Chapter 1
Basic Measure Theory

In this chapter, we introduce the classes of sets that allow for a systematic treatment
of events and random observations in the framework of probability theory. Further-
more, we construct measures, in particular probability measures, on such classes of
sets. Finally, we define random variables as measurable maps.

1.1 Classes of Sets

In the following, let £2 # # be a nonempty set and let A C 2 (set of all subsets
of £2) be a class of subsets of §2. Later, £2 will be interpreted as the space of ele-
mentary events and .4 will be the system of observable events. In this section, we
introduce names for classes of subsets of £2 that are stable under certain set opera-
tions and we establish simple relations between such classes.

Definition 1.1 A class of sets A is called

e N-closed (closed under intersections) or a mw-system if AN B € A whenever
A,BeA,

e o-N-closed (closed under countable! intersections) if o2 Ay € A for any
choice of countably many sets Ay, Az, ... € A,

e U-closed (closed under unions) if AU B € A whenever A, B € A,

e o-U-closed (closed under countable unions) if UZOZ] A, € A for any choice of
countably many sets A1, Aj, ... € A,

e \-closed (closed under differences) if A \ B € A whenever A, B € A, and

e closed under complements if A°:= 2\ A € A for any set A € A.

By “countable” we always mean either finite or countably infinite.

A. Klenke, Probability Theory, Universitext, DOI 10.1007/978-1-4471-5361-0_1, 1
© Springer-Verlag London 2014


http://dx.doi.org/10.1007/978-1-4471-5361-0_1

2 1 Basic Measure Theory

Definition 1.2 (c-algebra) A class of sets A C 2% is called a o-algebra if it ful-
fills the following three conditions:

i) 2 A
(i1) A is closed under complements.
(iii) A is closed under countable unions.

Sometimes a o -algebra is also named a o-field. As we will see, we can define
probabilities on o -algebras in a consistent way. Hence these are the natural classes
of sets to be considered as events in probability theory.

Theorem 1.3 If A is closed under complements, then we have the equivalences

Ais N-closed <<= Ais U-closed,

Aiso-N-closed <<= Aiso-U-closed.

Proof The two statements are immediate consequences of de Morgan’s rule (re-
minder: (| A;)¢ =) AY). For example, let A be o-N-closed andlet A, Ay, ... € A.
Hence

Thus A is o -U-closed. The other cases can be proved similarly. 0

Theorem 1.4 Assume that A is \-closed. Then the following statements hold.

(i) A is N-closed.
(ii) If in addition A is o -U-closed, then A is o -N-closed.
(iii) Any countable (respectively finite) union of sets in A can be expressed as a
countable (respectively finite) disjoint union of sets in A.

Proof (i) Assume that A, B € A. Hence also ANB=A\ (A\ B) € A.
(ii) Assume that Ay, As, ... € A. Hence

A =AinA) =A@\ A) =4\ JAi\4) e A

n=1 n=2 n=2 n=2

(iii) Assume that Ay, A, ... € A. Hence a representation of U,‘;Ozl A, as acount-
able disjoint union of sets in A is

A =418 A\ AD B ((A3\ AD\ A2) W (((Ag\ A1)\ A2) \ Az) ...

n=1

Remark 1.5 Sometimes the disjoint union of sets is denoted by the symbol (+. Note
that this is not a new operation but only stresses the fact that the sets involved are
mutually disjoint. O
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Definition 1.6 A class of sets A C 2% is called an algebra if the following three
conditions are fulfilled:

G e A
(i) Ais \-closed.
(iii) A is U-closed.

If A is an algebra, then obviously ¥ = §2 \ §2 is in .A. However, in general, this
property is weaker than (i) in Definition 1.6.

Theorem 1.7 A class of sets A C 2% is an algebra if and only if the following three
properties hold:

(1) £2ecA.
(ii) A is closed under complements.
(iii) A is closed under intersections.

Proof This is left as an exercise. O

Definition 1.8 A class of sets A C 2 is called a ring if the following three condi-
tions hold:

(i) Ve A
(i) Ais \-closed.
(iii) A is U-closed.

A ring is called a o -ring if it is also o -U-closed.

Definition 1.9 A class of sets A C 2% is called a semiring if

(1) Be A,
(ii) for any two sets A, B € A the difference set B \ A is a finite union of mutually
disjoint sets in A,
(iii) A is N-closed.

Definition 1.10 A class of sets A C 2% is called a A-system (or Dynkin’s A-system)
if

(i) LA,
(ii) for any two sets A, B € A with A C B, the difference set B \ A is in A, and
(iii) W,2; Ay € A for any choice of countably many pairwise disjoint sets
Ay, Ay, ... A.

Example 1.11

(i) For any nonempty set £2, the classes A = {#, 2} and A = 2% are the trivial
examples of algebras, o -algebras and A-systems. On the other hand, A = {(J}
and A = 2% are the trivial examples of semirings, rings and o -rings.

(i) Let 2 =R. Then A ={A C R: A is countable} is a o -ring.
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(iii) A={(a,b]:a,b eR, a < b} is asemiring on £2 =R (but is not a ring).
@iv) The class of finite unions of bounded intervals is a ring on £2 = R (but is not
an algebra).
(v) The class of finite unions of arbitrary (also unbounded) intervals is an algebra
on 2 = R (but is not a o -algebra).
(vi) Let E be a finite nonempty set and let £2 := EN be the set of all E-valued

sequences w = (wy)peN- For any oy, ..., w, € E, let
[w1,...,0p]:={0' € 2 :0]=w; foralli=1,...,n}
be the set of all sequences whose first n values are wy, ..., ,. Let Ay = {#}.

For n € N, define
Ay ={lor, ..., o] 01,...,0, € E}. (L.1)

Hence A :=J;2 A, is a semiring but is not a ring (if #E > 1).
(vii) Let §2 be an arbitrary nonempty set. Then

A:={ACQ:AorACis finite}

is an algebra. However, if #£2 = oo, then A4 is not a o -algebra.
(viii) Let £2 be an arbitrary nonempty set. Then

A= {A C2:Aor ACis countable}

is a o -algebra.

(ix) Every o-algebra is a A-system.

(x) Let £2 = {1,2,3,4} and A = {0, {1,2}, {1,4}, {2,3}, {3,4}, {1,2,3,4}}.
Hence A is a A-system but is not an algebra. O

Theorem 1.12 (Relations between classes of sets)
(i) Every o-algebra also is a A-system, an algebra and a o -ring.
(i1) Every o-ring is a ring, and every ring is a semiring.
(iii) Every algebra is a ring. An algebra on a finite set §2 is a o-algebra.

Proof (i) This is obvious.

(ii) Let A be aring. By Theorem 1.4, A is closed under intersections and is hence
a semiring.

(iii) Let A be an algebra. Then ¥ = 2 \ 2 € A, and hence A is a ring. If in
addition £2 is finite, then A is finite. Hence any countable union of sets in A is a
finite union of sets. O

Definition 1.13 (liminf and limsup) Let Ay, A, ... be subsets of £2. The sets

oo o o0 o0
linlng” = U ﬂ A,, and ligsip A, = ﬂ U A

n=1m=n n=1m=n

are called limes inferior and limes superior, respectively, of the sequence (A,),eN.
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Remark 1.14

(i) liminf and lim sup can be rewritten as

liminfA, ={we 2 :#neN:wdA,} < oo},

n—oo

limsupA, ={we 2 :#neN:we A,} =o0}.
n—oo
In other words, limes inferior is the event where eventually all of the A,, occur.
On the other hand, limes superior is the event where infinitely many of the A,
occur. In particular, A, :=liminf, , . A, C A* :=limsup,_, ., Ay.
(i) We define the indicator function on the set A by

1, xe€A,
Ta(x):= {0’ YA, (1.2)

‘With this notation,

14, =liminfl,, and 14+ =Ilimsuply,.
n—00 n—00

(iii) If A C 2% is a o-algebra and if A, € A for every n € N, then A, € A and
A* e A. O

Proof This is left as an exercise. U

Theorem 1.15 (Intersection of classes of sets) Let I be an arbitrary index set, and
assume that A; is a o -algebra for every i € I. Hence the intersection

A1:={ACQ:AEA,-f0reveryieI}=ﬂAi

iel

is a o-algebra. The analogous statement holds for rings, o-rings, algebras and
A-systems. However, it fails for semirings.

Proof We give the proof for o -algebras only. To this end, we check (i)—(iii) of Def-
inition 1.2.

(i) Clearly, 2 € A; forevery i € I, and hence £2 € A;.
(i1) Assume A € A;.Hence A € A; forany i € I. Thus also A€ € A; foranyi € I.
We conclude that A€ € A;.
(iii) Assume A, As,... € A;. Hence A, € A; for every n € N and i € I. Thus
A:=J;2 | Ap € A; forevery i € I. We conclude A € A;.

Counterexample for semirings: Let 2 = {1,2,3,4}, A} = {0, 2, {1}, {2, 3}, {4}}
and Ay = {0, 2, {1}, {2}, {3,4}}. Then A; and A; are semirings but .A4; N Ay =
{9, £2, {1}} is not. O
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Theorem 1.16 (Generated o-algebra) Let £ C 25, Then there exists a smallest
o-algebra o (E) with € C o (£):

o(€):= ﬂ A.

Ac2% is a o-algebra
ADE

o () is called the o -algebra generated by E. £ is called a generator of o (€). Simi-
larly, we define §(E) as the A-system generated by &.

Proof A =29 is a o-algebra with £ C A. Hence the intersection is nonempty.
By Theorem 1.15, o(€) is a o-algebra. Clearly, it is the smallest o-algebra that
contains £. For A-systems the proof is similar. O

Remark 1.17 The following three statements hold:

1 £Eco().
(ii) If & C &, then 0 (&1) C o (&).
(iii) A is a o-algebra if and only if o (A) = A.

The same statements hold for A-systems. Furthermore, §(£) C o (£). O

Theorem 1.18 (N-closed A-system) Let D C 2*° be a A-system. Then

Disamn-system <= Disaoc-algebra.

Proof “<=" This is obvious.
“=—="" We check (i)—(iii) of Definition 1.2.

(i) Clearly, £2 € D.

(i1) (Closedness under complements) Let A € D. Since §2 € D and by property (ii)
of the A-system, we get that A =2\ A € D.

(iii) (o-U-closedness) Let A, B € D. By assumption, A N B € D, and trivially
ANBCA.Thus A\ B=A\ (AN B) € D. This implies that D is \-closed.
Now let A1, A, ... € D. By Theorem 1.4(iii), there exist mutually disjoint sets
Bi, By,...€ Dwith ;2 Ay =4,2 | B, €D. O

Theorem 1.19 (Dynkin’s - theorem) If € C 2% is a w-system, then

o (&) =46(&).

Proof “>” This follows from Remark 1.17.
“C” We have to show that §(£) is a o -algebra. By Theorem 1.18, it is enough to
show that §(£) is a w-system. For any B € §(€) define

Dp:={Acs(€):ANBes©).



1.1 Classes of Sets 7

| o-algebra |

A

o-U-stable NeA N-stable
algebra | | o-ring | | A-system
NeA o-U-stable
ring
A
U-stable

| semiring I

Fig. 1.1 Inclusions between classes of sets A C 2%

In order to show that §(€) is a w-system, it is enough to show that
8(§) cDp forany B €4(E). (1.3)

In order to show that Dg is a A-system for any E € §(&£), we check (i)-(iii) of
Definition 1.10:

(i) Clearly, 2 N E = E € 8(E); hence §2 € Dg.
(i1) Forany A, B € Dg with A C B,wehave (B\ A)NE=(BNE)\(ANE)e
3(E).
(iii)) Assume that Ay, Ay, ... € Dg are mutually disjoint. Hence

(U An> NE =+, NE)es©).
n=1

n=1

By assumption, ANE € £if A, E € £; thus £ C Dg if E € £. By Remark 1.17(ii),
we conclude that §(£) C D for any E € £. Hence we get that BN E € §(E) for
any B € §(€) and E € £. This implies that E € Dg for any B € §(€). Thus £ C Dp
for any B € §(£), and hence (1.3) follows. O

For an illustration of the inclusions between the classes of sets, see Fig. 1.1.

We are particularly interested in o -algebras that are generated by topologies. The
most prominent role is played by the Euclidean space R”; however, we will also con-
sider the (infinite-dimensional) space C ([0, 1]) of continuous functions [0, 1] — R.
On C([0, 1]) the norm || flloc = sup,¢o,17 |/ (*)| induces a topology. For the con-
venience of the reader, we recall the definition of a topology.

Definition 1.20 (Topology) Let £2 # @ be an arbitrary set. A class of sets T C 2
is called a topology on 2 if it has the following three properties:
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G) 9,2¢€r.
(i) ANBertforany A,Ber.
(iii) ((UgerA) et forany F C .

The pair (£2, ) is called a topological space. The sets A € t are called open, and
the sets A C §2 with A€ e 7 are called closed.

In contrast with o -algebras, topologies are closed under finite intersections only,
but they are also closed under arbitrary unions.

Let d be a metric on §2, and denote the open ball with radius » > 0O centered at
X € 2 by

B (x) = {y €2:dx,y) < r}.

Then the usual class of open sets is the topology

r= {UW)GF By (x): F C 2 x (0, oo)}.

Definition 1.21 (Borel o-algebra) Let (£2, t) be a topological space. The o -alge-
bra

B(2) :=B(£2,1) :=0(1)

that is generated by the open sets is called the Borel o -algebra on §2. The elements
A € B(82, 1) are called Borel sets or Borel measurable sets.

Remark 1.22 In many cases, we are interested in B(R"), where R” is equipped with
the Euclidean distance

dx,y)=llx —yll2=

D i =y
i=1

(i) There are subsets of R" that are not Borel sets. These sets are not easy to
construct like, for example, Vitali sets that can be found in calculus books (see
also [37, Theorem 3.4.4]). Here we do not want to stress this point but state
that, vaguely speaking, all sets that can be constructed explicitly are Borel sets.

(ii) If C C R" is a closed set, then C¢ € 7 is in B(IR") and hence C is a Borel set.
In particular, {x} € B(R") for every x € R".

(iii) B(R") is not a topology. To show this, let V C R” such that V ¢ B(R"). If
B(R™) were a topology, then it would be closed under arbitrary unions. As
{x} € B(R") for all x € R", we would get the contradiction V =,y {x} €
B(R™).

In most cases the class of open sets that generates the Borel ¢ -algebra is too big
to work with efficiently. Hence we aim at finding smaller (in particular, countable)
classes of sets that generate the Borel o-algebra and that are more amenable. In
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some of the examples, the elements of the generating class are simpler sets such as
rectangles or compact sets.

We introduce the following notation. We denote by Q the set of rational numbers
and by Q™ the set of strictly positive rational numbers. For a, b € R", we write

a<b ifa; <b; foralli=1,...,n. (1.4)
For a < b, we define the open rectangle as the Cartesian product
n
(a,b) := X (ai, bi) :=(a1,b1) x (a2,b2) X ... X (an, by). (1.5)
i=1

Analogously, we define [a, b], (a, b] and [a, b). Furthermore, we define (—oo, b) :=
X?: 1 (=00, b;), and use an analogous definition for (—oo, b] and so on. We intro-
duce the following classes of sets:

& :={ACR": Aisopen}, & ={ACR": Aisclosed],
& :={A CR": Ais compact}, &4:={B,(x):xeQ", reQt},
& :={(a,b):a,beQ", a <b}, & :={[a,b):a,beQ", a <b},
& ={(a,b]:a,beQ", a<b}, & :={la.b]:a,beQ", a <b},
&9 :={(—00,b):beQ"}, &0 := {(—o0,b] : b € Q"},
&= {(a,00):a €Q"}, iz = {la, 0) :a € Q"}.

Theorem 1.23 The Borel o-algebra B(R") is generated by any of the classes of
sets E1, ..., &2, that is, BR") =0 (&) foranyi=1,...,12.

Proof We show only some of the identities.

(1) By definition, B(R") = o (&1).

(2)Let A € £1. Then A€ € &, and hence A = (A€)€ € 0 (&,). It follows that £, C
0 (&). By Remark 1.17, this implies o (£1) C 0(&2). Similarly, we obtain o (&;) C
o (£1) and hence equality.

(3) Any compact set is closed; hence o(£3) C 0(&2). Now let A € &. The
sets A := AN[—K,K]", K € N, are compact; hence the countable union A =
U%—1 Ak is in o (&3). It follows that & C 0 (€3) and thus o (&2) = 0 (€3).

(4) Clearly, &4 C &1; hence 0 (E4) C o (€1). Now let A C R” be an open set. For
any x € A, define R(x) = min(1l, sup{r > 0: B.(x) C A}). Note that R(x) > 0,as A
is open. Let r(x) € (R(x)/2, R(x)) N Q. For any y € A and x € (Bg(y);3(y)) N Q",
we have R(x) > R(y) — ||lx — yll2 > %R(y), and hence r(x) > %R(y) and thus
Y € By(x)(x). It follows that A = UxeAan B (x)(x) is a countable union of sets
from & and is hence in o (€4). We have shown that £ C 0(£4). By Remark 1.17,
this implies 0 (£1) C o (&s).
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(5-12) Exhaustion arguments similar to that in (4) also work for rectangles. If in
(4) we take open rectangles instead of open balls B, (x), we get B(R") = o (). For
example, we have

n X p
X lai. bi) = ﬂ x( )60(55)
i=1 k=1 i=1
The other inclusions & C o(£;) can be shown similarly. O

Remark 1.24 Any of the classes &1, £, E3,Es, ..., 12 (but not &) is a w-system.
Hence, the Borel o -algebra equals the generated A-system: B(R") = §(&;) fori =
1,2,3,5,...,12. In addition, the classes &4, ..., 12 are countable. This is a crucial
property that will be needed later. O

Definition 1.25 (Trace of a class of sets) Let A C 2% be an arbitrary class of subsets
of £2 and let A € 2 \ {f}. The class

Al ={AnB:BeAjc2* (1.6)
is called the trace of A on A or the restriction of A to A.

Theorem 1.26 Let A C $2 be a nonempty set and let A be a o -algebra on $2 or any
of the classes of Definitions 1.6—1.9. Then .A’ A I8 a class of sets of the same type
as A; however, on A instead of 2. For A-systems this is not true in general.

Proof This is left as an exercise. O

Exercise 1.1.1 Let A be a semiring. Show that any countable (respectively finite)
union of sets in .A can be written as a countable (respectively finite) disjoint union
of sets in A.

Exercise 1.1.2 Give a counterexample that shows that, in general, the union AU A’
of two o -algebras need not be a o -algebra.

Exercise 1.1.3 Let (£21,d;) and (22, d>) be metric spaces and let f : 21 — £2»
be an arbitrary map. Denote by Uy = {x € £2; : f is discontinuous at x} the set of
points of discontinuity of f. Show that Uy € B(£2}).

Hint: First show that for any ¢ > 0 and § > 0 the set

US

i :={x €82 : thereare y, z € B (x) with dp (f (). f(2)) > 8}

is open (where B.(x) = {y € £ : di(x,y) < &}). Then construct Uy from
such U?’E
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Exercise 1.1.4 Let £2 be an uncountably infinite set and A = o ({w} : w € §2). Show
that

A= {A C £2 : A is countable or A€ is countable}.

Exercise 1.1.5 Let A be a ring on the set £2. Show that A is an Abelian algebraic
ring with multiplication “N” and addition “A”.

1.2 Set Functions

Definition 1.27 Let A C 2 and let 11 : A — [0, oo] be a set function. We say that
s
(1) monotone if u(A) < pu(B) for any two sets A, B € A with A C B,

(ii) additive if p(H!_, Ai) =Y, i(A;) for any choice of finitely many mutually
disjoint sets Ay, ..., A, € Awith [J]_, A; € A,

(iii) o-additive if (472, Ai) = Y oy u(A;) for any choice of countably many
mutually disjoint sets A, Ay, ... € Awith [ 72, A; € A,

(iv) subadditive if for any choice of finitely many sets A, A1, ..., A, € A with
AcC !, Ai, we have u(A) <Y ', u(A;), and

(v) o-subadditive if for any choice of countably many sets A, A1, Az, ... € A with
A C U2, Ai, we have n(A) <372, w(Ap).

Definition 1.28 Let A be a semiring and let i : A — [0, o0] be a set function with
w(@) =0. uiscalled a

content if p is additive,

premeasure if pu is o-additive,

measure if u is a premeasure and A is a o -algebra, and
probability measure if |1 is a measure and @ (£2) = 1.

Definition 1.29 Let A be a semiring. A content x on A is called

(i) finite if £(A) < oo for every A € A and
(ii) o-finite if there exists a sequence of sets 21, §2>,... € A such that 2 =
UnZ, £2, and such that (£2,) < oo forall n € N.

Example 1.30 (Contents, measures)

(1) Let w € £2 and §,(A) =1 4(w) (see (1.2)). Then §,, is a probability measure
on any o -algebra A C 2. §,, is called the Dirac measure for the point w.
(i1) Let £2 be a finite nonempty set. By

A= rrace
= — T )
H 2 0
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we define a probability measure on A = 2%, This yu is called the uniform
distribution on £2. For this distribution, we introduce the symbol U, := .
The resulting triple (£2, A, Uy) is called a Laplace space.

(iii) Let £2 be countably infinite and let

A::{ACQ:#A<ooor#AC<oo}.

Then A is an algebra. The set function u on A defined by

0, A is finite,
A =
w(A) {oo, A€ is finite,

is a content but is not a premeasure. Indeed, p(| o {®}) = n(£2) = oo, but
Y en Hliw)) =0.

(iv) Let (un)nen be a sequence of measures (premeasures, contents) and let
(on)nen be a sequence of nonnegative numbers. Then also u := Z;’;l O fhn
is a measure (premeasure, content).

(v) Let £2 be an (at most) countable nonempty set and let 4 = 2% Further, let
(Pw)wes be nonnegative numbers. Then A — w(A) := ZwGA P defines a
o -finite measure on 2. We call p = (po)wego the weight function of ju. The
number p,, is called the weight of & at point w.

(vi) If in (v) the sum )", o po equals one, then p is a probability measure. In
this case, we interpret p,, as the probability of the elementary event w. The
vector p = (pw)wes2 18 called a probability vector.

(vii) If in (v) p, = 1 for every w € 2, then u is called counting measure on 2. If
£2 is finite, then so is u.

(viii) Let A be the ring of finite unions of intervals (a, b] CR. Fora; < b <ap <
by <...<b, and A =4;_,(a;, b;], define

w(A) =Y (b —ap).
i=1

Then w is a o -finite content on A (even a premeasure) since U;’le (—n,n]=
R and u((—n,n]) =2n < oo forall n € N.
(ix) Let f:R — [0, c0) be continuous. In a similar way to (viii), we define

n b;
Mf(A)ZZ/ f@x)dx.
=14

Then p s is a o-finite content on A (even a premeasure). The function f
is called the density of u and plays a role similar to the weight function p

in (v). O
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Lemma 1.31 (Properties of contents) Let A be a semiring and let y be a content
on A. Then the following statements hold.

(1) If A is a ring, then u(A U B) + (AN B) = u(A) + w(B) for any two sets
A,BeA.
(ii) w is monotone. If A is a ring, then uw(B) = u(A) + u(B \ A) for any two sets
A, B e Awith AC B.
(iii) w is subadditive. If 1 is o -additive, then w is also o -subadditive.
(iv) If Ais a ring, then Y o2 | w(A,) < n(Use An) for any choice of countably
many mutually disjoint sets Ay, Az, ... € Awith | ;2 Ay € A.

Proof (i) Note that AUB =AW (B\ A)and B=(ANB)W (B\ A). As i is
additive, we obtain

n(AUB) =u(A)+n(B\A) and u(B)=u(ANB)+ u(B\A).

This implies ().

(i) Let A C B. Since AN B = A, we obtain u(B) = (AW (B \ A)) = u(A) +
uw(B\ A) if B\ A € A. In particular, this is true if A is a ring. If A is only a
semiring, then there exists an n € N and mutually disjoint sets Cy, ..., C, € A such
that B\ A = 4)/_, C;. Hence u(B) = n(A) + Y ', u(C;) > n(A) and thus pu is
monotone.

(iii) Letn e Nand A, Ay, ..., A, € Awith A C|J!_, A;. Define B; = A; and

k—1 k—1
Be=A\ [ JAi =) (A \ (AN AY) fork=2,....n.

i=1 i=1

By the definition of a semiring, any Ax \ (Ax N A;) is a finite disjoint union of sets
in A. Hence there exists a cy € Nandsets Cy, 1, ..., Ck, ¢, € Asuch that U—Jl”:l Cri=
By C Ag. Similarly, there exist dy € Nand Dy 1, ..., Di g, € Asuchthat Ay \ By =

Lﬂldk: | Dy.i. Since p is additive, we have

[ di Ck
(A=Y u(Ce)+ Y (D) =Y u(Cri).

i=1 i=1 i=1
Again due to additivity and monotonicity, we get

n

Ck n Ck
J(A) = u<L+J +(Cri N A)) =YY w(CrinA)

k=1i=1 k=1i=1

n o ck

<D m(Cri) < Y pu(Ap.
k=1

k=1 i=1

Hence u is subadditive. By a similar argument, o-subadditivity follows from o -
additivity.
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(iv) Let A be a ring and let A =72, A, € A. Since u is additive (and thus
monotone), we have by (ii)

ZM(A,,) - “(H‘J An> <u(A) foranym eN.
n=1

n=1

It follows that Y oo | (A,) < u(A). O

Remark 1.32 The inequality in (iv) can be strict (see Example 1.30(iii)). In other
words, there are contents that are not premeasures. O

Theorem 1.33 (Inclusion—exclusion formula) Let A be a ring and let . be a con-
tenton A. Letn e Nand Ay, ..., A, € A such that u(Ay U ... U A,) < 0o. Then
the following inclusion and exclusion formulas hold:

n
w(Aj u...uAn)=Z(—1)k—1 Z w(Ai M. N A,
k=1 {i1,....ix}C{1,...,n}

n

,u(Alﬂ...ﬂA,,):Z(—l)k_l Z w(Ai, U...UA;).

k=1 {i1yeees irtc{l,..., n}
Here summation is over all subsets of {1, ..., n} with k elements.
Proof This is left as an exercise. Hint: Use induction on n. O

The next goal is to characterize o -subadditivity by a certain continuity property
(Theorem 1.36). To this end, we agree on the following conventions.

Definition 1.34 Let A, Aq, As, ... be sets. We write

e A, 1 A and say that (A,),en increases to A if Ay C A C...and Uzozl A, =A,
and

e A, | A and say that (A,),en decreases to A if A] D A D A3 D ... and
Moo, Ap=A.

Definition 1.35 (Continuity of contents) Let u be a content on the ring .A.

(i) w is called lower semicontinuous if w(Ay) = u(A) for any A € A and any
sequence (A,)uen in A with A, 1 A.

(i1) w is called upper semicontinuous if w(Ay) ity (A) for any A € A and any
sequence (Aj)nen in A with w(A,) < oo for some (and then eventually all)
neNand A, | A.

(iii) p is called B-continuous if (ii) holds for A = @.
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In the definition of upper semicontinuity, we needed the assumption w(A,) < 0o
since otherwise we would not even have @J-continuity for an example as simple as the
counting measure p on (N, 2Ny Indeed, A, := {n,n+1,...} J @but w(A,) =00
foralln € N.

Theorem 1.36 (Continuity and premeasure) Let i be a content on the ring A. Con-
sider the following five properties.

(1) w is o-additive (and hence a premeasure).
(1) w is o-subadditive.
>iii) p is lower semicontinuous.
(iv) u is B-continuous.
(V) W is upper semicontinuous.

Then the following implications hold:
(1) <= (i) < (ii)=(iv) < ).
If 1 is finite, then we also have (iv) = (iii).

Proof “(i) =>(il)” Let A, Ay, Az, ... € Awith A C | J;2, A;. Define B; = A; and
By=A, \U'Z| A € Aforn=2,3,.... Then A = #°°,(A N By). Since u is
monotone and o -additive, we infer

w(A) =Y (ANB,) <Y u(Ay).

n=1 n=1

Hence u is o -subadditive.

“(ii)) =(1)” This follows from Lemma 1.31(iv).

“(i) = (iii)” Let u be a premeasure and A € A. Let (A,),en be a sequence in
A such that A, 1 A and let Ag = . Then

o0 n
M(A):Z;M(Ai \A,»_1>=nlggoz;u<m \Aimn) = lim p(Ap).
1= 1=

“(iii) =>(i)” Assume now that (iii) holds. Let By, By, ... € A be mutually dis-
joint, and assume that B = U—Jzozl B, € A.Define A, = U?:l B; for all n € N. Then
it follows from (iii) that

w(B)= lim p(An) =) u(By).

i=1

Hence u is o-additive and therefore a premeasure.
“(iv) =(v)” Let A, A}, As,... € A with A, | A and u(A;) < oo. Define
B, =A,\ A€ A for all n € N. Then B, | #. This implies u(A,) — n(A) =

n—oo

w(Bp) —> 0.
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“(v) =(iv)” This is evident.
“(iiil) =>(iv)” Let A1, Aa, ... € A with A, | #and u(A;) < 0o. Then A\ A, €
Aforanyn eNand A\ A, 1 A;. Hence
w(A) = lim w(Ar\ Ap) = u(Ap) — lim w(Ap).
n—o00 n—oo

Since (A1) < 00, we have lim,,_, oo t(A,) = 0.
“(iv) = (iii)” (for finite p) Assume that u(A) < oo for every A € A and that u
is #-continuous. Let A, Ay, Ay, ... € A with A, 1 A. Then we have A\ A, | ¥ and

(A) — w(Ay) = (A \ Ay) =5 0.
Hence (iii) follows. Il

Example 1.37 (Compare Example 1.30(iii)) Let £2 be a countable set, and define

A={AC 2 :#A < o0 or #A° < 00},

0, A is finite,
n(A) = .
00, A is infinite.
Then p is an J-continuous content but not a premeasure. O

Definition 1.38

() A pair (£2, A) consisting of a nonempty set £2 and a o-algebra A C 2 is
called a measurable space. The sets A € A are called measurable sets. If $2 is
at most countably infinite and if A4 = 2% then the measurable space (£2, 242 )
is called discrete.

(i1) A triple (£2, A, ) is called a measure space if (£2, A) is a measurable space
and if p is a measure on A.

(iii) If in addition u(£2) = 1, then (£2, A, ) is called a probability space. In this
case, the sets A € A are called events.

(iv) The set of all finite measures on (2, A) is denoted by M ¢(£2) := M (82, A).
The subset of probability measures is denoted by M (£2) := M (£2, A). Fi-
nally, the set of o -finite measures on (§2, A) is denoted by M, (£2, A).

Exercise 1.2.1 Let A= {(a,b]NQ:a,b e R, a < b}. Define u : A — [0, 00) by

u((a,b] N Q) = b — a. Show that A is a semiring and u is a content on A4 that is
lower and upper semicontinuous but is not o -additive.

1.3 The Measure Extension Theorem

In this section, we construct measures p on o-algebras. The starting point will be
to define the values of u on a smaller class of sets; that is, on a semiring. Under a
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mild consistency condition, the resulting set function can be extended to the whole
o -algebra.
Before we develop the complete theory, we begin with two examples.

Example 1.39 (Lebesgue measure) Letn € N and let
A= {(a,b] ca,beR", a <b}

be the semiring of half open rectangles (a, b] C R” (see (1.5)). The n-dimensional
volume of such a rectangle is

u((a. b)) =] [bi — ap).

i=1

Can we extend the set function p to a (uniquely determined) measure on the Borel
o-algebra B(R") = o (A)? We will see that this is indeed possible. The resulting
measure is called Lebesgue measure (or sometimes Lebesgue—Borel measure) A on
R", B(R™)). %

Example 1.40 (Product measure, Bernoulli measure) We construct a measure for an
infinitely often repeated random experiment with finitely many possible outcomes.
Let E be the set of possible outcomes. For e € E, let p, > 0 be the probability that e
occurs. Hence ) . p. = 1. For a fixed realization of the repeated experiment, let
w1, w2, ... € E be the observed outcomes. Hence the space of all possible outcomes
of the repeated experiment is £2 = EN. As in Example 1.11(vi), we define the set of
all sequences whose first n values are wy, ..., w,:

[w1,...,0p] :={0' € 2:0]=w; foranyi=1,...,n}. (1.7)

Let Ag = {#J}. For n € N, define the class of cylinder sets that depend only on the
first n coordinates

Ay ={lor,...,on] 01, ..., 0, € E}, (1.8)

and let A:= o2y Ay

We interpret [w1, . .., w,] as the event where the outcome of the first experiment
is w1, the outcome of the second experiment is w; and finally the outcome of the
nth experiment is wj,. The outcomes of the other experiments do not play a role for
the occurrence of this event. As the individual experiments ought to be independent,
we should have for any choice wi, ..., w, € E that the probability of the event
[w1, ..., w,] is the product of the probabilities of the individual events; that is,

n

/’L([wla .. ~awn]) = pr,--

i=1

This formula defines a content & on the semiring A, and our aim is to extend w in a
unique way to a probability measure on the o -algebra o (A) that is generated by A.
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Before we do so, we make the following definition. Define the (ultra-)metric d
on §2 by

27inf{nel\l:w,,7réw;L}7 /.
d(w.o)=1 wFw (1.9)
, w=0wo.

Hence (£2, d) is a compact metric space. Clearly,
(w1, ..., 0] = By-n(w) = {a)’ e :d(a),a)’) < 2_”}.

The complement of [w1, ..., w,] is an open set, as it is the union of (#E)" — 1 open
balls

[0)17°"7wn]c= U [w/l,,a);l]

(@] 1o} A (@150, O)

Since £2 is compact, the closed subset [w1, . .., w,] is compact. As in Theorem 1.23,
it can be shown that o (A) = B(£2, d).
Exercise: Prove the statements made above. O

The main result of this chapter is Carathéodory’s measure extension theorem.

Theorem 1.41 (Carathéodory) Let A C 2% be a ring and let ju be a o-finite
premeasure on A. There exists a unique measure [ on o (A) such that [1(A) =
w(A) for all A € A. Furthermore, [ is o -finite.

We prepare for the proof of this theorem with a couple of lemmas. In fact, we
will show a slightly stronger statement in Theorem 1.53.

Lemma 1.42 (Uniqueness by an N-closed generator) Let (£2, A, u) be a o-finite
measure space and let £ C A be a m-system that generates A. Assume that there
exist sets §21, 823, ... € £ such that Uflozl 2, = 82 and u($2,) < oo for all n € N.
Then  is uniquely determined by the values w(E), E € £.

If w is a probability measure, the existence of the sequence (§2,)neN IS not
needed.

Proof Let v be a (possibly different) o -finite measure on (£2, .A) such that
W(E)=v(E) forevery E €.
Let E € £ with u(E) < oo. Consider the class of sets

Dep={AcA:n(ANE)=v(ANE)}.
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In order to show that D, is a A-system, we check the properties of Definition 1.10:

(i) Clearly, £2 € Dg.
(i1) Let A, B € Dg with A D B. Then

n((A\NB)NE) =u(ANE) — u(BNE)
=v(ANE)—v(BNE)=v((A\ B)NE).

Hence A\ B € Dg.
(iii) Let Ay, Ay, ... € D be mutually disjoint and A = UZ‘;] A,,. Then

o]

WANE)=Y u(AyNE)=Y v(AyNE)=v(ANE).

n=l1 n=1

Hence A € Dg.
Clearly, £ C Dg; hence §(£) C Dg. Since € is a w-system, Theorem 1.19 yields

ADDgD8E)=0()=A.

Hence Dg = A.

This implies u(A N E) =v(ANE) forany A € A and E € £ with u(E) < oo.
Now let £21, £25, ... € £ be a sequence such that Uzil 2, = 2 and u(£2,) < oo for
alln eN.Let E, :=J;_, 2i,n €N, and Eg = . Hence E, = [#J;_, (E{_, N £2).
For any A € A and n € N, we thus get

n

WANE) =Y n((ANE_ )N 2)=> v((ANE{_|)N&)=v(ANEy).

i=1 i=1
Since E, 1 §2 and since u and v are lower semicontinuous, we infer

pn(A)= lim u(ANE,)= lim v(ANE,) =v(A).
n—o00 n—o0

The additional statement is trivial as £ := EU{£2} isa 7-system that generates A,
and the value (£2) =1 is given. Hence one can choose the constant sequence
E, = 2, n € N. However, note that it is not enough to assume that u is finite. In
this case, in general, the total mass ©(£2) is not uniquely determined by the values
W(E), E € &; see Example 1.45(ii). O

Example 1.43 Let 2 =7 and £ = {E,, : n € Z} where E,, = (—00,n] N Z. Then
£ is a w-system and o () = 2. Hence a finite measure  on (£2, 2?) is uniquely
determined by the values w(E,), n € Z.

However, a o -finite measure on Z is not uniquely determined by the values on &:
Let u be the counting measure on Z and let v =2u. Hence u(E) = oo = v(E) for
all E € £. In order to distinguish 1 and v one needs a generator that contains sets
of finite measure (of ). Do the sets I:“n =[—n,n]NZ,n € N do the trick? Indeed,
for any o -finite measure jt, we have u(ﬁn) < oo for all n € N. However, the sets I:},
do not generate 2% (but which o -algebra?). We get things to work out better if we
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modify the definition: F,, = [—n/2, (n 4+ 1)/2]NZ. Now o ({F,, n € N}) =29, and
hence £ = {F},, n € N} is a w-system that generates 2% and such that u(F,) < oo
for all n € N. The conditions of the theorem are fulfilled as F;, 1 2. O

Example 1.44 (Distribution function) A probability measure p on the space
(R, B(R™)) is uniquely determined by the values u((—o0, b]) (Where (—oo, b] =
X,r»lzl (=00, bi], b € R"). In fact, these sets form a w-system that generates B(IR")
(see Theorem 1.23). In particular, a probability measure w on R is uniquely deter-
mined by its distribution function F : R — [0, 1], x > p((—o00, x]). O

Example 1.45

(i) Let 2 ={1,2,3,4} and £ = {{1,2}, {2, 3}}. Clearly, o (£) = 2% but £ is not a
m-system. In fact, here a probability measure w is not uniquely determined by
the values, say u({1,2}) = n({2,3}) = 1 we give just two different possibili-
ties: u = 18, + %83 and ' =18, + %34.

(i) Let £2 = (1,2} and £ = {{1}}. Then £ is a w-system that generates 2**. Hence
a probability measure u is uniquely determined by the value w({1}). However,
a finite measure is not determined by its value on {1}, as 4 =0 and v = §; are
different finite measures that agree on €. O

Definition 1.46 (Outer measure) A set function p* : 22 — [0, oo] is called an outer
measure if

(i) u*(@) =0, and
(ii) w* is monotone,
(iii) w™ is o-subadditive.

Lemma 1.47 Let A C 2% be an arbitrary class of sets with ¥ € A and let p be a
nonnegative set function on A with n(9) = 0. For A C 2, define the set of countable
coverings F with sets F € A:

UA) = {fCA:]:isatmostcountable and A C U F}.
FeF

Define

wr(A) = inf{ Z w(F): F eU(A) }

FeF

where inf = co. Then u* is an outer measure. If in addition w is o-subadditive,
then u*(A) = (A) forall A € A.
Proof We check properties (i)—(iii) of an outer measure.

(i) Since ¥ € A, we have {#} € U(¥); hence u* (@) = 0.
(i) If A C B, then UU(A) D U(B); hence u*(A) < u*(B).
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(iii) Let A, C £2 for any n € N and let A C Uflozl Ay,. We show that u*(A) <
Yoo w*(Ay). Without loss of generality, assume w*(A,) < oo and hence

U(Ay) # 0 for all n € N. Fix ¢ > 0. For every n € N, choose a covering
Fn €U(A,) such that

> u(F) < p*(An) +e27"
FeF,

Then F := ;2| Fn € U(A) and

PA S Y T F) <Y DT wF) <Y puf(An) +e.
n=1

FeF n=1 FeF,

Let A € A. Since {A} e U(A), we have u*(A) < w(A). If u is o -subadditive, then
for any F € U(A), we have ) .7 i(F) > j1(A); hence pu*(A) > n(A). O

Definition 1.48 (*-measurable sets) Let 1* be an outer measure. A set A € 2% is
called u*-measurable if

P (ANE)+pu*(A°NE)=p*(E) forany E €29, (1.10)
We write M(u*) = {A € 2% : A is u*-measurable}.
Lemma 1.49 A € M(u*) if and only if

wWANE)+ yf‘(AC n E) <u*(E) forany E €29,
Proof As u* is subadditive, the other inequality is trivial. O
Lemma 1.50 M (u*) is an algebra.

Proof We check properties (i)—(iii) of an algebra from Theorem 1.7.

(1) £ e M(u*) is evident.
(i1) (Closedness under complements) By definition, A € M(u*) < A€ ¢
M(u*).
(iii) (-system) Let A, B € M(u*) and E € 2% . Then

wW((ANB)NE)+u*((ANB)NE)
=u*(ANBNE)+u* ((A“NBNE)U(A“NB°NE)U(ANB°NE))
<u*(ANBNE)+u*(A°NBNE)
+ 1 (A“NB°NE)+u*(ANB°NE)
=u*(BNE)+ u*(B°NE)
= u*(E).
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Here we used A € M(u*) in the last but one equality and B € M (u™*) in the
last equality. O

Lemma 1.51 An outer measure * is o-additive on M(u*).

Proof Let A, B € M(u*) with AN B =(. Then
n (AUB) = M*(A NnAU B)) +M*(AC Ny B)) = u*(A) + n*(B).

Inductively, we get (finite) additivity. By definition, u* is o -subadditive; hence we
conclude by Theorem 1.36 that p* is also o -additive. g

Lemma 1.52 If u* is an outer measure, then M(u*) is a o-algebra. In particular,
w* is a measure on M(u™*).

Proof By Lemma 1.50, M(u*) is an algebra and hence a m-system. By Theo-
rem 1.18, it is sufficient to show that M (u*) is a A-system.

Hence, let Aq, Ay, ... € M(u*) be mutually disjoint, and define A := L—ijlil A,.
We have to show A € M (u*); that is,

W (ANE)+p*(ANE) < u*(E) forany E €2, (1.11)
Let B, = J;_, A; forall n € N. For all n € N, we have

1 (E N Byi1) = W ((E N Byy) N By) + 1 ((E N Bys1) N By)
=u* (ENBy) + u*(ENAptr).
Inductively, we get u*(E N B,) =Y [, w*(E N A;). The monotonicity of u* now
implies that
W (E) = p*(E N By) +p*(EN By)
> *(E N By) + 1 (ENA)
n
=Y WHENA) + p*(ENA).
i=1

Letting n — oo and using the o -subadditivity of p©*, we conclude
o
WHE) = > (ENA) + p*(ENAS) = u*(ENA)+ p*(ENA°).
i=1

Hence (1.11) holds and the proof is complete. g

We come to an extension theorem for measures that makes slightly weaker as-
sumptions than Carathéodory’s theorem (Theorem 1.41).
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Theorem 1.53 (Extension theorem for measures) Let A be a semiring and let
u:A—[0,00] be an additive, o-subadditive and o-finite set function with
w(@) =

Then there is a unique o -finite measure Ji : o (A) — [0, oo] such that ji(A) =
w(A) forall A e A.

Proof As A is a w-system, uniqueness follows by Lemma 1.42.
In order to establish the existence of [t, we define as in Lemma 1.47

w*(A) ::inf{ Z W(F) :]—'eZ/l(A)} forany A € 29,
FeF

By Lemma 1.47, p1* is an outer measure and pu*(A) = u(A) for any A € A. We
have to show that M (u*) D o (A). Since M (u*) is a o -algebra (Lemma 1.52), it is
enough to show A C M (u*).

To this end, let A € A and E € 2% with u*(E) < oo. Fix & > 0. Then there is a
sequence Ey, E3, ... € A such that

oo oo
Ec|JE, and ) u(E,)<u*(E)+e.

n=1

Define B, := E,; N A € A. Since A is a semiring, for every n € N there is an m, € N

and sets C,i, ...,CM" e Asuchthat E, \A=E,\ B, = L-ljzzl C,]j. Hence
o] oo my my
EnAc| B, Ena‘c|JJct and E,=B,ul|HcC
n=1 n=1k=1 k=1

By the definition of the outer measure and since p is assumed to be (finitely) addi-
tive, we get

oo my

(B)+ZZM ()

n=1 k=1

(M(Bn) + %u(dﬁ))

k=1

LSENA)+u*(ENA°) <

M2 i Mé%

n=1

M

W(Ep)

n

<u*(E)+e.

Hence u*(E N A) + u*(E N A°) < u*(E) and thus A € M(u*), which implies
A C M(u*). Now define 1 : o (A) — [0, 0], A > u*(A). By Lemma 1.51, it is a
measure and [1 is o -finite since u is o-finite. O
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Example 1.54 (Lebesgue measure, continuation of Example 1.39) We aim at ex-
tending the volume i ((a, b)) = [[/_,(bi — a;) that was defined on the class of
rectangles A = {(a,b] : a,b € R", a < b} to the Borel o-algebra B(R"). In or-
der to check the assumptions of Theorem 1.53, we only have to check that u is
o -subadditive. To this end, let (a, b], (a(1), b(1)], (a(2),b?2)], ... € A with

(@.b) c | J(atk). b(k)].

k=1
‘We show that

1((a, b1) Z“ a(k), b(k)]). (1.12)

k=1

For this purpose we use a compactness argument to reduce (1.12) to finite additivity.
Fix ¢ > 0. For any k € N, choose b, (k) > b(k) such that

n((ak), be(0)]) < n((ath), bk)]) + 271

Further choose a, € (a, b) such that u((ae, b]) > u((a, b]) — % Now [ag, b] is
compact and

(@

(atk), b (k) > | (atk), b(0)] > (a, b1 > lag, b,
k k=1

whence there exists a Ky such that UQI (a(k), bs(k)) D (as, b]. As w is (finitely)
subadditive (see Lemma 1.31(iii)), we obtain

Ko
u(@.b)) = 3 +n(ae. 1) < 5+ Y n((ak), b))

k=1
_¢E Ko >
=5 Z (27 + u((at), b0)])) <6+ > u((atk), bk)]).
k=1 k=1
Letting ¢ |, 0 yields (1.12); hence u is o -subadditive. O

Combining the last example with Theorem 1.53, we have shown the following
theorem.

Theorem 1.55 (Lebesgue measure) There exists a uniquely determined measure
A" on (R™, B(R™)) with the property that

(a b H(b —a;) foralla,beR" witha <b.

A" is called the Lebesgue measure on (R", B(R")) or Lebesgue—Borel measure.




1.3 The Measure Extension Theorem 25

Example 1.56 (Lebesgue-Stieltjes measure) Let 2 = R and A = {(a,b] :
a,b e R, a <b}. Ais a semiring and o(A) = B(R), where B(R) is the Borel
o-algebra on R. Furthermore, let F : R — R be monotone increasing and right
continuous. We define a set function

np:A—1[0,00), (a,bl—~ F(®)— F(a).

Clearly, i (¥) =0 and i F is additive.

Let (a,b], (a(1),b(1)], (@(2),b(2)],... € A such that (a,b] C Uf;ozl(a(n),
b(n)]. Fix ¢ > 0 and choose a, € (a, b) such that F(a;) — F(a) < ¢/2. This is
possible, as F is right continuous. For any k € N, choose b, (k) > b(k) such that

F(bs(k)) — F(b(k)) < &2

As in Example 1.54, it can be shown that fir((a, b]) <&+ Z,fil r((alk),bk)]).
This implies that fir is o-subadditive. By Theorem 1.53, we can extend f[if
uniquely to a o-finite measure p g on B(R). O

Definition 1.57 (Lebesgue—Stieltjes measure) The measure pup on (R, B(R)) de-
fined by

wr((a,b]) = F(b) — F(a) foralla,beRwitha <b

is called the Lebesgue—Stieltjes measure with distribution function F.

Example 1.58 Important special cases for the Lebesgue—Stieltjes measure are the
following:

(i) If F(x) =x,then ur = 21 is the Lebesgue measure on R.

(i1) Let f: R — [0, 00) be continuous and let F(x) = f(f f(@)dt for all x € R.
Then w1 F is the extension of the premeasure with density f that was defined in
Example 1.30(ix).

(iii) Let xq,x2,... € R and o, > 0 for all n € N such that > o>, &, < co. Then
F =Y "2 anl[x, ) is the distribution function of the finite measure pp =
Z;.Lo:] Un 8xn :

(iv) Let x1,x2,... € R such that u = Zflil dy, is a o-finite measure. Then u is a
Lebesgue—Stieltjes measure if and only if the sequence (x,), <N does not have a
limit point. Indeed, if (x,), <N does not have a limit point, then by the Bolzano—
Weierstrall theorem, #{n € N: x,, € [—K, K]} < oo for every K > 0. If we let
Fx)=#neN:x, €[0,x]} forx >0and F(x) = —#{n e N:x, € [x,0)},
then u = wr. On the other hand, if © is a Lebesgue—Stieltjes measure, this is
u=up for some F,then#{neN:x, € (—K, K]} = F(K) — F(—K) <>
for all K > 0; hence (x,),cn does not have a limit point.

(v) Iflimy oo (F(x) — F(—x)) = 1, then up is a probability measure. O

We will now have a closer look at the case where pF is a probability measure.
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Definition 1.59 (Distribution function) A right continuous monotone increasing
function F : R — [0, 1] with F(—00) := limy__o F(x) = 0 and F(00) :=
lim,_, o F(x) = 1 is called a (proper) probability distribution function (p.d.f.). If we
only have F(00) < 1 instead of F(o0) = 1, then F is called a (possibly) defective
p.d.f. If u is a (sub-)probability measure on (R, B(R)), then F), : x = p((—o0, x])
is called the distribution function of p.

Clearly, F), is right continuous and F(—o0) = 0, since u is upper semicon-
tinuous and finite (Theorem 1.36). Since w is lower semicontinuous, we have
F(00) = n(R); hence F), is indeed a (possibly defective) distribution function if
W is a (sub-)probability measure.

The argument of Example 1.56 yields the following theorem.

Theorem 1.60 The map v F, is a bijection from the set of probability measures
on (R, B(R)) to the set of probability distribution functions, respectively from the
set of sub-probability measures to the set of defective distribution functions.

We have established that every finite measure on (R, B(R)) is a Lebesgue—
Stieltjes measure for some function F. For o-finite measures, the corresponding
statement does not hold in this generality as we saw in Example 1.58(iv).

We come now to a theorem that combines Theorem 1.55 with the idea of
Lebesgue—Stieltjes measures. Later we will see that the following theorem is valid
in greater generality. In particular, the assumption that the factors are of Lebesgue—
Stieltjes type can be dropped.

Theorem 1.61 (Finite products of measures) Letn € N and let 11, ..., 1, be fi-
nite measures or, more generally, Lebesgue—Stieltjes measures on (R, B(R)). Then
there exists a unique o -finite measure  on (R", B(R")) such that

n
,u((a, b]) = H,ui ((ai, bi]) foralla,beR" witha <b.

i=1

We call u =: ®?=1 Wi the product measure of the measures (i1, ..., ln.

Proof The proof is the same as for Theorem 1.55. One has to check that the inter-
vals (a, b.] and so on can be chosen such that u((a, b¢]) < u((a, b]) + €. Here we
employ the right continuity of the increasing function F; that belongs to w;. The
details are left as an exercise. g

Remark 1.62 Later we will see in Theorem 14.14 that the statement holds even
for arbitrary o -finite measures (1, ..., 4, on arbitrary (even different) measurable
spaces. One can even construct infinite products if all factors are probability spaces
(Theorem 14.36). O
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Example 1.63 (Infinite product measure, continuation of Example 1.40) Let E be a
finite set and let §2 = EYN be the space of E-valued sequences. Further, let (p.)ccE
be a probability vector. Define a content 4 on A = {[wy,...,w,] : ®1,...,w, €
E, n e N} by

,u([cm, ...,wn]) =pr,..
i=1

We aim at extending p to a measure on o (A). In order to check the assumptions
of Theorem 1.53, we have to show that  is o-subadditive. As in the preceding
example, we use a compactness argument.

Let A, A1, Ay,...€ Aand A C Uzil A,,. We are done if we can show that there
exists an N € N such that

N
Acl A (1.13)
n=1

Indeed, due to the (finite) subadditivity of u (see Lemma 1.31(iii)), this implies
w(A) < 2111\1:1 w(Ay) <3021 i(Ap); hence p is o -subadditive.
We now give two different proofs for (1.13).

Ist Proof. The metric d from (1.9) induces the product topology on §2; hence, as
remarked in Example 1.40, (£2,d) is a compact metric space. Every A € A is
closed and thus compact. Since every A, is also open, A can be covered by finitely
many A,; hence (1.13) holds.

2nd Proof. We now show by elementary means the validity of (1.13). The procedure
imitates the proof that §2 is compact. Let B, := A\ |J/_; A;. We assume B, # @
for all n € N in order to get a contradiction. By Dirichlet’s pigeonhole principle
(recall that E is finite), we can choose w1 € E such that [w]N B, # @ for infinitely
many n € N. Since B] D B> D ..., we obtain

[wi]N B, #@ forallneN.
Successively choose wy, w3, ... € E in such a way that
[w1,...,0k]N B, @ forall k,n € N.

B, is a disjoint union of certain sets Cy, 1, ..., Cy,m, € A. Hence, for every n ¢ N
there is an i, € {1, ..., m,} such that [w], ..., wx] N Cy;, 7# ¥ for infinitely many
k € N. Since [w1] D [w1, w2] D ..., we obtain

[w1,...,0k]NCp i, #9 forallk,n e N.

For fixed n € N and large k, we have [wi,...,wx] C Cy,;,. Hence o =
o0

(w1, w2, ...) € Cyi, C By. This implies (),-; B, # @, contradicting the assump-
tion. O
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Combining the last example with Theorem 1.53, we have shown the following
theorem.

Theorem 1.64 (Product measure, Bernoulli measure) Let E be a finite nonempty
set and 2 = EN. Let (p.)eck be a probability vector. Then there exists a unique
probability measure u on o (A) = B($2) such that

n
;L([a)l,...,a)n])zl_[pwi forallwy,...,w, € E andn € N.

i=1

W is called the product measure or Bernoulli measure on $2 with weights (pe)ecE -
We write (3. ,cg PeSe)®" := w. The o-algebra (2F)®N := o (A) is called the
product o -algebra on 2.

We will study product measures in a systematic way in Chapter 14.

The measure extension theorem yields an abstract statement of existence and
uniqueness for measures on o (A) that were first defined on a semiring A only. The
following theorem, however, shows that the measure of a set from o (A4) can be well
approximated by finite and countable operations with sets from .A.

Denote by

AAB:=(A\B)U(B\A) forA,BC (1.14)

the symmetric difference of the two sets A and B.

Theorem 1.65 (Approximation theorem for measures) Let A C 2% be a semiring
and let ( be a measure on o (A) that is o -finite on A.

(i) Forany A € 0(A) and & > 0, there exist mutually disjoint sets A1, Ay, ... €
A suchthat A C | Jy2, Ap and pn(U= | An \ A) <eé.
(ii) For any A € o (A) with (A) < 0o and any € > 0, there exists an n € N and
mutually disjoint sets Ay, ..., A, € A such that u(A A Uzzl Ap) <e.
(iii) Forany A € M(u*), there are sets A_, Ay € o (A) with A_ C A C A and
n(A\A_) =0.

Remark 1.66 (iii) implies that (i) and (ii) also hold for A € M(u*) (with u* in-
stead of wu). If A is an algebra, then in (ii) for any A € 0(A), we even have
infge g (A AB)=0. O

Proof (ii) As u and the outer measure u* coincide on o (A) and since w(A) is finite,
by the very definition of u* (see Lemma 1.47) there exists a covering By, By, ... €
A of A such that

(A= (B — /2.

i=1
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Let n € N with Z;’in_H n(B;) < 5 (such an n exists since u(A) < oo). For any
three sets C, D, E, we have

CAD=(D\C)U(C\D)C(D\C)U(C\(DUE))UE C(CA(DUE))UE

Choosing C = A, D =J;_, B; and E = J;2, ;| B;, this yields

(s508) <1208 o 0 )

i=n+1
o g
SM(UlBi>—/L(A)+§§8.
=
As A is a semiring, there exista k € Nand Ay, ..., Ax € A such that
n n i—1
UB _BluUﬂ(B \ Bj) =: UA
i=1 i=2 j=1

(i) Let Aeo(A) and E, t 2, E,, € 0(A) with u(E,) < oo for any n € N. For
every n € N, choose a covering (B, ;)men of AN E,, with

00
nw(ANE,) > Z M(Bn,/n) —2™"e.

m=1

(This is possible due to the definition of the outer measure p*, which coincides with
won A) Let Uy 1 Bum =4,—| A, for certain A, € A, n € N (Exercise 1.1.1).
Then

M(}@An\A) =M<G G Bn,m\A)

n=1m=1

M(QQ Bum \(ANE, )))
Sg((i nm)) —u(AﬂEn)) ¢

IA

(iii) Let A € M(u*) and (E,),en as above. For any m,n € N, choose A, €
o (A) such that A,y D AN E, and u*(Anm) < W (ANE,) + 2.

Define Ay, :=Jr2| Ap.m € 0 (A). Then A, D A and p*(Ap, \A) < —. Define
Ay =\ Am. Then 0 (A) > A4 D A and u*(A4 \ A) =0. Sumlarly, choose
(A_) e o (A) with (A_) D A€ and u*((A-)°\ A°)=0.Then AL D AD A_ and
WAL\ AD) = ¥ (Ay \ AD) = ¥ (A \ A) + u*(A\ AD) =0, 0
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Remark 1.67 (Regularity of measures) (Compare with Theorem 13.6.) Let A" be
the Lebesgue measure on (R”, B(R")). Let A be the semiring of rectangles of the
form (a, b] C R"; hence B(R") = o(A) by Theorem 1.23. By the approximation
theorem, for any A € B(R") and ¢ > 0, there exist countably many A, Az,...€ A
with A C (J;2; A; and

x”(U A; \A) <e/2.

i=1

For any A;, there exists an open rectangle B; D A; with A*(B; \ A;) < g2l (upper
semicontinuity of A"). Hence U = | J;2, B; is an open set U D A with

AU\ A) <e.

This property of A" is called outer regularity.
If A"(A) is finite, then for any ¢ > 0O there exists a compact K C A such that

AMA\K) <e.

This property of A" is called inner regularity. Indeed, let N > 0 be such that A" (A) —
AM(AN[=N,NT") < /2. Choose an open set U D (A N [—N, N]*) such that
AMUNAN[=N,N") <¢g/2,andlet K :=[—-N,N]"\ U C A. O

Definition 1.68 (Null set) Let (£2, A, i) be a measure space.

(i) Aset A e Aiscalled a pu-null set, or briefly a null set, if £(A) =0. By NV, we
denote the class of all subsets of w-null sets.
(i1) Let E(w) be a property that a point w € §2 can have or not have. We say that E
holds w-almost everywhere (a.e.) or for almost all (a.a.) w if there exists a null
set N such that E(w) holds for every w € 2\ N.If A € A and if there exists a
null set N such that E(w) holds for every w € A \ N, then we say that £ holds
almost everywhere on A.
If © = P is a probability measure, then we say that E holds P-almost surely
(a.s.), respectively almost surely on A.
(iii) Let A, B € A be such that (A A B) =0. Then we write A = B (mod ).

Definition 1.69 A measure space (£2, A, ) is called complete if N}, C A.

Remark 1.70 (Completion of a measure space) Let (§2, A, i) be a o -finite measure
space. There exists a unique smallest o-algebra A* O A and an extension p* of u
to A* such that (£2, A*, u*) is complete. (2, A*, u*) is called the completion of
(£2, A, ). With the notation of Theorem 1.53, this completion is

(2, M) 17 g ry)-

Furthermore,

M(p*)=0(AUN,) ={AUN:Ae A N eN,}
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and u*(AUN) = pu(A) forany A€ Aand N e N,.
In the following, we will not need these statements. Hence, instead of giving a
proof, we refer to the textbooks on measure theory (e.g., [37]). O

Example 1.71 Let A be the Lebesgue measure (more accurately, the Lebesgue—
Borel measure) on (R”, B(R")). Then A can be extended uniquely to a measure
A* on

B*(R") = (B(R") UN),

where N is the class of subsets of Lebesgue—Borel null sets. B*(R") is called the o -
algebra of Lebesgue measurable sets. For the sake of distinction, we sometimes call
A the Lebesgue—Borel measure and A* the Lebesgue measure. However, in practice,
this distinction will not be needed in this book. O

Example 1.72 Let u = §, be the Dirac measure for the point w € £2 on some mea-
surable space (£2, A). If {w} € A, then the completion is A* =2, u* = §,,. In the
extreme case of a trivial o -algebra A = {(J, 2}, however, the empty set is the only
null set, N, = {#}; hence A* = {@, £2}, u* = 8, Note that, on the trivial o -algebra,
Dirac measures for different points w € §2 cannot be distinguished. O

Definition 1.73 Let (£2, A, t) be a measure space and 2’ € A. On the trace o-
algebra A| ,,, we define a measure by

(ol

1] o (A) == pu(A) forAe Awith AC Q.
This measure is called the restriction of u to 2.

Example 1.74 The restriction of the Lebesgue—Borel measure A on (R, B(R)) to
[0, 1] is a probability measure on ([0, 1], B(R) | (0. 1]). More generally, for a measur-
able A € B(R), we call the restriction A| 4 the Lebesgue measure on A. Often this
measure will be denoted by the same symbol A when there is no danger of ambigu-
ity.

Later we will see (Corollary 1.84) that B(R)| 4 = B(A), where B(A) is the Borel
o-algebra on A that is generated by the (relatively) open subsets of A. %

Example 1.75 (Uniform distribution) Let A € B(R") be a measurable set with 7n-
dimensional Lebesgue measure A" (A) € (0, co0). Then we can define a probability
measure on B(R") | 4 by

. )\’II(B)
w(B) = A A)

for B € B(R”) with B C A.

This measure w is called the wuniform distribution on A and will be denoted by
Up = 1. O
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Exercise 1.3.1 Show the following generalization of Example 1.58(iv): A measure
Y o2 | andy, is a Lebesgue—Stieltjes measure for a suitable function F if and only if
iy | <K On < OO forall K > 0.

Exercise 1.3.2 Let £2 be an uncountably infinite set and let wg € §2 be an arbitrary
element. Let A =0 ({w}: w € 2\ {wp}).

(i) Give a characterization of A as in Exercise 1.1.4 (p. 11).
(ii) Show that (§2, A, 8,) is complete.

Exercise 1.3.3 Let (u,)n,eny be a sequence of finite measures on the measur-
able space (£2,.A4). Assume that for any A € A there exists the limit ©(A) :=
limy,— 00 ttn (A).

Show that u is a measure on (§2, A).

Hint: In particular, one has to show that p is #-continuous.

1.4 Measurable Maps

A major task of mathematics is to study homomorphisms between objects; that is,
structure-preserving maps. For topological spaces, these are the continuous maps,
and for measurable spaces, these are the measurable maps.

In the rest of this chapter, we let (£2, A) and (£2’, A’) be measurable spaces.

Definition 1.76 (Measurable maps)
(i) A map X : 2 — 2’ is called A-A'-measurable (or, briefly, measurable) if
X TA):={X"1(A): A e A} C A; that s, if
X '(A)eA forany A’ e A’
If X is measurable, we write X : (£2, 4) — (2, A).

(ii) If 2’ =R and A’ = B(R) is the Borel o-algebra on R, then X : (2, 4) —
(R, B(R)) is called an .4-measurable real map.

Example 1.77

(i) The identity map id : £2 — §2 is A—.A-measurable.
(i) If A=2% or A’ = {@, 2}, then any map X : 2 — £’ is A—A’-measurable.
(ili) Let A C £2. The indicator function 14 : 2 — {0, 1} is A-2{0_measurable if
and only if A € A. O

Theorem 1.78 (Generated o-algebra) Ler (2, A") be a measurable space and let
$2 be a nonempty set. Let X : 2 — 2’ be a map. The preimage

X NA)={x"1(A): A e} (1.15)
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is the smallest o-algebra with respect to which X is measurable. We say that
o(X) :=X"Y(A) is the o-algebra on $2 that is generated by X.

Proof This is left as an exercise. U

We now consider o -algebras that are generated by more than one map.

Definition 1.79 (Generated o -algebra) Let §2 be a nonempty set. Let / be an
arbitrary index set. For any i € I, let (£2;, A4;) be a measurable space and let
X; : 2 — £2; be an arbitrary map. Then

o(X;,iel):= 0<U0(X,-)> = a<U X,.‘(A,-))
iel iel

is called the o -algebra on 2 that is generated by (X;, i € I). This is the smallest
o -algebra with respect to which all X; are measurable.

As with continuous maps, the composition of measurable maps is again measur-
able.

Theorem 1.80 (Composition of maps) Ler (§2, A), (82", A") and (2", A”) be mea-
surable spaces and let X : 2 — 2" and X' : 2' — Q2" be measurable maps. Then
themapY =X 0X:2 — 2", o X' (X (w)) is A-A"-measurable.

Proof Obvious, since Y 71 (A”) = X~ 1(X)~1(A")) c X~ 1(A) C A. O

In practice, it is often not possible to check if a map X is measurable by checking
if all preimages X' (A’), A’ € A’ are measurable. Most o -algebras A’ are simply
too large. Thus it comes in very handy that it is sufficient to check measurability on
a generator of A’ by the following theorem.

Theorem 1.81 (Measurability on a generator) Let £ C A’ be a class of A'-
measurable sets. Then o (X~ () = X~ (0 (£)) and hence

X is Ao (£')-measurable = X' (E')e A forallE'e&'.
If in particular o (') = A, then

X is A-A'-measurable < X! (5') c A.

Proof Clearly, X"1(&") c X~ (0(£")) =0 (X~ ((£"))). Hence also

o(X 1)) cx (o (£)).
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For the other inclusion, consider the class of sets
Ay={A eo(&): x1(A)ea(x7(&)))}.
We first show that A6 is a o-algebra by checking (i)—(iii) of Definition 1.2:
(i) Clearly, £2’ € Aj,.
(ii) (Stability under complements) If A’ € Aé), then
XTH((A)) = (xT1(A) e o (X1 (E));

hence (A")¢ € Aj,.
(iii) (o-U-stability) Let A}, A}, ... € Aj. Then

X (G Az) - ) <ol )

hence ;| A, € Aj.

Now Aj = o (£') since &' C Aj,. Hence X' (A") e o(X (&) forany A’ € 5(£)
and thus X 1 (o (£)) c o (X1(E)). O

Corollary 1.82 (Measurability of composed maps) Let I be a nonempty index set
and let (2, A), (2, A') and (£2;, A;) be measurable spaces for any i € 1. Further,
let (X; :i € 1) be a family of measurable maps X; : 2’ — 2; with A' = o (X; :
i € I). Then the following holds: A map Y : 2 — 2" is A-A'-measurable if and
only if X; oY is A-A;-measurable for alli € I.

Proof If Y is measurable, then by Theorem 1.80 every X; o Y is measurable. Now
assume that all of the composed maps X; oY are A-A;-measurable. By assumption,
the set £ 1= {Xfl(A”) :A” € A;, i € I} is a generator of A’. Since all X; oY are
measurable, we have Y ~!(A’) € A for any A’ € £. Hence Theorem 1.81 yields that
Y is measurable. O

Recall the definition of the trace of a class of sets from Definition 1.25.

Corollary 1.83 (Trace of a generated o-algebra) Let £ C 2% and assume that
A C 82 is nonempty. Then G(S|A) = 0(5)|A.

Proof Let X : A — £2, w — w be the canonical inclusion; hence x! (B)=ANBAB
for all B C £2. By Theorem 1.81, we have

o€ )=0c({ENA:Ec&})
=o({X "E):Ec&})=0(X"(5)
=X""0©)={ANB:Bea(©)}=0(),. a
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Recall that, for any subset A C 2 of a topological space (£2, t), the class T | Rt
the topology of relatively open sets (in A). We denote by B(£2, t) = o (t) the Borel
o-algebra on (£2, 7).

Corollary 1.84 (Trace of the Borel o-algebra) Let (§2, t) be a topological space
and let A C §2 be a nonempty subset of $2. Then

B(2,7)|,=B(A, | ,).

Example 1.85

(i) Let £’ be countable. Then X : 2 — 2’ is A-2% -measurable if and only if
X~ 1({o'}) € Afor all o € £2'. If £’ is uncountably infinite, this is wrong in
general. (For example, consider 2 = 2' =R, A= B(R), and X (w) = w for
all w € £2. Clearly, X '{w}) = {w} € B(R). If, on the other hand, A C R is
not in B(R), then A € 2F, but X~ (A) € B(R).)

(i1) For x € R, we agree on the following notation for rounding:

x| :=max{ke€Z:k<x} and [x]:=min{keZ:k > x}. (1.16)

The maps R — Z, x > |x] and x — [x] are B (R)—2%-measurable since for
all k € Z the preimages {x e R: x| =k} =[k,k+ 1) and {x e R: [x] =
k} = (k — 1, k] are in B(R). By the composition theorem (Theorem 1.80), for
any measurable map f : (£2, A) — (R, B(R)) the maps | f| and [ f] are also
A-2%-measurable.

(iii) A map X : 2 — R? is A-B(R?)-measurable if and only if

X_l((—oo,a]) €A foranyae R4,

In fact o ((—00, a], a € R?) = B(RY) by Theorem 1.23. The analogous state-
ment holds for any of the classes &1, ..., £12 from Theorem 1.23. O

Example 1.86 Let d(x,y) = ||x — y||2 be the usual Euclidean distance on R” and
let B(R", d) = B(R") be the Borel o -algebra with respect to the topology generated
by d. For any subset A of R", we have B(A,d) = B[R",d)| . O

We want to extend the real line by the points —oo and +o0co. Thus we define
R:=R U {—o00, +00}.

From a topological point of view,_@ will be considered as the so-called two point
compactification by considering R as topologically isomorphic to [—1, 1] via the
map
tan(rx/2), xe(—1,1),
p:[-1,11-> R, x> {—o0, x=-1,
00, x =+1.
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In fact, d(x, y) = |g0_1(x) — (p‘l(y)l forx,ye R defines a metric on R such that 7
and ¢! are continuous. Hence ¢ is a topological isomorphism. We denote by T the
corresponding topology induced on R and by 7 the usual topology on R.

Corollary 1.87 With the above notation, T |R =t and hence B(R) |R = B(R).
In particul_ar, if X : (82, A) — (R, B(R)) is measurable, then in a canonical way
X is also an R-valued measurable map.

Thus R is really an extension of the real line, and the inclusion R < R is mea-
surable.

Theorem 1.88 (Measurability of continuous maps) Let (§2, t) and ($2',t') be
topological spaces and let f : 2 — §2' be a continuous map. Then f is B(§2)—
B(82")-measurable.

Proof As B(£2') = o(z’) and by Theorem 1.81, it is sufficient to show that
(A € o(1) for all A’ € t/. However, since f is continuous, we even have
f Y A)erforall A et O

Forx,ye R, we agree on the following notation.

XV 'y =max(x,y) (maximum),

X Ay =min(x, y) (minimum),
xT = max(x, 0) (positive part),
x~ =max(—x,0) (negative part),

|x] = max(x, —x) =x~ +xT  (modulus),

sign(x) = Lix=0} — Lix<0} (sign function).

Analogously, for measurable real maps we write, for example, X+ = max(X, 0).
The maps x — xT, x = x~ and x > |x| are continuous (and hence measurable
by the preceding theorem). Clearly, the map x +— sign(x) also is measurable. Using
Corollary 1.82, we thus get the following corollary.

Corollary 1.89 If X is a real or R-valued measurable map, then the maps X ~, X T,
| X| and sign(X) also are measurable.

Theorem 1.90 (Coordinate maps are measurable) Let (§2, A) be a measurable
space and let f1, ..., fn:$2 — R be maps. Define f := (f1,..., fn): 2 — R".
Then

fis A—B(R”)-measumble < each f; is A-B(R)-measurable.

The analogous statement holds for f; : 2 — R :=R U {£o0}.
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Proof For b € R", we have f~!((—o0, b)) = N, fi_l((—oo, b;)). If each f; is
measurable, then f ’1((—00, b)) € A. However, the rectangles (—oo, b), b € R",
generate B(R"), and hence f is measurable. Now assume that f is measurable.

Fori=1,...,n,let 7; : R" - R, x > x; be the projection on the ith coordinate.
Clearly, n; is continuous and thus B(R")-B(R)-measurable. Hence f; = m; o f is
measurable by Theorem 1.80. U

In the following theorem, we agree that i := 0 for all x € R.

Theorem 1.91 Let (2, A) be a measurable space. Let h : (2, A) — (R, B(R))
and f, g : (22, A) —> (R", B(R")) be measurable maps. Then also the maps [ + g,
f—g, f-hand f/h are measurable.

Proof Themap 7 : R" xR — R”, (x, ®) > «-x is continuous and thus measurable.
By Theorem 1.90, (f, h) : 2 — R" x R is measurable. Hence also the composed
map f -h = o (f,h) is measurable. Similarly, we obtain the measurability of f + g
and f — g.

In order to show measurability of f/h, we definethemap H : R — R, x — 1/x.
Note that by our convention H (0) = 0. Hence f/h = f - H o h. Thus it is enough to
show that H is measurable. Clearly, H |R\{0} is continuous. For any open set U C R,

U \ {0} is also open and hence H~Y(U\ {0}) € B(R). Furthermore, H ' ({0}) = {0}.
Concluding, we get H~'(U) = H~'(U \ {0}) U (U N {0}) € B(R). O

Theorem 1.92 Let X1, X», ... be measurable maps (2, A) — (R, B(R)). Then
the following maps are also measurable:

inf X,,, sup X, liminf X,,, limsup X,,.
neN

neN n—oo n—00

Proof For any a € R, we have
1 o0
(nuengn) ([—00,a)) = L_J [—00,a)) € A

By Theorem 1.81, this implies that inf,cn X, is measurable. The proof for
Sup,,cn X5, is similar.

For any n € N, we define Y, := inf,;;>,, X,,. Note that Y, is measurable and hence
liminf,, o0 X, 1= sup, <y Y, also is measurable. The proof for the limes superior is
similar. O

We come to an important example of measurable maps (£2, A) — (R, B(R)), the
so-called simple functions.
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Definition 1.93 (Simple function) Let (£2,.4) be a measurable space. A map

f:82 — R is called a simple function if there is an n € N and mutually disjoint
measurable sets Aq, ..., A, € A, as well as numbers ay, ..., a, € R, such that

n
f= Zai]lAi'
i=1

Remark 1.94 A measurable map that assumes only finitely many values is a simple
function. (Exercise: Show this!) O

Definition 1.95 Assume that f, f, f2, ... are maps £2 — R such that
filw) < foalw)<... and lim f,(w)= f(w) foranyw e $2.
n—oo

Then we write f;; 1 f and say that ( f;;),eN increases (pointwise) to f. Analogously,

we write f,, | fif (—f,) 1 (= f).

Theorem 1.96 Let (82, A) be a measurable space and let [ : 22 — [0, o0] be
measurable. Then the following statements hold.

(1) There exists a sequence (f,)neN of nonnegative simple functions such that

ot J.

(ii) There are measurable sets Ay, Ay, ... € A and numbers a1, a, ... > 0 such
that f =Y 02 apla,.

Proof (i) For n € Ny, define f,, = (27"|2" f]) An. Then f, is measurable (by The-
orem 1.92 and Example 1.85(ii)) and assumes at most n2" + 1 different values.
Hence it is a simple function. Clearly, f, 1 f.

(i1) Let f, be as above. Let B, ; :={w: fu(w) — fu—1(w) =i27"} and B,; =
i27"forneNandi=1,...,2". Hence f, — fu—1 = leil Bn.ilp, ;- By changing
the numeration (n, i) — m, we get (¢ )meN and (A, )men such that

f=fo+) (= Fa-)=)_ anla,.

n=1 m=1

O

As a corollary to this statement on the structure of [0, oo]-valued measurable
maps, we show the following factorization lemma.

Corollary 1.97 (Factorization lemma) Ler ($2', A') be a measurable space and let
2 be a nonempty set. Let [ : 82 — 2’ be a map. Amap g : 2 — R is o (f)-B(R)-
measurable if and only if there is a measurable map ¢ : (2, A') — (R, B(R)) such
thatg=¢o f.

Proof “<=" If ¢ is measurable and g = ¢ o f, then g is measurable by Theo-
rem 1.80.
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“=—>" Now assume that g is o (f )-B(R)-measurable. First consider the case
g > 0. Then there exist measurable sets Aj, Ay... € o(f) as well as numbers
oy, a2, ..., € [0,00) such that g = Y 7, apLa,. By the definition of o (f), for
any n € N there is a set B, € A’ such that f‘l(B,,) = A,; that is, such that
14, =1p, o f.Define ¢ : 2’ — R by

o
¢ = Zan]lgn.
n=1

Clearly, ¢ is A'—B(R)-measurable and g = ¢ o f.

Now drop the assumption that g is nonnegative. Then there exist measurable
maps ¢~ and ¢ such that g~ =¢~ o f and g" = ¢ o f. Hence ¢ := ¢ — ¢~
does the trick. 0

A measurable map transports a measure from one space to another.

Definition 1.98 (Image measure) Let (£2, .A) and (£2/, A’) be measurable spaces
and let u be a measure on (§2, .A). Further, let X : (2, A) — (£2/, A’) be mea-
surable. The image measure of ;1 under the map X is the measure 1 o X! on
(£2', A') that is defined by

poX 1A —1[0,00, A+ p(Xx'(4)).

Example 1.99 Let yu be a measure on Z2 and let X : Z> — Z, (x, y) — x +y. Then

o X H({x)) =" u({x—y.m}).

y€EZL O

Example 1.100 Let L : R" — R" be a linear bijection and let A be the Lebesgue
measure on (R*, B(R")). Then A o L~' = |det(L)|~'A. This is clear since for
any a, b € R" with a < b, the parallelepiped L~ Y((a, b]) has volume |det(L~1)| x
[Tz (bi —ap). O

As a generalization of the last example, we state without proof the transforma-
tion formula for measures with continuous densities under differentiable maps. The
proof can be found in textbooks on calculus.

Theorem 1.101 (Transformation formula in R") Let u be a measure on R" that
has a continuous (or piecewise continuous) density f : R" — [0, 00). That is,

/L((—oo,x]):/ 1 dtl...fxn dt, f(t1,...,ty) forallx e R".

—00 —00

X

Let A C R" be an open or a closed subset of R" with uw(R" \ A) = 0. Further,
let B C R" be open or closed. Finally, assume that ¢ : A — B is a continuously
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differentiable bijection with derivative ¢'. Then the image measure j1 o ™' has the
density

L)) ;
o) = | @G oy X EB:
0, ifx eR"\ B.

Exercise 1.4.1 Let f : R — R, x > |x|. Show that a Borel measurable map g :
R — Ris o (f) = f~'(B(R))-measurable if and only if g is even.

Exercise 1.4.2 Let (£2, A, 1) be a measure space and let f : 2 — R be measur-
able. Assume that g : £2 — R fulfills g = f pu-almost everywhere. Show that g
need not be measurable.

Exercise 1.4.3 Let f : R — R be differentiable with derivative f’. Show that f’ is
B(R)-B(R)-measurable.

Exercise 1.4.4 (Compare Examples 1.40 and 1.63.) Let £2 = {0, 1} and let A =
(210-11Y®N pe the o-algebra generated by the cylinder sets

{[a)l,...,a)n]:nEN,wl,...,wn6{0,1}}.

Further, let u = (%80 + %51)®N be the Bernoulli measure on §2 with equal weights
on0and 1. Foralln e N, let X, : 2 — {0, 1}, w  w, be the nth coordinate map.
Finally, let

U(w) = Z X, (@)2™" forwe .

n=1

(i) Show that A =0 (X, :n e€N).

(ii) Show that U is A-B([0, 1])-measurable.
(iii)) Determine the image measure u o U~ on ([0, 11, B([0, 11)).
(iv) Determine an §2y € A such that U := U ] 2 is bijective.

(v) Show that U~! is ([0, 1])_A|Qo -measurable.

(vi) Give an interpretation of the map X,, o U~

Exercise 1.4.5 (Lusin’s theorem) Let f : R — R be a Borel measurable map. Show
that for any ¢ > 0, there exists a closed set C C R with A(R\ C) < ¢ such that the
restriction f |C of f to C is continuous. (Note: Clearly, this does not mean that f
would be continuous in every point x € C.)

Hint: Use the inner regularity of Lebesgue measure A (Remark 1.67) to show
the assertion first for indicator functions. Next construct a sequence of maps that
approximates f uniformly on a suitable set C.
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1.5 Random Variables

The fundamental idea of modern probability theory is to model one or more random
experiments as a probability space (§2, A, P). The sets A € A are called events. In
most cases, the events of §2 are not observed directly. Rather, the observations are
aspects of the single experiments that are coded as measurable maps from 2 to a
space of possible observations. In short, every random observation (the technical
term is random variable) is a measurable map. The probabilities of the possible ran-
dom observations will be described in terms of the distribution of the corresponding
random variable, which is the image measure of P under X. Hence we have to de-
velop a calculus to determine the distributions of, for example, sums of random
variables.

Definition 1.102 (Random variables) Let (£2’, A’) be a measurable space and let
X : 2 — £2' be measurable.

(1) X is called a random variable with values in (£2/, A"). If (2, A) =
(R, B(R)), then X is called a real random variable or simply a random vari-
able.

(i) For A’ € A/, we denote {X € A’} :== X~!(A’) and P[X € A'] :=
P[X~!(A")]. In particular, we let {X > 0} := X~!([0,00)) and define
{X < b} similarly and so on.

Definition 1.103 (Distributions) Let X be a random variable.

(i) The probability measure Py :=P o X! is called the distribution of X .
(i1) For a real random variable X, the map Fy : x — P[X < x] is called the
distribution function of X (or, more accurately, of Px). We write X ~ p if
w = Px and say that X has distribution u.
(ii1) A family (X;);es of random variables is called identically distributed if

Py, = PX_/. foralli, j € I. We write X 2 Y if Px = Py (D for distribution).

Theorem 1.104 For any distribution function F , there exists a real random variable
X with Fx = F.

Proof We explicitly construct a probability space (§2, A, P) and a random variable
X : 2 — Rsuchthat Fx = F.

The simplest choice would be (£2,.4) = (R, B(R)), X : R — R the identity
map and P the Lebesgue—Stieltjes measure with distribution function F (see Ex-
ample 1.56).

A more instructive approach is based on first constructing, independently of F,
a sort of standard probability space on which we define a random variable with
uniform distribution on (0, 1). In a second step, this random variable will be trans-
formed by applying the inverse map F~': Let £ := (0, 1), A := B(R) |Q and let P
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be the Lebesgue measure on (£2, A) (see Example 1.74). Define the left continuous
inverse of F':

F7'@):=inf{x eR: F(x) >t} forte(0,1).
Then

Fly<x < t<F().

In particular, {r : F~lo) < x} = (0, F(x)] N (0,1); hence Fl.(2,4 >
(R, B(R)) is measurable and

P[{r: F'(t) <x}] = F(x).
Concluding, X :=F —1 is the random variable that we wanted to construct. O

Example 1.105 We present some prominent distributions of real random vari-
ables X. These are some of the most important distributions in probability theory,
and we will come back to these examples in many places.

(i) Let p€[0,1] and P[X = 1] = p, P[X =0] =1 — p. Then Px =: Ber, is
called the Bernoulli distribution with parameter p; formally

Ber, = (1 — p)do + péi.

Its distribution function is

0, x <0,
FX(-X)Z 1_p7 xe[o,l),
1, x>1.

The distribution Py of Y :=2X — 1 is sometimes called the Rademacher
distribution with parameter p; formally Rad, = (1 — p)é_1 + pd;. In par-
ticular, Rady > is called the Rademacher distribution.

(ii) Let pe[0,1]andn € N, and let X : 2 — {0, ..., n} be such that

PX = k] = (Z)p"(l — py k.,

Then Px =: b, is called the binomial distribution with parameters n and p;
formally

n

bup=, (Z)p"(l — )" k.

k=0
(iii) Let p € (0, 1] and X : 2 — Np with

P[X =n]=p( — p)* foranyn € Ny.
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Then y, := b p = Py is called the geometric distribution® with parameter p;
formally

(o)
vp=_ p(l=p)"s,.
n=0

Its distribution function is F(x) =1 — (1 — p)XT1V0 for x e R.

We can interpret X + 1 as the waiting time for the first success in a
series of independent random experiments, any of which yields a success
with probability p. Indeed, let 22 = {0, 1} and let P be the product mea-
sure ((1 — p)do + p81)®N (Theorem 1.64), as well as A =0 ([w1, ..., w,]:
w1, ...,o, € {0, 1}, n € N). Define

X(w):=inflneN:w, =1} -1,
where inf ) = co. Clearly, any map

—1 =1
X,: 2 >R, o b en=1
00, w, =0,

is A-B(R)-measurable. Thus also X = inf,cy X, is A-B(R)-measurable and
is hence a random variable. Let o := 0,0,...) € 2. Then P[X > n] =
P[[«?, ..., 0011 = (1 — p)". Hence

P[X=n]=P[X >n]-P[X=n+1]=(1-p)"—(1-p)" =pd—-p).

@iv) Letr > O (note that r need not be an integer) and let p € (0, 1]. We denote by

o0

br.p r=2(_kr)<—1>"p’<1 - ) (1.17)

k=0

the negative binomial distribution or Pascal distribution with parameters r
and p. (Here ()]z) = w for x € R and k € N is the generalized
binomial coefficient.) If » € N, then one can show as in the preceding example
that b, is the distribution of the waiting time for the rth success in a series
of random experiments. We come back to this in Example 3.4(iv).

(v) Let A € [0, 00) and let X : 2 — Ny be such that

n

A
P[X =n]= e_)\—‘ for any n € Np.
n!

Then Px =: Poi, is called the Poisson distribution with parameter A.

2Warning: For some authors, the geometric distribution is shifted by one to the right; that is, it is a
distribution on N.
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(vi) Consider an urn with B € N black balls and W € N white balls. Draw n € N
balls from the urn without replacement. A little bit of combinatorics shows
that the probability of drawing exactly b € {0, ..., n} black balls is given by
the hypergeometric distribution with parameters B, W, n € N:

() )

HypB’W*”({b}):W forbE{O,,n} (118)

n

This generalizes easily to the situation of k colors and B; balls of color
i=1,...,k. As above, we get that the probability of drawing out of n
balls exactly b; balls of color i for each i = 1,...,k (with the restriction
by +...+br=nand b; < B; for all i) is given by the generalized hypergeo-
metric distribution
(51) - (o)
Hypg, .. g ({01, .. B0 }) = (gl+__,+3kk) : (1.19)

n

(vii) Let u € R, 02 > 0and let X be a real random variable with

_ L 0k
P[Xfx]_mf_ooexp(— 792 dt forx e R.

o2 is called the Gaussian normal distribution with parameters

Then Py =: NV, P
u and 2. In particular, A | is called the standard normal distribution.

(viii) Let 6 > 0 and let X be a nonnegative random variable such that

X
P[X <x]=P[X €0, x]] =/ e % dr forx>0.
0
Then Py is called the exponential distribution with parameter 6 (in short-
hand, expy).
(ix) Let u € R? and let X be a positive definite symmetric d x d matrix. Let X be
an R?-valued random variable such that

P[X <x]= det(2n2)_1/2/

(—00,x]

exp(—%(r —u, 27— ,u)))kd(dt)

for x € R? (where (-, -) denotes the inner product in R?). Then Py =: \V, >
is the d-dimensional normal distribution with parameters p and X. O

Definition 1.106 If the distribution function F : R" — [0, 1] is of the form

X1 Xn
F(x):/ dtl.../ dt, f(t1,...,t,) forx=(xy,...,x,) €R",
o0 o0

for some integrable function f :R" — [0, 00), then f is called the density of the
distribution.
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Example 1.107
(1) Let6,r > 0 and let I , be the distribution on [0, co) with density
0"
I'(r)

X X lem0x,

(Here I" denotes the gamma function.) Then Iy , is called the Gamma distri-
bution with scale parameter 6 and shape parameter r.
(ii) Letr,s > 0 and let B, s be the distribution on [0, 1] with density

I'(r+s)

[ 7xr—l(1 —X)S_l.
(") (s)

Then B, ; is called the Beta distribution with parameters r and s.
(iii) Leta > 0 and let Cau, be the distribution on R with density

1 1
R ——
am 1+ (x/a)?

Then Cau, is called the Cauchy distribution with parameter a. O

Exercise 1.5.1 Use the identity (7") (=Dk = ("'H,:_l) to deduce (1.17) by combi-

natorial means from its interpretation as a waiting time.

Exercise 1.5.2 Give an example of two normally distributed random variables X
and Y such that (X, Y) is not (two-dimensional) normally distributed.

Exercise 1.5.3 Use the transformation formula (Theorem 1.101) to show the fol-
lowing statements.

(i) Let X NJ\/'W,z and leta e R\ {0} and b € R. Then (aX + b) NNa/L+b,a20'2‘
(ii) Let X ~ expy and a > 0. Then aX ~ expy .

Exercise 1.5.4 Show that F : RZ — [0, 1] is the distribution function of a (uniquely
determined) probability measure p on (R2, B(R?)) if and only if

(i) F is monotone increasing and right-continuous
(i1)) F(—x) > 0and F(x) > 1 as x — o0,
(i) F((y1,y2)) — F((y1,x2)) = F((x1, y2)) + F((x1, x2)) = 0 for all x; < y; and
X2 = y2.

Exercise 1.5.5

(i) Let F and G be distribution functions on R. Use Exercise 1.5.4 to show that
(x,y) — F(x) A G(y) is a distribution function on R2.
(ii) Give an example of two distribution functions F and G on R? such that
(x,y) — F(x) A G(y) is not a distribution function on R*.
Hint: First use the inclusion-exclusion formula (Theorem 1.33) to derive a
criterion similar to that in Exercise 1.5.4(iii).
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