we have

l9(2)] < Ju(z) — sy (@) + [v(z)] = (u(z) — sy (2)) +v(2)

for almost all = € I. Tt follows from Theorem 4L, (25) and (26) that

/Ilg(x)ldx < /I(u(x) ~ sn(@) + (@) de = /(u(m) - sN(x))dx—F/v(aj) dz < e.

I I

This gives (b). &

4.4. Sets of Measure Zero

In this section, we shall show that the behaviour of a Lebesgue integrable function on a set of measure
zero does not affect the integral. More precisely, we prove the following result.

THEOREM 4T. Suppose that I C R is an interval, and that f € L(I). Suppose further that the
function g : I — R is such that f(z) = g(z) for almost all x € I. Then g € L(I), and

/If(x)dx:/lg(x)dx.

ExAMPLE 4.4.1. Consider the function g : [0, 1] — R, defined by

g(z) = {O if x is rational,
1 if z is irrational.

Let f(x) =1 for every = € [0,1]. Then f € £([0,1]), and

f(z)dz = 1.
[0,1]

Note next that the set of rational numbers in [0, 1] is a set of measure zero. It follows from Theorem 4T

that g € £([0,1]), and
/ g(z)dz = 1.
(0,1]

Recall, however, that the function g is not Riemann integrable over [0, 1].
The proof of Theorem 4T depends on the following intermediate result.

THEOREM 4U. Suppose that I C R is an interval. Suppose further that the function f : I — R is
such that f(x) =0 for almost all x € I. Then f € L(I), and

/If(x) dz = 0.

PROOF. Let s, : I — R satisfy s,(z) = 0 for all x € I. Then s, is an increasing sequence of step
functions which converges to 0 everywhere in I. It follows that s,(z) = f(x) for almost all z € I.
Furthermore, it is clear that

lim [ s,(z)dz=0.
n—oo I



Chapter 4 : The Lebesgue Integral _____  4-13

It follows that f € U(I), and
/f(m) dz = lim [ sp(z)de =0
I

n—oo I

as required. &

PROOF OF THEOREM 4T. In view of Theorem 4U, we have g — f € £(I), and

/ (9(z) — f(x)) dz = 0.

I

Note next that g = f + (¢ — f), and the result follows from Theorem 4L(a). &

4.5. Relationship with Riemann Integration

We conclude this chapter by showing that Lebesgue integration is indeed a generalization of Riemann
integration. We prove the following result. Suppose that A, B € R and A < B throughout this section.

THEOREM 4V. Suppose that the function f : [A, B] — R is bounded. Suppose further that f is

Riemann integrable over [A, B].

(a) Then the set D of discontinuities of f in [A, B] has measure zero.

(b) Furthermore, f € U([A, B]), and the Lebesgue integral of f over [A, B] is equal to the Riemann
integral of f over [A, B].

REMARKS. (1) In fact, it can be shown that for any bounded function f : [4, B] — R, the condition
(a) is equivalent to the condition that f is Riemann integrable over [A, B].

(2) Note that if f is Riemann integrable over [A, B, then it is an upper function on [A, B]. We
shall show in the proof that the step functions generating f arise from some lower Riemann sums.

PROOF OF THEOREM 4V. (a) For every z € [A, B], write

w(r) = lim sup |f(y) — f(=)].
h—0+ ye[A4,B]n(z—h,z+h)

It can be shown that w(xo) = 0 if and only if f is continuous at zg. It follows that we can write

D= fj Dy,
k=1

where, for every k € N,

1

Dy = {xe [A,B]: w(z) > E}'

Suppose on the contrary that D does not have measure zero. Then by Theorem 3M, there exists kg € N
such that Dy, does not have measure zero, so that there exists ey > 0 such that every countable collection
of open intervals covering Dy, has a sum of lengths at least €g. Suppose that

A: A=xp<zri<19<...<2,=2B

is a dissection of the interval [A, B]. Then

S(f,A)—s(f,A):Z(a:i—xi_l)( max f(z) — min f@)).

P TE[Ti_1,T4) r€[z;_1,24)
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Write
S(f,8) = s(f,A) =Ty + T, > Ty, 27)
where §
T = Ti — Ti— max z)— min T 28
1 ; ( 1) (ze[wihxi] f( ) T€[w;—1,7;] f( )> ( )
(zi—1,2;)N Dy #0
and :
T, = o N B . |
(#i—1,2;)NDry=0

Note that the open intervals in 77 cover Dy,, with the possible exception of a finite number of points
(which has total measure zero). It follows that the total length of the intervals in 77 is at least ¢y. In

other words,
n

Z (zi — xi-1) > €o. (29)

1
(117 1 7wi)ka0 750

On the other hand,
1

max f(z)— min f(z) > — (30)

me[xi_l,zi] IE[l’i—l,xi] kO

whenever (z;_1,x;) N Dk, # 0. Combining (28)—(30), we conclude that

€0
T > —. 1
12 0 (1)
It now follows from (27) and (31) that

S(LA) = s(f,8) = 7. (32)

~ ko
Note finally that (32) holds for every dissection A of [A, B]. It follows that f is not Riemann integrable
over [A, BJ.
(b) For every n € N, consider the dissection

Ap: A=xp <z <22<...<2T9n =B

of the interval [A, B] into 2™ equal subintervals of length (B — A)/2™, and note that the subintervals of
A, 11 can be obtained by bisecting the subintervals of A,,. For every i =1,...,2" let

m; = min{f(z) : x € [x;-1, 2]}, (33)

and define a step function s, : [4, B] — R by

) my ifz e (xi_l, JJZ‘],
sn(@) = { my if x = xg. (34)

It is easy to check (the reader is advised to draw a picture) that
sn(z) < f(x) (35)

for every = € [A, B], and that the sequence s, is increasing on [A4, B]. To show that f € U([A4, B]), it
remains to show that s,(x) — f(z) as n — oo for almost all x € [A, B], and that the sequence

/ sn(@)dz = s(f,A) (36)
[A,B]
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is convergent. Since the set of discontinuities of f in [A4, B] has measure zero, to show that s, (z) — f(x)
as n — oo for almost all z € [A, B], it suffices to show that s, (xg) — f(zo) as n — oo at every point z
of continuity of f. Suppose now that f is continuous at xy. Then given any € > 0, there exists § > 0
such that

f(zo) —e < f(x) < f(zo) + € for every x € (xg — J, 29 + 9).

Let
m(8) = inf{f(z): z € (xo — 0,20 + ) }. (37)

Then f(zg) — e < m(d), and so
f(zg) <m(d) +e. (38)

On the other hand, there clearly exists N € N large enough such that an interval [x;_1,x;] in the
dissection Ay contains xg and lies inside (zg — d, 29 + ¢); in other words,

xo € [xi—1, ;] C (xo — 8,20 + I) (39)
(the reader is advised to draw a picture). Then, in view of (33)—(35) and (37)—(39), we have
Sn(zo) < f(zo) <m(d) +e<m;+e=Sn(zg) + e (40)

Since the sequence s, is increasing on [A, B], it follows from (35) and (40) that for every n > N, we
have
sn(zo) < fxo) < Sn(mo) + € < Sp(zg) + e

Hence |sp(z0) — f(zo)| < € for every n > N, whence s, (z¢) — f(z¢) as n — oco. Finally, note that the
sequence (36) is increasing and bounded above. Clearly it converges to the Riemann integral of f over

[A,B]. &
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Chapter 5

MONOTONE CONVERGENCE THEOREM

5.1. Step Functions on an Interval

In this chapter, we shall study the question of term-by-term integration of sequences of functions. In
particular, we shall establish a theorem of Levi, the simplest version of which, for step functions, is
stated below.

THEOREM 5A. Suppose that I C R is an interval. Suppose further that the sequence of step
functions s, € S(I) satisfies the following conditions:
(a) The sequence s, : I — R is increasing on I.

(b) lim /sn(x) dx exists.
I

n—oo

Then the sequence s, converges almost everywhere on I to a limit function u € U(T), and

/u(x) dz = lim [ s,(z)dz. (1)
I

n—oo I

PrROOF. We may assume, without loss of generality, that the sequence s, is non-negative, and shall
show that the set
D={xel:s,(zx) diverges as n — oo}

has measure zero. In other words, we shall show that given any ¢ > 0, the set D can be covered by a
countable collection of intervals of total length less than e. In view of our assumption, the sequence

/Isn(ac) dz

T This chapter was written at Imperial College, University of London, in 1977 while the author was an undergraduate.
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is non-negative. Also, since it converges, it is bounded above by some positive constant M, say. For

every n € Nand x € I, let
€

tal@) = | 55750 (@)

where, for every 3 € R, [8] denotes the greatest integer not exceeding (. It is easy to see that ¢,
is a non-negative increasing sequence of integer-valued step functions. Note next that the sequence
Sn + I — R is increasing on I. If s,(z) converges, then it is bounded, so that t,(z) is also bounded,
whence t,41(z) = tn(z) for all sufficiently large n € N. If s,,(x) diverges, then it is not bounded, so that
t,(x) is also not bounded, whence t,,41(x) — ¢, (z) > 1 for infinitely many n € N. For every n € N, let

D, ={x el :ty1(x)—ty(z) > 1}
Clearly

(o]
DC U D,.
n=1

Furthermore, each D,, is a union of a finite number of intervals, since t,+1 — ¢, is a step function on I.
If we denote by |D,,| the total length of the intervals in D,,, then it suffices to show that

o0
> Dal <e.
n=1

Note now that
Pul= [ o< [ (trao) = @) de < [ (ansle) ~ ta(o) do.

It follows that for every N € N,

N N
; ID,| < ;/I(tnﬂ(x) ot (2)) da = /ItN+1(x) dz — /Itl(x) dz

< /ItN+1(x)dx§ ﬁ/lsN_H(m)dx < % < e.

Hence D has measure zero, so that s,, converges almost everywhere on I. Now define u : I — R by

u(x):{o ifx € D,

lim;, o0 sp(z) ifxeI\D.

Then s, (z) — u(zr) as n — oo for almost all x € I. Clearly v € U(I). The equality (1) now follows
immediately from the definition of the integral of upper functions. &

5.2. Upper Functions on an Interval
In this section, we prove the following generalization of Theorem 5A.

THEOREM 5B. Suppose that I C R is an interval. Suppose further that the sequence of upper
functions u,, € U(I) satisfies the following conditions:
(a) The sequence u,, : I — R is increasing almost everywhere on I.
(b) lim [ wu,(x)dx exists.
n—oo I

Then the sequence u,, converges almost everywhere on I to a limit function u € U(I), and

/u(a:) de = lim [ u,(z)dz. (2)
I

n— o0 I
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ProoF. For every fixed k € N, suppose that the upper function uy, € U(I) is generated by the sequence
of step functions s, € S(I), so that the sequence s, : I — R is increasing on I, s,i(z) — ug(z) as
n — oo for almost all z € I, and

The first step in our argument is to use Theorem 5A to find a function w : I — R which will ultimately
be the required limit function. However, in order to use Theorem 5A, we need some step functions. We
therefore need to define a new sequence of step functions in terms of the step functions s, . Accordingly,
for every n € N, we define the function ¢,, : I — R by writing

tn(x) = max{s,1(x),..., Snn(x)} (3)

for every x € I. Clearly ¢, € S(I). Note also that for every x € I, we have

tng1(z) = max{s,41)1(2),..., 5(n+1)(n+1)(x)} > rnax{s(n+1)1(r), e s(n+1)n(x)}

> max{sp1(z),..., Snn(x)} = tn(z),

so that the sequence t,, is increasing on I. In order to use Theorem 5A, we need to show next that the
sequence

]Ctn(x)dx (4)

is convergent. Clearly this sequence is increasing, so it suffices to show that it is bounded above. Note
that spi(z) < ug(z) for almost all € I. Tt follows from (3) that ¢,(z) < max{ui(x),...,us(z)} for
almost all x € I. Note next that the sequence u,, is increasing almost everywhere on I. Hence

tn(m) < un(m) (5)

for almost all « € I. It follows from Theorem 4F(c) that

zm@mgzwmm. (6)

By our hypotheses, the sequence on the right hand side of (6) is convergent and so bounded above. It
follows that the sequence (4) is bounded above. We can now apply Theorem 5A to the sequence t,,, and
conclude that ¢, converges almost everywhere on I to a limit function v € U(I), and

/u(x) dz = lim [ t,(z)dz.
I

n—oo I

Having established the existence of this function u € U(I), we show next that u,(x) — u(x) for almost
all z € I. For every k < n and every = € I, it is easy to see from (3) that s,x(x) < t,(z). Since u, is
increasing and ¢, — u as n — oo almost everywhere on I, it follows that s,;(z) < u(x) for almost all
x € I. On the other hand, for any fixed k € N, since s, is increasing and s, — ug as n — oo almost
everywhere on I, it follows that

uk(r) < u(z) (7)

for almost all x € I. Hence the sequence uy, is increasing and bounded above by u almost everywhere
on I, and so converges to some limit function v almost everywhere on I. Clearly, for any k € N,

ug(z) < v(x) (8)

for almost all x € I. Furthermore, v(z) < u(x) for almost all x € I. To show that w,(z) — u(z) for
almost all « € I, it remains to show that u(x) < v(zx) for almost all € I. To do this, note from (5) and
(8) that t,,(z) < v(x) for almost all x € I. Since the sequence t,, generates u, it follows that u(z) < v(zx)
for almost all = € I. Hence u,(x) — u(x) for almost all x € I. To complete the proof of Theorem 5B, it
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remains to establish (2). It is easy to see from (5), Theorem 4F(c) and our hypotheses on the sequence
u,, that

/Itn(:c) dz < /Iun(:r) de < lim [ up(z)dz.

m— 00 I
Letting n — oo, we have

/Iu(ac) de < lim [ wp(x)de. (9)

m—00 I

On the other hand, it follows from (7) and Theorem 4F(c) that
/uk(x) dz < /u(x) dz.
I I

klingo Iuk(z) dz < /Iu(z) dz. (10)

Letting £k — 0o, we have

The equality (2) now follows on combining (9) and (10). &

5.3. Lebesgue Integrable Functions on an Interval

In this section, we extend Theorem 5B to Lebesgue integrable functions. The result can be stated in the
following two equivalent forms.

THEOREM 5C. (LEVI'S THEOREM FOR A SEQUENCE) Suppose that I C R is an interval.
Suppose further that the sequence of functions f,, € L(I) satisfies the following conditions:
(a) The sequence f, : I — R is increasing almost everywhere on I.

(b) lim [ f.(x)dx exists.
I

n—oo

Then the sequence f, converges almost everywhere on I to a limit function f € L(I), and

/f(:lc) dr = lim [ f,(z)dz.
I I

n—oo

THEOREM 5D. (LEVI’S THEOREM FOR A SERIES) Suppose that I C R is an interval. Suppose
further that the sequence of functions g, € L(I) satisfies the following conditions:
(a) The sequence g, : I — R is non-negative almost everywhere on I.

(b) Z / gn(x) da converges.
n=1"1

o0

Then the series Z gn converges almost everywhere on I to a sum function g € L(I), and

n=1

g(x)dx = i gn(z)dx = i gn(z) dz. (11)
Jpwe= [ 3= |

REMARK. To see the equivalence of the two versions, simply take g1 = f1 and g, = f, — fn—1 for every
n > 2.
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PRrROOF OF THEOREM 5D. Since every Lebesgue integrable function can be written as the difference of
two upper functions, the idea is to use Theorem 5B on these upper functions. However, it is technically
convenient to choose these upper functions rather carefully. For every n € N, we use Theorem 4R to
find two sequences uy,, v, € U(I) such that g, (z) = u,(x) — v, (x) for every x € I, v,(z) > 0 for almost

all z € I, and
1
n d on’
/I’U (z)dx < on

Z/jvn(x) dr < 1. (12)

Clearly up(z) = gn(x) + vo(x) > 0 for almost all = € I. Hence the partial sums

so that

N

Un(z) = Zun(x)

give rise to a sequence of upper functions Uy € U(I) which is increasing almost everywhere on I, so
that the sequence

/UN(SL’) dz (13)

I

is increasing. On the other hand, we have

/IUN(x)dxzflnij:lun(x)dzznij:l/lun(a:)dzzé/lgn(x)dz+i/lvn(x)dx,

so that (13) is bounded above, in view of (b) and (12), and so converges. It follows from Theorem 5B
that the sequence Uy converges almost everywhere on I to a limit function U € U(I), and

/1 U(z)de = lim [ Uy(x)dz. (14)

N—oo I

Note, however, that
N
/UN(x) dz = Z/un(x) dz.
I iy

Letting N — oo and combining with (14), we conclude that

/1 U(z)dz = g /I () da. (15)

A similar argument shows that the partial sums

N
Viv(z) = ) vala)

n=1

give rise to a sequence of upper functions Vy € U(I) which converges almost everywhere on I to a limit

function V' € U(I), and
/V(x) dz = Z/vn(z) dz. (16)
I I

Clearly U — V € L(I), and the sequence Uy — Viy converges almost everywhere on I to U — V. Let
g(x) =U(x) — V(x) for every & € I. Then g € L(I), and it follows from (15) and (16) that

/Ig(x)dx:/IU(x)dx—/IV(x)dx:g/lun(x)dx—g/lvn(x)dxzg/lgn(x)dx
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as required. o

Note that condition (a) of Theorem 5D is rather restrictive. In fact, we have the following version
of Levi’s theorem.

THEOREM 5E. Suppose that I C R is an interval. Suppose further that the sequence of functions

gn € L(I) satisfies
> [loute) o
n=1"1

o0

is convergent. Then the series Z gn converges almost everywhere on I to a sum function g € L(I), and

n=1

/Ig(fc)dxz/Iggn(x)dx:g/lgn(x)dx.

PROOF. For every n € N, we can write g, = g} — g,,. By Theorem 4M, we have g, g, € L(I). We
can now apply Theorem 5D to each of these two sequences to conclude that there exist gy,g- € L(I)

such that the series
o0 o0
Do and ) g,
n=1 n=1

converge almost everywhere on I to g4 and g_ respectively, and that

/Ig+<x> dxzflggm)dm:i/lg:(x) da

and

/Ig(x)dacz/lggﬁ(:v)dx:g/lgg(x)dx_

o0
Clearly Z gn converges almost everywhere on I to g = g4 — g—, and

n=1

oo oo

Jo@ao= [a@ae= [g@ae= [ ai@ae— [ 3 gt

n=1 =1

and
/Ig(x)dh/jm(w)dw—/jg(w)dw=§/Ig$(x)dx—i/g;(x)dx
Zi (/Igi(ﬂf)dw—/lg;(x)dx) =§:/Ign(:c)dx

The result follows immediately. &
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EXAMPLE 5.3.1. Define f:[0,1] — R by
z® if x>0,
@)= {o if 2 =0,
where s € R is fixed. If s > 0, then f is bounded on [0, 1]. Furthermore, the Riemann integral

' 1
/o flx)da = STl

However, if s < 0, then f is unbounded on [0, 1], and so the Riemann integral does not exist. Consider
now the sequence of functions f, : [0,1] — R, defined for each n € N by

_Jx ifx>1/n,
f"(x)_{o if0<z<1/n.

Clearly f,, is increasing on [0,1], and f,(x) — f(x) for every € [0,1]. Each f, is Riemann integrable
over [0,1], and so Lebesgue integrable over [0, 1], and

n(x)dx = Sdx = 1-— .
/of(x) ) /mfc ’ s+1< ns“)

Note now that if s + 1 > 0, then the sequence

! 1
/0 fn(z)dz — P

as n — oo. It follows from Theorem 5C that if s > —1, then

/Olf(m)dac

exists as a Lebesgue integral, and has value 1/(s + 1).
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Chapter 6

DOMINATED CONVERGENCE THEOREM

6.1. Lebesgue’s Theorem

In this section, we shall deduce the following result from the Monotone convergence theorem studied in
the last chapter. The result below is usually considered the cornerstone of Lebesgue integration theory.

THEOREM 6A. (LEBESGUE’S THEOREM) Suppose that I C R is an interval. Suppose further
that the sequence of functions f,, € L(I) satisfies the following conditions:
(a) The sequence f, : I — R converges almost everywhere to a limit function f : I — R.

(b) There exists a non-negative function F € L£(I) such that for every n € N, |f,(z)| < F(z) for almost
allz € 1.

Then the limit function f € L(I), the sequence

/1 fn(z)dz

is convergent, and

[ f@do = tm_[ f@)d )
1 I

REMARK. Note condition (b) that the sequence f, is dominated by F almost everywhere.

T This chapter was written at Imperial College, University of London, in 1977 while the author was an undergraduate.
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PROOF OF THEOREM 6A. We shall construct two sequences g, hy, € £(I) such that

gn(2) < fu(2) < hn(z) (2)

for every z € I, and where g, is increasing and h,, is decreasing on I, and both converge to the limit
function f almost everywhere on I. Clearly the sequence

/Ign(x) dz
/IF(x) dz,

lim [ g,(z)dz
I

n—oo

is increasing and bounded above by
so that

exists. It follows from Theorem 5C that f € £(I) and

/f(x) dz = nhj& gn(x) da. (3)
I I

On the other hand, the sequence
is decreasing and bounded below by

so that
lim | hy,(z)dz

n—oo I

exists. It follows from Theorem 5C (applied to the sequence —h,,) that

/If(:r) dz = lim /Ihn(x) dz. (4)

n—oo

Combining (3) and (4), we obtain

/If(ac) dz = lim [ gy(z)dz = lim [ h,(x)dz. (5)

On the other hand, it follows from (2) that for every n € N,

gn(x)de < [ fo(z)dz < [ hy(z)da. (6)
@t [ |

The equality (1) follows on letting n — oo in (6) and combining with (5). It remains to establish the
existence of the sequences g,, and h,,. For every n € N, write

hn(x) = Sup{fn(x)a fn+1(x)a fn+2(x)7 .- }

for every « € I. Clearly f,(z) < h,(x) for every « € I, and h,, is decreasing on I. Suppose that « € T
and f,(z) — f(z) as n — oco. Then given any € > 0, there exists N such that for every n > N

flx) —e< fulz) < f(z) +e
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It follows that for all n > N,
f(@) —e <hn(x) < fz) +e,

so that h,(z) — f(x) as n — oco. Since f, — f as n — oo almost everywhere on I, it follows that
h, — f as n — oo almost everywhere on I. Unfortunately, we also need to show that h, € L£(I). Here,
the difficulty arises since h,(z) is defined as the supremum of a collection which may be finite or infinite.
This difficulty would not have arisen if the collection were finite, since the supremum of such a collection
would then be equal to its maximum, and we could then use Theorem 4N repeatedly. However, the finite
case suggests the following approach. For every m,n € N with m > n, write

hnm(m) = max{fn(m)a fn+1(x)’ ERE fm(x)}

for every « € I. Then by repeated application of Theorem 4N, we have h,,, € L(I). For every fixed
n € N, the sequence hy,, (in counting variable m > n) is increasing on I. On the other hand, clearly
|Pm ()] < F(x) for almost all « € I. It follows that

/ B () dz
I

< /I o ()] dz < /I F(2) da.

Hence the sequence
/ N () dex
I

is increasing and bounded above and so converges. It follows from Theorem 5C that hy,,, converges
almost everywhere as m — oo to a limit function in £(I). Clearly Ay, — hy as m — oo. This proves
that h,, € £(I). Similarly, write

gn(m) = lnf{fn(‘r)7 fn+1($), fn+2(x)7 M }

for every x € I. Clearly g, (z) < fn(z) for every x € I, and g, is increasing on I. Suppose that x € T
and fp(z) — f(x) as n — oo. Then given any € > 0, there exists N such that for every n > N,

f@)—e< fulz) < f(z) + e

It follows that for all n > N,
f(z) —e<gn(z) < f(z) +e

so that g,(z) — f(x) as n — oco. Since f,, — f as n — oo almost everywhere on I, it follows that
gn — [ as n — oo almost everywhere on I. To show that g, € L£(I), for every m,n € N with m > n,
write

Inm(x) = min{ f,(z), frt1(z), ..., fm(z)}

for every x € I. Then by repeated application of Theorem 4N, we have g,,, € L(I). For every fixed
n € N, the sequence g, (in counting variable m > n) is decreasing on I. On the other hand, clearly
|gnm (z)| < F(z) for almost all x € I. It follows that

’ /1 () da

§/1|gnm(x)|dx§/IF(x)dx.

Hence the sequence

/ Inm () dx

I

is decreasing and bounded below and so converges. It follows from Theorem 5C (applied to the sequence
—gnm) that gnm, converges almost everywhere as m — oo to a limit function in £(I). Clearly gnm — gn
as m — oo. This proves that g, € £(I). The proof of Theorem 6A is now complete. &

The following version for a series can be deduced easily from Theorem 6A.
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THEOREM 6B. Suppose that I C R is an interval. Suppose further that the sequence of functions
gn € L(I) satisfies the following conditions:
(a) The sequence g, : I — R is non-negative almost everywhere on I.
(b) Z gn converges almost everywhere on I to a sum function g : I — R.
n=1
(c) There exists a non-negative function G € L(I) such that |g(z)| < G(z) for almost all xz € I.
Then g € L(I), the series

converges, and

g(z)dz = ign(x) de = i () dz.
Jypraa= [ S ontere=3 |

n
PrROOF. Write fi = ¢; and f, = Z gm- It is easy to check that the sequence f, satisfies the

m=1
hypotheses of Theorem 6A with f = g and F' = G. The result follows easily. &

6.2. Consequences of Lebesgue’s Theorem
The following result is sometimes called the Bounded convergence theorem.

THEOREM 6C. Suppose that I C R is a bounded interval. Suppose further that the sequence of
functions f, € L(I) satisfies the following conditions:

(a) The sequence f, : I — R converges almost everywhere to a limit function f : I — R.

(b) There exists M € R such that for every n € N, |f,(z)| < M for almost all x € I.

Then the limit function f € L(I), and

/If(m) de = lim [ f,(z)dz.

n—oo I

REMARK. In view of conditions (a) and (b), we say that the sequence f, is boundedly convergent
almost everywhere on I.

PRrROOF OF THEOREM 6C. Let F(x) = M for every x € I, and note that since I is a bounded interval,
we have F' € £(I). The result now follows from Theorem 6A. &

The last result in this section is sometimes useful in establishing Lebesgue integrability.

THEOREM 6D. Suppose that I C R is an interval. Suppose further that the sequence of functions
fn € L(I) satisfies the following conditions:

(a) The sequence f, : I — R converges almost everywhere to a limit function f : I — R.

(b) There exists a non-negative function F € L(I) such that |f(z)| < F(z) for almost all x € I.

Then the limit function f € L(I).
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Proor. For every n € N, write
gn(2) = max{min{ f,,(z), F(x)}, —F(z)}

for every = € I (the reader is advised to draw a picture). Then g, € L£(I) by Theorem 4N. It is easy to
see that |g,(z)| < F(z) for almost all x € I, and that g, — f as n — oo almost everywhere on I. The
result follows from Theorem GA. &
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Chapter 7

LEBESGUE INTEGRALS
ON UNBOUNDED INTERVALS

7.1. Some Limiting Cases

We begin by considering the following result which extends Lebesgue integrals on finite intervals to
infinite intervals.

THEOREM 7A. Suppose that I = [A,o0), where A € R. Suppose further that the function f : I — R
satisfies the following conditions:
(a) f e L([A, B]) for every real number B > A.

B
(b) There exists a constant M such that / |f(z)|dx < M for every real number B > A.
A
Then f € L(I), the limit

lim /B f(z)dz
A

B—oo

exists, and

/AOO f(@)dz = lim /AB f(z)dx. (1)

B—oo

T This chapter was written at Imperial College, University of London, in 1977 while the author was an undergraduate.
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ProOOF. Let B, € R be an increasing sequence satisfying B,, > A for every n € N and B,, — oo as
n — 0o. For every n € N, define f,, : I — R by writing

Fulz) = {f(x) if v € [A, B,],

0 otherwise.

Clearly f,, € L(I), in view of Theorem 4J. Furthermore, f,(x) — f(z) as n — oo for every x € I, and so
|[fn(z)| — |f(z)| as n — oo for every z € I. It is not difficult to see that the sequence |f,,| is increasing

on I, so that
JALACIEE

is an increasing sequence, bounded above by M in view of (b), and so converges as n — oco. It follows
from the Monotone convergence theorem (Theorem 5C) that |f| € £(I). Note also that |f,,(z)| < |f(z)]
for every x € I. It follows from the Dominated convergence theorem (Theorem 6A) that f € £(I), and

that
B

/f(x) dz = lim [ fo(z)dz = lim ' f(z)da.
I U

n—oo A

Note that this holds for every increasing sequence B,, — 0o as n — 00, and so the equality (1) follows
immediately. &

We also have the following two corresponding results. The proofs are technically similar.

THEOREM 7B. Suppose that I = (—oo, B], where B € R. Suppose further that the function
f I — R satisfies the following conditions:
(a) f € L([A, B]) for every real number A < B.

B

(b) There exists a constant M such that / |f(z)|dx < M for every real number A < B.
A
Then f € L(I), the limit
B
lim / f(z)dx
A——o0 A
exists, and
B B
/ f(z)dz = lim f(z)d.
— A——co [y

THEOREM 7C. Suppose that the function f : R — R satisfies the following conditions:
(a) f € L([A, B]) for every A, B € R satisfying A < B.
B

(b) There exists a constant M such that / |f(z)|dx < M for every A, B € R satisfying A < B.
A
Then f € L(R), the limit
B
Jm [ s
B—oo

exists, and
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ExAMPLE 7.1.1. Consider the function f: R — R, given by

1

=1z

for every z € R. It is easy to check that for every A, B € R satisfying A < B, we have

B B
/ |f(1:)|dx:/ f(z)dz =tan ' B —tan ' A < 7.
A A

It follows from Theorem 7C that f € L(R), and that
| rayae- AEmoo/ fa

EXAMPLE 7.1.2. We shall demonstrate the importance of condition (b) in Theorem 7A. Define the

function f : [0,00) — R as follows: For every n € N, we write f(z) = n~!sinnz for every x € [n — 1,n).

It is easy to check that for every real number B > 0, we have

B [B] B
| s@ae= [ f@aes [ j)a
0 0 (B]

where [B] denotes the greatest integer not exceeding B. Then

/Bf( b Z f d$+/ Fa)do = [EBE/" sinwxdx+/3 sin Tx da
0 = Jn—1 oyl PO R [ 3] [B] +1

=t (=1)Bl —cosB

_ 25
_w; P () TR R

so that

) (—=1)nt . (=)l —costB  2log?2
1 e 1 = .
BLIE((I)O/ f@ Z n t e w([B] + 1) T

n=1

On the other hand, note that

[B] [B]

/OBf(m)lde/o[B] |dm—Z/ ldx—Z/ =—Z—

is not bounded above as B — oo, so that condition (b) fails. We shall show that f & £([0,00)). Suppose
on the contrary that f € £([0,00)). For every N € N, define fy : [0,00) — R by writing

i ={ SN

sinmx

It is not difficult to see that the sequence of functions fy € £([0,00)) is increasing on [0, c0), and that
fn(z) — |f(x)] as N — oo for every & € [0,00). On the other hand, it follows from Theorem 4M
that |f] € £([0,00)); also |fn(z)] < |f(x)| for every = € [0,00). Hence by the Dominated convergence
theorem (Theorem 6A), the sequence
/ fn(z)de
0

is convergent. Note, however, that

as N — oo, a contradiction.
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7.2. Improper Riemann Integrals
We now study Lebesgue integrals from the viewpoint of improper integrals.

DEFINITION. Suppose that A € R. Suppose further that the function f : [A,00) — R satisfies the
following conditions:
(a) f € R([A,B]) for every real number B > A.
B
(b) lim f(z) dz exists.
B—oo A

Then we say that f is improper Riemann integrable on [A4, c0), and define the improper integral of f
over [A, 00) by

oo B
/ f(@)dz = lim f(z)dx.
A B—ooJa

If we look at the Example 7.1.2, then we see that the existence of the improper integral does not
imply the existence of the Lebesgue integral. Corresponding to Theorem 7A, we have the following
result.

THEOREM 7D. Suppose that A € R. Suppose further that the function f : [A,00) — R satisfies
the following conditions:
(a) f € R([A, B]) for every real number B > A.

B

(b) There exists a constant M such that / |f(z)|dx < M for every real number B > A.
A

Then both f and |f| are improper Riemann integrable on [A, co). Furthermore, f € L([A, 0)), and the
Lebesgue integral of f over [A, 00) is equal to the improper Riemann integral of f over [A, 00).

Proor. Clearly
B
[ 1@z
A

is an increasing function of B and is bounded above, so that it converges as B — oo, so that |f] is
improper Riemann integrable on [A,00). On the other hand, clearly 0 < |f(x)| — f(z) < 2|f(z)| for
every € [A,00). It follows that

B
/ (17 (@) — f(x)) da
A

is also an increasing function of B and is bounded above, so that it also converges as B — oco. Hence

/AB f(z)d

converges as B — oo, so that f is improper Riemann integrable on [A,00). To complete the proof of
Theorem 7D, we note that by Theorem 4V, f € L([A, B]) for every real number B > A, and that the
Lebesgue integral of f over [A, B] is equal to the Riemann integral of f over [A, B]. The result now
follows from Theorem 7A. &

We also have results corresponding to Theorems 7B and 7C.
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Chapter 8

MEASURABLE FUNCTIONS
AND MEASURABLE SETS

8.1. Measurable Functions

Suppose that I C R is an interval. For every function f € £(I), there exist functions u,v € U(I) such
that f(z) = u(z) — v(x) for all x € I. There exist sequences of step functions s,,t, € S(I) such that
Sn(x) = u(z) and t,(z) — v(z) as n — oo for almost all x € I. It follows that s, (z) — t,(x) — f(z) as
n — oo for almost all z € I. Clearly s,, — t,, € S(I) for every n € N. Hence every Lebesgue integrable
function on I is the limit almost everywhere on I of a sequence of step functions on I.

Let us examine the converse. The function f(x) = 1 for every z € R is clearly not Lebesgue
integrable on R. For every n € N, define f,, : R — R by writing

_ 1 ifze[-n,n],
fn(@) = {0 otherwise.

Then fp(x) — f(x) as n — oo for all z € R. Also f,, € S(R) for every n € N. It follows that the limit
of a sequence of step functions is not necessarily Lebesgue integrable.
We shall study the class of functions which are the limits of step functions.

DEFINITION. Suppose that I C R is an interval. A function f : I — R is said to be measurable on I,
denoted by f € M(I), if there exists a sequence of step functions s,, € S(I) such that s,(x) — f(x) as
n — oo for almost all z € 1.

REMARK. It is clear that for any interval I C R, we have £(I) C M(I). In fact, it can be shown that
L(I) # M().

T This chapter was written at Imperial College, University of London, in 1977 while the author was an undergraduate.
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We have the following partial result.

THEOREM 8A. Suppose that I C R is an interval, and that f € M(I). Suppose further that there
exists a non-negative function F' € L(I) such that |f(x)| < F(z) for almost all z € I. Then f € L(I).

PROOF. Since f € M(I), there exists a sequence f, € S(I) C L(I) such that f,(z) — f(z) asn —
for almost all z € I. The result now follows from Theorem 6D. &

The following two results are simple consequences of Theorem 8A.

THEOREM 8B. Suppose that I C R is an interval, and that f € M(I). Suppose further that
|f] € L(I). Then f € L(I).

THEOREM 8C. Suppose that I C R is a bounded interval, and that f € M(I). Suppose further
that f is bounded on I. Then f € L(I).

8.2. Further Properties of Measurable Functions
First of all, we shall construct more measurable functions.

THEOREM 8D. Suppose that I C R is an interval, and that f,g € M(I). Then so are f £ g, fg,
|f], max{f, g} and min{f,g}. Also, 1/f € M(I) provided that f(x) # 0 for almost all xz € I.

PRrROOF. We shall prove the more general result that if a function ¢ : R? — R is continuous on R?, then
any function h : I — R, defined by

h(z) = ¢(f(z), g(x))

for every x € I, is measurable on I. Suppose that the sequences of step functions s,,t, € S(I) satisfy
sp(z) — f(z) and ¢, (x) — g(z) as n — oo for almost all € I. For every n € R, the function u,, : I — R,
defined by

un () = ¢(sn(x), tn(x))
for every x € I, is a step function on I. Clearly u,(z) — ¢(f(z), g(x)) as n — oo for almost allz € . &
Next, we show that the limits of sequences of measurable functions are also measurable.
THEOREM 8E. Suppose that I C R is an interval, and that f : I — R is given. Suppose further
that there exists a sequence of functions f, € M(I) such that f,(x) — f(z) as n — oo for almost all

x € 1. Then f € M(I).

PRrROOF. Choose any positive function g € £(I) € M(I) and keep it fixed. For every n € N, write

Fo(z) =g9(x) —F——F—
@ =9 @
for every € I. Then
f(z)
F,(x) — glx) —————
R eayiey
as n — oo for almost all x € I. For every x € I, write
f(x)

F(x) Zg(x)m-
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Note that F,, € M(I) by Theorem 8D. Also |F,(z)| < g(x) for all x € I. It follows from Theorem 8A
that F,, € £(I). On the other hand, |F(z)| < g(z) for all z € I, so it follows from Theorem 6D that
F e L(I) C M(I). Finally, it is easily checked that

F(x)
g9(z) — |F(z)|

for every x € I. The result now follows from Theorem 8D on noting that g(z) — |F(z)| > 0 for every
rzcl. &

fz) =

8.3. Measurable Sets

In this section, we shall develop the notion of the Lebesgue measure of sets of real numbers. We shall do
this by using the characteristic function. Recall that for any subset S C R, the characteristic function
Xs : R — R of the set S satisfies xs(x) =1if 2z € S and xg(z) =0if x & S.

THEOREM 8F. Suppose that S C R. Then S has measure zero if and only if the following two
conditions are satisfied:
(a) xs € L(R); and

o) [ xsle)dz o

PROOF. (=) Suppose that S has measure zero. Then yg(z) = 0 for almost all x € R. The result
now follows from Theorem 4U.
(<) Forevery n € N, let f,(x) = xs(z) for every x € R. Then f,, € L(R) and

ngvn(x)dx > [ xstwyar=o

n=1
By the Monotone convergence theorem (Theorem 5E), the series

> fal@) (1)
n=1

converges almost everywhere on R. If € S, then f,(z) = 1 for every n € N, so that the series (1)
diverges. If ¢ S, then f,(z) = 0 for every n € N, so that the series (1) converges. It follows that the
series (1) diverges if and only if z € S. Hence S has measure zero. &

DEFINITION. A set S C R is said to be measurable if the characteristic function xs € M(R). If
xs € L(R), then the measure p(S) of the set S is given by

u(S) = [ xs(o)de,
R
If xs € M(R) but xs € L(R), then we define p(S) = oco.

REMARKS. (1) The function u is sometimes called the Lebesgue measure.

(2) By Theorem 8F, a set S C R of measure zero is measurable and pu(S) = 0.

(3) Every interval I C R is measurable. If I is bounded with endpoints A < B, then u(I) = B—A.
If I is unbounded, then p(I) = oco.

(4) Suppose that S,T C R are measurable. If S C T, then p(S) < u(T).

The next two results give rise to more measurable sets.
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THEOREM 8G. Suppose that S,T C R are measurable. Then so is S\ T.

Proor. Note that the characteristic function of S\ T is xs — xsxr. The result now follows from
Theorem 8D. &

THEOREM 8H. Suppose that for every k € N, the set S, C R is measurable. Then so are

U=|JS and V=[)S

PROOF. For every n € N, let
Up=|JS and  V,=[)S%
k=1 k=1

Then it follows from Theorem 8D that the characteristic functions
Xu, = max{xs,,.--, XS, } and xv, = min{xs,,...,Xs, }
are measurable on R. On the other hand,
xu(z) = nlggo xu, () and xv(z) = nhjgo xv, ()

for every z € R. It follows from Theorem 8E that xy, xv € M(R). &

8.4. Additivity of Measure

In this section, we study the important question of adding measure. Given a collection of pairwise
disjoint measurable sets, we would like to find the measure of their union in terms of the measure of
each of the sets in the collection.

We first study the case of the union of two measurable sets.

THEOREM 8J. Suppose that S1,S2 C R are measurable. Suppose further that S; NSy = (). Then
(81U S2) = p(S1) + p(S2).

PrROOF. Write U = S1USs. Clearly xu(z) = xs, (z)+xs, () for every € R. Suppose that xy € L(R).
Then since xs,,xs, € M(R) and satisfy

0<xs () <xv(r) and 0<xs,(2)<xv(x)
for every x € R, it follows from Theorem 8A that xs,, xs, € L(R). Clearly
u() = [ @ de = [ s @ det [ s, @) de= () + (S,
R R R

Suppose next that xy € L(R). Then u(U) = oco. On the other hand, we have, by Theorem 4L, that
xs; € L(R) or xs, € L(R). It follows that p(S1) + p(S2) = co. &

Using Theorem 8J and induction, we can show that Lebesgue measure is finitely additive.

THEOREM 8K. Suppose that Sq,...,S, C R are measurable. Suppose further that S; N S; = 0

whenever i # j. Then
% (U 5k> = ZM(Sk)-
k=1

k=1
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We now extend Theorem 8K to show that Lebesgue measure is countably additive.

THEOREM 8L. Suppose that for every k € N, the set Sy, C R is measurable. Suppose further that

S; N Sj =0 whenever ¢ # j. Then
% (U 5k> = ZM(Sk)- (2)
k=1 k=1

ProoOF. For every n € N, let

S
Il
2
”
¥

-

Il
s
&

and

£
Il
—
£
Il
-

By Theorem 8K, we have
p(Un) = p(Sk)-
k=1
We need to show that u(U,) — u(U) as n — oco. Suppose that p(U) is finite. Then yy € L(R). On

the other hand, 0 < xp, (z) < xv(z) for every n € N and = € R, so it follows from Theorem 8A that
xu, € L(R) for every n € N. Note that the sequence

M&J=4Xmmﬂw

is increasing and bounded above by u(U), and so converges. It follows from the Monotone convergence
theorem (Theorem 5C) that

tim u(U,) = lim [ v, (2)do = [ lim o, (o) do = [ xo(e)de = u®).

Suppose next that u(U) = oco. Then xy € L(R). It follows from Theorem 5C that either xy, ¢ L(R)
for some n € N or u(U,) — oo as n — oo. In either case, both sides of (2) are infinite. &

8.5. Lebesgue Integrals over Measurable Sets

In this section, we extend the definition of the Lebesgue integral to include all measurable sets.
DEFINITION. Suppose that the set S C R is measurable. For any function f : S — R, define a function
f* R — R by writing

0 otherwise.

Suppose that f* € L(R). Then we say that f is Lebesgue integrable on S, denoted by f € L(S).
Furthermore, the integral of f over S is defined by

/Sf(x)dm:/Rf*(x)dm.

REMARK. Note that if ;4(5) is finite, then u(S) = / dz.
s

Corresponding to Theorem 8L, we have the following two results.
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THEOREM 8M. Suppose that f: U — R is given, where

o s
k=1

where S, C R is measurable for every k € N and S; N'S; = () whenever i # j. Suppose further that
f € L(S) for every k € N, and that

> | f@)de (3)
k=1 k

is convergent. Then f € L(U), and

JREC f(x)da
v k=17
THEOREM 8N. Suppose that
U=J S
k=1

where S, C R is measurable for every k € N and S; N'S; = () whenever i # j. Suppose further that
f € LU). Then f € L(Sk) for every k € N, and

/Uf(:v)de; Skf(x)dx.

PROOF OF THEOREM 8M. Writing f = f™ — f~ and studying f* and f~ separately, we may assume,
without loss of generality, that f is non-negative. For every n € N, let

o Us.

k=1
It is not difficult to see that f € £(U,), and

n

/ flx)dz = f(z)da.
Un

k=1"5k

We need to prove that f € L(U) and

lim f(x)dx:/Uf(:c) dz. (4)

n—oo U
n

Now define f* : R — R by writing

sy [ flx) ifzeU, 5
I (@) {0 otherwise. 5)

To prove (4), it suffices to prove that
lim [ f*(x)xu, (z)dz = / [ (x)de. (6)

Clearly f* is non-negative. It follows that the sequence f*xy, € L(R) is increasing everywhere on R,
and f*(x)xu, (r) — f*(z) as n — oo for every x € R. It follows from the convergence of the sequence
(3) and the Monotone convergence theorem (Theorem 5C) that f* € L(R) and that (6) holds. &
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PrROOF OoF THEOREM 8N. Since Si is measurable, it follows that xg, € M(R). On the other hand,
define f* : R — R by (5). Since f € L(U), we have f* € L(R) C M(R). Also |f*| € L(R). By Theorem
8D, we also have f*ygs, € M(R). Clearly |f*(x)xs,(z)| < |f*(z)| for every z € R. It follows from
Theorem 8A that f*xs, € L(R), so that f € L(S). We can now complete the proof as for Theorem

SM. &
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Chapter 9

CONTINUITY AND DIFFERENTIABILITY
OF LEBESGUE INTEGRALS

9.1. Continuity

Many functions in analysis are of the form

F(y) = /X fla,y)de

for some function f : X x Y — R, where X,Y C R are intervals. Our task is to study the possible
transfer of properties from the integrand f to the integral F.

We have the following result on continuity, that under suitable conditions, the continuity property
can be transferred from the integrand to the integral through Lebesgue integration.

THEOREM 9A. Suppose that X,Y C R are intervals. Suppose further that the function f : X XY —

R satisfies the following conditions:

(a) For every fixed y € Y, the function f, : X — R, defined by f,(z) = f(x,y) for every x € X, is
measurable on X.

(b) There exists a non-negative function g € L(X) such that for everyy € Y, | f(z,y)| < g(z) for almost
allx € X.

(c) For every fixedy € Y, f(x,t) — f(x,y) ast — y for almost all x € X.

Then for every y € Y, the Lebesgue integral

/Xf(rf,y) da

T This chapter was written at Imperial College, University of London, in 1977 while the author was an undergraduate.
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exists. Furthermore, the function F' : Y — R, defined by

Fly) = /X flz,y)de

for every y € Y, is continuous on Y'; in other words,

lim/}(f(x,t)dxz/}(f(&y)dx. (1)

t—y

REMARK. Note that condition (c) states that the function f(z,y) is a continuous function on Y for
almost all € X, whereas (1) states that the integral F'(y) is a continuous function on Y.

PROOF OF THEOREM 9A. Conditions (a) and (b), together with Theorem 8A, show that for every
y € Y, we have f, € £(X). It remains to prove (1). Suppose that y € YV is fixed. Let y, € Y be a
sequence such that y,, — y as n — co. We shall prove that F(y,) — F(y) as n — co. Note that

F(yn) :/Xfy7L(x)dx7

where f, € L(X), fy.(x) — fy(z) as n — oo for almost all x € X, and |f, (z)| < g(z) for almost
all z € X. Tt follows from the Dominated convergence theorem (Theorem 6A) that the sequence F(yy,)

converges, and
/ fy(z)dr = lim / fyn (z) da.
X n—oo X

This gives F(y,) — F(y) as n — oo, and completes the proof of Theorem 9A. &

REMARK. In the above proof, we have used the following result: A function F': Y — R is continuous
at y € Y if and only if F(y,) — F(y) as n — oo for every sequence y,, € Y satisfying y, — y as n — oo.

ExaMPLE 9.1.1. Consider the function F' : (0,00) — R, given by

F)= [ e k) da,

where
k(z) = {x_l sinx if x >0,
1 if x =0.
Here we write X = [0,00) and Y = (0,00). Using Theorem 7D, we can easily check that condition (a)
of Theorem 9A holds. On the other hand, condition (c) is easily checked. We now check condition (b).
Note that for every fixed y € Y, e ¥ — e~ ! as x — 0. Hence the best we can hope for an upper bound
for e=®¥ is e=!. On the other hand, we may use the inequality

1
< min{l,—}.
x

1
le™"¥k(z)| < e min {1, —} ,
T

but the function on the right hand side is not Lebesgue integrable on X. Instead, for every fixed A > 0,
we shall apply Theorem 9A in the case X = [0,00) and Y =Y, = [A4, 00). Then conditions (a) and (c)
still hold. Also, for every y € Y4, we have

sinx

T

Hence

le™®k(z)| < e A2,
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It is now easily checked that the function e~4® is Lebesgue integrable on X. We now conclude that the
function F'(y) is continuous at every y > A. Since A > 0 is arbitrary, we can conclude that the function

F(y) is continuous at every y > 0.

EXAMPLE 9.1.2. In this example, we continue our investigation of the function F' : (0,00) — R in
Example 9.1.1 by showing that F'(y) — 0 as y — oo. Suppose that y,, € [1,00) is an increasing sequence
satisfying y, — oo as n — oo. We shall prove that F(y,) — 0 as n — oo. For every n € N, define
fn: X — R by writing
fu(z) = e ¥ k(2)

for every z > 0. Clearly f,(z) — 0 as n — oo for every z > 0. On the other hand, since y, > 1, we
must have |f,(z)| < e™® for every > 0. Suppose that B € R is positive and fixed. It is easy to check
that for every n € N, f,, € R([0, B]) and

B B
/ | fr(z)|de < / e Tdr < 1.
0 0

It follows from Theorem 7D that f,, € £(X). Furthermore, it is easy to check that the function e~ is
Lebesgue integrable on X. It now follows from the Dominated convergence theorem (Theorem 6A) that

lim F(y,)= lim fu(z)de = / lim f,(z)dx =0.

Note that we have used the following result: A function F': Y — R satisfies F\(y) — L as y — oo if and
only if F(y,) — L as n — oo for every sequence y,, € Y satisfying y, — oo as n — oo.

9.2. Differentiability

We have the following result on differentiability, that under suitable conditions, we can differentiate
under the integral sign.

THEOREM 9B. Suppose that X,Y C R are intervals. Suppose further that the function f : X XY —

R satisfies the following conditions:

(a) For every fixed y € Y, the function f, : X — R, defined by f,(z) = f(x,y) for every x € X, is
measurable on X.

0
(b) The partial derivative a—f(x, y) exists for every interior point (z,y) € X x Y.
Y

(c) There exists a non-negative function G € L(X) such that ‘gf(m,y)‘ < G(xz) for every interior
Y

point (z,y) € X x Y.
(d) There exists yo € Y such that f,, € L(X).
Then for every y € Y, the Lebesgue integral

Aﬂaww

exists. Furthermore, the function F' : Y — R, defined by

ﬂw:Aﬂ%wm

for every y € Y, is differentiable at every interior point of Y, and the derivative F'(y) satisfies

F@=L%awmm 2)
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REMARK. Note that condition (b) states that the function f(z,y) is differentiable with respect to v,
whereas (1) states that the integral F'(y) is differentiable.

PRrROOF OF THEOREM 9B. Suppose that (z,y) € X x Y is an interior point, and that y # yo. By the
Mean value theorem, there exists & between yy and y such that

Fay) = £, y0) = (g — o) 2L

a_y(xag)’

so that in view of (c), we have

|f(@,m)| < [f (2 90) + [y — 90l G(z).

Note that the function on the right hand side is | fy,| + [y — y0|G € L(X). It follows that the measurable
function f, € M(X) is dominated almost everywhere on X by a non-negative function in £(X). Hence
fy € L(X) by Theorem 8A. It remains to prove (2). Suppose that y € Y is fixed. Let y, € Y\ {y} be a
sequence such that y,, — y as n — oo. For every n € N, consider the function h, : X — R, defined by

f(m>yn) — f(l.?y)

in() = Yn — Y

for every z € X. Clearly h,, € £(X), and

() — a%f(x,y)

as n — oo at every interior point x € X. By the Mean value theorem, there exists &, between y,, and y
such that

(@) = |2 (2, 6)

9y < G(x)

for almost all z € X. It follows from the Dominated convergence theorem (Theorem 6A) that

0
— f(z,y)d
/Xay (2,) dz

/ f(@,yn) — f(z,9) dr
X Yn — Y

exists, the sequence

converges, and

. f(x7yn)_f(m>y) _ g T T
lim /X - dx—/Xayf( ,y)dx. (3)

n—oo

Note now that

f(x,yn)—f(x,y) o 1 . B . xzw
J AT 4o - | (o)~ S |

Yn — Y Yn — Y
But
F - F
lim Flyn) = Fly) _ F'(y). (4)
n—0o0 Yn — Y

The equality (2) now follows on combining (3) and (4). &
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ExXAMPLE 9.2.1. We continue our investigation of the function F : (0,00) — R, given by

F)= [ e k) da,

where
k(z) = 7 lsing ifz >0,
1 if x =0.

For every A > 0, we apply Theorem 9B with X = [0,00) and Y = Y4 = [A, 00) to conclude that

oo
F'(y) = —/ e "sinzdz
0

9-5

()

for every y > A. Since A > 0 is arbitrary, it follows that (5) holds for every y > 0. Suppose that B € R

is positive and fixed. It is easy to check that the Riemann integral

B — .
/ e Wsinxdxr = 1 _¢ By(y sin B + cos B)
0 1492 1+y2

for every y > 0. In view of Theorem 7D, we can let B — oo and obtain

1

F’(y):f/ e Wsinzdr = ———
0 1+y?

for every y > 0. For any y > 0, choose B € R such that B > y. Then

dt

e =tan 'y —tan" ! B.

B
ﬂm—F@z—/

Letting B — oo, we obtain

_ ™
—F(y) = tan 1y—§.

In other words,

o T
/ e Wk(z)dr = = —tan" 'y
O 2

for every y > 0.
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Chapter 10

DOUBLE LEBESGUE INTEGRALS

10.1. Introduction

The purpose of this chapter is to extend the idea of the Lebesgue integral to functions of more than
one real variable. Here we shall restrict ourselves to the case of functions of two real variables. The
definitions and results here can be generalized in a very natural way to the case of functions of more
than two real variables.

As in the one-variable case, Lebesgue integration for functions of two variables again is a generaliza-
tion of Riemann integration. However, a new feature here is a result of Fubini which reduces the problem
of calculating a two-dimensional integral to the problem of calculating one-dimensional integrals.

Again, our approach is via step functions and upper functions. Many of the details are similar to
the one-variable case, and we shall omit some of the details.

We shall first of all make a few remarks on the problem of extending a number of definitions and
results on point sets in R to point sets in R2. The reader may wish to provide the proofs by generalizing
those in Chapter 3.

REMARKS. (1) We shall measure distance in R? by euclidean distance; in other words, the distance
between two points x,y € R? is given by |x — y|, the modulus of the vector x —y.
(2) We can define interior points in terms of open discs

D(x,6) ={y e R*: |x —y| < ¢}

instead of open intervals (z — e,z +¢) = {y € R: |x — y| < €}. Then open sets can be defined in the
same way as before. Theorems 3A and 3B generalize easily.

(3) The limit of sequences in R? can be defined in terms of the euclidean distance discussed in
Remark (1). Then closed sets can be defined in the same way as before. Theorems 3D, 3E and 3F
generalize easily.

T This chapter was written at Imperial College, University of London, in 1977 while the author was an undergraduate.
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(4) The Cantor intersection theorem in R? can also be established via the Bolzano-Weierstrass
theorem in R2, a simple consequence of the Bolzano-Weierstrass theorem in R.

(5) An interval (resp. an open interval, a closed interval) in R? is defined to be the cartesian
product of two intervals (resp. open intervals, closed intervals) in R. If I is an interval in R?, then (1)
denotes its area, the product of the lengths of the two intervals in R making up the cartesian product.
Sets of measure zero and compact sets in R? can be defined in the same way as before. Theorems 3L
and 3M generalize easily. The Heine-Borel theorem can also be generalized: Any closed and bounded
set in R? is compact.

(6) As before, a property P(x) is said to hold for almost all x € S if P(x) fails to hold for at most
a set of measure zero in S.

We next make a few remarks on the problem of extending a number of definitions and results on
Riemann integration of functions of one variable to Riemann integration of functions of two variables.
The reader may wish to provide the proofs by generalizing those in Chapter 2.

REMARKS. (1) Suppose that a function f(z,y) is bounded on the interval [A;, B1] X [A2, Bs], where
Ay, B, As, By € R satisfy A; < By and As < By. Suppose further that

A11A1:£L'0<£C1<$2<‘..<£Cn:B1 and A22A2:y0<y1<y2<...<ym:BQ

are dissections of the intervals [A1, B1] and [Ag, Bs] respectively. We consider A = A; x Ay to be a
dissection of [A1, By] x [Aa, Ba].

(2) The sums
s(f,A) = ZZ(% —zi—1)(y; —yj—1)  min  f(z,y)

z€[Ti—1,T4]
YE[Yi—1,Y5]

=1 j=1

and

S(f,A) = ZZ(% —zi-1)(y; —yj—1) max f(z,y)

T€[Ti—1,T4]

YE[y;—1,5]

are then the lower and upper Riemann sums respectively of f(z,y) corresponding to the dissection A.
(3) As before, we define the lower integral by taking the supremum of the lower sums over all

dissections A of [A1, B1] X [Ag, By]. Similarly, we define the upper integral by taking the infimum of the

upper sums over all dissections A of [A;, By] X [Aa, Bs]. If the lower and upper integrals have the same

value, then their common value is taken to be the Riemann integral

/ f(z,y)d(z,y).
[Al,Bl] X [AQ,BQ]

(4) All the results in Chapter 2 can be extended to the case of functions of two variables, and
the proofs are similar but perhaps technically slightly more complicated in a few cases. Note also the
very restrictive nature of the generalizations of Theorems 2F and 2G. Also, try to find the strongest
generalization of Theorem 2H.

(5) Note at this point that we have not established any criteria for the existence of the integrals

B, Bo By By
/ ( f(@,y) dy) dz and / < f(x,y) dx) dy.
Ay Ao As Ay

Finally, we make a few remarks on the problem of extending the idea of Lebesgue integration of
functions of one variable to Lebesgue integration of functions of two variables. Our main task is to
make suitable generalizations of our definitions. If we follow our approach below, then all the results in
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Chapters 4, 5, 6 and 8 admit generalizations to the two-variable case. The reader may wish to provide
the detailed proofs.

REMARKS. (1) Suppose that Ay, B, As, By € Rsatisfy Ay < By and As < By. We make the following
natural extension of the notion of a step function. A function s : [Ay, By] X [A2, Ba] — R is called a
step function on [A1, B] X [As, Bs] if there exist dissections A1 = zg < 21 < x2 < ... < &, = By and
Ay =yo <y1 <y2 <...<Ym = By of [A, B1] and [A2, Bs] respectively, and numbers ¢;; € R such that
foreveryi=1,...,nand j =1,...,m, we have s(z,y) = ¢;; for every z € (z;_1,2;) and y € (yj-1,¥;)-
For everyi=1,...,nand j =1,...,m, the integral

/ s(z,y) d(z,y) = cij(wi — 1) (Y5 — yj-1)
[zi—1,2:] ¥ [y;—1,Y5]

is in the sense of Riemann. Also the integral

s(z,y) d(z,y) = cij(wi —xio1)(yj — yj—1)
/[\A17B1]><[A27BQ] 1:21 ; ’ ’ !

is in the sense of Riemann, and is in fact independent of the choice of the dissection of [Ay, B] x [43, Ba],
provided that s(z,y) is constant in any open subinterval arising from the dissections.

(2) We next generalize the definition of step functions to arbitrary intervals I C R? by using a
finite subinterval (Ay, By) X (As, Ba) C I such that s : [A;, By] x [A2, B3] — R is a step function on
[A1, B1] X [Ag, Bo] and s(z,y) = 0 for every x € I\ [A1, B1] X [Aa, Bs]. The integral over I is then defined
as the integral over [A;, B;]| x [A3, B2]. This establishes the collection S(I) of all step functions on I.

(3) The collections U(T), L(I) and M(I) respectively of all upper functions, all Lebesgue integrable
functions and all measurable functions on I are now obtained from the collection S(I) in a similar way
as before.

(4) We can also define measure on R? in terms of the characteristic function. Lebesgue integrals
over arbitrary measurable sets in R? can also be defined in a similar way as before.

10.2. Decomposition into Squares
The following result can be viewed as a generalization of Theorem 3C.

THEOREM 10A. Every open set G C R? can be expressed as a countable union of disjoint squares
whose closures are contained in G.

REMARK. The closure of a set is the union of the set with the collection of all its limit points. The
closure of a square is therefore the square together with its edges.

THEOREM 10B. Every open set G C R? is measurable. Furthermore, if G is bounded, then p(G)
is finite.

THEOREM 10C. Every closed set ' C R? is measurable. Furthermore, if F is bounded, then pu(F)
is finite.

PROOF OF THEOREM 10A. For every m € N and k1, ks € Z, consider the square

ﬁ k1 +1 « ﬁ ko+1
gm’ gm om’ gm ’

S(m, ky, ko) = [

with closure

- kl k1+1 k2 k2+1
S(mvklakQ) = |:2_m’ om :| X |:2_m’ om :|
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It is easy to see that for every m € N, the collection
Qm = {S(mvklka) : k17k2 S Z}

is pairwise disjoint and countable. Suppose now that G C R? is a given open set. Let

Si= | Sk k).
k1,k2€Z
S(1,k1,k2)CG

For every m € N satisfying m > 2, let

Sy = U S(m,ky,ka) [\ (S1U...USp_1).
k1,k2€7Z
S(m,kl,k)g)gG

Finally, let

o0
S=J Sm.
m=1
Note that for each m € N, the set S, is the union of a countable number of squares in Q,,,. Also, the sets
51,59, 5s, ... are pairwise disjoint. It follows from Theorem 1E that S is a countable union of disjoint
squares whose closures are contained in GG. Clearly S C GG. To prove Theorem 104, it suffices to prove
that G C S, so that G = S. Suppose that (z,y) € G. Since G is open, it follows that there exists € > 0
such that
(r—e,xt+e)x (y—c,y+e) CG.

Now choose m € N so that 2™ < e. Then (the reader is advised to draw a picture) there exist k1, ke € Z
such that

k1 ki1+1 ko ko +1
2_m§x< om and 2_m§y< om
so that (z,y) € S(m, k1, ke). It is easy to see that

m{kl k1+1:|x|:k2 k2+1

Q_m’ om 2_m’ om :|g(33€,1‘+€)><(y6,y+€)gG.

In other words, there exist m € N and k1, ks € Z such that
(x,y) € S(m, ky, k2) and S(m, ki,ks) C G. (1)

Let mg be the smallest value of m € N such that there exist ki, ko € Z for which (1) holds. It is easy to
see that (z,y) € Sy, € S. Hence GC S. &

ProOoOF OoF THEOREMS 10B AND 10C. Clearly each square is measurable. The first assertion of
Theorem 10B follows from Theorem 10A and the two-dimensional analogue of Theorem 8H. To prove
the first assertion of Theorem 10C, note that the set G = R?\ F is open and so measurable, so that
xc € M(R?). But xr =1 — xg. Hence xr € M(R?), whence F is measurable. To complete the proof,
note that a bounded measurable set S is contained in a square of finite area (7). Clearly p(S) < u(T).

&

10.3. Fubini’s Theorem for Step Functions

A useful result of Fubini reduces the problem of calculating a two-dimensional integral to the problem
of calculating one-dimensional integrals. In this section and the next two, we shall establish this result.
The special case for step functions is summarized by the following theorem.
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THEOREM 10D. Suppose that s € S(R?).

(a) For each fixed y € R, the integral / s(z,y) dx exists and, as a function of y, is Lebesgue integrable
R

st = [ ([snas)an

(b) For each fixed x € R, the integral / s(z,y) dy exists and, as a function of x, is Lebesgue integrable
R

| swwae = [ ( [ ste.w dy) iz,
/]R (/R o(@9) dx) dy = /R (/R s(z,y) dy) dz.

PROOF. To prove (a), note that there exist Ay, By, As, Bo € R satisfying A; < B; and Ay < Bs such
that s : [A1, By] x [A2, B2] — R is a step function on [Ay, Bq] X [A2, Bo] and s(z,y) = 0 for every
(z,y) & [A1, B1] x [A2, Ba]. Hence there exist dissections Ay = zp < 21 < 22 < ... < x, = By and
Ay =yo <y1 <y2 <...<yYm = Byof [A1, B1] and [As, By respectively, and numbers ¢;; € R such that

on R. Furthermore,

on R. Furthermore,

(c) In particular, we have

foreveryi=1,...,nand j =1,...,m, we have s(z,y) = ¢;; for every x € (z;—1,2;) and y € (yj-1,¥;)-
For every i =1,...,nand j =1,...,m, the integral
/ s(z,y)d(w,y) = cij(zi — 2i1)(yj — Yj-1) = / / s(z,y)dz | dy.
[@i—1,24] X [yj-1,5] [yj—1,95] [@i—1,24]
Summing over i =1,...,n and j = 1,...,m, we obtain

[A1,B1]x[A2,B2] [Az,Bs] [A1,B1]

Since s(z,y) = 0 whenever (z,y) & [A1, B1] X [A2, Bs], the result follows. Part (b) is similar. Part (c)
follows immediately on combining (a) and (b). &

10.4. Sets of Measure Zero

The generalization of Theorem 10D to upper functions and Lebesgue integrable functions depends on
the following result on sets of measure zero.

DEFINITION. Suppose that S C R2. For every y € R, we write S;(y) = {x € R: (z,y) € S}. For every
x € R, we write Sa(z) = {y € R: (z,y) € S}.

THEOREM 10E. Suppose that S C R?, and that u(S) = 0. Then
(a) u(Si(y)) =0 for almost all y € R; and
(b) pu(S2(z)) =0 for almost all x € R.

The proof of Theorem 10E depends on the following equivalent formulation for sets of measure zero.
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THEOREM 10F.
(a) Suppose that S C R. Then p(S) = 0 if and only if there exists a sequence of intervals I, € R such

that -
> ()
n=1

is finite and every x € S belongs to infinitely many I, .
(b) Suppose that S C R%. Then u(S) = 0 if and only if there exists a sequence of intervals J,, € R>

such that
o0
> ()
n=1

is finite and every (x,y) € S belongs to infinitely many J,,.

PRrROOF. The proofs of the two parts are similar, so we shall only prove (a).
(=) For every m € N, there exists a sequence of intervals 1™ C R such that

) 00
scU)mm  ad Sy <2m
n=1 n=1

Then the collection Q = {L(Lm) :m,n € N} is countable and

S un = 3 S uIe) <1

IeQ =1n=1

Clearly every x € S belongs to infinitely many intervals in Q.
(<) Given any € > 0, there exists N € N such that

Z w(l,) <e.
n=N

Since every x € S belongs to infinitely many I,,, it follows that
T € U 1,.
n=N
Hence
S C U I, and Z u(ly) < e.
n=N n=N
The result follows. &

PROOF OF THEOREM 10E. We shall only prove (a), since (b) is similar. Since u(S) = 0, it follows
from Theorem 10F(b) that there exists a sequence of intervals J,, € R? such that

is finite and every (z,y) € S belongs to infinitely many J,,. For every n € N, write J,, = X,, X Y,,, where
the intervals X,,,Y,, C R. Then (note that we slightly abuse notation and use p to denote measure both
in R and in R?)

=
=
I
=
»
3
=
=
I

u(Xn)/RXYn (y) dy,
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where yy;, denotes the characteristic function of Y,,. Consider now the function g, : R — R, defined by
gn(y) = (Xn)xy, (y) for every y € R. Clearly g, € L(R), is non-negative, and

;;/Rgn(y) dy

converges. It follows from the Monotone convergence theorem (Theorem 5D) that

Z 9n(y)

converges for almost all y € R. In other words,

> uXn)xy, (y) (2)

converges for almost all y € R. Suppose now that y € R and (2) converges. We shall show that
1(S1(y)) = 0. We may assume, without loss of generality, that S;(y) # 0. Clearly

Qy) ={X,:neNandy €Y,}

is a countable collection of intervals in R, of total length (2). Furthermore, if z € S (y), then (z,y) € S,
so that (z,y) belongs to infinitely many .J,,, whence x belongs to infinitely X, in Q(y). The result now
follows from Theorem 10F(a). &

10.5. Fubini’s Theorem for Lebesgue Integrable Functions
We complete this chapter by proving the following result.

THEOREM 10G. Suppose that f € L(R?). Then

(a) the Lebesgue integral / f(x,y) dx exists for almost all y € R, the function G : R — R, defined by
R

/ f(z,y)dx if the integral exists,
Gly) =4 /r

0 otherwise,

is Lebesgue integrable on R, and
[ s v = [ Guan
R2 R

(b) the Lebesgue integral / f(x,y) dy exists for almost all x € R, the function H : R — R, defined by
R

/ f(z,y)dy if the integral exists,
H(z)=1¢ J/r
0 otherwise,

is Lebesgue integrable on R, and

|t e = [ #Heay
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and
(c) we have

[([rema)a= [ ([ sena)

PrOOF. If f € S(R?), then the result is given by Theorem 10D. To prove Theorem 10G, we shall first
consider the special case when f € U(R?). If f € U(IR?), then there exists an increasing sequence of step
functions s,, € S(R?) such that s, (z,y) — f(z,y) as n — oo for all (z,y) € R?\ S, where x(S) = 0, and

im [ silen)dey) = [ 1@, @

n—oo Jp2

Note that (z,y) € S if and only if x € S1(y), and that p(S1(y)) = 0 in view of Theorem 10E. It follows
that for every fixed y € R, s,(x,y) — f(x,y) as n — oo for all z € R\ Si(y). Note that by Theorem
10D, the integral

mwzé%mwm

exists for every y € R and, as a function of y, is integrable on R. Furthermore,

/Rtn(y)dy=/R</Rsn(x,y)dx> dy:/RQ sn(z,y) d(z,y) S/RQ [z, y)d(z,y). (4)

It is easy to see that ¢, is an increasing sequence on R, so that the left hand side of (4) is increasing
and bounded above, and so converges. It follows from the Monotone convergence theorem (Theorem
5C) that there exists a function ¢ € L(R) such that ¢,(y) — t(y) as n — oo for all y € R\ T, where
w(T) =0, and

LQ@@:M taly) dy. (5)

n—oo R

We also have

mwzé%mwmsm>

for ally € R\ T. For any y € R\ T, it follows again from the Monotone convergence theorem (Theorem
5C) that there exists a function g € L£(R) such that s, (z,y) — g(x,y) as n — oo for almost all z € R\W,,
where p(W,) =0, and

/ gz,y)dz = lim [ s,(z,y)dx.
R n—oo R
This means that

flz,y) =g(x,y) forally e R\ T and z € R\ (S1(y) UW,).

It follows that for all y € R\ T, the integral

/ flz,y)da
R
exists, and
[ rewds= [ glowde= [ s.()ds = to) (6)
R R R

Since t € L(R), it follows that G(y) is Lebesgue integrable on R. Combining (3)—(5), we obtain

[tway= [ tamde. @
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Also, (6) gives

/Rt(y) dy:/R(/Rf(%y) dx) dy. (8)

We can now combine (7) and (8) to complete the proof of (a) when f € U(R?). Suppose now that
f € L(R?). Then f = u — v, where u,v € U(R?). Hence

[ s = [ wpd - [ iy

~ [([vma)an— [ ([ vwnar)a
:/R(/R(u(x,y)—v(x,y))dx> dyz/R(/Rf(xvy)dﬁ dy.

This completes the proof of (a). Part (b) is similar. Part (c) is a simple consequence of (a) and (b). &



