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Preface

A fundamental question to be addressed in these informal notes is
What is a probability space?
A slight variant of this question that one may ask is
What is a probability measure?

In fact, a probability measure is included in the definition of a probability space.
More precisely, a probability space is defined to be a measurable space with a
probability measure. We shall discuss these and related matters in some detail
here.

Of course, these questions are related to measure theory and integration
more broadly. The reader is not necessarily expected to be familiar with measure
theory, and indeed part of the aim here is to give an introduction to some of
the relevant notions and results. However, this is not intended to be a detailed
treatment of measure theory, and instead we would like to emphasize some
aspects related to probability theory.

The reader is expected to be familiar with some basic analysis, along the lines
of metric spaces, sequences and series, continuous mappings, and compactness.
Some topics may be reviewed briefly, as needed.

Some familiarity with topological structures and spaces could be helpful
in some places, although it is not required. In particular, measures are often
defined on metric or topological spaces, and this can be relevant for the corre-
sponding collections of measurable sets, as well as some regularity properties of
the measures. There are some analogies between measurability and continuity
of functions, although there are some additional properties of measurable func-
tions too. Cartesian products of measure spaces are very important, and this is
related to products of metric and topological spaces.

There are many connections with Fourier analysis and functional analysis as
well, and we shall see some aspects of this here. The reader is not necessarily
expected to be familiar with these topics either.

There are certainly connections with geometric measure theory too, although
we do not really get into this too much here. In particular, we do at least mention
some techniques commonly used to get regularity properties of Borel measures
on metric spaces, for instance.
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There are also connections with ergodic theory, that are not discussed here,
other than the definition of a measure-preserving transformation. Silva’s book
[317] includes an introduction to measure theory, and the reader may be inter-
ested in [9, 17, 122, 146, 147, 221, 266, 318, 363] as well.

Halmos’ survey [144] may be particularly interesting for many readers, and
Fréchet’s paper [120] has some interesting perspectives too. A question came up
about references related to counterexamples, and the reader may be interested
in [28, 127, 128, 290, 308, 330, 338, 378] in this regard.
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Chapter 1

Some basic notions

1.1 Extended real numbers

The set of extended real numbers is defined to be the set R of real numbers
together with two additional elements, +0o0 and —oo, such that

(1.1.1) —00 < < +00

for every x € R. When we use extended real numbers here, we shall typically
only be concerned with nonnegative extended real numbers.
It is customary to put

(1.1.2) x4 (+00) = (+00) + 2 = 400

when —oco < < 400, and

(1.1.3) T+ (—00) = (—00)+ 2 =—00

when —oo < & < 400. Similarly, we put

(1.1.4) x (+00) = (+00) z = +00, x(—00) = (—00) z = —00
when 0 < x < +00, and

(1.1.5) z (+00) = (+00)x = —00, z(—00) = (—o0)z = +0

when —oco0 < z < 0.

We also put z/(+00) = z/(—00) = 0 when x € R. Although 1/0 is not
normally defined, it may be appropriate to interpret it as being 4+oco when
dealing with nonnegative extended real numbers.

The product of 0 and oo is normally not defined. However, in measure
theory and integration, it turns out to be convenient to interpret it as being
equal to 0.
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1.1.1 Some remarks about sequences of real numbers

Let {z;}32, be a sequence of real numbers. We say that z; tends to +oo as
Jj — 00, or x; — +00 as j — 00, if for every nonnegative real number R there
is a positive integer L such that

(1.1.6) x; > R for every j > L.

Similarly, we say that z; tends to —oo as j — oo, or ; = —o00 as j — oo, if for
every nonnegative real number R there is a positive integer L such that

(1.1.7) zj < —R for every j > L.

Suppose that z; — x as j — oo for some extended real number z, and

similarly that {y; 521 is a sequence of real numbers with y; — y as j — oo for

some extended real number y. If x 4+ y is defined as an extended real number,
then

(1.1.8) z;+y; = x+yasj— oo
Of course, this is well known when z,y € R. If x = 400, for instance, then one
can check that
(1.1.9) xzj +y; = +0oo as j — o0
when the set of y;’s has a lower bound in R. In particular, this holds when
y; —y as j — oo, with y > —o0.

Similarly, if xy is defined as an extended real number, then

(1.1.10) TjY; —> TY as j — oo.

This does not include the case where one of x or y is 0 and the other is +oo.
If z,y € R, then (1.1.10) is well known, as before. If z = 400 and y > 0, for
example, then

(1.1.11) Zjy; — 400 as j — oo.

More precisely, this works when there is a positive real number a such that
y; > a for all but finitely many j.
If {x;}52, is a sequence of nonzero real numbers such that

(1.1.12) |z;| = 400 as j — oo,
then it is easy to see that
(1.1.13) 1/z; — 0 as j — oc.

If {z;}52, is a sequence of positive real numbers that converges to 0, then one
can verify that

(1.1.14) 1/x; — 400 as j — o0.
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1.1.2 A topology on the set of extended real numbers

One might like to have a metric on the set of extended real numbers so that
sequences of real numbers tending to 400 or —oo correspond to convergent
sequences with respect to that metric. It is not too difficult to do that, although
one cannot simply extend the standard metric on the real line to the set of
extended real numbers in a convenient way. Instead one may consider metrics
on the set of extended real numbers whose restriction to R is equivalent to the
standard metric in a suitable sense, so that they determine the same convergent
sequences in R in particular.

It is somewhat simpler to define an appropriate topology on the set of ex-
tended real numbers, if one is familiar with the notion of a topological space.
This topology is determined by a metric on the set of extended real numbers,
as in the preceding paragraph. One can choose this topology so that the corre-
sponding induced topology on the real line is the same as the standard topology
on R. One can also choose this topology so that sequences of real numbers
tending to 400 or —oo correspond to convergent sequences with respect to the
topology.

It is sometimes convenient to consider sequences of extended real numbers
as well. One can define what it means for a sequence of extended real numbers
to tend to +o00 or to —oo in the same way as for sequences of real numbers. A
sequence of extended real numbers can converge to a real number only when all
but finitely many terms in the sequence are real numbers, so that convergence
is basically the same as for sequences of real numbers.

1.2 More on extended real numbers

If A is any set of extended real numbers, then the notions of upper and lower
bounds for A in the set of extended real numbers may be defined in the usual
way. Similarly, the notions of supremum or least upper bound and infimum or
greatest lower bound for A in the set of extended real numbers may be defined
as usual. In fact, the supremum and infimum of A in the set of extended real
numbers always exist, as follows.

If +00 € A, or if AN R has no upper bound in R, then sup A = +o0. If
+o0o ¢ A, and if AN R is nonempty and has an upper bound in R, then the
supremum of A is the same as the supremum of ANR in R. Otherwise, if A = ()
or A ={—o0}, then sup A = —o0.

The infimum of A may be characterized analogously. Note that

(1.2.1) inf A <sup A

when A # ().
Let t be a positive real number, and put

(1.2.2) tA={tz:z e A}
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One can check that

(1.2.3) sup(t A) =t (sup A),

and similarly for the infimum of ¢ A.

1.2.1 Suprema and infima of functions

Let E be a set, and let f be a function on E with values in the set of extended
real numbers. We may use the notation

(1.2.4) stelgf(x) =sup f(E)
and
(1.2.5) iggf(x) = inf f(E).

If ¢ is a positive real number, then

(1.2.6) sup(t f(z)) =t (sup f(:c))
zeE zeEE

and

(1.2.7) inf (t /(@) =t inf f(2)),

as in (1.2.2) and (1.2.3), with A = f(E), respectively.
Let g be another function on E with values in the extended real numbers.
One can check that

(1:238) sup(f(x) +g(x)) < (sup f(2) + (supg(x)

and

(12.9) inf (f(x) +9(2)) > (_inf f(2)) + ( inf g(x)).
Suppose now that f,g > 0 on E. One can verify that

(1.2.10) zlelg(f(w)g(x)) < (ilelgf(w)) (21611;9(96))

and

(1.2.11) inf (£(2) g(@)) = (inf f(@)) (inf g(a)).

1.2.2 Infinite series with nonnegative terms

Let {x;}52, be a sequence of real numbers that is monotonically increasing, so
that x; < x;41 for each j. If the set of z;’s has an upper bound in R, then it
is well known that {z;}3%, converges to the supremum of this set. Otherwise,
if the set of x;’s does not have an upper bound in R, then it is easy to see that
x; — +00 as j — oo. In both cases, if we put

(1.2.12) T = sup xy,
1>1



1.3. UPPER AND LOWER LIMITS OF SEQUENCES IN R 5

then we have that x; — x as j — oo.

Consider an infinite series Z;’il a; of nonnegative real numbers. Of course,
the corresponding sequence of partial sums Z?:l a; is monotonically increas-
ing. If the sequence of partial sums has an upper bound in R, then > °°
converges, with

(1.2.13) Zaj = sup Zaj,

n>1

j=1%j

as in the preceding paragraph. Otherwise, 1f the sequence of partial sums does
not have an upper bound on R, then we may interpret the value of Z;i1 a; as
being +oo.

If ¢ is a positive real number, then

(1.2.14) D taj =ty a

for each positive integer n. This implies that

(1215) itaj =1 ia]‘.
j=1 j=1

More precisely, this also works when the sums are equal to +o00. This works
when ¢t = 0 too, with the right side interpreted as being equal to 0 even when
Z;i1 aj = 400, as in the previous section.

Let Z;)il b; be another infintie series of nonnegative real numbers, and note
that

(1.2.16)

n n

(ajerj) :ZajJerj

Jj=1 J=1

-

~
I
—

for every positive integer n. One can use this to get that

(1.2.17) > (a; +b)) ZaJJer

j=1

8

This also works with suitable interpretations when any of the sums are equal to
400, as before.

1.3 Upper and lower limits of sequences in R

Let {z;}32; be a sequence of real numbers, and let E be the set of extended
real numbers x such that there is a subsequence {z;, }72, of {z;}52; with

(1.3.1) xj = x as | — oo.

It is well known that

(1.3.2) E #0.
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Indeed, if the set of x;’s has upper and lower bounds in R, then ENR # 0,
because closed intervals in R are sequentially compact. If the set of x;’s does
not have an upper bound in R, then it is not too difficult to show that +oco € E.
Similarly, if the set of x;’s does not have a lower bound in R, then —oco € E.

1.3.1 Defining upper and lower limits

The upper limit or limit superior of {x;}52; may be defined by

(1.3.3) limsupz; =sup E,
J—00
as on p56 of [299]. Similarly, the lower limit or limit inferior of {z;}32, may
be defined by
(1.3.4) liminfz; = inf E,
J—00
as in [299]. Some other equivalent formulations are sometimes used, and we
shall say more about that soon.
Note that
(1.3.5) liminf z; <limsupz;.

J—00 Jj—o0

If there is an extended real number x such that x; — = as j — oo, then

(1.3.6) E = {z},

and

(1.3.7) limsupz; = liminfz; = 2.
j—o0 J—ro0

One can check that

(1.3.8) limsup z; < supz;
j—o0 i>1

and

1.3. liminfz; > inf z;

(1.3.9) iminfz; > inf 2,

directly from the previous definitions, or using some of the other characteri-
zations of the upper and lower limits that we shall discuss. It is easy to give
examples where these inequalities are strict.

1.3.2 Some properties of the upper and lower limits

Put y = limsup;_,  ; and v = liminf; ;o z;. It is not too difficult to show
that

(1.3.10) if z€ R and y < 2, then z; < z for all but finitely many j.

Otherwise, there would be a subsequence {z;, }72, of {;}32, such that

(1.3.11) xj >z
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for each [. This would imply that there is an element of F greater than or equal
to z, using a subsequence of {z; }7°, that tends to an extended real number
that is necessarily greater than or equal to z. This corresponds to part (b) of
Theorem 3.17 on p56 of [299].

Similarly,

(1.3.12) ift € R and t < u, then z; > ¢ for all but finitely many j.

This can be obtained using an analogous argument, or by reducing to the pre-
vious case, for {—z;}22, in place of {z;}32;.
We also have that

(1.3.13) if we R and w <y, then z; > w for infinitely many j.

Indeed, if w < y, then w is not an upper bound for F, by definition of the
supremum, so that there is an z € F with w < . One can use this to get that
x; > w for infinitely many j. Alternatively, if x; < w for all but finitely many
j, then one can check that w is an upper bound for E.

Similarly,

(1.3.14) if v € R and u < v, then z; < v for infinitely many j.

One can check that y is uniquely determined by (1.3.10) and (1.3.13). Sim-
ilarly, u is uniquely determined by (1.3.12) and (1.3.14).

1.3.3 Some variants and related properties

Part (a) of Theorem 3.17 on p56 of [299] says that

(1.3.15) yeE.
This can be obtained from (1.3.10) and (1.3.13). Note that (1.3.15) implies
(1.3.14).

Another part of Theorem 3.17 on p56 of [299] states that y is uniquely
determined by (1.3.10) and (1.3.15). This is essentially the same as before.
Similarly,
(1.3.16) u€eE,

and v is uniquely determined by (1.3.12) and (1.3.16).

Suppose for the moment that
(1.3.17) limsup 2; = liminf z;,

Jj—o0 J—00

and let « be their common value. One can check that z; — 2 as j — oo, using
(1.3.10) and (1.3.12).

If {a;}32, and {b;}52, are sequences of real numbers, then it is well known
that
(1.3.18) limsup(a; + b;) < limsupa; + limsup b;,

Jj—o0 J—ro0 J—ro0

as long as the right side is defined as an extended real number, so that it is not
a sum of 400 and —oo. This corresponds to part (b) of Exercise 4 on p32 of
[298], and to Exercise 5 on p78 of [299].
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1.3.4 Another approach to upper and lower limits
Let {x;}52, be a sequence of extended real numbers, and consider

(1.3.19) sup ;

j=l
for each positive integer /. This is a monotonically decreasing sequence of ex-
tended real numbers, and the upper limit of {z;}3°; is sometimes defined by

(1.3.20) limsup ; = inf (sup xj>,
j—o0 21\ 5>
as in Definition 1.13 on p14 of [298].
Similarly,
(1.3.21) ;gfl x;

is a monotonically increasing sequence of extended real numbers, and the lower
limit of {z;}3%; is sometimes defined by

(1.3.22) 11]n_1>£f x; = 3121}1) (;rﬁfl a:j),
as in [298]. This is essentially the way that upper and lower limits of sequences
of real numbers are defined in Section 2.9 beginning on p46 of [135].

If (1.3.19) is finite for each [, then this sequence tends to the infimum of
its terms as [ — oo. This also works when (1.3.19) may be +o0o, with suitable
interpretations. Similarly, the sequence (1.3.21) tends to the supremum of its
terms as [ — oo, with suitable interpretations when these terms may be Foco.

It is mentioned on pl4 of [298] that (1.3.20) satisfies the same conditions
as the previous definition of the upper limit, so that the two approaches are
equivalent. It is perhaps a bit simper to check that (1.3.20) satisfies (1.3.10)
and (1.3.13), and similarly that (1.3.22) satisfies (1.3.12) and (1.3.14). This
corresponds to Theorem 2.9 L on p50 of [135] for bounded sequences of real
numbers. It is mentioned just after the proof that (1.3.20) and (1.3.22) are
characterized by these properties.

The fact that (1.3.20) is an element of the set E defined earlier is shown
in the proof of Theorem 2.9 M on p51 of [135] for bounded sequences of real
numbers. The analogous statement for (1.3.22) is the first part of Exercise 3 on
p51 of [135]. Exercise 2 on p51 of [135] states that (1.3.20) is an upper bound
for F, and the second part of Exercise 3 on p51 of [135] is the same as saying
that (1.3.22) is a lower bound for F.

1.4 Indicator functions
Let X be a set, and let A be a subset of X. The indicator function of A with
respect to X is defined by

(1.4.1) 1a(z) = 1 whenzed
= 0 whenze X\ A
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This is also known as the characteristic function of A, and denoted x 4. However,
this terminology is often used for something else.

1.4.1 Some upper and lower limits

Let {x;}52; be an infinite sequence such that for each j, z; = 0 or 1. One can
check that

(1.4.2) limsupz; = 1 when z; =1 for infinitely many j
Jj—o0

= 0 when z; = 0 for all but finitely many j.

Similarly,
(1.4.3) liminfz; = 0 when z; =0 for infinitely many j
j—o0

= 1 when z; =1 for all but finitely many j.

1.4.2 Upper and lower limits of sequences of sets

Let {A;}52; be a sequence of subsets of X. The upper limit or limit superior
of {4;}72; may be defined as a subset of X by

(1.4.4) limsup A; = {z € X : z € A; for infinitely many j},

j—o0

as in Definition 2.12 B on p65 of [135].
Similarly, the lower limit or limit inferior of {A;}32, may be defined as a
subset of X by

(1.4.5) liminf A; = {x € X : z € A; for all but finitely many j},
j—o00

as in [135]. Note that

(1.4.6) liminf A; C limsup A;,
j—o0 j—o0
as in Exercise 1 on p65 of [135].
If x € X, then
(1.4.7) limsup 14, (z) = Liim sup,_, . 4; (z),

j—o0
as mentioned on p65 of [135]. Similarly,

(148) lim inf 1Aj (SC) = ]-lim infj o0 Aj (1‘),

Jj—o0

as in [135]. This uses the remarks in the previous subsection.
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1.4.3 More on sequences of subsets of X

One can show that
o0 oo

(1.4.9) timsup A; = () (1J45),
j—oo =1  j=l

as in part (b) of Exercise 3 on p66 of [135]. Similarly,

(1.4.10) liminf A; = | J A;),
it =U (N4)

as in part (b) of Exercise 4 on p66 of [135].
If A; € A4, for each j, then

1.4.11 limsup A; = liminf A; = A,
( ) j—>oop ’ j—oo Y jL;Jl /
as in part (a) of Exercise 5 on p66 of [135]. Similarly, if A;1; C A; for each j,
then -
1.4.12 limsup A; = liminf A; = A,
( ) j~>oop / Jj—o0 J j@ I
as in part (b) of Exercise 5 on p66 of [135].

If
(1.4.13) limsup A; = liminf A;,

—00

j—o0 J

then one may say that {4;}52, converges, with limit

(1.4.14) lim A,

Jj—o0
equal to (1.4.13). This means that
(1.4.15) jll)n;o 14, (%) = Liim, . 4,(z)

for each z € X. Monotonic sequences of subsets of X converge, as in the
preceding paragraph.

1.5 Algebras and o-algebras of sets

We are often interested here in defining something like the “measure” or “prob-
ability” of a subset of a set X. However, we may only want to do this for some
collection of subsets of X. In this section, we consider some types of collections
of subsets of X that can be helpful for this.

Let A be a nonempty collection of subsets of X. We say that A is an algebra
of subsets of X if it has the following two properties. First, if A, B € A, then

(1.5.1) AUBE A.
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Second, if A € A, then
(1.5.2) X\Ae A

This corresponds to part of Definition 2.1 on p11 of [20], parts of 11.1 on p118
of [158] and Definition 1.11 on p4 of [159], with some minor differences in the
formulation, and it is also mentioned on p21 of [118], p10 of [298], and p270 of
[335].

If A is an algebra of subsets of X and A, B € A, then it is easy to see that

(1.5.3) ANBe A

This uses the fact that

(1.5.4) X\(ANB)=(X\A4)U((X\ B).
We also have that

(1.5.5) X €A,

because X = AU (X \ A) for every A C X and A # (), by hypothesis. Similarly,
the empty set is an element of A.

1.5.1 o-Algebras of sets

We say that A is a o-algebra of subsets of X if (1.5.2) holds for every A € A,
and if for every sequence Aj, A, As, ... of elements of A, we have that

(1.5.6) U4 ea
j=1

This corresponds to Definition 2.23 on p26 of [14], part of Definition 2.1 on p11
of [20], parts of 11.1 on p118 of [158] and Definition 1.13 on p4 of [159], and to
part (a) of Definition 1.3 on p9 of [298], and it is mentioned on p21 of [118] and
p23, 263 of [335].

If A is a o-algebra of subsets of X, then A is an algebra of subsets of X
and (1.5.5) holds in particular. In this case, if Ay, Ag, As,... is a sequence of
elements of A, then

(1.5.7) ﬁ Aj e A,
because - -
(1.5.8) X\ ( N Aj) = J&x\ay).

The collection of all subsets of X is a o-algebra, as is the collection consisting
only of X and (.

A o-algebra of subsets of X is called a Borel family in Definition 2.2.1 on
p59 of [113]. The o-algebra of Borel sets in a metric or topological space will
be discussed in Section 2.2.
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1.5.2 Rings of sets

We say that A is a ring of subsets of X if for every A, B € A we have that
(1.5.1) holds, and also
(1.5.9) A\ B e A.

This is mentioned in Exercise 1 on p24 of [118], and it corresponds to parts
of 11.1 on pl118 of [158] and Definition 1.11 on p4 of [159] again, as well as
Definition 11.1 on p301 of [299], although the condition that A be nonempty
does not appear to be included in [299]. The nonemptiness of .4 implies that

(1.5.10) De A,

as mentioned in [159].
If A is a ring of subsets of A and A, B € A, then (1.5.3) holds, because

(1.5.11) ANB=A\(A\B),
as mentioned in [159, 299]. If X € A, then A is an algebra of subsets of X, as
in [159).

If A and B are subsets of X, then their symmetric difference is the subset

of X defined by
(1.5.12) AAB=(A\B)U(B\ A).

If A is a ring of subsets of X and A, B € A, then
(1.5.13) AAB € A,

as mentioned on p4 of [159].
Conversely, suppose that (1.5.3) and (1.5.13) hold for all A, B € A, and let
us check that A is a ring of subsets of X. If A, B are any subsets of X, then

(1.5.14) A\ B=AA(ANB).

This implies that (1.5.9) holds when A, B € A. We also have that

(1.5.15) (A\B)AB=((A\B)\B)U(B\(A\B))=(A\B)UB=AUB.
It follows that (1.5.1) holds when A, B € A.

1.5.3 More on rings of sets

If A and B are any subsets of X, then

(1.5.16) 14(2)15(z) = 1anp(z)

for every x € X. We also have that

(1.5.17) 14(z) +1p(z) = 1aup(x) + Lanp(z) = Laap(z) + 21 40B(2)
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for every x € X. This uses the fact that

(1.5.18) AAB = (AUB)\ (AN B).

In particular, this means that

(1.5.19) 14(z) +15(z) = 1aap(xz) modulo 2

for every = € X.

It is well known that {0,1} is a field with respect to addition and multi-
plication modulo 2. The collection of all functions on X with values in {0,1}
may be considered as a commutative ring with respect to pointwise addition
and multiplication of functions module 2. Of course, these functions on X are
the same as indicator functions of subsets of X.

This means that the collection of all subsets of X may be considered as a
commutative ring with respect to symmetric differences as addition and inter-
sections as multiplication. Rings of subsets of X correspond to subrings of this
ring, as discussed in [377].

1.5.4 o-Rings of sets

A ring A of subsets of X is said to be a o-ring of subsets of X if (1.5.6) holds
for every sequence Aq, As, As, ... of elements of A, as in Exercise 1 on p24 of
[118], 11.1 on pl18 of [158], Definition 1.13 on p4 of [159], and Definition 11.1
on p301 of [299]. If X € A, then it follows that A is a o-algebra of subsets of
X. This condition is included in the definition of a measurable space on p310
of [299].

If A is a o-ring of subsets of X and Aj, A, As, ... is a sequence of elements of
A, then (1.5.7) holds, as mentioned on p301 of [299]. This uses the observation
that

(1.5.20) Fj Aj=Ar\ ( D(Al \Aj))-

The collection of all finite subsets of X is a ring of subsets of X. If X has
infinitely many elements, then this is neither an algebra of subsets of X, nor a
o-ring of subsets of X. This example is mentioned on p4 of [159], when X is
the set Z of positive integers.

Similarly, the collection of all subsets of X with only finitely or countably
many elements is a o-ring of subsets of X. If X is uncountable, then this is not
a o-algebra of subsets of X, as mentioned on p4 of [159].

1.6 Some remarks about intervals

Let a and b be extended real numbers with a < b. We may use (a,b) for the set
of real numbers x such that
(1.6.1) a<x<b.
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Similarly, we may use [a, b] for the set of extended real numbers x such that
(1.6.2) a<z<hb.

We may also use this notation when a = b, so that the set contains only one
element. In the same way, we may use the notation [a, b) for the set of extended
real numbers z such that

(1.6.3) a<x<b,

and the notation (a, b] for the set of extended real numbers x such that
(1.6.4) a<xz<b.

A subset of the real line any of these four types may be described as an
interval. The length of such an interval is defined to be b — a. Thus the length
of the interval is finite exactly when a,b € R, and we may say that the interval
is bounded in this case. The empty set may be considered as an interval in R
as well, with length 0.

1.6.1 Some elementary subsets of R

Let us say that a subset of R is a bounded elementary set if it can be expressed as
the union of finitely many bounded intervals. This corresponds to an elementary
subset of R as defined on p303 of [299]. Let £(R) be the collection of all bounded
elementary subsets of R. This is a ring of subsets of R, and not a o-ring, as in
(12) on p303 of [299]. Note that £(R) is not an algebra of subsets of R.

Let us say that a subset of the real line is a possibly unbounded elementary
set if it can be expressed as the union of finitely many intervals that are not
necessarily bounded. Let & (R) be the collection of all possibly unbounded
elementary subsets of R. This is an algebra of subsets of R that is not a o-
algebra.

1.6.2 Intervals in R"

Let n be a positive integer, and let Ay,..., A, be n sets. The Cartesian product
of Ay,..., A, may be denoted

(1.6.5) Ay x Ay x - x Ay or [ A4,
j=1
and is the set of n-tuples a = (a1,...,a,) with a; € A; for j =1,...,n.

In particular, the space R™ of n-tuples of real numbers is the same as the
Cartesian product of n copies of the real numbers. A subset of R™ may be
called a bounded interval if it is the Cartesian product of n bounded intervals
in R. This corresponds to the definition of an interval in R™ in Definition 11.4
on p302 of [299]. The n-dimensional volume of such a bounded interval may be
defined as the product of the lengths of these n intervals, as on p303 of [299].
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Note that the empty set is considered to be a bounded interval in R", with
n-dimensional volume equal to 0.

Let us say that a subset of R" is a possibly unbounded interval if it is the
Cartesian product of n intervals in the real line that are not necessarily bounded.
The n-dimensional volume may be defined as the product of the lengths of these
n intervals, as before. This is interpreted as being +oo when each of the intervals
has positive length, and at least one of the intervals has length +oco. If at least
one of the intervals has length 0, then we interpret the product as being equal
to 0, even if some of the other intervals have length +oc.

1.6.3 Some elementary subsets of R”

Let us say that a subset of R” is a bounded elementary set if it can be expressed
as the union of finitely many bounded intervals in R™. This corresponds to an
elementary subset of R™ as defined on p303 of [299] again. The collection £(R™)
of all bounded elementary subsets of R™ is a ring of subsets of R", and not a
o-ring, as in (12) on p303 of [299]. This is also not an algebra of subsets of R",
as before.

Let us say that a subset of R™ is a possibly unbounded elementary set if it
can be expressed as the union of finitely many possibly unbounded intervals in
R™. The collection £ (R™) of all possibly unbounded elementary subsets of R™
is an algebra of subsets of R™ that is not a o-algebra.

Sometimes one may be interested in elementary subsets of a subset of R™,
and this will be discussed more broadly in the next subsection.

1.6.4 Some more rings and algebras of sets

Let X be a set, let A be a nonempty collection of subsets of X, and let Y be a
subset of X. Note that

(1.6.6) Ay ={ANY : A€ A}

is a nonempty collection of subsets of Y. If A is a ring, algebra, o-ring, or
o-algebra of subsets of X, then one can check that Ay has the same property
as a collection of subsets of Y.

Suppose for the moment that there is an element A; of A such that

(1.6.7) Y C Ar

This means that
(1.6.8) Y=ANY € Ay.

If A is a ring or o-ring of subsets of X, then it follows that Ay is an algebra or
o-algebra of subsets of Y, as appropriate.

Let Ay, be the collection of elements of A that are subsets of Y. Observe
that

(1.6.9) Ay, C Ay,
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because ANY = A when A CY, and that ) € Ay when ) € A. If A is a ring
or o-ring of subsets of X, then Ay,y has the same property, as a collection of
subsets of Y or X. We also have that

(1.6.10) Ay = Ay
when Y € A and A is a ring of subsets of X.

1.7 Finitely and countably additive measures

Let X be a set, and let A be a ring of subsets of X. Also let 1 be a function on
A with values in the set of nonnegative extended real numbers. We say that p
is a finitely additive measure on X with respect to A if

(1.7.1) () =0
and
(1.7.2) (AU B) = u(A) + p(B)

forall A, B € Awith ANB = 0. If Ay, ..., A, are finitely many pairwise-disjoint
elements of A, then it follows that

(1.7.3) u( U 4;) = 3 u(dy).
j=1 =1

This corresponds to part of 11.1 on p118 of [158], and to part of Definition 10.3
on pl26 of [159] when A is an algebra of subsets of X.

This basically corresponds to part of Definition 11.2 on p301 of [299] as well.
Nonnegativity of p is not part of this definition, although that is mostly what
is considered, as in Definition 11.12 on p310 of [299]. Other types of measures
are very interesting and important, but they are not our main focus here. More
precisely, in [299], p is allowed to take the value +0c0 on A, or the value —oo,
but not both, so that the sum on the right side of (1.7.2) is defined. One also
asks that p(A) be finite for some A € A, and this is used to obtain (1.7.1), as
in (5) on p301 of [299].

Suppose that p is a finitely additive measure on X with respect to 4, and
that A, B are elements of A with A C B. Observe that

(1.7.4) u(4) < p(A) + u(B\ A) = u(B),
as in part (c¢) of Theorem 1.19 on p17 of [298], and (8) on p302 of [299].

1.7.1 Countable additivity
Similarly, we say that p is a countably additive measure on X with respect to
A if (1.7.1) holds, and if

oo

(1.7.5) u( G Aj) = u(4))

Jj=1
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for every sequence Ap, As, As, ... of pairwise-disjoint elements of A such that
(1.7.6) U4eA
j=1

This corresponds to parts of 11.1 on p118 of [158], Definition 10.3 on p126 of
[159], and Definition 11.2 on p301 of [299], as before. If A is an algebra of
subsets of X, then u may be called a premeasure, as on p36 of [20], p30 of [118],
and p270 of [335].

Of course, (1.7.6) holds automatically when A is a o-ring of subsets of X.
This also corresponds to part (a) of Definition 1.18 on pl7 of [298] when A is
a o-algebra of subsets of X. One may refer to u as a positive or nonnegative
measure, for emphasis, as in [298]. This corresponds to the definition of a
measure on p4l of [14], p17 of [20], p24 of [118], and p263 of [335] when A is a
o-algebra of subsets of X as well.

1.7.2 Measurable and measure spaces

If A is a o-algebra of subsets of X, then (X,.4) may be called a measurable
space, as in Definition 2.26 on p27 of [14], on pl1 of [20], p25 of [118], p149 of
[159], and in part (b) of Definition 1.3 on p9 of [298]. In this case, the elements
of A may be called measurable subsets of X with respect to A.

If (X,.A) is a measurable space and p is a nonnegative countably additive
measure on (X,.A), then (X, A, u) is called a measure space. This corresponds
to Definition 2.56 on p42 of [14], remarks on p18 of [20] and p25 of [118], part
of Definition 10.3 on p126 of [159], and to part (b) of Definition 1.18 on pl7
of [298], and it is the same as on p263 of [335]. These terms are used a bit
differently on p310 of [299].

If (X, A, p) is a measure space and

(1.7.7) u(X) < 400,

then (X, A, ) is said to be a finite measure space, and p is said to be a finite
measure, as in Definition 5.18 on p123 of [14], Definition 3.7 on pl9 of [20], a
remark on p25 of [118], and Definition 10.3 on p126 of [159]. If

(1.7.8) w(X) =1,

then (X, A, ) may be called a probability space, and p a probability measure, as
in Definition 12.1 on p381 of [14], on p20 of [20], and on p313 of [118].

1.7.3 Some basic examples of measures

Let X be any set, and let A be the collection of all subsets of X. If A is any
subset of X, then let (A) be the number of elements of A, interpreted as +oo
when A has infinitely many elements. One can check that this is a countably
additive measure, called counting measure on X. This corresponds to the first
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example in 2.55 on p41 of [14], Example 3.2 on p18 of [20], an example on p25 of
[118], Example 10.4 (a) on p127 of [159], and Example 1.20 (a) on p18 of [298],
and it is mentioned on p310 of [299] with X = Z. This is also mentioned in
(i) on p263 of [335] when X is countable.

Let zg € X be given. If A is any subset of X, then put

(1.7.9) 0:0(A) = 1 whenaoe A
= 0 when zy € A.

It is easy to see that this is a probability measure, as in the second example in
2.55 on p41 of [14], Example 3.4 of p18 of [20], an example on p25 of [118], and
Example 1.20 (b) on pl8 of [298].

1.7.4 Some more examples of measures

Let X be an uncountable set, and let A; be the collection of subsets A of X
such that either A has only finitely or countably many elements, or X \ A has
only finitely or countably many elements. Put

(1.7.10) 1 (A) =0

in the first case, and
(1.7.11) u(A) =1

in the second case. One can check that A; is a o-algebra of subsets of X, and
that u; defines a probability measure. This corresponds to Exercise 3.3 on p20
of [20], some remarks on p21, 25 of [118], and Exercise 6 on p33 of [298], and it
is mentioned in a slightly different way on p42 of [14].

Now let X be any infinite set, and let Ay be the collection of subsets A of
X such that either A has only finitely many elements, or X \ A has only finitely
many elements. Put

(1.7.12) po(A) =0

in the first case, and
(1.7.13) wo(A4) =1

in the second case. One can verify that Ag is an algebra of subsets of X, and
that g is finitely additive. If X is uncountable, then Ay C A;, and pg is the
same as the restriction of p; to Ag. However, if X is countably infinite, then
o is not countably additive on Aj.

Alternatively, one can get a finitely additive measure p on the o-algebra of
all subsets of X by taking the measure of finite subsets of X to be 0 and of
infinite subsets of X to be equal to +oo. This is not countably additive, as
mentioned on p25 of [118].
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1.8 Measures and nonnegative sums

Let X be a nonempty set, and let 4g be the collection of all finite subsets of X.
This is a ring of subsets of X, as mentioned in Subsection 1.5.4. Also let w be
a function on X with values in the set of nonnegative extended real numbers.
If £ € Ag, then put

(1.8.1) p(E) =Y w(z).

z€E

This should be interpreted as being equal to 0 when E = §).

It is easy to see that p,, is a finitely additive measure on X with respect to
Ay. Conversely, if u is any finitely additive measure on X with respect to Ay,
then g is of this form in a unique way. In fact, p = p,, exactly when

(1.8.2) w(z) = p({z})

for every z € X.

1.8.1 Nonnegative sums over arbitrary sets

Let f be a nonnegative real-valued function on X. The sum

(1.8.3) > @)

zeX

may be defined as a nonnegative extended real number as the supremum of the
finite subsums

(1.8.4) > fla)

z€A
over all nonempty finite subsets A of X. Of course, if X has only finitely many
elements, then this is the same as the usual sum over X.

We may also consider functions f on X with values in the set of nonnegative
extended real numbers, by interpreting (1.8.4) as being 400 when f(x) = 400
for some 2 € A. This means that (1.8.3) is equal to +0o0 when f(z) = +oo for
some z € X.

1.8.2 Comparison with infinite series of nonnegative num-
bers
Let {7;}52, be a sequence of distinct elements of X, and suppose for the moment

that f(z) = 0 when z € X is not one of the terms of this sequence. One can
check that

(1.8.5) Yo f@) =) flay)
reX j=1

under these conditions. More precisely, the sum on the right should also be
interpreted as being equal to +0co0 when any of its terms is +00. Note that the
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partial sums
n

(1.8.6) DRLED)

j=1

of the sum on the right side of (1.8.5) are of the form (1.8.4). It is easy to see
that any finite subsum of the form (1.8.4) is less than or equal to (1.8.6) when
n is sufficiently large.

1.8.3 Summable functions on X

Let us say that f is summable on X when

(1.8.7) > flx) < +oo.

zeX

If there is an € > 0 such that
(1.8.8) flx) > ¢

for infinitely many = € X, then one can check that f is not summable on X.
If f is summable on X, then it follows that (1.8.8) holds for only finitely many
rzeX.

One can use this to get that

(1.8.9) f(z) >0

for only finitely or countably many z € X when f is summable on X. More
precisely, if f is summable on X, then for each positive integer [ there are only
finitely many x € X such that (1.8.8) holds with e = 1/1, and the set of z € X
such that (1.8.9) holds is the same as the union of this sequence of finite sets.

1.8.4 Some properties of the sum

If t is a positive real number, then one can check that

(1.8.10) Yotfa)=t ) fla),

zeX rzeX

where the right side is interpreted as being +o0co when (1.8.3) is +o00, as usual.
This uses the fact that

(1.8.11) dotfa) =ty flx)

T€EA z€EA

for every finite set A C X. This also works with ¢ = 0, with the right side
of (1.8.10) interpreted as being 0 even when (1.8.3) is 400, as in a remark in
Section 1.1.

If g is another nonnegative extended real-valued function on X, then

(1.8.12) D (f@) +g(@) = fl@)+ ) glx).

zeX zeX rzeX
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To see this, let A be a finite subset of X, and observe that

(1813) Y (f@) +9@) = f@)+ D g@) < Y f@)+ Y gla).

T€A r€A T€A reX reX

This implies that

(1.8.14) Y (f@) +g@) <Y fla)+ ) gla).

zeX reX reX

If B is another finite subset of X, then

S i@+ Ygw) < Y f@+ Y g

z€A zEB r€AUB r€AUB
(1.8.15) = > (f@+g@) <Y (fl@)+g(@)).
x€EAUB rzeX

One can use this to get that
(1.8.16) M)+ gl@) < > (f@) + gla).
reX zeX zeX

If E is any subset of X, then ) _. f(z) may be defined as before, as the
supremum of the sums (1.8.4) over all finite subsets A of E. If F; and FE5 are
disjoint subsets of X, then we get that

(1.8.17) Yo f@) =) f@)+ Y f)
rEE1UEy zeF; reFy

This can be obtained from the remarks in the preceding paragraph, by consid-
ering the functions on X that are equal to f on E; and FEs, and to 0 elsewhere.

1.8.5 Monotone convergence for nonnegative sums

Let {f;}52, be a sequence of functions on X with values in the nonnegative
extended real numbers, and suppose that

(1.8.18) fi(@) < fita(x)

for each j > 1 and z € X. Put

(1.8.19) f(z) = sup fi(x)
1>1

for all € X so that f;(z) — f(z) as j — oo for every z € X, as mentioned
near the beginning of Subsection 1.2.2. Note that

(1.8.20) Y@ <Y fle) < Y fla)

zeX zeX reX
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for each j. Under these conditions, a version of the monotone convergence
theorem states that

(1.8.21) > fi@) = > fx) as j— oo

rzeX zeX
More precisely,
(1.8.22) > fi(x) = sup fi(x) as j = oo
zeX 121
and
(1.8.23) sup ¥ filz) < Y f(x),
121 ex zeX

because of (1.8.20). Thus (1.8.21) is the same as saying that
(1.8.24) sup > filz) =Y f(x),

= zeX zeX
and it suffices to show that
(1.8.25) > f@) <sup Y fi(x).

zeX 121 pex

To see this, let A be a finite subset of X, and observe that
(1.8.26) Z fi(x) — Z f(z) as j — oo.
z€A z€A
This means that
(1.8.27) Z f(z) =sup Z fi(z) < sup Z fi(z).
z€A 21 z€A 21 reX

It follows that

(1.8.28) > fl@) <sup Y fix),
zeX izl zeX
by the definition of the sum on the left.

1.8.6 Sums over countable unions of subsets of X

Let f be any nonnegative extended real-valued function on X again, and let
E1, FEs, E3, ... be an infinite sequence of pairwise-disjoint subsets of X. One
can use this version of the monotone convergence theorem to get that

1829) > N fla)= > fl@) - > fl@)asn— o0,
j=lzckE; er;‘:1 E; zeU_‘;; E;

More precisely, one can take f,(r) = f(z) when = € Uj_, Ej, and fu(2) =0
otherwise, to get a monotonically increasing sequence of functions that converges
to f pointwise on (J;~, E;. Equivalently,

(1.8.30) NSt = > f).

Jj=lzck; cel 7 E;
=
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1.8.7 Measures defined using these sums

Let w be a nonnegative extended real-valued function on X again, and now let
tw(E) be as in (1.8.1) for every subset F of X. This defines a nonnegative
countably additive measure on the collection of all subsets of X. This is men-
tioned on p25 of [118], and it basically corresponds to an example mentioned
on p42 of [14], Example 3.3 on pl8 of [20], and to the example (i) on p263 of
[335] when X is countably infinite.

Let A; be the collection of all subsets of X with only finitely or countably
many elements, and remember that this is a o-ring of subsets of X, as in Sub-
section 1.5.4. If u is any countably additive measure on X with respect to A,
then it is easy to see that u = p,, on A; exactly when w is as in (1.8.2).

1.9 Some basic properties of measures

Let X be a set, let A be a ring of subsets of X, and let u be a countably
additive nonnegative measure on X with respect to A. Also let By, Bs, B3, ...
be a sequence of elements of A such that

(1.9.1) B; C Bj
for each j, and put
oo
(1.9.2) B=|JB.
j=1
If B € A, then it is well known that
(1.9.3) w(Bj) — u(B) as j — oo.

This corresponds to 2.59 on p43 of [14], part (3) of Proposition 3.5 on p18 of

[20], part ¢ of Theorem 1.8 on p25 of [118], Theorem 10.13 on pl30 of [159],

part (d) of Theorem 1.19 on pl7 of [298], and Theorem 11.3 on p302 of [299].
To see this, put A; = By, and

(1.9.4) Aj = Bj \ Bj,1

for j > 2. This defines a sequence of pairwise-disjoint elements of A. Observe
that

n

(1.9.5) B, =|J4
j=1

for each n, and that

(1.9.6) B=J4;.
j=1

This implies that

(1.9.7) w(Ba) =3 u(Ay)
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for each n, and

(1.9.8) p(B) = u(4y).
j=1
Clearly (1.9.8) is the same as (1.9.3), because of (1.9.7).

1.9.1 A partial converse

Now let Ay, As, Az, ... be any sequence of pairwise-disjoint elements of A, let B,
be as in (1.9.5) for each n, and let B be as in (1.9.6). Note that By, Bs, Bs, ... is
a sequence of elements of A that satisfies (1.9.1) and (1.9.2). Of course, (1.9.7)
only uses finite additivity of p on A. In this case, if B € A, then (1.9.3) implies
the countable additivity property (1.9.8). This corresponds to Exercise 3.1 on
p20 of [20], and to the first part of Exercise 11 on p27 of [118].

1.9.2 Decreasing sequences of measurable sets

Let C1,C5,Cs,. .. be a sequence of elements of A such that

(1.9.9) Cjs1 CC;

for each j, and put

(1.9.10) c=(¢.
j=1

If C € Aand

(1.9.11) w(Cy) < +oo,

then it is well known that
(1.9.12) w(C;) = p(C) as j — oo.

This corresponds to 2.60 on p44 of [14], part (4) of Proposition 3.5 on pl8 of
[20], part d of Theorem 1.8 on p25 of [118], Theorem 10.15 on p131 of [159],
and part (e) of Theorem 1.19 on pl7 of [298].

This can be reduced to the previous statement, by taking

(1.9.13) B; =1\ C,

for each j. This defines a sequence of elements of A that satisfies (1.9.1), because
of (1.9.9). If B is as in (1.9.6), then

(1.9.14) B= G(Cl\cj):cl\(ﬁcj) =01\ C
j=1 j=1

under these conditions. If C' € A, then B € A, and (1.9.3) implies that

(1.9.15) w(Ci\ Cj) = uw(C1\ C) as j — oo.
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Of course,
(1.9.16) 1(C1) = u(C1 \ Cy) + p(Cy)
for each j, and
(1.9.17) 1(C1) = p(C1\ C) + p(C),

using finite additivity. If (1.9.11) holds, then (1.9.12) may be obtained from
(1.9.15).

1.9.3 Another partial converse

Let By, Bo, Bs, ... be a sequence of elements of 4 that satisfies (1.9.1) again,
and let B be as in (1.9.2). Suppose that B € A, and put

(1.9.18) C; = B\ B,

for each j. This implies that (1.9.9) holds, and if C' is as in (1.9.10), then

(1.9.19) C=

J

@8 =5\ (UB) =0

L3

In this case, (1.9.12) says that
(1.9.20) pw(B\ Bj) = p(C;) = 0as j — oo.

We also have that
(1.9.21) u(B) = u(By)+ n(B \ By)

for each j, using finite additivity. Thus (1.9.20) implies (1.9.3). This corresponds
to Exercise 3.2 on p20 of [20], and to the second part of Exercise 11 on p27 of
[118].

1.9.4 A counterexample with p(C)) = +oo

Let X be the set Z, of positive integers, and let p be counting measure on X.
If C; is the set of positive integers greater than or equal to j for each j, then
(1.9.9) holds, and (1.9.10) is the empty set. However, (1.9.12) does not hold.
This is Example 3.6 on p19 of [20], an example on p26 of [118], and Example
1.20 (c) on pl8 of [298].

1.10 Subadditivity and outer measures

Let X be a set, let A be a ring of subsets of X, and let u be a nonnegative
extended real-valued function on A.
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1.10.1 Finite subadditivity

We say that p is finitely subadditive on A if for any finite sequence By, ..., B,
of elements of A, we have that

n

(1.10.1) u( U Bj) < Zn:u(Bj).

j=1

If p is finitely additive, then it is well known that pu is finitely subadditive.
To see this, put A; = By, and

j—1
(1.10.2) A; = Bj\ ( U Bl)
1=1
for j = 2,...,n. It is easy to see that A;, As,..., A, are pairwise-disjoint
elements of A. We also have that
(1.10.3) U4,=UB5B:
j=1 j=1

More precisely, if € B; for some I, then « € A; for the first j such that « € B;.
Note that A; C B; for each j, so that

(1.10.4) n(4;) < p(B;),
as in (1.7.4). Thus

n

105 u( U B;) = u( U 45) =3 nl4y) < iuwj).

Jj=1

1.10.2 Countable subadditivity

Similarly, we say that p is countably subadditive if for any infinite sequence
By, By, Bs, ... of elements of A with

(1.10.6) UBieA,
j=1

we have that - -
(1.10.7) u( U Bj) <3 u(By).
j=1 j=1

If u is countably additive, then it is well known that p is countably subba-
ditive, for essentially the same reasons as before. Indeed, if we put A; = B;
and let A; be as in (1.10.2) for j > 2, then Ay, Ay, A3, ... is a sequence of
pairwise-disjoint elements of A such that

I
NG
&

(1.10.8) G A;

<
Il

—
<
Il

—
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It follows that
o0

109 w(UB)=n( f] 45) =3 ul4y) < S (),

Jj=1

j=1 j=1

because of (1.10.4). This corresponds to 2.58 on p43 of [14], to part (2) of
Proposition 3.5 on p18 of [20], and to part b of Theorem 1.8 on p25 of [118].

1.10.3 A criterion for countable additivity

Suppose that p is finitely additive on A, and let Ay, Ao, As, ... be a sequence
of pairwise-disjoint elements of .4 whose union is an element of A. If n is any
positive integer, then

n

(1.10.10) S u(4;) :u(LnJAj) SH(DAJ)-

j=1 j=1

This implies that
o0 o
(1.10.11) >ou4y) < u( U 4):
j=1 j=1

If p is also countably subadditive, then it follows that u is countably additive.

1.10.4 Outer measures

Now let i be a nonnegative extended real-valued function defined on the col-
lection of all subsets of X. We say that p is a (Carathéodory) outer measure
on X if it satisfies the following three conditions, as in Definition 4.1 on p24 of
[20], on p28 of [118], and Definition 10.2 on p126 of [159]. First,

(1.10.12) (D) = 0.

Second, if A C B C X, then
(1.10.13) w(A) < u(B).

Third, p should be countably subadditive on the collection of all subsets of X.
Outer measures are also known as exterior measures, as on p264 of [335].

Sometimes outer measures are simply called measures, as on pl of [110], p53 of
[113], and p8 of [247].

1.11 More on outer measures

Let X be a set, and let y be an outer measure on X.
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1.11.1 Measurability with respect to u
A subset A of X is said to be measurable with respect to p if

(1.11.1) p(Y) = p(Y N A)+p(Y\ A)

for every subset Y of X. This is due to Carathéodory, and corresponds to
Definition 4.5 on p26 of [20], Definition 10.5 on p127 of [159] and Definition 1.3
on p8 of [247], and it is also mentioned on p2 of [110], p54 of [113], p29 of [118],
and p264 of [335].

Of course,
(1.11.2) p(Y) < p(Y 0 A) + p(Y \ A)

automatically, by subadditivity. Thus, in order to get (1.11.1), it suffices to
check that
(1.11.3) wY)>u(YNnA) +pu(Y\A).

In particular, this implies that A is measurable when u(A) = 0.

Note that A is measurable with respect to y if and only if X\ A is measurable
with respect to u, by the definition of measurability, and because Y \ A =
Y N(X\A). It is well known that

(1.11.4) the collection of subsets of X that are measurable

with respect to p is a o-algebra,
and that
(1.11.5)  the restriction of y to this o-algebra is countably additive.

This corresponds to Theorem 4.6 on p26 of [20], parts (i) and (ii) of Theorem
1 on p2 of [110], parts (2) and (3) of Theorem 2.1.3 on p54 of [113], Theorem
1.11 on p29 of [118], Theorem 10.11 on p129 of [159], and Theorem 1.1 on p265
of [335], and it is mentioned in parts (1) and (3) of Theorem 1.4 on p8 of [247].
1.11.2 Metric outer measures

Suppose for the moment that (X, d) be a metric space. Let A, B be nonempty
subsets of X, and suppose that there is a positive real number 7 such that

(1.11.6) d(z,y) =1
forallz € Aand y € B. If
(1.11.7) w(AUB) = pu(A) + p(B)

under these conditions, then p is said to be a metric outer measure or metric
exterior measure on X.
In this case, it is well known that

(1.11.8) open and closed sets in X are measurable with respect to ,
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as in Theorem 5 on p9 of [110], Exercise 10.48 on pl44 of [159], and Theorem
1.2 on p267 of [335]. This is part of Carathéodory’s criterion, as in (9) on p75
of [113], and as mentioned in Theorem 1.7 on p10 of [247].

In order to verify (1.11.7), it suffices to check that

(1.11.9) n(AU B) > p(A) + pu(B),

because of subadditivity, as before. Metric outer measures can often be defined
using suitable coverings of subsets of X. More precisely, one may be able to use
covering by subsets of X with arbitrarily small diameter. If A and B satisfy
(1.11.6), then any subset of X with diameter less than n can intersect at most
one of A and B. This means that a covering of AU B by sets of diameter less
than 7 can be split into coverings of A and B separately, and this can often be
used to get (1.11.9).

1.11.3 Some constructions of outer measures

Let X be a set, and let C be a collection of subsets of X such that § € C. Also
let ¢ be a nonnegative extended real-valued function on C such that (@) = 0.
If F is any subset of X, then consider sequences Ay, As, As, ... of elements of C
such that

(1.11.10) Ec |4
j=1

Using such a sequence, we get a sum

(1.11.11) >4y,

j=1
Let p*(E) be the infiumum of these sums over all such coverings of F.

Under these conditions, p* is an outer measure on X, as in Proposition 4.2
on p24 of [20], and Proposition 1.10 on p29 of [118]. More precisely, in [20] one
asks that there be a sequence of elements of C whose union is equal to X, and
in [118] one asks that X € C. These conditions imply that there are coverings
of subsets of X as before, and otherwise one can interpret the infimum as being
equal to +o0.

As a variant of this, one can consider coverings of E by finite or count-
able families {A4;}; of elements of C, and take p*(E) to be the infimum of the
corresponding finite or countable sums

(1.11.12) DAy,

One can get p*() = 0 by considering the empty set to be covered by the empty
family of sets, and the corresponding empty sum to be equal to 0. In a related
construction on p54 of [247], one asks that ¢ takes arbitrarily small values at
some elements of C, without asking that @ € C.
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Suppose that X is a metric space again, and that 0 < 6 < co. Let C(d) be
the collection of elements of C with diameter less than or equal to §, where the
diameter is defined as in Section A.5. One can define pj in the same way as
before, using C(J) instead of C, as on p170 of [113], and p54 of [247]. This is an
outer measure on X, as mentioned in [113, 247], for the same reasons as before.
More precisely, in [247] one asks that there be a sequence of elements of C(9)
whose union is equal to X, and that ¢ take arbitrarily small values on C(J).

Note that C = C(4+00), so that

(1.11.13) B = -

If 0 < 01 < 09 < 400, then

(1.11.14) C(81) C C(62),

and thus

(1.11.15) 5, (B) < 113, (B)

for every E C X. One can check that

(1.11.16) sup p3(E)
6>0

is a metric outer measure on X, as in [113, 247]. This is known as Carathéodory’s
construction associated to C and (.

1.11.4 A very nice extension theorem

Let X be any set again, let A be an algebra of subsets of X, and let u be a
countably additive measure on X with respect to A. Also let @ be the outer
measure p* defined in the previous subsection with C = A and ¢ = p. It is well
known that

(1.11.17) n(A4) = pu(A)

for every A € A, and that
(1.11.18) the elements of A are measurable with respect to 7.

This corresponds to parts (1), (2), and (3) of Theorem 4.17 on p37 of [20],
Proposition 1.13 on p31 of [118], parts (a), (b), and (c¢) of Exercise 10.36 on
pl41 of [159], and to Lemma 1.4 on p271 of [335]. This implies the extension
theorem, that p can be extended to a countably additive measure on a o-algebra
of subsets of X that contains A4, as in the first part of Theorem 1.14 on p31 of
[118], part (d) of Exercise 10.36 on pl42 of [159], and Theorem 1.5 on p272 of
335].

As a variant of this, let u be a finitely additive measure on X with respect
to A, and suppose that for every sequence Cy,Cs,Cs,. .. of elements of A such
that C;41 € C; for each j and

(1.11.19) ¢ =0,

Jj=1
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we have that
(1.11.20) p(C;) = 0as j — oo.

This implies that p satisfies the condition mentioned at the beginning of Section
1.9, as in Subsection 1.9.3. It follows that u is countably additive on X with
respect to A, as in Subsection 1.9.1. Thus the remarks in the previous paragraph
hold in this case as well, as in Exercise 10.37 on p142 of [159].

1.12 Some regularity conditions for measures

Let X be a metric space, or at least a topological space. Also let A be a ring
of subsets of X, and let i be a finitely additive measure on X with respect to
A. Sometimes p may satisfy some additional conditions related to the metric
or topology on X.

1.12.1 An outer regularity condition
Let us say that u is outer regular if for every A € A we have that
(1.12.1) p(A) =inf{uwU):U € A, ACU, and U is an open set in X }.

If X is equipped with the discrete metric or topology, then every subset of X is
an open set, and this outer regularity condition is trivial.

1.12.2 Two inner regularity conditions

Let us say that p is inner regular with respect to closed sets if for every A € A
we have that

(1.12.2) p(A) =sup{u(E): Ec€ A, EC A, and E is a closed set in X}.

If X is equipped with the discrete metric or topology, then every subset of X is
a closed set, and this is trivial, as before.

Similarly, let us say that p is inner regular with respect to compact sets if for
every A € A we have that

(1.12.3) p(A) =sup{p(K): K € A, K C A, and K is a compact set in X }.

It is well known that compact sets are closed sets in metric spaces, and in
Hausdorff topological spaces. Thus inner regularity with respect to compact
sets implies inner regularity with respect to closed sets in these cases.

If X is compact, then it is well known that closed sets in X are compact
too. This means that inner regularity with respect to closed sets implies inner
regularity with respect to compact sets in this case.

Suppose for the moment that A is an algebra of subsets of X, and that
1(X) < +o0. One can check that inner regularity with respect to closed sets
is equivalent to outer regularity under these conditions. More precisely, inner
regularity with respect to closed sets for A € A corresponds to outer regularity
for X \ A.
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1.12.3 Some examples concerning inner regularity

Suppose for the moment that A contains all one-element subsets of X, and thus
all finite subsets of X. Of course, finite subsets of X are automatically compact.
If w is a nonnegative extended real-valued function on X and p,, is defined on
A as in Subsection 1.8.7, then pi,, is inner regular with respect to compact sets,
by construction.

Suppose for the moment as well that X is equipped with discrete metric or
topology. It is well known that the finite subsets of X are the only compact sets
in this case. If p is inner regular with respect to compact sets, then one can
check that p = p,, on A exactly when w is obtained from p as at the beginning
of Section 1.8.

Let us continue to suppose for the moment that X is equipped with the
discrete metric or topology. If X has infinitely many elements, then the finitely
additive measure defined on the algebra Ay of subsets of X considered in Sub-
section 1.7.4 is not inner regular with respect to compact sets. Similarly, if X is
uncountable, then the countably additive measure defined on the o-algebra A;
of subsets of X considered in Subsection 1.7.4 is not inner regular with respect
to compact sets.

1.12.4 Regularity and elementary sets

Let n be a positive integer, and remember that £(R™) is the ring of bounded
elementary subsets of R™, as in Subsection 1.6.3. Also let u be a finitely additive
measure on R™ with respect to £(R™) such that p(A) < +oo for every A in
E(R™). One can check that p is both outer regular and inner regular with
respect to closed sets if and only if p is regular in the sense of Definition 11.5
on p303 of [299]. Of course, this uses the standard Euclidean metric on R".

If p is any finitely additive measure on £(R™), then inner regularity with
respect to closed sets implies inner regularity with respect to compact sets. This
uses the well-known fact that closed and bounded sets in R™ are compact. This
also uses the fact that the elements of £(R™) are bounded subsets of R", by
construction.

1.13 Regularity conditions and countable addi-
tivity

Let X be a metric or a topological space, let A be a ring of subsets of X, and
let 1 be a finitely additive measure on X with respect to .A. Suppose that p is
outer regular, as well as inner regular with respect to compact sets, as in the
previous section. We would like to show that p is countably additive on A. It
suffices to show that p is countably subadditive on A, as in Subsection 1.10.3.

Let A;, Ao, A3, ... be a sequence of elements of A such that U;’;l Aj e A,
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and let us show that
o0

(113.1) p(U4) < Suia)

Jj= Jj=1
We may as well suppose that the sum on the right is finite, since otherwise there
is nothing to do. In particular, this means that p(A4;) < +oo for each j.
Let € > 0 be given, and let us use outer regularity to get an open set U; in
X for each j such that A; CU;, U; € A, and
(1.13.2) w(U;) < u(Aj)+277 e
This implies that

(1.13.3) > uU;) <> A +e
j=1 j=1
Let K be a compact subset of X such that K € A and

A

(@

<

(1.13.4) K C

<.
Il
—

It follows that

(1.13.5) KcJu;,
j=1

so that

(1.13.6) KclJuy;

Jj=1

for some positive integer n. This means that

(1.13.7) W(E) <> u(U;),
j=1

by finite subadditivity, as in Subsection 1.10.1. Thus

o0

(1.13.8) () <) pU;) < Y nlAg) +e

Jj=1

We can now use inner regularity with respect to compact sets to get that
(1.13.9) u( U Aj) < u(4) +e
j=1 j=1

This implies (1.13.1), because € > 0 is arbitrary.
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1.13.1 Volumes of elementary sets

Let n be a positive integer, and remember that the ring £(R") of bounded
elementary subsets of R™ and the algebra £ (R"™) of possibly unbounded ele-
mentary subsets of R™ may be defined as in Subsection 1.6.3. More precisely,
one can check that the elements of £(R™) may be expressed as the union of
finitely many pairwise-disjoint bounded intervals in R™, as in (13) on p303 of
[299]. Similarly, the elements of & (R™) may be expressed as the union of finitely
many pairwise-disjoint possibly unbounded intervals in R™. This is related to
Proposition 1.7 on p23 of [118], as mentioned later in Section 5.7. Remember
also that the n-dimensional volume of bounded as well as possibly unbounded
intervals in R™ may be defined as in Subsection 1.6.2.

The n-dimensional volume of a bounded elementary set in R™ may be defined
as in (11) on p303 of [299]. That is to say, if the bounded elementary set
is expressed as the union of finitely many pairwise-disjoint bounded intervals,
then the volume of the elementary set is equal to the sum of the volumes of these
intervals. This does not depend on the way that the elementary set is expressed
as the union of finitely many pairwise-disjoint intervals, as in (14) on p303 of
[299]. This defines a finitely additive measure on R"™ with respect to £(R™),
as in (15) on p303 of [299]. There are analogous remarks for the n-dimensional
volume of a possibly unbounded elementary set in R™.

1.13.2 Regularity of the volume

One can check that n-dimensional volume is outer regular and inner regular
with respect to compact sets on £(R™). This corresponds to Example 11.6 (a)
on p303 of [299]. More precisely, it suffices to verify these regularity properties
for bounded intervals in R™, and this is easy to do. It follows that n-dimensional
volume is countably additive on £(R™), as before.

Similarly, n-dimensional volume is inner regular with respect to compact
sets on £1(R™). As before, it is enough to verify this for possibly unbounded
intervals in R™, and this is also fairly simple. One can check that 1-dimensional
volume is outer regular on & (R) as well.

However, if n > 2, then n-dimensional volume is not outer regular on & (R").
This is because of unbounded intervals with n-dimensional volume equal to 0.
Outer regularity does not work for these sets, because unbounded open sets in
&1(R™) have n-dimensional volume +oo. We shall consider another version of
outer regularity in the next section that works in this case.

1.14 Another outer regularity condition

Let X be a metric or topological space again, let A be a ring of subsets of X,
and let p be a finitely additive measure on A. Let us say that u is outer regular
with respect to subsets of compact sets if the outer regularity property (1.12.1)
holds when A € A and there is a compact subset K of X such that A C K and
K € A. Of course, this is equivalent to outer regularity when X is compact.
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1.14.1 Using this condition to get countable additivity

Suppose that p is outer regular with respect to subsets of compact sets, and
inner regular with respect to compact sets. We would like to show that u is
countably additive on A under these conditions as well. It is enough to show
that p is countably subadditive on A4, as before.

Let Ay, A, As, ... be a sequence of elements of A such that Ujoil Aj €A, so
that we would like to show that (1.13.1) holds. To do this, let K be a compact
subset of X such that K € A and (1.13.4) holds. It suffices to show that

> nl4y),
j=1

because of inner regularity with respect to compact sets.
In fact, we have that

(1.14.1) u(K)

IN

(1.14.2) WK) < iu(Aj nK).
j=1

To see this, we may as well suppose that the sum on the right is finite, as before.
Let € > 0 be given, and let us use outer reguarity with respect to subsets of
compact sets to get an open set V; in X for each j such that A; N K C Vj,
V; € A, and

(1.14.3) w(Vi) < w(A;NK)+277
Note that - -
(1.14.4) > Vi) <Y p(A;NE) +e
j=1 j=1
Using (1.13.4), we get that
(1.14.5) K=J4,nK)c|JV.
j=1 j=1

This implies that
(1.14.6) Kc |V

for some positive integer n, by compactness, so that
(1.14.7) p(K) <> u(V)),
because of finite subadditivity. It follows that

(1.14.8) PK) <D u(Vy) <Y p(A)) +e
j=1 =1

j=

This means that (1.14.1) holds, because ¢ > 0 is arbitrary.
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1.14.2 More on the n-dimensional volume on & (R")

Let n be a positive integer, and let us continue with the discussion of the n-
dimensional volume on & (R™) from the previous section. It is easy to see that
the n-dimensional volume is outer regular with respect to subsets of compact
sets on & (R™), because of outer regularity of n-dimensional volume on £(R™).

It follows that n-dimensional volume is countably additive on & (R™), using
the remarks in the previous subsection. This also uses the inner regularity of n-
dimensional volume on &£ (R™) with respect to compact sets, as in the previous
section.

1.15 Lebesgue outer measure on R”

The remarks in the previous two sections suggest a way to define n-dimensional
Lebesgue outer measure, using the construction discussed in Subsection 1.11.4.
Often one defines Lebesgue outer measure on R™ a bit more directly, and shows
that it has the usual properties using related arguments.

If E is any subset of R", then in the construction in Subsection 1.11.4,
one considers coverings of E by sequences of elements of & (R™). As a variant
of this, one can consider coverings of E by sequences of possibly unbounded
intervals in R™. It is easy to see that this leads to an equivalent definition of
the Lebesgue outer measure of E, because of the way that the volume of an
element of & (R™) is defined.

As another variant, one can consider coverings of E' by sequences of bounded
intervals. It is not too difficult to show that this also leads to an equivalent
definition of Lebesgue outer measure. This is simpler when n = 1, because
the 1-dimensional volume of an unbounded interval in R is +oco. If n > 2,
then the n-dimensional volume of an unbounded interval is either 0 or +oo,
as in Subsection 1.6.2. If it is 0, then one should check that its n-dimensional
Lebesgue outer measure is equal to 0 when it is defined using coverings by
sequences of bounded intervals.

One can also restrict one’s attention to coverings of F by sequences of
bounded open intervals. This is because any bounded interval in R" is con-
tained in a bounded open interval whose n-dimensional volume is arbitrarily
close to the volume of the initial interval. This approach to defining Lebesgue
outer measure on R"™ is essentially the same as in Definition 11.7 on p304 of
[299], where coverings by sequences of bounded open elementary sets is used.
More precisely, in the construction in [299], one considers any finitely additive
measure on £(R™) that is outer regular, inner regular with respect to closed or
equivalently compact sets, and finite on the elements of £(R™).

One could consider coverings of E by sequences of cubes as well. To check
that this leads to the same result, one can verify that bounded intervals can
be covered by finitely many cubes, with the sum of the volumes of these cubes
arbitrarily close to the volume of the interval. One can restrict one’s attention
to closed cubes too, as on p10 of [335].
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One-dimensional Lebesgue outer measure is defined on pl4 of [14] using
coverings by sequences of possibly unbounded open intervals. It is simply called
“outer measure”, and it is shown afterwards to satisfy the conditions in the
definition of an outer measure used here.

One-dimensional Lebesgue outer measure is defined in Example 4.3 on p25
of [20] using coverings by sequences of intervals that are open on the left and
closed on the right.

One-dimensional Lebesgue outer measure is defined a bit differently on p26
of [110], using coverings of E by sequences of arbitrary subsets of the real line,
and taking the infimum of the sum of the diameters of the sets in the covering,
over all such coverings. This is equivalent to using coverings by sequences of
intervals as before, because the diameter of an interval in R is the same as its
length, or one-dimensional volume. This also uses the fact that any subset of
the real line is contained in an interval with the same diameter. Lebesgue outer
measure on R is obtained another way in [110] when n > 2, using the n =1
case.

Note that one gets an outer measure when defining Lebesgue outer measure
using converings in these ways, as in Subsection 1.11.3. More precisely, one can
check that it is enough to use coverings by sets whose diameter is as small as one
likes. This implies that Lebesgue outer measure is a metric outer measure, as in
Subsection 1.11.2. This corresponds to Observation 4 on pl4 of [335], as men-
tioned on p267 of [335]. This is related to the remarks about the Carathéodory
construction in Subsection 1.11.3.

One-dimensional Lebesgue outer measure is obtained using the Riemann
integral on pl11 of [113], and in Definition 9.19 on p120 of [159]. This is used
to get n-dimensional Lebesgue outer measure beginning on p119 of [113].

1.15.1 Lebesgue measure on R”

One may define n-dimensional Lebesgue measure to be the restriction of n-
dimensional Lebesgue outer measure to the corresponding o-algebra of mea-
surable sets, as in Subsection 1.11.1. A subset of R™ that is measurable with
respect to Lebesgue outer measure may be called Lebesgue measurable. Another
definition of measurability is used on pl6 of [335], and Exercise 3 on p312 of
[335] asks one to show that this is equivalent to measurability with respect to
Lebesgue outer measure, as in Subsection 1.11.1.

Lebesgue measure on R” is defined on the o-algebra of Lebesgue measurable
sets another way on p53 of [298].

Lebesgue measurability of subsets of R is defined another way on p52 of [14].
The fact that the Lebesgue measurable subsets of R form a o-algebra, and that
Lebesgue outer measure is countably additive on this o-algebra, is discussed on
p54 of [14].

Lebesgue measure on R is defined on p37 of [118] as Lebesgue-Stieltjes
measure A, as in Subsection 2.5.1, with a(z) = =.



Chapter 2

More on measures and
o-algebras

2.1 Getting an outer measure from a measure

Let X be a set, let A be a o-algebra of subsets of X, and p be a nonnegative
countably additive measure defined on X with respect to A. If E is any subset
of X, then put

(2.1.1) (E) =inf{u(A): Aec A, EC A},

as in Exercise 4.3 on p39 of [20], and (1.2) of p8 of [247]. It is easy to see that
this is the same as in Subsection 1.11.4 under these conditions. This is related
to Exercise 22 on p32 of [118].

The properties of 77 mentioned in Subsection 1.11.4 are somewhat simpler in
this case. In particular, one can check more directly that @ is an outer measure
on X, as in Exercise 1 on p22 of [247]. Clearly & = p on A, by construction.
One can also verify that the elements of A are measurable with respect to f, in
the sense described in Subsection 1.11.1.

This construction is related to one mentioned at the bottom of p57 of [113],
and we shall say more about that in Section 2.7.

2.1.1 The infimum in the definition of fi(F) is attained

Let E be any subset of X, and let us check that the infimum on the right side
of (2.1.1) is attained. This is clear when E(E) = +o0o, and so we suppose that
(E) < co. In this case, for each positive integer [ there is an A; € A such that
E C A and

(2.1.2) w(A;) < w(E)+1/1.

If we put B =(,2; 4;, then B€ A, E C B, and
(2.1.3) u(B) < (E),

38
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because pu(B) < p(A4;) for each . It follows that
(2.1.4) A(E) = u(B),

by the definition of T(E).
In particular, u(B) = 0 when u(E) = 0. If E is measurable with respect to
i, as in Subsection 1.11.1, then one can use (2.1.4) to get that

(2.1.5) A(B\ E) = 0.

2.1.2 When FE is o-finite with respect to 1

Suppose now that E is o-finite with respect to [z, in the sense that there is a
sequence Ey, Es, E3, ... of subsets of X such that £ = U]oil E;and i(E;) < 400
for each j. Let B; be an element of A such that E; C B; and

(2.1.6) A(E;) = u(By)
for each j, as before. Note that E; C E N B; for each j, so that
(2.1.7) R(E N Bj) = pu(B;).

If F is measurable with respect to 1z, then N B; is measurable with respect
to 1x for each j. This implies that

(2.1.8) (B \ E) =0

for each j, as before. It follows that
2.19) A((Um)ve) =a( Ui\ m) =0
j=1 j=1

2.1.3 Complete measure spaces

The measure space (X, A, 1) is said to be complete if for every subset E of X
such that there is a B € A with £ C B and u(B) = 0, we have that £ € A.
This is mentioned on p19 of [20], on p26 of [118], in Definition 11.20 on p155 of
[159], on p29 of [298], and p266 of [335]. Equivalently, this means that £ € A
when fi(E) = 0. Note that any outer measure is complete with respect to the
corresponding o-algebra of measurable sets, as in Subsection 1.11.1.

It is well known that one can get a completion of A as follows. A subset of
X is said to measurable with respect to the completion if it can be expressed as
AUEFE, when A € Aand E C X is as in the previous paragraph. In this case,
the measure of AU E is defined to be u(A). One can check that this defines a
complete measure space, as in Exercise 3.8 on p21 of [20], Theorem 1.9 on p26
of [118], Exercise 10.38 on pl142 and Theorem 11.21 on p155 of [159], Theorem
1.36 on p29 of [298], and Exercise 2 on p312 of [335].
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2.1.4 More on o-finiteness

We say that A € A is o-finite with respect to p if A can be expressed as the
union of a sequence of elements of A with finite measure, as on p25 of [118],
pl18 of [158], p138 of [159], and p49 of [298]. If X is o-finite with respect to p,
then (X, A, p) is said to be o-finite as a measure space, as in Definition 5.18 on
p123 of [14], Definition 3.7 on p19 of [20], on p127 of [159], and p263 of [335].
Note that o-finiteness of a set with respect to an outer measure is defined on
p4 of [110] to mean that the set may be expressed as the union of a sequence
of measurable sets with respect to the outer measure with finite measure. This
property is also known as countable measurability with respect to the outer
measure, as in 2.3.4 on p76 of [113].

It is easy to see that the collection of elements of A that are o-finite with
respect to p is a o-ring.

If X is any set equipped with counting measure, then A C X is o-finite if
and only if A has only finitely or countably many elements. This means that
X is o-finite as a measure space if and only if it has only finitely or countably
many elements.

2.2 Borel sets

Let X be a set, and let £ be any collection of subsets of X. Also let A(E) be
the intersection of all of the o-algebras of subsets of X that contain £. One can
check that A(E) is a o-algebra of subsets of X as well. Of course,

(2.2.1)  A(€) is the smallest o-algebra of subsets of X that contains &,

by construction. This is mentioned on p28 of [14], p12 of [20], beginning on
p59 of [113], on p22 of [118], and in Definition 10.19 on p132 of [159], and it
corresponds to Theorem 1.10 on p12 of [298].

Suppose now that X is a metric space, or a topological space. The collection
of Borel sets in X is

(2.2.2) the smallest o-algebra of subsets of X that contains the open sets,

as in Definition 2.29 on p28 of [14] when X = R, Definition 5.37 on p137 of
[14] when X = R™, on pl13 of [20], p4 of [110], p60 of [113], p22 of [118], p118
of [158], in Definition 10.19 on p132 of [159], p9 of [247], p13 of [298], p309 of
[299], and p23, 267 of [335]. Note that some variants of this terminology have
sometimes been used.

2.2.1 Borel measures

A nonnegative countably additive measure defined on the o-algebra of Borel
sets in X may be called a Borel measure, as in the footnote on p329 of [159],
in Definition 2.15 on p49 of [298], and on p269 of [335]. However, this term is
sometimes also used for an outer measure y on X such that the Borel sets in X
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are measurable with respect to p, in the sense discussed in Subsection 1.11.1,
as on p4 of [110], and in (2) in Definition 1.5 on p9 of [247]. We may use the
term Borel outer measure for this here.

Of course, if u is a Borel outer measure on X, then the restriction of u to
the Borel sets is a Borel measure on p. If X is a metric space, then a metric
outer measure on X is a Borel outer measure on X, as in Subsection 1.11.2.

2.2.2 Two basic families of examples of Borel sets

A subset of X is said to be an F, set if it can be expressed as the union of a
sequence of closed sets. Similarly, a subset of X is said to be a Gy set if it can
be expressed as an intersection of a sequence of open sets. Clearly F, sets and
G sets are Borel sets in X. It is easy to see that a subset of X is an F,, set if
and only if its complement in X is a G set.

Suppose that (X, d(-,-)) is a metric space. If z € X and r is a positive real
number, then let
(2.2.3) B(z,r)={y € X : d(z,y) <r}

be the usual open ball in X centered at x of radius r with respect to d. It is well
known and not difficult to show that open balls in X are open sets. Similarly,
if r is a nonnegative real number, then let

(2.2.4) B(z,r)={y € X : d(z,y) <r}

be the closed ball in X centered at x of radius r with respect to d. One can
check that closed balls in X are closed sets.

It is easy to see that an open ball in X may be expressed as the union of a
sequence of closed balls with the same center. This implies that open balls are
F, sets. Similarly, a closed ball in X may be expressed as the intersection of a
sequence of open balls with the same center, and is thus a Gy set.

If A is any subset of X, then put

(2.2.5) Ay = | B(=,7).

T€A

This is an open set in X, because it is a union of open sets. One can check that

(2.2.6) A=) 4,

r>0

where A is the closure of A in X. This implies that
(2.2.7) A=()Auy,
1=1

so that closed sets in X are Gs sets. It follows that open sets in X are F, sets,
because their complements in X are closed sets.
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2.2.3 Some examples concerning intervals

Let a and b be real numbers with ¢ < b. One can check that [a,b) and (a,b]
are each both F, sets and Gy sets in the real line, with respect to the standard
Euclidean metric. More precisely, [a,b) and (a, b] may each be expressed as the
union of a sequence of closed intervals, and as the intersection of a sequence of
open intervals. Similarly, (a,b) may be expressed as the union of a sequence of
closed intervals, and [a,b] may be expressed as the intersection of a sequence
of open intervals. We also have that an open half-line may be expressed as the
union of a sequence of closed half-lines, and a closed half-line may be expressed
as the intersection of a sequence of open half-lines.

Let n be a positive integer, and remember that a subset of R™ may be called
an interval if it can be expressed as the Cartesian product of n intervals in the
real line, as in Subsection 1.6.2. If a subset of R™ can be expressed as a product
of n open intervals in R, then one can check that this set is an open set in R,
with respect to the standard Euclidean metric. Similarly, if a subset of R™ can
be expressed as the product of n closed intervals in R, then one can verify that
this set is a closed set in R™. It is well known that the product of n closed
intervals in R that are also bounded is compact in R”.

One can check that any interval in R™ is both an F, set and a G5 set. More
precisely, it can be expressed as the union of a sequence of closed intervals, and
as the intersection of a sequence of open intervals. In particular, intervals in R™
are Borel sets.

2.3 Separability and countable bases

Let X be a metric space, or a topological space. A collection B of open subsets
of X is said to be a base for the topology of X if every open set may be expressed
as a union of elements of B. One may consider the empty set as being the union
of an empty collection of sets, so that it has this property automatically.

Equivalently, B is a base for the topology of X if for every open set U C X
and point x € U there is a V € B such that x € V and V C U. If X is a metric
space, then this is also equivalent to saying that for every x € X and r > 0
there is a V' € B such that x € V and V C B(z,r).

The collection of all open balls in X is a base for the topology of X when X
is a metric space. In fact, the collection of all open balls in X with radii of the
form 1/ for some positive integer [ is a base for the topology of X.

Suppose that X is a metric space again, and let F be a dense set in X. One
can check that

(2.3.1) Bg ={B(y,1/l):y € B, € Z}

is a base for the topology of X. Indeed, if x € X amd r is a positive real number,
then let [ be a positive integer such that 2/l < r, and let y be an element of E
such that

(2.3.2) d(z,y) < 1/L.
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Thus B(y, 1/1) is an element of Bg that contains = as an element, and one can
check that
(2.3.3) B(y,1/1) € B(x,7),

using the triangle inequality.

2.3.1 Separable metric and topological spaces

A metric or topological space X is said to be separable if there is a dense set
FE in X such that F has only finitely or countably many elements. If X is a
metric space, and £ C X has only finitely or countably many elements, then
one can verify that (2.3.1) has only finitely or countably many elements. More
precisely, it is easy to see that

(2.3.4) (B(y,1/1) : y € B}

has only finitely or countably many elements for every | € Z, because E has
only finitely or countably many elements. This implies that

(2.3.5) U{Bw, 1/) -y € E}

=1

has only finitely or countably many elements, and this set is the same as (2.3.1).

It is well known that the set Q of rational numbers is a countable dense
set in the real line with respect to the standard Euclidean metric, so that R is
separable. If n is a positive integer, then it is well known and not too difficult
to show that the set Q™ of n-tuples of rational numbers is a countable dense set
in R™ with respect to the standard Euclidean metric, so that R™ is separable.

If X is any set with the discrete metric or topology, then X is the only dense
set in itself. It follows that X is separable if and only if X has only finitely or
countably many elements.

Let X be a metric or topological space again, and let B be a base for the
topology of X. If V € B and V # 0, then let z(V') be an element of V. Consider
the set F of these points (V). One can check that E is dense in X, because
B is a base for the topology of X. If B has only finitely or countably many
elements, then E has only finitely or countably many elements, so that X is
separable.

2.3.2 Bases and Borel sets

If £ is any collection of Borel sets, then the o-algebra A(E) of subsets of X
generated by &£, as in the previous section, is contained in the o-algebra of Borel
sets in X.

If £ is a base for the topology of X with only finitely or countable many
elements, then A(E) contains all Borel sets in X. More precisely, if a subset U
of X can be expressed as the union of finitely or countably many elements of &,
then U € A(E). If this holds for all open sets U in X, then A(E) contains the
Borel sets in X.
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2.3.3 Some more examples of bases using intervals

The collection of all open intervals in the real line is a base for the topology of
R with respect to the standard metric. More precisely, the collection of open
intervals in R with rational endpoints is a countable base for the topology of R.

If n is a positive integer, then the collection of all open intervals in R" is a
base for the topology of R™ with respect to the standard metric. In fact, the
collection of all open intervals in R™ obtained by taking the Cartesian product
of n open intervals in R with rational endpoints is a countable base for the
topology of R"™.

Let £(R™) and £ (R™) be the collections of bounded and possibly unbounded
elementary subsets of R", as in Subsection 1.6.3. Note that elementary subsets
of R™ are Borel sets, because intervals are Borel sets, as in the previous section.

We also have that A(E(R™)) contains all of the Borel sets in R™, because the
collection of open intervals in R™ obtained from products of open intervals in
R with rational endpoints is a countable base for the topology of R™, as before.
It follows that A(E(R™)) and A(£1(R™)) are both the same as the collection of
all Borel sets in R".

2.4 Limits of functions

We would like consider some more Borel measures on the real line, related to
monotonically increasing real-valued functions on R. In order to do this, we
shall first review some facts related to one-sided limits of functions on R.

Let (X,dx) and (Y, dy) be metric spaces, let E be a subset of X, and let p
be an element of X that is a limit point of E. Also let f be a function on F
with values in Y, and let ¢ be an element of Y. We say that the limit of f(z),
as x € E approaches p, is equal to q, if for every € > 0 there is a § > 0 such that

(2.4.1) dy (f(z),q) <e

for every x € E with d(p,x) < § and x # p. It is well known and not difficult
to show that the limit ¢ is unique when it exists. In this case, we put

(24.2) lim f(2) = q,
or simply

(2.4.3) lim f(z) =q
when £ = X.

It is well known that (2.4.2) holds if and only if for every sequence {z;}72;
of elements of E that converges to p and satisfies x; # p for each j, we have
that {f(z;)}52, converges to ¢ in Y. If £ = X, then it is easy to see that f is
continuous at p if and only if

(2.4.4) lim f(z) = f(p).

T—p
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If p is not a limit point of X, then any mapping from X into Y is continuous
at p.
2.4.1 One-sided limits on R

Let us now take £ = X = R, with the standard metric. The limit of f(z) as
x € R approaches p from the right is defined by

(2.4.5) flp+)= lim f(z)= lim f(x),
T—p+ meip;}-;oo)

when the limit on the right side exists. Similarly, the limit of f(z) as x € R
approaces p from the left is defined by

(2.4.6) flp—) = lim f(z) = lim "f(z),

when the limit on the right side exists. One can check that

(2.4.7) lim f(z)

T—p

exists if and only if the one-sided limits (2.4.5) and (2.4.6) exist and are equal.
Of course, (2.4.7) is equal to the common value of the one-sided limits in this
case.

Let us say that f is continuous at p from the right if

2.4. li = .
(2.4.8) g f(z) = f(p)
Similarly, we say that f is continuous at p from the left if

(2.4.9) lim f(z) = f(p).

T—p—
Thus f is continuous at p if and only if f is continuous at p from both the left
and the right.
2.4.2 Monotonically increasing functions on R

Let f be a monotonically increasing real-valued function on R, so that

(2.4.10) fz) < f(y)

for every x,y € R with x < y. It is well known that the limits of f at p € R
from the left and right exist, with

(2.4.11) flp+) = _inf f(@)
and
(2.4.12) flo=)= suwp f(z)

—oo<xr<p
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This corresponds to Theorem 4.1 H on p102 of [135] and its proof, the first part
of Theorem 8.19 on pl11 of [159] and its proof, and to parts of Theorem 4.29
on p95 of [299]. Note that

(2.4.13) fp=) < f(p) < flpt),
and that
(2.4.14) f(p1+) < fp2—)

when p; < pg, as in [299).
It follows from (2.4.13) that f is continuous at p exactly when

(2.4.15) f(p—) = f(p+).

Thus f is not continuous at p exactly when

(2.4.16) fp=) < flp+).

It is well known that f is continuous at all but finitely or countably many
elements of R, as in the first part of Theorem 8.19 on p111 of [159], and Theorem
4.30 on p96 of [299].

It is convenient to put

(2.4.17) f(+o0) = sup f(x)
and
(2.4.18) f(—o0) = zlg{f(x)

These satisfy

(2.4.19) f(z) = f(400) as ¢ — +o0
and
(2.4.20) f(z) = f(—o0) as z = —o0,

with suitable interpretations. This is related to Definition 4.1 E on pl01 of
[135], Exercise 11 and 21 at the end of Section 4.1 of [135], and some remarks
on p98 of [299].

2.5 Lengths of intervals with respect to «

Let a be a monotonically increasing real-valued function on the real line. If a
and b are real numbers with a < b, then put

(2.5.1) Aa([a, b)) alb—) — ala—),
(2.5.2) Aa([a, b)) = a(b+) — ala—),
(2.5.3) Aa((a, b)) = a(b+) —alat),
(2.5.4) Aa((a, b)) a(b—) — ala+),
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as in Example 11.6 (b) on p303 of [299]. We may also use (2.5.2) when a = b.

These may be described as the a-lengths of these intervals. Of course, this is

the same as the ordinary length of an interval when a(x) = z for every x € R.
Similarly, put

(2.5.5) Aa([a, +0)) = a(+o00) — ala—),
(2.5.6) Aa((a,+0)) = a(+o00) — alat),
(2.5.7) Aa((—0,0]) = a(b+) — a(—o0),
(2.5.8) Aa((—00,b)) = a(b—) — a(—0),
(2.5.9) Aa((—00,+00)) = a(+00) — a(—0)

Note that (2.5.9) is finite if and only if « is bounded on R. Similarly, (2.5.5)
and (2.5.6) are finite exactly when « has a finite upper bound on R, and (2.5.7)
and (2.5.8) are finite exactly when « has a finite lower bound on R.

Let £(R) be the ring of bounded elementary sets in R, and let £;(R) be
the algebra of possibly unbounded elementary sets in R, as in Subsection 1.6.3.
We can extend A, to a finitely additive measure on £(R), in the same way as
in Subsection 1.13.1. Similarly, we can extend A, to a finitely additive measure
on &1 (R), and we use A\, to denote this extension as well.

One can check that A\, is outer regular and inner regular with respect to
compact sets on £(R), as in Example 11.6 (a) on p303 of [299]. Similarly, A, is
outer regular and inner regular with respect to compact sets on & (R). As in
Subsection 1.13.2, it suffices to check these regularity properties for intervals,
and one can do this directly from the definitions. This implies that A, is count-
ably additive on &£;(R), by the remarks at the beginning of Section 1.13. This
is closely related to Proposition 1.15 on p33 of [118].

2.5.1 Lebesgue—Stieltjes outer measures

Using \,, we get an outer measure A\, on the real line as in Subsection 1.11.4.
This may be called the Lebesgue—Stieltjes outer measure associated to o.. Note
that A, = A\, on & (R), and that the elements of &£ (R) are measurable with
respect to Aq, as before. This means that the Borel sets in R with respect to
the standard metric are measurable with respect to Ao, as in Subsection 2.3.3.

In the construction in Subsection 1.11.4, one considers coverings of a subset
E of the real line by sequences of elements of &4R). One can consider cov-
erings of E by sequences of possibly unbounded intervals instead, and get an
equivalent definition of Ay, as in Section 1.15. One can consider coverings by
sequences of bounded intervals too. In fact, one can consider coverings by se-
quences of bounded open intervals, and get an equivalent definition of A,. This
is essentially the same as in Definition 11.7 on p304 of [299], where coverings by
sequences of bounded open elementary sets are used.

Alternatively, one can consider coverings by sequences of bounded intervals
of the form (a,b], as in Example 4.4 on p25 of [20] and discussed further in
Section 4.2 beginning on p28 of [20], and on p282 of [335]. One can also show
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that A, is a metric outer measure on R with respect to the standard metric,
as on p283 of [335]. This is another way to see that the Borel sets in R are
measurable with respect to A,, as shown also in Proposition 4.9 on p30 of [20].

One can obtain Lebesgue—Stieltjes outer measures using Riemann—Stieltjes
integrals as well, as on p111 of [113], and in Definition 9.19 on p120 of [159].

One may define the Lebesque—Stieltjes measure associated to a to be the
restriction of A, to the corresponding o-algebra of measurable sets, or simply to
the Borel sets. The restriction of A\, to the measurable sets may be denoted A\,
again. This is related to Theorem 1.16 on p35 of [118], and some of the remarks
that follow it. Another approach to Lebesgue—Stieltjes measures may be found
in the proof of part (b) of Theorem 8.14 on p173 of [298], and we shall discuss
this in the next subsections.

2.5.2 When « is continuous and strictly increasing

Let us suppose in this subsection that « is continuous and strictly increasing on
R. This implies that

(2.5.10) a(R) = (a(—00), a(+00)),

by the intermediate value theorem.

One can check that the inverse of « is continuous as a real-valued function
on a(R), using (2.5.10). As a related matter, it is well known that a one-to-one
continuous mapping from a compact metric space onto another metric space
has a continuous inverse, as in Theorem 4.17 on p90 of [299]. In fact, a one-
to-one continuous mapping from a compact topological space onto a Hausdorff
topological space is continuous. This implies that the restriction of a to any
closed interval in the real line has a continuous inverse. One can use this to
get that a1 is continuous on closed intervals contained in a(R), so that o~ ! is
continuous on a(R).

Let A be one-dimensional Lebesgue outer measure on the real line, as in
Section 1.15. One can use

(2.5.11) Ma(E))

as another way to define the Lebesgue—Stieltjes outer measure of £ C R as-
sociated to a. It is easy to see that this basically corresponds to the previous
definitions under these conditions, depending on how A\ is defined.

2.5.3 Some properties of monotone functions

If ¢ is a real number, then it is easy to see that a~!({t}) is an interval in R, or
the empty set. More precisely, if z,y,z € R, x < y < z, and a(z) = a(z) = ¢,
then a(y) = t. If « is continuous, then a~!({t}) is a closed set, and thus a
closed interval.

It is well known that any collection of pairwise-disjoint intervals in the real
line with nonempty interiors can only have finitely or countably many elements,
because each of the intervals contains a distinct rational number. This implies
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that there are only finitely or countably many ¢t € R such that a~!({t}) has
more than one element, as mentioned on p174 of [298].
Suppose that x, z,t € R satisfy x < z and

(2.5.12) alz) <t < az).
Consider

(2.5.13) Yo = sup{y € [z, 2] : a(y) < t}.
One can check that

(2.5.14) alw) <t

when w < yg, and that

(2.5.15) a(w) >t

when w > yo. In particular, this means that
(2.5.16) ayo—) <t < afyot).

If « is continuous at yg, then we get that a(yg) = t.

2.5.4 Another approach to Lebesgue—Stieltjes outer mea-
sures

If z € R, then put
(2.5.17) Plz] = [a(z—), afa+)],

so that ®[z] = {a(z)} when « is continuous at z. If E is any subset of R, then
we put
(2.5.18) o[E] = ] @[a].
relE
It is easy to see that ® sends the union of any family of subsets of R to the
union of the sets that ® associates to the sets in the family.
One can check that

(2.5.19) (a(—00), a(+)) C P[R] C [a(—00), a(+0)] N R,

using the remarks in the previous subsection. In particular, ®[R] is a possibly-
unbounded interval in R.

If F is any subset of the real line, then ®[R \ E] is equal to the union of
®[R]\ ®[E] and a subset of the set of ¢t € R such that a~*({t}) has at least two
elements, as on p174 of [298]. This additional set has only finitely or countably
many elements, as in the previous subsection.

If A is one-dimensional Lebesgue measure on the real line, then one can use

(2.5.20) A(®[E])

as another way to define the Lebesgue—Stieltjes measure of a Borel set £ C R
associated to «, as on p174 of [298]. Similarly, one can use

(2.5.21) A@[E])
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as another way to define the Lebesgue—Stieltjes outer measure of £ C R asso-
ciated to «. Note that this is equal to 0 when ®[FE] is contained in the set of
t € R such that a~!({t}) has more than one element, because the Lebesgue
outer measure of a set with only finitely or countably many elements is equal
to 0.

2.6 Monotone classes

Let X be a set, and let M be a collection of subsets of X. We say that M is a
monotone class or monotone family if it satisfies the following two conditions,
as in Definition 5.15 on p122 of [14], Definition 2.9 on pl4 of [20], on p380 of
[159], and p145 of [298]. First, if A;, As, As, ... is a sequence of elements of M
such that A; C A;4 for each j, then

(2.6.1) G&EM.

Jj=1

Second, if By, Ba, Bs, ... is a sequence of elements of M such that B;;; C B;
for each j, then

(2.6.2) ﬁ&eM.

Jj=1

Note that o-algebras of subsets of X are monotone classes.

2.6.1 Monotone classes generated by algebras

Let &€ be any collection of subsets of X, and let M (&) be the intersection of all
of the monotone classes of subsets of X that contains £. One can check that
M(E) is also a montone class of subsets of X, as mentioned on p381 of [159],
and at the beginning of the proof of Theorem 7.3 on p146 of [298]. This is the
smallest monotone class of subsets of X that contains &, by construction.

Let A(E) be the smallest o-algebra of subsets of X that contains &, as in
Section 2.2. Note that

(2.6.3) M(E) C A(E),

because o-algebras of subsets of X are monotone classes.
If £ is an algebra of subsets of X, then it is well known that

(2.6.4) M(E) = A(E).

This corresponds to Theorem 5.17 on p122 of [14], Theorem 2.10 on pl4 of
[20], and Theorem 21.6 on p380 of [159], and Theorem 7.3 on pl46 of [298] is a
particular case of this.
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2.6.2 Monotone classes and finite measures

Let A be a o-algebra of subsets of X, and let u, ¥ be countably additive non-
negative measures on X with respect to A. Suppose for the moment that

(2.6.5) w(X), v(X) < +oo.
It is easy to see that the collection M of E € A such that
(2.6.6) w(E) =v(E)

is a monotone class, using the remarks in Section 1.9.

Let £ be an algebra of subsets of X contained in .4, and suppose that (2.6.6)
holds for every E € &, so that
(2.6.7) ECM.

Suppose also that A is the smallest o-algebra of subsets of X that contains £.
This implies that A is the smallest monotone class of subsets of X that contains
&, as before. It follows that

(2.6.8) AC M,
so that
(2.6.9) A=M,

because M C A, by construction. This means that (2.6.6) holds for every
EcA

We would like to consider some extensions of this in the next two subsections,
with the same hypotheses aside from (2.6.5).
2.6.3 Monotone classes and some sets of finite measure
Let Eg be an element of A such that
(2.6.10) w(Ep),v(Ep) < 400.
Consider the collection Mg, of E € A such that
(2.6.11) w(ENEy) =v(ENEy).

One can check that Mg, is a monotone class, using the remarks in Section 1.9,
as before.

Suppose that Ey € £, so that if E € £, then ENEy € £, and (2.6.11) holds,
by hypothesis. This means that

(2.6.12) £C Mg,.

If A is the smallest o-algebra of subsets of X that contains £, then A is the
smallest monotone class of subsets of X that contains £, and we get that

(2.6.13) A= Mg,.
This is the same as saying that (2.6.6) holds for all F € A with F C Ej.
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2.6.4 Using a o-finiteness condition on u, v

Suppose that E1, Fs, E3,... is a sequence of elements of £ such that
(2.6.14) w(E;) =v(Ej) < 400

for each j. Thus
(2.6.15) w(ENE;)=v(ENE;)
for each E € A and j > 1, as in the previous subsection. Equivalently, (2.6.6)

holds when £ € A and E C E; for some j.
One can use this to get that (2.6.6) holds for every E € A such that

(2.6.16) EcC|JE;.
j=1

One way to do this is to reduce to the case where the E;’s are pairwise disjoint,
by replacing E; with Ej; \ (Uf;ll El) when j > 2. Alternatively, one could
reduce to the case where £; C E;; for each j, by replacing E; with U{Zl E;.

One could also express E as the union of a sequence of pairwise-disjoint elements
of A contained in the E;’s. In particular, (2.6.6) holds for every E € A when

s

(2.6.17) E; = X.

j=1

2.7 Regular outer measures

Let X be a set, and let u be an outer measure on X. We say that p is reqular
if for every subset A of X there is a subset B of X such that A C B, B is
measurable with respect to u, and

(2.7.1) u(A) = u(B).

This is mentioned on p4 of [110], on p56 of [113], in Exercise 10.40 on p143 of
[159], and on p9 of [247].

Note that the outer measures constructed in Section 2.1 are regular in this
sense.

If 4 is any outer measure on X, then the restriction of p to the o-algebra
of subsets of X that are measurable with respect to p is countably additive, as
in Subsection 1.11.1, and this can be used to obtain an outer measure & on X
as in Section 2.1. This is mentioned at the bottom of p57 of [113]. It is easy to
see that p(F) < (FE) for every E C X, and of course equality holds when E is
measurable with respect to u. We also have that & is regular on X, as before.
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2.7.1 A nice property of regular outer measures

Let p be a regular outer measure on X, and let A;, Ao, A3, ... be a sequence of
subsets of X with A; C A4, for each j. Under these conditions,

(2.7.2) pu(A;) — ,u( G Al) as j — oo,
=1

as in Theorem 2 on p5 of [110], 2.1.5 (1) on p56 of [113], and mentioned on p9
of [247]. This is related to Exercise 4.17 on p41 of [20]. Of course,

(2.7.3) ) < p(Ja)
1=1
for each j.
Let C1,C5,Cs,... be a sequence of subsets of X that are measurable with

respect to p and satisfy A; C C; and
(2.7.4) u(Ay) = 1(Cy)
for each j. Put

oo
(2.7.5) B;={(C

l=j

for each j, and note that B; is measurable with respect to p1. One can check
that

(2.7.6) A; C B; C

for each j. This implies that

(2.1.7) W(A;) = 1(By) = 1(C)
for each j.

Observe that B; C B4 for each j, by construction. It follows that

(2.7.8) w(Bj) — ,u( [j Bl) as j — 0o,
=1

as in Section 1.9. We also have that
(2.7.9) UaclUBs.
=1 =1

so that - -
(2.7.10) u(LL%)gu(LJBQ.
=1 =1

More precisely, equality holds in this inequality, because of (2.7.3), (2.7.7), and
(2.7.8). This implies (2.7.2).
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2.7.2 Regularity and o-finiteness

Suppose that A C X is o-finite with respect to u, so that there is a sequence
Ay, Ag, As, ... of subsets of X such that A = (J;Z, A; and pu(A;) < +oo for each
j. If pis a regular outer measure on X, then there is a sequence B1, Bs, Bs, ... of
measurable subsets of X with respect to p such that A; C B; and p(4;) = pu(B;))
for each j. In particular, u(B;) < +oo for each j.

Note that

(2.7.11) A=JAnBy)

j=1
and pu(A N Bj) < +oo for each j. If A is measurable with respect to u, then
AN Bj is measurable with respect to p for each j.

2.7.3 Borel regular outer measures

Suppose now that X is a metric or topological space, and that p is a Borel outer
measure on X, so that Borel sets in X are measurable with respect to u, as in
Subsection 2.2.1. We say that u is Borel regular as an outer measure on X if
for every subset A of X there is a Borel set B C X such that A C B and (2.7.1)
holds. This is mentioned on p5 of [110] and p61 of [113], and it corresponds to
(3) in Definition 1.5 on p9 of [247]. Note that this implies that p is regular on
X.

If A is measurable with respect to p and u(A) = p(B) < +oo, then it follows
that
(2.7.12) uw(B\ A) =0.

Suppose that A is measurable and o-finite with respect to p. This implies
that there is a sequence Cy,Csy, Cs, . .. of subsets of X that are measurable with
respect to p such that

(2.7.13) A=Ug¢
j=1

and p(C;) < 4oo for each j, as in the previous subsection. This leads to a
sequence By, By, Bs, . .. of Borel sets in X such that C; C B; and p(B;\C;) =0
for each j, as in the preceding paragraph. It follows that B = U‘;il Bj is a Borel
set in X such that (2.7.12) holds, because

(27.14) Bya=JBAac JBe)

j=

2.8 Using a collection C of subsets of X

Let X be a set, let v be an outer measure on X, and let C be a collection of
subsets of X that includes X as an element. If A C X, then put

(2.8.1) ve(A) =inf{v(C): C €Cand A C C}.
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Note that

(2.8.2) v(A) <wve(A),
and that

(2.8.3) v(A) =ve(A),

when A € C. If ) € C, and if the union of any sequence of elements of C is an
element of C as well, then one can check that v¢ is an outer measure on X too.
This is related to some remarks at the bottom of p57 of [113] when C is the
collection of subsets of X that are measurable with respect to v.

Suppose for the moment that v¢(A) < +oo, and let C; be an element of C
such that A C C; and
(2.8.4) v(Cj) <ve(A)+1/j5
for each positive integer j. Let Cs be the collection of subsets of X that can be

expressed as the intersection of a sequence of elements of C, so that ﬂjoil C; €Cs.
Observe that

(2.8.5) v(A) < u( ﬁ cj) < ve(A),

using the fact that A C ﬂjoil C; in the first step. If (2.8.3) holds, then we get
that

(2.8.6) V(A) = y( O oj).

Note that (2.8.6) implies that

287) (€)1 4) =0

j=1

when A is measurable with respect to v, because the right side of (2.8.6) is
finite.

If (2.8.3) holds for every A C X, and if the elements of C are measurable
with respect to v, then it follows that v is a regular outer measure on X. More
precisely, this uses the fact that v(A) = v(X) when v(A) = +o0. If X is a
metric or topological space, v is a Borel outer measure on X, (2.8.3) holds for
every A C X, and the elements of C are Borel sets in X, then we get that v is
Borel regular on X.

2.8.1 Some regular outer measures

Let A be an algebra of subsets of X, let ;1 be a countably additive measure on
A, and let v = I be the corresponding outer measure on X, as in Subsection
1.11.4. If Ay, As, As, ... is a sequence of elements of A, then

(2.8.8) u( G Aj) < iu(Aj),
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by the definition of v.
Let C = A, be the collection of subsets of X that can be expressed as the
union of a sequence of elements of A. One can check that

(2.8.9) ve(E) < v(E)

for every E C X, using (2.8.8) and the definition of v. This corresponds to
part of Proposition 1.6 on p273 of [335]. The other part of that proposition
corresponds to (2.8.6) in this situation.

It follows that v¢ = v, because v < v¢ automatically, as before. Remember
that the elements of A are measurable with respect to v, as in Subsection 1.11.4,
so that the elements of C are measurable with respect to v. This implies that
T is a regular outer measure on X, as in part (a) of Exercise 10.40 on p143 of
[159].

2.8.2 Outer regular outer measures

Now let X be a metric space, or a topological space, and let v be an outer
measure on X. Let us say that v is outer reqular if for every A C X we have
that

(2.8.10) v(A) =inf{y(U) : U C X is an open set, and A C U}.

This implies that there is a G5 set B C X such that A C B and v(A) = v(B),
by the remarks at the beginning of the section.

If v is also a Borel outer measure on X, then it follows that v is Borel regular
on X. In this case, we get that the restriction of v to the o-algebra of measurable
subsets of X with respect to v is outer regular as in Subsection 1.12.1.

Conversely, suppose that v is Borel regular on X. If the restriction of v to
the o-algera of Borel sets in X is outer regular as in Subsection 1.12.1, then one
can check that v is outer regular as an outer measure on X.

If n is a positive integer, then Lebesgue outer measure on R" is outer regular.
This can be obtained using the characterization of Lebesgue outer measure in
terms of coverings by sequences of bounded open intervals, as in Section 1.15.

If « is a monotonically increasing real-valued function on the real line, then
the corresponding Lebesgue-Stieltjes outer measure A\, on R is outer regular.
This can be obtained using the characterization of A\, in terms of coverings by
sequences of bounded open intervals, as in Subsection 2.5.1.

2.9 More on the extension theorem

Let X be a set, let A be an algebra of subsets of X, and let u be a countably
additive measure on X with respect to A. Also let & be the corresponding
outer measure on X, as in Subsection 1.11.4. Suppose that A; is a g-algebra of
subsets of X that contains A and is contained in the o-algebra of measurable
subsets of X with respect to . Let p1 be the restriction of i to A;, and note
that pq is countably additive, as in Subsection 1.11.1. Remember that 7 = p
on A, so that u; = p on A.
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Suppose that 1 is another countably additive measure on X with respect
to Ay such that v; = p on A, so that vy = pup on A. We would like to compare
vy with g1 on Ay, as in part (4) of Theorem 4.17 on p37 of [20], Theorem 1.14
on p31 of [118], Exercise 10.39 on pl42 of [159], and some remarks beginning
on p272 of [335]. More precisely, in [20, 118, 159, 335], one takes A; to be the
o-algebra of subsets of X generated by A, and essentially the same arguments
can be used here.

Let A, be the collection of subsets of X that may be expressed as the union
of a sequence of elements of A, as before. In fact, the elements of A, may be
expressed as the union of a sequence of pairwise-disjoint elements of A, as in
Section 1.10. This implies that

(291) V1 = 1 on Ao’,

because of countable additivity. This corresponds to part of the hint to part (a)
of Exercise 10.39 on p142 of [159]. This is also mentioned on p38 of [20], p31 of
[118], and p272 of [335], using a slightly different argument.

2.9.1 Showing that 1, < 1y

Let E be an element of A;, and let A, Az, As, ... be a sequence of elements of
A such that E C |J;Z, A;. Observe that

[e.9]

(2.9.2) v (E) < yl( U Aj) <Yl =Y n(4y).

j=1
This implies that
(2.9.3) v1(E) < i(E) = i (B),

by the definition of &z in Subsection 1.11.4. This corresponds to (4.7) on p38 of
[20], part of Theorem 1.14 on p31 of [118], part (a) of Exercise 10.39 on p142 of
[159], and to one of the steps on p272 of [335]. In particular, if uq (E) = 0, then
141 (E) =0.

2.9.2 When i (F) < +o0

Suppose that E € A; and p1(F) < oo, and let € > 0 be given. There is a
sequence Aq, As, Az, ... of elements of A such that F C U;’il A;

(2.9.4) > ul4) < m(E) + e

by the definition of pi(E) = fz(E). This implies that

o

(2.9.5) Ml( U Aj) <) m(4;) <pu(E)+e,

Jj=1 J
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so that

(2.9.6) " ((

—

ANE) = m (U 4) —m(E) <e.

1 j=1

o0

J
It follows that

(2.9.7) 1/1(( D Aj) \E) <e

as in the previous subsection.
Note that

(2.9.8) 1/1( U Aj) = Ml( G Aj)7

as in (2.9.1). Using this, we get that

m(E)Sm(GAj) = yl(DAj)
(2.9.9) = V1(E)+V1((GAJ')\E)<y1(E)+€.

This implies that
(2.9.10) pi(E) < vi(E),

because € > 0 is arbitrary. This means that
(2.9.11) n(E) = (E),

because of (2.9.3). This corresponds to part (b) of Exercise 10.39 on p142 of
[159], part of Theorem 1.14 on p31 of [118], and to some of the remarks on p31
of [118], and p272 of [335].

2.9.3 When F is o-finite with respect to j,
Suppose that

(2.9.12) E=|JE;,
j=1

where E; € A; and pq(E;) < +oo for each j. One can use the remarks in the
previous subsection to get that (2.9.11) holds under these conditions as well.
More precisely, one can reduce to the case where the F;’s are pairwise disjoint,
or to the case where E; C E;4; for each j.

In particular, (2.9.11) holds for all F € A; when X can be expressed as the
union of a sequence of elements of 4; with finite measure with respect to p.
Note that any subset of X with finite measure with respect to f is contained
in the union of a sequence of elements of A with finite measure with respect
to u, by definition of i, as in Subsection 1.11.4. If X can be expressed as the
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union of a sequence of elements of 4; with finite measure with respect to pq,
then it follows that X can be expressed as the union of a sequence of elements
of A with finite measure with respect to pu, because the union of a sequence of
countable sets is countable too. This is the way that the o-finiteness condition
is stated in part (4) of Theorem 4.17 on p37 of [20], Theorem 1.14 on p31 of
[118], part (c) of Exercise 10.39 on p142 of [159], and on p272 of [335].

2.10 Some conditions concerning finite measure

Let (X, d) be a metric space, and let u be an outer measure on X, or a nonneg-
ative countably additive measure defined on a o-algebra of subsets of X that
contains the Borel sets. Let us say that u is locally finite on X if for every z € X
there is an 7 > 0 such that

(2.10.1) pu(B(x, 7)) < 400.
This is the same as saying that for every x € X there is a ¢ > 0 such that
(2.10.2) w(B(x,t)) < +o0.

More precisely, (2.10.2) implies (2.10.1) with r = ¢, and (2.10.1) implies (2.10.2)
with ¢ < r. Local finiteness for outer measures on metric spaces is defined
in part (1) of Definition 1.5 on p9 of [247] in terms of closed balls, using the
notation for open and closed balls on p7 of [247].

Equivalently, p is locally finite on X if for every z € X there is an open set
U C X such that x € U and
(2.10.3) w(U) < +oc.

This formulation works as well when X is a topological space.
We may sometimes be concerned with situations where

(2.10.4) u(K) < 400

for every compact set K C X. If X is a topological space, then one may ask
that X be Hausdorff, so that compact sets in X are closed sets, and thus Borel
sets. If p is locally finite on X, then it is easy to see that (2.10.4) holds for every
compact set K in X. Indeed, local finiteness implies that K can be covered by
a family of open sets with finite measure. It follows that K can be covered
by finitely many open sets with finite measure, because K is compact, so that
(2.10.4) holds.

2.10.1 Local compactness

We say that X is locally compact at a point x € X if there is an open set U C X
and a compact set K C X such that x € U and U C K. Sometimes this is
defined by taking K to be the closure U of U in K. This version implies the
previous one, and the converse holds when X is Hausdorff, so that compact sets
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in X are closed sets. If X is a metric space, then local compactness at x is the
same as saying that there is an 7 > 0 such that B(x,7) is compact.

If X is locally compact at every x € X, then we say that X is locally compact
as a metric or topological space. In this case, if (2.10.4) holds for every compact
set K C X, then p is locally finite on X. Locally compact Hausdorff topological
spaces have a lot of nice properties related to analysis.

2.10.2 o-Compact sets

A subset of X is said to be o-compact if it can be expressed as the union of a
sequence of compact sets. If (2.10.4) holds for every compact set K C X, then
o-compact sets are o-finite with respect to u.

It is easy to see that the union of finitely many compact subsets of X is
compact as well. This implies that a o-compact subset A of X may be expressed
as the union of a sequence of compact subsets of X that is increasing with respect
to inclusion. More precisely, if A can be expressed as the union of a sequence of
compact sets, then one can replace the nth term of the sequence with the union
of the first n terms of the sequence.

Suppose that X is o-compact, so that there is a sequence K1, Ko, K3, ... of
compact subsets of X such that

(2.10.5) xX=Jx;
j=1

If E is a closed set in X, then it is well known that &N K; is compact for each
j. This implies that

(2.10.6) E= G(Eij)

j=1

is o-compact.

It is easy to see that a countable union of o-compact sets is o-compact,
because a countable union of countable sets is countable. If X is o-compact,
then it follows that F, sets in X are o-compact.

If X is locally compact, and if there is a countable base for the topology
of X, then one can check that X is o-compact. In particular, locally compact
separable metric spaces are o-compact.

2.10.3 o0-Compactness and inner regularity

Suppose now that p is a Borel measure on X, and that A C X is an F,
set, so that there is a sequence E4, F5, E3,... of closed sets in X such that
A= U‘;il E;. We may as well ask also that E; C E;; for each j, by replacing

E; with U{Zl E;, if necessary. Under these conditions, we get that

(2.10.7) w(E;) = p(A) as j — oo,
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as in Section 1.9. This implies that A satisfies the inner regularity property
with respect to closed sets mentioned in Subsection 1.12.2.

Similarly, if A is o-compact, then A satisfies the inner regularity property
with respect to compact sets mentioned in Subsection 1.12.2.

If X is o-compact, then one can check that inner regulariy with respect
to closed sets implies inner regularity with respect to compact sets. This uses
the fact that closed sets in X are o-compact in this case, as in the previous
subsection, so that closed sets satisfy the inner regularity property with respect
to compact sets.

2.10.4 Another basic regularity property

Suppose now that A is a Gs set, so that there is a sequence Uy, Us, Us, ... of
open sets in X such that A = ﬂ]oil U;. As before, we may as well ask that
Ujt1 C Uj for each j, by replacing U; with (/_, U, if necessary.

Suppose also that there is an open set V' C X such that A CV and u(V) is
finite. We may as well ask that U; C V for each j, by replacing U; with U; NV,
if necessary. This means that p(Uj;) is finite too.

It follows that
(2.10.8) w(U;) — n(A) as j — oo,

as in Subsection 1.9.2. This implies that A satisfies the outer regularity property
mentioned in Subsection 1.12.1.

2.11 Some nice families of sets

Let X be a set, and let F be a family of subsets of X that contains X and
the empty set as elements. Let us say that F is o-nice if for every sequence
of elements of F, the union and intersection of the sets in the sequence is an
element of F as well. This corresponds to the conditions (2) and (3) near the
bottom of p59 of [113]. Of course, a o-algebra of subsets of X is a o-nice family,
and a o-nice family may be considered as a monotone class in particular.

If F is a o-nice family of subsets of X, then one can check that

(2.11.1) Fo={AcF:X\AecF}

is a o-algebra of subsets of X. This corresponds to a remark near the top of
p60 of [113].

It is easy to see that the intersection of any nonempty collection of o-nice
families of subsets of X is also a o-nice family of subsets of X. If £ is any
collection of subsets of X, then the intersection of all of the o-nice families of
subsets of X that contains £ is the smallest o-nice family of subsets of X that
contains £.

Suppose that £ contains the complement in X of each of its elements. If F
is a o-nice family of subsets of X that contains &, then it follows that (2.11.1)
contains £ too. This implies that the smallest o-nice family of subsets of X that
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contains £ is the same as the smallest o-algebra of subsets of X that contains
&, as in [113].

2.11.1 Another characterization of Borel sets

Suppose now that X is a metric space, and remember that
(2.11.2) open sets in X are F, sets,

as in Subsection 2.2.2. Equivalently, this means that
(2.11.3) closed sets in X are G sets,

as before. More precisely, it would be enough to ask that X be a topological
space that satisifes these conditions for the moment.

Let F be a o-nice family of subsets of X that contains all of the open sets
in X. This implies that F contains all of the closed sets in X in this case. It
follows that (2.11.1) contains all of the open sets in X. Using this, we get that
the collection of Borel sets in X is the same as the smallest o-nice family of
subsets of X that contains the open sets in X, as mentioned on p60 of [113].

Similarly, one can check that the collection of Borel sets in X is the same as
the smallest o-nice family of subsets of X that contains the closed sets in X, as
mentioned in [113].

2.11.2 Regularity of finite Borel measures

Let us continue to ask that X be a metric space, or a topological space that
satisfies the additional condition mentioned in the previous subsection, and let
1 be a finite Borel measure on X. It is well known that

(2.11.4) u is outer regular, and inner regular with respect to closed sets,

as in Section 1.12. This corresponds to part of the proof of part (1) of Theorem
1.10 on pll of [247], and to part of Proposition 1.3 on p269 of [335]. This also
corresponds to part of Lemma 1 on p6 of [110], and Theorem 2.2.2 on p60 of
[113], and there are some related results in [159, 298]. We shall say more about
these matters in the next two subsections, and the next section.

To see this, let A be the collection of all Borel sets A C X such that for each
€ > 0 there are an open set U C X and a closed set £ C X with E C ACU
and
(2.11.5) p(U\E) <e.

One can check that open sets in X are elements of A, using the remarks at the
beginning of Subsection 2.10.3, because open sets are F, sets and p is finite, by
hypothesis. Similarly, one can check that closed sets in X are elements of A,
using the remarks in Subsection 2.10.4, because closed sets are G sets and p is
finite, by hypothesis.
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One can also verify that A4 is a o-algebra of subsets of X, as mentioned in
[247]. In particular, if A € A, then it is easy to see that X \ A € A, because of
the way that A is defined. This implies that A contains the Borel sets in X. It
follows that p is outer regular, and inner regular with respect to closed sets.

2.11.3 An analogous argument for inner regularity of u

Let us continue to suppose that pu is a finite Borel measure on X. A variant of
the previous argument is used in the proof of part (1) in Theorem 2.2.2 on p60
of [113]. In this argument, we let F be the family of Borel sets A C X such
that for each € > 0 there is a closed set £ C X such that £ C A and

(2.11.6) WA\ E) < e

Clearly closed sets in X are contained in F. One can check that F is a o-nice
family of subsets of X, as on p61 of [113]. It follows that F contains the Borel
sets in X, as in Subsection 2.11.1. Remember that inner regularity is equivalent
to outer regularity when u(X) < 400, as mentioned in Subsection 1.12.2.

2.11.4 Inner regularity for Borel sets of finite measure

Now let p be any Borel measure on X. If B C X is a Borel set, then
(2.11.7) up(A) = p(ANB)

defines another Borel measure on X. Suppose that u(B) < +o00, so that
(2.11.8) up(X) = pu(B) < +o0.

Thus pp is outer regular, and inner regular with respect to closed sets, as before.
One can use the inner regularity of up to get that B satisfies the inner
regularity property with respect to closed sets and p mentioned in Subsection
1.12.2. This corresponds to part (i) of Lemma 1 on p6 of [110], part (1) of
Theorem 2.2.2 on p60 of [113], and part (1) of Theorem 1.10 on pll of [247].
Some additional regularity properties under suitable conditions will be dis-
cussed in the next section.

2.12 More on Borel measures

Let X be a metric space, or a topological space with the property mentioned in
Subsection 2.11.1, and let u be a Borel measure on X.
2.12.1 Outer regularity and open sets of finite measure

Suppose that W is an open set in X with u(W) < +oo, and consider the
corresponding Borel measure

(2.12.1) o (A) = w(ANW)
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on X. Thus puw(X) = u(W) < 400, so that up is outer regular, and inner
regular with respect to closed sets, as in the previous section.

If B C X is a Borel set and ¢ is a positive real number, then there is an open
set U in X such that B C U and

(2.12.2) pw (U \ B) <,
because of outer regularity. This means that
(2123)  wW((UNW)\B) =u((U\B)NW) = pw (U \ B) < e

If BC W, then UNW is also an open set that contains B.

Suppose now that Wy, Wy, W3, ... is a sequence of open subsets of X such
that
(2.12.4) (W) < 400

for each j, and let B be a Borel set in X with

(2.12.5) Bc |Jw;
j=1

If € is a positive real number, then we can use the argument in the two previous
paragraphs to get a sequence of open sets V1, Vs, Vs, ... in X such that

(2.12.6) BnW; CV;
and 4
(2.12.7) p(V;\(BNW;)) <277e

for each j. Note that U;)C:1 V; is an open set in X with

8

(2.12.8) B=JBnW) U V.

Jj=1

We also have that

(212.9) (Uv) = Uw\ B cJwi\Bnw))),

j=1 j=1
so that
u((GVj) \B) < u(fj(v \(BNW)))
j=1 j=1
(2.12.10) < iu(w\(fmwj)) < iw’e:e.
Jj=1 J=1

This corresponds to part (ii) of Lemma 1 on p6 of [110], part (2) of Theorem
2.2.2 on p61 of [113], part (2) of Theorem 1.10 on pll of [247], and part of
Proposition 1.3 on p269 of [335].
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2.12.2 More on inner regularity

Suppose that B is a Borel set in X that is o-finite with respect to u, so that
there is a sequence Bj, By, Bs,... of Borel sets in X such that B = Uj’;l B;
and p(B;) < +oo for each j. We may as well ask that B; C B,y for each j, by
replacing B; with (J]_, By, if necessary, as usual. This implies that p(B;) tends
to pu(B) as j — oo, as in Section 1.9. One can check that B satisfies the inner
regularity property with respect to closed sets mentioned in Subsection 1.12.2,
because of the analogous properties of the B;’s in Subsection 2.11.4. Note that
it suffices to consider the case where p(B) = +oo here.

Suppose now that X is a metric space, and that open balls in X have finite
measure with respect to p. Of course, this is the same as saying that closed
balls in X have finite measure. In particular, this means that X is o-finite with
respect to p. If A is a Borel set in X and € is a positive real number, then part
of Proposition 1.3 on p269 of [335] states that there is a closed set E in X such
that E C A and p(A\ E) < e. This is equivalent to the usual inner regularity
property of A with respect to closed sets when p(A) < +oco.

Otherwise, one can use the hypothesis on X to express A as the union of
a sequence A, Ag, As, ... of finite measure such that every element of X has
a neighborhood that intersects at most two of the A;’s. If € is a positive real
number, then there is a sequence E1, Es, E3, ... of closed sets in X such that
Ej - Aj and
(2.12.11) WA\ E;) <277 ¢
for each j, as in Subsection 2.11.4. One can check that E = |J;2, E; is a closed

set under these conditions, because every element of X has a neighborhood that
intersects at most two of the F;’s. In addition,

(2.12.12) A\EC O(Aj \E) C G(Aj \ E),
and thus - -
(2.12.13) PANE) <Y u(A;\Ej) <> 277 e=e.

2.12.3 Some more regularity results

Let X be a metric space, or a Hausdorff topological space, that is locally com-
pact. Suppose that p is a Borel measure on X such that u(K) < +oo for all
compact sets K in X. A condition on X that is sometimes used to get regularity
properties of u is that every open set X be o-compact, as in Exercise 12.55 on
p185 of [159], and Theorem 2.18 on p50 of [298]. This is closely related to the
regularity properties discussed in this and the previous section. Note that this
condition on X is the same as saying that X is o-compact, and that every open
set in X is an F, set, as in Subsection 2.10.2.

If K is a compact set in X, then one can use local compactness to cover
K by finitely many open sets that are contained in compact sets. This implies
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that K is contained in an open set U that is contained in a compact set. In
particular, this means that u(U) < +oo. If X is o-compact, then one can use
this to get that X may be expressed as the union of a sequence of open sets
that are contained in compact sets, and thus have finite measure.

2.13 Locally finite Borel measures on the real
line

Let p be a locally finite Borel measure on the real line, as in Section 2.10. The
local finiteness of p on R is equivalent to the condition that p(K) < +oo for
every compact set K C R, as before. This means that p is finite on bounded
Borel sets in R.

Of course, R may be expressed as the union of a sequence of bounded open
intervals. One can use this to get that p is outer regular on R, as in Subsection
2.12.1.

It follows that p is uniquely determined as a Borel measure on R by its
restriction to the collection of open sets in R. It is well known that every open
set in R may be expressed as the union of finitely or countably many pairwise-
disjoint open intervals. This means that the measure of such an open set is equal
to the sum of the measures of the corresponding intervals. Thus p is uniquely
determined by its restriction to the collection of open intervals in R.

It is easy to see that any unbounded open interval in the real line may
be expressed as the union of a sequence of bounded open intervals that are
increasing with respect to inclusion. Under these conditions, the measures of
the bounded open intervals tends to the measure of the unbounded open interval,
as in Section 1.9. This implies that p is uniquely determined by its restriction
to the collection of bounded open intervals in R. This corresponds to Exercise
3.9 on p21 of [20], although the reader is probably expected to use a somewhat
different argument there.

Let a be a monotonically increasing real-valued function on R, and let A\, be
the corresponding Lebesgue—Stieltjes measure on R, as in Section 2.5, considered
as a Borel measure on R. Remember that the measure of an open interval in R
with respect to A\, may be expressed in terms of «, as before. The remarks in
the previous paragraphs imply that A, is uniquely determined by this property,
as a Borel measure on R. This corresponds to part of the uniqueness part of
part (b) of Theorem 8.14 on p173 of [298], and to the uniqueness part of the
first part of Theorem 3.5 on p282 of [335]. This also corresponds to part of
Theorem 19.48 on p331 of [159], using Remark 19.49 on p332 of [159]. Note
that the uniqueness of )\, could be obtained as in Section 2.9 as well. This is
related to part of Theorem 1.16 on p35 of [118].

2.13.1 Some normalizing conditions on «

However, « is not uniquely determined by A, or equivalently by the a-lengths
of intervals as in Section 2.5. One can add a constant to a without changing
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the a-lengths of intervals or A,. In order to deal with this, one may ask that
(2.13.14) a(0) =0,

as in Theorem 19.48 on p331 of [159], and Theorem 3.5 on p282 of [335]. If «
has a finite lower bound on R, then one may ask that

(2.13.15) a(—o00) =0,

as on pl71 of [298].

If « is continuous on R, then it is easy to see that « is uniquely determined
by the a-lengths of intervals and either of the additional conditions (2.13.14)
or (2.13.15). However, the values of « at the points of discontinuity are not
determined. To deal with this, one may ask that « be continuous from the left
at each point, as in Theorem 19.48 on p331 of [159], and on pl71 of [298], or
one may ask that a be continuous from the right at each point, as on p28 of
[20], p33 of [118], and p282 of [335].

If « is any monotonically increasing real-valued function on R, then put

(2.13.16) ar(x) = a(z—)
and
(2.13.17) agr(z) = a(z+)

for every z € R. These are monotonically increasing real-valued functions on
R with
(2.13.18) ar(x) < alz) < ag(z)

for every x € R, as in Subsection 2.4.2. One can check that

(2.13.19) arp(z—) = alz—) = ag(z—)
and
(2.13.20) ar(z+) = a(z+) = ar(z+)

for every € R. In particular, this means that «y, is continuous from the left
at each point, and that ap is continuous from the right at each point. We
also get that the a-lengths of intervals are the same as the ay-lengths and the
ar-lengths.

2.13.2 Getting monotonically increasing functions
Let u be a locally finite Borel measure on R again. If z € R, then put
(2.13.21) aporn(z) = p(0,z2)) whenaz>0

= 0 when z =0
= —u([z,0)) when z <0,
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as in Theorem 19.45 on p329 of [159]. One can check that a1 is monotoni-
cally increasing on R, and continuous from the left at every point, as in [159].
Theorem 19.48 on p331 of [159] and Remark 19.49 on p332 of [159] say that

(2.13.22) [ o0, L

is a one-to-one mapping from the set of all locally finite Borel measures on
R onto the set of monotonically increasing real-valued functions on R that are
equal to 0 at 0 and are left continuous at every point. The inverse mapping sends
such a monotonically increasing function on R to the corresponding Lebesgue—
Stieltjes measure.

Similarly, put

(2.13.23) agor(®) = p(0,z]) whenz >0
= 0 when z =0
= —u((x,0]) when z <0,

as in Exercise 4.1 on p39 of [20], Theorem 1.16 on p35 of [118], and Theorem
3.5 on p282 of [335]. One can verify that a, o r is monotonically increasing on
R, and continuous from the right at every point, as mentioned on p31 of [20],
and in [118, 335].

If pu((—00,0)) < +o0, then put

(2.13.24) oo, (@) = pl(—00,2))

for every = € R, as in part (a) of Theorem 8.14 on p173 of [298]. One can check
that o oo, is monotonically increasing and left continuous at every point,
with

(2.13.25) Oy, —o0,L(—00) =0,

as in [298]. One can also verify that

(2.13.26) 0y —o0o,n.(+00) = u(R).
In this case, we can consider

(2.13.27) Qp,—oo,r(2) = p((—00, x])

on R as well. One can check that o, o r is monotonically increasing and right
continuous at every point, with

(2.13.28) Qp,—oo,rR(—00) =0

and
(2.13.29) Ay, —o0,r(+00) = u(R).
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2.14 Some more families of rings and algebras
of sets

Let X be a metric space, or a topological space. Consider the collection Agp—_c;
of subsets of X that are both open and closed. It is easy to see that this is an
algebra of subsets of X. In particular, () and X are elements of A,,_;, and
these are the only elements of A,,_ if and only if X is connected.

Similarly, let Aop—cm be the collection of subsets of X that are both open
and compact. If X is a metric space, or a Hausdorff topological space, then
compact subsets of X are closed, and one can check that Agp—crm, is a ring of
subsets of X. This uses the fact that the intersection of a closed set and a
compact set is compact in any metric space. If X is not necessarily Hausdorff,
then one can take A,p—cm to be the collection of subsets of X that are open,
closed, and compact, to get a ring of subsets of X. Using this, we get that

(2141) Aopfcl = Aopfcm

when X is compact.

If 1 is a finitely additive measure on Agp—crm, then p is automatically count-
ably additive. Indeed, let Ay, A, Asz,... be an infinite sequence of pairwise-
disjoint elements of Ayp—cm such that Uj’;l Aj € Aop—em. Under these condi-
tions, there is a positive integer n such that

(2.14.2) O Aj = G Aj,
j=1 j=1

because the A;’s are open sets and UJO’;I A; is compact, by hypothesis. This
means that A; = @ for j > n, because the A;’s are pairwise disjoint. Thus we
can use finite additivity to get that

2143 w(U4) =n( U 4;) = S (A = S u(4y)
j=1 j=1 j=1

2.14.1 Some remarks related to the Lindelof property

A subset E of X is said to have the Lindeldf property if every open covering of
FE in X can be reduced to a subcovering with only finitely or countably many
elements. It is easy to see that this happens when E is o-compact.

If there is a base for the topology of X with only finitely or countably
many elements, then Lindeldf’s theorem implies that every subset of X has the
Lindel6f property.

Suppose for the moment that X is a metric space with the Lindel6f property.
This implies that

(2.14.4) for every r > 0, X can be expressed as the union of

finitely or countably many open balls of radius 7.
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If X is any metric space that satisfies (2.14.4), then one can get a base for
the topology of X consisting of finitely or countably many open balls, using
the union of the collections of open balls of radius r mentioned in (2.14.4) for
r € Z,. Note that one can get a dense set in X with only finitely or countably
many elements using the centers of these open balls.

2.14.2 Zero-dimensional spaces

We say that X is zero dimensional at a point x € X if for every open set V C X
with € V there is an open set U C X such that x € U, U C V, and U is a
closed set in X too. This is the same as saying that the collection of elements
of A,p—c that contain x is a local base for the topology of X.

If X is zero dimensional at every x € X, then we say that X is zero dimen-
sional as a metric or topological space. This means that A,,_ is a base for
the topology of X.

If U is an open set in X such that

(2.14.5) U can be expressed as the union of

a sequence of elements of Ay,_,

then U is an element of any o-algebra of subsets of X that contains Agp—¢. If
X is zero dimensional, then this holds when U has the Lindel6f property. If X
is zero dimensional, and every open set in X has the Lindelof property, then we
get that any o-algebra of subsets of X that contains A,,—¢ also contains the
Borel sets. In particular, this works when X is zero dimensional and there is a
countable base for the topology of X, by Lindelof’s theorem.

2.14.3 Some remarks about countable bases

Suppose that By is a base for the topology of X with only finitely or countably
many elements, and that B is another base for the topology of X. Under these
conditions, it is well known that there is a base B; for the topology of X such
that

(2.14.6) B, CB
and
(2.14.7) By has only finitely or countable many elements.

Indeed, Lindel6f’s theorem implies that every element of By can be expressed
as the union of finitely or countably many elements of 5. One can use this to
get a collection B; of finitely or countably many elements of B such that every
element of By may be expressed as a union of elements of B;. This implies that
B is a base for the topology of X too.
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2.15 Ultrametrics
Let (X, d) be a metric space. We say that d is an ultrametric on X if
(2.15.1) d(z, z) < max(d(z,y),d(y, z))

for every z,y,z € X. Note that this implies the usual version of the triangle
inequality for d on X.

The discrete metric is defined on X by putting d(z,y) equal to 0 when x = y,
and to 1 when x # y. It is easy to see that this defines an ultrametric on X.

2.15.1 Open balls in ultrametric spaces

Suppose that d is an ultrametric on X. If z,w € X satisfy
(2.15.2) d(z,w) <r

for some positive real number r, then one can check that

(2.15.3) B(w,r) C B(z,r).
Similarly, we have that

(2.15.4) B(z,r) C B(z,r),
so that

(2.15.5) B(w,r) = B(z,r).

Suppose that
(2.15.6) B(xz,7) N B(z,2) # 0

for some z € X, and let w be an element of B(z,r) N B(z,r). Observe that

(2.15.7) B(z,r) = B(w,r) = B(z,r),
as in the preceding paragraph.

Thus, if
(2.15.8) B(z,r) # B(z,r),
then
(2.15.9) B(z,r)N B(z,7) = 0.

If z € X\ B(z,r), then (2.15.8) holds, so that
(2.15.10) B(z,r) C X \ B(z,r),

as in (2.15.9).
This shows that X \ B(z,r) is an open set, so that

(2.15.11) B(z,r) is a closed set.

Alternatively, one can check that B(z,r) contains all of its limit points in X,
using (2.15.3). It follows that X is zero dimensional with respect to d, as in the
previous section.
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2.15.2 Closed balls in ultrametric spaces

Similarly, if

(2.15.12) d(z,w) <,
then one can verify that - -
(2.15.13) B(w,r) C B(z,r).
We also have that - -
(2.15.14) B(x,r) C B(w,r),

for the same reasons, so that

(2.15.15) B(w,r) = B(x,r).

In particular, (2.15.13) implies that

(2.15.16) B(xz,r) is an open set.

This can be used to get that X is zero dimensional with respect to d as well.
If
(2.15.17) B(x,r)N B(z,r) # 0,

and w € B(x,r) N B(z,r), then

(2.15.18) B(z,r) = B(w,r) = B(z,7),

as before. If o o
(2.15.19) B(z,r) # B(z,r),

then we get that - -
(2.15.20) B(z,r) N B(z,r) = 0.

Note that (2.15.20) holds when z € X \ B(z,r). One can use this as another
way to get that X \ B(z,r) contains all of its limit points, and is thus a closed
set.

Some additional topics related to ultrametrics will be discussed in Appendix

A.



Chapter 3

Measurable functions and
integration

3.1 Measurable functions

Let X and Y be sets, and let f be a mapping from X into Y. If £ C Y, then
it is easy to see that

(3.1.1) FUY\E) = X\ FU(E).

Let I be a nonempty set, and let E; be a subset of Y for each j € I. One
can check that

(3.1.2) (Us)=Ure

Jjel JeI

and

(3.1.3) (N E) =N E).
Jjel Jel

Let Ax be a og-algebra of subsets of X. One can verify that
(3.1.4) {ECY:fYE)cAx}

is a o-algebra of subsets of Y, using the previous remarks. This corresponds to
part (a) of Theorem 1.12 on pl3 of [298], and it is mentioned in the proof of
Proposition 2.1 on p43 of [118]. This is also part of part (a) of Exercise 11.38
on pl61 of [159].

3.1.1 When Y is a metric or topological space

Suppose that Y is a metric space, or a topological space. We say that f is
measurable if for every open set V C Y, we have that

(3.1.5) fHV) e Ax.

73
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This corresponds to part (¢) of Definition 1.3 on p9 of [298].

Suppose for the moment that X is a metric or topological space, and that
Ax contains the o-algebra of Borel sets in X. If f is continuous, then f is
automatically measurable in this case, as mentioned on p13 of [298].

3.1.2 Measurable mappings into measurable spaces

Let Ay be a o-algebra of subsets of Y. We say that f is measurable with respect
to Ay on Y if (3.1.5) holds for every V € Ay, as on p43 of [118].

Suppose that Y is a metric space or a topological space again, and that Ay
is the corresponding o-algebra of Borel sets in Y. If f is a measurable function
in the previous sense, so that (3.1.5) holds when V' is an open set in Y, then f is
a measurable mapping with respect to Ay . This is because (3.1.4) is a o-algebra
of subsets of Y that contains the open sets, by hypothesis. This corresponds to
part (b) of Theorem 1.12 on p13 of [298]. This is the way that measurability of
real-valued functions is defined on p31 of [14].

In particular, if X is a metric or topological space, f is continuous, and Ax
contains the Borel sets in X, then f is measurable with respect to Ay. This
corresponds to Corollary 2.2 on p44 of [118], and part (a) of Exercise 10.42 on
p143 of [159].

3.1.3 Compositions of measurable mappings

Let Ay be any o-algebra of subsets of Y again, and let Z be another set with
a o-algebra Az of its subsets. If f is measurable with respect to Ay, and if g
is a mapping from Y into Z that is measurable with respect to Az, then it is
easy to see that the composition g o f of f and ¢ is measurable with respect to
Az, as a mapping from X into Z, as mentioned on p43 of [118].

Suppose that Y and Z are metric or topological spaces, and that Ay and
Az are the corresponding c-algebras of Borel sets. In this case, the previous
statement about measurability of compositions corresponds to part (d) of The-
orem 1.12 on pl13 of [298]. In particular, we get that g o f is measurable when
f is measurable and g is continuous, as in part (b) of Theorem 1.7 on pll of
[298], and mentioned immediately after the statement of Theorem 1.12 on p13
of [298].

3.1.4 Measurability and bases for topologies

Suppose that Y is a metric or topological space, B is a base for the topology of
Y, as in Section 2.3, and that every open set in Y can be expressed as the union
of finitely or countably many elements of . Of course, this holds automatically
when B has only finitely or countably many elements. If (3.1.5) holds for every
V € B, then it is easy to see that it also holds for every open set V in Y, so
that f is measurable.
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3.2 Inclusion mappings and induced c-algebras

Let X be a set, and let X be a subset of X. Also let ¢ = vx, x be the obvious
inclusion mapping of X, into X, so that ¢ sends each element of X to itself, as
an element of X. If A C X, then

(3.2.1) HA) = AN Xo.
Let Ax be a o-algebra of subsets of X, and put
(3.2.2) Ax x, ={ANXo: A e Ax},

as in Subsection 1.6.4. This is a o-algebra of subsets of X, as before, and
we may call this the o-algebra of subsets of X induced by Ax. Clearly ¢ is
measurable as a mapping from X into X with respect to these o-algebras. In
fact, Ax x, is the smallest o-algebra of subsets of X, with this property. If
Xo € Ax, then

(3.2.3) AX,XO ={AeAx: AC X},

as in Subsection 1.6.4.
If Ax, is any o-algebra of subsets of Xy, then one can check that

(3.2.4) AXO,X:{AQX:AQXOEAXO}

is a o-algebra of subsets of X. This is the largest o-algebra of subsets of X such
that ¢ is measurable with respect to Ax, on Xo.

3.2.1 More on induced c-algebras

Suppose now that X is a metric space, or a topological space. A subset of X
is said to be relatively open if it can be expressed as U N X for some open set
U C X. It is well known and not difficult to show that this defines a topology
on Xy, called the induced topology associated to the topology on X. If X is a
metric space, then the restriction of the metric on X to X is a metric on Xj.
In this case, it is well known that the relatively open sets in X are the same as
the open sets in X with respect to the restriction of the metric on X to Xj.

Let Ax and Ax, be the o-algebras of Borel sets in X and X, respectively.
Thus Ax, is the smallest o-algebra of subsets of X, that contains the relatively
open sets in Xo. If Ax x, is as in (3.2.2), then Ax x, is a o-algebra of subsets
of Xy that contains the relatively open sets, so that

(3.2.5) Ax, € Ax x,.

If Ax, x is as in (3.2.4), then Ax, x is a o-algebra of subsets of X that
contains the open sets in X, so that

(3.2.6) Ax C Ax, x.
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Equivalently, ¢ is continuous as a mapping from X, into X, by construction,
and this implies that ¢ is measurable with respect to Ax and Ax,, as in the
previous section. It follows that

(3.2.7) Ax x, C Ax,.-
Thus
(3.2.8) Ax, = Ax x,

because of (3.2.5) and (3.2.7). If Xy is a Borel set in X, then we get that the
Borel sets in X are the same as the Borel sets in X that are contained in X,
as in (3.2.3).

This is related to the definition of Borel measurability of a real-valued func-
tion on a Borel set in the real line on p33 of [14]. This is also related to 2.44
on p34 of [14], concerning the composition of a measurable real-valued function
with a real-valued Borel measurable function on a subset of the real line.

3.2.2 Borel sets in the set of extended real numbers

A subset E of the set of extended real numbers is defined to be a Borel set on
p36 of [14] if
(3.2.9) ENRis a Borel set in R

in the previous sense. It is not too difficult to show that this is equivalent
to defining Borel sets in the set of extended real numbers using the previous
definition and the topology on the set of extended real numbers mentioned in
Subsection 1.1.2.

More precisely, this topology on the set of extended real numbers may be
defined by saying that open intervals in R are open sets, as well as intervals of
the form (a, +o00] and [—oc0,b) with a,b € R, and arbitrary unions of these basic
open sets. In particular, R is an open set in the set of extended real numbers
with respect to this topology, and the standard topology on the real line is the
same as the topology induced on R by this topology on the set of extended real
numbers. One can use this and the remarks in the previous subsection to get
that the definition of a Borel set of extended real numbers mentioned in the
preceding paragraph is equivalent to the previous definition using this topology
on the set of extended real numbers.

3.3 Extended real-valued measurable functions

Let (X, Ax) be a measurable space, as in Subsection 1.7.2, and let f be an
extended real-valued function on X. It is well known and not too difficult to
show that the following four conditions are equivalent. First,

(3.3.1) I (a,+x]) € Ax

for every a € R. Second,
(3.3.2) fY(a, +x]) € Ax
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for every a € R. Third,

(3.3.3) 1 ([~o0,b)) € Ax
for every b € R. Fourth,
(3.3.4) I H([~o0,b]) € Ax

for every b € R. This corresponds to part of Theorem 11.3 on pl149 of [159],
Theorem 11.15 on p311 of [299], and to some remarks on p28 of [335]. This also
corresponds to Proposition 5.5 on p44 of [20] and part of Proposition 2.3 on p44
of [118] for real-valued functions.

In fact, measurability of f is defined using (3.3.1) in Definition 11.2 on p149
of [159], and Definition 11.13 on p310 of [299], as well as Definition 5.1 on p43 of
[20] for real-valued functions. Similarly, (3.3.3) is used to define measurability
on p28, 273 of [335]. If a,b € R and a < b, then we can use (3.3.1) and (3.3.3)
to get that

(3.3.5) FH(a,0)) = f7((a, +o0]) N f 7 ([-00,b)) € Ax.

One can also define measurability of f as in Subsection 3.1.1, using the
standard topology on the set of extended real numbers, as in Subsection 1.1.2
and the previous section. This topology may be described by saying that (a, +00]
and [—o0, b) are open sets for all a,b € R, so that (a,b) is an open set too when
a < b, and that these open sets form a base for the topology. In particular,
measurability with respect to this topology implies that (3.3.1) and (3.3.3) hold
for all a,b € R. To get the converse, one can use the fact that every open set of
extended real numbers may be expressed as the union of finitely or countably
many of these basic open sets. This corresponds to part (c¢) of Theorem 1.12 on
pl3 of [298].

Measurability of a real-valued function f on X is defined to p44 of [118] to
mean that f is measurable as a mapping into R with respect to the o-algebra
of Borel sets in R, as in Subsection 3.1.2. The equivalence of this with the
conditions mentioned at the beginning of the section is also part of Proposition
2.3 on p44 of [118].

3.3.1 Some additional remarks about measurability

In order to check that f is measurable, it suffices to verify any of the previous
conditions with a or b in a dense set in R, as appropriate, as in Theorem 11.3
on pl49 of [159]. This is related to Exercise 5.1 on p50 of [20], and Exercise 3
on p32 of [298].

Of course, if f is real-valued on X, then measurability of f may be defined
as in Subsection 3.1.1 using the standard Euclidean metric on R, and the equiv-
alence of this with the measurability conditions discussed in this section is a bit
simpler. This corresponds to 2.39 on p32 of [14], and it is related to Property 1
on p28 of [335].

Measurability of extended real-valued functions is defined on p37 of [14] to
mean measurability as a mapping with respect to the o-algebra of Borel sets in
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the extended real numbers, using the definition of these Borel sets mentioned
in the previous section. The equivalence of this with (3.3.1) corresponds to 2.52
on p37 of [14]. This is related to Proposition 5.11 on p46 of [20], and Theorem
11.4 on p149 of [159].

Suppose for the moment that X is a metric or topological space, and that
Ax contains the Borel sets in X. The measurability of continuous real-valued
functions on X corresponds to Proposition 5.6 on p44 of [20], and is part of
Corollary 11.5 on p150 of [159], and of Property 2 on p29 of [335].

Measurability of compositions of measurable real or extended real-valued
functions with continuous or measurable functions is mentioned in the second
part of Property 2 on p29 of [335], and in Theorem 11.7 on pl51 of [159]. This
is related to Exercise 5.9 on p51 of [20].

3.4 Some mappings into finite products

Let X be a set, let Y7,...,Y,, be finitely many sets, and let

(3.4.1) Y=Y xYyx - xY, =[]V

be their Cartesian product, as in Subsection 1.6.2. If f; is a mapping from X
into Y; for each j =1,...,n, then

(3'4'2) f(x) = (f1($>7,fn(x))

defines a mapping from X into Y, and every mapping from X into Y is of this
form.

3.4.1 Continuity of mappings into Y

If Y7,...,Y, are metric spaces, then suitable metrics on Y may be defined as in
Section A.4. In particular, if Y; = R for each j, then Y = R", and one can use
the standard Euclidean metric on R"™.

If Yy, ..., Y, are topological spaces, then Y may be considered as a topologi-
cal space with respect to the corresponding product topology. This is compatible
with the metrics on Y just mentioned when the Y;’s are metric spaces.

Suppose for the moment that X is a metric or topological space. It is well
known and not difficult to show that f is continuous as a mapping from X into
Y if and only if f; is continuous as a mapping from X into Y; for each j. This
may be more familiar when Y; = R for each j.

3.4.2 Measurability of mappings into Y

Now let Ax be a og-algebra of subsets of X. If f is measurable as a mapping
from X into Y, then one can check that f; is measurable as a mapping from
X into Y] for each [. One way to do this is to observe that f; is the same as
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the composition of f with the mapping p;(y) = y; from Y into Y;, and that p,
is continuous. Alternatively, if V; is an open set in Y, then ffl(Vl) may be
expressed as in (3.4.4), with V; =Y; when j # [.

Suppose now that f; is measurable as a mapping from X into Y; for each j.
Let V; be an open set in Y} for each j, and note that

(3.4.3) v=][v
j=1

is an open set in Y, as in Subsection A.4.2, or by definition of the product
topology on Y if one uses that. In this case, we have that

(3.4.4) FTHV)y = (V171 € Ax

One might like to use this to get that f is measurable as a mapping from X
into Y. This works when every open set in Y can be expressed as the union of
finitely or countably many open sets of the form (3.4.3).

Suppose that B; is a base for the topology of Y; with only finitely or count-
ably many elements for each j. Let B be the collection of open subsets of Y of
the form (3.4.3), when V; € B; for each j. It is well known and not difficult
to show that B is a base for the topology of Y with only finitely or countably
many elements. It follows that f is measurable as a mapping from X into Y
under these conditions.

This is related to Propositions 1.5, 2.4 on p23, 44 of [118]. If Y; = R for
each 7, then this corresponds to part of the proof of Theorem 1.8 on p11 of [298]
when n = 2, and it is related to Exercise 2 on p32 of [298]. This also basically
corresponds to part of the proof of Theorem 11.18 on p312 of [299] when n = 2
and Yl = Y2 =R.

3.4.3 Measurability of complex-valued functions

In particular, if one defines measurability of complex-valued functions as in
Subsection 3.1.1, then it follows that this is equivalent to the measurability of
the real and imaginary parts of the function, as in parts (a) and (b) of 1.9
on pl2 of [298]. Similarly, measurability of a complex-valued function on X is
defined on p44 of [118] to mean measurability as a mapping with respect to the
o-algebra of Borel sets in the complex plane C, and Corollary 2.5 on p45 of
[118] says that this is equivalent to the measurability of the real and imaginary
parts of the function.

Measurability of complex-valued functions is defined in terms of the measur-
ability of the real and imaginary parts of the functions on p156 of [14], on p43 of
[20], on p154 of [159], on p325 of [299], and on p68 of [335]. The equivalence of
this with the definition in Subsection 3.1.1 corresponds to Exercise 14 on p334
of [299].
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3.5 More on measurable functions

Let (X, Ax) be a measurable space, and let f and g be measurable complex-
valued functions on X. This leads to a measurable mapping from X into
C? = C x C, as in the previous section. It is well known that addition and
multiplication of complex numbers correspond to continuous functions from C?
into C. One can use this to get that

(3.5.1) f+ g and fg are measurable on X,

as in Subsection 3.1.3.

This corresponds to Proposition 2.6 on p45 of [118], and to part (c) of 1.9
on pl2 of [298]. More precisely, in [298], this argument is used initially for real-
valued functions, and this is used to get the analogous statement for complex-
valued functions. The statement for real-valued functions is mentioned in The-
orem 11.18 on p312 of [299] too, using essentially the same argument.

3.5.1 More on real-valued functions

If f and g are real-valued, then the measurability of f + g is part of part (a) of
2.46 on p35 of [14], and part of Proposition 5.7 on p44 of [20]. This is also part
of part (ii) of Property 5 on p29 of [335] when f and g are defined on a Lebesgue
measurable subset of R”, and is mentioned on p273 of [335] for functions on
abstract measure spaces. In the proofs in [14, 335], one uses the fact that

(352) {reX:f(z)+g(z)>a)

= U({a:eX:f(x)>7‘}U{x6X:g(:c)>a—r})
reQ

for every a € R. The argument in [20] is essentially the same, using < instead
of >.

One can check directly that f2 is measurable. In order to get that fg is
measurable, one can use the measurability of f2, g2, and (f + g)?. This is
another part of part (a) of 2.46 on p35 of [14], and Proposition 5.7 on p44 of
[20]. This is another part of part (ii) of Property 5 on p29 of [335] for functions
on R™ as well, and it is mentioned on p273 of [335] for functions on abstract
measure spaces.

One may want to consider extended real-valued functions too, and then one
should be a bit careful about the points at which the sum or product is not
defined. One often uses an arbitrary constant value on that set, as in Theorems
11.10 and 11.11 beginning on p152 of [159]. The product is defined if one uses
the convention that 0 - (£o0) = 0, although one should be a bit more careful
about the measurability of the sum in this case, as mentioned on p45 of [118].
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3.5.2 The set where two measurable functions are equal

If f and g are measurable extended real-valued functions on X, then Lemma
11.9 on p152 of [159] states that

(3.5.3) {z e X f(z) > g(2)},
(3.5.4) {ze X f(z) > g(2)},
(3.5.5) {zeX: f(z)=g(z)}

are measurable sets in X. Indeed, one can check that (3.5.3) is the same as

(3.5.6) U {reX:f(x)>r}n{ze X :gx) <r}).
reQ

One use this to get the measurability of (3.5.3), and to obtain the measurability
of (3.5.4) and (3.5.5) from that.

If f and g are real-valued on X, then one can also get the measurability of
these sets using the measurability of f — g. One can reduce to this case as well,
by considering the sets where these functions are oo separately. Of course,
one can get the measurability of (3.5.5) when f and g are complex-valued on X
using the measurability of f — g again, or by considering the real and imaginary
parts of f and g.

Alternatively, if Y1 = Y5 is the set of extended real numbers, then one can
look at the measurability of these sets in terms of the measurability of

(3.5.7) z = (f(x),9(x))

as a mapping from X into Y = Y] X Y5, as in the previous section.

3.6 Some more measurability properties

Let (X, Ax) be a measurable space again, and let {f;}52; be a sequence of
extended real-valued measurable functions on X. It is well known that

(3.6.1) sup f;(x) is measurable on X.
Jj=1

Indeed, if a € R, then it is easy to see that

oo

(3.6.2) {x €X: SL>1I1)fJ($) > a} = U{a: € X : fi(z) > a}.

j=1

The analogous statement for the infimum may be obtained using a similar ar-
gument, or by reducing to the previous case. This corresponds to 2.53 on p37
of [14], parts of Proposition 5.8 on p45 of [20], parts of Proposition 2.7 on p45
of [118], parts of Theorem 11.12 on p153 of [159], part of Theorem 1.14 on pl5
of [298], part of Theorem 11.17 on p311 of [299], and parts of Property 3 on p29
of [335].
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In particular, the maximum or minimum of finitely many extended real-
valued measurable functions on X is measurable on X. This is a bit simpler,
and indeed the case of two such functions is mentioned in Proposition 5.7 on
p45 of [20].

If f is an extended real-valued measurable function on X, then we get that

(3.6.3) fT(x) = max(f(x),0) and f~(z) = — min(f(z),0)

are measurable as well. Of course, this can also be verified more directly.

3.6.1 Measurability of pointwise limits

Let {f;}32; be a sequence of extended real-valued measurable functions on X
again. Observe that

(3.6.4) limsup f;(x) and lijrginf fj(z) are measurable on X,
Jj—o0 o

using the characterizations of the upper and lower limits discussed in Subsection
1.3.4. This corresponds to part (a) of Exercise 17 on p86 of [14], parts of
Proposition 5.8 on p45 of [20], parts of Proposition 2.7 on p45 of [118], parts of
Theorem 11.12 on p153 of [159], part of Theorem 1.14 on pl5 of [298], part of
Theorem 11.17 on p311 of [299], and parts of Property 3 on p29 of [335].

In particular, if {f;}52, converges pointwise on X, then one can use (3.6.4)
to get that
(3.6.5) li}m fj(z) is measurable on X.

J o0

This is shown directly for sequences of real-valued functions on X in 2.48 on
p36 of [14]. This is also part of Proposition 2.7 on p45 of [118], Corollary 11.14
on pl54 of [159], Corollary (a) on pl5 of [298], Corollary (b) on p312 of [299],
and Property 4 on p29 of [335].

One can use (3.6.4) to get that

(3.6.6) {x € X :liminf f;(x) = limsup fj(a:)}
J— Jj—o0o

is a measurable set in X, as in the previous section. This is the same as the
set of x € X such that f;(x) tends to some extended real number as j — oo,
as in Subsections 1.3.1 and 1.3.3. The measurability of this set corresponds to
Exercise 5.4 on p50 of [20], Exercise 3 on p48 of [118], Exercise 5 on p32 of
[298], and Exercise 3 on p332 of [299]. If {f;}52, is a sequence of real-valued
functions on X, then the measurability of the set of x € X such that {f;(z)}32;
converges corresponds to Exercise 14 on p39 of [14].

3.6.2 Measurability of monotone functions

If f is a real-valued function on the real line that is monotonically increasing or
decreasing, then f is Borel measurable on R, i.e., it is measurable with respect
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to the o-algebra of Borel sets in R. This is Proposition 5.10 on p46 of [20], and
Exercise 8 on p48 of [118]. This is also stated for monotone functions on Borel
sets in R in 2.43 on p34 of [14].

Exercise 17 on p39 of [14] asks one to show that if f is a real valued function
on a Borel set in R that is continuous at all but finitely or countably many
points in its domain, then f is Borel measurable. Exercise 22 on p39 of [14]
asks one to show that if f is a monotonically increasing function on any subset
of R, then f is continuous at all but finitely or countably many elements of its
domain.

3.7 Simple functions

Let X be a set. A real or complex-valued function ¢ on X is said to be a simple
function on X if it takes only finitely many values on X, as in Definition 2.88
on p65 of [14], Definition 5.13 on p47 of [20], on p46 of [118], Definition 11.34
on pl59 of [159], Definition 1.16 on pl6 of [298], and Definition 11.19 on p313
of [298]. Note that functions taking the values +o0o are not considered here.

Suppose that a1, ..., a, is a list of the values of ¢ on X, without repetitions,
and put 4; = ¢~ ({a;}) for j =1,...,n. Observe that

(3.7.1) p(x) = Z aj1a,(x)

on X, where 14, is the indicator function of A; on X, as in Section 1.4. This
may be called the standard representation of ¢, as on p79 of [14], and p46 of
[118]. It can be convenient to include a term with coefficient 0, as mentioned in
[118], particularly when working with additional simple functions on X.

Suppose now that (X, Ax) is a measurable space. It is easy to see that a
simple function f on X is measurable if and only if the sets A; mentioned in the
preceding paragraph are elements of Ax for each j. Note that measurability is
included in the definition of a simple function in [20, 118].

If A is any subset of X, then the corresponding indicator function 14 is
measurable if and only if A € Ax. Any linear combination of indicator functions
on X is a simple function, and any linear combination of indicator functions
of measurable subsets of X is a measurable simple function on X. Simple
functions on o-finite measure spaces are defined on p27, 274 of [335] to be linear
combinations of indicator functions of measurable sets of finite measure. The
canonical form is defined on p50 of [335] to be like the standard representation,
except that one does not include a term with coefficient 0.

One can check that the sum and product of two simple functions on X is
a simple function, as in [118]. The measurability of the sum or product of two
measurable simple functions is a bit easier to get than for arbitrary functions.
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3.7.1 Approximation by simple functions

Let f be a nonnegative extended real-valued measurable function on X. It is
well known and not too difficult to show that there is a monotonically increasing
sequence of nonnegative measurable simple functions on X that tends to f(x)
at every x € X. This is Proposition 5.14 on p47 of [20], part of part (a) of
Theorem 2.10 on p47 of [118], part of Theorem 11.35 on p159 of [159], Theorem
1.17 on p16 of [298], and part of Theorem 11.20 on p313 of [299]. This is also
mentioned on p274 of [335] for o-finite measure spaces, to get the additional
condition on simple functions used in [335], as before.

If f is bounded on X, then this sequence of simple functions converges to
f uniformly on X, as in [118, 159, 298, 299]. In fact, this sequence of simple
functions converges to f uniformly on any set on which f is bounded, as in
[118)].

Suppose now that f is an extended real-valued or complex-valued measurable
function on X. In these two cases, one can get a sequence of real or complex-
valued measurable simple functions on X, as appropriate, that tends to f(x) at
every x € X, and whose absolute values are monotonically increasing to |f(z)].
This corresponds to 2.89 on p65 of [14], part (b) of Theorem 2.10 on p47 of [118],
and another part of Theorem 11.35 on p159 of [159]. This is mentioned on p274
of [335] for o-finite measure spaces as well, with the additional condition on
simple functions as before.

This sequence converges to f uniformly on X when f is bounded on X, and
more precisely it converges to f uniformly on any set on which f is bounded,
as in [14, 118, 159].

3.8 Integrating nonnegative functions

Let (X, A, 1) be a measure space, as in Subsection 1.7.2. Also let ¢ be a non-
negative real-valued measurable simple function on X, as in (3.7.1), and let E
be an element of A. Under these conditions, we put

(3.8.1) [ odu=Y a,nd;nE)
j=1

as in (2) on p20 of [298], and (52) on p314 of [299]. This uses the convention
0 (+00) = 0 when a; = 0 and p(A; N E) = +oo. More precisely, (3.8.1) is
defined as a nonnegative extended real number.

3.8.1 Defining the Lebesgue integral

Now let f be a nonnegative extended real-valued measurable function on X. The
Lebesgue integral of f over E with respect to i may be defined as a nonnegative
extended real number by

(3.8.2) /Efdu:sup{/Equu:O<¢<f},
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where more precisely the supremum is taken over all nonnegative real-valued
measurable simple functions ¢ on X such that ¢ < f on X. This corresponds
to (3) on p20 of [298], and (53) on p314 of [299]. It is sometimes convenient to
express this integral as

(38.3) | @) duta),

E
in order to indicate the variable of integration x. Sometimes the notation
(3.8.4) [ f@ i

E

is used, as mentioned on p54 of [20], and on p49 of [118].

More precisely, (3.8.1) is denoted Ig(¢$) in [299], to avoid confusion with
(3.8.2) when f is a simple function. It is not difficult to check that these two
definitions of the integral of a simple function over E are the same, as indicated
in [298]. This corresponds to the second remark on p54 of [20], and to part (c)
of Proposition 2.13 on p49 of [118] when E = X, as mentioned on p50 of [118].

If E = X, then (3.8.1) and (3.8.2) correspond to (6.1) and (6.2) on p53 of
[20], and they are also defined in this way on p49, 50 of [118]. One can define
integrals over E in terms of integrals over X by

(3.8.5) /E¢du=/X¢1Edu
and
(3.86) [ tau= [ rian,

as on pbH4 of [20], p49 of [118], Definition 12.31 on pl75 of [159], and p50, 55,
59 of [335]. This is mentioned on p21 of [298] as well.

3.8.2 Conditions when the integral is equal to 0

Note that
(3.8.7) / b =0

E
automatically when p(E) = 0. This implies that
(3.8.8) / Fdp=0,

E

as in part (4) of Proposition 6.3 on p54 of [20], 1.24 (e) on p21 of [298], and
Remark 11.23 (e) on p315 of [299].

Of course, (3.8.8) also holds when f(z) =0 for every x € E, even if u(E) =
+00, as in 1.24 (d) on p21 of [298]. In fact, (3.8.7) holds when ¢(x) = 0 for
almost every x € E with respect to u, in the sense that the measure of the set
where ¢(z) # 0 is equal to 0. This implies that (3.8.8) holds when f(z) = 0 for
almost every z € E with respect to u, as in the “only if” part of Exercise 3 on
p84 of [14], the “if” part of Proposition 2.16 on p51 of [118], and the “if” part
of Theorem 12.13 on p169 of [159].
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3.8.3 Using finite partitions of X

Let P = {A1,...,A,} be a collection of finitely many elements of A that form a
partition of X, in the sense that these sets are pairwise disjoint and their union
is equal to X. The lower Lebesgue sum of f with respect to P may be defined
by

(3.8.9) Z u(4;) (inf f),

as in Definition 3.2 on p74 of [14]. The infimum of f over A; is interpreted as
being equal to 0 when A; = () here, as on p164 of [159].

Using this, one can define the Lebesgue integral of f over X with respect to
p by

(3.8.10) /X fdp = sup L(f,P),

where the supremum is taken over all such partitions P of X. This corresponds
to Definition 3.3 on p74 of [14], and Definition 12.2 on p164 of [159]. Note that
arbitrary nonnegative extended real-valued functions f on X are considered in
[159], without asking f to be measurable.

One can check that this definition of the Lebesgue integral is equivalent to
the previous one, as in 3.9 on p77 of [14]. As before, one can also verify that
this definition agrees with (3.8.1) for simple functions. This corresponds to 3.4,
3.7 on p75, 76 of [14], and to Theorem 12.4 on pl65 of [159].

If u(X) < 400 and f is also bounded on X, then the Lebesgue of f over
X with respect to u may be obtained using suitable upper Lebesgue sums, as in
part (a) of Exercise 4 on p99 of [14].

3.9 More on integrating nonnegative functions

Let (X, A, ) be a measure space again, and let ¢ be a nonnegative real-valued
measurable simple function on X. If ¢ is a nonnegative real number, then it is
easy to see that

(3.9.1) /Xcgédu:c/Xgédu,

as in part (a) of Proposition 2.13 on p49 of [118]. If ¢ is another nonnegative
real-valued measurable simple function on X, then one can verify that

(3.9.2) | @rvyau= [ oau+ [ van

as in part (b) of Proposition 2.13 on p49 of [118], Theorem 12.7 on p165 of [159],
and the second part of Proposition 1.25 on p21 of [298].

It follows from (3.9.1) and (3.9.2) that if a simple function is expressed as a
linear combination with nonnegative coefficients of indicator functions of mea-
surable sets, then its integral is equal to the corresponding linear combination of
the measures of the sets, without necessarily using the standard representation
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of the simple function. This corresponds to 3.13, 3.15 on p79, 80 of [14], and a
remark on p54 of [20] and Exercise 6.2 on p55 of [20]. This also appears to be
implicit in Definition 11.21 on p3.14 of [299], as indicated in the beginning of
the proof of Theorem 11.29 on p3.19 of [298]. Conversely, this property can be
used to get (3.9.2).

3.9.1 Integrating some bounded measurable functions

The Lebesgue integral is defined initially on R™ in Section 1 of Chapter 2 of
[335], and it is mentioned on p275 of [335] that the same approach works on
o-finite measure spaces. Remember that simple functions are defined on p27,
274 of [335] to be linear combinations of indicator functions of measurable sets
of finite measure. The integral of such a simple function is defined using its
canonical form in the usual way in “Stage one” beginning on p50 of [335]. Note
that the simple function is not asked to be nonnegative here, and its integral
is automatically finite. The facts that the integral of any linear combination
of measurable sets of finite measure is equal to the corresponding linear combi-
nation of the measures of the sets, and that the integral of simple functions is
linear, are parts (i) and (ii) of Proposition 1.1 on p51 of [335].

Let E be a measurable set of finite measure, and let f be a bounded mea-
surable function that is equal to 0 on the complement of F, as in “Stage two”
beginning on p53 of [335]. Also let {¢;}32; be a sequence of uniformly bounded
measurable simple functions that are equal to 0 on the complement of F and con-
verge to f pointwise almost everywhere on E. Under these conditions, Lemma
1.2 on p53 of [335] says that the corresponding sequence of integrals of the ¢;’s
converges, and that it converges to 0 when f = 0 almost everywhere. Note
that this would be significantly simpler if one asked that {¢, };";1 converges to
f uniformly, as mentioned at the beginning of the proof in [335].

Remember that one can always get such a sequence of simple functions, as
in Subsection 3.7.1. This is used to define the Lebesgue integral of f, as the
limit of the sequence of Lebesgue integrals of the ¢;’s. It is easy to see that this
does not depend on the particular sequence of ¢;’s, using the second part of the
result mentioned in the preceding paragraph, as in [335].

Now let f be a nonnegative extended real-valued measurable function. The
Lebesgue integral of f is defined in “Stage three” beginning on p58 of [335] as
the supremum of the Lebesgue integrals of bounded nonnegative real-valued
measurable functions that are less than or equal to f and equal to 0 on the
complement of a measurable set of finite measure. One can check that this
is equivalent to taking the supremum of the integrals of the nonnegative real-
valued measurable simple functions that are less than or equal to f and equal
to 0 on the complement of a measurable set of finite measure, by approximating
bounded measurable functions by measurable simple functions as in Subsection
3.7.1.
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3.9.2 Two basic classes of examples

Suppose for the moment that X is any set, and that every subset of X is
considered to be measurable. Of course, this means that every function on X
is measurable. Let xg € X be given, and let d,, be the probability measure
associated to zp as in Subsection 1.7.3. If f is a nonnegative extended real-
valued function on X, then

(3.9.3) /X fdbay = [f(xo)-

This corresponds to parts of Exercise 2 on p84 of [14], and Exercise 6.4 on p55
of [20].

Suppose now that X is equipped with counting measure, as in Subsection
1.7.3. In this case, one can check that the integral of a nonnegative extended
real-valued function f on X is the same as the sum of f(x) over x € X, as in
Subsection 1.8.1. This corresponds to Example 3.6 and Exercise 5 on p76, 85 of
[14], Exercise 6.5 on pb5 of [20], and to part of a remark in (i) on p263 of [335].

3.10 Some properties of these integrals

Let (X, A, u) be any measure space again, and let f be a nonnegative extended
real-valued measurable function on X. If ¢ is a nonnegative extended real num-
ber, then one can check that

(3.10.1) /chdu:c/xfdu.

This uses the convention that
(3.10.2) 0 (+00) = (+00)-0=0.

This corresponds to part of 3.20 on p82 of [14], part (3) of Proposition 6.3 on p54
of [20], a remark on p50 of [118], Theorem 12.8 on p166 of [159], 1.24 (c¢) on p21
of [298], Remark 11.23 (d) on p315 of [299], and part of part (i) of Proposition
1.6 on p59 of [335].

Let g be another nonnegative extended real-valued measurable function on
X. If f <gon X, then it is easy to see that

(3.10.3) /de,ig/xgdu,

as in 3.8 on p77 of [14], part (2) of Proposition 6.3 on p54 of [20], a remark on
p50 of [118], Theorem 12.5 on p165 of [159], 1.24 (a) on p21 of [298], Remark
11.23 (c) on p315 of [299], and part (iii) of Proposition 1.6 on p59 of [335].
Of course, these verifications depend on how the integral is defined, as in the
previous two sections.
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3.10.1 When the integral is 0

If
10.4 dp =
(3.10.4) /Xfu 0,

then one can check that f(x) = 0 for almost every x € X with respect to p.
This corresponds to the “if” part of Exercise 3 on p84 of [14], Proposition 8.1
on p71 of [20], the “only if” part of Proposition 2.16 on p51 of [118], Theorem
12.6 and the “only if” part of Theorem 12.13 on pl65, 169 of [159], part (a)
of Theorem 1.39 on p31 of [298], Exercise 1 on p332 of [299], and part (vi) of
Proposition 1.6 on p60 of [335].

3.10.2 When the integral is finite

If
(3.10.5) / fdp < +oo,
X

then it is easy to see that f(x) < 400 for almost every x € X with respect to
i, as in Exercise 6.1 on pb5 of [20], part of Proposition 2.20 on p52 of [118],
part of Theorem 12.15 on p169 of [159], and part (v) of Proposition 1.6 on p60
of [335].

We also have that the set of z € X such that f(z) > 0 is o-finite with respect
to p, as in Exercise 11 on p100 of [14], Exercise 8.7 on p75 of [20], Proposition
2.20 on p52 of [118], and Exercise 19 on p61 of [298]. More precisely, one can
check that for each positive integer n, the set of x € X such that f(z) > 1/n
has finite measure.

3.10.3 The monotone convergence theorem

Let {f; }jo‘;l be a monotonically increasing sequence of nonnegative extended
real-valued measurable functions on X. This means that

(3.10.6) fi(@) < fiti(x)
for each j and z € X. Put
(3.10.7) flx) = sup Ji(z)

for every « € X, so that f;j(z) — f(z) as j — oco. Under these conditions, the
monotone convergence theorem states that

(3.10.8) /ij dp — /X fdu as j — oo.

This corresponds to 3.11 on p78 of [14], Theorem 7.1 on p57 of [20], Theorem
2.14 on p50 of [118], part of B. Levi’s theorem 12.22 on p172 of [159], Lebesgue’s
monotone convergence theorem 1.26 on p22 of [298] and 11.28 on p318 of [299],
and Corollary 1.9 on p62 and (ii) on p275 of [335].
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Note that Theorems 12.10 and 12.11 beginning on p167 of [159] are related
results for sequences of simple functions. A version for Riemann integrals is
discussed in [352].

Remember that the monotone convergence theorem for sums was discussed
in Subsection 1.8.5. The case where the functions are indicator functions of
measurable subsets of X corresponds to the remarks at the beginning of Section
1.9.

The initial steps in the proof of the monotone convergence theorem are
essentially the same as in Subsection 1.8.5. Using (3.10.6), we get that

(3.109) [ i< [ g

for each j, so that
(3.10.10) / fidp — sup/ fidup as j — oo.
b'e 1>1Jx

Thus it suffices to show that

(3.10.11) Sup/ flduz/ fdu.
1>1Jx X

We also clearly have that

(3.10.12) sup/ fi dug/ fdu.
1>1Jx X

In order to complete the proof, one should show that

(3.10.13) fdu < Sup/ fidp.
b's 1>1Jx

3.11 Using the monotone convergence theorem

Let (X, A, u) be a measure space. If f and g are any nonnegative extended
real-valued measurable functions on X, then it is well known that

(3.11.1) /X(f+g>du:/xfdu+/xgdu,

as in 3.16 on p80 of [14], part of Theorem 7.4 on p58 of [20], part of Theorem
2.15 on p51 of [118], Theorem 12.12 on p169 of [159], the first part of the proof
of Theorem 1.27 on p23 of [298], part of Theorem 11.29 on p319 of [299], and
part (i) of Proposition 1.6 on p59 of [335].

This is often obtained using the monotone convergence theorem to reduce
to the analogous statement (3.9.2) for simple functions. More precisely, there
are monotonically increasing sequences {¢;}52; and {1;}32; of nonnegative
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measurable simple functions on X that tend to f and g, respectively, pointwise
on X, as in Subsection 3.7.1. We also have that

(3.11.2) /X(cbj+wj)du:/x¢jdu+/ijdu

for each j, as in (3.9.2). Note that {¢; +;}32; increases monotonically to f+g
pointwise on X. Thus one can use the monotone convergence theorem to get
(3.11.1) from (3.11.2).

3.11.1 Some integrals of sums

If { f; };";1 is any sequence of nonnegative extended real-valued measurable func-
tions on X, then

(3.11.3) /X (i::fj) d,u:io:/xfj dp,

as in Exercise 10 on p85 of [14], Proposition 7.6 on p60 of [20], Theorem 2.15 on

p51 of [118], Lebesgue’s theorem 12.21 on pl71 of [159], Theorem 1.27 on p23

of [298], Theorem 11.30 on p3.20 of [299], and Corollary 1.10 on p62 of [335].
Indeed,

(3.11.4) /X(i:fj) du=§/xfjdu

for every positive integer n, because of (3.11.1). One can use this and the
monotone convergence theorem to get (3.11.3).

3.11.2 Another result about monotone convergence

Let {f;}52; be a monotonically decreasing sequence of nonnegative extended
real-valued measurable functions on X, so that

(3.11.5) fir1(@) < fi(2)
for each j and x € X. Put
(3.11.6) f(z) = inf i)

for every € X, so that f;(z) = f(x) as j = oo. If

(3.11.7) / fidp < +o0,
b's

then it is well known that

(3.11.8) j&a/}(ﬁduzéfdp.

This corresponds to Exercise 7.7 on p64 of [20], Exercise 15 on p52 of [118], and
Exercise 7 on p33 of [298]. This is stated more broadly for extended real-valued
functions on X in Exercise 20 on p87 of [14].
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Note that

(3.11.9) J = rydus [ g [ s

for each j, and similarly

(3.11.10) Ji=pau+ [ gan= [ fin

as in (3.11.1). We also have that

(3.11.11) [ = tydn— [ (5= duas =,

by the monotone convergence theorem. One can get (3.11.8) from these state-
ments when (3.11.7) holds.

3.11.3 Fatou’s lemma

If { fj} ° | is any sequence of nonnegative extended real-valued measurable func-
tions on X again, then Fatou’s lemma states that

(3.11.12) / (liminf f;) dp < hmlnf/ fidu,
X j—o0

as in part (b) of Exercise 17 on p86 of [14], Theorem 7.8 on p62 of [20], 2.18 on
p52 of [118], 12.23 on p172 of [159], 1.28 on p24 of [298], 11.31 on p320 of [299],
and (i) on p275 of [335].

This can be obtained from the monotone convergence theorem, by consider-
ing the sequence of functions
(3.11.13) inf f;(z),

3>l
that increase monotonically to liminf;_,, f;(z), as in Subsection 1.3.4. This
implies that
7>l

(3.11.14) /(mff] du—>/ (liminf f;) dp as | — oc.
X X J—00

If r is a positive integer with » > [, then (3.11.13) is less than or equal to f,, so
that

(3.11.15) / (inf f;) dp < / frdp.
X j=>l X
This means that
. . i ] < i
(3.11.16) /X (;_réflf])du < gfl/Xfr dp

for each I. The right side of (3.11.16) tends to the right side of (3.11.12) as
[ — 00, as in Subsection 1.3.4 again.

In the formulation of Fatou’s lemma on p61 of [335], {f;(z)}52, is asked to
converge for almost every z € X with respect to p. This is often the case in
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practice, and one can reduce to this case by considering the sequence of functions
(3.11.13), as in the previous paragraph. In fact, the monotone convergence
theorem is obtained from this version of Fatou’s lemma on p62 of [335]. This is
related to a remark at the end of Exercise 17 on p86 of [14], and to Exercise 17
on p52 of [118], where one is asked to obtain the monotone convergence theorem
from Fatou’s lemma.

3.12 Real and complex-valued functions

Let (X, A, ) be a measure space, and let f be a measurable extended real-valued
function on X. Remember that f™ and f~ are defined on X as in (3.6.3), and
are nonnegative extended real-valued measurable functions on X. Note that

(3.12.1) flz) = f(x) = [ ()
and
(3.12.2) |f(@)| = fT () + ()

for every x € X. The integrals of f* and f~ over X with respect to x4 may
be defined as nonnegative extended real numbers as before. If either of these
integrals is finite, then the Lebesgue integral of f over X with respect to p is
defined as an extended real number by

(3.123) /X fdu= /X Fran= [ 5 dn

as in Definition 3.18 on p81 of [14], (6.3) on p53 of [20], on p53 of [118], Definition
12.2 on p164 of [159], (2) on p26 of [298], (56) on p315 of [299], and the beginning
of “Stage four” on p64 of [335].

If the integrals of f* and f~ over X with respect to u are both finite, then
f is said to be integrable on X with respect to p. This is the same as saying
that

(3.12.4) / |fl dp < +o0,
X

because of (3.12.2). This implies that (3.12.3) is finite, and more precisely we
have that

(3.12.5) ’/deu‘g/xumu.

3.12.1 Some remarks about complex numbers

If a is a complex number, then let Rea,Ima € R be the real and imaginary
parts of a, respectively, so that a = Rea + i Ima. The complex conjugate of a
is the complex number

(3.12.6) a=Rea—1iIma.

If b is another complex number, then it is easy to see that

(3.12.7) (a+b)=a+b
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and
(3.12.8) (ab) =ab.

The absolute value or modulus of a is the nonnegative real number defined
by
(3.12.9) la| = (Rea)? 4+ (Ima)?)/2.
This is the same as the usual absolute value of a real number when a € R. This

is also the same as the standard Euclidean norm of (Re a,Ima), as an element
of R?, for any a € C. Note that

(3.12.10) |Real, [Imal < |al.

One can check that
(3.12.11) aa = |al?.

One can use this and (3.12.8) to get that

(3.12.12) lab] = |al|b].
If a # 0, then
(3.12.13) 1/a =a/|al?.

It is well known that
(3.12.14) la + b] < |a| + |b|.

This is equivalent to the triangle inequality for the standard Euclidean norm on
R2. This can be verified using (3.12.11) as well.

3.12.2 Integrating complex-valued functions

Now let f be a measurable complex-valued function on X. It is not too difficult
to see that |f(z)| is measurable as a nonnegative real-valued function on X,
although the details of this may depend on how measurability of complex-valued
functions is defined. If (3.12.4) holds, then f is said to be integrable on X with
respect to p. This is equivalent to the integrability of the real and imaginary
parts of f, as real-valued functions on X.

In this case, the Lebesgue integral of f over X with respect to u is defined
as a complex number by

(3.12.15) /deu:/X(Ref)du—i-i/X(Imf)d,u,

as in Definition 6.21 on pl56 of [14], (6.4) on p54 of [20], on p53 of [118],
Definition 12.26 on pl73 of [159], Definition 1.31 on p25 of [298], on p325 of
[299], and on p68 of [335].

If g is another complex-valued function on X that is integrable with respect
to u, then f 4 g is integrable on X with respect to p, and

(3.12.16) /X(f+g)d,u=/xfdu+/xgdu.
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Similarly, if ¢ is a complex number, then one can check ¢ f is integrable on X
with respect to p as well, and that

(3.12.17) /chd,u:c/xfd,u.

This corresponds to some remarks on p157 of [14], Theorem 7.4 on p58 and part
(3) of Proposition 7.5 on p60 of [20], some remarks on p53 of [118], Theorem
12.27 on p174 of [159], Theorem 1.32 on p26 of [299], some remarks on p325 of
[299], and part of Proposition 1.11 on p65 of [335].

It is well known that (3.12.5) also holds for complex-valued integrable func-
tions, as in 6.22 on p157 of [14], Proposition 7.7 on p61 of [20], Proposition 2.22
on p5b3 of [118], Theorem 12.28 on p174 of [159], Theorem 1.33 on p27 of [298],
and some remarks on p325 of [299]. More precisely, it is easy to see that

[ @enan+| [ @n il
/X‘Ref|dﬂ+/X|Imf|dM§2/X|f\dp.

If f is a simple function, then one can verify (3.12.5) directly. Otherwise, one
can approximate f by simple functions, using (3.12.18). Alternatively, if a is
any complex number with |a| = 1, then

(3.12.19) Re (a/de,u) :/XRe(af)dug/X|f|du,

and one can choose a so that the left side is the same as the left side of (3.12.5).

IN

(3.12.18) ‘/deu‘

IA

3.12.3 More on integrals over measurable subsets of X

If f is integrable on X with respect to p and E € A, then the integral of f over F
with respect to p can be defined by reducing to the corresponding definition for
nonnegative real-valued functions in Section 3.8, or equivalently as the integral
of f1p over X with respect to p. If

(3.12.20) / fdu=0
E

for every E € A, then it is well known that f(xz) = 0 for almost every x € X
with respect to p. This corresponds to Proposition 8.2 on p71 of [20], part (b)
of Proposition 2.23 on p54 of [118], part (b) of Theorem 1.39 on p31 of [299],
and Exercise 2 on p332 of [299]. It is easy to reduce to the case where f is
real-valued on X. In this case, one can check that

(3.12.21) /X FHdp = /X Fodp =0,

and use the analogous statement for nonnegative functions in Subsection 3.10.1.
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Suppose now that f is real-valued on X, and that

(3.12.22) / fdu>0
E

for every F € A. This implies that the integral of f~ over X with respect to
is equal to 0, so that f~(z) = 0 for almost every € X with respect to u, and
thus f(x) > 0 for almost every x € X with respect to pu.

3.13 The dominated convergence theorem

Let (X, A, ;1) be a measure space, and let {f;}52, be a sequence of complex-
valued measurable functions on X that converges pointwise to a complex-valued
function f on X. Suppose that g is a nonnegative real-valued measurable func-
tion on X that is integrable with respect to p such that

(3.13.1) |fi ()] < g(x)
for each j and x € X. Note that this implies that
(3.13.2) |f(@)] < g(2)

for every x € X, and that
(3.13.3) the f;’s and f are integrable with respect to p on X

as well. Under these conditions, Lebesgue’s dominated convergence theorem
states that

(3.13.4) hm / |f; — fldu =0,

and in particular
(3.13.5) hm / fidp= / fdu.

This corresponds to 3.31 on p92 and some remarks on pl57 of [14], Theorem
7.9 and Exercise 7.1 on p62, 63 of [20], 2.24 on pb4 of [118], 12.24 and 12.30
on pl72, 174 of [159], 1.34 on p27 of [298], 11.32 on p321 and some remarks on
p325 of [299], and Theorem 1.13 on p67 and (iii) on p275 of [335].

More precisely,

@ase) | [ fan [ sl =| [ -nan< [ 18- naw

for each j, so that (3.13.4) implies (3.13.5). Sometimes the conclusion of the
dominated convergence theorem is only stated as (3.13.5). However, (3.13.4)
may be obtained using that version for the sequence of functions | f; — f|, because

(3.13.7) [fi (@) = f(@)] < [f; (@) + [f(2)] < 29()
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for each j and « € X. This is related to Exercise 7.2 on p63 of [20].
If the f;’s and thus f are real-valued, then (3.13.5) may be obtained from
Fatou’s lemma, by considering the sequences of functions

(3.13.8) {9+ f;}721 and {g — f;}724,

as in [20, 118, 159, 299]. Of course, one can reduce to this case, by considering
the real and imaginary parts of the f;’s and f. Similarly, (3.13.4) may be
obtained using Fatou’s lemma, by considering the sequence of functions

(3.13.9) {29 - 1fi = f1}5%0

as in [298]. Another type of approach is used in [14, 335].

3.13.1 Convergence almost everywhere

Sometimes one only asks that {f; }J"‘;l converges to f pointwise almost every-
where with respect to p on X, and that (3.13.1) hold almost everywhere on X
with respect to u for each j. In this case, one should be a bit careful about
the measurability of f, and this can be easily arranged by adjusting f on a set
of measure 0, if necessary. This is related to some remarks on p90 of [14], p63
of [20], p54 of [118], p170 of [159], beginning on p28 of [298], on p317 of [299],
and p30 of [335]. This is a bit simpler when (X, A, ) is complete as a measure
space, as in Subsection 2.1.3.

3.13.2 The bounded convergence theorem

If u(X) < +oo, then constant functions are integrable on X, so that one can
take g to be a constant function in the dominated convergence theorem. This is
known as the bounded convergence theorem, as in 3.26 on p89 of [14], Exercise
7.8 on p64 of [20], the corollary on p322 of [299], and Theorem 1.4 on p56 of
[335].

See [99, 138, 193, 227, 237, 353] concerning related results for Riemann
integrals.

3.13.3 Some more integrals of sums

Suppose now that { f; 524 is a sequence of complex-valued measurable functions
on X that are integrable with respect to p such that

(3.13.10) /X (3 15) du = fj/x [fldp < +oo,
j=1 j=1

where the first step is as in Subsection 3.11.1. In particular, this implies that

oo

(3.13.11) D 1)) < o0

j=1
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for almost every = € X with respect to p, so that Z;’;l fj(x) converges abso-
lutely for almost every x € X with respect to u. Let us simply interpret the
sum as being equal to 0 at points where it does not converge. We also have that

(3.13.12) ‘Z fildu < < (Z il ) dp < +o0,

so that 77 f; is integrable on X with respect to p.

Note that
n
=1

(3.13.13)
for each positive integer n. One can use the dominated convergence theorem to
get that

(3.13.14) Z/ fidp = / Zf])du

under these conditions, as in Exercise 7.4 on p64 of [20], Theorem 2.25 on p55
of [118], Corollary 12.33 on p175 of [159], and Theorem 1.38 on p30 of [298].
Alternatively,

oo

ZIED RSB
j=1

> s

j=n+1

ijﬁ

Jj=n+1

(3.13.15)

_ij —
j=1

for each positive integer n, so that

(3.13.16) / ij du</ ( Z 1551 dye = Z /\fjldu,

j=n+1 j=n+1
where the second step is as in Subsection 3.11.1 again. The sum on the right
tends to 0 as n — oo, because of the convergence of the corresponding infinite
series, by hypothesis. This implies that the integral on the left tends to 0 as
n — 00, and one can use this to get (3.13.14).

3.14 Connection with Riemann integrals

Let a and b be real numbers, with a < b, and let f be a bounded real-valued
function on [a,b]. It is well known that f is Riemann integrable on [a,b] if
and only if the set of points in [a,b] at which f is not continuous has Lebesgue
measure 0, as in the first part of 3.34 on p93 of [14], the first part of Theorem
9.1 on p78 of [20], part b of Theorem 2.28 on p57 of [118], Theorem 7.3 A on
pl63 of [135], part (e) of Exercise 12.51 on pl84 of [159], part (b) of Theorem
11.33 on p323 of [299], and Theorem 1.7 on p287 of [334].

If f is Riemann integrable on [a, b], then it is well known that f is Lebesgue
integrable on [a, b], with Lebesgue integral equal to the Riemann integral, as in
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the second part of 3.34 on p93 of [14], the second part of Theorem 9.1 on p78 of
[20], part a of Theorem 2.28 on p57 of [118], Theorem 11.5 G on p292 of [135],
part (f) of Exercise 12.51 of [159], on p54 of [298], part (a) of Theorem 11.33 on
p323 of [299], and Theorem 1.5 on p57 of [335].

3.14.1 Lebesgue integrals on R

Suppose now that f is an extended real-valued function on the real line that
is Lebesgue measurable, meaning that it is measurable with respect to the o-
algebra of Lebesgue measurable subsets of R. The Lebesgue integral of f over
[a, b] with respect to Lebesgue measure may be denoted

b
(3.14.1) / f(z)dz,

when it exists, for convenience. This is the same as the integrals over (a, b), [a, b),
and (a, b, because finite subsets of R have Lebesgue measure 0. Similarly, we
may use this notation when f is a complex-valued Lebesgue measurable function
that is integrable on [a, b]. We may also denote integrals over half-lines in R, or
over R, as in (3.14.1), with a = —o0 or b = +00, as appropriate, under suitable
conditions.

3.14.2 Invariance under translations

If ¢ is any real number, then (3.14.1) is equal to

(3.14.2) flz —t)dx,
a+t

under the conditions mentioned in the preceding paragraph. This uses the fact
that Lebesgue measure on the real line is invariant under translations, as in 2.7
on pl6 and Exercise 8 on p60 of [14], Theorem 1.21 of [118], part (c) of Theorem
2.20 on p52 of [298], and on p22, 73 of [335].

3.15 Some measures from integrals

Let (X,.A, u) be a measure space, and let f be a nonnegative extended real-
valued measurable function on X. Under these conditions, one can check that

(3.15.1) V(E):/Efdu

defines another countably additive measure on X with respect to A, as in Sub-
section 1.7.1. This corresponds to Exercise 9 on p85 of [14], part (1) of Exercise
7.27 on p67 of [20], part of Exercise 14 on p52 of [118], the first part of Theorem
1.29 on p24 of [298], and part (a) of Theorem 11.24 on p315 of [299]. More
precisely, countable additivity can be obtained from the monotone convergence
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theorem, as in Subsection 3.11.1, although a more direct argument is used in
[299]. This is related to 9.4 on p258 of [14], Example 19.9 on p307 of [159], and
some remarks on p286 of [335].

3.15.1 Integrals with respect to v

If g is a nonnegative extended real-valued measurable function on X, then

(3.15.2) /ngV:/ngd/J,7

as in Exercise 5 on p266 of [14], Exercise 13.8 on p117 of [20], Exercise 14 on
p52 of [118], and the second part of Theorem 1.29 on p24 of [298]. This follows
from the definition of v when ¢ is the indicator function of a measurable set
in X, and one can use this to get (3.15.2) when g is a nonnegative measurable
simple function on X. One can obtain (3.15.2) for any nonnegative measurable
function on X by approximating by simple functions, as in Subsection 3.7.1,
and using the monotone convergence theorem.

If g is a real or complex-valued measurable function on X, then it follows
that

(3.15.3) [ talav = [ riala

This means that g is integrable with respect to v if and only if f g is integrable
with respect to . In this case, one can check that (3.15.2) holds, as in part (2)
of Exercise 7.27 on p67 of [20].

If A is the collection of all subsets of X and p is counting measure on X,
then (3.15.1) corresponds to a measure of the type mentioned in Subsection
1.8.7, and (3.15.2) corresponds to Exercise 7 on p85 of [14].

3.15.2 Some additional properties of v

Note that -

(3.15.4) {re X : f(xr) < +oo} = U{xeX:f(:v)gn}.
n=1

If f is finite almost everywhere on X with respect to u, and if p is o-finite on X,
then one can check that (3.15.1) is o-finite on X. More precisely, it is enough
to ask that

(3.15.5) {zeX: f(x)>0}
be o-finite with respect to p, instead of the o-finiteness of © on X.
Of course,
(3.15.6) V(X) = / fdu
X

is finite exactly when f is integrable with respect to p on X. In this case, f is
finite almost everywhere on X with respect to p, and (3.15.5) is o-finite with
respect to u, as in Subsection 3.10.2.
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Similarly, if F € A and (3.15.1) is finite, then f is finite almost everywhere
on E with respect to u, and the set of 2 € E such that f(x) > 0 is o-finite with
respect to pu. If X is o-finite with respect to v, then it follows that f is finite
almost everywhere on X with respect to p, and that (3.15.5) is o-finite with
respect to p.

Suppose that f is integrable on X with respect to p. It is well known that
for every € > 0 there is a 6 > 0 such that if £ € A and

(3.15.7) u(E) <o,
then
(3.15.8) v(E) <e.

This corresponds to 3.28 on p90 of [14], Exercise 6.8 on p56 of [20], Theorem
12.34 on p176 of [159], Exercise 12 on p33 of [298], and part (ii) of Proposition
1.12 of [335).



Chapter 4

More on functions and
measures

4.1 Absolutely continuous measures

Let (X, A, ) be a measure space, and let A be another countably additive
measure on X with respect to 4. We say that A is absolutely continuous with
respect to p if

(4.1.1) u(E) = 0 implies that A(E) =0

for every FE € A. This may be expressed by
(4.1.2) AL p,

as in Definition 9.32 on p270 of [14], Definition 13.1 on pl112 of [20], on p88
of [118], Definition 6.7 on p128 of [299], and (12) on p288 of [335]. Definition
19.19 on p312 of [159] considers absolute continuity with respect to a signed or
complex measure, and reduces to (4.1.1) when u is nonnegative.

Note that (3.15.1) is absolutely continuous with respect to u, by construc-
tion.

4.1.1 The Radon—Nikodym theorem

Suppose that A\(X) < +oo, and that u is o-finite on X. If X is absolutely
continuous with respect to u, then the Radon-Nikodym theorem states that A
is of the form (3.15.1), where f is also integrable on X with respect to p. This
corresponds to 9.36 on p272 (=~ 100e) of [14], Theorem 13.4 and Exercise 19.8
on pl13, 215 of [20], part of 3.8 on p90 of [118], Theorems 19.23 and 19.24 on
p315 of [159], part (b) of 6.9 on p129 of [298], and part of Theorem 4.3 on p290
of [335].

This also works when ) is o-finite on X, except that f may not be integrable
on X with respect to p, as in [118, 335], Theorem 19.24 on p315 of [159], and

102
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some remarks in 6.10 on p132 of [298]. However, f is finite almost everywhere
with respect to p in this case, and the set where f is positive is o-finite with
respect to p, as in Subsection 3.15.2.

Note that f is essentially unique, in the sense that any other such function
is equal to f almost everywhere on X with respect to pu, as in Subsection 3.12.3.
This is called the Radon—Nikodym derivative of A with respect to p, and may
be denoted

(4.1.3) dx

@.
4.1.2 More on absolute continuity

Suppose that for every € > 0 there is a § > 0 such that
(4.1.4) w(E) < § implies that \(E) < e

for every E € A. Tt is easy to see that (4.1.1) holds, so that (4.1.2) holds.

Conversely, if A(X) < 400 and (4.1.2) holds, then it is well known that the
property described in the preceding paragraph holds, as in Exercise 14 on p279
of [14], Proposition 13.2 on p112 of [20], Theorem 3.5 on p89 of [118], Exercise
19.67 on p339 of [159], Theorem 6.11 on p132 of [298], and Proposition 4.2 on
p289 of [335].

4.2 Mutually singular measures

Let (X, .A) be a measurable space, and let A and p be countably additive mea-
sures on X with respect to A. We say that A and u are mutually singular on
X if there is an A € A such that

(4.2.1) AX\ A) = pu(A) =0,

as in Definition 9.28 on p268 of [14], on p106 of [20], on p87 of [118], Definition
19.39 on p326 of [159], part of Definitions 6.7 on p128 of [298], and on p288 of
[335]. We may also say that each of A and p is singular with respect to the other
in this case, and this may be expressed by

(4.2.2) AL p.

It is easy to see that A = 0 when (4.1.2) and (4.2.2) hold.

4.2.1 The Lebesgue decomposition theorem

If p is o-finite on X and A(X) < +oo, then the Lebesgue decomposition theorem
states that are are unique measures A\, and A; on X with respect to A such that

(4.2.3) A=Ay + As, Ao € 1, and Ag L p,



104 CHAPTER 4. MORE ON FUNCTIONS AND MEASURES

as in 9.35 on p271 of [14], Theorem 13.5 and Exercise 13.13 on p115, 118 of [20],
the first part of 3.8 on p90 of [118], 19.42 on p326 of [159], part (a) of Theorem
6.9 and part of 6.10 on p129, 130 of [298], and the first part of Theorem 4.3 on
p290 of [335].

More precisely, this works without asking that p be o-finite, as in [14]. This
works when A is o-finite on X too, as in [118, 159, 335], and some remarks in
6.10 on p132 of [298].

4.2.2 More on the Lebesgue decomposition

The fact that A, is singular with respect to p means that there is an A5 € A
such that

(4.2.4) As(X\ Ag) = p(4s) =0,
as before. It follows that
(4.2.5) Aa(A4s) =0,

because )\, is absolutely continuous with respect to p. In particular, A, and A4
are mutually singular on X.
If £ € A, then

(4.2.6) AE\ Ay) = Aa(B\ A,) + A (E\ Ay) = Aa(E\ A,) = Ao(B).
Similarly,
(4.2.7) MENA) =M(ENA)+ A (ENA) = (ENAs) = M (E).

If A, is any element of A, then it is easy to see that (4.2.6) and (4.2.7) define
measures on X with respect to A. In order to get a Lebesgue decomposition,
one needs to have that p(As) = 0, and that A, be absolutely continuous with
respect to  on X. The second part means that

(4.2.8)  AE) =0 for every F € Awith E C X \ A; and u(F) = 0.

4.3 Differentiating monotone functions

Let a be a monotonically increasing real-valued function on the real line. A
version of Lebesgue’s differentiation theorem states that « is differentiable at
almost every point in R with respect to Lebesgue measure. This corresponds
to Theorem 14.8 on pl131 of [20], part (b) of Theorem 3.23 on pl01 of [118],
Theorem 17.12 on p264 of [159], Theorem 8.19 on pl77 of [298], and Theorem
3.4 on p121 of [335].

4.3.1 A simpler version of o/

Remember that « is Borel measurable on R, as in Subsection 3.6.2. Of course,

(4.3.1) j (alz + (1/7) = a()) = 0
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for each positive integer j and € R, because « is monotonically increasing on
R, by hypothesis. It follows that

(4.3.2) liminf j (o(z + (1/7)) — e())

is a Borel measurable nonnegative extended real-valued function on R, as in
Subsection 3.6.1. This function is equal to the derivative o/(x) of @ at = when
« is differentiable at x.

4.3.2 Integrating o/ on an interval
If a,b € R and a < b, then
b b
(4.3.3) / o (x)dr <liminf [ j(a(z+ (1/4)) — a(x)) dx,
a J—r00 a

because of Fatou’s lemma, as in Subsection 3.11.3. This uses the notation
for Lebesgue integrals over intervals in the real line with respect to Lebesgue
measure mentioned in Subsection 3.14.1, although the integral on the right may
be considered as a Riemann integral, as before.

Observe that

b b b
[iera/i-a@)is = j [ a@+a/de-j [ ax)ds
b+(1/37) b
(4.3.4) = ]/ oz(a:)dmfj/ a(z)dx

+(1/3)
b+(1/3) a+(1/3)
J / a(z)dx —j / a(z)dx
b a

for each j. Remember that the one-sided limits of « exist at every point in R,
as in Subsection 2.4.2. One can check that

p+(1/7)
(4.3.5) a(p+) = lim j/ az) dx
j*}OO D
for every p € R. More precisely, this is equivalent to saying that
p+(1/7)
(4.3.6) lim j / (a(z) — a(p+)) dr =0,
]A)OO P

and this can be obtained from the definition of a(p+), as in Subsection 2.4.1.
It follows that
b
(4.3.7) _lim Jjla(x+(1/4)) — a(z)) de = a(b+) — ala+).
j—o0

a

Combining this with (4.3.3), we obtain that

b
(4.3.8) / o (2) dz < a(b+) — ala+).



106 CHAPTER 4. MORE ON FUNCTIONS AND MEASURES

Similarly, if [ is a positive integer such that a < b — (1/1), then

b—(1/1)
(4.3.9) / o (z)dz < a((b— (1/1)+) — a(a+) < a(b—) — ala+),

using a property of one-sided limits of monotonically increasing functions men-
tioned in Subsection 2.4.2. This implies that

b b—(1/1)
(4.3.10) / o (z)dr = lim o' (z)dzr < a(b—) — ala+t),

l—oo /o

using the monotone convergence theorem in the first step. In particular,

b
(4.3.11) / o (x) dz < a(b) — ala),

using properties of one-sided limits of monotonically increasing functions men-
tioned in Subsection 2.4.2 again. This corresponds to another part of Theorem
14.8 on p131 of [20], part of Theorem 18.14 on p284 of [159], and to Corollary
3.7 on p125 of [335].

4.3.3 Equality in the estimate for the integral of o/

Of course, we might like to have that

b
(4.3.12) / o (x) dz = a(b) — ala).

It is well known that this holds when « is continuously differentiable on [a, b],
as in Theorem 7.8 E of [135]. In fact, this holds when « is differentiable at
every point in [a,b], and the derivative of « is Riemann integrable on [a,b], as
in Exercise 8 on p189 of [135], and 6.21 on p134 of [299]. A broader condition
under which this holds will be discussed in the next section.

It is easy to see that the inequality in (4.3.11) can be strict when « is not
continuous. It is well known that there are continuous monotonically increas-
ing real-valued functions on [0, 1] that are not constant, and whose derivative
is equal to 0 almost everywhere with respect to Lebesgue measure. This is
discussed beginning on p58 of [14], in Example 4.11 on p32 of [20], on p39 of
[118], in Exercise 8.28 on p113 of [159], Example 8.20 (b) on p179 of [298], and
beginning on p125 of [335]. See also Subsection A.12.4.

4.4 Absolutely continuous functions

Let a and b be real numbers with a < b again, and let F' be a real or complex-
valued function on [a,b]. We say that F' is absolutely continuous on [a,b] if for
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every € > 0 there is a 6 > 0 with the following property. If (a1,b1),..., (a;,b;)
are finitely many pairwise-disjoint open intervals contained in [a, b] such that

l
(4.4.1) > (b —aj)

j=1
then

(4.4.2) Z |F(b;) — F(a;)| < e

This corresponds to the deﬁnltlon at the beginning of Section 14.5 on p135 of
[20], on p105 of [118], Definition 18.10 on p282 of [159], 8.15 on pl75 of [298],
and on pl27 of [335].

Note that there is no restriction on [ in this definition. If we take [ = 1, then
we get that F' is uniformly continuous on [a, b].

It is easy to see that F is absolutely continuous on [a, b] when F' is Lipschitz
of order 1 on [a,b], with respect to the restriction to [a,b] of the standard
Euclidean metric on [a, ], as in Section A.11.

4.4.1 Absolute continuity and differentiability

If F is absolutely continuous on [a,b], then it is well known that F is differ-
entiable almost everywhere on [a,b]. More precisely, one can show that F' has
bounded variation on [a,b]. If F' is real-valued, then this implies that F' can
be expressed as a difference of monotonically increasing functions. Otherwise,
if F' is complex-valued, then the real and imaginary parts have this property.
One can use this to reduce to the case of monotonically increasing real-valued
functions on [a, b]. This argument also implies that F” is integrable on [a, b] with
respect to Lebesgue measure, as in the previous section. This corresponds to
Lemmas 14.10 and 14.14 on p133, 135 of [20], Lemmas 3.26 and 3.24 on p102,
106 of [118], Theorems 18.12 and 18.13 on p283 of [159], a remark on p175 and
Theorem 8.19 on p177 of [298], and Theorem 3.3 on p119 and a remark on p127
of [335].
In fact, if F' is absolutely continuous on [a, b], then

(4.4.3) / C P dt = F(z) — Fla)

for every x € [a,b], as in Theorem 14.16 on p137 of [20], part of 3.35 on p106 of
[118], Theorem 18.16 on p285 of [159], Theorem 8.18 on pl177 of [298], and part
of Theorem 3.11 on p130 of [335].

4.4.2 Integrating integrable functions on |[a, D]

If f is a real or complex-valued function on [a, b] that is integrable with respect
to Lebesgue measure, then it is well known that

(4.4.4) / " r)at
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is absolutely continuous as a function of z on [a, b]. This corresponds to Exercise
14.2 on p138 of [20], part of 3.35 on pl06 of [118], Example 18.11 (a) on p282
of [159], part of Theorem 8.17 on pl76 of [298], and a remark on p128 of [335].
More precisely, if f is real-valued and nonnegative on [a,b], then this follows
from a remark in Subsection 3.15.2, and otherwise one can reduce to this case.

Another version of Lebesgue’s differentiation theorem implies that the deriva-
tive of (4.4.4) is equal to f(x) for almost every x € [a, b] with respect to Lebesgue
measure, as in 4.19 on p111 of [14], Theorem 14.5 on p127 of [20], part of Corol-
lary 3.33 on p105 of [118], Theorem 18.3 on p275 of [159], part of Theorem 8.17
on pl76 of [298], and part of Theorem 3.11 on p130 of [335].

4.4.3 A criterion for absolute continuity

Let F be a real or complex-valued function on [a,b] that is differentiable at
every point in [a,b]. If F’ is Lebesgue integrable on [a,b], then Theorem 8.21
on pl79 of [298] states that (4.4.3) holds for every x € [a,b]. This corresponds
to Problem 5 on pl53 of [335], where F' is asked to be continuous on [a,b]
and differentiable at every point in (a,b). This also corresponds to part (d)
of Exercise 18.41 on p299 of [159], where F is asked to be continuous on [a, ]
and differentiable at all but finitely or countably many points in (a,b). This is
related to Exercise 14.8 on p139 of [20] as well.

4.5 More on absolutely continuous functions

Let f be a nonnegative extended real-valued Lebesgue measurable function on
the real line, and suppose that f is locally integrable with respect to Lebesgue
measure on R, in the sense that

(4.5.1) /b f(z)dz < 400

for all real numbers a, b with a < b. Let v = v; be the measure defined on R
by

(4.5.2) Vf(E):/Ef(x)dx

for all Lebesgue measurable subsets F of R, as in Section 3.15, where the integral
on the right is taken with respect to Lebesgue measure on R. Remember that
this measure is absolutely continuous with respect to Lebesgue measure on R,
by construction, as mentioned near the beginning of Section 4.1. This measure
is also locally finite on R, as in Section 2.10, by hypothesis.

Let F be the real-valued function defined on the real line by

(4.5.3) F(z)

/ ft)dt when z > 0
0

0
= —/ f@)dt when z <0.
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One can check that F' is continuous and monotonically increasing on R, and in
fact F is absolutely continuous on every closed interval in R, as in the previous
section. Note that the continuity of F on R corresponds to Exercise 7.11 on
p65 of [20]. We also have that F' is differentiable at almost every point in R
with respect to Lebesgue measure, with

(4.5.4) F'(z) = f(z)

for almost every x € R, as in the previous section.
Let Ap be the Lebesgue—Stieltjes measure on the real line associated to F
as in Subsection 2.5.1. If a,b € R and a < b again, then

(4.5.5) Ar((a,b)) = F(b) — F(a),

as before. Similarly,

b
(45.6) v ) = [ F(0)dt = Pb) - Pla)
by construction. It follows that

(4.5.7) Ap = vy

as Borel measures on R, as in Section 2.13.

4.5.1 More on differentiating monotone functions

Let o be a monotonically increasing real-valued function on the real line, and
suppose now that o/ = f almost everywhere on R with respect to Lebesgue
measure. If a,b € R and a < b, then

b
(4.5.8) F(b) — F(a) = / o (t) dt < a(b) — ala),

where the second step is as in Subsection 4.3.2. This means that

(4.5.9) o — F is monotonically increasing on R.
Note that
(4.5.10) (a—F) =0

almost everywhere on R with respect to Lebesgue measure. If « is absolutely
continuous on every closed interval in the real line, then equality holds in the
second step in (4.5.8), and a — F' is constant on R.

Let 8 be a monotonically increasing real-valued on the real line, and let Ag
be the corresponding Lebesgue—Stieltjes measure, considered as a Borel measure
on R, as in Subsection 2.5.1. If

(4.5.11) g is mutually singular with respect to Lebesgue measure on R,
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as Borel measures on R, then it is well known that
(4.5.12) B’ =0 almost everywhere with respect to Lebesgue measure on R.

This corresponds to Lemma 14.6 on p128 of [20], part of Theorem 3.22 on p99
and some remarks on p106 of [118], part of Theorem 19.60 on p336 of [159], and
part of the corollary on p166 of [298].

Conversely, it is also well known that (4.5.12) implies (4.5.11), as in [118,
159, 298] and part of Exercise 11 on p314 of [335].

4.5.2 One way to organize results like these

Results like these may be organized in various ways. Sometimes one obtains
properties of measures that are mutually singular with respect to Lebesgue mea-
sure directly, to get that (4.5.11) implies (4.5.12), and also shows the Lebesgue
differentiation theorem as in Subsection 4.4.2.

If « is a monotonically increasing real-valued function on the real line, and
Ao is the corresponding Lebesgue—Stieltjes measure on R, then one can use
the Radon—Nikodym and Lebesgue decomposition theorems to get that A, is
the sum of Borel measures on R that are absolutely continuous and mutually
singular with respect to Lebesgue measure. This can be used to get that « is
differentiable almost everywhere with respect to Lebesgue measure, with deriva-
tive equal almost everywhere to the Radon—Nikodym derivative of the absolutely
continuous part of A,.

In particular, if o’ = 0 almost everywhere with respect to Lebesgue measure
on R, then the absolutely continuous part of A, is equal to 0, so that (4.5.12)
implies (4.5.11).

4.5.3 Another way to organize results like these

Alternatively, one might start with both versions of Lebesgue’s differentation
theorem, for the differentiability almost everywhere of monotonically increasing
functions on R, as well as the version in Subsection 4.4.2. If « is monoton-
ically increasing on R, then one can use the Radon-Nikodym and Lebesgue
decomposition theorems to get that o’ is greater than or equal to the Radon—
Nikodym derivative of the absolutely continuous part of A\, almost everywhere
with respect to Lebesgue measure.

In particular, if A\, is not mutually singular with respect to Lebesgue mea-
sure, so that the absolutely continuous part is positive, then o’ > 0 on a set of
positive Lebesgue measure, so that (4.5.12) implies (4.5.11).

If f and F are as at the beginning of this subsection, then it follows that
the Lebesgue—Stieltjes measure associated to o — F' is mutually singular with
respect to Lebesgue measure on R, so that Ag is the absolutely continuous part
of A\y.

If Ay is mutually singular with respect to Lebesgue measure, then A\p = 0,
so that o/ = f = 0 almost everywhere with respect to Lebesgue measure, and
(4.5.11) implies (4.5.12).
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4.5.4 The derivative as a limit in an integral sense

Now let f be a real or complex-valued Lebesgue measurable function on the
real line, and suppose that f is locally integrable with respect to Lebesgue
measure, in the sense that the restriction of f to any bounded interval in R is
integrable, as before. One can define F' as a real or complex-valued function on
R, as appropriate, as in (4.5.3) again. As before, F' is continuous on R, and
absolutely continuous on every closed interval in R. Note that

(4.5.13) F(w) — F(v) = /Jw F(t) dt

for every v,w € R with v < w. Thus

(4.5.14) Fla+ h}i —F@) _ - /:M F(t) dt
and )

(4.5.15) Flo) = f(x —h) /H F(t)dt

for every x € R and h > 0.
If @ and b are real numbers with a < b, then it is well known and not too
difficult to show that

b

(4.5.16) lim

h—0 J,

under these conditions. More precisely, if f is continuous on R, then one can
check that (4.5.14) and (4.5.15) converge to f(x) as h — 0 uniformly on bounded
subsets of R, because f is uniformly continuous on bounded subsets of R.
Otherwise, one can approximate f by continuous functions on bounded intervals
in R in a suitable integral sense. Similarly, if f is integrable on R, then one can
show that

(4.5.17) lim
h—0 J_

T F(z +h) — F(z)
—

o0

by approximating f by continuous functions on R with compact support. This
corresponds to differentiability of F in the L' norm, as on p4 of [337].

If F is any continuous real or complex-valued function on the real line and
v,w € R, v <w,and 0 < h < w — v, then

/v“’F(:L'Jrh})LF(I)dx = nt /vwF(z+h)d1:—h1 /vwF(x)daj

ht /Uw+hF(:c)d:17h1/ F(x)dzx

“+h v

(4.5.18)

w—+h vt+h
ht F(z)dz —h™! / F(x)dx.

w



112 CHAPTER 4. MORE ON FUNCTIONS AND MEASURES

Similarly,

F(a) ~F(z—h) ) S
JECE P Ry /”F
"

w wh
1/F al:vfh1

hl/ F(x d;v—h_/ F(x
w—

In both cases, the right side tends to F(w) — F(v) as h — 0, because F' is
continuous at v and w, by hypothesis. If (4.5.16) holds with a = v and b = w,
then it follows that (4.5.13) holds. In fact, this works when the analogous limit
along a sequence of nonzero real numbers converging to 0 is equal to 0.

Of course, (4.5.13) implies (4.5.3) when F(0) = 0. One can also consider
differentiability in the LP norm, as on p4 of [337], and in 4.4 beginning on p31
of [337]. This is discussed in Section 6 of Chapter IV of [45] when p = 2, as
indicated in [337]. The p = 1 case is related to part (ii) of Theorem 3 on p8 of
[45].

D‘

(4.5.19)

4.6 The L! norm

Let (X, A, 1) be a measure space. If f is a real or complex-valued measurable
function on X that is integrable with respect to p, then put

(4.6.1) [l = 1A = 1Al xy = W ler e = /X |f| dp.

It is sometimes convenient to interpret this as being equal to +o0o0 when f is not
integrable on X with respect to p.
If ¢ is a real or complex number, as appropriate, then it is easy to see that

(4.6.2) ¢ flle= [

If ¢ is another real or complex-valued measurable function on X that is inte-
grable with respect to p, then f 4 g is integrable with respect to p as well,
and

(4.6.3) ||f+gH1=/X|f+9\dﬂé/x(|f|+|gl)du=||f||1+||9||1-

The space of all real or complex-valued measurable functions on X is a
linear subspace of the space of all real or complex-valued functions on X, as
appropriate. However, (4.6.1) is not quite a norm on this space, because || f||1 =
0 if and only if f = 0 almost everywhere on X with respect to p, and this does
not necessarily mean that f = 0 everywhere on X. In order to deal with this,
one can identify two integrable functions on X that are equal to each other
almost everywhere with respect to u, as on p202 of [14], pl44 of [20], p54 of
[118], in Theorem 13.10 on p192 of [159], in the remarks 3.10 beginning on p68
of [298], and on p69, 276 of [335]. Let us not be too concerned about this right
now, although in effect we shall do something similar in practice.
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4.6.1 Convergence in L!

Let us say that a sequence { f; };‘;1 of real or complex-valued integrable functions
on X converges in L' to a real or complex-valued integrable function f on X,
as appropriate, if

(4.6.4) Ilf; — flli = 0as j— oo,

as in Definition 10.1 on p83 of [20]. In this case, one can check that if {f;}72,

converges in L' to another real or complex-valued integrable function fon X,
as appropriate, then f = f almost everywhere on X with respect to u.
Similarly, let us say that {f; 521 is a Cauchy sequence in L' if

(4.6.5) 15— fills = 0 as 4,1 — oo,
If { f;}32, converges in L', then one can check that {f; 521 is a Cauchy sequence

in L', using a standard argument.

4.6.2 Absolutely convergent series in L!

Let {a;}32, be a sequence of real or complex-valued measurable functions on X
that are integrable with respect to u. Let us say that the corresponding infinite
series Z;i1 aj converges absolutely in L' if

(4.6.6) Z ||aj||1 < 400.
j=1

This implies that

(4.6.7) Z laj(z)] < 400

for almost every x € X with respect to y, as in Subsection 3.13.3. This means
that

(4.6.8) > aj(x)
j=1

converges absolutely for almost every € X. Let us interpret this sum as being
equal to 0 at points where it does not converge, as before. This defines an
integrable function on X with respect to u, as before. We also have that the
sequence of partial sums

(4.6.9) Z a;(z)

converges to (4.6.8) in L', as before.
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4.6.3 Convergence in L! of Cauchy sequences in L'

If {f;}52, is a Cauchy sequence in L', then it is well known that {f;}52,
converges in L', as in 7.20 on p204 of [14], Theorem 15.4 on pl45 of [20],
Theorem 6.6 on pl183 of [118], Theorem 13.11 on p192 of [159], Theorem 3.11
on p69 of [298], and Theorem 2.2 on p70 and a remark on p276 of [335]. One
can start by getting a subsequence {f;, }72; of {f;}32; such that

o0
(4.6.10) D fieen = Fiellh < oo,
r=1

More precisely, one can use the Cauchy condition to get a subsequence such
that

(4.6.11) 1 firin = fill <277
for each r, for instance.
Put -
(4.6.12) f=F+d> Fin = £
r=1

where the sum on the right is interpreted as in the previous subsection. If n is
a positive integer, then

(4.6.13) Fin Y i = £3) = Fins

r=1

on X. It follows that {f;, }>2, converges to f pointwise almost everywhere
on X with respect to p and in L', by construction. One can use this and the
Cauchy condition for {f;}72; in L' to get that {f; 72, converges to f in LY
by a standard argument.

4.6.4 Pointwise convergent subsequences

If {f;}52, converges in L' to an integrable function f on X, then {fi}52, is a

Cauchy sequence in L', as mentioned previously. We also have that fis equal
to the function f in the preceding subsection almost everywhere with respect
to pon X. This means that the subsequence {f; }°2, converges to f pointwise
almost everywhere on X with respect to . This corresponds to 7.23 on p205 of
[14], Corollary 2.32 on p62 of [118], Theorem 3.12 on p70 of [298], and Corollary
2.3 on p71 of [335].

4.7 Convergence in measure

Let (X, A, 1) be a measure space. A sequence of real or complex-valued mea-
surable functions {f; };’021 on X is said to converge to a real or complex-valued
measurable function f on X in measure if for every € > 0,

(4.7.1) p{z e X 1 |fj(z) — f(z)] > €}) = 0as j — oo,
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as in Definition 10.1 on p83 of [20], on p61 of [118], Definition 11.25 on p156 of
[159], Exercise 18 on p76 of [298], and Exercise 3 on p95 of [335]. Convergence
in measure is also known as convergence in probability when p is a probability
measure on X.

Equivalently, {f; 521 converges to f in measure if for every e, € > 0 there
is a positive integer L such that

(4.7.2) p{z € X : |fij(z) = f(2)] > e}) <€

for all j > L. Convergence in measure is defined in [298] to mean that this holds
when ¢ = €. One can check that this implies the previous version, by replacing
e and ¢’ with their minimum. This corresponds to Exercise 35 on p63 of [118].

If {f; 52, converges to f in measure, and if {f; 524 converges in measure

to another real or complex-valued measurable function f on X, then one can
verify that f = f almost everywhere on X with respect to p.

4.7.1 Convergence in L! implies convergence in measure

If f is an integrable function on X and a is a positive real number, then

(@73) anllze X: i@ zah < | flau [ 17ldn
{zeX:|f(z)|>a} X
This implies that
(4.7.4) plla € X s\ = a) <a [ 17ldu,
X

as in 4.1 on p102 of [14], Lemma 10.4 on p85 of [20], 6.17 on p193 of [118], and
Exercise 9 on p91 of [335]. This is known as Chebyshev’s (or Tchebychev’s) or
Markov’s inequality.

If {f;}52, is a sequence of integrable functions on X that converges to an
integrable function f in L', then it follows that {f; 52, converges to f in mea-
sure, as in Proposition 10.5 on p85 of [20], Proposition 2.29 on p61 of [118], part
(b) of Exercise 18 on p77 of [298], and part of Problem 3 on p95 of [335].

4.7.2 Pointwise convergence and Egorov’s theorem

Let us suppose in this subsection that ;(X) < +o00. Let {f;}52; be a sequence
of real or complex-valued measurable functions on X that converges to a real
or complex-valued function f on X pointwise almost everywhere with respect
to p. It is well known that {f; 521 converges to f in measure on X, as in part
(1) of Proposition 10.2 on p83 of [20], Theorem 11.31 on p158 of [159], and part
(a) of Exercise 18 on p77 of [298].

In fact, Egorov’s (or Egoroff’s) theorem states that for every e > 0 there is
a measurable subset E of X such that

(4.7.5) WX\ E) <e
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and {f; }j’;l converges to f uniformly on E. This corresponds to 2.85 on p63 of
[14], Theorem 10.8 on p86 of [20], 2.33 on p62 of [118], Theorem 11.32 on p158
of [159], Exercise 16 on p75 of [298], and Theorem 4.4 on p33 of [335].

This type of convergence is sometimes called almost uniform convergence,
as in [20, 118], and in the index of [159]. However, this term is mentioned on
p230 of [298] in connection with uniform convergence on compact subsets of an
open set in the complex plane.

4.7.3 More on pointwise convergent subsequences

Let {f;}52, be a sequence of real or complex-valued measurable functions on
X that converges to a real or complex-valued measurable function f on X in
measure. It is well known that there is a subsequence of {f;}52, that converges
to f pointwise almost everywhere on X with respect to p, as in part (2) of
Proposition 10.2 on p83 of [20], Theorem 2.30 on p61 of [118], Theorem 11.26
on pl56 of [159], and part (c) of Exercise 18 on p77 of [298].

4.7.4 Cauchy sequences in measure

Let {f; };";1 be a sequence of real or complex-valued measurable functions on X
again. We say that {f;}52, is a Cauchy sequence in measure if for every € > 0,

(4.7.6) p{z € X 1 |fj(x) — fi(z)] > €}) = 0 as 5, = oo,

as on p61 of [118], and Exercise 3 on p95 of [335]. This means that for every
€, € > 0 there is a positive integer L such that

(4.7.7) p({z € X o [fj(x) — fi(2)] > €}) <€

for all j,I > L, as in Exercise 10.1 on p86 of [20]. If {f;}72; converges in measure
on X, then one can check that {f; };";1 is a Cauchy sequence in measure.

If { f;}52, is a Cauchy sequence in measure on X, then Theorem 2.30 on p61
of [118] states that {f;}32; converges in measure to a real or complex-valued
measurable function f on X, and that there is a subsequence of {f; };";1 that
converges to f pointwise almost everywhere on X with respect to p. This is
also mentioned in Problem N on p68 of [189] when p(X) is finite.

4.8 More on bounded convergence

Let (X, A, p) be a measure space, and let {f;}72; be a sequence of real or
complex-valued measurable functions on X that converges to a real or complex-
valued measurable function f on X in measure. Suppose that {f; j=1 is uni-
formly bounded almost everywhere on X with respect to u, in the sense that
there is a nonnegative real number C such that

(4.8.1) Ifil<C
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almost everywhere on X with respect to p for each j. One can check that this
implies that
(4.8.2) lfl<C

almost everywhere on X with respect to p.
If u(X) < 400, then another version of the bounded convergence theorem
states that

(4.8.3) lim / \fi — fldu =0,
j—oo Jx
so that
(4.8.4) lim / fidp= / fdu.
To see this, let € > 0 be given, and observe that
[ =san = [ 1y
X {z€X:|f; ()= f(x)|<e}

(4.8.5) +/ |f5 = fldp
{2€X| 3 (2) — f(2)|>€}

eu(X) +2Cp({z € X :|f(x) — f(2)] > €})

for each j. The second term on the right tends to 0 as j — oo, by hypothesis.
This is essentially the same as the proof of the bounded convergence theorem
using pointwise convergence almost everywhere in 3.26 on p89 of [14], Exercise
12.49 on p183 of [159], and Theorem 1.4 on p56 of [335], except that convergence
in measure can be used directly in place of Egorov’s theorem.

IN

4.9 Some more integral distance functions

Let (X, A, 1) be a measure space such that u(X) < +oco. If f and g are real or
complex-valued measurable functions on X, then

(4.9.1) min(|f —g[,1)
and I |
—4g
(4.9.2) m
are measurable on X too.
Put
(19.3) dr.9) = [ min(1f = gl.1)d
and I |
(4.9.4) d(f,9) = /X ngdﬂ-

These are approximately the same, as we shall see in a moment, and the second
is used in Exercise 10.2 on p87 of [20], Exercise 32 on p63 of [118], Exercise
12.47 on pl82 of [159], and Exercise 13 on p38 of [297]. This is also related to
Problems L, N on p55, 68 of [189], respectively.
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4.9.1 Some properties of d, d

It is easy to see that d(f,g) = 0 and c?(f, g) = 0 each occur if and only if f =g
almost everywhere on X with respect to u, as in Subsection 3.10.1. Clearly

(4.9.5) d(f.9) = d(g, f) and d(f.g) = d(g. ).
If h is another real or complex-valued measurable function on X, then
(4.9.6) d(f,h) < d(f,g) +d(g,h)
and B B B
(4.9.7) d(f,h) < d(f,g) +d(g,h),

because of analogous inequalities in Section A.7. In order to get metrics, we
should identify measurable functions on X that are equal to each other almost
everywhere with respect to u, as before. We shall not be too concerned about
this for the moment, and instead we can use some analogous notions.

Observe that

-9l
4.9.8 min(|f —g|,1)/2 < < min(|f —g|,1
(4.9.8) (1 /27 T+ —gl (1 1)
on X, as in Subsection A.7.3. This implies that
(4.9.9) d(f.9)/2 < d(f.9) < d(f.9).
If f and g are integrable on X with respect to u, then
(4.9.10) d(f,9) < If —glh-

4.9.2 Connection with convergence in measure

Let {f; 521 be a sequence of real or complex-valued measurable functions on X.
Of course, {f;}32, converges to f in measure on X if and only if {|f; — f[}32,
converges to 0 in measure on X. It is easy to see that this happens if and only
if

(4.9.11) {min(|f; — f[,1)}52, converges to 0 in measure on X.

This is equivalent to the condition that

(4.9.12) { 1f; = /] } converge to 0 in measure on X,
YA

because of (4.9.8).
We also have that

(4.9.13) d(fj, f) > 0asj— o0
if and only if B
(4.9.14) d(fj, f) = 0as j — oo,

because of (4.9.9). Remember that (4.9.13) implies (4.9.11), and (4.9.14) implies
(4.9.12), as in Subsection 4.7.1.

Conversely, (4.9.11) implies (4.9.13), and (4.9.12) implies (4.9.14), by the
version of the bounded convergence theorem mentioned in the previous section.
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4.9.3 Cauchy conditions associated to d and d

Let us say that {f;}52, is a Cauchy sequence with respect to d(-, ) if

(4.9.15) d(fj, fi) = 0 as j,l = oo.

Similarly, {f;}32, is a Cauchy sequence with respect to d(, -) if

(4.9.16) d(fj, fi) = 0 as j,l = oo.

These conditions are equivalent to each other, because of (4.9.9), as usual.

It is easy to see that (4.9.15) implies {f;}32; is a Cauchy sequence in mea-
sure. Equivalently, this means that (4.9.16) implies that {f;}7°; is a Cauchy
sequence in measure. This can be obtained from Chebyshev’s inequality, as in
Subsection 4.7.1.

Conversely, if {f;}32, is a Cauchy sequence in measure, then (4.9.15) holds,
so that (4.9.16) holds. Indeed, for each € > 0,

(mewamnmL: min(|f; — fil,1) dp

AmGX:fj (z)—fi(z)|<e}

(4.9.17) +f min(|; — fil,1) dy
{zeX:|fj(z)—fi(z)|>e}

eu(X) + p({z € X - [f;(z) — filz)] > €})

IN

for each j and [. The second term on the right is as small as we want when j
and [ are sufficiently large, by hypothesis.

4.10 Absolute convergence with respect to d, d

Let (X, A, 1) be a measure space with p(X) < +oc again. Also let {a;}32; be
a sequence of real or complex-valued measurable functions on X. Let us say
that the corresponding infinite series 2;11 a; converges absolutely with respect

to d(-,-) if
(4.10.1) > d(a;,0) = Z/ min(|a;|, 1) du < +oo.
j=1 j=1"%

This is equivalent to the absolute convergence of Z]Oil a; with respect to d(-, ),
in the sense that

(4.10.2) i d(a;,0) < 400,

j=1

because of (4.9.9).
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4.10.1 Getting pointwise convergence almost everywhere

Using (4.10.1), we get that
(4.10.3) > min(ja;(z)],1) < 400
j=1

for almost every x € X with respect to p, as in Subsection 3.13.3. In particular,
this implies that
(4.10.4) lim min(|a;j(z)],1) =0

J]—00

for almost every z € X with respect to p.
It follows that for almost every x € X with respect to p,

(4.10.5) min(|a;(z)[,1) <1

when j is sufficiently large, so that

(4.10.6) min(|a;(x)|,1) = |a;(z)]|.
Thus o
(4.10.7) Z laj(x)| < +oo

for almost every x € X with respect to pu.

4.10.2 Convergence of the sum with respect to d

Of course, this means that Z;i1 a;(x) converges for almost every x € X with
respect to p. If n is a positive integer and (4.10.7) holds, then

max( iaj(x) ,1) < max(i|aj(x)|,l> ]\}iillmmax(i|aj(x)|,l>
(4.10.8) < I&iinooi::maxﬂaj(xﬂ, 1) = imaxﬂaj(xﬂ, 1),

using a remark at the beginning of Section A.7 in the third step.
This implies that
> ai)

(4.10.9) d(iaj(m),iaj(x)) _ /Xmax(
"~ = Jj=n+1
/Xf: max(|a;(z)|,1) du

Jj=n+1

> max(lay )l 1) d

j=n+1

oo

,1) dp

IN
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where the third step is as in Subsection 3.11.1. The right side tends to 0 as
n — oo, because of (4.10.1). Although we already know that the partial sums
> =1 aj(x) converges to >3, a;j(x) almost everywhere on X with respect to
1, and thus in measure, it is nice to have this more direct argument in this case
as well.

4.10.3 Convergence of Cauchy sequences with respect to
d

Suppose now that {f;}52, is a Cauchy sequence with respect to d(-,-). This
implies that there is a subsequence {f;, }72; of {f;}32; such that

(4.10.10) > d(fips 1) < 400
r=1

Put -

(41011) f = fjl + Z(fjr+l - fjr)?

r=1
where the sum on the right is as in the previous two subsections.
Observe that

(4.10.12) Fio D i = F3) = Fina

r=1
converges to f pointwise almost everywhere on X and with respect to d(-,-) as
n — oo, as before. One can use this and the Cauchy condition for {f;}32, with
respect to d(-,-) to get that {f;}52, converges to f with respect to d(,-), as in
(4.9.13).

This is another way to look at Theorem 2.30 on p61 of [118] when p(X) is
finite. This is also related to Exercise 10.1 on p86 of [20] when p(X) < o0,
and to part (d) of Exercise 12.47 on p182 of [159]. In particular, this shows that
if u(X) < +oo and {f;}32, converges in measure, then there is a subsequence
of {fj}32, that convergees to the same limit pointwise almost everywhere on X
with respect to p.

4.11 Pushing measures forward

Let (X, Ax, ) be a measure space, let (Y, Ay ) be a measurable space, and let
¢ be a measurable mapping from X into Y. If E € Ay, then ¢~}(E) € Ax,
and we put

(411.1) V(E) = vy (E) = (6~ (E)).

One can check that v is a measure on Y with respect to Ay under these condi-
tions. This corresponds to a remark on p314 of [118], and to part (a) Exercise
11.38 on p161 of [159]. More precisely, in [159], one takes Ay to be the collection
of E CY such that ¢~ !(E) € Ax, and part of the exercise is to check that this
is a o-algebra of subsets of Y, as mentioned near the beginning of Section 3.1.
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The measure v is called the image measure associated to p and ¢ in [118],
and the term measures on image sets is used in [159]. One may also say that v
is obtained by pushing u forward using ¢, and put

(4.11.2) s (1) = 1.

Suppose for the moment that Y = X and Ay = Ax. If v = p, then ¢ is
said to be measure-preserving, as on p292 of [335]. This means that

(4.11.3) p(¢~ ' (E)) = u(E)

forall E € Ax = Ay.

4.11.1 Probability distributions and random variables

Of course,

(4.11.4) y(Y) = u(6™1(Y)) = u(X).

If p is a probability measure on X, then v is a probability measure on Y. In
this case, if Y = R and Ay is the o-algebra of Borel sets in R, then v may be
called the probability distribution on R associated to p and ¢, as in Definition
12.27 on p392 of [14], and on p268 of [20], and p315 of [118]. Note that ¢ may
be called a random wvariable on X under these conditions, as in Definition 12.13
on p385 of [14], on p286 of [20], and on p314 of [118].

4.11.2 Compositions and isomorphisms

Let (Z, Az) be another measurable space, and let 1) be a measurable mapping
from Y into Z. This implies that ¢ o ¢ is a measurable mapping from X into
Z, as in Subsection 3.1.3, and one can check that

(4.11.5) (¢ © @)« (1) = Pu(Da())-

Suppose for the moment that ¢ is a one-to-one mapping from X onto Y. If
¢ and ¢~ ! are both measurable, then ¢ may be called an isomorphism from X
onto Y with respect to Ax and Ay, respectively. Using the measure v, ¢ may
also be considered as an isomorphism between the measure spaces (X, Ax, u)
and (Y, Ay, v).

In particular, an isomorphism from (X,.A, 1) onto itself may be called an
automorphism. It is easy to see that the collection of automorphisms of a
measure space is a group with respect to composition of mappings.

4.11.3 Compositions and integrals

Let ¢ be any measurable mapping from X into Y again. If f is a nonnegative
extended real-valued measurable function on Y, then f o ¢ is measurable on X,
and

(4.11.6) /X(foqs)d,u:/yfdy.
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This follows from the definition of v when f is the indicator function of a
measurable set in Y. If f is a simple function on Y, then one can reduce to the
previous case. Otherwise, one can approximate f by a monotonically increasing
sequence of measurable simple functions, as in Subsection 3.7.1, and use the
monotone convergence theorem.

If f is a measurable real or complex-valued function on Y, then f o ¢ is
measurable on X, and we can use the remarks in the preceding paragraph to
get that

(4.11.7) /X|fo¢|du:/y|f\du.

This means that f is integrable on Y with respect to v if and only if f o ¢
is integrable on X with respect to u. In this case, one can get (4.11.6) by
considering the positive and negative parts of f when f is real-valued, and the
real and imaginary parts of f when f is complex-valued. This corresponds to
Proposition 10.1 on p314 of [118], to Proposition 21.3 on p270 of [20] when
Y = R, and to a remark on p303 of [20] when ¥ = R" for some positive integer
n.

4.11.4 Pushing outer measures forward

Let X and Y be sets, and let pux be an outer measure on X, as in Subsection
1.10.4. Also let ¢ be a mapping from X into Y. If £ C Y, then put

(4.11.8) py (E) = px(671(E)).

One can check that this defines an outer measure on Y, as mentioned on p54 of
[113], in part (b) of Exercise 11.38 on p161 of [159], and on pl6 of [247].

This outer measure may be denoted ¢y (x), as in [113, 247]. One can check
that £ C Y is measurable with respect to uy when ¢~!(E) is measurable with
respect to px, as in [113; 247]. Remember that measurability with respect to
an outer measure is defined in Subsection 1.11.1.

Suppose now that X and Y are metric or topological spaces, and that ¢ is
measurable with respect to the o-algebras of Borel sets in X and Y, respectively.
If px is a Borel outer measure on X, as in Subsection 2.2.1, then it follows that
py is a Borel outer measure on Y. This is mentioned on p16 of [247].

4.12 Some measures from measurable sets
Let (X, A, u) be a measure space, let X be a measurable subset of X, and put

(4.12.1) -AXO = {EO CXy: Ey € Ax}

It is easy to see that this is a o-algebra of subsets of X, as in Subsection 1.6.4,
and as mentioned in Definition 11.22 on pl55 of [159]. The restriction o of u
to Ax, is a measure on X, with respect to Ax,, as in Exercise 11.37 on p161
of [159].
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Note that
(4.12.2) p1(E) = p(EN Xo)

defines a measure on X with respect to Ax, as in Exercise 3.6 on p21 of [20],
and Exercise 10 on p27 of [118].

Let ¢ be the obvious inclusion mapping from Xy into X, so that ¢g(zg) = xg
for every zo € X, considered as an element of X as well. If £ C X, then

(4.12.3) oo H(E) = EN Xo.

Clearly ¢ is measurable as a mapping from Xy into X, because Xy € Ax, by
hypothesis. We also have that p; is the same as the measure on X obtained by
pushing pg forward using ¢g.

4.13 Distribution functions

Let (X, A, ) be a measure space with p(X) < 400, and let ¢ be a measurable
real-valued function on X. Remember that this means that ¢ is measurable
with respect to the o-algebra of Borel sets in R, as in Section 3.1. Thus (4.11.1)
defines a Borel measure on the real line with

(4.13.1) v(R) = p(X),
as in (4.11.4).
Put
(4.13.2) F(t) = Fy(t) = v((—o0,t]) = u(¢™ " ((—00,1]))
for every t € R. This is called the distribution function of ¢ with respect to u

on X, as in Definition 12.27 on p392 of [14], on p268 of [20], and on p315 of
[118]. Observe that

(4133) F= Qy,—co,R>

in the notation of Subsection 2.13.2. Thus F' is monotonically increasing on R
and right continuous at every point in R, with

(4.13.4) F(—00) =0
and
(4.13.5) F(+00) =v(R) = p(X),

using the notation in Subsection 2.4.2 on the left sides of these two equations.
This corresponds to the “only if” part of 12.29 on p393 of [14], Proposition 21.1
on p268 of [20], and some remarks on p33 of [118].
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4.13.1 The Lebesgue—Stieltjes measure associated to F'

Let Arp be the Lebesgue—Stieltjes measure associated to F, as in Subsection
2.5.1, considered as a Borel measure on the real line. Note that

(4.13.6) Ar((=o00,t]) = F(t+) — F(—o00) = F(t)
for every t € R. In fact,
(4.13.7) v=Ap

under these conditions, as in Section 2.13. This corresponds to a remark on p268

of [20] that is related to a remark on p31 of [20]. Similarly, this corresponds to

a remark on p315 of [118] that is related to some remarks on p35 of [118].
More precisely, if a,b € R and a < b, then

(4.13.8) v((—o0,al) + v(a,b]) = v((—o0, b)),
so that
(4.13.9) v((a,b)) = v((—o0,b]) — v((—o0,a]) = F(b) — F(a).

Of course, we also have that
(4.13.10) Ar((a,b]) = F(b) — F(a).

One can use this to get that

(4.13.11) v((a,b)) = Ap((a,b)) = F(b—) — F(a).
Similarly,

(4.13.12) v((—00,b)) = Ap((—00,b)) = F(b—),
(4.13.13) v((a,+00)) = Ap((a,+00)) = F(+00) — F(a),
(4.13.14) v(R) = Ap(R)=F(+0).

Thus v and A\p are the same on open intervals in the real line. If U is a nonempty
open subset of R, then U can be expressed as the union of finitely or countably
many pairwise-disjoint open intervals, and we get that

(4.13.15) v(U) = Ap(U).

It follows that v and Ar are the same on Borel sets in R, as before.

4.13.2 Density functions

Suppose that the restriction of F' to any closed interval [a, ] is absolutely con-
tinuous, as in Section 4.4. Remember that F' is differentiable almost everywhere
on R with respect to Lebesgue measure, as in Section 4.3, and that F'(t) > 0
when F is differentiable at ¢ € R, because F' is monotonically increasing on R.
The absolute continuity of F on [a, b] implies that

b
(4.13.16) / F(t)dt = F(b) — Fla),
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as before. In this case, F” is called the density of F, as on p270 of [20]. This cor-
responds to the definition of a density function on p394 of [14], as in Subsection
4.4.2 and the next paragraph.

It follows that F’ is integrable on R under these conditions, because F is
bounded on R. We also get that

(4.13.17) /b F'(t)dt = F(b).
Similarly, .
(4.13.18) F'(t)dt = F(4+00) = v(R) = pu(X).

If F is a Borel set in R, then
(4.13.19) Ar(E) = / F'(t) dt,
E

as in Section 4.5, where the integral on the right is taken with respect to
Lebesgue measure. More precisely, the definition of F'(z) in Section 4.5 cor-
responds to F(z) — F(0) here. This does not affect the derivative of F, or the
corresponding Lebesgue—Stieltjes measure Ap. Thus we get that

(4.13.20) v(E) = Ap(E) = / F'(t)dt,
E
using (4.13.7) in the first step.

4.13.3 A slightly different type of distribution function

Let (X, A, 1) be any measure space, where u(X) is not necessarily finite. If ¢
is a measurable real or complex-valued function on X and ¢ is a positive real
number, then consider

(4.13.21) uwl{z € X : |p(x)] > t}),

as on pl197 of [118]. This is a monotonically decreasing nonnegative extended
real-valued function of ¢t > 0. In practice, one may be concerned with functions
¢ on X with some sort of integrability properties that imply that (4.13.21) is
finite.

4.14 Approximate inverses of monotone func-
tions

Let o be a monotonically increasing real-valued function on the real line, and
remember that a(—o00) and a(+00) may be defined as extended real numbers
in Subsection 2.4.2. If u € (a(—00), a(+00)), then put

(4.14.1) 1(u) =sup{t1 € R: at1) < u}.
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This is related to arguments in the proofs of 12.29 on p393 of [14] and Proposition
21.2 on p269 of [20]. Note that there are t; € R such that a(t;) < u under
these conditions, and that the set of these ¢1’s has an upper bound in R.

It is easy to see that t; is monotonically increasing on (a(—o00), a(+00)),
by construction. If « is continuous and strictly increasing on R, then one can
check that 7 is the inverse of «. This corresponds to a remark on p393 of [14],
concerning Exercise 13 on p399 of [14], and a remark on p269 of [20]. Otherwise,
11 has some approximately similar properties.

4.14.1 Another approximate inverse 1,

Similarly, put
(4.14.2) Pa(u) = inf{ts € R: afte) > u}

for each u € (a(—00), a(+00)). As before, there are t € R such that a(ts) > u,
and the set of these t5’s has a lower bound in R.

More precisely, if
(4.14.3) afty) <u < alt),

then it is easy to see that
(4.14.4) t1 <to,

because « is monotonically increasing on R. This implies that
(4.14.5) Y1 (u) < a(u).

We also have that ¢, is monotonically increasing on (a(—o0),a(+00)), and
that 1o is the inverse of a when « is continuous and strictly increasing on R,
as before.

4.14.2 Some properties of 11, 1,

If 1 € R and

(4.14.6) r1 <1 (u),
then

(4.14.7) a(rr) <u,

because « is monotonically increasing on R. Similarly, if 7o € R and

(4.14.8) Pa(u) < ra,

then

(4.14.9) a(rq) > u.

It follows that

(4.14.10) a(y1(u)=) < u < a(Pa(u)+),

using the notation for one-sided limits of « in Subsection 2.4.1.
If wy € R and
(4.14.11) Pr(u) < wi,
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then
(4.14.12) u < afwr),

by the definition of ¢ (u). Similarly, if ws € R and

(4.14.13) wy < Ya(u),
then
(4.14.14) a(ws) < u,

by the definition of t5(u). This implies that
(4.14.15) a(Pa(u)—) <u < a(r(u)+).
If « is continuous at v (u), then
(4.14.16) a(Y1(u)) = u,
as in Subsection 2.4.2. Similarly, if « is continuous at 15 (u), then

(4.14.17) a(he(u)) = u.

4.15 Some more properties of v

Let us continue with the same notation and hypotheses as in the previous sec-
tion. Suppose that ¢t € R and «(t) # a(—00), a(+00), so that

(4.15.1) a(t) € (a(—o00), a(+00)).

Observe that

(4.15.2) P1(a(t)) =sup{t; € R:a(t;) < a(t)} <t,

because « is monotonically increasing on R. If v; € (a(—00), a(t)], then

(4.15.3) Y1(v1) < Pa(alt)) <t,
because 17 is monotonically increasing. This means that
(4.15.4) (a(—00), a(t)] C ¢1 ((—o0,)).
4.15.1 When « is right continuous on R
If o is right continuous at every point in R, then
(4.15.5) u < ot (u))

for every u € (a(—c0), a(+00)), because of the second inequality in (4.14.15).
If 41 (u) < ¢, then it follows that

(4.15.6) u < aft),
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because 1 is monotonically increasing. Thus

(4.15.7) Ui (=00, 1)) € (a(=00), a(t)].

Combining this with (4.15.4), we obtain that

(4.15.8) 67 (=00, 1)) = (a(~s0), a(t)].

Note that this also works when «a(t) = a(—00), because of (4.15.5).
Clearly

(4.15.9) P1(u) <sup{t; € R:at;) < a(+o0)}

for every u € (a(—00), a(+0)). Of course, the right side may be +o0, so that
this is trivial. If ¢ € R and «(t) = 400, then we get that

(4.15.10) Py (u) <t

for every u € (a(—00), a(4+00)), because « is monotonically increasing. This
means that

(4.15.11) U (—00,1)) = (a(~00), a(+00))

in this case.

Note that 1); is measurable on (a(—00), a(+00)), because it is monotonically
increasing, as in Subsection 3.6.2. This could also be obtained from (4.15.8) and
(4.15.11).

4.15.2 When « is right continuous and «o(—oc0) =0

Suppose now that a(—oco) = 0, in addition to a being right continuous at every
point in R, as in the previous subsection. Observe that

(4.15.12)  the Lebesgue measure of 1 *((—o0,t]) is equal to a(t)

for every t € R, because of (4.15.8) and (4.15.11).

Let us consider (0,a(400)) as a measure space, using the restriction of
Lebesgue measure to the Borel sets in (0, a(+00)), as in Subsection 4.12. If
a(400) < 400, then (4.15.12) is the same as saying that «(t) is the distribution
function of ¢; as a measurable function on (0, a(400)). This corresponds to the
“if” part of 12.29 on p393 of [14], and Proposition 21.2 on p269 of [20], with
a(4o00) = 1.

Alternatively, if A, is the Lebesgue—Stieltjes measure on the real line corre-
sponding to «, then « is the same as the distribution function of the identity
function on the real line, considered as a measurable real-valued function on the
real line as a measure space with respect to A,. One can also use v; as another
way to get A,. This is related to the remarks in Subsection 2.5.2 when « is
continuous and strictly increasing.
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4.15.3 More on ¢y and vy

Observe that (4.14.1) is basically the same as the definition of yo in Subsection
2.5.3, with different notation.

Remember that for every u € R, a~!({u}) is an interval in the real line, or
the empty set, as in Subsection 2.5.3. There are only finitely or countably many
u € R such that a~1({u}) has at least two elements, as before.

Suppose for the moment that u € (a(—o0), a(+00)) and o= ({u}) # 0. It
is easy to see that

(4.15.13) Y1 (u) < infa ' ({u}) <supa'({u}) < ¥o(u).
Let to be a real number, and suppose for the moment that a(to—) < a(to+).
If
(4.15.14) ato—) <u < a(to+),
then one can check that
(4.15.15) P1(u) = Pa(u) = to.
Note that
(4.15.16) a(to—) < u < afto+)

when 91 (u) = to and when t3(u) = tg, as in (4.14.10) and (4.14.15).



Chapter 5

The LP norm, product
measures, and more

5.1 The L? norm

Let (X, A, 1) be a measure space, let p be a positive real number, and let f be
a real or complex-valued measurable function on X. We say that f is pth power
integrable on X with respect to p if

(5.1.1) /X [P dps < +oc.

In this case, we put

1/
6:12) 1l =l = £ lerey = I llrcesn = ([ 177 a) ™

and we may interpret this as being equal to +0o when f is not pth-power
integrable on X. Of course, this is the same as in Section 4.6 when p = 1.
If t is a real or complex number, as appropriate, then

(5.1.3) [t fllp = e[/ 1lp-

5.1.1 Sums of pth-power integrable functions

Let g be another real or complex-valued measurable function on X that is pth-
power integrable, and let us show that f + g is pth-power integrable on X as
well. Observe that

A

(O-14) [f+gl” <(fI+1g)" < (2 max(|f],]g])"
= 27 max(|f[",]g|") <27 ([f" + 9]")

131
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on X. This implies that

(5.1.5) /|f+g|pdu§2”/ Iflpdu+2”/ |9|” dp.
X X X

Thus the space of all real or complex-valued measurable functions on X that
are pth-power integrable is a linear subspace of the space of all real or complex-
valued measurable functions on X, as appropriate.

5.1.2 Minkowski’s inequality

If p > 1, then Minkowski’s inequality states that

(5.1.6) 1f+9llp < 11+ llgllp-

This corresponds to 7.14 on p199 of [14], Proposition 15.3 on p143 of [20], 6.5
on pl83 of [118], Theorem 13.7 on p191 of [159], and Theorem 3.9 on p68 of
[298]. This also corresponds to Theorem 11.36 on p326 of [299] and part (iv) of
Proposition 1.1 on p157 of [335] when p = 2.

5.1.3 A related inequality when p < 1
If 0 <p<1, then

IA

||f+g||§=/X|f+g\pdu /X<|f|+|g|>wu

(5.1.7) /X(Iflp +g") dp = I£115 + llgll5,

IN

where the third step is as in Subsection A.10.1. This corresponds to Exercise 6
on p208 of [14] and (3) in 1.47 on p35 of [297], and it is mentioned in part (a)
of Exercise 13.25 on p199 of [159]. A version of the inequality used in the third
step in (5.1.7) is mentioned in part (a) of Exercise 17 on p76 of [298].

5.1.4 The corresponding metrics and norms

Note that for any p > 0,
(5.1.8) £l =0

if and only if f = 0 almost everywhere on X with respect to u. If p > 1, then
(5.1.2) determines a norm on the space of pth-power integrable real or complex-
valued measurable functions on X if we identify two functions that are equal
almost everywhere with respect to p. In particular, this means that

(5.1.9) 1f = gllp

defines a metric on the space of pth-power integrable functions on X when we
identify functions that are equal almost everywhere.
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Similarly, if 0 < p <1, then

(5.1.10) If—allp

defines a metric on the space of pth-power integrable real or complex-valued
measurable functions on X if we identify two functions that are equal almost
everywhere again. This corresponds to part of Exercise 16 on p187 of [118],
part of part (b) of Exercise 13.25 on p200 of [159], part of Problem N on p55 of
[189], part of 1.47 on p35 of [297], and to part of part (a) of Exercise 24 on p78
of [298]. As before, we shall not be too concerned about this right now, and use
similar arguments in practice.

A pth-power integrable function on X is also said to be square integrable
when p = 2. This case is discussed further in Section 5.5.

5.2 Convergence in L

Let (X, A, 1) be a measure space, and let p be a positive real number again. Let
us say that a sequence {f; 72, of pth-power integrable real or complex-valued
measurable functions on X converges in LP to a pth-power integrable real or
complex-valued measurable function f on X, as appropriate, if

(5.2.1) 15 = fll, = 0 as j = oo,

as in Definition 10.1 on p83 of [20]. Equivalently, this means that

(5.2.2) I~ Fln = /X ;= fIPdp— 0 as j — oo.

As when p = 1, one can check that if { f;}32, also converges in L to another

pth-power integrable real or complex-valued measurable function f on X, as
appropriate, then f = f almost everywhere on X with respect to p.
Let us say that {f; 521 is a Cauchy sequence in LP if

(5.2.3) lf; — fillp = 0 as j,l — oc.

This is equivalent to saying that

(5.2 165~ All = [ 105 = i die = 0 as i1 = oc.
X

If {f;}32, converges in LP, then one can verify that { f;}52, is a Cauchy sequence
in LP.

5.2.1 Another version of Chebyshev’s inequality

If f is a pth-power integrable function on X and a is a positive real number,
then another version of Chebyshev’s inequality states that

(5.2.5) plle € X:(f@) = a) < [ |17 dn
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as in Lemma 10.4 on p85 of [20] and 6.17 on pl193 of [118]. This can be shown
in the same way as when p = 1, in Subsection 4.7.1, and one can also reduce to
the p =1 case.

If {f, 521 Is a sequence of pth-power integrable functions on X that con-
verges in L? to a pth-power integrable function f on X, then
(5.2.6) {fj}j21 converges to f in measure on X,

as in Proposition 10.5 on p85 of [20], and part (b) of Exercise 18 on p77 of [298].
Similarly, if {f;}52, is a Cauchy sequence in L?, then

(5.2.7) {£i}521 is a Cauchy sequence in measure,

as in Subsection 4.7.4.

5.2.2 Absolutely convergent series in L”

Let {a;}32, be a sequence of real or complex-valued measurable functions on
X that are pth-power integrable with respect to u. Let us say that the corre-
sponding infinite series Z;’;l a; converges absolutely in LP if p > 1 and

(5.2.8) > llajlly < +oo.

j=1
If 0 < p <1, then let us say that Z;; a; is p-summable in LP when
(5.2.9) > llagllb < +oo.

j=1

Observe that
(5.2.10)

p

n n (oo}
Dolagl|l <D llaglly < > lagly
j=1 j=1 j=1

for every positive integer n when p > 1, and that
n P n o)
Do lagll] <D llagllp <> llagllp
j=1 P j=1 j=1
when p < 1. The monotone convergence theorem implies that

oo oo
Sl <3 lasl,
j=1 P j=1

(5.2.11)

(5.2.12)

when p > 1, and
P

(5.2.13)

p

o0 o0
Do lagl| <Dl
j=1 j=1
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when p < 1.
If (5.2.8) holds when p > 1, or (5.2.9) holds when p < 1, then it follows that

o0

(5.2.14) > laj]

Jj=1

is pth-power integrable on X with respect to p. In particular, this means that
(5.2.14) is finite almost everywhere with respect to p on X.

5.2.3 Convergence of the partial sums in L?

Thus Z;’il a;(x) converges absolutely for almost every # € X with respect to
. Let us interpret the sum as being equal to 0 at points where it does not

converge, to get a function on X that is pth-power integrable with respect to pu.

Note that
o0 o0
>_q > lal
j=1 j=1

(5.2.15) <
One can use the dominated convergence theorem to get that the sequence of

p

p

partial sums Y7, a; converges to Y 77, a; in LP.
Alternatively,
o0 n oo o0
(5.2.16) Doai=daill =X af < > llaglly
j=1 j=1 p j=n+1 p j=n+1
when p > 1, and
(5.2.17) Sai=> gl = D aif < D0 laslp
j=1 j=1 Mp Vjmpp1 llp j=np1

when p < 1, as before. The right sides of these inequalities tend to 0 as n — oo
when (5.2.8) or (5.2.9) holds, as appropriate.

5.2.4 Convergence in L” of Cauchy sequences in P

If {f;}52, is a Cauchy sequence in LP, then it is well known that
(5.2.18) {fj}521 converges in LP,

as in 7.20 on p204 of [14], Theorem 15.4 on pl45 of [20], Theorem 6.6 on p183
of [118], Theorem 13.11 on p192 of [159], and Theorem 3.11 on p69 of [298].
This corresponds to Theorem 11.42 on p329, Theorem 1.2 on p159 of [335], and
a remark on p276 of [335] when p = 2. The case where p < 1 is mentioned in
Exercise 9 on p208 of [14], Exercise 16 on pl87 of [118], part (b) of Exercise
13.25 on p200 of [159], part of Problem M on p67 of [189], and in 1.47 on p35
of [297].
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One can start with a subsequence {f;, }72; of {f;}52, such that

oo
(5.2.19) D Mfis = Firlly < +o0
r=1

when p > 1, and

(5.2.20) D i = Fillh < +o0
r=1

when p < 1. Using the remarks in the previous two subsections,

(5.2.21) f=F+Y Fin = i)

r=1

defines a pth-power integrable function on X, and {f;, }>2; converges to f
pointwise almost everywhere on X and in LP. It follows that {f; }?‘;1 converges
to f in LP, because {f;}32, is a Cauchy sequence in LP, by a standard argument.

If {f; }j’;l converges in LP to a pth-power integrable function fon X, then
{f; }‘]";1 is a Cauchy sequence in LP, so that we can use the previous argument.
If f is as in the preceding paragraph, then f:~ f almost everywhere on X with
respect to u, and thus {f;,.}22, converges to f pointwise almost everywhere on
X with respect to p, as in 7.23 on p205 of [14], Exercise 10 on p208 of [14], and
Theorem 3.12 on p70 of [298].

5.3 Holder’s inequality

Let (X, A, 1) be a measure space, and let p, ¢ be real numbers with p,q > 1.
Suppose that p and g are conjugate exponents, in the sense that

(5.3.1) 1p+1/g=1.

Let f and g be real or complex-valued measurable functions on X such that f
is pth-power integrable and ¢ is gth-power integrable on X with respect to pu.
Under these conditions, Hélder’s inequality states that

(5.3.2) f g is integrable on X with respect to u,
with
(5.3.3) 1 glle <1 £l llgllg-

This corresponds to 7.9 on p196 of [14], Proposition 15.1 on p142 of [20], 6.2 on
p182 of [118], Theorem 13.4 on p190 of [159], and Theorem 3.8 on p67 of [298].

If p = ¢ = 2, then (5.3.1) holds, and (5.3.3) is known as the Cauchy-Schwarz
inequality. This case is also mentioned in Theorem 11.35 on p326 of [299], and
in part (ii) of Proposition 1.1 on pl57 of [335].
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5.3.1 A bit of the proof

If a and b are nonnegative real numbers, then it is well known that
(5.3.4) ab<a’/p+bl/q.

This is simpler when p = ¢ = 2, using the fact that (a —b)? > 0. Otherwise, this
is often obtained using calculus, or the convexity of the exponential function on
the real line.

Using (5.3.4), we get that

(5.3.5) /Ifl Ig\duézfl/ Ifl”du+q’1/ |g1? dp.
X X X

One can use this to get (5.3.3) when || f||, = ||l = 1, and it is not too difficult
to reduce to that case.

Holder’s inequality is often used to obtain Minkowski’s inequality when p
is strictly larger than 1. This is simpler when p = 2, and there are analogous
arguments for inner products more broadly in that case.

5.3.2 An extension of Hoélder’s inequality

Let p1, ¢1, and r1 be positive real numbers such that

Also let f1 and g; be real or complex-valued measurable functions on X such
that fi is pith-power integrable and ¢, is gith-power integrable on X with
respect to p. One can use Holder’s inequality to get that fi g7 is rith-power
integrable on X, with

(5.3.7) 11 g1llre < I f1llpy N92llg, -

This corresponds to Exercise 7 on p200 of [14] and Exercise 31 on p196 of [118]
with n = 2, and it is related to Exercise 4 on p73 of [298].

5.3.3 Using Hoélder’s inequality when p(X) is finite

If p; and 7y are positive real numbers with p; < r1, then (5.3.6) holds for some
q1 > 0. Let f; be a real or complex-valued measurable function on X that is
pith-power integrable again. If u(X) is finite, then we can take g1 =1 on X to
get that f; is rith-power integrable on X with respect to p, with

(5.3.8) 11l < L frllp, ()M

as in (5.3.7). This corresponds to Proposition 6.12 on p186 of [118], Theorem
13.17 on pl196 of [159], and parts of Exercise 5 on p73 of [298]. This also
corresponds to part of Exercise 10 on p333 of [299] when p; =2 and r = 1.
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5.3.4 Another extension of Holder’s inequality

Let p1,...,pn be finitely many positive real numbers, and let ry be the positive

real number such that
n

(5.3.9) > 1/pj =1/ro.

Jj=1

If fi,..., fn are real or complex-valued measurable functions on X such that f;
is pjth-power integrable with respect to p for j =1,...,n, then

(5.3.10) H f;j is roth-power integrable on X with respect to p,
j=1
with

(5.3.11)

Hfj < HHfijj'
j=1 j=1

This is the same as before when n = 2, and otherwise one can repeat the process.
This corresponds to Exercise 8 on p200 of [14], Exercise 23.1 on p342 of [20],
Exercise 31 on p196 of [118], and Exercise 13.26 on p200 of [159].

To

5.4 Essentially bounded functions

Let (X, A, 1) be a measure space again. A real or complex-valued measurable
function f on X is said to be essentially bounded with respect to p if there is a
nonnegative real number b such that

(5.4.1) [f(x)] <b

for almost every x € X with respect to p. In this case,

(5.4.2) [flloo = lFllee = [1fllzoex) = [1f | zoe (x,00)

is defined to be the infimum of the set of b > 0 with this property.

One can check that this infimum is always attained, using the fact that the
union of a sequence of measurable sets with measure 0 with respect to p also
has measure 0 with respect to p. This means that (5.4.1) holds with b = || f||eo
almost everywhere on X with respect to p.

It is sometimes convenient to interpret ||f|lcc as being +o0o when f is not
essentially bounded on X, as usual. Observe that

(5.4.3) I flloo is the same as the usual supremum norm

when p is counting measure on X.
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5.4.1 More on the L*° norm

If f is essentially bounded on X and t is a real or complex number, as appro-
priate, then it is easy to see that ¢ f is essentially bounded on X too, with

(5.4.4) [ Flloo = [t f]loo-

If g is another real or complex-valued measurable function on X that is essen-
tially bounded with respect to u, then one can check that f + g is essentially
bounded on X with respect to p as well, with

(5.4.5) 1+ glloo < 1 flloc + llglloo-

Thus the space of all real or complex-valued measurable functions on X that
are essentially bounded with respect to p is a linear subspace of the space of all
real or complex-valued measurable functions on X, as appropriate.

Of course, ||f||lc = 0 if and only if f = 0 almost everywhere on X with
respect to p. As usual, || ||, determines a norm on the space of real or complex-
valued measurable functions on X that are essentially bounded with respect to p
if we identify two functions that are equal almost everywhere on X with respect
to p.

5.4.2 Convergence in L*

Let us say that a sequence { f; }J“;l of essentially bounded real or complex-valued
measurable functions on X converges in L to an essentially bounded real or
complex-valued function f on X, as appropriate, if

(5.4.6) lfi = fllooc = 0 as j — oo.

One can check that this is equivalent to uniform onvergence on the complement
of a measurable set in X with measure 0 with respect to pu. In particular, this
implies convergence in measure.

Let us say that {f; 521 is a Cauchy sequence in L™ if

(5.4.7) Ilf; = filloo = 0 as j,l = oo.

One can check that this is equivalent to having a Cauchy sequence with respect
to the supremum norm on the complement of a measurable set in X with mea-
sure 0 with respect to p. Thus convergence in L*> follows from the analogous
statement for the supremum norm.

5.4.3 More on essentially bounded functions

Let p; be a positive real number, and suppose that f; and g; are real or complex-
valued measurable functions on X with f; pith-power integrable and g; essen-
tially bounded with respect to p. Under these conditions, one can check that
f1 91 is p1th-power integrable on X with respect to u, with

(5.4.8) 11 91llpe < W f2llps lgnlloo-
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This is the analogue of (5.3.7) with ¢; = co and r; = p;.
If f is also essentially bounded on X with respect to u, then it is easy to see
that f g is essentially bounded on X with respect to u, with

(5.4.9) 1f191lloe < [ f1lloc 191llo0-

Of course, this is the analogue of (5.4.8) with p; = oo.

Let 1 be a positive real number, and suppose that f; is essentially bounded
on X again. If u(X) < 400, then f; is r1th-power integrable on X with respect
to u, with
(5.4.10) 1l < 1 Fulloo ()7

This is the analogue of (5.3.8) with p; = oo and ¢; = r1.

5.5 Integral inner products

Let (X, A, ) be a measure space, and let f and g be real or complex-valued
measurable functions on X that are square-integrable with respect to p. This
implies that |f||g| is integrable on X, as in Section 5.3. Put

(5.5.1) (f.9) =/ fgdu
b's

when f and g are real-valued, and

(552) (t9) = | fgau
b'e

when they are complex-valued. Note that

(5.5.3) (f.9) =19, /)

when f and g are real-valued, and that

(5.5.4) {(f:9) =9, 1)

when they are complex-valued. In both cases, we have that

(5.5.5) (£, 1) =115

These are almost like inner products on the spaces of real and complex-
valued square-integrable functions on X with respect to u, because (5.5.5) is
equal to 0 if and only if f = 0 almost everywhere on X with respect to u. As
usual, one can get actual inner products by identifying two functions that are
equal almost everywhere on X with respect to . This is related to an example
on p213 of [14], Example 19.5 on p199 of [20], the example on pl72 of [118],
Example 13.15 on p195 of [159], part of Problem M on p67 of [189], Example
4.5 (b) on p81 of [298], and some remarks on p157, 276 of [335].
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5.5.1 Orthogonal functions

Let f and g be real or complex-valued measurable functions on X that are
square-integrable with respect to p again. If

(5.5.6) (f.9) =0,

then f and g are said to be orthogonal with respect to (5.5.1) or (5.5.2), as
appropriate. In this case, we get that

(657 Nf+gl3=(f+ag.f+9) =)+ (9.9 =13+l

Similarly, let {f; }Joil be a sequence of real or complex-valued measurable
functions on X that are square-integrable with respect to p and pairwise-
orthogonal, so that

(5.5.8) (fi, fiy=0
when j # [. This implies that

n 2 n
(5.5.9) Yohll =0l
g=t "2 =l
for all integers n > [ > 1, as before. If
(5.5.10) > II5513 < +oo,

Jj=1

then the sequence of partial sums > 7_, f; is a Cauchy sequence in L?, as in
Section 5.2. This implies that the sequence of partial sums converges in L2, as in
Subsection 5.2.4. Note that (5.5.10) is less restrictive than absolute convergence
in L2, as in Subsection 5.2.2.

5.6 Products of outer measures

Let X and Y be sets, and let ux and py be outer measures on X and Y,
respectively, as in Subsection 1.10.4. If E C X x Y, then let uxxy (E) be the
infimum of the sums

(5.6.1) Zux(Aj)My(Bj),

where the A;’s are measurable subsets of X with respect to px, the B;’s are
measurable subsets of Y with respect to py, and

s

(5.6.2) EC| ) xB)).

j=1

Remember that measurability of a set with respect to an outer measure was
defined in Subsection 1.11.1.
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This definition of px«y () is mentioned on p22 of [110], beginning on p114
of [113], and on pl4 of [247]. Note that the usual convention that the product
of 0 and +o0 is equal to 0 is used in (5.6.1).

One can check that

(5.6.3) 1xxy defines an outer measure on X x Y.

This may be considered as a class of examples of the construction in Subsection
1.11.3. Let us call puxxy the product outer measure on X x Y associated to pux
and py.

If AC X and B C Y are measurable with respect to ux and py, respectively,
then
(5.6.4) ix ey (A x B) < ix(A) oy (B,

by construction. In fact, ux«y is the largest outer measure on X x Y with this
property, as mentioned on pl115 of [113].

It is well known that A x B is measurable with respect to px xy under these
conditions, with

(5.6.5) pxxy (A x B) = py (A) py (B),

as in part (ii) of Theorem 1 on p22 of [110], and part (2) of 2.6.2 on p115 of
[113]. One can also show that px«y is regular as an outer measure on X x Y,
in the sense discussed in Section 2.7, as in part (i) of Theorem 1 on p22 of [110],
and part (1) of 2.6.2 on p115 of [113].

5.6.1 Countable measurability and o-finiteness

Let Z be a set, and let 7z be an outer measure on Z. A subset E of Z is said
to be countably measurable with respect to pz if E can be expressed as the
union of a sequence of measurable sets with respect to pz that also have finite
measure. This is the first part of 2.3.4 on p76 of [113]. One may also say that E
is o-finite with respect to p in this case, as on p4 of [110]. This is a bit different
from the way that this term was used in Subsections 2.1.2 and 2.7.2.

Some additional properties of the product outer measure in Theorem 1 on
p22 of [110] and 2.6.2 on p115 of [113] involve subsets of X XY that are countably
measurable with respect to uxxy. We shall consider slightly different construc-
tions of product measures here, in the next sections, with similar properties.

5.7 Elementary families of sets

Let Z be a set, and let £ be a collection of subsets of Z. Let us say that £ is
an elementary family if it has the following three properties, as on p23 of [118].
First, the empty set is an element of £. Second, if F1, Fs € &, then

(5.7.1) EiNE,€&.

Third, if E € &£, then Z \ F may be expressed as the union of finitely many
pairwise-disjoint elements of £.
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Suppose that £ is an elementary family of subsets of Z, and let A be the
collection of subsets of Z that can be expressed as the union of finitely many
pairwise-disjoint elements of £. Under these conditions, Proposition 1.7 on p23
of [118] says that
(5.7.2) A is an algebra of subsets of Z.

In the proof, one starts by showing that if A, B € &, then A\ B € A. This
implies that

(5.7.3) AUB=(A\B)UBE€ A.

One can use induction to show that the union of finitely many elements of £ is
an element of A, as in [118].

It follows that A is the same as the collection of subsets of Z that can be
expressed as the union of finitely many elements of £, and in particular that the
union of finitely many elements of A is an element of 4. One can also check
that the complement of an element of A is in A as well, as in [118].

5.7.1 Products of two measurable spaces

Let (X, Ax) and (Y, Ay ) be measurable spaces. A subset of X XY of the form
A x B, with A € Ax and B € Ay, is called a measurable rectangle.

Let Ax «y be the o-algebra of subsets of X xY generated by the collection of
measurable rectangles, as in Section 2.2. This is sometimes denoted Ax x Ay,
as on p90 of [20], in 21.2 on p379 of [159], and p145 of [298], and it is denoted
Ax ® Ay in Definition 5.2 on p117 of [14], and on p22 of [118]. This is the same
as the o-algebra defined on p277 of [335], using different notation.

5.7.2 The obvious mappings from X x Y into X, Y

Let px and py be the obvious mappings from X x Y into X and Y, respectively,
with

(574) px((l',y)) =z and pY((x’y)) =Y

for every (z,y) € X x Y. Of course, px and py map X X Y onto X and Y,
respectively, when X,Y # (.
Note that

(5.7.5) px (A)=AxY and py,'(B) = X x B

for every A C X and B C Y. More precisely, Axxy is defined in [118] as the
o-algebra of subsets of X X Y generated by measurable rectangles of the forms
in (5.7.5) with A € Ax and B € Ay. It is easy to see that this is the same as
the o-algebra generated by all measurable rectangles.

Clearly px and py are measurable with respect to Axxy. In fact, Axxy is
the smallest o-algebra of subsets of X xY with this property, as in the preceding
paragraph.
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5.7.3 More on measurable rectangles

The collection of measurable rectangles obviously satisfies the first condition in
the definition of an elementary family. If A; x By and As X By are measurable
rectangles, then

(576) (A]_ X Bl) N (A2 X BQ) = (Al N AQ) X (Bl N Bg)
is a measurable rectangle. In order to get the third condition, observe that

(XxY)\(AxB) = (X\A)xB)U(X\A)x(Y\B)U(Ax(Y\B))
(5.7.7) = (X\A)xY)U(Ax (Y \B))
= ((X\4)xB)U(X x (Y'\ B)).

Any of the three expressions on the right sides would work here. This corre-
sponds to a remark on p64 of [118], although similar arguments are used in
other treatments.

This implies that the collection Ax vy, of subsets of X x Y that can be
expressed as the union of finitely many pairwise-disjoint measurable rectangles
is an algebra of subsets of X x Y, as in [118]. This also corresponds to 5.13
on pl21 of [14], a remark on p90 of [20], Theorem 21.3 on p379 of [159], and a
remark on p277 of [335]. This collection is called the class of elementary sets on
pl45 of [298].

5.7.4 Monotone classes and measurable rectangles

Note that Ax«y is the same as the o-algebra of subsets of X x Y generated
by Axxy,0. Because Ax vy, is an algebra of subsets of X x Y, it follows that
Axxy is the same as the monotone class of subsets of X x Y generated by
Axxv,0, as in Subsection 2.6.1. This corresponds to Corollary 21.7 on p381 of
[159], and Theorem 7.3 on pl46 of [298].

5.8 More on Ax.y

Let (X, Ax) and (Y, Ay) be measurable spaces again, and let £x and &y be
collections of subsets of X and Y that generate Ax and Ay as o-algebras,
respectively, as in Section 2.2. Consider the o-algebra Axxy of subsets of
X x Y generated by measurable rectangles of the forms in (5.7.5), with A € £x
and B € &y. Proposition 1.4 on p23 of [118] implies that

(5.8.1) ./ZXxy =Axyy.
Of course, B
(5.8.2) Axxy C Axxy

automatically. Note that
(5.8.3) {ACX :pH(A) = AXY € Axxy}
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and ~
(5.8.4) {BCY :p;'(B)=X x B € Axxy}

are o-algebras of subsets of X and Y, respectively, as mentioned near the be-
ginning of Section 3.1. These o-algebras contain £x and &y, respectively, by
construction, and thus contain Ax and Ay, respectively, by hypothesis. This
implies that Axxy C Axxy.

5.8.1 When X and Y are metric or topological spaces

If X and Y are metric spaces, then X x Y may be considered as a metric space,
using a suitable product metric, as in Section A.4. Similarly, if X and Y are
topological spaces, then X x Y may be considered as a topological space, using
the corresponding product topology. Suppose for the moment that Ax and
Ay are the corresponding c-algebras of Borel sets in X and Y, respectively,
so that we can take £x and £y to be the collections of open sets in X and Y,
respectively. In this case, (5.8.1) implies that

(5.8.5)  Axxy is contained in the o-algebra of Borel sets in X x Y,

because products of open sets in X and Y are open sets in X x Y. This
corresponds to part of Proposition 1.5 on p23 of [118].

Suppose that there are bases for the topologies of X and Y with only finitely
or countably many elements, as in Section 2.3. This implies that there is a
base for the product topology on X x Y with only finitely or countably many
elements, and whose elements are products of open sets in X and Y, as in
Subsection A.14.1. It follows in particular that every open set in X x Y can be
expressed as the union of finitely or countably many products of open sets in X
and Y. This means that

(5.8.6) open sets in X X Y are elements of Axxy,
so that Ax«y contains all of the Borel sets in X x Y. Thus
(5.8.7) Ax«y is the collection of all Borel sets in X x Y

under these conditions, as in Proposition 1.5 on p23 of [118], Exercise 21.19 on
p391 of [159], and Exercise 11 on pl61 of [298].

In particular, if X =Y = R with the standard Euclidean metric, then one
can take X x Y = R? to be equipped with the standard Euclidean metric.

5.8.2 Measurability of mappings into X x Y

Let (X, Ax) and (Y, Ay) be any measurable spaces again, and let (W, Ay) be
another measurable space. It is well known that a mapping ¢ from W into
X XY is measurable with respect to Axxy on X x Y if and only if

(5.8.8) the compositions of ¢ with px and py are measurable

as mappings from W into X and Y,
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respectively, as in Proposition 2.4 on p44 of [118]. Of course, measurability of
¢ implies that px o ¢ and py o ¢ are measurable, as in Subsection 3.1.3.
Conversely, if px o ¢ and py o ¢ are measurable, then

(5.8.9) (px 0 ¢) ' (A) = ¢ (px'(A)), (py 0 &) " (B) = ¢~ (py'(B)) € Aw
for all A € Ax and B € Ay. Note that
(5.8.10) (ECXxY:¢ ' E)e€ Aw}

is a o-algebra of subsets of X x Y, as mentioned near the beginning of Section
3.1. This o-algebra contains py'(A) and p;.'(B) for all A € Ax and B € Ay,
as before. It follows that this o-algebra contains Ax «y, as in Subsection 5.7.2.
This means that ¢ is measurable with respect to Axxy on X x Y.

5.8.3 Sections of subsets of X xY
FECXXxY,z€e X, and y €Y, then put
(5.811) E,={y' €Y :(z,y') € E} and EY = {2’ € X : (2/,y) € E}.

It is well known that
(5.8.12) E, € Ay and EY € Ax

for every z € X and y € Y when F € Axy«y, as in 5.6 on pl18 of [14], part
(1) of Lemma 11.1 on p90 of [20], part a of Proposition 2.34 on p65 of [118§],
Theorem 21.4 on p380 of [159], and Theorem 7.2 on p146 of [298].

Although this can be obtained fairly directly, one can also use the remarks
in the preceding subsection. Let ¢, and v, be the mappings from X and Y into
X XY, respectively, defined by

(5.8.13) ¢:(y') = (z,y') and ¢y (z') = (2, y)

for all ' € X and ¢y € Y. It is easy to see that ¢, and i, are measurable with
respect to Axxy, because their compositions with px and py are measurable.
Clearly

(5.8.14) E, = ¢, (E) and EY = ¢ '(E).

x

This implies (5.8.12) when F € Axxy.

5.8.4 Sections of functions on X x Y

Let (Z, Az) be another measurable space, and let f be a function on X x Y
with values in Z. If z € X and y € Y, then let f, and fY be the functions on
X and Y, respectively, with values in Z defined by

(5.8.15) fa(y') = f((z,y)) and f¥(2") = f((z',y))
for all 2/ € X and ¢ € Y. It is well known that

(5.8.16) fz and fY are measurable
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for every x € X and y € Y when f is measurable with respect to Axxy on
X xY, asin 5.9 on p119 of [14], part (2) of Lemma 11.1 on p90 of [20], part b of
Proposition 2.34 on p65 of [118], Theorem 21.5 on p380 of [159], and Theorem
7.5 on pl47 of [298].

As before, this can be obtained fairly directly, or by observing that

(5.8.17) fo=fo¢, and f¥ = fory,.

Thus (5.8.16) follows from the measurability of ¢, and ¢, when f is measurable,
as in Subsection 3.1.3.

5.9 Product measures

Let (X, Ax,p) and (Y, Ay, v) be o-finite measure spaces, and let Ax«y be as
in Subsection 5.7.1. If £ € Ax«y, then it is well known that

(5.9.1) v(E;) and p(EY) are measurable

as nonnegative extended real-valued functions of x € X and y € Y. This
corresponds to 5.20 on p124 of [14], part (1) of Proposition 11.2 on p91 of [20],
parts (i) and (ii) of Theorem 21.8 on p381 of [159], and part of Theorem 7.6 on

pl48 of [298].
It is also well known that
(5.92) [ v dute) = [ e avty),
X Y

as in part (2) of Proposition 11.2 on p91 of [20], part (iii) of Theorem 21.8 on
p381 of [159], and another part of Theorem 7.6 on pl48 of [298].

One can define the product measure pp x v on X x Y with respect to Ax«y
by
(5.9.3) 03 )B) = [ v(Eo)duta) = [ B avty),

Y
as on p93 of [20], Definition 21.9 on p384 of [159], and Definition 7.7 on pl49
of [298]. Definition 5.25 on p126 of [14] only uses the first equality in (5.9.3),
and the second equality may be obtained from Tonelli’s theorem 5.28 on p129
of [14].

The fact that u X v is a measure corresponds to 5.27 on pl27 of [14], some
remarks on p93 of [20], part of Theorem 21.10 on p384 of [159], and a remark
on pl49 of [298]. We also have that u x v is o-finite on X X Y, as in Exercise
9 on p128 of [14], another part of Theorem 21.10 on p384 of [159], and another
remark on p149 of [298].

If Ae Ax and B € Ay, then

(5.9.4) (1 % v)(A x B) = u(A)v(B),

where the product of 0 and +oc0 is considered to be 0, as before. This is Example
5.26 on p127 of [14], and it mentioned in the proofs of (5.9.2) in [20, 159, 298].
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5.9.1 Another approach to pu x v

Remember that the collection Axxy,o of unions of finitely many pairwise-
disjoint measurable rectangles is an algebra of subsets of X XY, as in Subsection
5.7.3. If E € Axyv, is expressed as the union of finitely many pairwise-disjoint
measurable rectangles, then one would like to define (u x v)(E) to be the cor-
responding sum of the measures of the measurable rectangles, using (5.9.4).

To do this, one should check that this sum does not depend on the way
that E is expressed as the union of finitely many pairwise-disjoint measurable
rectangles, so that (u x v)(E) is well-defined in this way. One would also like
to verify that ;o x v is countably additive on Ax xy,0. This is the approach used
on p64 of [118], and on p277 of [335].

If B € Axxy,, then it is easy to see directly that (5.9.1) and (5.9.2) hold.
This is simpler for measurable rectangles, and one can use that to get the same
result for any element of Axxy,0. More precisely, one gets measurable simple
functions in (5.9.1) when E € Axxy,0. In this case, (5.9.3) is the same as the
preliminary definition of (1 x v)(E) mentioned in the previous two paragraphs,
and it does not depend on the way that E is expressed as a union of finitely
many pairwise-disjoint measurable rectangles. One can also use this to get that
this defines a countably additive measure on Axxy,o, as in [118, 335].

This permits one to extend p X v to a countably additive measure on Ax xy
as in Subsection 1.11.4. This is the way that u x v is defined on Axxy in
[118, 335]. The equivalence of this with (5.9.3) is shown in Theorem 2.36 on
p66 of [118], and Proposition 3.2 on p278 of [335].

5.9.2 Integration on X xY

Let f be a nonnegative extended real-valued function on X x Y that is measur-
able with respect to Axxy. Tonelli’s theorem states that

(5.9.5) T /Y fz,y) dv(y)

is measurable on X with respect to Ay,

(5.9.6) Yy / f(z,y) du(z)
X

is measurable on Y with respect to Ay, and

(5.9.7) /X Fdxy) - /X ( /Y f(.y) duy)) du(a)

/y ( /X f(@,y) dp(x) ) dv(y).

This is 5.28 on p129 of [14], part of Theorem 11.3 beginning on p93 of [20], part
a of 2.37 on p67 of [118], Theorem 21.12 beginning on p384 of [159], and part
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(a) of Theorem 7.8 on pl50 of [298]. Theorem 3.2 beginning on p80 of [335] is
a version of this using Lebesgue measure on Euclidean spaces.

Now let f be a real or complex-valued function on X x Y that is measurable
with respect to Axxy and integrable with respect to p x v. Fubini’s theorem
states that

(5.9.8) /Y |f(z,y)|dv(y) < +o0

for almost every x € X with respect to p,

(5.9.9) /X ()| dp() < +o0

for almost every y € Y with respect to v, that (5.9.5) and (5.9.6) are measurable
and in fact integrable with respect to p and v, respectively, and that (5.9.7)
holds. More precisely, the integrals in (5.9.5) and (5.9.6) are defined when
(5.9.8) and (5.9.9) hold, respectively, and otherwise they can be taken to be 0.
This corresponds to 5.32 on p132 of [14], another part of Theorem 11.3 beginning
on p93 of [20], part b of 2.37 on p67 of [118], 21.13 on p386 of [159], part (c) of
Theorem 7.8 on pl150 of [298], and Theorem 3.3 on p279 of [335]. Theorem 3.1
on p76 of [335] is a version of this using Lebesgue measure on Euclidean spaces.

5.9.3 Uniqueness of the product measure

Let us mention that g x v is the unique measure on X x Y with respect to
Ax «y that satisfies (5.9.4). It is easy to see that any such measure is o-finite,
because p and v are o-finite, by hypothesis. It is also clear that any such
measure is uniquely determined on Axxy,0 by (5.9.4). Uniqueness on Axxy
may be obtained as in Subsection 2.6.4 and as in Section 2.9. This corresponds
to Exercise 10 on p128 of [14], Exercise 11.17 on p100 of [20], a remark on p64
of [118], 21.11 on p384 of [159], and Exercise 7 on p160 of [298].

5.10 Products of n measurable spaces

Let n be a positive integer, and let (X;, Ax;) be a measurable space for j =
1,...,n. Put X = H?:l X, and let p; be the obvious mapping from X into X;
foreach [ =1,...,n, so that

(5.10.1) pi(z) ==

for each I. More precisely, p; maps X onto X; for each [ as long as X; # ) for
each j. If A; C X, then

(5.10.2) pt(A) = 1T 4
j=1

where A;; = X; when j # 1, and A;; = A;. If A; C X, for each [, then

(5.10.3) [T4=r A,
=1 =1
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Let Ax be the c-algebra of subsets of X generated by sets of the form
(5.10.3), with A; € Ay, for each [. This corresponds to part of 22.2 beginning
on p429 of [159] for finite products, and of course is the same as in Subsection
5.7.1 when n = 2. Equivalently, we can take Ax to be the o-algebra of subsets
of X generated by sets of the form pl_l(Al)7 with 4; € Ax, and 1 <[ < n, as
on p22 of [118], and as in Subsection 5.7.2 when n = 2. This o-algebra may be
denoted @, ; Ax, or 41 ® --- ® A, as in [118].

Thus p; is measurable with respect to Ax on X for each [, and Ay is the
smallest o-algebra on X with this property, as in Subsection 5.7.2 when n = 2.

5.10.1 Collections of subsets of X; that generate Ay,

Let £x, be a collection of subsets of X; that generates Ax, as a o-algebra for

each j, and let A x be the o-algebra of subsets of X generated by sets of the form
p; ' (A;), with A; € Ex, and 1 <1 < n. Under these conditions, Proposition 1.4
on p23 of [118] implies that

(5.10.4) Ax = Ax.

This was discussed at the beginning of Section 5.8 when n = 2.
As before, B
(5.10.5) {A; C X, :p7H(A) € Ax)

is a o-algebra of subsets of X, that contains £x, and thus Ax, for each . This
implies that Ax C Ax, and the opposite inclusion follows directly from the
definitions.

5.10.2 When the X,’s are metric or topological spaces

If the X;’s are metric spaces, then X may be considered as a metric space with
respect to a suitable product metric, as in Section A.4. Similarly, if the X;’s
are topological spaces, then X may be considered as a topological space, using
the corresponding product topology. Suppose for the moment that Ay, is the
o-algebra of Borel sets in X; for each j, so that we can take £x; to be the
collection of open sets in X;. Under these conditions, (5.10.4) implies that

(5.10.6) Ax is contained in the o-algebra of Borel sets in X,

because p; '(A;) is an open set in X when A; is an open set in X;. This
corresponds to the first part of Proposition 1.5 on p23 of [118], as in Subsection
5.8.1 when n = 2.

If there is a base for the topology of X; with only finitely or countably many
elements for each j, then there is a base for the product topology on X with
only finitely or countably many elements, and whose elements are products of
open sets in the X;’s, as in Subsection A.14.1. This implies in particular that
every open set in X may be expressed as the union of finitely or countably many
products of open sets in the X;’s. It follows that

(5.10.7) open sets in X are elements of Ax,



5.10. PRODUCTS OF N MEASURABLE SPACES 151

so that Ax contains all of the Borel sets in X. This means that
(5.10.8) Ax is the collection of all Borel sets in X

in this case, as in Proposition 1.5 on p23 of [118], and as in Subsection 5.8.1
when n = 2.

If X; = R with the standard Euclidean metric for each j = 1,...,n, then
one can take X = R" to be equipped with the standard Euclidean metric.

5.10.3 Measurability of mappings into X

Let (X}, Ax;) be any measurable space for j = 1,...,n again, and let (W, Aw)
be another measurable space. A mapping ¢ from W into X is measurable with
respect to Ax on X if and only if

(5.10.9) p; o ¢ is measurable as a mapping from W into X, for each I,

as in Proposition 2.4 on p44 of [118]. This was discussed in Subsection 5.8.2
when n = 2, and the argument is analogous when n > 3. As before, if p; 0 ¢ is
measurable, then

(5.10.10) (o @) (A) = ¢ (p ' (A) € Aw
for every A; € Ax,. We also have that
(5.10.11) {ECX:¢ Y(F) € Ay}

is a o-algebra of subsets of X. One can use these two facts to get that ¢ is
measurable when p; o ¢ is measurable for each [. The converse follows from the
measurability of p; for each .

5.10.4 Products of n measurable sets

If A; and B, are subsets of X; for each [ =1,...,n, then

(5.10.12) (ﬁAl) N (ﬁ Bl) - ﬁ(Al nB).
=1 =1

=1

Equivalently,
(Nritan)n (Nt -
=1 1=1

(5.10.13) -

(o7 (A) np; 1 (By))

)=

N
Il
-

p; H(A N By).

DL

l

Let Rx be the collection of subsets of X of the form (5.10.3) with 4; € Ax,
for each . We would like to check that

1

(5.10.14) R x is an elementary family,
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as in Section 5.7. The first condition in the definition of an elementary family
is clear, and the second condition follows from the remarks in the preceding
paragraph. To get the third condition, observe that

(5.10.15) X\ (ﬁAl) =X\ (ﬁp[l(Az))
=1 =1

n

U \p (A

=1

= Opfl(Xl \ Ay

=1

may be expressed as a union of finitely many pairwise-disjoint sets of the form

(5.10.16) I1c.
=1

where C; = A; or X; \ A for each [, and C; = X; \ 4; for at least one . One
can use fewer sets by taking C; = A; when I < r, C, = X, \ 4,, and C; = X;
when ! >r forr=1,...,n.

Let Ax o be the collection of subsets of X that can be expressed as the union
of finitely many pairwise-disjoint elements of R x. This is an algebra of subsets
of X, by the remarks at the beginning of Section 5.7. It follows that Ax is the
same as the monotone class of subsets of X generated by Ax ¢, as in Subsection
2.6.1. This is the same as in Subsection 5.7.4 when n = 2.

5.11 Some related Cartesian products

Let us continue with the same notation and hypotheses as in the previous sec-
tion. Let n; and no be positive integers such that ny; 4+ ny = n, and consider
the Cartesian products [, X;, [];=,, 1, Xi, and their product

(5.11.1) (;HIX]) ><( ﬁ Xl).

l=n1+1

There is an obvious bijection between X and (5.11.1), that sends z € X to

(5.11.2) ((@1y- oy Ty )y (Tngt1y - -5 Tn))-

It is often convenient to identify X with (5.11.1) in this way, so that subsets
of (5.11.1) correspond to subsets of X. In particular, if A; € X; for each
j=1,...,n, then

ny n
(5.11.3) (HAj) X ( 11 Al)

7j=1 l=ni1+1
is a subset of (5.11.1) that corresponds to H?Zl A; as a subset of X.

Similarly,
(5.11.4) T (T1,. .., Tny)
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defines a mapping from X into H;L; 1 X, and
(5.11.5) T (Tpytly - Tn)

defines a mapping from X into H?:nl 41 X1- These mappings correspond to the
usual mappings from (5.11.1) into 71, X; and [];,_,, ., Xi, as in Subsection
5.7.2, using the identification between X and (5.11.1) mentioned in the preceding
paragraph.

One can define o-algebras of measurable subsets of H;il X, H;L:m 1 X0,
and thus (5.11.1) in the same way as before. The o-algebra of measurable subsets
of (5.11.1) corresponds exactly to Ax, using the identification mentioned earlier.
This corresponds to a remark on p65 of [118], and the case where n; =2, ny =1
is the first part of Exercise 45 on p68 of [118]. Equivalently, this means that the
bijection from X onto (5.11.1) defined by (5.11.2) is measurable, and its inverse
mapping is measurable.

The measurability of this mapping is equivalent to the measurability of
(5.11.4) and (5.11.5), as in Subsection 5.8.2. The measurability of each of these
two mappings reduces to the measurability of the p;’s on X, as before.

Similarly, to get the measurability of the inverse mapping from (5.11.1) onto
X, it suffices to check the measurability of the mappings from (5.11.1) into
X, obtained by composing the mapping onto X with p, for each r = 1,...,n.
This mapping is the same as the composition of one of the usual mappings
from (5.11.1) into []jX, X; or [];L,, ,; Xi with the analogous mapping from
H;il X, or H?:nﬁ_l X, as appropriate, into X, depending on whether r < n,
or r > ny + 1. These mappings are measurable, because they are compositions
of measurable mappings.

5.12 Products of n measures

Let n be a positive integer again, and let (X, Ax;, ;) be a measure space for
j=1...,n. Put X = H;:l X, and let us continue with the other notation
from the previous two sections, for the X;’s as measurable spaces. We would
like to define a product measure

(5.12.1) = X X i

on X with respect to Ax, with

(5.12.2) u(HAj) = f[uj(Aj>

when A; € Ax; for each j.

If E € Ax is expressed as the union of finitely many pairwise-disjoint
measurable Cartesian products as in (5.10.3), then one would like to define
1(E) to be the corresponding sum of the measures of these Cartesian products,
using (5.12.2). As in the n = 2 case, one should check that u is well-defined on
Ax o in this way, and countably additive on Ax .
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5.12.1 Some iterated integrals

More precisely, one can verify that u(F) is equal to the iterated integral

(5.12.3) /X (/X (/X 1g(x1,29,. .., %n) dun(mn)) ---dug(mg)) dpq (7).

If E is an element of R x, then it is easy to see that at each step in the iterated
integral, one gets a multiple of the indicator function of the Cartesian product
of measurable sets in the variables that have not been integrated yet.

If F is any element of Ax o, then 1g is the sum of finitely many indicator
functions of elements of Ry, as in Subsection 1.5.3. In this case, it follows that at
each step in the iterated integral, one is integrating a measurable simple function
in one variable, and getting a measurable simple function of the variables to be
integrated. Of course, the iterated integral of 1g is equal to the sum of the
iterated integrals of the indicators functions of the corresponding elements of
R x under these conditions.

5.12.2 Extending u to Ay

Once p is defined as a countably additive measure on X with respect to Ax o,
it can be extended to a countably additive measure on X with respect to Ax as
in Subsection 1.11.4. This is the approach used on p65 of [118], and in Exercise
14 on p315 of [335].

Let us suppose from now on in this section that
5.12.4 X is o-finite with respect to u; for each j.
J M J

This implies that
(5.12.5) X is o-finite with respect to ,

because of (5.12.2).

5.12.3 Uniqueness of ; on Ay

One can use this to get that p is uniquely determined as a measure on X with
respect to Ax by (5.12.2), as in Subsection 2.6.4 and Section 2.9, and as in the
n = 2 case in Subsection 5.9.3. More precisely, it is easy to see that p is uniquely
determined on Ax ¢ by (5.12.2), and the previous arguments imply that g is
uniquely determined on Ax by its restriction to Ax . as before.

If ny and ny are positive integers with ny + no = n, then one can con-
sider analogous product measures on [}%, X;, [];-,, ,; Xi, and (5.11.1). The
uniqueness result mentioned in the preceding paragraph implies that the prod-
uct measure on (5.11.1) corresponds exactly to p on X. This corresponds to a
remark on p65 of [118], and to the second part of Exercise 45 on p68 of [118]
when ny =2 and ny = 1.
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5.12.4 Another approach to the product measure on X

Alternatively, one can obtain the product measure p on X by reducing to the
n = 2 case, using induction, as in Lemma 22.5 on p431 of [159]. The simplest
way to do this is to define the appropriate product measure on H;Zl X; for
r=1,...,n, one step at a time, as in [159]. As before, one can use uniqueness
to get that the resulting product measure on X is the same as the product
measure obtained analogously on (5.11.1). This is related to Lemma 22.6 on
p432 of [159]. Note that products of n measures are mentioned on p95 of [20]
too.

5.13 Sequences of measurable spaces

Let (X1, Ax,), (X2, Ax,), (X3, Ax,),... be an infinite sequence of measurable
spaces, and put X = H;‘;l X;. This is the space of infinite sequences x =
{z;}52, with z; € X for each j, as in Section A.8. If [ is a positive integer,
then let p; be the mapping from X into X; defined by p;(z) = z;. If 4; C X,
then

(5.13.1) p (A) =[] A
=1

where A;; = X; when j # [, and A;; = A;. Note that

o0 o0

(5.13.2) T4 =Nr")
=1 =1

when A; C X for each [.

5.13.1 Cylinder sets

Let us call a subset of X of the form (5.13.2) a cylinder set if A; € Ay, for each
[, and
(5.13.3) A; = X for all but finitely many [,

as in Exercise 15 on p316 of [335]. This is the same as a set of the form

(5.13.4) (pr (A
I=1
for some positive integer n, with A; € Ax, for {=1,...,n.

Let Ax be the o-algebra of subsets of X generated by these cylinder sets.
This corresponds to part of 22.2 beginning on p429 of [159], although it is
formulated a bit differently here. Equivalently, we can take Ax to be the o-
algebra of subsets of X generated by sets of the form pl_l(Al), with 4; € Ax,,
as on p22 of [118]. This o-algebra may be denoted ),°, Ax,, as in [118]. Note
that p; is measurable with respect to Ax on X for each [, and that Ax is the
smallest o-algebra of subsets of X with this property.
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If A; € Ax, for each [ > 1, then (5.13.2) is an element of Ax, because it is
the intersection of a sequence of cylinder sets. This is related to Proposition 1.3
on p23 of [118].

5.13.2 Collections of subsets of the X;’s generating Ax;,

Let £x; be a collection of subsets of X; that generates Ax, as a o-algebra for

each j, and let Ax be the o-algebra of subsets of X generated by sets of the
form pfl(Al), with A; € Ex, and | > 1. Of course, Ax is contained in Ay, by
construction, and Proposition 1.4 on p23 of [118] implies that they are equal.
This is because the collection of A; C X, such that pl_l(Al) cAxisa o-algebra
of subsets of X, that contains £x, and thus Ax, for each [.

5.13.3 Borel sets in X

If X; is a metric space for each j, then X may be considered as a metric space
with respect to a suitable product metric, as in Sections A.8 and A.9. More
precisely, we may suppose that the condition mentioned at the beginning of
Section A.9 holds, by adjusting the metrics as in Subsection A.7.1, if necessary.
This implies that the corresponding topology on X is the same as the product
topology, as in Subsection A.9.1. Similarly, if X; is a topological space for
each j, then X may be considered as a topological space with respect to the
corresponding product topology.

Suppose for the moment in this subsection that Ax, is the o-algebra of Borel
sets in X, for each [. This means that we can take £x, to be the collection of
open sets in X for each [ in the remarks preceding this subsection. Note that
pl_l(Al) is an open set in X when A; is an open set in X; for any [. One can
use this to get that

(5.13.5) Ax is contained in the o-algebra of Borel sets in X,

for essentially the same reasons as in Subsection 5.10.2.

If there is a base for the topology of X; with only finitely or countably many
elements for each 7, then there is a base for the product topology on X with only
finitely or countably many elements, and whose elements are products of open
sets in the X;’s, as in Subsections A.14.3 and A.14.4. This implies in particular
that every open set in X may be expressed as the union of finitely or countably
many sets of the form (5.13.2), where A4; is an open set in X; for each I, and
(5.13.3) holds. This means that

(5.13.6) every open set in X is an element of Ax.

It follows that Ay contains all of the Borel sets in X under these conditions, so
that

(5.13.7) Ax is the collection of all Borel sets in X.
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5.13.4 Measurable mappings into X

Let (X, A;) be any measurable space for each j again, and let (W, Aw) be
another measurable space. One can check that a mapping ¢ from W into X is
measurable with respect to Ax on X if and only if

(5.13.8) p; o ¢ is measurable as a mapping from W into X for each [,

as in Proposition 2.4 on p44 of [118]. The argument is analogous to the one for
mappings into finite products in Subsection 5.10.3.

5.14 A helpful family of related Cartesian prod-
ucts

Let us continue with the same notation and hypotheses as in the previous sec-
tion. Let n be a positive integer, and consider the Cartesian products H;‘L:1 Xj,
[1,2,,1 Xi, and their product

(5.14.1) (j]jlxj) X ( ﬁ Xl).

l=n+1

More precisely, [],2, 41X may be considered as the set of infinite sequences
{m}2,, 41 with 2; € X; for each [ > n + 1.
Observe that

(5.14.2) = (1, mn), o} i241)
defines a one-to-one mapping from X onto (5.14.1). We shall sometimes want

to identify X with (5.14.1) in this way, so that subsets of (5.14.1) correspond
to subsets of X. If A; C X, for each j, then

(5.14.3) (ﬁAj) x ( ﬁ Al)
j=1 I=n+1

is a subset of (5.14.1) that corresponds to H(;il A;.
We also have mappings

(5.14.4) z = (21,...,%n)

from X into [[}_, X;, and
(5.14.5) = {z 2,4

from X into ]2, +1 X1 These mappings correspond to the usual ones from

(5.14.1) into H;‘L:1 X and []}Z, ., X, as in Subsection 5.7.2, using (5.14.2).
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5.14.1 o-Algebras of measurable sets in these products

One can define a o-algebra of measurable subsets of H?Zl X; as in Section
5.10.4, and a o-algebra of measurable subsets of [];= 41X as in the previous
section. This leads to a o-algebra of measurable sets in (5.14.1), as in Subsection
5.7.1. This corresponds exactly to Ax, using (5.14.2). This corresponds to part
of Lemma 22.4 on p430 of [159]. This is the same as saying that (5.14.2) and
its inverse are both measurable.

The measurability of (5.14.2) is equivalent to the measurability of (5.14.4)
and (5.14.5), as in Subsection 5.8.2. The measurability of these two mappings
reduces to the measurability of the p;’s, as in Subsection 5.10.3 and Subsection
5.13.4.

In order to get the measurability of the inverse of (5.14.2), it suffices to verify
the measurability of the composition of the inverse mapping with p, for each r,
as in Subsection 5.13.4 again. This is the same as the composition of one of the
usual mappings from (5.14.1) into H?=1 X; or [],2,,,1 X; with the analogous
mapping from H?Zl Xj or Hfinﬂ X, as appropriate, into X,., depending on
whether » < n or r > n + 1. The measurability of these mappings follows
from the fact that compositions of measurable mappings are measurable, as in
Subsection 3.1.3.

5.14.2 Some remarks about products of measurable sets

If A; and B; are subsets of X for each [, then

(5.14.6) (ﬁAl) N (ﬁBl) - ﬁ(Al N B).
=1

=1 =1

This is the same as saying that
(ﬂpfl(Al)) n (ﬂpfl(Bz)) =
=1 1=1

(5.14.7) = (AN By).
=1

(o, " (A) Np(B)

DL

Il
—

Let n be a positive integer again, and let
(5.14.8) Cxn
be the collection of cylinder sets H?; A; with A; € Ax, for each [ and
(5.14.9) Aj=X;foralll>n-+1.

Note that
(5.14.10) Cxn C Cxnt1
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for each n, and that

(5.14.11) Cx = |JCxm
n=1
is the collection of all cylinder sets in X.
One can check that

(5.14.12) Cx n is an elementary family of subsets of X

for each n, as in Section 5.7, and thus that Cx is an elementary family of sets
as well. More precisely, the fact that Cx , satisfies the third condition in the
definition of an elementary family of sets is essentially the same as in Subsection
5.10.4. One can also use (5.14.4) to reduce to the analogous statement for
H?:l Xj-

Let
(5.14.13) ACx

be the collection of subsets of X that can be expressed as the union of finitely
many pairwise-disjoint elements of Cx . This is an algebra of subsets of X, as
in Section 5.7. This is the same as the collection of subsets of X that can be
expressed as the inverse image with respect to (5.14.4) of an analogous type of
subset of H;-lzl X, as in Subsection 5.10.4.

Note that
(5.14.14) .ACXJL - ACX7n+1
for each n, because of (5.14.10). It is easy to see that
(5.14.15) ACx = | ACxn
n=1

is an algebra of subsets of X, consisting of the subsets of X that can be expressed
as the union of finitely many pairwise-disjoint elements of Cx. We also have
that

(5.14.16) Ax is the monotone class of subsets of X generated by AC x,

as in Subsection 2.6.1, because Ax is the same as the o-algebra of subsets of X
generated by ACx. This is related to 22.2 beginning on p429 of [159].

5.15 Sequences of probability spaces

Let {(Xj, Ax;,#;)}32; be an infinite sequence of probability spaces, and put
X = H;’il X;. Let us also continue with the other notation from the previous
two sections, for the X;’s as measurable spaces. We would like to define a
product probability measure g on X with respect to Ax, with

oo

(5.15.1) u(ﬁAa’) = HMj(Aj)
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when A; € Ax; for each j, and A; = X for all but finitely many j. Note that
(5.15.2) 1;(A;) =1 for all but finitely many j

in this case, so that the product on the right side of (5.15.1) reduces to a finite
product.
Let us put

(5.15.3) X(n) = ﬁ X;

for each positive integer n, and let R x () be the collection of subsets of X (n)
of the form H?Zl Aj, with A; € Ay, for j = 1,...,n, as in Subsection 5.10.4.
Also let Ax(,) be the o-algebra of subsets of X (n) generated by R x (), and let
Ax (n),0 be the collection of subsets of X (n) that can be expressed as the union
of finitely many pairwise-disjoint elements of Rx ), as before. Remember that
Ax (n),0 1s an algebra of subsets of X (n), and that Ax () is generated by Ax ()0
as a o-algebra, and thus as a monotone class of subsets of X (n).

5.15.1 Using the standard mapping from X onto X(n)

Let ¢,, be the mapping from X onto X (n) defined by (5.14.4). Of course, X; # ()
for each j, because p;(X;) = 1, by hypothesis. If A; € Ax, for j =1,...,n,
then

(5.15.4) ¢;1(HAJ') =14
j=1 j=1

where A; = X for j > n + 1. In this case, (5.15.1) is the same as saying that

(5.15.5) u(%l(ﬁf‘lg‘)) = f[uj(Aj) = (p1 % -+ X un)(ﬁAj),

where g7 X -+ X p, is the product measure defined on X (n) with respect to
Ax (n) as in Section 5.12.

Note that
(5.15.6) E(n) — ¢, (E(n))

defines a one-to-one mapping from R x(,) onto Cx . This also defines a one-
to-one mapping from Ax )0 onto ACx . Put

(5.15.7) p(dn (E(n))) = (% -+ % i) (E(n))

for each E(n) € Ax(n),0. This defines p as a countably additive measure on
ACx . This is uniquely determined as a finitely additive measure on ACx ,, by
its restriction to Cx p, as in (5.15.5).
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5.15.2 Defining 1 on ACy, and on Ay

Remember that ACx ,, is contained in ACx 41, as in (5.14.14). Of course, one
can define  on ACx 41 in the same way as before. One can check that this
is compatible with the definition of 1 on ACx ,,, because pint1(Xnt1) = 1, by
hypothesis.

Thus we can use this to define u on ACx, because of (5.14.15). It is easy to
see that p is finitely additive on ACx, and that p is uniquely determined as a
finitely-additive measure on ACx by its restriction to Cx, as in (5.15.5). This
corresponds to part of Theorem 22.7 on p432 of [159].

It is well known that p is countably additive on ACx, so that pu can be
extended to a countably additive probability measure on X with respect to Ax,
as in Subsection 1.11.4. This corresponds to Theorem 22.8 on p433 of [159], and
another argument may be found in [302]. This is also mentioned in Exercise 15
on p316 of [335]. This extension is unique, as in Subsection 2.6.2 and Section
2.9. This means that p is uniquely determined by (5.15.1).

5.15.3 Some more properties of these product measures

One can check that (5.15.7) holds for every n and E(n) € Ax(,). This is the
same as saying that

(5.15.8) (Dn )« (1) = p1 X ==+ X i,

in the notation of Section 4.11. This uses the fact that the right side is uniquely
determined by its restriction to Rx (), as in Subsection 5.12.3.

If f,, is nonnegative extended real-valued measurable function on X (n), then
fn © ¢n is a nonnegative extended real-valued measurable function on X, and

(5.15.9) /X (0 6n) dpt = /X ),

as in Subsection 4.11.3. If f,, is a measurable real or complex-valued function
on X (n), then f, o ¢, is measurable on X, and the previous statement implies
that

In particular, f, is integrable on X (n) if and only of f,, o ¢, is integrable on X.
In this case, (5.15.9) holds, as before.

5.15.4 Some other approaches to product measures like
these

Suppose that X is a compact metric space, or a compact Hausdorff topological
space, for each j. This implies that X = H;’il X is compact with respect to
the product topology, by Tychonoff’s theorem. If the X;’s are metric spaces,
then we may suppose that the condition mentioned at the beginning of Section
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A.9 holds, by adjusting the metrics as in Section A.7, if necessary, and use a
suitable product metric on X as in Section A.8.

It is well known that finite regular Borel measures on compact Hausdorff
topological spaces correspond to nonnegative linear functionals on the associated
spaces of continuous real-valued functions. One can use this to get a product
probability measure on X from regular Borel probability measures on the X;’s.
More precisely, one can define a nonnegative linear functional on the space of
continuous real-valued functions on X by integrating over the X;’s and taking
a suitable limit. This corresponds to part of Theorem 7.28 on p230 of [118], and
to the discussion beginning in 13.15 on p157 of [158].

If one starts with locally compact Hausdorff topological spaces that are not
compact, then one can get compact Hausdorff spaces using one-point compacti-
fications. It is easy to extend a Borel measure on such a space to the one-point
compactification, where the measure of the set consisting only of the point at
infinity is equal to 0. The one-point compactification of the real line is home-
omorphic to a circle, for instance. This can be used to reduce to the case of
products of compact spaces, as mentioned on p328 of [118].

Let us take X; = R and Ax; to be the o-algebra of Borel sets in R for
each j. In this case, the existence of a suitable product probability measure
is mentioned on p309 of [20], as a consequence of a theorem of Kolmogorov.
This theorem deals more broadly with probability measures on R™ for each n,
with a suitable compatibility condition for the measures on R™ and R”*!. This
condition holds automatically when these probability measures are obtained
from the products of the first n terms of a sequence of probability measures on
R. Theorem 10.18 on p328 of [118] is another result of this type.



Chapter 6

Independence in probability
theory

6.1 Some terminology in probability theory

Let (X, A, u) be a probability space, i.e., a measure space with u(X) = 1.
An element of A may be called an event. The term almost surely may be
used instead of almost everywhere with respect to u. A measurable real-valued
function f on X is called a random variable, as mentioned in Subsection 4.11.1.
If f is integrable on X with respect to p, then

(6.1.1) B(f) = /X fdp

may be called the expectation, expected value, or mean of f. We may also use
this notation when f is a nonnegative extended real-valued measurable function
on X that is not necessarily integrable, so that E(f) may be 4+oo. This is
discussed beginning on p381 of [14], beginning on p267 of [20], and on p314 of
118].

6.1.1 Independent pairs of events

Two events A, B in X are said to be independent if

(6.1.2) (AN B) = p(A) u(B),

as in Definition 12.7 on p383 of [14], and on p272 of [20].

Suppose for the moment that (X7, Ay, p1) and (X3, As, p2) are probability
spaces, and that (X, .4, u) corresponds to their product, as in Section 5.9. If
Ay € Ay and By € As, then one can check that

(613) A= A1 X X2 and B = X1 X BQ

are independent events in X . This corresponds to Example 12.9 on p383 of [14].

163
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6.1.2 Independence of n events

Let n be a positive integer, and let Ay,..., A, be n events in X. These events
are said to be independent if

(6.1.4) p(Ajy N Aj N NAG ) = p(Aj) m(Ag,) - - p(A;,)

whenever

(6.1.5) I<pn<je<--<jr<m,

as on p272 of [20]. Note that this implies that every subcollection of these events
is independent too.

Suppose for the moment that (X;,A;, ;) is a probability space for j =
1,...,n, and that (X, A, u) corresponds to their product, as in Section 5.12.
Let p; be the obvious mapping from X onto X; for each Il = 1,...,n, as in
Section 5.10. If B; € A; for [ = 1,...,n, then one can check that

(6.1.6) pH(Br), 1<1<n,

are independent events in X. More precisely, if 1 <1 <ly < --- <l < n, then
(6.1.7) pi, (Bu) Np, (Bi,)N---np (B) = [ [ €,
=1

where (), = B;, when k = 1,...,r, and C; = X; when j # [l1,...,l,. This
implies that

(6.1.8) u(pp (By) Npy (Bi,) N -+~ Npp H(By,)
= u( H Cj) = H 15 (C5)

iy (Bh) Hiy (Bl2) o '/Jlr,-(Blrr-)
w(py, (Br,)) ulpy,' (By)) -+ wlpy  (By,)).-

6.1.3 Independent sequences of events

An infinite sequence Aq, Ao, As, ... of events in X is said to be independent if
any finite subcollection of these events is independent, as on p273 of [20]. The
independence of any family of events can be defined in the same way, as in
Definition 12.7 on p383 of [14]. An equivalent definition may be found on p315
of [118]. In the case of sequences, this is the same as saying that (6.1.4) holds
when

(6.1.9) 1< <Jo< o <Jjp

Suppose for the moment again that {(X;, A;, ;) }52, is an infinite sequence
of probability spaces, and that (X,.A, u) corresponds to their product, as in
Section 5.15. Let p; be the usual mapping from X onto X; for each positive
integer [, as in Section 5.13. If B; € A; for each [, then one can verify that

(6.1.10) p N (By), 1> 1,



6.2. INFINITE PRODUCTS OF REAL NUMBERS 165

are independent events in X. This is basically the same as in the previous
subsection.

6.1.4 Independence and complements

If Ay,..., A, are independent events in X, then it is well known that
(6.1.11) Ay,...,An_1, X \ A, are independent in X.

This corresponds to part of Exercise 3 on p398 of [14] and Proposition 21.7 on
p273 of [20] when n = 2, and to part a of Exercise 3 on p319 of [118] for any n.
To see this, we should check that

(6.112) Az, N1 Ay (1 (X\ Aw) = a(Az) -+ (A, ) (X \ An)
when 1 < j; < -+ < j, < n. Note that

(6.1.13) p(Ajy N MA; N X) = p(Ay) - plA;,) p(X),

as in (6.1.4), and that

(6.114)  p(Ay e N Ay 0 AL = Ay, - ul(Ay,) (A,

using independence again. One can get (6.1.12) by subtracting both sides of
(6.1.14) from the corresponding side of (6.1.13).

The same argument can be used to replace any one of Aq,..., A, with its
complement in X, to get independent events in X. One can repeat the argument,
to replace as many of A1, ..., A, by their complements in X as one would like,
and get independent events. This implies the analogous statement for infinite
sequences of independent events in X, or arbitrary families of independent events
in X, as in part b of Exercise 3 on p319 of [118]. In particular, one can replace
all of the events by their complements in X, as in Exercise 4 on p398 of [14].

6.2 Infinite products of real numbers

Let {t;}52, be an infinite sequence of real numbers. Let us say that the infinite
product

(6.2.1) ﬁtj

1

<.
Il

converges if the corresponding sequence of partial products

(6.2.2) 114

converges in R. In this case, the value of (6.2.1) is defined to be the limit of the
sequence of partial products.
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Of course, if t; = 0 for some [, then (6.2.2) is equal to 0 when n > [, so
that (6.2.1) converges in this sense and is equal to 0. Sometimes (6.2.1) is not
considered to be convergent if ¢; # 0 for each [ and the sequence of partial
products converges to 0.

Suppose for the moment that (6.2.1) converges and is not 0, so that ¢ # 0
for each [ in particular. Observe that

(623 b= (T16)/(T1 ) = 1asn

under these conditions.
Clearly

n
I

J=1

(6.2.4)

n
=11
j=1

for each n. If (6.2.1) converges, then it follows that Hj';l |t;| converges, with

oo
It
j=1

o0

(6.2.5) I11t1 =

Jj=1

Suppose for the moment that 0 < ¢; <1 for each j, so that the sequence of
partial products (6.2.2) is a monotonically decreasing sequence of elements of
[0,1]. This implies that (6.2.1) converges, and is an element of [0, 1].

6.2.1 Intersections of independent events

Let (X, A, u) be a probability space, and let Ay, Ag, As, ... be an infinite se-
quence of independent events in X. Observe that

(6.2.6) ﬁu(Aj) = u( ﬁ Aj> — u( ﬁ Aj> as n — oo,

j=1

where the second step is as in Subsection 1.9.2. This means that
(6.2.7) [T wan) = () 45)-
j=1 j=1

Let {(Xj, Aj, p;)}52; be an infinite sequence of probability spaces, and sup-
pose that (X, A, p) corresponds to their product, as in Section 5.15. Also let p,
be the usual mapping from X onto X; for each [, as in Section 5.13, and let B;
be an element of A; for each {. Remember that

(6.2.8) 1B =r"B) <A,
=1 =1
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as in Subsection 5.13.1, and that

(6.2.9) p(py N (B) = u(By)

for each [, by construction. Thus

(6.2.10) u(ﬁBz) Zﬁm(Bl)>
=1 =1

as in (6.2.7), with A; = p; '(B;) for each I. This can be seen a bit more directly
using the fact that

(6.2.11) I1B8= (Hcl,n)7
1=1 n=1 =1
with
(6.2.12) Cin = By when | <n, = X; when [ > n.

6.2.2 Products of positive real numbers

Let {t;}52; be an infinite sequence of positive real numbers, so that (6.2.2) is a
positive real number for each n. Of course,

(6.2.13) log ( ﬁ tj) = ilogtj
j=1 =1

for each n. It is easy to see that (6.2.1) converges and is not 0 if and only if
(6.2.14) > logt;
j=1

converges as an infinite series of real numbers, with the logarithm of (6.2.1)
equal to (6.2.14) in this case. If (6.2.14) converges absolutely, then one may say
that (6.2.1) converges absolutely as an infinite product.

It is well known and not difficult to show that (6.2.14) converges absolutely
if and only if

(6.2.15) D Jty = 1] < 4oc.
j=1

Of course, (6.2.15) implies that t; — 1 as j — co. Similarly, the convergence of
(6.2.14) implies that logt; — 0 and j — oo, so that t; — 1.

6.2.3 More on products with 0 <t¢; <1 for each j

Suppose that 0 <t; <1 for each j again, so that

(6.2.16) tj =1- Zj
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for each j, with 0 < x; < 1. If z; < 1 for each j and
(6.2.17) D xj < +oo,
j=1

then ¢; > 0 for each j and (6.2.15) holds, so that (6.2.1) is positive, as in the
previous subsection. This corresponds to the second part of Lemma 22.25 on
p445 of [159].

The first part of Lemma 22.25 on p445 of [159] states that

(6.2.18) [[a-=)=0
=1

when

(6.2.19) D a; = +oo.
j=1

Of course, (6.2.18) holds automatically when z; = 1 for some j, and so we may
as well suppose that z; < 1 for each j. This implies that

1
6.2.20 1 P <

for each j, because (1+ ;) (1 —x;) =1 —z7 < 1. Observe that
(6.2.21) 1+ a; < [ +)
J J=1

—1

for each n, so that

(6.2.22) 1+§n:xj < (ﬁu—xj))_l.
J=1 j=1

If 377, @j — +oo as n — oo, then it follows that [[}_, (1 — ;) — 0.
Alternatively, one can check that

(6.2.23) 1—1z <exp(—x)

for all nonnegative real numbers z using calculus, as mentioned on p385 of [14],
p274 of [20], and p321 of [118]. This implies that

n

(6.2.24) f[(l — ;) < exp ( - Z%)

Jj=1

for each n. This can be used in the same way as before.
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6.3 The Borel-Cantelli lemma

Let (X, A, pt) be a measure space, and let Ay, As, As, ... be an infinite sequence
of measurable subsets of X. Remember that limsup;_, . A; is the set of z € X
such that « € A; for infinitely many j, as in Subsection 1.4.2. It is easy to see
that this is a measurable subset of X, using the characterization in Subsection
1.4.3. If

(6.3.1) D u(A)) < +oo,
j=1
then part of the Borel-Cantelli lemma states that
(6.3.2) u(lim sup Aj> =0.
Jj—o0

This corresponds to 12.6 on p383 of [14], part (1) of Lemma 21.9 on p274 of
[20], part a of 10.10 on p321 of [118], part of 22.26 on p445 of [159], Theorem
1.41 on p32 of [298], and Exercise 16 on p42 of [335]. More precisely, the result
is initially stated in [159] for certain types of sequences of measurable sets in
the product of a sequence of probability spaces, as in the previous section, but
the proof of this part does not use that, as mentioned in [159]. Similarly, this
is stated in [335] for Lebesgue measure on Euclidean spaces, but the argument
works for arbitrary measure spaces.

6.3.1 Two proofs

There are two basic types of arguments that are commonly used to show this.
In one argument, we observe that

(6.3.3) /X(ilAj>du=§:/X1Ajdu=iu(Aj)<—|—oo,

where the first step is as in Subsection 3.11.1. This implies that
(6.3.4) D 14, (x) < +o0
j=1

for almost every z € X with respect to p, as in Subsection 3.10.2. This is
equivalent to (6.3.2). This argument is used in [14, 298], and it is also mentioned
on p63 of [335].

In the second argument, we use the fact that

(6.3.5) u( [j Aj) < iu(Aj),
j=l j=l

as in Subsection 1.10.2. We also have that

j—o0

(6.3.6) u( G Aj) — u(limsup Aj) as | — oo,
j=l
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because of the characterization of limsup,_, ., A; in Subsection 1.4.3, and the
remarks in Subsection 1.9.2. Of course,

(6.3.7) > u(Aj) = 0as 1 — oo,
j=l

because of (6.3.1). Thus (6.3.2) holds. This is the argument used in [20, 118,
159, 335], and it corresponds to Exercise 11 on p33 of [298] as well.

6.3.2 When the A;’s are independent

Suppose now that (X,.A, 1) is a probability space, and that Ay, A, As, ... are
independent events in X. If

(6.3.8) > u(Aj) = +oo,
j=1
then
(6.3.9) u(limsup Aj) =1,
Jj—o0

as in 12.10 on p385 of [14], part (2) of Lemma 21.9 on p274 of [20], and part b
of 10.10 on p321 of [118]. This also corresponds to 22.26 on p445 of [159] when
the A;’s are the type of independent events in the product of a sequence of
probabilty spaces mentioned in Subsection 6.1.3, although the proof is essentially
the same as for arbitrary sequences of independent events.

Of course, (6.3.9) is the same as saying that

(6.3.10) u(X\ (hm sup Aj)) = 0.

j—o0

It is easy to see that

(6.3.11) X\ <limsuij> = G (ﬁ(X\Aj)),
Jeo =1 j=I

using the characterization of limsup;_,., A; mentioned in Subsection 1.4.3.
Thus it suffices to show that

4

—

(6.3.12) u( (X\ Aj)) =0

J

for each .
Remember that the events X \ A; are independent, as in Subsection 6.1.4.
This implies that
6313)  p( )X\ 4) = [Tux\ 45 = [0 - u(4;)
J=l j

Jj=l Jj=
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for each [, where the first step is as in Subsection 6.2.1.
Note that
(oo}
(6.3.14) > u(A)) = +oo
j=l

for each I, because of (6.3.8). It follows that the right side of (6.3.13) is equal
to 0, as in Subsection 6.2.3.

6.4 Independent random variables

Let (X, A, u) be a probability space, and let f and g be random variables on
X, i.e., measurable real-valued functions on X. If

(6.4.1) f7HU) and g~ (V) are independent events in X

for all Borel sets U,V C R, then f and g are said to be independent as random
variables on X, as in Definition 12.14 on p386 of [14]. This is described in an
equivalent way on p273 of [20].

Similarly, let n be a positive integer, and let f1, ..., f, be n random variables
on X. If
(6.4.2) Ny, ..., £,71(U,) are independent events in X

for all Borel sets Uy,...,U, C R, then f1,..., f, are said to be independent as
random variables on X. Of course, (6.4.2) implies that

(6.4.3)  u(fi{(U) N0 7N UR) = p(f (U1) - ulfy (Un)),

as in Subsection 6.1.2. In fact, it suffices to check that this holds for all Borel
sets Uy, ...,U, C R, because this implies the analogous condition for all sub-
collections of these events, by taking U; = R for some [’s, so that fl_1 U) = X.
In particular, if fi,..., f, are independent random variables on X, then any
subcollection of f1,..., f, is independent as well.

An infinite sequence {f;}32, of random variables on X is said to be inde-
pendent if

(6.4.4) {fjfl(Uj)}‘;‘;l is a sequence of independent events in X

for every sequence {U;}52, of Borel sets in R. One can check that this is the
same as saying that any finite subcollection of the f;’s is independent. One can
define independence of arbitrary families of random variables on X in the same
way, as in Definition 12.14 on p386 of [14], on p273 of [20], and on p315 of [118].

6.4.1 Indicator functions of independent events

One can check that events Ay, ..., A, in X are independent if and only if

(6.4.5) their indicator functions 14,,...,14,

are independent as random variables on X.
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The “if” part follows directly from the definition of independence of random
variables, and the “only if” part uses the remarks in Subsection 6.1.4. There
are analogous statements for infinite sequences of events and arbitrary families of
events. This corresponds to the first example on p386 of [14] for pairs of events,
and to part of Exercise 3 on p319 of [118] for arbitrary families of events.

6.4.2 Some independent random variables

Let (X1, A1,p1),- -+, (Xn, An, i) be n probability spaces, and suppose for the
moment that (X, .4, u) corresponds to their product, as in Section 5.12. Also let

p; be the obvious mapping from X onto X; for each [ = 1,...,n, as in Section
5.10, and let f; be a measurable real-valued function on X; foreachl =1,...,n.
Thus f; op; is a measurable real-valued function on X for each [ =1,...,n, and

one can check that
(6.4.6) fiopi,..., fnop, are independent on X.

Indeed, if Uy,...,U, are Borel sets in R, then f;'(U;) € A for I = 1,...,n,
and
(6.4.7) (frop) ™ (U) =p ' (f7 (W), L <1 <m,

are independent events in X, as in Subsection 6.1.2. This corresponds to the
third example on p386 of [14] when n = 2, it is related to part (2) of Exercise
21.39 on p320 of [20], and it also corresponds to some remarks on p318 of [118].

6.4.3 Some more independent random variables

Similarly, let {(Xj;,Aj,;)}52, be an infinite sequence of probability spaces,
and suppose for the moment again that (X, A, u) corresponds to their product,
as in Section 5.15. Let p; be the usual mapping from X onto X for each [, as
in Section 5.13, and let f; be a measurable real-valued function on X; for each
[. One can check that

(6.4.8) {fiop}2; is an independent sequence of random variables on X,

using the analgous remark for independent sequences of events in X in Subsec-
tion 6.1.3, as in the preceding subsection. This is related to a remark on p309 of
[20], and to Corollary 10.19 on p329 of [118]. Sequences of independent random
variables like these are also considered in Section 22 of [159], without using this
terminology.

6.4.4 Compositions with other functions

Suppose that fi,...,f, are independent random variables on X, and that
aq,...,q, are real-valued Borel measurable functions on the real line. Thus
a1 0 f1,...,an 0 f, are also measurable on X, as in Subsection 3.1.3. It is easy
to see that

(6.4.9) ajofi,...,a,o0 f, are independent random variables on X,
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as in 12.16 on p387 of [14] and Remark 21.8 on p273 of [20] when n = 2, and
part of Proposition 10.2 on p316 of [118]. There are analogous statements for
sequences or arbitrary families of independent random variables, as usual.

6.5 Rademacher functions and related topics

Let k£ be a positive integer, and let r; be the real-valued function defined on
[0,1) by

(6.5.1) rp(z) = 1  when (1—1)27% <z <127% and I is odd
= —1 when (I-1)27% <z <127% and [ is even,

as on p238 of [14]. More precisely, 1 < | < 2¥ in both cases. These are the
Rademacher functions on the unit interval. These functions are also defined
in 5.2 on pl04 of [331] and on p6 of Volume I of [388], with slightly different
conventions. We may take r;(1) = —1 for each k, so that 7 is defined on [0, 1].

Of course, [0,1) and [0,1] may be considered as probability spaces, using
Lebesgue measure on the corresponding o-algebra of Borel sets. Note that the
Rademacher functions are Borel measurable. In fact, it is well known that
the Rademacher functions are independent as random variables with respect
to Lebesgue measure, as in Exercise 16 on p399 of [14]. This is related to the
remarks in Subsection A.12.2.

More precisely, let B be the set of all binary sequences, as in Section A.12,
and let ¢ be the usual mapping from B onto [0, 1], as in Subsection A.12.2.
Consider the function

(6.5.2) Yy (—1)v*

on B. Let A C B be as in Section A.13. One can check that
(6.5.3) ri(¢(y)) = (=1)¥*

when y € B\ A.

In fact, A is countably infinite, $(A) = E is countably infinite, and the
restriction of ¢ to B\ A is a one-to-one mapping onto [0,1] \ E, as in Section
A.13. Let us use the metric dgy on B as in Section A.12, with 0 < 6 < 1,
and one might as well take § = 1/2. One can show that ¢ is continuous with
respect to this metric, as in Subsection A.12.2. One can also show that ¢! is
continuous on [0,1] \ E, as in Subsection A.13.2.

This implies that Borel measures on B\ A correspond exactly to Borel mea-
sures on [0,1] \ E using ¢ and its inverse, as in Section 4.11. One can use this
to get that Borel measures on B that are equal to 0 on sets with one element
correspond exactly to Borel measures on [0, 1] that are equal to 0 on sets with
one element. In particular, Lebesgue measure on [0, 1] corresponds to a Borel
probability measure on B with this property in this way.

As in Section A.12, B may be considered as the Cartesian product H;’;l B;,
with B; = {0, 1} for each j. Let p1; be the probability measure on the collection
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of all subsets of B; with 11;({0}) = p;({1}) = 1/2 for each j. This leads to a
probability measure p on B, as in Section 5.15. More precisely, u is defined on
the corresponding o-algebra of Borel sets in B, as in Subsection 5.13.3. It is
well known and not too difficult to see that u corresponds to Lebesgue measure
on [0, 1], as in the preceding paragraph.

The functions (6.5.2) are independent random variables on B with respect to
any product probability measure on B, as in the previous section. This implies
that the Rademacher functions are independent random variables on [0, 1] with
respect to Lebesgue measure.

Some related results for expansions with base b > 2 are discussed in Exercise
23 on p329 of [118]. The case of ordinary decimal expanions, b = 10, is also
mentioned on p396 of [14].

6.6 More on pushing measures forward
Let (X, Ax, pt) be a probability space, let (Y, 4y ) be a measurable space, let ¢
be a measurable mapping from X into Y, and let v = ¢.(u) be the measure on
Y with respect to Ay obtained by pushing u forward using ¢, as in Section 4.11.
Note that v is a probability measure on Y, and let By,..., B, be measurable
subsets of Y. One can check that
(6.6.1) By, ..., B, are independent in Y with respect to v
if and only if
(6.6.2) ¢~ (Bi),...,¢ *(B,) are independent in X with respect to .
There are analogous statements for infinite sequences and arbitrary families of
events in Y.

Similarly,
(6.6.3) random variables f31,..., 3, on Y are independent with respect to v

if and only if

(6.6.4) B1o@,..., B, o ¢ are independent as random variables on X
with respect to p.

This follows from the previous statement, with
(6.6.5) By =5, (h),

1 <[l < n, where Uy,...,U, are Borel sets in R. There are analogous statements
for infinite sequences and arbitrary families of random variables on Y, as before.
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6.6.1 Measurable mappings into R”

Let fi,...,fn be measurable real-valued functions on X, and let F' be the
corresponding mapping from X into R™, so that the Ith component of F is f;
for I = 1,...,n. Note that F' is measurable with respect to the o-algebra of

Borel sets in R™, as in Subsections 5.10.2 and 5.10.3. A measurable mapping
from X into R™ may be called a random vector, as on p302 of [20].

Let vp be the Borel probability measure on R™ obtained by pushing p for-
ward using F', and let vy, be the Borel probability measure on R obtained
by pushing p forward using f; for each [. The measure vp is called the joint
distribution of fi,..., f, with respect to p, as on p303 of [20], and p315 of [118].

We would like to check that

(6.6.6) f1,..., fn are independent random variables on X

if and only if
(6.6.7) Vp =Ujp X - XUy,

as Borel probability measures on R", where the right side is as in Section 5.12.
This corresponds to some remarks on p316 of [118], and it is related to part (2)
of Exercise 21.39 on p320 of [20].

Note that (6.6.7) holds if and only if

(6.6.8) VF(ﬁAl> = f[Vfl (A1)
=1 =1

for all Borel sets Aq,..., A, C R, as in Subsection 5.12.3. We also have that

(6.6.9) F*I(HAz) = ()71 (A,
=1 =1

by the definition of F. Thus

6610)  wve([T4) =n(F(TT4)) =n( N 57 AD).
=1 =1 =1
This means that (6.6.8) is equivalent to (6.4.3), by the definition vy, 1 <1 < n.

6.6.2 Sequences of random variables

Let {f;}32, be an infinite sequence of measurable real-valued functions on X,
and let us take Y; = R for each j > 1, considered as a measurable space with
respect to the o-algebra of Borel sets. Let us also take Y = H;ile, and
remember that the corresponding product o-algebra Ay of measurable subsets
of Y is the same as the o-algebra of Borel sets in Y with respect to the product
topology, or a suitable product metric, as in Subsection 5.13.3. The mapping F'
from X into Y whose components are the f;’s is measurable, as in Subsection

5.13.4.
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Let vp be the probability measure on Y obtained by pushing p forward
using F', and let vy, be the probability measure on ¥; = R obtained by pushing
u forward using f; for each [, as before. One can check that fi, fs, f3,... are
independent random variables on X with respect to p if and only if v is the
same as the product measure on Y associated to the vy,’s, as in Section 5.15.

More precisely, these two measures are the same if and only if they are the
same on cylinder sets in Y, as before. One can verify that this happens if and
only if the sequence of f;’s is independent on X, using an argument like the one
in the previous subsection.

6.7 Pushing some product measures forward

Let n be a positive integer, and let (X;, Ax,, ;) be a probability space for
j=1,...,n. This leads to a o-algebra Ax on X = H;-L:l X as in Section 5.10,
and to a product probability measure p on X with respect to Ax as in Section
5.12. If p; is the obvious mapping from X onto X; for each [, as in Section 5.10,
then

(6.7.1) pu(Ar) = p(p; ' (A))

for every A; € Ax,, by construction. More precisely, the right side is equal to
i (A4;) times the product of p;(X;) with j # [, and p;(X;) = 1 for each j, by
hypothesis. This means that

(6.7.2) = (pr)« (1),

as in Section 4.11.
If 7, is a nonnegative extended real-valued measurable function on X;, then
it follows that
(6.7.3) / (viopr)dp :/ Vi dpg,
X X1

as in Subsection 4.11.3. If 7, is a measurable real or complex-valued function
on X, then

(6.7.4) [ beenldn= [ bl
X X

Thus -, is integrable on X; with respect to y; if and only if y; op; is integrable on
X with respect to p, and in this case, (6.7.3) holds, as before. There are anal-
ogous statements for products of sequences of probability spaces, as in Section
5.15.

6.7.1 Some mappings between product spaces

Let (Y}, Ay;) be a measurable space for j = 1,...,n, and let Ay be the cor-
responding o-algebra of subsets of Y = H?:l Y;, as in Section 5.10. If ¢; is a
mapping from X; into Y; for each j, then we get a mapping ¢ from X into Y
by taking

(6.7.5) 6(2) = (1(21), -, 6n ()
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for each x € X. Equivalently, ¢; o p; maps X into Y; for [ = 1,...,n, and this

is the same as the composition of ¢ with the obvious mapping from Y into Y.
If ¢; is measurable for each [, then ¢; o p; is measurable as a mapping from

X into Y;, because it is a composition of measurable mappings. This implies

that

(6.7.6) ¢ is measurable as a mapping from X into Y,

as in Subsection 5.10.3.

The measure (¢;).(x;) on Y; with respect to Ay, obtained by pushing s
forward using ¢; as in Section 4.11 is a probability measure, as before. Similarly,
the measure ¢, (1) on Y with respect to Ay obtained by pushing p forward using
¢ is a probability measure. One can check that

(6.7.7) ¢« (1) is the same as the product measure on Y’
associated to (¢;)s(p5),1 < j <n.

More precisely, if B; € Ay, for j = 1,...,n, then the measure of H?:l B;
with respect to the product measure is equal to the product of the measures of
the Bj;’s. The measure of B; is equal to the measure of ¢j_1(Bj) in X for each
j, by construction. The product of these measures is the same as the measure
of ]_[;Lzl gbj_l(Bj) with respect to the product measure on X. This subset of X
is the same as

(6.7.8) ¢! ( ﬁ Bj),

by definition of ¢, and the measure of this set with respect to u is the same as
the measure of H?:1 Bj with respect to ¢.(p).

There are analogous statements for sequences of probability spaces and mea-
surable mappings between them, as usual.

6.8 Some identifications with finite products

Let N be a positive integer, and let L(n) be a positive integer for each n =
1,...,N. Also let Z,; be a nonempty set for each n = 1,...,N and [ =
1,...,L(n). Put

L(n)
(6.8.1) W, = [ Zn

1=1
foreachn=1,...,N, and

N
(6.8.2) w =[] Wa.

n=1
An element of W may be expressed as w = (wq, ..., wy), where
(683) Wy, = (wn,la cee 7wn,L(n))

is an element of W,, for each n. Of course, this means that w,; € Z, ; for
l=1,...,L(n).
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6.8.1 Another Cartesian product

We can also consider the Cartesian product of the Z,, ;’s more directly, as follows.
Put

N
(6.8.4) L= L(n),
n=1

and observe that each r = 1,..., L may be expressed in a unique way as
(6.8.5) r=Ln—1)+1,

where 1 <n < N, 1<1[<L(n), and L(0) is interpreted as being equal to 0. In
this case, we put
(6.8.6) 2(r) = Zn,,

and consider the Cartesian product

L
(6.8.7) zZ=1]zw)
r=1
of these sets. Let us express an element of Z as z = (2(1),...,2(L)). There is

an obvious one-to-one correspondence of Z with W, where z € Z corresponds
to w € W with
(6.8.8) Wy = 2(T)

when r is as in (6.8.5).

6.8.2 Associated product o-algebras

Let Az, , be a o-algebra of subsets of Z,; for each n = 1,...,N and | =
1,...,L(n). This may also be expressed as Ayz(,y when 7 is as in (6.8.5). Using
these o-algebras, we get product o-algebras Ay, on W, foreachn=1,..., N,
Aw on W, and Az on Z, as in Section 5.10. In fact, Aw corresponds to
Az, using the identification between W and Z mentioned in the preceding
paragraph. This is related to the associativity properties of the product o-
algebras mentioned on p65 of [118].

This corresponds to the remarks in Section 5.11 when N = 2, and one can
use analogous arguments here. The measurability of this mapping from Z onto
W is equivalent to the measurability of the corresponding mappings from Z
onto W, for each n = 1,..., N, as in Subsection 5.10.3. The measurability
of these mappings reduces to the measurability of the corresponding mappings
from Z onto Z,; for each n =1,...,N and | = 1,...,L(n). This is the same
as the measurability of the obvious coordinate projection from Z onto Z(r) for
r=1,...,L.

Similarly, the measurability of the inverse mapping from W onto Z is equiv-
alent to the measurability of the corresponding mappings from W onto Z(r) for
each r = 1,...,L. If r is as in (6.8.5), then this is the same as the mapping
from W onto Z,,; obtained by composing the obvious projection from W onto
W, with the coordinate projection from W, onto Z, ;. These mappings are
measurable, by construction, so that their composition is measurable.
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6.8.3 Associated product measures

Let puz,, be a o-finite measure on Z,; with respect to Az, , for each n =
I,...,Nandl=1,...,L(n), and let us also express this measure as ji5,, when
r is as in (6.8.5). This leads to product measures uy, on W, with respect to
Aw, foreachn =1,...,N, uw on W with respect to Aw, and pz on Z with
respect to Az, as in Section 5.12.

One can check that pyw corresponds to pz with respect to the identification
between W and Z mentioned earlier, because of the characterization of pz in
terms of products of measurable sets in Subsection 5.12.3, and the analogous
properties of pyw, and pyy. This corresponds to a remark in Subsection 5.12.3
when N = 2, and it is related to the associativity properties of product measures
mentioned on p65 of [118].

6.9 Some combinations of random variables

Let N be a positive integer, and let L(n) be a positive integer for each n =
1,..., N, as in the previous section. Also let (X, Ax, ux) be a probability space,

and let f, be a measurable real-valued function on X forr =1,..., L, where L is
as in (6.8.4). This may be expressed as f,,; when r is as in (6.8.5). Let F, be the
mapping from X into RY(") whose Ith component is fongforn=1,...,N and

l=1,...,L(n). Remember that F, is measurable with respect to the o-algebra
of Borel sets in R¥(™ | as in Subsection 6.6.1.

Let o, be a Borel measurable real-valued function on R*(™) forn =1,..., N.
This implies that
(6.9.1) Bn = ay 0 Fy,

is a measurable real-valued function on X for each n. Equivalently,

(6.9.2) Bn(x) = an(frn1(z),. .., fo,Lm)(2))
for every z € X. Let 8 be the mapping from X into RN whose nth coordinate
is equal to 8, for eachn =1,..., N. As before, 5 is measurable with respect to

the o-algebra of Borel sets in RV.
We can identify

N
(6.9.3) [ r*™
n=1

with R, using the remarks in the previous section, with Z,; = R for n =
1,....,Nandl=1,...,L(n). Let F be the mapping from X into (6.9.3) whose
nth component is F,, for n =1,..., N. This corresponds to the mapping from
X into R whose rth component is f, for r =1,..., L.

Let a be the mapping from (6.9.3) into RY obtained from the «,,’s as in
Subsection 6.7.1. Thus
(6.9.4) B=aolkF,

by construction.
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If f1,..., fr are independent as random variables on X, then Proposition
10.2 on p316 of [118] states that

(6.9.5) B1,..., 0N are independent

as random variables on X as well. This corresponds to the analogous statement
in Subsection 6.4.4 when L(n) =1 for each n.

6.9.1 The measure 3,(;u) on RY

To see this, it suffices to check that the measure 3.(u) on RY obtained by
pushing u forward using [ is the same as the product measure corresponding
to the measures (8,)«(1) on R obtained by pushing p forward using 3, for
n=1,...,N, as in Subsection 6.6.1. Note that 8. (u) is the same as the measure
o (Fi(p)) obtained by first pushing p forward to a Borel measure on (6.9.3)
using F, and then pushing that measure forward to a Borel measure on RV
using «, as in Subsection 4.11.2.

We can identify F,(u) with a Borel measure on R”, by identifying R with
(6.9.3), as before. This is the same as the Borel measure on R obtained by
pushing p forward using the mapping from X into R* whose rth component is
fr for r=1,..., L. The hypothesis that fi,..., fr be independent as random
variables on X implies that this Borel measure on R’ is the same as the product
measure associated to the Borel measures (f).(¢) on R obtained by pushing u
forward using f, for r =1,..., L, as in Subsection 6.6.1.

Similarly, for each n = 1,..., N, the Borel measure (F,).(x) on RX(™ ob-
tained by pushing p forward using F,, is the same as the product measure
associated to the Borel measures (fy;)«(¢) on R obtained by pusing p forward
using fp; forl=1,..., L(n). Using (F,).(u) forn =1,..., N, we get a product
measure on (6.9.3). This corresponds to the product measure on R associated
to (fr)«(p) for r=1,..., L, as in Subsection 6.8.3.

This means that F,(u) is the same as the product measure on (6.9.3) asso-
ciated to (Fy)«(u) on RE™ for n = 1,...  N. The measure a,(F,(x)) on RY
obtained by pushing F(u) forward using « is the same as the product measure
associated to the measures (c,)«((F,)«(1)) on R obtained by pushing (F,). ()
forward using «,, for n = 1,..., N, as in Subsection 6.7.1. These measures on
R are the same as (5,)«(1), as in Subsection 4.11.2. This shows that S.(u)
is the same as the product measure on R associated to (8,).«(x) on R for
n=1,...,N, so that (6.9.5) holds.

6.10 The multiplication theorem

Let (X, A, 1) be a probability space, and suppose for the moment that (X, .4, u)
is the product of n probability spaces (X, Ax,, ), 1 <1 < n, as in Section
5.12. Also let 4; be a nonnegative extended real-valued measurable function on
X, for each [, and let p; be the usual coordinate mapping from X onto X; for
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each [, as in Sections 5.10. Thus ~; o p; is measurable on X for each [, and we
have that

(6.10.1) /X (ﬁ(% Opl)) dp = zli (/Xz ol d/u)7

1=1

by a suitable version of Tonelli’s theorem for products of n measure spaces.

More precisely, if n = 2, then one can use Tonelli’s theorem, as in Subsection
5.9.2. Otherwise, one can reduce to the n = 2 case, by considering (X, A, i) as
the product of two probability spaces, as in Subsection 5.12.4. These other two
probability spaces may be products of fewer probability spaces, and one can use
Tonelli’s theorem repeatedly, as needed.

Note that (6.10.1) is the same as saying that

n n

(6.10.2) / (H(w opz)) dn=11 (/ (n 0pz)du),
X =1 =1 7X
because of (6.7.3).
If ~; is a measurable real-valued function on X; for each [, then
(6.10.3) / (H o7 0pz|) dp =] (/ \wIduz) =11 (/ o7 0pz|du),
X = =1 7X =1 7X
as before. Remember that v; is integrable on X; with respect to y; if and only
if v, o py is integrable on X with respect to p for each [, as in Section 6.7. If this
holds for all I =1,...,n, then it follows from (6.10.3) that
n
(6.10.4) H(’Yl o p;) is integrable on X with respect to pu.
=1
In this case, (6.10.1) and thus (6.10.2) hold, using Fubini’s theorem in an argu-
ment like the earlier one, or by reducing to the previous statement for nonneg-
ative functions.

6.10.1 Reducing to the case of product measures

Now let (X, A, 1) be any probability space, let f1,..., f, be measurable real-
valued functions on X, and let F' be the corresponding mapping from X into
R™, as in Subsection 6.6.1. Also let v be the Borel probability measure on R™
obtained by pushing p forward using F', as before, and let a be a nonnegative
extended real-valued Borel measurable function on R™. Remember that a o F'
is measurable on X, as in Subsection 3.1.3, and that

(6.10.5) /X(aoF)du:/nadVF,

as in Subsection 4.11.3. Similarly, if a is a real or complex-valued Borel mea-
surable function on R™, then a o F' is measurable on X, and a is integrable on
R™ with respect to vp if and only if a o F' is integrable on X with respect to p,
by the analogue of the previous statement for |a|. In this case, (6.10.5) holds
again, as before.
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6.10.2 Using nonnegative functions on the real line
Suppose that
(6.10.6) f1,-.., fn are independent as random variables on X,

so that (6.6.7) holds, where vy, is the Borel probability measure on R obtained
by pushing p forward using f; for each [, as before. Let aq, ..., a, be nonnegative
extended real-valued Borel measurable functions on the real line, and note that
a;(y1) is a Borel measurable function of y € R™ for each [, because it is the
composition of the Ith coordinate projection on R"™ with a;. This implies that

(6.10.7) a(y) = ai(y1) - an(yn)
is Borel measurable as a function of y € R™, and
(6.10.8) (a0 F)(z) = ai(fi(x)) - an(fulz))

for each x € X. Thus

(6.10.9) /(aoF dp = / (ﬁ azofz)
X I=1

under these conditions. This means that

(6.10.10) [ (Te ) an=[ aivr.
=1

because of (6.10.5).
We also have that

n

(6.10.11) /nadup =11 (/Raz(yz)dez(yz)),

=1
because of (6.6.7), as in (6.10.1). This means that

n

(6.10.12) / advp =[] (/X(al ofl)du),

=1

as in Section 4.11.3, by definition of vy. Combining this with (6.10.10), we
obtain that

(6.10.13) /X(f[(azofl)) duﬁ(/xmlofl)du).
=1

=1

6.10.3 Using other functions on the real line

If ay,...,a, are Borel measurable real-valued functions on the real line, then
we can use the previous argument with |a;| in place of a; to get that

(6.10.14) /(H\aloﬁ dy = ﬁ /\alomcm
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If a; o f; is integrable on X with respect to p for each [, then we get that

(6.10.15) H(al o f1) is integrable on X with respect to .
=1

Under these conditions, one can get (6.10.13), by reducing to the case of non-
negative functions. This corresponds to 12.17 on p387 of [14], Theorem 21.10
on p274 of [20], and Proposition 10.5 on p317 of [118]. This may be called the
multiplication theorem, as in [20].

More precisely, this is normally stated with a; equal to the identity function
on R for each j. One can reduce to that case using the remarks in Subsection
6.4.4.

6.10.4 A more direct approach

Remember that indicator functions are independent as random variables if and
only if the corresponding events are independent, as in Subsection 6.4.1. It is
easy to see that the multiplication theorem holds in this case.

One can use this to verify the multiplication theorem for independent random
variables that are also simple functions. In this case, the product of these
functions may be expressed as a linear combination of products of indicator
functions of independent events.

One can approximate measurable functions by measurable simple functions,
as mentioned in Subsection 3.7.1. In fact, these approximations may be ob-
tained using compositions with Borel measurable simple functions on the real
line that approximate the identity function. This implies that these approxima-
tions preserve independence, as in Subsection 6.4.4.

One can use this to reduce the multiplication theorem to the case of indepen-
dent random variables that are simple functions. This is the type of argument
used in [14, 20], and the argument in the previous subsections is essentially the
same as in [118].

6.11 Some remarks about finite moments

Let (X, A, 1) be a probability space, let f be a measurable real-valued function
on X, and let vy = fi(u) be the Borel probability measure on the real line
obtained by pushing p forward using f, as in Section 4.11. If p is a positive real
number, then

(6.11.1) E(f7) = /X P dp = /R 1P duy (1),

where the second step is as in Subsection 4.11.3. One may say that f has finite
pth moment with respect to u on X when this is finite, as mentioned on p314
of [118]. Similarly, if f is integrable on X with respect to u, then

(6.11.2) E(f):/de,u:/thVf(t),
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as before.
If 0 < p1 < p2 < 00, and f has finite po-th moment, then f has finite p;-th
moment, with

(6.11.3) E(|f[P)! /e < B(|fIP2) /P2,

as in Subsection 5.3.3.

6.11.1 The variance of f

If f is integrable on X with respect to u, then the variance of f may be defined
by

(6.11.4) Var(f) = E(f — E(f))?,

as on p388 of [14], p271 of [20], and p314 of [118]. This is finite exactly when f
is square-integrable with respect to g on X. In this case, the standard deviation
of f is defined to be

(6.11.5) Var(f)/2,

using the nonnegative square root, as in [14, 20, 118]. This may be denoted

o(f), as in [14, 118], although the same notation is used on p268 of [20] for the

o-algebra of subsets of X of the form f~1(V), where V is a Borel set in R.
Observe that

(6.11.6)  Var(f) = BE(f*-2B(f)f+E(f)?)
E(f*) = 2E(f)* + B(f)* = B(f*) - E(f)*,

as in 12.20 on p389 of [14], 21.3 on p271 of [20], and on p314 of [118]. In
particular,
(6.11.7) Var(f) < E(f?),

as mentioned in [20]. We also have that
(6.11.8) Var(f + ¢) = Var(f)

for every ¢ € R, considered as a constant function on X, as mentioned in [20].

6.11.2 Another description of the variance

The variance is initially defined on p314 of [118] by
(6.11.9) Var(f) = inf E((f - a)?),

without asking that f be integrable on X. This is equal to +o0o unless f is
square-integrable on X. If f is integrable on X, then one can check that this
definition of the variance is equivalent to the previous one, using (6.11.7) and
(6.11.8). Alternatively, if a € R, then

(6.11.10) E((f —a)?®) = E(f*) —2a E(f) + a*.

If f is square-integrable on X, then one can verify that (6.11.10) is minimized
exactly when a = E(f), as mentioned in [118].
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6.11.3 More on the variance

If f is integrable on X with respect to p, then

(6.11.11) Va,r(f):/R(zf—E(f))2 dvg(t),

by the remarks in Subsection 4.11.3. We also have that

(6.11.12) Var(f)Z/Rthl/f(t)— (/thuf(t))z,

as in (6.11.6), using (6.11.1) and (6.11.2). This shows in particular that the
variance of f depends only on the probability distribution v; in R associated
to f and p.

If r is a positive real number, then another version of Chebyshev’s inequality
states that
(61113)  p({w € X : |f(x) = B(f)] = r}) <2 Var(f),

as in 12.21 on p389 of [14], and (21.4) on p272 of [20]. This follows from the
version in Subsection 5.2.1, with p = 2.
6.12 The variance of a sum

Let (X, A, 1) be a probability space. If f, g are real-valued measurable functions
on X that are square-integrable with respect to pu, then put

(6121) (f9) =B 9) = [ Fodn,
X

as in Section 5.5. Thus
(6.12.2) E(f*) =, 1) =115,
where the right side is as in Section 5.1. In particular,
(6.12.3) Var(f) = If = E(f)ll3 = (f = B(f), f — E(f)).

Let fi,..., fn be finitely many real-valued measurable functions on X that
are square-integrable with respect to pu. Suppose that
(6.12.4) E((f; — E(f;)) (i — E(f) =0

when j # [. This means that the functions f; — E(f;) are pairwise orthogonal
with respect to (6.12.1), as in Subsection 5.5.1. It follows that

(6.125)  Var (ifj)

n 2

> (i = E(f))

Jj=1

2

n

>_ i = BU)IE = 3 Var(fy),

j=1
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as before.
If f; and f; are independent as random variables, then it is easy to see that

(6.12.6) f; — E(f;) and f; — E(f;) are independent as random variables

too. In this case,

(6.12.7)  E((f; — E(f;)) (i = E(f1))) = E(f; — E(f;)) E(fi = E(f1)) =0,

using the multiplication theorem in the first step. In particular, this holds when
j # land fi,...,f, are independent random variables on X. Under these
conditions, (6.12.5) corresponds to 12.22 on p390 of [14], Remark 21.11 on p275
of [20], and Corollary 10.6 on p317 of [118].

6.12.1 The variance of an average

Let {f;}52, be an infinite sequence of measurable real-valued functions on X
that are square-integrable with respect to p, and suppose that (6.12.4) holds
when j #£ [. This implies that

n

nt > (f — E(f))

Jj=1

(6.12.8)

2 n
=n? ) Var(f;)
2 j=1

for every positive integer n, as in (6.12.5). If

. —92 N
(6.12.9) nlgréon ZlVar(fj) =0,
iz
then .
(6.12.10) n 'S (fj = E(f;)) = 0 as n — oo in L?,

j=1

as in Section 5.2. In particular, this means that

(fi —E(fj)) — 0 as n — oo in measure,

(6.12.11) nt
=1

n
J:
as in Subsection 5.2.1. This corresponds to the formulation of the weak law of
large numbers in 10.9 on p321 of [118] when {f;}%2, is a sequence of independent
random variables on X. The sufficiency of (6.12.4) when j # [ in place of
independence is mentioned in Exercise 13 on p324 of [118].

Suppose that there is a real number a such that

(6.12.12) E(f;) =a

for each j, so that

(6.12.13) nt

n
J=

(fi = E(f))=n"" 3 fi—a

1
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for each n > 1. In this case, (6.12.10) and (6.12.11) are the same as saying that

(6.12.14) n~! Z fi = aasn — ooin L? and thus in measure.
=1

This corresponds to the version of the weak law of large numbers in part (b) of
Exercise 22.32 on p452 of [159] when a = 0, and for a sequence of independent
random variables as in Subsection 6.4.3.

Suppose for the moment that the variances of the f;’s are bounded, so that

(6.12.15) Var(f;) < C

for some nonnegative real number C' and each j. This implies that

(6.12.16) n=? Zn:Var(fj) <C/n

Jj=1

for each n, so that (6.12.9) holds.

6.12.2 Identically distributed random variables

A family of random variables on X is said to be identically distributed with
respect to p if

(6.12.17) they determine the same probability distributions on R
with respect to p,

as in Subsection 4.11.1. This is equivalent to saying that these random variables
have the same distribution functions, as in Section 4.13. This corresponds to
Definition 12.35 on p396 of [14], and some remarks on p276 of [20] and p315 of
[118]. In this case, the random variables have the same integrability properties,
means, and variances, for instance.

The weak law of large numbers is stated for sequences of independent iden-
tically distributed square-integrable random variables in 12.38 on p397 of [14]
and Theorem 21.12 on p276 of [20].

6.13 A criterion for convergence to 0 a.e.

Let (X, A, ) be a measure space, and let p be a positive real number. Also
let {a;}32, be a sequence of real or complex-valued measurable functions on X
that are pth-power integrable with respect to u, as in Section 5.1, and suppose
that

o0 o0
(6.13.1) S a1z = Z/ ;P djs < +o0.
j=1 j=17X
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This means that

(6.13.2) / (Z |aj|P) dp < 400,
x N
as in Subsection 3.11.1, so that
(6.13.3) > aj(@)|P < +oo
j=1

for almost every z € X with respect to u, as in Subsection 3.10.2. It follows in
particular that
(6.13.4) lim aj(z) =0

j—o0

for almost every x € X with respect to .

6.13.1 Some L* norms of sums

Let f1,..., fn be finitely many measurable real-valued functions on X that are
4th power integrable on X with respect to u, as in Section 5.1 again. Observe
that

n n n

/x (éfj)4d“:/)(222ifjfkfzfmdu

j=1k=11=1 m=1

S [ b fidudn

j=1k=11=1 m=1

4
4

> 1
j=1

(6.13.5)

More precisely, f; fi fi fm is integrable on X with respect to u for all j, k,I,m =
1,...,n, as in Subsection 5.3.4.

6.13.2 Using independence and mean 0

Suppose now that p is a probability measure on X, and that fq,..., f, are also
independent as random variables on X, and that they all have mean 0. If j, k,
[, and m are all distinct, then it is easy to see that

(6.13.6) /X £ Fi fi fon dpt = 0,

using the multiplication theorem. In fact, one can verify that this holds when
at least one of the indices is distinct from each of the other three.

If all of the indices are the same, then the sum of the corresponding terms
on the right side of (6.13.5) is equal to

(6.13.7) 3 fj-*du=n 15113
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Otherwise, if the four indices occur in pairs of equal indices that are distinct
from the other pair, then the sum of the corresponding terms on the right side
of (6.13.5) is equal to

(6.13.8) 3> /Xffffdu.

j=1 1<r<n
4]

If j # r, then

0.039) [ g2fae= ([ fau) ([ s2au) = 15030505

using the multiplication theorem in the first step. Thus (6.13.8) is equal to

(6.13.10) 3> > A3 1415

i=1 1<r<n
J T#j

This is less than or equal to

n n n 2
(6.13.11) 33 NI =3 (D 1A15)
j=1

j=1r=1
It follows that

4
(6.13.12)
4

> 6
j=1

under these conditions.

<UD 15)°
j=1 j=1

6.13.3 Using a bound on ||f;|4

Suppose that
(6.13.13) I filla <C

for some nonnegative real number C' and each j, so that
(6.13.14) Ifila<C

for each j, as in Subsection 5.3.3 and (6.11.3). In this case, (6.13.7) and (6.13.10)
are less than or equal to

(6.13.15) C*nand 3C*n (n—1),

respectively. This means that
n

>

j=1

using the same arguments as before. This corresponds to part (1) of Exercise
21.9 on p315 of [20].

(6.13.16) <C'n+3C*n(n—1)<3C*n?

4
4
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6.13.4 Another convergence property

Now let {f;}32; be a sequence of measurable real-valued functions on X that
are 4th-power integrable with respect to u, independent as random variables on
X, and have mean 0. If (6.13.13) holds for some C' > 0 and each j, then

TL_-1 j{:j} < 3(74n_2
j=1

4
(6.13.17)
4

for every positive integer n, as in (6.13.16). In particular, this means that

o n 4
(6.13.18) Sn > f| < 4o,
n=1 j=1 4
so that
. —1 ] o
(6.13.19) lim n Z;f] () =0
]:

for almost every z € X with respect to u, by the remarks at the beginning of
the section. This corresponds to part (2) of Exercise 21.9 on p315 of [20], and
may be considered as a version of the strong law of large numbers.

6.14 An inequality of Kolmogorov

Let (X, A, p) be a probability space, and let fi,..., f, be finitely many mea-
surable real-valued functions on X that are independent as random variables on
X, square-integrable with respect to p, and have mean 0. If € is a positive real
number, then Kolmogorov’s inequality states that

k n
> 2 e}) <2 S IAlE
j=1 1=1

(6.14.1) u({m € X: max.

This is 10.11 on p322 of [118].

Note that
k

ij(z)

Jj=1

(6.14.2) max
1<k<n

<> 1)

for every x € X. This implies that

(6.14.3) u({x € X : max

1<k<n

k
> 5|z ef)
< u({mexéuj(xn ze}).
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It follows that

(6.14.4) u({x €X: max

k n
> )| 2 ef) <t Sl
j=1 =1

because of Chebyshev’s inequality, as in Subsection 4.7.1. This does not use
independence of the f;’s, or that they have mean 0.

6.14.1 Some measurable sets A;

Put
(6.14.5) Ay ={z e X :|fi(z)] > €}

If 2 <1 < n, then put

l
(6.14.6) A = {x €X: ij(x) > ¢ and
j=1
k
> fi(@)| < e for kl,...,ll}.
j=1
One can check that Aq,..., A, are pairwise-disjoint measurable subsets of X
such that .
(6.14.7) HAZ = {x €X: max z:lfj(x) > e}.
= =

More precisely, if x is an element of the set on the right, then x € A; when [ is
the smallest k such that i

>t

j=1

(6.14.8) > e

6.14.2 Some related independence properties

One can express 14, as

(6.14.9) 14,(z) = Bi(filz),..., filz)),

where f3; is the indicator function of a Borel set in R!. This implies that
1
(6.14.10) 14, (z) (ij(x)) = a(fi(@),..., filz))
j=1
where a; is a Borel measurable function on R!. If | < n, then we get that

l
(6.14.11) 14, (ij),flﬂ, ..., Jn are independent
j=1

as random variables on X,
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as in Section 6.9.
If I < r < n, then we can use the multiplication theorem to get that

61112 [ 1 (Z ) gean=( [ 1 (Z )iy ([ gean) =0

because f, has mean 0, by hypothesis. This means that

(6.14.13) / 14, (zl:fj) ( zn: fr) dp=0
X j=1 r=I+1

when [ < n.

6.14.3 Using Chebyshev’s inequality another way
Clearly

(6.14.14) /L({.I‘ € X: max

zk:fj(iﬁ) > 6}) = En:ﬂ(Al)
j=1 =1

because of (6.14.7) and the pairwise-disjointness of the A;’s. We also have that

(6.14.15) H(A) < € /X 14, (ifj)z d
j=1

for each [, using Chebyshev’s inequality, as in Subsection 5.2.1, with p = 2. This
1 .
uses the fact that [ ., f;j| > € on A, by construction, as well.
Of course,

(55)

(]z:fj + i fj>2

j=l+1
(6.14.16) - (;fj)zw(z_:lfj)( _lf;lfr)er( _lzn;lfr)z
l 2 l n
> (;fj) +2(;fj) (T_ZZ;lfr)

when [ < n. This implies that

(6.14.17) /XlA,(zljfj)zdﬂs/XlA,(anfj)Qdu,
j=1 j=1

using (6.14.13) when ! < n. Thus

(6.14.18) Z/ 14, Zf] “an < Z/ 1,41 i
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< /X (jzi:lfjfd#,

using the fact that the A;’s are pairwise-disjoint in the second step.
Combining (6.14.14), (6.14.15), and (6.14.18), we get that

éfj(x) 26}) SGQ/X(JZ:J'})Zdw

(6.14.19) u({w €X: max

Note that
n 2 n n
(6.14.20) /(Zf]) du=|>_fi =D Il
X V=1 j=1 j=1

because the f;’s are independent with mean 0, and are thus pairwise orthogonal,
as in Section 6.12. This implies (6.14.1).

2
2

6.15 Some more convergence results

Let (X, A, u) be a measure space, and let {f;}72; be a sequence of real or
complex-valued measurable functions on X. Put

(6.15.1) gn(x) = sup | fin(z) = fn(z)|
m>n
for each positive integer n and z € X, where more precisely the supremum is
taken over all integers m > n. If {g,}22, converges to 0 in measure on X with
respect to j, then Exercise 10.7 on p87 of [20] asks one to show that {f;}32,
converges pointwise almost everywhere on X.
To see this, put

(6.15.2) bu(x) = sup |fi(z) = fr(x)|

Lr>n
foreachn > 1 and x € X, where the supremum is taken over all integers [, r > n.
One can check that {b, }>2; converges to 0 in measure on X with respect to u
when {g,,}22; has this property.

One can also verify that {b,(z)}22; converges to 0 for almost every x € X
with respect to p when {b,, }52; converges to 0 in meagure on X with respect to
p1. This means that {f;(x)}32, is a Cauchy sequence in R or C, as appropriate,
for almost every z € X with respect to p.

6.15.1 Some convergent series

Suppose from now on in this section that u(X) = 1. Let {a;}32; be a sequence
of real-valued measurable functions on X that are square-integrable with respect
to u, independent as random variables on X, and have mean 0. If

oo
(6.15.3) > llasll3 < +oo,
j=1
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then Exercise 14 on p324 of [118] asks one to show that 372 a;(x) converges
for almost every x € X with respect to u. More precisely, it is suggested in
[118] that one use Kolmogorov’s inequality to show that the sequence of partial
sums is a Cauchy sequence for almost every x € X with respect to u. Note that
the sequence of partial sums converges in L?, as in Subsection 5.5.1, because
the a;’s are pairwise orthogonal in the appropriate sense, as in Section 6.12.

6.15.2 Kolmogorov’s strong law

Let {f;}32, be an infinite sequence of measurable real-valued functions on X
that are square-integrable with respect to 1 and independent as random vari-
ables on X. If

(6.15.4) > Var(f;)/5? < +oo,
j=1
then 10.12 on p322 of [118] says that

(fi —E(fj)) = 0 as n — oo almost everywhere on X

(6.15.5) n~*
j=1

J

n

with respect to u. This is Komogorov’s strong law of large numbers, and it
is shown using Kolmogorov’s inequality in the previous section. This corre-
sponds to Theorem 22.29 on p447 of [159] for independent random variables as
in Subsection 6.4.3.

6.15.3 Some sequences and series

Exercise 11 on p324 of [118] asks one to show that (6.15.4) implies the hypothesis
(6.12.9) of the weak law of large numbers.
If {o}32, is a sequence of complex numbers such that

(6.15.6) Z ay/k converges,
k=1

then Lemma 22.28 on p447 of [159] states that

n— oo

(6.15.7) lim n~' Y ay =0.
k=1

This is used to obtain the strong law of large numbers from the convergence
result in the subsection before that.

6.15.4 Khinchine’s strong law

Suppose now that {f; 52, is an infinite sequence of real-valued measurable
functions on X that are integrable with respect to p and independent as random
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variables on X. If the f;’s are also identically distributed as random variables
on X, as in Subsection 6.12.2, then Khinchine’s strong law of large numbers
says that

(6.15.8) n~t Z fj converges to the mean of the f;’s as n — oo
j=1

almost everywhere on X with respect to p. This is 10.13 on p323 of [118] and
Theorem 21.16 on p280 of [20], and it corresponds to Theorem 22.31 on p449
of [159] for independent random variables as in Subsection 6.4.3.



Chapter 7

Weak™ limits and Fourier
transforms

7.1 Some spaces of continuous functions on R"
Let n be a positive integer, and let
(7.1.1) Cy(R™) = Cy(R™, R) and Cy(R", C)

be the spaces of bounded real and complex-valued continuous functions on R,
respectively, using the standard Euclidean metrics on R, C, and R". If f is a
bounded real or complex-valued function on R"™, then the supremum norm of
f is defined by

(7.1.2) [fllsup = sup | f(z)].
reR"™

The supremum metric is defined on the spaces of bounded real and complex-
valued function on R™ as the supremum norm of the difference of two bounded
functions on R™.

It is well known and not too difficult to show that the spaces of bounded
continuous real and complex-valued functions on R” are complete with respect
to the supremum metric.

7.1.1 Compact support in R"

The support of a real or complex-valued function f on R"™ is the closure of
the set of © € R™ such that f(x) # 0. Of course, this is a closed set in R",
by constuction. Thus the support of f is a compact set in R™ if and only if
it is a bounded set, because closed and bounded sets in R™ are compact, and
compact sets in any metric space are bounded. Equivalently, this happens if
and only if f(z) = 0 for all z € R™ such that |z| is sufficiently large. The spaces
of continuous real and complex-valued functions on R™ with compact support

196
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may be denoted
(7.1.3) Ceom(R"™) = Ceom(R™,R) and C,pn (R", C),

respectively.

Note that continuous real and complex-valued functions on R™ with compact
support are bounded, because continuous real and complex-valued functions on
compact subsets of R™ are bounded. Similarly, it is easy to see that continuous
real and complex-valued functions on R™ with compact support are uniformly
continuous, because continuous real and complex-valued functions on compact
subsets of R™ are uniformly continuous.

7.1.2 Vanishing at infinity on R"
A real or complex-valued function f on R" is said to vanish at infinity if
(7.1.4) f(z) = 0 as || = +o0.

The spaces of continuous real and complex-valued functions on R™ that vanish
at infinity may be denoted

(715) Co(Rn) = C()(Rn, R) and C()(Rn, C),

respectively. One can check that continuous real and complex-valued functions
on R™ that vanish at infinity are bounded and uniformly continuous on R",
using the analogous statements for continuous functions on compact subsets of
R"™.

It is well known and not too difficult to show that the spaces of continuous
real and complex-valued functions on R that vanish at infinity are closed sets in
the corresponding spaces of bounded continuous functions on R”, with respect
to the supremum metric. In particular, this implies that these spaces are also
complete with respect to the supremum metric.

If f is a continuous real or complex-valued function on R™ that vanishes
at infinitly, then it is not too difficult to show that f can be approximated
by continuous functions with compact support in R™, uniformly on R™. This
means that the spaces of continuous real and complex-valued functions on R"™
that vanish at infinity are the same as the closures of the spaces of continuous
functions with compact support in R™ in the corresponding spaces of bounded
continuous functions on R"™, with respect to the supremum metric.

7.1.3 More on functions with compact support in R"

Let U be an open set in R"™, and let K be a compact set in R™ that is contained
in U. It is well known and not too difficult to show that there is a continuous
real-valued function f on R™ with compact support such that

(7.1.6) 0<f<lonR" f=1lonK, and f=0o0n R"\U.

A version of Urysohn’s lemma states that this works on any locally compact
Hausdorff topological space. One can do this more directly on R, and there
are related results with additional conditions on f.
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7.1.4 Nonnegative linear functionals on C,,,(R")

Note that Ceom (R™) and Cppr (R™, C) may be considered as vector spaces over
the real and complex numbers, with respect to pointwise addition and scalar
multiplication. Let g be a locally finite Borel measure on R"™, as in Section
2.10. If f is a continuous real or complex-valued function on R™ with compact
support, then f is integrable with respect to p. Thus

(7.1.7) fs | fdu
Rn

defines a linear functional on each of Ceop,(R™) and Ceop, (R™, C), i.e., a linear
mapping from each of these spaces into the real or complex numbers, as appro-
priate, considered as one-dimensional vector spaces over themselves. This linear
functional is nonnegative, in the sense that

(7.1.8) fdu>0
R’Vl

when f is a continuous nonnegative real-valued function on R™ with compact
support.

It is well known and not too difficult to show that p is uniquely determined
by this linear functional on Ceopm(R™). If U is an open set in R™, then U is
an F, set, as in Subsection 2.2.2, and thus o-compact, as in Subsection 2.10.2.
One can use this to get that u(U) is determined by the linear functional on
Ceom(R™) associated to p, by considering elements of Ceop,(R™) as in (7.1.6).
More precisely, if K and f are as in (7.1.6), then

(7.1.9) p) < [ fdin< (),

One can use this to approximate p(U) by the integrals of suitable elements of
Ceom(R™) with respect to p on R™.

We also have that p is outer regular on R™, because R™ can be expressed
as the union of a sequence of bounded open sets, as in Subsection 2.12.1. This
implies that g is uniquely determined on the o-algebra of Borel sets in R™ by
its restriction to the collection of open sets in R™, and so by the corresponding
linear functional on Cp,,, (R™).

Conversely, a well-known version of the Riesz representation theorem states
that every nonnegative linear functional on Cl,, (R"™) corresponds to a locally
finite Borel measure on R™ in this way. In fact, this works on any locally
compact Hausdorff topological space X, where the corresponding Borel measure
is outer regular, and open sets in X satisfy the inner regularity condition with
respect to p and compact subsets of X. See 7.2 on p212 of [118], 12.36 on p177
of [159], and Theorem 2.14 on p42 of [298].
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7.2 The complex exponential function

If z is a complex number, then the ezponential of z is defined as a complex

number by
(oo}

J

(7.2.1) exp z = ZZ—

j=0
It is easy to see that the series on the right converges absolutely, using the ratio
test, or more directly by comparison with a suitable convergent geometric series.
It follows that this defines a continuous complex-valued function on the complex
plane, by standard results. Of course, if z is a real number, then this the Taylor
series for the usual exponential function on the real line.

If w is another complex number, then it is well known that

(7.2.2) exp(z + w) = (exp z) (exp w).
More precisely, the right side may be expressed as the Cauchy product

oo n

(7.2.3) 3 (Z 2 ﬂ)

| — )1
=N (=)

of (7.2.1) and the analogous series for exp w, because of the absolute convergence
of these series. This is the same as the series expansion for exp(z + w), by the
binomial theorem. In particular,

(7.2.4) (exp z) (exp(—z)) = exp(z — z) = 1,

so that exp z # 0, with (exp z)~!
Observe that

(7.2.5) (exp z) = exp(Z).

It follows that

= exp(—2z).

(7.2.6) lexpz|? = (expz)(expz) = (expz) (exp?)
= exp(z +7%) =exp(2 Rez).

FEuler’s identity states that
(7.2.7) exp(iy) = cosy + i siny
for every y € R.

7.2.1 The Fourier transform of an integrable function on
R

Let f be a real or complex-valued function on the real line that is integrable with
respect to Lebesgue measure. The Fourier transform of f is the complex-valued
function defined on R by

o~ +OO
(7.2.8) fle) = / f(z) expliz€) de.

—0o0
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One can check that this is a continuous function on R, and in fact it is uniformly
continuous. Note that

~ +oo
(7.2.9) o)l < / ()] da

— 00

for every £ € R.
The Riemann—Lebesgue Lemma states that

(7.2.10) F(6) = 0 as € — +oo.

This can be verified directly when f is a step function, and otherwise it can be
obtained by approximating f by step functions. If f is real-valued, then

>\

(7.2.11)

~

) =f(=9)
for every £ € R. If f is complex-valued, then A({) is the same as the Fourier
transform of f at —¢&.

7.2.2 The Fourier transform of a finite Borel measure on
R

Let v be a finite Borel measure on R. The Fourier transform of v is the
complex-valued function defined on R by

+oo
(7.2.12) () = / exp(iz &) dv(z).

—00

Suppose for the moment that v is of the form

(7.2.13) I/(E):/Ef(m)dx

for some nonnegative real-valued function f on R that is integrable with respect
to Lebesgue measure. In this case, the Fourier transform of v is the same as the
Fourier transform of f, as in Subsection 3.15.1.

It is not too difficult to show that 7 is uniformly continuous on R. This is
somewhat easier when v(R\ [—r,7]) = 0 for some r > 0, and otherwise one can
approximate v by finite Borel measures on R with this property. It is easy to
see that

(7.2.14) ()] < v(R)
and
(7.2.15) (&) = (=€)

for every £ € R, as before. If a € R and §, is the measure defined on R as in
Subsection 1.7.3, then R

(7.2.16) 0q(&) = exp(iaf)
for every £ € R, as in Subsection 3.9.2.
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7.2.3 The Fourier transform of a finite Borel measure on
RTL

Let n be a positive integer, and let v be a finite Borel measure on R™. The
Fourier transform of v is the complex-valued function defined on R™ by

(7.2.17) () = / ) exp(iz - &) dv(x),

where z - £ = Z;;l x; &5 is the usual dot product on R™. It is well known that
v is uniquely determined by its Fourier transform. This is related to the fact
that v is uniquely determined by the associated linear functional on Ciop, (R™),
as in Subsection 7.1.4.

Let v4q,...,v, be finite Borel measures on R, and suppose for the moment
that
(7.2.18) V=11 X X Uy

as measures on R™. One can check that
(7.2.19) &) = []7&)
j=1

for each £ € R™, where U is the Fourier transform of v; on R. This uses Fubini’s
theorem, and the fact that

(7.2.20) exp(iz-&) = H exp(ix;&;)
j=1

for all z,£ € R™.

7.3 Characteristic functions of random variables

Let (X, A, ) be a probability space, and let f be a measurable real-valued
function on X. The characteristic function of f as a random variable on X
with respect to p may be defined as the complex-valued function on the real
line with

(73.1) 65(€) = Blexp(i€ ) = /X exp(i€ f)du

for each € € R, as on p297 of [20]. If v is the probability distribution on R
associated to p and f as in Subsection 4.11.1, then

(7.3.2) b7 =77,

as in [20]. If a and b are real numbers, then it is easy to see that

(7.3.3) baf(§) = d5(af)



202 CHAPTER 7. WEAK* LIMITS AND FOURIER TRANSFORMS

and
(7.3.4) dr+6(§) = (exp(ib€)) ()
for every £ € R, as on p298 of [20].
Let f1,..., fn be finitely many measurable real-valued functions on X that

are independent as random variables, and suppose for the moment that f =
2?21 fj- Under these conditions, we have that

n
(7.3.5) RS EAG)
j=1
for each £ € R, as in Proposition 21.38 on p298 of [20]. More precisely,

w30 @ = [ (I[ewtes)a

- ﬁ(/}(exp(iffj)du) f[aﬁfj(f),

using the multiplication theorem in the second step, as in Section 6.10.
It is well known that a finite Borel measure on R. is uniquely determined by
its Fourier transform, as mentioned in the previous section. This implies that

(7.3.7) vy is uniquely determined by ¢y,

as in Corollary 21.40 on p300 of [20].

7.3.1 Joint characteristic functions

Let n be a positive integer, let f1,..., f, be measurable real-valued functions
on X, and let F' be the corresponding mapping from X into R™, whose [th
component is f; for [ = 1,...,n. The joint characteristic function of fi,..., fn
or equivalently F' with respect to p on X is the complex-valued function on R™
defined by

(7.3.5) or(€) = Blespli€ - F)) = [ exp(is-F)dy

as on p303 of [20]. Here - F = Z?:1 & f;, as before.
Let vp be the joint distribution of fi, ..., f, with respect to u, as in Section
6.6.1. Observe that
(7.3.9) ¢r = UF,
as in Subsection 4.11.3.
Let vy, be the probability distribution on R associated to u and f; for each

l=1,...,n, as in Subsection 4.11.1. Remember that f1,..., f,, are independent
as random variables on X if and only if vp is equal to the product measure

(7310) Vi X X Vg,
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as Borel measures on R™, as in Subsection 6.6.1. The Fourier transform of
(7.3.10) is equal to

(7.3.11) 17 .
=1

as in (7.2.19). It follows that v is equal to (7.3.10) if and only if U (€) is equal
to (7.3.11) for every £ € R™, because a finite Borel measure on R is uniquely
determined by its Fourier transform, as mentioned in the previous section.
Thus fi,..., fn are independent as random variables on X if and only if
vr(€) is equal to (7.3.11) for every £ € R™. This is the same as saying that

(7.3.12) or(©) =[] ¢ (&)
=1

for every £ € R™. This corresponds to Proposition 21.45 on p303 of [20].

7.4 Convolutions of finite Borel measures on R

Let n be a positive integer, and let v4,...,v, be finite Borel measures on the
real line. Also let a, be the mapping from R" into R defined by addition, so
that

(7.4.1) an(z) = Zxa‘

for every x € R™. Of course, it is well known that this mapping is continuous.
Remember that the product measure

(7.4.2) V1 X X Uy
may be defined as a Borel measure on R"™ as in Section 5.12.

The convolution of v, ..., v, is the Borel measure defined on R by
(7.4.3) vk kU = (ap)e (V1 X oo X 1),

as in Section 4.11. This means that

(7.4.4) (1% 5 v)(E) = (11 % -+ X vp)(ay ' (B))

n

for all Borel sets £ C R, as before. Note that

(7.4.5) anl(E)z{xER":an(x)EE}:{xER”:ijEE}.
j=1

In particular,

(7T46) (s xv)R) = (1 x-o % v)(a; ' (R)
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Often one defines convolutions initially for two measures on R, as on p270
of [118], and Exercise 5 on p158 of [298]. It is easy to see that the convolution
of two measures is commutative, and one can check that it is associative as well.
More precisely, if n = 3, then

(747) (Vl * 1/2) * Vg = V] * (1/2 * 1/3) = V] *Vy * U3,

as on p271 of [118]. The convolution of n measures may be obtained using
convolutions of two measures repeatedly, as in (10.3) on p317 of [118].

If f is a nonnegative Borel measurable function on R, then f o a, is Borel
measurable on R™, and

(7.4.8) /Rfd(Vl*“'*Vn)Z/n(foan)d(Vl><"'><Vn)7

as in Subsection 4.11.3. This also works for real or complex-valued Borel mea-
surable functions with suitable integrability properties, as before. In particular,
this works for bounded real and complex-valued Borel measurable functions on
R, because the measures are finite, by hypothesis. This corresponds to part b
of Proposition 8.48 on p270 of [118], and it is related to part (b) of Exercise 5
on pl58 of [298].

One can use this to check that the Fourier transform of the convolution is

(7.4.9) (1 4% 0) (€) = [17©.
=1

as mentioned on p272 of [118].
Suppose for the moment that n = 2, and that for j = 1,2,

(7.4.10) Z/j(E):/Epj(x) dx

for all Borel sets E C R", where p; is a nonnegative real-valued function on R"
that is integrable with respect to Lebesgue measure. It is well known and not
difficult to show that

(7.4.11) (v1 *10)(FE) = /E(p1 * pa)(x) dx

for each Borel set £ C R, where

(7.4.12) (pr # po) () = /R oz — y) pa(y) dy.

This corresponds to part (d) of Proposition 8.48 on p271 of [118], and part (f)
of Exercise 5 on p159 of [298].

If a € R, then let §, be the Borel measure on R defined as in Subsection
1.7.3. One can check that
(7413) §a * 51, = 5a+b

for all a,b € R.
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7.4.1 Sums of independent random variables

Let (X, A, ) be a probability space, let fi,..., f, be measurable real-valued
functions on X, and let F' be the corresponding mapping into R™. Put

(7.4.14) f:ifl:anoF.

=1

Let vy, , ..., vy, and vy be the probability distributions on the real line associated
to fi1,...,fn and f, respectively, as in Subsection 4.11.1, and let vp be the
corrresponding joint distribution on R, as in Subsection 6.6.1. Observe that

(74.15) vy = fu(p) = (an o F)u(p) = (an)«(F(p)) = (an)«(vr),

as in Subsection 4.11.2.

Suppose that fi,..., f, are independent as random variables on X, so that
vp is the same as the product measure vy, x --- x vy, on R", as in Subsection
6.6.1. In this case, we get that

(7.4.16) Vp=Up k% Uy L

This corresponds to Proposition 10.4 on p317 of [118]. One can take the Fourier
transform of both sides of the equation, to get that the characteristic function
of f is equal to the product of the characteristic functions of fi,..., f,, as in
the previous section.

7.5 Weak* convergence for Borel measures on
R’I’L

Let n be a positive integer, let {{;}32, be a sequence of locally finite Borel
measures on R", and let u be another locally finite Borel measure on R™. Let
us say that {y;}32, converges to u in the weak™ sense if

(7.5.1) ‘lim/ fd,uj:/ fdu
J7o0 JRn R~

for every f € Ceom(R™). To be more precise, we may say that {y;}3°; converges
to p in the weak* sense with respect to Ceom (R™) under these conditions. Note
that this implies that (7.5.1) holds for every f € Ceom(R"™, C) as well.

Of course, the limit is unique when it exists, because a locally finite Borel
measure on R is uniquely determined by the corresponding linear functional on
Ceom(R™), as in Subsection 7.1.4. The existence of the limit implies in particular
that the sequence of integrals [g, fdu; is bounded for each f € Ceom(R™). If
K is a compact subset of R™, then one can use this to get that

(7.5.2) sup 1, (K) < 400,
Jj=1
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by considering f > 0 with f =1 on K.

If y € R", then let §, be the probability measure on R" associated to y as
in Subsection 1.7.3. If {y; 521 1s a sequence of elements of R" that converges
to y, then it is easy to see that {4, };‘;1 converges to d, in the weak™ sense with
respect to Ceom (R™). If [y;| — +00 as j — oo, then {d,, }32, converges to 0 in
the weak™ sense with respect to Ceom(R™). In this case, {a; 0y, }32, converges
to 0 in the weak™ sense with respect to Ceopm (R") for every sequence {a;}52; of
nonnegative real numbers.

Suppose for the moment that there is a sequence {p]- ?’;1 of nonnegative
Borel measurable real-valued functions on R™ such that

(7.5.3) ni(B) = [ pyfa)da

for each Borel set £ C R™ and j > 1, and similarly that there is a nonnegative
Borel measurable real-valued function p on R™ such that

(7.5.4) M(E):/Ep(x) dx

for all Borel sets £ C R". More precisely, the p;’s and p should be locally
integrable on R™ with respect to Lebesgue measure, in the sense that they are
integrable on bounded Borel sets in R", in order for the y;’s and u so be locally
finite on R™. If

(7.5.5) lim /B lp;i(z) — p(z)|dz =0

j—oo
for every bounded Borel set B C R™, then it is easy to see that {y;}52, con-
verges to p in the weak* sense with respect to Ceon (R™). In this case, we also
have that (7.5.3) tends to (7.5.4) as j — oo when E is a bounded Borel set in
R"™.
7.5.1 Weak* convergence and measures of open sets in R"

Suppose again that {u; 521 converges to p in the weak™ sense with respect
to Ceom(R™), and let U be an open set in R™. Also let f be a continuous
real-valued function on R™ with compact support such that

(7.5.6) 0<f<lonR"and f=0onR"\U.
Of course, this implies that
(7.5.7) [ty <)
R'n,
for each j. It follows that

(7.5.8) fdp <liminf p;(U),
R» j—roo
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because of (7.5.1).

If K is a compact set in R that is contained in U, then there are continuous
functions f as in the preceding paragraph with f = 1 on K, as in Subsection
7.1.3. This means that

(7.5.9) p(K) < liminf p; (U).
Jj—oo

One can use this to get that

(7.5.10) p(U) <liminf u;(U),
Jj—oo

as in Subsection 2.10.3. This uses the fact that U is an F,, set, as in Subsection
2.2.2, so that U is o-compact, because R is o-compact, as in Subsection 2.10.2.

7.5.2 Weak"* convergence and measures of compact sets in
RTL

Now let K be any compact set in R™, and let f be a continuous real-valued
function on R™ with compact support such that

(7.5.11) 0<f<lonR"and f=1on K.

This implies that
(7.5.12) n() < [ g

for each j. It follows that

(7.5.13) limsup p; (K) < fdp,

Jj—o0 R”

because of (7.5.1) again.

If U is an open set in R™ that contains K, then there are continuous functions
f as in the previous paragraph with f = 0 on R™ \ U, as in Subsection 7.1.3
again. In this case, we can use (7.5.13) to get that

(7.5.14) limsup p;(K) < p(U).
J—00
This implies that
(7.5.15) limsup p; (K) < p(K),
J—00
because of outer regularity, as in Subsection 2.12.1. In fact, we can get this
outer regularity property more directly here, as follows.

Remember that K can be expressed as the intersection of a sequence of open
sets, as in Subsection 2.2.2. More precisely, K can be expressed as the inter-
section of a decreasing sequence of bounded open sets using this construction,
although these additional properties could easily be arranged anyway. It follows
that p(K) is the limit of the measures of these open sets with respect to p, as
in Subsection 1.9.2. We can use this to get (7.5.15) from (7.5.14), as before.
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7.6 Weak"* convergence for Borel measures on R

Let {y;}32, be a sequence of locally finite Borel measures on the real line that
converges to a locally finite Borel measure p on R in the weak* sense with
respect to Ceom (R), as in the previous section. If a,b € R and a < b, then

(7.6.1) sup p;([a, b]) < 400,

Jj=1

as in (7.5.2). This is a bit simpler here, using continuous nonnegative real-valued
functions on R with compact support that are piecewise-linear.
Similarly, if @ and b are real numbers with a < b, then

(7.6.2) n((a,b)) < lim inf w5 ((a, b)),

as in (7.5.10). We also have that

(7.6.3) lim sup p1;([a, b]) < p([a, b]),
j—o0
even when a = b, as in (7.5.15). In fact, (7.6.2) works when a = —oo or b = +00

as well. Let us see how the previous arguments can be simplified in these cases.

If a < a; < by < b, then there is a continuous nonnegative real-valued
function f on R with compact support such that f(z) =1 when a; < z < by,
f(z) <1 for every x € R, and f(x) = 0 when < @ and when = > b. One can
take f to be piecewise-linear, as before. It follows that

(7.6.4) b)) < [ < timind (a.0)

because of (7.5.1), as in the previous section. One can use this to get (7.6.2),
as in Section 1.9.

Similarly, if ap < a < b < by, then there is a continuous nonnegative real-
valued function f on R with compact support such that f(xz) = 1 on [a,b],
f(z) <1forevery x € R, and f(z) = 0 when = < ap and when x > by, and one
can take f to be piecewise-linear, as usual. This implies that

(7.6.5) timsup i (o.8) < [ di < (a0, o).

j—o0

as before. One can obtain (7.6.3) from this as in Subsection 1.9.2.

7.6.1 When p({a}) =u({b})=0
Suppose now that a,b € R, a < b, and

(7.6.6) u({a}) = u({b}) = 0.

This implies that
(7.6.7) lim p;({a}) = Tim p1;({b}) = 0,
j—oo j—o0
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as in (7.6.3). It follows that

(7.6.8) Jim p15((a,0)) = p((a,b))
and
(7.6.9) Jim g1 (la, B]) = p(la, b))

under these conditions, because of (7.6.2) and (7.6.3). Of course, the right sides
of these two equations are the same in this case.

7.6.2 The set of z € R with p({z}) > 0 is at most countable

Let p be a locally finite Borel measure on R. If € and r are positive real numbers,
then it is easy to see that

(7.6.10) u({x}) > €
for at most

(7.6.11) u([-rr])/e
elements x of [—r,r]. This implies that
(7.6.12) u{z}) >0

for at most finitely or countably many x € [—r,7]. This means that (7.6.12)
holds for at most finitely or coutably many = € R.

7.6.3 Some remarks about step functions

A step function on the real line may be expressed as a linear combination of
indicator functions of finitely many intervals in R. Let F be a dense set in R. If
f is a continuous real or complex-valued function on R with compact support,
then one can check that f can be uniformly approximated by step functions
that are linear combinations of indicator functions of intervals with endpoints
in E, and whose supports are contained in a single closed interval. This uses
the fact that f is uniformly continuous, as mentioned in Subsection 7.1.1.

7.6.4 A criterion for weak* convergence on R

Let {u; 721 be a sequence of locally finite Borel measures on R again, and let
1 be another locally finite Borel measure on R. Also let E be a dense set in the
real line such that

(7.6.13) u({z}) =0

for every x € E. Suppose that (7.6.9) holds for every a,b € E with a < b. In
particular, this means that

(7.6.14) Tim j({a}) =0

for every x € E. Thus (7.6.8) holds for every a,b € E with a < b too.
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Note that (7.6.1) holds for all a,b € E with a < b. This implies the analogous
statement for all a,b € R with a < b.

Let f be a step function on R with compact support that is a linear combi-
nation of indicator functions of intervals with endpoints in E. It is easy to see
that
(7.6.15) lim / fdp; = / fdu,
by hypothesis.

One can use this to get that (7.6.15) holds for all continuous functions f on R
with compact support, by approximating f by step functions as in the previous
subsection. Thus {u; 521 converges to p in the weak™ sense with respect to
Ceom(R) under these conditions. Note that one can simply take E to be the set
of all x € R such that (7.6.13) holds.

7.7 Other types of weak* convergence on R"

Let n be a positive integer again, let {,uj};?‘;l be a sequence of finite Borel
measures on R", and let p be another finite Borel measure on R™. Let us
say that {u;}72; converges to p in the weak™ sense with respect to Co(R") if
(7.5.1) holds for all continuous real-valued functions f on R™ that vanish at
infinity, as in Subsection 7.1.2. Note that this implies the analogous condition
for continuous complex-valued functions f on R”™ that vanish at infinity. This
corresponds to wvague convergence on p223 of [118]. Clearly this implies that
{1152, converges to p in the weak® sense with respect to Ceom(R"™), as in
Section 7.5.
Suppose that

(7.7.1) sup (1 (R") < +o0.

j21
In this case, one can check that weak* convergence with respect to Ceom (R™)
implies weak* convergence with respect to Co(R™). This uses the fact that
Ceom(R™) is dense in Cp(R™) with respect to the supremum metric, as men-
tioned in Subsection 7.1.2.

If y € R", then let §, be the probability measure on R™ associated to y
as in Subsection 1.7.3 again. If {y;}32, is a sequence of elements of R" with
ly;| — +oc as j — oo, then it is easy to see that {J,, }32, converges to 0 in the
weak™ sense with respect to Co(R™).

7.7.1 The uniform boundedness principle

It is well known that (7.7.1) is a necessary condition for {y;}32, to converge in
the weak* sense with respect to Co(R™). More precisely, (7.7.1) is a necessary
condition to have that

(7.7.2) sup / fdu;

j=1

< 400
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for every f € Co(R"™). This uses the uniform boundedness principle for bounded
linear mappings on Banach spaces. Remember that Cy(R"™) is complete with
respect to the supremum metric, as in Subsection 7.1.2, so that Cy(R™) is a
Banach space with respect to the supremum norm. This also uses the well-
known fact that

(7.7.3) Fis /R Fdu,

is a bounded linear functional on Cy(R™) with respect to the supremum norm
for each j, with dual norm equal to p;(R™).

7.7.2 Convergence with respect to C,(R")

Let us say that {y;}32, converges to u in the weak* sense with respect to Cp(R™)
if (7.5.1) holds for all bounded continuous real-valued functions f on R™. This is
the same as saying that (7.5.1) holds for all bounded continuous complex-valued
functions f on R, as usual. Of course, this implies that {yx; 521 converges to u
in the weak™ sense with respect to Co(R™).

If {§1;}52, converges to p in the weak™ sense with respect to Cp,(R"), then
one can take f =1 on R™ in (7.5.1) to get that

(7.7.4) lim p;(R™) = p(R").
j—o0

If {u;}52, converges to u in the weak™ sense with respect to Ceom(R), then

(7.7.5) p(R™) < liminf 1;(R™),
Jj—o0

as in (7.5.10).

If {y;}52, is a sequence of elements of R™ such that [y;| — +oo as j — oo,
then {4,,}52; does not converge in the weak” sense with respect to Cy(R").
This is because {d,;}32; converges to 0 in the weak” sense with respect to
Co(R™), and the inequality in (7.7.5) is strict in this case.

Suppose for the moment that there is a sequence {p; 52, of nonnegative
integrable real-valued functions on R™ with respect to Lebesgue measure, and
another nonnegative integrable real-valued function p with respect to Lebesgue
measure on R”, such that p; and p are as in (7.5.3) and (7.5.4), respectively.
If {p;}32, converges to p in L' on R™ with respect to Lebesgue measure, then
it is easy to see that {1, }J"il converges to i in the weak® sense with respect to
Cy(R™). However, this type of convergence is more restrictive that convergence
in the weak™® sense with respect to Cy(R™).

7.8 A related condition on sequences of mea-
sures

Let n be a positive integer, and let B(z,7) be the closed ball in R"™ centered at
x € R™ with radius r» > 0 with respect to the standard Euclidean metric, as in
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Subsection 2.2.2. If u is a finite Borel measure on R", then
(7.8.1) Jlim w(R"™\ B(0,1)) =0,
— 00

as in Subsection 1.9.2.
Let {y;}32, be a sequence of finite Borel measures on R”. Consider the
condition that for each € > 0 there be an r(¢) > 0 such that

(7.8.2) 1R\ B(0,7(e))) < €

for each j. A sequence of probability measures with this property may be said
to be tight. This corresponds to the definition of a tight sequence of distribution
functions of probability measures on the real line on p295 of [20]. Note that
(7.8.2) is the same as saying that

(7.8.3) pi(R") < i (B(0,7(€))) + €

for each j.

7.8.1 A reformulation using continuous functions

Consider the condition that for each € > 0 there be a continuous real-valued
function 6. on R™ with compact support such that 0 < 8. <1 on R™ and

n

(7.8.4) y(R™) < / 6. dyi; + €

for each j. This is the same as saying that

(7.8.5) / (1—0.)dp; <

for each j.
If (7.8.3) holds, then (7.8.4) holds when 6. = 1 on B(0,7(¢)). Conversely, if
(7.8.4) holds, then (7.8.3) holds when the support of 6. is contained in B(0,7(e)).

7.8.2 A connection with weak* convergence

Let £ be a finite Borel measure on R" again, and suppose that {; 52, converges
to p in the weak® sense with respect to Cerom(R™). Let € > 0 be given, and
suppose that 0. € Ceom (R™) is as in the previous subsection. Observe that

J—00

(7.8.6) lim Ocdp; = / O dp < p(R™).
Rn R‘H,

This implies that
(7.8.7) limsup p;(R™) — e < u(R"),

Jj—o0
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because of (7.8.4). If this holds for every ¢ > 0, then we get that
(7.8.8) limsup p; (R™) < p(R™).
Jj—oo
Combining this with (7.7.5), we get that (7.7.4) holds when {x;}72; also

satisfies the previous condition. Conversely, suppose that (7.7.4) holds, and let
us check that {y;}52, satisfies this condition.

7.8.3 Necessity of this condition

If f is a continuous real-valued function on R™ with compact support, then we
can use weak* convergence with respect to Ceom(R™) and (7.7.4) to get that

(7.8.9) lim (1—f)du, :/ (1—f)dp.
J—70 JRrn n

Let € > 0 be given, and let f. be a continuous real-valued function on R™ with

compact support such that 0 < f. <1 on R"™ and

(7.8.10) /n(l — f)dp < €/2.

This holds when f. = 1 on a closed ball in R centered at 0 with large enough
radius, as in (7.8.1). This implies that

(7.8.11) /n(l — f)dp; < e

when j is large enough, because of (7.8.9).

If the support of f. is contained in B(0,7(¢)), then (7.8.11) implies (7.8.3),
as before. This means that (7.8.3) holds when j is large enough and r(e) has
this property. It follows that (7.8.3) holds for all j when r(¢) is large enough,
as in (7.8.1).

7.8.4 More on convergence with respect to C,(R")

Let us continue to suppose that {u; 524 converges to p in the weak™ sense
with respect to Ceom(R™), and suppose again now that {y;}52, satisfies the
condition mentioned earlier. We would like to show that {y;}32; converges to
p in the weak™ sense with respect to Cp(R™). This is related to Exercise 26 on
p225 of [118], with some simplifications. This is related to Proposition 21.31 on
p293 of [20] when n =1 as well.

Let f € Cy(R™) and € > 0 be given, and let 6. be as before. Note that

(7.8.12) / (1—0)dp<e,

because of (7.8.5), as in (7.8.9). We also have that

(7.8.13) lim fOcdu; = / fO.du,

j—o© Jrn
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because f 0. € Ceom(R™). Of course,

/fduj /fdu = Rnfgeduj—/Rnf&dp

(7.8.14) + [ ga-e)du- [ fa-odn
R R
Observe that

(7.8.15) F(1—00)du;

| < [ 0= 0)d; < el

R" R"

using (7.8.5) in the second step, as well as the definition of the supremum norm
of f, as in Section 7.1. Similarly,

(7.8.16) \ f(1—9e)du'é [0 =0 du < el
Rn Rn

using (7.8.12) in the second step. One can use this to get that the left side of
(7.8.14) is arbitrarily small when j is large enough, because of (7.8.13).

7.9 Multi-indices and the Schwartz class

Let n be a positive integer. A multi-index is an n-tuple a = (aq,...,q,) of
nonnegative integers. The order of « is defined by

(7.9.1) ol = a;.
j=1

Of course, this is not necessarily the same as the standard Euclidean norm of
«, and this should not normally cause any confusion.

If z € R™, then put
(7.9.2) x® =aft -z

n

Here m?j is interpeted as being equal to 1 when o; = 0, even when x; = 0. This
defines the monomial on R™ associated to a.

Let f be a continuous real or complex-valued function on R’ that is contin-
uously differentiable of all orders. The derivative of f of order |a| corresponding
to a may be denoted o

(03
(7.9.3) 0%f = oy

e Qp *
02" - Dzl

7.9.1 The Schwartz class

Let S(R"™) be the space of complex-valued functions f on R™ that are continu-
ously differentiable of all orders such that

(7.9.4) (1 +]2[)* (97 )(2)]
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is bounded on R™ for every nonnegative integer k and multi-index 8. One can
check that this is equivalent to asking that

(7.9.5) z* (0° f)()

be bounded on R™ for all multi-indices a and . This is called the Schwartz
class, and it is easy to see that this is a linear subspace of the space Cy(R"™, C)
of continuous complex-valued function on R"™ that vanish at infinity, as a vector
space over the complex numbers.

If f € S(R™) and « is a multi-index, then one can check that

(7.9.6) 0°f € S(R™).

One can also verify that
(7.9.7) x® f(x) € S(R"),
using the product rule for partial derivatives.

If f is continuously differentiable on R™ of all orders and f has compact
support, then f € S(R™). One can use this to get that S(R™) is dense in
Co(R"™, C) with respect to the supremum metric.

7.9.2 The Fourier transform on S(R")

If f is a real or complex-valued function on R”™ that is integrable with respect
to Lebesgue measure, then the Fourier transform of f is the complex-valued
function defined on R"™ by

(7.9.8) flo) = | f@expliz- ) da.

If f is real-valued and nonnegative, then this is the same as the Fourier transform
of the measure on R" associated to f in the usual way, as in Subsection 7.2.3.
It is easy to see that f is bounded on R", with

(79.9) Fol< [ s

for every § € R", as in Subsection 7.2.1 when n = 1. Another version of the
Riemann—Lebesgue lemma states that f vanishes at infinity on R”.

If f € S(R™), then it is easy to see that f is integrable on R™ with respect
to Lebesgue measure. In fact, it is well known and not too difficult to show that

(7.9.10) fesSm

in this case. This corresponds to part of Theorem 26.17 on p411 of [20], Corollary
8.23 on p250 of [118], part (d) of Theorem 7.4 on p168 of [297], Theorem 1.3 on
p137 and Corollary 2.2 on pl81 of [334], and Theorem 3.2 on p20 of [337].

Indeed, if f € S(R™) and « is a multi-index, then one can check that the
Fourier transform of 9% f is

(7.9.11) (@21)(€) = (=)l e fle),
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using integration by parts. This is related to the remarks in Subsection 7.12.3
when n = 1. Similarly, one can verify that

(7.9.12) & f is equal to the Fourier transform of i 2 fa),

by differentiating under the integral sign. This is related to the remarks in
Subsections 7.12.1 and 7.12.2 when n = 1.

7.9.3 More on the Fourier transform on S(R")

More precisely, it is well known that the Fourier transform defines a one-to-one
mapping from S(R™) onto itself. This is related to the inverse Fourier transform
of the Fourier transform of an integrable function whose Fourier transform is
also integrable. This corresponds to part of Corollary 8.28 on p252 of [118],
part (b) of Theorem 7.7 on p170 of [297], Corollary 1.10 on pl42 and a remark
on pl84 of [334], and a remark after Theorem 3.2 on p20 of [337]. See also
[117, 199, 219, 236, 252, 340, 386, 387] for more on these and related topics.

7.9.4 The multiplication formula

If p and v are finite Borel measures on R, then it is easy to see that

(7.9.13) / ﬁdu:/ vdpu,

using Fubini’s theorem. Similarly, if f is a real or complex-valued function on
R” that is integrable with respect to Lebesgue measure, then

(7.9.14) Fap= | fy)ily)dy.
Rn R»

In particular, one can use this to get that p is uniquely determined by f.
This also uses the fact that S(R™) is dense in Cy(R"™, C) with respect to the
supremum metric, as mentioned earlier.

7.10 More on sequences of finite measures on
R”

Let n be a positive integer, and let {1, 521 be a sequence of finite Borel measures

on R". Suppose for the moment that {y;(R"™)}32, is bounded, and that {y;}32,

satisfies the condition discussed near the beginning of Section 7.8. It is not too
difficult to check that
(7.10.1) {15}52, is uniformly equicontinuous on R™.

This means that for every € > 0 there is a § > 0 such that

(7.10.2) 15 (&) — ()| < e
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for all j and &£, n € R™ with |£ —n| < 4.
More precisely, if there is an r > 0 such that

(7.10.3) 1 (R™\ B(0,r)) = 0

for each j, then one can verify that f; is Lipschitz of order 1 on R", as in
Section A.11, with bounded constant. Otherwise, one can use the condition
in Section 7.8 to get that the f;’s can be uniformly approximated by Lipschitz
functions of order 1 with constants that are uniformly bounded in j. This implies
the uniform equicontinuity condition mentioned in the preceding paragraph, by
standard arguments.

7.10.1 Getting pointwise convergence of {[i; il

Let p be another finite Borel measure on R", and suppose that {u; 524 con-
verges to u in the weak* sense with respect to Ciorm (R™), in addition to the
condition from Section 7.8. Remember that weak® convergence of {y;}%2, with
respect to Ceom (R™) implies that the p;’s are uniformly bounded on compact
subsets of R", as in Section 7.5. This implies that the p;’s are uniformly
bounded on R™, because of the condition from Section 7.8.

Remember that {p;}52, converges to p in the weak* sense with respect to
Cy(R™), as in Subsection 7.8.4. Conversely, if {u;}52, converges to u in the
weak™ sense with respect to C,(R™), then u; converges to p in the weak* sense
with respect to Ceom (R™), and {1;(R")}32, converges to u(R"). This implies
the condition mentioned near the beginning of Section 7.8, as in Subsection
7.8.3.

Observe that

(7.10.4) lim 72;(&) = ()

Jj—oo
for every ¢ € R™ when {u; 521 converges to 4 in the weak™ sense with respect
to Cy(R™). This is related to a remark after Proposition 8.50 on p272 of [118].
In fact, one can get uniform convergence on compact subsets of R™, because of
(7.10.1).

7.10.2 Using pointwise convergence of {i; ]

Suppose now that {u; };";1 is a sequence of finite Borel measures on R"™, p is
another finite Borel measure on R”, and that (7.10.4) holds for every £ € R".
In particular, we can take £ = 0, to get that

(7.10.5) {1 (R™)}72, converges to u(R").

Note that this implies that {u;(R")}32; is bounded, so that {z;}32, is uni-
formly bounded on R”.

Let f be a real or complex-valued function on R™ that is integrable with
respect to Lebesgue measure. The dominated convergence theorem implies that

(7.10.6) lim f) i (y) dy = fy) iy) dy.

Jj—roo R” R
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This means that

(7.10.7) lim Fdu; = | fdp,
J—=0 JRrn R"

as in (7.9.14).

Remember that f can be any element of the Schwartz class S(R"™), as in
Subsection 7.9.2. One can use this and (7.10.7) to get that {u;}52; converges
to p in the weak® sense with respect to Co(R"™, C). This also uses the fact that
S(R™) is dense in Cy(R"™, C) with respect to the supremum metric, as mentioned
in Subsection 7.9.1, and the boundedness of {x;(R)}52;. This corresponds to
Proposition 8.50 on p272 of [118], with some simplifications. This is related to
Theorem 21.44 on p302 of [20] as well.

7.11 Weak convergence of random variables

Let (X;,Aj, ;) be a probability space for each positive integer j, and let
(X, A, 1) be another probability space. Often one simply takes (X, A;, p;) =
(X, A, ) for each j, although this is not really needed here.

Let f; be a measurable real-valued function on X; for each j, and let f be
a measurable real-valued function on X. Also let vy, be the Borel probability
measure on R corresponding to f; for each j, and let vy be the Borel probability
measure on R corresponding to f, as in Subsection 4.11.1.

Let g be a bounded continuous real or complex-valued function on the real
line. Note that
(7.11.1) [ e sydn; = [ gavs,

X; R

for each j, and
(7.11.2) /(QOf)du=/ gdvy,
X R

as in Subsection 4.11.3. This means that

(7.113) i [ (g0 gy = [ (g0 N
I JX; X

is the same as saying that

(7.11.4) lim [ gdvy, :/ gdvy.

The condition that (7.11.3) hold for all bounded continuous functions g on
R characterizes a type of weak convergence of {f; }]"‘;1 to f, as in Proposition
21.31 on p293 of [20]. This type of weak convergence is defined on p292 of [20],
and is also known as convergence in distribution. This is the same as saying
that {vy,}32; converges to vy in the weak® sense with respect to Cp(R), or
equivalently Cy(R, C), as in the preceding paragraph.

The convergence of {vy,}32, to vy in the weak™ sense with respect to Cy(R)
is equivalent to convergence in the weak* sense with respect to Ceom (R), because
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vy, (R) = pj(X;) =1 for each j, and vy(R) = p(X) = 1. This uses the remarks
in Subsections 7.8.3 and 7.8.4. This is also equivalent to the convergence of
{vy; 31321 to vy in the weak™ sense with respect to Co(R), as in Section 7.7.

The definition of convergence in distribution on p292 of [20] uses the distri-
bution functions associated to these random variables, as in Section 4.13. More
precisely, it is defined to mean that the distribution functions associated to the
f;’s converge pointwise to the distribution function associated to f at points
where the distribution function associated to f is continuous. This is related to
Proposition 7.19 on p223 of [118], and to the remarks in Section 7.6.

Let us emphasize that while the probability distribution v associated to f
is uniquely determined by convergence in distribution, the random variable f is
not. This is related to Example 21.33 on p295 of [20]. One can also look at this
in terms of isomorphisms between probability spaces, as in Subsection 4.11.2.

7.11.1 When f is constant

Let ¢ be a real number, and suppose for the moment that f is the constant
function equal to ¢ to X. This means that vy is the Borel probability measure
dc defined on R as in Subsection 1.7.3. Suppose that {ry, }32, converges to v in
the weak* sense with respect to Ceom(R), and let € > 0 be given. Observe that

(7.11.5) 1=vi((c—¢€c+e) <liminfry ((c —€,c+¢)),

J1—

where the second step is as in Subsection 7.5.1, with U = (¢ — ¢,¢+ ¢€). In fact,
the previous argument can be simplified in this case, by taking K = {c}.
This is the same as saying that

(7.11.6) lim vy ((c—€,c+e€) =1,

Jj—o0

because the vy,’s are probability measures on R. This means that

(7.11.7) lim vy (R\ (¢ —€,¢c4¢€) =0.
j—o0

Equivalently,

(7.11.8) jliglouj(fjl(R\(C—é,C-Fé))) =0,

by the definition of vy,. If (X;, Aj, ;) = (X, A, ) for each j, then it follows
that {f; 521 converges to f in measure on X. This corresponds to part (2) of
Proposition 21.32 on p294 of [20].

7.11.2 When {f; 52, converges pointwise

Let (X, A, u1) be a probability space again, let {f;}52; be a sequence of measur-
able real-valued functions on X, and let f be another measurable real-valued
function on X. Also let vy, j > 1, and vy be the Borel probability measures on
R associated to the f;’s and f, as before. Suppose for the moment that {f;}32;
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converges to f pointwise almost everywhere on X with respect to pu. If g is a
continuous real or complex-valued function on the real line, then it follows that

(7.11.9) {go f;}72, converges to g o f pointwise almost everywhere on X

with respect to pu.
If g is also bounded on R, then {g o f;}32, is uniformly bounded on X. In
this case, the bounded convergence theorem implies that

(7.11.10) lim (go fj)du= / (go f)du.
j—roo Jx X

This means that {vy,}32, converges to vy in the weak® sense with respect to

Cy(R), as before. This corresponds to part of the proof of part (1) of Proposition

21.32 on p294 of [20].

7.11.3 When {f;}32, converges in measure

Suppose now that {f;}52, converges to f in measure on X with respect to .
If g is a uniformly continuous real or complex-valued function on the real line,
then one can check that

(7.11.11) {g o fj}721 converges to g o f in measure on X

with respect to pu.

If g is bounded on R as well, then {g o f; 524 is uniformly bounded on X,
as before, and the bounded convergence theorem for convergence in measure
implies that (7.11.10) holds, as in Section 4.8. In particular, this works when g
is continuous on R and vanishes at infinity, as in Subsection 7.1.2. This means
that {vy, }32, converges to vy in the weak® sense with respect to Co(R), as
before. It follows that {vy,}22, converges to vy in the weak* sense with respect
to Cp(R), as mentioned in the first part of this section. This corresponds to
part (1) of Proposition 21.32 on p294 of [20].

Alternatively, let {fj,}72, be a subsequence of {f;}32;. This subsequence
converges to f in measure on X with respect to p, and so there is a subsequence
{f, 3921 of {f;,}i2, that converges to f pointwise almost everywhere on X
with respect to u, as in Subsection 4.7.3. If g is a bounded continuous function
on R, then it follows that

(7.11.12) lim (gijlT.)du=/(gOf)du,
X X

r—00

as in the preceding subsection. One can use this to get (7.11.10), as in [20].

7.12 The derivative of exp(at)

It is well known that the complex exponential function exp z is a complex ana-
lytic or holomorphic function on the complex plane, whose complex derivative is
itself. This can be seen by differentiating the series expansion for exp z termwise.
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Similarly, if a is a complex number, then exp(at) is differentiable as a func-
tion of t € R, with
d
(7.12.1) T exp(at) = a exp(at).

If @ is imaginary, then it follows that
(112.2) © exp(at)| = lo
2. —exp(at)| =la
at P

for each ¢t € R. One can use this to get that
(7.12.3) |exp(ary) —exp(ars)| < lal|r — 72|

for all r1,72 € R in this case, using the fundamental theorem of calculus, for
instance.

7.12.1 Differentiating the Fourier transform

Let v be a finite Borel measure on the real line, and suppose that
+oo

(712.4) / 2] dv(z) < +oc.

Under these conditions, it is well known that the Fourier transform of v is
differentiable on R, with

+oo
(7.12.5) (€)= /_ iz exp(iz€)dv(z).

This can be obtained using the dominated convergence theorem and (7.12.3).
One can also check that 7’ is continuous on R, and in fact it is uniformly
continuous on R.

7.12.2 Differentiating 7 some more
Let k be a positive integer, and suppose that
+oo
(7.12.6) / |lz|* dv(x) < +oo0.
This implies that 7 is k-times continuously differentiable on R, with
—+oo
(7.12.7) R (g) = / (i x)* exp(iz &) dv(x).

This is formulated for characteristic functions of random variables on probability
spaces in Proposition 21.43 on p302 of [20]. This can be obtained by repeating
the same type of arguments as for k = 1.
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7.12.3 More on Fourier transforms of integrable functions
on R

Let f be a real or complex-valued function on the real line that is integrable with
respect to Lebesgue measure, and suppose that x f(z) is integrable with respect
to Lebesgue measure on R as well. This implies that the Fourier transform of f
is continuously differentiable on the real line, with the derivative of f equal to
the Fourier transform of (i z) f(x), as before. This type of result is often stated
this way, as in Proposition 16.2 on p163 of [20]. See also part (i) of Theorem 3
on p8 of [45] and Theorem 1.7 on p4 of [337], for instance.

If f is integrable on R and the derivative of f is integrable on R with respect
to Lebesgue measure too, then one would expect to have that

— —~

(7.12.8) (f)(&) = =i f(6),

using integration by parts. This corresponds to Proposition 16.3 on pl63 of
[20] when f is absolutely continuous on every closed interval in R, and this
is essentially the same as in part (ii) of Theorem 3 on p8 of [45]. This also
corresponds to Theorem 1.8 on p4 of [337] when f is differentiable in the L!
norm, as in Subsection 4.5.4. Results like these are often stated with slightly
stronger hypotheses, for convenience, and of course the main principles are the
same.

7.13 Gaussian distributions

It a is a positive real number, then it is well known that
—+o0
(7.13.1) / exp(—az?) dzr = \/7/a,

as in Proposition 2.53 on p79 of [118]. More precisely, the square of this integral
may be considered as an integral over R? that can be evaluated using polar
coordinates.

If o is a positive real number, then it follows that

1 e 2 2 _
(7.13.2) or /_Oo exp(—t“/(20%))dt = 1.

One can check that

(7.13.3) ! /+Ootex (—t*/(20%))dt =0
13. T p =
and . oo

(7.13.4) Vor /_OO t? exp(—t?/(20%)) dt = o2,

as on p325 of [118].
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The Borel probability measure defined on the real line by

2

(7.13.5) v (E) =

1 2 2
= /Eexp( £2/(20%)) dt
is called the Gaussian or normal distribution with mean 0 and variance o2, as on
p325 of [118]. If o = 1, then this is called the standard normal distribution, as in
[118]. This corresponds to the standard normal density on p395 of [14], and the
standard normal distribution on p270 of [20]. A random variable on a probability
space with a Gaussian distribution may be called a Gaussian or normal random
variable, as on p300 of [20]. Of course, one may consider Gaussian distributions
and random variables with arbitrary means as well, instead of mean 0.

It is well known that

—

(7.13.6) Vg’ (&) = exp(—0? £2/2).

This means that if f is a Gaussian random variable on a probability space with
mean 0 and variance o2, then its characteristic function is

(7.13.7) 1 (€) = exp(—0”€2/2),

as on p301 of [20]. If o = 1, then (7.13.6) corresponds to part (1) of Proposition
16.5 on pl64 of [20], and it is easy to reduce to that case. Of course, the
Fourier transform of a Gaussian is discussed in many texts, with perhaps slightly
different conventions.

7.14 A convergence theorem

Let A be a Borel probability measure on the real line such that

(7.14.1) /m t2dA(t) =1
and oo
(7.14.2) / tA(t) =0.

Note that the finiteness of the integral on the left side of (7.14.1) implies that

(7.14.3) / o It] dA(t) < +o0,

— 00

so that the integral on the left side of (7.14.2) is defined.
If n is a positive integer, then put

(7.14.4) A = X%+ A\ (n factors),
as in Section 7.4. Let A, be the Borel measure defined on R by
(7.14.5) An(E) = N"(VnE),
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where /nE = {\/nt:t € E}.

Under these conditions, Theorem 10.14 on p326 of [118] states that {\,,}2,
converges to v¢ in the weak* sense with respect to Co(R, C), where 14} is the
standard normal distribution on R, as in E\he previous section. More precisely,
one can show that {X;}Zozl converges to v} pointwise on R, as in [118]. This

implies weak™ convergence of the corresponding Borel measures with respect to
Co(R, C), as in Subsection 7.10.2.

7.14.1 The central limit theorem

Let (X, A, ;1) be a probability space, and suppose that {f;}72; is a sequence
of independent identically distributed square-integrable random variables on X
with mean 0 and variance equal to 1. Note that

n

(7.14.6) Var (n*w ij) — ! zn:Var(fj) —1

j=1 j=1

for every positive integer n, as in Section 6.12. Under these conditions, the
central limit theorem states that the sequence of probability distributions on
the real line associated to the random variables

(7.14.7) 2N
j=1

converges to the standard normal distribution v/} in the weak* sense with respect
to Co(R, C), as in Theorem 21.46 on p306 of [20], and Theorem 10.15 on p326
of [118]. The means that this sequence of probability distributions converges to
v¢ in the weak* sense with respect to Cy(R, C), as in Section 7.8.

This can be obtained from the convergence theorem discussed at the be-
ginning of the section. If A is the probability distribution on R associated to
the f;’s, then A*” is the probability distribution associated to Z;;l fj, as in
Subsection 7.4.1. Using this, one can check that the probability distribution
associated to (7.14.7) is A,.

7.14.2 Some remarks about logarithms

If {c, }52; is a sequence of complex numbers that converges to ¢ € C, then it is
mentioned on p305 of [20] that

(7.14.8) lim (14 (¢,/n))" =expe,
n—oo
and that this is used in the proof of the central limit theorem. The proof is
left to the reader, with the additional remark that one should be careful about
proofs using logarithms, because the complex logarithm is multi-valued.
If x and y are real numbers, then

(7.14.9) exp(z+iy) = (expz) (exp(iy)) = (exp ) (cosy + i siny),
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as in Section 7.2. Note that
(7.14.10) |exp(z +iy)| = expx.

This implies that z is uniquely determined by exp(z + iy), because the expo-
nential function is one-to-one on the real line.

If w is a complex number with |w| < 1, then the principal branch of log(14w)
may be defined in a standard way, so that

(7.14.11) exp(log(l+w)) =1+w

and

(7.14.12) 1im0w_1 (log(1 + w) — w) = 0.
w—

It follows that
(7.14.13) exp(n log(1+w)) = (1 +w)"

for every positive integer n. One can use this to get (7.14.8).

Let A be a Borel probability measure on the real line as at the beginning of
the section again, and suppose for the moment that X\ is symmetric about 0, in
the sense that
(7.14.14) A—E)=\E)

for every Borel set E C R. One can check that \is real-valued on R.. This means
that one can use the ordinary logarithm on the set of positive real numbers in
the proof of Theorem 10.14 on p326 of [118]. Similarly, one can use the ordinary
logarithm to get (7.14.8) when {c,}52 is a sequence of real numbers. This is
the version that is used in the proof of the central limit theorem when the
probability distribution associated to the random variables has this property.

Otherwise, in the proof of the central limit theorem in [20], or the conver-
gence theorem in [118], one really only needs (7.14.8) in the case where c is a
real number, even though the ¢,’s may be complex. Of course, this means that
the imaginary parts of the ¢,’s converges to 0 as n — oco. This can be used to
get slightly better properties of the complex logarithm of 1 + ¢, /n.



Appendix A

Metrics, ultrametrics, and
product spaces

A.1 Some remarks related to compactness

Let X be a metric space, or a topological space. As usual, a subset K of X
is said to be compact if every open covering of K can be reduced to a finite
subcovering. Let us review some related conditions in this section.

A.1.1 The limit point property

Let A be a subset of X, and let z be an element of X. If (X,d) is a metric
space, then x is said to be a limit point of A if for every r > 0 there isan y € A
such that « # y and d(z,y) < r. In this case, it is well known and not difficult
to show that there are infinitely many elements of A in B(x,r).

If X is any topological space, then z is said to be a limit point of A in X
if for every open set U C X with « € U, there is a y € A such that = # y and
y € U. Tt is easy to see that this is equivalent to the previous definition when
the topology on X is determined by a metric.

Let us say that x is a strong limit point of A in X if for every open set
U C X with z € U, there are infinitely many elements of A in U. Clearly this
implies that x is a limit point of A, and the converse holds in metric spaces, as
in the preceding paragraph. More precisely, one can check that a limit point of
A is a strong limit point when X satisfies the first separation condition.

A subset E of X is said to have the limit point property if every infinite
subset of F has a limit point in E. Similarly, let us say that E has the strong
limit point property if every infinite subset of E has a strong limit point in F.
This implies that F has the limit point property, and the converse holds in
metric spaces, or topological spaces that satisfy the first separation condition.

If E is compact, then it is well known that F has the strong limit point
property. Otherwise, if there is an infinite subset A of E without a strong limit

226
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point in E, then E can be covered by open sets U such that A N U has only
finitely many elements. Compactness implies that E can be covered by finitely
many such open sets, contradicting the hypothesis that A has infinitely many
elements.

A.1.2 Sequential compactness

A subset E of X is said to be sequentially compact if every sequence of elements
of F has a subsequence that converges to an element of E. It is easy to see that
this implies that E has the strong limit point property, in any topological space.

It is well known and not too difficult to show that the limit point property
implies sequential compactness in metric spaces. More precisely, the strong
limit point property implies sequential compactness in a topological space X
that satisfies the first countability condition, so that there is a countable local
base for the topology of X at each point in X.

A.1.3 Countable compactness

Remember that a subset E of X is said to have the Lindel6f property if every
open covering of E' in X can be reduced to a subcovering with only finitely
or countably many elements, as in Subsection 2.14.1. If every countable open
covering of F can be reduced to a finite subcovering, then E is said to be
countably compact. Thus E is compact if and only if F has the Lindelof property
and F is countably compact.

If E has the strong limit point property, then it is well known that E is

countably compact. Indeed, suppose that Uy, Us, Us, ... is a sequence of open
subsets of X such that .
(A.1.1) Ecu;
j=1
and .
(A.1.2) Ez |Ju;
j=1

for each positive integer n. Let x,, be an element of
(A.1.3) E\ ( U Uj)
j=1

for each n. One can check that the set of z,’s, n € Z,, has infinitely many
elements, and thus a strong limit point y in F, by hypothesis. One can get
a contradiction using the fact that y € U; for some positive integer [, so that
y, € U; for infinitely many n.

It is well known that countably compact sets have the strong limit point
property in any topological space.

The limit point property and sequential compactness in metric spaces will
be discussed further in the next section.
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A.2 Totally bounded sets

Let (X,d) be a metric space. A subset E of X is said to be totally bounded if
for every r > 0, E can be covered by finitely many open balls of radius . One
might also ask that these open balls have centers in F, and one can show that
this leads to an equivalent definition. Another equivalent condition is that for
every € > 0, F can be covered by finitely many sets of diameter less than e.

It is easy to see that compact sets are totally bounded.

If E is not totally bounded, then there is an r > 0 such that F cannot
be covered by finitely many open balls of radius . One can use this to get a
sequence {x;}52, of elements of E' such that

(A.2.1) d(zj,x) >r

when j # [. It is not difficult to see that this implies that F does not have
the limit point property, or equivalently that F is not sequentially compact.
This means that F is totally bounded when E has the limit point property, or
equivalently is sequentially compact.

A subset of X is said to be bounded if it is contained in a ball. It is easy
to see that totally bounded sets are bounded. One can check that bounded
sets in R™ are totally bounded, using the standard Euclidean metric on R™ for
any positive integer n. If d is the discrete metric on X, and £ C X is totally
bounded, then one can verify that E has only finitely many elements.

A.2.1 Totally bounded metric spaces

If X is totally bounded, then there is a base for the topology with only finitely
or countably many elements, as in Subsection 2.14.1. Equivalently, this means
that X is a separable metric space. It follows that X has the Lindel6f property,
by Lindel6f’s theorem, as before.

If X has the limit point property, or equivalently is sequentially compact,
then X is totally bounded, and countably compact, as in the previous section.
This implies that X is compact, because X has the Lindelof property.

One can use this to show that if £ C X has the limit point property, or
equivalently is sequentially compact, then E is compact. Indeed, if E has the
limit point property or is sequentially compact as a subset of X, then it is easy
to see that E satisfies the same condition as a subset of itself, considered as a
metric space, using the restriction of d to E. This implies that E is compact
as a subset of itself, as before, and it is well known that this means that E is
compact as a subset of X.

A.2.2 Another characterization of compactness

Suppose now that (X, d) is complete as a metric space. If E C X is a closed
set that is also totally bounded, then it is well known that F is compact. This
is part of Theorem A 4 on p369 of [297]. This corresponds to Theorem 5.1 on
p20 of [124] when E = X, and it is not difficult to reduce to that case.
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Compactness of a metric space is defined on p145 of [135] to mean that
the metric space is complete and totally bounded. Theorem 6.5 B on pl145 of
[135] says that this is equivalent to sequential compactness of the metric space.
Equivalence with the definition of compactness in terms of open coverings is
discussed after that.

Compactness of a metric space is defined on p99 of [185] in terms of the
limit point property, or equivalently sequential compactness. The equivalence
of this with the definition of compactness in terms of open coverings is part of
Theorem 72 on pl01 of [185]. Compactness of complete metric spaces that are
totally bounded is part of Theorem 74 on p101 of [185].

A.3 Some basic examples

Let X be a metric space, or a topological space, and let {xj}‘]?‘;l be a sequence
of elements of X that converges to a point x € X. Under these conditions, one
can check that

(A.3.1) {zj:jeZi}u{a}

is compact in X.

Note that (A.3.1) may not be a closed set in X when X is a topological space
that is not Hausdorff. This is related to the fact that the limit of a convergent
sequence may not be unique in a topological space that is not Hausdorff.

If X is a metric space, and {z;}52, is a Cauchy sequence in X, then one can
check that
(A.3.2) {z;:j€Zy}
is totally bounded in X.

A.3.1 Some examples of ultrametrics

Let

(A.3.3) X={z;:jeZ}U{z"}

be a countably-infinite set, where {z;}22, is a sequence of distinct elements of

X, and z* is another element of X, distinct from the terms of the previous se-

quence. Also let {a;}52; be a monotonically decreasing sequence of positive real

numbers. We would like to define an ultrametric d on X, using this sequence.
Of course, we put d(z;,z;) = 0 for each j, and d(z*,2*) = 0. Also put

(A.3.4) d(zj,z*) =d(z",z;) = q;
for each j. If j < [, then put
(A.3.5) d(zj,z) = d(x, ;) = aj.

One can check that this defines an ultrametric on X.
If {a;}52, converges to 0 in the real line, then {z;}32, converges to z* with
respect to d. This implies that X is compact with respect to d, as before.
Note that the one-element set {z;} is an open set in X for each j. If the
infimum of the set of a;’s is positive, then {z*} is an open set in X as well.
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A.4 Products of n metric spaces

Let n be a positive integer, (X;,dx;) be a metric space for each j = 1,...,n,
and let
n
(A.4.1) X:X1><X2><--~><X,L:HXj
j=1

be their Cartesian product, as in Subsection 1.6.2. We would like to define
suitable metrics on X using the d X; ’s, and there are various ways to do this.
One way is to take

(A.4.2) dxq(z,y) =Y dx,(z;,y;)
j=1

for each z,y € X.
Another way is to take

n

(A.4.3) dx2(z,y) = (dej (xjvyj)2)1/2

j=1

for each z,y € X, using the nonnegative square root on the right side, as usual.
If X; = R with the standard Euclidean metric for each j, then this is the same
as the standard Euclidean metric on R™. One can use the triangle inequality for
the standard Euclidean norm on R™ to get that dx, (z,y) satisfies the triangle
inequality for any metric spaces (X, dx; ).

One can also take
(A.4.4) dx oo(z,y) = 11%1;2(71 dx; (xj,v5)
for each z,y € X. In particular, one can check directly that this satisfies the
triangle inequality on X. If dx, is an ultrametric on X for each j, as in Section
2.15, then it is easy to see that dx is an ultrametric on X.

Clearly
(A.4.5) dX,oo(x7y) < dX1 (;L‘7y), dXz (:v,y)

for every xz,y € X. We also have that

(A.4.6) dx,1(2,y) < ndx,co(2,y)
and
(A.4.7) dx2(z,y) < n'/2 dx, o0 (,y)

for every z,y € X.

A.4.1 Some remarks about open and closed balls in X

Let z € X and r > 0 be given, and let

(A48) BXj,dxj (xjv T)a EXj,dxj (Z'j’ T)
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be the open and closed balls in X; centered at x; with radius » with respect to
dx, for each j, respectively, as in Subsection 2.2.2. Similarly, let

(A49) .BX’dm1 (l‘, T), BX,ng (.%', 7‘), BX,dX,oo (LL', 7“)
and - - -
(A.4.10) Bx,ax,(,7), Bx,ax.(®,7), Bx dx . (z,7)

be the open and closed balls in X centered at z with radius r with respect to
dx 1, dx,2, and dx o, respectively. One can check that

(A.4.11) Bxayx . (x,m)=]] Bx;dx, (5,7)
and n
(A.4.12) Bx.ax...(z,7) H X, (T7);

using (A.4.4). The open and closed balls in X centered at x with radius r with
respect to dx 1 and dx o may be compared with these using (A.4.5), (A.4.6),
and (A.4.7).

A.4.2 Some remarks about open sets in X

If U; is an open set in X; with respect to dx; for each j, then one can check
that

(A.4.13) U= ﬁ U

is an open set in X with respect to dx oo, using (A.4.11). This implies that U
is an open set in X with respect to dx,; and dx 2, because of (A.4.5).

In fact, one can check that dx 1, dx 2, and dx o, determine the same collec-
tion of open sets in X, using (A.4.5), (A.4.6), (A.4.7). This is the same as the
product topology on X associated to the topologies on the X;’s determined by
the d X; ’s.

A.4.3 Some remarks about closures and closed sets in X

Let A; be a subset of X; for each j =1,...,n, and put A = H?Zl A;. One can
check that the closure of A in X with respect to dx o is

(A.4.14) 114
=1

where A; is the closure of A; in X; with respect to dx, for each j. This is the
same as the closure of A in X with respect to dx 1 and dx ».

In particular, if A; is a closed set in X; with respect to dx, for each j, then
A is a closed set in X with respect to dx 1, dx 2, and dx . Note that dx 1,
dx 2, and dx, determine the same collection of closed sets in X.
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A.4.4 Sequences in X

Let {z(1)}2, be a sequence of elements of X, so that
(A.4.15) z(l) = (x1(1), ..., zn(1))

for each ! > 1. This means that {z,;({)}{°, is a sequence of elements of X,
1<j<n.
One can check that

(A.4.16) {z(1)}{2, converges to z € X

with respect to dx o if and only if {z;({)};2, converges to x; in X; with respect
to dx, for each j. Convergence in X with respect to dx o is equivalent to
convergence with respect to dx 1 and dx 2, because of (A.4.5), (A.4.6), and
(AA4.7).

Similarly,
(A.4.17) {z(1)}2; is a Cauchy sequence in X

with respect to dx o if and only if {z;(I)}{°, is a Cauchy sequence in X; with
respect to dy, for each j. This is also equivalent to {z(l)}2, being a Cauchy
sequence in X with respect to dx,; and dx ».

If the X;’s are complete with respect to the dx;’s for each j, then it follows
that X is complete with respect to dx 1, dx 2, and dx . The completeness of
X with respect to dx 1, dx 2, and dx o are equivalent. If X is complete with
respect to any of these three metrics, and X; # () for each j, then it is easy to
see that X; is complete for each j.

A.5 Diameters in metric spaces

Let (Y, dy) be a metric space, and let E be a subset of Y. If E is nonempty and
bounded, then the diameter of E' may be defined as a nonnegative real number
by

(A.5.1) diam E = sup{d(w, z) : w,z € E}.

More precisely, one can check that the boundedness of E in Y is equivalent to
having an upper bound for the set of distances d(w,z) with w,z € E. It is
sometimes convenient to define the diameter of the empty set to be 0, and to
interpret the diameter of an unbounded set in Y as being +o0o. The diameter
of ¥ may also be denoted diamy F or diamy 4, F, to indicate the metric space
and possibly the metric, when needed.

It is well known and not too difficult to show that

(A5.2) diam E = diam E,
where FE is the closure of E in Y, as usual. If E; C Ey C Y, then

(A5.3) diam F; < diam FE>.
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Let By (y,r) be the closed ball in Y centered at y € Y with radius r > 0, as
in Subsection 2.2.2. It is easy to see that

(A.5.4) diam By (y,7) < 27,

using the triangle inequality. If dy is an ultrametric on Y, then
(A.5.5) diam By (y,7) <.

If E is a bounded set in Y and y € F, then

(A.5.6) E C By(y,diam E).

If o is a positive real number, then one can use Carathéodory’s construction
with
(A.5.7) Ca(A) = (diam A)“,

as in Subsection 1.11.3, to define a-dimensional Hausdorff measure on Y. See
Chapter 9 of [25], p61 of [110], p171 of [113], p350 of [118], p145 of [159], p55
of [247], and p327 of [335], for instance.

A.5.1 Diameters in finite products

Let us return now to the same notation and hypotheses as in the previous
section. If A is a subset of X, then let us use diamx 4, , 4, diamx 4, , 4, and
diamx 4, . A to denote the diameters of A with respect to the metrics dx 1,
dx 2, and dx o, respectively, as before. It is easy to see that if A is bounded
with respect to any of these three metrics, then it is bounded with respect to
the other two metrics. In this case, we have that

(A.5.8) diamx gy A < diamy gy, A, diamydy, 4,
(A.5.9) diamy 4y, A < ndiamy g, A,
(A.5.10) diamy gy, A < n'/?diamx 4, A

Let E; be a nonempty bounded set in X; with respect to dx, for each j,
and put

(A.5.11) E=]]E;.
j=1

One can verify that E is bounded in X with respect to dx 1, dx2, and dx .
In fact, we have that

(A.5.12) diamyx g, B = Y diamx, ay B,
j=1
. -~ 2\ /2
(A.5.13) diamy g, ,E = (Z(dlaij»deEj)) ,
j=1
(A.5.14) diamyx 4, £ = max (diaij)deEj).

1<j<n
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A.5.2 Total boundedness in finite products

If A C X is totally bounded with respect to any of the metrics dx 1, dx, 2, or
dx o0, then it is easy to see that A is totally bounded with respect to the other
two metrics.

If E; is totally bounded in X; with respect to dx, for each j, then F is
totally bounded in X with respect to dx -, and thus with respect to dx ; and
dx . More precisely, let » > 0 be given, and suppose that F; can be covered
by L;(r) open balls in X; of radius 7. One can check that E can be covered by

(A.5.15) L(r) =[] L;(r)

open balls in X of radius r with respect to dx . There are analogous statements
using closed balls of radius 7, or sets of diameter less than r, or less than or
equal to 7.

A.6 Compactness in finite products

Let us continue with the same notation and hypotheses as in Section A.4. If
a subset of X is compact with respect to any of dx 1, dx2, or dx .o, then
it is compact with respect to the other two metrics, because all three metrics
determine the same collection of open sets in X. Similarly, if a subset of X is
sequentially compact with respect to dx 1, dx 2, or dx o, then one can check
directly that it is sequentially compact with respect to the other two metrics.

If K; is a compact subset of X; with respect to dx, for each j = 1,...,n,
then it is well known that
(A.6.1) K =]]K;
j=1

is compact in X with respect to the metrics dx 1, dx,2, and dx .. This may be
considered as a particular case of Tychonoff’s theorem for topological spaces.
Let us mention a couple of other ways to look at this for products of finitely
many metric spaces.

One can show more directly that K is sequentially compact using the se-
quential compactness of K; for each j, and this works as well for products of
finitely many topological spaces, using the product topology. Let {x(1)}72, be
a sequence of elements of K, so that {z;(l)};°, is a sequence of elements of K
for each j. There is a subsequence {z1(l,,)}55_; of {z1(1)};°, that converges to
an element x; of K7 in Xj, because K; is sequentially compact in X;. Note
that we can use the same sequence of indices {l,,}5°_; to get a subsequence
{o(lm) Y- of {w(D)}E,.

There is a subsequence {za (L, )} of {xa2(lm)}5°_, that converges to an
element x5 of Ko, because K5 is sequentially compact. We can use the same
sequence {lp,, }5, of indices to get a subsequence {x(l,,)}52 of {x (1)},
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as before. We also have that {z1(l;,.)}22; converges to x1 in Xj, because
{21(lm,)}52, is a subsequence of {z1(l,,)}_;.

We can repeat the process to get a subsequence of {z(1)}7°, such that the
corresponding sequence of jth coordinates converges to an element z; of K; in
X for each j. It follows that = (z1,...,2,) € K, and that this subsequence
of {«(1)}72, converges to  in X, as in Subsection A.4.4.

A.6.1 Using total boundedness and completeness

Alternatively, if K; is compact in X; for each j, then K; is closed and totally
bounded for each j. This implies that K is closed and totally bounded in X
with respect to each of dx,, dx,, and dx, as in Subsections A.4.3 and A.5.2.

Suppose for the moment that X; is complete with respect to dx, for each
J. This implies that X is complete with respect to dx 1, dx 2, and dx , as in
Subsection A.4.4. It follows that K is compact in X, as in Subsection A.2.2.

Otherwise, we may consider K; as a metric space for each j, using the
restriction of dx; to Kj;. It is well known that K; is complete for each j,
because it is compact. Indeed, one can use sequential compactness to get that
a Cauchy sequence of elements of K; has a subsequence that converges to an
element of K, and one can check that the Cauchy sequence converges to the
same element of K; under these conditions.

Thus the previous argument implies that K is compact as a subset of itself
with respect to the restriction of any of dx 1, dx 2, or dx oo to K. This means
that K is compact as a subset of X, by a well-known result.

A.7 Some remarks about truncating metrics

Let t be a positive real number. It is easy to see that
(A.7.1) min(a + b,t) < min(a,t) + min(b, t)
for all nonnegative real numbers a and b. We also have that
(A.7.2) min(aq,t) < min(ag,t)

when a; and as are nonnegative real numbers such that a; < as. This implies
that

(A.7.3) min(max(a, b),t) = max(min(a, t), min(b, t))

for all a,b > 0.

A.7.1 Some new metrics on a metric space
Let (Y, dy) be a metric space, and put
(A74) dY,t (ya Z) = min(dY (yv Z)v t)

for all y, z € Y. One can check that this defines a metric on Y too, using (A.7.1)
and (A.7.2). If dy is an ultrametric on Y, then dy, is an ultrametric on Y as
well, because of (A.7.2) and (A.7.3).



236 APPENDIX A. METRICS, ULTRAMETRICS, AND PRODUCT SPACES

A.7.2 Another new metric on Y
Observe that

a+b a b a b
= + < +
l+a+b l+a+b 1+a-+bd l1+a 1+0b

(A.7.5)

for all a,b > 0. If 0 < a; < as, then

aq 1 1 a9
A.7.6 —=1- <1-— = .
( ) 1+CL1 ].+(11_ 1+a2 1+CL2
It follows that
max(a, b) a b
e meled) 0 by
( ) 1 4+ max(a, b) R G

for all a,b > 0, as before.
One can use this to get that

(A.7.8) dy (y,2) = 1iyd(yy&;)z)

is a metric on Y, and an ultrametric on Y when dy is an ultrametric on Y.
This is another commonly used way to get a bounded metric from any other
metric, as in Exercise 11 on p44 of [299] when Y is the real line equipped with
the standard metric.

A.7.3 Some more easy inequalities

If a is a nonnegative real number, then

(A.7.9) T a < min(a, 1).
If a <1, then
a
A7T1 > a/2.
(A.7-10) 14+a ™~ o/
If a > 1, then
a 1
A.7.11 =1- >1-1/2=1/2.
( ) 14+a 14+a — / /
This means that
(A.7.12) min(a,1)/2 < - i .
for all a > 0.
Thus
(A.7.13) dy,1(y,2)/2 < dy(y,2) < dy1(y,2)

for every y,z € Y.
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A.7.4 Open and closed balls with respect to dy;

If y € Y and 7 is a positive real number, then let By 4, (y,7) and By 4, (y,7) be
the open and closed balls in Y centered at y with radius r with respect to dy, as
in Subsection 2.2.2, and let By,q,,(y,7) and By,4,,(y,7) be the corresponding
balls with respect to dy ;. Observe that

(A.7.14) By,ay,(y,7) = By, (y,7) whenr <t
Y when r > ¢

and
(A.7.15) Byay,(y,7) = Byay,(y,r) whenr <t
=Y when r > t.

A.7.5 Compatibility of dy and dy;

It is easy to see that dy and dy; determine the same collections of open sets,
closed sets, compact sets, and connected sets in Y. Similarly, dy and dy.
determine the same convergent sequences in Y, with the same limits, and they
determine the same Cauchy sequences in Y. In particular, Y is complete with
respect to dy if and only if it is complete with respect to dy;.

We also have that dy and dy,; determine the same collections of totally
bounded sets in Y. Of course, Y is automatically bounded with respect to dy;.

A.7.6 Sequences of mappings into Y

Let E be a set, let {f; 521 be a sequence of mappings from E into Y, and let f
be another mapping from FE into Y. Note that {f; 72, converges to f pointwise
on E with respect to dy on Y if and only if {f; 524 converges to f pointwise
on E with respect to dy; on Y. One can check that {f;}32, converges to f
uniformly on E with respect to dy on Y if and only if {f; 521 converges to f

uniformly on F with respect to dy; on Y.

A.7.7 Mappings to and from other metric spaces

Let (Z,dz) be another metric space. A mapping from Y into Z is continuous
with respect to dy on Y if and only if it is continuous with respect to dy+ on
Y. Similarly, a mapping from Y into Z is uniformly continuous with respect to
dy on Y if and only if it is uniformly continuous with respect to dy; on Y.

One can verify that a mapping from Z into Y is continuous with respect to
dy on Y if and only if it is continuous with respect to dy,; on Y. Similarly, a
mapping from Z into Y is uniformly continuous with respect to dy on Y if and
only if it is uniformly continuous with respect to dy.

In particular, the identity mapping on Y is uniformly continuous as a map-
ping from Y equipped with dy into Y equipped with dy . The identity mapping
on Y is also uniformly continuous as a mapping from Y equipped with dy; into
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Y equipped with dy. Most of the previous statements could be considered as
consequences of these two.

A.8 Sequences of metric spaces

If A; is a set for each positive integer j, then the Cartesian product of the A;’s
is the set J[;Z; A; of sequences a = {a;}32, with a; € A; for each j.

A.8.1 Some metrics on countable products

Let (Xj,dx;) be a metric space for each positive integer j. Also let {b;}32; be
a sequence of positive real numbers, and suppose that

(A81) de(xj,wj) S bj

for each j and z;,w; € X;. Suppose from now on this section that

(A.8.2) {bj}521 is a bounded sequence in R.
Put
(A.8.3) dx(z,w) = s1>111) dx; (2, w;)
3>

for every x,w € X. One can check that this defines a metric on X. More
precisely, if z,w, z € X, then

(A84) de (l‘j,Zj) < de (a:j,wj) + de (wj, Zj) < dx(.’L‘,w) + dx(w, Z)
This implies that
(A.8.5) dx(z,z) < dx(z,w)+ dx(w,z).

A.8.2 When dy; is an ultrametric on X; for each j

Suppose for the moment that dx; is an ultrametric on Xj; for each j. If z, w,
and z are elements of X, then

(A86) de (Ij,Zj) § maX(de (Zj,U)j),de (wj,zj))
< max(dx(z,w),dx (w,2))

for each j. This implies that

(A.8.7) dx(z,z) < max(dx(xz,w),dx (w, z)),

so that dx is an ultrametric on X.
If dx, is the discrete metric on X; for each j, then one can check that dx is
the discrete metric on X.
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A.8.3 Closed balls in X are products of closed balls

Let + € X and a positive real number r be given, and let BXj’de (xj5,7),
Exj,dxj (xj,7) be the open and closed balls in X; centered at x; with radius r
with respect to dx, for each j, respectively, as in Subsection 2.2.2. Similarly, let

Bx ax (z,7), Bx. dx (z,7) be the open and closed balls in X centered at = with
radius r with respect to dx, respectively. It is easy to see that

(A.8.8) Bx.ax (z,r) € [] Bx;,ax, (z;,7)
j=1

and
(o)

(A.8.9) Bx ax (,7) H X;.dx, (%5,7).

A.8.4 Some open sets in X

Let U; be an open set in X; with respect to dx; for each j. If U; = X for all
but finitely many j, then one can verify that

(A.8.10) v=]]JU
j=1

is an open set in X with respect to dx, using (A.8.8). This means that the
topology determined on X by dx is at least as strong as the product topology
corresponding to the topology determined on X; by dx, for each j.

A.8.5 Products of closed sets are closed sets in X

Let A; be a subset of X for each j, and put A = H;‘;l Aj. One can check that
the closure of A in X with respect to dx is

(A8.11) ﬁ A;
j=1

where Aj is the closure of A; in X; with respect to dx, for each j. In particular,
if A; is a closed set in X; with respect to dx, for each j, then A is a closed set
in X with respect to dx.

A.8.6 Convergence of sequences in X

Let {z(1)}72, be a sequence of elements of X. Thus z(l) = {z;(l)}72, for each [,
and {xz;(l)};2, is a sequence of elements of X for each j. If {(l)};°, converges
to an element = = {z;}52, of X with respect to dx, then it is easy to see that
{x;(1)}{2, converges to x; in X; with respect to dx, for each j.
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Suppose now that {z(l)};°, is a Cauchy sequence in X with respect to dx,
so that for every e > 0 there is a positive integer L(e) such that

(A.8.12) dx(z(l),z(m)) < e
for all I,m > L(e). This implies that
(A.8.13) dx;(xj(l),z;(m)) < e

for all j, and all I,m > L(e). In particular, this means that {z;({)}{°, is a
Cauchy sequence in X; with respect to dx; for each j.

Suppose that {z;(1)};2, converges to z; € X; with respect to dx; for each
j, and put x = {x;}52,;. We would like to check that {z(/)}{2, converges to =
in X with respect to dx under these conditions. One can use (A.8.13) to get
that
(A.8.14) dx;(j(l),z;) <€

for all j, and all [ > L(e). This means that
(A.8.15) dx(z(l),z) <e

for all I > L(e).
If X; is complete as a metric space with respect to dx; for each j, then it
follows that X is complete with respect to dx.

A.8.7 Diameters of products in X

Note that X; is bounded with respect to dx, for each j, and that X is bounded
with respect to dx, by hypothesis. Let F; be a nonempty subset of X; for each
j, and put E = [[32, E;. One can verify that

(A.8.16) diamx 4, F = sup (diamxjydxj E;).

Jj=1

A.9 When {);}32, converges to (

Let us continue with the same notation and hypotheses as at the beginning of
the previous section, and suppose now that
(A.9.1) lim b; = 0.
Jj—o0
This implies that the supremum on the right side of (A.8.3) is attained for all

x,w € X, so that
(A.9.2) dx(z,w) = max dx;(zj, wj).
iz

This is clear when z = w, and otherwise one can check that the maximum on
the right reduces to the maximum of finitely many terms.
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A.9.1 Open balls in X are products of open balls

If x € X and r is a positive real number, then
(o)

(A.9.3) BX,dX (x,r) = HBXJ"de (a:j,r),
j=1

because of (A.9.2). We also have that
(A94) BijdX]_ (l‘j, 7’) = Xj

when b; < r, because of (A.8.1). This means that (A.9.4) holds for all but
finitely many j, because of (A.9.1).

One can use this to get that every open set in X with respect to dx is an
open set with respect to the product topology corresponding to the topology
determined on X; by dx, for each j. It follows that this product topology is
the same as the topology determined on X by dx, because every open set with
respect to the product topology is an open set with respect to dx, as mentioned
in Subsection A.8.4.

Note that
(A95) BX'7de ($j,T) :Xj

J

when b; < r. This holds for all but finitely many j, because of (A.9.1), as before.

A.9.2 More on convergence of sequences in X

Let {z(1)}2, be a sequence of elements of X, and let = be an element of X. If
{z;(1)}32, converges to x; in X; with respect to dx; for each j, then one can
check that {z({)}7°, converges to « in X with respect to dx. This uses the fact
that

(A.9.6) dx, (z;(1),z;) < b;

for all j and [, as in (A.8.1). More precisely, the right side is as small as
we want for all but finitely many j, because of (A.9.1). In order to get that
dx(z(l), ) is as small as we want when [ is sufficiently large, it suffices to have
that dx; (z;(l), ;) is as small as we want when [ is sufficiently large for fnitely
many j.

A.9.3 Total boundedness in infinite products

Suppose that A; is a totally bounded subset of X; with respect to dx; for each
j, and consider A = H;’il A;. It is not too difficult to see that A is totally
bounded in X with respect to dx, because of (A.9.1).

Indeed, put

j=1

j=1
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for each positive integer n, and let dxn o be the metric defined on X" as in
Section A.4. Note that A" is totally bounded in X™ with respect to dx» o, as
in Subsection A.5.2.

In order to show that A is totally bounded, one would like to be able to
cover A by finitely many balls of arbitrarily small radius, or finitely many sets
of arbitrarily small diameter. To do this, one can use an analogous covering of
A™ for n sufficiently large. This can be obtained from (A.9.4) or (A.9.5), using
coverings by open or closed balls, as appropriate, and the previous descriptions of
open and closed balls in X and X" with respect to dx and dxn ~, respectively.

A.9.4 Compactness in infinite products

If K is a compact set in X; with respect to dx; for each j, then it is well known
that

(A.9.8) K =]]K;
j=1

is compact in X with respect to dx. This may be considered as another case
of Tychonoff’s theorem for topological spaces. This can also be obtained using
the remarks about total boundedness in X in the previous subsection, as in
Subsection A.6.1.

Alternatively, one can show that K is sequentially compact using the se-
quential compactness of K; for each j, and this works as well for countable
products of topological spaces, using the product topology. More precisely, let
{z(1)};2, be a sequence of elements of K, so that {z;(])}{2, is a sequence of
elements of K; for each j. One can use the sequential compactness of the K;’s
to get a sequence of subsequences of {x (1)}, with the following properties, as
in Section A.6.

The first property is that if » > 2 is an integer, then the rth subsequence is a
subsequence of the (r—1)th subsequence. This implies that the rth subsequence
is a subsequence of all of the previous subsequences.

Let {z(m,7)}>_; be the rth subsequence of {x(I)}7°, mentioned before.
The second property is that for each 7 > 1 there be an element z, of K, such
that

(A.9.9) {z,(m,r)}7°_, converges to x,

in X, with respect to dx,. It follows that
(A.9.10) {z;(m,r)}3°_; converges to z;

in X; with respect to dx; when j < r, because {z(m, )} _; is a subsequence
of the jth subsequence, as in the preceding paragraph.

Put
(A.9.11) y(n) = z(n,n)

for each positive integer n. Omne can check that {y(n)}>2; is a subsequence
of {z(1)}2,, by construction. Similarly, one can verify that {y(n)}5e, is a

n=r
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subsequence of {z(m,r)}°_; for each r. This implies that
(A.9.12) {y;(n)};Z, converges to xz;

in X; with respect to dx, when j < r. This means that {y;(n)};; converges
to z; in X; with respect to dx, for each j, so that {y(n)}sZ; converges to
r = {z;}32, in X with respect to dx, as before.

A.10 Snowflake metrics

Let (X,dx) be a metric space, and let a be a positive real number. It is easy
to see that
(A.10.1) dx(z,w)*

satisfies the first two conditions in the definition of a metric space, i.e., it is
equal to 0 if and only if x = w and it is symmetric in z and w. Thus, if (A.10.1)
satisfies the triangle inequality on X, then it also defines a metric on X.

One can check directly that (A.10.1) is a metric on X when a = 1/2. In
fact, this holds when 0 < a < 1, because of (A.10.2). If dx is an ultrametric
on X, then (A.10.1) is an ultrametric for every a > 0. If X is the real line and
dx is the standard Euclidean metric on R, then (A.10.1) is not a metric on R
when a > 1.

A.10.1 A nice inequality

If a <1, then it is well known that

(A.10.2) (r+1)* <r®+¢°

for all nonnegative real numbers 7, t. Indeed, observe that

(A.10.3) max(r, t) < (r® + )Y/

It follows that

(A.10.4) 7+t < (r® 4 t%) max(r, )17 < (r® 4 o) A=) a = (pa 4 yayl/a

using (A.10.3) in the second step. This is equivalent to (A.10.2).

A.10.2 Some properties of df%

Suppose that (A.10.1) is a metric on X for some a > 0, and let By g4e (z,7) and

§X7d§( (z,7) be the open and closed balls in X centered at € X with radius
r > 0 with respect to (A.10.1), as in Subsection 2.2.2. Observe that

(A.10.5) Bx as (z,7") = Bx,ax (2,7)

and . _
(A.10.6) Bx.ag, (x,7") = Bxax (2,7)
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for every x € X and r > 0. It is easy to see that (A.10.1) determines the
same collections of open sets, closed sets, compact sets, and connected sets in
X as dx. Similarly, (A.10.1) determines the same convergent sequences in X,
with the same limits, and the same Cauchy sequences in X as dx, so that X is
complete with respect to (A.10.1) if and only if X is complete with respect to
dx.

A subset A of X is bounded with respect to (A.10.1) if and only if it is
bounded with respect to dx, with

(A.10.7) diamy 4o A = (diamx 4, A)“.

Similarly, A is totally bounded with respect to (A.10.1) if and only if it is totally
bounded with respect to dx.

Let {f;}52, be a sequence of mappings from a set E into X, and let f be
another mapping from E into X. Clearly {f; };";1 converges to f pointwise on F
with respect to (A.10.1) on X if and only if { f; 524 converges to f pointwise on
E with respect to dx on X, as before. We also have that {f;}32, converges to
f uniformly on E with respect to (A.10.1) on X if and only if { f;}52, converges
to f uniformly on E with respect to dx on X.

If (Z,dz) is another metric space, then continuity and uniform continuity of
mappings from X into Z with respect to (A.10.1) on X are equivalent to the
same properties with respect to dx on X. Similarly, continuity and uniform
continuity of mappings from Z into X with respect to (A.10.1) on X are equiv-
alent to the same properties with respect to dx on X. The identity mapping on
X is uniformly continuous as a mapping from X equipped with (A.10.1) into X
equipped with dx, and vice-versa.

A.11 Lipschitz mappings

Let (X, dx) and (Y, dy) be metric spaces, let « be a positive real number, and let
f be a mapping from X into Y. We say that f is Lipschitz or Holder continuous
of order o if

(A.11.1) dy (f(z), f(w)) < Cdx(z,w)*

for some nonnegative real number C and all x,w € X. This implies that f is
uniformly continuous, and this holds with C' = 0 if and only if f is constant on
X. Sometimes one simply says that f is Lipschitz when this holds with o = 1.

Suppose for the moment that X is bounded with respect to dx, and let ag
be a positive real number less than «. In this case, (A.11.1) implies that

(A.11.2) dy (f(2), f(w)) < C (diamy g, X)*~ dx (a, w)*

for all z,w € X, so that f is Lipschitz of order ag on X too.

Suppose for the moment again that X = [0,1], dx is the restriction of the
standard Euclidean metric on the real line to [0,1], and that Y = R with the
standard Euclidean metric dy. If f is Lipschitz of order a > 1 on X, then one
can check that f is constant on X. More precisely, the derivative of f is equal
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to 0 at every point in [0, 1] under these conditions, although one can also verify
that f is constant more directly.

A.11.1 Using snowflake metrics

Suppose that (A.10.1) is a metric on X for some a > 0, and similarly that
(A.11.3) dy (y,2)°

is a metric on Y for some b > 0. Observe that (A.11.1) is equivalent to saying
that

(A.11.4) dy (f(z), f(w))® < C° (dx (z,w)?)>b/

for all z,w € X. This condition is the same as saying that f is Lipschitz or
Holder continuous of order avb/a with respect to (A.10.1) on X and (A.11.3) on
Y, with constant C?.

A.11.2 Real-valued Lipschitz functions

Let us take Y = R with the standard Euclidean metric again, so that (A.11.1)
is the same as saying that

(A115) (@) — f(w)] < Cdy(z,w)®

for all x,w € X. This implies that

(A.11.6) f(z) < f(w) + Cdx(z,w)”

for all z,w € X. Conversely, if (A.11.6) holds for all x,w € X, then one can

check that (A.11.5) holds for all z,w € X, by interchanging the roles of x and
w.

If p € X, then it follows that

(A11.7) fo(z) = dx(z,p)

is Lipschitz of order 1 with constant 1 with respect to dx on X.
Suppose that (A.10.1) is a metric on X for some a > 0 again, and consider

(A.11.8) fp.a(z) =dx(z,p)*

as a real-valued function on X. This function is Lipschitz of order 1 with respect
to (A.10.1) on X, with constant equal to 1, as in the preceding paragraph.
Equivalently, this means that (A.11.8) is Lipschitz of order a with respect to
dx on X, with constant equal to 1, as in the previous subsection.
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A.12 The set of binary sequences

Let B be the set of all binary sequences, i.e., sequences x = {;}32, with
a; € {0,1} for each j. This is the same as the Cartesian product [[72, B;, with
B; = {0,1} for each j, as in Section A.8.

Let 6 be a real number with 0 < # < 1, and put

(A.12.1) dg; o(zj,w;) = 0771 when x; # w,

= 0 when z; = w;

for each j and z;,w; € B;. This is 67— times the discrete metric on Bj, and an
ultrametric on B; in particular. Note that

(A.12.2) dgjyg(x]—,wj)a = dBj’ga (xj7wj)
for every positive real number a.

Put
(A.12.3) dpo(x, w) = supdg, g(x;,w;)

j=1
for every x,w € B, as in Subsection A.8.1. This is an ultrametric on B, as in

Subsection A.8.2. In fact, this is the discrete metric on B when § = 1, and we
shall primarily be concerned with # < 1. We also have that

(A.12.4) d&g(ﬂ?, w)a = dB,Qa (m, w)
for every a > 0, as in (A.12.2).

Of course, _
(A.12.5) dp,.0(xj, w;) < 6771

for each j, as in Subsection A.8.1, with

(A.12.6) by =671,

If <1, then b; = 67~! — 0 as j — oo, as in Section A.9. This implies that
(A.12.7) dg,g(z,w) = I}lzaf( ds; 0(rj,w;)

for all z,w € B, as before, and this works in this case when # = 1 as well.

A.12.1 Another description of dggy(z, w)

If z,w € B and = # w, then let I(z,w) be the smallest positive integer such that

(A128) Ti(z,w) 7é Wi (z,w)-
Observe that
(A.12.9) dp o(, w) = 0" 71,

It is sometimes convenient to interpret [(x, w) as being equal to 400 when x = w,
so that the right side of (A.12.9) may be interpreted as being equal to 0 when
0 <1.
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A.12.2 The usual mapping from 5 onto [0, 1]
If x € B, then put

(A.12.10) $la) = x;277,
j=1

where the sum on the right converges by comparison with the geometric series
Z;i1 277 = 1. This is the usual way of associating a real number to a binary
sequence, and it is well known that

(A.12.11) o(B) = [0,1].

If x,w € B and = # w, then one can check that

(A12.12) 6a) —du)| < 3 27 = gile),

Jj=l(z,w)

This means that
(A.12.13) |p(z) — d(w)| < dp,1/2(x, w),

because of (A.12.9).
Suppose for the moment that

(A12.14) o(z) = p(w),
and that
(A.12.15) Li(zw) = 0 Wiaw) = 1.

Otherwise, we can interchange the roles of x and w. Under these conditions, it
is well known and not too difficult to see that

(A.12.16) z; =1 and w; = 0 for each j < (z,w) + 1.

A.12.3 A mapping from B onto the Cantor set
If x € B, then put

o0
(A.12.17) Yla) =Y 2,37,
j=1
where the sum on the right converges by comparison with
(A1218)  2) 379 =(2/3) > 377 =(2/3)(1-(1/3) " =1
j=1 §=0
Observe that
(A.12.19) 1 (B) is the middle-thirds Cantor set,

as in Example 3.4 on p13 of [159]. This uses the definition of the Cantor set on
p19 of [135], or equivalently the characterization in Exercise 19 on p81 of [299].
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This corresponds to 2.75 on p57 (= 2010 base 3) of [14], the definition of the
Cantor set on p38 of [118], Theorem 6.64 on p71 of [159], and Exercise 2 (a) on
p38 of [335].

If x,w € B and = # w, then one can verify that

2 i?ﬂ'

(A12.20) [(z) —p(w)] <
j=l(z,w)
= 9.3 l=w) (1-(1/3))" = gl-l(zw)
Thus
(A.12.21) [Y(x) =¥ (y)| < dp,1/s(z,w),

as in (A.12.9).
One can also check that

(A.12.22) [W(z) = Y(w)| >2-37W) —2 N 37,

j=l(z,w)+1

This implies that

() = P (w)]

Y

2.37lew) _ 9. gllew)=1 § =i
j=0

= 9. 3fl(ac,w) _9. 37[(1),11})71 (1 o (1/3))71
9. 3—l(x,w) _ 3—l(z,w) — 3—l(x,w).

This is the same as saying that

(A.12.23) [(x) = p(w)| = dp,1/3(x, w)/3,
because of (A.12.9).

A.12.4 Mapping the Cantor set onto the unit interval

It follows that
(A.12.24) porpt

maps the Cantor set onto [0,1]. One can check that this mapping is mono-
tonically increasing on the Cantor set as well. This mapping can be extended
to a monotonically increasing continuous mapping from [0, 1] onto itself that is
constant on each of the open intervals in the complement of the Cantor set in
[0,1], as in Definition 2.77 on p58 of [14], beginning on p32 of [20], on p39 of
[118], Exercise 8.28 of [159], Example 8.20 (b) on pl179 of [298], parts (b), (c),
and (d) of Exercise 2 on p38 of [335], and discussed further beginning on p125
of [335].
In fact, this function is Lipschitz of order

(A.12.25) a =log2/log3,



A.13. MORE ON B AND ¢ 249

as in Lemma 2.3 on p331 of [335]. Note that
(A.12.26) dp,1y3(z,w)® = dpy2(z,w)
for all x,w € B, as in (A.12.4). This implies that

lp(x) —o(@)|] < dpajpa(w,w)=dgs(@,w)®
< 3% P(z) —P(w)|* = 2|P(z) — P(w)]?,

using (A.12.13) in the first step, and (A.12.23) in the third step. This is equiv-
alent to a Lipschitz condition of order « for (A.12.24) as a mapping from the
Cantor set onto [0, 1], using the restriction of the standard metric on the real
line to both sets. One can use this to get the same Lipschitz condition for the
extension of this mapping to a monotonically increasing function on the unit
interval mentioned in the previous paragraph.

(A.12.27)

A.13 More on B and ¢

Let us continue with the same notation and hypotheses as in the previous sec-
tion. Put

(A.13.1) Ao ={zreB:xz;=0forall j >k}
and
(A.13.2) Aip={xeB:z;=1forall j >k}

for each positive integer k. These are finite sets with exactly 2*~! elements, and
(A.13.3) Aok € Aok+1, A € Al g+

for each k. Thus

(A.13.4) Ao = | Ao, Ar = | Avg, A= AU A,

k=1 k=1

are countably infinite subsets of B. It is easy to see that A is dense in B with
respect to dgg when 6 < 1.

Similarly,
(A.13.5) Ep={m-2""%:m=0,1,...,2" 1}

is a subset of [0, 1] with exactly 2¥~! 4 1 elements for every positive integer k.
Note that

(A.13.6) Ey € Eiiq

for each k, and put

(A.13.7) E =] Ex
k=1

This is a countable dense set in [0, 1].
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A.13.1 The restrictions of ¢ to Ay, A;, and B\ A
One can check that

(A.13.8) ¢(Aok) = Ex \ {1}, ¢(A1x) = Ex \ {0}

for each k, and that the restrictions of ¢ to Ao and A are one-to-one. It
follows that

(A.13.9) ¢(Ao) = E\{1}, ¢(A1) = E\{0},

and that the restrictions of ¢ to Ay and A; are one-to-one as well. Using
(A.13.9), we obtain that

(A.13.10) P(A) = ¢(Ag) Up(Ag) = E.
More precisely, one can verify that
(A.13.11) ¢ H(E) = A.

We also have that
(A.13.12) op(B\ A)=10,1]\ E,

and that the restriction of ¢ to B\ A is one-to-one.

A.13.2 Continuity of ¢! on [0,1]\ E

Let z € B\ A and w € B be given, with 2 # w, and remember that [(z,w) is as
in Subsection A.12.1. If 2;(; ) = 0, then wy(, ) = 1, and

Sw) —g(x) = 27'@W 4 N wett N a2
j=l(z,w)+1 j=l(z,w)+1
(A.13.13) > o7t N ot = N (1—ay)27
j=l(z,w)+1 j=l(z,w)+1
Similarly, if x;(; ) = 1, then wy, ) = 0, and
Ba)—ow) = 24 F wrio 3w
j=l(z,w)+1 j=l(z,w)+1
> .
(A.13.14) > > a2
j=l(z,w)+1
Note that - -
(A.13.15) w27, Yy (1—x)277 >0
j=k j=k

for every positive integer k, because x & Ag x, A1 %, by hypothesis. If
(A.13.16) |¢(z) — ¢(w)]
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is sufficiently small, then we get that I(z, w) has to be as large as we like, because
of (A.13.13) and (A.13.14). This means that dg ;/2(x, w) is as small as we like
when (A.13.16) is sufficiently small.

Let us use ¢! for the inverse of the restriction of ¢ to B\ A, as a mapping
defined on [0,1] \ E. The previous argument shows that

(A.13.17) ¢~ ! is continuous at ¢(z),

with respect to the restriction of dg /2 to B\ A, and the restriction of the
standard Euclidean metric on the real line to [0,1] \ E. Remember that ¢ is
continuous as a mapping from B onto [0, 1], as in Subsection A.12.2.

A.14 More on product spaces

Let X1,...,X, be finitely many metric spaces, or topological spaces, and con-
sider their Cartesian product X = H?:1 X, equipped with the product topol-
ogy, or one of the three metrics discussed in Section A.4, as appropriate. If Ej
is a dense set in X; for each j, then one can check that £ = H?Zl E; is dense in
X. This follows from a remark about the closure in X of a product of subsets
of the X;’s, as in Subsection A.4.3.

If E; has only finitely or countably many elements for each j, then it is well
known that F has only finitely or countably many elements too. It follows that
X is separable when X7,..., X,, are separable.

A.14.1 Some bases for the topology of X

Let By, be a base for the topology of X; for each j, as in Section 2.3. One can
check that

(A.14.1) Bx = { H U; : U; € By, for each j}

j=1

is a base for the topology of X.
If Bx; has only finitely or countably many elements for each j, then it is
not too difficult to see that By has only finitely or countably many elements as

well. More precisely,
n

(A.14.2) 1138,

has only finitely or countably many elements in this case, as before. Observe
that

(A.14.3) (U1,....Un) = [ Us
j=1

defines a mapping from (A.14.2) onto (A.14.1). One can use this to get that
(A.14.1) has only finitely or countably many elements, because (A.14.2) has
only fnitely or countably many elements.
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If X4,...,X, are metric spaces, then one can use separability to get a base
for the topology of X with only finitely or countably many elements, as in
Section 2.3. More precisely, this base consists of open balls in X, as before. If
one uses the metric dx o defined on X as in Section A.4, then open balls in X
are products of open balls, as before.

A.14.2 Dense sets in countable products

Now let X7, X5, X3, ... be an infinite sequence of nonempty topological or met-
ric spaces, and consider their Cartesian product X = Hj’;l X, equipped with
the product topology. If the X;’s are metric spaces, then we ask that the corre-
sponding metrics be bounded, with a sequence of upper bounds that converges
to 0, as in Section A.9. This implies that the topology determined on X by the
metric defined previously is the same as the product topology, as before.

Let u; be an element of X; for each j, and suppose that E; is a dense set in
X for each j. If n is a positive integer, then put

(A.14.4) En) = {zeX:z;eEjforj=1,...,n,

and z; = u; when j > n}.

This is the same as the Cartesian product of the sequence of sets E1,..., E,
followed by {u;} for j > n.
One can check that

(A.14.5) G E(n)

is dense in X under these conditions. More precisely, if z € X and n is a positive
integer, then one can approximate x by elements of E(n), by approximating «;
by an element of E; when j < n, because F; is dense in X, by hypothesis, and
simply replacing x; with u; when j > n. One can get approximations to x like
these that are as close to x as we want when n is sufficiently large, because of
the hypothesis at the beginning of Section A.9, or by definition of the product
topology on X.

If E; has only finitely or countably many elements for each j, then E(n) has
only finitely or countably many elements for each n, as usual. This implies that
(A.14.5) has only finitely or countably many elements, so that X is separable.

A.14.3 Some bases for the topology of X again

Let Bx; be a base for the topology of X; for each j. If n is a positive integer,
then put

(A.14.6) Bx(n) = {HUj:UjeBXj forj=1,...,n,

Jj=1

and U; = X; when j > n}
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This is a collection of open sets in X, by definition of the product topology, or
because the topology determined on X by the metric defined previously is the
corresponding product topology when the X;’s are metric spaces.

One can check that

(A.14.7) D Bx(n)

n=1

is a base for the topology of X. This follows from the definitions when one
uses the product topology on X. If the X;’s are metric spaces, then this uses
the description of open balls in X with respect to the usual metric in Section
A.9. Of course, this description of the open balls in X implies that the topology
determined by the metric is the same as the product topology, as before.

A.14.4 Countability of these bases for the topology of X

Suppose that Bx; has only finitely or countably many elements for each j. This
implies that H?Zl Bx, has only finitely or countably many elements for each n,
as before. One can use this to get that (A.14.6) has only finitely or countably
many elements for each n. It follows that (A.14.7) has only finitely or countably
many elements as well.

If the X;’s are metric spaces, then one can use separability of X to get a
countable base for the topology of X, as in Section 2.3. This base consists of
open balls in X with respect to the metric dx in Section A.9. These open balls
in X are products of open balls in the X;’s, where all but finitely many factors
are equal to X, as before.
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