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ABSTRACT. These are the lecture notes I used for a 14-week introductory
graduate-level analysis class that I taught at the Department of Mathematics
of Middle East Technical University during Fall 2019.
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In order to determine the course content and prepare these lecture notes, I mainly
used the classic textbook of Folland [Fol99] which I also listed as the textbook for
the course. The aim of the course was to fully or partly cover Sections §1.1, 1.2,
1.3, 1.4, 1.5, 2.1, 2.2, 2.3, 2.4, 2.5, 3.1 and 3.2 of Folland’s book [Fol99]. However,
I also covered some additional material which I think is of importance.

Besides [Fol99], I also listed the supplementary resources [Coh93] and [Bog07],

whose e-book versions can be downloaded from this link and this link respectively.

Indeed, T occasionally followed [Coh93] to cover certain topics. During the lec-
tures, besides what is included here, many additional instructional examples were
considered, some of which unfortunately could not make it into these lectures notes.

0. PRELUDE

0.1. Why is Riemann integral not sufficient? One is usually exposed to in-
tegration theory for the first time via Riemann integrals, which, for most purposes
in practice, are sufficient.

On the other hand, if one does more theoretical (and serious) mathematics, then
one realizes that the Riemann integral lacks various “nice” properties, which one
usually wishes to have. To illustrate such this, let us first recall the definition of
Riemann integrability.

Given a compact interval [a,b] and a bounded function f : [a,b] — R, we say

that f is Riemann integrable over [a,b] if and only if
inf{U(f, P) : P is a partition of [a,b]} = sup{L(f, P) : P is a partition of [a,b]}

where, for a partition P = {t;, : 0 <k <n}of [a,b] witha =1y <t; <--- <t, =b,
we write Aty = (tp — tx—1) and

U(f,P)= Z ( sup f(:c)) <Aty and L(f,P) = Z ( inf f(:z:)) - Aty

=1 \@E[tr—1,tx] =1 TE[tg_1,tk]

It is a standard calculus fact that any continuous function is Riemann integrable
over a compact interval. Unfortunately, working only with continuous functions is
too restrictive if we are to do more than computing areas of plane regions.

To see an example of a non-Riemann integrable function, set A = QN [0, 1] and
consider the characteristic function x4 : [0, 1] — R defined by

1 ifzeAd

xale) = 0 ifz¢ A

Since rational and irrational numbers are both dense sets in R, a moment’s thought
reveals that U(xa, P) = 1 and L(xa, P) = 0 for any partition P of [0,1]. It follows
that x4 is not Riemann integrable over [0, 1].

Let us now enumerate A, say, A = {a; : i € N} and set A,, = {a; : 0 <i <n}. On

the one hand, the characteristic functions x4, : [0,1] = R are Riemann integrable


https://link.springer.com/book/10.1007%2F978-1-4614-6956-8
https://link.springer.com/book/10.1007%2F978-3-540-34514-5
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over [0,1] and indeed

1
/ Xxa,(x)dz =0
0
On the other hand, for every x € [0, 1], we have that li_)m Xa, () = xa(z) but

1 1 1
lim Xa, (z)dx # lim x4, (z)dx :/ xa(z)dz
n= Jo o "Moo 0
as the right-hand side does not even exist. In other words, one cannot simply
interchange limit and the Riemann integral, even if the functions whose limit is to
be taken converge in a “nice” (for example, monotone) way.

We wish to build a better theory of integration where one can pull off such tricks.
What should be our starting point? Since the last obstacle we just had arose from
integrals of characteristic functions, maybe we should take care of these first. Let
A C R be an arbitrary set. What should [ x4 be?

Let us take a look at what we already have. In the case that A is an interval,
we have that the Riemann integral [ xa(z)dz is the length of A. We also want our
to-be-defined-later integral to extend the Riemann integral. This means that we
should come up with an integration method such that [ x4 is the “length” of A for
any subset of R. How can one “measure the lengths” of arbitrary subsets of R?

0.2. To be measurable or not to be measurable, that is the question. We
wish to have a method of measuring the lengths (areas, volumes etc.) of all subsets
of R™. Such a method would be a function u : P(R™) — [0, +00]. Let us focus on
the case n = 1 for simplicity.
What are our expectations from such a function? For the purposes of doing
calculus, we want p : P(R) — [0, 400] to be such that
a. If {A; : i € N} are disjoint subsets of R, then p ([U;2y Ai) = Yoo 1(As).
b. u(A) =p(z+ A) for any x € Rand A C R.
c. u((a,b)) =b—a for any a,b € R with a < b.
The property (a) is called o-additivity. If one replaces the countable collection of
sets in (a) by a finite collection of sets, then the corresponding property is called
finite additivity. The property (b) is called translation-invariance.
In other words, we wish to have a map p : P(R) — [0, +o00] which is o-additive,
translation-invariant function and assigns closed intervals their lengths. Unfortu-

nately, one cannot always get what one wants.

Theorem 1 (Vitali). There does not exist a o-additive translation-invariant map
w: P(R) — [0, +00] such that 0 < u([0,1)) < 4o0.

Proof. Assume that there exists such a map p. Consider the action of Z on [0,1)
given by n-2 = (nv/2+2 (mod 1)). Note that this action is free, that is, m-z = n-z
implies that m = n. This is true because if m-r = n-z, then (m—n)v/2 = 0 (mod 1),
which, together with the irrationality of v/2, implies that m = n.
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Using the axiom of choice, one can show that there exists a transversal set
T C [0,1) for the orbit equivalence relation of the action Z ~ [0,1). Since the
action is free, the translates of the transversal of its orbit equivalence relation are
disjoint, that is, n- T N'm - T = ) whenever m # n. It follows that

0,1)=||n-T

neEZ

Note that, since y is translation-invariant and o-additive, we have u(T) = p(n-T)

for any n € Z. It then follows from the properties of v that

+00>u([0,1))=u<|_| n~T> => un-T)=> wT)>0

nez nez neZ

which is a contradiction as there can be no such number (7). Therefore, there

exists no such function . [

The idea in this proof is due to Vitali and is usually carried out by the action
of Q on R via left-translation. The corresponding transversal sets are called Vitali
sets and have to be “non-measurable” just like the set T" in the proof above.

Now that we know there can be no such function u, the next step will be to
find the guilty. The properties (b) and (c¢) are indispensable if one is to have
a geometrically meaningful theory of integration. Thus we may try to relax the
property (a). In order to carry out basic calculus, say, to split an integral as
f; = [T+ fcb, the best one can demand is to relax o-additivity to finite additivity.

It is a remarkable fact that the Hahn-Banach theorem implies that, for n = 1
(respectively, n = 2), there does exist a finitely additive isometry-invariant function
p: P(R™) — [0, 400] which assigns closed intervals (respectively, closed rectangles)
their lengths (respectively, their areas.)

A more remarkable fact is that this cannot be done in higher dimension. The
Banach-Tarski theorem states that a unit closed ball in R3 can be partitioned into
five pieces so that one can obtain two unit closed balls by applying translations
and rotations of R? to these pieces. Consequently, there can be no such finitely
additive measure p for n = 3. (See [Wag93] for an excellent monograph on this
theorem and related topics.) Therefore, that we cannot measure all subsets of R™ in
a meaningful way is not due to strong additivity assumptions. What is the problem
then?

Maybe we should not demand to measure all subsets of R™ but only demand
to measure a reasonably rich collection of subsets that actually arise in mathemat-
ics. This brings us to the notions of an algebra and o-algebra, which will be the

collections of sets that we are going to measure.
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1. ALGEBRAS

1.1. Algebras and o-algebras. Let X be a non-empty set. An algebra on X is a
collection A C P(X) such that

e fec A
e A is closed under complements, that is, if A € A, then A°=X — A € A.
e Ais closed under finite unions, that is, if Ay, ..., A, € A, then|J!_, 4; € A.

It is easily seen that an algebra on X also contains X, is closed under finite intersec-
tions as (), A; = (Uj_, AS)” and is closed under set differences as A—B = ANB°.
A o-algebra on X is an algebra which is also closed under countable unions, that
is, A C P(X) is a o-algebra if

e fe A,

o Ac Aimplies A°=X—- A€ A, and

o Ay, Ay, -+ € Aimplies | J2, 4; € A.

Algebras (respectively, o-algebras) will later serve as the domains of “measures”.
This is why we expect these collections to be closed under finite and countable
unions respectively. More precisely, the domain of a finitely (respectively, o-
Jadditive measure should be closed under finite (respectively, countable) unions.

Suppose that A is an algebra which is closed under disjoint countable unions.
We claim that A is indeed a o-algebra. Let Aj, As,--- € A. Set By = A; and
B = A, — Uﬁ;} A, for k> 2. Since A is an algebra, we have that By € A for all
k > 1. Moreover, ;- ; Ar = Uz, Bi € A. Therefore A is closed under countable
unions and hence, is a o-algebra.

Here are some examples of o-algebras on a set X.

A =P(X).

A= {0,X}.

A ={0,A, B,X} where {A, B} is a partition of X.
e A={ACX:Aor A° is uncountable}.

Next will be introduced the notion of a generating set of a o-algebra. In order
to define this, we need the following proposition.

Proposition 1. Let X be a non-empty set and let {A;}ic; be o-algebras on X.

Then ;1 Ai s a o-algebra on X.

iel
Proof. Clearly ) € (,c; Ai since ) € A; for every i € I. Let A, Ay, As,--- €
Nicr Ai- Then, by definition, A, Ay, As,--- € A; for every i € I. Since A; is a
o-algebra for every i € I, we have that A° € A; and |J,- | A, € A; for every i € I.
Thus A € ;e Ai and U, An € Nies A O

Given £ C P(X), define
M(E) = m{A CPX): ECA and A is a g-algebra}
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Since there always exists a o-algebra containing £, namely, P(X), the collection on
the right-hand side is non-empty and hence its intersection is defined. The collection
M(E) is a o-algebra by Proposition m The o-algebra M(E) is the smallest o-algebra
containing £ and is called the o-algebra generated by &.

Observe that, for any &, F C P(X), if £ C M(F), then M(E) C M(F) since
M(F) is a o-algebra. This basic observation provides us a way to show that o-
algebras generated by two distinct sets are the same: If every element in one of
the sets is in the o-algebra generated by the other set, then these sets generate the
same o-algebra.

We shall now introduce a class of o-algebras that are of most importance for this
course. Let X be a topological space. The Borel o-algebra of X, shown by B(X),
is the o-algebra generated by the open sets of X. The elements of B(X) are called
the Borel sets of X.

One may think that this definition, although pretty basic, is somewhat implicit
in the sense that it does not tell one how to obtain Borel sets. How does the class

of Borel sets of a topological space look like?

1.2. The Borel hierarchy. In this subsection, we shall stratify the Borel o-algebra
of a metrizable topological space. Due to the nature of our construction, the reader
is expected to be familiar with ordinals and transfinite recursion. Those who are
not well-read in set theory may skip this subsection for it will not play a crucial
role in the remaining of these notes.
Let X be a metrizable topological space. For every countable ordinal 1 < o < wy,

we define the following collections of subsets of X by transfinite recursion:

e XY ={UCX:U is open},

o ITY = {5¢: 5 e X%} and AY =39 NIIY for every 1 < o < wyq, and

o 30 = {Upen An s Ap € I, ;1 <, < a,n € N} for every 1 < o < wy.
The sets in AY, ¢, T19, =Y and II§ are classically called the clopen, open, closed,
F, and Gs subsets of X respectively.

Lemma 1. X5, II C A? | for every 1 < o < wy.

Proof. We shall prove this by transfinite induction on « > 1. That II{ C X9
(and hence X9 C II9) follows from the definition and that II{ C ITJ (and hence
39 € 29) follows from the metrizability of X. Thus the claim holds for a = 1.
Now, let 1 < @ < wy and assume that the claim holds for all ordinals 1 < 0 < a.
We wish to show that the claim also holds for «.

Let A€ XY, Then A = Unen An for some A, € H?m and some 1 < v, < a. By
inductive assumption, A, € Hgn - Agnﬂ - HE’/HH for all n € N. Thus, we have
that A = {J,cy An € X9, 1. This shows that 39, C X%, and hence IIY, C IIY, ;.
By definition, we already have that II), C 29, and hence X9 C II2, ;. These
together imply that 30,110 € A 11 which completes the transfinite induction. [

(e}
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As a consequence of Lemma m, these point classes can be pictured as follows,

where every class in the diagram is a subset of the classes on right of it.
AY A) A e Al a < wi

We shall now show that the Borel o-algebra of X is the union of these point classes

and these point classes together form what is known as the Borel hierarchy of X.

Theorem 2. B(X) = U 0 = U e = U AY.
1<a<wn 1<a<w 1<a<w

Proof. We will first prove by transfinite induction that 3% C B(X) for 1 < a < w;.
The claim is clearly true for a = 1. Now, let 1 < a < w; and assume that the
claim holds for all ordinals 1 < 6 < a. Let A € £%. Then A = Unen
A, € I, and some 1 < 7, < a. By inductive assumption, A5, € X9 C B(X) for
all n € N and, B(X) being a o-algebra, we have that A € B(X). Hence the claim
holds for a.. Thus, by transfinite induction, U, <o, Zo € B(X).

Ui<a<w, 39 is clearly closed under complementation and contains (). To show

A,, for some

e}

that it is a g-algebra, let Ay, Ag, -+ € Uy<qey, Za- Then, for every k € NT, there
exists 1 < ag < wy such that A € Egk_. Since wy is a regular cardinal, we have

that sup{ay, : k € NT} =60 < w;. It follows that A, € XY for all k € N* and hence

0

A =2, A, € £ as X2 are closed under countable unions. Thus Uicacw, Za

is a o-algebra. Since it contains the open sets of X by definition, we have that
B(X) € Uicacw, 30 which completes the proof of the first equality. The other

equalities easily follow from the first one by Lemma m O

It is a well known and non-trivial fact that, for an uncountable Polish space, i.e.
a separable completely metrizable topological space, the Borel hierarchy does not
“collapse” in the sense that X0 # Eg_H. We refer the curious reader to [Kec95] for
a general background in descriptive set theory, which, in the broadest sense, is the
study of the structure of Borel (and projective) sets of Polish spaces.

An immediate consequence of Theorem B is that the cardinality of B(R) is the

same as that of R. Let us denote the cardinal |R| by ¢ and call it the continuum.
Theorem 3. |B(R)| =rc.

Proof. We shall prove by transfinite induction that |X%| = ¢ for every 1 < a < w;.
We will first prove this claim for a = 1. The map z — (0,z) from R to X9 is
clearly injective and hence ¢ < |X9|. To show the converse inequality, let (q;)ien
be an enumeration of Q. Since Q is dense in R, for every open set O C R and
every x € O, one can choose ¢, 0,70 € Q such that z € B(¢y,0,72,0) € O.
Then we have that O = J .o B(4z,0,72,0). Since there are countably many pairs
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of the form (g;.0,72,0), one can replace this union by a countable union of the
form O = J;cy B Jien € NN, For each

open O C R, choose such sequences (g0 )ien, (qo0 )ien in QY and consider the map

(aro,qo) for some sequences (k9)ien, (19
O = ((aro)ien, (90 )ien) from 20 to QY x QY. This map is clearly injective and
hence |9 < |QY x Q| = ¢. This completes the proof that |£9| = c.

Now let 1 < o < w; and assume that the claim holds for all 1 < 6 < «. Since
39 C 39 we have that ¢ = |E9| < |[2%|. By definition, for every A € 9, we have
that A = UneN A, for some 1 <, < a and some A, € Hgn. For every A € 39,
choose such A,, and consider the map

A (Ap)nen from Eg to U Hg
1<f<a
This map is clearly injective. Moreover, by inductive assumption, we have that
N
IIIY| = |=Y| = ¢ for every 1 < 0 < « and hence the cardinality of (U1<6<a Hg) is

less than or equal to
(c- Ja) = max{c, Ro}No = (280)Fo = 9NN — oo ¢

It follows that |X%| < ¢, which completes the inductive step. Thus, by transfinite
induction, we have that |X%| = ¢ for every 1 < o < w;. Now, Theorem E implies
that
¢ <|BR)| < ¢-wp = max{w,c} =c¢
O

1.3. Generating the Borel sets of R. We shall now provide some generating

sets for the Borel g-algebra of R endowed with its usual Euclidean topology.

Proposition 2. The Borel o-algebra of R is generated by the following collections.
e & ={(a,b):a,beR}
o & ={(a,b):a,beQ}
o & ={[a,b] : a,b € R}
o & ={[a,b) : a,b e R}

o 55—{(a b]:a,beR}
o & = {(a,0) :a e R}
o & ={(—00,a) :a € R}
'56—{[ ) a € R}
o & ={(—00,a]: a € R}

Proof. Let £ be the collection of open sets of R. Then & C & C M(E) and
consequently M(E) € M(E) = B(R). Let O € £. Then, by the density of Q
in R, for each x € O there exist ¢q;, 7, € Q such that x € B(q,7:) € O and
hence O = |J,co B(qe;72). Since there are countably many pairs of the form

(@z,72), one can replace this union by a countable union, say, O = J;cy B(gi,7:)
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for some rationals {g;,7;}ien. Clearly B(qgi,r;) € & for every ¢ € N and hence
O € M(&). Thus &€ C M(&) which implies that B(R) = M(E) C M(&).
Therefore M(&;) = B(R).

We now show that M(&) = M(&;). Clearly & C & C M(&) and hence
M(E) € M(&1). To show the converse inclusion, let (a,b) € & . Since Q is dense
in R, we can find a decreasing sequence of rationals (a,),eny and an increasing
sequence of rationals (b, )nen such that a < a,,,b, < bforalln € N, lim,, o a, = a
and lim,,_,o b, = b. Then (a,b) = J;—(an,bn). As (ay,b,) € & for alln € N, we
have that (a,b) € M(&). Thus & C M(&2) and hence M(&1) C M(E2).

We will now prove that M(E3) = M(&1). Let [a,b] € ;. Then

[mﬂzfﬁ(a—;&+i>

n=1
Since the sets on the right-hand side are in &, we have that [a,b] € M(&;). Thus
& C M(&1) and hence M(E3) € M(&;). Let (a,b) € & . Then

(mm<Uwﬁ+mumm@>

n=1
Since the sets on the right-hand side are in &, we have that (a,b) € M(&3). Thus
&1 € M(&3) and hence M(&1) C M(&3).

The rest of the proof is left to the reader as an exercise. O

Most “naturally occuring” sets in mathematics turn out to be Borel, even though
this may not be immediately seen. We shall next give some examples of Borel

subsets of Polish spaces that one runs into in practice.

e Let f: R — R be any function. The set
Dy ={z e R: f is discontinuous at z}

is a Borel set. This is because one can write this set as
Dy={reR:3e€ Q" Vs € Q" Iy € B(x,9) |f(y) — f(z)| > €}

={reR:3ec Q" V6 € Q" 3y,z € B(z,9) |f(y) — f(2)] > €}

= U N{zeR:3yzeB@0)|fy) - /=) = e}

eeQt 5eQt

The reader is expected to check that, for each fixed ¢,6 € QT, the inner-
most set is open. Therefore, Dy is a 39-subset of R.

e The set C of convergent real sequences is a Borel subset of RN because one
can write this set as

C={(r,) €ERN:Vec QTIk € NVi,j >k |v; — ;| < ¢}

- N UNN{@) e R fay — ] < )

ecQ+ keNi>k j>k
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For every fixed ¢ € QT and i, € NT, the inner-most set is closed in the
product topology of RY and hence, C' is a II3-subset of RY.

For more interesting examples of naturally occuring Borel sets, we refer the reader
to [Kec95, Section 23].

1.4. Product c-algebras. We shall call a pair (X, M) a measurable space if X
is a non-empty set and M is a o-algebra on X. The sets in M are called the
measurable sets of (X, M).

Given a collection {(X;, M;) : i € I} of indexed system of measurable spaces,

we define their product (measurable) space to be the measurable space

-2

i€l i€l

where &);.; M; is the product o-algebra on [],.; X; which is generated by the

iel
collection
E={r;'[Aj]: Aj e M;, jeI}
and 7; : [[,c; Xy — X are the projection maps for each j € I. As an exercise,
the reader is expected to check that if M; are generated by &;, then the collection
{ﬂ'j_l[Aj] 1 Aj € &;, je I} also generates K)o, M.
In the case that the index set is countable, one can find another canonical gen-

erating set for the product o-algebra. Suppose that I is countable and let

£= {HAi:Ai e/\/u}
el

Then € C € € M(E) and hence M(E) € M(E). On the other hand, for any

[Lic; Ai € &, we have that

[T4i = (7A€ M(€)
iel iel
and hence M(€) C M(E). Therefore, £ generates the product o-algebra as well.
We conclude this subsection by proving that the Borel o-algebra of the finite
product of separable metric spaces has the same measurable sets as the product

o-algebra of the corresponding spaces endowed with their Borel o-algebra.

Theorem 4. Let X; be a separable metric space for 1 < i < n. Then we have
R, B(X;) =B([1;-, X;) where [T, X; is endowed with the product topology.

Proof. As B(X;) are generated by the open sets of X;, we have that @, B(X;)
is generated by {Wi_l[Ui] : U; € X;isopen,1 <4 < n}. Recall that, by the
definition of the product topology, these sets are open in []!_; X; and hence are in
B(IT:-, X;). This shows that @, B(X;) € B([[;—, X,).
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To show the converse inclusion, by the separability of X;, choose a countable
dense set D; C X; for every 1 < ¢ < n. Consider the collections

51:{B(I7q)ngI€D“ qu+}

for every 1 <1 < n. It is easily seen that every open set of X; is a countable union
of the (open) sets in &;. On the other hand, the collection

U= {HUi:Ui C X, is open}

i=1
is a basis for the product topology on []!_; X;. Indeed, since a countable product
of separable metric spaces is separable, every open set of H?Zl X, can be written as
a countable union of the elements of ¢/. It follows that every open set of [[;_, X;
is a countable union of the elements of

{H A A € 52}
i=1

These sets are clearly in @, B(X;) and hence the open sets of [[;_, X; are in
-, B(X;), which shows that B ([T, X;) € Q. B(X;). O

An immediate corollary of Theorem H is that B(R™) = .-, B(R) and hence the
Borel o-algebra B(R™) is generated by

{ﬁBi:BiGB(R)}

i=1

and in fact, with some effort, it can be shown that B(R™) is generated by the

{ﬁ(ai,bi) : ai,bi € R}

i=1

collection

1.5. Exercises. Below you shall find some exercises that you can work on regarding
the topics in this section. These exercises are not to be handed in as homework
assignments.

e Exercises 1, 4, 5 from Chapter 1 of [Fol99].

e Exercises 1, 5, 6, 9.a from Chapter 1.1 of [Coh93].

e Show that the following subset of R? is Borel (and indeed, is F,.)

{(x,y) eR?:zye Q}
2. MEASURES

2.1. Definition, examples and properties. Let (X, M) be a measurable space.
A (o-additive) measure on the measurable space (X, M) is a map pu : M — [0, +00]
such that

e 1(?) =0 and

o If Ay, Ay, -+ € M are disjoint, then p (J;2; Ai) = Y oy p(As).
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If the function p satisfies finite additivity instead of o-additivity, then one says
that p : M — [0,+00] is a finitely additive measure on (X,/\/l)m From now on,
unless specified otherwise, the word “measure” should be understood as o-additive
measure.

Given a (o-additive or finitely additive) measure p on (X, M), the triple (X, M, u)
is called a measure space. Next will be introduced some terminology for special types
of measure spaces that are used frequently. A measure space (X, M, p) is said to
be a

o probability space if u(X) = 1.

e finite measure space if p(X) < oo.

e o-finite measure space if X = J;2, X; for some X; € M with p(X;) < oco.
Here are some examples of measure spaces.

e Let X be a non-empty countable set. The triple (X,P(X),v) is a measure
space where v : P(X) — [0, 00] is the counting measure given by

|A]  if A is finite

+00  otherwise

v(A) =

e Let X be an uncountable set and M = {A C X : A or A€ is countable}.
The triple (X, M, n) is a probability space where n : M — [0, 0] is given
by

1 if A€ is countable

n(A) = o
0 if A is countable

e Let X be a non-empty set and a € X. The triple (X,P(X), ) is a
probability space where p, : P(X) — [0,00] is the Dirac measure at a
given by

1 ifaeS

aS:
pa(S) 0 ifa¢s

e Let X be a non-empty countable set and f : X — [0, 00| be any function.
The triple (X,P(X), ) is a measure space where u : P(X) — [0,00] is
given by

wA) = f(x)

z€EA
o Let M = {0),2N,2N + 1,N}. The triple (N, M, &) is a probability space
where £(0) = £(2N+ 1) = 0 and £(2N) = ¢(N) = 1.
We shall now prove some basic properties of measures that easily follow from
the definition.

1We would like to note that, while working with finitely additive measures, one may only
require M to be an algebra instead of a o-algebra for it suffices for a domain of a finitely additive

measure to be closed under finite unions.
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Theorem 5. Let (X, M, 1) be a measure space. Then

a. If A,Be€ M and A C B, then u(A) < u(B).
b If Ay, Az, - € M, then u (U, Ai) < 2%, n(Ay).
c. If A1, As,--- € M and A; C A;y1 for every i € NT, then
1 <U1 Ai) = lim pu(4;)
d. If Ay, Ag,--- € M and A; D Aiy1 for every i € NT and u(A;) < oo, then

I (ﬂ Ai) = llggo 1(Ai)
i=1

Proof. To prove (a), let A,B € M be with A C B. Then B= AU (B — A) and
hence p(A) < p(A) + (B — A) = p(AU (B — A)) = u(B). ‘

To prove (b), let Ay, As,--- € M. Set By = Ay and Bi1 = A;y1 — U, Ax for
all i € NT. Then B; € M for all i € NT and moreover, B;’s are disjoint. It follows

that
B (U Az) =p (U Bi) =2 _nlB) <3 u(Ai)

i=1 =

To prove (c), let Ay, Ag, -+ € M be such that A; C A; 41 for every i € N*. Then

w (U Ai) =u (Al U |_|(Ai+1 - Ai)) = pu(Ay) + Zﬂ(Av:H —4;) =

i=1

n—1
= lim p(Ar) + ; p(Aiyr — Ai)

=1

= lim p(4,)

n—oo
To prove (d), let Ay, As,--- € M be such that u(A;) < oo and A; D A;14 for
every 1€ NJr. Set Bl = A1 — Az Then Bl € M and B1 g Bi+1 and A1 = Az L Bz
for every i € N*. Moreover, J;—, B; U(;o; A; = A;. It follows from part (c) that

u(A1)=M<QBiuiAi> :p<GBi> —s—u(i/li)

i=1

= (nll)ngo ,u(Bn)) +u (ﬁ Ai>

i=1
= (nlggo p(Ar) = p(An) ) + (ﬂ A¢>
i=1
Substracting ;1(A;) from both sides, we get that lim, - u(A,) = p(Nie; 4i). O
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Let (X, M, ) be a measure space. A measurable set A € M is said to be pu-
null if u(A) = 0. A statement quantifying over the points of the measure space
(X, M, ) is said to hold p-almost everywhere if the set of points where it fails is a
p-null set. If the measure p is understood from the context, we shall simply write
null and almost everywhere (or, a.e.)

For example, consider the measure space (N, P(N), ) where p is the Dirac mea-
sure concentrated at 7. Let f : N — N be the identity function. Then the statement

“f(n) = 7 almost everywhere.” is true since
pr({neN: f(n) #7}) = pr (N={7}) =0

2.2. Null sets and completing measures. Let (X, M, ) be a measure space

and set
Mpun={AeM: Aisnull} ={A e M:u(A) =0}

It is easily seen that M, is closed under countable unions and that the mono-
tonicity of measures implies that B € M,,,,;; whenever A € M,,,,;; and B C A and
B € M. On the other hand, M,,;; need not be closed under taking arbitrary sub-
sets unless the taken subset is already in M. For technical reasons, we often want
to have all subsets of null sets to be measurable and consequently, null themselves.

The measure space (X, M, u) is said to be complete if A € My and B C A
implies that B € M (and consequently, B € M,,;;.) For example, any measure
space equipped with the counting measure is complete, whereas, the measure space
(N, {0,2N,2N + 1,N}, £) where (@) = (2N + 1) = 0 and £(2N) = ¢(N) = 1 is not
complete.

It turns out that any measure space can be completed simply by adding the

subsets of its null sets to its o-algebra and extending the measure appropriately.

Theorem 6. Let (X, M,u) be a measure space. Then there exists a complete
measure space (X, M,Ti) such that M C M and i | M = p.

Proof. Let M ={AUB: A€ M,BC N for some N € M;;}. Clearly M C M.
We claim that M is a o-algebra on X.

Let C1,C5,--- € M. Then, by definition, for every i € Nt, we have that
C; = A; U B; for some A; € M and N; € M,y with B; C N;. Note that, M
and M,,;; being closed under countable unions implies that Ufil A; € M and
U2, Bi CU;2, Ni € My It follows that

Uc=U«wub)=JAaulJBeM

i=1 i=1 i=1 i=1
Thus M is closed under countable unions. Let C' € M. Then C = AU B for some
Ae Mand N € M, ;; with BC N. Then

C=AUB=AU(B-A)=(AU(N —A))N((N - A)°U B)
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and hence
C°=(AUB)*=(AU(B-A)*=(AU(N-A)°U((N—-A)-B)

Note that, as M is a o-algebra and A, N € M, we have (AU (N — A))¢ € M and
moreover, (N —A) — B) C N € M. It follows that C¢ € M. Thus M is closed
under complementation, completing the proof that M is a o-algebra.

We shall now define a measure 7z on M. Consider the relation 7z given by

ﬁ(c>:M(A)<:>3A€MHNEMTW”CZAUB AN BCN

We claim that 7z is well-defined and hence is indeed a map from 7 to [0, co]. Assume
that C = AUB = A’ U B’ for some A, A’ € M and N,N' € M,y with B C N
and B’ C N’. Then, since AC A UB' CAUN and A’ C AUB C AUN, by the
monotonicity of 4, we have that

pu(A) < p(A") + p(N') = p(A') < p(A) + p(N) = p(A)

Therefore, f(C) is equal to p(A) for any A € M which is equal to C modulo a
subset of a null set. This shows that & is well-defined.

We now check that f is indeed a measure. That () = 0 is trivial. To show
o-additivity, let Cy,Cs,--- € M be disjoint. Then, for each i € NT, there exist
A; € M and B; C N; € M such that C; = A; U B;. It is clear that A;’s
are disjoint and that |J;2, C; = U2, 4; U U2, Bi. On the other hand, since
Us, Ai e Mand U2, B; C U2, Ni € My, by definition, we have

[ <U Ci) =p (U Ai) =) nu(d) = Zﬂ(ci)

That @ [ M = p and that (X, M,q) is complete are left to the reader to be
checked. (]

Recall the definition of the complete measure space (X, M, 1) constructed in the

previous proof. It is an exercise to the reader to check that

o If (X, M, ) is a complete measure space with y’' | M = pu, then u' = 7.
o If (X, M’, ') is a complete measure space with M C M’ and p/ | M = p,
then M C M’.

In other words, (X, M,) is the “smallest” complete measure space extending

(X, M, ). The measure space (X, M, i) is called the completion of (X, M, ).
We would like to note that not every complete measure space extending a mea-
sure space is the completion. For example, the measure space (N, P(N), o) where
12 is the Dirac measure concentrated at 2 is a complete measure space which extends
the (incomplete) measure space (N, {(), 2N, 2N+1, N}, £) where £(0) = £(2N+1) =0
and £(2N) = ¢(N) = 1. On the other hand, as constructed in the proof of Theorem
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B, the completion of this measure space is
(N,{AUB: A€ {0,2N,2N + 1,N}, B C 2N + 1},¢)

where

1 if2NC S

0 otherwise

2.3. Outer measures. In this subsection, we shall introduce the notion of an
outer measure, which will be later used to construct measures on o-algebras that
are extending pre-specified functions defined on algebras.
Let X be a non-empty set. A function p* : P(X) — [0, o0] is said to be an outer
measure on X if
o 1*(0) =0,
e If AC B CX, then u*(A) < u*(B), and,
o If Ay, Ay, - C X, then p* (Ui, Ai) < Yooy (Ay).
One way to construct outer measures is to pre-define outer measures of certain
“elementary sets” that can cover the whole set and define the outer measure of a
subset as the infimum of the sums of outer measures of elementary sets that cover

it. More specifically, we have the following.

Theorem 7. Let £ C P(X) be such that §,X € € and let p : £ — [0,00] be an
arbitrary function with p(0) = 0. Then the map p* : P(X) — [0, 00] given by

p*(A) = inf {Zp(Ei) Eie& Ac| El}
i=1 i=1

18 an outer measure.
Proof. That p*(0) = 0 follows from that ) € £ and p(f) = 0. That p*(A) < p*(B)
whenever A C B follows from the fact that any covering of B is a covering of A
whenever A C B. It remains to check that p* is countably subadditive, that is, it
satisfies the third condition in the definition of an outer measure.

Let A1, As,--- C X and € > 0. Then, by definition, for every i € NT, we can
find Ef, ES, - -+ € € such that 4; C |J;—, Ei and

> p(EL) < (A + 5
k=1

Since we have |J;2; A C U; -, By, we have that

(U] = S om <3 (s 5) = (Swrian)

o0
ik=1 i=1

Since this inequality is true for every € > 0, we have that

W <U Ai) < ZM*(Ai)
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Thus p* is an outer measure on X. O

We shall now learn how to pass from outer measures to (complete) measures.

Let p©* be an outer measure on X. A subset A C X is said to be p*-measurable if
pi(E) = p*(ENA)+ p* (BN A

for all £ C X. We will prove soon that the set of p*-measurable subsets of X is
a o-algebra which, together with p*, will form a complete measure space on X.
What is the intuition behind this magically-working technical condition, which is
due to Carathéodory?

One can think of the value p*(E) — p*(E N A°) as the “inner measure” of the
set £ N A. With this interpretation, Carathéodory’s conditions simply says that A
is p*-measurable if and only if the outer measure of £ N A is equal to the “inner
measure” of E N A for all E C X. In a sense, a set A is p*-measurable if the outer
measure is equal to the “inner measure” for every possible “slice” of A.

Let us note several observations regarding Carathéodory’s condition. First, the
inequality

W(E) < p*(ENA) + ' (BN A)

holds since p* is subadditive. Thus, in order to show that Carathéodory’s condition

holds for a set A, it suffices to prove the converse inequality
W (E) > p* (B0 A) + 1 (B N A%

for all E C X. Second, this latter inequality trivially holds for all £ C X with
w*(E) = co. Thus, Carathéodory’s condition holds for a set A if and only if

W(E) > p*(ENA) + ' (BN A°)

for all E C X with p*(F) < co. We are now ready to state and prove our main

theorem.

Theorem 8. Let X be a non-empty set, u* : P(X) — [0,00] be an outer measure
and let M = {A C X : A is p*-measurable}. Then (X, M,u* | M) is a complete

measure space.

Proof. We will first prove that M is a o-algebra. As a first step, we shall show
that M is an algebra. That M is closed under complementation is trivial since
Carathéodory’s condition is symmetric with respect to A and A°. It remains to
prove that M is closed under finite unions. Let A, B € M. Then, since A and B

satisfies Carathéodory’s condition, we have that

pr(B) = p (ENA)+p(E - A)
=W (ENANB)+p (ENANDBY)) + (p"(ENA°NB)+ pu*(ENA°NB°))
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for all E C X. On the other hand, AUB = (AN B)U (AN B)U (AN B and
hence, by the subadditivity of u*, we have that
W (EN(AUB)) < 5*(E N (A°N B) + u*(EN (AN B)) + u*(EN (AN BY)
for all £ C X. Combining these, we get that
i (EN (AU B)) < u*(E) — " (E 0 A° ) B)
and hence
1 (E) = u*(EN (AUB)) + 1" (E 0 (AU B)?) > u*(E)

for all £ C X. Thus AU B € M and hence, M is an algebra.

Having observed that M is an algebra, in order to show that M is closed under
countable unions, it suffices to show that M is closed under countable disjoint
unions. To that end, let A;, As,--- € M be disjoint. Set B, = A U---U A, for

every n > 1. We are going to prove by induction that
“(ENB,) Z (BN Ag)

for every E C X and for every n > 1. The claim trivially holds for n = 1. Let
n > 1 and assume that the claim holds for n. As A, 41 is p*-measurable, we have
that

1 (BN Bpi) = p (BN Bpgr) N Angr) + 1" ((E N Bpy1) NAL L)
= p (BN Apgr) + p*(EN By)

n+1

=p (ENApp) + Y p(ENAL) = p*(ENA)
k=1

for every E C X. Therefore, by induction, the claim holds for all n > 1. Since M

is an algebra, B;’s are also p*-measurable. It follows that

w'(E) = p*(ENBS) + p*(EN B,) > p* (Em N Az) + 3w (BN A
k=1 k=1

for every £ C X and for every n > 1. By taking limit, we get that

pr(E) > pt (Eﬂ N Ai) + ) ur(EN A

k=1 k=1

(e84 (01

for every E C X. Tt follows that J;—; Ax € M and hence M is a o-algebra.
Moreover, if one takes E = J;-; Ay in the previous inequality, one gets that

ZN*(Ak ZM (ENAg) =p* (UAk>
k=1 k=1
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It follows that p* is countably additive on M and hence, the triple (X, M, ux | M)
is a measure space. To show its completeness, let A € M be with u*(A) = 0 and
let B C A. Then, u*(B) = 0 by the monotonicity of p* and consequently, we have
that

W (B) < 1" (BN B) + u* (BN B%) < p*(B) + 1" (E N BY) < " (E)

for every E C X and hence, B € M. This completes the proof that (X, M, ux | M)

is a complete measure space. (I

As an application of Theorem E, we will next develop a fundamental tool to
construct measures on o-algebras that are extending pre-specified functions defined
on algebras, known as Carathéodory’s extension theorem. Before we state this
fundamental theorem, we need to introduce the notion of a premeasure on a set.

Let X be non-empty and A C P(X) be an algebra on X. A map p: A — [0, ]

is called a premeasure on A if

e p(0) =0 and
o If Al,AQ, .- € A with Ufil A; € .A, then p(UZOil Az) = Zzoil p(Az)

A premeasure behaves just like a measure, except that it is defined on an algebra
which may not be a g-algebra and consequently, the countable additivity condition

has to be modified appropriately.

Theorem 9 (Carathéodory’s extension theorem). Let X be non-empty, A be an
algebra on X and p : A — [0,00] be a premeasure on A. Then there exists a
measure fi 2 M(A) — [0,00] such that p [ A = p where M(A) denotes the o-
algebra generated by A.

Proof. By Theorem H, since §,X € A and p(0) = 0, the map p* : P(X) — [0, q]
given by

w'(S) = inf{ip(Ai) A, €A SC GAl}

i=1

is an outer measure on X. By Theorem B, the set M consisting of p*-measurable

subsets of X is a o-algebra on X and moreover, u* is countably additive on M.
We will now prove that A C M. Let A € A, E C X and € > 0. Then, by

definition of p*, there exist Ay, As,--- € A such that Y2, p(A;) < p*(E) + € and
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E C U2, A;. Tt follows that
u(B) < (B0 A) + (B 1 A°)

<u* (G(Ai ﬂA)) +u* (D(Ai ﬂAC))

i=1 i=1

< ip(Ai NA)+ ip(Ai N A°)

i=1 i=1

Since € > 0 was arbitrary, we have that
W (B) = 1" (B 1 A) + (B 1 A%
Hence A is p*-measurable and so A € M, which implies M(A) € M because M

is a o-algebra.

Set u = p* [ M(A). We claim that p is as claimed. That p is o-additive follows
from that p* is o-additive on M.

It remains to show that u | A = p. To see this, let A € A. Let Ay, 45,---€ A
be sets with A C |J°°, A;. Define By = AN A; and Biyy = AN (AZ-+1 ~U_, Ai)
for every ¢ > 1. Then B;’s are disjoint and are in A and A = Ufil B;. It follows
from the definition of p* that

p*(A) =p* <U Bi> = Zp(Bi) < ZP(Ai)

i=1 i=1
Therefore we have p(A) < p*(A). Since A = AUDPUDU ..., we clearly have
w*(A) < p(A)+p(@) + p(@)+--- = p(A). Thus p*(A) = p(A), which completes the
proof that p* [ A = p. O

We would like to note two important points regarding Carathéodory’s extension
theorem. First, given an algebra A and a premeasure p : A — [0, 00|, we not only
have the measure space

(X, M(A), 5™ | M(A))

with p* [ A = p but indeed have a complete measure space
(X, M, p* T M)

where M is the set of p*-measurable sets and p* is the outer measure derived from
p as defined in the proof of Theorem E As it has been noted in the proof, the
relationship between these two o-algebras is that M(A) C M. Indeed, the latter
measure space is simply the completion of the former whenever p is a—ﬁnite.E The

reader is expected to solve the exercise [Fol99, Exercise 1.18] from which this last

2The definition of o-finiteness for premeasure is the same as that of measure, that is, we say
that a premeasure p on A C P(X) is o-finite if X = |J;2, A; for some A; € A with p(A;) < oo.
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claim follows. Second, if p is o-finite, then the extension u = p* | M given by
Theorem a is indeed unique. For a proof of this fact, which will be later used but

not proven here, we refer the reader to [Fol99, Theorem 1.14].

2.4. Borel measures on R. Having developed a flexible tool to build measures
from premeasures, we shall now use this tool to construct various measures on the
Borel o-algebra of R. From now on, any measure defined on the measurable space
(R, B(R)) will be called a Borel measure on R.

In order to motivate our to-be-carried-out construction, let 1 be a Borel measure

on R which takes finite values on bounded Borel subsets of R. Consider the function

w1((0,z]) ifx>0
F(z) =40 ifz=0
—u((z,0)) ifx<O

Then it follows from the properties of a measure that F' is increasingE and right-
continuous. It turns out that this process can be reversed and that any increasing
right-continuous function also induces a Borel measure on R which takes finite val-

ues on bounded Borel subsets of R. More precisely, we have the following theorem.

Theorem 10. Let F : R — R be an increasing right-continuous function. Then
there exists a (unique) Borel measure up on R such that pr((a,b]) = F(b) — F(a)
for all a < b.

While we are not planning to prove this fact, whose proof is not conceptually
difficult but is lengthy, we shall briefly describe how the proof goes. Let A be the
collection of finite disjoint unions of sets of the form (a, b], (b, 00) and (—o0, a] with
—00 < a < b < oo. One can check that A is indeed an algebra on R. Consider the
map p: A — [0,00] given by

where
F(b) — F(a) if A; = (a,b)
p(Ay) =< lim F(x) — F(b) if A; = (b, 00)
Tr—r 00
F(a)— lim F(z) if A; = (—00,a]
Tr—r— 00
The crux of the matter is proving that p is a premeasure on A. (The reader may

refer to [Fol99, Proposition 1.15] for a proof of this.) Once this is proven, the
rest is taken care of by Carathéodory’s extension theorem. Since M(A) = B(R),

3Since we are following Folland’s terminology, when we say “increasing”, what we really mean

is “non-decreasing”, that is, F'(z) < F(y) whenever z < y.
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Theorem a implies that there exists a Borel measure pr on R such that up [ A = p.
Moreover, by construction of this measure, we have that

:jnf{ip(si) 1S, € A, AC Dsz}
1=1

i=1

i=1

= inf {Z p(4;): AC U A;, A; is of the form (—oo,al, (a,b] or (b, oo)}
i=1

Notice that we have (a, 00) = | |;2(a+i, a+i+1] and (—o0,a] = | |;2,(a—i—1,a—i].
Moreover, we have that

p((a,m))*xlir{:oF ZF (a+i+1)—F(a+1) ZO (a+i,a+i+1))
and
p((—oo,a}):F(a)—xgmooF ZF a—1) a—i—1 Zp a—i—1,a—1i])

It follows that, in the definition of up, it suffices to consider the bounded half-open
intervals in A and hence we have that
Zinf{Zﬁ((ambi]) tAC (aiabi]}
i=1 1

= inf {i F(b;) — F(a;) : AC (aivbi]}

The measure pp is called the Lebesgue-Stieltjes measure associated to F. As we

o

7

N

pointed out earlier, our theory not only gives a measure space (R, B(R), up) with
pr extending p but indeed gives a complete measure space (R, M, ,ur) with
B(R) € M,,,.. Here M,,,. is the o-algebra of p},-measurable sets where puj, is the
outer measure derived from p as defined in the proof of Theorem

For the rest of this subsection, fix an increasing right-continuous function F. Let
(R, M, 1t) be the corresponding complete measure space where p is the Lebesgue-
Stieltjes measure associated to F. We shall next investigate how to “approximate”
the measurable sets of this measure space via topologically simple sets. We start
by proving a useful lemma.

Lemma 2. For every A € M, we have that

lnf{Zﬂ az; z ACU aza z}

Proof. Let A € M,,. Let {(a;,b;)}ien be such that A C [J:Z,(a;, b;). Observe that,
for every i € N, we can choose an increasing sequence of numbers (¢} )xen such that
¢ = a; and limg_, o ¢, = b;. Then we have that

A < U (CZaC;H»l}

i,kEN
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and that
ZM a;,b;) ZM <|_| Ck7ck+1> = Z F(Céc-s-l)_F(CZ) = Z M((Cza02+1])
P )

It follows that

<1nf{Z/¢ al,l ACUaZ,z}

To prove the converse inequality, let € > 0 be arbitrary. Then, by the definition of p,
there exist {(a;, b;|}ien such that A C ;= (ai, b;] and >°7° o pu((as, b)) < p(A) +e.
Since F is right-continuous, for every i € N, we can find ¢; > 0 such that

€

F(b; +€) — F(b;) < it

On the other hand, A C |J:2(a;, b; +¢;) and

ZM((aubi +€i)) < ZM((aubi +€]) ZF (bi + €) — F(a,)
i=0 =0
<Y F(b) — Fla) + S
< (Z M((%M)) +e < u(A) +2e
i=0

Since € > 0 was arbitrary, we have that

mf{Zu ((ai, b)) : A C U a;, z} u(A)

which completes the proof. O

As a consequence of this lemma, we have the following.
Theorem 11. For every A € M,,, we have that

p(A) = inf{u(0): O 2 A, O is open}
=sup{u(K): K C A, K is compact}

Proof. Since any open subset of R is a countable disjoint union of bounded open

intervals, we have that

inf{u(0): 02 A, O isopen} = mf{z,u ai,b;)): AC U ai, b; }

and hence the first equality follows by Lemma E For the second equality, let
A € M,,. We split into two cases.
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e Assume that A is bounded. If A is also closed, then A is compact and the
equality trivially follows. Suppose that A is not closed. For any e > 0,
using the first equality, we can find some open set U O A — A such that
u(U) < u(A— A) + €. Then

A =U) = (A -U) = pu(4) —u(AND)

= uw(A) = (uU) — (U — A))

> () — pu(U) + p(A — A) > p(A) - e
Since € > 0 was arbitrary and A — U C A is compact, the second equality
easily follows.

e Assume that A is unbounded. Let € > 0 be arbitrary. For every i € Z, using
the previous case, we can find a compact set K; C AN (i,i + 1] such that
(k) > w(An (i,i+1]) — /2. Set H, =J",, K;. Then, H,, is compact
and H, C A for each n € N and H,’s are increasing. Consequently,

p(A) = lim p(Hy) = lim Z p(K)

n—oo
i=—n
S h .. - l4]
> nh_)rr;o _Z; p(AN (i3 +1]) —€/2
angn;ou <|_| Aﬂ(z,z+1}> — 3¢
> p(A) — 3¢

As e > 0 is arbitrary, the second equality follows.
|

As a corollary of Theorem @, we have the following characterization of measur-
able sets in M,,.

Corollary 12. Let A CR. The following are equivalent.
(a) AeM,.
(b) A= FUN; for some F,N; C R where F is in £3 and Ny is a subset of
some p-null set in B(R).
(c) A= G — Ny for some G, Ny C R where G is in II3 and Ny is a subset of

some p-null set in B(R).

Proof. (b) and (c) separately imply (a) since B(R) € M,, and (R, M,,, p1) is com-
plete. To show that (a) implies (c), assume that A € M,,. Observe that (R, M,,, ;1)
is o-finite and hence we can write A = UkeN Ay, for some disjoint sets A, € M,
with pu(Ag) < co. By Theorem @, we can find a sequence of open sets OF D Ay
such that

1
w(Oy) — St < 1(AK) < u(O0y)

(n+1)
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Set G = N,en Upen OF. Then clearly A C G and G is in II3. Moreover, for every

n € N, we have

M(G—A)SM<<U 05) —A> Su(U(Oﬁ—A)>
keN keN
SN(U(OQ—Ak)>

keN
<D nlOf — Ay
keN
=3 (Ok) — (A < —
" “n+1
keN

It follows that u(G — A) = 0. We now show that G — A is a subset of a Borel
p-null set. Using Theorem [L1, for every n € N, one can find a IT3-set H,, C R such
that p(H,) = 0 and ((G — A) N [-n,n]) € H,. Setting H = |J,,cy Hn, We have
that H is in % and G — A C H and pu(H) = 0. The statement (c) now follows as
A=G—-(G-A).

Having shown the equivalence of (a) and (c), we now show that (a) implies (b).
Assume that A € M,,. Then A° € M. Now, since (a) implies (c), A° = G — N»
for some G, Ny C R where G is in IS and Ns is a subset of some p-null set in B(R).
But then, G¢ is in 9 and A = (A49)¢ = (G — N3)¢ = G¢ U N, which is what we
wanted to show. This completes the proof. ([l

We would like to remark that Corollary @ indeed shows that (R, M, p) is the
completion of the measure space (R, B(R), ).

2.5. The Lebesgue measure. We now turn our attention to the most important
measure on R, namely, the Lebesgue-Stieltjes measure corresponding to the identity
function F'(z) = x. By the machinery that we have developed so far, there exists a

complete measure space
(R, £, m)
such that B(R) C £ and m((a,b]) = b — a for every a < b and

(aiabi]}
1
= inf{ibi —a;: AC G(%bi]}

for every A € £. Moreover, since F' is also left-continuous, one can show that
m((a,b)) = m((a,b]) = b — a and hence, by Theorem B, we have

s

m(A) = inf {Zm((ai,bi]) tAC
i=1

(2

oo

m(A) = inf {Zbi —a;: AC G(aiabi)}

=1
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The measure m is called the Lebesgue measure on R, the o-algebra is called the
Lebesgue o-algebra and the elements of £ are called the Lebesgue measurable sets of
R. By the construction in the proof of Carathéodory’s extension theorem, we have

that a set A € £ if and only if A is m*-measurable, i.e.
m*(X)=m*(XNA) +m"(XNA° forall X CR

where m* denotes the Lebesgue outer measure given by the same formula defining
m. By Theorem @, we also have another characterization of Lebesgue measurable
subsets of R, namely, that A € £ if and only if A = BUH for some B € X9 and for
some H C N where N € B(R) is m-null. We now show that the Lebesgue measure

is invariant under translations and dilations.

Theorem 13. For any ¢ > 0 and A € £, we have that cA, ¢+ A € £. Moreover,
m(cA) =c-m(A4) and m(c+ A) = m(A).

Proof. Let ¢ > 0 and A € £. The claims are trivial if ¢ = 0. Assume that ¢ > 0.
Observe that if we translate by ¢ (respectively, dilate by ¢) the elements of a covering
of a set S C R via right-closed half-open intervals, then we get a covering of ¢ 4+ S
(respectively, of ¢S) via right-closed half-open intervals. Conversely, coverings of
¢+ S and ¢S via right-closed half-open intervals will canonically induce coverings of
S via right-closed half-open intervals. With this in mind, it is difficult not to prove
that m*(c+.5) = m*(S) and m*(¢S) = ¢-m*(S) for all S C R. Since m = m* [ £,
it now remains to show that c+ A € £ and cA € £.

As A € £, we can write A as A = BU H for some B € B(R) and some H C N
where N € B(R) is a m-null set. On the other hand, ¢+ B and ¢+ N are easily seen
to be BorelE, m(c+ N) = m(N) = 0 by our previous observation, c+ H C ¢+ N
and c+ A = (c+ B)U(c+ H). It now follows from B(R) C £ and the completeness
of (R, £,m) that c+ A € £. One can show via a similar argument that cA € £ O

The Lebesgue measure also satisfies that m(A) = m(—A) and that —A4 € £
if and only if A € £. Together with Theorem B, this observation implies that
m(cA) = |c| -m(A) and m(c+ A) = m(A) for all ¢ € R. The reader is expected to
prove this generalization if he or she has not already. An important consequence

of the translation invariance of the Lebesgue measure is the following.
Theorem 14. There exists non-Lebesgue measurable sets, that is, £ # P(R).

Proof. This immediately follows from Theorem m and Theorem @ since m is a

measure. 0

4To see this, show that C = {S CR:c+ S € B(R)} is a o-algebra containing open sets and
hence B(R) C C.
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Observe that a set A C R is of Lebesgue measure zero, that is,

m(A) :inf{ibi — Qa; A g G(ai,bi)} =0

if and only if for every ¢ > 0 there exists a sequence (I;)ren of open intervals
such that A C Jyey I and Y0~ |1k < €, where |I;| denotes the length of this
interval. From a measure-theoretic point of view, sets of Lebesgue measure zero
are “negligible” subsets of R. For this reason, it is natural to ask the following
question. What sets are of Lebesgue measure zero?

Proposition 3. FEvery countable subset of R has Lebesgue measure zero.

Proof. Let A C R be countable. Say, A = {a, }nen. Let € > 0. Then we have that

1€ U (o)

neN

and >0 (| B(an, 5n55)| = § < e. This completes the proof. O

The next natural question is the following. Are there uncountable subsets of
the real line that are of Lebesgue measure zero? This brings us to the Cantor set,
which the author believes is one of the most profound instructional examples and
which is often used to construct counter examples to various reasonable but false

conjectures.

2.6. The Cantor set. Consider the set 2N = {(a;)ieny : Vi € N a; € {0,1}}
consisting of infinite binary sequences equipped with the topology 7 induced by the

metric

0 if (a;)ien = (bi)ien

d((a;)ien, (bs)ien) = L
(( ) S ( ) S ) 2- min{i€N: a;#b;} if (ai)iEN # (bi)iEN

It is readily verified that (2V,7) is a compact totally-disconnected perfect Polish
space, known as the Cantor space. Consider the function f : 2 — R given by
> 2&1‘

f((a’i>i€N) = Z 3i+1

=0

In other words, f((a;)ien) is the number in [0,1] with the ternary expansion
(0, (2a0)(2a1)(2a2) . ..)s. It is straightforward to check that f is continuous. We
now check that f is an injection. Assume towards a contradiction that for distinct
sequences (a;);en and (b;)ien we have f((a;)ien) = f((bi)ien). Then we get

= 2(&1‘ - bz)

i+1
=0 3
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Let k € N be least such that ay # b. Without loss of generality, we may assume
that ax = 1 and by = 0. Then clearly

> 2(a; — b;) 2 = 2(a; — b;)
0= Z 3itl  gktl + Z 3it1
i=0 i=kt1

On the other hand, it follows from triangle inequality that

oo

<2

i=k+1

o0

D>

i=k+1

2
3it1

1

2(ai — bl) _
3k+1

3it1

2(a; — b;)
b C;,i+1

which is a contradiction. Therefore, f is an injection. Since f is a continuous
injection and |2Y| = |R| = ¢, its image is a compact perfect subset of R with
cardinality ¢. Its image C = f[2V] is called the Cantor set.

In other words, the Cantor set C consists of the numbers in [0, 1] which has some
ternary expansion that does not contain the digit 1. Another way to describe C is

the following recursive procedure:

Start with the interval [0, 1].

At every stage, for each closed interval, delete the open middle one-third.

Repeat the second step for countable many stages.

C is the intersection of all sets obtained after these stages.

The union of open middle one-thirds deleted at the stage k > 1 is the set of numbers
in [0,1] which have ternary expansions containing 0 or 2 at their i-th digits for
1 <4 < k and containing 1 at their k-th digits that is not followed by all 2’s or all

0’s. This recursive procedure can be visualized as follows.
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Being a compact set, C is closed and hence is Lebesgue measurable. We now
compute its Lebesgue measure. Set

o0

Dk—{:zre[(),l]:a:—z di a,;6{071,2}anda¢#1f0r0§i<kandak,—1}

i+l ?
i=0

for each k € N. In other words, Dy, is the set of numbers in [0, 1] which have some
ternary expansion that contains 1 at its (k + 1)-st digit and not contains 1 at its
earlier digits. We would like to remark that the set Dy is the closure of the set
removed at stage k + 1 in the previous recursive construction. Note that the sets
Dy, are disjoint and

0,1]=cu| | Dy
k=0
Moreover, the sets C N Dy are at most countable since there are only countably
many numbers in [0, 1] which has multiple (indeed, two) ternary expansions.E Con-
sequently, we have that m(Dy — C) = m(Dy). It is also not difficult to see that
m(Dy,) = 2k /31 Tt follows that

(o) o0 o0 o0 k
m(C) = 1-m (|_| (D — C)> =1-Y m(Dy—C) =1-» m(Dy)=1-) % =0
k=0 k=0

k=0

5With some effort, the reader can verify that C N Dy, has indeed 2¥*1 elements.
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Therefore, C is of Lebesgue measure zero. Having shown the existence of a set of

Lebesgue measure zero with cardinality ¢, we have the following corollaries.
Corollary 15. |£| =|P(R)|.

Proof. Since £ C P(R), we have that |£] < [P(R)|. For the converse inequality,
observe that, since (R, £, m) is complete and m(C) = 0, we have P(C) C £ and
hence, that |C| = ¢ = |R| implies that |P(C)| = |P(R)| < |£]. O

Corollary 16. There are non-Borel Lebesque measurable sets, that is, B(R) # £.

Proof. 1t follows from Theorem E, Corollary @ and Cantor’s theorem on the car-
dinality of power sets that [B(R)| = ¢ = |R| < |P(R)| = |£|]. Thus B(R) # £. O

Before we conclude this subsection, we would like to remark that, in the recursive
construction of the Cantor set, if one removes the open middle one-n-th instead of
the open middle one-third, where n > 3, then the corresponding construction would
end up giving a compact perfect totally-disconnected subset of R with positive
measure. Such sets are usually called fat Cantor sets or Smith- Volterra-Cantor sets.

The curious reader may Google these terms to see examples of such constructions.

2.7. Stairway to hell. We shall next construct a function based on the Cantor
set which has some amazing properties. Define the function F' : [0,1] — [0, 1] by

oo o0

a; 2a;
E .Z ifxeCandx:E .Z

1+1 7+1
F(x) =4 iZ 2 i=0 3

sup{F(t):t<z, teC} ifz¢C

This function is well-defined because any element of C has a unique ternary ex-
pansion not containing the digit 1. We will now show that F' is increasing. Let

x,y € [0,1]. Assume that x < y. We have the following four cases.
e If x ¢ Cand y ¢ C, then F(z) = F(y) since
{Ft):t<z, teC}C{F{t):t<y, teC}
e Ifx €Candy ¢ C, then F(z) < F(y) since F(x) € {F(t): t <y, t € C}.
e Ifz € Cand y € C, then F(x) < F(y) since each ternary digit of y is greater
than or equal to the corresponding ternary digit of x.
o Ifx ¢ Candy € C, then F(z) < F(y) since F(t) < F(y) foreveryt <z <y
with ¢ € C, by the previous case.
Therefore F is increasing. Recall that every number in [0, 1] has a binary expansion,

i.e. is of the form Z;.io st It follows that F' is surjective. In fact, we have that
F[C] = [0,1]. We shall next prove the continuity of F.

Theorem 17. F is continuous on [0, 1].
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Proof. We first show that F' is continuous outside the Cantor set. Let « € [0,1]—C.
Since [0,1] — C is open, there exists § > 0 such that B(z,d) C [0,1] — C. But then,
by the definition of F', we have that F'(y) = F(x) whenever y € B(x, ). Therefore,
F'(x) = 0 and F is continuous at z.

We now show that F' is continuous at every point in C. Let z € C and € > 0.

Since x € C, there exists a unique sequence (a,)nen € 2" such that 2 = Z;’io 32i1

We can also find some integer k& > 2 such that 1/2% < e. We split into several cases.

e Assume that (a,)nen € 2" is not eventually 0 or eventually 1, i.e. the digits

in the ternary expansion of z is not eventually 0 or eventually 2. Choose

L S
6:min{x_23i+l1’ (Zgﬂrll +Zgz+1> —x}

1=0 =0 i=k

Since (an)nen € 2V is not eventually 0 or eventually 1, we have that § > 0.
Assume that |z —y| < §. If we have x — 0 < y < z, then, F' being increasing

implies
k—1 oo k—1 oo
F(w) = Fly) < F(z) = F (Z ?iii) =Y Y <3 g~ E <€
i=0 i=0 i=0 i=k
Similarly, if we have x <y < x + J, then
— 20 N 2 X 1—a; 1
F(?J)F(I)SF<Z?A+ZW> *F(SC):ZTTIZS? <e
i=0 i=k i=k

This shows that F' is continuous at x.
e Assume that (a,)nen € 2V is eventually 0, i.e. the digits in the ternary

expansion of x is eventually 0. Set

2 X2
0= 23i+1+23i+1 -z

=0 i=k

Then § > 0. If we have z <y < z + §, then, as before,

k—1 oo e
20,i 2 1 — Q; 1
F(y)_F(x)SF<§:3i+l+§:3i+1> —F(x)zz oit1 gk <€
=0 i=k i=k

which shows that F' is right-continuous at z. We will now show that left-
continuous at x whenever z # 0. Assume that x # 0, say, x = Zf:o 3%‘31
with ax # 0. Set § = 1/3¥*1. If we have z — § < y < z, then any ternary

expansion of y contains 1 at its (k+ 1)-st digit and hence y ¢ C. Moreover,

k—1 k—1

2a; 1 2a; 2
3:*5:23%1 RETEs :Zgi-i-l + 2. g1 €€

=0 =0 i=k+1
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Consequently, as F' is increasing, it follows from the definition of F' that
F(z —¢6) = F(y) for any  — § < y < . On the other hand, we have

o e A, = o s
(@) =2 21 > i+l T oEFl ) 9it1 T > 9l (z—9)
=0 i=0 i=0 i=kt1

Therefore, F(z) = F(y) for any * — ¢ < y < z. This shows that F is
left-continuous at x whenever x # 0. Therefore, F' is continuous at x.
e Assume that (a,)nen € 2V is eventually 2, i.e. the digits in the ternary

expansion of x is eventually 2. Set

Then § > 0. If we have x — § < y < x, then, as before,

k—1 00 k—1 o
2a; a; Q; 1 1
F(z) - F(y) < F(xz) - F <Z3i+l> :Zgi—H _222'4—1 < ZQi—H Zor <€
i—0 i=0 i=0 i=k

which shows that F' is left-continuous at . We will now show that F' is
right-continuous at  whenever x # 1. Assume that x # 1, say, we have
x = Z?:o 2= > e es1 307 with ap # 2. Set § = 1/35F1. If we have

x <y < x40, then any ternary expansion of y contains 1 at its (k + 1)-st

digit and hence y ¢ C. Consequently, as F' is increasing, it follows from the
definition of F' that F(x) = F(y) for any z < y < x + 6. This shows that
F is right-continuous at x whenever x # 1.

This completes the proof that F' is continuous. 0

The function F' is called the Cantor function. As we have shown, it is an in-
creasing surjective continuous function from the closed unit interval to itself whose
derivative is zero almost everywhere. It is sometimes called the Devil’s staircase

since its graph (approximately) looks as follows.E

Imagine trying to climb these stairs from (0,0) to (1,1). You are somehow climbing up

without moving vertically except on a “negligible” set.
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Being a continuous function on a compact set, the Cantor function is uniformly

continuous but is not absolutely continuous.

2.8. Strong measure zero sets. In this subsection, we shall introduce a strength-
ening of the notion of being of measure zero. Recall that a set A C R is of (Lebesgue)
measure zero if and only if A can be covered with countably many open intervals
whose total length can be made arbitrarily small. By demanding to control the
length of each of these open intervals, we obtain the following stronger notion.

A set A C R is of strong measure zero if and only if for every sequence (€,)nen
of positive real numbers, there exists a sequence (I,,),en of bounded open intervals
such that A C (U,_ oI, and |I,| < €, for all n € N. It is straightforward to
check that every strong measure zero set is of measure zero. However, the converse

statement does not hold.
Proposition 4. The Cantor set C is not of strong measure zero.

Proof. Assume towards a contradiction that C is of strong measure zero. Given
€n = 1/3"*L for every n € N, by assumption, we can find open intervals (I,,)nen
such that |I,| < 1/3"*"! and C = U, ¢y In-
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Observe that Iy does not intersect at least one of [0,1/3] and [2/3,1] since it
has length 1/3. Say, it does not intersect [ag/3, (ag + 1)/3]. Similarly, I; does not
intersect at least one of [ag/9, (ag + 1)/9] or [(ap + 2)/9, (ap + 3)/9] since it has
length 1/9. Say, it does not intersect [a;/9, (a; + 1)/9]. Continuing inductively
in this manner, we can find a sequence of nested closed intervals (J,)nen such
that I,, does not intersect J,. But, by compactness, we have that [, oy Jn # 0.
Let © € (),cnJn- By the recursive construction of C, we have that x € C but

¢ U,en In as J,, does not intersect I,,, which is a contradiction. ]

Which sets are of strong measure zero? Imitating the proof of Proposition B,
one can easily see that countable sets are of strong measure zero, as follows. Given
A ={a,:n €N} and (€,)nen, we can set I, = B(ay, €,/4) in which case |I,| < €,
and A C (J,,cn In- The next obvious question is the following. Does the converse
statement hold?

The Borel conjecture is the statement that every strong measure zero set is
countable. Sierpiniski proved in [Sie2§| that, assuming the Continuum HypothesisB
in addition to ZFC, there are uncountable strong measure zero sets. Laver proved
in [Lav76] that if ZFC is consistent, then so is ZFC+“the Borel conjecture holds”.
Since the Continuum Hypothesis is relatively consistent with ZFC, combining these

results, we have the following.

Theorem 18. If the axioms of ZFC are consistent, then the Borel conjecture cannot

be proven or disproven using the axioms of ZFC.

This theorem is one of the many connections between abstract measure theory

and advanced set theory.

2.9. Exercises. Below you shall find some exercises that you can work on regarding
the topics in this section. These exercises are not to be handed in as homework

assignments.

e Exercises 10, 11, 18, 19, 24, 30, 33 from Chapter 1 of [Fol99].

e Exercises 2,3 from Chapter 1.2, Exercise 9 from Chapter 1.3 and Exercise
7 from Chapter 1.4 of [Coh93].

e Show that for every continuous map f : (0,1) — R, there exists a continuous
map ¢ : (0,1) — R such that range(f) = range(g) and ¢'(z) = 0 almost

everywhere, where (0, 1) is endowed with its Lebesgue measure.

3. FUNCTIONS

3.1. Measurable functions. In this subsection, we shall introduce and investigate

measurable functions which are the “morphisms” between measurable spaces.

"Recall that the Continuum hypothesis is the statement that there are not sets A such that
IN| < |A] <R.
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Let (X, M) and (Y,N) be measurable spaces. A function f: X — Y is said to
be measurable if f~[E] € M for every E € NE In other words, a map between
measurable spaces is called measurable if the inverse images of measurable sets are
measurable. It is immediately seen from the definition that the composition of
measurable maps is measurable, whenever such a composition is possible.

In what follows, we shall often be dealing with functions of the form f: X — R.
Let us introduce some terminology regarding some of these functions. In the case
that X is a topological space, a function f : X — R will be called Borel measurable
(or simply, Borel) if it is (B(X), B(R))-measurable. In the special case that (X, M)
is equal to (R, £), a function f : R — R will be called Lebesgue measurable if it is
(£, B(R))-measurable.

It turns out that, in order to guarantee measurability, it suffices to check the

inverse images of generators.

Proposition 5. Let (X, M) and (Y,N) be measurable spaces. Let & C P(Y)
be such that M(E) = N. Then a map f : X — Y is measurable if and only if
f7YE] € M for every E € €.

Proof. The left-to-right direction is trivial since & C N. To prove the right-to-left
direction, assume that f~1[E] € M for every E € £. Set

QO={ACY: f A e M}

By assumption, we have that £ C Q. It suffices to show that N' = M(E) C Q,
which would follow from that € is a o-algebra. Let A € Q and A;, Ag,--- € Q.
Then f~'[A] € M and f~1[A;] for every i € N*. Since M is a o-algebra, we have
that f~1[A°] = (f~![A])" € M and

Ul =U 'l em
i=1 i=1
Therefore, A° € Q and |J;=, A; € Q. This shows that Q is a o-algebra. O

Since the Borel o-algebra of a topological space is generated by its open sets and
the inverse images of open sets are open under continuous functions, as a corollary
to Proposition E, we have that any continuous function f : X — Y is automatically
(B(X), B(Y))-measurable. Combining Proposition a and Proposition E, we also

have the following characterization of measurable functions with codomain R.

Proposition 6. Let (X, M) be a measurable space and f : X — R. Then the

following are equivalent.
e f is measurable.
1To be more precise, what we should really say is that f is (M, N)-measurable. However, the

endowed o-algebras are often understood from the context and so, we shall drop the prefix unless

it is necessary.
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o f7 (a,b) ] € M for all a,b € R.

o f71 (a,b) ] € M forall a,be Q.

o f71[ [a,b] ] € M for all a,b € R.

o f71[[a,b) ] € M for all a,b € R.

o [~ (a,0) ] € M for all a,b € R.
o [ (—00,a) | € M forall a,b € R.
o f71[ [a,0) ] € M for all a,b € R.

1

Next will be characterized measurable maps between a measurable space and a

product of measurable spaces.

Theorem 19. Let (X, M) be a measurable space and {(X;, M;) : i € I} be an
indezed system of measurable spaces. Let 7; : [[,c; Xi — X; be the projection maps
for each j € I. Then a function f: X — [[;c; X is (M,@iej /\/li)—measumble if
and only if f; =m0 f: X —= X, is (M, M;)-measurable for all j € I.

Proof. Assume that f: X — [[,c; X is (M, @), c; M;)-measurable. Let j € I and
E; € M;. Then we have that

fHE ) = (mj0 /)THE] = f my HEy]l e M

since f is (M, ®,c; M;)-measurable and w;l[Ej} € @Q,er Mi by the definition
of product o-algebra. It follows that f; is (M, M,)-measurable. To prove the
converse direction, assume that f; : X — X is (M, M,)-measurable for all j € I.

Recall that ), ; M, is generated by the collection

i€l

{m;'E;]: Ej € M, jel}

Let j € I and E; € M;. Then we have that
Fm B = (mj 0 HTV[ES) = £ [Bj] € M

since f; is (M, M;)-measurable. It now follows from Proposition B that f is

(M, Ricr Mi)-measurable. 0

As a corollary, we have that the products and sums of Borel measurable functions
are Borel measurable.

Proposition 7. Let (X, M) be a measurable space and f: X =R and g: X - R

be measurable. Then f+ g and f - g are measurable.

Proof. By Theorem @, the map H : X — R x R defined by = — (f(z),g(x)) is
(M, B(R) ® B(R))-measurable. On the other hand, by Theorem H, we have that
B(R) ® B(R) = B(R?). Therefore f is (M, B(R?))-measurable.

Consider Sum : RxR defined by (z,y) — x+y and Prod : RxR — R defined by

(z,y) — x-y. It is clear that Sum and Prod are continuous functions with respect
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to the product topology on R? and consequently, are (B(R?), B(R))-measurable. It
follows that f + g = Sumo H and f-g = Prodo H are measurable. (]

3.2. The Borel structure of R. The eztended real numbers is the set
R=RU{-00,00}

where —oo and +oo are two additional “points” that are not in R. The complete
linear order structure on R extends to a complete linear order structure on R in
the obvious way: Declare —oo to be less than all real numbers and +o0o to be
greater than all real numbers. Endowed with this linear order structure, every
subset of R has a supremum and an infimum. The algebraic operations on R can
also be (partially) extended to R in a natural way with the exception of the case
oo — oo and with the convention that 0-+o0o = 0. For more details regarding these,
the reader is referred to [Fol99, Section 0.5]. In this subsection, we shall be more
interested in the topological structure of R.

Consider the function p : R — [0, 00) given by
p(x,y) = | arctan(xz) — arctan(y)|

where the usual arctan function is extended to R by arctan(+oo) = /2 and
arctan(—o0) = —m/2. Since arctan is one-to-one, we have that p is a metric.
We next show that p | R is a compatible metric with the Euclidean topology of R.
Let « € R. Since arctan’(¢t) < 1 for all ¢ € R, by the Mean Value Theorem,
we have that p(x,y) < d(z,y) = |x — y| for every z,y € R. Consequently, for any
r € RT, we have that By(x,r) C B,(z,r). Moreover, since tan is continuous at the
point arctan(z), for any r € R*, there exists § € R such that B,(z, ) C By(x, T)E
Hence p and d are equivalent metrics and generate the same topology on R.

—7T T

Now consider the map ¢ : R — [, 3] given by

—7/2 if v = —00
@(z) = { arctan(x) if —oo <z < 00
/2 if v = +o0

It is readily verified ¢ is a homeomorphism where R is endowed with the topology
induced by the metric p and [5*, 7] is endowed with its subspace topology coming
from the Euclidean topology of R, with which it is a compact space. Therefore,
R is a compact topological space and indeed, is a two-point compactification of R.

Let us now consider the Borel o-algebra of R. We claim that
BR)={ AUuB: A€ BR), BC {+oc0,—cc}}
={SCR: SNReB(R) }

2This is the é-value corresponding to € = 7 in the e-§ definition of continuity of tan at the

point arctan(z).
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Since every open ball in R is also an open set in R, we have that B(R) C B(R).
Moreover, any subset of {+o00, —co} is a closed set in R and hence is in B(R). As
B(R) is closed under unions, the right-hand side is a subset of B(R). To see the
converse inclusion, observe that the collection {B,(z,r) : x € R, r € Rt} is a set
of generators for B(R) and every set in this collection is either an open subset of R
or is of the form O U {£o0} for some open subset O of R. It is easily seen that the
right-hand side is a o-algebra and consequently, contains B(R) as a subset.

The reader may verify that B(R) is also generated by the collections
{[~<,a):a € R} and {(a,00]:a € R}
separately. Unless stated otherwise, R is always endowed with this Borel structure.

3.3. Measurable functions as limits of simple functions. Next shall be shown

that pointwise limits of R-valued measurable functions are measurable.

Theorem 20. Let (X, M) be a measurable space and let f,, : X — R be measurable
for every n € N. Then the functions F,G,H, K : X — R defined by

o ['(z) = sup,en fn(T),

o G(z) = infhen frn(x),

e H(x)=limsup,,_ . fn(z) and
e K(x)=liminf, o fn(z)

for all x € X, are measurable.

Proof. Recall that B(R) is generated by the sets of the form (a,oc0] with a € R.
Thus, by Proposition a, it suffices to check that the inverse images of sets of this
form are measurable. Let a € R. It easily follows from the definition of supremum
that
F~'(a,00]] = | /5 M[(a, 0¢]]
neN

Since f,’s are measurable, we have that f, ![(a,o0]] € M for every n € N and
hence, F~1[(a,o0]] € M as M is a o-algebra. Therefore, F' is measurable. Using
the sets of the form [—oco, a) which also generate R, one can also show with a similar
trick that G is measurable.

Having shown that the pointwise supremum and infimum of a countable set
of measurable functions are measurable, we have that H,(r) = supy>, fr(z) and
K, (z) = infg>, fr(x) are measurable for all n € N. Consequently, H and K are
measurable since H(z) = inf,,ey Hy(2) and K (z) = sup,, oy Kn(2). O

Theorem @ has some important corollaries. First, given a sequence of R-valued
measurable functions (f,,)nen on a measurable space (X, M), if the pointwise limit
f(z) = lim, o fn(x) exists for every z € X, then f : X — R is measurable.
Second, if f : X — R and g : X — R are measurable functions, then the maps
M(z) = max{f(x),g(z)} and m(z) = min{f(z), g(x)} are measurable.



40 BURAK KAYA

Next will be introduced a notion of utmost importance, namely, the notion of a
simple function. Let (X, M) be a measurable space. A function f: X — R is said
to be a simple function if it is measurable and has finite range.

Let f : X — R be a simple function.E By assumption, its range is finite, say,
ran(f) = {r1,re,...,mp} with r; # r; for distinct ¢ and j. Since f is measurable,
the sets A; = f~1[{r;}] are in M for every 1 <i < n. Moreover, we have that

n

F@) =Y rixa (@)

i=1
for every « € X. The expression above is called the standard representation of
the simple function f. As we have just seen, any simple function is a finite linear
combination of characteristic functions of measurable sets and conversely, any such
function is simple.E For this reason, simple functions are often defined as finite
linear combinations of characteristic functions of measurable sets in many books.
The reason that simple functions are central to the development of our theory of
integration is that, as will be proven in the next theorem, every positive measurable
function is the pointwise limit of simple functions. Consequently, in order to prove
that measurable functions possess a certain property, one usually proves that simple

functions have that property and it is preserved under taking pointwise limits.

Theorem 21. Let (X, M) be a measurable space and let f : X — [0,00] be
measurable. Then there exists a sequence (¢n)nen of simple functions such that

0< ¢ < pt1 < f foralln € N and lim, o ¢n(z) = f(z) for all z € X.

Proof. Let n € N. For each integer 0 < k < 227 _ 1, set

n_ 1|k E+1
- [ 52)

and B" = f~1[[2", 00]]. As f is measurable, A7’s and B™ are in M. Set ¢,, : X — R
to be the simple function given by

22n 1
k: n
bn () = Z on “Xap(w) +2" - xpn(z)
k=0
It is fairly straightforward to check that ¢, < f. We next show that ¢, < ¢, 41
for all n € N. Let n € N and « € X. Assume that f(z) € [2%, gtl) for some
0< k<2 —1. Then f(z) € [52%, 2:42) and hence

k 2k

¢n($) = 27 < W < ¢n+1(m>

3We would like to emphasize that, following the general convention, simple functions have
codomain R and are not allowed to take the values Foco.

4Note that a simple function may be represented in multiple ways as a finite linear combination
of characteristic functions of measurable sets, however, the standard representation is the unique
one where the coefficients are distinct and the measurable sets corresponding to the characteristic

functions form a partition of the space.
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Assume that f(z) € [2",00]. Then f(z) € [2""! 0] or f(z) € [t aair) for
some 22711 <k < 227%2 _ 1. In both cases, we have that
92n+1
Pn(z) =2" = ontl < bnt1(x)

It follows that ¢,(x) < ¢ni1(x) for all x € X. Finally, we will prove that
lim,, o ¢n(x) = f(z) for all z € X.

Let x € X. We split into two cases. Assume that f(z) # oo. Then, for
sufficiently large values of n, we have that x € A} for some 0 < k < 22 _ 1,
Moreover, if x € A}, then we have that

1

@) = 62 < o
It follows that lim,, o ¢n(x) = f(x). Assume that f(x) = co. Then, by definition,
limy, 00 Pn () = limy, 00 2" = 00 = f(2). O

Analyzing the last estimation in the proof of Theorem @7 we indeed see that the
sequence (¢, )nen that we constructed converges to f uniformly on every set where
f is bounded.

While carrying out proofs, we shall often need to modify measurable functions
on p-null sets. The next proposition shows that this trick does not disturb the
measurability of the function if the measure space is complete. More precisely, we

have the following.

Proposition 8. Let (X, M, 1) be a complete measure space and (Y, N') be a mea-
surable space. Let f,g: X = Y be functions. If f is measurable and f(x) = g(x)

holds p-almost everywhere, then g is measurable.

Proof. Assume that f is measurable and N = {z € X : f(z) # g(x)} is p-null. Let
E € N. Since f is measurable, f~![E] € M and so

g '[E]nN¢=fYE]NN‘e M
As (X, M p) is complete and N is p-null, we have g~ [E]N N € M. It follows that
g E] = (7 [E) N N) U (g~ [E] N N°) € M
Therefore, g is measurable. O

Corollary 22. Let (X, M u) be a complete measure space and f, : X — R be
measurable for everyn € N and f : X — R be a function. If lim,,_, fn(z) = f(2)
p-almost everywhere, then f is measurable.

Proof. Assume that lim, o fn(2) = f(x) p-almost everywhere. Set
N={zeX: lim f,(z)# f(x)}
n—oo

By assumption, u(N) = 0. For each n € N, define the function g, = f, - Xx—nN-
Then g,’s are measurable by Proposition H and lim, 00 gn(z) = f(2) - xx—n~(2)
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for all x € X. Therefore, by Theorem @, f - xx—n is measurable. On the other
hand, f(z)xx-n~(z) = f(x) holds pu-almost everywhere and hence f is measurable
by Proposition E O

3.4. Integrating measurable functions. In this subsection, we shall define the
integral of a measurable function with respect to a measure. For the remaining of

this subsection, let (X, M, 1) be a fixed measure space and let
L+(X,/\/l,u)E ={f: X = 1[0,00] : fis measurablea}

Our first goal is to define the integral of functions in L*(X, M,pu). We know
by Theorem @ that the elements of L1 (X, M, p) are pointwise limits of positive
simple functions. For this reason, the first step will be to define the integral of simple
functions and then try to extend this definition to functions in Lt (X, M, ).

Let ¢ € LT (X, M, 1) be a simple function with the standard representation

o(x) = 31 xa, (@)
i=1

We define the integral of ¢ with respect to u to be

[ odn=>"ri i)
X i=1

with the convention that 0 - co = 0. Although we have defined fx ¢ du using the
standard representation of ¢, one may wish to make the same definition for an
arbitrary representation of ¢ as a finite linear combination of characteristic func-
tions of measurable sets, which may possibly include zero efficients or characteristic
functions of non-disjoint measurable sets or empty sets. It is slightly cumbersome
to check that the integral fx ¢ du is indeed independent of the representation of
¢. While we are planning to use this fact, we shall not prove it here. For a proof
of this fact, the reader may check [SS05, §2 Proposition 1.1]. We next define the
integral of ¢ over an arbitrary measurable set. For each A € M, we define the

integral of ¢ with respect to u over A to be

A¢du:/)(¢-xAdu

Note that this definition makes sense since ¢-x 4 is simple whenever ¢ is simple. We
next show that the integral we defined has its expected linearity and monotonicity

properties.
Lemma 3. Let ¢,v) € LT (X, M, u) be simple functions. Then

5We would like to remark that this set does not depend on the measure p but depends only
on the measurable space structure of (X, M, u). For this reason, we should really have used the
notation LT (X, M) to denote it. However, since our purpose is the define the integral of functions
in this set and the integral does depend on pu, we shall use this notation.

SHere [0, 00] is endowed with the Borel g-algebra of its topology induced as a subspace of R.



MATH 501 ANALYSIS 43

a. [xco du=c [y ¢ du for every c € RY.
b [y b+t dp= [y & dp+ [y dp.
c. If ¢ <, then [y ¢ du < [y o dp.

Proof. Let ¢ =>""" | 7;-xa, and ¢ = Z;n 155+ XB; be the standard representations
of ¢ and 9. Recall that this means that the collections {4;};"; and {B;}7", are
partitions of X, the coefficients r;’s are distinct and the coeflicients s;’s are distinct.
Then we have = Y. | (cr;) - xa, is the standard representation of c¢, from which
part a follows.

To prove part b, set C; = A; N B;. It is immediately seen that C;;’s are disjoint
and moreover, A4; = L];nzl Ci; and B; = | |, C;;. It follows that

/Xédwr/xwdu;Tru(Ai)Jr;sj'ﬂ(By)
UCZ‘]‘ +ZS]"[L<UC¢]'>
j=1

I
)=

=

>

©
I
—

= i=1

I
.
3

h
Il
—

Zu(cij) +Zsj' (Z M(Cij)>

m

I
M:

(ri + s5)1(Cij) /¢+1/)du

.
Il

15=1

We would like to emphasize that the last equality follows from that the integral of

a simple function is independent of its representation and

G+ =Y (ri+s;)Ci

i=1j=1

is some representation of ¢ + 1. E Therefore, part b holds. To prove part ¢, observe
that the finite linear combinations > é J " rixe,, and Z;" L2y SiXC,, are
representations of ¢ and 1 respectively.# Consequently, if ¢ < 1), then r; < s;

whenever C;; # 0, in which case we have

[oan=3"3r ) <33 sy i) = [ v

=1 j=1 i=1 j=1

This completes the proof. O

"The reason it may not be the standard representation is that the coefficients r; + s; may fail
to be distinct in which case we have to take the union of the corresponding measurable sets to
regroup.

8This follows from the fact that if Eq,..., By are disjoint sets, then xg,1...uE, = Zle XE, -



44 BURAK KAYA

We are now ready to define the integral of functions in LT (X, M, ) over X.
Given f € L*T(X, M, ), we define

/ fdu:sup{/ odu: 0<¢o<f, ¢issimple}
X b ¢
It follows from the definition of supremum that

/ fd,ug/ g dp whenever f < g

b ¢ X

Moreover, Lemma B.a implies that, for every ¢ € R*, we have

/chdu:c/xfdu

As before, for every measurable set A € M, we define

/Afdu=/xf~><Adu

which can also be checked to have the properties that we have mentioned above.
We will now prove the first of the three main convergence results that we shall

learn in this course.

Theorem 23 (The Monotone Convergence Theorem). Let f, € LT (X, M, p) be
such that f,, < fn1 for alln € N. Then we have that

/ lim f, dp = lim / fn du
X e nee Jx
Proof. First, note that f(x) = sup, ey fn(z) = lim,_ o fn(z) for every 2 € X by
the monotonicity assumption and hence, we have lim,, , fn(z) € LT(X, M, 1) by
Theorem @

We clearly have fi, < f and so, [ fy < [ f for every k € N. It follows that

lim fndu=sup/fndu§/fdu
X X X

n—o0 neN

For the reverse inequality, let 0 < ¢ < f be a simple function and let 0 < a < 1.

set
E,={zeX: fo(z) > ad(z)}

for each n € N. Since f(z) = sup, ey fn(z) for all 2 € X and ag(z) < f(z)
unless f(z) = 0, in which case z € Ep, we have that X = (J,,cy
E, C E, 41 for all n € N by the monotonicity assumption. In order to proceed, we

FE,, and moreover,

will need the following lemma.

Lemma 4. If¢ : X — [0, 00] is simple, then E — [}, 4 dp is a measure on (X, M).
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Proof. Clearly [, du=0. Let Ay, Ay, --- € M be disjoint. Let ¢ = >0 | rp- X,
be the standard representation of ). Then we have that

lﬁdM:/XswAi' Tk XE, Qi
/I_licclAi X I—Il:l kzﬂ ’
:/ Z?”k'XEmuf;;lA dp
X k=1
i=1
Z EkﬂA

e p(BxNA) =Y - p(Bp N Ay)

I
M:

b
Il
—

EM: i M:
M

-

=

i

Il
M8
T
-
>
&
2
=
Il
M
-
=
&
|
]
N
<
=

s
I
N
<
I
N
>
<
|
-

It follows that the map F — f ¥ dp is a measure. [l

We now return to the proof of the Monotone Convergence Theorem. It is easily

/fnduZ/ fnduz/ aé du
X E, E,

On the other hand, since the map F — fE a¢ du is a measure and Fyg C By C ...

seen that

we have that

a/¢du=/aq§du:/ a¢ du = lim/ ag du < lim/fndu

neN —n

The above inequality is true for all 0 < a < 1 and hence it is true for a = 1. This

/¢du§ lim/fndu

As 0 < ¢ < f was arbitrary, we have that

implies that

n—roo

/fdu:sup{/qﬁd,u:0§¢§f,¢issimple}<hm frn du
X b¢
which finishes the proof of the Monotone Convergence Theorem. O

We would like to remark that the monotonicity assumption in this theorem
cannot be dropped. For example, if f, = X[ n41) for every n € N, then we have
that lim,_,~ fn(x) = 0 for every x € R but

lim fndm—hm m([nn—l—l)):l;ﬁO:/Odm: lim f, dm
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However, as a consequence of Fatou’s lemma, we shall prove a version of the Mono-
tone Convergence Theorem later on, where the monotonicity assumption is replaced
by an appropriate boundedness condition.

We will next see some consequence of the Monotone Convergence Theorem.
First, in order to evaluate the integral fx f dp for a function f € LT (X, M, 1), one
does not really need to take a supremum over a potentially uncountable set as the
definition requires, but rather, has to only compute the limit lim, fx On du
where (¢n)nen IS any increasing sequence of non-negative simple functions ap-
proaching to f pointwise.

Second, the integral we defined for non-negative measurable functions, as ex-
pected, is additive.

Proposition 9. Let f, € LT (X, M,pu) for every n € N. Then we have that
Jx E::o fn du= Zi:o Jx fn dp for every k € N. Moreover, we have

/Xgofn du=§/xfn dp

Proof. We prove the first claim by induction on & € N. The claim is trivial for
k = 0. Let k € N and assume that the claim holds for k. Let (¢;)ien and (¢;)ien
be increasing sequences of simple functions in L+ (X, M, i) approaching pointwise
to Zﬁ:o frnand fri1 respectively.E Then, by various applications of the Monotone
Convergence Theorem together with the induction assumption at the end, we have
that

k+1

k
/an_jofn d#—/}(;fnJrka dy

- / lim (5 + ) du
X

i—00

lim [ (¢ + ) du

1—oo Jx

lim </ oi du+/ Ui d,u> = lim / @; dpp + lim / Wy dp
1— 00 X X 71— 00 X 11— 00 X

X 11— 00 X 1— 00

/Xgofn du+/xfk+1 dy
g/xfndu+/xfk+ldu§/xfndp

9Even though we have not proven it, the reader should show that the sum of functions in
LT (X, M, p) is in LT (X, M, ). So such sequences of simple functions by Theorem @
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Therefore, by induction, we have that the claim holds for all £ € N. Clearly, the
sequence (gi)ken of functions satisfy the hypotheses of the Monotone Convergence
Theorem where g = ZZ:O fn for each £ € N. Thus, applying the Monotone
Convergence Theorem once more and using the first part of this theorem, we get
that

%) k [e’)
fndu:/ lim gp dp = hm/gkdu: lim /fnd,u: /fndﬂ
O

Another consequence of the Monotone Convergence Theorem is the following
fact, which will be used later.

Proposition 10. Let f € LT (X, M, u). Then [y f du =0 if and only if f(x) =0
holds p-almost everywhere.

Proof. We will first show if ¢ € L™ (X, M, ) is simple and ¢(x) = 0 holds p-almost
everywhere, then [y ¢ du = 0. Let ¢ € L1 (X, M, ) be a simple function with
standard representation ¢ = Y ;_; 7k - xa, such that ¢(z) = 0 holds p-almost
everywhere. Then, a moment’s thought reveals that, for every 1 < k < n, we have
that p(Ax) = 0 whenever rj, # 0. It follows that [y ¢ du = >, ri - u(Ax) = 0.
We can now prove the proposition.

Assume that f(z) = 0 holds p-almost everywhere. Let 0 < ¢ < f be simple.
Then ¢(x) = 0 holds p-almost everywhere and hence fX¢ dp = 0. Therefore,
Jx fdp=sup{[x pdpu:0<¢<f, ¢is simple} = 0.

Now assume that f(z) = 0 does not hold p-almost everywhere. It follows that

ﬂ(U{xGX: f(x)>:l}>—u({xEX:f(x)>0})>0

n=1

and hence p ({z € X : f(z) > +}) > 0 for some k € NT as a countable union of
p-null sets is p-null. Consequently,

1 1\ 1
/deuz/{wex f(x>>i}k:u<{xex' f(x)>k}> 5

O

Next shall be proven the second convergence results that we shall learn in this
class, namely, Fatou’s lemma.

Theorem 24 (Fatou’s lemma). Let f, € LT (X, M, u) for alln € N. Then

/ liminf f,, dp <lim inf/ fn du
X n—o0 X

n— oo
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Proof. Let k € N. Then, for every integer n > k, we have inf, >y f, < fr by
definition of infimum. It follows that

i <
/Xégfkf" du_/xfk dp

Since this is true for each k € N, we have that

o
fot o < gt | 5

Applying the Monotone Convergence Theorem to the sequence (inf,, >y fr)ren and
using the previous inequality, we have that

/ liminf f, du:/ lim inf f, = hm inf f,, < lim mf/ fr du
X

n—o0 k—ocon>k k—oo Jx n>k k—oo k

< lim inf fn dp

n—oo

O

We will now prove an important corollary of Fatou’s lemma, which may be
considered as a “cousin” of the Monotone Convergence Theorem. We would like to
note that, within the proof of this fact, we shall carry out an important trick that
will also be used in our arguments later, namely, modifying functions on null sets

to be able to apply our tools. The reader is expected to get used to this approach.

Theorem 25. Let f,,, f € LT (X, M, p) be such that fn(x) — f(z) holds u-almost
everywhere and fn(x) < f(x) holds p-almost everywhere for each n € N. Then
tim [ fdu= [ 1 dn

X

n—oo

Proof. Let N ={z € X: fp,(z) » f( , or, fo(x) £ f(x) for some n € N}. By the
hypothesis and the fact that a countable union of ,u—null sets is p-null, we see that
w(N)=0. Set g, = fr,-xne for each n € N and set g = f - xne. It is easily checked
that we have g,(z) — g(z) and g, (z) < g(z) for every x € X. Applying Fatou’s
lemma, we have that

/gdu:/ lim g, dug/ hmlnfgn dp

< liminf gn dp < lim sup/ gn dp < / g du

n—oo n—oo

Therefore limy, o [x gn exists and limy, oo [ gn dpt = [x g dp. On the other hand,
fn—9n =0and f —g =0 hold pu-almost everywhere and hence, by Proposition @
we have that [ f,dp = [ gndp for every n € N and [ fdu = [ gdp. Therefore

lim fn p= lim/gndu=/gdu=/fdu
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Having built a powerful theory of integration for non-negative measurable func-
tions, we now extend this theory to all measurable functions as follows. Let

L Mpu)={f:X—>R : fis meausurable}E

Given a function f € L(X, M, u), we define its positive part f+ and negative part

f~ as follows.
fH(z) = max{0, f(2)} and [~ (z) = max{0, — f(x)}
for every x € X. It is easily checked that f™ and f~ are in L*(X, M, u) and that
f=fr—fand|[fl=f"+f~

We say that f is integrable over X if [y f* dp < oo and [y f~ du < co. In this
case, we define the integral of f over X to be

fdp= [ fYdu— | [~ du
Jot = frman=

Assume that f is integrable over X. Then [ f* du and [y f~ dp are both finite.
As the integral is additive for measurable functions in L+ (X, M, i), we have that
JIfldp= [ fr4+f"du= [x [T du+ [x f~ du < co. Conversely, assume that we

have [ |f| du < co. Then, [y fT dpu, [y f~ dp < [|f] du < oo as fH,f= <|f].
In other words, we have shown that

f is integrable over X if and only if / If| dp < o0
X

which may also be taken as a definition of integrability over X. As before, for each
measurable £ € M, we say that f is integrable over E if f - xg is integrable, in
which case we define its integral to be

/Efduzfxﬂmdu

LYX, M, pu) = {f € L(X, M, ) : fis integrable}

~{rerxanw: [ irlan<oc]

From now on, we set

The integral that we defined has its usual expected properties. A straightforward

computation shows that it is linear, that is,

/c-f—&—gdu:c/fd,u—&-/gdu
E E E

10We would like to remark that, as before, this set does not depend on the measure p but
depends only on the measurable space structure of (X, M). Still, we would keep use the notation
L(X, M, 1) instead of L(X, M). Also, the codomain R is endowed with its Borel structure B(R).
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for every ¢ € R, every E € M and every f,g € L'(X, M, ). Moreover, the triangle
inequality for integrals is satisfied as

’/deu‘—‘/xﬁ—fdu é/xﬁdu+/xfid”:/xf++f7d“:/x‘f|dﬂ

Recall that two non-negative measurable functions that are almost everywhere have

the same integral. The same result holds for integrable functions.

Lemma 5. Let f,g € LY(X, M, ). Then the following are equivalent.

a. [pf du= [,g du for every E € M.

b. 5 |f =gl du=0.

c. f(x) = g(x) holds p-almost everywhere.
Proof. Since |f — g| € LT (X, M, i), Proposition @ implies that b & ¢. We now
show that b = a. Assume that [y |f — g| du = 0. Let E € M. Then we have that

/Efdu—/Egdu‘: /Ef—gdulé‘/xf—gdu‘gfxf—g|du:0

Therefore [, f du = [, g du. We next shot that a = ¢, which would complete
the proof. Assume [, f du = [, g dp for every E € M and suppose towards a

contradiction that f(x) = g(z) does not p-almost everywhere. Then

p({zeX: f(z) #g(@)}) >0

p({zeX: ffa) = f(2)# g7 (x) —g (x)}) >0

p({reX: ff(a) =g (x) # f(z) =g~ (x)}) >0

p({zeX: (f—9) (@) # (f—9) (2)}) >0

p{zeX: (f-9)" (@) >0}) +u({zeX: (f-g) (x) >0}) >0

Without loss of generality, we may assume that u ({x € X : (f —g)*(z) > 0}) > 0.
Then, since strictly positive functions have strictly positive integrals on positive
measure sets, we have that

/ f—gdu=/ (f—9)"du>0
{(2€X: (f—g)* (2)>0} {e€X: (f—g)*(2)>0}

which contradicts our assumption. (I

Lemma E shows that p-almost everywhere equal functions have the same integral.
Thus, for the purposes of integration, it suffices to consider functions up to p-almost
everywhere equivalence.

Let ~ be the equivalence relation on L(X, M, 1) given by

f ~g<= f(x) = g(z) holds u-almost everywhere
Consider the quotient space

L' (X, M, p) = LNX, M, )/ ~
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together with the function p : L'(X, M, ) — R given by

o[£, lg)) = /X\f—gl dy

Then, it follows from Lemma a that the pair (L' (X, M, ), p) is a metric space. We
will later investigate the relationship between convergence of functions in this space
and convergence in other senses. L'(X, M, u) is indeed a Banach space together
with the norm [y |- | dp.

It is now time for us to prove the last of the three convergence theorems, namely,

Lebesgue’s dominated convergence theorem.

Theorem 26 (Lebesgue’s dominated convergence theorem). Let f,, € L(X, M, )
for alln € N and let f € L(X, M, u) be such that

o fu(x) — f(x) holds p-almost everywhere.
e There exists a non-negative integrable function g € L'(X, M, ) such that
|fn] < g holds p-almost everywhere for every n € N.

Then f,’s and f are integrable and we have that

lim nwszw
X X

n—o0

Proof. Set

K=X- ({x €X: fule) » f@)}U J{r € X+ [fulo)] > g<x>}>

neN

By assumption, each of the sets on the right hand side are p-null and hence K¢
is p-null. On the other hand, for every z € K, we have that |f,(x)| < g(z) for
all n € N and lim, o fn(z) = f(z), which together imply that |f(x)] < g(x). Tt

follows that
/Ifldu=/ \flduﬁ/gduﬁ/lgldu<oo
X K K X

Similarly, one has [y |fn| dp < [ |g] dpe < oo for all n € N. Therefore, each f,, and
f are integrable. Note that g — f,, > 0 and g + f,, > 0 for every z € K. Applying

Fatou’s lemma to the sequence (g + fy)nen over K, we have that
[adus [ ran=[ @+ pan= [ tmint(o+ 1) du
K K K K "o
< lim inf (/ g + fn du)
n—oo K
< liminf (/ g d,u+/ fn du)

g/ gdquliminf/ fn du
K n—oo K
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Similarly, applying Fatou’s lemma to the sequence (g — f)nen over K, we get

/gdu—/ fdu=/(g—f)du=/linginf(g—fn)du
K K K K n—oo
< lim inf (/ g — fn d,u)
n—roo K
§liminf</gdu/fndu)
g/ gdu+liminf(—/ fn du)
K n—oo K
< [ gdu—tmsup [ 5, au
K n—oo JK

Consequently,

/ f dugliminf/ fn d,uglimsup/ fn dug/ fdu
K n—oo  Ji n—oo JK K

from which it follows that lim,,_, f i fn dp exists and

lim fnduz/fdu

On the other hand, as K¢ is p-null, it follows that

n—oo

lim fndu:/fd,u<oo
X X
O

One may wish to weaken the hypotheses of the Dominated Convergence Theo-
rem. We would like to note that some kind of domination hypotheses is necessary

since n - X(0,2) — 0 pointwise, however,

lim n~x(0l)dm:hm 1#0:/Odm: limn'x(ol)dm
R

) )
n—oo R n n—oo R n—oo n

As it was the case with other convergence theorems, the Dominated Convergence
Theorem has some useful and important corollaries, some of which will be proven
next. First, it allows us to interchange an integral and an infinite sum, provided
that the infinite sum of the integrals of absolute values converges.

Theorem 27. Let f, € L(X, M, ) for all n € N be such that

> / | ful dpt < o0
n=0 X
Then we have

/X;fn du—g:o/xfn dy
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Proof. Clearly, each |f,| is integrable for the infinite sum > | [ |fn| dp would
have diverged otherwise. Since |f,| € LT (X, M, u) for all n € N, by Proposition a,

we have that - -
ol ds = /|fn| dps < 00

Set g(z) = > o2 |fnl(x) for all z € X. Then one can check that g € LT (X, M, ).
If g(x) = oo holds on a set of positive measure, then g would not have finite integral,
and hence g(z) < oo holds p-almost everywhere. Subsequently, > fn(x) con-
verges to a finite value p-almost everywhere, say, on a set K C X with u(K¢) = 0.
Set f =3 (fn xk)and g = Ei:o(fn - xk) for each k € N. Then each g
is measurable and consequently, f is measurable. Moreover, we have that g, — f
and |gi| < g xk for each k € N. Thus, by the Dominated Convergence Theorem
and the additivity of integral, we have that

[e's) k
= 1. pr— 1' = 1' =
/Xan dp /nggogk dp kgrolo/xgk dp kggog/xfk i

n=0

i/xfndu

n=0

O

The next corollary is that the set of (equivalence classes) of simple functions are
dense in (LY(X, M, p), p).

Theorem 28. For every integrable function f € L*(X, M, u) and every ¢ € RT,
there exists a simple function ¢ € L*(X, M, p) such that [y |f — ¢| du < e.

Proof. Applying Theorem EI to fT and f~, we can find two increasing sequences
(¥n)nen and (7, )nen of non-negative simple functions such that , < f* and
Np < f~ for all n € N. Set ¢, = ¥, + N. Then each |f — ¢,| is measurable,
|f — ¢nl = 0 and |f — ¢n| < 2|f| for all n € N. Tt then follows from the Dominated

Convergence Theorem that

0= [ 0au= [ tim I~ 6l du= tim [ 17 - ou] d
Therefore, there exists k € N such that [ [f — ¢x] du < e. O

It is often needed in Calculus to move a partial differentiation operator inside
an integral. Such steps can be justified by the following theorem, which is also a

corollary of the Dominated Convergence Theorem.

Theorem 29. Let f: X x (a,b) = R with —oco < a < b < o0 be such that

o fo(x,t) exists for allt € (a,b) and all x € X.
o There exists g € LY(X, M, u) such that |fa(x,t)| < g(x) for all t € (a,b)

and all x € X.
Then 5 of (1)
x,t

5 |t o dn= [ 2D 4,
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Proof. Let t € (a,b) and let (t,)nen be a sequence of real numbers in (a,b) such
that lim, o t, =t and t,, # ¢ for all n € N. Set

f(m7tn) - f(xvl?)
th —1
for all x € X. Then, by definition, for all x € X, we have

lim g, (z) = fa(x,t)

n—oo

gn(z) =

as this partial derivative exists at (z,%). Note that g,’s are measurable, and being
a pointwise limit of measurable functions, the map fo(-,#) : X — R is measurable.
Moreover, for every « € X, the map - — f(z,-) is differentiable on any subinterval

of (a,b) and hence, by the Mean Value Theorem, we obtain that

tp — 1t

sup | falx,u)| < g(x)
w€E(ty,t)

|gn ()

An application of the Dominated Convergence Theorem results in

) dp — 1) d , T
lim fxf(fﬂ ) i [Xf(x ) ,u: hm/ J(@;tn) {‘(m 2 du
n—oo tn_t n—oo [y tn_t
= lim [ gn(z) dp
n—oo X
— [ Jim ga(a) d
X’I’L‘)OO
:/ lim of (z,t) du
X N0 ot i

Note that the limit on the left-hand side equals the right-hand side for every se-
quence (t,)nen with limit is £ such that t,, # £ for all n € N. Tt is now straightfor-
ward to verify that

(;1 / du)

— lim fxf(x7£+h) dﬂ_fxf(1'7£) dﬂf
h—0 h

[ i 2
X n—00 ot

3.5. Riemann v. Lebesgue. At this point, we have built a flexible and powerful

t=t{

dp

t=t

O

theory of measure and integration, which resolves all issues that motivated our
ongoing quest in the first place. However, as it is (or at least, should be) the case
with all new ideas, our new theory is expected to be just as powerful as the old one
and generalize it if possible.

In this subsection, we shall first try to understand the relationship between Rie-
mann integral and Lebesgue integral. Then we are going to characterize Riemann
integrable functions. By Lebesgue integral, we mean the integral over the measure

space (R, £, m) defined in the previous subsection.
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A function f : R — Ris said to be Lebesgue integrable if it is Lebesgue measurable
and fR |f| dm < oco. In this case, its Lebesgue integral is defined to be fR f dm.EI
One can similarly define Lebesgue integrability a function f : S — R with domain
S C R by simply considering its extension f : R — R taking the value 0 on S°.

Fulfilling our expectations, any function that is (proper) Riemann integrable over
a compact interval is Lebesgue integrable over the same interval and its Lebesgue
integral is the same as its Riemann integral, which allows us to use the Fundamental

Theorem of Calculus to compute |, (a,b] f dm for Riemann integrable functions.

Theorem 30. Let f : [a,b] = R be a bounded function. If f is Riemann integrable

over [a,b], then f is Lebesque integrable over [a,b] and moreover, we have

b
/ fz)dz = f dm
a [a,b]

Proof. Throughout the proof, we retain the notation from Section @ for partitions
and Riemann sums. Without loss of generality, we shall also assume that the domain
of fis R and f(z) =0 for all z ¢ [a, b].

Assume that f is Riemann integrable over [a,b]. Then there exists a sequence
(Pg)ken of partitions of [a,b] such that Py C P, C ... and

b
Jim U(f, Py) = lim L(f, Py) = / f(x)da

For each k € N, define the simple functions

=2 <te[3knf ! (“> )@+ 1) Xy o)
i=1 i—1b

and

Gi(z) = Z (te[sup f(ﬂ) Xk, k) (@) + () - xqy (@)

i—1°0%
© k k K
i=1 ti 1t

where P, = {t§,t5,...,t8 } and a = t} < --- <tk = b. Recalling how the
integral of a simple function is computed over (R, £, m), one easily deduces that
Jz gk dm = L(f, P) and [, G, dm = U(f, Py) for every k € N.

Set G(x) = limp_y00 Gi(x) and g(x) = limg_,o0 gx(x) for all z € R. Note that
these limits exists for all x € R, since gi(z) < f(z) < Gi(z) for all z € R and
k € N. Consequently, g and G are Lebesgue (indeed, Borel) measurable functions.
Moreover, g(z) < f(z) < G(z) for all z € R. Applying the Dominated Convergence

HyWe would like to remind the reader the following important subtle point. When we defined
the integral of functions f : X — R in L(X, M, 1), the codomain R of these functions was endowed
with its Borel structure B(R). This means that, while talking about Lebesgue integrability of a
function f : R — R in L(R, £, m), the domain R is endowed with its Lebesgue o-algebra £ whereas
the codomain R is endowed with its Borel o-algebra B(R).
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Theorem to the sequences (gi)ren and (Gg)ren with the dominating integrable

function Gy, we obtain that
/de: lim | Gi dm = lim U(f, Py)
R k—oo Jr k— o0
= lim L(f, Py) = lim /gk dm:/gdm
k—o0 k—oo Jr R

It now follows from Lemma a that g(x) = G(x) holds m-almost everywhere and
hence g = f = G holds m-almost everywhere. Since (R, £,m) is complete and g is
Lebesgue measurable, Proposition E gives us that f is Lebesgue measurable. Since
f is bounded, it is Lebesgue integrable over [a,b] and moreover, g = f holding

m-almost everywhere implies that

/[a’b]fdm=/Rf dm:/Rg dm:klin;oL(f,Pk):/abf(x)dx
O

Unfortunately, the analogue of this theorem may fail for improper Riemann
integrals. For example, consider the measurable map f : (0,00) — R given by
f(x) = (=D)=1[2]D for all 2 € (0,00). A quick calculation shows that

/Ooof(m)dxz—l—Fl—1—|—-~-:ln(1/2)

1 2 3
whereas
1 1 1 1 1 1
tdm=-4+-"4+_4... = d “dm=-—--—=--Z o= —
/(o,oo)f m 2+4+6+ +00 an /(0700)]“ m 173 5+ 00

showing that f is not Lebesgue integrable over (0,00). Although improper Rie-
mann integrals existing does not imply Lebesgue integrability in general, under
certain hypotheses, this may be the case. For example, using the Monotone Con-
vergence Theorem, the reader may try to prove that if f : (a,00) — R is a non-
negative bounded function that is Riemann integrable over all compact subintervals
of (a,00) such that [° f(z)dz < oo, then it is Lebesgue integrable over (a, c0) and
[ f(z)de = f(am) f dm. More generally, it follows from the Dominated Con-
vergence Theorem that, for a (possibly unbounded) interval I C R and a map
f: I — R, if f and |f| are proper or improper Riemann integrable, then f is
Lebesgue integrable and its Lebesgue integral equals its Riemann integral. See
[Bog07, Theorem 2.10.2] for a proof of this fact.

Next shall be characterized Riemann integrable functions over compact intervals.
Recall the basic calculus fact that continuous functions over compact intervals are
Riemann integrable. With some more effort, one can generalize this fact to func-
tions with finitely and countably many discontinuities. It turns out that even this
can be generalized and that Riemann integrable functions are exactly those whose

discontinuities form a Lebesgue null set.
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Theorem 31 (Lebesgue’s criterion for Riemann integrability). Let f : [a,b] — R
be a bounded function. Then f is Riemann integrable over [a,b] if and only if

m({z € [a,b] : f is discontinuous at x}) = 0.

Before we prove this fact, we will introduce some auxiliary notions that are going
to be needed in the proof. Let f : S — R be a function and D C S C R. The
oscillation of f over D is defined as

wp(D) = sup [f(z) — f(y)l

z,yeD

Thus wy(D) measures the width of the thinnest horizontal strip that can contain
the graph of f over D. Given z € S, the oscillation of f at x is defined as
wy() = inf wy(B(z,8) N dom(f))
>

Intuitively speaking, wy(z) measures “how much discontinuous” f is at z. Indeed,

the reader is expected to check that f is continuous at z if and only if ws(x) = 0.

Proposition 11. Let f : R — R be a function and let € > 0. Set
Spe={xeR:wr(z) < e}

Then Sf.c is open.

Proof. Let & € Sf.. Then wy(Z) = infssowys(B(&,9)) < € and hence, there exists
6 > 0 such that wr(B(z, $)) < e. We claim that B(z,8) C St.e, which would show
that Sy . is open. Let z € B(&, 5) Then, for some 6 > 0, we have B(z,0) C B(z%, 5)
and so wy(B(z,0)) < wy(B(&,0)). Consequently, wy(z) < ws(#) < e. Thus z € S,
and so B(&,0) C Sj.. 0

We are now ready to prove Theorem @

Proof of Theorem @ Set D = {x € [a,b] : f is discontinuous at }. Assume that
f is Riemann integrable over [a,b]. We want to prove that m(D) = 0. It is clear
that
1
D ={z€lab:ws(z) >0} = U {x € [a,b] s wy(zx) > n}
neNt

Thus, in order to prove m(D) = 0, it suffices to prove that

m ({x € lab]: wi(x) > :L}) —0

for every n € N*. Let n € NT and let ¢ > 0. We will construct a covering of D
with open intervals whose total length adds up to less than e. Since f is Riemann

integrable, there exists a sequence (Py)ren of partition of [a,b] such that

b
Jim U(f.P) = Jim () = [ fa)da
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It follows that U(f, Py)—L(f, Px) < €¢/2n for some k € N. Say, P, = {zo,z1,...,Zm}
witha=zg <21 <---<2x,, =b. Set

I:{ieN:OSiSm—land [mi,mi+1]ﬁ{x€[a,b]:wf(a:)zi}#@}

Then clearly

{35 € [a,b] s wy(z) = 711} < U[l"i,l“iﬂ] - U (xz - ﬁ,xiﬂ + ﬁ)

el i€l

and moreover,

U(fvpk)_L(faPk) <6/2n

m—1
< sup  f(z)— inf f(x)) (Tip1,75) < €/2n
i= TE€[Ti,it1] z€[ri,xiqp1]
m—1
Z Wf([$i+1a37i])($i+1 —x;) <e/n
=0
m—1
Y wrlwirn i) (@i —2i) < Y wpllwign, wil) (@i — i) < e/2n
el =0

S (o) < 3 wpllen,aid) (i — ) < e/2n

icl el

Z (1‘1;4_1 - CCZ) < 6/2

iel

Therefore, we have that

m({me (a,8] : () > i}) st

As e > 0 was arbitrary, this shows that m ({z € [a,b] : wy(z) >
n € N* implying that m(D) = 0.

For the converse direction, assume that m(D) = 0. Let € > 0. Consider the set

[ {xE [a,0] s wy(z) > 2(be_a)}

Clearly E C D and so m(E) = 0. It follows that there exists a sequence (U;);en of
open intervals such that £ C U; and

}) = 0 for all

1
n

1€EN

i €
;mkﬁ

By Proposition El, F is closed and, being also bounded, it is compact. This means
that £ C U;iv:o U;, for some natural numbers ¢y < 43 < --- < iy. We may assume
without loss of generality that U, ’s do not intersect for, otherwise, we could take
the union of those that are intersecting.
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Set P = {z € [a,b] : x is an endpoint of U;, for some 0 < k < N} U {a,b} Say,
P = {xg,x1,...,xp} where a = xg < 1 < -+ < xpy = b. Consider the set of
indices
J{iGN:OSigMand (i, miv1) C UUZ}
ieN
Note that if ¢ ¢ J, then (x;,z;41) C E°. Also note that, since f is bounded on [a, b],
there exists a constant K > 0 such that |f(z)] < K for all z € [a,b]. Computing

the difference between the corresponding upper and lower Riemann sums, we get

M—1
U(f,P)—L(f.P)= Z ( E[Sup f(x) — inf f(x)) (Tit1 — x4)

=0 \@E€lziziq] TE[wi,iy1]

< wpwivns wl) (@i — 22) + Y wp([@igr, 2]) (@i — 1)

ieJ igJ
€
< Z 2K (zip1 — 2i) + Z m(miﬂ — ;)
ieJ i¢J
€
< KiEZJ(%H — ;) + 20—a) 'QZJ(xi+1 — ;)

2K~e+e-(b—a)
=T4K T 20b-a)

— €

Since f is a bounded function on [a, b] for which we can make the difference between
upper and lower Riemann sums arbitrarily small, f is Riemann integrable over [a, b],
which finishes the proof of the theorem. O

3.6. Modes of convergence. In this subsection, we are going to analyze the rela-
tionship between different types of “convergence” of real-valued function sequences
over a measure space. Throughout this subsection, we shall work on a fixed measure
space (X, M, ).

Let (fn)nen be a sequence of functions with f, : X — R for all n € N and
f : X — R be a function. The notion that

(fn)nen converges to f

written f,, — f for shorthand, can be interpreted in various useful ways. We shall

now list some of these fundamental convergence types. We say that

e f, — f pointwise on X if
For every x € X lim f,(z) = f(x)
n—roo
In other words, f, — f pointwise if
Ve XVee R Ik e NVn >k |fulz) — f(z)| <e
e f, — f uniformly on X if

Ve e RT 3k eNVz € X Vn >k |fu(z) — f(x)| <€
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o f, — f p-almost everywhere on X if
ulfe € X : Tim fy(2) # f(2)}) =0
In other words, f,, — f p-almost everywhere on X if
IN € My Vo € N Ve € RT Ik e NVn >k |fo(z) — f(z)] <€

o f, — fin L' on X if

i [ 14, = £ du=0

n—oo

assuming that f,, € LY(X, M, ) for all n € N and f € LY(X, M, u).

e f, — f in measure on X if
Ve e R lim pu({z € X: |fu(z) — f(z)| > €}) =0
n—oo
e f, — f almost uniformly X if
Ve ¢ RY AM € M u(M) < € and f,, — f uniformly on M¢

It is trivial to see that uniform convergence implies both pointwise convergence
and almost uniform convergence; and pointwise convergence implies convergence
p-almost everywhere. Observe that uniform convergence and pointwise conver-
gence have nothing to do with the underlying measure space and therefore, is of
little significance to us for the purposes of this course. Let us now show the basic

implications between the other types of convergence.

Theorem 32. Let f, € L(X, M,u) for alln € N and f € L(X, M, u). Then
a. If fo, = f in L', then f, — f in measure.
b. If fn — f almost uniformly, then f, — f in measure.
c. If fn, = f almost uniformly, then f, — f p-almost everywhere.

Proof. Let us prove (a). Assume that f,, — f in L. Let ¢ > 0. Set E,, = {z € X :
|fr(x) — f(z)| > €} for each n € N. Then each E, is measurable and moreover,

/len—fl duz/Enlfn—fl duz/ cdp=c-pu(E,) >0

As f,, — fin L', we have lim,, o, u(E,) = 0, which means that f,, — f in measure.

To prove (b), assume that f, — f almost uniformly. Let ¢ € RT. We wish to
show lim,, oo p({z € X : |fn(z) — f(2)] > €}) =0. As f, — f almost uniformly,
there exists M € M such that u(M) < € and f,, — f uniformly on M¢. Tt follows
that there exists k& € N such that for every n > k and for every x € M€, we have
|fr(x) — f(z)| < e. Consequently,

p{z e X |fu(z) = f(2)] 2 €}) < u(M) <€

for all n > k, which means that lim, . p({x € X : |fo(z) — f(z)] > €}) =0.
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To prove (c), assume that f, — f almost uniformly. Then, for every k € N,
there exists M, € M such that p(My) < 1/k and f,, — f uniformly on Mj. Set
M = (Nen+ My. Then clearly M € M and pu(M) = 0. Let x € M¢. Then x € M
for some k € NT and hence, by definition, lim,, . fn(x) = f(z). Since u(M) = 0,
we have that f, — f p-almost everywhere. O

Let us next see why there are no more implications between these types of
convergence for arbitrary measure spaces, by providing counterexamples to the

remaining implications.

a. Convergence in measure does not imply convergence in L*.

Consider the measure space (R, £,m). Let f,, = n-x(,1/n) foralln € N*.
Then f,, — 0 in measure since, for all ¢ € RT and n € N,

1

pa € R: | fu@) 0@ = h) <

However, f, - 0 in L' since we have lim,,_, oo fR |fn—0| dm = 1.
b. Convergence in measure does not imply convergence p-almost everywhere.
Consider the measure space (R, £, m) and the sequence of functions

J1=Xpap fo =X[g,1] I3 =X[1,2] f4=X[37%], Is =X[1,2] -

e
NS

which, in general, are defined as

where n = 2F + j with 0 < j < 2*. A quick computation shows that
2
m({z € R |fa(z) — 0(@)] > 0}) <
and hence f,, — 0 in measure. However, for each x € [0,1], the sequence
(fn(x))nen alternates infinitely many times and hence does not converge.
It follows that f,, - 0 p-almost everywhere.
c. Convergence in measure does not imply almost uniform convergence.
The example in part b works.

d. Convergence p-almost everywhere does not convergence in L'.

Consider the measure space (R, £, m). Let f, = %X(Om) for all n € N.
Then f, — 0 p-almost everywhere (indeed, uniformly) but f, - 0 in L!
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since limy,, [, |fn — 0] dm = 1.

e. Convergence p-almost everywhere does not imply almost uniform conver-
gence.

Consider the measure space (R, £,m). Let f, = X(n,ns1) for all n € N.
Then f, — 0 p-almost everywhere (indeed, pointwise) but f,, - 0 since
one cannot cover the supports of infinitely many f,’s with a set of finite

measure.

f. Convergence p-almost everywhere does not imply convergence in measure.
The example in part e works.

g. Convergence in L' does not imply convergence p-almost everywhere.
The example in part b works.

h. Convergence in L' does not imply almost uniform convergence.
The example in part b works.

i. Almost uniform convergence does not imply convergence in L'.

The example in part d works.

While convergence in measure of a sequence does not imply the p-almost ev-
erywhere of the sequence, it does imply the p-almost everywhere convergence of a
subsequence. Before we prove this fact, let us introduce the notion of a sequence
being Cauchy in measure. Let f,, : X — R be measurable for all n € N. We say
that (fn)nen is Cauchy in measure if for every € > 0

lim p({z e X :[fm(r) = fu(z)] > €}) =0

m,n—00

That is, for every € > 0 and € > 0, there exists k € N such that for all m,n € N
with m,n > k we have that u({x € X : |fi(z) — fu(z)| > €}) < & We are now
ready to prove the main theorem of this subsection.

Theorem 33. Let f,, : X — R be measurable for all n € N. Suppose that (fn)nen
is Cauchy in measure. Then

o There exist f € L(X, M, 1) and a subsequence (fn, )ken such that f,, — f
u-almost everywhere and f, — f in measure.
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o If f,g € L(X, M, pu) are such that f, — f in measure and f, — g in
measure, then f = g holds p-almost everywhere.

Proof. For each k € N, letting ¢ = € = 277 in the definition of being Cauchy in

measure, we can find ny € N such that u(Ey) < 27% where

Ek—{QL'EX |fnk( ) fnk+1(m)‘ 22_k}

Moreover, we can arrange these ng’s so that n; < no < .... Consider the subse-
quence (gx)ken = (fny)ken. Note that, for each i € N, if z ¢ (J;—, Ey, then

196(%) — gm (@)] < 196(5) — ge31 (@) + -+ + g1 () WY o =
k=¢

for all ¢ < ¢ < m. Thus, for each i € N and z ¢ J;—; Ek, the sequence (gi())ren
is Cauchy. Consider the function f: X — R given by

Fa) = khﬁngo ge(z) ifzé !ijL:JiEk

0 otherwise

Then [ can easily be checked to be measurable. Clearly p(Uz—, Ex) < 2 and hence

— 1 1

(M08 = (U] < 3= s =
i€N k=1 k=i

By construction, gr(z) — f(z) for every = € ((,cnyUne; Ex) . Therefore g — f

p-almost everywhere. We now check that g — f in measure. Note that the first

inequality in the proof actually implies that

9e(2) — F@)| = lge(a) — Tim_gon(a)| = Tim_Jge(e) — g ()] < gy

for all £ € N and for all = ¢ Uzie E;.. Therefore

w({z X lot) - 101 2 525 2})_u<UEk> Si%— —

It follows that gx — f in measure since, given ¢ € R™, for sufficiently large £ € N

we will have 2=¢~2) < ¢ and hence

1
lim i (fo € X £ |ge(e) — f(@)| 2 }) < lim =1 =0
l—00 f—o0 201

We now show that f,, — f in measure. Given ¢ € RT, by the triangle inequality,
we have that

{2 € X :|fula) - f(2)] > &) C
{2 € X+ [fule) = gul@)] > ¢/2} U{x € Xt [gi(x) — f(2)] > /2)
{2 € X+ [fule) = fu, (@) > /2} U{x € Xt |fu, () — ()] > ¢/2}
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for any n, k € N. Since (f,)nen is Cauchy in measure and g, = f,,, — f in measure,
both of the latter sets can be made to have arbitrarily small measure for sufficiently
large n,k € N. It follows that lim, . pu({z € X : |fu(z) — f(z)] > €}) = 0 and
hence, f, — f in measure. This completes the proof of the first part of the theorem.

We now prove the second part via a similar argument. Let f,g € L(X, M, u).
Assume that f,, — f in measure and f,, — ¢ in measure. Then, for any € € RT, we
have that

{reX:[f(x) —g(@)] >} C
{reX:|f(x) = fulz)l = /2} Ufa € X : [fu(z) —g(2)] = €/2}

for any n € N. Since the latter sets can be made to have arbitrarily small measure by
choosing sufficiently large n € N, we have that u({zx € X : |f(z) — g(x)| > €}) = 0.
As this is true for all € € Rt, we have that

U {xex:|f<m>g<m>|z;}> =0

keNt

p{z € X [f(x) — g(z)| > 0}) = (

Thus f = g holds p-almost everywhere. O

While there are no more implications between these modes of convergence for
arbitrary measure spaces, there do exist such implications if one assumes additional
hypotheses regarding the measure space. For example, the reader may check that
uniform convergence implies convergence in L' for finite measure spaces. More
importantly, we have Egoroft’s theorem, which states that, in finite measure spaces,

p-almost everywhere convergence implies almost uniform convergence.

Theorem 34 (Egoroff’s theorem). Suppose that (X, M,u) is a finite measure
space. Let fp, : X — R be measurable for alln € N and f : X — R be measurable.
If f, = f p-almost everywhere, then f, — f almost uniformly.

Proof. Assume that f,, — f p-almost everywhere. As usual, we will modify these
functions on a null set to apply our tools. Set N = {& € X : lim, o fn(z) = f(2)}.
Then u(N) = 0 by assumption. Set g, = fp, - xne for each n € Nand g = f - xne.
Clearly we have g, — ¢g pointwise. For each k,n € N, consider the set

oo

£h= U {o e Xslonto) - g0l 2 15 )

m=n

Then, for each fixed k € N, we have Ef O E¥ O ... and, since g, — g pointwise,

we also have () .y EF = (). Having p(X) < 0o, we can now use Theorem E.d and

neN
obtain lim,, . u(E¥) = 0.

We next show that g, — g almost uniformly. Let ¢ € RT. For each k € N, using
our previous observation that lim,, ., ,u(E’Tf) = 0, we choose n; € N such that
p(EE ) < 27"+ Set B = J;, oy EX . Then, clearly u(E) < 332 je2=*+2) < ¢,
We claim that g, — ¢ uniformly on E¢. Given é € R, choose some m € N such
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that (m +1)~! < é. Then, for every z € E° and for every n € N with n > n,,,
we have that |g,(z) — g(z)| < (m +1)~! <& So g, — g uniformly on E¢, which
completes the proof that g, — g almost uniformly. We leave it the reader to verify
that f, — f almost uniformly. |

A nice consequence of Egoroff’s theorem is Lusin’s theorem which states that
if f:[a,b] — R is measurable, then, for any ¢ € R*, there exists a compact set
K C [a,b] such that m([a,b] — K) < € and the restriction f [ K : K — R is
continuous with respect to the subspace topology on K.

A “classical” proof of Lusin’s theorem goes as follows. Let f : [a,b] — R be
measurable. Then there exists a sequence of continuous functions (f,)nen with
fn— fin measure.E It now follows from Theorem @ that there exists a sub-
sequence (fp, )ken such that f,, — f p-almost everywhere. Applying Egoroff’s
theorem, we get that f,, — f almost uniformly. This means that, given € € R,
we can find a set £ C [a,b] such that m(E) < ¢/2 and f,, — f uniformly on
[a,b] — E. By Theorem @, we can choose a compact set K C [a,b] — E such that
m(([a,b] — E) — K) < €/2. Then we have m([a, b] — K') < e. Since a uniform limit of
a sequence of continuous functions is continuous and f,, [ K — f [ K uniformly,
we have that f [ K is continuous.

While this argument, which employs many tools that we have developed, is
perfectly fine, we prefer to provide an elementary proof from [Oxt8(, Theorem 8.2]

for the following form of Lusin’s theorem.

Theorem 35 (Lusin’s theorem). Let f : R — R be a measurable function and
let € € RT. Then there exists a closed set K C R such that m(R — K) < € and
f T K:K — R is continuous.

Proof. Let {U; : i € N} be a countable base for the topology of R. Then f~1[U;]
is measurable for all ¢+ € N. From a modification of the proof of Theorem
follows that there exist a closed set F; C R and an open set G; C R such that
F, C f~'U;] € G; and

€

m(GZ — Fi) < ﬁ

foralli € N. Set E = J
we have that

ienGi—Fyand K = R—E. Clearly, K is closed. Moreover,

€
i+2

m(R—K):m(E)Si <e
i=0

Consider the restriction f | K : K — R. For any ¢ € N, we have that

(fITE) M =fU)NnK=F,NK=G;NK

12Note that this is not the same as saying the discontinuities of f is contained in K.

BFor a proof of this non-trivial claim, the reader may check [Bog07, Proposition 2.2.9].
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As {U; : i € N} is a base for the topology of R, the last equality implies that the
inverse images of open subsets of R are open (and, indeed closed) in the subspace
topology of K. Consequently, the map f [ K is continuous. O

3.7. Exercises. Below you shall find some exercises that you can work on regarding
the topics in this section. These exercises are not to be handed in as homework

assignments.

e Exercises 3, 6, 8, 12, 14, 16, 19, 22, 25, 28, 32, 35, 38, 42 from Chapter 2
of [Fol99].

e Exercises 3, 10 from Chapter 2.1, Exercise 6 from Chapter 2.2, Exercise 3
from Chapter 2.3, Exercises 3, 4, 5 from Chapter 2.5 and Exercises 3, 4
from Chapter 3.1 of [Coh93].

e Let (X, M, u) be a measure space with 0 < pu(X) < oo. Consider the

function
p: L(X, M, p) x L(X, M, ) = [0,00)
given by
pr) = [ winls =gl.1} do

Let f € L(X, M, u) and let (f,,) be a sequence of functions in L(X, M, p).
Show that if f, — f in measure, then for all ¢ € RT there exists k¥ € N
such that for all n € N with n > k, we have that p(f,, f) < €.

4. PRODUCTS

In this section, we shall define the product of multiple measure spaces and in-
vestigate the properties of the integral in this product measure space. We begin by

constructing the product measure. Throughout this section, fix two measure spaces

(X, M, ) and (Y, N, v).

4.1. Product measures. We would first like to define a “reasonable” measure on
the product space (X x Y, M ® N). Recall from Section @ that the product
o-algebra M ®@ N is generated by the collection

{AxB: Ac M, BEN}

The sets in this collection are called measurable rectangles of M ®N. Our intuition
is that the measure of a measurable rectangle A x B under the to-be-defined product
measure should be p(A) - v(B). In order to construct such a measure, we shall use
Carathéodory’s extension theorem.

Let A be the collection of finite disjoint union of measurable rectangles of MQN .
A straightforward but tedious verification shows that A is an algebra on X x Y.
To prove this fact, the reader may use [Fol99, Proposition 1.7] together with that
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(AxB)N(CxD)=(ANC)x (BND)and (A x B)® = (X x B°)U (A x B°).
Consider the map p: A — [0, 00] given by

(Z[!A xB) Zﬂ

where 4; € M and B; € N for all i = 1,2,...,n. We wish to show that p is
a premeasure. Since an element of A can be represented in multiple ways as a
disjoint union measurable rectangles, we need to first check that p is well-defined.
Let £ € A and suppose that £ = [ [L,(A; x B;) = |[/,(C; x Dj) for some
A;,C; € M and B;,D; € N. Foreach i = 1,2,...,nand j = 1,2,...,m, set
Uij =A;NCjand V;; = B;ND;. ThenU;; e Mand V;; € N foralli=1,2,...,n
and j =1,2,...,m. Moreover, U;; x V;; = (4; x B;) N (C; x D;) and these sets are
disjoint. It follows that

p |_| U(Ui,j x Vij) | = ZZM(Uij)V(‘/ij) = ZP || (Wi; x Vi)

i=175=1 i=1 j=1 i=1 j=1
:Zp U(AixBi)ﬂ(ijDJ)
i=1 j=1
= Zp (A; x B;) N |_|(cj X DJ))
i=1 j=1

A similar argument shows that p (|_|;n:1 L™, (Usj x Vij)) =p (|_|;n:1(0j X Dj))
which implies that p is well-defined. It is clear that p(#) = 0. We next check the
countable additivity of p.

Let Eq, E5,--- € A be disjoint sets such that |_|fi1 E; € A. We wish to show
that

) , (u E) S e
=1 =1

Note that, by the definition of A, for each i € N, we have that E; = | |}, (A} x B})
for disjoint some measurable rectangles A% x Bji. It clearly holds that p(E;) =
Soni, p(Al x Bj). Therefore, Equality (1) holds for arbitrary E;’s in A if it holds
for E;’s in A that are measurable rectangles, because we can replace F;’s with the
measurable rectangles A% x B! in the appropriate order. It follows that, we may

assume without loss of generality that F;’s are measurable rectangles. So, suppose
that E; = M; x N; where M; € M and N; € N.
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Assume for the moment that | |;°, E; is a measurable rectangle, say,

D :Ij M; xN,=CxD
i=1 i=1

for some C € M and D € N. Then we have

xc(x)xp(y) = xexp(z,y)

= XU M><N ZXMXN z,y) ZXM

Integrating both sides over Y and applying Proposition E gives

— /YZXMi (@)X, (y) dv = Z/YXMi(x)XNi(y) dv = ZXMi (z)v(N,

Similarly, integrating both sides over X and applying Proposition g now gives

d

N g

E) — p(C x D) = p(C)u(D) = /X > o @v(N,) dy

Therefore, Equality (1) holds in the case that | |;~; E; is a measurable rectangle.
We now explain why this implies that Equality (1) also holds for an arbitrary
L2, E; € A.

Observe that, since | |2, E; € A, we have | |2, E; = | |}_, Cr x Dy, for some
disjoint measurable rectangles C x Djy. Moreover,

oo

Cpx Dy, = U(Eiﬂ(CkXDk)) = D(M1><N2)O(Ck><Dk) = D(Mlﬂck)X(NZﬂDk)

i=1 i=1 i=1

and hence the measurable rectangle Cy x Dy is a countable union of measurable
rectangles. We have just proven that, in this case,

p(Ck x Dy) = i p((M; N Cr) x (N; N D)) =Y u(M; N Cr)v(N; N D)

i=1 i=1
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Therefore, we have

(3 (o)

I
M=

p(Cr)v(Di) = > p(Ci x Dy)
k=1

b
Il
—

I
NE
e

/L(Mi N Ck)V(Ni n Dk)

=~
Il
-
N
Il
_

o
M:

ﬁ
Il
—
B
Il
-

p(M; 0 Cy)v(N; N Dy,)

&

s
I
-

i[=

—

(M n Ck) (Nl n Dk)>

=

@
Il
—
o~
Il
—

o

@
Il
-

[
gk
hS)
/—\/—\/—\
[+

(.2\4Z X Nz) n (Ck X Dk)>

(M; x N;) ﬂ|_| (Cx x Dy)
k=1

o)

Zp

It follows that p : A — [0,00] is a premeasure. By Carathéodory’s extension
theorem, as M(A) = M @ N, there exists a measure

o
E

&
Il
—

pxv:MeN = [0,c0]

such that p x v [ A = p. In other words, we have obtained a measure y x v on the
measurable space (X x Y, M ®AN) such that (ux v)(M x N) = p(M)v(N) for any
MeMand N eN.

This measure p X v is called a product measure of p and v. As mentioned at the
end of Section @ without a proof, it turns out that, if the premeasure p is o-finite,
then the extension given by Carathéodory’s theorem is unique. It follows that, if
the measure spaces (X, M, u) and (Y,N,v) are o-finite, then so is (X x Y, A4, p)
and hence, the extension u x v is unique, in which case we may talk about the

product measure of x4 and v.

4.2. Sections and measurability. Let z € X and y € Y. Given E € M Q N,
we define the xz-section of E to be the set

={yeY:(x,y) € E}
and the y-section of E to be the set
E,={zecX:(z,y) € E}

Similarly, given f : X x Y — R, we define the z-section of f to be the function
fz Y = R given by
fa(y) = f(z,y)
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for all y € Y and the y-section of f to be the function f¥ : X — R given by
fU(x) = fz,y)

for all x € X. It turns out that sections of measurable sets and functions are

measurable.

Proposition 12. For all E € M ®N and for all x € X and for ally € Y, we
have E, € N and EY €¢ M.

Proof. Consider the set
R={EFEeMN:VreXVyeY (E,eN AN EYe M)}

Each measurable rectangle A x B € M ® N is in R since

0 ifzgA 0 ify¢B
(A x B), = fréd  hd (AxBy= ity ¢
B ifzed A ifyeB

We next show that R is a o-algebra. Let E, Es,--- € R. Then we have that

(fj El> = G(El)’” eN and <fj E7,> = G(Ez)y eM

i=1 i=1 i=1
for all z € X and y € Y, since M and N are o-algebras. Thus |J;°, E; € R. Now
let E € R. Then we have that (E°), = (E;)° € N and (E°)Y = (EY)¢ € M for
all z € X and y € Y, as M and N are o-algebras. It follows that E¢ € R, which
completes the proof that R is a o-algebra. Recall that the o-algebra generated by
measurable rectangles is M ®N. So, as R is a o-algebra containing all measurable
rectangles, we have that M ® N C R, which proves the claim. O

Proposition 13. For all measurable maps f : X x Y — R and for all z € X and
for ally €Y, we have that f, : Y — R and fY: X — R are measurable functions.

Proof. Let f: X x Y — R be a measurable map, let z € X and y € Y. Then, for
any B € B(R), by the measurability of f and Proposition B, we have that

(fo)7'[Bl = (f7'B)z €N and (f)7'[B] = (f'[B])Y € M
Thus f, and fY are measurable. O

Our main goal in this section is to prove the Fubini-Tonelli theorem. With this
in mind, we next introduce a useful auxiliary notion that is going to be used in
the proof of the next theorem. Let X be a non-empty set. A collection C C P(X)
is said to be a monotone class if it is closed under countable increasing unions,
ie. C1,Cy,--- € C with C; C Cy C ... imply Ufil C; € C; and closed under
countable decreasing intersections, i.e. C1,C5,--- € C with C; D Cy D ... imply
N, Ci € C. Every o-algebra is clearly a monotone class, however, not every

monotone class needs to be a o-algebra.
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It is straightforward to check that the intersection of monotone classes is a mono-
tone class and hence, one can define the monotone class generated by a subset
€ C P(X) as the monotone class

C€) = ﬂ{C CP(X): € CC and C is a monotone class}

We have the following technical fact which states that the monotone class and the
o-algebra generated by an algebra coincide.

Lemma 6 (The monotone class lemma). Let A C P(X) be an algebra on a set X.
Then C(A) = M(A).

The proof of the Monotone Class Lemma will be given at the end of this section

and we now proceed to prove the main ingredient of Fubini-Tonelli theorem.

Theorem 36. Suppose that (X, M, u) and (Y,N,v) are o-finite measure spaces.
Let E€e M®N. Then

a. The maps x — v(E;) and y — u(EY) are measurable.
b.

(ux (E) = [

; v(E;) du:/ w(EY) dv

Y

Proof. We shall first prove the theorem in the case that (X, M, u) and (Y, N,v)
are finite measure spaces; and then generalize. Assume that p(X),v(Y) < oc.
Consider the collection

R={FeMeN: (a)and (b) holds for E}
Let Ax B € M ® N be a measurable rectangle. Then the maps
= v((Ax B)) = v(B)xa(z) and y u((Ax B)Y) = pu(A)xs(y)

are measurable and moreover,

(1 V)(A % B) = pl)(B) = [ v(Byato) du= [ v((Ax B)) dn

= [ utrwt) dv= [ u(cax By

Thus all measurable rectangles are in R. Using the linearity of integral and the
countable additivity of measures, the reader may easily verify that all finite disjoint
unions of measurable rectangles are also in R. Thus A C R where A is the algebra
of finite disjoint union of measurable rectangles. We shall next show that R is a
monotone class.

Let Ey,Es,--- € C be with By C E> C.... Set E =J;2, E;. For each n € N*,
define f, : X — R by fu(z) = v((E,),) for all z € X and g, : Y — R by
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gn(y) = p((E,)Y) for all y € Y. Then, for every n € Nt since E,, € R, the maps
fn and g, are measurable. Therefore, the maps

flx)=v(E:) =v ((U n) > =V <U ) = nh_{gO v((En)z) = nh_{%ofn(x)

n=1 =1

and

g(x) =v(EY) =v <<U En) ) =V <U (En)y> = nh_{go v((En)Y) = nh_{go gn(T)
n=1 n=1

are also measurable. From the Monotone Convergence Theorem and that E,,’s are
in R, we deduce that

(uxv)(E)= MXV(UE)
= lim (< v)(Ey)

= lim v((En)z) du = lim w((E,)Y) dv

_— 3 Yy
= [ Jim (@) dp= [ p((,)7) av

= [ du= [ ) av

Therefore £ € R. This shows that R is closed under countable increasing unions.
To show that R is closed under countable decreasing intersections, one carries out
the exact same argument except that at the last step, instead of the Monotone
Convergence Theorem, one applies the Dominated Convergence Theorem with the
dominating functions x — v((E1),) < v(Y) < oo and y — v((E1)Y) < u(X) < o0
which are integrable since p(X), v(Y) < oco. Thus R is a monotone class.

On the one hand, R is a monotone class with A C R and so C(A) C R. On
the other hand, A is an algebra on X x Y and so C(A) = M(A) by the Monotone
Class Lemma. Thus M ® N'= M(A) = C(A) C R which completes the proof of
the theorem in the case that (X, M, u) and (Y, N,v) are finite measure spaces.

Now suppose that (X, M,u) and (Y,N,v) are o-finite measure spaces, say,
we have X = (J,cyX; and Y = (J,oyY: for some non-empty measurable sets
XoCX1C...and Yy CY; C... with u(X;),v(Y;) < co. For each i € N, consider

the finite measure spaces
(X, M, i) and (Y, N, v;)
where
MIX;=M;={FNnX;,: FeM}and N Y, =N, ={FNY;: FeN}

and p;(FNX;) = pw(FNX;)and v;(FNY;) =v(FNY;). It can be checked that
Mi@N; ={KN(X;xY)): KeEMAIN}=(MaN) ]| (X; xY;).
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Let E € M ®N. We shall show that (a) and (b) hold. Since we have that
X XY =;enXi x Yy, and Xo x Y5 € Xy x Yy C ..., one may verify that
(1 x )(E) = lim (s x ) (B0 (X; x Y7))
1—00

Moreover, we have proven that the theorem holds for finite measure spaces and
hence, for every ¢ € N, the product space (X; x Y;, M; x N, u; x v;) satisfies (a)
and (b) for its measurable set F N (X; x Y;) € M; @ V. Tt is readily checked that
V(E,) = lim; oo ;((E N (X; X Y;))) and p(EY) = lim; oo 1 ((E N (X5 X Y5))Y).
Consequently, the functions x — v(E,) and y — p;(EY) are measurable as they
are limits of measurable functions. Thus (a) holds for E. It now follows from the
Monotone Convergence Theorem and (b) holding for E N (X; x Y;) that

(1 x v)(E)
= '1i>m (i x ) (EN(X; X Y;))

—lim [ w((ENGxY)).) du=lim [ p((E0 (X x Y)Y dv

i—00 X; i—00 Y;
= lim [, (@)v (B0 (X x Y5))e) dp = lim / xv: (y)u((E N (Xi x Y3))?) dv
i—oo [y 1o Jy
— [l @0 (6 < Yi)) du = [l s (o)v((B 1 (X % Y2))Y) dv
X 1—00 Y 71— 00
:/ w(Ey) du:/ v(EY) dv
b'e Y
Therefore (b) holds for E € M ® N, which completes the proof. O

4.3. The Fubini-Tonelli theorem. We are now ready to prove the Fubini-Tonelli
theorem, which basically says that a “double integral” can be evaluated as two
iterated integrals.

Theorem 37 (The Fubini-Tonelli theorem). Suppose that (X, M, ) and (Y, N,v)

are o-finite measure spaces. Then the following hold.

(Tonelli.) Let f € LY (X x Y, M®@N,uxv). Then the maps x — [, fo(y) dv and
y— [y fY) dp are in LY (X, M, ) and LT (Y, N,v) respectively, and

moreover,

|t dwxn = [ ([ nwa)a= [ ([ 7w )

(Fubini.) Let f € LY(X x Y, M @ N,u x v). Then we have f, € L*(Y,N,v) holds
u-almost everywhere and f¥ € LY(X, M, u) holds v-almost everywhere.

Moreover, setting

o = /Y foly) dvif fo € LYY N D)
0

otherwise
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and
/f%c) duif Y € IV (X, M, )
y) =14 /x

0 otherwise

h(

we have that

| stew) dgxn) = [ o) du= [ nw) av

Proof. We first prove Tonelli’s theorem. Observe that Tonelli’s theorem holds for
characteristic functions of measurable sets by Theorem @ and hence, it holds for
simple functions by the linearity of integral. Let f € LT (X xY, MQN, uxv). Let
(¢n)n—sN be an increasing sequence of simple functions such that ¢,, — f pointwise.
A moment’s thought reveals that (¢,), — f: pointwise and (¢, )Y — fY pointwise
for all x € X and y € Y. Then, the Monotone Convergence Theorem implies that
the map  — [y f.(y) dv is the pointwise limit of the maps z — [y (¢n)2(y) dv.
As Tonelli’s theorem holds for simple functions, the latter maps are all measurable
and consequently, = — fY fx(y) dv is measurable. By a symmetric argument, one
sees that the map y — [y fY(z) dp is measurable as well. Finally, applying the
Monotone Convergence Theorem and using that Tonelli’s theorem holds for simple

functions, we obtain that

/ f(z,y) di x v)
XxY

:/ lim ¢y, (z,y) d(p x v)
X

XY n—oo

= lim en(z,y) d(p x v)

= Jim. :(Y [t ar)au=tim [ ([ (o) dn) v
-/ ( [ Jim (o0 du) = | ( [ Jim (@ du) v
Z/X(/Yfz(y) dv) duz/Y(/Xf“(w) du) av

This establishes Tonelli’s theorem. Before we proceed to prove Fubini’s theorem,
the reader should recall that, since a non-negative integrable function cannot take
the value 400 on a set of positive measure, the last equality we obtained implies
that if f € LT(X x Y,M @ N,u x v) and [y  f(z,y) d(p x v) < oo, then
Jy f=(y) dv < oo holds p-almost everywhere and [y f¥(x) du < oo holds v-almost
everywhere.

We are now ready to prove Fubini’s theorem. Let f € LY(X x Y, M@N, u x v).
Consider the maps f* and f~ which are in LT(X X Y, M @ N,u x v). As f is
integrable, [y  fT d(pxv) <ocoand [y  f~ d(uxv) < oo by definition. Thus,
by our previous observation, we have that
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o [(fM)a(y) dv < ooand [, (f7).(y) dv < oo hold p-almost everywhere.
o il f+ du < oo and [y (f7)¥(z) du < oo hold v-almost everywhere.

Clearly (f+), = (,m () = (f)e and (f1)F = (F5), (%) = ()7, from
which the first claim in Fubini’s theorem follows.

For the second claim, choose a measurable set K C X such that K¢ is p-null
and [ (f7)z(y) dv < oo and [ (f7)«(y) dv < oo for all z € K. Similarly, choose
a measurable set L C Y such that L¢ is v-null and [y (f7)¥(x) du < oo and
Jx(f7)¥(x) du < oo for all y € L. Applying Tonelli’s theorem to f* and f~,
obtain that

/)(ny+(a:,y) d(uXV)Z/X(/Y(fJF)gE(iU) du) du:A(/x(fﬂy(x) du) d
_/K</Y(f+)x(y) dl/) du_/L(/X(er)y(l,) du) v

and

| e dwxn= [ ([unwa)a= [ ([ 66 )
[ (Lot av)au= [ ([ (@) du)ar

Subtracting the second lines of these equalities side by side gives

|t s = [ (/ fuly dV)du /L(/Xfy(w) du)dv
=/Kg(x)du:/Lh(y)dV
= [ o= [ nwav

This completes the proof of Fubini’s theorem. [

We shall next see why the hypotheses of the Fubini-Tonelli theorem are needed

by providing counter-examples to cases where they are dropped.

e The o-finiteness assumption in Tonelli’s theorem is needed.

Consider the measure spaces ([0, 1], B([0,1]),m) and ([0, 1], B([0, 1]),7n)
where 7 is the counting measure. Then ([0, 1], B([0, 1]),n) is not o-finite.
The set D = {(x,z) € [0,1]x[0,1] : € [0, 1]} is clearly closed and hence, is
in B([0,1]x[0,1]) = B([0,1]®B([0, 1]). It follows that xp : [0,1] x[0,1] — R
is measurable. On the other hand, the reader can check that

/[0,1] </[o,1] xo(®:3) dm(m)) dn(y) =0
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/[0,11 </[o,1] xo(@:y) dn(y)> dm(z) = 1

/ xo(,y) d(m x 1) = 0o
[0,1]%[0,1]

Thus, Tonelli’s theorem does not hold for xp.
e The integrability condition in Fubini’s theorem is needed.
Consider the measure space (N, P(N), u) where p is the counting mea-

sure. Then (N, P(N), i) is clearly o-finite as N = (J__n{n}. Consider the
map f: N x N — R given by

neN

1 ifm=n
fimyn)=<¢ -1 n=m+l
0 otherwise

Tt is easily seen that f is measurable (and indeed, is a simple function.) On
the other hand, we have that

/ |fld(p x p) =2k +1
{0,1,,....k}x{0,1,....k}

and hence, taking the limit as k — oo, the Monotone Convergence Theorem
implies that

[t = o
NxN

Thus f is not integrable. On the one hand, we have

L ([ o) s = [ (s st

— [ (tmm) + fom,m+ 1) dutm) = [ 0 du(m) =0
N N

On the other hand, we also have

/N </N f(m,n) du(m)) du(n) =
/{0} ([ stomon) dutomy) o) + [ B ([ s ) i -

/{0}<men>du /N{O}<me"> (n) =

(m,0) ({0 n,n n—1,n))dun)=14+0=1
(Zf ) (OD+ [ (S L) ) =1+

Thus, Fubini’s theorem does not hold for f.
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e The measurability condition is needed in Tonelli’s theorem.

Consider the measure space (w1, M,n) where w; is the first uncountable

ordinal and
M ={ACw;:Aor A°is countable}
and n: M — [0, 1] is the measure given by

1 if A°is countable
n(A) = o
0 if A is countable
Then (w1, M,n) is a finite measure space. Let < be the usual ordering on
wy and consider the set £ = {(z,y) € w1 X w1 : € < y}. Then E is not in
M ® M and hence, xg : w1 X w; — R is not measurable. On the other
hand,

/w1 (/Cdl xe(z,y) dﬁ(m)) dn(y) = /w1 Ldn(y) = n(w) =1

as n({y € w1 : ¢ < y}) =1 for each x € w; and moreover,

/w1 (/w1 xe(x,y) dﬂ(ﬂ)) dn(z) = /wl 0 dn(y) =0

as n({x € w1 : © < y}) = 0 for each y € wy. Thus, the second equality in

Tonelli’s theorem does not hold for xp.

Before we conclude this section, as promised earlier, we are going to prove the
Monotone Class Lemma which was one of the ingredients of the proof of the Fubini-

Tonelli theorem for characteristic functions of measurable maps.

Proof of Lemma B Since every o-algebra is a monotone class, M(.A) is a monotone
class containing A as a subset and hence, C(A) C M(A).

To prove M(A) C C(A), as A C C(A), it suffices to show that C(A) is a o-algebra.
On the other hand, C(A) being a monotone class, it is closed under countable in-
creasing unions. Recall that any algebra which is closed under countable increasing
unions is automatically closed under countable unions and hence, is a o-algebra.
Thus, it suffices to show that C(A) is an algebra. As A C C(A), we have that
X € C(A). Tt follows that, in order to show that C(A) is an algebra, it is enough
to show that

(t) For all E,F € C(A) we have E — F,F — E,ENF € C(A).
For each E € C(A), consider the collection

D(E)={Fe€C(A): E—F,F—E ENF €C(A)}
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Observe that (T) holds if and only if C(A) C D(E) for every E € C(A). Thus, if
we can show that A C D(F) and D(E) is a monotone class for every E € C(A),
then, by the definition of C(A), we will have that C(A) C D(E) for every E € C(A),
which would imply (7).

Let E € C(A). Let Fy, Fy,--- € D(E) be such that F; C Fy C .... Then we
have that
E-|JF.=En (ﬂ F,f) = [ (ENF;)eC(A)
n=1 n=1 n=1

The last claim holds because, by the assumption that F,, € D(E), the EN EFS’s
are in the monotone class C(A) which form a decreasing sequence. By a similar

reasoning, we have that

<[j Fn> —FE= (G Fn> NE° = G(anEc)eC(A)

n=1
and that

En (D Fn> = D(Ean)eC(A)

n=1 n=1
It follows that |J.2, F;, € D(E). Thus D(E) is closed under countable increasing
unions. By similar arguments, one can also show that if Fy, Fy,--- € D(FE) are such
that F; D F» D ..., then (), F,, € D(E). It follows that D(E) is a monotone
class for every E € C(A)

We are now ready to prove that A C D(E) for every E € C(A). Let E € C(A)
and let F' € A. As A is an algebra and A C C(A), we have that A C D(F). But we
have shown that D(F’) is a monotone class and consequently, we have C(A) C D(F).
So E € D(F). But the definition of D(F') is symmetrical in E and F' and hence,
F € D(E). Thus A C D(E).

This completes the proof that A C D(FE) and D(FE) is a monotone class for every
E € C(A) which implies (f) which, in turn, implies that C(A) is an algebra and
hence, is a o-algebra. Therefore C(A) C M(A). O

The measure space (X XY, MQN, uxv) is not complete in general. For practical
purposes, instead of this measure space, one may need to work in its completion
(X xY,M®N,uxv). It turns out that a version of the Fubini-Tonelli theorem
holds for this complete measure space. We refer the reader to [Fol99, Theorem 2.39]
for a statement of this theorem, proof of which is left as an exercise.

4.4. Reading assignment and exercises. The Fubini-Tonelli theorem is one of
many results regarding multiple integration that the reader is probably already fa-
miliar with in the Riemann case, which extend to the Lebesgue case. For example,
under appropriate modification, the usual change of coordinates formula for mul-
tiple integration also holds for the n-dimensional Lebesgue integral. The reader
may (and indeed, should) read more about the n-dimensional Lebesgue integral on
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R™ in [Fol99, Section 2.6]. We will not be able to cover these topics due to time
limitations.
Below you shall find some exercises that you can work on regarding the topics

in this section. These exercises are not to be handed in as homework assignments.

e Exercises 46, 49, 50, 52 from Chapter 2 of [Fol99].

e Exercise 5 from Chapter 5.1 and Exercise 2 from Chapter 5.2 of [Coh93].

e Consider the completion (R xR, B(R) ® B(R), m ® m) of the product space
(R x R,B(R) ® B(R),m ® m). Show that there exists a measurable set
K € B(R) ® B(R) such that K ¢ B(R) ® B(R) and (m x m)(K) = 0 and
K, € B(R) for every z € R.

5. DECOMPOSITION AND DIFFERENTIATION

One may generalize the notion of a measure on a measurable space so that
measures to take negative (and even, complex) values. In this section, we shall
make a gentle introduction to the theory of signed measures. However, in no way
do we claim to provide a comprehensive treatment of the theory or its applications.
We refer the reader to [Fol99, Chapter 3] and [Coh93, Chapter 4] for a more detailed
treatment.

5.1. Signed measures and their decomposition. Let (X, M) be a measurable
space. A signed (c-additive) measure on the measurable space (X, M) is a map
i : M — R such that

e 1(0) =0 and
o If Ay, Ay, - € M are disjoint, then p (U2, A;) = Y ooy p(A;).

To avoid ambiguity, we will sometimes refer to (usual) measures as positive measures
for their images are contained in [0, co]. In a similar fashion, a signed measure whose
image is contained in [—o0o,0] may be referred to as a negative measure. Given a
signed measure g on (X, M), the triple (X, M, ) will be called a signed measure
space.

Before we proceed, we would like to make two very important remarks regarding
this definition. Let p be a signed measure on (X, M).

e Suppose that Y .- 1u(A;) converge conditionally for some A;, As, -+ € M.
Then, by the Riemann rearrangement theorem, there exists a permutation
¢ : NT — N* such that

> oA # > p(Ap) = (U Am’)) = (U Ai)
=1 =1 =1 i=1

which is a contradiction. Thus, the infinite series in the o-additivity con-

dition for a signed measure converges absolutely, if it converges at all.
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e Suppose that u(A) = +oo (respectively, —oco) for some A € M. Then,

since we have
w(X) = p(AUA%) = p(A) + p(A°)

by o-additivity, in order for u(X) to be defined at all, we must have that
u(A°) # —oo (respectively, +00.) Hence u(X) = +oo (respectively, —c0.)
It follows that p cannot take the values +0o and —oo at the same time. In
other words, the codomain of a signed measure is actually (—oo, +o0] or
[—00, 00).
What are examples of signed measures? Let v and 7 be measures on the measurable
space (X, M). Then one can check that = v — 7 is a signed measure on (X, M).
Let f : X — R be a measurable map such that [y f™ dv or [y f~ dv is finite.
Then the map ¢ defined by &(E) = [, f dv for all E € M can be checked to be a
signed measure on (X, M). We shall soon see that any signed measure is indeed of
these forms.

Before we proceed, let us point out some important difference between (positive)
measures and signed measures. A signed measure need not be monotone in the
sense that A C B does not imply p(A) < u(B) in general. For example, consider
the signed measure given by u(E) = [,z dm on ([—1,1], B([—1,1])). Then

pu((0,1]) =1/2> 0 = pu([-1,1])

Therefore Theorem B.a fails for signed measures. Depending on Theorem ﬂ.a, The-
orem a.b also fails for signed measures. On the other hand, one may check that the
proofs of part ¢ and d of Theorem E goes through for signed measures and so, we

have the following.

Theorem 38. Let (X, M, 1) be a signed measure space. Then
a. If Ay, Ay, € M and A; C Ajyq for every i € NT | then

o (04) -
=1

b. If Ay, Ag,--- € M and A; D A;jyq for every i € N and —oo < u(41) < oo,

then
7 (ﬂ Ai) = lim p(4;)
i=1 1— 00
Proof. Imitate the proofs of part ¢ and d of Theorem B O

Next will be introduced the notions of positive, negative and null sets for a signed
measure. Let (X, M, u) be a signed measure space. A set F € M is said to be
e positive if u(F) > 0 for every F' C E with F' € M,
e negative if p(F) <0 for every F C E with F € M,
o null if u(F) =0 for every F' C E with F' € M.
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It is trivially seen from the definition that any measurable subset of a set that is

positive (respectively, negative, null) is also positive (respectively, negative, null.)

Lemma 7. Let (X, M,u) be a signed measure space and let Ey, Ea,--- € M be
positive (respective, negative, null.) Then |J;-, E; is positive (respective, negative,
null.)

Proof. Set Fy = Fy and F,41 = Fpyq — U?:l E; for all n € N*. Then clearly
F, C E, and so, F, is positive (respectively, negative, null) for all n € N*. Let
F C U2, Fi =U;2, E; be such that F € M. Then we have that F N F,, € M for
all n € NT and so, by the positivity (respectively, negativity, nullity) of F},’s, we
obtain that

o0

w(F) = p (U(FOFD> => wWFNF)>0
i=1 i=1
(respectively, u(F) <0, p(F) =0.) O

Our next goal is to prove that any signed measure space can be decomposed into
a positive set and a negative set, essentially in a unique manner. Towards this goal,

we shall prove the following lemma which is also important on its own.

Lemma 8. Let (X, M, ) be a signed measure space and let A € M be such that
—00 < u(A) < 0. Then there exists a negative set B C A such that u(B) < u(A).

Proof. Set Ag = () and 6y = 0. For each n € NT, we can recursively choose some
A,, € M such that

u(An) Zmin{(;”,l}

where

n—1
5n=sup{,u(E): EeM, ECA- (U AZ)}
=0

Note that the collections of E’s in the definition of §,,’s are non-empty for they
contain () and consequently, §, > 0 for all n € N. Moreover, by construction, A,’s
are disjoint.

Set Ao = U;eny Ai and B = A — Ay, We claim that B is as expected. Clearly
A € M and so B € M. Moreover, as u(Ay,) > 0 for all n € N, we get that

u(A) = p(Ac) + (B) = <|_| An> +pu(N) = (Z M(An)> +u(B) > u(B)

neN ieN
It remains to check that B is a negative set. Let E C B be measurable. Then, by
the choice of d,,’s, because £ C A — ;o Ai, we have that u(E) < 4, for all n € N.
Thus it suffices to prove lim, o 6, = 0. Observe that p(A) being finite implies
that 11(As) is finite as p(A) = p(As) + p(B). It now follows from this observation
and p(Aso) = D ey #(Ay) that lim, o pu(A,) = 0. Consequently, lim, o 6, =0
and so, p(E) < 0. Therefore B is a negative set. O
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We are now ready to prove the first main result of section.

Theorem 39 (Hahn decomposition theorem). Let (X, M, u) be a signed measure
space. Then there exist a positive set P € M and a negative set N € M such that
PNN =10 and PUN = X. Moreover, for any pair (P', N') of such sets, we have
that PAP' = NAN' is null for p.

Proof. Without loss of generality, we may assume that pu does not take the value

—oo for we can replace u by —u otherwise. Set
r = inf{u(E) : E is a negative set for u}

Note that the collection of E’s on the right-hand side is clearly non-empty as it
contains (). By the definition of infimum, we can choose a sequence F,, of negative
sets such that lim,, o, u(Ep) = .

Set N = E,. By Lemma H, N is a negative set. Moreover, by definition,

neN
r < p(N) < p(Ep U(N = En)) = p(En) + p(N — En) < p(Ep)

for all n € N and hence, by taking the limit as n — oo, we see that u(N) = r.
Set P = X — N. We shall next show that P is a positive set. Assume towards
a contradiction that P is not a positive set. Then there exists a measurable set
A C P such that —oco < pu(A) < 0. By Lemma E, there exists a negative set B C A
such that —oo < pu(B) < p(A) < 0. But then, N U B is a negative set by Lemmaﬂ

and moreover,
w(NUB)=u(N)+pB) < u(N)=r=inf{u(F) : E is a negative set for u}

which is a contradiction. Thus P is a positive set.

Finally, we prove the uniqueness of such decomposition. Let P’ be a positive set
and N’ be a negative set such that P’ N N’ = ) and P’ U N’ = X. Then PN N’
and P’ N N are both positive and negative sets and so, they are null sets for u. It
follows that PAP' (= NAN') C (PN N')U(P'NN) is a null set for p. O

Given a signed measure space (X, M, ), any pair (P, N) as in Theorem @ is
called a Hahn decomposition of the signed measure space (X, M,u). Although
Hahn decompositions are not unique, as stated in Theorem @, they are unique up
to null sets for p. For this reason, we may say the Hahn decomposition to mean
any Hahn decomposition.

Next we shall prove that we can decompose a signed measure into two positive
measures using the Hahn decomposition of a signed measure space. In order to
state this result in a more compact way, we now introduce the notion of mutual
singularity.

Given a measurable space (X, M) and two signed measures v,7n on it, we say
that v and n are mutually singular if there exist sets £, F € M with ENF = ()
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and F LI F = X such that E is null for v and F is null for . We are now ready to

prove the second main result of this section.

Theorem 40 (Jordan decomposition theorem). Let (X, M, u) be a signed measure
space. Then there exist unique positive measures u* and p~ such that p = u™ —p~

and ut L .

Proof. We first prove the existence of such measures. Let (P, N) be the Hahn
decomposition of (X, M, u) which exists by Theorem @ Define pt : M — [0, o0]
by

W (E) = (BN P)
for all E € M. Similarly, define p~ : M — [0, 00] by
W (E) = —u(E N N)

for all E € M. Tt is straightforward to check that pu* and p~ are (positive)

measures. Moreover, for any £ € M, we have that
W(E) = (B PYU(ENN)) = u(E N P)+ p(ENN) = it (E) — = (E)

It is also trivial to see that N is null for u™ and P is null for x~. Thus we have
that p =™ —pu~ and p* L u=.

It remains to prove the uniqueness of these measures. Suppose that y =v — ¢
for some positive measures v and n with v L n. Then, by mutual singularity, we
have that X = A LU B for some disjoint sets A, B € M such that A is null for 7
and B is null for . On the other hand, since v and n are positive measures, A
is a positive set and B is a negative set for pu. Consequently, (A4, B) is a Hahn
decomposition of (X, M, ). By the uniqueness of the Hahn decomposition, we
obtain that PAA = NAB is null for u. It now follows that

W (B) = w(E N P) = w(EN (P A) U (EN (P - A)))
= wEN(PNA))+p(EN(P—A)
— W(EN (PN A)
— W(EN (P A) + (B0 (A P)
— W(BN (PN A)U(EN(A- P))
=uwENA) =v(ENnA)—n(ENA)
=v(ENA)

(

for all E € M. By a similar argument, one can show that p~ (E) = n(E) for all
E € M. Hence such p* and p~ are unique. (]
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The pair (u, ™) is called the Jordan decomposition of u. The positive mea-
sures u and p~ are called the positive variation and the negative variation of u

respectively. The total variation of u is the (positive) measure
ul = pt +pu”

The reader is expected to verify the following properties of the total variation

e For all E € M, E is |p|-null if and only if E is null for pu.
e u L vifand only if |u| L v.

Let (X, M, 1) be a signed measure space and let (P, N') be its Hahn decomposition.
Let (™, ™) be the Jordan decomposition of y. Then we have that

w(E) = p(B) = p~(E)=p"(ENP)—u~ (ENN)
= |[pl(ENP) = [pl(ENN)

=/ XENP d\ul—/ XEnN d|p
bd b d

= / xe - (xp — xn) dy
X

- / (xe = xv) dls]
E

for all ¥ € M. In other words, as we have mentioned at the beginning of this
subsection, every signed measure can be written as a difference of two positive
measures and as an integral of a measurable function with respect to a positive
measure.

One can build a theory of integration with respect to a signed measure simply
by considering integrals with respect its positive and negative variations. However,
we shall not proceed in that direction due to time limitations.

5.2. Radon-Nikodym derivatives. Let (X, M,r) be a measure space. Recall
that, given a measurable function f : X — [0, 0c], the map p: M — [0, oo] defined
by u(E) = [ f dv is a measure by the Monotone Convergence Theorem. It turns
out that, under certain hypotheses, one can reverse this procedure and extract such
a measurable function f given p and v. In order to state the necessary hypothesis,
we shall now introduce the notion of absolute continuity of measures with respect
to each other.

Let p and v be (positive) measures on a measurable space (X, M). We say that

1 is absolutely continuous with respect to v if

for all E € M, u(E) =0 whenever v(E) = 0.
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In this case, we write u < v. Although one can extend this definition to signed
measuresﬂ, we shall not need this more general definition for our purposes. What are
some examples of measures that are absolutely continuous with respect to others?

Let v be a measure on a measurable space (X, M) and let f: X — [0,00] be a
measurable map. Consider the measure p : M — [0, 00| given by u(E) = || gl dv.
For any F € M with v(E) = 0, we have that

u(E):/Ede:/XXEdeZ/XOduzo

Thus p < v. We shall soon see that all o-finite examples of measures that are
absolutely continuous with respect to others have to be of this form.
Before we prove this, let use give another characterization of absolute continuity

for finite measures in terms of an e-0 statement.

Proposition 14. Let (X, M) be a measurable space and p and v be finite (positive)
measures on (X, M). Then p < v if and only if for every e € RT there exists § € RT
such that for every E € M we have if v(E) < §, then u(E) < e.

Proof. Assume that the e-d statement holds. Let E € M be such that v(E) = 0.
Let € € Rt be arbitrary. Then there exists 6 € RT such that if v(E) < §, then
#(E) < e. On the other hand, we have v(E) = 0 < 0 and so, p(E) < e. We have
shown that u(E) < e for any e € RT and hence, p(E) = 0. This means that u < v.

Now assume that the e-§ statement fails. That is, there exists € € Rt such that
for all § € RT there exists £ € M with v(F) < § and u(E) > e. Fix such an
e € RT. For each k € NT, we can choose Ey € M such that v(E;) < 27% and
w(Ey) > €. Set F,, = Ur—,, Ex for each n € N*. Then, for each n € N*, we have
that

v(F) <Y v(By) <) 27k =2
k=n k=n

Set F' = ,en+ Fn. Then clearly F' € M and by Theorem a.d, as v is a finite
measure, we have that

v(F) = lim v(F,) < lim 2'"" =0

n—00 n—oo

and that
=1 > i >
p(F) = lim p(Fp) > lim p(E,) > e
Therefore, v(F) = 0 and p(F') # 0. This means that y is not absolutely continuous
with respect to v. [

Next will be proven the main theorem of this subsection, namely, the Radon-
Nikodym theorem.

1Given two signed measures p and v, we say that p is absolutely continuous with respect to v
if |u] < |v|.
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Theorem 41 (The Radon-Nikodym theorem). Let (X, M) be a measurable space.
Let y1 and v be o-finite measures on (X, M) such that p < v. Then there exists
a measurable map g : X — [0,00) such that W(E) = [pg dv for all E € M.

Moreover, this map g is unique up to v-almost everywhere equality.

Proof. We shall first prove the existence of such a map ¢ in the case that p and v

are finite measures. Consider the set
F= {f € LT(X, M,v) :/ fdv < u(E)foral E € M}
E

Observe that
e F is non-empty as the zero map 0 is in F.
e F is closed under taking maximums. To see this, let f, f € F and consider
max{f, f} € LY(X,M,v). Let E€ M. Set A= {z € E: f(z) < f(z)}
and B = FE — A. Then clearly A, B € M and so, as f,f € F, we have that

[ maxtrdydv= [ Favs [ v <)+ n) = pauB) = (o)
E A B

Therefore max{f, f} € F.

By the definition of F, there exists a sequence (f,)nen of functions in F such that

lim fn dv = sup {/ f dl/}
n—oo Jx fer UUx

Since F is closed under taking maximums, by setting go = fo and g, = max{fn+1,9n}

for all n € N, we obtain a monotone sequence (g, )nen of functions in F such that

lim gn dv = sup {/ f du}
n—reo Jx fer UUx

Let g : X — [0,00] be defined by g(x) = lim, 00 gn(x) for all z € X. By the
Monotone Convergence Theorem, we have that

n—oo

/ gdv= lim [ g, dv<u(E)
E E

for all E € M. Therefore g € F. Observe moreover that, by the Monotone

Convergence Theorem, we also obtain

/gdl/: lim gndusup{/fdy}
X n—oo Jx reF UUx

We shall next prove that we indeed have

/Eg dv = p(E)

for all £ € M. We have already proven that g € F and so, the left-hand side is
less than or equal to the right-hand side. To prove the other inequality, consider
the (positive) measure given by n(E) = u(E) — [ g dv for all E € M. We wish to
show that n(E) = 0 for all E € M. Assume towards a contradiction that this is not
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the case. Then there exists some set £ € M with n(E) > 0 and hence, n(X) > 0.
As v is a finite measure, we can find € € RT such that
n(X) > ev(X)

Let (P, N) be the Hahn decomposition of the signed measure n — ev. Let E € M.
Then we have (n — ev)(E N P) > 0 and hence,

u(B)=0(E)+ [ g dv=nEnp)+ [ ga

ZeV(EﬂP)—F/ng
E

z/expdu—i-/gdu
E E

Z/Q+EXPdV
E

It follows that g + exp € F.
We shall next show that v(P) > 0. Assume to the contrary that v(P) = 0.
Then, by the assumption that p < v, we get pu(P) = 0. This means that

0< (= )(P)=n(P) =u(P) = [ gav=— [ gdv<0
which subsequently implies
m—e)(X) = —e)(P)+(—ev)(N) = (n—ev)(N) <0

This contradicts the choice of e. Therefore v(P) > 0. Recall that we showed earlier
that [y g dv < pu(X) < +oo. It now follows from v(P) > 0 that

sup{/fdy}—/gdy</g+expdu
reF UUx X b d

But this is a contradiction as g+exp € F. This completes the proof that n(E) =0
for all E € M. Having proven that

[Eg dv = p(E)

for all E € M, we see that g cannot take the value 400 on a set having positive
measure with respect to v because u(X) < +o0o. Consequently, we can modify the
function g on a v-null set so that its values are contained in [0, o0) and still satisfies
the above equality. This finishes the proof of the existence of such a map g for finite
measures.

Now suppose that p and v are o-finite measures. Then we can find a sequence
(Xn)nen of disjoint sets in M such that X = | |, .y X, and p(X,),v(X,) < oo
for all n € N. Having proven the result for finite measures, in particular for the

restrictions u,, and v, of the measures p and v to the measurable spaces

(X, M | Xp)
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we can find measurable maps g, : X, — [0, 00) such that u(E) = [, gn dv for all
E € M | X,,. Counsider the measurable map g : X — [0, 00) given by g(z) = g, ()
if x € X,,. Then, for all E € M, by Proposition 57 we have that

M(E)=M<I_I(XnﬂE)> =Y wX,NE)

neN neN

=5 Jeon

neN

:Z/XQ‘XXnmEdV

neN

= /X Zg “Xx.nE dV

neN

z/g-XEdV:/gdz/
b4 E

This finishes the proof of the existence of such map g. We now prove the uniqueness

up to v-almost everywhere equality. Let g, h : X — [0, 00) be measurable maps such

that
,u(E):/gdz/:/th
E E

for all £ € M. Then, by Lemma a, we have that g(z) = h(x) holds v-almost
everywhere. (I

The map g in Theorem @, which is unique up to v-null sets, is called the Radon-

Nikodym derivative of p with respect to v and is shown by

dp
9=
The motivation behind the terminology and notation is that the Radon-Nikodym
derivative is supposed to describe the “rate of change of the density of p with
respect to v.” As the notation suggests, the Radon-Nikodym derivative satisfies
many properties of the usual notion of derivative. For example, it is linear and
satisfies the chain ruleE7 that is, if p < v and v < 7, then

du _du v

dn  dv dn
Let us now consider some basic examples.
2Note that we do not really need to integrability assumption in the proof of the relevant part

of Lemma E

3We shall not prove this fact here for it follows from a problem in Homework III.
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e Let FF: R — R be an increasing differentiable function and let ppr be the
corresponding Borel measure on (R, B(R)). Suppose that pr < m. Then

dup /

T F
because we have up((a,b]) = F(b) — F(a) = f(a’b] F' dm for all a < b in R.
e Consider the Dirac measure §; concentrated at k& € N and the counting
measure p on the measurable space (N, P(N)). Clearly we have 0 < p.

Moreover, it is easily seen that

ddy

@ = Xk
The Radon-Nikodym theorem can be generalized to signed and complex measures.
The reader is referred to [Fol99, Theorem 3.8 and Theorem 3.12] for these more
general forms known as the Lebesgue-Radon-Nikodym theorem, which essentially
tells use how to uniquely “decompose” a o-finite signed or complex measure into
two parts one of which is absolutely continuous with respect to a o-finite positive

measure.

5.3. Exercises. Below you shall find some exercises that you can work on regarding
the topics in this section. These exercises are not to be handed in as homework
assignments.
e Exercises 2, 6, 7, 8, 10, 13 from Chapter 3 of [Fol99].
e Exercises 1, 3 from Chapter 4.1 and Exercises 1, 4, 5, 9 from Chapter 4.2
of [Coh93|.

6. Copa

This course is intended to serve as a graduate-level introductory course in mea-
sure and integration theory. The author hopes that the reader enjoyed the course
and benefited as much as possible. Those who wish to study topics in analysis
should read the rest of [Fol99], at least, to have an introductory knowledge on
functional and Fourier analysis. Those who wish to study topics in abstract mea-
sure theory and who seek other books are referred to [Bog07], which is the most

comprehensive treatment of the subject that the author was able to find.

“Mathematics, rightly viewed, possesses not only truth, but supreme
beauty - a beauty cold and austere, like that of sculpture, without
appeal to any part of our weaker nature, without the gorgeous
trappings of painting or music, yet sublimely pure, and capable of
a stern perfection such as only the greatest art can show. The true
spirit of delight, the exaltation, the sense of being more than Man,
which is the touchstone of the highest excellence, is to be found in
mathematics as surely as poetry.”

Bertrand Russell.
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