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Part I
Measure Theory



Prelude

Modern probability theory (including statistics) is based on measure theory. This manuscript
is part of a course with the aim to introduce measure theory for students with a solid back-
round in mathematics, which aim to dive deeper into probability theory.

In various parts of mathematics, we aim to assign a set some value, and describe it as its
content, volume, etc. In probability, this value is the probability of the set. Since this concept
of assigning values to sets has the same features in many areas (e.g. if two sets are disjoint,
the volume of their union is the sum of the volumes), several areas are dealing with measure
theory.

We approach measure theory in several steps. First, in Chapter 1, we have to deal with set
systems (i.e. sets of sets), since it turns out that it leads to contradictions if we assign volumes
to all sets. Here, we will learn about semi-rings and o-fields as specific set systems. Second, in
Chapter 2, we construct measures on these set systems. We will do so by constructing outer
measures (defined on all sets) and restricting them to a o-field. Third, in Chapter 3, we will
be dealing with measurable functions and integrals with respect to measures. In probabilistic
terms, these are random variables, and their expectations. Fourth, in Chapter 4, we will
study certain subsets of measurable functions (or random variables), known as LP-spaces.
Last, in Chapter 5, we will be dealing with product spaces, which are important for the
theory of stochastic processes. Since various notions (Borel sets, compact systems) are from
set-theoretic topology, we give a repetition of the relevant terms in Appendix A.

There are various textbooks in measure theory with a focus on probability. The following
have guided me as references for the purpose of this manuscript.

Bogatchev, Vladimir I. Measure Theory. Springer, 2007

Billingsley, Patrick. Probability and Measure. Wiley, third edition, 1995

Kallenberg, Olaf. Foundations of Modern Probability Theory. Springer, third edition,
2021

Klenke, Achim. Probability theory. A comprehensive course. Springer, 2014

The present english version of this manuscript was written based on the German version
with the help of DeepL.


https://www.deepl.com/translator

1 Set systems

Probability theory formalises the colloquially used word probable. This is (in the broadest
sense) a property of a possible outcome of an experiment. Fundamental to probability theory
is the concept of an ewvent, which is intended to describe everything that can happen in the
experiment. Events are represented by subsets of an abstract basic space, which is always
called €. The aim of this section is to assign a probability to as many subsets of €2 as possible.
This leads to the concept of a o-algebra, because these contain exactly the subsets of the base
space to which probabilities are then assigned in the next section. In other words, elements of
o-algebras will be events in the above sense. The other set systems introduced in this section
will be used to define suitable o-algebras.

1.1 Semi-rings, rings and o-fields
The notions in this section are connected as follows: For C C 2%, we have
C o-field = Cring = C semi-ring.
Some more properties of the three notions are given in table 1.
Definition 1.1 (Semi-ring, ring, o-field). Let Q be a set and O # H, R, F C 2%,

1. H is N-stable (or closed under N, or a mw-system), if (A,B € H = ANB € H). It is
called o-N-stable (or closed under o-N) if (A1, Az, ... € H =2, An € H).
It is called U-stable (or closed under U), if (A, B € H = AUB € H). It is called
o — U-stable (or closed under o-U) if (A1, Az, ... € H = U2, An € H).
It is complement-stable (or closed under complements), if A € H = A° € H. It is
set-difference-stable (or closed under set-differences), if (A,B € H = B\ A€ H).

2. H is a semi-ring, if it is (i) closed under N and (i) VA, B € H3Cy,...,C, € H with !
B\A=W;,C;.

3. R is a ring, if it is closed under U and set-differences.

4. F is a o-field (or o-algebra), if Q € F, it is closed under complements and closed under
o-U. Then, (2, F) is called measurable space.

Remark 1.2 (Relationships between the collections of sets).
1. Every ring R is a semi-ring: For closedness under N, we write for A,B € R
ANB=A\(A\B)€eR.
The second property is trivial.

2. Every o-field F is a ring: We need to understand that F is closed under set-differences.
For this, we write for A,B € F

B\A=BnA°=(B°UA)"“.

'We write AW B for AUB if AN B = 0.



C semi-ring | C ring | C o-field
C is N-stable ° o o
C is o-N-stable o
C is U-stable ° o
C is o-U-stable °
C is set-difference-stable . o
C is complement-stable °
B\A=W",C; . o o
NecC o

Table 1: For C C 2%, we list all properties for semi-rings, rings and o-fields. e means that
the respective property is a hypothesis in the definition, whereas o means that the respective
property is a result following from the definition of the collection of subsets.

Example 1.3 (Semi-rings, o-fields).
1. Semi-open intervals form a semi-ring: Let {2 = R. Then,
H:={(a,b] :a,b € Q,a < b}

1S a4 Semi-ring.
Indeed, if a; < by,a} <V, then? (a1,b1]N(a),b}] = (a1Val, b1 Ab]] and (a1, b1]\(a},b]] =
(a1,a} Abi] W (b, b1], where (a,b] =0, falls a > b.

2. Examples for o-fields: Trivial ezamples are {0, Q} and 2. (Recall that both are topolo-
gies as well; see Definition A.1.)
Yet another example will become important in Section 3.1: If F' is a o-field on &', and
f:Q— Q. Then,

o(f) ={fYA): A eF}c2® (1.1)

s a o-field on Q.
Indeed: If A, A}, AL, ... € o(f), then (f~H(A)e = f7H(A)°) € o(f) and | U2, f71(AL) =
f’l(U?f:l A%) €a(f).

We will frequently use the so-called Borel o-field (which is the o-field generated by a
topology; see Definition 1.7.

2 As usual, we write z A y := min(z,y) and = V y := max(z, y)



1.2 (Generators and extensions

On the one hand, we want to use o-fields as much as possible, since they contain the sets we can
assign probabilities to. On the other hand, often only semi-rings can be given constructively.
However, we can use the (ring or) o-field generated by a semi-ring., i.e. the smallest o-field
(or smallest ring) which contains the semi-ring.

Remark 1.4 (Generated set-systems). First, it is easy to see that the intersection of o-fields
(rings) is a o-field (ring). (For example, since all o-fields are closed under U, and if we take
A, B, elements of all o-fields, then AU B is an element of all o-fields and therefore in the
intersection. ):

Let C C 2. Then,

R(C) = ﬂ {R OC:R ring}
is the ring generated from C and

(€)= {f SC: F a—ﬁeld}
is the o-field generated from C. Apparently, R(R(H)) = R(H) and o(c(H)) = o(H).
The next lemma is shown after Example 1.6.

Lemma 1.5 (Ring generated from a semi-ring). Let H be a semi-ring. Then,
n
R(H) = { L‘_"J At Ay, ... Ay € H disjoint,n € N}
k=1

is the ring generated from H.

Example 1.6 (Ring generated from semi-open intervals). Let H be the semi-ring of semi-open
intervals from Example 1.8. Then,

R(H) = { | (anbe) a1, .. an by, by € Q,
k=1

ap < bg,k=1,...,n andak<bk+1,k:1,...,n—1}

is the ring generated from H.

Proof of Lemma 1.5. 1t is clear that R(H) is closed under N. In order to show that R(H)
is a ring, we start by showing closedness under set-differences. Let Ay,..., A4, € H and
Bi, ..., By, € H be disjoint, respectively. Then,

n m n m

i=1 j=1 i=1j=1
In order to show closedness under U of R(H), let A,B € R(H). Then, write AU B =
(ANB)W(A\B)W (B\ A) € R(H), since we already showed closedness under N and under
set-differences.

Last, note that there is no smaller ring than R(#), which contains H. Indeed, such a ring

would have to be closed under U, and clearly R(#) is the minimal set which contains H and
which is closed under U. O



Definition 1.7 (Borel o-algebra). Let (2,0) be a topological space. Then B(Q2) := o(O)
denotes the Borel o-algebra on Q. IfQ C R?, we denote by B(Q) the Borel o-algebra generated
by the Euclidean topology on R, If Q C R, then B(RQ) is the Borel o-algebra generated by the
topology from example A.2. Sets in B(S2) are also called (Borel-)measurable sets.

Lemma 1.8 (Countable base and Borel o-algebra). Let (©2,O) be a topological space with
countable basis C C O. Then, o(O) = o(C).

Proof. We only need to show that O C ¢(C). However, this is clear since A € O can be
represented as a countable union of sets from C. See Lemma A.5. O

Lemma 1.9 (Borel o-algebra is generated by intervals generated). Let
—o00,b] : b€ Q} or
]:a,beQ,a<b}
):a,beQ,a<b}

Cy ={la,b] : a,b € Q,a < b}.

b
b

Then o(C;) = BR), i =1,...,4.

Proof. The set system C3 is a countable basis of Euclidean topology on R. So, in this case,
the statement follows from Lemma 1.8.

We only show the statement for C; and Co, the statement for C4 follows analogously.
Firstly, Co := {A\ B : A,B € C1} = {(a,b] : a,b € Q,a < b} C 0(Cz) is the semi-ring
generated by C; from Example 1.3. Thus o(C;) = o(C2) and it is sufficient to show that
O'(CQ) = B(R)

Let O be as in Definition A.1.8 with = R. We show (i) that A € O implies A € o(Ca),
and (ii) A € Cp implies A € ¢(0O). It then follows that O C ¢(C2) C 0(0), i.e. 0(O) = o(Ca).
For (i) let A € O. We claim

A= U{(a, bl : [a,b] C A,a,be Q}, (1.2)

and note that the right-hand side is an element of o(C2). Here, D’ is clear. To see 'C’, we
choose x € A. Then, by definition of O, there is a € > 0 so that B.(x) C A. However, there
are also a,b € Q with a < b and x € (a,b] C B:(x). Thus 'C’ is shown and (i) follows.

For (ii) we proceed similarly; let A € C3. Then obviously

A= ﬁ (a,b+1).

n=1
Since (a,b+ 1) € O, then A € ¢(0O). O

Example 1.10 (Borel measurable sets). Of course, all countable intersections and unions of
intervals according to Lemma 1.9 in B(R). Let, for example

A =[0,3U[3,1],
Ay =1[0,5]U [, 3] U[S, SIUIS, 1],

1 2 3 6 T 8 9 18 197,720 217, 124 257, (26
A3 = 10,571 U35, 37] Ulgr, 271 U575 57] U g7, 571 U 157, 571 U (575 57 U 57, 1],



then A =(\,_, denotes Cantor’s discontinuum. This set is measurable as a countable inter-
section of finite unions of intervals. In Example 2.27 we will get to know an example of a
non-Borel-measurable set.

1.3 Dynkin systems

In measure theory, it is often necessary to show that a certain set system F is a o-algebra
and contains a semi-ring H. The Dynkin systems discussed in this section are very helpful
here. Because of Theorem 1.13 it is sufficient to show that F is a N-stable Dynkin system
with H C F. This is often easier than showing directly that F is a o-algebra.

Definition 1.11 (Dynkin system). 1. A set system D is called Dynkin system (on Q) if
(i) Q € D, (i1) it is set-difference-stable for subsets (i.e. A;B € D and A C B imply
B\AED and (ZZZ) Al,AQ,... eD andA1 QA2 gAg C ... implyU;.LozlAn e D.

2. For C C 29, we set
AC) = m{D D C Dynkin-system}.

Example 1.12 (o-algebras are Dynkin systems). 1. Every o-algebra is a Dynkin system:
Let F be a o-algebra. Then A, B € F imply A° € F and therefore Q = AU A® € F and
B\A=BnNA°eF.

2. A Dynkin system D is complement-stable, since
A°=Q\AeD

Theorem 1.13 (N-stable Dynkin systems). Let D be a Dynkin system and C C D be N-stable.
Then o(C) C D. In particular, every N-stable Dynkin system is a o-algebra.

Proof. Let A(C) be the Dynkin system generated by C (see Definition 1.11). So, we find
A(C) € D. We will show that A(C) is a o-algebra, because then o(C) C o(A(C)) = A(C) C D.
For showing that A(C) is a o-algebra, it suffices to show that A(C) is N-stable. Then, since
A(C) is complement-stable, writing AU B = (A° N B°)¢, we see that A\(C) is U-stable. Hence,
for Ay, As, ... € M(C), we find o2, A = U2, Ui, Ai € A(C).

So, it remains to show that A, B € A(C) imply AN B € \(C): If A, B € C, this is clear due
to the N-stability of C. For B € C we set

Dp:={ACQ:AnBe ()} DC.

Then Dp is a Dynkin system since (i) Q € Dp, (ii) for A,C C Dp we have ANB,CNB € \(C)
and if A C C we find ANB C CNB, thus (C\A)NB=(CNB)\(ANB) € A(C) and (iii)
for Ay, Asg,... € Dp we have A1 N B, A2 N B,... € A(C) and with A; C Ay C --- we have
ANBC ANBC -, thus (Ufj;lAn) nNB= (Uf;lAnt) e \(0).

Since C C Dp and Dp is a Dynkin system, we find that A(C) C Dp. This means that
A e XC) and B € C imply AN B € A(C). We now set for an A € A\(C)

By:={BCQ:ANnBeXC)}.

As above, we show that B4 is a Dynkin system with C C B4. Therefore, A(C) C Ba. In
particular, for A, B € A(C), we find AN B € A(C), i.e. A(C) is N-stable. This concludes the
proof of the first assertion. The second assertion follows from setting C := D. O

11



1.4 Compact systems

In topology, compact subsets of an underlying set play an important role; see Appendix A.
Here, we introduce an important connection between compact sets and measure theory. The
resulting compact systems play an important role in the proof of Theorem 2.10. Here it is
shown that the o-additivity of the set function follows from the additivity of a set function
and an approximation property with respect to a compact system.

Definition 1.14 (Compact system). A N-stable set system K is called compact system (on
Q) if ooy Kn =0 with K1, K»,... € K implies that there is a N € N with ﬂfj:l K, =

Example 1.15 (Compact sets). Compact sets form a compact system: Let (£2,7) be a metric
space and O the topology generated by r. Then every N-stable K C {K C Q : K compact} is
a compact system.

Indeed: let ﬂ;ozl K, = 0. Then both Ky and L, := K1 N K,, C Ky are closed forn=1,2,...
according to Lemma A.8 and because of the compactness of K1 there is an N with ﬂgzl K,=10
according to Proposition A.9.

Lemma 1.16 (Extension of compact systems). Let K be a compact system. Then
n
K, ::{UKi:Kl,...,KneIC,nEN}
i=1

s also a compact system.
Proof. 1t is clear that K is N-stable. Let Ly = U;”:ll K},Lg = U;'fl KJQ, € Ky with

NN, L, # 0 for all N € N. We have to show that (\°°, L, # 0. For this, we show the
following:

There is a sequence K1, Ko, ... € K with K,, C L, for all n, such that for every
N e N and k € Ny, we have matK; N---N Ky N Lyy1 NN Lyyg # 0.

The construction of the sequence is recursive. For N = 1, note that (J;; K Jl Niey Liyi #0

for all k € Ny. So, there must be j; € {1,...,m1} with K}l ﬂﬂle Li; # 0 for all kK € Ny. Set
K

K = K}l. (Otherwise, for all j € {1,...,m1}, there is a k} with K}l N;2; Li+i = 0. Taking

k* := max; kj would lead to U;’L:ll K ]1 N ﬂf;l Li+; =0, in contradiction to the assumption.)
For the recursive step, assume we have constructed the sequence up to Ky_1. Write

my
Klﬁ--~ﬂKN_1ﬁ<UKJN>QLN+1Q"'HLN+I€
j=1

my
= UKlﬂ--~ﬁKN,1ﬂK]NﬂLNHﬁ~--ﬂLN+k#@.
j=1
Again, since this union is not empty, there is a 7, so that K1N---NKy_1 ﬂKjNﬂLNH N---N

Lyyi #0forall k € N. Set Ky := K JN , and we have constructed the sequence as claimed.

Now we set k£ = 0 in the above construction, and we see that ﬂivzl K, # ( for all N € N.
Since K is a compact system,

0# () EnC () Ln
n=1 n=1

and the assertion is shown. O

12



2 Set functions

By a set function, we mean a function m : A C 2% — R. The idea is that m(A) for A € A
describes the volume of A. Here, volume might be an actual volume in space, or something
more abstract. In probability theory we think of m(A) as the probability that A occurs.
(Mostly, we write P for the set function.) For any such set function, some requirements
seem natural, irrespective of the meaning of volume. For example, the empty set (no spatial
volume, or an event that never occurs) should be assigned wvolume 0, or m should behave
countably additive, see (2.1). In probability theory, {2 consists of all possible outcomes of an
experiment, so a natural requirement is m(€2) = 1. In other words, the probability that there
is any outcome of the experiment is 1.

The concept of the probability measure is central to probability theory. As it turns out,
measures must be defined on o-algebras (so usually, A is a o-algebra) so that the requirement
of countable additivity can be met. In this section we give the most important steps to
construct such measures. In Analysis 3, the Lebesgue measure was not introduced, which
follows along the same lines. However, note that large parts of Analysis are dealing with
Q) C R%. In probability theory, however, outcomes of experiments might be elements of much
larger spaces. When observing a randomly changing quantity (e.g. the position of a particle
in space, or a stock price), we might need a probability measure in C(]0, 00),RY) (the set of
continuous functions X : [0,00) — R).

2.1 Measures and outer measures

We will now consider functions p : C — R, if C is a semi-ring, ring or c-algebra. Most
important for probability theory is certainly the concept of a probability measure, which
describes the special case p(2) = 1.

Definition 2.1 (Measure and outer measure). For some F C 2, we call any u: F — Ry a
set function.

1. The set function p is called finitely additive if for disjoint Ay, ..., Ay, € F with\4;_; Ax €
F,

M( G‘J Ak) = Zn:M(Ak)' (2.1)

It is called sub-additive if for (any, not necessarily disjoint) Ai,..., A, € F with
UZ:I Ak € .7:,

n

u( U Ak) <> u(Ag). (2.2)
k=1 k=1

2. A mapping i : F — Ry is called o-additive if (2.1) also holds for n = co. It is called o-
sub-additive if (2.2) also applies for n = oo. It is called monotonic if for any A, B € F
with A C B we find pu(A) < p(B).

3. If u(Q) < oo, then u is called finite. If there is a sequence Q1,$Qs,... € F with
U2, Q= Q and () < 0o for alln=1,2,..., then p is called o-finite.

13



4. Let F be a o-algebra and p : F — Ry. If p is o-additive, then p is a measure (on F)
and (2, F,p) is a measure space. If u(€2) < oo, then p is called finite measure and if
w(Q) =1, then p is called a probability measure or a probability distribution or simply
a distribution. Furthermore, (Q, F, 1) is then called a probability space.

5. Let (2,0) be a topological space and p a measure on B(O) (the Borel o-algebra, see
Definition 1.7). Then the smallest closed set F with u(F¢) = 0 is called the support of

1.

6. A o-subadditive, monotone mapping p* : 2% — R, is called outer measure if u*(0)) = 0.
A set A C Q is called p*-measurable if

u(E) = p(ENA)+ p(En A% (2.3)
for all E C Q.

7. Let F be N-stable and IC C F a compact system. Then p is called inner K—regular if
forall Ae K
p(A) = sup p(K).
KsKCA

Example 2.2 (Examples of set functions). 1. We will often deal with set functions on
H = {(a,b] : a,b € Q,a < b} from Ezample 1.3. For example, u((a,b]) = b —a
defines an additive, o-finite set function on H. We will extend this function uniquely to
the Borel o-algebra B(R) = o(H) (see lemma 1.9), which will give the Lebesgue measure,
see corollary 2.18.

2. Another frequently used example is the Dirac measures. If w' € ), then

b {29 ~ {01

14 — 1{w’€A}
is a (probability) measure.
8. If g = 6w, 1 € 1, then p:= ), 1 0w, is called a counting measure.

4. 1If pi,i € I are measures on a o-algebra F. Then for a; € Ry,i € I, Y, aju; is also
a measure. Fxamples of this are well known from the lecture Elementary probability
theory. There, for example, with F = 2N and &, as in 2.

o

Ak
HPpoi(y) = Z € ’YE - O
k=0

the Poisson distribution on 2N0 with parameter ~,

o0

Hgeo(p) *= Z(l - p)k_lp -0k
k=1

3We will see later that this smallest set indeed exists uniquely.
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the geometric distribution with success parameter p and

n

n _
LBnp) =D (k>p’“(1 —p)"* 5,

k=0
the binomial distribution B(n,p).

Remark 2.3 (Contents and premeasures). Finite additive set functions are often called con-
tent, o-additive set functions that are not defined on o-algebras are often called premeasures.
The measures defined on a Borel o-algebra that are reqular with respect to the compact sets
from the inside are called Radon measures. We will not use these terms.

Lemma 2.4 (Unions written as disjoint unions). Let H be a semi-ring, and A, Ay, ..., A, € H.
Then, there are m € N and B, ..., By, € H pairwise disjoint and A\, A; =, B

Proof. We proceed by induction on n. If n = 1, the assertion is true by the definition of a
semi-ring. Assume the assertion holds for some n, i.e. there is m € N and By, ..., B, with
A\UL, Ai = WL, Bj. Then, we can write B; \ Apt1 = Hi”zl Cy for CY, ..., C,]Cj € H. Then,

write

n+1 m kj
A\ UA - (A\UA) \ Apig = UB]-\A”H =y cl.
=1 j=1k=1
This concludes the proof, since the latter disjoint union is over a finite set. O

Lemma 2.5 (Set-functions on semi-rings). Let H be a semi-ring and p : H — [0, 00| additive.
Then, m is monotone and sub-additive. In addition, u is o-additive iff it is o-sub-additive.

Proof. We start by monotonicity. Let A,B € H with A C B and C,...,Cy € H with
B\ A= Lﬂle C;. Therefore, we can write pu(A) < p(A4) + Zle w(C;) = u(B).

Next, we claim that for A € H and Ay, ..., A, € H disjoint with ;.7 A; C A, we have
> i1 #(A;) < m(A). For this, write A\ W, 4; = ;. B; as in Lemma 2.4. Then,

=u<L+JAiL+JL+JBj)=Zu +Zu >Zu (2.4)
i=1 j=1 i=1

For sub-additivity, let Aq,...,A, € H with |J;_, A; € H. We need to show M(U?:1 Ai) <
Zz 1 wu(A;). For i =2,...,n, we write

Q SICVENE

with C} as in Lemma 2.4. So, since L-lj],?:l Ci C A eH,

ki
+ Ci
1k=1

||C:
E:

7

k;

M( U Ai) =Y ) w(Ch) <D (4.
i=1 k=1k i=1

=1k=1

Now, we show that p is o-additive <= it is o-sub-additive.
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’=>": Here, just copy the proof of sub-additivity, but using n = oo. For <=’ let A, Ao, ... € H
be pairwise disjoint with A = 472, A; € H. Since p is monotone and for any n € N, we have

Wiy A © A (hence 3 i, p(A;i) < u(A) by (2.4)),

> n(A) = SupZu u(A) < (A
i=1 neN— i=1
by o-sub-additivity. So, o-additivity follows. O

Lemma 2.6 (Extension of set functions on semi-rings). Let H be a semi-ring, R the ring
generated by H from Lemma 1.5 and p an additive function on H. Define i on R by

Al 4) =3 w4
=1 i=1

for A1,..., A, € H disjoint. Then p is the only additive extension of u on R that coincides
with p on H. Moreover, i is o-additive if and only if u is o-additive.

Proof. We only need to show that ji is well-defined. All other properties follow by definition
of fi. So, let Ay,..., Ay, By,...,B, € H with {"; A; = L+J;.L:1 B;. Since

n m
:L-ﬂAiﬂBj, Bj:L-_I-JAiﬂBj,

j=1 i=1
we write using additivity of n
m m n n m n
S ) = 30 S M4 B = 33 i1 By) = Y (B,
i=1 i=1 j=1 j=1i=1 j=1

Proposition 2.7 (Inclusion-exclusion principle). Let u be an additive set function on a ring
R and I be finite. Then for A; € R, i € I, it holds that

n(Ua) = (0 4)

i€l JCI j€d
In particular, if I ={1,2},
p(Ar U Ag) = p(Ar) + p(Az2) — p(A1 N Ag)
and if I ={1,2,3},

(A1 U Ap U Ag) = p(Ar) + p(Az2) + p(As)
— [L(Al N Ag) — ,u(Al N Ag) — ,LL(AQ N Ag) + ,u(Al NAs N Ag)
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Proof. We use induction over |I|. For |I| = 2 the assertion is clear because A; U Ay =
A1 W (A2 \ A1) and (A2 \ A1) W (A N Az) = Ay. Assume it applies to all I with |I| = n, and
consider some I with |I| = n + 1. Without loss of gnerality,we write [ = {1,...,n+ 1}. By
additivity of u

n+1

o(Ua) = p(JA:0 An)

=1

_ Z (—1)WI+ (A AU 4) )
0#£JC{1,....n} jeJ

= (DM (i) + () 49)) = () 450 Anin)))
0£JC{1,...,n} jeJ jeJ

=)+ > CO () 49) e (450 4ni)))

0AJC{1,...,n } jeJ jeJ

_ Z 1)1+ (ﬂA ) O

Jg{1,...,n+1} jeJ

2.2 o-additivity

The finite additivity of set functions is a requirement that can often be verified. The situation
is different with o-additivity. We will now look at alternative formulations for o-additivity.

Proposition 2.8 (Continuity of from below and from above). Let R be a ring and p: R —
R, be additive. Consider the following properties:

1. p is o-additive;
2. p is o-subadditive;

3. p is continuous from below, i.e. for A, A1, Aa,--- € R and Ay C Ay C ... with A =
UnZ | Ay we have p(A) = limy, o0 (Ay);

4. W is continuous from above in (), i.e. for Ay, Ag,--- € R, u(A1) < 0o and Ay 2 Ay D
with (2 An = 0 we have lim,_,o pu(A,) = 0.

5. 1 is continuous from above, i.e. for A, Ay, Ag, -+ € R, u(A1) < oo and Ay 2 Az D
with A = (), A, we have p(A) = limy, o0 1(Ay).

Then,
l. <<= 2. «<—= 3. —= 4. <— b.

Furthermore, 4. = 3. holds if p(A) < oo for all A € R.

Proof. 1.<<2. follows from Lemma 2.6, since R is a semi-ring.

1.=3.: Let u be o-additive and A, Ay, Ay, -- € R as in 3. Then, with Ag = 0,

ZMA \Ap-1) = lim ZMA \Ano1) = lim p(Ay).

n=1
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3.=1.: Let By, By, -+ € R be pairwise disjoint and B = ¥~ B, € R. Then, for Ay =
65:1 Bn,
p(B) = lim u(Ay) = Zu

N—oo

4.=5.: Let A, Ay, Ag,--- € R be as assumed in 5. Further, let B,, := A, \ A. Then By, By, ...
n—oo

fulfills the conditions of 4., so ju(By) ——= 0, i.e. u(An) = pu(Bn) + u(A) 2225 pu(A).
5.=4.: is clear.

3.=4.: Let Ay, Ay,--- € R be as assumed in 4. Set B, := A; \ A,,n € N. Then B =
A1, By, B, --- € R fulfills the conditions of 3, and thus pu(A;) = limy, e u(Bp) = (A1) —
limy, 00 14( A7), from which 4. follows.

4.=3. if u(A) < oo for all A € R. Let A, A1, Ag,--- € R be as assumed in 3. Set B,
A\ A, € R,n € N. Then ;2 B, =0, i.e. 0 = limy_y00 u(Bp) = p(A4) — limy 00 M(A
from which 3. follows. Here, the last equality uses the condition that p(A) < oco.

O

We now want to take a closer look at set functions which are inner regular with respect to
a compact system. For measures, inner regularity with respect to the system of all compact
sets (which is a compact system due to Example 1.15) is fulfilled on Polish spaces, as the
next result shows. This will play an important role in the theory of weak convergence, an
important concept in any course on probability theory.

Lemma 2.9. If (Q,0) is Polish and p is a finite measure on B(O), then for every e > 0
there exists a compact set K C Q with u(Q\ K) < e.

Proof. First, note that compact sets are closed according to Lemma A.8, so all compact sets
are in B(O) and thus (2 \ K) is well-defined.

Let € > 0. Since 2 is separable (see Definition A.1), there is a countable set {wy,wa, ...} C
Q which is dense. In particular, for all n, we find Q = (2, By, (wg). Since p is continuous
from above (Proposition 2.8),

= (@) U Bijn(wr)) = Jim (92 G By ju(wr)).
k=1 k=1

Thus there is an N,, € N with ,LL(Q \ U]kvﬁl Bl/n(wg)> < ¢/2". Now, consider

oo Np

A= ﬂ U By jn(wk)-

n=1k=1

By definition, this set is totally bounded (i.e. for all radii ¢ > 0. it can be covered by a
finite number of balls of radius € > 0. Hence, according to Lemma A.9, A is relatively
compact. Furthermore, (recall that A is the closure of A, which is compact according to
Proposition A.9),

n n

u@\ ) < @\ 4) < U (24 U Butn)) < 3 (@) U Bunlen)) <=

n=1 k=1 n=1 k=1
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This proves the assertion. ]

Theorem 2.10 (Inner regular additive set functions are o-additive). Let H be a semi-ring
and i : H — Ry finite, finitely additive and inner regular with respect to a compact system
K CH. Then u is o-additive.

Proof. As in Lemma 2.6, the set function p can be uniquely extended to the ring R(H)
generated by H (see Lemma 1.5). Furthermore, according to Lemma 1.16, the system K C
R(H), which consists of unions of sets in K, is also compact. Choose ¢ > 0 and A =
Ui, Ai € R(H) with Ay,..., A, € H, then there are compact sets K1, ..., K, € K C H with
(A;) < p(K;) + £ for i = 1,...,n. This means that the extension of p to the ring R(H) is
inner regular with respect to Iy, since

,u(iQAi)zg,u( <Z,u )+5— (ng)jLs

This means that p is Ky-regular from the inside. o, without loss of generality, we assume
that H is a ring and K is U-stable. We now show that p is continuous from above in §.
This is sufficient according to Proposition 2.8 because of the finiteness of y on H. Let
Ay, Ag,--- € H with A} D Ay D -+ and (), Ay, =0 and € > 0. Choose K1, Ky, - € K
with K, C A,,n € N and

(An) < p(Ky) +e277

Then, (o2, Kn € (oo, An = 0, which means that there is a N € N with ﬂivzl K,, = () since
K is a compact system. From this,

N N N
Av=ayvn (U Ks) = UJAav\ Ko € | 40\ Ko
n=1 n=1 n=1

Due to the subadditivity and the monotonicity of u for all m > N, it follows that

w(Ap) < p(An) < Z,UA\K <EZ2”<6
This shows the assertion, since € > 0 was arbitrary. O

2.3 Uniqueness and extension of set functions

Suppose an additive set function p : H — Ry is given, where H is a semi-ring. We are
concerned with the extension of p to a measure (i.e. an o-additive set function) to o(#). The
aim is to establish conditions when the measure is already uniquely given by p. The result is
summarised in Theorem 2.16. See also Table 2 for an overview of how the results of previous
chapters relate to this.

Proposition 2.11 (Uniqueness of measures). Let F be a o-algebra and p,v : F — Ry
measures. Let H be a N-stable set system such that o(H) = F and ply,v|y are o-finite.
Then p = v if and only if u(A) = v(A) holds for all A € H.

Corollary 2.12 (Uniqueness of probability measures). Let F be a o-algebra and p,v : F —
[0, 1] be probability measures. Let H be a N-stable set system with o(H) = F. Then u = v if
and only if p(A) = v(A) holds for all A € H.
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Lemma 2.5 | Theorem 2.10 | Theorem 2.16

w additive o o

1 finite )

u o-finite o

u defined on semi-ring o o o

w o-additive o/e ° o

w o-subadditive e/o

w inner regular wrt a compact system o

w extends uniquely to o(H) °

Table 2: Lemma 2.5 and theorem 2.10 play significant roles in the application of
Carathéodory’s extension theorem. In the table, the o’s represent the assumptions of the
theorem and e the conclusions. As can easily be seen, Carathéodory’s extension theorem
applies, for example, if p is finite and inner regular with respect to a compact system.

Proof. Wlog, 2 € H, since p(2) = v(2) = 1. This means that p and v are in particular
o-finite and the statement follows from Proposition 2.11. O

Proof of Proposition 2.11. The ’only if’ direction is clear. For the ’if’ direction, we set for
A e H with u(A) =v(4) <

Dy:={BeF:u(AnB)=v(ANB)} D H.

We show that D4 is a Dynkin system. It is clear that 2 € D 4. Furthermore, if B,C € D4 and
B C C,then u((C\B)NA) =pu(CNA)—u(BNA) =v(CNA)—v(BNA)=v((C\B)NA),
i.e. C\B € Dy. If B1,By,--- € Dwith By C By CB3C---€Dyand B = Uzolen e F,
then because of Proposition 2.8,

w(BNA)= ILm uw(B,NA)= ILm v(B,NA)=v(BnA),

which implies B € D4. This means that D4 is a Dynkin system for all A € H with u(A4) < oo
and thus, due to Theorem 1.13, F = o(H) C Dy. Let Q1,Q9,--- € H with Q,, T Q and
w(2y), v(Qy) < o0o,m=1,2,... Then for alln =1,2,... it holds that u(BN¢,) = v(BNQ,)
for all B € F. This implies B € F, since y and v are continuous from below, thus

w(B) = lim u(BNQy,) = lim v(BNQ,) =rv(B),

n—o0 n—oo
ie. u=w. 0

The following theorem explains why the notion of a o-algebra is so important.
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Theorem 2.13 (u*-measurable sets are a o-algebra). Let u* be an outer measure on 2 and
F* the set of p*-measurable sets; recall from (2.3). Then F* is a o-algebra and p := p*|z+ is
a measure. Furthermore, N := {N C Q: u*(N) =0} C F*.

Remark 2.14 (Null-sets and properties almost everywhere). Sets N C Q with u(N) =0 are
called (p-)null sets. We further say that A C Q (u)-almost everywhere holds if A€ N. If u
s a probability measure, we say almost surely instead of ’almost everywhere’.

Proof of Theorem 2.13. We first show that F* is a g-algebra. It is clear that
p(E) = p*(0) + p*(E) = p*(EN Q) + p*(ENQ),

ie. ) € F*. It is also clear that A¢ € F* follows from A € F*. Next, let us show that F* is
N-stable. For A, B, E C Q, note that (ENANB°)W (ENA°) = EN(ANB)°. So, using the
sub-additivity of u*, for A, B € F*,
p(E)=p"(ENA) +p*(ENA) =p*(ENA)NDB)+u*((ENA)NB°) + u* (EN A
> (EN(ANB)) +p (EN(ANB)Y) > p'(E),
and we have shown AN B € F*. Now let A, As,--- € F* be disjoint and B, = ¥;_; A
and B = o2 By, = 5o Ak. Since F* is N- and complement stable, it is also U-stable, so

By, By, ... € F*. We further show that p*(E N By,) =Y ,_, #*(E N Ag) applies to all E C Q.
For n =1 this is clear, and if it applies to n, it follows that

n+1
= (ENBy)+p* (ENApyr) Z“ (ENA).

Therefore, since p* is sub-additive and monotone,
oo
(ENB) <Y p(ENA) = Tim Z/‘ (EN4y) = lim p*(ENB,) < u*(ENB),
k=1

thus

p(ENB)= lim p*(ENB,) = D pr(ENA). (2.5)
k=1

Next, we show that B € F*, which implies that F* is a o-algebra. For any E C (), since
Bi,Bo, ... € F*, (25) holds,

pH(E) = lim p*(ENBy) + p" (BN By) > p*(EN B) + p*(EN BY) > p*(E).

So, B € F* follows. Furthermore, it follows from (2.5) that p* is o-additive, i.e. p = p*|z« is
a measure.
Now let N C Q be such that p*(N) = 0 and E C Q. Then, due to the monotonicity of
p(ENN)=0,ie.

p(EONS) +p (ENN) 2 p*(E) 2 p(ENN) = p*(ENN®) + p*(ENN)

and therefore N € F*. O
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Proposition 2.15 (Outer measure generated by finite additive set function). Let H be a
semi-ring and i : H — Ry additive. For A C Q) let

*(A) ;== inf GQ),
SRR

where
U(A) :={G CH at most countable, A C U G}
Geg

is the set of at most countable covers of A and p*(A) = oo if U(A) = 0. Then p* is an outer
measure.

Proof. The mapping p* is monotone (by definition) with p*(#) = 0 (note that ) € H and,
using finite additivity of u(0) = (@) + w(0), from which u(@) = 0 follows). To check the
o-sub-additivity of u*, we choose A1, As,--- C Q. Forn =1,2,... and € > 0 there are sets
Gur € H, k € K,, at most countable with

An g U Gnka
ke,

pr(An) = > (Grg) — 27"
kekn

Since Un—; 4n € Un=1 Urek, Gnk, and by the monotonicity of u* and the definition of 1%,
oo oo oo
w(UA) D03 wlGu) <o+ 3 1 (An).
n=1 n=1kek, n=1
With € — 0 the o-sub-additivity of p* follows, i.e. u* is an outer measure. O

Theorem 2.16 (Extension of a g-additive set function). Let H be a semi-ring and p: H —
Ry o-finite and o-additive. Furthermore, let i = p*|z« with p* from Proposition 2.15 and
F* from Theorem 2.13. Then o(H) C F* and fi|s(3) is the only measure that agrees with p
on H.

Proof. First we note that y is both finitely additive and o-subadditive according to Lemma 2.5.
According to Proposition 2.15, p* is an outer measure and according to Theorem 2.13, F* is
a o-algebra.

Step 1: p* coincides with p on H: Let H € H. Choose K at most countable and Hy € H,
ke K with H C Uke,C Hj, and

pr(H) > p(Hy) — e

kek

Then, because of H = Jcx Hr N H and the o-sub-additivity of p

pH(H) < p(H) <Y p(HyNH) < p(Hy) < pf(H) + ¢,
kel ke
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where we have used the o-additivity of u in the second '<’. With ¢ — 0, we find p*(H) =
pu(H).

Step 2: o(H) C F*: Let £ C Q,H € H and ¢ > 0. Choose K at most countable and
Hy e H,k € K with E C e Hr and p*(E) > >, cx #(Hy) — €. Then, due to o-additivity
of u

p(E) +e = S p(Hy) = S p(He 0V H) + 3 p(Hy 0 HS) > 105(B O H) + (B 0 HE).
kel kel kel
With ¢ — 0 and the o-sub-additivity of p*, p*(E) = p*(ENH) + pu*(E N H®), i.e. H is
p*-measurable and therefore H C F*. Since F* is a o-algebra according to Theorem 2.13,
o(H) C F~.

Step 3: Uniqueness: According to Theorem 2.13, 11 is a measure. Since g coincides with p
on H, which in turn coincides with p* on H, we find fi|,(3) = p*|5(0). Let v : o(H) — Ry
another measure that is equal to  on H. Since p = [i|3 was assumed to be o-finite, v|y is also
o-finite. With Proposition 2.11 it follows that i = v applies to o(H) due to the N-stability
of H.

Now all assertions are proven. O
The above theorem only makes it clear that o(#H) C F*. The next result shows how sets in

F* differ from sets in o(H).

Proposition 2.17 (Characterisation of F* from Proposition 2.15). Let H be a semi-ring,
i H — Ry o-finite and o-additive, u* as in Proposition 2.15 and F*,N as in Theorem 2.13.
Then

F*={A\N:Ae€o(H),N e N}.

In particular, the right-hand side is a o-algebra.

Proof. 2’ On the one hand we have o(#H) C F* according to theorem 2.16, on the other
hand, there is N’ C F* from Theorem 2.13. This implies 'D’, since F* is complement stable.

'C’: Let B € F*. Further, let Qq,Qg, -+ € H with u(Q2,) <oo,n=1,2,... and Q = [J,2; Q.
Let e1,e9,--- > 0 with ¢; | 0. For B, := BN, and i = 1,2, ..., we choose K,; at most
countable, A,z € H,n e N, k € K,;, B, C Ukelcm- A and

:UJ*(Bn) > Z M(Anik) — 27",
kElCm

Clearly, A; == U2, Urek,, Ani € 0(H), B C A;foralli = 1,2,...and A;\B = U2, Urex,, Anir\
B,,. This means that

pr(AN\B) <Y 27 =¢.
n=1
Set A==, Ai € 0(H). Then BC A, N:=A\BCA,\Bforaln=1,2,.. and
p*(N) = p*(A\ B) < limsup p*(A4; \ B) < limsupe; = 0.

1—00 1— 00

Thus the assertion follows, since B = A\ N. O]
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2.4 Measures on B(R)

From the lecture Stochastik 1 you already know probability distributions with density. These
are measures on B(R), the Borel o-algebra on R (recall from Definition 1.7). We will apply
the general theory developed in the last chapters to characterise such measures.

Proposition 2.18 (Lebesgue measure on R). There is exactly one measure A on (R, B(R))
with

AM(a,b)) =b—a (2.6)
for a,b € Q with a <b.

Proof. Consider H = {(a,b],[a,b), (a,b),[a,b] : a,b € Q,a < b}, which is a semi-ring with
o(H) = B(R). We define A on H by

A(a,b]) = A([a, b)) = Al(a, b)) = A([a,b]) = b —a.

(Note that X is the only monotone extension of A to H.) Then, X is clearly o-finite. It is
K ={la,b] :a,b€ Q,a <b} C H a compact system according to Example 1.3. Furthermore,
A is inner K-regular and thus o-additive according to Theorem 2.10. Hence, Theorem 2.16
gives the only extension of A to o(H) = B(R). O

Proposition 2.19 (Characterisation of o-finite measures on R). A function p : B(R) — R
is a o-finite measure if and only if there is a non-decreasing and right-continuous function
G :R — R with

u((a,8]) = G(b) - Gla) (2.7)

Jor a,b € Q with a <b. If G :R — R is another right-continuous function satisfying (2.7),
then G = G + ¢ for some c € R.

Corollary 2.20 (Characterisation of probability measures on R). A function p : B(R) —
[0,1] is a probability measure if and only if there is a non-decreasing and right-continuous
function F': R — [0, 1] with lim,—,_~ F(a) =0, limy_,o, F'(b) =1 and

((a,b]) = F(b) — F(a) (2.8)
for a,b € Q with a <b. In this case, F is uniquely defined by p.

Proof. The assertion follows directly from Proposition 2.19, since the limit condition uniquely
defines c. n

Proof of Proposition 2.19. '=": Let p be a o-finite measure on B(R). Define G(0) := 0, and
G(z) := p((0,z]) for x > 0 and G(z) := —u((x,0]) for x < 0. Then G is right-continuous,
non-decreasing, and (for example for 0 < a < b) p((a,b]) = u((0,5]) — u((0,a]) = G(b) — G(a).

'«<=": The proof is similar to the proof of Proposition 2.18. Let H = {(a,b] : a,b € Q,a < b}
be the semi-ring of half-open intervals with ends in rational numbers. We show that (2.7)
defines a o-additive set function g on H. Then, using Theorem 2.16, we see that p can
be uniquely extended to a o-finite measure on o(H) = B(R). Let aj,as,... be such that
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UnZ i (ant1,an] = (a,b] € H. Without loss of generality, a; > a2 > ... Then b = a; and
an ~=>% a. Due to the right continuity of G,

p(a,b) = G(b) = G(a) = G(a) — lim G(ay) = Gan) = Glant1) Eyb%m%
n=1

and we have shown the o-additivity of p.
Now, let G be another function for which (2.7) applies. Then for all a € R,

G(b) = G(a) + p((a,b]) = G(b) + G(a) - G(a),
and the assertion follows with ¢ = G(a) — G(a). O

Definition 2.21 (Lebesgue measure and distribution functions). 1. The uniquely defined
measure A from Corollary 2.18 is called one-dimensional Lebesgue measure.

2. For a probability measure p on B(R), the function F from Corollary 2.20 is called
distribution function.

Example 2.22 (Some distribution functions). Let f : R — R be piecewise continuous, and*
ffooo f(x)dx = 1. As known from the lecture Stochastik 1, such a function is called a density.
On the one hand, such density functions define a distribution function by means of

_ /_ g; f(a)da

On the other hand, each of these distribution functions defines a probability measure in a
unique way due to Corollary 2.20. We will look at distributions with densities in more detail
in the Radon-Nikodym theorem (see section 4.4).

As already known,

. 0, x<0,
Foon(@) = [ lpglada={z o<wsl, (2.9)
- 1, z>1

is the distribution function of the uniform distribution on [0,1]. Further, for x >0

Feppn (7) = / 110,00) (a)he Mda=1—e (2.10)

—00

18 the distribution function of the exponential distribution with parameter A. Furthermore,

(a — p)?
F —_— =& 2.11
N(W,g)(x \/ﬁ/ exp 52 )da (x) ( )

is the distribution function of the normal distribution N(u,c?) with the expected value p and

the variance o2.

“We assume here that the Riemann integral fab f(x)dx is known. (See also definition 3.22.) We will get to
know another integral term, the Lebesgue integral, in Chapter 3.
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2.5 Image measures

Let u be a measure on some c-algebra F. If we transform the base space by means of a
function f : Q — €, you can define a measure corresponding to the transformation on €,
the so-called image measure. Let Q :=[0,1], F = B([0,1]) and f : u — —logu. We will then
see that the image measure of g (o) under fis pexp(1)- We first recall the situation from
example 1.3.2 and define the image measure.

Definition 2.23 (Image measure). If (2, F, u) is a measure space, (¥, F') is a measurable
space and f : Q — Q' such that o(f) C F for o(f) from (1.1). Then we define a set function
fapp: FF =Ry by

fep(A) = p(fHA)) =u(fed), AeF.

Here f.p is also called image measure of p under f.
If 1 is a probability measure, then fyu is also called distribution of f (under p).

Remark 2.24 (Measurable functions). If o(f) C F as in the definition above, we say that
[ is measurable (with respect to F/F') . This concept will be discussed further in the next
section.

Proposition 2.25 (Image measure is a measure). Let (2, F,u), (', F), f:Q — Q and
f«p as in Definition 2.23. Then, f.u is a measure on F'.

Proof. 1f A}, A, ... € F' are disjoint, then
far( W 4) = (1 (W 4)) = (W) = 3w ) = 3 fo )
n=1 n=1 n=1 n=1 n=1

This means that f,u is o-additive and the assertion is shown. O

Example 2.26 (Some transformations). 1. For Q = [0,1], {[0,b) : 0 < b < 1} is a N-
stable generating system of B([0,1]). Let u = pyo,) be the uniform distribution on
[0, 1] with distribution function Fyy(o1y from (2.9) and f :u— 1 —wu. Then fuu = p,
because
fen([0,0)) = M(ffl([oa b)) = p([l =b,1]) = FU(O,l)(l) - FU(O,l)(1 —b)=0.

Thus, p and f.p agree on a N-stable generator and the statement follows with Proposi-
tion 2.11.

2. Let Q =R, fy:x— x+y for ay € R and X the Lebesgue measure from Corollary 2.18.
Then (fy)«A = A, because

(fy) (@, 8]) = A(fy([a,0])) = M[a = y,b—y]) = b —a.
We say that the Lebesgue measure is translation invariant.

3. Let Q = [0,1],Q = Ry, each equipped with Borel’s o-algebra. Further, let p = Hu(0,1)
with distribution function Fy o1y from (2.9) and f : x —% log(x) for a A > 0. Then
feblt = Hexp(r), where pepn) has the distribution function Fopy) from (2.10). This is
because for x > 0

Fon([0,2]) = (£ ([0,2])) = ple 1)) = 1 — e,
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Example 2.27 (Example of a non Borel-measurable set (Vitali’s set)).

So far, there has not yet been an example of a set that is not in B(R). We will now construct
such a set. It is known as Vitali’s set. For this purpose, we define an equivalence relation on
Rbyx~y < y—x € Q. With respect to this equivalence relation, R decomposes into
equivalence classes of the form {x + q : ¢ € Q}. We select a number from [0,1] from each
equivalence class, and put all such numbers into the set V. (It should be noted here that this
selection is made using the axiom of choice and is therefore not a trivial step). Further, now
forqe Qn[-1,1]

Voi={z+q:2 eV}

Then [07 1] - Lﬂqe(@ﬁ[fl,l} VZI < [_172]

Assume that the quantity V' is measurable. Then the quantities V, would also be measurable
and, due to the translation invariance of the Lebesgue measure from Ezample 2.26.2, A\(Vy)
would not depend on q. So let A\(V;) =: a > 0. Furthermore, due to the monotonicity of the

Lebesgue measure
1< > AVy)= Y ac<3.
qeQN[—1,1] qeQN[—1,1]

Howewver, this is not possible, neither for a = 0 nor for a > 0. Because of this contradiction,
V ¢ B(R) must therefore apply.
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3 Measurable functions and the integral

In this chapter, let (Q, F, 1) be a measure space. We can now use the measure p to measure
the content of sets of F. The aim of introducing the integral is to weight the elements of Q2
differently in such a measurement. This weighting is carried out with a function f : Q2 —
R. Such functions must fulfil the minimal requirement of measurability. The result of this
weighting leads to the concept of the integral.

3.1 Measurable functions

We already know what a measurable set (with respect to the o-algebra F) is, i.e. A C Q is
(F—)measurable iff A € F. We will extend this notion to functions f : @ — @' (for some
measurable space (2, F'). Note that for A € F, there is the indicator function w — 14(w),
which is the simplest form of a measurable function in Definition 3.3. We will call the linear
combination of such indicator functions a simple function, which will be measurable as well.
These are of particular importance due to Theorem 3.9, which shows that every non-negative
measurable function — see below — can be approximated from below (in the sense of pointwise
convergence) by simple functions.

Remark 3.1 (Notation). Let Q. be sets, f:Q — Q' and I be arbitrary.

1. We write f(A) :== {f(w) : w € A} for A C Q and f~1(A") = {f7H) : ' € A’} for
A C Q. We note that the following rules apply to A', A, C Q' ieI:

FAy) =@y s (N4) =Nt s (UJa) =Us
icl iel el el
However, some caution is required, since for A, A; € Qi € I only f(U;e;r An) =

Uicr f(A:), in general, however, f(A°) # (f(A))¢ and f((;er Ai) # Nicr f(Ai).

2. For C C 2% we write analogously
F7HE) = (A A e e,

Lemma 3.2 (Pre-image of o-algebras). Let ) be a set and ( ’) a measurable space,
f:Q—Q and ' C F with o(C") = F'. Then o(f~4(C")) = f~Yo(C")). In particular,
f~YF") is a o-algebra on Q.

Proof. *C’: From Remark 3.1, it is clear that f~!(c(C’)) is a o-algebra. This means that
o(f7HC) Ca(fHa(C)) = fH(a(C)).
’D’: We define ~

F={Aea): [THA) ea(f7HC))} Ca(C).
Then, again due to Remark 3.1, F” is a g-algebra and ¢’ C F' C ¢(C’). Thus, F' = o(C’). For
A’ € o(C'), we find f1(A") € o(f71(C")), which is equivalent to f~1(a(C’)) C o(f~1(C")). O
Definition 3.3 (Measurable functions). Let (2, F) and (¥, F') be measurable spaces and
Fi0-Q.

1. The function f is called F/JF -measurable if f~1(F') C F. The o-algebra f~1(F")
(recall from Lemma 3.2 that this is in fact a o-algebra) is called the o-algebra (on )
generated by f and is denoted o(f).
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2.

If (2, F,P) is a probability space and X : Q — Q' measurable, then X is called an
Q/-valued random variable. The image measure X, P from Definition 2.23 is called the
distribution of X.

3. If (U, F) = (R,B(R)), then f is called a real-valued function. If f is measurable

/.

according to F/B(R), we say that the function f is (Borel-)measurable.

IfQY =R and f = 14 for A CQ, then f is called indicator function. If f = > 7_, ckla,
forci,...,cn € R pairwise different and A1, ..., A, C Q, then f is called simple.

Example 3.4. Let (2, F) be a measurable space.

1.

The vast magjority of functions f : @ — R that one can imagine are (Borel-)measurable.
For example, the identity f : w > w is measurable, since f~1(F) = F.

Let (2,0) and (22.0") be topological spaces and f : Q — Q' continuous. Then f is
B(Q)/B(Y)-measurable.
Indeed, by continuity we have that f~1(O") C O. Therefore, using Lemma 3.2,

FHBEY) = fH(0(0) = o(f7H(O) C 0(0) = B(Y).

It is important to see that for many measurable functions f it is true that o(f) C F,

=

see for example the next example.

. A function f : Q — {0,1} is measurable if and only if f~1({1}) € F. In this case,

o(f) ={0, {1}, (FH({1})e, 3

Let F = B(R). To specify a non F-measurable function, you have to make the same
effort as to construct a non Borel-measurable set. For example, the function 1y is not
measurable for the Vitali set V' from Example 2.27.

Example 3.5 (Random variables). Let (E,r) be some metric space (equipped with the Borel
o-algebra).

1.

Let X be an E-valued random wvariable on a probability space (Q, F,P), and Y an
E-valued random variable on (', A, Q). If X.P = Y.Q, we say that X and Y are
identically distributed and write X ~ Y. Note, however, since X and Y need not be
defined on the same probability space, it does not make sense to write something like
X =Y. If u is a measure on B(E) and X,P = u, we write X ~ p.

Let (X;)icr be a family of random variables on a probability space (2, F,P). Then, the
distribution of ((X;)ier)«P is called the joint distribution of (X;);es.

Lemma 3.6 (Properties of measurability). Let (2, F), (', F") and (2", F") be measurable
spaces.

1.

2.

If ¢ C F with F' = o(C'), then f : Q — Q is F/F -measurable if and only if
fHe) CF.

If f:Q — Q is F/F -measurable and g : Q' — Q" is F'/F"-measurable, then go f :
Q0 — Q" is F/F"-measuarble.
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3. Let (Q,0) and (2, 0") be topological spaces, f: Q — Q' continuous and F = o(O) and
F' = o(0') the Borel o-algebras. Then f is F/F'-measurable.

4. A real-valued function f (i.e. f:Q — R) is measurable (with respect to F/B(R)) if and
only if {w: f(w) <z} €F foralzeQ.

5. A simple function f =, cxla, with pairwise differentcy, ..., ¢, € Rand Ay, ..., A, C
Q is measurable if and only if A1,..., A, € F.

Proof. 1. the ’only if’ direction is clear. For the ’if” direction, we use Lemma 3.2 and obtain
fYF) = fYo(C)) = a(f~HC)) C o(F) = F. This means that f is F/F'-measurable.

2. We write directly (go f)"YF") = f~Yg 1 (F")) C f~F') C F, which already shows the
assertion.

3. By definition of Borel’s o-algebra, O’ is a generator for B({)). Since f is continuous
(ie. f7HO) C0O), f7HO') C O C o(0) = B(Q) follows. According to 1. f is therefore
B(2)/B(2')-measurable.

4. We use 1 with C = {(—o0, 2] : x € Q}: If Q' = R, then according to Lemma 3.2, B(€') is
generated by C. Therefore, a f is measurable if f~1(C') = {{w: f(w) <z} : 2 € R} C F.

5. Let A := (LJk:1 Ak) € F. Then f~ (B(R)) = {A UUjes A5 Uses Ay T S {1, ,n}},
from which the assertion follows. O

Lemma 3.7 (Algebraic structure of measurability). Let (2, F) be a measurable space.

1. Let f,g:Q — R be measurable. Then fg, as well as af+bg for a,b € R are measurable.
In addition, f/g is measurable if g(w) # 0 for all w € .

2. Let fi, fa, -+ : Q — R be measurable. Then,

sup fn, inf f,, limsup f,, liminf f,
neN neN n—00 n—00

are measurable as well. If it exists, lim,, .o fn 1S also measurable.

Proof. 1. Consider v :  — R2, defined by (w) = (f(w),g(w)). It is easy to see that 1
is F/B(R?)-measurable. Furthermore, (x,y) +— ax + by and (z,y) + zy are continuous on
R and (z,y) — x/y on R x (R\ {0}), i.e. measurable according to Lemma 3.6.3. Thus the
assertions according to Lemma 3.6.2 follow.

2. We only show the measurability of sup,,cy fn. The other statements then follow using

inf f, = —sup(—fn), limsup f,, = inf sup fx, liminf f,, = sup inf fj.
neN neN n—00 neN k>n n—00 neN k2>n

We write, for x € R, according to Lemma 3.6.4

{w:supfn(w) §x} = ﬁ {w : fn(w) Sx} eF

neN

and the assertion is shown. O

Corollary 3.8 (Measurability of positive and negative part). Let (2, F) be a measurable
space and f : Q — R. Then f is measurable if and only if fT := fV 0 and f~ := (—f) VO
are measurable. Then |f| is also measurable.
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Proof. Note that f = f* — f~ and |f| = f* + f~. Thus the assertion follows from

Lemma 3.7.2. 0
Theorem 3.9 (Approximation with measurable functions). Let (2, F) be a measurable space
and f: Q — Ry measurable. Then there is a sequence fi, fa,---: Q — R of simple functions
with® f, T f.

Proof. We write for® w € Q,n € N
fa(w) =nA27"2" f(w)],

and note that f, 1 f holds by construction. Furthermore, w +— [2"f(w)] is measurable
according to Lemma 3.6.4 if f. O

3.2 Definition

The construction of the integral of a function f according to a measure will take place in
several steps. Let (2, F, 1) be a measure space. For the integral of f :  — R with respect
to p we use different synonymous notations, namely

ulf] = / fu = / F () (). (3.1)

The integral is first defined for simple functions fand then (see Theorem 3.9) by approximation
for general non-negative measurable functions. The integral for (not necessarily non-negative)
measurable functions is then defined by the integral of the positive and negative parts; see
Definition 3.17.

The application in probability theory is as follows: Recall the notion of a probability space
(Q, F,P) from Definition 2.1. Here, any measurable X : Q@ — R is called a random variable
(recall from Definition def:measurable). Then, we use the notation

E[X] = P[X],
where P[X] is defined as in (3.1) and denote this by the ezpectation of X (with respect to P).

Definition 3.10 (Integral of simple functions). Let (2, F, ) be a measure space and f =
Yo ckla, a simple function with ci,...,¢pm > 0,41, ..., Ay € F. Then,

plf] = /fdu = cpi(An)
k=1

is the integral of f with respect to pu.

Remark 3.11 (Integral is well-defined). We must make sure that the above integral is
well-defined. Let f = Y ", di1p, be another representation of f with dy,...,d, > 0 and
Bi,...,B, € F. Then,

Ri(Ar) =D ) erp(ArNB) =Y > dip(AxNBy) =Y dip(By),
=1

k=1 k=1 [l=1 k=11=1

so the integral of simple functions is well-defined.

5Anadog;ously to ’}’, we write for x,z1,22,--- € R that z, T z if z;1 < z2 < ... and z, 7%, 2. For
functions f, f1, f2, - : Q@ = R, fn T f means that f,(w) 1 f(w) for all w € Q.
Shere [z] for € R is the largest integer smaller than z, so [x] := sup{n € Z: n < z}.
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Lemma 3.12 (Simple properties). Let f,g be non-negative, simple functions and o > 0.
Then”

plaf +bgl = ap[fl +bplgl, < g= plf] < plgl-
Proof. Clear. O

Example 3.13 (The integral of indicator functions and the Riemann integral). Let (2, F, u)
be a measure space and A € F. Then f =14 is a simple function and the following applies

according to definition 3.10. It should be noted that the function f =14 no longer has to be
piecewise continuous. (Let A = Q or A be the Cantor continuum considered in Example 1.10).
Therefore, it is not clear that the function 14 is integrable in the sense of Riemann.

Definition 3.14 (The integral of measurable, non-negative functions). Let (2, F,u) be a
measue space and f : Q) — Ry measurable. The integral of f with respect to p is given by

wlf] == /f(w),u(dw) = /fdu = sup{ulg] : g simple, non-negative, g < f}. (3.2)

Remark 3.15 (The integral as an extension). From Lemma 3.12 it is clear that the definition
of plf] for simple, non-negative functions f from Definition 3.10 and Definition 3.1/ is the
same. The above definition is therefore an extension of u[f] to the space of non-negative,
measurable functions.

It is also important to note that, according to Theorem 3.9, each of the functions occurring
in Definition 3.14 can be approximated (pointwise) by simple functions. In particular, the
supremum is in (3.2) is over simple functions g which are arbitrarily close to f.

Proposition 3.16 (Properties of the integral). Let (2, F, ) be a measure space and f, g, f1, fo, -+ :

Q) — R, measurable. Then the following applies:

1. If f < g, then p[f] < plg].

2. If
ot f, then plfa] T ulf].

We say that the integral obeys monotone convergence.
8. If a,b >0, then plaf + bg] = ap[f] + bulg].

Proof. 1. is clear from the definition of the integral. 2. From 1., it is clear that u[fi], u[fe], -..
is increasing. In particular, lim, o p[fn] exists. We need to show lim, oo p[fn] < p[f] as
well as p[f] < limp o0 p[fn]. First, since f1, fo,... < f,

lim p[fn] = sup p[fn] < plf].

Second, it is sufficient to show that

nlgl < sup 1l fn] (3.3)

"For f,g:Q — R, we write f < g if f(w) < g(w) holds for all w € Q.
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for all simple functions g < f. Let g = > ;- cxla, < f for disjoint sets Ay,..., A, and
Cly...y6m >0. Fore >0andn=1,2,... let B :={f, > (1—¢)g}. Since f, T fand g < f,
U,—, BS, = Q for all € > 0. Therefore

plfn] > pl(1 —e)glp:] = Z (1 —e)epu(Ar N B;)
k=1

m

%N (1= )kl Ar) = (1= 2)plg).
k=1

Since € > 0 was arbitrary, (3.3) follows.
For 3., let f1, 91, f2, 92, ... besimple functions with f, T f and g, T g. Then, af,+bg, 1 af+bg
and it follows

plaf +bgl = lim plafn +bgn] = lim ap[fa] + bplga] = ap[f] + bulg]
from 2. because of Lemma 3.12. O

We can now define the integral for measurable functions. First, we note that f T f7 < |f| for
any f:Q — R. In particular, if f is measurable with u[|f|] < oo, then p[f™], u[f~] < oco.

Definition 3.17 (Integral of measurable functions). Let (£, F, ) be a measure space and
f:Q — R measurable. Then f is said to be p-integrable if u[|f|] < co and we define

1= [ sntdo) = [ faui=uls*) = uls ) (3.4)
We also set B

L) = {f: Q=R pllfl] < oo}
For A € F we also write

ulf, Al == /Afdu: [ f1a].

Remark 3.18 (Extension of the integral and LP-spaces). 1. If at most one of the two terms
plfT] or plf~] is infinite, we continue to define the integral u[f] using (3.4). In other
cases, the integral remains undefined.

2. The function spaces LP(u) := {f Q—R:ul|flF] < oo} p > 0, will play a special role
i Section 4.

3.3 Properties of the integral

We first establish some properties of the integral. These are, for example, monotonicity and
linearity. We will also see that the integral of a function does not change if it is modified on
a null-set; see Proposition 3.21.

Proposition 3.19 (Simple properties of the integral). Let (€2, F, u) be a measure space and
f,g € LY(1). Then, the following holds:

1. The integral is monotone, i.e.

f < g almost everywhere = wlf] < ulgl.
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2. As a special case of 1., since —f, f <|f],
[l f1] < wll f1)-
3. The integral is linear, so if a,b € R, then af +bg € L (i) and
plaf + byl = ap[f] + bulgl.

Proof. All properties follow from Proposition 3.16.1 and 3, and the definition of the integral
for measurable functions. O

Proposition 3.20 (Substitution theorem). Let (2, F, 1) be a measure space, (', F') a mea-
surable space, f : Q — Q' measurable and f.p the image measure of f from Definition 2.23.
Then for g € LY(fop) it is true that go f € LY(n) and

plg o f1 = fenlgl.

Proof. 1t is sufficient to show the assertion for simple, non-negative functions g. The general
case then follows by means of approximation by simple functions. Let g = > | ¢l AL with
A e F'. Thengo f=>", cklyea, and

plgo f1 = axn(f € Ay) =D cnfup(Ay) = foplg):
k=1 k=1

O]

Proposition 3.21 (Integrals and properties almost everywhere). Let (2, F, 1) be a measure
space and f : Q — Ry measurable.

1. Itis f =0 almost everywhere iff u[f] = 0.
2. If ulf] < oo, then f < oo almost everywhere.

Proof. 1. Let N :={f > 0} € F. '=": Since u(N) = 0, we find f < oo - 1y, so because of
Proposition 3.16.2,
0 < p[f] < ploo, Nl = lim p[n, N]=0.
n—oo

For <’ let Ny, :={f > 1/n} and thus N,, T N and nf > 1y, i.e.
0= ulf] = Lu(N,).

This means that pu(N,) = 0 and therefore u(N) = pu(UJ,~; Nn) = 0 by o-sub-additivity of p.
For 2., let A :={f = oo}. Since flf>, > nlfsy,

n—o0

#(A) = plla] < pllysn] < Gulfilpsn] < ulf] — 0.
This means that pu(f = c0) =0, i.e. f < oo almost everywhere; see Remark 2.14. O

To conclude this section, we show the relationship between the (Lebesgue) integral and the
Riemann integral.
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Definition 3.22 (Piece-wise constant function and Riemann integral). Let f : R — R be a
piece-wise constant function, i.e.

o0

f(z) = Z aj]‘[xjfl,itj)(x) (3.5)

j=—o00

with vj_1 < xj,j € Z, where a; € R,j € Z. Some f : [a,b] = R (with a < b) is called
Riemann-integrable if \[| f|] < oo and there are piece-wise constant functions fit, fi, fo s f5 5
with f;7 < f < ff and \[f; — f7] =22 0. The Riemann integral of f is then defined by
Mf]. (In particular, the Riemann integral and Lebesgue integral then coincide.

A function f : R — R is called Riemann-integrable if flx is Riemann-integrable for all
compact intervals K C R and \[f1[_, )] converges. This limit is then the Riemann integral
of f with respect to A.

Proposition 3.23 (Riemann integrability). Let f : [0,00) — R have a discrete set of jump
points. Then f is integrable, Riemann-integrable, and

)\ = lim Zf ynk xnk T, k— 1) (36)

n—o0

. —
forO=x,0 < ... <z, =t withmaxy [T, — Ty p—1] 7% 0 and any Trk—1 < Ynk < Tn k-

Proof. 1t is sufficient to show the assertion for continuous f. Otherwise, f can be broken
down into the continuous pieces. It is also sufficient to show the assertion for f with compact
support K. Since f is uniformly continuous on K, first choose ¢, | 0 and z,0 < ... < 251,
such that K C [0, Znk,] and maxy, ,  <y<a,, [f(Znk—1) — f(y)| < en. Now it is easy to
find piecewise constant functions f,;7 and f, such that f, < f < fF and ||f,;F — [, ]| < en.
Integrability and Riemann-integrability follows. The formula (3.6) is valid due to the uniform
approximation of the function f. O

Example 3.24 (Differences between Riemann and Lebesgue integral). 1. We start with a
function that is Lebesgue-integrable but not Riemann-integrable. Let f = 1(g1jnq. Then
Loy < fT for every piece-wise constant function f+ > f and f~ < 0 for every piece-
wise constant function f~ < f. In particular, f is not Riemann-integrable.

2. As can be seen from the definition of the Riemann integral, every piece-wise constant
function is simple, so every Riemann-integrable function is also Lebesgue-integrable.

The situation is different for functions on unbounded domains. Let f be given by f(t) =
(=yrea+t

R Then
2n n n
(—1)k+1 1 1 1 1 1 1
Al Lo 2nl ; k 23 1" kz_l 2k —1 2k ; (2k — 1)2k

and we see that the limit is finite, thus f is Riemann-integrable. However, the following
applies

= 1
Al = Z o=
So, according to Definition 3.14, f is not Lebesgue-integrable.
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3.4 Convergence results

You may ask whether it is really so important that you can integrate more functions with
respect to the Lebesgue integral than with respect to the Riemann integral. After all, most
applications involve Riemann-integrable functions. However, there is another advantage of
the Lebesgue integral, which we will now discuss. In calculus, the following convergence result
for the Riemann integral is frequently given:

Theorem 3.25 (Riemann integral convergence result). Leta,b € R witha < b, and f, f1, fa, ... :
[a,b] = R be piecewise continuous. If f,, ~——» f uniformly, then (using | for the Riemann
integral)

/: folz)de =25 /abf(x)d:c.

As you see, this result is concerning the interchange of limits limits and integrals, which
requires a uniform convergence in this case. For convergence results with respect to the
Lebesgue integral, however, we need much weaker conditions for the exchange of integral and
limit. The most important of these are the theorem of monotone convergence and the theorem
of dominated convergence.

Theorem 3.26 (Monotone convergence). Let (§2, F, 1) be a measure space, fi, fo,-- € L (1)
and f: Q — R measurable with f, T f almost everywhere. Then,

Jim p[f] = plf],
where both sides can take the value co.

Proof. Let N € F be such that u(N) = 0 and f,(w) T f(w) for w ¢ N. Set g, := (fn —
f1)1ne > 0. This means that g, T (f—f1)1ne =: g and with Proposition 3.19, Proposition 3.21
and Proposition 3.16.2,

pulfn] = nlfi] + plon] === ulf1] + ulg] = plf)-

O]

Theorem 3.27 (Lemma of Fatou). Let (2, F, ) be a measure space and fi, fa,---: Q — Ry
measurable. Then,

lim inf p[f] > p[lim inf f,].
Proof. For all k > n, fi > infy>, f; and thus, for all n,
inf > plinf
inf plfi] = plinf fol
by Proposition 3.16.1 Therefore, with n — oo
lim inf o[ f] = sup inf ulfil = i‘;}g“[ggi fi] = pllim inf f,]

by monotone convergence, Theorem 3.26, since infy>,, fi T sup,cy infi>y, fi = liminf,, o fn.
O
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Theorem 3.28 (Dominated convergence). Let (£, F, 1) be a measure space and f, g, f1, fa,- -+ :

Q — R measurable with |f,| < g almost everywhere, lim, o fn, = f almost everywhere, and
g € LY(i). Then,

lim pulfu] = plf]-
Proof. Without loss of generality, |f,| < g and lim,,_,~ f = f holds everywhere. (Otherwise,
restrict to a set of full measure.) We use Fatou’s lemma and g — f,,,g + f > 0, i.e.
plg + f1 < Timinf plg + fo] = plg] + liminf p[f,],
plg — f] <liminf plg — fo] = plg] — limsup p[f,].

n—oo

After subtracting u[g],

plf) < Timinf pf,] <Timsup p(fo] < p(f].

n—oo

Example 3.29. 1. Fatou’s lemma does not require that any of the f, is integrable. We
now give an example to show that in Fatou’s lemma "<’ rather than =’ holds in general.

Let A be the Lebesgue measure and f, = 1/n (i.e. in particular, f, constant), n =
1,2,.... Then f, 10, but

liminf po[f] = 00 > 0 = p[0] = pfliminf f,].

2. In the theorem of dominated convergence, the condition that |f,| < g and g € L () is
necessary. For example, let \ be the Lebesgue measure on [0,1] and f, = n - Lio,1/m)-

Then sup,ey fn(z) =sup{n:z < 1/n} = [%}8. So there is no g € LY(\) with f, < g.
Moreover, lim,_~ fr, = 0 almost everywhere (since {0} is a null-set) and
nlgglo ,U/[fn] =1#0= ﬂ[nlg{}o fn]
The situation is different for fr, =n-1jg1/,2). Here,
sup fn(z) = sup{n : x < 1/n*} = [i} <L—' (x)
D Jn = sup MRS = \/5 < \/E =g .

neN

On the one hand, g € LY()\), so dominated convergence applies. On the other hand,
limy,, oo frn = 0 almost everywhere and

Jim plfp] = lim 5= 0= p[0] = p limf,].

8With [z] := sup{n € Z : n < x} we denote the rounding function.
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4 LP-spaces

Throughout the following section, let (€2, F, 1) be a measure space. We will now deal with the
set of measurable functions f :  — R satisfying u[|f|P] < co. We will recognise the resulting
function spaces £P(u) as normed, complete spaces (Proposition 4.8 and Remark 4.4), which
also leads to a new concept of convergence. Furthermore, the space £2(u) will play a special
role. It is equipped with a scalar product (namely (f, g) := u[fg]), so general statements are
available here, such as the Riesz-Fréchet’s theorem (Proposition 4.11). We will use this to
characterise o-finite measures with density by the Radon-Nikodym Theorem (Corollary 4.17).

4.1 Basics

We have already mentioned the spaces £P(u) in Remark 3.18. By defining the integral in the
last section, we can now take a closer look at them. In particular, we show the important
Holder and Minkowski inequalities; see Proposition 4.2. Note that the notation ||.|| in (4.1) is
reminiscent of a norm. As we will discuss in Remark 4.4, it is almost true that £P, equipped
with |[|.||, for p > 1, is a normed space.

Definition 4.1 (LP(p)-spaces). Let 0 < p < co. We set

LP = LP(n) == {f : @ = R measurable with || f||, < oo}

1£1lp = (ullFPDY?, 0 <p<oo (4.1)

and

[ flloo := Inf{K = u([f| > K) = 0}.

On the spaces LP, p > 1 we now show a triangle inequality, the Minkowski inequality. It
should also be noted that the Holder inequality in the special case p = ¢ = 2 is also called
the Cauchy-Schwartz inequality.

Proposition 4.2 (Hélder’s and Minkowski’s inequality). Let f, g be measurable.

1. Let 0 < p,q,r < 0o such that%+%: L Then,

T

Fallr <Ifllpllglly — (Holder inequality) (4.2)

2. For1 <p < o0,

F+gllp < fllp +l9llp- (Minkowski inequality) (4.3)

Proof. We start with the proof of Holder’s inequality. In the case p = oo or ¢ = oo, the
statement is clear, so let p,q < oo. If either ||f||, =0, ||f||, = oo, ||gllq = 0 or ||g]|q = o0,
the statement is clear as well. Let f,g > 0 and 0 < ||f]|p, ||lg]||; < oo and
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Then, we have to show that ||f§]|, < 1. Due to the convexity of the exponential function

r_ T T TP T4
(zy)" = exp (Fplogz + Lqlogy) < TaP + Ty,

and thus
17311 = ul(F3)"] < Zulf?) + Tulg?) = 1
and the assertion follows.
To prove Minkowski’s inequality, we first note that in the cases p = 1 and p = oo the

assertion is clear. In the case 1 <p < oo, ¢=p/(p—1) and r =1/p+1/q =1 with Holder’s
inequality

1+ glly < ullf1-1f + 9P~ + ullgl - |f + 9P~
< 1£1lp - [1CF + 9~ Hlg + llallp - 11(f + )P lg
= (1f1lp +llgllp) - [1f + gl

since [|(f + 9)7lg = I(f + 9)? @ DIL* = [|(f + 9P lIP" = || + gllp™". Dividing by
| f + 9||£71 gives the result. 0

Proposition 4.3 (Relationship between L£" and L£9). Let u be finite and 1 < r < q < 0.
Then L) C L™ (w).

Proof. The assertion is clear for ¢ = 0o. So let ¢ < co. We use Holder’s inequality. It applies
to f € L4, since ||1||, < oo due to the finiteness of 1,

A1l =1L fle < A - 11 llg < o0 (4.4)

for = = % — 2 > 0, from which the assertion immediately follows. O

1
q
Remark 4.4 (LP(p) as a normed space). For every p > 0, we have ||af|l, = |a| - [|f]lp
for a € R. Together with Minkowski’s inequality (which we have only shown for 1 < p <
o0), this means that LP(u) is a real vector space. It is crucial to note that the mapping
f = |Ifllp is a pseudo-norm, but not a full norm.® Indeed, because ||f||, = 0 according to
Proposition 3.21 only implies that u(f # 0) = 0, but not that f = 0, we have f # 0 with
I|fllp = 0. In the following, we will therefore identify functions f and g if f = g applies p
almost everywhere. (More precisely, we introduce equivalence classes, where for f € LP, the
set {g € LP : f = g almost everywhere} is the equivalence class of f.) According to the above,
({ equivalence class of f: f € LP},||-||p) is a normalised space. We will show below that ||-||,
is complete (Proposition 4.8), so (LP,||-||p) is even a Banach space for every 1 < p < oo.
However, we will not make the distinction between f € LP(u) and its equivalence class in the
sequel.

Remark 4.5 (Counterexample for o-finite p). We stress that Proposition 4.3 does not hold
if p is not finite. For example, let A be the one-dimensional Lebesgue measure and f : x
%-1x>1. Then f € L2(N), but f ¢ L1(N).

9Tf V is a real vector space, a mapping || - || : V — R is called norm if (i) ||z|| = 0 iff z = 0, (ii)
lla - z|| = |a| - ||z|| for all « € R and @ € V, and (iii) ||z + y|| < ||z|| + ||ly|| for all z,y € V. Then the pair
(V|| - |]) is called a normed space. If (z) fails, || - || is called pseudo-norm.
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4.2 LP-convergence

We have seen in the theorem of dominated convergence (Theorem 3.28) that for a sequence
of functions that converges almost everywhere, their integrals often converge as well. The
LP-convergence considered here now assumes convergence of integrals. We will see that the
resulting notion of convergence means that every Cauchy sequence (with respect to ||.||,), see
Definition 4.1) converges (Proposition 4.8).

Definition 4.6 (Convergence in the p-th mean). A sequence fi, fo,... in LP(u) converges
to f € LP(u) iff
ﬁ
1fa = fllp == 0.

We then also write f, D20 e f-

Proposition 4.7 (Convergence in £P and in £?). Let u(Q) < oo, 1 < r < ¢ < oo and
Fofisfar e € LU f fo "0 f, then also fr, “—5pr f.

Proof. The assertion is clear for ¢ = 00, so let ¢ < co. From (4.4) we have ||f—gl|, < ||f—gllq,
from which the assertion already follows. O

Proposition 4.8 (Completeness of £P). Let p > 1 and fi, fo,... be a Cauchy sequence in
LP. (That is, for every e > 0 there is N € N such that ||fn, — fmllp < € for all m,n > N.)

n—oo

Then there is an f € LP with ||f, — f||[, —— 0.

Proof. Let €1,e2,... be summable, e.g. &, := 27". Since f1, fa2,... is a Cauchy sequence,
there is an index ny, for each k with ||f,, — fullp < e for all m,n > nj;. In particular, the

following applies
o o
S s = Fullp < e < 00,
k=1 k=1

With monotone convergence and Minkowski’s inequality,

H i ‘fnk+l - fnk’
k=1

In particular > 77 |fn,,, — fu,| < 0o almost everywhere, i.e. for almost all w € €, the

sequence fp, (w), fny(w),... is Cauchy in R. Thus, there is a measurable mapping f with

frn koo, f almost everywhere. According to Fatou’s lemma

0o
< Z ank+1 - fnka < o0.
k=1

,

n—oo

1o = Fllp < ind | g = fally < S0 (L = fallp “2%% 0

e fo 2 f. O

4.3 The space L?

Recall from Remark 4.4, that £P(u) is in fact a Banach space for all p > 1. Let us consider
the special case p = 2. We define a mapping £2 x £2 — R by

(f,9) = ulfgl.
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Then (-,-) is obviously linear, symmetric and positive semi-definite, i.e. a scalar product!®

Consequently, we write f L ¢ if and only if u[fg] = 0. Using

I£11 = (1 fll2 = (f, £)?

in this section, (L2, (-,-)) is therefore a Hilbert space.

Lemma 4.9 (Parallelogram identity). Let be f,g € £2. Then

1f +gll? +11f = gll* = 211 11> + 2l|g]>.

Proof. From the definition of || - || and the symmetry and bilinearity of (-, ),

Wf+glP+If—glP=(f+a.f+a)+{f—ag.f—g) =2, f) +2g,9) =2[|f]* +2|g*
0

Proposition 4.10 (Decomposition of f € £2). Let M be a closed, linear subspace of L2.
Then every function f € L2 has an almost everywhere unique decomposition f = g + h with
geEM,h L M.

Proof. For f € £2, we define
ds := inf — .
! glél,‘ ,{Hf glll}

n—o0

Choose g1, g2, ... with ||f — gn|| —— df. According to the parallelogram identity

n—
4d?‘+||gm_gn”2 < ||2f_gm_gn”2+|’gm_gn”2 = 2Hf_gm||2+2||f_gn|’2 m)Zld?‘

Thus ||gm —gn||? LELREN 0,i.e. g1, g2,... is a Cauchy sequence. According to Proposition 4.8,
there is some g € £2 with ||g, — g|| ——= 0. Since M is closed, we find g € M as well as

|h|| = df for h:= f —g. So, for all t > 0,1 € M, due to the definition of dy,
d} < |[|h+tl|]> = d} + 2t(h, 1) + ¢*[|1]|*.

Since this applies to all ¢, (h,l) =0, ie. h L M.

To prove uniqueness, let ¢’ +h’ be a further decomposition of f. Then, due to the linearity
of M, on the one hand g—g¢’ € M, on the other hand, almost everywhere, g—¢' = h—h' 1. M,
ie. g—¢ L g—¢g'. Thismeans ||g—¢'|| = (9—9¢,9—¢') =0, i.e. g = ¢  almost everywhere. []

Proposition 4.11 (Riesz-Fréchet). A mapping F : L2 — R is continuous and linear if and
only if there exists some h € L2 with

F(f)=(fh),  fer’

Then, h € L£? is almost everywhere uniquely determined.

107f V' is a real vector space. Then a mapping is called (-,-) : V x V — R is a scalar product if (i)
(z,ay + 2z) = afz,y) + (x,2) for all z,y,2z € V and a € R (linearity), (ii) (z,y) = (y,x) (symmetry) and (iii)
(z,x) > 0 for every x € V' \ {0} (positive definiteness). The norm ||z|| := (z,z)'/? on V is defined by a scalar
product. If (V,|| - ||) is complete, then (V, (-, -)) is called an Hilbert space.
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Proof. '<’: The linearity of f — (f, h) follows from the bilinearity of (-,-). The continuity
follows from the Cauchy-Schwartz inequality using

(If = £ LR < I1f = Il IRl

'=" If F =0, choose h = 0. If F #0, M = F~*{0} is (due to the continuity of F) a closed
and (due to the linearity of F') linear subspace of £2. Choose f’ € £2\ M with the (according
to Proposition 4.10 almost everywhere unique) orthogonal decomposition f' = ¢’ + h' with
g € M and b’ L M. Since f' ¢ M, we have h # 0, and F(h') = F(f') — F(¢') = F(f") # 0.

We set b = F?}/L,), so that h” 1. M and F(h") = 1 as well as, for all f € £?

F(f = F(f)h") =F(f) = F(f)F(h") =0.
ie. f—F(f)h" € M, in particular (F(f)h",h") = (f,h") and
PUP) = b - (PO = b (1) = (f, oo,

Now, the assertion follows with h := ﬁ

For uniqueness, let (f, hy — ho) = 0 for all f € £2; in particular, with f = hy — ha

||h1 — ha||* = (h1 — ha,h1 — ha) =0,
thus h; = ho p-almost everywhere. O

Remark 4.12 (Generality of the last statements). Lemma 4.9, as well as the propositions 4.10
and 4.11 also apply if L2 is replaced by any other Hilbert space.

4.4 Theorem of Radon-Nikodym

Probability measures with density are already known from the lecture Elementare probabil-
ity 1. This concept is now taken up and embedded in the context of integrals. Let v be another
measure on J. The aim is to specify conditions when the measure v can be represented by a
density. The answer can be found in the Radon-Nikodym theorem (Corollary 4.17). It is a
special case of Lebesgue’s decomposition theorem, Theorem 4.16. This shows that for every
two o-finite measures p, v, the measure v can be (additively) decomposed into two parts: one
absolute continuous with respect to p and one singular with respect to pu. The absolutely
continuous part has a density with respect to u. First we have to explain all terms.

Definition 4.13 (Absolutely continuous measures). 1. We say that v has a density f
with respect to w if for all A € F

v(A) = plf; Al
We then write f = g—z andv = f - pu.

2. The measure v is called absolutely continuous with respect to p if all p-zero sets are
also v-zero sets. We then write v < . If both v < p and p < v, then u and v are
called equivalent.

3. The measures p and v are called singular if there is an A € F with u(A) = 0 and
v(A°) =0. We then write p L v.
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Lemma 4.14 (Chain rule and uniqueness). Let u be a measure on F.

1. Let v be a o-finite measure. If g1 and go are densities of v with respect to p, then
g1 = g2, p-almost everywhere.

2. Let f:Q— Ry and g: Q — R be measurable. Then,

(f - w)lgl = pulfgl,

if one of the two sides exists.

Proof. 1. Let Q1,Qq, -+ € F be such that Q, T Q and v(Q,,) < co. Set A, := Q,N{g1 > g2}
Since both ¢g; and gy are densities of v with respect to p,

plgr — g2; An) = 0.

Since only g1 > g2 is possible on A,,, g1 = g2 is 14, u-almost everywhere. Furthermore,

p{g1 > go} = M( U An) = 0.

neN

Analogously, p{g1 < g2} = 0 and thus g1 = go p-almost everywhere.
2. The statement is clear for ¢ = 14 with A € F. This extends step by step to simple
functions, positive measurable functions and finally to the general case. O

Example 4.15 (Known densities). 1. Some density functions are already known from the
lecture Elementary probability 1. For example, let p € R,0? € R, be

1 (x — p)?

fN(u,O’Q)(x) = W €xp ( - T)

and A is the one-dimensional Lebesgue measure. Then the probability measure fn o2y A
is called normal distribution with expected value p and variance o2. We can compute
for some X ~ N, 2 and h: x+— (v —p)/o

ptxo
POHX) <2) =P <t a0)= [ Fguon )y

= / I, (2)dz,

which shows that (X — pu)/o ~ N 1y-
For~ >0, let
fexp(’y) ((l)) = la>o- ye ',

the probability measure fexp(y) A s called exponential distribution with parameter 7.
For example, you can now use Lemma 4.1/ to calculate for some X ~ exp(7)

oo oo o0 1
E[X] = foxp(y) - Alid] = / ye adxr = —e_wx‘o +/ e Vdr = =
0 0 Y

So, we have computed the expected value of the exponential distribution for the parameter
5.
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2. Of course, there are not only densities with respect to the Lebesque measure. Let, for

example
oo
-
n=0

be the counting measure on Ny (see Example 2.2) and f : Ng — R4, given for a v >0

by
k
7
—
f(k)=e Tk
Then f - u is the Poisson distribution for the parameter v on 2Y° according to Exam-
ple 2.2.

Theorem 4.16 (Lebesgue’s decomposition theorem). Let p1, v be o-finite measures on (Q, F).
Then v can be written uniquely as

V=1V4+ Vs with Vg < W, Vs L .
The measure v, has a density with respect to u that is p-almost everywhere finite.

Proof. Since p,v are o-finite, we find Qy,Q9,--- € F with Q,, T Q and v(Qy,), u(Q) < 0.
In particular, without loss of generality, we can assume that p, v are finite measures. With
Proposition 4.7. the linear mapping

{52(u+ v) —R)
f = v|f]

is continuous. According to Proposition 4.11, there is some h € £2(u + v) with
v[fI = (u+v)[fhl, (4.5)
thus
v[f(1 = h)] = plfh] (4.6)
for each f € L2(pu+ v). If one chooses f = 1g,<q in (4.5), we find
0<v{h<0}=(u+v)hh<0 <0,

i.e. h >0 (p+v)-almost everywhere. Similarly, f = 11,1y can be used to deduce from (4.6)
that
0 < plh;{h>1}=v[l—h;{h>1} <0,

so h <1 (u+v)-almost everywhere. Now, let f > 0 be measurable and f1, fa,--- € L2(u+v)
with f, T f. With monotone convergence,

AAF(L = 1)) = lim v{fu(l = W) = lm plfuh] = p(fh,

n—o0

i.e. (4.6) applies to all measurable f > 0.
Now let E := h~1{1}. From (4.6) it follows with f = 1p that

w(E) = plh; E] = v[1 — h; E] = 0.
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We define two measures v, and vg for A € F by
ve(A) =v(A\ E), vs(A) =v(ANE),

so that v = v, + vs and vs L p. To show that v, < p choose A € F with u(A) = 0. This
means that after (4.6)
v[l —h;A\ E] = plh; A\ E] = 0.
=v(A\E)=0,1ie vy, < .
o\r is the density of v, with respect to p. Indeed, using (4.6),

Since h < 1on A\ E, v,(A

)
We claim that g := &1

ploi Al = [ AV E] = w(4\ B) = wa(4)
To show the uniqueness of the decomposition, let v = v, + vs = vy + Us for v, vy < g,
vs, Vs L p. Choose A, A € A with vs(A) = pu(A°) = vg(A) = p(A€) = 0. Then,
Vs(ANA) = Di(AN A) = 1, (A°U A°) = 7,(A°U A%) = 0
and therefore

Vo =1l qg va=1ynz v=14n7 Va="Va,

Vs =V — Vg =V — Uy = Us.
O

Corollary 4.17 (Theorem of Radon-Nikodym). Let p and v be o-finite measures. Then, v
has a density with respect to p if and only if v < u.

Proof. ’=": clear.

'<<=’: According to Theorem 4.16, there is a unique decomposition v = v, + v; with v, <
w, Vs L p. Since v < pu, vs = 0 must apply and therefore v = v,. In particular, the density of
v exists with respect to u. O

Example 4.18. In Lebesque’s decomposition Theorem 4.16 and in the Theorem of Radon-
Nikodym 4.17, the condition that p and v are o-finite cannot be omitted, as the following
example shows:

Let (2, F) be a measure space with uncountable 2 and

F:={A: A or A® countable}.

Let 1 and v be infinite measures on (2, F), given by

0, A countable, Al, A finite,
v(A) = { wu(A) = {‘ |

oo, otherwise, oo,  otherwise.

Then obviously v < . Assume there is a F-measurable density of v with respect to p. Then,
for allw e Q

0=w{w} = plfi{w}] = flwp{w}) = f(w).
Thus f =0 and v = 0 would contradict the definition of v.
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5 Product spaces

Let (€;)icr be a family of sets. Then,
Q= X Qi = {(wi)ier 1 wi € Qs}

el
is the product space of (€2;);c;. We further define the projections for H C J C I

s X Q= X Qi

ieJ i€H

as well as my = 7T{q and m; := 7y, ¢ € I. In this chapter, we will apply all the concepts
in the context of measurability. Of particular importance is the theorem on projective limits

of probability measures, Theorem 5.24, which will play a fundamental role in the theory of
stochastic processes.

5.1 Topology

We start with the definition of a topology on product spaces. In short, this topology is made
such that projections are continuous.

Definition 5.1 (Product space and product topology). If (€2, O;)icr is a family of topological
spaces, then the topology O, generated by (recall from Definition A.1.7)1!

C::{AZ‘X X Qj;iEI,AZ‘EOi}
Jelj#i
is called the product topology on 2.
Remark 5.2 (Continuity of projections). All projections m;,i € I are continuous with respect
to the product topology.
Indeed, it is
A=A x X Q€CCO
I5j#i

for A; € O;. The projection is therefore continuous (see Definition A.1.10).

5.2 Semi-rings, rings and o-algebras

Analogous to topology, the product o-algebra is just such that projections are measurable
functions.

Definition 5.3 (Product-o-algebra). If (2, Fi)ier is a family of measurable spaces, the o-
algebra

QR Fi=0E), E={Aix X Q:icl AcF} (5.1)
icl JELj#i

is called the product-c-algebra on Q := X, ; Q. If (4, F;) = (Q, F),i € I, we set Fl =
Qicr 7
H'We write A Cs B if C B and A is finite.
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Remark 5.4 (Measurability of projections). Analogous to the product topology, the projec-
tions w; are measurable with respect to ®i€] Fi. This is because for A; € F;,

mH(A) =Aix X Qe F
13j#1 iel

Lemma 5.5 (Product-o-algebra for countable products). Let I be arbitrary and (2, O;)icr a
family of topological spaces, and (2, O) the product space, equipped with the product topology
from Definition 5.1. Then @,c; B(Qs) € B(Y). Moreover, if I is countable and (4, O;)icr
a family of separable metric spaces, then B(Q) = @,;c;B(Q:). In particular, B(RY) =

R, B(R).

Proof. Let C be as in Definition 5.1, O the product topology (i.e. ¢(O) = B(f2)), and € as in
Definition 5.3 with F; replaced by B(£2;). Clearly, C C O(C) as well as C C & by definition.
In addition, £ C ¢(C) by definition of B(£2;). This leads to

Q) B(s) = 0(€) S a(C) S a(0) = B().

el

In case of a countable union of separable spaces, every set in O(C) is a countable union of
sets in C (see Lemma 1.8), leading to

O(C) Co(0), so o(O(C)) Co(a(C)) =0a(C).
Hence, all assertions are shown. O

Remark 5.6. If I is uncountable, by using countable intersections and unions, @Q;c; B(£)
only contains sets which depends on a countable number of coordinates. In contrast, o(O(B))
contains sets which arise as uncountable intersections of closed sets, which in general depend
on an uncountable number of coordinates. This shows that for uncountable product spaces, in
general @, B() € B(Q2)).

Lemma 5.7 (Products of generators/semi-rings are generators/semi-rings). Let (€2;, F;) be
measurable spaces and ) = X, ;.

1. Let I be finite and H; a semi-ring with o(H;) = F;. Then

'H::{XAZ':A@'E'H“Z'EI} (5.2)
el

is a semi-ring with o(H) = @, Fi-
2. Let I be arbitrary and H; a N-stable generator of F;, i € I. Then

HZZ{XAiX >< QithfI,AiE/Hi,iEJ}
ieJ iel\J

is a N-stable generator of @, Fi-
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Proof. For 1., let I = {1,...,d} without loss of generality. It is clear that H is N-stable.
Property (ii) for semi-rings is shown by induction over d. The assertion is clear for d = 1,
since H; is a semi-ring. If it holds to d — 1, then

(A1><‘--XAd)\(Bl><‘--XBd)
:(AlX--~><Ad,1><(Ad\Bd))LH((AlX--~><Ad,1)\(BlX--~><Bd,1)) X(AdﬁBd)

The first term of the last line can be represented as a disjoint union of sets from H, since Hgy
is a semi-ring. The second term can be represented as a disjoint union, since by the induction
hypothesis, (A; x --- x Ag_1) \ (B1 X -+ X Bg_1) can be represented as a disjoint union of
sets of the form Hy x -+ x Hy 1 with H; € H;,i=1,...,d— 1.

For 2. it is again clear that H is N-stable. From (5.1) it immediately follows that H C
&), Fi, therefore o(H) C &), Fi- Conversely, it is clear that for A; € F;

A; % XQjEO’({AiX XQ]AZEHZ}> gO'(H),
J#i J#i

from which @),.; F; € o(H) and thus the assertion follows. O

Corollary 5.8 (Borel’'s o-algebra on R? is generated by cylinders). Let Q = RY. For a =
(a1,...,aq),b=(by,...,by) € R we set a <b if and only if a; < b;,i =1,...,d, and with

(a,b] = (a1,b1] x -+ x (ag, bq)
the half-open cylinder. Then,

H:={(a,b] :a,b€Q,a<b}
is a semi-ring with o(H) = B(RY).

Proof. According to Example 1.3.1 and Lemma 5.7.1, H is a semi-ring that generates ®§l:1 B(R) =
B(R%); see Lemma 5.5. O

5.3 Measures and integrals

Integrals in multi-dimensional spaces are already known from calculus. We now first define
measures on product spaces and the corresponding (multiple) integrals. Fubini’s theorem
(Theorem 5.13) can then be used to interpret and analyse integrals according to measures
on product spaces as multiple integrals. For this purpose, it is necessary that the integrands
appearing in the multiple integrals are measurable. This is ensured in Lemma 5.11. In order
to be able to define measures on product spaces in sufficient generality, we first need the
concept of the transition kernel.

Definition 5.9 (Transition kernel). Let (Q;,F;),i = 1,2 be measurable spaces. A mapping
k1 x Fo — Ry is called a transition kernel from (21, F1) to (Q2, F2) if (i) for all wy € Qy,
the map K(w1,.) is a measure on Fa and (i) for all Az € Fa (., A2) is F1-measurable.

A transition kernel is called o-finite if there is a sequence a1, Qag, -+ € Fo with Qoy T o
and sup,,, K(w1,Q2,) < 00 for alln =1,2,... It is called stochastic kernel or Markov kernel
if for all w1 € Qq the map k(w1,.) is a probability measure.
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Example 5.10 (Markov chain). Let Q = {w1,...,wn} be finite and P = (pij)i<ij<n with
pij €10,1] and 377_, pij = 1. Then,

n
w(wi,.) = sz‘j “ O,
=1

is a Markov kernel from (€,2%) to (,2%). Here, P as a stochastic matriz is the transition
matriz of a homogeneous, Q2-valued Markov chain.

Lemma 5.11 (Measurability of integrable sections). Let (£, F;),i = 1,2 be measurable
spaces, k be a o-finite transition kernel from (1, F1) to (2, F2) and f: Q1 x Q2 — Ry to
F1 ® Fo measurable. Then

w1 = k(wr,)[f] = /fe(wl,dwg)f(wl,wg)

to F1-measurable.

Proof. We assume that x(w1,2) < oo for all w; € Q;. (The general case is then performed
using a sequence Qq1,Qq9, -+ € Fy with Qy,, 1 Q1.) Let

D:={Ac Fi®F:wi — k(wi,.)[14] is F1-measurable}.

Then it is easy to check that D is a N-stable Dynkin system. Furthermore, H C D, where H
is defined as in (5.2). Thus, according to Theorem 1.13, 71 ® Fo = o(H) € D C F1 ® Fo.
Therefore, w; — k(wi,.)[14] is measurable for all A € F; ® Fy with respect to Fj. This
statement can be extended immediately by using a simple function instead of 14. By mono-
tonic convergence, it then also follows that wy — k(ws,.)[f] is measurable for all measurable,
non-negative functions according to Fj. O

Theorem 5.12 (Theorem of lonescu-Tulcea). Let (Q;, F;),i =0, ...,n measurable spaces, p a
o-finite measure on Fo and k; a o-finite transition kernel of (X;;B Q, ®;;B ]—"j> to (Q4, Fi),

i =1,...,n. Then there is exactly one o-finite measure p@Q);_, ki on (X?:O 0, Qi Fi
with

n

(M®ﬁi)(z40><"'><z4n)=/ u(dwo)(/m(wo,dwl)---(/Amn(wo,...,wn1,dwn)>-~-).

i—1 Ao Ay n
(5.3)

Proof. We show the theorem only for n = 1, the general case is then done by induction.

The proof is an application of Theorem 2.16. First we establish that according to Lemma 5.7,
the set system # defined in (5.2) is a semi-ring on X['_; ;. We first show that the given
set function is o-finite on H. Namely, there is 1, 0, € F; with Q;, T Q;,¢ = 0,1 with
(Qon) < 00, k1(wo, n) < 00,m =1,2,...,wp € Qo and sup,, cq, k1(wo, 21n) =: Cp < 00.
This means that 1 ® k1 (Qop X Qin) < Cp - pu(Qon) < 00 and gy, X Qip T Qo X Q1. This means
that p ® k1 is also o-finite. If we define 1 on ‘H using (5.3), this is therefore a o-finite set
function.
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We now show that 11 is o-subadditive and finitely additive on H. For A1,..., A, € H and
A =2, A, € H, by o-subadditivity of k1 (wo,.) for all wy € Qg

i(A) = / (deo) / (w0, deor ) La (i, 1)

< Zl/,u,(dwo)/I<L1(w0,dw1)1An<w07W1> = Zlﬁ(An>

Similarly, finite additivity is shown. According to Lemma 2.5, p is therefore o-additive. From
Theorem 2.16 it now follows that there is exactly one extension of i to o(H) = Qi o(H;),
which is the one given in the theorem. O

We now deal with the measure defined in Theorem 5.12.

Theorem 5.13 (Fubini’s theorem). Let (4, F;), i, ki and p Qi ki be as in Theorem 5.12.
Further, let f : X?:o Q; — Ry be measurable with respect to Q.- Fi. Then,

/fd(,u@m) = /u(dw0)</m(w1,dwg) e <//<cn(wo, ey W1, dwy) f(wo, - - - ,wn)) )
i=0
(5.4)
This equality also applies if f : X?:o Qi — R is measurable with [ |f|d(,u R, Iii) < 00.

Proof. Consider the set function f on @, F;, given by

ﬁ:Ar—>/u(dw0)</lﬁ;1(w1,dw2)~~ (/lin(wo,...,wn_l,dwn)lA(wo,...,wn)>-~>.

You can see that f corresponds on H from (5.2) with u @), x;. Since H is N-stable, the
equality (5.4) for indicator functions follows due to Proposition 2.11. By means of linearity
of the integral, (5.4) is first extended to simple functions and then using monotonicity to
any non-negative, measurable function. Note that all occurring integrands are measurable
according to Lemma 5.11. O

Corollary 5.14 (Product measures). Let ) = X?:l Q; and H; C 2% be a semi-ring, © =
1,...,n, and p; : H; — Ry o-finite and, o-additive, i = 1,...,n. Then there is exactly one
measure (1 @ -+ @ f, on Q- o(H;) with

p1® - @ pin(Ar X - x Ap) = p1(Ar) - - pn(An). (5.5)

For a measurable function f : Q — Ry, the value of the integral does not depend on the order
of integration of the coordinates w, ...,wy, i.e. for every permutation ™ on {1,...,n},

/fdlh@"‘@ﬂn :/< (/f(wla---awn)ﬂw(l)(dwm)) "')Mw(n)(dww(n))-

This formula also applies to f: Q= R, if [|fldp @ -+ @ pp < 0.

Proof. The corollary follows directly from Theorem 5.12 and Theorem 5.13 if you set k;(wo, . . ., wi—1,.) =
wi(.) for all wo, ..., w;—1. O
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Definition 5.15 (Finite product measure). Consider the same situation as in Corollary 5.14.
Then, the unique measure 1 ® - - - ® py from Corollary 5.14 is called the product measure of

Wiy-eoy in. We also write
n

®Mi =P Q@ @ i
i=1

If (i, Hiy i) = (o, Hiy o), i =1,...,n, i.e. all spaces are equal, we also denote it by

Example 5.16 (multidimensional Lebesgue measure). 1. Let X be the one-dimenstonal Lebesgue
measure on B(R) from Proposition 2.18. Then A\®¢ is the d-dimensional Lebesgue mea-
sure.

2. Let f :R? = R be given by
Ly

f(%y):m-

Then, for every x € R

/kuwﬂawzm

since f(z,.) € LY(N) and f(z,y) = —f(x, —y). Therefore, in particular

[ ([ aansen) = [ ( [Adsey) <o

Howewver, |f| is not integrable with respect to A2 because f has a non-integrable pole in
(0,0). As this example shows, we have to be careful with multiple integrals. In particular,
it does not follow from the equality and finiteness of multiple integrals that the integrand
1s integrable.

5.4 Convolution of measures

We now consider a simple combination of product dimensions and image measure. To convolve
measures i, on B(R), we first consider the product measure p ® v. The image measure
under summation is then the convolution of u,r. We will later identify this convolution as
the distribution of X + Y if XY are independent random variables with distribution p and
v, respectively. Sometimes, for example with Poisson distributions and normal distributions,
the convolution is again a Poisson or normal distribution.

Definition 5.17 (Convolution of measures). Let 1, ..., i, be o-finite measures on B(R) and
U1 ® -+ @ Wy their product measure. Further, let S(x1,...,zp) := x1 + -+ + x,. Then the
image measure Sy(p1 @ -+ @ ) 18 called the convolution of the measures i1, ..., p, and is
denoted by p11 * -+ * by OT *_q ;.

Example 5.18 (Convolution of Poisson and geometric distributions). 1. For 71,72 > 0
let ppoi(y,) and ppoi(yy) be two Poisson distributions from Ezample 2.2. We calculate
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the convolution of the two distributions by

"2
HPoi(y1) * KPoi(y2) = Z Lin—re" (m+ry2) 112

min!
k m__k—m
_ Z o—(n+r2) 172 Ok
= m!(k —m)
k m
) (1 2 k\ s
€ Or Z %
k! =\m/) (71 +72)
= HPoi(y1+72)-

2. The geometric distribution for the parameter p € [0,1] is as well known from Ezxam-
ple 2.2. The convolution of two measures fLyeom(p) S given by

k—m—1

k
Hgeom(p) * Hgeom(p) = Z (1 - p)m_lp(l - p) p- Ok

m=2
= (k= 1)(1 = p)* % 6.
This is a negative binomial distribution for the parameters p and 2.

Lemma 5.19 (Convolution of distributions with densities). Let A be a measure on B(R),
p=fu-Aandv = f,- X for measurable densities f,, f, : R —Ry. Then uxv = f,. - X with

Fuent /fu )Fult — 5)A(ds).

Proof. The proof is a simple application of Fubini’s theorem, Theorem 5.13. O

Example 5.20 (Convolution of normal distributions). Let INGuo?) ond [, 02) be the

density functions of two normal distributions with expected value 1, po and variance o3 and

o3, respectively. Let further y := py+puz and 0? = o3+05. Then the density of the convolution
s given by

(y—p1)? (x—y—
eXp — 20_%

27‘(’\/0’102 / 201

v (y—p)o/(or0) 1 /e p< a3y ((ﬂi—ﬂ) —?J(Tla@)Q)d

2o 202 203

Mz)z)dy

2
1 o3y? + ((55_#)0%_0'1?/) ;
N m/exp(— 202 ) y
2( o2 o?
| (oy— 2@ -3 (@-w*(5-%)
= /exp(— 2 - : 2 )dy
202 202

T — 1)
:We"p(_(wu))

So, the convolution is again a normal distribution. This now has expected value i and variance

o2

92



5.5 Projective families of probability measures

So far we have defined o-finite measures on finite product spaces. This is not sufficient for
the probability theory to be discussed later. To understand this, let us recall the infinite
coin toss, which was already considered in the lecture Elementary probability 1. Here, we
would say that Q = {head, tail}N and the corresponding probability measure is the product
measure P®® of P = %5head + %5taﬂ. However, this is an infinite (but still countable) product
measure whose existence we have not yet shown. More generally, a large part of the lecture
Stochastic Processes will contain such measures (even on uncountable product spaces). We
now give the general construction of probability measures on product measures, which goes
back to Kolmogorov (and Daniell). It should be mentioned here that in the resulting theorem
of Kolmogorov (theorem 5.24) the assumption is made that €2 is Polish.

Definition 5.21 (Projective limit). 1. Let (2, F) be a measurable space, I an arbitrary
index set and (QJ, .FJ)JgfI be a family of measurable product spaces, equipped with the
product o-algebra, as in Definition 5.3. A family of probability measures (PJ)Jgf[,
where Py is a probability measure on F’, is called a projective family if

Py = ()P

for all H C J Cy I. (In other words, projection of coordinates in J to coordinates in H
under P ; leads to Py.)

2. If for a projective family (PJ)JgfI of probability measures there exists a probability
measure Pr on F! with Py = (77),P1 for all J Cyr I, then Py is called the projective
limit of the projective family. We then write

P[ = lim PJ.

<_
JC,I

Example 5.22 (Projective limits and stochastic processes). Projective families play a major
role in at least two situations.

1. Let (Q,F,P) be a probability space and I an infinite index set. In Definition 5.15 we
have defined the product measure P27 on F’ for each J Cyr I. The family (P®J)Jgf]
is projective. If H C J Cy I, then for A; € F,i € H,

()P (X A;) = P ((xf)7H( X A;))
icH ieH

=P (X A x X Q)

i€eH ieJ\H

~TIr@)- ] P@

i€H i€\H
=[P4
i€H
~ PEH( X 4).
i€H
However, we have not yet shown that the projective limit of (P®J)Jgf] exists. We

would then call this the infinite product measure P®1. (In particular, this would give
the probability space for the infinite coin toss from the beginning of this section.)
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2. Let (2, F,P) be a probability space, I an arbitrary index set, ((~2, f) a measurable space
and X; 1 Q — SN),Z' € I a random variable (i.e. a function measurable with respect to
F/Fi). We will call the family X := (X;)icr a stochastic process. So X : Q@ — QI with
X(w) = (Xi(w))ier- One can now ask whether the distribution of X (i.e. the image
measure X P ) exists as a distribution on FI

It should be noted that f)J = ((Xj)jer)«P,J C¢ I is a projective family. If H C J Cy I
and A; € F,i € H, then
(wi) Py X Aj) = Py((x) ™ X 4))
jEH jeH
= PJ( >< Aj X X Q)
jEH jeEJ\H
P(X;€Aj,j€ H and X; €Q,j € J\ H)
=P(X;€A;,jeH)
5 -

—

As Theorem 5.24 below shows, the distribution X,P (which is then the projective limit
of (Py)ic,1) ewists at least if F is the Borel’s o-algebra of a Polish space.

Remark 5.23 (Uniqueness of the projective limit). For each projective family (P ;) c,1 there
is at most one projective limit: If P; and P are two projective limits, then for

’H’:Z{XAz'X X QhAini’iEJgfI}’
= icl\J

we see that H' generates F! (compare with H from Lemma 5.7), and is N-stable. Hence, for
A=Xiey Ai X Xiep Qi €M,

P;(A) :PJ< % AZ-) :f{](xAZ) — P;(A).

ieJ icJ

This means that Py and P; coincide on the N-stable generator and according to Proposi-
tion 2.11, Py = Py. The content of the next theorem is that there is exactly one projective
limit for Polish spaces.

Theorem 5.24 (Existence of processes, Kolmogorov). Let (2,0) be Polish, F = B(O) and
(Pr)ic 1 @ projective family of probability measures on F. Then there is the projective limit
e P

Proof. Let H' be as in Remark 5.23 and p be a finite additive set function on H’, defined by
the projective family using

M(xij X Q) ;:PJ<><Aj).

jeJ iel\J jeJ
According to Lemma 5.7, H is a semi-ring and pu is a well-defined content on H. Further,

K={XKjx X Q:JC;I K;compact} CH
jedJ ieI\J
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is a compact system.

We now show that p is inner regular with respect to K. Let & > 0, X, ; A; X Xiens QeH
for J Cy I and A; € F,i € J. Since P; is a measure for j € I, according to Lemma 2.9 there
are compact sets K; € F with K; C A; and Pj(A; \ K;) < e. This means that

(X Aix X QN\(XEKix X Q) =u(((XA4)\ (X EK))x X Q)

ied i€\J ieJ i€\J ieJ ieJ i€\J

=Py (( X A45)\ (X K;))

Jj€J J€J
< PJ( A\ Kj) x X Q)
jeJ i#j
< ZPJ((Aj \Kj) x X Q)
jeJ i#j
=) Pi(4;\ K))
JjeJ
< |Jle.
Since J was finite and € > 0 was arbitrary, we have shown inner regularity of p with respect
to K. According to Theorem 2.10, p is o-additive. Furthermore, u(Q!) = 1, so u can be

uniquely extended to a measure P on o(H') = F! according to Theorem 2.16. This must be
the projective limit of (P ) c,;. O

95



Part 11
Probability Theory
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Prelude

These are the notes of a lecture which I gave at the University of Freiburg. After some
elementary probability and measure theory, this course introduces some main concepts in
(measure theoretic) probability theory. As a prerequisite, for measure theoretic contents, we
refer to my manuscript Measure theory for probabilists. In particular, references to Chapters 1—-
5 are references to this manuscript.

The following books have guided me as references for the purpose of this manuscript.

e Durrett, Rick. Probability: Theory and Examples, Cambridge Series in Statistical and
Probabilistic Mathematics, 2019

e Kallenberg, Olaf. Foundations of Modern Probability Theory. Springer, third edition,
2021

e Klenke, Achim. Probability theory. A comprehensive course. Springer, 2014

Throughout the manuscript, we will use a probability space (2, F, P) (recall from Defini-
tion 2.1). The integral with respect to P is denoted by E[-] := P[] (recall from Chapter 3).
Further, we abbreviate £P := LP(P) if this does not lead to confusion (recall these spaces
from Chapter 4.

Our aim in the present course is to provide the most important probabilistic statements
available. Fundamental to this is the concept of the random variable, which we will examine
in Chapter 6 (see also Definition 3.3). We will often consider the case of E-valued random
variables, where E is a Polish space (see Appendix A in the lecture notes on measure theory).
The most influential theorems in probability theory are the strong law of large numbers (LLN,
Theorem 8.21) and the central limit theorem (CLT, Theorem10.8). These two theorems are
limit statements for random variables, and it is important to note that the type of convergence
in both theorems is fundamentally different. While the strong LLN describes an almost sure
convergence (refer to Remark 2.14), the CLT is a statement about convergence in distribution
(i.e. about the weak convergence of the distributions of the random variables; see Chapter 9).
Consequently, one of the tasks will be to understand the relationships between different types
of convergence (see Chapter 7 and 9).

The present english version of this manuscript was written based on the German version
with the help of DeepL.
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6 Random variables

We usually use real-valued random variables X : @ — R (i.e. Borel-measurable functions,
i.e. random variables with values in R, measurable with respect to the Borel o-algebra in R;
recall from Definition 1.7)). We will now recall several concepts from measure theory about
random variables and which we will need directly in the following. We will mainly deal with
connecting the lecture to measure theory on one side, and Basic Probability on the other side.

6.1

Repetition

Recall that we assume throughout that a probability space (2, F,P) is given. In Defini-
tion 3.5, we already gave several notions with a relationship to random variables, which we
recall for completeness.

Remark 6.1 (Random variables and their distribution). Let (', F") be a measurable space.

1.

Every F|F'-measurable function X is called (€ -valued) random variable. If (¥, F') =
(R, B(R)), it is called real-valued. The o-algebra o(X) = {X1(B) : B € F')} is the
o-algebra generated by X (see Definition 3.3).

The probability measure X, P on F' (i.e. the image measure of P under X; see Sec-
tion 2.5) is called distribution of X. Furthermore, if Y is a random wvariable and
X.P=Y,P (ie. P(X € A) =P € A) forall A’ € F'), then X and Y are iden-
tically distributed and we write X Ly, However, this notation should be used with
caution, as the equality X 2 Y cannot be achieved by equivalence transformations to

other statements. (For example X LY does in general not imply X —Y 4 0).

For a family (X;)ier of random variables, their joint distribution is given by ((X;)icr)«P.
(This is the image measure under the mapping (X;)ier : w — (X;(w))ier).

We will use the following notation: If X is a random variable with distribution N (u, 0?).
(This means means that X : Q +— R is a measurable mapping and X, P = BN (11,02)
exzample 2.22.) Then, we write X ~ N(u,c?). Here, read '~ as has distribution.

; see

Let A be another measure on F and f : Q — R with f > 0 almost everywhere and
A f] = 1. Then, X has the density f with respect to p if and only if X, P = f -\ (see
Definition 4.13). Then, for A € F,

P(X € A) = p[f, Al.
In this case, for g : R — R that (see Lemma 4.14),
E[g(X)] = (X.P)[g] = (f - wlg] = ulf9g];
if the right-hand side exists.

Monotonicity and linearity of the integral means for random variables X,Y € L' and
a,beR:

X <Y almost surely = E[X] < E[Y],
E[aX + bY] = aE[X] + bE[Y].
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Furthermore, according to Proposition 3.21,

EX]<o0o=P(X <) =1.

Although we already have a g-algebra F, in further sections, especially in the introduction of
the conditional expectation in Chapter 11, the o-algebra generated by X will play a special
role. Simply put, a real-valued random variable Y is o(X)-measurable if and only if Y = ¢(X)
for a Borel-measurable mapping . In other words, this means that the value of Y (w) is known
if you know X (w), although you do not know what value w has assumed. See also Exercise ?7.

Lemma 6.2 (Measurability with respect to o (X)). Let (¥, F') be a measurable space and
X a random variable with values in Q, and Z : Q — R;The, Z is o(X)-measurable if and
only if there is a F'/B(R)-measurable mapping ¢ : ' — R with po X = Z.

Proof. '<=’: clear

'=—=": It suffices to consider the case Z > 0; otherwise, we write Z = ZT — Z~. First, let Z =
14 for A € o(X). Then there is an A’ € F' with X 1(4") = A, ie. Z=1y-14y=1x0X,
i.e. @ = 1y fulfills the statement. Due to linearity, the statement is also true for simple
functions, i.e. finite linear combinations of indicator functions. In the general case, there are
simple functions Zi, Zs,--- > 0 with Z,, 1 Z. In addition, there are F’'-measurable functions
©n, With Z,, = ¢, 0 X. Then ¢ = sup,, ¢, is again F'-measurable and, since Z > 0, and

poX = (suppy) o X =sup(p,o0X) =supZ, = 2.

O

We now briefly repeat the convergence theorems for integrals in the context of of random
variables.

Proposition 6.3 (Integral convergence theorems). Let X, X1, Xs,... be real-valued random
variables.

1. Lemma of Fatou, Theorem 3.27: If X1, Xo,... > 0, then

liminf E[X,,] > E[liminf X,,].

n—oo n—oo

2. Monotone convergence, Theorem 3.26: If X1, Xs,--- € L' and X,, 1 X almost surely,
then
lim E[X,] = E[X],

n—oo
where both sides can take the value oco.

3. Dominated convergence, Theorem 3.28: Let X, 7% X almost surely, and'Y another

real-valued random variable with |X1|,|Xa|,--+ < Y almost surely, and E[Y] < oo.
Then,
E[X,] == E[X].

We now collect (and re-prove) already known inequalities. They often help to estimate prob-
abilities or expected values. Most of the inequalities are already known from the lecture on
Basic Probability.
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Proposition 6.4 (Markov and Chebyshev inequality). 1. Let X be a random variable with
values in Ry and x € Ry. Then the Markov inequality holds, i.e.,

E[X]

T

P(X >z) <

2. If X 1is a real-valued random wvariable and p,x € Ry, then the Chebyshev inequality

holds, i.e.
E||X|P
P(X| > ) < DA
P

Proof. 1. Since X is non-negative, we find z - 1x>, < X. Thus,
z-P(X >z)=E[z-1x>,;] <E[X],
and the inequality follows. The inequality in 2. follows from 1. by

P(1X| > 2) = P(X] > ##) < DA,

The next statement was already given in Proposition 4.2.

Proposition 6.5 (Minkowski and Hoélder inequalities). Let X, Y be real-valued random vari-
ables.

1. If 0 < p,q,r < o0 such that%+%:l. Then,

E[|XY[")V/" <E[|X|P]V? - E[|Y|Y?  (Hélder inequality) (6.1)
Especially, if p=q =2

E[|XY|] <E[|X2Y2-E[Y|2]Y/2.  (Cauchy-Schwartz inequality) (6.2)

2. For1 <p< o0,

E[|X + Y[P]V? <E[|X]P]Y? +E[|Y|P]'Y?, 1<p<oo  (Minkowski inequality{ |
6.3

Proposition 6.6 (Jensen’s inequality). Let I C R be an open interval and X € L' with
values in I and ¢ : I — R convex.'?> Then,

E[p(X)] = ¢(E[X]).
Proof. Since ¢ is convex, ¢ is continuous and

, eltz+ (1= ty) — o(y)
t(z —y)

12 A mapping ¢ : I — R is convex if @(tz + (1 — t)y) < to(z) + (1 —t)p(y) for all 0 <t < 1 and z,y € 1.
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is monotonically decreasing for y < x. In particular, for y € I there exists

i P8 ) el (- 1)y) — o(y)
Aly) s= lim === = I ) (6.4)

and

T —y = oY) +AW)(z —y) < p(z) (6.5)

for all z € I. (For y > x one argues analogously as above).
Note, since [ is an interval, we have E[X] € I. According to (6.5), for z € I with y = E[X]

e(x) = p(E[X]) + ME[X])(z — E[X])
and thus

Elp(X)] > ¢(E[X]) + A(BIX))E[X - E[X]] = o(B[X]). m

Jensen’s inequality can be used to show, for example, that £? C LP for p < q. Alternatively,
you can read this property from Proposition 4.3.

Lemma 6.7 (£? and LP). Let ¢ > 0 and X € L7 be a reel-valued random variable. Then, for
P=q
E[|X|"] < E[X|]"/.

In particular, L1 C LP.

Proof. The mapping y — y?/? is concave on R, so with Jensen’s inequality,

E[|X["] = E[(|X|*)/9] < B[ X|7"/". O

6.2 Moments

From the lecture Basic Probability, we know terms such as expected value, variance and
covariance. When we repeat them now, you will see that all calculation rules that you learned
also apply in the measure theoretic sense. The only difference in the formulation is that E[:]
is the integral with respect to a probability measure.

Definition 6.8 (Moments). Let X,Y be real-valued random variables. Then, if it exists,
E[X] is the expected value of X. Furthermore, if it exists, the variance of X is given by

V[X] := E[(X — E[X])}].
If it exists, the covariance of X and Y is given by
COV[X,Y] = E[(X — EX])(Y — E[Y])].

If COVI[X,Y] =0, we say that X and Y are uncorrelated. Furthermore, E[XP] for p > 0 is
the p-th moment of X and E[(X — E[X])P] is the centered p-th moment of X .

We recall a few properties here.
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Proposition 6.9 (Properties of the second moments). Let X,Y € £2? be real-valued random
variables. Then, V[X],V[Y],|COV[X,Y]| < co and

V[X] = E[X?] - (E[X])*,
COV[X,Y] = E[XY] - E[X] - E[Y].

The Cauchy-Schwartz inequality holds, i.e.
COV[X,Y]? < V[X]-VY].

If X1,...,X, € L?, the identity of Bienamyé holds, i.e.

V[Zxk} =Y Vix]+2 Y Ccovix, X))
k=1 k=1 1<k<I<n

Proof. For the first statement, since V[X| = COV[X, X]| by definition, it is sufficient to show
the second equation. This equation follows from the linearity of the expected value by means
of

COV[X,Y] = E[(X — E[X])(Y — E[Y])]
= E[XY] — E[E[X]Y] — E[XE[Y]] + E[X]E[Y]
= E[XY] - E[X|E[Y].

The Cauchy-Schwartz inequality follows by applying Proposition 6.5 using the random vari-
ables X —E[X] and Y —E[Y]. In particular, [COV[X,Y]| < co. For the equation of Bienamyé
let wlog E[X;] =0, k=1,...,n (otherwise w use the random variables X — E[X}]). Then,

V[ixk} - E[(ixkﬂ = Zn:zn:E[XkX,] - En:E[X,i} +2 Y E[XX]
k=1 k=1 k=1 1=1 k=1 1<k<I<n

=Y V[Xi+2 )  COV[X.X].
k=1 1<k<i<n

O]

Proposition 6.10 (Moments of non-negative random variables). Let X be a random variable
with values in Ry . Then,

0 0

Proof. Note that both, E[.] and [ -dt are integrals. We use Fubini’s theorem in order to be
able to change the order of integration,

X 0o 0o
E[X7?] :pE[/ tp_ldt} :p/ E[lx>ttp_1}dt :p/ P(X > t)tP~1dt.
0 0 0
The proof of the second equation is analogous. ]
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6.3 Characteristic functions and Laplace transforms

We now introduce expected values of certain functions of random variables. This results in the
characteristic function (of the distribution of real-valued random variables) and the Laplace
transform (of the distribution of of non-negative random variables). (Both are covered in some
courses on Basic Probability Theory, but not in all.) These functions are useful since they
allow the calculation of moments (see Proposition 6.14). In addition, later in Proposition 9.25,
we will show that these functions uniquely determine the underlying measure.

Definition 6.11 (Characteristic function and Laplace transform).

1. The characteristic function of an R%-valued random variable X is given by

R? — C,

Vx =Yx,p = {t = E[e"X] := Elcos(tX)] + iE[sin(tX)],

where tx := (t,x) is the scalar product in R

2. The Laplace transform of X is given by

R? SR,

Lx =% =
rm P {t — Ele Y],

provided the integral on the right-hand side exists. (The Laplace transform is used
frequently for probability measures on Ri. )

Proposition 6.12 (Properties of characteristic functions). Let X, Y be random variables with
values in R and characteristic functions ¥x, vy . Then,

1. |wx ()] <1 for each t € R? and ¢x(0) = 1.
2. ¥x is uniformly continuous.
3. Yaxiu(t) = Yx(at)e® for alla € R,b € R

Proof. 1. is clear. For uniform continuity, we have the bound

leth® — 1| = /| cos(hx) + isin(hz) — 1|2 = \/(cos(hz) — 1)2 + sin(hx)2
=/2(1 — cos(hz)) = 2|sin(hz/2)| < |hz| A 2.
From this, 2. follows because of
sup [¢x (t + h) — ¢x(t)] = sup [BleHIY — "X = sup [E[e"X (¢ — 1)

teRd teRd tcRd

< E[e"X — 1)) < E[hX| A 2] 2% 0.

For 3. we calculate using linearity

E[eit(aX—i-b)] _ eith[ei(at)X] _ eitwa(at)' ]

63



Example 6.13 (Examples of characteristic functions functions). 1. The characteristic
function of X ~ B(n,p) is given by

wB(n,p) (t) = (1 —p+ peit)n‘
Indeed: By definition,

n

E[eitX] — Z <Z>pk(1 _p)n—keitk — (1 _p_’_peit)n'

k=0
2. The characteristic function of X ~ Poi(7) is given by
YPoi(y) = .

Indeed: We calculate

n ,itn

by =7 ST e

3. The characteristic function of X ~ N(u,0?) is given by

YN (o2 (t) = e T 02,

Indeed: We use that X ~ oZ + u for Z ~ N(0,1). According to Proposition 6.12.2,
it is sufficient to compute this assertion for = 0,02 = 1. For this case, using partial
integration,

d —x -, itz
dtw o,)(t r/:z:e @?/2gite g0 — —T e~ 2jteitTdy = —tYn(o,1)(F)-

This differential equation with ¥y 0,1)(0) = 1 has the unique solution 1 ,1)(t) = e—t2/2

4. The Laplace transform of X ~ exp(y) is given by

_ 7
D%XP(V)U:) - ,-Y_'_t

Indeed: A straight-forward calculation reveals

(o @]
E[eftX] = / ve ey = .
0 v+t

Characteristic functions and Laplace transforms are a simple tool to calculate the moments
of random variables.

Proposition 6.14 (Characteristic function and moments). Let X be a real-valued random
variable.

1. If X € LP, then ¥x s p-times continuously differentiable and for k =0, ...

’p!

Y (1) = E[(iX)keiX].

In particular, w%)(O) = i"E[X"].
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2. In particular, if X € L2, then

Vx(t) =1 +#E[X] — t;E[XQ] + £(t)t?

as (t) =0 0.
Proof. 1. With |X|P also |X|P V 1 is integrable. Thus, since |X|* < |X[P v 1, all |X|* can
be dominated by an integrable random variable and the right-hand side exists. Since the
statement is obviously true for k = 0, we assume assume that it is valid for £ < n. Then

(iX)kei(H'h)X _ (Z-X)keitX

. S‘XkJrl‘

ihX
B

Due to dominated convergence, the derivative and integral can be interchanged and it follows
d , .
g?'*‘l) (t)=E [%(iX)keti} _ E[(iX)k+1€ZtX].

The continuity of the derivative also follows with dominated convergence.
2. For the estimation, we need the Taylor expansion of ¥x with remainder term. We have

) t2X2
X — 1 +itX —

(cos(01tX) + isin(f2t X))

with random numbers 61, 62, so that |0;|, |#2| < 1. Therefore we get

2

t
Vx(t) =1 +itE[X] — EE[XQ] + (t)t?
with 2¢(t) = E[X?(1 — cos(01tX) + isin(62t X))] 2% 0 from dominated convergence. O

Example 6.15 (Moments of the exponential and normal distribution). 1. Let X ~ exp(7).
We know that L) (t) = v/(y+t) from Ezample 6.13.4. From this and the last Propo-

sition,
d'I’L

B[X"] = (~1)" 2 Ble¥]|,_, = (-1)

pdr nly nf‘

dtn v+t =0 - (y )t =0 A7’

2. For X ~ N(p,0?), we already know VN (p,02)(t) = eth=o"/2 " For small t we develop

this with
UN(po2)(t) = 1 +itp — ot /2 — 217 /2 + e(t)t?
with e(t) 1290, From this one reads by means of Proposition 6.14.2 that
EX]=pu,  V[X]=E[X? -p?=0%
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7 Almost sure, stochastic and £P-convergence

It is already known from lectures on Analysis that there are different types of convergence,
such as uniform and pointwise convergence. We will now discuss the most important types
of convergence with respect to random variables. (For definitions, see below.)

In our course on measure theory, we have already seen almost sure convergence. In
addition, we will discuss convergence in probability and the £P-convergence (see also Section
4). In Section 9, we will learn about convergence in distribution (which is the same as the weak
convergence of the distributions of random variables). The following diagram summarizes all
types of convergence:

+uniform

integrability
almost sure convergence LP_

Prop. 7.6 . o
convergence rop in probability Theorem 7.11 convergence
along a subsequence £y
Prop. 9.5 !
constant

Weak convergence
(conv. in distribution)

7.1 Definition and examples
Let’s start with some definitions.

Definition 7.1 (Almost sure convergence and convergence in probability). Let X, X1, Xo,. ..
be random variables with values in a metric space (E,r).

1. If
P(lim r(X,,X)=0) =1,
n—oo
we say that the sequence X1, Xo, ... converges almost surely to X and write X, B0, s
X.

2. 1If, for alle > 0,
lim P(r(X,,X) >¢) =0,

n—oo
we say that the sequence X1, Xa,... converges to X in probability (or stochastically)
and write X, ’H—C’%p X.

3. If the random variables are real-valued and for some p > 0

lim E[|X, — X|"] =0,

n—oo

we say that the sequence Xy, Xo,... converges in LP (or in the p-th mean) to X and
also write X, TH—OOmp X.
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Remark 7.2 (Properties of LP convergence). From section 4 we already know a lot about
the LP-convergence. For example, if X, X1, Xs,... is such that X, 2% e X and p < q,
then X, TH—OOmp X according to Proposition 4.7. In addition, the spaces LP are complete

according to Proposition 4.8. So, if for all e > 0, there is an N € N such that for allm,n >n

E[| X, — XnlP] <,
then there is a random variable X € LP with X, s X.
Example 7.3 (Counterexamples). If we look at the diagram at the beginning of the chapter,
we can see that convergence in probability follows from almost sure convergence, but not vice
versa. Furthermore, convergence in probability follows from L' convergence, but not even
almost sure convergence implies L' convergence. We first give two examples for these two
cases.

1. Convergence in probability does not imply almost sure convergence: Let U be a [0,1]
uniformly distributed random variable. Further we set

Al = [Oa %]7 A2 - [%a 1}7
A3:[O’ %]7 A4:[i’%]v A5:[%’%L Aﬁ—[i,l],

and X, := 1yea,. Then it is clear for 0 <e <1

lim P(|X,| >¢) = ILm PWU € A,) =0,

n—oo

r.e. X, H—°°>p 0, but for each n € N there is an m > n with X,, = 1. Therefore,
X1, Xa,... does not converge almost surely to 0.

2. Almost sure convergence does not imply L' convergence: Let U again be a uniformly

distributed random variable on [0,1] random variable. Further, By, = [0,1] and Y, =

n-lyep,. ThenYy, n_)—oo>fs Y =00 1y—g, so Y =0 is almost sure. On the other hand

EY,|]=n-PU€c A, =1
so Y1,Yo, ... does not converge to 0 in L.

Lemma 7.4 (Limit in probability is (almost surely) unique). Let X,Y, X1, Xo,... be random
variables with values in a metric space space (E,r) and X, H—°°>p X, as well as X, ’H—°O>p Y.

Then X =Y almost surely.
Proof. For all € > 0,

P(r(X,Y) > 2) < P(r(X,,X) > ¢ or r(X,,Y) > ¢)

<P (Xn, X) >e)+P(r(X,,Y) >¢e) =2 0.
Therefore,
P(X#Y)zP(U{(XY >1/k}) S P(r(X.Y) > 1/k) =0,
k=1 k=1
and the statement follows. O
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7.2 Almost sure convergence and convergence in probability
We now show a result that relates almost sure convergence and convergence in probability.

Lemma 7.5 (Characterization of convergence in probability). Let X, X1, Xo,... be random
variables with values in a metric space (E,r). Then,

n—o0

X, 2% X — E[r(X,, X) A 1] 2225 0. (7.1)

n—oo

Proof. 1If X,, ——, X, then for all ¢ > 0,

lim E[r(X,, X)A1] = li_}rn Er(X,, X)AN1,r(Xn, X) <e|+ E[r(X,, X)A1,r(X,,X) > €]

n—oo

< lim (e +P(r(Xn,X) >¢)) =-¢,

n—oo

which shows the right-hand side since € > 0 was arbitrary. However, if the right-hand side
applies, the Chebyshev inequality for 0 < € < 1 implies that

E[r(Xpn, X) A1) nseo
€

P(r(X,, X)>¢) < 0. O

Proposition 7.6 (Convergence in probability and almost sure convergence). Let X, X1, Xo, ...
be random variables with values in a metric space (E,r). Then, the following are equivalent:

n—o0

1. X, 2% X

. . 0—
2. For each sequence (ny)i=12,. there is a subsequence (ny,)¢=12,.. with Xnk,[ = X

In particular,
Xp 2% X — X, 5, X
Proof. 1. — 2.: Because of (7.1), for each sequence (ny)g=12,.., there is a subsequence

(1, )e=1,2,... such that (using monotone convergence in the first equality)

o0 o0
[Z F(Xny,, X) /\1} S E[r (X, X) A1) < co.
/=1 (=1

This means that

o0

1= P(Z(r(Xnke,X) A1) < oo) < P(limsupr(X,,,, X) =0) <1,

-1 {—o0
i.e. Xnk é_)—oo>fs X.
2. — 1.0 Let’s assume that 1. is not valid. (We must show that 2. cannot hold.) Because
of (7.1), there is € > 0 and a subsequence (nj)k=12,.., so that lim,_,o E[r(X,,, X) A 1] > e.

Assuming that there is a subsequence (n,)r=1.2,... such that Xy, H—Oonw X. Then also

lim E[r(X,, ,X)A1l]=E[ lim r(X,, ,X)A1l] =0
{—o00 ‘ —00 ‘

due to dominated convergence, i.e. a contradiction. So we have found a sequence (ny)g=12, .

for which there is no further subsequence (ng,)e=12... with Xnkz H—Oonw X, and we have

shown that 2. does not hold. O
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7.3 Convergence in probability and L£P-convergence

In Example 7.3 we had already seen that almost sure convergence (as well as convergence
in probability) does not imply £!-convergence. This is not surprising, since the theorem of
dominated convergence states that a sequence X1, Xo, ..., which converges almost surely to
X and has an integrable dominating random variable converges in £' to X. If the almost
sure convergence implies the £! convergence, one would not need to make the requirement
of an integrable dominating random variable. In the following, we want to find conditions
of the integrable dominating random variable in order to suffice for £! convergence. See
theorem 7.11 and Corollary 7.12. The concept of uniform integrability is central to this, see
Definition 7.7.

Definition 7.7 (Uniform integrability). A family (X;)icr is called uniformly integrable if
inf sup E[| X;|; | X;| > K] = 0.
K el

Example 7.8 (Uniform integrability). 1. Let Y € L' and (X;)ie; with sup; | X;| < |Y].

Then (X;)icr is uniformly integrable since

sup B[ Xi|; |X;| > K] < B[Y];|Y]| > K] £2%% 0
el

by dominated convergence. In particular, every Y € L' is uniformly integrable.

2. Bvery finite family (X;)i=1,.. n with X1,..., X, € L' is uniformly integrable, because
SUD<j<p, | Xi| € L and therefore, 1. applies with Y = sup;<;<,, | X|.

3. Let us consider the example 7.3.2 Here, forn > K
EHYn’; ‘Yn| > K] = E[Yn] =1.
In particular, (Y )n=1,2,.. is not uniformly integrable.

4. Letp > 1. Then (X;)ier with X; € LP,i € I is uniformly integrable if sup;cy || Xil|p < oo.
This is because KP~'|X;|1 x>k < |Xi[P, therefore

BX7] Koo
Kr—1

sup E[| X;[; | Xi| > K] < sup 0.
iel iel

Lemma 7.9 (Characterization of uniform integrability). Let (X;)ier be a family of random
variables. Then, the following are equivalent:

1. (X5)ier is uniformly integrable.
2. It holds

supE[|X;|] <oo and lim sup supE[X;];A] =0.
el =20 A:P(A)<e i€l

3. It holds

lim sup E[(|X;] — K)*] =0.
K—o0 41
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4. There exists a function f: Ry — Ry such that f(xx) 7% 50 and

sup;e; E[f (| Xi])] < o0

If one of the four statements is true, the function f in 4. can be chosen to be monotonically
increasing and conver.

Proof. ’1. — 2.: Let § > 0 be given and K = Kj; such that sup,c; E[|X;; | X;| > K] < 6.
Then, for A € F,

B[ Xi|; A = B[ Xi; AN {|Xi] > K}] + B Xil: AN {|Xi| < K} <6+ K - P(A).

In particular,
sup E[|X;|] =supE[|X;; Q] <d+ K < o0
il i€l

and
sup supE[|X;|; A] <0+ Ke =05,
AP(A)<e i€l

Since 6 > 0 was arbitrary,

lim sup supE[X;[;A]=0.

€20 A P(A)<e i€l
'2. = 3.%: First, we note that (|X;| — K)* < [X;|1x,>x. Let ¢ > 0. Choose K = K. large
enough so that — using the Markov inequality —

E|| X;
supP(|X;| > K) < supM <e
iel ier K
This means that 3. follows from
lim sup E[(|X;] — K)"] = hm sup E[(|X;| — K.)T] < hm supEHX\ | X5| > K]
K—0o0 jer =0 4er1

<lim sup supE[|X;];A]=0.
=0 4. p(A)<e i€l

’3. = 4.: There is a sequence K1, Ko, ... with K,, T oo and sup,c; E[(| X;| — K,,)T] < 27"
We set

o0

f(x) = Z(w — K",

n=1

Then f is monotonically increasing and convex as a sum of convex functions. Furthermore,
for x > 2K,,
n
23 (1-5) 23
2’
thus < (xx) 272 50. Because of monotone convergence,

(e}

P = L BIIX - Ko < 3027 =
n=1

4. = 1.7: Set ag :=inf > @, so that ax K_>—Oo> oo. Thus,

1 1 -
sup E[|.X;[; | X;] > K] < —supE[ (1X:); |1 X:| > K] < — sup E[f(|X,])] 22 0. O
’LEI aK aK ZEI
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Example 7.10 (Differences and uniform integrability). For X € L, (X;);es is uniformly
integrable iff (X; — X)ier is uniformly integrable.

To see this, let (X;)icr be uniformly integrable. According to Example 7.8.2, X is uniformly
integrable. Furthermore,

sup E[|X; — X|] < E[|X]] + sup E[| X;|] < o0
icl iel

and

e—0

sup supE[|X; — X[;A] < sup suwpE[X;[;A]+ sup E[X[;A] — 0,
AP(A)<e i€l A:P(A)<e i€l AP(A)<e

i.e. according to Lemma 7.9, (X; — X);er is uniformly integrable. The inverse follows analo-
gously.

Theorem 7.11 (Convergence in probability and convergence in the p-th mean). Let X1, X, ...
be a sequence in LP with 1 < p < co. The following statements are equivalent:

1. There is a measurable function X € LP with X, 270 o X

2. The family (| X;|P)i=12,.. is uniformly integrable and there is a measurable function X
n—oo

with X, ——, X.
If 1. or 2. applies, then the limits coincide almost surely.
Proof. 1.— 2.: First, due to Chebyshev’s inequality for every £ > 0

[1Xn = XP] _ [[Xn = X|lp nooo
ep o ep

E
P(LYH__)(‘>Zﬁ < 07

i.e. convergence in probability applies. For the proof of uniform integrability, we use Lemma 7.9.
Let e > 0 and N = NN, such that || X,,—X||, < ¢ forn > N. Then for A € F, with Minkowski’s
inequality,

sup(E[| X, |P; AP = sup || X, 14]l,
neN neN

< sup [1XuLally + 5up (X0 — X)Tally + 1 X 1all,
n<N n>N

< SER(E[IXn!p; A]) + e + (E[[X]7; A]).

Using A = Q, we find sup,,cn(E[|X,|P]) < co. Moreover, since N is finite, we find

lim sup supE[|X,|";A] <eP.
6=0 A:P(A)<s neN

Because € > 0 was arbitrary, the assertion follows.

2.— 1.: Since X, H—%p X, according to proposition 7.6 there is a subsequence ni,no,...

with X, k2o X almost surely. With Fatou’s Lemma,

E[|X?] = Elliminf | X, |P] <supE[|X,[’] < co
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because of Lemma 7.9. In particular, X € £P. Just like in Example 7.10, {|X,, — X|P : n € N}
is uniformly integrable. For every § > 0, due to convergence in probability,

n—oo

P(|X, - X|>d) —— 0.
From lemma 7.9 now follows with dominated convergence

lim E[|X, — X"] = lim E[X, — X[?;|X, — X| > 6] + B[| X, — X|";|X,, — X| < 6] < "
n—oo n—oo

Since d > 0 was arbitrary, X, 2220 op X follows. O

Corollary 7.12 (£P-convergence and uniform integrability). Let1 < p < oo and X1, Xa,--- €
LP and X be measurable with X, ’H—°°>p X. Then, the following are equivalent:

n—o0

1. X, —pm X,

n—oo

2. || Xnllp —— 11 X1[p,
3. The family (| Xn|P)n=12,.. is uniformly integrable.

Proof. The equivalence 1. < 3. is clear from Theorem 7.11.
1. = 2.: follows from Minkowski’s inequality with

n—o0

1 Xnllp = 11X lp] < [1Xn — X[l = 0.
2. — 3.: For fixed K, we write
E[|X,[P; | Xp| > K] < B[ X, [P — (| Xa| A (K = X)) 7)) 25 B[ XP = (IX|A (K = |[X])T)7).

Convergence follows from E[| X,,|P] “=>% BE[|X|?], and (| X, |A(K—X,[)1)? 2222 01 | XA (K —
X)T)P, since the convergence according to Proposition 7.6 is in probability, and ((| X, | A (K —
| Xn)T)P)n=12... is bounded, in particular uniformly integrable. Since E[|X|P — (|X| A (K —

| X])T)P] K2, 0 after dominated convergence, (|Xp|P)p=12,.. is uniformly integrable. O

goee

8 Independence and the strong law

With our knowledge on probability measures and o-algebras we now shed light on the con-
cept of independence. In particular, in this chapter we will prove the strong law of large
numbers, see Theorem 8.21. On the way, we prove the Borel-Cantelli lemma (Theorem 8.8)
and Kolmogorov’s 0-1 law (Theorem 8.15).

8.1 Definition and simple properties

Already in the lecture Basic Probability, independent random variables were considered. The
intuitive idea of independence is often correct, but should sometimes be treated with caution.

Definition 8.1 (Independence). 1. A family of sets (A;)ier with A; € F is called inde-

pendent if
P(ﬂAj> =[Py (8.1)

jeJ jeJ

for all J Cy .13

3Recall that we write J Cy T iff J C T and J is finite.
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2. A family (C;)icr of set systems C; C F is called independent if (8.1) holds for all J Cy I
andAj €Cj,jeJ.

3. A family of random variables (X;)ier is called independent if (0(X;))icr is independent.

We first deal with the question if there are probability spaces with an arbitrary number of
independent random variables. Here we benefit from our knowledge of product measures.

Proposition 8.2 (Independence and product measures). A family (X;)icr of random vari-
ables is independent iff for each J Cy I

(Xi)ics)«P = Q)(X,).P,
e
i.e. the joint distribution of each finite subfamily is the product distribution of the individual
distributions.
Proof. By definition, the family (X;);cr is independent if and only if for each J Cy I and
A, e Fiield,
P(X; € Aii€ J) = [[P(Xi € A).

ieJ
The assertion now follows from the fact that P(X; € A;) = (X;)«P(A4;) (see Definition 2.23)
and P(X; € Ay i € J) = ((Xi)ies)«P (X, s Ai) (see Corollary 5.14). O

Corollary 8.3 (Existence of uncountably many independent random variables). Let E be a
Polish space and I an arbitrary index set. Let (Q;, F;, P;) be probability spaces and X; an
E-valued random variable, i € I. Then there is a probability space (2, F,P) and a family

(Y)ier E-valued, independent random variable with Y; 4 X;.

Proof. 1t should be noted that (((Xi)ies)+ &;c; Pi)sc,r is a projective family of probability
measures on (E,B(F)). Using Theorem 5.24 we find the projective limit P;. This is a
probability measure on (E!, (B(E))!). Furthermore, with 7; : EY — E, the i-th projection,
. d

(71'1‘)*1)] = (Xz)*Pu l.e. m; = Xz ]
Lemma 8.4 (Functions of independent random variables). Let (2, F)),(Q/,F!), i € I,
measurable spaces. Let (X;)ier be a family of independent random variables, X; : Q@ — €,
and p; : Q. — Q- measurable, i € I. Then the family (pi(X;))icr is independent.

Proof. According to Lemma 6.2, the random variable ¢;(X;) is measurable according to o(X;),

i€l,ie o(pi(Xi)) Co(X;). Since (0(X;))ier is an independent family by assumption, the
assertion follows from the definition of independence. O

Proposition 8.5 (Independent and Uncorrelated). Let X,Y € L' be independent, real-valued
random variables. Then XY € L' and

E[XY] = E[X] - E[Y].
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Proof. The assertion is clear if X and Y are indicator functions. Then, note that if the
assertion applies to the pairs (X;,Yj), 4,5 = 1,...,n, then it also for >i' | X; and 377, Vj:
Indeed, due to the linearity of the expected value,

E[ixiyj} :iiE[Xin] - iiE[Xi}E[Yj] :E[ix} E[iyj}

So, since the assertion applies to indicator functions, it is also valid for simple functions, and
thus with monotonic convergence also for non-negative measurable functions. The general
case follows with the decomposition X = XT - X~ and Y =Y - Y. O

Example 8.6 (Uncorrelated, non-independent random variables). Let U be a random variable
uniformly distributed on [0,1], X = cos(2nU) and Y = sin(2xU). Then E[X]| = E[Y] =0
and

1 1
E[XY] = / cos(2mu) sin(27ru)du = %/ sin(4ru)du = 0
0 0
and thus X,Y are are uncorrelated. However, {|X| < &,|Y| < e} = 0 for e > 0 is small

enough and thus P(X " 1(—¢,¢), Y (—¢,¢)) = 0 < P(X " !(—¢,¢)) - P(Y " Y(~¢,¢)). This
means that X and Y are not independent.

If there is a probability space and (countably) many events, you can ask yourself how many
of these events will likely occur. The Borel-Cantelli lemma gives a sharp criterion for the
occurrence of only finitely many events.

Definition 8.7 (Limsup of sets). For Ay, Ay,--- € F,

limsup A4,, := ﬂ U A,

n—oo n>1m>n
is the event infinitely many of the A,, occur.

Theorem 8.8 (Borel-Cantelli lemma). 1. Let Aj, A, ... € F. Then,

n—oo

Z P(A,) < co = P(limsup 4,) = 0.
n=1

2. If A1, Ao, ... are independent,
ZP(An) =00 = P(limsup 4,,) = 1.
ne1 n—00

Proof. We start with 1. Because of the continuity of P from above (see Proposition 2.8),

o
P(limsup A4,) = lim P( U Am> < lim P(A,) =0
N—00 n—00 n—00
m>n m=n
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by assumption. For 2. we use that log(1 —xz) < —x for z € [0,1]. From this and the continuity
of P from below and the independence of (A, )n=12....,

P((limsup A,)° ( U ﬂ AC)

n—o0
n=1m>n

= s P( ) 4)

= i T] (1= P(an)

= nh_)rglo exp ( i log(1 — P(Am)))

< nh_)rglo exp ( — i P(Am))

=0,

and the assertion follows. O

Example 8.9 (Infinite coin toss and geometric distributions).

1. We consider an infinite coin toss. This means that we have a probability space (Q, F,P)

and independent random variables X1, Xo, ... with values in {heads, tails}. The coin
toss is fair, i.e. P(X,, = head) = 1/2. We consider the events A, = {X,, = head}.
Since

o0 (e 9]

2 PA)=) 5=

n=1 n=1

and the family (An)nen is independent, it follows from the Borel-Cantelli lemma that
almost surely infinitely often head occurs.

2. We consider the same situation as in 1, but the events B, = {X1 = Kopf}. It is
clear that the family (Bp)nen is not independent. (For example P(B1NB2) =P (By) =
1/2 # 1 = P(By) - P(Bs).) Just like in 1. > 0%, P(B,) = oo. It is also clear that
P(limsup,_,. B,) = 3. It follows from this, that in the Borel-Cantelli lemma the
condition of independence in 2. does not apply.

3. Let X1, Xo,... be geometrically distributed with the success parameter p. We consider
the events A, := {X,, > n} and ask ourselves whether an infinite number of these events
can occur. Since

ip( ZPX > n) 2(1—p)"*1:%<oo.
n=1

n=1

Therefore, almost surely only a finite number of the events {X,, > n} occur.
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8.2 Kolmogorov’s 0-1 law

The Borel-Cantelli lemma is already a statement about when an event that depends on an
infinite number of events is occur almost surely. We will now examine this situation further.

Proposition 8.10 (Independence of generated o-algebras). Let (C;)ier be a family of inde-
pendent, N-stable set systems. Then, (o(C;))icr is also an independent family.

Proof. Let J = {i1,...,in} Cf I and (wlog) n > 1. Then, (8.1) holds for any A;,,..., A4,
with 4;, € C;.,k=1,...,n. We keep A;,,...,A;, fixed and define

D :={A;, € F:(8.1) holds}.

We will now show that D is a Dynkin system. Namely, if A C B € D, then B\ A € D,
because

P((B\A) HIQQA@ = P(BmkozAik) —P(AQQQAik)
= (P(B) - P(4))- [[ P(4,)
k=2
—P(B\ A)- ﬁP(Aik).

k=2

Furthermore, if Ay, Ao, -- € D with A1 C Ay C A,..., then due to the continuity of P from
below,

n

(G -sr(ae

k=2 jeN k=2

=supP(4;) - [[ P(4:,)
k=2

JEN
—p( U 4;) - [P,
j=1 k=2

Since C;, is N-stable and C;; € D, o(C;;) C D according to theorem 1.13. In particular,
(8.1) applies for A;, € o(Ci,),Ai, € Ciy,...,Ai, € Ci,. lterating the above procedure for
k=2,...,n, you get the statement. O

Corollary 8.11 (Independence of indicator functions). A family of sets (A;)icr is independent
if and only if the family of random variables (14,)icr is independent. In particular,

P< N Bj> - [I»3)
JjeJ JjeJ
for J Qf 1, Bj S {Aj,A?},j e J.
Proof. For i € I let C; = {A;}. Then o(1a,) = {0, 4;, AS,Q} = o(C;). Since C; is trivially

cut-stable, the statement follows from Proposition 8.10. O
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Corollary 8.12 (Grouping). Let (F;)ier be a family of independent o-algebras. Further, let
T be a partition of I, i.e. T = {Ix,k € K} with \{,cp I = I, so the I}, are disjoint and their
union is I. Then, (o(F; : i € It))ker 18 also an independent system.

Proof. The set system Cy := {ﬂz’eJk A;  Ji Sy Iy, A; € Fi} is Nestable and o(Cy) = o(F;
i € I), k € K. Since, according to the assumption, the family (Cy)rex is independent, the
assertion follows from Proposition 8.10. O

We now come to the main statement of this section, Kolmogorov’s 0-1 law. For this we
introduce a certain o-algebra, the terminal o-algebra.

Definition 8.13 (Terminal and trivial o-algebras). 1. Let Fi, Fa,... C F be a sequence of
o-algebras. Then

TFF) = (Vo U Fn)

n>1 m>n

the o-algebra of terminal events of Fi, Fo, ...
2. A o-algebra F C F is called P-trivial if P(A) €{0,1} for all A € F.

Lemma 8.14 (Trivial o-algebras). 1. A o-algebra F is P-trivial if and only z'f]? is inde-
pendent of itself.

2. Let F be a P-trivial o-algebra and X a F-measurable random variable with values in a
separable metric space E. Then X is constant, almost surely.

Proof. 1. Let F be P-trivial and A, B € F. Then P(AN B) = P(A) AP(B) = P(A) - P(B),
therefore F is independent of itself. If on the other hand, F is independent of itself and
A€ F,then P(4) = P(AN A) = (P(A))?, i.e. P(4) € {0,1}.

2. For n € N, let (By,;)j=1,2,... be a countable covering of E with balls of radius 1/n. Since Fis
a P-trivial o-algebra then P(X € B,;) € {0, 1} applies to all n, j. Forn € Nlet J,, := {j € N:

P(X € B,;) =1} # 0. Thus, due to the continuity from above, P(X € MoziNje, an) =

1. Since Mo N e, Bnj has at most one element, the assertion follows. O

Under independence, the o-algebra of terminal events is particularly simple.

Theorem 8.15 (Kolmogorov’s 0-1 law). Let Fi,Fa,--- C F be a sequence of independent
o-algebras. Then T := T (F1, Fa,...) P-trivial.

Proof. Let T, := U(Um>n ]-"m), n=1,2,.... According to Corollary 8.12, (F1,...,Fn,Tn)

are independent, n = 1,2,... This means that (Fi,...,F,,7T) are also independent, n =
1,2,... and thus also (T, Fi, Fa,...). Again with Corollary 8.12, it follows that (7o, 7) are
independent and, since 7 C Ty it also follows that 7 is independent of itself. Therefore, the
assertion follows from Lemma 8.14. O
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8.3 Sums of independent random variables

Many important theorems in probability theory deal with independent random variables. In
this lecture, these are in particular the Strong Law of Large Numbers (Theorem 8.21) and
the Central Limit Theorem (Theorem 10.8). We present here important tools for analyzing
sums of independent random variables. The first is the connection with the convolution of
probability measures (see section 5.4).

Proposition 8.16 (Convolution is distribution of the independent sum). Let Xi,..., X, be
independent, real-valued random wvariables. Then,

X144+ X,)P=(X1)Px--x(X,).P.
Further, for the characteristic functions

VXt X = Vxy VX,
and, if X1,..., Xy, assume values in R,
$X1+...+Xn = gXl ot an

Proof. First of all, according to Proposition 8.2 ((X1,...,X,)):P = (X1).P® - @ (X,).P.
Thus, the first assertion already follows from Definition 5.17 of the convolution of measures.
The further assertions follow from Proposition 8.5, since for example

Vs, (£) = B[O X0 BN it ]

= E[e"] - E[e"] = yx, (8) - ¥x,, (1). O

Kolmogorov’s 0-1 law provides a very simple statement as to when sums of independent
random variables are almost sure to converge.

Proposition 8.17 (Convergence of sums of independent random variables). Let X, Xs,...
be independent random variables and S, == X1 + -+ + X,,.

1. Then,
P(w: Sp(w) converges for n — oo) € {0,1}

2. Further,
P(w: Sy(w)/n converges for n — oo) € {0,1}.
If P(S,/n converges) =1, the limit value is almost surely constant.
Proof. Set F; := o(X;), i« = 1,2,... This means that the family (F;)i=12,.. is indepen-
dent. The set {w : Sy, (w) converges for n — oo} is measurable with respect to 7 (Fi, Fa,...)

and thus the first statement from Theorem 8.15 follows. In the same way it follows that
P(S,/n converges) € {0,1}. Let S = limy, o0 Sp(n)/n. Thus, for all m =1,2,...,

. X+ 4+ X, L Xyt X,
S=lm —— = lim ————

n—oo n n—o0 n

so S is measurable wrt 0<Uk2m fk>. This means that S is also 7T-measurable and therefore

almost surely constant according to Theorem 8.15 and Lemma 8.14. O
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Proposition 8.18 (Maximum inequality of Kolmogorov). Let X1, Xa,--- € L2 be indepen-
dent random variables. Then, for K > 0,

2 et V(Xn)
P (s 3= % v > K) < 2R
Proof. Wlog, let E[X;] =0,k =1,2,.... We further set S, = X +---+ X,, and T := inf{n :

|Sp| > K}. Then, P(sup,, |S,| > K) = P(T < o). Because of Corollary 8.12, Sy, - 1p—, and
S, — S are independent for £k < n. Therefore

S E(XE] - EIS3 > YBSLT -
k=1 k=1

=Y E[S} + (Sn — Sk + 25¢)(Sn — Sk), T = k]
k=1

> B[S}, T = k] + 2E[Sp(Sn — Si), T = K]

k=1
n

=> E[S{.T =k > K*P(T < n)
k=1

Now follows the assertion with n — oo. O

Theorem 8.19 (Convergence criterion for series). Let X1, Xo,--- € L2 be independent ran-
dom variables with Y- | V[X,] < co. Then, > p_; X — E[X}] converges almost surely.

Proof. Again, let E[X;] = 0,k = 1,2,... and we write S,, = X; + --- + X,,. For ¢ > 0,
according to Proposition 8.18,

> o1 BIX7

lim P(sup|S, — Si| >¢) < hm 5 = 0.
k—oco  p>k k—o0 €
k—o0

Therefore, sup,, >, |Sn —Sk| ——; 0. So, by Proposition 7.6, there is a subsequence k1, k2, . . .
with sup,,>g, [Sn — Sk, H—Oo>fs 0. However, since (sup,,> |Sn — Sk|)k=1,2,... is decreasing,

sup,, > [Sn — Skl —>f5 0 applies. This means, however, that (Sy)n=12,. converges. O

8.4 The Strong Law of Large Numbers

In the lecture Basic Probability, we already proved the weak law of large numbers: if X;, X5, -+ €
L2 are identically distributed and uncorrelated, then, for € > 0

P(L S - E)| > <) < Sv[ ZXk] - Yo vixg - ) o
k=1

g°n

As we now know, this means in other terms,
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We now want to improve this statement in two directions. On the one hand, we want to
replace convergence in probability by almost sure convergence, and on the other hand only
assume the existence of first moments (but not the existence of second moments). First,
however, we define what exactly what we mean when we say that a sequence of random
variables follows a law of large numbers.

Definition 8.20 (Law of large numbers). Let X1, Xo,--- € L! be a sequence of real-valued
random variables. We say that the sequence follows the weak law of large numbers if

1 n
LS (6~ BN 25, 0
k=1

The sequence satisfies the strong law of large numbers if
1 n
n—oo
- D (Xk — B[Xg]) =, 0.

Theorem 8.21 (Strong law for independent random variables). A sequence X1, Xo,--- € L*
of independent and identically distributed random variables satisfies the strong law of large
numbers, i.e.

*ZXIC "= s B[X).

Remark 8.22 (Weak law of large numbers). Since convergence in probability is implied by
almost sure convergence (see Proposition 7.6), the sequence X1,Xa,... from the theorem
also satisfies the weak law of large numbers. Furthermore, the sequence Xf,X;, ... also
satisfies the strong law and E[X (X" + --- X;I)] = E[X{]. This means that the sequence
(%(Xfr + o+ X;))n=12,.. is uniformly according to Corollary 7.12. In the same way, the
sequence of partial sums of the negative parts is uniformly integrable. It follows from Theorem
7.11 that L(X1 + -+ Xp) 7% 01 E[X].

Remark 8.23 (Finite fourth and second moments). The difficulty in proving the strong law
is that only may be used that X1 € L'. The proof is significantly easier if we use X, € L* or
X1 € L2. We start with these two proofs and write Sy, := X1 + -+ + X,.

1. The case X1 € L*: Here you can get by without further aids: From the linearity of the
expected value, it is clear that E[S, /n] = E[X1]. Wlog, let E[X1] = 0, otherwise you go
to the random variables X1 — E[X1], Xo — E[Xs],--- € L*. First we calculate with the
help of the independence of (Xj)k=12,...

ZE Xp+3 Z [(X2X?] < (n+ 6n?)E[X]]
kkl¢l1
because of the Cauchy-Schwartz inequality. From this,

B35 (%) <5 b <

4
Therefore, Y7, <S—;) < oo applies is almost sure, in partzcular Lﬁcs 0.
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2. The case X1 € L%: Here the convergence criterion for series, theorem 8.19 is of crucial
help. We also need the following result:
Lemma 8.24 (Kronecker Lemma). Let 21,22, -+ € R, y1,y2,- -+ € R be monotone with

n—oo

Yn T oo and Y 07 Ty /yn < 00. Then, > i Tk/yn — 0.

Proof. Let zo = 0, zn, 1= Y _p_; k/yx. Then z, D70 e < o0 and z = Yk (2K — 2k—1)-
We write with yg = 0

Zn - 1 n 1 n—1 n
Agﬁzigf;:A;szzyk(zk——zk_1)=:Zn-%*4*<§£:yk2k—-j£:ykzk—1>
Yn Yn 220 k=1

Un
1 n
=Zn = — ( Zykzkfl - yk712k71>
Yn N

1 n
mzm—zm- lim —Zyk—yk_lz().

O]

Back to the proof of the strong law in the case X1 € L2. Wlog, let E[X1] = 0. Con-
sider the sequence X1/1,X2/2,... Because Y oo | V[X,/n] = V[X1] 322, 1/n? applies
according to Theorem 8.19 that Y, _, Xi/k almost surely converges. With Lemma 8.24

it follows that Sy /n H—Oo>fs 0.
Proof of theorem 8.21 if X1 € £'. Tt is sufficient to consider the case of non-negative random
variables. In the general case, note that X1+,X2+, - e L' and X, Xy, € L' fulfill the
conditions of the theorem, and from (X;" + -+ X;5)/n 2% E[X|] and (X] + -+
n—oo

X, )/n —— s E[ X ] the statement follows due to linearity of the expectation.
For S, = X1 + --- + X,, we will show that

Ellimsup S, /n] < E[X1]. (8.2)

n—o0

If this is true, then firstly
E[linginf Sp/n] > E[lirginf(Xl Nk+---+ X, NE)/n]
=k — Ellimsup((k — X1)" + -+ (k— X,,)7)/n]

n—oo
k—o00

> Elk — (k- X1)"] — E[X1].

Secondly, then E[lim sup,,_, . Sp/n—liminf, . Sp/n] =0, i.e. limsup,,_, o Sp/n = liminf, . S, /n =
0 almost surely, since both liminf,_,~ S,/n as well as limsup,,_,., Sn/n are terminal func-

tions, and thus according to Theorem 8.15 and Lemma 8.14 are almost surely constant.
Furthermore,

linl)inf Sp/n = E[liII_l)iIlf Sp/n] > E[X1] > E[limsup S, /n] = limsup S, /n,

n—o0 n—o0

from which the assertion follows.
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M;>n—-i+1

M;>n—i+1
o (o) [ ) [ ] o o [ ] [ ) . o e (e)
1 N— N — n
Anzahle[? Anzahlejg
(Xpp 4+ XI{M,-JMI?—l)/MI{L >a (Xp+---+ XI;"+MI§1,—1)/MI;" >
Figure 1: Illustration of M;, I7', introduced below (8.3). The size Ly, is the number of con-
tiguous areas of e’s.

It therefore remains to show (8.2). Wlog let E[X;] > 0, otherwise X} = 0 is almost sure,
k=1,2,... and the statement is trivial. For this we will use

0 < a < E[limsup S,,/n] = a < E[X4] (8.3)
n—oo

can be proved. According to the assumption, for : =0,1,2,...

a < Ellimsup S, /n] = limsup Sy, /n = limsup(X;41 + - - Xiyn)/n.
n—o0

n—oo n—o0

Thus,

M; = inf{n e N: (Xz + - +Xi+n_1)/n > Oé}
is finite, almost surely, ¢ = 1,2, ... The M,’s are identically distributed. We define recursively
forn=1,2,... (see also Figure 1) I =0 and for j =0,1,2,... (with My :=0)

Iy ::inf{iEN:iZI}L—l—MFj,Mi§n—i—|—1}

with inf() = oo and L,, := sup{n € Ny : [’ < oo}. This means that for 1 < j < Ly,
IJ” + M[Jn <n, i.e. (XI]n 4+t XI]TL+M,n—1)/MIJ’.l > «. We now use this by means of
J

EXi] = E[(Xy +--- + X,,)/n]
Ln

%E[ZMI; . (XI]" “+ ... —|—XI]TL+MI;1_1)/M[J7_{|
j=1

v

Ly Ly
> B3 Mp|=a-2E[n-3 My
=1 =1
n
> o — %E[Z 1Mi>n—i+1]

i=1
:a( —%ZH:P(MZ- >z)) 2%,
i=1

since (% S P(M; > i))n:m,m as Cesaro-Limes of (P(M; > i));=12,.. because of the iden-

tity of the distributions of the M;’s converges to 0. Thus (8.3) is shown and the assertion is
proven.

O
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We now give a simple application of the strong law. It often happens in statistics that a large
number of independent, identically distributed, real-valued random variables must be studied.
The Glivenko-Cantelli theorem (Theorem 8.26) states that the empirical distribution of the
random variables almost surely converges to the underlying distribution.

Definition 8.25 (Empirical distribution). Let X, Xs,... be random variables. For n =
1,2,... the distribution is called (random) probability distribution

1 n
= Z Sx,
k=1

the empirical distribution of Xi,...,X,,. If the random variables are real-valued, then in
addition

~ 1 <&
Fo(w) =~ > lx<as

the empirical distribution function of X1, ..., X,,.

Theorem 8.26 (Glivenko-Cantelli Theorem). Let Xi, Xo,... be independent, real-valued
random variables with identical distribution with distribution function F. Then,

lim supwidehasF, (x) — F(z)] e,

n—o0 z€R

75 0.

Proof. For x € R and n = 1,2,... let Y, (z) := 1x,<; and Z,(z) := 1x,<z. According to
Theorem 8.21, for each z € R

_ 1 ZYk(x) no,  E[Yi(2)] = P(X) < 2) = F(a),
sz ) 1 Bl Zi(2)] = P(X) < x) = F(z—).

We must show that these limits hold uniformly for all z € R. For N = 1,2,... and j =
0,...,N we set

xév =inf{z e R: F(z) > j/N}

and
Ry = max  ([Fa(e]) = F@)|+ |[Fu(e) =) - Fay-)l).
For N = 1,2,..., therefore, RY ﬂfs 0. Furthermore, for = € (l’é\il, xév)
Fy(z) < Fo(zY) < Fp(@) + RY < P(z) + RY + 4,
Fo(x) = Fo(25-y) 2 F(23°y) = Ry > F(2) = Ry — 5,

thus, for each N =1,2,...

sup widehatFy, (z) — F(z)| < +  + RN H—oo>fs %
z€R

Since the left-hand side does not depend on NN, the assertion follows with N — oco. O
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9 Weak convergence

For measurable spaces, we have often used the Borel o-algebra, i.e. the o-algebra that is
generated by a topology. In this section we will often assume that the topological space is
Polish, i.e. separable and metrizable by a complete metric; recall from Definition A.1 in the
manuscript on measure theory. To save us some work, we will assume throughout that (E,r)
is a metric space and sometimes we will assume that it is complete and separable.

For a measurable mapping f : F — R and a measure p on B(E) (the Borel’s o-algebra of
E) we will use throughout this and the next chapter the notation

plf] :Z/fdu.

9.1 Definition and simple properties

So far, we have dealt with different types of convergence of random variables. The convergence
in distribution of random variables is the same as the weak convergence of the distributions
of random variables. For the motivation behind the following definitions, let us recall a fact:
in a metric space (E,r) we have z,, ——= z if and only if f(z,) ~— f(x) for all continuous

functions on FE (i.e. f € C(E,R)).
Definition 9.1 (Weak convergence and convergence in distribution).

1. We denote by P(E) the set of probability measures on B(E) and with P<i(E) the set of
finite measures p on B(E) with p(E) < 1. Further, C,(E) is the set of the real-valued,
bounded, continuous functions on E and C.(E) C Cp(E) is the set of the real-valued,
bounded continuous functions on E with compact support.

2. A sequence P1,Pso,--- € P(E) converges weakly to P € P(E), if

P,[f] === P[] (9.1)

for all f € Cy(E). We then write

n—oo

P, P.

3. Let p1, pa,--- € P<1 and p be a measure on E. If (9.1) only applies to all f € C.(E),
we say that p, converges vagely to p. We then write

n—0o0

P = [
v

4. Let X,X1,Xo,... be random variables on probability spaces (2, A, P), (Q1,A41,P1),
(Qo, A2, P3), ... with values in E. Then, X1, Xs,... converges in distribution to X if

n—00

(Xn) P, ——= X.P. We then write

n—00

Xn
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Remark 9.2. 1. Note that for random variables X, X1, Xo, ... with values in E, we have
n—o0

X, —= X if
P[f(X,)] == P[f(X)]

for all f € Cy(E). Many of the following results can therefore be formulated in two
ways: either by means of probability distributions, or by means of random wvariables.
The connection here is always that the statement about the probability distributions is
also a statement about the distributions of the random variables.

2. The weak limit of probability measures must again be a probability measure, since 1 €
Cp(E). The vague limit of probability measures does not necessarily have to be a proba-
bility measure, since 1 ¢ C.(E) if E is not compact; see also Example 9.53.1. After all,
the vague limit is in P<1(E), as Lemma 9.12 shows.

3. We already know the almost sury convergence, the convergence in probability, and the
convergence in LP of random variables X1, Xs,... to X. The difference to convergence
in distribution is that the latter does not require that the random wvariables are defined
on the same probability space.

4. By Definition 9.1, the topology of weak convergence on P(E) is the weakest (i.e. the
smallest) topology for which P — P[f] for all f € Cy(E) is continuous.

Example 9.3. 1. Let x,x1,x9,--- € R with x, 7% 2 and P = 0z, P1 = 64,,Po =
0zy,-.. Then, P, L P, since

for all f € Cp(R).
n—oo

If the sequence x1,xa,... diverges, for example x, = n, then P, ——, 0 (this is the
0-measure on B(R)), since

Po[f] = f(zn) =5 0 = 0[f]

forall f € C.(R). However, weak convergence does not hold, since P,[1] =1 # 0 = 0[1].

n—00

2. Let X, X1, Xa,... be identically distributed. Then X, ———= X, but in general the

convergence is neither almost sure, nor in probability nor in LP for any p > 0.

3. As we will see, the Central Limit Theorem (Theorem 10.8), is a result about conver-
gence in distribution. In its simplest form, the theorem of deMoivre-Laplace (see also
Remark 9.8 and Example 9.34), it states: let p € (0,1), X, ~ B(n,p),n=1,2,... and
X ~ N(0,1). Then,

Xn —np n—00

np(1l —p)

4. Similarly, the Poisson approximation of the binomial distribution is a statement about
convergence in distribution (see the course in Basic Probability and Theorem 10.5): let
X, ~ B(n,pn),n=1,2,... withn-p, ~— X\ and X ~ Poi(\). Then,

X, 2% x.
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—00

Lemma 9.4 (Uniqueness of the weak limit). Let P, Q,P1,Pg,--- € P(E) with P,, ——= P

n—oo

and P, ——= Q. Then P = Q.

Proof. According to Proposition 2.11 it suffices to show that P(A) = Q(A) for all closed
A C E. (The set of all closed sets is a N-stable generator of B(E).) So let A C E be closed.
We set

r(xz,A) = inf r(z,y)

yeA
and
fm(@) = (1 —m-r(z, A)T.
form=1,2,.... Then f,, LIRS NS | A, since A is is closed. Then, using cominated convergence,
P(A) = lim P[f,]= lim lim P,[f,]= lim lim Q[f.] = Q(A)
m—00 m—00 N—00 M—>00 M —00
and the assertion follows. O

Recall the initial figure of Chapter 7. A sequence of random variables can converge almost
surely, in probability, in £P or in distribution. Convergence in distribution is the weakest of
these terms in the following sense.

Proposition 9.5 (Convergence in probability and in distribution). Let X, X, Xo,... be
n—oo n—oo

random variables with values in E. If X,, ——, X, then X,, == X. If X is constant,

the inversion also applies.

Proof. Let X, ==, X. Suppose that there is an f € Cy(E) such that lim,, ., P[f(X,)] #
P[f(X)]. Then there is a subsequence (ng)i=12.. and a € > 0 with

lim [P[f(X,,)] — P[f(X)]| > e 92)
Because of X, TH—OO@ X and Proposition 7.6 there is a subsequence (ny,)s=12,.. such that

Xn,% 2% X almost surely. By dominated convergence, this would imply

lim P[f(Xy,,)] = P[f(X)]

f—o0

in contradiction to (9.2).
For the inverse, let X = s € E. Note that z — 7(z,s) A 1 is a bounded, continuous
function and therefore

n—o0

Plr(Xn,s) N1] — Pr(X,s) A1} =0.

n—o0

Thus, X;, ——, X holds because of (7.1). O

Theorem 9.6 (Portmanteau theorem). Let X, X;, Xo,... be random variables with values
in E. The following conditions are equivalent:

n—00

(i) X, —= X
(ii) P[f(Xn)] 2=225 P[f(X)] for all bounded, Lipschitz-continuous functions f.
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(iii) lirgian(Xn € G) > P(X € G) for all open G C E.

(iv) limsupP(X,, € F) <P(X € F) for all completed F C E.

n—o0

(v) lim P(X, € B) =P(X € B) for all B € B(E) witht* P(X € 0B) = 0.
Proof. (i) — (ii): clear.
(73) = (iv): Let F' C E be closed and f1, fa,... Lipschitz-continuous such that f | 1r. (For
example, one chooses ¢ | 0 and fi(z) = (1 — ér(w,F))*, where r(z, F) := infycpr(z,y).)
This means that

limsupP(X, € F) < inf limsupP[fi(X,)] = inf P[f(X)]=P(X € F).
n—0o k=1,2,... n—oo k=1,2,...

(7i1) <= (iv): That is clear. For (iii) = (iv), set F' := E \ G and for (iv) = (ii7), set

G:=FE\F.

(7it) = (¢): Let f > 0 be continuous. By Proposition 6.10 and Fatou’s lemma,

o0

PIA(X)] = /OOO P(f(X) > t)dt g/o lim inf P(f(Xy) > t)dt

n—oo

n—0o0 n—oo

< lim inf /00 P(f(X,) > t)dt = liminf P[f(X,)].
0

For —c < f < ¢, since —f + ¢ > is0,

lim sup P[f(X,,)] = ¢ — liminf P[~ f(X,) + ¢] < ¢ — P[~f(X) + ¢] = P[f(X)]

n—00 n—00

< lim inf Pf(X)],

thus P[f(X,)] === P[f(X)].
(1), (iv) — (v) For B € B(E),

P(X € B°) <liminf P(X,, € B°) < limsupP(X,, € B) <P(X € B).

n—oo n—o00

n—oo

Given P(X € 0B) = P(X € B) — P(X € B°) = 0, therefore P(X, € B) “2°% P(X € B).
(v) — (iv): Assume (v) is true and F' C FE is closed. We write F© := {x € F : r(z, F) < ¢}
for € > 0. The sets 0F° C {z : r(z, F) = ¢} are disjoint, so

P(X €0F°) =0 (9.3)
for Lebesgue-almost every e. Let €1,£9,... denote a sequence with e | 0 such that (9.3)
holds for all €1, €9, .... This means that

limsupP(X, € F) < inf limsupP(X, € F**) = inf P(X € F**) =P(X € F).

n—oo k=1,2,... n—oo k=1,2,...

MFor the closure B and the interior B° denote here OB := B\ B° the edge of B.
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Corollary 9.7 (Convergence of distribution functions). Let P,P1,Pg,--- € P(R) with distri-
bution functions F, Fy, Fy, ... ThenP,, 2= P ezactly if F,(z) e, F(x) for all continuity
points x of F.

Proof. ’=": If z is a continuity point of F', then P(9(—o0;z]) = P({z}) = 0. This means
that — according to Theorem 9.6 (direction (i) = (v)) — that

n—oo

Fo(x) = Pp((—00;2]) —— P((—o0;2]) = F(x).

n—o0

'«<=": According to Theorem 9.6 (direction (i7) = (7)), it suffices to show that P, [f] P[f]
for all bounded, Lipschitz functions f. Wlog, we assume that |f| < 1 and f has Lipschitz
constant 1. For € > 0 choose N € N and continuity points yg < --- < yy of F, so that

n—oo

F(yy) <e, Flyn) >l —ecand y; —yi—1 <efori=1,...,N. Then F,(y;) — F(y;) and

N—-1
f S 1(7007y0} + 1(yN,oo) + Z(f(yl) + €>1(y¢,yi+1]a

i=1
as well as
N

lim sup P, [f] < limsup Fy, (o) + 1 — Fu(yn) + >_(F (W) + &) (Fulys) — Fulyi1)

n—00 n—00 :
=1

N
<3e+ Y f(Yi)(F(y:) — Fyi-1)) < 4 + P[f].
=1

With € — 0 and by replacing f with 1 — f, we find P, [f] oo, P[f]. O
Remark 9.8 (The Theorem of deMoivre-Laplace). In Example 9.3 we claimed that deMoivre-

Laplace’s Theorem makes a statement about weak convergence. The Theorem states that for
B(n,p)-distributed random variables X,,, n =1,2, ...,

(ot ) agn

where ® is the distribution function of the standard normal distribution. As Corollary 9.7
shows, this means exactly the convergence in distribution to a standard normal distribution.

Corollary 9.9 (Slutzky’s Theorem ). Let X, X1, Xo,...,Y1,Ys, ... be random variables with
n—00 n—00 n—oo

values in E. If X;, == X and r(X,,Y,) ——p 0, then Y, —— X.
Proof. Let f: E — R be bounded and Lipschitz-continuous with Lipschitz constant L. Then,

[f(x) = fW) < L-r(z,y) Al flloo)
for all z,y € E. From this,
limsup E[f(Xy) — f(Yn)] < limsup E[L - r(Xn, Yn) A (2]|f]lo)] = 0

n—o0 n—o0

according to Lemma 7.5. Thus,

lim sup [E[f(Y,)] — E[f(X)]| < limsup [E[f(Ya)] — E[f(X,)]| + [E[f(Xa)] - B[f(X)]| =0,

n—o0 n—oo

and the claimed convergence follows with Theorem 9.6. O
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Theorem 9.10 (Continuous mapping theorem). Let E be separable, (E',r") another metric
space and ¢ : E — E' measurable and U, C E the set of discontinuity points of ¢.

n—r00

1. If P,Py,Py,--- € P(E) and P(U,) = 0 and P,, === P, then ¢,P, == ,P.

2. If X,X1,Xo,... are random variables with values in E and P(X € U,) = 0 and

n—r00 n— o0

X, == X, then also ¢(X,) ——= ¢(X).

Proof. First, we note that 2. is an application of 1. if one sets P, = (X,,)«P. The set U, is
Borel-measurable, since

Upf={z € E: 3y,z € Bs(x), 7' (p(y), ¢(2)) > e}

is Borel-measurable (here the separability of E is included) and

Let G C E' be open and = € ¢ }(G) N Ug. Since ¢ is continuous in z, there is a § > 0 with
o(y) € G (ie. y € o 1(G)) for all y with r(x,y) < &. Therefore, o~ (G) NUS C (¢~ 1(G))°.
This follows with Theorem 9.6 (direction (i) = (#4i))

P P(G) =P(p~(G) =P(p (G)NUZ) < P((¢™1(G))°)
< liminf P,((¢ 1(G))°) < liminf P, (¢~ }(G)) = liminf 0, P, (G).

n—oo n—oo n—oo
Again due to theorem 9.6 (direction (iii) = (7)), this implies . P,, === @, P. O

Apart from the vague convergence, convergence in distribution is the weakest form of conver-
)

gence. However, there is a connection with almost sure convergence, as the following theorem

shows.

Theorem 9.11 (Weak and almost sure convergence, Skorohod). Let X, X1, Xo,... be random
n—o0

variables with values in a complete and separable space (E,r). Then, X, =——= X holds if

and only if there is a probability space on which random variables Y,Y1,Ys,... are defined
n—oo

with Y, 2225 1 Y and Y £ X, V1 £ X1, Y2 £ X, ...

Proof. ’«<’: This is clear, since almost sure convergence implies weak convergence (see Propo-
sition 9.5).

'=": We extend the probability space on which X is defined, and we set ¥ = X. Let
E = {1,...,m} be finite, U be uniformly distributed on [0, 1] and independent of Y, and
Wi, Ws, ... independent with

P(X, =k) —P(X = k) AP(X, = k)
I-S PX=)AP(X,=1)

P(W, =k) =

We set Y,, = k if either

P(X, =k)
= < ——=

X kandU_P( _—y
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or

P(X, =1
= _— n = .
X landU>P( _— and W k

P(X, =k)
P(X =k)

- B P(X,=I\+P(X,=k) —P(X =k) AP(X,, = k)
+ZP(X_Z)'(1_P(X:Z)) 1 -5 P(X =) AP(X, = 1)

Al

P(X, =k) —P(X = k) AP(X, = k)
1-S I P(X=01)AP(X, =1

+ i(P(X =) -PXn=)APX =1))

Thus Y, < X,. Since according to the condition P(X, = k) ——= P(X = k), the almost
sure convergence follows.

For general F, let p = 1,2,... and choose a partition of E in sets By, Bs,... in E with
P(Y € 0By;) = 0 and diameter at most 277. Choose m large enough, so that P(Y ¢ By) < 277
with By := E '\ Uj<,, Br- For k =1,2,..., define random variables Z,Z1,Zs,... such that

7 =k exactly when Y € By, and Zn =k if Y, € By. Then Z, == Z. Since Z, Zl, ... only

takes values in a finite set, we can use random variables Z, Z1, Zs,... with Z, oo, ts 2.

Furthermore, let W, ;, be random variables with distribution P[X,, € .|X,, € By] and ?n’p =
> Whilz, =k, so that ?n,p 4 X, for all n. It is now clear

{r(ffn,p,y) > Q—P} C {Z, £ Z}U{Y € By).
Since Z,, 7h\—Oo>fs Z and P{Y € By} < 27P, for each p there are numbers n; < ng < ... with

P( U {r(Vapy)>27}) <277

n>np
for all p. With the Borel-Cantelli lemma we get

sup r(f/mp,Y) <27P

n>np

for almost all p. We therefore define Y,, := }N/mp for n, < n < npy1 and note that X,

Y, 2% Y

O i~

9.2 Prohorov’ Theorem

In this section, we first examine the concept of vague convergence. We will restrict ourselves to
the space F = R. (Most of the statements shown here are still valid in locally compact spaces).
It is already clear that weak convergence of distributions implies vague convergence (since all
continous functions with compact support are bounded), and that the weak convergence is

90



equivalent to the convergence of the distribution functions (Corollary 9.7). The main result
here is the theorem of Helly (Theorem 9.13), which states that every sequence of probability
measures has a vaguely convergent subsequence.

We then examine the question when a sequence of probability measures also has weakly
convergent subsequence. This leads us to the notion of tightness of probability measures and
Prohorov’s theorem (Theorem 9.19).

As we have already seen in Remark 9.2.1, it can be that the vague limit measure of probability
measures is not a probability measure. However, the following result shows that the limit
measure has total mass at most 1.

Lemma 9.12 (Mass loss at vague convergence). Let P1,Pa,--- € P(R) and u a measure on
n—o0

B(R) with Py[f] —— p[f], f € Cc(R), then p € P<1(R) applies.
Proof. Let f1, fo, - € Cc(R) with fi 1 1. Then with monotonic convergence

p(R) = sup w[fx] = suplimsup P, [fx] < 1.

keN n—oo

O

Theorem 9.13 (Helly’s theorem). Let P;,Po,--- € P(R). Then there is a subsequence

(nk)k=1,2,.. and a p € P<1(R) with Py, ]H:OO> 1

Proof. Let FY, Fy, ... be the distribution functlons of P1,Pg,... Further, let (z1,z2,...) be
a count of Q. Since [0,1] is compact, for each sequence there is (F},(2;))n=1,2,.. a convergent
subsequence. By means of a diagonal argument, there is a sequence (ng)r=1,2, . such that
(Fn, (2:))k=1,2,.. for all i against a limit G(z;) converges to Q. We define

F(z):=inf{G(r):r € Q,r > x}.

Since all F,, and therefore G have non-negative increments, the same applies to F. From
the definition of F' and the monotonicity of G, it also follows that F' is right-continuous.
According to Proposition 2.19, there is a measure p on R with u((z,y]) = F(y) — F(z) for
all z,y € R,z < y. It remains to show that P,[f] ——= u[f] for all f € C.(R). Wlog we can
assume that f > is0.

It is F, () noe, g (z) at all continuity points = of F' by construction. There is a countable
set D C R such that F is continuous on D¢ is continuous. This means that P, (U) =25 1(U)
for all finite unions U of intervals with vertices in D¢. Now let B C R be open and bounded.
Let Uy,Us,... and V7, Vs, ... be sequences of finite unions of open intervals with vertices in

C such that such that U, 1 B, Vi, | B. Then,
w(B) = hm p(Uy) = hm lim inf P, (Uy) < liminf P, (B)

—00 M—00 n—00
< hmsuan(B) < lim limsup P, (Vi) = lim u(Vy) = u(B).
n—00 k—0o n—oo k—o00

Since p(f =t) > 0 for at most countably many ¢, and since P,,(f > t) < 1,5 s, it follows
with dominated convergence

plf] = /000 p(f >t)dt < /000 liminf P, (f > t)dt = liminf/ooo P, (f > t)dt = liminf E,[f]

n—oo n—oo n—o0

< limsup P, [f] zlimsup/ooPn(f > t)dt = /Oolimsuan(f > t)dt < /oou(f >t)
0 0 0

n—oo n—oo n—oo

= pu[f].
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We now return to the case of a general metric space (E,r). To show the existence of ac-
cumulation points in the sense of weak convergence, it must be ensured that limit measures
are again limit measures are again probability measures. In particular no mass is lost at the
boundary crossing as in the case of vague convergence (see Lemma 9.12). Here, the concept
of tightness is central.

Definition 9.14 (Tightness). Let K be the system of all compact sets in E. A family (P;)ier
in P(E) is tight, if

Suplan( )=1.
Kek 1€l

A family (X;)icr of E-valued random variables is tight if ((X;)«P)icr is tight, i.e.

sup 1an(X €eK)=1.
Kek i€l

Remark 9.15 (Equivalent formulations). 1. The definition of the tightness of a family
(Pi)ier in P(E) is equivalent to the following condition: for all € > 0 there exists
K C E compact with inf;e; P;(K) > 1 —¢.

2. If E=TRY, a family (P;)scr is tight if and only if

Suplan (Br(0)) =1,
r>0 1€

where B(0) is the sphere around 0 with radius .

3. In Lemma 2.9 we have shown that P € P(E) is tight if (E,r) is complete and is
separable. It also follows that every finite family of probability measures on the Borel’s
o-algebra of a Polish space is tight.

4. Further, a countable family (P;)i=12,.. is of probability measures on a Polish space (E,r)

1s tight if and only if

sup liminf P;(K) = 1.

KE;CZ 1,2,...
Proof. '=’: This is clear, since liminf;—; o P;(K) > inf;—; o  P;(K) = 1.
'<" Let ¢ > 0 and K such that liminf;—; »  P;(K) > 1—¢/2. Choose N such that
infi—ni1,n42,.. Pi(K) > 1—¢ and Kj,..., Ky compact such that P;(K;) > 1 — ¢ for
i=1,...,N. Since K = K UK; U---U Ky is compact and inf;—1 o P;(K)>1—-¢
the tightness of (P;)i=1,2,.. follows. O

Example 9.16 (Tight sets of probability measures). 1. If E is compact, every family of
probability measures on B(E) is tight.

2. A family (X;)ier of real-valued random variables with
sup P[| X;|] < oo,
el

1s tight. This is because

X
inf sup P(|X;| > r) < inf sup ——— PlIX|
>0 jer r>04er T

=0.
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3. The family (65)n=12,.., where oy, is the Dirac measure on n, is not tight.

Lemma 9.17 (Vague convergence and tightness). Let P1,Pa,--- € P(R) and p € P<i(R)
with

p, 22,

(2

Then
p(R) =1 = (Pp)n=12,.. is tight
. In this case, P, == I
Proof. For r > 0 choose a g, € Cc(R), 1g,.(0) < gr < 1p,,,(0)- Then (Py)n=12,.. is tight if and
only if
sup lim inf P, [g,] = 1.

r>0 n—oo

=" Since p is continuous from below, we find

1 = sup u(B(0)) < sup p[gr] = supliminf P, [g,] < 1.
r>0 r>0 r>0 Moo

<" Let (Py)n=12,... be be tight. Then, from Lemma 9.12,

1 > p(R) = sup p(B,(0)) = sup p[g,] = supliminf P, [g,] = 1.
r>0 r>0 r>0 N0

It remains to show the weak convergence. Assuming that (P),—12, . is tight and f € Cp(R).
Then,

limsup [Py [f] — u[f]] < Inf limsup (IPulf = farll + 1Pulfgell — ulfarll + |lf — forll)

n—oo

< ||f]] inf lim sup Py, (B, (0)°) + inf u[B,(0)] = 0,
< |I£1l inf lim sup Py, (Br(0)) + inf u[Br(0)7] =0

and P, === w follows. O

n—00

Corollary 9.18 (Weak convergence and tightness). Let P,P1,Ps,--- € P(R). If P, ——
P, then (Py)nen is tight.

Proof. Since weak convergence of P, Po, ... to P implies vague convergence, for P, P, P, ...
the conditions of Lemma 9.17 and P(R) = 1 are satisfied. Therefore, (P,)nen is tight. O

To determine the weak convergence of probability measures Theorem 9.6 is helpful. We now
turn to the question whether a sequence of probability measures can have an accumulation
point. This means that there is a subsequence that converges weakly to a probability measure.

Theorem 9.19 (Prohorov’s theorem). Let (E,r) be complete and separable and (P;)icr a
family in P(E). The following are equivalent:

1. The family (P;);cr is relatively compact with respect to the topology of weak convergence,
i.e. every sequence in (P;);cr has a weakly convergent subsequence.
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2. For every e >0 there is an N € N and x1,...,xny € E, so that

N
gpi(kul Ba(xk)> >1-e.

3. The family (P;);cr is tight.
Proof. Let x1,x3,... be a dense subsequence in E (which exists since (E,r) is separable).
1. = 2.: Suppose 2. is not true. Then there is ¢ > 0 and for each N =1,2,... a P;, with
P, ( Ugil B. (mk)> < 1—e¢. By relative compactness, there would then be some subsequence

(P, ) M=1,2,.. which is weakly convergent to some P € P(E). Thus, because of Theorem 9.6
((7) = (i4i)) we find that

N N
1=P —supP( (z; )<suphm1an ( )<1—5
( U ' NeN M L:J

=
Il
—

thus a contradiction.
2.= 3. Let € > 0. For j =1,2,... we choose zj1,...,2;N; such that

J
inf Pi( L_Jl By s (xjk)) >1— 279,

We further set
oo Nj
K = ﬂ U BEQ—j(IL’jk).
j=1k=1

Then K C F is totally bounded by construction, according to Proposition A.9 therefore
relatively compact, so K is compact. Furthermore

S N;
sup P;(K°) < SUPZPZ'< ﬂ (Bea- (:Cjk))c> <e.
il el =N

Thus the family (P;);es is tight.

3. = 1.: Let P1,Py,... be a sequence in the family of the family (P;);c;. The aim is to find
a convergent subsequence. For this purpose, we choose compact sets K1 C Ko C --- C E
with inf,,—1 2  Pp(K;) > 1—1/j. Further, we choose the system of compact sets

goee

N
= { U Kjk ﬁBek(.%'k) :N,jr € Njgi € Q+}
k=1

Since K is countable, we can use a diagonal argument in order to create a subsequence
P, ,P,,,... from Py, Py, ... sothat P, (A) converges for all A € K. Define the set function

won KC by

p(A) = lim Py, (A4), Aek.
k—o00

Our goal is to construct a probability measure P, such that, for all open sets B,
P(B)= sup u(A). (9.4)
K3>ACB
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Indeed, if we find such a P, we can write for B open

P(B)= sup lim P, (A4) <liminfP,, (B),
K>ACB k—o0 k—o0

and P, 20, P follows by Theorem 9.6. In order to find P, we are going to construct an

outer measure 7y, and show that the open sets are y-measurable. Then, P can be defined via
~ on the o-algebra of all measurbale sets; see Lemma 6.2.

We first extend u to all open sets (giving rise to 3 below), and directly construct v by
setting

WC) = _inf  B(B), B(B)= sup p(K).
B2C open K>KCB

So, § is defined on all open sets, and, by construction, 8 is monotone, additive, sub-additive,
and v = [ on all open sets.
We claim that

«v is an outer measure and all closed sets are y-measurable. (9.5)

(Recall that C'is measurable with respect to the outer measure v, if y(S) > v(SNC)+~(SNC*)
for all S C F; see Definition 2.1.6 and sub-additivity of ). Then, we write for B open
P(B) =~(B) = B(B) = supgsacp 1(A), i.e. (9.4) follows.

In order to show (9.5), we proceed in steps:

Step 1: If F C BN K is closed, with B open and K € K, then there is K' € K with
FCK' CB.

For each z € F, choose e(x) € Q such that B, (z) C B. Since (Be(y)(7))zer is an open
cover of FF'N K, which is compact, there must be a finite subcover, i.e. some F' = FFN K C
UM, B, (z,)(7) N K C B. We can now read off the required K.

Step 2: [ is o-sub-additive on the open sets.

For finite sub-additivity, let B, Bs be open, and K > K C By U By. Define

Fr={zeK:r(zx,Bf) >r(z,B5}, Fy:={xeK:r(z,Bs) >r(z, B}

Note that F}; C By: Indeed, if x € F; C K C By U By and = € By \ By, then 0 = r(x, Bf) <
r(z, BS) since BS is closed, which is a contradiction. Analogously, F» C Bs.

So, for i = 1,2, we find F; C B; N K, and we find K; € K with F; C K; C B; with Step 1. So,
note that F; U F5, = K, and we can write

p(K) < p(K1 U Ka) < p(K) + p(K2) < B(B1) + B(B2).

Finite sub-additivity follows by taking the supremum over K 5 K C Bj U Bs on the left hand
side. For o-sub-additivity, take K > K C |J;2; By. Since K is compact, choose ng such that
K C U2, By, and write

o

p(r) < 8( U Ba) <3 8(B.) <3 (B,
n=1 n=1

n=1

Then, o-sub-additivity by taking the supremum over K 5 K C (2| By, on the left hand side.
Step 3: v is an outer measure.
Since () = 0 and ~ is monotone by construction, it remains to show o-sub-additivity. If
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§1,59,... C E, let € > 0 and choose By C S, B2 C Sy, ... open with 8(B,) < v(Sn) + &/2™.
Then, using Step 2,

(U5 =o(J) = S <+ s
n=1 n=1 n=1 n=1

The assertion follows by letting € | 0.
Step 4: Closed sets are y-measurable.
It suffices to show
B(B) > ~v(FNB)+~v(F°NB)

for F' closed and B open. Once this is shown, consider an arbitrary S and B 2 S open. Then,
B(B)>~v(FNB)+~(F°NB)>~(FNS)+~(F°NS) by monotonicity og . From here, the
assertion follows by taking infpcg open On the left hand side.
So, let F' be closed and B be open and € > 0. Choose Ki,K; € K with K1 C F°N B
and Ko C K¢ N B (in particular, K, Ko are disjoint) with u(K;) > B(F°N B) — ¢ and
u(K2) > B(K{N B) —e. Then, since B(K{NB) >~v(FNB)

B(B) = p(K1 U K) = p(K1) + p(K2) > y(F°N B) +~(K{ N B) — 2e.

By letting € — 0, this concludes the proof, i.e. (iii)=-(i) is shown. O

9.3 Separating classes of functions

Now we will introduce separating classes of functions. In particular, this will shed some
light on the usefulness of characteristic functions and Laplace transforms of distributions (see
Definition 6.11). These are based on two specific classes of functions that are separating.

Definition 9.20 (Classes of functions separating points and separating function classes).

1. A function class M C C(FE) is said to separate points in E if for all x,y € E with x # y
there exists an f € M with f(x) # f(y).

2. A class of functions M C C(E) is called separating in P(E) if from P,Q € P(E) and
P(f] = Qlf] for all f € M
implies that P = Q.

Example 9.21. 1. The class of functions M := Cy(FE) is both, separating points and
separating. Namely, if © # y, then z — r(z,z) A1 is a bounded, continuous function
that separates x and y. Furthermore, if P,Q € P(E) and P # Q, then there is an
open ball A with P(A) # Q(A). Let fi, fo,... be a sequence in Cp(E) with f, T 1a. If
P(f.] = Q[fn] for alln=1,2,..., then it would also

P(4) = lim P[f,] = lim Q[fs] = Q(4)
i contradiction to the assumption.

2. The class of functions {x — cx : ¢ € R} of all linear functions separates points, but is
not separating.
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The next result requires the Stone-Weierstrass theorem, which we repeat first.

Definition 9.22 (Algebra). A set system M C C(E) is called an algebra, if 1 € M, and if
a, B € R and it contains f, g it also contains af + Bg, as well as fg.

Theorem 9.23 (Stone-Weierstrass). Let (E,r) be compact and M C Cy(E) an algebra sep-
arating points. Then, M is dense in Cy(E) with respect to the supremum norm.

Proof. See some lecture on Analysis. O

Theorem 9.24 (Algebras separating points and separating algebras).
Let (E,r) be complete and separable. If M C Cy(E) separates points and is such that f,g € M
implies fg € M. Then M is is separating.

Proof. Let P,Q € P(E). Without restriction, 1 € M, since P[1] = Q[1] always holds. Thus
M is wlog an algebra. Let e > 0 and K be compact such that P(K) > 1—¢, Q(K) > 1—¢. For
g € Cp(E), according to the Stone-Weierstrass Theorem 9.23 there is a sequence (gn)n=12,...
in M with

sup [gu (@) — g(a)| 550, (9.6)
TE

Now,
IPlge"] — Qlge"]| < [Plge "] — Plge~*"; K]

+|Plge™*"; K] — Plge =% K]|
+ [Plgne™*%; K] — Plgne™9%)|
+ [Pgne 9] — Q[gne ]|
+|Qlgne™*9"] — Qlgne9"; K]
+|Qlgne™*9"] — Q[ge™*"; K]
+]Qlge™"; K] — Qlge~*"|

We restrict the first term by

C

[Plge*"] ~ Plge™*"s K]| < —2P(K) < CVe

with C' = sup,> xe‘xQ; analogous to the third, fifth and last terms. The second and penul-

timate terms converge to 0 for n — oo due to (9.6). Since M is an algebra, gne_egi can be
approximated by functions in M, which means that the fourth term for n — oo converges to
0. This means that

IP[g] — Qlg]| = lim \P[ge—fgz] - Q[ge_€92H < 4C lim /e = 0.
e—0 e—0
Since g was arbitrary and Cy(FE) is separating, P = Q follows. O

We now come back to the characteristic function and the Laplace transform. As already
mentioned, the usefulness of the characteristic function and the Laplace transforms is due to
the fact that they are distribution-determining.
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Proposition 9.25 (Characteristic function distribution-determining).
A probability measure P € P(R?) (P € P(]Ri)) s uniquely characterized by the characteristic
function Yp (the Laplace transform £p ).

Proof. We show the statement only for characteristic functions that are proven for Laplace
transforms is proven analogously. We establish that the set M := {z — €¥*;¢t € R?} in
R? separates points. Since M C Cp(R?) and is closed under product formation, it is also
separating according to theorem 9.24. This finishes the proof. O

Corollary 9.26 (Independence and characteristic function). 1. A family (X;),cr of real-
valued random variables is is independent if and only if for all J Cy I

E [ I1 e“ij} = [T Bl (9.7)

Jj€J JjEJ
for all (t;);es € R is valid.

2. A family (X;)jer of random variables with values in Ry is independent if and only if

forall JCy 1
E[[Te %] = [ Bl

jel jed
for all (t;)jes € R? applies.

Proof. We only show the first statement, the second follows analogously. If (X;);er is inde-
pendent, then according to Lemma 8.4, the random variables (ei%i) ;¢ for all (¢;);es € R’
are independent. Thus, (9.7) follows from Proposition 8.5. Conversely, the following applies.
On the one hand, the left-hand side of (9.7) represents the characteristic function of the
distribution ((Xj;);jecs)«P. On the other hand, the right side of (9.7) is the characteristic
function of @);c;(X;)«P. Since the characteristic function according to Proposition 9.25 is
the joint distribution of (Xj);e, is uniquely determined, ((X;)jes)«P = @,c;(X;):P. The
independence of (X);er thus follows from Proposition 8.2. O

9.4 Lévy’s theorem

We now want to analyze the relationship between weak convergence and the convergence
of the characteristic functions of the underlying distributions. Let P,Py,Ps,--- € P(RY).
How to get from Proposition 9.27, the weak convergence follows P,, === P follows from

the pointwise convergence of the characteristic functions, ¢p, (t) ~——s 9p(t), t € R?, given

(Pp)nen is tight. The decisive factor is that the tightness of the family (P,),en can also
be read from the characteristic functions as we will show in Proposition 9.32. This leads to
the statement of Lévy’s continuity theorem (Theorem 9.33), which states when the pointwise
limit of characteristic functions is again a characteristic function of a probability measure.

Proposition 9.27 (Separating class of functions and weak convergence). Let (E,r) be com-
plete and separable and P,P1, Py, --- € P(E). Then the following are equivalent:

n—ro0
P.

1. P,
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2. (Pp)n=12,.. is tight and there is a separating family M C Cy(E) with

P,[f] == P[f] for all f € M.

Proof. 1. = 2. According to Corollary 9.18, we have that (Py,),=1,2, . is tight. The second
part of 2. holds because of the definition of weak convergence.

2. = 1. Suppose (Py)n=1,2,.. is tight and Py, P5,... does not converge weakly to P. Then
there is € > 0, some f € Cy(F) and a subsequence (ny)g=12,.. such that

P, [f] — P[f]| > € for all k. (9.8)

According to theorem 9.19 there is a subsequence (ny,)¢=12.. and a Q € P(E), such that

{—00

Pnk,_; —— Q. Because of (9.8),

IPLf] = Q[f]| = [liminf (P[f] — Py, [f]]) + liminf(Py,, [f] - Q[f])] > e,

l—00 l—00

in particular P # Q. On the other hand, for all g € M we have
Plg] = lim Py, [g] = Qlg].
{—00
Since M is separating, this is a contradiction and 1. is shown. O

Let P € P(R) and ¢p be its characteristic function. We first show an estimate, which is
important to relate tightness and ¥p.

Lemma 9.28 (Tightness and the characteristic function function). Let P € P(R). Then for
allr >0
2/r

P((~ooi—r]Ufrsoc) < [ (1= um (), (99)

—2/r

Proof. 1t is sin(x)/z < 1 for < 2 and sinz < x/2 for > 2. Let X be a random variable
with distribution P. Therefore, for every ¢ > 0 according to Fubini,

c

t=70:|

/c (1 —vp(t))dt = P[/c (1- eitX)dt] = P[gc _ iiXeitX

—C —C

sin(cX)
—20P |1~ |
¢ cX
in(cX
> QCP[l— Sm()c();|cX| 22}

> ¢ P(|eX| > 2) = cP((—o0; —2] U [2;00)),

and the assertion follows with ¢ = 2/r. O

Definition 9.29 (Uniform continuity). We repeat a definition from calculus. A set M C
C(RY) is called uniformly continuous in x € R? if

sup | f(y) — f(x)] L5 0.

fem
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Remark 9.30 (Equivalent condition for sequences). If M = {f1, fa,...}, then the condition

limsup | fo(y) — fal(z)] 2250

n—oo

equivalent.

Lemma 9.31 (Uniform integrability and convergence). Let fi, fo,--- € C(R?), so that
frn =25 f pointwise for a function f: R — R. Then f is continuous in 0 iff (fr)n=12,.. is
uniformly continuous in 0.

Proof. If (fn)n=12,... is uniformly continuous in 0, then

V@)*f@”:|£gﬁh@)*ﬁﬂmﬂSleqﬂh@)—me|Eﬁ$0

n—oo

Conversely, if f is continuous in 0, then

lim sup [ £, (t) = fn(0)] < lim sup [ Fa(O)= O+ F ()= FO) [+ £(0)= £2(0) = | F(£) = F(0)] = 0.

n—oo

O]

Proposition 9.32 (Tightness and uniformity continuity). Let (P;)icr be a family in P(R?).
If (Yp,)ier is uniformly continuous in 0, then (P;);er is tight.

Proof. Tt suffices to show that ((7g).«P;)icr is tight for all projections 7, ..., 7. Apparently,
Vir). P, (1) = Yp,(ter), if ep is the k-th unit vector. It is therefore sufficient to prove the
assertion in the case d = 1. Since ¢p,(0) = 1 for all i € I, we conclude from uniform

continuity that
t—0
sup |1 — ¢p,(t)] — 0,
i€l

thus, see Remark 9.15,

2/r
supinf P;([-r;7]) > 1 — inf sup T/ (1 —p,(t))dt
r>0 1€l >0 41 2 J_2/r

r 2/r
Zlinf/ sup |1 — ¢p, (t)|dt
r>02 J o/ iel

>1—2inf sup supl|l—o¢p,(t)] =1.
r>0e(0;2/7] i€l

This shows the assertion. O

Theorem 9.33 (Lévy’s continuity theorem). Let Py, Py, --- € P(R?) and ¢ : RY — C, so
n—o0 n—oo

that ¢¥p, (t) == 4(t) for all t € RL. If ¢ is continuous in 0, then P, === P for a
P € P(RY) with ¢p = 1.

Proof. Since p, converges pointwise to a function ¢ which is continuous in 0, it follows
from Lemma 9.31 that (¢¥p, )n=12,.. is uniformly continuous in 0. With Proposition 9.32 it
follows that (P,)n=1,2,.. is tight. Let (nx)r=12,.. be a subsequence and P € P(R%) such that

P,, 2%, P, Since z > €il® is a continuous, bounded function, it follows that vp,, () koo,

n—o0

Yp(t) for all t € R%. On the other hand, since ¥p, (t) —— 1 (t), and ¢p = 9 follows. This
identifies 1 as a characteristic function of P and since this uniquely determines P, we find
P, == P. O
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Example 9.34 (Theorem of deMoivre-Laplace). Let Sy, ~ B(n,p). The Theorem of deMoivre-
Laplace states that

Sn —np n—00

T L2250 N(0,1). (9.10)

S¥ =

n

We now want to show this again with the help of characteristic functions, i.e. Pgs e,

Yn(0,1) pointwise. To do this, we use Proposition 6.12.3 and write with ¢ := 1 —p and
C1,Cy,--- € C with limsup,,_,, |Cpn| < 00

sy (1) = exp ( - it\/fp) “VB(n.p) (:Lm)
= exp ( — Ztﬁ) (q + pexp (\/%))"
(q exp ( — Zt\/nTi]) +pexp (lt\/g))n

2 t2

o 2n  nd/?

The result now follows from Theorem 9.33.

Lévy’s continuity theorem can also be formulated with Laplace transforms. We state the
theorem without proof:

Theorem 9.35 (Lévy’s continuity theorem for Laplace transforms). Let P1,Po,--- € P(R%)

n—o0

and £ : R% — [0, 1], so that Lp,, (t) > L(t) for allt € R, If £ is continuous in 0, then
P, === P for a P € P(RY) with Lp = L.

Example 9.36 (Convergence of the geometric to the exponential distribution). Let X,, ~
n—oo

Hgeo(pn) Ve distributed and n - pp, —— X. Then

ZLan(t) = Pl = 3 (1= pa)pae "
k=1
—t/n 1
= DPn€ / e
_ A .
T n(l—- (1= XMn)1—t/n) +o(1/n)
n—o0 A

A+t

n—00

Therefore, % ==Y, where Y ~ pieg ), since

o0 A
Loy (t) = e et = .
(@)= [ A= 55
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10 Weak limit laws

We will now apply our knowledge of weak convergence and characteristic functions in special
situations. In Section 10.1 we are concerned with statements about when the sum of random
variables converges against a Poisson distributed random variable. In section 10.2 we will ap-
ply the central Lindeberg-Feller’s central limit theorem, which provides a characterization for
the weak convergence against a normal distribution. Section 10.3 finally deals with extensions
for the case of multidimensional random variables.

10.1 Poisson convergence

We already know the statement that B(n,p,) for n - p, %% X converges weakly against
Poi(A) for large n; see Example 10.1. In this section we generalize this statement; see Theo-
rem 10.5.

Example 10.1 (Poisson approximation of the binomial distribution). Let p1,po,--- € [0,1]
n—oo

be such that n - p, —— A. Then we already know from Basic probability that
B(n,pa)({k}) “== Poi(A)({k}).

In other words, this is a statement about weak convergence:

n—00

B(n,pn) == Poi(\). (10.1)

Lévy’s theorem provides another way to prove this result. We recall the characteristic functions
of the binomial and Poisson distribution from Fxample 6.13. We write directly

Upupn(®) = (1= pa(1 = "))
= <1 — ann(l — eit)>n

TH_OO) exp ( — )\(1 — eit)) = ¢Poi()\) (t)

In particular, the characteristic functions of the binomial distributions converge pointwise to a
function that is continuous in 0, namely the characteristic function of the Poisson distribution.
With Theorem 9.33 this imples (10.1).

In the following, we will see that the weak convergence to a Poisson distribution is even more
general. For this we will use use generating functions.

Remark 10.2 (Generating function). Consider a random variable X with values in Z4 and
define the generating function

2 ox(2) = P[] = isz[X = k.
k=0

We note that for z € |0, 1] this is related to the Laplace transform of X because (with z =e™")
Zx(t) =Pl = P[z"] = px(2).

In particular, the following two properties of Laplace transforms carry ofer to gemerating
functions.
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1. Generating functions determine the distribution, see Proposition 9.25: The distribution
of X is uniquely determined by z — ox(z) for z € [0,1].

2. Weak convergence equivalent to the convergence of the generating functions, see The-
orem 9.33: Let X1, Xo,... be a sequence of random wvariables with values in Zy such
that px, (z) =25 @(z) for z € [0,1] for a function ¢ that is continuous from below in
1. Then X, == X for a random variable X with generating function .

Sometimes generating functions are practical tools. By their definition, they are power series
with radius of convergence v > 1. It is known that inside the radius of convergence, the
derivative and sum are interchanged. So if r > 1, for example, we write

(1) = ikzk—lp(x =k)| = ikP(X = k) = P[X].
k=0 = k=0

Analogous calculations for higher derivatives are also possible.

Definition 10.3 (Asymptotic negligibility). A triagonal family of random wvariables

(Xnj)n=12,...nj=1,..,m, With mi,ma,--- € N is asymptotically negligible, if the random vari-
ables X1, ..., Xnm, are independent for eachn =1,2,..., and
sup  P(|Xn;] > ) 22220 (10.2)
7j=1,...mp

for alle > 0. If X;; >0 for all i, j, then m, = oo is also permitted.

Remark 10.4 (Equivalent formulation). 1. For a triagonal family of random variables
(Xnj)n=12,...,n,j=1,..,mn» (10.2) holds iff

sup B[ X,;| A 1] 2225 0.

Jj=1,....mn

2. Let (Xnj)n=1.2,. nj=1,.,m, be a triangular of Z, -valued random variables. Then (10.2)

holds iff
. . . . n—oo
inf inf @x, (2)= inf ox, (0= inf P(|X,;/=0) ——1. (10.3)
Ze[071]j:17"’7mn g Jj=1,...mn J Jj=1,...mn

Theorem 10.5 (Poisson convergence). Let (Xp;)n=12,...nj=1,..m. be a family of asymptoti-
cally negligible random variables with values in Z4 and X ~ Poi(\). Then,

Mn
ZXW noo, x
j=1

iff
1) P(Xp;>1) =50
j=1
2. P(Xp;=1) 25
j=1
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We prepare the proof with a lemma.

Lemma 10.6. Let ()\nj)nzl,gw,J:Lm,mn be a triangular family of asymptotically negligible,
non-negative constants and A € [0;00]. Then,

Mn Mn
[T - 2n) == e = D A A
j=1 j=1
Proof. First note that log(l — z) = —z + ¢(x) for > 0 with e(x)/x 229, 0. Since
SUDPj—1,.m, Anj < 1 for large n, the left hand side is equivalent to
Mn Mp o) Mp
_ . N\ . . _ E(Anj _ . .
= nlg]g(}Zlog(l — Anj) = nh_)rr;o Anj (1 e )= nh_)rglo Anjs
j=1 j=1 j=1
as
sup 8(;‘7"7) 27 0.
j=1,..,mnp "
From this, the right hand side is immediate. O

Proof of Theorem 10.5. We denote by ¢, ; the generating function of X, ;. According to
Remark 10.2.2, the weak convergence in the theorem is equivalent to pointwise convergence
of [T ¢nj(2) 2700 e~ M1-2) since

k!
k=0
By Lemma 10.6 this is true iff
An(2) = 3 (1= () "5 A1 - 2), (10.4)
j=1

since the family (1 — ¢nj(2))n=1,2,...j=1,...m, for each z € [0,1] after (10.3) is asymptotically
negligible. We decompose A, (z) = AL(z) + A2%(z) with

A =S (1= P(Xy = k) = (1-2) Y P(X,; > 0),
k=1 j=1 j=1

A2(5) =3 (-5 S P(X = k).
k=2 =1

First, z(1 — 2) < z — 2% < z for all k = 2,3,... This means that

z2(1—2) %P(an >1) < A%(2) < z%P(an > 1). (10.5)
Jj=1 j=1

Let us now turn to the proof of the assertion.

104



'=": Let (10.4) hold. For z = 0 this means, since ¢,;(0) = P(X,; = 0), that

> P(Xpy > 0) =) (1 ;(0) == A
j=1 j=1

n—oo

Therefore, Al(z) A1 — 2) for z € [0,1]. But then A2(z) —> 0 must apply to
z € [0,1]. Because of (10.5) this means that 1. is valid. The statement 2. follows from this
by subtraction.

<" So 1. and 2. apply. It is clear that A2(z) == 0 by (10.5). Then AL(z) === (1—z)\
by 2., i.e. (10.4) is shown. O

n—oo

Example 10.7 (Convergence of geometric distributions against Poisson). Let X,;, j =
1,...,n,n = 1,2,... be geometrically distributed with parameter p, (i.e. P(X,; = k) =
(1 — pn)*~1pn, see Example 2.2.4) and Y, = Xn; — 1. (Thus, Yy; is the number of failures
before the first success). We set Y, = Z?:l Y,;, which is as distributed as the number of

n—oo
Y.

failures before the nth success. If Y ~ Poi(\) and (1 — pp) -n ——5 X, then Y, —=
Since

> P(Yn;=1) =n(l - pn)pn A,
j=1

n
D> P(Yn; > 1) =n(l—pn)® =20,
j=1

Theorem 10.5 gives the result.

10.2 The Central Limit Theorem

The central limit theorem, Theorem 10.8, generalizes the Theorem of deMoivre Laplace. The
generalization consists of the fact that any sums of independent (not necessarily identically
distributed) random variables converge weakly to a normally distributed random variable if
they satisfy the Lindeberg condition (see 2. in Theorem 10.8).

Theorem 10.8 (Central limit theorem of Lindeberg-Feller).  Let (Xyj)n=12,.. j=1,.,m, be
a family of random variables such that for n =1,2,... the random variables Xp1, ..., Xnm,
are independent. Assume that

Mn, Mn
ZE[Xn]] n— o0 1, ZV[an] n—00 0_2
7j=1 j=1

and X ~ N(u,02). Then the following statements are equivalent:

1. ZXW 222 X and  sup V[X,;] 250,
j=1 7j=1,....mpn

2. Y E[(Xn; — B[Xy])% [ Xnj — B[X,]| > €] 22250 for all e > 0.
j=1
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Before we prove the central limit theorem, we refer to the special case of identically distributed
random variables, which was already discussed in the lecture Basic Probability.

Corollary 10.9 (Central limit theorem for identically distributed random variables). Let
X1,Xo,... be independent and identically distributed with E[X1] = p, V[X1] = 02 > 0. Let
Sn = p_1 X and X ~ N(0,1). Then,

Sn Z Mt oo,

X.
no?
Proof. Let mp, =n and X,,; = % Then the family (X,;)n=12,. j=1,. n fulfills the condi-

tions of Theorem 10.8 with y = 0,02 = 1. Furthermore
a 1
> EIXZ: [Xogl > €] = B((X1 = )% 1X0 — pl > eVno?] 22550
j=1

due to dominated convergence. O

The Lindeberg condition is often not easy to verify. The stronger Lyapunoff condition is often
simpler.

Remark 10.10 (Lyapunoff condition). The family (Xy;)n=1.2,... j=1,...m. from Theorem 10.8
satisfies the Lyapunoff condition if for some § > 0

Mmn
> E[|Xn; — E[X,,;]7T] 222 0.
j=1

Under the conditions of Theorem 10.8, the Lyapunoff condition implies the Lindeberg condi-
tion. To see this, let wlog E[X,;] = 0. For all e > 0,

2445 2+6
> || |z
lgse € =5 lppe < =5

If the Lyapunoff condition applies, the Lindeberg condition follows from

< m

n 1 "
DB Xl > 2] < 55 D BlIXn 7] =55 0.
Jj=1 ot

The proof of Theorem 10.8 is based on the clever use of the characteristic functions of the
random variable random variable X,,; and Taylor approximations. We prepare the proof of
the theorem with two lemmas.

Lemma 10.11 (An estimate). For complex numbers z1, ..., zn, 2}, ..., 2l with |z] < 1,]2)] <
1 fori=1,...,n,

< Z EE A (10.6)



Proof. For n =1 the equation is obviously correct. Moreover, if (10.6) is valid for an n, then

n+1 n+1 n n n
‘H%*HZ’;’C)S Zn+1(H H )‘ ‘ZnH*Z;lH)HZ;;
k=1 k=1 k=1 k=1 k=1
n
< Z |2k — Z;g‘ + |zZnt1 — 27/1+1"
k=1
From this the assertion follows. O

Lemma 10.12 (Taylor approximation of the exponential function). Let t € C and n € Z..
Then,

2 t n t n+1

-
ko n+1).

Proof. Denote by h,(t) the difference on the left-hand side. For n = 0, (10.7) follows from

t t
\ho(t)]—‘/ ei*ds| g/ e |ds = |t
0 0

ho()] < || +1 =2.

and

In general, the following applies tot € R,n € N

t ] n N k+1 ‘ n+l . \k
‘/ hn(s)ds‘ - ] SICES NN ((;tl 1),\ - ‘z’e” —iy (Zg — i (8],
0 k=0 ) k=0

and (10.7) follows by induction. O

Remark 10.13 (notation). In the following proof, we will use for functions a and b the
notation a < b iff there is a constant C with a < Cb.

Proof of theorem 10.8. Wlog let E[X,;] = u = 0 and 02 = 1; otherwise we replace X,; by
%‘?m] Let 0'72lj = V[X,,] and 02 := Z;nnl 71—}—00> 1. Denote by 1),,; the characteristic
function of X,;.

2. = 1. Since for every € > 0

sup azjgsz—i— sup EJ[ n],]Xn]] >e] < €? —l—ZE n],]Xn]]>5] 7% €2 (10.8)

G=eimn =i o

the second part of 1. is already shown.
Let (Znj)n=12,...j=1,...,m, be independent random variables with Z,; ~ N(0 02.). This

I TLj

means that Z,, = Z;”z”l Znj ~ N(0,02). In particular, the following applies thus Z, =35 X,

which can be derived directly from the form of the characteristic functions of the normal

distribution, Example 6.13.3 can be read off. Let Jnj be the characteristic function of Z,;.
Then it suffices to show, see Theorem 9.33, that

H wnj H ¢n] nﬁoo (109)
7=1
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for all t. Using Lemma 10.11 and Lemma 10.12 we write
Mn, Mn . mMn .
T (®) =TT s ()] <3 s (8) = s (1)
j=1 j=1 j=1
Mn Mn .
< Z s () = 1+ 5t07;] + Z [V (5) = 1+ 5t

<2ZE SN [ X)) +Z|e 27 1 4 1202,

7j=1
Furthermore,
My, mn mn
Y EX (A Xy)] <e)Y o+ BX5]Xyl >e] e
j=1 Jj=1 Jj=1
and

Mn

m
1 22 i
=02 ¢ n—00
E le”2%" — 1+ %tZU%j‘ < g oﬁj <02 sup a,%j —0
j=1 _ Jj=1,...,mp

because of (10.8). This means (10.9) is already proven.
1. = 2. According to the second part of 1. for each € > 0 with the Chebyshev inequality

2
o .
sup  P[|Xp;| >el < sup % 27%0. (10.10)
j:l,...,mn j: yeeeyMMn €
With Lemma 10.12,
sup thn(t) —1[ < sup  E2A[E- X)) < 2 _sup  Pl[Xp| > ] +elt] = elt]-
Jj=1,...mn J=L,...mn 1,....,mn
In particular, > 7™ log¢,,;(t) is defined for every ¢ if n is large enough. From 1.
noo,
Zlog@bm — - (10.11)

Furthermore, because 1,;(0) = iE[Xy;] = 0,95,(0) = =V[X,,;] = —
Taylor expansion of v,; around 0

o2 with the help of a

nj

[ (1) = 1] < op; |t

and

‘ Zlogwnj(t) — Z(’(/Jnj ’ Z |¢n] - 1|2
i=1 j=1

<D (et <t sup o

Jj=1,....mp

(10.12)

3”

2 n—oo
217,

<.
Il
-
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Since the convergence of an imaginary series follows from the convergence of its real and
imaginary parts, we deduce from (10.11) and (10.12) because Re(ty;(t)) = E[cos(tX;)]

- nooo,
ZE[cos(tXm) 1] — )
j=1

For € > 0 is now because of 0 < 1 — cos(f) < %

O<hmsupZE nj,]Xn]]>£]—hmsup 1—ZE nj,]Xn]]<E]

<limsup 1— 2 ZE[l — cos(tXp;); | Xnj| < €]

n—00 =1

= limsup — 2 ZE [1 — cos(tXn;); | Xnj| > €] (10.13)

< limsup — 2 ZP | Xnj| > €]

52 3 hmsup E Onj =

Since t,e > 0 were arbitrary, 2. is shown, if in the the last inequality chain ¢ — oo is
considered. O

10.3 Multidimensional limit laws

So far, we have only considered weak limit theorems (Theorems 10.5 and 10.8) for the case
of R-valued random variables. We now generalize this to R%valued random variables. In
particular, we give a variant of the multidimensional central limit theorem.

Definition 10.14 (Multidimensional normal distribution). Let u € R? and C' € R¥? be q
strictly positive definite symmetric matriz.'>'®. The d-dimensional normal distribution with
expected value p and covariance matriz C is the probability measure N, c on R? with density

1 _
fu,C(CU) = Wexp ( — %(m —n)C l(gg _ ,U«)T)‘

Proposition 10.15 (Properties of the multidimensional normal distribution). Let u € RY,
C = AAT € R¥™4 g strictly positive definite symmetric matriz and I the d-dimensional unit
matriz. The following are equivalent:

1. X ~ Noo;

2.tXT ~ N7 1t for each t € RY;

"
5We denote row vectors by z and column vectors by z ' .

18Strictly positive definite means zCx ' > 0 for all z € R?. From linear algebra it is known that for a strictly
positive definite matrix C' there is always an invertible matrix A with C = AAT
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3. Yx(t) = e”“TefétCtT for each t € R?,
In each of these cases

4. XiAY—i—uforYwNo,[,

5 E[X;|=p; fori=1,...,d,

6. COV[X;, X;] =Cyj fori,j=1,...,d.

Proof. First, let X ~ N, c. We first show 4.-6. The property 4. is an application of the
transformation theorem. For B € B(RY) and T :y — Ay' +pu',
1 1 T
No.1 T-YB)) = / e 2% dy
e =
y=A‘;(x7u) 1 1

\/?detA — 3w —p)(AT) AT @ — p) ") da
\/m/

= N,c(B).

5. follows from 4. with
E[X;] = E[m(AY + p)] = mip = p;,

where 7; is the projection onto the i-th coordinate.
6. also follows from 4. with

COV[X;, X;] = E[(mAY ")(m;AY )] = E[(A:.Y T)(4;Y )] = E[A.Y TV A]]
= A Al = (AAT);; = Cy;.

We now come to the equivalence of 1.-3.: ’1. = 2.”: Since X LAYT + p' oasin 4. tXT =
tAY T +tu" as a linear combination of (one-dimensional) normal distributions is normally
distributed again. The expected value is obviously tu' and the variance

VtX T = E[tAY ") = E[tAY 'Y ATt = tAATtT =tCt".

2. = 3. Since tX | ~ Ny, 7 107, the statement follows from example 6.13.3.
’3. = 1.: This follows from Proposition 9.25. O

Remark 10.16 (Special cases). 1. If C in Definition 10.14 is positive, but not strictly
positive definite (i.e. there is x € R with x # 0 and xCx = 0), one cannot determine
N,.c by specifying the density as in the definition above. In this case N, ¢ is defined by
specifying the characteristic function, i.e. function, i.e. N, ¢ is the uniquely determined

, 1
distribution on RY with YN, (1) = githe= 310t

2. If Y ~ Ny and A is an orthogonal matriz, then also X := AY ~ Ny . This follows
from Proposition 10.15, if you write I = AA" and use 4. is used.
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Proposition 10.17 (Cramér-Wold Device). If X, X1, Xo,... are random variables with val-
n—oo

ues in RY. Then X, == X applies if and only if tX,, === tX for allt € R? (where

(t,x) — tx is the scalar product in R?).

Proof. '=": Lett € R?and f € Cy(R). Then f(t-) € Cy(R?). This means that E[f(tX,)] ——
E[f(tX)], i.e. tX, 7= X,

<" Let m; be the projection onto the ith coordinate. Since (m;Xy)n=12,. according to
Corollary 9.18 is tight for all ¢, you can see that (X, ),=1,2, . is tight. Since {z et .t € RY}
is a separating class of functions, the assertion follows from E[eXr] =% E[eX] for all

t € R? and Proposition 9.27. O

Theorem 10.18 (Multidimensional central limit theorem). Let X, Xoa,... be indepen-
dent, identical distributed random variables with values in R? with E[X,] = pu € R? and
COV[XWZ',Xn’j] = Cz‘j fOT’ i,j = 1, NN ,d and Sn = Z?:l Xi. IfX ~ NO,C; then

Spn =Nl n—oo

vn

Proof. We apply the one-dimensional central limit theorem, Corollary 10.9, to the indepen-
dent, identically distributed random variables tX;,tX5,.... This provides

X.

Sn — NU n—oo

n

Since t was arbitrary, the statement follows from Proposition 10.17. O

t tX.

11 The conditional expectation

Let (Q, A, P) be a probability space. We write £! := £!(P) for the set of all real random
variables whose expected value exists. In this chapter we again use the notation E[-] for the
integral with respect to the probability measure P, as well as LP := LP(P).

11.1 Motivation
Define as in Elementary Probability for A,G € A and P(G) > 0

P(ANG)
P(AG) = ——=
(A16) =5
and analogously the conditional expectation
E[X; G|
EX|G] = ———.
XI6= 5

Then P(A|G) = E[14]G]. This relationship means that conditional expectations can be used
to calculate conditional probabilities. In particular, the notion of conditional expectation is
more general than the notion of conditional probability.

In this chapter, we will use the conditional expectation E[X|G] for a random variable
X and a o-algebra G C F. Here, E[X|F] is a G-measurable random variable. As a simple

111



example, {G1,Ga,...} C F is a partition of Q with P(G;) > 0 for ¢ = 1,2,... and G the
generated o algebra. Then we set for X € £!

E[X|0](w) = 3 E[X|Gi] - Lg, (). (1L.1)
i=1

The following therefore applies: for w € G;, the random variable E[X|G] is given by E[X |G](w) =
E[X|G;] = E[X;G;]/P(G;). In particular it is constant on G;, i = 1,2,... In other words,
E[X|G] is measurable with respect to G. The following also applies to J C N and A =
Uje] Gjeg

B[BLX|G]; 4] = [ZE [X|Gil1g,14]
= E (X|Gj]
]EZJ Gilte, ] (11.2)
= > E[X|G)]- P(G))
jedJ
= E[X; A].

In particular, with J = N therefore E[E[X|F]] = E[X]. The definition of the conditional
expectation (11.1) can be generalized with the help of the property (11.2) to any o-algebras
g CF.

Example 11.1 (Binomial distribution with random success probability). Let X be uniformly
distributed on [0,1], i.e. the distribution of X has density Lig;1)- Given X =z let Yi,..., Y, be
a sequence of Bernoulli distributed random variables with probability of success x. Therefore,
Y =Yi+---+4Y], is binomially distributed with n and x, i.e. Y counts the number of successes
i n independent experiments with probability of success x. Intuitively, it is clear what

PV = k[X) = (Z)Xk(l — X))k

should mean. However, this has not yet been defined, since P(X = x) = 0. However, it is
worth noting that the right side is a o(X)-measurable random variable (since it is a function
of X; see Lemma 6.2).

11.2 Definition and properties

We now formally define the conditional expectation E[X|G] for G C F. As mentioned above,
this is a G-measurable random variable whose expectations are as in (11.2) match those of X.

Theorem 11.2 (Existence and properties of the conditional expectation). Let G C F be a
o-algebra. Then there is an almost surely unique linear operator E[.|G] : L' — L' such that
E[X|G] for all X € L' a G-measurable random variable with

E[E[X|G]; A] = E[X; A] for all A€ g.
Further,

2. E[X|G] >0 if X > 0.
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- E[[B[X|9]]] < E[IX]].

CIf0< X, 1 X forn — oo, then also E[X,|G] 1 E[X|G] in L' if all expectations exist.

. E[XE[Y|G]] = E[E[X|G]Y]| = E[E[X|G]E[Y|G]] if all expectations exist.

3
4
5. If X is a G-measurable function, then E[XY |G] = XE[Y|G] if all expectations exist.
6
7. If H C G, then E[E[X|G]|H] = E[X|H].

8

. If X is independent of G, then E[X|G] = E[X].

Proof. 1. in the case X € £2: Let M be the closed linear subspace of £2, which consists of all
functions which, except for a zero set, correspond to a G-measurable function. According to
Proposition 4.10 there are almost surely unique functions Y € M, Z 1 M with X =Y + Z.
We define E[X|G] := Y. This means that X — E[X|G] L M, ie. E[X — E[X|G]; A] = 0 for
A € G, from which 1. for X € £? follows.

3. in the case X € £2: Choose A := {E[X|G] > 0}. According to 1.,

E[[E[X|G]]] = E[E[X|F]; A] - E[E[X|F]; A°] = E[X; A] - E[X; A°] < E[|X]].

n—oo

1. in the case X € £1: If X € £! D L2, then choose X1, Xo, -+ € £ with || X, — X||; —= 0
(such that | X,| := |X| An), and define E[X|G] := lim,, oo E[X,,|G]. This limit value exists
in £, since because of 3.

7,Mm—00

E[[E[X,|9] - E[Xn|G]]] = E[[E[X,, — X0 |F]]] < E[|Xn — Xonl] 0

the sequence (E[X,,|G])n=12,.. is a Cauchy sequence and L' is complete. Furthermore, this
n—oo

means that ||E[X,,|G] — E[X|G]|[1 — 0. Furthermore, for A € G

[E[X — E[X|G]; A]| < E[|X14 — Xp14l]
+ |E[Xn - E[Xn|g]§ A]”
+ E[|E[X,,|G]14 — E[X|G]14]]

n—00
— 0

due to dominated convergence and 1. follows in the case X € £1.

3. in the case X € L!. Here, too, you can see through an approximation argument if
n—oo

X1, X9,--- € L£? with X, —= X,
B[|B[X|G]] = lim BIJB[X,|d]] < lm B[X,[] = B[X]|
since, due to the inverse triangle inequality, approximately,

n—o0

E[[[E[X,|9]| — [E[X[F]]]] < E[|E[X[G] — E[X,|]]] 0.

é. set A = {E[X|G] <0} and thus
0 > E[E[X|G]; Al = E[X; A] >0,

thus because of E[X|G]14 < 0 also E[X|G]14 = 0 is almost sure.
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— B .
4. Due to monotone convergence, || X, — X||1 ——= 0, i.e. with 3.,

E[|E[X,|d] - E[X|G]] = E[[E[X, — X|F][] < E[|X,, — X|] === 0.

6. in the case X,Y € L2. According to the definition of the conditional expectation,
E[X|G],E[Y|G] € M if M is the linear subspace of £? which contains functions which, apart
from a zero set with a G-measurable function. Furthermore X — E[X|G] L M. Thus

E[(X — E[X|G)E[Y|d]] = 0.
6. in the case X,Y € £!. Choose X1,Y1, X5, Ys,--- € £? with X,, T X,Y,, T Y. Because of
4. and dominated convergence, if all expectations exist,
B[(X ~ BIX|G)E[Y|)] = lim EI(X, - B[X,|0)E[Y.|d)] = 0.
5. because of 1. is E[X|G|14 = X14 for A € G, almost surely. This means that
E[XY; A] = E[XE[Y|G]; A]
after 6. from this follows after 1. already E[XY|G] = XE[Y|G].
Since H C G, for A € H,
E[E[X|G]; A] = E[X; A] = E[E[X|}]; 4]
after 1. From here follows but E[E[X|G]|H]| = E[X|H].
8. Certainly, E[X] is measurable with respect to G. For A € G,
E[E[X|0]; A] = E[X; 4] = E[X]E[1,] = E[E[X]; A]
and thus E[X|G] = E[X]. O
Remark 11.3 (Interpretation and alternative proof). 1. Let X € L. As the proof of 1.
in Theorem 11.2 shows, X — E[X|G] is perpendicular to the linear subspace of all G-
measurable functions. In particular E[X|G] is the G-measurable random variable that
(in terms of the L2 norm) is closest to the random variable X comes closest. Therefore,

we can say that E[X|G] is the best estimate of X if information from the o algebra G is
available.

2. The almost surely unambiguous existence of the conditional expectation with the property
1. in Theorem 11.2 can be proved differently than above with the help of the theorem of
Radon-Nikodym (Corollary 4.17):

Let X > 0 first. Set P := P|g, the restriction of P to G, and pu(.) = E[X;.] a finite
measure. Then obviously p < P applies. The theorem of Radon-Nikodym ensures that
1 is a density with respect to P, i.e. there is a G-measurable random variable Z with

E[X; A = E[X; A] = u(A) = E[Z; A] = E[Z; A]

for all A € G. Thus Z fulfills the properties of 1. from theorem 11.2. The general case
(i.e. X can also take can also assume negative values) then follows with the decompo-
sition X = X — X~

To prove the (almost sure) uniqueness of the conditional expectation, let Z' be another
G-measurable random variable with random variable with E[Z'; A] = E[X; A] for all
AegG. Then B:={Z' —E[X|G] >0} € G and E[E[X|G] - Z";B] =E[X — X;B] =0
and likewise E[E[X|G] — Z'; B¢| = 0. This therefore means Z' = E[X|G], almost surely.
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Proposition 11.4 (Jensen’s inequality for conditional expectations). Let I be an open in-
terval, G C A and X € L' with values in I and ¢ : I — R is convex. Then,

E[p(X)|G] = o(E[X]G]).

Proof. The proof is analogous to that of Jensen’s inequality in the unconditional case, Propo-
sition 6.6: Since I is open, E[X|G] € I, almost surely. We recall the definition of A in (6.4).
Further, as in (6.5) for x € I,

e(z) = p(E[X]|G]) + ME[X|F])(z — E[X]G])
and thus
Elp(X)|g] = E[p(E[X|F])|G] + EME[X]F]) - (X — E[X|G])|]]
¢ (E[X|G]).
O

Lemma 11.5 (Uniform integrability and conditional expectation). Let X € L. Then the
family (E[X|G])gca is uniformly integrable.

Proof. Since {X} is uniformly integrable, according to Lemma 7.9 there is a monotonically

increasing convex function ¢ : Ry — R, with 28 Z2% o and E[p(|X])] < oco. With

x
Theorem 11.2.3, we obtain

sup E[p(|E[X|F][)] < E[p(|X])] < occ.
FCA

This means that {E[X|F] : F C A o-algebra} is uniformly integrable, again according to
Lemma 7.9. O

Theorem 11.6 (Dominated and monotone convergence for conditional expectations). Let
G C F and X1, Xo,--- € LY. Assume one of the following:

1. Let X € L' such that X,, 1 X, almost surely.
2. If Y € LY such that | X,| < Y| for all n, and X, =2 X almost surely.

Then
E[X,|¢] “= E[X|]]

almost surely and in L.

Proof. For the L£'-convergence one has in both cases with Theorem 11.2.3

E[|E[X,|¢] — E[X|G]|] = E[|E[X, — X|]]|]

n—00

< E[|X, — X|] 222 0.

We divide the almost sure convergence into the two cases: in case 1. it is clear from Theo-
rem 11.2.2 that E[X,,|G] grows monotonically. Furthermore, for A € F with the theorem of
monotone convergence

E[sup E[Xn|g];A] = supE[E[Xn\g];A] =sup E[X,;; A] = E[sup X,,; A] = E[X; A].
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However, this shows that sup,, E[X,,|G] = E[X|G], almost surely. In case 2. we set

Y, :=sup X | lim sup X, = X almost surely,
k>n

Zp = inf X 1 liminf X,, = X almost surely.
k>n n
Thus -Y < Z, < X,, <Y, <Y, ie. in particular Y7, Z1,Ys, Zo,--- € L1, so according to 1.,
E[X|G] = lim E[Z,|G] < lim E[X,|G] < lim E[Y,|G] = E[X|F],
n—o00 n—00 n—00

n—o0

almost surely. In particular, E[X,|G] —— E[X|G], almost surely. O

11.3 The case G = o(X)

In the case G = o(X), E[Y|X] := E[Y|o(X)] is the expectation of Y, given that the random
variable X is fixed. This is a function of X, as Proposition 11.7 shows.

Proposition 11.7 (Conditioning on a random variable). Let (', F') be a measurable space,
X a random variable with values in Q' and Y € L. Then there exists a F'/B(R)-measurable
mapping ¢ : ' — R with E[Y|X] = ¢(X).

Proof. Clear according to Lemma 6.2. O

Example 11.8 (Random success probability). Let us consider the question posed in FEux-
ample 11.1 regarding the existence of the conditional probability P(Y = k|X), where X is
uniform on [0,1] and X is independently binomially distributed with n and X. We now show
(the intuitive equation)

P(Y = k|X) = (Z)Xk(l — X))k, (11.3)

Let A={X eI} for I € B([0,1]), i.e. A is a o(X)-measurable quantity. Then,

Elly_i; A =P(Y =k, X € I) = /I <Z>xk(1 — )" kdy = E[(Z)Xka X))k A

However, this means that (11.3) is true.

Example 11.9 (Sums of independent identically distributed random variables). Let
X1, Xo,... be a sequence of independent, identically distributed random variables, p = E[X1]
and Sy = X1+ -+ Xn. Then

E[S,|X1] = E[X1|Xq] + E[Xo + - + Xy | X1] = X4 + (n = 1),

E[X1|S,] —%Z [X;]Sn]) = LE[S,[S,] = 18,.

In the second calculation, for example, for X = S, and Y = X; the function ¢ from Propo-
sition 11.7 is given by o(x) = Lx.

n
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Example 11.10 (Buffon’s needle problem). On a plane, vertical lines are at a horizontal
distance of 1. Needles, also of length 1, are thrown onto the plane; see Figure 2. Let us
constider a needle. We set

1, if the needle intersects a straight line
Z = .

0, otherwise

The center of the needle X is away from the left straight line and the (extension of the)

A

=,

LA /= /\V‘( \/

3

~

0
4

ly
;

<

BANEAR VSN

Figure 2: Sketch of Buffon’s needle problem

needle makes an angle © with the straight line. This means that X is uniform on [0;1], © is
uniformly independent on [0; T] and

P(Z =1|0) = P(X < $sin(0) or X > 1 — 1 sin(0)Theta) = sin(O).

This means that
w/2
P(Z = 1) = E[P(Z = 1|0)] = E[sin(0)] 2/0 (sin(6)d0 —

This can be interpreted as follows: if you want to determine by simulation (i.e. by a Monte
Carlo method) to find the numerical value of ™ you can simulate Buffon’s needles. Since each
individual needle has the probability % of hitting a vertical line, is approxzimately

2
= proportion of needles that hit a vertical line

according to the law of large numbers.

Example 11.11 (Search in lists). Consider n names of people who come from r different
cities. Each person comes (independently of any other) with probability p; from city j, j =
1,...,r. The names (together with other personal data) are entered in r different (unordered)
lists. If you now want a (random, according to the probabilities p1,...,p,) person in the list,

117



first determine the list, you first determine the city j from which the person comes from and
then search the list j for the person’s name. Until you realize that the name does not appear
in the list you have to compare the person to be found with names on the list. The question
now 1s: How many times on average do you have to compare the name of the person to be
found with names on the list without success until you finally know that the person is not on
the list?

We first define a few random variables:

J : number of the city from which the person to be searched comes

L : number of unsuccessful comparisons until the name of the person to be found is found
Zj : number of people from city j

and Z = (Zi,...,Zy). In order to determine E[L], we first determine

P(L=a|J,Z)=17,=q
and thus

—a\Z ijlz? —a-

From this we conclude
.
SUIEES 9) SRIR PSS piors
a=1 j=1 j=1

and therefore

Example 11.12 (Mixture of Poisson distributions). Let A > 0 and X\ ~ exp(A\) and for a
given A let X ~ Poi(\). We now show that X + 1 ~ geo(1/(1 4+ \)).

Because: According of Proposition 9.25, the distribution is determined by the characteristic
function. First of all, the characteristic function of Y ~ geo(p)

o 00 i peit et
th Z itk _ it Z itk _ _ I-p
t,_)E = pe ((1—17)6 ) — 1_(1_ )ezt_ L_eit'
k=0 1-p

We calculate with Fxample 6.13.2 fort € R

by eit

E[¢"X+))] = ('E[E[X|A]] = e“E[ef(lfeit)Ai TI1rA_ et

so that the assertion with A =p/(1 —p) orp=1/(1+ X) follows.

11.4 Conditional independence

In Section 8, we have already learned about the independence of o algebras (or of random
variables). Conditional expectations and independence are closely related, as the next lemma
shows.

Lemma 11.13 (Conditional probability and independence). The o-algebras G, H C F are
independent if and only if P(G|H) = P(G) for all G € G.
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Proof. ’=": Let G and H be independent. Then, for G € G, H € H,
EP(G),H|=P(GNH) =E[P(G|H), H].

This means that P(G|H) = P(G) according to the definition of the conditional expectation.
<" So if P(G|H) = P(G), it follows for H € H

P(G N H) = E[lg, H] = E[P(GH), H] = E[P(G), H] = P(G) - P(H).
0

The concept of independence is often also required in a conditional form. Let’s start with an
important example.

Example 11.14 (Markov chains). Let E be a countable set. A Markov chain X = (X¢)i=0,12,...
is a family of E-valued random variables such that for all AC E

P(Xi1 € AlXo, ..., Xy) = P(Xip1 € A|Xy). (11.4)

This means: if you want to know the distribution of X¢y1, and the information of the random
variable X3 is already available, the information about the random variables X, ..., X¢—1 does
not provide any additional information. One also says:

Given X;, X1 is independent of Xo, ..., X¢—1.
Or in terms of o-algebras:
Given o(Xy), 0(Xi11) is independent of o(Xo, ..., Xi—1).

One can also say in this case: given the present (that is the state at time t, X;) the future
(i.e. Xyy1) is independent of the past (these are the states X, ..., Xi—1).

A simple example of a Markov chain is the one-dimensional random walk: let Y1,Y5,. ..
be independent and identically distributed such that P(Y1 = 1) = p and P(Y1 = —1) = q for
ap € [0,1]. Further, let Xo =0 and Xy = Y1 +---+ Y. Then (X¢)i>0 is a Markov chain,
because
p, k=X¢+1,

P(X1y = k| Xo,.... X)) =
(X1 = k| Xo t) {q’ = X, — 1.

In particular, the right-hand side defines an Xy-measurable random variable and is therefore
equal to P(Xy11 = k| Xy).

Definition 11.15 (Conditional independence). Let G C F. A family (C;)icr of set systems
with C; C F is called independently given G if

P( () 4,09) = [ P4,l9) (11.5)
jeJ jeJ

applies to all J Cy I and Aj € Cj,5 € J.

Similarly, conditional independence is de fined for random wvariables. Let Y be a random
variable. A family (X;)icr of random variables is independent given G (or'Y ) if (o(X;))icr is
independent given G (resp. o(Y)).
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Example 11.16 (Simple cases). Let G C F be a o-algebra and (C;)icr a family of set systems.
1. If G = F, then (C;)ier is always independent given G.
2. If G = {0, Q}, then (C;)icr is independent given G if and only if (C;)icr are independent.

Example 11.17 (Binomial distribution with random success probability). We look again
at the coin toss with random success probability from Example 11.1 and 11.8. Here X was
uniformly distributed on [0,1] and, given X, Y1,...,Y, are Bernoulli distributed. Now it
should hold that (Y1,...,Y,) are independent given X . Just like in Example 11.8, we calculate
for A={X € I} and for some I € B([0,1]) and y1,...,yn € {0,1} and k:=y1 + - -+ yn

E[lylzylm-nyn:yn? A] = P(Yl =Y, Yn=yn, X € I)
= /:cy1+"'+yn(1 — )Ty = E[XR(1 - X)), 4],
I
50
P(Yi=u1, .., Y0 =ya|X) = X*(1 — X)"7F,
Analogously, one shows fori=1,....,n
P(Y; = y1|X) = X¥% (1 — X)) 74,

From this follows

i=1
so (Y1,...,Yyn) are independent given X.

Lemma 11.13 also exists in the following version, in which the independence is replaced by
conditional independence.

Proposition 11.18 (Conditional probability and conditional independence). Let K C F be
a o-algebra. The o-algebras G, H C F are independent given K if and only if P(Glo(H,K)) =
P(GIK) for all G € G.

Proof. ’=": If G and H are independent given K, then for Ge G, H e H, K € K
EP(G|IK),HN K| =E[P(GIK)P(H|K),K]=EP(GNHIK),K]=P(GNHNK).
Now we can show that the set system
D:={Aco(H,K):EPGIK),A]=P(GNA)}

is a N-stable Dynkin system with D D H,K. Now it follows from Theorem 1.13 that D =
o(H,K), from which P(Glo(H,K)) = P(G|K) follows.
<" So if P(Glo(H,K)) = P(G|K), it follows for H € H

P(G N HIK) = E[P(G|o(H,K)), H|K] = E[P(G|K), H|K] = P(G|K) - P(H|K).

O

Example 11.19 (Markov chains). Let’s look again at the Markov chain (X¢)i=012,.. from
Ezample 11.14. For fized t we set G = o(Xiy1),H = o(Xo,...., X4—1), K = o(Xy). The
Markov property (11.4) now says for G € G,H € H,K € K that P(Glo(H,K)) = P(G|K).
According to Proposition 11.18 this means that X1 and (Xo,...,Xi—1) are independent
given Xy.
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11.5 Regular version of the conditional distribution

We have seen in Section 11.1 how the conditional probability P(A|G) := E[14]|G] for a o-
algebra G C F is defined. However, this does not mean that we have a probability measure
A — P(A|G); see the next remark. In most cases, however, one can define such a (random,
G-measurable) measure, the (or better: a) regular version of the conditional distribution.

Remark 11.20 (Conditional probabilities and conditional distributions). Let G C F be a
o-algebra and Ay, As,--- € F with AN Aj = 0. Then, for B€ G

E[P(n@l A“|g)?B} = E[E[ly~_ 4,|9); B] = E[1=  a,; B]
= E[i 1An?B} = iE[lAn§B]
n=1 n=1

E[P(A,|G); B] =E[) P(4,[G); B]
n=1

ot

1

3
Il

and therefore
P(|J 4.lg) = Y- P(4.l9) (10.6)
n=1 n=1

P-almost surely. This means that there is a zero set (depending on Ay, As, ... ) so that (11.6)
applies to all w outside this zero set. However, since there are uncountably many sequences
Ay, Ag, -+ € F, there does not have to be a zero set N, so that (11.6) holds for every choice
of A1, Aa,--- € F outside of N. However, if there is such an N, we will say that a regular
version of the conditional distribution of P given G exists. We will give conditions for this
in Theorem 11.23.

We recall the concept of the stochastic kernel; see Definition 5.9.

Definition 11.21 (Regular version of the conditional distribution). Let (Q', F') be a measur-
able space, Y an ' -valued measurable random variable and G C F. A stochastic kernel ky.g
from (2,G) to (¥, F') is called regular version of the conditional distribution of Y, given G,

if
kyg(w,B) =P(Y € B|G)(w)

for P-almost all w and every B € F'.

Remark 11.22 (Distribution conditional on a random variable). 42

1. For the stochastic kernel from Definition 11.21 it is sufficient to use property (ii) from
Definition 5.9 only for a N-stable generator C of F. This is because

D:={A e F :ww k(w,A) is A-measurable}

is alwaysa Dynkin system. Thus, according to Theorem 1.13, D = o(C).
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2. Let G = o(X) for a random variable X in Definition 11.21.2. Then, if Ky, (x) is a
regular version of the conditional expectation of Y given o(X), then w = Ky, (x)(w, A”)
o(X)-is measurable for all A’ € A'. This means that, according to Proposition 11.7,
there is a o(X)/B([0; 1])-measurable map par : Q@ — [0; 1] with par 0 X = Ky o(x) (-, A').
We then set

Ry7x(x, A/) = pa (a;)
and say Ky,x 1s the reqular version of the conditional distribution of Y given X.

Theorem 11.23 (Existence of the regular version of the conditional distribution). Let (E,r)
be a complete and separable metric space space equipped with Borel’s o-algebra, G C F a
o-algebra andY a (according to F measurable) random variable with values in E. Then there
exists a reqular version of the conditional distribution of Y given G.

Before we can prove the theorem, we need a property (Proposition 11.25) over complete,
separable metric spaces.

Definition 11.24 (Borel space). 1. Two metric spaces (2, F) and (', F') are called iso-
morphic if there is a bijective, according to F | F'-measurable mapping ¢ : Q — ' exists
such that =t is F' | F-measurable.

2. A measurable space (2, F) is called Borel space if there is a Borel set A € B(R) ezists
such that (Q, F) and (A, B(A)) are isomorphic.

Proposition 11.25 (Polish and Borel spaces). Fvery complete and separable metric space
(E, 1), equipped with the Borel’s o-algebra, is a Borel space.

Proof. See, for example, Dudley, Real analysis and probability, Theorem 13.1.1. O

Proof of theorem 11.23. We prove the theorem under the weaker condition that F, equipped
with the Borel o-algebra, is a Borel space. Wlog, we can therefore assume that E € B(R)
is. The strategy of our proof consists of finding a distribution function of the conditional
distribution by first fixing it for rational values before extending it to all real numbers.

For r € Q, let F, be a version of P(Y < r|G) (i.e. F; = P(Y < r|G) almost surely. Let
A € F be such that for w € A the mapping r — F,(w) is non-increasing with limits 1 and
0 at +00. Since A is given by countably many conditions, all of which are almost certainly
fulfilled, P(A) = 1. Now define for z € R

Fp(w) :==14(w) - inf F,.(w) + Lac(w) - 1z>0.

r>x

Thus,  — F,(w) is a distribution function for all w. Define
k(w,.) := measure defined by = — Fj(w).
For r € Q and B = (—o0; 7],
w— k(w,B) =14(w) - PY <7|G)(w) + Lac(w) - 1r>0 (11.7)

is F-measurable. Since {(—oo;r] : r € Q} is a N-stable generator of B(R), according to
Remark 11.22 the mapping w +— k(w, B) is measurable for all B € F. Therefore,  is a
stochastic kernel.
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It remains to show that & is a regular version of the conditional distribution. Since (11.7)
is based on a N-stable generator of £, for w € A

k(w,B) =P(Y € B|G)(w).

In other words, « is a regular version of the conditional distribution. O

Part 111
Stochastic Processes
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Stochastic processes play a central role in modern stochastics. They are used in various
application fields, including financial mathematics, as well as in biology and physics. Stochas-
tic processes are always used when a variable - for example a stock price, the frequency of an
allele in a population or the position of a small particle — changes randomly over time.

The aim here is to provide important tools for dealing with stochastic processes. We will
deal with important examples, such as the Poisson process or Brownian motion. The latter
also plays a decisive role in the construction of stochastic integrals.

The following books have guided me as references for the purpose of this manuscript.

e Durrett, Rick. Probability: Theory and Examples, Cambridge Series in Statistical and
Probabilistic Mathematics, 2019

e Kallenberg, Olaf. Foundations of Modern Probability Theory. Springer, third edition,
2021

e Klenke, Achim. Probability theory. A comprehensive course. Springer, 2014

This manuscript is based on the courses in Measure Theory and Probability Theory, which
cover Sections 1-3, and 4-12, respectively.

The present english version of this manuscript was written based on the German version
with the help of DeepL.
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12 Introduction

Stochastic processes are nothing more than families of random variables. It is important to
realize that this family is indexed by with time. In the course of time, more and more random
variables are realized.

In the following, let (2, F,P) be a probability space, (F,r) a complete and separable
metric space with with Borel’s o-algebra B(E) and I an ordered subset of R, which we also
call index set. We will always consider the two cases I C Z and I C R. Note already here
that an uncountable index set, such as I = R, raises new questions, as probability measures
are only known to be able to deal with countably number of events.

12.1 Definition and existence

First of all, we take care of the elementary question of what a stochastic process is and how
it can be defined in an unambiguous way.

Definition 12.1 (Stochastic process). 1. Let X = (Xi)ier such that Xy : Q@ — FE is
F/B(E)-measurable. Then, X is called an E-valued (stochastic) process. For w € €,
the mapping given by X (w) : t — Xy (w) is called a path of X.

2. If in 1., the probability space Q = E and X, = m; is the projection, then X is called
canonical process.

3. Let 0 < p < oo. A real-valued process X = (Xi)ier is called p-fold integrable if E[| X;|P] <
oo for allt € I. It is called LP-bounded, if sup,c; E[|X:|P] < oco.

In the Sections 12.2 and 12.3, we will become familiar with two examples of stochastic pro-
cesses. In particular, the Poisson process (see Section 12.2) is the first process with an
uncountable index set I = [0, 00).

Example 12.2 (Sums of independent random variables and Markov chains). From the lecture
Elementary Probability Theory, some stochastic processes are already known, even if they
were not called stochastic processes.

1. Let (Xy)ier be independent. Then X = (Xi)ier is a (very simple) stochastic process.

2. Let X1, Xo, ... be real-valued, independent, identically distributed random variables. Then,
S = (St)i=012,.. with Sp =0 and

fort = 1,2,... is a real-valued, stochastic process with index set I = {0,1,2,..}. In
particular, if P(X; = £1) = 1/2, then S is called a one-dimensional, simple random
walk; see Figure 3.

3. Let k(.,.) be a stochastic kernel (see Definition 5.9) from (E,B(E)) to (E,B(E)). Fur-
ther, let Xy be an E-valued random variable and given X, Xi11 has the distribution
k(X .), t=0,1,2,... Then (X¢)i=o,1,.. is called an E-valued Markov chain.
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Figure 3: A path of a one-dimensional random walk.

Remark 12.3 (Repetition: Existence of stochastic Processes).

1.

Recall from Section 5: the product o-algebra on the space E! is defined as the smallest
o-algebra with respect to which all projections my,t € I are measurable. In particular,
for an E-valued stochastic process X = (Xy)ie1, the mapping w — X (w) is F/B(E)!-
measurable. Furthermore, a projective family on F is a family of distributions (PJ)Jgf]
with Py = (7;).Py for H C J, where ; is the projection of E7 onto EL.

Often, the finite-dimensional distributions of a stochastic process X = (Xi)ier, i.e.
the joint distribution of (X, ..., Xy, ) for any ti,....,t, € I, are given. For example, in
Sections 12.2 and 12.3, the Poisson process and Brownian motion are given by specifying
the joint distribution of (X, Xv, — Xty s ooy, Xt,, — Xt ). This also uniquely defines the
finite-dimensional distributions. In order to ensure that there is a stochastic process
for these finite-dimensional distributions, we need Kolmogorov’s extension theorem; see
Theorem 5.24. It should be noted that finite dimensional distributions of stochastic
processes are always projective; see also Example 5.22.2.

Definition 12.4 (Equality of stochastic processes). Let X = (Xi)ier and Y = (Yi)ier be two
FE-valued stochastic processes.

1.

2.

Ifx 4 Y, then Y is a version of X (and vice versa).

If X and Y are defined on the same probability space and P(X; =Y;) =1 for allt € I,
then X is called a modification of Y (and vice versa).

If X and Y are defined on the same probability space and P(Xy =Y; for allt € I) =1,
then X and ) are called indistinguishable.

The paths t — X;(w) of a stochastic process can have have certain properties. For example,
they can be continuous functions I — F. In addition to processes with continuous paths, we
will need processes with right-continuous paths and left-limits.

Definition 12.5 (Right-continuous functions, left limits). A function f : I — E is called
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right-continuous in t € I with left-sided limit value'™ if
f(t) =1lim f(s) and lim f(s) exists.
slt sTt
It is called right-continuous with left limit values if this property holds for all t € I. The set
of right-continuous functions with left limits is denoted by Dg(I).

Proposition 12.6 (Versions, modifications, indistinguishable processes). Let X = (X;)ter
and Y = (Yi)ier be stochastic processes with values in E.
1. The process Y is a version of X (and vice versa) if both processes have the same finite-
dimensional distributions, i.e. (X¢,, ..., X+,) 4 (Yz,, ..., Yy,,) for any choice of n € N and
t1, .., tn € 1.

2. If X and Y are indistinguishable, then X is a modification of Y (or vice versa). If X is
a modification of Y, then X is a version of Y.

3. If I is at most countable and X is a modification of Y (or vice versa), then X and Y
are indistinguishable.

4. If I =[0,00) and X and Y have almost surely right-continuous paths and X is a modi-
fication of Y, then X and Y are indistinguishable.

Proof. 1. '=": clear. <" Let (Q,F,P) and (Q/,F',P’) the probability spaces on which
probability spaces on which X and ) are defined. We consider the N-stable generator

C:={r;Y(A): AcBE)JC; 1} CBE)
of B(E)!. Further, for J C; I, A € B(E)V,
P((Xi)ies € A) = P ((Yi)ies € A),
ie. X,P and ),P’ coincide on C. According to Theorem 2.11, this means that X,P = ), P’.
So Y is a version of X.

2. Let t € I. If X and Y are indistinguishable, then P(X; #Y;) <P(Xs; # Ys foras e I) =
0. If X and Y are modifications and t1, ..., t, € I, then

P(th = Y%17"'7th = }/tn) =1

since finite unions of null-sets are null-sets. In particular, X and ) have the same finite-
dimensional distributions. According to 1. ) is therefore is a version of X.
3. The statement is clear because of the o-subadditivity of probability measures,

P(X,# Y foratel) <) P(X;#Y;)=0.
tel

4. Let R be a set with P(R) = 1 such that X and ) have right-continuous paths on R and
N; := {X; #Y;}. Further, let I' = INQ. Then, P(U,c;y N:) =0 and

P(teU[Nt) < P<RﬂteUnzyngr) :P(RHTLEJFNT) —0.
0

17Such functions are also called rcll (right-continuous with left limits) or cadlag (continue & droite, limite &
gauche)
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Remark 12.7 (Versions with different path properties). Let X = (Xi)ier be an E-valued
stochastic process and I = [0,00). FEach path t — X;(w) is therefore a mapping I — E.
A distinction is made between stochastic processes according to their path properties. For
example, if t — Xi(w) is a continuous function for almost all w, we say that X has (almost
certainly) continuous paths. It is important to realize that the property of the process to have
continuous paths cannot be read from its distribution:

Let Y = (Yi)ter with Yy =0, and T ~ exp(1) and X = (Xi)ier given by

1, t=T,
X, = ‘
0, otherwise.

Then P(X; =Y;) =P(T #1t) =1 for each t € I. So X is a modification of Y. In particular,
according to the last proposition, the distributions of X and ) coincide. However, only ) has
continuous paths, but every path of X is discontinuous (at T'). In particular, X and ) are
not indistinguishable.

Theorem 12.8 (Continuous modifications; Kolmogorov, Chentsov). Let X = (X;)ier be an
E-valued stochastic process with I = R or I = [0,00). For every 7 > 0 there are numbers
a, B,C > 0 with

E[r(X,, X)) < C|t — s|'?

for all 0 < s,t < 7. Then there is a modification X = (Xt)tel of X with continuous paths.
The paths are even almost surely local Holder-continuous of any order v € (0, 3/a).18

Proof. Tt is sufficient to show the statement for I = [0, 1]. The general case follows by dividing
I into countably many intervals of length 1. We consider the set of time points

Dy :={0,1,..,2"} . 27"
forn=0,1,..., D =J,2, Dy and the random variable
En 1= maX{T(X&Xt) :8,t € Dy, [t —s| = 2—n}'

Let 0 < v < #/c. Then for some C' > 0,

o

E[Y @7¢)| =D 2B < Y2 Y ER(X, X))
n=0 n=0 n=0 $,tEDp,|t—s|=2—" (121)

o0 o0
<Y 20mpngnHh) = ¢y "ol < o0,
n=0 n=0
Therefore, there is a random variable C' with &, < C'277 for all n = 0,1,... Now let
m € {0,1,...} and r € 2771 27| N D. Then,
sup {r(Xs, X¢) : s,t € D,|s —t| <r} = sup {r(Xs, Xy) : s,t € Dy, |s —t| <r}
n>m

n>m n>m

8 As a reminder: a function f : I — E is locally Holder-continuous of order v, if for every 7 > 0 there is a
C with r(f(s), f(t)) < Clt —s|” for all 0 < s,t < 7.
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for a random variable C”. It follows that almost every path on D is Holder-continuous
to the parameter y. This means that X can be extended Holder-continuously to I. We
call this continuous extension )V = (Y;)ic;. To show that ) is a modification of X, we
consider a t € I and a sequence t1,%9,... € D with ¢, — t with n — oco. Because of the
condition, P(r(Xy,, X;) > €) < E[r(Xy,, X;)%]/e* 222 0 for each & > 0, i.e. Xy, ——, X
Furthermore, due to the continuity of ), we find Y}, TH—oo>fs Y;. In particular, P(X; = Y;) =
1. This completes the proof. ]

12.2 Example 1: The Poisson process

For the first time, we consider a concrete stochastic process with process with index set
I =[0,00). A path of the Poisson process is shown in Figure 4.

Remark 12.9 (Modeling by a Poisson process). We want to model clicks of a Geiger
counter, calls to a call-center, mutation events along ancestral lines, or something else which
has events randomly occurring in time. We want to analyze such counting processes with
the help of a stochastic process X = (Xi)ier with I = [0,00). Let X; be the number of
clicks/calls/mutations up to time t. For such a process it makes sense to make a few assump-
tions:

1. Independent increments: If 0 =ty < t; < ... < tp, then (Xy, — Xy,_, :i=1,...,n) is an
independent family.

2. Identically distributed increments: If 0 < ¢, < to, then Xy, — Xt, < X1y—1, — Xo.
3. No double-points: It ¢s limsup,_,, %P(XE - Xo>1)=0.

Definition 12.10 (Poisson process). A real-valued stochastic process X = (Xi)ie[o,00) With
Xo =0 is called a Poisson process with intensity A if the following applies:

1. For 0 =ty < ... <y, the family (Xy, — Xy,_, i =1,...,n) is independent.
2. For 0 <ty <ty is Xt2 — th ~ POi()\(tQ — tl)).

Proposition 12.11 (Existence of Poisson processes). Let A > 0. Then there is exactly one
distribution Py on (B(R))! such that the canonical process with respect to Py is a Poisson
process with intensity .

Proof. As for uniqueness: The finite-dimensional distributions of P; as given by 1. and 2.
from Definition 12.10 are uniquely defined. Therefore the uniqueness follows from Proposition
12.6.1.

For existence, we define the Poisson process as a projective limit. For J = {t1,...,t,} Cf I
with 0 =tg < t1 < ... < t, we set for g =0

S™ (1 = Ty ey Ty — Tp—1) > (T, ey T).

Further,

PJ = Sf éPOI()\(tZ - tifl))- (123)

=1
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In other words: If Y;, 4, | for ¢ = 1, ..., n are independently Poisson distributed with parameter
A(t; —ti—1), then Sn(}/(tlfto)’ e Y;n*tnfﬂ) ~Pj.

We now show that the family (P;: J Cy I) is projective: let J = {t1,...,t,} as above and
H = J\ {t;} for one i. Then,

POi()\(tiJrl — tz)) * POI()\(tl - 151;1)) = POi()\(ti+1 - tifl))

and therefore
() Py = (nfy 0 S™) ®P01 i —tj_1)) =Py.

According to Theorem 5.24, there is the projective limit P;. Let us consider the canonical
process X = (X;)icr with respect to Py. It has the finite-dimensional distributions (P; : J C¢
I). In particular, because of (12.3) increments are independent and Poisson distributed. Thus
X fulfills the conditions 1. and 2. from Definition 12.10. 0

Proposition 12.12 (Characterization of Poisson processes). A non-decreasing stochastic
process X = (Xy)wer with Xo = 0 and values in Z4 is a Poisson process with intensity \ iff
A =E[X] — X¢] < 00 and 1.-3. from Remark 12.9 are fulfilled.

Proof. ’=": 1. and 2. from remark 12.9 are clearly fulfilled. For 3. we calculate directly

L—e (1 +Xe) _1-(1=Xe)(1+Xe) eo

IP(X.>1) = . .

0.
'’ 1. from Definition 12.10 is fulfilled. It remains to show that X; ~ Poi(At). Let for
neNk=1,..n

n
7y = Xugn — Xemvym) AL X7 =D 77

This means that Z}' indicates whether in the interval (t(k —1)/n;tk/n] at least one jump has
taken place. Then, since X}* is monotonic in n,

P(lim X' # X;) = lim P(X] # X;)
n—00
= lim P(th/n Xt(k—l)/n > 1 for a k)

n—oo
n
< lim > P(Xpp/m = Xeh-1)/m > 1)
k=1

= lim nP(X;), >1) ——

n—oo

n—oo

—0

from 3. Further, X' is binomially distributed with n and probability of success p, :=
P(X;/, > 0). Because of the linearity of the mapping ¢ + E[X;] and, since X[ 1 X, it
follows from the theorem on monotone convergence,

A =E[X;] = nlgrgo E[X]]| = nh_)rgo npn.
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By a Poisson approximation (see Example 10.1),

P(X;=k)= lim P(X! =k) —P(X]' = k; X; # XI') + P(X; = k; X; # X]")

n—oo
= 11_>rn P(X} = k) = Poi(At)(k),
i.e. Xy ~ Poi(At) and the assertion follows. O

Proposition 12.13 (Construction by exponential distributions). Let Si,Ss, ... be indepen-
dent, exponentially distributed with parameter X. Further, let X = (Xt)ier be given by

X =max{i:S1 + ..+ S5; <t}
with max () = 0. Then X is a Poisson process with intensity \.

Proof. We must show that for 0 =ty < ... < t,, k1,....kp € N
P(Xy, — Xoy =k, Xy, — Xy, = k) = [ [ Poi(A(t; — t;-1)) (k).

This will only be calculated for the case n = 2, the general case follows analogously. In the
following calculation, let 0 < s < t and Uy, Us, ... uniformly distributed random variables on
[0,t]. We calculate

P(X,— Xo=k, X, —

/ / / / / / / )\k-i-f-i—l —As1 —>\(82 81)“_
Sk41 Sk4o—1

.e )\(Sk+l+1_sk+[)d8k+£+1-~-d81

s s s t t t o]
= )\kH/ / / / / / (/ )\e*/\sk+l+1dsk+e+l>d8k+e...dsl
0 Js1 Sk—1Y8 JSkpy1 Ske—1 t

e MNHRHPIU < < U < 5 < Upyy < ... < Upad]

- e_métg(k#) G)k(t P s)z(ki@!

_ s (As)* o Ai—s) (At - 9))*
k! i ’

and the assertion follows. O

Example 12.14 (Left- and right-continuous Poisson process). Let, similar to Proposition
12.13, the stochastic process process Y = (Yy)ier given by

Y :=max{i: S + ...+ 5; <t}

Paths of the processes X from proposition 12.18 and Y can be seen in Figure 4. The two
processes differ in that X is right-continuous and Y is left-continuous. However, both processes
are Poisson processes with intensity A, as you can easily see. This is because P(X; =Y;) =1
applies for all t € [0,00) and thus Y is a version of X according to Proposition 12.6. As
you can see from this example, two processes with the same distribution can have completely
different paths.
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Figure 4: The right-continuous Poisson process X and the left-continuous Poisson process ).

12.3 Example 2: Brownian motion

Brownian motion is named after the botanist Robert Brown who observed in a microscope
how pollen appears to move under thermal fluctuations seem to move erratically. We will give
a mathematical definition for this process, that will be particularly important in stochastic
analysis. Moreover, the normal distribution will play an important role in this process. A
path of a one-dimensional Brownian motion can be found in Figure 5.

This section only serves to introduce Brownian motion. We will learn more about prop-
erties of Brownian motion later.

<
-

0.5
|

0.5

-1.0
|

0.0 0.5 1.0 15 2.0 2.5 3.0

Figure 5: A path of a Brownian motion.

Definition 12.15 (Brownian motion and Gaussian processes). Let X = (X)ier be a stochas-
tic process with values in R.

1. The process X is called Gaussian if ¢ X¢, + - - - + ¢ Xy, for each choice of c1,...,cp, € R
and t1,...,tn, € I is normally distributed. For a Gaussian process, t — E[X] denotes its
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expectation and (s,t) — COV(X,, Xy) its covariance structure.

2. If I = [0,00), then X is called a Brownian motion with start in x, if the process has
continuous paths and if for each choice of 0 =ty < t; < --- <ty it holds that X3, = x
and Xy, — Xy, are independently distributed according to N(0,t; — t;—1), i = 1,...,n.
If x =0, then X is also called standardized or also Wiener process.

3. Let X' = (th)te[o,oo),...,/'\i'd = (Xg)te[o,oo) Brownian motion. Then the R¥-valued
process X = (Xi)ielo,00) with Xi = (X}, ..., X{) is called ad-dimensional Brownian
motion.

Remark 12.16 (Continuity of Brownian motion). According to Theorem 5.24 it is clear
that there is a process whose increments are mormally distributed as specified in Defini-
tion 12.15.2. The specified distributions (X, ..., Xi, )neNt,..tnel are in fact a projective
family. For example, if Xy, — Xy, | ~ N(0,t; —ti—1) and Xy, , — X4, 5 ~ N(0,ti—1 — ti_2),
then Xy, — Xy, , = Xo, — Xy, , + Xy, , — Xt,_, ~ N(0,t; — ti—2) because of example 5.20.
However, it is less clear whether there is there is also a process with such increments that has
continuous paths has. To check this, we use the criterion from Theorem 12.8.

Proposition 12.17 (Existence of Brownian motion). Let X = (X¢)ieo,00) be a real-valued
stochastic process such that for any choice of 0 =tg < t1 < ... < t, it holds that Xy, = = and
X, — Xy, , are independent and are distributed according to N(0,t; —t;—1), i =1,...,n. Then
there exists a modification Y of X with continuous paths. In other words, Y is a Brownian
motion. The process Y is even locally Hélder continuous for every parameter v < 1/2. Fur-
thermore, the covariance structure of Brownian motion Y is given by COV (X, X;) = s A t.

Proof. Wlog let = 0. The existence and uniqueness of a process with independent normally
distributed increments follows as in the proof of Proposition 12.11. Since X, ~ N(0,s),

X 4 s1/2X1, as can be seen, for example, from Example 6.13.3. For a > 2,
E[|X; — X,|* = B[ Xi—s|*) = B[((t — 9)"*|X1))] = (t — )*E[|X1]"].

According to Theorem 12.8, there is therefore a modification of X with continuous paths.
According to the above calculation, these are Holder-continuous for each parameter v €
(0, ((a/2) —1)/a) = (0, (a —2)/(2a)). Since a was arbitrary, the Holder continuity follows for
each v € (0,1/2).

To determine the covariance structure of X', we calculate for 0 < s <t

COV (X, X;) = COV(X,, X;) + COV (X, Xt — X;) = VX = s.
An analogous calculation for ¢t < s provides the result COV (X;, X¢) = s A t. O

Lemma 12.18 (Characterization of Gaussian processes).
Let X = (Xt)ico,o0) and YV = (Yi)ico,00) be Gaussian processes with E[Xy] = E[Y;] and
COV (X, X;) = COV(Y,,Y,). Then Y is a version of X (and vice versa,).

Proof. Let n € N and c¢y,...,¢, € R be arbitrary. Then, for each choice of t1,....t, € I
both Zx = c1 X, + - + cn Xy, as well as Zy := 1Yy, + -+ - ¢ Y, are normally distributed.
Furthermore, according to the assumption,

ElZx] = aE[Xy ]| + -+ ,E[Xy,] = aE[Y, ] + - + ,ElY}, | = E[Zy]
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and

V(Zx) = Z CiCjCOV(Xti,th) = Z CZ‘CJ'COV(Y%Z.,Y;J.) = V(Zy).

i,j=1 i,j=1

This means that Zx 4 Zy. Since c1, ..., ¢, were arbitrary, it follows from Proposition 10.17
that (X4, ..., X+,) 4 (Y%, ..., Y, ). With Proposition 12.6.1 the statement follows. O

Theorem 12.19 (Brownian scaling). Let X' = (X;)ic[0,) be a Brownian motion. Then, the
processes (Xc24/¢)ief0,00) are for each ¢ >0 and (tX1)ic(0,00) also Brownian motions.

Proof. Tt is clear that both (X.2;/c)ici0,00) and (tX1/¢)¢e[0,00) are Gaussian processes. Fur-
thermore,

E[XCQt/C} =0,
E[tXl/t} =0,

and for s,t >0

COV[X,2,/c, X.21/c] = = (c*s A *t) = s A t,

11
COVI[sX,/,tX, )] = st(; A E) — s AL

1
2

Now the assertion follows with Lemma 12.18. O

12.4 Filtrations and stopping times

In a stochastic process, more and more of the underlying random variables of the underlying
random variables are realized as time goes by. This means that more and more information
about the path of the process becomes process becomes visible. Now information is synony-
mous with the measurability with respect to a o-algebra, as can be seen from the lecture
Probability Theory. Since the information grows over over time, a stochastic process involves
an increasing family of o-algebras, which we will call a filtration in the in the following.

Definition 12.20 (Filtrations, stopping times). Let X = (X;)ter be an E-valued stochastic
process defined on a probability space (2, F,P).

1. A family (Fi)ier of o-algebras with Fy C F,t € I, is called filtration if Fs C Fy for all
s <t.

2. The filtration F = (Fi)ier with Fy = 0(Xs 1 s < t) is called the filtration generated by
X.

3. The stochastic process (Xi)ier is called adapted to the filtration (Fi)ier if Xi is a
Fi/B(E)-measurable random variable for all t € I.

Now let F = (Fi)ier be a filtration.
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5. A random time is a random variable with values in I (the completion of 1). A random
time T is called ((Fi)ier-)stopping time if {T" < t} € F; for allt € 1. If I = [0,00),
then a random time T is called ((F)ier-)option time if {T' <t} € Fy for allt € I. (In
the case I ={0,1,2,...} we do not need this term.)

6. Fach stopping time T defines the o-algebra
Fr={Ac A: An{T <t} e F,tel}
of the T-past.

7. For a random time T, Xt is defined by w — Xrp,y(w). Further, XT = (Xpat)ter is
the process stopped at T

Remark 12.21 (Interpretation of the definition of stopping times). Let X = (Xy)ier be a
stochastic process and (Fy)ieq the canonical filtration. One can view F; as the information
that is available at time t through knowledge of (Xs)o<s<t- If T is a stopping time, then
{T <t} € F. So the occurrence of the event {T" < t} can be predicted by knowledge of
(Xs)s<t- In other words by knowing the stochastic process up to time t it can be decided
whether the stopping time T has occurred by now at the latest. If T' is an option time, then
by knowing the stochastic process up to time t, it can be decided whether the stopping time T
has already occurred in the past of t.

Example 12.22 (Hitting times in the Poisson process). Let X = (Xi)iej0,00) and YV =
(Yt)te[o,oo) the right and left continuous Poisson process from example 12.14, respectively,
and (F{V)te[om) and (f,?})teo,m) the corresponding filtrations. Further, let

Tp:=inf{t>0: X; =1} =inf{t >0:Y;, =1}

be the hitting time of 1. (The last equality holds because the processes X and Y jump from 0
to 1 at the same time). Then:

e T is both (f{y)te[om)—stoppmg time, as well as a (.F{Y)te[opo) option time.

Indeed: If Ty =t is the jump time from 0 to 1, then Xy =1, i.e. {11 <t} ={X; > 1} €
o((Xs)s<t) = F¥ and {Ty <t} = {X;— > 1} € 0((Xs)s<t) € Fi*.

o T} is indeed an (.7-?]),56[0700) option time, but not a (.7:3)),56[0’00) stopping time.

Indeed: If Ty = t is the jump time from 0 to 1, then Yy = 0, but Yir = 1, i.e. {T1 <
ty = {Xip > 1} € o((Ya)s<trn) for every h > 0, but not {T1 < t} € FY. However, still
(T <t} ={Vi > 1} € o((Ye)szs) € F7.

Lemma 12.23 (Simple properties of stopping times). Let (F;)ier be a filtration.
1. Each time T = s € I is a stopping time
2. For stopping times S, T, the times S AT and S VT are also stopping times.
3. For stopping times S, T >0, S+ T is a stopping time.

4. Each stopping time T s Fr measurable.
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5. For stopping times S, T with S < T is Fg C Fr.

Proof. 1. fort € I'is {s <t} € {0,Q} C F;, i.e. T = s is a stopping time.

2. fort € [is {SAT <t} ={S <t}U{T <t} € Frand {SVT <t} ={S <t}n{T <t} € F.
3. Let t € I. There are S At and T At stopping times, i.e. for s < tis {SAt < s} € Fs C F.
For s > t, {SAt < s} =Q € F;, i.e. SAt is Fi-measurable. Analogously, it follows that T'At is
JFi-measurable. Furthermore, 115+, {75 Fi-measurable. If we set S’ = SAt+ Lis>t) T =
T At + 1{psy, then S +T" is Fi-measurable and {S +T <t} = {S' +T' <t} € F;.

4. Since T is a stopping time, {T" < t} € F;. According to the definition of Fr this means
{T <t} € Fr. Since H := {(—o0;t] : t € R} is a generator of B(R), so the assertion follows.
5. Let A€ Fsand t € I. Since B:= AN{S <t} e F,

AN{T <t} =Bn{T <t} e F,
ie. A€ Fr. O

Definition 12.24 (Continuous and complete filtration). 1. Let (F)ejo,00) be a filtration.
We define (}-tJr)te[O,oo) by Fi = Ngs Fs- Further, (Ft)te[o,00) s continuous if Fit = Fi.

2. Let N = {A : there exists a N O A with N € F and P(N) = 0}. Then, the filtration
(Ft)eer is called complete if N C F; for each t € I.

Lemma 12.25 (Usual completion of a filtration). Let (€2, F, P) be a probability space, (Ft):e[0,00)
a filtration and N as in Definition 12.24. Then there is a smallest continuous and complete
filtration (Gi)iepo,00) with F € Gy, t € [0,00). This is given by

G = o(FN).
Furthermore, o(F;' \N) = o(F;, N)T.
Proof. First we show the last equation. It is clear that
o(F N) Co(o(F, )T N) = o(F, N)T.

Conversely, let A € o(F;, N)T. Then, A € o(F;1p,N) for all h > 0. So there is an Ay, € Fyyp,
with P((A\ Ap) U (A \ A)) = 0. Now choose hi, hg, ... with h,, | 0 and

A" = { A}, infinitely often}.

Then, obviously, A’ € F;" and P((A\ A") U (A" \ 4)) = 0, i.e. A € o(F,",N). From this
follows o (F;, N)* C o(F,", N).

To prove the minimality of (Gt );e[0,00) 1€t (Ht)ie[0,00) De another right-continuous complete
extension of (F)¢c[,00)- Then,

Qt = U(’F;_?N) g U(Ht,/\/> = Ht
for all t € [0, 00). O

Lemma 12.26 (Option and stopping times). Let (F)ejo,00) be a filtration. A random time
T is an (Ft)iejo,00) option time iff T is a (f;r)te[ovoo)—stopping time. In this case,

Fi={AeF:An{T <t} € F,t>0}.

In particular, if (Fi)ic(o,00) 5 continuous, then every random time is a (Fi)ic(o,00)-Stopping
time if it is a (Fi)iec[o,00) OPtion time.
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Proof. First,
{T<t}= (1 {T<s}, {(T<t}= [J{T<s}

Q3s>t Qos<t
If T is a (F;")iefo,00)-stopping time and AN{T <t} € F;". Then,
An{T <t}= |J (An{T <s}) e R
Q>os<t
If, on the other hand, AN{T < t} € F;, then
An{r<ty=() [ An{T <s}) e () Fn=F"
h>0t<s<t+h h>0

If you set A = Q in the last two equations, the first assertion follows. For general A the
second also follows. O

Lemma 12.27 (Suprema and infima of stopping times). Let T1,T5, ... be random times and
(Ft)ter a filtration. Then the following applies:

1. If T1,T5, ... are stopping times, then T := sup, 1), is also a stopping time.

2. If 1 ={0,1,2,...} and Ty, Ty, ... are stopping times, then T := inf,, T,, is also a stopping
time.

3. If I =1[0,00) and Ty, T, ... are option times, then T := inf,, T}, is also an option time.
In addition, F: =, .7-"%;.

Proof. 1. We have {T' < t} =, {T» < t} € F; and the assertion follows.

2. It holds {T' < t} = |, {Tn < t} € F, from which the assertion follows.

3. Here, {T < t} = U, {T» <t} € F. Since T < T,, Ff C ), ]-";fn according to
Lemma 12.23.5. If, on the other hand, A € [, fjfn, then

AT <t} = An| J{Tw <t} = JAN{T, < t}) € Fu.

Thus A € 5. O

Proposition 12.28 (Approximation by countable stopping times). If I = [0,00), each option
time T can be replaced by a sequence of stopping times 11,15, ..., such that T,, only assumes
values in a discrete (in particular countable) quantity and T,, L T.

Proof. We define T,, = 27"[2"T + 1]. Then 17,75, ... is a sequence decreasing towards T,
where T), only contains the values {1,2,...} - 27" n = 1,2, ... Further, {T,, < k27 "} = {T <
k27"} € Fig-n, so T), is a stopping time, n = 1,2, ... O

Definition 12.29 (Hitting time). Let B € B(E). Then the hitting time of B is given by
Tp :=inf{t: X; € B}.

To find out whether the hitting time T is a stopping (or option) time, the following result
is important.
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Proposition 12.30 (Hitting times as option and stopping times). Let X = (X;)ier be an
E-valued process that is adapted with respect to a filtration (Fi)icr. Then, for B € B(E):

1. If I ={0,1,2,...}, then the time Tg is a stopping time.
2. If I =[0,00), B is open and X has right-continuous paths, then Tg is an option time.

3. If I =[0,00), B is closed and X has continuous paths, then T is a stopping time.

Proof. 1. Here,
{Tp <t} = J{X. € By e .

s<t

For 2. we write
{Ts <t}= |J {X.eB}eF.
Qos<t

For 3. with B,, :={z € E:r(z,B) < 1/n}

{Ts <t} = ({{Ts, <t} = (({T5, <t} U{X, € B,}) € Fi.
This shows all assertions. O

12.5 Progressive measurability

By definition, for a stochastic process X = (X¢)ier, each of the variables X; is measurable,
t € I. However, it is (still) unclear when exactly for a random time 7' the quantity X :
w = Xp(,)(w) is measurable and therefore a random variable. For this we need a stronger
measurability concept for the process X.

Definition 12.31 (Progressive measurability). Let (Fi)icr be a filtration and X = (X¢)ier a
stochastic process adapted to it. Then X is called progressively measurable with respect to
(Ft)ter, if for all t € I the mapping

IN0,xQ —E
(s,w) — Xs(w)
is measurable with respect to I N B([0,t]) ® F/B(E).

Lemma 12.32 (Right-continuous paths and progressive measurability). Let X = (X;)ier
be a stochastic process adapted to the filtration (Fi)ier. If either I is countable, or X has
right-continuous paths, then X is progressively measurable with respect to (Fi)ier-

Proof. Let t € I. We consider the mapping

v, {Iﬁ[O,t] xQ = E
(s,w) = Xs(w).

First, let I be countable and B € B(E). Then,

Y'(B)= |J {s} xX;'(B)eBIN[0,1]) & F.
sel,s<t
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Next, let I be uncountable and let X have right-continuous paths. Consider the processes
X" = (X )erpo,gyn = 1,2, ... with X := X(9-npang])a¢ and the corresponding mappings Y5,

n—oo

Due to the right continuity of the paths, Y, ——,s Y. Furthermore

oA = U B2 1)27) x XL, (B)UR T2, 1] x X (B)
E:(k+1)2-7<t
e B([0,1]) ® F.

O

Proposition 12.33 (Measurability of X7). Let X = (Xi)ier be adapted to the filtration
(Fi)ter, progressively measurable, and T a (Fy)ieq stopping time. Then

{IT'<x} —E
X7
w = XT(w) (OJ)

is measurable with respect to {T < oo} N Fr/B(E).

Proof. We have to show that {X7 € B,T <t} € F; for B € B(FE) holds, t € I. By definition
of Fr, it then holds that {Xp € B} € Fr, from which the assertion follows. However,
since {Xr € B,T <t} = {Xrn € B,T < t}, it suffices to show that Xp,, is measurable
with respect to F;, t € I. We can therefore wlog assume that T' < ¢ applies. We write
X1 = Y01, where ¢)(w) := (T(w),w) is measurable with respect to F;/(INB([0,t]) ® F;) and
Yi(s,w) = Xs(w) according to condition I N B([0,t]) ® F;/B(E)-measurable. The assertion
now follows with Lemma 3.6.2. O

13 Martingales

We now begin to deal with a particular class of stochastic processes, martingales. They are
often referred to as fair games. Simply put, a martingale is a real-valued stochastic process
whose increments vanish on average.

13.1 Introduction

Throughout the section, let (Q, F,P) be a probability space, (E,r) a complete and separable
metric space and I C R an ordered index set (usually I = {0,1,2,...} or I = R,). In addition,
let a filtration (F3)wer be given. Adaptedness of a stochastic process is always with respect

to (Fi)ier-

Example 13.1 (A simple martingale). For a F-measurable random variable X one can define
a stochastic process, namely X = (X;)er with

Of course, because of Theorem 11.2.7,
E[X;|Fs] = E[E[X|F]|Fs] = E[X|Fs] = Xs.

Stochastic processes X with this property will be called martingales. In Section 13.4, we will
then (among other things) deal with when a martingale (Xi)ier is associated with a random
variable X so that (x) applies.
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Definition 13.2 ((Sub-, Super-)martingale). Let X = (Xy)ier be an adapted, real-valued
stochastic process with E[|Xy|] < oo, t € I. Then X is called

martingale, if E[X|Fs] = X5 for s,t € I, s < t,
sub-martingale, if E[X{|Fs] > X5 for s,t € I, s <t,
super-martingale, if E[X|Fs] < X for s,t € I, s < t.
More precisely, we say that X is a (Fy)ier-(sub, super)-martingale.

Remark 13.3 (Martingale property with discrete index set). If I is discrete, for example I =
{0,1,2,...}, then a real-valued stochastic process X = (Xt)ier is a martingale iff E[|X¢|] < oo,
t €I and E[Xy|Fi—1] = Xy—1 for allt =1,2,.... Then, for s,t € I,s <t,

E[X;|F] = E[--- E[E[X¢|Fi ]| Fia] - - - Fo] = X,
according to theorem 11.2.7 The same holds to sub- and super martingales.
Example 13.4 (Sums and products of integrable random variables).

1. Let X1, X, ... be a sequence of independent, integrable random variables with E[X;] =
0,i=1,2,... and F; := 0(X1, ..., Xy). Further, let So :=0 and fort=1,2,...

t
St = ZXZ
i=1
Then,
E[Si|Fi—1] = E[S;—1 + Xi| Fi—1] = Si—1 + E[Xy|Fi1] = Si-1 + E[Xy] = S;1,

i.e. (St)t=0,1,2,.. is a martingale.
IfE[X;] >0 for alli = 1,2, ..., then (St)t>0 is a sub-martingale.

2. Let I = {—1,-2,...} and X1, Xo,... be integrable, independent, identically distributed
random variables. Further, we set fort € 1

E[S)|Fi_1] = E[ﬁl| > Xi[Sir. Sioa, ]
=1
L ]+1
_ MZE{XZ») z; X,]
lt]+1
) Xl‘ 3 Xi]
=1
B |ti| N
t-1] &
=51



according to Example 11.9. Specifically,

|
E[X1|F] = E[X1’ ZX}

3. Let I = {0,1,2,...} and X1, Xs,... be a sequence of independent, integrable random
variables with E[X;] = 1,i = 1,2,... and F; := o(X1, ..., X}). Further, Sy := 1 and for
t=1,2,..

Then, S1,S52, ... are integrable and
E[Si|Fi-1] = B[St 1 X¢|Fi1] = Si1 - BE[Xy| Fia] = Si1 - B[Xy] = S,

i.e. (St)ier is a martingale.

IfE[X;] > 1 for alli=1,2,..., then (S)ier is a sub-martingale.

Example 13.5 (Branching processes in discrete time). We consider a simple model for a
randomly evolving population. evolving population. Let Xi(t)) be independent, {0,1,2,...}-
valued random variable and p = E[Xi(t)]. Here, Xi(t) stands for the number of offspring of the

ith individual of generation t with i,t =0,1,....t =1,2,.... Starting with Zy = k we set

Zt

Zt+1 = Z Xi(t)a
=1

50 Z = (Zy)t=0,1,2,.. is the stochastic process of the total process of the total number of indi-

viduals. The distribution of Xi(t) is also called the offspring distribution.
The process Z a (non-negative) martingale (with respect to the filtration generated by Z ),

iff E[Xi(t)] =1, i.e. each individual has on average has one offspring. Then, fort=1,2, ...
Zy
E[Ziy1 — Z1| R = E[ZXZ‘“) - Zt|]:t} =(n—1)Z.
i=1

If u > 1, Z is a sub-martingale, and if pn < 1, Z is a super-martingale. Also, we call'®.

Z a critical branching process if =1,
Z a super-critical branching process if p > 1,

Z a sub-critical branching process if p < 1.

19Tt may seem irritating that a supercritical branching process is a sub-martingale and a subcritical branching
process is a super martingale
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In general, (Zi/p')i=012.... is a (non-negative) martingale, because just like in the last calcu-
lation,

E[Zi41 — pZy| F) = nZy — nZzy = 0.
It is also worth noting that B[Z1|Fi] = pnZy, from which one can recursively conclude that
E[Z;] = u'.
O

Example 13.6 (Martingales derived from Markov chains). With (discrete-time) Markov
chains, we have already described a fairly simple dependency structure between random vari-
ables. Let I = {0,1,2,...}, E at most countable and P = (pyy)ayck a stochastic matriz,
i.€.
Pzy > 07 prz =1
zeE
forall x,y € E. We find for f : E — R bounded and all s =0,1,2, ...,

E[f(Xs41) = f(Xs)|Fs] = E[f (Xs41) — f(Xs)| XS] = Zst,y(f(?/) — f(X5)).

zeFE
Therefore, setting M = (My)i=o,1,2,... with
t—1
My = f(X;) = > E[f(Xep1) — f(X)] X,
s=1

we have
E[M; — My |Fia] = E[f (Xy) — f(Xe—1)[Fea1] — E[f (Xe) — f(X¢1)|Xi-1] = 0.
In other words, M is a martingale.

We conclude this section with a simple statement on how to obtain further sub-martingales
from known (sub)-martingales.

Proposition 13.7 (Convex functions of martingales are sub-martingales). Let X = (X¢)er
be a stochastic process and ¢ : R — R convex. If o(X) = (o(Xt))ter is integrable and one of
the two conditions

1. X is a martingale
2. X is a sub-martingale and varphi is non-decreasing
is satisfied, then o(X) = (p(X¢))ier s a sub-martingale.

Proof. If X is a martingale, then p(X) = @(E[X¢|F,]). If X' is a sub-martingale and ¢ is
non-decreasing, p(X;) < ¢(E[X¢|Fs]). In both cases, for s <t because of Jensen’s inequality
for conditional expectations, Proposition 11.4,

P(Xs) < p(BIX|F]) < Elp(Xe)|F],

i.e. p(X) is a sub-martingale. O
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13.2 The stochastic integral as a martingale

In this section, let always I = {0,1,2, ...} (whereby all results can be transferred to a discrete
index set I = {tg,t1,...} with ¢y < t; < ...). All concepts introduced here have an analogue for
processes in continuous time. However, the statements are much more complex to formulate
and prove in that case. Some of these analogous statements are first formulated in the lecture
Stochastic analysis.

Definition 13.8 (Previsible process). A stochastic process X is called (Fy)ier-previsible if
Xo =0 and X; is Fr_1-measurable, t = 1,2, ...

Proposition 13.9 (Doob decomposition). Let I = {0,1,2,...}. Each adapted process X =
(Xt)ter has an almost surely unique decomposition X = M + A, where M is a martingale
and A is previsible. In particular, X is a sub-martingale iff A almost surely non-decreasing.

Proof. Define the previsible process A = (Ay)ier by

t
Ar =) E[X, - X, 1|Foa]. (13.1)
s=1

Then M = X — A is a martingale, because
E[M; — My 1| Fi1] = B[X; — Xy 1| Fi1] — (A — A1) = 0.

Now we come to the uniqueness of the representation. If X = M + A for a martingale M
and a previsible process A, then Ay — A;_1 = E[X; — X;_1|F—q] forall t = 1,2, ..., i.e. (13.1)
is almost surely true. O

Definition 13.10 (Quadratic variation, increasing process). Let I = {0,1,2,...} and X =
(Xt)ter be a square integrable martingale. The almost surely uniquely determined, previsible
process ((X)¢)ier, for which (X? — (X)¢)ier is a is a martingale, is the quadratic variation
process (or also the increasing process) of X.

Proposition 13.11 (Increasing process and variance). Let I = {0,1,2,...}, X = (Xy)es be
a martingale with quadratic variation process (X) = ((X)t)ter. Then

t t

(X)e =D BX? = X2 |Foa] = Y El(X, — Xo1)’|Fomi]
s=1 s=1

and

E[(X),] = VX, - Xo].

Proof. As in the proof of Proposition 13.9, the process (X') using (13.1) can be written. This
immediately results in the first equals sign. The second follows, since E[X X 1|Fs_1] =
X2 . Further is

t

B[(x)] = Y BIX? - X2,] = BIX} - X3] = B[(X, - X0)?] = VIX; - Xl

s=1
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Example 13.12 (Increasing processes). 1. Let S = (St)er with Sy = Zizl X, as in ex-
ample 13.4.1 with square integrable random variables Xy, Xa,.... Then, with Proposi-

tion 13.11 .

(S)=> E[X?].

s=1

In particular, the quadratic variation process of S is deterministic.

2. Let S = (St)er with Sy = Hi:l X as in Example 15.4.3 with square integrable random
variables X1, Xo,.... Then

(S)e =) E[(Ss — S5-1)*|Foi] Z )?|Fs-1] Z
s=1

In particular, in this example the process (S) is truly stochastic.

3. Let I = [0,00) and (Xt)ier be a Brownian motion. Even in continuous time, the in-
creasing process ((X)1)ier s defined such that (X —(X))ies is a martingale. According
to Example 13.47, (X)y = t is a candidate for the increasing process of the Brownian
motion. However, in continuous time it is more difficult to say what the equivalent of
a previsible process should be.

Definition 13.13 (Discrete stochastic integral). Let I = {0,1,2,...} and H = (H¢)er, X =
(Xt)ter be a stochastic processes with values in R. If X is adapted and H is previsible, then
we define the stochastic integral H - X = ((H - X)¢)er by

(H-X) =) Ho(X,— X, 1)
s=1

forallt € 1. If X is a martingale, then we call H - X a martingale transform of X.

Proposition 13.14 (Stability of stochastic integrals). Let I = {0,1,2,...} and X = (X¢)ter
be an adapted, real-valued process with E[| Xy|] < co.

1. X is a martingale if and only if for each previsible process H = (Hy)ier, the stochastic
integral H - X is a martingale.

2. X is a sub-martingale (super-martingale) if and only if for every previsible, non-negative
process H = (Hy)ieg the stochastic integral H-X is a sub-martingale (super-martingale).

Proof. 1. ’=’: We immediately write
E[((H - X)i1 — (H - X)|F] = E[Hpg1 (Xeg1 — Xo) | Fe]
= H 1B X — Xy|F]
~0.

'«=" Let t € I and H := 1y, Then H = (Hy)ses is deterministic, in particular previsible.
Since (H - X);—1 = 0, it follows that

0= E[(H - X)|Fim1] = E[X, — Xi_1|Fim1] = E[X|Fii] — Xi

From this, the assertion follows.
2. follows analogously. O
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Example 13.15 (Quadratic variation for stochastic integrals). Let I = {0,1,2,...}, X =
(Xi)ter a martingale and H = (Hy)er previsible. Then, because of Proposition 13.11,

t

(H-X)r = E[(H-X)s — (H-X)m1)*|Fomi] = Y BIHI(X, = Xoo1)?|Fomi]

s=1 s=1
t
= ZHSQ -E[(Xs - Xsfl)2|]:sfl]~
s=1

In particular,
¢
V(- X)) => E[H? - (Xs— Xe1)?].
s=1

Example 13.16 (Payout for games). Martingale transforms can also be interpreted as payoffs
of games. Given a random variable evolves according to the adapted process X = (Xt)tzovl,gy_._.
If you bet before time t with a stake H; (based on the experience gained from Xy, ..., Xy—1)
on the change in the random variable Xy — Xy_1, then (H - X); is the profit realized up to
time time t. Given the underlying process X is a martingale, Proposition 13.14 shows that
the profit realized H - X for each strategy H is a martingale. In particular, the expected profit
1s 0.

As an example, consider the Petersburg paradox: a fair coin is tossed infinitely often. In
each round, a player places a stake of any amount. If heads comes up, he loses it, if tails
comes up, the stake is doubled and paid out again. The paradox consists of the following
strategy: starting with a stake of 1 on the first coin toss, the player doubles his stake with
every failure. If the first success comes on the t-th toss, his previous stake is 22:1 2i—1 =9t _1.
Since the last bet was 2171, the player gets 2t back, so he has certainly made a profit of 1 even
though the game was fair.

To analyze this game using martingales, let X1, Xo, ... be an independent, identically dis-
tributed sequence with P(X, = —1) = P(X; = 1) = 1, and Sp = 0,8, = S_ X;. Then
S = (St)t=0,12,... is a martingale. Further, let H; be the stake in the tth game. Therefore,

t t
(H-S)e=> Hi(Si—Si1) =Y HX,
=1

i=1
s the profit after the tth game. Since with S, H - S is also a martingale, we find
lim B{(74- )] = B[ S)1] = E[X)] =0,

i.e. the mean profit after a long time is 0, independent of the strategy H. Above we have the
bet
H; = 2t_11{St_1:—(t—1)} (132)

t—o00

and show that for the gain (H -S); —— s 1 holds.
How do we now evaluate the strategy (13.2)? Let T be the random time of the win, i.e. T
is geometrically distributed with parameter % In particular, T is almost surely finite. Then

E[th} - i;k@k —1) = oo,
t=1

k=1

i.e. for the above strategy you may need a lot of capital.
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13.3 Stopped martingales

Let X = (X;)ier be a stochastic process. A stopped stochastic process is given by X7 :=
(X7at)ter, where T is an [-valued random variable. The process X T therefore stops when
T is reached. Special random variables T are called stopping times, whose occurrence at
time ¢ can be decided by means of the o-algebra F;. (Consider, for example, a player who
plays a fair game and stops at a random time, e.g. when he has won or lost enough. In
this section we will learn about the Optional Stopping Theorem, which states that stopped
(at a stopping time) martingales are martingales again; see Theorem 13.19. The Optional
Sampling Theorem specifies conditions for which the martingale property applies not only to
fixed, but also at random stopping times; see Theorem 13.22.
We start by recalling some facts on random times; see also Definition 12.20.

Remark 13.17 (Stopping time). 1. A random time is a random variable with values in
I (the end of I). A random time T is called ((F;)icr-)stopping time if {T' < t} € F
forallt e 1.

2. Each stopping time T defines the o-algebra
Fr={Ac A: An{T <t} e F,tel}
of the T -past.
3. Let B € B(E). Then the hitting time of B is defined as
Tp := inf{t : X; € B}.
4. For a random time T, Xt is defined by w — Xp((w). Further, XT = (Xrnt)ter is
the process stopped at T

Remark 13.18 (Interpretation and hitting times). 1. Let X = (X;)ier be a stochastic
process and (Fi)ier the canonical filtration. F; can be understood as the information
that is available at time t through knowledge of (Xs)o<s<t. If T is a stopping time, then
{T <t} € Fi. Therefore, the occurrence of the event {T' < t} can be decided by knowing
(Xs)s<t. In other words, by knowing the stochastic process up to time t, it is possible to
decide whether the stopping time T has already occurred.

2. If I is at most countable and B € B(E), then T is a stopping time. Indeed, we write
{Ts <t} =|J{X, e B} e F.
—_———

SSU R, CF

Proposition 13.19 (Optional Stopping). Let I = {0,1,2,...} and X = (Xy)ier be a (sub-,
super-) martingale and T a stopping time. Then XT = (Xqa¢)er is a (sub-, super-) martin-
gale.

Proof. We show the assertion only for the case that A is a sub-martingale. The other state-
ments follows analogously. For a sub-martingale X and {T" >t — 1} € F,

E[X1an — Xoag—1)|Fi-1] = E[(Xe — Xem1) 171y | Fi—1]
= lirsi- B[Xy — Xy 1] F1] 20,

i.e. X7 is a sub-martingale. O
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Lemma 13.20 (Conditions on Fr). Let I = {0,1,2,...}, X = (Xi)ier be a martingale and
T a stopping time bounded by t. Then Xp = E[X;|Fr].

Proof. According to the definition of the conditional expectation and since Xp is Fpr mea-
surable (see Proposition 12.33), we must show that E[X;; A] = E[X7; A] for A € Fr. It is
{T=s}NnAeFforsel, ie.

E[X71; A] = iE[Xs; {T = s} N Aj

s=1

=Y E[E[X,|FJ; {T = s} N A]

s=1

t
= E[X;{T =s}n4]

s=1

Lemma 13.21 (Uniform integrability and stopping times).
Let I ={0,1,2,...}. A martingale X = (Xy)ier is uniformly integrable if the family {Xp :
T almost surely finite stopping time} is uniformly integrable.

Proof. ’<’: clear.

'=": According to Lemma 7.9 there is a convex function f : Ry — R4 with @ e,
and sup,c; E[f(|X¢|)] =: L < co. If T' is almost surely a finite stopping time, then according
to Lemma 13.20 (applied to the almost surely finite stopping time T'At) E[X|Fra] = X1ac-

Since {T < t} € Frae, we find with Jensen’s inequality

E[f(IX2)) AT < t}] = E[f (|1 Xznd]), {T < t}]
[FUEX Frad ) AT < t}]
[

[

IN

E[f(|X¢|)[Frae) {T < t}]

E
E
E[f(1X:) AT <t}] < L.

Thus E[f(|X7|)] < L, i.e. the assertion follows with lemma 7.9. O

In example 13.16, H - S was a martingale, T a stopping time and E[(H -S);] =0# 1 =
(H - S)r. If T had been bounded, this inequality would not have been possible, as we now
show.

Theorem 13.22 (Optional Sampling Theorem). Let I = {0,1,2,...}, S < T almost certainly
finite stopping times and X = (Xy)ier a sub-martingale. If either T is bounded or X is
uniformly integrable, then X is is integrable and Xg < E[Xp|Fgs].

Proof. We first carry out the proof in the case of a bounded stopping time 7. Let T < t be
for at € I. We use the Doob decomposition X = M + A of X into the martingale M and the
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monotonically non-decreasing process A. Then with Lemma 13.20 and Fg C Fr according
to theorem 11.2.7

X5 = Mg+ As = E[M; + As|Fs]
< E[M; + Ar|Fs]
= E[E[M,|Fr] + A7|Fs]
= E[Mr + Ap|Fs]
= E[X7|Fs].

Now let T' be unbounded and X be uniformly integrable. Let X = M + A be the Doob
decomposition of X into the martingale M and the non-falling previsible process A > 0 with
Ay = 0. Since

E[|A:|] = E[A;] = E[X; — Xo] < E[|Xo|] + Sslelll)EHXsl]

we find A; 1 Ay for an Ao > 0 with E[Ay] < co. With Lemma 7.9 one can conclude that M
is also uniformly integrable. We now apply the Optional Sampling Theorem to the bounded
stopping times S At, T At and M. For A € Fgis {S <t} N A € Fgns, therefore

E[Mppe, {S <t} N A] = E[E[Mpp| Fsael, {S <t} N Al = E[Mgp, {S <t} N A

Since according to Lemma 13.21 the set {Mgny, Mpp @ t € I} is uniformly integrable, then
by Theorem 7.11

E[Mr, A] = tli}m E[Mpp, {S <t}nA] = tli)m E[Mgn,{S <t} N Al = E[Mg, 4],
i.e. E[Mr|Fs] = Mg. Furthermore,

E[X7|Fs] = E[Mp|Fs] + As + E[Ap — Ag|Fs] > Mg+ As = Xg.

The Optional Sampling Theorem offers a simple way of characterizing martingales.

Lemma 13.23 (Characterization of martingales). Let I = {0,1,2,...}, and X = (X;)ier be
an adapted stochastic process. Then X is a martingale iff E[Xg] = E[X7] for stopping times
S, T that only take two values.

Proof. ’=": Clear according to the Optional Sampling Theorem.
‘<" Let s <t, A€ Fsand T = slg + tlge. Then T is a stopping time and

0 = E[X; — X7] = E[X,] - E[X,, A] - E[X;, A9 = E[X; — X,, A].
Since A was arbitrary, it follows that E[X;|Fs] = X, so X' is a martingale. O

Example 13.24 (Wald’s identities, ruin problem). 1. Let X1, Xo,... € L' be independent
with = E[X1] = E[Xy] = ..., and Sy := ', Xs. Furthermore, let T be an almost
certainly limited stopping time. Then the first Wald identity is

E[Sr] = E[T].
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Indeed: the process M = (My)i=0,1,2,.. with My =0, My = S; —tp fort =1,2,... is a
martingale, and according to the Optional Sampling Theorem

0 = E[Mr] = E[S7] — E[T]pu.

Furthermore, if X1, Xo, ... € L? with 0 = V[X1] = V[Xs] = ... and T is independent
of X1, Xo, ..., then the second Wald identity is

VI[Sr] = E[T])o? + V[T

Indeed: (MP — (M)¢)i=012,.. is a martingale, and (M), = to* according to Ezam-
ple 13.12, thus
0= E[M7 — (M)7] = E[M] - E[T]o”.

Furthermore, due to the independence of T and X1, Xo, ...,
COV([Sy,T) = BE[X, + - + Xp|T|T] — uB[T)? = pV[T],
as well as

E[M}] = V[Sy — Tp] = V[St] + p*V[T] = 2uCOV|[Sy, T] = V[S7] — p*VIT].

In both Wald identities, the condition that T is bounded can be weakened.

. Let k € N and X4, Xa,... be independent and identically distributed random variables
withP(X1=1)=1-P(X;=-1)=p:=1—¢q. For Ne Nwith0 <k < N let Sy =k
and Sy = So + >.'_, Xi. Further, let T := inf{t : S; € {0,N}} and py, := P(St = 0).
This means that you play a game, starting with k (money) units, until you are either
ruined or have N units. In each step you win with probability p one unit and loses with
probability g = 1 — p one unit. Then the probability of being ruined (having 0 units) is
given by pg.

In the case p = %, (St)t=0,12,... is a martingale, and thus according to the Optional
Sampling Theorem

k=E[Sp] = N(1-P(Spr=0)),

thus

A similar calculation allows the determination of py for the case p # %

We now calculate further using the optional sampling theorem for p %

Pr = P(ST = 0)

(13.3)

Indeed: the following applies

X
£[(9)"] -t -
p p q
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S,
and thus Y = (Yi)i=01.2,.., is defined by Yy = (%) ' according to Example 15.4.3 a
martingale. Since T is almost surely finite, Yra: is a martingale due to Proposition

N
15.19, which is bounded by 1 and (%) . Because of Theorem 13.22,

(o) -2

from which (13.3) follows.

. Let’s consider a fair coin toss. How long does it take until the pattern ZKZK occurs for
the first time? (K and Z stand for heads and tails).

To calculate this, let’s consider the following game: before the first coin toss, a player
bets one euro on Z. If she loses, she stops, if she wins, she bets two euros on K before the
next toss. If she loses in the second throw, she stops; if she wins, she bets four euros on
euros on Z. If she loses on the third throw, she stops, if she wins, she bets eight euros
on K. So if she wins on the fourth throw, she has won a total of 15 euros. In all other
cases, she loses one euro.

Let us now assume that before each coin toss a new player plays according to the above
strateqy. The game ends when the first player first time a player wins 15 euros.

Let X; be the total winnings of all players up to time t and T is the time at which the
game is stopped because for the first time the pattern ZKZK has occurred. Certainly,

15¢
| Xy < 15-¢, P[T>4t]§ﬁ.
This means that (X;ar @ t = 1,2,...) has a cominating integrable random wvariable,

so according to Example 7.8.2 it is uniformly integrable. This allows us to apply the
optional stopping theorem, i.e. (X7at)i=12,.. is a martingale.

It is certain that
Xr=15-143-1—(T—-4)

since the first T — 4 players, as well as players T — 3 and T — 1 had to accept a loss of
one euro. Player T — 2 currently has at time T a profit of three euros and player T — 4
has won 15 euros. So,

0=E[X7]=E[15—-1+3—1— (T —4)] = —E[T] + 20,

therefore E[T| = 20. It is interesting to note that it can be expected that, for example,
the pattern ZZKK can already occur after 16 coin tosses using a similar calculation.

13.4 Martingale convergence results

Again, (92, F,P) is a probability space, I countable (here it is also allowed that I is dense in
[0,00)) and (Fi)ier is a filtration. We are familiar with convergence theorems, such as the
strong law of of large numbers. Martingales converge under relatively weak conditions.

We start in Proposition 13.26 with Doob’s inequalities. These make statements about the

distribution of sup,<; X5 if & = (X)ses is a (sub, super)-martingale.
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Lemma 13.25 (maximum inequality). If I is at most countable and X = (Xi)ier is a sub-
martingale, then for A >0

AP[sup X5 > \] < E[Xy,sup X > A\] < E[| Xy|,sup X5 > A
s<t s<t s<t

Proof. The second inequality is trivial. For the first one, we note that due to monotonic
convergence (by choosing finer and finer index sets in index sets in [0,¢]) it is sufficient
to consider the discrete case, e.g. I = {0,1,2,...}. We recall the definition of Ts from
Definition 13.17, which is given after Remark 13.18.2 is a stopping time and set

T=tA T[)\;oo)'
According to the Optional Sampling Theorem 13.22 is

E[X;] > E[X7] = E[X7p;sup X5 > A] + E[X7p;sup X5 < A

s<t s<t
> AP[sup X > A] + E[X;; sup X5 < A].
s<t s<t
Subtracting the last term gives the inequality. O

Proposition 13.26 (Doob’s LP inequality). Let I be at most countable and X = (Xy)ies be
a martingale or a positive sub-martingale.

1. Forp>1and A >0 is

APP[sup [ Xs| > A] < E[|X:["].
s<t

2. Forp>1is

p
E[|X,1"] < Elsup | X,"] < (=) "E[X;]"]
s<t p— 1

Proof. Again, it suffices — due to monotonic convergence — to consider the case I = {0,1,2,...}
to consider.

1 According to proposition 13.7, (| X¢|P)cs is a sub-martingale and the assertion follows from
Lemma 13.25.

2 The first inequality is clear. For the second inequality, note that according to Lemma 13.25
it holds that

AP{sup | X,| > A} < E[|X;|;sup | Xs| > A
s<t s<t
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Figure 6:

An illustration of the stopping times S1, 71, S2,Ts, ... from definition 13.27
Therefore, for K > 0

SUP<¢ | Xs|IANK
Efsup(|X,| A K)?P] = E[/O p)\p_ld)\}

s<t
K 1
= E|:/O p)\p_ 1{)\<sup5§t |Xb\}d>\:|

K
= [ ¥ PGsp X = A
0

s<t

K
g/ PAP2E[| X, ], sup | Xa| > AldA
0 s<t

SUPg<¢ | Xs|ANK
:pE[|Xt|/ Ap—QdA]
0

= L _B[|X,|(sup | X,| A K)P]

-1 s<t

< LlE[Suqus‘ A KYP)e=D/p B[ X, [P/,

b= s<t

where we used the Holder inequality in the last step. If you exponentiate both sides by p and
then divide by E[sup,<(|Xs| A K)P]P~1, the it follows

. P \P
E X))’ = lim E X5 AK)P < (—2— ) E[X,[7].
[ig(! )l = lim [SS?;“ | A )]_(p—l) [1X¢[7]

O]

For the martingale convergence theorems, the upcrissong lemma 13.28 is central. Figure 6
illustrates the definition of an upcrossing.
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Definition 13.27. Let I be at most countable and X = (Xi)ier a real-valued stochastic
process. For a < b an upcrossing is a piece of path (X;)s<y<s with Xg < a and Xg > 0. To
count the number of such upcrossings, we carry out stopping times 0 =: Ty < 51 <11 < So <
T < ..

Sk = inf{t > Tk,1 : Xt < a},
Tk = inf{t > Sk : Xt Z b}

with inf 0 = oo. The k-th intersection between a and b is here between Sy and Ty. Further is
U;,b = sup{k: Ty <t}
is the number of crossings between a and b up to time t.

Lemma 13.28 (Upcrossing lemma). Let I be at most countable and X = (Xi)ier a sub-
martingale. Then
E[(X: —a)"]

b—a
Proof. Again, we can assume — due to monotonic convergence — that I = {0,1,2,...}. Since
according to proposition 13.7 with X' ((X; —a)™ )7 is also a sub-martingale and the upcross-
ings between a and b of X' are the same as the upcrossings of ((X; — a)™);es between 0 and
b — a, we can wlog assume that X > 0 and a = 0. We define the process H = (Hy)tcs by

H; = Z Lis,<t<Ti}>
E>1

E[U.,] <

i.e. Hy =1 exactly when ¢ lies in an upcrossing. Since
{Hy=1}= | J{Sk<t-1}n{Tn >t -1},
E>1

H is previsible.
Given T}, < oo is obviously X7, — X5, > b. Further, in this case

T; k
(H- X => > (Xe—Xo1) = (X1, — Xg,) > kb.

For t € {Ty,....,Sk41} is (H - X)y = (H - X)p, and for t € {Sy + 1,....,T} is (H - X); >
(H-X)s, = (H-X)r,_,. Therefore, (H - X); > bUS,. From Proposition 13.14 it follows
that ((1 — H) - X)) is a sub-martingale, in particular E[((1 — H) - X){] > 0. With X; — X, =
(1+ &)= (- X)y + (1 - H) - X), applies

E[X,] > E[X; — Xo] > E[(H - X);] > bE[U},].
OJ

Theorem 13.29 (martingale convergence theorem for sub-martingales). Let I C [0,00) be
countable, supl = u € (0,00], Fy = 0(Ue; Ft) and X = (Xi)ier a sub-martingale with
sup;e; E[X[T] < oo. Then there is a null set N such that X converges outside of N along
every ascending or descending sequence in I.

In particular, if I = {0,1,2,...}, X is a sub-martingale with sup,c; E[X;"] < 0o, then there

exists a Foo-measurable, integrable random variable Xo, and X H—Oo>f8 Xoo-
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Proof. Because of Lemma 13.28, P(Ué’b < o0) =1 for all a,b,t. Therefore

N = U {sup U}, = o<}
acp t€l
a,beQ

is a null set. Assuming that there is an ascending or descending sequence t1,ts,... € I exists
such that P(liminf, . Xy, < limsup,,_,. X:,) > 0. For a,b € Q let
B(a,b) := {liminf X; < a < b <limsup Xy, }.
n—oo n—o00

Since {lim inf;, 00 Xy, <limsup,,_,o Xt} = U, peq B(a,b), there exist a,b € Q with P(B(a, b)) >
0. However, sup, U! , = co applies to B(a,b) in contradiction to the fact that N is a null set.
Thus follows the almost sure convergence along every ascending or descending sequence.

Now let I ={0,1,2,...}. Since all X; are Foo-measurable, X, is also F-measurable. It
remains to show that X, is integrable. According to Fatou’s Lemma,

E[X1] <supE[X;"] < co.
tel

Moreover, since X is a sub-martingale, again using Fatou’s lemma,

E[X ] <liminf E[X; ] = liminf (E[X;"] — E[X}]) < sup E[X;"] — E[X(] < occ.
t—o0 t—00 tel

O]

Corollary 13.30 (martingale convergence theorem for positive super martingales). Let I C
[0,00) be at most countable, supI = u € (0,00], Fy = 0(Ue; Ft) and X = (Xi)er a non-
negative super martingale. Then there exists a Fy-measurable, integrable random variable X,
with B[X,] < E[Xo] and X; %5, X,,.

Proof. Theorem 13.29, applied to the sub-martingale —X provides the almost sure limit.
With the Lemma of Fatou also

E[X,] < liminf E[X,] < E[X,].
—U
O

Example 13.31 (Convergence of branching processes). Let us consider a critical or sub-
critical branching process Z = (Z)i=0,1,2,.. from Example 13.5 (where the offspring dis-

tribution is not degenerate, i.e. Xl-(t) = 1 is not almost certain). These are non-negative
super-martingales, so they must converge according to Corollary 13.30 almost surely against
a random variable Zo,. In this case, P(Zs > 0) = 0 must apply, otherwise the almost sure
convergence is violated. (A population with a positive number of individuals has a positive

probability of changing its size in one generation.) Therefore,

t—o00

7, 2% 7. =0

is almost certain.
In the case of the critical branching process, it is important to realize that (Zt)i=012.....00
is not a martingale, because E[Z~|F] = E[0|F;] # Z: applies with positive probability.

If Z is supercritical, then (Z;/ut)i—o.1.2.... is a non-negative martingale that also converges

sy

almost surely according to the above corollary.
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Theorem 13.32 (Convergence theorem for uniformly integrable martingales). Let I be count-
able with sup I = u € (0,00], Fy = 0(Usyep Ft) and X = (Xy)ier a (super, sub)-martingale.
Then the following statements are equivalent:

1. X is uniformly integrable.

2. There exists a JF,-measurable random variable X, such that (Xi)icruu 5 a (super,
sub)martingale.

3. There exists a F,-measurable random variable X, with X; H—u>fS,L1 X

Proof. 2. = 1 follows directly from Lemma 11.5.

1. = 3. By Lemma 7.9, sup,c; E[|X¢|] < co. The almost certain convergence follows from
theorem 13.29 and the L'-convergence thus from theorem 7.11.

3. = 2.0 As for the proof that (X¢);eruqu) 18 a (super, sub)-martingale, we only give the
argument for sub-martingales, i.e. E[E[X,|F;]; A] > E[X,; A] for A € F; and s € I. Because

of the L! convergence according to Theorem 11.2.3, E[|E[X¢|Fs] — E[X,|Fs]|] L2 0 and thus
for A € Fs, so

BIB[X.|7.): A] = lim E[BLX|F.): A] > B{X.: 4]
i.e. E[X,|Fs] > X, almost surely. O

Theorem 13.33 (Martingale convergence theorem for LP-bounded martingales). Let I be
countable with supl = u € [0,00), Fy = 0(UerFt), p > 1 and X = (Xi)er an LP-
bounded martingale. Then there is a F,-measurable random variable X, with E[|X,|P] < oo,

X; ﬁl‘_)fvap Xy. Furthermore, (| X¢|P)ier is uniformly integrable.

Proof. Because of Lemma 7.9, X is uniformly integrable. According to Theorem 13.32 there

is thus the limit X, with X; LN #s,.0 Xu- According to Doob’s inequality from Proposition
13.26, for t € 1

P
E[sup | X;|?] = lim E[sup | X,/|’] < lim (L> E[| X|P] < oo.
tel thu s<t ttu \p — 1

Thus (| X¢|P)ier is uniformly integrable according to Example 7.8.3 According to Fatou’s
Lemma and Lemma 7.9, E[|X,[P] < sup,c; E[|X¢|P] < oo and Theorem 7.11 provides the
convergence in LP. O

Example 13.34 (Branching process). Let Z be a branching process as in Example 13.5 and
Example 15.31 with Zy = k. The quadratic variation of ¥ = (Yi)i=012,.., given Y; = Z;/u!
1s according to Proposition 13.11 is given as

Zs—l

(Ve = i 125E[< > X - MZ5—1>2\}—5—1}

t Z:il
- Z 123V|: Z Xz'(8_1)|ZS—1i|
1=1

Z,_1 - VXU,

I
M“

2s
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In particular, the offspring distribution has a second moment, therefore V[Xfl)] =: 02 < 00,

S0
t

t

Vv =) 125E[Zs] 0? =ko® ) i
s=1 K s=1 H

If u < 1, then Y is not L*-bounded, but for p > 1 sup;_o.12.. V[Yi] < oo. This means that

there is a Foo-measurable, square-integrable random variable Yu, so that (Y)i=0,1,2,... 00 iS5 @

martingale.

Example 13.35 (product of random variables). Let I = {1,2,...}, X1, Xo, ... be non-negative,
independent, integrable random variable with B[X;] = 1,t € I and S; := [['_, Xs according
to Example 13.4.2 a martingale. According to the corollary 13.30 there is thus a S, so that

Sy H—Oo>fs Sso- Define
a; := E[\/ Xy
We now show:

{S¢ : t € I} uniformly integrable <= H at > 0.
t=1

In particular, then also Sy H—OO>L1 Soo- In the proof we set fort=1,2,..

a

t
Wt = H \/ATS
s=1 s

This means that (Wy)i=12,... is a martingale. Here, too, it follows that there is a W, with
t—o00

W, —7fs We.
=’: Because of Jensen’s inequality a? = (E[v/X;])? < E[Xy] = 1, thus a; < 1. The following
applies

t t

e CI o e

| o) as)

Thus (Wy)ier is an L*-bounded martingale, according to Theorem 13.33, {W7? .t € I} is
uniformly integrable. From this also the uniform integrability of {S; : t € I} follows.

=’ Let us assume that H:il as = 0. Since Wy has an almost certain finite limit, Sy =
1L, X H—°°>fs 0 must hold. If {S; : t € I} were uniformly integrable, 0 = E[So]| =
limy oo E[S¢] = 1, i.e. a contradiction.

5 < Q.

tel tel L tel 7

Theorem 13.36 (Convergence of conditional expected values).

1. Let I C [0,00) be countable with supl = u € (0,00|, (Fi)ier a filtration and F, =
o0(Uier Ft). Then the following applies for X € L' that

E[X|F] %, 1 BIX|F).

2. Let I C (—o0,00) be countable with infI = u € [—00,00), (Fi)ier a filtration and
Fu = Nes Ft- Then the following applies for X € L' that
tlu
BLX|F] %% 11 BIXIF.
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Proof. We only show 1. since the proof of 2. proceeds analogously. With E[|E[X|F]|] <
E[|X|] < oo converges according to Theorem 13.29 the martingale (E[X|F])ier converges
almost surely. The L'-convergence follows with Theorem 13.32 and Lemma 11.5. The limit
value X, can be chosen F,-measurable can be chosen. We will now show that X,, = E[X|F,],
from which the assertion follows.

It is clear that E[E[X|F;], A] = E[X, A] applies to all A € F; and s < ¢t. With ¢ 1 u
is therefore E[X,, A] = E[X, A] for all A € F, and with s T u also E[X,, A] = E[X, A]
for all A € F,. Since X, is measurable with respect to F,-measurable, this means that
X, = E[X|F,]. O

We now come to backward martingales, which are martingales with an index set downward
unlimited index set I C (—o0,0]. These converge under very weak conditions.

Theorem 13.37 (Martingale convergence theorem for backward martingales). Let I C (o0, 0]
be discrete, inf I = u € (—00,0], Fy = (\e; Ft and X = (Xi)ter a sub-martingale. Then are
equivalent

1. There is a Fy-measurable, integrable random variable X, with X, —tiu—)f& 1 Xy
2. infie; E[Xy] > —o0.

Then (X¢)ieruquy 1 also a sub-martingale. In particular, every backward martingale converges
almost surely and in L.

Proof. Wlog, let I ={...,—2,—1,0} and u = —oc.
1. = 2.”: From the convergence in the mean follows

lltIele[Xt] = tilrinoo E[X;] = E[X_] > —0.

2. = 1.”: The almost sure convergence follows as in the proof of Theorem 13.29, where the
condition sup,c; E[X;'] < 0o because of I C (—o0, 0] must be replaced by infie; E[X; ] < oc.
We further define for ¢t = ..., —2,—1,0

Y; =E[X; — X;_1|Fi—1] > 0.
Then,

E{fift} = E[Xo] - inf B[X,] < oc.
t=0

Thus, >, 3 Y: < co almost surely, and we define

A=Y M =X, - A

s<t

Now (A¢)ier is uniformly integrable because E[Ag] < oo, and (M) is integrable because
it is uniformly integrable by Lemma 11.5. Thus, X is uniformly integrable, and the L'-
convergence follows. The proof that (X¢);cju{—} is @ sub-martingale proceeds analogous to
the proof in 13.32. O
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Example 13.38 (The strong law of large numbers). Let X1, X, ... € L' be independently
identically distributed. Fort € {...,—2,—1} we set as in the Example 13.4.2,

and Fy = 0(..., S¢—1,St) = 0(St, Xit1, Xig2,...). Then (St)ier is a backward martingale with
S; = E[X1|F]. According to Theorem 13.37, Sy converges almost surely and in L' against
a random variable S_oo. This is measurable with respect to F_~, but also with respect to
T (X1, Xo,...), the terminal o-algebra of the family { X1, X2, ...}. Since this o-algebra is trivial
according to Kolmogoroff’s 0-1-law, S_o is almost certainly constant. Since (St)ieru{—oc} 5
a martingale, it follows that

1 —0
I ZXS = S} H—>fs,L1 S—oo = E[S_| = E[S_1] = E[Xj].

Howewver, the almost sure convergence is exactly the statement of the law of large numbers.

We now come to an application of the martingale convergence theorems, an improvement of
the Borel-Cantelli lemma, Theorem 8.8. For this we need a lemma.

Lemma 13.39 (Convergence and increasing process). Let M = (M;)i—o,12,.. be an L2-
integrable martingale, where |My — My;_1| < K for some K and all t = 1,2, ... holds. Then
there is a nullset N such that

{M) oo < 0} C {tlggo M, exists} UN,
{({M)oe = 00} € (Jim My/(M): = 0} UN.

Proof. We start with the first statement. First, for each £k = 1,2, 3, ... the random time
Ty := inf{t : (M), > k}

is a stopping time. From this already follows

[e.e]

{{M)oo < 00} = | J{T}, = o0} (13.4)
k=1

Furthermore, the stopped process ((M)¢aty, )¢=0,1,2,... is previsible, because for A € B(R),
t—1
{(M)inry, € A} = ({Ti >t = 13N {M), € BY) U | J{Th = s, (M), € A} € Fy 1.
s=0

Let us now consider the martingale (MT+)2 — (M)Tk = (M? — (M))Tx for k = 1,2,... It is
(MTy = (M)T+ and (M)T+ is bounded by k + K2. Thus MT* is bounded in L? and thus
converges almost surely. However, on the set {7}, = oo}, the process M7k converges if and
only if M converges. Together with (13.4) the statement follows.
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For the second statement, we consider the martingale X := (1 + (M))~! - M. Since (1 +
(M))~1 is bounded and M is an L?-integrable martingale, X is an L2-integrable martingale.
Furthermore, according to Example 13.15,

1 : 1
W= (e M), = 2 g e = (M)

¢ 1 ! 1
<2 T My v M~ M) =2 i T,
1
=1- 1+ <M>t

This means that the martingale X converges after 1. i.e. in particular
M Ms 1
S MM
s=1

Now the Kronecker lemma 8.24 provides that

zzzl Ms - Ms—l t—o0
(M)

on {(M)s = oo}. O

Theorem 13.40 (Extension of the Borel-Cantelli lemma). Let A, € F;, t =0,1,2,... and

>0

Xs :=P(Ag|Fs-1)-

1. On > 72, Xi < 00 only a finite number of the Ay occur, i.e.

{ZXt<oo} {ZlAt <oo}
2. 0On > 72 Xy =00 applies > 70114,/ > 1o Xe =1, thus

DI R SO IO SE TR E P R

Remark 13.41 (Extension). The Borel-Cantelli Lemma from theorem 8.8 can now be easily

be derived. Namely, if
E[ZXJ =Y " P(A) <
t=1 t=1

then Y 72, Xy < oo almost certainly applies. The statement now gives that at most a finite
number of the Ay, occur. If further Ay, Aa, ... are independent, then we set Fy = o(A1, ..., Ar)
and thus X, = E[14,|Fs—1] = P(As). Now, Y ;2 P(A;) = oo, infinitely many of the A,’s
occur.

159



Proof. We consider the martingale M with

t
My=> 14, - X..
s=1

Then,
t t

(M)y=> E[I% X2|Fau]=> X (1-X,)<> X,
s=1

s=1 s=1

If now Y 2, X; < oo, then M converges according to Lemma 13.39.1. therefore also

Yooy la, < oo
If now 72, X; = 0o and (M) < 00, then M converges and the assertion is clear.

If now > ;2 Xy = 0o and (M) = 00, then M;/(M), 122, 0 according to Lemma 13.39.2
From this,

Zizl La, 1’ M;

Mt t—o00
=114 )| ‘ 0.
25:1 XS Zs:l XS

<\

13.5 The Central Limit Theorem for martingales

The Central Limit Theorem from Section 10.2 states the convergence of a sum of independent
random variables — suitably transformed — to a normally distributed random variable. Now
we treat the case of a sequence of martingales M! = (Mtl)t:071,2,_..,/\/l2 = (Mt2)t1071727,_., -
each started in 0, which are given by X' := M — M ,,t = 1,2,... as a sum through
M = X'+ -+ X now applies. Now note that the family X7, X7,... do not have to be
independent. Nevertheless, we can — under suitable conditions — still prove convergence in
distribution against a normally distributed random variable.

Theorem 13.42 (Central limit theorem for martingales). Let I" = {0,1,2,...,t,} and M™ =
(M{")ter a martingale with M = 0 with respect to a filtration F"* = (F}')tezn, n = 1,2, ...
For X[' := M]" — Mt”_1 (with t =1, ...,t,) the following applies

n—o0

n
E[lrgr}gaggn X ——=0, (13.5)
tn
D (XD S, 07 > 0. (13.6)
s=1

Then M}* "= X with X ~ N(0,0?).
We need two lemmas in the proof of the theorem.

Lemma 13.43 (Convergence of products of random variables). Let Uy, Us, ..., T1,Ts, ... be
random variables that satisfy the following conditions:

n—oo

1. U, ——p u,
2. (Tn)n=12,.. and (T,,Uy)n=1.2,... are uniformly integrable,

n—oo
1.

3. E[T,] —
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77/—)00

Then E[T, U, ——

Proof. Because of 3. it suffices to show that E[T},(U, — u)] === 0. To do this, we simply
show T, (U, — u) TH—OO>p 0, which implies the L'-convergence due to 2. In particular, then
E[T,(U, — u)] =% 0. Let ¢ > 0 and K be large enough so that sup,, P(|T,| >> K) < e.
(Such a K exists because of the uniform integrability of T, T, ...) Now we write (note that

for z,y > 0 and d,e > 0 it always holds that zy > de - = > 0 or y > ¢)

limsup P(|T5,(Up, — u)| > €) <limsup P(|U,, —u| > ¢/K) +P(|T,| > K) <

n—oo n—oo
The assertion follows from this. O
Lemma 13.44 (Estimation of the exponential function). 1. There is a C' > 0 and a func-

tion r with |r(x)| < C|z3| such that
exp(iz) = (1 4 iz) exp(—2?/2 4 r(x))
for all z € R is valid.
2. |1 +iz| < e”/2 applies to all z € R.

Proof. 1. Tt is sufficient to show the assertion for small |z|, since it is trivial for large |z|.
With the help of lemma 10.12, we write

‘exp(ix) (1 +ix)exp(— 2/2)‘
‘exp ix) — 1 —ix + 22 /2 — (1 + iz) (exp(— 2/2)71+x2/2)+m3/3‘

< ‘exp ir) —1— 2x—|—x2/2) + |1 +ix| - ‘exp( 2/2) -1 —|—x2/2‘ + ‘x?’/?)‘

IN

\ﬂ%_l_“_,_m’,(hl/\lx >+‘x‘<|x3]

for all . From this follows the assertion for small |x|, and thus 1. is proven. For 2. it is
sufficient to use |1 + iz =1+ 2% < ¢’ and take the root. O

Proof of Theorem 13.42. First we define
Z _X 123 1(Xn)2<20_2

and NJ* := Z’; 1 Z%. Then (N{*)i=12,.. is a (F{*)wer» martingale, because

E[N{' — N [ Fia] = B2 | F) = 1Zi;}(xp)2gza2 -E[X]| A =0
since M;* = X' +--- + X}*. Now,

P( max |M"— N;'|>0)=P(M]" # N/ for one t € I")

t=T,tn
=P(X}'# Z foratelI")
In
P(Z(XQ)Q > 202) n=ee, ),
s=1

(13.7)
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where the convergence follows from (13.6). Now the following applies M;* — N{* TH—OO>I, 0, so

it suffices according to Slutzky’s theorem, Corollary 9.9, N{* 222 X ~ N(0,02) to show.
For this we will for any A € R

E[eiANt”n] nooo, —iX?o?/2

show. With the function r from Lemma 13.44 now applies

tn tn tn
E[¢AVh] = (1 +iAZ0) - exp ( XNz ZT(AZQ)).
s=1 s=1 s=1
We now set
T, == H(l +iAZY), U, = exp ( - )‘72 Z(ZQ)Q + Z T(AZ?))
s=1 s=1 s=1

and show that for these random variables the conditions of Lemma 13.43 apply to these
random variables (with u = e ***/2). For 1. first because of (13.7)

tn tn

: n\2 __ 1: n\2 __ 2
Jim, > (227 =l 3 (X3 = o

Further, with C' from Lemma 13.44

tn tn tn
Sorzn| <N Y1z < o Y
s=1 s=1 s=1

tn
<C- N max X[ XT)P =20,
1<s<tp 1
S=

where the convergence follows from (13.5) and (13.6).
For 2. |T,U,| = |¢?Vin| = 1, from which the uniform integrability of (T,Uy)nern already
follows. For the uniform integrability of (7),)necm we define

Jp = inf {S <tn: i(Xff)z > 202} Nty

r=1
and write
Jn—1 Jn—1
. . 2
Tal = T 11 +iAZ0] - L +iAZ3| < exp (% 3 (X§)2)(1+)\|Xf}n|)

s=1 s=1

< 2 2\ . . ny

< exp(Ao”) - (14 [+ max [X(])

Since maxj<s<y, | X7 TH—OO>L1 0, in particular the family (maxj<s<¢, | X7|)n=12,.. is uniformly
integrable, from which the uniform integrability of (7},)n=1,2,.. follows.
We now come to 3. by showing E[T},] = 1. Since E[Z}|F* ;] =0 for all s =1,....t,,

tn

E[T,] = E[H(l +MZ;‘)]

- E[(l HNZY) B[+ iAZ8) B4+ AZL|FE ] |7 = 1

Now the assertion follows directly with Lemma 13.44. O
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Example 13.45. 1. Let X1, Xa, ... be independent, identically distributed, real-valued ran-
dom variable with E[X1] = 0 and finite variance V[X1] = o2. It is then known that
M" = (M}")¢=0,1,2,... with

s a martingale and
n—oo

MM 2222 X~ N(0,02).
This can also be realized by means of Theorem 13.42: first we establish that [ tP(|X1| >
t)dt < oo because of the finite second moment. This means that P(|X1| > t) = o(1/t?)

for t — oo, can therefore be written as P(|X1| > t) = a(t)/t* with a(t) 2290, From

this,

Bl max [X.J/vil = [ T P(max [X] > i) = / C - P(X >ty
. & . _a(t\/ﬁ) n n—o00
/0 1 (1 )dt 0

t2n

due to dominated convergence. Furthermore, with the law of large numbers,

i ZXSQ n—o0o i o2
n
s=1
So, the conditions of theorem 13.42 are fulfilled.

2. We bring another example of a sequence of martingales that lead to sums of dependent
random variables. For this, we recall the stochastic integral from Definition 13.13.
Let Y1,Ys,... be independent, identically distributed, restricted random wvariables with
E[Yi] =0 and V[Y1] =1 and H = (H¢)t=01,2,... and M"™ = (M{")i=0,1,2,... given as

t
1 1
Hs: _1(Y12++sz271)’ Mtn:\/ﬁ;Ys

s
Then,

(H - M™),

N

3\

1$ a martingale with

1 1
=H -M")—(H - M")o1 = —=Y, >y

(Note that (X7, X3, ...) is not an independent family). Now, (13.5) applies by the bound-
edness of Y1,Yo, ... We further calculate

n 1 n 1 s—1 9
n—00

> (XP)? = ;ZYZE(;ZK?) — 1L

s=1 s=1 r=1

from which now (H - M™), =25 X ~ N(0,1) follows.
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13.6 Properties of martingales in continuous time

Example 13.46 (Martingales derived from the Poisson process). Let I = [0,00), X = (X¢)er
be a Poisson process with intensity X and Fy = 0(Xs: s <t). Then,

t
(X¢ — M)ier  and (XE —A / (2X, + 1)d7")
0 tel
1s a martingale. The following applies for 0 < s <t
E[X; — MN|Fs] = E[Xs + Xt — Xg — M| Fs] = Xs + At —s5) — Mt = X5 — As,

t
E|X?- x2- )\/ (2XT+1)dr\fs}

= E[(Xt — X2+ 2(X; — X)X, — M2X, + 1) (t—s) + 2/t(Xr — Xs)dr)|Fs)
= At —5)+ A2t —5)2 + 2\t — )X — M(2Xs + 1)(t — 5) — N2 (t — 5)? = 0.

Example 13.47 (Martingales derived from Brownian motion). Let I = [0,00), X = (X¢)ter
be a Brownian motion, Fy = o(Xs:s <t) and a € R.

1. The processes

(aXt)eer, (aX? — at)er and (exp(aX; — a’t/2)) (13.8)

tel
are martingales. The following applies for 0 < s <t
E[aX)|F,] = ElaX, + a(X; — X,)|F)] = aX,,
E [aXf — at|Fy) = aE[(X; — Xo)2 + 2(X; — X)X, + X2 — t|F]
=a(t—s)+aX?—at =aX? - as,
E[exp(aXt — a?t/2)|Fs] = exp(aX,s — a?t/2) - E[exp(a(X; — X,))]
= exp(aX, — a’t/2 + a*(t — 5)/2) = exp(aX, — a’s/2)

according to Example 6.13.3.
Since the process (exp(aXt—a2t/2))t€I is a non-negative martingale with Elexp(aX;—
at/2)] =1, it represents a density. Therefore, for T > 0,

I B®R)OT - 0,1]
Q- A — Elexp(aX, — a?7/2), A]

077—]
?

is another probability measure on B(R)[ which leads to a probability measure Q on

BR)! since
Qlr, = Q- (13.9)
can be continued.

2. For pu € R the process (X; + Mt)te[o,oo) is called Brownian motion with drift u. This is
a martingale if and only if p = 0. For u > 0 it is a sub-martingale and for p < 0 it is
a super-martingale.
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There is a close connection between the Brownian motion with drift and the martingale
(exp(uX; — ,uzt/2))t€] from (13.8).

Proposition 13.48 (Brownian motion with drift and change of measure). Let I = [0,00)
and X = (Xy)ier be a Brownian motion defined on a probability space (0, F,P). Further, let
YV = (Y)ier with Yy = Xy + ut for a p € R and Q from (13.9). Then,

X.Q=).P and  ).Q = X.P,

i.e. the distribution of Y under the measure Q is that of a Brownian motion with drift p
under P. In particular, is a martingale under Q.

Proof. First, let f be continuous and bounded, and 0 < s < t. Then,

Eqf(X0)|Fs] = Ep[f(Xp)er X 2| F ]
-— (1t )euxﬂﬂt/z / F(X, + y)etve v/ 2=) gy
e —S
_ \/;ewsu%/zw?(tswz / F(X, + ) W=D/ =5 g
27 (t — s)

_ \/7610{5’“28/2/]0()(5 oy ut— S))efy2/(2(t*8))dy

=Ep[f(X: + p(t — 9))|Fs] - oHXs—1Ps/2

Now let 0 <ty <--- <t, and fi,..., fn be continuous and bounded. Then,

EqQlf1(X1,) - fu(X0,)] = Ep[f1(X0,) - fae1(Xi, ) Ep[fu (X, e Xen200/2| F, ]
=Ep[f/i(Xe,) - fo—2(Xt, o)
Ep[fu_1(Xt, )Ep[fa(Xe, + ultn — tno1)|F,_, | K== 7, )
= =Ep[fi(Xe, + pt1) -+ fu(Xs, + ptn)] = Ep[f1(Ye,) -+ fr(¥2,)].

Since f1, ..., f were arbitrary, the finite-dimensional distributions of X,Q and ), P are iden-
tical. The statement now follows from Proposition 12.6.1. O

We will now apply the results of martingales with a countable index set to the case of an
uncountable index set, I = [0, 00). Central to this is Theorem 13.49, in which we will see that
there is a right-continuous modification for very many sub-martingales.

Theorem 13.49 (Regularization of martingales in continuous time). Let I = [0,00) and
X = (Xi)ter be a sub-martingale. Further, Y = (Yi)iecing with Y = X fort € INQ. Then,
with (G¢)eer from Lemma 12.25, the following holds:

1. There is a null set N such that Yf = limg Y3 for all t € I outside N exists. The
process Z = (Zy)ter with Zy = 1Nth+ is a (Gt)ier sub-martingale.

2. If (Fi)er is right-continuous, then X has a modification with paths in Dr(]0,00)) if
t — E[Xy] is right-continuous.
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Proof. Since (|t|)terng is a sub-martingale, sup,«, E[|Y;|] < oo for 7 < co. Thus, according
to Theorem 13.29, for each ¢ € I the limits Yiy,t € I outside a nullset N. This means
that (Z;)ier with Z; =1 NcY;"' is right-continuous with left-sided limits. Furthermore, Z; is
measurable with respect to o(F;, N)T,t € I.

We now show that (Z;)er is a sub-martingale. Let s < ¢t and s, | s, as well as t,, | t
(and s, <t, n =1,2,...). Then obviously Y;,, < E[Y},|Fs,.] for all m,n. This means that

Sm

Zs < E[Y;, |Fs+] according to Theorem 13.36. Since sup,, E[Y; | < oo, the sub-martingale
n— o0

(Y4, )n=1,2,... is according to Theorem 13.37 uniformly integrable with ¥;, —— Fs,L1 Z3, and

n—oo

thus E[}ftn‘fs-i-] —>fs,L1 E[Zt’]:s_t,_] From thiS, ZS < E[Zt’f5+] = E[Zt|g5]
2. With the same notation, for ¢ € I and t, | t with ¢1,%2,... € Q,

ElX., | =E[v,], X <E[Y,[FA]

Because of t,, | t, lim,; E[X] = E[Z;]. Furthermore, due to the right-continuity of (F)er
and Theorem 13.37 X; < E[Z;|F] = Z;. If X has a right-continuous modification, then
Z; = X; is almost certain, and thus lim, s E[X,] = E[X{], therefore ¢ — E[X}] right-handed.
On the other hand, if ¢t — E[X{] is right-handed, then E[|Z; — X;|] = 0, and thus Z; = X}
almost surely. Thus (Z;)¢er is a right-continuous modification of X. O

Remark 13.50 (Usual conditions). Let I = [0,00). In the following, we will always assume
that the filtration (Fi)i>o0 is right-continuous and complete. Furthermore, Theorem 13.49
shows that, under these assumptions, for each sub-martingale X there is a modification with
paths in Dr([0,00)) if t — E[X}] is right-continuous. We also want to assume this modifica-
tion of each sub-martingale has paths in Dr([0,00)). All this we will summarize and say that
the usual conditions hold.

Theorem 13.51 (Martingale convergence theorems for continuous I). Let I C [0,00) be
an interval. Under the usual conditions, the statements of Lemma 13.25, Proposition 13.26,
Lemma 13.28, Theorem 13.29, Corollary 13.30, Theorem 13.32, Theorem 13.33, Theorem 13.36
and Theorem 13.37 apply accordingly.

Proof. Note that all statements already apply in the case of countable index set, e.g. I N Q,
have already been shown. All statements follow in the continuous case, because under the
usual conditions, the process X = (X¢)icr, as well as all its limit values, can be uniquely
constructed from (X¢)tcrng and its limits can be constructed. O

All martingale convergence theorems are now also shown for the case of continuous index set.
The following are the statements of the Optional Sampling (Theorem 13.22) and Optional
Stopping Theorem (Proposition 13.19) in the continuous case.

Theorem 13.52 (Optional Sampling Theorem in the continuous case). Let I C [0,00) be
an interval, S < T almost surely finite stopping times and X = (Xy)ier a sub-martingale. If
either T is bounded or X is uniformly integrable, then Xt is integrable and Xg > E[Xr|Fgs].
Furthermore, Lemma 13.23 is also valid for I = [0,00).

Proof. Without restriction, I = [0,00). Let S, := 27"[2"S + 1] and T,, := 27"[2"T + 1]
such that S, | S and T}, | T as in Proposition 12.28. With Theorem 13.22 follows Xg,,A <
E[X7,|Fs,,] for all m > n. With m — oo and Theorem 13.36.2,

Xg < E[Xr, | Fsl. (13.10)
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If T is almost surely bounded, then ..., X7,, X7y is a sub-martingale with inf,, E[ X7, | > —occ.
Therefore, according to Theorem 13.37 it is a uniformly integrable, almost surely and in
L' convergent sub-martingale with limit X7. Now follows the statement from (13.10) with
m — o0.

If X is uniformly integrable, then it converges according to Theorem 13.32 (or Theo-
rem 13.51) as X, H—Oo>f$’L1 Xoo with integrable limit Xo. and X < E[X|Fs] applies.

As above, first Xg < E[X7,|Fs|, and the sub-martingale ..., X7,, X7, converges almost
surely and in L' against X7. So the statement applies again because of (13.10).

The proof of Lemma 13.23 applies unchanged. 0

Corollary 13.53 (Optional stopping in the continuous case). Let I C [0,00) be an interval
and X = (Xi)ier a (sub, super)-martingale and T' an almost surely finite stopping time. Then
XT = (Xrpt)ier is a (sub, super) martingale.

Proof. The corollary follows with the Optional Sampling Theorem, since T'A s < T A t, thus
Xrps < E[X7rael Fras] < B[X7adl Fol- O

14 Markov processes

The simplest stochastic processes X = (X;)cs are those in which X is an independent family.
We now come to the second simplest dependency structure that occurs in stochastic processes.
By a Markov process X we understand a process in which at time ¢ the future (X, ),>: depends
only on Xy, but not on (Xs)s<¢. In other words: (X;)s>¢ and (Xs)s<; are given independently
Xt.

Many of the stochastic processes already introduced are Markov processes and will serve
as examples in this section. Throughout this section, let (E,r) be a complete and separable
metric space.

14.1 Definition and examples

In this section, we will introduce the notion of conditional independence from Section 11.4 will
be needed. Finally, Markov processes are those in which the future — given the present — does
not depend on the past. After the introduction of Markov processes and some examples, we
will determine in Theorem 14.5, when Gaussian processes are Markov. A central notion will
be Markov kernels ugt, which represent just the transition probabilities between two points in
time s and t. Formally equivalent, we introduce operators T. Sivt, which indicate how expected
values of functions f(X;) change over time.

Definition 14.1 (Markov process). Let (Fi)ier be a filtration and X = (Xi)ier an adapted
stochastic process.

1. The process X is called Markov process if Fs is independent of X given Xg, s < t.
This means that for A € B(E) (see Proposition 11.18)

P(X, € A|F,) = P(X, € A|X,) (14.1)

or equivalently
E(f(X0)|Fs) = BE(f(X)|Xs)

for all measurable and bounded f : E — R.
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2. The Markov kernels (or transition kernels) ,u;"jt (from E to E) of X are given by

ul(Xs, B) = P(X; € B|X,) = P(X; € B|F).

3. Let B(E) be (not only the Borel’s o-algebra on E, but also) the set of bounded, measur-
able functions f : E — R. Then we define for s <t the transition operator

_[BB) - BE)
B e BUGOIX = o = [ ) f)

4. For Markov kernels u,v from E to E we define a Markov kernel from E to E? by

(149 0)( A x B) = [ o, dy)oy.d2) e e
and a Markov kernel from E to E by

(w) (2, A) = (p@v)(z, E x A).

Remark 14.2 (Interpretations). 1. Just as with martingales, the Markov property is for-
mulated with respect to a filtration (Fi)ier. In the following, however, we will always
use Fy = 0((Xs)s<t), t € 1.

2. We want the transition kernels (Mf:t)sgt as reqular versions of the conditional expectation
of Xt given Xs. This is possible because E is Polish and according to Theorem 11.23,
then the regular version of the conditional distribution exists.

3. The transition operator si(t is best interpreted as follows: Given a function f and Xj),

then (T55f)(Xs) is the expectation of f(Xy) at the start in X,. This naturally depends
on the value X so Tsﬁf s a function of Xs.

4. To interpret the Markov kernels uft ®,ut)’(u and ,ugftut)fu for s <t < wu note the following:
It is p, @iy, (x, AX B) is the probability, given X = x, that is both X, € A and X, € B.
In addition, under ,uift,ufu the state at time t is integrated out, i.e. ,uiftuf’(u(x, B) is the
probability, given Xs = x, that X, € B. (Of course, in the case of a of a Markov
process must be equal to ,uifu(x,B); see also the Chapman-Kolmogorov equations in
Corollary 14.16.)

Example 14.3 (Markov chains). (See also example 5.10.) Markov processes X = (Xi)ier
with at most countable state space E are called Markov chains. Furthermore, if I = {0, 1,2, ...},
then the transition kernel thﬂ is represented by a matric P11 = (pri+1(2,Y))zyeck so that

Priv1(z,y) = P(Xip1 = y| Xy = 2)

and

MtX,t+1 (z, A) = Z pri+1(z,y).
yeA
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Further here is
(M;(m ® :ut)j-l,t+2)(ma AXx B) = Z Pri+1 (T, Y)pes1a+2(Y, 2)
yeA,zeB

and

(it ) (@A) = D prsa (@ y)per1a2(y, 2).
yek z€A

For the transition operator (Tg‘;) s<t can be written f : E— R can be written as a restricted

vector, namely as f = (f(x))zer and thus

<Tt/};,+1f)(x) = Z Mt),(t+1(x7 dy) f(y) = Zpt,tﬂ(x,y)f(y),

yer yer

so the application of Tt)’iﬂ to f corresponds to a multiplication of the matrixz py 1 with the
vector f.

Example 14.4 (Sums and products of independent random variables etc.).

1. Let X1, X2, ... be real-valued, almost certainly finite and independent. Then S = (St)t=01.2

sy Ly

with Sy = Zi:l X and also S = (St)i=0,12,... with S; = Hi:l Xs Markov processes.
The following applies for example for A € B(R)

P(St+1 S A|]:t) = /P(St cA-— x,Xt+1 S dac]}"t)

- /15t€AxP(Xt+l € dz) = P(Si41 € A|Sy).
In this case
Mft+1(x7 A)=P(Xy11 € A—1x)
and

(Tti+1f)(x) = E[f(z + Xi11)]-

2. Let X = (Xi)i>0 be a Poisson process with intensity \. Then (Xi¢)i>0 and (Xyu)i>o0
for each growing function f Markov processes, just like (X; — A\t)i>0. However, (X7 —
A fg(QXT +1)dr)¢>o is not a Markov process; see also Example 13.46. (Note for the last

process: assuming X7 — )\fot(QXr + 1)dr = z, the process decreases linearly with slope
A2X: + 1). However this slope is not a function of x).

Let’s look at the Poisson process X. Here the Markov kernels for x € {0,1,2,...} are
given as

s A = 5))E
paa(z, A) = > e ! )((k:—x)"
keAN{z,z+1,...} ’

and the transition operator for f :{0,1,2,...} — R is bounded

(TS5 ) (@) = e*(”)wk,))f(x +k) = E[f(z + P)],
k=0 ’

where P is a Poisson distributed random variable with parameters \(t — s).
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3. Let X = (Xt)i>0 be a Brownian motion. Then both (uXi)i>0 and (uX? — ut)i>o as well
as (exp(uXy — p?t/2))i>0 for p € R Markov processes (as well as martingales according
to example 13.47). For example

PIX2 —u<z|F]=P[(Xy— Xp)* +2(Xy — X)Xy + X7 < u+2|F]
=P[(Xy — Xi)> +2(Xy — X)Xy + X2 < u+2|Xy] = P[X2 — u < 2] Xy].

Let us consider the Brownian motion X. Its Markov kernels is given by

Ry
piy(x, A) = mAeXM— (Qy(t_ S))>dy

and the transition operator for f € B(R)

(T 1) (@) )f@+y)dy = Elf @@+ Vi —s2))

1 / ( y?
V2m(t — s) P 2(t —s)
where Z is a N(0, 1)-distributed random variable.

Theorem 14.5 (Gaussian Markov processes). Let X = (X;)i>0 be a Gaussian process. Then,
X is Markov iff

COV (X, X,) V(X)) = COV(X,, X;) - COV (X, Xu) (14.2)
for all s <t < u.

Proof. By subtracting the expected values, we can assume wlog that E[X;] = 0 holds for all
t > 0. We note that (if V(X;) > 0) with
COV (X, Xu)
X =X, ———
v V(Xy)
holds that COV (X!, X;) = 0. Therefore, X, and X; are independent (and the joint distribu-

tion is a normal distribution). In the case V(X;) = 0 we set X/, = X, from which the same
follows.

First, let X be Markov and s <t < u. Then X is independent of X, given X;, so X is
also independent of X, given X;. Since X; and X, are independent, we find
P(X; € A, X) € B) =E[P(X; € A|X;) - P(X], € B|X})]
=E[P(X; € A|X;) -P(X, € B)]=P(X;€ A)-P(X,, € B)
and therefore X and X/, are independent. This means that
COV (X, X,)
V(X)

Xy

0=COV(X,,X) = COV(X,, X,) — COV(X,, X;)

and (14.2) follows.
Conversely, let X' fulfill (14.2). Then (with the same calculation as above), X is indepen-
dent of X/, for all s <¢. This means that X/, is independent of F; = o((Xs)s<t) and

P(X, € AlF) = /P(X; € d, ORI X, € A - x!]—})

— [P(xl € dn, ORI X € 4 - alx,)
=P(X, € A|X,).
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Example 14.6 (Examples of Gaussian Markov processes). 1. We have already shown that
a Brownian motion X is a Markov process. To be on the safe side, also note that in
this case for s <t <wu

COV (X,,X,) V(X;) = s -t = COV(X,, X;) - COV (X}, X,,).

2. A fractional Brownian motion with Hurst parameter h is a Gaussian process X =
(Xt)tZO with E[Xt] == O, t 2 0 and

1
COV(X,, X;) = 5(1&2’1 + 52— (t — 5)).

As you can easily calculate, this is only for h = % a Markov process. Then X is the
Brownian motion.

(A) (B)
Te} ©
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o ©
N S 7
<
0| S 7
i
- -
X o >o
= =
9
0|
o —
o | =
o s
I T T T T I ! I T T T T I
00 02 04 06 08 10 00 02 04 06 08 10

Figure 7: (A) The path of a Brownian motion X = (X¢),c[0,1- (B) The corresponding path
of the Brownian bridge ) = (Yt)te[o,l] with Y; = X; — tX].

The verbal description of Markov processes states that the future of the process is independent
of the past, given the present. However, in Definition (14.1) it is only required that individual
time points in the future are independent of the past, given the present. The fact that this
in fact corresponds to with the verbal description is now shown.

Lemma 14.7 (Extended Markov property). Let X = (Xi)ier be a Markov process. Then
(Xu)u>t is independent of F; given X
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Proof. Let t =t <t < ..<t, €1 and Ag,..., A, € E. Then the following applies

P(Xy, € Ao,..., Xy, € An|Ft) = E[leOEon o dx, edn -Ellx,, e, | Fr._i]|F]
= E[lXtOEAOa 3 1th71€An71 ’ E[]‘theAn‘th—l”‘Ft]

=E[lx, eaps-1x, ,ea, o Ellx, ea, Ellx, ea,|Xe, || Ft, 5] Fi]

:E[lxtn,l €Ap—1 E[lxtn E€An |th—1 ’th—QHth—Q]

=E[1th71 €Ay 11Xy, €An [ Xt, 5]

== E[lXtOEAoE[l)ﬁEAU ) 1th€An|Xt0]|]:t]
= E[lXtOEAw ooy 1th€An|Xt] = P[Xt() S Ao, ...,th € An|Xt]

where we have used Proposition 11.18. This shows that (X4, ..., Xt,) is independent of F;
given Xy, i.e. the independence on cylinder sets {Xy, € Ao, ..., Xy, € An}. This is extended
by means of an argument with a Dynkin system to all sets in o((Xy)y>t)- O

A special case is that of a Markov process that is spatially homogeneous. This always behaves
in the same way, regardless of its current value is. We have already become familiar with
such processes via the Brownian motion and the Poisson process.Equivalent to this is that
the process has independent increments, as Lemma 14.9 shows.

Definition 14.8 (Spatially homogeneous Markov process).
Let E be an Abelian group.

1. A Markov kernel from E to E is called homogeneous if u(x, B) = u(0, B — x) for all
x € E and B€ B(E). (Here B—x={y—xz:y € B}.)

2. A Markov process X is called spatially homogeneous, if the Markov kernels ug‘ft are
homogeneous, s < t.

3. A Markov process X = (Xt)i>0 has independent increments if X; — X is independent
of Fs, s < t.

Lemma 14.9 (Homogeneity and independent increments). Let X = (X¢)ier be a Markov
process with state space E, where E is an Abelian group. The process X has independent
increments if and only if X is spatially homogeneous. In this case, the completion of the
filtration (F)e>0 with Fy = 0((Xs)s<t) is right-continuous.

Proof. First, let X be a spatially homogeneous Markov process, i.e. ugt(a:, B) = u;‘jt(O, B—x)
for all z € E and B € B(E). Then,

P(X; — X, € B|F,) = P(X; € X; + B|Fs) = psp(Xs, Xs + B) = 134(0, B).

Thus X; — X is according to Lemma 11.13 independent of F;, so X has independent incre-
ments.

Conversely, X' has independent increments. Then (X; — X;):>s is also a Markov process
with the same Markov kernels and

1&,(Xs, B) = P(X; € B|F,) = P(X; — X, € B — X,|F,) = 40, B — X,).
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We now come to the second part of the statement, the right continuity of the filtration
generated by X'. Let t € I and uy,uo,... € I with u, | t. Wlog we assume that F; is
complete. We must show that .7’-}Jr =, Fu, = Ft. First of all, (F;,G1,Go,...) is with
Gn = 0(Xu,_, — Xu,) an independent family. It is F;~ independent of (Gy, ..., Gy) for each n.
Let A € F;" be. Then, according to Proposition 11.18,

P(A|F,) = P(A|F,G1, ... Gn) =25 14

almost surely by Theorem 13.36 and because 1 4 is measurable with respect to o(F, G1, .G, ...).
In particular, since J; is complete, .7-",5Jr CF C .7-'; . O

14.2 Strong Markov processes

With martingales, we have become familiar with the procedure that a property that applies
for fixed times (e.g. X = E[X}|F;]) is transferred to stopping times. (This led to the Optional
Sampling Theorem, i.e. Xg = E[X7|Fg] for almost surely bounded stopping times S < T').

The Markov property is initially again a property for fixed points in time, which can be
written, for example, as

P<X8+t € A|Fs) = /jst,ert(XS?A)'

Replacing the fixed time s in the last equation with a stopping time S leads to strong Markov
processes. Most of the processes discussed here belong to this class, however Example 14.14
is an exception.

Definition 14.10 (Strong Markov process). Let X = (Xi)ier be a Markov process with
generated filtration (Fi)ier and progressively measurable. Further let S be a (Fi)ier stopping
time. Then X has the strong Markov property at S if

P(Xsys € Al Fs) = M§S+t(XSv A)
for A € B(E) or equivalent to this

E[f(Xs+4)|Fs] = (T§s11f)(Xs)

applies to f € B(FE). Further, X is a strong Markov process if X has the strong Markov
property at all almost surely finite stopping times.

Proposition 14.11 (Strong Markov at discrete stopping times). Let X = (Xy)wesr be a
progressively measurable Markov process with generated filtration (Fy)ier. Further let S be an
almost surely finite (Fy)ier-stopping time, which only assumes discrete (i.e. in particular only
countably many) values. Then X has the strong Markov property for S.

If I in particular is discrete, then every Markov process X also has the strong Markov

property.

Proof. Let {s1,s2,...} be the range of values of S and f € B(F) and A € Fs. Then (since

173



the range of values of S is discrete) AN {S = s;} € Fs, and
E[f(Xg4e), A ZE (Xg41), AN{S = s;}]
- ZE Xoitt), AN{S = s;}]
= Z E[E[f (Xo+0) | Xo], AN (S = 5:}]
_ Z E[(Ty, s, 40f)(Xs,), AN{S = s5}]
- Z E((Tss+4f)(Xs), AN{S = si}]

= E[(Ts,s1+f)(Xs), A].
Since (T's,54++f)(Xg) is measurable according to Fg, the assertion follows. O

Theorem 14.12 (Strong Markov with continuous transition operator). Let X = (Xi)ier
be a Markov process with generated filtration (Fi)ier with right-continuous paths. If Tsﬁf 18
continuous for f € Cp(E) and s — T S+tf continuous for all f € Cp(E) (with respect to the
supremum norm on Cy(E)), then X is a strong Markov process.

Proof. First, according to Lemma 12.32, the process X is progressively measurable. Let S
be an almost surely finite stopping time, which, according to Proposition 12.28, we replace
by stopping times 51, Ss, ... with S, | S so that S,, only takes on discrete values, n = 1,2, ...
Then, because of the right continuity of the paths of X that Xg, I Xg is almost certain
and for f € Cp(F) is

E[f(Xs+4)|Fs] = lim E[E[f(Xs,+)|Fs,]|Fs]
= lm B(TE 5 4f)(Xs,)|Fs]
= E[(T§S+tf)(XS)|fS] = (T§S+tf)(XS)v
where the continuity conditions are used in in the third equality. O
Example 14.13 (Poisson process and Brownian motion are strong Markov).

1. Let X = (Xt)t>0 be a Poisson process with intensity A > 0. Then X is strong Markov,
because:
According to Ezample 14.4.2, (T5y f)(x) = E[f(x + P)], where P ~ Poi(A(t — s)). Thus
s 3%, f is constant. Further, z — (T5,,f)(x) is measurable and due to the discrete
topology on {0,1,2,...} also continuous. The strong Markov property thus follows from
Theorem 14.12.

2. Let X = (X{)i>0 be a Brownian motion. Then X is strong Markov, because:
According to Ezxample 14.4.3 is (T3%f)(x) = E[f(z + Vt — sZ)], where Z ~ N(0,1).
This means that s — T st is constant and x — ( g\;ﬂf)(x) is constant. Again, the
strong Markov property follows from Theorem 14.12.

It is not so easy to specify non-strong Markov processes. However, here is an example.
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Example 14.14 (A non-strong Markov process). Let T ~ exp(1l) be distributed. We further
define the stochastic process X = (X¢)i>0 with

X, =@t-T)"
and completion of the canonical filtration (Ft)¢>0. Then for f € B(R)

E[f((t-T)")], i Xs=0,

E[f(Xs2)|Fs] = {f(x +1) if X5 > 0.

In particular, the right-hand side only depends on Xs and therefore X is a Markov process
with transition operator

(T f (@) = Lo B[f (= T) )] + Losof(x + 1)

Now consider the random time S = inf{t : X; > 0} (i.e. S =T). According to Proposi-
tion 12.30.2, T is an option time and thus, since {T = t} is a nullset and F; is complete,
{T<t}={T <t} U{T =t} € F. Thus T is (Ft)t>0 a stopping time. Now,

E[f(Xs)|Fs] = f(t),

since S is measurable according to Fs and Xgir = t almost surely. On the other hand,
Xg =0 and therefore

(Tgs4¢/)(Xs) = (T5.54:./)(0) = E[f((t = T)*)].
Since the right-hand sides of the last two equations for many f € B(E) do not match, X is
not a strong Markov process.
14.3 The distribution of a Markov process

For a Markov process X, the Markov kernels ,uift and the transition operators Tg}; are im-
portant tools. We will discuss in Theorem 14.17 that a consistency condition (the Chapman-
Kolmogorov equations, see Corollary 14.16) is not only necessary but also sufficient for a
family of Markov kernels to be Markov kernels for a Markov process.

Lemma 14.15 (Finite-dimensional distributions). Let X = (X¢)ier be a Markov process with
X ~ VtX for distributions Z/{Y on E and Markov kernels (Mgt)sgt- Then, forty < --- <ty

(Xigs - X)) ~ vt @ty @ @pt
and
P((Xt, . X1,) € i) = (it 1, @@ p 4 ) (Xt )

Proof. The proof of the first formula is done by induction. For n = 0 the statement is clear.
If it applies for n, then the following applies for f € Cy(E"2)

E[f(Xtgss Xt,11)] = E[E[f(Xg, ., Xt 1) | F,]]

- E[/f(Xtov 2L thvxn-i-l)ug‘;,tn_,_l (th7 d.%'n+1):|

= /yi)g ®Mt)g,t1 R .- ®/’Lt)fl7t’n+1 (di‘o, ...,dl‘nJrl)f(ZL‘O, ...,LL‘n+1)
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so the first formula applies to n+ 1. For the second formula, we note that the right-hand side
Xy, is measurable. Furthermore, with Lemma 14.7

P((th "'7th) € '|Ft0) = P((thv "‘7th) € '|Xt0)
and for A € B(E) and B € B(E™) with the first formula
E[]-(th,...,th)GBaXto S A] = P((Xtm ...,th) € Ax B)

= /Ayfg(dx)(ﬂig,tl PXIRERNY :u’t):;,thﬁl (x? B) = E[(Mt)g7t1 Q- Mi,tn+1)(Xt0? B)’ XtO € A]?

from which the assertion follows. O

Corollary 14.16 (Chapman-Kolmogorov equations). Let X be a Markov process with X; ~

v for distributions v;¥ on E, Markov kernels (ug‘ft)sgt and transition operators (Tft)sgt.

Then, for s <t <wu

Mt = Mo (14.3)
and for f € B(E)
(T (T ) (Xs) = (T ) (Xs) (14.4)
v¥ -almost surely.
Proof. According to Proposition 14.15, for v{-almost all X for A € B(E)
How(Xs, A) = P(X, € AIF) = P((Xy, X)) € E x AFy)
= (12 © 1) (Xs, B % A) = (nh7) (X, A)
and for f € B(E).
(T3 ) (X5) = Bl (Xu) | F5] = B[E[f(X.)|F]|F]
= E[(T3,) (Xe)|Fs] = (T (T3, ) (Xs)-
O

It is clear that for each Markov process there are the Markov kernels (,uift) s<t exist. Con-
versely, we now show that for every family of Markov kernels (us;)s<¢, which satisfies the
Chapman-Kolmogorov equations, there is a Markov process.

Theorem 14.17 (Existence of Markov processes).
Let I be an index set with minl =0, vy a probability measure on E. Then the following
applies:

1. If (psit)s<t s a family of Markov kernels with pigjiey = prsu for all s <t < u. Then
there is a Markov process with starting distribution vy and transition kernels (pst)s<t-

2. If (Tst)s<t is a family of transition operators with Tg Ti, = Tsy for all s < t < w.
Then there is a Markov process with starting distribution vy and transition operators
(Ts,t)sgt'
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Proof. Given (fis+)s<t, it is easy to calculate that

(Toef)(x) = / et (. dy) £ (9)

with f € B(E) a family of transition operators (7 +)s<¢, which exactly then (14.4)is fulfilled
if (p1s,¢)s<¢ fulfills the conditions (14.3) are fulfilled. If the other way around (7)< is given,
then defines

ps,t (T, A) = (TS,tlA) ()

a family of Markov kernels that (14.3) is fulfilled iff (7)< fulfills the condition (14.4). It
is therefore sufficient to show 1.For this we first define the measures for t; < ... < t, with
{t1, . ortn} Cp I

Ut eostn = VOHOE @ [yt @ o @ [, gty -

To show that (th,..v,tn){tl,...,tn}gfl a projective family is J = {t1,...,t,} and H = {t1, ..., tk—1, tk+1, ...

Then for B = By X --- X Bj_1 X Bpy1 X --- x B, € B(EH)

(m7p)vs(B) = vy (7)1 (B))
= (Voo,ty @ fity ity @ = fhty,_1,,)(B1 X -+ X B3 X E X Biyq X -+ X By)
= (VOMO,tl @ oyt @ Ity gt Bt ity © Btpgy s @ ':utn—htn)(B)
= (VONO,h @ ty,to @ Pty it D gy tye @ 'th—htn)(B)
=vg(B).

According to Theorem 5.24 there is a process X = (X;)ier with the finite-dimensional distri-
butions (v)jc i1 and starting distribution 1. It remains to show that X" is a Markov process.
For this, let A € B(E”/) fora J C I and max.J = s <t and B € B(E). Then,

P((X;)res €A, X; € B) = VJu{t}(A x B) = E[ps(Xs, B), (X )res € Al
If (Fi)ter is the filtration generated by X', then the following applies to A € F;
P(Xt S B,A) = E[Ns,t(X& B), A]

From the definition of the conditional expectation, we can read that P(X, € B|Fs) =
pst(Xs, B) = P(X, € B|X;). From this the assertion follows. O

Corollary 14.18 (Distribution of Markov processes). Let v and (ust)s<¢ be as in Theo-
rem 14.17. Then there is a probability distribution P, on B(E)I, such that P, is the dis-

tribution of the Markov process with transition kernels (pst)s<¢ and initial distribution v.
Furthermore, x + P, := Pgs_ defines a transition kernel from E to B(E)! and

P, = /V(da:)Px.

Proof. Tt is easy to calculate that P, (A) = [ v(dz)P,(A) applies to cylinder sets A. As usual,
one extends this statement to all A € B(E)!. O
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14.4 Semigroups and generators

time-homogeneous Markov processes play a special role. With these, ugt depends only on the
time difference ¢t — s.

Definition 14.19 (Time-homogeneous Markov processes and their semigroups). Let I be
closed under addition. A Markov process X is called time-homogeneous if there is a family
of Markov kernels (ut)ier with ugt = py_s. Then we also write u¥ = py and denote (i )ier
as transitionsemigroup?V.

This is (of course) exactly the case if there is a family of transition operators (Ty)ic; with

T;Se =1T;_s. In this case, we write TtX =T} and denote (TtX)tej as operator semigroup.

Remark 14.20 (Transfer to time-homogeneous Markov processes). Let X' be a time-homogeneous
Markov process with transition and operator semigroup (X )icr and (T{*)ier. Then, according
to the results from Section 14.3,

(Xigy - X1,) ~ y{g ® Mg\;—to R Q M;i—tn_l
and
P((Xpy, o X1,) € | Ftg) = (140 @ - @ iy, ) (Kt ):
In addition, the Chapman-Kolmogorov equations become
o HE = B
TsXTtX = Tsf—t
for all s,t € I. The strong Markov property is in this case

P X5 € AlFs] = i (Xs, A),
E[f(Xs4)|Fs] = (T:f)(Xs)

for all almost surely finite stopping times S, A € B(E) or f € B(E).

Remark 14.21 (Semigroup property). Let (u)ier be the transition semigroup and (T} )ier
the operator semigroup of a time-homogeneous Markov process X. Then, by the Chapman-
Kolmogorov equations

X X X
Hs Ut = Hgits
T =T,

for all s,t € 1. For this reason, one speaks of (commutative) transition and operator semi-
groups.

Certain properties of operator semigroups often facilitate proofs. This leads to the concept
of the Feller semigroup. To save us save paperwork, we use the distributions P, from Corol-
lary 14.18 and denote the expected value with respect to this distribution with E,.

Definition 14.22 (Feller semigroup, Feller process). Let I = R,.

20 A semigroup is a pair (I, *), where * is an associative map I x I — I
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1. Let (T})ier be a family of operators with Ty : B(E) — B(E). This is called an operator
semigroup if Ty(Tsf) = Tiysf for all f € B(E). Such a semigroup is called

(a) positive if Tyf >0 if f >0 for allt € 1,
(b) contraction if 0 < Ty, f <1 for0< f <1 fora
(¢) conservative if Ty1 =1 for allt € 1,

(d) strongly continuous if ||T.f — f||co 20 for all f € Cy(E).

(e) Feller semigroup if Tif(x) 129, f(z) forx € E and f € Cp(E) and T f € Cp(E)

for all f € Cy(E) and t € I.

2. A time-homogeneous Markov process X = (Xy)iez is called Feller process if its operator
semigroup (T;¥)ier is a Feller semigroup.

Remark 14.23 (Probabilistic properties of Feller processes). Let I = R, and (T;% )i be the
operator semigroup of a Markov process X = (Xi)ier.

1. The semigroup (Ttx)tg s conservative and a positive contraction.
Indeed: Of course, T{¥1(z) = E[1] = 1, which shows the conservativeness of (T;%)icr.
Similarly, one writes for f € B(E) with 0 < f <1

Ti* f(z) = Eu[f(2)] < Eu[1] = 1

and thus (T )ser is a contraction.

2. Let Xo = . Then T{* f(x) =% f(x) for all f € Cy(E) if and only if X, = x.

Indeed: '=": It follows with g(y) = r(z,y) A1 that Ey[r(z, X;) A 1] = T g(z) 129,

g(x) = 0, which shows the claimed convergence. '<’: X 20, o applies and thus

according to the definition of weak convergence for f € Cy(E) in particular T;X f(z) =
E.[f(X0)] =5 Bulf(2)] = f(a).

Lemma 14.24 (Poisson process and Brownian motion are Feller). Both the Poisson process
(with rate X > 0) and the Brownian motion are Feller processes.

Proof. Let X* = (X[')1>0 be a Poisson process and JY = (Y,Y);>0 a Brownian motion, each
started in x € R and y € R. The following applies X* 24 2+ X° and Yy 4 y 4+ )°. Then
X¥ ~ N(z,t) and Y}Y ~ y+Poi(tA). In particular, obviously X; ﬂp x, Yy ip. Therefore,

T f(x) 129, f(x) and TY f(y) 129, f(y) for f € Cy(R) according to remark 14.23.2 Further,

T f(2) = By [f(X0)] = Bolf (= + X)) =5 Eo[f (2’ + Xp)] = T;* f(a')
and analogously for the process ). From this follow all assertions. O

For concrete Markov processes, semigroups are usually difficult to specify. (However, see the
exceptions of the Poisson process and the Brownian motion from example 14.4). It is easier
to define what happens in an infinitesimally short time. This is described by the generator of
the operator semigroup.
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Definition 14.25 (Generator of a semigroup). Let I = [0,00), X = (X¢)ier be a time-
homogeneous Markov process with operator semigroup (T;*)icr. Then the generator of X (or
of its operator semigroup) is defined as

(@ @) = tim BV ZION iy L7 ) 0) — (a9,

t—0 t t—0 t

for all f for which the limit value exists. The set of functions f for which (G f)(x) exists
for all v € E erists is the domain of G and is denoted by D(G?).

Example 14.26 (Generator for Poisson process and Brownian motion).
1. Let X = (Xi)ter be a Poisson process with parameter \ and G? its generator. Then,
(GYf) (@) = A(f(z +1) = f(=)
forz € N and f € B(N).

Because we calculate, if Py is a Poisson distributed random variable with parameter A\t

k
Nt k)~ £(a)

o0

(GX f)(x) = Tim * (Balf(z + P) — f(x)]) = lim ~

t—0 t t—0 ¢
k=1

[e.e]

k
iy e—Atmw 14k - f(2))
0

= Af(z+1) = f(x))
due to dominated convergence.

2. Let X = (Xi)ter be a Brownian motion and G its generator. Then

(GY () = 5f"(2)

forx e R and f € Cg(R), the set of bounded, twice continuously differentiable functions
with with bounded derivatives.

Because we calculate, if Z is a N(0,1)-distributed random wvariable with the Taylor
approximation and a random variable Y with |Y| < |Z]

t—0

(G )(w) = im (B[ +ViZ) — (@)
= lim (Bl (@)VEZ + S @22 + 57 @+ VAY) — f(a))ez?)) (14)

t—0 ¢

= Lf"(@)+ lim BL (" (@ + VAY) - f"(2)2%) = 1"(2)

by dominated convergence.

We calculate analogously: If X = (Xi)ier with Xy = (X}, ..., X?) is a d-dimensional
Brownian motion. Then,
4 92

&H

(GYf)(x

l\’)\r—t
Qv
sw

for z € R? and f € C}(R?).
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Remark 14.27 (Feller semigroups and strong continuity). If E is at least locally compact,
one can — if one replaces Cy(E) by Co(E), the continuous functions vanishing at infinity — at
least show that every Feller semigroup is strongly continuous. This makes it easter in some
proofs to verifying the uniform convergence for strong continuity. In particular, according
to Lemma 14.24 the (Feller) semigroups of the Poisson process and Brownian motion are
strongly continuous.

Lemma 14.28 (Relationship between operator semigroup and generator). Let X be a Feller
process with operator semigroup (T )icr. Further, let G be the generator of X and D C
D(G¥) with G¥ (D) C Cy(E). For f € Cy(E) is then [j(T< f)ds € D(G¥) with

1 i) - 1) = (¥ ( [ @ nas) )@ (146

and for f € D and t > 0 is also T;* f € D(G?Y) and the following applies
GY(Tf) = THGY)),

t 14.7
(T f) () — f(x) = /0 (TX(G¥ f))()ds, (140

thus
t
B [f(X))] = f(z) + /0 B(GY f)(X,)|ds.

Proof. For x € E and f € Cy(E), t — (T;* f)(z) is continuous. Because of the Feller property
of (Tser, X X (X X (X
(T N)(@) = (T (T3 ) () = (T (T 1)) (@)

For the first equation,

1

iBe [ T~ (T )] = 1 / (T2 (@) — (T2 ) (w)ds)

t+h ¢
( /,l (T f)(@)ds — /0 (T f)()ds)
1

t+h h
[ aEpwas - [

h—0

== (T f)(@) = f(2).
For the other statements, first of all

d

B f(X0)] = lim 5B, [f(Xpin) = f(X0)

= (" Jim 1B, [f(X3) = f(2)] = (T7(G™ ) (@),

but also

d

&Ex[f(Xt)] = }llg% FEo[f(Xegn) — f(X3)]

= lim 3B, (T f)(Xn) = (T f)(@)] = (GH (T ) (@),

181



which shows the first equation. For the second equation, we note that ¢ — (T;* (G f))(z) is
continuous according to the condition, so

X — flx) = ti s = rales x)ds
T~ fa) = [ EBAFE s = [(THE )@

O]

Corollary 14.29 (Domain is dense). Let X, (T;*)ie; and G* as in Lemma 14.28 and the
conditions in Lemma 14.28 apply with D = Cy(E). Furthermore, let (T{)icr be strongly
continuous. Then D(G?) is dense in Cy(E) with respect to the supremum norm, i.e. each
f € Cy(E) can be approzimated by functions from D(GY).

Proof. For each f € C,(F) the following applies according to the condition
t
t—0
H[ X pas = g

with respect to the supremum norm. Since the function on the left-hand side according
to (14.6) lie in D(G?), the assertion is shown. O

Theorem 14.30 (Martingales derived from Markov processes). Let X = (X¢)ier be a Feller
process with generator G and domain D(G?). Further let D C D(GY) be such that G (D) C
Co(E). Then, for f € D both

(s000 - [ (@ i)

as well as, in the case of (GYf)/f € L

t (X
<f(Xt)exp<—/0 st))tel

tel

are martingales.

Proof. Let t > s. For the first process, we note

B[00~ 105~ [ (@00

7|
= B[700) - 100 - [(@ D]

= (T ) (X) — f(X) / (Too(GX F)(X)dr = 0

according to Lemma 14.28. Furthermore,

t (X X
E, [f(Xt) exp(—/O (Gf(‘?(ifr)dﬁ - ) exp /0 (G f )‘f}
t (X X
el L) ]l [
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and

iEXS [f(Xt) exp ( — /t (G/Yf)(XT)drﬂ

dt 0 f(Xr>
_ H(GYH(X)
= Ex, [(GXf)(Xt) exp ( - /0 WCZT‘)
e ( [EEDD N (GG
e (= [ ST ) Sy ]
Again, integration from s to ¢ provides the assertion. O

Example 14.31 (Ordinary differential equation). Let X = (X;);>0 with values in R which
i a solution of the ordinary differential equation

d
aXt = Q(Xt)

where g = (gi)i=1,..d : R? — R is a Lipshitz function. Then X is deterministic, but can also
be regarded as homogeneous in time (because g does not additionally depend on t) Markov
process. The generator of X is calculated for f € Cl} (RY) and Xo = = as

d

_d _of
Cdt

t=0 4~ Ox;
=1

(GF () = lim 3((Xy) = f () (f(Xt))’ (9(2)) - gi(x) = (Vf)(g(2)) - ().

Example 14.32 (Poisson process and Brownian motion). In the following, let f,(x) =
n—oo n—oo

ze " e f, € C(Ry) and gn(x) = 22~/ such that fn(z) 2= f(z) and g,(z) —
g(z) with f(z) =z and g(z) = 2.

1. Let X = (Xy)i>0 be a Poisson process with rate X\. Thus, according to theorem 14.30
and Example 14.26

t
(Xt An — / /\1X5§n71d5)t>0
0 >

is a martingale. Since X, is integrable, it follows from dominated convergence that

(X¢ — \t)

t>0

is a martingale. Analogously, one concludes (from the integrability of X} that

t
(X7 - A/ (X5 4+ 1) — X2ds) .,
0 >

is a martingale. See also example 13.46.

2. Let X = (X¢)i>0 be a Brownian motion. From the integrability of Xt,th and e"Xt | one
concludes from Theorem 14.30 that because of G¥h(z) = 3" (z)

t
(Xt - 5/0 z’d”(Xs)dS)tZO = (Xt)e>0,

t
(x4 [ ), = 8

(e (w01 [ R0, = (e (w5 1),

are all martingales. See also example 13.47.
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Example 14.33 (Jump processes). The simplest Markov processes are piecewise constant
processes. We now describe the following process: Given Xs = x, the process jumps after
an exponentially distributed time with rate X\(x). The process jumps according to the Markov
kernel u(Xs,.), i.e. it jumps with probability u(Xs,dy) to y.

Let A € B(E) be given with 0 < X\ < X\* and the Markov kernel u from E to E. Further,
let (Yi)k=012,. be a Markov chain in discrete time with P(Yy41 € A|Yy) = pn(Yy, A) for all
A € B(E). Furthermore, let Ty, Ts, ... be independent and exp(1)-distributed. (We note that
this means that Ty, /X according to exp(X) is distributed). We define the jump process (Xt)i>o0

by

To
Yo, t< :
0 NY0)
Xt = k—1 T k T (148)
Yy, I <t< J__
20 51T 2w

This is a Markov process since it is memoryless by the exponential distribution. To calculate
the generator of X, we note that the probability that in time t more than than 2 jumps take
place is at most 1 — e N"t(1 + %)\*t) = O(t?). So the following applies for f € Cy(E)

E.[f(X:) — f(2)]

We now give some more examples of Markov jump processes on countable state spaces.

Example 14.34 (Master equation). Let X = (X;)i>0 be a jump process on a countable state
space E, given as in the last example by the functions A and the Markov kernel u(,.). We
now set AN(x,y) := AMx)u(z,y) and denote this quantity as the jump rate from x to y, i.e.

Gf(x) =) Aa,y)(f(y) - f(z))

yeE

is the generator of X. If you insert the following into this equation function f(y) = 1y—, (for
a fixed x) into this equation, you get

d d
%P(Xt =z)= %E[f(Xt)] =E[(Gf)(Xy)]
=B > MX09) (e — 1)
yeE
= Z P(X; = 2) Z )‘(z>y)(1x=y — lp=) (410
zeFE yelR
= Z Mz, 2)P(Xy = 2) — Mz, 2)P(X; = z).
zeE

This equation is therefore a differential equation for (P(X; = x))zer. The solution of this
equation thus provides the exact distribution of X;. This equation is also known in physics as
the master equation.
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We will now also replace the generator equation with
E.[f(Xn)] = f(x) + hG f(x) + o(h).
write.

Example 14.35 (Branching processes in continuous time). In a continuous-time branching
process (with state space Z.y ), each individual dies at rate 1 and is replaced by a random
number of random number of offspring (with distribution u). Here the generator results in

Gf(x) ==z um)(flz—1+n)— f(2)).
n=0
For example, for fr(z) =17,

C(a) = a3 )07 = 1) = ar" ) — 1) = (9(r) = ) £ (2
n=0

From this you calculate

B, [ —'rx+(gu(7“)—7“)/0 %Ex[rXS]ds,

so the function u : (t,r) — BE.[r*t] solves the equation
Cult, 1) = (gu(r) — ) ult, ) (14.11)
gt ) = (gu(r) =) ult,r .
with the boundary conditions u(0,r) = r* u(t,1) = 1.

Example 14.36 (Yule process). The simplest branching process is the Yule process, in which
each individual is replaced by two offspring. In this case p = o2 and thus g,(r) = r2, so here
in (14.11)

d d
ﬁu(t,r) =-r(l- T)%u(t”ﬂ)

apply. We now claim that this equation in the case x =1 is given by

e tr
u(t,r) = e p—t

Indeed,

(I—r(1— e_t))z%u(t, r)=—1—7r(1—e"))re " + e 22 = —r(1—r)e"
(1—r(1- e*t))Qd%lau(t, MN=0-r(l-e e +elr(l—e’)=e"

Since the generating function of the geometric distribution is just

> n—1 n pr
Ggeotp) (1) =D _(1=p)" 'pr" = —
~ 1—r(1-p)
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we have shown that in this case X; ~ geo(e™). This can also be shown using the master
equation

%P(Xt =z)=(z-1)PXy=2-1) —2P(X; = x).
This is because for P(X; = x) = (1 — e t)7 le!
%(1 ety let = (p - 1) (1 — e t)T 22— (1 — ety Lt
=(l-—e )2 (z-1Det—1-et))=10—-e "2 zet —1)
and

(zr—1)PX;=z—1)—2P(Xy=2)=(1—e )" 2eHz—1—x(l—e?))
=(1—e 2t (ze t —1).

Example 14.37 (Probability of extinction of a branching process). Let T = Ty be the ex-
tinction time of a branching process. Then obviously P,(T < c0) = P1(T < 00)* and

Py (T < 00) = (1= h)P(T < 00) +h > u(n)Py(T < o0)" + o(h)

n=0

therefore, for r := P1(T < o) just
= gu(r) (14.12)

apply. This equation trivially has the solution r = 1. In the case Y, nu(n) < 1 this is the only
solution, which shows that the extinction probability in this case is 1. (This we have already
seen through martingale theory). In the case p = pdy + qda with ¢ > p (i.e. Y nu(n) > 1)
you calculate that (14.12) applies exactly when 0 = qr® —r + p, i.e. for

_1+y/T—dpg _ 1+42¢—1

2q 2q

r

Since the extinction probability must be less than 1 is therefore just (p/q) A 1.

Example 14.38 (Hitting times). Let E' C E and T := Ty be the hitting time of E'. We
want to calculate the mapping u : x — E,[T]. Obviously, u(x) = E,[T] =0 for x € E’, so
with A(z) =3, Az, y)

E,[T] = (1 = hA(2))Ex[T + h] + Y E[T| Xy = y] - P(Xs =)
)
= B, [T] + h(1 = A@)Eo[T] + Y Ma, y)E,y[T] + O(h?)

Therefore, the function u must fulfill the equation

Gu(r) = -1, r ¢ F,
u(z) =0, reFE.



Example 14.39 (Birth-death processes). Markov processes with E = Z and transition rate
Mz, y) =0 for |z —y| > 1 are called birth-death processes. Typically one denotes

An,n+1) =: Ay, An,n—1) =: py,
and thus the generator is given by
Gf(n) = (f(n+1) = f(n) + pn(f(n = 1) = f(n)).
For the expected hitting times of 0, i.e. u(n) := E,[To], we now show that
u(0) =0,

Z

Z”ﬂ

Nkﬂ'k

with m =1 and

ol M
Then,
1 > 1 —
Gu(n) = \yj——— Tj— fp—— Y T
nﬂn+17n+1j2%;1 J nﬂnwn;ég I
1 = 1 &
= — T — ij:—l
nj:n+1 nj:n

15 Properties of Brownian motion

Although we have already introduced Brownian motion in Chapter 12.3, there is still a lot of
properties we have not covered yet. We already know that Brownian motion is a martingale,
a Gaussian process and a strong Markov process with independent and identically distributed
increments and has continuous paths. From this, we can deduce new properties, for example,
Blumenthal’s 0-1 law, which is an addition to the Kolmogorov’s 0-1 law. We will assume that
filtrations are complete.

Theorem 15.1 (Blumenthal’s 0-1 law). Let X = (X;)i>0 be a Brownian motion, defined on
a probability space (Q, F,P), started in x € R, and Foi := (Vuq0(Xs : s < t). Then Foi
P-trivial, i.e. P(A) € {0,1} for A € Fo4.

Let further T :=(\ys00 (Xt : t > 5) be the terminal o-algebra of X. Then T is P-trivial.
Proof. According to Lemma 14.9, the filtration (F;);>0 with F; = (X, @ s < t) is right-
continuous. From the right continuity in 0 follows Fyp;+ = o(Xj). Since Xy = x is constant,
Fo+ must therefore be a P-trivial o-algebra.

Furthermore, with X according to theorem 12.19 also X’ = (X{);>o with X; = X,
a Brownian motion started in 0. With what has just been shown, (,~,0(X. : s < t) is
P-trivial. It follows, however, that -

ﬂU(Xt:tZs):ﬂa(tXl/t:tgs):ﬂa(Xéztgs)

s>0 s>0 s>0

is P-trivial, i.e. the assertion. O
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Remark 15.2. Although Blumenthal’s 0-1 law looks simple, it may nevertheless be surprising.
As we will show later, the Brownian motion — in a suitable sense — can be thought of as the
limit of random walks. If we start a random walk in 0, then this random walk either jumps
upwards first or downwards first. In particular, for small times they spend either more time
in the positive or in the negative.

Let us define analogously for Brownian motion

t t
At = {/ 1Xs>0d3 Z / 1Xs<0d8}
0 0

the set of Brownian paths that have spent more time in the positive by time t and and A =
Neso Nocs<t As, which is the set of paths that have spent more time in the positive up to some
small time t. Then A € Foy, so for reasons of symmetry P(A) = 0 must apply. So there is
almost certainly no Brownian path that has spent more time in the positive, for very small
times.

However, this law is only the prelude to a series of further properties. Here we examine
the quadratic variation in Section 15.1, the reflection principle based on the strong Markov
property in Section 15.2; the law of the iterated logarithm in Section 15.3, the convergence of
random walks against Brownian motion in Section 15.4 and a further connection with random
walks in Section 15.5.

15.1 Quadratic variation

The paths of Brownian motion in Figures 5 and 7 look — albeit steady — very rough. This
property should now be specified.

Definition 15.3 (Variation and quadratic variation). Let f € Dgr([0,00)), t > 0 and for
n=12..1lt0=1t,0<th1 <- <tpp, =t be given. We denote (, := {tno,....,tnk, | as
n-th partition (of [0,t]). Assuming maxy(tpk — tn—1) ——s 0, i.c. the partitions exploit the
interval [0,t] for n — oo better and better. Then we define the {-variation of f with respect
to ¢ = (Cn)n=12,.. as

v c(f) == lim V?,ag(f)

n—oo

with

ko

n

viro(f) = Z |f(tnk) — f(tn,kfl)‘e'

k=1

If the limit value is independent of ¢, we call this the £-variation and denote it by ve((f). The
1-variation is also called variation and the 2-variation is also called quadratic variation.
In addition, ¢ is called ascending if ¢, C (ua1 holds for alln=1,2, ...

Lemma 15.4 (Elementary properties of the (quadratic) variation). Let f be continuous and
t > 0. Then the following applies to ¢ as in Definition 15.3

vpgc(f) < oo = vepc(f) =0,
Vi1, (f) > 0= v c(f) = o0,
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Proof. 1t is sufficient to show the first property. We write

kn
0< nh—>Holo Z |f(tn,k) - f(tn,k—1)|€+1
k=1

k’IL
. . 0
< Jim sup |f () = f(tus-s)| - Jim k}_lj k) = Fltnpr)|f =0

since f is uniformly continuous on [0, ¢]. O

Proposition 15.5 (Quadratic variation of Brownian motion). Let X = (X¢)i>0 be a Brown-
ian motion. Then for ( as in Definition 15.3,

n—o0

I/S,M(X) —r2 t.
If ¢ is ascending, then also
vy o (X) 25t

In particular, the variation of X is almost surely infinite.

Proof. We write vy, - := vy, -(X). First to the L?-convergence. It is known that X; — X ~
v/t — sX is valid for s < t. Therefore

kn kn kn
Evg =Y E[(Xt,, — X1, )1 =D (tnk — tns—0)BIXT] =D (tngp — tnp—1) =1t
k=1 k=1 k=1
as well as
kn kn
E((v5. =)’ = V5] =) VI(Xnk — Xnk-1)’] =D (tnk — tnk—1) BIX]] “ 0.
k=1 k=1

For the almost sure convergence, we first assume wlog that there is 0 < t1,s,... < t, so that
Gn = {t1, .., tn}. We will further show that (vy)n=..—2-1 is a (backward) martingale, so

that
n+1

~1
Elvy " —vycvaevai ] =0
applies to all n. If t/, and t!! are the points in time directly before and after ¢, in (,,
vyt = = (X — X2 — (Xyg — X1,)? — (Xe,, — Xip,)?
=2(Xyy — X, )(Xt, — Xur))-

We define a second Brownian motion (X't)tzo by an independent random variable Y with
PY=1)=P(Y =-1)=1 and

)}s — Xs/\tn + Y(Xs - Xs/\tn)-

This means that (Xs)ogsgt after ¢, at Xy, is mirrored. In particular, (X, —Xy ) = ()?tn—fét;l)
and (X — Xy,) = —(Xpr — Xy,). It is I/itc(?{) = Vg,t,C(X) for k =n,n+1,... and thus

E[vy, (X)) = v3, ()i vi T ] = By o (X) = v3, ((X)|vg e vp ],
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thus

E[VQtC(X)—I/gt (X)|V§LC,VZ—£1,...]
— LEITAR) — B (Ot ] + BT (R) — o () vt )
[

1
2
E (Xt” — th)(th thn) + (Xt% — th)(th - Xt;L)|V£L7<, V;Hgl’ ] = 0,

which shows the desired martingale property. According to Theorem 13.37, (l/gt,c)nzl’g’m
converges almost surely towards ¢. O

Corollary 15.6 (Brownian motion has nowhere differentiable paths). A Brownian motion
X = (Xt)e>0 almost certainly has nowhere differentiable paths. This means that

Xian — X
P( lim 25— 2 orists for some t > 0) =0.
h—0 h

Proof. 1t is sufficient to consider the set of paths of Brownian motion whose quadratic varia-
tion in time [0,¢] is exactly ¢. (The set of these paths has probability 1, as Proposition 15.5
shows). Each path in this set has positive quadratic variation in every small time interval,
i.e. according to Lemma 15.4 infinite variation. Since differentiability requires at least a finite
variation in a small time interval the assertion follows. O

15.2 Strong Markov property and reflection principle

In Example 14.13 we saw that Brownian motion is a strong Markov process. This has some
useful consequences, as we will now see. The reflection principle is illustrated in Figure 8.

Lemma 15.7 (Reflection principle). Let X = (Xi)i>0 be a Brownian motion and T is a
stopping time. Then the reflected process is X' = (X}])i>0 with

Xt7 t S Ta

X! = Xopr — (Xs — Xonr) =
¢ AT — (X¢ IAT) {2XT_Xt7 Lo T

18 also a Brownian motion.

Proof. First of all, it is clear from the construction that X’ has continuous paths. Wlog,
we assume that 7' < oo holds. We define Y = (Y;)i>0 by Vi := Xiar and Z = (Z;)i>0 by
Zy = X4+ — X7. Then Z is a Brownian motion, since by the strong Markov property, (T, ))

is independent This means that (7,), Z) 4 (T V,—2), since Z < _Z. 1t also follows that
D, 27) L (¥, —27) with 27 = (Z )10, 27 = = Z_)+- From this,

xXx=y+zTLy_zT-x'
This shows the assertion. O

As an application of the reflection principle, we now calculate the distribution of the maximum
of a Brownian motion up to a time ¢t. First, however, we note that from Doob’s LP inequality,
Proposition 13.26, estimates about the distribution of the maximum. Let X = (X;);>0 be
a Brownian motion and M = (M;);>0 with M; = sup,<; X the maximum process. Then
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Figure 8:
The reflection principle of Brownian motion states that for a Brownian motion (X¢):>o the
process reflected to T at x = X7 (X[);>0 is also a Brownian motion.

it follows from Proposition 13.26 (or the extension to continuous-time processes from Theo-
rem 13.51) with p =2

P(M; > z) < LE[X7] = .

However, especially for large x, this probability is in fact much smaller, as the next result
shows.

Theorem 15.8 (Maximum of Brownian motion). Let X = (X;)t>0 be a Brownian motion
started in Xo = 0. We define the maximum process M = (My)i>0 by M; = supg<cs<; Xs-
Then,
d d
My = My — Xy = | Xyl

All three random variables have the density

oy 2o ( $2)1
—e - — .
v ot P T g )20

Proof. Let ¢i(z) = \/%exp ( — %) the density of Brownian motion at time ¢. Then the

density of | X;| is given by 2¢¢(x)1;>0. So it remains to show that both M; and M; — X; have
exactly this density. For this we set T := T, = inf{s > 0: Xy = x}. For 0,y < z, because of
Lemma 15.7, if (X{);>0 is the process mirrored at T,

[o.¢]
PO > . X, <) =P 220 —9) = [ i)
2z—y
and thus for x > 0

P(M;>z)=P(M; >z, X; <z)+P(X; > 2)
:2/ or(2)dz
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from which it follows that M, < | X¢|. We further calculate

oo

P(Mt—Xth):;i_rg%% Pz<My<z+4+e, X <z—1x)dz
0
o

= lim ¥ PMy>2,Xi<z—2)—P(My>2+¢,X; <z—1x)dz

e—=0 ¢ 0

e—0¢

oo o0
= lim 1 /0 201(z + x)dz = / 2p(2)dz.

Again, M; — X; 4 | X:| applies. O

Remark 15.9 (The path-valued reflection principle). The reflection principle only shows the
equality of the distributions of | X¢|, My, My — X, at a fized time t. It now remains open whether
(I X¢|)e=0 ~ (M — Xt )e>0 is also valid. Even if we do not show this here, this assertion turns
out to be correct. (By the way: Surely (Mi)i>o is distributed differently than (| X¢|)i>0 or
(M — X¢)e>0, since the last two processes can also decrease, but (My)i>o not).

15.3 The Law of the Iterated Logarithm

We want to determine how a Brownian motion X = (X;);>¢ maximally grows. This means
that we have a function ¢ — h; so that

X
0 < limsup =~ < oo. (15.1)
t—ro0 t

We already know from the law of large numbers that % 2% 0. The following also applies

X
lim sup —= = oo. (15.2)
t—o0 \/i

Indeed: Certainly lim sup;_, ., % is measurable with respect to the terminal o-algebra of X,

&t—mo
vi 7

> 27) 1200, 0, in contradiction

i.e. according to Theorem 15.1 almost certainly constant. Suppose, limsup,_, .

X

for a0 < v < co. Then it would apply in particular that P( i

to the central limit theorem.
The task now is to find a function ¢ — hy with v/t < hy <t so that (15.1) applies. This is
determined by the iterated logarithm as follows:

Theorem 15.10 (Iterated logarithm for Brownian motion). Let X = (X)t>0 be a Brownian
motion. Then

X X
lim sup ! = limsup ———t =1, (15.3)

t—oo  /2tloglogt t—0 /2tloglog1/t
almost surely.
Remark 15.11. For reasons of symmetry, i.e. because —X is also a Brownian motion,

X X
¢ lim inf ! -1

t=0 \/2tloglog1/t
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Figure 9:
Here are two paths of a Brownian movement are given. As you can see, the two paths leave
the curves t — £+/2t much more frequently than the curve t — +hy.

almost surely. For illustration see Figure 9. The fact that hy := \/2tloglogt is the correct
function means that almost every path of the Brownian motion is only finitely often outside
the two curves t — =Lh; but infinitely often outside the two curves t — +(1 — )h;, where
0 < e <1 is arbitrary.

Proof. First of all, we note that with Theorem 12.19 also (tX; ;)1>0 is also a Brownian motion.
If we apply the statement for the t — oo limit, it follows that

X tX
lim sup = lim sup 1/t = lim sup 1/t

Xt
S, — 1
t—0 +/2tloglogl/t t—00 2% log log ¢ t—oo V2tloglogt

almost surely. In addition, we write h; := h(t) := \/2tloglogt. The proof for t — oo requires
a few estimations. We divide the proof into three steps.

Step 1: Estimation of the normal distribution: Let p(x) = \/%e_ﬁﬂ the density of X;. Then

P(X) > 7) < Lo(a), (15.4)
P(X)1 > 1) > tZaela) (15.5)

Indeed: ¢'(y) = —ye(y) and therefore
o) = [ welldy =z [ pw)dy =z PX > )

!/
which shows (15.4). For (15.5) we write, quite similarly, (#) = —1;—32<p(y), and thus

w(x 1 442 1+2% [ 1+ 22
i)z/ ) ply)dy < — ply)dy = —5— PX >2).
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In the following we write a(x) T b(x), if “((z)) 27 1 applies. So, for example, according

to what has just been shown
*)OO 1

P(X;>avl) '~ o).

2nd step: upper estimate: According to Theorem 15.8 is for x > 0

P(sup X, > Vi) =2 P(X, > zvt) & 2
0<s<t

Zo(x).

Now let r > 1. We first notice

h(rn1):\/2(log(n—1)+loglogr)\/ﬁn—>%oo 21(;gn\/r—n

r

Now for ¢ > 0 with the last two estimates

P( sup X; > ch(r"! AP ( 2logn\/ﬁ>

0<t<rn
n—oo 1
Hlognso c ogn )
n—oo 1
ﬂlogn ne /T

Therefore, for ¢ > 1 and 1 < r < ¢2, the right-hand side of the last equation is summable, so
the following holds due to the Borel-Cantelli lemma

X
P(lim sup 2t c) < P( sup X3 > ch,n-1 for infinitely many n) =0.
t—oo I 0<t<rn

Thus "<’ follows in (15.3).
3rd step: lower estimate: Let r > 1 (typically large) and ¢ > 0 (typically close to 1). Define

the events
Ap = {Xm — X1 > ch(r™ — "1}

Since X;n — X,n-1 ~ N(0,7" — r"~1), the following applies according to Step 1

Xpn — Xpn S Ch(r" - r”_1)>
A rn — pn—l1 A rn — pn—l1
=P (X1 > c\/2loglog(rm — rm—1))

P(A,) = P(

n—oo 1 1 ) B
~ e exp ( — c®loglog(r™ — r"
¢ \/47'( log log(r™ — rn—1) p ( g log( ))
n—00 1 1 1

c /4 lognﬁ

If ¢ < 1, these probabilities cannot be summed up in n. Since the events Aq, As,... are
independent, according to the Borel-Cantelli lemma, an infinite number of A,, occur. Thus,
for an infinite number of n, if ¢ < 1

Xy > ch(r™ — ") 4+ X 0o,
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According to the "<’ direction, X,n-1 > —2h(r"~1) for almost all n, i.e. liminf, )}i’{%;)l >

—liminf, %;)1) = —% is almost certain. Further, h(+" — r®= 1) /h(r™) =% 1 and thus
, X Xpn Xy — X1 2 2
1 25y s A L N P R
S e ) B e Y N

Since 0 < ¢ < 1 and r > 0 were arbitrary, >’ follows in (15.3). O

15.4 Donsker’s Theorem

Brownian motion X = (X;);>0 is a stochastic process with continuous paths. Paul Lévy
considered approximated Brownian motion as the path of a random walk, where

Xirar — Xo = +V/dt, each with probability %

(Of course, this can only be a formal representation, after all it is unclear what V/dt is supposed
to be). Donsker’s Theorem presented here makes the connection between random walks and
Brownian motion. It asserts the convergence of random walks against Brownian motion in
distribution.

Remark 15.12 (Random walks and Brownian motion). In this section, Y1,Ya,... are in-
dependent and identically distributed random variables with E[Y1] = 0 and V[Y1] = o2 and

)Z'n,t = L*:;Lnﬂ fort >0 and X, = (Xn,t)tzo- We know from the central limit theorem

that for t > On

n—oo

X’I’L,t ——— Xt)

where Xy ~ N(0,t) is distributed. Analogously, for 0 < t; < --- <t < 0

~ ~ ~ ~ n—00

(Xn,tlaXn,tz - Xn,t1a ceey jv(’n,tk - Xn,tkfl) — (thaXtQ - tha sy th - th.,l)a

if (X¢,,...,X¢,) is Brownian motion X at the points in time t1,..,t,. Does this now mean

already the convergence of the random walks against the Brownian motion, therefore X, Lo

X7 No! For this convergence, we must use both X, and X as random variables with values
in a topological space — let’s call it C — where the convergence in distribution is based on
the convergence of expected values with respect to continuous, bounded functions f : C — R.
Howewver, for the uncountable product space, the o-algebra B(R)@)[O’OO) is not the Borel o-
algebra on the product space, and we have developed the theory of weak convergence only for
the case of probability measures on a Borel’s o-algebra.

In order to formulate the convergence in distribution against the Brownian motion we
first need a suitable state space. This is defined as C := Cr([0,00)), provided with the topology
of compact convergence (see Definition 15.18). For convergence in this space, we define the
linear interpolation of the processes X, so that their paths are also continuous. For this we
set

ol J ) YLntJ +1

th = th + (nt - L?’Lt 5 (157)

no

and X, = (Xnt)t>0. Now it makes sense to ask whether

X, =2 x
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applies, whereby here the weak convergence with respect to the distributions on B(Cgr(]0,00)))
is meant here.

is

Definition 15.13 (Uniform convergence on compacta). Let (E,r) be a metric space.
For f,f1, fo,... € Cg([0,00)) let fn 27 f uniform on compacta if and only if

n—oo

supogsgtr(fn(s), f(s)) ——= 0 for all t > 0.

Lemma 15.14 (Cg([0,00)) is Polish). Let E be Polish with complete metric r. Then the
topology of uniform convergence on compacta on Cg([0,00)) is separable. Moreover,

re(f.g) = /0 Tet (A sup [r(f(s). g(s) )it

0<s<t

is a complete metric on Cg([0,00)), which induces this topology. In particular, Cg([0,00)) is
Polish.

Proof. To show separability, it is sufficient to name a countable class of functions that every
function in Cg([0,00)) can be locally approximated by such functions on compacta. For
this purpose, let D C FE be dense and countable. For every finite sequence x1,...,x, €
D and ty,...,t, let f = fo, . 2nt1,...t. be a continuous function with f(¢;) = z;. Then
Un{forrzntrytn 2 121, ., xn € D 1y, ..., t, > 0} is countable and dense in Cg([00)).

Now to the metric. Since t +— supg<s<;7(f(s),g(s)) A 1 is monotonically increasing,
t—o0 T n—00

¢ (fns f) —— 0 holds if and only if supg< < 7(fn(s), f(s)) —— 0 for all ¢ is valid. But this
is exactly the compact convergence. Let further fi, fo,... be a Cauchy sequence with respect

to rc. Then for every t > 0 the sequence f1, fa,..., restricted to [0,¢] is a Cauchy sequence
with respect to the supremum norm on [0, ¢], i.e. uniformly convergent on [0, ¢]. The assertion
now follows by means of of a diagonal sequence argument. O

First, we define two types of convergence of stochastic processes that we have just learned
about.

Definition 15.15 (Convergence of stochastic processes). Let X = (X;)i>0, X! = (X} )0, X2 =
(X2)t>0, .. stochastic processes with state space E.

1. For each choice of t1,....,tx, k = 1,2, ..., it holds that

(X7, X)) 2= (X4, o, Koy ),

t19

we say that the finite-dimensional distributions of X1, X2, ... converge to those of X
converge and write

an 222,y
fdd
(Here fdd stands for finite dimensional distributions).
2. If the processes X, X1, X2, ... have paths in Cg([0,00)) and
xn = y
where we use X, X', X2, ... as the random variable in Cg(]0,00)), we say that X', X2, ...

converges in distribution against X.
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The fdd convergence is weaker than the weak convergence of processes. However, if the
processes are tight (see Definition 9.14), both terms coincide.

Proposition 15.16 (Weak and fdd convergence). Let X, X1, X2, ... be random variables with
values in Cg([0,00)). Then are equivalent

1. an 222y,

2. X" 222 X and {X" :n=1,2,..} is tight in Cp([0,00)).
fdd
Proof. ’1.=2.: First, from the weak convergence, according to Corollary 9.18 the tightness of
{X™:n=1,2,..} follows. Furthermore, the mappings f — (f(¢t1),..., f(tx)) are continuous
for t1,...,tx € [0,00), so the fdd convergence follows according to Theorem 9.10.
'2.=1.": We define the function class

M = {f — go(f(tl), ,f(tk)) 1, .tk € [0,00), p e Cb(Ek)} - Cb(CE([O, OO))))

n—oo

It is clear that the fdd convergence X" Z=25 X is equivalent to E[p(X")] =2 E[p(X)]
fdd
for all ¢ € M. Furthermore M is an algebra and separates points, according to Theorem 9.24

is therefore separating. Now follows the weak convergence follows from Proposition 9.27. [

To show the convergence of processes, after Proposition 15.16 both the convergence of the
finite-dimensional distributions as well as the tightness must be shown. In applications,
the verification of tightness is usually non-trivial. In particular, one needs to understand
how (relatively) compact subsets of Cg([0,00)) can be characterized. This is done using the
theorem of Arzela-Ascoli’s theorem, which is based on the modulus of continuity.

Definition 15.17 (Modulus of continuity). For f € Cg([0,00)) we define the modulus of
continuity

w(f,7,h) :=sup{r(f(s), f(t)) :s,t <7, |t —s| < h}.

Theorem 15.18 (Arzela-Ascoli). A set A C Cg([0,00)) is relatively compact if and only if
{f(t): fe A} forallt € Q4 :=[0,00) NQ is relatively compact in E and for all 7 > 0

lim sup w(f, 7, h) = 0. (15.8)
h—0 feA

Proof. First, let A be relatively compact. Then {f(¢) : ¢ € A} must be relatively compact
for all ¢ > 0, otherwise it would be easy to construct a divergent sequence. Furthermore, A
is according to Proposition A.9 totally bounded. Further, let 7 > 0, ¢ > 0 and f1,..., fn, so
that A C Ul]\il B.3(fi). Since f1,..., fy is based on [0, 7] are uniformly continuous, there is
an h > 0 with

0<s,t<T7,|t—s|<h = r(fi(t), fi(s)) <¢e/3, i=1,..,N.
So, for every f € A and s,t < 7, |t — s| < h, that

r(f(s), f(t)) = min 7(f(s), fi(s)) +r(fi(s). fi(t)) +r(fi(t), F(1)) < ¢

1111
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and thus

w(f,m,h) =sup{r(f(t), f(s)):s,t <7,|t —s| <h} <eg,

independent of f. From this follows (15.8).

Conversely, (15.8) applies. It suffices to show that every sequence in A has a subsequence
that is Cauchy. By the relative compactness of {f(t) : f € A} for t € Q4 it is clear that for
each sequence there is a subsequence fi, fa,... such that fi(¢;), fa(t;),... for all t; € Q4 is a
Cauchy sequence (i.e. convergent). Now let ¢ > 0. According to the condition there is an
h > 0, so that from |t —s| < h and f € A it follows that 7(f(s), f(t)) < ¢/3 holds. Further, let
M =|7/h]land 0 = t1,...,tpr € Q, sothat [t 1—t;| < h,i=1,..., M—1and tp; > 7. Further
there is an N such that from n,m > N it follows that sup;_;, , 7(fa(t), fm(t)) < /3. Thus,
for0<s<t

T(fn(8); fm(8)) < v(fa(s), fultrs/n))) + 7 (Ffaltrs/my)s fn(trsmy)) + r(fm(trs/n), fm(s)) < e.

It follows that fi, fa,... is a Cauchy sequence with respect to compact convergence on [0, t],
i.e. it converges on this range converges uniformly. A diagonal sequence argument extends
this statement to compact convergence. ]

Theorem 15.19 (Tightness in Cg([0, 00))). Let X, X1, X2, ... be random variables with values
in Cp(0,00)). Then X" 2225 X iff X" H:w>f X and
dd

lim limsup E[w(X™,7,h) A1] =0 (15.9)

h—=0 n—oo

for all 7> 0.

Proof. According to Proposition 15.16 it suffices to show that (15.9) is equivalent to the
tightness of the family (X™),—1,..

First, let (X™)p=1,2,.. be tight and ¢ > 0. Then there is a compact set K C Cg([0,00))
such that limsup,, ,.  P(X"™ ¢ K) <e. For 7 > 0 you can use the Arzela-Ascoli Theorem h
can be chosen small enough so that w(f,7,h) < e applies to f € K. This means that

limsup Elw(X", 7,h) AN1] <e+ sup Plw(X",7,h) > €] < 2¢,

n—o00 n=1,2,...

from which (15.9) follows.
n—00 h—0

Conversely, (15.9) and ¥ ——  X. The mapping w is increasing in h and w(X™, 7,h) ——
fdd

0 almost certainly for n = 1,2, ... So limy, o sup,,—y o Elw(&X", 7, A)A1] = limp_,osup,,—g g1, E[w(X", 7, h)A
1] for all k, i.e. also limp, o sup,,—; o Elw(X™, 7, h)A1] = limp, o lim sup,,_, o, E[w(X™, 7, h) A
1]. So (15.9) is equivalent to

lim sup Plw(X",7,h) >c]=0
h—=0p=12,...

foralle > 0 and 7 > 0. Let 7, = k and € > 0. Then there exist hq, ho,... > 0 such that

sup P(w(X™, 1, hy) > 27F) < 27 (D¢,
n=1,2,...
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Further, let t1,ts, ... be a count of Q4 and C1,C5, ... C R compact such that

sup P(X"(t) ¢ Cy) < 27 F+De,
n=1,2,...

Now we define

B = () {f€Cpl[0,00)) : f(tx) € Cr,w(f, 7, hir) < 27F}.
k=1

According to Arzela-Ascoli’s theorem, B C Cg(]0,00)) is relatively compact. Furthermore,

sup P(X" ¢ B) < sup ZP "(tr) ¢ C) + P(w(X", 7, hy) > 27F)

n=1,2,... n=1,2,.
o0
< 2~ (bt g 4 o= (htl) o — ¢,
k=1
It follows that (X™),—12, .. is tight. O

We want to apply the last result to prove the convergence of the random walk against Brow-
nian motion. For this we need one more lemma.

Lemma 15.20. Let Y7, Yo, ... be independent and identically distributed random variables with
E[Y1]=0 and V[Y1] =0% >0 and S, :== Y1 + - -- + Y,,. Then the following applies for r > 1

P( max Si > 2ry/n) < M

1<k<n 1 —o2p—2
Proof. We define T' := inf{k : |Si| > 2r\/n}. Then, since (S, )n=1,2,.. is strongly Markov,

P(|Su| > rv/n) = P(|Su| > rv/n, max Sy > 2rv/n)

>P(T <n,|S, — Sr| <rvn)
> P(lr<nkax Sk > 2ry/n) - mm P(\Sk\ <rvn).
From Chebychev’s inequality,
Zk 0_2
P(|S;| < > 1— -2 =1
1I<mn (194 < 7/n) H}vlgn r2n 2

O]

Theorem 15.21 (Donsker’s theorem). Let Y1, Ya, ... be independent, identically distributed
random variables with E[Y1] = 0 and V[Y1] = 0% > 0, and X, = (Xpn1)t>0 given by

1
vVno?

and X = (X¢)i>0 a Brownian motion. Then,

Xn,t = (1/1 +eee Y\_ntj + (nt - \_ntJ)YLntj-l-l)

X, == .
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n—o0

Proof. Let wlog 0? = 1. As stated in Remark 15.12 it holds that X, ===>  X. Therefore,

fdd
according to Proposition 15.16, the tightness of the family {&,, : n € N}, so (15.9) from
Theorem 15.19, must be proven. We write S, := Y1 + --- 4+ Y}, in the following. With

Lemma 15.20,

1
lim — lim supP( sup | Xy p4s — Xyt > E)

0 R nooe  0<s<h
< }1L1_% 1 livgsogpp(kf}l.,p[nm |Sk| > %M)
< i o (2L > 557)
b
=R L T
— tim 2R (e =0

by (15.5), where ¢ is the density of the N(0,1) distribution. Now let § > 0 and h be small
enough for

lim supP( sup | Xy 45 — Xyt > 5) < 6h.
n—o0 0<s<h

With this we can write

lim sup P(w(&y,, 7, h) > 2¢) = limsup P( sup | X ps — Xnt| > 2¢)
n—00 n—oo  0<t<r—h,0<s<h
< lim sup P (sup{| X, khts — Xngn| : k=0,1,...,[7/h],0 < s < h} > ¢)
n—oo
[7/h]
< Z lim sup P (sup{| Xy xhts — Xngn| : 0 < s < h} >¢)

< [r/h)5h 2=% 75,

Since 0 > 0 was arbitrary, the result follows (15.9). O

We end this section with a tightness criterion that is often is applicable. It builds on theo-
rem 12.8.

Theorem 15.22 (Kolmogorov-Chentsov criterion for tightness). Let X1 = (X1 (t))i>0, X2 =
(X2(t))t>0, ... are stochastic processes with continuous paths. Assuming {X,(0) : n € N} is
tight and for every each T > 0 there are numbers o, 5,C > 0 with

sup E[r(X,(s), Xa(t)?] < C|t — s|'+7°

for all 0 < s,t < 7. Then {X,, : n € N} is tight in Cg([00)).

Proof. Let 0 < v < B/« be arbitrary. We use the notation from the proof of theorem 12.8,
e.g. Enp = max{r(X,(s), Xn(t)) : 5,t € Dy, |t —s| = 27¥}. Wlog let 7 = 1. Just as in (12.1)
we calculate

oo o0
Z 27F R[] < C Z oler=P)k
k=0 k=0
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Since the right-hand side does not depend on n, there is a C’ with sup,, E[¢%] < C'2727% Tt
is important to realize that w(X,,1,27™) <> 77 &,k From this,

sl7llp Elw(X,,1,27™)*A1] < supE[( Z fnk) } < S%p ( i E[ggk]l/a)a
k=m

<o rk)

k=m

from which the assertion follows. O

15.5 The Skorohod embedding Theorem

The name Skorohod was already mentioned in the connection between weak and almost sure
convergence, see Theorem 9.11. Simply spoken, a sequence of random variables converges
weakly iff it converges almost surely in a suitable probability space. If we look again at
Donsker’s theorem, we can ask ourselves the question as to what the probability space should
look like, on which the random walks converge almost surely against a Brownian motion.
In other words: how must one define the random walks and the Brownian motion so that
both always are close together. This is answered by Skorohod’s embedding theorem, Theo-
rem 15.26. It allows further conclusions to be drawn about the error, such as the law of the
iterated logarithm, Theorem 15.29. The following lemma is fundamental:

Lemma 15.23 (Randomization). For w < 0 < z let Y,, . be a random variable with state

space {w, z} with
z

2+ |w|
and Yy, = 0 for w,z = 0. Further, let Y be a real-valued random variable with E[Y] = 0.

Then there is a pair of random wvariables (W, Z) with W < 0,Z > 0, so that Y has the
distribution Yy, z.

P(Y,.=w)=

Proof. We set ¢ = E[Y '] = E[Y~]. Further, let f : R — R, is measurable with f(0) = 0.
Then, if Y ~ pu,

¢ Blf(V)] = E[Y*] - EB[f(—Y )] + E[Y ] - E[f(Y'})]
/ / 2f () + ] f(2)) Lo Lw<op(dw)u(dz)
- / / (2 + W) B (Yu )220l wsop(dw)p(d2).
This means that we define (W, Z) as a random variable with a joint distribution
i, (duw, dz) = (0o 0(dw, d2) + L(z + [ Lo Lozop(dw)pa(d=)
can be selected. (It is easy to check that the total mass of this measure is 1). Then,
CELf(Y2) = EEFWw )W, 2)] = [ [+ [wh B (Voo Lo Losouldu)n(dz)

and the assertion is shown, since f was arbitrary. O
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Remark 15.24 (strong embedding). The lemma initially only asserts equality in distribution,
Y ~ Yw,z. Furthermore, it is also possible to define the probability space on which'Y is defined
by adding random variables (W, Z) and Yy, z, so that Y = Yy 7 is almost certain.

Lemma 15.25 (Embedding of a random variable in a Brownian motion). Let Y be a real-
valued random variable with E[Y| = 0. Further, let (W, Z) be distributed as in Lemma 15.23,
and X = (X¢)i>0 is an independent Brownian motion. Then

TI/V,Z :inf{tZOZXt S {VV,Z}}

is a stopping time with respect to the filtration (Fi)i>o0 with Fy = o(W,Z;Xs : s < t). In
addition,
XTW,Z ~Y, E[TW,Z] = E[Y2]'

Proof. The Brownian motion X" is adapted to (F;);>0. Therefore, Ty z according to Propo-
sition 12.30 is a stopping time. Clearly, for w < 0 < z the random variable X7, . only takes
the values w and z. According to Proposition 13.19, (X7, .a¢)t>0 is is a martingale which,
according to Theorem 13.22 converges in L' against X7, _. Therefore

0 = E[XT'LU,Z] = wP(XT'LU,z = w) + Z(]‘ - P(XTw,z = w))’

also
z

P(XTu),z = w) = Z+ |w"

So X7, . has the same distribution as Y, . from Lemma 15.23 and is independent of X.
According to the lemma it follows that X7y, , ~ Yz ~ Y. Further, (X7 — t);>0 is a
martingale and for y < 0 < z, the process (X%w .t — Lwz At)i>0 is a martingale. This means
that with monotone and dominated convergenée,

E[Tw,z] = E[E[Tw,z|W, Z]] = E[lim E[Tyw 7z A t]|W, Z]
= E[E[X}, ,|W, Z)] = E[X7, ] = E[Y?].
O

Theorem 15.26 (Skorohod’s embedding theorem). Let Y1,Ys, ... be independent and identi-
cally distributed with E[Y1] = 0, and S, = Y1 + -+ + Y. Then there is a probability space
(Q, F,P) with filtration (Ft)i>0, as well as a Brownian motion X = (X¢)i>0 on this probability
space, which is a (Fi)i>0 martingale and stopping times 11,15, ..., so that:

1. (XTl,XTQ, ) ~ Sl, SQ, ... and
2. (Tn41 — Tn)n=0,12,.. are independent with E[T,41 —T,,) = V[Y1] forn =1,2, ...

Remark 15.27 (Strong embedding). 1. As in remark 15.24, it is possible to define the
probability space on which Y1,Ys, ... are defined so that (X, X1, ...) = S1, 52, ... almost
certainly holds.

2. Without the restriction of the integrability of Ty11 — T, the statement of the theorem
would be trivial. Then you could simply recursively 0 = Ty < T, ... by means of

T, =inf{t >T,_1: Xy =S5}

However, these waiting times cannot be integrated.
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Proof of theorem 15.26. Let the pairs (W1, Z1), (Wa, Z2), ... be distributed exactly as in Lemma 15.23.
We extend the probability space by an independent Brownian motion X = (X¢);>0. We re-
cursively define 0 = Ty < T7 < T5... by

T, :=inf{t >Th_1: Xy — Xp,_, € {Wh,Zn}}.

Thus 71, T3, ... are stopping times with respect to the filtration (F;)i>0 with 7z = o(Wh, Z1, Wa, Za, ...; X
s < t) and X is a martingale with respect to (F;);>0. Furthermore, the pairs (1,41 —

T, X101 — X1, )n=01,2,.. because of the strong Markov property of the Brownian motion are
independent of each other. Therefore, it follows from Lemma 15.25 that

(X7, X1, — X1y, ...) ~ (Y1, Y2, ..),
also
(X7, X1y, ...) ~ (S1, 59, ...),
and E[T,,+; — T,] = E[Y,,]. O

Since, thanks to the last theorem, the relationship between the random walks and Brow-
nian motion is shown, it is obvious to formulate another extension of Donsker’s theorem,
Theorem 15.21.

Corollary 15.28 (Stochastic convergence of the random walks). Let Y1,Ys, ... be real-valued,
independent, identically distributed random variables with E[Y1] = 0, V[Y1] = 1 and S,, =
Yi+---+Y,. Then you can expand the probability space so that there is a Brownian motion
X = (Xt)tZO with

]. ]- n—oo
—S - —X —, 0 15.10
o2, | St = | T 1510

for allt > 0.

Proof. We use the construction from Theorem 15.26 and Remark 15.27. Since T, 11 — T}, are
independent and identically distributed with E[Ty41 — T,] = 1 and T}, /n == 1 according
to the law of large numbers. This means that 1 supg<; |Tjsn) — 57 n—>_<>o>f8 0. (To see this, we
consider the set {% supg<; | Tjsn) —sn| > €} for ae > 0. On this set there are s1, s, ... <t with
]T[snn} — spn| > en. However, this contradicts lim,, T[Snn]/[snn] = limy, 00 Tn/m = 1.)

We recall the definition of the continuity modulus w from Definition 15.17. With the
scaling property of the Brownian motion from Theorem 12.19, it follows that S|, = XT[

sn]?

1
limsup P —= sup [Sisn) — Xsn| > €
n%oop (\/ﬁ OSSIS)t | [sn] | )
< i%f limsup P(w(&X, (t 4+ h)n,nh) > ev/n) 4+ P(sup [Tjs,) — sn| > nh)
n—o0 s<t

:i%fP(w(X,t+h,h) >¢e)=0.

O]

Now that the random walks and Brownian motion are directly related to each other, it makes
sense to transfer the properties of Brownian motion to the random walks. We do this for the
Law of the iterated logarithm.
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Theorem 15.29 (Law of the iterated logarithm for random walks). Let Y1,Ya,... be real-
valued, independent, identically distributed random variable with E[Y1] = 0, V[Yi] = 1 and
Sn=Y1+---+Y,. Then,

. n
lim sup

S ——
n—oo V2nloglogn

almost surely.

Proof. We only show that the probability space can be extended in such a way such that
there is a Brownian motion X' = (X;)¢>0 exists with

Sy — Xt 150 0
v2tloglogt fs ©

Then the statement follows from the law of the iterated logarithm for Brownian motion,
theorem 15.10.

According to Theorem 15.26 there is an extension of the probability space and stopping
times 0 = Ty, T1,..., so that Xp,, = S,. Again, T, /n LmeN | applies according to the
2

(15.11)

law of large numbers, which is also T/t 200 implies. Now let r > 1, ¢ > r — 1 and

h(t) = v/2tloglogt. Then, with a similar calculation as in (15.6)

P( sup [X¢— Xyt >ch(r" ) =P(  sup | Xe| > ch(r”_1)>
rn=1<g<rn 0<t<prn—pn—1
= 2P(X,n_ym-1 > ch(r™ 1)) = 2P(X1 > ch(r" 1) /y/rm — rn1)

naoo L [(r—1) 2/
c\ mlogn ’

since h(r"~1)/v/rn — pn-1 e v/(2logn)/(r — 1). The right-hand side is summable, so with
the Borel-Cantelli lemma and X, = S(y

1Sty — Xt | Xy — Xy
P(timsup 20— ) s P lim; Pu” 2 _
(timsup =755 = 0) = P(limlmsup sup =570 = 0)

X — X
> P(lim limsup sup M = 0)
T‘i,l n—oo TnflgtSTn h(rn_ )

X — X -
= inf P( lim limsup sup % < c) =1.
c>0 rilr<c?+l n—oo pr-l<i<pn h(Tni )

Therefore follows (15.11). O

Part IV
Stochastic Analysis
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In Definition 13.13 we already got to know the discrete stochastic integral. For I =
{0,1,2,...} and a filtration (F;)tc; was H = (H¢)er a real-valued and predictable stochastic
process (i.e. H; is Fi_i-measurable) and X = (X;)ie; was real-valued and adapted. The
stochastic integral H - X = ((H - X')¢)ter was defined as the adapted process

(H-X) =) Ho(Xs— X, 1).

s=1

Intuitively, this means that the stochastic integral H - X measures the process H relative to
the changes of X. Furthermore, we have already learned about important properties of this
integral. For example, H - X is a martingale if X' is one (see Proposition 13.14 and Table 4,
which summarizes the martingale properties of H - X'). Furthermore, it is noticeable that we
have defined quadratic variation for both discrete-time stochastic integrals (Example 13.15)
and for Brownian motion (see Section 15.1). Again, cross-connections are to be expected. The
aim of this chapter is to extend the theory of stochastic integrals to processes in continuous
time. The discrete-time case will serve as a template.

In the following, (Q, F,P) will always be a probability space on which all stochastic
processes are defined, and (F;);>o will always be a filtration. Unless otherwise stated, all
stochastic processes are real-valued.

16 Introduction

Integrals (based, for example, on o-finite measures on B(R)) have already been treated in
detail in measure theory. Later, in probability theory, the integral corresponded to the expec-
tation value of a random variable; see remark 6.1.5. The situation is different with stochastic
integration. Here, the integral itself is meant to is a random variable.

In the following, we use

H~X:/HstS.

as a shorthand for stochastic integrals. The process H = (Hy):>o is called the integrand and
X = (X¢)e>0 the integrator. The class of possible integrators in the general theory of stochastic
integration are semi-martingales (that is, the sum of a local martingale — see Definition 16.23
— and a process of finite variation). Just as in the discrete stochastic integral, the integrands
are predictable processes, which in particular includes the adapted, left-continuous processes.

After laying some foundations in Section 16.1, we introduce stochastic integrals in Sec-
tion 16.2 first for processes with finite variation, and then — after an introduction to local
martingales in Section 16.3 — for local martingales with continuous paths in Section 16.4.
Table 3 summarizes the most important steps in the construction of stochastic integrals. We
will only briefly discuss the general theory with possibly discontinuous semimartingales as
integrators later on.

16.1 Basic

Just as in integration theory, which we encountered in measure theory, we first consider
stochastic integrals of simple integrands. The process Z from (16.2) will then serve as a
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w0
2
=
a,
w0
3
~| |83 |E
8 2 &=
= 2| 4|3
= s | &<
S| 1Z 2% :
g S| 2| = 5
o |2 g | B o
o l2| S| o | = 5)
o) 5] e o [¥] =
S| E | | |8 -
Al elE |~ | = an
% =28 S |8 s
[ = N =W =T BT =
H-X T | R|FR|R|R|x <
Definition 16.1, . . (H- &)=
lemma 16.12 Y Gi( X1 nt — XTynt)
Lebesgue-Stieltjes
Definition 16.7.2 o | o I
ntegral
(H-X)e =
Definition 16.1 . °
efinition 16.19 ZGi(XTH_I/\t - XTi/\t)
Proposition16.20,
2_
Definition 16.21 y * MZ-Grenzwert
Definition 16.34, I
Lemma 16.35 ¢ y > Gi( X7 e — X1yae)
Theorem 16.36 . o | [H-X,Y|=H- [X, ConY]

Table 3: The stochastic integral H - X is introduced for various classes of processes H and
X. In chronological order, the corresponding definitions and results are listed here. Note that
the defining property of the stochastic integral for H € S (simple, predictable processes) is
always the same.
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X martingale

bounded variation,

X martingale,
supyso B[X7] < oo

X local martingale, continuous paths

HeS Gh,...,.Gy € Lt

H - X martingale,
Proposition 16.2

‘H beschrankt, Pfade
in gR([Ov OO))

‘H - X Martingal,
Proposition 16.15

H - X €
Cong,
Prop. 16.20

H progressive,
E[(H?[X]):] < o0

H - X local

martingale,

Theorem 16.36

Table 4: The martingale properties of the stochastic integral H - X are summarized here.
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definition of the stochastic integral. After we shown important martingale properties of this
process in Proposition 16.2, the introduction of previsible processes follows.

Definition 16.1 (Simple predictable processes). A simple predictable process H = (Hy)i>0
is of the form

H = Gili, 1., () (16.1)
=1

for stopping times T1 < ... < Ty 11 and Gy, ..., Gy, such that G; is Fr,-measurable, i =1, ..., n.
The set of all simple, predictable processes is denoted by S.

The following result is central to the general definition of the stochastic integral. It is
important to note that no preconditions are placed on the martingale X. This suggests
defining the stochastic integral with respect to simple predictable functions of the form (16.1)
by (16.2) and then extending the resulting integral concept in a suitable way extended.
Proposition 16.2 (Martingale Property of the Stochastic Integral). Let X = (X¢)i>0 be a

martingale and H = (Hy)i>0 € S a simple predictable process as in (16.1) with Gy, ..., G, € L1,
and T = (It)t>0, given by

n
L= Gi(Xrnt — Xrint)- (16.2)
i=1

It holds that:
1. The process I is a martingale.

2. If, in addition, H < £ is bounded, then

sup [|1¢|[2 < € - sup || X¢[2.
>0 t>0

Proof. First, a brief preliminary consideration based on the Optional Sampling Theorem
(Theorem 13.22). If S,T are two bounded stop times (and not necessarily S < T') and
X = (X¢)r>0 is a martingale, then

E[X7|Fs] = E[(1s<r + lss7)X7|Fs] = 1ls<rE[Xgyr|Fs] + lss7 X1
= IS§TXS + 15>TXT = XS/\T-

Now for the proof of 1. Because of the linearity of the conditional expectation, it is sufficient
to prove the assertion in the case of Hy = G - 1(g7(%), i.e.

I = G(X7pae — Xsae)
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for G measurable with respect to Fg and S <T'. For s <t we write

E[L|Fs] = E[(17.55>s + ls<s<r + 17<s) G( XAt — XAt)| Fs]

=E[l7,55sG - E[X7r — Xont| Fsvs)|Fs]
+ 1s<s<7G - B[ X7at — Xgat|Fs)
+ E[l7<sG(X1ns — Xsns)|Fs]

= E[l7,555G - (X7ata(svs) — Xsata(svs)) [ Fs]
+ 1s<s<7G - (X5 — X5ps)
+ 17<sG - (X7as — Xsns)

= (Ls<s<t + 17<6)G - (X7prs — X5ps) = G - (X7as — Xsns) = L,

where we have used the fact that 15<,«7G is Fs-measurable. This proves the claim.
2. If H < /¢, then we write

n n
E[IE] S E |: Z Z GZG] (XT7;+1/\t - XTi/\t)(XTj_‘_l/\t - XTj/\t)i|
=1 j=1

n
=E |: Z Gz2 (XTi+1/\t - XTz‘/\t)z}
=1

n—1 n
+2 Z Z E[GiGj( X1, nt — Xat) B[ X1, ae — X1ynel Froyne]
i=1 j=it+1

n
=E |: Z Gz2 (XTi+1/\t - Xﬂ-/\t)ﬂ
i=1
n
< 62 Z E [(XT@'JA - XTi)Q]
i=1
Zn
= *Y "EB[X}, , - 2E[X7,,,|Fr] X7, + X7)]

i=1

n
=Y B[XE,, - X§] = £ supB[XF).
i=1 2

The process Z just defined inherits the continuity properties of the process X.
Lemma 16.3 (Continuity properties of the stochastic integral). Let X be a stochastic pro-
cess and H a simple predictable process. Then the following holds for the process T from
Proposition 16.2:

1. If X has continuous paths, then so does T.

2. If X has right-continuous paths, then so does T.

Proof. Clear. O
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The simple predictable integrands from the last proposition do not yet form a particularly
large class of stochastic processes. Therefore, we will try to extend the concept of the integral
by approximating more general processes by simple predictable stochastic processes. This
leads us to the predictable stochastic processes, which we will now introduce.

Definition 16.4 (Left-continuous processes and predictable o-algebra). 1. We denote by
Gr(]0,00)) the set of left-continuous functions f : [0,00) — E with right-sided limits.

2. The predictable sigma—algebra V on [0, 00) x § is the smallest o-algebra with respect to
which all processes with paths in are measurable in Gg([0,00)). (This means that for
each t — Xi(w) for X = (X¢)e>0 is measurable with paths in Gg([0,00)) with respect to
V/B(E).) An adapted process X is predictable if it is measurable with respect to V.

Proposition 16.5 (Predictable Processes). 1. Every adapted process with paths in Gg([0, 00))
is predictable. (In particular, processes with continuous paths are predictable.)

2. Fvery predictable process is progressively measurable.
3. If X has paths in Dg([0,00)), then X_ := (X;_)¢>0 is predictable.

Proof. 1. Obvious from the definition of the predictable o-algebra.
2. Just as in the proof of lemma ?7, one deduces that processes with paths in Gg([0,0)) are
progressively measurable. Since V is generated by the processes with paths in Gg([0, 00)) and
these processes are progressively measurable, the statement follows.
3. It is clear that X_ has paths in Gg(]0,00)). Thus, the statement follows from 1. O

The class of left-continuous stochastic processes is quite large. We now show that such
processes can be approximated very well by simple predictable processes.

Lemma 16.6 (Approximations of Processes with Paths in Gg([0, 00))). Let Y = (Yi)1>0 be
a bounded process with paths in Gg([0,00)) and Yy = 0. Then, for every t > 0 a sequence
Y= (Y)i20,Y? = (Y2)i>0,..- € S of simple, predictable processes and €1,¢€g,... > 0 with
en 4 0 and

sup |Vs — V7| < e

0<s<t

almost surely.

Proof. We note that (Y:i4)i>0 has paths in Dg([0,00)). Let € > 0. We define recursively
s — ()
0 )

Ty q:=inf{t > T; : |Y; — Yo | > e}

n

Then T}, T co. Further, we set
n
Y= Yrer - Lgeanize, ang (8,
i=1

s0 that supg<,<in, |Ys—Ys""| < € by definition almost surely holds. The assertion now follows
if we consider a sequence &, | 0 and V" = (Y,"*")>0. O
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16.2 (Stochastic) Stieltjes Integrals

The construction of stochastic integrals is done different cases separately. First, we construct
the stochastic integral in the case of integrators that are stochastic processes with paths of
finite variation (see Definition 15.3). This is done via the Stieltjes integral, which is a (simple)
extension of the Lebesgue integral.

We recall Proposition 2.19: A o-finite measure on R is exactly described by a non-
decreasing, right-continuous function g : R — R with g(0) = 0. We first introduce the
corresponding integral term for this measure .

Definition 16.7 (Lebesgue-Stieltjes integral for non-decreasing functions). Let g : Ry — R
be right-continuous and non-decreasing. Then g uniquely defines a measure piy. Furthermore,
if f Ry — R is Borel-measurable, then, if it exists, we set

f‘g:—/fdgr—f'ug—/fdug-

Here, [ fdg is called the Lebesque-Stieltjes integral of f with respect to g. (The notation f -,
was introduced in Definition 77.)

Example 16.8 (Lebesgue integral, integration with respect to a Poisson process).

1. We denote the (one-dimensional) Lebesque measure. If g(x) = x in the above definition,
then

frg= [ f@ao).

2. As is well known, the Poisson process X = (X¢)i>0 has monotonically non-decreasing,
right-continuous paths. Therefore, for each path (X¢(w))i>0 of a Poisson process a o-
finite measure on Ry. (This is in particular a counting measure.) Let Ty, To, ... be the
gump times of a Poisson process and H = (Hi)i>0 a stochastic process. Then we can
write

t
(H-X)t:/ HdX,= > Hry,.
0

kT <t

write. (To see the last equality, note that the measure py puts atoms of size 1 on the
times 11,15, .... If one integrates with respect to such a measure, only these atoms play
a role. In particular, the Lebesque-Stieltjes integral already explains the integration with
respect to the Poisson process.

Monotonically non-decreasing functions (and thus also stochastic processes with such paths)
are rare. Much more common are those with locally finite variation. A function f : [0,00] — R
is locally of finite variation if

vig(f) = sup Y |f(tk) = f(te-1)] < oo,
k=1

n,0<to< .. <tn <t _

holds for all £ > 0. (See also Definition 15.3.) There is the following connection between
non-decreasing functions and functions with finite variation:
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Lemma 16.9 (Darstellung von Funktionen von lokal endlicher Variation). A function g :
[0,00) — R is locally of finite variation if and only if it can be represented as the difference
of two monotonically non-decreasing functions.

Proof. '<=’: First, let g = a — b, where a and b are non-decreasing. Then v} ;(a) = a(t) —a(0)
and vy 4(b) = b(t) — b(0). Furthermore,

n
v1i(g) = sup Y lg(tk) — g(tk—1)]
n,0<tp<...<tp <t =1

< sup Y la(te) = alte—n)| + [b(t) = b(te—1))|

n,0<to<. <tn <t 13
<wvi(a) + vi(b) < oo,

‘=7 It is clear that both ¢ — vy 4(g) and ¢ — v1,(g) — ¢(t) are non-decreasing. Therefore,
g9(t) = vi4(g) — (11,(g) — g(t)) already fulfills the desired property. O

Definition 16.10 (Stochastic Lebesgue-Stieltjes Integral). 1. Let g : Ry — R be right-
continuous and of finite variation. Further, let g = a — b, where a,b are non-decreasing.
Then, for any measurable f, if it exists, we set

f-g::/fda—/fdb.

2. Let X be a stochastic process with right-continuous paths of finite variation and H be
progressively measurable. Then we denote by H - X the stochastic integral of H with
respect to X as the stochastic process with

(H - X)e(w) == (Hs(w))ogs<t - (Xs(w))o<s<t-

Remark 16.11 (Well-definedness and signed measures). 1. The integral f - g for a func-
tion g of finite variation (and thus also the stochastic integral) is well-defined: namely,
let g=a—b=a —b be two representations of the function g. Then h := a+b = a' +b,
soalso f-a+ f-V =f-a + f-b. Hence the assertion follows.

2. In the section Measure Theory, we have seen o-finite measures on B([0,00)) as map-
pings B([0,00)) — [0,00]. This notion can be generalized to o-finite, signed measures.
These are o-finite mappings B([0,00)) — (—o00,00] or B([0,00)) — [—00,00). (Sets can
therefore also have negative measure.) is that the difference of two o-finite measures
ut —p~ of which at least one is finite, is a signed measure. The reverse is also true and
is known as Jordan’s decomposition theorem. In particular, we could write the integral
f g for a function g of finite variation as an integral with respect to a finite signed
measure,

Just as in the integration theory that we encountered in measure theory, we now consider
stochastic integrals of simple integrands.

Lemma 16.12 (Stochastic Integration of Simple Functions). Let X = (X¢)i>0 be a process
with paths of locally finite variation and let H = (Hy¢)i>0 be a simple previsible process as
in (16.1). Then

(H : X)t = Z Gi(XTH_l/\t - XTi/\t)~ (163)
i=1
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Proof. There are non-decreasing processes Y = (Yi)i>0 and Z = (Z;)s>0 with X =) — Z.
Furthermore, (1(Ti,Ti+1] y)t = YT¢+1/\t _YTi/\t and (1(Ti,T¢+1] Z)t = ZT¢+1/\t_ZT¢/\t by definition
of the Stieltjes integral, : = 1,...,n. The statement now follows because of the linearity of the
integral. O

We now turn to the special case of integrators of bounded variation. In this case, the
Lebensgue-Stieltjes integral can also be interpreted as a Riemann integral. Similar to in
Proposition 3.23, the following applies:

Proposition 16.13 (Riemann Integrability). Let g : Ry — R have locally finite variation,
i.e., for each t > 0 there exist 0 = tp 0 < ... < tp g, =t with maxy, |ty k — tyk—1 D700 s
ngl l9(tn k) — 9(tnk—1)| < 0o. Then f - g exists for a continuous function f if and only if

(f 9= Tim 3 F(5n)(9tnr) = 9t 1) (16.4)
k=1

holds for arbitrary tp, x—1 < spi < tnk-
Proof. Analogous to the proof of Proposition 3.23. O

If the integrand has continuous paths of finite variation, there is a transformation formula.
We note here that similar transformations in the case of unbounded variation require an
additional term.

Theorem 16.14 (Transformation formula). Let X = (X;)i>0 be a process with continuous
paths of locally finite variation and f € CY(R). Then

F(X0) — F(Xo) = /0 J(X,)dX..

Proof. Since (f'(X:))i>0 is continuous, the right-hand side exists. Furthermore, let 0 =

tng < -0 Stpg, =t with maxyt, ) — ty p—1 2720 . Then, for suitable random variables

tnk—1 < Spx <ty according to Proposition 16.13 and the mean value theorem
kn,
F(X2) = F(Xo) = > F(Xe, ) = F(Xty )
i=1

kn t
=3 P (X ) (K — Xy ) 222 /0 F(X,)dX,.
=1

O]

Proposition 16.15 (Martingale property of the stochastic integral). Let X = (X¢)i>0 be a
martingale with paths of bounded variation, sup;> E[X?] < oo and H is a bounded adapted
process with paths in Gr([0,00)). Then H - X is a martingale with sup;>q E[(H - X)7] < oc.

Proof. According to Lemma 16.6, there are H! = (H})i>0,H? = (H?)i>0,-- € S and
€1,€2,... > 0 with e2 | 0 and supg<,<; |Hs — H{| < &, almost surely. For every e > 0,
let K > 0 be such that P(v;4(X) > K) < /2. Furthermore, let N be large Then

P(lim sup |[((H" —H)-X)s| =0) < P(lim g,01,4(X) =0)=1. (16.5)

n—oo 0<s<t n—o0
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n—0o0

Therefore, (H" - X); —— s (H" - X)¢, and in fact uniformly on compact. According to the
Fatou lemma, if H, H', H?, ... < £, then, according to Proposition 16.2.2,

E[((H - X))°] < liminf E[(H" - X),)*] < - sugE[XE] < 00,

Finally, we verify the martingale property of H - X. Let s < t. By (16.5) and the L*-

n—oo

boundedness of H" - X, it holds that (H" - X'); —— 1 (H - X');. Then
E[(H - X)|7.] = lim BI(H" - X)|F] = lim (W' X), = (- 2),
and all assertions are shown. ]

Example 16.16 (Integration with respect to a Poisson process). Let Y = (Y;)i>0 be a Poisson
process with intensity A > 0 and X = (Xi)i>0 with Xy = Y; — Xt. Then, by example 15.46,
X is a martingale and has paths of locally bounded variation. Further, let f,g : Ng — R be
bounded and such that g(i) = f(i+1) — f(i) fori =1,2,.... Since Y_ = (Y1_)t>0 is a process
with paths in Gr([0,00)), it follows, if T1, T, ... are the jump times of Y, that

(fYie +1) = f(Vi)) - X =g(V-)- X

(2 a0 [ orias)

2T <t
= (£00) = £O) = [ £+ 1) = (i)

is a martingale. Indeed, this martingale property also follows from Theorem 14.30 together
with Example 14.26.1.

t>0

16.3 L?*-bounded continuous martingales as integrators

Although the definition of the stochastic integral with processes of locally bounded variation
was quite straightforward, we are not yet able to integrate with respect to continuous mar-
tingales (such as the Brownian motion) with respect to the path. Indeed, as we have seen
in Proposition 15.5, the variation of the paths of a Brownian motion is almost surely infinite
(and only the quadratic variation is almost surely finite and positive).

The approach so far was based on the fact that a function of limited variation can be
understood as a signed measure. For this, it was essential that a non-decreasing process
uniquely defines a o-finite measure on B(R). This is not the case for functions with unlimited
variation.

Nevertheless, in order to allow for continuous martingales with unlimited variation as
integrators, we recall the definition of the stochastic integral with respect to simple predictable
processes from Proposition 16.2. We can use (16.2) as definition of the stochastic integral
with respect to simple predictable processes and then extend the integral concept using the
martingale property of the stochastic integral from Proposition 16.2. The integrators we
consider here are continuous L?-bounded martingales.

Definition 16.17 (L2?-bounded, continuous martingale). We denote by M? the set of contin-
uous, L?-bounded martingales X = (X;);>0 with Xo = 0. (This means that X has continuous
paths and sup;~o E[X?] < 00). By Theorem 13.51 (and Theorems 13.32 and 13.33) there
exists for each X = (Xt)i>0 € M? an X such that (Xt)o<t<oo is a martingale. We define
the norm ||X|| := || Xoo||2 on M? and recall that || supyso X?||2 < 2||X|| by Proposition 13.26.
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To approximate stochastic integrals for general integrands, we will define them as L? limits.
This works because the space L? — and thus also the space M? —is complete. The completeness
of M? will now be shown.

Lemma 16.18. The space M? is a Hilbert space with a scalar product (X,Y) := E[X s Yao!.

Proof. We have to show that M? is complete. To do this, let X! = (X})o<t<oo, X =
(X?)o<t<oo, --- be a Cauchy sequence in M?2. According to the definition of the norm in M?,

X1 X2 .. isa Cauchy sequence in L. Therefore, the limit X 27 X exists. We now

define X = (X;)i>0 by Xt = E[X|F:] and note that X H—oo>fs7L2 Xoo. Furthermore,

n—o0

HSgIO)(Xt” — Xo)ll2 < 2[| X% — Xoo|| — 0
=

according to Propotision 13.26. By passing to a subsequence, this shows that X™ converges
uniformly to X. In particular, X has continuous paths and Xy = 0. O

Definition 16.19 (Stochastic integral of simple predictable processes). Let X € M? and H
be a simple predictable process as in definition 16.1. Then the stochastic integral H - X is
defined by

(H-X)p:= Z Gi( X1t — XTyAt)s
=1

i.e. as in (16.3). If G1,...,Gyn € L1, this is, by Proposition 16.2, once more a martingale and
additionally has continuous paths.

Proposition 16.20 (Integration of processes with paths in Gr([0, 00))). Let X = (X;)i>0 €
M? and H a bounded adapted process with paths in Gr([0,00)). Further, let H',H?, ... is a
sequence of simple, predictable processes that converge uniformly on compact against H (as in
Lemma 16.6), then for every T > 0, the sequence ((H™ - X)iar)t>0 converges to a martingale

in M2,
Definition 16.21 (Stochastic integral of processes with paths in Gr([0,00))). Let X € M?
and H be a bounded, adapted stochastic process with paths in Gr([0,00)). Then we define

H - X as the stochastic process for which (H - X); is the limit from Proposition 16.20 for (an
arbitrary) T > t.

Proof of Proposition 16.20. It suffices to consider martingales with compact index set t €
[0, 7]. For the approximating sequence H!, H?, ... there are e1, 9, ... with &, | 0 and SUpo<i<, | Hi' —
H;| < e, almost surely by Lemma 16.6. Furthermore, because supg<;<, |[H}' — H{""| < &y, +&n,
because of Proposition 16.2,

[H™ - X —H™ - X|| = ||(H"* —H™) - Constance|| < (em + en) - || Constance|| 2= 0.
Therefore, fn H - X is a Cauchy sequence in M? that, because of the completeness, converges
to an element [H - X € M2 O

Example 16.22 (Integral with respect to Brownian motion). Using the last proposition, we
can now define integrals with respect to Brownian motion. For this purpose, let X = (Xt)¢>0
be a Brownian motion with Xo =0 and f € C}(R) is bounded. We will now show that

/ (X)X, = (X)) — f(Xo) — L / 1(X.)ds.
0 0
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For this purpose, we define recursively T§ = 0, T7, = inf{t > T} : | Xy — Xr¢| = e}. Then,
for suitable C,C" > 0

E[T;,, — T7] = E[Tf] = C¢&?,
E[(T7,, — T7)*) = E[(T7)*] = C'<*
and thus

E[(3 /(X (X ot — Xrenn) — (£0X) — F(X0) — 4 / 7(x,)ds) )|
=0

Tg, At
- (Zf/(XTf/\t)(XTfHM_XTZ-W)_(f(XTf+1At) F(Xrene) = 5 / f”(Xs)dS)f}
2 ;
e
:ZE[( (Xrene) (X nt = Xene) = (F (X yne) = F(Xaens) = § / 7(x)ds))|
TEAt

2
E[<f//<XSfAt)(XTf+1/\t — Xren)® = f//(Xéf/\t)(TJrl At =T A t)) ]

»ulxl)-n

~
Il
o

B[ (£ (Xrend (X pa = Xrpna)? = (T At = T2 A0)

N
N[ =

S
I
o

+E[(f"(X1eae) = " (Xsene)) €] + B[ (Xzene) = f7(Xgep))*(Tip At = T5 AL

e—0 0
for random variables T; < S%, SE < T7, | according to the Taylor formula and the mean value
theorem. (In the last mequalzty sign, we used the simple estimate (ab)? < 2(a — a')?b? +
2(a’)?b?). On the one hand, this means that Zfoof’(XTs/\t)(XTs At — Xrepr) converges

in L? to fo 1(Xs)dXs by definition of the stochastic integral, but also to f(X;) — f(Xo) —
5 fo " (Xs)ds. Due to the uniqueness of the L? limit, the assertion follows.

It seems clear that this calculation method for stochastic integrals is feasible, but not
particularly elegant. Therefore, we will use the Ito formula (Theorem 16.51) to learn a simpler
method for calculating in similar cases.

16.4 Local Martingales as Integrators

In calculations, it would often be nice to know that X, for a martingale X = (X})¢>0 cannot be
too large. If X has continuous paths, this is possible by transitioning to a sequence X!, X2, ...
of stopped martingales such that X" is stopped whenever |X;| = n. On the other hand,
continuous processes for which such stopping times exist are not necessarily martingales.
Therefore, we need a class of stochastic processes that is larger than the class of martingales.

Definition 16.23 (Local Martingale and Stopped Process). 1. A real-valued stochastic pro-
cess X = (Xi)i>0 is called a local martingale if there are stop times Ty, T5, ... with
T, T oo such that (XiaT,)t>0 @5 a martingale for all n. Here, T1,T, ... is called a
localizing sequence of stopping times.
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2. Let X = (X;)i>0 be a stochastic process and T a stop time. Then we denote by X7 :=
(X7at)e>0 the process stopped at T.

In other words, the above definition implies that X is a local martingal if and only if X7 is
a martingale for an appropriate sequence of stopping times 7T, T oc.

Remark 16.24 (Properties of Local Martingales). 1. According to the Optional Stopping
Theorem, Proposition 13.19 and Corollary 13.53, every martingale is a local martingale.

2. Let X = (Xi)i>0 be a continuous local martingale. Then T, = inf{t : | X¢| = n V | Xo|}
s a localizing sequence of stopping times.

Because: Since X is real-valued and continuous, every path on [0,t] takes its supremum.
It follows that T,, T oo applies. Furthermore, let S, T oo be a localizing sequence of
stopping times for X. For s <t,

E[Xt/\TnU S} = hm E[Xt/\Tn/\Smp 5] = hm Xs/\Tn/\Sm = XS/\Tn,
m—0o0 m—0o0
since XiaT, 15 bounded.

3. Let X = (X¢)e>0 be a bounded local martingale. Then X is a martingale.
Because: Let Ty, Ts, ... be a localizing sequence of stop times. According to majorized
convergence, E[X|Fs] = limy, o0 B[ X7, | Fs] = limy, 00 Xsar, = X5 for s < t.

Example 16.25 (A genuine local martingale). Let W = (X4, Y, Zt)1>0 be a three-dimensional
Brownian motion started at (z,y,z) # 0. We now consider the process V = (V;)1>0, given by

1
VXP+ Y2+ 72

and claim that, although V is a local martingale, it is not a martingale.
Because: The generator of the Brownian motion is well-known

W:

1,0 w) | Pfw) | 0 fw)
(GF)(w) = 5( 0z * oy? " 072 )
Since for f(w) =1/y/22 +y2 + 22
19%f(w) 0 x B 1 22
2 022 flw) = _%(xz Fy2 4 22)32 _(x2 2+ 223 + 3(:62 L
s for w # 0

(Gf)(w) =0.
Let B.(0) be the ball around 0 with radius € and g° € CZ(R3) such that 9°1B.(0)e = flB.(0)e
and T, :=inf{t > 0 : [|[W;||2 = €}.
According to Theorem 14.30, (gE(Vt) - fg(Gga)(Vs)ds) is a martingale, so by the Op-

t>0
tional Stopping Theorem — Proposition 13.19 — also

TNt
(f(Viar )0 = (9°(Viaze))ez0 = <g€(‘/;€/\T5) —/0 (Ggg)(Vs)d8>t20
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a martingale. Now let T = T NTg fore < ||[Wpll2 < R. Then f(Viar))e>0 is also a martingale,
hence

1IValls = £(V%) = (V) = Blg" (V)] = P(T. > o), + (1 = P(T: > Tr)) .

It follows that

1/e = 1/||Vk
P(T. > Tr) = /1/5_/1/2”2 =% 1

Since Tg B0 o due to the continuity of the paths of the Brownian motion, T, 20

We have now shown that (f(Vi))i>o0 is a local martingale. However, one calculates

B[ (V)] = E[HVM - jg - E[HVM EEN

Since the expectation of a martingale is constant, (f(Vz))t>0 cannot be a martingale.

We already have stochastic integrals with respect to processes of bounded variation and with
respect to continuous martingales. We now show that we have not treated any cases twice.

Theorem 16.26 (Continuous local martingales of bounded variation are constant). Let
X = (Xt)e>0 be a local martingale with continuous paths and bounded variation. Then t — Xy
s almost surely constant.

Proof. Without restriction, assume that Xy = 0 and X is a martingale. (If X is only a
local martingale, we can show that all stopped martingales are constant along the localizing
sequence of stopping times, which implies the statement.) Let ¢ — v14+(X’) be the variation
of X. We define the stopping times

TN = inf{t Z 0: Vl,t(X) 2 N}

and note that (Xiary )i>0 is a martingale whose variation is bounded by N. Furthermore,
t — X, is constant if and only if £ — X7, is constant for some /N. By assumption, T 1 oo.
Thus, it suffices to show the assertion in the case that the variation of X is bounded by V.
For t > 0 we set t,, 1 := tk/n and define

n n
2 E
Zn = E (th,k - th,k—l) S 113]?2{71 ’th,k - th,k:—l‘ ’ |Xt"l¢k - Xt”’k_1|
k=1 T k=1
n—oo
S e [ Xt — Xt o |- 116(X) —— 0,

since X has continuous paths. By definition, Z,, < vy (X )2 < N?. Therefore, we conclude
with majorized convergence that

n
2
EI:XE] - E[(Zth,k o th,kfl) :| = E[Zn] n—}—oo) 0
k=1
Thus, X; = 0 is almost sure. O
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We continue with a frequently used characterization of local martingales.

Lemma 16.27 (Characterizations of local martingales). Let T, 1 co and X be a real-valued
stochastic process. Then X is a local martingale if and only if XT is a local martingale for
all n.

Proof. First, assume that X is a local martingale and 51,59, ... is a localizing sequence of
stopping times. Then, for each stopping time T, the process (X*")T = (X7)% is a martingale
according to the Optional Stopping Theorem. This means that X7 is a local martingale (with
the localizing sequence of stopping times Si, So, ...)

On the other hand, for each n, the process X" is a local martingale with a localizing
sequence of stopping times ST, S5, ... Since S,]CV 1 oo for k — oo, we choose k,, with

P(S; <T,An)<27".

According to the Borel-Cantelli lemma, T}, := Si. Ny, 1 co. To obtain an increasing sequence
of stopping times, we define T := inf,,>,, T/,. Furthermore, X7 = (XT0)T = (( XTn)%kn )T,
By assumption, (X Tn)Ska is a martingale, hence so is XT%. In particular, X is a local mar-
tingale. O

For the Brownian motion X, we had already seen that the quadratic variation is given by
[X]; = t . Since quadratic variation (and co-variation between two processes) will play a
crucial role for stochastic integration with respect to local martingals (see Theorem 16.36),
we will now construct it.

Proposition 16.28 (Quadratic Variation for bounded, continuous martingales). Let X be
a bounded martingale with continuous paths and Xo = 0. Further, let recursively T} =0 and

Tiiyq o= inf{t > Tp' ¢ [ Xy — Xqp| > 27"}

Then there is an almost surely unique process [X] = ([X]t)>0 with [X]o = 0 and non-
decreasing paths of finite variation, such that for

Q" = (Q)t>0 with Qf := Z(Xt/\:r’g+l — Xiary)?
k=0

n—oo

holds that sup;sq |QF — [X]¢| =), 0. Furthermore, X* — [X] is a martingale.

Proof. The almost sure uniqueness follows from Theorem 16.26. (Assuming that there are two
processes [X] and [X]" with the required properties. Then [X] — [X]" would be a martingale
with paths of finite variation, so almost surely constant. Since [X]yo = [X']o, [X] = [X] would
be almost surely constant.) We define the process H" = (H}'):>0 € S by

HY = Xrplirp ap, ) (8).
k=0

Then ||[H"™ — X||2 < 27". According to Proposition 16.2.2, this also implies that

m,n— 00

11" X —H™ - X||, 0.
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Thus, (H" - X)p=12... is a M2-Cauchy sequence that converges to a martingale N' = (Ny)>o.
Further, we write

nooat — Xrpat),

o0
(H" - X)e = ZXT,Q (X1
k=0
o0
Xt2 = Z XJQ",gHAt - X%,g/\t
k=0

o
= Z(XT,;LHM — Xrone)® + 2Xpne (X1, nt — X1pae)
k=0

We now define [X] := X2 — 2N/ (s0 so that X2 — [X] is automatically a martingale). Then

sup |QF — [X]¢] = sup | X2 — 2(H" - X); — X2 4 2N; = sup [2N; — 2(H" - ConX);| =%, 0.
t>0 t>0 t>0

Since Q™ has non-decreasing paths, the same is true for [X]. O

We now extend the last result from bounded martingales to local martingales.

Theorem 16.29 (Quadratische Variation von lokalen Martingalen). Let X' be a local martin-
gale with continuous paths. Then there exists an almost surely unique process [X] = ([X]¢)t>0
with [X]o = 0 and non-decreasing paths of finite variation, such that X? — [X] is a local
martingale. Furthermore, [XT] = [X]T for every stopping time T.

Proof. Again, the almost sure uniqueness follows from Theorem 16.26. Moreover, if X2 — [X]
is a local martingale and T is an almost surely finite stopping time, then (X7)? — [X]T =
(X2 — [X])T is a local martingale, hence [X7] = [X]7.

For the existence of [X] we define T), := inf{t > 0 : |X{| = n}, whereby T}, 1 oo holds.
Further, X”» is a (by n) bounded martingale with continuous paths. Thus, [X7"] exists
according to Proposition 16.28. Since for m > n (XTm)In = XTn xTm = XTn on [0,T,],

hence [XT"] = [ &Tm] on [0,T;,]. We define [ X]; := lim,_,o0[ X7"];, where the convergence
follows from T}, 1 co. Furthermore, it is clear that (X2 — [X])T» = (XT»)2 — [xT"] for each n
is a martingale, so X2 — [X] is a local martingale. O

Example 16.30 (Martingales derived from the Brownian motion). Let X = (X;)i>0 be a
Brownian motion. As is well known (see example 13.47), Y = (Yy)>0 with Y; = X? —t is a
martingale. We show that

t
[V)e _4/ X2ds.
0

Because: According to example 14.26.2,

t
(X;L 6 / des)
0 t>0

is a martingale. Further, we consider the process (t, X¢)e>0, i.e. the Markov process with state
space Ry x R and generator

i 2 €T
@nta) = 282 TIED)

1
+§ o2
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With f(t,x) = tz?, it follows from Theorem 14.30 that

t t
ix2 - | x2 ) - (tX2 _ 2 [ x2 )
< i /0 o+ sds 50 f=3 ; sds 50

is a martingale. Thus,

t t t
(Xg1 - 6/ X2ds — 26X, + 1% + 2/ des) - ((X,? 42— 4/ ngs)
0 0 t>0 0

s also a martingale. Hence the assertion follows.

t>0

Theorem 16.31 (Covariation of local martingales). Let X, be local martingales. Then
there exists a near-unique process [X,)Y] of locally bounded variation and [X,X]y such that
XY —[X,))] is symmetrical and bilinear with

(X, VT =[ Con, Con™] = Con®, Con] = Con®, Cont]
for every stopping time T.

Proof. We define
[, Y] = 3(1X + Y] =[x = )).
Then

4(XY — (X, Constance]) = ( X +Y)* = (X =YV - [X + V] +[ X - V],
from which all assertions follow using Theorem 16.29. O

Proposition 16.32 (Continuity of quadratic variation).

Let X' = (X})i>0, X% = (X?)¢>0, ... be a sequence of local martingales with continuous paths
starting from 0. Then, sup;~q|X}'| H—Oo>p 0 if and only if [X"]eo H—Oo>p 0. In particular,
the map X — [X] is continuous on the space of local martingales with continuous paths. The
same is true for the covariation.

n—oo

Proof. First, let sup;sq|X{'| ——p 0 and € > 0. We define T}, := inf{t > 0 : |X]| > ¢,
n =1,2,... Then for Y := (X™)%2 —[X™"], the process (Y")" is a martingale, which, according
to Theorem 13.33 (and Theorem 13.51), can be extended to a martingale with index set [0, oc].
Since E[Y;"] = 0 and X}, < e, we have E[[X"]|7,] < €% From the Markov inequality, we
conclude
P([X"].0 > ¢) < P(T) < o0) + éE[[X”]Tn] < P(sup |XP| > ¢) + <.
>0

By assumption, the right-hand side converges to ¢, from which [X"] H—Oo>p 0 follows.

If, on the other hand, [X™]o ——=%, 0, then we write T}, := inf{t : [X"]; > ¢}

P(sup | X{'| > ¢) < P(T, < c0) + P(sup | X{hrp, | > €)
£>0 >0
El[x"]
22
E[A"o0 A ] nosoc
2

<P(T, <o)+

=P(T, < o0) + 0.
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Proposition 16.33 (Cauchy-Schwartz inequalities for covariation). Let X', be local mar-
tingales and H = (H¢)i>0 progressively measurable. Then

[, V) < [X][V)
as well as
(K- [X,V))F < (H? - [X])e[V]e
almost surely.

Proof. First, we note the following: Let A, B > 0. If a®>A + 2abC + b>B > 0 for all a, b, then
C? < AB. Namely, if we set a = +1/v/A, b = 1/+/B, then £2C/v/AB > —2, thus |C| < VAB
or C? < AB.

For all a, b, because of the linearity of covariation,

0 < [aX +bY] = a®[X] + 2ab[X, V] + b*[V)]

almost certainly. (We can even choose the exception null set A independently of a,b. To do
this, we note that the union of the exception null sets for a,b € Q is again a null set. This
must simultaneously be the exception null set for all a,b € R, since the quadratic variation is
continuous; see Proposition 16.32.) From the initial remark, it now follows immediately that
[X, V)7 < [X);[V]; for all t > 0. The first assertion follows from the fact that the right-hand
side is a non-decreasing function in ¢.

To show the second statement, we assume without further ado that H > 0. Further-
more, we note that the first statement is analogously proven for subintervals, so ([X, V], —
(X, ConYs)? < ([ConX]i—[ ConX]s)([V]:—[ Conyls). Now let H = >"" | G;1y, for disjoint
open intervals I; = (V;, W;) and Gy, ...,G,, > 0. Then on A¢ we have

(K- (X, M) =Y Gil[X, V]iaw, — (X, V]eaw;)

=1

<> Gy ¥lunaw, = [Xlunviy/ Whaw, = Dlons:

n

< ZG?([X]t/\Wi — [Xeav;) ZD’]MM — Vavi,

k=1
2 1/2(~511/2
= (W - [x]), V)"
The case of progressively measurable processes H follows from the last calculation, initially
by approximating measurable sets instead of intervals Iy, ...,I,. Subsequently, monotone

convergence yields an approximation of H, from which the statement follows by monotone
convergence. O

Now we are dealing with the stochastic integral with local martingales as integrators.
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Definition 16.34 (Stochastic integral of predictable, simple processes). Let X be a local
martingale and H a simple, predictable process as in Definition 16.1. Then we define the
stochastic integral H - X in the same way as in Definition 16.19.

Lemma 16.35 (Stochastic integral for simple predictable processes). Let X', ) be local mar-
tingales with continuous paths, and H € S. Then H - X is a local martingale again and it
holds that

[H-X,Y]=H- [ ConX, ConY]. (16.6)

Proof. First, H - X is a local martingale (with the same localizing sequence of stopping times
as for X. We have to show that (H - X)Y —H -[ X, )] is a local martingale . Due to
linearity, it suffices to consider Hy = G(1ppt — 1gat) for G measurable with respect to Fg.
Since XY —[X, )] is a local martingale, we conclude with repeated application of the Optional
Sampling Theorem

E[(H - X) Y, — (K- [ X, V])i|F]
= E[G(XT/\th - [ X, y]T/\t - (XS/\tY}, - [/Y, COWY]SM))|-7:3]
= Glr<s (XT/\sYs — [, ConY]rps — (XsnsYs — [X, V]sns))
+ Gls<s<TE[XratYrae — [X, Vrae — (XsatYs — [X, V]sae)) | Fs)
+ E[Glscs<tE[ X7 Yrae — [ Conx, Conylpa — (XsaYs — [ Conx, Conylsat))|Fsvs]|Fs]
= Glg<s (XT/\SY:9 —[X, ConY]rps — (XgnsYs — [ ConX, ConYlgps))
= G(<XT/\S - XS/\s)Y; - ([X,y]T/\s - [X7 CO?”LY]S/\s))
=(ConH - X);Y; —( ConH - | ConX, ConY])s.

Using lemma 13.23, the statement follows. O

To extend the stochastic integral of integrands in S to progressive stochastic processes, we
take (16.6) as the defining property.

Theorem 16.36 (General Stochastic Integral). Let X' be a local martingale with continuous
paths and H a progressively measurable stochastic process with (H? - [X]); < oo for all t > 0.
Then there is an almost surely unique local martingale H - X with (H - X))o = 0, such that for
every local martingale Y with continuous paths

[H-X, V] =H- [X,)]
holds.

Proof. First, we show uniqueness. If the process H - X were not unique, there would be two
processes Z', Z" such that [Z2,)] = [2",Y] = [H - X,))] for all local martingale ) with
continuous paths. Then, due to the linearity of the covariation with Y = Z’ — Z”, it holds
that [2" — Z"] = 0. From Proposition 16.28 it follows that 2’ = Z”.

For the existence of H - X, it suffices, as in the proof of Theorem 16.29, to consider
the case E[(H? - [X])oo] < 0o (otherwise, we define T, := inf{t > 0 : (H?- X); < n}.
Then, by assumption, T}, T co. There exist continuous local martingales H - X™» such that
[H-XTn Y] = H-[XTn, Y] for all continuous local martingales ) and n = 1,2, ... Furthermore,
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H - XTn = - XTm must hold for m > n on [0, T},], since on the same set also X7n = XTm
holds. Now we can define H - X = lim,, oo H - XTn. Then (H - X)T» = H - XTn. Since the
latter is a local martingale for every n, it follows from lemma 16.27 that also H - X is a local
martingale.)

We now have to show that (H - X)Y — H - [X,))] is a local martingale. First, using
Proposition 16.33 and the Cauchy-Schwartz inequality, we have that for Y € M?

B[ (%, Y)oc]l < BIH - [2, Y)lc] < (BIH - [X])o]) A(E[V]ac]) /2 < 0.

Thus, Y — E[(H - [X,)])] is a continuous, linear functional on M?2. According to the
Riesz-Fréchet theorem?!' (applied on the Hilbert space M?2) there is a unique process in M?
that we call H - X such that

E[(H ) [va])oo] = E[(% ’ X)ooyOO]

for all Y € M?2. From this equation it also follows that H — H - X' is continuous, and the
definition of H - X for ‘H € S from Lemma 16.35 . Furthermore, by Theorem 16.31 for a stop
time T

E[(H ) [Xa y])T] = E[(H : [X’ ConYT])oo] = E[(H : X)oo CO’I%YOZ] = E[(,H : X)TyT]'

From lemma 13.23 it now follows that (H - X))y — H - [X, )] is a martingale. From this the
assertion follows. O

Corollary 16.37 (Kettenregel). Let H, X,Y be as in Theorem 16.36 and K progressively
measurable with (K2 - [Y]); < oo for all t > 0. Then holds

(M- X, K-V =(HK)-[ X, V]
Proof. Since K - Y is a local martingale, it follows immediately from Theorem 16.36 that

Since [ X, zxx]
rules of calculus as for the Lebesgue integral, in particular when calculating with densities.
Now the assertion follows from Lemma 77.2. O

Example 16.38 (Quadratische Variation von X? —t). Let X = (Xi)i>0 be a Brownian
motion. According to example 16.30, for Y = (Y;)i>0 with Y; = X? —t,

t
V) = / X2ds.
0

We can wverify this fact again with the help of the last result : According to example 16.22
with f(x) = 22, it holds that

t
2/ X dX,=X? —t
0
. Therefore, we write

V] = 2X - X] = 4X2 - [X] = (4 /0 t des)tzo.

2 Riesz-Fréchet theorem: Let H be a Hilbert space (with a scalar product (., )) over R and H' the space of
linear, continuous mappings H — R. Then x’ € H' can be written as: z'(x) = (y,z) for some suitable y € H.
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Finally, we prove a continuity property of the stochastic integral.

Proposition 16.39 (Continuity of the stochastic integral). Let X1, X2, ... be continuous

local martingales and H', H?, ... progressively measurable with ((H™)?-[X"]); < oo, t > 0,n =

1,2,... Then sup;>q [(H™ - &™)y %% 00 holds only if (H™)? - [x™]) 2=, 0.

Proof. By Corollary 16.37, [H", X"] = (H")?-[X"]. Now it suffices to apply Proposition 16.32.
L]

16.5 Calculation Rules for Stochastic Integrals

The following are important rules for calculating with stochastic integrals. The most im-
portant ones are partial integration (Theorem 16.48) and the It6 formula (Theorem 16.51).
However, in order to establish a framework that is as general as possible framework, we in-
troduce the class of continuous semimartingales. A semimartingale X is the sum of a process
of locally finite variation A and a local martingale M. Integrals with respect to continuous
semimartingales are then defined by the sum of the integrals with respect to A and M.

Definition 16.40 (Semimartingale). 1. An adapted process X is called a semimartingale
if it has right-continuous paths and can be written as X = A+ M, where A with Ag =0
is a process with locally finite variation and M a local martingale.

2. A continuous semimartingale X is a semimartingale for which A and M can be chosen
as continuous processes. The decomposition X = A+ M is then called the canonical
decomposition.

Lemma 16.41 (Canonical decomposition unique). The canonical decomposition of a contin-
uous semimartingale is unique.

Proof. Let X = A+ M = A + M’ be two decompositions of the continuous semimartingale
X. Then we have A— A" = M —M'. Since the right-hand side is a continuous local martingale
with My — M{; = 0, then by Theorem 16.26 we have that M = M’. Thus, A= A" O

Example 16.42 (Decomposition of semimartingales not unique). The decomposition X =
A + M is unique for continuous semimartingales, but not for semimartingales. As a simple
counterezample, let X = (X;)i>0 be the Poisson process (with parameter ). Then X can be
written as

Xt:Xt+0 and Xt:t+(Xt—t)

Here Ay = Xy, My =0 and A}, = t, M| = X; — t are two different decompositions of X .

Example 16.43 (Functionals of continuous Markov processes). Let X = (X¢)i>0 be a Markov
process with state space E and continuous paths. The generator of X is G with D(GY) C
Co(E). Then, for every f € D(G), (f(X¢t))e>0 is a semimartingale. Indeed, by Theorem 14.30

f(Xy) = Ay + M; with Ay :/O (GY f)(Xs)ds, My = f(X;) —/0 (GY F)(X,)ds

, which is a decomposition into the process with locally finite variation A and the (local)
martingale M.
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Definition 16.44 (Continuous semimartingales as integrators). Let X = A+ M be a con-
tinuous semimartingale. Define

L(A) := {H progressive : H - A exists}
as well as
L(M) == {H : H* € L(IM])}
and L(X) := L(A) N L(M). For H € L(X) we set
H-X=H A+H M.

We define the quadratic variation of X as

If Y = B+ N is the canonical decomposition of another continuous semimartingale, we set
the covariation

[X, V] := [M,N].

Lemma 16.45 (Covariation of the stochastic integral). Let X = A+ M and Y = B+ N the
canonical decompositions of the continuous semimartingales X and Y. Then

A X, Y| =[X+ Y] —[ Con— Con.

IfH e L(X), then H-X = H-A+H- M is the canonical decomposition of the semimartingale
H - M. Furthermore,

[’HM,J}] :H'[H’y]'

Proof. All statements follow directly from the definition of H-X and [X] as well as [X,Y]. O

We repeat a simple property of the integral with respect to a measure with density. If u
is a o-finite measure, v = ¢ - i is the measure with density g with respect to p and f is a
(bounded) measurable function, then v[f] = g- u[f] = p[fg]. This statement has an analogue
for stochastic integration with respect to processes of locally finite variation. Here is a simple
example: If H = (H¢)i>0, K = (Kt)¢>0 are progressively measurable processes, then

t t
M- ( /0 sts)tzo - ( /0 Hssts>t20.

This example will now be significantly extended.

Proposition 16.46 (Chain Rule Theorem). Let X = (X})i>0 be a continuous semimartingale
and K € L(X). Then H € L(K - X) if and only if HIC € L(X). In this case,

Ho(K-X)= HK X
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Proof. Let X = A+ M be the canonical decomposition of X. It is clear that H(K - A) =
(HK) - A, which follows exactly as in the proof of Corollary 16.37 from Lemma 77?.2. if one of
the two sides exists. Now we note that H € L(K - M) if and only if H? € L(K? - [M]), which
is the case if and only if H2K? € L([M)]), hence H - K € L(M). Similarly, H € L(K - A) if
and only if H - K € L(A), hence H - K € L(.A). Hence, the equivalence follows.

We now have to show that H - (K- M) = (H - K) - M. To do this, we note that for any
local martingale N

(H-K) MN]=(H-K) [MN]=H- (K- [M,N])=H - [K-M, N|=(H-K) - M

is a local martingale with quadratic variation 0. Thus, the claim follows from Theorem 16.26.
O

In integration theory, the theorem of majorized convergence played an important role. This
now gets an analogue for stochastic integrals.

Proposition 16.47 (Majorized Convergence for Stochastic Integrals). Let X' be a continuous
semimartingale and H, K = (K¢)i>0, K! = (K})i>0, K% = (K?)i>0, ... € L(X) with |[K"| < H

n—o0 n—oo

and supy>q |Kn(t) — K(t)] ——fs 0. Then supg<cs<; |(K"- X —K-X)s| ——, 0 for allt > 0.

Proof. Let X = A+ M be the canonical decomposition of X. Since H € L(X), it holds that
H € L(A) and H? € L(JM)]). Since we can transfer the theorem on the majorized convergence

n—oo

to Stieltjes integrals , it follows that (K™ — K)% - [M]); ——> ¢ 0 for ¢ > 0. This implies (by
stopping at t) according to Proposition 16.39 that supy<.<; [(K™ - M — K - M) e, 0.
Furthermore, ((K" — K) - A); “=>%}, 0, again by the convergence in measure for Stieltjes
integrals. From the last two convergences, the statement follows. O

The following is another rule of Lebesgue integration: If f is measurable and locally bounded
and A is the one-dimensional Lebesgue integral, then f - A is of locally bounded variation.
Fubini’s theorem applies

(N (= (G2 = [ 16 (s = L(F 2,

ie. 2(f-A)-(f-A) = (f-))2 Analogously, we conclude that for a process with locally finite
variation A,

2A- A= A% (16.7)
We will now generalize this result.

Theorem 16.48 (Partial Integration). Let X and ) be continuous semimartingales. Then
we have

X Y=XYo+X - YV+Y - X+[X, V]

Proof. We first show only the case X = ), i.e. X? = X§ +2X - X + [X]. First, we consider
X € M? and set TJ, T7, ... and Q" as in Proposition 16.28, and H" = (H[*);>0 € S by

().

al

[ee]
n
HP =) Xrplaypry
k=0
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n—o00

Just as in Propositin 16.28, X7 — X§ = QF +2(H" - X);. and sup;>q [H}' — X3 < 27" ———.
Due to Proposition 16.47 we have

2X - X) = lim 2(H" - X), = X{ = X§ — lim Q' = X} — X§ — [X].

If X is a local martingale, then the statement follows as for X € M? by suitably stopping
X. On the other hand, if X = A is a process with locally finite variation, then the statement
follows as in (16.7).

Now consider the case of a semimartingale X with canonical decomposition X = A + X.
Then the assertion is equivalent to

M2 2MA+ A% =2M - M +2M - A+ 2A- M +2A- ConA + [ ConM)|.

So we have to show that
MA=A- M+ M- A
We now define for ¢ > 0 and n = 1, 2, ... the processes A" = (A7)o<s<t and M" = (M7 )o<s<t
by
AY = Ag—rytmandMg = My, fors € t(k — 1, k] /n.

Then

(A" M)y + (M™ - A)e = A tyeyn (Mg = Mig—ty/n) + Mg jn(Ageyn — Ap—1yt/n)
pst

= MiyjnArtn — M1yt /nAp—1yt/n = At M.
=1

From the majorized convergence for Stieltjes integrals (in the term (M™ - A);) and from
Proposition 16.47 (in the term (A" - M);) now follows the statement in the case X = ). In
the case X # ), we write

4XY = (X + D)2 — (X = Y)?
= (Xo+Y0)? +2(X + ) (X + V) + X+ V] — (Xo - Yo)* —2(X =) - (X =Y) - [X = V]
=4X0Y) +4X - Y +4Y - X +4[ X, V]

and the statement is proven. O

Example 16.49 (Semimartingales derived from Brownian motion ). Let X = (X;)¢>0 be a
Brownian motion. Then we saw in example 16.30 that 2f0t XdXs = Xt2 —t. This 1s also
exactly the formula of partial integration (if you note that [X], =t).

In example 16.30, we saw that for a Brownian motion X = (X;)¢>0, the process

1 t
(tXf — —t?— / X§dg>
2 0 t>0
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is a martingale. This can also be seen by means of partial integration. Indeed, for Y = (Yi)i>o0
and Yy = X} —t, we have

X2 = (m X% 4 X% id)t

=(id-Y+id-id+ X% id
( ),

t t t
:/ de;+/ sds+/X§ds
0 0 0

Therefore, the above martingale is identical to id- ).

Lemma 16.50 (The Covariation). Let X and Y be continuous semimartingales. For t > 0,
let Cn == {tn0s .-, tnk, } be a partition of [0,t]. If maxy [ty 5 — tnk—1] 27990, then

kn
Zn = Z(th,k - th,kfl)(y;/n,k - Y;n,kfl) mp [X’y]t
k=1

Proof. Similar to the last proof, we define
X=X, and Y=Y, | for s € (thp1,tnkl

Then

n
XtY;f - E th,k}/tn,k - th,kfly;en,kfl
k=1

n
= Z th,k:—l (}/tn,k: - YZn,k—l) + }/%n,k—l (th,k - th,k—l)
k=1

+ (th,k - th,kfl)(yzn,k - }/tn,kfl)
="V + Q" X))+ 2.

n—oo n—oo

Since (X" -)Y); —— (X - V) and (V" X)y ——p (V- X); by Proposition 16.47, it follows
with partial integration

nh—>nc>loZ” =X, — (X V)= (V- X) =[X, Vs
[
Theorem 16.51 (It6-Formel). Let X1, ..., X% be continuous semimartingales and f € C*(R?).
With X = (X', .., x%), X, = (X}, ..., X{) and f(X) = (f(X,))i>0 is
d ' d ' '
FX) = F(Xo) + D filX) - X'+ 5 ) fig(X) - (X, X7]
i=1 ij=1
where fi = 0f /Ox; and fij = 0 f/0x;0x;. In particular, if d =1, then

F(X) = f(Xo) + f/(X) - X + 5 f"(X) - [ Conx]. (16.8)
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Proof. We only show the case d = 1. The general case can be proved analogously. Let
C C Cp(R) be the class of functions for which (16.8) holds. Then C is a vector space and ide C.
We show that C is closed under multiplication. If namely f,g € C, then by Proposition 16.46
and Theorem 16.48,

(f9)(X) = (f9)(Xo) = f(X) - g(X) + g(X ) fX)Jr[f(X),g(X)]

= f(X)- (¢'(X) - X + 34" (X) - [X])
+ g(X ) ( (X)X 4 5 f7(X - [X]) + [f(X) - X), ¢ (X) - ]
=(fg' + f'9)( ConX)- X + 5(f"g+2f'g + fg")(X) - [X]

= (f9)'(X) - ConX +3(fg)"(X) - [X].

n—oo

Let f € C"(R) be arbitrary and p1, p2, ... € C polynomials such that supj, <. |pn(z)—f" ()|
0 for each ¢ > 0. By integration, polynomials fi, fo,... are obtained with

Sup | ful) — F@)|V | fole) = F'@) Y [F(@) — (@) 222 0,

|z|<c

For the canonical decomposition X = A + M, this means that, with majorized convergence
for Stieltjes integrals,

(fo(X) - A+ 3f)( ConX) [ ConX] = 222 (f'( ConX) - ConA+ 5f"( ConX) [ ConX]
uniformly on compact. Furthermore, it holds

((fa(X) = F(X))? - [X])e = 0,

n—oo

so it follows from Proposition 16.39 that f,(X)- M ——, f(X) - M uniformly on compact.
Hence the claim follows. O

Example 16.52 (Application to Brownian Motion). In example 16.22 we saw that for f' €
CZ(R) and a Brownian motion X = (X;);>¢ holds that

F(X) - X = f(X) = f(Xo) — 3./"(X) - [X],
since [X]y = t. This is exactly the Ité formula applied to the semimartingale X .

Remark 16.53 (Ito6 Formula as Taylor Expansion). The Ité formula can be written in dif-
ferent ways. If the stochastic integrals in (16.8) are written out, one obtains

F(X0) — f(Xo) = /f dX+/f”

Comparing this notation with Theorem 16.14 (which deals with processes of locally bounded
variation), we see an important difference in calculating with continuous martingales compared
to processes with locally bounded variation. The term %fot f"(Xs)d[X]s is called the Ito-
correction term. This is also obtained if f(Xy)is represented by the Taylor series up to the
second term. In differential notation, this means

df(X) = f'(X)dX + 5 f"(X)d[X].
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Remark 16.54 (The Stratonovich integral). In addition to the stochastic Ito integral, stochas-
tic integrals can also be introduced in the sense of R. Stratonovich. This is done by approxi-
mation using

. 1

(o X)e= lim D" (o, + Hip)(Xey, ~ X (16.9)
i=1

for partitions 0 = t§ < --- <t} with max; [t} | —t}'] 2% 0 ds introduced. This construction

is therefore similar to integration in the sense of Riemann. After constructing the stochastic

integral, this leads to

XeY=X.-Y+1x)]

for semimartingales X and Y. Similarly, we get the formula
F(X) = f(Xo) + ['(X) e X

for f € C2(R), which is exactly the Ité formula without the Ité correction term. So it looks
like the Stratonovich integral is the natural extension of the Lebesgue integral. However,
in (16.9) one has to approximate the integration by non-adapted processes, which in turn
seems unnatural. In stochastics, the Ito integral has become widely accepted.

17 Applications of the It6 Formula

The It6 formula is considered the most important formula in stochastic integration theory.
In this section, we will present some applications. In particular, we will focus on those that
establish the relationship between general continuous local martingales and Brownian motion.
For example, in Section 17.1 we will see that by means of a time transformation, every con-
tinuous local martingale can be transformed into a Brownian motion (Theorem 17.4), and in
section 17.2 also as a stochastic integral with respect to a Brownian motion (Theorem 17.9).
Furthermore, in section 17.3 we will use non-negative martingales to carry out a change of
measure, whereby semimartingales can be converted into martingales can be converted into
martingales (Theorem 17.14). Finally, in section ??, the concept of the local time of a semi-
martingale is introduced, which allows an extension of Theorem 15.8 about the distribution
of the maximum of a Brownian motion.

17.1 Transformations of Brownian Motion

The Ito6 formula provides a general transformation formula for continuous local martingales.
Central to this is the notion of quadratic variation. We will first get to know Lévy’s character-
ization of Brownian motion in Theorem 17.3 , which states that the Brownian motion is the
only continuous local martingale X with [X]; = ¢. This not only emphasizes the importance
of the Brownian motion, but also opens the door to representing general continuous local
martingales in terms of the Brownian motion. For example, every continuous local martin-
gale is a time-transformed Brownian motion (Theorem 17.4). The proof of Theorem 17.3 is
easiest if we introduce C-valued local martingales.

Remark 17.1 (C-valued martingales). Let X =Y +iZ be a stochastic process with values
in C, then we call it a (local) martingale if both Y and Z are (local) martingales.
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Lemma 17.2 (An exponential martingale). Let X = (Xi)i>0 be a local martingale with
Xo=0. Then Z = (Z;)t>0 with

Zy = exp(iX; + 5[ X))
1s a C-valued local martingale and
Zy=1+i(Z-X)
almost surely.
Proof. We apply It6’s formula to the semimartingale (:.X;+ % [X]¢)¢>0 and the function f(z) =
e*. This gives
dZ = Z(idX + 3d[X] + 3d[iX]) = iZdX
or Z=Zy+i(Z-X), from which the claim follows. O
Theorem 17.3 (Lévy’s Characterization of Brownian Motion). Let X = (X,);>0 = (&1, ..., X9),

Xk = (th)tzo be an adapted stochastic process with X(’f =0,k =1,...,d. Then the following
are equivalent:

1. X is a Brownian motion, i.e. X} — X is distributed according to N(0,t — s) for all k
and t — s and independent of Fs and of (Xl)#k.

2. X is a continuous local martingale and

[k X1, = 6t

Proof. 1.=2. is clear from example 13.47.
2.=1.: Let 7 € R% The process ((7,X,)):>0 is a local martingale with

From lemma 17.2 it follows that for each v € R? the process

(exp(iy, Xy) + 5 (v, 1)1))e=0 (17.1)

is a continuous martingale. From this it follows that

from which all assertions follow. O

The importance of Brownian motion in the class of local martingales is now further em-
phasized. We now show that by means of a time transformation, we can transform every
continuous local martingale into a Brownian motion.
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Theorem 17.4 (Time Transformation, Dubins-Schwartz). Let ) be a continuous local mar-
tingale with Yo = 0, such that [Y]; T 0o as t — co. Define

T; == inf{u > 0: [V], > t}, G = Fr,, X :=Yr,.

Then X = (Xt)t>0 is a (Gi)i>0-adapted Brownian motion (thus in particular a martingale
with respect to (G¢)i>0). Furthermore, [V]i is a (G¢)i>o stopping time and it holds that

Remark 17.5 (Merkhilfe). The relationships X; := Yr, and Y; = X[y}, can be justified with
the help of quadratic variation. After all, by definition of Ty and because [X]y = t, namely

[(X]e =t =[VIn, Ve = [ ConX][ conys,-

Example 17.6. Let X = (X¢)i>0 be a Brownian motion. We know from example 16.30 that
Y = (Yi)i>0 with Y; = X? —t is a martingale and [V]; = 4X? - X. This means that ) can be
transformed back into a Brownian motion by time change. See Figure 10.

o
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o
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- _|
|
=
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- > !
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™
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<I",
<
)
l-?,
I I I I I ] I I I I I I I ]
0 1 2 3 4 5 0 1 2 3 4 5 6 7

Figure 10: Sketch of the time transformation of the Brownian motion. Here, T; is the first
time for which the quadratic variation of ) reaches ¢ .

Proof. We start the proof by showing that X has continuous paths. To do this, we need to
show that the following almost certainly applies : If ¢t — T} is constant on an interval, (i.e.
[V]¢ is constant), then ) is also constant on the same interval. It suffices to assume that
X € M?; otherwise we move on to stopped processes. Furthermore, it is sufficient to show
the statement for intervals with rational endpoints. For

Ss:=1inf{t > s: [Y]; > [ ConY s}
we calculate with the help of the Optional Sampling Theorem

E[(Yss)z — Vs, |Fs) = Yf — [ ConstanceY s,
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so because [ ConstanceY]s = [ ConstanceY]g, also
E[(Ys, - Yo)*|F] =0,

from which the continuity of X follows.
We now show that both X and (X? —t) are continuous local martingales with respect to
(Gt)t>0. Then, by applying Theorem 17.3, the assertion follows. Now let

Uy :=inf{t > 0: [V > n}, Vo := Vo,
Then
Tt/\Vn == Tt /\ Un-

(If t < V,,, then the quadratic variation up to time U, is already greater than t. Thus,
the time up to which quadratic variation ¢ is accumulated before U, is U, > T;. If the
other way around, ¢t > V,,, then ¢ has not yet been reached as quadratic variation up to
U,.So, timepassesbe foret is reached, so time still passes, so T; > U,,. It is clear in this case
Ty, = U,.) Since {V,, <t} ={U, < T} € G, V,, is a (Gt)r>0-stop time. Furthermore, for a
(Gt)t>0-stop time T', the following applies

E[Xt/\vn/\T] = E[YTt/\T/\Vn] = E[YTt/\T/\Un] =0,
E[X{wyar —tAVa AT =E[Y: =t AV, AT) =0,

Furthermore, for s <t

E[Xiv,|Gs] = E[Y7,,,, |Gs] = E[Y1,70,,195] = Y1 AU, = Xsnv,-

Thus, X is a local martingale with Vi, Vs, ... as a localizing sequence of stopping times. Fur-
thermore,

E[X2y, —t AVlGs] = BYZ ap. — Vzinv, + V)T, — A V|Gl
=Y7 v, — Wnav, = X2y, — s A Vy.

Since X2 — t is a local martingale, the claim follows. O

17.2 Martingale Representations

We now look at how to represent (continuous) local martingales can be represented as integrals
with respect to Brownian motion. Let Y be a local martingale. Then a Brownian motion
X is given and we are looking for a process H such that Y = H - X'; see Theorem 17.9. On
the other hand, the process H is given and a Brownian motion X is searched for, such that
Y =H - X holds; see Theorem 17.10.

Example 17.7. Let X = (X;)i>0 be a Brownian motion and Y = (Y;)i>0 with Yy = X? —t.

1. We already know that Y = 2X - X holds. This means that we have found a process
H =2X such that Y = H - X. The general case of this is treated in Theorem 17.9.
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2. Let H = 2X. We are looking for a Brownian motion X' such that) = H-X'. Of course,
in this example we could use the Brownian motion X' = X. But there is but there is
another way: We note that [Y] = H? - X according to example 16.30. Furthermore, we
use (at least for times t with Xy # 0) the process X' = X1 - Y. This is a continuous
local martingale with [X') = 1x=2 . [Y] = X72X%. X\ = X as in Ezample 16.30. With
Theorem 17.3, it follows that X' is a Brownian motion. Furthermore, H-X' = %X‘12X-
Y =1-Y =Y by Proposition 16.46. The general case is treated in Theorem 17.10.

Proposition 17.8 (Representation of Y € L? by a Brownian integral).

Let X = (XY,...,X%) a d-dimensional Brownian motion, so that (Gi)i>o0 is the completed
generated filtration of X and Y € L? and measurable under Goo. Then there exists an almost
surely unique process H = (M, ..., H?) with E[[,° [|Hs|[3ds] < oo, such that

d
Y =E[Y]+) (H' X
i=1
Proof. Blumenthal’s 0-1 law, Theorem 15.1, shows that E[Y|Gy] = E[Y] applies. Thus, it
suffices to assume that E[Y] = 0. Let Z denote the Hilbert space of the G.-measurable

random variables Z with E[Z] = 0 and E[Z?] < oo, and J C T is the subspace of random
variables that allows the desired representation Z = Zgzl(’}-{i - X%)oo. This representation is

unique: namely, let Z = "% (H7 - X7), Z?Zl(lCi - X%, then

d d d

0= E[(Z(?—ﬂ — K- Xi)go} - EHZ(Hi — K- conxi}w} - ZE[/OOO(H;‘ ~ K1)2ds],

i=1 =1 i=1

so that H’ = K is almost surely. Analogously, it follows that if Z is complete, then so is 7,
and that for Z =30 (H'- X1)o € T

E[/OOO y|H5||2ds} = E[Z?] < .

Thus, J C 7 is a closed subspace and we have to show that for Y € Z with Y L J we always
have Z = 0. Then, in fact, 7 =Z.

Let h = (h',...,h%) be deterministic functions with [;° ||h,||3ds < co. Then S Rk Xk
is a local martingale with [S9_, h¥ - X*], = fg ||hsl|3ds. By lemma 17.2 Z = (Z;)¢> with
Zy = exp(i Z?Zl(hk-&k)t—ké fg ||hsl|3ds) is a local martingale and Z—1 = i(Z-Zizl hk.Xk) =
i(zzzl ZhF . XF), where the last equality follows from Proposition 16.46. Thus, Z —1 € J
and Y 1 J, that

d

0= B (7~ 1)) = B[Y explr 31 9+ § [ 1)

If you choose specifically step functions h', ..., h%, it follows from the uniqueness of the char-
acteristic function that
ED/, (th, ...,th> € C] =0

for t1,...,t, € [0,00) and C' € B™. This statement can now be extended to E[Y,C]| = 0 for
C € G. Since Y is measurable with respect to G, it follows that Y = 0. O
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Theorem 17.9 (Representation of local martingales by Brownian integrals).

Let X = (X1,...,X%) be a d-dimensional Brownian motion such that (Gy);>o is the completed
generated filtration of X, and Y = (Y)t>0 is a local (G¢)¢>0 martingale. Then Y has almost
surely continuous paths and there is an almost surely unique process H = (H', ...,Hd) such
that

d
Y=Yo+) H X
=1

almost surely.

Proof. The most important step is to show that ) almost surely has continuous paths. At
first, it is sufficient to show this assertion if ) is uniformly integrable. (This can be achieved
by a localizing sequence of stopping times.) So we write Y; = E[Y|G;] for a Go-measurable
random variable Y,,. Further, we choose bounded random variables Y., Y2 ..., such that
E[[YZ — Yoo|] € 37™. Since Y2 € L?, we can Proposition 17.8 write Y as an integral with
respect to X. In particular, with V" := E[YZ|G:], the martingale (Y;"):>0 is continuous.
Furthermore, it follows from Lemma 13.25 that

P(sup |} — Yi| > 27") < 2E[|YZ — Yao] < (2/3)".
t>0

Since the right-hand side is summable, the Borel-Cantelli lemma implies the uniform con-
vergence of Y™ against ). Since the uniform limit of continuous functions is continuous,
Y is continuous. Since ) is now continuous, there is a stopping time 7" such that Y7 is
bounded. Applying Proposition 17.8 again shows that Y7 = (Zzzl HE - XF)T for suitable
HE, .., HA O

In the next result, we need an extension of the probability space (2, F,P). This is a space
(Q', F',P’) such that the embedding Q — ' is measure-preserving. It is important to realize
that further stochastic processes can be defined on ).

Theorem 17.10 (Integral Representation of Local Martingales).
Let Y = (V' ..., Y% be a vector of continuous local martingales with Yoi =0,i=1,...,d and

n_ot
[V, V), = Z/ Hik Fik s
k=1"0

for progressively measurable processes H"F = (Hf’k)tzo, 1=1,....,d, k=1,....n. Then there
exists a extension of the probability space and a Brownian motion X = (X!, ..., X™) with

n
Yi=> H*.XF i=1,..d
k=1

Proof. We consider the d x n matrix (/Hi’k)izl,.‘.,d,kzl,...,n‘ Let N; C R"™ be the kernel and
R, C R? be the image of the corresponding linear map. Furthermore, let th_ and R#‘ be
the orthogonal spaces. We denote the projections onto these subspaces by my,, 7y L5 TR,

and TRL- Then (H?k)i:L...,d,k‘:L...,n is a bijection NtL — R; and we denote its inverse with

ooy
(H™) ™ Viz1,dk=1, .-
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We extend the probability space by an independent Brownian motion Z = (Z!,..., 2"),
and by G; = 0(F, (Zs)s<t). Then ) is a local martingale and Z is a martingale with respect
to (Gt)t>0. We now define

X:Hfle-erwN-Z.

Thus

d i
dth: {Zz 1( ) 1dY;fv HteRt

dZ;, H, ¢ R’
aik ), — { Do ) HP) Y, Conyd), - Hy € R,
7 Oridt, H; ¢ Ry
Since, by assumption,
S Y = 3 Y ()
1,5=1 m=114,5=1
= Z OkmOimdt = dgdt,
m=1

so d[X* XY = 63 - A\. According to Theorem 17.3, X is therefore a Brownian motion. Fur-
thermore, Proposition 16.46 applies

n d
_1 yz Z(Sl] y] ZZ erk ijk Zsz Xk

17.3 Change of Measure and Transformations of the Drift

We now turn to two measures P and Q on the measure space (2, F) on which our stochastic
processes are defined. We always assume that this space is equipped with a filtration (F;):>0
that is right-continuous and complete (with respect to P); we write Foo := o ((Ft)t>0). Since
the martingale property requires a conditional expectation , and this in turn requires a prob-
ability measure, we will now speak of P-martingales and Q-martingales, respectively. Fur-
thermore, we write Ep|[.] for expectation values with respect to P and Eq|.] for expectation
values with respect to Q.

We know from the Radon—Nikodym theorem, Corollary 4.17, that in the case Q < P (on
F) there is a random variable Z with Ep[Z] = 1, so that Q(A) = Ep[Z, A] holds. However,
if only Q < P on F;, i.e. P-nullsets N € F; are also Q-nullsets, there is at least a JFy-
measurable random variable Z; such that Q(A) = Ep[Z;, A] for A € F;. We now want to
consider this case. We recall that Z - P for a non-negative random variable Z with Ep[Z] =1
is the probability measure with density Z with respect to P

Example 17.11 (Transformation of Brownian Motion from Proposition 13.48). We already
know the basic example of a change of measure in Proposition 13.48. Let X be a Brownian
motion, let P be its distribution, let (Fi)i>0 be the generated filtration, and let Z = (Zi)i>0
with Zy = exp(uXy — %,th) and Q = Z;- P on F;. Then we showed that the distribution of X
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under Q is just that of a process Y with Yy = Xy + ut. So, by changing the measure, we have
changed the drift of the Brownian motion. Changing the distribution of a stochastic process
by changing the measure is exactly the topic covered here.

Lemma 17.12 (Measure transformations and martingales). Let E be a Polish space and P a
probability measure on (EL, (B(E))!) for I = [0,00). Further, let (F;)i>0 be a right-continuous
and complete filtration.

1. If Z = (Zy)i>0 with Z; > 0 and Zp =1 is a P — ((B(E)):)t>0 martingale, then there is
a probability measure Q on (EL, (B(E))!) such that Q = Z;- P on Fy, t > 0.

2. Let Q be a probability measure such that Q = Z;- P on Fi, t > 0, for suitable Z;. Then
Z = (Zi)e>0 is a P-martingale. It is uniformly integrable if and only if Q < P on Fx.
Furthermore, a process X is a Q-martingale if and only if X Z is a P-martingale.

Proof. 1. We define a projective family of probability measures on E°) by means of the

martingale Z. For this purpose, let J = {t1,...,t,} with ¢; < ... < t,. Then we define
Qs(A1 x ... x Ay) :=Ep[Z;,, A1 X --- X Ap)].

This family is projective because for H = {t1,...,tn—1

('ﬂ'il)*QJ(Al X ... X An—l) = EP[ZtnaAl X oo X An—l] = EP[Zt
= QH(Al X ... X An,1>

due to the martingale property of Z. Thus, by Theorem 5.24 a probability measure Q exists
with the required properties.

2. Let X = (X¢)1>0. It is clear that X; belongs to L'(Q) if and only if X;Z; € L'(P). In
this case, Eq[Xs, A] = Eq[X}, 4] for A € F, (which means that X’ is a Q-martingale) holds
only if Ep[ZsX,, A] = Ep[Z; X}, A] . The latter is the case for all s < ¢ if and only if XZ is
a P-martingale. Thus, we have shown the last assertion. If we choose X = 1, it follows in
particular that Z must be a P-martingale.

It remains to be shown that Q < P if and only if Z is equally integrable. First, assume
that Z is equally integrable. Then, by Theorem ?? (and Theorem ??) Z converges in L' to
a random variable Z,. Therefore, Q(A) = E[Z, A] for all A € |J,~,F:- This property can
be extended as usual for all A € F.,, which means that Q = Z, - P. In particular, Q < P.
If the reverse is true, Q < P, then there is a Z with Q = Z - P on F,,. Thus, necessarily
Zy = Ep|Z|F]. Furthermore, by lemma 11.5, Z is equipollarly integrable. O

A1><-"><An_1]

n—17

Lemma 17.13 (Measure transformation at stopping times). Let Q = Z; - P on Fi, t > 0.
Then, for every stopping time T,

Q=Zr P on Fin{T < o0}.
Furthermore, a process X is a local Q-martingale if and only if X Z is a local P-martingale.

Proof. Let A € Fp. Then, due to monotone convergence and the optional sampling theorem,
QAN{T < 0}) = lti>n%Q(A N{T <t}) = }fi;%Ep[Zt,A N{T < t}]

= £i>H01EP[ZT/\t7A N {T < t}] = Ep[ZT,Aﬂ {T < OO}]
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Therefore, Q = Zr - P on F; N {T < oo}. Furthermore, for a stopping time 7', the process
XT is a Q-martingale if and only if X7 Z is a P-martingale. If we write Z = ZT + (2 — 27),
it is clear that X7 (Z — Z7) is a P-martingale. Thus, X7 Z is a P-martingale if and only if
XTZT is a P-martingale. Thus, all assertions are shown. O

Theorem 17.14 (Girsanov Transformation). 1. Let Q = Z; - P on F, t > 0, where
Z = (Zt)t>0 has continuous paths (P-almost surely). If M is a continuous, local
P-martingale, then, Q-almost surely, the process Z=1 - [M, Z] is locally bounded and

M:i=M-21. (M, Z] is a local Q-martingale.
2. A continuous process Z > 0 is a local P-martingale if and only if
2 = exp(N — J[N])

for a continuous local P-martingale N'. In this case, N is almost surely unique, and for
every continuous local P-martingale M, [M,N] = Z71 . [M, Z]. Thus, if Q = Z; - P
on Fi, then =M — Z71 - [M, Z] = M — [M, N] is a local Q-martingale.

Proof. 1. We first assume that Z~1 - [M, Z] < oo is finite. Then M is a continuous P-
semimartingale, and from the formula for partial integration, Theorem 16.48, it follows that

M-Z—-MyZy=M-Z+Z-M+M,Z]
“M-Z+Z-M-Z-Z' M, Z] + [ widetildeM, Z]
=M-Z+Z M.
Therefore, MZ is a local P-martingale. By lemma 17.13, M is a local

In the general case, we define T, := inf{t > 0: Z; < 1/n}. Then, just as above, M s a
local Q-martingale. Furthermore, T, T co is measurable under P, because

lim Q(T, <t) = Jim Ep (Z:, T, <t] = lim Ep [Z1,nt, T < ]

n—oo

= lim Ep[Z7,,T, <t|= ILm Ep[l/n,T, <t]=0
n—0o0

n—oo

for every t > 0. Thus, by Lemma 16.27, M is a local Q-martingale.
2. If NV is a local P-martingale, then by the It6 formula

exp(N = 5[NV]) — exp(No) = exp(N = 5[N]) - (N = 5[N]) + 5 exp(N — 5N]) - [N]
= exp(N = 3[NV]) - V.

In particular, exp(AN — 3[N]) is a local P-martingale. If, on the other hand, Z > 0, then the
It6 formula again yields

N[

1
2
1
2

logZ —logZy=2"1.2— %Z‘Q [2l=2"1.z- %[Z‘l . 2],

and the assertion can be read off for N' = log Zy + Z~! - Z. The almost certain uniqueness
of N follows from the uniqueness of log Z and Theorem 16.26. Furthermore, for a local
P-martingale M

M,N]=[M,271.2]=Z71. M, ConZ].
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The quadratic variation [X] of a continuous semimartingale X = A + M was defined
as the almost uniquely process of locally bounded variation such that M? — [X] is a local
martingale. Since this latter property depends on the probability measure P, [X] depends on
P. Therefore, we now write [X ]P for the quadratic variation with respect to the probability
measure P. However, in the next result, it turns out that [X] is not changed by transformation
of P. Furthermore, we have defined H - X by a martingale property. Therefore, we write
(H - X)F for the stochastic integral with respect to P. Again, the stochastic integral is not
affected by a change of measure. (This is clear for H € S.)

Proposition 17.15 (Quadratic variation does not change under change of measure). Let
Q=2-P onF and Z = (Zt)1>0 be continuous. Then every P-semimartingale X is also
a and [X]F = [X]Q. Furthermore, it holds that (H - X)¥ = (H - X)Q for Q-almost sure
H € Lp(X), hence in particular Lp(X) C Lq(X). Furthermore, for every P-martingale M,
we have

HM-ZVH-MZ=H - (M-2"1M,2Z)]).

Proof. If X = A+ M is a P-semimartingale, we write X = (A+Z71.[M, Z])+(M—-Z2~1.[Z]
is the decomposition of X into the process of locally bounded variation A+ Z~1-[M, Z] and
the Q-martingale M — Z~!. [M, Z]. Thus, X is also a Q-semimartingale.

The assertion [X]F = [X]Q follows from lemma 16.50. If H € Lp(X), then H € Lp(A),
and thus also H € Lq(A). Furthermore, is H? € Lp([X]) and it follows H? € Lq([X]) =
Lo([M])=Lqo([M— Z 1. [H e Lqg(Z27- M, Z]). Since Q-almost surely Z > 0, it suffices
to show that H € Lq(IM, Z]) = Lq([ Z7'-[M, Z], Z]). Since H? € Lo(IM—Z71-[M, Z]),
the assertion follows from Proposition 16.33. O

Remark 17.16 (Completeness of the filtration). The usual conditions for a filtration to hold
are right-continuity and completeness (with respect to a probability measure P ). We will
abandon the latter in the next result, and for good reason: let X be a Brownian motion, then

X
Ttt%ooo

P-almost surely. In particular, for every pu # 0, {Xt/t LN u} is a P-null set. However, if
we now transform as in Proposition 13. 48 Q = Z;-P, so that X under Q becomes a Brownian

motion with drift p, then Q{Xt/t LN = 1. In particular, then hold Q < P (on Fy ).
Therefore, we do not require the completeness of the filtration (F¢)t>o0-

Theorem 17.17 (Deterministic Transformation of Brownian Motion). Let X = (X1, ..., X%)
with X* = (X})¢>0 be a Brownian motion in RY with canonical filtration (F;)¢>0, and h : [0, 00)
to R® with h(0) = 0. Further, let Py be the distribution of X and Py, be the distribution of
X +h. Then Py ~ Py, on every F; if and only if h; = f;- X for functions f; with (f2-\): < 0o
for allt > 0. In this case holds

Ph:e><;p<(2fz Xz—f ))-PO

on F;.
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Proof. First, let Py ~ Py, on every F;. Then there is a Pg-martingale Z such that P, = Z;- P
on F;. According to Theorem 17.9, Z has continuous paths. To see that Z > 0 holds, let T
be the hitting time of 0 of Z. Assuming 1" < t with positive probability for a ¢ > 0, then by
lemma 17.13 there would be a set A with Pj(A) =0, Po(A) > 0, in contradiction to Py ~ Py,.
By theorem 17.14.2 there is a local martingale M such that Z = exp(M — 5[ ConM]). With
Theorem 17.9 there are processes H!,...,H¢ with ((H))%2-\); < oo for all ¢ > 0, so that
M = Zgzl H'-X*. Now, each of the processes X —[X?, M] = X*—H*-\is, by Theorem 17.14,
a continuous Pjp-martingale with quadratic variation process A, and vanishing covariations.
According to Theorem 17.3, it is therefore a Pp-Brownian motion. Now

A= (X —H N +H - N= (X" —hy) + hy,

which is two decompositions of the Pj-semimartingale X?. Since this decomposition is unique,
it follows that h; = H* - A. Thus, H’ is deterministic, i.e. h; = f*- X for some suitable f*.
Therefore, M =0 HP - Xi =30 f1. X0

Conversely, let h; = f; - A for suitable fi,..., f3. Using the [t6 formula, it is calculated
that exp (Z?Zl fi- Xt~ %ff . /\)t>0 is a Pg-martingale. By lemma 17.12 there is a probability

measure Q with Q = exp (Zle fi- Xt — %ff . )\)t - Py on F;. Furthermore, Theorem 17.14
implies that X’ — [Xi,z;-lzl fi- X = X"~ fi- A\ = Con; is a martingale with quadratic
variation A and vanishing covariation. Thus, (X! — hy - A,..., X% — hg - \) is a Q-Brownian
motion, and therefore Q = Py. In particular, Py ~ P, on F;. O

17.4 Local time

The It6 formula can only be applied to twice continuously differentiable functions f. However,
it is sometimes desirable to describe other functions of continuous semimartingals. Let be
a Brownian motion X. Is then |X| a semimartingale? The answer to this question leads to
local time and the representation

¢
| X¢| — | Xo| = / sgn(X)dXs + Ly or |X| — | Xo| =sgn(X) - X + L, (17.2)
0

where £ = (L)¢>0 is called the local time of the Brownian motion at point 0 and

1 >0
sgn(z) := {0’ i ; 0’ (17.3)

where £ is an almost surely non-decreasing process (and thus has locally finite variation).
The right-hand side of (17.2) is best visualized as follows : if X; > 0, then the change in |X|
in the time interval [¢,t + dt] is identical to the change in X'. On the other hand, if X; < 0,
then this change is precisely the negative change of X'. Furthermore, if X; = 0, then |X| in
[t,t + dt] increases. On the other hand, such times do not play a role for the integral with
respect to X', since these times are a Lebesgue null set. Therefore, £ is is the non-decreasing
process, which grows if and only if |X| = 0, so that (17.2) is true. (One can show in particular

that
t

Lea=limg | Hixo<nyds

holds.
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Since the construction of local time works not only for Brownian motion but for general
continuous semimartingales, we formulate the existence of local time in this case.

Theorem 17.18 (Tanaka’s Formula). Let X = (Xi)i>0 be a continuous semimartingale.
Then there ezists a continuous non-decreasing adapted process L = (Ly)i>0 with

t
1X] — | Xo| = / sgn(X,)dX, + Ly.
0

It is almost surely true that
o0
/ 1X57£0dL8 = Oa
0

i.e. L only increases if Xg = 0. Furthermore,

Ly =0V (~[Xo| — inf (sgn(X) - X),).

To prove the theorem, we need an elementary statement.

Lemma 17.19. Let f : [0,00) — R be continuous with f(0) > 0. Then there is exactly one
non-decreasing continuous function g with g(0) = 0 such that f+g > 0 and [ Lif1g>01dg =0,
namely
g(t) == 0V sup(—f(s)).
s<t

Proof. OBdA is f(0) = 0. Otherwise, we assume the function f(¢ + tg), where t( is the first
time with f(¢) = 0. In this case, we claim that g(¢) := sup,<;(—f(s)) is the only function
with the given properties. For this function, we first have -

FE) +9(0) = £(8) = inf f(5) = £(2) ~ £(2) = 0.

Furthermore, if f + g > 0 on the interval (¢,¢'), then g(t) = —inf<; f(s) = —infs<p f(s) =
g(t), from which [ 1¢s,,50ydg = 0 follows.

Now we check the uniqueness. Let g and ¢’ be two functions with the given properties.
If g(t) < ¢'(t) for some t > 0, then we define r := sup{s < t : g(s) = ¢'(s)}. Then
f+d >f+d—-f-9=49 —9g>0on (rt]. From [l y-0dg = 0 follows that
g'(r) =¢'(t). And thus 0 < ¢/'(t) — g(t) < ¢'(r) — g(r) = 0, which is a contradiction . O

Proof of Theorem 17.18. We will approximate the function f(x) = |z| by C*° functions, and
apply the It6 formula to these. For this purpose, let ¢ € C*°(R) be a increasing function such
that p(x) = —1 for 2 < 0 and ¢(z) = 1 for z > 1. Then we choose f,, such that f] (z) = p(nz)
and f,(0) = 0. Then f,, T f uniformly for all z € R. The It6 formula yields

fn(X) = fu(Xo) = f,( Conx) - X + L"

with £ = § f//( Conx)-[ Conx]. Since f)/(z) = 0for x > 1/n, L{xs1/n}- L™ = Lgxs1/my fr( Cong)-
[X] = 0. Furthermore, since sup;> | f;,(Xt) — sgn(Xy)| H—oo>fs 0, it follows from Proposi-

tion 16.47 that ) (X)-X TH—OO@ sgn(X)-X uniformly on compact. Furthermore, f,,(X) =2
fs|X] uniformly for all ¢, so L™ = f,(X) — fn(Xo) — f}(X) - X converges in probability to

|X] — | Xo| — sgn(X) - X. We denote this limit by £. Since L£" is non-decreasing, L is
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non-decreasing as well. If we regard L™ as the distribution function of a measure, then L™
converges weakly to £. Thus, by Theorem 9.6(iii), since X" is continuous ,

Lixsiymy - £ < Hminfleys my - L.

With m — oo the second assertion follows. The last assertion follows if we apply lemma 17.19
for the process | Xo| + fot sgn(X;)dX, instead of . Namely, it follows directly that the function
g must be the local time L itself. O

Corollary 17.20. The same situation as in Theorem 17.18 applies to

t

X - X5 = / Lix,>01dXs + 5L,
0
t

X, - X, = / Lix,<opdXs + 5Ly
0

Proof. We just note that 27 = (2 + |z|) and 2~ = (2 — |z). O
As an application of local time, we recall Theorem 15.8. There we have for a Brownian

motion (X;);>o started at 0 and M; = sup,<; X, that My — X; 4 | X¢|. In remark 15.9, we
claimed that this equality in distribution also holds along the entire path. We can now verify
this.

Proposition 17.21 (Path-valued reflection principle). Let X be a Brownian motion started
at 0 and L be the local time at O as in Theorem 17.18. Further, let M = (M;)i>0 with
My = sup,<; Xs. Then

(L,]X]) £ (MM — X).

Proof. We define X’ = —sgnX - X. Then X’ is a continuous local martingale with [X] =
(sgn(X)? - [X] = . Thus, &’ is also a Brownian motion. Furthermore,

M} :=sup X. = —inf(sgnX - X)s = L;
s<t s<t

and by the Tanaka formula
X|=-X+L=M -X"

It follows that (£, |X]) = (M/, M’ — X') £ (M, M — Con). 0

18 Stochastic differential equations and diffusions

In many fields of application, such as biology, financial mathematics, or engineering, the
processes described by stochastic differential equations, are particularly important. These
are best thought of as the solution of ordinary differential equations, but with a noise term
integrated in, so that the solution is a stochastic process.
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18.1 Stochastic differential equations

In this section, we study equations of the form
n
i ij j
dX’ = (4, X,)dt+ Y o™ (t, X)dWY, (18.1)
j=1

with X, = (X}, ..., X?), where W = (WJ);_1__,, with W/ = (Wtj)tzo is an n-dimensional
Brownian motion, and t — p'(t, X,),t — 0¥ (t,X,), i = 1,...,d,j = 1,...,n are progressively
measurable processes. Such equations are also called stochastic differential equations or SDEs
(from Stochastic Differential Equations). Abbreviated we also write p = (,ui)izlw_’d,g =

(09)iz1,..dj=1,..n and
dX = p(t, X)dt + o(t, X)dW

or in integral notation

X, =+ [ s, x)is+ [ ol x)aw,
or even shorter
X=p(,X) A+a(, X)W
Example 18.1 (Some simple cases). 1. If 0 =0 for all i,j, then (18.1) becomes
dX" = pf(t, X)dt, or Xt =it X).
Equations of this form are also referred to as (ordinary) differential equations.

2. An especially simple differential equation is X = puX, which is solved by X; = XoeM.
But what about
dX = pXdt + o XdW

¢ We can rewrite this as d(InX) = pdt + odW. This formulation suggests applying the
Ité formula to the (yet to be process (In Xi)¢>0). This yields (because [X] = [0 X - W] =
o2Xx?.)\)
1 1 1 2
or also
1
InX; =InXo+ (n— 502)75 + oW;.
Solving for X; yields

1
X = Xpexp ((M - 502)15 + UWt).

The process X s also called geometric Brownian motion and will be a model for the
development of a share price in the section on financial mathematics .
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It turns out that equations of the form (18.1) allow for different solution concepts.

Definition 18.2 (Strong and weak solutions of an SDE). We write X = (X%);=1, a4 with
X' = (X})ezo-

1. Let (2, F,P) be a probability space on which an n-dimensional Brownian motion W is
defined, and (Fi)i>0 be the filtration generated by W. A (Fi)i>o0-adapted process X, for
which (18.1) (with the given Brownian motion YW) applies, is called a strong solution
of the SDE (18.1).

2. A probability space (2, F,P), on which an n-dimensional Brownian motion YW with
generated filtration (Fi)i>0, and an adapted process X are defined, for which (18.1)
hold, is called a weak solution of the SDE (18.1). In short, we also say that (W, X) is
a weak solution.

The difference between a strong and a weak solution is that for strong solutions, the Brownian
motion W is given in advance. For weak solutions, not only the process X’ that solves (18.1)
is sought, but also the Brownian motion W that appears on the right-hand side in (18.1).
It is clear that every strong solution also allows for a weak solution. The examples from
Example (18.1) were all strong solutions.

Example 18.3 (An SDE that is weakly but not strongly solvable). We consider the SDE
dX = sgn(X)dW, (18.2)

where sgn is defined as in (17.3). Since (sgn(X))?> = 1 holds, no matter what the process X
looks like, it follows that the solution of this SDE must be a Brownian motion. (After all, the
solution is a local martingale with [X)y = t; see Theorem 17.5.)

We now show that there is a weak solution to (18.2) : For this, let X = (Xt)i>0 be any
Brownian motion and W = sgn(X) - X. Then, by Proposition (16.46),

X = sgn(X)? - X = sgn(X) - sgn(X) - X = sgn(X) - W.

Thus, (W, X) is a weak solution of the SDE (18.2).

On the other hand, we now show that there cannot be a strong solution of (18.2). Suppose
that X is a strong solution of (18.2) for a given Brownian motion W. Then X is a Brownian
motion for which

W = 1.W = (sgn(X))* Constance = sgn( Constance)- Constance = | Constance|—|Xo|— Lx

due to (17.2), where Ly is the local time of X at point 0. In particular, it follows that
o(Xs s <t) 2 F (after all, it is not possible to tell from the right-hand side of the last
equation in which direction X has gone at points where 0 is met). This is in contradiction to
the fact that X is adapted to (Fi)i>0. Thus, there cannot be a strong solution of (18.2).

We now come to the existence and uniqueness theorem for strong solutions of SDEs. In the
following, we will use the notation < from remark 10.13.

Theorem 18.4 (Strong Solutions of SDEs). Let X} be a process on [0, 7] with the following
SDE

t n t
Xg:X5+/ u’(s,Xs)ds+Z/ o (s, X )dW! (18.3)
0 0
7j=1
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on [0, 7] with a Brownian motion W = (W7) =1, withp',i=1,...d and o, i =1,...,d,j =
1,....,n, for which

p(t, )2 + [le(t 2)|l2 < 1+ [lz]2, (18.4)
|p(t, z) = p(t, y)lle + [la(t z) = a(t ylle < llz - yll2 (18.5)

for z,y € RL0 <t < 7 (where ||g||3 = > (0%)?) holds. Furthermore, let Z be a random
variable with values in R? with B[||Z||3] < oo, which is independent of the sigma algebra
generated by W. Then there is a unique, adapted to (o((Wy)s<t,Z))t>0 and t-continuous
solution X% = (th)tzo of (18.3) with KOZ = Z and B[ [ || X,]|3dt] < co. Furthermore, the
mapping z — X% (for deterministic z) is continuous in z (where the space of paths of X is
equipped with the uniform convergence on compact).

Before we prove the theorem, we need two lemmas.

Lemma 18.5. We denote by (t,z) ~ Si(t,z) the ith row of the right-hand side of the
SDE (18.3). Then under the same conditions as in Theorem 18.4 for two continuous adapted
processes (X,)e>0 and (Y,)>o0

t

Bl sup (57(s. X,) = S'(5,Y.))") < ¢ B{IXo ~ YolJ +e(1+0)- [ B{IX, - Y, |5)ds
_s_

where ¢ > 0 is a constant that does not depend on the two processes .

Proof. We use Doob’s inequality and the Lipschitz continuity of the functions p* and o for

Bl sup (5'(X,) ~ S(V,)7] < BIX ~ Y+ B swp ([ it X,) =Y, )ar)]

0<s<t 0<s<t

B s, ([ Z;U”(T,Xr)—U”(T,Yr)dWﬂﬂ
B, — Y, + B( / (s, X.) — pi(s,Y,)lds) |
/ Zaw 5.X,) — (s Y )awi )|
— B[J1X, - Yol 2] + B( / (s, X,) — (5,7, lds )|
Bl [ ji(a%'j(s,xs) - aij<s,ys>>2ds]
([ 1. v.lhas)’]

t
B[ [ 11X, - Y |ds]
0

E[||X, - Y,l3] + E

t
E[HXO—YOH%Mm)/O E[||X, — Y,|[3]ds
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Lemma 18.6 (Gronwall’s lemma). Let f : [0,00) — R be a continuous function with

t .
t)§a+b/ f(s)ds or f<bf
0

for a,b > 0. Then
() < ae

for allt > 0.

Proof. From the assumption, it follows immediately

%(e_bt /Ot f(s)ds) = (f(t) — b/ot f(s)ds) e < ge™™

t t a
/0 f(s)ds < ebta/o e ds = E(ebt —1).

Subtracting the result from the derivative at t yields the result. O

Integration yields

Proof of Theorem 18.4. First, we show uniqueness. Suppose there are two solutions X% =
(X¢)i>0 and YZ = (Y;)i>0 of (18.3) with the same initial value Z. Then it follows from
lemma 18.5 that

U

E[sup [|X, - Y,|3] <) E[sup (5(s, X,) - S°(s,Y,))’]

0<s<t 7 0<s<t

t
< (1+t)/0 E[ sup [|X, — V|3

0<s<t

(18.6)

Therefore, the following applies to the function v : t = E[supg<s<; || X, — Y,||3]||] (vestricted
tot € [0,7]), that © < cv for a constant ¢ and v(0) = 0. Using the Gronwall lemma, it follows
that v = 0. In particular, this means that X% = XZ.

We now come to the existence of the strong solution. For this, we define recursively pro-
cesses X0 = (X9)i50, X1 = (X})i>0, ... with X0 = Z, X7 = S(t, X?) with S = (S")i=1...a
(and note that a solution of (18.3) exactly fulfills X, = S(¢, X;)). Then the following applies

B! - X013 = Blls(.2) - 213 = B[ [ ws.20ds + [ ats. 23w,
< 1+ E[l|Z][3D).
because of (18.4), as well as
E[|| X - XFI3) = B[1S(t, XF) — S(¢, X§)[3]
<) [ Bt -t as
due to lemma 18.5. Now, by induction, the existence of a constant ¢ > 0 follows, such that

k‘+1tk‘

B~ XHB) < Gy
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for k=0,1,2,... and 0 <t < 7. Now, again using Lemma 18.5

P(sup || X;H = XF|l2 >27%) < 4% E[ sup [[S(t, XF) - S(t, Xy )[[3]
0<t<r 0<t<r

T 4 k
<o ["Biixs - xt- g < U50

Since the right-hand side is summable, it follows from the Borel-Cantelli lemma that supg<;<, [|X i
k,l—o00

Xk, —= #s 0. Therefore, X" ¥ converges uniformly on [0,7] to a process X. With
lemma 18.5 one also shows that the convergence also holds in L?, so that X has the property
E[ [; | X;]|3dt] < co. Since Xk k=1,2,... is adapted to (o((W,)s<t, Z))r>0 and continuous,
the same is true for X'. It remains to be shown that X" solves the SDE (18.3). However, this
is however, since X, = limy_,o0 XF = limy_,oo Xf“ = limy 00 S(¢, XF) = S(¢, X,) due to the
continuity of S, which follows from lemma 18.5. With an analogous calculation to (18.6), it
finally follows that continuity of z — X% uniformly on compacts. O

Remark 18.7 (Ito-Diffusionen). Given an SDE (18.3), where p and g do not depend on t,
so that p(t,z) = p(z) and o(t,z) = a(x). In this case, the solution of the SDE is called
an Ito-diffusion. (More generally, a strong Markov process with continuous paths is called a
diffusion. There are also other diffusions than Ito-diffusions, for example |X| is a diffusion
if X is a Brownian motion.)

In a sense, all solutions of SDEs are Ito-diffusions: namely, if we introduce a new variable
Xtd+1 :=t and supplement the SDE (18.3) by dXtd+1 = dt, and if we write u(t;z1,...,xq) =
w(xgr1; 21, -y 2q) and o(t; 1, ..., xq) = o(xge1;x1,...,24), we see that the right-hand sides
of the last two equations are independent of t. For this reason, we will only deal with Ité-
diffusions in the following, i.e. with SDFEs of the form

dX = p(X,)dt + o(X,)dW,. (18.7)

18.2 Martingale problems

Let X be a (weak) solution of the SDE (18.7), and let G : Cl§2) (R%) — C(R%) be the oper-

ator (here, Cb(2) (R?) is the space of real-valued, twice boundedly continuously differentiable
functions on R%), given by

d

2
)@ = 3wt SRR D)5 @ (18.5)

=1

with (09)2 = 3"7_, o'*a7k. Applying the It6 formula, we obtain

d 2 f
L1 i
= E dlx*, x’
ta 81'] Tt

'M&

.
Il
—

df(Xt) =

d 2
i 41 o)2(X,)dt + dM]
w (X, a Xz +5 Z:: axj )?(X,)dt + dM;

I
'M‘L

s
I
—
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for the local martingale M/ = (Mtf)tzo, where

M; _ZZ/ &CZ (X ,)dwi.

=1 j=1

In other words,

M= () - 5050 - [ @) (159

>0

is a local martingale for all f € Cé2) (RY). The concept of (local) martingale problems high-
lights precisely this property. The question is therefore: given an operator GX (e.g. of the
form (18.8)), there exists a probability space with a stochastic process X such that M/ from
(18.9) is a local martingale for all f € D(GY)?

Definition 18.8 (Local martingale problem). Let E be a Polish space, Py a probability
measure on E and G a bounded operator with domain D(G) C B(E) (the set of bounded
measurable functions). For a stochastic process X = (X¢)¢>0 with paths in Cg[0,00) and state
space E, all derived processes M = (Mtf)tzo,

M = f(Xy) —f(Xo)—/0 (Gf)(Xs)ds (18.10)

local martingales, and Xg 4 Py, then X is called the solution of the local (Py, G, D) martingale
problem (on Cg[0,0)).

If all M7 are even martingales, then it is said that X solves the (Pg, G, D) martingale
problem . (If no distribution for Xy is specified, one also speaks of the (local) (G, D) martingale
problem.) If there is exactly one solution X for the (local) (Py, G, D) martingale problem, it
is said to be well-posed.

Example 18.9 (A simple martingale problem). Let E = RY, Py = 6y and G the operator
on D(G) = {z = zj,z — xizj;i,j = 1,...,d} with Gz; = 0,Gxjz; = §;5. Then only the
d-dimensional Brownian motion solves the (Py, G, D) martingale problem. In particular, this
s well-posed.

Because: According to Theorem 17.3, a process X = (X;)i>0,X; = (Xti)i:l,,_,,d 15 a d-
dimensional Brownian movement if and only if both (X{)i>o and (Xtin — 0i5t)e>0 are local
martingales. The latter is the case if and only if X solves the (G, D) martingale problem.

Weak solutions of SDEs of the form (18.3) and solutions of local martingale problems for
generators of the form (18.8) are closely related, as the following result shows.

Theorem 18.10 (Local martingale problems and weak solutions of SDEs). Let u = (p, ..., u%)
ando = (aij)izl,.,.7d7j:1w,n be continuous functions and P a probability measure on Cral0,00).
Then the SDE (18.3) has a weak solution with distribution P if and only if a process distributed
according to P solves the local martingale problem for (G,Céz) (RY)) with G as in (18.8).

Proof. If (W, X) is a weak solution of (18.3), then we have already shown at the beginning of

this section under (18.8) that the distribution of X solves the local (G,CISZ) (R%)) martingale
problem.
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Conversely, let X be a solution of the local (G,CIEQ) (R%)) martingale problem. Inserting
x — x; into G, we see that M? = (M});>0 with

t
M= X0 - X5 - [ (X )ds
0

are local martingals. (Formally, we are only allowed to inserting bounded functions in G. From
this, inserting bounded functions f with f(z) = z; on A, := {z : ||z||2 < n} initially yields
that (M}, r)i>0 is a local martingale, where T is the hitting time of A,. From Lemma 16.27,
it follows that M? is a local martingale.) Furthermore, if we substitute z,z; into G, we see
analogously that M%7 = (M?);>o with

MY = XX = X3~ [ X0 (,) + X (X)) - @K ds
0
is a local martingale. Partial integration also yields
MY =X X4 XX (XX~ (Con'pd + X+ (67)%) - A
= XM X7 M M M) = (07)7 -\

From this we read that

M M) = (07)2 X =) o™ (X)(0™)(X) - A

k=1

From Theorem 17.10 it follows that there is an extension of the probability space and a
Brownian motion W = (W!, ..., W") with

X— (X)) A=M = Za’k

This means that (W, X) solves the SDE (18.3). O

Weak solutions only depend on the joint distribution of the underlying Brownian motion W
and the solution of the SDE X. Therefore, it is possible to create weak solutions of SDEs
by measure transformations, i.e. by changing the distribution of the processes. This is done
with the Girsanov transformation known from Theorem 17.14.

Theorem 18.11 (The Girsanov transformation of solutions of SDEs). On a probability space
(Q, F,P) with filtration (F;)i>o, let X = (X1, ..., X)) with X% = (X})>0 Solution of the SDE

dX, = p(X,)dt + o(X,)dW,. (18.11)

for a P-Brownian motion W = (W1, W, Furthermore, let v R? — RY be continuous
and let there be a progressively measurable process H in R™ with o(X)H = v(X) and such
that

Zzexp(Zn:’Hj-Wj—%(Hj)Q-)\) (18.12)

J=1
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is a martingale. Then define the measure Q by
Q=2%-P on F;.
Then the process E =W —H - X\ is a Brownian motion with respect to Q and

dX, = ((X,) + (X)) dt + o(X,)dW,. (18.13)

In other words: the pair (W, X) is a weak solution of (18.13) (under Q).

Proof. The proof is an application of Theorem 17.14. First of all, we note that according to
this theorem, the process W — W, Y. HIWI] = W — H - X is a continuous local Q-martingale.
According to Proposition 17.15, this has the same covariation process as a Brownian motion
and is therefore, according to Theorem 9.33, a Brownian motion under Q. Furthermore,

(&) + (X)) - A+ (&) - W = (&) + (X)) - A+ g(X) - W - g(X)H -\ = X.
Thus, all assertions are shown. ]

Corollary 18.12. Let X, W,v,H,Z be as in Theorem 18.11 and let ) = % ...,yd) with
Vi = (Y{)>0 solution of the SDE

4, = (u(Y,) = 1(Y,))dt + oY)WY, (18.14)
Then
dY, = p(Yy)dt + g(Xt)dEt- (18.15)

In other words: Both (W, X), and (W, Y) solve the SDE (18.11). (W, X) is a (weak) solution
to (18.11) (under P, then (W,)) solution to (18.13)) is also a weak solution to (18.11)
(under Q).

Proof. It remains only to show that (W, Y) solves the SDE (18.15). To do this, we write

pY) A+ ) W=pd) A+aY) - W—aD)H A=

O

Remark 18.13 (When is Z a martingale?). According to Theorem 17.14.2, Z from (18.12)
is always a local martingale. In applications, it is often important to show that the process
defined by Z in (18.12) is a martingale, since only (true, i.e., nonlocal) martingales can be used
to perform a change of measure. For this, it is sufficient, for example, (see remark 16.24.3),

if Z is bounded. Another condition for the martingale property of Z is called the Novikov
condition and is fulfilled if

exp Z / ds < 00

holds for all t > 0. However, we will not show here that the martingale property of Z follows
from this.
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Example 18.14 (Transformation of Geometric Brownian Motion). The following example
plays an important role in financial mathematics. Let W = (Wy)e>0 be a Brownian motion.
In example 18.1.2, we saw that X = (X;)i>0 with

Xi =exp (Wi + (u— %(72)25)
is the solution of the SDE
dX = pXdt+ o XdW.

If we perform a measure transformation using Z = (Z;)¢>o,
2
Zy = exp(—EW; — L5dt)

to a measure Q (i.e. Q= 2Z;-P on F;), then W =oW + Bt is a Brownian motion under Q
and X is a solution of
dX =oXdW.

If X models a stock price process, then there exists the measure Q with respect to which this
price process is a martingale. Such a measure is also called a martingale measure (for the
stock price process X ).

18.3 Markov property

The solution of an SDE of the form (18.1) is usually thought of in such a way that the
indicate the direction of the process X%, and ¢ indicate the fluctuations that depend only
on and the infinitesimal increment of Brownian motion. In this description, it is clear that
the future evolution of the process after ¢ depends only on ¢ and. In other words, we would
expect to be a Markov process. We now show that this picture is correct.

Theorem 18.15 (Markov Property for Martingal Problems and SDEs). Let u = (p!, ..., u?)

tingale problem with G as in (18.8) is well-posed for every probability measure Py on R with
solution X. Then X is a Markov process. If furthermore, x — Pgs, is continuous, then X

is strongly Markov. The generator G of X has domain D(GX) 2 C£2)(Rd) and has the
form (18.8) for f € CéQ)(Rd).

Proof. Let M/ be as in (18.10) and s, > 0 and 6 the time-shift operator (i.e. f5((w¢)i>0) =
(Wits)t>0. Then holds for A € F;

E[(M{ — M{) 005, A] = B[(M{,, - M), A] =0,
since M7 is a martingale. It follows immediately that
E((M{ — M) o 0.|F] =0,

from which it is also

E[(M] — M) o 0,|X.] =0,
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immediately clear. Since the local martingale problem has a unique solution, the joint distri-
bution of Mtf - Mof (for all f) uniquely determines the process X (and thus X;). Thus, for
t>0,

P(Xt+s € |]:5) - P(Xt 003 S ’]:3) == P(Xt o) 95 S |X5) == P(Xt+3 € |X5)

However, this is precisely the Markov property of X. The strong Markov property in the case
of the continuous mapping z — P, follows from Theorem 14.12. Since X is now a Markov

process, the It6 formula for f € CIEQ) (RY) applies

(GXf) () = lim TBIF(X,) ~ f(X,)|X, = 1]

1 t d ) 8f L d N 82f

= lim — ¢ _4 1 i7\2 o) _

& tE[/O ;M (XS)axi e ijzzl(a ) (XS)Gxiaxj ‘KO g]

d d

_ i\ OFf 1 i5\2 O’ f
- Z H(@) 5, (@) + 3 Z (V)(@) 5, o (z)

=1 i,j=1

because of the continuity of u and gz. 0

Remark 18.16 (Infinitesimal Expected Value and (Co-)Variance). If we substitute f(z) = z*
into GX, we obtain

1 % 7 _ 0
lim ~E[X; - Xg|X = z] = p'(2).
With f(z) = a'x?, we have
1 ‘ o ,
lim TB{(X] ~ X§)(X] ~ X})|X = 1]
— tim L BICGX] - X5X) - XX - X)) - X0 - Xplx =&
e
= zit (2) + i (2) + 07 (2) — @' (2) — 2 (2)
= 01-2]- (z).
Therefore, p(X) is called the vector of the infinitesimal expectation value of X' and 01-2].(.9{)

the matriz of the infinitesimal covariance of X. The diagonal elements (Uﬁ(l))z‘:17...,d are
correspondingly called also called infinitesimal variance.

Interestingly, It6-diffusions can be helpful to solve partial differential equations given by an
operator of the form (18.8) uniquely. The next theorem shows this connection.

Theorem 18.17 (Backward Equation). Let X be a Markov process with generator G of the
form (18.8) and f € C®(R). For the boundary value problem

?;Z =Gu, t>0,zeR’ (18.16)
u(0,z) = f(z); zeR™ (18.17)
(where Gu describes the application of G to the x-coordinates of u) is

u(t, z) = B[f(X})| X, = 2]

the only solution.
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Proof. 1t is to be shown that the given u solves the boundary value problem, as well as the
uniqueness of the solution. Thus, let u(¢,z) be as given. Then u(0,z) = f(x) by definition
and (18.16) holds by definition of the generator. Now we use Lemma 14.28, specifically (14.7).
If (Tt&) is the semigroup generated by X, then u(t,z) = (Tt&f)(g) Thus, (18.16) follows
directly from (14.7).

Now for the uniqueness: Let w be a solution of the boundary value problem, ¢ > 0 and
z € R% Tt is to be shown that w(t,z) = E[f(X,)|X, = z] holds. We define the process
Y = (Y )o<s<t by means of Y, = (t — s, X,), where X = (X,)o<s<t in Xy = 2. Then the
generator of ) is given by

(GE)(s5,2) = =92 +(Gf)(s.2),

where G acts on z in the last term. If we choose specifically f = w, then (G¥w) = 0 applies,
since w solves the boundary value problem. Thus

w(t,z) = w(Yy) = Elw(Y,)] = E[w(0, X,)| X, = z] = B[f(X,;)| X, = 2] = u(t, ).

18.4 One-dimensional diffusions

Diffusions are time-homogeneous, strong Markov processes with continuous paths. As became
clear from Theorem 18.15 and Theorem 18.10, for example, unique solutions of SDEs that are
continuous in the initial conditions are diffusions. We had processes Ito-diffusions. We turn
to the special case of one-dimensional Ito-diffusions, i.e. solutions of equations of the form

dX = p(X)dt 4+ o(X)dW. (18.18)
In this section, we will make the following assumptions throughout:

1. The equation (18.18) has continuous p and o and is uniquely solvable by a strong
Markov process,

2. the solution does not leave a range [I,7] C [—00, 0] and o > 0 on (I, 7).

With regard to Theorem 18.15 or Theorem 18.4, the first condition is certainly fulfilled if
1 and o are locally Lipschitz continuous and do not grow faster than linearly. The second
condition (o > 0) means that the solution , i.e. X’ never stays in the interior of (I,r).

As explained in remark 18.16, 4 is called the infinitesimal expectation and o2 the infinites-
imal variance of X. We have already seen that the solution of this SDE is a strong Markov
process with generator

(GYf) (@) = @) f'(z) + 507 () f" (),
where f € C(? (R). We start with an example that will accompany us throughout this chapter

Example 18.18 (Ornstein-Uhlenbeck Process). We consider the solution of the SDE X =
(Xt)tzo with
dX = —pXdt +dW
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with generator

(Gf)(@) = —pzf'(z) + 5" (2).

From example 18.18 it follows that X is a Gaussian process and X 1o, N(0,1/2p).

The backward equation states that in the case of one-dimensional SDEs, the boundary value
problem

ou ou 9%u
Fr M(fﬁ)% + %02(45)@,
u(0,z) = f(x)

has the solution u(t,z) = E[f(X:)|Xo = z], where X = (X{)i>0 is an It diffusion with
infinitesimal expectation p and infinitesimal variance o2. There is a second partial differential
equation that plays an important role. To this end, we recall that every homogeneous Markov
process with state space R defines a family of transition kernels (% )i>o.

Theorem 18.19 (Forward Equation). Let X = (Xt)i>0 be an Ito diffusion with infinitesimal
expectation p and infinitesimal variance o2. If the transition kernels (¥ )i>o0 have densities,
i.e.

pit (x, B) = /Bpf“(:v,y)dy

for a family (p*)i>o0 such that t w p;¥(x,y) is twice continuously differentiable, then they
satisfy the equation

op (z,y) 0

— X 1 2 X
ot - ay (M(y)pt (xhy)) + Qayg (O- (y)pt ($7y))
Proof.
ot (x,2)
. ops (v,
= lim pff(w, y)a(sy)dy
_ ) PEW2) 1 o005 W 2)

2
T — z)((.fy(pi‘ @)n0)) - b33 0 0.0 )

s—0

2
= 2 (e (@, 9) + 1 (i, 2).

O]

Example 18.20 (Stationary distribution of the Ornstein-Uhlenbeck process). Let X =
(X¢t)e>0 be an Ornstein- Uhlenbeck process with Xo = x. As we have already seen in example??,

; = N(e ", (1 —e” . In particular, , 5= ) 18 the stationary distribution of the
Xy £ N(e o, (1 — e2). In particular, N(0,5) is the stati distributi th
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Ornstein- Uhlenbeck process. We will now verify this again using the forward equation, Theo-
rem 18.19. We calculate with

p(y) = pilx,y) = \/Eexp (= py?),

)
i(y) = —2uyp(y),
a 2
TI;? = (4p*y* — 2u)p(y),
that
0 0?2 0 0?2

—gy(ﬂ(y)p(y)) + %872 (e (y)p(y)) = ay"0Pw) + %afygp(y)

= (n—21°y")p(y) + 5 (4°y* — 2p)ply) = 0.
Thus, if Xo 4 N(0, i), then according to the forward equation

Opi(,y)

o

This means that the density of the distribution of X¢ in t does not change. Thus, we have
(again) that N (0, i) is a stationary distribution of X.

It turns out that one-dimensional Ito-diffusions allow for very explicit calculations. For this,
we need the scale function of a one-dimensional [t6-diffusion.

Proposition 18.21 (Scale function). Let X = (Xt)i>0 be a solution of (18.18) with state
space [l,r]. We recall the assumption o > 0 on (I,r) and define

S(z) = /96 exp ( - 2/?4 (fQ((it))dZ)’ xz e (l,r), (18.19)

whereby the lower bounds of the integrals can be arbitrary in (I,7). Then S(X) = (S(X¢))e>0
1s a local martingale.

Proof. First, we note that S solves the ordinary differential equation

1
5(7251/ —|—uS’ -0

Therefore, using the It6 formula, we obtain

S(X) - S(Xp) = S'(X)- X + 38"(X) - [X]
= (S"(X)u(X) + 302 (X)S" (X)) - A+ S'(X) - W= S'(X) W.

O

Let 7, be the hitting time at x € [[,r]. We now recall the following calculation for the
Brownian motion:
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Example 18.22 (Hitting probabilities for the Brownian motion). Let X = (X;)i>0 be a
Brownian motion with Xg = x and a < x < b. Then, due to the Optional Sampling and
Optional Stopping Theorems,

r=E;[X;ar] = aPy(1q <) +b(1 —Py(rq > 7)),
S0
b—=x
b—a’

We now generalize this calculation using the scale function.

P,(1ta <mp) =

Theorem 18.23 (Hit probabilities). Let X and S be as in Proposition 18.21, and | < a <
x<b<r. Then

_ S() - S(=)
PZ‘(TGL < Tb) - S(b) o S(CL)
as well as
_ S(z) — S(a)
Pl <7 = 50y = 5(a)

Proof. The function S is strictly increasing on (I,r). If Tys denotes the first time S(X') hits
1y, then
P.(1.<m) = Pﬂ?(Tg(a) < Tg(b))'

Since the process S(X™"\™) is a bounded martingale, it converges almost surely and it holds
that

S(x) = S(a)P (51 < T 1S(X0) = S(@)) + S(O)P(15) < T5(a)|S(X0) = 5())
= S(a)Py(1e < 1)+ S(b)(1 —Py(1a < m)).

Solving for P,(7, < 73) yields the claim. O

In addition to the hitting probabilities of the last theorem, we want to calculate expected
hitting times. Again, we start with an example of Brownian motion.

Example 18.24 (Expected Hitting Times of Brownian Motion). Let X = (X;)i>0 be a
Brownian motion, i.e. an Ité diffusion with p =0 and 0 = 1 and 7, := inf{t > 0: X; = a}.
Since (X2 — t)i>0 is a martingale, we have

E; [t ATy = Ez[Xfam.b] — Ex[Xza/\rb —Ta A Tp) = CLQP(Ta <)+ bQP;U(Tb < Ty) — z?
b—=x r—a
2 2 2 2
= (a x)b_a—i—(b m)b—a
(x —a)(b—x)

:?(—a—z—i—b—i—x):(:c—a)(b—x).

We now generalize this example.

Theorem 18.25 (Expected Meeting Times). Let | < a <z < b < r, and let X and S be
as in Theorem 18.23. Let T := 1, Ay, and g € CP((1,7)) such that x — E, [fOT g(Xs)ds} is

twice continuously differentiable. Then holds
T b
B[ [ oxas] = [ Gy
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with

o)~ 24@—&@ (S(b) = S(y))m(y), c<y<h,
7 Lso - sw
250) —5(a) 5@~ S@)m(), i<y<u
where 1
m($> = UQ(IB)S/(.’L’)

Here G is called the green function of X.

Remark 18.26 (Interpretation). The value G(x,y)dy should be interpreted as the time mean
time spent by a path started at x in [y,y + dy) before hitting a or b.

Example 18.27 (Expected hitting times of the Brownian motion). For u = 0,0 = 1, we
compute

r—a

2 -(b— <y<b
(0, r<y<b,
G(z,y) = .

2y — —a), a<y<u,

Thus,

—x [* r—a [?
Ez[famb]_zz_a/a (y—a)dy+2b_a/z(b—x)dy
B (b—x)(m—a)2 ($—a)(b—$)2 B (b—z)(x—a) B
= — + o = - (x—a+b—z)=(xr—a)b—2x),

just as in example 18.24.

Proof of Theorem 18.25. We set

w(z) = E, {/OTg(Xs)ds}.

Then, using the Markov property of X', we have

w(z) = E, [/Ohg(xs)ds} LB, [w(Xy)].

For small h, we now write, since w is twice continuously differentiable,

B[ [ 90008] = hatw) + o047,

E.[w(Xp)] = Ex[w(z) + (X5, — 2)w' () + 2(X), — 2)%0" () + o(h?)]

From this we read that



or equivalently
exp(Q /j (52((22)) dz) (QJZES w'(x) 4 exp (2 /Z :2((22) dZ) w'(x) = —(2,28 €xp (2 /yx 52((2)) dZ);

y
dcic (exp (2/y :2((2)) dz) w’(z)) = —iggg exp (Q/y :2((22)) dz).

It holds that

from which it follows that

£ (502) = -amon)

If both sides are integrated, the following is obtained

——2/ m(y)9(y)dy + B,

<>=—g/
2

/ (2) — S(y))m(y)g(y)dy + B(S(x) — 5(a)) + a

S'(n /m dydn—l—ﬁ/ S'(n)dn + «
(s

for a, 8 € R. Since w(a) = 0, it follows that a = 0 and because w(b) = 0, it holds that

b
8= s . 5O = S@)mmatdy
From this we get

w(z) = 2/”” (S(x) = S(a))(S(b) = S(y) — (S(x) — S(y))(S(b) — S(a))

Simplifying now shows the result. O
Example 18.28 (Geometric Brownian Motion and Feller’s branching process).

1. As we know, the solution of the SDE dX = oXdW is the martingale (exp(cWy —
%215))@0. This process, the geometric Brownian motion, does not hit 0. Using the last
result, we can at least show that the expected hitting time is infinite. Namely, S(x) = x

and with Xo =1

E[r.] = lim E[r. A 7R]

R—o0
MR-y —¢) 1 Fl-e)(R-y) 1
= lim 2 d 2 d
R /5 R—c¢ o2y2 v+ /1 R—c¢ o2y? Y

1 00
_ 1—
2/ y22€l / 22€l e—0 ‘
e 07Y 1 a7y
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Since the first term of the Green’s function considers such paths with 7. < Tr, one shows
analogously that

—5 5 dy = oc.

YR-1)(y - 1 YR-1)y 1
( )y —¢) 2dy:2/0( R)yUQy

E[T0,70<TR]:;LI%2/; R_: 02y

. Geometric Brownian motion is a non-negative process that never reaches 0 in finite
time. This does not apply to Feller’s branching process, the solution of the SDE

dX = VXdw.

(Incidentally, the existence and uniqueness of the solution here not from Theorem 18.4,
but from other considerations.) Here, too, S(x) = z, but with x = 1

YR-1)y 1

E[ro, 70 < TR] = ;1_13(1] Elr., 7. < 7| = 2/ JTydy < 00.

0 R

This means that the 0 of the paths that do not meet R will almost surely be met in finite
time.
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We now want to deepen the outlook given in chapter 7?7 on applications of stochastic
processes in financial mathematics. In contrast to chapter 7?7, the models now dealt with will
be continuous in time. Our acquired knowledge of stochastic integration will be used.

19 Introduction

19.1 Notation

To introduce models for financial markets in a mathematically sound way, we need some
definitions for the following. For this, a probability space (2, F,P) and an n-dimensional
Brownian motion W = (W', ..., W"), W/ = (W/)o<¢<, for some 7 > 0. Further, let (F})o<i<r
be the filtration generated by W with F = F,. Thus, we model a stock market between times
0 and 7 > 0.

Definition 19.1 (Financial market). A (financial) market is a (F;)o<i<r-adapted, d + 1-
dimensional process X = (X°,...,X%), X = (X})o<i<r of the form

A% = X) +RAY -\,

) ) o L 19.1
X=X+ X A+ XD oWk i=1,,d (19-1)
k=1
for adapted processes R = (Ry)o<i<r, i = (th)o<i<r, 0 = (0iF)o<i<rri =1, ..d, k= 1,...,n.
Here, X9 denotes a risk-free investment. The market is said to be normalized if )go =1 for all
0 <t < 7. normalization of the market X is the process X = (X9, ..., X%) with X} = X}/X}.

Remark 19.2 (Interpretation). 1. In the above definition, it may come as a surprise that
X0 is classified as risk-free, even though R can be a stochastic process. At least it follows
from (19.1) that — in contrast to X', ..., X™ ~ the quadratic variation of X°.

2. In applications, we will mostly assume that X°, ..., X% is the solution of the SDE

dXO = T'(t, Kt)Xl?du

o . L 19.2
dX' = ' (t, X)) X[dt + X[ o™ (6, X)dWE,  i=1,..n. (19.2)

k=1

where m,ut, 0 i =1,....d,k = 1,...,n are locally Lipschitz continuous functions. This
market model is also called the generalized Black-Scholes model. Since the model (19.1)
also allows processes pt, o™* that depend not only on X, at time t but on the entire path
(X )o<s<t, this is a strong — but practical — restriction.

3. The processes X', ..., X% are prices of risky investments, such as stocks. These prices
are correlated, as can be seen from (19.1). It holds that

n n n
[ X7 = [XiZUik : Coan,XjZle . WZ] = X' Z okt Wk ConvolveW']
k=1 =1 k=1

n
= Z PR LEDY
k=1
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From this, for example,

COVI[X}, X/] = Z / Xio* XIgikds|.

4. The model (19.1) has the property that all prices are continuous semimartingales. In
order to model the large price fluctuations that occur in practice in a short period of
time, one can also switch to discontinuous semimartingales. However, since we have
developed the theory of stochastic integration only for continuous integrators, we will
not consider such models here.

Definition 19.3 (Portfolio). In a market of the form (19.1), a portfolio is an adapted stochas-
tic process A = (AY, ..., A%, Al = (A)g<i<,. Here, Al is the number of securities of type i
at time t. The value of the portfolio V(A, X) = Vi(A, X) at time t is

ZA’X’ (A, X,).

A portfolio is said to be self-financing (with respect to X ) if

V(A X) =V(A,X) + Zd:A" - (19.3)
=0
d.h.
Vi(A, X) — Vo(A, X) / AldXi
and

t
/ AR X?|ds < oo,
/ AL X ds < oo, i=1,...,d
/ (AL X1o)2ds < oo, i=1,.,dk=1,..n.
0

Remark 19.4 (Interpretation). The concept of a portfolio is self-explanatory. For the value
of a (not necessarily self-financing) portfolio composed of semimartingals, the following applies
because of the formula for partial integration, Theorem 16.48,

d
V(A X) = O(A X) =) AT X+ X7 A’ + [ ConX', AT,
i=0
To understand self-financing portfolios, it is helpful to first discretize time. Let us divide
the interval [0,t] into equally sized intervals of length t/n with large n, then a portfolio is
self-financing if
d

Vv(k—l-l)t/n(éy i) - th/n(év &) = Z A%t/n(X(k—l-l)t/n - th/n)
=0
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This means that changes in the value of the portfolio only come about because the prices of
the securities change. After the price change has taken place, a change in the portfolio, i.e.
a reinvestment in a different composition of securities, can follow.

It is often more practical to calculate in the normalized market X instead of in the market
model X. The following lemma shows how to do this and that self-financing portfolios remain
self-financing under normalization .

Lemma 19.5 (Normalization of Markets and Self-Financing Strategies). Let X and X be
as in Definition 19.1, i.e., in particular, that 5(:2 = X}/X). Then

X0 =1,

n
jEi:X6-|-(,ui—R)Q?i-A—I—??iZO’ik'Wk’ i=1,...d.
k=1

Furthermore, let A be a portfolio. Then
~ 1

and A is self-financing with respect to X if and only if A is self-financing with respect to X .

Proof. The formula X0 =1 is clear from the definition. Furthermore,
t t s
X,? = exp (/ des> =1 +/ Rsexp (/ er’l">d8, X0=14+RX0. )\, (19.4)
0 0 0

also
1 R

Xt:XteXp<—/0 des>, w0 =1- %5 M

Using the formula for partial integration, we write (since the quadratic variation of X9 dis-
appears)

/?i:Xé-i-ﬁ'Xlﬁ-Xl‘%

Let A be a (with respect to X) self-financing portfolio, i.e. V(A, X) := Y, AlX" =, AL X%
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Then, again with partial integration,
d

d d Aii d
V(A X)=> AX =) —0 = % doAx =3 %(Vo(é,&) + A XY
=0 =0 =0 =0

d n
=VW(A,X) + Z % (Npi;ﬂ‘ A+ ALY Z ok . Wk>
=0

k=1
d L~ o~ n R R
— %(é,&) _i_ZA’LMl)(‘l.A_i_AleZO_Zk.Wk _AzXZF Y
i=0 k=1
d . ~ .
=TVo(A, X))+ > AT X",
i=0
The reverse direction can be shown analogously. 0

In the following, we will deal with financial derivatives and their fair prices, where the un-
derlying stock prices follow certain stochastic processes. We will first define what financial
derivatives are and what a fair price is. However, a fair price can only exist in arbitrage-free
markets.

Definition 19.6 (Arbitrage). We use the notation from Definitions 77 and ?7.
1. A portfolio A is admissible if the value V(A, X) is almost surely bounded from below.

2. An admissible, self-financing portfolio A is called arbitrage if almost surely

Vo(A,X) =0,  Vi(AX)>0  and  P(V;(AX)>0)>0.

Remark 19.7 (Interpretation). 1. Only portfolios in which the investor can take on a
limited amount of debt are admissible in the above sense.

2. We have already seen the definition of arbitrage in remark 7?7 already. Roughly speaking,
an arbitrage is a possibility to make a profit without risk and with limited financial
resources. We note that the existence of arbitrage depends on the pricing process X. If
there is no arbitrage, we also say that the market X is arbitrage-free.

Definition 19.8 (Derivatives, Achievable Strategies and the Fair Price). We use the notation
from Definitions 77 and ?7.

1. A (financial) derivative is a Fr-measurable, from below bounded, square-integrable ran-
dom wvariable S.

2. The derivative S is called achievable if there exists a h € R and a self-financing portfolio
A = (A% .AY) with Vo(A, X) = h, so that

S = VT(éa &)

is almost surely. If the market is arbitrage-free, then Vi(A,X) is the fair price of the
derivative S at time t. Furthermore, A a hedging portfolio of S.
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Remark 19.9 (The fair price). The concept of the fair price of the derivative S is to be
explained by the demand for the arbitrage-free market explain. If — say at time t = 0 —
a derivative with a fair price h were to be sold at a price £ > h, then one could sell this
derivative at the price £ and, with h < £, set up a self-financing portfolio with seed capital
that would almost certainly have the same value at all times as the sold derivative. At time
T, there is still £ — h of the starting capital left, without risk. For £ < h, a similar procedure
leads to an arbitrage opportunity. We will come back to the concept of arbitrage more often
in the future.

19.2 The Black-Scholes model

The Black-Scholes model is the simplest continuous-time model of a stock market of the form
given in Definition 19.1. It consists of only two securities, where the process R and p! and
o'l are constant. Thus, we have

dX° = rXxOu,

19.6
dX' = pXtdt + o Xtdw (19.6)

for v, € R, 0 > 0 and a Brownian motion W = (W;)o<¢<-. This SDE can be solved explicitly,
namely by
X7 = Xge™,

(19.7)
X} = Xjexp ((u— 20t +0Wy),

where X{ is the (deterministic) starting price of the stock at time 0 and is assumed here to be
1. See examples 18.1.2 and 18.14. Using (19.7) we see that X} follows a logarithmic normal
distribution for each ¢ . Furthermore, we see that X! and (X} — X!)/X! for 0 < s <t are
independent. In addition, with s <t < u,

X - X! 4 X}, - X}
X! Xt

s

Le. the relative increments are distributed independently and identically. Furthermore, we
see from Lemma 19.5 that the normalization of (19.6), X! by

dX' = (u—r)X'dt + o X dW, X! = X} exp (=7 —30*)t +oWy) (19.8)
. We start with an important observation about the normalized process X 1 which we actually

already saw in Example (18.14). Throughout the section, we use the notation introduced
above.

Proposition 19.10 (A measure under which Xlis a martingale). We define a probability
measure Q by

Q=2 P, ZT:exp(—

Then X1 is a Q-martingale, given by
X' =Xt w,

where W =W + ="t is a Brownian motion with respect to Q and

X! = X} exp (aWt — %O'Qt). (19.9)
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Proof. See example 18.14. O

As we saw in Definition 19.8, the price of a derivative can only be meaningfully determined
if the market is arbitrage-free. We will now show this for the Black-Scholes model .

Theorem 19.11 (Arbitrage-Freedom and Prices in the Black-Scholes Model). The Black-
Scholes model is arbitrage-free. This means that for every bounded, self-financing portfolio A
with Vo(A, X) = 0 and V:(A,X) > 0, it is almost certain that V:(A,X) = 0. Furthermore,
the fair price of a derivative S at time t is given by

Eqle """ VS| F, (19.10)
where Q is the probability measure from Proposition 19.10.

Proof. First, the arbitrage-free property: Let A be a portfolio with VO/\(A, X) = 0 and
VA (A, X) > 0 almost surely. Since A is also self-financing with respect to X, it holds that

d
V(A X)=> A X"
=0

Since by Proposition 19.10 the processes X i i = 0,1 are martingales with respect to Q ,
V(A, X ) is also a Q-martingale. By assumption, V; (A, X) > 0 is almost surely P-sure. Since P
and Q are equivalent, V;(A, X) > 0 is also Q-almost sure. Because of the martingale property
of V(A, X) in addition, Eq[V: (A, X)] = 0. However, this is only possible if V;(A, X) = 0 is
Q-almost surely. Again, because of the equivalence of P and Q, V,(A, X ) = 0 follows from
P-almost surely, and arbitrage-freeness is shown.

We now show the general price formula (19.10). First, it is clear that M = (M;)o<i<~,
given by M; := Eqle”"7S|F, is a Q-martingale. According to Theorem 17.9, there is a
process H = (Hy)o<t<r with

t ~
M, = Eqle™""S] + / H,dX,.
0

Now we write Al := H, /(¢ X}), A = M, — Hy /o, so that
Vi(A,X) = AY + ALK = M,
~ ~ t —~
Eqle 7S]+ (A% X0 + Al X1), = Eqle™"" 5] +/ H,dW, = M;.
0
Thus, A = (A!, A?) is self-financing with respect to X, according to lemma 19.5 also self-

financing with respect to X. Because of the definition of M, V. (A, i) =M, =e""5 is also
almost surely true, so — again with lemma 19.5 —

VT (éa i) =5
almost surely. By definition, the fair price at time ¢ is given by
Vi(A, X) = €"Vi(A, X) = "M, = Eqle " VS| F).

With this, all assertions are shown. ]

266



While the last theorem gives a general result for the fair price of a derivative, in practice
you also need a hedging portfolio for the derivative. This problem is now solved for the
Black-Scholes model.

Proposition 19.12 (Hedging Portfolio in the Black-Scholes Model). Let S be a derivative
with price

Eqle "SR] = F(X{.t)
for a smooth function F. Then the portfolio A = (AY, AD)o<t<, with

aF(Xt17 t)

Ap ==

AV = e R(X ) — ALX]
s a hedging portfolio for S.
Proof. We immediately compute the value of the portfolio as
Vi(A, X) = APXY + ALX] = P(X] ) — ApXle™ + ALX] = P(X[ 1),

It remains to be shown that the portfolio is self-financing. For this, it is sufficient to show,
due to Lemma 19.5, that the portfolio is self-financing for X}. We set

F(z,t) := e " F(ze™ ),

so that with the Ito formula

o o 1 t a1 t 92770yl _
F(X1,1) :F(X5,0)+/ OF(X;,5) Jax! + / aF(XS’S>ds+;/ TFX8) ),
0 0

0 ox 0s Ox?
o 1
:F(X§,0)+/ aF(;(Xm /de
0 X

holds for a process (K;)o<i<r. Since (F(X},t))o<i<r = €7 (EQ[S|Ft])o<t<r is a Q-martingale,
OF (X4,t) _ OF (Xt ,t)
oz - oz

then by Theorem 16.26 (K;)o<t<, must vanish. Thus, since , we have that

- == LOF(X} ~
V(A 2) = PR = o0+ [ 2P0
=W(A / AdX? + / AldX},
whereby A is self-financing for X Land O

19.3 Price and Hedging of European Options: The Black-Scholes Formula

In this section, we calculate the fair price of European call and put options in the Black-Scholes
model. This leads to the well-known Black-Scholes formula for option pricing.

Definition 19.13 (European Call and Put Option). 1. A European call option (on a stock
with price process X') with maturity T and strike price K is a derivative S¢ := (X! —
K)*.

2. A European put option (on a stock with price process X') with maturity T and strike
price K is a derivative SP := (K — X1)*.
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Remark 19.14 (Interpretation). 1. The European option gives the owner, as in Section 77,
the right (but not the obligation) to buy the share (with price process X') at time T at
the price of K. The value at time T is thus exactly the possible profit if the option is
exercised. If the owner immediately sells the share bought for K at the price X} > K,
he makes a profit of X} — K. If K > X}, it is more favorable to let the option expire .

T

Overall, the value of S¢ = (X! — K)* at time T

2. The European put option gives the owner the right to sell the stock at time T at a price
of K. Of course, this is only worthwhile if X} < K. In this case, the profit is then —
similar to the call option — the profit is K — XL. (Note that SP is thus even bounded.)

Since European call and put options complement each other in a sense, the following rela-
tionship applies to their prices.

Lemma 19.15 (Put/Call Parity for European Options). Let Sf and S? be the prices of
European call and put options on a stock with price process X' at the same maturity T and
strike K in the Black-Scholes model. Then

Se— 8P =X} - Ke " b),

Proof. Tt holds that (X} — K)™ — (K — X})* = (X! - K)* + (X} - K)~ = X} — K. Thus,
by applying Theorem 19.11 with the equivalent measure Q we get

Sf =5 = Eqle "I (X] — K)|F] = "Eq[X}|F] — Ke T
=" X! - K =X} - Ke 7T,

O

We now use Theorem 19.11 to calculate the price of European call and put options in the
Black-Scholes model. This leads to the famous Black-Scholes formula for option pricing.

Theorem 19.16 (Black-Scholes Formula). 1. The fair price at time t of a Furopean call
option with maturity T and strike price K in the Black-Scholes model is given by

S¢=F(X!m—1)
with
F(z,t) = 2®(dy(2,t)) — Ke "'®(do(x, 1)),
where ® is the distribution function of the standard normal distribution and

_log(z/K) + (r+ so?)t
= oy 7

The portfolio A = (AY, AD)o<i<r with

dl(.TU,t) dg(x,t) :dl(:):,t)—a\/f.
At =(d(X}) 1), A= TFX) ) - ALX]
s a hedging portfolio for S€.
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2. Furthermore, the fair price at time t of a European put option with maturity T and
strike price K is given by

SV = Ke " 0®(~dy( X}, T — 1)) — X[ ®(—di (X}, T — 1)).
The portfolio A = (AY, A})o<i<r with
Ap=—®(-di(X},1)),  AY=e (X ) - ALX]
s a hedging portfolio for SP.

Proof. Since ®(—xz)+ ®(x) =1 for all z € R, it suffices to calculate the price of the European
call option because of lemma 19.15. The proof of the hedging portfolio is also analogous.

To calculate the price of a call option, we have to calculate Sf = Eqle™"""9(X! —K)*|F]
for the equivalent measure Q with density Z, from Proposition 19.10. Due to (19.9) is

X! +
c __ —r(T—t) 17 r(r—t)
S¢ = Eq [e ()gt ik K) ’ft}
_ EQ[efr(Tft) (thea(W_}thl)Jr(rf%ch)(Tft) o K)+|ft]

—Eq [(theaZ\/m—%UQ(T—t) _ Ke—T(T—t))+|]_—t] .

for a random variable Z < N (0,1), which is independent of F;. Now

Kfrt —1 Zz _1 Qt
; )Z e 20)—d2($at)-

1
Viz—3

1
Pt Ke ™ e= 2> —(lojt + log

o/t \?

xe’

Therefore, S§ = F(X},t) with

22

Pl = i R

1 /OO
— xe
V2m fdg(:c,tfr)(
y:z—g\/T—t 1 <x /-oo eay\/7ft+%02(Tft)ef(%JrUy\ﬁftJr%crz(Tft))d

Yy
ous —dy (z,7—t)

2

o0 z
_ KB—T(T—t)) / e_?dz)
—dz(r,ﬂ'—t)

= 2®(dy(z,7 — 1)) — Ke " Dd(dy(x, 7 — 1))

and the option price formula is shown. For the hedging portfolio, we use Proposition 19.12
and calculate directly

OF (x,t)
ox

1

zo/t
1

zo/t

= ®(dy(z,t)) + \/127_ (xexp (- %d%(x, t)) — Ke "exp (— 3(di(z,t) — oVt)?)

= ®(dy(z,t)) + exp (— 1di(,1)) (x — Ke " exp (di(z,t)oVt — 30°t)

xoy/ 27t

= ®(dy(x,t)) + L exp ( - d%(m,t)) (m — Ke "exp (log(w/K) + Tt))

1
V2T xa\/f

= ®(d(,1)).
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Remark 19.17 (Volatility). It is noticeable that the price of the European call and put options
no longer depends on p, but only on r and o, which is also volatility. Usually, v is known as
the interest rate. To determine the volatility of a particular security, there are two different
possibilities:

1. The historical method is based on the observations log(X}/X}), log(Xa/X}),
log(X4,/X3,), ... are based. These random variables are independent in the Black-Scholes
model and distributed according to N((p — 30?)t,0%t). From the empirical variance of
these quantities, the volatility o can be estimated.

2. The implicit method observes options traded on the market (European options) and
their prices and uses the prices to calculate what volatility has been applied, so that the
Black-Scholes formula is used to calculate the traded price.

Remark 19.18 (The Greeks). In practice, one is interested in the dependence of the price
of an option on the model parameters. The quantity

OF (x,t)
Or

indicates the dependence of the option price on the current price of the stock and is called
the option’s delta. (We just calculated in the proof that it is ®(di(x,t)) for a European
call option.) To further determine the sensitivity with respect to the current price, calculate

2
agia(g’t), which is also referred to as the. Finally, theta is given as %.

19.4 Arbitrage-Freedom and Completeness

The goal of this section is to derive the two fundamental theorems of option pricing. The
first one states that arbitrage-freedom is equivalent to the existence of a so-called equivalent
martingale measure. (This is a measure with respect to which all securities are martingals.)
The second one says that all derivatives can be hedged if and only if the equivalent martingale
measure is unique. We will show these two theorems for the financial market from Defini-
tion ??, i.e. the stock prices follow the price processes X = (X9, ..., X9), X' = (X})o<i<, of
the form
A0 =14+RX0 ),
n
. . o . . 19.11
X’:X3+M’X’~/\+XZZU”“-W’“, i=1,...d ( )
k=1
with an n-dimensional Brownian motion ) and a filtration generated by it (F;)o<t<, such
that R = (Ry)o<i<r, ' = (h)o<i<r,o® = (0iF)o<t<ryi = 1,...,d,k = 1,...,n are adapted.
Further, we recall the normalized processes X; = (X{,..., X} ;)/X% = (X°,..., X?) with
Xi=X /X
We see from Lemma 19.5 that the normalized stock price processes satisfy the equations
X0 =1,
~. . A ~. ~ 19.12
X=Xi+ @ -R)X A+ XD oW =1, d ( )
k=1
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Definition 19.19 (Equivalent martingale measures). An equivalent martingale measure (to
P) is a probability measure Q that (i) is equivalent to P (i.e., has the same null sets) and
(ii) with respect to which all normalized processes X* are martingales.

Proposition 19.20. Is there a process H = (H', ..., H") such that
n . .
> o HE =i - R, (19.13)
k=1

and

Z—exp(—zn:ﬂk-wk— %(Hk)2)\>
k=1

is a martingale, then
Q =Zr- P

s an equivalent martingale measure with

n
F= Xi+ B oA,
k=1

where WF = Wk 4+ (k. Nk =1,....n are Brownian motions with respect to Q .

Proof. All statements follow analogously to Theorem 18.11 with v = —u + R. O

The equations (19.13) are also called risk equations of the market. We now establish a
connection between arbitrage and the existence of an equivalent martingale measure. For the
definition of arbitrage see definition 19.6.

Theorem 19.21 (First Fundamental Theorem of Investment Valuation). If a financial mar-
ket of the form (19.11) has an equivalent martingale measure, then it is arbitrage-free.

Proof. The proof is almost analogous to the proof of the arbitrage-freeness of the Black-Scholes

market from Theorem 19.11:
Let A be a portfolio with V5(A, X) = 0 and V;(A, X) > 0 almost surely. Since A is also

self-financing according to Lemma 19.5 with respect to X, it holds that

d
V(A X) = Vo(A,X) + ) AT X
=0

Since, according to the assumption, the processes X i §=0,...,d are martingales with respect
to Q, V(A, X ) is also a Q-martingale. By assumption, V;(A, X) > 0 is almost surely P-sure.
Since P and Q are equivalent, V;(A, X) > 0 is also Q-almost surely. Due to the martingale
property of V(A,X), we also have Eq[V; (A, X)] = 0. However, this is only possible if
Vi (A, i ) = 0 Q-almost surely. Again, due to the equivalence of P and Q, V- (A, i ) =0
P-almost surely, and the arbitrage-free property is established. O
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Example 19.22 (A non-arbitrage-free market). We give a simple example in which no equiv-
alent martingale measure exists, but arbitrage opportunities do. For this purpose, let 1 = 2
and k = 1, i.e. two stocks are driven by the same Brownian motion. We assume that
R =: r,put 0l =: o are constant and X1 (0) = X2(0) = 1. Then the risk equations of the
market are given by

o'H =pt =71,
o?H = p? -

This has a unique solution if and only if

pl—r _p—r
1 - 2 -

o o
Let us assume that a := “:;T - “Z;T > 0. We set
AI _ 1 2 _ 1
T oolxl? T o2x2

Furthermore, let A° be chosen such that the portfolio is self-financing with Vo(A, X) = 0.
Then we have

1 1
A= —
o2 gl
1 1 1 2 1 1
V(é’&)_glxl i o2 X2 X ‘H"(V(é,&)—;-i-ﬁ) A
1 9
= - v A+ w-w

and (with (19.5))

pY 1 vl 1 »2
V(é’&):%_’_O-IXIX_O—QXQX
1 2
w—r p—ry 1 a
= (S F ) A= A0

fort > 0. This means that A is a self-financing portfolio with Vo (A, X) =0 and V: (A, X)>0
almost surely, hence the market is not arbitrage-free.

To price derivatives, it is important to know hedging portfolios for. We now come to conditions
under which such portfolios exist.

Definition 19.23 (Complete Market). A market (19.11) is called complete if every derivative
can be hedged, i.e. for every quadratically integrable random wvariable S, there is a self-
financing strategy with a fixed starting value Vo(A, X) and V(A X) = S.

Theorem 19.24 (Second Fundamental Theorem of Investment Valuation). If a financial
market of the form (19.5) has an equivalent martingale measure, then it is complete if and
only if the martingale measure is unique.

Before we begin with the proof, we introduce an elementary lemma from linear algebra.
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Lemma 19.25. Let A be a d X n-matriz, b a d-dimensional vector, such that

has a unique solution x € R™. Then

has at least one solution y € R? for each n-dimensional vector c .

Proof. We interpret A as a map A : R — R%. Since the solution of A-z' =b' is unique,
then ker(A) = 0 (because with z, z + z, is also a solution for z, € ker(A)). Thus n =
dim(ker(A)) + dim(im(A)) = dim(im(A)) < d, also rg(A) = dim(im(A)) = n. We write the
equation yA=cas A" y" =c'. Since rg(A") = rg(A) = n, every c € R lies in im(A"), in

particular éT QT = ¢! has at least one solution. ]

Proof of Theorem 19.24. Assume that the market is complete and that Q and R are two
equivalent martingale measures. The aim is to show that Q = R. For this, let A € F, = F
and S = 14X?. Since the market is complete, S can be hedged, so there is a self-financing
portfolio A with V. (A, X) = S, or also V,(A, X’ = 14. Since X' is both a Q- and a R-

martingale, ¢ = 0, ..., d, we have

d d
Eq[14] = Eq[V+(8, X)] = Eq| >~ AbX) + (AT &), | = 3~ AbXi,
1=0 =0

and analogously, Eq[l4] = Z?:o AjX§. In particular, Q(A) = R(A), and since A was
arbitrary, it follows that Q = R.

Conversely, let Q be the only equivalent martingale. Then the risk equations of the mar-
ket, (19.13), have exactly one solution H?, ..., H". (Because: First, Q = Z, - P for a random
variable Z; > 0 according to the Radon-Nikodym theorem. Z = (Z)o<i<, with Z; =
Ep[Z;|F,] is a positive P-martingale, hence Theorem 17.14 implies that Z = exp(N — 3[N])
for a (unique) local P-martingale A/, which, according to the martingale representation theo-
rem 17.9, can be written as an integral of processes H', ..., " with respect to the Brownian
movements W', ..., W*. Now, in order for X' are Q-martingales, the equations (19.13) must
necessarily be fulfilled. Since this argumentation can be applied to any equivalent martingale
measure, but this is unique according to the assumption, (19.13) has exactly one solution.)
We set o := (Jik)i:17___7d;k:17m7n, = (ui)i:17.__7d, H = (’Hk)k:l,_.’n. Then we can write these
equations as a linear system of equations

H =p' —RT (19.14)

IS]

(with solution ). This equation has (for almost all w and all t) thus exactly one solution.
We have to show that every derivative, given by a quadratically integrable random variable
S, can be hedged. First, we note that

X =exp (/t des)
0
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must apply. We define the process V = (V})o<¢<r with
Vi i= Eqle” I fe® 5| Fy),
such that V/X0 is a
Vi/ X} = Eqle™ Jo 5|7}
for all 0 <t < 7is a Q-martingale. With Wk = Wk_2*. )\ and the martingale representation

theorem 17.9, there are processes £, ..., L with

V/X =Vo+ Y Lk oWk,
k=1
To hedge S, it is sufficient to find a self-financing portfolio A with V;(A, X) = V;/X?. This
implies that X" = X{ +5X°>", o'k Wk
Vo + Z/ LEawWF = vi/X? =V + Z/ AL XigHawk,
k=10 k=1"0

So to hedge S, we need to find A such that
or equivalently

L=AX

IS]

with AX = (A’Aj(vi)i:h_d and £ = (»Ck)kzl,...,n- Since (19.14) has exactly one solution by
assumption, this system of equations has at least one solution according to Lemma 19.25 A.
As just shown, this A provides a hedging portfolio for S. O

20 Interest Rate Models

In the Black-Scholes model, the value of the risk-free security, X, is deterministic. We will
now abandon this condition, but instead consider no further securities. The market is thus
determined by the equation

A0=14+R- "), (20.1)

whereby we always assume that the filtration to which R = (R;)o<t<, and thus A° =
(X,?)ogtgf are adapted, is generated by a Brownian motion W is generated. It is clear that

X = exp (/t des>.
0

The aim of this section is to calculate the fair price of zero bonds. These are derivatives that
are issued at a point in time 0 < ¢ < 7 and whose owners receive a monetary unit at a point
in time ¢ < u < 7 receive one monetary unit. The question is, therefore, what it is worth at
time t to be sure of having one monetary unit at time wu, given that the interest process is
given by R. We denote the price of the zero bond with maturity v at time ¢ by S}, which
leads to a process (S{)o<t<y With Sj = 1.
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20.1 Basic

Again, we will use equivalent martingale measures to calculate the fair price of zero bonds;
see Proposition 20.1. Subsequently, we can describe the price processes (S}')o<t<y by means
of a stochastic differential equation; see Proposition 20.4.

Proposition 20.1 (Price of a zero bond). If there is an equivalent martingale measure Q in
the market (20.1), (i.e., a measure with respect to which (S*/X)o<t<u is a martingale for

all 0 <u<T, then .
St = Eq {exp < — / R3d8> ‘ft}
t

is the fair price of the zero bond with maturity u at time t.

Proof. Tt is clear that S%/X? = exp ( -y des). Since (S{/XP)o<t<u is a Q-martingale, it
follows that

S/X? = BolSt/X0I7] = Eq[exp (- [ Ruds)| 7],

hence the assertion follows after multiplication by X?. O

Since the filtration (F¢)o<t<- is generated by the Brownian motion, we can describe equiv-
alent martingale measures in the market (20.1) well.

Proposition 20.2 (Characterization of equivalent measures). Let Q be equivalent to P. Then
there exists a random variable Z; > 0 and a process H = (Hy)o<i<r such that Q = Z;-P and

Z. = exp ( - / H,dW, — ;/ Hs?ds). (20.2)
0 0

Proof. According to the Radon-Nikodym theorem, there exists a density Z, of Q with respect
to P such that Q = Z; - P. It is clear that Z = (Z;)o<t<r with Z; = Ep[Z;|F] is a
P-martingale. By Theorem 17.14.2, there exists a local P-martingale N such that Z =
exp(N — [ Con]). Since the filtration (F;)o<i<r is generated by W, theorem 17.9 implies
that there is a process H with N'= —H - W. Hence the claim follows. O

Corollary 20.3 (Preis eines Zero-Bonds). Is there an equivalent martingale measure in the
market (20.1) Q with Q = Z; - P for

ZT:eXp(—/ HSdWS—;/ H2ds).
0 0

and a process H = (Hy)o<t<r, then

S;‘:Ep{exp<—/tudes—/tuHSdWS—;/tuHSst)‘]—“t}

s the fair price of the zero bond with maturity u at time t.

Proof. It suffices to show the statement for v = 7. It follows immediately from the last two

propositions, if one notes that for any non-negative random variable X for 0 < ¢ < 7 and
Ac Fi

Ep[ZiEQ[X|Fi), Al = EQ[EqQ[X|Fi], Al = Eq[X, A] = Ep[Z; X, A] = Ep[Ep[Z. X|F], 4],
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which means that

Ep[Z: X|Fi]
Z

holds. O

EQ[XU:t] =

Proposition 20.4 (An SDE for the price process of zero bonds). Is there an equivalent
martingale measure in the market (20.1) Q with Q = Z, - P for

ZT:eXp(—/OTHSdWS—%/OTHSQCZS).

and a process H = (Ht)o<t<r, then there is for each 0 < u < 7 an adapted stochastic process
K" = (K}{")o<t<u such that

dSY = (Ry + K*H,) S dt + K"S*dW.

Remark 20.5 (Interpretation). We immediately notice that although the process R has finite
variation, the processes (S}")o<t<u do not. Furthermore, we observe that the expected interest
rate, which can be calculated using a zero bond, differs from the process R differs. If H is
positive (which is the normal case), then the expected interest rate is higher than for X°.
However, this higher interest rate is associated with a higher risk due to a positive quadratic
variation in the process (S§")o<t<u-

Proof of Proposition 20.4. Since the process (Si*/XP);>0 is a positive Q-martingale, by lemma 17.12
(Z:S{) X)) >0 is a positive P-martingale. Thus, by Theorems 17.14 and Theorem 17.9, there
is an adapted process L* = (L})o<t<y With

t t
28t/x0 = Sgexp ([ Leaw,— [ (wepas)
0 0
or also
¢ t
Sf:Sé‘exp</ Lg—l—HdeS—i—/ RS_%((L?)Q—Hg)dS)_
0 0

Just as in example 18.1, we see that (S}")o<t<y is the SDE

St = (Re — 5((L¢)? = (Ho)®) + (L + Hy)?) Sp'ds + (Lj + Hy)Sp'dW
= (Ry + Ly H, + HY)S{ds + (L + Hy)SyrdW

16st. Nun folgt die Aussage mit K;* = L{ + H;. O

20.2 The Vasicek model

As we saw in Section 20.1, in particular in Proposition 20.1 and Corollary 20.3, we can
calculate the price S of a zero bond if we know the price process X° under the equivalent
martingale measure Q, or both X and # under P. The (single-factor) Vasicek model is a
simple model in which we describe R by an Ornstein-Uhlenbeck process. We will now briefly
repeat this process .
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Example 20.6 (Ornstein-Uhlenbeck Process). We consider the solution of the SDE
dX = —uXdt + odW

and claim that
t
Xy = et (XO to / e“SdWS) (20.3)
0

strong solution of this SDE. According to the formula for partial integration, the following
applies to the process defined in this way and A = (At)i>0 with Ay = e (and thus A =
1 —pA-X) and B = (By)i>0 with By = Xo + afot et dWs, i.e. B=Xo+0cA1-W

X—Xo=A-B+B-A=c-W—-puAB- A= —puX -A+o-W.

Furthermore, we assume that
t
Y, = b+ e Ht (YO —bto / e“SdWs) (20.4)
0

s a strong solution of the SDE
dY = p(b—Y)dt + odW (20.5)

. (Because if X solves the equation (20.3), then Y := X + b solves the equation (20.4).)

In the Vasicek model, the process R from (20.1) is modeled by the solution of (20.4).
Furthermore, it is assumed that the equivalent martingale measure from Proposition (20.4)
has the form Q = Z; - P with Z; from (20.2) and H = p for some p € R. In this fairway, we
state some elementary results.

Lemma 20.7 (Modeling in the Vasicek model). Let Y = Yp<i<, be the solution of (20.5)
and Q = Z; - P with Z,; = exp(—pW;, — %p2t). Then W = W + pt is a Brownian motion with
respect to Q and ) is the only strong solution of

dY = p(b* = Y,)dt + oW,
with b* =b— po/p.
Proof. This follows directly from the Girsanov transformation of Theorem 18.11. O

Theorem 20.8 (Prices of Zero-Bonds in the Vasicek Model). We use the notation from
Proposition 20.1. Let R = Ro<i<r the solution of (20.5) and Q = Z, - P with Z, =
exp(—pW; — 1p?t). Then

SZJ:F(Rt,u—t)

with b* =b— po/u and

2 2

F(z,t) = exp ( — (b* — ;;)t + l(()* _ ;Tﬂ _ a:)(l _ehty - %(1 _ efut)z)

p I

the fair price of the zero bond with maturity u at time t.
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Remark 20.9 (The long-term achievable interest rate). For large t, approzimately
o2
Flz,t) ~C ( (b*——)t)
(z,t) = Cexp 22

for a constant C. This means that b* — o2 /(2u?) is the long-term interest rate in the Vasicek
model. In practice, however, it is assumed that the long-term interest rate depends on the
current interest rate, Ry.

Proof of Theorem 20.8. Due to Proposition 20.1, only Eq[exp(— ftu Rsds)|F;] needs to be
calculated. Since R solves the SDE

dR = p(b* — R))dt + odW (20.6)

with the Q-Brownian motion W and b* = b — po/p, and is therefore a Markov process we
write

Eq [exp ( — /tu des) ’ft} — F(Xy,u—1)

with
t
F(z,t) = E{exp ( — / des> ‘RO = x} , (20.7)
0
where R = (R¢)o<t<r solves the SDE (20.6). We can use the fact that
t —
Ry ="+ e (z =0+ a/ A ).
0

Since Ry is normally distributed in (20.7) for each s, fg Rgds is also normally distributed. We
calculate the expectation and variance as

t t yr
0= E[/ des] - / b+ e H(z — b¥)ds = bt 4+ (1 — eH,
0

0 H
t t s
52 ::V[/ Ryds :2/ / COV|R,, R,]drds
0

= 9202 / / e Me™ “SE / e“SdW/ et” dW}drds
= 202 / / / e HT eI 2 dudsdr
= / e“s/ e’ — e Mdrds

moJo 0

o2 [t
=— / 1—2e M 4 2155
m=Jo

2 2 2
t 2

— % _ %(1_e—ut)+%(1 _ em2ut)
% p 21
2 2 2
ot o o

= - —(1—e M) - (1—eH)?
2 Mg( ) 2Mg( )
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Since by Example 6.13.3 for a N(fi, buildingo?)-distributed random variable Z it holds that
E[G_Z] — e~ buildingu+ buildingo? /2 follows

F(z,t) = e Ato?/2
= exp ( — (b* — ;;)t + l(b* _ ;TL? _ m)(l — ety — 4;723(1 _ e*ut)2)

and thus the assertion. O

Part V
Appendix

A Some Topology

A topology is used in mathematics whenever a notion of convergence is introduced. Even if
topologies have only been treated as a sideline in most of your lectures so far, some concepts
of convergence are well known. There are also many connections between measure theory
and topology; see for example the notion of a Borel o-algebra in Definition 1.7. Therefore,
we repeat basic notions of topology here.

A.1 Basics

By a topology we understand a family of open subsets of a space £.22 In metric spaces one
calls a set A open if for every w € A there is an open ball*> B.(w) C A for some ¢ > 0. This
case of metric spaces is in practice the most important.

In measure theory, the case of separable topologies, which are generated by complete
metrics, is of particular importance. Such spaces are called Polish.

Definition A.1 (Metric space, topological space). Let £ be some set.
1. A function r : Q x Q — Ry s called a metric if (i) r(w,w’) # 0 for w # ', (i1)
r(w,w) = rWw, w) for al w,w" € Q, and (iii) r(w,w"”) < r(w,w') + r(Ww',w") for all
w,w w"” € Q. The pair (Q,r) is a metric space.

For w € Q and ¢ > 0, we denote by B:(w) := {W € Q : r(w,0') < €} the open ball
around w with radius €.

2. A metric r on  is called complete if every Cauchy sequence converges. That is, if
w1, ws, ... € Q with

Ve>0 AN eN Vn,m > N: r(wp,wn) <e,

n—oo

then there is w € Q with r(wy,w) — 0.

3. A set system O C 2% is called topology if (i) 0,Q € O; (ii) if A, B € O, then ANB € O;
(iii) if I is arbitrary and if A; € O,i € I, then J;c; Ai € O. The pair (2,0) is called
topological space. Its members, i.e. every A € O, is called open; any set A C Q with
A€ € O is called closed.

22We will write 2% for the set of all subsets of €.
BWe define Be(w) := ' : r(w,w’) < e}.
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4.

10.

Example A.2 (The space R). We will often use functions with values in

Let (Q2,0) be a topological space and A C Q. Then

A= Jfoca:0e0}
is called the interior of A and

Z::ﬂ{FQA:FCGO}
is called closure of A.

A topological space (Q, Q) is called separable if there is a countable set Q' C Q with
—/

Q =Q.
Let (Q2,0) be a topological space and B C O. Then B is called a base of O if
VAcO Vwe A dBeB:we BCA.
This is exactly the case if
O={ACQ: Ywe AJBeB:we BC A} (A.1)

or (equivalently)

O:{UB:CgB}. (A.2)

BeC

Let B C 2. Then, the right hand sides of (A.1) and (A.2) define the topology generated
by B, which we denote by O(B).

Let (2,7) be a metric space and
B:={B:(w):e>0,we N} (A.3)

Then O(B) is the topology generated by 7. If specifically Q C R* and r is the Euclidean
distance, then the topology generated in (A.1) or (A.2) is called the euclidean topology.

The space (2, 0) is called (completely) metrizable if there exists a (complete) metric r
on Q such that (A.1) holds with B from (A.3). The space (2, O) is called Polish if it is
separable and completely metrizable.

Let (2,0) and (Q',0) be topological spaces. Then a mapping f : Q — Q' is called
continuous if f~1(A") € O for all A’ € O'.

24

R:=RU{-00,00} or Ry:=R;U{oo}

24The notation R suggests that the termination of R is meant here. This is not true, since the added elements
—00, 00 do not lie in R, but closures of sets always contain at most the elements of the basic space can contain.
Topologically, R is the two-point compactification of R
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In order to be able to consider these spaces as topological spaces, we set

R —[-1,1],
o 2 arctan(z), z € R,
Sz o= d, T = 00,
-1, T = —00
and define the metric B
re(@,y) = le(z) —e)l,  z,yek

The topological space defined by rg(R,O) extends the Euclidean topology (R,O) to R in the
sense that {ANR : A € O} = O. This is true because p is continuous on R with a continuous
inverse function. It further holds that (R, O) is separable and rg 18 a complete metric.

On R one can calculate as usual in calculus. For example, a-0o = oo for a > 0. However,
expressions like oo — 0o and co/oo are not defined.

Remark A.3 (Metric and topological spaces). Let (£2, O) be a topological space and w,w,ws, . ..
Q. We define

Wy 2 wie= (YO €O:we 0= w, €O for almost all n € N). (A4)

In particular, this gives any topology on 2 a notion of convergence for sequences in Q.

This notion of convergence agrees with the well-known notion on metric spaces: namely,
if r is a metric on ), which generates O, then the right-hand side of (A.4) holds if and only
if for all e > 0, we have r(wy,w) < € for almost all n € N.

Using the notion of convergence from (A.4), we state the following well-known property:

Lemma A.4 (Closure of a metric space). Let (2,7) be a metric space and O be the topology
generated by r. For F C Q) the following are equivalent:

1. F is closed.
2. If wi,wa,... € F and w € Q) are such that wy H—Oomg), then w € F.

In particular, for every A C Q there exists the closure A consists exactly of the cluster points®

of A.

Proof. ’1.=2.” Assume there is a sequence wy,ws, ... € F with w, 27 w e Fe. Then, since
F¢ e O, we find wy, € F¢ for almost all n. This is in contradiction with the assumption.
’2.=1.": Suppose I’ was not closed, i.e. F'¢, is not open. Then there is w € F¢ such that for
all £ > 0 it holds that B.(w) € F¢. Choose €1,¢2,... > 0 with? ¢, | 0 and w, € B, (w)NF.
Thenwl,wg,...erithwnmw, but w € F*°. ]
Lemma A.5 (Countable base and separable spaces). Let (2,7) be a separable metric space,
O be the topology generated by r, Q' countable with ¥ = Q and

B:={B:(w):e€Qy,we}

Then B is countable and O(B) = O.

25 A cluster point of A is any limit of a convergent sequence wi,ws, ... € A.

n—r00

26We write e, | 0if g1 > e2 > ... and €n —= 0

281



Proof. Clearly, B is countable and O(B) C O. Let B as in (A.3). Then for B.(w) € B

B.wy= |J B
B>BCB:(w)

thus B C O(B) and thus O = O(B) C O(B). O

Example A.6 (Two Polish spaces). 1. Let O be the Euclidean topology on R?, as given in

Definition A.1.9 by the Euclidean metric. From your lecture Analysis I, it is known that
this metric is complete. Further, Q% is countable and every w € R? is a cluster point of
a sequence in Q. Thus, in particular, Q? = R4 by Lemma A.4, so RY is separable. So
overall, (R?, O) is Polish.

Let K C R be compact (i.e. closed and bounded) and Q@ = Cr(K) be the set of continuous
functions w: K — R. On € let

r(wi,ws) := sup |wy(z) — wa(x)]
zeK
be the supremum distance. It is known from Analysis 11 that r is complete is complete.
Furthermore, every w € ) can be calculated according to the Weierstrass’ approximation
theorem can be uniformly approzimated by polynomials by polynomials. Let € be the
countable set of polynomials with rational coefficients. Then it also holds that O = .
Thus (2, O) is separable, i.e. Polish.

A.2 Compact sets

Topological spaces can be very large. Just think of the space R, in which there are sequences
that diverge. Now compact set are considered as smaller subsets of a topological space. In
such compact sets there are always convergent subsequences.

Definition A.7 (Relatively compact, compact, relatively sequenctially compact, totally re-
stricted). Let (2, 0) be a topological space and K C Q.

1.

The set K 1is called compact if every open cover has a finite partial cover. That is: If
0,€0,i€l and K CJ;c; O;, then there is*". J C I with K C J;c; O;.

The set K is called relatively compact if K is compact.

The set K is called relatively sequentially compact if for every sequence wy,ws, ... € K
there is a convergent subsequence, i.e. there is an increasing sequence ki, ko, ... T 0o and
w € Q with wy, === w as in (A.4).

. Let r be a metric that generates O. Then we call K C ) totally bounded if for every

€ > 0 there is an N € N and wq,...,wny € K such that K C UQ/:1 B:(wy). In other
words, for every radius € > 0, there is a finite number of balls with this radius covering
K.

Lemma A.8 (Compact sets are closed). . Let (Q,r) be a metric space and O the topology
generated by r. If K C Q) is compact, then K is also closed.

*"We write J Cy I if J C I and J is finite
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Proof. We show that K¢ is open. For this, let w € K¢ For all o' € K we choose &,
and €, such that Bs ,(w) N B8 W) = 0. Then obviously J,cx B, (W) D K, so there
is J Cy K with K C U, cyB:, (w). Set ¢ := mingyeyd, > 0. Then Bs(w)is N K C
Bs(w) N Uyrey Be, (W) =0, ie. Bg( ) C K°. Since w € K¢ was arbitrary, K¢ is open, so K
is closed. O

The following theorem about compact sets gives a complete characterization of compact sets
in Polish spaces.

Proposition A.9 (Characterising relatively compact sets). . Let (2,7) be a metric space, O
be the topology generated by r and K C Q. Consider the following statements:

1. K 1is relatively compact.

2. If F; C K s closed, i € I, and (\;c; Fi = 0, then there is J Cy I with (e, Fi = 0.
3. K is relatively sequentially compact.

4. K is totally bounded.

Then
4. <—1. <— 2. — 3.

Furthermore, 3. = 2. also holds if (2, O) is separable and 4. = 3. if (2, ) is complete. In
particular, all four statements are equivalent, if (2, Q) is Polish.

Corollary A.10. Let (2,7) be a metric space, O the topology generated by r. Then closed
subsets of compact sets are compact.

Proof. Let K C Q be compact and A C K closed. A closed set is compact if and only if it is
relatively compact. From Proposition A.9.2 one reads, because of the relative compactness of
K, that for Fj closed, i € I, with F; € A C K and (,c; F; =0 a J C I exists with (", ; F; = 0.
Again with Proposition A.9.2 it follows that A is relatively compact, i.e. compact. O

Proof of Proposition A.9. '1.=4. Let K be compact and € > 0. Obviously, Uwer Be(w) 2 K
is an open covering. Thus, since K is compact, there is a finite subcover, i.e. there is w1, ...,wy
with K C Uﬁle B.(wy,). Since € > 0 was arbitrary, the assertion follows.

c N J—
'1.=2." Now let F;,i € I be as stated. Then (J,c; Ff = (ﬂiel FZ) =0 D K. Since K is

compact, there is J Cy I with K C |J;c; FF. Thus e, Fi = (UzeJ F¢) C K°. But since
F; C K was assumed, (;c; Fi = 0.

2.=1. Let O; € O,i € I be a covering of K, i.e. K C Uicr Oi- Set F; = Of N K, then
_ C
FfeOand (g F5=KnN (Uie]O) = (. So there is J Cy I with (), ; Fi = 0. Therefore,

KU Uics Oi = Uies FY = Q50 Ui ; 0i 2 K. So we found a finite subcovering. In other
words, K is compact.

’2,=3." Let wy,ws,... € K. We set Fn = {wn,Wnt1,...+ € K. Suppose there is no convergent
subsequence of wi,ws, ... Then (2, F, = 0. From 2. it then follows that there is a N € N
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with @ = .ﬂr]yzl F, = Fy. This is a contradiction, since Fjy is not empty by construction;
therefore there is a convergent subsequence.

3.=1. if (Q,0) is separable. Let @ be countable with ' = Q and B := {By,(w) : w €
Y, n € N}. Then, B is a countable basis of O. We write B = {By, Ba,...}.

Suppose K is not compact. That is, there is a cover A4; € O,i € I (for some infinite I)
with K C Uie ; A; and there is no finite subcover. We set for i € 1

and J = UiEI JZ C N. Thus Al = UjGJi B]v and

KclJa=UUUsBi=UB:

iel i€l jeJ; jeJ

This shows that B; € O,j € J is a countable cover of K. Since there is no finite subcover
for A;,i € I, there can also be no finite finite subcover for B;,j € J. (If there would be a
finite subcover Bj,j € J, we could take A; O B;,j € J and find a finite subcover A;,j € J,
contradiction.) We write J = {41, ja,...}. For n € N we set w, € K \ U, B;;. (Note that
this set is non-empty, otherwise a finite subcover would exist.) By assumption, the sequence
wi,wa,... € K has a cluster point w € K. Since K C UJEJB]-, there is £k € J C N with
w € Bg. So, on the one hand (since By is open) there are infinitely many of the w, in By,
on the other hand, w; ¢ By for all i > k by construction. This is a contradiction, so K is
compact.

'4.<’3. If (Q,r) is complete: Let wy,ws,... € K. We are going to construct a Cauchy subse-
quence. This converges since (2, r) is complete and K is found to be relatively sequentially
compact. In order to construct the subsequence, choose a sequence 1, ¢e9,... > 0 with &, | 0.
Since K is totally bounded, there are finitely many e1-balls covering K. At least one of these
balls must contain infinitely many of the w,. These have each at most distance 2¢;. Choose
wg, as one of these infinitely many points. Since this e1-ball is covered by finitely many es-
balls, there is one of these eo-balls, which contains infinitely many of the w,,. These each have
at most distance 2e5. Choose wy, # wg, as one of these infinitely many points. By proceeding
further we obtain a sequence wyg,,wk,, ... € K such that r(wg, ,wk,,) < 2eman. With other
words, as announced, we have found a Cauchy subsequence in K. O

Lemma A.11 (Compact metric spaces are Polish). . Let (2,7) be a metric space and O be
the topology generated by r. If Q is compact, then (2, O) is Polish.

Proof. For the proof, we need to show both, completeness of (€2, ) and separability of (2, O).
For completeness, let w1, wo, ... € Q be a Cauchy sequence. Since K is relatively sequentially
compact according to Proposition A.9, there is w € 2 and a subsequence wy, , Wk, . . . converg-
ing tow. Let ¢ > 0 and N € N be such that r(wy,, w,) < /2 for m,n > N and r(wy,,,w) < €/2
for k, > N. Then for m > N it holds that r(wp,w) < r(wm,wk,) + r(wg,,w) < e. It fol-
lows that w, ——=% w. For separability of (Q,0), let €1,e2,... > 0 with ¢, | 0. Since K
is totally bounded, for all n € N there is a k,, and wp1,...,wyk, with K C U£l1 B, (wnk,, )-
Let ' = wpr :n € Nk =1,...,k,}. Then € is countable and for each w € Q and each
n € N there is a k(w,n) € {1,..., k,} with (Wi n),w) < €n. Thus, (W n),w) 2 w. So
Q' =Q. O
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