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Preface

This article develops the basics of the Lebesgue integral and measure theory.
In terms of content, it adds nothing new to any of the existing textbooks on
the subject. But our approach here will be to avoid unduly abstractness and
absolute generality, instead focusing on producing proofs of useful results as
quickly as possible.

Much of the material here comes from lecture notes from a short real analysis
course I had taken, and the rest are well-known results whose proofs I had
worked out myself with hints from various sources. I typed this up mainly for
my own benefit, but I hope it will be interesting for anyone curious about the
Lebesgue integral (or higher mathematics in general).

I will be providing proofs of every theorem. If you are bored reading them,
you are invited to do your own proofs. The bibliography outlines the background
you need to understand this article.

Copyright matters

Permission is granted to copy, distribute and/or modify this document under
the terms of the GNU Free Documentation License, Version 1.2 or any later
version published by the Free Software Foundation; with no Invariant Sections,
with no Front-Cover Texts, and with no Back-Cover Texts.

1 Motivation for the Lebesgue integral

If you have followed the rigorous definition of the Riemann integral in R or R",
you may be wondering why do we need to study yet another integral. After all,
why should we even care to integrate nasty functions like:

1, z€Q
D(z){ 0, zeR\Q

Rephrased in another way, D(z) is actually the indicator function® of the
set

S={reQ} CR,

and we want to find its “length”. Continuing to rephrase this question, sup-
pose we are taking many real-valued measurements x of a particular physical
phenomenon. What is the probability, say, that z is rational? If we assume

I For any set S, this is the function xg defined by xs(z) = 1 if x € S and xg(x) = 0 if
x ¢ S. Math people call this the “characteristic function”, while probability people call it the
“indicator function” instead.



the measurements are distributed normally with a mean of p and a standard
deviation of o, then this is given by:

Pr[X € Q) z/s#e_%( )" dx

2mo?

So wild sets like S are theoretically worth considering, and it does not work to
use Riemann integral to evaluate the above probability.

Another limitation to the Riemann integral is with limits. If a sequence of
functions f,, is uniformly convergent (on a closed interval, or more generally a
compact set A C R™), then we can interchange limits for the Riemann integral:

lim [ fn(v) dx:/ lim f,(z)dz,

but the criterion of uniform convergence is often too restrictive, e.g. when
integrating Fourier series. On the other hand, it can be proven with the Lebesgue
integral that the interchange is valid under weaker conditions (e.g. the functions
frn is bounded above somehow, and they converge pointwise).

As an added benefit, some sophisticated results concerning the Riemann
integral, such as the Change of Variables Theorem in R™, are more easily proven
using the Lebesgue integral, with its arsenal of limit theorems.

Finally, the Riemann integral does not deal with integration over “infinite
bounds” very well. For example, the standard way to compute the probability

integral
oo 1,.2
/ e 2% dx
—o0
goes like this:

400 2 +oo +o0
(/ e 3% dz) = / e da:/ eV dy

— 00 — 00

+oo +oo 1 2 2
z/ / e 2@ ) dg dy

e~ 3@+ gy gy

—

R2
2m e 1o
= / e 2" rdrdf (using polar coordinates)
o Jo
=27 [—6_%T2}T_OO
r=0
=27.

So
+oo 1..2
/ e 2% dx =+V2m.
— 00
The above computation seems easy, and although it can be justified using the
Riemann integral alone, it is not entirely trivial, but it is with the Lebesgue



integral. (For example, why should fj;o fj;o be the same as [,,? Note that
in the Riemann theory, the iterated integral and the area integral are proven to
be equal only for bounded sets of integration.)

You will probably be able to find other sorts of limitations with the Riemann
integral.

2 Basic measure theory

The setting of abstract integration is measure theory, which tells us what the
areas or volumes of various sets are. Essentially we are given some function
w of sets which returns the area or volume — formally called the measure —
of the given set. i.e. We assume at the beginning that such a function p has
already been defined for us. The abstract approach of the Lebesgue integral has
the obvious advantage that the theory can be applied to many other measures
besides volume in R™.
We begin with the axioms of measure theory.

Definition 2.1. Let X be any non-empty set. A sigma algebra® of subsets of
X is a family A of subsets of X, with the properties:

1. A is non-empty.
2. fEe A then X\ E € A

3. If {E,}nen is a sequence of sets in A, then their union is in A. That is,
A is closed under countable unions.

The pair (X, .A) is called a measurable space, and the sets in A are called
the measurable sets.

Notice that the axioms always imply that X € A. Also, by De Morgan’s
laws, A is closed under countable intersections as well as countable union.

Needless to say, we cannot insist that A is closed under arbitrary unions
or intersections, as that would force A = 2% if A contains all the singleton
sets. That would be uninteresting. On the other hand, we want closure under
countable set operations, rather than just finite ones, as we will want to take
countable limits.

Example 2.1. Let X be any (non-empty) set. Then A = 2¥ is a sigma algebra.

Ezample 2.2. Let X be any (non-empty) set. Then A = {X,0} is a sigma
algebra.

To get non-trivial sigma algebras to work with we need the following, a very
unconstructive(!) construction:

If we have a family of sigma algebras on X, then the intersection of all the
sigma algebras from this family is also a sigma algebra on X. If all of the sigma

2] do not know why it has such a ridiculous name, other than the fact that it is often
denoted by the Greek letter.



algebras from the family contains some fixed G C 2%, then the intersection of
all the sigma algebras from the family, of course, is a sigma algebra containing
g.

Now if we are given G, and we take all the sigma algebras on X that contain
G, and intersect all of them, we get the smallest sigma algebra that contains G.

Definition 2.2. The smallest sigma algebra containing any given G C 2%, as
constructed above, is denoted (G), and is also called the sigma algebra generated
by G.

The following is an often-used sigma algebra.

Definition 2.3. If X is a topological space, we can construct the sigma algebra
(T), where 7 is the set of all open sets. This is called the Borel sigma algebra
and is denoted B(X). When topological spaces are involved, we will always take
the sigma algebra to be the Borel sigma algebra unless stated otherwise.

B(X), being generated by the open sets, then contains all open sets, all
closed sets, and countable unions and intersections of open sets and closed sets.
It seems unlikely, however, that every set in B(X) is expressible as a countable
union and/or intersection of open sets and closed sets, although it is tempting
to think that.

By the way, Theorem 9.3 shows the Borel sigma algebra is generally not all
of 2%,

Sigma algebras are the domain on which measures are defined.

Definition 2.4. Let (X,.4) be a measurable space. A positive measure on this
space is a function p: A — [0, 00] such that

1 u@ =0
2. Countable additivity: For any sequence of mutually disjoint sets E,, € A,

w(Us) =7§u<Eﬁ>.

n=1

The set (X, A, u) will be called a measure space. Whenever convenient we
will abbreviate this expression, as in “let X be a measure space”, etc. Also, in
this article, when we say “measure”, we will be dealing with positive measures
only. (There are also theories about signed measures and complex measures.)

Ezample 2.3. Let X be an arbitrary set, and A be a sigma algebra on X. Define
p: A —[0,00] as

|A|, if A is a finite set
oo, if A is an infinite set.

i) = {

This is called the counting measure.

We will be able to model the infinite series Y, a,, in Lebesgue integration
theory by using X = N and the counting measure, since integrals are essentially
sums of the integrand values weighted by areas or measures.



Ezample 2.4. X = R", and A = B(R"™). We can construct the Lebesgue measure
A which assigns to the rectangle [a1,b1] X -+ X [an, b,] in R™ its expected n-
dimensional volume (b; — ay) - - (b, — ap,). Of course this measure should also
assign the correct volumes to the usual geometric figures, as well as for all the
other sets in A.

The existence of such a measure will be demonstrated later.

Intuitively, defining the volume of the rectangle only should suffice to uniquely
also determine the volume of the other sets, since the volume of every set can
be approximated by the volume of many small rectangles. Indeed, we will later
show this intuition to be true. In fact, you will see that most theorems using
Lebesgue measure really depend only on the definition of the volume of the
rectangle.

Ezample 2.5. Any probability measure (as defined by the usual axioms of prob-
ability) is actually a measure in our sense. For example,

1
e
V2T

where the integration, of course, is with respect to the Lebesgue measure on
the real line. Other examples include the uniform distribution, the Poisson
distribution, and so forth.

142
2t

Pr[Z € B] = u(B) :/B

Before we begin the prove more theorems, I must mention that we will be
operating on the quantity oo as if it were a number, even though you may have
been told this is “wrong” by some teachers. It is true, of course, that certain
algebraic properties of R would fail to hold with co included (i.e. RU {oco, —c0}
is not a field), but the crucial point in real analysis is that co obeys the usual
ordering rules when used in inequalities. The rules we adopt are the following:

a < oo

00 + 00 = 00
a-co=00 (az#0)

0-00=0

The first three rules are self-explanatory. The last rule may need explaining;:
when integrating functions, we often want to ignore “isolated” singularities, e.g.
at zero for fol dx/+/x. The point 0 is supposed to have “measure zero”, so
even though the function is co there, the area contribution at that point should
still be 0 = 0 - co. Hence the rule. At this point a warning should be issued:
the additive cancellation rule will not work with co. The danger should be
sufficiently illustrated in the proofs of the following theorems.

Theorem 2.1. The following are easy facts about measures:

1. It is finitely additive.

3T guess this is my favorite integral. It’s got all the important numbers in it — well, except
for 1.



2. Monotonicity: If E,F € A, and E C F, then u(E) < u(F).
3. If E C F has finite measure (u(E) < 00), then u(F\ E) = p(F) — p(E).
4. If A or B has finite measure, then p(AU B) = u(A) + p(B) — u(AN B).

Proof. The first fact is obvious. For the second fact, we have
p(F) = p((F\ B) W E) = u(F\ E) + p(E),

and p(F'\ E) > 0. For the third fact, just subtract p(E) from both sides. (The
funny union symbol means that the union is disjoint.) Of course the fact that
A is a sigma algebra is used throughout to know that the new sets also belong

to A.)
For the fourth fact, we decompose each of A, B, and AU B into disjoint
parts, to obtain the following;:

n(A) = (AN B°) + u(ANB).
w(B) = (BN A®) +pu(BNA).
WAUB) = pu(ANB°) + n(A°NB) + u(AnB).

Adding the first two equations and then substituting in the third one,

n(A) +p(B) = p(ANB°) + p(ANB) + pn(BNA) +pu(BNA)
=u(AUB)+ pu(ANB).
Since one of A or B has finite measure, so does AN B C A, B, by the second

fact, so we may subtract p(A N B) from both sides. Of course if one of A or B
has infinite measure, the resulting equation says nothing interesting. ]

The preceding theorem, as well as the next ones, are quite intuitive and you
should have no trouble remembering them.

Theorem 2.2. Let (X, A, 1) be measure space, and let Ey C Ey C E3 C
be subsets in A with union E. (The sets E, are said to increase to E, and
henceforth we will write {E,} /" E for this.) Then

n(E) ZM(G En) = lim p(E,).

n— o0
n=0

Proof. The sets Fy and F can be written as the disjoint unions

Ep=E1U (Bx\ Ey) U (B3 \ Ea)U--- U (By, \ Ex_1)
E=F U(E\Ey)U(Es\ Ey)U--- |

(and set Ey = 0), so that

n

= u(Bx\ Bxa) ILH;OZM(Ek \ Ep1) = lim p(E,). O
k=1 k=1



Theorem 2.3. For any E,, € A,

u([j En> < iu(En%

n=1 n=1

M(,QE”) :”<G E,\ (Eq uEQU--UEn_l))

=> (Ex\ (EyUEyU---UE, 1)) <> p(En). O
n=1 n=1

Theorem 2.4. Let {E,} \\ F (that is, E,, are decreasing and their intersection
is E), and u(Ey) < co. Then

mnmanmmu(ﬂ

n—oo

Proof. We have {Ey \ E,} / (E1\ E). So

ma\muQﬂa\mngma\m%
p(E) = (E) = lim [u(Er) = p(Ep)] = p(Er) = lim u(Ey),
and cancel p(E7) on both sides. O

3 Measurable functions

To do integration theory, we of course need functions to integrate. You should
not expect that arbitrary functions can be integrated, but only the “measurable”
ones. The following definition is not difficult to motivate.

Definition 3.1. Let (X, .A) and (Y, B) be measurable spaces. Amap f: X — Y
is measurable if

for all B € B, the set f~(B) =[f € B]isin A.

Example 3.1. A constant map is always measurable, for f~1(B) is either () or
X.

Theorem 3.1. The composition of two measurable functions is measurable.

Proof. Immediate from the definition. O



Theorem 3.2. Let (X, A) and (Y,B) be measurable spaces, and suppose H
generates the sigma algebra B: (H) = B. A function f: X — Y is measurable
if and only if for every V.€ H, f~Y(V) is in A.

Proof. The “only if” part is just the definition of measurability. For the “if”
direction, define G = {f~}(V):V € H}, and also C = {V € B: f~1(V) € (G)}.
It is easily checked that C is a sigma algebra on Y, and it contains H, and hence it
is actually equal to B. That is, for every V € B, f~1(V)isin (G) C (4) = A. O

Corollary 3.3. All continuous functions (between topological spaces) are mea-
surable.

A comment about infinities again. There is a natural topology on [—o0, +00]
and [0, co] that make them look like closed intervals. Some denote [—o0, +00] by
R (“the extended real numbers”). However, for convenience, I will just denote it
as plain R. So keep in mind that when we prove our theorems, we have to make
sure that they work (or do not work) when infinite quantities are introduced.

Theorem 3.4. Let (X, A) be a measurable space. A map f: X — R is mea-
surable if and only if [f > c] = f~((c, +00]) € A for all c € R.

Proof. Let B be the set of all open intervals (a, b), along with {—oco}, {+00}. Let
H be the set of all intervals (¢, 4+00]. (a, b, c are finite.) Evidently H generates
B:

(a,b) = [—o00,b) N (a,+o0],

[—o0,b) = U[—oqb—%] _ UR\(b—%,—koo].
{+00} = () (n, 409

{—o0} =R\ U (—n, +o0] .

n=1

In turn, B generates the Borel sigma algebra on R. Applying Theorem 3.2 to
the generator H gives the result. (As B C (H) and H C (B) together mean
(H) = (B).) O

Remark 3.5. We can replace (¢,+00], in the statement of the theorem, by
[c, +00], [-00, ¢], etc. and there is no essential difference.

The “countable union with 1/n” trick used in the proof is widely applicable.
It may be of interest to note that the Archimedean property of the real num-
bers is being used here — the same proof will not work with non-Archimedean
ordered fields.



Theorem 3.6. Let f, be a sequence of measurable R-valued functions. Then
the functions

sup fn, inf f,, max f,, min f,, limsup f,, liminf f,
n n n n n n

(the limits are pointwise) are all measurable.

Proof. If g(x) = sup,, fn(x), then [g > ¢] = U, [fn > ], and we apply Theorem
3.4. Similarly, if g(x) = inf,, fn(x), then [g < ¢] = U, [fn < ¢]. The rest can
be expressed as in terms of supremums and infimums (over a countable set), so
they are measurable also. O

Not surprisingly, we will need to do arithmetic in integration theory, so we
better know that

Theorem 3.7. If f,g: X — R are measurable, then so are f+g, fg, and f/g.
Proof. Consider the countable union
[f+g<c= U[f<c—r]ﬂ[g<r].
reQ

The set equality is justified as follows: Clearly f(z) < ¢c—r and g(z) < r together
imply f(x)+ g(z) < c¢. Conversely, if we set g(x) = ¢, then f(z) < ¢ —t, and
we can increase t slightly to a rational number r such that f(z) < ¢ —r, and
g(x) <t < r. This shows that f + g is measurable (by Theorem 3.4).

Since [—f < ] = [f > —¢|, we see that — f is measurable.

Therefore the functions

T (z) = max{+f(x),0} (positive part of f)
f7(z) = max{—f(z),0} (negative part of f)

are measurable (from Theorem 3.6 and Example 3.1). Since f = f+ — f=, f is
measurable if fT and f~ are measurable separately also.
Since

fo=Ur =)o =g )=fgt —frg —F gt +f g,

to prove that fg is measurable, it suffices to assume that f and g are both
non-negative. Then just as with the sum,

[fg<d=JlIf <e/rinfg<r].
reQ

Finally, for 1/g,
_f I/e<g,cg>0]U[l/c>g,cg>0], c¢#0
[1/g<c]—{[g<0]’ c=0.

10



Remark 3.8. You probably have already noticed there may be difficulty in defin-
ing what the arithmetic operations mean when the operands are infinite (or
when dividing by zero). The usual way to deal with these problems is to simply
redefine the functions whenever they are infinite to be some fixed value. In
particular, if the function ¢ is obtained by changing the original measurable
function f on a measurable set A to be a constant ¢, we have:

g€ B]=([g € BInA) U ([g € BN A°)

A B
[geBmA{ - z;B

[ge BINA°=[f e BN A®,
so the resultant function ¢ is also measurable. Very conveniently, any sets like

A = [f = 400, [f = 0] are automatically measurable. Thus the gaps in the
previous proof with respect to infinite values can be repaired with this device.

As a final note, one intermediate result from the proof is quite useful and
should be formally recognized:

Theorem 3.9. An R-valued function f is measurable if and only if f+ and f~
are measurable. Moreover, if f is measurable, so is |f| = f*+ f~.

Remark 3.10. Of course the converse to the second statement is not true. You
may construct a counterexample to convince yourself of this fact.

4 Definition of the Lebesgue Integral

The idea behind Riemann integration is to try to measure the sums of area of
the rectangles “below a graph” of a function and then take some sort of limit.
The Lebesgue integral uses a similar approach: we perform integration on the
“simple” functions first:

Definition 4.1. A function is simple if its range is a finite set.

An R-valued simple function ¢ always has a representation

n
Y= Zak XEy
k=1

where ay are the distinct values of ¢, and Ey = ¢ !({ax}). Conversely, any
expression of the above form, where aj need not be distinct, and Fj, is not neces-
sarily ¢ ~!({ax}), also defines a simple function. For the purposes of integration,
however, we will require that E} be measurable, and that they partition X. It
should be mentioned that xg is measurable if and only if S is.

11



Definition 4.2. Let (X, ) be a measure space. The Lebesgue integral, over
X, of a RT-valued measurable simple function ¢ is defined as

/@dN:/ZGkXEdeZZ%M(Ek)~
X X k=1 k=1

(We restrict ¢ to being non-negative for now, to avoid mixed +oo, —co on
the right-hand side.) Needless to say, the quantity on the right represents the
sum of the areas below the graph of ¢.

It had better be the case that the value of the integral does not depend
on the representation of . If ¢ = " aijxa, = Zj bjxs;, where A; and B;
partition X (so A; N B; partition X), then

Zaiu(Ai) = ZZGz‘M(Ai NBj) = Zzby‘ n(A; N Bj) = ij n(B;) -

The second equality follows because the value of ¢ is a; = b; on A; N Bj, so
a; = b; whenever A; N B; # (. So fortunately the integral is well-defined.

Using the same algebraic manipulations just now, you can prove that if we
have two simple functions ¢ < 1, then [ v pdu < / + ¥ dp (monotonicity of the
integral).

Theorem 4.1. The Lebesgue integral (for non-negative simple functions) is
linear.

Proof. Clearly [y cpdu=c [ pdu. Andif ¢ =37, aixa,, ¥ =3 ;bj xp;, we
have

/deuﬂt/)(wdu:Xi:am(Ai)ﬂLZj:bju(Bj)
:ZZai,u(AiﬂBj)—i-Zij,u(BjﬂAi)
= ZZ(ai +b;) u(A; N B;)
:/(<P+1/))dﬂ- U
X

Next, we integrate non-simple measurable functions like this:

Definition 4.3. Let f: X — [0, +00] be measurable. Consider te set Sy of all
measurable simple functions 0 < ¢ < f, and define the integral of f over X as

/fdu= sup/wdu-
X peSy JX

12



Intuitively, the simple functions in Sy are supposed to approximate f as
close as we like, and we find the integral of f by computing the integrals of
these approximations. But logically we need to know that these approximations
really do exist. This is the essence of the following theorem.

Theorem 4.2 (Approximation Theorem). Let f: X — [0,00] be measur-
able. Then there exists a sequence of non-negative functions {p,} / f, meaning
pn are increasing pointwise and converging pointwise to f. Moreover, if f is
bounded, it becomes possible for the @, to converge to f uniformly.

Proof. We prove the second statement first. Let N be any integer > sup f, and

set
N2™

k—1 _ k—1 k
Sﬁn:Z on XEn,k7 En,k:f 1<|: on 72n>) .

k=1

We have 0 < f — ¢, < 27" uniformly. The detailed verification is left to the
reader.
The construction for the first statement is very similar. Set

n2™

-1
Pn = Z “on XBux TXF, Fn= [f = n].
k=1

I leave it to you to check that 0 < f(z) — ¢n(z) < 27" whenever n > f(z), and
©n(z) = n whenever f(z) = co. O

In case you were worrying about whether this new definition of the integral
agrees with the old one in the case of the non-negative simple functions, well, it
does. Use monotonicity to prove this.

Definition 4.4. If f is not necessarily non-negative, we define

/deu=/xf+du—/xf‘du,

provided that the two integrals on the right are not both oo.

Of course we will want to integrate over subsets of X also. This can be
accomplished in two ways. Let A be a measurable subset of X. Either we
simply consider integrating over the measure space restricted to subsets of A,

or we define
[ tan= [ fradn.
A X

If  is non-negative simple, a simple working out of the two definitions of the
integral over A shows that they are equivalent. To prove this for the case of
arbitrary measurable functions, we will need the tools of the next section.

Let us note some other basic properties of our integral:

13



Let f,g be non-negative. Since
Sep=c-Sp={cp:peSf}, 0<c<o0.

we have (we freely omit the “dp” and/or the integration limit “X” when they

are implied by the context)
/ cf=c / f-

This rule about constant multiplication also holds for f and ¢ not necessarily
non-negative, as you can easily check, but proving linearity requires the tools of
the next section.

Moreover, if 0 < f < g, then Sy C Sy, and therefore [ f < [ g. In particular,

ingB,theanASfXB,SO
/fs/f.
A B

Unsurprisingly [ f < [ g also holds if f, g are not necessarily non-negative, and
that is proven by considering the positive and negative parts of f, g separately.
Then since —|f| < f < |f|, we also obtain

i< [r< i ie|[ 4] < fin.

(This last inequality is sometimes called the “generalized triangle inequality”,
as integrals can be viewed as an advanced form of summing.)

Next, we make one more definition related to integrals.

Definition 4.5. A (p-)measurable set is said to have (u-)measurable zero if
w(E) =0.

Typical examples of a measure-zero set are the singleton points in R™, and
lines and curves in R™,n > 2. By countable additivity, any countable set in R™
has measure zero also.

A particular property is said to hold almost everywhere if the set of points
for which the property fails to hold is a set of measure zero. For example, “a
function vanishes almost everywhere”.

Clearly, if you integrate anything on a set of measure zero, you get zero.

Assuming that linearity of the integral has been proved, we can demonstrate
the following intuitive result.

Theorem 4.3. A measurable function f: X — [0,00] vanishes almost every-
where if and only if [ f=0.

Proof. Let A =[f =0], and pu(A°) = 0. Then

/Xf=/xf-(XA+XAC)=/XfXA+/Xfoc=/Af+ Acf=0+0.

14



Conversely, if [ f =0, consider [f > 0] = ,[f > 1]. We have

e e

Hence p[f > 0] =0. O

5 Convergence theorems

The following theorems are another feature of the Lebesgue integral that make
it so much better than the Riemann definition.

Theorem 5.1 (Monotone Convergence Theorem). Let (X, u) be a mea-
sure space. Let f, be non-negative measurable functions increasing pointwise to

f. Then
/fdu / (1im 7)) dp= hm/fndu

Proof. f is measurable because it is a limit of measurable functions. Since f, is
an increasing sequence of functions bounded by f, their integrals is an increasing
sequence of numbers bounded by [ « [ thus the following limit exists:

lim fnd,u</fdu.
X

n—o0

Next we show the inequality in the other direction.

Take any 0 < t < 1. Given a fixed ¢ € Sy, let A, = [f,, —teo > 0]. The 4,
are obviously increasing.

If for a particular z € X, we have p(z) = 0, then z € A,, for all n.
Otherwise, ¢(x) > 0, so f(z) > ¢(x) > te(z), and there is going to be some n
for which f,(z) > ty(x), i.e. © € A,,. Hence X = J,, Ap.

For all y-measurable sets E, define a new measure on X by

V(E):/Etgodu.

Then
/ todp =v(X) = V(U An) = lim v(4,) = lim todu
X ~ n—oo n—0o0 J 4
< lim fndu, since on A, we have tp < f,

n—oo A

< lim fn du .

n—oo

t/ pdu < lim fndp, and take limit ¢t — 1.
X n—oo X

/@dug lim/fnd,u7 and take sup over p € Sy . O
X n—oo Jx '
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Using this theorem, we are now in the position to prove linearity of the
Lebesgue integral for non-simple functions. Given any two non-negative mea-
surable functions f, g, by the approximation theorem (Theorem 4.2), we know
that are non-negative simple functions {p,} " f, and {¢¥,,} " g. Then

{en+vn} /' f+g, and so

/f+g=7}irr;o/<pn+wn=n1Ln;o/wn+/wn=/f+/g-

(The second equality follows because we already know the integral is linear
for simple functions. For the first and third equality we apply the Monotone
Convergence Theorem.)

And if f, g not necessarily non-negative, then

[t+o= [ =)+ -0
=/f++g+—(f‘+g‘)

=/f++g+—/f‘+g—
Jrfofre o= fo

(Only at the fourth equality we apply what we had just proved for non-negative
functions. The third and last equality are just by the definition of the integral.)
Here is another application of the Monotone Convergence Theorem.

Theorem 5.2 (Beppo Levi). Let f,: X — [0,00] be measurable. Then
[ =3[
n=1 n=1

Proof. Let gy = 22[:1 fn, and g = > 07 fn. The Monotone Convergence
Theorem applies to gy, and:

N o]
Ja= [ o= g fox=gm 3 [ 6=3 [rn O

There are many more applications like this. We postpone those for now,
since you will probably be even more amazed by the next convergence theorem.
We first need a lemma.

Lemma 5.3 (Fatou’s Lemma). Let f,,: X — [0,00] be measurable. Then

/lim inf f, <liminf [ f,.

n—oo n—oo
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Proof. Set g, = infy>y, fx, so that g, < f,, and {g,} " liminf,, f,,. Then

/liminffn :/limgn:lim/gn:hminf/gn §liminf/fn. O

Remark 5.4. By adding and subtracting a constant, the hypotheses may be
weakened to allow functions that are bounded below by any fixed number, not
just non-negative functions. (This lower bound condition cannot be dropped.)
The same considerations apply to the Monotone Convergence Theorem.

The following definition is used to formulate a crucial hypothesis of the
theorem that is about to follow.

Definition 5.1. A function f: X — R is called integrable if it is measurable
and [y|f] < oo.

It is immediate that f is integrable if and only if f* and f~ are both
integrable. It is also helpful to know, that [|f| < co must imply |f| < o
almost everywhere.

Theorem 5.5 (Dominated Convergence Theorem). Let (X, ) be a mea-
sure space. Let fr,: X — R be a sequence of measurable functions converging
pointwise to f. Moreover, suppose that there is an integrable function g such
that |fn| < g, for all n. Then f, and f are also integrable, and

lim |frn = fldu=0.
X

n—oo

Proof. Obviously f, and f are integrable. Also, 2g — | f, — f| is measurable and
non-negative. By Fatou’s lemma,

/limninf(2g— Ifn — f]) < limninf/(Qg— |fn—f])-

Since f,, converges to f, the left-hand quantity is just [2g. The right-hand
quantity is:

lirr;inf (/29—/|fn—f|) :/Qg—i-limninf <—/|fn—f|>
= /2g—limsup/|fn—f|-
n
Since [ 2g is finite, it may be cancelled from both sides. Then we obtain
limsup/|fnff|§0, ie. nllrgo/|fnff|:0. O

Remark 5.6. It obviously suffices to only require that f,, converge to f pointwise
almost everywhere, or that |f,| is bounded above by g almost everywhere. (Of
course, if f, only converges to f almost everywhere, then the theorem would
not automatically say that f is measurable.)

17



Remark 5.7. By the generalized triangle inequality, we conclude from the hy-
potheses that also

i [ fudn= [ fau.
which is usually how this theorem is applied.

Remark 5.8. The theorem also holds for continuous limits of functions, not just
countable limits. That is, if we have a continuous sequence of functions, say f,
0 <t <1, we can also say

hm/Wﬂ—fMuzm
t—1 X

for given any sequence {a,} convergent to 1, we can apply the theorem to f,,, .
Since this can be done for any sequence convergent to 1, the above limit is
established.

6 Some Results of Integration Theory

This section contains some nice applications proven using the convergence the-
orems from the last section.

Theorem 6.1 (Generalization of Beppo Levi). Let X be a measure space,
and fn: X — R be measurable functions, with [ >"|f.] = [|fn]l < co. Then

Proof. Let gy = 25:1 fns 9 = limsupy_, oo gn, and b = > 7 |fn|. Then
lgn| < h = |h]. Since [|h| < oo by hypothesis, we have |h| < oo almost
everywhere, so Y, f, is absolutely convergent almost everywhere. That is,
gn converges pointwise to g almost everywhere.

By the Dominated Convergence Theorem, A}E)noo [ gn = [ g, whence

') N N 0o
S = Jm 3 =g [ f= [0
n=1 n=1 n=1 n=1

Ezample 6.1. Here’s a perhaps unexpected application. Suppose we have a
countable set of real numbers ay, ,,, n,m € N. Let ;1 be the counting measure on
N. Then fmeN Qp,m Apt = anozl @n,m. Moreover, Theorem 6.1 says that we can
sum either along n first or m first and get the same results (3,2 > apm =
> e 1> Gn,m) if the double sum is absolutely convergent. Of course, this
fact can also be proven in an entirely elementary way.

Theorem 6.2. Let g: X — [0, 00] be measurable in the measure space (X, A, ).
Let

V(E):/gd,u, EcA.
E

18



Then v is a measure on (X, A), and for any measurable function f on X,
/ fdv= / fgdu,

Proof. We prove v is a measure. v(f)) = 0 is trivial. For countable additivity,
let {E,} be measurable with union E, so that xp = > .-, x&,, and

V(E)=/gdu=/ gxXE dp

/ngEndu—Z/ngndu— v(En).

=1

often written as dv = gdpu.

Next, if f = xg for some E € A, then

/de’/Z/XXEdVZV(E):/Xngdu=/ngdu~

By linearity, we see that [ fdv = [ fgdu whenever f is non-negative simple.
For general non-negative f, we use a sequence of simple approximations {¢,}
f,s0 {¢ong} /" fg. Then by the monotone convergence,

/ fdv = lim pndv = lim/gongdu:/ lim gangdu:/fgdu.
x n—oo [y n—oo [x x n—oo X

Finally, for f not necessarily non-negative, we apply the above to its positive
and negative parts, and use linearity. O

The procedure of proving some fact about integrals by first reducing to the
case of simple functions and non-negative functions is used quite often. (It will
get quite monotonous if we had to detail the procedure every time we use it, so
we won’t anymore if the circumstances permit.)

Also, we should note that if f is only measurable but not integrable, then
the integrals of T or f~ might be infinite. If both are infinite, the integral of f
is not defined, although the equation of the theorem might still be interpreted
as saying that the left-hand and right-hand sides are undefined at the same
time. For this reason, and for the sake of the clarity of our exposition, we will
not bother to modify the hypotheses of the theorem to state that f must be
integrable.

Problem cases like this also occur for some of the other theorems we present,
and there I will also not make too much of a fuss about these problems, trusting
that you understand what happens when certain integrals are undefined.

Theorem 6.3 (Change of variables). Let X,Y be measure spaces, and
g: X =Y, f: Y — R be measurable. Then

/X(fog)du=/yfdv7

where v(B) = u(g~1(B)) is a measure defined for all measurable B CY .
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Proof. First suppose f = xp. Let A =g }(B) C X. Then fog = x4, and we
have

[ tv= [ xwdv=vB) = g™ B) = (1) = [ (Fog)du.

Since both sides of the equation are linear in f, the equation holds whenever f
is simple. Applying the “standard procedure” mentioned above, the equation is
then proved for all measurable f. O

Remark 6.4. The change of variables theorem can also be applied “in reverse”.
Suppose we want to compute fy fdv, where v is already given to us. Further
assume that g is bijective and its inverse is measurable. Then we can define
1(A) = v(g(A)), and it follows that [, fdv = [, (f o g)dp.

Our theorem (especially when stated in the reverse form) is clearly related
to the usual “change of variables” theorem in calculus. If g: X — Y is a bijec-
tion between open subsets of R™, and both it and its inverse are continuously
differentiable (i.e. g is a diffeomorphism), and v = A is the Lebesgue measure
in R™, then (as we shall prove rigorously in Lemma 12.1),

H(A) = Mg(4)) = /A (det Dg| dA.

Appealing to Theorems 6.2 and 6.3, we obtain:

Theorem 6.5 (Differential change of variables in R"). Let g: X — Y be
a diffeomorphism of open sets in R™. If A C X is measurable, and f: Y — R
is measurable, then

/Q(A)fdA=A(fog)du=[4(fog)-IdethldA-

The next two theorems are the Lebesgue versions of well-known results about
the Riemann integral.

Theorem 6.6 (First Fundamental Theorem of Calculus). Let I C R be
an interval, and f: I — R be integrable (with Lebesgue measure in R). Then
the function

Plz) = / Ft) dt

is continuous. Furthermore, if f is continuous at x, then F'(z) = f(z).

Proof. To prove continuity, we compute:

z+h
Fath)=F@ = [ it = [ 1) xpwen(0dt.
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(Naturally, when h < 0, X(z,z+h] should be interpreted as —x([y4p,4) here.) Since
|/ Xz,z+n]| < |f|, by the Dominated Convergence Theorem (along with remark
5.8),

Jim Fla )= Pla) = Jim [ £ Xoren (0

— [ i 70 Xiaw s (0
I —

- / F() - Xoy () dt = 0.

The proof of differentiability is the same as for the Riemann integral:

Flo+ h}z “FE) | f;*’%f(t)h f(x)) dt
S (0 = Fl@)]dt
<
- |h|
< SWPrepr o f(E) — f(@)] - |R|
— |h| )
which goes to zero as h does. O

The First Fundamental Theorem was easy, but the Second Fundamental
Theorem (which states that f; f' = f(b) — f(a)) is not entirely trivial. The
difficulty is that we should not assume as hypotheses that f’ is continuous, or
even that it is Lebesgue-integrable. It turns out that a theorem without such
strong hypotheses is possible; we will not reproduce its proof here, but just
settle for a weaker version:

Theorem 6.7 (Second Fundamental Theorem of Calculus). Suppose
f:[a,b] = R is measurable and bounded above and below. If f = ¢’ for some
g, then

b
/ f(x)dz = g(b) — g(a).

g(z+h)—g(z)

Proof. We first note that + ’ can be bounded by a constant using the

Mean Value Theorem, and a constant is obviously integrable on a finite interval.
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Then

—0 h
b —
i [ 9t —g(@)
h—0 h

=9(b) —g(a)
(The last equality follows from the First Fundamental Theorem and that g must
be continuous at a and b if it is differentiable there.) 0

Remark 6.8. If ¢'(x) exists, then it can also be computed as the countable limit
lim,, o n(g(z +1/n) — g(z)), thus showing that ¢’ is measurable. Thus we can
drop the hypothesis that f is measurable in Theorem 6.7.

Remark 6.9. You might have noticed that I cheated a bit in the proof, in as-
suming the integral of a function is invariant under horizontal translations. But
of course, this can be proven readily using the fact that Lebesgue measure is
translation-invariant.

The following theorems are often not found in calculus texts even though
they are quite important for applications.

Theorem 6.10 (Continous dependence on integral parameter). Let
(X, 1) be a measure space, T be any metric space (e.g. R"), and f: X xT — R,
with f(-,t) being measurable for each t € T. Consider the function

F(t) = /eX flz,t).

Then we have F' continuous at ty € T if the following conditions are met:
1. For each x € X, f(x,-) is continuous at ty € I.
2. There is an integrable function g such that |f(z,t)| < g(x) for allt € T.
Proof.
lim flz,t) :/ lim f(x,t) :/ Xf(x,to). O
P ze

t—to zEX ex t—to

Theorem 6.11 (Differentiation under the integral sign). Using the same
notation as Theorem 6.10, with T being an open real interval, we have

PO =% [ ten= [ Sre

if the following conditions are satisfied:
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1. For each x € X, 2 f(x,t) exists.
2. There is an integrable function g such that |%j"(:177 t)| <g(x) forallt €T.

Proof. This theorem is often proven by using iterated integrals and switching
the order of integration, but that method is theoretically troublesome because it
requires more stringent hypotheses. It is easier, and better, to prove it directly
from the definition of the derivative.

The straightforward computation yields:

lim F(t+h)—F(t) / flx, t+h) — f(z,t)
h—0 h h~>0 h
:/ I EARD I :/ 2 pey
(noting that f(m#w is bounded by g(x)). O

Remark 6.12. Tt is easy to see that we may generalize Theorem 6.11 to T being
any open set in R", taking partial derivatives. I won’t write it out in full because
the notation is somewhat complicated.

Ezample 6.2. Check that the function I'(z) = [° e "*~!dt,x > 0 is continu-
ous, and differentiable with the obvious formula for the derivative.

7 LP spaces
The contents in this section do not have applications in this article, but they

are so well known that it would not do justice to omit them.

Definition 7.1. Let X be a measure space, and let p € [1,00). The space L?
consists of all measurable functions f: X — R such that

[l <o,

Definition 7.2. For each f € L?, define

11 = (1)

(If f ¢ LP, this quantity is of course defined as 0c.)

As suggested by the notation, ||-||, is a real norm on the vector space L?,
provided that we declare two functions to be equivalent if they differ only on
a set of measure zero (so that || f||, = 0 if and only if f = 0 as equivalence
classes). Only the verification of the triangle inequality presents any difficulties
— this will be solved by the theorems below.

Definition 7.3. Two numbers p,q € (1,00) are called conjugate exponents
when % + % =1.
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Theorem 7.1 (Ho6lder’s inequality). For R-valued measurable functions f

and g,
[ 9] < [17191 < 151l

Proof. The first inequality is trivial. For the second inequality, since it only
involves absolute values, for the rest of the proof we may assume that f, g are
non-negative.

If || fll, = 0, then |f|P = 0 almost everywhere, and so f = 0 and fg = 0
almost everywhere too. Thus the inequality is valid in this case. (Similarly
when lglly = 0.)

If || fllp or ||lgllq is infinite, the inequality is trivial.

So we now assume these two quantities are both finite and non-zero. Define
F=f/Ifllp, G=9/llglly, so that |F||, = |G|l = 1. We must then show that
JFG<1.

To do this, we employ the fact that log is concave:

1 1 s t
—logs+ —logt<log|{—-+-], 0<st<o0
p q p q

or,
11 s t
spta < — —
p q
Substitute s = FP, t = G9, and integrate both sides:
1 1 1 1 1 1
/FGSf/FP+7/G‘1=f||F||§+fHG||g=7+f:1. 0
p q p q p q

You may have seen a special case of this theorem, for p = ¢ = 2, as the
Cauchy-Schwarz inequality.

Theorem 7.2 (Minkowski’s inequality). For R-valued measurable functions

f and g,
1f+gllp < [ fllp + llgllp -

Proof. The inequality is trivial when p = 1 or when || f + g/, = 0. Also, since
If+9gll, <|IIf] + lglllp, it again suffices to consider only the case when f, g are
non-negative.

Next, we employ the convexity of ¢ — t?, p > 1,

+\P D 4 P
(s+> §S+ 0<s,t<.

2 2 ) — ) f—

When we substitute s = f, t = g, we get (f + g)? < 2P71(fP + gP). This
inequality shows that if ||f + g||, is infinite, then one of || f|, or ||g|, is also
infinite, so Minkowski’s inequality holds true in that case.

We may now assume || f + g||, is finite. We write:

Jvor=[srar [orvar,
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By Holder’s inequality, and noting that (p — 1)g = p for conjugate exponents,

p—1 p—1 P 1/a p/q
£+ <A 1+ 97, = 170 [17+07) " = 17lls + e
A similar inequality holds for [ g(f + ¢)?~'. Putting these together:

1f +gllp < (1F s + lgll)IIf +gll5'e

Dividing by ||f + g||§/q yields the desired result. O
Definition 7.4. A measure space (X, 1) has finite measure if p(X) is finite.

Theorem 7.3. Let (X, ) have finite measure. Then whenever 1 <r < p < 0o,
LP C L". Moreover, the inclusion map from LP to L" is continuous.

Proof. 1f f € L, apply the Holder inequality with conjugate exponents £ and

s— P .
151 = [ < (fure)™ (1) = s o,

p—r’
”er < “fH;D :L"(X)I/TS — ||f||p N(X)%_% <.

To show continuity of the inclusion map, replace f with f — g above where
If —gll, <e. O

and so

Ezample 7.1. fol 272 de = 2 < oo, so automatically fol 271 dz < oo. On the
other hand, the condition that u(X) < oo is indeed necessary: floo r2dx < oo,
but [ 27! dz = occ.

Theorem 7.4. Let f,: X — R be measurable functions converging (almost
everywhere) pointwise to f, and |f,| < g for some g € LP. Then f, f, € LP,
and f, converges to f in the LP norm, meaning:

i (1= 7)< 1= Sl =0

n— oo

Proof. |fn— f|P converges to 0 and | f,,— f|? < (29)P € L. Apply the Dominated
Convergence Theorem on these functions. O

One wonders whether the converse is true: if f,, converges to f in the LP
norm, do the functions f,, themselves converge pointwise to f? The answer is
no (the counterexamples are not difficult), but we do have the following.

Theorem 7.5. Let {f,} be a Cauchy sequence in LP. Then it has a subsequence
converging pointwise almost everywhere.
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Corollary 7.6. If lim | f, — fll, = 0 then there is a subsequence { fy(k)} con-

verging to f pointwise almost everywhere.
Corollary 7.6 is used in the following result.

Theorem 7.7. L? is a complete metric space. (This means every Cauchy
sequence in LP converges.)

The proofs of these theorems are collected in the next section.
It is also possible to define “L>°":

Definition 7.5. Let X be a measure space, and f: X — R be measurable. A
number M € [0,00] is an almost-everywhere upper bound for |f] if |f| < M
almost everywhere. The infimum of all almost-everywhere upper bounds for |f|
is denoted by || f]loo-

Definition 7.6. L is the set of all measurable functions f with || f|le < c0.
Its norm is given by || f||oc-

The use of the subscript “co” is explained by the following theorem, whose
proof is left to the reader:

Theorem 7.8. If u(X) < oo, then lim ||f|l, = || f|loc-
p—00

Remark 7.9. Observe that there is a similar thing for vectors @ = (a1, ...,a,) €
R™:

)1/p

lim [|a]l, = lm (la1 [P+ +]anl?) " = max(jas], ..., [an]) = [|@] o -
p— 00 p—00

This remark may serve as a hint.

If we (naturally) define the conjugate exponent of p = 1 to be ¢ = oo,
the Holder inequality remains valid, since |fg| < |f||lgllcc almost everywhere.
Integrating both sides gives ||fgll1 < || fl1119]loo-

Before closing, we mention two more results. From Theorem 7.4, it is clear
that

Theorem 7.10. Let f: X - R e LP(X), 1 <p < co. Then for any e > 0,
there exist simple functions ¢ : X — R such that

I = fllp = (/Rnlw—flpd/\)l/p <e.

(This is also true for p = co.) This may be summarized by saying that the
set of all simple functions is dense in L? (in the topological sense).

When X = R" with Lebesgue measure A, we have another result. The set of
infinitely differentiable functions on R™ with compact support?, denoted CZ°,

4The support of a function 1: X — R is the closure of the set {x € X : 1)(x) # 0}. “¢ has
compact support” means that the support of ¢ is compact (when X = R", same as closed
and bounded).
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is also dense in LP?(R™, A), 1 < p < co. (This fact will be fully proven in Section
14.)

These two facts are typically used as tools to prove other theorems about
functions f € LP. One first proves that a certain theorem holds for all simple
¢ (or ¢ € C§°), and then prove that the same result holds for arbitrary f € L?
by approximating such f by ¢. An example of this procedure follows.

Theorem 7.11 (Riemann-Lebesgue Lemma). For all f € L'(R),

lim / f(z)sin(wz)dxr =0.
lw|—o0 JR
Proof. For convenience, assume w > 0.

Suppose first that f = € C§°. Since ¥ has compact support, integrating
() sin(wz) over R is the same as integrating over some compact interval [a, b]
containing the support of . And since every function involved is infinitely
differentiable, we may use integration by parts (u = ¢ (z), dv = sin(wz) dz):

b b
) + /a 700555195) Y (z) dx.

As || and || are continuous on [a, b], they are bounded by constants M and
M’ respectively. We have,

cos(wz)

b
/ Y(x) sin(wz) de = —(x)

w

b
g%h/)(b) cos(wb) — ¥ (a) cos(wa)| + 5 / |cos(wz)y (x)| da

oM (b—a)M’
<y

Lw@mmmmx

—0, w—o00.
w

Thus we have proven the result when f = 1 € C§°. Now suppose f is
arbitrary. By the denseness of Cg°, for every ¢ > 0 we can find ¢ € C§° such
that || f — 4|1 <e. Then

/R F(@) sin(wz) dz — /R () sin(wz) dz

< / [(7) = () sin(wr) | do
< / (@) — (@) de
<e€

or,

<e+

‘ /]R (@) sin(w) do

We take limsup,,_, ., of both sides:

/R f(2) sin(wz) dz

But £ > 0 is arbitrary, so we must have:

/]R f(z)sin(wz) dx

/R () sin(wz) dz| -

<e+0.

lim sup
w—00

= lim sup =0. (]

w—00

lim

w—00

/R f(x)sin(wz) dz
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8 Construction of Lebesgue Measure

We now come to actually construct Lebesgue measure, as promised. The idea
is to extend an existing measure p which has been only partially defined, to an
“outer measure” p*. The extension is remarkably simple and intuitive:

* = i - .
u*(E) A17£17.f..6AZu(An) , forall EC X
ECU, A, "

*

(One interesting point to note: the definition of p* “works” with pretty much
any non-negative function p, provided that p is defined on some set A C 2%
with §, X € A, and p(0) = 0. In fact, for the first few proofs, these are the
only formal properties of p that we need. Of course later we will need stronger
conditions on p, such as additivity.)

Lemma 8.1. p* has the following properties:

1. p*(0) = 0.
It is monotone: p*(E) < p*(F) when ECF C X.
w*(A) < u(A) for all A € A.

e

w* is countably subadditive: if E1,FEs,... C X, then
1 (U, Ba) < 5, 1 (En).

Proof. The first three properties are obvious. For the fourth, first observe
that if any of the p*(E,) is infinite, there is nothing to prove. Otherwise,
let € > 0. For each E,, by the definition of p*, there are sets {4, m}m € A
covering F,,, with ) 1(An m) < p*(E,)+¢/2". All of the A, ,,, together cover
U, En, and 3 0" (Apm) < 32, p*(En) + . Since ¢ was arbitrary, we have
Zn,m W (Apm) < Zn W (Ep). U

There is of course no guarantee that u* satisfies all the properties of a proper
measure on 2%. (It often does not.) Instead we will claim that u* is a proper
measure on the following subcollection of 2X:

M={Bec2X | y*(BNE)+u (B°NE)=pu*(E) forall EC X}
={Bec2* | u*(BNE)+p (B°NE)<p*(E) forall EC X}.

(The two subcollections are the same since by subadditivity we always have
p(BNE)+p*(B°NE) > p*(E).)

Lemma 8.2. M is a sigma algebra.

Proof. Tt is immediate from the definition that M is closed under taking com-
plements, and that ) € M. We first show M is closed under finite intersection
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(and hence under finite union). Let B,C € M.

p (BNC)NE)+p* ((BNC)*NE)

= (BNCNE)+u* (B°BNCNE)U(BNC°NE)U(B°NC°NE))
< (BNCNE)+p* (B°NCNE)+p* (BNCNE)+ p*"(B°NC°NE)
= (CNE)+u* (C°NE), by definition of B € M

=p*(E), by definition of C' € M.

Thus BN C € M.

We now have to show that if By, B, ... € M, |J,, B, € M. We may assume
that B, are disjoint, for otherwise we just consider B], = B, \ (B1U---UB,,_1),
which are in M by the previous paragraph.

We shall need to know that, for all N > 1, and all E C X,

N N
M*(U BnﬂE> =Y w(B.NE
n=1 n=1
The proof will be by induction on N. The statement is trivial for N = 1. For

the induction step, let Dy = ngl B,, which are increasing and are all in M.
Then

p(Dn+1NE) = p*(Dy N (Dy+1 NE)) + p* (DY N (Dn+1 N E))
= (DnNE)+ p*(Bny1 N E)

= Z w* (B, NE) (induction hypothesis).
Using the fact just proven, we now have:
p'(E) = p*(Dny NE) + p* (Dy N E)

1 (B, N E) + (D N E)

I
M=

3
Il
_

Mz

1 (Bn NE) + p* <(U ) > (monotonicity).

1 n=1

n

Taking N — oo, we obtain:

Z“ W N E) 4 p* ((GBH)C0E>

n=1
= ((U B ) N E) +p" U Bn) N E) (subadditivity).
n=1 n=1
But this shows |J,_, B, € M. O

29



Lemma 8.3. If By, Bs,... € M are disjoint, then pu*(J,, Bn) = >_,, 1" (Bn).

Proof. The finite case ,u*(Uiv:l B,) = ZTILI w*(By,) was proven in the previous
lemma (set £ = X). By monotonicity, Zgil p*(Byn) < p*(U,~, Bn). Taking

N — oo gives > o0 w*(By) < p*(Us—, Bn). Inequality in the other direction
is implied by subadditivity of p*. O

We now know p* satisfies all the properties of a measure on M. In order for
©* to be a sane extension of p to M, we need to impose some conditions on .
The ones that work from experience are:

1. A should be an algebra, meaning that it is non-empty, and closed under
intersection and finite union (and intersection).

2. If Ay,..., A, € A are disjoint, then pu(lJ; Ai) = >, 1(A;). It follows that
1 is monotone and finitely subadditive.

3. Also, if A1, As,... € A are disjoint, and |J; A; happens to be in A, the
previous equation must also hold. (This is equivalent to requiring that

w(U; Ai) < 525 1(Ai).)

Then we have the following important result. (By the way, the name of
“Carathéodory Extension Process” is often used to refer to the constructions in
this section.)

Theorem 8.4. A C M, and p*(A) = p(A) for all A € A.

Thus p* is a measure extending of i onto the sigma algebra M containing
the algebra A. (M must also then contain the sigma algebra B generated by A,
although M may be larger than B.)

Proof. Fix A € A. For any F C X and ¢ > 0, by definition we can find
Ay, Ay, ...e Awith EC |, An and Y, u(A,) < p*(E) + €. Then we have

P(ANE) + " (AN E) < u* (AﬂUAn) +u*(AC ﬂUAn)
< Zu*(Anﬂ A) + Zu*(AC?W Ay)
< iu(AﬂAn) + iu(AC NA,)
- f: 1(Ay) (ﬁnitenadditivity of 1)

<u'(E)+e.

¢ being arbitrary, p*(AN E) 4+ p*(A°N E) < p*(E), showing that A € M.
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Now we show p*(A) = p(A4). Note u(A) > p*(A) is always true. Con-
sider any Ai, As,... € A with A C |J, An. By countable subadditivity and
monotonicity of p,

:M(UAmAn) <Y uAn4,) <Y u(A

n
This implies p(A) < p*(A), directly from the definition of p*. O
Our final results for this section concern the uniqueness of this extension.

Theorem 8.5. Assume u(X) < co. Let B be the sigma algebra generated from
the algebra A. If v is another measure on B, which agrees with u* on A, then
w* and v agree on B as well.

Proof. Let B € B.

w*(B) = Ah;gf eAZ'u mfz ) > mfu(U An) > infy(B).

BCU A n n

So p*(B) > v(B). Similarly, we have p*(B¢) > v(B°), so that p*(X)—p*(B) >
v(X) —v(B) = p*(X) — v(B), or u*(B) < v(B). (In fact, this actually proves
p* and v agree on M also, if v is defined on M.) O

But the hypothesis that p(X) < co is clearly too restrictive. The fix is easy:

Definition 8.1. A measure space (X, B, u) is sigma-finite, if there are mea-
surable sets X7, Xo,... € X, such that |J, X, = X and p(X,) < oo for all
n.

(Clearly, we may as well assume that the X,, are increasing in this definition.)

Theorem 8.6. Theorem 8.5 holds also in the case that (X, B, 1) is sigma-finite.

Proof. Let {X,,} /X, u(X,) < oo as in the definition of sigma-finiteness. (Of
course we also need to assume that the X, can be chosen from .A.) For each
B € B, Theorem 8.5 says that p*(B N X,) = v(BN X,). Taking limits as
n — oo gives pu*(B) = v(B). O

The restriction that X be sigma-finite is not too severe, since the usual spaces
such as R™ are sigma-finite. Sigma-finiteness also comes back in the theorems
of Section 11.

Finally, the corollary below is just Theorem 8.6 restated without reference
to the outer measure:

Corollary 8.7 (Uniqueness of measures). Let B be the sigma algebra gen-
erated by the algebra A. Then if two measures p and v agree on A, and X is
sigma-finite (under either p or v), then u=v on B.
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9 Lebesgue Measure in R”

In this section we rigorously construct the n-dimensional volume measure on R™.
As hinted before, the idea is to define the measure for rectangles and then use
the extension process in Section 8. Unfortunately, there is some grunt work to
do in order to verify that the hypotheses of those theorems are indeed satisfied.

Our setting will be the collection R of rectangles I1 x --- x I, in R™, where
I, is any open, half-open or closed, bounded or unbounded, interval in R. The
following definition is merely an abstracted version of the formal facts we need
about these rectangles.

Definition 9.1. Let X be any set. A semi-algebra is any R C 2% with the
following properties:

1. The empty set is in R.
2. The intersection of any two sets in R is also in R.

3. For any set in R, its complement is expressible as a finite disjoint union
of other elements of R.

It is easy to see, although tiresome to write down formally, that the collection
of all rectangles is indeed a semi-algebra. But immediately from this, we can
automatically construct an algebra A:

Theorem 9.1. The set A of all finite disjoint unions of elements of a semi-
algebra R is an algebra on X.

Proof. We check the properties for an algebra:
1. The empty set is trivially in A.

2. f A=, R;, and B= 4 ; S;, where R; and S; denote a finite number of
sets chosen from R, then AN B =4, R; N L—ﬂj S; = Lﬂ” R;NS; e A

3. If A=, Ry, then A° =, Rf =, §); Si ; for some S; ; € R. The finite
intersection belongs to A by the previous step. So A¢ € A.

4. Finally, given 4; = lJ; R; ;, for a finite number of i, let Dy = 0, and D; =
Di,1 (] (Al \Difl) S A Then Uz A1 = Uz D1 = E’Jq,(Dl \ Difl) € .A O

By the way, the sigma algebra generated by A will contain the Borel sigma
algebra: every open set U € R"™ obviously can be written as a union of open
rectangles, and in fact we can use a countable union of open rectangles. For,
given an arbitrary collection of rectangles covering U C R™, there always exists
a countable subcover®.

The volume of A = I x- - -x I, is naturally defined as A(A) = A(I1)--- - A(Ip),

A(Ix) being the length of the interval Ix, with the usual rules about multiplying
zeroes and infinities together in force.

5If you are not aware of this theorem, you are invited to prove it yourself.

32



Now let’s suppose that the rectangle A has been partitioned into a disjoint
smaller rectangles. Then the sum of the volumes of the smaller rectangles, as we
have defined it, should equal the volume of A. This is true, of course, although
it is again tedious to write down formally. Essentially, one draws a rectangular
grid on A using the boundaries of the smaller rectangles, and show that the sum
of the volumes of each cell in the grid equals the volume of A, by applying the
distributive property of multiplication over addition.

In the even more general case, suppose A € A is a disjoint union of rectangles,
but A is not necessarily in the semi-algebra of rectangles. The volume of A is
defined as the sum of the volumes of the component rectangles. This is obvious
— we mention it only to note that, although A may certainly have different
decompositions (A = |J; Ri = U;S;), the volume sum is always the same.
To see this, simply take the common refinement R; N.S;. Then >, A(R;) =
Yo i A(R; N'S;) by applying the result of the previous paragraph on each
rectangle R;. But ) ; A(R;) equals this double sum also.

It follows easily then, that A is finitely additive. Thus there is only one
final thing left to show: if the disjoint union of A;, As,... € Ais C € A,
then A(C) = >~2, A(4;). From monotonicity and taking limits we always have
AC) = 32750 MA).

We show A\(C) < 3702, A(4;). Observe that this also ought to be true if C
is contained in, but not necessarily equal to, the union of the A;, and A; need
not be disjoint at all. Henceforth these are our new hypotheses.

Suppose first that C' happens to be compact, and A; are all open. In other
words, {A;} form an open cover of the compact set C. So there is a finite
subcover Ay,...,A,. By finite subadditivity, we have A(C) < Y"1 A(4;) <
S A4,

Now continue to assume that C is compact, but A; are not open. But
it is easy to make the A; open and still cover C, by slightly expanding each
A;. In particular, stipulate that the volume of each new A; grows by at most
/2%, (We can assume the A; are plain rectangles, rather than disjoint unions of
them, and that they are bounded, since C' is bounded.) Then we have A(C) <
Soo i MA;) + ¢, and e > 0 is arbitrary.

All that remains is the case that C' is not compact. If C' is bounded, so is its
closure, and hence by the Heine-Borel theorem, C' is compact. Similarly take
the closure of the A;. But taking closures of elements of A does not change
their volumes.

Finally consider C' unbounded. But C' N [—N, N]"™ is bounded for each N,
so from the previous case we have A(C' N [—-N, N]") < 3>, M(A4;). It is easily
checked that the limit as N — oo of the left side is exactly A(C).

Thus, using the theorems of Section 8, we can conclude:

Theorem 9.2. Lebesgue measure in R™ exists, and it is uniquely determined,
given our hypotheses.

It is obvious from our constructions that Lebesgue measure is invariant under
translations of sets. It is also invariant under other rigid motions (rotations,
reflections); this will be a consequence of Lemma 12.1 and some linear algebra.
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An interesting question to ask is whether there are any sets that are not
Borel, or that cannot be assigned any volume. The following theorem gives a
classic example (and should also serve to convince you why our strenuous efforts
are necessary).

Theorem 9.3 (Vitali). There exists a non-measurable set in [0, 1] using Lebesgue
measure. In other words, Lebesque measure cannot be defined consistently for
all subsets of [0,1].

Proof. The key fact in this proof is translation-invariance. In particular, given
any measurable H C [0, 1], define its “shift with wrap-around”:

Hexz={h+ax:heH h+x<1}U{h+ax—-1:he€H h+x>1}.

Then AN(H @ z) = A(H).

Define two real numbers to be equivalent if their difference is rational. The
interval [0, 1] is partitioned by this equivalence relation. Compose a set H C
[0, 1] consisting of exactly one element from each equivalence class, and also say
0 ¢ H. Then (0,1] equals the disjoint union of all H & r, for r € [0,1) N Q.
Consequently, by countable additivity,

L= = Y AHen= Y A,

rel0,1)NQ re[0,1)NQ

a contradiction, because the sum on the right can only be 0 or co. Hence H
cannot be measurable. (]

A fact related to these matters is that Lebesgue measure is complete, mean-
ing if p(A) = 0, then every B C A is Lebesgue-measurable and p(B) = 0. (This
follows directly from the construction of the outer measure in the previous sec-
tion.) On the other hand, one can show that the Lebesgue measure restricted
to the Borel sets in R™ is not complete. This means a slight complication in
the theorems we prove about Lebesgue measure, but fortunately the extension
process allows us to complete any (sigma-finite) measure if necessary.

10 Riemann integrability implies Lebesgue in-
tegrability

You have probably already suspected that any function that any Riemann-
integrable function is also Lebesgue-integrable, and certainly with the same
values for the two integrals. We shall prove this fact here. Let us first review
the definition of the Riemann integral.

Let A C R™ be a (bounded) rectangle. Usually a bounded function f: A —
R is said to be (proper-) Riemann-integrable if the supremum of its lower sums
and the infimum of its upper sums are equal:

sup{ - () - int f(w) | = inf{ 3 p(R) - sup f(x) |
ReP ReP ze
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(where P denotes a rectangular partition of A).

We can rephrase the definition by considering not just lower sums and upper
sums for f, but the integral of any simple function s < f or s > f (simple with
respect to a rectangular partition). Such simple functions are obviously both
Riemann- and Lebesgue- integrable with the same values for the integral. It is
also easily seen that for every such s < f there exists some lower sum for f (in
the usual sense) such that the integral of s is less than or equal to that lower
sum. Similarly for the upper simple functions and the upper sums. Therefore

sup {/A 3} - Sup{[%;:u(R) ' Eel%f(m)} ’

all simple s<f P

all sirjlglfe szf{/A 3} - I%f{lg;ﬂ(R) ’ Zg}gf(x)} )

and we may equivalently define f to be Riemann-integrable if the supremum
of the integrals of the lower simple functions is equal to the infimum of the
integrals of the upper simple functions.

It follows from the usual arguments, that if s; and so are simple with s; <
f < so, then [ 451 < / 4 52, and that f is Riemann-integrable if and only if there
exists a sequence of lower simple functions I,, < f, and upper simple functions
Uy > f such that

lim ln :/ f= lim Up,
This more relaxed definition of Riemann integrability is easier to work with
in the proof of the following theorem.

Theorem 10.1. Let A C R™ be a rectangle. If f: A — R is proper Riemann-
integrable, then it is also Lebesgue-integrable (with respect to Lebesque measure)
with the same value for the integral.

Proof. f is Riemann-integrable, so choose a sequence of simple functions I,, <
f <y with lim, [, 1, = [, f =1lim, [, u,. Let g,(z) = maxg<, lx(z), so that
gn(z) increase to g(x) = sup,, g»(x). By our construction, we have

lhn<gn<g< f<u,.

Since the integrals of [, and wu, converge onto each other, we know that g
is Riemann-integrable. Riemann-integrating and applying limits to the above
inequality,

lim/lnglim gng/gg/fglim Up, -
n—oo A n—oo A A A n—oo A
Thus the non-negative function f — ¢ has a Riemann integral of zero, and so

f — g = 0 almost everywhere with respect to Lebesgue measure®. In turn, f — g
must be measurable. (This follows from Lebesgue measure being complete.)

6This follows from a very famous theorem about Riemann integrability, whose proof you
can find in | ] or | ].
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On the other hand, g is measurable, because g,, and l,, are, so f is measur-
able. Since |f]| is bounded and A has finite measure, f must also be Lebesgue-
integrable. Then the same inequality above with the Riemann integrals changed
to Lebesgue integrals shows that the Lebesgue and Riemann integrals of f are
the same. O

The following theorem concerns the absolutely convergent improper Rie-
mann integral as defined in | ].

Theorem 10.2. Let A CR™ be open, and f: A — R be locally bounded on A
and continuous almost everywhere on A. If f is improper-Riemann-integrable
(i.e. [,1f] < o0), then its Lebesque integral exists with the same value for the
integral. Also [ 4| f| diverges simultaneously for the improper Riemann integral
and the Lebesgue integral.

Proof. Suppose first that f > 0. Let C,, be a sequence of compact Jordan-
measurable subsets of A whose union is A and C,, C interior C},+1. Then

Note that an f is valid as both a Riemann and Lebesgue integral, by Theo-
rem 10.1, and it can also be written as the Lebesgue integral fA f - xc, which
converges monotonically, as n — oo, to the Lebesgue integral [ 4 - This must
of course be equal to the left side of the equation above, which is the improper
Riemann integral.

For general f, repeating the same reasoning for the non-negative functions
[f], f*, f~, in turn proves the theorem. O

11 Product measures and Fubini’s Theorem

Fubini’s theorem concerns integrals in “multiple dimensions” and their eval-
uation using iterated integrals. The concept should be familiar from multi-
dimensional calculus, so I won’t launch myself into an extended discussion here.

But before we start writing down integral signs, we need to discuss the
measurability of the sets involved in multiple integration.

Definition 11.1. Let (X, .A) and (Y, B) be two measurable spaces. A measur-
able rectangle in X x Y is a set of the form A x B, where A € A and B € B.

The sigma algebra generated by all the measurable rectangles is denoted by
A ® B, and this will be the sigma algebra we use for X x Y.

Theorem 11.1. Let E be a measurable set from (X x Y, A® B). Let

E,={yeY:(z,y) € E}, z€X.
E,={zeX:(z,y) eE}, yevY.

Then E, € A, E, € B.
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Proof. We prove the theorem for E; the proof for E, is the same.

We consider the collection D = {F € A® B: E, € A}.

Suppose £ = A x B is a measurable rectangle. Then E, = A when y € B,
otherwise E, = (). In both cases E, € A, so E € D.

D is a sigma algebra, because:

L. Oy={zeX:(z,y)el}=0c A sodeD.
2. It B" € D, then (JE"), = JE! € A. So |JE" € D.

3.IfEeD,and F = E°, then Fy = {z € X : (z,y) € F} = {z € X :
(z,y) ¢ E}=X\E, € A. So E° € D.

Thus D is a sigma algebra containing the measurable rectangles, i.e. D is all of
A® B. O

Theorem 11.2. Let (X x Y, A® B) and (Z,C) be measurable spaces.
If f: X XY — Z is measurable, then the functions fy,: X — Z, fo: Y — Z
obtained by holding one variable fived are also measurable.

Proof. Again we consider only f,,. Let I,: X — X x Y be defined by I,(z) =
(z,y). Then given E € A® B, by Theorem 11.1. I, '(E) = E, € A ,s0 I, is a
measurable function. But f, = f o I,,. O

The next theorem on multiple integration requires the following technical
tool, which comes equipped with a definition.

Definition 11.2. A family A of subsets of X is a monotone class if it is closed
under increasing unions and decreasing intersections.

The intersection of any set of monotone classes is a monotone class. The
smallest monotone class containing a given set G is the intersection of all mono-
tone classes containing G. This construction is analogous to the one for sigma
algebras, and the result is also said to be the monotone class generated by G.

Theorem 11.3 (Monotone Class Theorem). If A be an algebra on X, then
the monotone class generated by A is the same as the sigma algebra generated

by A.

Proof. Since a sigma algebra is a monotone class, the generated sigma algebra
contains the generated monotone class M. So we only need to show M is a
sigma algebra.

We first claim that M is actually closed under complementation. Let M’ =
{§eM:X\S e M} C M. This is a monotone class, and it contains the
algebra A. So M = M’ as desired.

To prove that M is closed under countable unions, we only need to prove
that it is closed under finite unions, for it is already closed under countable
increasing unions.

First let A€ A, and N(A) ={BeM:AUB e M} C M. Again this is a
monotone class containing the algebra A; thus N (A) = M.
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Finally, let S € M, with the same definition of N'(S). The last paragraph,
rephrased, says that A C A'(S). And N(S) is a monotone class containing .4
by the same arguments as the last paragraph. Thus N(S) = M as desired. 0

Theorem 11.4. Let (X, A, n), (Y,B,v) be sigma-finite measure spaces.
If E € AR B, then

1. v(E;) is a measurable function of v € X.

2. w(Ey) is a measurable function of y € Y.

Proof. We concentrate on p(Ey). Let {X,,} / X, with u(X,,) < oo. Fix m
for now and let D ={E € A® B : u(E, N X,,) is a measurable function of y}.
D is equal to A ® B, because:

1. If E = A x B is a measurable rectangle, then p(E, N X,,) = p(ANX,,) -
x5 (y) which is a measurable function of y.

If E is a finite disjoint union of measurable rectangles E™, then pu(E, N
Xm) =, w(E] N Xy,) which is also measurable.

The measurable rectangles form a semi-algebra (just like the rectangles in
R™). Therefore, applying Theorem 9.1, D contains the algebra of finite
disjoint unions of measurable rectangles.

2. If E™ are increasing sets in D (not necessarily measurable rectangles), then
p((UE™)y N X)) = p(UEy N Xp) = limy, o0 p(Ey N Xyy,) is measurable,
so JE" € D.
Similarly, if E™ are decreasing sets in D, then using limits we see that
(N E™ € D. (Here it is crucial that £ N X,, have finite measure, for the
limiting process to be valid.)

3. These arguments show that D is a monotone class, and it contains the
monotone class generated by the algebra of finite unions of measurable
rectangles. By the Monotone Class Theorem, D must therefore be the
same as the sigma algebra A ® B.

We now know that for each F' € A® B, u(E,NX,,) is measurable, for every
m. Taking limits as m — oo, we conclude that p(E,) is also measurable. 0

One thing has been deliberately left out of our discussion so far: the con-
struction of the product measure p ® v, which, as in the case of R", should
assign a measure u(A)v(B) to the measurable rectangle A x B. The problem is
that we cannot prove countable additivity of u ® v defined this way. We take
an indirect route instead, defining it by iterated integrals:

Theorem 11.5. Let (X, A, u), (Y,B,v) be sigma ﬁm’te measure spaces. There
exists a unique product measure p @ v: A® B — [0, 00], with

(pev)( / / xe(z,y)dv dy = / / g(z,y)dy dv.
zeX er yeYy

V(E ) N(E )
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Proof. Let A1(E) denote the double integral on the left, and A2(E) denote the
one on the right. (These integrals exist by Theorem 11.4.) Tt is obvious that
both Ay and Ao are countably additive, so they are both measures on A ® B.
Moreover, if E = A x B, then just expanding the two integrals shows A\ (E) =
w(A)v(B) = Aa(F). Now X XY is sigma-finite if X and Y are, so by uniqueness
of measures’ (Corollary 8.7), Ay = A2 on all of A® B. O

There’s not much work left for our final theorems:

Theorem 11.6 (Fubini). Let (X, A, p) and (Y, B,v) be sigma-finite measure
spaces. If f: X XY — R is u @ v-integrable, then

/;cxyfd(”(gy):/wex[/yeyf(”’y)dﬂ dﬂ:/yey[/wexf(x,y)du dv .

This equation also holds when f > 0 (if it is merely measurable, not integrable).

Proof. The case f = xg is just Theorem 11.5. Since all three integrals are
additive, they are equal for non-negative simple f, and hence also for all other
non-negative f, by approximation and monotone convergence. From linearity
on f = fT— f~, we see that they are equal for any integrable f. (We will allow
00 — 00 to occur on a set of measure zero.) U

Theorem 11.7 (Tonelli). Let (X, A, 1) and (Y,B,v) be sigma-finite measure
spaces, and f: X XY — R be u ® v-measurable. Then f is u @ v-integrable if

and only if
[ 1] saaia]de< o
zeX yey

(or with X and Y reversed).
Consequently, if any one of these conditions hold, then it is valid to switch
the order of integration when integrating f.

Proof. Immediate from Fubini’s theorem applied to the function | f|. O

Remark 11.8. Note that it is possible that fyey|f(x,y)|d1/ = 00 on a set of
measure zero in X, and still have integrability, and conversely.

12 Change of variables in R”

This section will be devoted to completing the proof of the differential change
of variables formula, Theorem 6.5. As we noted in the remarks preceding that
theorem, it suffices to prove the following.

7 If you prefer, you can also prove this theorem using the Monotone Class Theorem instead.
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Lemma 12.1. Let g: X — Y be a diffeomorphism between open sets in R™.
Then for all measurable sets A C X,

Ao = | e ] laetDy.

Proof. We first begin with two simple reductions.

(D

(IT)

It suffices to prove the lemma locally.

That is, suppose there exists an open cover of X, {U,}, so that the
equation of the lemma holds for measurable A contained inside one of the
U,. Then the equation actually holds for all measurable A C X.

Proof. By taking a countable subcover, we may assume there are only
countably many U,. Define the disjoint measurable sets E; = U; \ (U; U
-+-UU;_1), which cover X. Also define the two measures:

H(A) = Ng(4). v(4) = [ |detDgl.

Now let A C X be any measurable set. We have AN E; C U;, so u(AN
E;) = v(AN E;) by hypothesis. Therefore,

uA) =p(JAnE) = Y m(AnE) = 3 n(AnE) = v(4).

Suppose the lemma holds for two diffeomorphisms g and h, and all mea-
surable sets. Then it holds for the composition diffeomorphism goh (and
all measurable sets).

Proof. For any measurable A,

/ 1:/ |deth|:/|(deth)oh|-|dech|:/|detD(goh)|.
on()  Jna) A N

The second equality follows from Theorem 6.5 applied to the diffeomor-
phism &, which is valid once we know A(h(B)) = [|det Dh| for all mea-
surable B.

We proceed to prove the lemma by induction, on the dimension n.

Base case n = 1. Cover X by a countable set of bounded intervals I, in R. By

Reduction I, it suffices to prove the lemma for measurable sets contained
in each of the Ij individually. By the uniqueness of measures (Corollary
8.7), it also suffices to show p = v only for the intervals [a,b], (a,b), etc.
But this is just the Fundamental Theorem of Calculus:

b b
/ 1:|g<b>—g<a>|:|/ g'\:/ 7.
g([a,b]) a a
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(For the last equality, remember that the ¢’ must be either positive on all
of [a, ] or negative on all of [a, b]. If the interval is open or half-open, we
may not be able to apply the Fundamental Theorem, but the preceding
equation can still be obtained via a limiting procedure.)

Induction step. Locally (i.e. on a sufficiently small open set around each
point z € X), g can always be factored® as g = hy o --- o hg o hy, where
each h; is a diffeomorphism and fixes one coordinate of R™. By Reduction
I, it suffices to consider this local case only. By Reduction II, it suffices to
prove the lemma for each of the diffeomorphisms h;.

So suppose g fixes one coordinate. For convenience in notation, assume g
fixes the last coordinate: g(u,v) = (hy(u),v), for u € R*~1 v € R, and h,
are functions on (open subsets of) R"~1, in fact diffeomorphisms. Clearly
h,, are one-to-one, and most importantly, det Dk, (u) = det Dg(u,v) # 0.

Next, let a measurable set A be given, and consider its projection V' =
{veR: (u,v) € A}, and its cross-section U, = {u € R"~!: (u,v) € A}.

We now apply Fubini’s theorem and the induction hypothesis on h,,:

foo = Lk’
g(A) veV hU(U'u)
:/ / |det DAy, (u)]
veV JuelU,
:/ / |det Dg(u, v)] :/|deth|. O
veV Juel, A

13 Vector-valued integrals

This section, in short, is a remark that everything we have done so far generalizes
to vector-valued functions, the vectors being from real finite-dimensional spaces
(or C). These often occur in applications.

Given f: X — R™ measurable, let {e;} denote the standard basis vectors
in R, and {f*} the components of f with respect to this basis. Of course we

define .
/f=;(/fk)€k>

provided the integrals on the right exist. Generally, to say that [ « [ exists, we
do not allow any one of the components to be infinite, for this is usually not
useful when n > 2.

It is not hard to see that f is measurable if and only if each f* is.

It follows immediately that this integral is linear, and hence, the definition
is independent of the basis, as it ought to be. That is, if {ex} is any basis of
R™, the sum in the definition does not change.

8The proof of this fact can be found in | ], but it is not difficult to prove it yourself.
Hint: Inverse Function Theorem.

41



Since by our convention that the components of the integral are not allowed
to be infinite, it seems we do not need to define separately what it means for f
to be integrable. But we define it, because we want to take note of some facts
(admittedly they are not very interesting): f being integrable means [|| f|| < co.

The norm can be arbitrary, for in R™, every norm is equivalent: if ||-||; and
|||z are any two given norms, then there always exist constants a, 8 > 0 such
that al-||2 < [|-|li < B]|||2. Thus being integrable in one norm implies integra-
bility in another norm. In particular, by using the norm ||z||sx = >_,_, |2*], we
see that f is integrable if and only if its components f* are integrable.

We want to show that || [ f|| < [|f]l; this basic inequality will enable us
to make estimates without having to separate components. As a start, this is
clearly true if f is a simple function, i.e. f = Z;nzl ajxg,; for a;j € R™. Tt is
also trivial if [||f|| = oc. To prove the inequality for the other f, we use the
following easy lemma.

Lemma 13.1. Let f: X — R”™ be integrable. There exists a sequence of simple
functions pj: X — R™ converging pointwise to f, with

lim /II% sl =o0.
j—o0

Proof. By equivalence of norms, it suffices to prove this only for the norm ||-||s
as defined above.

For each f**, by the approximation theorem in R, there exists measurable
simple cp;“ increasing to f**. Similarly for f*~. Let goé? = cp?Jr - 90?7. Using
the Dominated Convergence Theorem applied to each component,

n
. s k k| _
i [l = st = i [ 37165~ 14 =0.

We also note that by the Monotone Convergence Theorem, the ; satisfy
Jim ;=] f. O

We finish our demonstration of the generalized triangle inequality. Let ¢;
as in the lemma. Then

|feil< fren= fuan+ fies- 1.
so that
Jun || [ = 1 [ =] [ 4] < fus+ i fues=r1= fun1

14 CJ functions are dense in L”(R")

This section is devoted to the result that the space of C3° functions is dense in
L?(R™), which was discussed at the end of Section 7.
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Theorem 14.1. Let f: R* — R € LP(R"), 1 < p < co. Then for any € > 0,
there exists ¢ € C§° such that

o=t = ([ Wo-sran) " <e.

Our strategy for proving this theorem is straightforward. Since we already
know that the simple functions ¢ = ). a;xg, are dense in L?, we should try
approximating xg, by Cg° functions. Since C§° functions are non-zero on com-
pact sets, it stands to reason that we should approximate the sets E; by compact
sets K;. If this can be done, then it suffices to construct the C§° functions on
the sets Kj.

Our constructions start with this last step. You might even have seen some
of these constructions before.

Lemma 14.2. Let A be a compact rectangle in R™. Then there exists ¢ € Cy°
which is positive on the interior of A and zero elsewhere.

Proof. Consider the infinitely differentiable function

so={ g

0, z<0.

If A=1[0,1], then ¢(x) = f(z)- f(1 — z) is the desired function of C§°. (Draw
pictures!)
If A=lay,b1] X --- X [an,by], then we let

1 — ap Tp — Qn
= O O
oate) =0 (F2) o (i)
Lemma 14.3. For any § > 0, there exists an infinitely differentiable function
h: R — [0,1] such that h(z) =0 for x <0 and h(z) =1 for z > 6.

Proof. Take the function ¢ from Lemma 14.2 for the rectangle [0, §], and let

e
h(z) = 7ffooo OYh O

Theorem 14.4. Let U be open, and K C U compact. Then there exists i €
Cg° which is positive on K and vanishes outside some other compact set L,
KcLcCU.

Proof. For each x € U, let A, C U be a bounded open rectangle containing =,
whose closure A, lies in U. The {A,} together form an open cover of K. Take
a finite subcover {A,,}. Then the compact rectangles {A,,} also cover K.
From Lemma 14.2, obtain functions 1; € C° that are positive on A,, and
vanish outside A,,. Let ¢ = >, 1; € C. 1 vanishes outside L = |J; A,,,
which is compact. O
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Corollary 14.5. In Theorem 14.4, it is even possible to require in addition that
0<¢(x)<1 foralzeR” and p(x) =1 forxz € K.

Proof. Let ¢ be from Theorem 14.4. Since 1) is positive on the compact set K,
it has a positive minimum § there. Take the function h of Lemma 14.3 for this
6. The new candidate function is h o 9. O

As we have said, we must now approximate arbitrary Borel sets B € B(R"™)
by compact sets. (We will also need approximation by open sets.) It turns out
that this part of the proof is purely topological, and generalizes to other metric
spaces X besides R™. Henceforth we consider the more general case.

Let d denote the metric for the metric space X.

Theorem 14.6. Let (X,B(X), ) be a finite measure space, and let B € B(X).
For every ¢ > 0, there exists a closed set V and an open set U such that
VCBCU and w(U\V) <e.

Proof. Let M be the set of all B € B(X) for which the statement is true. We

show that M is a sigma algebra containing all the open sets in X.

1. Let B € M with V and U as above. Then V¢ open O B¢ D U*° closed,
and pu(V°) — u(U®) < e. This shows B¢ € M.

2. Let B,, € M. Choose V,, and U, for each B,, such that (U, \V,,) < &/2".
Let U = {J,, U,, which is open, and V =J,, V,,, so that V. C |J,, B, C U.

Of course V' is not necessarily closed, but Wy = ngl V,, are, and these
Wy increase to V. Hence pu(V \ Wy) — 0 as N — oo, meaning that for
large enough N, p(V \ Wy) < €.

Next, we have
U\Wy=(U\V)y(V\Wy)
gUn(Un\‘/n)U(V\WN)7
wU\NWy) =p(U\V)+p(V\Wy)
<> (Ua\Va) +u(V\Wy) <ete.

This shows that | J,, B, € M.

3. Let B be open, and A = B°. Also let d(z,A) = infycad(z,y) be the
distance from z € X to A. Set D, = {z € X : d(x,A) > 1/n}. D, is
closed, because d(-, A) is a continuous function, and [1/n, o] is closed.
Clearly d(z, A) > 1/n > 0 implies € A® = B, but since A is closed, the
converse is also true: for every x € A° = B, d(z, A) > 0. Obviously the

D,, are increasing, so we have just shown that they in fact increase to B.
Hence p(B \ D,,) < € for large enough n. Thus B € M. O
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The case that p is not a finite measure is taken care of, as you would expect,
by taking limits like we did for sigma-finite measures in Section 8. But since
compact and open sets are involved, we need stronger hypotheses:

1. There exists {K,} / X, with K,, compact and p(K,) < oo.
2. There exists {X,} /" X, with X,, open and u(X,,) < cc.

It is easily seen that these properties are satisfied by X = R” and the
Lebesgue measure A, as well as many other “reasonable” measures p on B(R™).
We will discuss this more later.

We assume henceforth that X and p have the properties just listed.

Theorem 14.7. Let B € B(X) with u(B) < co. For every € > 0, there exists
a compact set V and an open set U such that K C B C U and u(U\ K) < e.

Proof. Tt suffices to show that u(U \ B) < ¢ and u(B \ K) < ¢ separately.
Existence of K. Since {BN K, } / B, there exists some n such that u(B) —
w(BNK,) <e/2.

For this n, define the finite measure pg, (E) = p(EN K,), for E € B(X).
By Theorem 14.6, there are sets V. C B C U, V closed, and pg, (B\V) <
ux, (U\V) < e/2. Since X,, is compact, it is closed. Then K =V N K,
is also closed, and hence compact, because it is contained in the compact
set K,,. We have,

((B\ K) = pu(B) — u(BNKy) + p(BNK,) — p(K)
= u(B) = u(BN Ky + s, (B) = i, (V) < 5 + 5.

Existence of U. For every n, define the finite measure px, (E) = p(E N X,),
for E € B(X). By Theorem 14.6, there are sets V,, C B C U, U, open,
and pix, (Un \ B) < px,, (Un \ Vn) < /2"

Let U =, U, N X, 2 B. We have,
WONB) <30 p(UN X\ B) =Y i, W\ B)<e. O

We return to the case of X = R".

Theorem 14.8. Let B € B(R™) with pu(B) < oo. For every € > 0, there exists
Y € C§° such that

1/p
o=l = ([ 1= xopan)”" <.
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Proof. By Theorem 14.7, there is compact K and open U, K C B C U, u(U\
K) < e. From Corollary 14.5, there is ¢ € C3° such that ¢ =1 on K, 1) =0
outside U, and 0 <1 < 1. Then

woxal=[ 0w [ waf a-upsfo
R Rr\U U\B B\K K

< w(U\ B) + p(B\ K)

= n(U) — p(B) + p(B) — p(K)

<e. (]
Proof of Theorem 14.1. Let ¢ = Y. a;XE,, a; # 0 be a simple function such
that [[¢ — fll, < €/2. Let ¢; € C§° such that ||[¢; — xg, |, < €/2|a;|. (Note

that E; must have finite measure; otherwise ¢ would not be integrable.) Let
Y =3, a;1;. Then (Minkowski’s inequality),

1f = %llp < I =ellp + 1l = llp
<N =llp+ Y lail - lIxe, —vill, <e. U

Actually, even the last part of theorem can be generalized to spaces other
than R™: instead of infinitely differentiable functions with compact support, we
consider continuous functions, defined on the metric space X, with compact
support. In this case, a topological argument must be found to replace Lemma
14.2. This is easy:

Lemma 14.9. Let A be any compact set in X. Then there exists a continuous
function ¢: X — R which is positive on the interior of A and zero elsewhere.

Proof. Let C = X \ interior A, so C is closed. Then ¢(z) = d(x,C) works.
(d(z, C) was defined in the proof of Theorem 14.6.) O

The proof of Theorem 14.4 goes through verbatim for metric spaces X,
provided that X is locally compact. This means: given any z € X and an open
neighborhood U of z, there exists another open neighborhood V of z, such that
Vis compact and V CU.

Finally, we need to consider when properties (1) and (2) (in the remarks
preceding Theorem 14.7) are satisfied. These properties are somewhat awkward
to state, so we will introduce some new conditions instead.

Definition 14.1. A measure p on a topological space X is locally finite if for
each € X, there is an open neighborhood U of x such that u(U) < co.

It is easily seen that when pu is locally finite, then u(K) < oo for every
compact set K.

Definition 14.2. A topological space X is strongly sigma-compact if there
exists a sequence of open sets X,, with compact closure, and {X,} * X.
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If X is strongly sigma-compact, and p is locally finite, then properties (1) and
(2) are automatically satisfied. It is even true that strong sigma-compactness
implies local compactness in a metric space. (The proof requires some topology
and is left as an exercise.) Then we have the following theorem:

Theorem 14.10. Let X be a strongly sigma-compact metric space, and i be
any locally finite measure on B(X). Then the space of continuous functions with
compact support is dense in LP(X,B(X),u), 1 <p < oco.

15 Other examples of measures

Since so far we have chiefly worked only in R™ with Lebesgue measure, it should
be of interest to give a few more useful examples of measures.

k-dimensional volume of a k-dimensional manifold

A manifold is a generalization of curves and surfaces to higher dimensions, and
sometimes even to spaces other than R™. But here we shall concentrate on differ-
entiable manifolds inside R"™; the theory is elucidated in [ ] or [ .
Here we give a definition of the k-dimensional volume for k-dimensional mani-
folds which does not require those dreaded “partitions of unity”.

Suppose a k-dimensional manifold M C R" is covered by a single coordinate
chart o: U — M, U C R* open. Let Da denote the n-by-k matrix

da da da
Da=|— — ... —
dt; dity dty

(More precisely, each vector % is represented by a column vector in the standard
basis of R™. Actually our definition works using any orthonormal basis also.)

Define, for any vectors vy, ...,vr € R (again represented in an orthnormal
basis):

[Ul V2 Uk]

This is the k-dimensional volume of a k-dimensional parallelopiped spanned by
the vectors vy, ..., v in R™. One easily shows that this volume is invariant under
orthogonal transformations, and that it agrees with the usual k-dimensional
volume (as defined by the Lebesgue measure) when the parallelopiped lies in
the subspace R* x 0 C R™.

The k-dimensional volume of any E € B(M) is defined as:

v(E) = / V(Do) dA.
a~!(E)
(Since « is continuous, a~(E) € B(RF).)
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The integrand, of course, is supposed to represent “infinitesimal” elements of
surface area (k-dimensional volume), or approximations of the surface area of E
by polygons that are “close” to E. As indicated by the quotation marks, these
assertions about “surface area” are completely non-rigorous, and we won’t be-
labour to prove them, since the equation above is our definition of k-dimensional
volume. But it should be pointed out that there are better theories of k-
dimensional volume available, which are intrinsic to the sets being measured,
instead of our computational theory. (I don’t know these other theories well
enough though.)

Back to our definitions. If M is not covered by a single coordinate chart,
but more than one, say «o;: U; — M, i« = 1,2,..., then partition M with
Vi = a1 (Uy), Vi = «;(U;) \ Vi_1, and define

W(E) = zi:/%l(mm V(Da)dh.

Tt is left as an exercise to show that v(E) is well-defined: it is independent of
the coordinate charts «; used for M.
Finally, the scalar integral of f: M — R over M is simply

| rav.

And the integral of a differential form w on an oriented manifold M is

/peMw(p;T(p))dv,

where T'(p) is an orthonormal frame of the tangent space of M at p, oriented
according to the given orientation of M. (If you don’t know what I'm talking
about, just ignore this definition — essentially it generalizes the line and surface
integrals in calculus.)

Again it is not hard to show that the formulae I have given are exactly
equivalent to the classical ones for evaluating scalar integrals and integrals of
differential forms, which are of course needed for actual computations. But there
are several advantages to our new definitions. First is that they are elegant: they
are mostly coordinate-free, and all the different integrals studied in calculus have
been unified to the Lebesgue integral by employing different measures. In turn,
this means that the nice properties and convergence theorems we have proven
all carry over to integrals on manifolds.

For example, everybody “knows” that on a sphere, any circular arc C has
“measure zero”, and so may be ignored when integrating over the sphere. To
prove this rigorously using our definitions, we only have to remark that v(C) =
0, since A(a~1(C)) = 0 for a coordinate chart « for the sphere.

Stieltjes measure

The definition of the Stieltjes measure is best motivated by probability theory.
Suppose we have a random variable Z with distribution u, and the cumulative
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distribution function F': R — [0, 1] — by definition, they satisfy F(z) = Pr[Z
z] = p([—o00,2]). It follows that F is (non-strict) increasing, and pu((a,b])
F(b) — F(a).

The idea here is to try to reverse this procedure: given any increasing func-
tion F', can we construct a measure p on B(R) that assigns, to any interval
(a,b], a “length” of F(b) — F(a)?

Actually we will need to impose some conditions on F' first. Since F' is in-
creasing, it always has only a countable number of discontinuities, and these
discontinuities must all be jump discontinuities. At these jumps, we will insist
that F' is right-continuous, i.e. limg\ o F'(z) = F(a). Otherwise, taking count-
able limits may fail: for example, if at the point a, F' is left-continuous instead
of right-continuous, then

I IA

(Of course, the preference of “right” over “left” comes from our convention that
we used intervals (a, b] that are open on the left and closed on the right.)

We will also insist that F'(x) < oo for x # —o0, 400, so that the subtraction
F(b)—F(a) makes sense. However, it should be allowed that, say, F/(—o0) = —o0
(and F(x) does not have to be in [0, 1] either). This allows sigma-finite measures
to be constructed.

With the necessary conditions now stated, we can begin the construction of
1, which is not much different from the construction of the Lebesgue measure
on R — not surprising, since F(z) = z is exactly the Lebesgue measure on R.

First, it is easily checked, by drawing pictures of the intervals (a,b], that
they actually form a semi-algebra on R. (Just ignore the point —oco for now.)
The measure p on the generated algebra A is defined in the obvious way, and
it follows from the same arguments as in Section 9 that p is finitely additive.

Countable additivity requires the typical approximation arguments. Suppose
that we have J,, € A with infinite disjoint union I € A. By monotonicity we
automatically have > >0 u(J,) < pu(I), so we only have to prove the other
inequality. We can assume that J,, are simple intervals (a,, b,], instead of finite
disjoint unions of intervals. Also assume, for now, that I is the finite interval
(a, b].

Since F' is right-continuous, for every € > 0, there exists § > 0 such that

0<F@®)—F(a) < F(b)—F(a+9)+e.
Also there exists d,, > 0 such that

0 < Fby +0n) — Flan) < F(by) — Flan) + 2i .

There exists a finite set nq, ..., ny such that (a+4,b] C Ule(am,bm +dn,],
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since the open sets (an, by, + ) cover the compact set [a + §,b]. Therefore,

and we take e — 0.

Finally, the proof for general I = Iy W--- W I}, € A just follows from finite
additivity and that the finite sum of limits equals the limit of the finite sum.
Infinite intervals are handled in the same way as in Section 9.

Thus using the theorems of Section 8, i can thereby be extended to a measure
on B(R). This is called the Stieltjes measure on R, and the integral

/gdu=/ng
R R

is the Stieltjes integral, and it generalizes the Riemann-Stieltjes integral that
is sometimes studied in real analysis courses. (The Riemann-Stieltjes integral
is defined by taking limits of Riemann-like sums ), g(&) - (F(z;) — F(zi—1)).
Showing this limit exists requires some effort, however.)

Of course, if F' is differentiable, the Stieltjes integral just reduces to

/ng:/g-F’d)\.
R R

Lastly, we should mention that if we admit signed measures, which are dif-
ferences of two (positive) measures, then the condition that F be increasing can
even be relaxed. We will not pursue that theory here though.

16 Egorov’s Theorem

The following theorem does not really belong in a first course, but it is quite a
surprising and interesting result, and I want to record its proof.

Theorem 16.1 (Egorov). Let (X, u) be a measure space of finite measure, and
fn: X — R be a sequence of measurable functions convergent almost everywhere
to f. Then given any ¢ > 0, there exists a measurable subset A C X such that
w(X \ A) < e and the sequence f, converges uniformly to f on A.

Proof. First define

o0

Bnm = ﬂ[\f—fk|<% .

k=n
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Fix m. For most « € X, f,,(x) converges to f(x), so there exists n such that
|fr(z) = f(x)] < 1/mforall k > n, sox € By . Thus we see {Bym}, /X \C
(C is some set of measure zero).

We construct the set A inductively as follows. Set Ag = X \ C. For each
m > 0, since {A,—1 N Bum}, / Am—1, we have p(Ay 1\ Bnm) — 0, so we
can choose n(m) such that

5
,U(Amfl \ Bn(m),m) < 27m
Furthermore set

Ap=An1N Bn(m),m

Since A, W (Am—1\ Brm),m) = Am—1, we have

13
#(An) > p(An1) = 5
3 g 13
_________ > _
>uX) =5 = m = X)) <

The sets A,, are decreasing, so letting

oo

A= mA :m n(m),m s

=1
we have p(A) > p(X) —¢, or u(X \ A) <e. Finally, for x € A, x € By,(n),m for
all m, showing that |f(z) — fx(z)| < 1/m whenever k > n(m). This condition
is uniform for all z € A. O

17 Exercises

I have been suggested to provide some more exercises to this text. Here they
are.

1. In R™ with Lebesgue measure, find an uncountable set of measure zero.

2. Show that if f: R® — R is continuous and equal to zero almost everywhere,
then f is in fact equal to zero everywhere.

3. Find a sequence of integrable functions f,, such that f,(z) — 0 for every
z but [ f, — oc.

4. Let f € LY(R"), 1 < p < co. Compute the limits

hm/|f + h) — f(x)|P dz, lim /|f:r+h ()P dx .

llAll—
5. Let f € L'(R"). Show that

lim f(@)ef® Y de =0.

lyll—o0 Jrn

o1



6. Let f, € LP,1 < p < oo be a sequence of functions converging to f € LP
almost everywhere, and suppose there is a constant M such that || f,,||, <
M for all n. Then for each g € L9,

/fg=nlijgo/fng-

Hint: Use Egovov’s Theorem and a density argument. Is this also true for
p=17

7. Let f, € LP,1 < p < oo be a sequence of functions converging f € LeP
almost everywhere. Prove that f, converges to f in the LeP norm if and

only if [[full, — [ fllp-

8. Let f € LP(R), g € L(R), with 1 < p,q < co. Show that the function
F(z) = [y f(t)dt is defined and continuous for all # € R, and that the
function h(z) = (Jz| + 1)7%F(z)g(x) is in L'(R), the constant a being

1

larger than 2 — 1 — 1,
P

9. Let f € L'(R). Show that the series

— 1
> —=f(zvn)
n=1 \/ﬁ

is convergent for almost all x € R.

10. Let f be in L'(R), and g be a continuous periodic function with period 1.
Show that

oo

i [ j@ga = [ " fe)da / o(y) dy.

—
n—oo | _

18 Bibliography

The following outlines the prerequesites for this article. (Although I'm not
suggesting that you must first know everything here before you read this article;
you could be learning these as you go along.)

First, you need a respectable first-year calculus course, dealing with limits
rigorously. The course I took used | ], possibly the best math book ever.

You probably should be at least somewhat familiar with multi-dimensional
calculus, if only to have a motivation for the theorems we prove (e.g. Fu-
bini’s Theorem, Change of Variables). I learned multi-dimensional calculus
from | ] and [ ]. As you'd expect, these are theoretical books,
and not very practical, but we will need a few elementary results that these
books prove.

Point-set topology is also introduced in the study of multi-dimensional cal-
culus. We will not need a deep understanding of that subject here, but just the
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basic definitions and facts about open sets, closed sets, compact sets, continous
maps between topological spaces, and metric spaces. I don’t have particular
references for these, as it has become popular to learn topology with Moore’s
method (as I have done), where you are given lists of theorems that you are
supposed to prove alone.

The last book, | ], (not a prerequesite) is what I mostly referred
to while writing up Section 8. It contains applications to probability of the
abstract measure stuff we do here, and it is not overly abstract. I recommend
it, and it’s cheap too.

I don’t mention any of the standard real analysis or measure theory books
here, since I don’t have them handy, and this text is supposed to supplant a fair
portion of these books anyway. But surely you can find references elsewhere.
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