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1 INTRODUCTION AND HEURISTICS

The goal of this course is to construct the Lebesgue integral and a correspond-
ing theory of integration. The Lebesgue integral is a generalisation of the Rie-
mann integral, powerful in the sense that it is much more flexible. The set
of functions which are Lebesgue integrable is vastly greater than the set of
Riemann integrable functions.

Furthermore, the Lebesgue integral is much more malleable to limiting pro-
cesses. With the tools in this course, we will be able to answer questions such
as:

(a) If (fu) is a sequence of functions f,,: R — R which converges pointwise
to a function f: R — R, lim, f,(x) = f(x), Vx € R, is it true that

lim 7 fulx) dx = 7 f(x) dx?

(b) If (fu) is a sequence of functions, f,: R — R, when is it true that

g[o fa(x) dxzé ¥ e

(c) If f: R? — R is a differentiable function of two variables, one of which
we understand as a parameter, is true that

;_a 7f(x,g) dx = 7d—f(x,a) dx?



It turns out that the right starting point is consider the integration of char-
acteristic functions. Given a set A C IR, the characteristic function y4: R = R
is the function

(x) = 1, x€A,
XT=N0 1 Al

Note that if A = [a,]] is an interval, then

b
/XA(x)dx:/ldx:b—a
R a

is the length of A. When integrable, we call the integral of x 4 the measure of
A (generalised length of A), denoted u(A),

p(A) = [ xalx)ax
R

If A= [ay,b1] U [ay, by] is the union of two disjoint intervals (i.e. 2y < by <
ay < bp) then it is clear that

u(lar, bl U fag, ba]) = p((ay, b1]) + p([az, bo]) = (by —a1) + (b2 — a2).

If A = Upylan, byl is an infinite union of disjoint® intervals, then y(A) is the
infinite sum of the individual lengths,

(e oo

(1) p(Unlan, b)) = Z u(lan, bu]) = Z(bn — ap).

n=1 n=1

This agrees with the definition y(A) = [; xa(x)dx as an improper integral,
as is usually discussed in connection with the Riemann integral. Later we will
justify (1) in terms of Lebesgue measure and the Lebesgue integral. Note that
the measure y(A) could be either finite or infinite (#(A) = o) in this example.
To describe (1) succinctly, we say that the measure y is countably additive over
the disjoint sets [ay, by].

If A= {a} consists of a single point, its length is 0,

u({a}) = /aldx =0.

For more complicated sets it is not as clear what their measure should be.

Meaning that [a,, by] N [ay, bm] = @ whenever n # m.



1. INTRODUCTION AND HEURISTICS

1.1 QUESTION. What is the measure of the set of rational numbers Q? That is,
what is ¢#(Q)?

The correct answer is that #(Q) = 0. This is because Q is countable — a
concept studied in the next section. This means that it can be written as a
sequence (r,,) of rational numbers (without repetition),

Q={r, : ne N}

Since u({rn}) = 0, and we desire length to be additive over countably infinite
unions of disjoint sets, it must be that

.M(Q) Z {rn} ZO_O

It is natural to try to assign every set A C R a measure p(A). Unfortunately,
as the following theorem shows, it is not possible to do this for every set A C R
while also preserving the reasonable properties of y associated with length.
Before we can construct the Lebesgue integral, we must therefore first specify
the measurable sets (and the measurable functions). This motivates the layout
of these notes: we will begin by studying abstract measure theory before we
construct the integral.

The following construction uses the axiom of choice and the concept of
countability (covered in the next section). It is a relatively complicated con-
struction which you do not have to learn; feel free to skip it.

1.2 THEOREM (Vitali). There is a set A C R which cannot reasonably be assigned a
measure.

Proof. Define an equivalence relation R on R by
xRy <= x -y € Q.

This relation divides R into equivalence classes [x] = {x+ 7 : » € Q}. Let L be
the set of equivalence classes. Clearly, each equivalence class A € L contains a
point in [0, 1]. For each A € L, pick exactly one point x, € AN [0,1] (axiom of
choice), and let

A= {X ANE L}.

The set Q N [—1, 1] is countable; arrange it in a sequence without repetition
Qn[-1,1] ={r, : n € N}.

For each n € N, let
An — A + 1"”.



Ay is a translation of the set A. Translations should leave length unchanged
(“reasonably”), and therefore it should be that

(2) u(Ay) =u(A), vneN.

Let B be the set B = U,A,. Since A, C [—1,2] for every n, B C [-1,2].
Suppose x € [0,1]. Then x belongs to some equivalence class A = [xj]. In
other words, there is r € Q such that x — x5 = r. Since 0 < x, x5 < 1, it follows
that r € QN [—1,1], and thus there is an n such that » = r,. Hence x € A,,
since x = x5 +r, and x5 € A. Hence x € B.

We have shown that

[0,1] € B C [-1,2].

Since y([0,1]) =1 and p([—1,2]) = 3 it should (“reasonably”) be that
(3) 1<u(B) <3

On the other hand, the family { A, }, is disjoint. This means the following:
if n # m, then
A, NA, =Q;

because if x € A, and x € Ay, then there are y,z € A such that
X=Yy+ry =2+

However, this means that y and z are in the same equivalence class, [y] = [z].
A was constructed to have exactly one point from each equivalence class, so it
must be that y = z, contradicting that r,, # ry,.

Since B = U, A, is a countable union of disjoint sets, the measure y should
(“reasonably”) be additive over the sets A;,

where the last equality follows from (2). If y(A) = 0, then p(B) = 0. If u(A) >
0, then u(B) = oo. In either case we have arrived at a contradiction to (3).

The conclusion is that we cannot expect the set A to be measurable for a
measure p which satisfies certain properties associated with length (marked

with reasonably in the argument).
O



2. CARDINALITY

2 CARDINALITY
2.1 Definitions
2.1 DEFINITION. Given sets X and Y we write
(@) X ~ Y iff there exists a bijection f: X — Y.
Note that for sets X, Y, and Z

) )X ~X,ifX£D;()X~Y = Y~X;()X~Y~Z = X~
Z.[({) idx: X — X is a bijection. (ii) if f: X — Y is a bijection, then so is
f~1: Y — X. (iii) the composition of bijections is a bijection.]

The sets X and Y are said to have the same cardinality if X ~ Y, and we write
(c) Card(X) = Card(Y) to signify this.

We also write
(d) Card(X) < Card(Y) iff there is an injection g: X — Y.

(e) Card(X) < Card(Y) iff there is an injection g: X — Y but no bijection
f: X — Y (iff Card(X) < Card(Y) and Card(X) # Card(Y)).

(f) Card(®) < Card(X) for every set X, and Card(X) < Card(Q) iff X = @
(these are conventions).

It is clear that

(A) XCY = Card(X) <Card(Y) [ # X CY = f: X =Y, f(x) =1,
is injective.]

(B) Card(X) < Card(Y) < Card(Z) = Card(X) < Card(Z) [the compo-
sition of injections is injective.]

Here are two elementary observations.

2.2 PROPOSITION. There exists an injection f: X — Y iff there exists a surjection
g Y = X

Proof. (=) Let f: X — Y be injective. Consider Y = f(X) U (Y \ f(X)). Pick
a € X.Define g: Y — X by ¢g(f(x)) =xifx € Xand g(y) =aify € Y\ f(X).
Clearly, g is surjective.

(<) Suppose g: Y — X is surjective. For each x € X choose y, € Y such
that g(yx) = x. Then f: X — Y, f(x) = yy is injective (f(x1) = f(x2) =
Yo =Y, = 11 =8yx) = g(yx,) = x2). u

2.3 PROPOSITION. Let X,Y be non-empty. Then

6



2.2. POWER SETS

(a) Card(X) < Card(Y) iff there is a surjection g: Y — X [by Definition 2.1 (d)
and Proposition 2.2].

(b) For every function f: X =Y,
Card(f(X)) < Card(X)
[since f: X — f(X) is a surjection].
We now state the Schroder—Bernstein Theorem.

2.4 THEOREM. Let X,Y be sets such that Card(X) < Card(Y) and Card(Y) <
Card(X). Then Card(X) = Card(Y).

Proof. See e.g. Algebra by S. Lang, pp. 511-512. O

2.2 Power sets
The power set, IP(X), of a set X, is the set of all subsets of X. It is clear that
Card(X) < Card(PP(X)) [if X # @, then f: X — P(X), f(x) = {x}, is an
injection.] In fact;

2.5 THEOREM (Cantor). Card(X) < Card(IP(X)).

Proof. Suppose there is a bijection f: X — IP(X) (or even just a surjection). Put
S={xeX:x¢ f(x)}. Picka € X such that f(a) = S (f is surjective). Now,
ifaeSthena ¢ f(a) =S,and ifa ¢ S thena € f(a) = S — a contradiction.
Hence, there is no such f. O

Given @ # A C X the characteristic function of A, x4: X — {0,1} is
defined by

(x) = 1, x€A,
XT=N0 1 Al

By convention, xp = 0 (the zero function).
2.6 NOTATION. {0,1}% is the set of all functions f: X — {0,1}.

Note that f € {0,1}X iff f = x4 where A = {x € X : f(x) = 1}. Thus,
F:P(X) — {0,1}%, F(A) = x4 is a bijection. Hence

2.7 PROPOSITION. Card(IP(X)) = Card({0,1}%).



2. CARDINALITY

2.3 Countable sets

2.8 DEFINITION. A set X is countable iff X = @ or there is an injection f: X —
IN.

Equivalently, a set X is countable iff X = @ or there is a surjection g: N —
X (by Proposition 2.2).

Sequences. Note that a sequence (x,,) in a set X is the function f: N — X,
f(n) = x,, and conversely every function f: N — X may be realised as the
sequence (f(n)) in X. Thus, the sequences in X are precisely the functions
f:IN — X. Thus, we have

@ # X is countable iff there is a sequence (x,) in X such that
X ={x, : n € N}.

2.9 PROPOSITION. Let S C IN, where S is infinite. Then Card(S) = Card(IN)

Proof. Let x1 be the smallest element of S. Inductively, we may choose a se-
quence (x,) in S such that, for each n, x,,,1 is the smallest element of S\
{x1,...,x,}. We have S = {x, : n € N} [Since, by construction, given any
k € S it holds that k < x;, we must have k = x, for some 1 < r < k.] The
function f: IN — S, f(n) = x, is bijective. O

For any set S such that Card(S) = Card(IN), we say that S is countably infi-
nite.

2.10 PROPERTIES. The following is true.
(a) All finite sets are countable.
(b) Every subset of a countable set is countable.
(c) If f: X — Y is injective and Y is countable, then X is countable.

(d) If f: X — Y is any function and X is countable, then f(X) is countable.
(The image of a countable set is countable.)

(e) If X is infinite and countable then Card(X) = Card(IN).
Proof. Exercise (see Exercise 1). Il
2.11 PROPOSITION. IN X IN is countable.

Proof. The map f: IN x N — IN given by f(m,n) = 23" is injective. (Hence
IN x IN ~ IN). O

Next we show that a countable union of countable sets is countable.



2.4. THE UNCOUNTABILITY OF R

2.12 PROPOSITION. Let (X,,) be a sequence of countable sets. Then S = |J;_1 Xy is
countable.

Proof. We may suppose X;; # @ for all m € IN. For each m € IN, we may write
X = {xmn : n € N}, so that

S=A{xmn : mnecN}

Hence f: IN x N — S, f(m,n) = Xy, is surjective. Therefore, since N x IN is
countable, so is S. O

2.13 PROPOSITION. The set of rational numbers Q is countable. (Hence Q ~ IN).

Proof. Put Q4 = {x € Q : x > 0}, Q- = {x € Q : x < 0}. The maps
f:NxN — Qy, f(mn) =m/nand g: NxN — Q_, g(m,n) = —m/n
are surjective. Hence Q, and Q_ are countable (Proposition 2.11), and so
Q = Q- U {0} UQ. is countable (Proposition 2.12). O

Here is a corollary for later use.

2.14 COROLLARY. If (I))xen s a disjoint® family of intervals of R, then A is count-
able.

Proof. In this case, for each A € A, choose a rational number r, € I,. Then
the map f: A — Q, f(A) = r, is injective. Hence, since Q is countable, A is
countable. N

2.15 REMARK. Let X be an infinite set. Then

(a) Card(IN) < Card(X) [Since X must contain a set {x, : n € IN} where
Xm 7 Xp if m # n. Thus there is an injection f: N — X, f(n) = x,.]

(b) Card(IN) < Card(X) iff X is uncountable (i.e. X is not countable).
(c) IP(X) is uncountable (by (b) and Theorem 2.5).
(d) P(IN) is uncountable (in particular).
2.4 The uncountability of R
We say that a decimal expansion
0.a1a2a3 . . ., (a, €{0,1,...,9},Vn € N)

is strict if it does not have a tail of 9s (i.e. there is no N such that a,, = 9,
Vn > N). Every strict expansion of this form lies in [0,1), and every element
of [0,1) has a unique strict decimal expansion.

*meaning Iy N [, = @ whenever A # p.



2. CARDINALITY

2.16 PROPOSITION. [0, 1) is uncountable.

Proof. The proof is by Cantor’s diagonal argument (which was also used to
prove Theorem 2.5). Suppose that [0,1) were countable. Then (see the discus-
sion following Definition 2.8) there is a sequence (x,) in [0, 1) with

(4) [0,1) ={x, : n € N}.
For each n, we have the strict decimal expansion
X =041 ... a5, ...

But look at b = 0.b1b, ... b, ... given by

B {1, Ty |

" )2, if ay, = 1.

This b is chosen so that b, # a,,, Yn. Fix n € IN. Since the (strict) decimal
expansion of b and x, differ at the nth place, we have b # x,. Therefore, by
(4), b ¢ [0,1), a contradiction. Hence, [0,1) is uncountable. O

2.17 COROLLARY. (4) R is uncountable. (b) R \ Q is uncountable.

Proof. (a) Since [0,1) C R, and [0,1) is uncountable, R cannot be countable.
(b) If R\ Q is countable, then so is R = QU (R \ Q) (by Propositions 2.12 and
2.13). Contradiction. O

2.18 EXAMPLE (The Cantor set). The Cantor set

C:{ Zgzanzooern}
n:13

is a famous compact subset of [0, 1]. By definition, f: {0,1}N — C is a bijection,

(ee]

flu) = 3 2,

n
n=1 3

Hence C ~ {0,1}N. Since {0,1}N ~ IP(IN) (Proposition 2.7), it follows that
C ~ IP(IN). In particular, C is uncountable.

2.19 THEOREM. P(IN) ~ R.

Proof. Since Q ~ IN, we have P(Q) ~ P(IN) [if f: Q — IN is a bijection, so
is f: P(Q) — P(N), f(S) = f(S)]. Further, if P,(Q) denotes the set of all

10



2.4. THE UNCOUNTABILITY OF R

bounded subsets of Q, then
¢:P,(Q) - R, g(S)=sup$S

is surjective (since every real number is the supremum of a bounded set in Q).
Hence

Card(R) < Card(P,(Q)) < Card(PP(Q))
= Card(IP(IN)) = Card(C) < Card(R).

Therefore, by the Schroder-Bernstein theorem (Theorem 2.4),we have equality
throughout. O

11



3. EXTENDED REAL NUMBER SYSTEM

3 EXTENDED REAL NUMBER SYSTEM

The extended real line, R = R U {—o0, 0}, consists of R together with two
additional symbols co and —oo satisfying the following properties.

(a) —co < ooand —oo < x < 00, Vx € R.
(b) x + (+o0) = +00 = (+o0) +x, Vx €R.

(c) Letx € R. (i) If x > 0, then x - (dz00) = 400 = (d-00) - x (including x = o).
(i) If x < 0, then x - (+o0) = Foo = (+00) - x (including x = —oo0).

(d) 0-(£o0) =0 = (£o0) - 0.

No meaning is attached to co — o, 32, or to §j for any x € R.
Supremum and infima. Let @ # A C R. Note that A is bounded above by
oo and below by —oco.

¢ If A is not bounded above by a real number, we write sup A = .
* If A is not bounded below by a real number, we write inf A = —oco.
e We put sup{—oo} = —o0 and inf{co} = co.
Limits. The following definitions subsume the usual ones of real analysis.
3.1 DEFINITION. Let (x,) be a sequence in R.
(a) limx, = oo <= Va € R IN such thata < x,,,Vn > N.
(b) limx;, = —co <= Va € R IN such that x,, < a,Vn > N.

() If x € R, then limx, = x <= Ve > 0JN such that x —¢ < x, <
x +¢,Vn > N. [Note that in this case, (x,) is eventually in R after which
the definition is the usual one.]

In any case of limx, =a € R, we often use “x, — a” as equivalent notation.

Monotone sequences. By the above remarks together with the classical
convergence theorems for monotone sequences the following are evident.

* If (x,) is an increasing sequence in R, then

Xy = supx, (=sup{x, : n€N}).
n>1

e If (x,) is a decreasing sequence in R, then

xy, — inf x, (= inf{x, : n € N}).
n>1

12



3.1. UPPER AND LOWER LIMITS

3.1 Upper and lower limits

Let (x,) be a sequence in RR. For each 7, put

Uy =supxy, {p = inf x;.
an an

Then (u,) is decreasing and (/) is increasing (in R), so that

limu, = infu, =u, lim{¢, =supl, =¢.
nZl n>1

e u is defined to be the upper limit of (x,), written lim x,, or lim sup Xy, i.e.

lim x;,, = inf sup xy.

e / is defined to be the lower limit of (x;), written lim x,, or liminf x,, i.e.

lim x;,, = sup inf x;.
n21k2n

Observe that
(@) ¢n < xn < uy for all n € IN. [By definition. ]

b) by, <uy,forallmmeN.m<n —= {, <l <upy;m>n — b, <
Um < Up.]
(c) ¢ <u.[Foreachm, ¢, <u,,Vn = foreachm, {,, <inf,>qu, =u =
{ = SUP,,;>1 Uy < ul]
In other words,

lim x,, < lim x;,.

3.2 THEOREM. Let (x;) be a sequence in R. Then lim x,, exists in R if and only if
lim x,, = lim x,,. In this case, lim x, = lim x,, = lim x,,.
Proof. Exercise. O

Sequences of functions. Let ( f,;) be a sequence of functions, where f,,: X —
R, for all n € IN. For each fixed x € X we have the sequence (f,;(x)) in R. The
functions sup, < fu, inf,>1 fu, im f, and lim f,,: X — R are defined pointwise
as follows.

(sup £,) (x) = sup fu(x), (inf f,)(x) = inf f,(x), Vx € X.

n>1 n>1 n=>1

(lim f,) (x) = lim fu(x),  (lim f,)(x) = lim f(x), Vx € X.
We also denote lim f,, by limsup f;, and lim f,, by liminf f,,.

13



3. EXTENDED REAL NUMBER SYSTEM

3.2 Positive and negative parts of f: X — R

Given a,b € R, put
aVb=max{ab}, aAb=min{a,b}.

Note that for a,b € R,

aVb= (a+b—la—0|).

NI

(a+b+la—0b|), aNnb=

NI

In particular,
1 1
av0=(a+lal), (~a)v0=—(ar0)=(la|-a)

Evidently, co V0 = o0, (—00) V0O = —(c0 A0) = 0. Consequently, for every
extended real number,

a=aVvV0—(—a)v0, (av0)-((—a)v0)=0, VaeR.
Let f,g: X — R. Define f Vg, f Ag: X — R pointwise by
(V@ = FVe), (fAgx) = Flx) Aglx), xeX.
Define f4, f-: X — R by
fr=fV0, fo=(=f)vO.
Then
@ f+ f-20, f+-f-=0,
®) f=fo—f fl=f+

The functions f, and f_ are called the positive and negative parts of f. (Note,
however, that f_ > 0.)

14



4 O-ALGEBRAS

4.1 DEFINITION. A c-algebra on a set X is a subset 7 C IP(X) such that
(i) X e F;
(i) if A€ F,then X\ A€ F,(Hence Ae F <= X\A€F)
(iii) if (A,) is a sequence in F, then UA, € F.

In words, a c-algebra on a set X is a collection of subsets of X which contains X
and which is closed under the taking of complements and of countable unions.

Here are some immediate consequences of the definition.

4.2 PROPERTIES. Let F be a c-algebra on X. Then
(@) Qe F[X e Fby(i),so®=X\X e F by (ii).]
(b) If (A,) is a sequence in F, then NA, € F [A, € F,Vn g X\ A, €
Fovn B\ (nAy) = UX\ An) € F <2 na, e 7
() If A,B€ F,then A\Be F[A\B=AnN(X\B) € F by (i) and (b).]

4.3 EXAMPLE. PP(X) is the largest o-algebra on a given set X, and {@, X} is the
smallest.

The following is an important technical lemma.

4.4 LEMMA. Let F be a o-algebra on X. Let (Ay) be a sequence in F. Then there is a
disjoint sequence (B,) in F such that B, C Ay, VYn, and UB, = UA,,.

Proof. Put B = A1, By = Ay \ (A1U---UA,_1), Vn > 2. Then B, € F and
B, C A,, Vn. Further, if m < n, then

BmmBnCAmm[An\(Alu"'UAnfl)] CAmm(Aﬂ\Am):®'

Finally, x € UA, = there is a least k with x € Ay = x € By C UB,.
Hence UA,, = UB,,. O

4.5 DEFINITION (Generating o-algebras.). If (Fy) e is a family of o-algebras
on a set X, then NjcAF) is also a o-algebra on X. Given S C IP(X), the intersec-
tion of all o-algebras F on X with S C F (IP(X) is one such F) is the smallest
o-algebra containing S. It is called the c-algebra on X generated by S.

4.6 DEFINITION (Borel sets.). Let (X, T) be a topological space. The c-algebra
on X generated by T (i.e. generated by the set of open subsets of X) is the
Borel algebra, B(X), of X. [Note that Definition 4.1 (i) = B(X) is also the

15



4. 0-ALGEBRAS

o-algebra on X generated by the closed subsets of X.] The members of B(X)
are the Borel subsets of X. In particular, B(IR) denotes the o-algebra of Borel
sets of R, where RR is equipped with its usual topology.

4.7 DEFINITION (Measurable spaces.). A measurable space is a pair (X, F)
where F is a c-algebra on X. The members of F are referred to as the F-
measurable subsets of X. (Or just as the measurable subsets of X when safe.)

16



5 MEASURABLE FUNCTIONS
Let (X, F) be a measurable space.

5.1 DEFINITION. f: X — R is measurable iff {x € X : f(x) > a} € F for every
a € R.

There are three other natural equivalences.

5.2 PROPOSITION. For a function f: X — R, the following are equivalent.
(@) {xeX: f(x)>a}eF, VackR
(b) {xeX: f(x)<a}eF, VaeR
(c) {xeX: f(x)>a}eF, VaeR
d {xeX: f(x)<a}eF, VaeR

Hence, (b), (c), and (d) are each equivalent to the measurability of f. We make free
use of this fact without mention.

Proof. The equivalences follow from the following.
* (a)&(b): Take complements (and use Definition 4.1(ii)).
* (c)&(d): Take complements.
e (a)=(c)aeR = {x: f(x)>a}t=n_{x: f(x) >a—1/n}.

e (0=@);aeR = {x: f(x)>a}t=U_{x: f(x) >a+1/n}. O

5.3 EXAMPLE.

(a) Constant functions are measurable. For let f: X — R, where f(x) = a,
Vx € X (x € R). Then, for a € R,

X, ifa >a,
xeX: f(x)>a} =
{ f() } {@,ifocga.

Hence f is measurable, since X,® € F.

(b) Let A C X. Then x4 is measurable <= A € F (<= A is measurable).

X, ifa <0,
1, x€A, .
xa(x) = — {x:xalx)>a}=1A,if0<a<]1,
0, x¢A. )
@, if1 <a,

from which the assertion follows.
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5. MEASURABLE FUNCTIONS

(c) Consider X = R with the c-algebra of Borel sets B(IR) — the c-algebra
generated by the open subsets of R. Suppose that f: R — R is continu-
ous. Then f~1(U) C R is open for every open set U C R. In particular,
with U = (a,00), we find that

{xeR: f(x) >a} = f"((a,)) € B(R).
Thus continuous functions are Borel-measurable.
Measurability is preserved under limits.

5.4 PROPOSITION. Let (fy) be a sequence of measurable functions, f: X — R. Then

(a) sup f, and inf f, are measurable, since if a € R
{x :sup fu(x) <a}=n7_{x: fulx) <a} e F,
{x :inf fy(x) >a} =Ny {x : fu(x) >a} € F.

(b) lim f, (= infy>1(sup, >y fn)) and im f, (= supy~ (inf,>x fu)) are measur-
able [follows immediately from (a)].

(©) If (fu) converges (pointwise in R), then lim f, is measurable [in this case,
lim f, = lim f,, so (b)=-(c)].

The following lemma may be used to reduce measurability questions to the
real-valued case f: X — R (as opposed to f: X — R).

5.5 LEMMA. f: X — R is measurable <= 3 a sequence ( f,) of measurable functions
fu: X — R such that f, — f.

Furthermore, (f,) may be chosen so that for every x € X for which f(x) € R,
there is N > 1 such that f,(x) = f(x) whenever n > N (N depends on x).

Proof. (=) See Exercise 3. (<) By Proposition 5.4 (c). O

5.6 PROPOSITION. If f,¢: X — R are measurable, then so are

@ fVg fAg frand f_,

(b) fg,

(c) f+ gifdefined, and |f|. [Note that f + g is certainly defined when f,g: X —
0, 00].]

Proof. Casel. Let f,g: X — R be measurable. We shall observe that (i) cf,
c € R, (i) f?, (iii) f+g, and (iv) fg are measurable. Let a € R throughout.

18



(i)c =0 = ¢f =0 = measurable (Example 5.3(a)). For ¢ # 0,

_JH{x: f(x) >a/c}, c>0
tx Cf(x)>a}_{{x:f(x)<a/c},c<0 €7
(ii)
MY S X,a<0 .
b Jlm =) {{x:f<x><—ﬁ}u{x:f<x>>ﬁ},azo <7

(iii) Given x € X, f(x)+g(x) > a < f(x) > a—g(x) & Ir € Q st
f(x) >r>a—g(x) < Ire Qst. f(x) >rand g(x) >a—r. Foreach r € Q,
let

Sr={x:f(x)>r}n{x:gx)>a—r}eF.

Thus, since Q is countable,
{x: f(x)+g(x) >a} =U,eSr € F

(iv) Combining (i), (ii), and (iii), fg = 3((f +g)* — f* — ¢?) is measurable.

General case Let f,g: X — R be measurable. The assertions concerning
fVvg fAg and fr = f VO follow from Proposition 5.4 (a). For the other
cases, choose as in Lemma 5.5 sequences (f,) and (g,) of measurable real-
valued functions f, g,: X — R such that f, — f and g, — &.

fg: By (iv), fugm are measurable, Vm,n € IN. Hence, fixing m, fg, =
limy e fngm is measurable by Proposition 5.4 (c). Asis fg = limy—co fQm-

f + g when defined: By (iii), f, + g» is measurable, Vn. Thus, if f 4 g is
everywhere defined, then f + ¢ = lim(f, + gx) is measurable.

Finally, f measurable = —f measurable (cf. (i)) = f- = (—f) VO
measurable = |f| = f; + f_ measurable. O

19



6. MEASURES

6 MEASURES

6.1 DEFINITION. Let (X, F) be a measurable space. A measure on F is a func-
tion p: F — [0, 00| such that

i) u(@) =0,
() p(UnAy) =Y 1 1(An), whenever (A,) is a disjoint sequence in F.
The triple (X, F, 1) is a measure space.
6.2 EXAMPLE. The following are examples of measures.
(a) Dirac measures. Take a measurable space (X, F) and a € X. Define
da: F — {0,1} by
1, ifaeA,
Ja(A) = '
0, ifag A
This is the Dirac measure on F concentrated at a.

(b) Counting measure. Consider y: P(IN) — [0,c0] given by u(A) = |A],
when A is finite, and y(A) = oo when A is infinite.

(c) Lebesgue measure. With X = R and F = B(R), let, for A € B(R),

u(A) = inf{Z(bn —an) : AC U(an/bn)z

((an, b)) is a sequence of open intervals}.

Then u is a measure on B(RR), the Lebesgue measure, studied in Sec-
tion 10. Showing the countable additivity of y is highly non-trivial, see
Theorem 10.8. We will also consider u on a larger o-algebra than S(R),
namely, the c-algebra of Lebesgue measurable sets.

Let (X, F, u) be a measure space.

6.3 PROPERTIES. Let E, F € F with E C F. Then
(@) u(F) = u(E) +u(F\E) [F=EU (F\ E) (disjoint union),]
(b) u(E) < u(F) [follows from (a),]
(c) u(F\E) = u(F) —u(E), if u(E) < oco. [Follows from (a).]
6.4 PROPERTIES. For any sequence (A;) in F, we have u(UA,) < Y77 1 u(An).

Proof. As in Lemma 4.4 there is a disjoint sequence (B,) in F such that B, C
A, Vn, and UB, = UA,,. Then

#(UAL) = p(UBy) =) u(By) <) u(Ay). O
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6.1. ALMOST EVERYWHERE

A sequence (Ay) in F is increasing if A, C A4 for every n € N, and
decreasing if A, D A, for every n € IN.

6.5 PROPOSITION (Monotone convergence theorem). If (A,) is an increasing se-
quence in F, then u(An) — (U5 _1An).

Proof. Let By = Ay, and B, = A, \ A,—1 for n > 2. Then (B,) is a disjoint
sequence in F with A, = By U---UB, and UA, = UB,. In fact, (B,) is the
sequence from Lemma 4.4. Then

H(An) = X2 p(Ba) > 3 p(Bu) = p(UB) = p(Udw). D

6.6 PROPOSITION (Monotone convergence theorem). If (A,) is an decreasing
sequence in F, with (A1) < oo, then u(Ay) — u(N5_1Am).

Proof. Apply Proposition 6.5 to the increasing sequence (A; \ A,):

H(A1) — u(An) = u(A1\ An) = u[U(A1\ A)]
= u[A1\ (NAm)] = u(A1) — u(NAm). O

6.7 REMARK. The finiteness condition on A; can not be dropped. For example
consider the counting measure on P(IN). The sets A, = {k € N : k > n},
n > 1, have infinite measure but form a decreasing sequence with empty
intersection.

6.1 Almost everywhere

Let (X, F, u) be a measure space.
6.8 DEFINITION. A set N € F is said to be a null set if #(N) = 0.

Here are some immediate observations:

(a) If E € F is contained in a null set, then E is a null set. [By Properties 6.3
(b).]

(b) A countable union of null sets is a null set. [If (E,) is a sequence in F
with u(E,) =0, Vn, then u(UE,) < Y u(E,) = 0 by Properties 6.4.]

6.9 REMARK. In the present generality, if E C X is contained in a null set we
cannot assert that E is a null set because it might not belong to F. It is possible
to extend (X, F, u) to its completion (X, F, %) for which every subset of a null
set is measurable, but we shall not need this.

6.10 DEFINITION (Almost everywhere.). A statement about points in X, which
is true except possibly at the points of a set contained in a null set, is said to
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6. MEASURES

hold almost everywhere, (a.e) in abbreviation.

For example, for functions f,¢: X = R, f = ¢ (a.e) iff {x : f(x) # g(x)} is
contained in a null set. By confining attention to measurable phenomena the
situation tends to tidier.

6.11 EXAMPLE. Let f,¢: X — R be measurable, and let f,: X — R be measur-
able for each n € IN. Then (see Exercise 4) the sets

{x: f(x) #8(x)}, {x : f(x) =00}, {x: f(x) = —oo}, {x : lim f(x) exists}
are all measurable (belong to J). As are their complements. Therefore,

(@ f=g@e) = u({x: f(x) #gx)}) =0,

(b) f is finite (a.e.) <= u({x : f(x) = £oo}) =0,

(c) (fy) converges (a.e.) <= u({x : lim, f,(x) does not exist}) = 0.

When we think of measurable functions in the context of a measure space
(X, F, ), we identify the functions which are equal almost everywhere. This
is formalised in the next proposition.

6.12 PROPOSITION. f ~ ¢ <= f = ¢ (a.e.) defines an equivalence relation on the
set of measurable functions on X.

Proof. Reflexivity and symmetry are clear. Transitivity: f ~ ¢ and ¢ ~ h im-
plies f = gon X\ Nj and g = h on X \ Ny, for certain null sets N7 and Np. In
turn this implies that f = h on (X \ N;) N (X \ N2) = X\ (N7 UN3), so that
f ~ h, since Ny U Nj is a null set. O

22



7 SIMPLE FUNCTIONS AND POSITIVE MEASURABLE FUNCTIONS

A sequence (f;) of functions f,: X — R is increasing if f,(x) < f,11(x),
Vx € X, Vn € IN. In this case lim f,, = f exists (f = sup f,), and we write
fn /* f. By a positive function on a set X is meant a function f: X — [0, c0].

Let (X, F) be a measurable space.
7.1 DEFINITION. A simple function on X is a measurable function, s: X —
[0, 00) such that s(X) is finite. That is, s(X) = {ay,...,a,} for some real num-

bers ay,...,a, > 0.

It is clear that
(i) all sums and products of simple functions are simple functions,

(i) Yii;cixE, is a simple function whenever 0 < ¢; < o and E; € F,i =
1,...,n. [Using Example 5.3 and Proposition 5.6.]

7.2 PROPOSITION (Canonical form of a simple function). Let s # 0 be a simple
function on X. Let ay, ..., ay, be the distinct positive values taken by s. For each i,
put A; = {x : s(x) = a;}. Then

n
s = Z AiX A;r
i=1

the right hand side of which is the canonical form of s. Note that A4,..., A, are
measurable (that is, they belong to F) and mutually disjoint.

7.3 REMARK. By convention the canonical form of the zero function is x.

The following theorem is key in constructing the integral of a positive measur-
able function against a given measure .

7.4 THEOREM. If f: X — [0, c0] is measurable, then there is an increasing sequence
(sn) of simple functions on X such s, / f.

Proof. We will explicitly construct (s,). For each n, partition [0,#) into n2"
pieces of length 1/2":

n2"
k—1 k
[O’ 7’1) = U |: 1_) .
=1 21’1 211
Forn € N and 1 < k < n2", let

E= ([t ) ) = s St <50 <
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7. SIMPLE FUNCTIONS AND POSITIVE MEASURABLE FUNCTIONS

and let F, = {x : f(x) > n}. For each n, let

n2" k—1
su=(n—1)xg, + ) o XEu
k=1

Note that E,; 1, ..., Ej o, F; are all mutually disjoint. Furthermore, E,, ; and
F, are measurable, since f is measurable. Hence s,, is measurable, since it is a
sum of measurable real-valued functions.

It remains to show that s,  f (that is, for each x, (s,(x)) is increasing
and s,(x) — f(x)). Fix x € X. If f(x) = oo, then x € F,, Vn. Hence s,(x) =
(n—1) /" oo for such a point x.

If f(x) < oo, then there is a unique integer m > 0 such that m < f(x) <
m+ 1. For n < m, x € F,, and hence s,(x) = (n —1). Hence s,(x) is increasing
for 1 <n < m. For n > m + 1, there is a unique k such that x € E, i, that is,

k—1 k
Since
k—1
(5) Sﬂ(x) - 2n 7
we see that

k k=1 1
ng(X)—Sn(X) < 2_1’1_2—1’1 = 2—n
Since 27" — 0, it follows that lim s, (x) = f(x) also for points x with f(x) < co
(and therefore for all x € X.)

Next, note that

[k—l k): [2(k—1) 2(k—1)+1>U[2(k—1)+1 2k )

on ’2_n 2n+1 4 2n+1 2n+1 ’2n—|—1

Hence x € E,;112k—» U E;;112k—1. Therefore, either

2k—2 k-1 2k —1
Sn_;’_l(X) = 2TZ+1 = on , Or Sn+1(.x> = W

In both cases, it follows that s,,(x) < s,,11(x) (by (5)).
It only remains to check that s,,_1(x) < s,(x) for n = m + 1. In this case we
have that
k—1 k

sn(x) _ W _ STi _2—(m+1) > f(x) _2—(111—1—1)

>m—2"0 > 1 =5, 4 (x). O
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8 THE INTEGRAL FOR POSITIVE MEASURABLE FUNCTIONS

Let (X, F, u) be a measure space throughout.
8.1 DEFINITION.

(a) If s is a simple function on X with canonical form ) a;x 4,, the integral
of s over X with respect to y is denoted and defined by

/Sdﬂ = ;ﬂiﬂ(/\i)-

X

(b) If f: X — [0, 0] is measurable, then the integral of f over X with respect
to p is denoted and defined by

/fdy :sup{/sdy : s < f, s is a simple function on X}
X X

8.2 REMARK. By a tedious but straightforward combinatorial argument we
have:

c>0ands,t simple on X = /(cs+t)dy:c/sdy+/tdy.
X X X

In particular, the canonical form requirement in Definition 8.1(a) can be dropped.
The following is immediate from definition.

8.3 PROPOSITION.

f,g: X — [0, 00] measurable and f < g —> /fdpt < /gdpt-
X X

8.4 LEMMA. If (E,) is an increasing sequence in F with UE, = X, then

(@) W(ANE,) S~ u(A), VA€ F;

(b) /sxgn du /s du, for every simple function s on X.
b'¢ X

Proof. (a): Since (A N E,) is an increasing sequence of measurable sets with
union A, this follows from Proposition 6.5. (b): This follows from (a) and defi-
nition. Use that xexF = XEnF- H

8.5 THEOREM (Monotone convergence theorem (MCT)). If (fy) is an increasing
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8. THE INTEGRAL FOR POSITIVE MEASURABLE FUNCTIONS

sequence of measurable functions f,: X — [0, 00] such that f, / f, then

[ fodu 7 [ £an
X X

Proof. Put & = sup [y fudp. Then a < [, fdyu. Take any simple s < f. Let
0<c<1.PutE,={x: cs(x) < fu(x)}, for each n. Then (E,) is an increasing
sequence of measurable sets and X = UE,,. Since, for each n, csxg, < fuXg, <
fn, we have

c/sxgndyg/fndygzx.
X X

Taking limits, using Lemma 8.4, gives c f xSdp < a. Since ¢ < 1 is arbitrary,
[xsdu < a. Hence, by definition, [ fdu < a, giving equality. O

8.6 THEOREM (Fatou’s lemma). If (f,) is any sequence of measurable functions
fn: X — [0, 00|, then

[t ) dye < tim [ fd
X

X

Proof. Let g, = infy>, fi, so that g, limy fi. By MCT [ gudp 7 [ limy fi dp.
On the other hand,

/gndyg/fkdy,Van - /gndyéljgf/fkdﬂ.
X X -

Taking limits implies the statement. O

Theorem 7.4 together with MCT immediately gives

8.7 THEOREM. If f: X — [0, o0] is measurable, then there exists a sequence (s,) of
simple functions such that s, / f and

/snduf/fdu-
X

X

8.8 COROLLARY (Semi-linearity of the integral).

f,g: X — [0, 0] measurable, c > 0 —> /(cf—i—g)dy:c/fdy—l—/gdy.
X X X

Proof. Step 1: The assertion holds when f and g are simple functions (Re-
mark 8.2). Step 2, general case: choose increasing sequences (s,) and (t,) such
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8.1. INTEGRATING OVER SUBSETS

thats,  fand t, 7t giving cs, +t, / f. Now apply MCT, giving us that

/(cf—i—g)dyzliign/(csn—ktn)dy:li%n (c/sndy+/tndy>
X

X X X
:c/fdy—l—/gd,u. O
X X

8.1 Integrating over subsets

Let f: X — [0, 0] be measurable.
Given E € F, we write

/fdpt = /f)(E dy (the integral of f over E).
E X

Thus, for every E € F, [y fdu = [ fdu+ [y fdu.
8.9 PROPOSITION. If j1(E) = 0, then [, fdu = 0.

Proof. If f = xa, then fxg = Xgna, and so [ fdu = u(ENA) = 0. It follows
that for any simple s, [ sdu = 0. For a general measurable function f: X —
0, c0], take simple s, so thats,  f. Then s,xr * fxr. Hence

O:i/%dy,f‘/fmtzi /fdy:O.[]
A MCT A A

8.10 THEOREM (Chebyshev’s inequality). For 0 < ¢ < oo, let

E={x: f(x)>c}.

Then ,
u@)é;/fﬁh
E

Proof. Note that cxr < fxg. Hence
QNE)Zi/chd#SQ/fxEduzi/fd#- a
X E

X

8.11 PROPOSITION.

/ﬁW:O¢:f:OMd

X

Proof. Let
E={x: f(x) #0} ={x : f(x) > 0}.
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8. THE INTEGRAL FOR POSITIVE MEASURABLE FUNCTIONS

Then E = UE,, where E, = {x : f(x) > 1/n}, n > 1. (E,) is increasing, so
u(E,) /* u(E) (MCT). By Chebyshey,

ﬂ(En)Sn/fdﬂén/fdﬂzn/fdﬂ-
E, E X

Hence, if [, fdu = 0, then y(E,) = 0, Vn, and therefore y(E) = 0, which by
definition means that f = 0 (a.e). Conversely , if f = 0 (a.e.), then u(E) =0,

" [fan= [ fau+ [ran= [ fap=o,
X E E

X\E

by Proposition 8.9. O
8.12 PROPOSITION. Suppose [ fdu < co. Then

(a) f is real-valued (a.e) [i.e. u({x : f(x) =o0}) =0.]
(b) [y fdu= [gfdu, where E = {x : f(x) < oo}.
Proof. (a): Let A= {x : f(x) =o0}. Then A C A, = {x : f(x) > n}. Hence,

n(A) <u(Ay) < %/fdy — 0.
X

(b): This follows by (a) and Proposition 8.9. Il
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9 THE SPACE OF INTEGRABLE FUNCTIONS L(X, F, 1)

Let (X, F,u) be a measure space. In view of Proposition 8.12 we make the
following definition.

9.1 DEFINITION. A function f: X — R is integrable with respect to u if and
only if f is measurable and [, [f|du < co. We denote the set of all such func-
tions by L(X, F, u).

Given a measurable f: X — R, we have f = fy — f_, |f| = f+ + f—, and
by Corollary 8.8 that

[ifldn= [ fodu+ [ fdp
X X X

The following are immediate from this and definition.
9.2 PROPOSITION. Let f: X — IR be measurable. Then
(a) fe L(X,F,u) < |f| € L(X,F,u) < f+, f- € L(X, F, ).
(b) |f| < gforsome g € L(X,F,u) = f € L(X,F,u). [Because if |f| < g €
L(X,F,p), then [ |fldp < [, gdu < co.]

9.3 DEFINITION. Let f € L(X, F, ). We define
/ﬂWZ/fMu—/fd%
X X X

Note that

feLl(X, F,u =

t/fdu
X

fé/Lﬂd%
X

since

l/fd#

X

[ frdn— [ rap
X X

9.4 THEOREM (Linearity).

< [fean+ [ fodu= [Ifldn
X X X

(a) L(X,F,u) is a real linear space.
(b) The map I: L(X,F,u) — Rgiven by If = [ f dy is a real linear map.
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9. THE SPACE OF INTEGRABLE FUNCTIONS L(X, F, i)

Proof. (a): If « € Rand f,g € L(X, F, u), then, by Corollary 8.8,
[t +gldu < [1allfl+ Igldu = la| [ Ifldu+ [ Igldn < oo,
X X X X

and thus af + g € L(X, F, u).
(b): (i) Suppose f,g € L(X,F,u) with f,¢ > 0. Puth = f — g. Since h =
hy —h_, wehave hy + g = h_ + f, hence, using Corollary 8.8,

/h+dy+/gdy:/h_dy+/fdy.
X X X X

And so, by definition,

/(f—g)du=/h+du—/h—du=/fdu—/gdu-
X X X X X

(i) Given f,g € L(X, F, ), apply () to f + g = (f+ +g+) — (f- +g-), to
get

/(f+g)dﬂ:/fdu+/gdu-
X X

X
(iii) Given &« € R, apply (i) to af = af; —af_ if « > 0, and to af =
(—a)f- — (—a)fy ifa <O. O

9.5 COROLLARY (Order preservation). If f,¢ € L(X,F,u) with f < g, then
Jxfap < [xgdp.

Proof. f<g = 0<g—f = 0< [y (g~ fldu= [xgdu— [y fdp. O

9.6 PROPOSITION (Almost everywhere). Let f: X — IR be measurable and g €
L(X,F,p) such that f = g (a.e). Then f € L(X,F,u), [xfdu = [ygdu and
JxIfldu = [x|gldu.

Proof. Note that f = ¢ (a.e) if and only if |f — ¢| = 0 (a.e). By Proposition 8.11,
this is equivalent to [ [f — g|du = 0. In particular f — ¢ € L(X, F, ). Since
g € L(X,F,u)and L(X, F,u) is a linear space, it follows that f € L(X,F, u).
Furthermore,

/fdﬂ /gdu /f g)dp| < /If gldu =0,

X X
and so [, fdu = [y gdu. Since |f| = |g| (a.e) it also follows that [ |f|dyu =
Jx I8l dp. O
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9.1. INTEGRATING OVER SUBSETS

9.7 PROPOSITION. Let f: X — IR be measurable.
(a) IfE € F with u(E) =0, then [y fxgdu = 0.
(b) If |f| < g (a.e), where g € L(X, F,u), then f € L(X, F, u).

Proof. See Exercise 7. O

9.1 Integrating over subsets

Given f € L(X, F,u) and E € F we write

/fd;t:/f)cgdu-
E X
Note that fxg € L(X,F,u), since |fxe| < |f|- Thus, if f € L(X,F,u) and

E € F, then
/fdﬂ:/fdﬂ+ /fdﬂ-
X E

X\E
Note that if f,¢ € L(X,F,u) and f = g (a.e), then, with E = {x : f(x) =

g(x)}, we have
/fduz/fdﬂz/gdﬂzfgd%
E X X E

9.2 Dominated convergence theorem

9.8 THEOREM (Dominated convergence theorem (DCT)). Let (f,) be a sequence
in L(X, F, u) such that f, — f (pointwise). Suppose that there existsa g € L(X, F, i)
such that |f,| < g, Vn € N. Then f € L(X, F, ) and

lim [ fudu= [ fap.
X X

Proof. This is essentially a corollary of Fatou’s lemma. Since |f| < gand g €
L(X,F,u) it follows by Proposition 9.2(b) that f € L(X, F, ). Note also that
f =1lim f, = lim f,. Hence

() 0< futg = [x(f+8g)du= [ylim(fu+g)du <lim [, (fu +g)du =
im [y fadp+ [xgdp = [x fdp <lim [y fudp.

(ii) Since 0 < —f,, + g, (i) also gives that [, (—f)du < lim [\ (—f,)dp =
—lim [y fudy = lim [y fodp < [x fdu.
We have shown that

[ fan<tim [ frdu <Tim [ foap < [ rap
X X

X X
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Hence

n—00

lim /fndy:/fdy. O
X X
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10 LEBESGUE MEASURE (ON IR)

Intervals. The length, L(I) of an interval I C R is defined as follows.

L(I) = {b —a, if = (a,b),a,b],(a,b], or [a,b),

oo, if I is an unbounded interval.

10.1 DEFINITION (Outer measure (not a measure!)). Let A C R. The Lebesgue
outer measure, ;*(A), of A is given by

u*(A) =inf{) L(I,) : A C Ul,, (I,) is a sequence of open intervals} .

10.2 PROPERTIES.

(@) If A C B CR, then u*(A) < u*(B).

(b) u*({x})=0,Vx € R.

(@ p* (@) =0.

(d) pu*(I) = L(I), for every interval I.
Proof. (a): By definition. (b): For all n, {x} C (x —1/n,x +1/n), whence

wW{x}) <L((x—1/n,x+1/n))=2/n—0.

(c): By (a) and (b), since @ C {x}.

(d): If I = [a,b], then I C (a—1/n,b+1/n) for every n, so that u*(I) <
b—a+2/n, giving u*(I) < b — a. On the other hand, consider a cover of [a, ]
by a sequence of open intervals (I,). Since [a, b] is compact we may suppose,
after renumbering, that [a, b] is contained in the finite union of Iy, ..., I, say,
where each I, N [a, b] is non-empty (and so is an interval, not necessarily open).
This gives us that

b—a<L(h)+-+L(IL) <) L(I).
Hence b —a < u*(I) by definition, as required.
(d’): Suppose I = (a,b),(a,b], or [a,b). If n > (b—a)/2, then [a+1/n,b—
1/n] C I C [a, b]. By applying (d) twice, we see that
(b—a)=2/n<u*(I)<b—a, Vn = u*(I) =b—a.

(d”): If I is an unbounded interval, we can choose [a,,b,| C I with b, —
a, — oo, and since by (d) b, — a, < u*(I), for all n, we have u*(I) = oo. O

10.3 PROPOSITION (Countable subadditivity). For every sequence (E,) of subsets
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10. LEBESGUE MEASURE (ON RR)

E, C R, we have that

(o]

' (UEn) < ) 1" (En).

n=1

Proof. Let € > 0. For each n choose a countable open interval cover E, C U,
such that

Y L(Ium) < p*(En) +£/2".
m=1

Since UE,; C UypmInm we have that

(ee]

*(UEy) ii L(Lim) < Y ' izlzz (En) +e

n=1

Letting ¢ — O finishes the proof. O
10.4 PROPOSITION. u*(E) = 0 for every countable set E C R.
Proof. E={x, : n € N} = U{x,} = uw*(E) <YL u*{x,})=X0=0. O

10.5 REMARK. It follows that every subset of R with strictly positive outer mea-
sure is uncountable. This gives another proof that intervals are uncountable.

For a subset E of R, we write E© = R\ E.

10.6 DEFINITION (Lebesgue measurable sets). A set E C R is Lebesgue mea-
surable if and only if

W (A)=u"(ANE)+u"(ANE"),VACR.
Let M denote the set of all Lebesgue measurable subsets of R.
10.7 PROPOSITION. Let E C R with y*(E) = 0. Then E € M.

Proof. ACR = u*(A) < u*(ANE)+u*(ANE) = u*(ANE") < u*(A).
]

The following can be proven by straightforward, but very lengthy, manip-
ulations of the definition.

10.8 THEOREM (Carathéodory’s criterion).
(a) M is a o-algebra.
(b) u = u*| pm is a measure on M, called the Lebesgue measure.

(c) M contains all Borel subsets of R.
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Proof. See Theorem 1.7.3 in Tao’s “An Introduction to Measure Theory” for (a)
and (b).

(c) then follows by: (i) Checking that open intervals are Lebesgue mea-
surable. (ii) Since every open set U C IR is a countable union of open in-
tervals, it follows that all open sets are in M. (iii) Since the Borel algebra
B(R) is the smallest o-algebra on R containing the open sets, it follows that

B(R) C M. 0

In particular, M contains all open sets, closed sets and intervals in IR, with
u(I) = L(I) for every interval I in R. Note that every countable subset of R is
Lebesgue measurable with measure zero, by Propositions 10.4 and 10.7.

10.9 EXAMPLE (An uncountable null set). Recall the Cantor set C of Exam-
ple 2.18. It is uncountable, but also a null set, that is, #(C) = 0. [One can
understand C as an intersection of closed intervals C, of length (2/3)". Hence
C e M with u(C) < (2/3)" — 0, implying u(C) = 0.]

ForECRanda€eR,letE4+a={x+a: x € E}.

10.10 PROPOSITION (Translation invariance). Let E € Manda € R. Then E+a €
M and u(E +a) = u(E).

Proof. See Exercise 8. 0

10.11 PROPOSITION (The Lebesgue measure is complete). If A C E, and E ¢ M
with y(E) =0 then A € M (and u(A) = 0).

Proof. Since A C E we have that u*(A) < u*(E) = u(E) = 0. Hence A € M
by Proposition 10.7. O

10.12 PROPOSITION (Continuous functions). Let f,g: R — IR be continuous. Then

(a) f is Lebesgue measurable. [a € R = {x : f(x) > a} is open and so belongs
to M.]

(b) f=0@e = f=0.[f#0 = E={x: f(x) # 0} contains an
interval | = u(E) #0 = f # 0 (a.e).]

(c) f=g(ae) = f =g [Apply (b)to f —g.]

10.13 EXAMPLE. The characteristic function, f, of Q is Lebesgue measurable
with f = 0 (a.e). (Why?) But f # 0.
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11. THE LEBESGUE INTEGRAL (ON IR)

11 THE LEBESGUE INTEGRAL (ON IR)

Throughout we confine attention to the Lebesgue measure y: M — [0, 0],
introduced in Section 10. Given A € M, we consider the c-algebra of all
Lebesgue measurable subsets of A,

My ={E€ M : EC A}, and Lebesgue measure |, : Ma — [0, 00].

We write L(A) = L(A, M4, ) for the space of all Lebesgue integrable func-
tions f: A — R. Further, for A € M, we write

[ fan= [ rax= [ fxyax,
A A A

and in the case of intervals (for a,b € R with a < b)

/fduz/bfdx, /fdu:]ofdx

) a ac0) 2

/ Fdu = /afdx, /fdy: 7fdx.
(~eoa] oo R oo

11.1 REMARK. With respect to Lebesgue measure, y, every subset of a null set in
M again lies in M (Proposition 10.11). As aresultif A € M and f,g: A = R
are functions such that f = g (a.e) we have

(a) f is measurable <= g is measurable [See Exercise 8],
(b) f € L(A) <= g € L(A) [By (a) and Proposition 9.6].

Furthermore, suppose that B= A U N, where N is a null set, #(N) = 0. Then
(©) f € L(B) <= fxa € L(A) [By ()].

Hence we identify the spaces L(B) and L(A). For example, we need not dis-
tinguish between L([a,b]) and L((a,b)), or between the integrals |, a,p) fdp and

f(u,b)fdy’

11.1  The Lebesgue versus the Riemann integral

For a Riemann integrable (hence bounded) function f: [a,b] — R we (tem-
porarily, see Theorem 11.2) denote the Riemann integral of f over [a, b] by

b
R—/fdx.
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11.1. THE LEBESGUE VERSUS THE RIEMANN INTEGRAL

We denote the space of all Riemann integrable functions f: [2,b] — R by
R([a, b]).

Step functions. By a step function, h: [4,b] — R is meant a function of the
form h = ¥ aix;j,, where each a; € R and each Jj is a subinterval of [a,b]. In
this case the Lebesgue and Riemann integrals of / clearly coincide

b
©) [ hdx =Y an(i) = Cal(h) =R~ [ hdx.

11.2 THEOREM. Let f € R([a,b]). Then f € L([a,b]) and R — fabfdx = fabfdx.

Proof. By the definition of the Riemann integral we can choose sequences
(tn) " and (uy) \ of step functions such that —K < t, < f < u, <K,
where K = sup |f|, and such that, using (6),

b b b
) R—/fdx: lim [ t,dx = lim [ u,dx.
a

n—o00 n—o00
a a

The measurable functions t = lim t, and u = lim u,, satisfy
® t<f<u.

On the other hand, since [t,], [un| < Kx[,p € L([a,b]), the DCT gives us that
t,u € L([a,b]), [ tadx — [tdx,and [u,dx — [udx. By (7) we conclude that

b

b
/tdx:/udx.
a

a

Thus, 0 < u —t with [(u —t)dx = 0. Hence t = u (a.e) so that f = u (a.e) by
(8). Hence f € L([a,b]) (Remark 11.1) and

b b b

/fdx:/udx:R—/fdx. O

a a

The converse of Theorem 11.2 is false. That is, R([a,b]) C L([a,b]) but

R(la, b]) # L([a,b]).

11.3 EXAMPLE. Consider E = [a,b] N Q. If f denotes the characteristic function
of E, then f is Lebesgue integrable (with integral u(E) = 0.) But f is not
Riemann integrable.
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11. THE LEBESGUE INTEGRAL (ON IR)

11.2 Improper Riemann integrals

Given a € R, recall that f: [2,00) — R is said to be improperly Riemann
integrable if f is Riemann integrable on [4, b] for all real numbers b > a and

. b . . . . .
limy e | , [ dx exists in R, in which case we write

b—o0

0o b
R—/fdx: lim/fdx.
a a

The space of all such functions is denoted R([a,0)).
Recall from Proposition 9.2 the equivalences

©)  feL(la0) = |f] € L([a,0)) <= f+, f- € L([a,0)).
These are not valid, in general, for R([a, 0)).

11.4 EXAMPLE. Define f: [0,00) — R piecewise by: f(x) = (—1)"/n, whenever
x € [n—1,n) and n € IN. Then, for every n € N,

I L(-DF & (-1
/ fdx = Z p — Z p [Alternating harmonic series],
2 k=1 k=1

but
n n 1
[iflax=y -,
0 k=1

which diverges (harmonic series). Thus, f belongs to R([a, o)), but |f| does
not (neither does f,, nor f_).

11.5 THEOREM. Let a € Rand let f: [a,00) — R be Riemann integrable on [a, b] for
all real b > a. Then f € L([a, 00)) if and only if |f| € R([a, o)), in which case also

f € R([a, 0)) and
/fdx:R—/fdx.

Proof. (a): Suppose first that f > 0. Since fx(; 51y * f, the MCT and our
assumptions give

a+n

[ fax=| fwandn— | fan
a ,00)

[a,00) [

Thus, since f € L([a,0)) <= || la,00) fdu < oo, the desired result is immediate
from the definitions and Theorem 11.2.
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(b): For a general f, this follows by (9) and (a). For
feL(la,0)) <= If]. f+,f- € L([a,0)) <= |f], f+, f~ € R([a,0)),

and in this case f = f+ — f— € R([a,00)) and

]ofdx:]of+dx—7f_dx:R—7f+dx—R—/oof_dx:R—7fdx. O

11.3 Examples

Let « > 1 and consider f: [1,00) — R, f(x) = 1/x*. Using Theorem 11.2 we

have
’ 1—1/p*1 1
[fax=""0 s b
1

In particular, by Theorem 11.5, f € L([1,00)) (with [ fdx =1/(a — 1)).

This may be exploited to derive certain limits via the dominated conver-
gence theorem.

(ee]

1/2 o
. x*/“sin(nx
11.6 EXAMPLE. lim ¢ dx = 0.

n—00 1+ nxt
1

For each n € IN, define f,,: [1,00) — R by

x!/2 sin(nx)

falx) = 14 nxt

Then f, — 0 (pointwise) [for each x > 1, |f,(x)| < x'/2/(1 + nx*) — 0, as

n — oco.] Furthermore,
1
|fn(x)| < 772 x> 1.

Hence, with f: [1,00) — R given by f(x) = 1/x7/2, we have
|ful < f, Vn €N, and f € L([1,00)) [because 7/2 > 1].

Therefore f, € L([1,00)), and since f, — 0, the DCT implies that

/fndx—>/0dx:O,
1 1

as required.
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1
11.7 EXAMPLE. lim dx=1/e.
7 oo / (14 x/n)rxl/n /

For each n € IN, define f,,: [1,00) — R by

1
(14 x/n)nxt/n

ful(x) =
For each x > 1, we have
(1+x/n)" =5, xM/" 51, n— oo,

so that f,(x) — 1/e* = e * as n — oo (pointwise).
Furthermore, for x > 1and n > 2,

—1) /x\2 _ «?
(I+x/n)"x’">(1+x/n) _1+n—1——2 (n) > T
giving
4
)] € 5

Hence, with f: [1,00) — R given by f(x) = 4/x?, we have
|ful < f, Vn>2, and f € L([1,00)) [because 2 > 1].

Therefore f,, € L([1,00)), n > 2, and since f,(x) — e~ *, the DCT implies that

/fndx—>/e_xdx:1/e,
1 1

where the last equality is easy to check (calculate as an improper Riemann
integral).

11.4 Density of continuous functions

11.8 THEOREM. Let f € L(IR). For every ¢ > O there is a continuous function
g R — R vanishing outside a bounded interval such that

/|f—g|dx<s.
R

Proof. This may be seen via a sequence of reductions.

1. Since f = f1 — f_ and f, f- € L(R), we may suppose f > 0.

2. By Theorem 8.7 and the MCT there is a simple function p € L(RR) with
0<p<fand [|f—pldx = [g(f —p)dx < e Thus it is enough to establish
the theorem for simple functions of the form Y " ; a;xf,, where each u(E;) < oo,
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and hence, in turn, for integrable characteristic functions xr. This may be done
as follows.

3. Claim. Let E € M with u(E) < oo. Then there is a function h =
Y1 X(ayh;) such that [ [xg —h|dx <e.

To see this, pick an open set U with E C U and u(U) < u(E) +€/2 < o0
(see Exercise 8). Since U = U(a,b,) is a disjoint union of a sequence (possibly
tinite) of bounded open intervals (why?),

there is an m € IN such that u(U) — u(V) < e/2, where V.= U"_, (ay, by,). This
gives xv = Y31 X(a,p;) and

[ e —vldx < [ 1xe—xuldx+ [ 1xu—xvldx = p(U\E) +p(U\ V) <&
R R R

proving the claim.
4. Hence it is enough to prove the theorem for a characteristic function
X(ap), Where a,b € R with a < b. To do this, for § < e/2 < (b—a)/4, let

(0, x€R\(ab),

xga’ x € [a,a+ 4],
8(x) = 1, x€la+6,b—14],

\ng’ x € [b—34,b).

Then g: R — R is continuous (draw a picture!), and

/]}((a,b)—gmxg / ldy =26 <e.
R [a,a+6]U[b—0,b]

This completes the proof. O

11.5 A word about the Lebesgue integral in higher dimensions

The next natural step is to construct the o-algebra My C P(R?) of Lebesgue
measurable subsets of RY, d > 1, and the corresponding d-dimensional Lebesgue
measure ;. The construction closely follows the 1-dimensional setting of Sec-
tion 10, guided by the fact that pp should generalise the notion of area, 3
that of volume, and so on. There is an additional difficulty compared to Sec-
tion 10 in that open sets U C R? are significantly more complicated in higher
dimensions. In particular, there is no analogue of the property that open sets
U C R are a disjoint union of open intervals. Due to time constraints, we will
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not consider any further details, referring instead to Tao’s “An Introduction to
Measure Theory”.

The most important result for the higher-dimensional Lebesgue measures
is the Fubini-Tonelli theorem, which generalises iterated integration to the
context of Lebesgue integration. We conclude this section by giving a statement
in the special case that d = 2.

11.9 THEOREM (Fubini-Tonelli’s theorem). Let f: R? — [0, 00| be a non-negative
uo-Lebesgue measurable function (measurable with respect to My). Then

(a) For pq-almost every x € R, the function y — f(x,y) is py-Lebesque measur-
able, and in particular [ f(x,y)dy is defined (possibly infinite) almost every-
where with respect to x. Furthermore, the map x — [, f(x,y) dy is p1-Lebesgue
measurable.

(b) For uy-almost every y € R, the function x — f(x,y) is p1-Lebesgue measur-
able, and in particular [, f(x,y) dx is defined (possibly infinite) almost every-
where with respect to y. Furthermore, the map y — [ f(x,y) dx is p-Lebesgue
measurable.

(c) We have

(10) /fdﬂzz/ (/f(x,y)dy) dx:/ (/f(x,y)dx) dy.
R? R R R R

11.10 REMARK. Note that f is non-negative in the statement. For general func-
tions f a similar statement can be made, if it is known beforehand that f <
L(R?, My, up). However, if fRz |f| dua = oo, then (10) is not necessarily true. A
counterexample is furnished by

22
flx,y) = (XT]/Z)ZX(O,l)x(O,l)(x/y)'
Noting that % = —% arctan(y/x), one sees that

while
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Of course, in this case

/fdyz/(/

-yt
(x2+y2)2
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