Chapter I

MEASURE AND INTEGRATION

This chapter is devoted to the basic notions of measurable spaces,
measure, and integration. The coverage is limited to what probability theory
requires as the entrance fee from its students. The presentation is in the
form and style attuned to the modern treatments of probability theory and
stochastic processes.

1 MEASURABLE SPACES
Let F be a set. We use the usual notations for operations on subsets of E:
1.1 AUB, AnB, A\B

denote, respectively, the union of A and B, the intersection of A and B,
and the complement of B in A. In particular, E \ B is called simply the
complement of B and is also denoted by B°. We write A C B or B D A to
mean that A is a subset of B, that is, A is contained in B, or equivalently,
B contains A. Note that A = B if and only if A C B and A D B. For an
arbitrary collection {A; : i € I'} of subsets of E, we write

1.2 U4, N4

icl iel

for the union and intersection, respectively, of all the sets A;, i € I.

The empty set is denoted by @. Sets A and B are said to be disjoint if
AN B = (. A collection of sets is said to be disjointed if its every element
is disjoint from every other. A countable disjointed collection of sets whose
union is A is called a partition of A.

A collection € of subsets of F is said to be closed under intersections if
A N B belongs to € whenever A and B belong to €. Of course, then, the

E. Cinlar, Probability and Stochastics, Graduate Texts 1
in Mathematics 261, DOI 10.1007/978-0-387-87859-1_1,
© Springer Science+Business Media, LLC 2011



2 Measure and Integration Chap. 1

intersection of every non-empty finite collection of sets in € is in C. If the
intersection of every countable collection of sets in € is in C, then we say that
C is closed under countable intersections. The notions of being closed under
complements, unions, and countable unions, etc. are defined similarly.

Sigma-algebras

A non-empty collection € of subsets of FE is called an algebra on E provided
that it be closed under finite unions and complements. It is called a o-algebra
on F if it is closed under complements and countable unions, that is, if

1.3 a) Aef = FE\Acg,
b) Al,AQ,...GE = UnAn€€

Since the intersection of a collection of sets is the complement of the union
of the complements of those sets, a o-algebra is also closed under countable
intersections.

Every c-algebra on E includes F and () at least. Indeed, € = {0, E} is
the simplest o-algebra on F; it is called the trivial o-algebra. The largest
is the collection of all subsets of E, usually denoted by 2; it is called the
discrete o-algebra on F.

The intersection of an arbitrary (countable or uncountable) family of
o-algebras on E is again a o-algebra on F. Given an arbitrary collection
C of subsets of E, consider all the o-algebras that contain € (there is at least
one such o-algebra, namely 2¥); take the intersection of all those o-algebras;
the result is the smallest o-algebra that contains C; it is called the o-algebra
generated by C and is denoted by oC.

If E is a topological space, then the o-algebra generated by the collection
of all open subsets of E is called the Borel o-algebra on F; it is denoted byBg
or B(E); its elements are called Borel sets.

p-systems and d-systems

A collection € of subsets of E is called a p-system if it is closed under
intersections; here, p is for product, the latter being an alternative term for
intersection, and next, d is for Dynkin who introduced these systems into
probability. A collection D of subsets of F is called a d-system on E if

14 a) EeD,
b) A BeD and ADB = A\BeD,
¢) (A,)CcD and A, /A = AeD.

In the last line, we wrote (A,) C D to mean that (A,) is a sequence of
elements of D and we wrote A,, /* A to mean that the sequence is increasing
with limit A in the following sense:

1.5 Ay CAyC..., UyA,=A
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It is obvious that a g-algebra is both a p-system and a d-system, and the
converse will be shown next. Thus, p-systems and d-systems are primitive
structures whose superpositions yield o-algebras.

1.6 PROPOSITION. A collection of subsets of E is a o-algebra if and only
if it is both a p-system and a d-system on E.

Proof. Necessity is obvious. To show the sufficiency, let € be a collection
of subsets of F that is both a p-system and a d-system. First, £ is closed
under complements: A € £ = EF\ Ac & since E€and AC F and € is a
d-system. Second, it is closed under unions: A, B € € = AU B € &, because
AUB = (A°NB°)° and € is closed under complements (as shown) and under
intersections by the hypothesis that it is a p-system. Finally, this closure
extends to countable unions: if (4,) C &, then B; = A; and By = A; U A,
and so on belong to € by the preceding step, and B,, ,/ |J,, An, which together
imply that J,, A, € € since € is a d-system by hypothesis. O

The lemma next is in preparation for the main theorem of this section.
Its proof is left as an exercise in checking the conditions 1.4 one by one.

1.7  LEMMA. LetD be a d-system on E. Fiz D in D and let
D={AeD: AND e D}

Then, D is again a d-system.

Monotone class theorem

This is a very useful tool for showing that certain collections are
o-algebras. We give it in the form found most useful in probability theory.

1.8 THEOREM. If a d-system contains a p-system, then it contains also
the o-algebra generated by that p-system.

Proof. Let C be a p-system. Let D be the smallest d-system on E that
contains C, that is, D is the intersection of all d-systems containing €. The
claim is that D D ¢C. To show it, since o C is the smallest o-algebra containing
C, it is sufficient to show that D is a o-algebra. In view of Proposition 1.6, it
is thus enough to show that the d-system D is also a p-system.

To that end, fix B in € and let

D1={AeD: AnBe D}

Since € is contained in D, the set B is in D; and Lemma 1.7 implies that D,

is a d-system. It also contains C: if A € € then AN B € € since B is in € and

C is a p-system. Hence, D1 must contain the smallest d-system containing C,

that is, D1 D D. In other words, AN B € D for every A in D and B in C.
Consequently, for fixed A in D, the collection

Dy={BeD: ANB e D}
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contains €. By Lemma 1.7, Dy is a d-system. Thus, Dy must contain D.
In other words, AN B € D whenever A and B are in D, that is, D is a
p-system. |

Measurable spaces

A measurable space is a pair (E, ) where FE is a set and € is a o-algebra on
E. Then, the elements of € are called measurable sets. When E' is topological
and € = Bg, the Borel o-algebra on E, then measurable sets are also called
Borel sets.

Products of measurable spaces

Let (E, &) and (F,F) be measurable spaces. For A C F and B C F, we
write A x B for the set of all pairs (z,y) with z in A and y in B; it is called
the product of A and B. If A € £ and B € F, then A x B is said to be a
measurable rectangle. We let EQF denote the o-algebra on E x F' generated by
the collection of all measurable rectangles; it is called the product o-algebra.
The measurable space (F x F,& ®@ F) is called the product of (F,€) and
(F,F), and the notation (E, &) x (F,F) is used as well.

Exercises

1.9 Partition generated o-algebras.

a) Let C={A, B,C} be a partition of E. List the elements of oC.

b) Let € be a (countable) partition of E. Show that every element of
oC is a countable union of elements taken from C. Hint: Let € be the collection
of all sets that are countable unions of elements taken from €. Show that &
is a o-algebra, and argue that & = ¢C.

¢) Let E =R, the set of all real numbers. Let € be the collection of
all singleton subsets of R, that is, each element of C is a set that consists of
exactly one point in R. Show that every element of oC is either a countable
set or the complement of a countable set. Incidentally, cC is much smaller
than B(R); for instance, the interval (0,1) belongs to the latter but not to
the former.

1.10 Comparisons. Let € and D be two collections of subsets of . Show the
following;:

a) If € C D then oC C 0D

b) If € C 0D then € C oD

¢) If€cC oD and D CoC, then 6€C = 0D
d) If€cDcCoC then € =0D

1.11 Borel o-algebra on R. Every open subset of R = (—o0, +00), the real
line, is a countable union of open intervals. Use this fact to show that By is
generated by the collection of all open intervals.
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1.12 Continuation. Show that every interval of R is a Borel set. In particular,
(—o00,2), (—o0, ], (x,y], [x,y] are all Borel sets. For each z, the singleton
{z} is a Borel set.

1.13 Continuation. Show that By is also generated by any one of the following
(and many others):

a) The collection of all intervals of the form (—oo, z].
b) The collection of all intervals of the form (z,y].

¢) The collection of all intervals of the form [z, y].

d) The collection of all intervals of the form (x, c0).

Moreover, in each case, x and y can be limited to be rationals.
1.14 Lemma 1.7. Prove.
1.15 Trace spaces. Let (E, ) be a measurable space. Fix D C F and let

D=END={AND: Acé&}.
Show that D is a o-algebra on D. It is called the trace of € on D, and (D, D)

is called the trace of (E, ) on D.

L.16 Single point extensions. Let (E, £) be a measurable space, and let A be
an extra point, not in F. Let F = EU {A}. Show that

E=EU{AU{A}: Ac &}

is a o-algebra on Ej; it is the o-algebra on E generated by €.

1.17 Product spaces. Let (E, &) and (F,F) be measurable spaces. Show that
the product o-algebra € ® F is also the o-algebra generated by & UJF, where

E={AxF:Aect}, F={ExB: BeJ}.

1.18 Unions of o-algebras. Let €, and €5 be g-algebras on the same set E.
Their union is not a o-algebra, except in some special cases. The o-algebra
generated by €1 UCE, is denoted by €1V Ea. More generally, if €; is a o-algebra
on E for each i in some (countable or uncountable) index set I, then

er=\/¢&

iel

denotes the o-algebra generated by | J;; €; (a similar notation for intersection
is superfluous, since (,.; €; is always a o-algebra). Let € be the collection of
all sets A having the form

A=A

ied
for some finite subset J of I and sets A; in &;, i € J. Show that C contains
all & and therefore | J; €;. Thus, € generates the o-algebra ;. Show that €
is a p-system.
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2 MEASURABLE FUNCTIONS

Let E and F be sets. A mapping or function f from E into F is a rule that
assigns an element f(z) of F to each z in E, and then we write f : F — F
to indicate it. If f(x) is an element of F' for each x in E, we also write
f:x+— f(x) to name the mapping involved; for example, f : x +— 2% + 5 is
the function f from R into R, satisfying f(z) = 2% + 5. Given a mapping
f:E— F and a subset B of F, the inverse image of B under f is

2.1 ['B={recE: f(x) € B}.
We leave the proof of the next lemma as an exercise in ordinary logic.

2.2  LEMMA. Let f be a mapping from E into F. Then,
f70=0, fIF=E, fTHB\O)=(fT'B)\(f10),
U =Ur B I O\Bi=(f'B

for all subsets B and C of F' and arbitrary collections {B; : i € I} of subsets
of F.

Measurable functions

Let (E, &) and (F,%F) be measurable spaces. A mapping f : F — F is
said to be measurable relative to & and F if f~1B € € for every B in F. The
following reduces the checks involved.

2.3  PROPOSITION. In order for f : E — F to be measurable relative to €

and F, it is necessary and sufficient that, for some collection Fy that generates
F, we have f~1B € & for every B in Fy.

Proof. Necessity is trivial. To prove the sufficiency, let Fy be a collection
of subsets of F such that 0Fy = JF, and suppose that f~'B € € for every B
in F3. We need to show that

F,={BecT: f'Beé&}

contains F and thus is equal to F. Since F1 DO Fy by assumption, once we
show that J; is a o-algebra, we will have F1 = 0F; D 0Fy = F as needed.
But checking that F; is a o-algebra is straightforward using Lemma 2.2. O

Composition of functions

Let (E, &), (F,F), and (G, 3G) be measurable spaces. Let f be a mapping
from F into F, and g a mapping from F into G. The composition of f and
g is the mapping go f from F into G defined by

2.4 gof(z)=g(f(x)), xz€E.
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The next proposition will be recalled by the phrase “measurable functions of
measurable functions are measurable”.

2.5  PROPOSITION. If f is measurable relative to € and F, and g relative
to F and G, then go f is measurable relative to € and G.

Proof. Let f and g be measurable. For C' in G, observe that (g o
)7IC = f~YHg7'C). Now, g7*C € F by the measurability of g and,
hence, f~1(g71C) € € by the measurability of f. So, g o f is measurable. [J

Numerical functions

Let (E,€&) be a measurable space. Recall that R = (—o0,+00), R =
[—00, +00], Ry = [0, 4+00), Ry = [0, +00]. A numerical function on E is a
mapping from FE into R or some subset of R. If all its values are in R, it is
said to be real-valued. If all its values are in R, it is said to be positive.

A numerical function on F is said to be E-measurable if it is measurable
relative to & and B(R), the latter denoting the Borel o-algebra on R as
usual. If F is topological and €& = B(F), then E-measurable functions are
called Borel functions.

The following proposition is a corollary of Proposition 2.3 using the fact
that B(R) is generated by the collection of intervals [—oo, r] with r in R. No
proof seems needed.

2.6  PROPOSITION. A mapping f : E — R is &-measurable if and only if,
for every r in R, f~1[—oco,r] € €.

2.7 REMARKS. a) The proposition remains true if [—oo,r] is replaced
by [—o0,7) or by [r,00] or by (r, 00], because the intervals [—oo, ) with r in
R generate B(R) and similarly for the other two forms.

b) In the particular case f : E + F, where F is a countable subset of R,
the mapping f is E&-measurable if and only if f~{a} = {z € E : f(z) = a}
is in € for every a in F.

Positive and negative parts of a function

For a and b in R we write a V b for the maximum of a and b, and a A b
for the minimum. The notation extends to numerical functions naturally: for
instance, f V g is the function whose value at z is f(x) V g(z). Let (E, &) be
a measurable space. Let f be a numerical function on F. Then,

2.8 ft=rvo, f-=—=(fn0)

are both positive functions and f = f* — f~. The function f7 is called the
positive part of f, and f~ the negative part.

2.9  PROPOSITION. The function f is E-measurable if and only if both fT
and f~ are.
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Proof is left as an exercise. The decomposition f = f+ — f~ enables
us to obtain many results for arbitrary f from the corresponding results for
positive functions.

Indicators and simple functions

Let A C E. Its indicator, denoted by 14, is the function defined by

1 ifxe A,
2.10 La(z) = { 0 ifz¢A

We write simply 1 for 1g. Obviously, 14 is E-measurable if and only if A € E.
A function f on F is said to be simple if it has the form

2.11 = zn: aila,
1

for some n in N* = {1,2,...}, real numbers a4, ..., a,, and measurable sets
A1, ..., A, (belonging to the o-algebra &). It is clear that, then, there exist
m in N* and distinct real numbers bq,...,b,, and a measurable partition
{Bi,...,Bn} of E such that f = > 7" b;1p,; this latter representation is
called the canonical form of the simple function f.

It is immediate from Proposition 2.6 (or Remark 2.7b) applied to the
canonical form that every simple function is £-measurable. Conversely, if f
is &-measurable, takes only finitely many values, and all those values are real
numbers, then f is a simple function. In particular, every constant is a simple
function. Finally, if f and g are simple, then so are

2.12 f+97 f_gv fg7 f/ga f\/gv f/\gv

except that in the case of f/g one should make sure that g is nowhere zero.

Limits of sequences of functions

Let (f,) be a sequence of numerical functions on E. The functions
2.13 inf f,, sup fn, liminf f,, limsup f,
are defined on E pointwise: for instance, the first is the function whose value
at 2 is the infimum of the sequence of numbers f, (). In general, limit inferior
is dominated by the limit superior. If the two are equal, that is, if

2.14 liminf f,, = limsup f, = f,

say, then the sequence (f,,) is said to have a pointwise limit f and we write
f=Ilimf, or f,, — f to express it.
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If (f,) is increasing, that is, if f; < fo < ..., then lim f,, exists and is
equal to sup f,,. We shall write f, /' f to mean that (f,) is increasing and
has limit f. Similarly, f,, \, f means that (f,) is decreasing and has limit f.

The following shows that the class of measurable functions is closed under
limits.

2.15 THEOREM. Let (f,) be a sequence of E-measurable functions. Then,
each one of the four functions in 2.13 is E-measurable. Moreover, if it exists,
lim f,, is E-measurable.

Proof. We start by showing that f = sup f, is E-measurable. For every x
in £ and r in R, we note that f(z) < r if and only if f,(z) < r for all n.
Thus, for each r in R,

f ool =z fa) <r}=({a: fale) < v} =) [oeur].

The rightmost member belongs to €: for each n, the set f, ![—oc,r] € € by
the E-measurability of f,, and € is closed under countable intersections. So,
by Proposition 2.6, f = sup f, is E-measurable.

Measurability of inf f,, follows from the preceding step upon observing
that inf f,, = — sup(—f,,). It is now obvious that

liminf f, = sup inf f,, limsup f,, = inf sup f,
m n>m m n>m

are &-measurable. If these two are equal, the common limit is the definition
of lim f,,, which is &-measurable. O

Approximation of measurable functions

We start by approximating the identity function on R, by an increasing
sequence of simple functions of a specific form (dyadic functions). We leave
the proof of the next lemma as an exercise; drawing d, for n = 1,2,3
should do.

2.16 LEMMA. For each n in N*, let

k—1 _
dn(’f’):z l[bu%)(r)—l-nl[nm](r), reRy.

Pi
k=1

Then, each d, is an increasing right-continuous simple function on Ry, and
dn(r) increases to r for each r in Ry asn — oo.

The following theorem is important: it reduces many a computation about
measurable functions to a computation about simple functions followed by
limit taking.
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2.17  THEOREM. A positive function on E is E-measurable if and only if
it is the limit of an increasing sequence of positive simple functions.

Proof. Sufficiency is immediate from Theorem 2.15. To show the necessity
part, let f : E — R, be &-measurable. We are to show that there is a sequence
(fn) of positive simple functions increasing to f. To that end, let (d,,) be as in
the preceding lemma and put f,, = d, o f. Then, for each n, the function f,
is E&-measurable, since it is a measurable function of a measurable function.
Also, it is positive and takes only finitely many values, because d,, is so. Thus,
each f, is positive and simple. Moreover, since d,(r) increases to r for each
rin Ry asn — oo, we have that f,,(z) = d,,(f(z)) increases to f(x) for each
zin E as n — oo.

Monotone classes of functions

Let M be a collection of numerical functions on E. We write M. for the
subcollection consisting of positive functions in M, and M, for the subcollec-
tion of bounded functions in M.

The collection M is called a monotone class provided that it includes the
constant function 1, and M, is a linear space over R, and M is closed under
increasing limits; more explicitly, M is a monotone class if

218 a) 1eM,
b) f,geMpanda,beR = af+bgeM,
) (fa) My, fu /' f = feM

The next theorem is used often to show that a certain property holds for
all E&-measurable functions. It is a version of Theorem 1.8, it is called the
monotone class theorem for functions.

2.19 THEOREM. Let M be a monotone class of functions on E. Suppose,
for some p-system C generating &, that 14 € M for every A in C. Then,
M includes all positive E-measurable functions and all bounded E-measurable
functions.

Proof. We start by showing that 14 € M for every A in €. To this end, let
D={Aec:14 €M}

Using the conditions 2.18, it is easy to check that D is a d-system. Since
D D € by assumption, and since € is a p-system that generates £, we must
have D D € by the monotone class theorem 1.8. So, 14 € M for every A in &.

Therefore, in view of the property 2.18b, M includes all simple functions.

Let f be a positive E-measurable function. By Theorem 2.17, there exists
a sequence of positive simple functions f,, increasing to f. Since each f,, is in
M, by the preceding step, the property 2.18c implies that f € M.

Finally, let f be a bounded &-measurable function. Then f and f~ are
in M by the preceding step and are bounded obviously. Thus, by 2.18b, we
conclude that f = f* — f~ e M. O
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Standard measurable spaces

Let (E,€) and (F,F) be measurable spaces. Let f be a bijection from
E onto F, and let f denote its functional inverse ( f (y) = « if and only if
f(z) = y). Then, f is said to be an isomorphism of (E, &) and (F,F) if f is
measurable relative to € and F and f is measurable relative to ¥ and €. The
measurable spaces (E, £) and (F,J) are said to be isomorphic if there exists
an isomorphism between them.

A measurable space (F, &) is said to be standard if it is isomorphic to
(F, Br) for some Borel subset F' of R.

The class of standard spaces is surprisingly large and includes almost all
the spaces we shall encounter. Here are some examples: The spaces R, R?,
R together with their respective Borel o-algebras are standard measurable
spaces. If F is a complete separable metric space, then (F,Bg) is standard.
If F is a Polish space, that is, if F is a topological space metrizable by a
metric for which it is complete and separable, then (E, Bg) is standard. If E
is a separable Banach space, or more particularly, a separable Hilbert space,
then (E, Bg) is standard. Further examples will appear later.

Clearly, [0, 1] and its Borel o-algebra form a standard measurable space;
so do {1,2,...,n} and its discrete o-algebra; so do N = {0,1,...} and its
discrete o-algebra. Every standard measurable space is isomorphic to one of
these three (this is a deep result).

Notation

We shall use € both for the o-algebra and for the collection of all the
numerical functions that are measurable relative to it. Recall that, for an ar-
bitrary collection M of numerical functions, we write M for the subcollection
of positive functions in M, and M, for the subcollection of bounded ones in M.
Thus, for instance, € is the collection of all £-measurable positive functions.

A related notation is &/F which is used for the class of all functions
f + E — F that are measurable relative to & and F. The notation &/F is
simplified to & when F = R and F = B(R).

Exercises and complements

2.20 o-algebra generated by a function. Let E be a set and (F,F) a measur-
able space. For f : E — F, define

['F={f'B: BeJ}

where f~!'B is as defined in 2.1. Show that f~'JF is a o-algebra on E. It is
the smallest o-algebra on F such that f is measurable relative to it and F.
It is called the o-algebra generated by f. If (E, £) is a measurable space, then
f is measurable relative to & and F if and only if f~1F C &; this is another
way of stating the definition of measurability.
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2.21 Product spaces. Let (E, &), (F,F), (G,5G) be measurable spaces. Let
f : E — F be measurable relative to € and ¥, and let g : E — G be
measurable relative to € and G. Define h : E+— F' x G by

h(z) = (f(z),9(x)), =z€E.
Show that h is measurable relative to € and F ® G.

2.22 Sections. Let f : E x F — G be measurable relative to € ® F and §.
Show that, for fixed x¢ in F, the mapping h : y — f(xo,y) is measurable
relative to ¥ and §. (Hint: Note that h = fog where g : F — E X F is
defined by g(y) = (xo,y) and show that g is measurable relative to F and
€ ® F.) The mapping h is called the section of f at xo.

2.23 Proposition 2.9. Prove.

2.24 Discrete spaces. Suppose that E is countable and € = 2, the discrete
o-algebra on E. Then, (F, £) is said to be discrete. Show that every function
on E is &-measurable.

2.25 Suppose that € is generated by a countable partition of E. Show that,
then, a numerical function on E' is €-measurable if and only if it is constant
over each member of that partition.

2.26 Elementary functions. A function f on FE is said to be elementary if it

has the form -
f= Z aila;,
1

where a; € R and A; € € for each i, the A; being disjoint. Show that every
such function is &-measurable.

2.27 Measurable functions. Show that a positive function f on F is
E-measurable if and only if it has the form

f = ZanlAnv
1

for some sequence (a,) C R, and some sequence (A,) C €, disjointedness
not required.

2.28 Approzimation by simple functions. Show that a numerical function f
on F is &-measurable if and only if it is the limit of a sequence (f,,) of simple
functions. Hint: For necessity, put f, = f,7 — f,,, where f,;F = d,, o f* and
frn =dno f~ with d,, as in Lemma 2.16.

2.29 Arithmetic operations. Let f and g be E-measurable. Show that, then,
each one of

f+9.  f-9. f9 [y
is &-measurable provided that it be well-defined (the issue arises from the

fact that 400 — 00, (+00)(—00), 0/0, 0o/o00 are undefined). Recall, however,
that 0- oo = 0 is defined.
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2.30 Continuous functions. Suppose that E is topological. Show that every
continuous function f : £ +— R is a Borel function. Hint: If f is continuous,
then f~!B is open for every open subset of R.

2.31 Step functions, right-continuous functions. a) A function f : Ry — R
is said to be a right-continuous step function if there is a sequence (t,) in
R4 with 0 =ty < t; < --- and lim ¢,, = +o00 such that f is constant over
each interval [t,,t,+1). Every such function is elementary and, thus, Borel
measurable. b) Let f : R, +— R be right-continuous, that is, f(r,) — f(r)
whenever (r,,) is a sequence decreasing to r. Show that f is Borel measurable.
Hint: Note that f = lim f,,, where f,, = f o d, for n in N* with

- >k
dn(r) = Z 2—711[%,2%)(74), reRy.
k=1

Extend this to f : R + R by symmetry on R \ R,. Similarly, every left-
continuous function is Borel.

2.32 Increasing functions. Let f : R — R be increasing. Show that f is Borel
measurable.

2.33 Measurability of sets defined by functions. We introduce the notational
principle that {f € B}, {f > r}, {f < g}, etc. stand for, respectively,

{zxeE: f(x)eB}, {z€E: f(x)>r}, {ze€FE: f(x)<g(x)},

ete. For instance, {f < g} is the set on which f is dominated by g.
Let f and g be E&-measurable functions on E. Show that the following sets
are in &:

{r>9y, {f<gt, {f#9h {f=9b {Fzgh {f<g}

Hint: {f > g} is the set of all x for which f(z) > r and g(z) < r for some
rational number 7.

2.34 Positive monotone classes. This is a variant of the monotone class the-
orem 2.19: Let M be a collection of positive functions on E. Suppose that
a) 1e M+
b) f,geMianda,beRand af +bg >0 = af +bg € M4

¢) (fa)TMy, fu /f = feM.

Suppose, for some p-system C generating € that 14 € M, for each A in C.
Then, M includes every positive E-measurable function. Prove.

2.35 Bounded monotone classes. This is another variant of the monotone
class theorem. Let M be a collection of bounded functions on E. Suppose
that

a) 1eMs,,
b) f,g€Mpand a,b € R = af +bg € M,
¢) (fn) CTMyp, frn>0,fn 7 f, and f is bounded = f € M.

Suppose, for some p-system C generating & that 14 € M, for each A in C.
Then, My includes every bounded E-measurable function. Prove.
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3 MEASURES

Let (F, &) be a measurable space, that is, F is a set and € is a o-algebra
on E. A measure on (F, ) is a mapping p : € — R, such that

3.1 a) u(@) =0,
b)  w(lU, 4An) = >, 1(Ay) for every disjointed sequence (A,,) in €.

The latter condition is called countable additivity. Note that u(A) is al-
ways positive and can be +00; the number p(A) is called the measure of A4;
we also write pA for it.

A measure space is a triplet (E, &, 1), where (F, £) is a measurable space
and p is a measure on it.

Examples

3.2 Dirac measures. Let (E, ) be a measurable space, and let  be a fixed
point of E. For each A in &, put

1 ifx € A,
5””(A)_{ 0 ifx ¢ A.

Then, §, is a measure on (E, ). It is called the Dirac measure sitting at .

3.3 Counting measures. Let (F, ) be a measurable space. Let D be a fixed
subset of E. For each A in &, let v(A) be the number of points in A N D.
Then, v is a measure on (E, ). Such v are called counting measures. Often,
the set D is taken to be countable, in which case

v(A) =) 6.(A), Acé.

xeD

3.4 Discrete measures. Let (E,€) be a measurable space. Let D be a
countable subset of E. For each z in D, let m(z) be a positive number.
Define
p(A) = " m(z) 6.(A), A€k
zeD

Then, u is a measure on (E, £). Such measures are said to be discrete. We
may think of m(x) as the mass attached to the point z, and then p(A) is
the mass on the set A. In particular, if (E, £) is a discrete measurable space,
then every measure p on it has this form.

3.5 Lebesgue measures. A measure p on (R, Bg) is called the Lebesgue mea-
sure on R if p(A) is the length of A for every interval A. As with most
measures, it is impossible to display p(A) for every Borel set A, but one can
do integration with it, which is the main thing measures are for. Similarly, the
Lebesgue measure on R? is the “area” measure, on R the “volume”, etc. We
shall write Leb for them. Also note the harmless vice of saying, for example,
Lebesgue measure on R? to mean Lebesgue measure on (R?, B(R?)).
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Some properties

3.6 PROPOSITION. Let 1 be a measure on a measurable space (E,E).
Then, the following hold for all measurable sets A, B, and A1, As,...:

Finite additivity: ANB =10 = p(AUB) = p(A) + p(B).
Monotonicity: AC B = u(A) < u(B).

Sequential continuity: An, /A = p(A4,) / u(A).
Boole’s inequality: p(U,, An) <>, t(An).

Proof. Finite additivity is a particular instance of countable additivity of
u: take A1 = A, Ay = B, A3 = Ay = ... = ) in 3.1b. Monotonicity follows
from finite additivity and the positivity of u: for A C B, we can write B as
the union of disjoint sets A and B\ A, and hence

w(B) = u(A) + u(B\ A) > u(A),

since (B \ A) > 0. Sequential continuity follows from countable additivity:
Suppose that A, " A. Then, By = A, By = A)\A;, By = A3\Ao,...
are disjoint, their union is A, and the union of the first n is A,. Thus, the
sequence of numbers u(A,,) increases and

lim pi(A,) = lim (U} Bi) =lim > p(Bi) = > pu(Bi) = u(A).

Finally, to show Boole’s inequality, we start by observing that
(AU B) = p(A) + p(B\ A) < p(A) + u(B)

for arbitrary A and B in €. This extends to finite unions by induction:

n

n(UT4;) < Z 1(As).

1

Taking limits on both sides completes the proof since the left side has limit
w(US° A;) by sequential continuity. O

Arithmetic of measures

Let (E, &) be a measurable space. If p is a measure on it and ¢ > 0 is a
constant, then cu is again a measure on it. If ;4 and v are measures on it,
then so is p + v. If pu1, po, ... are measures, then so is ) py; this can be
checked using the elementary fact that, if the numbers a,,, are positive,

ZEm T
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Finite, o-finite, >-finite measures

Let 1 be a measure on a measurable space (F, ). It is said to be finite
if u(E) < oo; then u(A) < oo for all A in € by the monotonicity of u. It is
called a probability measure if p(E) = 1. It is said to be o-finite if there exists
a measurable partition (E,) of E such that pu(E,) < oo for each n. Finally,
it is said to be X-finite if there exists a sequence of finite measures p,, such
that © = >, pn. Every finite measure is obviously o-finite. Every o-finite
measure is X-finite; see Exercise 3.13 for this point and for examples.

Specification of measures

Given a measure on (E, ), its values over a p-system generating & deter-
mine its values over all of €, generally. The following is the precise statement
for finite measures. Its version for o-finite measures is given in Exercise 3.18.

3.7 PROPOSITION. Let (E, &) be a measurable space. Let 1 and v be mea-
sures on it with u(E) = v(E) < oo. If p and v agree on a p-system generating
&, then p and v are identical.

Proof. Let C be a p-system generating £. Suppose that u(A) = v(A)
for every A in €, and u(E) = v(E) < oco. We need to show that, then,
u(A) = v(A) for every A in &, or equivalently, that

D={Aect: ulh)=v(A)}

contains €. Since D DO € by assumption, it is enough to show that D is
a d-system, for, then, the monotone class theorem 1.8 yields the desired
conclusion that D D €. So, we check the conditions for D to be a d-system.
First, E € D by the assumption that u(F) = v(E). If A,B € D, and A D B,
then A\ B € D, because

WA\ B) = u(4) - p(B) = v(A) - v(B) = v(A\ B),

where we used the finiteness of p to solve u(A) = u(B) + u(A\ B) for
u(A\ B) and similarly for v(A \ B). Finally, suppose that (A,) C D and
Ay, 7 A; then, p(A,) = v(A,) for every n, the left side increases to u(A) by
the sequential continuity of u, and the right side to ¥(A) by the same for v;
hence, u(A) =v(A) and A € D. O

3.8 COROLLARY. Let p and v be probability measures on (R, B(R)).
Then, = v if and only if u[—oo,r] = v[—oo,r] for every r in R.

Proof is immediate from the preceding proposition: u(R) = v(R) = 1
since u and v are probability measures, and the intervals [—o0, 7] with r in
R form a p-system generating the Borel o-algebra on R.
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Atoms, purely atomic measures, diffuse measures

Let (E, £) be a measurable space. Suppose that the singleton {x} belongs
to € for every x in E; this is true for all standard measurable spaces. Let p
be a measure on (F, ). A point z is said to be an atom of p if p{z} > 0.
The measure y is said to be diffuse if it has no atoms. It is said to be purely
atomic if the set D of its atoms is countable and p(E \ D) = 0. For example,
Lebesgue measures are diffuse, a Dirac measure is purely atomic with one
atom, discrete measures are purely atomic.

The following proposition applies to X-finite (and therefore, to finite and
o-finite) measures. We leave the proof as an exercise; see 3.15.

3.9 PROPOSITION. Let p be a X-finite measure on (E,E). Then,
p=A+v,

where X is a diffuse measure and v is purely atomic.

Completeness, negligible sets

Let (F, €&, 1) be a measure space. A measurable set B is said to be neg-
ligible if p(B) = 0. An arbitrary subset of E is said to be negligible if it is
contained in a measurable negligible set. The measure space is said to be com-
plete if every negligible set is measurable. If it is not complete, the following
shows how to enlarge € to include all negligible sets and to extend p onto the
enlarged €. We leave the proof to Exercise 3.16. The measure space (E, €, i)
described is called the completion of (E, &, ). When E = R and & = By and
i = Leb, the elements of € are called the Lebesque measurable sets.

3.10  PROPOSITION. Let N be the collection of all negligible subsets of .
Let € be the o-algebra generated by € UN. Then,

a) every B in & has the form B= AUN, where A € & and N eN,
b) the formula (AU N) = u(A) defines a unique measure fi on &, we
have (A) = p(A) for A € €, and the measure space (E,E, i) is complete.

Almost everywhere

If a proposition holds for all but a negligible set of x in F, then we say
that it holds for almost every x, or almost everywhere. If the measure u used
to define negligibility needs to be indicated, we say p-almost every x or u-
almost everywhere. If E is replaced by a measurable set A, we say almost
everywhere on A. For example, given numerical functions f and g on F, and
a measurable set A, saying that f = g almost everywhere on A is equivalent
to saying that {x € A: f(x) # g(z)} is negligible, which is then equivalent
to saying that there exists a measurable set M with u(M) = 0 such that
f(x) = g(x) for every x in A\ M.
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Exercises and complements

3.11 Restrictions and traces. Let (F, &) be a measurable space, and p a
measure on it. Let D € €.

a) Define v(A4) = u(AND), A € €. Show that v is a measure on (F, £);
it is called the trace of p on D.

b) Let D be the trace of & on D (see 1.15). Define v(A) = u(A) for
A in D. Show that v is a measure on (D, D); it is called the restriction of u
to D.

3.12 Extensions. Let (E, &) be a measurable space, let D € &, and let (D, D)
be the trace of (E,&) on D. Let u be a measure on (D, D) and define v by

v(A)=pu(AND), Aeccé&.

Show that v is a measure on (E, £). This device allows us to regard a “measure
on D” as a “measure on E”.

3.13 o-and X-finiteness

a) Let (E, &) be a measurable space. Let 1 be a o-finite measure on
it. Then, p is X-finite. Show. Hint: Let (E,) be a measurable partition of
such that p(FE,) < oo for each n; define p,, to be the trace of u on E,, as in
Exercise 3.11a; show that =" fi.

b) Show that the Lebesgue measure on R is o-finite.

¢) Let u be the discrete measure of Example 3.4 with (F, &) discrete.
Show that it is o-finite if and only if m(z) < oo for every z in D. Show that
it is always X-finite.

d) Let E =10,1] and & = B(F). For A in &, define u(A) to be 0 if
Leb A =0 and +o0 if Leb A > 0. Show that p is not o-finite but is X-finite.

e) Let (F, &) beasin (d) here. Define u(A) to be the counting measure
on it (see Example 3.3 and take D = F). Show that p is neither o-finite nor
Y-finite.

3.14 Atoms. Show that a finite measure has at most countably many atoms.
Show that the same is true for ¥-finite measures. Hint: If u(E) < oo then
the number of atoms with pu{z} > L is at most nu(E).

3.15 Proof of Proposition 3.9. Let D be the set of all atoms of the given Y-
finite measure u. Then, D is countable by the preceding exercise and, thus,
measurable by the measurability of singletons. Define

AA) = u(A\D),  v(A)=pu(AND), Ack.
Show that A is a diffuse measure, v purely atomic, and p = A + v. Note that

v has the form in Example 3.4 with m(z) = p{z} for each atom .

3.16 Proof of Proposition 3.10. Let F be the collection of all sets having
the foorm AU N with A in € and N in N. Show that J is a o-algebra on
E. Argue that F = &, thus proving part (a). To show (b), we need to show
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that, if AUN = A’ UN’ with A and A’ in €& and N and N’ in N, then
u(A) = p(A’). To this end pick M in € such that u(M) =0 and M D N,
and pick M’ similarly for N’. Show that A C AU M’ and A’ C AU M. Use
this, monotonicity of u, Boole’s inequality, etc. several times to show that

H(A) = p(A').

3.17 Measurability on completions. Let (E, &, u) be a measure space, and
(E, &, i) its completion. Let f be a numerical function on E. Show that f
is E-measurable if and only if there exists an €-measurable function g such
that f = ¢ almost everywhere. Hint: For sufficiency, choose M in & such
that u(M) = 0 and f = g outside M, and note that {f < r} = AUN
where A = {g < r}\ M and N C M. For necessity, assuming f is positive
&-measurable, write f = Y° a, 14, with A,, € € for each n (see Exercise 2.27)
and choosing B,, in € such that A4, = B, UN,, for some negligible N,,, define
g=> 17 aylp,, and show that {f # g} C U, N, = N, which is negligible.

3.18 Equality of measures. This is to extend Proposition 3.7 to o-finite mea-
sures. Let p and v be such measures on (E, €). Suppose that they agree on
a p-system C that generates €. Suppose further that C contains a partition
(Ey,) of E such that u(E,) = v(E,) < oo for each n. Then, ;1 = v. Prove this.

3.19 Existence of probability measures. Let E be a set, D an algebra on it,
and put € = ¢D. Suppose that A : D — [0, 1] is such that A(F) = 1 and
AMAUB) = AMA) + \(B) whenever A and B are disjoint sets in D. Is it
possible to extend A to a probability measure on €7 In other words, does
there exist a measure p on (F, &) such that pu(A) = A(A) for every A in D?
If such a measure exists, then it is unique by Proposition 3.7, since D is a
p-system that generates €.

The answer is provided by Caratheodory’s extension theorem, a classical re-
sult. Such a probability measure u exists provided that A be countably addi-
tive on D, that is, if (A,) is a disjointed sequence in D with A =J,, A, € D,
then we must have A(A) = >° A(A,), or equivalently, if (4,) C D and
Ap \ 0 then we must have A(4,) \, 0.

4 INTEGRATION

Let (E, &, 1) be a measure space. Recall that € stands also for the col-
lection of all E-measurable functions on E and that €, is the sub-collection
consisting of positive €-measurable functions. Our aim is to define the “in-
tegral of f with respect to u” for all reasonable functions f in €. We shall

denote it by any of the following:

11 nf =)= [ )@ = [ ran
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As the notation uf suggests, integration is a kind of multiplication; this will
become clear when we show that the following hold for all a,b in Ry and
9, fnin €4
4.2 a) Positivity: pf > 0; uf =01if f=0.

b)  Linearity: p(af +bg) = apf +bpug.

¢) Monotone convergence theorem: If f, / f, then uf, / uf.

We start with the definition of the integral and proceed to proving the prop-
erties 4.2 and their extensions. At the end, we shall also show that 4.2 char-
acterizes integration.

4.3 DEFINITION. a) Let f be simple and positive. If its canonical form
is f =7 aila,, then we define

nf =3 as p(Ay).
1

b) Let f € E4. Put f, = d, o f, where the d,, are as in Lemma 2.16.
Then each f, is simple and positive, and the sequence (f,) increases to f
as shown in the proof of 2.17. The integral uf, is defined for each n by the
preceding step, and the sequence of numbers pfy is increasing (see Remark
4.4d below). We define

pf = 1m pfr.

c) Let fe& Then, fT=fV0and f~=—(f A0) belong to &, and
their integrals () and p(f~) are defined by the preceding step. Noting that

f=f"—f, we define

pf = p(f) = nlf7)
provided that at least one term on the right side be finite. Otherwise, if
w(ft) = u(f~) = +oo, then pf is undefined.

4.4 REMARKS. Let f,g, etc. be simple and positive.

a) The formula for uf remains the same even when f = > a; 14, is
not the canonical representation of f. This is easy to check using the finite
additivity of p.

b) If a and b are in Ry, then af + bg is simple and positive, and the
linearity property holds:

plaf +bg) =apf+bug.

This can be checked using the preceding remark.
c) If f < g then uf < pg. This follows from the linearity property
above applied to the simple positive functions f and g — f:

pf <pf+ug—f)=nlf+g-f)=ng

d) In step (b) of the definition, we have f; < fo < .... The preceding
remark on monotonicity shows that ufi < ufo <.... Thus, lim uf, exists as
claimed (it can be +00).
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Examples

a) Discrete measures. Fix zp in F and consider the Dirac measure dg,
sitting at xg. Going through the steps of the definition of the integral, we
see that d,,f = f(xo) for every f in €. This extends to discrete measures: if
p= 7> ,cpm(x)d, for some countable set D and positive masses m(z), then

uf =3 m() f(x)
xeD
for every f in €. A similar result holds for purely atomic measures as well.
b) Discrete spaces. Suppose that (E, &) is discrete, that is, E is
countable and € = 2F. Then, every numerical function on E is &-measurable,
and every measure u has the form in the preceding example with D = E and
m(z) = p{x}. Thus, for every positive function f on FE,

uf =3 pla} ().
zeE

In this case, and especially when F is finite, every function can be thought
as a vector, and similarly for every measure. Further, we think of functions
as column vectors and of measures as row vectors. Then, the integral pf is
seen to be the product of the row vector p and the column vector f. So, the
notation is well-chosen in this case and extends to arbitrary spaces in a most
suggestive manner.

c)  Lebesgue integrals. Suppose that E is a Borel subset of R? for some
d > 1 and suppose that & = B(E), the Borel subsets of E. Suppose that u
is the restriction of the Lebesgue measure on R? to (E, ). For f in &, we
employ the following notations for the integral pf:

pf = Lebg f:/ELeb(dx) f(z) :/de f(z),

the last using dz for Leb(dz) in keeping with tradition. This integral is called
the Lebesgue integral of f on E.

If the Riemann integral of f exists, then so does the Lebesgue integral, and
the two integrals are equal. The converse is false; the Lebesgue integral exists
for a larger class of functions than does the Riemann integral. For example,
if E = [0,1], and f is the indicator of the set of all rational numbers in FE,
then the Lebesgue integral of f is well-defined by 4.3a to be zero, but the
Riemann integral does not exist because the discontinuity set of f in F is E
itself and Leb E = 1 # 0 (recall that a Borel function is Riemann integrable
over an interval [a, b] if and only if its points of discontinuity in [a, b] form a
set of Lebesgue measure 0).

Integrability

A function f in € is said to be integrable if pf exists and is a real num-
ber. Thus, f in & is integrable if and only if uf™ < oo and pf~ < oo, or
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equivalently, if and only if the integral of | f| = f*+ f~ is a finite number. We
leave it as an exercise to show that every integrable function is real-valued
almost everywhere.

Integral over a set

Let f € € and let A be a measurable set. Then, fl4 € &, and the
integral of f over A is defined to be the integral of f1,4. The following nota-
tions are used for it:

45 u(r1a) = [ pan)s@ = [ fan

The following shows that, for each f in €4, the set function A — u(f14) is
finitely additive. This property extends to countable additivity as a corollary
to the monotone convergence theorem 4.8 below.

4.6 LEMMA. Let f € Ey. Let A and B be disjoint sets in & with union
C. Then

u(fla) +p(f1e) = u(flc).

Proof. If f is simple, this is immediate from the linearity property of
Remark 4.4b. For arbitrary f in €., putting f, = d, o f as in Definition
4.3b, we get

1(fala) + p(falp) = p(falc)

since the f,, are simple. Observing that f,1p = d, o (f1lp) for D = A, B,C
and taking limits as n — oo we get the desired result through Definition
4.3b. |

Positivity and monotonicity

4.7  ProOPOSITION. If f € &4, then puf > 0. If f and g are in €4 and
I <g, then uf < pug.

Proof. Positivity of uf for f positive is immediate from Definition 4.3. To
show monotonicity, let f, = d, o f and g, = d,, 0 g as in step 4.3b. Since each
dy,, is an increasing function (see Lemma 2.16), f < g implies that f, < g,
for each n which in turn implies that uf, < pg, for each n by Remark 4.4c.
Letting n — 0o, we see from Definition 4.3b that uf < ug. O

Monotone Convergence Theorem

This is the main theorem of integration. It is the key tool for interchanging
the order of taking limits and integrals. It states that the mapping f — uf
from &, into R, is continuous under increasing limits. As such, it is an
extension of the sequential continuity of measures.

4.8 THEOREM. Let (f,) be an increasing sequence in €. Then,

w(lim f,) = Um pf,.
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Proof. Let f = lim f,; it is well-defined since (f,) is increasing. Clearly,
f € &4, and pf is well-defined. Since (f,,) is increasing, the integrals uf,
form an increasing sequence of numbers by the monotonicity property shown
by Proposition 4.7. Hence, lim pf, exists. We want to show that the limit
is puf. Since f > f, for each n, we have puf > pf, by the monotonicity
property. It follows that pf > lim pf,. The following steps show that the
reverse inequality holds as well.

a) Fix b in Ry and B in €. Suppose that f(z) > b for every x in
the set B. Since the sets {f,, > b} are increasing to {f > b}, the sets B,, =
BN {f, > b} are increasing to B, and

4.9 lim pu(B,,) = pu(B)
by the sequential continuity of . On the other hand,

fnlB Z fnan Z ban7

which yields via monotonicity that

1(fulp) = p(blp,) = bu(By).

Taking note of 4.9 we conclude that

4.10 lim p(fnlp) > bu(B).

This remains true if f(z) > b for all z in B: If b = 0 then this is trivially
true. If b > 0 then choose a sequence (by,,) strictly increasing to b; then, 4.10
holds with b replaced by b,,; and letting m — oo we obtain 4.10 again.
b)  Let g be a positive simple function such that f > g. If g = > 7" b;1p,
is its canonical representation, then f(x) > b; for every z in B;, and 4.10
yields
liinu(fnlgi) > bip(Bi), i=1,...,m.

Hence, by the finite additivity of A — p(f,14) shown in Lemma 4.6,
411 limpfy =1im )y p(falp) =Y lmp(falp) =Y bin(Bi) = pg.
i=1 i=1 i=1

¢) Recall that puf = lim u(dy o f) by Definition 4.3b. For each k, the
function dj o f is simple and f > dj o f. Hence, taking g = di o f in 4.11, we
have

lim puf > pu(dy © f)

for all k. Letting k£ — oo we obtain the desired inequality that
limpfr > puf- 0
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Linearity of integration

4.12  PROPOSITION. For f and g in €4 and a and b in Ry,

paf +bg) =apf+bug.

The same is true for integrable f and g in € and arbitrary a and b in R.

Proof. Suppose that f,g,a,b are all positive. If f and g are simple, the
linearity can be checked directly as remarked in 4.4b. If not, choose (f,)
and (g,) to be sequences of simple positive functions increasing to f and g
respectively. Then,

plafn +bgn) = apfn +bpgn,

and the monotone convergence theorem applied to both sides completes the
proof. The remaining statements follow from Definition 4.3c and the linearity
for positive functions after putting f = f* — f~ and g=¢g" —g¢~. O

Insensitivity of the integral

We show next that the integral of a function remains unchanged if the
values of the function are changed over a negligible set.

4.13  PROPOSITION. If A in & is negligible, then u(fla) =0 for every f
in & If f and g are in €4 and f = g almost everywhere, then pf = pg. If
fe&y and pf =0, then f =0 almost everywhere.

Proof. a) Let A be measurable and negligible. If f € £, and simple,
then p(f14) = 0 by Definition 4.3a. This extends to the non-simple case by
the monotone convergence theorem using a sequence of simple f,, increasing
to f: then p(f,14) =0 for all n and p(f14) is the limit of the left side. For f
in & arbitrary, we have u(f*14) =0 and u(f~14) = 0 and hence u(f14) =0
since (f14)T = fT14 and (f1a)” = [~ 1a.

b) If fand garein &4 and f = g almost everywhere, then A = {f # g}
is measurable and negligible, and the integrals of f and g on A both vanish.
Thus, with B = A€, we have puf = u(f1lg) and ug = p(glp), which imply
uf = pg since f(x) = g(x) for all z in B.

c¢) Let fe &4 and puf = 0. We need to show that the set N = {f > 0}
has measure 0. Take a sequence of numbers €, > 0 decreasing to 0, let
Ny = {f > e}, and observe that Nj, ,/* N, which implies that p(Ny) / pu(N)
by the sequential continuity of . Thus, it is enough to show that pu(Ng) =0
for every k. This is easy to show: f > g1y, implies that pf > eru(Ny), and
since uf = 0 and & > 0, we must have u(Ny) = 0. |
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Fatou’s lemma

We return to the properties of the integral under limits. Next is a useful
consequence of the monotone convergence theorem.

4.14  LeEMMA. Let (fn) C 4. Then p(liminf f,) < liminf pf,.

Proof. Define g,, = inf,>,, f, and recall that liminf f,, is the limit of
the increasing sequence (g,,) in €;. Hence, by the monotone convergence
theorem,

p(liminf f,) = lim pg,,.
On the other hand, g,, < f,, for all n > m, which implies that ug,, < uf,
for all n > m by the monotonicity of integration, which in turn means that
1gm < inf,>p, pf,. Hence, as desired,

lim pg,, < liminf pf,. O

4.15  COROLLARY. Let (f,) C &. If there is an integrable function g such
that fn, > g for every n, then

p(liminf f,,) < liminf pf,.
If there is an integrable function g such that f, < g for every n, then

p(limsup f,,) > limsup g f.

Proof. Let g be integrable. Then, the complement of the measurable set
A = {g € R} is negligible (see Exercise 4.24 for this). Hence, f,14 = fn
almost everywhere, gl 4 = g almost everywhere, and g1 4 is real-valued. The
first statement follows from Fatou’s Lemma applied to the well-defined se-
quence (fpla —gla) in €4 together with the linearity and insensitivity of
integration. The second statement follows again from Fatou’s lemma, now
applied to the well-defined sequence (g1 4 — f,,14) in € together with the lin-
earity and insensitivity, and the observation that limsupr, = — liminf(—ry,)
for every sequence (r,,) in R. O

Dominated convergence theorem

This is the second important tool for interchanging the order of taking
limits and integrals. A function f is said to be dominated by the function g if
|f] < g; note that g > 0 necessarily. A sequence (f,) is said to be dominated
by g if | fn]| < g for every n. If so, and if g can be taken to be a finite constant,
then (fy,) is said to be bounded.

4.16  THEOREM. Let (f,) C &. Suppose that (f,) is dominated by some
integrable function g. If lim f,, exists, then it is integrable and

p(lim f,) = Hm pufy,.
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Proof. By assumption, —g < f,, < g for every n, and both g and —g are
integrable. Thus, both statements of the last corollary apply:

4.17 p(liminf f,) <liminf pf, <limsup pf, < p(limsup f,,).

If lim f,, exists, then liminf f, = limsup f,, = lim f,, and lim f, is integrable
since it is dominated by g. Hence, the extreme members of 4.17 are finite and
equal, and all inequality signs are in fact equalities. |

If (f,) is bounded, say by the constant b, and if the measure p is finite,
then we can take g = b in the preceding theorem. The resulting corollary is
called the bounded convergence theorem:

4.18 THEOREM. Let (f,) C &. Suppose that (fn) is bounded and p is
finite. If lim f,, exists, then it is a bounded integrable function and

w(lim f,) = Um pf,.

Almost everywhere versions

The insensitivity of integration to changes over negligible sets enables
us to re-state all the results above by allowing the conditions to fail over
negligible sets. We start by extending the definition of integration somewhat.

4.19 CONVENTION. Let f be a numerical function on E. Suppose that
there exists an E-measurable function g such that f(x) = g(x) for almost ev-
ery x in E. Then, we define the integral uf of f to be the number ug provided
that ug is defined. Otherwise, if ug does not exist, uf does not exist either.

The definition here is without ambiguities: if h is another measurable
function such that f = h almost everywhere, then g = h almost everywhere;
if pg exists, then so does ph and pg = ph by the insensitivity property; if pg
does not exist, then neither does ph.

In fact, the convention here is one of notation making, almost. Let g € €
and f = g almost everywhere. Let (E, &, i) be the completion of (E, &, ).
Then, f € € (see Exercise 3.17 for this), and the integral fif makes sense by
Definition 4.3 applied on the measurable space (E,¢&,i). Since & C €, the
function g is E-measurable as well, and fig makes sense and it is clear that
fig = jg. Since f and g are &-measurable and f = g fi-almost everywhere,
of = pg by insensitivity. So, the convention above amounts to writing wuf
instead of i f.

With this convention in place, we now re-state the monotone convergence
theorem in full generality.

4.20 THEOREM. Let (f,) be a sequence of numerical functions on E. Sup-
pose that, for each n, there is g, in & such that f, = g, almost everywhere.
Further, suppose for each n that f,, > 0 almost everywhere and f, < fni1
almost everywhere. Then, lim f,, exists almost everywhere, is positive almost
everywhere, and p(lim f,,) = lm pf,,.
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We discuss this fully to indicate its meaning and the issues involved. Let
N denote the collection of all measurable negligible sets, that is, every N
in N belongs to & and pu(N) = 0. Now fix n. To say that f, = g, almost
everywhere is to say that there is V,, in N such that f,, = g,, outside N,, (that
is, fn(z) = gn(x) whenever z ¢ N,,). Similarly, f, > 0 almost everywhere
means that there is M,, in N such that f, > 0 outside M,,. And, since
fn < fns1 almost everywhere, there is L, in N such that f, < f,41 outside
L,,. These are the conditions. The claim of the theorem is as follows. First,
there is an €-measurable function f, and a set N in N such that lim f, (x)
exists and is equal to f(x) for every x outside N. Also, there is M in N such
that f > 0 outside M. Finally, uf = lim pf,,, where the uf, are defined by
convention 4.19 to be the numbers ug,.

Proof. Let
N = [J(LnUM,UN,).

n=1
Then, N € € and p(N) = 0 by Boole’s inequality, that is, N € N.
For x outside N, we have

0< fi(z) =g1(x) < fo(z) = golz) < ..oy

and hence lim f, () exists and is equal to lim g, (x). Define

~f lim f,(x) ife g N
f(“:)_{ 0 ifze N

Clearly, f is the limit of the increasing sequence (g,1p\n) in €. So, f is in
€. and we may take M = (). There remains to show that pf = lim ug,. Now
in fact

pf = p(lim gnlp\n) = lim p(gnl g\ n) = lim pgn,
where we used the monotone convergence theorem to justify the second equal-
ity, and the insensitivity to justify the third. ]

The reader is invited to formulate the “almost everywhere version” of the
dominated convergence theorem and to prove it carefully once. We shall use
such versions without further ado whenever the need drives us.

Characterization of the integral

Definition 4.3 defines the integral pf for every f in €. Thus, in effect,
integration extends the domain of p from the measurable sets (identified with
their indicator functions) to the space & of all positive measurable functions
(and beyond), and hence we may regard p as the mapping f — pf from &
into R,. The mapping p : &, — R, is necessarily positive, linear, and
continuous under increasing limits; these were promised in 4.2 and proved as
Proposition 4.7, Proposition 4.12, and Theorem 4.8. We end this section with
the following very useful converse.
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4.21  THEOREM. Let (E, &) be a measurable space. Let L be a mapping
from &4 into Ry. Then there exists a unique measure p on (E,E) such that

L(f) = nf for every f in E4 if and only if

422 a) f=0= L(f)=0.
b) f.ge &t and a,be Ry = L(af +bg) =aL(f)+ bL(g).
¢) (fa)C&trand fn 7 f = L(fn) /" L(f).

Proof. Necessity of the conditions is immediate from the properties of the
integral: (a) follows from the definition of pf, (b) from linearity, and (c¢) from
the monotone convergence theorem.

To show the sufficiency, suppose that L has the properties (a)-(c). Define

4.23 w(A) =L(1a), Aet.
We show that g is a measure. First, u(0) = L(1y) = L(0) = 0. Second, if

Ay, Ay, ... are disjoint sets in & with union A, then the indicator of |J} A4; is
n . . .
>-1 la,, the latter is increasing to 14, and hence,

p(A) =114 = Tm L3 1a) = lim S L(1a) = lim 3 (A = 3 (4,
1 1 1 1

where we used the conditions (c) and (b) to justify the second and third
equality signs.

So, p is a measure on (F, €). It is unique by the necessity of 4.23. Now,
L(f) = pf for simple f in &4 by the linearity property (b) of L and the
linearity of integration. This in turn implies that, for every f in €4, choosing

simple f, " f,
L(f) = th(fn) =limpfn = pf

by condition (¢) and the monotone convergence theorem. |

Exercises and complements

4.24  Integrability. If f € €4 and puf < oo, then f is real-valued almost
everywhere. Show this. More generally, if f is integrable then it is real-valued
almost everywhere.

4.25 Test for vanishing. Let f € ;. Then puf = 0 if and only if f = 0 almost
everywhere. Prove.

4.26 Alternative form of the monotone convergence theorem. If f1, fa, ... are
in €4 then

By fo=>_ ifn
1 1
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4.27 Sums of measures. Recall that if u1, ps, ... are measures on (E, &), so
is u = ptn. Show that, for every f in €4,
pf = it

4.28 Absolute values. Assuming that pf exists, show that |uf| < ulf|.
4.29 Mean value theorem. If ;1(A) > 0 and a < f(x) < b for every x in A,

then show that 1
a< —/ fdp < b
(A) Ja

4.30 Generalization of the monotone convergence theorem. If f, > g for all
n for some integrable function g, and if (f,) increases to f, then pf exists
and is equal to lim pf,. If f,, < g for all n for some integrable function g and
if (f,) decreases to f, then pf exists and is equal to lim pf,,.

4.31 On dominated convergence. In the dominated convergence theorem, the
condition that (f,) be dominated by an integrable g is necessary. Suppose
that £ = (0,1), €= Bpg, u = Leb. Take, forn=1,2,...,

[n ifo<z<i
fulz) = { 0 otherwise.

Then, f,(x) — 0 for every = in FE, the integral uf,, = 1 for every n, but
0= M(hmfn> #limpf, =1.

4.32 Test for o-finiteness. A measure p on (E, &) is o-finite if and only if
there exists a strictly positive function f in € such that pf < co. Prove this.
Hint for the sufficiency part: Let E, = {f > 1} and note that E, / F
whereas Lu(E,) < u(flg,) < pf < oo.

n

5 TRANSFORMS AND INDEFINITE INTEGRALS

This section is about measures defined from other measures via various
means and the relationships among integrals with respect to them.

Image measures

Let (F,J) and (E, £) be measurable spaces. Let v be a measure on (F, )
and let i : F' — FE be measurable relative to ¥ and €. We define a mapping
voh~! from the o-algebra € into R, by

5.1 voh ' (B) =v(h™'B), Beg,

which is well-defined since h~!B € F by the measurability of h. It is easy to
check that v o h™1 is a measure on (E, &); it is called the image of v under
h. Other notations current are h o v, h(v), v o h, vy.
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If v is finite, then so is its image. If v is X-finite, again, so is its image. But,
the image of a o-finite measure generally fails to be o-finite (but is X-finite).

The following relates integrals with respect to v o h~! to integrals with
respect to v.

5.2  THEOREM. For every f in &y we have (vo h™Y)f = v(foh).

Proof. Define L : &, +— Ry by setting L(f) = v(f o h). It can be checked
that L satisfies the conditions of the integral characterization theorem 4.21.
Thus, L(f) = pf for some unique measure p on (F, E). That p is precisely
the measure v o h™!, because

w(B) =L(1g) =v(lgoh) =v(h 'B), Beé. O

The limitation to positive E-measurable functions can be removed: for
arbitrary f in € the same formula holds provided that the integral on one
side be well-defined (and then both sides are well-defined).

The preceding theorem is a generalization of the change of variable for-
mula from calculus. In more explicit notation, with y = v o h~!, the theorem
is that

6.3 /F (do) (b)) = [ uld)7(w)

E
that is, if h(z) is replaced with y then v(dz) must be replaced with u(dy).
In calculus, it is often the case that E = F = R? for some fixed dimension d,
and p and v are expressed in terms of the Lebesgue measure on R? and the
Jacobian of the transformation k. In probability theory, often, the measure v
is defined implicitly through the formula 5.3 by stating the transformation h
and the corresponding image measure p. We take up still another use next.

Images of the Lebesgue measure

Forming image measures is a convenient method of creating new measures
from the old, and if the old measure v is convenient enough as an integrator,
then 5.3 provides a useful formula for the integrals with respect to the new
measure p. In fact, the class of measures that can be represented as images
of the Lebesgue measure on R, is very large. The following is the precise
statement; combined with the preceding theorem it reduces integrals over
abstract spaces to integrals on R, with respect to the Lebesgue measure.

5.4  THEOREM. Let (E,&) be a standard measurable space. Let p be a
Y-finite measure on (E,E) and put b = p(E), possibly +oco. Then, there
exists a mapping h from [0,b) into E, measurable relative to By and &,
such that

w=Aoh !

where X\ is the Lebesgue measure on [0,D).

Proof will be sketched in Exercises 5.15 and 5.16 in a constructive fashion.



Sec. 5 Transforms and Indefinite Integrals 31

Indefinite integrals

Let (E,&, 1) be a measure space. Let p be a positive E-measurable
function. Define

5.5 V() = upLe) = [ pldolple), Ace.
A
It follows from the monotone convergence theorem (alternative form) that
v is a measure on (FE, &). It is called the indefinite integral of p with respect
to u.

5.6  PROPOSITION. For every f in €4, we have vf = u(pf).

Proof. Let L(f) = p(pf) and check that L satisfies the conditions of
Theorem 4.21. Thus, there exists a unique measure i on (E, &) such that
L(f) = iuf for every f in €. We have i = v, since

A(A) = LLa) = p(pla) = v(4), Ace. 0

The formula 5.5 is another convenient tool for creating new measures from
the old. Written in more explicit notation, the preceding proposition becomes

5.7 [ vt s@) = [ tdn)po) @) s et

E
which can be expressed informally by writing

5.8 v(dx) = p(dx) p(z), r e E,

once it is understood that p and v are measures on (E, &) and that p is
positive E-measurable.

Heuristically, we may think of u(dx) as the amount of mass put by p on an
“infinitesimal neighborhood” dx of the point x, and similarly of v(dx). Then,
5.8 takes on the meaning that p(x) is the mass density, at x, of the measure v
with respect to u. For this reason, the function p is called the density function
of v relative to u, and the following notations are used for it:

v(dx)
p(x)_u(dx)’ x €l
The expressions 5.5-5.9 are equivalent ways of saying the same thing: v is the
indefinite integral of p with respect to u, or p is the density of v relative to p.

7dy.

5.9 =—
P= g

Radon-Nikodym theorem

Let u and v be measures on a measurable space (F, £). Then, v is said to
be absolutely continuous with respect to p if, for every set A in &,

5.10 w(A) =0 = v(A)=0.
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If v is the indefinite integral of some positive E-measurable function with
respect to u, then it is evident from 5.5 that v is absolutely continuous with
respect to p. The following, called the Radon-Nikodym theorem, shows that
the converse is true as well, at least when p is o-finite. We list it here without
proof. We shall give two proofs of it later.

5.11  THEOREM. Suppose that p is o-finite, and v is absolutely continuous
with respect to p. Then, there ezists a positive E-measurable function p such
that

5.12 [ vtan) @) = [ pan)pta) fl@) sees.
Moreover, p is unique up to equivalence: if 5.12 holds for another p in €,
then p(xz) = p(x) for p-almost every x in E.

The function p in question can be denoted by dv/du in view of the equivalence
of 5.5-5.9 and 5.12; and the function p is also called the Radon-Nikodym
derivative of v with respect to u. See Exercises 5.17-5.20 for some remarks.

A matter of style

When an explicit expression is desired for a measure p, there are several
choices. One can go with the definition and give a formula for p(A). Equiv-
alently, and usually with greater ease and clarity, one can display a formula
for the integral pf for arbitrary f in €. In those cases where p has a density
with respect to some well-known measure like the Lebesgue measure, it is
better to give the formula for uf or, to be more brief, to give a formula like
u(dx) = A(dz) p(x) by using the form 5.8, with A denoting the Lebesgue mea-
sure. All things considered, if a uniform style is desired, it is best to display
an expression for pf. We shall do either that or use the form 5.8 when the
form of p is important.

Exercises and complements

5.13 Time changes. Let ¢ be an increasing right-continuous function from
R, into Ry. Define

a(u) =inf{t €e Ry : c(t) > u}, u € Ry,

with the usual convention that inf ) = oo.

a) Show that the function a : R, ~— R, is increasing and right-
continuous, and that

c(t) = inf{u € Ry : alu) > t}, teR,.

Thus, a and c are right-continuous “functional inverses” of each other. See
Figure 1 below.
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s t a(u) alv—) a (L) a(w)

Figure 1: Both ¢ and a are increasing right-continuous. They are functional
inverses of each other.

b) Suppose ¢(t) < co. Show that a(c(t)) > ¢, with equality if and only
if ¢(t 4+ €) > ¢(t) for every € > 0.

Imagine a clock whose mechanism is so rigged that it points to the number
¢(t) when the actual time is ¢. Then, when the clock points to the number
u, the actual time is a(u). Hence the term “time change” for the operations
involved.

5.14 Distribution functions and measures on Ry. Let p be a measure on R
(with its Borel g-algebra) such that ¢(t) = p[0,t] is finite for every ¢ in R..
The limit b = ¢(00) = lim;_, o ¢(t) is allowed to be +o0.

a) Show that ¢ is increasing and right-continuous. It is called the
cumulative distribution function associated with pu.

b) Define a(u) as in 5.13 for u € [0,b), let A denote the Lebesgue
measure on [0,b). Show that

p=>Xoal.

This demonstrates Theorem 5.4 in the case of measures like the present pu.
Incidentally, we have also shown that to every increasing right-continuous
function ¢ from R into Ry there corresponds a unique measure g on Ry
whose cumulative distribution function is c.

5.15 Representation of measures: Finite case. Let u be a finite measure on
a standard measurable space (F, ). We aim to prove Theorem 5.4 in this
case assuming that (E, &) is isomorphic to (D, Bp) where D = [0,1]. The
remaining cases where E is finite or countably infinite are nearly trivial.
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The idea is simple: First, use the isomorphism to carry p from E into a
measure 1 on D. Second, follow the steps of 5.14 to write = A o a~! where
A is the Lebesgue measure on B = [0,b) with b = (D) = u(E). Finally, use
the inverse of the isomorphism to carry ji back onto E. Here are the details.
Let f: E +— D be the isomorphism involved. Let g : D — E be the
functional inverse of f, that is, g(¢) = z if and only if f(z) = t. Define
f = po f~1; then fi is a measure on D with total mass fi(D) = u(E) = b.
Put B =10,b), B =Bp and A the Lebesgue measure on B.

Define ¢(t) = f[0,¢] for t in D. Define a(u) by 5.13 for u in B. Note that
a: B D is measurable and that i = X\ o a~!. Define h(u) = g o a(u) for u
in B. Observe that Ao h™! = Xoa"'og~! = i as needed.

5.16 Continuation: X-finite case. Let (E, €) be isomorphic to (D, Bp) where
D = [0,1]. Let u be X-finite on (F, &), say p = > upn with each pu, finite.
Since the case of finite p is already covered, we assume that b = u(E) = +o0.
Let B =[0,b) = Ry, B = B(Ry), and X the Lebesgue measure on R, . Let
f: E—Dandg: Dw— E as before.

Let D,, =2n+ D = [2n,2n + 1], n = 0,1,2,...; note that Dy, D1,... are
disjoint. Define f,, : E — D, by setting f,(z) = 2n + f(z) and let g, :
D,, — E be the functional inverse of f,, that is, g,(t) = g(t — 2n). Now,
fin, = i o £ 1 is a measure on D,,. Define

=> " in(CNDy) C € B(Ry).
0

This defines a measure ji on (Ry, B(Ry)) such that ¢(t) = [0,¢] < oo for
every t in R4, as in Exercise 5.14. Let a be defined as in 5.13, and observe
that 1 = Ao a~!. Also observe that, by the way a is defined, a(u) belongs to
the set |J,, Dy, for each u. Finally, put

h(u) = gn o au) if a(u) € Dy,

and show that g = Ao h~! as claimed.

5.17 Absolute continuity for atomic measures. Let v be a X-finite purely
atomic measure on some measurable space (E, &) such that the singletons
{z} belong to & for each z in E. Let D be the collection of all atoms, and
recall that D is countable. Let p(A) be the number of points in AN D. Then,
v is absolutely continuous with respect to p. Find the density p = dv/dp.

5.18 Radon-Nikodym derivatives. Let p be a measure on (Ry, B(Ry)) such
that ¢(t) = ul0, ] is finite for every ¢ in R . If 1 is absolutely continuous with
respect to the Lebesgue measure A on R, then the cumulative distribution
function c is differentiable at A-almost every ¢ in Ry and

p(t) = % = %c(t) for A—almost every t.
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5.19 Radon-Nikodym and o-finiteness. The condition that u be o-finite can-
not be removed in general. Let v be the Lebesgue measure on E = [0, 1],
& = B(E), and let u(A) be 0 or 400 according as v(A) is 0 or strictly posi-
tive, A € €. Then, u is 3-finite, and v is absolutely continuous with respect
to p. Show that the conclusion of Theorem 5.11 fails in this case.

5.20 On X-finiteness. Let i be a X-finite measure on an arbitrary measurable
space (E, &), say with the decomposition p = > iy, where u,(F) < oo for
each n. Define v(A) = > 1n(A)/2"un(E), A € €. Show that v is a finite
measure, and p is absolutely continuous with respect to v. Thus, there exists
p € €4 such that

wu(dx) = v(dz) p(z), re k.

If i is o-finite, show that p is real-valued v-almost everywhere. Show that, in
the converse direction, if u is absolutely continuous with respect to a finite
measure v, then p is X-finite.

5.21 Singularity. Let p and v be measures on some measurable space (FE, &).
Then, v is said to be singular with respect to p if there exists a set D in &
such that

w(D) =0 and v(E\ D) =0.

The notion is the opposite of absolute continuity. Show that, if v is purely
atomic and p is diffuse then v is singular with respect to p. This does not
exhaust the possibilities, however, as the famous example next illustrates.

5.22 Cantor set, Cantor measure. Start with the interval E = [0, 1]. Delete

the set Do 1 = (3, 2) which forms the middle third of E; this leaves two closed

intervals. Delete the middle thirds of those, that is, delete Dy 1 = (%, %) and
D1y = (£, 8); there remain four closed intervals. Delete the middle thirds

of those four intervals, and continue in this fashion. At the end, the deleted
intervals form the open set

oo 2¢

D= U D

i=0 j=1
and the set of points that remain is
C=FE\D.

The closed set C'is called the Cantor set.

Next we construct a continuous function ¢ : E +— [0,1] that remains
constant over each interval D; ; and increases (only) on C. Define ¢(t) = 1
for ¢t in Dgq; let c(t) = i for t in Dy; and c(t) = % for t in Dy o; let
e(t) = %, %, g, % according as t is in Da 1, Da 2, D23, D2 4; and so on. This
defines a uniformly continuous increasing function from D into [0, 1]. Since D
is dense in E, we may extend c onto F by continuity. The resulting function

¢: Ew0,1] is called the Cantor function.
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a) Show that Leb(D) = 1, Leb(C) = 0.

b) Let v be the measure on F corresponding to the (cumulative dis-
tribution) function ¢, that is, v = Ao a~! where ) is the Lebesgue measure
on [0,1)and a: [0,1) — E is the inverse of ¢ as in 5.13. We call v the Cantor
measure. Show that v(C) = 1 and v(D) = 0. Conclude that v is a diffuse
measure on E and that v is singular with respect to the Lebesgue measure
on E.

¢) Show that the range of a is C'\ Cy where C consists of the point
1 and the countable collection of points that are the left-end-points of the
intervals D; ;. Thus, a is a one-to-one mapping from [0, 1) onto C'\ Cp, and
it follows that C'\ Cp has the power of the continuum. Thus, the Cantor set
has the power of the continuum, even though its Lebesgue measure is 0.

d) The Cantor set is everywhere dense in itself, that is, for every ¢ in
C there exists (t,) C C\{t} such that ¢ = lim¢,. Incidentally, a closed set
that is everywhere dense in itself is said to be perfect.

5.23 Lebesgue-Stieltjes integrals. Let ¢ be an increasing right-continuous func-
tion from R into R;. Let v be the measure on R, that has c as its cumulative
distribution function (see Exercise 5.14). For each positive Borel function f
on Ry, define

£(t) det) = / u(dt) £(1).

R+ R+

The left side is called the Lebesgue-Stieltjes integral of f with respect to c.
Note that, with the notation of 5.14,

b
/ RCCIOR | duftat.

Replacing f by f14 one obtains the same integral over the interval A.
Extensions to arbitrary Borel functions f on R are as usual for pf, namely,
by using the decomposition f = f* — f~. Extension from the space R, onto
R is obvious. Finally, extensions to functions ¢ that can be decomposed as
¢ = ¢1 — co with both ¢; and ¢y increasing and right-continuous (see the next
exercise) can be done by setting

/R F(t) de(t) = / F(t) dex () - / £(t) deat)

for those f for which the integrals on the right make sense and are not both
400 or both —co.

5.24 Functions of bounded variation. Let f be a function from R, into R.
Think of f(¢) as the position, at time ¢, of an insect moving on the line R. We
are interested in the total amount of traveling done during a finite interval
(s,t]. Here is the precise version.
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A subdivision of [s,t] is a finite collection A of disjoint intervals of the
form (, ] whose union is (s,t]. We define

Vits, ) =sup S [f(v) = F(u)]

A (u,v]eA

where the supremum is over all subdivisions A of [s, t]. The number Vj(s,t)
is called the total variation of f on (s,t]. The function f is said to be of
bounded variation on [s,t] if Vi(s,t) < co.

Show the following:

a) If f is increasing on [s,t], then Vi (s,t) = f(t) — f(s).

b) If f is differentiable and its derivative is bounded by b on [s, t], then
Vi(s,t) < (t—s)-b.

c) Vi(s,t) + Vi(t,u) = Vi(s,u) for s <t < u.

d) Viig(s,t) < Vi(s,t) + Vgy(s,t). Thus, if f and g are of bounded
variation on [s, ], then so are f + g and f — g.

e) The function f is of bounded variation on [s,¢] if and only if f =
g — h for some real-valued positive functions g and h that are increasing on
[s,1].

Hint: To show the necessity, define g(r) and h(r) for r in (s, t] by

29(r) = Vi(s,r) + f(r) + f(s),  2h(r) = Vi(s,r) = f(r) + f(5)

and show that g and h are increasing and f = g — h.
The class of functions f for which Lebesgue-Stieltjes integrals [ g df are
defined is the class of f that are of bounded variation over bounded intervals.

6 KERNELS AND PRODUCT SPACES

Let (E,€&) and (F,J) be measurable spaces. Let K be a mapping from
E xJ into R;. Then, K is called a transition kernel from (E, €) into (F, F) if

6.1 a)  the mapping x — K(x, B) is &-measurable for every set B in
F, and
b)  the mapping B — K(x, B) is a measure on (F,F) for every z
in E.

For example, if v is a finite measure on (F,¥F), and k is a positive function

on E x F that is measurable with respect to the product o-algebra & ® F,
then it will be seen shortly that

6.2 K(x,B):/ v(dy) k(z,y), reE, BeJ,
B
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defines a transition kernel from (E, €) into (F,F). In the further special case
where E = {1,...,m} and F = {1,...,n} with their discrete o-algebras, the
transition kernel K is specified by the numbers K (x, {y}) and can be regarded
as an m by n matrix of positive numbers. This special case will inform the
choice of notations like K f and uK below (recall that functions are thought
as generalizations of column vectors and measures as generalizations of row
vectors).

Measure-kernel-function

6.3 THEOREM. Let K be a transition kernel from (E,&) into (F,J).
Then,

Kf(z) = /F K(z,dy) f(y), z€F,

defines a function K f that is in €1 for every function f in Fy;
pK(B) = [ ude) K(e.B),  Bew,
E

defines a measure pK on (F,F) for each measure p on (E,E); and

(W) f = u(K ) = /E u(dz) /F K(x.dy) f(y)

for every measure p on (E, &) and function f in F;.

Proof. a) Let f e JFy. Then K f is a well-defined positive function on
E, since the number K f(z) is the integral of f with respect to the measure
B +— K(x,B). We show that K f is E&-measurable in two steps: First, if f is
simple, say f = >} bilp,, then K f(z) = > b; K (x, B;), which shows that K f
is &-measurable since it is a linear combination of the £&-measurable functions
x+— K(z,B;),i=1,...n. Second, if f in F is not simple, we choose simple
fn in Fy increasing to f; then K f(x) = lim, K f,(z) for each z by the
monotone convergence theorem for the measure B — K(z, B); and, hence
K f is €-measurable since it is the limit of &-measurable functions K f,,.

b) We prove the remaining two claims together. Fix a measure p on
(E,&). Define L: Fy — Ry by setting

L(f) = w(Kf).
If f =0 then L(f)=0.If f and g are in F;, and a and b in R, then

L(af +bg) = p(K (af + bg)) = p(aK f + bKg)
= ap(K f) + bu(Kg) = aL(f) + bL(g),

where the second equality is justified by the linearity of the integration with
respect to the measure B — K(x, B) for each z, and the third equality by
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the linearity of the integration with respect to p. Finally, if (f,) € F4 and
fn / f, then K f,(z) /" K f(z) by the monotone convergence theorem for
B — K(z,B), and

L(fn) = (K fn) /" n(K f) = L(f)

by the monotone convergence theorem for p. Hence, by Theorem 4.21, there
exists a measure v on (F,JF) such that L(f) = vf for every f in F,. Taking
f = 1p, we see that v(B) = pK(B) for every set B in JF, that is, v = pK. So,
uK is a measure on (F, ), and (uK)f =vf = L(f) = p(Kf) as claimed.

6.4 REMARK. To specify a kernel K from (F,¢&) into (F,J) it is more
than enough to specify K f for every f in F,. Conversely, as an extension of
Theorem 4.21, it is easy to see that a mapping f — K f from F, into €
specifies a transition kernel K if and only if

a) K0=0,
b) K(af+bg)=aKf+bKgfor f and g in F; and a and b in R,
¢) Kf, 7 Kf for every sequence (f,) in F; increasing to f.

Obviously, then, K (x, B) = K1p(z).

Products of kernels, Markov kernels

Let K be a transition kernel from (F, &) into (F,F) and let L be a tran-
sition kernel from (F,J) into (G, SG). Then, their product is the transition
kernel KL from (E, &) into (G, §) defined by

6.5 (KL)f = K(Lf),  feS+.

Remark 6.4 above can be used to show that K L is indeed a kernel. Obviously,
KL(w.B)= [ K(@dy) Llw.B), B Bes,
F

A transition kernel from (E, &) into (E, &) is called simply a transition
kernel on (E,€&). Such a kernel K is called a Markov kernel on (E,€&) if
K(x,E) =1 for every z, and a sub-Markov kernel if K (z, E) < 1 for every x.

If K is a transition kernel on (E, &), its powers are the kernels on (E, &)
defined recursively by

6.6 K°=71, K'=K, K?=KK, K)=KK? ...,
where I is the identity kernel on (E, €):
6.7 I(z, A) = 6,(A) = 14(x), reE, Acé.

Note that If = f, ul = p, ulf = pf, IK = KI = K always. If K is Markov,
so is K" for every integer n > 0.
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Kernels finite and bounded

Let K be a transition kernel from (E,€&) into (F,J). In analogy with
measures, K is said to be finite if K(x,F) < oo for each z, and o-finite if
B — K(xz, B) is o-finite for each z. It is said to be bounded if x — K(z, F)
is bounded, and o-bounded if there exists a measurable partition (F;,) of F
such that z — K(z, F,) is bounded for each n. It is said to be X-finite if
K= Z(fo K, for some sequence of finite kernels K,,, and X-bounded if the K,
can be chosen to be bounded. In the very special case where K (z, F') = 1 for
all z, the kernel is said to be a transition probability kernel. Markov kernels
are transition probability kernels. Some connections between these notions
are put in exercises.

Functions on product spaces

We start by re-stating the content of Exercise 2.22: sections of a measur-
able function are measurable.

6.8 PROPOSITION. Let f € E®F. Then, x — f(x,y) is in & for each y
in F, and y — f(z,y) is in F for each x in E.

Unfortunately, the converse is not true: it is possible that the conclusions
hold, and yet f is not &€ ® F-measurable. One needs something stronger than
measurability in at least one of the variables to conclude that f is in € ® F.
See Exercise 6.28 for such an example.

The following is a generalization of the operation f — K f of Theorem
6.3 to functions f defined on the product space.

6.9 PROPOSITION. Let K be a X-finite kernel from (E,€&) into (F,J).
Then, for every positive function f in € ® F,

6.10 Tf(x):/FK(:E,dy)f(x,y), r €E,

defines a function Tf in €. Moreover, the transformation T : (E Q@ F)y —
&+ is linear and continuous under increasing limits, that is,

a) T(af+bg)=aTf+bTg for positive f and g in ERF, and a and
b in R+,

b) Tfn /Tf for every positive sequence (f,) C € F with f, S f.

Proof. Let f be a positive function in € ® F. Then, for each z in FE,

the section f, : y — f(z,y) is a function in F; by Proposition 6.8, and
T f(x) is the integral of f, with respect to the measure K, : B — K(x, B).
Thus, T'f(z) is a well-defined positive number for each x, and the linearity
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property (a) is immediate from the linearity of integration with respect to
K, for all z, and the continuity property (b) follows from the monotone
convergence theorem for the measures K,. There remains to show that T'f
is E-measurable.

We show this by a monotone class argument assuming that K is bounded.
Boundedness of K implies that T f is well-defined by 6.10 and is bounded for
each bounded f in € ® F, and it is checked easily that

M={feé&®TF: fispositive or bounded, Tf € £}

is a monotone class. Moreover, M includes the indicator of every measurable
rectangle A x B, since

Tlaxp(x) = /FK(x,dy)lA(x)lB(y) =14(z)K(z, B)

and the right side defines an &-measurable function. Since the measurable
rectangles generate the o-algebra € ® F, it follows from the monotone class
theorem 2.19 that M includes all positive (or bounded) f in € @ F as-
suming that K is bounded. See Exercise 6.29 for extending the proof to
>-finite K. O

Measures on the product space

The following is the general method for constructing measures on the
product space (E x F, &€ ® F).

6.11 THEOREM. Let i be a measure on (E,E). Let K be a ¥-finite tran-
sition kernel from (E, &) to (F,F). Then,

612 nf= [ ) [ K@afay).  fe@en.

defines a measure ™ on the product space (E x F,& @ F). Moreover, if u is
o-finite and K is o-bounded, then 7 is o-finite and is the unique measure on
that product space satisfying

6.13 (A X B) = / u(dx)K (z, B), Aeé& Bed.
A

Proof. In the notation of the last proposition, the right side of 6.12 is
w(Tf), the integral of T f with respect to u. To see that it defines a measure,
we use Theorem 4.21. Define L(f) = u(Tf) for f in &€ ® F positive. Then,
L(0) = 0 obviously, L is linear since T is linear and integration is linear, and
L is continuous under increasing limits by the same property for 7" and the
monotone convergence theorem for u. Hence, there is a unique measure, call
it , such that L(f) is the integral of f with respect to 7 for every positive
fin € ® F. This proves the first claim.
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To prove the second, start by observing that 7 satisfies 6.13. Supposing
that p is o-finite and K is o-bounded, there remains to show that 7 is o-
finite and is the only measure satisfying 6.13. To that end, let 7 be another
measure satisfying 6.13. Since p is o-finite, there is a measurable partition
(Ey) of E such that p(E,,) < oo for each m. Since K is o-bounded, there
is a measurable partition (F,,) of F such that z — K(x, F,,) is bounded for
each n. Note that the measurable rectangles F,, X F, form a partition of
E x F and that, by the formula 6.13 for = and 7,

T(Em X Fy) = #7(Em x F,) < 00

for each m and n. Thus, the measures m and 7 are o-finite, they agree on
the p-system of measurable rectangles generating € ® &, and that p-system
contains a partition of F x F' over which 7 and 7 are finite. It follows from
Exercise 3.18 that 7 = 7. ]

Product measures and Fubini

In the preceding theorem, if the kernel K has the special form K (z, B) =
v(B) for some 3-finite measure v on (F,F), then the measure 7 is called the
product of u and v and is denoted by p x v. The following theorem, generally
referred to as Fubini’s, is concerned with integration with respect to m = puxv.
Its main point is the formula 6.15: under reasonable conditions, in repeated
integration, one can change the order of integration with impunity.

6.14 THEOREM. Let pu and v be X-finite measures on (E, &) and (F,F),
respectively.

a)  There exists a unique X-finite measure w on (E X F,&€ ® F) such
that, for every positive f in ERQF,

615 wf = [ uar) [ vty o) = [ vian) [ udo) s

b) If f € ERTF and is w-integrable, then y — f(x,y) is v-integrable
for p-almost every xz, and x — f(x,y) is p-integrable for v-almost every y,
and 6.15 holds again.

6.16 REMARK. a) Since we have more than one measure, for notions like
integrability and negligibility, one needs to point out the measure associated.
So, m-integrable means “integrable with respect to the measure 7”.

b) It is clear from 6.15 that
6.17 m(A x B) = u(A)v(B), Aeé& Bed,

and for this reason we call 7 the product of p and v and we use the notation
™=l X V.
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c¢) If both p and v are o-finite, then Theorem 6.11 applies with
K (z, B) = v(B) and implies that 7 is the only measure satisfying 6.17. Other-
wise, it is possible that there are measures 7 satisfying #(A x B) = u(A)v(B)
for all A in € and B in ¥ but with 7 f differing from 7 f for some positive f
inE®J.

Proof. a) Let wf be defined by the first integral in 6.15. Taking
K(x,B) = v(B) in Theorem 6.11 shows that this defines a measure =
on the product space. Since = Y p1; and v = ) v; for some finite measures
i and v, we have

nf =325 [ wldo) [ vitay) foaw) = Yl x )
i 4§ 'F F i
by Exercise 4.27 and the monotone convergence theorem. Thus, 7 = > ij B
v; and, arranging the pairs (4, j) into a sequence, we see that # = >, for
some sequence of finite measures 7,.
b) To prove the equality of the integrals in 6.15, we start by observing

that the second integral is in fact an integral over F'x E': defining f : FXE—
Ry by f(y,z) = f(x,y), the second integral is

ﬁ'f:/FV(dy)[E,u(dx) f(y,:z) —;;LVj(dy)[Eﬂi(dx) Jg(y»l’)
= Z(Vj X ,Uz) f

Hence, to prove that nf = ﬁ'f, it is sufficient to show that (p; X v;)f =
(v; X pi)f for each pair of ¢ and j. Fixing ¢ and j, this amounts to showing
that

nf=uxv)f=wxpf==rf

under the assumption that p and v are both finite.

¢) Assume p and v finite. Let h: E X F — F x E be the transposition
mapping (x,y) +— (y,z). It is obviously measurable relative to € ® F and
F® E. For sets A in € and B in F,

moh ™Y (B x A) = 1(A x B) = u(A)v(B) = #(B x A),

which implies via Proposition 3.7 that # = wroh™!. Hence, #f = (roh™1)f =
7(f o h) = f since f o h(z,y) = f(y,2) = f(z,y).

d) Let f be m-integrable. Then 6.15 holds for f™ and f~ separately,
and mf = wfT — wf~ with both terms finite. Hence, 6.15 holds for f. As
to the integrability of sections, we observe that the integrability of f implies
that = — [, v(dy) f(z,y) is real-valued for p-almost every x, which in turn
is equivalent to saying that y — f(z,y) is v-integrable for p-almost every x.
By symmetry, the finiteness for the second integral implies that  — f(x,y)
is p-integrable for v-almost every y.
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Finite products

The concepts and results above extend easily to products of finitely many
spaces. Let (E1,&1), ...,(En, &,) be measurable spaces. Their product is de-
noted by any of the following three:

618 X)(E;, &) = (X Ei, Q&) = (B1 x -+ x En, E1® -+ ® &),
i=1 =l 0

where Ey X --- x E,, is the set of all n-tuples (z1,...,2,) with z; in E; for
i=1,...,n,and &; ® --- ® &, is the o-algebra generated by the measurable
rectangles A; X -+ x A, with A; in &,i=1,...n.

Let p1,. .., iy, be X-finite measures on (F1,E1), ..., (En, &) respectively.
Then, their product ™ = 1 X -+ X i1, is the measure defined on the measurable
product space by analogy with Theorem 6.14: for positive functions f in &) &;,

6.19 7f= . Nl(d$1>/E M2(df€2)"'/ pn(dzn) f21,. .., 2n).

n

It is usual to denote the resulting measure space

n

6.20 ®(Ei78i7,ui>'

i=1

Fubini’s theorem is generalized to this space and shows that, if f is positive
or m-integrable, the integrals on the right side of 6.19 can be performed in
any order desired.

More general measures can be defined on the product space 6.18 with the
help of kernels. We illustrate the technique for n = 3: Let u; be a measure
on (Eq,&1), let Ko be a transition kernel from (F1, &1) into (Ea, €2), and let
K3 be a transition kernel from (E; x Ea, &1 ® €2) into (Es5, £3). Consider the
formula

6.21 nf= pa(dey) [ Ko(xy,dxe) | K3((21,22),dxs) f(21, 22, 23)
FEq Eo E3

for positive f in & ® €3 ® €3. Assuming that Ky and K3 are Y-finite, re-
peated applications of Theorem 6.11 show that this defines a measure 7 on
(El X By x FE3,E1 ® E2 ® E3).

In situations like this, we shall omit as many parentheses as we can and
use a notation analogous to 5.8. For instance, instead of 6.21, we write

6.22 W(dIl, dIQ, dxg) = M1 (dxl) KQ(Il, dxg) Kg(xl, Zo, dIg)
The notation

6.23 7T:,LL1><K2XK3

is also used for the same thing and is in accord with the notation for product
measures.
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Infinite products

Let T be an arbitrary set, countable or uncountable. It will play the role
of an index set; we think of it as the time set. For each ¢ in T, let (E¢, &;)
be a measurable space. Let x; be a point in E; for each ¢ in 7. Then we
write (z¢)ter for the resulting collection and think of it as a function on T
this is especially appropriate when (F:, &) = (E, &) for all ¢, because, then,
x = (x)ter can be regarded as the mapping t — x; from T into E. The set
F of all such functions = (x;)ier is called the product space defined by
{E; : t € T'}; and the notation X, ., FE; is used for F.

A rectangle in F' is a subset of the form

6.24 XA ={xeF: x, €A for each ¢t in T}
teT

where A; differs from E} for only a finite number of ¢. It is said to be measur-
able if A; € &; for every ¢ (for which A; differs from E}). The o-algebra on
F generated by the collection of all measurable rectangles is called the prod-
uct o-algebra and is denoted by ), €;. The resulting measurable space is
denoted variously by

6.25 Q)(Er, &) = (t><TEt,®€t).

teT € teT

In the special case where (Ey, ;) = (E, &) for all ¢, the following notations
are also in use for the same:

6.26 (E,&)" = (ET &™)

Although this is the logical point to describe the construction of mea-
sures on the product space, we shall delay it until the end of Chapter IV, at
which point the steps involved should look intuitive. For the present, we list
the following proposition which allows an arbitrary collection of measurable
functions to be thought as one measurable function. It is a many-dimensional
generalization of the result in Exercise 2.21.

6.27  PROPOSITION. Let (Q,H) be a measurable space. Let (F,F) =
Rier(Er, &). For each t in T, let f; be a mapping from Q) into Ey. For each
w in §, define f(w) to be the point (fi(w))ier in F. Then, the mapping
[ Qw— F is measurable relative to H and F if and only if fi is measurable
relative to H and E; for every t in T.

Proof. Suppose that f is measurable relative to H and F. Then, {f €
B} € H for every B in F. In particular, taking B to be the rectangle in
6.24 with A; = F; for all t except t = s for some fixed s, we see that
{feB}={fs € As} € H for A, in &,. Thus, f, is measurable relative to I
and &, for every s fixed.
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Suppose that each f; is measurable relative to H and &;. If B is a
measurable rectangle in F', then {f € B} is the intersection of finitely many
sets of the form {f; € A:} with A; in &;, and hence, {f € B} € H. Since mea-
surable rectangles generate the product g-algebra F, this implies via Propo-
sition 2.3 that f is measurable relative to H and F. ]

Exercises

6.28 Measurability in the product space. Suppose that E = R and € = B(R),
and let (F,F) be arbitrary. Let f : E x F + R be such that y +— f(z,y) is
F-measurable for each z in F and that  — f(z,y) is right-continuous (or
left-continuous) for each y in F'. Show that, then, f isin E ® F.

6.29 Image measures and kernels. Let (E,€) and (F,JF) be measurable
spaces. Let h: E — F be measurable relative to & and F. Define
K(z,B) = 1g o h(x), x€E,Beg.

Show that K is a transition probability kernel. Show that, in the measure-
kernel-function notation of Theorem 6.3,

Kf=foh, puK=poh ', pKf=pu(foh).

6.30 Transition densities. Let v be a o-finite measure on (F,F), and let k be
a positive function in € ® F. Define K by 6.2, that is, in differential notation,

K(x,dy) = v(dy) k(z, y).

Show that K is a transition kernel. Then, k is called the transition density
function of K with respect to v.

6.31 Finite spaces. Let E={1,....m}, F={1,...,n}, G={1,...,p} with
their discrete o-algebras. Functions on such spaces can be regarded as column
vectors, measures as row vectors, and kernels as matrices. Show that, with
these interpretations, the notations K f, uK, uK f, KL used in Theorem
6.3 and Definition 6.5 are in accord with the usual notations used in linear
algebra.

6.32 Finite and bounded kernels. Let K be a finite transition kernel from
(E, &) into (F,F). Define

K(x,F) it K(z, F) >0,
hiw) = { 1 if K(z,F) =0,

and define H by solving
K(x,B) = h(x) H(x, B).

Show that h € €4 and that H is a bounded kernel.
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6.33 Proof of Proposition 6.9. Complete the proof. Hint: Use the preceding
exercise to extend the proof from the bounded kernels to finite ones, and
finally extend it to X-finite kernels.

6.34 Fubini and X-finiteness. In general, in order for 6.15 to hold, it is nec-
essary that p and v be X-finite. For instance, let E = F = [0, 1] with their
Borel o-algebras, and let i be the Lebesgue measure on E, and v the count-
ing measure on F' (that is, ¥(A) is the number of points in A). Then, for
flz,y) =1 if z = y and 0 otherwise, the first integral in 6.15 is equal to 1,
but the second is equal to 0.

Complements

6.35 Product and Borel o-algebras. For each t in some index set T, let E;
be a topological space and let & = B(F;), the Borel o-algebra on F;. Let
(F,F) = Qr(E:, &) be the product measurable space. The product space
F can be given the product topology, and let B(F') be the Borel o-algebra
corresponding to that topology on F'.

In general, B(F) D F. If T is countable and if every £, has a countable
open base, then F = B(F). In particular, R” and R* = R are topological
spaces and their Borel o-algebras coincide with the appropriate product o-
algebras; more precisely

(Br)" = B(RT)
for T'={1,2,...,n} for every integer n > 1 and also for T = N* = {1,2,...}.
This equality fails when T is uncountable, B(RT) being the larger then.
6.36 Standard measurable spaces. Let (E1,&1),(Fa2,E&2),... be standard

measurable spaces, and let (F,JF) be their product. Then, (F,F) is also
standard.
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