INTRODUCTION TO THE LEBESGUE INTEGRAL

JACOB STUMP

ABSTRACT. We provide an introduction to the Lebesgue integral. We begin
by discussing measures, and then we define the Lebesgue integral and prove
several of its properties. We also work with LP spaces, vector spaces of in-
tegrable functions. Finally, we put everything together to prove the Riesz
Representation Theorem, an important result that describes the dual space of
LP.
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1.1. Motivation. We will first review the construction of the Riemann integral.

Definition 1.1. Let [a,b] be an interval. A partition P of [a,b] is a finite set of
points xg,x1, -+, %, such that a = 29 < 1 < --- <z, =b. For each 1 <1 < n,
we write Az; = x; — x;_1. Given a bounded function f and a partition of [a, b], we

denote:
M; = sup{f(z) | zi-1 <& <z}

m; = inf{f(x) ’ i1 <z <aik;
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L(P7 f) = imi . A.Z‘l
i=1

U(P, f) and L(P, f) are called the upper and lower sums, respectively. Finally,
we define the upper and lower Riemann integrals of f over [a, b], respectively,
as

7b
/ f(z) dz = inf{U(P, f) | P is a partition of [a,b]}

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

Note that the supremum and infimum are taken over all partitions of [a, b].
We say that f is Riemann integrable if the upper and lower integrals are equal
in value. In that case, we call this value the Riemann integral of f over [a, b] and

denote it by f; f(x) dz.

For elementary uses, the Riemann integral is invaluable. However, it can fail
in numerous scenarios, failing to be defined. For example, consider the function
defined on the interval [0, 1], given by

_J1 z€Q
f(x)_{o z€R\Q

The Riemann integral can only be defined if the upper and lower integrals are equal.
However, no matter what partition is chosen, each part will contain at least one
rational number and one irrational number, due to the density of Q and R\ Q in
R. Thus, the upper integral will be equal to 1, while the lower integral will be 0.
Hence, the Riemann integral cannot be defined for this function.

This is a serious shortcoming of the Riemann integral. We would like to create
a new definition of the integral, which is applicable in more scenarios, and which
agrees with the Riemann integral when it is defined. This is the purpose of the
Lebesgue integral.

1.2. Measures. We must first introduce several definitions in order to be able to
define the Lebesgue integral. First is the o-algebra.

Definition 1.2. A o-algebra Y is a collection of sets in R satisfying the following
properties:

(i) R belongs to x;

(ii) If A is in Y, then its complement R\ A is in x;

(iii) x is closed under countable unions of sets.

We now review De Mogan’s Laws, which describe the relationship between the
negation of unions and intersections:

Proposition 1.3. (De Morgan’s Laws) Let A and B be propositions. Then
not (A or B) <= not (A) and not (B);
not (A and B) <= not (A) or not (B).
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Proof. These results are easy to prove using truth tables. O

Example 1.4. In the context of this paper, we often take the propositions refer-
enced above to be of the form: z is in E. For example,

x ¢ U(EJ) < zv¢Fiandx ¢ Fyand -+ < x € ﬂ(Ej)c.
n=1 n=1

Similarly,

x¢ ((E) <= s¢Eiora¢ Byor - < xe | J(E)
n=1 n=1
Remark 1.5. By De Morgan’s Laws, properties (ii) and (iii) in Definition 1.2 imply
that x is also closed under countable intersections of sets.

Definition 1.6. A sequence of sets {£;}72, is pairwise disjoint if, for all i # j,
E,NE; =2.

Next, we provide a definition of a measure.

Definition 1.7. Let x be a o-algebra. A measure is a function A: x — R+ such
that

(i) A(@) = 0

(ii) A is countably additive, that is, if {£;}72, is a sequence of pairwise disjoint
sets in y, then

MUE | =D ME)).
j=1 j=1

We now produce a similar definition of a signed measure:

Definition 1.8. Let x be a o-algebra. A signed measure is a function \: y — R
satisfying properties (i) and (ii) above.

Remark 1.9. The only differences between a signed measure and a measure are
that a signed measure may take on positive and negative values, but a signed
measure may not take on values in the extended reals.

Definition 1.10. A measure space is a triple (X, x, A), where X is a subset of
R, x is a o-algebra, and A\ is a measure.

Definition 1.11. Let (X, x, A) be a measure space. A is called finite if \(X) < oc.
It is called o-finite if X can be written as the union of a countable collection of
measurable sets, each with finite measure. A measurable set E is said to be of
finite measure if A(F) < oo and is said to be o-finite if E is the union of a
countable collection of measurable sets, each with finite measure.

Remark. Here we have used the concept of the measurability of a set without defin-
ing it. We will do so in Definition 1.19.

Remark 1.12. Notice that finiteness is a strictly stronger condition than
o-finiteness: for given a finite set £, we can express E as the countable union
U=, Ej, where By = E and E; = @ for j > 2.

Remark 1.13. We note that given a o-finite set &/ with a countable cover E;,
we can always choose a countable pairwise disjoint cover of F by keeping E; and
replacing each Ej, with E'\ Uﬁ:ll E;.
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We now develop a few properties of measures.

Lemma 1.14. Let (X, x,A) be a measure space. If E,F € x and E C F, then
AME) < A(F). Moreover, if A\(F) < oo, then A(F'\ E) = AMF) — A(E).

Proof. Using the identity: E = (E \ F)) U F, we see by property (ii) of measures
that since (E \ F) and F are disjoint, M(E) = A(E\ F) + A(F) < AF). To
prove the second result, we use a similar method: A(F') = A(F \ E) + A(E). Since
AF) < oo, then A(F'\ E) < 00, so we may rearrange the equation, yielding the

desired equality. ([
Proposition 1.15. Let (X, x,A) be a measure space.
(a) If {E;}52, is a sequence of increasing sets, i.e. 1 C Ep C -+, in X, then
A E; | = lim \(E;).
L:J j | = Jim A(E;)
(b) If {F;}32, is a sequence of decreasing sets in x, i.e. F1 2 Fy 2 .-+, and if
A F1) < o0, then
A F; | = lim A\(F;).
(7] = ey

Proof. The proof is left as an exercise to the reader. Refer to [3], Lemma 2.4. O

The above proposition will prove useful when we prove convergence theorems for
sequences of functions under the Lebesgue integral.

Definition 1.16. For a measurable set E, we say that a property holds
A-almost everywhere on F, or it holds for almost all z € F, if there is a subset
Ey of E for which A\(Ep) = 0 and the property holds for all = ¢ Ej.

One of the most useful types of measures is called the Lebesgue measure, which
seeks to provide a notion of the length of sets in R. Desirable properties of such a
function would include:

(i) w(E) > 0 for all E in R;

(ii) (AU B) < u(A) 4+ u(B) for all A, B in R;

(iii) Countable additivity;

(iv) Unaffected by translation, that is, u(E) = p(a + E), where a € R, and
{a+ E} is defined as {a+ ¢ | e € E}.

Remark 1.17. We will not describe the construction the Lebesgue measure in this
paper, see Chapter 2 of [6] for more detailed explanation.

Notation 1.18. We typically use the symbol p when referring to the Lebesgue
measure while an unspecified measure is often denoted by A or v.

Unfortunately, there exist sets in R for which the Lebesgue measure is not de-
fined. For an example of such a set, see Theorem 1.8 in [3]. Nevertheless, we may
still use the Lebesgue measure on sets for which it is defined.

Definition 1.19. If the Lebesgue measure is defined for a set E, then we say that
F is Lebesgue-measurable, or simply measurable.
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One can show that the collection of all measurable sets forms a o-algebra in R.
For most purposes, it suffices to consider only a subset of the Lebesgue measurable
sets, called the Borel sets.

Definition 1.20. The Borel o-algebra is the smallest o-algebra which contains
every open set in R. This collection is referred to as the Borel sets.

From the definition of a o-algebra, we see that the Borel sets include open sets,
closed sets, and countable unions and intersections of open and closed sets.

Definition 1.21. Let A be a signed measure on the o-algebra x. A set P € x is
said to be positive with respect to A if A(ENP) >0 for all E € x. Aset N € x
is said to be negative with respect to A if A(ENN) <0 for all E € x. A set M is
said to be a null set for A if A(EN M) =0 for all £ € .

Lemma 1.22. Let A be a signed measure on the o-algebra x on the set X. Then ev-
ery measurable subset of a positive set is itself positive, and the union of a countable
collection of positive sets is also positive.

Proof. The first statement is true by definition of a positive set. For the second
statement, let £ C U;il Aj, where each A; is positive. For k € N, define

k—1
Ey = (EﬂAk)\ UAJ
j=1

Then, each Fj is a subset of Ay and is therefore positive. Also, E = U,;“;l Ey.
Thus, by the countable additivity of A, we see that

ME) =\ (U Ek> = ZEk > 0.
k=1 k=1
Thus, F is positive. O

Lemma 1.23. (Hahn’s Lemma) Let A be a signed measure on the o-algebra x
on the set X, and E a measurable set for which 0 < A(E) < co. Then there is a
measurable subset F' of E that is positive.

Proof. If E is a positive set, then we are done, so assume otherwise. Then, there
exists a subset of E which has negative measure. Let m; be the smallest natural
number such that E contains a subset with measure less than —1/my. Choose a
subset of E with measure less than —1/m4 and call it Ey. Clearly \(E \ E1) > 0,
since A(E\ E1) = ME) — A(E1) > AMFE) > 0. If E\ E; is positive, then we are
done, so assume otherwise. Then E'\ F; has a subset which has negative measure.
Now, for let mg be the smallest natural number such that E '\ E; contains a subset
with measure less than —1/my. Choose such a subset, and call it E;. We repeat
this process, where my is the smallest natural number such that there exists a
measurable subset of E \ Uf;ll E; with measure less than —1/my, and Ej is a

subset of F \ Uf;ll E; for which A(Ej) < —1/my. If this process ends, i.e. there
exists n such that F,, does not contain any sets with negative measure, then FE, is
a positive set, and we are done.

Otherwise, define F := E \ J;; Ex. We first show that mj — oo as k — oo. If

not, then 1/my, - 0 as k — co. Hence, Y7, —1/my = —oo. But, we know that
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IAM(E)| < oo by definition of a signed measure, and |J;—, Ex C E, so

(1.24) —OO<)\<G E}g> :i)\(Ek)Si—l/mk,
k=1 k=1 k=1

a contradiction. Therefore, my — oo as k — oo. We claim that F' is a positive
set. If not, then it contains a negative set G. However, for each k, we have
GCFCE\ Uf;ll E;. Thus, by definition of k, we have \(G) > —1/(my — 1) for
all k € N. Hence, A(G) > 0, and F' is a positive set

The last step is to show that A(F') > 0. This follows from the countable additivity
of \ since

0<AE)=AE\F)+AF) = <D Ek> +A(F) < A(F),
k=1

since A (Up—; Ex) < 0 by Equation 1.24. O

Theorem 1.25. (Hahn Decomposition Theorem) Let A be a signed measure
on the o-algebra x on the set X. Then, there is a positive set P and a negative set
N for X such that X = PUN and PN N = &.

Proof. We first construct P. Consider the set P of all positive subsets of X. Then
P is non-empty since u(@) =0 > 0. Let

o =sup{A(A) | A € P}.

Let {A;} be a sequence in P such that lim; . A(4;) = a and let P = J;Z, A;.
By Lemma 1.22, P is positive, and so P € P and A(P) < a. To prove the reverse
inequality, note that for each j, we have P\ A; C P, so A(P\ 4;) > 0 by Lemma
1.22. Thus, for each j, A(P) = AP\ A;)+A(A;) > A(A;). Since lim;_,o A(4;) =,
we see that A(P) > a. Hence A(P) = a, and a < oo since A does not take on the
value of oco.

Now, we define N := X \ P. Clearly X = PUN and PN N = &, so we simply
need to show that N is a negative set. Assume for the sake of contradiction that
there is a subset E of N for which A(E) > 0. Then, by Hahn’s Lemma, there exists
a subset F' of E that is positive and has positive measure, i.e. F' € P. Now consider
the set PUF. Since F C N = X\ P, P and F are disjoint. In addition, since both
P and F are positive, then P U F' is positive. This implies that

A(PUF) = AP) + AF) > \(P) = a.

But this is a contradiction because o was defined to be the supremum of A(A) for
positive sets A. Thus, N is a negative set. O

Now that we have defined the concept of a measure for sets in R, we may define
the criterion for integrability. We first start with a lemma.

Lemma 1.26. Let f have a measurable domain E. Then, the following statements
are equivalent:

(i) For each real number c, the set {x € E | f(x) > c} is measurable.

(ii) For each real number c, the set {x € E | f(x) > c} is measurable.

(iii) For each real number c, the set {x € E | f(x) < ¢} is measurable.

(iv) For each real number c, the set {x € E | f(z) < ¢} is measurable.
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Proof. Let x be our o-algebra of measurable sets. Notice that the set described
in (i) is the complement of the set described in (iv). Then, by the properties of a
o-algebra, these statements are equivalent. Likewise, (ii) and (iii) are equivalent by
being complements of each other. Now, we will show that (i) and (ii) are equivalent.

Let A be defined as the set {x € E | f(z) > ¢}, and let B be defined as the
set {x € E | f(z) > ¢} for some real number c. Then, suppose that for each real
number ¢, the set {z € E | f(z) > c} is measurable. Then this must certainly hold
for the set A, == {z € E | f(z) > c— 1} for each n € N. Notice that

5 ()an
j=1

Since x respects countable unions of measurable sets, we see that B is in Y.
Conversely, suppose that B is in y for each real number ¢. Then B, = {z €
E| f(z) > c+ 1} isin x. Now, we see that

o0
A= () By
j=1
Since x respects countable intersections of measurable sets, we see that A is in x.
Thus, all four statements are equivalent. (I

Definition 1.27. Let f be a function defined on a measurable set E. Then, f is
Lebesgue measurable, or simply measurable, if it satisfies one of the properties
in Lemma 1.26.

We will later see that all measurable functions are Lebesgue integrable. For now,
let us return to the function used as motivation in the introduction and generalize
the result.

Definition 1.28. Let F be a subset of R. Define the characteristic function,

_ 1 z€eF
X730 zeR\E

We are interested in the special case when E is measurable. Note that the
function referenced in the introduction was a special case where £ = Q. Suppose
we wish to show that statement (ii) from Lemma 1.26 is true. Let A = {z €
E|f(1;)20} If c<0,then A=R,if0<c¢<1,then A= FE, and if ¢ > 1, then
A = &. Thus, A is measurable for all real numbers ¢. Thus, the function yg is
measurable for all measurable sets E. We will later be able to compute the integral
of this function.

Before defining the Lebesgue Integral, we will explore a few more properties of
measurable functions.

Proposition 1.29. Let {f;} be a sequence of measurable functions. Define:

f(a) = inf{f;(2)}
g(x) = sup{f;(z)}
JjEN

f*(@) = limint {f; (@)}
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g*(z) = limsup{ f;(v)}

Jj—o0
Then f, g, f*, and g* are all measurable.

Proof. By the properties of inf and sup, we have the following equalities:

{x€R|f(:z:)<c}:U{x€R|fj(:c)<c};

oo
{reR|g(x)<c}= ﬂ{xeR|fj(;E)§c}.
j=1
Note that each one of the sets on the right side of the equations above is measurable
because f; is measurable for all j. Therefore, it follows that f and g are measurable
since x respects countable intersections and unions. For f* and ¢*, we will rely on
an alternative characterization of the lim sup and lim inf:

@) = timint{ 20} =sup { it (50}

g ) = timsup{f2)) = jut {sup(s5(0) .
j—o0 k21 j>k

Since we have just shown that the supremum and infimum of a sequence of mea-
surable functions are themselves measurable, it follows that f* and g* are measur-

able. O

Corollary 1.30. If {fj};?‘;l is a sequence of measurable functions on R which
converges to a function f on R, then f is measurable.

Proof. Note that {f;} converges to f if and only if
lim inf{ ;(2)} = o sup{ f;(2)}.
j—o0 j—ro0

In that case, f is equal to the liminf and the limsup. Thus, f = f*, so f is
measurable. O

2. THE LEBESGUE INTEGRAL
2.1. Simple functions and the Lebesgue integral.

Definition 2.1. A real-valued function ¢ defined on a measurable set F is called
simple if it is measurable and takes on only finitely many values.

A simple function defined on E can be represented as a sum of characteristic

functions as following:
n
o(x) = Z a; - Xi,, where the a; are distinct and E; = {z € E | ¢(z) = a;}.
j=1

This characterization of the simple function is called the canonical
representation. From the expression above, it follows that the £ are all pairwise
disjoint. Since a simple function takes on finitely many values, it follows that linear
combinations and products of simple functions are also simple functions.

Before we define the Lebesgue integral for an arbitrary function, we will first
restrict our focus to the simple functions.
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Definition 2.2. Let ¢ be a simple function defined on a measurable set F and in
its canonical representation. Then, the integral of ¢ with respect to the measure

w is given by
[ e =30 uis)).
E =

where Z;‘L=1 a; - Xg, is the canonical representation of .

We will now show a few basic properties of the Lebesgue integral for simple
functions. To save ourselves a tedious computation, we begin with a lemma.

Lemma 2.3. Let {E;}" ; be a finite disjoint collection of measurable subsets of a
set E with finite measure. For 1 <1i <n, let a; be a real number.

If@:Zai'XEi on E, then / (pd,uizai'ﬂ(Ei)-
i=1 E i=1

Remark 2.4. In the lemma above, we are not assuming that the simple function
© is in its canonical representation. We allow for repetitions among the numbers
Qy;.

Proof. Suppose that ¢ takes on distinct values Ay, -+, Ay For 1 < j < m, let
A; = {z € E | ¢(z) = A;}. Then, we can express our function in canonical
representation as follows:

o(xz) = Z/\j © XA, 50 that /

pdp ="YX\ p(A;).
j=1

i=1 B
Now, for 1 < j < m, define the set I; = {i € {1,---,n} | a; = A;}. Then,
Uit I = {1,---,n}, and the sets I; are pairwise disjoint. We also note that based

on our definitions, A; = U;er, E; for each j. Finally we compute that

n

Zai -u(E;) = Z Z a; - p(E;)

i=1 j=1 \i€l,
=Yon (T | = on - uts) = [
j=1 i€l j=1

We can now use this result to prove the linearity of the integral.

Proposition 2.5. Let ¢ and ¥ be simple functions defined on a set of finite measure
E. Then, for any real numbers o and 3, we have

[E(wﬂLM))du:a[E@dwﬁ/Ewdu.

In addition, if ¢ <1 on E, then fE pdp < fE Y dp.
Finally, the function X\, defined for E € x, given by

(2.6) A(E) = / ¢ o di.

1S a measure on x.
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Proof. Since ¢ and v each take on only finitely many values, we can choose a finite

disjoint collection sets {E;}7; so that Ul E; = E and so that ¢ and v each take

on only one value on each set F;. Namely, the sum ay + S is constant on each

E;. Suppose that ¢ and v take on the values a; and b;, respectively, on the set F;.

Then, we can use the preceding lemma to achieve the following result:

/E(a¢+5¢)dM=Z(Oé'ai+ﬁ‘bi) (B = a-ai-p(E)+ > Bbi - p(E;)
; i=1 i=1

i=1

:a;'ai'M(Ei)‘i‘ﬁ;'bi'M(Ei):O‘/E@dﬂ‘i'ﬁ/Ewd/J-

To prove the second part, we use the linearity property from the first part:

/Ewdﬂ—/Esodu=/E(w—sO)du20.

This is true since ¢ < ¥ on E. Rearranging, we get the desired inequality.
The third result is left as an exercise to the reader. See Lemma 2.3 in [3] for a
proof. O

Lemma 2.7. (Simple Approximation Lemma) Let f be a bounded, measurable
function on E. Then, for all € > 0, there exist simple functions p. and ¥, such
that

e < f< W and 0 < Y. — . < €.

Proof. Fix € > 0. Let (¢, d) be an open interval which contains f(FE), the image of
f over E. We now construct a partition (yo,y1, - ,yn) of [¢,d] such that for all
1<E<n, yp —yr—1 <¢and

C:y0<y1 <<yn:d
Next, for all 1 < k < n define Iy, := [yx_1,yx) and Ej, :== f~1(I;). Then, the I are

pairwise disjoint, and thus the E} are pairwise disjoint. In addition, we see that
E =J;_, Ey since the I cover F(E). Now, we define our two simple functions:

n n
pe(@) = yr1-xm, and Ye(w) =Y yp - X,
k=1 k=1
Fix some z in E. Then, there exists a unique 1 < k < n such that p.(z) = yp—1 <

f(z) < yr = Y (x). Moreover, since yr — yp—1 < €, we see that . (z) — () < €
since our choice of x was arbitrary.

O

We are now ready to define the Lebesgue integral for arbitrary nonnegative
functions.

Definition 2.8. Let f be a bounded, nonnegative function defined on a measurable
set E. Then, we define the upper and lower Lebesgue integrals, respectively,
as

inf{/ wd,u’wsimpleandf§¢onE}
E
and
sup{/ gpdu‘gasimpleandgagfonE}.
E
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We say that f is Lebesgue integrable if these two values are equal. In that case,
we call this value the Lebesgue integral of f over E and denote it by fE f(z)dp.

Earlier, we alluded to the following result: the Lebesgue and Riemann integrals
agree in value whenever the Riemann integral is defined. We will now prove this.

Proposition 2.9. Let f be a bounded function defined on the closed and bounded
interval [a,b]. If f is Riemann integrable over [a,b], then it is Lebesgue integrable
over [a,b], and the two integrals are equal.

Proof. To prove this, we will use the alternative characterization of the Riemann
integral, defined in terms of step functions. The upper and lower Riemann integrals,
respectively, are given by

inf {(R) / ¥ dy | ¢ a step function, f < w}
I

and

sup {(R) / @ du | ¢ a step function, ¢ < f} ,
I

where I = [a,b]. Likewise, the Riemann integral is only defined when these two
values are equal. However, we note that this criterion implies the Lebesgue criterion,
since the Riemann and Lebesgue integrals of a step function are equivalent. ([l

Certainly the class of Lebesgue integrable functions expands far beyond that of
Riemann integrable functions. In the next theorem, we prove that a much larger
class of functions can be evaluated using the Lebesgue integral.

Theorem 2.10. If f is a bounded, measurable function defined on a set of finite
measure E, then f is integrable over E.

Proof. Fix € > 0. By the Simple Approximation Lemma (2.7), there exist simple
functions ¢, and 1. such that ¢. < f <. and Y. — . < ﬁ for all x € E. Now,
we compute:

O<inf{/ wdu‘wsimple,f<w}—sup{/ cpdu’@simple,ap<f}
E E

S/Ewedu—/Ewedu=/E(¢s—<pa)du</E%=ﬁE)*u(E)=€-

Since € was arbitrary, we see that this holds for all € > 0. Thus, the lower and
upper Lebesgue integrals are equal, and f is integrable, as desired. O

Remark 2.11. The converse of the theorem above is also true, that is, a bounded
function f is integrable if and only if it is measurable. We will not prove the
converse here. See [6], Chapter 5, Theorem 7 for the proof.

Now that we have some fundamental knowledge of the Lebesgue integral, we will
develop some useful properties in the next section.



12 JACOB STUMP

2.2. Properties of the Lebesgue integral. We will omit a few levels of rigor
here for the purpose of keeping this paper to a manageable length. Normally, one
develops properties for the integral of nonnegative bounded functions on a set of
finite measure. Then, one tackles functions defined on sets of infinite measure. This
can only be defined if the function vanishes everywhere except for a set of finite
measure. The properties for these more general functions are completely analogous
to those of the nonnegative bounded functions. For the purpose of this paper, we
consider only the properties of nonnegative bounded functions on a set of finite
measure and direct the reader to Section 4.3 of [6] for a more detailed treatment of
the subject.

Theorem 2.12. Let f and g be bounded, nonnegative, measurable functions defined
on a set of finite measure E. Then, for any real numbers o and 3, we have

/(af+69)du=a/fdu+ﬁ/gdu-
E E E
In addition, if f < g on E, then [, fdu < [, gdp.

Proof. See Chapter 4, Theorem 5 of [6]. O

Corollary 2.13. Let f be a bounded, nonnegative, measurable function defined on
a set of finite measure E. Suppose that A and B are disjoint subsets of E. Then

AUdeu:/Afdwr/deu

Proof. Since f is a measurable function and A and B are measurable, we see that
the functions f-x4 and f-xp are also measurable functions. Next, it is not difficult
to verify that for any subset F' of E,

/Ffdu=/Ef-deu-

This is true because on the right side of the equation, the integrand will be 0
everywhere on E'\ F. Using this fact and the linearity of the integral, we see that

/AUdeu:/EﬂXAquu:/Ef~(XA+xB)du

:/f'XAdqu/ﬁXBdu:/fdqu/fd/h
E E A B
as desired. O

Using Corollary 2.13, we can now return to the question that motivated the
discussion of the Lebesgue integral:

Proposition 2.14. The (Lebesgue) integral of the function f(x) = xq is 0.

Proof. We first note that yg is a simple function, and @Q is measurable and has
measure 0. By Corollary 2.13, we can split the integral into two parts:

/ X@du:/ XQdu+/ X@du:/ 1du+/ 0dp
[0,1] [0,1]nQ [0,1\Q [0,1]Q [0,1\Q

=[1-u([0,1] N Q)]+ [0- ([0, J\N Q)] =0+0=0
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At the end of this section, we will prove a much more general result: any nonneg-
ative measurable function has integral 0 if and only if the function equals 0 almost
everywhere.

As mentioned at the beginning of this section, we will now take for granted the
above properties for nonnegative functions on sets of infinite measure.

We now prove two important results about the relationship between the integral
of convergent sequences of functions and the integral of their limit function.

Theorem 2.15. (Monotone Convergence Theorem) Let {f,} be an increasing
sequence of nonnegative functions on E. If {f,} — f pointwise on E, then

lim fndp = / fdu.

Proof. By Corollary 1.30, f is measurable and thus integrable by Theorem 2.10.
Because {f;} is an increasing sequence converging to f, we have, for each j,
fi < fj+1 < f. By the monotonicity of the integral (Theorem 2.12), we have

[ i< [ fradu< [ ran

for each j. This implies that lim;_, fE fidu < fE fdu.

To prove the reverse inequality, let 0 < a < 1 and let ¢ be a simple function
satisfying 0 < ¢ < f on E. Define 4; = {z € X|f;(z) > ap(z)}. Since {f;} is an
increasing function, we see that A; C E, A; C Aj4q for all j, and X = UJOO:1 A
Thus, we have, for each j,

(2.16) /Ajasodué/Aj i dué/xfjdu-

Now, by Equation 2.6 and Lemma 1.15, and using the measure A(E) = [ ¢ xg du,
we see that

oo

/)(Sﬁdﬂz/@'XEdu:A(E):A UAj = lim A(4;)

= lim [ ¢-xa, dp= lim / wdu,
Jj—ro0 J700 J A
where the fourth equality is true because {A;} is an increasing sequence. If we take
the limit as j — oo in Equation 2.16, we see that

(2.17) lim ap du :/ ap dp < lim / f; dp.
X I x

500 J A,

Since 0 < o < 1 was chosen arbitrarily, then Equation 2.17 must hold for a =1 as
well. Thus,

(2.18) /cpd,ug lim / fdu.
X I X

Lastly, since ¢ was chosen arbitrarily, it follows that Equation 2.18 holds for all ¢
satisfying 0 < ¢ < f. In particular,

/fdu= sup /cpduslim/fjdu-
X 0<p<fJx I X
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Hence,

lim fndp = / fdu.

We shall now prove another convergence theorem that will be useful later.

Theorem 2.19. (Fatou’s Lemma ) Let X, x, 1) be a measure space. Suppose we
have a sequence {f;} of nonnegative measurable functions. Then,

/(hjrggclf fi)dp < lijrgg.gf/fj dp.

Proof. Let g;(x) = inf{f;(x), fj+1(x),---}. Then, g; < fi provided that j < k. By
the monotonicity of the integral, this implies that

/gj dp < /fk dp
for all £ > j. It follows that

/gj dp < lim inf/f;C dp.

k—o0
Now, we notice that g; is a monotonically increasing function and that lim;_,. g; =
liminfy_ o fr- Thus, we may use the Monotone Convergence Theorem to show that

/(liminf fr) dp = lim /gj dp < liminf/fk du.
k—o0 j—o0 : k—oo

We now present a corollary of Fatou’s Lemma:

Corollary 2.20. Let (X, x, 1) be a measure space. Suppose that [ is a nonnegative,
measurable function. Then f(z) =0 almost everywhere if and only if [ f dp = 0.

Proof. Suppose that [ f du = 0. Then, let us define E; = {z € X | f(z) > %}
Then, f > % - Xxg; for all j. Thus,

1 1 1
O:/fd/lZ/f‘XEj:/ *.:*./L(Ej)zo
J E; J J

for each j. But the string of inequalities tells us that we have p(E;) = 0 for each
j,so E={zeX | f(z)>0}= Uj=, Ej also has measure 0.

For the converse, assume that f(xz) = 0 almost everywhere. Then, u(E) = 0,
where E is defined as above. Let f; = j-xg forall j € N. We have f <liminf;_, f;
and therefore, by Fatou’s Lemma,

0< /fd,u < /liminffj dp < liminf/fj dp = liminf (/ fi du+/ fi du)
j—o0 j—o0 j—o0 E X\E

= lim inf (/ JjXE du—i—O) = liminf (j - p(E)) = liminf 0 =0
E j—o0

J—00 J—00
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2.3. General Lebesgue Integral. We will now extend the Lebesgue integral to
all functions, not necessarily nonnegative. To do this, we will define f+ and f~.

Definition 2.21. Given a function f : E — R, where E is a measurable set, define

£ (@) = max{f(z),0} = w

and

f~ () = max{—f(z),0} = w

Notice that f and f~ are both nonnegative functions, f(z) = f*(x) — f~ (),
and |f(z)] = f*(z) + f~(z). Thus, f is measurable if and only if f* and f~ are
measurable.

Proposition 2.22. Let f be a measurable function on E. Then, f* and f~ are
integrable over E if and only if |f| is integrable over E.

Proof. First, let us assume that f™ and f~ are integrable over E. Since |f(z)| =
fT(x) + f~(z), we see from the linearity of the Lebesgue integral for nonnegative
functions that [ |fldu= [ fTdu+ [ f~ du.

Conversely, assume that |f| is integrable on E. Then, since 0 < f* < |f| and
0 < f~ < |f|, and since f* and f~ are measurable, the monotonicity of the integral
implies that f+ and f~ are integrable. O

Definition 2.23. Let f be a measurable function on E. Then we say f is
integrable if |f| is integrable over E. In this case, we define the integral of f as

follows:
[Efdu=[Ef+du—[Ef‘du-

Proposition 2.24. Let f be a measurable function on E. Suppose there is a
nonnegative function g that dominates f on E, i.e. |f| < g on E. then, [ is

integrable and
/fdulﬁ/ | f] dp.
E E

Proof. By the monotonicity of the integral for nonnegative functions, we see that
|f|, and thus f is integrable. Then, we use the Triangle Inequality to conclude:

/Efdﬂ’= /Eﬁdu—/Efdu‘< /Ef+du’+ /Efd/i’

[ rraus [ = [y [ 11an

O

As in the previous section, we will omit the details of the proofs of the properties
of the Lebesgue integral for general functions. Such properties include linearity,
monotonicity, and additivity over disjoint domains of integration. See Section 4.4
of [6] for the proofs.



16 JACOB STUMP
Theorem 2.25. (Lebesgue Dominated Convergence Theorem) Let {f;} be a

sequence of measurable functions that converge almost everywhere to a measurable
function f. If there exists an integrable function g such that |f;| < g for all j € N,

then f is integrable and
/fdu= lim /fj dp.
j—o0

Proof. For the values of x for which {f;} does not converge to f, we will define f;
and f to be 0. Since the set of such values has measure 0, this will not affect the
integral by Corollary 2.20 and the additivity over disjoint domains of integration.
Thus, we may now assume that {f;} converges everywhere. Next, by Proposition
2.24, we see that each f; and thus f are integrable. Our assumption that g domi-
nates f; implies that g — |f;| > 0, s0 g+ f; > 0 and g — f; > 0 by the properties
of the absolute value. Thus, we may apply Fatou’s Lemma to the sequence g + f;:

/gdu+/fdu:/(g+f)du:/lijn;i;}f(9+fj>dﬂS“}Eiﬂf/(“fj)d“
= liminf (/gdu+/fjdu> =/gdu+liminf/fj dp
j—o0 J—ro0

/f du < liminf/fj ds.
j—o0

For the reverse inequality, we will apply Fatou’s Lemma to the sequence g — f;:
/gduf/fdu:/(g*f)du:/lijlgggf(gffj)du
< liminf/(g — f;) dp = lim inf (/9 dp — /fj du)
Jj—o0 Jj—o0
:/gdu—l-liminf (—/fj d,u) :/gdu—limsup/fj dp.
J—o0 j—00

fdp>1lim sup/fj dp.

Jj—o0

Hence,

Thus,

Putting the two inequalities together, we see that

limsup/fj dp < /fdu < liminf/fj du.
Jj—o0

j—o0

However, we know by the definition of limsup and liminf that we always have
liminf < limsup for any sequence. Thus, the limit exists, and by the squeeze

theorem we conclude that,
/fj dp = lim /fj du.
Jj—o0
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3. LP SPACES

3.1. Normed linear spaces. We will assume a basic understanding of linear al-
gebra here, namely the concept of a vector space. We will now review the definition
of a norm.

Definition 3.1. Let V' be a vector space over R. A real-valued function N on V'
is said to be a norm if

(i) N(v) > 0 for all v € V. Moreover, N(v) = 0 if and only if v = 0.

(ii) N(aw) = |a] - N(v) forall e e Rand v € V.

(ii) N(u+v) < N(u)+ N(v) for all u,v € R.
A vector space equipped with a norm is called a normed linear space.

We will be considering infinite-dimensional spaces of functions, called the
Lebesgue spaces, or LP spaces.

Definition 3.2. Let (X, x, 1) be a measure space, and 1 < p < oo. The space of
functions f such that |f|? has finite integral is denoted by LP(X, ), or simply LP.
The norm on this space is given by:

1/p
T (/w’ du) .

We will now verify that this is in fact a normed space. Properties (i) and (ii)
follow easily from the properties of integration developed in Sections 2.2 and 2.3.
One slight deviation is that ||f|| = 0 if and only if f = 0 almost everywhere, as
proven in Corollary 2.20. Property (iii) is more difficult to prove and requires a few
steps.

Definition 3.3. The conjugate of a number p € (1,00) is the number ¢ = ﬁ,
which is the unique number ¢ € (1, 00) such that %+% = 1. We define the conjugate
of 1 to be oo and the conjugate of oo to be 1.

Remark 3.4. Unless otherwise stated, ¢ will always refer to the conjugate of p.
We will now prove that the LP spaces are normed linear spaces.

Lemma 3.5. (Young's Inequality) For 1 < p < oo, q, the conjugate of p, and
any two positive numbers a and b, we have

a? b9

ab < — + —.

p q
Proof. Consider the function g(z) = %mp + % — x for x > 0. The derivative of g is
negative when x € (0,1) and is positive for z € (1,00). In addition, g(1) = 0. As a
result, g(z) > 0 for z € (0,00), i.e. < %x” + %. Now, let us take x = ;%5 which
is positive since a,b > 0. Then,
a<1<a>17 1 1 af 1 1o 1

bt =\ t) Py T oy T Ty Ty
since ¢ = p(¢ — 1). Now, multiplying both sides of the inequality by 0%, we get
Young’s Inequality. ]

Proposition 3.6. (Holder's Inequality) Let f € L? and g € LY, where 1 <p <
oo. Then, f-g € L', and

IS - gllr < Fllze - llgllza-
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Proof. If f = 0or g = 0 almost everywhere, then the inequality becomes an equality,

with both sides being 0. So assume ||f||z» # 0 and ||g||z« # 0. Now, we apply

Young’s Inequality, letting a = ||";(H$L )Il) and b = Tolee

(@) g@)] _ f@F - lg@)?

I fllee llgllice = - If15e @ llgllZa
Since f € L? and g € L9, we see that both terms on the right side of the inequality
are integrable, so by Proposition 2.24, |f - g| is integrable, hence f-g € L'. In
addition, by definition of the L? norm, [|f|? du = ||f||P and [ |g|? du = ||g||%.
Thus, integrating both sides of the inequality, we see that

1 glle ( /(@) - g(a)] > .

£l - llglle / 1o - lglee )
If(fr)Ip)d (|g<x>|q)d VP 1 A S
S/(p-llfll’ip ’”/ g al%) T T e T e T

Multiplying out the denominator between the first and last expressions, we get the
desired inequality: ||f - gllzr < | fllze - gl e O

Definition 3.7. Let f: E — R. The function sgn(f) : E — R is defined to be 1
if f(x) >0,0if f(x) =0, and —1if f(z) <O.
We define the conjugate function f* by f* := ||f|\1L;p ~sgn(f) - |f|P~ L

An important property of the sgn function is that sgn(f)- f = |f| almost every-
where, given that f is finite almost everywhere. This is easily verified.

Lemma 3.8. If f # 0, then f* belongs to L1,

/f =1 fll, and £z = 1.

Proof. Since sgn(f) - f = |f| almost everywhere, we see that f*- f = ||f||1L;p IfIP
almost everywhere. Then, we compute:

/f'f* dp = ||f||1LZ”/\f|” du =" 11 = 1£llze.

To compute || f*||L«, we integrate |f*|%:

1/q 1/q 1/q
( / If*l”du> - (||f||<;pp>q / Ifl(”‘”"du> 75 ( / |f|”du)

1- i 1- / /a+1— 0
= [I£1lz" (/ fl”dﬂ> = 1" - WA = A7 = Nz = 1.
O

Theorem 3.9. (Minkowski’s Inequality) If f and g belong to LP, 1 < p < oo,
then f + g belongs to LP and

If +glle < [1fllze + llgllze
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Proof. The case p = 1 follows directly from the Triangle Inequality for the Euclidean
norm, so we consider the case p > 1. Since f, g are measurable, then so is f + g.
In addition, since |f + g| < |f| + |g] < 2max{|f|,|g|}, it follows that |f + g|P <
2P max{|f|?, |g|’}. Then, by Proposition 2.24, f+g € L*. If f+ g = 0, Minkowski’s
Inequality always holds, so assume f + g # 0. Now consider (f + g)*.

Hf+g||m:/(f+9)~(f+9)*du:/f'(f+g)*du+/g-(f+g)*du

<A lze - ICF +9) Mz + gllze - 1(F +9) e = [[fllze + Nl zo-

In the above string of equations, the second equality is due to the linearity of the
integral, the inequality is due to Holder’s Inequality, and the final equality is due
to Lemma 3.8. ([

When p = 2, we get a familiar result:

Corollary 3.10. (Cauchy-Schwarz Inequality) Let f and g be measurable func-
tions for which f? and ¢ are integrable, i.e. f,g € L?. Then, their product fg is

integrable, and
/Ifgldué \//dew\//gZdu-

We now prove another important property of the LP spaces.

3.2. LP spaces are Banach spaces.

Definition 3.11. A vector space is complete if every Cauchy sequence converges
to a limit in the vector space.
A normed linear space that is complete is called a Banach space.

We wish to show that the L? spaces are Banach spaces. We have already shown
that they are normed linear spaces, and we will now show that they are complete.

Lemma 3.12. Let X be a normed linear space. Then every convergent sequence is
Cauchy. Moreover, a Cauchy sequence converges if it has a convergent subsequence.

Proof. Let {f,} be a sequence in X which converges to f, and fix ¢ > 0. Then,
there exists N > 0 such that if n > N, then |[f — f,|| < 5. Now, let m,n > N.
Then,

€

2~ °

1= fll < Mo = F1+1F = fonll < 5 +

by the Triangle Inequality.

For the second result, let {f,} be a Cauchy sequence which has a subsequence
fn, which converges to f in X. Since f,, converges to f, there exists N > 0 so
that ny > N implies that ||f — f,, || < 5. Moreover, since f, is Cauchy, there
exists M > 0 so that if n,n, > M, then || f, — fn,|| < §. Now, choosing n,n; >
max{N, M}, we see that

1 = Fall S IF = il Mo = Full < 545 =<

Thus, {f,} converges to f in X. O

Theorem 3.13. FEvery Cauchy sequence in LP, 1 < p < oo, converges to a limit
in the LP space.
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Proof. Let {f;} be a Cauchy sequence in LP, and fix ¢ > 0. Then there exists
J > 0 so that if j,k > J, then ||f; — frllz» < €. Then, there exists a (Cauchy)
subsequence {f;, } such that for all k € N,

(3'14) ||fjk+1 - fijLT’ < 27k,
Now, define the function g by

g(aj):|f]1 |+Z|fjk+1 fjk( )’

Then ¢ is nonnegative, measurable, and thus integrable. Thus, we may apply
Fatou’s lemma:

/Igpdu/{lirlrg{gf{lfjl \+Z|fm1 = fi (@ )|}} dp
=/1'ggi£f{|fyl |+Z|fjk+1 f]k( )|} dp
p
<hm1nf/{|f31 |+Z’f]k+l f]k( )‘} dp.

Now, we take the p-th root on both bldeb and use Minkowski’s inequality:

1/p
ot = { | 1o du}
P 1/p
Slinniioréf (/{|fj1 ‘+Z|f]k+1 f]k( )|} d“)

:Hminf{H‘f]‘l ‘+Z‘f]k+l f]k( )’ }
Lp

n—oo
< lilﬁ_l)iogf{||fj1||m + Z [ e — fjk||LP} < filler +1,
k=1
where the final inequality is true by equation 3.14. Thus, g is in L? and is therefore
bounded almost everywhere. Let E := {z € X | g(z) < oo}, so that u(X \ E) = 0.
This also implies that Y2 |fj... (z) — fj,(x)| converges almost everywhere.
We now define f to be:

_ fjl( +Z 1{ka+1 f]k )} xEE,
f(x){o . m¢E.

Observe that the sum is telescoping, so that f; (z) = f;, () {f]“l
fi.()}. Thus, limy_, fj, = f(x) for z € E. The triangle 1nequahty also tells us
that

|fjk| < |f]1| +Z |le’+1 f]e( ) < |f]1| +Z |f]e+1 f]z( ){

Since f;, converges pointwise almost everywhere to f, we may use the Lebesgue
Dominated Convergence Theorem (2.25) to deduce that f € LP. We are nearly
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done. We simply need to show that f; converges to f in the L” norm. We
compute:

‘f_fjk| =

00 k—1
fjl (x) + Z {fijrl(x) - fjk (‘r)} - (fjl (.’E) + Z {sz+1(x) - fje (x)}> ‘
k=1 =1

Z {sz+1 (LE) - sz(m)} < Z ’fje+1 (1‘) - sz(x)| <g.
l=k l=k

Thus, we have |f — f;, [P < ¢” and limy_,o |f — fj.| = 0. Then by the Lebesgue
Dominated Convergence Theorem, since g € L?,

tn [ 1f = P du= [ i |7 = gl du= [0du=0.
j—o0 j—o0

We have now shown that f;, converges to f in the L” norm. Thus, by Lemma 3.12,
f; converges to f in the L norm. O

3.3. The case p = co. Up until now, we have ignored the case where p = cc.
This space is defined differently from 1 < p < co. Recall that the supremum of a
function is defined as the infimum of all upper bounds of that function.

Definition 3.15. An essential upper bound for a real-valued function f is a
number U such that f < U for almost all z € X.

We define the essential supremum, ess sup f, to be the infimum of the set of
all essential upper bounds. If this set is empty, then ess sup f is defined to be +oco.
Essential lower bounds and the essential infimum are defined similarly.

A function is said to be essentially bounded if ess sup f and ess inf f are both
finite.

Definition 3.16. Let (X, x, 1) be a measure space. The space L™ (X, ), or simply
L is defined to be the collection of all essentially bounded functions. We define a
norm on the space L to be:

I/ |lee = max{|ess sup f|,|ess inf f|}
Remark 3.17. An equivalent definition of the norm is || f|| - = ess sup | f|.
Lemma 3.18. Let f € L. Then |f(z)| < | fllLe almost everywhere.

Proof. Let {M,} be a decreasing sequence of essential upper bounds for f such that
limy, 00 My = || ||z Now let E,, == {z € X | |f(z)| > My}, so that u(E,) =0
for all n. Then, (U, En) = 0. Thus, if z ¢ J,2, E,, then |f(z)| < M, for all
n, hence | f(z)| < || f||L~ almost everywhere. O

Theorem 3.19. The space L™ is a Banach space.

Proof. The proof that L* is a normed linear space is routine and left as an exercise
to the reader.

To show that L* is complete, let {f,} be a Cauchy sequence in L>°. That
is, for all € > 0 and x € X, there exists N > 0 such that n,m > N implies
that |fn(z) — fm(z)| < e. We need to show that lim, o ||f — fnullLe = 0. Let
ES ={reX | fn(x) = oo} for n € N. Since each f,, € L, we know that
w(ES) = 0. Now define B¢ := J)—, ES. Because a countable union of sets with
measure 0 also has measure 0, it follows that pu(E€) = 0. Then, by Lemma 3.18, for
all z € E and m,n € N, we have | f,(2) — fin (2)| < || fo— finllLe = ess sup | frn— fml-
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However, by the fact that {f,} is Cauchy, we see that this quantity tends to 0 as
m,n grow large.
We claim that in fact, {f,} is uniformly Cauchy on E, that is,

(3.20) for all € > 0, there exists N > 0 such that n,m > N
implies that |f,(z) — fm(z)| < e for all x € E.

Suppose this were false. Then, there exists € > 0 such that for all N > 0, there
exist z € E and n,m € N for which n,m > N and |f,(z) — fm(z)| > . However,
this is a contradiction by the remark at the end of the previous paragraph. Thus,
{fn} is uniformly Cauchy.

We define

N lim, 0 fn = €E,
) = {0 z € E°.

Since 3.20 holds for all n,m large enough, we see from the definition of f that
fn — f uniformly on E. Finally, we conclude:

lim ||fn — flloee = lim esssup |f, — f| =
n— o0 n—oo

lim inf{U | U is an upper bound of |f, — f[}.

n—00

The uniform convergence of { f,,} tells us that this last quantity is equal to 0. Thus,
fn — f in the L norm.
The final step is to show that f € L*:

|f@)] < 1f(@) = fa@)]+ [fu(@)] < [ = falle + | fallL= almost everywhere,
so f is essentially bounded. [

4. RADON-NIKODYM THEOREM

We have now done most of the background work required to prove some impor-
tant theorems. The rest of the paper will work toward proving the Riesz Represen-
tation Theorem.

Definition 4.1. Let A, 4 be measures on a o-algebra xy. Then we say that \ is
absolutely continuous with respect to p if for all sets E € y, pu(E) = 0 implies
that A(E) = 0. We write A < p.

Lemma 4.2. Let (X, x,u) and (X, x,v) be finite measure spaces such that v < p.
Also assume that there exists E € x such that v(E) # 0. Then, there ezists a
nonnegative function f on X that is measurable with respect to p such that

/fdu>0and/fduﬁu(E)forallEEx.
X E

Proof. For a > 0, consider the signed measure v — au. By the Hahn Decomposition
Theorem (1.25), there exists a positive set P, and a negative set N, such that
P,UN, = X and P,N N, = @. Now, we claim that there exists ag > 0 such that
1#(Ps,) > 0. Suppose that this is not true. Then, u(P,) = 0 for all & > 0. Since
P, is positive, this implies that u(F) = 0 for all E € P,. By absolute continuity,
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v(E) = 0 as well. Now, we show that v(E) = 0 for all E € N,. Since N, is
negative, this implies that v(E) — au(E) < 0 for all E € N,. Hence
(4.3) 0<v(E)<aukE)

for all a > 0. If u(E) = 0, then v(E) = 0 by absolute continuity. If, on the other
hand, u(E) > 0, then we still have v(E) = 0 since Equation 4.3 must hold for all
a>0. Sov(E) =0 for all E € M,, and thus we have shown that v(F) = 0 for all
FE € x, a contradiction to our assumption that v does not vanish everywhere on y.

Now, define f := aqg-x Pay > where y Pa, 18 the characteristic function of P,,,. So
Jx fdp>0. Since v — ap > 0 for E € P,, ap(E) < v(E). Hence,

/ fdu =/ QOX Pay, +/ QOX Pay
B E\Pag ENP.,

=0+ api(Pyy NE) <v(Pyy NE) <v(E) for all E € x.
0

Theorem 4.4. (Radon-Nikodym Theorem) Let (X, x,u) and (X, x,\) be o-
finite measure spaces such that A < p. Then, there exists a nonnegative measurable
function f on X that is measurable with respect to p such that

(4.5) AME) = /Ef(x) du for all E € x.

This function is uniquely determined. That is, if f,g both satisfy these conditions,
then f = g p-almost everywhere.

Proof. We first reduce to the case where A and p are finite measures. Let F be the
collection of all nonnegative measurable functions f satisfying

/fdug)\(E) for all £ € x
E

and define
= sup / [ du.
feF

Then F is non-empty since 0 € F. We claim that there is a function f € F such
that fX fdu= M. To this end, suppose that g,h € F and let E be a measurable
set. Then, let By = {z € X | g(z) < h(z)} and FEy = {z € X | g(z) > h(x)}. Then
E = FE1 U Ey. Thus,

/ max{g, h} du:/ hd/H—/ gdi < A(E1) + A(Es) = A(E).
E Ey E;

Hence, max{g,h} € F.

Now, let {f,} be a sequence of nonnegative measurable functions in F such that
limy, o0 [ « fndp = M. We can choose the sequence to be monotone increasing by
replacing fi by max{fi, fo, -+, fx} for each k. Then, define f := lim, o0 fn. By
the Monotone Convergence Theorem (2.15),

/fdu— hm/fndu

Now, for all E € x we define

v(E) = \E) - /E fdu.
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By assumption, A is finite, so by the definition of f, 0 < [}, fdu < A(E) < co. This
implies that v(E) > 0 for all E € x. Since v(FE) is the sum of two measures and is
always nonnegative, it is itself a measure. Since it does not take on values in the
extended reals, it is a signed measure. Moreover, since A is absolutely continuous
with respect to p, it follows that if u(F) = 0, then v(E) = 0. Hence, v is absolutely
continuous with respect to p. In fact, we claim that v(FE) = 0 for all E € x. If not,
then by Lemma 4.2, there exists a nonnegative measurable function f such that

/fdu>0and/fduSV(E):)\(E)—/fd,uforallEex.
X E E

Thus, rearranging, we see that fE(f—l— ) du < XE),so (f+ f) € F. But

LG+ﬁ@=Lf@+LfW>Lf@:M

But this contradicts our choice of M as the supremum of [ pfdufor f e F.
Therefore, v(E) = 0 for all E € x, so [, f du = \(E) for all E € x, as desired.

Now, suppose that f,g both satisfy Equation 4.5. Then, fEf du = ME)
[ g dp. This implies that [,(f — g) du = 0, so by Corollary 2.20, f — g =
p-almost everywhere.

Now, we consider the case where A and u are o-finite. Let {X,,} C x be an
increasing sequence such that X = J,2; X,,, A(X,,) < 00, and p(X,,) < co. Then,
for each n, by the finite case of the theorem, we get a nonnegative measurable
function f,, such that f,(z) =0 for x € X\ X,,, and if E C X,, is measurable, then

ME) = /E fdp.

We now wish to construct a sequence of increasing functions from f,. If n > m,
then X,,, C X,,, and by the finite case, the uniqueness property tells us that f,, = f,
for almost all z € X,,,. So define

F, =sup{fi, fa, -+, [},

so that F), is an increasing sequence of nonnegative measurable functions. We also
have F,, = f,, almost everywhere. We then define f = lim, o F). So

)\(EﬁXn):/fndu:/Fnd,uforallEEX.
E E

o |l

Finally, since (E N X,,) is monotone increasing and converges to E, we may apply
the Monotone Convergence Theorem (2.15) to conclude that

AE) = lim MENX,) = lim [ F, dp:/ fdp.
E E

n—oo n—oo
The uniqueness of f can be shown by the same reasoning as in the finite case.
This concludes the proof. O
5. RIESZ REPRESENTATION THEOREM
We begin with a definition of a linear functional:

Definition 5.1. Let V be a vector space over R. A linear functional is a linear
map V — R.
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Notation 5.2. Let V,W be vector spaces. We denote the space of linear maps
from V to W as L(V,W).

Definition 5.3. Let (V.| - |lv) and (W,]| - |lw) be normed linear spaces. Let
T € L(V,W). Then, we say that T is bounded if

sup {[[T(x)[w} < oc.
ol <1

In this case, we define
1T} = sup {[|T(x)llw}-

lzllv<1
The vector space of bounded linear functionals on V' is denoted V*, and it is called
the dual space of V.

Proposition 5.4. Let (V,|| - |lv) and (W,| - |lw) be normed linear spaces. Let
T € L(V,W). Then the following are equivalent:

(i) T is continuous;

(i) T is continuous at 0;

(iti) T is bounded.

Proof. (i) = (4#). This is obvious.

(14) = (¢i1). If T is continuous at 0, then for every € > 0, there exists § > 0
such that y € V, 0 < ||y|lv < ¢ implies that | T(y)||w < e. Choose ¢ = 1. Then
there exists 01 such that y € V, 0 < ||ly|lv < d1 implies that ||T(y)||lw < 1.

We wish to compute supy,, <1 {|7(y)[lw}. Note that if 0 < [ly[[y < 1, then

1 1 1
- - . i
I vllv =5 Il < 561 =1,
and
1 1 1 1
T(=— . —|=.T — T il
175 w)llw = I3~ T@)w = 5 IT@) I < 5

by the linearity of T and the homogeneity of the norm with respect to scalar
multiplication.
(i) == (¢). Finally, suppose that T is bounded, i.e. that ||T| < oo. If

IT|| = 0, then T" = 0 and is thus continuous, so assume ||7]| > 0. Fix some ¢ > 0
and z € V. Then, let § := HETH so that if y € V, and 0 < |ly — z||v < 6, then

E —
1T
Since € and = were arbitrary, this statement holds for all € > 0 and = € V. Thus,

T is everywhere continuous.
This concludes the proof. ([

IT(y) = T(@)llw = IT(y = )llw < IT| - [ly = 2llw < [T - €

Proposition 5.5. Assume that T : V — R is bounded. Let
N Tv
= sup {10}
v0 Ulvllv

Proof. Observe that we can reformulate ||T||* as follows. Since T' is bounded, there
exists M > 0 such that |Tw| < M - ||v||y for all v € V. Consider the infimum of

Then, ||T| = [T
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all such M satisfying this property, i.e. inf{M >0 ‘ M > ”T‘lul for all v £ 0}. We
now see that

|Tv T
1nf{M>O'M> | forallv;«éO}—sup{| v'}—|T||*.
[vllv vzo Ullvllv

Now, suppose that M > 0 satisfies |[Tv| < M - ||v||y for all v € V. Then, for
all v satisfying ||v|ly < 1, we have Tv < |Tv| < M - ||v|ly < M. Thus, ||T] =
Sup|y, <1 |70| < M for all M satisfying M >
17| < 7)™

To prove the reverse inequality, fix v € V', v # 0. Then, by the linearity of T,

Tv v
Tv g () <7l
Tl — * \Tellv

since v/||v|ly < 1 for all v # 0. Thus, Tv < ||T|| - ||[v|ly for all v # 0. Hence,
17" < |17 0

for all v # 0, so we have

Remark 5.6. Since we have proven that ||T|| = ||T||*, in the future, we will refer
to both quantities simply as || T|.

Corollary 5.7. LetT : V — R be a bounded linear functional. Then, for allv € V,
[Tol < [T - [lvllv-

Proof. If v =0, equality follows easily. Otherwise, since ||T|| = supv;éo{ AZvl } we

Tollv

have ||T|| > Hlfﬁ’“/ for all v € V. Rearranging, we get the desired inequality. a

The goal of the Riesz Representation Theorem is to be able to describe the dual
space of the LP space, i.e. (LP)*. We begin with three lemmas.

Lemma 5.8. Let (X, x,u) be a measure space, and 1 < p < oo. Let q be the
conjugate of p. Then, for every g € L9, the map ¢4 : LP — R defined by ¢q4(f) =
Jx fgdu is a continuous linear functional on LP. Moreover, ||¢g| < |lg|lze, and if
1 <p < oo, then ||ogll = |lgllra. If p is o-finite, then equality holds for p = 1.

Proof. By Proposition 5.4, in order to show that ¢, is continuous, it suffices to
show that ¢, is bounded. We apply Holder’s inequality to see that

6= sup [ fgldn < sup [ len gl = lglos
fllp<1JX I fllLp <1

Since g € L9, ||g||p« exists and is bounded.

If p > 1, we have already shown that |¢g4| < [|g||lra. We will now prove the
reverse inequality. First, if g = 0, then the inequality is trivial, since ¢g = 0 for
all f € LP. So assume that g # 0. Let ¢; be a monotone increasing sequence
of simple functions in L! such that ¢, — |g|? as k — oo. This is possible since
lg]9 € L'. We may assume without loss of generality that ¢, > 0 for all n. Now,

define ¢y, == @k/p sgn(g). Then, ¥y € LP, and

1/p 1/p Y
||¢k||m=(/|sok V¥ sgn(g )I”du> (/ mdu) — llgull .

Next, since |g| > <pk/ ? for all k, it follows that

1 1 1 1/p+1
kg = o/ Plgl > oi/P - ob/ T = /P = o)



INTRODUCTION TO THE LEBESGUE INTEGRAL 27

Putting everything together, along with Corollary 5.7, we see that
1
lkllzr = /Xm dp < /kag dpp = dg(n) < gl - I1nlle = gl - ol

Rearranging, we see that ||<pk||1L:1/p < |l¢gll, or ||90k\|1L/1q < ||¢g| for each k. Since
or — |g|? as k — oo, the last inequality tells us that

1/q
o0l = Jim Tl = (ol )" = ([ ol ) = lgler
o X

as desired.

Now, let p = 1 and p be o-finite. If ¢ = 0, then as above, equality is trivial.
For g # 0, we have g € L™, so |g| is essentially bounded. Let F be the set outside
of which is a set of measure 0 for which |g(x)| > ||g||re~. Then ||g||rL~ is an upper
bound for g on E. Thus, for any f € L', we have

/X\fgl du:/Elfgl dMS/EIngHLoo|du:H9HLw~/E|f|du:|\g|\Lw~||f||L1-

(Note: this is Holder’s inequality for p = 1.). It follows that
[¢gll = sup / [f-gldp < sup {llgllee - [Ifllr} = llgllze-
Iflli<1J/X 1 Fll <t

This proves one direction of the inequality. To prove the reverse inequality, suppose
for the sake of contradiction that ||¢4|| < ||g||ze. Then, there exists ¢ > 0 such that
the set S. == {z € X | |g(x)| > ||¢q| + ¢} has positive measure. Otherwise, ||¢,||
would be an essential upper bound for g. We may assume without loss of generality
that the set S := {& € X | g(z) > [|¢4]| + €} has positive measure. Corollary 5.7
tells us that

800052 < 1yl Ixcsllr = 161 [ xisyy = gl (D).
So, we have
lggll - 1(S2) > |bg(x(s1))| = /XQ'X(S;) dp = /Slgdu > (gl +e) - n(S2).
This shows that ||¢4|| > [l¢gll + ¢, a contradiction.s Thus, we must have |[¢,| >
llgll . This proves the lemma. O

Lemma 5.9. Let (X, x,u) be a finite measure space, and 1 < p < co. Let g be an
integrable function such that there exists a constant M with | [ g dp| < M||¢|/Le
for all simple functions ¢. Then g € L9.

Proof. We first consider the case when p > 1. Let ¢y and ¥y, be defined as in the

previous lemma. From above, we have that ¢g > ¢r and [[¢||2r = ([ ¢r d,u)l/p.

Thus,
1/p
/ Sﬁkdﬂé/ Yrg dp < M||Yg||Lr = M (/ Wkdﬂ> .
X X X

Simplifying, we see that

d 1-1/p 1/q
MSMﬁ»(/tpkdo Z(/wkdu> <M,
(fx o dp)” X X
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or [ « Pk dp < M9, This holds for all k. Applying the Monotone Convergence
Theorem (2.15), we see:

lgllte = [ lg|%dp= lim [ @ du< M
X n— 00 X

So g € L1.

Now, suppose p = 1. We want to show that g € L*°, i.e. that g is bounded almost
everywhere. Let M be as in the hypotheses, and let E == {z € X | |g(x)| > M}.
Suppose for the sake of contradiction that p(FE) > 0. Then, define f = ﬁ “XE -
sgn(g). Then, f is a simple function. We have

1 1 1
Hf”Ll:/X|f|d'“:M/XXECZ/L:@/EXE‘W:@'#(E):L

But
1 1
/ngf/xmwnsgn(g%g—@/XXE'Igldu
1

1 1
—@/E'g'd”m/EMd“—M'M“E)—M'

So | [y fgdul > M| f|lr = M, which is a contradiction of the hypotheses. Thus,
w(E) =0, so g is bounded almost everywhere. |

Lemma 5.10. Let 1 < p < oo and {X,,} be a sequence of disjoint sets such that
X =2, X, Let {fn} C LP such that for each n > 1, fu(z) =0 if v ¢ X,,.
Define f =5 >", fn. Then, f € LP if and only if >0 (|| fullLr)? < co. In this
case, (|| fllze)? = 32021 (I fallLe)?-

Proof. By definition, f € LP if and only if

[ouran= [ S/

n=1

p

dp < 0.

Since the X, are disjoint and their union is X, we can write
o) p o) p o)
[ n] dn= [ |Sh) dus [ S
X |3 X Xz |01
However, each f,(x) is zero for all x ¢ X,,, so this simplifies to

n=1
[ s [ gl anee= [Anpdas [ 1grdiee= Y [ gl
X, X2 X X n=1vX

Thus, we see that [, |f|? du < oo if and only if Y07, [ | fal? dp < oo, and we
have shown these quantities to be equal. (]

p
dp+ - .

Now we are finally ready to prove our major result:

Theorem 5.11. (Riesz Representation Theorem I) Let I € (L?)*, where 1 <
p < oo and p is o-finite, and let q be the conjugate of p. Then, there exists a unique
g € L9 such that

0 = [ fadn=o,(1)
X
for all f € LP. Moreover, |T'|| = ||g||La-
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Proof. We first consider the case when p is finite. Let A : x = R, A(E) =T'(xg).
We first show that X is a signed measure. It is clear that A(&) = T'(xz) =T'(0) =0
since T is linear by assumption. Fix E € x and let {E,, } be a sequence of disjoint
sets in x such that £ =J,-, E,,. We show countable additivity:

A(UEH>:)‘(E):F(XE):F<ZXEH> ZPXE ZZ)\(E )

It remains to show that |[A(E)| < oo. Let ay = sgn(F(xEn) and define f, =
n XE,, and f = > f,. Observe that |a,| < 1 everywhere. We can now

compute:
Pdu < / IXE.
X

/ |fn|pdlu’:/ |an'XEn

X X
Z”fn”Lp = Z:u ) o0,
n=1

so fn € LP for each n. Thus,
by the assumption that u is finite. By Lemma 5.10, we conclude that f € LP and
thus is in the domain of I':

- / x5, = W(Ex),
X

(5.12) F(f)F<Z sgn(T'(xe,)) ) ngn (xe.)) T(xe,)

= Z IC(xe)l =D INE

where the second equality is true by the linearity of I'. We observe that ||T'|| < oo by
assumption, and || f||L» < oo by definition of being in LP. Thus, by Corollary 5.7, we
have |T(f)| < ||T||-|| f||z» < co. Thus, by 5.12, we conclude that >~ >, [A(E,)| < co.

Finally,
|>\(E)|:>\<U ) ZA ) SZ E,)| < co.
n=1 n=1

Since F was arbitrary, these propertles hold for all £ € x. Thus, A is a signed
measure. Next, if u(E) = 0, then xg = 0 almost everywhere, so 0 = I'(xg) = A(E).
Hence, \ <« p.

We may now apply the Radon—Nikodym Theorem (4.4) to A in order to produce
a unique function g such that A\(E) = [, g du for all E € x. Now if ¢ is a simple
function, then

=TI (Z Ck 'XEk> = Z((Ck F XEk Z Cg * /\ Ek
k=1 k=1

k=1

Z (Ck/ g du) = Z/ Ck g XE, dpp = / (Z(Ck -xEk)> gdp = / pgdu.
k=1 Bk k=1"X X \k=1 X

By Corollary 5.7, we have |I'(¢)| < ||IT|||l¢llz», so by Lemma 5.9, g € L?. Since
we have I, ¢4 € (LP)*, with ¢4 defined as in Lemma 5.8, then I' — ¢, € (LP)* and
I' — ¢4 = 0 for simple functions in LP. Since simple functions are dense in LP (see
the Simple Approximation Lemma, 2.7), then we can say I' — ¢, = 0 on LP. Thus
I' = ¢4, which also implies that |[|T'|| = ||¢4|| = ||g]|z« by Lemma 5.8.
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We now turn to the case when p is o-finite. By definition of o-finite, we can write
X = UZO=1 X, where u(X,,) < oo and X,, C X,,14 for all n. For each n, the finite
case gives rise to g, € L9, where g, = 0 for all x ¢ X,, and T'(f) = fX fgn du for
all f which vanish outside X,,. Moreover, ||gn| L« < ||T||. By the uniqueness of the
Jn, We can assume that g,+1 = g, for all z € X,,. Now, we define g := lim, oo gn
so that {|g,|} is a monotone increasing sequence converging to |g|. Thus, we apply
the Monotone Convergence Theorem (2.15) to see that

[ ot d = i [ Jgul? di =t (g ) < )
X n oo X n oo

This implies that g € L2. Now, let f € LP, and define f,, := f-xx, so that f,, = f
pointwise on X and f,, € L? for all n. We also observe that |fg| € L' by Holder’s
inequality, and |f,g| < |fg|. Lastly, notice that

/fngndﬂz/ fngndﬂ+/ fngnduz/ fngd//f'i_():/ fngd,u
X Xn X\ X X, X

since g = g, on X, and f, =0 on X \ X,,.
Putting everything together and applying the Monotone Convergence Theorem
(2.15) and Lebesgue Dominated Convergence Theorem (2.25), we see that

/X fgdu= lim /X fugdu = lim ( /X Futn du) = lim T(f,) = ().

We are allowed to pull the limit through I' in the final step because I' is a continuous
map by Lemma 5.8. ]

Theorem 5.13. (Riesz Representation Theorem II) Let ' € (LP)*, where 1 <
p < oo. Then, there exists a unique g € L9 such that

I'(f) =/ fgdu
X
for all f € LP. Moreover, |T'|| = ||g||La-

Proof. Suppose that E C X is o-finite. Then, from Riesz Representation Theorem
I, there exists a unique gr € L? which vanishes outside of E and satisfies T'(f) =
fX fge du for all f € LP such that f =0 for all z ¢ E. The goal of the proof is to
construct such a set F.

For all o-finite E, let A\(E) = [y |gp|? du. We claim that X is a measure. First,
go = 0 everywhere outside of @, which is all of X. Thus, A\(@) = 0. Now we show
countable additivity: let {E,} be a sequence of disjoint sets whose union is E.

A(U E) — \(E) = / 9|7y = / lgsl9dp = / lgsl9dut / lgsltdut -
n=1 X E E; Es

Eq Eo X X

=3 [ lamltdu =3 ME)
n=1 X n=1

The first and fourth equalities are true because E = | J,— | E,,. The third equality
is true because gg vanishes everywhere outside E. The fifth equality is true because

(i) 98 = Y021 9B, and (ii) for i = j, gg = gg, on Ej;, but for i # j, gg, = 0 on
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E;. The sixth equality is true because for each n, gg, vanishes everywhere outside
E,. Observe that if A C F, then \(A) < A(E) < ||T)|9.

We now define M = sup{\(E) | E o-finite} and choose {E,} to be a sequence
of o-finite sets such that lim,, oo A(E,,) = M. We now let H := Uzozl E,,, so that
H is o-finite and A(H) = M. Suppose a set E is o-finite with H C E. Then,
g = gr almost everywhere on H due to the uniqueness property, and

/ 19517 dyt = \(E) < M = A(H) = / g1 da,
X X

since M is the supremum of A(E) for o-finite E. This implies that gr = 0 almost
everywhere on F \ H. Otherwise, we would have A(E) > A(H), a contradiction.

We now define our function g by ¢ = gg. Then, g € L9, and if F is o-finite
with H C F, then g = g almost everywhere. This is true because gg = g almost
everywhere on H, g = 0 for all ¢ H, and gg = 0 for all x ¢ F and almost all
x € E\H.

Fix f € LP and define E .= {z € X ’ f(z) # 0} so that f vanishes outside E.
We claim that F is o-finite. Suppose not. Then, u(E) = oo, and there does not
exist a sequence of sets Ey, Fs,--- such that J- | E, = E and p(E,) < oo for
each n. Thus, we have

oo>/ Ifl”du=/|f|pdu+/ Iflpdu:/If\”du: sup /@du,
x E X\E E o<Iflr JB

for simple functions . Since f > 0 on E, we can assume that ¢ > 0 on E. By
definition of the integral of a simple function, we can write

/E@du = an - p(En).
n=1

Since ¢ > 0, each a,, # 0. Since E is not o finite, there exists an n such that
w(E,) = co. Thus, the whole sum must be co. Hence, the integral of every positive
simple function is co, so the supremum of all positive simple functions ¢ < f must
also be co. Thus, [ |f" dp = oo. But we know from the definition of the L” norm
that [y [f|” du < oo, so this is a contradiction. Thus, £ must be o-finite.

Now, let Fy :== FUH. Since F and H are o-finite, so is F/;. As before, we obtain
a function gp, such that gp, vanishes outside E, and I'(f) = [y fge, dp. Since
H C E;, we see that, as above, g, = g almost everywhere. Thus,

r(f) = /X Fap, du = /X fgdu=y(f).

Since f was arbitrary, this equation holds for all f € LP. Thus, I' = ¢, and as
above, |T|| = |lglLq- O
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