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Notation and terminology

If X is a set, P(X) denotes the power set of X, namely the set of all subsets of X. If
E € P(X), then E° denotes the complement of £ in X, that is, the set-theoretic difference
X \ E. The identity map X — X, x — x is denoted by idx.

If X is a set and E is a subset of X, we denote by x g the characteristic function, also known
as indicator function, of E, defined by

(1 ifzreE
=0 ita¢ B

A family (X,)aea of sets is said to consist of pairwise disjoint sets if X, N Xz = 0 for all
a # f € J. The union of such a collection (X, )aea is usually denoted with the symbol

| | Xa

acA

If X is a set and Y is a subset of X, a covering of Y is a family (Y, )aea of subsets Y, C X
such that Y C (J,ca Ya. A partition of X is a covering (X,)aea of X consisting of pairwise
disjoint sets.

If F is a finite set, we let |F| denote its cardinality; we also declare |F| = oo if E is an
infinite set, making to distinction between the various infinite cardinals.

A set X is countable if there is a bijection f: X — I where [ is a subset of N.

The following are the most important sets of numbers we will consider in these notes:
N ={0,1,2,...} is the set of natural numbers, N* = N\ {0}, Z={...,-2,—-1,0,1,2,...,}
set of integers, Q the set of rational numbers, R the set of real numbers and C is the set of
complex numbers. We indicate with R (resp. R-() the set of positive (resp. strictly positive)
real numbers.

If (X,<x) and (Y, <y) are ordered sets, a function f: X — Y is increasing if, for all
x1,x2 € X, 21 <x my implies f(z1) <y f(z2). It is strictly increasing if, for all 1 # x9 € X,
1 <x x9 implies f(z1) <y f(z2) and f,, # f(x2).

Unless explicit mention to the contrary, we adhere to the convention

inf() = +oo, supd=0.
If (G,+) is an abelian group and A, B are subsets of G, the sumset of A and B is
A+B={a+b:ac A be B},

if A = {a}, we employ the notation a + B in place of {a} + B. If V is a real (resp. complex)
vector space, A C V and A € R (resp. A € C), we write AA for the set

{\r:2 € A}.

The origin of R™ is always denoted by 0, without explicit mention of the dimension, as no
confusion shall arise.

The extended real number system. We define the extended real number system as the
set
R =R U {—o00,+o0}
obtained by adding to the set R of real numbers two new elements, denoted —oo and +o00. We
extend the total order on R in the natural way by declaring that

r< 400, —oc0o<uzx

for all x € R. We extend further the operations of addition and multiplication of real numbers
in the following manner:

+o00+ 12 =400 forall z € R, z # Foo,
+o00- =400 forallz €R, z >0,
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+o0-2=Foo forallz €R, x <0,
F+oo-0=0.

The sums 400 4 (—00), —00 + (400) are not defined.

We will often consider only the extended positive half-line [0, +oc|, also indicated with
[0, 00] as no confusion arises, where the interval notation [a, b] is naturally extended to all a, bR
with the meaning

[a,b] ={z €R:a <z <b};

similarly for the notation [a,b) and (a, b].






CHAPTER 1

Measures

The purpose of these notes is to provide a sufficiently extensive treatment of measure and in-
tegration theory, which play an indispensable role in modern real analysis, while simultaneously
serving as the theoretical foundations of modern probability theory.

The theory, as is nowadays commonly presented, has been fully developed during the early
decades of the twentieth century, the original driving impetus for it being the endeavour to de-
vise a theory of integration which overcomes the limitations of Riemann’s theory of integration,
established in the second half of the nineteenth century, and which is still the one routinely in-
troduced in the first Calculus courses. While still retaining the geometric flavour which informs
Riemann’s theory, this more novel theory of integration goes a step further in abstracting the
axiomatic properties a satisfactory notion of integral should possess, thereby extending its scope
much beyond the integration of functions defined on Euclidean spaces, which is the traditional
purview of Riemann’s theory.

1.1. A motivating discussion: the limitations of Riemann integration

Let us start by discussing some of the serious drawbacks of the Riemann integral, of which
for convenience we recall the definition' on the real line. If [a,b] is a closed interval in R, a
function f: [a,b] — R is said to be Riemann-integrable if the infimum of the upper Riemann

sums
n

sup  f(2))(a; — ai—1) (1.1.1)

i—1 “—157=Za;

equals the supremum of the lower Riemann sums

n

> ( inf  fx))(a—ais) (1.1.2)

- a;—1<z<a;
=1

both of which vary over all possible subdivisions
a=ay< a1 < - <lp_1<a,=>b

of the interval [a,b]. In this case, the common value is called the Riemann integral of f over

[a, b], denoted
b

In case f > 0, then the integral is a natural measure of the area of the plane region comprised
between the z-axis and the graph of the function f.

Here are a number of natural features a good notion of integral should have, which the
Riemann integral does not afford.

(1) Whereas it’s a classical calculus fact that every continuous function f: [a,b] — R is
Riemann-integrable, there are many elementary instances of discontinuous functions

IWe shall come back to it in §22, when we shall explicitly draw comparisons between the Riemann and the
Lebesgue integral for functions of one real variable.



CHAPTER 1. MEASURES

which are not Riemann-integrable. Perhaps the most standard example is the charac-
teristic function of QN [0, 1], namely the function f: [0,1] — R defined as

if x
f(x):{(l) ifx;g'

Since both QN 0,1] and (R\ Q) N[0, 1] are dense in [0, 1] (see §2?? for a recap of basic
point-set topology), it is clear that the value of every upper Riemann sum for f is 1,
while the value of every lower Riemann sum is 0.

The region enclosed by the z-axis and the graph of f is a countable union of
segments of length 1; it is natural to consider every such set as having vanishing area
in the plane; yet Riemann’s theory of integration does not enable us to assign a well
defined meaning for such an area.

(2) It is highly desirable, in a multitude of circumstances, to be able to exchange the funda-
mental analytical operations of limit and integral. More precisely, suppose for instance
(fu)n>o0 is a sequence of continuous (thus Riemann-integrable) functions f,: [0,1] — R
converging pointwise to a function f: [0,1] — R, that is, satisfying

lim f,(z) = f(x)
n—oo
for all = € [0,1]. The equality

b b
/ lim f,(z) dz = lim [ f.(z)da (1.1.3)
a n—oo n—oo a

is not justified, for at least two fundamental reasons. To begin with, a pointwise limit
of continuous functions is not necessarily continuous, and can even fail to be Riemann-
integrable; thus the integral of the left-hand side of the last displayed equation may
not make sense at all, in the Riemann theory. Secondly, even if f is continuous, its
integral does not necessarily coincide with the limit of the integrals of the f,,. As an
example, take f, to be the positive function whose graph is the linear interpolation
between the points (0,0),(1/n,n)(2/n,0) and (1,0) on the plane. Then a moment’s
thought reveals that (f,,),>0 converges pointwise to f = 0, and yet the area under the
graph of f,, equals 1 for all n.

In order to ensure the validity of exchanging limits and integrals, as in (1.1.3), in
the realm of Riemann integration, a very strong notion of functional convergence is
required, namely uniform convergence:

n—oo

sup |f(z) — fu(z)] — 0.

o<zx<l1
It would be convenient to have at our disposal a more flexible notion of integral, which
does not necessitate such a strong form of convergence for functions in order for (1.1.3)
to be justified.

(3) Riemann integration does not offer a unified treatment of integrals over bounded and
unbounded integrals. It starts by defining the integral over compact interval, and then
relies fundamentally on such a notion to extend the definition to unbounded domains,
via a limiting procedure. Lebesgue’s theory, on the other hand, when specified to the
real line, dispenses completely with the need to consider bounded intervals as a first
building block, and treates every domain of integration? on equal footing.

(4) The limitations of Riemann’s theory become even more apparent in higher dimensions,
namely for integrals of functions defined over subsets of R". By way of example,
let f(x,y) be a function defined over a rectangle [a,b] x [c,d] C R% Assuming all
subsequent integrals are defined, it is natural to expect, at least when f satisfies some

2As we shall see, every not too pathological domain of integration.
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minimal regularity assumptions, to be able to “exchange order of integration” and

affirm that
/ab(/cdf(x,y) dy) do = /cd(/abﬂx’y) dx) dy .

It turns out that the assumptions guaranteeing the validity of such an equality are
so cumbersome to state, withing the realm of Riemann’s theory, as to be virtually
impractical.

The issues just presented call for a novel, more flexible (and potentially more widely applicable)
theory of integration. Lebesgue’s insight, for functions of a single real variable, was to stick to
the geometric foundations of Riemann’s definition of integrability (after all, for a sufficiently

nice function f: [a,b] — R, the integral f: f(z) dz should always represent the area of the
region lying below the graph of f), but to allow for more general “building blocks” of integration
than closed intervals; in other words, to replace Riemann sums as in (1.1.1) and (1.1.2) by more
general finite sums

S flew) ()

where (Iy)1<k<n is a partition of the interval [a,b], ¢ € I}, for all k, and m(I}) is an appropriate
measure of the size of [}, which extends the length m([c, d]) = d—c for intervals. The function m
should be subject to natural minimal properties, such as translation-invariance and additivity
over finite collections of pairwise disjoint sets. Now, the latter property is not only satisfied
by any reasonable notion of length for subsets of R, but is shared by many other quantities of
disparate origins. In physics, any distribution of matter in Euclidean spaces R™ should verify a
similar requirement; so should any function measuring the probability of occurence of a certain
event in a given random phenomenon. This motivates the abstract, axiomatic approach we
shall develop starting with §1.3.

1.2. Pitfalls of a naive approach: the paradoxes of Vitali and Banach-Tarski

Let us go back to Lebesgue’s quest of extending the interval-length function m([c,d]) = d—c
to a size function for arbitrary subsets of R. The purpose of this section is to show that a lot
of care is needed in such an endeavour.

We start with a classic construction, showing that the aforementioned, desirable properties
of additivity over pairwise disjoint collections and translation invariance are mutually inconsis-
tent.

ProrosiTiON 1.2.1 (Vitali’s counterexample). There is no function p: P(R) — [0, 0]
satisfying the following properties simultaneously:
(1) for every countable collection (E;)icr of pairwise disjoint subset of R,

M(U Ez) =Y ulE) ;
iel iel
(2) for every subset E C R and every x € R,
p(E +x) = w(E) ;
(3) u([0,1)) =1.

The argument presented here is well known in the subject, and originally due to the Italian
mathematician Giuseppe Vitali. It relies on the following fundamental (and controversial)
principle of set theory.

Axiom 1.2.2 (The Axiom of Choice). Let (X;)ier be a family of non-empty sets indexed by
a non-empty set I. There exists a function f: I — J,c; X; with the property that f(i) € X; for
alli e .
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Formulated differently, the Axiom of Choice asserts that the Cartesian product of a non-
empty family of non-empty sets is non-empty. Indeed, the Cartesian product [],.; X; of a
family (X;);es is precisely defined as the set

{f: I—|JX;: f(i) € X; for allz'ef} .
iel
Despite its intuitive appearance, the Axiom of Choice is not a consequence of all other axioms of
the Zermelo-Fraenkel set theory®. In fact, it is equivalent to other two fundamental principles of
set theory, Zorn’s Lemma and the Well Ordering Principle; a classic reference for the axiomatic
approach to naive set theory is Halmos’ textbook [10], a particularly useful condensed version
of which, useful for the entirety of our purposes, can be found in [9, Chapter 0].

Proor. We introduce an equivalence relation ~ on R declaring that = ~ y if and only if
x—y € Q. Since Q is an additive subgroup of R, it is straightforward to verify that ~ is reflexive,
symmetric and transitive, and thus indeed an equivalence relation on R*. The Axiom of Choice
enables us to define a function f: R/ ~ — R such that the image N = f(R/ ~) contains
exactly one representative of each equivalence class [z]. € R/ ~. Since each such equivalence
class contains a representative in [0, 1), as is easily seen by considering the fractional part of
any given x € R, we may harmlessly assume that N C [0, 1).

By definition of N, the real line can be written as the following countable disjoint union of
translates of N:

R=||N+q. (1.2.1)

q€Q
For the purpose of a contradiction, suppose there is a function p: P(R) — [0, 0o] with all the
properties claimed in the statement of the proposition. Call ¢ the value u(N); by the second

property of u,
(N +q)=c
for all ¢ € Q. There are now two possibilities.
(1) Suppose ¢ = 0, then the first property of p and (1.2.1) give
pR) =D u(N+q) =) 0=0;
q€eQ q€Q
on the other hand, the third property of u, in conjunction with the third one, yields

p(R) = pu([0, 1)) + p(RA\ [0,1)) > p([0,1)) = 1.

The last two displayed inequalities are clearly in contradiction with each other.
(2) Suppose ¢ > 0. Then clearly

0.2)= || N+gq.
geQn[o,1]
On the one hand we have
w(0,2) = > pN+1)= ) c=o0,
geQn[o,1] geQn]o,1]

by the first property of p. On the other, the very same property together with the
third one gives

p([0,2)) = u([0,1)) + u([1,2)) =1+1=2,

3We hasten to observe here that the finitary version of the axiom, namely the statement for a finite index
set I, can be deduced from the other axioms, as opposed to the version for arbitrary I.
4With the induced operation of addition, the quotient set is nothing but the quotient abelian group R/Q.
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where the second equality follows from the second property of 1 and the fact that [1,2)
is a translate of [0,1). Once again, the last two displayed inequalities are mutually
inconsistent.

We conclude that a function f: P(R) — [0, oo] satisfying the three illustrated properties simul-
taneously does not exist. O

At this point, it is natural to wonder whether we can salvage the situation by requiring the
additivity property to hold only for finite collections of pairwise disjoint sets. However, as shall
clearly emerge in §2, countable additivity is absolutely indispensable for any limiting process to
be valid when computing integrals. What is more, it turns out that, in higher dimensions, not
even finite additivity can be guaranteed. This is due to the celebrated Banach-Tarski paradoz.

PROPOSITION 1.2.3 (Banach-Tarski’s paradox). Let n > 3 be an integer, E, F arbitrary
bounded open subsets of R™. Then there exists partitions (E;)i1<i<m and (F})1<i<m of E and F,
respectively, such that, for all1 < i < k, F; = ¢;(E;) for some Euclidean isometry ¢;: R" — R".

The notions of bounded set and Euclidean isometry are recalled in §A.1 and §A.2, respec-
tively. Mind the absolutely disconcerting import of the paradox, which amply justifies the
adopted nomenclature: it is possible to cut up a tennis ball into finitely many pieces and rear-
range them in space, via translations or rotations, to form the Sun! Needless to say, the sets E;
and F; of Proposition 1.2.3 are far from being geometrically visualizable, and their construc-
tion relies once more on the Axiom of Choice; this fact notwithstanding, the proposition clearly
prevents the existence, when n > 3, of any non-trivial function p: P(R™) — [0, 00] which is
finitely additive and invariant under Euclidean isometries: any such p would necessarily assign
the same value to any bounded open set. For more on the Banach-Tarski paradox and its
relation to the notion of amenability of topological groups, the reader is strongly invited to
consult Terry Tao’s blog post [18].

The only way out is to forgo the pretension to measure the size of every subset of R”, and
to content ourselves with being able to measure a sufficiently ample class of sets which includes
all those one is likely to ever encounter in practice.

1.3. Measurable spaces and maps

1.3.1. Measurable spaces. We start by axiomatizing the properties of those collections
of sets we want to be able to assign a “measure” to.

DEFINITION 1.3.1 (o-algebra, Borel space). Let X be a set. A g-algebra on X is a family
M C P(X) satisfying the following properties:

(1) 0 € M and X € M;

(2) if E € M, then E° € M;

(3) if (Ej)ier is a countable collection of elements of 9, then J,., E; € M.
The pair (X,90) is called a measurable space, or a Borel space.

Often in the literature, especially in older texts, the terminology o-field is adopted in place
of o-algebra. As we shall see in §1.4, o-algebras will serve as the domains of measures.
If (X,9) is a measurable space, any E € 9 is called a measurable set.

LEMMA 1.3.2. Let M be a o-algebra on a set X.
(1) If E,F € 9, then £\ F € M.

(2) If (E;)icr s a countable collection of elements of M, then (.., E; € M.

iel
ProOOF. We start with the second assertion. For all ¢ € I, the assumption E; € 99T implies
that £ € 9; it follows that | J,., &5 € M. Since the complement in X of the latter set is
Mics Ei, the claim follows.
As for the first assertion, observe that F'\ F' = E N F°, which is in 9 since F° € M and
M is closed under countable, hence in particular finite, intersections. O
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REMARK 1.3.3. Observe that, in the presence of (2) and (3), condition (1) in Definition 1.3.1
is equivalent to the requirement that 91 is non empty. Indeed, clearly (1) implies non-emptiness
of M; on the other hand, if 9 is non-empty, then there is £ € 9, whence by (2) also E° € I,
sothat X = EUE®and ) = EN E° € M.

EXAMPLE 1.3.4. If X is any set, the smallest® o-algebra on X is {{), X'}, which is sometimes
called the trivial o-algebra on X. The largest o-algebra on X is P(X), known at times as the
discrete o-algebra on X. The pair (X,P(X)) is then also known as a discrete measurable
space.

ExaMPLE 1.3.5. If X is any set, then the g-algebra of countable or co-countable sets in X
is defined as
M = {F C X : FE is countable or E° is countable} .

It is a o-algebra: () is countable, and if E is countable or E° is countable, then the same
automatically holds for E°. Finally, if (E;);c; is a countable family of elements of 9, then
cither all of them are countable, and then so is |J,c; £;, or there is iy € I such that Ef is

countable, in which case
(Us) -0

icl icl
is also countable, being contained in £ . In both cases, 9 contains | J,.; E;.

Observe that, if X itself is countable, then trivially 9t = P(X). On the other hand, if
X is uncountable, then 9 # P(X) (and M # {0, X }), since it is always possible to find an
uncountable £ C X for which E° is also uncountable®.

EXAMPLE 1.3.6. If (M, )aca is a family of o-algebras on a set X, then
M=) M,

acA
is a o-algebra on X. This follows directly from Definition 1.3.1.

From Example 1.3.6, it follows that, given a set X and any family & C P(X), there always
exists a smallest” o-algebra on X containing . It is known as the o-algebra generated by &,
denoted as o(€&), and obtained as the intersection of all o-algebras on X containing €. Notice
that there is always at least one such o-algebra, namely P(X). The collection € is then called
a generating set for the o-algebra o(€).

If (X, 7) is a topological space (see §A.1), then the Borel o-algebra on X associated to
the topology 7 is the g-algebra generated by 7, that is, by the collection of open subsets of X
for the topology 7. Equivalently, it is the o-algebra generated by all closed sets. It is denoted
B x, since every time the topology on X will be clear from the context, and thus omitted from
notation; the elements of B x are called Borel sets.

Clearly, not only every open or closed set is a Borel set. Countable unions of closed sets
are Borel sets (though not necessarily closed); these are called F,-sets. Similarly, countable
intersections of open sets are Borel sets (though not necessarily open); they are called Gs-sets®.

EXERCISE 1.3.7. Let X be a set. An algebra on X is a collection 2 of subsets of X
satisfying the following properties:
(1) DeA, X e
(2) if £ €, then E° € 2,

(3) if (E;)ies is a finite family of elements of 2, then | J._; E; € 2L.

iel
SWith respect to the order relation of inclusion between subsets of P(X).
6This is an exercise in infinite cardinals: we gloss over the details as they are irrelevant for our purposes.
"Again, in the sense of inclusion.
8The subscripts o and ¢ come from the German words “Summe” and “Durchschnitt” for “union” and
“intersection”, respectively.
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Thus, any o-algebra is an algebra, and any algebra which is closed under countable unions is a
o-algebra.

Show that an algebra 2 is a o-algebra provided that it is closed under infinite countable
disjoint unions, namely provided that | J,~, E, € A whenever (E,),>¢ is a sequence of pairwise
disjoint element of 2. -

EXERCISE 1.3.8. Let 2 be an infinite o-algebra on a set X. Show that 91 contains an
infinite sequence (£, ),>o of pairwise disjoint sets, and deduce that 9t has at least the cardinality
of the continuum, namely that there is an injective map R — 9.

1.3.2. Measurable maps. We now turn to the discussion of “structure-preserving” maps
between measurable spaces.

DEFINITION 1.3.9 (Measurable map). Let (X,Mx) and (Y,9My) be measurable spaces.
A function f: X — Y is measurable with respect to Mx and My if, for all £ € My,
fYE) € Mx. We also say that f is (Mx, My )-measurable.

Observe the formal analogy between the notion of measurable map and the topological
notion of continuous map, which is recalled in §A.1. For both, several natural and desirable
properties are a consequence of the fact that the definition involves inverse images which, as
opposed to direct images, preserve set-theoretic operations.

ExamMpLE 1.3.10. If (X, 9Mty) is a measurable space, then the identity map idx is obviously
measurable.

ExamMpLE 1.3.11. If My = P(X), then any map f: X — Y is (M, My )-measurable.
Similarly, if 9y = {0, Y}, then any map f: X — Y is (Mx, My )-measurable.

EXAMPLE 1.3.12. Every constant function f: X — Y is (Mx, My )-measurable, since
fHE) e {0, X} for all E € My

A partial converse of the previous statement is the following: if Mx = {0, X} and My
separates points”, namely for all y; # y, € Y there is E € My such that y; € E and y, ¢ E,
then any (M, My )-measurable map f: X — Y is constant. To see this, argue by contradiction
and assume there are y; # yo € f(X); if E € My contains y; but not ys, then f~1(F) € My
by measurability, and yet f~!(E) is a proper non-empty subset of X, which yields the desired
contradiction.

LEMMA 1.3.13. If (X,Mx), (Y,My) and (Z,Mz) are measurable spaces, f: X — Y and
g: Y — Z are measurable, then go f: X — Z is measurable.

The proof is obvious, and thus omitted.
Measurability can be checked on generating sets, as illustrated by the following statement.

LEMMA 1.3.14. Let (X,9Mx) and (Y,My) be measurable spaces, f: X — Y a map. Let
¢ C P(Y) be a generating set for the o-algebra My . Then f is measurable if and only if
f7YE) € Mx whenever E € €.

PROOF. One direction is obvious from the definition of measurability. For the converse,
suppose f~H(F) € Mx for all £ € €, and consider the family
M = {E €My : f_l(E) S f)ﬁx} ;

since taking the inverse image is a set-theoretic operation which preserves complements and
unions, it is clear that 91 is a g-algebra, and by definition 9t C 9y. By assumption, & C 90,
whence o(€) C 9M; but o(€) = My by hypothesis, so that we conclude M = My This shows
that f is measurable. 0

COROLLARY 1.3.15. Let X andY be topological spaces, f: X — Y a continuous map. Then
f is measurable with respect to the Borel o-algebras on X and Y .

9This is the case, for instance, for the Borel o-algebra generated by a Hausdorff topology on Y.
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PRrROOF. The Borel g-algebra By is generated by the topology 7 on Y. By Lemma 1.3.14,
it suffices to show that f~1(O) is in the Borel o-algebra By for every open set O C Y’; this is
obvious since f~1(0) is open in X, by continuity of f. O

If (X,Mx) and (Y, 7) is a topological space, we shall call a map f: X — Y measurable,
without further specification, if it is (M y, By )-measurable; a similar terminological convention
shall apply to maps X — Y where (X, 7) is a topological space and (Y, 9%y ) is a Borel space.

1.3.3. Product and trace o-algebras. Consider a family (X, M, )aca of Borel spaces.
On the product set

X:HXaz{f:A—> UXa:f(a)eXav@eA}

aEA a€cA

m:@sma

a€cA

we define the product o-algebra

as follows: 91 is the smallest o-algebra on X for which all canonical projection maps 7,: X —
Xao, f— f(a) are (9N, M, )-measurable. Explicitly, 91 is the intersection of all o-algebras 91
on X with the property that 7 !(E,) € N for all £, € M, and all o € A. Equivalently, a
generating set for 9 is

{7 Y (Ey) : B, € My, a € A} (1.3.1)

The Borel space (X,9) is called the product Borel space of the (X,,0,). It enjoys
the following universal property'®. Let (Y,9My) be a Borel space; if f: Y — X is a (My, M)-
measurable map, then the compositions 7, o f: Y — X, are (IMy, M, )-measurable for all
a € A. Conversely, if f,: Y — X, is a family of (9My, M, )-measurable maps, then there exists
a unique (My, M)-measurable map f: Y — X such that f, = m, o f.

EXERCISE 1.3.16. Show the claimed universal property for the product Borel space.

REMARK 1.3.17. If the index set A is countable, then a generating set for the product
o-algebra is also given by the collection of “boxes”

{HEQ:EaeémmaeA}.

acA

Indeed, it is clear that the o-algebra generated by the latter collection contains 9 (regardless
of countability of A). When A is countable, then every box is a countable intersections of sets
from (1.3.1), whence the reverse inclusion holds as well.

When A is uncountable, the o-algebra generated by boxes is, in general, strictly finer'! than
the product o-algebra.

Suppose we are in the particular case where the X, ’s are topological spaces, and 9, = B x,
for all & € A. On the product set X we can defined two a priori distinct o-algebras. The first
one is the product o-algebra

M = Q) Bx, :

a€cA

the second one is the Borel o-algebra B8 x determined by the product topology on X (see §A.1).

10we adopt here a standard terminology coming from the theory of categories, an abstract formalism to
deal with mathematical structures and structure-preserving maps; the interested reader is invited to consult
MacLane’s classic textbook [14].

Hhat is, it contains more sets.
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PROPOSITION 1.3.18. Let 9 and Bx be defined as above. Then
M CDBx .
If A is countable and X, is second countable (cf. §A.1) for all o € A, then
M=VBy .

PRrROOF. For every a € A, the projection map 7, : X — X, is continuous when X is endowed
with the product topology, hence by Corollary 1.3.15 it is (B x, B x, )-measurable. By definition
of 9, it follows that 9T C B .

Suppose now that A is countable and every X, is second countable. For each oo € A, choose
a countable basis B, of the topology on X,. Then Bx is generated by the collection

B= {ﬂOa:anBaforaHOzEJ, JcAﬁmte} ;
acJ
to see this, observe that every open set in X is a union of elements of B (as follows rather
directly from the definition of the product topology), and thus in particular a countable union
thereof, since B itself is countable. It follows that o(B) contains By, and is therefore equal
to it. It is on the other hand clear that B C 9, from which it follows that Bx C 9N, as
desired. O

We let Bgn denote, for every integer n > 1, the Borel o-algebra generated by the Euclidean
topology on R". Since the the Euclidean topology on R is second countable (cf. Lemma A.1.7),
Proposition 1.3.18 delivers at once:

COROLLARY 1.3.19. For every integer n > 1,

Brn = (X) B .
=1

Let (X,90) be a Borel space, Y a subset of X. We define the trace of the o-algebra 9
on Y to be the o-algebra
My ={YNE:EecN}.
The validity of all axioms of a o-algebra for M|y is easily determined. Furthermore, it is
straightforward to check that 91|y is the smallest o-algebra on Y making the canonical incusion
t: Y — X measurable. The Borel space (Y, M|y ), called a measurable subspace of (X, ),

satisfies the following universal property. For every Borel space (Z,97), amap f: Z — Y is
(M7, M|y )-measurable if and only if Lo f: Z — X is (M, M)-measurable.

EXERCISE 1.3.20. Show the claimed universal property for the measurable subspace (Y, M|y ).

1.3.4. Measurability of real-valued functions. We shall be particularly concerned with
measurable functions with values in R (or C), since those are ultimately the functions we would
like to integrate. For real-valued functions, it suffices to check measurability on subclasses of
intervals.

PRrROPOSITION 1.3.21. The Borel o-algebra By is generated by each of the following collec-
tions:

{(a,b0):a<beR}, {la,b):a<beR}, {(a,b]:a<beR}, {la,b:a<beR},
{(=0,a) :a€R}, {(a,+00):a€R}, {(-o0,a]:a€R}, {a,+o0):a€R}.
Proor. All listed sets are open, closed or the intersection of an open and a closed set; the
o-algebra generated by each collection is thus trivially contained in Bg. We need to show the
converse inclusion.

By definition of the Euclidean metric and topology, every open set in R is a union of open
intervals (a,b), a < b € R. In fact, as the countable subcollection

{(a,b) :a <b, a,b e Q}
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is a basis of the topology (see the proof of Lemma A.1.7), every open set is a countable union of
bounded open intervals. As a consequence, the o-algebra generated by bounded open intervals
contains Bg, and thus must be equal to it.

Every open interval (a,b), a < b € R is the countable union of the half-open intervals
l[a+1/n,b), n € N*, whence

Br C o({[a,b) :a <beRY}

and must therefore be equal to it.
Similar arguments apply to all other cases; the (instructive) verification is left to the reader.

0

COROLLARY 1.3.22. Let (X,9M) be a Borel space, f: X — R a function. Let € be one of
the families listed in Proposition 1.5.21. The following are equivalent:

(1) f is (9, Bg)-measurable;
(2) fH(E) € M for all E € €.

PRrROOF. The equivalence follows combining Lemma 1.3.14 and Proposition 1.3.21. U

We shall need the extension of the previous corollary to functions with values in the extended
real number system R = RU {£oo}. We endow R with the o-algebra

B-={ECR:ENR € By} .

The verification that By is a o-algebra is routine; the notation is justified by the fact that Bg
is the Borel o-algebra generated by the natural topology on R defined in §A.1.1.

COROLLARY 1.3.23. Let (X,9M) be a Borel space, f: X — R a function. Let
¢ ={(a,+o0]:a € R} .

The following are equivalent:

(1) [ is (9, Bg)-measurable;
(2) f~YE) €M for all E € €.

PRrROOF. The argument relies once more on Lemma 1.3.14, in conjunction with the easily
verified fact that € generates Bg. l

REMARK 1.3.24. The statement of Corollary 1.3.23 is unaltered when replacing € by any
of the following families:

{[-00,a):a € R}, {la,+0):a e R}, {[-o00,a]:a€R}.
This follows again from Lemma 1.3.14 and the fact that each of the above families generates
Br.
1.4. Measures

We are now in a position to introduce the abstract notion of a measure.

DEFINITION 1.4.1 (Measure). Let (X,901) be a measurable space. A measure on (X, 91)
is a function p: M — [0, oo] satisfying the following properties:

(1) p(0) = 0;

(2) if (Ey)n>0 is a sequence of pairwise disjoint elements of 91, then

(UE) =S uE).

The triple (X, 9, i) is called a measure space.
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If 91 is understood from the context, we also speak of u being a measure on X.
Observe that the condition p(f)) = 0 is a consequence of the second one in conjunction with
the requirement that g is not constantly equal to oo: if E, = () for all n > 0, then we deduce

p(0) = p®),

where the right-hand side equals oo unless p(@)) = 0. The possibility p() = oo would entail
pu(E) = oo for all E € M (owing to the monotonicity property of measures in Proposition 1.4.9),
which is precluded.

Property (2) in the definition is called o-additivity of a measure. It readily implies finite
additivity, namely the fact that

u(@ En) = i::u(E

for every finite sequence (E,)o<n<n of pairwise disjoint measurable sets; it suffice to set £, = 0
for all n > N, and apply the o-additivity property to the sequence (E,),>¢ thus obtained,
coupled with the fact that u(0) = 0.

We give a first list of elementary examples of measures, postponing the task of constructing
much more interesting ones, of geometric nature, to §1.5.

EXAMPLE 1.4.2 (Dirac measure). Let (X,90%) be a Borel space, x € X a point. The Dirac
measure, or Dirac mass at z is the measure J, given by

5,(E) = {1 fzel

0 ifz¢FE
The axioms of a measure are readily verified.

ExAMPLE 1.4.3 (Counting measure). Let (X, 9t) be a Borel space. The counting measure
n (X, ) is defined as
=1Bl=3_1

z€E
for all £ € 9. Once again, the axioms of a measure are trivially satisfied.

EXAMPLE 1.4.4. The two previous examples can be generalized as follows. Let (X, 9) be
a Borel space, f: X — [0, 00] a function. Then f induces a measure py on (X, ) defined as

= f@)

zeE
for all £ € 9t. That the axioms of a measure are verified can be established via the theory
of infinite sums over arbitrary indexing sets, which is for convenience summarized in §B. If f
is constantly equal to 1, we obtain p; = c, the counting measure seen in Example 1.4.3. The
Dirac mass d,, for every base point x € X, is obtained as pus for the function f defined by

f(z)=1, f(y) =0 for all y # =.

Example 1.4.4 will be vastly generalized in Proposition 2.7.1 on measures with densities
with respect to a given starting measure.

EXAMPLE 1.4.5. Let X be a set, 91 the o-algebra of countable or co-countable subsets of
X, contemplated in Example 1.3.5. Define a function p: 9t — [0, oo] by
0 if E is countable
HE) = {1 if F is co-countable and uncountable
It is readily ascertained that p is a measure on (X, 9), since a countable sequence of pairwise

disjoint sets can feature at most one co-countable element. If X is countable, then p is the
zero measure, namely the measure assigning mass 0 to every measurable set.
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EXAMPLE 1.4.6 (Sum of measures). Let (4 )aca be a family of measures on a given Borel
space (X, ). We define the sum g = > 4 fto by the assignment

W(E) =3 j1a(E)

acA

for all £ € 9. It is then clear, using the results of §B on infinite sums, that p is a measure on

(X, ).

We now introduce some standard terminology regarding measures. We say that a measure
v on a Borel space (X, M) is finite if 1(X) < 0o'? If u(X) = 1, then p is called a probability
measure, and (X, 9, 1) a probability measure space. A measure u is o-finite if there is
a countable family (Xj)er of sets X; € M such that X = |J,.; X; and p(X;) < oo for all i € I.
If (X, 7) is a topological space, a Borel measure on X is a measure on (X,Bx).

REMARK 1.4.7. A finite measure is obviously o-finite, the converse being not true: the
counting measure on (N.P(N)) (cf. Example 1.4.3) is o-finite, since N is a countable union of
singletons, but is not finite, since N is an infinite set.

1.4.1. A small aside in probability theory. In the realm of probability theory, the
notion of a probability measure space (X, 9, ) formalizes the data of a set X of possible
outcomes of a certain random experiment, a family of random events 9, namely of collections
of outcomes E to which a probability u(E) € [0, 1] of occurring is assigned. If (X, MMy, p) is
a probability measure space and (Y,9%y) is a measurable space, then a measurable function
f: X — Y is routinely called, in the language of probability theory, a random variable.

If X is a set, (Y, 9y ) is a measurable space and f: X — Y is a function, then the collection

M, = {f(E): E € My}

is a o-algebra on X, as is easily deduced from the fact that taking inverse images of sets
under maps preserves all set-theoretic operations, in particular unions and complements. In
the context of probability theory, it frequently occurs that (X, 9, 1) is a probability measure
space, so that f is a random variable; in this case the o-algebra 9 is said to be generated
by f and plays a pivotal role in the study of stochastic processes, for instance in definining the
notion of independence of random variables. We refer the interested reader to [12, 1].

1.4.2. Properties of measures. We introduce now some standard terminology which
shall be widely adopted in the sequel. Let (X, u) be a measure space. A set £ € M
such that pu(FE) = 0 is called a p-null set, or simply a null set if no confusion arises. A
given assertion P concerning points of X is said to hold u-almost everywhere, or almost
everywhere if p is clear from the context, if there is a p-null set N C X such that P holds for
allz € X\ N.

An observation that is routinely employed in measure-theoretic arguments is that countable
unions of p-null sets are p-null, as follows readily from o-subadditivity of u.

REMARK 1.4.8. If (X,90, 1) is a probability measure space, then it is customary to say
that a property P holds pu-almost surely instead of py-almost everywhere, emphasizing the
statistical aspect of the assertion.

If X is a set, we say that a sequence (E,),>o of subsets of X is increasing if £, C E,;, for
all n > 0, and decreasing if E,, D E, 1 for all n > 0.

PROPOSITION 1.4.9. Let (X,9M, 1) be a measure space.
(1) (Monotonicity) If E C F' are measurable sets, then p(E) < u(F).

12As a consequence of the forthcoming Proposition 1.4.9, this implies that v takes values in the closed
interval [0, u(X)].
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(2) (o-subadditivity) If (E,)n>0 s a sequence of measurable sets, then
(U E) < nk)
n>0 n=0

(3) (Continuity from below) If (E,)n>0 is an increasing sequence of measurable sets, then

,u(U En> = lim u(E,) .

n—00
n>0

(4) (Continuity from above) If (Ey,)n>0 is a decreasing sequence of measurable sets, and
p(Ey) < oo, then

o(N)8) = Jim )
n>0

In the last assertion, the assumption that u(Ep) < oo is indispensable, as the following
counterexample shows. Let p be the counting measure on (N, P(N)), and let

E,={meN:m>n}
for all n > 0. Then (F,),>o is decreasing and [, £, = 0; now u(0) = 0, however
lim p(E,) = lim co =00 .
n—oo n—o0
REMARK 1.4.10. (1) For continuity from above to hold, it is sufficient that u(E,,) < oo
for some ng > 0, as the result phrased in the proposition can then be applied to
(Engtn)n>0, without altering the intersection nor the limit.
(2) Observe that, if (E),),>0, is increasing, the limit
lim fu(En)
n—oo

exists in [0, oo], since the sequence of real numbers (u(E,)),>o is increasing. Similarly,
if (E,)n>0 is decreasing and p(Ey) < oo, then the same limit as above exists in [0, 00),
as (u(Ey))n>o is decreasing.

ProoOF. We start with the first assertion, and let £ C F be measurable sets. Then F' is
the disjoint union of E and F'\ F, whence by finite additivity of u

u(F) = p(E) + p(F\ E) > p(E) ,

the last inequality following from the fact that u takes positive values.
As to the claimed o-additivity property, let (E,),>0 be a sequence of measurable sets. We
replace the union |-, E» with a disjoint union, by setting Fy = E, and, inductively on n > 0,

Fui1 = Enir \ (U E) .
i=0
Then it is clear that (F,),>0 is a sequence of pairwise disjoint measurable subsets satisfying
UFr.={JE..
n>0 n>0

By o-additivity of u, we deduce that

M(U E) = M(U F) = gu(m < k),

n>0 n>0 n>0

where the last inequality follows from monotonicity of u and the fact that F,, C E, for all
n > 0.
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We proceed with the third assertion. Let (E,),>0 be an increasing sequence of measurable
sets. Define a new sequence (F,),>o of measurable sets as follows: Fy = Ej and

Fn—l—l - En+1 \ En

for all n > 0. Then it is clear that the F},’s are pairwise disjoint; moreover,
U Fn = U En )
n>0 n>0

whence, by o-additivity of p,

w(Ue) =S utr —]&LH;D

n>0 n=0

By finite additivity of u, we have

> uF) = M(U Fn) = pu(Eo U (Er \ Ep) U+ U(Ex \ En-1)) = n(E)

from which the claim follows.
Let us now turn to the final assertion, and let (E,,),>0 be a decreasing sequence of measurable
sets with p(FEp) < co. Define a new sequence (F},),>o by

Fn:EO\En

for all n > 0. Then clearly (F,),>o is increasing, whence by the previous item of the proposition

(U ) = s
n>0
now

u(En) = p(Eo) — p(En)
since E,, C Ey for all n and u(Ey) < oo, and by the same token

”g&) =u<E\QOEn> = u(E) —M(Q)En) :

Combining the three last displayed equalities yields the desired result. U]

EXERCISE 1.4.11. Let (E,),>0 be a sequence of subsets of a given set X. The limit inferior
and limit superior of the sequence are defined, respectively, as

ligiorolen: U ﬂEk, hmsupE = ﬂ UEk

n>0k>n n>0k>n
(1) Show that
liminf F,, = {z € X : 2 € E, for all but finitely many n > 0}

n—oo
and
limsup E,, = {r € X : z € E, for infinitely many n > 0};.

n—oo
Deduce that the limit inferior is contained in the limit superior, and exhibit an example
showing that the converse inclusion does not hold in general.
(2) Suppose (X, 9, i) is a measure space, and FE,, € 9 for all n. Show that

u(lim inf En> < liminf u(E,)

n—o0 n—oo

and, if /‘L(UnZO E'n) < 00,

,u(lim sup En> > limsup u(E,) .

n—0o0 n—0o0
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EXERCISE 1.4.12. Let (X, 91, 1) be a finite measure space.

(1) Suppose E, F are measurable sets with u(E A F) = 0. Show that u(E) = u(F).
Exhibit an example of two measurable sets E, F' with equal measure but satisfying
WE A F) > 0.

(2) Define a relation ~ on 9t by declaring that F ~ F'if and only if u(E A F') = 0. Show
that ~ is an equivalence relation.

(3) Let M/ ~ be the quotient set of M with respect to the equivalence relation ~. Show
that the function

pr (M) ~) x (M) ~) = Rxo,  ([E]-, [F]o) = w(EAF)
is well defined, and defines a metric on 9t/ ~.

1.4.3. Completion of a measure space. Let (X,9, 1) be a measure space, £ € I a
set with u(E) = 0. If F is a subset of X which is contained in F', then monotonicity of u
yields directly pu(F') = 0, provided that F' € 9t (which is not necessarily the case). At times, in
measure-theoretic arguments, annoying technical points are avoided if the measure space under
examination has the property that subsets of null sets are measurable (and thus null sets); in
due course we shall see examples of arising potential complications when such a property is not
assumed.

DEFINITION 1.4.13 (Complete measure space). A measure space (X, 9, 1) is complete if,
whenever ' C F are subsets of X such that F' € 9t and pu(F) =0, then E € 9.

It is possible to “complete” an arbitrary measure space by simply adjoining to the o-algebra
all subsets of null sets, and extending the measure in the obvious way.

PROPOSITION 1.4.14. Let (X,9M, ) be a measure space. Set
Mycomp ={EUF :Ee€M, F CA for some A € M with u(A) =0} .
Define also a function ieomp: Mycomp — [0, 00] via

freomp(E U F) = u(E)

for all EUF € M, comp as described above. Then the following assertions hold:
(1) M, comp 1S a o-algebra containing IN;
(2) poomp 5 @ measure on M, comp extending p, namely satisfying ficomplm = ft;
(3) the measure space (X, M, comps fheomp) S complete.

The measure space (X, MM, comp, flcomp) constructed in the foregoing proposition is called the
completion of the measure space (X, 9, u).

PRrROOF. We begin by showing the first assertion. It is obvious that 9, comp contains 91
since one may take ' = () in the description of the elements of MM, comp. It is also clear that
M, comp 1s closed under countable intersections, since a countable union of p-null sets in 9 is
p-null. To conclude that it is a o-algebra, we must show that it is closed under complements.
Let thus £ U F' be an element of M, comp, that is, £ € M and F' C A for some A € M with
p(A) = 0. Since A° C F*°, the complement (F'U F)° = E°N F° can be written as the union

(ECNAS)U (F\ A°) | (1.4.1)
where we observe that £° N A° is an element of 91, and
FNA=FN(A)=F'NACA,

so that (1.4.1) expresses (E'U F)¢ as an element of M, comp-

Let us proceed with the second assertion. To begin with, the function ficomp is well defined:
if E,E" € M and F, F’" are such that EU F = E' U F’ and there are A, A’ € 9 with u(A) =
p(A') =0and F C A, F' C A’, then

p(E) < p(E'UA) = p(E") + p(A"\ E') = p(E")
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since pu(A"\ E') < p(A’) = 0. By symmetry, u(E") < p(E), and thus pu(E) = u(E’), whence
Heomp 1S Well defined. The fact that ficomp is o-additive is rather obvious: if (E,, U F},),>0 is a
collection of pairwise disjoint sets in MM, comp, then a fortiori the E,’s are pairwise disjoint, so

U 0) ne (U)o (UR) -o(U )

- Z :U(En) = Z :ucomp(En U Fn) ’
n=0 n=0

using o-additivity of p in the process.

Finally, it is straightforward to check that (X, 9, comp, fcomp) 15 complete. Suppose indeed
that a subset NV of X is contained in an element EUF € M, comp With peomp(EUEF) = p(E) = 0;
then there is A € 9 with p(A) = 0 such that F' C A, and thus N C E U A, the latter being a
p-null element of 9. We infer that IV is an element of I, comp as desired. O

REMARK 1.4.15. The completion (X, M, comp, Hcomp) €njoys the following minimality prop-
erty. If (X, 900, 1/) is a complete measure space extending (X, 9, 1), namely verifying 9t C 9
and p/|op = p, then M, comp is contained in M and the restriction of y' to M, comp coincides
with fiecomp. The (easy) verification of the statement is left to the reader.

1.5. Outer measures and Carathéodory’s construction

In this section we present an abstract procedure, geometric in spirit, to define a measure
on a class of sets, starting with an original “size function” which is preemptively assigned to
a smaller class of sets. More precisely, suppose X is a set, and &€ C P(X) is a collection of
“elementary subsets” of X to which some notion of size is assigned, by means of a function
p: € — [0,00]. We would like to extend p to a measure p on a o-algebra 9 containing the
original class &€, if possible in some reasonably unique way.

ExaMPLE 1.5.1. Let X = R". We would like to define a measure p on the Borel o-algebra
Br~ which, when restricted to sufficiently nice subsets, gives the ordinary geometric notion of
volume. For instance, it is desirable to ask that

M([alabl) X X [ambn)) = (b1 —a1) - (bn — an)
for every rectangle®® T]'_,[a;, b;), where a; < b; are real numbers for all 1 < i < n.

The abstract construction presented in this section shall be applied in subsequent ones to
the construction of the Lebesgue measure on R™ and of the Hausdorff measure on an arbitrary
metric space.

1.5.1. Outer measures. We begin with the notion of outer measure, which furnishes
the appropriate replacement of the notion of measure when we would like to assign a size to
every possible subset of a given set, by relaxing the o-additivity requirement (too strict for the
purpose, as shown in §1.1), while preserving some of the features every reasonable notion of
length, area, volume, mass... should possess.

DEFINITION 1.5.2 (Outer measure). Let X be a set. An outer measure on X is a function
p*: P(X) — [0, 00] satisfying the following properties:

(1) M*(Q)) =0;
(2) if E C F, then p*(E) < p*(F);

I3The reason for the choice of half-open rectangles shall emerge when we will actually construct the Lebesgue
measure, which is a measure with the desired properties.
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(3) if (E,)n>0 is a sequence of subsets of X, then

o0
u(U En) <Y w(En)
n>0 n=0

Thus, an outer measure is a function on the subsets of X which is monotone and o-
subadditive. Arguing as in the case of a measure, the condition p*(@)) = 0 is redundant in
the presence of g-subadditivity combined with the non-triviality requirement that p* is not
constantly equal to co. Also, o-subadditivity implies finite subadditivity: if (E,)o<p<n is a
finite sequence of subsets of X, then

u(@ En) < Zi:u*(En) -

We are now ready to address our task, made explicit at the beginning of this section.
The point is that any starting notion of size p: £ — [0, 00] on an original family & C P(X)
produces an outer measure on X, by approximating every set from outside with countable
covers by elements of £.

PROPOSITION 1.5.3. Let X be a set, £ C P(X) a collection containing 0, p: € — [0,00] a
function such that p(0) = 0. Define a function p*: P(X) — [0, 00] by the assignment

p(A) = inf{i p(E,):AC U E,, E, €& foralln > 0} : (1.5.1)
n=0

n>0

Then * is an outer measure on X.

Here and throughout, the infimum over the empty set of positive real numbers is intended
to be co. Observe that the conditions () € £ and p(0)) = 0 is not restrictive at all, since it can
always be met by artificially enlarging the domain of any function p: & — [0, 00|, with £ an
arbitrary collection of subsets of X.

ProOF. First of all, the function is well defined, which means that it clearly takes positive
values, potentially oco.
The empty set is covered by the family FE,, = () for all n > 0. Hence

0<u (@) <> p®) =0,

and thus p*(0) = 0.

If A C B, then every countably infinite cover of B by elements of £ is also a cover of A,
whence the infimum defining p*(A) is taken over a larger collection of real numbers, compared
to the infimum defining p*(B). This establishes monotonicity.

We now show o-subadditivity, the most delicate part of the argument. Let (A,),>0 be a
sequence of subsets of X; fix € > 0, and for every n, choose a countably infinite cover (£} ,);>o
of A,,, consisting of elements of £, such that

oo . c
S (B < i (A) + 5
§=0

Then (Ej,);jn>0 is a countable cover of | -, An, consisting of elements of £, and satisfying

* € *
jn>0 n>0 j>0 n>0 n>0
It follows by definition of p*(A) that
pA) <e+ ) pi(A)

n>0
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for all € > 0; taking the infimum over all ¢ > 0 achieves the conclusion. 0

1.5.2. Carathéodory’s construction of a measure from an outer measure. Once
an outer measure on X has been constructed, one would like to derive an actual measure from
it. Carathéodory found the most successful construction for it, which we now turn to present.
It consists of singling out those subsets of X which, together with their complement, “split”
nicely the outer measure of every set, and then of restricting the outer measure to them.

DEFINITION 1.5.4 (Measurable sets with respect to an outer measure). Let p* be an outer
measure on a set X. A set A C X is called measurable with respect to p*, or u*-
measurable, if

W (E) = i (B A)+ (BN AY)
for all £ C X.
Observe that, by finite subadditivity of u*, it always holds that
p(E) < p (ENA)+p (BN A ;
the actual requirement is thus that the opposite inequality holds as well.
THEOREM 1.5.5. Let u* be an outer measure on a set X.

(1) The collection M~ of p*-measurable subsets of X is a o-algebra.
(2) The restriction of p* to M, is a measure on (X,M,~), and the measure space
(X, M, 1o, ) is complete.

PROOF. We start by showing that 91, is a o-algebra. It is plain that ¢ € 91, since, for
every b C X,
p(ENQ) +p (END) =p () + p*(E) = ™ (E) .
Furthermore, the definition of p*-measurability is obviously stable under taking complements.
It remains to show that 9, is closed under taking countable unions. Let (A,),>0 be a
sequence of p*-measurable sets, and let £ C X be arbitrary. Since Ag is p*-measurable,

W (E) = u*(E 0 A) + (B0 AS)
Now, since A; is p*-measurable, we develop further
p(E) = (ENAg) +p*(ENA§N Ay + p*(EN A5 N AY)
= (ENA) +p (EN (A1 \ Ao)) +p (BN (AU Ap)) .
It is straightforward to check, by induction on n > 1, that

w(E) = u*(Eﬂ (UAZ) ) + Zu*(Eﬂ <Am\
1=0 m=0
with the convention that U;::lO A; = (). Since

(U] = (Ua)

>0

m—1

Ua)),

1=0

it follows by monotonicity of p* that

1(E) > u*(Eﬂ <L>J An)c) + iu*@m (Am\GlAi>> ;

taking the supremum over all n > 0, and applying o-subadditivity of u*, we deduce that
¢ 00 n—1
)z w(en(Ja) )+ S w(En(aUa))
n>0 n=0 i=0
> u*(Eﬂ (U An> ) +u*<Em U An) ,
n>0 n>0

(1.5.2)
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using for the last inequality that

UEm(An\UAi>):EmUAn.

Since E is arbitrary, we have thus shown that | J,~, A, € M.
Suppose now, in addition, that the A,’s are pairwise disjoint. Then

n—1
A\ 4 = 4,
=0

for all n > 0. Apply (1.5.2) with E' = J,-, A, so as to obtain

(U A) 2 w0+ 3w (A = S m(an
n>0 n=0 n=0
as the converse inequality holds by o-subadditivity of u*, we have shown that u* is o-additive
on pairwise disjoint sequences of p*-measurable sets, that is, that /JJ*’gmu* is a measure.
We are only left with the completeness claim. Suppose thus A C B are subsets of X, B is
p*-measurable and p*(B) = 0. We need to show that A is p*-measurable. Let thus £ C X be
arbitrary; then

p(ENA)+p (ENAY) <p(ENB) 4 p'(E) < p'(B) + p'(E) = p(E)

using monotonicity of p* in the first two inequalities. Since F is arbitrary, we conclude that A

is p*-measurable.
The theorem is fully established. 0

1.5.3. The measure extension theorem. Let us recapitulate the discussion up to this
point of the section. We start with an arbitrary “size function” p: £ — [0, 00] on a collection
E C P(X) of “elementary” subsets of X. The function p induces an outer measure p* on X
via the formula (1.5.1). In turn, p* can be restricted to the o-algebra of p*-measurable sets,
to form a measure p on the latter. We are left to address three points, in the spirit of the
discussion at the beginning of the section:

(1) is every elementary set F € £ u*-measurable?

(2) In the affirmative case, does p give back the original size function p on £7

(3) If the two previous points are met, is pu the unique extension of p to the o-algebra
generated by £'?

If no further requirements are imposed on &£ and p, there is no reason for any of the pre-
vious three to hold. We shall thus impose some additional constraints on £ and p, which are
good enough for our purposes and yet still flexible enough to be satisfied in a wide variety of
circumstances.

We begin by defining the notion of a semiring of subsets of a given set X.

DEFINITION 1.5.6 (Semiring). Let X be a set. A semiring on X is a collection & C P(X)
with the following properties:
(1) 0 eé&;
(2) if Ac £and Be€ &, then ANB € ¢&;
(3)if A € £ and B € &, then the difference B\ A is the disjoint union of finitely many
elements of £.

Before proceeding with the sought after measure extension theorem, we give three important
examples of semirings.

HGtrictly speaking, we should talk about the restriction of wto o(€), for M- might a priori be bigger.
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EXAMPLE 1.5.7 (Rectangles in Euclidean spaces). Let £ be the collection of half-open
rectangles in R", namely of sets of the form

R = [a17b1> X oo X [an,bn)

where a; < b; are real numbers for 1 <7 < n. Then & is a semiring. The empty set is obtained

by picking a; = by; if
Ry = H[aiabi) , Ry= H[Cz‘,di) )

then
RiNRy = H les, fi)

1<i<n

where e; = sup{a;, ¢;} and f; = inf{b;,d;} for all 1 <i < n. Finally, we can write

Ri\Ry= | (H[ai,bi) x ([aj, b;) \ [Cjadj))>

1<j<n it
_ (([al,bl) Vewd) < T [ai,bi)> | |
|_|<([a1,b1) Nler,di)) x ([ag o) \ [e2,d2)) x [ [%bi)) ]

2<i<n

the latter being a disjoint union of rectanges since intersections and differences of half-open
intervals [a, 8) C R are of the same form.

ExAMPLE 1.5.8 (Cylinders in sequence spaces). Let A be a finite set, and consider the
sequence space X = AN, consisting of all sequences (z,,),>0 of elements of A. A cylinder in X
is a set of the form

Cir = Ly = (1) 0 € AV z;, = a; for all 1 < j < k}

where k € N, i1,--- 1, are distinct natural numbers and aq,...,a; € A, with the convention
that the cylinder is empty if & = 0. Then the collection of all cylinders in X is a semiring®®.
Verification that the intersection of two cyclinders is a cylinder is straightforward, and left to
the reader; we focus on the complement property. Let thus

Y10k _ vbi,ebe
Cl - Cil,...,ik ) 02 - C

]17"'7jl

be two cylinders. Assume that the sets of indices {iy, ..., i}, {j1,...,J¢} are disjoint; the other
case is similar, and details are omitted. We can write

_ A1 5y @g,C1 ooy CE
Ch \ Cy = U Ci1,~--,ik7j17-~7jz )

whence the symmetric difference is the disjoint union of finitely many cylinders, as desired.

ExXAMPLE 1.5.9 (Products of measurable sets). Let (X,9tx), (Y,9My) be Borel spaces.
Consider the collection of products

E={EXF:EcMx , FeM}CPXXY).

Then & is a semiring on X xY. We have ) = 0 x () € &; also, if Ey, By € Mx and Fy, F, € My,
then

(B1 x F1) N (By x Fy) = (BN Ey) x (F1NFy),

5Note, en passant, that the collection of cylinders is a basis for the product topology on X determined by
the discrete topology P(A) on A.
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which lies in £ since M x and My are closed under finite intersections. Finally,
(El XFl)\(EQXFQ):<E1\E2) XFl U El X (Fl\FQ)
:(El\EQ)XFl L (ElmEQ)X(Fl\FQ)7

as a direct set-theoretic verification allows to establish. Since My and My are closed under
complements and finite intersections, the third property of a semiring is thus proved.

REMARK 1.5.10. As regards the previous three examples, observe that half-open rectangles
in R™ generate the Borel o-algebra Bgn, cylinders in X = AY generate the product o-algebra
P(A)PN = &, ~oP(A) (which, by virtue of Proposition 1.3.18, coincides with the Borel o-
algebra induced by the product topology on X ), and product sets in X X Y generate the
product g-algebra MMy ® My. These facts shall be relevant when applying the forthcoming
Theorem 1.5.11 to manufacture important examples of measures on the three given spaces.

We are now ready to state and prove the measure extension theorem, which is the fun-
damental tool we will avail ourselves of in successive sections and chapters to construct the
Lebesgue measure on R", the Bernoulli measure on sequence spaces, and product measures on
product sets. In order to better understand the role of the assumptions we shall place on the
starting size function p: € — [0, 00| defined on a semiring &, observe that, for p to extend to a
measure i on the o-algebra o (&), it is necessary that at least the two following conditions are

fulfilled:
(1) p is finitely additive: if (E;);es is a finite family of pairwise disjoint elements of £ with

Uics Ei € &, then
,0<U Ez) = ZP(E) ;

el el

(2) p is o-subadditive: if £ € & and F C {J,5( En with E, € € for all n > 0, then

p(E) <Y plE,) .

The reason for them to hold is that any measure p restricting to p on & satisfies the previous
two properties. It turns out that the latter are sufficient for our purposes.

THEOREM 1.5.11 (Measure extension theorem). Let X be a set, £ a semiring of subsets of
X, p: € = [0,00] a function which is finitely additive and o-subadditive as defined above, and
satisfies p(0) = 0. Let pu* be the outer measure on X determined by p as in Proposition 1.5.3.
Then the following assertions hold.

(i) Every set A € £ is u*-measurable.
(ii) The restriction of u* to € coincides with p.

The theorem thus allows to construct a measure p on a set X starting from any finitely
additive, o-subadditive size function p defined on a given semiring £ on X. Such a measure is
defined on a o-algebra containing £, namely the o-algebra of p*-measurable sets, where p* is
the outer measure determined by p as in the theorem; furthermore, p equals the size function p
on . Actually, p comes extended to a complete measure on the (potentially larger) o-algebra
of p*-measurable subsets.

Proor. We start by proving that every A € £ is p*-measurable. Let E be an arbitrary
subset of X; we need to show that

W(E) > i (ENA) + (BN A°) . (1.5.3)

Fix a covering (A,),>0 of E consisting of elements of £. Then (A, N A),>¢ is a covering of
ENAand (A, N A%, is a covering of E N A°. Whereas A, N A € & for all n > 0, directly
from the fact that £ is closed under intersections, this is not necessarily the case for A, N A;
however, we know that, since £ is a semiring A, N A° = A,, \ A is a union of pairwise disjoint
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sets Bp1,...,Bng, € €, whence (B, j)n>0,1<j<k, 1S a countable cover of N A° consisting of
elements of £. It thus follows from the definition of p* that

p(ENA) <D p(AnnA), p(ENAY<SY Y p(Bay).

n>0 n201<j<kn
Now additivity of p yields, for all n > 0,

p(An A + Y p(Bn,) = p(An) -

1<j<kn

Combining the last two displayed inequalities, we deduce

WENA) + 1 (ENA) <3 p(Ay).

n>0

The covering (A,,),>0 being arbitrary, this enables us to infer (1.5.3) by definition of p*(E).

We now show that p*|e = p. The definition of p* delivers directly u*(E) < p(E) for all
E € &, taking the trivial covering (F,),>o of E consisting of Ey = F, E, = 0 for all n > 0.
The converse inequality is also a straightforward consequence of the assumptions; fix a covering
(En)n>o of E with E,, € € for all n > 0, and apply o-subadditivity of p, so as to get

o(B) < 3 plEw)
n>0
Since (E,,)n>0 is arbitrary, we deduce that p(E) < p*(E).
The proof is complete. O

1.5.4. Monotone class lemma and uniqueness in the measure extension theorem.
In terms of our discussion at the beginning of the present section, it remains to address the
uniqueness problem, namely whether the restriction 1*|5 (¢ is the unique measure extending p
to o(&). Under the assumptions of Theorem 1.5.11, this is not necessarily the case.

ExAMPLE 1.5.12. Let X be an uncountable set,
E={{z} 2 e X} U{D},

and define p(E) = 0 for all £ € £. It is clear that £ is a semiring on X and that p satisfies the
assumptions of Theorem 1.5.11. A moment’s thought allows to realize that the o-algebra o (&)
generated by £ is the g-algebra of countable and co-countable sets, introduced in Example 1.3.5.
For every ¢ € Rsg, define a set function p.: o(€) — [0, c0] via

{0 if A is countable

J(A) = )
pe(A4) ¢ if A is co-countable

In Example 1.4.5, we showed that . is a measure for ¢ = 1; the same argument applies to any
c. Now every measure u. extends p on £, whence p admits an uncountable family of distinct
extensions to a measure on o(&).

It suffices, however, to add an appropriate o-finiteness assumption to the hypotheses of
Theorem 1.5.11 to get uniqueness.

THEOREM 1.5.13 (Uniqueness in the measure extension theorem). Let assumptions and
notation be as in Theorem 1.5.11. Suppose, in addition, that p is o-finite, in the following
sense: X admits a countable covering (X;)ien consisting of elements X; € € with p(X;) < oo
for all i € N. Let v be a measure on the Borel space (X,0(E)) such that v|ge = p. Then

V= M*|a(5) .

REMARK 1.5.14. Under the assumptions of the theorem, the measure ;i*|, () is obviously
o-finite.
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The proof of Theorem 1.5.13 hinges crucially upon a very important measure-theoretic
fact'S, known as the monotone class lemma. Before stating and proving it, let us ask ourselves
a natural question: suppose u, v are measures on a Borel space (X, 91), what can we say about
the properties of the collection

M={FEeM: u(F)=vE)}
of measurable sets on which the two measures coincide? This leads us naturally to make the

following definition.

DEFINITION 1.5.15 (Monotone class). Let X be a set. A monotone class on X is a
collection .# C P(X) satisfying the following properties:
(1) X e 4,
(2) if A C B are elements of .Z, then B\ A € .4
(3) if (An)n>0 is an increasing sequence of elements of .#, then |J, .o A, € 4.

Thus, for instance, any o-algebra is a monotone class, but the converse does not hold.
Monotone classes arise naturally as sets of coincidence for two measures.

LEMMA 1.5.16. Let (X,9) be a measurable space, p and v finite measures on (X, M) with
w(X) =v(X). Then the collection

M={FEecM: n(F)=vE)}
is a monotone class.

PRrROOF. The proof is elementary. First, X € .# directly from the assumption. Secondly, if
A C B satisfy u(A) = v(A) and pu(B) = v(B), then finite additivity of measures gives

W(B\ A) = u(B) — p(A) = v(B) — v(4) = v(B\ A).

using crucially in the first and last equality that g and v are finite measures. We have thus
shown that B\ A € .. Finally, if (A,,),>0 is an increasing sequence of measurable sets with
w(A,) = v(A,) for all n > 0, continuity from below of measures yields

o(U) = st = fim via = (U ).

n>0 n>0

whence (5o An € A O

Just as for o-algebras, it is plain that the intersection of an arbitrary family of monotone
classes is a monotone class. Thus, we can speak of the monotone class generated by an arbitrary
collection £ C P(X), indicated with .Z (£), defined as the intersection of all monotone classes
containing £, P(X) being always among those. It is the coarsest monotone class containing £.

Since every monotone class is a g-algebra, it always holds that .Z(£) C o(£); equality fails
in general, but holds in a very important case.

THEOREM 1.5.17 (Monotone class lemma). Let X be a set, € C P(X) a collection of subsets
which 1s closed under finite intersections: for all E,F € £, ENF € &. Then

ME)=0(E) .
PROOF. Assigned in exercises. O
We are now in a position to prove uniqueness in the measure extension theorem.

PROOF OF THEOREM 1.5.13. Let v be a measure on o(€) satisfying v|e = p, and set
p = p*|o). We aim to show that = v.

161 s, for instance, exceedingly relevant in probability theory.
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Let (X;)ien be a countable cover of X with X; € £ and p(X;) < oo for all i € N. We claim
that, without loss of generality, we can assume that the X;’s are disjoint. To see this, observe
that it is possible to first replace the family (X;);eny with the family (X[);en defined as

Xo=Xo, X, =X,\ |J Xa= [) Xu\X, foralln>1;
0<m<n—1 0<m<n—1

now, since £ is a semiring, we can write, for all 0 < m <n —1,

X\ X = || B
AEAm
with A,, a finite index set and F) € & for all A € A,,. Distributivity of the intersection with
respect to the union gives

N L &= | | Exn---NEy,

0<m<n—1 €A, (Ao,.‘.,)\nfl)GAo><~~~><An,1

where each element of the last disjoint union is in £. We have thus expressed each X, as a
finite disjoint union of elements of £, all of which together (as n ranges in N) can be reordered
and taken as the new o-finite cover of X, consisting now of pairwise disjoint sets.

For all i € N, define two measures y; and v; on (&) by

pi(A) = (AN X)), (A = (AN X)) .

Verification that the axioms of a measure are satisfied is straightforward, and thus left to the
reader. We first claim that, if we show u; = 1; for all ¢+ € N, then we can conclude the proof.
Indeed, we would then have, for all A € o(E),

u(A) = ZM(A nX;) = ZM(A) = Z%‘(A) = Z V(AN X;) =v(A).

ieN ieN iel ieN

Let us thus fix an ¢ € N. The family
My ={B € o(f): u(B) =rvi(B)}
is a monotone class in light of Lemma 1.5.16; observe, for this purpose, that u; and v; are finite
and
1i(X) = p(X;) = p(X;) = v(X;) = vi(X)

since both p and v extend p. Furthermore, .#; contains &: if £ € £, then ENX; € £ and thus

Since &£ is a semiring, it is closed under finite intersections; by the monotone class lemma
(Theorem 1.5.17), we conclude that .#; contains .#(£) = o(€), and is thus equal to o(&).
This finishes the proof. O

1.5.5. A first example: Bernoulli measures on sequence spaces. Our first appli-
cation of the measure extension theorem is of paramount relevance in probability theory: it
concerns the construction of an appropriate probabilistic model for a random experiment, with
finitely many outcomes, performed an infinite number of times, each independently from the
previous trials.

Consider a sequence space X = AN, where A is a finite set; we have already introduced them
in Example 1.5.8. Think of A as the set of possible outcomes of one single experiment. Each
element of X is thus an infinite sequence of independent experiments. Let p = (pa)aca € R? be
a probability vector, namely p, > 0 for all a € A and ), ,p, = 1. For all a € A, p, represents
the probability we assign to the outcome a of a single experiment. If we want different trials
to be independent, it is natural to assign a probability

al,...,Qk

p(Cil,...,ik ) = Pay Py,
to every cylinder C} 1’.’:“’-‘1’“ C X. If € is the family of all cylinders, then the previous assignment

ik
defines our starting size function p: &€ — [0, 1].
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Notice first that £ generates the Borel o-algebra B x determined by the topology 7 defined
as the product topology of the discrete topologies P(A) on each factor. Equivalently, in view of
Proposition 1.3.18, Bx = P(A)®N is the product of the discrete o-algebras P(A) on each factor.
To see that £ generates B x, observe first that each cylinder C' is open for the product topology,
being a finite intersections of preimages 7, ' (a) for a € A and 7,,: X — A the projection onto the
n-th coordinate. More is true, namely cylinders form a basis for the topology 7; the elementary
verification is left to the reader. It follows that every open set for 7 is a (necessarily countable,
as there are countably many distinct cylinders) union of cylinders, and thus contained in (),
the latter being hence equal to B x.

In order to apply Theorem 1.5.11, we need to verify that p is finitely additive and o-
subadditive on cylinders. The argument for finite additivity is much akin in spirit to the one
for o-subadditivity, to which we thus turn. Let C be a cylinder covered by a sequence of
cylinders (Cy,)n>0. Observe that each cylinder is not only open, as already pointed out, but
also closed, as the complement of a cylinder can easily be expressed as a finite union of cylinders.
The topological space (X, 7) being compact, as product of finite (and thus compact) topological
spaces (cf. Proposition A.3.2), every cylinder is compact as well. As a consequence, there is a
finite subcollection (C;);es of {C,, : n € N} which covers C, and it will clearly suffice to show
that

o(C) < 3 0lC)
jeJ
in order to establish o-subadditivity. Let thus

b1 iyeesbi. s
. al,...,ak . 2] TR G
Cc=cir, Ci=C; ,

Z17j,...,’ij,]'
for all j € J. Let N denote the supremum of all indices
i1,...,% and il,j? ce 7ik]-,j for all j € J;

Then we can consider the finite set X’ = AN} equipped with the discrete topology, and
endow it with the probability measure py defined by

MN(&07---,GN) =DPo PN

for all (ag, ...,ayn) € X"*". Now the cylinders C, C; correspond naturally to cylinders C’, C} in
X', obtained simply by discarding the tail (a,),~n of each word (a,)n>0 € X. Obviously, C’ is
contained in the union of the C}’s, and finite subadditivity for a measure yields

un(C') < ZMN(C]/‘) :
jed
Finally, observe that an elementary calculation with finite sums, using the fact that
k
Z pal"'pak:<zpa> =1
(a1,...,ap)EA¥ acA
for all integers k > 1, yields
un(C) = p(C) and un(C}) = p(C;) Torall j € J,

from which our claim follows.

Combining Theorems 1.5.11 and 1.5.13, and observing as a last point that the size function
p is obviously o-finite (in fact, it is finite), the outcome of the discussion in this subsection if
the following statement.

17Tt is an instance of the measures determined by functions, seen in Example 1.4.4.
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PROPOSITION 1.5.18. Let A be a finite set, X = AN, equipped with the o-algebra Bx =
P(X)®N. Let p = (pa)aca be a probability vector. There exists a unique measure 1 on (X, Bx)
such that

p({(zn) € Xty = a1, ..., %5, = ar}) = Pay -+ * Pay,
for every {iy,...,ix} C N and ay,...,ar € A. Moreover, u is a probability measure.

The measure p is called the Bernoulli measure on X determined by the probability vector
p; it is routinely denoted by p", a notation motivated by the setting of product measures which
is the subject of Chapter ?7.

1.6. The Lebesgue measure on R"

Our prime application of Theorem 1.5.11 is the construction of the Lebesgue measure on
Euclidean spaces R". We let £ C P(R") be the family of half-open rectangles of the form

R = [&171)1) X oo X [&n,bn)

where a; < by,...,a, < b, are real numbers and the rectangle is meant to be empty as soon as
a; = b; for some 1 <14 <n. For every R =[] [a;,b;) € &, we set

i=1
We have already shown in Example 1.5.7 that £ is a semiring; also, trivially p(0)) = 0. Before
pursuing the verification that p is finitely additive and o-subadditive, let us immediately settle
the following point.

LEMMA 1.6.1. The collection £ generates the Borel o-algebra on R™.

PrOOF. First, every element
R = H[CLZ‘, bz) € g
i=1

is Borel-measurable, as it is the countable intersection of the open sets
H(ai —1/k,b;), k> 1 integer.
i=1
On the other hand, every open rectangle
H(ai7 bz)
i=1
lies in (&), being the countable union of the half-open rectangles
H[ai +1/k,b;), k> 1 integer ;
i=1
The collection of open rectangles is a basis for the Euclidean topology on R". Since R"™ is second
countable, every open cover of a subset ¥ C R™ admits a countable subcover, and thus every
open set is a countable union of open rectangles. As such, it is contained (&), from which we
concludee that Bg. C (E), as desired. O

We now address the task of showing that p is finitely additive and o-subadditive. As we
shall see, o-subadditivity shall follow from finite subadditivity via a compactness argument
as in §1.5.5; in turn, finite subadditivity will be a fairly straightforward consequence of finite
additivity. We thus begin with the latter property. Let R = [[,.;<,[ai, ;) € € be a rectangle
which is the finite disjoint union of rectangles R; € £, j € J. The crucial geometric observation,
which considerably simplifies computations, is that we can further partition each R; as a finite
disjoint union of rectangles Ry € £, A € A; (with the A;’s being pairwise disjoint sets of indices)
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in such a way that the resulting collection (R)) AU, ey Ass whose union is R, consists of rectangles
arranged in a “grid”, in the following sense: for all 1 < i < n, there is a partition of [a;, b;) into
finitely many half-open intervals I,,, a € A;, such that for all A € (J s \j we can write

for some a; € A;, 1 < i < n. The same “grid-property” holds for all collections (Rx)xea;, j € J,
as well. Figure 77 illustrates, in two dimensions, how to obtain such a grid-like configuration
starting from an arbitrary cover by rectangles.

Now showing finite additivity of p when the disjoint union consists of rectangles arranged
in a grid is an elementary matter, simply involving distributivity of the product with respect
to the sum of real numbers. Verification of this fact is left to the reader. Using it, we get

p(R)= > pR)=>_ pR)=> pR;),

AeUjes Ay JEJ AeA; jeJ

which is the desired finite additivity.
Let us now show how finite additivity implies finite subadditivity'®, namely that if R € &
is contained in a finite union of sets R; € £, 0 < j < J, then

p(R) < Z p(R;) .

Upon replacing R; with R; N R, which is an element of £, and using monotonicity of p on
rectangles (which follows readily from finite additivity and the semiring properties), we may
assume without loss of generality that R = |, i<y Rj. Resorting to the same argument as in
the beginning of the proof of Theorem 1.5.13, we define

Ry=Ry, Rj=R;\ |J R foralll<j<.J,
0<i<j—1
noting that the union of the R)’s is R, and write every R}' as
R, = | | Rx
)\EAj

for some finite index set A; and some Ry € & for all A € A;. Similarly, for all 0 < j < J, we
have

Rj\R;Zij( U R,-): U RinRi,
0<i<j—1 0<i<j—1
whence R; \ R’ is a finite union of elements of £, and we can thus write

R\ R;= | | R,

O’EZj

for some finite set ¥; and some R, € & for all o € ;. Note that both families (A;)o<j<; and
(X;)o<j<s consists of pairwise disjoint sets. Now finite additivity of p gives us

p(R)= D D p(RN< D> Y p(R)+p(Re) =Y plRy),
0<j<J AeA; 0<j<J AeA;,0€5; 0<5<J
which is the sought after inequality.
I8What follows is a general argument, holding for any finitely additive function p defined on a semiring of

subsets of a given set X.
DNotice that, despite the notation, each R;» is not necessarily a rectangle.
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Finally, let us demonstrate how a compactness argument enables us to extend finite subad-
ditivity to o-subadditivity. Let
R = H [CLZ', bl)

1<i<n
be contained in the union of a sequence (R,,)mneny With
Rm - H [ai,mabi,m) s
1<i<n

and fix € > 0. Pick b;(¢) € (as,b;)?", for all 1 <7 < n, in such a way that

€
o( TT lobe)) = oth) — (161)
1<i<n
similarly, for all m € N and 1 <i < n, pick a;,,(¢) < a;,, in such a way that
5
o TT 00m(0)- b)) < plB) + 5 - (162

1<i<n

The compact rectangle

[T las0i(e)

1<i<n
is contained in the union, as m ranges in N, of the open rectangles

H (ai,m(e)abi,m) ;
1<i<n
therefore, there is some M € N such that
I leibse) € [ lantielc U ] (@m@.0)c J ]I laim(©),bim) -
1<i<n 1<i<n 0<m<M 1<i<n 0<m<M 1<i<n

Finite subadditivity of p, in conjunction with (1.6.1) and (1.6.2), gives

o)< 54 p( [T lotien) <5+ 30 o TT foin(e).bin))

1<i<n 0<m<M 1<i<n
€ 1
Sihe Y it X AR et Y plRa).
0<m<M 0<m<M m>0

Taking the infimum over all € > 0 achieves the conclusion.
The function p is obviously o-finite: R™ is the union of the half-open rectangles [N, N)", N €
N. The combination of Theorems 1.5.11 and 1.5.13 allows us to conclude:

THEOREM 1.6.2. For every integer n > 1, there exists a unique measure £" on the Borel
space (R™ Bgrn) such that

f”([al,bl) X oo X [an, bn)) = (bl — &1) s (bn — an)
for all real numbers a; < by, ..., a, < b,.

DEFINITION 1.6.3 (Lebesgue measure on R™). The unique measure " whose existence is
guaranteed by Theorem 1.6.2 is called the Lebesgue measure on (R", By ).

We shall also indicate with ™ the Lebesgue outer measure, that is, the outer measure
determined (as in (1.5.1), as usual) by the volume function p defined on half-open rectangles.
Thus, Z" is a function defined on P(R"), extending p and restricting to a measure on Bgn.
Observe that, actually, and directly from Theorem 1.5.11, -Z" restricts to a complete measure
(which, again, we call £, specifying every time the domain on which we are considering it)
on a larger Borel space (X, M gn), where Myn is the o-algebra of Z"-measurable subsets,

20Without loss of generality a; < b; for all 1 < i < n, else there is nothing to prove.
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which we shall henceforth refer to as Lebesgue measurable sets. We shall prove in §77 that
the are Lebesgue measurable sets which are not Borel measurable, that is, that Bg» is strictly
contained in M yn, and that (R, M yn, £™) is the completion of (R™, Bgn, Z").

If f: R — C is a function, we say that f is Lebesgue-measurable if it is measurable
with respect to MM g» on the domain (and B¢, as usual, on the target set).

REMARK 1.6.4. We will show this more constructively, but the fact that Bg. is strictly
contained in M yn (and, as a matter of fact, much smaller than it) could also be shown via a
pure cardinality argument. It is a fact that the o-algebra generated by an infinite collection
of sets having at most the cardinality of the continuum, has the cardinality of the continuum
(we refer the interested reader to [9, §1.6]). This applies in particular to the Borel o-algebra
Br~, which is generated by open rectangles. On the other hand, we shall shortly see that there
are Borel subsets of R” with zero Lebesgue measure and the cardinality of the continuum. If
C C R” is any such set, then P(C) C Myn by completeness. Now it is a well known set-
theoretic fact that the cardinality of P(C') is strictly larger than the one of C, and thus 9t n
has cardinality strictly larger than the continuum.

REMARK 1.6.5. Since every open rectangle R =[], ., (a;,b;) can be written as
U IJ lei+1/k0:)
keN* 1<i<n

continuity from below of £ gives

Z™(R) = lim (b —a; = 1/k) = ] (b — ).

k—o0
1<i<n 1<i<n

Similarly, any closed rectangle R' =[], ., [a:, b;] can be written as
() I leibi+1/k),
kEN* 1<i<n

and continuity from below of Z" yields

Thus, as naturally expected, the Lebesgue measure of rectangles is not affected by whether we
include endpoints of the intervals or not.

We collect the fundamental properties of the Lebesgue measure in the following proposition,
phrasing them in their utmost generality, namely considering the Lebesgue outer measure.

PROPOSITION 1.6.6. Let Z™ be the Lebesgue outer measure on R™. The following assertions
hold.

(1) L |smn is an infinite, o-finite measure.
(2) L™ is translation-invariant: for every set E C R™ and every x € R™,

LNE+x)=2L"(F).
(8) L scales as follows under homotheties: for every set E C R™ and every A € R,
LMAE) = |\["ZL(E) .

(4) L"(A) =0 for every countable set** A C R™.
(5) Z£"(O) > 0 for every non-empty open set O C R™.
(6) L™(K) < oo for every compact set K C R™.

PROOF. It is assigned in the exercises. U

2INotice that countable sets are countable unions of singletons, and as such F, sets: in particular, they are
Borel measurable.
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REMARK 1.6.7. (1) In subsequent chapters, we shall see how #" behaves, more gen-
erally with respect to (2) and (3) in the proposition, with respect to diffeomorphisms
between open subsets of R". In particular, we shall prove that £ is invariant under
all Euclidean isometries.

(2) When examining regularity properties of Borel measures on Euclidean spaces, we shall
prove that £, as an outer measure, satisfies the following two approximation prop-
erties, often of tremendous utility:

e for every £ C R",

ZL"(E)=inf{Z"(U): ECU, U open};
e for every Lebesgue-measurable set £ C R"”,
ZL"(E) =sup{Z"(K): K C E, K compact} .

1.6.1. More Lebesgue null sets: the middle-third Cantor set. In this subsection,
we focus on the Lebesgue measure .Z! on the real line R. We have seen that .Z! (and, more
generally, £") assigns zero mass to every countable set. In particular, we see here a first
instance of the phenomenon of “lack of interaction”?? between measure theory and topology:
there are subsets of R (more generally, of R™) which are large from the topological point of
view, namely dense, and yet negligible from the (Lebesgue) measure-theoretic perspective: an
example is the set Q of rational numbers.

On the other hand, .Z" gives positive mass to any non-empty open set. It turns out, as a sort
of intermediate behaviour between the latter two cases, there are many “large” subsets of R with
zero Lebesgue measure, where “large” here is intended with respect to cardinality. Spefically,
there are sets C' C R in bijection with R, namely with the cardinality of the continuum, such
that £1(C) = 0.

The classical example is the middle-third Cantor set C, whose construction we now
present. We define a hierarchy of closed subintervals of the unit interval [0, 1] in the following
way. We start with Iy = [0, 1], which is the only interval appearing in the zero-th generation;
the first generation is obtained from Ej by removing the “middle-third” interval (1/3,2/3), so
as to obtain the two intervals I;; = [0,1/3] and I 5 = [2/3,1]. We continue this procedure
inductively: at every step n > 1, the n-th generation of intervals consists of 2" disjoint closed
intervals I, 1,..., I 2n, of length 37", each of which gives rise to two new disjoint subintervals
of length 3=V by removing from it the “middle-third segment” from it. The middle-third
Cantor set is then defined as the intersection

c=( U L.
n>0 1<k<2n
As a decreasing intersection of non-empty compact sets (namely of the unions of all closed
intervals at a fixed generation), C' is non-empty®. In fact, C' is quite large:

LEMMA 1.6.8. For every x € [0,1], let > -, a,37" be the expansion of x in base 3, with
an € {0,1,2} for all n > 1 and where, for each triadic rational /3, k > 1, 0 < j < 3%, we
choose the expansion with infinitely many 2’s. Then

C’:{x:ZanZ’)_”E[0,1]:an7é1foralln21}.

n>1
We summarize the properties of the middle-third Cantor set in the following proposition.

PROPOSITION 1.6.9. The middle-third Cantor set C' C R satisfies the following properties:
(1) C is compact, totally disconnected, with empty interior and without isolated points;

2211 §?77? we shall see that, from various other standpoints, topology and measure theory interact nicely for
the Lebesgue measure, and more generally for a class of Borel measures known as Radon measures.

ZWithout appealing to topology, this fact is easily seen by observing that all endpoints of the intervals I, 5
belong to C: the “removal” process never affects them. This already shows that C' is infinite.
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(2) C is in bijection with R;
(3) £L*(C)=0.

ProOOF. The first two assertions are part of the exercises.
As to the last, measure-theoretic claim, continuity of #! from above yields
2n
1 1 1 T 1 ol 2
210 = jim 2 U fe) = him 3 20 = Jim 0.
1<k<2n 1<k<2n

O

REMARK 1.6.10. Observe that non-emptiness of the interior of C' can be deduced from the
fact that £1(C) = 0: since every non-empty open set O C R has positive Lebesgue measure,
the same is a fortior: true, by monotonicity, of any set with non-empty interior.

1.7. Lebesgue-Stieltjes measures on the real line

As a further application of Theorem 1.5.11, we now turn our attention to the class of Borel
measures 4 on the real line (that is, measures on the Borel space (R,Bg)) with the property
that p(K) is finite for every compact K C R. In the terminology to be introduced in later
chapters, these are Radon measures on the real line.

To motivate our forthcoming discussion, suppose first p is a Borel probability measure on
R. In probability theory, an object of interest is the distribution function of p, namely the
function F},: R — R defined as

Fu(@) = u((~o,])
for all z € R. Notice that F, completely determines the probability measure u: if F, = F,
for a second Borel probability measure v on R, then u and v agree on the collection of closed
half-lines (—oo, x|, which is closed under finite intersections, and generates the Borel o-algebra
Br by virtue of Proposition 1.3.21. The Monotone Class Lemma (Theorem 1.5.17), coupled
with Lemma 1.5.16, delivers u = v.

Notice that the function F), is increasing, namely F),(z1) < F,(z2) for all ; < x5 € R,
simply because of monotonicity of u; furthermore, continuity from above of p implies that F),
is right-continuous: for every = € R and every sequence (z,),>¢ decreasing to z,

Fule) = pl(=oc,) = u{ ((=00u2] ) = lim (=00, 20]) = Jim Fyle) . (1T.)
n>0

Does every increasing, right-continuous function F': R — [0, 1] arise as the distribution function
of a Borel probability measure on R? More generally, we would like to consider Borel measures
p which are only required to be finite on compact sets; however, if  is infinite, then defining F),
as in (1.7.1) makes little sense, as it might well happen that F},(z) = oo for all z (such as with
pu = Z"). The appropriate replacement in contained in the following theorem, giving a one-
to-one correspondence between increasing, right-continuous functions R — R, up to constant
translation, and Borel measures on R which are finite on compact sets.

THEOREM 1.7.1. (1) Let F': R — R be an increasing, right-continuous function. Then
there exists a unique Borel measure pup on R satisfying

u((a,b]) = F(b) - F(a)
foralla <beR. If G: R — R is another such function, then pg = pr if and only if
G — F s a constant function.

(2) Let pu be a Borel measure on R such that u(I) < oo for every bounded interval I C R.
Define a function F: R — R by

p((0,2])  ifz >0
F(z)={0 ifr=0 .
—p((z,0]) ifx <0
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Then F' is increasing and right-continuous, and p = pip.

For instance, the Lebesgue measure Z*! corresponds, under the theorem, to all functions of
the form F(x) = x + C, as C ranges in R.

The measure pupr determined, as in the theorem, by an increasing, right-continuous function
F: R — R is called the Lebesgue-Stieltjes measure associated to F'.

ProoF OoF THEOREM 1.7.1. It is relegated to the exercises. U

1.8. Metric outer measures and Hausdorff measures

If X is a topological space, a Borel measure on X is a measure on the measurable space
(X, B x) where B x is the Borel o-algebra on X.

Recall that, if (X, d) is a metric space and A, B C X, the distance between A and B is
defined as

d(A, B) = inf{d(a,b):a € A, b € B} .

DEFINITION 1.8.1 (Borel and metric outer measure). Let X be a topological space. A
Borel outer measure on X is an outer measure p* on X with the property that every Borel
set A C X is measurable with respect to pu*.

Let (X,d) be a metric space. A metric outer measure on X is an outer measure p* on
X such that, for every A, B C X, the condition d(A, B) > 0 implies

W(AUB) = u'(A) + ' (B).

Thus, an outer measure on a metric space is a metric outer measure if it is additive on
subsets which are well separated by the distance function.

If 4* is a Borel outer measure on a topological space X, then the restriction of u* to the
Borel o-algebra B x is a Borel measure on X.

PROPOSITION 1.8.2. Let (X,d) be a metric space, u* a metric outer measure on X. Then

*

w* is a Borel outer measure on X, endowed with the topology induced by d.

Proor. It suffices to show that every open set is p*-measurable. Let thus O C X be open,
and F C X arbitrary; we need to show that

p(E) 2 p (ENO)+p (ENO°).
Define, for every integer n > 1,
O,={z€0:d(z,0° > 1/n}.
Then O, C O,y for all n, and Un21 O, = O, since O° is closed and thus coincides with
{z € X : d(z,0°) = 0}. Observe that, by construction, for every fixed n > 1, the sets O,, and
O°¢ are d-separated, since d(O,,,0°) > 1/n > 0, hence
p(E) 2 p (EN (0, U0°)) = p"(ENOy) +p (ENOT),
for p* is a metric outer measure. It follows that
pH(E) 2 (ENO°) + lim (BN O,)

where the limit exists by monotonicity of x* (and equals the supremum of the given quantity
over all n > 1). The conclusion follows from the following lemma, whose proof is part of the
exercises, and which gives a sort of continuity from below of metric outer measures on separated
increasing sequences of sets.

LEMMA 1.8.3. Let p* be a metric outer measure on a metric space (X,d), (Ep)n>0 an
increasing sequence of subsets of X, E =, En. Suppose that

d(E\ E,1,E,) >0 (1.8.1)
for every n > 0. Then
W (B) = Tim g (E,)

n—o0
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In our case, for E, = E N O,, it is clear by construction that (1.8.1) holds: if z € E,, and
1

y € E\ E, 1, let € > 0 be strictly smaller than % — 7 and choose z € O° such that

1
d < — .

Then the reverse triangle inequality gives

1 1
d >d —d - — =
(.y) 2 d(z,2) —dly,2) > - — ——7 —e>0,
so that (1.8.1) holds by taking the infimum on the left-hand side of the previous inequality,
overallz € E, andy € E\ E,.1. d

1.8.1. Hausdorff measures. Let (X, d) be a metric space. For every real number s > 0,
we shall define the s-dimensional Hausdorff measure on (X, B x). The construction will require

a limiting process; we thus fix a parameter 6 > 0, which we will ultimately let tend to 0, and
define a function J&°: P(X) — [0, 00| as

H3(A) = inf{z diam(E,)* : A C | J E,, diam(E,) < §Vn € N} ,
n=0 n>0
where we recall that diam(F) = sup{d(z,y) : z,y € E} for all E C X.

By virtue of Proposition 1.5.3 applied to the collection & = {F C X : diam(F) < §} and
to the function p;¢(E) = diam(E)*, E € £, we deduce at once that ;*(A) is an outer measure
on X. It is clear that §; < d, implies J757(A) > 755 (A) for all A C X; we define a function
H°: P(X) — [0, 00] by

H(A) = sup IG°(A) = lim FEG°(A) .
5>0 6—0
We call 7% the s-dimensional Hausdorff measure on (X, d).

PROPOSITION 1.8.4. For every s > 0, J° is a metric outer measure on X; as a conse-
quence, it is a Borel outer measure.

PROOF. We need to show first that .7#° is an outer measure, and then that it is additive
on pairs of sets which are separated by the distance d. The second assertion is then a corollary
of Proposition 1.8.2.

Monotonicity of % and the fact that J#°(0)) = 0 follow directly from the analogous
properties for all 74°, 6 > 0. As to o-subadditivity, let (A,),>0 be a sequence of subsets of X,
and fix 0 > 0. Then the fact that JZ° is an outer measure yields

A (VEDED SECERED SEAENY
n>0 n=0 n=0

the last bound following by definition of .7#¢. Taking the supremum over § > 0 on the left-hand

side of the last-displayed inequality, we deduce that

o (Ua) <S040,
n>0 n=0
as desired.

Finally, let A, B C X be such that d(A, B) > 0. We need to show that #*(AU B) >
J°(A) + 7°(B), as the reverse inequality holds automatically by the already established fact
that .#% is an outer measure. Fix 0 > 0 such that 20 < d(A, B), and let (E,),>0 be a sequence
of sets of diameter at most  such that

AUBCUEn.
n>0

We may assume without loss of generality that F, N (AU B) # () for all n > 0. Due to our
choice of ¢, the family (E,),>¢ can be partitioned into two countable subfamilies (E;);c; and
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(E;)jes consisting, respectively, of those elements in (E,) intersecting A and B non-trivially.
We then have

Z diam(FE Z diam(E;)® + Z diam(E;)® > 5°(A) + 57 (B) ,

el JjeJ

where the last inequality follows from the obvious fact that (E;);c; is a covering of A and
(E;)jes is a covering of B, both consisting of sets of diameter at most §. Taking the infimum
over all such coverings (E,,),>o of AU B, we deduce that

M5 (AU B) > A5 (A) + A5(B)

and taking the limit as 6 — 0 on both sides of the previous inequality, the conclusion is
achieved. 0

REMARK 1.8.5. If the metric space (X, d) is separable, then every subset A of X admits,
for every 0 > 0, a countable cover by sets of diameter at most §. It suffices to take balls of
radius /2 centered at points in a given countable dense subset. If (X, d) is not separable, on
the other hand, there is typically a wealth of subsets A of X not admitting any such countable
cover, for no choice of § > 0. For all those sets A, we have J#°(A) = oo, since the quantity is
defined as the infimum over an empty family, and thus J#°(A) = co.

This is the reason why Hausdorff measures furnish a good notion of size only on separable
metric spaces.

Recall the notions of isometry and of C-Lipschitz function between metric spaces from §A.2.

LEMMA 1.8.6. Let (X, dx) and (Y,dy) be metric spaces, f: X — Y a C-Lipschitz function,
for some C' > 0. Then, for all s >0 and all A C X,

H°(f(A)) < C°o°(A) .
If f is an isometry, then
H°(f(A)) = A7 (A) .

PROOF. Suppose first f: X — Y is C-Lipschitz for some C' > 0. Let (E,),>0 be a covering
of A by sets of diameter at most §. Then (f(E,))n>0 is a covering of f(E) by sets of diameter
at most C'§, whence

Hos(f(A)) < Z diam( f O Z diam(E,)* .

n=0

Taking the infimum on the rlght—hand side, over all possible such covers (E,),>0, we deduce
that
Hes([(A) < C° 5 (A)
whence the conclusion follows by taking the limit as § — 0 on both sides.
If f is an isometry, all previous inequalities become equalities, and the conclusion follows
all the same. O

PROPOSITION 1.8.7. Let (X, d) be a metric space, A a subset of X, 0 <r < s.
(1) If 7 (A) < oo, then H*(A) = 0.
(2) If 7°(A) > 0, then A" (A) = 0.

The second assertion is simply the contrapositive of the first one; we prefer, however, to
emphasize its content in light of the forthcoming definition of Hausdorff dimension.

PROOF. As just observed, it suffices to prove the first assertion. Suppose thus 7" (A) < oo,
and let 0 > 0. Choose a covering (E,),>0 of A by sets of diameter at most ¢ such that

idiam(En)T < H#7(A) +1
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Then

E diam(FE g diam(E,)"diam(E,)*" < §°" E diam(E,) < (" (A) +1)0°",
n=0
whence, by definition of the Hausdorff s-measure,

A (A) < (AHT(A) +1)5""
taking the limit as 6 — 0 of the above inequality achieves the conclusion. O

DEFINITION 1.8.8 (Hausdorff dimension). Let (X, d) be a metric space, A a subset of X.
The Hausdorff dimension of A is defined as

dimpy(A) =sup{r > 0: #"(A) = oo} =inf{s > 0: #°(A) =0} . (1.8.2)

Observe that equality holds in (1.8.2) between the supremum and the infimum due to
Proposition 1.8.7. A further consequence of the latter is the alternative characterization

dimpy(A) =sup{r > 0: #"(A) >0} =inf{s > 0: H#°(A) < o0} .

The following corollary follows readily from the definition of Hausdorff dimension and
Lemma 1.8.6.

COROLLARY 1.8.9. Let (X,dx) and (Y,dy) be metric spaces, f: X — Y a Lipschitz func-
tion. Then, for all A C X,
If f is an isometry, then

dimp(f(A)) = dimy(A) .






CHAPTER 2

Integration

After having examined measures in the opening chapter, we now turn to the Lebesgue theory
of integration on abstract measure spaces. It vastly generalizes Riemann theory of integration
on Euclidean spaces; on the other hand, as already alluded to in the foregoing chapter, it
moves from the same geometric intuition of the integral of a positive function, say on the real
line, as the area of the region situated between the real axis and the graph of the function.
As it happens, this geometric adherence of the notion of integral furnishes equally the most
intuitive notion of expected value (or average value) of a random variable, namely of integral of
a measurable function defined over a probability space. Just as step functions are the building
blocks of integration for the Riemann integral of the line, simple functions, which are a natural
abstract generalization thereof, are the building blocks of integration according to Lebesgue.

We remind the reader that the following convention is in place. Whenever (X,91) is a
Borel space and f: X — R or f: X — C is a function, we say simply that f is measurable, or
IM-measurable, if it is (M, Bg) or (M, B¢ )-measurable, respectively.

2.1. Measurable functions with values in number systems

Throughout this section, we fix a Borel space (X, ).
If f: X — C is a function, we define the real and the imaginary parts of f as the functions
Rf: X - R, Sf: X — R, given by

Rf(x) =R(f(2); Sf(x)=S(f(z))
for all z € X.

LEMMA 2.1.1. A function f: X — C is measurable if and only if both Rf and If are
M-measurable.

PROOF. The set C, as a topological space, is identified with R? with the Euclidean topology;
the claim thus follows from the fact that Bge = Br@BR (see Corollary 1.3.19) and the universal
property of the product o-algebra. 0]

Sums, products and quotients of real-(or complex-)valued functions are defined pointwise:
if f,g: X — R are two functions, we set

fHg(x)=f(z)+g(z), [fo(x)= f(x)g(z),

for all x € X, the latter in case g(x) # 0 for all x € X.

LEMMA 2.1.2. If f,g: X — R are measurable, the same is true of the sum f + g and the
product fg. If g(x) # 0 for all x € X, the same assertion holds for f/g.

PRrROOF. Both claims are consequences of the continuity of the field operations on R. We
detail the argument just for the sum, the one for products and quotients being identical.

If f,g: X — R are measurable, then the function X — R x R, x +— (f(z), g(x)) is measur-
able with respect to the product o-algebra Br @ Br. Now f + ¢ is obtained as the composition
of the previous function with the sum function R x R — R, (z,y) — x4y, which is continuous
with respect to the Euclidean topologies on R? and R, and hence measurable with respect to
Br B, owing to Corollaries 1.3.15 and 1.3.19. The conclusion follows from Lemma 1.3.13. [

43
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REMARK 2.1.3. An analogous statement holds, with the same proof, for complex-valued
functions.

LEMMA 2.1.4. Let (f,)ns0 be a family of measurable functions f,: X — R. Then the
functions

inf f,, supf,, liminff,, limsup/f,
n20 n>0 n—00 n—00

are measurable.

PROOF. By definition of the inferior and superior limit, it suffices to prove the claim for

inf,,>o f, and SUPy>0 fn-
We start with inf,>o f,. By virtue of Corollary 1.3.23 (and its related Remark 1.3.24), it
suffices to show that

{reX: Hi%f"(x) < a}

is measurable for all a € R. The definition of infimum of a collection of real numbers readily
yields that the last displayed set equals the union

U{xGX:fn(x)<a},

which is a countable union of measurable sets. The measurability claim is thus proved.
As for sup,,>¢ fn, We argue similarly, observing that, for every a € R, we have equality

{xEX:ig%fn(:p)>a}:U{a:EX:fn(x)>a}.

n>0

O

Since the limit of a sequence, when it exists, coincides with its inferior limit (and with its
superior limit), we deduce at once the following corollary.

COROLLARY 2.1.5. Let (fu)n>0 be a family of measurable functions f,: X — R. Suppose
that, for every x € X, the limit
lim f, ()
n—oo
exists in R. Then the function f(x) = lim, o fo(z) is measurable.

The same assertion holds for the pointwise limit of a sequence of measurable C-valued func-
tions.

2.2. Integral of simple functions

Henceforth in this chapter, until explicit mention to the contrary, we work over a fixed
measure space (X, 9, 1). The characteristic function' of a subset £ C X is indicated with xp.
We point out the properties

Xee =1—XEg, XEnF=XEXF > XE:ZXE" ifE:UE"’
n>0 n>0

holding for all subsets E, F, E, (n > 0) of X.
Observe that xg is a measurable function if and only if £ is a measurable set.

DEFINITION 2.2.1 (Simple function). Let (X, 9) be a Borel space. A simple function on

X is a measurable function f: X — C such that there exist finitely many ¢; € C, ¢ € I, and
E, e M, eI, with

f=Y cixe, . (2.2.1)

i€l

TAlso known as indicator function, especially in probability theory, where the terminology “characteristic
function” is reserved for the Fourier transform of the distrinbution of an R%valued random variable.
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In other words, a measurable function is simple if it is a linear combination, with complex
coefficients, of measurable characteristic functions.

REMARK 2.2.2. We express it in yet more abstract linear algebraic terms: the set of simple
functions X — C is the C-vector subspace of C* generated by the characteristic functions yg,
EeM.

It is equivalent to define a simple function as a measurable function X — C with finite
image, namely such that f(X) is a finite set. If this is the case, then clearly

F= Y 210 (2.2.2)

z€f(X)

where f~1(z) € 9 for all z € f(X) by measurability of f.

It is plain that a given simple function f admits infinitely many distinct representations of
the form (2.2.1). The specific representation in (2.2.2) is called the standard representation
of f as a simple function. It enjoys® the additional property that it expresses f as a linear
combination of characteristic functions of pairwise disjoint measurable sets covering the whole
space X.

DEFINITION 2.2.3 (Integral of a simple function). Let (X, u) be a measure space,
f: X — Ry a simple function, with standard representation

el

The integral of f with respect to p, indicated with

/deu,

Z ci W(E;) .

il

is defined as the quantity

Here a fundamental arithmetical convention is in place: if ¢; = 0 and u(E;) = oo for some
i € I, then 0 - 0o is set to be equal to 0, the point being that u-null sets should not affect the
integral of any function. On the other hand, if u(E;) = oo and ¢; # 0, then ¢; - u(F;) = co.
Therefore, the integral of a simple function takes values in the extended half-line [0, oo].
Further widely adopted notation for the integral is any of the following:

/X F(@) du(z) | /X F(x) p(dz) /X f@ue . [ran. [r.

the last two when either X or both X and p are understood from the context. The notation

n(f)

is also frequently encountered, especially when f is a continuous function on a topological space
and p is a Borel measure on it. We reserve §77 for the treatment of integration of continuous
functions on locally compact topological spaces.

The same notational remark applies to integrals of more general measurable functions, to
be discussed shortly.

REMARK 2.2.4. The following observation shall prove to be ofter relevant in the sequel. Let
f: X — R be a simple function, expressed as a linear combination

f= Z CiXE;

el

2But it is clearly not the unique one enjoying such a property.
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of characteristic functions of measurable sets which are pairwise disjoint. Upon enlarging the
families (F;);er and (¢;)ie;, we can assume that the E;’s are a partition of X, namely that
X = U,e; Ei- Notice that such a representation may not be the standard representation of f,
since we might have ¢; = ¢; for some i # j € I. However, it still holds that

X iel
Indeed, it is clear that, if

> 4iF

jeJ
is the standard representation of f, then {d; : j € J} is a subset of {¢; : i € I}, and we can
partition [ as the disjoint union

I=Jr

jeJ
with F; = Uite E; for all j € J and d; = ¢; for all j € J and 7 € [;. Hence, finite additivity of

1 yields
[ =S dutE) =Y S By = 3 3 enlB) = Y canl)

jed jeJ  i€el; jet icl; icl
LEMMA 2.2.5. Let f,g: X — Rsq be simple functions.
(1) If ¢ € Rsg, then cf is a simple function® and

/chdu:c/xfdu.

(2) The sum f + g is a simple function, and

/Xf+gdu:/deu+/ngu.
/deué/ngu~

PRroOF. The first assertion is obvious: if

f=>cixe

il

(3) If f < g, then

is a simple function expressed in standard representation, then
Z CCi X E;

is a representation of ¢f of the type discussed in Remark 2.2.4 (if ¢ # 0, it is actually the
standard representation of c¢f), whence

/chdu:chm(Ei):chiu(Ei):c/deu.

i€l icl
9= Z d;jXF,

jeJ
be a second simple function, expressed in standard representation. Then

fg= > (ci+d)xenr

icl, jeJ

Let now

3Clearly, cf is a simple function for all ¢ € R; the restriction ¢ > 0 is only in place to talk about the integral,
which so far has been defined only for positive functions.
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is a representation of f 4 ¢ as a finite linear combination of characteristic functions of a mea-
surable partition of X. As established in Remark 2.2.4, we then have

[ rrodi= ¥t duBnE) = Y auBEnF)+ Y dulBnF)

icl, jeJ icl, jeJ iel, jed
=Y Y WENF)+Y diYy p(BENF) =Y cp(E)+ ) dip(Fy)
el jeJ jeJ el el jeJ

:/fw+/gw,
X X

using finite additivity of g in the second-to-last step.
Finally, if f < g, then ¢; < d; for all i € I and j € J such that E; N F; # 0, so that, again
invoking Remark 2.2.4,

fdu= ) auEnF)= )  auBENFE)< Y du(ENE)
X icl, jeJ i€l, jeJ, BiNF;#0 i€l, jEJ, E,NF;#0
= Y du(EiNF) :/ gdpu.
iel, jeJ X
O

2.3. Integral of positive functions

The integral of positive simple functions extends to the integral of positive measurable
functions via an approximation procedure from below.

DEFINITION 2.3.1 (Integral of a positive function). Let (X, 9, 1) be a measure space,
f: X — [0, 00] a measurable function. The integral of f with respect to p, indicated with

Afw,

Sup{/ pdu:0<p<f, v simple} . (2.3.1)
X

is defined as the quantity

Observe that the supremum in the definition is always taken over a non-empty family, since
the constant function ¢ = 0 is simple and satisfies ¢ < f. The integral [ + [ dp plainly takes
values in [0, co.

As should be expected, the definition agrees with Definition 2.2.3 when f is a simple func-
tion: one inequality follows from the fact that f itself belongs to the family of simple functions
¢ such that 0 < ¢ < f, while the reverse one stems from monotonicity in Lemma 2.2.5.

It is also evident from the definition that, if f,g: X — [0, oo] are measurable functions with

f < g, then
/fwé/gw,
X X

since the supremum definining the latter integral is taken over a larger family with respect to
the supremum defining the former.

The definition (2.3.1) involves the supremum over a typically huge collection of functions.
We shall now see that it actually suffices to consider an increasing sequence of simple functions
converging to f, in order to compute [, f du. The notion of pointwise and uniform convergence
of a sequence of functions enters the next statement: we refer to §A.4.

PROPOSITION 2.3.2. Let (X,9M) be a Borel space, f: X — [0,00] a measurable function.
Then there ezists a sequence (n)n>1 of simple functions p,: X — [0, 00] such that

1 <P S S S
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and
n—oo

Spn_>f

pointwise on X . Furthermore, the convergence is uniform over all subsets of X over which f
15 bounded.

PROOF. Fix an integer n > 1, and define a function ¢,,: X — R as follows. We partition
X into measurable sets as

X:{xEX:f(:L’)ZQ”}U( U {:UEX:kQ"Sf(x)<(k+1)2"}>,
0<k<22™ integer
and define
(2) k27 if k27" < f(x) < (k+1)27" for some 0 < k < 2%
n\T) = . .
4 A if f(x) >2"

Since ¢, takes on finitely many values, and the preimage under ¢, of each such value is
measurable by construction, ¢,, is a simple function.

Fix now a point z € X; then p,(z) = k27" for some integer 0 < k < 22", and so k27" <
f(z) < (k+1)27", with the understanding that k + 1 = oo if k = 22" It follows that either

2k - 27 < f(x) < (2k + 1)27 (D
or
(2k 4+ 1)27 0D < f(2) < (2k +2)27 (D
in the former case,
P () = 2k - 270D = ()
and in the latter case
Pari(@) = 2k +1)270HY > o, ()

which shows that the sequence (¢;,)n>1 is increasing.

As far as the pointwise convergence claim is concerned, it is obvious if f(x) = oo, since then
on(x) = 2" for all n > 1. If f(x) < oo, choose an integer N > 1 such that f(x) < 2V. For
every n > N, choose an integer 0 < k,, < 2*" such that k,27" < f(z) < (k, + 1)27™. Then
on() = k27", and thus

[f(2) = on(@)] = f(2) = k27" < (ko +1) = kn)27" =277,

which shows that ¢, (x) tends to f(z) as n — oc.

Let now Y be a subset of X on which f is bounded: there is M > 0 such that f(z) < M
for all x € Y. If N > 1 is an integer chosen so that M < 2V, the previous argument® shows
that

sup | f(z) — gn(z)| < 27"

zeY
for all n > N, which establishes the desired uniform convergence over Y. 0

REMARK 2.3.3. In general, even if f(z) is finite for all € X, uniform convergence cannot
be upgraded to the entire space. In the exercises, it is asked to find a counterexample.

EXERCISE 2.3.4. Let (X,9) be a measurable space, f: X — C a measurable function.
Show that there is a sequence (¢,),>1 of simple functions X — C such that

0< || < < || <+ < S

and, as n — 00, ¢, — f pointwise, and uniformly on every set on which f is bounded.

4Notice that, even though k,, depends on x, this doesn’t affect the validity of the “uniform” conclusion.
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Once we know that every measurable functions with values in [0, 00| can be approximated
by an increasing sequence of positive simple functions, it remains to ascertain that taking the
supremum over such a specific sequence amounts to taking the full supremum in (2.3.1). This
is ensured by the first important convergence theorem in the theory of integration we will
discuss, which will serve as a basis for all the others, and ultimately hinges upon the countable
additivity property of a measure.

THEOREM 2.3.5 (Monotone Convergence Theorem). Let (X,9M, u) be a measure space,
(fr)n>0 @ sequence of measurable functions f,: X — [0,00] such that

fo< A< < fiu <
Then

[ Jim fute) ana) = Jim [ f(2) anta) .

n—oo

Before delving into the proof, let us consider a special case, which will serve as an inspiration
for the argument. If f, = xpg, for an increasing sequence of measurable sets £, n > 0, then
lim, o0 fn = xg for £ = |J,>0 En, and thus the statement of the Monotone Convergence
Theorem amounts in this case to continuity from below of .

PRrROOF. Observe first that the limit
lim f,(x)

exists in [0, 00] for all z € X, since the sequence (f,()),>0 is increasing. Furthermore, the
assignment

v flx) = lim £, ()

defines a measurable function X — [0, 00], as results from Corollary 2.1.5. Since plainly f > f,
for all n > 0, monotonocity of the integral for positive functions yields

/X f(z) du(x >§g13 / (@) dp(z) = lim /X fu(z) dp(z)

We need to show the converse inequality. Let thus ¢ be a simple function with 0 < ¢ < f, and
fix 0 < a < 1. Define, for all n > 0,

E,={ze X : fu(z) > ap(x)} .

Then F, is measurable for all n > 0 since f,, and ¢ are measurable; furthermore, the sequence
(En)nzo is increasing and X = 5 En, as follows from ap < f and f, — f as n — oo. Now

/ fo dp > / faxe, dp > / apxEs, dit . (2.3.2)
X X X

Notice that @y, is a simple function; also, if ¢ = >
¢, then by Remark 2.2.4 we have

/SOXEn dp = ch (A,NE,) =% citt(A;) /god,u, (2.3.3)
X

i€l i€l

se1 CiX 4, 18 the standard representation of

where the claimed convergence is given by continuity of p from below. Combining (2.3.2)
and (2.3.3), and using Lemma 2.2.5(1), we get

lim fnd,u>oz/god,u.

n—o0

Taking the supremum over all ¢ and over all « achieves the conclusion, in light of (2.3.1). O



50 CHAPTER 2. INTEGRATION

A first consequence of the Monotone Convergence Theorem is additivity of the integral of
positive functions: if f,g: X — [0, 00| are measurable, then

/Xf+g duz/xfdunL/ngu-

To see this, choose increasing sequences (,,)n>0 and (¢, ),>o of simple functions such that ¢,, —
f and v¥,, — g as n — oo. The existence of such sequences is guaranteed by Proposition 2.3.2.
Then the sequence of sums (¢, + ¥y, )n>0 is increasing and converges to the sum f + g. By the
Monotone Convergence Theorem,

/f+gdu= lim/¢n+wndu= lim/wndwlim/wndu:/fdu+/gdﬂ,

using additivity of the integral for simple functions (cf. Lemma 2.2.5) in the second equality.

COROLLARY 2.3.6. Let (X,9, 1) be a measure space, (fn)n>0 a sequence of measurable
functions X — [0,00]. Then

Lgnwzgénw.

We shall interpret this as a special case of Fubini’s theorem, which concerns exchanging
orders of integration, for the product of ;1 and the counting measure on N: see §77.

PROOF. First, the infinite sum )~ f, is a measurable function X — [0, 00], as follows
from Lemma 2.1.2 and Corollary 2.1.5. The claimed equality is a direct consequence of the
Monotone Convergence Theorem applied to the sequence (g, ),>0 of partial sums

gl@) =) fulz), zeX,
k=0

in conjunction with (finite) additivity of the integral of positive functions, which has been
discussed in the paragraph preceding the corollary. 0

2.4. Integral of real, extended-real, and complex-valued functions

2.4.1. Integral of real-valued functions. Given a set X and a function f: X — R, we
define the positive part f* and the negative part f~ of f as

fr(@) =sup{f(2),0}, [~ (x) =sup{—f(2),0} = —inf{f(z),0} .
It is clear that both f* and f~ take values in [0, oc]. Furthermore, a straightforward case-by-
case analysis shows that

f=r=f. f=r+r.
If (X,9) is a Borel space and f is measurable, then Lemma 2.1.4 shows that f™ and f~ are
measurable. It further results from Lemma 2.1.2 that |f| is measurable.

DEFINITION 2.4.1 (Integral of an R-valued function). Let (X, 90, 1) be a measure space,
f: X — R a measurable function such that either

/Xf+du
/Xf‘d/t

is finite. The integral of f with respect to p, indicated with

/deﬂ,

or
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/Xf+du—/Xf—du.

The assumption that at least one of [, f* du and [ f~ du is finite ensures that [, f du
is well defined as an element of R. Also, if f takes values in [0, cc], then the given definition
agrees with Definition 2.3.1, since f~ vanishes everywhere.

We say that f is integrable with respect to pu, or pu-integrable, if

/deu

is finite. From the definition and the relation between f, f*, f~ and | f], it follows immediately
that:

LEMMA 2.4.2. A function f: X — R is integrable if and only if both f* and f~ are inte-
grable, which happens if and only if |f| is integrable.

is defined as the difference

2.4.2. Integral of complex-valued functions. We now turn to the integral of complex-
valued functions. Let (X,9%) be a Borel space, f: X — C a complex-valued measurable
function. The absolute value |f|: X — R, which is given by

1/2
@) = ((RF@) + (37"
is measurable, begin an algebraic expression® in the measurable functions % f and S f (cf. Lemma 2.1.1).
DEFINITION 2.4.3 (Integral of a complex valued function). Let (X,9tu) be a measure

space, f: X — C a measurable function such that [ |f| dp is finite. The integral of f with
respect to u, indicated with
[ fan.
b's

/Xérefduﬂ/ngdu.

Any measurable function f: X — C satisfying [ « |f] dp < o0, as in the previous definition,
is called integrable with respect to p, or u-integrable. The assumption on finiteness of
Jx |f| dpu ensures that both [, ®f du and [, Sf dp are finite, which is seen by taking the
elementary inequalities

is defined as

IRA<IfI, ISFA<IS]
in conjunction with Lemma 2.4.2. Conversely, if both Rf and S f are p-integrable, then the
triangle inequality
fI< IRFI+ (S
shows that |f| is p-integrable. We can thus upgrade Lemma 2.4.2 to complex-valued functions.

LEMMA 2.4.4. A function f: X — C is integrable® if and only if both Rf and If are
integrable.

If V' is a real (resp. complex) vector space, a real (resp. complex) linear functional on V' is
a linear map V' — R (resp. V — C).

PROPOSITION 2.4.5. Let (X, 9, p) be a measure space. The set of u-integrable functions
X — C is a complex vector space, and the integral

fH/deu

SMore precisely, it is given by the composition of products, sums and square-roots of measurable functions,
which are measurable in view of Lemma 2.1.2 and Corollary 1.3.15.
6By definition, this is equivalent to integrability of If]-

18 a complex linear functional on it.
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We shall denote the complex vector space of p-integrable functions X — C by £(X, 9, u),
a notation we shall vastly generalize in Chapter 3, together with its abridged, also widely
employed versions £'(X, ) and £ (p); £1(X, 9N, 1) is a vector subspace of the C-vector space
of measurable functions X — C, which in turn is a subspace of the C-vector space C¥.

PRrROOF. Let f,g: X — C be p-integrable functions. We begin by showing that f + g is

p-integrable and
/f—l—gd,u=/fd,u+/gd,u. (2.4.1)
X X X

When both f and g take positive values, we have already established both claims in the discus-
sion succeeding Theorem 2.3.5. If f and g are real-valued, then write h = f + ¢, and decompose
all three functions into the difference of their positive and negative parts:

W —h™=f"—f"+g" -9 .
Rearranging terms in the previous equality, and using the already established additivity for
integrals of positive functions, we obtain

/h*du+/f_du+/g_du:/h_du+/f+du+/g+d,u;
X X X X X X

rearranging back terms, this yields (2.4.1).

At this point, the case of general complex-valued f and g can be inferred directly from the
real case by decomposing them into real and imaginary parts.

We now prove that, if ¢ € C, then cf is u-integrable and

/ch du:c/deu. (2.4.2)

If c € R>p and f takes values in R>q, then
/cfdu:sup{/ codu:0< < f, gpsimple} :sup{c/ pdu:0<p < f, gpsimple}
X X X

:csup{/ edu:0<p < f, gosimple} :c/ fdu,
X X
(2.4.3)

where the second equality is taken from Lemma 2.2.5. In particular, the first term in the
chain (3.2.3) is finite if and only if the last one is finite, and in this case (2.4.2) holds. It now
follows that (2.4.2) holds for any real-valued f and any ¢ € R, by splitting both ¢ and f in their
positive and negative parts and invoking the result for positive functions and positive scalars.
If now f is complex-valued and ¢ € C, then |cf| = |c||f|, whence |cf]| is integrable, and thus so
is ¢f by definition. Furthermore,

/cfdu:/(%c+i%c)(§ﬁf+i%f) du:/ RRf — SeSf +i(ReSf + ScRS) dp
X X X

:/ %c%f—%c%fd,u%—z’/%c%f%—%c%fd,u
X X

:3%/ %fdu—%c/ %fdu+i(3‘ic/ %fdu—i—%c/ %fd,u)
X X X X

:§Rc</X§Rfdu+i/X%fdu>—i—i%c(/}{%fdu—l—z’/}{%fd,u)
:(%c—l—i%c)/de,u:c/deu,

using the already established (2.4.2) for real-valued functions in the fourth equality, as well as
the previously proven fact that the integral preserves sums. [l
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REMARK 2.4.6. Proposition 2.4.5 entails readily, by restriction, the analogous assertion with
R in place of C: the set of p-integrable functions X — R is a real vector space (more precisely,
a subspace of RY), and the integral f — [ « f du is a real linear functional on it.

REMARK 2.4.7 (General version of monotonicity). If f,g € £Y(X, 9, u) are real-valued,

then f < g implies
[ rauns [ gan.
b's b's

This has already been discussed for positive f, g, as a direct consequence of the definition. The
general real case follows by decomposing f and ¢ into their positive and negative parts, via a
case-by-case analysis.

We now present a fundamental inequality for integrals, which in functional-analytic terms
can be expressed as continuity of the linear functional in Proposition 2.4.5 with respect to the
L'-norm (to be defined in §77).

PROPOSITION 2.4.8. Let (X, M, ) be a measure space, f: X — C a p-integrable function.

Then
/deu S/leldu-

In the proof we use the sign of a complex number z # 0, defined as sgn(z) = z/|z[; it has
unit modulus.

PROOF. We can assume | [ du # 0, else the claim is obvious. We use linearity of the

integral, writing
[ ran=a [ san
b's X
-1

o= sgn( / f d,u>
b's
We then have, by linearity,

/deu :/Xo‘fd“:%</xo‘fd“>:/X%(O‘f)dﬂﬁ/xm(@f)!duﬁ/x!f\du,

where the second equality holds since a real number, seen as a complex number, equals its
real part, the third equality holds by definition of the integral of complex functions, and the
last two inequalities are consequence of monotonicity for integrals of real-valued functions (Re-
mark 2.4.7). O

for

As a first application of the foregoing fundamental inequality, we present a result which, in
the language of §77, expresses the fact that simple functions are dense in the set of integrable
functions, with respect to the L'-metric.

PROPOSITION 2.4.9. Let (X, 9, i) be a measure space, f € LY(X, M, ). For every e > 0,
there is a simple function p € LY(X, M, u) such that

/If—so!dMSE-
X

PROOF. We start with the case of a positive function f € £'(X, 9, ). Since, by definition,
the finite quantity [ « [ du equals

SUP{/<PdM30§90§f» wsimple},
X

for every € > 0 there is a simple ¢ with 0 < ¢ < f and

/wwszw—&
X X
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/X!f—sf)!du—/xf—godugg.

Suppose now f is real-valued, and write f = f* — f~. Let € > 0, and pick simple, integrable
functions ¢ and go_ such that 0 < p* < f*and [, |f*—¢*| du < £/2. The simple, integrable
function ¢ = o+ ~ satisfies

18—l du= /| )= =< [t =gt [ 1 - e,

Lastly, if f is complex valued and £ > 0, then by the preceding argument there are simple
integrable real-valued functions ¢1, s with [, [Rf — 1| du < e/2 and [ [Sf — | du < /2.
It is then clear that the simple function ¢ = 1 + 19 is integrable and satisfies

/|f—so|dus/|%f—gol|du+/r&v‘f—wlsf:-
X X X

which shows precisely that

O

2.4.3. Integration on measurable subsets. Let (X,901, 1) be a measure space, E a
measurable subset of X. We shall say that measurable function f, defined on X and taking
values either in R or C, is integrable on E if the function fyg, which equals f on E and
vanishes outside of F, is p-integrable. In this case we adopt the notation

/ fdp
E
to indicate fX fxe du.

It is plain that, if a function f as above is u-integrable, then it is so on every measurable
E C X: this follows from monotonicity of the integral for positive functions and the trivial
inequality

|fxel < 1]

An immediate, but exceedingly useful observation is that, if u(F) = 0, then any measurable f
as above is p-integrable on E and
/ fdpu=0.
E

To see this, observe first that is suffices to check it for positive functions, upon decomposing
a complex-valued function into its real and imaginary parts and an R-valued function into its
positive and negative parts. Then notice that the property holds for any simple function

= cxe
iel
expressed for convenience in standard representation; indeed, we have
fxe= Z CiXE;XE = Z ax(EiNE),
iel iel
and thus, by definition of integral of a simple function,
/fdu ZQ#E NE)=0,
i€l

the last inequality holding since F;NE C E implies u(F;NE) = 0. Lastly, the claimed property
holds for an arbitrary positive function f since

{psimple: 0 < ¢ < fxg} = {¥xE: ¥ simple, 0 < ¢ < f}.
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2.4.4. Further properties of integrable functions. In the next proposition, we sum-
marize some useful properties that can be deduced on functions by knowledge of properties of
their integrals.

We have already defined the notion of a o-finite measure space. We generalize it to the
following: given a measure space (X,90, 1), a subset A C X is called o-finite with respect
to p if there is a countable covering (E;);c; of A consisting of measurable sets with p(E;) < oo
forall 1 € I.

PROPOSITION 2.4.10. Let (X,9, u) be a Borel space.

(1) If f: X — R is integrable, then f(z) is finite for p-almost every x € X.
(2) If a measurable f: X — [0, 00] satisfies

/fdu—()

then f =0 p-almost everywhere’.
(3) If f € LY(X, DM, 1), then the set

{r e X f(z) # 0}

is o-finite.
(4) If f,g € LYX, DM, 1), then the following are equivalent:

(a) for all E € M,
/fduz/gdu;
E E

(b) f =g p-almost everywhere.

PROOF. We start with an integrable function f: X — R, and let
Y ={z € X : f(z) is not finite} = {z € X : |f(z)| = oo} .
The inequality |f| > oo - xy holds by definition of Y; as a consequence

o> [ 1fldnz [ ooony du=ooeu(r), (2.4.4)

where the last equality follows directly from the definition

/oo-xyduzsup{/<pdu:0§g0§oo~xy, @simple}.
X X

The only way in which (2.4.4) can hold is for x(Y) to vanish, which is what we wanted to show.
Suppose now f: X — [0,00] is measurable and satisfies [, f du = 0. For every integer
n >1, let
={zeX:f(x)>1/n}.
Then we can estimate, for all n > 1,

1 1
0=/fdu2 fduz/ —dp=—p(Xy),
X X, n n

n

where the third inequality follows from the fact that f > 1/n on X,,, by construction. The last
displayed chain of inequalities forces p(X,,) = 0 for all n > 1; therefore, f > 0 on a set which
is p-null, being the union |J,», X

Suppose now f € LY(X, N, u). We write the (measurable) set {z € X : f(x) # 0} as the
countable union | J, .. X, where

={z e X :[f(2)[ = 1/n}

"The converse being obviously true as well, as follows easily from the discussion in §2.4.3.
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for all n > 1. Since | f| > |fxx,|, monotonicity of the integral yields

1 1
OO>/|f|dMZ/|fXXn|dM=/ |f|dM2/ Law=Luxy,
X X . n n

This implies u(X,) < oo for all n > 1, which establishes the o-finite claim.
Finally, let f,g € LY(X, 9, u), and define

N={xeX: f(x)#gx)},

which is a measurable set. First, assume p(N) = 0, and let £ € 9; decomposing £ =
(ENN)U(E\N), we get

/fduz/fxEduz/f(XEmN+xE\N)du= fdp+ fdp= fdu,
E X X ENN E\N E\N

the last inequality being a consequence of the fact that u(F N N) = 0. Similarly, we get

/gduz/ gdu,
E E\N

and since f = g on £\ N, we deduce that

/fdu= fdu=/ gdu=/9du-
E E\N E\N E

Conversely, suppose fE fdu= fE g du for all E € 9, and set h = f — g. Upon splitting A into
its real and imaginary part, we may assume h is real-valued. Then N = N; U N, with

Ni={ze X :h(z) >0}, Ny={xeX:h(x)<0}.

0=/ hduz/fx]vldu
N1 X

implies, by the first assertion of the proposition, that hxy, = 0 p-almost everywhere, which
ostensibly shows pu(Ny) =0as Ny C {x € X : hxn, # 0}.

An entirely analogous argument delivers p(Ny) = 0, whence h = 0 p-almost everywhere
and thus f = g p-almost everywhere, as desired.

The assumption

O

REMARK 2.4.11. The last two assertions of the proposition hold without modifications, and
with the same proof, for integrable functions f,g: X — R.

2.4.5. The Dominated Convergence Theorem and its consequences. It is now the
appropriate moment to present two more fundamental convergence theorems for integrals, which
improve upon the Monotone Convergence Theorem (Theorem 2.3.5) by relaxing its assumptions.
The first of those theorems is a straightforward application of Theorem 2.3.5.

THEOREM 2.4.12 (Fatou’s Lemma). Let (X, 9, ) be a measure space, (fn)n>0 a Sequence
of measurable functions f,: X — [0,00]|. Then

/ liminf f,, dp < lim inf/ fodu .
X * JX

n—o0 n—

Notice that no integrability assumption is in place; both sides of the inequality may be
infinite.

PRrROOF. First of all, Lemma 2.1.4 yields measurability of the function liminf,, . f,. Define
now a new sequence (g,)n>o of measurable functions g,,: X — [0, 00] by

m>n
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for all n > 0. Then it is clear that (g, ),>0 is increasing, whence by the Monotone Convergence

Theorem
/ liminf f,, du :/ lim g, dp = lim / n dp . (2.4.5)
Now, for every fixed n > 0, g, < f,, for all m > n, and monotonicity of the integral yields
/ gn dp < inf / fon dpe . (2.4.6)
X mzn | x
Combining (2.4.5) and (2.4.6) delivers the claim. O

The prime application of Fatou’s Lemma is to the second fundamental limit theorem for
integrals of this subsection, which allows to take the limit under the integral sign under a
“uniform integrability” assumption. To motivate the need for such an assumption, let us
present an example where taking limits under the integral sign is not justified, and indeed
would yield a false equality.

EXAMPLE 2.4.13. For every integer n > 1, define a function f,: [0,1] — R>q by

2n’x if0<z <5
fal@)=q2n—2n%z if-<a<:i.
0 ifa:Z%

Thus, f, is the continuous function whose graph interpolates linearly between the points
(0,0), (55,7),(£,0) and (1,0) in R% It is clear that f, — 0 as n — oo pointwise, since
fn(0) =0 for all n and, if > 0, f,(z) = 0 for all n such that 1/n < z. Admitting for the time
being the (entirely expected) fact that the Lebesgue integral on compact intervals of R yields
the standard Riemann integral for continuous (more generally, Riemann-integrable) functions®,
we easily compute

fodLt =1

[0,1]
for all n, whence

/ lim f, dZ'=0+#1= lim f, A2t .
[

0’1] n—oo n—oo [0’1]

The issue in the previous example is that the sequence (f,)n>1 is not bounded from above,
uniformly in n, by an integrable function; there is a sort of “escape of mass” which occurs close
to the point 0. Ruling out such instances allows for a neat convergence theorem.

THEOREM 2.4.14 (Dominated Convergence Theorem). Let (X, 9, 1) be a measure space,
(fu)n>o0 a sequence of measurable functions f,: X — C converging pointwise to a (measurable)
function f. Suppose there exists an integrable function g such that

()] < g()

forallx € X and n > 0. Then f is integrable and
/ fdu=lim [ f,du. (2.4.7)
X n—oo X

PROOF. We first show that f is integrable. Fatou’s lemma applied to the sequence (| fy)n>0

yields
/\f|du§liminf/\fn|du§/gdu,

where the last inequality follows from monotonicity of integrals and the fact that |f,,| < g for
all n.

8This fact will be discussed at length in §?7.
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We now establish (2.4.7). Upon decomposing f into Rf and S f, it suffices to prove equality
for real-valued functions. We apply first Fatou’s Lemma to the sequence

hn:g+fn7 nZ(),

which consists of positive functions as g > |f,| > —f, for all n. Using also finite additivity of
integrals, we get

/gdu+/fduz/ lim hndugliminf/ hndu:/gdquliminf/ fodps
< P% x n—oo n—oo  Jfy X n—oo Jx

which delivers
/ fdp <liminf [ f, du . (2.4.8)
X n—oo X
We now apply Fatou’s lemma to a new sequence
h% ::g__jha n >0,

which consists of positive functions as g > |f,| > f, for all n > 0. Exploiting again finite
additivity, we get

/ gdﬂ—/ fd,u:/ lim h;zd,ugliminf/ h;du:/ gd,u—limsup/ fr du,
which yields

lim sup/ fodu < / fdp. (2.4.9)
n—00 X X
Taking (2.4.8) and (2.4.9) together delivers (2.4.7). O

We now reformulate Theorems 2.3.5 and 2.4.14 to allow for almost-everywhere holding
assumptions on the converging sequence of measurable functions.

THEOREM 2.4.15 (Monotone and Dominated Convergence Theorems, almost-everywhere
version). Let (X, 9, 1) be a measure space.
(1) (Monotone Convergence) Let (f,)n>0 be a sequence of measurable functions X — [0, o]
such that, for alln >0,
fo(@) < fas1(x)  for p-almost every x € X.

Then (fn)n>0 converges p-almost everywhere to a measurable function f: X — [0, 00]
and

n—oo

/fd,u:hm frndp .
X X

(2) (Dominated Convergence) Let (fn)n>0 be a sequence of measurable functions X — C
convering j-almost everywhere to a measurable function f. Suppose that there is a
p-integrable function g such that, for allmn > 0,

|fu(z)] < g(x)  for p-almost every x € X.
Then

n—oo

/fd,u:hm frdu .
b'e b'e

ProOF. For both assertions, it suffices to disregard the p-negligible sets over which the
assumptions of Theorem 2.3.5 and 2.4.14 are not satisfied.

We now give the details of for the case of monotone convergence, leaving the analogous
argument for dominated convergence to the reader. Define, for all n > 0,

E,={recX: fu(z) < fap(2)},

F, = U E,

0<k<n

and set also
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for all n > 0. The union £ = J,~qEn = U, 5o Fn is p-null by the assumption and o-
subadditivity of z. On E°, the sequence (f,)n>o is pointwise increasing, and thus admits a
measurable limit f. Extend f to a measurable function on X by setting f = 0 on E. Then
(fn)n>o0 converges to f p-almost everywhere.

The sequence of measurable functions (f,xr,)n>0 is easily seen to be increasing, in a way
which allows us to apply Theorem 2.3.5: we infer that

[ fxsdn=lim [ foe, d.
X n—oo X

Since the complements of £ and of F}, are p-null for all n > 0, we have

/XfxEdMZ/deu, /anXFndMZ/andu,

achieving the conclusion. 0

A consequence of the (general version of) Dominated Convergence Theorem for series is the
following:

COROLLARY 2.4.16. Let (X, 0, 1) be a measure space, (fn)n>0 @ sequence of measurable

functions f,: X — C such that
> [ 15l dn <o
n=0"7X

Then there is an integrable function f such that the infinite sum
everywhere to f, and

0
n=0

/Xf dp = i::/x fo dp. (2.4.10)

PROOF. Define a measurable function f: X — [0, oo] by

g@) = |fal@)] -

By the hypothesis and Corollary 2.3.6,

gdp= /fndu<oo,
/ > [ 1

which in particular shows that g(x) is finite for p-almost every z € X (see the first assertion
in Proposition 2.4.10). As absolute convergence of series of complex numbers implies simple
convergence, we deduce that ) _, fn(x) converges for all x in the complement of a p-null

subset N. Define . '

fn converges p-almost

0 ifre N’

Then it is a relatively straightforward matter to show that f is measurable. Moreover,

/lerduzfmiﬂdu:/]w‘ifn duS/NCilfnlduz/ngu,

whence f is integrable. Finally, apply the Dominated Convergence Theorem to the sequence
of partial sums

Z fk; y N > 07
k=0
which verifies | Y7, fu| < g for all n > 0, to get equality in (2.4.10). O

As a final, classical application of the Dominated Convergence Theorem, we discuss regu-
larity properties of functions defined by integrals.
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PROPOSITION 2.4.17 (Integrals depending on a parameter). Let (T, d) be a metric space,
(X, 9, 1) a measure space, f: T x X — C a function with the property that, for everyt € T,
the map

X—>C, zm f(t,x)
is in LY(X, 9, u). Define a function F: T — C by

F(t) = /X £t x) dp(z)

Let tg be a basepoint in T.

(1) Assume there is a neighborhood V' of ty in T and function g € LY(X, M, ) such that,
for all x € X, the function

R*" - C, tw f(t,x)
is continuous on V and satisfies
[f(t,2)] < g(x)

forallt € V. Then F is continuous at ty.

(2) Suppose now T'= R"™ for some integer n > 1, and d is the Fuclidean metric. Assume
further that, for a given vector v € R™, there is a neighborhood V' of to in R™ and a
function h € LY(X, DM, u) such that, for all z € X, the function

R*" - C, tw f(t,x)
admits a partial derivative O, f(t,z) in direction v on V satisfying
0o f (&, x)| < h(x)

forallt € V. Then F' admits a partial derivative in direction v at ty, and

OuF(to) = /X&,f(to,x) du(z) .

In a way, the second assertion expresses the fact that, under appropriate assumptions, it is
possible to “differentiate under the integral sign”.

PROOF. Both assertions are fairly straightforward consequences of the Dominated Conver-
gence Theorem (Theorem 2.4.14).

We only prove the first assertion, leaving the second one for the exercises. By the sequential
characterization of continuity in metric spaces’, it suffices to show that, given any sequence
(tn)n>1 converging to t,

[ fto.z) dute) = tim [ fit o) duta) (2.4.11)

Let N € N be such that t, € V for all n > N. Theorem 2.4.14 applied to the sequence of
functions

X—=>C, xw f(ty,x)

for n > N yields directly the convergence claim in (2.4.11). O

9This is a crucial point; a similar argument wouldn’t work on a general topological space. It works, more
generally, for first countable topological spaces.
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2.5. The integrals of Riemann and Lebesgue on the real line

In our opening considerations of §1.1 we discussed how the quest to generalize the traditional
Riemann integral on the real line led to the development of Lebesgue’s theory of integration.
Now we compare the Lebesgue integral on R and the RIemann integral, showing that the former
indeed subsumes the latter.

We start with a reminder on the notion of Riemann integral. Let [a, b] be a compact interval
of R. A subdivision of [a, b] is a finite sequence

S={a=a<a <---<a, =0}

of points in [a,b]. A step function on [a,b] is a function ¢: [a,b] — R such that there is a
subdivision S of [a,b] as above with ¢|(, |4, constant for all 1 <i < n. If f|q, .« = ¢ for
all 1 <7 < n, we define the Riemann integral of ¢ as

n

/ab<p(a:) do = Zci(ai —a;_1) .

i=1

A function f: [a,b] — R is Riemann-integrable if

b b
sup{/ o(x) dr o < f, p step function} = inf{/ Y(x) de: f <, 1 step function}
(2.5.1)
and the common value is finite.
In particular, a Riemann-integrable function is necessarily bounded on [a, b, as both the
supremum and the infimum in (2.5.1) must be taken over non-empty families.
THEOREM 2.5.1. Let [a,b] be a compact interval of R, f: [a,b] — R a function.

(1) If f is Riemann-integrable, then f is Lebesgue-measurable, and is integrable with respect
to $1|[a7b]. Furthermore,

b
[ rarae= [ raz
a [a,b]

(2) [ is Riemann-integrable if and only if
{z € la,b] : f is discontinuous at x}
has zero Lebesgue measure.
Proor. We only prove the first statement, while the second one is relegated to the exer-
cise sheets. Suppose f is Riemann-integrable; notice that, once we show that f is Lebesgue-

measurable, then integrability with respect to £ |, is automatic since 2" ([a, b]) is finite and
f is bounded on [a, b]. For every integer n > 1, there are step functions ¢, < f <, such that

b b 1
/ Up(x) do — / op do < —
a a n

Notice that step functions are trivially measurable (in fact, they are simple functions even with
respect to the Borel g-algebra on [a, b]), and for them equality between the Riemann integral
and the Lebesgue integral is obvious from the definition of both. Thus

1
wnd.i”l—/ gpndflg—.
[a,b] [a,b] n

Upon taking common refinements of subdivisions, we may assume that the sequence (¢, ), is
Z'a.e. increasing and that the sequence (v,), is Z!-a.e. decreasing. Let g and G denote,
respectively, the pointwise a.e. limit of (¢,) and (¢,,) so that

g< f<G
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Z'-a.e. By the Dominated Convergence Theorem (all functions under consideration are uni-
formly bounded, Z'-a.e., by the bounded step function sup{|eo|, [to|}),

Gdfl—/ g dZ" = lim wndfl—/ o, AL =0,
[a,b] [a,b] 7790 J{a,b] [a,b]

whence by Proposition 2.4.10 G(z) = g(z) for £*-almost every = € [a,b]. Thus f =g =G
L'-almost everywhere; since #! is complete on the Lebesgue o-algebra 9 41, it follows that f
is Lebesgue measurable.

Finally,
b b
/ f(z)dz = lim [ ¢,(z)dr= lim on AL = fdzt,
a n—oo J, n—=00 J1gp] [a,b]
showing the sought after equality. 0

2.6. Measure-theoretic notions of convergence

We have already encountered three notions of convergence for sequences of measurable
functions, which we briefly recapitulate. If (X, 9, ) is a measure space, a sequence (fy,)n>0 of
measurable functions f,,: X — C is said to converge towards a measurable function f: X — C

e uniformly, if
n—oo

sup | f(x) — fa(z)] =0,
reX
e pointwise, if
[f(z) = falz)] =50
for every x € X, and
e pointwise almost everywhere if

[f(@) = ful@)] =50

for p-almost every z € X.

It is obvious that uniform convergence implies pointwise convergence, which in turn implies
pointwise almost everywhere convergence. We shall now exhibit examples showing that the
converse implications do not hold.

ExXAMPLE 2.6.1. Consider the sequence (f,)n>1 of Example 2.4.13. It converges pointwise
to the zero function, but not in a uniform fashion: in fact,

sup |ful =n
[0,1]

for all n, which does not tend to 0 as n — oc.

EXAMPLE 2.6.2. For every integer n > 1, define a function f,: [0,1] — Rx¢ by

l—-nz f0<z<i
fnle) = {o ifz>1

In other words, f, is the continuous function whose graph interpolates linearly between the
points (0,1),(+,0) and (1,0) in R% Then f,(z) — 0 as n — oo for all z € (0, 1], whence
fn — 0 as n — oo almost everywhere with respect to the Lebesgue measure on [0, 1]. However,
fn(0) =1 for all n, whence (f,) does not converge pointwise to 0.

A fundamental notion of convergence, of measure-theoretic origin, is known as convergence
in L' (the reason for the terminology will manifest itself in §3).
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DEFINITION 2.6.3 (L'-convergence). let (X,90, 1) be a measure space. We say that a
sequence (f,)n,>0 of measurable functions X — C converges towards a measurable function

f:X 5 Cin L'if

n—0o0

lim [ |f— fudu=0. (2.6.1)
b

It is thus a sort of averaged notion of convergence. In particular, since the condition in (2.6.1)
is unchanged by altering the values of f,, and f on p-null sets, it is plain that L!'-convergence
has nothing to do with the purely topological notions of uniform and pointwise convergence.
More striking is the fact that it is also unrelated to almost-everywhere convergence, meaning
that it doesn’ imply nor is implied by it.

EXAMPLE 2.6.4. The sequence (f,,)n>1 in Example 2.4.13 converges to 0 pointwise, hence
a fortiori it does so Lebesgue-almost everywhere. However,

/ ol de =1
[0,1]

for all n > 1, whence (f,) does not converge to 0 in L.
EXAMPLE 2.6.5. The sequence (f,),>0 of functions [0, 1] — Rx( defined by

Jo= X[0,1/2]» fi= X[1/2,1]; fo = X[0,1/4]5 f3= X[1/4,1/2]» fa= X[1/2,3/4]» J5s = X[3/4,1]» Jo = X[0,1/8]
and so forth, is easily seen to satisfy

/ |ful dz =30,
[0,1]

that is, it converges to the zero function in L'. However, it does not converge to it in a Lebesgue-
almost everywhere sense, since for every = € [0, 1] it holds that f,(z) = 1 for infinitely many
n.

The Dominated Convergence Theorem, on the other hand, shows that convergence in L!
holds provided a domination assumption is added to almost everywhere convergence. If (f,,)n>0
is a sequence converging u-almost everywhere to f, and there is an integrable g with |f,| < ¢
p-almost everywhere for all n > 0, then not only fX fo du — fX f dp as n — oo, but in
fact (f,) converges to f in L. To establish the latter fact, it suffices to apply the Dominated
Convergence Theorem to the sequence (|f, — f|)n>0, which converges to 0 almost everywhere
and satisfies | f,, — f| < 2|g| for all n > 0.

In terms of the converse implication, we shall shortly see that, although L!-convergence
does not imply almost-everywhere convergence, it does imply the latter upon restricting con-
siderations to a subsequence.

DEFINITION 2.6.6 (Convergence in measure). Let (X, 9, 1) be a measure space. We say
that a sequence (f,,)n>0 of measurable functions X — C converges in measure towards a
measurable function f: X — C if, for every € > 0,

lim pu({e € X ¢ f(2) — fula)] 2 2}) = 0.
We say that (f,)n>0 is Cauchy in measure if, for every ¢ > 0,

lim _p({r € X ¢ |f(x)  fo(a)] 22 )) =0

For the reader convenience, we spell out the condition of being Cauchy in measure: for
every € > (0 and for every § > 0, there is N € N such that, for all m,n > N,

p{r € X o [fm(x) = fule)| 2 }) <0

Just as a convergent sequence in a metric space is a Cauchy sequence, a sequence of functions
which converges in measure is Cauchy in measure; this follows from a trivial application of
subadditivity of p.

m
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We will shortly prove the converse, namely that sequences which are Cauchy in measure
converge in measure. Before doing that, we present a fundamental inequality relating measures
of sets on which a function is “large” to its integral, which shall imply, in particular, that
convergence in measure is a weaker notion with respect to L!-convergence.

THEOREM 2.6.7 (Markov’s inequality). Let (X, 9%, u) be a measure space, f: X — [0, 0]
an integrable function. Then, for every real a > 0,

p{r e X: f(x) 2 0}) <

Proor. If E, = {z € X : f(z) > a}, then we have f > axg,, whence

/deMZ[anaduzau(Ea);

the claim follows by dividing the first and last term of the previous chain of inequalities by
a. U

COROLLARY 2.6.8. If a sequence (f)n>0 converges to f in L', then it converges to f in
measure.

Jx fdu
e

PRroOF. For every € > 0, Markov’s inequality yields
fX |f - fn| dﬂ .

pfr e X o [f(x) = fu(z)] = €}) < 8

as n — oo; the right-hand side is infinitesimal by assumption, whence so is the left-hand side
as well. 0

We now turn to the abovementioned converse of the fact that converging sequences in
measure are Cauchy. For the proof, we we avail ourselves of a fundamental result in measure
theory'?, which is routinely employed in arguments aimed at showing that a certain sequence
of functions converges almost everywhere with respect to a certain measure.

THEOREM 2.6.9 (The Borel-Cantelli Lemma). Let (X,9, p) be a measure space, (Ey)n>0
a sequence of measurable sets. Suppose that

ZM(E”) < 00 .

Then
,u(lim sup E’n> =0.

n—oo

ProOOF. By definition,

limsup E,, = m U Ey

oo n>0k>n
hence, by continuity from above of 1 (and since p(U,,5o En) is finite, as given by subadditivity
of 1 and the hypothesis), it suffices to show that

() =0
k>n
Now o-subadditivity of p yields
a(U B < Y mim) =0,
k>n k>n

the last convergence claim being a consequence of the assumption ) ., u(E,) < oo. O

10Arguably even more in probability theory, in which context it admits two complementary formulations,
one of which (the one absent from these notes) involves the notion of independent events.
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We can now state and prove:

PROPOSITION 2.6.10. Suppose a sequence (fy)n>0 is Cauchy in measure.

(1) There exists a measurable function f such that (f,)n>0 converges towards f in measure.

(2) There exists a subsequence (fn, k>0 which converges towards f p-almost everywhere.

(3) If g is a measurable function such that (fn)n>0 converges towards g in measure, then
f =g p-almost everywhere.

PROOF. For the first assertion, it suffices to show that there is a subsequence (f,,)r>1
converging in measure to some measurable function f. Indeed, if this is so, then for every
£,0 > 0 there is an integer N > 1 such that both

p({z € X o |fulz) = fulz)| =2 €/2}) < 0/2
for all m,n > N and
p{z € X+ | fo,(x) — fz)| =2 €/2}) < 6/2

for all ny > N. Since, for all n,n; > 1,

{re X |fulx)—f(2)] 2 e} C{x € X :|fula)=fu. ()| = &/2}0{x € X : [ fo,(x)—f(2)] = £/2}
it follows from finite subadditivity of u that, for n > N,

p{r e X o |fulz) — f(z)| 2 €}) <6
which shows that the full sequence (f,),>0 converges to f.
Now, by assumption, for any integer k& > 1, there is an integer N = N(k) > 1 such that,
for all m,n > N,

p{z € X o [fm(z) = falz)| > 277} <27%
As a consequence, there is a subsequence (f,, )i>1 such that, for all k£ > 0,

p{z € X o [ fur (2) = fu (2)] 2 277)) < 27%;

call the latter measurable set Fy. The Borel-Cantelli Lemma (Theorem 2.6.9) shows that,
outside of a p-null set N of exceptions, z € Ef for all but finitely many k, whence (f,, ())r>0
is Cauchy in C, and thus converges to some f(x) € C. Set f =0 on N. Then f is measurable
as it is so when restricted to N (plainly) and to N¢ (where it is a pointiwise limit of measurable
functions).

The previous argument already delivers that (f,, )r>0 converges u-almost everywhere to f.
Let us show that it also converges to f in measure. Fix £,0 > 0, and choose kg > 1 such that
2—(ko—1) < ¢ and

u( U Eg> <46 (2.6.2)
>k
(the second one being guaranteed, for all kg sufficiently large, by Theorem 2.6.9). Let k > ko,
and suppose = € (), £f; then, for all integers j > k,

J— J—
[fn; () = i ()] §Z|fne+1( = fno (@ Z <27ty ot=27y,
=k =k teN
Taking the limit as j — oo, we conclude that |f(x) — f,, (7)] < 27 =Y. We have thus shown
that
{weX:|f(2)  fulx)| >} | JEr,
o>k
which combined with (2.6.2) gives

pfe e X o [f(x) = fu, ()] > €}) <0

as desired.
Finally, if ¢ is a measurable function such that (f,),>0 converges to ¢ in measure, then, by
what has already been established, there is a subsequence (f,, )r>0 converging to g p-almost
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everywhere; by the same token, one can extract a further subsequence ( fnké)gzo converging to
[ p-almost everywhere, since (fy, )r>o converges to f in measure. Uniqueness of limits in C
then yields f = g p-almost everywhere. U

On finite measure spaces, almost-everywhere convergence implies convergence in measure'’.

PROPOSITION 2.6.11. Suppose u(X) < oo. Let (fn)n>0 be a sequence converging to f -
almost everywhere. Then (f,)n>0 converges to f in measure.

In the exercises it is asked to provide a proof of the proposition.

We conclude this section with a fundamental result result which allows to upgrade, on finite
measure spaces, almost-everywhere convergence to uniform convergence on arbitrarily large (in
the measure-theoretic sense) subsets.

THEOREM 2.6.12 (Egoroft’s Theorem). Suppose p(X) < oo. Let (fn)n>0 be a sequence
converging to f p-almost everywhere. Then, for every € > 0, there is a measurable subset
Y € X with w(X \'Y) < e such that (f,)n>0 converges uniformly to f on'Y.

PRrOOF. Fix € > 0. Define, for all integers n, k > 1,
Enp={z e X |f(x) = fulz)| < 1/k} .

For every fixed k, the union of the increasing sequence of measurable sets
ﬂ En,k ) N 2 17
n>N

is a set whose complement is p-null, by assumption. By continuity of u from below, and since
p(X) is finite, we deduce that there is No(k) > 1 such that

[L(X\ N Enk) <e/2% . (2.6.3)

n>No (k)

Y= (] Eux-
k>1 >N (k)
Then p(X \Y) < € by (2.6.3) and subadditivity of u; moreover, for if x € Y, then for all k£ > 1
and n > Ny(k) one has |f(x) — fu.(x)] < 1/k. Reformulating it, this means that, for all k£ > 1,
for all n > Ny(k),

Define

sup [ f(z) — fo(z)] < 1/,

z€Y
which shows uniform convergence of (f,,)n,>0 to f on Y. O

In the literature, the sort of uniform convergence which appears as conclusion of Egoroft’s
theorem is called at times almost uniform convergence, though we shall avoid this terminology
for the possible risk of confusion with the case of sequences with converge uniformly on a
full-measure set.

REMARK 2.6.13. The finiteness assumption on x(X) is indispensable. The exercises ask to
provide a counterexample if it is not fulfilled.

In terms of the conclusion of the theorem, it is not possible to deduce the existence of a set Y
with pg-null complement, over which the sequence converges uniformly. Again, counterexamples
are to be provided in the exercises.

HThe most fundamental limit theorem in probability theory is the Law of Large Numbers, about conver-
gence to the expectation of empirical means of independent identically distributed real random variables with
finite first moment. It comes in two formulations, known as the Strong and the Weak Law of Large Numbers;
the first claims almost-sure convergence, the second one convergence in measure, or as one says in that context,
in probability. The reason for the terminology “strong” and “weak” is given in Proposition 2.6.11.
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2.7. Some further constructions of measures

In this section we discuss a couple more ways to construct measures on Borel spaces, via
pushforwards and densities.

2.7.1. Measures with densities. We begin with densities.

PROPOSITION 2.7.1. Let (X, 9, ) be a measure space.
(1) Let p: X — Rxq be a measurable function. The function p,: MM — [0, 00| defined by

nB) = [ oy (2.7.1)

is a measure on (X, M).
(2) If f: X — [0,00] is a measurable function, then

/deupz/xfpdﬂ-

(3) If f: X — C is a measurable function, then f is p,-integrable if and only if fp is
p-integrable, in which case

/deupz/xfpdu.

The proof is part of the exercises.

We say that the measure y, has density p with respect to the measure ;. Observe that
1, has the property that, whenever £ € Mt satisfies pu(£) = 0, then p,(E) = 0; this defines, as
we will discuss in §77, the class of absolutely continuous measures (with respect to the given
starting measure p), of which measures with densities will be the prime (and often only, in light
of the Radon-Nikodym theorem) example.

REMARK 2.7.2. If we define a function p,: 9t — [0, 00] as in (2.7.1) with p a p-integrable
function X — C, the outcome is a complex measure, a notion we shall introduce in §77.

EXAMPLE 2.7.3 (Gaussian distributions on the real line). Let £ be the Lebesgue measure
on the Borel space (R,Bg), and fix two parameters m € R, ¢ € R5y. The Gaussian distri-
bution (a.k.a. Gaussian measure, or Normal distribution) of mean 0 and variance o>
is the probability measure fi,, ,2 with density

1 _ (z=m)?

= 202
Prm.o2(T) W@
with respect to #!. The normalizing constant in front of the exponential function ensures that
fR Pmo2 AL =1.

The Gaussian distribution (and its higher-dimensional generalizations) is ubiquitous in prob-
ability theory, mainly in light of the Central Limit Theorem, which asserts that, in a distribu-
tional sense, empirical means of a sequence of independent identically distributed real-valued
random variables with finite second moment converge to a Gaussian distribution, irrespective
of the specific common law of the original variables.

2.7.2. Pushforward of a measure. Measures with densities are constructed on the same
Borel space of the original measure. We now see how to “transfer” an original measure to
another Borel space via a measurable map.

PROPOSITION 2.7.4. Let (X,9Mx), (Y,My) be Borel spaces, T: X — Y a measurable map,
p a measure on (X, Mx).

(1) The function Tip: My — [0, 00] defined by
T.u(E) = (T~ (E))

is a measure on (Y, My ).
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(2) If f: Y — [0,00] is a measurable function, then

/deT*u:/Xfon,u.

(3) If f: Y — C is a measurable function, then f is T,u-integrable if and only if foT is
p-integrable, in which case

/deT*u:/Xfon,u.

The exercises ask to give a proof of the proposition.
The measure T, u is called the pushforward of u by T

REMARK 2.7.5 (Distribution of a random variable). If (X,9tx, i) is a probability space,
(Y, 9y ) is a Borel space and f: X — Y is a Y-valued random variable, the pushforward of
under f is called the distribution, or law of the random variable f.

2.8. Product measures and Fubini’s theorem

Let (X, 9, 1) and (Y, N, v) be measure spaces. As discussed in Example 1.5.9, the collection
E={AXxB:AecM BeMN}
is a semiring on the product set X x Y which generates the product o-algebra 91 ® 1. We
define a function p: &€ — [0, 00] by
p(A % B) = u(A)(B)

for all A x B € &£, with the usual convention that 0 - oco = 0.
Recall from §1.5.3 the notion of finitely additive and o-subadditive function on a semiring.

LEMMA 2.8.1. The function p defined above is finitely additive, o-subadditive and satisfies
p(0) = 0.

PROOF. The last claim is obvious. We show finite additivity. Let (A; x B;);cr be a finite
collection of disjoint elements of & with (J,.; Aix B; = Ax B € £. Then, for all (z,y) € X XY,

D xa@)xs W) =D xas (@,9) = xaxp(@,y) = xal@)xs(y) -

iel iel
Fix x € X, and integrate the previous equality (which then becomes an equality between
positive measurabile functions on Y') with respect to v, so as to obtain

EE:inx X;4( ) (13)

el

by finite additivity of the integral. Now the last displayed one is an equality between positive
measurable functions on X; we can integrate it with respect to u, which yields

> u(Av(Bi) = p(A)v(B)
iel
using again finite additivity of the integral, which is the desired finite additivity of p.

We now turn to o-subadditivity. Let (A, X By)n>0 be an E-cover of some A x B € £. This
implies that, for all (z,y) € X x Y,

Xa(@)xBY) = Xaxs(@,4) < XU, 2o 4x B (T:9) > Xawxs, (2,0) = > Xa, (2)X5, (y

n>0 n>0

As above, we first fix € X, and integrate the previous inequality with respect to v: we obtain,

by virtue of Corollary 2.3.6,
B) <) xa.(z)v(By)

n>0
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Integrating now with respect to p, and invoking Corollary 2.3.6 once more, we get

M(A)V(B) < ZN(An)V(Bn) )

n>0

which is the sough after subadditivity inequality. 0

We shall henceforth operate under the assumption that both (X, 9%, ) and (Y, 0, v) are
o-finite, which ensures that p is o-finite. Theorems 1.5.11 and 1.5.13 imply that there is a
unique measure on the product Borel space (X x Y, 9 ® M) extending p.

DEFINITION 2.8.2 (Product measure). Let (X, 9, u) and (Y,91,v) be o-finite measure
spaces. The product measure of y and v, denoted p x v, is the unique measure on the
product space (X x Y, @ N) satisfying

uxv(Ax B)=pu(Av(B) (2.8.1)
for all A € 9 and B € M.

If (X, 9, 1) and (Y, N, v) are arbitrary measure spaces, we still define the product of 1 and
v, indicated with p x v, as the measure on the product measurable space arising from p as in
Theorem 1.5.11; it still satisfies (2.8.1), but it may not be the unique extension of p to 9t @ N
with such a property.

When p and v are o-finite, the same clearly holds for p x v (and if both p and v are finite,
the same applied to p x ). We shall confine ourselves to the o-finite case in all our remaining
considerations of the present section.

The construction extends immediately to the case of finitely many o-finite measure spaces
(Xi, M, 1), 1 < i < r, yielding the notion of the product measure py X -+ X u,. The
classical uniqueness argument, invoking the Monotone Class Lemma on appropriate collections
of measurable subsets, shows then that associativity holds for the product operation, which for
the case of three factors is expressed by

(1 X p2) X pig = pa X (p2 X f13) = fi1 X pg X 3 -

EXAMPLE 2.8.3. As a fundamental example of product measure, the Lebesgue measure .£"
on (R™, Bgx) is the n-fold product of the Lebesgue measure .£* on (R, Bg)'. Equality can be
checked, by o-finiteness, on any semiring generating Bgn, for instance on half-open rectangles,
where it holds trivially.

REMARK 2.8.4 (Product measures and independence). In the context of probability theory,
given two random variables f,g: X — R defined on a probability space (X,9, ), if pr and
g denote the laws of f and g respectively, namely the pushforwards of ;1 under f and g, then
f and g are independent if and only if the law s, of the pair (f,g): X — R? is the product

Hy X Hg-
Given a set E C X x Y, we define the x-section of E, for every x € X, as the set
E,={yeY:(x,y) € E},
and the y-section of F, for every y € Y, as the set
E,={zxeX:(z,y) € E}.

Similarly, if f: X x Y — Z is a function with values in a set Z, we define the z-section of f,
for all z € X, as the function

oY = 7, y'_)f(xﬂy)
and the y-section of f for all y € Y, as the function

fy: X =2, z— f(z,y).

2More generally, for any pair (r, s) of positive integers with r + s = n, £™ is the product £" x £* for the
canonical identification of R™ with R" x R*®.
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If FC X xY, we thus have

(XE)e = XxB, » (XB)y = XB, (2.8.2)
forallz € X and y € Y.

LEMMA 2.8.5. Let (X, 9, 1) and (Y, N, v) be measure spaces.

(1) If E € M N, then E, € N for allx € X and E, € M for ally €Y.
(2) If f: X xY — C is measurable with respect to M @ N, then f, is M-measurable for
all v € X and f, is M-measurable for ally € Y.

PRrROOF. We start with the first assertion, and consider the family
M ={E e MN: E, is M-measurable for all z € X} .
Then .# contains the semiring
E={AxB:AecM BeN},

since for E = A x B we have E, € {0, B} for all x € X. Also, .# is a o-algebra. We
have already showed that it contains () and X x Y; if E € ., then (E°), = E¢, and is thus
M-measurable, for all x € X, whence .# is closed under complements. Lastly, if (F;);cr is a
countable collection of elements of .#, then

(Us) =Ue.

iel T el
for all x € X, so that | J,.,; £ € A

It follows that .Z = 91 ® N, since the latter is generated by &£, and an entirely analogous
argument shows that

{EeMeN: E, is M-measurable for ally € Y} =M@ N .

As far as the second assertion is concerned, notice that it boils down to the first one for
f=xg with E € M@ MN, on account of (2.8.2). Taking sections of a function is an operation
that clearly commutes with finite sums and limits, which shows that the statement is readily
extended to finite linear combinations of characteristic functions, namely to simple functions,
then to positive functions via approximation by positive simple functions, and finally to real-
valued and complex-valued functions by decomposition, respectively, into positive and negative
part and into real and imaginary part. O

LEMMA 2.8.6. Let (X, M, u) and (Y, N,v) be o-finite measure spaces, E € M @ N. Then
the function
X = [0,00], x+ v(E,)
18 M-measurable and the function
Y = [0,00], y+— u(Ey)

18 M-measurable.

PROOF. We proof 9M-measurability of X — [0,00], © — v(FE,); the second assertion is
proved analogously. Let

M ={FE € MRMN: the map = — v(FE,) is M-measurable} .
Observe first that .# contains the semiring
E={AxB:AeM, BeN},

for when £ = A x B as above one has

_Jv(B) ifzeA
MEJ—{O frd A (2.8.3)
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which is clearly an 9t-measurable (actually simple) function. Secondly, .# is a o-algebra. The
fact that it contains () and X X Y has already been established. Suppose first that (Y, 0, v) is
a finite measure space. Then, if £ € .#, we have

V((E)z) = v(Ey) = v(Y) — v(E.)

for all x € X, whence z — v((E°),) is M-measurable as difference of M-measurable functions.
This shows that F° € .. Finally, if (E;);c; is a countable sequence of pairwise disjoint sets in
A , then countable additivity of v gives

A((Us) ) =(Ue.) = S vt

for all x € X, so that the function = — 1/((UiE 7 EZ)I) is 9M-measurable as limit of sums of
IM-measurable functions, which implies | J,.; E; € A

Since the semiring £ generates the product o-algebra MM ®@MN, we conclude that .#Z = MRN,
which is the desired claim when (Y,0, v) is finite.

Suppose now Y = |J, oy Y with p(Y;,) finite for all n > 0. Without loss of generality, we
can assume that the sequence (Y;,),>0 is increasing. Let E' € 9 @ N; then we write, for every
x € X, using continuity of v from below,

v(E,) = V<(U Eﬂ(XxYn)>m> = V(U(Eﬂ(XxYn))JC) = V(EN(X xY,)),) . (2.8.4)

n>0
For every fixed n > 0, the function
z—=v(EN(X xY,)))

is M-measurable, applying the previously established result to the finite measure space (Y, 0, v,)
with v,(B) = v(BNY,) for all B € 9. It follows from (2.8.4) that z — v(FE,) is M-
measurable. 0

PROPOSITION 2.8.7. Let (X, M, 1) and (Y, M, v) be o-finite measure spaces, E € M @ N.
Then

uxE) = [ (B dute) = [ W(By) doty)

Y
Proor. We shall prove that

1% U(E) = /X () du(x) | (2.8.5)

the other equality being established similarly. Notice that the integral on the right-hand side
is well defined, as the integrand is positive and 9t-measurable by Lemma 2.8.6.

We first treat the case of finite measure spaces (X,9, ) and (Y,91,v). Consider the
collection

M ={FE MM (2.8.5) holds} .
First, notice that .# contains the semiring

E={AxXxB:AecM, BeN};
indeed, if £ = A x B as above, then (cf. (2.8.3))
[ B dute) = [ wB)xalo) duta) = p(A)p(B) = x v(E)

X

We now show that .# is a monotone class. It contains (3, as already established. If E C F are
elements of .#, then

/X V(F\ E),) dyu(x) = /X V(F, \ Bs) du(x) = /X v(Fy) du(a) — /X v(E,) du(z)
=puxv(F) = pxv(E)=pxv(F\E),
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where we have crucially used finiteness of 1 and v. This shows that F'\ E € .#. Lastly, if
(En)n>o is an increasing sequence of elements of .#Z, then

/ ((U E)) dute) = [ (UE.) dute) = [ tmgr((Bn)) au(o)

n>0

= lim [ ((B,)) du(x) = lim % v(E,)

n—oo X

=pxXv (U En> )
n>0

using, in successive order, continuity from below of v, the Monotone Convergence Theorem,
the assumption that E, € .# for all n > 0, and continuity from below of p x v.

At this point, the Monotone Class Lemma delivers .Z = 9 ® N, which is the sought after
statement for finite measure spaces.

Suppose now X = J, o X, and Y = |5, Y» for increasing sequences (X,,),>0 and (Y5,)n>0
with 1(X,) and v(Y,) finite for all n > 0. If £ € 9t ® N, then

[t auta) = [ o(UE 0 (0 x V) ) dute) = [l wl(B0 (X, % Y)) dta)

n>0

= lim [ v((EN (X, xYy)),) du(r) = lim px v(EN (X, xY,))

=puxv(E),

using, in successive order, continuity of v from below, the Monotone Convergence Theorem,
the already established equality (2.8.5) for the finite restrictions u|y, and vl|y,, and continuity
of p x v from below. This completes the proof. U

THEOREM 2.8.8 (The Fubini-Tonelli Theorem). Let (X, 0, ) and (Y, N, v) be o-finite mea-
sure spaces.

(1) (Tonelli’s theorem) Let f: X XY — [0, 00] be measurable with respect to M@ N. Then
the function

o / Fy) dv(y) (2.8.6)
Y
18 M-measurable, the function,
v [ Fe9) dnto) (287)

15 MNM-measurable, and

/;(ny(xy)dﬂxymy //f‘”yd” //fafydu > v(y) .

(2.8.8)

(2) (Fubini’s theorem) Let f: X x Y — C be a (u x v)-integrable function. Then the

section f, is v-integrable for p-almost every x € X, the section f, is p-integrable for
v-almost every y € Y. Furthermore, the functions

e /y fla,y) duly), ye /X f(z,y) du(z)

extend, respectively, to an p-integrable function on X and a v-integrable function on
Y, and

/nyf(xwd“Xny //fxyd” //f:rydu > v(y) -

(2.8.9)
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Notice that, if f: X x Y — C is measurable with respect to 91 ® I, then the x-section of
f is M-measurable for every x € X and the y-section of f is 9-measurable for every y € Y, as
of Lemma 2.8.5; in particular, the functions in (2.8.6) and (2.8.7) are well defined.

Proor. We start with Tonelli’s theorem. When f = xg for some £ € M ® N, a moment’s
thought reveals that the statement is a combination of Lemma 2.8.6 and Proposition 2.8.7.
Suppose now f is simple, expressed in standard representation as ), ; cixg,. Then the func-
tions in (2.8.6) and (2.8.7) are measurable as finite linear combinations of measurable functions;
furthermore, linearity of integrals on (X, 9, u) and (Y,MN, v) gives

(Lo aw) e = [ ([ et i) aute

- [ Sa( [ e du(y)) e

el

=S [ ([ va o) @) aute

—ch-/ Xe (2, y) dp X v(z, y)

i€l XXy
:Zciuxu(Ei):/ fduxuv.
i€l AxY

For a general positive f, approximate it via an increasing sequence (¢, ),>1 of positive simple
functions; then the functions in (2.8.6) and (2.8.7) are measurable since, by the Monotone
Convergence Theorem, they can be expressed as limits of measurable functions (with f replaced
by ¢n). By the same token, applying the Monotone Convergence Theorem three times, we get

[ ([ 1@ avw) aute) = [ (1 [ caten) ) anta)

= lim X(/Y on(T,y) dV(y)) dp(z)

n—oo

= lim gpnduxu:/ fduxuv.
N0 JX XY XxY
The second equality in (2.8.8) is proved analogously.
We now turn to Fubini’s theorem. We apply Tonelli’s theorem to the measurable function
| f|, and deduce that (2.8.8) holds for it, with the integrals being finite by assumption. If follows

at once that
[ Il avty)

is finite for all = is in a set X’ whose complement is g-null. On X’ there is thus a well-defined
function

e /Y £ ) du(y)

which can be shown to be measurable by decomposing f into real and imaginary part, decom-
posing each of these in turn into their positive and negative part, and applying the measurability
claim in Tonelli’s theorem. Extend now the function measurably to X, for instance by setting
it to be constantly 0 on the complement of X”.

The first equality in (2.8.9) follows then again by the routine decomposition of f, which
reduces matters to the case of a positive f, for which in turn Tonelli’s theorem can be applied.

The second equality in (2.8.9), as well as the associated first part of the statement, is
established by the same argument. This concludes the proof of the theorem. 0
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We shall henceforth omit parenthesis in (2.8.8) and (2.8.9), and simply write

//f:cydy du(z) and //fxyd,u ) du(y) -

We now make several comments about Fubini-Tonelli’s theorem.

(1) Tonelli’s theorem and Fubini’s theorem are typically used in combination, in the fol-
lowing way. One is routinely confronted with the task of proving that the order of
integration can be validly exchanged, that is, one wants to show that

//fxyd” dle //f“/du ) dv(y) (2.8.10)

for a certain measurable f: X xY — C. First one applies Tonelli’s theorem to !f!
verify that f is integrable with respect to p x v; to this effect, it is equivalent by (2.8.8)
to compute one of the two integrals

| [l av due) [ [ 15 du) i)

which is then equal to [, , |f| du x v. At this point, one can then resort to Fubini’s
theorem, which justifies (2.8.10).

(2) The o-finiteness assumption on (X, 9, 1) and (Y,91,v) has been fundamentally ex-
ploited at several stages of the proof, and is absolutely crucial for the validity of
the statement. For instance, take the Borel space ([0, 1], Br|j,1]) equipped with p =
Z10,1) and with the counting measure v = ¢. Consider the Borel measurable function
f =xa where A = {(z,x) : x € [0,1]} is the diagonal in [0, 1] x [0,1]. Then

[ [ e [ va-1,
[0,1] J[0,1] [0,1]

/“ ﬂ%wdx®@%=/‘0ddw=0,
[0,1] J[0,1] [0,1]

so that equality in (2.8.8) fails.

(3) Integrability of f with respect to the product pu X v is essential in Fubini’s theorem.
The exercises ask to show that (2.8.9) can fail when such hypothesis is dropped.

(4) Even if (X, 9, 1) and (Y, N, v) are complete measure spaces, (X x Y, M@ MN, u X v) is
almost never complete'®. For instance, assuming 9 # P(Y), let B C X be a set which
is not in M, and let A C X be a p-null set. Then A x B is contained in the (p x v)-null
set A x Y, and yet is not in MM ® N, else otherwise B would be in O by Lemma 2.8.5.

but

2.9. Change of variable formula for Lebesgue integrals on Euclidean spaces

In introductory calculus courses one learns the change-of-variable-formula for one-dimensional

Riemann integrals
©(b)
)= [ )P,

p(a)
where ¢ is, say an increasing continuously differentiable function [a, b] — [¢(a), p(b)], and f is
a continuous function on [¢(a), p(b)]. In this section, we shall see how the formula extends to
the Lebesgue integral in any Euclidean space R™.
In this section, a Lebesgue-integrable function is a function f: R™ — C which is measurable
with respect to Bg» and integrable with respect to the n-dimensional Lebesgue measure.

130n the other hand, we already know that Theorem 1.5.11 yields a complete measure on a o-algebra
containing 9 ® N.
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We start with the case of linear changes of coordinates. If 7": R™ — R" is a linear transfor-
mation, detT" indicates its determinant, a real number which vanishes if and only if 7" is not
invertible.

PROPOSITION 2.9.1. Let T': R — R"™ be an invertible linear transformation.
(1) If f: R™ — [0, 00] is Brn-measurable, then so is foT and

[ f@d@ = [ rrwlderidy. (2.9.1

(2) A function f: R"™ — C is Lebesgue-integrable if and only f o T is Lebesgue-integrable,
in which case

[ @) d) = [ ) den] dy

In particular, specializing to the case f = xg for a Borel set E C R" (and using the result
for T1), we obtain the transformation formula

LNT(E)) = |det T|.Z™(E) | (2.9.2)

from which we deduce the linear counterpart of the fact that the Lebesgue measure is invariant
under translations:

COROLLARY 2.9.2. The Lebesque measure L™ is invariant under linear Euclidean isome-
tries: for every Fuclidean isometry T: R™ — R™ and every Borel set E C R",

LT(E)) = 2"(E) .

This follows readily from (2.9.2) as a linear isometry 7 satisfies 7% o T' = idg», where T is
the adjoint of 7', and thus 1 = det T* det T = (det T')2.

PROOF OF PROPOSITION 2.9.1. Let (ey,...,e,) be the canonical basis of R”. Upon em-
ploying the classical decomposition arguments for complex-valued functions, and thereby re-
ducing matters to positive functions, it suffices to establish the first statement. For it, one
can use the familiar linear-algebraic fact, stemming Gauss’algorithm for the row-reduction of a
square matrix, that every invertible linear 7': R™ — R" is a product of finitely many elementary
transformations, namely of invertible linear maps of the following form:

(1) there is 1 < j <n and a € R* such that T'(e;) = ae; and T'(e;) = e; for all i # j;
(2) there are 1 < i # j < n such that T(e;) = e;, T(e;) = e; and T'(ex) = e for all
ke d{igh
(3) there are 1 < i # j < n and o € R such that T'(e;) = e; + ae; and T'(ey,) = e, for all
k # 1.
Since the determinant is a group homomorphism GL,(R) — R*, it suffices to prove (2.9.1)
for elementary transformations, which is rather straightforward. Details are to be provided in
exercises. 0

We now indicate how the change-of-variable formula just presented admits a vast general-
ization to continuously differentiable change of coordinates between open sets. Let U,V C R"
be open sets. A €'-diffeomorphism between U and V is an invertible map F: U — V admit-
ting continuous first-order partial derivatives on U, such that F'~': V — U admits continuous
first-order partial derivatives on V; recall that this implies, in particular, that both F and F~!
are differentiable on their domains of definition. For every y € U, the Jacobian of F' at v,
denoted Jacp(y), is the determinant of the differential dF),: R* — R" of F" at y.

THEOREM 2.9.3 (Change of variable formula). Let U,V C R™ be open sets, F': U — V a
€ -diffeomorphism.
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(1) If f: V — [0,00] is measurable with respect to Bgn|y, then f o F is measurable with
respect to Bgn |y and

Lﬂ@@:[ﬁ@@th@my

(2) A function f:V — C is Lebesque-integrable on V' if and only if f o F is Lebesque-
integrable on U, in which case

Aﬂ@wzﬁjw@mmw@my

PROOF. The exercises guide the interested reader to the (tedious) argument. O

Theorem 2.9.3 admits an equivalent formulation in terms of pushforwards and densities. It
states nothing but the fact that the pushforward of #"|¢y under a ¢ !-diffeomorphism F': U — V
is the measure on V' having density

ply) = [Jacp-1(y)|
with respect to £"|y.



CHAPTER 3
LP spaces

This chapter is devoted to the study of a fundamental class of function spaces, defined in
terms of integrals, which are ubiquitous in modern analysis: they are known as L” spaces, and
provide a generalization of the space £! of integrable functions on a measure space, which has
been already introduced in previous chapters.

3.1. Functional-analytic preliminaries

This preliminary section introduces a few fundamental concepts in functional analysis we
shall avail ourselves of in the sequel.

DEFINITION 3.1.1 (Normed vector space). Let K € {R,C}. A normed vector space
over K is a pair (E, ||-||) consisting of a K-vector space E and a function ||-|| : £ — Rx, called
norm, satisfying the following properties:

(1) ||v|| = 0 if and only if v = 0;
(2) (homogeneity) ||Av|| = |A| ||v|| for all v € V and A € K;
(3) (triangle inequality) ||v + w|| < ||v|| + ||w]| for all v,w € V.

In the definition, the notation |-| refers to the ordinary absolute value for complex numbers.
Notice that, given the homogeneity property (2),

0[] = [|0v][ = O [v]} = 0
for all v € E, whence (1) is tantamount to the non-degeneracy implication
lv] =0 = v=0. (3.1.1)

A seminorm on a K-vector space E is a function ||-|| : £ — R>¢ which is homogeneous and
satisfies the triangle inequality. Thus, a seminorm on E is a norm if and only if (3.1.1) holds.
For a seminorm ||-|| on E, the following reverse triangle inequality holds:

[ lull =l < flu =] (3.1.2)

for all u,v € E. It is obtained by applying the triangle inequality to the pairs (v — v,v) and
(v —u,u).

There is a canonical way of manufacturing a norm out of a seminorm, which shall be relevant
in the forthcoming construction of LP spaces. In what follows, if E is a K-vector space and F
is a vector subspace of E, we denote elements of the quotient E/F either by [u] or by u + F,
with u € E.

LEMMA 3.1.2. Let ||-|| be a seminorm on a K-vector space E. Let
F={vekFE:|v|=0}.
Then F is a K vector subspace of E, and the assignment
oy s B/F = Rso,  [u] = [l
defines a norm on the quotient K-vector space E/F.
PROOF. We first need to show that [|-|| 5/ is well defined. Suppose thus that

U1+F:U2+F
77
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for some uj,uy € F; we need to show that ||ui|| = |Juz||. Now there is v € F such that
uy = u1 + v, and the triangle inequality gives
[[uz]| < flua]l + [Jo]] = [Juall -
On the other hand, the reverse triangle inequality (3.1.2) yields
Jua]| = [luz — v + ]| = [luz = v]| = [[o]] = [Jul] -
Taking the two last displayed inequalities together yields the claim.
Homogeneity and the triangle inequality for ||-[| 5 follow directly from the analogous prop-

erties of ||-|[; we omit the very simple details. Suppose now that u € E satisfies [|u + F| 5/ = 0;

then by definition this means that ||u|| = 0, whence u € F' and thus u + F' is the zero coset in
E/F. This shows that |||, is a norm. O

If (E,|]-]]) is a normed vector space over K, then |[|-|| endowes E with the structure of a
metric space, by defining a distance function d: £ x & — R as
d(u,v) = |lu—0] .
Verification of the axioms of a distance function is routine, starting from the axioms of a norm.

DEFINITION 3.1.3 (Banach space). Let K € {R,C}. A Banach space over K is a normed
vector space (E, ||-||) such that the induced metric d on E is complete.

ExaMPLE 3.1.4. The field K itself is a Banach space for the norm given by its ordinary
absolute value. More generally, for every integer n > 1, the Euclidean space K" is a Banach
space for the norm

Iur, - un)ll = (4 a2 (s un) €K

EXAMPLE 3.1.5. Let X be a set. We denote by B(X,K) the K-vector space’ of bounded
functions X — K, namely those f: X — K such that the supremum norm

If[]:= sup [ ()]
zeX

is finite. Then (B(X,K), ||-||) is easily seen to be a normed vector space over K; it is actually
a Banach space.

EXAMPLE 3.1.6. In the previous example, take X to be a topological space, and consider
the subset of B(X,K) consiting of continuous functions, which we denote by Cy,(X,K). Then
Cp(X,K) is a vector subspace of B(X,K), essentially because the algebraic operations of sum
and product are continuous on K. With the induced norm, Cy, (X, K) is a Banach space over
K; this follows at once from the fact that B(X,K) is a Banach space, and C, (X, K) is a closed
subspace thereof?, for the topology induced by the supremum norm.

A fundamental class of Banach spaces is given by Hilbert spaces, which we now set out to
introduce.

DEFINITION 3.1.7 (Inner product). Let K € {R,C}, E a vector space over K. An inner
product on E is a map (-,-): £ x E — K satisfying the following properties:
(1) (sesquilinear property) for all u,v,w € E and X € K|
(u+v,w) = (u,w) + (v,w) , (u,v+w) = (u,v)+ (u,w)
Au,v) = Mu, vy, (u, W) = Mu,v) ;
(2) (hermitian property) for all u,v € E,

<U7u> :<U,—U>;

IMore precisely, it is a K-subspace of the space of all functions X — K.
2To see this, recall simply that the limit of a uniformly converging sequence of continuous functions is
continuous.
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(3) (positive definiteness property) (u,u) > 0 for all u € E, and (u,u) = 0 if and only if
u=0.

The pair (E, (-,-)) is called an inner product space, or a pre-Hilbert space, over K.

If K = R, then the sesquilinear property becomes the bilinear property of the inner
product, and the hermitian property becomes the symmetric property.

Notice that the hermitian property yields already (u,u) € R for all u € R, upon which the
positive definiteness property imposes a further constraint.

Pre-Hilbert spaces are naturally vector spaces, in the following way which generalizes the
familiar definition of the Euclidean norm on K™ in terms of the Euclidean inner product. If
(E,(-,-)) is an inner product space over K, define a function ||| : E — R by

lull = {u,u)'72.

It is immediate from the properties of (-, -) that ||u|| = 0 if and only if u = 0 and || Au|| = |A] ||u/|
for all w € E. To complete the verification that ||-|| is, as indicated by the notation, a norm
on E, we need to check the validity of the triangle inequality, which follows from the following
ubiquitous inequality.

THEOREM 3.1.8 (The Cauchy-Schwarz inequality). Let (E,(-,-,)) be a pre-Hilbert space
over K, |||l : E — Rxq the function defined above. Then, for all u,v € V,

[(w, 0)| < ([l [0l (3.1.3)
moreover, equality holds if and only if w and v are linearly dependent.

PrROOF. Without loss of generality, we can assume (u, v) # 0, else there is nothing to prove.
Let

o = san((1.0) = ()
for every t € R, we have
0 < [Ju+ taw|]* = (u + tav, u + tav) = ||Jul|* + 2R (u, av)t + |of? |Jv]|* t* . (3.1.4)

Regarding the last expression as a polynomial function in the real variable ¢, it follows that the
(reduced) discriminant of the associated polynomial is negative, that is,

2112
(R(u, av))® = Jaf* [[ul*[lv]]* < 0;
since || =1 and (u, av) = |(u,v)|, the previous inequality amounts to
2 112
[, 0)* < JlulP[lv]”

which gives (3.1.3) upon taking square roots. From (3.1.4), equality occurs if and only if there
is t € R such that

|u+ taw]|* =0,

that is, if and only if u 4+ tav = 0 for some ¢t € R, which imples that v and v are linearly
dependent. Conversely, if v = Au for some A € K| it is a straightforward matter to check that
equality holds in (3.1.3). O

Armed with the Cauchy-Schwarz inequality, we can now conclude the verification that
|ul| = (u,u)'/? is actually a norm on the pre-Hilbert space (E, (-, -)).

COROLLARY 3.1.9. Let the assumptions be as in Theorem 3.1.8. Then, for all u,v € F,
[u+ ol < Jull +[lo]

with equality if and only if there is A € R>¢ such that v = Au.
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PROOF. Let u,v be vectors in E. Then we expand
lu+of* = ull* + Jo]* + 2R(u, v) .

Since, by Theorem 3.1.8,
R(u, v} < [(w, v)] < flull [lo]
we deduce that
2 2 2
llw+oll™ < Jull® + (ol + 2 Jull [Joll = (full + [[0])*

from which the triangle inequality follows by taking square roots.

Regarding the equality case, it is immediate to check that equality holds when v = Au
for some real A > 0. Conversely, suppose |u+ v|| = ||u|| + [|v| for some u,v € E. Then, in

particular, equality holds in the Cauchy-Schwarz inequality, which yields the existence of A € K
such that v = Au. Moreover, we must have

R(u, v) = [{u, 0)],

that is,
[l RX = ] [[ull* .

If w =0, then v =0 and A can be taken to be a positive real number; else, the above implies
|A| = R\, which can only occur if A € Rxy. O

It is a consequence of the previous corollary that ||-|| is a norm on E, so that every inner
product space is naturaly a normed vector space.

DEFINITION 3.1.10 (Hilbert space). Let K € {R,C}. A Hilbert space over K is an inner
product space (H, (-, -)) which is a Banach space for the norm ||| induced by the inner product.

3.1.1. Projections onto closed convex sets. The geometry of Hilbert spaces ensures
existence and uniqueness of projections onto closed convex sets, a fact which has a number
of useful consequences. Let us first introduce the notion of projection on a subset of a metric
space. If (X,d) is a metric space and Y C X is a subset, a projection of a point z € X onto
Y is an element a € Y such that

d(ma CL) = d(ma Y) )
where the latter quantity is, we recall, defined as inf{d(z,y) : y € Y'}. In general, there is no
reason for a projection to exist, nor for it to be unique, assuming existence. It is left to the
reader to find appropriate counterexamples.

We recall that a subset C' of a K-vector space E is convex if, for all x,y € C and all
0<t<ltz+(1—-tyyeC.

PROPOSITION 3.1.11 (Projection onto closed convex sets). Let (H, (-,-)) be a Hilbert space,
C C H a non-empty closed convex set. Then every uw € H admits a unique projection onto C.

We denote the unique projection of an element u onto C' by 7o (u).

ProOF. We show here existence of the projection; uniqueness will follows from the charac-
terization given in the forthcoming proposition. Let (v,),>1 be a sequence in C' such that

1
Ju = wnll < d(w,C)+

whose existence is assured by the definition of d(u,C). We claim that (v,),>1 is a Cauchy
sequence; this yields the existence claim, as by completeness of H the sequence converges to
a vector v, which lies in C' since C' is closed. Furthermore, continuity of the distance function
yields
d(u,C) < |lu—o| = lim ||u—v,|| <liminf ||u—v,|| < d(u,C),
n—oo n—oo

that is, v is a projection of u onto C.
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We show that (v,),>1 is a Cauchy sequence. Fix integers m,n > 1: then we apply the
parallelogram’s law to the vectors u — v, and u — v,, which is the equality

2 2 2 2
[om = vall™ + 1120 = (0 4 va) " = 2([Je = 0| + [Ju = on[7)

verifiable by an elementary expansion of both sides in terms of inner products. Since 2u— (v,, +
Up) = 2(u — 22Ftn) with =3 € O by convexity, it follows that

oo =l < 2( (a0, )+ 1)+ (a0 4 1)) = -t

2

m n 2
< 2<(d(u,C’) + %)2 + (d(u, C)+ %)2) — 4d(u,C)? .

It is clear that, for every € > 0, one can choose an integer N > 1 such that the last displayed
expression does not exceed ¢ for all m,n > N; this achieves the result. 0

PROPOSITION 3.1.12 (Characterization of the projection). Let the setup be as in Proposi-
tion 3.1.11, u an element of H. For a vector v € C, the following are equivalent:

(1) v is a projection of u onto C;
(2) for allw € C,
R(u —v,w—v) <0. (3.1.5)

Before turning to the proof of the proposition, let us see how it implies the uniqueness claim
in Proposition 3.1.11. If vy, vy € C are projections of a vector u onto C, then from (3.1.5) we
have

R(u —vi,v9 —v1) <0, R({u—wv9,v1 —v9) <O (3.1.6)
Now
vy — va|” = (V1 —va, V1—2) = (V1 —1, V1 —V2)+(U—Vg, V1 —V2) = (U—Dy, Va—1 )+ (U—Va, V1 —Vs) ;
the last displayed complex number is a real number with negative real part, by (3.1.6). It
follows from the above that |jv; — v||> < 0, whence v; = vs.

PROOF OF PROPOSITION 3.1.12. Suppose first that (3.1.5) holds. Then, for every w € C,

lu—w|]* = (u—w,u—w)=(u—v+v—wu—v+v—w)
= llu = o[* + llo = w||* = 2R(u — v,w = v) > [Ju—v||* ;
it follows that d(u,v) < d(u,C), whence v is a projection of u onto C.

Conversely, assume v is a projection of u onto C'. Fix w € C'; then, for all 0 < t < 1,
tv + (1 —t)w € C, whence

lu—o|* < |lu—(tv+ (1 —tw)||* = (u—tv— (1 —tw,u—tv— (1 —t)w)
=(u—v+(1—-t)(v—w),u—v+(1—1t)(v—w))
= |ju—v|?+ (1 —=1)? v —w|* = 2(1 — ) R(u — v, w —v) .
As a consequence,
2R —v,w—v) < (1—1t)|lv—wl|,
from which (3.1.5) follows by taking the limit as ¢ — 1 in the last displayed inequality. O

We shall now focus on the particular case of a closed vector subspace V of H, where
the previous characterization takes on a neater form. We say that two vectors u,v € H are
orthogonal if (u,v) = 0; if V is a subspace of H, we say that u is orthogonal to V' if it is
orthogonal to every v € V.

COROLLARY 3.1.13. Let (H, (-,-)) be a Hilbert space, V' a closed subspace of H, u an element
of H, my(u) its projection onto V.. Then my(u) is the only element of V' such that uw — my (u)
1s orthogonal to V.
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PROOF. By Proposition 3.1.12, and since V' is a subspace, we know that 7y (u) is the only
element of V' such that

R(u — my(u),w) <0
for all w € V. Replacing w with —w gives that

R(u — 7y (u),w) =0
for all w € V| and replacing w with iw yields

S{u — my(u), w)y =0

for all w € V. It follows that u — my (u) is orthogonal to V.
Conversely, if u—my (u) is orthogonal to V, then (3.1.5) is obviously verified (with equality),
and thus my (u) is the unique projection of u onto V. O

Given a subspace V of H, the orthogonal complement of V' in H is the closed subspace
V+ ={u € H :uis orthogonal to V} .

Linearity of the inner product ensures that V+ is a subspace; if (v,)n>0 is a sequence in V+
converging to v and if u € V| then
(u,v) = lim (u,v,) =0,
n—oo

where the second equality is given by continuity of the inner product (see §3.1.2); the argument
proves that V= is closed.

Corollary 3.1.13 shows that, when V' is a closed subspace, we can write every vector u € H
as

u = Wv(U) +u— 7Tv(u)
with 7y (u) € V and u—my(u) € V1; since V and V* have necessarily trivial interesection (for
veVNVEgives 0= (v,v) = ||v]|*), we derive the following corollary.

COROLLARY 3.1.14. Let (H,(-,-)) be a Hilbert space, V a closed subspace of H, V* its
orthogonal complement. Then

H=VeaV:.

One says that H is the orthogonal direct sum of the subspaces V and V* (each of
which, being closed, is a Hilbert space on its own for the induced inner product). Orthogonal
decompositions are a crucial feature of the geometry of Hilbert spaces, and will enable us to
characterize continuous linear functionals on Hilbert spaces as inner products against fixed
vectors. This is the subject of the next subsection.

3.1.2. The Riesz-Fréchet representation theorem. We start by introducing the rele-
vant notions. Given a normed vector space (E, ||-||;), the topological dual of E, denoted E*,
is the set

{¢: E — K : ¢ is linear and continuous} .

It is thus the subset of the algebraic dual of E consisting of continuous linear functionals,
where as usual the topology on F is the norm topology. Since the field operations on K are
continuous, it is straightforward to realize that E* is a K-subspace of the algebraic dual, and
thus a K-vector space on its own. We shall endow it with an appropriate norm, by means of
the following criterion for continuity of linear operators between normed vector spaces.

LEMMA 3.1.15. Let (E, ||-||z), (F,||-]|z) be normed vector spaces over K, T: E — F a K-
linear map. The following are equivalent:

(1) T is continuous;
(2) T is continuous at the origin Of;
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(8) T is bounded, that is, there is C > 0 such that
1Tl p < Cllullg (3.1.7)
forallu e F.
Proor. Continuity implies plainly continuity at every single point, in particular at Og.

Suppose T is continuous at Og, and let 6 > 0 be such that the image under T of the open ball
of radius 9, centered at Og, is contained in the open ball of radius 1 centered at Op: thus,

lullg <6 = [T <1

for all uw € E. Let now u be an arbitrary vector in E. If u = 0, then (3.1.7) is trivially satisfied;
else, homogeneity of the norm gives that the vector

1
——
2 ||ull

v=29
satisfies ||v||, < 9, whence

1> [|T(0)]| = "T(fsm“)

which gives (3.1.7) for C' = 2/4.
Finally, if T" is bounded in the sense described above, then it is Lipschitz: for all u,v € F,
IT(0) = T(W)llp = Tw=-wllp <Cllv—ull .

It is a general fact that Lipschitz maps between metric spaces are continuous. [l

1
s 1T @llg
roo 2lullg "

On the topological dual E* of a normed vector space (E, ||-||;), we define the operator
norm

= sup |e(u)| =inf{C >0:|p(u)| < C|u|, for allue E},

0<[lullp<1

el

which is a finite quantity by the previous lemma. Verification that ||-|
and left as an exercise.

We shall now establish a canonical identification of any Hilbert space H with its topological
dual® H*, the two considered as normed vector spaces.

First, if (H, (-,-)) is a Hilbert space over K, we observe that there is a natural map

d: H - H

which is obtained assigning to every vector u € H the linear functional

g+ 18 a norm is routine,

H—-K, v~ (vu).
The Cauchy-Schwarz inequality gives
|[©(u)(v)] = [{v, )] < |lu]|[[v]] (3.1.8)

for all v € H, whence ®(u) is continuous (thus indeed an element of the topological dual H*)
and

1)l = < ] -
Actually, applying (3.1.8) with v = u and the definition of the operator norm, we immediately
see that

1D ()l g = Null
that is, ® is an isometry for the distances induced by the norms on the two spaces. This in
particular implies that & is injective: if u,v € H satisfy ®(u) = ®(v), then

0=[®() = 2wz = 12V — )|z = l[v—ul ,
whence u = v.

3In general, an arbitrary Banach space admits only a canonical identification, that is, an isometric linear
isomorphism, with a closed subspace of its topological bidual.
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Notice that the map ® is only semilinear: it preserves the sum but acts via conjugation on
scalar multiplication (it is linear for K = R).

THEOREM 3.1.16 (The Riesz-Frechét representation theorem). Let (H,(-,-)) be a Hilbert
space over K. For any ¢ € H*, there is a vector w € H such that

e(v) = (v, u)
forallv e H.

Before proving the theorem, we directly infer from it the aforementioned identification of
H and H*.

COROLLARY 3.1.17. The assignment ®: H — H* defined above establishes a K-semilinar
1sometric isomorphism between H and H*.

PrROOF OF THEOREM 3.1.16. If ¢ = 0, then we can take u = 0. Assume thus ¢ # 0,
so that its kernel ker ¢ is a closed (by continuity of ¢) proper subspace of H. In view of
Corollary 3.1.14, we have the direct sum decomposition

H = ker ¢ @ ker o~ |

where ker o is one-dimensional since ¢ induces a linear isomorphism between H/ ker ¢ and K,
and the restriction to ker ¢ of the canonical projection H/ ker ¢ induces a linear isomorphism
between ker ot and H/ ker .

Choose v’ € ker o with p(u) = 1 (it can always be guaranteed by conveniently renormal-
izing any non-zero vector in the orthogonal complement of the kernel). If v is any vector in H,
then v = Tyer (1) + Myer o1 (1) With

v, u

as follows directly from imposing the orthogonality condition (v — au,u) = 0 to find . Thus

(v, u') 1 1
QO(’U) - @(ﬂ-keﬂp(v)) + 2 (p(u/> = 2 <v7ul> - <U7 Tul> )
||| ||| (|||
which delivers the conclusion with u = Wu O

REMARK 3.1.18. When H is finite-dimensional, Theorem 3.1.16 (and its corollary) is a well
known fact from linear algebra: in this case surjectivity of the map ® follows from injectivity
and the fact that H*, which coincides with the linear algebraic dual in finite dimension, has
the same dimension of H. As we have seen, the case of an arbitrary Hilbert space requires
considerably more work.

3.2. The inequalities of Holder and Minkowski

Having dealt with the necessary functional-analytic preliminaries we now turn LP spaces.
Hereinafter, we will work with a fixed underlying measure space (X, 90, 1). Fix a real number
p>0.If f: X — C is a measurable function, we define

it = ([ iran)”

with the understanding that co? = co. We define
LP(X, M, p) ={ f: X — C measurable : [|f||, is finite} ,

and abbreviate it to £P whenever (X, 9, i) is understood from the context.
The set LP is a vector subspace of the C-vector space of measurable functions X — C, as
follows from the fact that

af + Bgl” < 2P sup{|af?| f[7, [B]"|g]"}
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for all f,g € LP and o, € C. The adopted notation suggests that |-||, is a norm on
LP(X, 9, 11): now it holds true, and is easily verified by linearity of the integral, that ||| »
is homogeneous, namely

lacfll, = led 111,
for all f € £P and all a € C. However, ||-||,, fails to be a norm on L? for two reasons:

o if || f]| , = 0 for some f € L7, then this only implies that f = 0 u-almost everywhere;
e the triangle inequality

I1f+gll, <IIf1l, + llgll,

can be shown to fail for 0 < p < 1.

The first deficiency is easily remedied, by considering the quotient of £P by the subspace of
functions which vanish p-almost everywhere on X, in the spirit of Lemma 3.1.2. The second is
a more serious issue, which is why we shall only consider, henceforth, the case p > 1.

The fact that [|-[|, satisfies the triangle inequality is a consequence of the pillar of the whole
theory of LP spaces, namely Hélder’s inequality, which we shall establish momentarily. Before
doing that, we complete the picture and define a further space L? for p =o0. If f: X — C is
measurable, we define

| fll =inf{M € Rsg : |f(x)] < M for p-almost every v € X}, (3.2.1)
with the usual understanding that inf () = +o0, and set
LZ(X, M, 1) ={f: X = C measurable : ||f|| is finite} .

Notice that, for f € £ (omitting the measure space for notation when no confusion arises, as
for all other values of p), the infimum in (3.2.1) is attained, that is,

1f(@)] < [1fll

for p-almost every x € X: to see this, observe that the set

{re X |f(@)] = [flle+1/n}

is p-null for all integers n > 1, whence so is the union of those over all n, which is precisely

{re X f(@)]>flls}-

An immediate pointwise application of the triangle inequality gives that £> is a vector sub-
space of the C-vector space of measurable functions X — C. Homogeneity and the triangle
inequality for ||-||,, are this time both straightforward. Quotienting out by the subspace of
p-almost everywhere vanishing functions would then yield a normed vector space by virtue of
Lemma 3.1.2, but we postpone until after we establish the triangle inequality for |-, for all
other values of p.
We introduce a fundamental notion: two numbers 1 < p,q < oo are said to be conjugate

exponents (also, Holder-conjugate exponents) if

1 1

-+-=1,

p q
or equivalently p 4+ g = pq, with the understanding that é = 0. The two most important cases
arep=1,g=o00,and p=q = 2.

THEOREM 3.2.1 (Hoélder’s inequality). Let (X,9%, 1) be a measure space, 1 < p,q < o0
conjugate exponents. If f,g: X — C are measurable functions, then

I glly < 1711, gl - (3.2.2)
In particular, if f € LP and g € L%, then fg € L. In this case, equality holds



86 CHAPTER 3. LT SPACES

(1) when 1 < p < oo, if and only if there are o, § > 0, not both vanishing, such that
alf[” = Blgl*

p-almost everywhere,
(2) and in the case p = 1, if and only if |g| is constant p-almost everywhere on the set

{r e X : f(z) #0}.

PROOF. We start with the easier case p = 1, ¢ = oco. If ||g||,, = oo, there is nothing to
prove, unless | f||, = 0, in which case f = 0 p-almost everywhere, and then the same holds for
fg and (3.2.2) is established. Suppose thus ||g|| . is finite; then

[F9l < 1f1l9ll

p-almost everywhere, both sides being potentially infinite. Monotonicity of the integral then
yields

gl = /X ol du < /X gl di = gl /X Flda =171 Nl -

This also shows that fg € £! provided that f € £!. In this case, equality holds in (3.2.2) if
and only if |g| = ||g||., p-almost everywhere on {x € X : f(z) # 0}, that is, if and only if |g| is
constant p-almost everywhere on such a set.

Consider now the case of finite p and g. We may assume both || f||, and [|g[|, to be finite; else,
either both are infinite, in which case there is nothing to prove, or only one of them is infinite,
in which case the right-hand side of (3.2.2) is infinite (leaving us once more with nothing to
prove) unless || f[|, = 0, in which case f = 0 p-almost everywhere and thus the left-hand side
in (3.2.2) vanishes as well. Notice further that Holder’s inequality is bi-homogeneous, that is,
once it holds for a fixed pair (f, g), it holds automatically for all pairs (a.f, Bg) with «, 5 € C.
Upon renormalization, we may thus assume that [|f||, =1 ={|g][,.

We rely on the following fundamental inequality for pairs of positive real numbers.

LEMMA 3.2.2. Let 1 < p,q < oo be Holder-conjugate exponents, a,b € R>q. Then

1 1
ab < —a’ + - b7,
p q

with equality if and only if a? = b4.

Notice that for p = g = 2 the assertion is nothing but the fundamental inequality between
the geometric and the arithmetic mean of two positive real numbers.

We start by showing the lemma, observing that if ab = 0 there is nothing to prove. Thus
we can assume a > 0,b > 0. Strict convexity of the exponential function ¢t — e’ then yields

ab = elogab — e%logalur%logbq < lelogap + lelogbq _ 1 aP + 1 ba :
p q p
with equality if and only if log a? = log b?, that is, if and only if ploga = qlogb.
Let us now go back to the proof of Holder’s inequality. We apply the lemma pointwise, and

obtain . .
U@M@HSFN@V+?M@P

for all z € X. Integrating on both sides, and applying monotonicity and linearity of the integral,
we get

1 1 1 1
Jsslan<s [ 1 an o [ lolran=ce o —1, (3.23)
X b Jx qJx p q

where the second-to-last equality is given by the unrestrictive assumption [|f|, = |g, = 1.
We have thus shown (3.2.2); furthermore, equality holds if and only if there is equality in the
first step of (3.2.3), which occurs if and only if

1 p 1 )¢
[F(@)g(@) = 1 @)l + Zlg (@)
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for p-almost every x € X. By the lemma, this happens in turn if and only if

|f(@)]" = lg()]*
for p-almost every x € X. Taking into account our initial our initial rescaling of f and g, we
have thus shown the equality case in the assertion. 0]

THEOREM 3.2.3 (Minkowski’s inequality). Let (X, 0%, u) be a measure space, 1 < p < 00.
If f,g: X — C are measurable functions, then

LF+gll, < 1A, + gl - (3.2.4)

Proor. We have already discussed this for p = oo, hence we focus on the case of p finite.
We write

[f+gl” < (If1+ 191" = LA+ LD~ + 19l (L + LD~
monotonicity of the integral and Holder’s inequality, for ¢ the Holder-conjugate of p, yield

1/q
P a(p—1)
St au< ([ an+lobe 0 an) sl +lal,)-

Since g(p — 1) = p and 1/q = 1 — 1/p, the latter is precisely tantamount to (3.2.4). O

The exercises ask to figure out the equality case.

Minowski’s inequality shows that ||-|| , satisfies the triangle inequality, and is thus a seminorm
on LP(X, M, i), Applying Lemma 3.1.2, we obtain a normed vector space by considering the
quotient of L£P(X, 9, 1) by the vector subspace

N={fell |fl,=0}={f: X = C measurable : f =0 p-almost everywhere}

DEFINITION 3.2.4 (L? spaces). Let (X,90, 1) be a measure space, 1 < p < oco. The LP
space on (X, 9, u) is defined as the normed vector space (LP(X, M, ), ||-||,,) where

LP(X, 0, i) = LP(X, D, ) /N

and

Lf+ N, = 171,
for all f e LP(X, I, p).

If the underlying measure space, or some element of it, is clear from context, we shall typi-
cally write LP, LP(X), LP(u) or LP(X, p1) in place of LP(X, 9, ). Adhering to the tradition, we
keep denoting equivalence classes of functions up to equality p-almost everywhere in functional
notation, and thus routinely write expressions such as f € LP instead of the formally more
appropriate [f] € LP. For a function f € L?, the quantity | f|, is known as the LP-norm of f;
if p = o0, it is also referred to as the essential supremum of f, and f is said to be essentially
bounded.

When p is the counting measure ¢ on a discrete Borel space (A, P(A)), then the LP-space
on (A,P(A),c) is customarily denoted ¢P(A); thus,

?(X) = {(za>a€A €CH: ) |zl is ﬁnite}
acA
for p finite, and
(°(A) = {(za)aeA D sup |z, is ﬁnite}
acA
for p = 0.
Consider the case p = 2; then there is a natural inner product on L? which induces the

L?-norm: it is given by

<fag>2_/Xf§d,ua
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where finiteness of the integral is given by Hoélder’s inequality. All axioms of an inner product
are easilly verified.

PROPOSITION 3.2.5. Let (X,9M, 1) be a measure space. For every 1 < p < oo,
(LP(X, 9, ), |I-1l,) is @ Banach space; when p = 2, (L*(X, M, ), (-, -)2) is a Hilbert space.

Proor. It suffices to prove the first assertion; the second one follows automatically from
the previous considerations on L? and from the definition of Hilbert space. We separate two
cases.

Suppose first p = oo, and let (f,,),>0 be a Cauchy sequence in L>. As countable unions of
p-null sets are p-null, we can find a p-null set N C X such that the restrictions (f,|x\n)n>0
form a Cauchy sequence in the uniform norm: for every € > 0 there in an integer N > 1 such
that, for all m,n > N,

sup |fm($) - fn(x” S €.
zeX\N

The C-vector space of bounded functions X \ N — C, equipped with the uniform norm, is a
Banach space; thus there is a bounded function f: X \ N — C which is the uniform limit of
(faulx\n)n>0. In particular, f is measurable. Extend it arbitrarily, in a measurable way, to N.
Then it is clear that (f,),>0 converges to f in the L>°-norm.

Let now p be finite, and let (f,,)n,>0 be a Cauchy sequence in LP. It suffices to show that
there is a subsequence (f,, )k>0 converging in L to some f € LP. Markov’s inequality yields,
for all € > 0 and all integers m,n > 0,

p{r € Xt |fin— ful 2 €}) < Jx [fm ;pfnlp du

from which it readily follows that (f,,)n>0 is Cauchy in measure, and thus subsequence ( f,,, k>0
of it converges p-almost everywhere to a measurable function f: X — C. Now the Cauchy
property for (f,)n>0 with the LP-norm implies, in particular, that sup,sq || fa|l, is finite; by

Fatou’s lemma,
[ < timint [ 17,0 < [ 1407 d,
X k—oo  Jx n>0Jx

which shows that f € LP. By judiciusly selecting the subsequence (f,, )r>0, as in the proof of
Proposition ?? (to which we refer for the details), for instance to satisfy

/ |fnk+1 — fa P dp < 27"
X

for all & > 0, we can make sure that there is h € L' with |f — f,,,[F < h for all & > 0.
The Dominated Convergence Theorem, applied to the sequence gy = |f — f,,, |, delivers then
convergence of (fy,, )k>o to f in the LP-norm. O

Y

REMARK 3.2.6. Observe that, for p = oo, the argument in the proof illustrates the validity of
the following characterization: for a sequence (f,,),>0 in L and a function f € L™, convergence
of (fn)n>0 towards f in the L*-norm occurs if and only if there is a p-null set N C X such
that the sequence (f,)n>0 converges to f uniformly on X \ N.

We state separately the partial result, about almost-everywhere convergence along a subse-
quence, appearing in the proof of the foregoing proposition.

PROPOSITION 3.2.7. Let 1 < p < o0. If (fn)n>0 is a Cauchy sequence in LP, then there is
a subsequence (fn, k>0 converging p-almost everywhere to a measurable function f.

REMARK 3.2.8. For p = 1, it clearly holds that a sequence (f,),>o in L' converges to an
element f € L' in the L'-norm if and only if it converges to it in L' in the way formulated in
Definition ?7.

We now generalize Proposition 2.4.9 to arbitrary exponents p.
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PROPOSITION 3.2.9. For any 1 < p < oo, the set of simple functions X — C with finite
LP-norm s dense in LP.

Notice that every simple function is, directly from the definition, uniformly bounded, and
thus in L*°. It may not lie, however, in any other LP, such as the constant function 1 on
(R, By, L.

PrOOF. When p is finite, the argument for Proposition 2.4.9 applies almost verbatim, with
the appropriate modifications. We omit the details.

When p = oo, the claim follows at once from Exercise 2.3.4, using the characterization of
L*°-convergence in Remark 3.2.6. 0

3.3. Relations between [L” spaces and some useful inequalities

For an arbitrary measure space (X, 9, ), there is no general containment relation between
L? spaces of different exponents.

EXAMPLE 3.3.1. Let X = (0, 4+00), with the induced Borel o-algebra, and p the restriction
of £ to X. Suppose 1 < p < p/ < oo (they are not meant to be Holder-conjugate). Take
a € (1/p',1/p); then the function

f(x) =201 ()

is in L? but not in L? , whereas the function

f(@) = 27X (1400) (@)
is in L”" but not in LP. Similar examples can be found with p’ = co.

A double issue emerged in the previous counterexample, preventing inclusion of different
L? spaces in either direction; on the one hand, the function £ may grow too fast to infinity in
a neighborhood of 0, on the other it may decrease too slowly to zero, both conditions possibly
preventing the sought after integrability.

It stands to reason to expect that, by ruling out the former two occurrences via the im-
position of additional constraints on the underlying measure space, some general containment
relations between LP spaces can actually be established. This is indeed the case, but before
stating conditional (on the measure space) results of this sort, we provide a general inclusion
involving intersections of LP spaces.

PROPOSITION 3.3.2. Let 1 <p<q<r <oo. Then
LPNL"CL?
and, for every f € LPNL",

1l < I 1A
where X € (0,1) satisfies

1 1 1

L Ry

q p r

PRrOOF. It suffices to prove the inequality about norms, as the first assertion then follows
automatically. First, assume r = co. Then

Qd — P q_pd q—p pd
/le| " /Xm AP du < 111 /X|f| ",

1—
A1, < WP e

whence

as desired.
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Let now r be finite. Let X' € (0,1) be such that ¢ = Np + (1 — X)r. Applying Holder’s
inequality to the pair of conjugate exponents 1/X\'| 1/(1 — \') we obtain

[isran= [ ans (L) (L)~

by 1-\)r
171l < WFIP I
and to conclude it suffices to notice that A = Mp and 1 — A = (1 — \)r. O

thus

The following result presents a containment relation whenever the possibility of “non-
integrability at infinity” is excluded by the nature of the measure space.

PROPOSITION 3.3.3. Suppose (X, M, 1) is a finite measure space, and let 1 < p < g < oo.
Then
LtcL?
and, for every f € L9,
111, < p(X)VP=YY £,

PRrROOF. It is unrestrictive to assume p < ¢, else there is nothing to prove. If ¢ = oo, then

/ P dp < / VI = n(X) 12,
X X

which gives
1£1, < (X7 fll -

Suppose now ¢ is finite. We apply Holder’s inequality with to |f|? and the constant function
g = 1, with exponents ¢/p and (q/p)": we obtain

/le!p dp < </X | f1? du)p/q</x 1 du)lwp)/ = u(X) 7 IfIP

from which we deduce
IfIL, < p(XO)VPYa fl
O

At the other extreme, we have the case in which functions cannot “blow-up” in the proximity
of a point.

PROPOSITION 3.3.4. Let A be a set, 1 <p < q<oo. Then
P(A) C i(A)
and, for every f € (P(A),
11, < A1, -
Proor. Without loss of generality we take p < ¢q. If ¢ = 0o, then summability of the family

(|f(a)|?)aca implies that |f(a)| < 1 for all but finitely many a € A, from which we obviously
infer that f € *°(A). Also,

1/p

I = sl = (swpis@r) < (Sir@r) =i, Gy

where notice that all suprema are attained in the previous chain of inequalities.

Suppose now ¢ is finite, and let f € (P(A). Since we already know that f € (*°(A), we can
invoke Proposition 3.3.2 and thereby deduce that f € ¢9(A); furthermore, the same proposition
gives that, for a certain explicit A € [0, 1],

A - A -
11l < VI AN < AN, = 1AL,
using (3.3.1) in the second inequality. O



3.3. RELATIONS BETWEEN L” SPACES AND SOME USEFUL INEQUALITIES 91

We conclude this section with a couple of measure-theoretic inequalities of common use in
analysis (and beyond).

THEOREM 3.3.5 (Chebychev’s inequality). Let 1 < p < oo, f € LP. Then, for all real
a >0,
||f ||p

p{r e X o [f(2)] = a}) <

Notice that, the higher the exponent p, the finer the bound becomes; in other words, the
higher the exponent p, the less likely it is that |f| takes on large values.

ProOOF. The inequality follows readily by applying Markov’s inequality to the positive,
p-integrable function |f|P, observing that

{reX:[f(@)] = a} ={re X |f(z)[" = a"}.
0

REMARK 3.3.6. Textbooks on probability theory typically present the L?-version of Cheby-
chev’s inequality, in the following form: if (X, 9% 1) is a probability space and f: X — C is a
random variable in L?*, then

pi{z € X - [f(2) - E[f]] =2 a}) <

:/Xf(x)d

Var(f) = /X (f(x) — BIf))? du

Var|f]

2 Y

«Q
where

is the expected value of f and

is the variance of f.

THEOREM 3.3.7 (Jensen’s inequality). Let (X, 9, u) be a probability space, —oco < a < b <
+oo, f: X = (a,b) a p-integrable function, ¢: (a,b) — R a convex function such that o f is

w-integrable. Then
go(/fdu)g/goofdu. (3.3.2)

Thus, for instance, if f: X — (0,00) is in L? for some 1 < ¢ < oo, then (f € L' and)

/fw SAPW-

PROOF. To begin with, observe that the left-hand side of (3.3.2) is well defined, that is,

/fwemw;
X

this follows immediately by integrating the pointwise inequality a < f(z) < b, valid for all
z € X, and using the fact that pu(X) = 1.
Suppose first ¢ is an affine function, that is, there are o, 8 € R such that

p(r) =ar+f
for all z € R. Then, by linearity of the integral and the assumption that p(X) = 1, we have

</fdu>_a/fdu+b—a/fdu+/bd,u /af+bd,u:/Xgoofdu,

thus (3.3.2) holds with equality.

4A terminology employed frequently in probability theory is that f has finite second moment.
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Let now ¢: (a,b) — R be an arbitrary convex function, then

p(z)= sup () (3.3.3)

Y=<, P affine

for all x € (a,b); for every affine ¢: (a,b) — R with 1) < ¢, we have, by monotonicity of the

integral,
o[ ran)=[vorans [voran

Taking the supremum over all ¢ on the left-hand side of the last displayed inequality, and
using (3.3.3), we achieve the desired inequality. O

3.4. Convolutions and regularization

The need often emerges to approximate integrable functions with more regular represen-
tatives; for instance, on Euclidean spaces, one would like to approximate L? functions (with
respect to the Lebesgue measure) with differentiable, or even smooth functions. This process
of approximation, typically referred to as regularization, is the subject of the present section,
throughout which we confine ourselves to the measure spaces (R", Bgn, Z") without further
comment.

Regularization of integrable functions on R" is achieved by means of a fundamental oper-
ation which combines algebra and analysis: the convolution of measurable functions. In order
to motivate the definition, we present a probabilistic framework in which the notion appears
naturally.

Suppose 1 and v are Borel probability measures on R™ with densities p,, and p,,, respectively,
with respect to .Z". Suppose you sample first a point z € R" according to u, and then a
second point y € R™ according to v, independently of the sampling of x; what is the resulting
distribution of the sum x + y of the two sampled points? Formally, the two sampling processes
are encoded by two independent random variables X,Y, defined on a common underlying
probability space (Q, F,P), with laws Px = p and Py = v, respectively®. Independence of X
and Y is tantamount to the fact that the law Py )y of the pair (X,Y’), which is an R" x R"-
valued random variable defined on (€2, F,P), is the product p x v of the laws of X and Y
(referred to as the marginals, in probability theory). The distribution of the sum X + Y is then
nothing but the pushforward of the law P x y) under the sum map R* x R"(z,y) — z+y € R".
We thus have, for every Borel set £ C R"”,

Px.yv(E) = / Xe dPx 1y = / xe(r+y) du x v(z,y)

R™ xR™

_ Rn / Xe(@ +y)pu(z) dz pu(y) dy
_ / / Xe(2)pu(z — ) dz pu(y) dy
= / xe(2) / puz —y)pu(y) dy dz

where we have used Fubini-Tonelli’s theorem twice, and applied the change of variable z = x+y
in the third equality. The previous chain of equalities shows that the distribution P xy of the
sum X + Y has density

o) = [ oz = vty dy

with respect to .Z".

°The law P of a random variable X defined on (Q, F,P) is the pushforward of P under X.
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DEFINITION 3.4.1 (Convolution of functions on R™). Let f, g: R" — C be Borel-measurable
functions. The convolution of f and g is the function f * g defined as

frg(x) = - flz—y)g(y) dy

for all x € R™ for which the integral is defined.

We shall now examine conditions on f and g ensuring that the convolution f * ¢ is defined
for (Lebesgue-almost) all € R™. To begin with, observe that, at the very least, the integrand
y — f(x —y)g(y) appearing in the definition of convolution is a Borel-measurable function,
since the difference map R" x R" — R", (z,y) — = — y is (Brn @ Bgn, Bgn )-measurable.

If X is a topological space, the support of a function f: X — C is the set

supp f = {z € X : f(z) # 0} .
If A and B are subsets of R", we let
A+B={a+b:ac A, be B}

be their sumset.

PROPOSITION 3.4.2. Let f, g, h: R — C be Borel-measurable functions. Then the following
equalities holds whenever both sides are defined:
(1) fxg=gx*[;
(2) fx(gxh)=(f*g)*h.
Furthermore, if f % g is defined on R", then

supp f * g C supp f +suppg .

PrROOF. We first show commutativity. Consider the %*'-diffeomorphism 7: R* — R,
y — = — y; then | Jacy(y)| = 1 for all y € R, and thus the change of variable formula yields®

g+ @) = [ glo-0)f) dy= [ glo-T@ITW) du= [ g)fla-w du=frglo).

We now turn to associativity. Using Fubini-Tonelli’s Theorem, and a change of variable
analogous to the one above, we get

fr(gxh)(z)= Rnf(x—y)g*h(y)dyz Rnf(x—y)/ 9(y — 2)h(2) dz dy

n

n

= [ 06 [ se=naty=2dyde= [ 1) [ rlo =z - ugln) duds

:/nh(z)f*g(x—z)dz:(f*g)*h(x).

Finally we show the last claim about the supports. Let x be a point in the complement of
supp f + supp g; we need to show that there is an open neighborhood V' of x such that f x g
vanishes on V. Take V' to be the complement of supp f + supp g; then, for all z € V', if g(y) # 0
for some y € R™, necessarily f(z—y) = 0, else z would lie in supp f+supp g. Thus f(z—y)g(y)
vanishes identically, whence f * g(z) = 0. O

We now formulate two sets of conditions under which the convolution is almost everywhere
defined, providing in each case a corresponding estimate for the relevant LP-norm.

6More pedantically, the claimed chain of equalities holds with all integrands taken in absolute value, which
shows that g« f(x) is well defined whenever f*g(x) is, and then one can pass to equality of the integrals without
absolute values. Similar considerations apply to the rest of the proof: we argue directly without absolute values,
for the sake of conciseness.
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THEOREM 3.4.3 (Young’s inequality). Let 1 < p < oo, and suppose f € L' and g € LP.
Then fxg is well defined Lebesque-almost everywhere and extends to a Borel-measurable function
on R™, which we also denote f x g. Furthermore, f x g € LP and

I1f = gll, < [1£11 lgll,,

In the case p finite, the proof shall rely upon the following far-reaching generalization of
Minkowski’s inequality, whose proof we postpone to §77.

PROPOSITION 3.4.4 (Minkowski’s inequality for integrals). Let (X,9, u) and (Y, M, v) be
o-finite measure spaces, f: X XY — [0,00] an (M @ N)-measurable function. Then, for every
1 <p<oo,

(/}((/Y f(z,y) du(y)>p du(x)>1/p§/y</x fla,y)? d,u(:c))l/p dv(y) . (3.4.1)

Both sides of (3.4.1) are allowed to be infinite. The interpretation of the inequality as a
generalization of the standard Minkowski inequality is given by regarding the left-hand side
as the LP-norm of an integral, with respect to a second parameter y, of functions defined on
(X, 0, 1) (generalizing the LP-norm of the sum of two functions), and the right-hand side as
the integral of the LP-norms (generalizing the sum of the LP-norms of two functions).

PRrROOF OF THEOREM 3.4.3. We start with the case p = co. For all x € R", we have

e =gl dy < [ 1 =u)llole dy=lole [ 1=l dy=lolo 171,

applying implicitly the change of variable z = x — y for the last equality. It follows that fx g(z)
is well defined, and

|fxg(z)| =

Rn

[ 1= wat) an| < [ 176G =gl dv < 151, ol

whence f*x g € L™ (it is actually uniformly bounded) and
1 * gl 1111 Nl9ll o -

We now turn to the case of a finite exponent p. Applying Minkowski’s inequality for
integrals, we have

(L (Lt ssnan)as)” < [ ([ 1= weisir ar) " a

:/n !f(y)|</n l9(x —y)IP dl‘)l/p dy:/Rn LfW lgll, dy = [f1l, llgll, »

using implicitly the substitution z = x — y in the second-to-last equality. It follows that the
integral

(3.4.2)

/n l9(z —y)f(y)| dy

is finite for Lebesgue-almost every z € R", whence f * g(x) (= g * f(x)) is well-defined for all
such x. Measurability of the almost-everywhere defined function f * g is then proven exactly
as in the context of Fubini’s theorem; f % g admits then a Borel-measurable extension to R".

Finally, from (3.4.2) we deduce
P 1/p p 1/p
I +all, = llg < 11, = ( | a) < ([ ([ ot -nswlay) a)
n n Rn
which concludes the proof. [l

[ st =i dy

< 171, llgll, -
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PROPOSITION 3.4.5. Let 1 < p,q < oo be Holder-conjugate exponents, and suppose f € LP
and g € L9. Then f x g is well defined everywhere and is a uniformly bounded function on R™.
Furthermore,

sup |f+ g(@)l < £, llgll,

Building upon later results of this section, we shall further derive that, under the assump-
tions of the proposition, f * ¢ is uniformly continuous (in particular, Borel-measurable) and, if
1 < p,q < oo, that it vanishes at infinity.

ProOF. Holder’s inequality delivers immediately, for all x € R™,

[z =y)llg(y)| dy < |f(z —y)" dy " l9(y)|* dy qu A1, gl
. (/. ) ([, e )

from which it follows at once that f * g(x) is well defined and

f*g(@)[ < 171, llgll
0

After having established the basic properties of convolutions, we turn to the quest or regu-
larizing functions in L? spaces. We begin by some notation concerning differential calculus in
R”. A multi-index is a tuple a = (o, ..., a,) € N, its length is |o| = >, .., ;. To each
multi-index «, we associate the differential operator 3 which acts on a function f € €*(R"),
with k = |a], via

o = 050
where &?j denotes the partial derivative in the direction of the j-th vector e; of the canonical
basis (eq,...,e,) of R", iterated «; times. If |o| = 0, we declare by convention that 0*f = f.

The following proposition expresses an instance of a general phenomenon, according to

which the convolution operation preserves the regularity of each of the factors.

PROPOSITION 3.4.6. Let f € LY(R"), g € €*(R"™). Assume that, for every multi-indez o
with |a| < k, the partial derivative 0,9 is uniformly bounded on R™. Then f*g € €*(R"™)" and

0%(f*g)=[fx0%
for all |a] < k.

PROOF. Notice first that f * g is well defined everywhere since f € L' and g is uniformly
bounded on R™. If |a| = 0, then the claim in the statement is simply that f % g is continuous;
this follows from a direct application of Proposition 2.4.17.

Suppose now |a| = 1, so that 9% = 0,, for some 1 < j < n; then f x 0%g is well defined
everywhere, since f € L' and 0“¢ is uniformly bounded. It follows then, resorting once more
to Proposition 2.4.17, that 0%(f * g) exists everywhere, and

(1 9)(a) = B, (1 x9)(w) = By g+ @) = [ Dugla =) (w) dy = 09 fa) = £ +0%()

for all z € R™.
Arguing by induction on |«|, one obtains the statement for all multi-indices in a similar
fashion. U

Let U C R™ be an open set. We define, for all integers k£ > 0,
€*(U) ={f: U — C: f admits continuous partial derivatives of order k on U} ,

with the convention that €°(U) is the set of continuous functions U — C; we also set

U)=(¢"U)

k>1

7Implicitly7 this states in particular that f * g is well defined everywhere.
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and let
EHU) = {f € €"(U) : supp f is compact} ,
for all k € NU {oo}.

If z € R" and € > 0, we denote by B(z,¢) the closed Euclidean ball centered at z of radius
€.

DEFINITION 3.4.7 (Mollifiers). A family of mollifiers, also known as an approximate
identity, on R" is a family (p.).~o of functions f. € €>°(R"™) satisfying the following properties:

(1) p- > 0 for all € > 0;
(2) supp p. C B(0,¢) for all € > 0;
(3) Jgn pe dz =1 for all € > 0.

Convolving with mollifiers shall produce the desired approximation of LP functions by reg-
ular functions. The terminology “approximate identity” refers precisely to this feature: as we
shall prove in this section, the convolution operator with the function p. provides, on appro-
priate function spaces and for € close to 0, an an approximation to the identity operator.

Let us show how to construct families of mollifiers. We start with a positive function
p € €°(R") with [, p dz =1 and support contained in B(0,1). In what follows, |-|| denotes
the Euclidean norm on R", unless otherwise specified.

LEMMA 3.4.8. (1) The function ¢: R — R defined by
eVt ift>0
p(t) = . :
0 ift <0
is in € (R).

(2) The function po: R™ — Rsq defined by

B /U= 2] < 1
po(z) = .
0 if ||zl =1

is in €>°(R"™), with support contained in B(0,1).

PROOF. (1) It is clear that ¢ € €°(R\ {0}); at ¢t = 0, one verifies easily by induction
on k, that

lim o®(t) =0,

t—0+
from which the right derivative of order k exists at ¢ = 0, and vanishes. This shows
that ¢ € €°(R).
(2) We have
po(z) = (1 —||z]I*) ,
with ¢ the function of the previous item. Since z — 1 —||z|” is a polynomial function,
we deduce at once that py € € (R"). As py vanishes on the complement of the closed
ball B(0,1), it is clear that supp py C B(0, 1).
O

Let py be the function of the previous proposition; notice that py € L', being continuous of
compact support, and
/ £o dex > 0.

To see this, let x € R™ with po(z) > 0; then by continuity py > po(x)/2 on a neighborhood V

of x, and thus
gn
" v v o2 2
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the last inequality stemming from the fact that Z" assigns positive mass to every non-empty
open set. We can thus renormalize p to obtain a function

1
B fR” Po dz

which is in 4"*°(R"), has support contained in B(0,1), and verifies [, p dz = 1.
Define now, for all ¢ > 0, a function p.: R — R by

pe(z) = ginp@) :

Then it is plain that p. > 0 and supp p. C B(0,¢) for all ¢ > 0. Also,

1 1
/psdw=—/p<£>dx=— e'p(y) dy =1,
R en € ™ Jrn

using the change of variable y = x/¢ in the second equality. We have thus obtained a family
(pe)eso of mollifiers.

For the remainder of this section, we fix an approximate identity (p:)s>o on R™. Observe
that, if 1 < p < oo and f € LP, then p. *x f is well defined almost everywhere and is in L? for
all € > 0, since p. € L' (see Theorem 3.4.3).

P Po s

THEOREM 3.4.9. Let (p:)e>0 be an approximate identity on R™.
(1) Let f € LP for some 1 < p < 0. Thenps*fﬂf in LP.
(2) Let f € L, continuous on an open set U C R™. Then p. x f = f uniformly on
compact subsets of U.
If, moreover, f is uniformly continuous on U, then p. x f = f uniformly on U.

Recall that a collection (f.)e~o of complex-valued functions defined on an open set U C R"
is said to converge to a bounded function f: U — C uniformly on compact subsets of U if
sup |f(x) = fo(a)] =30
zeK
for every compact subset K C U.
The remainder of this section is devoted to the proof of Theorem 3.4.9, which shall require
a considerable deal of preparation.






APPENDIX A

Topology

A.1. Topological and metric spaces
Standard references for the material in this chapter are [11, 16, 2, 3, 5].
DEFINITION A.1.1 (Topological space). Let X be a set. A topology on X is a collection
T C P(X) satisfying the following properties:
(1)Der, X e

(2) if (O;)ser is an arbitrary family of elements of 7, then
(3) if (Oy),ey is a finite family of elements of 7, then )

The pair (X, 7) is called a topological space.

z‘eIOi €T

jeJOjGT‘

If (X, 1) is a topological space, elements of 7 are called open sets. A set F' C X is closed
if the complement F° is open. A neighborhood of a point x € X is a set V' C X containing
an open set O to which x belongs'.

DEFINITION A.1.2 (Continuous map). Let (X,7x) and (Y, 7y) be topological spaces. A
map f: X — Y is continuous if, for every open set O C Y, f~1(O) is open in X.

As is well known, continuity is a local property:

LEMMA A.1.3. Let (X, 7x), (Y, 7y) be topological spaces. A function f: X —Y is continu-

ous if and only if, for every x € X and every neighborhood V' of f(z), there is a neighborhood
U of x such that f(U) C V.

PROOF. Suppose f is continuous. Let = € X, V' a neighborhood of f(x); then there is an
open set O C V such that f(z) € O. The inverse image U = f~!(0O) is an open set containing
x, thus in particular an open neighborhood of z, and satisfies f(U) = f(f~*(0)) c O C V.

Conversely, suppose the local condition holds for all z € X, and let O C Y be an open set.
If z € f71(O), then there is a neighborhood U, of x, which we may assume open without loss
of generality, such that f(U,) C O, that is, U, C f~1(O). We have thus expressed f~1(O) as a
union of the open sets U,, z € f~1(0); it follows that f~!(O) is open. As O is arbitrary, this
shows continuity of f. O

If £ C X is any subset, we define:

e the interior of F, denoted E°, as the union of all open sets contained in F;
e the closure of E, denoted E, as the intersection of all closed sets containing F’;
e the boundary of E, denoted OF, as the intersection £F N X \ E.

The interior E° is open, and is the largest open set contained in E; the closure E is closed, and
is the smalles closed set containing E. The boundary dF is closed, and X can be partitioned
as
X=FEUOEU(X\E),
as follows immediately from the descriptions
E° = {x € E : there is a neighborhood V of z s.t. V C E}

E = {x € X : for every neighborhood V of z, V C E # (0} ,

LObserve that, in many textbooks on disparate mathematical disciplines, a neighborhood is meant to be an
open set; we adopt a more general notion here, which is equally well established in the literature.

99
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and the ensuing
OF = {x € X : for every neighborhood V of x, VN E # 0 and VN (X \ E) # 0} .

A subset Y C X is dense if Y = X; equivalently, if Y N O # @ for every non-empty open
set O C X.

Arguably the most important source of examples of topological spaces comes from the notion
of a metric, or distance function on a set.

DEFINITION A.1.4 (Metric space). Let X be a set. A metric on X is a function d: X x X —
R> satisfying the following properties:
(1) d(x,y) =0 if and only if x = y;
(2) (symmetry) d(z,y) = d(y,z) for all x,y € X;
(3) (triangle inequality) d(x,y) < d(z,z) + d(z,y) for all z,y, z € X.
The pair (X, d) is called a metric space.

ExAMPLE A.1.5. The Euclidean metric dg» on R" is defined as follows. Let |- |gn: R" —

R>¢ be defined via
n 1/2
ol = (32 2)

i=1
for all z = (z1,...,2,) € R™. Observe that, for n = 1, |- |g is nothing but the ordinary absolute

value of real numbers.
We then set

dgn(z,y) = |z — y|gn
for all =,y € R™. The topology induced by dg~ is called the Euclidean topology on R™.

Let (X, d) be a metric space. If x € X and r > 0, the open ball centered at z of radius
r, with respect to the metric d, is the set

B(z,r)={y € X : d(z,y) <r}.

Clearly B(z,0) =0 for all z € X.

If (X,d) is a metric space, the metric d induces a topology 74, on X defined as follows: a
set O C X is open for 74 if and only if, for every x € O, there is r > 0 such that B(z,r) C O.
The fact that the collection 74 thus defined is closed under finite intersections is an immediate
consequence of the fact that

B(z,r1) N B(x,ry) = B(x,inf{ry,r})

for all z € X and ry,r, > 0. Closure under arbitrary unions is trivial, whence 7, is indeed a
topology.

It is easy to show that every open ball is an open set for the topology induced by the metric,
which justifies the terminology?.

If X is a set, a topology 7 on X is said to be metrizable if there exists a metric d on X
inducing 7.

If (X, d) is a metric space and E C X, the diameter of E is defined as

diam(F) = sup{d(z,y) : 2,y € E} .
A set £ C X is bounded if its diameter is finite; equivalently, if it is contained in an open (or

closed) ball (of finite radius).

2The converse is obviously not true: for instance, (0, 4+00) is open for the Euclidean topology on R, but is
not an open ball; the latter are indeed of the form (a,b) for a < b € R.
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A.1.1. On the extended real number system R = RU {400} we shall always consider the
topology that naturally extends the Euclidean topology on R, namely the one generated by the
collection

{[=00,a) :a € R} U{(a,+o0] :a € R} .
It can be checked that such a topology is metrizable; for instance, the metric
d(x,y) = |arctanx — arctany|, =,y € R,

with the convention that arctan +oo = 4 /2, is easily seen to induce the topology just defined.

A.1.2. Let X be a set. Given an arbitrary collection &£ of subsets of X, the smallest
topology 7¢ on X containing £ is called the topology generated by &; it is obtained as the
intersection of all topologies on X containing £, using the fact that arbitrary intersections of
topologies (on a fixed set) are topologies, and that P(X) is always a topology on X containing
&, so that the aforementioned intersection is always over a non-empty family. The collection £
is called a subbasis of the topology 7¢.

A basis of a topology 7 is a subcollection B C 7 with the property that every O € 7 can
be expressed as the union of elements of B.

ExamMpPLE A.1.6. If (X,d) is a metric space and 7, is the topology on X induced by the
metric d, then the collection of open balls for d is, essentially by definition of 7,4, a basis of 7.

A topological space (X, 7) is Hausdorff if, for all x; # 25 € X, there are disjoint open sets
Vi, V5 such that z; € V; and x4 € V5.

A topological space (X, ) is second countable if 7 admits a countable basis. It is sepa-
rable if there is a countable dense subset Y C X.

LEMMA A.1.7. Let (X, d) be a metric space, T4 the topology on X induced by d. The following
are equivalent:

(1) (X, 7q) is second countable;
(2) (X, 1q) is separable.

PROOF. Second countability implies separability for every topological space: if B is a count-
able basis for the topology, pick an element xg € B for each non-empty B € B. Then the
countable set Y = {xp : B € B} is dense, for if O C is a non-empty open set, there is a
non-empty B € B such that B C O, and thus zz € Y N O.

Conversely, let (X, 74) be the topological space associated to a metric space (X, d), and let
Y C X be a countable dense set. We claim that the countable collection

B={B(x,1/n):x €Y, ne N}

is a basis of 75. If O C X is open and = € O, then there is > 0 such that B(z,r) C O; choose
now n € N* such that 1/n < r/2, and pick y € Y N B(z,1/n), whose existence is guaranteed
by the fact that Y is dense. Then by symmetry = € B(y, 1/n), the latter being an element of
B, and B(y, 1/n) is contained in B(z,r) C O, since d(z,y) < 1/n implies

1 1
d(z,z) < d(z,y) +d(y,z) < - + <.
We have thus shown that B is a basis for 7. O

In particular, the Euclidean topology on R"” is second countable for all n > 1: the subset
Q" is countable and dense.
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A.1.3. Product and induced topologies. Let (X,,74)aca be a family of topological
spaces. On the product set X = [], .o Xo we define a topology 7, called the product topology
of the 7,’s, as the coarsest® topology on X for which all canonical projection maps mo: X —
Xa, a € A are continuous. Equivalently, 7 is the topology on X generated by the collection

{7 1(0,) : Of C X, open, a € A} .

The topological space (X, 7), called the product of the topological spaces (X, 7,), satisfies
the following universal property. For every topological space (Z, 7z) and every continuous map
f: Z — X, the compositions 7, : f: Z — X, are continuous for all a € A; conversely, if (Z, 1)
is a topological space and f,: Z — X,, a € A is a family of continuous maps, there exists a
unique continuous map f: Z — X such that f, = 7w, o f for all a € A.

Let (X, 7x) be a topological space, Y C X a subset. The induced topology 7 on Y is
the coarsest topology on Y making the canonical inclusion map ¢: Y — X continuous. It can
be explicitly described as the collection

v ={ONY :0 C X open for 7x} .

If (Z,77) is a topological space and f: Z — Y is a function, then f is continuous with respect
to 7y if and only if the composition to f: Z — X is continuous with respect to 7x.

REMARK A.1.8. If (X, dx) is a metric space, there is a notion of induced metric dy on any
subset Y, simply by restricting the domain of d to Y x Y. Then the topology on Y determined
by the induced metric dy coincides with the induced topology 7y from the topology 7x on X
determined by the metric dx.

A.2. Functions between metric spaces

If (X,dx) and (Y,dy) are metric spaces, a Lipschitz function between X and Y is a
function f: X — Y with the property that there is C' > 0 such that

dy (f(x1), f(z2)) < Cdx(x1,22)

for all x1, x5 € X. In this case, we also say that f is C-Lipschitz.
If (X,dx) and (Y, dy) are metric spaces, an isometry is a map h: X — Y such that

dy (h(z1), h(x2)) = dx (71, 2)

for all xq1, x5 € X. Every isometry is injective, but not every isometry is surjective.

If X = R", an Euclidean isometry of X is an isometry A: R" — R” where R" is endowed
with the standard Euclidean metric.

We denote by O,(R) the group of linear isometries of the vector space R" endowed with
the standard inner product.

PROPOSITION A.2.1. Let h: R" — R"™ be a Euclidean isometry. Then h is an affine bijec-
tion. More precisely, there exist f € O,(R) and a € R™ such that

h(z) = f(z)+a
for all x € R™.

A.3. Various topological properties

DEFINITION A.3.1 (Compactness). A topological space (X, 7) is compact if every cover
(Oq)aea of X by open sets admits a finite subcover, namely there is a finite B C A such that

X =U,eg Oa-

3That is, the smalles, in the sense of inclusion.
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When (X, 7) is a topological space and we speak of a compact subset Y C X, we always
tacitly endow Y with the induced topology from 7.

If (X, 7) is a compact topological space, then every closed subset C' C X is compact. To
see this, let (O4)aea be an open cover of C; then adjoining to it the open set X \ C' gives an
open cover of X which admits a finite subcover (O,)qeg. The latter is, in particular, a finite
open cover of C.

PROPOSITION A.3.2 (Tychonoft’s theorem). Let (Xq,7a)aca be a family of compact topo-
logical spaces. Endow the product X = ] _n Xo with the product topology 7. Then (X, T) is
compact.

acA

A.4. Convergence of functions

Let X be a set, E a topological space. A sequence (f,),>o of functions f: X — E is said
to converge pointwise to a function f: X — E if, for every x € X, the sequence (f,(x))n>0
converges towards f(x) in F.

Let X be a set, (E,d) a metric space. A sequence (f,)n>0 of functions f: X — E is said
to converge uniformly to a function f: X — F if, for every € > 0, there is V € N such that
for all integers n > N and for all x € X,

d(f(z), fu(z)) < &5

said differently, f,, — f uniformly as n — oo if
sup d(f(x), fulx)) =30

zeX

If Y is a subset of X, we say that the sequence (f,)n>0 converges uniformly to f on Y if the
sequence of restrictions (f,|y )n>0 converges uniformly to the restriction fly.

It is clear that uniform convergence implies pointwise convergence: if (f,),>0 converges
uniformly towards f, then, for every fixed zq € X,

d(f(x0), fu(0)) < Sup d(f(x), ful@)) =% 0,

whence f,(xg) = f(zo) as n — oco.

“Where, as usual, the topology on (E,d) is the one induced from the metric.
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Infinite sums

B.1. Sums of families of real numbers
A reference for the material in this chapter is [3].

DEFINITION B.1.1 (Summable family of real numbers). A family (z,)aeca of real numbers
is said to be summable if there is a real number x with the property that, for every open
neighborhood V' of z, there is a finite set By C A such that, for every finite set B D By,

Zxaev.

a€eB

In this case, z is called the sum of the family (zq)aca. We write z = Y~ 5 Zq.

Clearly, if A is finite, then (x,)aea is summable with sum the ordinary sum of a finite
collection of real numbers.

REMARK B.1.2. We conform to the traditional (and useful) convention that the sum of an
empty family of numbers equals 0.

The definition of summable family does not involve any ordering of the elements of the
collection. More precisely, we have the following “commutativity” result, whose proof is left as
an exercise.

LEMMA B.1.3. Let (z4)aca be a summable family of real numbers, with sum x. For every
bijection ¢: A — A, the family (X4(a))aca is summable, with sum x.

PROPOSITION B.1.4 (Cauchy criterion for summable families). Let (x4)aca be a family of
real numbers. The following are equivalent:
(1) (o)aea is summable;

(2) (xa)aca satisfies the Cauchy criterion: for every neighborhood V' of 0, there is a finite
set B C A such that, for every finite set C C A with CNB =0,

Z e €V .
acC
We deduce the following consequences.

COROLLARY B.1.5. Let (24)aca be a summable family.
(1) For every neighborhood V' of 0, the set
{aeA:x, &V}
18 finite.
(2) The set
{a €Az, #0}
s countable.

PrOOF. For the first assertion, it suffices to apply the Cauchy criterion in Proposition B.1.4
with C varying all singletons disjoint from B. As to the second assertion, for every integer n > 1,
the set

B.={aecA:z,¢ (—-1/n,1/n) }
is finite by the first statement; the set of interest is the union over all n > 1 of the B,,, and is
thus countable. 0
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106 CHAPTER B. INFINITE SUMS

COROLLARY B.1.6. If (x4)aca is a summable family of real numbers, and B is a subset of
A, then the subfamily (x4)aes s summable.

PROOF. It is clear that the Cauchy criterion for the full family implies the same criterion
for any subfamily. O

THEOREM B.1.7 (Associativity of the sum). Let (z4)aca be a summable family of real
numbers. Suppose (Ax)rena is a partition of the index set A. Then the family of partial sums

Y za, AeA

aEAy
18 summable, and
dra=) Y .
acA AEA acA)y

Specializing the theorem to the case when A is a product A; X Ay, and (Ay)xea, is the
partition Ay = {(\,n) : 1 € As} or (A,)yen, is the partition A, = {(\,n) : A € A}, we obtain
the formula of change of order of summation.

Z T(Am) = Z Z T(Am) = Z Z T(Am) -

AEAL,NEA2 A€A1 nEA2 n€A2 A€Ay
B.2. Sums of extended real numbers

DEFINITION B.2.1. If (24)aea is a family in [0, oo], its sum, denoted Y _, x,, is defined as

acA

sup E Ty -
BCA, B finite acB

PROPOSITION B.2.2. A family (z4)aca of positive real numbers is summable according to
Definition B.1.1 if and only if its sum, as in Definition B.2.1, is finite, in which case it coincides
with the sum of the family (z4)aea as in Definition B.1.1.

Lemma B.1.3 and Theorem B.1.7 apply verbatim to sums of positive extended real numbers.
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