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1 Motivation for learning Measure Theory

Two important branches of mathematics, namely analysis and probability,
are built on measure theory. The following subsections talk about the mo-
tivations from these two branches separately.

1.1 Analytic motivation

In analysis, the theory of Riemann integration was found to have a few
shortcomings, despite giving a rigorous definition of the integral in terms of
Riemann sums which has its intuitive appeal. One of the first shortcomings
was it failed to integrate functions like the following. Define f :[0,1] — R

by
f(z) = {0’ * €Qn{o.] (1.1.1)

1, else.

A moment’s thought reveals that the integral of the above function on [0, 1]
should be 1 because its value is 1 “almost everywhere”, since there are only
countably many rational numbers.

The second shortcoming, which arose out of technical requirements, is
that the space of Riemann integrable functions is not “complete”. To make
this precise, let R be the collection of bounded Riemann integrable functions
from [0, 1] to R equipped with the pseudo-metric d defined by

1
d(f.g) = /0 F(@) — g(@) dx, f.g € R.

A metric space can be constructed out of (R,d) by identifying f,g € R
whenever d(f,g) = 0. This metric space is not complete, that is, there exist
Cauchy sequences under d which are not convergent.



Another shortcoming of the Riemann theory is that the fundamental
theorem of calculus, which says the following for a differentiable function
f i [a,b] — R with derivative f’:

b
/ f'(2)dz = f(b) - f(a). (1.1.2)

fails whenever f’ is not Riemann integrable on [a, b] because then the left
hand side above doesn’t make sense.

For the reasons mentioned above, the Riemann theory was considered
insufficient and there was a necessity to integrate a larger class of func-
tions. In other words, a richer theory of integration was called for. This was
done by Henri Lebesgue in his doctoral thesis on “Integral, Length, Area”,
which appeared in the Annali di Matematica in 1902. Lebesgue’s work can
be regarded as the starting point of the study of measure theory. Indeed,
Lebesgue’s theory of measure and integration solved the first two shortcom-
ings of the Riemann theory mentioned above. Further, holds for
a larger class of functions f, when its left hand side is considered in the
Lebesgue sense, though not for every differentiable function.

1.2 Probabilistic motivation

Probability theory starts with the classical definition of probability, in which,
the probability of an event is defined as the ratio of its cardinality and that
of the sample space, which is the set of all possible outcomes. While this
definition makes perfect sense as long as the sample space is finite and all
the outcomes therein are “equally likely”, it fails the moment either the
sample space becomes infinite or the outcomes do not remain equally likely.
Although the definition can be stretched a bit to accommodate the case when
the sample space is countable, it is insufficient to deal with an uncountable
sample space. For example, if a (fair) coin is tossed (countably) infinitely
many times, then the sample space

Q= {(wl,wg,...) cwp € {H, T} for all n = 1,2,3,...}

is uncountable. A firm mathematical framework for studying such random
experiments was provided by measure theory.

2 Measure

A close look at f asin tells us that in principle, its integral should be
defined as 0-A(QNJ0,1])+1-A(Q°N][0, 1]), where A(A) is the “length” of a set
A. In other words, our starting point should be to generalize the concept of
length of an interval to “measure” of all subsets. Unfortunately, this cannot
be done for all subsets, which is proved in the following subsection.



2.1 The Vitali construction
For any set X, its power set is denoted throughout by 2%.

Theorem 2.1.1. There does not ezist a function X : 2100 — [0,1] such that
A([0,1)) =1 and X is

1. countably additive, that is, for disjoint A1, A, As,... C [0,1),
A (U An> => A4,
n=1 n=1

2. and translation invariant, that is, if A C [0,1) and x € R are such
that

A+z:={a+z:a€ A} C0,1),
then A(A + ) = X(A).

The proof uses the axiom of choice, which says that for any collection
S of non-empty sets, there exists a function

f:8-J4

AeS

such that f(A) € A for all A€ S.

Proof of Theorem [2.1.1] Assume for the sake of contradiction such \ exists.
For z,y € [0,1), say x ~ y if z —y € Q. Then ~ is an equivalence relation.
Let S be the collection of equivalence classes under ~, that is,

s c 20\ {0},

JAa=11), (2.1.1)

AeS
for A,B € S, either A= B or ANB = (), and

forall z,y € S,z ~y < z,y € Aforsome A€ S. (2.1.2)

The axiom of choice implies there exists a function f : & — [0,1) such
that

f(A)e Aforall A€ S.

Define
V=7f(0S). (2.1.3)

Since this construction is due to Vitali, V' will be later referred to as the
“Vitali set”. The definition of V' ensures that

#(VNA)=1forall AeS. (2.1.4)



For z,y € [0,1), define

T+ vy, ife+y<l,
TDyY= .
r+y—1, ifz+y>1.

Trivially, z @y € [0,1) for all z,y € [0,1). Hence for z € [0,1),
Vor={vdz:veV}C|0,1).
Our first claim is that
AVeaex)=AV),ze]0,1). (2.1.5)
To see the above, write
Vozr=((Vn[o,l-2)+z)u((VN[l-21)+z-1),
and observe that

(V0,1 —2)+zClx,1),
(VNnl—=z,1)+2x—-1Cl0,z).

Countable additivity of A implies
AMVeaz)=A((VN[0,1-z)+z)+A((VN[1-21)+z—1)

=A(VN[0,1-2))) + M (VN[L-x,1))
— (V).

the second line being implied by translation invariance of A and the last line
again following from countable additivity; (2.1.5]) thus follows.
We shall next show that

U ver=p01. (2.1.6)

reQn[o,1)

Fix z € [0,1). It follows from (2.1.1)) that there exists A € S such that
x € A. A consequence of (2.1.4]) is that ANV is a singleton set, say

ANV ={v}.

Thus « and v are in the same equivalence class which is A, and hence (2.1.2))
implies  ~ v. In other words, x — v € Q. Define

T —, if o <ua,
T =
r—v+1, ifv>zx.



It is easy to check that r € QN [0,1) and x = v @ r. Since v € V, we get
z eV @®r. Thus

U ver>siol).

reQn[o,1)

The reverse inclusion being trivial, (2.1.6]) follows.
We shall next prove that the left hand side of (2.1.6]) is a disjoint union,
that is,

(Vaer)n(Vaes) =0 for distinct r,s € QN [0,1). (2.1.7)

Fix distinct 7, s € QN [0, 1) and if possible, let x € (V@ r)N(V @ s). Thus
there exist y, z € V such that

ybr=x=z2z>ds.

Since y @ r equals either y +r or y +r — 1 and likewise for z @ s, one of the
following three must hold:

y+r=z+s, (2.1.8)
y+r=z+s—1, (2.1.9)
or,y+r—1=z+s. (2.1.10)

In all the above cases, y — z € Q, that is, y ~ 2. By ([2.1.2)), there exists
A € S such that y,z € A. Hence y,z € ANV, implies y = z.
Since 7, s € [0,1), neither (2.1.9)) nor (2.1.10) can hold because |r — s| < 1.
Therefore, holds, which shows r = s and thus leads to a contradiction.

This proves (2.1.7)).
Countable additivity of A in conjunction with (2.1.6]) and (2.1.7) shows

Ao,D)= > AV

reQnio,1)

= > AW,

reQn[o,1)

(2.1.5) implying the second line. Obviously,

if A =
reQnlo.1) oo, if A(V)>0.

This contradicts A([0,1)) = 1 and thus completes the proof. O

2.2 Definition of measure and its properties

Theorem 2.1 1l tells us that the domain of a “measure” on a set X has to be
much smaller than 2X. This calls for the following definition.



Definition 2.2.1. Given a non-empty set Q, A C 22 is a o-field on Q if
Qe A, Aec Aimplies A° € A, and Ay, As, ... € A implies |, A, € A.
If Ais a o-field on Q, then (2, A) is a measurable space.

Now we are in a position to define measure. Before that let us fix the
convention for adding and subtracting co. Define

T+ 00 =00+ =00 for all x € (—o0, ]

and
x—o00=—00+x=—0o0 forall x € [—00,00).

Neither 0o — oo nor —oo+ o0 is defined. For a, € R = [~o0, 00], say a,, — o
if for all M € R, there exists N such that

anp > M for alln > N .
Similarly, a,, — —oc if for all M € R, there exists N such that
anp < M for alln > N.

In view of the above definition, it is easy to check that for ai, as, ... € [0, o],
there exists s € [0, oo] such that

n
E a; — S, N — 00.

i=1

For such a,, and s, we define

9]
g a, = S.
n=1

Definition 2.2.2. Given a measurable space (2, A), a function pu : A —
[0,00] is a measure if u(0) =0 and p is countably additive, that is,

oo
WAIU AU .. =) u(Ayn) for all disjoint Ay, Az, As, ... € A.

n=1
The tuple (2, A, i) is a measure space. We say i is a

e probability measure if u(Q) = 1 and in this case (2, A, u) is a proba-
bility space (a probability measure is usually denoted by P),

e finite measure if u(2) < oo and in this case (2, A, 1) is a finite mea-
sure space,



e o-finite measure if there exist A1, As, ... € A such that
o0
Q= UA" and p(Ay) < oo, n>1,
n=1
and in this case (2, A, p) is a o-finite measure space.

Exercise 2.2.1. Suppose (2, A, i) is a measure space. If A C B and A, B €
A, show that u(A) < u(B).

Exercise 2.2.2. Suppose (2, A, 1) is a o-finite measure space. Show that
there exist disjoint A1, Ao, ... € A such that

oo
Q= UA” and p(A,) <oo,n>1.
n=1
Let us give a few examples of measure spaces.

Example 2.2.1. Let Q be an uncountable set. Define
A={AC A: Either A or A is countable.} .

Clearly, A is a o-field, usually called the countable-cocountable o-field. A
set is called cocountable if its complement is countable. Fix 0 < a < oo and
let

o, if A is countable,
n(A) = o
0, if A is cocountable.

Then p is a measure on (2, A). Furthermore, p is not o-finite if o = oo.

Example 2.2.2. Suppose Q D C # (). Define
W(A) = £(AN C), A€ 2.

Then 1 is a measure on (Q,2%2), called the “counting measure” on C. If C
1s countable, then u is o-finite.

The following property of a measure is known as “continuity”.
Theorem 2.2.1. Suppose (2, A, 1) is a measure space. For A1, Ay, ... € A,

e (continuity from below) A, T A implies p(A,) T u(A),

e (continuity from above) A, | A and u(A1) < oo imply p(A,) | u(A).

Proof. Assume first that A, T A. That pu(A;) < u(Ay < ... follows from
monotonicity of u. Denoting Ag = (), it is immediate that

A= fj A\ Ap_1),
n=1

7



and that the sets on the right hand side are disjoint. Thus,

n(A) = Z 1A\ Ap—1)

n=1

:nlgﬁ.zZM i\ Ai-)

— Tim p(An),

n—oo

the last line following from the observation that
n
Ap = J(Ai\ Aiy).
i=1

Thus p(A4,) T n(A), that is, continuity from below follows.

Now suppose that 4, | A and p(A;) < oco. Once again, p(A;) >
w(Ag) > ... follows from monotonicity. Clearly, AS 1 A¢ and hence
(A1 \ A,) T (A1 \ A). Continuity of p from below implies that

(AL \ Ap) T (A1 \ A).

Since p(A;1) < oo, the above is the same as

(A1) — p(An) T (A1) — p(A) .
Thus u(Ay) 4 u(A). This completes the proof. O

Exercise 2.2.3. If Q) =N and u is the counting measure on N, show that
{n,mn+1,...} 10

and
w{n,n+1,...}) A0, n—o0.

Definition 2.2.3. For Q # 0 and G C 2%, the o-field generated by G,
denoted by o(G), is defined as

o(G) = ﬂ A.

A:GCAC29, A is a o-field

In other words, o(G) is the intersection of all o-fields on Q which contain

Gg.

Exercise 2.2.4. If Q and G are as above, show that o(G) is the smallest
o-field containing G, that is,

1. G Co(9),



2. 0(G) is a o-field,
3. and if A is any o-field on Q with A D G, then o(G) C A.

Definition 2.2.4. The o-field on R generated by the collection of all open
subsets of R is called the Borel o-field on R and is denoted by B(R). Elements
of B(R) are called Borel sets.

Exercise 2.2.5. Show that A C R is a Borel set if A is
1. an open set
2. a closed set
3. a countable set
4. or an interval, that is, A is one of (a,b), (a,b], [a,b) or [a,b] for some
—xo<a<b< .
2.3 The Carathéodory extension theorem

For constructing useful measures, the usual method is to first define a
“countably additive set function” on a “field”, and then use an extension
theorem to extend it to the generated o-field. This is done with the help of
the Carathéodory extension theorem, stated and proved below. This result
is therefore of fundamental importance in measure theory.

Definition 2.3.1. For Q # 0, F c 2% is o field if 0 € F, A € F implies
A¢ e F and A, B € F implies AUB € F.

Exercise 2.3.1. If F is a field, show that for Ai,..., A, € F,
AiU...UA, e Fand A1N...NA, € F.

Definition 2.3.2. Given a field F on Q # 0, a function p : F — [0, 00] is
a countably additive set function if u(0)) = 0 and

H (l\J14n> ==j£:/$04n)
n=1 n=1
whenever Ay, As,... € F are disjoint and Ay UAsU... € F.

Theorem 2.3.1 (Carathéodory extension theorem). If F is a field on Q2 # ()
and i s a countably additive set function on F, then there exists a measure
p* on (Q,0(F)) such that

w*(A) = u(A) for all A e F.



Let © be a countably additive set function on F. We start with defining
u* as the “outer measure” of u as follows:

w(E) :inf{Z,u(An) tEC | Anand Ay, A, .. e]—"} , B et
n=1

n=1
(2.3.1)
Lemma 2.3.1. For all A€ F, u*(A) = p(A).
Proof. Fix A € F. Letting A1 = A and Ay = A3 = ... = (), it is immediate
that -
wA) < n(An) = p(A).
n=1
For the reverse inequality, suppose that
AC U A, for some Ay, As,... € F. (2.3.2)

n=1

Define By = AN Aj, BQZADA20A§7 BgZAﬂAg,ﬂ(AlUAQ)C and in

general
n—1

B, =ANA,nN (U AZ-) forallm > 1.

i=1
Since F is a field, By, Bo, ... € F. Further, (2.3.2]) shows

BiUByU...=A.

Obviously, Bi, Bo, ... are disjoint. Countable additivity of p implies that

[e.9]

u(A) = u(Ba) <D n(An),
n=1 n=1

the inequality following from the trivial fact that any countably additive
set function is necessarily monotone. Since this holds for any Aj, Ao, ...

satisfying (2.3.2), we get
n(A) < pr(4).

This along with the already proven reverse inequality completes the proof.
O

Lemma 2.3.2. For all Ay, As, ... € 29,

(U < 3w,
n=1 n=1
In other words, u* is countably subadditive.

10



Proof. Let Ay, A, ... €22, The claim would follow if it can be shown that
for all € > 0,
[ee] [e.e]
s (U An> Se+ > pf(An). (2.3.3)
n=1 n=1
Fix € > 0. By definition of p*, there exists A1, Apa,... € F such that

AC A UARpU... and Y p(An) < p*(An) + 27"
=1

Thus
Uac U0
n=1:=1
Hence
% ( U An> <3N ) € 30 (0 (An) + 27 =+ pt (4
= n=1 i=1 n=1 n=1
This shows from which the proof follows. O

Lemma 2.3.3. Define
A={Aec2?: y"(E)=p*(ENA) +p* (ENA°) for all E € 29}. (2.3.4)
Then AD F.
Proof. Lemma [2.3.2] shows that
p(E) < p*(ENA)+ p*(ENA°) for all E, A € 2.
Hence becomes
A={Aec2%: y"(E) > p (ENA) +p*(ENA°) for all E € 29}. (2.3.5)

Let Ae F and E € 22 Fix € > 0 and let Ay, Ay, ... € F be such that

ECUA and p*(E +€>Z,u

n=1

The definition of p* implies

and

WE

PHENAY) < S p(Ann A%).

S
Il
—



Combining the two yields
pH(ENA) +p(ENAY) <D p(An N A+ p(A, N A
n=1 n=1

(countable additivity of u) = Z (A

<e+u'(E).
Since ¢ is arbitrary, it follows that
pw(ENA)+p*(ENA°) < p(E).

As this holds for all E € 2, (2.3.5) shows A € A and hence completes the
proof. O

Lemma 2.3.4. The collection A, as in (2.3.4)), is a field and

w (Eﬂ (U An>> = Z,u*(EﬂAn) for disjoint Ay, Aa,... € A, E € 29,
n=1

n=1

Proof. The definition (2.3.4]) shows 2 € A and that A is closed under com-
plements. Suppose A, B € A and E € 2. Define

F=EN(AUB).
Since A € A,
p(F)=p (FNA) +p"(FNAY) =p" (FNA) +pu (ENBNAY.
Since B € Aand FN A € 29,
p (FNA) = u*(FNA)NB)+u* (FNA)NB®) = u*(ENANB)+u* (ENANB®),
which implies

p(EN(AUB))=p"(ENANB)+p (ENANB®) + p*(ENBNA°).
(2.3.6)

Once again, A € A implies

p(E) =p (ENA)+p"(EN A%
(asBe A)=p"(ENANB)+p (ENANDB®) + p*(ENA°NB)
+ u*(ENA°N B°)
(by [2:3.6)) = n* (EN(AUB))+ " (ENA°N B°)
=1* (EN(AUB)) +pu* (EN(AUB)°) .

12



Since this holds for all £, AU B € A, showing that A is a field.
Fix E € 2% and disjoint A1, Ag,... € A. Let

F=EnN(AjUAsU...).
Then
pr(F) = p*(F N Ay + p*(F N AS)
=u"(ENA)+p" (EN(A2UA3U...)) .
Proceeding inductively, it can be shown that for all n =1,2, ...,
W) = S p (B A) + it (B (A U ) > Y uf (BN 4).
i=1 i=1

Since this is true for all n, we get
o
pHEN(AIUAU..)) =Y p*(ENA).
i=1

Lemma yields the reverse inequality and thus completes the proof. [

Lemma 2.3.5. The collection A is a o-field and p* is a measure on (2, A).

Proof. Since A has already been shown to be a field in Lemma [2.3.4] to
show A is a o-field it suffices to prove it is closed under disjoint countable
union. Let A1, Ao, ... € A be disjoint. Let

A=A 1UAU...and F;, =41 U...UA,,n>1.
Since F,, € A by Lemma for any E € 29,
W (E) = p* (BN Fo) 4+ (B0 FY)
n
(by Lemma 23.4) = > " p*(ENA;) + p*(E N FY)

i=1
n
>t (ENA) + pt (BN A°),
i=1
the last line following from the observation that F); C A¢ and the fact that
w* is monotone, that is,

WH(A) < i (B)if AC BCQ,

which follows from the very definition of u*. Let n — oo to get

o0
W(B) = S pt (BN A+t (BNAY) = (BN A) + 1 (B A,
i=1
the second equality following once again from Lemma [2.3.4l Thus A € A
by (2.3.5). Hence A is a o-field. Taking F = 2 in Lemma [2.3.4] shows p* is
a measure. This completes the proof. ]

13



Proof of Theorem [2.3.1. Lemmas [2.3.1], 2.3.3] and [2.3.5] complete the proof.
O

2.4 Uniqueness of the extension

After Theorem the most pertinent question which arises subsequently
is whether the extension is unique. The following theorem answers this.

Theorem 2.4.1 (Uniqueness). If u and v are finite measures on (2, o(F)),
where F is a field, and

w(A) =v(A) for all A € F,
then p,v agree on o(F).

The proof uses the following definition and the “monotone class theorem”
which will be proved a moment later.

Definition 2.4.1. For Q # (), M C 2 is a monotone class if
A, e M and A, T A imply A e M,

and

A, EM and A, | A imply A e M.

Theorem 2.4.2 (Monotone class theorem). If F is a field, F C M and M
18 @ monotone class, then

o(F)c M.

Although ‘MCT’ is an abbreviation for the above theorem, the same is
being saved for the monotone convergence theorem to be stated and proved
later.

Proof of Theorem[2.7.1]. Define
g={Aeo(F):u(d) =v(A)}.

The hypothesis implies 7 C G. Finiteness of u(2) and v(£2) in conjunction
with Theorem implies that

w(Ayp) — u(A) and v(A4,) — v(A)

if either A, T+ Aor A, | A. Thus A € G if A, € G and either A, T A
or A, | A. In other words, G is a monotone class. Theorem shows
G D o(F), from which the proof follows. O

Remark 2.4.1. The technique employed in the proof of Theorem is
a variant of the so-called “good set principle” and is ubiquitous in measure
theory, which is the following. For showing that a property holds for every
set in a o-field generated by a collection H, we first define a set to be “good”
if it has the said property and then show the following.

14



e The collection of all good sets, say G, is a o-field

e and that H C G.
The above would ensure from the definition of a o-field generated by H that

o(H)Cg

which is tautologically the same as that the desired property holds for every
set in o(H). The tools needed for showing G to be a o-field vary with context.
In the proof of Theorem[2.].1}, for example, the monotone class theorem was
used to essentially show that G is a o-field. In other situations, G is shown
to be a o-field from first principles.

The following stronger version of Theorem [2.4.1] can be proven along
similar lines, whose proof is left as an exercise.

Theorem 2.4.3. Suppose (2, A) is a measurable space on which, 1, pa are
measures. Assume F C A is a field. If p1,pue are o-finite on F, that is,
there exist Ay, As,... € F such that

UAn:Q and pi(Ap) < oo foralli=1,2,n=1,2,...,

n=1

and
p1(A) = po(A) for all A€ F,

then
w1 (A) = pua(A) for all A € o(F).

Proof of Theorem [2.4.3. Let My be the intersection of all monotone classes
containing F, that is, the smallest monotone class containing F. Clearly, it
suffices to show that

o (.7: ) C Mo
To achieve that end, we shall show that M is a o-field, which will be done

via the following steps.
Step 1. If A € My, then A° € M.

Proof of Step 1. Define
G:={AecMy: A° € My}.

Notice that F C G because F is a field. Next observe that if A1, As,... € G
and A, T A, then A € Mg because My is closed under monotone unions.
Further, AS € My and A, | A°. As M is closed under monotone intersec-
tion, A¢ € My. Therefore, A € G, showing that G is closed under monotone
union. Similarly, it can be shown that G is closed under monotone intersec-
tion. Thus, G is a monotone class containing . Hence, G D My, thereby
proving Step 1. O

15



Step 2. If A€ F and B € Mg, then AU B € M,.

Proof. Define
H:={BeMy:AUBec Mforal Aec F}.

By virtue of being a field, 7 C H. Routine verification will ensure that H
is a monotone class, and hence contains M. This proves Step 2. ]

Step 3. If A, B € My, then AU B € M.

Proof. Define
Z:={BeMy:AUBe M,forall Aec My}.

By Step 2, it follows that F C Z. Once again, similar ideas will ensure that
7 is a monotone class, and thus prove Step 3. 0

Steps 1 and 3, along with the fact that M is a monotone class establishes
that it is a o-field, and thus completes the proof of the monotone class
theorem. O

The statement of Theorem [2.4.3] should not be misinterpreted as the
following: if u,v are o-finite measures on (£2,0(F)), where F is a field,
which agree on F, then they agree on o(F). As shown by the following
example, the claim just made is false.

Example 2.4.1. Define measures p and v on (R, B(R)) by

u(A) = #(ANQ),
v(4) =2#(ANQ),

for all A € B(R). Let
]::{Rﬂ((al,bl]u...u(an,bn]): —o<a <b <...<ay < b, <00,

n=0,1,2,...}.
Then F is a field and o(F) = B(R). Further, p and v agree on F, are
o-finite on B(R), and do not agree on B(R).
2.5 Extension from semi-field to field

In practice, it is usually easier to define a set function on a “semi-field” and
then extend it to the generated field.

16



Definition 2.5.1. For Q #0, S C 2% is a semi-field on Q if Q € S,
A, B €S implies ANB € S,

and for all A € S,
A°=A1U...UA,,

for some disjoint Ay,..., A, €S.
Example 2.5.1. Let
S={(a,b]NR: —c0<a<b< oo} .
Then S is a semi-field on R. It can be checked that o(S) = B(R).
Theorem 2.5.1. If S is a semi-field on Q) # 0, then
F={AU...UA,: A1,..., A, €S8 are disjoint, n =0,1,2,...}
is the smallest field containing S.

Proof. Trivially, any field containing S contains F. Thus, all that has to be
shown is F is a field. Since § C F, Q € F is automatic.
Suppose A, B € F. Then

A=AU...UA,,and B=B{U...UB,
where Ay, ..., A, € S are disjoint and so are By, ..., B,. Thus
m n
ANB= U U(Asz])
i=15=1

where {(4;NBj):i=1,...,m, j=1,...,n} is a collection of disjoint sets.
Since S is a semi-field,

AiNBjeS,i=1,....m,j=1,...,n.

Hence AN B € F. That is, F is closed under finite intersections.
To show that F is closed under complements, let A € F. Then

A=A4U...UA,

for some disjoint Ay,..., A, € S. Since A; € Sfori=1,...,n,

k;
A§ = U B;; for some disjoint B;1,..., B, € S.
j=1

17



Thus

k1 kn
Ac=A5n..nA =] ... J By, n...nBy,) . (2.5.1)
j1:1 jnzl

Clearly,
BijyN...NByj, €S, (J1,---,dn) €{1,... ka} x ... x{1,... kp},
and
(Biiy N...N Bypi,, ) NV (B, N...N Byj,) =0if (i1,...,in) # (J1,-- -1 n) -

Hence shows A € F. Since a collection of subsets, to which contains
the whole space belongs and which is closed under complements and finite
intersections, can be shown to be a field, F is a field, and hence the proof
follows. O

Definition 2.5.2. Suppose S is a semi-field on Q # (). A function p: S —
[0, 00] is a finitely additive set function if u(@) = 0 and

p(A1U.. UA,) = p(Ar) + ...+ p(4y)

whenever Ay,...,A, € S are disjoint such that A1 U...UA, € S. If in
addition,

(AT UA UL ) =) p(Ay)
n=1

whenever Ay, As,... €S are disjoint such that Ay UAsU... €S, then u is
a countably additive set function.

Theorem 2.5.2. Suppose Q # 0, S is a semi-field on Q and p is a finitely
additive set function on S. Let F be the field generated by S. Define u :
F — [0,00] by
k
w(A) = Z w(Ai), if A= A1U.. .UAg for disjoint Ay,..., A € S. (2.5.2)
i=1
Then p is well defined on F, that is, different representations of A lead to
the same definition of u(A), definition of p remains unchanged on S and p

is finitely additive on F. If in addition, p is countably additive on S, then
so it is on F.

Proof. Assume p is finitely additive on S. The first step is to show that the
right hand side of (2.5.2)) remains invariant under the choice of Ay, ..., Ag.
In other words, if for some A € F,

AiU...UA, =A=BiU...UB,,

18



where A4, ..., A, are disjoint sets in S and so are By, ..., B,, then

> u(A) = u(By). (2.5.3)
i=1 j=1
For a fixedi =1,...,m,

Ai:AiﬁA:Aiﬂ(Blu...UBn):U(AiﬂBj).
j=1

Since By, ..., B, are disjoint, so are A; N By, ..., A; N B,. Finite additivity
of p shows

p(Ai) = p(Ain By),
j=1

and hence . o
> ulA) =YY wANnB).
i=1 i=1 j=1

(2.5.3)) follows by comparing the above two equalities. In other words, u
is well defined by (2.5.2). A trivial consequence is that (2.5.2)) keeps pu

unchanged on S.
Finite additivity of u on F would follow if it shown that

(AU B) = u(A) + u(B) for disjoint A, B € F.
Fix A, B € F disjoint. Then
A=AU...UA,,and B=BiU...UB,
for disjoint Ay,...,An, B1,..., By € S. It follows from (2.5.2)) that
WAUB) => (A + > u(By) = u(A) + u(B),
i=1 j=1

establishing p is finitely additive on F.
For the final claim, suppose p is countably additive on S. Suppose that
Ay, Ao, ... € F and

GAn:Aooe]:.
n=1
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Then for n =1,2,..., 00, there exist disjoint By, ..., By, € S such that
An:Bnlu...UBnkn,

where ki, k2, ..., koo € N. Thus
A) =Y 1t (Boci) - (2.5.4)

Fori=1,... ks,

Booi = Booz N Aoo

oo kn

=Booi N [ | U Brj
n=1j=1
oo kn
n=1j=1

Since Boo; N Bp; € S for alln = 1,2,... and j = 1,...,ky, and the right

hand side above is a disjoint union, countable additivity of u on S shows
that

oo kn

M(Booi) = Z Z U(Booi N an) .

n=1j=1
Invoking (2.5.4)) in conjunction with the above, it follows that

koo o0 kn

1(Ase) =D D 1(Booi N Buj)

i=1 n=1j=1

0 koo kn

Y Y BBy

n=1i=1 j=1
oo

= ZN(An)v
n=1

where the last line again uses (2.5.2) along with the observation that

koo kn

i=1j=1

and that the extreme right hand side is a disjoint union. This shows y is
countably additive on F and hence completes the proof. O

The following is a trivial consequence of Theorems and
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Corollary 2.5.1. If Q # 0, S is a semi-field on Q and p : S — [0,00] is
countably additive, then u can be extended to a measure on (Q,U(S)).

Theorem 2.5.3. If Q # (), F is a field on Q, and p is a finitely additive
set function on F, then p is

(a) monotone, that is, u(A) < u(B) for A,B € F with A C B,

(b) finitely subadditive, that is,

p(Aiu...UA,) <p(A)+...+u(4y), AL, Ay € F,

(c) and countably superadditive, that is,
p(A) 2 " u(An) if Ay, Ag, ... € F disjoint, A= | | Ap € F.
n=1 n=1

Proof. The first two claims are trivial. For (c), use (a) to argue for a finite
N,

N
pA) > (AU UAN) =Y p(Ay).
n=1

Letting N — oo, (c) follows, which completes the proof. O

Regarding the question of uniqueness, the following is a trivial conse-

quence of Theorems [2.4.3] and [2.5.1]

Theorem 2.5.4. Suppose (2, A) is a measurable space on which, py, pa are
measures. Assume S C A is a semi-field. If p1, pe are o-finite on S, that
18, there exist A1, As, ... € S such that

UAn:Q and pi(Apy) < oo foralli=1,2,n=1,2,...,
n=1

and
p1(A) = p2(A) for all A€ S,
then
w1 (A) = ua(A) for all A€ o(S).
Proof. Exercise. O
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2.6 Riemann-Stieltjes measure on R

Definition 2.6.1. Given a function F: R — R, a measure p on (R, B(R))
is the Riemann-Stieltjes measure corresponding to F' if

1((a,b]) = F(b) — F(a) for all —oo <a<b<oo. (2.6.1)

Due to its importance, the following is a fundamental result in measure
theory.

Theorem 2.6.1. For any non-decreasing right continuous function F : R —
R, a unique Riemann-Stieltjes measure p corresponding to F exists.

Proof. Define
F(o0) = lim F(x),

T—00
and
F(—o00) = lim F(x),
T—r—00

both of which exist because F' is monotone. Let S be as in Example 2.5.1]
Define p: S — [0, 00| by

(A) = F(b) — F(a), A= (a,b]NR for some —oo<a<b< oo,
= 0, otherwise, that is, if A =0;

F(b) — F(a) is defined whenever a < b because then neither F'(b) nor —F'(a)
equals —oo (the sum of two quantities in [—o00, 0o] is undefined if and only
if one of them is co and the other one —o0).

The first step is to show that p is finitely additive on S. Let Ay, ..., A, €
S be disjoint such that

A=AU...UA4,€S.
Without loss of generality, assume these are non-empty, that is,
A; = (a3, b;] NR for some — oo < a; < b; < 0.

Since A;NA; =0 for all 1 < i < j < n, either b; < a; or b; < a;. By a
relabelling, it can be assumed without loss of generality that

a<b<a<...<b_1<ap,<b,.

Since A € S, it is necessary that A = (a1,b,] "R and hence by = ao,..
bp—1 = a,. Thus

e

n

> u(Ai) =D (F(bi) — F(ar))
=1

=1
F(by) — F(ay)
1(A),

(because by = ag,...,bp—1 = ay)
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showing p is finitely additive on S.

Let F be the field generated by S. Extend p to F by . Theorem
shows p is finitely additive on F. Theorem tells us p is monotone,
finitely subadditive and countably superadditive on F.

Our next task is to show p is countably additive on S. Let Ay, Ag,... € S
be disjoint such that

JAan=4€s.
=1

Countable superadditivity of p on F implies

> u(An)

Once it is shown that

) <e+ Z,u ) for all € > 0, (2.6.2)

countable additivity of y on & would follow.
Fix ¢ > 0. Suppose A,, = (an,b,] N R for some a,, < b,. Let 6, > 0 be
such that
F(by+0d,) <e27"+ F(by), n > 1,

which exists if b, < oo by right continuity of F', and trivially holds for any
op > 01if b, = 0
Suppose A = (a,b] C R for some a < b. The proof of will be
given separately for the cases b < co and b = co. First assume b < co. Let
"€ (a,b]. In this case, —oo < a < a’ < b < co. Since

o0

[a’,b] C U (an, b [j () (2.6.3)
n=1

the Heine-Borel theorem implies
N
I < | (an,bn + 6n)
n=1
for some finite N. Thus

N N
(a/,b] C I € | J(@nbn+6n) € | ((an, b + 6] NR) .
n=1 n=1
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Monotonicity of p on F implies

p((a’,b]) <

=
N
C=

((@n, by + 6, N R))

WE

(finite subadditiviety on F) < 1((an, by + 0,] NR)

I
[]=
e
=
S
+
(=2}
&
|
=
S
g

That is,

Since
lim F(a') = F(a), (2.6.4)
a’la
which follows from right continuity of F' is a > —oo and the definition if
a = —00, (2.6.2) follows for the case b < co.
To prove (2.6.2) in the case b = oo, fix a < o’ <V < b = co. The
arguments from (2.6.3) to (2.6.4) with b replaced by ', using the Heine-
Borel theorem, imply

F) - Fla) <e+ > u(Ay).
n=1

Letting b’ 1 oo, follows for the case b = occ.

As argued before, shows p is countably additive on S. Invoking
Corollary p can be extended to a measure on (R,o(S)). Clearly,
o(S) = B(R), and hence p is a Riemann-Stieltjes measure corresponding to
F.

For uniqueness, suppose u1 and us are Riemann-Stieltjes measure cor-
responding to F'. Then

1 ((a,b]) = p2((a,b]) for all —oo <a <b<oo.
Continuity from below implies

u1(A) = po(A) forall A€ S.
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Further,

R= U(n,n+1] and p1;((n,n+1]) <ocforalln e Z,i=1,2.
neZ

Theorem implies 1 and uo agree on o(S) which is B(R). Thus unique-
ness follows, which completes the proof. O

Theorem 2.6.2. Given a function F : R — R, a Riemann-Stieltjes mea-
sure corresponding to F' exists if and only if F is non-decreasing and right
continuous.

Proof. The “if” part is precisely the claim of Theorem For the con-
verse part, assume a Riemann-Stieltjes measure p corresponding to F' exists.
Then for —oco < a < b < oo,

F(b) ~ F(a) = p((a.b]) >0,

showing that F'is non-decreasing. For right continuity, assume that x,, | x
for real numbers x1,...,zo. Then

Since p((2o0,21]) = F(21) — F(2oo) < 00, continuity from above implies

1((Zoo, Tnl) 0.
In other words,

lim F(z,) = F(r) -

n—0o0

As this holds for any z,, | oo, F' is right continuous at z~.. Hence the “only
if” part follows, which completes the proof. ]

Definition 2.6.2. The Riemann-Stieltjes measure corresponding to F', when
F is the identity function, that is,

F(z) =z for all z € R,
1s the Lebesgue measure on R.

Exercise 2.6.1. 1. Show that the Lebesque measure A on R is translation
invariant, that is,

AMA+z)=AA) forallz € R, A € B(R),
where A+ x={a+z:a€ A}.

2. Hence or otherwise, prove that the Vitali set V', as in (2.1.3), is not a
Borel set.
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Definition 2.6.3. A measure p on (R, B(R)) is a Radon measure if u(K) <
oo for every compact set K C R.

Exercise 2.6.2. Suppose u is a measure on (R,B(R)). Show that there
exists a non-decreasing right continuous F : R — R such that p is the
Riemann-Stieltjes measure corresponding to F if and only if u is a Radon
measure.

3 Integration

Once measure has been understood, the next step is to develop the theory
of integration. The first step towards that is to study those functions for
which integration can possibly be defined, which are so-called “measurable
functions”.

3.1 Measurable functions

Definition 3.1.1. Suppose (Q1,.A1) and (Q2, A2) are measurable spaces. A
function f : Q1 — Qg is measurable with respect to Ay /As if

fHA) € A; for all A € As,

where f71(A) = {w € O : f(w) € A}. Whenever either Ay or As is obvious
from the context, it will be suppressed in the mention of measurability.

Theorem 3.1.1. Suppose Q1 # () and (Qa,.Az) is a measurable space. Then
{f_lA :Ae ./42}
1 a o-field.

Proof. Let
Ar={f1A: Ae A} .

Clearly, Q1 = f1Qy € A;. It is easy to check that for any collection
(Aq : a € I) of subsets of Qo,

! (U Aa> =J r'4a. (3.1.1)

a€el ael

Hence if By, Bo,... € Ay, that is, B,, = f~'A,, for some A,, € As, then
BlUB2U...:f_1(A1UA2U...)6./41 because A; UAsU... € Asy.

Finally,
(f71A)" = fH(A) for all A C Qy, (3.1.2)

which shows A; is closed under complements. Thus A; is a o-field, which
completes the proof. O
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Theorem 3.1.2. Suppose (21,.A1) and (Qo, A2) are measurable spaces and
[ — Qo is a function. If G C Ay is such that 0(G) = As and

ftAe A forall A€ g,

then f is measurable.

Proof. Let
F={AcCQ:fltAec A}.

The hypothesis implies G C F. Clearly 2o € F because A; is a o-field and

hence f~1Qy = Q1 € A;. Next (3.1.1) and (3.1.2) show F is a o-field. Thus
F D o(G) = Az. Hence the proof follows. O

Exercise 3.1.1. Show that
B(R) =0 ({(—00,z) : x € R}) =0 ({(—00,z] : x € R}) .

Theorem 3.1.3. Suppose (2, A) is a measurable space and f, g are A/B(R)-
measurable functions from Q to R. Then f + g is A/B(R)-measurable.

Proof. In view of Exercise |[3.1.1} it suffices to show that
(f +9) Y(—o0,z) € Aforallz € R.

Fix z € R. We claim that

(f "’g)_l(_OO’x) = U (f_l(_ooﬂd)) N (g_l(—oo,m - ’I“)) .
reQ

That the right hand side is a subset of the left hand side is obvious. For the
reverse inclusion, fix w in the left hand side, that is,

fw)+g(w) <z.
Then f(w) < x — g(w). Thus there exists r € Q such that
flw)y<r<z—gw).

Hence w € (f~(—o0,7)) N (¢~ (—o00,z —)). This shows the claimed set
theoretic equality and hence the proof follows. O

Exercise 3.1.2. If (Q,.A) is a measurable space and f : Q1 — R is measur-
able, show that for any o € R, af is measurable.

Definition 3.1.2. A function f : R — R is a Borel function if it is
B(R)/B(R)-measurable.

Theorem 3.1.4. 1. A continuous function is a Borel function.
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2. A monotone function is a Borel function.

Proof. 1. If f:R — R is continuous, then f~'U is an open set for every
open set U C R. Since

B(R) =0 ({U CR:U is open}),
f is Borel.

2. Suppose f: R — R is non-decreasing. Fix z € R and let

o = sup (ffl(—oo, z]) .

It is immediate that f~!(—oo0, z] is either (—o0o.a) or (—o0, a]. In both
cases,

f Y (=o0,z] € B(R).

Since this holds for all x, f is Borel. A similar argument holds for a
non-increasing function.

O

Theorem 3.1.5. Suppose (§2;,.A;) is a measurable space for i = 1,2,3. If
f:Q1 — Qo and g : Q9 — Q3 are measurable, then go f : Q1 — Qg is
measurable.

Proof. Follows from the definition. O

Theorem 3.1.6. Suppose (2, A) is a measurable space and f,g are mea-
surable functions from Q to R. Then fg is measurable.

fo— (TH9) _(f=9Y
2 2 ’
Theorem shows (f +¢)/2 and (f — ¢)/2 are measurable. The function

x — 22 is Borel by Theorem Theorem shows ((f + g)/2)2 is
measurable. The proof follows by applying Theorem [3.1.3| once more. 0

Proof. Write

Theorem 3.1.7. If f,g are measurable functions from some measurable
space (2, A) to R, then fV g and f A g are measurable.

Proof. Exercise. O
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3.2 Integration of non-negative functions

Henceforth, (2, A, 1), where u(€2) > 0, will be the underlying measure space.
Unless mentioned otherwise, functions talked about are A-measurable. The
theory of integration is first developed for all non-negative measurable func-
tions on ) which possibly take the value infinity. To that end, define

R = [—o00, 0]

and -
B®) = o (BER)U {{-oc}. {0} }) -
That is, B(R) is the smallest o-field on R which contains the singleton sets
{—o0} and {oc}, in addition to every Borel subset of R.
Exercise 3.2.1. Show that
B(R) =0 ({[~o0,z): x € R}) .

Definition 3.2.1. A measurable function s : Q — R is a simple function if
range of s is a finite set, that is,

#5(02) < 0.

First we shall define integral of simple functions, for which, the conven-
tions of multiplication of two numbers which are possibly infinite have to be

set. Define
—o0, if —oo <2 <0,

r-00=00 =40, if x =0,
o, if 0 < x < oo,
and
0, if —co<a<O,
x-(—00)=(—00) -x=1<0, itz =0,

—00, if0<ax< .
It is worth emphasizing that +oo - 0 has been defined to be 0.

Definition 3.2.2. If s : Q — [0,00] is a simple function whose range is
{ag,...... ,apn }, where ay, . .., ay are distinct by convention, the integral of
s with respect to p, denoted by [ sdp, is defined by

/s dp = Z i (s Hayl) . (3.2.1)

Theorem 3.2.1. IfS = Z?:l BZ]-AU U)he’lne A17 e 7An S A are dZS]OZnt and
/817 . '7ﬁn S [0700], then

/s du = i:ﬂm(fli) :
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Proof. Zero times anything, including oo, is zero. Hence it can be assumed
without loss of generality that A; # () for ¢ = 1,...,n. For w € A;, which
exists as A; # 0,

s(w) = Bi,
because A, ..., A, are disjoint. Thus f1,...,0, € s(Q2). Further, for all
a € 5(Q), either @« = 0 or a« = f; for some . In the latter case,

8_1{0z}: U A,

8=«
and hence for o € s(Q2) \ {0},
p(sHal) = D0 w(4). (3.2.2)
i:B;i=«

The definition implies

/sdu: Z ap (s7H{a})

a€es()

= S au(sHad)

aes(Q)\{0}

by EZZ)= Y o Y uA)

acs(@\{0} ifi=a

= Z Z Bip(A;)

aes(@\{0} i-fi=a

= > Bin(A)

1:8;70
= Bin(Ai).
=1

This completes the proof. O

Theorem 3.2.2. If s,t are simple functions with 0 < s <t, then

/sd,u < /td,u.
Proof. Let

{sHa}nt HBl:aes(Q), Bet(Q)} ={A1,...,An}.

Fori=1,...,n,if A; # 0, fix w € A; and denote
oy = S(LU), 52 = t(w)v
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and let o; = 3; = 0if A; = 0. Thus o; < 3; for all 7, Aq,..., A, are disjoint

sets in A and
n n
s = ZailAﬂ t= ZBilAi .
i—1 i=1

Theorem |3.2.1| implies

/Sdu = aip(A;)
i=1

< Z Bip(A;)
=1

Z/tdu,

which completes the proof. O

Definition 3.2.3. For a measurable function f :Q — [0,00], define

/fd,u:sup{/sd,u: 0<s<f, sis asimplefunction} .

Theorem ensures that for a simple function ¢ > 0, the above defi-
nition is consistent with (3.2.1]), that is,

Z a (tfl{a}) = sup {/ sdu: 0<s<t, sisasimple function} .
act(Q)

The following theorem is a trivial consequence of the definition given
above.

Theorem 3.2.3. For measurable f,g with 0 < f < g,

[ran< [gau.

Proof. Exercise. O
Theorem 3.2.4. Suppose fi, fo,... are measurable functions from Q — R.
Then

g =inf f,, and h = sup [,
n n
are measurable.

Proof. Follows trivially from the observation that

lg <ol =Jfa <
n=1
and Exc [B.2.1] and likewise for h. m
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Exercise 3.2.2. For measurable functions f1, fa,... from Q to R, show the
following are measurable:

1. f1 4 fo, if it is defined,
2. fif2,

3. liminf,, o fn,

4. limsup,, . fn,

5. limy 00 fn, if it exists.

The next theorem is of utmost importance in measure theory. As men-
tioned earlier, ‘MCT’ will refer to the following result and not the monotone
class theorem (Theorem [2.4.2)).

Theorem 3.2.5 (Monotone convergence theorem (MCT)). If f, > 0 and

fa 1 f, then
t/ﬁMuT/f@u

f being measurable by Theorem
The following exercise will be used for proving the above theorem.

Exercise 3.2.3. If a1,...,000, 01, .-, 80 are such that 0 < a, T s and
0< By 1 Boo, then
anBn T Coofoo -

Proof of Theorem|3.2.5 m (MCT). Theorem implies that
/ﬁ@é/hwgmé/ﬂw

/fduz li_>m /fn dp, which exists.

To complete the proof, it suffices to show that for all

<i/fdm

/ﬁMuZa. (3.2.3)

Hence

there exists n for which

Fix « as above. The definition of integral implies there exists a simple
function s such that 0 < s < f and f sdup > a. Write

k
5= Z Bila,
i1
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where Aq,..., A € A are disjoint and 1, ..., 8t > 0. Since

a</sdu

k
(Theorem = Z Bi(Asz)
i=1

k
= lim (A,
Y1815k T Bk Zz; %'u( Z)

Exc implying the last line, there exist 0 < 1 < B1,...,0 < 1 < Bk
such that

k
> (4 > a. (3.2.4)
i=1
Let
Api={weA;: folw)>v},n=12...,andi=1,...,k.
If w € A;, then

lim fu(w) = f@) > s@) = B > .

n—oo

Hence
Ay T A, i=1.... k.

Continuity from below implies

o (Ani) T p(Ai), n— oo
Exc 3.2.3] shows

k k
TLILH;OZ'VZ‘M (Ani) = Z%’M(Ai) > Q,
i—1 i=1

(3.2.4) implying the inequality.

Thus there exists n for which

k
a <Y yip(An)
=1

k
(Theorem -3.2.1 :/<Z%‘1Am> du .
i=1

The definition of A,; implies

k
Z’)’ilAm < fna

i=1
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which in conjunction with the above shows

ag/fndu.

This show (3.2.3) from which the proof follows. O

The following is an immediate consequence of the MCT.

Theorem 3.2.6. For f,g > 0 measurable and « € [0, 00],

/(f+g)d/t=/fdﬂ+/gdu7
/afd,u:a/fdu.

Exercise 3.2.4. For f: Q — [0,00] measurable, define

and

n2"—1

Sp = T'L].[fzn] —|— Z 2ini1[2—nisf<27n(i+1)}7 n Z ]. .
=0

Show that 0 < s, 1 f.

Proof of Theorem |3.2.6, For the first claim, let us first prove it for the case
when f, g are simple. If

m n
f= aily andg=>_ Bjlp,
i=1 =1

where Aq,...,A,, € A are disjoint, A1 U...U A, = Q and likewise for

B, ..., By, then
m n
FH9=>Y (ai+B)lans,
i=1 j=1

Theorem [3.2.1] shows

n

/f+gdu iZaz—i-ﬁj (A;N Bj) /fdu—i—/gdu

=1 j=1

For general measurable f, g, Exc[3.2.4]and MCT prove the claim. The second
claim follows in a similar way. O

Corollary 3.2.1. If
[e.e]
f= ZailAi
i=1

for Ay, As, ... € A which are not necessarily disjoint and oy, aq, . .. € [0,00],

then -
/fdﬂ = Zaiﬂ(Az)
i=1
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Exercise 3.2.5. Suppose f : Q — [0,00] is measurable with respect to a
o-field Ag C A. Show that

/ ﬁmz/ fdp.
(©2,.A0) (Q,4)

Exercise 3.2.6. Suppose f > 0 is measurable.

/fdu>0.

2. If u([f = oo]) > 0, show that

[ rdn=s.

3.3 Integration of measurable functions

1. If u([f > 0]) > 0, show that

For all z € R, define
T =zVv0and 2~ = (—2) VO0;

xT and x~ are the “positive” and “negative” parts of x, respectively. The
negative part of a number should not be confused with the negative of a
number. In fact,

z¥>0and z~ >0 forall z € R.

Exercise 3.3.1. Show that for all z € R,

r=x" —x"

Inspired by the above exercise, the integral of a function is defined as
the difference of the integrals of its positive and negative parts, as follows.

Definition 3.3.1. For a measurable f : Q@ — R, the integral of f with
respect to pu, denoted by [ fdp, is defined by

/fdu—/ﬁdu—/fdu,

whenever either [ fTdu or [ f~du is finite. If both [ f*du and [ f~dp
are finite, then f is integrable.
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The following notations will also be used to denote the integral of f with
respect to p:

[ rau [ @) inte). [ s tas) ete (3.3.1)

For A € A, the “integral over A” for a measurable f means the following:

/A fn= [ fLadp, (3.32)

whenever the integral on the right hand side is defined. Taking A = ,
the right hand side of (3.3.2)) becomes simply the integral of f, which is
consistent with the notation [, f du in (3.3.1)).

Exercise 3.3.2. 1. Show that the following are equivalent for a measur-
able f:

(a) f is integrable,
(b) |f| is integrable,
(c) fT and f~ are integrable,

(d) [1fldp < oo,
(e) the integral of f is defined and finite.

2. Show that ‘f is integrable’ and ‘the integral of f is defined’ are not the
same. Though the former implies the latter, the converse is false.

Definition 3.3.2. If A € A is such that p(A°) = 0, then anything which
holds on A is said to hold almost everywhere or a.e.

Theorem 3.3.1. The following hold for f,g whose integrals are defined.

[rauns [gan.
[ran=[gdn.
Jorie=a [ 1
e
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1. If f < g a.e., then

2. If f =g a.e., then

3. For a € R,

4. It holds that



5. If f, g are integrable, then f + g is defined a.e. and is integrable, and

/(f+g)du=/fdu+/gdu-

Proof. 1. If f < g a.e., then f© < g a.e. In the notation (3.3.2), it
follows that
/ frdrP=0.
[f+>g*]

Thus

/f+ dP = / frdp
[F+<g7]
(because fF1jprcgr) < g e <g™) < /9+ dpP.
A similar argument shows

/f_duz/g_dm

from which the claim follows.
2. Follows from 1.

3. Follows from the observation
(af)" =aft and (af)” =af if a >0,

and
(af)" = —af” and (af)” = —afT ifa<0.

4. The definition of integral implies

ol frad

the last line following from Theorem [3.2.6

5. Exc implies that

/\f|d,u<ooand /|g]du<oo.
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Exc shows f and g are finite a.e. Hence f + g is defined a.e.
The above along with the inequality |f + g| < |f| + |g| shows f + g is
integrable by Exc

Since,

f+o)" —(f+9) =Ff+g9=F"—f"+g"-9g,
arranging terms we get

(f+9)"+f +g =(f+9) +f +g" =h(say).

Theorem [3.2.6] shows

/(f+g)+ du+/f‘ du—i—/g_ dp (3.3.3)

:/hd,u

=/(f+g)_ du+/f+du+/g+du- (3.3.4)

Since f, g and f + g are integrable, Exc implies the integrals of
9%, (f +g)*F are all finite. Thus terms between (3.3.3) and (3.3.4))
can be arranged, from which it follows that

/(f+g)+ du—/(f+g)_ dp

:/f*du—/fdwr/g*du—/gdu,

which is the same as the claimed equality

J+gydu= [ san+ [gan.

This completes the proof.
O

Remark 3.3.1. As is the case for f+g in 5. of the above theorem, it suffices
for a function to be defined a.e. On the set where it is not defined, the
function may be redefined as zero, for example, which doesn’t really matter
as long as that set has zero measure.

Theorem 3.3.2 (Fatou’s lemma). For measurable fi, fa,...>0

)

/ <1iminf fn) dy < lim inf / Fodp.
n—oo n—oo
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Proof. Let
= inf =12,...
In égnflm n ) 4 )

and
Joo = liminf f, .
n—oo

Then 0 < g, T goo- MCT implies

t/gmdu==hm /gnwL
n—o0
= timint [ gnds

gliminf/fn d,

n—oo

the last line following from the obvious observation that g, < f,. This
completes the proof. ]

Theorem 3.3.3 (Dominated convergence theorem). If f,, — f and |f,| < g,
where fp, f,g9 are measurable and g is integrable, then f, and f are inte-

grable, and
gﬁ/h@—/MW

Proof. The assumptions imply f, + g > 0. Further
[t +ydn= [tmint(s, + ) du

(Fatou’s lemma) < liniinf/(fn +9g)dp

:/gdu—l-lirginf/fndu.

Subtracting [ gdu from both sides, which is finite, we get

/fduglirginf/fn du . (3.3.5)

A similar argument with Fatou’s lemma shows
Jto-nau<imint [(9- pyan= [gdn—timsup [ fudp,
n—oo n—oo
which implies
fdu > limsup/fn du .

n—oo
The proof follows by combining the above with (3.3.5)). O
Remark 3.3.2. The trio of MCT, Fatou’s lemma and DCT is ubiquitous

n mathematics.
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3.4 Inequalities

As before, (92,.A, 1) is a measure space, and all functions talked about are
measurable functions from € to R

Theorem 3.4.1 (Holder). For p,q > 1 such that 1 =1,

[islans< ([ Iflpdu>1/p (/ yqu,Q” "

The proof uses the following lemma. Unless mentioned otherwise, f’(x)
denotes the derivative of f at x if it exists, with the understanding that
one may have to look at the right or the left derivative at the endpoints of
the interval on which the function is defined. This standard convention is
adopted throughout.

Lemma 3.4.1. ForO< A <1,a,b>0andt >0,
A A <A a4+ (1 - Nitts.

Proof. Assume without loss of generality that a,b > 0 for else the left hand
side vanishes. Define

f(@) =M "ta+ (1= Natb,z>0.
Differentiating with respect to z, we get

fl(z) = MA=1Dz*2a+ 1 -1
= M1-XNz*"2(bz—a).

Thus f/ > 0 on [a/b,o0) and f/ < 0 on (0,a/b]. Hence for any t > 0,

F(£) > f(a/b) = Ma/b)*a + (1= A\)(a/b)*b = ab' ™,
which completes the proof. O

Proof of Theorem[3.4.1 Fix measurable functions f,g and p,q > 1 such
that L1
S =1. (3.4.1)
P 4q

Assume without loss of generality that

[1svdu>oand [igftan>o.
because otherwise either f =0 a.e. or g = 0 a.e. Next assume without loss

of generality that the above quantities are finite as well, because otherwise
the right hand side of the claimed inequality is oc.
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Use Lemma with A = %, a = |f|P and b = |g|? to get for a fixed
t>0 1 1
Fllgl < St + 2 7lgl”

Thus,
1 1
/ foldn < S / 17 du-+ 117 / 1917 dy.

The above holds for all £ > 0. Putting

- (/ rgrqdu)l/mpdu,

the right hand side becomes

;(/!f\”du)ll/q (/ \g\qdu)l/q+2 (/’f‘p>1/p </ ’quu>11/p.

Since (3.4.1) implies the above is the same as the right hand side of the
claimed inequality, the proof follows. O

Theorem 3.4.2 (Cauchy-Schwarz). For f, g measurable,

/\fg\dué (/deu/QQdu>l/2-

Proof. Follows from Theorem by putting p = ¢ = 2. O

Theorem 3.4.3 (Minkowski). For 1 <p < oo,

(/!f+g|”du>l/p§ </|f|”du)1/p+ </\g\pd,u>1/p.

Proof. Without loss of generality, assume that the right hand side of the
claimed inequality is finite. Then

/\f gl dp < /(f\ gl du < 2p/<\frp T lglP) dp < oo

1/p
c:</]f+g|pd,u> < 00.

Assume without loss of generality that ¢ > 0 for else the claimed inequality
is trivial. In addition, assume without loss of generality that p > 1 because
for p =1 the claim follows trivially from

Denote

If +gl <Ifl + gl
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Write
& = /\f+g|”du
= /\f+g|!f+g|”‘1dﬂ
< [1als+oPtdus [ gl +gP d

1/p 1/q
(Holder inequality) < (/ |fIP d#) </ |f + g1 du)

+ </ gpd“>1/:</f+g(p1>q1cju>1/q
— @l [</|f|pdu> . </g‘pdﬂ> p] |

where ¢ = (1 — 1/p)~!. Therefore

1/p 1/p
(/If!”du> + </ Igl”du> > PP =,

which completes the proof. O
Once again, the notation (3.3.2) is used in the following theorem.

Theorem 3.4.4 (Markov). For f >0 and a € (0,00),

p(ir za) <5 [ £,

[ au= /[fza]fdu

> / adp
[f>d]

=ap(lf=a]),

Proof. By writing

the proof follows. O

Remark 3.4.1. Theorem s also known as Chebyshev’s inequality in
several references.

Definition 3.4.1. For —o00o < a < b < o0, a function ¢ : (a,b) — R is
convex if

oAz + (1 =XNy) < dp(x) + (1= N)e(y) for all z,y € (a,b).
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Exercise 3.4.1. If (a,b) C R and ¢ : (a,b) — R is convex, show that

1. ¢ is continuous and hence Borel,

2. for all x € (a,b),

exists,

3. and for all x,xo € (a,b),

o(x) > o(x0) + (z — z0) ¢, (w0) -

(3.4.2)

Theorem 3.4.5 (Jensen). Suppose (2, A, P) is a probability space, f : ) —
(a,b) is measurable for some —oco < a < b < 0o and ¢ : (a,b) — R is conver.

If f and p o f are integrable functions, then

a</fdP<b,

[enar=( [ 1ar).

Proof. Since b > f and P(Q2) > 0, Exc shows that

O</(b—f)dP:b—/fdP,

and

(3.4.3)

the equality following from P(Q2) = 1. As [ fdP is a finite quantity, it can

be taken to the left hand side, which shows
/ fdP <b.

/fdu>a,

A similar argument proves

(3.4.3) follows from which.
Letting zo = [ fdP, (3.4.2) shows

o(f) = w(xo) + (f — z0)¥, (20) -
Thus

/ap(f) apr 2/(<P($0) + (f — x0)¢/ (20)) AP
(since P(Q) = 1) = p(z0) + ¢, (z0) ( [rar- xo)

= ¢(20),

and hence the proof.
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3.5 The L? space

As usual, (2, A4, ) is a measure space. All functions talked about are mea-
surable functions from €2 to R, unless mentioned otherwise.

Definition 3.5.1. For 1 < p < 0o, define

Lp(Q,A,,u):{f:Q%Rmeasumble :/|f]pdu<oo},

and for all f € LP(Q, A, ), define

1/p
1l = ( / !f\pdﬂ> .

FOTf)f17f27"‘ GLP(Q7A7:U’)7 we say fn_>f in LP ,Lf
| fr— fllp =0 asn — oco.

The mention of A or u in LP(Q, A, u) will be suppressed whenever the
same is obvious from the context. For f, g € LP(Q), f and g will be identified
with each other if f = g a.e. In other words, LP(Q2) will refer to the set of
partitions induced by the equivalence relation ~ which is defined as follows:
for f,g € LP(Q),

f~g <= f=ga.e.

Let us fix 1 < p < oo for this subsection.

Theorem 3.5.1. The collection LP(Q) is a vector space over R and || - |,
is @ norm on that.

Proof. The only non-trivial property of || - ||, to be checked is the triangle
inequality, which follows from Theorem [3.4.3 O

Corollary 3.5.1. If

d(fvg) = ||f _ng’ fag S LP(Q)a

then d is a metric on LP(S2), in which, two functions are identified if they
are equal a.e.

Definition 3.5.2. For measurable functions fi, fa, ..., fs from Q to R, we
803y frn = fxo a.e. if

,u ({w eQ: nh—>Holo falw) = foo(w)}c) =0.
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Exercise 3.5.1. If f, — f a.e. and |f,| < g, where fn, f,g are measurable
and g s integrable, then show that

lim ﬁmMz/fw,
n—oo

and
fo— f in L*.

Theorem 3.5.2 (Scheffé’s lemma). Suppose f, fi, f2, ... are measurable
functions such that 0 < f, — f a.e. Then f, — f in L' if and only if

nh_}rgo/fndu:/fdu<oo.

Proof. For the ‘if’ part, write

!h—ﬂhZ/ﬂMu+/fw—2/wwjmw (3.5.1)

Exc along with the fact 0 < f, A f < f implies

n—oo

i [ (£ 1 f)dn= [ fau.

This along with the assumed hypothesis implies that the right hand side of
(3.5.1)) goes to zero as n — oco. Hence the ‘if” part follows.
The ‘only if’ part follows trivially from

'/n@—/ﬂﬂzwmmwmmgmﬁﬂm

the inequality following from Theorem with p = 1. This completes the
proof. O

Definition 3.5.3. For sets A1, Ag, As, ..., define
o0 oo

limsup A4,, = ﬂ U Ag,
n n=1k=n

and

o o
lirgliann = U ﬂ Ap .

n=1k=n

Theorem 3.5.3 (Borel-Cantelli lemma). Suppose that Y 2, p(Ap) < oo
for A1, As,... € A. Then
W <lim sup An) =0.
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Proof. Let B =limsup A,, and

(e}
Bn:UAk,nZL

k=n

Then B, | B. Since
u@ﬂzu(Lﬁ%><§:M&0<w,
k=1 k=1

it follows that wu(B,,) | u(B). Hence it suffices to show u(By,) | 0.
Observing that for all n =1,2,...

)

W(Ba) <3 Ay,
k=n

and that the right hand side goes to zero as n — oo, the proof follows. [J

Theorem 3.5.4. For measurable f, f1, fo,... from Q to R, f, — f a.e. if
and only if

u(limsup Ufn—f] >5}) =0 foralle > 0. (3.5.2)

Proof. Define
g =limsup |f, — f].
n—oo

Then [f, — f] =[g = 0]. For all € > 0,

lg9 > €] C [|fn — f| > ¢ for infinitely many n] = limsup [|fn, — f| > €]

(3.5.3)
Clg>el. (3.5.4)

Thus if g = 0 a.e., then (3.5.4) implies

u(hfwﬂh—ﬂ>d)§u@26D—Q

which proves the ‘only if’ part.
For the ‘if” part, assume (3.5.2)). For all € > 0, (3.5.3) implies

p(lg>e]) =0.

Since [g > 1/k]| T [g > 0] as k — oo, it thus follows that ¢ = 0 a.e. Hence
the proof follows. O

The following is a trivial consequence of Theorems and
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Corollary 3.5.2. For measurable functions fi1, fo,..., foo from Q to R sat-
isfying

> i ([lfn = fool > €]) < 00 for all e >0,

n=1

it holds that f, = feo a.e.

Theorem 3.5.5. If f, — f in LP, then {f,} has a subsequence which
converges to f a.e.

Proof. The hypothesis implies the existence of 1 < n; < ng < ... such that
ank - f”p S 47]6, k Z 1.

Then for £ > 0,

([l fr, = fI > €]) = n (| fny, = fIP > 7))
(Markov inequality) < 5_”/ | fr, — fIP dpe

=& P frx = £lp

< e Pyhp,
Hence
o0
ZM(ank —fl>e¢]) <ooforalle>0.
k=1
Corollary completes the proof. O

Example 3.5.1. Let Q = (0,1], A = B((0,1]) and p be the restriction of
Lebesgue measure to (0,1]. Define for all w € Q,

filw) = 1@<ws;),

folw) = 1(;<w§1>,
he) = 1(0<wsy).
fe) = 1(j<wsy).
folw) = 1<;<w§i>,
f) = 1(3<ws1).
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and so on. Show that f, — 0 in LP for all 1 <p < 0o and

hmmffn =0< 1=Ilimsup f, a.e.
n—o0
Exercise 3.5.2. Show that for a fixred 1 < p < oo, neither of convergence
in LP and a.e. convergence implies the other.

Exercise 3.5.3. Suppose f, — g in LP and f, — h a.e. Show that g and h
are the same, that is,
g=nh ae.

Exercise 3.5.4. Show by citing a counter-example that a.e. convergence is

not metrizable, that is, there does not exist a metric d on the space of all

measurable functions from Q to R such that convergence in d is equivalent

to a.e. convergence.

Hint. The following steps may be ezxecuted.

Step 1. Show that for a, € R, a,, — 0 if and only if every subsequence of

an has a further subsequence which converges to 0.

Step 2. Use Step 1 to argue that in a metric space (X, d), for x,x1,xa,. ..
. €Y, xy — z if and only if every subsequence of x,, has a further subse-

quence converging to x.

Step 3. Consider f, as in Example[3.5.1. Show that every subsequence of

fn converges to the zero function in L.

Step 4. Show (using Theorem that every subsequence of fn has a fur-

ther subsequence which converges to 0 a.e. However, f, does not converge

to 0 a.e.

Step 5. Use Steps 2 and j to argue that a.e. convergence on this (2, A, )

s mot metrizable.

Theorem 3.5.6. The metric space LP(Q2) is complete.

Proof. Let {f,} be a Cauchy sequence in LP(£2), that is, for all € > 0, there
exists N such that
Hfm - fn”p <g m,n > N .

This allows us to choose 1 < n; < ng < ... such that
Ifi = fill, <47 for all 4,5 > ny . (3.5.5)

This by an appeal to Minkowski implies
1
sup [ fullp < 7 + max |fifl, < oco. (3.5.6)
n>1 4

Another immediate consequence of (3.5.5)) is that
ank-H - fnka < 4ik, kE>1.
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Arguments similar to those in the proof of Theorem using the above
and the Markov inequality, imply that

i (s = Sl > 275]) <272, k> 1.
Thus .
ZN <[|fnk+1 - fnk‘ > 2711) < 0.
k=1

Theorem implies for a.e. w € Q,
| Frpsr (@) = fu (w)] < 27F for all but finitely many k’s, depending upon w,

and therefore,
o
Z |fnk+1 - fnk| < o0 a.e.
k=1

Letting
Qo =

o0
Z ‘fnk+1 - fnk‘ < OO] )
k=1

it follows that for all w € Qq, {fn,(w) : & > 1} is a Cauchy sequence in R.
Since R is complete, limy_,~ fr, (w) exists for all w € Q.
Let

f =limsup fy, .

k—o0

Since f,, — f a.e.,

[1svdn= [tmint 15, d

k—o0

(Fatou’s lemma) < likrgioréf/ | fre P dp
< 00,

(3.5.6) implying the last line. Thus f € LP(Q2).
For a fixed k =1,2,3,..., (3.5.5) implies

| foe = Frullp <475, 1> k.
Thus

I = £ = [ 16 = 1F
= /lilrgioglf]fnk — ful” dp
(Fatou’s lemma) < lilrgciélf/ | fon — o P du

< 47kp,
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For n > ny, ||fu — fallp < 47F by (3-5.5); Minkowski implies for such n,

1o = Fllp < W fn = Foullp + I = Fllp < 2072

This shows f,, — f in LP. In other words, every Cauchy sequence in LP({2)
is convergent. This completes the proof. O

Definition 3.5.4. For measurable f : ) — @, define
[ flloo =inf{0 < a <oo:|f| < a ae}.

As before, L*(Q) = {f : |[fllco < oo} with the understanding that two
functions are considered the same if they are equal a.e. For f, f1, fo,... €

L), fo — fin L if [[fo — flle — 0.
Theorem 3.5.7. For a measurable f: Q =R, |f| < ||flloo a-e.

Proof. The definition of the L*°-norm implies there exists ay, | || f|lco such
that for alln =1,2,..

*9

Ifl < ap ae.
Since oy, | || fl|o, We have

11> en] TSI > N flloo] -

Continuity from below implies
111> 17]120) = T pu(1f] > 0n) = 0.
Hence the proof. O

Exercise 3.5.5. Show that L*°(Q2) is a complete metric space.

Exercise 3.5.6. Show that Hélder’s inequality holds with p =1 and g = oo,
that is,

1fglly < [[flxllglloo -

In other words, prove that
19l < 11 f1lpllglle,

where 1 < p,q < oo are such that
1 1
+
P q
1 . .
5 being interpreted as 0 above.

Exercise 3.5.7. If u(Q) < oo, show that

Timn |1 = [ flle
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Exercise 3.5.8. Show the following for fi,..., foo-

1. If f, = foo tn L°°, then show that there exist measurable functions
g1, - -5 Joo Such that

lim sup |gn(w) — goo(w)| =0,

n—o0 weN

and
gn = fn a.e. forn=1,2,...,00.

Since n and n are considered identical elements of L Q COnver-
’
gence m L 68867lt’l;0,lly means unifmm CONVETGENCE.

2. If fn — foo a.e., then show that there exist measurable functions
1, - -+ Joo Such that

lim g, (w) = goo(w) for all w € Q,
n—oo

and
gn = fn a.e. forn=1,2,...,00.

In other words, a.e. convergence essentially means pointwise conver-
gence.

3. If fr = foo in L™, show that fr, = foo a.e.

Exercise 3.5.9. 1. For 1 < p < q < o0, show that neither of LP(R, \)
and LY(R, \) is a subset of the other, where X is the Lebesgue measure.

2. If n(2) < 0o, show that
LP(Q) D LYND) if 1 <p<g<oo.

3. If n(2) = 1, then show that

fllp < Wfllqg if1<p<g<oo.
This is known as Lyapunov’s inequality.

4. Let P = LP (N, N, u) where u is the counting measure, for 1 < p < co.
In other words,

oo
= {(331,1’2,1’3,...) GRN:Z’xn|p<OO} for1<p< oo

n=1
and

> = {(ml,xg,xg,...) e RY : sup lzn| < oo} .
n>1

Show that
Pl ifl<p<qg<o.
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Exercise 3.5.10. Suppose 1 <p < q < o0 and fi, fo,... € LP(Q) N LI(Q).
If

fn — g1 m LP’
fn— g0 in L9

and
fn— g3 a.e.,

show that g1 = go = g3 a.e.

3.6 Lebesgue integration

Let u be the Lebesgue measure on (R, B(R)). As in (2.3.1), denote by p*
the outer measure of p where F therein is replaced by B(R), that is,

p*(B) = inf{u(A): EC A, A€ BR)}, E € 2%.
As in , let
L(R) = {A € 9. ¥ (B) = (BN A) + 1" (EN A°) for all E € 2R} .

Lemma shows that £(R) is a o-field an p* is a measure on (R, L(R)),
which agrees with o on B(R) by Lemma [2.3.1]
The following is a minor observation.

Theorem 3.6.1. If A € L(R) is such that u(A) =0, then B € L(R) for all
B CA.

Proof. Suppose p(A) = 0 for some A € L(R) and B C A. Since p* is
monotone by definition,

pi(B) < p'(A)=0.
Thus for any E € 2R,
W (B0 B) + i (B0 BY) < i (B) + p*(E 1 B) = u*(E N BY) < " (E);
shows that B € L(R). This completes the proof. O

Denote

AA) = 4*(4), 4 € L(R).
Thus (R, £(R), \) is a measure space.

Lemma 3.6.1. If A € L(R) is such that A(A) = 0, then for any function
g:R—=R, gly is L(R)-measurable.
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Proof. If h = g1y, then for any E C R\ {0}, h"'E C A and hence by
Theorem h~'E € L(R). For E C R such that 0 € E,

h1E = (b1 (E9)) € L(R)
because h~1(E¢) € L(R). This completes the proof. O

Remark 3.6.1. Lemma holds for any function g, including which are
not measurable.

Definition 3.6.1. For [a,b] C R, f : [a,b] — R is Lebesgue measurable if
it 1s measurable with respect to the o-field L([a,b]), defined by

L([a,b]) ={A e LR):AC [a,b]},

that is,
B € L([a,b]) for all B € B(R).

If in addition, f[a . |f| A\ < oo, then f is Lebesgue integrable and f[a p | A
is the Lebesgue integral of f on [a,b]. The notations

/abf(:c) dx, /abfd)\ ete.

are also used for denoting the Lebesgue integral. As usual, define

/ o) da = /flAd/\, A€ B(la,b)).
A

In particular, if A = [, B] C [a,b], then there is no conflict of notation in

defining
/j fdx = /Afd)\.

Let us fix [a, b] C R for this subsection. Henceforth, “integrable on [a, b]”
will mean Lebesgue integrable.

Exercise 3.6.1. Suppose f : [a,b] — R is Lebesque integrable. Define

g(m):/mf(t)dt,agxgb.

1. Show that g is a continuous function.

2. If f is continuous at x, show that g is differentiable at x and its deriva-
tive at = equals f(x).

Theorem 3.6.2. If f : [a,b] — R is bounded and Riemann integrable, then
f is Lebesgue integrable on [a,b] and its Lebesgue integral equals its Riemann
integral.
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Proof. Let [a,b] C Rand f : [a,b] — R be bounded and Riemann integrable.
Let R denote its Riemann integral. Then

gn
lim (b—a)2™" Zinf{f(x) ca+27"(i—1)(b—a) <z <a+27"i(b—a)} =R

n—00 4
=1

(3.6.1)
and

o
lim (b—a)2™" > sup{f(z) : a+27"(i-1)(b—a) < x < a+2 "i(b—a)} = R.

n—0o0

i=1
(3.6.2)
Defining
P, = {{a}, (a,a+27"(b—a)],...,(b—2""(b—a), b]} ,
f# = Z 14 inf f(iL‘),
Acp, TEA
and fI' = > 1asup f(a),
Aep, €
(B6-1) and (3:6.2) become
lim fEd\= R = lim fYax.
n—oo [a,b] n—oo [a,b}
This in view of the observation
fh<s<..<f<.. < <f, (3.6.3)

show that {g,}, defined by

L L
gl:fl’g2zflU7g3:f27g4:f2Uu"'v

is a Cauchy sequence in L! ([a, b], B([a, b]), \).

Theorem [3.5.6] shows there exists g € L!([a,b], B([a,b]),\) such that
gn — g in L'. Theorem m shows that each of {g2n—1}n>1 and {gon }n>1
has a subsequence that converges to ¢ in L'. In other words, there exist
1 <mq < mo < ...such that

f,fbk — g a.e.
and 1 <nj <ng < ...such that

U
n, — g a.e.
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Denoting A = [f,%k — g]N[ gk — g, (3.6.3)) shows that f = g on A. Further,
A € B([a,b]) and A([a,b] \ A) = 0. Thus

J=91a+ fligppa;
Lemma shows f1p, 4 is £([a, b])-measurable. Thus so is f. Further,
f =g a.e. Hence g, — f in L'. This shows

fd\= lim gnd\ =R,

[a,b] "0 Ja,b]
which completes the proof. ]

Lebesgue integration achieves the first goal mentioned in Subsection
namely developing a theory of integration which encompasses the Riemann
theory. Further, the collection of integrable functions is a complete met-
ric space under the metric induced by Lebesgue integration, thereby ac-
complishing the second goal as well. This is simply the completeness of
L* ([a,b], L£([a,b]), \), which is a consequence of Theorem m

4 Absolute continuity

4.1 The Radon-Nikodym theorem

Definition 4.1.1. If v and p are measures on (2, A) such that u(A) = 0
implies that v(A) = 0 for all A € A, then v is absolutely continuous with
respect to p, written as v < p.

Definition 4.1.2. Two measures p and v on (2, A) are singular with re-
spect to each other or mutually singular if there exists S € A such that

u(S) = 0= v(s°).

Suppose that (€, .4) is a measurable space. All sets talked about are
those in A and functions are A-measurable functions, unless mentioned oth-
erwise.

Definition 4.1.3. A function ¢ : A — R is an additive set function or a
signed measure if the following is true. Whenever Ay, Ao, ... is a finite or
infinite sequence of disjoint sets in A, it holds that

> (An)] < o (4.1.1)

and

W (U An) = W(An). (4.1.2)
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Remark 4.1.1. 1. Although (4.1.1)) has been mentioned separately to ensure
that the infinite sum is unchanged by rearrangements, a moment’s thought

would reveal that it is implied by (4.1.2)).
2. It is worth emphasizing that the co-domain of an additive set function or

a signed measure is R and not R, that is, =00 have been left out. Otherwise

the sum on the right hand side of (4.1.2]) could have been undefined even for

a finite collection of sets.

Theorem 4.1.1 (Hahn decomposition). For any additive set function 1,
there exist disjoint sets A* and A~ such that At UA™ = Q, ¥(E) >0 for
all EC AT and Y(E) <0 for all EC A™.

The proof will use the following exercise, which follows from arguments
very similar to those in the proof of Theorem [2.2.1

Exercise 4.1.1. Show that if E, T E or E, | E, then ¢(E,) — ¢(E).

Proof of Theorem [{.1.1. Let a = sup{¢)(A) : A € A}. Our first claim is to
show that the supremum is achieved, that is, there exists A™ C Q with

P(AT) = . (4.1.3)
Let A,, € A be such that

lim ¢¥(4,) =«.

n—oo

Forn > 1, let B, € 0(Ay,...,Ay) be such that
Y(By) =max{y(E): E€o(A,...,A,)}.

Clearly, ¢¥(By) > ¢(An).
We claim that if £ C B, and FE € o(A;1,...,A,), then ¢»(F) > 0. If not,
then

w(Bn \ E) = w(Bn) - ¢(E) > ¢(Bn) )

contradicting the choice of B,,. Thus, ¥(E) > 0 for such an E. For positive
integers m < n,

(BmU...UBW)\ (BmU...UB,_1) C B,

and the LHS is an element of 0(Ay,...,A,). Therefore, 1 evaluated on the
LHS is non-negative, which shows that

Y(BpU...UBy_1) <Y(BnrU...UB,).
Proceeding inductively, it can be shown that

Y(Bm) < Y(BpU...UBy), m<n.
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In view of Exc

0 ( U Bn> = lim $(BnU...UBy) 2 9(Bp) 2 9(Am).

Setting
o o
At = ﬂ U B, ,
m=1n=m

it follows that

$(A*) = lim w(U Bn) > lim ¥(4y) =a,

proving (E13).
The above shows that, in particular, « < co. If E C A" and ¢ (F) < 0,
then

AT\ E) > p(AT)

which is impossible. If E C Q\ AT =: A, then by similar arguments it
follows that 1(E) < 0. This completes the proof. ]

Lemma 4.1.1. Suppose that the finite measures u and v on (2, A) are not
mutually singular. Then, there exists A with w(A) > 0 and € > 0 such that
en(E) <v(E) for all E C A.

Proof. For n > 1, let A7 U A, be the Hahn decomposition of the additive
set function v — n~ . Set
M=|JA}.
n

Thus, M¢ C A, for every n, and hence
v(M®) <n~'p(M°),

showing that v(M€¢) = 0. The fact that ¥ and p are not mutually singular
implies that (M) > 0. Therefore, (A7) > 0 for some n. Set A := A and
e:=n"L O

Theorem 4.1.2. Let p,v be o-finite measures on (2, A). There exists a
measurable function f : Q — [0,00) and a measure vy singular with respect
to v such that

v(A) = /Afdu +vs(A), forallAe A.
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Proof. Suppose first that v and p are finite measures. Let G be the class of
measurable functions ¢ : Q — [0, 00) such that

/ gdp < v(FE) for all E.
E

If g,¢' € G, then gV ¢’ € G because

/ng’du = / gdu+/ g'du
E ENn[g>g'] EN[g<g’]

< v(E).

The monotone convergence theorem shows that G is closed under increasing
limits, and therefore under countable supremum.
Set

o= sup/gd,u.
9€g

Let g, € G be such that
lim [ gpdp=ca.

n—o0

Set
f = Supgn -
n

Thus, f € G and [ fdp = «.
Set

v(E):=v(E) —/ fdu, E € A.
E
Clearly, v is a measure. All that needs to be shown is 7 is singular with
respect to p.
Suppose that is not the case. By Lemma [£.1.1] it follows that there

exists € > 0 and A with p(A) > 0 such that eu(F) < v(E) for all E C A.
Then, for every E € A,

/(f+61A)dH = /fdu—ksu(EﬁA)
E E

% A

< /Efdquv(Em )

< /Efdquﬂ(E)
= v(E).

Therefore, f + 14 € G. Notice that

/(f+51A)dM =a+eu(d) > a,
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which is a contradiction. This shows that 7 and p are mutually singular,
and thus completes the proof for finite measures.

Now suppose that p and v are o-finite measures on (€2, .4). Then there
exist disjoint sets A1, Ao, ... such that

n=1

and
w(Ap) +v(A,) <oo,n>1.

For n > 1 and A € A, define

Mn(A) = ILL(A N An) )
vm(A) = v(ANA,).

Then, u, and v, are finite measures for which the result is true. Therefore,
there exists a measurable f,, : Q@ — [0, 00) and a measure " which is singular
with respect to u, such that

vn(A) = /Afnd/m + vl (A) forall Ae A.

Therefore, for all A € A,
) =) = 3 [ fdw,
- fulagdn = [ 3 fula,du.
) >

Define
f = Z fn]-An ’

and the measure

ve(A):=) v} (A), A€ A.

It is immediate that 0 < f < co. The proof would follow if it can be shown
that vy is singular with respect to p. To that end, for n > 1, there exists
S, C A, such that

VE(Sn) = 0 = in(S5).

S:=J5,

n

Define
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and note that

vs(S) = ZZV;R(S”)

Furthermore,
p(S9) = D (59

< Zﬂn(SrCL)
= 0.

This establishes the mutual singularity of v, and p, thereby completing the
proof. O

Theorem 4.1.3 (Radon-Nikodym theorem). If u and v are o-finite mea-
sures on (Q, A) such that v < pu, then there exists a measurable function
f:9Q —1]0,00) such that

() = [ fa
A
for all A€ A. If f and g both satisfy the above, then u[f # g] = 0.

Exercise 4.1.2. If f, g are non-negative measurable functions on a o-finite
measure space (2, A, u) such that

/fd,u:/gdu, forallAe A,
A A

then show that f = g almost everywhere.

Proof of Theorem [/.1.3. By Theorem there exists a measurable func-
tion f: Q — [0,00) and a measure v, singular with respect to p such that

v(A) = / fdu+vs(A), AeS.
A
The mutual singularity implies the existence of S such that

vs(S) = 0= pu(S9).
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Since v < p, it follows that
0 =rv(S% > vs(S°).
Thus, vy is the null measure which completes the proof. ]

Corollary 4.1.1. For o-finite measures j,v on (Q,.A), there exists a mea-
surable f: Q — [0,00) such that

V(A) = /A fdu, A€ S, (4.1.4)

if and only if v < p.

Definition 4.1.4. The function f is the Radon-Nikodym derivative or den-
sity of v with respect to . We write

dv
f_@a
dv = fdu,

v(de) = f(z)u(dx), x € Q.

Theorem 4.1.4 (Lebesgue decomposition). Let u be a o-finite measures on
(R, B(R)). Then there is a decomposition

V = Vge + Vs,

such that vge and vs are respectively absolutely continuous and singular with
respect to the Lebesgue measure.

Proof. Follows from Theorem O

Definition 4.1.5. For —oo < a < b < o0, a function F : [a,b)NR — R is
absolutely continuous if the following holds. Given € > 0, there exists § > 0
such that whenever ai,bq,...,a,,b, € R are such that a < ay < by < ... <
an <b, <b and

n

Z(bi —a;) <6,

i=1
for somen > 1, it holds that

> IF(bi) - F(a;)| <e.
=1

A trivial observation is that an absolutely continuous function is uni-
formly continuous.
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Theorem 4.1.5. Suppose F' : R — R is a non-decreasing and continuous
function such that
lim F(z) and lim F(x)

r——00 T—00

are finite. Let u be the Riemann-Stieltjes measure of F'. Then F is an
absolutely continuous function if and only if p < \ where X is the Lebesgue
Measure.

The proof uses the following couple of lemmas, the proofs of both of
which are left as exercises.

Lemma 4.1.2. A Borel subset A of R has Lebesque measure zero if and
only if the following holds. Given € > 0, there exist ai,by,a9,b2,... € R
such that a, < by, for all n,

(@, bm) N (@n, bn) = 0 if m#n,

AcC [j (an,bn),
n=1

and
oo

(b —ap) <e.

n=1
Proof. Exercise. O

Lemma 4.1.3. Consider any measure space (2, A, ) and an integrable
function f on Q. Given € > 0, there exists 6 > 0 such that

/ |f| dp < e whenever A € A, n(A) <9.
A

Proof. Exercise. O

Proof of Theorem [{.1.5, We start with proving the “only if” part, that is,
we assume F' is an absolutely continuous function. Fix a Borel set A with
A(A) = 0. We need to show that u(A) = 0. Fix an arbitrary € > 0.
The assumed hypothesis that F'is absolutely continuous implies there exists
6 > 0such that a; < b1 <...<a, <b, and

n

Z(bi—ai) § 5,

i=1

implies that
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since F' is non-decreasing. A moment’s thought reveals that by considering
a permutation of {1,...,n}, we can write

n

Y IF(bi) = Fla;)] < e (4.1.5)

=1

whenever a; < b;, the intervals (a;, b;) are disjoint and > ;" (b —a;) < 0.
That is, a1 < ... < a,, is not needed for to hold.
As AM(A) = 0, Lemma implies the existence of a1,by, ... such that
an < by,
(@my b)) N (an,by) =0 if m #n,

Ac | J(an,bn),
n=1

and
[oe)

> (bn—an) <6

n=1

For a fixed n,

0 (U (ak,bk)) <> u((ak, b)) =D (F(by) — Flag)) <,

k=1 k=1 k=1

the rightmost inequality following from the choice of 6 and (4.1.5)). Letting

n — oo and using the continuity of measure from below, it follows that

e>p (U(%J?k)) > p(A).

k=1

Since € is arbitrary, u(A) = 0 follows. This proves the “only if” part.
Conversely, suppose that u < A. The assumptions that F has finite

limits at o0 imply p(R) < oo. Theorem which is the Radon-Nikodym

theorem, implies there exists f : R — [0, 00) Borel measurable such that

u(A) = /Af(:c) dx for all A € B(R).

Since u(R) < oo, it follows that f is integrable.
Fix € > 0. Lemma [£.1.3] implies the existence of 6 > 0 such that

/\(A)§5:>/f(x)dx§€.
A

Let a1 <b; <...<a, <b, be such that

n

Z(bz —ai) S (5

i=1
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Defining A = (a1,b1] U ... U (an, by], the above simply becomes A\(A) < 4.
The choice of § implies

e> [ Fla)de = u(4) = S IFG) = Fla) = Y 1P (b) ~ Play)|
=1

i=1
Absolute continuity of F' thus follows, which completes the proof. O
The following result is a trivial corollary of Theorem [4.1.5

Theorem 4.1.6. Suppose F : [a,b] — R is non-decreasing for some —oo <
a < b < oo. There exists an integrable f : [a,b] — [0,00) such that

F(:L‘)—F(a):/xf(t)dt,agxgb

if and only if F is absolutely continuous.

Proof. For the ‘only if’ part, suppose such f exists. Then F' is continuous
by Exc Lemma and arguments similar to those in the proof of
Theorem show F' is an absolutely continuous function.

For the ‘if’ part, assume F' is absolutely continuous on [a, b]. Extend F
to whole of R by defining

Flz) = F(a), z<a,
F), z=>b.

Although F' has been assumed to be absolutely continuous on [a, b], a mo-
ment’s thought reveals that due to the above extension, F' is absolutely
continuous on whole of R.

Thus F satisfies the hypothesis of Theorem that is, it is absolutely
continuous on R and has finite limits at +o0o. Proceeding as in its proof,
an f : R — [0,00) which is the Radon-Nikodym derivative of the Riemann-
Stieltjes measure p of F with respect to Lebesgue can be obtained. Thus
fora <z <b,

F(o) - F(@) = pf(a.al) = [ 1(0)dr.

Hence the proof follows. O

4.2 Functions of Bounded Variation

This subsection is devoted to studying the Radon-Nikodym theorem and its
implications for signed measures, which are as in Definition While a
non-decreasing function is naturally associated with a Radon measure on R,
the corresponding function for a signed measure is a “function of bounded
variation” which is defined below.
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Definition 4.2.1. For —0co < a < b < o0 and a function f : [a,b] — R, its
total variation on [a,b] is defined by

V(f,[a,b]) =sup{v(f, P): P a partition of [a,b]},

where for any partition P = (xo,x1,...,2Ty) of [a,b] with a = 9 < x1 <
oo<zp =0,

o(f,P) = Z | f(xi) — fziz1)] -
i=1
We say f is a function of bounded variation if
V(f,la,b]) < oo.

Let —0o < a < b < oo be fixed for this subsection. The following is a
trivial exercise.

Exercise 4.2.1. Suppose that P = (zg,...,Zm) and Q = (y1,...,Yn) are
partitions of [a,b] such that Q is a refinement of P, that is, for all i =
1,...,m, there exists j € {1,...,n} such that x; = y;. Show that for any
fila,b] = R,

o(f, P) <v(f,Q).

The following theorem characterizes functions of bounded variation.

Theorem 4.2.1. A function f : [a,b] — R is of bounded variation if and
only if there exist non-decreasing functions F and G on [a,b] satisfying

f(z) =F(z) — G(x), z € [a,b].

Proof. For the ‘if’ part, suppose f = F' — G for non-decreasing functions F
and G on [a,b]. For any partition P = (zo,..., %) of [a,b],

v(f, P) = Z |f(@i) = flzio)]
i=1

<Y |F(mi) = Fzim)| + Y |Gla) — Glai)|
=1 =1

=Y [Flai) = Flzim)] + ) [Gla) = Glzim)]
=1 =1
= F(b) = F(a) + G(b) — G(a),

the equality in the penultimate line holds because F, G are non-decreasing.
Thus
V(f,la,b]) < F(b) — F(a) + G(b) — G(a) < o0,

showing that f is a function of bounded variation.
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Conversely, suppose that V(f,[a,b]) < co. Define
F(x)=V(f,[a,x]), x € [a,]].
Our first claim is that
F(y)— F(x)=V(f,[z,y]),a<z<y<b. (4.2.1)

Fix x,y as above. Both F(z) and V(f, [z,y]) are defined in terms of supre-
mum, the former being over all partitions of [a, x] and the latter over those
of [z,y]. Thus

F(x) +V(f,[z,y])

= sup{v(f, P) : P partition of [a,z]} + sup{v(f, @) : @ partition of [z,y]}
= sup{v(f, P) +v(f,Q) : P,Q respective partitions of [a, z], [z, y]}

< sup{v(R) : R partition of [a,y]}

= F(y).

In other words,

For the reverse inequality, let P be any partition of [a,y]. Consider a
refinement P’ of P obtained by adding the partition point x. Thus P’ is
essentially the joining of two partitions, say @ and R, of [a,z] and [z, ],
respectively. Exercise shows

v(f, P) <wv(f, P')
=v(f,Q) +v(f,R)
<V(f,[a,z]) + V(f, [z, y])
=F(z) +V(f [z,y]).
Since this holds for every partition P of [a,y], we get that
F(y) < F(z) + V(f, [z, y]),

which together with (4.2.2)) establishes (4.2.1]).
Finally, let G = F — f. A trivial consequence of (4.2.1) is that F is

non-decreasing. For a <z <y <b, (4.2.1) again implies

Fly) = F(z) 2 [f(y) = f(@)] = f(y) = f(2),

which implies that G is also a non-decreasing function. Thus f is the dif-
ference of two non-decreasing functions and hence the ‘only if’ part follows.
This completes the proof. O

The following exercise in real analysis will be needed for constructing a
signed measure from a right continuous function of bounded variation.
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Exercise 4.2.2. Suppose F : [a,b] — R is non-decreasing.

1. Show that for all x € (a,b], the left limit of F' at x, denoted by F(z—),
exists and similarly for all x € |a,b), the right limit of F' at z, denoted
by F(x+), exists.

2. Show that the set of discontinuities of F' is countable.

3. Let {x1,z2,...} be an enumeration of {x € [a,b) : F(z) # F(xz+)}
which is the set of points at which F is not right continuous. Show

that
> [F(ant) = F(aa)] < F(b) — F(a) < 0.
n>1
4. Define
§x)= Y. [Flznt) = Flan)],a <z <D, (4.2.3)
n>l:xn,<x

Show that & is a non-decreasing left continuous function.
5. Show that F — & is a non-decreasing right continuous function.

Example 4.2.1. Consider

0, a§x<“7+b,

Flz) =1, z=%°

“TH’<x§b.

For this example, & as in (4.2.3)) turns out to be the following:

showing that F — & s right continuous.

The following result is a step towards obtaining a signed measure from
a right continuous function of bounded variation.

Theorem 4.2.2. Suppose f : [a,b] — R is a function of bounded variation.
There exist non-decreasing F,G on [a,b] such that f = F — G and

{z €la,b) : F(z) # F(z+)} N{z € [a,b) : G(z) # G(z+)} =0, (4.24)

that is, for all x € [a,b), either F' or G is continuous at x.

67



Proof. Theorem implies the existence of non-decreasing functions F
and G such that f = F — G. The idea of the proof is to look at point where
both F and G fail to be right continuous. At such points, both F and G
have a right jump. The jump with the larger magnitude will be used to
compensate for the smaller one. This would ensure that at least one of F
and G becomes right continuous at that point. This is made precise in the
following way.
Let {1, 2, ...} be an enumeration of the set

{x € [a,b) : Either of F,G is not right continuous at z}
which is countable by Exercise Define
az) = (F(z+) — F(z)) — (G(z+) — G(z)), a <z < b,

and
F(a)=F(x) = Y ([Fleat) = Fln)] - (a(@)?),  (4.25)
Ge)=G@) — > ([Gleat) = Clan)] — (alza)) "), (426)

for all @ <z < b, where 2t = 2zV0 and 2~ = (—2) V0 for all z € R, as usual.
It is immediate that for all z € [a, b],

F(z) — G(x)
= F(z) — G(x)

- Z [F(xn‘i‘) - F(*'L"n) - é(fxn"‘) + é(xn) - (Oé(xn))+ + (Oé(xn))_]
=F(z)—Gx)— Y [Flant) = Flan) = Glan+) + Glzn) — afan)]
= F(x) - G()

the equality in the penultimate line following from the definition of «a(xy,).
Rewrite

F(z)=F(2) = Y [Fleat) = Flan)] + Y (alza)”.

n:xrnp<T n:xrnp<x

Exercise [1.2.2 shows that
F(x)— Y [Flant) — Fzn)]

n:xrn<r

is a non-decreasing right continuous function of =, and

> (alza)”

n:xrn<r
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is non-decreasing in x. Thus F' is non-decreasing. Furthermore,
{z € [a,b): F(z) # F(z+)} = {zn : a(zy,) > 0}.
Similarly, G is non-decreasing and
{z € [a,b) : G(z) # G(z+)} = {xn : a(zy) < 0}.

Thus (4.2.4) follows. Hence F' and G have all the claimed properties. This
completes the proof. O

Suppose f : [a,b] — R is a right continuous function of bounded varia-
tion. Then F' and G obtained from the above theorem are right continuous.
Indeed, implies that for = € [a,b), the moment either of F' or G is
right continuous at x, the right continuity of f implies that so is the other
one at x as well. In other words, an immediate consequence of Theorem

is the following.

Corollary 4.2.1. If f : [a,b] — R is a right continuous function of bounded
variation, then there exist non-decreasing right continuous functions F and

G such that f =F — G.

Recall Definition in which a signed measure is defined. The above
corollary helps in associating a signed measure to a right continuous function
of bounded variation. This is done in the next result.

Theorem 4.2.3. 1. If f : [a,b] — R is a right continuous function of
bounded variation, then a unique signed measure p on ((a,b],B((a,b])) ez-
ists, such that

w((e, B]) = f(B) = f@) foralla<a < B <b. (4.2.7)

2. If i is a signed measure on (R,B(R)), and fla,b] — R is defined by
F(@) = (@), = € [a,b], (1.2.8)
then holds and f is a right continuous function of bounded variation.

Proof. 1. Corollary implies that there exist right continuous non-
decreasing F' and G on [a, b] such that f = F — G. Extend F to R by

Flz) = F(a), =< a,
F(b), x>b.

Thus F' is a right continuous non-decreasing function on R.
Let pr be the Riemann-Stieltjes measure of F'. Then

pr((—o00,a]) = Fa) — F(—o0) =0
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and similarly
(b, 50)) = F(o0) — F(b) = 0.

Thus zp((a,b]°) = 0. In other words, pp is a measure on (a,b] satisfying

pr((e, B]) = F(B) — F(a),a<a < B <b.

Likewise, a measure ug exists such that the above holds with ‘F” replaced
by ‘G’. Letting

u(A) = pr(A) — p(A), A € B((a,b]),

and recalling f = F'— G, it is immediate that p is a signed measure on (a, b]

satisfying (4.2.7)).
For uniqueness, suppose p’ is another measure on (a, b] such that (4.2.7))
holds with p replaced by /. Let

G ={A€B((a,b]) : u(A) = p/(A)} .
It is immediate that
S={(a,f]l:a<a<p<b}CG.

Since § is a semi-field and p is additive, G contains the field generated by
S. Exercise shows that G is a monotone class. It follows from the
monotone class theorem that G = B ((a, b]) which shows p = p/. in other
words, uniqueness follows.

2. Suppose u is a signed measure on (R, B (R)) and f is defined by .
Additivity of p immediately shows . If z,, € [a,b] and z, | x, then

(@, zn] 1 0.

Hence
0= u(®) = Jim (. 2a]) = ~f(@) + lim f(a).

n—oo

This shows right continuity of f at x and hence completes the proof. O

Definition 4.2.2. For a right continuous f of bounded variation on [a,b],
the unique signed measure (1 on (a, b] satisfying (4.2.7)) is the signed measure
induced by f.

Theorem 4.2.4. An absolutely continuous function f : [a,b] — R is a
function of bounded variation. Further, its total variation function

F(z)=V (f,]a,x]), z € [a,b], (4.2.9)

s also absolutely continuous.
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Proof. Since f is absolutely continuous, there exists k£ > 1 such that
n
}:U@ﬁ—ﬂmﬂﬂﬁl (4.2.10)
i=1

whenever a < x1 <y; <22 <y < ... <z, <y, < b satisfy

n b _
S (i — ) < k“. (4.2.11)
=1

Let P be any partition of [a,b] and @ be a refinement of P such that

a—|—%(b—a)€Q,i:1,...,k.

That is @ = (xq,...,2,) and there exist 0 = ng < ny < ... < ng = n such
that

xn.:a—&—l(b—a),izo,...,k.

Exercise 4.2.1] shows '
o(f, P) <u(f,Q)
= 3 |f(@i) = fziz1)]
z':o .

b—a
Y (wi—wmia) = ’
1=nj_1+1
imply
nj
Z |f(@i) = flzic)[ <1
i:nj,1+l

for j = 1,...,k. Thus v(f,P) < k for every partition P of [a,b], which
shows f has bounded variation.

Let F be as in (4.2.9)). For showing absolute continuity of F, fix £ > 0.
Absolute continuity of f imply the existence of § > 0 such that

n

> 1B — flaw) (4.2.12)

i=1
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whenever a < a1 < 1 <...<a, <, <band

n

i=1
Fix a <21 <y <...2, <y, such that

n

i=1
Recall that (4.2.1) implies
n n
S (Fli) = F(za) = > V(£ [z, )
i=1 i=1
Let Pp,..., P, be partitions of [x1,y1], ..., [Tn, yn], respectively. Suppose
Pi = (Oéz'O, Ceey azkz) Then
n k; n
DD (g —aija) =) (yi—x:) <34,
i=1 j=1 i=1

The choice of §, which ensures (4.2.12)), implies that

n

n ks
e> > |flayg) = flaij-1)l =Y o(f, P).

i=1 j=1 i=1
As this is true for all choices of partitions Py, ..., P, of [x1,v1],. .., [n, Yn],s
respectively, it follows that

n

i=1
Thus absolute continuity of F' follows, which completes the proof. O

Definition 4.2.3. Given a measurable space (£, A) on which u is a signed
measure and v is a measure, | is absolutely continuous with respect to v or
uw <L v if

v(A) =0 implies p(A) =0 for all € A.

Theorem 4.2.5 (Radon-Nikodym theorem for signed measures). Suppose
(Q,A,v) is a o-finite measure space and p is a signed measure on (§2, A).
Then u < v if and only if there exists f € L*(Q,v) such that

u(A) = /Afdu, AcA. (4.2.13)
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Proof. The ‘if’ part is trivial because the right hand side of (4.2.13)) vanishes
if v(A) = 0. For the converse part, assume pu < v. Theorem shows the
existence of A, and A_ such that Ay = (A_)¢ and

uw(A) >0 forall AC Ay and u(A) <Oforall AC A_.
Define
pt(A) =p(ANAy) and p (A) = —pu(ANA), Ac A.

It is immediate that u® are finite measures on (2, A) and u = p* — p~.
Further, v(A) = 0 implies that v(AN Ay) = 0 and hence u(AN Ay) = 0.
Thus ™ < v and similarly p~ < v.
Let N J
_ _ o
9= g, amdh=""
which exist due to Theorem Since T are finite measures, g and h are
v-integrable. Setting f = g—h ensures (4.2.13)). Hence the proof follows. [

Exercise 4.2.3. Show that an f, which satisfies (4.2.13)), is unique upto

sets of v-measure zero, if exists.

Theorem 4.2.6. Suppose f : [a,b] — R is a right continuous function of
bounded variation and p is the signed measure on (a,b] induced by f. The
following are equivalent:

1. f is an absolutely continuous function,
2. u << X\ where X\ is the Lebesgue measure,

3. there exists a Lebesgue integrable function g on |a,b] such that
[ttt =1@) - 1@, e <z <.

Proof. We start with showing that 1. implies 2. Assume f is an absolutely
continuous function. Theoremshows that F, as in , is absolutely
continuous. In the proof of Theorem it has been shown that F' and
G = F — f are non-decreasing. Further, G is absolutely continuous as well
because so are f and F.

Let pp be the measure on (a, b satisfying

pr ((z,y]) = Fy) — F(z),a <z <y <b,

and pg is likewise defined. Theorem shows that up < A and pg < A.
Since u = up — pg, it follows that p << A. Thus 1. implies 2.
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For showing 2. implies 3., assume p < A. Theorem shows that
there exists a Lebesgue integrable g on (a,b] such that

w(A) = / gdX for all A € B((a,b]).
A
Taking A = (a, ] for x € [a,b] establishes 3.

Finally, assume 3. for showing that it implies 1. Let ¢ > 0. Since g is
Lebesgue integrable on (a, b], Lemmam shows that § > 0 exists such that

/ lg(z)| dz < e whenever A\(A) <. (4.2.14)
A

Fixa <z <y1 <... <z <yp <bwith )1 (y; — 2;) < 6 and take
A= (z1,11]U...(n,yn]. Thus A(A) < 4, which shows

=2 1) = Fl)l. (4.2.15)

Thus f is absolutely continuous, that is, 3. implies 1. This completes the
proof. O

The following result generalizes Theorem It should be noted that
the latter is built on Theorem [4.1.5] which has been used in the proof of
Theorem above. The ‘if’ part of the corollary below follows from
(#.2.14) - (4.2.15) and its ‘only if’ part is a consequence of Theorem [4.2.4]
and the equivalence of 1. and 3. in Theorem

Corollary 4.2.2. A function f : [a,b] — R is absolutely continuous if and
only if there exists a Lebesgue integrable g on [a,b] such that

/xg(t) dt = f(x) — f(a) for all x € [a,b].

4.3 The fundamental theorems of calculus

A result which connects integration with differentiation is historically known
as a fundamental theorem of calculus (FTC). The statements of the FTCs
are of the following two types.
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1. The derivative of the integral gives back the original function. The
second part of Exercise for example, is a claim of this kind.

2. The integral of the derivative of a function on an interval equals the
increment of the function on that interval. In other words, a result
guaranteeing (|1.1.2)) under some conditions falls in this category.

We shall proceed towards an FTC of the first kind above. Since such
a claim is easy to show when the integrand is continuous, as done in 2. of
Exercise[3.6.1] a natural way forward is to show that any integrable function
can be approximated by continuous functions.

Definition 4.3.1. A function f : R — R is compactly supported if there
exists a compact set K C R such that

f(z) =0 forallx ¢ K .
Define

C.(R) = {f R—-R }f 1§ a compactly supported continuous function} ,
C(R) = {f R—>R }f s a continuous function} .

Exercise 4.3.1. Show that f : R = R is compactly supported if and only if
YR\ {0}) is a bounded set.

As usual, A denotes the Lebesgue measure, and unless stated otherwise,
LP(R) will mean LP(R, B(R), A).

Theorem 4.3.1. For 1 <p < oo, C.(R) is dense in LP(R).
Before embarking on the proof, let us note that the above fails if p = co.
Exercise 4.3.2. Show that C;(R) is not dense in L*°(R).
The proof of Theorem uses the following two lemmas.
Lemma 4.3.1. If u is a Radon measure on R, then for all A € B(R),
sup{p(K) : K C A, K compact} = u(A) =inf {u(U) : U D A, U open} .

Further, if u(A) < oo, then for all € > 0, there exist compact K and open
U such that K C ACU and (U \ K) <e.

Proof. Exercise. O

Lemma 4.3.2. If K C U C R where K is a compact set and U is an open
set, then there exists f € C.(R) such that

1x < f<1y.
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Proof. Let

d=inf{lzx —yl:ze K,ye U} .
Our first claim is that § > 0. Assume 6 = 0 for the sake of contradiction.
That is, there exist z,, € K and y, € U¢ such that |z, — y,| — 0. Since K
is compact, {x,} has a convergent subsequence {z, }. Denoting

r= lim z,,,
k—oo K

compactness of K implies x € K. Further, y,, — x as k — oo. Since U is
open, U€ is closed and hence z € U¢. Thus x € K NU€, which contradicts
K C U. Therefore § > 0.

Define

1
f(a:)zl—g(d/\d(:n,K)), x € R,
where
dz,K) =inf{lz —y|:y € K}, x € R.

Since d(-, K) is a continuous function, so is f. For z € K, d(z, K) = 0 which
shows f(z) = 1. Hence 1x < f. If x € U®, then d(z,K) > ¢ and hence
f(x) =0, which shows f < 1. Finally,

{z: f(z)#0} ={z:d(z,K) < d}.

Since K is a bounded set, so is the set on the right hand side above. Exercise
shows f is compactly supported and hence f € C.(R). This completes
the proof. O

Proof of Theorem[{.3.1. Fix p € [1,00), f € LP(R) and ¢ > 0. It has to be
shown that g € C.(R) exists such that

If—glp<e. (4.3.1)

Without loss of generality, f can be assumed to be non-negative because
if 91,92 € C.(R) are such that ||[fT — g1, < /2 and ||f~ — g2, < /2,

(4.3.1)) would be ensured by g = g1 — g2. Thus (4.3.1]) has to be proved for
a non-negative f € LP(R). Fix such an f.
Since f > 0, there exist simple functions s, such that 0 < s, 1 f. As
0<(f—su)? < fPand [ f(x)Pde < oo, DCT implies that
l|sn — fllp = 0, n = oc0.

Let t1 = sy and forn =2,3,..., t, = s, — S,—1. Thus

n
Zti:sn%fian,n%oo.
i=1
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Further, t; > 0 for all ¢. That is, ¢; is a non-negative simple function. Hence

foralli=1,2,...,
n;
ti = Zaz‘leija
j=1

for some A;1, ..., Ain, € B(R) and «;1, ..., iy, > 0. Therefore

0o NG

= Zzaijlflijv

i=1 j=1

where the infinite sum on the right hand side converges in LP. By a re-
indexing, write

o
f=> anla, (4.3.2)
n=1
where once again the sum converges in LP, a1, a9,... > 0 and Ay, Ag,... €

B(R). The sets A,, are not necessarily disjoint, and hence we should not get
confused into thinking f takes countably many values. Further, A(4,) > 0
for all n may be assumed because otherwise they may simply be dropped
keeping the equality in , which holds in LP, intact.

Fix N such that N
n=1

Since A(A4,) > 0, it is immediate that «, < oo for all n, because otherwise
would imply [p f?d\ = oo. Similarly, o, > 0 implies A(A,) < co for
all n. Lemma implies the existence of a compact set K, and an open
set U, such that

€
<.
-2

p

p
9

Using Lemma gn € Cc(R) satistying 1x, < g, < 1y, can be obtained.
Since 1x, <14, <1y, it follows that

|gn — 1a,| < 1y, — 1k, = 1y,\K,»
which implies

lgn = 1a,1l, < Lok,

= (AU \ )"/
3

< —-.
— an2n+l

Setting

N
g = Z AnGn,
n=1
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it therefore follows that
N

9= anla,
n=1

This in conjunction with the choice of N establishes (4.3.1]), from which the
proof follows. 0

00
3

N
< Zlozn lgn = 1a,ll, <D 27" e =13
n—=

P n=1

Definition 4.3.2. For f € LY(R), its maximal function Mf : R — R is

defined by
1 x+r

Mf(x)= sup — |f(t)]dt, x € R.
0<r<oo 21 Jy—y
The first question which arises is whether M f is measurable. It will be
answered by showing that M f is “lower semicontinuous” which is defined
below.

Definition 4.3.3. A function g : R — R is lower semicontinuous if for
all 0 € R, g_l((G,oo]) is an open set. Similarly, g : R — R is upper
semicontinuous if gil([—oo, 0)) is open for all 6 € R.

Theorem 4.3.2. For f € L'(R), M f is lower semicontinuous.

Proof. Let f € L'(R) and # € R. Suppose = € [M f > 6], that is, M f(z) >
0. Thus there exists r > 0 such that

1 x+r
1F(t)]dt > 0.

2r Jo .

Let 6 > 0 be such that

r 1 T+r 1 T4
< 74+52T/3H |f(t)|dt:2(r+5)/$_T |F(2)] dt . (4.3.3)

Forye[r—6r+4,ly—r—0,y+r+9 D[z—r,az+r] and hence
y+r+48 z+r
[ inae= [ irnar.
y—r—>5 z—r
Thus

1 y+r+d 1 T+
s |tz gt [ rars

(4.3.3)) implying the rightmost inequality which is strict. Hence M f(y) > 6,
which shows [ — 6,2 + 6] C [Mf > 60]. In other words, every point of
[Mf > 6] is an interior point, showing that the set is open. As this holds
for all # € R, the proof follows. O

An immediate consequence of the above result is that M f is measurable.
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Theorem 4.3.3. For f € L'(R) and 6 > 0,

A(MS > 6) < S5

The proof is built on the following lemma.

Lemma 4.3.3. For zi,...,x, € R and r1,...,r, > 0, there exists S C
{1,...,n} such that the sets in {(z; — 15, z; +1r;) : i € S} are disjoint and

n
LJ(:[:Z — 1y, @i+ 1) C LJ(J:Z — 3x;, 2 + 3ry) .
i=1 i€S

Proof. Assume without loss of generality that r; > ro > ... > r,. A trivial
observation is that if ¥,z € R and 0 < s <t are such that

(y787y+8)m(zitaz+t)7é®a

then
(y—s,y+s)C(z—3tz+3t).

Let 71 = 1 and
o =min{j > 1: (z; —rj,z; + 1) N (@i, — 1y, @iy +14,) = 0}.
Proceed inductively by letting
i1 = min{j > iy : (xj—rj,z+715) (i, —Tiys iy +75,) =0, u=1,...,k}

until 75, = n for some k > 1 or the set on the right hand side above is empty.
Letting S = {i1,...,ix}, it is obvious from the construction that for all

je{l,...,n}\ S,
(xj —rj,xj+rj)ﬁ(:ci—m,xi+ri) %@

for some ¢ € S with ¢ < j and hence the observation above, along with
r; > rj, implies

(xj —rj x5 +1)) C U (i — 3ri, i +3r;).

1€S1<g
It thus follows that
n
U(.TZ — T, T+ ’I’i) C LJ(J}Z — 3z, x; + 37‘2‘) .
=1 €S

It is also immediate that {(x; —r;,z; + 1) : i € S} is a collection of disjoint
sets. Hence the proof follows. O
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Proof of Theorem [[.3.3. Let f € L*(R) and 6 > 0. By an appeal to Lemma
it suffices to show that for all compact K C [Mf > 6],

3
AE) < 2l Fll - (4.3.4)
Fix such a K.
For all x € K, M f(z) > 6. Hence there exists r(z) > 0 such that
L ez (4:85)
t)|dt > 6. 3.
QT(I‘) z—r(x)

Since {(z —r(x),z+7r(z)) : * € K} is an open cover of K which is compact,
there exist z1,...,x, € K with

n
K C U(xl — T, +Ti),
i=1

where 7; = r(z;) fori=1,...,n.

Let S € {1,...,n} be obtained from the claim of Lemma Thus

n

K C U(CL‘,L —ri,xi—kri) C U(.’Ei—?)ﬁ,xi—l—?)’l“i),
i=1 i€S

a consequence of which is

ME) <3 ((@i = 3ri, @i+ 3r7))

€S
= Z 67“1'
€S
1 Ti+r;
<3y 5 [ lrwla
i€S 0 Jair,
3

3
-3 F@)lde < Z1 S,
Uies(@i—ri,zitri)

(4.3.5) implying the penultimate line and the equality in the last line fol-
lowing from the disjointness of the sets in {(x; — ry, z; + ;) : i € S}. Hence
(4.3.4) follows, which completes the proof. O

Definition 4.3.4. For f € L'(R), x € R is a Lebesgue point of f if

x+r
liml/ F(8) — f(z)|dt = 0.

-

The following result illustrates the significance of Lebesgue points.
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Theorem 4.3.4. Suppose f € L'(R). Define

Fla) :/_x f(t)dt, z € R.

1. If x is a Lebesgue point of f, then F is differentiable at x and

2. Points at which f is continuous are Lebesgue points of f.

Proof. 1. Let f and F be as given and = be a Lebesgue point of f. Then
for h > 0,

F(zx+h) — F(z)

—h
Thus
F h)— F 1 [eth
limsup | LT = F@) §21imsup/ 1 (t) = f(2)] dt =0,
hl0 h nio 2h Jo_p

the equality being a consequence of x being a Lebesgue point. Thus the
right derivative of F' at x equals f(z). A similar argument works for the left
derivative as well, which shows

2. Let  be a continuity point of f. Fix € > 0. Continuity at = implies there
exists § > 0 such that

If(t) — f(x)| <e t€lx—6,z+0].

Thus for 0 < r <4,

1 [o+r 1 [t
o8 IICENCIEE %/H cdt—c.
This shows | patr
timg- [ 10— @)l =0,
from which the proof follows. O
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Theorem 4.3.5. For f € L'(R),
{z € R: x is not a Lebesgue point of f} € L(R)

and the set on the left hand side has Lebesgue measure zero. That is, almost
every real number is a Lebesgue point of f.

Proof. Define for all h € L}(R) and 0 < r < oo, T,h : R — R by

1 T+r
Toh(z) = 2T/ Ih(t) = h(z)|dt,z € R,

and Th: R — R by

Th(xz) =limsup T, h(z), z € R.
rl0

Fix n > 1 and let g € C¢(R) be such that ||f—g|[y < %, which is obtained
from Theorem Let h = f — g. Thus for all x € R,

Tr f(z) = (Tr(g + h)) (x) < Trg(x) + Trh(z).

Since g is continuous, every point is a Lebesgue point by the second part of
Theorem Taking lim sup,. |, we get

Tf(x) <Th(z), z € R. (4.3.6)

For all z € R,

x+Tr
Toha) < 5 [ ()] + @) de

z+r
—lhla)l + 5 [ o]
<|h(x)| + Mh(z).

Therefore,
Th(z) < |h(z)| + Mh(z).

This in conjunction with (4.3.6)) shows that
[Tf>2 Cllh]|>EU[Mh>E]€>0. (4.3.7)

So far, n was fixed. Now suppose for all n = 1,2,..., g, € C.(R) is
chosen to satisfy || f — gnll1 < L. Letting hy, = f — g, (£:3.7) implies

[Tf>2] C[|hn| >&U[Mh,>¢,n=1,2,...,£>0.
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For a fixed & > 0, it thus follows that

o0

[Tf>2¢ C ﬂ ([|hn| > €] U [Mh, > £]) .

Theorems [3.4.4] and [4.3.3] imply
4

A(llhn| > €] U [Mhy > €)) < Z‘thul <o

Therefore

A (ﬂ ([|hn] > €] U [Mhy, > 5])) =

n=1

Theorem implies that [T'f > 2¢] € L(R) and
(TS > 2]) =
As [Tf >2/k|1[Tf > 0], it follows that
Tf=0a.e.
This completes the proof. ]

Let us adopt the following notation for the rest of this subsection:

Fl(z) = {jiF(x), if the derivative exists at z, (43.8)

0, otherwise .
Exercise 4.3.3. Suppose F': R — R is a Borel function. Show that

{z € R: F is differentiable at xz} € B(R),

and F', as in (4.3.8)), is a Borel function.
The next result is an FTC of the first kind.

Theorem 4.3.6 (FTC, version 1). Suppose f € L'(R). Define

:/z Ft)dt, z €R.

Then F is differentiable a.e. and

F' = f a.e.

Proof. For every Lebesgue point z of f, F is differentiable at x and F'(z) =
f(x) by the first part of Theorem Since almost every point is a
Lebesgue point of f by Theorem the proof follows. O
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The next result combines the above result with Corollary

Theorem 4.3.7. For —oo < a < b < 0o, F : [a,b] = R is an absolutely
continuous function if and only if F is differentiable a.e. on |a,b],

b
/ |F'(z)] do < oo

and

/xF'(t)dt:F(x)—F(a) for all z € [a,b].

Proof. The ‘if’ part follows directly from Corollary Conversely, assume
F is absolutely continuous. Once again, Corollary [£.2.2] implies there exists
an integrable f : [a,b] — R such that

/ " Ft)dt = F(z) — Fla), 2 € [a,1]. (4.3.9)

Extend f to whole of R by defining it to be zero outside [a, b]. Since

F(ac):F(a)—l—/ f(t)dt, z € [a,b],
Theorem [4.3.6| shows that F' is differentiable a.e. and
F' = f ae.on [a,b].

Thus F’ is integrable on [a,b] and (4.3.9) shows that
/ F/(#)dt = F(z) — F(a) for all 7 € [a,1].

Hence the ‘only if’ part follows, which completes the proof. O

The following theorem, which is a particular claim of Theorem 4.3.7]
shows that (1.1.2]) holds whenever f therein is absolutely continuous, and is
hence an FTC of the second kind.

Theorem 4.3.8 (FTC, version 2). If —co <a <b< oo and F : [a,b] = R
is absolutely continuous, then it is differentiable a.e., F' is integrable on

[a,b] and
b
/ F'(z)dx = F(b) — F(a).
Proof. Follows from the ‘only if’ part of Theorem O

The following exercise establishes a connection between Radon-Nikodym
derivative, as in Definition and functional derivative.
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Exercise 4.3.4. Suppose ' : R — R is a non-decreasing function which is
absolutely continuous on [a,b] for every compact interval [a,b] C R. If u is
the Riemann-Stieltjes measure of F', show that u < \ and

dp /
—=F".
X

The next result gives an easily checkable sufficient condition under which
the claim of Theorem 3.8 holds.

Theorem 4.3.9 (FTC, version 3). If F': [a,b] — R is differentiable every-
where on (a,b) and continuous at a and b such that

sup |F'(z)] < oo,
z€(a,b)

then

b
/ F'(z)dx = F(b) — F(a).

Proof. 1t suffices to prove that F' is absolutely continuous, because then the
proof would follow from Theorem [4.3.8] Denoting

K = sup |F'(z)],
z€(a,b)

it is immediate from the mean value theorem that
|[F(y) — F(z)| < Klz —yl,a <z <y <b.

Absolute continuity of F' follows immediately from the above, and hence
completes the proof. O

The following exercise is a very commonly used version of the fundamen-
tal theorem of calculus.

Exercise 4.3.5. Suppose for some —o0 < a < b < oo, F: (a,b) > R isa
continuously differentiable function. Assume that

b
/ |F'(z)] dx < o0

Show that

lim F(x) and lim F(x) exist and are finite.
zla z1b

Denoting by F(a) and F(b) the above limits, respectively, show furthermore
that

b
/ F'(w)dz = F(b) — F(a).
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Theorem 4.3.10. Suppose (1, A1, 1) is a measure space, (2, A2) is a
measurable space and T : Q1 — Qo is a measurable function. Define

v(A)=p(T71A), A€ As. (4.3.10)
Then v is a measure on (Qa, As).
Proof. Exercise. O

The following definition is motivated by the above theorem.

Definition 4.3.5. Under the hypotheses of Theorem v defined by
(4.3.10)) is the push-forward measure of u under T, and is denoted by

v=poTt.

Exercise 4.3.6. If (1, A1) is a measurable space, (22, A2, 1) is a o-finite
measure space and T : Q1 — Qo is a bijection such that T : Qy — O
is measurable, show that T(A) € Ay for all A € Ay and v : Ay — [0, 00]
defined by

v(A) = n(T(A)), A€ A, (4.3.11)

is a o-finite measure on (2, A2).

The measure v, defined by (4.3.11)), is sometimes called the “pull-back”
of p under T. The pull-back measure is defined whenever u is a measure
and T is a bijection whose inverse is measurable.

Theorem 4.3.11. Suppose —0o < a < b <00 and —00o <c < d < o0 and
F : (a,b) — (¢,d) is a bijection which is absolutely continuous on |«, 3] for
alla <a< B <b. Let yu= Ao F, that is,

p(A) = A(F(A)), A € B((a,b))
Then p is a o-finite measure on (a,b), u < A as measures on (a,b) and

dp

@) =P @), @ € (ab).

Proof. Since F' is a continuous bijection on (a,b), it is either increasing or
decreasing. We prove the result for the case F' is decreasing; the proof of
the other case is similar.

As F is decreasing, its inverse F~! is also decreasing and hence mea-
surable, Exercise shows p is the pull-back of A\ under F' from (¢, d) to
(a,b). Since A is o-finite, so is . Define a measure v on (a,b) by

V(A):/A(—F/(x)) dz . (4.3.12)

86



In other words, v is the measure whose Radon-Nikodym derivative with
respect to X is —F’. Then for a < oo < 8 < b,

i) =~ [ " P(a) de
— F(a) - F(B)
=A\([F(9). F(a))
= pu((o, B]),

the second line following from Theorem [£.3.8] and the list line follows from
the observation that since F is decreasing, F((a, ]) = [F(B), F(a)).
Continuity from below shows that 1 and v agree on

S={(a,5]N(a,b):a <a<p<b},

where S is a semi-field. Further, p and v are o-finite on S because if a <
an < Bn < b are such that o, — a and 8, — b, then

(CL, b) = U (am ﬂn]
n=1

and
N((O‘nuﬁn]) = V((O‘naﬁnD = F(an) — F(Bn) < o0.

Theorem [2.5.4|implies y and v agree on o(S) which is the same as B((a, b)).
Hence p < A and (4.3.12)) shows

du _
a\x

which completes the proof. O

_F/ — |F/|,

Exercise 4.3.7. Suppose (21, A1, 1t) is a measure space, (€2, Az) is a mea-
surable space and T : 11 — Q is a measurable map. Then for a measurable
f: Q9 = R, show that

JT@) plde) = [ f@ypeT Hdz),  (4313)
Q1 QQ
where the integrals above refer to the notations introduced in (3.3.1)) which

1s just below Definition whenever either side of (4.3.13)) makes sense.

This is the so-called change of variables formula for push-forward measures.

Exercise 4.3.8. Suppose (2, A, 1) is a measure space and f : Q — [0, o0]
is measurable. Define

V(A):/Afdu,AE.A.
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1. Show that v is a measure on (2, A).

2. Prove that for a measurable g : Q! — R,

/gdy— /gfd,u, (4.3.14)

whenever either side is defined.
The formula (4.3.14]) is called the “change of measure formula”.

Theorem 4.3.12 (Change of variables for Lebesgue integration). Suppose
—0<a<b< oo, —0<c<d< oo and F: (a,b) — (c,d) is a bijection
which is absolutely continuous on |c, 5] for all a < a < 8 < b. Then for a
measurable f : (¢,d) = R,

[ rerwirwia= [*rwa, (43.15)
whenever the integral on either side is defined.
Remark 4.3.1. 1. The above theorem justifies the substitution
y=F), dy=|F(2)de.

2. The formula (4.3.15)) becomes incorrect if the modulus sign on F'(x) is

removed.

Exercise 4.3.9. If (1, A1) is a measurable space, (a2, Az, 1t) is a measure
space and T : 2y — o is a bijection sgch that T~ : Qo — Qy is measurable,
show that for a measurable f : Qs — R,

f@)n(dy) = [ (7)) o T(ds)
Qo 2
whenever the integral on either side is defined.

Proof of Theorem|4.5.13 Let p = Ao F. For a non-negative measurable
f:(c,d) = R, Exercise shows that

d b
| fwydy= [ o F@re
b
— [ foP@u(an
b
~ [ foP@IF@]ds,
(4.3.14) and Theorem [4.3.11| implying the last line. Thus (4.3.15)) holds

whenever either side of it makes sense. This completes the proof. ]
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We end this subsection with a corollary of Theorem

Corollary 4.3.1. Suppose U,V C R are open sets and F : U — V s
a bijection which is absolutely continuous on [, B] whenever [a, B] C U.
Then for a measurable f:V — R,

/foF(a:)]F/(x)Mx:/f(y)dy (4.3.16)
U 174

whenever either side makes sense.

Once again, (4.3.16) becomes incorrect if the modulus sign on F'(z) is
removed.
4.4 Complex Measures

Let (€2,.A) be a measurable space, fixed for this subsection. The following
is in line with Definition £.1.3]

Definition 4.4.1. A function u: A — C is a complex measure if

> |n(An)] < o0
n=1

and
K <U An) = ZN(An)
n=1 n=1
for all disjoint Ay, As, ... € A. The tuple (Q, A, u) is a complex measure
space.

As mention in Remark the first condition is implied by the second
one, though it doesn’t hurt to mention the former separately for the sake of
emphasis. A signed measure is trivially a complex measure.

Definition 4.4.2. Given a complex measure space (2, A, 11), the total vari-
ation |u|(A) of p on A for A € A is defined by

n n
|| (A) = sup {Z |(Ai)| : Ay,. .. Ay € A disjoint, U A=A ne N} .
i=1 i=1
Let u be a complex measure on (£2,.4) unless specified otherwise.

Remark 4.4.1. The total variation |u|(A) of u on A should not be confused
with |pu(A)|.

Exercise 4.4.1. Show that

1(A)] < [nl(A), A€ A.
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Definition 4.4.3. If A € A is the union of A1, As,... which is a finite
or countably infinite collection of disjoint sets in A, then {Ay, Ag,...} is a
partition of A.

Exercise 4.4.2. Show that for
|| (A) = sup {Z |(Ai)| : { A1, Aa, ...} is an infinite partition of A} .
Theorem 4.4.1. If u is a signed measure on  and (AT, A7) is its Hahn
decomposition, that is, A~ = (A1)¢ and for all A € A,
w(A) >0 if AC AT and u(A) <0 if AC A,

then
[ul(A) = (AN AT) —p(ANA7), Ac A,

Proof. Fix A € Aand let Ay = AN A" and Ay = AN A~. Then {41, Ay}
is a partition of A and hence

(A)] = [p(Ar)] + [(A2)| = (AN AT) — p(ANA7).
Now let {A1,...,A,} be any partition of A. Then
D (A = (A VAT + p(A; N AT
i=1 i=1

< [Im(Ai VAT + (A A7)

i=1
_Z (AiNAT) — p(AiNA7)]
:u(AmAJF) —u(ANA7).
As this holds for any partition of A, it follows that
1l (A) < p(ANAT) —p(ANA7),

which in conjunction with the already proved reverse inequality completes
the proof. O

The following definition is motivated by the above theorem.

Definition 4.4.4. For a signed measure p on (§2, A) with Hahn decomposi-
tion (AT, A7), the positive and negative parts of u, denoted by u*™ and p~,
respectively, are defined by

pH(A) =pu(ANAT) and p=(A) = —u(ANA"), Ac A. (4.4.1)
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The exercise below follows from Theorem [£.4.1]
Exercise 4.4.3. Suppose u is a signed measure on ).

1. Show that p* and p~ are finite measures on 0 and are independent
of the choice of the Hahn decomposition, that is, if (A], A7) and
(AT, Ay) are such that A} = (A;)¢ and

p(A) >0 if AC Af and n(A) <0 if AC A,
fori=1,2, then

WANAE) = (AN AS), Ae A.

2. Show that
|ul(A) = u*(A) +p~(4), Ac A. (4.4.2)

Definition 4.4.5. For z = x+wy € C where z,y € R, the real and imaginary
parts of z, denoted by R(z) and 3(z), respectively, are defined by

R(z) =z and 3(z) =y.

The notation ¢ = v/—1 is used above and elsewhere in this subsection.
It is worth emphasizing that the imaginary part is also a real number, and

z=R(z) +13(2), z € C.

Theorem 4.4.2. The real and complex parts Ry and Su of the complex
measure | are signed measures. Further for all A € A,

1l (A) < [Rp|(A) + [Sp|(A)

and
(Rp|(A) v [Sul(A) < |pl(4).

Proof. That Ry and S are signed measures follow trivially since p is a
complex measure. For A € A and a partition {41,...,A,} of A,

Z u(Ai)] < Z (Rp(A0)] + [Su(A)]) < [Rp|(A) + [Sp|(4).-

Taking the supremum over all finite partitions {Aj, ..., A,} of A, the first
claim follows.
For the second claim, observe that for Aq,..., A, as above,

D (A =) [Ru(A)],
i=1 i=1
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which shows by taking a supremum that

1l (4) > [Rul(A4).

This in conjunction with
ul(A) > [Sul(A),

which follows similarly, proves the second claim. This completes the proof.

O
Theorem 4.4.3. The total variation |u| is a finite measure on €.
Proof. Theorem [£.4.2] implies
HI(A) < [Rul(A) + [Sul(4) < 00, A € A. (4.4.3)

To show that || is a measure, let Aj, Ag, ... € A be disjoint and set

A= GA"'
n=1

For a fixed ¢ > 0, (4.4.3)) implies |u|(A4,) — 27" < |u|(A4,) and hence there
exists a partition {A,1,..., Ank, } of A, such that

kn
Do (A = |ul(An) =27 (4.4.4)
=1

Thus {Ai1,..., A1k, A21, ..., Aog,, . . .} is an infinite partition of A. Exercise
implies that

(4.4.4) implying the inequality in the second line. Since € is arbitrary, it
follows that

1l(A) = > |ul(An) .-
n=1

For the reverse inequality, let {E1,..., Ex} be a partition of A. Then

E;, = U(EiﬁAn),’L'Zl,...,k‘,

n=1
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and the sets on the right hand side are disjoint. Hence

k k
DB = Z
i=1

N :o:
SZZ\MEOA

© k

n=1 i=1
<3 lul(An)
n=1

the last line following from the observation that A, N Ey,..., A, N Ey is a
partition of A, for all n € N. Taking supremum over all finite partitions
{E1,...,E} of A, we get

|ul(A) < Z |l (A

This along with the already proven reverse inequality shows |y is a measure.
Putting A = Q in (4.4.3) shows that |u| is a finite measure and hence the
proof follows. ]

Definition 4.4.6. The Borel o-field on the complex plane, denoted by B(C),
is the o-field on C generated by open sets.

Exercise 4.4.4. 1. Show that
B(C) =0 ({Rapeq : a,b,c,d € R, a < b, c < d})
where
Ruped ={2€C:a<R(z) <b, c<S(z) <d}, a,b,c,d e R, a<b, c<d.

2. Using 1. or otherwise, show that f : Q@ — C is B(C)-measurable if and
only if Rf and Sf are Borel functions.

Henceforth v is a measure on (2,.4) and p continues to be a complex
measure on the same space, unless specified otherwise.

Definition 4.4.7. If f : Q — C is such that Rf,Sf are in L*(Q,v), then f
is said to be integrable with respect to v and we define

/fdyz/%fduﬂ'/%fdy.
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Exercise 4.4.5. For a measurable f : Q — C, show that |f| is Borel and f
is integrable with respect to v if and only if | f| is v-integrable.

Exercise 4.4.6. For v-integrable f,g : Q@ — C and z1,29 € C, show that
z1f + z2g is also v-integrable and

/(zlf—i—zgg)duzzl/fdl/—i—zQ/gdy.

Theorem 4.4.4. For a v-integrable f : Q — C,

‘/fdv < [1s1av.

Proof. Let z = [ fdv. If z = 0, the claimed inequality follows trivially.
Assume without loss of generality that z # 0. Then

lzz_l/fdz/:/z‘lfdy,

the right equality following from Exercise Thus [ 27 fdv is a real
number. It follows from the definition that

/%(z_lf)du:§</z_1fdu> =0.

1= /é)%(z_lf) dv
= '/%(z‘lf) dv
< [IRGplav

< [l lav
SR ALL?

PE / \fldv,

which is precisely the claimed inequality. Hence the proof. ]

Therefore

Hence

Theorem 4.4.5. If f : Q — [0,00] is measurable, then
[ rawwt < [ 5au,
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[ ra@w*< [ rau
/fd|u|</fd?Ru + [ raow e+ [ raew+ [ rasw

Proof. If f =14 for some A € A, then

/ F ARt = (Ru)* (A) < [Rul(A) < |l (A) = / fdlul,

(4.4.2) implying the first inequality and the second one following from the
second claim of Theorem Routine arguments show the claim for a non-
negative simple function f and the monotone convergence theorem shows

that
[ raow® < [ sl

A similar argument works for (Ru)~ and (Su)* and hence proves the first
two claims.

The third claim also follows from and the first inequality of The-
orem [4.4.2]in a similar way. This completes the proof. O

Definition 4.4.8. A measurable f : Q) — C is p-integrable if

/ Fldlul < oo,

and for such f, its integral with respect to u is defined by

[ran=[ra@w* =~ [ragw -+ [racn -0 [ facw

each integral on the right hand side is finite due to Theorem [{.4.5,

The notion of absolute continuity of a complex measure with respect to
a measure is as in Definition and is not being stated explicitly.

Theorem 4.4.6 (Radon-Nikodym theorem for complex measures). Assume
w <L v, that is, v(A) = 0 implies that (A) = 0 and that v is o-finite. Then
there exists a v-integrable f : Q — C such that

:/de,AEA.
A

Proof. Observe that © < v implies that Ry < v and Sp < v. Since
v is o-finite, the proof follows by applying Theorem to (Ru,v) and

(S, v). O
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Theorem 4.4.7. The exists h : Q@ — C which is |u|-integrable such that for
all A,

pu(A) = /Ahd\,u\ . (4.4.5)
Proof. Exercise shows that |u|(A) = 0 implies

[(A)] < |pl(A) =0

and hence p < |p|. Since |p| is a finite measure, Theorem completes
the proof. ]

Theorem 4.4.8. If h is as in (4.4.5)), then
B =1, |ul-a.e.
The proof of the above theorem uses the following lemma.

Lemma 4.4.1. Suppose v is a finite measure on (2, A) and f : Q — C is
v-integrable. If S C C is a closed set such that

1
dv e S
o(E) /Ef €

for all E € A with v(E) > 0, then f € S v-a.e.

Proof. Since S€ is an open set, as S is closed, there exist 21, z9,... € §¢ and
r1,72,...> 0 such that

S¢ = U{zeC:|z—zn|§m}.

n=1
Thus it suffices to show that
v(ffHzeC:lz—2|<r})=0
whenever zp, r are such that {z € C: |z — 29| <7} C S°

Let zp,7 be as above. Denote E = f~'{z € C : |z — 2| < r}. For
showing v(E) = 0, assume the contrary, that is, v(E) > 0. Then

/Ef—zO|du

|
<o [

:7‘7

<1
~ v(E)
1




Theorem [.4.4] implying the inequality in the second line and that in the
penultimate line following from the definition of E. Thus

1
[ Dz — < ¢
V(E)/z‘due{ze(c |z — 20| <71} C S

which contradicts the hypothesis of the lemma. Hence v(E) = 0, from which
the proof follows. O

Proof of Theorem[].].8 Let h be as in (4.4.5) and S = {z € C: |z| < 1}.
Then for all E € A with |u|(E) > 0,

1 / [W(E))|
- hdu‘ _ <1,
' |1l (E) |1l (E)
the inequality following from Exercise In other words,
il
———— [ hdp € S whenever |u|(E) > 0.
lul(E)

Lemma shows h € S |ul|-a.e. That is,

h| <1, |plae. (4.4.6)

Let {A1, Ay, ..., Ay} be a partition of A = [|h| < 1 — €] for some € > 0.
Then

n

Z (4| = Z
i=1

=1

[l <3 [l < - ).
Ai i=1 7 Ai
Since this holds for every partition,

|1l (A) < (1 = ¢e)[ul(4).

Hence |u|(A) = 0, that is, u(|h] <1 —¢€) =0 for all 0 < ¢ < 1. Recalling
that

[e.9]

[hl < 1] = [JIhl <1 —1/k],

k=1
it follows that |h| > 1 |u|-a.e. The proof follows by combining this with
(@4.6). O

Theorem 4.4.9 (Change of measure formula for complex measures). Let v
be a measure on Q and f: Q — C be v-integrable. Define

M(A):/Ade,AEA.

Then p is a complex measure on Q. A measurable g : Q — C is p-integrable
if and only if |fg| € LY(Q,v) and for such g,

/gduz/fng-
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Proof. Let fi = (Rf)T, fo = RF)™, f3 = (Sf)T and f4 = (Sf)~ where
xt=xzVv0and 2= = (—z) VO for x € R, as usual. Recall that

[l vV fal < S
and hence fi,..., f1 are v-integrable. Define
,LLZ(A) = / fidI/, 1= 1,2,3,4.
A
Thus g1, ..., uq are finite measures on 2. Since

M= 1 — M2 L3 — L,

it follows that p is a complex measure on {2.
A trivial observation is that

Ru(A) :/A%fdu, AcA.

Hence ([Rf > 0],[Rf < 0]) is a Hahn decomposition for Ru. Thus for all
Ae A,

(Ra) (4) = p (A), (44,

(Ria) ™ (A) = o (4). (4.4.8)
Similarly, it can be shown that

(S1)* (4) = (), (4.4.9)

(S1)~(A) = ua(A). (4.4.10)

Let g : 2 — C be measurable. Suppose that g is p-integrable, that is,

[1gldlul <.

The first claim of Theorem implies that

sl = [ 1ol

(4.4.7)) implying the second line and the last line following from the definition
of py and (4.3.14). Similarly, (4.4.8])-(4.4.10) imply

/!g!fidug/lgld!u!,i=2,3,4-
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Thus A
1ot <3 [lolse <4 [ 1ol dlul < ox.
=1

Conversely, suppose that

[1saldv < .

The third claim of Theorem [4.4.5[ and (4.4.7)-(4.4.10) imply that
4
[1sldid <Y [1aldn
i=1
4
=3 [ lalfiav
i=1

< 2/|fg|dl/
< o0,

(4.3.14) and the definition of uq,...,us implying the second line and the

inequality in the penultimate line following from the observation

4

Y L= IR+ (ST <2f].

=1

This proves the “if and only if” claim.
Finally let g be p-integrable. It follows from (4.3.14)) that

/%gdui = /fiﬂ%gdy, i=1,...,4.
A similar argument works for $¢g, which in conjunction with the above shows
/gdui:/figdy,z‘:l,...,él. (4.4.11)
Recalling - and Definition we get

/gdu—/gdm—/gdmﬂ/gdus—b/gdm
= [noav— [ ngav+i [ pgav—o [ figav
Z/fgdv,

(4.4.11)) implying the second line. This completes the proof. ]
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The following result is the goal of this subsection.

Theorem 4.4.10. If f : Q — C is p-integrable, then

‘/fd/t‘ < [ 151l

Proof. Theorem implies the existence of h satisfying (4.4.5). Thus for
a p-integrable f : Q — C, Theorem [£.4.9] shows that

| o
< [1rnidul
~ [171dn

the second line and the last line following from Theorems [4.4.4] and [4.4.8]
respectively. This completes the proof. O

5 Product measures
5.1 The Theorems of Tonelli and Fubini
Suppose (1, A1, 1) and (2, A2, pu2) are finite measure spaces. Define
Q1 X Qg = {(w1,w2) : w1 € Qy,wa € N}, (5.1.1)
that is, 21 x € is the usual Cartesian product of 21 and €22, and let
A1 @ As =0 ({41 x Ay : Ay € Ay, Ag € As}) . (5.1.2)
For all £ C 1 x 9, define

Ewl = {LL)Q € Q2 : (W]JWQ) S E}a w1 S Qla
B = {wl €y : (Wla‘*}?) € E}, wo € Q.

The following result is the first step towards constructing product measures.
Theorem 5.1.1. For all fired E € A1 ® As, the following holds:

1. E,, € Ay for all wy € €y,

2. w1+ pa(Fy,) is an Aj-measurable function on Q1 and

3. u defined on A1 ® Az by
WE) = [ ol By (o), E € Ay Ao,
Q1

is a measure on (1 X Qa, A1 ® Ag).
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Similarly, the following holds for all E € A1 ® As:
4. BEY2 € Ay for all wo € Qo,

5. wy — p1(E“?) is an Ag-measurable function on Qo and

6. 1 defined on Ay ® Ay by
W (E) = / 11(E2) pa(dwn), E € A1 @ As,
Qo

is a measure on (1 X Qa, A1 @ Ag).

Finally,
w(E) = p/(E) for all E € A1 ® As. (5.1.3)

Proof. The proof follows by routine verifications, as sketched below. Let
G={AC Q) xQy: each of 1,2, 4 and 5 above holds for A}.

Define
S = {Al X AQ : Al c ./41,142 S AQ}a

which is a semi-field because it is trivially closed under finite intersections
and for A; € A1 and Ay € Ao,

(Al X Az)c = (Al X Ag) U (Ai X QQ) .
It is immediate that S C G because for A1 x As € S,

A27 w1 € A17

0, else,

(Al X A2)w1 = {

and hence
p2 (A1 x Az)w,) = p2(A2)1a, (w1) (5.1.4)

is an Aj-measurable function of wy, showing 1 and 2 hold; 4 and 5 hold
for A} x As by similar arguments. Routine arguments show that the field
generated by S is contained in G. Finally G can be shown to be a monotone
class with the help of DCT, using the fact that ui, pe are finite measures,
by standard arguments. The monotone class theorem shows G D o(S) =
A1 ® Ao, that is, 1, 2, 4 and 5 hold for all £ € A; ® As.

Once the RHS of 3 is defined, due to 2, that p is a measure is immediate.
Similarly, 6 also follows. For , observe that implies for all
A € Al,Ag € AQ,

p(Ar x Ag) = pa(Ar)pz(Az).

Similarly,
1 (A1 x Ag) = p1(Ar)pa(Az), A1 € Ay, Ay € Ay

Thus p and p/ are finite measures which agree on the semi-field S. Hence

(5.1.3)) follows. -
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The jump from finite to o-finite is easy and is left as an exercise.

Theorem 5.1.2. The claims of Theorem hold when w1 and pg are
o-finite measures.

Proof. Exercise. O
Now we are in a position to define the product of two o-finite measure
spaces.

Definition 5.1.1. Suppose (1, A1, pu1) and (Qo, A2, u2) are o-finite mea-
sure spaces. Let Q@ =y xQy and A= A1 ® A be as in (5.1.1)) and (5.1.2)),

respectively. The unique o-finite measure p on (2, A) satisfying
/L(Al X AQ) = Hl(Al)lQ(AQ) for all Ay e A1, A € Ay

is the product measure of 1 and pz. The measure space (2, A, ) is the
product of the measure spaces (1,41, 1) and (2, Ag, p2), which is written
as

(Q1, A1, 1) ® (a2, Az, p2) = (2, A, ) .
Usually we also write = 1 ® po.

Throughout this subsection, (€;,.4;, 11;) is a o-finite measure space for
1=1,2.

Theorem 5.1.3 (Tonelli). Suppose f : Q1 x Q2 — [0,00] is A; @ Az-
measurable. Then

1. for all fized wy € Oy, f(wy,-) is an Az-measurable function from Qg to
[0, oc],

2. w1 — fQQ f (w1, wo)ua(dws) is an Aj-measurable function of wy on

3. for all fixred wy € Qo, f(-,w2) is an Aj-measurable function from £ to
[0, oc],

4. wo = le f(wr,wo) 1 (dwy) is an Ax-measurable function of wy on Qa,

5. and
/ fwi, w2) pa(dws) pa(dwr) = / fd(p @ p2)
Q1 JQo Q1 %802
:/ f(wi, we) 1 (dwr) p2(dws)
Qo J
where
/ f (w1, wa) pa(dws) pa (dwr)
Q1 J Qs
means

/Ql < Qs f(wl’wz)m(dwz)> 1 (dwr)

by convention.
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Proof. For f = 1 where E € A1 ® Ao, 1, 2, 4, 5 and of Theorem
which hold for o-finite measure spaces by Theorem prove 1-
5 above. Routine arguments via simple functions and MCT complete the
proof. O

Theorem 5.1.4 (Fubini). Suppose (2, A, ) = (21, A1, p1) ® (22, Az, u2)
and
feL (Q,Ap) .

Then the following holds.
1. For all wy € 1, f(wi,-) is an Az-measurable function form Qs to R.

2. For (p1) almost all wy € Oy,

. | f (w1, w2)| pa(dws) < 00

3. If g : Q1 — R is defined by

glwr) = {f(b (w1, w2) po(dwa), Zsfﬂz | f (w1, w2)| pa(dws) < oo

then g is measurable, pi-integrable and

/ gdu1=/fdu-
951 Q

4. For all wy € Qa, f(-,wo) is an Aj-measurable function form Q to R.

5. For (u2) almost all wy € Qo,
/ | f (w1, wa)| muy (dwr) < oo
951

6. If h: Qo — R is defined by

, else,

h(ws) = {fﬂl (w1, w2) p1(dwy), if le | f(wr,wa)| p (dwy) < o0,

then h is measurable, po-integrable and

/ hduQ:/fdu.
Qo Q

Proof. Follows by applying Theorem to f* and f. O
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The following corollary of Theorems and is often referred to
jointly as the Tonelli-Fubini theorem.

Corollary 5.1.1. For a measurable f : Q1 x Q9 — R, it holds that

| o patdan mtdon) = [ [ florwn) i ldon) pa(dn),
Q1 JQo Q2 J

whenever either f > 0 or

/ |fld(pm @ p2) < oo,
Q1><QQ

Example 5.1.1. Letting (0, Ai, ;) = (N,2Y,0) for i = 1,2, where v is
the counting measure on N, Corollary implies that for a double array

(aijti,jEN)CR,
0o o0 oo 00
Z,Zaij == Zzaij (5.1.5)

=1 j=1 7j=11i=1
holds if either
a;j > 0 for alli,j € N, (5.1.6)
or o =
D) lai| < oo (5.1.7)
i=1 j=1

In view of the above example, it can be asked if (5.1.7]) always holds
regardless of whether or not (5.1.5) or (5.1.6)) is satisfied. The following

counter-example answers this question in the negative.

Example 5.1.2. For all i,j € N, define

_17 j - i7
a;; =<1, j=1+1,
0, else.
Then
(o)
Zaij =0 foralli=1,2,...
j=1
and hence

On the other hand,



because a1 = —1 and a;1 =0 for all i =2,3,...; further,
oo
Zaij:aj_lj—i—ajj:l—l:O,j22.
i=1

Thus
(o0} o (o) o0
ZZaU =—1#0= Zzaijv
j=1i=1 i=1 j=1

showing that (5.1.5)) does not hold. Neither (5.1.6) nor (5.1.7)) is satisfied in
this case and hence the failure of (5.1.5) does not lead to any contradiction.

Along the lines of Definition the product of o-finite product mea-
sures (1, A1, 1), .., (2n, Ap, i1n) can be defined. The usual notation for

the same is
n

Q) (x, As i) = (H@»@«%@M) ;
=1 =1 =1

=1
where H?:l QZ‘ = Ql X ... X Qn.

5.2 The Lebesgue measure in higher dimensions

This subsection is devoted to defining the Lebesgue measure on R% and
studying its properties. The dimension d > 1 is fixed throughout.

Definition 5.2.1. The Lebesgue measure on R¢, usually denoted by \g, is
the d-fold product of the Lebesgue measure on R, that is,

d d
X (R, B(R),\) = (Rd, X) B(R), Ad> ,
i=1

=1

where X is the Lebesgque measure on R. For a measurable f : R — R, its
integral with respect to A\g is usually denoted by

/fd)\d, /Rdf(x)dx, /_Z.../_Zf(wl,...,xd)dxl...dxd cte.

The subscript ‘d’ in Ag will be suppressed whenever the dimension of the
Euclidean space, on which we are working, is obvious from the context.

Definition 5.2.2. The Borel o-field on RY, denoted by B(R?), is the o-field
generated by open sets in RY.

Exercise 5.2.1. Show that



Let us start with seeing an interesting application of Corollary in
the context of As.

Example 5.2.1. We wish to calculate

I = / e dx .
R
Corollary [5.1.1) implies that

/ / e~ (@) gy dy = / e’ / e v dy dzx,
—o0 J —o0 —o0 -

=12,

For a fized x € R\ {0}, put y = xz, dy = |z| dz using Theorem to get

> 2 & 2.2
/ e YV dy = \:U|/ e “ " dz.
—00 —00

I? = / / ’$|€_m2(1+z2) dz dx

= / / ]m\efﬁ(l“% dx dz,

the second line following once again from Corollaryl|5.1.1. For a fixed z € R,

/OO ‘$\6_12(1+Z2) dx = 2/00 ze (1457 gy

—00 0

Thus

(Theorem[{.3.1% y = 2%, dy = 2z dx) = / o—y(1+22) g
0
e—y(1422) Y=

Euerci e
(Ezercise[].3.0) [ T

1
14227

y=0

Therefore

=
S
9
3
IS
»
9]
H
|
T
&
al
L
&
I3
8

Since I > 0, we get



that is,

/ e dx = /7.

—00

Theorem shows that
/ ev?/2 dy = V2r.

In other words,

/ o(z)dz =1,
R
where ¢ : R — R is defined by

o(z) = (271')71/26722/2, z eR.

The function ¢ is of central importance in probability theory and is called
the “Gaussian or normal density” therein.

Let H be the collection of all half-open (left open, right closed) bounded
rectangles, that is,

H:{(al,bl] X ... X (ad,bd] oo < a < by < oo for i = 1,...,d} .
Exercise 5.2.2. Check that
o(H) = B(RY).

For all R € H, R and R denote the interior and closure of R, respec-
tively.

Exercise 5.2.3. For R = H?:l(a’i’ bi| € H, show that
A(R) = A(R%) = A(R) = [ [ (b — a:).

Throughout this subsection and elsewhere, z € R? is to be interpreted
as a d x 1 matrix, that is, a column vector of length d. The following is the
main result of this subsection.

Theorem 5.2.1. Suppose f : R* = R? is defined by
flz)=Az+0b
where A is a d x d non-singular matriz and b € R, then
A(f(B)) = | det(A)|\(B) for all B € B(R?), (5.2.1)

det(A) denoting the determinant of A.
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Proceeding towards the proof, we start with defining “vertices” of a
rectangle.

Definition 5.2.3. For R = Hf’:l(ai, bi| € H, the set of its vertices v(R) is
defined by

d
o(R) = [ [{ai,bi}.
=1

The proof of Theorem [5.2.1| relies on the following few lemmas, the first
of which is stated in more generality than is immediately needed, for a later
requirement. Before stating that, the following definition is needed, which
is a generalization of Definition [2.6.3

Definition 5.2.4. A measure p on (R% B(R?)) is a Radon measure if
w(K) < oo for every compact set K C R,

Lemma 5.2.1. Suppose U C R? is an open set. If uy, po are Radon mea-
sures on (R, B(RY)) such that puy(U°) = pua(U°) =0 and

p1(R) < pa(R) for all R € H for which R € U and v(R) € Q%,
then pu1(B) < pa(B) for all B € B(R?).
Proof. We shall first show that the given assumption implies
p1(R) < po(R) for all R € # with v(R) € Q7. (5.2.2)

Fix R = [[7(ai,b;] € H with v(R) € QL Let Ryj,... Ry be the
29 rectangles in H obtained by bisecting each side of Ry, that is, for each

j=1,...,2¢
d

Ry =] [(ei, B,

i=1
where for every i = 1,...,d, either a; = a; and 3; = (a;+b;)/2 or B; = b; and
a; = (a; +b;)/2. Forn > 2, let Ry 1, ..., R,, 9an be the rectangles obtained
by bisecting the sides of Ry—11,..., R, 9(n-1)a. Define

B, = U Ryj,n>1.
1<j<2dn R, ;CU

The given hypothesis, along with the observation v(R,;) € Q%, implies
Ml(Bn) < M2(Bn)> n>1.

Since U is an open set and the diameter of R, ; is 279" times the diameter
of R, it is immediate that
B,TRNU.
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Continuity of measures from below implies
m(RNU) < pp(RNOU),

which in conjunction with the assumption that u;, uo are supported on U

shows ((5.2.2)).
Fix N € N and define

d
S = {H(ai,bi]:—NSaiSbiSNand for all 1 <i <d, ai,biEQ} .
i=1

Thinking of S as a collection of subsets of Qy := (=N, N]¢, it is immediate
that & is a semi-field on . The restrictions of p;, pe, which are Radon
measures, to Qy is finite. With the help of standard measure theoretic
arguments using the monotone class theorem, for example, those similar to

the ones in the proof of Theorem can be shown to imply
p1(B) < pe(B) for all B € B(RY), B ¢ (-~N, N]¢.
Finally, the observation
i g (B N (=N, N]d> = pi(B),i=1,2,
completes the proof. O

An immediate corollary of the above lemma is the following.

Corollary 5.2.1. If yu1, po are Radon measures on (R?, B(R?)) such that
p1(R) = pa(R) for all R € H with v(R) € QY

then py, o agree on B(R?).

Proceeding towards the proof of Theorem the following lemma
shows that like in 1-dimension, the Lebesgue measure on R? is translation
invariant.

Lemma 5.2.2. For B € B(R?) and z € R¢,
A(B + z) = A\(B),
where B+ ={y+x:y € B}.
Proof. Follows from Exc [5.2.3] and Corollary [5.2.1] O

The next lemma, taking us closer to the proof of Theorem tells us
that it suffices to check (5.2.1]) for one Borel set B with 0 < A\(B) < oc.
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Lemma 5.2.3. If f and A are as in the statement of Theorem then
there exists 0 € R such that

A (f(B)) = OX(B) for all B € B(R?).

G:A(f ((o, 1]d)) .

u(B) = A(f(B)), B € BRY),

which is a measure because f is a bijection, and

Proof. Define

Setting

ns(B) = OA(B), B € B(RY),
the claim would follow from Corollary [5.2.1] once it is shown that
A (f(R)) = OA(R) for all R € H with v(R) € Q?. (5.2.3)
For any B € B(R?%) and y € RY,

f(B+y)={A(x+vy)+b:2z € B}
={Az:2 € B} + (Ay + b)
= f(B)+ Ay.

Lemma [5.2.2] shows
Af(B+y)=A(f(B)) . (5.2.4)

Since forn =1,2, ...,
114 d 1
<O’n] +x:1_[1 (xi,xz#—n} sz = (z1,...,1q) € RY,
1=
(:2.4) implics

A (f <<o i] d)) ~ ) (f (ﬁl <xx + H)) | (5.2.5)

Recalling that f is a bijection,

o= U (2541,

i1,eig=1 j=1

and the sets on the right hand side above are disjoint, the definition of

implies
A (f ((0 i]d» =n"%. (5.2.6)
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Additivity of measure implies that for mq,...,mg € N,

(e e (I (52

Jji=1 Ja=1

(by (5.2.5) and (5.2.6)) = i f: n~=%

Ja=1 ja=1

=n"%m;...my

In other words,

d d
A (f (H(O,n])) =0\ (H(O,m]) y Ty o57a € QN (0,00).

i=1 =1

Using (5.2.4) and Lemma once again establishes (5.2.3)), from which,

the proof follows. O

Proof of Theorem [5.2.1] Let GL(d,R) be the collection of all d x d non-
singular matrices. Lemma shows that for all A € GL(d,R), there
exists ¢(A) € R such that for all b € R,

MN{Az +b:2 € BY) = p(A)AB) for all A e GL(d,R), B € B(R?).

(5.2.7)
To complete the proof, all that needs to be shown is ¢(A) = |det(A)| for all
A e GL(d,R).
An immediate observation is that
¢(A1A2) = gf)(Al)gf)(Ag), Ay, Ay € GL(d, R) . (528)
Thus the proof would follow once it can be shown that
¢(D) = det(D) for a positive definite diagonal matrix D, (5.2.9)
¢(P) =1 for an orthogonal matrix P, (5.2.10)
and that any A € GL(d,R) can be written as
A= PDP, (5.2.11)

where Py, P> are orthogonal matrices and D is a p.d. diagonal matrix.
If D is a d x d diagonal matrix whose i-th diagonal entry is ¢; > 0, then
it is immediate that

d

{D:): Lz € (0, 1]d} = TJ0.<i.

i=1
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Putting B = (0,1]% in thus shows
#(D)=cy...cq,
follows from which. If P is a d x d orthogonal matrix, then
[Pz eR’, 2| <1} = {z e R o] < 1},

| - || being the usual L2norm on RY. Taking B to be the set on the right
hand side above, putting it in ((5.2.7) and using the fact 0 < A(B) < oo,

(5.2.10) follows.
Finally for (5.2.11)), the spectral theorem implies

A= W@,

for some orthogonal matrix ¢); and p.d. diagonal matrix W. Let D be the
diagonal matrix whose entries are the positive square root of the correspond-
ing entries of W. Define

C=Q1DQ,
which is obviously non-singular, and
Q=C'A. (5.2.12)

Since C' is a symmetric matrix, it follows from the above that

Q2Q5 =CtAAC!

(follows from the definition of C') = Q;D~'Q}(AA)Q D' Q}
(choice of @1, W) = Q1D 'Q{ (W Q})Q1 D' Q)
(@Q1=1) =Q:D™'WD™'Q}
(i@ =1, W =D? =1,
showing (2 is an orthogonal matrix. Rewrite as
A=0CQ2
=1 DQ\Q2.

Setting P1 = Q1 and P» = Q}Q2, and observing P;, P, are orthogonal
matrices and D is diagonal and p.d., (5.2.11]) follows.
Combine (5.2.8) and ((5.2.11]) to write

$(A) = ¢(P1)¢(D)¢(P1)
(by (5.2.9) and ( m = det(D

- |det( )’7
the last line following from ([5.2.11)) and the facts det(UV') = det(U) det(V)
and det(P) = £1 if P is orthogonal. Hence the proof follows. O

Exercise 5.2.4. Show that \(V + 2) = 0 if V is a subspace of RY with
dimension at most d — 1.
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5.3 The Jacobian Theorem

For stating the result, a Jacobian matrix has to be first defined. Consider
an open set U C R? and a function F : U — R% Denote by fi,..., f4 the
coordinate functions of F', that is,

F(z) = (fi(z),..., fa(2)), e R?.

If the first partial derivatives of F' exist, that is, 0fi(z)/0x; exists for all
x €U and 1 <i,j <d, then its Jacobian matrix at z, denoted by J(x), is
a d X d matrix defined by

[ Ofi(x)
J(z) = < oz, >1§m§d ,xelU,

that is, the (i,7)-th entry of J(x) is 0fi(x)/0x;. The statement of the
theorem is the following, of which, the one-dimensional change of variables
formula is a special case. As mentioned in Definition the integral of a
Borel function f : R — R with respect to A, which is the Lebesgue measure

on R?, is denoted by
[ fa)da.

Theorem 5.3.1 (The Jacobian theorem). For open subsets U and V of RY,
let T : U — V be a bijection which is continuously differentiable, that is,
the first partial derivatives of T exist and are continuous. Assume that its

Jacobian matriz J(x) is non-singular for allx € U. Then for any measurable
function f:V — R,

whenever it is defined.

/ £(T(2)) det(J ()] dz = / f(w)dy,
U 1%

whenever the integral on either side is defined.
Putting d = 1 in the above theorem yields the following.

Corollary 5.3.1. Suppose that U and V are open subsets of R and T :
U — V is a continuously differentiable bijection whose derivative T’ never
vanishes. Then

/ £ () [T ()| da = /V f(v) dy,

U
for a measurable f : V — R whenever either side above is defined.
Corollary is slightly weaker than Corollary because the con-
tinuity of the derivative is not assumed in the latter.

The following facts from multivariable analysis are needed for the proof.
The first one is the inverse function theorem.
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Fact 5.3.1. Let U C R% be an open set and T : U — R? be continuously
differentiable. Denoting by J(x) the Jacobian matriz of T at x € U, assume
that J(xg) is non-singular for some xy € U. Then, there exists an open
neighbourhood X of xo such that T is one-one on X, the set T(X) is open,
T~ is continuously differentiable on T(X) and the Jacobian matriz of T~

at y is (J(Tfly))f1 forally € T(X).

The following is another fact from multivariable analysis which essen-
tially follows from the one-dimensional mean value theorem.

Fact 5.3.2. Suppose that U C R? is open, R C U is a compact rectangle
and T : U — R? is continuously differentiable such that

where J;j(z) is the (i,7)-th entry of the Jacobian matriz J(z) of T at z for
allzeU and1<1i,j <d. Then,

1T(x) = T(y) = J(z)(z —y)| <dafz —yll,z,y € R,

where || - || is the L™ norm on RY defined by
_ G d
x| = 121?£(d|l’1| ,x = (r1,...,2q9) € RY, (5.3.1)

x,y, T(x),T(y) are viewed as d x 1 vectors and hence J(z)(x — y) is also a
d x 1 wvector.

Proof of Fact[5.3.3 Since || - || is the L norm, it suffices to show that the
absolute value of each entry of the d x 1 vector T'(x) — T'(y) — J(x)(x — y)
is at most dal|z — y||. In other words, it suffices to show that if f: U — R
is continuously differentiable, and

1fiy) — fi(zx)| <o,z,y e R, i=1,....d,

where

fi(x)zfa‘g?,er,izl,...,d,
then .
f@) = fy) = filx) (@i —yi)| < dole -yl ,z,y € R.
=1

Let f be a function satisfying the hypotheses. Let 2% = z, 2¢ = y, and
for1<i<d-1,
xl = (y17"'7yiaxi+17"'7xd) .
Since R is a rectangle, z',...,2% ! € R. For a fixed i = 1,...,d, o'}
and z' have all entries identical except the i-th one, which are x; and y;

114



respectively. The one-dimensional mean value theorem implies there exists
& between x; and y; such that

f (xz‘—l) —f (xz) = (zi —vi)filyr, - Yi-1,&, Tit1,- -, Td) -

Since é, = (Y1, Yi-1,&,Tit1,.--,Tq) € R because R is a rectangle, the
hypotheses on f imply

fl(&)—fz(:n))ga,i: d.

Therefore,

i=1
d
= £ (%) - £ («7) =) fil@) (i —w)
J Z—Al ]
=) = F@)] =D @) - v)
d
=12 (560 - £i@) (@ = w)

M&

fi&) = Fi@)| la: =y

1

.
I

IN

d .
a&%mzwl
dod|z —y]|.-
This completes the proof. O
Proof of Theorem [5.3.1]

Without loss of generality, assume f to be non-negative and finite. The
proof of Theorem will be executed by sequentially showing each step
below. Step 4. would complete the proof.

Step 1. For any R € H with R C U and v(R) € Q°,

/ |det(J(x))| dx . (5.3.2)

Step 2. For all A € B(R?),
MT(ANU)) < /AW |det(J(z))] dz . (5.3.3)
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Step 3. For any non-negative measurable function f: V — R,
| @) et da = [ sy, (5.3.4)

Step 4. The inequality in (5.3.4)) is an equality.
The proof of Step 1., which is the main step of the proof, is based on the
idea that locally T is like a linear transformation.

Proof of Step 1. Fix R € H with R C U and v(R) € Q% R is a compact set
as R is bounded. Let € > 0. Since det(J(-)) is a continuous function, it is
uniformly continuous on R. Choose §; > 0 such that

|det(J(z)) — det(J(z'))| < e for all w,2’ € R, |z — 2| <61,  (5.3.5)

where || - || denotes the L>° norm as in throughout.

Recall that the function A — A™!, from the space of d x d non-singular
matrices to itself, is continuous. Since J(x) is non-singular for all x € U,
the map z — J(z)~! is continuous on U. Thus,

f:Rx{zeR: |z =1} = RY,
defined by
f(x,2) = J(@)"'2,(2,2) e Rx {z € R?: ||z =1},

is a continuous function defined on a compact set; elements of R? are viewed
as d x 1 vectors by convention. Therefore,

¢ = max{”f(x,z)H (z,2) €Rx {zeR%: 2| = 1}} <.
In other words,
HJ(.’L‘)_IZH <c|lz||,z € R, z € RY. (5.3.6)
Denote by J;;(z) the (i, j)-th entry of J(z) for all 2 € U and 1 < i,j < d.

Uniform continuity of J;;(-) on R ensures the existence of d5 > 0 such that

| Jij(z) = Jij(2")| < cid for all 7,2’ € R, ||z — 2’| < 62. (5.3.7)

Let 0 < 6 < min{dy, d2} be such that 71 (b; —a;) is an integer for every i.
Choosing such a ¢ is possible because b; — a; is rational; if p;, ¢; are positive
integers with b; — a; = p;/q;, letting

0= ——,
ngi...qd

works for large n, for example.
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Consider the square
[a1 + (il — 1)5, a1 + 11(5] X ... X [ad + (id — 1)(5, aq + Zd(S] s

where i1, ...,iq are positive integers with i; < 5_1(bj —ay) forj=1,...,d.
Denote the collection of all such squares by {Q1,...,Qx}. In other words,
Q1,...,Qk are compact squares of side-length ¢ such that

Eleu...qu, (5.3.8)

and A\(Q; NQ;) =0for 1 <i< j<kbyExc Let z; be the centre of
Qi (the centre of a square or a rectangle is well defined). Recalling that || - ||
is the L* norm, write

Qi:Bg/g(CCi),i:L...,k, (539)
where for 7 > 0 and z = (21,...,2q) € R?,
B.(z) ={y e R?: |ly—z|| <7} = [z1—7, 21 4+7] X . . X [2g—7, 2g+7] . (5.3.10)

The above is precisely the advantage of working with the L norm.
Fori=1,... k, define

Gi(2) = J(x:)(z — x3) + T(x;),2 € RY
Our first claim is that
T(Qi) C i (Q7) ,i=1,....k, (5.3.11)

where
Q; = Bayeysa(@i),i=1,... k.

Proceeding towards proving (5.3.11)), fix ¢ € {1,...,k}, and use Fact
along with (5.3.7) to claim that for all z € Q;,

Hﬂ@—T@O—ﬂ%X%ﬂMHéak—%W
Since the left hand side above equals ||T'(z) — ¢;(2)]|, it follows that
IT() = ¢i(2)ll < Zlz = aill 2 € Qi (5:3.12)
Therefore, for z € Q;,

|67 o T(2) — || = ||6; ' o T(2) — &; ' 0 ¢5(2) ||

= [l (2) ™ (T(z) = 4u(2))]|
<c|T(2) - ¢i(2)]]
<ellz — i,
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(5.3.6) and ([5.3.12)) implying the inequalities in the penultimate line and the
last line, respectively. Thus, for z € Q;,

67" o T(z) = aif| < 67" 0 T(2) = 2| + |z = @ill < (L + )| — il
Recall to argue that
¢ oT(2) €Qf,2€Qi,

which is equivalent to (5.3.11]).
An immediate implication of ([5.3.11]) is that for fixed i =1,...,k,

MT(Qi) < AT (wi)z + T(wi) — J(wi)wi : 2 € Q7 })
= | det(J (z:))|A(Q5)

the second line following from Theorem This is the crux of the proof in
that it shows how the modulus of the determinant of the Jacobian appears.
Further, (5.3.10) shows Q)5 is a square of side-length (1 + €)d. Therefore,

MQ7) = (1+2)%" = (1+2)'N(Qi),
(5.3.9) implying the second equality. Put everything together to get

MT(Qi)) < | det(J(a:))[(L + ) N(Qi) -

Thus,
k
AT(R) < 3AT(Q))
i=1
k
< (140" |det(J () AQ)
=1
k
oy 633 and 5. 81) < (146" (= min | et ()] ) M@
i=1 ‘

AQINQ) =0,i %)< (1+e) (eA(R) n /Q | det(J(x)) dx>

1U...UQk

= (1+¢) <5A(R) + /R y det(J(x))|dx> ,

the last line following from ([5.3.8]) and Exc Since the above holds for
all € > 0, letting ¢ | 0 completes the proof of Step 1. O

While Step 1. was mostly based on analysis and linear algebra, the proof
of Step 2. is standard in measure theory and follows from Lemma [5.2.1

118



Proof of Step 2. Define measures 1 and v on R? by
p(A) = N(T(ANU)), A€ BRY,

and
(B) = /BOU det(J(2))| dz, B € B(RY).

The claim (j5.3.3)) is equivalent to
w(A) < v(A),Ac BRY. (5.3.13)

In view of Lemma [5.2.1} it suffices to show that the claim holds for any
R € H with R C U and v(R) € Q%, that is,

u(R) <v(R). (5.3.14)
This is precisely what has been shown in Step 1. O

The proof of Step 3., which is also standard, is based on approximating
a non-negative measurable function by simple functions from below.

Proof of Step 3. First let f : V — R be a non-negative simple function, that

is,
K
F=> aila,,
i=1

for some aq,...,ar € [0,00] and Aj,..., A, € B(RY) with 4; C V for all 4.
Then,
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the inequality in the third line following from Step 2. Thus,

/ﬂw@S/MMﬂWHGMMm (5.3.15)
Vv U

For a measurable function f : V' — [0,00), there exist non-negative
simple functions f,, such that f, T f. The desired inequality holds
with f replaced by f, therein. Letting n — oo with the help of MCT, the
proof of Step 3. follows. O

Step 4. is a consequence of the inverse function theorem.

Proof of Step 4. Fact and the assumption that J(z) is non-singular for
all z € U imply that 77! : V — U is a continuously differentiable bijection
whose Jacobian matrix is J(7T 'y)~! for all y € V. Using Step 3. with
U,V, T replaced by V,U, T~" implies

/ g(z)dx < / goT () |det (J(Tfly)fl)‘ dy , (5.3.16)
U \%4

for any measurable g : U — [0, 00).
Fix a measurable f : V — [0, 00). Define

g(x) = foT(x)|det(J(x))|,z € U.
Apply to this g to get
/ f o T(2)] det(J(x))| da < / go T 1(y) |det (J(T~1y)~1)| dy
U 1%
= /V f(y) }det (J(T_ly))‘ |det (J(T_ly)_l)‘ dy

~ [ 1wy
1%
Compare this with ([5.3.4)) obtained in Step 3. to get

[ rer@lde@lde= [ sy
U v
This completes the proof of Step 4. and that of Theorem [5.3.1] as well. [

The following special case of Theorem deserves special mention.

Corollary 5.3.2 (Transformation to polar coordinates). For a Borel mea-
surable f : R? = R,

/ flz,y) AMdx,dy) = / f(rcosf,rsin®)rA(dr, df), (5.3.17)
R2 (0,27) % (0,00)
whenever the integral on either side makes sense.
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Proof. Use Theorem|5.3.1|with U = (0,27)x (0, 00), V = R?\{(z,0) : = > 0}
and T : U — V defined by

T(0,r) = (rcosf,rsinf),(0,r) € U.

The Jacobian matrix of T is

—rsinf rcos6
J(0,r) = [ cosf sin&] (O.r) €U,
and hence
|det J(0,r)| =r.

Since T'is a continuously differentiable bijection from U to V whose Jacobian
matrix is always non-singular, ([5.3.17)) follows from Theorem whenever
either side of it makes sense. O
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