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Preface

The theory of Lebesgue integration was developed by H.-L. Lebesgue in his
doctoral dissertation published in 1902 in the italian Journal Annali di Matematica
Pura ed Applicata (see [17]). The theory of Lebesgue integration was soon fully
appreciated by the leading mathematicians in Italy, also thanks to the activity of
Vitali, and important results soon proved: Fubini Theorem was proved in 1907
(in [11]). Leonida Tonelli first used Lebesgue integral in 1908, in [37], while
studying rectifiable curvesl,

As soon as the importance of Lebesgue integration was recognized, different
approaches were proposed both to put the theory in a more general framework,
as in [3], and also in order to speed up the presentation of the crucial ideas. In
fact, for didactic reasons, several authors tried to bypass or reduce to a minimum
the preliminary study of the measure of sets and to lead students to appreciate
the key ideas of Lebesgue integration in the shortest possible time. Among these
approaches, the one which is likely the most well known is due to F. Riesz. This
approach is the one used in [30] and recently simplified in [16]. Instead, the
Daniell’s approach, introduced in [3]], intends to be more general and abstract.

Leonida Tonelli devised3 an efficient approach to Lebesgue integration, based
on the notion of “quasicontinuous functions”, which requires only a basic knowl-
edge of calculus together with a certain level of mathematical ingenuity.

Quasicontinuous functions are precisely the functions which are measurable
according to Lebesgue, but defined in terms of elementary continuity properties.

It seems to me that this approach proposed by Tonelli, and which is virtually
unknown to young people, has its merits since most of the methods used to
construct the Lebesgue integral hide the real reasons for the introduction of a
new kind of integral. We cite from [30, p. 29]: “The reason for such a change
[the shift from Riemann to Lebesgue integration] and, with them, the usefulness

Ithe study of the length of a curve and of the area of a surface using Lebesgue integration
was initiated by Lebesgue himself in his thesis.

2S. Cinquini, one of Tonelli’s students, asserts that this approach was devised to quickly
introduce the Lebesgue integral in a talk given at a conference (see [3]).

1



v PREFACE

and beauty of the Lebesgue theory, will be seen in the course of the following
chapters; there is no point in speaking of them in advance". Instead, the reason is
clearly displayed in the Tonelli approach, since it constitutes the foundation over
which the integral is constructed.

Lebesgue integral is introduced by exploiting the method of Tonelli in [4]
(for functions of one variable. [4, Chap. VI] concisely defines the integral
for functions of two variables and proves Fubini theorem), and in part in the
book [29]. As stated by the authors, the first version of this book was prepeared
for the lessons given by Picone when he gave the course of Tonelli, after Tonelli’s
death. Few books, as [15,132], present a sketch of Tonelli ideas.

For this reason we give here a quite complete account of Tonelli method.

We divide the presentation in three parts: in the first part we study integration
in the simpler case of the functions of one variable. The fundamental notion
that the student has to master is that of “quasicontinuous function”. Once this
is done, Lebesgue integral appears as a straightforward extension of Riemann
integral thanks to an “exchange of limits and integrals” which is precisely the
goal for which the new integral has been introduceﬁ%

This chapter ends with the statement of the theorems of the exchange of the
limits and the integral, with a sketch of a proof. The details of the proofs are in
Chap.

The first chapter can be used as an efficient introduction to the Lebesgue
integration even in courses for mathematically motivated engineering students,
for example as a preliminary to a basic course on Hilbert spaces.

The second part extends the arguments of the first part to functions of several
variables (in the Chapters[3and ). Chap.[3lis devoted to Fubini Theorem on the
reduction of multiple integrals.

For the sake of completeness, the third part, containing the sole Chap. [6]
shows the well known fact that once the integral has been defined then Lebesgue
and Borel measurable sets can be defined and the properties of the measure can
be obtained from those of the integral.

Finally we repeat that the usual presentation of Lebesgue integration proceeds
from the study of the measure and measurable sets to the theory of measurable
functions and then to the theory of the integral. This way the students have to
study first abstract measure theory which has its independent importance, for
example for the application to probability. Instead, in the Tonelli approac

3in a sense, Tonelli construction can be see as an extension of Riemann integral “via comple-
tion of a space” but this abstract approach attach a number to equivalent classes of function while
the concrete approach of Tonelli gives precisely the class of the functions which are Lebesgue
integrable and their Lebesgue integral.

“4as in the approaches proposed by B. Levi, M. Picone and F. Riesz.
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measure theory is derived as a byproduct of the study of the integral and the
abstract measure theory remains in the shadow. This fact, which can be seen
as an important limitation now, was instead the goal of Tonelli and others. For
example, Tonelli states in the introduction of his 1924 paper [38]]: “this paper is
an attempt to put on a simple, let us say elementary, and so more acceptable, basis
the theory of Lebesgue integration by removing measure theory at all”. Similar
approaches to a direct introduction of the integrals done in the same period state
explicitly the same goals. Beppo Levi introduced his own approach to Lebesgue
integration in the same year 1924 and in the same journal as Tonelli did and
for similar reasons (see [23]): “It is a fact that in front of the importance of
the new theory [i.e. the Lebesgue theory] there are obvious didactic and logical
difficulties. . . due also to the need of a preliminary study of the theory of the
measure of sets”. The introduction of F. Riesz and B. Sz-Nagy book [30] states
“The two parts [of the book] form an organic unity centered about the concept
of linear operator. This concept is reflected in the method by which we have
constructed the Lebesgue integral; this method, which seems to us to be simpler
and clearer then that based on the theory of measure. . .”

Finally we mention that Picone too proposed his approach to the Lebesgue
integration for functions of Baire classes (see for example [28]]), by a repeated
use of limiting processes.

We conclude this introduction with a warning. The development of Lebesgue
integration was stimulated by two main difficulties encountered with Riemann
integration:

1. the fact that the pointwise limit of a sequence of continuous functions
may not be Riemann integrable, a fact soon realized after that a rigorous
definition of the integral (and also of the concept of function) had been
given. A consequence is that limits and Riemann integrals cannot be
exchanged in the generality needed to study for example Fourier series
(and Riemann integral cannot be used to define Hilbert spaces).

2. the existence of derivative functions which are not Riemann integrable, a
fact discovered by V. Volterra in 1881, see [46].

In our exposition we concentrate on the first problem, the problem of exchanging
limits and integrals. The second problem, of recovering a function from its
derivative, will not be considered here. Readers interested in the relation of the
integral and the derivative can see for example [1] or, for an approach based on
Daniell ideas, [34].

People interested in the origin and the history of the Lebesgue integration can
look at the book [[14] and to the expositions [20, 21]] made by Lebesgue himself.
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Chapter 1

The Lebesgue Integral for
Functions of One Variable

This chapter is intended for general students af science and engineering with
possibly just calculus courses but a sufficient motivation. In particular, we
assume familiarity with Riemann integration whose key points are recalled in the
Appendix [[L511

This chapter can be used as the introductory chapter of a course on Hilbert
spaces. For this reason first we describe the limitations of the Riemann integral
and then we use Tonelli method as an efficient tool to introduce the key ideas of
the Lebesgue integration.

At the end of this chapter we state and shortly illustrate the theorems on the
exchange of limits and integrals. The details of the proofs are in Chap.

Our goal here is the presentation of key ideas and for this reason we confine
ourselves to consider functions of one variable. The general case of functions of
several variables is in Part[[Il

1.1 The Limitations of the Riemann Integral

When presenting the definition of the Riemann integral, usually instructors show
the existence of functions which are not Riemann integrable. The standard
example is the DIRICLET FUNCTION on [0, 1]:

(1 if xeQ
d(x)‘{o if xeR\Q. a.D

Itis easily seen that this function is not Riemann integrable and it is often asserted
that examples like this one prompt for the definition of a more general kind of
integral.
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We may ask ourselves whether there is any reason to integrate such kind of
pathological functions. At first glance it seems that there is no reason at all. But,
let us look at the problem from a different point of view.

Even the first elements of calculus make an essential use of the notion of
limits and continuity. A function f is continuous at xo € dom f when for every
sequence {x,} with x,, € dom f and such that x,, — x( we have

lim f(x,) = f(x0) = f (limx,) .

Continuity is the property that the limit and the function can be exchanged.
Now we observe that Riemann integral is a function which associates a
number to a set of functions. So, we introduce:

Definition 1 1. Let D be a set of functions. We call FUNCTIONAL a transfor-
mation which associates a number to any element of D.

2. Let it be possible to define the limit of sequences in 9 and let ¥ be a
functional defined on . We say that ¥ is continuous at fo € 9 when the
following holds for every sequence { f,,} in D, f,, — fo:

lim7(f,) =F (lim f,) .

Riemann integral is a functional on D = C([h, k]) (for every bounded
interval [h, k]) and it is possible to define the limits of sequences in C([#4, k])
as follows: THE SEQUENCE { f,} CONVERGES TO f UNIFORMLY ON [/, k] when the
following holds:

Ve > 03N, suchthatn > N, = -¢e< fu(x) - f(x) <e Vxe[hk].
(1.2)
L.e. we require that for n > N, we have

—e < inf (fy, — f) < sup(fu— f) <e.
[h,k] [h,k]
So we have the following result:

Theorem 2 The sequence {f,} is uniformly convergent to f if and only if we
have

lim inf (f,— f)=0 and 1

n—+0o [h,k|

im sup(f, —f)=0.
—+00 [ 4]
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From a graphical point of
view, uniform convergence is
the property that for large n the
graphs of f, stay in a “tube” of
width & around that of f, as in
the figure on the right.

It turns out that Riemann integral as a functional on C ([, k]) is continuous:

Theorem 3 Let [ h, k| be a bounded interval and let { f,,} be a uniformly conver-
gence sequence in C([h, k]). Then:

hm/ fu(x) dx = / hm f,,(x) (1.3)

n—+o0o

Now we observe:

Riemann integral is defined on a set of functions which is larger then
C([h, k]). In particular, any piecewise continuous function is Riemann
integrable.

Uniform convergence is a very strong property. Much too strong for most
of the applications of mathematics. As an example, let us consider the
following important equality:

n
) 1 .
nL“Poo [Z E sin kx

= x(x) (1.4)

where y(x) is the extension of period 27 of the odd extension to (-, 0)
of

[(r—x)/2] O<x<m

(see the graph on the right). The se-

quence of the functions
n T >
1 x
fu(x) = kél z sin kx ‘

is a sequence of continuous functions
while y has jumps.
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It is known that the uniform limit of a sequence of continuous functions
is continuous and so the limit in (I.4) cannot be uniform in an interval which
contains jumps of y. On these intervals Theorem 3 cannot be applied.

The equality (I.4)) is a simple example of a Fourier series and it is seen in every
elementary introduction to the Fourier series that a key point in the justification
of the equality (I.4) is the exchange of the series (i.e. of a limit) with suitable
integrals. So, in order to justify (I.4) we must use an analogous of Theorem
when the limit exists but the convergence is not uniform. Unfortunately, the
following example shows that if the convergence is not uniform in general the
limit and the Riemann integral cannot be exchanged.

Example 4 The sole condition that each f, is Riemann integrable and that
{fn(x)} converges to f(x) for every x € [h, k] does not imply the equality (L3)).
This can be seen as follows. We recall the following property: a bounded func-
tion which is equal O a part finitely many points is Riemann integrable and its
integral is 0.

It is known that the rationals in [0, 1] constitute a numerable set, i.e. they
can be arranged to be the image of a sequence {¢,}.

For every n we define

if x=gqg;withk <n

otherwise . (1.5)

Jn (x) = { (1)
Each function f,, differs from O in n points and so f, is integrable with integral
equal 0. The equality (I.3]) does not hold since for every x we have f,,(x) — d(x),
the Dirichlet function, and d(x) is not Riemann integrable. 1

This example however is not entirely satisfactory since we can wonder whether
there is any concrete interest in the functions f;, just constructed. So, let us see a
second example.

Example 5 We consider functions defined on [0, 1] and a limiting process in
two steps. Let us fix a natural number m and let us consider the sequence of the

continuous functions
n— [cos(m!)mx]*" .
Then we define the function

¢m(x) = n1_1>11100 [Cos(m!)ﬂx]z" X

If x ¢ Q then | cos(m!)nx| < 1 and so

x¢Q = ¢u(x)=0.
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Let instead x € Q, x = p/q with p < g. We have

pm! : .
cos(m!)mrx = cos——m = +1 if g divides pm!
q

| cos(m!)mx| < 1 otherwise.

For a fixed value of m, the denominator ¢g divides pm! only for finitely rational
number p/q € [0, 1] and so

¢m(x) =1 for finitely many values of x € [0, 1]; otherwise ¢,,(x) = 0.

Hence ¢,, is Riemann integrable and its integral is equal zero.
Now we consider

lim ¢, (x).

m-—+0o

If x ¢ Q then the limit is zero since ¢,,(x) = 0 for every m.

Let x = p/q. When m is sufficient large, say m > 2q, the number (m!)p/q
is an even number and ¢,,(x) = 1.

It follows that lim,;, 10 ¢, (p/gq) = 1. Hence

Jlim_6,(0) = ()

a non integrable function.

In conclusion, we are in the same situation as in the Example 4: limit and
integral cannot be exchanged. But now we have an example which is significant
since it shows that the Dirichlet function can be obtained by computing limits of
cosine functions, and sequences of sine and cosine functions are the basis of the
Fourier analysis, a crucial tool in every application of mathematics. 1

In fact, from the historical point of view it was Fourier analysis that stimulated
the introduction of several variants of the Riemann integral in the course of the
XIX century. This process then culminated in 1902 with the introduction of the
Lebesgue integral in [[17]].

Remark 6 We repeat again: the desired equality (L3 is the reason for the
construction of an integral which can integrate such patological functions like
the Dirichlet function, and not the interest of such functions by themselves.

Note that Example [S] contains also a second piece of information: if equal-
ity (I.3) has to hold then the Dirichlet function not only has to be integrable but
its integral has to be zero. 1
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Now we sum up our rather optimistic dream: we would like a new kind of
integral for which the following properties hold:

1. if f(x) = c on [h, k] then it is integrable and its integral is c(k — h) i.e.
the area of the rectangle identified by its graph;

2. additivity of the integral: if f(x) is defined on A U B and it is integrable
both on A and on B then it is integrable on its domain A U B. Moreover
we want:

ANB=0 = /AUBf(x)dx:/Af(x)dx+/Bf(x)dx.

In concrete terms, if A = [h, h) and B = [h, k] we want

/hkf(x>dx=/hﬁf(x>dx+/ﬁkf(x>dx.

3. let {f,} be a sequence of integrable functions on a set A and let lim f;,(x) =
f(x) for every x € A. Then we wish that f be integrable too and

tim [ o) dv = /A (ngrgwfn(x)) dr . (1.6)

n—+o0o

The following examples show that these requirements are contradictory and
cannot be achieved.

Example 7 Let f, be defined on [0, 1] as follows:

0 if 0<x<1/n
fux)y=9 n if 1/n<x<2/n
0 if 2/n<x<1.

It is clear that
lim f,(x) =0 = f(x) perognix € [0,1].

The first and second requirements show that the functions f,, and f are integrable
and give the value of the integrals:

1 1
O:/ f(x) dx # lim / fa(x)dx =1.
0 n—+oo Jo
———
=1 for every n
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A similar example can be given for integrals on unbounded domains. Let the
domain be [0, +o0). In this case we define

0 if x<n
fu(x)=9 1/n if n<x<2n
0 if x>2n.

In this example lim, ;s f,(x) = 0, even uniformly on the unbounded set
[0, +00), but every f;, has the integral equal to 1. u

So, we reduce our goals and we require the properties listed in Table [L.1l
It turns out that an integral with these properties exists, it is the Lebesgue
integral, and it has a further bonus: the heavy boundedness assumption in the
requirement 4] can be weakened.

1.2 Subsets of the Real Line and Continuity

The following definition has a crucial role:

Definition 8 A MULTIINTERVAL A is a finite or numerable sequence of open
intervals: A = {(a,, b,)}. The intervals (a,,b,) are the COMPONENT INTERVALS
of the multiinterval. We associate to A:

the set In = U(ay, by)
the number L(A) = Y, (b, — a,) € (0,+0] .

The multiinterval is DISJIOINT when the component intervals are pairwise
disjoint.

Remark 9 We stress the following facts:

* the term “finite or numerable sequence” is, strictly speaking, partly re-
dundant and not strictly correct since a sequence (of intervals) is a map
n +— (ay, b,) when the domain of the map is N. We use this term since we
consider also the case that the domain is finite, say 1 < n < N.

* The number L(A) cannot be zero since any open interval has a positive
length and it does not depend on the order in which the component intervals
R,, are listed.
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Table 1.1: Our request to the integral

1. the function f(x) = c on [h, k] is integrable and its integral is c(k — h)
i.e. the area of the rectangle identified by its graph;

2. if f and g are defined on [, k] and integrable then:

(a) LINEARITY: the function af + Sg is integrable for every real
numbers a and 8 and

k k k
/h [af(X)+,6’g(X)]dx=a/h f(X)dX+B/h g(x) dv.

(b) moNotonIcITY: if f(x) > g(x) for every x € [h, k] then

/hkﬂx)dxz/hkg(x)dx.

3. apprrivity: if f is defined and integrable both on A and on B then it
is integrable on A U B and

ANB=0 = /AUBf(x)dx:/Af(x)dx+/Bf(x)dx.

4. if {f,} is is a sequence of functions and if:

(a) the functions f,, are defined on the set A and

lim f,(x) = f(x) foreveryx € A;
n—+oo

(b) the set A is bounded;

(c) the sequence {f,} is bounded in the sense that there exists M
such that | f,,(x)| < M for all x € A and every n;

(d) each f, is integrable on A;

then f is integrable too and the equality holds:

tim [ £ de = / (1im (o) ax / £(x) dr.

n—+00
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* We do not require that the component intervals (a,, b,) are disjoint. Even
more, we do not require that they are distinct intervals: the same interval
can be listed several times. So, it can be L(A) = +oo even if the set 7
is bounded. Hence, in no way the number L(A) can be considered as a
“measure” of A.

* A bit pedantic observation is as follows. We defined A as a sequence of
intervals:
A is the function n — (ay,, b,)

but we noted that the number L(A) does not depend on the order in which
the component intervals are listed. So, it might be tempting to define A
as a family of intervals. This is not quite correct since “family” is usually
intended as a synonym of “set” and so the two families {(0, 1), (0, 1)} and
{(0,1)} are the same family, i.e. the same set, since they have the same
element. But they are different multiintervals, i.e. different sequences of
intervals, and

L0, DY) =1, while L({(0,1), (0,1)})=2.

* In the definition of multiinterval we did not impose that the component
intervals are bounded. In most of our applications we use multiintervals
A such that 7y C [h, k] and so the component intervals are bounded. An
exception is Theorem [I71

* the length of an interval does not depend on whether it contains the end-
points: the intervals (a, b), [a,b), (a,b] and [a, b] all have the same
length b — a. So, we can associate the number L also to multiintervals
whose component intervals are not open. This will be done in Chap.
In the present chapter we assume that a multiinterval is composed of open
intervals, as stated in Definition|8|

We need the following observation:

Lemma 10 Let {A} be a sequence of multiintervals, Ay = {Iy,}. There exists
a multiinterval A whose component intervals are the intervals Iy , and such that

L(A) = Z L(Ay).
k=1

Proof. Let p; be the k—th prime number. The sequence A is the function
pz — 1 kn- 1

Now we define:
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Definition 11 The set N C R is a NULL SET when for every € > (O there exists a
multiinterval A such that

L(A) < g, NCI,).

A function whose points of discontinuity are a null set is ALMOST EVERY WHERE
CONTINUOUS (SHORTLY, A.E. CONTINUOUS).

Example 12 The set QN (0, 1) is a null set. In order to see this fact we recall that
the set of the rational numbers is numerable: there exists a sequence {qx }1<k<+co
such that gx # g; if k # j and whose image is Q N (0, 1).

We fix any € > 0. To g,, we associate the interval I, = (¢, —€/2", g, +&/2").
The sequence A = {I,,} has the property that Q N (0,1) C Zx and L(A) < &. &

Remark 13 The following observations have their interest:

1. the argument in Example[I2]is very simple because we did not require that
the component intervals are disjoint. Had we imposed this condition then
the construction of the multiinterval would be more delicate.

2. Example (12l shows that in the definition of null set we cannot impose that
the multiintervals have finitely many component intervals.

3. The method in Example 12l can be used to show that any numerable set is
a null set. There exists null sets which are not numerable. An example is
the Cantor set, see Sect. 1

We use the terminology introduced in the table[I.2]and we note the following
simple observations.

Lemma 14 Let {N,} be a sequence of null sets. Then N = UN,, is a null set.
Proof. We fix £ > 0 and we construct a multiinterval A such that
A covers N,i.e. N C Ip, and L(A) < ¢.
The construction is as follows. For every n there exists A, such that
P>
Nn QIAn, L(An) < i.

The multiinterval A,, exists because N, is a null set.
The multiinterval A = UA,, has the required properties. 1
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Table 1.2: Succinct notations and terminology

In order to speed up the statements, it is convenient to introduce the following
notations suggested by the previous considerations:

e let {A,} be a sequence of multiintervals and let the multiinterval A
be constructed from {A,} with the procedure in Lemma The
multiinterval A is denoted UA;

* we say that a MULTIINTERVAL COVERS A SET A when A C Jj.
* we say that a multiinterval 1s IN A SET A when 75 C A.
* we say that A is the set of A when A = 7.

* we say that a multiinterval A is EXTRACTED from A when any compo-
nent interval of A is a component interval of A.

* a multiinterval which has finitely many component intervals is called
a “finite sequence” (of intervals) or a FINITE MULTIINTERVAL.

We noted in Remark [13] that in general a multiinterval which covers a set A
has infinitely many component intervals even if A is bounded. The following
observation has its interest: if K is compact, i.e. bounded and closed, then any
family of open sets which covers K has a finite subfamily which still covers K.
This fact can be recasted in terms of multiintervals as followsl:

Lemma 15 Let A be a multiinterval which covers a compact set K. There exists
a finite multiinterval A which covers K and which is extracted from A.

Now we recast the property of being a.e. continuous given in Definition [T1]
in a more baroque style, which however suggests a general definition: let f be a
function defined on A and let #(x) be the following proposition which applies
to the points x € A: P (x) is true when f is continuous at x. We say that f is a.e.
continuous on A if # is false on a null set. In symbols:

fisa.e. continnouson A <= {x € A suchthat =% (x)} isanullset.

This baroque way of stating continuity a.e. shows that the key ingredient is a
property of the points of A. So we define:

Ithe fact that a multiinterval is composed of open intervals is crucial for Theorem[I3]to hold.
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Definition 16 A property P of the points of A holds ALMOST EVERYWHERE
(shortly A.E.) on A when the subset where it is false is a null set.

For example, a function defined on A is a.e. positive when {x such that f(x) <
0} is a null set; a function is a.e. defined on A when A \ dom f is a null set.

The previous observations that we have seen in dimension 1 have counterparts
in every space R¢. The next result holds only in dimension 1:

Theorem 17 Any nonempty open set O C R is the union of the component
intervals of a disjoint multiintervald : there exists A = {I,} such that

O:IA:UIn and I, I, =0ifn#k.

Two different multiintervals with this property differ solely for the order of
the component intervals I,.

Corollary 18 Let A be a multiinterval. There exists a disjoint multiinterval A
such that
Iy =1x.

Remark 19 The previous corollary shows that in dimension 1 it is equivalent to
work with arbitrary multiintervals or with disjoint multiintervals. Furthermore,
it is the key observation for the following definition of the “measure” of an open
set. 1

Definition 20 Le O C R be a nonempty open set. We use Theorem [I7] and we
represent
O =1,, (A ={I,} is disjoint) . (1.7)

The MEASURE of O is the number

A0) = L(A) .

The disjoint multiinterval A in (L7)) is not unique but two multiintervals differ
only for the order of the component intervals /,, and so A(O) is uniquely defined.
The following property are clear:

Theorem 21 We have:
1. Let O # 0 be an open set. We have:

A(0) =inf{L(A) : O C Ip}.

2we recall that according to our definition a multiinterval is composed of open intervals.




1.2. SUBSETS OF THE REAL LINE AND CONTINUITY 19

2. if O1 C O, are nonempty open sets then 1(01) < 1(0») .

Remark 22 Note that 1(O) < +oc0o. When O is bounded its measure is finite

but it is not difficult to construct examples of unbounded open sets with finite
measure. 1

The proof of Theorem [[7] The proof follows from the following simple
observations:

1. the union of open intervals which have a common point is an open interval.

2. let xg € O. The union of the open intervals / such that xy € I C O is the
maximal open interval to which x( belongs and which is contained in O.
We denote it I,,.

3. let xo and x; be points of the open set O. We have either I, = I, or
Li,NI, =0.

These properties imply that O is the union of disjoint open intervals. These
intervals can be arranged to form a sequence by choosing one rational number
from each one of them and recalling that the rational numbers are numerable.

1.2.1 Restriction and Extensions of Functions

Let A € R and let f be a real valued function defined on A. We define:

1. if B C Rtheng = f|,, the REsTRICTION Of f tO B, is defined when BNA # ()
and by definition domg = A N B and if b € dom g then g(b) = f(b). So,
the graph of g is obtained by that of f by deleting the points (a, f(a)) for
which a ¢ B.

The function f has a unique restriction to B.
2. Let instead dom g C B and let f be defined on A 2 dom g. The function
f 1s an EXTENsION of g when fj, = g. So, a function defined on B admits

infinitely many extensions to A (unless A = dom g!) and in practice the
extensions which are used have additional special properties.

It is obvious:

Lemma 23 if | f(x)| < M for every x € A then we have also |fj,(x)| < M for
every x € B.
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It is important to be clear on the relation of continuity of a function and
of its restrictions. In order to appreciate these relations we state explicitly the
definitions of continuity at the points of B C A and the definition of continuity

of fi,.
Let B C A and let f be defined on A. Let

8= 1
be the restriction of f to the set B.

Continuity of f at xo € B C A: for every € > 0 there exists 6 > 0 such that if
and |x — xo| < 6 then |f(x) — f(xo)| < &. Note that we do not
impose x € B.

In terms of sequences, f is continuous at xy when

[t € Alandx, = x0 = f(x) = f(x0) = g(x0)

Continuity of g = fj, at xo: itmustbexo € Bsincedom fj, = B. The definition
of continuity is as follows: for every & > 0 there exists 6 > 0 such that if

and |x — xg| < 6 then |f(x) — f(x0)|] < &. In terms of sequences,

f 1s continuous at xo € B when

andxn—>xo =  f(x,) — f(xo0)
——

——
Il I

g(xn) g(xo)

Furthermore we note: if f is continuous at xo € B then g = fj, is continuous
too but continuity of g = f|, at xo € B nothing says on the continuity of f: it is
possible that g is continuous while f is not continuous. We give the following
quite elaborate example (which is important for the definition of the integral) and
we invite the reader to find a simpler one.

Example 24 Let A = [0, 1] and f = d be the DiricLET FUNCTION on [0, 1]:

f=an={3 £ 152 o

The function f = d is discontinuous at every point.
Let B = QN (0, 1), the set of the rational points of (0, 1). The function
g = f|, 1s continuous on B because it is the constant function 0.
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Analogously we see that f|. is continuous when C = [0, 1] \ Q.

The message of this example is that when studying continuity of the restriction
of a function on a set B, we only consider the part of its graph which projects
ortogonally to points of B. The remaining part of the graph is deleted. 1

Finally, as an application of the definition of continuity, we invite the reader
to prove the following result3:

Theorem 25 Let A C R and let f and g be continuous on A. The functions

¢(x) = max{f(x),g(x)}, ¥ (x) = min{f(x), g(x)}

are continuous on A. In particular, let N be any real number and let

fen(x) =max{f(x),N},  fon(x)=min{f(x),N}. (1.9)

The functions f, y and f_ n are continuous on A.

Associated Multiintervals

Let f be a function a.e. defined on an interval R. The interval can be unbounded,
i.e. it can be a half line or it can be R; the endpoints of the interval can belong to
R or not, i.e. R can be open or closed or half open.

Let A be a multiinterval in R, i.e. such that 7, € R. We say that A is a
MULTIINTERVAL ASSOCIATED TO f when fi., I is continuous. If L(A) < & we say
that A is an ASSOCIATED MULTIINTERVAL OF ORDER &.

We note that an associated multiinterval of order £ needs not be unique.

We consider the following example:

Example 26 Let f be defined on (A, k) and continuous on (%, i) U (%, k). Any
interval (h — 1/n, h + 1/n) is an associated interval of order 2¢ if 1/n < ¢.

The reader is invited to use the previous idea and to combine the examples[12]
and 24] and to construct an associated multiinterval of order & for the Dirichlet
function (in case of difficulty see the Example 40)). 1

This concept of associated multiinterval is crucial in the Tonelli definition of
the interval. So it is convenient to present few simple comments.

Lemma 27 let R be an interval and let € > 0. The following properties hold:

3a proof is in Sect. [6.1}
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1. let R be not closed. Let f be defined on R and let there exist a multiinterval
A of order € associated to f. If g is an extension of f to cl R then there
exists a multiinterval of order € associated to g.

2. let f and g be a.e. defined on R and let N = {x : f(x) — g(x) # 0} be
a null set. If there exists a multiinterval A of order € associated to f then
there exists also a multiinterval of order € associated to g.

3. let f and g be a.e. defined on an interval R and let A and A be multiinterval
of order € associated respectively to f andto g. Then AUA is a multiinterval
of order 2¢& associated to f + g.

4. As in (L.9) we define, for every N € R,

f+,N(x) = max{f(x), N} > f—,N(x) = min{f(x), N} . (110)

If A is a multiinterval associated to f it is also a multiinterval associated
to fy N and to f_ y.

Proof. We prove statement [Il Note that R # R since it is not closed. So it has
one or two (finite) endpoints. The multiinterval associated to g is obtained by
adding to A one or two intervals which cover the end points of R of length less
then (& — L(A)) /2.

Statement2lis proved in a similar way: we construct a multiinterval A; which
covers N and such that L(A) < € — L(A). The required multiinterval is A U A;.

Statement [3] is proved in a similar way and statement [l is a reformulation of
Theorem[23lwhen A = R \ 75 and A is an associated multiinterval to f. 1

Theorem 28 Let {f,,} be a sequence of functions. We assume that for every
o > 0 there exists a multiinterval A, of order o associated to f,. Under this
condition, for every € > 0 there exists a multiinterval A, which is associated to

every f.

Proof. The multiinterval A, is

+00
Ag = U An’g/zn .1
n=1
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1.2.2 Tietze Extension Theorem: One Variable

A key result which is used in the construction of the integral is Tietze extension
theorem. We introduce the following definition:

Definition 29 Let f be continuous on the closed subset K of R. We call TieTzE
EXTENSION OF f any continuous extensiond fe of f to an interval R 2 K such

that
inf{f(x), x € K} =inf {f,(x), x € R},

(1.11)
sup{f(x), x e K} =sup{f.(x), x € R} .

Tietze extensions exist in any normal topological space. Proofs in such
generality can be found in books on general topology. Here we give a proof in
the case of functions of one variable. The proof is intuitive thanks to Theorem [17]
and furthermore it gives an extension which has an important additional property.
While reading the theorem, it may be
helpful to look at the figure here on
the right. The geometric definition of
the extension and a look to the figure /\ \H
easily shows the properties stated in — “‘
the theorem. For completeness, the *ﬁ/
details of the proof are given at the
end of this section.

In the figure, the set K and the graph
of f are red while the graph of the
extension to R \ K is blue.

Theorem 30 (TieTZE EXTENSION THEOREM) Let K C R be a closed set and let f
be defined on K and continuous.

The extension f, of f constructed with the procedure described below has
the following properties:

1. the function f, is continuous on R;

2. we have

min{f(x), x € K} =min{f,(x), x € R},
max {f(x), x € K} =max{f.(x), x e R} .

4the hypothesis that the function f is defined on a closed set is crucial for the existence of
continuous extensions. In general there is no continuous extension from an open set.
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3. let g be a second continuous function defined on K and let g, be its extension
obtained with the procedure described below. If f(x) > g(x) on K then

Je(x) 2 ge(x).

The function f, is defined as follows: f.(x) = f(x) if x € K while ifx ¢ K
we proceed as in the following steps:

Step 0: we use Theorem and we represent R \ K = U(a,, b,) (the open
intervals (an, b,) are pairwise disjoint);

Step 1: we note that the endpoints a,, and b,, belong to K ;

Step 2: if K is bounded above then (only) one of the interval (ay, b,) has the
form (r,+o0) withr € K. On this interval we put f,(x) = f(r). Analogous
observation and definition if K is bounded below;

Step 3: on the bounded interval (ay, b,) the extension f, interpolates linearly
among the points (a,, f(a,)) and (b, f(b,)); i.e. the graph is the segment
which joins these points. In analytic terms:

ifx € (ay, by,) thenx = da, + (1 — )b, (withAd € (0,1)). (1.12)
By definition, f,(x) = Af(a,) + (1 =) f(b,) . '

We note:

* the property in the statement[3] of Theorem [30]is a property of the special
Tietze extension obtained with the procedure described in the theorem. It
is not a property of any Tietze extension.

* itisclear thatin general there are infinitely many extensions of a given func-
tion. Fig.[[.1lin Example 38 below shows two different Tietze extensions
to [h, k] of a function which is continuous on K = [h, h — &) U (h + &, k]
(¢ > 0) while Example 40| below shows that the Dirichlet function admits
a unique Tietze extension. More in general we have:

Lemma 31 A function which is a.e. constant on an interval, f(x) = ¢
a.e., admits the unique Tietze extension f,(x) = c.

The proof (similar to that in Example40Q) is left as an exercise to the reader.

We state:
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Theorem 32 Let { f,,} be a sequence of continuous function defined on the closed
set K and let let ( f,). be Tietze extensions of f,. If f, — 0 uniformly on K then
(fw)e — O uniformly on R.

Proof. The statement is an obvious consequence of Theorem [2] and the inequal-
ity which holds for every Tietze extension. &

Theorem [30) is extended to functions of several variables in Chap. Bl The
proof is in the Appendix [3.4) where we extend also Theorem

Now we state further properties of the special Tietze extensions obtained with
the procedure described in Theorem[30L These properties, which do not hold for
general Tietze extensions, will be used to give a simple proof of Egorov-Severini
Theorem in Chap.

Theorem 33 Let { f,,} be a sequence of continuous functions defined on a com-
pact set K and let ( f,,). be the Tietze extension of f, obtained with the algorithm
described in Theorem 30l The following properties hold:

1. If {f,} is an increasing (decreasing) sequence on K then {(f,).} is an
increasing (decreasing) sequence on R.

2. if {fu(x)} converges for every x € K then {(f,).(x)} converges for every
x eR

Proof. Statement[Ilis an immediate consequence of the property3lof Theorem[30]
We prove Property 2l We recall (I.12): Let R\ K = Ugsi(ag, by). Letx €
(ak, by), abounded interval. There exists A € (0, 1) such that x = Aay+(1-2)by
and

(f)e(x) = Afular) + (1 =) fu(br) -

The end points a; and by belong to K so that {f,(ax)} and {f,(bx)} both
converge. So also

(fa)e(x) = Afu(ar) + (1 = A) fu(br)

converges.
The same hold on an unbounded interval, either (ag,,+o0) or (—oo, by,),
since on these intervals either (f,,).(x) = fu(ak,) or (fu)e(x) = fu(bi,).
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The proof of Theorem We apply Theorem [17]to the open set
O=R\K: R\ K =UI, =U(ay, b,)

(the intervals I, are pairwise disjoint).

The end points a, and b, do not belong to I,,, which is open. Hence they
belong to K = dom f and f (an) and f(b,) are defined.

It is convenient to denote f the restriction of f, to O. So, f is defined as
follows:

o If (r, +0) is one of the intervals which compose O then we define f(x) =
f(r) when x > r and analogously when (—oo, r) is one of the intervals
which compose O we define f(x) = f(r) when x < r.

« we define f on the bounded intervals I,, = (ay, b,) by assigning its graph:
the graph of f on I, is the segment Wthh joins the two points (a,, f(a,))

and (bn, f(bn)).

The function £ is continuous on O and

n?fsﬂﬂSH?f VxeO. (1.13)

In order to complete the proof we must prove continuity of the function

[ fx) if xeO=R\K
fE(x)_{f(x) if xek.

Every xo € O has a neighborhood contained in O and on this neighborhood
f.(x) = f(x), hence it is continuous.

We must prove continuity at the points of K.

For most of clarity we use the following notation: a point of K is denoted
k while a point of R\ K = O is denoted x. In spite of this, we recall that the
endpoints a, and b,, of the intervals I,, belong to K.

We consider a point ky € K and we prove continuity of f, at ky. Continuity
is clear if ko € int K and so we must consider solely the case ko € K so that kg
belongs to K and it is an accumulation point of O.

We fix any € > 0. Continuity of the function f defined on K shows the
existence of ¢ > 0 such that

keK ~—— ~—— ~——
=fe (ko) =fe(k) =fe (ko)

{ k € Is = {|k — ko| < 6}, fko)—e < f(k) < f(ko)+e. (1.14)
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In order to prove continuity of f, at ko we must prove the existence of § < ¢
such that also the following property holds:

x € Iz = {|x — ko| <},
{ X e()(S {| Ol } = fe(kO) —&€< fe(x) < fe(ko) +E. (115)
~—— ~—— ——
=f (ko) -f)  =f(ko)

The intervals (ay,, b,) belong to the following three classes:

1. those intervals which do not intersect Zs. Their points are not considered
in (I.13]) since we choose 6 < ¢ and we do not need to consider them.

2. The intervals (ay,, bn,) C Zs5. There can be infinitely many such intervals.

3. The intervals (ay,, b,,) which are not contained in 75 but which intersect
Is. There are at most two of such intervals, one on the right and one on
the left: an interval (ap,, by,) such that

ko < apy < ko+6 < by,

and the analogous intervals on the left.

By reducing the value of 6 we can assume

ko < any < ko+0 < by, . (1.16)

Now we show how § can be chosen. We consider values of x on the right of
ko. A similar procedure can be done when x < k.

When x € O there exists a unique ng such that x € I, = (ay,, by,) and the
construction of £ is such that

f(x) = f.(x) belongs to the interval of end points
fe(an,) = f(ano) an(} fe(bny) = f(by,) i.e. (L.17)
fe(ano) = f(ano) < f(x) = fe(x) < f(bno) = fe(bno) .

The interval (an,, bn,) that has to be considered is either in the case [2l or in
the case

First we consider the case that (a,,, bp,) isinthe caselli.e. x € (an,, by,) S Zs
then we have

from (L17)
f (ko) —& < f(an,) < f(x) < f(byy) < f(ko) +e
— ~—— — ~—— ~——
=fe(k0) :fe(ano) =fe(x) :fg(bno) =fe(k())

from
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as wanted with 6 = 6.
Instead, let (an,, bn,) be in the case 3l We consider the case of the interval
on the right side. We have the following cases:

1. the case that kg < ap,. In this case we reduce the value of 6 and we choose
0 < ay, — ko. This way,

[ko, ko + 5) = [k(), a,,o)

and the points x € (ap,, by,) have not to be considered: the required
inequality (I.13)) holds on [kq, ko + 6).

2. the case a,, = ko < ko + 6 < by,. On [ko, ko + &) We have f,(x) = f(x),
a continuous function and by suitably reducing the value of § the required
inequality (I.13) is achieved.

This last observation ends the proof of continuity.
The statement [3] follows from the following observation: if f(a,) > g(a,)
and f(b,) > g(b,) then gives f(x) > g(x) for every x € (ay,, b,). 1

1.3 Tonelli Construction of the Lebesgue Integral

This section contains the fundamental ideas of the Tonelli method, presented in
the simplest case of the functions of one variable. We proceed as follows: first we
introduce and discuss the main ingredients used by Tonelli. In particular we de-
fine the quasicontinuous functions defined on (bounded or unbounded) intervals.
Then we define the Lebesgue integral of bounded quasicontinuous functions de-
fined on bounded intervals. Finally we define quasicontinuous functions defined
on a large family of domains and their integral. In this case we do not assume
that the functions or its domain are bounded.

1.3.1 The Key Ingredients Used by Tonelli

Tonelli construction of the Lebesgue integral is based on three main ingredients.

The first ingredient is the definition of the null sets (see Definition [LTJ).

The second ingredient is the class of the quasicontinuous functions defined on
(bounded or unbounded) intervals that we define nowﬁ.

Sthe extension to functions defined in a larger class of domains is in Sect.[[.3.3
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Let R be a bounder or unbounded interval. A function f defined a.e. on R
iS @ QUASICONTINUOUS FUNCTIONY when the following property holds: for
every € > ( there exists a multiinterval Ag of order € which is associated
to f i.e. such that

L (AS) <ée& ’
] ; (1.18)
Jfirys, is continuous .
Note that
inf f < inf f< su <supf. (1.19)
K ! R\La, / R\Ifg / Rp /

A quasicontinuous function which is bounded is a BOUNDED QUASICONTIN-
UOUS FUNCTION.

Remark 34 We observe:

1. if a function f is quasicontinuous on the interval R then its restriction
to the bounded intervals R N [—k, k] is quasicontinuous for every
k. The converse implication holds too. Let f be quasicontinuous
on R N [-k, k] for every k. Let & > 0. We associate to fi,. ,,, @
multiinterval Ag such that L(Ay) < &/2%. The multiinterval A, =

Ur>14Af is associated to f on R and it is of order &.

2. inorder to see whether a function is quasicontinuous it is sufficient to
check that property (IL18) holds solely for the sequence €, = 1/n. 1

Statement 3] of Lemma[27] has the following important consequence:

Theorem 35 The classes of the quasicontinuous functions and that of the
bounded quasicontinuous functions (defined on a fixed interval R) are
linear spaces.

The third ingredient. Let f be a bounded quasicontinuous function on the
interval R.

We construct a sequence of continuous functions on R which we call an
ASSOCIATED SEQUENCE OF CONTINUOUS FUNCTIONS.

We proceed in two steps:

6“quasicontinuous functions” corresponds to “funzioni quasi continue” used by Tonelli. A
better translation would be ““almost continuous functions” but this term might be confused with
“almost everywhere continuous functions” and we prefer to avoid it.
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Step 1: when f is defined on a closed interval

Let dom f = R. The interval R can be unbounded but it is closed. Let
g, >0,¢, —0. Letﬁ A,, be multiintervals associated to f, A, of order &,:

L (Al’l) < 8}’1 )
1s continuous .

ﬁR\IAn

The set R \ I, is closed. Theorem [30] asserts that f| admits a Tietze

R\IAn

extension ( 1 to R, i.e. a continuous extension with the same upper

R\IAn )e
and lower bound as f.

The sequence n +— ( Ir\1y ) 1S an ASSOCIATED SEQUENCE (t0 f) OF CON-
n/e
TINUOUS FUNCTIONS OF ORDER &jy.

Step 2: f is a.e. defined on a nonclosed interval R

The key observation is Statement[2lin Lemma[27|which can be reformulated
as follows:

Theorem 36 Let [ be a.e. defined on an interval R which is not closed.
Let g be one of its extension to cl R. Then, g is quasicontinuous if and only

if f is.

An ASSOCIATED SEQUENCE OF CONTINUOUS FUNCTIONS TO f is by definition
a sequence associated to any of its extensions g.

Given g, — 0, any sequence {A,, f,} where f, = ( fir 1 ) 1s a sequence
n /e

of ASSOCIATED MULTIINTERVALS AND CONTINUOUS FUNCTIONS OF ORDER
Sn'

Remark 37 It is clear that neither the multiinterval A,, nor the functions
( fir 1 ) are uniquely identified by &, but when there is no risk of con-
n /e

with the simpler notation
e

fusion it may be convenient to denote ( Jirvz, )

Jfneoreven f,. 1

7we use the simplified notation A, instead of the complete notation A, .
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The Properties of the Quasicontinuous Functions

First a simple example:

Example 38 A function which is continuous on [/, k] a partajumpat € [h, k]
is quasicontinuous. We show explicitly this fact in the case & € (h, k) and we
leave to the reader the case that /1 is one of the endpoints.

We fix any ¢ such that

0<e<min{h-h, k-h}.

The multiinterval A, is composed by the sole interval (i — &, /i + €) (but of
course we might choose a more complicated multiinterval).

The function f is continuous both on [/, i — €] and on [A + &, k]. The
function f is for example one of the functions whose graph is in Fig.

YA

<

Figure 1.1: The function f(x) and two different choices for ( Siry I )
c/e
We leave the reader to write the analytic expression of the functions and we
stress the fact that ( b
We observe that

R\, )e is not uniquely identified by A,.

k

i [ (A, ), 0 e = [ 7 a

e—07f

Riemann integral Riemann integral

in spite of the fact that the convergence is not uniform.
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This arguments is easily extended to functions with finitely many jumps, in
particular to piecewise constant functions. We recall that the approximation from
below and from above of a function with piecewise constant functions is the key
step in the definition of the Riemann integral. n

Example 38| can be much strengthened:

Lemma 39 An a.e. continuous function which is a.e. defined on an interval R
is quasicontinuous.

Proof. We extend f to cl R in an arbitrary fashion. The extension is still denoted
f. By definition, for every n there exists a multiinterval A such that L(A) < 1/n
and f is continuous at the points of R\ Zx. So, fj,, I is continuous too. It follows
that f is quasicontinuous. &

The implication in Lemma 39| cannot be inverted:

Example 40 We noted that the Dirichlet function on [0, 1] is discontinuous at
every point. Hence it is not a.e. continuous but it is quasicontinuous. In fact,
we proved in the Example[12] that the set of the rational points of [0, 1] is a null
set. So, for every n there exists a multiinterval A, such that L(A,) < 1/n and

Q C 1y,
The elements of the set K,, = [0, 1] \ 7, are irrational points and so

d (x)=0 VxeKk,:

the function d| X is constant, hence continuous. So, the Dirichlet function is
quasicontinuous in spite of the fact that it is not a.e. continuous.
We note that the Tietze extension of d|, is unique and it is identically zero:

(dlK”)e =0

and this is a special instance of Lemmal[31] »

The following simple observations have to be compared with Theorem [35
Theorem 41 Let R be an interval. The following properties hold:

1. let f be quasicontinuous on R and let Ry C R (R is an interval). Then
[ix, s quasicontinuous on Rj.

2. let h € (hk). If f is a.e. defined on (h, k) and if it is quasicontinuous
both on (h, h) and on (h, k) then it is quasicontinuous on (h, k).
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3. the sum and the product of two (bounded) quasicontinuous functions on an
interval R is a (bounded) quasicontinuous function on R.

The quotient of quasicontinuous functions is quasicontinuous if the denom-
inator is a.e. non zero.

4. let f be quasicontinuouson the interval R and let g be a continuous function
on a domain which contains the image of f. The compositionx — g(f(x))
is quasicontinuous.

5. let f, be quasicontinuous functions. For every k, the functions

¢ (x) = max{fi(x), fa(x), ..., fr(x)}
Yr(x) =min{fi(x), f2(x), ..., fi(x)}

are quasicontinuous.

These statements are either already noted or easily proved. In particular we
examine the statement[3] It is sufficient to examine the maximum of two functions
f(x) and g(x).

We use Theorem 25} if both f(x) and g(x) are continuous at x then x
max{ f(x), g(x)} is continuous at x¢ too.

Let the two functions f and g be quasicontinuous on R. For every € > 0
there exists A, such that both fz\a, and gg\a, are continuous. The restriction to
R\ A of max{ f(x), g(x)} is equal to

max {fr\a, » R\A,} -

the maximum of two continuous functions. Hence, it is a continuous function.
Let now 14 be the CHARACTERISTIC FUNCTION of a set A:

1 if xeA
L‘(’C)‘{o if xgA.

The properties in the statements[Iland 2lof TheoremH&Tlcan be recasted as follows:

Corollary 42 Let f be a.e. defined on [h, k] and let h € (h, k). The function f
is quasicontinuous if and only if both 1, 1, f and 1j, 1, f are quasicontinuous.

Now we recall the notations in (1.9) and observe that

f= fio + foo
—— ——
=max{f,0} =min{f,0}
The previous result can be applied separately to fyo and to f_o. We apply
Theorems 25and 41l to fi o and to f~ o (when A = R \ Zp,). We find:



34 CHAPTER 1. LEBESGUE INTEGRAL OF FUNCTIONS ON R

Theorem 43 Let the function f be a.e. defined on R. Then we have:

1. the function f is quasicontinuous if and only if both f,o and f_o are
quasicontinuous.

2. ifthe function f is quasicontinuous on an interval R then | f| is quasicon-
tinuous on R too.

Statement [2] follows from

|f O] = frox) — fo(x).

Theorem 43| shows that it is not restrictive, when studying the properties of
quasicontinuous functions, to assume that the functions do not change sign. This
observation will be useful in the study of integration theory.

Remark 44 Observe that we did not assert that the composition of quasicontin-
uous function is quasicontinuous. In fact, in general it is not. See Remark [200]in
Appendix [6.6] &

1.3.2 The Lebesgue Integral under Boundedness Assumptions

We define the Lebesgue integral of a bounded quasicontinuous function a.e.
defined on a bounded interval.
We note a property of the Riemann integral:

Lemma 45 Let f be Riemann integrable (hence bounded) on [h, k]| and let
|f(x)| < M for all x € [h,k]. Let there exists a multiinterval A such that
f(x) =01ifx € [h, k] \ Za. Then the following inequality holds for the Riemann

integral:
k
/ f(x)dx| < ML(A).
h
Proof. The Riemann integral is
k N-1
[ @ de= gim 3 ) = i) (120

where h; y = h + L(k — h) and xy; € [h;n, his1.n) can be arbitrarily chosen
(see Corollary[69]in Appendix[L.3)). As the value of the integral does not depend
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on the choice of the points x; y we decide to choose x; y ¢ Zx provided that this
is possible, i.e. when [A; y, hi+1 ) 1s not contained in Zx.

This way, the nonzero elements of the right sum in (I.20) are those which
corresponds to intervals [%; v, ki1 ) Which are contained in Z5. The sum of the
lengths of these intervals is less then L(A) so that

N-1
Z fxin)(hizin — hin)| < ML(A).
i=0

This inequality is preserved in the limit. 1

We fix abounded interval R = [, k] and a bounded quasicontinuous function
f a.e. defined on it:
|f()l <M.

Then we fix a sequence (A, f,,) of associated multiintervals and continuous func-
tions of order 1/n. The functions f, are continuous, hence Riemann integrable,
on R.

Note that by the definition of the associated functions and from the inequal-

ity (1.19) we have

| ()| < M Vx € [h, k] Vn. (1.21)
We prove:

Theorem 46 The sequence of the Riemann integrals

/h )

is convergent and the limit does not depend on the particular associated sequence
(Ay, fn) of order 1/nin the sense that if (A, f,) is a different associated sequence
of order 1/n then

k k
lim fu(x) dx = lim / fulx) dx.
h n—+oo Jp

n—+oo

Proof. The continuous function f;, — f;, is different from zero solely on 75, U 1, .
So, from Lemma43] we have

‘ ¢ g 11
Vh Ao ax- [ fm(X)dX‘=/h Ifn(X)—fm(X)ldxsZM(;+—).

m
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It follows that the sequence

{/hkfnm e

is a Cauchy sequence, hence it is convergent.

In a similar way we see that the limit does not depend of the special associated
sequence.

First we note that the inequalities (IZI) holds both for f, and for f,: if
| f(x)| < M then we have |f,(x)| < M and | f,(x)| < M for every n. Then we
observe

o) = Fa0l =0 Ve [\ {Tn, U T |-

Hence
'/ £u() dx - /fn(X)dX<—
so that . .
Jim [ pw = [ i arf=0.

It is clear that the special sequence 1/n has no role and the same argument
can be repeated for sequences (A, f,) of order &, and (A, f,) of order &, with
g, — 0and &, — 0. L.e. we have

Theorem 47 Let {g,} and {é,} be two sequences of positive numbers both
convergent to zero. Let f,, f, be associated continuous functions (to f) of order
respectively to €, and to &,. Then we have

k k
lim fn(x) dx = lim / fu(x) dx.
n—+o0o n—+oo [,

These observations justify the following definition: let f be a bounded qua-
sicontinuous function a.e. defined on the bounded interval R = [h, k]. We fix
any sequence {A,, f,} of associated multiintervals and continuous functions of
order 1/n. The LEBESGUE INTEGRAL of f on R is defined as follows

k k
/ f(x) dx = lim / fu(x) dx . (1.22)
h n—+oo Jp

—————

Lebesgue Riemann
integral integral

A consequence of the fact that f is only a.e. defined on R is that the integral does
not change if the interval R is open or half open.



1.3. TONELLI CONSTRUCTION OF THE LEBESGUE INTEGRAL 37

Example 48 Let us see two examples:

1. Let f be a.e. defined on [/, k], and let
fx)=fi h<x<h, fx)=f h<x<k.

Tietze extensions of this functions have been considered in Example 38|
From the arguments in Example 38 we see that the Lebesgue integral of f
is

k
/h F) dx= filh—h)+ folk— ).

It is known that the sum on the right is also the Riemann integral of the
function.

This observation can be extended to any piecewise continuous function.
Let h;, 0 <i < N be points such that

h=ho, hi<hi, hy=k

and let y(x) = x; if x € [h;, hiy1). Then, its Lebesgue integral is

k N
/h x(x) dx = ZXi(hHl - h;)
i=0

and this number is also the Riemann integral of .

2. Example 40| shows that

k
/ d(x) dx =0 (d is the Diriclet function)
h

~—— —

Lebesgue integral

as required in Remark [6l 1

The definition of the oriented Riemann integral suggests to define also of the
ORIENTED LEBESGUE INTEGRAL:

/hkf(X)dx=—/khf(X)dx since /hkfn(x)dx:—/khfn(x)dx_

Lebesgue integrals Riemann integrals
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When the interval of endpoints 4 and k (with & < k) is denoted R then we
use, both for the Riemann and the Lebesgue integrals,

k
/ f(x) dx to denote / f(x) dx (we repeat: h < k).
R h

From now on, the integral sign will always denote the Lebesgue integral,
unless explicitly stated that it is a Riemann integral. The fact that / denotes
a Lebesgue integral is explicitly indicated when convenient for clarity.

Now we state the following obvious result (recall Example [48] for the second
statement and Lemma 3] for the third):

Theorem 49 We have:

1. any f € C(|h, k]) is Lebesgue integrable and its Lebesgue integral coin-
cide with its Riemann integral. In particular, if f(x) = c on [h, k] then its
Lebesgue integral is c(k — h).

2. any piecewise continuous function is Lebesgue integrable and its Lebesgue
integral coincides with its Riemann integral.

3. two functions which are a.e. equal on R have the same Lebesgue integral.
In particular

k
f=0ae.x€[hk] = /f(x)dx:O.
h

The following result is a simple consequence of the corresponding result
which holds for the Riemann integral of continuous functions:

Theorem 50 Let f and g be a.e. defined on |h, k], bounded and quasicontinu-
ous. Then:

1. LINEARITY OF THE INTEGRAL: if @ e 8 are real numer then
k k k
[ @rwpsto) de=a [ feravep [ e ar.

2. ADDITIVITY OF THE INTEGRAL: if h € (h, k) then

/hkﬂx)dx:/ff(x)d“/ﬁkf(x)dx.
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3. MONOTONICITY OF THE INTEGRAL: if f(x) < g(x) then

k k
/ f(x)de/ g(x) dx.
h h
4. inequality for the absolute value: we have
k k
[ rwad s [Cioar.

5. integrability of the product and of the quotient: the product f(x)g(x) is
integrable; the quotient f(x)/g(x) is integrable provided that |g(x)| >
a > 0.

Remark 51 The monotonicity property requires the following comment. By
definition, the value of the Lebesgue integral is the limit of the sequence on the
right side of (I22)) and it does not depend on the sequence that it is used. So,
monotonicity easily follows if we use the associated sequences to f and g used
in the proof of Theorem 30| since in this case f(x) > g(x) implies f,(x) > g,(x)
(see the statement[I] of Theorem [33)).

We note the following equality which holds for the Riemann integral:

k+a

k
flx-a)dx= / f(x) dx. (1.23)
h+a h

Passing to the limit of sequences of associated functions we see that the prop-
erty holds also for the Lebesgue integral.

Equality (I.23) is the TRANSLATION INVARIANCE Of the (Riemann or Lebesgue)
integral.

As stated in Theorem49] continuous functions and piecewise constant func-
tions (on a bounded interval) are both Riemann and Lebesgue integrable and
the two integrals have the same value. In fact, the Lebesgue integral extends
the Riemann integral since:

Theorem 52 Every Riemann integrable function is bounded quasicontinu-
ous, hence Lebesgue integrable, and the values of its Riemann and Lebesgue
integrals coincide.

The proof is in Appendix [I.3.2] where we prove also:

Theorem 53 A bounded function defined on a bounded interval is Riemann
integrable if and only if the set of its points of discontinuity is a null set.
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1.3.3 The Integral of Unbounded Functions on Unbounded
Domains

First we investigate the definition of the integral of a function f which is a.e.
defined on R and which can be unbounded. Then we consider the integral of f
on a set A provided that A has a suitable property.

So, we proceed in two steps:

Step 1: We put

fe(x) = fro(x) =max{f(x),0},  f-(x) = f_o(x) =min{f(x),0}

so that fy(x) > 0 and f_(x) < O for every x. Then, when N > 0, K > 0
and R > 0, we put

f+;(R,N)(x) — { glin{f+(X), N} g :i: ;1;
S N Ha N

Step 1A: Since f is quasicontinuous, the function f.. g n) is bounded
quasicontinuous for every R and every N. We define

R
[r@a=tim [ famwae. a2
R Notoo VR

Lebesgue Lebesgue

integral integral
The limit has to be computed with (R, N) € N X N (i.e. one in-
dependent from the other). It exists since fi.(rn) = 0 and it can
be +oo.

Step 1B: Since f is quasicontinuous, the function f_. g _x) is bounded
quasicontinuous for every R and every K. We define

R
[r@a=tim [ fammae. a2s)

K—+o0
—_————

Lebesgue Lebesgue
integral integral

The limit has to be computed with (R, K) € N XN (i.e. one indepen-
dent from the other) and it can be —oo.
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Step 1C: the quasicontinuous function f is INTEGRABLE on R when at
least one of the functions f; or f- has finite integral.

In this case we define

/Rf(x) dx = /Rﬂ(X) ar [ L@ a2

R

Lebesgue Lebesgue Lebesgue
integral integral integral

The integral can be a number (when both the integrals of f; and of
f- are numbers) or it can be +oo or it can be —co.

If the integral is a number, then we say that f is SUMMABLES.

Step 2: let A C R satisfy the following assumption:

Assumption 54 The characteristic function of the set A is quasicontinu-
ous. 1

When f is quasicontinuous on R and the set A satisfies the Assumption [54]
then the product f1,4 is quasicontinuous. With an abuse of notation, even
if f is solely a.e. defined on A we put

f(x)1a(x) = { (j)f(x) i i 22 (abuse of notations)  (1.27)

and:

1. if f14 (defined as in (1.27)) is quasicontinuous on R we say that f is
a QUASICONTINUOUS FUNCTION ON A;

2. if f14 is integrable on R then we say that f is INTEGRABLE ON THE
SET A; if it is summable then we say that f is SUMMABLE ON THE SET
A;

3. if f is integrable or summable on A then we introduce the notation
[ s ar= [ feone e

Remark 55 We note:

8we advise the reader that this distinction between summable and integrable functions (in-
troduced by Lebesgue in his thesis) is not used in every text. For example, in [31} p. 73] the term
“integrable” is used to intend that the integral is finite.



42 CHAPTER 1. LEBESGUE INTEGRAL OF FUNCTIONS ON R

1. sets which do not satisfy Assumption [34] exist. An example is in the
Appendix [6.3]

2. any open set satisfies Assumption 34l A faulty proof is as follows: let
O = U,>1(ay, b,) and let the intervals be pairwise disjoint. The function
1o is discontinuous at a, and at b,. The set of the points a, and b,
is numerable so that 1, is discontinuous on a numerable set. Hence,
1o is quasicontinuous. We invite the reader to discuss the error in this
argument. The error is discussed in Remark [[96] while a correct proof is
in Theorem|[88] n

The following properties of the integral clearly holds:

Theorem 56 Let A be a set which satisfies the Assumption[34]and let f and g be
summable on A. Then:

1. LINEARITY OF THE INTEGRAL: if @ e B are real numbers the function a f +g
is summable and

k
AuUM+@u»m=aAﬂmm+gﬁgum»

2. if g is bounded then the product fg is summable; if 1/g is bounded then
the quotient f /g is summable.

3. MONOTONICITY OF THE INTEGRAL: If f(x) < g(x) then

AﬂwMSAgmm.

4. two functions which are a.e. equal on R have the same Lebesgue integral.
In particular the integral of a function which is a.e. zero is equal to zero.

The previous properties correspond to properties which hold also for the
improper integral. Instead, the absolute value has a new and an important

property.
Theorem 57 We have:
1. If f is integrable then | f| is integrable and

Auuwuiﬁmwm—éﬁmdn

So, the usual inequality of the absolute value holds:

AﬂwmsAumm»
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2. Let the function f be quasicontinuous. It is summable if and only if | f| is
summable.

We stress the assumption that f is quasicontinuous in the statement[2l This
assumption cannot be removed since we shall see in the Remark of the
Appendix[6.3]the existence of functions which are not quasicontinuous but whose
absolute value is constant.

The last statement of Theorem is crucial in functional analysis, since it
permits to define integral norms and the spaces L”.

Finally we state the translation invariance and the additivity of the integral.

Theorem 58 The following properties hold:

1. TRANSLATION INVARIANCE: let A be a set which satisfies the Assumption[54)]
and let f be defined on A and quasicontinuous. Let @ € R and

A+a={x+a, xeA}.
We have:

(a) the set A+a satisfies the Assumption5dand the functionx — f(x—a)
(defined on A + @) is quasicontinuous.

(b) if f is integrable on A then we have:

f(x—a)dx=/Af(x)dX-

A+a

2. ADDITIVITY OF THE INTEGRAL: let A| and A, be two disjoint sets which
satisfy Assumption 54 and let f be defined on A1 U A;. We assume that
fia, and fi,, are summable (hence also quasicontinuous). We have:

(a) the set Ay U A satisfy Assumption54land f is summable on A1 U Aj.
(b) we have

/ f(x)dx:/ f(x) dx+/ f(x)dx (recall: AinNAy;=0).
A1UA, Aq Ar

3. if Ay N Ay # O then:

(a) the sets Ay N Ay, A\ Ay and Ay \ Ay (if nonempty) satisfy Assump-
tion 54}
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(b) if f is defined on A1 U A, and fA1 and fA2 are summable then f is
summable on A1 U Ay and

Note that the statement[3]is consequence of the additivity of the integral since
AlUA; = (A1 \A2) U(A] NAy) U (A \ Ay) (disjoint union)
and

Layna, (X) = 14, ()14, (x), Lg\a,(x) = max{l4, (x) — 14,(x),0}.

We conclude with two simple observations where we use the notation

J-n(x) = min{f(x), N}.

The theorem on the limits of monotone functions shows the following criterion
of summability:

Theorem 59 The quasicontinuous function f is summable if and only if the
Jfunction

R
VR = [ 111 d
(defined for N > 0 and R > 0) is bounded.

The second observation is a consequence of the linearity and additivity of the
integral:

Theorem 60 Let f > 0 be summable. For every € > 0 there exists N, and R,
such that:

* if N > N, we havefA [f(x) —f_,N(x)] dx < &.

* ifR> R, wehavef|R|>R f(x) dx < &

Lebesgue Integral and Improper Integral

Theorem [52] (yet to be proved) shows that Riemann integral is extended and su-
perseded by the Lebesgue integral. Instead, the Lebesgue integral for unbounded
functions or on unbounded intervals does not supersede the improper integral
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since there exist even continuous functions which are important for the applica-
tions and which admit improper integral but which are not Lebesgue summable.
Important examples are the improper integral of the sinc function and the Fresnel

integrals:
+00 +00 1
. sin 7Tx
sinc rx dx = dx=1,
oo o X

improper improper
integral integral

+00 +0o0 T
/ sin® x dx:/ cosxzdx:\/j.
—00 —00 2

~————

~—_—————

improper improper
integral integral

1.4 Limits and the Integral

Both the definition of the Riemann and the Lebesgue integrals have a common
idea: first we single out a class of “simple” functions whose integral can be
defined in an obvious way. Then we single out classes of functions which can be
“approximated” with simple functions. Let f be a function in this class and {s,}
be a sequence of “approximating” functions. We prove that the integrals of the
functions s, converge to a number which is chosen as the (Riemann or Lebesgue)
theorem of f.

In the case of the Riemann integral, the simple functions are piecewise con-
stant and the Riemann integrable functions f have to be uniformly approximated
by piecewise constant function. So, it is natural to expect that limits and integrals
can be exchanged when “convergence” is uniform convergence.

In the case of the Lebesgue integrals, the “simple” functions are continuous
functions but the “approximation” is more general then pointwise convergence
on an interval: it is “approximation” in the weaker sense of the existence of
sequences of associated functions. So, it is natural to expect that limits and
integrals can be exchanged under more general conditions. In fact we have the
results which we state here and we prove in Chap.

The first result shows that the request 4l in the Table [I.1] is satisfied by the
Lebesgue interval. The proof is in Chap.2lbut, for the convenience of the readers
who do not plan to study Chap. [2, at the end of this section we sketch the proof
under restrictive assumptions.

Theorem 61 Let {f,} be a bounded sequence of quasicontinuous function de-
fined on a bounded interval [ h, k].
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Let { f,,(x)} converges to f(x) a.e. on [h, k]. Then the function f is bounded
quasicontinuous and we have

tim_ [ /h e dx]= /h [ 1im 7] / £x) dr.

The heavy boundedness assumptions in this theorem can be much relaxed
and in fact we have:

Theorem 62 (BErpo LEVI Or MONOTONE CONVERGENCE) Let { f,,} be a sequence
of integrable functions defined a.e. on R and let us assume that the following
properties hold a.e. on R:

1) 0< fulx) < fur1(x), 2) nl_lgloo Ju(x) = f(x) a.e.x eR.

Then, f is integrable and

+

Jim [ aear= [T @
Note that in this theorem the functions f;, need not be summable. The assumption
is that they are integrable. And the conclusion is that f is integrable, possibly
not summable. The function f may not be summable even if each one of the
functions f;, is.

Concerning summability we have:

Theorem 63 (LEBESGUE Or DOMINATED CONVERGENCE) Let { f,,} be a sequence
of summable functions a.e. defined on R and let f,, — f a.e. on R. If there exists
a summable nonnegative function g such that

| ()] < g(x) a.e.x €R

then f(x) is summable and
lim/_ fn(x)dx:/_ f(x) dx.

Sketch of the proof of Theorem We assume that the assumptions of the
theorem hold and furthermore that a seemingly restrictive assumption holds too.
So we assume:

1. each function f;, is a.e. defined on [, k] and it is quasicontinuous.



1.4. LIMITS AND THE INTEGRAL 47

2. there exists M such that | f;,(x)| < M a.e. x € [h, k] and for every n.
3. the sequence converges a.e. x € [h, k], f,(x) = f(x).

4. for every € > 0 there exists a multiinterval A, such that L(A;) < & and
such that every f, is defined on [h, k] \ I, and furthermore:

(a) the restriction ( f;, is continuous.

)|[h,k]\IA£

(b) the sequence { f,} is uniformly convergent on [h, k] \ Ia,.

Assumption 4] looks unduly restrictive but Egorov-Severini Theorem (Theo-
rem [83] of Chap. [2)) shows that it is a consequence of pointwise convergence.
The key points of the proof of Theorem [61] are the following ones.

The limit function f is quasicontinuous. We use the assumptiondt we fix & >
0 and a corresponding multiinterval A. In order to simplify the following
notations, we put

H. = [h,k] \ Ip, (note that H, is closed).

We associate to the restriction of f, to H, the particular Tietze extension
constructed in Theorem[3Q] via linear interpolation. This particular Tietze
extension is denoted f, ¢ ..

Now we use the following steps:

1. Assumption 4] and the statement (2] of Theorem 33] imply that the
sequence n — f, - .(x) is convergent for every x € [h, k]. Let f be
the limit function.

2. Assumption 4 implies that the sequence {(f,)|,,, } is uniformly con-
vergent and it is a sequence of continuous functions. So, its limit f, He
1S continuous.

3. from (fy)),. (x) = fu(x) and f,(x) — f(x) for every x € H,, it
follows that f(x) = f(x) if x € H,.

So, fj,, is continuous and f is one of its Tietze extensionsd.
This argument holds for every £ > 0 and so f is quasicontinuous.

9by examining the limit process and the construction of f; . . we can see that f is precisely
the Tietze extension of f, constructed with the method described in the statement of Theorem 30l
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We prove convergence of the integrals. Once quasicontinuity of f is known
we can replace f;, with f;, — f and we can assume f, — 0.

We prove that if f;, — 0 a.e. then the sequence of the integrals converges
to zero.

Assumptiondland Theorem[32]imply that { f;, . . } converges uniformlyto 0.

‘We note

Riemann integral Lebesgue integral

k k k
L fu(x) dx = L Fnse(x) dx"'é [fn(x) - fn,s,e(x)] dx .

Lebesgue integral A B
The difference [ fu(x) = fn,&e(x)] is zero whenx ¢ 7. This fact implie@
|B| <2Me¢.

The integrals A are Riemann integrals and the integrands converge uni-
formly to zero. So, |A| can be made as small as we wish by taking n
large.

This implies that for every oo > 0 and every € > O there exists N = Ny o
such that if n > N, . we have

)/hkmx) dx

<|A|+|B| <o +e¢,

as wanted.

0the proof is in Theorem Q1] of Chap.
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1.5 Appendix: Riemann and Lebesgue Integrals

In this appendix we sketch the definition of the Riemann integral and we charac-
terize Riemann integrability of a function in terms of its points of discontinuity.
Then we prove that every Riemann integrable function is Lebesgue integrable
and that the two integrals have the same value.

1.5.1 A Sketch of the Riemann Integral

Functions which are Riemann integrable must be bounded and defined on a
bounded interval which we denote [#, k] but the fact that the end points belong
to the interval has no effect on integrability of the function or on the value of its
Riemann integral.

We sketch the definition of the Riemann integral and the relation of the
Riemann integral with the oscillation of the function.

The Oscillation of a Function

We define the osciLLATION of a function on a set and at a point.
Let f be a real valued function defined on a subset A C R. Let U be a set
which intersects A: A NU # (. The osciLLATION of f on U is

Q(f,U) = xs:‘lrguf(X) —xeigrfuf(X) :

We fix a point xg € cl A and we consider the intervals B(xg, r) = (xo—r, xo+7)
i.e. the neighborhood of x( of radius r. The function

r = Q(f, B(xg,r))
is increasing, hence we can define the OSCILLATION OF f AT x( as

w(f3x0) = lim Q (f, B(xo, 7)) -

The oscillation can be used to characterize continuity:

Theorem 64 Let xo € A = dom f. The function f is continuous at x if and only
if w(f;x0) = 0.

Proof. Let f be continuous at xo and let & > 0. There exists N such that for every
n > N the condition |x — xo| < 1/n implies | f(x) — f(x0)| < &. So,

1 1
e—xof <.y —xol <= = 1f(x) = ()] <2
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and so
n>N, = Q(f,B(xp,1/n)) <2¢.

Then we have w( f;xo) = 0 since £ > 0 is arbitrary.
Conversely, let w( f;x9) = 0. Then, for every &£ > 0 there exists 6 > 0 such
that

O<r<dé = Q(f,B(xgp,r)) <e.
In particular if x € B(xg,r) then |f(x) — f(x0)| < Q(f,B(xp,r)) <&. 1

We shall use the following result:

Theorem 65 Let f be any function defined on | h, k| and let « > 0. The set
Av=Aro={x€[hk] : w(f;x)>a} (1.28)
is closed.

Proof. We prove that if X is an accumulation point of A, then it belongs to A,
i.e. we prove that
w(f;X)>a.

The neighborhood B(X, 1/n) contains a point ¥ € A, and it contains also a
neighborhood U of X. So,

Q(f,B(ﬁ,l/n))=[ sup  f(x) - inf f(X)]

x€B(%,1/n) x€B(%,1/n)

>

sup f(x) — inf f(x)| 2 w(f1%) 2 a.

xeU

The inequality is preserved by the limit so that

w(f;x) = lim[ sup  f(x)— inf f(x)]Zoz. 1

n—=+00 |y eB(#,1/n) xeB(%,1/n)

Riemann Integral: the Conditions of Integrability

Riemann integral of the bounded function f defined on the bounded interval
[h, k] can be defined with several slightly different but equivalent methods. We
sketch one.

In the contest of Riemann integral, a pArRTITION of [A, k] is a finite set
P = {h;}o<i<ny such that

ho=h, h;<hy, hy=k.
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We associate to the partition # the following numbers
li = hiy1 = hi, 0(P) = max{l;}
m;=m;p = inf f(x) , M;= Mi,P = Supxe[hi,hi+1) f(x) .

x€[hi,his1)

Then we introduce the two piecewise constant functions y, e and y_ p

. X+ P(X) = Mi ’
if x € [h;, h;y1) then ’
Lis hixt) { Xop(x) =m;.

As seen in Example 48] their Lebesgue integrals are the numbers

k
L(f.P) = /h e () dx = SV M (hisr = )

N—— ——
Lebesgue

. integral (1.29)
LUP) = [ xep ) de= S5 mihin ).

———

Lebesgue
integral

Itis clear that I_(f,P) < I.(f,%) and in fact we have also

I—(f’ 7)) = I+(f,Q)

even if  and Q are different partitions.
By definition, the function f is RIEMANN INTEGRABLE when

SUP{I—(f’p)} = ll’lf{]+(f, 7))}

and this number is its RIEMANN INTEGRAL:

k
/h £(x) dx = sup{I_(f,P)} = inf{L,(f.P)} .

~—_————

Riemann
integral
It follows that every piecewise constant function is Riemann integrable and
that its Lebesgue and Riemann integrals coincidd!l. This observations hold in
particular for the functions y. p: the integrals in ((L.29) are both Lebesgue and
Riemann integrals.
The following result is known:

s stated in Example[d8]and in the statement 2] of Theorem
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Theorem 66 Let f be a bounded function defined on [h, k]. The function f is
Riemann integrable if and only if for every o > O there exists a partition P of
[h, k] such that

L(f,P)-I_(f,P)<o. (1.30)

If inequality (L.30) holds for a partition P then it holds also for any partition
Q2P.

So:

Corollary 67 Let f be a bounded function defined on [h, k). The function f is
Riemann integrable if and only if there exists a sequence {P,} of partitions of
[h, k] such that

0(Pu) — 0, L(f,Pn) = I-(f,Pn) — 0.

In this case

k
limy, 0o L (f, Pp) = limy, 100 / X+.p,(x) dx
h

Riemann and Lebesgue

k
/‘fwﬂh=< i (1.31)
h lim, 10 I-(f, Pp) = limy, 400 / X-p,(x) dx .
h

Riemann
integral

Riemann and Lebesgue
integral

Remark 68 We stress the fact that the integrals on the right of (I.31)) are both
Riemann and Lebesgue integrals. 1

A fact that has its interest is that the partitions $, in (L31)) can be taken
composed by equispaced points: for every n we can take a partition composed
by the N = n + 1 equispaced points

m:mwzh+%w—h% 0<i<N. (1.32)

We have:

Corollary 69 Let f be Riemann integrable on [h,k] and let h; = h; n be as
defined in (L32). Let x; n € [hin, hi+1.n) be arbitrarily chosen. We have

k N-1
[ s de= tim 3 £ i = i)
i=0

~—_—————

Riemann
integral
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Riemann Integrability and Continuity

We noted in Sect. [I.5.1] that continuity of a function can be formulated in terms
of its oscillation and Riemann integral has a relation with the oscillation of the
function since

M; —m; = Q(f, [hi, hir1)) .

We use this observation and we reformulate Theorem [66] as follows:

Theorem 70 The bounded function f, defined on [ h, k|, is Riemann integrable
if and only if for every o > 0 there exists a partition P of | h, k] such that

N-1

L(f,P) = L(f.P) = 3. Q(f, [his his)) (hiwy —hi) <o (1.33)
i=0

If f is Riemann integrable then for every 6 > 0 there exist partitions P for
which ([.33) holds and such that 5§(P) < 6.

This result suggests that we study in more details the relation of integrability
and the oscillation of the function.

The integrability test in Theorem[70|can be reformulated as in the statement[2]
of the following theorem.This reformulation of the test of integrability is often
called the “Dini test” after its proof in [7, p. 242] but it had already been stated
by Riemann.

We use the following notation. Let # be a partition of [4, k]| and let @ > 0.
We put

Ia',+ = {l . Q(f’ [hi’ hi+1)) = a'} ) Ia,— = {l . Q(f’ [hi’ hi+1)) < a'} .

Theorem 71 Let f be a function defined on [ h, k]. The following properties are
equivalent:

1. the function f is Riemann integrable.

2. the function f is bounded and the following DiN1 TEST holds: for every
g > 0 and a > 0 there exists a partition P of [ h, k| such that

Z (his1 — hy) < €. (1.34)

iely +
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Proof. We prove that property [l implies property 2l We assign & and « (both
positive). We apply Theorem [/Q with o~ = e« : there exists  such that

N-1
s> > Q(f, [hi, his1)) (his1 — hi)
i=0
= 0 Q(f [his his)) (hivt = hi) + Y Q(f [l hisr)) (it = i)
i€ly + i€ly, -
>a >0 >0
> o Z (hiy1 = hy)
i€ly 4
So we have (L.34]).

We prove the opposite implication. We prove that the property in statement 2]
implies the integrability condition in Theorem We use boundedness of f,
|f(x)| < M forevery x € [h, k]. We fix any oo > 0 and we apply the property in
the statement 2l with € = 0-/4M and @ = o /(2(k — h)). Let P be a partition for
which the inequality (I.34) holds with these values of & and a. We have:

N-1
31Q(f. [his his)) (hivt = i)
i=0

= > QU This hist)) (it = hi) + > Q(f, [his hisn)) (hisr = hy)

i€l + i€l -
<2M

<2Me+a(k—h)<o. 1

This result shows a relation between integrability and continuity: if xo €
(hi, hiv1) and if w(f,x0) > a theni € I, ,. More precisely, the next Theorem [72]
holds.

Theorem 72 Let f be defined on [ h, k|. The following properties are equivalent:
1. the function is Riemann integrable

2. the function is bounded and the following version of Dini test holds: for
every @ > 0 and € > 0 there exists a finite disjoint multiinterval A =
{(ai, bi) }1<i<k such that

L(A) <eg, Ay ={x : w(f;x)=a} C 1.
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Proof. The fact that Riemann integrability implies the property in the statement[2]
is easily seen from Dini test. In fact, Dini test implies that

A, C U [hi, hiv1) U P (P is a finite set, hence a null set) .

iely +

(sum of lengths) < &

The multiinterval A is obtained by slightly enlarging [h4;, hi+1) to (h; — 0, hiy1)
with 6 so small that the sum of the lengths is still less then &; and then by
covering the endpoints /; where w(f, h;) > «, if not yet covered, with “small”
open intervals.
Conversely, we prove that the property in the statement[2l implies Dini test.
Let A be the finite disjoint multiinterval in the statement[2l We have

[, k] \ Ipn C{x : w(f;x) <a}.
Letxo € {x : w(f;x) < a}. There exists an open interval /,, such that
Q(f, Ly, <a
and [h, k] \ 7 is a compact set such that
[h, k] \ I C U I, -
X0€Aq

Compactness of [/, k] \ Zp shows the existence of a finite number of intervals
Ly,,. .., I, such that

(hkNIac | 1y, QL) <a.
1<j<K

By reordering the endpoints a; and b; of the intervals which compose A and those
of the intervals I,, we get a partition of [h, k] with the following property: if
[ hi, hitq) is an interval determined by the partition then

Q(f, [hi, his1)) 2 a = [h;, hip1) € U(a;, by)

Z (hix1 = hy) < Z(bi —a;) <e.

i€ly+

and so

So, Dini test holds. 1
The property in the statement [2| of Theorem [72 implies:
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Corollary 73 If the function f is Riemann integrable then
Ao ={x 1 w(fix) 2 a}
is a null set for every a.

The main result of this section is the following one, independently proved
in [41},142] by Vitali and in [18] by Lebesgue:

Theorem 74 (ViTALI-LEBESGUE) The bounded function f defined on [h, k] is
Riemann integrable if and only if it is a.e. continuous.

Proof. The set of the points of discontinuity is the set

JAre={JAr1m-

a>0 n>1

We use statement[2] of Theorem [72} if f is Riemann integrable then each one of
the sets Ay 1/, is a null set, and their union is a null set too.

Conversely, let f be a.e. continuous. We prove that the property in the
statement 2| of Theorem [72| holds.

The set {x : w(f;x) >0} =U,>1A7 1/, 1s anull set. It follows that Ay , is a
null set for every @ > 0. So, A, is a null set which is compact (see Theorem [63):
for every & > 0 there exists a finite and disjoint multiinterval A such tha(3

A={(a,b1),(aby), -, (ax. bx)}, L(A)<e
Ay QIA.

So, the integrability test is verified. u

In order to appreciate Theorem [74] the student should keep in mind that there
exist functions which are a.e. continuous but such that the set of the points
of discontinuity is dense. An example is the following function, which is the
RIEMANN FUNCTION or THOMAE FUNCTION.

Example 75 The function is defined on the interval [0, 1]. We represent the
rational points of [0, 1] as a fraction in lowest terms, i.e. p/g with p and ¢
without common factors (different from 1). This representation is unique if
p/q > 0. Then we define

0 if xeR\Q
1 if x=0
fw=47 " T
— if x==, p>0
q q

2the fact that the multiinterval is composed by finitely many intervals is proved in Lemmal[T3]
The multiinterval can be chosen disjoint since if two open intervals intersect their union is still
an open interval whose length is less then the sum of the two lengths.
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It is clear that this function is discontinuous at xo = p/q. Infact,let0 < & < 1/gq.
Irrational points exist in every neighborhood of x( and at these points the function
is 0. So, Q(f;(xo—0,x9+0)) > & for every o > 0 and the function is not
continuous at xy.

Let now x( be irrational. We prove continuity at x.

We fix any € > 0 and we examine the inequality

|f(x) = f(x0)| = f(x0) < &.
We recall that f(x) = 0if x ¢ Q while

fpla)=1/q.
The inequality
l > &
q
holds for finitely many values ¢y, ,... gk of the denominators.

The fractions p/q € (0, 1] have p < g and so the set C:
C ={p/qgsuchthat1/qg > &}

is finite and
dist (x9,C) > 0.

Let !
0= Edist (X(), C) .

When |x — xp| < & we have

0 if xeR\Q
f(x)_f(x()): é<8 if xEQﬂ(xO—(S,XO'F(S)-

So, f is continuous at every irrational point. &

1.5.2 Riemann and Lebesgue Integrability

We invoke Lemma[39t when the set of discontinuities of a function is a null set
then f is quasicontinuous. So, we can state the following corollary to Theorem[74]

Corollary 76 Any Riemann integrable function is quasicontinuous and (being
bounded) it is summable.
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It remains to be proved that the Riemann and Lebesgue integrals have the same
values. This we do now. First we prove the following property of the functions

X+~ and y_ y:
Lemma 77 If f is continuous at xo then we have
Jim w0 = fx0), lim xew(xo) = £(x0).
Proof. we prove the statement for the functions ) y. We must prove:
Ve>03dN,: N>N, = f(x0) —& < xy+n(x0) < f(x0) +&.
The assumption is
Ve>036, : |x—x0l <0 = f(xp) —e< f(x)< f(xg)+e.

We choose N, such that

k—h 1
< =0g¢.
Ng 2

Let N > N, and let x( belong to the interval

k—h k—h
h+ioT,h+(i0+1)T) .

Then
f(xo) —& < f(x0) < xan(x0)

:sup{f(x),xe

h+i0

,h+(i0+1)k—;,h)} < f(xo) + €.

This inequality verifies the thesis since & > 0 is arbitrary. 1

Lemma(77lholds for any function f. If f is Riemann integrable it is bounded
and Vitali-Lebesgue Theorem implies:

Corollary 78 Lef f be Riemann integrable on [h, k]. The sequences {x+n} and
{x-.~} are bounded and a.e. convergent to f.

Now we can prove:

Theorem 79 If a function is Riemann integrable then its Riemann and Lebesgue
integrals have the same value.
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Proof. We use the definition (L31)) of the Riemann integral, the fact that the
integrals on the right sides are Lebesgue integrals and, thanks to Corollary
Theorem which shows that, under boundedness conditions, a.e. limits and
Lebesgue integrals can be exchanged.

When f is Riemann integrable we get:

Riemann and Lebesgue Riemann and Lebesgue
integral integral
——— —
k k
[ewwar = [
h h
k k
[ rwa [ s
h h
——— ———
Riemann integral Lebesgue integral
(by definition) (Theorem[GT)

So we have

/hkf(x)dx=/hkf(x)dx

Riemann integral Lebesgue integral

as wanted. 1
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Chapter 2

Functions of One Variable: the
Limits and the Integral

In this chapter we prove the key theorems concerning the exchange of the limits
and the integrals for functions of one variable. Similar theorems for functions
of several variables are proved in Chap. [ but we distinguish the two treatments
since in the case of functions of one variable the treatment is simpler because we
can use Theorem 33

In the course of our analysis in this chapter we introduce and use the important
property of the absolute continuity of the integral.

The key tool used in this chapter is Egorov-Severini Theorem which is proved
here for function of one variable. The theorem holds for function of several
variables too (see Chapd)). Once the theorem is proved, its consequences can
be deduced with the same proofs regardless of the number of variables. In
order to stress this fact, and in order to use the proofs give here also when the
functions depend on several variables, in this chapter an interval is denoted
R (initial of “rectangle” since the Tonelli construction of the integral of
functions of several variables uses rectangles instead of intervals, see Ch.[3).

In order to streamline certain statements, it 1s convenient to recall Theo-
rem[I7k if O C R is an open set then there exists A (disjoint multiinterval)
such that O = 7. The corresponding number L(A) depends only on the set
O and it is denoted A(O) (see the Definition 20)).

61
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2.1 Egorov-Severini Theorem and Quasicontinuity
It is convenient to note:

Lemma 80 Let {f,} be a sequence of functions each one a.e. defined on an
interval R; i.e.,

dom f,, = R\ N, (N, is a null set) .
Then we have:
1. there exists a null set N such that every f, is defined on R \ N.

2. ifeach f, is quasicontinuous then for every € > O there exists a multiinterval
A such that (fn)), . is continuous.
Proof. The set N is N = UN,,. In fact, we proved in Lemma [14] that N is a null
set.
The multiinterval A, is constructed in a similar way: we associate a multin-
terval A, . of order £/2" to f,, and we put Ay = Up>1Apc. 8

This observation shows that when working with sequences of functions each
one of them defined a.e. on R we can assume that they are all defined on
R\ N where N is a null set which does not depend on n. To describe this
case we say (as in Chap. [T)) that the sequence {f,} is defined a.e. on R.

Now we give a definition:
Definition 81 Let f;, f be functions a.e. defined on a set K C R. We say that
the sequence { f;,} CONVERGES ALMOST UNIFORMLY to f on K when for every
& > 0 the following equivalent statements hold:

1. there exists an open set O such that

A(0) < g and {f,} converges uniformlyto f on K \ O.

2. there exists a multiinterval A such that

L(A) < € and { f,,} converges uniformly to f on K \ I .
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We must be clear on the content of this definition. We illustrate its con-
tent in terms of open sets and we invite the reader to recast it in terms of
multiintervals.

We fix any &£ > 0 and we find an open set O, such that 1(O,) < & and such
that the following property is valid: for every o > O there exists a number N
which depends on o and on the previously chosen set Oy, N = N o, such

that

{Z:gfigi = () - f(x)| <o,

The important point is that O, does not depend on o.
Finally we note: “{f,} converges uniformly to f on K \ O” is equivalent to
“{(fu)x\o} converges uniformly to fi

2

K\O *

Now we state the following preliminary result whose proof is in Appendix[2.3}

Theorem 82 (Egorov-Severini: preliminary statement) Let{ f,,} be asequence
of continuous functions everywhere defined on the closed and bounded interval
R = [h, k]. If the sequence converges on R to a function f; i.e. if f,,(x) — f(x)
for every x € R, then:

1. the sequence converges almost uniformly;

2. the limit function f is quasicontinuous.

Theorem [82] is a special instance of the Egorov-Severini Theorent! that we
state now. Actually, the two theorems are equivalent since the second is a
consequence of the first.

Theorem 83 (EGorov-SEVERINI) Let {f,} be a sequence of quasicontinuous
functions a.e. defined on the bounded interval R.

We assume that for every & > O there exists a multiinterval A, such that
L(A,) < € and such that the sequence { f,} is bounded on R \ I3 .

If the sequence converges a.e. on R to a function f (hence a.e. defined on R)
then:

1. the sequence converges almost uniformly;

2. the limit function f is quasicontinuous.

Proof. For clarity we split the the proof in the following steps.

lindependently published by Egorov in [9] and by Severini in [33].
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Step 1: First we use the assumption that the sequence has to be defined and
convergent a.e. on R: whether R includes its end points has no effect. So,
we can assume that it is closed. Then we use Lemma[80/and we find a null
set N C R such that each f, is defined on N and convergesto f on R \ N.

Step 2: Each f, is quasicontinuous. We use again Lemmal80land we see that for
every € > 0 there exists A., the same multiinterval for every n, such that:

L(A;) <&
IAE C Ia,;

for every n the function ( f; is continuous;

)|R\IA8

the sequence {( f, } is bounded;

)|R\IA£

A

the sequence {(fn), 1 } converges to fj,, I

We denote fy . the Tietze extensions of the functions ()|, . defined by
using the algorithm described in Theorem So, for every n, f,.1s a
continuous function defined on R. We consider the restriction of f, . to
R. Thanks to the property[2 of Theorem 33l { f,..(x)} converges for every
x € R. So we can use Theorem we assign €1 > 0 and we find a
multinterval A, such that L(A,,) < €1 and {f, .} converges uniformly on
R\ I, .

Step 3: Uniform convergence of continuous functions implies continuity of the
limit, so { f, .} converges on R \ Z; A, toO@ function which is continuous on
this set.

Step 4: Now we consider the set R \ Za,ua,,. The restrictions to this set of
the functions f, . are continuous and uniformly convergence holds. So,
the limit is continuous on R \ IAsuAsl- But, on R\ IAsuAgl we have
fne(x) = fu(x) and we know that on this set f,(x) — f(x).

Step S: It follows that:

* the restriction of f to R\ IAguAgl 1S continuous;

* the sequence { f,,} converges uniformly to f on R \ Z, AcUA, -
The result follows since
L(AsUA; ) <e+e

and both € and &1 can be arbitrarily assigned. 1
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Remark 84 Egorov-Severini Theorem does not assume that {f,} is bounded
while it is assumed that the interval R is bounded. This is a crucial assumption
which cannot be removed as the following example shows: let R = (0, +o0) and
let

0 if x<n-2
x—(n-2) if n-2<x<n-1

fux) =91 if n—-1<x<n+1
n+2-x if n+l<x<n+2
0 if x>n+2.

We have f,(x) — 0 for every x but { f,,(x) > 1/2} contains the interval [n —
1,n + 1] of length 2 for every n. 1
In spite of this example we have:

Corollary 85 Let {f,} be a sequence of functions defined on R and let f,(x) —
f(x) a.e. x € R. The function f is quasicontinuous.

Proof. We use the observation[Ilof Remark[34: the function f is quasicontinuous
if and only if its restrictions to every bounded interval [—k, k] are quasicontinu-
ous. It is indeed so, by using Therem [83on the bounded intervals. 1

2.1.1 Consequences of the Egorov-Severini Theorem

We prove several consequences of the Egorov-Severini Theorem.

Corollary 86 Let {f,} be a bounded sequence of quasicontinuous functions a.e.
defined on a bounded interval R. The following properties hold:

1. let { f,,} be either a.e. increasing or decreasing on R and let
f(x) = lirP fu(x) a.e.x €R.
n—+oo

The function f is quasicontinuous.

2. Let f be either

f(x) =limsup f,(x) or f(x)= lrilrggloffn(x) a.e.x €R.

n—+o0o

The function f is quasicontinuous.
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Proof. Statement [T] is just a restatement of Egorov-Severini Theorem in the
special case of the monotone sequences of functions. Statement 2] follows from
statement [I] since lim inf and lim sup are just limits of monotone sequences. In
fact:

limsup f,(x) = lim ¢\ (x)
n—+o0

n—+o0o

where
o) (1) = lim gy (x),

o () = max { furi ()}
0<i<m

Statement [3] of Theorem 41| shows
that the functions L//,(,Y,),, are quasicon-
tinuous.

For every n, the sequence m +—> gb,(f,)ﬂ
is increasing so that gbfls) is quasicon-
tinuous; and n +— ¢,(1S) is decreasing
so that f is quasicontinuous. 1

liminf f,(x) = lim o\ (x)
where

D)= Tim g (x),
m-—+0o

o (X) = min {frs(0)} .
0<i<m

Statement [3] of Theorem 41| shows
that the functions gb,(j?% are quasicon-
tinuous. .
For every n, the sequence m — lp,(;?n
is decreasing so that ¢f,i) is quasicon-
tinuous; and n +— ¢,(1i) is increasing
so that f is quasicontinuous. 1

It follows:

Corollary 87 Let {f,} be a bounded sequence of quasicontinuous functions
defined on a interval R and let

n>1}
n>1}.

¢(x) = sup{fu(x),
Y (x) = inf{f,(x),

The functions ¢ and Y are quasicontinuous.

Proof. In fact

()= lim (). gu(¥) =sup{fi(x), 1<k<n)
p) = Bim g, ga() =inf{fi(), 1<k <n).

and the functions ¢, and ¥, are quasicontinuous for every n. 1

Finally we prove:
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Theorem 88 Let O be an open set. Its characteristic function 1o is quasicon-
tinuous.

Proof. We represent

O=|JRi, Ry=(anby),andR,NR;=0ifn ;.

n>0

Then we have

lo(x) = Z L(ap.b,) (X) = Z g, (x)

n>1 n>1

and the sum is either finite or a convergent series. The series converges for every
x since the intervals R,, are disjoint so that for every x only one term of the series
is different from zero.

We know that the the characteristic function of an interval is quasicontinuous.
So, if the sum is finite 1o is quasicontinuous as the sum of a finite number of
quasicontinuous functions. Otherwise it is quasicontinuous thanks to Egorov-
Severini Theorem. 1

Theorem [88 has the following consequence:

1. if £ is summable and if O is an open set then the integral of f on O exists
| rerar= [ o100 ar. @
R

2. Let O be a bounded open set,
0= UR,,, Ry = (an by),and R, NR; = 0ifn # j .
n>0
we can associate two numbers to the open set O:

A(0) = L ({Rn}) Szt ARy) = Tysy [ L, () dx

/R lo(x) dx = /R [anl IR, (x)] dx.

If the sums are finite they can be exchanged with the integrals and we have

2(0) :/Rllo(x) dx .

We prove that this equality holds even if the series is not a finite sum:
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Theorem 89 We have:
A(0) :/Ilo(x) dx . (2.2)
R

Proof. We note:

N N
lo() = lim 1oy, Ov=|JOs. Loy =) 1.
n=1 n=1

The function 1, is quasicontinuous.
We must study the two equalities (2.3a) and (2.3B) below:

{ Lo(x) = limy e Loy (¥) = 242 g, (x) (2.3a)

where 1o, (x) = leqv:l 1g,(x)

/R]lo(x)dx:/R[Z ]an(x)] dx . (2.3b)

n>1

The inequality
Loy (x) <1p(x) ae.xe€O

implies

N N
lim / Ig,(x) dx = lim / 1g,(x) dx < / lo(x) dx.
N—+00 ; R N—o+oo Jp ; R

So, for every N we have

/R]lo(x) dx—g/Ran(x) dx.

We prove that

N
OSas/RILO(x)dx—Z/RILR”(x)dx
"
=/ M(x)dx—Zanm] dx=/[ > mm] dx (2.4)
R n=1

R | n=N+1
for every N implies a = 0.

Note that:
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1. theintegrals in (2.4) are Lebesgue integrals, i.e. limits of Riemann integrals
of associated continuous functions.

2. the integrand of the last integral in (2.4)) is nonzero if x ¢ U,>yR,,.

For every v we construct an associated continuous function of order 1/v of the
integrand as follows:

1. we choose an associated multiinterval Ay., of order 1/2v of the function
1o and we denote

(I[O)v
an associated continuous function of order 1/2v.

By definition the associated continuous function is a Tietze extension and
we know that it is possible to choose an associated continuous function
which satisfies the monotonicity property of Statement [3] of Theorem

The difference (1), — Lo is nonzero on I, and L(Ay,,) < 1/2v.

2. we choose an associated multiinterval A,., of order 1/2v associated to

ZnNz | 1g, and we denote
N
n=1 v

an associated continuous function of order 1/2n.

Also in this case we choose an associated continuous function which sat-
isfies the monotonicity property of Statement[3] of Theorem

The difference
N N
(Z ]an) - Z 1g,
n=1 y n=1

is nonzero on Iy, and L(Az;,) < 1/2v.

The function

Fry(x) = (Lo)y - (

i

hﬂ)
v
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is an associated continuous function of order 1/v to

N +00
ILO—ZILR”: Z 1g, .
n=1

n=N+1

This associated function takes values in [0, 1] thanks to the fact that both the
associated functions we chosen satisfy the monotonicity assumption and because

N
To(x) > ) 1, (x).
n=1
By definition, the Lebesgue integral in (2.4) is

lim Fn.y(x) dx .
R

V—+00
N’

Riemann integral

We investigate where F.,, can possibly be non zero: this is where the integrand
in (2.4) is non zero and also at the points of 75, where A, = Ay, U Ay,

+00

w

N+1

{x @ Fny(x) #0} C U Zj,

and

+00

.

N+1

UIAVZIA

where A is a multiinterval such that
1 +00
LA) < -+ Z L(R,) .
y
n=N+1
We use Lemmal43]land we see that

1 S
0<acx< /FN;,,(x) dx < — + Z L(R,) (since 0 < Fypy(x) <1).
R 4

n=N+1
~———— —

Riemann integral

The Lebesgue integral is obtained by taking the limit for v — +oco. So we have:
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+00 oo
OSQS/R[ > ILR”(x)] dx:VEerLFN;V(x)MS > L(Ry).
n=N+1 n=N+1

———

Riemann integral

Lebesgue integral

This inequality holds for every N and the limit for N — +co gives @ = 0, as
wanted. 1

Remark 90 The statement of Theorem [89] can be written

N N
Jim [21 /R g, (x) dx] = /R [nggm; mm] dx

and it is a first instance of the exchange of limits and integrals, the main goal of
this chapter.

2.1.2 Absolute Continuity of the Integral

We prove that the integral is absolutely continuous, i.e. we prove the following
theoren@:

Theorem 91 Let f be summable on R. The set valued function

(0] l—>/f(x) dx (O open)
o

is ABSOLUTELY CONTINUOUS in the sense that for every € > 0 there exists 6 > 0
such that

<e. (2.5)

A0) <6 = )/Of(x)dx

Proof. It is sufficient to prove the theorem when f > 0.
First we consider the case that f is a bounded quasicontinuous function,
0 < f(x) £ M on abounded interval R. We combine and and we find

Os/Of(x)dxSM/OIdx:M/R]lo(x)dx:M/l(O). (2.6)

2this statement of absolute continuity is not the most general. The general statement is in
Sect. Theorem[192]
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So, absolute continuity holds when the integrand is bounded.
We consider the general case of summable functions on R. We fix to numbers
K and N such that

/ Fx) dx - / Foi ey () dx < 8/2.
R R

Then we use absolute continuity which holds when the integrand is the bounded
function f,. gk n): we fix § > 0 such that

10) <6 = 0 [ fuwmo dr<of2,

Then we have

/ Fx) dx < / LF) = fos ey ()] dx
0] o0

< Lf )= fis (k.v) (0)] ax < &/2
+/Of+;(K’N)(X) dx<e. 1

2.2 The Limit of Sequences and the Lebesgue Inte-
gral

In this section we prove the theorems concerning limits and integrals. We proceed
as follows:

1. in Sect.[2.2.1] we study the limits under boundedness assumptions.
2. in Sect. we study the case of sequences of nonegative functions.

3. the general case is in Sect. 2.2.3]

2.2.1 Bounded Sequences on a Bounded Interval

We restate and prove Theorem

Theorem 92 Let { f,,} be a bounded sequence of quasicontinuous functions a.e.
defined on a bounded interval R C R. If

nl_l)l’Poo fu(x) = f(x) a.e.on R
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then we have also

lim an(x)dx:/Rf(x)dx.

n—+o0o

Proof. Due to the fact that the assumed properties hold a.e., to fix our ideas we
can assume that R is closed.

Note that f is summable since f is bounded and quasicontinuou@. So, the
integral on the right side is a number.

By replacing f,, with f,, — f we can prove:

frn = 0ae. = /f,,(x) dx — 0. 2.7)
R

If R = [h, k] then integrals on R are zero and the result is obvious. So we
consider the case that R = [h, k| with k > h.
We rewrite the thesis (2.7) in explicit form:

we fix any £ > 0. We must prove the existence of N (&) such that

/R fulw) dx

We invoke Egorov-Severini Theorem: there exists an open set O such that

(2.8)

n>N(eg) = <e.

A(0) < ﬁ ,  fu — Ouniformlyon R\ O.

We use the fact that R \ O is closed and we construct the Tietze extension f;, .

of f,.
Theorem [32]implies

liIP fne=0 uniformly on R .
n—+oo

So there exists N such that

&
< —.

n>N, — >

/R fre () dx

The integral here is a Riemann integral and we know from the Appendix[1.5.2]
that it is also a Lebesgue integral.

3quasicontinuity is the statement [l of Theorem[83]
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Now we observe:

Lebesgue Lebesgue and Riemann
integral Lebesgue integral integral

‘ /R fulx) dx /R e dx‘

= ‘/ [fn(x) _fn,e(x)] dx|+ ’/ fre(x) dx‘ <é&
o R

< +

/R (200 = fue)] dx

<2MA(0)<e/2 (see 2.6))  <e/2 (When n > Ng)

as wanted. 1

2.2.2 Sequences of Nonnegative Functions

Let A be a set which satisfies Assumption[34] i.e. such that 1 4 is quasicontinuous.
Let {f,} be a sequence of integrable functions on the set A. We assume
fu(x) = f(x)on A. Furthermore we assume that the functions are nonnegative:

fa(x) 20 sothat f(x) > 0too.

The set A can be unbounded and the functions can be unbounded too. So,
the functions are integrable on A, possibly not summable.

We extend the functions with zero. We get nonegative integrable functions
defined on R:

Ju(x) 20, n1—1>IPoo Ju(x) = f(x) Vx eR. (2.9)

Corollary shows that f is quasicontinuous and it is integrable since it is
nonnegative. We investigate the relations among the integrals. This can be done
by lifting to this case the result we proved in the case of bounded sequences on a
bounded rectangle.

We consider the interval Bg = [—R, R] and we define

frny)(x) = [min{fy(x), N}| 1p,(x).

The support of f( ) is compact and |f(g n)(x)| < N. Then we define

Jr: Ry (X) = min{ f, (x), fir.nv) ()}

So we have:

n1_1>rPOO fn;(R,N) (x) = f(R,N) (X) Vx e R.
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The support of f,. g ) is compact, contained in the bounded interval Bg. So,
for every fixed R and N we can apply the result in Sect.[2.2.1l We have

(Theorem

/f(R,N)(X) dx = lim /fn;(R,N)(x) dleiminf/fn;(R,N)(x) dx
R n—+0o Jp n—+  Jp
Sliminf/fn(x) dleiminf/fn(x) dx. (2.10)
R oo JQ

n—-+0o

The inequality in the second line follows from the monotonicity of the integral,
since f. (rN)(x) < fn(x) for every x while the last equality, /R = fA, holds
because the functions are originally defined on A, then extended to R with zero.

Inequality (2.10) implies the following result, which is known as Fatou
LemmaA, proved in [10]:

Lemma 93 (Fatou) If {f,} is a sequence of nonnegatrive functions which are
integrable on a set A and if f,(x) — f(x) a.e. on A then we have

/f(x) dx < liminf/f,,(x) dx . 2.11)
A oo Jg

Proof. Inequality (2Z.11) follows by using again the fact that the integral on A
is the integral on R of the extension with zero, and from the definition of the
integral given in Sect[1.3.3

[rwa= [ 1o a- Jin. [ as. s

If it happens that the sequence of nonnegative functions { f,,} is increasing
then we have Beppo Levi Theorem [62| (first proved in [22]]) that we restate:

Theorem 94 (BErpo LEVI Or MONOTONE CONVERGENCE) Let { f,} be a sequence
of integrable nonnegative functions on A and let

0< fu(x) < fur(x) ae.xeA, ngl}_loo fu(x) = f(x)aexeA.

Then we have

lim [ fu(x)dx= / f(x) dx. (2.12)
A A

n—+oo

Proof. Monotonicity of the integral gives
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/f,,(x) dx < /f(x) dx for every n so that lim fu(x) dx < /f(x) dx.
A A A A

n—+oo

Fatou Lemma gives

[ s s <timint [ g0 ar= tim [ 00 g

The required equality follows. &

Remark 95 Note that the assumption that the sequence is monotone increasing
is crucial in the Beppo Levi Theorem. Let us consider the sequence of the
functions f, = 1|, +c0). This sequence is decreasing and

1i111 fan(x) =0 Vx

but the integral of every f, is +oco: Beppo Levi Theorem cannot be extended to
decreasing sequences.

Note that this example shows also that in general the inequality in Fatou
Lemma is strict. 1

2.2.3 The General Case: Lebesgue Theorem

Now we consider the case that the functions f, do not have fixed sign and we
prove Theorem which we restate:

Theorem 96 (LEBESGUE Or DOMINATED CONVERGENCE) Let { f,,} be a sequence
of summable functions a.e. defined on A C R and let f,, — f a.e. on A. If there
exists a summable nonnegative function g such that

| fn(X)] < g(x) a.e.x€A

then f is summable and

lim/Afn(x)dx:/Af(x)dx. (2.13)

Proof. The function f is quasicontinuous thanks to Corollary [83]
The assumption imply that every f; is summable and that

|f ()] < g(x)
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so that also f is summable. Hence we can consider the sequences {g + f,,} and
{g — f»} which are both sequences of nonnegative functions.
We consider the sequence {g + f,,}. Fatou Lemma gives

Jeware [ fwae= [ e+ ro) ax
<timinf [ (g0 + 0] dr= [ g0 arstimint [ £, dx

so that

/f(x) dx < liminf/ fu(x) dx. (2.14)
A oo J g

We consider the sequence {g — f,}. Fatou Lemma gives

Jatae= [ o ar= [ 100 reoas
<timinf [ 1g(0) = 0] de= [ ) dxtimsup [ £,(2) .

n—+oo

So we have

/f(x) dx > lim sup/ Sn(x) dx. (2.15)
A A

n—+oo

The required equality (2.13)) follows from (2.14) and 2.13)). n

Remark 97 The result which holds for bounded sequences on bounded sets has
been used to prove Fatou Lemma, which is then used to prove Beppo Levi and
Lebesgue theorems. Actually, these three results, by Fatou, by Beppo Levi and
by Lebesgue can be proved in different order. The reader can see for example
the books [8},27, 31]. From an historical point of view, Beppo Levi theorem was
proved first, after the proof of Lebesgue concerning the bounded case. 1
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2.3 Appendix: Egorov-Severini: Preliminaries in
One Variable

In this section we prove Theorem [82]for a sequence of functions of one variable.
We split the proof in several parts.

2.3.1 Convergent and Uniformly Convergent Sequences

Let {f,} be a sequence of functions defined on a set R. We recall Cauchy
theorem and we recast convergence of { f;,(x)} without the explicit use of the
limit function. The sequence { f,(x)} converges if and only if for every £ > 0
there exists M = M (&, x) such that

m>M(e,x), r, SEN = |fnr(x) = frnes(X)| < €. (2.16)

The sequence { f,,} converges uniformly on a set S C R when for every € > 0
there exists M = M (&) such that

m>M(eg), r, seN = |fur(x) = firs(0)| < & VxeS. (2.17)

We stress the fact that M (&) does not depend on x.
This observation suggests the introduction of the following functions:

Vi (%) = max{| fn+r(x) = fnas(X)| 1 <r <n, 1 <s<n},

(2.18)
Wi (x) = sup{vym(x) n>1} < +oo.

These functions have the properties described in the following lemma:

Lemma 98 Let {f,} be a sequence of functions defined on a set R and let v, y, (x),
W (x) be the functions defined in (2.18). We have:

1. monotonicity properties:

(a) foreveryx € R and every m, the sequence n v— vy, ,,(x) is increasing.

(b) the sequence m +— w,(x) is decreasing.
(monotonicity of the two sequences needs not be strict).

2. the convergence of the sequence n +— f,(x) for a fixed value of x:
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(a) letn — f,(x) converge. Then the sequence n — v, ,,(x) is bounded
so that

Wi (X) =sup vy, (x) = lim v,,,(x) e R (2.19)
n>0 n—+eo

and we have also
1i111 wn(x)=0. (2.20)

(b) let lim,, 400 Wy (x) = 0. Then the sequence n — f,(x) converges.

(c) let S be a subset of R. The sequence {f,} converges uniformly on S
if and only if the sequence {w,,} converges to 0 uniformly on S.

3. let S C R. Let us assumd4 that each function (fu), be continuous on S
and let € > 0. The set

Ane={xeS,wy(x) > ¢&}.
is relatively open in S.

Proof. The monotonicity property of v, ,(x) is obvious. We prove that
m — w,(x) is decreasing. We note:

Wint1 (x) = sup{sup{| fnt14r(X) = fns14s(x)| 1 <r<n, 1 <s<n}}

n>1
= sup{sup{| fin+r(x) = fines(X)| 2<r<n+1,2<s<n+1}}
nx1
< sup{sup{|fin+r(x) = furs(x)] 1 <r<n+1,1<s<n+1}}
nxl
= sup{sup{| fn+r(X) = fnrs(X)| 1 <r<n, 1 <s<np}=wy(x).
n>1

We prove statement[2al Boundedness holds because

Vam (x) < 2sup{|fi(x)|, kK > 1} <400 since {fi(x)} is convergent.

So, (2.19) holds. Property (2.20) is seen by contradiction: if the limit is [y > 0
then for every m we have

Wi (x) = nEHloo Vn,m(x) >y >0

4we are not assuming continuity on S of the functions f,,. We assume the weaker property
that their restrictions are continuous.
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and for every m there exists N = N, such that when n > N, we have

lo
Vi (X) > R

So, for every m there exist r and s such that

| fnar (X) = frnas (X)| > %O .

This is not possible since { f,(x)} is a convergent sequence, see (2.16).
We prove statement 2bl If w,,(x) — O then for every £ > 0 there exists
M = M (&, x) such that

m>M(g,x) = wy(x)<e
so that, when m > M (&, x) we have also v, ,,(x) < € for every n i.e.
m>M(g,x) = |fiurr(X) = fes(X)| <& Vr, s.

This is Cauchy condition of convergence.

We prove the statement We note that a sequence which converges uni-
formly to O is bounded. For this reason boundedness of {w,,} has not been
explicily stated.

Let { f,} be uniformly convergent. The definition of w,, and condition
shows that for m > M (&) we have 0 < w,,(x) < ¢ for every x € S. Hence, if
{fn} converges uniformly on S then {w,,} converges to zero uniformly on S.

Conversely, let {w,, } converge uniformly to zero. Then for every & > 0 there
exists M (&) such that

m>M, = 0<w,((x)<e Vx €S.
And so when m > M (&) we have also
0<vymx)<e Vx eSS, Vn >0

and this is the property that { f,,} is uniformly convergent on S.
Finally we prove statement[3l Let xo € A,, - so that

Wm(xp) =€1 > €.

We prove the existence of an open set B such that xg € A, . N B.
We fix any o € (g,&;1). There exists n; such that v,, ,,(x9) > o and so
there exist r(n;) and s(n1) such that

| fnsr(n)) (X0) = fintsny) (X0)| > 071 .
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The restriction to S of the function x = | fy4/(n,) (X) = fies(n,) (x)] is contin-
uous. So, for every o, € (&, 0) there exists an open ball B of center xy such
that

|fm+r(n1)(x) - fm+s(n1)(x)| >0p > & VxeBNS.

Hence,
xeBNS = wukx)>o0p>¢

and sox € AN B: any point xg € A belongs to its relative interior, as wanted. 1

Remark 99 Note that nowhere in this proof we used the fact that R € R. The
result holds and with the same proof (a part interpreting | - | as a norm) also if
R C R, any d > 1 (and in fact if R is any normed space). 1

We stress the fact that the statements [2al 2b] and 2] of Lemma O8] recast
pointwise convergence of the sequence { f,,(x)} in terms of the convergence
to 0 of the sequence {w,,(x)} and uniform convergence of { f,,} in terms of
uniform convergence to zero of {w,, }.

2.3.2 The Two Main Lemmas

We recall that any open set in R is the union of a sequence of disjoint open
intervals,

0= U R,, R, pairwise disjoint open intervals. (2.21)
nx1
Thanks to this observations, we can use Definition 20t we represent O as in (2.21)
and we put
A0) = > L(Ry) = L{RY) . (2.22)
nx1

In this section we prove two lemmas. The first lemma concerns decreasing
sequences of open sets. In order to understand this lemma we must keep in mind
that a decreasing sequence of open sets may have empty intersection, as in the
example O,, = (0, 1/n). But, in this example we have 1(0,)) — 0. Instead we
have the following lemma which we formulate both in terms of multiintervals

and in terms of open sets:

Lemma 100 The following (equivalent) statements hold:
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Let {A,} be a sequence of disjoint mul- | Let {O,} be a sequence of

tiintervals in R, We assume: open sets. We assume:
1. the existence of a bounded in- 1. there is a bounded inter-
terval R such that I, C R; val R such that Oy C R;
2. every multiinterval A, is dis- 2. the sequence is decreas-
Jjoint; ing, i.e. , Oy C O, for
every n;
3. Ia,,, € I, forevery n,

3. there exists | > 0 such
4. there exists | > 0 such that that 1(0) > 1.

L(A,) > for every n.
under  these  conditions
under these conditions Np>12r, = 0. | 0 _,0, # 0.

Proof. We divide the proof in two parts: first we present few preliminary obser-
vations and then we use them to prove the lemma.

Preliminary Observations on Sequences of Intervals We assume that A is a
disjoint multiinterval (which is the case of interest in the proof).

1. The length of an interval does not change if we add (or remove) the
endpoints. So we can define

L([h, k]) = L((h, k]) = L([h, k)) = L((h,k)) =k = h.

2. If R is an open interval and £ > 0 there exists a closed interval S C R such
that L(S) > L(R) — ¢.

3. if § is an open interval and A = {R,} is a multinterval, the multiinterval
{SNR,}is denoted S N A.

We use the notation S N A to denote the sequence {S N R, } also in the case
that S is closed or half closed. Then we can extend the definition of L and
we can define

L(SNA) :ZL(SﬂRn).
n>1
It is clear that
L(SNA) <min{L(S), L(A)}.
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4. Let A = {R,} be amultinterval such that L(A) < +o0. and let & > 0. There
exists a sequence of closed intervals S,, = [h,, k,] € R, such that

Z(kn —hy) > L(A) — &

n>1

5. Let A= {R,} and A = {R,} be two disjoint multiintervals. We assume
IA:URV! c URn:IA'
nx1 nx1
This inclusion shows

L(A) = Z (Z LRy n Rn)) = Z L(R,NA). (2.23)

n=1 \kx1 n>0
6. If S C R and A = {R,,} then we have

J@®RORY) = Uz (SO R | Uizt (R\S) N Ry)

n>1

and the intervals which appears in these expressions are pairwise disjoint
(since A is disjoint). So we have

L(RNA,) =L(SNA)+L(R\S)NA,) (2.24)

Note that the intervals in S N A, and in (R \ S) N A, need not be open and
so we used the extended definitions introduced at the point/[Il

In order to facilitate the use the previous observations in the proof of
Lemma it is conveniente to call “multiinterval” any sequence of in-
tervals, possibly not open.

After these preliminaries we prove the Lemma.

The proof of the Lemma[d00] We note that Assumption[3and the monotonicity
of the measure imply that the sequence {L(A,)} is decreasing. We put

lirP L(A,) =1y (assumptiond]implies [y > [ > 0).

We introduce the notation
An = {Rn,k}kzl .

and we proceed with the following steps.
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Step 1: We prove the existence of Rj x, and of [} > 0 such that
L(Riy, NA) >0 >0  Vnx2. (2.25)
Then we prove the existence of a closed interval S such that

Sy CintRyy, suchthat L(S;NA,) =0 >0 Vn>2.
So:  limy 40 L(S1NA,) =1 > 1, >0.

Note that these conditions imply
S1#0, L(Sl)>lA1>()

(it will be [} = [;/2 = 1/4 but the actual value has no role. The important
point is that it is positive).

The proof that these intervals exist is postponed.

Step 2: We consider the new sequence of multiintervals {S; N A, },>2. The
properties [[H4l hold for this sequence and so we can apply the procedure in
the Step 1 to the sequence {S; N A, },>2: there exists a interval R; x, such
that

L((SiNRyy)N(S1NA))>L>0  Vnx3.

Then we choose a closed interval S, such that S> C intS; N Ry, and such

that
L(S;Nn(S1NA,))=0>0 Vn>3 andweput

lim, 100 L(S2N(S1NA,))=10>0.
Note that
S closed nonempty, L(S;) > [1>0,8 C intR; g, .
S, closed nonempty, L(S3) > >0,

{ S, CintS; NintRag, C int Ry, ,

. . . i.e. Sy C (intR N (int R .
Sy CintSy NintRyx, CintS1 € Ry, 2 ( 1’]‘1) ( z’kz)

The assumptions [IH4] of the lemma hold for the sequence {S, N (S1 N A,)}
and the procedure can be iterated.

In conclusion: We single out a sequence of intervals {R,,} and we construct
a sequence {S,} of closed intervals such that

L(S,) > 0 for every n, hence S,, # 0 ,
Su € My (intRyx,) o Swer Cints,.
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Assumption[Tlimplies that the interval S; is bounded and, as we noted, the
closed sets S, are nonempty. The sequence {S,} is decreasing. Cantor
theorem implies the existence of xg € N;>1S5;,.

In particular we have
xo € §; CintR;x, Cint Iy, for every j
as wanted.

In order to complete the proof it is sufficient to prove the existence of the intervals
Ry k, and Sy described in the Step 1.
First we prove the existence of k1 such that

LRy, NA) >1/2=1] Vnx2.

The assumptions [Tland 2 imply

Z L(Rl,k) < 400

k=1
so that there exists m such that
[
D LRI <5 (2.26)
2
k>mi+1

The assumptions 2] and 3l and the equality (2.23) imply that for every n > 2
we have

L(Aw) = D L(Rix 0 Ay)
k>1

so that from (2.26) and Assumptiond] we have

L(RixNA) <12 VYn>2 (2.27a)
k>mi+1
m
Z L(Rix N Ay >1/2 VYn>2. (2.27b)
k=1
We show:
I .
Jky <m : Vn=2wehave L (Rix, NA,) > —=1. (2.28)

4dm
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The proof is by contradiction. If this property does not hold then for every k < m
there exists n; > 2 such that

l
L(RixNAy) < .
Let
N =max{ny,...,ny}.

The inclusion 7, C 7, A and the monotonicity of the measure imply

m m
)
D LR AY) € YT LRk N Ay) < 7
k=1 o]
<l/4m

in contrast with (2.27b)).
So, property (2.28)), i.e. (2.23)), holds.

We use the Preliminary observation[2land we choose any closed interval S;
such that

. Zl
S1 CintRyx,, L(Rix \S1) < Dl

We use (2.24) and we get

- [
ll < L(Rl,kl N An) = L(Sl N An) + L((Rl,kl \Sl) N An) < L(Sl N An) +31

ie. _
I
L(SlmAn)Z%:ll >0  Vnx2.

The proof is finished. 1

Remark 101 We observe that the lemma does not hold if the boundedness
assumption[Ilis removed, as it is seen by considering the sequence of the intervals
[n, +00). 1

The second lemma is a weaker version of Theorem [82] and in fact it is the
core of its proof.

Lemma 102 Let R = [h, k] be a bounded and closed interval and let { f,,} be
a sequence of continuous functions defined on R. We assume that the sequence
{fn(x)} converges for every x € R.

We prove that for every pair of positive numbers y > 0 and n > 0 there exist
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1: a disjoint multiinterval A, ;, (which is composed of open intervals) such that

L(Ay,) =A(A,,) <y (whereweput Ay, = IAm) .
2: a number M, ; such that

)CER\_Z-A%,7 =R\A7J7

m > My,n = [ fonar (X) = fres(0)| <77
r>0,s>0

Proof. We recast the thesis of the lemma in terms of the functions w,, (x) defined
in 2.18) as follows: foreveryy > 0andn > O there exists a disjoint multiinterval
Ay, (composed of open intervals) such that

L(A,,) <y and

X €ER \_Z-A%,7
This we prove now.
Letn >0 andd
Am,r] = {x € (h’ k) ,Wm(x) > '7/2} . (229)

We proved in the statement [3| of Lemma [98| that the set A,, ;, is open. So, there
exists a disjoint multiinterval A, ; such that A, ; = I, , (see Theorem [17).
If x € (h,k)\ Zp,, = R\ A, we have

m,n
wm(x) <1/2.

We note
lim L(Am,n) =0. (2.30)

m—+oo

In fact, the sequence m +— w,,(x) is decreasing so that

I = Am+1,17 - Am,n C 1A

m+l,n m,n *

It follows that {L(A,,;)} = {A(An,;)} is decreasing too and lim,, 400 L(A ;)
exists.
If the limit is positive then there exists /[ > 0 such that

L(Apy) >1>0 Vm

Snote that in the definition below A,,, , is defined in terms of (4, k), the interior of the interval
[A, k].
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and, from Lemma (100 there exists xo € I, , for every m. So, for every m
we have w,,(x9) > n/2. Statement 2a of Lemma O8] shows that the sequence
{fn(x0)} is not convergent, in contrast with the assumption. So it must be

lir£1 L(Any) = lir£1 A(Any) =0. (2.31)
It follows that there exists M, ; such that when m > M,, ;, then we have

L(Am,n)<7,
XER\In(my) = wn(x) <n/2<n. 1

Remark 103 (Important observation) The sets A,, ; can be chosen with differ-
ent laws, for example by replacing /2 in (2.29) with /3, or by replacing A,, ,
in (2.29) with larger open sets, provided that (2.31)) holds. So, the number M, ,,
does depend also the chosen set A, ;. &

2.3.3 From Lemma 102 to Theorem [82:

For clarity in the next box we report the statement of the weaker version in
Lemma [102] and we recast statement [I] of Theorem [82] with the notations in the
Definition [81] but in terms of the functions w,, defined in 2.18]).

The functions w,,, are defined on a bounded closed interval R.

Under the assumptions of Lemma We must prove
we proved
For every v > 0 and n > O there exist an Ve > 03 O, such that
open set A, ;, and a number M, , such O, is open and 1(0,) < ¢ and
that Vo > 03M > 0 such that
A(A, ) <y {ifxeR\OS,m>M
.1
itm > My, andx ¢ A, then Wi (x) <o .
then wy, (x) <7. The number M depends on the previously

chosen and fixed set O, and on 0.

The important fact to be proved is that O¢ does not depend on o.

The proof consists in this: we devise a procedure to replace the sets A, ;,
which depends on the two parameters y and 7, with a set O which depends solely
on one parameter £. The procedure uses the following steps.
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Step 1: In this step we use the given number &£ > 0. The number o is not used.
For every natural number n we do the following:

Step 1A: we apply Lemma[102 with

We find an open set A, , = A, , and a number M, , = M, ,, such that

1
X¢&Acn, m>Mg, = wy(x)<-—.
n

Important observation: We recall from Remark that the number
My, does depend also on the set Az ,,. So, M, = My a, -

Step 1B: We define

+00
B O, is open,
O, = L_JIASJZ so that { A0,) < ¢

For every ng the following holds: if m > M, ,, and x ¢ O, then
wm(x) < 1/ng since

X¢0, = x¢&Acy, .
And, we again note that M, ,, does depoen on O,
Ms,no = Mp(,0, -

Sep 2: Neither € nor O, are changed in this step. In this step we take into account
the Ilélumber o and we proceed as follows: we fix the least number n such
tha

1 . { 1
— <o le. n=n,=|—|+1.
n o
The number M., does depend on O, and on o: M, , = M, o, but, as

we stated, & and O, are kept fixed. So, M, o, changes only if o is changed.
If m > M, o, and if x ¢ O, we have
1
Wwn(x) < — <o
ng

since x ¢ O, implies x ¢ A. .

6| -| denotes the integer part.
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Step 3: Once € > 0 and O, have been fixed, the set O, and the number M, o,
just constructed satisfy the required properties and so the Egorov-Severini
Theorem is proved. &

Remark 104 The proof of Theorem [82] uses the assumption that R is bounded,
hidden in the use of Lemma[I0Ql &
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Functions of Several Variables
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Chapter 3

Functions of Several Variables: the
Integral

In this chapter we define the Lebesgue integral for functions of several variables.
We assume familiarity with the elementary topological notions of sets in R¢
and with Chap. [I] since, once the Tietze extension theorem in R4 is known, the
procedure which leads to the construction of Lebesgue integral for functions of
several variables is essentially the same as that for functions of one variable.

In this chapter we do not discuss the exchange of limits and integrals. These
theorems are in Chap. [l

3.1 Rectangles, Multirectangles and Null Sets

We call RECTANGLE a set R € R? which is the cartesian product of d intervals of
the real line

k=1

When the intervals are open , Iy = (ay, by), the set R is the set of the points
x=(x1, x2,...,xq) suchthat ap <x; <by.

When the intervals are bounded and closed, I; = [ag, bi], the set R is the set of
the points
x=(x1, x2,...,xg) suchthat a; <x; < by.

When ay, = by, for at least one value of the index then the rectangle collapses
to a “face”, a rectangle in lower dimensions. If a; = by for every k the rectangle

93
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collapses to a point. The important observation is that a rectangle is a nonempty
set.

From a geometrical point of view, the rectangles we are going to use are not
arbitrary rectangles: they have faces parallel to the coordinate planes and
sides parallel to the coordinate exes.

When using the term “rectangle”, this fact is always intended and not explic-
itly repeated.

We recall that the length of an interval is the distance of its end points. The
length of an interval whose endpoints are a; and by with by > ay is

L(Ik) = bk —aj .

Open, closed or half closed intervals with the same endpoints have the same
length. If the interval is open then by > aj and the length is positive.
The voLumg] of the rectangle is

d d
L (]_[ Ik) = ]_[ L(I}).
k=1 k=1

Facts to be noted:

« if a rectangle collapses to a face, i.e. if one of the intervals collapses to
a point, then L(R) = 0. Only in this case we may have L(R) = 0. In
particular, the volume of an open rectangle is positive.

* the volume of a rectangle does not depend on its topological nature:
L(intR) = L(clR).

The key notion we shall use is that of multirectangle.

Definition 105 A MULTIRECTANGLE is any finite or numerable sequence of rect-
angles.

The rectangles of the sequence are the COMPONENT RECTANGLES of the mul-
tirectangle.

1i.e. the length in dimension 1 and the surface in dimension 2.

2in the next equality there is a minor abuse of language: if the rectangle is degenerate, i.e.
if L(R) = 0, then its interior is empty and we did not define the volume of an empty set. The
equality holds also for degenerate rectangles provided that we complete the definition of the
volume by imposing L(0) = 0.
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Remark 106 As in Remark [0 we note: the term “finite or numerable sequence”
is not strictly correct. We use it to intend that the domain of the index is either N
or a finite set,say 1 <n < N. 1

Important observation ‘

A multiinterval is a multirectangle in dimension 1 but we note an impor-
tant difference. According to the definition in Chap. [I, a multiinterval is
composed of open intervals. Definition[I05]is more general since nothing is
assumed on the topology of the component rectangles.

As in the case d = 1, we associate a number and a set to any multirectangle
A ={R,}:

L(A) = ZL(Rn), Ip = URn.

This number L does not change if the rectangles are taken in different order.
It is important to note that the number L(A) does not change if the component
rectangles R,, are changed by adding or removing parts of their boundaries.

As noted in dimension 1, L(A) cannot be interpreted as an “area” or a
“volume” since the component rectangles may not be pairwise disjoint.

The introduction of the notion of multirectangle and of the number L allows
us to define null sets.

Definition 107 A set N is a NuLL ST when for every € > 0 there exists a
multirectangle A, such that

L(A;) <e and N C1I,,.

A property of the points of a set A which is false only when x belongs to a
null subset of A is said to hold ALMOST EVERYWHERE (sortly A.E.) on A.

This definition looks different from the corresponding definition in dimen-
sion 1 since here the rectangles need not be open. In fact:

Theorem 108 A set N is a null set when for every € > 0 there exists a multirect-
angle A, composed of open rectangles such that

L(A;) <e and N C1I,,.
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Proof. Let N be a null set and let &€ > 0. We construct a multirectangle A, such
that A
A is composed by open rectangles

L(A,) <&
N C 1, .
By assumption, N is a null set. Hence, there exists a multirectangle A, such

that

LA) <3,  NCy,.

Let A, = {R,}. By slightly enlarging the sides of R, we construct an open
rectangle R, such that

€
2.2n°

clR, CR,, L(R,) < L(R,) +

The required multirectangle is A, = {R,}. 1

Arguments like this will be further examined in Chap. (4l
We state two lemmas:

Lemma 109 Let {A,} be a sequence of multirectangles. There exists a mul-
tirectangle A wich is composed precisely by the rectangles which compose the
multirectangles A,. Hence we have

Lw=§um, =%,
n=1

The proof is similar to that of Lemma
Lemma 110 Let {N,} be a sequence of null sets. Then N = UN,, is a null set.
The proof is similar to that of Lemma [14]

Example 111 An argument analogous to the one in Example [12] can be used to
prove that any numerable set is a null set. For example, the points with rational
coordinates of the square (0, 1) x (0, 1) C R? are a numerable set.

A different argument is as follows. Let the set be {x,} where x, € R¢. The
set with the sole element x,, is a null set and a numerable union of null sets is a
null set. 1
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The previous definitions and observations parallels the corresponding ones
we have seen when d = 1. Now we show an important difference. Theorem
asserts that when d = 1 any open set is the union of a disjoint sequence of open
intervals. This equivalence holds only in dimension 1. It does not extend to
higher dimension as the following example shows:

Example 112 Let d = 2 and let T be any open triangle.

Let {R,} be a sequence of open pairwise disjoint rectangles which are con-
tained in 7. Their union cannot fill the triangle 7": let xo be a point of 7" which
belongs to the boundary of R, (so that it does not belong to R, which is open).
Then we have also xg ¢ R, for every n # ng because R, is open: if xo € R, then
R, must intersect R,,, while the rectangles are disjoint.

Instead, it is easy to represent T as the union of a sequence of (non pairwise
disjoint) open rectangles. It is also the union of a sequence of closed rectangles
with the property that two of them intersects only on the boundary. We shall see
(in Theorem [142)) that this is a property of every open set. &

The reader is already familiar with the rigorous notations in Chap. [Il and the
concise terminology used to speed up the presentation (see the table [.2). A
similar terminology, collected in the table 3.1l we can use in any dimension.

3.2 The Tietze Extension Theorem: Several Vari-
ables

Now we state Tietze extension theorem in any dimension. In the proof of the
monotonicity of the integral and in the study of the exchange of the limits and
integral, it is convenient to know the existence of extensions which have the
additional property stated in Theorem below. Most of the proposed proofs
of Tietze theorem provide extensions for which Theorem holds.

Once the extension theorem (Theorem below) is known, the definition
of the Lebesgue integral for functions of d variables is essentially the same as
that of functions of 1 variable. So, in this section we confine ourselves to state
the extension theorem which was first asserted by Lebesgue in [19] with a hint
to a possible proof. Later on and independently of Lebesgue, several simpler
proofs have been proposed (see for example [6]. See [2] also for an interesting
historical overview) and Tonelli proposed one in [39]. For completeness, we
reproduce this proof in the Appendix [3.4] but the reader can make reference to
any of the proofs that he may know, provided that the monotonicity property
stated in Theorem holds for that extension.
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Table 3.1: Succinct notations and terminology

We recall that when A = {R,} (R, is a rectangle) we define

L(A) = ZL(R,,), I) = URn.

n>1
Then:
¢ the multirectangle A constructed in Lemma[109is denoted UA,;;

* we say that a multirectangle A is EXTRACTED from A when any com-
ponent interval of A is a component interval of A.

* a multirectangle which has finitely many component rectangles is
called a “finite sequence” (of rectangles) or a FINITE MULTIRECTANGLE.

* We say that A and A’ are disjoint when 7, N Jp» = 0, i.e. when no
component rectangle of one of them intersect a rectangle of the other.

* we say that a MULTIRECTANGLE COVERS A SET A when A C 7.
* we say that a multirectangle 1s IN A SET A when 7, C A.

Similar expressions we may use are self explanatory.

We use the (standard) notation C (A) to denote the linear space of the functions
which are continuous on the set A.

Theorem 113 (TieTzE EXTENSION THEOREM) Let K C R? be a closed set. There
exists an algorithm which associates to every function f € C(K) a function
f. € C(R?) in such a way that the following properties hold:

1. the function f, is a continuous extension of f to R%.
2. the following inequalities hold:

inf{f,(x), x € R} = min{ £, (x), x € R} = min{f(x), x € K}

< max{f(x), x € K} = max{f,(x), x € R?} = sup{fo(x), x € R%}.
3.1

We call TIETZE EXTENSION any continuous extension of f from K to R? which
enjoys the property (3.1).
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Propery (3.1)) has the following consequence:

Theorem 114 Let {f,} be a sequence of continuous functions defined on the
closed set K and let us assume that { f,,} is uniformly convergent to zero on K :

Ve > 0 AN, such that if n > Ng then | f,(x)| < € forall x € K .

Let f,. be a Tietze extension of f, to R¢.
The sequence { f, .} is uniformly convergent to zero on R,

Proof. Let
m, = min{ f,,(x), x € K}, M,, = max{f,(x), x € K}.
The assumption can be reformulated as follows:

lim m, =0, lim M, =0.

n—s+co n—-+co
This is the property that { f;, .} is uniformly convergent to 0 since we have also
m, =min{f,.(x), x € R}, M, = max{f,.(x), x e R} .
The construction proposed by Tonelli, as most of the usual proofs of Theo-
rem[113] gives extensions which have a further property:
Theorem 115 We have:

1. Let f € C(K) and g € C(K) be such that g(x) > f(x) on K and let f,, g.
be their extensions constructed as in Appendix[3.4] Then g.(x) > f.(x)
on R,

It follows:
2. Let {f,} be a sequence in C(K) and let f, . be the extension of f, con-
structed as in Appendix 3.4 We have:

o if {fu} is increasing on K, i.e. if fu+1(x) = fu(x) for every x € K,
then { f,..} is increasing on R%.

o if {fu} is decreasing on K, i.e. if f,+1(x) < fu(x) for every x € K,
then { f,..} is decreasing on R,

Instead, it is important to note that the property in Theorem [33] does not
extend to functions of d variables: it is possible that { f;,(x)} converges for
every x € K while the sequence of the extensions does not converges in R¢.
This is seen in Example 1321
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3.3 The Lebesgue Integral in R?

Now we define the Lebesgue integral for functions of d variables. The procedure
is the same as that seen in Chap. [[lwhen d = 1 and it is sufficient that we sketch
the ideas. The definition is in three steps: first we define the quasicontinuous
functions and then, with two steps, we define their Lebesgue integral.

Step A: quasicontinuous functions

We define:
Definition 116 Let f be a function a.e. defined on the balld

Dg ={x| ||x|| £ R}, R < 40,

The function is QuasicoNTINUOUs when the following property holds: let {&,}
be a sequence of positive numbers such that lim,—, . €, = 0. For every n there
exists a multirectangle A, such that

L(A,) < &,, Iy, isopen, fingz, ~ iscontinuous. u
n

A quasicontinuous function which is bounded is a BOUNDED QUASICONTINU-
OUS FUNCTION.

The multirectangle A, is an ASSOCIATED MULTIRECTANGLE OF ORDER &j,.

A Tietze extensiorﬂ of f| DRV 1S an ASSOCIATED FUNCTION OF ORDER &,.

The pair (A,, f| DRIy, )isa painr of ASSOCIATED MULTIINTERVALS AND CONTIN-
UOUS FUNCTIONS OF ORDER &j.

We note that, given ¢&,, associated functions of order &, are not uniquely
determined neither by &, nor by the choice of A,,.

Results analogous to those seen in Chap. [Ilhold. In particular we state:

Theorem 117 The following properties hold:
1. a function which is a.e. continuous on D is quasicontinuous;

2. the classes of the quasicontinuous functions and that of the bounded qua-
sicontinuous functions on a ball Dg are linear spaces.

3. the product of quasicontinuous functions is quasicontinuous and the quo-
tient is quasicontinuous if the denominator is a.e. nonzero.

3we stress the fact that it may be R = +oo, i.e. that the ball can be the entire space RY.
“4i.e. a continuous extension with the properties (3.1)).



3.3. THE LEBESGUE INTEGRAL IN R? 101

4. if g is defined and continuous on a domain which contains im f and if f is
quasicontinuous then the function x — g(f(x)) is quasicontinuous.

A function defined on Dy is PIECEWISE CONSTANT when there exists a finite
number of rectangles R, say 1 < n < N, such that:

1. intR; ﬁintRJ- =0Qifi *J;
2. Dr € UN_ clRy;

3. the function f;

int Ry

is constant for every n.

The boundaries of rectangles and balls are null sets. So, the Property [l of
Theorem implies:

Corollary 118 We have:

1. The characteristic functions of rectangles or balls of R? are bounded
quasicontinuous functions.

2. Piecewise constant functions are bounded quasicontinuous functions.

Now we extend the definition of quasicontinuity. Let A be a set which satisfies
the following condition:

Assumption 119 The characteristic function of the set A is quasicontinuous. 1

Theorem [I52] proved in Chap.dlshows that any open set satisfies this assump-
tion.

We note that if f is quasicontinuous on R? and A satisfies Assumption
then f14 is quasicontinuous on R?. So we define:

Definition 120 Let f(x) be quasicontinuous on R¢ and let A satisfies the As-
sumption[T19] Under these conditions, we say that the function f is QUASICON-
TINUOUS ON THE SET A.

If f is defined on A then we say that it is quasicontinuous on A when its
extension with 0 to R¢ is. u

Clearly:

Swe repeat that in general the composition of quasicontinuous functions is not quasicontinu-
ous, see See Remark 200 in Appendix[6.6]
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Theorem 121 The properties stated Theorem [[17 for functions which are qua-

sicontinuous on D g holds also for functions which are quasicontinuous on a set
A which satisfies Assumption

Step B: Lebesgue integral under boundedness assumptions

We state the following result which extends Lemma 43 and which has a
similar proof:

Lemma 122 Let f be Riemann integrable on a bounded ball D (so that f is
bounded) and let A be a multirectangle such that

f(x)=0 if x¢gIx.

We have
/ £l dx < (sup |f|) L(A) .
D D

[ —

Riemann integral

The proof of the next statement is similar to that of Lemma 45}

Lemma 123 Let f be a bounded quasicontinuous function on a bounded ball.
Let {&,} be a sequence of positive numbers such that lim,_, . &, = 0. Let {f,}
be a sequence of associated functions (to f) of order €,. The sequence of the

Riemann integrals
{ Jn(x) dx}
Dgr

is convergent and the limit does not depend either on {&,} or on the particular
chosen sequence of associated functions.

It is then legitimate to define:

Definition 124 Let f be a bounded quasicontinuous function defined on the ball
Dr = {x : ||x|| £ R}. We assume that the ball is bounded, i.e. that R < +oo.
Let {&,} be any sequence of positive numbers such that lim,_,,., &, = 0 and let
{fn} be any sequence of associated functions, f;, of order &,. We define:

fO)de= lim [ f(x)dv. u
Dgr =+ Jpr
—— —— ~—_——

Lebesgue Riemann
integral integral

As a consequence we have:
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Theorem 125 The following properties hold for functions a.e. defined on a
bounded ball Dg:

1. if f is defined on D g and it is either continuous or piecewise constant then
it is both Riemann and Lebesgue integrable and the two integrals have the
same values.

2. if f is a.e. continuous and bounded then it is bounded quasicontinuous
and so it is Lebesgue integrable.

3. If f =0a.e. on Dg then

/DRf(x)dx:o.

————

Lebesgue integral

4. two bounded quasicontinuous functions which are a.e. equal have the same
Lebesgue integral.

Proof. Statements[Ilis immediate from the definition of the integral and the proof
of statement[2]is similar to that given in Lemma[39in the case d = 1.
We prove statement[3l Let

f()l <M.

We fix a multirectangle A, with L(A,)) < 1/n and such that f = 0on Dy \ 7p
and a corresponding associated function f,, = ( fip, I ) . Then,

[ rwar=tim [

——— ———

Lebesgue integral Riemann integral

and, from Lemma[122]
M
| fu(x)] dx < —.
Dgr n

N— —
Riemann integral
The result follows by computing the limit for n — +oo.
Statement 4] follows since the difference of the two functions is a.e. zero.

We conclude by stating that any function which is Riemann integrable on D
is Lebesgue integrable too, and the values of the integrals coincide. The proofis
analogous to that seen, when d = 1, in the Appendix[[.3]
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Step C: the general case

As in Chap. [Il first we define the Lebesgue integral of a quasicontinuous
function on R¢. Then we extend the definition when f is quasicontinuous on a
set A which satisfies the Assumption[119]

The function f can be unbounded.

We define:
f+(x) = max{f(x),0}, f-(x) = min{f(x),0} (3.2a)
and, when K >0, N >0and R > O,
fo. () (x) = min{ f+(x) , N} dom fi (rv) = {x : [Ix|| < R},
fo(r-x)(x) =max{f-(x), -K}  domf_ (r_g)={x: |Ix[| < R}(-3 )

The functions f; and f_ are quasicontinuous and the functions f. (g n) and
J=, (r,-k) are bounded quasicontinuous on a bounded ball. So, their Lebesgue

integrals exist.
We define

/ fe(x) dx = lim S, (R (x) dx,

Rd e Jial<r

[ —
Lebesgue Lebesgue
integral integral

[rwa=jin [ f g

R Lo i<k

~— ———
Febesgue Lebesgue
integral integral

The limits have to be computed respectively with (R, N) € N x N and (R, K) €
N X N (i.e. one independent from the other) and they can be respectively +co
or —oo.

Definition 126 (LEBESGUE INTEGRAL ON R%)

1. The function f(x) is INTEGRABLE when at least one of the function f, or
/- has finite integral. In this case we define

‘/Rdf(x)dx:/Rdﬂ(x)dx+/Rdf_(x)dx_

Lebesgue integral both Lebesgue integrals
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The Lebesgue integral of f can be a number (when both the integrals of
f+ and of f_ are numbers) or it can be +oo or it can be —co.

The function f is SUMMABLHS when its Lebesgue integral is finite.

2. Let A be a set which satisfies the Assumption[119]and let f be defined on
A. We use the notation f14 to denote the product of f and 14 when f is
defined on R?. Otherwise, with a slight abuse of notations, we put

s ={ 3 TE

We say that f iS a QUASICONTINUOUS FUNCTION ON A when f1,4 is quasi-
continuous on R?. In this case we define

Jrear= [ e a

Lebesgue integral Lebesgue integral

when f(x)1, is integrable (in particular, when it is summable) on R and
correspondingly we say that f iS INTEGRABLE (SUMMABLE) ON A. 1

From now on, the integral sign will always denote the Lebesgue integral,
unless explicitly stated that it is a Riemann integral.

We conclude this section by stating that, as in the case d = 1, The Lebesgue
integral does not extend the improper integral.

3.3.1 The Properties of the Integral

The properties of the set of the quasicontinuous functions and of the integral are
the same as we listed in the case d = 1, and with similar proofs. We repeat the
statements for completeness.

Theorem 127 The sets which appear in the statements below satisfy Assump-
tion Under this condition the following properties hold:

1. let f be quasicontinuous on A and let Ay C A. Then f is quasicontinuous
on Al.

6as already noted in the footnote [§] of Chap.[I] several books uses the term “integrable” to
intend that the integral is finite.
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2. let Ay and A, be disjoint and let f be a.e. defined and quasicontinuous
both on Ay and on Aj. Then it is quasicontinuous on A1 U Aj.

3. the sum and the product of two quasicontinuous functions is a quasicon-
tinuous function. This statement holds also for the quotient provided that
the denominator is a.e. different from zero.

In particular, the set of the quasicontinuous functions a.e. defined on A is
a linear space.

4. Let f be quasicontinuous on A. Letv € RY. We put A+v = {x+v, x € A}.
The set A + v satisfies the Assumption[[19 and the function x — f(x —v)
is quasicontinuous on A + v.

5. let f, be quasicontinuous functions. For every k, the functions

¢x (x) = max{f1(x), f2(x), ..., fi(x)}
Yr(x) =min{fi(x), f2(x), ..., fi(x)}

are quasicontinuous.

Similarly, we can state the key properties of the integral:

Theorem 128 Let f(x) and g(x) be integrable on A (a set which satisfies As-
sumption . Then:

1. the integral of a function which is a.e. zero is zero. So, if f = g a.e. then
they have the same Lebesgue integrals.

2. MONOTONICITY OF THE INTEGRAL: If f(x) < g(x) therl?

/Af(x)de/Ag(x)dx-

3. TRANSLATION INVARIANCE: letv € RY. With A+v = {x +v, x € A} we
have:

/f(x)dx: f(x—v)dx.
A A+v

4. the absolute value:

7as in dimension 1, the proof uses the monotonicity property of the extensions given in
Theorem[TT3t we associate to f and g sequences f, and g, such that f,(x) > g,(x). Compare
with Remark [31]
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(a) If f is integrable then | f| is integrable and

/Alf(X)Idx=/Af+(X)dx—/Af-(X)dx.

So, the usual inequality of the absolute value holds:

Mf(x)dx S/AIf(X)IdX-

(b) the quasicontinuous function f is summable if and only if |f| is
summable.

5. let f and g be summable. We have:

(a) LINEARITY OF THE INTEGRAL: the following equality holds for any real
numbers a and [3:

/A (af(x) + Bg(x)) dv = a /A F(x) d +,6’/Ag(X) dx.

(b) if g is bounded then the product f g is summable.
(c) if 1/g is bounded then the quotient f /g is summable.

Now we consider the additivity of the integral.

Theorem 129 Let f be defined on A = A} U A, and let Ay and A, satisfy the
Assumption[[I9 Then:

1. the set A| U Ay and, if nonempty, the sets Ay N Ay, Ay \ Aa, Ay \ Ay satisfy
the Assumption[119;

2. let f be summable on Ay and on A;. Then:

(a) the function f is summable on A1 U Ay,
(b) we have

/Alquf(x)dxS/Alf(x)d“/Azf(x)dx;

(c) ADDITIVITY OF THE INTEGRAL!

ANA =0 — fode= [ foode+ | f(x) dx.
AjUA, Aq A
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Proof. The result follows from the linearity of the integral and the equality

F(x) = f()La,(x) + f(X)La,(x) . u

Finally we extend Lemma from the Riemann to the Lebesgue integrals.
We recall that the supporT of a function f is

supp f =cl{x : f(x) #0}.

So, the support is always closed and, if we consider functions defined in a bounded
ball, it is compact.

Heine-Borel Theorem holds in every dimension. In particular, let A be a
multirectangle composed by open rectangles which covers a compact set K; i.e.
we assume K C Jp. Then K is covered by finitely many of the rectangles which
compose A (we already stated this observation when d = 1 in Lemma[13]).

We use this observation and we extend Lemma[I22]as follows:

Lemma 130 Let f be a bounded quasicontinuous function defined on a bounded
ball D, |f(x)| £ M for every x € D. Let A = {R,} be a sequence of open
rectangles which covers supp f:

cl{x : f(x) #0} C 1.

Lﬂmm

Proof. We use Heine-Borel Theorem and we reorder the rectangles of A so to
have

Then we have
< ML(A). 3.3)

N
cfx: f(x)#0} | JR;
i=1

(note that the rectangles R; need not be disjoint).
Statement 2b] of Theorem [129] gives

Lﬂ@MSLZ

Inequality (3.3) holds since for every i we have

&mwxmthWMMS;Avww

/|f(x)|de/de:ML(R,-) 1
R; Ri

Note that this result is quite weak. In particular it cannot be used to prove
statement[I] of Theorem 128l
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3.4 Appendix: Tonelli and the Tietze Extension

Here we reproduce the proof of the Tietze extension theorem (Theorem
presented by Tonelli in [39].

3.4.1 Few Notations

For every r > 0 and every x € R¢ let
D(x,r) ={y such that ||y —x|| < r} (D(x,r) is a closed ball) .
Let K be a compact set. We pu@
o(x) =dist(x, K) = min{||x - k||, k € K}.

Note that
0 if x¢K

KﬁD(x,O):{x if xek.

The set K N D(x,r) is empty when r < po(x). If r > o(x) it is a compact
set over which f is continuous. So, when r > o(x), the function f reaches its
maximum (and minimum) on K N D (x, r).

We introduce the function

_ | maxp g fif D(x,r) NK # 0
M(“)‘{ 0 if DLANK=0.

The function » — M (x,r) is monotone non decreasing for every x and both
the functions x — M (x,r) (with r fixed) and r — M (x,r) (with x fixed) are
discontinuous. In fact,letd = 1, K = [1,2] and f(x) =1 on K. Therﬂ

0 if r<1 0 if x<1/2
M(O’r)‘{1 it o>, M(x’l/z)‘{ 1 if x> 1/2.
3.4.2 The Proof of Theorem
For every n and every x € R? we define
1 k
F(x) = o Z M (x, (1 + 2—) Q(x)) . (3.4)

k=0

8note in this definition: “min” since K is closed. For general sets the distance is an infimum.
9recall that D (x, r) is a closed ball.
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The number F,,(x) is the arithmetic mean of the numbers
max{ f(x), x e KND(x,(1+k/2"o(x))} 0<k<2"-1.

We prove that
fe(x) = nl_l)l}_loo F,(x) (3.5)

exists for every x € RY, it is an extension of f which satisfies (3.1) and it is
continuous. The proof is in three steps. After that, it is a simple observation to
note that the monotonicity Theorem holds for the extension f, in (3.3)). See
the statement [3 of Remark [131]

Now we prove the theorem.

A warning

Note that the extension theorem has been used only in the special case that
K is compact and only this case will be used in the following. So, the reader
can confine himself to consider the proof in the case that K is compact.

The proof is slightly more transparent when K is compact and, in order
to help the reader, we prove the theorem in this case. The points where
boundedness of K is used are clearly stated by using a and the way

to remove boundedness of K is clearly indicated in But when first
reading the proof it may be convenient to ignore these boxes.

Step 1: the function f, is defined on R?. We prove that for every fixed x the
sequence of real numbers {F,(x)} is bounded and nondecreasing. This
implies that the limit (3.3)) exists and that it is finite.

Boundedness is clear since for every k and every n we have

mKinf <M (x,(1+k/2") o(x)) < mI?xf

and so we have also

mlgnf < F,(x) < m[?xf.

In order to prove monotonicity we prove Fj,1(x) > F,(x). Here we use
monotonicity of r — M(x,r) and the fact that the sum which defines
F,+1(x) has twice as many addenda as that of F,,(x). This is the reason for
choosing the sum of 2" terms.
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We write the expression of F,;;(x) and we associate any term with even
index with its subsequent term with odd index:

1 2n+1_1 k
Fri () = r O, M(x,(1+ 2,m)p(x))

k=0

_ 2n1+1 {lM(x, 0(x) + M (x, (1 4 2n1+1) Q(x))

M (x, (1 + 2’12“) Q()C)) +M (x, (1 + 2’13“) Q(x))]

M (x, (1 + %) Q(x)) +M (x, (1 + 222’1#) Q(X))]}

2]
= % Z % [M (x, (1 + 221;”) Q()C)) +M (x, (1 + 22k.-;n1) Q(x))] .

k=0

+

+

We compare the addenda of F,,;(x) and those of F,(x). We see that
1 2k 2k + 1
3 lM (x, (1 + 3 on 2”) Q(x)) +M (x, (1 + > o ) Q(x))]

1 k k 1
=3 [M(x,(1+?) Q(x))+M(x,(1+?+2.2n)g(x))

> M (x,(1+k/2") o(x)) (since r — M (x,r) is nondecreasing) .

It follows that

Fpi1(x) = Fy(x) Vn and so f,(x) =lim F,(x) € R for every x .

Step 2: the function f, extends f. If x € K then o(x) = 0and M (x,0) = f(x).
Hence, when x € K, F,(x) = f(x) for every n so that we have also

Je(x) = f(x).

Step 3: the function f, is continuous on R?. ‘In this step we use K compact‘
(and we indicate how boundedness can be removed).

If x € intK then f, = f is continuous at x. We must prove continuity at
the boundary points of K and at the exterior points of K.
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Substep 3A: continuity at xo € 0K. We must prove

lim f,(x) = fol(x0) = f(x0)

(and we can confine ourselves to consider the limit from R? \ K since
f is continuous on K by assumption).

‘ A continuous function on a compact set is uniformly continuous. ‘Hence,
for every € > 0 there exists 0 > 0 (which does not depend on xg) such
that

yeK, lly-xll<é = [f(y)-flxo)l<e. (3.6)

We note
(1+k/2")o(x) <20(x) 0<k<2".

When x € D(xg,5/4) then o(x) < §/4 and
M (x,(1+k/2")o(x)) = f(y) where y € D(xp,6/4) € D(xp,9)

so that
IM (x, (1+k/2")0(x)) = f(x0)| < &.

Hence, for every n,
: 3 Mx, |1+ Q(X) f(J’C )
on ’ on 0

k=0
RS
e

The inequality is preserved by the limit, so it holds for f, as wanted.

|Fn(x) = f(xo0)| =

How to remove the assumption that K is bounded

We used boundedness of K since we used uniform continuity but note
that the point xo has been fixed. Once xy has been fixed, the value of
y € K which are used in (3.6) are confined to a ball of center xg, for
example y € K N D(xp, 1000(xp)). The previous estimates holds also if K
is unbounded by using uniform continuity of f on K N D (xg, 1000(x)) and
the corresponding value of §.
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Substep 3B: continuity at xo € RY \ K. We fix a point xo € R? \ K so
that o(xg) > O.

We must prove that for every € > 0 there exists ¢ > 0 such that
lx =xoll <6 = fe(x0) —& < fe(x) < fexo) +&. (3.7

First we note the following facts which holds for every 6 > O:

Fact 1: we have
lx —xoll <6 = o0(x) < 0(x0) +6. (3.8)
In fact let k € K be one of the points for which
o0(xo) = [lxo — k|| -
Then we have
0(x) < [lx—kl| < [lx=xoll+llxo—kl| = [lx—xoll+0(x0) < 6+0(x0) -
Fact 2: for every r > 0 we have

lx —xo|l <é6 = D(x,r) € D(xg,7+96) (3.9)
sothat M(x,r) < M(xo,r +9). '
In fact:
yeDx,r) = lly-—xoll <lly—x|l+I[x—xoll <r+6.
We use Fact 1 and Fact 2 to derive the following consequence: when
llx = xoll <6
we have:
M (x,(1+k/2")o(x)) < M (xo,(1+k/2")0(x) +0)
——
from
< M (xo, [(1+Kk/2")(0(x0) +0)] +6)
——

from
< M (xo, (1 +k/2")0(x0) +36) . (3.10)
——

use
(1+k/27)<2
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If A is any number such that

h
35 < HeL0) o on 39 (3.11)
2" o(xo)
then we have
k k+nh
(1 + i) o(xp) +36 < (1 + 2-: ) o(xp) .

We choose the smallest integer h such that the inequalities in (3.11)
hold:

36
o(xo)

h=h,= {2” +1 (3.12)

where | @| denotes the integer part of the number a.

Note that /,, does not depend on k£ < 2" so that for every k < 2" we
have

(155 et +30 < (14552 ot 613

2
The inequalities (3.10) and (3.13) give, when ||x — x¢|| < 6,

M (x, (1 + %) Q(X)) <M (xo, (1 + k ;nhn) Q(X())) 0<k<2".

(3.14)

After these preliminaries we prove separately the inequalities above

and below in (3.2).

First we prove the inequality above: we prove the existence of ¢ such
that

lx —x0ll <6 = fe(x) < fe(xo) +6. (3.15)

We use (3.14) and ‘ M (xg,r) < maxg f. ‘ We have:
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k=0

2"-1

<3 > [ 1+ 55 g0
2"—1+h

-5 ; M (xo. {1+ 3;) e(x0))
1 2"-1 y

L 1) o)
L2 , hy—1 ,
+o ; M (xo. (1+37) ox0)) - z:(; M (x0. (1+52) e(x0))

| N -
< Fu(xo) + 2§hnM where M = maxg |f||. (3.16)

Equality (3.12) shows that

so that, when ||x — xg|| < ¢, we have

F,(x) < F,(xp) + 3M+ 60 M andso f,(x) < f.(xo) + 0 M.
2" 0(x0) Q(X?% 7

The required inequality (3.15]) holds provided that we choose

0 < Q(XAO)G where, we recall, M = maxg | f|
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How to remove the assumption that K is bounded

In this step of the proof boundedness of K was used when we defined
M = maxg |f|. But, it is still true that xy is fixed and that the values
of f which are used in this computation are the values f(y) when y €
I{ N D (xg, 1000(xp)). So, boundedness of f is easily removed by redefining

M = Mmaxgnp (xg,1000(xp)) |f|

In a similar way we prove the inequality from below in (3.7), i.e. we prove

Ve>036>0: |x—x0ll <6 = fo(xg) —& < fo(x). (3.18)

We sketch the steps in order to see a (very) minor difference.

Note that it is not restrictive to assume from the outset € < 1 and § €
(0, 0(x0)/4). The value of § will be further reduced later on.

First we use the inequalities (3.8)) and (3.9) with the roles of x and xg
exchanged, i.e.

o(xo) < o(x)+6
D(xo,r) € D(x,r +0) (3.19)
r>0 = { M (xp,r) < M(x,r +0).

lx—xo0ll <6 =
So we have

M (xo, (1 + %) Q(X())) <M (x, (1 + %) o(x) + 35)

<M (x, (1 + kz%h) Q(x)) (3.20)

provided that 3
ho(x)

2n
Here is the point of difference: the inequality (3.11)) does not depend on
x while the right side of (3.21) does depend on x. But, this difficulty is
easily overcame since o(x) > o(xg) — ¢ from (3.19) and we did impose
5 € (0, 0(x0)/4). Hence, inequality holds if we impose

RICEOEDY
on

36 <

(3.21)

36
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This condition is satisfied if we choose % such that

ho(xo) e, B> ¥

0 < .€. .
4.2n o(xo)

We write the inequality (3.20) with & = hy,:

46
o(xo)

h, = 2" |+1.

The same computations as in (3.16]) with the roles of x and x( exchanged
give
2M  8M§ 8SMs

+ hence f,(x9) — —— < fo(x)

Fu(xo) < Fu(x) + —; o(x0) o(xo)

where M = maxg | f]. |It follows that the required inequality (3.18) holds
if we further reduce the value of 6 and we impose

6<min{9(x0) Q(XO)g} .

4 7 8m

How to remove the assumption that K is bounded

Also in this step of the proof boundedness of K is used since M = maxg | f|.
But, itis still true that x is fixed and that the values of f which are used in this
computation are the values f(y) wheny € KN D (xg, 1000(xp)). So, bound-
edness of f is easily removed by redefining M = MAaxxnp(x,1000(x0)) |f1-

Te proof is now complete.

Remark 131 We note:

1.

We described how boundedness of K can be removed. Instead, the as-
sumption that K is closed cannot be removed.

. Inequality (3.1)) holds since it holds for every addendum M (x, (1+k /2") o(x))

and since F),(x) is the arithmetic mean of these numbers.
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3. Statement [I] of Theorem holds for the extension f,(x) proposed by
Tonelli since if f < g on a compact set A then max, f < maxy g so that

M(x,(1+k/2")0(x)) < M(x, (1 +k/2")0(x)) .

computed from f computed from g

Statement [2] of Theorem is an obvious consequence of Statement[Il

Finally we prove that statement 2| of Theorem does not hold for the
extension of functions of d variables obtained with the Tonelli method: the fact
that a sequence { f,,} converge pointwise on K does not imply that the sequence
if the extensions converges.

Example 132 We construct a sequence { f; } such that f;(x) — Oforeveryx € K
while the extensions do not converge.

We consider d = 2 and we denote (x, y) the points of R2. The set K is the
boundary of the disk whose center is the origin and of radius 1:

K={(x,y), x=cosf, y=sinf 0 € [0,2n)}.

So,
0(0,00=1, K cD((0,0),(1+k/2"0(0,0))  Vk <2"!
and
M ((0, 0), (1 + %) 0(0, O)) = m]?Xf Vi < 21
so that

F,(0,0) = mI?xf, £.(0,0) = mlz(le.
Now we consider the sequence of the functions f; defined as follows:

0

fav+1(cos 6, sin 6)

0 if 6¢(0,2/v)
vo if 0<6<1/v
2—v0 if 1/lv<6<2/v.

fay(cos b, sinf)
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The graphs of few of the func-

tions f», orarepresented in the

figure on the right.

The sequence {f;(x)} con-

verges to zero for every x € K.
In spite of this, (f;)(0,0) os-
cillates, f>,(0,0) = 1 while T
f2v+1(0,0) = 0. »
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Chapter 4

The Limits and the Integral

The theorems concerning the exchange of limits and integrals are the main object
of this chapter. We need few observations on multirectangles and we represent
open sets as union of rectangles. This representation opens the way to the proof
of a version of the absolute continuity of the integral.

Table 4.1: Succinct notations and terminology

When convenient, we use the informal terminology introduced in the ta-
ble Moreover we introduce the following definitions.

* A C-RECTANGLE is a closed rectangle and a C-MULTIRECTANGLE 1S a
multirectangle composed of c-rectangles.

* A multirectangle composed of open rectangles is called an oPEN MUL-
TIRECTANGLE

* A multirectangle is pisjoINT when the component rectangles are
pairwise disjoint.

* A multirectangle is ALMOST DISJOINT when any two of its component
rectangles do not have common points which are interior to at least
one of them. So, if the rectangles have interior points and intersect,
the common points belong to faces of both the rectangles. Hence, an
open almost disjoint multirectangle is disjoint.

121
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4.1 Special Classes of Sets and Multirectangles

The following observations comment the definition in the table 4.1l

1. ac-rectangle is a closed set. If instead A is a c-multirectangle then 7, may
not be closed.

2. if a multirectangle A is composed of open rectangles then 7, is open. For
this reason a multirectangle composed of open rectangles is simply called
an “open multirectangle”. No confusion can arise provided that we keep
in mind the following facts:

(a) there exists open sets which cannot be represented as 7 if we impose
that A is disjoint (see Example of Chap.[3).

(b) as we shall prove below, any open set is 7o where A is an almost
disjoint c-multirectangle.

(c) in particular, the representation of Ipn as the union of rectangles is
never unique.

3. to understand the definition of almost disjointness consider the following
example: Ry = [—1,1], R, = [0,0]. We do not want to say that they are
almost disjoint and they are not since the common point 0 is interior to one
of them.

4. finite or numerable sets of rectangles can be ordered to form a (finite or
numerable) multirectangle. Thanks to this observation we extend the term
“almost disjoint” to finite or numerable sets {R;} of multirectangles: we
say that the RECTANGLES ARE ALMOST DISJOINT when the intersection of
any pair of the rectangles either is empty or the common points belong to
the boundary of both of them.

The following observations are obvious and constitute a more precise elabo-
ration of the argument used in the proof of Theorem [108}

* Let R and S be rectangles. Their union, their intersection and their differ-
ence are either empty or a finite union of almost disjoint rectangles. Hence
they are sets 7o where A is a finite almost disjoint multirectangle.

Let R and S be rectangles and let A and A be finite almost disjoint multi-
rectangles such that 74 = R\ S and 73 = R N S. Then we have

L(R) = L(A) + L(A) . 4.1)
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* let R be a rectangle such that L(R) > 0. For every € > 0 there exist open
multirectangles R_ and R, such that

O<L(R)—L(R.) <e&,
R_CclR_CintRCclR CintR, and 0<L(Ry)-L(R) <&,
O<L(Ry)—L(R.) <e.
(4.2)

IfR = Hlfl 1 (a;, b;) then the rectangles R.. are ]—[l‘.il(a,- F o,b; £ o) with

o sufficiently small.
So we can stateE]:

Lemma 133 Let R = Hf \(a;, b;) be a rectangle such that L(R) > 0 and let

d
R, = n(ai$0',bi10').
i=1

For every € > 0 there exists 6. > 0 such that if 0 < o < . there exists a finite
almost disjoint multirectangle A such that

IA=R,\R_, L(A) <e.
This observation and have the following consequence@:
Corollary 134 we have:
1. The boundary of a rectangle is a null set.

2. A set N is a null set when there exists a sequence {Ay} of open multirect-
angles such that

N C Iy, , kl—i>r-|r-looL(Ak) =0.

4.1.1 Almost Disjoint Multirectangles and their Measure

Let A = {R;} with L(R;) > 0 and let & > 0. Let (Ry)+ be rectangles with
the properties (@.2) with £/2% in the place of . Let (Az)r = {(Ri)+}. The
properties of the rectangles (Ry). and Lemma[133] give:

lobserve that we already used this fact in the proof of Theorem[108]
2the statementlis a reformulation of Theorem [L08]
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Lemma 135 Let A = {Ry} be an almost disjoint multirectangle such that
L(Ry) > O for every k and L(A) < +co. Under these conditions, for every
g > 0 there exists a disjoint open multirectangle A_ and an open multirectangle
A, such that

In CINCIn, O0<|L(Ay)-L(A)|<e, 0<L(A)-L(A)<s.

Note that the open disjoint multirectangle A_ does not exist if the condition
L(Ry) > 0 is removed. If the condition L(Ry) > 0 is remove then the statement
still hold, provided that we remove the condition that A_ is open.

We noted that the number L(A) is associated to the sequence A and not to the
set Jo. If A is almost disjoint then we can be more precise. First we recall:

1. L(A) = Y'%L(R,) does not depend on the order of the rectangles;

2. L(A) = X' L(R,) does not change when its component rectangles are
changed by adding or removing parts of their boundary; in particular if R,, is
replaced by its closure or by its interior. This observation is a reformulation
of the statement (Il of Corollary [134]

3. L(A) = },*5 L(R,) does not change if the rectangles R, are represented
as countable unions of sequences of almost disjoint rectangles.

These observations imply:

Lemma 136 Let A be an almost disjoint multirectangle, A = {Ry} and let
L(Ry) > O for every k. We havd3:

L(A) =inf{L(Aout), Aout Open and Ip C I} (4.3a)
and also

L(A) = sup{L(Ains), Ains (open) disjoint and Ix. . C Iz} (4.3b)

ins

(the reason for putting “open” in parenthesis in the formula (4.3b) is explained
in Remark [I38] below).
It follows:

Theorem 137 Let Ip, = 15, and let the multirectangles be almost disjoint. We
have L(Al) = L(Az).

’’’’’
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Thanks to this theorem, we associate a number to every set A which can be
represented as 7o when A is almost disjoint@:

A(A) = L(A) where A is almost disjoint and A = 7 . 4.4)

We shall see in Chap. [@] that this number A(A) is the LEBESGUE MEASURE of the
set A.

Remark 138 It is easily seen that the formula holds also if the condition
L(Ry) > 0 is removed from the statement of Lemma If this condition is
removed then formula (4.3b) holds too provided that we remove the request that
Ajps 1s open. In fact, the degenerate component rectangles Ry do not contain
open rectangles, but we have also L(Ry) = 0.

This is the reason why “open’ has been written in parenthesis.

Note also that if A is a sequence of points, A = {qy}, then both the numbers
in and (.3D) are zero. Compare this observation with the item [3] of
Remark

In order to stress the previous observation we state explicitly:

Theorem 139 Let A = Jp and let A = {Ry} be almost disjoint. The number
A(A) = L(A) is given by both the formulas and (4.3D) with the following
warning: if L(Ry) is not strictly positive then formula (4.3D)) takes the following

form:
L(A) = sup{L(Ains), Ains disjoint and Ip, C Iz} . 4.5)

Table 4.2: Multirectangle sets

To streamline the presentation, a set A = I, where A = {R} is almost
disjoint will be called a MULTIRECTANGLE SET and, if convenient, we specify
THE MULTIRECTANGLE SET OF A. We say also that A 1S THE SET OF THE
MULTIRECTANGLE A and, reciprocally, that A 1S A MULTIRECTANGLE OF THE
SET A.

We stress that when using these terms we always intend that A is almost
disjoint.

The following result is clear from (4.3al):

4strictly speaking at this point when A = {Ry} is almost disjoint and such that L(Rg) > 0
for every k. Se Remark[I38]below to see that the condition L(Ry) > 0 can be removed.
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Lemma 140 Let A = 15, and B = Ip, be multirectangle sets. We have:
1. If A C B then A(A) < A(B).

2. Let Ay = {R1,} and Ay = {Ry,} be almost disjoint multirectanglesl}.
Then:

Ri,NRy;j=0Vn,j = A(Irua) = L(A1UAy) = L(A1) + L(A2)
= A(Ip,) + A(1p,) .

This property can be written as

ANB=0 = A(AUB) =A(A)+A(B) where A=15, B=1,.

The property in the statement[Ilof Lemma[I4QJis the MONOTONICITY PROPERTY
OF THE MEASURE while that in the statement[2]is the ADDITIVITY PROPERTY OF THE
MEASURE.

Remark 141 We observe:
1. If A is a multirectangle set then it does not identify A uniquely;

2. if A is the multirectangle set of A, there exist multirectangles A which are
not almost disjoint and such that A = 5.

3. The computation used in Example[12]to see that the set {g, }, the set of the
rational points in (0, 1), is a null set is an application of (4.3a)). 1

4.1.2 Representation of Nonempty Open Sets

Important sets to which Lemma and formula (@.4) can be applied are the
open sets. In fact, in this section we represent any nonempty open set in terms
of almost disjoint multirectangles.

Example[112]of Chap.[3shows that, when d > 1, an open set is not a disjoint
open multirectangle in the sense that it is not equal to any such Z5. Instead we
have the following result, which we state in the case of bounded open sets since
this is the case we shall need, but which can be extended also to unbounded open
sets (in this case without the condition L(A) < +o0):

Swe recall the notation A U A, to denote the multirectangle composed by the rectangles R ,,
and R x (taken in any order).
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Theorem 142 Let O be a nonempty bounded open set. There exists an almost
disjoint c-multirectangle A such that L(A) < +oc0 and O = 1. It is possible to
chose A = {R,} such that L(R,) > O for every n.

Proof. The construction of the multirectangle A is iterative, as follows:

Step 0: We divide R? with closed “cubes” whose vertices are the points with
integer coordinates. This way we get a set Q( of closed cubes with sides
parallel to the coordinate axes and of length 1 = 1/2°.

Two different cubes either have empty intersection or they intersect along
a face.

Then we perform the following operations:

Substep 0-a: we single out the cubes of @y which are contained in O. We
call Qp the set of these cubesd:

Opy={0€Qo: QCOy}.

Then we define

Onog=1{0¢0py, ONO #0}.

The set of cubes Qp, is either empty or finite while Qp,, is always
nonempty and finite (these sets are finite since O is bounded).

Note that both Qp, and Qy, are sets of almost disjoint closed rect-
angleSB.

Substep 0-b: The elements of Qp, (if any) are retained as elements of A.

Step 1: We divide every cube Q € Qy in 24 equal closed cubes (with planes
which are parallel to the coordinate planes and which cut the edges in
the middle). This way we get a set Q1 of cubes with sides parallel to
the coordinate axes and of length 1/2'. Then we perform the following
operations:

Substep 1-a: we single out the cubes of @ which are contained in O. We
call Qp, the set of these cubes:

Qp ={0€Q1: QCO}.

6the index p of Q p is for “present”, since these cubes are retained in this step while x in Q
is for “next” since these cubes are elaborated in the next step.

7of course this statement holds for @ p, when it is not empty. A similar warning holds also
in the following steps and it is not repeated.




128 CHAPTER 4. THE LIMITS AND THE INTEGRAL

Then we define

Oy ={Q€Qi1\Qp;. QNO#0}.

Substep 1-b: The set Qp, is empty or finite. If nonvoid, its elements are
retained as elements of A.

Step j: As in the previous steps, we divide every cube Q € Qy;_; in 24 equal
closed cubes with planes which cut the edges in the middle. This way we
geta set Q; of cubes, with sides parallel to the coordinate axes ad of length
1/2/. Then we perform the following operations:

Substep j-a: we single out the cubes of Q ; which are contained in O. We
call Qp; the set of these cubes:

0r,={0€Q;: 0QcO}.

Then we define
On;={0€Q;\Qp;, ONO #0}.
Substep j-b: The elements of @p; are retained as elements of A.
We iterate this procedure.

This way we obtain a almost disjoint c-multirectangle A such that 7y C O:
the component rectangle of A are the “squares” Q € U;>Qp;. The inclusion is
clear and we have also 7y, = O since any point x € O is an interior point and
it exists a closed cube whose sides have length less then 1/2" (n suitably large),
which is contained in O and which contains x. 1

An important consequence of Theorem is that Lemma can be applied

and the number A(O) is well defined for every (nonempty) open set O. We
combine Lemma/[I35]and Theorem and we get:

Theorem 143 Let O be a nonempty bounded open set. For every € > 0 there
exist a disjoint open multirectangle Aijns and an open multirectangle Aoy such
that

Airls - o - Aout > L(Aout) - L(Ains) <e&.

The multirectangle Ains can be chosen finite:
(Cl R,) N (Cl RJ) =0

Ains ={R1, R,, ..., Rg} withy clR; CO 1<i<K,
L(R;) > Oforeveryi.
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We put

K
A: URi:IAins’ B:IAout‘
i=1

We use additivity of the measure. The previous theorem can be reformulates as
follows:

Corollary 144 Let O be a bounded open set. For every € > 0 there exist open
sets A and B such thal A C c1A C O C B such that

A0 \cld)<e, A(B)-A0) <s.

So, when d > 1 an open set is not a disjoint open multirectangle, but “its
difference from a disjoint open multirectangle is as small as we whish”.

We combine Lemmal[l35land Theorem[I42land we see that the formulas (4.3al)
and (4.3Db) hold for every open set:

if A is almost disjoint and O = 7, is open and bounded then
A(0) = L(A) = sup{L(Ains) , Ains finite open disjoint and Z», . € O}
a ~ | inf{L(Aout) , Aout open multirectangle, 7, 2 O} .

(4.6)

4.2 Egorov-Severini Theorem and Quasicontinuity

In this section we discuss the version of Egorov-Severini Theorem for functions
of d variables. Note that the statement is the same as that in Sect. 2.1] but the
proof is different for a reason we illustrate belowld.

First of all, as in the case of dimension 1, we present alemma and a definition:

Lemma 145 Let {f,} be a sequence of functions each one a.e. defined on a
rectangle R; i.e.,

dom f, = R\ N, (N, is a null set) .
Then we have:

1. there exists a null set N such that every f, is defined on R\ N .

Sobserve that we are not asserting c1O C B. This inclusion is false in general and so the
inclusion O C B is trivial when studying open sets since we can choose B = O.
%but note that the proof we are going to give here holds in any dimension, also in dimension 1.
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2. ifeach f, is quasicontinuous then for every € > 0 there exists a multirect-

angle A; such that Ip_ is open and such that ( f, is continuous.
8 & 4

)|R\IA£

The proof is similar to that of Lemma

This observation shows that when we have a sequences of functions each
one of them defined a.e. on R we can assume that they are all defined on
R\ N where N is a null set which does not depend on n. To describe this
case we say (as in Chap. [T)) that the sequence {f,} is defined a.e. on R.

Similar to Definition [81}

Definition 146 Let f,,, f be functions a.e. defined on a set K. We say that the
sequence { f,} CONVERGES ALMOST UNIFORMLY to f on K when for every € > 0
the following equivalent statements hold:

1. there exists an open set O such that

A(0) < & and {f,,} converges uniformlyto f onK \ O.

2. there exists a multirectangle@ A such that
L(A) < g, Ip is open and { f,,} converges uniformlyto f on K \ I .
The multirectangle can be chosen c-closed and almost disjoint.

Wenote: “{ f,} converges uniformly to f on K\O” is equivalent to “{(f) |\, }

converges uniformly to fj,.,”.

We must be clear on the content of this definition. The sequence {f,}
converges almost uniformly to f when the following holds: we fix any € > 0
and we find an open set O, such that 1(O,) < € and such that the following
property is valid: for every o > 0 there exists a number N which depends
on o and on the previously chosen set Oz, N = N, o, and such that

{Zzg({gi = |fulx) - f(x¥)| <o.

The important point is that O does not depend on o.

Now we can state a result similar to that in Theorem [82}

1oobserve a discrepancy between the present definition and Definition here we must
explicitly state that 75 is open. This specification was not needed in Definition [81] since when
d = 1 multiinterval are composed by open intervals and because of Theorem [I7}
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Theorem 147 (Egorov-Severini: preliminary statement) Let{f,} be a sequence
of continuous functions defined on the closed and bounded rectangle R. If the
sequence converges on R to a function f:

lim £, (x) = f(x)

then:

1. the sequence converges almost uniformly;

2. the limit function f is quasicontinuous.

The proof is in Appendix
A consequence (actually an equivalent formulation) is Egorov-Severini The-
orem:

Theorem 148 (EGorov-SEVERINI) Let {f,} be a sequence of quasicontinuous
function a.e. defined on a rectangle R. We assume:

1. the rectangle is bounded;

2. for every € > 0 there exists an open set O such that A(0) < € and { f,,} is
a bounded sequence on R \ O;

3. we have

lim fu(x)=f(x)  [ae xeR].

Under these conditions:

1. the convergence is almost uniform;
2. f is quasicontinuous.

As seen in Remark [84] the assumption that R is bounded cannot be removed.

The two theorems[147]and[148]are equivalent since the first is a particular case
of the second and, in its turn, implies the second. This fact precisely correspond
to the fact which holds when d = 1 but the proof now is less direct since we
cannot relay on a convergence property analogous to that in the statement [2| of
Theorem Instead, the proof relays on the the monotonicity in Theorem

Before proving that Theorem[I47limplies Theorem[148] we state the following
corollaries, which are analogous to Corollary [86 and [87] seen when d = 1.

Corollary is a consequence of Corollary [I49] and the proof is analogous
to that in Sect. 2.1.1] while Corollary does not need an independent proof
since it is a step in the proof of Egorov-Severini Theorem.

lithe proofs by Egorov in [9] and by Severini in [33]] concern functions of one variable.
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Corollary 149 Let {f,} be a bounded sequence of quasicontinuous functions
a.e. defined on a bounded rectangle R. The following properties hold:

1. let { f,} be either a.e. increasing or decreasing on R and let
f(x) = lirP fu(x) a.e.x €R.
n—+0oo
The function f is quasicontinuous.

2. Let f be either

f(x) =limsup f,(x) or f(x)= lritrgigffn(x) a.e.x€R.

n—+oo
The function f(x) is quasicontinuous.
Similar to Corollary 87t

Corollary 150 Let {f,} be a bounded sequence of quasicontinuous functions
defined on a rectangle R and let

¢(x) =sup{fu(x), n=1}
Y(x) =inf{fu(x), n=1}.

The functions ¢ and Y are quasicontinuous.

The Proof that Theorem Implies Theorem Due to the fact that OR
is a null set, we can assume that R is closed. We proceed in 3 steps.

Step 1: the case that { f,,} is a monotone sequence.

Let {f,} be increasing. We fix any € > 0 and any set O, such that 1(0;,) < &
and such that:

1. the sequence { f,} is bounded on R \ O,;
2. for every n, the restriction of f,, to R \ (jg is continuous.

We denote f, . the Tietze extension of f, obtained from Tonelli algorith in
the Appendix 3.4l We have:

1. every function f, . is continuous on R;

20r, from any other algoritm provided that it preserves monotonicity of sequences.
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2. the sequence {f, .} is bounded and increasing on R and so {f,.(x)}
converges pointwise to a function f for every x € R.

3. on R\ O, we have fre(x) = f(x) and so also f(x) = f(x).

The sequence {f, .} satisfies the assumptions of Theorem So, there exists
an open set O, such that

A ((58) <&, fue— f uniformlyonR\ 0, .
Uniform convergence implies continuity of ‘f'R\O and so
fi = /i

|R\(O~ J60) 1S continuous
fu — f uniformly on R \ ((jg U (jg)

R\(Oguég)

A(éguég) <2,

This argument shows that Egorov-Severini Theorem holds for increasing se-
quences since £ > 0 is arbitrary.
Analogously it is proved that it holds for decreasing sequences too.

Step 2: quasicontinuity of f even if { f,} is not monotone.

We give two proofs of this statement since the formulas we find in the two cases
are both used in the third step.

The first proof.

We consider a sequence { f,,} which satisfies the assumption of Egorov-Severini
Theorem. We do not assume that { f,,} is monotone as we did in the Step 1. In
spite of this, we prove that f is quasicontinuous.

We fix € > 0 and the open set O, as in the Step 1, such that

/l((jg)<8, (X)) = f()  VxeR\O,.
For every pair N and m of natural numbers, we define

v = max{fy(x), fue (). ..o freem ()}

(5)

The functions "~ satisfy the assumptions of Egorov-Severini Theorem and

furthermore sequence m +— l’hl(\;)m is increasing and bounded on R \ O,. Hence,
it is convergent and from the Step 1,

¢(5) = lim w(s)

N Mm—too | N.m
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1S quasicontinuous.
The sequence N +— ¢§\‘;) is decreasing and bounded R \ O;. It satisfies the
Assumption of Egorov-Severini Theorem and

lim ¢§\f) = limsup f,,(x) = f(x) a.e.x€R.

N—+00 n—+co

since {fj, } is a.e. convergent by assumption

We invoke again the Step 1 and we see that

f = lim ¢§\f) is quasicontinuous

N—+00
as wanted.
We recapitulate what we found: we fix arbitrary numbers € > 0 and o > 0.
Then:
30 | EN(S)O(S) : A0Y) < & and
xX€R\ Oés) (s)
N > N(S) " = |¢N ()C) - f(x)| <0o. (47)
o,Ue
The second proof.

In the Step 2 we proved quasicontinuity of f by using f = limsup,,_,, ., fn. We
can equivalently use f = liminf,_, ;. f,- We give the details which will be used
in the Step 3. We fix N > 0 and we define

vy = min{ fv(x) . fve1 (). ooy frm(0)}

The functions L//l(\f)m satisfy the assumptions of the Egorov-Severini Theorem and
the sequence m — L//l(\f)m is decreasing. Hence, from the Step 1,
¢ = 1im ¢

1S quasicontinuous. _
The sequence N +— ¢1(\’,) (which satisfies the assumptions of the Egorov-
Severini Theorem) is increasing and, from the Step 1,

lim ¢§\l,) is quasicontinuous .
N—+00



4.2. EGOROV-SEVERINI THEOREM AND QUASICONTINUITY 135

Now we use

lim ¢ = liminf f,(x) = f(x) ac.xeR

N—+o0

since { fi; } is a.e. convergent by assumption

and we conclude that f is quasicontinuous.

We recapitulate what we found: we fix arbitrary numbers € > 0 and o > 0.
Then:

EIOéi) ,EIN(i)O(i) : A(Oéi)) < £ and
X €R\ Oéi) o)
NN = Y@@l <o, @8)
O',Oéi)

Step 3: end of the proof: {f,} converges almost uniformly to / on R.

We assign arbitrary positive numbers £ and o and we combine both the result in
the Step 2. We put

0. =0 uo!, Ny o, = max {N(‘Y) N® } )

.0 ool
The formulas (4.7)) and (4.8)) give:

A(0,) < 2¢, and
{ x€R\O;, _ | f -0 <)@ < f) 40,
N> Nyo, f) = <P (x) < f(x)+0.
Now we observe:

fn(x) < ¢§\f) (x) so that ({ )]CVG>R1\7\C,(3)8’ = fn(x) < f(x) +0') . (4.9a)

Analogously:

fu () 2 60 (x) so that ({ W% = W o e fN(x>) .~ (4.9b)



136 CHAPTER 4. THE LIMITS AND THE INTEGRAL

We combine and (4.9b): for every & > 0 we found an open set O,
such that 1(0.) < 2& and with the following property: for every o > 0
there exists N which depends on o and on the previously chosen and fixed
set Oz, N = N o, such that

N>Nyo = (|fN(x)—f(x)| <& VXGR\Og).

This is the property that the sequence converges uniformly on R \ O,. The
proof is finished since € > 0 is arbitrary. 1

4.3 Absolute Continuity of the Integral

As in the case of functions of one variable, the integral is an absolutely continuous
set function, i.e. the following result hold:

Theorem 151 Let f be summable on RY. The set valued function

Or—>/f(x)dx (O open)
o

is well defined and it is ABSOLUTELY CONTINUOUS in the sense that for every € > (0
there exists 6 > 0 such that

A0) <6 = '/f(x)dx <e. (4.10)
o

Of course, in order that this statement makes sense, we must know that
the open set O satisfies Assumption i.e. that its characteristic function is
quasicontinuous. This we prove first.

4.3.1 The Characteristic Function of an Open Set

We extend Theorem [88] to functions of several variables. The proof uses the
representation of open sets in terms of multirectangles, hence it is a bit more

elaborated since we must relay on Theorem while when d = 1 we can use
Theorem [171

Theorem 152 Let O be a nonempty bounded open set. Its characteristic function
1o is quasicontinuous.

3this statement of absolute continuity is not the most general. The general statement is in

Sect.[6.1.1] Theorem[192]
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Proof. Let R be a bounded rectangle such that O C R.
We represent O = U,>1R, where R, are closed almost disjoint rectangles
such that

o}

R,=intR, # 0.

We note that dR,, = JR,, is a null set so that also U,>10R,, = U,>10R,, is a
null se.

We consider the increasing sequence of open sets

N o
On=| |Ry.

n=1

The characteristic function 1o, is bounded quasicontinuous since

N
Loy () =) 1. (¥)
=1 n

and the sequence {1¢, } is increasing. We observe:

e whenx € O\

[¢]
Up> laRn] : in this case there exists N, such that x € Oy for

every N > N, and so for N > N, we have 1o, (x) = 1. Hence

Jm Loy (x) =1=1o(x).

* when x ¢ O: in this case x ¢ Oy for every N and 1o, (x) = 0. So, also in
this case we have

Jm Loy (x) =0=1g(x).

o
* nothing we assert when x belongs to the null set U,,>10R,,.

It follows that 1 is a.e. limit of a sequence of quasicontinuous functions and it
is quasicontinuous from Egorov-Severini Theorem. 1

Theorem has the following consequence:

1. if f is summable and if O C R is an open set then the integral of f on O
exists

/ Fx) dr = / F()Lo() dr. @.11)
O R

l4ywe are not asserting that d[U,,>1 R,,] is anull set. In fact, in general it is not, see Remark[196]
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2. we can associate two numbers to the open set O:

2n>1 fR 1g, (x) dx 2nz1 fR ]ll"en(x) dx
I [

e ——— o
A0) = ARy = D A(Ry)
n>1 n>1
[lo@ dv = [ [Serlr,@)] dr = /R[anlﬂén(x)] dx .

since, we repeat, a.e. x € R we haV
+00 +00
lo(x) = lim Lo, (x) = Zl 1, ()= Zl Ig, (x) .
n= n=

We prove:

Theorem 153 We have:
A(0) :/lo(x) dx . (4.12)
R

Proof. We use the fact that 1 is quasicontinuous and the equalities

+00
Lo() = lim 1o, (x) = Z 1. (x) aexeO, (4.13)
n=1 "

LIO(X)M:A[:Z:.; ]l;e,,(x)

Equality does not hold on the null set U*> dR and

dx. (4.14)

Loy (x) <1p(x) ae.xe€O

so that
N

lim /]lo (x)de/lo(x)dx.
N—>+oon=1 R R, R

5note that {R,,} is not a finite sequence since a finite union of closed sets is not open, unless
it is the entire space.
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We prove that equality holds: we prove that if for every N we have

N
OSQS/RILO(x)dx—Z/R]l;en(x)dx
.
:/R ]lo(x)dx—;]l;en(x)] dx:/[z 1§n(x)] dx (4.15)

R n=N+1
then it must be @ = 0.

Note that the integrals in (4.13)) are Lebesgue integrals, i.e. limits of Riemann
integrals of associated continuous functions.

For every n we construct an associated continuous function of order 1/n of
the integrand as follows:

1. we choose an associated multirectangle A;., of order 1/2v of the function
1o and we denote

(I[O)v
an associated continuous function of order 1/2v.

By definition the associated continuous function is a Tietze extension and
we know that it is possible to choose an associated continuous function
which satisfies the monotonicity assumptions of Theorem [I13]

The difference (1p), — 1o is nonzero on 75, where L(A;) < 1/2n.

2. we choose an associated multirectangle A;., of order 1/2v associated to
Zﬁl\': | Illoe and we denote

N
(Z ]_ / )
Ry
n=1 v
an associated continuous function of order 1/2v.

Also in this case we choose an associated continuous function which sat-
isfies the monotonicity assumptions of Theorem [I13l

The difference
N N
(Z 1 R) -2 L
n=1 y n=1

is nonzero on I, , where L(Az,) < 1/2v.

n
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The function N
FN;V('x) = (]]-O)v - (Z ]11"? )
n=1 " v

is an associated continuous function of order 1/v to

N +00
o->1,= 3 1,
R?‘l Rn
n=1 n=N+1

This associated function takes values in [0, 1] thanks to the fact that both the
associated functions we chose satisfy the monotonicity assumption and because

Io(x) > ) L (x).

n=N+1 "

By definition, the Lebesgue integral in (4.13) is

y—+00

lim | Fy.y(x) dx .
R

N—— —

Riemann integral

We investigate where Fy., can possibly be different non zero: this is where the
integrand in (4.13)) is non zero and on 75 where A, = Aj, U A;,.

+00

w

N+1

{x : Fny(x)#0} C U Za,

and

+00

UIOQn

N+1

UIAV:IA

where A is a multirectangle such that

. 1 3 o
L(A) < —+ E L(R,) .
)4
n=N+1

We use Lemma([122] and we see that

1 & o
OS/FN;n(x)de —+ Z L(R,) since0 < Fy,(x) < 1.
R Vv

n=N+1
~——— ——

Riemann integral



4.3. ABSOLUTE CONTINUITY OF THE INTEGRAL 141

The limit for v — +co gives

i L (x>] dx=n£rym/RFN;n(x)dx < i L(R,).

n=N+1
~—_————

Riemann integral

Lebesgue integral

This inequality holds for every N and the limit for N — +co gives @ = 0, as
wanted. 1

Remark 154 The statement of Theorem [1533]can be written as

N N
Jm [Z; /R L @ dx] - /R [NILTOO; ]l;en(x)] dx

and it is a first instance of the exchange of limits and integrals, the main goal of
this chapter. 1

4.3.2 Absolute Continuity: the Proof of Theorem 151

It is sufficient to prove the theorem when f > 0.
First we consider the case that f is a bounded quasicontinuous function,
0 < f(x) < M on R. We combine (4.11)) and (4.12)) and we find

0s/Of(x)dxsM/Omx:/RILO(x)dx:MA(O). (4.16)

So, absolute continuity holds when the integrand is bounded.

We consider the general case of summable functions on R?. The procedure
is similar to that used in the proof of Theorem [01]in Chap. 2t first we fix R and
N such that

/ F(x) dx - / Fo k() dx < /2.
Rd Rd

Then we use absolute continuity which holds when the integrand is the bounded
function f,. g n): we fix 6 > 0 such that

A0)< 6§ = OS/Of+;(R,N)(x)dx<8/2.

Then we have
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/ Fx) dx < / LF) = fos ey ()] dx
0] 0]

< foalf )= fr(rov) (0)] ax <&/2

+/Of+;(R’N)(X)dX<S. [ |

4.4 The Limit of Sequences and the Lebesgue Inte-
gral

In this section we examine the theorems concerning limits and integrals. The
statements and the proofs are the same as those in Chap. 2| provided that we
use the Egorov-Severini Theorem [148]and absolute continuity of the integral, i.e.
Theorem[I51l So, we confine ourselves to state the results.

The first theorem concerns bounded sequences on bounded sets:

Theorem 155 Let { f,,} be a bounded sequence of quasicontinuous functions on
a bounded closed rectangle R C R%. If

nl_l)r}_lm fu(x) = f(x) a.e.on R

then we have also

lim an(x)dx:/Rf(x)dx.

n—+o0o

As a second step we examine sequences of nonegative functions and, as in
Sect.2.2.2] we derive Fatou Lemma and Beppo Levi Theorem:

Lemma 156 (Fatou LEmma) If {f,} is a sequence of nonnegatrive functions
which are integrable on a set A and if f,(x) — f(x) a.e. on A then we have

/f(x) dx < liminf/ fu(x) dx. (4.17)
A n—+oo A

Theorem 157 (BEpPo LEVI 0r MONOTONE CONVERGENCE) Let { f;, } be a sequence
of integrable nonnegative functions on A and let

0< fulx) < fur1(x) ae.x €A, nl_l>Too fn(x)=f(x)aexeA.

Then we have

lim /Afn(x)dx:/Af(x)dx. (4.18)

n—+oo
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We recall Remark 93] of Sect. 2.2.2} the statement of Beppo Levi Theorem
does not hold for decreasing sequences, and the inequality in Fatou Lemma in
general is strict.

Finally we consider the general case and we state:

Theorem 158 (LEBESGUE Or DOMINATED CONVERGENCE) Let { f,,} be a sequence
of summable functions a.e. defined on A C R? and let f, — f a.e. on A. If there
exists a summable nonnegative function g such that

| £ ()] < g(x) a.e.x €A

then f(x) is summable and

lim/Afn(x)dx:/Af(x)dx. (4.19)
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4.5 Appendix: Egorov-Severini: Preliminaries in
Several Variables

In this appendix we prove Theorem The proof follows closely the proof we
have seen in the case of functions of one variable (seen in the Appendix 2.3)).
So, we repeat the statement and we give the details of significant proofs or when
there are significant differences.

4.5.1 Preliminary Observations

We need the following quite obvious observations on the measure of multirect-
angle sets. These observations are similar to those in Sect.[2.3.2] just a bit more
elaborate since the multirectangle we must consider when d > 1 are not disjoint
but almost disjoint.

We recall that a set A is a MULTIRECTANGLE SET when

A =1, and A is almost disjoint .

Although the results below holds without this condition, in this appendix we
explicitly assume that A is composed of rectangles of positive measure since this
is the case we shall need.

We recall the definition

A(A) = L(A) .

Observation 1. The MONOTONICITY OF THE MEASURE i.e. Lemma
statement[I} if A and B are multirectangle sets and if A C B then A(A) < A(B).

Observation 2. The ADDITIVITY OF THE MEASURE i.e. Lemma state-
ment[2 let A; = {R;,,} and Ay = {R,} be almost disjoint multirectangles. We
have

Rl,n N Rz,j =0 Vn, ] - ﬂ(IAlqu) = L(Al U Az) = L(Al) + L(Ag)
=A(Ip,) + A(1p,) .

An equivalent formulation is as follows: if A and B are multirectangle sets and
if AN B =0then A(AU B) = A(A) + A(B).
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Observation3. Let S and S be rectangles. If nonempty, both SN S and S\ S
are finite unions of rectangles which are pairwise almost disjoint. If A = {R, },>1
is an almost disjoint multirectangle we can represent any S N R,, which is nonvoid

as just described:
N(n)

SOARy =) Ruy.

v=1

In order to simplify the notations, if S N\ R, = 0 we put N(n) = 0 and we intend
that

0
U Rn,v =0, L ({Rn,v}gzl) =0.
v=1
This way we get an almost disjoint multirectangle which we shortly denote S NA:
SNA={SNR,} ={R,,} (indexed by (n,v))

and
N(n)

L(SNA) = Z Z R., < min{L(S), L(A)}.

n>0 v=1

Observation 4. Let A = {R,} and A = {S,} be two almost disjoint multi-
rectangles and let

N(n,k)
R,NS; = U R, iy (finite union of almost disjoint rectangles) .

y=1

As in the Observation 3, if R, N S; = 0 we put formally N(n, k) = 0 and we
intend that the sequence indexed by v from 1 to 0 does not exist.

The sequence (indexed by the three indices n, k and v) {R, k., } is an almost
disjoint multirectangle and

N(n,k)
L({Ruiv}) = ). > L(Ruky) < min{L(A), L(A)}.
nk v=1
If it happens that
I\ C IA
then
N(n,k) N(n,k)
I\ = U [ U Rugy| = U [U U Ryky| = U Sk NVIA = 1i5,0A)s
n, k|l v=1 k>1 [n>1 v=1 k>1
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and
N(n,k)
LA) =) > LRuky) = ) L(SkNA). (4.20)
nk v=1 k>1

Observation 5. If it happens that 74 € R and § € R (R and S both
rectangles) then we hav

A:[SmA]U[(R\S)mA].
—— ———
Aq Ay

We represent R \ S as the almost disjoint union of finitely many rectangles.
When A is almost disjoint both A| and A; are almost disjoint and no rectangle
of A; intersects a rectangle of A,. The additivity property in Observation 2 gives

/l(IA) = L(A) = L(Al) + L(Ag) = /l(IAI) + /l(IAz) . (421)

The previous considerations permits to extend the arguments in the Ap-
pendix 2.3/ from the case d = 1 to the case d > 1.
We stat:

Lemma 159 Let {A,} be a sequence of multirectangles in R?. We assume:
1. the existence of a bounded rectangle R such that 15, C R for every n;
2. every multirectangle A, is almost disjoint;

3. 1Ia,,, € I, forevery n;

n+l1

4. there exists | > 0 such that L(A,) > [ for every n.

Under these conditions, there exists xo € R? which is an interior points of
every Iy, .

The proof is world by world equal to that of Lemma [100, provided that
“interval” is replaced with “rectangle” and “disjoint” with “almost disjoint”. So,
the proof is not repeated.

Remark 160 We recall that the boundedness assumption in the statement [I] of
the Lemma cannot be removed, see Remark [101]

R\ S ={Ry,..., Ry} and the rectangles are almost disjoint. Then A, = Uf‘le,- N A.
7we leave to the reader the reformulation of the lemma in terms of open sets, as explicitly
done in the Lemma of the Appendix[2.3
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We shall also use Lemma[98| As noted in Remark 98] this lemma, proved in
the Appendix holds for functions of any number of variables.

We repeat the definitions of the functions v, ,, and w,, and the statement of
the lemma.

Lemma 161 Let {f,} be a sequence of functions defined on a rectangle R and
let vy m(x), Wy (x) be the functions

Vim(Xx) = max{| fin+r(x) = fmes(x)| 1 <r <n, 1 <s<n}, 4.22)
Wi (x) =sup{vym(x) n>1} < +o00. '
We have:

1. monotonicity properties:

(a) foreveryx € R and every m, the sequence n «— v, ,,(x) is increasing.

(b) the sequence m +— w,,(x) is decreasing.
(monotonicity of the two sequences needs not be strict).

2. the convergence of the sequence n +— f,(x) for a fixed value of x:

(a) letn — f,(x) converge. Then the sequence n — v, ,,(x) is bounded

so that
Wi (X) = sup vy, (x) = lirP Vam(x) € R (4.23)
n>0 n—+4+oo
and we have also
1i111 wn(x)=0. (4.24)

(b) let lim,, 400 Wy (x) = 0. Then the sequence n — f,(x) converges.

(c) let S be a subset of R. The sequence {f,} converges uniformly on S
if and only if the sequence {w,,} converges to 0 uniformly on S.

3. let S C R. Let us assume that each function ( f,)|; be continuous on S and
let € > 0. The set
Ane={xeS,wy(x) > ¢&}.

is relatively open in S.

We stress again the fact that the statements2a, 2bland2clof LemmalI61lrecast
pointwise convergence of the sequence { f,,(x)} in terms of the convergence
to 0 of the sequence {w,,(x)} and uniform convergence of { f,,} in terms of
uniform convergence to zero of {w,, }.
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4.5.2 The Proof of Theorem

As in Section[2.3.2lof the Appendix[2.3] first we state and prove a lemma which is
the core of Egorov-Severini Theorem. The proof is similar to that of Lemma[T02]
of the Appendix [2.3/but we find convenient to repeat this proof.

Lemma 162 Let R be a bounded closed rectangle and let { f,,} be a sequence
of continuous functions defined on R. We assume that the sequence {f,(x)}
converges for every x € R.

We prove that for every pair of positive numbersy > 0 and n > 0 there exists

1: an almost disjoint c-multirectangle A, ;, which is a multirectangle of an open

set Ay = In,, and such that

L(Ay ;) =A(A,,) <v.
2: a number M, ;, such that

X €R \ IA%U

m > M}’J? — |fm+r(x) - fm+s(x)| <n.
r>0,s>0

Proof. We recast the thesis of the lemma in terms of the functions w,, (x) defined
in (4.22) as follows: for every y > 0 and n > 0 there exists an almost disjoint
c-multirectangle A, ;, such that

XER\IA
m> M, ,

vy Wi (x) < n

L(Ay,;) <y and {

This we prove now.
Letn > 0and
Apy={x €intR,w,(x) >n/2}.

Statement [3] of Lemma shows that the set A,,, is open. So, there exists
an almost disjoint c-multirectangle A, , such that A,, ;, = IAW]. Moreover, the
component rectangles of A,, , have nonempty interior (see Theorem [142).

If x € R\ 1, = R\ Ay, we have

wn(x) <n/2.

We note
lim L(Am’n) =0. (4.25)

m—+0o
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In fact, the sequence m +— w,,(x) is decreasing so that
N = Am+1,,7 c AmJ] - IAm,n .

It follows that {L(A, )} = {A(A;m)} is decreasing too and lim,,—.co L(Ap ;)
exists.
If the limit is positive then there exists /[ > 0 such that

LApy) >1>0  VYm

and, from Lemma [[59] there exists xo € Iy, , for every m. So, for every m we
have w,, (xo) > n. Statement2a of Lemma[I61lshows that the sequence { f,,(x0)}
is not convergent, in contrast with the assumption. So it must be

lim L(Ap,) = lim A(A,,) =0.
m—+oo m—+o00

m+l,n

It follows that there exists M, ;, such that when m > M, ,, then we have
L(Am,n) < 7 )
XE€ERN\INmy) = wn(x)<n/2<n. 1
It is worth repeating the observation in Remark
Remark 163 (Important observation) The sets A, ; can be chosen with differ-
ent laws, for example by replacing 17/2 in ([2.29) with /3, or by replacing A, ,

in (2.29) with larger open sets, provided that (2.31)) holds. So, the number M, ,,
does depend also the chosen set A, ;. &

Now we examine Theorem [[47l As in Sect. [2.3.3] of the Appendix 2.3] in
the next box we report the statement of Lemma [162] and that of Theorem [147]
(recasted in terms of the functions w,, defined in (4.22])).

The functions w,,, are defined on a bounded closed interval R.

Under the assumptions of Lemma [162] We must prove
we proved
For every v > 0 and n > O there exist an Ve > 03 O, such that
open set A, , and a number M, , such O is open and 1(0;) < & and
that Vo > 0 3dM > 0 such that

A(Ay ) <y
ifm>M, ,,andx ¢ A, ;
then w,,(x) <n.

ifxe R\Og,m>M
then w,,(x) <o .

The number M depends on the previously
chosen and fixed set O, and on .

The important fact to be proved is that O does not depend on o
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By looking at this table, we see that it is precisely equal to that in Sect. 2.3.3]
of the Appendix and so the proof is concluded with precisely the same steps
as in the case of the functions of one variable.

Remark 164 We repeat that the proof of Egorov-Severini Theorem uses the
assumption that R is bounded, hidden in the use of Lemmal[139] &



Chapter 5

Reduction of Multiple Integrals

The calculation of Riemann integrals of functiuons of several variables is sim-
plified if it can be reduced to a chain of computations of integrals of functions of
one variable. Whether this can be done depends on the properties of the domain
of integration and, in the context of Riemann integral, it is quite difficult to derive
general conditions under which reduction can be achieved. In this chapter we
see that similar reduction formulas exist also for the Lebesgue integral with the
further bonus that in the case of Lebesgue integration general conditions can be
given.

5.1 Discussion and the Reduction Formulas

We defined the Lebesgue measure and integrals in R¢ for every dimension d.
There is an obvous relation among the measures in R? for different values of d.
For example if R = [a, b] X [c,d] C R?is arectangle then its measure in R is the
product of the measures of the intervals I = [a, b] and J = [c, d] both computed
inR!: A(R) = A(1) x A(J) and this equality has a corresponding formulation in
terms of the (Riemann) integral:

b d
/l(R):/ 1dxdy:/ [/ldy]dx.
[a.b]x[c.d] a lJe

This equality holds also if the constant function 1 is replaced by any continuous
function f(x, y).

In this section we study conditions under which the following REDUCTION
FORMULA holds for the Lebesgue integral:

/f(x,y)dxdy=/[ f(x,y)dy]dx, d=di+dy.  (.1)
R4 R4 | JR%

151
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We note a difficulty with the equality (5.1)): let R = [—1, 1] x [—1, 1] and let
f(x,y) =0 when y # 0 while f(x,0) is a on measurable function. Then fis
a.e. equal zero on the rectangle R, hence quasicontinuous, since a segment is a
null set, but the restrictions of f to segments need not be quasicontinuous on the
segments. So, the inner integral on the right side cannot be always computed
while the integral on the left exists and it is equal zero.

The results we are going to prove are stated in Sect. [3.1.1] while the proofs
are in Sect.[5.2l Preliminary results are in Sect.[5.1.21

5.1.1 Notations and the Statements of the Theorems

We use the following notation:
A, denotes the Lebesgue measure in R" .

We work in dimension n = d + 1, R* = R*!. We represent R*! as the

product space
R =RxR?.

The elements of RY*! are represented as (x,y) wherey = (y1, ..., yq) € R%
An integral on R, R? or R%*! is denote

/ dx /---dy, /---d(x,y).

With these notations we can state the following Fubini and Tonelli Theorems.

Theorem 165 (Fusini) Let (a,b) X R € R¥*! be a (possibly unbounded) rect-
angle and let f be a summable function on (a,b) X R. We have:

1. the functiony — f(x,y) is summable for a.e. x € (a, b).
2. the function
X /R f(x.y) dy
is a.e. defined and summable on (a, b).

3. the following reduction formula holds:

b
/(a,b)xR f(x,y) d(x,y) =/a [/R f(x,y) dy] dx . (5.2a)

Ithe existence of such kind of functions will be seen in Remark [[99] of the Appendix[6.3
2in Corollary [I66] we use an obvious extension of these notations.
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We note:

¢ The formulation of the Fubini Theorem looks restrictive since it concerns
integration on rectangles. In fact, after the introduction of suitable notations
we can see that the formulation is general. This observation is in Sect.[5.2]
before the proof of the theorem.

e The rectangle (a, b) X R is

d
(a,b) X (]‘[wk, m)) :
k=1

We singled out the “first component” (a, b) in the statement of the theorem
but permutations of the order of the components do not change neither the
rectangle (a, b) X R nor the value of the integral.

 Equality can be iteratively applied to the inner integral on the right
side of (3.2a).

By taking these observations into account we deduce:

/(a’b)xR fx,y) d(x,y) = ‘/ab ‘/albl [/azbz”.f(x,yl,,__,yd)... dyz] dyl] dx

The order of the integrals can be arbitrary changed and by suitably collecting them
we get the following equality. Let (x,y) = (X1,X2), Xj € R% withd| +dy = d+1,
and let (a, b) X R = Ry X R; be the corresponding decomposition. We have:

Corollary 166 Let the assumptions of Theorem hold. We have:

1. The functions X3 — f(X1,X2) and X1 — [f(X1,X3) are summable respec-
tively for a.e. X1 and for a.e. Xj.

2. the functions

X1 [ f(x1,x2) dx3, X2 [ f(x1,x2) dxq
Ry Ry

are a.e. defined and summable;

3. The following equality holds:

/Rlsz f(x1,%2) d(x1,%2) = /R1 [/Rz f(x1,x2) dxz] dx;

:/[ f(x1,%x2) dxp| dxz; (5.2b)
Ry R
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4. In particular we have:

b
/(a’b)xR flx,y) d(x,y) = /R [/a f(x,y) dx] dy . (5.2¢)

Remark 167 This remark is of interest to readers who have been introduced to
integrability respect to arbitrary measures, a topic we did not touch.

Needless to say, Fubini Theorem holds because the measure in a space of
higher dimension is related to that of its subspaces. If this relation does not hold
then the reduction formula does not hold too, as the following example show. Let
§ be the Dirac measure in R?:

1 if(0,0) € A
0 otherwise.

5(A) = {

Every function which is continuous in a neighborhood of (0,0) is summable
respect to ¢ and its integral on a set A is

f(0,0) if(0,0) € A
0 otherwise .

It is then easily checked that the reduction formula does not hold for the function
f(x,y) =1/[(1+x)(1+y)] on the rectangle [—1/2,1/2] x [-1/2, 1/2] with the
Dirac measure, if we use the Lebesgue measure on the segments.

In fact the abstract treatment of Fubini theorem first considers two spaces, X
and Y, each one with its measure. The next step is the constructs the “product
measure” in X X Y. After that Fubini Theorem, respect to the product measure,
is stated and proved. 1

The second result we shall prove is:

Theorem 168 (ToNELLI) Let f(x,y) be quasicontinuous and nonnegative on
(a,b) x R € R and suppose that y — f(x,y) is summable for a.e. x €
(a,b). The function (x,y) — f(x,y) is summable on R (and so the reduction

formula holds) if
x o [/ Fy) dy]
R

Remark 169 In order to appreciate Theorem it is convenient to keep in
mind the following fact: there exists positive but not summable functions f(x,y)

is summable.
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such that y — f(x,y) is summable for every x. An example in (—oo, +0c0) X
(=00, +00) = R? is the function

fl,y)=ePl,

This function £ is not summable in R?. In spite of this, for every x we have

/_:o flry) dy=2

but note that the function

+00
X - / f(x,y) dy isnotsummable. &

5.1.2 Preliminary Results

First we present observations on null sets and on sequences of Tietze extensions
and then we examine the sections with planes and lines of multirectangle sets.

Observation on Null Sets and Quasicontinuous Functions

We use statement 2] of Corollary[134: a set N C R” is a null set when there exists
a sequence {Ax} of open multirectangleﬁ such that

N C Iy, and limg_4eo L(Ag) =0 . (5.3)

It is possible to choose a new sequence {A;} of open multirectangles with the
properties

limy 400 L(Ag) = 0,

I C I (5.4)

N C IAk and {
k+1 k-

The multirectangles A are constructed as follows from the sequence {Ay}
in (33): by passing to subsequences, we can assume that the sequence {Ay}
has the following property:

1
L(Ak) < E .
Then we define

Ac=|JAyr = | ] A sothat L(As) < 1/25 - 0.

r>1 v>k+1

3according to the definition in the table 4.} a multirectangle { Ry} is an open multirectangle
when each Ry is open.
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Remark 170 We combine the following observations:
1. the sets 73 are open sets.

2. any open set is a multirectangle set and it can be “approximated” from
outside by multirectangle sets composed by open rectangles, see (4.6)).

By using these observations we can reformulate the property of being a null set
as follows: a set N is a null set when there exists a sequence {Oy} of open sets

such that
limy 400 A(Ok) =0,

0. COr. 1 (5-3)

NQOkand{

k+1

A similar idea we apply to the associated Tietze extensions of a quasicontin-
uous function.

Let f be quasicontinuous on a rectangle R and let {A; } be a sequence of open
multirectangles such that L(A) — 0 and f; = f| R\Ay is continuous. We denote
fr. a Tietze extension of f.

The sequence {fi .} in general does not converge to f not even a.e. on R
but it is possible to select a suitable sequence of Tietze extensions which a.e.
converges to f. As above, first we choose {A;} such that L(A;) < 1/k and then
we denote

Ac= ) A sothatlime e L(Ag) = 0and Ay € Ay

v>k+1

Then we choose the sequence { fk,e}

fre = for, sothat fi.(x) = f(x)ifx e R\ Ay .

N = ﬂAk
k>1
——

c AV Vv
hence a null set

Let

If x ¢ N there exists K = K, such that x ¢ AKX. So we have also x ¢ A,, for every
v > K, since the sequence {A,} is decreasing. Hence

V> Ko = fe(0) = fre) = f(x) sothat  lim f,.(x) = f(x)

as wanted.
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Sections of Multirectangle Sets

Let A € R, We define its sections

A, = {y such that (x,y) € A} CR?,

Ay = {x such that (x,y) € A} CR. (5.6)

The first result of this section, Lemmal[I71l gives information on the sections
of multirectangle sets. Note that Lemma is the statement of the reduction
formula in a special case.

Lemma 171 Ler A € R¥! be a bounded multirectangle set, A C [a,b] x R
where R is a bounded rectangle of RY. We assume A = U,>1 R, where R, are
rectangles such that L(R,) > 0.

For every x and y, let A, and Ay be its sections defined in (5.6). Then:

1. the section Ay is a multirectangle set of R a.e. x € [a,b] and Ay is a
multiinterval a.e. y € R.

2. the functions

b
x i /R 1 (y) dy = (A, vy / 14, (x) dr = 41 (Ay)

are bounded quasicontinuous.

3. we have
b
ani (A) = / La(x.y) d(x,y) = / [ / 14 (x.y) dy] dx
[a,b]xR a R
b
- / Aa(Ay) dx, (5.7a)
b
dni (A) = / L4 (x.y) d(x.y) = / [ / La(x.y) dx] dy
[a,b]xR R a
. /R 1i(Ay) dy. (5.7b)
Proof.

We prove the statement which concern the sections A, and the equality (3.7a).
In an analogous way we can prove the statements which concern Ay and equal-

ity (575).
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We note:

the assumption
A = Ip where A = {R,,} is almost disjoint and L(R;) > 0
implies

A, = {y such that (x,y) € A} = U{y such that (x,y) € R,} = U(Rn)x

n>1 n>1

and (R,), is arectangle of R?. It follows that A, € £(R?) and so its characteristic
function is quasicontinuous (see theorem [177).

This proves that the integral of 14, in the statement[2 exists.

We prove that A, is a multirectangle set for a.e. x so that its measure can be
computed by adding the measures of the rectangles. We divide the proof in the
following steps.

Step 1: we prove the statement (1 of the lemma We must prove that the
rectangles (R,),, considered as rectangles on the affine iperplane of the section,
are almost disjoint for a.e. x. We need a notation. An open ball in R%*! of
radius r and center (x,y) is denoted B((x,y),r). Let A € R*!. We fix x and
we consider the points y € A, which have the following property: there exists
B((x,y), r) such that its section is contained in A,:

[B((x,y),r)]x € Ax.

The set of the point y with this property is denoted “r.int A,”.

Let yo € (Ry)x Nr.int(R,)y. Then (x,yg) € Rx N R,. These rectangles are
quasidisjoint. So, the value of x must correspond to the coordinate of an “upper”
or “lower” face of R,,. The rectangles and so their faces are a numerable set. So,
the family {(R,).} can be not almost disjoint only for a numerable set of values
of x; and numerable sets are null sets.

Step 2: we prove the statement 2| of the lemma Egorov-Severini Theorem
implies that x — A,(Ay) is quasicontinuous since

Aa(Ay) = kl_i)rilw a.e.x € [a,b],

k
D Aa((Ry))
n=1

the limit of a sequence of quasicontinuous functions.

Boundedness follows from the assumption that A is contained in a bounded
rectangle of R%*!,

We recapitulate: these observations prove the properties of A, in the state-
ments [l and 2] of the lemma.
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Step 3: we prove the statement 3 of the lemma In particular, we prove (5.74).
We note the following facts:

1. For every n we have A44+1(R,) = L(R,) = L(intR,) = A4+ (int R,);

2. the set UJ(Ry) is a null set, so that integrals computed on A and on A \
[UJ(R,)] have the same value; in particular, 441 (A) = 441 (A \ [VUO(R,)]).

3. So, by removing the boundaries of the rectangles R, we can assume that
R N R; = 0 for every k and j and that the set A is a numerable union of
disjoint rectangles.

Now, equality (5.7a) follows from the following chain of equalities, which is
justified below:

+00 +o T b
Ags1(A) = ;ﬁdn(Rn) = ; ‘/Rn 1d(x,y) = ;/a [/R Ig,(x,y) dY] dx =

Riemann integral both Riemann integrals

Riemann
integral

—

b | b
/ Z/ﬂk,xx,y) dy dx=/
a =1 YR a

Lebesgue integral

+00

D Aa((Ra))
n=1

Lebesgue integral

dx:/ab/ld(Ax)dx.

—_———

Lebesgue integral

These equalities are justified by the following observations:

1. the integrals denoted “Riemann integrals” are integrals of piecewise con-
tinuous functions. Hence they are bona fide Riemann integrals and so also
Lebesgue integrals.

2. the sequence

k k
k— ;AHRH(X,Y) dy = ;ﬂd((Rn)x)

is a bounded increasing sequence of nonnegative functions. It is bounded
by 14(R) since we reduced ourselves to the case that the rectangles R, are
pairwise disjoint. Its limit is 14(Ay) and x — A4(Ay) is quasicontinuous
since it is the limit of a sequence of quasicontinuous functions.



160 CHAPTERS5. REDUCTION OF MULTIPLE INTEGRALS

3. The exchange of the series and the integral is justified by Beppo Levi
Theorem. Note that once the series and the integral has been exchanged,
the exterior integral is an integral in the sense of Lebesgue.

4. the equality
+00
D Aa((Ry)) = Aa(A)
n=1

follows (a.e. x € [a,b]) from the fact that the sets (R,), are pairwise
disjoint.
These observations complete the proof. 1

The second result of this section concerns sections of null sets.

Lemma 172 Let N C [a, b] x R € R¥*! be a bounded null set. Let N, and Ny
be its sections defined as in (5.6). Then N, is a null set a.e. x € [a, b] and Ny is
anull seta.e. y € R.

Proof. We use Remark and we prove that N, is a null set. The proof
uses (5.7a). A similar argument, based on (5.7b)), shows that Ny is a null set. We
use (3.3). Because N is a null set, there exists a sequence {Oy } of open sets with
the following properies:

b
N COpy1 COr forall k and Ag41(Op) = / Ag ((Op)y) dx — 0.

Note that (5.7a) can be used since nonempty open sets are multirectangle sets,
union of rectangles R, such that L(R,) > 0 (see Theorem [142]).
The inclusion

Ni € (Oks1)x € (Ok)x

shows that k — 1, ((Og),) is bounded decreasing, hence convergent for every x,
Jim (00 = /(1) 20,

Theorem implies

b b b
2400 = [ a(00) v = [ @ ar andso [ rw ac=o.
Theorem [190] shows that f(x) = 0 a.e. x € (a, b) and so

Ag ((Ok)x) =0 ae.x € (a,b).
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So we have a.e. on [a, b]:
Ny € (Op)x (Ok), is open in R? and A((Oy),) — O .

It follows that N, is anull set a.e. x € (a,b).

The previous lemma can be lifted from bounded to unbounded null sets, by
intersecting the set with an increasing sequence of rectangles, but we don’t need
this observation.

5.2 Fubini and Tonelli Theorems: the Proofs

Before proving the theorems, we note that the statements, expressed in terms of
rectangles, are not restrictive. We recall that we defined

/ fx,y) d(x,y)
A

when the set A has the property that 14 is quasicontinuous and wherl4 fLyis
integrable. By definition:

/ Flry) dx.y) = / FryLa(ay) dy).
A Rd+l

Fubini Theorem can be applied when f1,4 is summable. Under this condition
formula (3.2b)) takes the following form3:

/f(x,Y) d(x,y) = / f(x1,x2)14(X1,X2) d(Xq,X2)
A R xR%

- /Rdl R%
=/ [/ f(x1,%x2)14(x1,X2) Xm] dx;
R [ J Ay,

= / [ f(Xl,Xz) dxll dx; .
Axy Ax,

f(x1,%x2)14(x1,X2) dXz] dxy

4we recall that strictly speaking the notation 14 makes sense if the domain of f contains
A. If not, f is replaced by its extension to R%*! with 0.
SR1 X Ry = R x R% can be replaced by a bounded rectangle Ry X R; if A is bounded.
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After this observation we prove Theorem[163] Linearity of the integral shows
that we can prove the theorem separately for the functions

f+(-x’ Y) = max{f(x, Y) s 0} ’ f—(-x’ Y) = min{f(x, Y) ’ O}
i.e. we can prove the theorem when the function has constant sign, say when

£>0.

First we prove the theorem when f > 0 is a bounded functions on a bounded
rectangle (a, b) X R. Then we extend to the general (unbounded) case.
Fubini Theorem: f Bounded on a Bounded Rectangle
We use the following facts:

* The Lebesgue and the Riemann integrals coincide for continuous functions;

* the reduction formula on a rectangle holds for the Riemann, hence the
Lebesgue, integral of continuous functions;

* if f is quasicontinuous on a bounded rectangle (a,b) x R C R4*! thend
there exists a decresing sequence {O;} of open sets in (a,b) X R, such
that 14,1 (Ox) — 0, and a bounded sequence { f; } of continuous functions,
such that

f(x’ y) = ﬁ((x’ y) ,l\f (X, y) ¢ Ok P
f(x,Y) = liInk—>+00 fk(x’y) X € [(Cl,b) XR] \N

where N is a null set. We recall, from Lemmal[l72] that the section N, is a
null setin R a.e. x € (a,b) and Ny is anull setin (a,b) a.e. y € R.

Now we proceed with the following steps:

Step 1) y — f(x,y) is a.e. quasicontinuous on (a,b). We fix xo ¢ Ny and we
consider the functiony — f(xo,y). We have

f(xo0,y) = kEr-{l:loo fe(x0,¥) ae.yER.

The function y — fi(xo,y) is continuous since f(x,y) is continuous.
Hence, its a.e. limit f(xo,y) is quasicontinuous.

6as noted in Sect.[5.1.2]
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Step 2) the inner integral in the right hand side of the reduction formula (3.2d)
is quasicontinuous. In fact,

/R f(x,y) dy = /R [ngqlwﬁz(x,y)] dy

Lebesgue integral Lebesgue integral

continuous function of x

—

= lim /f,,(x,y) dy ae.on(a,b)
R

n—+0o
N——————

Riemann integral

and the limit of a sequence of continuous function is quasicontinuous.

Note that we use boundedness of the domain and of the sequence to ex-
change the limit and the Lebesgue integral.

Step 3) the reduction formula (5.2a) holds under the stated boundedness as-
sumptions. In fact, boundedness of the domain and boundedness of the
sequence imply

/ Flry) d(x.y) = / [um fk<x,y)] d(x.y)
(a,b)xR (a,b)xR |k—+

Lebesgue integral Lebesgue integral
b
= lim Ji(x,y) d(x,y) = lim Jie(x,y) dy| dx
k—+00 (a,b)xR k—+o0 J R
N e’
Riemann integral Riemann integral

Riemann integral

b b
= [ im [y oy ac= [ /(hm fk<x,y>) dy| dx
a k—+o00 R a R k—+00

D —
Riemann integral Lebesgue integral
Lebesgue integral Lebesgue integral

=fub fRﬂx,y)dy dx

—_————

Lebesgue integral

Lebesgue integral
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as wanted.

Fubini Theorem under General Assumptions

We still consider f > 0 but now it can be unbounded and it is summable
on a rectangle which can be unbounded too. By definition

/ F(x.y) dx.y)
(a,b)XR

is define in two steps: first we compute the integral on the bounded rectangle
(ay, by) X R, € R¥! where

d
(ay,by) =(a,b) N (-v,v), R, =R ﬂ (n(—v, v)) .
k=1

The function f can be unbounded on this domain and so first we consider
the integral of fV:

f(xy) =min{f(x.y), N}.
This way we reduce ourselves to the bounded case already studied and we
proved the reduction formula
by

/mv,bvm Y00 y) dex,y) = / [ /R ) dy] dx.

The sequence { "} is increasing and a.e. convergent to f so that we can
compute the limit for N — +co and exchange the limit with the integrals
(twice on the right hand side) thanks to Beppo Levi Theorem. We get

b,
/mv,bV)vaf(x’y) dty) :/av [/va(x,y) dy] dx. (5.8)

Then we compute the limit for v — +co. We note that the integrals in (5.8)
are the integrals on (a, b) X R (on the left side) and on R and on (a, b) (on
the right side) of the function

FC,Y) g, .b,)xr, (X,Y) (5.9)

and the sequence {f(x,y)1(a4,.,)xr, (%,¥)} is increasing and a.e. conver-
gent to f. So we can use Beppo Levi Theorem again and finally get the
reduction formula (5.2al).
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Tonelli Theorem: the Proof

The proof consists in the observation that under the assumption of Tonelli
Theorem the function f is summable, hence the conditions of Fubini
Theorem are satisfied.

Due to the fact that f is nonnegative, it is sufficient to show that the integral
on the left side of (3.2a) is not +co.

We use (5.9). We see that
b
/ f(x,y) d(x,y) = lim [ / NG Y) L, b,)xR, (X, y) dy| dx.
(a,b)XR Nore Ja R

The right hand side is an increasing sequence of (N, v) which, under the
assumption of Tonelli Theorem, is bounded so that

/ab [/Rf(X,Y)(x,y) dy] dr < +00 |

as wanted.
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Part 111

Recovering Lebesgue Measure
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Chapter 6

Borel and Lebesgue Measure

On purpose, measure theory is not used in the Tonelli approach to Lebesgue
integration. But, once the Lebesgue integral has been defined, the Lebesgue
measure of sets can be recovered. This is the goal of this chapter.

6.1 Open Sets and Lebesgue Measurable Sets

The following result is well known and easily proved

Theorem 173 Let K C R and let f: RY 2 K +— R™. The following properties
are equivalent:

1. the function f is continuous on K;
2. the set f~1(A) is relatively open in K for every open set A C R™.

3. the set f~1(C) is relatively closed in K for every closed set C C R™.

Furthermore, when m = 1:

* in order to check the properties in the statement[2lit is sufficient to consider
the case that A is any open interval or even solely the case that A is any
open half line, both (a,+o) and (-0, b).

* in order to check the properties in the statement[3\it is sufficient to consider
the case that A is any closed interval or even solely the case that A is any

closed half line, both [a,+o0) and (-0, b].

169
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This theorem shows a relation between the lattice structure of the sets and
that of the functions. In fact, the following observation (which we used already)
holds: if f and g are continuous then

¢(x) = max{f(x), g(x)}, Y (x) = min{f(x), g(x)}

are continuous. Continuity is easily seen from Theorem since
{ {x:ox)>al={x: f(x) >atU{x : g(x) > a}
{x 1 ¢(x) <a}l=A{x: f(x) <a}n{x: g(x) <a},

{ x:yx)>al={x: f(x)>a}n{x : g(x) > a}
{x:vyx)<al={x: f(x) <alU{x: gx) <a}.

and finite unions and intersections of open (or closed) sets are open (or closed)
sets.

Of course, ¢ and ¢ are continuous if they are the maximum or the minimum
of any finite set of functions. Instead, nothing can be said of the functions

¢(x) =sup{fu(x), 1 <n < +oco}, Y(x) =inf{f,(x), 1 <n < +o0}.
In fact, let

if x=0
otherwise .

nlx| if |x|<1/n

0
f”(x):{l it x| > 1/n, f(x):{l

Then we have

¢(x) = sup{fu(x), 1 <n <+oo} = f(x),
Y(x) =inf{-fo(x), 1 <n <400} =—f(x),

both discontinuous.

In contrast with this, we proved that quasicontinuity is preserved when com-
puting both the supremum and the infimum of bounded sequences of functions
(see CorollarylI50/and, when d = 1, Corollary[87). This observation suggest that
we study the sets f~!(J) when J is an open interval and f is quasicontinuous.
We define:

Definition 174 LLEBESGUE MEASURABLE SETS are the sets A C R which have the
following property: there exists a quasicontinuous function f: R? + R and an
open interval J such that

A=f).
The family of the subsets of R? which are Lebesgue measurable is denoted
L(RY) (or, simply, £).
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We note:
Theorem 175 The following properties hold
1. R4 € L(RY) and 0 € L(R?) since
RT=154((0,2),  0=15((3.4).

2. If N is a null set then 1y is quasicontinuous and N = ]lz_vl ((1/2,3/2)). So,
any null set is Lebesgue measurable.

3. The interval J in the definition of Lebesgue measurable sets can be fixed
at will, for example J = (0, 1) or J = (0, +00).

Proof. The statements[Iland 2] are self explanatory. The statement[3] follows from
the following facts:

1. two intervals are homeomorphic: they are transformed the first over the
second by a continuous and continuously invertible function g;

2. the function x +— g(f(x)) is quasicontinuous if and only if f is quasi-
continuous and g is continuous, see the statement 4] of Theorem [117] (and,
when d = 1, the statement 4] of Theorem (4T]).

3. So, when g is continuous and with continuous inverse, the function f is
quasicontinuous if and only if the composition x + g(f(x)) is quasicon-
tinuous. &

We consider a sequence {A, } of Lebesgue measurable sets. From the property
of Theorem [173] there exist quasicontinuous functions f;, such that

An = fn_l((o’ +OO)) .

Let
¢(x) = sup{fu(x), n>0}.
The function ¢ is quasicontinuous (see Corollary [I50). It is clear that
671 ((0,+00) = | ] 4,.
n>1

So we have

Theorem 176 The union of a sequence of Lebesgue measurable sets is a Lebesgue
measurable set.
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A convenient characterization of Lebesgue measurable sets is in the next
theorem:

Theorem 177 The set A is Lebesgue measurable if and only if 14 is quasicon-
tinuous.

Proof. If 1, is quasicontinuous then A € £(R?) since
A=11((1/2,3/2)).

Conversely we prove that if A € £(R9) then 14 is quasicontinuous. Let f be a
quasicontinuous function such that

A = 710, +0)) .

By replacing f(x) with max{0, f(x)} we can assume f > 0.
We consider the functions

. fw . )0 if f(x)=0
fa(x) = )+ 1n so that nl_lgloo Ju(x) = { 1 if f(x)>0.

So,
Iim f,=14.
n—+o0o

The function f is quasicontinuous and so the functions f,, are quasicontinuous
to.
Egorov-Severini Theorem shows that 1 4 is quasicontinuous. &

The Assumption (in the case of functions of one variable, the Assump-
tion[54) implies:

Corollary 178 Let f be defined on a set A. If the function is integrable then A
is Lebesgue measurable.

We use A to denote the complement of A:
A=R%\ A

and we note that
Ii(x) =1-14(x)

is quasicontinuous if and only if 14 is quasicontinuous. So we have:

1see Theorem[I17l
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Theorem 179 The complement of every Lebesgue measurable set is Lebesgue
measurable.

We use the following formula which holds for every sequence of sets:

ﬂAn: (UnZIAn) .

Let the set A, be measurable. Theorems and give:

Theorem 180 The intersection of a sequence of Lebesgue measurable sets is a
Lebesgue measurable set.

We collect the properties already stated and few more which can be deduced
from them and from the elementary properties of the operations among sets:

Theorem 181 The family of sets L(R?) has the following properties:
complement of sets: if A € L(R?) then A € L(RY).

union of sets: if A € L(RY) and B € L(RY) then AU B € L(R?) (since
Laup(x) = max{l4(x), Lp(x)}).

intersection of sets: if A € L(R?) and B € L(RY) then AN B € L(RY) (since
L1anp(x) = min{l4(x), Lp(x)}).

difference of sets: if A € L(RY) and B € L(R?) then A\ B € L(RY) (since
14\p(x) = max{0, L4(x) — 1p(x)}).

symmetric difference of sets: if A, B € L(RY) then AAB € L(R?) (since
AAB=(AUB)\ (AN B).

sequences of sets: if A, € L(RY) then U,s1A, and Nys1A, both belong to
L(RY) (since 1ya, = sup{la,} and 1ns, = inf{l4,}. See also Theo-
rems [176) and [180).

furthermore we recall: R¢, 0 both belong to L(R?) and null sets are Lebesgue
measurable sets too (Theorem [173)).

Any subset of a null set is a null set too. So, the last statement of Theorem[18]]
has the following consequence:

Corollary 182 Any subset of a null set is Lebesgue measurable.
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We recall that an ALGEBRA is a ring with unity. The previous property show
that £(R?) is an ALGEBRA OF SETS respect to the operations

+=A, =A

(the unity is RY) For this reason we say that £ (R?) is an ALGEBRA OF SETs and,
more precisely, we say that it is a o-ALGEBRA to indicate that it is closed under
numerable unions (and intersections) of its elements, a fact that we prove in
Theorem below.

Remark 183 General or abstract study of measure theory can be found in many
books. We refer the reader to [8, 13}, 127, 31, [36]]. n

6.1.1 The Measure of Lebesgue Measurable Sets

Let A € £(R?). The function 14 is quasicontinuous. We put By = {x : ||x|| <
N} and we see that

/1dx:/ 1,(x) dx = lim/ T,4(x) dx. 6.1)
A R4 N—+0c0 By

The limit (6.1)) exists, either a number or +c0. So we define:

Definition 184 Let A be Lebesgue measurable. We put

A(A):/Aldx:/RdIlA(x)dxe[O,+oo].

We call A(A) the LEBESGUE MEASURE OF THE (LEBESGUE MEASURABLE) SET A.
In the contest of the Lebesgue measure, a function which is quasicontinuous
is called a (LEBESGUE) MEASURABLE FUNCTION.

From the known properties of the Lebesgue integral we get:
Theorem 185 The following properties hold:

1. for any Lebesgue measurable set A we have A(A) > 0.
2. if O is an open set and

O = U R, (R, pairwise almost disjoint closed rectangles)

then we haveE
20) = Z A(R,) .

n>1

2j.e. the definition of the measure of an open set given here agree with that given in the
definition 20 of Chap. [Tl
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3. monotonicity: A C B (both Lebesgue measurable) we have A(A) < A(B).
4. additivity: if AN B = 0 and both A and B are Lebesgue measurable then
A(AUB) =A(A)+A(B).

5. o-additivity: if {A,} is a sequence of pairwise disjoint Lebesgue measur-
able sets then

AUAL) = ) A(A).
6. let {A,} be Lebesgue measurable sets and let us assume
A, C Apsr .
Let A = U,>1A,. We have:

A(A) = lim A(A,).

7. let {A,} be Lebesgue measurable sets and let us assume:

An+1 c An .
Let A = Ny>1A,. We have

{ there exists a bounded rectangle R such that A; C R;

A(A) = lim A(A,).

Proof. The proof is obvious. Only the following observations can be useful.
Property [2]is clear if the union is finite. Otherwise it follows from Beppo Levi
Theorem since

1p = lim Z]an ae. x € RY

and the sequence

is increasing.

As regard to the properties [6l and [7t in both the cases we know A € L(R?)
from Theorem [I81l We consider the statement[6l The sequence of the functions
14, is increasing, 14, (x) > O for every x and for every x

1i111 Lg, (x) =1a(x).
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Beppo Levi Theorem implies

/l(A):/ T4(x) dx = lim / Ly (x) dr = lim A(A,).
Rd n—+o Jpd n—+oo

We consider the statement([7l The sequence of the functions 1 4, is decreasing,
14,(x) > 0O for every x and for every x

lirP Lg, (x) =14a(x).

Furthermore, the sequence {14, } is bounded on a bounded rectangle. So, from
Theorem [02] we have

A(A) :/ 1a(x) dx = lim / Ia,(x) dx = lim A(A,).
Rd n—+0 Jpa n—+oo
The proof is completed. n

Remark 186 The boundedness assumption in the statement[7]is crucial. It can
be slightly relaxed and we can assume that the sets A, are contained in a possibly
unbounded set, provided that its measure is finite. But it cannot be completely
removed as the following example shows: if A, = [n,+00) C R then NA, = 0
but A(A,) = +oo for every n. 1

Now we observe that if A and B are Lebesgue measurable then A U B =
AU (B\ A), the disjoint union of two Lebesgue measurable sets. Properties
and 4 of Theorem give:

Corollary 187 Let A and B be Lebesgue measurable. We have
AAUB)=A(A)+A(B\ A) < A(A)+A(B).

Let us consider a bounded set A € L(RY). Its characteristic function is
quasicontinuous. For every & > 0 there exists a multirectangle A, such that

Ip, isopenand L(A;) < &
(La)gayz,, is continuous .

We denote
O, =14, .

The set O is open, 1(Og) = L(A;) < € and the set A U O; is open. In fact, let
x € AUO;. If x € A is not an interior point then x € A and it is a point where
14 is discontinuous so that x € O, hence it is an interior point of A U O,.
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Monotonicity of the measure and Corollary [I87 gives

A(A) < AU O,) < A(A) +A(0,) < A(A) +&.
————

open

At the same conclusion we arrive when A is not bounded by considering the
sequence of sets A N {x ||x|| < n}. So we have the following theorem:

Theorem 188 Ler A € L(R?). We have:
A(A) =inf{A(O), O 2 A and open} . (6.2)

The equality (6.2) was already stated in Lemma [[36 when A is a multirectangle
set (Theorem 21lin dimension 1).

Translation invariance of the integral has a reformulation in terms of the
measure. Let A € £(RY) and let xo € RY. We consider the translation of A:

xo+A={x+x9, xe€A}.
Then:
]lx0+A (x) =14 (x - xO)

and we have
M) = [ Lpeaar= [ La-xodr= [ 1 av=a).
R4 R4 R4

This property is the TRANSLATION INVARIANCE of the Lebesgue measure.

Remark 189 Any set function

A /Af(x) dx (6.3)

with f > 0 has the property listed in Theorem and can be considered a
measure “weighted” by the function f, for example the quantity of material
when f denotes a density. We note the existence of set functions with the
properties in theorem which cannot be represented as in (6.3). An example
is the DIRAC MEASURE

1 if 0cA
5(‘4)‘{0 if 0gA.

Any set function which enjoys the properties [IH4]in Theorem is a (POSITIVE)
MEASURE and it is a 0-ADDITIVE MEASURE when also property [3 holds. So, the
Dirac measure is indeed a o-additive measure.

The Dirac measure is not translation invariant. 1
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6.1.2 Absolute Continuity of the Integral: the General Case

We note:

Theorem 190 Let f > 0 be quasicontinuous and let A be a measurable set. Let
[rwa= [ nwswa=o.
A R4

The function f is a.e. zero on A, i.e. 14 f is a.e. zero on RY.

Proof. We proceed by contradiction and we prove that if f is positive on a set of
positive measure then its integral is positive. Let

Ay ={x: f(x) >0} = UA”, where A,,={r: f(x)>1/n}.

nx>1
If 1(Ay) >0 thend there exists no such that (A, ,,) > 0. Monotonicity of the
integral gives

[r@as [ e i)
A Aing no

We recall that the integral of a function whose support is a null set is equal
zero (property 3] of Theorem [123]). We combine this fact with Theorem and
we get the following result which justifies the term “null set™:

Theorem 191 The set N is a null set if and only if A(N) = 0.

A related and important result is a consequence of Theorem [I88| This result
extends ABSOLUTE CONTINUITY OF THE INTEGRAL, already proved for open sets in
Theorem [151] (and in Theorem [91] when d = 1), to Lebesgue measurable sets A:

Theorem 192 Let f be summable on R%. For every & > 0 there exists § > 0
such that

Ae L(RY, AA) < = /|f(x)|dx<8.
A

Proof. Theorem [I51] states that for every &£ > 0 there exists o~ > 0 such that

O is open

L|f(x)|dx<s if {/1(0)<0'.

3see statement[@ of Theorem[183]




6.2. BOREL SETS AND LEBESGUE SETS 179

Let A € L(RY) satisfy
A(A) <d=0/2.
Theorem [188| shows the existence of an open set O such that
ACO, A0) <o

so that

/If(X)Ide/If(x)ldx<s. :
A 0

6.2 Borel Sets and Lebesgue Sets

We begun this chapter with Theorem [I73] which shows the relations between
continuous functions and open or closed sets. The family of open and closed
sets is not an algebra of sets. In fact in general the difference of two (open or
closed) sets is neither open nor closed. We can construct a o--algebra by taking
any numerable union or intersection of open and closed sets. This way we obtain,
among all the o-algebras of subsets of R?, the smallest one which contains all
the open sets and all the closed sets. This o-algebra is denoted B(R?) (or simply
$B) and it is the o-algebra of the BoreL seTs. A Borel set is also called a BorEL
MEASURABLE SET.

It is clear that

BRY ¢ L(RY).

because any open or closed set is Lebesgue measurable and B is the smallest
o -algebra which contains open and closed sets.

We observeE‘]:
f_l(UAn) = Uf_l(An) s f_l(mAn) = mf_l(An) (6 4)
A=f1Y(B) = A=f"'B) (provided thatdom f =R?%). '

We combine the equalities (6.4) and Theorem 173l We get:

Theorem 193 Let f: RY — R™ be continuous. If A € B(R™) then f~1(A) €
B(RY).

Even more:

Theorem 194 We assume:

4we recall that ~ denotes the complement.
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1. B e B(RY);
2. K is a closed set of R™;
3. f: B — R™ is continuous.

Under these conditions, the set

FFUK)={xeB: f(x) ek}
is a Borel set.

Proof. We know from Theorem that £~1(K) is relatively closed in B, i.e.
we know that f~1(K) = BN C where C is a closed set. The set BN C is the
intersection of two Borel set, and it is a Borel set. 1

It is a fact, to be seen in Appendix[6.6, that there exists Lebesgue measurable
sets which are not Borel sets, i.e. the inclusion 8 C L is strict. In spite of this,
the two o-algebras 8 and L are closely related:

Theorem 195 Let A € £ = L(R?). there exist a null set N and a set B € B(RY)
such that
A=BUN.

Proof. We can confine ourselves to prove the theorem in the case that A is
bounded.

The proof is by iteration. So, it is convenient to rename Ao the set A and
1o its characteristic function. The assumption is that Ay € £(R?) so that 1 is
quasicontinuous on R¢: there exists an open set O; such that

A0) <1, (10)|Rd\01 is continuous .

We have:
Ap= (Ao \O1U (AgNO)

——— ————
=BoeB =A1eL
A(A1)<2(0))<1

Note that By € B from Theorem [194] since

Bo = (1)) (1

and (]lo)|R 0o is a continuous function defined on a closed, hence a Borel, set.
1
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We repeat this construction for the set A} buth with an open set O; such that
A(0y) < 1/2:

Ar=(A1\O)U (A1 NOy)
—— ~————

=B|eB =Arel
A(A2)<A(02)<1/2
So we have
Ag=BoUB1U(AgN (01 NOy)) .
R/—/
€B =AreL
A(A2)<A(0)<1/2
We iterate and we get
A=Ap= U By U (Ao N (Nk=10k)) -
k>1
—_——— =Nel
s A(N)=0

The fact that N is a null set follows from Theorem [I88]since for every k we have
N C Oy, Opopenand A(Oy) < 1/k forevery k. 1

In conclusion, any Lebesgue set is “almost” a Borel set: the difference is a
null set.

Of course, to every Borel set we can associate its Lebesgue measure: the
restriction of the Lebesgue measure to 8 is the BOREL MEASURE. We note an
important difference between the o-algebras of Lebesgue and Borel: the o -
algebra of Lebesgue contains any subset of a null set (see Corollary[[82) while
there exists null sets which are Borel sets and which contains subsets which do
not belong to B. This is seen in Appendix|[6.6]

By definition, a o--additive measure is COMPLETE when every subset of a null
set is measurable. So, £(R?) is complete while B(R?) is not.

6.2.1 Multirectangle Sets and Lebesgue Measurable Sets

In the table [4.1] of sect 4.1l we defined the multirectangle sets: a multirectangle
set is a set Jy where A is almost disjoint. So, a multirectangle set is a Borel
set, hence a Lebesgue set. Its measure can be computed as in (4.3a)) and this
formula extends to every Lebesgue measurable set, see (6.2)). The interpretation
is that a Lebesgue measurable set can be approximated from outside by open
multirectangles.
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In the special case of the multirectangle sets: any multirectangle set can be
approximate from inside by disjoint multirectangles. This is the interpretation
of Remark [138] Theorem [139and formula (4.3)).

The goal of this section is to show the existence of Lebesgue measurable sets
(even of Borel sets) which are not multirectangle sets and whose measure cannot
be computed from inside by using formula (4.3)) not even we allow Ay to be
composed by infinitely many rectangles. This goal is achieved by constructing an
example in dimension 1. The construction is similar to that of the standard Cantor
set and we present the two constructions in parallel. Moreover, we shall see that
the standard Cantor set is a null set which is not numerable. This observation
confirms the statement in item(3| of Remark[[3]

It is convenient to state first the following preliminary observations:

1. Representation of the numbers of the interval [0, 1] in the base k. A number
x € [0, 1] is represented by a sequence {c, } of nonnegative integers, where
c,, are the numerators which appear in the equality

Any element x € [0, 1] has a unique representation of this form unless
x = c¢/k/ with j and ¢ in N (and ¢ < k/) at least for large enough j. In
this case the number is represented by two sequences whose terms are (for
large enough j E:

the sequence {cdn, j} and the stationary sequence {c(k — 1)} .

In order to describe the sets we are going to construct, it is convenient to
discard the first representation and to keep the second one. This way any
element of 0, 1] admits a unique representation. For example the number
1 is represented by the stationary sequence {k — 1} while the number zero
is represented by the stationary sequence 0.

2. Let k, ki and k; be fixed positive integers. We represent the elemets of
[0, 1] in base k. Any open interval (a, b) C [0, 1] contains infinitely many
numbers of the form x = ¢/k" where ¢ and n are positive integers and
¢ # ki, ¢ # k. The reason is that ¢/k" — ¢/k™' < (b —a)/2 if n is
sufficiently large.

Shere 0,,; is the Kronecker delta: 6; ; =1 and 6, ; =0if n # j.
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Now we construct the two sets. The first one is the usual ternary Cantor set.
The elements of this set are best represented if we choose 3 as the base. The
second set is a modification of the Cantor set first constructed by K. Smith in [35]]
and later by V. Volterra in [45] (both these interesting papers are available on
line). Correspondingly, we denote K¢ and Ky the two sets.

We present the two constructions in the following tables. The left column is

for the set K¢ and the right one for Kgy.

We proceed with the following steps:

The construction of K¢ ‘

‘ The construction of Kgy ‘

union of two closed intervals.
The representation of the
elements of D in base 3 is
2 dn/3" d1 # 1.

Step 0 The numbers are represented | The numbers are represented
in base 3. The interval [0, 1] | in base 8. The interval [0, 1]
is divided in 3 equal intervals. | is divided in 8 equal intervals.
C; is the open middle interval C1 is the open middle interval

of [0, 1], of length 1/4 and we
of [0, 1] of length 1/3 and we
put D; = [0,1] \ C; We have
put Dy = [0, 1] \ C;. We have
A(C)) = 1/3 and D is the | A(C1) = 1/4and Dy =0, 1]}
Step 1 ! ! C is the union of two closed

intervals.

The representation of the e-
lements of D in base 8 is
>d, /8" dy & {3, 4}.
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Step 2

C, is the union of the open
middle intervals of diameter
1/3? of the two which com-
pose D; and we put D, =
Dy \ Cy (D3 is the union of
22 closed intervals). We have
A(Cy) =2/32%.

The representation of the el-
ements of D, in base 3 is
>d, /3" d, # 1ifn < 2.

C, is the union of the open
middle intervals of diameter
1/4? of the two which com-
pose D; and we put D, =
Dy \ Cy (D3 is the union of
22 closed intervals). We have
A(Cy) =2/4%

The representation of the el-
ements of D, in base 8 is
>d,/8",d, ¢ {3, 4}ifn < 2.

Step 3

Cs is the union of the open
middle intervals of length 1/33
of those which compose of D,
and we put D3 = D, \ C3. We
have A(C3) = 22/33 and Ds
is the union of 23 closed inter-
vals.

The representation of the el-
ements of D3 in base 3 is
>dy/3% d, #1ifn < 3.

C3 is the union of the open
middle intervals of length 1/43
of of those which compose D,
and we put D3 = D, \ C3. We
have A(C3) = 22/4% and D;
is the union of 23 closed inter-
vals.

The representation of the el-
ements of D3 in base 8 is
>.d,/8", d, ¢ {3, 4} if n < 3.

Step j

C; is the union of the open
middle intervals of diameter
1/3/ of each one which com-
poseof D;_jand weput D; =
D;_1\ C;. Wehave: A(C;) =
2/=1/3/ and D is the union of
2/ closed intervals.

The representation of the el-
ements of D; in base 3 is
>d,/3" d, # 1ifn < j.

C; is the union of the open
middle intervals of diameter
1/4/ of each one which com-
poseof D;_j and we put D; =
Dj \.Cj. We have: A(C;) =
2/=1/4J and D ; is the union of
2/ closed intervals.

the representation of the el-
ements of D; in base 8 is
>d,/8"d, ¢ {3, 4} ifn < j.

We denote C¢, respectively Csy, the open sets UC,, of the two constructions
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and
Kc =10,1]\ Cc, Ksy = [0,1] \ Csy .

These sets C¢, Csy, K¢ and Ky are Borel sets and K¢ is the standard Cantor
set.

The set K¢ is the set of those numbers of [0, 1] whose representation in the
base 3 does not contains 1 while the elements of Kgy are characterized by the
fact that their representation in base 8 does not contains neither 3 nor 4 (and are
contained in [0, 1]).

The sets C¢ and Csy are numerable unions of non overlapping intervals, so
that their measure can be computed by adding the measure of the single intervals.
We have:

A(Cc) =1 sothat A(Kc) =0
A(Csy) = ! sothat A(Ksy) = 1 .

2 2
The set Kgy is not numerable since its measure is positive. Also K¢ is not
numerabled. So, K¢ is an example of a null set which is not numerable.

Thanks to the statement[2labove, neither K¢ nor Ky contains nondegenerate
intervals. In particular, the multiintervals A such that Jo C Ksy have the form
A ={[qk,qx]} and L(A) = 0. Formula (4.3) does not hold for the Borel set Kgy:
in general, a Lebesgue (or Borel) measurable set cannot be approximated from
inside—in the sense of the measure—by almost disjoint multirectangles (or, in
dimension d = 1, by disjoint multiintervals).

A result on the approximation of measurable sets from inside is Theorem [197]
below.

Remark 196 The statement in the Preliminary observation 2/implies also that
Kc = 0Cc and Kgy = 0Csy. This last equality shows that the boundary of the
open set Csy has positive measure.

This observation explains also the error in Remark 33} the points of discon-
tinuity of the function 1y in this remark are not only the points a, and b,. The
function 1o is discontinuous on the boundary of the open set O and in general
the boundary of an open set is not a null set. 1

%a well known fact, easily seen thanks to the fact that any of its element is represented
by a sequence {c,} with ¢, equal either to O or to 2. So, the function x = {c,} — (c,/2):
K¢ +— [0, 1], with the elements of [0, 1] represented in base 2, is surjective.
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6.3 Littlewood’s Three Principles

We recapitulate the three main properties we have seen:

1. Theorem shows that any Lebesgue measurable set is “close”—from
the point of view of the measure—to an open set in the sense that Lebesgue
measurable sets can be “approximated” (from outside) by open sets.

2. Egorov-Severini Theorem asserts that any pointwise convergent sequence
of quasicontinuous (i.e. Lebesgue measurable) functions is “close” to
being uniformly convergent.

3. From the very beginning of our treatment, quasicontinuous functions are
“close” to being continuous.

These three informal statements are the “LITTLEWOOD’S THREE PRINCIPLES .
It is useful to keep them in mind when working with Lebesgue integral.

A recent analysis of the Littlewood’s three principles is in [26].

We noted that the usual route to the integral is the converse way around. First
the class of Lebesgue measurable sets is defined and studied. The Lebesgue
measurable functions are then defined as those functions with the property that
f~1(I) is Lebesgue measurable for every open set I C R.

Finally the integral and its properties is studied.

When going this way, the relation of Lebesgue measurable functions and
continuous function has to be separately proved: it has to be proved that any
Lebesgue measurable functions, defined in this way, is quasicontinuous. This
statement is LusiNn THEOREM first proved in [25]].

6.4 Lebesgue Definition of Measurable Sets

In order to conclude this presentation, we investigate whether Lebesgue measur-
able sets can be “approximated” not only from outside, as stated by Theorem[I88]
but also “from inside”. The response is positive and gives a characterization of
Lebesgue measurable sets which is precisely the way measurable sets where
originally defined by Lebesgue.

We note that closed sets are measurable sets and now we prove that closed
sets can be used to approximate a measurable set from inside:

Theorem 197 Let A be a bounded Lebesgue measurable set. We have:

A(A) = sup{A(K), K compact subset of A} . (6.5)
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Proof. Monotonicity of the measure implies
A(A) = sup{A(K), K compact subset of A} . (6.6)

We prove that the equality cannot be strict by finding a sequence {K,, } of compact
subsets of A such that
11111 AKy,) =A(A).

Let R be a bounded closed rectangle such that A € R. The set R \ A is
measurable as the difference of two measurable sets and

A(R) =A(R\ A) +A(A). (6.7)
We use (6.2)): there exists a sequence O, of open sets such that
R\ACO,, A(0,) - AR\A).
Note that K,, = R\ O, C A and that K,, is a closed set. We have:
R=0, U K, (disjoint union of measurable sets)

so that
A(R) = A(On) + AK,) .

The limit for n — +oco gives
A(R) = AR\ A) + 1im A(K,).
We compare with (6.7) and we see
A(A) = nEIPoo/l(K") (6.8)

as we wished to achieve. 1

This result on the “approximation from inside” does not have an intuitive
appeal since Cantor set shows that closed sets have a complex structure. But, it
suggests the following characterization of Lebesgue measurable sets:

Theorem 198 Let A be a bounded subset of R4 A C R where R is a bounded
rectangle. The set A is Lebesgue measurable if and only if

sup{A(K) , K compact subset of A} = inf{1(O), O 2 A and open}. (6.9)
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Proof. If A is Lebesgue measurable then the equality (6.9) follows from (6.2)
and (6.3)). Conversely, we prove that (6.9) implies that 1 4 is quasicontinuous and

so that A is Lebesgue measurable.
We observe:

Let {K,} be a sequence of compact
subsets of A such that

klim A(K,) = sup{A(K),
—+00
K compact subset of A}

By replacing K, with U"_, K, we can
assume that

K% - K;+1
and so

1. the numerical
{A(K,)} is increasing.

sequence

2. the sequence of the characteris-
tic functions {1, } is increas-
ing. Hence the following limit
exists for every x:

f) = lim 1g, ().

Let {O,} be a sequence of open sets
which contain A and such that

klim A(0y) = inf{1(0),
—+00
O 2 A and open} .

By replacing O, with N"_ O, we can
assume that

(?WH c C%
and so:

1. the numerical sequence
{A(0,)} is decreasing.

2. the sequence of the characteris-
tic functions {1o, } is decreas-
ing. Hence the following limit
exists for every x:

g(x) = lim 1o, (x).
n—+oo

It is clear that

J(x) < Talx) < g(x).

Measurability of open and closed sets and Egorov-Severini Theorem imply
that the functions f and g are quasicontinuous since they are the limit of sequences

of quasicontinuous functions.

Measurability of A follows since now we prove 14 = f = g a.e. x € R, so
that the characteristic function 14 is quasicontinuous too.
We use Theorem and we exchange the limit and the integral:

Jim [200) = A& = fim_ [ [10,00 - 1,0] dr = [ [g0-7 (0] d.
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But,
lim [4(0,) - A(Kx)] =0

so that the integral of the nonnegative function g — f is zero:
/[g(x) — f(x)] dx =0 sothat f(x) = g(x) a.e. x € R (see Theorem [190)
R

and

Ta(x) = f(x) = g(x)ae. x € R;i.e. 14 is quasicontinuous
as we wanted. 1
Now we can explain the original definition of the measure as given by
Lebesgue in its thesis: in its essence, it is the characterization (6.9) taken as
a definition. Lebesgue proceeds with the following steps to define the measure
of a bounded set E. We recast Lebesgue terminology in the form we have used

up to now. In particular we note that Lebesgue prefers to consider as a basic
“bricks” of its construction not the rectangles but the triangles.

1. we fix any bounded rectangleE] R 2 E. A(R) is the standard “volume”
(i.e. length, area, volume,. . . as we defined in the Chapt.s [Iland [3)) of the
rectangle. The number A(R) does not depend on the topological properties
of R and so we can assume that R is closed.

2. in this second step Lebesgue defines the EXTERIOR MEASURE of the set £
as follows

m.(E) =inf {L(A), A almostdisjointand E C Jp}

By using the characterization of the open sets in Theorem [142 we can
recast this definition as follows:

m.(E) = inf{m,(O), Oopenand E C O }
=inf{1(0O), OQopenand E CO}. (6.10)

3. In the third step, the INTERIOR MEASURE is defined as follows:

mi(E) = A(R) = m.(E)

7in fact, Lebesgue uses a triangle.
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where E denotes the complement of E respect to R,
E=R\E.
We elaborate on this definition:
m;(E) = A(R) —inf{1(O), Oopenand E C O}
= A(R) +sup{-1(0), Oopenand E C O}

= sup{A(R) — A(0), O openand E C O}
=sup{A(R\ O), Oopenand E C O} .

Note that K = R \ O C E is compact. So, this chain of equalities suggests
puttin
A(K) = AR\ K) = A(R) - A(K)

for every compact subset K of R. So,

m;(E) = sup{A(K) Kcompactand K C E }.

. the final step is the definition of the (Lebesgue) measureble sets: the set

E is measurable when m;(E) = m.(E) and Lebesgue definition of the
measure is
AE) =mi(E) =m,(E).

8consequence of the additivity of the measure, but in the process of the definition of the

measure used by Lebesgue additivity of the measure is not yet proved at this stage, and this
equality is taken as the definition of the measure of a compact set.
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6.5 Appendix: A Set Which is not Lebesgue Mea-
surable

Vitali in 1905 constructed the following example of a subset E € (0, 1/2) which
is not Lebesgue measurabldd. The example is in [43].
We introduce the following equivalence relation in R:

X~y ifx-yeQ.

We denote with Greek letters the equivalence classes: @ = x + Q is an equivalent
class. We write a, if we want to stress that « is the equivalence class which
contains x.
Note that
« is a numerable set and R = Ua

so that the family of the equivalence classes is not numerable.
Let us fix any x € R. There exist numbers g € Q such that

x+qg€(0,1/2)

and then @, N (0, 1/2) # O for every x € R. So, every equivalence class intersects
(0, 1/2).

For every a we choose one element x, € a N (0,1/2). The set E is the set of
these elements x,,.

The set E is not numerable since {a} (the set of the equivalence classes) is
not numerable.

For every g € Q we denote E, the translation of E:

E,=E+q={x+q,x€E}.
We note:

1. if g and g, are different rational numbers then E,, N E,, = 0. In fact, if
x € E;, NEy, then

X=y1+q1=y2+q2, yieE, y€eFE.

This is not possible since the equality implies y; ~ y, while different
elements of E are taken from different equivalence classes;

%even more: E is not measurable respect to any o-additive measure which is translation
invariant and such that the measure of a segment is its length.
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2. we have
R=|JE, (6.11)
q€Q
since every x € R belongs to its equivalence class a,, so it is of the form
y+q withy € @, N (0,1/2).

3. Equality (6.11) shows that R is a numerable union of sets and so at least
one of them either is not Lebesgue measurable or it is not a null set.

Now we use translation invariance of the measure: If E € L(R) then we
have also E, € L(R) and

A(Ey) = A(E).
It follows from that E, if measurable, is not a null set since R is not

a null set.

The proof that E is not measurable consists in devising a different argument
which shows that E, if measurable, must be a null set. The argument is as follows:
We recall that £ C (0, 1/2) so that

E+1/n€(0,2) Vn e N

and we saw already that

1 1 :

U (E + l) C (0,2) (the sets are pairwise disjoint) .
n>1 n

We use monotonicity and o-additivity of the measure and we use again translation
invariance. We find:

k
22 ) AE+1/n) = kErPOOZ/l(E +1/n) = lim kA(E) = A(E) =0.
n>1 n=1

The contradiction shows that the set E is not Lebesgue measurable.

Remark 199 Note a consequence of this example: the function which is 1 on
the set £ and —1 on its complement is not quasicontinuous, but its absolute value
is constant, hence it is quasicontinuous. I

Vitali construction of the set £ uses the AXIOM OF THE CHOICE, i.e. the fact
that we can arbitrarily choose one element from each one of infinitely many sets.
It is a fact that up to now an example of a non measurable set constructed without
using this axiom is not known.
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6.6 A Null Set Which is not Borel Measurable

We prove the existence of Lebesgue measurable sets in R> which are not Borel
set.

1. let N C R2. If for every & > O there exists a sequence R, of rectangles
whose areas sum to a number less the &, then N is a null set.

2. Borel sets of R? are countable unions and intersections of open or closed
sets.

3. if B € R? is a Borel set and if f: R +— R? is continuous then f~!(B) is a
Borel set of R (see Theorem [193)).

We use these observations and we prove the existence of subsets af R* which
are Lebesgue but not Borel measurable. More precisely we show a set N € R?
which is not Borel measurable but such that A(N) = 0.

Let E C R be a set which is not Lebesgue measurable, for example the Vitali
set constructed in Appendix Let

G={(x,0), xcE} CR?.

The set G is a null set in RZ, hence it is Lebesgue measurable, but it is not Borel
measurable. In fact, the function

x> f(x)=(x0, R'—R?

is continuous. Hence, if G € B(R?) then f~1(G) € B(R) C L(R) while
f(G)=E ¢ LR).

Remark 200 We note the following consequences of this example:

1. the set {(x,0), x € R} € B(R?) and it is a null set. It contains the set
G ¢ B(R?) So, B(R?) is not a complete o-algebra.

2. the function f is continuous and G is Lebesgue measurable. But, f~1(G)
is not Lebesgue measurable. The inverse image of a Lebesgue measurable
set under continuous function (and, a fortiori, under Lebesgue measurable
functions) in general is not Lebesgue measurable. A consequence is that in
general the composition of Lebesgue measurable functions is not Lebesgue
measurable.

3. Inasimilar way it is possible to construct examples in any dimensiond > 2.
The previous arguments cannot be adapted when d = 1. Nevertheless,
examples exists also in dimension 1. We refer to [1, p. 56]. 1
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