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Chapter 0

Read Me

Content The following document contains:

e redacted notes from a semester course I attended at Bocconi University
e interesting results I found along the way
e expansions I added to prove results not proved in class, and understand better the flow of lectures

For these reasons, it is slightly more than a course, while being mostly based on the course books [Cinl1], [Ver18]
for Chapter 7 and [BZ99] for Chapter 22. Occasionally exercises are taken from [Durl9]. Some results come from
random internet sources.

Why hybrid I am used to taking notes by hand, but I love XTEX, so this is a hybrid document with scans of
the original notes for the proofs of the third part.

Structure Each Chapter is highly schematic. The reasons are many:

e I like to think schematically
e the handwritten part is the result of a rewriting of a lecture but needs to be studied, not presented
e it is easier to cite results atomically

About the last point, I have implemented a I¥TEX-like numbering for handwriting, which is mirrored in the
PC-typed part of each Chapter, to allow the reader to go back and forth and find proofs easily. At the same
time, I can cite with references any result inequivocably.

In terms of choice of boxes, the first Chapters make a heavy use of Theorems instead of Propositions. After
reading about the approach of the author of [Cinll], I chose instead to highlight as Theorems only the most
important results.

Colors Writing by hand, I am used to thinking in colors. In the X TEX-part Definitions, Theorems, Observations
and Examples are distinguished by a color and a symbol in front, in the scanned part titles are highlighted with
the same colors. For the sake of avoiding too many colors, I did not highlight Corollaries and Lemmas in IXTEX.

Appendix In the appendix there are only results which were not covered in class but end up being useful for
an improved understanding of concepts. For the sake of time they will most likely have proofs in the handwritten
version even at the end.

How this doc evolves If time permits, I will add more and more parts to study for the exam. Probably, the
proofs of the appendix will only be on paper.
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Chapter 1

Classes of Sets

1.1 Sigma algebras, Borel sets

Definition 1.1 (Sample Space E). All possible events of a random experiment.

Definition 1.2 (Partition). A partition for a set E is a collection of disjoint subsets that covers the set.
Namely {A;}icr such that:

1. Ay # 0V
2. AiﬂAj:[Z)Vi,j
9. Uy Ai = E

{ Observation 1.3 (Why sets?). When doing probability we need structure.

Definition 1.4 (Algebra 7). An algebra of a set E is a collection of subsets {A;}icr A; C E such that:

1. Fed
2. closed under complements A € of <= A° € of
3. closed under finite intersection

{A}ioy C o, neN\{oc} = [ Areo
k=1

Theorem 1.5 (Finite union in algebra closedness). An algebra is closed under finite unions.

of algebra {A;} 1, neN = U Ajed

i=1
Proof. By De Morgan’s laws . . .
Ua=(N4)
i=1 i=1
Where ), A¢ € o/ by Def. 1.4#3 (finite intersection) and (ﬂ?_l Af)c € o by Def. 1.4#2 (complements). [

Definition 1.6 (Sigma Algebra). A sigma algebra is an algebra as in Definition 1.4 that allows for countable
unions closedness, extending the finite union of requirement #3 to possibly infinite but countable. Namely:

& o-algebra (A,) C & = UA" eé

Lemma 1.7 (Countable intersection in o-algebra closedness).

(An) C & = (An€&

13



14 CHAPTER 1. CLASSES OF SETS

Proof. Similarly to Theorem 1.5, we have that countable intersections are allowed once we allow for countable
unions. O

Definition 1.8 (p-system, also m-system C). A p-system of a set E is a collection of subsets that is closed
under intersections.
VA, BeC — ANBeC

Example 1.9 (Basic algebras). The following examples are found throughout textbooks.

e (discrete o-algebra) for E, set & = 2F | its power set. There are situations in which the construction reaches
paradozical results, but we will not see them. Most of the times we do not work with it.
e (trivial o-algebra) for E, choose &= {0}, &}

Theorem 1.10 (o-algebra intersection). Let {&€;}icr be a collection of o-algebras on the same space E, then

their intersection € = (,c; €; is a sigma algebra as in Definition 1.6.

Proof. We check the requirements of Definition 1.6.

1. FeéNVi — Eecé&
2. A€ &)Vi «<— Aec Vi < A€ & which means < A€ ¢
3. (A Ccé&NVi = U, AneéVi = J,An €€

So that € is a o-algebra. O

Definition 1.11 (Generated o-algebra o(-)). A generated o-algebra for a collection of sets C is the smallest
o-algebra containing it. Namely:

(@) = ﬂ & whereVielCCE,;
iel

We may occasionally denote it as <7 (C) as well. Note that by Theorem 1.10, o(C) is a well defined o-algebra.

Theorem 1.12 (Properties of generated algebras). consider a collection of subsets C for E, then:

1. there always exists a generated o-algebra
Jo(C) Ve

2. if C is a o-algebra, then its generated one is itself

C o-algebra = o(C) =0C

Proof. (Claim #1)(basic) let E # (). In any case, we have that € C 2F the power set. So it always holds that
4 (C) = o(€) C 2% guaranteeing existance.

(Claim #1)(advanced) we did not consider the case in which £ = ) and trivially € = () again. There, we
make use of two basic facts:

e if we are within E = 0, it tautologically holds that (¢ = ()
e the power set of the empty set is the empty set set, i.e. {#}. This holds since S C ) = S =0 (i.e. empty
set is subset of all sets), which means S € 2 — S =)

and eventually we have o(C) = o({0}) = {0, E°} = {0, 0}, which is the trivial o-algebra.
(Claim #2) let € be a o-algebra. Then for the set I where elements &; are such that € C &;:

a(e)zﬂai:<ﬂei>me=e

el iel’

O

{ Observation 1.13 (Why o(C)?). We will show that a property that holds for € will hold for o(C) up to
reasonable conditions.
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Example 1.14 (Easy o(C)). The trivial o-algebra is o(€) = {0, E} generated by € = {E}.
The easiest possible structure which is not trivial is generated by C = B for B C E and is:

o(€) = {(Z),B,BC,E}
For a partition of E C = {A, B,C} we have instead that:
o(C) = {@,E,A,B,C,AUB,BUC,AUC’}

Where intersections are ok as it is a partition. And complements are unions of other elements, namely:

e C=(AUB)
e C°=AUB
e and so on ...

Definition 1.15 (Distance d(-,-)). A distance is a function d : E x E — R satisfying Va,y,z € E:

1. symmetry d(z,y) = d(y,x)
2. uniqueness of elements d(z,y) =0 < z =y
3. triangle inequality d(x,y) < d(z,2) + d(z,y)

Definition 1.16 (Open set). A set A is open if for each element belonging to it there exists a neighborhood
contained in A.

Aopen < Ve AIN, C A

Throughout the course, we will focus on metric spaces, and the neighborhood will be induced by the distance d
from Definition 1.15.

Definition 1.17 (Borel o-algebra B(-)). For a collection of open sets in E, a Borel sigma algebra is the sigma
algebra generated by them.
B(E)=0({Ai}icr) {Ai}icr open, A; CE

Lemma 1.18 (Strength of algebras). It holds:

Borel o-algebra C o-algebra C algebra

Proof. Trivial m
Lemma 1.19 (Open sets of R representation). We have:

UCRopen = U = U(ai,bi) I countable
iel

Proof. Let U C R be open, with = € U, which is irrational or rational.

If x is rational define I = U; ,pen zercr £ Which is an open interval subset of U.

If x is irrational, since U is open Je > 0 : (x — e,x + €) C U where y € Q falls inside it. With the same
construction, it holds x € I,,.

For z arbitrary, x € I, where ¢ € U NQ so that:

ve (U I (1.1)
qeUNQ
Yet [, CUVq e UNQ so:
vo | 1, (1.2)

qeUNQ

Equality holds by double inclusion, and U N Q is countable. O
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Example 1.20 (Borel o of R = E generators). Define a collection of subsets:
C= {U CR| Uopen} : 0(C) = B(R)

Which follows by Definition 1.17.
Now build a second collection of subsets:

J= {(a7b) P —oo<a<b< oo} C B(R) as (a,b) € B(R)Va,b = o(J) C 0(€) = B(R)

On the other hand, for U € o(C) notice that by Lemma 1.19:

U= U(ai,bi) € o(J) I countable
iel

By I being a countable set. Hence, we have o(C) = B(R) C o(J).
Eventually, B(R) = o (7).

Proposition 1.21 (Borel o-algebra generators). One can show that letting I be either of:

{(a,b): —00 < a <b< o0}

{(a,b] : —00 < a <b< o0}
{la,b] : —00 < a < b < o0}
{(=o00,2] : —00 <z < 00}

Are all such that:

¢ Observation 1.22 (About J*). The interval I* = {(—o0,z] : —00 < & < o0} of Proposition 1.21 is a p-system
(Def. 1.8). For such p-system we see that as for the others o(J*) = B(R). However, it comes with even nicer
properties. These are explored further in Appendiz A, and used in later claims.

{ Observation 1.23 (Algebra and p-systems). Notice that C is not necessarily an algebra (Def. 1.4). Indeed,
it is not guaranteed that the first requirement (E € J) holds.

{ Observation 1.24 (About unions of o-algebras). In Theorem 1.10, we show that intersections of o-algebras
are o-algebras. For what concerns unions, this is not guaranteed.

Example 1.25 (Two counterexamples to justify Observation 1.24). Let A; = {j}'_,, and & = o({A;}) for
1 € N*. Assume by contradiction that & =

o Vi{i}eé&,&Ccé = {i}et
o N* =[JZ,{i} € € by countable union = Ji: N* € &; since it must come from some of the algebras used
in the union for which N* C &;.

jen Ci 18 a o-algebra. We have that:

However, we reached a contradiction since N* is never inclued in any &;.
An even easier example is for Q = {1,2,3} and the two o-algebras:

€=1{0,{1},{2,3},Q} F={0,{2},{1,3},}

Theuwr intersection is not a o-algebra since:

{172} ¢ EUT = {Qv {1}3 {2}7 {173}7 {273}79}
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Chapter Summary

Objects:
e algebras and o-algebras as collection of subsets
— with the sample space
— closed under complements
— closed under countable/uncountable union
e p-systems as collections of subsets closed under intersection
e generated o-algebra, the smallest o-algebra containing a set
e open sets induced by a distance
e Borel o-algebra, a o-algebra generated by open sets
Results:
e closedness under countable/uncountable union is equivalent to closedness under countable /uncount-
able intersection for algebras/c-algebras
e an arbitrary intersection of o-algebras is a o-algebra
e the generated o-algebra always exists and is equivalent to the generating set if the generating set is
a o-algebra
e a countable collection of open sets covers any open set of R
e the Borel o-algebra or R is generated by collections of intervals, in particular by the p-system:

J={(—o0,z] : z € R}

e a p-system is not necessarily an algebra
e unions of o-algebras are not necessarily o-algebras
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Chapter 2

Measures & Probablity Spaces

2.1 Probability & other measures
Definition 2.1 (Measurable Space (E,€&)). A measurable space is a tuple E, & where & is a o-algebra of E
(Def. 1.6). Whenever possible, we consider a Borel o algebra 1.17, denoted as B(E).

Definition 2.2 (Measure p). For a measurable space (E, &) a measure is a map p: € — Ry such that:

1. u@ =0
2. countable additivity of disjoint collections

V(A,) C € A; N A; =0 countable disjoint u( U An) = Z w(Ay)
n=1 n=1

We say a measure is finite when pu(E) < co. If a measure has total weight 1, then it is a probability measure
(shorthand is p.m.).

Next, we provide some examples which will be useful in the future.
Definition 2.3 (Point mass, dirac measure 6,(-)). Define:

1 z€A

0 else

Vee E VAe& u(A) ::51.(14):{

Definition 2.4 (Counting measure). Let D C E be a countable subset of the sample space. Then let the
measure be the sum of Dirac measures restricted to the countable subset:

VA€ Ev(A)=]|AND| = 5,(A)

zeED

Definition 2.5 (Discrete measure). Let D C E be a countable subset. Set m : D — R, to be the mass at a
point, independent from the set where it lies. A discrete measure is constructed as:

p(A) = m(z)d.(A) VAeE

xeD

We will formalize this notion in Chapter 5.
Observe that for a counting measure v(A) (def. 2.4) and a discrete measure p, we have that:

VAel v(A)=0 = pu(4)=0
This peculiarity is given a definition below.

19



20 CHAPTER 2. MEASURES & PROBABLITY SPACES

Definition 2.6 (Absolutely continuous measure <). For two measures p,v we say that p is absolutely
continuous with respect to v and write yp <K v if:

VAcé v(A)=0 = u(4)=0

Definition 2.7 (Measure Space (E, &, ). We call a measure space a triplet (E, &, p) where the tuple (E, &)
is measurable (Def. 2.1) and p is a measure on € (Def. 2.2).

Definition 2.8 (Lebesgue measure Leb). The practical definition for a Lebesque measure is that of a measure
(Def. 2.2) defined on the measure space (R, B(R)) for which:

Leb((a,b)) = Leb([a, b)) = Leb([a, b)) = Leb((a,b])) =b—a VYa<b

The more involved Definition is made via the concept of outer Lebesque measure Leb* (Def. 4.14), which for sets
E that satisfy the Carathéodory criterion:

Leb*(A) = Leb*(AN E) + Leb*(ANE®) VACR

builds a o-algebra of those sets E which are Lebesque measurable with measure Leb*(E) = Leb(E).
It is rather easy to check that with the former definition it is a well defined measure, and that the extensions
follow as areas. For the R? case we have for example:

p((ar,br) x (az,b2)) = (b1 — a1)(b2 — az)

Definition 2.9 (Probability space (Q,F,P)). A probability space (Q,F,P) is a measure space where the
measure is a probability measure. Namely we have that F is a o-algebra of Q (Def. 1.6) and P is a measure with
total mass 1 meaning:

1. P[A] € [0,1]VAeTF
2. P(Q) =1
3. countable additivity of disjoint collections:

(Ay,) C Fdisjoint = P

U,

n

= ZP[An]

2.2 First properties

Most of the results we introduce extend to general measure, and are shown in Appendix A.

Theorem 2.10 (Monotonicity). For a probability space (2, F,P) we have:

VA, BeFACB P(A) <P(B)

Proof. Notice that by AC B = B = AU (A°N B). Then by Definition 2.9#3 we have:
P[B] = P[A] + P[A° N B] > P[4]
Where in the inequality we use the fact that the p.m. assigns positive measure to any Borel set (Def. 2.941). O

Theorem 2.11 (Inclusion Exclusion formula). Finite size unions (NB not necessarily disjoint) of collections
of sets (A,) C F where n € N in a probability space satisfy the relation:

n

U

=1

n

=Y PA] - PIANAT+ Y PANANA]+.. 4+ (-1)"'P

i=1 i<j i<j<k

n

N4

=1

P

Proof. We proceed by induction.
(base case) for n = 2 the statement is trivial as {A, B} are such that:

AUB=(A\B)U(B\A)U(ANB) = (ANB°)U(BNA°)U(ANB)
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Where the events are disjoint. Additionally notice that:
A=(ANB°)U(ANB) B=(BNA9)U(BNA)
again, disjoint. Using Definition 2.9#3 we have that when switching to the p.m.:
P[AUB] =P[AN B°|+P[BnN A°] + P[AN B

[A] — P[AN B] + P|B] — P[AN B] + P[AN B
[A] + P[B] — P[A N B]

P
P

(induction assumption) assume the result is true ¥n.
(inductive step) wts the claim holds for n + 1. Now:

n+1 n
P|:UAi:|:P|:UAiUAn+1:|
=1 =1

=P {B u Anﬂ} where B = | ] 4;
i=1

=P[B] + P[A,+1] —P[BN Api4] base case
The last term is inspected below:
P|:An+l N U Ai] = P[ U Aps1 N Ai]
i=1 i=1

= iP[AnH NA;] - Z]P’[(Anﬂ NA)NA] 4+ (=) P[(Appr N A1) N Az N A
i=1

i<j

Using the fact that intersection distributes over unions, and applying the inductive hypothesis over n for the
intersections. Plugging this back into the main calculation, we collect it with the result of:

P[B] = ]P’{QAJ

Which itself is split according to the inductive hypothesis. For a general index r we have:

r r—1
(=1)"! > P{ﬂ Az} + (=1)72 > ]P’[ (] Ain An+1]
IC(l,...,n],|I|=s ‘“i=1 JC[1,...,n—1],|J|=s—1 ti=1

Where the sums range over all possible choices of indices in the brackets where the collection has the size specified.

This turns out being equal to:
(=1)r* > P[ﬂAl}

IC[1,...,n+1],|I|=r =1

Which is exactly what we need to complete the claim. O
¢ Observation 2.12 (Limits of sequences of sets). Recall that:

e (A,) non decreasing = Ilim A, =J,_, A, = A
n—oo

o (A4,) non increasing = HnlLrI;oAn =N A, =A

Theorem 2.13 (Continuity of P). In a probability space (Q,F,P) a non decreasing sequence of events has a
limiting measure.
(4,) CF (A,) A = lim P[A,] = P[A]

n— oo

Proof. We proceed using the additivity of P (Def. 2.94#3), aiming to build a sequence of disjoint sets.
Imagine a sequence (B,,), <y such that:

By =4, By=A\Bi=AsNBf, B3=A3\ By, B,=A,\Bn1
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We have that such sets are all pairwise disjoint F-sets:
B,NB;=0i#j and A,,A,_1€IYn = B, €T

Additionally:
An=J Br Vn
k=1
A= lim A, = JA,
n (oo}
=t U Be= U B
k=1 k=1
Which, passed to the probability measure:

P[A] = P[ lim A,]

n—oo
Uz

> P[By] disjoint sets 2.9#3
k=1

=P

= lim > P[B)]
n—oo
=1

= lim P

n—o0

B; again disjoint sets

NG

1
= lim P[A,]

n—oo

X2

Lemma 2.14 (Continuity of P II). A non increasing sequence of events has a limit as well.

(Ay) C F (An) \v A => lim P[A,] = P[4]

n—oo

Proof. Notice that (A,),cy non increasing <= (Ay), .y non decreasing. So that we apply Theorem 2.13 to
the complements to get:

lim P[A°] = P[A9] = lim P[A,] = lim 1 — P[A¢] =1 — P[A] = P[A°]

n—oo n—oo n—oo

Example 2.15 (Limits of sets). Two instructive facts are:

o Ay =(0,14+21] = (0,1] =52, (0,1 + 1]
o A, = (0’1_%] - (0’1) ZUZO:1(0a1—%]

{ Observation 2.16 (Kolmogorov’s approach in reality). This construction is in high contrast with subjective
probabilities, especially considering the continuity property of Theorem 2.13. It is a nice mathematical construc-
tion for improved tractability though.

Theorem 2.17 (Boole’s Inequality (subadditivity property)). Consider a countable collection of subsets of E

in the o-algebra (A,) C F, then:
IP’[UAH} <> PlA,]
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Proof. Again, we aim to construct pairwise disjoint sets.
Let C1 = A1, C, =4, NAS_1N---NAf Vn > 2. Clearly the sets are disjoint and decreasing and C,, C A, Vn.
Also:

=
2

I
C:=
&

k=1 k=1
Then:
P lU Ck] =P U Ak
k=1 k=1

= ZIP’[Ck] disjoint sets, Def. 2.9#43
k=1

<> P[AL] monotonicity, Thm. 2.10
k=1

So that applying the limit:

n
lim P U Ayl =P UA,,L Continuity on (C),), Thm. 2.13
<1 .
< nh_)rr;o Z P[Ak] previous argument
k=1 0v;
= Z P[Ag] by sum of positive elements is defined at limit
k=1

Lemma 2.18 (Boole’s plus inclusion exclusion). Using Theorems 2.11, 2.17 we can say that for all finite collec-
tions of subsets {A;}7—; C F, where finiteness comes from the inclusion exclusion requirement, we have:

n

M4

=1

=Y PANA]+ > PANA NA]+.. + (-1)"P <0

1<j i<j<k
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Chapter Summary

Objects:
e the measurable space (E, &, 1) for a sample space, a o-algebra on it and a valid measure
e dirac measure, counting measure, discrete measure, and Lebesgue measure
e notion of limit of monotonic sequences of sets
Results
e monotonicity
VA, BeFACB u(A) <u(B)

e inclusion-exclusion formula

n

U4

=1

n

=Y PlA] - PIANA]+ Y PANANA]+...+ (=) 'P

i=1 i<j i<j<k

P

trick: induction
e continuity of Probability

(Ay) CF (An) /A => lim P[A,] = P[4]

n—oo

trick: B, = B,_1 \ 4,
e Boole’s inequality

IP’[LnJAn] < zn:]P’[An]

trick: C,, = A, N A _; N---N A sequence




Chapter 3

Random Variables

3.1 Realizations over the domain, distribution, the pdf, the cdf

Assumption 3.1 (Setting). The probability space is always (2, F,P).

Definition 3.2 (Random variable X, r.v.). For a measurable space (E,&) (Def. 2.1), a random variable is a
function from the probability space to E, X : Q — E such that it satisfies the measurability condition:

X1 A)={weQ|X(w)cA}eTF VAcE (3.1)
Theorem 3.3 (p-systems sufficiency). Let C be a p-system (Def. 1.8) such that o(C) = . Then:
Xrow < X Y(A)egvace

Namely, the measurability condition of Equation 3.1 needs to be checked for the sets belonging to the p-system
only, where clearly C C €.
Proof. In general, Section A.1, in particular, Theorem A.4, Proposition A.8. O

Assumption 3.4 (Measurable spaces in the course). Throughout the course, we will restrict to cases in which
E is one of the following:

e random variables E =R
e random vectors E = R?

e discrete time stochastic processes EE = R>®

o continuous time stochastic processes E = RT

Example 3.5 (Random variables check I, constant). Consider E =R, & = B(R) so that the p-system is:
C={(-o0,z],z € R} o(C)=B(R)
We know the condition is:
X:Q-Rrv &= X Y(~o0,7])={weQ: X(w)e€(~o0,z]} €F VzeR
Applying it to the easiest case where X (w) =k VYw € Q where k € R = E we have that:

0 z<k

X (—o0a)) = {weQ : X(w) <} = {Q i~

So that Yz € R it holds X 1 ((—oo,x]) € {0,2} where both 0,Q € F making it always a r.v. with respect to any
o-algebra of the space ).

Example 3.6 (Random variables check II). In a similar fashion, we consider more elaborate examples:

25
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e (indicator function) Let A C Q and X = 14 so that:

X(w)]lA(w){l weA

0 otherwise

Using the condition derived before for E = R we check that:

0 x<0
X H(—o0,z]) = A° =z € [0,1)
Q

Where as before §,Q € F for any o-algebra, while we have that A° € F <= A € F by the very Definition
1.4#2. An indicator r.v. is valid if and only if the event is in the o-algebra of ) considered.
o (simple random variable) Suppose {A1,..., An} is a partition of  into F-sets, namely:

A €FVi, AinA;=Wi#j, |JAi=9

i=1

then for different realizations x1 # xo # -+ # x, set:
X(w) = Zxkl“‘k (W) = Ywed, Xw) =z <= X '({ox}) ={weQ: X(w) =}
k=1

using the approach we outlined:

0 r < xpVk
X_l((_oovx]) = U A, =49 x > xpVk

kizp <z a finite union otherwise

Again, Q,0 € F, and finite unions belong by definition to a o-algebra provided that the elements Ay € F.

Definition 3.7 (Simple random variable). A random variable is said to be simple when it can be decomposed
as a linear combination of indicators of a finite partition (Def. 1.2) of the Q space.

n
X(w) = Zxk]lAk (w) where {Ag}i_q partition Q
k=1

Example 3.8 (Random variables check III). Let Q = {H,T}*° where w = (w1, ...) such that w, € {H,T}¥n >
1. The o-algebra is:

?J({wGQ:wnw},néN,wG{H,T})

For all n > 1 the map:
1 w,=H
w— X,(w) = “
0 w,=T

is a random wvariable since

0 AN{0,1} =0

Q An{0,1} ={0,1}
{weQ:w,=H} An{0,1} ={1}
{we:iw, =T An{0,1} = {0}

VA = (—o0, ] X;l(A) —

Which are all in F since they generate it.
Theorem 3.9 (Operations of random variables). For two random variables X, Y on E =R, we have that:

1. X+Yisarw.
2. min{X,Y} is a r.v.
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Proof. The strategy is proving the measurability condition of Equation 3.1.
(Claim #1) we have that:

(X4Y2a}={X>2-Y}=|J{X>¢>z-Y}

q€Q
:qLeé ({X>q}ﬂ{Y>a:—q}) :qLEJQ({Xiq}Cm{Y S:f—q}c> eF

where we are allowed to express the union over rationals since rationals are dense in R (Prop. 18.15).

We have a countable union of intersections of sets in &, so by Theorem 1.10 and the definition of o-algebra
itself (Def. 1.6) we have that the element is in F making X +Y ar.v.

(Claim #2) by direct computation:

{wGQ:min{X(w),Y(w)}<x} ={weQ: Xw) <z}n{weN:Yw)<z}eF VzeR

€T €F

where we have just checked the measurability condition for arbitrary x € R. O

{ Observation 3.10 (new random variables). Using Theorem 3.9 we can say that the following are r.v.s:
o Sp(w)=>1_1 Xi(w) Vn
Sn
e lim &
n—oo n

{ Observation 3.11 (A taste of the Law of Large Numbers, LLN). Following Obs. 3.10 can equivalently say
that limsup,, X,, and liminf, X,, are r.v.s. And that the set:

A:{wteimSn:pe[O,l]}Eff
non

= {w €0 limsup& = liminfsn}

n n non
Has, under precise conditions, limiting measure P[A] = 1

Definition 3.12 (Distribution of a random variable, pushforward measure Px = Po X~ 1). Let X be a
r.v. (Def. 3.2) from the probability space (Q,F,P) to the measurable space (E,&). Then define the pushforward
measure Px =Po X1 as:

Px(A) =P{weQ|X(w) € A} =PX € A]=P[X '(A)] Ae&

{ Observation 3.13 (P vs P). We recognize that:

e Pisapm. on(Q,9)
e Px isapm. on (E,E)

Definition 3.14 (Equality in Distribution g). We say two r.v.s X,Y are equal distribution when their
distributions are equal for all the sets of the o-algebra over which they are defined.

XLy « Px(A)=Py(A)VAcE

Theorem 3.15 (Sufficient condition for Equality in distribution). Given two random variables X,Y taking
values on (E, &), and a p-system C (Def. 1.8) such that: o(C) = & we establish that:

Py(A)=Py(A)VAce = XLV

Where the opposite direction is trivial, and equality over the p-system is equivalent to equality over the whole
o-algebra.

Proof. Proposition A.29. O
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Definition 3.16 (Cumulative distribution function Fx). For E =R in the simplest case, and a p-system of
intervals: P
C={(—o0,z] |z € R} where o(C) "&" ! B(R)
Define the map Fx : R — R, as:
Fy(2) = Px((~o0,2]) = P[X < a]

By virtue of Theorem 3.15, we can check equality in distribution for the generating p-system C and assert:
XLY <« Fy(z)=Fy(z)Vz R

Theorem 3.17 (Properties of Fx). A cdf as in Def. 3.16 has the following properties:

1. monotone non decreasing
Fx(z) < Fx(y) Ve<y

2. has limats:
lim Fx(x)=0 lim Fx(z)=1

n——oo n—oo

3. right continuity
E%FX(I +h)=Fx(z)Vz € R

Proof. (Claim #1) observe that z < y correspond to sets of the p-system such that A, C A,. By monotonicity
(Thm. 2.10) we have that:
Fx(z) = P[A;] <P[A,] = Fx(y)

(Claim #2) The following limits on € subsets hold:
{(WeN: X(w) <2} " 570 {weQ: X(w) <z} =20

With corresponding p.m. transferred to the distribution Fx — 0, Fx — 1.
(Claim #3) Consider a the set where z, = x4+ h: h ] 0:

A, ={weN: X(w) <z}, zp,lz = mAn:{wEQ:X(w)Sx}

Here it holds that:

oz, lr = X(w)<zuz, \yT
e X(w)<z = X(w)<uz,Vn

So that:

Fx(zy) = Px((—00,2,)) =P[X <2,] =Plw € 4,

e P{ﬂAn} =PX <z]=Px((—o0,2]) = Fx(z)

n

by the continuity of P (Thm. 2.13). O

{ Observation 3.18 (Intuition for no left continuity). Claim #2 2 of Theorem 3.17 does not necessarily mean
that the distribution function is also left continuous. Consider limy,_,o+ Fx(x — h) and Fx(x). The two are not
necessarily equal, since we might have that for w € A, where x,, — a~ the countable union never attains the
value. Namely:

an ¢ UA" = (—00,an)

Definition 3.19 (Probability of random variable realization). By Theorem 3.17 and Observation 3.18 we
write:

PX =z] = Fx(z) — Fx(z™) Fx(z7):= %%Fx(x—h)

Notice that if Fx is continuous (right and left) at x then P[X = x] = 0, while if it is not, such value is positive
by Theorem 3.17#1.
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{ Observation 3.20 (Journey so far). We have shown that we can construct a chain:
X rw.~Px on (R;B(R)) ~ Fx on R

How do we define a p.m. on E =R, is it unique? Often r.v.s are artifacts and we do not have them at the start
of the process; what happens more often is that we have a distribution. The next set of results sheds a light on
the relations between these objects.

Theorem 3.21 (F, P identification). Let F : R — R, satisfy the properties of Theorem 3.17, then:

= J1Pon (R,B(R)) : P((—o0,z]) = F(z) Vx € R

Proof. We are working with a finite measure so we can safely assume that is is o-finite. Then, Example C.18 is
a direct proof using arguments from Section C.2. O
Theorem 3.22 (Identification F, X). For F satisfying the properties of Theorem 3.17 we have:
= JQ,FP)X: Q>R : F(z)=Fx(z)VreR
where we take simply Q = [0,1], its borel o-algebra B([0,1]) and the Lebesque measure for the r.v.:

X(w)=1inf{z e R: F(z) > w}

Proof. With the claimed form, we notice that:
{wel0,1]: X(w)<z}={we[0,1]:w < F(z)}

Implying that:

Fx(z)=PX <z]= Leb<{w €0,1]:w< F(z)})

= Leb([0, F(x)])
=F(z)—0=F(z) VreR

{ Observation 3.23 (Takeaway). We have shown:

o s Fx ~» Px ~» X by Theorems 3.21, 3.22
o X ~» Px ~» Fx ~ F with the properties of Theorem 3.17

Therefore, it is enough to use F(x) to refer to a random variable.
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Chapter Summary

Objects:
e random variable X :  — FE such that the measurability condition is verified:

X 1A ={weQ|X(w) cA}ecTF VAcE

o pushforward measure Py =Po X!
e equality in distribution
X2y « Px(A)=Py(A) VAe&

e cumulative distribution function Fx(z) = Px((—o0,z]) Vr €R
Results:
e checking generator p-system is enough for £
e checking generator p-system is enough for measurability
e defining properties of F'x:
— monotone non decreasing

— has limits:
lim Fx(x)=0 lim Fx(z)=1

n——oo n—oo

— right continuity
lhifolFX(x +h)=Fx(z)Vz €R

e [ valid identifies a unique P
e F valid identifies a random variable and a measurable space
The conclusion is that we can work with F' satisfying the defining properties.




Chapter 4

Expectation

We aim to describe the uncertain realization of a r.v. with a reasonable interpretation. By the results of Section
3, for a probability space (2, F,P) over which we define a r.v. X : Q@ — E on (F, &) we can have two notions of
integral:

/ X(w)P(dw) or / xPx (dx)
Q E
Where the latter is equivalent by the very last results of the previous Chapter.

We refer to both as expectations of r.v.s and will use a constructive approach to build their most general form.

4.1 Building the expectation step by step

Definition 4.1 (Expectation of a simple random variable). For a simple r.v. (Def. 3.7) we naturally define
its integral as:

/ X(w)P(dw) = zn:mkIP’[Ak]
@ k=1

Where {Ak}E_, C F is a finite partition of (2.

Definition 4.2 (Expectation of non negative random variable). For a r.v. X : Q@ — R, we can always find
a monotone sequence (X,)(w) N X(w) Vw € Q where X,, is simple Yn as in Def. 3.7. This result is shown in
Theorem A.18. Then:

> 1 { Jo Xn(@)P(dw) = S5_ 2xP[A]  Def. 4.1
N Jo Xn(W)P(dw) < [ Xpy1(w)P(dw) X, < Xppa

Which identifies a non decreasing sequence of integrals that has a limit (see Obs 2.12)

(o)

For the expectation of a non negative random variable, we use such limit:

[ g ([ raom)

¢ Observation 4.3 (Getting to the general formula, properties of functions). Observe that for a function, and
thus any r.v. X, we have that X = X — X~ where:

Xt =max{0,X} =X A0
X~ =—-—min{0,X} =X V0

Where both are positive r.v.s.

31
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Definition 4.4 (Expectation of a random variable E). Using the construction of Obs. 4.3 we can eventually
state that:

BIX) = [ X(@)P() = [ X (@)P() = [ X~ ()P(aw)

Which is well defined whenever the integrability condition holds, namely that at least one of the two
integrals is not oco. If this condition was not verified, we would have an undefined form oo — co. Notice that if
one of the two diverges, and the other does not, the integral is well defined.

Use as shorthand for simplicity:
/ XdP and / xdP
Q R

Definition 4.5 (Space of integrable r.v.s £1(Q,F,P)). We say X : Q — E defined on the probability space
(Q,F,P) and taking values in (E, &) is integrable if:

E[X]] < o0

We denote the collection of such r.v.s as £1(Q, F,P). Notice that this is stronger than the existance of the integral,
which in the class £1(, F,P) is always finite.

{ Observation 4.6 (Expected value and integrability). Notice that the condition is equivalent to requiring that
the positive and negative parts do not diverge together as in Definition 4.4. Namely:

IE[X] if [oXTdP =00 A [ X dP =00
E[X] = 00 if [, X+dP =00 A [, X~dP < o
E[X] = -0 if [oXTdP <oo A [ X dP =00

X € L1(Q,F,P) else

4.2 Properties of Expectation and integral

Theorem 4.7 (Properties of E). Let X be a r.v. (Def. 3.2). The conditions can hold in the a.s. case or
Yw € Q, depending on the formulation.

1. positivity for positive r.v.
PX >0 =1 = E[X]>0

2. monotonicity

PX>Y]=1
IE[X],E[Y] = E[X] > E[Y]
Y € Ll(Qvﬁra ]P))
3. linearity
{HE[X] = E[aX + bY] = aE[X] + bE[Y] Va,beR
Y € Ll(Q,?, P)
4. equality respect
JE[X], E[Y] E[X] = E[Y]
PX=Y]=1

Proof. For all the results we have the a.s. hypothesis which allows us to reduce integrals over 2 to integrals
over the set where the hypothesis holds. This is the basic trick to prove all the statements. We can use the
approximation via simple functions and thus express the integral as we wish.

(Claim #1) We have X = X so that [ XdP = [ XTdP >0
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(Claim #2) It holds:

= lim [ X} 'dP— lim / X;dP— lim [ Y dP+ lim [ Y, dP Def. 4.4

n—oo n— o0 n—oo n— oo

Where the last passage follows from Claim #1 with the fact that P[X —Y > 0] = 1. We could have
(Claim #3) with arguments similar to #2 we have:

ElaX + bY] = aE[z] + bE[Y]
This time we require the integrability of at least one to make the integral not a undecidable form.
(Claim #4) by observing that P[X =Y] =1 <= P[X —Y = 0] = 1 use claims #1,#3 to get the claim:
E[X]-E[Y]=E[X -Y] :/X—YdIP’:/OdIPzO

O
Definition 4.8 (Expectations of functions of random variables). Recall Px = P o X! induced on (E,¢&).

Consider h : R — R where h(X) =Y and h is measurable (satisfies Eqn. 3.1). Y is a r.v. with expectation:

E[h(X)] /Q h(X (w))P(dw) = /Q W+ (X (w)P(dw) + / h™ (X (w))P(dw)

Q

Which is meaningful if the expectation of the positive and the negative part are not both infinite. When h is also
integrable, we may state it as h € L1(R, B(R),Px) or h(X) € L1(Q,F,P). The extension to h mapping to other
measurable spaces is trivial.

Theorem 4.9 (Law of the unconscious statistician). Let X : Q — E be a r.v. Then for a measurable map h:

JE [h(X)] = E[h(X)] :/Qh(X(w))IP’(dw):/Eh(x)(PX(dx)

Additionally, one can prove:

he Li(R,B(R),Px) < hoX € L,(Q,F,P)
Proof. In this case, the result holds by a more refined version of the change of variable method in integrals for a
pushforward measure. O

Definition 4.10 (Notation for expectation of h). We let:

which is meaningful if h is measurable, namely:
hY(A)={zcR|h(z)c A} €TF VAc BR)
establishing a chain of measurable pushforwards.

Theorem 4.11 (Equality in probability law characterization). In the context of probability and Borel measures
over X in a metric space:
Vh e Cf(R) Px(h)=P(h) = Px =7

The result can be extended, but since we work with probability measures, it is sufficient.
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Proof. By assumption for continuous and bounded functions h:
Py (h) = /R h(z)Px (dz) = /R h(z)P(dz) = P(R)
Notice also that Va < b it holds that:
Loy (@) = lm ho(@)  ha(@) = n(@ — )Lt @) + Lays ooty + 0l - o)l 14 @)

Where h,, is continuous and bounded Vn, approaching the indicator of any interval. Our assumption on the
integrals also holds there and we can state that Px (h,,) = P(h,) for all n. More precisely, the former, by using
the results of Theorem 4.7 takes form:

P (hn) = n/(a’twm(x — a)Px(dz) + Px Ka + %,b - i)] + n/[bl b)(b — 2)Px (da)

n’

In the above Equation, we have that:
1
. (a, a+ ] N0
n

[og) o
n
e /1 is continuous

o Vz e (a,a—&—;} n(r—a) <1
o Vx € {b—;) nb—z) <1

These facts, which hold by construction and assumption, imply with continuity Thm. 2.13 that:

n/ (x — a)Px(dx) §/ Px(dx) =Px <(a,a+1]> "0
(a,a-ﬁ-%] (a,a—i—%] n

1 n o0
n/ (b—x)ﬂ)x(dx)gn/ Tx(dw):ﬂ’x({b—,lo) =20
[b_%vb) [b_%ab) n

Thus, in the limit the expression approaches Px((a,b)) and makes it such that :

Jim hn(2)Px (dz) = Jim P (hn) = Px((a, b)) = P((a,b)) = Jim. P(hn(x)) = Jim. b (2)P(dz)
We have just proved that any non negative continuous and bounded function, expressed as the limit of our bar
function, reduces to evaluating probabilities of simple intervals for both measures (red). That is, if two p.m.s are
equal over h functions as hypothesized, then they are equal over all intervals (a,b) by the arbitrariness of a, b.
Eventually, over the o-algebra:
o({(a,b) : —00 < a <b< oo}) =B(R)

the two measures agree, and by Theorem 3.15 they are equal. O

Lemma 4.12 (Full Characterization of equality in distribution). Let X,Y be positive r.v.s on (R, B(R)). The
following are equivalent:

1. X=Y
2. E [67”{] =E [e”“y] Vt € Ry, the Laplace transforms, which we will introduce in the next chapter
3 E[foX]|=E[foY] VfeCyR)
4. E[foX]=E[foY] V[ bounded Borel
5. E[foX|=E[foY] Vf positive Borel
Proof. [Cinll], Example 11.2.34. O

Example 4.13 (Examples of E). We provide two basic cases:
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e For D C Q countable such that D = {wi,ws,...} with law P = ) m,0.,, such that Y m, = 1 and

T, > OVn if we define
X:QoR w, 22, €R = Px =) mdy,

which for h : R — R has expectation:
E[A(X)] = Px(h) =Y h(X (wn))mn = > _ h(wn)ms

the expectation of a discrete r.v.
e For Q) =[0,1] instead, with law P = Leb it holds:

1
E[h(X)] = /h(X(w))d]P’(dw) :/ h(x)Leb(dx) :/ h(z)dx if Riemann integral exists
[0,1] 0
Definition 4.14 (Outer Lebsegue measure). This is better explained in appendiz C

Let E C R and define:
Leb*(E) = inf > 1(Ix)
k=1

Where {Iy} is countable and covers E, namely E C |J;° I,
Lemma 4.15 (Countable sets have Leb* = 0). If E is countable then Leb(E) =0

Proof. Let E = {e;}32, countable and € > 0. Then:
€
er + 27@)

€
VkeN I, = (ek—Q—k,
Such collection is countable and covers E, namely | J, I O E, by dyadics (rationals) being dense in R (again

1
21:6 Ve >0
)

O

Prop. 18.15). Clearly:
=€
1

0< Leb(B) < Y U(I) = 22% = 622%
k k k

Implying that Leb(E) =0
Corollary 4.16 (Countable sets and outer measure). establish that:
1. any outer measure giving zero to singletons satisfies Lemma 4.15
O

2. Leb*(Q) =0

Proof. Both claims follow directly by Lemma 4.15.
{> Observation 4.17 (Lebesgue vs Riemann integral). Observe that Riemann integrable —> Lebesgue integrable

and not the opposite. A counterexample is:
{1 zeQnIo,1]

h =
(@) 0 else

Then, the discontinuities are dense in [0,1] (see Prop. D.3), so the Riemann sum does not converge. Contrarily:

1
/ h(z)Leb(dz) = / h(z)Leb(dz) =0
0 q€Q

By Corollary 4.16.
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4.3 Notions of convergence and results

Definition 4.18 (Almost sure a.s. convergence “3). Let (X,)n,>1 be a countable series on (Q,F,P). The
diverging limit lim X,, has many notions since X, (w) requires a qualification.
n—oo

We say X,, 3 X if P[nli_{IOloXn = X| = 1. However, notice that we implicitly assume that:
IP’[nli_{r;oXn =X]=P{we Q| X,(w) = X(w)}]
is well defined, which holds if and only if:
{weQ| Xp(lw)=Xw)}eF
To explain this, we start from the definition of limit:
Ve >0 dng=mnole) | Vnsng |Xn,—X]|<e

Then in set notation we say:

N U ) {wel [ Xn(w) - X(w)| < e}

e>0np=1n=no

€F as Xpn,X rov.

N U ) {wel Xu(w) — X(w)| < e}

e>0npg=1n=ng

€F as ng,n countable

N U ) {wel [ Xn(w) - X(w)| < e}

e>0ng=1n=ng

¢F as >0 uncountable

Where, however, by the rationals being dense in Ry (again, see Prop. 18.15), we can replace the last intersection
with one ranging over rationals % € Q, k € N, eventually concluding:

N U N {eenimm-xwi<ifes
keNy no=1n=ng

¢ Observation 4.19 (Interpreting aﬁ) We can see X,, “3 X as X,, being convergent to X for all w but those
that have null measure (negligible).

Definition 4.20 (Increasingly and decreasingly a.s. notation). We denote:

1. X, (w) < Xpt1(w) Yw and X, 3 X with the symbol X,, /' X a.s.
2. Xp(w) > Xpy1(w) Vw and X, L8 X with the symbol X,, \y X a.s.

Theorem 4.21 (Monotone Convergence Theorem). It holds that in a monotone convergence regime we can
exchange the limit and the integral:

X1 @ P[X, >0]=1V ;
(Xn)n>1 [ ] " lim E[X,] = E[X] a..
X, X as. e

Proof. See Theorem A.46. O

Corollary 4.22 (Countable sum monotone convergence). With the assumptions of Theorem 4.21 we can say:

E [an] => E[X,] ae.
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Proof. Let S, = > ;_; Xx. By X; > 0 we have that S, 41 > S, Vn. By assumption, the sequence is strictly
increasing to a limit.

sn/szixk

k=1

Moving to the expectation:

E[ lim S,] = E[S]

n—oo

= lim E[S,] Monotone conv Thm. 4.21

= nh_)rr;o Z E[X}] linearity Thm. 4.7#3

Eventually:

O

{ Observation 4.23 (Commenting Corollary 4.22). Thanks to the Monotone convergence Theorem result, we
can expand the linearity of integrals to infinite instances subject to convergence of the sum.

Theorem 4.24 (Dominated Convergence Theorem). Let (X,,),>1 be such that:

PX,<Y]=1 V¥n>1

Y eli(QFP)
X, ¥ X
Then:
1. Xp, X € £L1(Q,F,P)
2. lim E[X,,] = E[X]
n—oo
Proof. Both claims follow by Theorem A.51. O

¢ Observation 4.25 (On Theorem 4.21). A sketch of the proof is:

lim E[X,] =E[lim X,]
n— oo

n—oo

:/ lim X, (w)P[dw]
Q

n— oo

= / lim X, (w)P[dw]
{weQ: X, (w)=X (w)} "7

+

/ lim X, (w)P[dw] by a.s. conv. hypothesis
{weQ: X (w)#X (w)} VT

=0

= lim X, (w)P[dw]
{we: X, (w)=X (w)} "7

_ / X (w)Pldes]
{we: X, (w)=X(w)}

_ /Q X (w)Pldeo]
_ E[X]
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Corollary 4.26 (Bounded Convergence Theorem). Let (X,)n>1 be such that:

PX, <bl=1 Vn>1
b< oo
X, %X

Then precisely:
lim E[X,,| = E[X]

n— oo

Proof. Apply Theorem 4.24 with Y = b € R a constant r.v. O

Chapter Summary

Objects:
e constructive definition of the integral:
— simple functions
— positive functions using monotone approximation
— general functions using X = X — X~ decomposition
e space of integrable random variables £(Q, F,P)
e the P(h) notation
e almost sure convergence, as equality almost everywhere

X, % X < P| lim anX} —1
n—oo
Results:
— properties of expectations:
* positivity
* monotonicity
* linearity
x equality a.s. implies equality of integrals
tricks: be careful with the hypothesis, and use the decomposition and the a.s. conditions
— law of the unconscious statistician
— equality in distribution is implied by equality over C’;‘ functions for Borel probability measures
in a metric space
— monotone convergence Theorem
tricks: can exchange if the sequence converges, used to prove linearity of expectation for
countable sums
— dominated convergence Theorem
trick: need to assume integrability of the almost sure dominator, and convergence to something
— bounded convergence Theorem




Chapter 5

Density Functions

5.1 Radon-Nikodym Perspective

{ Observation 5.1 (Setting and goal). We aim to provide an alternative formulation of Px. For simplicity
recall the definition of absolute continuity (Def. 2.6 and of sigma finite measure (Def. A.26).

Example 5.2 (Absolutely continuous measures). To refresh the concept of < (Def. 2.6) we provide an
example. Let p = ijo 0j and v = 6o + 61. Then:

VAeBR) p(A)=0 = {0,1,..}NA=0 = v(A)=0 = v<pu
While the opposite does not hold. A trivial counterezample is the set A = {2} € B(R).
Definition 5.3 (Mutual Absolute Continuity ~). If p < v and v < p then we say p ~ v.

Example 5.4 (Mutual absolute continuity w.r.t. Leb). Consider two measures:
v=_Leb p=e *lLeb vz eR
Then:

M(A)Z/Ae—\flLeb(dx):o — V(A):/ALeb(dx)zo VA € B(R)

which holds by el > 0¥z € R. We then say p ~ v.

Example 5.5 (Leb is o-finite but not finite). The Lebesgue measure restricted to the positive half line
(Ry, B(R4)) is such that Leb(Ry) = 0o, so it is not finite.
However, letting E, = [n—1,n) VYn € N* we have:

U E.=Ry ENE;=0Vi#j Leb(E,)=1VneN*
neN*

So it is o-finite in the sense of Definition A.26, since it has a countable partition of finite measures decomposition.
It is rather trivial to show that this also holds for the Lebesgue measure on R.

Example 5.6 (Counting measure is o-finite). Take E = R for simplicity. The counting measure (Def. 2.4)
is constructed from countable set D C R. We have by definition:

v(A)=|AND|<|D| VAecB[R) (5.1)
The sets |AN D| are countable. We now take for the space R = D U (R\ D) two subpartitions:

e D is partitioned into singletons since it is countable, call them (A;)
e R\ D, is partitioned into intervals of the form [m, m+ 1), which cover it by countable union. We call these

(Bm)

39



40 CHAPTER 5. DENSITY FUNCTIONS

It holds that
vm,n v(A,)=1 v(Bp)=0 (5.2)

All are finite and the union of the partitions is

(U An> U <U Bm> =R (5.3)
Thus the counting measure is o-finite provided that D is countable, which is a requirement of the definition we
gave (Def. 2.4).

Theorem 5.7 (Radon-Nikodym Theorem). Let pu,v be two o-finite measures (Def. A.26) on (E, &), and v
be such that v < u (Def. 2.6). Then:

Ip: E — Ry measurable function s.t. v(A) = / p(x)u(dx) VAe& (5.4)
A

Where p is almost everywhere unique on the p measure, meaning that that for another measurable function
q satisfying Equation 5.4 it holds:
p({z € Eq(z) # p(x)}) =0

{ Observation 5.8 (About the assumptions). Notice that we require both measures to be o-finite since it is not
obvious that a measure absolutely continuous wrt a o-finite measure is itself o-finite. Counterexamples are found

easily. Let u = Leb and v < p where:
A) =
U( ) {0 /L( ) 0

oo else
The measure v is not o-finite since:

e we can cover null-sets of Leb with a countable union, thus having finite (null) measures for each null set of
Leb
e we cannot cover the whole R with finite measures since each other set has infinite measure by construction

However, in the context of probability, since we work with v a probability measure, we get o-finiteness for free!
In other words, this comment is just stated to specify that the Theorem is well defined, but in practical terms for
the course we never have to check o-finiteness of the measure we want to express.

Definition 5.9 (Radon Nikodym derivative of v w.r.t u, aka density function p). In the context of Theorem
5.7 we often denote the resulting density function as:

_dv

p(z) = @

(x) (5.5)

This is not a formal definition but rather a symbol.
{ Observation 5.10 (Link with pmf). Recall from Example 5.5 that for D C E a countable subset the counting
measure (Def. 2.4):

p() =Y b()

zeD

is o-finite. Then for a r.v. X taking values inside D we have that:

Px < p Raiig%ihm dp: E— Ry
satisfying:
Px(A)= | p(z)u(dz) VA€ B(E)
A
=P[X € 4]

= Y )

z€AND
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Where: P
pla) = (@) = PIX = a]
With the usual pmf properties. Namely:
p(z) >0 Y
p(z) =0 Vo ¢ D
>oplr) =1

Definition 5.11 (Discrete random variable characterization). We say a random wvariable X : Q@ — E is
discrete when it is absolutely continuous with respect to the counting measure (Def. 2.4).

{ Observation 5.12 (Link with pdf). Similarly to what we did in Obs. 5.10, for a random variable X with
probability distribution Px < Leb we can say by the Radon Nikodym Theorem (Thm. 5.7) that there is an almost
everywhere unique function p such that:

Py (A) = /A p(@)Leb(dz) VA € B(E)

With classic properties of a pdf :
p(z) >0 Ve € R
Jep(@)de =1

Definition 5.13 (Continuous random variable characterization). X : Q — E is said to be continuous when it
is absolutely continuous with respect to the Lebesgue measure (Def. 2.8).

Example 5.14 (Degenerate distribution). Let zg € E and X : Q — E with pushforward measure:
Px(A) =Po X 1 (A) =0,,(A) VAcE

We say X is a degenerate at xqg ..
For E =R it holds that:

:PX((_OO7$]) = FX(Z‘) = ]]-[mo,oo) (x)
Notice that Px < p = ijo 0; the counting measure. By Theorem 5.7 we can derive a Radon Nikodym derivative:

p(x)=d(%(x)= {(1) z;zz TX(A)Z/AP(HJ)M(dm) VA € B(R)

Where:
iPX(]R):/p(x),u(daz):l-ézoJrO-él +0-0g+---
R

So that in general the expectation of a function h : R — R where h(X) € L1(R, B(R), Px) is:

E[L(X)] = / h(X)Px (de) P (de) = plx)u(de)

- / h(a)p(x)u(de) p2) = bay

- /R h(@), ® (62, (d) + 61(dz) + Ga(d) + -+

=n(dz)
:/h(x)-1~6wo
R
= h(zo)

Example 5.15 (Poisson distribution). Let v = >
Poisson with mean A > 0 if:

zen- Oz be the counting measure. A r.v. X is saif to be

dP,
dv

A=A

Px <v PX =z]=p)= =

(z)

In- (z)
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So that:
)\we—)\
VA e B(R) Px(A) = (z)v(dz) =
* /Ap ;CEAZHN* @l
Vh:R =R, h(X)e Ly EhX)] = / h(z)Px(dx) = / h(z)p(z)v(dx) = ih(x) e
: ) 1 ~ ) X ~ e p = Z 7l

n

Example 5.16 (Binomial distribution). Let n € N,m € [0,1]. Consider v, =" _, 0., the counting measure
(Def. 2.4) on D, = {0,...,n}. A r.v. X has binomial distribution, and we say X ~ Binom(n,n) if Px < vy
and: e

]P)[X = J,‘] = p(l‘) = d X (m‘) = (n) ﬂ'x(l — 7T)n_x]1D” (ZC)
Un

T

where for Borel sets A € B(R):
n —X
Px(A) = / pla)dvn(z) = > (x> (1 — )"
A €AN{0,...,n}

Example 5.17 (Gamma distribution). Let o, 8 > 0. A r.v. X has distribution Samma(a, ) where « is the
shape and B is the scale if Px < Leb and:
_ dPx
~ dLeb

(1) = g le P 1 o (2)

T'(«a)

where at the denominator we are using the Gamma function

p(x)

() :/ 2 e ®dz a>0
0

of which the nicest property is I'(a + 1) = al'(a).
The probability law is recovered as:

50‘ a—1_-—pz
A) = = S AeB
Px(A) /Ap(a?)d:c /Am([)m) F(a)x e Pdx VA € B(R)

It is also recognized that:
e for o =1 we recover the exponential distribution Exp(B)

o fora= g, 8= 5 we obtain the chi-square distribution with n degrees of freedom x?

Example 5.18 (Normal/Gaussian distribution). Let m € R and o > 0. A r.v. X is normally distributed with
mean m and variance o2 if Px < Leb and:

dPx 1 _@m?
— = — 202 R
with law: )
(z—rn)2
Px(A) = dx = T 2?2 dr VAe B[R 5.6
(@)= [ e = [ S ® (5:)

Definition 5.19 (Absolutely continuous function). In the context of functions, we establish absolute continuity
for F: R — R when:

V{(as,b;]:i=1,...,k} disjoint b
X = > |F(b:i) — Flai)| <€
Zi:1(bi —a;) <9 i=1

Proposition 5.20 (Distribution function absolute continuity). For P on (R, B(R)) such that P < Leb with
Radon Nikodym derivative p it holds that:

Ve>036>0 s.t. {

1. F the distribution function is absolutely continuous (Def. 5.19) and:

b
F(b) — F(a) = / p(z)dr Va<b
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2. F is differentiable almost everywhere with respect to the Lebesgue measure:
Leb({z e R| AF'(2)}) =0
3. F has derivative almost everywhere p namely:
F'=pae. st. Leb({zx eR|F'(x)#p(x)}) =0

Definition 5.21 (Transformations of random variables). For a r.v. X on (E, &) and a measurable function
f:E— H (Def. A.7) mapping to another measurable space (H,H) we can define the counterimage of f as:

fYB)={zcE:f(x)eB}cé& VBecXH
So the map w — Y (w) = f(X(w)) is a r.v. taking values in (H,H) and we can evaluate:
Py(B) =P[Y € B] =P[f(X) € B]=P[X € f7/(B)] = Px(f'(B)) VBeX
Eventually concluding that Py = Px o f~1 where f~! is the counterimage and not properly the inverse of

f-

When we work in a Euclidean space E = R the formulae to make this change of variable are well known.

Chapter Summary

Objects:
e absolute continuity
e o-finite measures

e Radon Nikodym derivative p(x) = fP—X(JU)

o discrete and continuous random variables
e absolute continuity
e transformations of random variables
Results:
e the Lebsgue measure and the counting measure are o-finite
e Radon Nikodym Theorem, for two o-finite measures with v < pu:

Ip: E — Ry measurable function s.t. v(A) = / p(z)pu(dx) VA€
A
almost everywhere unique with respect to
e a probability measure absolutely continuous to the Lebesgue measure has an absolutely continuous
cdf, differentiable almost everywhere, with a.e. derivative p, the Radon Nikodym derivative
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Chapter 6

Random Vectors, Transforms

6.1 Multivariable approach

Definition 6.1 (Random vector). We let n = 2, the definition naturally extends for n > 2. A random vector
is a tuple of rv.s (X,Y) on (Q,F,P) taking values on (R, B(R)) such that taken jointly they are measurable.
Namely:

(X,Y):Q=R? (X,Y) ' (A)={we| (X(w),Yw)) € A} €TF VAc BR?)

Proposition 6.2 (Inherited properties of random vectors). Drawing from Theorem 3.21 we have that:

1. Recalling that like in Prop. 1.21 it holds: C = {(—o0,z] x (—=00,y], 7,y € R} : o(C) = B(R?) we can
establish validity by checking the p-system only:

(X,Y)rw. <= (X, V) ' A)={wecQ|X(w)<z,Y(w) <ylecTF VAcC

2. Unique identification of p.m. and cdf:

A= Pxy(A) =Plwe Q| (X(w),Y(w)) € A}] <= Pxy((=o0,2] x (=00,y]) =P[X <2,V <y]
——— [ ———
on (R,B(R?)) on (9,5) =Fx,y(z,y)
¢ Observation 6.3 (About Px y). Also the marginals are uniquely identified by the joint as:

Px (A) ?X’y(A X R) VA € B(R)
ny(A) = foyy(R X A) VA € B(R)

In general, the opposite is not true, as we need a well specified dependence structure to conclude how they miz.

Proposition 6.4 (Cumulative distribution function Fx y properties inherited). Similarly to Theorem 3.17,
we have that given a tuple (X,Y) and their cdf Fxy : R? — R,

1. lim Fxy=0and lim Fxy =0
r——00 Y——00

2. lim FX,Y :Fy and lim FXﬁy :FX
r—00 Yy—00

3. lim lim Fxy = lim lim Fxy = lim Fyxy =1
T—00Y—>00 Y—00T—00 T, y— 00

Proof. All Claims follow by reasoning as in the one dimensional case, using the fact that the Borel sets either go
to 0, X,Y, Q. O

Proposition 6.5 (Cumulative distribution right continuity component wise). Right continuity holds compo-
nent wise:
V(I, y) S RQ léiIOlFX,Y(x + h7y) = E?&FX,Y(Ivy + h) = FX,Y(xa y)

Proof. Again, the proof is the same as in the one dimensional case, Theorem 3.17#3. O

45
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Proposition 6.6 (Cumulative distribution quasi monotonicity). Instead of being increasing, with more than
one r.v. the cdf becomes quasi motononic, meaning that for (X,Y) we have:

Fx y(z2,y2) — Fxy(z2,11) — Fx,y(z1,92) + Fxy(z1,51) >0 Vag > 21, y2 > 11

Proof. The most intuitive proof is graphical. Consider Figure 6.1. For a rectangle in B(R?) the area must be
non negative (since we are working with a measure), and we establish that:

Fxy(xz2,y2) — Fxy(z2,91) — Fxy(21,y2) + Fxy(z1,y1) >0 Yoo > z1, y2 > y1

- - - — — —=

O R NWER GO N 00 © O

=
_
o
(%)
-
ot
o
J
s
©
—
S

- -1

Figure 6.1: An example of measurable rectangle in B(R?)

O

{ Observation 6.7 (Extending to bigger random vectors and the identification issue). We can easily extend
these results to n > 2 sizes, either countably or uncountably co as well. In Theorems 8.21,3.22 we proved that a
general distribution function F satisfying certain properties identifies a unique probability law and a probability
space with a random variable, can we do the same for general dimensions?

Theorem 6.8 (Random vector identification via F). A function F : R? — R, satisfying Propositions 6.4,
6.5 and 6.6 has a unique identified probability distribution Px for a r.v. X on (R? B(R?))

Proof. This is the same as Theorem 3.21 for random variables. O

& Definition 6.9 (Independence L). We say that two r.v.s (X,Y) respectively on (E, &) and (H,H) are inde-
pendent if Pxy = Px x Py. Namely:

Pxy[Ax Bl =PXe€AY eB =PX e AP[Y € B|]=Px(A)Py(B) VA&, BeXH

We write explicitly X LY. Similarly a collection of r.v.s {X;,i € I'} is an independency if:

{ Observation 6.10 (About independence). We can easily check by Theorem 6.8 that:
X1Y < Fxy(z,y) =Fx(z)Fy(y) Vzr,yeR
In case of independence, we can also recover inequivocably the joint distribution by multiplying the marginals:

X1lY — EI!foyyon(ExH,E(X)fH)
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6.2 Transforms

Definition 6.11 (Laplace transform P.(t)). For a positive r.v. X : P[X > 0] =1 we let:

~

Px(t) =Ele ] = /R e Px(dr) Px(0)=1 Vt>0

For a non a.s. positive r.v., the definition is called two-sided Laplace transform and involves a modulus of t.
Theorem 6.12 (Laplace transform distribution characterization). It holds:
Px =Py <— (jsx(t) = f/]sy(t) Vt>0

{ Observation 6.13 (Getting back Px). There are inverse transformations from the laplace to the probability
law.

Proposition 6.14 (Independence sum factorizes in Laplace). For independent r.v.s satisfying the conditions
of Def. 6.11 we have:

~

X1lY = ﬂA’Xer(t) = ﬁx(t)ﬂ)y(t)

Proof. We proceed by just applying the Definition of Laplace transform.
Pxiy(t) =E[e O] —E[em¥e ] =E [ E[e7] = Px()Py (1)
Where we splitted the expectations since we have by hypothesis X 1 Y. O

Lemma 6.15 (A useful identity in calculus). For a positive r.v. X : P[X > 0] = 1, realized at x > 0 we have:

oo
e_mz/ xe” "dw
¢

Proof. This is just a nice observation in calculus.

w=00 1

e—tw = _e W = _ e rw
x

w=00 o0 o
= x/ e "“dw :/ e  "dw
w=t t t

fund Thm. calculus

w=t

—rw

where we used the fact that e is continuous. O

Theorem 6.16 (Connection of Laplace & moments). Consider an integrable positive random variable X :
PX >0/ =1, X € £1(Q,F,P) the moments can be recovered as:

1. mean J
~Px(t)| =-E[X
FPx0| =-Ex
2. higher moments up to higher integrability E[X™] < oo
Dox)] = (1B
T
Proof. (Claim #1) We proceed step by step.
P (t) = Ele—¥] = / 7P (d)
Ry
oo
= / xe " dwPx (dx) Lem. 6.15
R, Jt

o0

E[Xe "X ]dw

/ / xe " Px (dx)dw Fubini Thm. B.30
t Ry
¢
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Now by X € £; we can say that dPx for a.e. t € (0,00) wrt Leb.
We would like to use again the fundamental Theorem of Calculus. Since we will show continuity in Lemma
6.26#1, it is possible to make the classic trick:

/:O E[Xe *X]dw = — /O:]E[Xe_“’x]dw = (/O:E[Xe_wx]dw + /CtIE[Xe_“’X]dw> c € (t,00)

where the first term is constant when differentiating by ¢. We are now in the position to apply the fundamental
Theorem of calculus, slightly adatped to Measure theory!:

=-E[Xe ¥
o [(Xe ]
evaluated at ¢t = 0 is by continuity:
d ~ d ~
—Px(t =lim —Px (¢
dt X()t:() i & x )
= lim —E [Xe 'X] Xe ™M <X = <1, X>0 V>0
=—-F [ltif([)l Xe_tX] dom. conv. Thm. 4.24 as X € £,
— —E[X]
(Claim #2) similarly obtained by the same arguments recursively. O

Definition 6.17 (Characteristic function ®.(¢)). For a real r.v. X on (R, B(R)) and any argument t € R
define:

Dy (t) = E [¢X] = / P (di) = /

Rcos(tx)(PX(dx) +i/ sin(tx)Px (dx)

R

Where in the last passage we use Euler’s identity e"'® = cos(tx) + i sin(tx)

Theorem 6.18 (Characteristic function distribution characterization).
Px =Py — @X(t) = q)y(t) VteR

Theorem 6.19 (Existance of ®x(t)). The characteristic function always exrists X —> IO x(t)

Proof. Notice that |®x(t)] is such that:
[@x(1)] = [E[e"]]
/ "X Py (dr)
R
< / €X P (da)
R

=< / Px(dzx) le| = | cos(tx) + isin(tz)| = \/COSZ(UT) + sin?(tz) = 1
R
=1

Which means that the characteristic function is finite and always exists by being a finite expectation in terms of
the probability law. O

Proposition 6.20 (®x(t) real condition). A symmetric random variable has real Characteristic function:

X @ Px(A) =Px(~A) VA€ B(R) = ®x(t) cRVtER

Iwe did not go much deep into this
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Proof. We aim to evaluate the characteristic function of a symmetric r.v.:
B (t) = / P (da)
R
/ cos(tz)Px (dz) + / sin(tz)Px (dx) Euler’s formula and linearity
R R

Where the complex part is:

/Rsin(tz)f])x(dx) :/ sin(tx)Px (dx) +/R+ sin(tx)Px (dx)

= /O sin(—tx)P_x (—dzx) + /000 sin(tz)Px (dz) Ch. integration index

_ / " n(ta)Px(—de) 1 /0 ~ sin(t2)Px (dx) sin(—tz) = — sin(tz)

= /O —sin(tz)(—P_x(dz)) + /000 sin(tz)Px (dz) P_x(—dx) = —P_x(dx)
/OOO sin(tz)(P_x(dz)) + /000 sin(tz)Px (dx) Ch. integration index
/0 " sin(tz) P (da) + A ~ sin(tz) P (do) Symmetry —X < X

So that ®x(t) e R VteR.
Proposition 6.21 (Properties of ® x (¢) similar to ‘JA’X(t)) We have that:
1. X1Y = CI)Xer(t) = (I)X(t)cby(t)
dn

— ={"E[X" >1
thn x(t) =i"E[X"] Vn >

Proof. Both Claims are as those of Theorem 6.16 and Proposition 6.14.
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O

Definition 6.22 (Probability Generating Function, PGF). For a discrete r.v. (Def. 5.11) X : Q@ — NU{oo} =

N we say the PGF is:
o0
K= "X =
n=0
Which uniquely determines Px since it is the power series expansion of the coefficients of P[X = n]

Example 6.23 (Samma distribution). Let X ~ Gamma(a,5) « > 0,5 > 0.
(A moments closed form) wts that IE[XP] Vp > —c.

I(a)

= —5 / 2Pr e Py
[(a) R,
ge Ixa_+1ﬁt/) I s ey

E[Xp]:/ xpﬁ—xo‘*le*ﬁidx
Ry

T T(a) gty (a+p)
gamma density
_ B Tla+p)
I(a) pote
r
= (?(Jr)p)ﬂp domain isa+p>0 < p>—«

Where if a,p € N can be further simplified by the well known property that al'(a)) = T'(a 4+ 1)Va € N:

Fatn),, Ioti

p=neNaeN = EX"=—F = =—2g
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(O rescaling) a new r.v. of the form'Y = BX can be characterized in its distribution using Theorem 4.11 via
bounded continuous positive borel functions and their expectations:

h:R—=Ry Eh()
If such integral is equal in h € Cy, to a well known distribution, we are done.

E[h(Y)] = Py (h)
Z/Rh(y)ﬂ’y(dy)
- / W) P (da)

-/ () Lo e let y = Bz, dy = fd

B Ba y a—1 1
= o, T (ﬂ) g

1 ety
/]R+ mh(y)y le Vdy

Where we find the expectation of a Beta(a, 1) = Gamma(a, 1) distribution.

¢ Observation 6.24 (About Example 6.23). The result Y = X ~ Gamma(a,1) justifies why we call the 8
parameter scale.

Example 6.25 (Independent Gammas). Consider X ~ Gamma(ai,1),Y ~ Gamma(ag, 1) with X 1Y <~
PxPy = Px,y. Define the joint distribution of two new r.v.s:

(S,2) = (XJrY,XXH/>

Usually, their distribution is extracted with transforms, now we wish to do so using the result of Theorem 4.11
with bounded continuous positive Borel functions h : R — Ry . Namely, we check:

:])S,Z(h) = / h(S,Z)TS7z(dS,dZ) s=r+y,z= L, h € Ob(R)
R2 r+y

Applying a change of variable we see that:

Ooxr O
T = sz |25 @ ; o
{y:s(l_z) 1=\ | stlal=1-sl=1s
Os 0z

Further, notice that:

(X,Y)€R+XR+ — (S,Z)GR.},_X[O,H - |S|:$
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So that the expectation becomes:

X
fpsﬁz(h) = / / h <$ + v, ) ?X,y(dm,dy) ?X’y = PxPy
R, JR, T4y

x 1 1
= hl{x+uy, ) z et g2 leVdgdy
1

:/ /h(s,z) ! (sz)al*le*‘”;(s(lfz))arlefs(lfz)sdsdz
Ry JO (a2)

1
1
= /R /0 (57 Z)WsalflzoqflefszfsersSazfl(1 _ Z)a2715 dsdz
+

1
1
= h 8§, 2) =————— Zo‘lfl 1—2z az—1 50‘1+0‘271678 dsdz
// A e L2 e

—

>

Beta Kernel Gamma kernel
1
1 r
= / / h(372)78a1+a27167‘swza1,1(1 _ Z)azfl dsdz
Ry JO I'(or + a2) L(aq)T(az)

- /]R+ /01 h(s,2)Ps(ds)Pz(dz)

Where we see that S L Z as the laws factorize and S ~ Gamma(ay + ag,1), Z ~ Beta(ay, as).

Lemma 6.26 (Properties of @X(t)) Consider an integrable r.v. X € L£1. For a Laplace transform as in Def.
6.11:

1. @X(t) is decreasing and continuous in t
2. tliglg\?x(t) =0
3. limPx(t) =1

t—0

Proof. We always use the X > 0 a.s. condition.
(Claim #1) follows as e ** < 1Vt > 0, so by dominated convergence (Thm. 4.24):

l}i%?x(t + h) = Tx(t)vt >0

For h 1 0 observe that e™** > 0Vz,t and apply the same reasoning.
Moreover, by e~%* being decreasing in ¢, the integral is decreasing in ¢ by monotonicity (Thm. 4.7#42).
(Claim #2, #3) Again by dominated convergence:

ImE [e”X] =E {lim e*tx} =E[l] =1

t—0 t—0
Jim E o] = |Jim o] = 0] =0

Theorem 6.27 (Laplace transform and seemingly exponential distribution connection). It holds:

X :PX>0=1= For ?X(t) IPr < Leb  p(t) :/ re Py (dx)
(0,00)

Proof. Let F(t) =1— Px(t), by Lemma 6.26, F(t) satifies the properties of a distribution function, and we can
say it identifies a unique probability law by Theorem 3.21. The distribution indexed by 7" with such cdf is:

PIT > f] = 1 t<0
| Px(t) t=0

Where the random variable exists by Theorem 3.22.
It is also useful to recall the result of Lemma 6.15, namely e~ = [ ze™5%ds. For positive times ¢ > 0 we then
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say:

oo

xe **dsPx (dz)

P[T > t] = E[e™ "]
)

(0,00

:/ / ze *TPx(dx)ds Fubini Thm. B.30
t 0,00

)

¢
:—// xe *Px(dx)ds
oo J(0,00)

Which is nothing but the representation of Radon Nykodym theorem (Thm. 5.7) for Pr < Leb with derivative:

dPr / i
t) = ze " Px(dx
0=/ (d)

O
Theorem 6.28 (Laplace transform is a random variable). By the result of Theorem 6.27 we conclude:
Y ~
X :PX>0=1 = T= X identified by Px(t),X ~Px, Y ~Eap(1),X LY
Proof. We restart from what we had at the end of Theorem 6.27 to get:
Pr(h) = h(t)Pr(dt) h: R — R, positive bounded continuous
Ry
1
= / h(t)/ re P (dx)dt let tx =y, dt = dy—
0 oo) T
/ / xe Yv— ‘PX (dz)dy
]R+ 0 OO
that implies:
Pr(h) = Px.y (h) :/ h (3) VP (dr)dy
RZ2 T
meaning that X 1L Y and Y ~ Neg€xp(1). O

Example 6.29 (Laplace transform of Gamma random variable has Pareto distribution). Let X >0 a.s. and
X ~ Gamma(a,B), «,B >0. The Laplace transform is:

Px(t) =E [e ]
:/e_mrﬁ(z)xa_le_mdx

_ ﬁa xozflef(ﬁ t)z (E
tr ] T
g _T(a)
[(e) (B + 1)

/8 @
- (ﬁ + t)
Which, by the identification via Laplace function (Thm. 6.12) suggests that T is a r.v. with Pareto distribution,

i.e. T ~ Pareto(a, B).

Example 6.30 (Independent Gammas and Laplace). Let X ~ Samma(a,8),Y ~ T'(y,8), X L Y. The
Laplace transform of their sum is:

using gamma density identity

UA’ (t) Prop. 6.14

G e
<

B\
751)

ﬁXJrY(
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So that again, by Laplace characterization (Thm. 6.12), the sum of two Gamma independent r.v.s is Pareto
distributed as T ~ Pareto(a+v,5) and clearly X +Y ~ Gamma(a + v, 8)

Example 6.31 (Theorem 6.27 for a Gamma gives Pareto by Theorem 6.28). Let X ~ Gamma(a, §) so that
T= é is by Theorem 6.27:

(03

_ B N af
Pr(dt :/ ze Py (dx)dt = / ze Pt e P dndt = —— 1 o0 (£) di
T( ) (0.00) X( ) (0.00) (6 + t)a+1 (0,00) ( )

I(c)
Which is the pdf of a heavy tailed Pareto distribution.

Definition 6.32 (Integral transforms of random vectors). Let X = (X1,...,X4)T be a r.v. on (R? B(R?)).
It is clear that ¥Vt € RY the inner product is:

t'X = Zd:thj
j=1
so that there is a natural definition of characteristic function and Laplace transform:
e ODy(t)=E {e“TX} = Jpa et TPy (dr) teR
o provided that P[X; > 0] = 1i then Px(t) = E [e—fTX} = foxae " Px(dn) teRy

¢ Observation 6.33 (Characteristic function of random Gaussian). Recall that for X ~ N(m,o?) the charac-
teristic function is:

(I)X (t) _ e—itm—%t2

Definition 6.34 (Multivariate Gaussian distribution). We say X ~ N%(m,X) where m € R? and ¥ € R¥*4
is mon negative definite if and only if:

¢ Observation 6.35 (Comments about the Deﬁnition). Notice that:

® 0, = V[Xi],dij = CoV[Xi,Xj],mi = E[XZ] Vl,j
e X = 0 (non negative definite) means either of two cases:
—2>=0 = ATEA>0 VX < 3IN7! s0 that Px < Leb® and we have a representation via Radon
Nikodym (Thm. 5.7):

P det(X) "3 1 _
@) = 2 g [ L m) TS e )

- Y >=0 = P! = Py is concentrated on a hyperplane of dimension d' < d

Proposition 6.36 (Orthogonality characterizes independence in Gaussian random vectors). Let X ~ N%(m, ¥).
Then
Y=0Tl) <= X; L X; Vi#j

Proof. By the above observation we notice that:

dPx

Y=0"T I = (e HTIy 3=
o la = (07) e = F75a

We can write down the characteristic transform as:

Px(t) =exp Z mjt; % Z tioji ¢ = H exp {imj tj JJJ} H O, (t
J J

so that by Proposition 6.21#1 and its trivial opposite the claim is verified. Namely we use: integral transform
decouples implies independence and the opposite. O
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Chapter Summary

Objects:
e random vectors via joint measurability
e independence as factorization of laws
e Laplace transform for positive r.v.s

~

Px(t) =Ele ] = / e Py(dr) Px(0)=1 Vt>0
Ry
e characteristic function for r.v.s on R, ¢t € R

dx(t) =E [e"] = /

R

e Py (dx) :/

L cos(tx)Px (dx) + z/ sin(tx)Px (dz)

R
e probability generating function
e extension of characteristic function and Laplace transform to the multidimensional case via inner
products
e multivariate Gaussian distribution via Characteristic function
Results:
e random vectors inherit most of the properties of random variables
e the Laplace transform:
— characterizes distribution functions
— factorizes sums of independent variables
— its n*"-derivative gives a closed form expression of the n!”-moment
— is decreasing and continuous in ¢
— has lim;_,g equal to 1 and lim; .., equal to 0
— has a a.e. unique distribution function 7" which is absolutely continuous to the Lebesgue
measure and has a Radon Nikodym derivative involving P x
— can be seen as a random variable which is the fraction of the original random variable and a
negative exponential with parameter 1.
e the characteristic function:
— characterizes distributions
— always exists
— is real valued for symmetric random variables
— factorizes sums of independent variables
— its nth-derivative gives a closed form expression of the n’-moment
e independence in Gaussian random vectors is characterized by a diagonal variance-covariance matrix




Chapter 7
Uniform Integrability & Inequalities

This Chapter is mostly based on [Ver18|.

7.1 More requirements for integrability

Lemma 7.1 (integrability characterization).
X e L1(Q,F,P) «— klim E [|X]1k,00)(IX])] =0
—00
<~ Ve > 0dkg = ko(ﬁ) | Vk>ky E [|X|]1(k,oo)(|XD} <€

Proof. (=) let X € £1(9,F,P) which means E[|X|] < co. Notice that two trivial facts are:

XLy (IXI) < [X] VE>0 lim L) (X]) =0

Using these two:

lim E[|X[1(x,00) (|X])] = E[|X] lim 1 o) (| X])] dominated conv. Thm. 4.24
k—o0 ’ k—o0 ’

= E[|X]-0]

=0

( <= ) We notice another trivial fact:
[ XT = L(—oo k) (IX ) 1X] 4 Lig,o0) (XD X] <k + Lji,o0) (1X]) [ X
So that by monotonicity (Thm. 4.7#2):

E[|X[] <k +E[[X|1k,00) (IX])] <00 = X € £1(Q,F,P)

—0 by hyp
The second inequality statement is an implication of the hypothesis of finite limit. O

¢ Observation 7.2 (About Lemma 7.1). Consider an uncountable collection C = {X;,i € I} for an arbitrary

)

set I. In such a case, it might be that k((; is divergent for some i.

Definition 7.3 (Uniform Integrability). For a collection of r.v.s € = (X;)ics on the probability space (2, F,P)
we say it is uniformly integrable if:

Ve>0 3K >0sup {E[|X|Lkoo) (IX])]} <e
Xee
More precisely:

55
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o Cl<ooANX; €L1(NFP)Vi = Cu.i.with K* :mgx{KX}

o IfC = (Xp)nen is countably or uncountably infinite, then we reformulate the definition as:
li E[|1X0 L ooy (| Xn])] = 0
i suplE [ X1t oc) (1Xa )]

Remark 1 (Norm bounds VS uniform integrability Def. 7.3). Notice that a u.i. collection of r.v.s is £1-bounded.
Indeed:

E[|X|] = E [| X100k (1X])] +E [ X1 (k00 (1X])]
< k+ h(k) h(k) = E [|X |1 (,00) (| X])]
= sup E|X| < sup k + h(k)
e e

<1l+k for k| h(k) <1

< o0

Where we exploit the fact that h(k) — 0 as k — oo which is obtained by the assumption of uniform Integrability
(Def. 7.3). This means that the whole collection of variables has an L1 norm that is finite for each norm, and
we can choose a value such that all of the collection norms are below it.

7.2 Concentration inequalities

Theorem 7.4 (Markov’s inequality). For a r.v. X from (Q,F,P) on (R, B(R)), an increasing measurable
function f: R — Ry and b € R with f(b) # 0, we have that:

PIX > b < —E[f(X)]

70
Proof. We go on by simple computation:
P[X > b] = /b Py < /b h J;((i))fpx(dx) ];((g)) > 1Vz > b & monotonicity 4.7#2
— 77 | @t
< % [ st X >0as
- 7 Sl @)

Corollary 7.5 (Chebyshev’s inequality). Let X be such that E[X] =m and V[X] = o2, then:

1
P|X —m|>¢ < 6—202

Proof.

P[|X —m| > ¢] = P[(X —m)? > €%

IN

Markov’s Thm. 7.4
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Lemma 7.6 (Convexity Implication by Hardy, Littlewood, Polya). We characterize convexity of a function
f: X —=>Rby:

f(x) > f(wo) + (x — x0) f7(0)
f(zo +h) = f(x0)
h

/ —1;
— fr(‘rO) - lh%\{%

fltzr+ (1 —t)x2) <tf(z1) + (1 —t)f(z2)
V:L'l,xg e X, Vt € (O, 1)

Vere X, 29 € X

Theorem 7.7 (Jensen’s Inequality). For a convezr function f : R — R and integrable r.v.s X, f(X) €
L£1(Q,F,P) the following inequality holds:

E[f(X)] = f (EB[X])

Proof. Using Lemma 7.6 with 2o = f (E[X]) we have:

E[f(z)] = E[f(E[X])] + E[X — E[X]] f, (E[X])
=E[X]-E[X]=0

= [ (E[X])

Notice that we required also f(X) € £; otherwise the expression E [f/. (E [f(X)])] might have led to an undecidable
form when multiplied with X — E [X]. O

Corollary 7.8 (Concave Jensen’s Inequality). For f : R — R concave the opposite sign of Theorem 7.7 is
verified:

E[f(X)] < f (E[X])

{ Observation 7.9 (Intro to concentration inequalities). We wish to find an upper bound for the Probability of
deviating from the mean. The desired result is similar to the negative exponential convergence rate of the CLT,
but at finite n. Indeed we know that at the limit any mean distribution will converge to a normal, but wish to do
so at a finite sample size.

Theorem 7.10 (Hoeffding’s Inequality, One sided, symmetric Bernoullis). For symmetric iid Bernoulli r.v.s:

iid

1 1 2
X, ~B —= Vi>0 P|— X, >t| <e 2
e (3) = w20 P ¥ x> ] <o

Proof. (A idea and a simple fact) Notice that:
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The strategy is using Markov’s inequality, a monotonic transformation and a Taylor hyperbolic expansion.
(O preliminary computation) We have:

1 1 )
P [\/ﬁ ZXZ' > t] =P {e;ﬁ XX > et} x — €” increasing

:P[eAﬁZXizeM] YVA>0

< e ME {e’\ﬁ ZX?‘} Markov’s Thm. 7.4

= M]E [e*%xﬂ X, LX;Vitj iid
i=1

Y | EC T

[ H e 5 +e 5
i=1 ~— <~
=P[X;=1] =P[X,;=0]

n 1 L L

— H 5 (@Aﬁ + ei)\ﬁ>
=1

= M Hcosh 2 coshz = }(e’” +e ")
v 2

(O Taylor hyperbolic computation) notice that the Taylor series of the hypoerbolic cosine is, using the
simple inequality (2n)! > 2™n!:

2 n
=, g 2 g > (%) 22
h = < e — e 2
coshw ;(zn)! *;wm)! ;0 ! ¢

Where in the last passage we recognize the Taylor series of the exponential.
(Vv inequality) Applying O to O we get:

[ o) om0 5]

Where the RHS depends on A. To find the tighthest bound, we minimize it wrt A to find:

i —)\t—i—)\—Q = '—)\t+)\—2 FOCQ—0<:>t—>\
A S A L A o -

. /\2 —t2+£ _2
=—> minexpq —At+ — p = exp 2 =e 2
A>0 2

2

1 2

O

¢ Observation 7.11 (About Theorem 7.10). We are restricting our analysis to one sided identically distributed
r.v.s! It is possible to generalize further the bound.

Corollary 7.12 (Two sided Hoeffding’s inequality, symmetric Bernoulli). Extending the result of Theorem 7.10:

+2

> t} <2e” 7

did 1 1
X, %8 2) — w0 ]P’—’E X,
M (2> - [\/ﬁ
Proof. Observe that {X;} symmetric = —X; 2 X; Viandin general | X|= X* 4+ X~. Then:

TEAS

+2

Jer[E e o] r[FE e
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Where the first passage is by monotonicity of probability (Thm. 2.10) and the triangle inequality, and the second
passage is using the general fact to split the sum into disjoint events that both the positive and the negative sum
are less than ¢. This last event has a greater probability than their sum being less than t. The last inequality
follows by using the symmetry argument of Hoeffding’s inequality for the second term, and the usual inequality
for the first term. O

¢ Observation 7.13 (About Hoeffding’s inequality Thm. 7.10 and 7.12). Additionally:

e Hoeffding’s Inequality tells how much mass is farther than t
e is tighter than Chebyshev’s bound from Cor. 7.5
e it is possible to ignore the 2 coefficient in front of the two sided inequality as t — oo

What about going beyond Bernoulli r.v.s?

Assumption 7.14 (Boundedness of random variables). We assume there exists finite m, M such that:
Pm<X<M]=1

Which is an a.s. bound for any r.v. considered.

Lemma 7.15 (Moments of buonded random variables).

X asin Ass. 714 = Vn e N IJE[X"]

Proof. Note that the moments are always bounded in powers [m™, M"] by monotonicity of expectation (Thm.
4.7#1), which means that they are always finite. O

Lemma 7.16 (Symmetrization argument). A r.v. X satisfying Ass. 7.14 is such that:

B [eA(X—JE[X])} < oy =0

Proof. (A independent copies approach) Let X’ 4 X, X’ 1 X be an independent copy. By Lemma 7.15 it
always has moments. Then:

E {ex(xfIE[X])} _E {ex(xw[x'])' A>0, X' L x

—E[EX))] f(y) = XY convex

<E | E[f(X")] Jensen’s Thm. 7.7
dor—

= E[f(X)]
—F [ex(x—x/)]

(O introducing a Bernoulli) Now notice that X £ X/ = X — X’ £ X' — X £ (X — X’) so that the

difference of independent copies is symmetric. Thanks to this, if € ~ Berniy (3) is a symmetric Bernoulli then:

X-X ZLeX-X)
Plugging this back into the inequality of A:
E [GA(XAE[X])} <E {BA(XfX’)} —-E {exs(xfx’)} —-E {E[e’\E(X’X,HX, X/]]

Where we anticipate the intuitive use of the iterated law of Expectation.
Notice that inside the expectation we are fixing X, X', so that they are not random. This is useful since we can
apply the hyperbolic reasoning in the proof of Hoeffing’s inequality (Thm. 7.12) to the last form wrt e:

E [e,\s(x—x’)p(7 X'| = %GA(X—X’) + %e—/\(X—X’) < eM
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where the last inequality follows again by the reasoning of the proof cited above with Taylor’s expansions.
(O boundedness finalization) Up to now, we have not exploited Assumption 7.14. Notice that:

Pm<X<M]|=Pm<X' <M] < P|X-X'|<M-m]=1=P[(X - X")? <(M—-m)?

Which means that the maximum distance between X and X' is necessarily less than |M —m|. Plugging this into
the result of [J it is trivial to conclude that:

20y _ /)2 o
E [e/\(X—]E[X])} <E [exp {)\(XQX)H < emMz )2

O

Theorem 7.17 (Hoeffding’s general inequality for bounded random variables). Assume independence (Def.
6.9) and that Ass. 7.14 holds. Then:

VtE>0 P [iXi_E[Xi] Zt] Sexp{_an(]Wt, —m-)Q}

Proof. (A improving the parametric bound) Recalling the proof of Hoeffding’s one sided Inequality (Thm.
7.10) we have:

P {Z X; —E[X,] > t] < e ME [eMZ Xi*E[XiD} YA >0
— oM HE [eA(XrJE[Xi])} independence
i=1
n 2 2
M — m.:
< e~ M HeXp {W} symmetrization, Lem. 7.16
i=1
1 n
= exp {—)\t + 5)‘2 Z(Mz - mi)2} VA>0
i=1

(O best overall )\) To obtain the tightest bound we search:

n n

. _ - Lo 2| _ : Lo 2 _ :
A —argrg%exp{ )\t+§)\ Z_;(MZ m;) }—argr)glg )\t—&—i)\ 2_;(MZ m;) —&rgrggF

The FOC suggests:

o) 9 0? t
o t+ A0 (M; —my)?) =0, el 20 =\ SGL 2

(O non parametric bound) Plugging the A\* from O into the inequality of A:

P [Z X, ~E[X;] > t} < exp {_Z(Mfz— —+3 Z(Mf— ot } — exp {—QZ(MtZ_m)Q} vt >0
0

{> Observation 7.18 (About Thm. 7.17). Dependence onn in the RHS is highlighted by >_" (M; —m;)?. Indeed,
we did not normalize by ﬁ

Lemma 7.19 (Hoeffding’s Lemma). Let X be a bounded r.v.:

/\2(M8— m)? }

X:EX]=0Pm<X<M]=1, mMecR = VAR E[e”]gexp{
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Proof. (A preliminary bound) Notice that V[X] = E[X?] < E[(X — ¢)?] Vc € [m, M]. In particular, for the

midpoint ¢ = & ;m we obtain:

M ? M —m)?
VIX]<E|(X - +m < ﬂ
2 4
By the simple fact that for X € [m, M] we have:

M+m
2

>2X2(M+m)X+ (mZM)Q < (M;m)z

X2 - (m+M)X <0 = (X
Simply since the maximum of X2 — (m + M)X is at zero in the midpoint.
(O another preliminary bound) let f(\) = log E[e*X]. Then:

£ = EXeM £ = EX2eMX B (EX )2
Ec X Ee X (EerX)2

Also, (M) = V[U] where U is such that:

NPrld) <M1 = ) = V] < M2

T T e ) i

(O final computation) Notice further that f(0) = f/(0) = 0 and by the fundamental Theorem of calculus:

A A P 5 . )
=10+ [ = [ [ s < 2=

Which helps us in computing:

Aw A2(M—m)®
ef()\) — elog]Ee :Ee)\m <e 3

O

Corollary 7.20 (Hoeffding’s Bounded inequality improved). Using Lemma 7.19 we improve the result of Theo-
rem 7.17 as:

B[~ B(x) 2 1] < eon {5

Proof. By direct application of Hoeffding’s Lemma (Lem. 7.19) above. O

Example 7.21 (Algorithm runs, applying Hoeflding’s inequality). Consider an algorithm A for a decision
problem. For each stage, the decision d € {0,1} is positive or negative. Assume further we have a better than

guessing performance:

P[succes] = % +0 € (0, ;)

We run such procedure many times, and make the final decision based on a majority vote. The question we ask
18:

Fiz e > 0, how many runs n are needed to have Plcorrect] > 1 —¢€?

Notice that success and fail denote the decision of A while correct and wrong denote the ground truth.

We proceed by setting:
1 .D.
x; =4 P
0 w.p.

With X; ~ Bern (% — 5) so that E[X;] = % — 6Vi and the natural bounds could be m; = 0, M; = 1V1i.
Applying Hoeffding’s (Cor. 7.20) we get that:

-0 (fail)

+d  (success)

= Sp =Y X; = #fails

i=1

NI N

2

P [in ~E[X,] > t] < exp{—zfl} ¥t >0
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Then for all positive t:

1 1 t 22
— > | < _
P{nZXZQ 5+n}exp{ n}

1
since we just exploited the fact that E[X;] = 5~ 0. Pickingt = né > 0 we can recover the estimate on the

probability that the majority of the votes is fail as:

1 1 2t2
P|—- X, > = — < =
[nz iZ5 5+5]_exp{ n}

We want to find a value of runs n such that %Sn > % has a small probability of occurrence €. This holds if and
only if:
1 1
t—=(n—-25,) > <
" n(n )2 2

has high 1 — € probability. In other words, for t = nd:

1 1 1 1 212
PI=Y X, >=|=P|=5,>=| < _ =
[nz _2} {n _2] = &P n <€

—
t=nd
is equivalent, after adapting for our carefully chosen t, to:
_271252<<:>>111 11[]
X — S =—=
P n ¢ LY Il 902 8l
Theorem 7.22 (Chernoff’s bound) For an independency (Def. 6.9) of finite Bernoulli r.v.s {X;}_,, where
X; ~ Bern(p;) assign the symbols S, = > X;, p=E[S,] => pi. Then:
P[S, > 1] < e " (%) Vvt >
Proof. We have:
P[S, >t =P [eAS" > eM] VYA > 0,z — e/ ®) increasing
< e ME [e)‘S"] Markov’s Thm. 7.4
=M H E [e)‘Xi} independence
=M Hpie)‘ +1—p; Bernoulli
i=1
= M[[t+pie* -1)
i=1
< e M He’”(ek’l) l+x<e™Va z= pi(e’\ -1)
i=1
= e MHu(e 1) YA >0
Now notice: ;
0< A\ =log— =arg min e —At+u(e?~1)
12 AER
and conclude that:
t t
P[S, > 1] < exp{—log [} t—l—,uf — M}
1
= exp{—u}exp { (log [ } ) t}
= exp{—u} ( ) Vi > p
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{ Observation 7.23 (About Chernoff’s bound Thm. 7.22). The bound is even more than exponential with a
etlos(®) rate.

¢ Observation 7.24 (There is a two sided bound). For now, we just considered the case t > p, and not the
other side.

Theorem 7.25 (Two sided Chernofl’s inequality). With the assumptions of Theorem 7.22 we further conclude
ind
that for {X;}7_y, X; ~ Bern(p;), Sp =3 Xi, p=E[S,]:

— Je>0: Ve (0,1) P[S, —p| > oy < 20"

Proof. We first split the sum into two terms:
P(|S,, — p| > op] =P[S,, > (14 6)u] + P[S,, < (1 — )y

(A first term) a direct application of Chernoft’s bound (Thm. 7.22) is possible.
(O second term) The focus is moved to the second term.

P[Sn < (1 = 0)u] = P[=S, = —(1 = 6)p]

=P[-AS, > =1 —0)y] YA>0

=P [e*)‘s" > 67)\(175)“}

< AR [¢A5n] Markov’s Thm. 7.4
— A=) HE [e—/\Xi] indepedence

i=1
n

— M-8 Hpief’\ F1—p,
i=1

< A1=0pe—p(1=e?) Like proof of Thm. 7.22
As a minimizer, we choose A* = —log(1 — §) so that eventually:
B[S, < (1= )] < exp{—log[L —0)(1 — )u — p(1 — 1+ )}
= exp{(1 = 6)u(—log[1 - 4]) — ud}

1 (1-8)p
= exp{—du} (eXp log {15}>

(1=8)u
= 676# 71
1-6

(O back to main problem) collecting the results of A, [0 we get to:

e (1+d)p s 1 (1-8)p 66;1, e—6u
_ oyl > <o b _& o [~ _
PllSn —pl 2 0p) < e <1+5> T (1-5) (L +05)070r ~ (1=8)0—n

Where it is possible to notice that:

oy §
¢ Sp o= p(145) z _
I+ o)0rom =€ ¢ 113 10g(1+x)21+§’$_5
— 82
— e 25
52
Reasoning similarly with the inequality log(1l — §) > ﬂlp_r? Vo € (0,1) we get:
676” < —ps?
(1_o)a—om =°

Recollecting again the conclusion follows:

—pus?

Je>0: Vo€ (0,1) P[S,—p|>du] <2e 2

Where the c is extracted since we could make the bound tighter in principle. O
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7.3 A Graph Theoretic Application

Definition 7.26 (Erdds-Renyi model for random graphs G(-,-)). Consider a set V' of vertices where |V| =n
and connections between edges (i,j) € V XV taking place with propability p independently. We refer to this model
as G(n,p) and further notice that the single connections have a Bernoulli distribution:

‘ 1 ifin i

J 0 else

Definition 7.27 (Degree d; and average degree d). For a graph G(n,p) define:

o the number of incident to node i edges as d; = Zj# XJ(-i) where d; ~ Bin(n — 1,p)
e the average degree d == E[d;] = (n — 1)p

Definition 7.28 (Dense random graph). A random graph G(n,p) is dense when:
d>Clog(n) CeR

Definition 7.29 (Almost regular random graph). A random graph G(n,p) is almost reqular when:
P lﬂ{|di—d| >e}] <l—-¢ Ve>0
i=1
In plain text, there is a high probability that the degrees of nodes are close to their mean.

Lemma 7.30 (Dense random graphs almost regularity). Consider a dense (Def. 7.28) random graph G(n,p)
(Def. 7.26), then:

Ve>0,§>03C €R : d>Clog(n), P [ﬂ{di—cﬂ >5d}] <1l-c¢
i=1

With C satisfying:

1 2 1
¢> c6? *log (e) cd? log(n)

Where the small ¢ comes from the Chernoff Bound (Theorem 7.25).

Proof. (A setting) We make a direct application of the two sided Chernoff’s bound from Theorem 7.25, where
X; ~ d; andpwg.
(O starting point and another fact) it follows that for some ¢ > 0, Vé € (0,1)

das?

P[|d; — d| > &d] < 2”2

Additionally, by De Morgan’s laws:

(ﬁﬂdi ~d|> 5d}) = U -1 < 50y

i=1 i=1
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And we aim to find a € bound on P.
(O finalizing the bound) in the context of O it holds:

P lU d; —d| > Jd] < Z]P’ [|dz —d| > 5@ Boole’s Thm. 2.17
i=1 i=1
= ds?
< 2 —c— h ff’s Thm. 7.2
;exp{cz} Chernoft’s Thm. 7.25
ds?
=92 e
nexp{ e }
52 _
< 2nexp {—czClog[n]} Dense § s.t. 3C : d < Clog[n]
1
= 2nncc%
_ 2n1—c0§

Now, setting this < € Ve > 0, we note that such threshold is € = §d and we want it to be controlled by C' which
is our coefficient of interest (we want to prove its existance):

2 1 2 1
ol —eC% — C>—S+log|-| =——
" T Z e +log €| ¢0?log[n]

Existance of a C' means that the graph is almost regular.
Summarizing we proved existance of C' with constant ¢ from Chernoff’s bound and fixed e, d. O
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Chapter Summary

Objects:
e uniform integrability for an arbitrary collection € = {X;,i € I}

dK li E||X|1 X =
e S 0 i s B [ 2] ey (RL] =0
e Graph Theory:
— random graphs, degree of a node and average degree of a graph

— dense random graphs
S(n,p) : d>Clog(n) CeR

— almost regular random graphs

S(n,p) : P [mﬂdl —d| > e}] <l—€ Ve>0
i=1
Results:
e integrability characterization:

X €L1(F,P) <= 1limE [|X|Lp00)(|X])] =0
k—o0
e Markov’s inequality

1
f increasing, f(b) #0 — P[X > b] < mE[f(X)]
trick: we almost always start from this inequality with the increasing function e** for some A > 0
e Chebyshev’s inequality
e Jensen’s inequality
f convez, X € L; = E[f(X)] > f (E[X])

e Hoeffding’s inequality

. 2
iid

1 1 _ 2
XiNBemﬂ<2) = Vt>0 ]P’[\/EZXizt}ge 2

trick: Markov’s + assumptions + hyperbolic trigonometry + Taylor’s + find the best .
e Hoeflding’s two sided inequality
trick: triangle inequality + symmetry of Bernoulli
e symmetrization argument for bounded random variables
trick: Jensen’s on an independent copy inside the expectation, attach a Bernoulli, optimize for A
e Hoeffding’s general inqequality for bounded random variables
trick: just apply previous facts
e Hoeflding’s inequality improved via Hoeffding’s Lemma
trick: just apply the Lemma
e Chernoff’s bound
e two sided Chernoff’s bound
e dense random graphs are almost regular




Chapter 8

Independence & Convolutions

8.1 Sigma algebra approach to independence

Definition 8.1 (c-algebra generated by a random variable). Let X be a r.v. (Def. 3.2) on (Q,F,P) taking
values on the measurable space (E,&). The idea of a generated o-algebra (Def. 1.11) is that of the smallest
o-algebra containing the generator. We extend this to r.v.s as follows:

e consider a collection of o-algebras {G;, i € I} such that §; C F Vi
o these include all the possible o-algebras that satisfy the measurability condition of Eqn. 3.1:

Vi, VA€ €& X '(A)eG;
Then we naturaly define the o algebra generated by X as:
o(X) =[5
icl
Where the arbitrary intersection of o-algebras is a o-algebra by Theorem 1.10.

Theorem 8.2 (o(X) characterization). We identify o(X) as the set of counterimages of X in &:
o(X)={X"1(A), Ac¢&}

Proof. Let G = {X~1(A): A € &} which is a o-algebra. We prove § C o(X) and § D o(X).
(C) If 3’ is a o-algebra making X measurable it then X ~1(A4) € F'VA € €. Clearly then § C ' = § C o(X).
(D) o(X) is necessarily included in the counterimages G by the definition of o(X). O

{ Observation 8.3 (Intuition for o(X) of Def. 8.1). We can intepret F as full information on events, and
o(X) C F as the information learnt from X.

It may be useful to compare the following examples with what we derived in Chapter 3 when constructing random
variables.

Example 8.4 (Intuitive o(X)). We provide two examples.
(trivial o-algebra) Let X (w) = kVw € Q, this is a non informative r.v. X : Q — R. Indeed:

0 k¢B

0 rep o(X) = {X"Y(A): A BR)} = {Q,0}

VB e BR) X '(B)= {

(simple o-algebra) Let c1,c2 € R, A€ F and X = Lacq + Laeca. Then, VB € B(R) we have:

@ 01702¢B
_1 Q Cl,CQEB 1 c
xp) =1 OT = o) = (X7B) BeBR)} = (00,4.4)

A° 61¢B,02€B

67
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Example 8.5 (More advanced o(X)). Let X(Q) = {x1,x2,...} be a countable collection of discete realizations
zn, € RVn. Then, the sets {An,} = {X " (x,)} form a partition of Q into F-sets. It follows:

VBeBR) X '(B)= |J An {n:z.€B}#0 = X '(B)#0
n:xr, B

And the o-algebra generated is:

o(X)={X"1B),BcBR)} = { U A; VB € %(R)}

n:x, B

Lemma 8.6 (o-algebra by partitions). Let € = {C;, i € I} be a countable partition of Q into F-sets. By
Definition 1.11 and Example 8.5 we can think of its generated o-algebra as collections of unions of sets C;. The
claim is that this holds if and only if X takes a single value in each of the partitioning sets Cj:

X :o0(X)=0(€) = VBeBR)IUpCI| X'(B)= | G = X(w)=1Yw e C;, Vi

i€lp
Proof. (= by contradiction) suppose 3C € C: w; # wy € C, ¢ = X(w1) # X (w2) = ¢2. Then:

A =X""{a} eoX)=0C€) = A= ] € = A >DC
i€la,
So that A; is single valued A; = X ~*({c1}) but covers the whole C. We have found a contradiction.

(<= let X be such that VC; € C,i € I the maps X(C;) = {z;} are disjoint atoms. We prove both directions
of inclusion:

e (C)VBeBR) X '(B)=UypepCica(C) = a(X)Co(C)

e O) X '({z;})=cVi = CCo(X) = 0(€) Co(X)
Where the first implication is by € being a part of the options in o(X) and the second is by trivial
implication.

O

Theorem 8.7 (Characterizing r.v. measurability by o(X)). Let X,Y be r.v.s on (,F,P) taking values on
(R,B(R)). Then:

Y measurable w.r.t. 0(X) i.e. VA€ EY 1 (A) € 0(X) <= Y = f(X) f: R — R deterministic

Proof. |Cinl1](Thm. II1.4.4). See Proposition 12.40 for an idea. O

{> Observation 8.8 (Statistical models & Theorem 8.7). Classical assumptions for regression aim at applying
Theorem 8.7. In other words, while it is not possible to check measurability over the whole o(X), withY = f(X)+e
we assume measurability up to a € relaxation.

Definition 8.9 (Independence of o-algebras). Forn > 1 a finite collection {G1,...,9,} where G C FVEk, is
an independency (a collection of independent objects) when:

n

vAk S 9](:3 Vi P

A
1

= [1 P4
k=1

For an uncountable collection {G¢, t € T} such that G+ C F Vt we say it is an independency if Vn > 1 and distinct

k=

times t1 # ... # t,, the finite subcollection {G¢, }7_; is an indepencency in the above sense. Namely:
YAy, € G, Vi P[] Aw | =[] PlA:]
i=1 i=1

Lemma 8.10 (Independence characterizations by p-systems). Let G1, G2 C F, consider their generating p-systems
(Def. 1.8) C1,Co : 0(C1) =Gy and 0(C2) = Ga. Then:

91 1 92 < 61 1 62
ie. PlINH|=PIP[H|VIeC,He e,
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Proof. Use Proposition A.29. O

Definition 8.11 (Independence of random variables revisited). A collection {X;}icr is an independence if
{o(X;) }ier is an independence in the sense of Definition 8.9. The next proposition recovers this result.

Proposition 8.12 (Independence is factorization, old is new). For a finite collection:

{o(X;)}ioy indepencency <— P[X; < z; Vi] = HIP’[Xi <a;] Vz; € RVi

i=1

Proof. (< together) Let {X;}? ; be independent and measurable. Then:

VAL € 0(X1), ..., VA, € 0(X,) P

=1 1=1
< A;=X;YB;)) : B¢ B(R)Vi Thm. 8.2
= PX; € Bin---NX, € B, = [[PIX; € By
i=1
—= Px,,...x, = XPx,
=1
= PX; <z1,...,X, <z = HIP’[Xi <z Vzi,...,z, €R Lem. 8.10

O

Proposition 8.13 (Measurable functions independence). Consider a finite collection of independent r.v.s
X, L X;Vi#j,i=1,...,n and correspondent measurable functions f; where f;(X;) = Y;Vi. Then:

Y, LY, Vi#j i=1,...,n

Proof. Apply the approach of Proposition 8.12. O

Example 8.14 (Some independence structures). We provide two examples.

o Let (A,) C F,G, = {0, A, A5, Q}Vn so that we could say G, = o(14,)Vn. To check independence of the
sequence of events it is sufficient to check that all the indicators are since:

(An)n  independency Thip 812 (Sn)n independency bep 810 (La,)n independency

o to establish that X I (Yi)ier a stochastic process on an arbitrary index set T it suffices to check:

n

o(X) Lo (U 0(Yi)> v{Yitiss © (Y)ier, Vn

i=1

Which is the second case of Definition 8.9.

8.2 Convolutions and Radon-Nykodym again

Definition 8.15 (Convolution P*(-),*). Given two independent r.v.s X,Y taking values in a general Eu-
clidean Borel space (R, B(R?)) we define their convolution as:

P*(H) = (Px +Py)(H) VH € B(RY)

:/Rdny[fo]fPX(dx) H-—z={y|lz+yeH}={y|3heH : y=h—z}
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Proposition 8.16 (Convolution is independent sum in P space). An intepretation of convolution is:

P*H)=P[X+Y € H| = Px,y[H] VH € B(R?)
Proof. By simply carrying out computations one gets:

TX+Y(H):/ dPx .ty

H
= / Px y(dz,dy) simplex B = {(z,y):x +y € H}
B
= / / Py (dy)Px (dx) independence
Re J{y:w+yEH}
:/ Py (H — 2)Px(dx) H={(z,y):x+ye H}
Rd
=Py (H) VH € B(R?)
O
Proposition 8.17 (Symmetry of convolution). The x operation is symmetric for independent r.v.s:
(Px *Py)(H) = (Py xPx)(H) VH € B(R?)
Proof. Again, by independence:
(Tx*fpy)(H):/ ?X’y(dl',dy) B:{(x,y) :x+y€H}
B
-/ P (dr)Py (dy)
R J{z:xz+yEH}
— [ ox(H ~ oy ()
Rd
= (Py xPx)(H) VH € B(R?)
O

Corollary 8.18 (Implications of Radon Nikodym Theorem and F, P identification). Using Theorems 3.21, 3.22,
Radon Nikodym (Thm. 5.7), Proposition 5.20, symmetry of convolution (Prop. 8.17) and Fubini’s Theorem B.30
we reach the following conclusions:

1. Radon Nikodym absolute continuous convolution representation

dP P
Px <A, Py <y p= —= q_*YﬁfPXH/(H):/

I [ o@) [ aty = o)utdniao

2. Sum cdf representation as a convolution in trivial euclidean space

d=1 H=(-00,2] = Fxiy(2)=PX+Y <z]= /]RFY(Z — 2)Px (dz)

8. Claim 1 in the Lebesgue case
d=1, Px < Leb, Py < Leb = P* <« Leb, p*(z) = / q(z — x)p(x)dx
R
where we could also state the same result for measures absolutely continuous to the counting measure

Proof. (Claim #1) we make an instrumental application of Radon Nikodym Theorem, granted by the assump-
tion of absolute continuity. Indeed, we have a representation of the convolution as:

CPX_;,_y(H) = (fPX *fpy)(H) = - ny(H —.r)ﬂ)x(dx)

_ / d /H Py (dly — 2))Px (dz) = / () /H aly — )pu(dy)A(dz)
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(Claim #2)

Prar () == = [ ole) [ aly—a)utdn)an)

—00

= /p(gc) /2_3c q(y)u(dy)A(dz) ch. variable
R —o00
= /p(:c)Fy(z — z)A(dx)
R
= / Fy(z — 2)Px(dx) Rad. Nyk. representation
R

(Claim #3) we inspect the cdf of the sum to get that:

Fxiv(z / / y)dyp(x)dz < Leb hypothesis and previous Claims
= / / )dydx ch. var.
= / / — 2)p(x)dzdy Fubini Thm. B.30

So that Px 1y < Leb clearly by being an integral wrt dy = Leb and we can eventually conclude that the density
of the convolution is:

V) = ) = Fr () = [ e = ooyt

almost everywhere, by Proposition 5.2041,#2,#3. O]

{ Observation 8.19 (About Corollary 8.18). In Claim 3 we conclude that the sum of absolutely continuous
independent random variable distribution is absolutely continuous and has a precise density.

Example 8.20 (Triangular distribution sum of uniforms). Let X,Y ind Unif(0,1). Clearly Px < Leb, Py <
Leb and by Radon Nikodym Thm. 5.7 the densities take form:

p(z) = ]1[0,1] () qly) = 1[0,1] (y)

By the just proved Corollary 8.18#3 we can further say that:

p*(z) = / 4(z — 2)p(e)dz = / Lo (2 — ) 1o (¢) de

R

Z/]l[zq,z](x)]l[o,l](x) 0<z—z2<1l <<= z>2z-1,z<z2
R

1
= / ]l[zfl,z] (LL')
0

Four cases can be recognized:

2<0 = p*(z) =
z2>2 = p(z)z
z€[0,1]] = p*(2) = fo dr =z
z€[1,2] = p*(z) = fﬁldfofz

The density has a representation:

P (2) = L—ooy0) (2) 0+ o1y (2) - 2+ L9 (2) - (2= 2) + L2,00) (2) - O
= ]1[0’1] (Z) - Z + 1[1’2] (Z) . (2 — Z)

Which is the shape of a triangular distribution centered at 1.
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Example 8.21 (Poisson distribution convoluted). Let X L Y, X ~ Po(A),Y ~ Po(u). Their sum is trivially
absolutely continous wrt the counting measure, namely X +Y < v = ijo dj. The density of the convolution
(equivalently, sum) is the probability law at a singleton? :

P'(2) = Pray ({2}) = / p(e)q(z — 2)v(de) Z=X+Y €N

We keep an indicator for natural numbers that restricts the density to its domain in the background. This value
is regarded as o1, 1 (2).
The density becomes:

o AT - z—T,—p

p*(z) = ]1{0,1,‘..} (2) Z ;! %1{0,1,..} (z—x)

[ee]

=101, (2) Z Lo,z ()
=0

N e~ (htA)
Coalz—ax) Lo,y (2 —2) =1jo (2)

67(/,1,+)\) Z /\zﬂszzl

=Loa.3(2) 2! zl(z — x)!
o
e_(,uf"")\) Z' ¢ s—m Z z R R
= Loy (2) = 2+ zl(z — ) A 2 (I>>\ =)
x=0 ) =0
=()

Which implies that X +Y ~ Pp(A + u).

Example 8.22 (Gamma convolutions). Let X 1 Y, X ~ Samma(a,v),Y ~ Samma(B,v). Now X+Y < Leb
and the density of the convolution takes form:

P*(z) = / p(x)q(z — z)dz

o B
= / 7 ato‘_le_'m]l(o’oo) (x) 7—(z — x)’Be_’Y(Z_x)]l(oyoo) (z —z)dx
R

F(@) T'(5)

_° 75/3;(1—1(2 —x)ﬁ—le—v(z—z)e—w]l(o ) (2) L(g,00) (2 — 7) da
L(a) T'(B) Jr 100 oo

a+p
B m /]R 2z —2)" e g,y (2) da
_ ’YaJr,B s z . 41 . ) ) .
F(oz)l“(ﬁ)ev/ox (z — )" dx letwf;,dwi7
e e .
~ e [ e e w) s

yoth

1
— e—'yzza-l-l—l-i—ﬂ—l/ (w)a—l(l o ,w),é’—l dw
0

INCIINE)
Beta kernel
_ yoth ef'yzzaﬁ»l@flr(a)r(ﬁ)
INCIINE) [(a+5)
7a+5

_ e—'yzZa+B—1
T(a+5)

So that X +Y ~ Samma(a + S3,7).

Example 8.23 (Bernoulli trials convolutions). Let X ~ B(p),p € [0,1]. Below are some important informa-
tion about Bernoulli r.v.s

ple) = Px({a}) =p" (1 —p)' "Ly (x) EX]=E[X?] = =p,
VIX]=p(1-p) Px(t)=pe'+1-p, E[X]=1-p+pz

Ldiscrete measures have non zero measure at singletons
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We consider X, * B(p). The density of the convolution (sum) is:

1

P (2) =Pxv({z}) =D _alz —2)p(z) =Y _qlz—z)p"(1—p)'~*

T x=0
=q(z—1)p+q(z)(1 —p) q(+) is still a function!
=p" (1 —p)* Pl (=) p+p°(1 —p)' 1o (2)(1 —p)
=q(z—1) =q(2)

=pi(1 _p)2721{1,2} (2) +p*(1 —P)2721{0,1} (2)

N @pz(l =0)* L2 (2)

Which implies that Z ~ Binom(2,p). Induction is straigthforward and we add that:

{X;}, independency = S, = ZXZ' ~ Binom(n, p)

i=1

Chapter Summary

Objects:
e o algebra generated by a random variable, the smallest o-algebra containing all the measurable sets
e sigma algebras are independent if the laws of finite subcollections factorize
e convolution, P*(H) = (Px * Py )(H) = [pu Py (H — 2)Px(dx) where H —z ={y:xz+y € H}
Results:
o(X) = {X"1(A), A € &} is the o-algebra generated by the random variable X
e arandom variable Y is measurable with respect to a o-algebra o(X) if and only if it is a deterministic

function of X
e random variables form an independency in the o-algebra sense if and only if laws of random variables
factorize
o P*(H)=Px y(H) VH € B(R?)
e convolution is symmetric
e Radon Nikodym + convolution:
— Radon Nikodym absolute continuous convolution representation

dPx Py

Px <\ Py <y, p= D0 1= s = Pxyv(H) = /P(f)/ q(y — =) p(dy) A(dx)
R H

— Sum cdf representation as a convolution in trivial euclidean space
d=1, H=(—00,2] —> Fxsy(z) =P[X+Y < 2] = / Fy (2 — 2)Px (do)
R

— Claim 1 in the Lebesgue case
d=1, Px < Leb, Py < Leb = P* < Leb, p*(z) = / q(z — x)p(x)dx
R

similar for the counting measure
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Chapter 9

Borel Cantelli Lemmas & Convergence

9.1 Borel-Cantelli Lemmas

¢ Observation 9.1 (Recap on Limits of sets). Recall Observation 2.12:
e A, CAyiVn = lim A, =, A,
n—oQ
e A, D AppiVn = lim A, =, A,
n—oo

Definition 9.2 (limsup,, infinitely often i.0.). For a sequence of sets, we establish the equivalence:

limsup A,, = True <= oo many A,, occurr (A, i.0.)
n

Namely:
limsup 4,, = ﬂ U A, ={A, i.0.}

N>1n=N
Or VN dn > N : A,, occurs

Definition 9.3 (liminf, eventually). Similarly, for a sequence of sets:
liminf A,, = True < all A, but finitely many occurr (A, eventually)

Namely:

lim inf A, = U ﬁ A,

N>1n=N
Or AN : ¥n > N A,, occurs.
Definition 9.4 (Conciliating the usual limit). Clearly:

1. limsup,, A,, # liminf, 4, = #lim,, A,
2. limsup,, A,, = liminf,, 4, = A = 3Jlim, A4, = A

Proposition 9.5 (Facts about limsup & liminf). Definitions 9.2 and 9.3 are nested and make sense in the
o-algebra construction

1. 3liminf,, A,, = Flimsup,, A, i.e. limsup, A, D liminf, A,
2. the events are well defined:

(Ap)n>1 C (2,5,P) = liminf A, € F limsup A, € F

Proof. (Claim #1) trivial, liminf is i.0. after N in Definition 9.3.
(Claim #2) holds by countable intersections and unions closedness in F (Def. 1.6, Lem. 1.7). O

(0]
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Theorem 9.6 (First Borell Cantelli Lemma, BC1). Consider a probability space (2, F,P) and a sequence of
sets (Ap)n>1 € F. Then:

ZIP’[An] < oo = PllimsupA4,] =0
n

n>1

Proof. VN > 1let Gy = UZO:N A, = Gy D Gn+1. By properties of sets then:

3G = lim Gy =[] Gy =[] D An = limsup A,

N>1 N>1n=N

And further at finite NV:

o0

P[Gy] =P An
N

< Z P[A,] Boole’s Thm. 2.17
n=N

n—=

Moving to the limit then:

P{lim sup A,,] = IP[ lim GN}

N—00
= lim P[Gn] continuity Thm. 2.13
N —o00
< 1
n=
=0 D P4, <0 = ngnooZIP’[An]zo
n=1 n=N
O
Lemma 9.7 (BC1 equivalent statement). For Theorem 9.6 we could equivalently conclude:
Pllimsup A,] =0 <= P[liminf A7] =1
Proof. Tt holds that Pllimsup,, A,] =0 <= P[(limsup,, A,)¢] =1 so:
P U ﬂ A, =1 limsup Def. 9.2
N>1n=N
=P U n AL De Morgan’s Laws
N>1n=N
= P [liminf AS) liminf Def. 9.3
O

Theorem 9.8 (Second Borel Cantelli Lemma, BC2). Consider (2, F,P), (An)n>1 € F. Then:

(Ap)n>1 independent ZP[An] =00 = P[limsup4,]=1
TN n

Def.8.9 n=1

Proof. (A aim) wts P[(limsup,, A,,)°] = 0 which is equivalent.
(O the inner intersection) Recall that by Definition of lim inf:

lim inf A7, = U ﬁ A
N>1n=N
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We focus on the intersection:

N+j N+j
P ﬂ Al = H P[AS] indepedence
n=N n=N
N+j
=[] 1- P4,
n=N
N+j
< H ¢~ FlAn] 1l—z<e®Wax z=P[A4,]
n=N
N+j
= exp {— Z P[An]}
n=N
Clearly then VN > 1 at the limit:
%) N—+j
P ASl = lim P A tinuity Thm. 2.13
nDN " Jim, nON . continuity Thm
N+j
< lim e —P[A,
=0 > P4, =
n=1
= 0<P| () 4] <0 = P|[] 4=
n=N n=N

(O final claim) By the result of O we conclude:

0<P {lim inf Ag] positivity of probability
=P ) 4 lim inf Def. 9.3
N>1n=N
(oo}
<> P[] 4 Boole’s Thm. 2.17
N>1  ln=N
=0 sum of zeroes

Which, by squeezing, proves the objective in A.

9.2 Convergence revisited

Example 9.9 (Almost sure convergence by BC1). Consider a sequence (X,), cy and a r.v. X where:

Ve>0 Y P[X,—X|>¢<o0
Let A, = {w e Q:|X,(w) — X(w)| > €}, by BCI (Thm. 9.6) and Lemma 9.7 it holds that:

P {lim sup An] =0 P [lim inf AZ] =1

7
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The latter is for fixed € > 0. Letting the property for all € > 0 we have an equivalent expression:

=P U ﬂ {we:|X,(w) - X(w)| <€} Ve >0 <= Ve e Q, see below
N>1n=N

=A¢

Pl U MN{we: [Xalw) - X(w)| <€}

ecQy N>1n=N

i oo
=P ﬂ U m {we:|X,(w) — X(w)| <€} rationals are dense in Ry Prop. 18.15
e0N>1n=N

Which means that we have proved an <= relation between the first and the third statement. Additionally, this
is also equivalent to X, “3 X, being in line with Definition 4.18.

Example 9.10 (Negative exponential random variables). Let (X,,),, oy be iid and such that Px, < Leb with
density:
p(z) = Ae Mg, () = X, ~Neg€xp(\)

in the usual sense.
(A aim) we want to find for a fized a > 0 the i.0. occurence of:

Xn
P {limsup{1 . > QH
n ogn

Xn
(O solution) define A,, = {w e 1 () > a} which are independent sets by construction. Then:
ogn
e 1
P[A,] =P[X,, > alogn] = / e Ay = emoMogn — —
alogn n

and sum of these events is parameter dependent

ZP[AH}:ZT;)\:{<OO al>1

- 00 ax<1

So that in conclusion:

P [limsup{xn >«
n logn
Example 9.11 (Coin tossing). Let P[H] € (0,1) = P[T] > 0. Consider as space Q@ = {H,T}*> and a

realization s € {H, T}* for some k > 0. Clearly s = (s1,...,5).
(A aim) define an event that checks for correspondence at arbitrary n:

H L ax>1 BC1 Thm. 9.6
|1 a)x<1 BC2 Thm. 9.8

Ap={weQ: (wn,...,Wntk-1) =S}

We look for the probability that this event happens i.o.
(O solution) Notice that the sequence (An), oy is not independent since the events overlap. Contrarily:
By ={weN: (w,...,wg) = s},

By ={w e Q: (Wrg1,- -, Whtkt1) = S},

Bj={w € Q: (Wi—1)ks1s--- Wik) = S}

Are non overlapping, independent and such that:

{Bp i.0. = A, i.0.} = limsup B, Climsup4,, — P {limsup Bn} <P [limsupAn}

n
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Where the last passage is by monotonicity (Thm. 2.10). Let:

PH| s;,=H
psj:{[] / :>psj>0 VSj

P[T] s;=T
Then:
k
P[B,] = Hpsj >0 Vn,Vk, Kost wrtn
j=1
= ZIP’[Bn] = Zkost =00
n n
= Pllimsup B,] =1 BC2 Thm. 9.8
< Pllimsup 4,] =1 by above result

and we have proved A.

{ Observation 9.12 (Limit notions in P spaces). Recall that the usual definition of limits in metric spaces is:

Tp —xasn—oo if Ye>03ng=nele):Yn>ng |z, —z|<e

In a P space this can have different meanings, we already mentioned one in Definition 4.18.

Definition 9.13 (Convergence in Probability g) For (X,)n>1,X on (Q,F,P) taking values on (R, B(R))
we say that X,, converges in Probability to X and write X, % X when:

Ve>0 lim P[|X, — X|>¢ =0

n—oo

While for a general space (E, &) we use the suitable d(X,,, X) notion.

Proposition 9.14 (Almost sure & probability convergence). Compare Definitions 4.18 and 9.18 for (X)) n>1, X .
Then:
X, X = X, 53X

And not the opposite

Proof. (=) recall that by the results of Example 9.9 and the definition of “3 (Def. 4.18):
X, X = P|X, - X|>¢ci0]=0

Where we notice that by squeezing

0=P[|X, — X| > € .0l

=P |limsup{| X, — X| > ¢} limsup Def. 9.2

> limsup P[| X, — X| > € Fatou’s Lem. A.49
> limnianPHXn —X| > ¢ lim sup > lim inf
>0 positivity

So that limsup = liminf = lim and they are all null. Clearly then:

Def. 9.13 P

Ve>0 lim P|X,—X|>¢=0"<="X, > X
n— oo

(opposite by counterexample) Let Q = [0,1],F = B([0, 1]),P = Leb. In such a probability space, define:

1 1 1 12
A12[071]7 Ay = |:Oa2:|aA3: |:271:|aA4: |:Oa3:|aA5: |:373:|7
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By construction A, — @® = Leb(A,) — 0, yet Yw € Q such w € co-many A,, and oo-many AS. Then:
P[limsup 4,] = P[limsup A;] = 1 = Leb([0, 1))
And for X, = 14, by Leb(A,) — 0 we have:
P[|X,| > €] = P[A,] = Leb(A,) > 0 = X,, 50

but by the previous point X,, = 0 oco-many times and 1 co-many times so:

PX,=1li0]=1 Xn(w)
PX,=0i0]=1 Xn(w) —0
And we cannot have X,, 5 0. O

Proposition 9.15 (Continuous functions and probability convergence).

(Xn)n>1, X = Xy, 5 X, f: E — E continuous = f(X,) 5 f(X)

Proof. Fix € > 0, and VY > 0 consider:
Bs={zeE,x¢Dsf|IyecE:|x—yl <4 |flx) - fy)> e}

Namely, points mapping outside € in f and inside § in the X r.v. realization. 2Here Dy are discontinuity points.
By the continuity of f we have Bs — () as § — 0.
Now let |f(z) — f(xn)| > €. Then, either:

o | X —X,|>¢
e v e Dy
e xr € Bs

So that:
P[lf(X) — f(Xn)| > €] <P[|X,, — X| > 6] + P[X € Bs] +P[X € Df] =0

Since:

o P[IX, — X|>6 "= 0¥ by X, 5 X
o P[X € Bs] "3’ 0 by Bs — 0
e P[X € Df]=0by Dy =0 (f is continuous)

We conclude that:

Ve> 0 lim PIIf(X) = f(Xa)] > =0 = f(Xa) 5 f(X)

9.3 Inner product space and Orthogonal Projection Theorem
Definition 9.16 (£, space and its pseudonorm). Eztend Definition 4.5 to:
Vp>1 Ly(Q,FP)= {X :Q— E:E[|X]P] = /E |z|PP,(dz) < oo}
And endow it with a pseudonorm |||, : £,(Q2,F,P) — Ry such that:

IX), = (E[X[P)? where [X||,=0 <= P[X = 0] = 1 in line with Ass.9.17
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Assumption 9.17 (Quotiented norm space). The (pseudo)normed space (Lp, ||||,,) is such that there is a quotient
Y (thus the pseudo in front) which established the uniqueness property of the norm outside of negligible sets.
Namely:

L,(Q,FP)\Y : Y={X:PX=0=1lie X =0}
So that the r.v.s are split into classes (collections) and:

X, Y € same class < || X -Y|,=0
= PX-Y=0=1
= X=Y
= X(w) =Y (w)Vw € Q

Definition 9.18 (£, convergence 54) Consider (X, )n>1, X where X € L,(Q,F,P). Define:

Xn& = Vn>1 [X,—-X|,—>0asn— o0
= lim E[|X, - X["] =0 Def. 9.16

Notice that £, convergence implies convergence of the means by the reverse triangle inequality. Indeed
- -
N Xalle, = 1Xle, | < 1Xn = X, "= 0 = E[|Xa]"] "= E[|IX]?]

We also specify that £, convergence implies that the limit is almost surely unique, by the quotiented space dis-
cussion of Assumption 9.17.

Proposition 9.19 (£, and probability convergence).

X, Bx — x, % x

And not the opposite

Proof. (=) We trivially have that:

0 < PX, — X| > ¢ Ve > 0

E[ X, — X|?]

< Zt=n rh
< -

Markov’s Thm. 7.4, g(x) = aP,p > 1
as n — oo by hypothesis £, convergence

— lim PX, - X|>d=0Ve>0 = X, 5 X
n—oo

(opposite by counterexample) let Q = [0,1],F = B([0,1]),P = Leb. In this probability space define events:

1 1
E, = [o, } . X,=nlg, = Leb(E,)=— —0
n n

It holds

n— o0

P[|X, — 0| > ¢l =P[nlp, > ¢ =P[E,] = Leb(E,) "=°0 = X, 5> X =0
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Where the red equality follows from:

Pinlg, > ¢ =P{weN:nlg, (w) > €}

=P|{weE,:nlg (w)>eU{weE nlg (w)>e} disjoint
=1 =0

=P |{wekE,: nlg, (w)>e}| +P|{weE; :nlg, (w) > €} since € > 0
=1 =0

=P|{weE,:nlg, (w)>ec}
=1
P{w € E, : n > €}]
]P)[TLILEH > 6]
P

[E)] € > 0 arbitrary

However, in norm:

1
1 = Olly = E[X.] = nB[E,] = nE[lg,] =n— =1#0 = X, not L

n

O

¢ Observation 9.20 (The £, special case). If p = 2 square integrable r.v.s are of greal interest since we can
naturally identify an inner product. The converse is not true in general. The sufficient condition for the inner
product ezistance to hold in Lo is that it satisfies the parallelogram law. We do not go much deeper into this
matter, and just take it as granted.

Definition 9.21 (Inner product on £ quotiented space (-, -)). The inner product is a function (-,-) : Lox Lo —
R defined as:

()= [ ayPy(dady) = BLXY
ExXE
Proposition 9.22 (Basic properties of (-,-)). Some trivial properties are reported below for X,Y,Z € Lo and
c1,c0 € R,

1. symmetry (X,Y) = (Y, X)
2. positivity and nullity in quotient space (X, X) >0 and (X, X) =0 < PX =0]=1
3. linearity (1 X + Y, Z) = c1(X, Z) + c2(Y, Z)

Proof. (Claim #1) trivial by Definition 9.21.
(Claim #2) we have:

(X, X) = / 2Py (dr) = | X2 > 0
E

Which is null <= P[X = 0] =1 by Definition 9.18 and Assumption 9.17.
(Claim #3) this follows by linearity of the integral. Indeed:

(1 X 4+ Y, Z) = / (1 + c2y)2Px 1y z(dz, dy, dz)
ExXE

:cl/ xszXZ(d:v,dz)Jch/ yzPy z(dy, dz)
ExXE EXE
=c(X,Z) + (Y, Z)
O

Definition 9.23 (Norm induced by inner product). The inner product and the norm in Lo follow the relation:

(X, X) = Xl = VE[X?]
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Proposition 9.24 (Joint properties of |-||, and (-,-)). Definitions 9.21, 9.23 allow to obtain nice results
VX,Y € Lo:

1. Cauchy-Schwarz inequality (X,Y) < | X||5 Y]l

2. triangle inequality | X + Y|, < | X, + 1Y,

3. distance d(X,)Y) =X =Y, =/(X -Y, X -Y)
4. wvariance covariance relation:

(X,Y) = CoV(X,Y)
EX]=E[Y]=0 = {[X],=VI[X]

Yy = VVIY]
5. angle (correlation) Pythagora’s Theorem
EX]=E[Y]=0
IX]l; #0 — cos(f) = L = corn(X,Y)
s(0) = = corr(X,
2 12Xl 1Yl

Y1, # 0

Proof. (Claims #1, #2) easy, there are many proofs online. Consider the inner product:
(X —tY, X —tY) = || X —tY[|5>0 Vt>0
positive by Prop. 9.22#2. Expanding the expression by linearity (Prop. 9.22#3) we get:

(X —tY, X —tY) = (X, X) = 2t{X, V) + 3(Y,Y) >0 Wt

)=
— 4X)Y) 44X, X){Y,Y) <0 positivity of parabula V¢ is negative delta
— (X,)Y) - (X, X)Y,Y) <0
= (X,Y) <[ X[, 1Yl5 norm notation

With this equality in hand, it is rather easy to derive the triangle inequality:

||X—5—YH2 (X4+Y,X+Y)

= (X, X)+{(X,Y)+ (Y, X)+ (Y,Y) linearity, Prop. 9.22#3

= (X, X)+2(X,Y)+ (YY) symmetry, Prop. 9.22#1

< 105 + 1Y 152 (1 X1l + 1Y 1l2) Cauchy-Schwarz, Claim #1
= (IXIly + 1Y ]l5)*

Which, by an application of the square root returns the triangle inequality.
(Claim #3) simply a distance notion.
(Claim #4) it holds:

CoV[X,Y] = E[XY] -E[X]E[Y] = (X,Y)
———
=0

X1, = \/E[X2 \/E X2 — \/V same for Y

(Claim #4) trivially by Claims #1,#2,#3:

(X,Y)  CoV[X,Y]
Xl YN, /VIXIVY]

cos(0) = = corr(X,Y)

O

{ Observation 9.25 (Remarks about 6 and Pythagora’s Theorem from Proposition 9.24). The notion of angle
and correlation is strongly linked with moments of r.v.s:

e 0 is the angle between X and'Y in an abstract space
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o if we let = T then cos(f) = 0 and necessarily (X,Y) = 0 which is a notion of orthogonality.

We can see that then:

IX +Y1l; = E[(X +Y)?]
= E[X?] + 2E[XY] + E[Y?]
= (X, X)+2(X,Y) + (YY)
= XI5+ IY[I3 Pythagora’s

So that if also E[X] =E[Y] =0:
Prop. 9.24#4
VIX +Y]=E(X +Y)} = |X|5+ Y]} =" V[X]+ VY]

Definition 9.26 (Cauchy Sequence). For a normed space (X, ||-||y) a Cauchy sequence (Xy)n>1 satisfies the
property:
lim lim | X, — X,,|| =0

n—00 M—r 00

Definition 9.27 (Complete space). A normed space (X, |-||y) is said to be complete when every Cauchy
sequence is convergent. Namely:

X eX: X= le | X, — X||=0 V(Xp)n>1 Cauchy

Theorem 9.28 (£, is a complete space). The normed space (L2(2, F,P), ||-|l5) is complete in the sense of
Definition 9.27.

{ Observation 9.29 (Why £5?). Many useful properties arise when considering square integrable r.v.s:

o L5 is complete with respect to its natural norm
e we can easily identify notions of angle, scalar multiplication, addition, correlation, distance and variance.

Definition 9.30 (Complete subspace). A subspace X C Lo is said to be complete if it is complete in the sense
of Definition 9.27:
V(Xn)n>1 C K Cauchy 3IX € X: || X, — X[, =>0asn — oo

Theorem 9.31 (Orthogonal projection Theorem). For a complete subspace KX C Lo(Q, F,P) and VX € Lo
there exists an element of the subspace Y € X such that the following statements hold:

L)X =Y, = inf{|X = W|,: W € X}
2. (X-Y)LZVZeX ie (X—-Y,Z)=0VZeX
3. EeK X —Y|,=|X -V, = PY =Y"]=1

Proof. (Claim #1) Let A = inf{||X — W], : W € X} and (Yy),,cy C X be such that ||Y,, — X, = A.
The parallelogram law holds YU,V € L5. Namely:

U+ VI3 + U= VI]3=2[Ul3+ 2|V

Apply such rule to U = X — % and V = % to get:

2

Y, +Yn Y, —Yn

I — Yol + 1X - Vil =2 | x .

2
Here, by % € X we also have for free that HX — %Hz > A2
So, for n,m large enough we get:

+2]

Which reordering gives:

2
2
+ X = Yall; -2
2

Y, —Yn
2

Y, —Yn
2

g

2

-
2

||Yn—Ym||§§2(A2+§)—2A2:e Ve >0



9.4. WEAK CONVERGENCE 85
So that (Y},),cy is Cauchy in X and it has a limit ¥ € X by completeness, with ||Y — Y, ||, — 0.
Using the triangular inequality:
X =Y, <||X -Y,|, +|Y =Yul, 2 A = || X =Y, = A by construction
(Claim #2) it holds VZ € X, Vt € R that:
Y+iZeX — |X -V 12> X~ Y[} = X -V[3+£ 22X -v.2) > [X - Y|} VieR

The positivity of the parametric parabula in ¢ (equivalently, negativity of the Delta of the parabula) implies that
(X-Y,Z)=0.
(Claim #3) by the quotient space speicification in Assumption 9.17. O

{ Observation 9.32 (About the assumptions). We assume the subspace to be complete, providing a more general
notion of orthogonal projection theorem. In the classical statement, one requires the subspace to be closed, which
implies by the completeness of Lo that is is also complete. With a closed subspace there are more guarantees in
for the infimization to be attained, but one must be careful on the assumptions.

9.4 Weak Convergence

Definition 9.33 (Weak convergence in distribution =, i) For a sequence of r.v.s (X, )n>1 on a probability
space (2, F,P) taking values on (R, B(R)) recall that Px, = Po X, ! Vn and that we can uniquely identify
distribution functions of the form:

x— Fx, (v) = Px, ((—o00,z])

We then say that weak convergence in distribution X, — X or Px, > P, is verified when:
Fx, (x) = Fx(x) Vz € Rz continuity point of Fx

Where we can extend properly to general (E, &) spaces.

Sometimes, we denote weak convergence in distribution with the symbol LY

Proposition 9.34 (Equivalent definition of weak convergence). For simplicity denote as P, the probability
law of an r.v. X, from a sequence of r.v.s. Then:

Pdst : Pn B Py / F ()P (dz) - / F(2)Px(dz) as n — oo

Vf : R — R bounded continuous, i.e. f € Cp(R)

Proof. Similar to Theorem 4.11, but with the limits. This requires the use of Portmonteau’s Theorem. O
Example 9.35 (Uniform distribution discrete convergence). Let X,, ~ Unif( %7 %, R 1}), which means
the probability law is:
1 n
Pn =~ Z 33
Jj=1
For f € Cp(R) it holds:
f(@)Pn(dx) = —fl= P, € v the counting measure
R n n n
j=1
1
e f(z)dz Riemann sums
0
1
= [ f(x)Leb(dx)

0

Which is the integral of f wrt a r.v. X ~Unif(0,1). By Proposition 9.8/ we have that X, 4 X ~ Unif(0,1).
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¢ Observation 9.36 (About Definition 9.33). The statement Vx € R x continuity point means that we check
the limit at the induced cdf only for those points in which it is continuous, and not at the jumps.

Example 9.37 (An example for Observation 9.36). We need to specify the check at continuity points. To
convince the reader, letn > 1 and P, = 5;. The cdf is:

0 z<i
Fu(@) = Lz oy (@) = {1 "
- n
Which, at the limait:
0 z<0
A Fal@) = lim 1 o) (@) = 00 =0
1 >0

Where x = 0 is not a continuity point. How could we check weak convergence if at this point it does not converge?
Truth is that the Leb measure ignores these singularities and allows us to define an integral for these steep jumps
ignoring their presence.

Proposition 9.38 (Notable facts about weak convergence). It holds that:

1. (weakness) all the other convergences we consider imply weak convergence
2. (a partial converse) if P,, = 64, which is equivalent to X,, = X : P[X = xo] = 1 then X, 2 x
3. (uniqueness) if P, = P and P, > Q then P 4 Q

Proof. (Claim #1) given Propositions 9.14, 9.19, it suffices to prove that convergence in probability implies
weak convergence. The strategy is the following:

Fx, (z)

PX, <z,X € R] for x a continuity point of Fx
=PX, <z, X<z+e+PX,<2,X>z+¢
<PX <z+¢€+P)|X, — X|> ¢

Also, by similar reasonings:
PX <z —¢ <PX, <z2]+P[| X, — X| > ¢

Combining the two we get:
PX <z—¢—-P)|X,—X|>¢ <PX, <z] <PX <z+¢€+P[|X, — X|>¢
which by hypothesis for n — oo is such that:

Fx(x—e)=PX <z —¢ = lim PX, <z|=Fx(x+e) = P[X, <z]=Fx,(z)=Fx(z) (9.1

n—oo

by the continuity of F'x at x.
(Claim #2) by hypothesis Fx, — 1x, (zo). Observe that for e > 0 it holds that:

P[| X, — x| > €] =P[{X,, <z —e}} +P[{X,, >z + €}]

=Fx,(vo—¢€)+ 1~ Fx, (z0+¢) disjoint events
"0+ 1-1
=0
which is the definition of convergence in Probability we gave by the arbitrariness of e. O

Theorem 9.39 (Continuity theorem). Consider a sequence of r.v.s (X,). If:
Dy, () "= o(t) VteR (9.2)
Then TFAE:
1. X,, 3 X in the sense of Definition 9.33
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2. ¢ = Ox the characteristic function of some r.v. X, (i.e. there is a law P with X ~ P)
3. ¢ is continuous of t
4. ¢ is continuous at t =0

Theorem 9.40. Central Limit Theorem (CLT) For (X,), ey tid with E[X,] = p and V[X,] = 0 < oo it
holds:

- Sp —np
S, ;:1 o — (0,1)

Proof. (A characteristic function facts) observe that for a random variable with mean p and finite variance
o2, by Proposition 6.21, the characteristic function is such that:

®'(0) = Al —E [X]=ip ®"(0)= ikt B P’E [X?] = —0? —
dt =g dt* |,y
(O the sequence) in our case, the sequence is not X,,, but its normalized version W,, = 5 which is such
o

that:
EW, =0 V[W,]=1

Moreover, a sequence of (W), ), .y is an independency, by X; being iid. From A, we have:
Oy (0) =0 Py (0) = -1

If we do a second order Taylor expansion around 0 of @y we would get that:

1
Dy (t) = Oy (0) + By (0)t + 5<I>’V’V(0)1t2 + o(t?) t—0
t2
:1—5+o(t2) t—0

(O characteristic argument) moving to:

Z, = 9.3
ovn N (9:3)
it holds:
Oy, =E[e"7n]
=K eitz%lﬁm
LW n
- (E {etTD iid
t n
= @ —_—
(o0 (7))
n—oo t? " t
~ | 1= t? —
< 2n+0( )) n—)oo:>\/ﬁ 0
n—oo _t2 ..
- e 2 definition of e

Where the last term is the characteristic function of a standard normal Z ~ N(0,1). By the continuity theorem
(Thm. 9.39), we have that:

Ly —> 2
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Chapter Summary

Objects:
e lim sup, infinitely often
e liminf, eventually
e convergence in probability
e [, pseudo-normed quotiented space
e convergence in £,
e inner product notion
e L, complete space
e weak convergence
Results:
e First Borel Cantelli Lemma:

Z]P’[An] <00 = P[limsupA4,]=0

n>1

e Second Borel Cantelli Lemma:

(An)n>1 independent Z P[A,] =00 = P[limsup 4,] =1
n>1 n

e almost sure convergence by first Borel Cantelli Lemma
e convergence relations:
% = Z> P w
a.s. P == =
S5 =5
e classic inner product and norm properties for Lo
e orthogonal projection theorem. For a complete subspace X there exists a projection
— infimizing the norm
— with an orthogonal difference
— almost surely unique
e weak convergence is characterized by Cj(R) functions
e convergence pointwise of the characteristic function is the starting condition to establish 4 equivalent
conditions
e the CLT is based on the above point




Chapter 10

Conditionals & Stochastic Processes

10.1 Constructing conditional Probabilities

¢ Observation 10.1 (The best predictor principle). Let X be a squared integrable r.v. (Def. 3.2, Def. 9.16),
i.e. X € Lo(Q,F,P) : E[|X|?] <oo. The aim is finding a best predictor under the pseudonorm. For p =2, it is
easily found to be:

min B[|X — a3 = minE[(X — )?) = B(X - E[X))*

Definition 10.2 (Desired best predictor notion in Lo: Xg). For X € L£2(,F,P) and a o-algebra (Def. 1.6)
§ C F of information we define:
Xg = E[X][S]

Where:

1. full determination by G
Xg G-measurable <= Y;l(A) ={weN:Xgw)e A} e§ VA&
2. Xg is the best predictor among the G-measurables
VY S-measurable || X — Xg||2 = E[(X — X )2 <E[(X —Y)?] = | X — Y2

Proposition 10.3 (Unconditional case of Definition 10.2). It holds that E[X] (Def. 4.4) satisfies the conditions
by its formulation and the comments of Observation 10.1.

{> Observation 10.4 (About Definition 10.2). The approach is laid out after a remark on the first arguments.

1. in Ly, there might not be a unique |||, minimizer, so we need more specification

2. from now on, we will focus on a.s. positive r.v.s, where P[X > 0] = 1. For arbitrary r.v.s the positive negative
part decomposition (Obs. 4.3) holds, and we can extend the notions easily. Namely, VX € Lo XT € Lo
and X~ € L.

3. the construction will follow a bottom up approach.

Definition 10.5 (Step 1, conditional on event). Set X € Lo : P[X > 0] =1 and H € F. Then:

P
e ifwe H = consider the restriction W :HNF — Ry where P[H| > 0. This is a p.m. on HNF, the

F-sets which are subsets of H. We then define:

XH:E[X|H]:/HX(w)I;[[dI;]]

which is deterministic. Notice that:

Xy ]E{(X—YH)QHH}zrt?eiﬂg{(x—a)QnH}

89
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e on the opposite, if P[H| =0 = E[(X —a)?’ly] =0 Va € R = Xy = E[X|H] = c € R arbitrary.
Indeed, in this case:

0=E[(X - Xn)"1u] :/ (X—YH)QdP:min/ (X — a)2dP =0
i a€R [
Definition 10.6 (Step 2, simple o-algebra). For X € L5(Q,F,P) positive and § = {Q,0, H, H°} where H € F
and P[H] € (0,1) we can similarly define:

XS [X|9 /X 7+]]-H°( ) HCX(W)P[HC]

So that X g is a r.v., and is G-measurable since it depends on H, H¢

Proposition 10.7 (Step 2 is valid). Definition 10.6 satisfies the requirements in the sense of Definition 10.2,
especially #2.

Proof. For G ={0,Q,H, H¢}:

8Y( 2XY +Y?)= 2X +2Y =0 <= X =Y, Y G-measurable
we know that:
e we H = E[X|9] = fH P[dw is the best predictor for H
e we H* = E[X|9] = ch g[[}gﬁ]] is the best predictor for H¢

where by best we mean that the following equality holds:

pin e (X -] =E[(r - %o

Definition 10.8 (Step 3, elaborated ). Again X € Lo positive and § = o({H,, : n > 1} where {H,} partition
Q into F-sets. Then:

Xg(w) =E[X|S)(w) =) 1n,(w if P[H,] > 0¥n

n>1

While if there are sets with zero measure, the integral of that set becomes an arbitrary constant:

with ¢ € R

. . _ P
if In* : P[H,+] =0 = replace /Hn XIP’[Hn]

¢ Observation 10.9 (About the conditional expectation). Notice that, differently from the unconditional case,
the conditional expectation is a random variable dependent on Q). Loosely, the Q) dependence is translated into
which H, set the w will fall into.

Proposition 10.10 (Properties arising from Definition 10.8). For Xg as in Def. 10.8 we have that:

2. YV G-measurable positive E[VXg]=E[VX]
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Proof. (Claim #1) We work out the formula:

E[1p,Xg] = / 1y, (W)X g(w) Pldw]

Q
= Xg(w) Pldw] bring indicator in integration
HTI,
/ L / X Pldw] | Plde] Ve H
= w W w n
w, | PlHn] Ju,

= 5 /. </HX Plie]) Pl
1

- P /H 1, X] Pl

deterministic

~

1
- FE LX) /H Plda]

n

= mE (L, X P[H,]

=E[1y,X]
And we have proved the claim.

(Claim #2) it holds that VG € § the set is a union of disjoint elements of the partition, namely G = ¢, Hi-
For this reason, any §-measurable event V takes the form of a simple random variable:

V= Zan]lHn a, >0

n>1

Or is approached monotonically by such sum. Then, by Claim #1:

#1 = Y aEXgly,] =Y a,E[X1p,]

n>1 n>1
= E Y a,Xgly, | =E ) a,X1pg, linearity of expectation, Thm. 4.7#3
n>1 n>1
< E[XgV]=E[XV] monotone conv. Cor. 4.22

where the if and only if conditions holds since in principle Claim #2 is stronger, but ends up being equivalent. [

Definition 10.11 (Characterizing conditionals in £; by the previous Proposition). For X € L1 positive and
G C F we choose to define them usign the results of Proposition 10.10, which are independent of p. Thus Xg s
a valid conditional expectation when:

1. Yg s G-measurable
2. The equivalent properties 2 <= 1 of Proposition 10.10 hold. For reference, we choose that VG € G:

E[16Xs] = E[lgX] < /Ygdn»:/ XdP
G G

A ru. in L1 is the minimal working example we require, otherwise we would just say that the expectation is
infinite.

Definition 10.12 (Conditionals in £,). The result of Prop. 10.10 suggests defining a valid conditional for
X € L,(Q,T,P), §CT as ar.v. satisfying:

1. §-measurability
2. identity with target r.v. in the conditioned o-algebra

VG €S /YgdP:/XdP
G G
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Theorem 10.13 (Uniqueness up to equivalences of conditional Characterization). Definition 10.12 holds up
to equivalences, meaning:

Yg,y/g sat. Def. 10.12 <= P[Xq :Y/S] =1, ide Xg :Y/g a.s.

Proof. (A strategy) We proceed by contradiction, assuming that P[X g — Y/g > 0] > 0.
(O building the sets) Consider the events:

. 1 .
{Xg >X/9+n}\,{X9 >X/9}
Then the corresponding sets G,,, G € G have the same behavior:
. 1 .
Gn:{weng >X'9+n}\{weQ|X9 >ng}

Where (G,,),,cy is monotonically decreasing. By continuity of Probability (Thm. 2.13) it holds that by the

assumption in A:
lim P[G,] =P[lim G,]=P[G] >0

n—oo n—o0

(O expectation properties) By #2 of Definition 10.12 we have that:

/ Yﬂp:/‘yym<:>o:/ (Xg — Xg)dP VG, €5
Gn Gn Gn

1 — — 1
> / —dP Xg— Xlg > — in G,,, and monotonicity 4.7#2
G, M n

n

1
:f/ dP
nGn

1_|[— — 1

=P |:X9 > Xlg + ] G, construction
n n

>0 A assumption

We have now contradicted A since we would break the conditional expectation construction. Similarly one can
—_ —/
prove that P[Xg < Xg] > 0 reaches a contradiction.

Eventually, it must be the case that P[X g = Y;] =1 O
Theorem 10.14 (Existance and equivalence to Radon Nikodym derivative). For:

G — Q(G) = [, XdP

Xeli(TF,P), PX>0=1, §CTF = IXg= 49 where
Pg[G] =P[G] VG € §

dPg

Proof. (A @ map features) focus on:
G—=QG) = / XdP
G

It is a finite measure on (2, G) since:

e (nullity) Q(#) =0
e (countable additivity) V(Gy) C G of disjoint sets:

o(yer) -

by linearity of the expectation (Thm. 4.7#3)
e (finiteness) Q(G) < VG € § since Q(NN) = E[X] < o0
(O Pg map features) Pg is the restriction of P and is a probability measure on (2, 9). Indeed:

e it is defined as Pg[G] = P[G] VG € §
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e is has maximum measure 1 at Pg[Q)] = P[Q] =1

(O absolute continuity argument) It holds that while restricted to G, the measures Pg, P are equivalent by
construction. Moreover:

e in the restricted space (2, G) we have that @ < Pg (absolute continuity, Def. 2.6).
VG € G Pg[G] = P[G] = 0 — Q(G) :/ XPg(dw) = 0
G

e by the result of A, @ is o-finite (Def. A.26).
By these two properties we can use Radon Nikodym Thm. 5.7 and state that:

4Q

3f : E — R, G-measurable s.t. G — Q(G) :/ fdPg, f =
G dPg

(Vv back to expectation) To conclude, we notice that our function f, the Radon Nikodym derivative of the
expectation wrt the restriction, satisfies the requirements for being a conditional expectation (Def. 10.12#1#2),
since it is G-measurable as stated in () and it is such that:

VG e § /deP’ng(G):/XdIP’ = f=E[X|9]
G G

So, an expectation exists, and it is a.s. equal to such Radon Nikodym derivative by the previous result (Thm.
10.13):
_ dQ
IXg 2 —=
97 dpg
O

{ Observation 10.15 (About Theorem 10.14). We show the existance since Q(G) = [, XdP is o-finite (Def.
A.26) and equality by the Radon Nikodym Theorem (Thm. 5.7).

An important consequence of this result is that by the almost sure equivalence we are happy with finding
any version of the conditional expectation, which will differ from the other only by a negligible (zero measure)
set.

Corollary 10.16 (L2 existance on the orthogonal projection). Using Theorems 9.81, 10.18, 10.14 we conclude
that for X € Lo positive and § C F it holds that:

1. the complete subspace is induced by G:
E[X|G] = arginf | X — W5 K =La(2,G,P) a.s.
wex

2. the decomposition is:

Proof. (Claim #1) Notice that the space is such that X = £5(£2,G,Pg) C L2(Q, F,P) which is complete in the
sense of Definition 9.27 since we can safely assume it is closed (if you have doubts, check this stack question).
Then, by Theorem 9.31 it holds that:

Y €KY =arginfex | X — W3
VZeX (X -Y,Z)=0

Clearly, VG € G we have 15 € X so that:

<X—Y,ILG>=/G(X—Y)d1P>:0

<:>/XdIP’:/YdIP’
G G
=Y

X Def. 10.12, Thm. 10.13

< Xg = arg nggl( | X — W||§ min attained by X closed
c


https://math.stackexchange.com/questions/2430754/showing-that-a-subset-of-l2-omega-mathcalf-p-is-a-closed-linear-space
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(Claim #2) we just remark that:

X=Xg+X X=X-Xg=X-Y = (X, X—-Xg)=0
Where in the implication we used again Theorem 9.31#2. [

Example 10.17 (Linear regression graphically for Corollary 10.16). Now Y is not an element of the space
but rather the target of a regression task.

We have for X = L2(Q,G,P) that:

e X —Xg=X 1 L5(Q,G,P)

e the angle is 0 = g for any vector in the subspace vs X
In a linear regression task, we would have:

£5(Q,9,P) = col ({X1,.... X, })

the column space of the matriz X, and a solution finds:

2
E[Y|X] = arg min HY - YH
Yex 2
The minimum norm element in L.

Proposition 10.18 (Properties of Xg I). Recognize that:

1. no information

§=1{0,9} = Xg=E[X]as.

2. full information
=9 = E[X|9]=X a.s.

3. Law of iterated expectation

since 1 € § = E[Xg] =E[X]

Proof. (Claim #1) Recall that by Definition 10.12 need to check measurability and:

/XdIP’:/YngE” VG € §
G G

We recognize two cases:

e G=0 = [,XdP =0 and any conditional would be satisfactory
e G =0 = [,XdP = E[X] = E[X][,dP = [(E[X]dP = Xg “= E[X] since it satisfies the
requirements by the trivial fact that E [X], a constant, is G-measurable for free

And conclude that Xg = E[X].
(Claim #2) We impose E[X|G] = E[X|F] to be F-measurable. Then:

X5 =E[X|F] — VGeTF / XdP = / E[X|F]dP "= X 2 B[X|F]
G G

(Claim #3) For § C J it is always the case that Q € G. So:

E[X o] :/Qfgdﬂ»:/QXdPZE[X] as.

O

Proposition 10.19 (Linearity of Xg and identity to random variable). Two important and widely used
properties are:

1. measurability implies a.s. full knowledge

X G-measurable — Yg =X a.s.
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2. linearity
a,b € R = E[aX +bY|G] =aXg+bYg

Proof. (Claim #1) The hypothesis is that X is §-measurable. Then, by the measurability condition of Equation
3.1:
X' A)={weQ|X(w)eA}eg VAcE

And we have that by Def. 10.12:
/Xw%i/YwPVG69=¢Y§§X
G G

since X itself satisfies the requirements for being a conditional probability X is a version of the expectation.
(Claim #2) Let a,b € R, then it follows that E[aX + bY'|] is such that:

/E[aX+bY|9]dIP:/aX+bYdIP VG € §
G G
= a/ XdP + b/ Y dP linearity, Thm. 4.7#3 or Prop. A.47
G G
:a/ E[X|9]d]P’+b/ E[Y|G]dP
G G
i/mWM+WWMW VG e
G

So that we have E[aX + bY'|G] = aE[X|G] + DE[Y'|9] O
Proposition 10.20 (Monotonicity, Monotone & Dominated convergence for Xg). Other inherited properties

from normal expectations include:

1. monotonicity
Y <Xas — ?9 §79 a.s.

2. monotone convergence
0< X, " Xas = E[X,|G] " Xg

3. dominated convergence

Xzt : X "3 X, |X,| SY W, ¥V € £1(Q,F,P) = E[X,9] “% X

Proof. (Claim #1) Let Z == E[X —Y|§] and G = {w € Q : Z < 0}. Clearly G € G as E[X —Y|9] is G-
measurable. We aim to show that G has measure zero and do so by contradiction. Letting P[G] > 0 it holds that
the random variable:

—Z1¢ =E[Y - X[§]lg =2 0

Indeed if 1 =1 then Z < 0 and the r.v. is positive, otherwise 15 = 0 and we are again nonnegative. Such r.v.
has probability of being positive:
P[(—Z)1¢ >0 =P{(—-2)1¢ > 0} NG+ P{(-2)1g > 0} N G°]
PG NG| + P[0]
P[G] >0 assumption

Then:

/emwz E[Y — X|G)dP
G

/.
ZAEW—M%MW
0

>
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Which is incontradiction with the definitional assumption that:

/EW—YMW:/ZW:/ZMW:/X—YWZO
G G Q G

Because on one side we have Z1g > 0 and on the other —Z 1 > 0. This contradicts the assumption P[G] > 0
and we conclude that P[G] = 0.

(Claim #2) By monotonicity (Prop. 10.20#1), since X,,+1 > X,, we have that E[X,,11]5] > E[X,|9] Vn,
with a limit by the very monotonicity:

Xcandidate = lim E [Xﬂ|9]
n— 00

We have measurability for free since X cqndidate is the limit of measurable functions (Thm. A.16). By Definition
10.124#2 we further have that:

/m&mwz/xmhwz1
G G

Which leads to the following chain of equalities for arbitrary G € G:

lim [ E[X,|9] d]P’:/ lim E[X,|G]dP mon. conv. Thm. 4.21 for E [X,,|G]
:/Ycandidated]}b
G
:/ XdP
G
= / lim X, dP hypothesis X,, 7 X
Gn—)oo
= lim X, dP reverse moin. conv.
n—oo G

Where, the first and the last term are equal and squeeze the central ones. We conclude that necessarily it holds
X candidate = E[Xn|G] / E[X]|G] almost surely. (Claim #3) similar to Claim #2. O

Theorem 10.21 (Towering property). A peculiar property of conditionals is:

HcCSGCTF o-algebras = E {E[X|9]‘5H} =E {IE[XU—C]‘S} =E[X|H] a.s.

Proof. (A strategy) denoting the triple equality as @ = @ = @ we prove @ = @, @ = @ = @ =
(@ = @) Consider:
E {E[X |9—C]’9}
There H C § and E[X|H] is H-measurable by Definition 10.12#1. So:
EX|H) " (A) = {we Q:EX|H](w) e A} e H VAee& ZS EBIX|H]) ' (4) egvdce
So that E[X|H] is G-measurable and by Proposition 10.18#3 we get:
EX|H]=E {E[XU—C]‘S}
(@ = @) by definition of conditional expectation:
JE {E[XB]‘.‘H] dP = [, E[X|G]dP VH e H

B {E[X|9]'}C} = E {E[Xm}‘f}f] H-measurable
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Notice that H € H{ — H € § so that:
/H]E {IE[X|9]‘J—C} dP = /HXdIP’ VHeXH Def. 10.12#2 on E[X|9]
= /H]E[XU{}dIF’ VH e H Def. 10.12#2 on X
Since the arguments of the first and third integral are H-measurable by definition 10.12#1 we conclude that:
E {E[X|9]’f}c} L RB[X|H]

O

{ Observation 10.22 (About the equalities with conditionals). Notice that all the = statements are almost
a.s. ey . . . .
sure = whenever we condition on G C F. Sometimes this will be omitted.

Additionally, notice that the symbol C does not necessarily mean strictly a subset, since in all the reasoning of
the course there would be no distinction.

Proposition 10.23 (Properties of Xg (I1)). Other important results are:

1. conditional determinism
X G-measurable, §CF, Y :YX € £L1(Q,F,P) = E[XY|9] = XE[Y]|F] a.s.
2. X ignores F-sets to which it does not belong:

HLo(e(X)USG) = E[X|o(SUN)] =E[X|I]

Proof. (Claim #1) Let Y, X be a.s. positive for simplicity. The general case follows.
Suppose X € G, (i.e. positive G-measurable function) and Y € F;. Then Yg = E[Y|9] is G-measurable positive
as well and:

E[V-(XY)=E[(V -X)Y]=E[(V -X)Yg] =E[V - (XYg)]

Where the middle equality sign follows from an application of Proposition 10.10#2 after noticing that V- X € G,
and the definitional property of Y'g to be equal to Y under the integral over each G-set. Hence:

XY = XE[Y[g]
is an almost sure version of E [XY|G]. O
Definition 10.24 (Specifying conditional probabilities). Let X = 14, A € F, then:
PlA|S] = E[14]9]
Where by Definition 10.12

1. 14 G-measurable
2.VG€§ fGIE[]lA|9]dIP:fG 14dP =P[ANG]

Meaning that:
P[A[S] : VG € G / P[A|S]dP = P[AN G
G

Proposition 10.25 (Trivial properties of conditional probability). Notice that for Definition 10.24:

1. almost sure positivity P[A|G] > 0 a.s. VA€ F
2. almost sure normalization P[Q|S] =1 a.s.
3. almost sure countable additivity:

{A,} pairwise disjoint F-sets — P U A,
n>1

5| =Y Pl4,lg

n>1
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Proof. All claims are trivial by the construction P[A|S] := E[14]9]. O

{ Observation 10.26 (Link with usual definition). Definition 10.24 looks like P[A|B] = ]ﬁg]B]

Example 10.27 (Linking old & new). For § = o(B) = {0,Q, B, B} consider a function f : Q@ — R.
Moreover:
P[AN B]

P[B]

P[AN B

W J) = 1p () P57

+ 1pe (w) VB : P[B] > 0

Now recognize that f is G-measurable since:

{ [y fdP = [, I;,f‘[”B]dP P[A N B

e FdP = [ TGRS AP = P[A N BY]

So that f = P[A|S] by Definition 10.12#2.
Contrarily, if P[B] = 0 we just replace the function with:

w— f(w)=rclp(w)+PANB°|lg: (w)

and again
Jp fdP = cP[B] = 0 = P[AN B]
Jge fdP = P[AN B°|P[B°] = P[AN B

Guaranteeing f = P[A|S].

Proposition 10.28 (Easy conditional probability properties). Other results that can be quickly recovered
include:

1. §=9 = P[A|G] =14 a.s.
2. AeF, AL G = P[A|G] =P[A] a.s.

Proof. (Claim #1) let § = F so that:
P[A|IS] =P[A|FIVA e F

And the condition [, 14dP = [, P[A|F]dP, after noticing that 1, is F-measurable ensures that:
P[A|F] = E[14|F] “© 14 Prop. 10.19#1

(Claim #2) By independence, probabilities decouple A I § = P[A N G] = P[A|P[G] VG € G. Then:

P[A N G] = PIAIP[G] :/GIP’[A]dP:/GIP[A|9] WG € G —s PA] S PlA[G]dP

¢ Observation 10.29 (Is P(:|G) a probability measure?). Is A — P[A|S] a p.m. on (,F)?
Proposition 10.25 suggests yes but almost surely.
For this reason, we consider N € F : P[N] = 0 and state that Yw € N¢ P[-|G](w) is a p.m. on (Q,F). This
allows to define:
N={Ae€TF: either 1,2,3 Prop.10.25 fail on A}

Such set may be uncountable, which would mean that e A ¢ F or P [UAeN A} < 0, and we wish to avoid
these pathological cases, even though they almost never happen.

Theorem 10.30 (Avoidance of pathological negligible sets). For Y a r.v. on (Q,F,P) taking values on
(R,B(R)) and Py[B|S] = PIY " 1(B)|G] = P{w € Q : Y(w) € B}|G] VB € B(R) we have that there exists
Qg (B;w) such that:

1. w— Qg(B;w) measurable VB € B(R)
2. B— Qg(B;w) is a p.m. on (R,B(R)) Ywe Q
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3. Qg(B;w) =Py[B|9] a.s. VB € B(R) which holds if and only if:
/ Qg(B;w)Pldw] =P[Y " H(B)NA] VAcT, VB c B(R)
A

4. Qg(+;w) is the conditional distribution of Y given G

Corollary 10.31 (Enlarging Theorem 10.30). We can state the same results also if Y is on a complete (Def.
9.27) separable metric space (Y, B(Y)). We do not expand on this topic, but hint that it is a complete space with
distinguishable elements and a metric.

10.2 The infinite dimensional case for stochastic processes

Definition 10.32 (Infinite countable sequence of random variables X*°). We define X*° = (X,,)n>1 where
X :Q — R* and:

1. measurability holds:
{weN: X*®w)eB}eF VBe BR™)

2. probability
Pxe(B)=P{weN: X*®(w) € B}] VBeBR™)

{ Observation 10.33 (Characterizing X*°). We aim to find a way to construct a valid probability measure on
R without starting from the abstract space (Q,F,P). While for finite dimensions N < oo we could use the cdf
on RN and Theorems 3.21, 3.22, in the case of oo dimensions we make use of projections.

Definition 10.34 (Cylinders with finite dimensional base C,(-)). Fiz the first n coordinates, and make a
projection with respect to this finite dimensional set of R™:

Cn(B)={z=(x1,...) ER* : (x1,...,2,) € B} Vn>1,VB e B(R")

Lemma 10.35 (Generating set of infinite Borel set).

BR*) =0 | | J{€n(B): B € B(R")}

n>1
In other words, the generating o-algebra is composed of measurable finite base cylinders.

Lemma 10.36 (Induced finite probability measure by P on the cylinder). for P a p.m. on (R°, B(R*>)) it holds
that:

1. VB € B(R") P,(B) = P(C,(B)) induced is a p.m. on (R", B(R™)) Vn

2. P induces a sequence of p.m.s (Pp)n>1

Proof. (Claim #1) a map of the form B — P, (B) = P(C,(B)) for all B € B(R") is always a valid p.m.
(Claim #2) let B € B(R") then:

Pri1(B xR) = P(Cry1(B x R)) Claim #1
=P{z eR*:(x1,...,2,) € B,xpny1 €R}) Def. 10.34
=P{zr eR*: (21,...,2,) € B}) Zn41 s arbitrary
— P(Ca(B))
=P, (B) Claim #1

O

Definition 10.37 (Kolmogorov Consistency). For (P,,)n>1 on (R™, B(R™)) such that P,41(BxR) = P,(B) VB ¢€
B(R"™) Vn > 1.
Namely, we have that the second condition of Lemma 10.36 is satisfied by construction on C,(B).
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¢ Observation 10.38 (About Definition 10.37 and Lemma 10.36). The question we try to answer is if starting
from this consistency condition is enough to define a probability measure at the limit that is non ambiguous.

Theorem 10.39 (Kolmogorov Extension Theorem). Consider a sequence of r.v.s (Xp), oy on a standard
measurable space (E,&) (Def. A.22). Then:

(Pn)n>1 consistent (Def. 10.37) = 3P on (X En,®€n>

such that  P(€,(B)) = Pn(B) VB € Q)En,¥n > 1

=1

{ Observation 10.40 (About the hypothesis). We assumed the space to be standard (Def. A.22). Thank to
this, we can include in the result any space which is equal to a Fuclidean space up to isomorphisms, thus the
discussion about cylinders in Euclidean spaces. In the more general setting of a measurable space the statement
becomes existance only.

{> Observation 10.41 (Advantage of the extension). Now P,(B) = P[(z1,...,2,) € B] is useful and a shared
consistency for all n means that we work with a unique measure in the background. This sufficient condition is
nice and there are many laws that obey it.

Example 10.42 (Exchangeable sequence). Consider a sequence (X,),, oy in {0,1}° and a probability measure
Q on ([0,1],B([0,1])). Assume further that ¥n > 1 P,, is a probability law on {0,1}°° defined as:

3)n({'rlv e 7$n}) = [ ] 92 L (1 - g)n_zmi]].{o,l}n (!El, P ,.’L‘n) Q(d&)
0,1

The sequence (Py,),, cn is consistent in the sense of Definition 10.37 and by Theorem 10.39 we have:
P on ({0,1},B({0,1}*)) : P(€,(B)) = P.(B) Vn >1,VB € B({0,1}")

Now notice that the elements of (Xy,),cyn are conditionally on 6 independent. Namely, specifying 0 they are
independent. The law P is said to be exchangeable since:

(X1,...,Xn) 4 (Xr1), -+ Xnmy) V7 € {permutations}

And the dependence structure is:
{]P[X1 =21, Xy = 2|0 = 0] = 02 (1 — )n- 2w
0~Q
Example 10.43 (The iid case). Let Q = {0,1}>°,6 € (0,1) and:
Po({(21,. . 20}) = 02"(1 = 0)"" =% Ly 1yn (21, ..., 2n)
We know P, is a p.m., and wish to check its consistency:

Pan(dx {01y = 35 gETmogETe
(@1, Tpy1)EAX{0,1}

_ Z ezn T (1 _ e)n—z T Z grn+1 (1 _ 9)1—xn+1
A

Tn+1=0,Tp4+1=1

=P,(A) VA € B({0,1}"),Vn
Thanks to this consistency, we apply Kolmogorov’s extension Thm. 10.39 to conclude:
APon {0,1}* : PCL(A) =P,(4) VAeB({0,1}"),Vn

Definition 10.44 (Stochastic Matrix I'). For E = {&1,...,én} and € = Pow(E) = 2F, a stochastic matriz
s a matriz I':

d>ipij=1 Vj

pii1 .-+ DPI,N L.
RY xRN > = : : : {pij>0 Vi, J

N1 --- PN,N
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Definition 10.45 (Probability sequence in (E,&)). Let m be a p.m. on E such that (&) = m; and ® =
(71, .., 7n)T. Then, (Pp)n>1 is such that Py, is a p.m. on X;Lzl E ¥n where:

{?1({52‘}) = Vi
:Pn({(g'Ll? cee 751',7,)}) = M1 Divyio -+« " Pip_1,in
Forn >2 and {i1,...,i,} € {1,...,N}"

Lemma 10.46 (Applying Kolmogorov Extension Theorem). Using Theorem 10.39 we conclude that for a se-
quence of probabilities (P )n>1 as in Definition 10.45 it holds that:

1. positivity P, > 0Vn
2. normalization

Z ?n({fluagzﬂ)}):l

(i1 0emiin) {10, N}

3. consistency is satisfied (Def. 10.87)
VA e & let Dy a = {(i1,...,in) : (&y,---5 &) € A} then

N
Pri1(Ax E) = Z Z Ty Dissin *+ v+ Wi insy = Pn(A)
{GDn,A int1=1

4. (Kolmogorov’s Theorem)

3P on <>< E., @ €n> such that P(Cn(A)) = Pn(A) VA € R)E;
n n =1

5. (Direct implication of 4)

H(Xn)nzl Q) — B . ]P)[Xl = fil’ ce ,Xn = gln} = ‘:Pn({f“, ce 7£in})

Proof. (Claims #1, #2) follows by @, ' construction where I' = {p;; }i=1,... nj=1,.. N
(Claim #3) algebra
(Claims #4,#5) just an application of the Theorem and a direct implication of it. O

{> Observation 10.47 (Interpreting Lemma 10.46). We have that:

m=PXy =& Vi pl =PX, =X =&] Vn > 2,V

initial state one step transitions

And (Xp)n>1 is the classic Markov Chain!

Proposition 10.48 (Markov property). For a Markov Chain it holds:
Vn,i PXpp =&, X1=8&,.... X0 =6&,]=PXnt1 =&, | Xn =&,]

Proof. just observe that:

- Ty Piyyia " Pigin
P X, = gi,n—}-l‘(Xl, o Xn) =& = Ll bl = Pininga

Ty Divyiz =" " Pin_1,in

O

Theorem 10.49 (Chapman Kolmogorov equations). For a Markov Chain (X,,),>1 with stochastic matriz
(Def. 10.44) I' we have that:

qn = is such that {

Gn+1 = I'qy, n
PXpi1 =& = S pePIXn = &) V)
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Proof. For arbitrary n,i,j it holds:
pij = PlXny1 = 1 X1 = &) = P[Xoqn = [ Xk = &) VE>2,keN
Which we could also express equivalently

D= "Dy iy I ={(iz,... in) €{1,...,N}""1}
I

The last form induces a recursive representation:

P[Xp41 =& Xn = &) =Y piewe

And iterating:
P[Xn—1 = §[ X1 = sz pe; = PXnoy =§5] = Zpéu &l
=1

Which is equivalent to:
T =
qn+1 r

O

Definition 10.50 (The (RT,B (RT)) space). Let T be an arbitrary indez, typically T C R. Then we define
the tuple (RT,B (RT)) as always recalling that:

=[[rR={f:T>R}

teT
Such a space is potentially uncountably infinite.

Definition 10.51 (Class of cylinders with measurable base Cr(-)). Just like in Definition 10.34 we let:
CHB) = {(®t);er : (T1y,...,3¢,) € B, t= (t1,...,ta)} VteT",Vn>1,VYB e B(R")
Cr = {CAB) B € B(R"),Yn where t=(t1,...,t,) ty €T, [t|=n}
Lemma 10.52 (Generating set of oo Borel uncountable is countable). Just like Lemma 10.35
o(Cr) = B(R") VT
Definition 10.53 (Class of consistent Probability distributions 22).

@ = {:Pt17"'7t71, n 2 1, tl,. . tn S T}

where Py, . ., satisfies the consistency condition of Definition 10.54.

Definition 10.54 (Kolmogorov Consistency). Like in Definition 10.37 conclude that the fundamental condition
18:
V> 1, ..oty €T 8y, oty €{tr, .ty 0 Coy i, (Bn) = Cy v (By)
it holds Py, .. +,(Bn) = Pu t (Bg)

We are enforcing equivalence of probability laws by the projections up to permutations of the indexes, aiming to
see if this is a sufficient condition for having a unique probability measure in the background.

Theorem 10.55 (Kolmogorov Extension Theorem, uncountable version). Consider a sequence of r.v.s (Xp),,cx
on a standard measurable space (E,&) (Def. A.22). Then, the uncountable versions for spaces as in Definition
10.50 of Theorem 10.39 is stated as follows.

A class & as in Def. 10.53 satisfying the consistency version of Def. 10.54 is such that:
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1. unique infinite law
3P on o(Cr) = B(RY) VB, € B(R"),¥n > 1, Vt1,...,t, € T suchthat P(Csy 1. (Bn)) =Ps, .1, (Bn)
2. unique stochastic process
Alstochastic process (Xi)ier : PU(X4y,.... X)) € Bl =Py, . 1. (B)

¢ Observation 10.56 (About the hypothesis). We assumed the space to be standard (Def. A.22). In the more
general setting of a measurable space the statement becomes existance only.

Theorem 10.57 (Tonescu-Tulcea Theorem). Another important result is that of the uniqueness of the law on
Q given some almost always verified conditions. For measurable spaces (Ey,Er), oy consider

e apm. uon (Ey&)
e Transition Kernels K,, forn =1,... where Vn € N* we have:

Kng1: (FR,F0) = (Eg x - x Ep, &0 ® - ® &) = (Eny1, Eny)
Denoting:

e the current space:
n n
- (X @)
0 0

e the total space:

(Q’?) = ®(Em Sn)

neN

e the nt" outcome
Ww=(Tp)nen €Q: X, : Q= E, X,(w)=z,

o the chain of outcomes up to the n*"

Y, = (Xo,. ., Xp) : Q — F?

Then, the distribution of Y, is given by the concatenation of the kernels:
T (dxo, ..., dey) = p(dee) K1 (zo;dzy) - - Ky (Xp—1; dxy,)
where we identify cylinders with base B € F° by the following principle:
Fn=0(Yn)pen) st Fnd3H={Y,€B}=BxFEp4x--
Looking for a law P on the infinite space (Q,F), we find that:
3P st. P[H]=mn,(B) VHEJF,, base B F°

Where the reqularity condition is sufficient for uniqueness, and reasonable to ensure non ambiguity at the nt"
trial.
For a more articulated argument, see [Cinl1](VI.4).

We are now in the position to loosely define a stochastic process.

Definition 10.58 (Stochastic process). For a given probability space (0, F,P) and a measurable space (E, &)
a stochastic process is a collection of r.v.s indexed by an arbitrary index T. If we can endow T with an order we
will have a sequence:
(Xt)ter Xe:Q—=FE VteT

The most common case is T C R where we interpret the indexr as Time or Position.

Definition 10.59 (Continuous time Markov Process). Let T = (0,00) and 7 be a p.m. on R. For (s,t) € T
with s < t define the Markov transition kernels on R x B(R) (Def. B.13, with weight 1) with the symbols Ps .
We have by definition:
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o v — Ps,t(x, A) is B(R) measurable for any A € B(R)
e A— P, (x,A) is a pm. onR for any x € R

For distinct ordered times 0 =ty < t1 < --- < t,, we set:
Ttozo,tl ..... tn (dx(h cee 7dxn) = 7T(dmo)Po,tl(iUO, d$1) te Ptn,l,tn ($n—17 dxn)

Where the transition probabilities satisfy the Chapman-Kolmogorov equation just like the discrete case (Thm.
10.49):

Peos@.B) = | Petl.d)Pro(s. B)
R
The family
@:{(Ptl """" th’I’LZ].,tl,...,tn€(07OO)ZT}
is consistent in the sense of Definition 10.54, and by Kolmogorov extension (Thm. 10.55) corresponds to a unique

p.m. P on (R(Ov“),B (R(O,OO))).
Moreover, on some probability space (Q, F,P) there exists a process (Def. 10.58) (Xt)tellh with law P such that:

o for any A € B(R)

P[Xo € A] =P ({(g;t)t@R+ Lz € A}) = n(A)

o for the algebra generated by the past items of the process, namely F; = o ({Xs:0 < s <t}) for positive
t € Ry is holds for any s < t that:

P[X, € A|F,] =P[X, € A|X,] = Ps 1 (X, A) VA€ B(R)
We call such stochastic process with state space (R, B(R)) with transition kernels (Ps ), ., a Markov process.

Definition 10.60 (Homogeneous Markov Process). A Markov Process as in the above definition with Ps; =
Pt — s. That is, the kernels depend only on the difference between the times considered.

Definition 10.61 (Gaussian process). For functions

em:T—R
o k: T xT — R is a positive definite function. That is, Vp > 1, all c € R? and ty,...,t, € T it holds:

Z CiCjk(tj7 tj) >0
i,

A stochastic process (Xi),cq is Gaussian and we write (X¢),cq ~ GP(m, k) if:
Yn>1,t= (t1,...,tn) C T the vector:

’ k(ti,t1)  k(ti,te) k(ty,t,)
m(t1) E(ta,t1)  K(ta,to) k(to, tn)

X*(Xtu 5Xt )NN(m7K) m:m(t): K:K(tvt): : . . :
m{tn) Kt t)) k(tnts) -kt tn)

which means that for any finite collection of time points the vector arising from the process is a multivariate
normal with parameters depending on the function specified. The positive definiteness of the function is enforced
to ensure that the covariance matriz is well defined.
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Chapter Summary

Objects:
e conditional expectation Yg for X € £, at least and § C F:

— G-measurability

— E[lgXg] =E[lgX] < fGY9dIP’ = Jo XdP for all G € §
conditional probability as P[A|G] =E[14|9]
infinite sequences, infinite countable base cylinders in (R, B (R*?))
Kolmogorov Consistency in (R, B (R*)) as projection consistency
infinite sequences and infinite countable base cylinders in (RT, B (RT))
Kolmogorov consistency in (RT, B (RT)) is projection and permutations
a Stochastic process as a collection of r.v.s on (2, F,P) indexed by T

e Gaussian process, uniquely identified by functions m, k
Results:
e conditional expectation
— uniqueness almost surely
— given X € £,(Q,F,P), P[X > 0] =1, § C F existance and a.s. equivalence to Radon Nikodym
derivative of:

_ dQ
AXg=—
g dPg where {

G = Q(G) = [, XdP
P4[G] = P[G] VG € §

— orthogonal projection decomposition as X = Xg + X where X — Xg g
— no information, full information, iterated expectation

— measurability implies full knowledge

— linearity, monotonicity, monotone convergence, dominated convergence

— towering property:

HCGCTF o-algebras = E [E[X|9]‘TH] =E [E[Xﬂf]‘g] =E[X|H] a.s.

— conditional determinism
— conditional probability is an almost sure (random) probability measure
e processes construction:
— Kolmogorov extension on (R*°, B (R*°)) to unique P on standard measurable spaces
— Kolmogorov extension on (RT, B (RT)) to unique P on standard measurable spaces
— Ionescu-Tulcea Theorem
— in simple words, we can always refer to a unique probability measure at the infinite space when
talking about processes during the course

105
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Part 11

Stochastic Processes
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Chapter 11

Martingales & Stopping Times

11.1 Filtrations, Stopping times and easy notions

Definition 11.1 (Background notation). Assume that we are now in a probability space (Def. 10.45) (2, H,P).
We will index sequences by a countable collection N ={0,1,2,...} or an uncountable collection such as Ry or a
generic T.

A stochastic process will be an indezxed sequence of random variables (Def. 10.58).
Occasionally, we might denote measurable functions over a measurable space (E, &) with the symbol f € € and
accordingly with signs + for negative and positive cases.

Definition 11.2 (Filtration). For an index set T a filtration is a sequence (F¢)rer such that:

1. Fy CHVt and Fy is a o-algebra (Def. 1.6) Vi
2. F, CF Vs <t

Intuitively, it is a sequence of increasing information in the probability space.

Definition 11.3 (Filtration generated by a random variable). Given a stochastic process (X¢)ier the filtration
generated by it is denoted as:
Fr=0c({Xs:5<t})

Which can be seen as a flow of information accumulated at each time point.

{> Observation 11.4 (About Definition 11.3). Recall that a o-algebra is a synonym of information, any random
variable generating it is clearly measurable with respect to it. For an intuition, come back to Theorem 8.2.

For this reason, Fy could be seen as the collection of random variables V' such that Yw € Q V(w) is known at
latest by timet € T.

Example 11.5 (A random experiment). Let Q = {w = (wp)nen : wn € {4, B,C, D, E}¥n}. We could express
this as:

Q={A,B,C, D, EW

Further define X,, = X, (w) = w,¥n and the realization space becomes E = {A,B,C, D, E}, the outcome of
the n'" trial. While the master o-algebra would be H = o ((X,),cy) at n = 3 the information is X1(w) =
w1, X2 (w) = wy, X3(w) = ws so that the filtration at n =3 is a collection

Fy ={V(w) = f(w1,wa,w3)} ={V(w) = f(X1,X2,X3)} f:EXExE—-R

i.e. all the deterministic functions of random information solely concerning wi,ws,ws. An example of such
functions could be a counter of how many vowels after n = 3 have occurred.

Definition 11.6 (Finer, coarser filtration). Consider F = (F1)ier, G = (Gt)ter to be two filtrations. We say
F is finer (coarser) than G is Vt € T F; D (respectively, C) G;.

Definition 11.7 (Stochastic process adapted to filtration). Consider a filtration F = (F¢)rer and a stochastic
process X = (Xi)ier taking values on (E,&). We say that X is adapted to F if ¥Vt Xy measurable w.r.t. F&E

109
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Proposition 11.8 (Equivalent statements for filtrations and adaptedness). Consider a stochastic process
X = (Xt)ter and a filtration F = (Ft)ter. Then:

1. X adapted to F (Def. 11.7) <= Vt,s<t, f€ € foX,eF
2. since § = o(X) = X adapted § we have that:

X adapted F < F finer G

Proof. (Claim #1)( =) let f € € so that f: & — € and fo X : Q — &. By the fact that f is deterministic
and X, € F, C F;Vs < t we have that trivially f o Xy € F;Vs < t.,

(<) let fo X, =X, then X, € F;Vs < t,VE and Definition 11.7 holds.

(Claim #2) Assuming § = o(X).

(=) X adapted to F <= Vt, X; € F; so that VtF; D §; = F is finer than G.

(<) 7 finer than § means VtF; D G; so the assumption that X is adapted to G trivially transfers to being
also adapted to . O

Definition 11.9 (Stopping times). For a filtration F a stopping time with respect to it is a random function
T:Q— TU{oo} such that:
{I'<t}eF VteT

Which is equivalent to requiring the process Zy = lyp<yy € Fy for allt € T.
In the special case in which T =N or N the condition reduces for Zn =Zy — Zy_1 to:

Zn = ]l{T:t} vteT
{ Observation 11.10 (Interpreting stopping times). A random time seen as signal of occurence of a random

event. The term stopping comes from the measurability with respect to the filtration. Namely, the information
flow allows to detect whether the event has happened or not at any time point.

Example 11.11 (The alarm clock metaphor). Recall Example 11.5 and let:
T(w)=inf{neN: X, (w)€e 4}, we

T(w) can be interpreted as the first time of entrance in A. T is a stopping time since Vn € N if we assume X is
adapted to F then we have:

n

{T<n}=|J{XrecA}leT,

k=0 €FLCTF,

Instead L = max {0,sup{n < 5: X, (w) € A}} is not a stopping time since X4(w) € A, X¢(w) ¢ A mean L =4
but Fy4 is not sufficient to conclude at t = 4.

Definition 11.12 (Notation for max and min). Implement a widely used notation for the aggregators:

min{a,b} =aAb
max{a,b} =aVb

Definition 11.13 (Counting process (Ni)ier). Let ) < Ty < Tz < ... be random times of the form T, : Q —
T = R4 such that limy, o0 T, = +00.
These can be seen as a sequence of distinct arrival times.
A counting process is a stochastic process (Def. 10.58) of the form:

Ny = 104(Tn)

Proposition 11.14 (Properties of (N;)¢er). The map t — Ny is:

1. right continuous

2. increasing in t

3. has jumps of size 1

4. No =0, Ny < ooVt € Ry, limy_yoo Ny = 00
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Proof. Trivial, but recognize that:

e the jumps of size one property is due to T = R, so that the simultaneity of random times has negligible
probability

e the finiteness for finite times is due to the fact that to have countably infinite arrival times (i.e. N; = +00)
one must have ¢t = co € R, violating the assumption that t € R .

O

Example 11.15 (Some stopping & not stopping times). we provide three examples:

o Let F = oa({N;}). If we denote as Ty the k' occurrence time in [0,t] we can safely say that it is a stopping
time of F since:

VkZLk‘EN,VtGRJ,_ {Tkgt}:{NtZk‘}Efft

since N is adapted to F by construction
e The first time that an interval a passes without an arrival, namely:

T:inf{tZa:Nt:Nt,a} a>0

Needs the formalism of stopped filtration (Def. 11.19) and we will show it is a stopping time in Example
11.27.
e instead a random time such as the time of last arrival before b > 0:

L=if{t:N,=N,} b>t

is not a stopping time since we need the information from the interval [t,b] to establish what occurs at time
t.

{ Observation 11.16 (About stopping times). Recall Definition 11.9. The maps are of the form T : Q —
T U {00} so the realization may be unbounded, and for some w it might be that T(w) = oo. Consider Example
11.11. It could be that fw : X, (w) € A¥n € N = T(w) = oc0.

Definition 11.17 (End of time information Fo, extended filtration (F;),.5). We define Foo = limg 00 Iy =
V; ¢, where the union symbol is different as it is over o-algebras.
Then, the extended filtration is a filtration which accounts for P[T = oo] > 0:

(Fer T=TU{o0}

¢ Observation 11.18 (About end of time and extended filtrations). Notice that:

1. (Ft)yer and T a stopping time <= T stopping for (F¢)ier
2. X a stochastic process adapted (Def. 11.7) to F is extended onto T with any Xeo € Foo

Definition 11.19 (Stopped filtration Fr at T, past until 7). For F a filtration on T, extended to T, and T
a stopping time, the stopped filtration is defined as:

Fr={HeH:Hn{T <t} € FVteT}

Lemma 11.20 (Properties of Fr). A stopped filtration Fr is such that:

1. Fr is a o-algebra (Def. 1.6)
2. Fp C T CHWVE

Proof. (Claim #1) we check the requirements according to the definition. Indeed JF is a sequence of o-algebras
and T is a stopping time for the filtration.

e the whole sample space is included
QN {T < t} eF,
~N ——

€Ty E:}’t
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e complements are included

HeFp < HnN{T <tleFNteT
{ r {T=t}ed — HN{T <t}, H°N{T <t} € F,.vt

HCcTFp < HN{T<tyeFvteT

since if H € Fp then the intersection with {T" < ¢} is either the whole set, an empty set or a subset for
r < t. So that in the three cases ordered:
— HF¢ has a null intersection
— HF¢ is the whole set
— H¢ is the remaining set {T € [0,7 A t]}
By J; being a o-algebra and T being a stopping time they all belong to F; and so to JFrp.
e countable unions are shown following the same arguments so that

VteT ﬂH,Lm{Tgt}eiﬂ

(Claim #2) For T': Q@ — T U {oco} and Foo = lim; o F; we can safely say that by F a filtration and T a
stopping time:
PT<ool=1,F, CFVteT = Fr C Ty

And also:
Fo=J) F CH
t CoavteT
since a union of subsets of H is again a subset of H O

Example 11.21 (Events in stopped filtrations). Given T : Q — T an event H = {T < r} is such that:
VteT HN{T <t} ={T<r}n{T <t} ={T<(rAt)} €Fpps CFr
And we can further say that T is Fr-measurable as Vr we have H € F,., with H € Fr as well.
¢ Observation 11.22 (c-algebras as collections of measurable random variables). See that:
Fr={V:Q->R|VWweQV(w) = f(T(w)), fdeterministic}

Theorem 11.23 (Formalizing Observation 11.22). Drawing from the previous comment, for a stopped filtration
Fr, with stopping time T, index T, and filtration F:

1. stopped filtration filtration identification
VeETFr < Vi, € FVteT
2. stopped filtration identification for a discrete process
N=T VeTFr & Vi, € FVteT

Which are both an extension of the comments of adaptedness from Definition 11.7 for deterministic times.

Proof. (Claim #1) let V' > 0 a.s. wlog with X; = V<. Then:
VreRy,VteT {V>rin{T <t}={X,>r}
and we have that

{V>r}eJrvreR, DL A7 {X: > r} € Fp¥r, vt

= VeFr < X, eFVteT
(Claim #2) for T = N it holds:
X, — X, N
V]l{T:n} _ n n—1 n e
Xoo—2 0 Xn—Xn1 n=00

Which gives us:
Vedr < Vigr—_p, €%, VneN
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Definition 11.24 (F processes collection). Using the same notation for positive measurable functions as f € &€
we let:
F = {right continuous processes on T adapted to 3"}

Where F is extended to T.
This means that X € F whenever:

1. X = (Xt)ter is adapted to F = (Ft)ier
2. t — X;(w) where Xy : T — R is right continuous Yw €

¢ Observation 11.25 (Justifying the X € F notation). Let N = T, then requirement #2 from Definition 11.2/
holds since n — X, (w) is continuous on the discrete topology N. This allows us to conclude that:

XeF — X,€F,VvneN

Theorem 11.26 (Comparing different stopping times). Let S,T be stopping times of a filtration F (Def.
11.9), where S < T almost surely, meaning S(w) < T(w)Vw € Q. Then:

1. SANT, SVT are stopping times of F
2. specifically S <T = Fg C Fr
8. Foar =FsNTFp
Vis<r € Foar
4.V eTFs = (Vig_r € Fsar

Vis<r € Foar

Proof. (Claim #1) Assume S, T are stopping times for F. Then, by the fact that JF; is a o-algebra:

(SAT<t}={S<tlu{T<t}eF
(SVT <t} ={S<tin{T<t}eF

and both are stopping times.

(Claim #2) Let V' € g, by Theorem 11.237/1 it holds that V1 g<;; = X; is a process with index ¢ € T. X
is adapted to F and is right continuous, so we can write X € F in the sense of Definition 11.24. By S < T we
can say that X7 = Vlfg<py = V is such that X7 € Fr by [Cinl1](Thm. V.1.14). Then S < T is a sufficient
condition for Fg C Frp.

(Claim #4) the claim is equivalent to proving:

HeFs = HN{S<T},HN{S<T}L,HN{S=T}€ Fsnr
By Claim #1 S AT is a stopping time so Xgar € Fgar [Cinll](Thm. V.1.14). Moreover:
Xsar = V1s<sary = Viis<ry € Fsar

For V =1 it holds that:
{S<T)eTFsar, {S>T}eFsar by symmetry

So that all of the following belong to Fsar with the indicators:
{§=T}={S<TIn{S>T}, {S<T}={S<TI\{S=T}, {S>T}={S>T}\{S=1T}
(Claim #3)(C) since S < T we have SAT < S, T so that by Claim #2:
Fsar CFs,Fr = Fsar CFsNIp
(D) conversely, let H € (Fg N Fr). By Claim #4 it holds:

HeT HNn{S<T}e7F
{ s = {8 =T} €Tsar = (HN{S<THUHN{T <S})=H € Fsar = FsNFr C Fsar

HeJFr = HN{T <8} € TFsar

Eventually we proved by double inclusion and Fg N Fp = Fgar. O
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Example 11.27 (Counting process from Definition 11.13). This Ezample will be expanded across the lectures.
(A setting) Consider the counting process on T = Ry from Definition 11.15. If we consider H N {S < T} we
could tell if H and S < T happened in Fgap. For any t it holds that:

k- Tip(w) <t < Tpir(w)

Recall also that all of these Ty, are stopping times of F = o({Ni}i>0).
We set Ty = 0 for convenience, and consider the random time:

T:inf{tZaZNt:Nt_a} a>0

denoted in blue for convenience. Before this Example, the symbol T was used, but here we wish to distinguish
many objects that are similar in notation. After this Example, we will not use the symbol T.

We want to show that T is a stopping time in the sense of Definition 11.9.

(O solution) Notice that Yw we have for some k:

T(w)=Tr(w)+a keN «— {TSt}:U{{T:Tk+a}ﬂ{7§t}}

k>1

Where the union over k statement comes from the fact that we have 3k as a condition. Recall the objects of
Theorem 11.23, visualizing them as T = Tyy1,5 =T +a: S <T. Be careful as it may lead to confusion, left is
old and red, right is this Example. It holds:

T stopping <= {r=Ty+a}N{r <t} e€F keN*

Using Theorem 11.23#1, we need to check that V = {1 =Ty 4+ a} € Fr,+oa C Ir to conclude.

To clear out why, recognize that it is equivalent to {1 = T}, + a}lir, ta<iy = {7 < t} € FyVt € T by the very
Theorem invoked.

For this purpose, observe that for any k:

T=Tk+1
{T:Tk+a}: {T1 —To<a,....,Tpy — Ty ga}ﬂ{Tk+a< Tt }
€Fs,5=Tr+a S<T
By Theorem 11.26#4 we will have that:
HeTFyg — Hﬁ]l{S<T} € Fsar
Where S =Ty +a,T =Ty, H={Th —To < a,...,Tpy — Tp—1 < a}. Eventually:
{r=Ty+a} €Trtarts =In4a =9 = {T=Tp+a}n{r <t} €T Vk, vVt
— {r<t}eF Vit

11.2 Random Expectation and Martingales

¢ Observation 11.28 (Recapping conditional expectation). For X € £1(Q,H,P) (Def. 4.5) and F a o-algebra
(Def. 1.6) where ¥ C H we defined:
X5 =E[X|F] = E5[X]

where by Definition 10.12:

1. X5 is F-measurable (Eqn. 3.1)
2. E[VX] =E[VXg]VV F-measurable positive

Where #2,#1 <= Xg is the best approzimation in L(Q, 3, P), namely:
E[(X -Xo)’| SE[(X-Y)*] V¥ T-measurabie

{ Observation 11.29 (Properties of Eg inherited by E). Comparing Chapter 4 with Chapter 10, notice that
some properties carried over by the fact that F is simply a o-algebra:
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monotonicity (Prop. 10.20, #1)

linearity (Prop. 10.19, #2)

monotone convergence (Prop. 10.20, #2)
dominated convergence (Prop. 10.20, #3)
Fatou’s lemma (Lem. A.49)

{ Observation 11.30 (Peculiar properties of E5). There are also properties which are specific to the construction
of conditional expectation, among which we saw:

e unconditioning (Prop. 10.18, #3)
e conditional determinism (Prop. 10.23, #1)
o towering property (repeated conditioning) (Thm. 10.21)

Definition 11.31 (Expectation in Filtration E;). Given a filtration F = (Fi)ier (Def. 11.2) use as notation:
E[X] =E[X|F] =E5,[X]=Xg, teT
Proposition 11.32 (Repeated conditioning of E;). For X > 0 a.s. it holds that:

E, [E,[X]] = Esp[X] Vs,teT

Proof. Notice wlog s <t = F5 C F; and the result is an application of the towering property (Thm. 10.21). O

Definition 11.33 (Expectation with respect to stopped filtration E7). Given Fr a stopped filtration (Def.
11.19), recalling that Fr is a o-algebra (Lem. 11.20, #1), simply define:

]ET[X] = E[X|?T] = ]E{,"T[X} = Y&FT

Theorem 11.34 (Properties of Er). Consider X,Y,W > 0 a.s. and S,T stopping times (Def. 11.9) of a
filtration F (Def. 11.2). Then:

1. Projection defining property
Er[X]=Y <= Y € Fr E[VX] = E[VY] VYV Fr-measurable positive
2. unconditioning
E[Er[X]] = E[X]

3. repeated conditioning/towering
EsEr[X] = Egar X

4. conditional determinism
Er[WX] = WEr[X] VW Fr-measurable

Proof. (Claims #£1#2#4) hold trivially by Observations 11.29, 11.30.

(Claim #3) for S < T by Theorem 11.26#2 it holds Fs C Fr. However, we are not given this condition and
we want to show in general that:

ErEsX = EsEr X = Egar X

For arbitrary S, T, wlog we know S AT < T so that EgarErX = EgarX by Towering. For this reason, we set
Y = E7 X and the claim is equivalent to showing;:

EsY = EgarY EgErX = EgarErX = EgarX

Where the RHS of the first is well defined if EgarY € Fgar C Fg so that Def. 10.1241 is satisfied. We are left
to show that Claim #1 holds, namely:

E[VY] = E[VEsarY] VYV € F¢

FixV € ?g, by Theorem 11.26#4 it holds that V1 g<7) € Fsar. Moreover, the defining property of expectation
gives:

E[V1lgs<rY] =E[V1s<rEsar[Y]]
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Additionally, by Y € Fp we also get again by Theorem 11.26#4 that :
E [V1{r<5Y] =E [VEsar[YL{r<sy]] = E [V1{r<sEsar[Y]]
adding the last two results together gives the claim:
EVY]=E[VEsar[Y]] VV € FE
O

Definition 11.35 (Martingales). For T = R, and F a filtration, possibly extended to T a F-martingale is a
stochastic process X = (X¢)ter such that:

1. X is adapted to F (Def. 11.7)
2. Vt Xy is integrable <= E[|X;|] < ooVt <= X, € L Vt
3. martingale equality
EJX, - X,]=0 Vs<tVt

Definition 11.36 (Submartingale, supermartingale). we recognize two additional options for the last property:

e g submartingale satisfies Definition 11.35 but has > in the martingale equality
e g supermartingale satisfies Definition 11.35 but has < in the martingale equality

{ Observation 11.37 (About martingales). If X is an F-submartingale then it tends to increase over time.
The other options follow trivially.

Proposition 11.38 (Best guess of future is present characterizes martingale equality). It holds that:

Def 11.85#3 < B X)) =X, Vs<t

Proof. By linearity of expectation and conditional determinism X, € F; we have Eg[X;] = Es[X,] = X,. O
Proposition 11.39 (Martingale implies stationarity).

X F-martingale — E[X;] =E[Xo|Vt €T

Proof. Use the martingale equality (Def. 11.35#3):

E [E[X: — Xi]] = E[X; — X, unconditioning Prop. 10.18#3
= E[X;] — E[X{] linearity
=0 E[0] martingale equality
So that E[X;] = E[X,]vt € T. O

Proposition 11.40 (Discrete time martingale check). For a discrete process over T = N it is sufficient to
check for one step forward the martingale equality if the other two conditions are satisfied (integrability and
adaptedness):

E,[ Xnik — X =0V >0,VneN <— E,[X,,;1 — X, ] =0Vn

Proof. (=) trivial direction.
(<= we work by induction on k with the assumption that:

ETL[Xn+1 - Xn] = 0vn
(Base case) for k =1 it holds:
E, [Xn+2] -E, [Xn] = En[X’I’L+1+1 - Xn] = ]En[Xn+1+1 - XnJrl + XnJrl - Xn]
——
=X,
= ]En[Xn+2 - Xn+l] - En [Xn—i-l - Xn]
—_——

=0
= ]En [Xn+2] - ]En [Xn-&-l}
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Observe that by the towering property and n < n + 1:

En[Xn+2 - Xn+1] - En [En+l[Xn+2 - Xn+1]]
=E,[0] hypothesis
=0
which holds by the arbitrariness of n.

(induction assumption) assume it is true Vk.
(inductive step) for k + 1, doing the same trick we have:

E, [XnJrkJrl] -E, [Xn] = En[Xn+k+1 - Xn] = En[Xn+k+1 — Xk + Xogk — Xn}
= En[Xn+k+1 - Xn+k] +E, [XnJrk - Xn]
=0
=E, [En+k[Xn+k+l] -E, [Xn+k]]
=E,[0] hypothesis

and we have proved the claim. O

Corollary 11.41 (Jensen’s for martingales). This is a Corollary of Theorem 7.7.
For a martingale X and a convex function f: R — R then:

foXiintegrableVt € T = f o X submartingale

Proof. The process (Y;),cr = (f(X¢)),cr is such that by Jensen’s Inequality (Thm. 7.7) E;[f(X)] > f(E:[X]) so
that:
Es[f(X)] > F(Es[Xe]) = f(X,s) Vs <t,Vt

Where the first is an application of Jensen’s and the second is the martingale property. So E¢[Y;] > Y, and the
process (Y;),cr = (foX¢t)ter is a submartingale since it is trivially adapted to J and integrable by hypothesis. [

Example 11.42 (Some submartingales applying Corollary 11.41).
(1Xeler> (Xi)jers (X )yers EIXJ] < ooVt = (IXi[);er

¢ Observation 11.43 (Submartingales linearity). Observe that X,Y F-submartingales = aX + bY, (X; A
Yi)ter are submartingales.

Example 11.44 (Sum of independent random variables martingale). Let (Xy), cy be an independency where
E[X,] = 0Vn. The sum r.v. is such that Sy = 0,5, = S,—1+X,Vn > 1, and the underlying filtration is generated
by the process itself F = o ((Xn),ey)- Then:

e (Sn)peny = S is adapted to F trivially
e E[S,| =E[>;_, Xx] = 0Wn = E[|S,|] < co so that S,, € L1(,H,P) for all n
e using Proposition 11.40 we only check the martingale for one step forward:

E,.[Sn+1 — Sn] = En[Xnt1] recursion
=E[X,41] independence hyp.
=0 hypothesis

S0 (Sn)pen i a martingale.

¢ Observation 11.45 (A counterintuitive process failing to be a martingale). The process (%Sn)nEN has mean
0 but is not a martingale in general, we will see conditions for it to satisfy the other two requirements of Definition
11.85, namely adaptedness and integrability.

Example 11.46 (Product of independent random variables martingale). Let:

® Ry, Rs,... be independent and such that E[R;] = 1 and V[Ry] < oo Vk
e Moy=1and M,, =M, 1R, = MoR1R> - R,
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We check that M is a martingale with respect to its natural filtration according to Definition 11.55.
(adaptedness)Clearly (M,)nen is adapted to F = o (Mp)nen)-
(integrability) Observe that:

E[Ma|] = E[|Mo_1Ra] = E | M [ B
k=1
Where by induction we can show that:
o E[|M;|] = E[|[MoR:|] = E[|R1]] < 0o by hypothesis
e one step forward
EHM2” = EHMORlRQ” MOR1R2 = MRy

< \/E[[ME||E[|R}|] Cauchy-Schwartz
= |/E[RT]E[R]]
< oo by V[Rk] < coVk

e naturally iterate

So that E[M,] < co¥n.
(martingale equality) Using Proposition 11.40 we check only for k =1 increments:

E,.[Myi1] = En[MyRyy1] = MuE, [Ryy1] since M,, € F,, and deterministic conditioning
= M,E[R,+1] remove n since R,11 1L R,
=M, 1 hypothesis

And the claim holds: (My)nen is a martingale.

{> Observation 11.47 (Interpreting the model of the example). If R,, > 0 a.s. Vn then (My)nen can be thought

of as a stock price. Accordingly, the return is R,11 = % and the growth is Ry41 — 1.

If (My)nen is not a martingale then it is either a submartingale or a supermartingale. With the assumption
that prices are perfect this does not make sense, as it would imply a rush to buy/sell, inducing a trend in
(Mp)nen- It is then possible to characterize market equilibrium for a process as it being a martingale.

11.3 Uniform integrability of martingales

Definition 11.48 (Uniformly integrable martingale). We define e w.i. martingale as in Definition 7.3 with
as arbitrary index set T. Namely:

(Xt)teT lim Sup]E‘Xt“]-[bpo) (|Xt|) =0
b—oo ¢

¢ Observation 11.49 (Improving the remark below Def. 7.3). Recall that:

X = (Xt)ter C L1(Q,F,P) =& X uwi = supE[|X;]] < co.
t

Since:

X wai. PLL? Jim SUpE 115,00 (| Xe])] =0 = supE[|Xe] < oo
—00¢>1 t

Where in the last implication we applied the remark below Def. 7.3.

Remark 2 (About uniformly integrable martingales, ctd). If a martingale is over a finite set n < N, denoted as
(Xn)n<n, then all elements are integrable by Definition 11.35#2 and the process is trivially uniformly integrable.

Proposition 11.50 (Uniformly integrable martingale by integrable random variable). Let Z € £1(Q,H,P)
and F a filtration.

= X = (Xi)ter: Xy = E[Z]VEt € T  wuniformly integrable martingale
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Proof. (A setting) we aim to prove the three requirements for a martingale in Definition 11.35 and uniform
integrability at last.

X € F; since Xy = E[Z]Vt € T. This satisfies the adaptedness requirement.

(O integrability) consider X, then:

|Xe| = [Ee[Z]] = f (E([Z]) f convex
< E|Z]] Jensen’s Thm. 7.7

so that in expectation, reapplying Jensen’s and using the monotonicity (Thm. 2.10) the unconditioning properties
(Thm. 10.18#3) we get:
E[|X:|] < E[E:[|Z]]] = E[|Z]] < o0 by hypothesis

(O martingale equality) we check that by the towering property (repeated conditioning, Thm. 10.21):
Eq[X¢] = Es[E:[Z]] = Esnt[Z] = E4[Z] = X

eventually, by A, 0, O the process (X;),. is a martingale in the sense of Definition 11.35.

Uniform integrability follows by the below Lemma. O

To prove this result, we need a Theorem from the book, which is reported in the Appendix.

Lemma 11.51 (A more general result). It actually holds that:

ZeLi(QHP) = K={X|X=Eg[Z], §CH} wuniformly integrable

Proof. Start with observing that if Z € £; then trivially the collection {Z} is uniformly integrable.
By Theorem C.1 there exists a convex positive increasing coercive function in R, namely:

f:R—=R, convex, increasing, lim M =00
r—o00 I

such that E[f o |Z]] < oc.
(A aim) we want to show that the collection X is uniformly intergrable using this fact.
For X = Eg[Z] where § C H it holds by Jensen’s (Thm. 7.7) on the modulus:

| X| = [Eg[Z]| < Eg[|Z]]
moreover by f being convex and increasing and applying Jensen’s to f:

folX] < foEg[Z] <Eg[folZ]]

Eventually:
E[f o |X|] <E[Eg[f o |Z]] Monotonicity 2.10
=E[fo|Z]] unconditioning 10.18#3
< 00 hypothesis
So that X is uniformly integrable since its modulus is bounded by above by an integrable r.v. O

Example 11.52 (A uniformly integrable martingale: Bayes mean estimation). Let Z; by N(0,1), and 0 €

L1(Q,H,P) such that 0 1 Z;Vi.

Define Y; = Z; + 0 % N(0,1) and aim to infer 6 from a set of observations Y = {Y;}_,.

Why is 0 random? We use a bayesian approach and assign a prior w(A) = P[0 € A] such that Y;|0 “ N(6,1).
Further assume the joint distribution (Y,0) is absolutely continuous (Def. 2.6) wrt Leb and that 6 ~ N(jug, 03).

Using Bayes theorem we can estimate:

’/Tn(A) == IP’[H € A‘Yl = y17...,Yn = yn]
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By Ionescu-Tulcea Thm. 10.57 construct also the (unique) space:
(R* x ©,B(R*) ® B(©),P)
so that it is possible to work with a filtration F = o((Yn),,cn). By Proposition 11.50 since 6 € £:
0, = E[0|Y] =E,[0] such that (@L)HGN uni formly integrable
Thanks to the 8 ~ N assumption we can explicitly compute the posterior distribution as:
7a(6) o 7(6) [ p(wil0)
ccap{ =500 a)?}

2
202

= 0|Y ~ N(up, oi)
Hn = 0721 (’ug + ny)
g9

-1
1
O‘TQL = (2 + n)
70

Where @l =02 (%3“0 + n@) and 50 = pg, with the martingale equality satisfied, meaning E[gn] = po Yn. We

prove uniform integrability in the next exercise.

Example 11.53 (Uniform integrability of ) process). Using Lemma 11.51. We have:

—~ — — 1
b, =02 (“g +nY) Y~N(9,>
o4 n
and for f(x) = 2% convex positive increasing and coercive:
~ —~ 1\ 2
s[5 )= v o] - (:[5)
<oo =V {@L} < 00
where we aim to find an upper bound for the variance. First notice that by the variance decomposition:
—(n 1 —(n —(n —(n 1 1
vWo~x (o) V"] =2l [fO)]+vE[F"]] -8 1] v 1o
Such variance is by the first term in the addition being constant:

V6] = n20iv {?(”)} 1% [?(")} = % TP

1 ! o8
=nos (1 + agn) o = <02 + n) = 20

n(l + o2n)oi nog 9
(14 nod)? 1+nod — % Bo]

So that the variance is finite Vn and E[f(gn)] < 0o for f convex and positive. Then, (HAn) N s a uniformly
ne

integrable martingale.
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Example 11.54 (Branching Process, a uniformly integrable martingale). The following is a discrete time
biological model for population evolution. We interpret Z, as the size of a population, which starts at Zy = 1,
has no overlapping generations and lifetimes of unit one. At n + 1, the population is an offspring of the nt"
generation only. We denote:

Z1
ZO = 17 Zl = §§1)> Z2 = 251(2)

And assume:
{,g.(”),i >1,n> 1} GdE[E™] = >0, pp=2 {55”) = k} k=0

2

where py 1s referred to as the offspring distribution. The underlying filtration is generated by the sizes of past
. _ (m)
families as F, =0 (1§, ,i>1,m<n¢).

(A aim) we want to show that (Z is a martingale.
H neN
(O solution) This is equivalent to showing that another process satisfies the martingale equality:

Zn

H neN

Which follows by simple computation. Adaptedness and integrability are trivial. Maybe it is useful to notice that
E {|§f”)|} =FE {gl(")} by positivity. The above formula can be checked for one time step only by Proposition 11.40.

Then:

E,.[Zn41] [(énﬂ) + E(ZZH)) ]1{Zn>0}} recursion hypothesis
=E, lz (n+1 NS 5(2?1)) ]l{Zn_k}]
k=1
oo
= ZIEn (EYLH) +oo+ §(Z7Z+1 ) 1iz,=ky linearity, Prop. 10.19#2
€Fn
oo
= Z iz} En [(énﬂ) 4+ 4+ §(n+1 )} conditional determ. Prop. 10.28#1
k=1
= Z Lz, =k} (En [ﬂnﬂ)} +---+E, [fl(cnﬂ)}) linearity
k=1
= Z Lz, =kykp E [gi(”“)} = Vi
k=1
=1y Liz,—ik
k=1
Clearly (Zn),cy 5 a martingale for =1, a submartingale for p < 1 and a supermartingale for p > 1. For free,
Zn . : .
we also get that (| —= is a martingale since:
K neN

Zn+1 1 Zn Zn
o [u”“] = I = = B [}

11.4 Wiener Processes

Definition 11.55 (Wiener process W). A stochastic process W = (Wy)ier, is Wiener with respect to the
filtration F if:

1. W is adapted to F (Def. 11.7)
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2. Gaussian intervals
1

Es[f(Weye — Wy)] = /f(x) \/ﬂt(f%zzdm Vs, t, Vfe &y

Where € is to be intended as positive Borel functions mapping to R.
3. Wy=0
Proposition 11.56 (Definitional implications of Wiener process). We have that by requirement 2 of a Wiener

process W :

1. Markov
WSth - WS 1 ETFS Vs

2. stationarity
Ws+t - WS 1L sVs

3. normality
Wit — Ws ~N(0,¢) Vt # 0

Proof. (Claims #1, #2, #3) the statement is Vf € £, this includes indicator functions. Using indicators, we

can state:

‘:PWFF:.'*W:; (A) = E []lA o (Wt+5 - WS)}
=E[Es[1a0 (Wirs — W)
=E [Eonno,1) [14]] Def. 11.5542
=E / dfpxm} X () ~N(0,t)
A
= / dPx ) VAee
A

This means that the integrals agree on every Borel set, and the two are equal in distribution in the sense of
Definition 3.14. This proves claim #3 directly, and indirectly ensures independence from s and ¥, since we
notice that the filtration has no influence on the distribution. O

{ Observation 11.57 (About the third result). For 0 < to < t; < ... < t, we implement Kolmogorov’s
Extension 10.39 to identify a single probability law, and decorate this result with Proposition 11.56:

P ((Wt)tET> e :P(th, ey th) < :P(th — Wto, ey th — th_l) Claim 3
n—1

= [[?Wep-w,,) Claim 2
k=1

Where for each interval we have that N(0,t;41 — t;) is the distribution.

{> Observation 11.58 (About the proof). Notice that in principle having Vf € €. makes the result definitional.
Indicators are measurable and we recover the definition of equality in probability law. Using Theorem 4.11 is not
as fast since we would need to check that continuous bounded functions are in €, and then assessing equality of

the integrals.

Proposition 11.59 (Martingale characterization of Wiener Process, exponential).

2
W = (Wy)ier, Wiener <= M, = erWe—ar’t F-martingale Vr € R
g ——
Def. 11.55 Def. 11.35

Proof. ( = ) Let W be a Wiener process. The adaptedness of (M), is trivial. We check the other two

requirements of Definition 11.35.
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(A integrability) we get:

E[|M:|] = E[M] M, > 0Vt
& o i )]
=E {eXp {T(Wt — W) — ;thH Wo=0

= e TR [exp {r(Wy — Wo)}]
= 2R [Eo [exp {r(Wy — Wo) ] use Def. 11.554#2

2.2
— 2" t/ e e~ 3 dy is the mgf, general case: mgf(r) = et %%
A \/ﬂt gf, g gf(r)
— 1.2 1.2
=e 2" ez =1<
using the Mgf of a normal distribution.
(O martingale equality) an equivalent solution for s < ¢ is:
Mt Mt
Es[M, M, <— M,E, M, E, =1
1= i) - = = 5]
Which if we expand properly
M, 1 1
]Es |:]\4Z:| - Es |:eXp {TWt - 7T2t - TWS + 2T28}:|
= e 37— S)ES [exp {r(W; — Ws)}]
=e 2 Es Lf(We — W)
= 2" (t_S)ES [e } Z ~N(0,t — s) by Wiener Def. 11.55#2
= e 37 (t=8) gty (t—s) mgf of normal

=1

which proves the martingale equality.

(<) to prove the reverse, let M be a martingale. Then E, [ } = 1Vs < ¢ so that:

E, [exp {r(Wese — W)} = 2™t Vr € R <= E,[f(Wiys — W) =E[f(X)] X ~N(0,¢)

As per Def. 11.55. The if and only if condition holds by a Theorem similar to the Laplace characterization (Thm.
6.12) for moment generating functions. O

{ Observation 11.60 (About W}). Notice that by Definition 11.55#3 it is always safe to assume that Wy ~
N(0,t) by Prop. 11.56#3. We will avoid doing this calculation every time.

{ Observation 11.61 (Exponential Martingale as stock). Let r € R, the exponential martingale we proved is
the continuous time version of Example 11.46 with:

1 1
R, =exp {r Whg1 — Wy) — 57”2(71 +1-— n)} = exp {r (Whg1 — Wy) — 27"2}

Proposition 11.62 (Wiener processes are martingales).
W = (Wy)ier, Wiener = W F-martingale

Def. 11.55 Def. 11.35

Proof. Adaptedness follows by Definition 11.55#1.
(A integrability) trivially

E[[Wi]] < o0
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by the fact that it reduces to a N(0,t) random variable.
(O martingale equality) for s < ¢

E,[W, — W] = E[W, — W,] W, — W, L F, Def. 11.56#1
=0 Wy — Wy ~N(0,t — s) Prop. 11.56 #3

So that W is an F-martingale. O

Proposition 11.63 (Martingale characterization of Wiener process, square).

W = (Wy)ier, Wiener, = Y; = WE —t F-martingale
~—— —_———
Def. 11.55 Def. 11.35

Proof. (= )(A adaptedness) Y; is adapted to JF; trivially.
(O integrability) follows by the triangle inequality:

E[Y:]] = E[W? —t]] < E[[W£[] + E[Jt] < oo

Where the first term is finite since the variance and mean of the Wiener process is well defined via its normal
distribution.

(O martingale equality) let s < t. The aim is reducing the expression to differences W; — Wy to exploit the
property of Wiener processes. This is easily done as:

s |(Wy — Ws)ﬂ +2WEs Wy — W] —t+ s linearity and conditional determinism

—E |(Wi-s)*| + 2WE, Wy = W] — t+ s E[(Wi)?] =V [Wiss] — (B [W;_.))°
=t—s5+2W,E[W, — W] ~t+s Wi — Wy ~N(0,t —5) L F,

=0
=0

Following the Wiener properties of Proposition 11.56, linearity of the expectation, and conditional determinism
(Prop. 10.23#1).
By A,0,O the process (Y;),cp is a F-martingale. O

Theorem 11.64 (Combination of Wiener martingale characterization). It actually holds that W is Wiener
if and only if:

1. W is an F-martingale
2. Y, = W2 —t is an F-martingale

Namely, the two previous results together characterize Wiener processes.
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Chapter Summary

Objects:
e filtrations and random times:
— filtration & a sequence of increasing o-algebras and its properties
— stopping times, measurable random functions with respect to a filtration
the counting process Ny = 3 194 (T,) for (T5,),,cy arrival random times
the end of time filtration
the stopped filtration, for 7' a stopping time and J a filtration extended to T

Fr={HeH:Hn{T <t} e FVteT}

e martingales

— conditional expectation with respect to a filtration recap

— [E; notation, E; notation
martingale as an adapted integrable process that tends to be stable over time
uniformly integrable martingales

(Xt)teT lim SupE|Xt|]l[b,oo) (|Xt|) =0
b—oo ¢

Wiener process, a stochastic process adapted to F and starting at 0 such that:

1
V21t

Eo[f(Weyr — We)] = /f(x) e~ % dr Vs,t, Vf € &y
Results:
e filtrations and random times

— the stopped filtration is a o-algebra and Fr C Fo C H

—itholds V € Fr < Vip<yy € FVE € T and just the equality indicator needs to be checked

for discrete processes.

— the algebra of deterministic times extends to random stopping times (measurability grants this)
the counting process with arrival stopping times is such that 7' = inf{t > a : N; = N;_,} for
a > 0 is a stopping time.

e martingales
— all the properties of conditional expectation naturally extend to E;
for the stopped filtration expectation, we only need to prove the projection property since
S < T is more articulate
martingale implies stationary
— Jensen’s for martingales: for f convex and fo X integrable the process foX is a submartingale
if Z € £, then E;[Z] is a u.i. martingale
Wiener processes are stationary, Markovian and normal at interval differences

W is Wiener if and only if the exponential process is a martingale
W is Wiener if and only if both W and W2 — t are a martingale, but with the only if direction
we can say that a Wiener process is a martingale
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Chapter 12

More Processes & Integration

12.1 Poisson processes

{ Observation 12.1 (Recap of Counting process). Recall Definition 11.158. (Ny)ieT starts at Ny = 0, is right
continuous, increasing, with jumps of size 1. Using the notion of distinct arrival times 0 < Ty < Ty < ... it can
be seen as:

Ne=> 1o (Tn)
n=1

Definition 12.2 (Poisson Process Pois(c)). A counting process (Ny)iet is Poisson with rate ¢ > 0 with respect
to a filtration F (Def. 11.2) when:

1. N is adapted to F (Def. 11.7)
2. increments are Poisson distributed in expectation:

0 e—Ct(ct)k
B [f(Nore — N =3 S (k) s, feet

k=0

Where, as usual, by f € ET we mean a positive measurable function in (R, B(R)), the space where the process
takes values on.

Proposition 12.3 (Definitional Properties of Pois(c)). Definition 12.2 has some direct implications. For
N ~ Pois(c) it holds that:

1. markov property
Ns+t—NSJI_3'S VS,t

2. stationarity
(Nt)tET J.L t

3. Poisson increments
Nt+s — Ng ~ ?O(Ct)
Proof. Follow the approach of Proposition 11.56. O

Theorem 12.4 (Pois(c) characterization). For a counting process N (Def. 11.13) and a filtration F over
which it is a Poisson process we can see that:

N ~ Pois(c) <= (Ny—ct)rer F-martingale (Def. 11.35)
Proof. (= )(A adaptedness) we have N, —ct € F;Vt € T since N; € F; by the Poisson process being adapted

to the filtration (Def. 12.24#1) so adaptedness is verified.
(O integrability) by the triangle inequality and the integrability of N; we have:

E[|N; — ct|] < E[|N;]] + Elet| < o0

127
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Which follows by E [|N¢]] = E [N¢] < oo, a result of Proposition 11.14.
(O martingale equality) By Proposition 12.3#3 we have E;[N;ys — Ng| = ct so that for s < ¢:
Es[Ny + ct — Ny — ¢cs] = E4[Ny — Ng| — ¢t — )
=c(t—s)—c(t—s) Prop. 12.3#3
=0
By A,0,0O The process (Ny — ct)ier is a F-martingale.
( <= ) shown in Proposition C.28. O

12.2 Stochastic Integrals

Definition 12.5 (Predictable process). A natural process (Fy,)nen is predictable with respect to (Fy,)nen when
F € Fy and F, 41 € F,, Vn, where by € we mean measurable with respect to (see Def. 11.1 for context).

¢ Observation 12.6 (Interpreting integration of Example 11.46 and Observation 11.47). For (R), oy inde-
pendent and positive with E[R,] = 1 and V[R,] < co Vn, recalling Observation 11.47 we can characterize a stock
price in equilibrium as a martingale where:

Mn+1
M,

My=1 My, =M, [[Rx Rni1=
k=1

Further, denote F,,11 as the number of shares over the interval (n,n + 1] so that:

(M1 — My)Fyq1 = profit or loss over (n,n + 1]
The martingale (My),, oy with respect to F satisfies the martingale equality Ey,[M, 41 — My] = 0 Vn.
If we assume further that (Fy,), oy is predictable wrt I (Def. 12.5) letting:

o Xo = MyFy be the initial price times number of shares

L] (Xn)nEN : Vn Xn = X()MO + Z::Lzl(Mm - Mm—l)Fm

We can see this as a model for the portfolio value, as stochastic integral of (Fy,), oy with respect to (My),, cy-

Definition 12.7 (Steltjes-Lebesgue integral). For (Fy,)nen a random function and (M, )nen a signed measure
with mass M,, — My, _1 VYn and My =1 we define:

X = (Xp)nen - X:/FdM

= X, = / FdM = MoFy + Y (My, — My, 1) Fp,
0.1]

m=1
A series of increasing in n integrals.

Example 12.8 (An investment strategy). Let T be the random time to exit the market. Assume T is a
stopping time wrt (Fy,), oy as per Definition 11.9.
Let F, = 119,17 (n) be a random indicator. Then:

X, = / FdM
[0,n]
[ pman
[0,n]
:/]l[O,n]]]-[O,T]dM

= / Li0,naTdM
= nAT

B M, n<T
B MT nZT
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Namely, the simplest strategy one can think of invest everything up to time T, and sell right after. With perfectly
shared information, there is no profit or loss.
We will show in Corollary 12.10 that up to reasonable conditions this is again a martingale.

Theorem 12.9 (Martingality of integral for bounded processes). For X as in Definition 12.7 with (Fp,)nen
bounded (i.e. P[|F,| < b] =1 for some b € R) it holds that:

1. (Mp)nen martingale = X martingale
2. (My)nen submartingale, (Fy,)nen positive Yn —> X submartingale

Proof. (Claim #1) recall X = [ FdM and proceed as follows.
(A integral expression) for all n it holds:

n

X, = / FdM = Z (M, — Myy—1)Fy, + Mo Fy
[0,n] m—1
where {Fy, ..., F,} C F, by the fact that F is a filtration and F is predictable (Def. 12.5). The same holds for
{Mon} 50

(O boundedness implication) let |F,,| < b a.s. for some b € R. Then:

n

E[|Xn|] =E |[MoFo+ Y (M — Myp_1)Fr,
m=1

3

<b | E[|Mo[] +E > My — My |
N——

m=1

< EllIMm 1432, B[l Mm—1]]<oo

<oo

< 0

where the last bounds follow by the fact that M is a martingale. () martingale equality) By Proposition
11.40 we only check for one time step and get:

En[Xnt1 — Xn] = En[(My41 — Mp) Frgq] construction
= Fp 1By [My 11 — M, F,.11 € F, predictable process
=0 (M), ey martingale

By A,0,0 (Xn), ey is a martingale.
(Claim #2) similar to #1. O

Corollary 12.10 (Stopped time process martingality). Let T be a stopping time (Def. 11.9) and (Xp,)nen with
X, = Muar as in Example 12.8. Then:

1. (Mp)nen martingale = X martingale
2. (My,)nen submartingale = X submartingale

Notice that by the result of Example 12.8 this means that M7 is a martingale/submartingale since X, = Mupar
for all n € N.

Proof. (Claims #1#2) same as Theorem 12.9 noting that:
X, = / FdaM : F,=1jm(m)<1 VT
[0,n]

So that the process (F%,),y is bounded, positive and predictable. O
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¢ Observation 12.11 (From deterministic to random times). Recall the martingale equality (Def. 11.35#3):

E M, — M, =0 s<t "EXPRE M - M =E[M —-M]=0s<t & E[M,]=E[M,)Vt

What about Eg[Mr — Mg] for S, T stopping times?

Example 12.12 (Random times alone do not satisfy martingale equality in a symmetric random walk). Let:
1
So=1,5,=81+& &~ Bernygy <2> , En€{-1,+1} Vn

Assign X, = Stan. To see that (Sy),, oy s a martingale, refer to Example 11.44. To see that X, is a nonnegative

martingale, use Theorem 12.9. In particular E[S,] = E |E¢[S,]| = E[1] = 1¥n. Consider the random time:
el
T =inf{k: S, =0}
T is a stopping time wrt F = o ((Sy),en) (for this recover Ezample 11.27) or observe that:
{r<tyc |J {Sk=0}e7
k<t,keN

Namely, the sum being equal to zero is included in the event that at least one of the times before the sum has
reached zero which is in the increasing filtration. Clearly, ST = 0 with probability 1 since at time T the martingale

will be certainly null but:
0=E[St] #E[So] =1

12.3 Doob’s results and Martingale Convergence

Proposition 12.13 (Doob’s Theorem I). Let (M), y
11.9), with T bounded P[T < k] =1 for some k € R. Then

be a martingale, T a stopping time (Defs. 11.35,

E[Mo] = E[My] = E[M;]

Proof. Consider M7 and (X,,) = (Muar)nen like in Example 12.8. By Corollary 12.10 X is a martingale.

neN
Moreover:
E [Mo] = E [Monr] 0=0AT
= E [Mgar) martingale eq. at k
=E [Mr] PT<kl=1

We want to show that E[Mr] = E[Mg]. For this purpose, consider (F,), .y = (]I(T,OO)(n))neN so that F is
predictable (this is shown in the second item of Example 12.17 with V' = 1) and bounded. Then by Theorem
12.9 the integral X' = [ FdM is a martingale. Additionally notice that 1(7 )(n) =1 — Ly 7y(n).

By these last two facts we have that the process:

X! = /[ | (1= 1p.17) dM = M, — Mynr
0,n

has expectation:

E [M,, — M) = E [M}, — Myar] martingale equality at k
=E [My — MonT] martingale equality at zero
= E[My — Mo] =0

Thus, taking the red terms and the final equality one gets:
OZE[Mk—MkAT] ZE[Mk] —E[Mk/\T] :E[Mk]—E[MT} <~ E[Mk] :E[MT}
and eventually E [My] = E [My] = E [My]. O
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Corollary 12.14 (Double stopping Time Doob’s Theorem I). Let (M), be a martingale, T a stopping time
(Defs. 11.85, 11.9), with T bounded P[T < k] =1 for some k € R as before. If S < T is another stopping time:

E [Ms] = E[Mr7]

Proof. The boundedness of T a.s. implies the boundedness of S almost surely. An application of Proposition
12.13 for S has the same result of T'. Clearly:

E [My] = E [Mr] = E[M,] = E [Ms]
O

Theorem 12.15 (Doob’s decomposition). Let (X,,), oy be adapted to F and integrable X,, € L1. The following
statements are true:

1. decomposition, with M a martingale, Mo = 0, and (An), oy @ predictable process, Ay = 0 (Defs. 11.35,
12.5)

Xn=Xo+M,+A, VneN

2. the decomposition at point 1 is unique up to equivalence
3. if (Xn) ey 8 a submartingale, (An),, oy is an increasing predictable process, if (Xy,),, cy i5 a supermartingale,
(An) ey 18 decreasing predictable

Proof. (Claim #1) Let My = Ao = 0. We define M, A via increments:
An—i—l - An = En[Xn+1 - Xn] Mn+1 - Mn = (Xn-i-l - Xn) - (A7L+1 - An) vn € N

Then:
X, =Xo+M,+A4, VYneN (12.1)

and M is a martingale since E,,[M,, 1 — M| = E,[ X, 11 — Xy] — Ep[Xp 1 — X] = 0, with (4,),,  predictable
since Apy1 = Ep[X,n11 — Xu] + A, € F,, by the expectation being constructed as to be measurable. The
decomposition is valid.

(Claim #3) for X a submartingale, it holds that the expectation of the difference is positive, making (A,,)
increasing. The reverse holds for a supermartingale.

(Claim #2) assume there is another decomposition X = Xy + M’ + A’, it holds that:

neN

B=A-A=M-M

is a predictable (by A) martingale (by M). With the predictability, we can measure with E,, also B, 11, with the
martingality, we can use the martingale equality. Then:

Bpi1— B, =E,[Byi1 —B,)=0 VneN = B, 20 = A= A, M=Z M

¢ Observation 12.16 (About Doob’s decomposition). We can see that:
Xn+1 - X, = An+1 - An + Mn+1 - M,
—_———— —_———
prediction process innovation process

Where on the right hand side, the first process is known at n, and the second is the extra information provided
by the martingale.

Example 12.17 (Some predictable processes and their integral martingales). we present four easy examples
with S < T almost surely two stopping times and V € Fg.
(one extreme) let T be a stopping time. Then the process I, = Ly 1) (n) is such that :

Fn+1 == ]]-[O,T] (n+ 1) = ]]-{n-l-lgT} = ]]-{T§7L}C S grn
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Since T' is a stopping time. Clearly the process (F,), oy is predictable.
(other extreme) Let F,, = V(g ) (n) for S <T two stopping times, and V € Fg. Then:

Vels = Fo1= V]l(S,oo) (n + 1) = V]l{nJrlZS} = V]l{Sgn}C S

Where we applied Theorem 11.23#1. The process is predictable.

(two extremes) for F, = 1(s.1)(n) = Lis,00) (1) - Ljo,7) (n) the product of two predictable processes, the process
is predictable.

(two extremes + V') let F,, = Vg 1) (n), the result is trivial by the previous ones.

For all three cases, we have a stochastic integral:

X, = / FdM
[0,n]

Where (Xy,),cn 5 a martingale by Theorem 12.9.

Theorem 12.18 (Doob’s Theorem II, fully general). For a process (M), oy adapted to (Fy,),, oy the following

are equivalent:

1. (My),cy 15 a martingale
2. for bounded stopping times S <T Mg and Mr are integrable and Eg[Mr — Mg] =0
3. for bounded stopping times S <T Mg and Mt are integrable and E[Mr — Mg] =0

Proof. (A strategy) denoting the triple equivalence as @@@ we prove @ = @, @ = @,@ =

@. We also have in hand @ == @ which is Corollary 12.14.

(@ = @) by hypothesis M is a martingale and S(w) < T(w) < n for non negligible w € Q and n € N.
Let V' € Fs be bounded and positive, the process F' = 1(g 1 is predictable as shown in Example 12.17. The
stochastic integral is:

X, = / FAM = | ViggdM =V (Mg — Ms)+ Xy = X, — Xo =V - (Mg — My)
[0,n] [0,n]

By Theorem 12.9#1 or better Corollary 12.10, since V' is bounded so that F' is predictable bounded, the process
(Xn)ney is @ martingale. We show integrability of Mg and Mr by choosing the particular cases:

e V=1,5=0 = Mrel,
e V=1T=n — Mgecl,

Eventually:
E[VEs[Mr — Mg]] = E[V (M7 — Mg)] expectation defining property, Def. 10.12#2
=E[X, — X0 above result
=0 martingale equality

By the arbitrariness of V' € Fg positive and bounded, we have as result that Eg[My — Mg] = 0.

(@ = @) taking expectations:

E |Es[Mr — Ms]| =E[My — Mg] =0
—_———

=0

(@ == @) for T' = n, M, is clearly integrable by Mr begin integrable and n = T as choice. Adaptedness
holds by hypothesis, and the martingale equality reads:

Ep[My — My =0Vm,n €N, n>m < E[1gE,[M, — M,]]=0m,neN, n>m HecF,
For this purpose, we fix m,n € N, H and for w € Q we let:

S(w)=m, T(w)=nlg(w)+mlgyw)
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Which makes sense since by fixing w random times have become deterministic. S is a fixed time and T'> S is a
stopping time. By the fact that H € Fg,T > S the time T is foretold at S = m. It clearly holds S < T < n.
Eventually:

My — Mg =1y (M, — M,,)

by construction. The hypothesis of @ implies the claim of @ O

¢ Observation 12.19 (Why Theorem 12.18 does not work in Example 12.12). The random time T maps to R
and fails to be bounded in probability, i.e. P[T > k] > 0 Vk.

¢ Observation 12.20 (Recap about concepts needed). Recall the min max convention and the useful decom-
positions:
rT =max{z,0} =z V0
2z~ = —min{z,0} = —(x A 0)
So that:
r=x" -2 |z|=2t+27 =227 -2
We will also make use of:

e Fatou’s Lemma (Lem. A.49)
(Xn),en nonnegative = Elliminf X,,] < liminf E[X,,]
e Borel Cantelli Lemma 1 (Thm. 9.6)

(Hn)pen Y P[Hn] < 00 = Pllimsup H,| = P[H, i.0] =0
n
e Borel Cantelli Lemma 1 almost sure version (Ex. 9.9)

(Xn)per- X D _PIXp, = X[>¢ <00 Ve>0 = X, "3 X

n>1

Definition 12.21 (Upcrossing, downcrossing and counter). Let (M), oy be adapted to (F,,), oy (Def. 11.7),
a <b and Ty = —1 for convenience.
For all natural k > 1 define:

Sk =inf{n > Tx_1 : M, <a}
Ty = inf{n > Sy : M,, > b}

By the adaptedness of (My), oy we can say that {S1,T1,S2,Ts, ...} is an increasing sequence of stopping times
(Def. 11.9).

Sy, can be seen as the k" downcrossing of the interval (a,b), while Ty, is the k" upcrossing of the interval (a,b).
We then define the number of upcrossings of (a,b) as:

Un(aa b) = Z ]]-[O,n] (Tk)
k=1
Example 12.22 (Visualizing the definition). Consider Figure 12.1. This could describe a buy/sell strategy
for stocks with price (My),, cy-

Definition 12.23 (F), formalism). The number of buy/sell cycles in [0,n] is exactly Uy (a,b). In this context
we let:

o F, be such that:
F, = 22021 l(sk»Tk] (n) _ 1 Zf dk: S, <n<Ty
Fy=0 0 else

So that F represents the number of stocks owned at (n,n + 1]
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Figure 12.1: Upcrossings of an imaginary stock price

e we already saw that the value of the portfolio is formalized as:

Xy = [, FdM
Xo=0

With this context, the profit is in general:
Xn —Xo > (b—a)Up(a,b)

where we put > instead of = since it could be that the price at the end is less than the price at the start! See the
plot of Example 12.22 for reference.

Proposition 12.24 (Upcrossing inequality).

(M) submartingale = (b — a)E[U,(a,b)] < E[(M,, —a)T — (Mo — a)™]

neN

Proof. The upcrossings of (a,b) by (M), o\ are equivalent to the upcrossing of (0,b—a) by (M, —a)¥)nen. With
this new formulation using the fact that max is convex and Jensen’s equality for martingales with f(z) = (r—a)™
(Cor. 11.41):

(M, — a)")pen submartingale = E [(M,, —a)* = (M,, —a)"] >0 Vn>m
Without loss of generality assume a = 0 so that M,, > 0Vn. We eventually want to show:
bE [U,(0,b)] < E[M,, — M|
(A first result) Use for this purpose (F,), .y from Definition 12.23 and X,, = f[O,n] FdM. Then:
Mg, = 0Vk = bU,(0,b) < X,, — Xj
Since we are always priced more. We now want to show:
E [X, — Xo] < E[M, — My

(O second result) Notice further that F' is defined as:

F, = Z l(Sk,Tk] (n)
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which is predictable by being a sum of predictable processes. Additionally, it is positive and bounded by 1 since
we only keep one share at a time. Then, by Theorem 12.9#/2 X = (X,,), oy is a submartingale.
(O conclusion) it holds:

0 <Ep{Xp+1 — X} =Ep {Frp1(Mi41 — M)}
= Fk+1]Ek {Mk+1 - Mk} Fy41 € ), predictable
< Ex {Mk—i-l - Mk} Fk+1 < 1 bounded

giving as result:

Z]E [Er [Xpi1 — Xi]] < ZE [Ex, [Mi41 — Mg]]

Z E[Xpt1 — Xi] < ZIE [My11 — M) unconditioning Prop. 10.18
k k
E[X, — Xo] <E[M, — My] telescopic sum
Where by the result of A we get the claim since bE [Uy,(a,b)] < E[X,, — Xo] < E[M,, — M. O

¢ Observation 12.25 (About the Proposition). two conclusions are drawn

o We derive that the upcrossings are controlled by the positive moments of the process.
o The integrability of the submartingale gives a bound on U,(a,b). We use this to investigate the pathwise
convergence of My (w) Vw € Q,n € N
Lemma 12.26 (Finiteness of crossings for pathwise convergence idea). We aim to prove pathwise convergence

up to having finite U, (a,b) as n — oo diverges.
Recall that a series (my), oy on the real line m,, € R is such that:

A lim m, < liminfm, < lim sup m,,
n—oo n n

An example is m, = sin (gn) which satisfies liminf,, m,, = —1 # limsup,, m,, = 1.
A finite number of upcrossings should avoid this incosistency of the path.

Theorem 12.27 (Martingale Convergence Theorem, MCT). For a submartingale (X,), oy (Def. 11.86):
supE[X,[] <00 = X, ¥ X, X €Ly

So that we can establish an almost sure limiting distribution.

Proof. (A strategy) Reason pathwise for w € Q : X,,(w) is not convergent. We then want to show:
P{w e Q: X, (w) not conv}] =0 <= X,, 3 X
(O upcrossings diverge) For such w the absence of a convergence indicates that:

liminf X, (w) <limsup X,,(w) <= Ja<b : lim [U,(a,b)](w) =00 forw

n—oo

Where we could update the condition of A with :

P

U {Un(a,b) = oo}] =0 U {w eN: nl;ngc Un(a,b)(w) = oo} = U {Un(a,b) = oo}

a<b a<b a<b



136 CHAPTER 12. MORE PROCESSES & INTEGRATION

(O density and De Morgan) While a < b is uncountable, we could equivalently restate the set via a sequence
of operations:

P U {Un(a,b) = oo}] =P U {Un(a,b) =oc0}| =0 dense rationals Prop. 18.15
a<b | a<b,a,b€Q ]
— 1=P m {Un(a,b) < oo} De Morgan’s Laws
_a<b,a,b€@ ]

=P [nlgrolo Un(a,b) < oo Va,b € @}

<~ E [ lim Un(a,b)] < 00

n— o0

Now by noticing that (U, (a,b))nen is nondecreasing in n we apply:

(b—a)E | lim Upy(a, b)} = (b—a) lim E[U,(a,b)] Monotone convergence (Thm. 4.21)
n—oo n—oo
<supE [(X, —a)" — (Xo—a)")] Upcrossing ineq. Prop. 12.24
<supE [(X, —a)T] (Xo—a)" >0
<E[(X,)"] + |a] (X —a)" < (Xn)* +af
< 00 hypothesis

(# integrability) e have integrability by:

E[|Xx|] =E [lim iréf \Xnﬂ lim inf = lim sup
< lim ing [ Xn]] Fatou’s Lem. A.49
<limsupE [| X,] liminf < limsup in general
<supE[|X,|] limsup < sup
= supEE [2(X,)" — X,,] X, = 2(X,)F — X,
<supE [2(X,)" — Xo] (Xn)pen is submartingale and submart. ineq.

= 25up { [(X,)*]} — E[X;)
< o0 hypothesis
Which proves X, € £1. O

Corollary 12.28 (An equivalent sufficient condition). We can restate the problem in terms of a more useful
condition noting that:

sup,, E[X;F] < o0 PN sup,, E[| X,|] < o
Xtel, n 1X,| € L1 vn

Namely, an L1 bound on the martingale, not L1 convergence!

Proof. We retake what we showed in the previous and notice that using | X, | = 2(X,,)" — X,, <2(X,,)" — Xo:
E [XTJ{] <E[X.|]] <2E [(Xn)Jr] — E [Xo)
So that the two values bound each other whenever E [Xj] € R. O

¢ Observation 12.29 (Interpreting the Theorem and the Corollary). Recall that by Jensen’s for martingales
(Cor. 11.41):

(Xn)pen martingale = (X,}) submartingale

neN
And that the expectation E[XF] is increasing in n.
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Corollary 12.30 (Special cases). We recognize a number of familiar situations in which the requirements are
easily verified:

1. (Xp),en non positive submartingale
2. (Xn),en non negative supermartingale
3. (Xn),en mon positive or non negative martingale
4. (Xn),ey bounded above or below by an integrable random variable
Proof. all cases satisfy the requirement on the supremum. O

Example 12.31 (Branching process, Example 11.54 continued). In the previous example, we showed that

Z
(:) s a martingale with p = { 51)], We also have that:
H neN
< Zp, b <1  supermartingale
=— = E,[Znt1]|=4uZpn=<{=Z,,u=1 martingale

> Zn, > 1  submartingale

Here, using the MCT (Thm. 12.27) we want to show this as for Corollary 12.30. For this purpose, let u =
L,p1 < 1. Then (Zy),cy 15 a positive martingale an by the MCT Corollary:

A7 = li_>m Ly = Zp = Z eventually Def. 9.3
(A aim)In this context, we want to show that:
Zowo =0 < P[Z,=k,Yn>N]=0 Vke€N,N sufficiently large

(O solution) compute the following:

PlZn = k,Vn> N] =P[Z, =k, Zny1 =k, .. ] stable limit
k
:P ngm"l‘N) :k m = 172""7Z’VL7Z7L :k;| hypothesis
=1
k
<P|> M = m—1,2,-..] P[AN B] < P[A]
=1

') k
= H P [Z §£m+N) = k] independence

m=1 i=1

W}gnm < [Zf ]) indentically distr.

By A we need it to be null, this is the same as:

~rfger-]

from which we get:

k k
P [Zé” = k] <P lz&” > 01

i=1 i=1

k
—PlZé”:(ﬂ
i=1
=1-—ph iid
<1 p=1,p <1 = py >0
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By the same arguments for p < 1 we could show that (Z,), .y is a positive supermartingale and that by the
Corollary we have a limit which is almost sure. We call it Z,. Then, by similar arguments, one can show for
k>0 and N > 0 arbitrary that:

PZ, =k, ¥Yn>N]=0

since < 1 => po > 0. We then conclude Zso “= 0

¢ Observation 12.32 (Bounds on random variables norms). Recognize that:

e for a martingale, we require integrablity E[|X,|] < oo, according to Definition 11.35#2

e for almost sure convergence of a martingale, we require sup,, E[|X,|] < oo, according to the MCT (Thm.
12.27, Cor. 12.28)

e For a uniformly integrable martingale, we require an almost sure L1 bound of the p norm (Def. 11.48

How are these linked together?

Example 12.33 (Symmetric random walk (Example 12.12 ctd.)). We show that for a symmetric RW the
MCT can be used, but it is not L1 convergent, namely “3 =& L at the same limit.
Recover the previous setting, where T = inf{m € N : S, = 0}. We have that E[X;] = 0¥i and S = (Sy), cn
is a martingale with B [S,] = 1Vn. The stopped martingale (Spat), ey @5 such that Syar > 0 and by the MCT

(Thm. 12.27, Cor. 12.30) there exists an almost sure limiting process Ss.. Now obuviously Spar 8. =0
since convergence to k > 0 is impossible as it would mean that S, =k >0 = S, € {k—1,k+ 1}, i.e. no
convergence. However, there is no L1 convergence. Indeed by Proposition 12.13:

E[Spar] = E [Sonr] = E[So] = 1

but:

Lemma 12.34 (A quick Lemma for £; convergence). If (X,,) YX then:

neN

lim E[X,Y]=E[XY] VY bounded a.s.

n— oo

Proof. By hypothesis |Y| < b almost surely, so that:

E[X,Y] -E[XY]| <E[X,Y - XY|| <BE[X, — X] "= 0

Theorem 12.35 (Uniform Integrability vs a.s. £ characterization). For a martingale (M), o it holds:

1. Same convergence by uniformity

— (M,) uni formly integrable

M, 5 M
neN

M, 2 M,
2. Martingale equality extends at infinity as a martingale X if M,, = E,[Z] for Z € Lq:

M, =E,[Z],Z €Ly = My = lim M, : X =(X,), .=

n— 00 neN

Proof. (Claim #1)( <= ) Let M = (M,,)
(A MCT application) Assign:

nen D€ a u.i. martingale.

k(b) == supE [|My|L(p,00) (|My])] = 0 asb— oo

Notice that:
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So that for b large enough it holds k(b) < 1 and (M,), .y is £1 bounded. By the MCT (Thm. 12.27) 3M,
integrable with M,, “3° M.

(O norm convergence) we now wts that M, £4 M., this is equivalent to:
Ve>0INeN : VYVn>NE[M,— M) < 2
Fix now € > 0 and let H,, := {|M,, — M| > €}. It holds:

E[|M, — Moo|] < e+ E[|M, — M|1p,]

>e

(O final computation) For X, integrable and X = (X,,),y w.i. it holds that (X, — X« ) is w.i.. Let k*(b)
be as k(b). Notice that:

|M,, — Mo |1y < by + [ My, — Moo |Lgas, —aao 50y VH, Vb

Then:
E[|M, — Muo|lp,] < bP[H,| + k*(b) k*(b) "=5°0 = Vedb < 00 : k*(b) < %
So if we set 6 = Zib,]P’[Hn] < 6 then:
E[|M, — Moo|ly,] < e (12.2)

The result of [0 and Equation 12.2 imply that:
Ve > 036 >0:PH,] <d = E[|M, — Ml|] < 2¢

And since P[H,] = P[|M,, — M| > €] = 0 Ve (i.e. almost sure implies conv. in probability, Prop. 9.14) for n

sufficiently large we obtain M,, & M.

(=) [Cinl1](II1.4.6).

(Claim #2) It holds that the martingale is uniformly integrable by Proposition 11.50, moreover, the condition
we want to prove can be reformulated :

E,[Mx] =M, < E,[Ms, — M,] =0Vn
Fix m € N, H € F,,. Then Vn > m the martingale equality implies:

E[1g(M, — M) =E[1gE,[M, — M,]] unconditioning and H € ¥,

=0 martingale equality

Since by #1 M, — M,, at} My, — M,, as n — oo we also have that:

E[1g (Moo — My)] = lim E[15(X, — Xm)] =0

n—oo

So that X, “4 X is such that lim, E[X,Y] = E[XY] for all Y bounded by Lemma 12.34. By the arbitrariness
of H € F,, the claim is proved. O

a.s.

Example 12.36 (Branching process, (Ex. 12.31 ctd.)). We know p = 1,p1 < 1 are such that (Z,), cy —

Zso = 0 but not such that Z, L—# Zoo. Yet we also argued that Z,, # E,[Z] = 0 since Z,, > 0Yn with positive
probability. So, we cannot conclude that By, [Mu] = M,.

{ Observation 12.37 (Building £, convergent martingales). Build the following chain:

. B . a.s.
Z, €Ly Vn Proﬁl.:ﬁO (My),cn : My =E[Z,] uniformly integrable martingale Thﬁ.% M, Z My

What is the limiting filtration? We can use the extended filtration notion from Definition 11.17:

900:\/%
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Corollary 12.38 (Appying Theorem 12.35 to characterize Observation 12.37). Conclude that:
1. VZ 1 E[|Z]] < o it holds E,[Z] “L—> Eoo[Z] = E[Z|F &)
1
2. Z € Foo = E,[Z] “L—>Z
1

So that Z is eventually revealed.

Proof. (Claim #1) by Proposition 11.50 we have a u.i. martingale M,, = E,[Z] = E[My] and by Theorem
12.35#2 for all n almost surely and in £;. Then:

lim M, = lim E,[Z]

n—oo n— oo

= lim E,[My] € F, by construction

n— oo
= EOO[MOO]
=M,
=E.[Z] a.s. L1

(Claim #2) if Z € F, then we can remove the expectation:

M, =E,[Z] ? ElZ] = Z
1

O
Example 12.39 (Bayesian mean estimation, Corollary 12.38 (Ex. 11.52 ctd.)). Recall that Z; are iid standard
normals and 6 ~ N(ug, o) is independent from Z;, integrable and finite.

ForY; =0+ 2; = Y;|0 “d N(0,1) we have that for observables Y = {Y;}1:

m(A) =Pl e A]Y =y] F=0({Y})

Then 0, = E,[0] = E[0|F,] is a uniformly integrable martingale by Proposition 11.50.
Further, by Corollary 12.38#1 we conclude:

~

0. "3 Bulf] = E[F|9c]
Moreover, if the condition 6 € F, holds, we apply Corollary 12.387#2 and further state that:
0€Fo = 0,50
Ly
We prove a sufficient condition for this to be true in Proposition 12.40.

Proposition 12.40 (Frequentist validation of Bayesian mean estimator). This Proposition is also useful for
context in Theorem 8.7.
Recall the setting of Example 12.39

identifiability : Po(A) =P[Y € Alf] : Po(-) # Py ()VO £ = 0 € Foo

In other words, identifiability is a sufficient condition for the true value to be revealed at the end of time.

Proof. Consider 6 € F,. This holds if and only if:

Jh measurable : h:R* — 0O, h(Yy,...)=140

IfY, ud pp then by the SLLN we could obtain Py and subsquently 0 by the identifiability principle. What is
missing is measurability. Using instead a consistent estimator Y,, we would get:

PP (IYn— 0] >¢) "0 Ve>0
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Where Pg° = X Pj the infinite product of the probability laws. Then:

n— oo n— oo

lim PV, — 6] > ¢ = lim /?goqyn — 0] > ) (do)
—_— ———

<1

:/ lim Pg°(|Y,, — 0| > €) m(d0) dominated conv. Thm. 4.24
n—oo

—0 as n—o0

=0

Which implies that ¥,, 2> 6. Then, by [Cinll](Thm. II1.3.3-(b)) there exists a subsequence (n(k))gen going to
oo such that ?n(k) %% 6 in P. By the fact that ?n(k) € Fnr) C Foo we have that 0 is expressible as the limit of
functions which are measurable wrt F,. eventually, § € F, and Fh : R® — © such that h(Y7,Ys,...)=6. O

Corollary 12.41 (Frequentist perspective validation). V8, in almost sure sets of 7(-):
Y, & Py, = PlY; € -|00] = 0, =0y inPT as.
Theorem 12.42 (Levy’s 0-1 law).

AeF, = En[]lA] g Ta
Proof. For any A, 14 is bounded and such that 14 ~ Bern(P[A]). Then 14 is integrable, and its integral is, by

Theorem 12.35 and Corollary 12.38#2:

E,[14] 2_3) Eoo[la] =14
1

O

{ Observation 12.43 (Uniform integrability and martingales summary). We recognize the main results of this
Chapter and the previous ones.

e 7 € L integrable = X; = Ei[Z] is uniformly integrable (Prop. 11.50)

e by the MCT a uniformly integrable martingale has a limit Xoo (Thm. 12.27)

e contrarily, for a characterization we need also L1 convergence (Thm. 12.35#1), and can extend the mar-
tingale equality at oo if it is the expectation of an integrable random variable (Thm. 12.35#2)

o [f the value of Z is revealed at the end of time Z € Fo then the martingale converges to the actual value
(Cor. 12.38#2)

Example 12.44 (Branching Process, Ex. 12.36 ctd.). Before we had p < 1 or p =1 and p1 < 1 so that
Z, % 0.
(A aim) The assumptions now become py € (0,1) = u < 1 and we want to show that:

Z, 30 or Z,"% 0
Namely, if there is no extinction, then the population explodes. Another possible formulation is:
P[lim Z, € {0,00}] =1
n—oo
(O characterizing extinction) we have:

{ lim Z, = 0} = {Z,, = 0 V¥n sufficiently large}

n—oo
while D :=={Z, =0 for somen} =J,,{Z, = 0}. Then exctinction is characterized by:
D=|J{%.=0} €5
By the Lévy 0-1 law (Thm. 12.42) this would mean that:

E,[1p] = P[D|F,] “3 1p
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(O characterizing explosion) we aim to see if D¢ = {Z, > x i.0.} for any x € R implies that Z, — oo
necessarily.
(¢ solution) it holds:

PID[F ]

I
<9

n[D]

w(DN{Z, <a})+ P, (DN{Z, > z})

n(DN{Z, <x})

(Zny1=0,Z, <x) D> {Zp1 =0}

I
Mg;atate

(\VARAYS

P (Zps1=0,Z, = k)

k=0
x
= poliz,—k} id generations
k=0
=P} Z 1(z,=}
k=0
=poL{z,<z} po € (0,1)

In this setting, we recognize that to have no extinction:

T a.s. 0,1
P[D|F,] :pé]l{anm} — OPOE( ) 1¢z,<a) %0
— {Z, >z, Vx €R, i.o}

«— D% 1

a.s

=1

On the contrary, on D¢, the population explodes, namely Z, “3 oo.

12.4 Exercise Session

The following examples are instructive and allow to apply the concepts shown in Chapters 11 and 12.

Example 12.45 (Occupancy problem). Consider n independent bins and m balls. We are interested in the
number of empty bins, denoted as Z.

(A setting) We set:
C; = bin chosen at i'" ball : P[C; =j] =
Which are iid random variables.
(O Azuma inequality by martingales) let (F,), .y = c({Ci}i2,) and Z; = E[Z]. In this setting, Z; is the
estimate of the number of empty bins at the end having observed t throws.
Using Proposition 11.50 we have:
Z € [0,n] bounded = (Zy,),cy uniformly integrable

Then set Zy = Eo[Z] = = by the martingale equality (Def. 11.835#3).
Notice that Z € F,,, = Z; = ZNVt > m, meaning that after having thrown all the balls (m throws), Z belongs
to the o-algebra. This 1s rather intuitive.

(O Azuma inequality applied) We have that:

O — PlZ — ul > 6] = B[ Zn — Zo| > 541
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And using Azuma Inequality (Thm. 12.49), by |Zi41 — Z¢| < 1 we set ¢ =1 and get that:

— P[I2— 20 > AVE <2 % . e=1
With
Wiz = A=
c/m
_62M2
:>P[|Z—u|>5u]§2exp{— o } c=1 (12.3)

(¢ finding p) letting X; == # balls in j € {1,...,n} we get:

- 1 1
7= 1{X; =0} - Xl,...,XnNMultinom(m, ())
j=1

n n

1
X; ~ Binom (m, >
n

So that:
EZl=Zy=p= ZE [1{X; = 0}] linearity of integral
=Y P({X; =0})
= nP[X; = 0] iid assumption

1 m
(-3
n
(=)
=np p=|(1-—
n

And Equation 12.8 in [J becomes:

2,2,2
P{Z—u|>6u]<2exp{—” i }
2 m
1, , .
= exp 755 np ifn=m

Notice also that as m = n — oo we also have that p — e !

(v informal Chernoff’s bound) ignoring the dependency let § € (0,1),¢ > 0,u = np and derive a much
more restrictive bound on the probability by Theorem 7.25:

P[|Z — p| > dp) < 2e” 5w

Example 12.46 (Averages). We show that the average process needs a specific condition to be a martingale,
as discussed earlier.

Assume a discrete process (Xy,), oy is adapted to (Fy,), cy and is integrable. Then let:

— 1<
X, = - ZXi assume E,[X, 1] =X,

(A aim)  we want to show that (Yn) y an F-martingale according to Definition 11.35.

ne

(O adaptedness) as X,, = %Z" X, X; € F, Vi < n adapteness is trivial.
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(O integrability) Notice that E[|X,,|] < 1 S E[|X;[] < oo, by trivial application of linearity, Jensen’s inequality
and the hypothesis of integrability.

(¢ martingale equality) we proceed by manipulation:
. 1 r n+1 n
E, | Xni1— Xp|=——E, X; 1) X
= e () -0 (£

i BB () (),
ﬁ - ()
(g

1 .
D+ 1) E, Xz>] by hypothesis

=0

And the equality holds. By 0,0, = A claim is verified.
Notice however that X,, # 0 a.s. since X,,11 L F,, so that:

Example 12.47 (Poisson Process). Let N be a counting process (Def. 11.13) such that Ny = 37 Lio.¢ (Tx)
is adapted to F (Def. 11.7).
(A aim)  we want to show that:
N ~ Pois(c) Def. 12.2 = M; = exp{—rNy +ct —cte™"} F-martingale Vr € Ry Def. 11.35

The relation is actually <= but we only show one side.

(O Laplace approach) recall that by Definition 6.11 for a Poisson random variable we have that:
X ~ Po(\) < Px(r)=E[e"™¥] = exp{-A(1—e ")}

From this simple fact we could show that for any time point the martingale equality holds by moticing that from
Definition 12.2 we have Ny ~ Po(ct) and Ny — Ns|Fs ~ Po(c(t — s)) by Proposition 12.3#3. This allows us to
say that the Laplace transform of Ny — Ny is:

E, [exp {—r(Ny — No)} = exp {—c(t —s)(1 —e ")} (12.4)

And we could instead check that:

B || = B leon{r = Nt ol = 91 - )

M,
= E, [exp{—r(Nt — N} exp{c(t —s)(1 —e ")}

=exp{—c(t—s)(1 —e ") }exp{c(t —s)(1—e™")} Eqgn. 12.4
—1

(v adaptedness and integrability) we have:

M, = exp{— —cte™"
= exp{—r Ny +c_t cte™"} e F Vit
cF, (S €Ty
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Figure 12.2: A visualization of (A¢), .

Which proves adaptedness. Concerning integrability:

E[|M;|] = E[M;] = e“‘exp {—cte "} E[le~""]
= eexp {—cte”"} (T’X(r)
= e“exp {—cte "} exp{—ct(l —e ")} by Xy ~ Po(ct)
=1<o0

Example 12.48 (Counting process: age perspective). We propose a different view on the counting process
(Def. 11.13).

(A setting) let 0 < Ty < Ty < ... be such that lim,_, T, = +00 and:
Ny = Z ]l[O,t] (T,) F= U((Nt)te’ﬂ‘)
n=1
See Ny as the number of replacements of some object. Then, the duration of the k" object can be formalized as:
Afw) =t —Tp(w) if Tp(w) <t <Thy1(w)

Where the map t — Ay is:

e strictly increasing in each interval
e right continuous at each jump

See Figure 12.2 for an intuition. We can further define for a > 0:
T=inf{t>0:A4; >a}

As the first time the age of a replacement is at least a.

(O A is adapted) ift<a = A; =0 € F,Vt and the statement is trivial.
Else consider:

{Ai>a}l €Ty — A, €T,
— {t-Ty >a} ={Tp <t <Tgy1} N{A: > a}
:{t<Tk+1}ﬂ{t—Tk§a}

Ft Ft_aCT

So that by closedness under countable intersections (Lem. 1.7):

{AtZa}:U({Tk<t<Tk+1}m{At2a})6?t Vi
k
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(O equivalence to counting) we aim to show that:

inf{t >0: Ny = N;_,} =inf{t >0: A; > a}

The time above a is the union of disjoint [-,-) intervals such that Tyy1 — Ty > a by construction, implying that:

{t=0:4,>a}= |J [Th+aTn)

kTy1—Tr>a

which infimized:

— inf{tEO:AtZa}:mkin{TkJra:Tk_,_l—Tkza}

<~ {T:Tk—i—a}:{Tl—To<a7...,Tk—Tk,1<a}ﬂ{Tk+1>Tk+a}

(¢ T is a stopping time) we eventually show that T is again a stopping time. Differently from Ezample
11.27 with respect to G = o ((At),er)-

{T<t}=J{4: > a}

s<t

= U {As; > a} By the continuity in A unless Ay =0
$€Q,s<t

= U {As >a} where Gg C G4Vs < t

s€Q,s<t €T,

€ G, by countable unions (Thm. 1.5)

The discussions of A, = {T <t} € G; and T is a stopping time in the sense of Definition 11.9.

Theorem 12.49 (Azuma Inequality). For a process X = (X¢),cp:

2
X, = X,1|<c Yt = YA>0 P[X,— Xo| > Aevt] <27
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Chapter Summary

Objects:
e Poisson process with rate ¢ > 0, a counting process adapted to a filtration such that:

>© —ct k
B, [f(Vore = N = 3 S 5 oyt fe et

k=0

e predictable processes ([%,), .y to construct the Steltjes-Lebesgue integral series:

W= /FdM, X, = / FdM = MoFo+ Y (M — Mpm_1)F,
[0,n]

m=1

e upcrossings Sy = inf{n > Ty_1 : M,, < a}, downcrossings T}, = inf{n > Sj : M,, > b} and interval
(a,b) counter Uy (a,b) = 37, Lo, (Tk)
e [, formalism to represent the number of stocks at (n,n + 1] with portfolio value X,, = f[
and Xy = 0 and profit in general: X,, — Xo > (b — a)Upy(a,b)
Results:
e Poisson processes are stationary, Markovian and have Poisson distributed intervals with rate ct
N ~ Pois(c) <= (Ny — ct)ier is an F-martingale
the Steltjes Lebesgue integral of a (sub)martingale and a predictable process is a (sub)martingale
the Steltjes Lebesgue integral of a (sub)martingale and a stopping time indicator is a (sub)martingale
Doob’s:
— we proved that a martingale and a bounded stopping time result in E [My] = E [M7] = E [My]
so that the martingale equality extends to stopping times
— for S < T a.s. stopping times, it also holds that E [Xg — X7] =0
— any adapted integrable X process has a decomposition into a deterministic starting point
X, predictable process A (prediction) and a martingale M (innovation). This looks like the
orthogonal projection on the filtration
— the general result says that for an adapted process (My), oy the equivalent conditions are:
* (Mp),,cn is a martingale
* for bounded stopping times S < T Mg and My are integrable and Eg[Mr — Mg] =0
* for bounded stopping times S < T Mg and My are integrable and E[Mr — Mg] =0
— the upcrossing inequality:

0. FAM

(M) submartingale = (b — a)E[U,(a,b)] < E[(M,, —a)T — (My — a)7]

neN

— the Martingale Convergence Theorem for submartingales:

supE[X] <00 = X, ¥ X, Xoo€l

where the condition is equivalent to an £; bound on the norm

— Uniform integrability of a martingale is characterized by both convergence almost sure and in
L1 norm. If the process is the expectation of an integrable random variable, the martingale
equality also extends at oo

— identifiability ensures in the Bayesian mean estimation that 6 € F

— Levy's 0-1law is A € oo = E,[14] %3 14
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Chapter 13

Poisson Random Measures

13.1 Random Measures

Definition 13.1 (Random Measure M (-,-), r.m.). The concept is equivalent to that of a Transition Kernel
(Def. B.13) from (Q2,H) onto (E,E). Consider a probability space (2, H,P) and a measurable space (E,E). A
random measure on (E, &) is a mapping:

M:Qx&—=R,

Such that:

1. w— M(w,A) is a r.v. YA € € denoted as M (A), which is H-measurable and takes values on (E, )
2. A— M(w,A) is a measure on (E, &) denoted as M, (dz) for all w €

Definition 13.2 (Measure description of M). The measure in M denoted as M, (dz) can be atomic or diffuse
(Def. A.32), finite, o-finite or X-finite (Defs. A.26, A.27).

Definition 13.3 (Random counting measure). M (dz) such that M, (dx) atomic and with weight 1 a.s. is a
random counting measure. It is the equivalent of a counting measure after fizing w.

Example 13.4 (Counting process as Definition 11.13). For ordered distinct arrival times 0 < Ty < ... the
counting process Ny =" 1194 (Ty,) can be seen as the measure arising from a random measure:

Ny =M([0,t)) E=Ry, A=][0,{]

Definition 13.5 (Recap of integral notation). Let f : E — R be a Borel function and assume we wish to
integrate wrt M(dz). Recalling that for a fived measure v we have vf = [ f(z)v(dz) then:

MfE%R\Mf:/f(x)M(dx) is an r.v.
E

Notice also that:
M(A) =/ M(dw)z/ 14M(dz) = M1, VYAeé&
A E

Remark 3 (About the transition kernel). We aim to make clear why we are going to express certain objects as
random variables or measures. This is due to the result of Theorem B.15, thanks to which for a transition kernel
M it holds that:

o Mf(w)= [y M(w,dx)f(x) is a random variable governed by w € Q on (E, &) for each f € &
o E[M(A)] = [, M(w, A)dPw] is a measure on (E, &) which assigns weight to the set A € &

Definition 13.6 (Expected version of random measure, mean measure). For a random measure as in Defini-
tion 18.1 we refer to the mean measure v when considering the measure such that:

1. v(A) = E[M(4)] VAeé&

149
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2. equivalently vf =E[Mf] Vfe &,
In particular:

V(A) = E[M(A)] = /Q M{(w, A)P[de]

Where we are integrating out the w of the random measure over the underlying probability space.

13.2 Stones in a Field and Poisson Random Measures

Lemma 13.7 (Mean in terms of tail).

X>0 as = E[X] :iP[X > 1 :iP[X > ]
i=1 i=0

Proof. Wlog let X discrete. This is sufficient for our needs. Then:

E[X] =) aP[X =1
=0

=3 > L<ayPIX = 2] Fubini Thm. B.30

= Z]P’[X > ] ch. variable

O

Example 13.8 (The "stones in a field" perspective). Let K ~ Po(c) be Poisson distributed. Consider K to be
the random number of stones in a field E C R?. This throwing process is done always with the same mechanism
with no regard to total or previous positions (i.e. independence).

o, ()

Let X; be the ith stone position. X; ~ \(dZ) is a distribution over E C R?.
Assume K I {X,;}, as argued before.
The random measure M (dx) assigns the number of stones to the A C E region, mathematically:

Is the number of stones in region A.
We will show that M (dx) is atomic counting whenever A is diffuse, i.e. no two stones are in the same position
(i.e. Thm. 14.10).
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Example 13.9 (Stones in a field mean measure). In the "Stones in a field” formalism, the mean measure is:
ch ¢ =E[K]

We can see this as follows.
For f =14 it holds:

K
Mf=Mls=Y 14(X;)

i=1

Similarly for f € E,:
My = [ raan =3 fx Zf Diresi

namely, a sum of images under a random number of K atoms. The last form is for convenience. Then, applying
the Definition of mean measure (Def. 13.6):

[Z fx 1{K>z}]

E [f(Xi)l{x>] linearity

s
Il
_

‘P”18

= ZE [F(X)E [Lixsa] independence & Fubini Thm. B.30

i=1
= Z [Lix>i] iid

—1 H—/
=P[K>i]
[f(X1)]E[K] Lem. 18.7

/ e
= c(Af) integral notation
= (eA)f

Eventually, the mean measure is v(dx) = cA(dx) where ¢ = E[K] as claimed.

Definition 13.10 (Laplace functional). This definition resembles that of Def. 6.11.
For a random measure M and a positive Borel function f € €, we define the Laplace functional as:

~

Pu(f)=E [efo]
Which can be seen as the Laplace transform of M f, which is a 7.v., evaluated at r = 1.

Example 13.11 ("Stones in a field" Laplace functional). For ¢ = E[K] in FEz. 15.8 it holds that:

~

Par(f) = exp {—c(AM1 e 7))}
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(O solution) We perform the following long computation:
r K
E[e™™/] =E |exp {— Zf(Xi)H Er. 13.9
L i=1
MK
=E Hexp{—f()@-)}]
Li=1

—E |Ex

H exp {—f(Xi)}l 1 unconditioning
- i
=E H Elexp {—f(X:)}] independence
= E |(Efexp {—£(X1)}])"] iid
=E (/ e‘-f(g”))\(dx)> 3
E

=E[(\e)"]

P[K=F]
> —c .k
= Z (/\eff)k < k;lc Me™7) is a number

k=0 “————
paf of K at t = e 7

exp {fc (1 — )\e*f)} pgf closed form X ~ Po(N) = pgf(s) = ZIP’[X = z|s¥ = e M1=9)

o )

exp {—c (A\(1) — /\e_f)}
=exp{—c(M1— eff))} linearity

{ Observation 13.12 (Counting process as random measure). The random variable M f = Y7, f(X;) is the
prototype of atomic random measure.

The connection with the counting process is done via Ny = M ([0,t]), where the atoms of M(dx) can be seen as
the arrival times of Ny when M is atomic, and no two arrival times happen at the same time.

Definition 13.13 (Poisson random measure, p.r.m.). N(dz) ~ Pois(v(dz)) is a Poisson random measure
(Def. 13.1) with mean measure v(dx) when:

1. N(A) ~Po(v(A)) VAe&
2. For {A;}_, C € disjoint = {N(A;)}, is an independency (Def. 6.9)

Example 13.14 ("Stones in a field" is a Poisson Random measure). N(dz) as in Ex. 18.8 is a p.r.m. in
Definition 13.13 sense.
(O solution) (A setup) wts for {A;}1_, C & disjoint it holds:

A" (A

PN (A1) =i1,...,N(An) =in) = 1! in!
v=cr: X; Y\ c=E[K]

(O baseline) wlog let n =2 and Ay N Ay = 0 with Az = (A1 U Ag)¢. The collection {A1, As, A3} is a partition
of E and we might show /\ there. Indeed:

AAL) + AM(A2) + A(A3) =1
i1+is+i3 =k
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where we call the former O(1) and the latter 1(2), with k a realization of the r.v. K.
(O work) it holds that:

PN (A1) = i1, N(Az) =iz, N(A3) = is] = P[N(A1) = i1, N(Az) = iz, N(A3) = i3, K = k]

(O(2)]
=P[N(A1) = i1, N(Az) =iz, N(A3) = i3|K = kK
[distribution is Multinom (3, (/\(Ai))?zl)]

676016 | . . .
= ) () ()

k! 11:12:13:

e~ (A(A1)+A(A2)+A(As)) i1 +iz+is . . .

= (A(A1))™ (M(A2))™ (A(A3))"

i1liglis!

[O(1), 0(2)]
_eT A (N(A))" em A (N(A,))" =AM (A(A3))"
N ip! i) is!

13.3 Properties of Poisson Random Measures

Example 13.15 (Homogeneous counting measure and Weibull). Let N(dx,dy) be a p.r.m. on E = R2?,
with mean measure v(dx,dy) = cLeb(dx,dy). It holds that N is invariant to translations and rotations (i.e.
homogeneous). Let R be the distance of the closest atom of N from the origin 0 = (0,0). We describe R via its
probability distribution P[R > r|. It turns out that this is equivalent to a ball having null mass:

B.(0) = {(z,y) : 2* +y*> <r*} : N(B,(0)) =0 VYr >0
This can be seen as:
PR > r] = P[N(B,-(0)) = 0]
— (B0 N(B,(0)) ~ Po(v(B,(0))
= exp {—c- Leb(B,(0))}
=exp{—c- Area(B,(0))}

= exp {—071'7’2}
Which is the well known Weibull distribution.

Example 13.16 (Homogeneous Poisson random measure visibility). Let the atoms of N have radius a =~ 0.
We interpret the model as a forest with density ¢ = E[K| and mean measure v = Leb. For simplicity, we ignore
the overlapping trees. By construction, N is homogeneous, and the horizontal direction is as good as any by
rotation invariance. We refer to the distance between the origin and the closest tree as a measure of visibility.
An atom with radius a intersects y = 0 if and only if the distance between y and the center is < a. Then:

{V>a}={N(D,) =0} D,=][0,2] x [—a,aq]

is the expression in terms of sets of the visibility being greater than x. We describe the r.v. in terms of its

distribution as:

P[V > z] =P[N(D,) = 0] N(D,) ~ Po(v(Dy))
_ efl/(D;,_v)
= exp {—cLeb([0, z] X [—a,a])}
= exp{—c(2az)}
Proposition 13.17 (Mean Variance for sets of Poisson random measure). For N(dz) ~ Pois(v(dx)) such
that v(A) < oo VA€ E&:

1. E[N(4)] = v(A)
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VIN(A)] = v(4)
If v(A) =00 = E[N(A)] = o0 a.s. and V[N(A)] is undefined a.s.

2.

3.
Proof. (Claims #1, #2) follow by Definition 13.13#1 directly as:

N(A) ~Po(v(A)) = E[N(A)]=VI[N(A)]=v(A) VAec&

(Claim #3) again trivial since:

VIN(A)] =E [(N(A)?] ~E[N(A)])* = 00 — 0o = undefined

O
Proposition 13.18 (Mean and variance for functions, Poisson random measure). Let N be a p.r.m. and
f S 8+3
1. E[N(f)] = v(f)
2. VIN(O =v(f?) if vf < oo

Proof. (Claim #1) it holds by Definition 13.13 and N(A) ~ Po(v(A))VA € € that E[Nf] = vf.
(Claim #2) we have:

VINf|=E[(Nf)?] ~E[Nf]?
V(f2)+(l/f)2f(1/f)2 f7L:Zai]]-A7¢ Af fa E[(an)Q] :V(f5)+(yf)2
(/%)

I
N

O

Theorem 13.19 (Laplace functional of Poisson random measure characterization). Using the theory of Laplace
transforms, for a random measure N on (E, &) (Def. 13.1) with mean measure v:

N ~ Pois(v) (Def. 13.13) <= Ele V] = e Vet

Proof. (A strategy) we first show the claim for f,, simple and then use a f,, ' f argument.
(=) choose a e Ry, A € €:v(A) < co. Then:

=exp{-v(A)(1—-e*} Poisson pgf
Let f,, be simple, namely f,, = > a;14, with A; disjoint. It holds that Nf = " a;N(A;) and by the A; being
disjoint they are independent:

n

— E[e ] = [[E [ —exp{~ D w(an(1 - )}

i=1

(O f € &4 arbitrary) For (fy),cy C €4 such that f, 7 f, by the continuity of Lemma 13.207/1 we have that:

E[eN] = lim E [e_N(f")] = lim exp {-v(1—e )}

n—oo n—oo

Where g, =1 —e/» A1 —-e =g = v(g,) / v(g9) by monotone convergence (Thm. 4.24), giving us the
equality needed.
(<= immediate by (=) and Lemma 13.20#4-2. O
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Lemma 13.20 (Laplace functional uniqueness and continuity). The Laplace functional mapping f — Ele=M7]
for f € €4 is such that:

1. (fo)C& fn /N f = lim, o E [e_Mf"] =K [e_Mf]

~

2. N=M on (E,&) random measures < fT’M(f) =Pn(f)Vfeés

Proof. (Claim #1) take f, ' f, by Monotone convergence (Thm. 4.21) it holds M f,, , M f for all M,
pathwise in w. Then, by bounded convergence (Cor. 4.26) also:

E[e M/ (E [e™™/]
Eventually we have the following chain of equalities:

§M(f) = ‘j\)M( lim f,)=E [e_Mf} =E [ lim e_Mf"} = lim E [e_Mf"] = nh—>n<§o§M(f”)

n—oo n— o0 n—oo

(Claim #2) is analogous to Theorem 6.12. O

Corollary 13.21 (Extending the results of Theorem 13.19). Clearly:

~

fPM(f):fT’N(f) Vieéy < M=N as. < Mrm. specifiedby v only

Proof. The first characterization holds by Theorem 13.19.
For the second, notice that:

i/l\JM(f) =exp{—v(l- eff)} Vfeéy

So M is completely specified by v. O

Proposition 13.22 (Laplace function of N(A)). We provide quickly an intuition of the = direction in the
Proof of Theorem 13.19 for the simplest case possible.
We can show for r =1 that :

E [eil'N(A)] =exp{—v(l —e 14)}}

and then reason by simple functions approximation.

Proof. observe that:

1—e? A
1—e 4= ¢ ve =(1—e Ny
1-1 x¢ A

which eases out the main computation:

E {e—l'N(A)} = exp{—v(A)(1—e 1)} Laplace transform at r =1

(1- e_lA)l/(dm)} previous equation
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Chapter Summary

Objects:
e random measure, a transition kernel between (2, H) and (E, &)
e a counting process is the realization of a random counting measure Ny = M ((0,¢]) for any t € T
o Mf(w) = [, M(w,dz)f(x) is a random variable on (E,&). M(A) is a random variable in the
indicator version
e M, (dx) is the underlying measure, dependent on w. To have no randomness we can say that
E[M(A)] =v(A) = [, M(w, A)dP is the mean measure on (E, &) with vf = E[M f] for any f € &
e the Laplace functional P;(f) = E [e=M7] for fe &
e Poisson random measures as random counting measures with N(A) ~ Po(v(A)) for any A € € and
independence of {IN(Ax)}7_, for any disjoint set {Ax}7_,
Results:
e mean measure of stones in a field if cA(dz) for K ~ Po(c).
trick: expression as sum, isolate K, use tail probability trick proved by Fubini
stones in a field Laplace functional is exp{—c\(1 — e~ /)}
stones in a field is a p.r.m.
mean and variance for N(A) and N(f) p.r.m.s
Laplace functional of p.r.m. is like stones in a field and is exp{—v(1 — e~f)} for mean v




Chapter 14

Atomic View of Poisson Random Measures

{ Observation 14.1 (Recalling atom and atomic measures). We have that:

e € E is an atom for u <= p({z}) =0, Def. A.51
o 1 is atomic <= D = {x atoms} is such that u(E\ D) =0, Def. A.32

Definition 14.2 (Proper random variable for random measure). Given f € &, we say M f = [, f(x)M (dx)
is proper when P[M f < oo] = 1, namely M f as |

Lemma 14.3 (Finiteness of random variable by Laplace function).

X>0 as = PX <oo] = lim ﬁx(r)

r—0

Proof. Proposition C.19. O

14.1 Other Properties of Poisson Random Measures

Proposition 14.4 (Finiteness of Poisson random measure). Let f € £ and N ~ Pois(v). Then:
V(fAl)<oo = Nf<oo a.s.

Else Nf = o0 a.s.

Proof. (A strategy) we use Lemma 14.3 and f € £ to show that Nf > 0 a.s. as a r.v. This means showing:
=1 —rNf =
PN f < 0] }%E[e =1
This is also equivalent, using continuity (Lem. 13.20) and the Laplace functional Theorem 13.19 to:

lim B [e™™/] = lim E [e™""/] = lim exp {~v(1 —e7")} =1

r—0 r—0

(O another simplification) looking at the last result, it also holds:
. . __—rf _ S _ Ty
}%exp{ v(l—e )} =1 <:>}1_r>r(1) v(l—e)=0
= /1 — e @y (dx) =)
r—0

— 1-e @ as 1 —e /@) > vz

Here it holds that 1 — e~ "/(®) < (f(x) A1) Va so that by Dominated Convergence (Thm. 4.24):

r—0 r—0

V(fA1)<oo = lim [ 1—e " @y(da) :/hmue*”f@)u(dx) =0 = P[Nf<oo]=1

157
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(O opposite) Contrarily, if v(f A1) = co we conclude N f = oo almost surely. Indeed by:
l—e'>1—-e)(tAl) Vt>0 Ele M| =exp{-v(1—-e)}
we can notice that
V(1 — ety = /(1 eI (da)
> (=) Avldn)
(=) [(F A1)
= +o00 v(fAl) =00

— E [efo] =exp{—v(l —e )}
< exp{—v((1—e ) (fA1)}

=00

=0
— E [e_N ! ] =0
which, by an application of the inverse of Jensen’s inequality for concave functions f(x) = z" with r < 1 (namely,

Cor. 7.8) suggests that:
Ele™]=E[e™)]<E[M]) =0 ¥r>0

which in the limit means:

PINf < oc] = lim E (e =0 = P[Nf=o0]=1
and N f = oo almost surely. O
{> Observation 14.5 (Sketch for proving the Proposition). Basically we implement the bound:

l—eT™<ry<y r<l1
y A1 bounds the whole graph since 1 is asymptote

Definition 14.6 (Independent random measures). Two random measures N, M are such that N L M when
N(A) L M(A)VAe &

¢ Observation 14.7 (Finiteness of measures recap). Recall that:

e v finite: v(E) < 00
e v o-finite if there exists a partition of the sample space which covers it and each elements has finite measure
o v X-finite: I(vy,) such that v, (E) < ooVn and v =3 vy

Do we have a p.r.m. N given a mean measure v? Theorem 14.8 shows this for X-finite measures.

Theorem 14.8 (Poisson random measure existance). Let v be X-finite on (E, ). Then:
QH,P) & N(w,)on(E,E): N ~ Pois(v) VYweQ

Proof. (/\ v finite) let ¢ = v(F) < oo and set \(dz) = ”(‘cix). A is a probability measure. Let m ~ Po(c) and

construct the probability space:

(,3P) = (N, 2%, 7) x (B, &)Y

Where an event takes form
GeNxEN &= (wo,wr,wa,...)

By Ionescu-Tulcea (Thm. 10.57), such space exists. Let K(w) = wp and X;(w) = w;Vi € N*. It holds:

KL1X LX,L - K~%Polc), X;%
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Then, the Random measure:
K(w)

N(w,) s Niw,4) = 3 1a(Xi(w)

Is a p.r.m. by analogy given Example 13.14.
(O X-finite v) For (v,) all finite such that ) 1, = v we construct the same probability space and p.r.m. as A:

(Qnaj{TMPH) NTL
And then set their product space:

(3, P) = R, Hn, Pr) Voo €Q 0 = (W,Wh,...), W € Q¥

n

Define now the objects: N B
No(w, A) = N(@p, A), N(w,A) =) Ny(w,A)

The tensor product ensures that N, L J\N/'me, n, and all are defined on (2, H,P). Then, for f: Q — E, f € &,
it holds that for a finite collection:
vi(l—e 7 )}
1

E [exp{—éﬁif}] = Zf[lexp{—ui(l —e N} = exp{—

So that for a countable collection:

i _ N, - L _ (1 — =
nl;rr;oElexp{ ZlN,f}] nl;n;oexp{ 11/1(1 e )}

n

K2

:exp{—l/(l—e_f)} Zl/n:V

Which means that N is a p.r.m. with mean v by Theorem 13.19 since it also holds:

£ o

lim E

n—oo

=E exp{—ZNif}l
— Efexp{~Nf}

14.2 Simulation

{ Observation 14.9 (Monte Carlo simulation of Poisson random measure). We construct N, (dz) for w € Q of
a p.r.m. N(dzx) (Def. 13.13).

The aim is to do so from a set of uniform variables over (0,1).

Let E =R, xRy and v = cLeb?, so that v(dz,dy) = cdxdy. For simplicity set c = 1. Observe that v is o-finite.

e pick the a-sized square Eo = [0,a] x [0,a] and generate K ~ Po(a?) using ug (classic simulation of an r.v.)
e assign to its realization k the entry wy.
o form (wi,...wao) as pairs (auy,aus),. .., (augk—1,ausk) atoms with unit weight
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Poissonoan(c=1 a=3n=4)

15

X2

Figure 14.1: Poisson Random Measure on Ry x R

e repeat for different squares to get a p.r.m. realization in finite time
See Figure 14.1 for a plot.

Theorem 14.10 (Random counting measure and diffusivity of Poisson random measure). Let N be a p.r.m.
on (E, &) according to Definition 13.13, with X-finite mean measure v. Then:

N random counting measure (Def. 13.8) <= v diffuse (Def. A.32)

Proof. (= )(A setting) fix x € E, let ¢ = v({z}), we want to show that ¢ = 0.
(O nullity of singletons) for ¢ = v({z}) it holds that the set {N({z}) > 2} has measure zero (is negligible)
since otherwise IV would not be a counting measure. Then, by N being a p.r.m.:

N({z}) ~ Po(v({z})) = Po(c)
where the probability of the negligible set is:
P{N({z}) > 2}] = 1 - P{N({2}) < 2} = 1 = PN ({z}) = 0}] —P{N({z}) = 1}] = 1 —e~* —ce™* = 0

which holds if and only if ¢ = 0.

(<=) let v be diffuse and X-finite.

(O construct N) by Corollary 13.21 the mean measure v completely characterizes the p.r.m. N. We aim to
build N as in Theorem 14.8. This leads us to the decomposition of N into:

N=> N, No= Y lix,

i<K,

for X = {X,,; : n > 1,4 > 1} an independency. Every element of X is from a diffuse distribution by v being
diffuse. Then, the sets:
{Xn,i=Xnm,} forsomen,i,m,j

are negligible and so is their union by being countable:

%=U UUUuwi=Xn;}

meNneNeN jEN
clearly, N is a random counting measure, since Vw non negligible (i.e. out of ) N, is a counting measure [J

Corollary 14.11 (Extension to special case). Let N ~ Pois(v) on E =Ry xRy and &€ = B(E).
Let v = Leb x X\, with

e \({0}) =0
o \((e,00)) <00 Ve>0
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We can interpret N(t,z) for a time of arrival t of an object of size z. Then:

1. for a.e. w € Q N, is a counting measure that:

2. (no simultaneity) has not atom at t = 0, no atom of size z =0, i.e. no simultaneity of X;, X; : t; =t;

3. (finite big activity) ¥Vt < oo, € > 0 there are finitely many atoms before t with size z > €

4. (infinite small activity) claim #3 holds for e = 0 if X is finite. Otherwise there are oo many atoms of size
z<e Ve>0

Proof. (Claim #1) Theorem 14.10.
(Claim #2) the p.r.m. N is such that:

e by Leb({0}) 2 0 there is almost surely no mass on {0} x R
e by A({0}) 2 0 there is no mass on R, x {0}

Let Q9 = ({0} xRy) U (R4 x {0}), the set we just described. Fix ¢ > 0. The random variable M(A) =
N(A x (e,00)) on Ry for arbitrary A € B(R) is:

e a p.r.m. with mean u = A((e, 00))
e a counting random measure since Leb is diffuse and we can apply Theorem 14.10

Then:
I PQ) =1, Vw e Qe (t,2),(t',2):2>¢€2 >€

Which are the atoms of a realization N, with the peculiarity that ¢ # ' since M is a random counting measure.
Let:

Qaﬂom<ﬂ95> =QyN ﬂQ
e>0 eeQ

and Q, is the almost sure set where Claim #2 holds.
(Claim #3) v puts mass t - A((¢,00)) < oo on the set [0,] x (€,00). Clearly, there exists an almost sure set €y .
such that N has finite atoms there. Let:

=) Qe

teEN ecQ

the set is almost sure and Claim #3 is true for every w in it.
(Claim #4) for A(Ry) < oo so that the A measure is finite, construct the set:

Q=) Qo
teN

for A not finite, the mean measure of N is such that:
v((t,t+9) x (0,¢]) =0A((0,€]) = 00

By the hypothesis that A((e,00)) < oo, there is an almost sure event € 5. with finitely many atoms in (¢,¢ +
§) x (0, €.
We then let:

Q=11 2es

teNeeQ6eQ

which is an almost sure event where Claim #4 holds.
All the statements hold almost surely in the set:

0, NN Q,
O

Definition 14.12 (Image of N under h, N o h=1). This is equivalent to Definition B.1.
Let N be a p.r.m. on (E,€), and h: E — F a measurable map (satifies Eqn. 3.1). The image of N under h is
a random measure on (Q, H,P), (F,F) (Def. 13.1) defined as:

Noh™ : (Noh™)(B)=No(h'(B)) VBeJ
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the last expression is:
N B) = [ Vs @) Nido)
E

= / N (dz)
z:h(x)€EB

_ /E 15 (h(x)) N(dz)
:N(]lBOh)

Where we infer that instead for a borel map f : F — R:

(Noh™)(f) =N~ (f)) = N(foh)
which by Nf =5 f(X;) for (X;) atoms of N suggests that:

K K

(Noh ™ )(f) = N(foh)=>_ f(h(X:))=_ f(¥i)

i=1 i=1
For (Y;) the atoms of N oh™!.

Proposition 14.13 (Image measure is a Poisson random measure). N oh~! on (Q, 3, P), (F,J) satisfies the
requirements of Definition 18.18 and has mean = v oh™ L.

N ~ Pois(v), h:E—F = Noh '~ Pois(voh™")

Proof. For all B € F it holds that (N o h™1)(B) ~ Po(v o h=1(B)). If we take {B;}_, C JF disjoint, it is also the
case that {(N o h=1)(B;)}™, is an independent set. O

{> Observation 14.14 (Mean measure and integrals recap). we quickly refresh already introduced notation:

o (Noh™h)(f)=N(foh)
o u(f)=@oh™)(f) =v(foh)= [y f(h(z))v(dx)
{ Observation 14.15 (What we want & need). We aim to simulate N ~ Pois(v) for any mean measure v. By

Observation 14.9 we can only do so for v = cLeb.
Fventually, we will implement a N o h™! image construction to relate to the simulation we can perform.

14.3 Arrival Process

Definition 14.16 (Arrival process formalism). Let N(dz) be a p.r.m. on E = Ry with diffuse mean v(dz),
such that c(t) = v((0,t]) < oo Vt.
By Theorem 14.10 we know that v is diffuse <= N is a random counting measure.
With this premise we can interpret (Ty)i>1 as distinct ordered arrival times. We want to simulate this random
measure.

Proposition 14.17 (Arrival process simulation by inverse image). For N as in Definition 14.16 let h : Ry —
R, be such that in the arrival process formalism:

h(u) =t < c(t)=u

Namely, the inverse of the cdf. Then for N a p.r.m. with mean measure Leb:

1. v=Leboh™!
2. (u;)i>1 are the atoms and (h(u;));>1 are the atoms of N
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Proof. (Claim #1) consider N ~ Pois(Leb), h as hypothesized. By Proposition 14.13, Noh lisa p.r.m. as
well with mean:

(Lebo h™')(A) = Leb(h™'(A)) = /_h( - dx wlog let A = [a, b]
:/C(b)da: a<h(z)<b <= cla) <z <c(b)
c(a)
= ¢(b) — c(a)
=v((0,8]) — v((0,a)) Def. 14.16
= v([a, b])
=v(A) VA = [a,b]

It is evident that N = N o A= is the p.r.m. we want to simulate as it has the same mean over any Borel set.
Indeed, by the classic result of Proposition A.29 we have v = Lebo h™'.

(Claim #2) let (U;)i>1 = (ui)i>1 be the atoms of N, according to Definition B.1 the atoms of N = N o h~!
with N(B) = N(h~1(B)),Nf = N(f o h) are (h(u;))i>1 and we can simulate Nf =" .., f(h(u;)). Notice that
the Poisson random measure N has the desired mean v. B O

Definition 14.18 (Trace of random measure, also restriction). For D C E and a random measure M on E
we call restriction the measure Mp characterized as:

Mp(B) = M(BND) VBe&
Which has mean pp(B) = u(BND)VB € €

Definition 14.19 (Intensity or expected arrival time 7). In the context of Definition 14.16 further let v be
o-finite and such that v < Leb. By Radon Nikodym Theorem (Thm. 5.7) we have that:

JIr Leb-measurable, V(A):/r(t)dt
A

We call r(t) = F2-(t) the Radon-Nykodym derivative also with the term intensity.

Recall the discussion we did in Chapter 5. It is not granted that the measure v will be o-finite once it is absolutely
continuous to the Lebesgue measure. The observation we did when introducing the Radon-Nykodim theorem made
it precise that this requirement was lifted for probability measures, but v in principle could be just a measure.
This comment can be ignored in most of the cases.
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Proposition 14.20 (Arrival process simulation by intensity). Using the interpretation of Definition 14.19 for
an intensity r we also let:

o h(t,z)=t

e D={(t,z): 2<r(t)} CRy xRy

e Mp be the trace of the p.r.m. M on Ry x Ry with mean Leb, so that it is a p.r.m. with mean pp < Leb.
The mean measure up is also o-finite since it is just a restriction of Leb inside the set D

Then:

1. N=Mpoh~tisapr.m. with mean v = pup o h~'. N here is the counting measure on R, whose atoms
are arrival times T; with size Z; < r(T;), according to the restriction D.
2. can simulate (T}, Z;)i>1 from M and set Nf =3, 5 1) [(T)

Proof. (Claim #1) let D, h as hypothesized. The p.r.m. Mp o h~! = N has mean v = up o h™! since for

D;={(s,2)€D:s<t,z<r(s)} ={(s5,2) €D:0< h(s,2z) <t} =h"1((0,t])) N D

we have:

(1 0 h=1)((0,2)) = i (h=1((0,2)))) = Leb(D N A~1((0,1]))) Def. 14,18
= Leb(D;) above argument
¢
= / r(s)ds D, construction
0
= v((0,1]) intensity notion

(Claim #2) it trivially follows that we can simulate N by:

1. simulating from M atoms (T}, Z;)
2. setting Nf =32, 7. <y [(13)

Where N f is the projection via h of the restriction Mp. O
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Chapter Summary

Objects:
e proper random variables of random measures are almost surely finite random variables
e independent random measures are such that all the random variables are mutually independent
e the image measure N o h~! for N a random measure on (E, &) and h : E — F a measurable map is

defined as:
(Noh(B)=No(h™'(B))=N(lpoh) VBeJ, (Noh')(f)=N(foh)

and it is a random measure on (F,F)
e the arrival process formalism for a p.r.m. on £ = R with mean v diffuse such that the cumulative
c(t) = v((0,t]) < ooVt is a random counting measure that can be simulated
o trace of a random measure for D C E we set Mp(B) = M(BN D)
e intensity of random measure, the Radon Nikodym derivative of the mean measure
Results:
e Poisson Random Measures
— v(f A1) < oo is sufficient for N f to be proper
— a Y-finite mean measure is sufficient for the existance of a p.r.m. N ~ Pois(v) on a probability
space
— N is a random counting measure if and only if the mean measure is diffuse
— infinite activity: for N ~ Pois(Leb x A) with A({0}) = 0, A((e, 00)) < ooVe we established N,
is a random counting measure by Leb making it diffuse such that:
* no simultaneity in time, no events at null times or space
x finitely many atoms before ¢ with size z > € for arbitrary e
x for A finite the finite activity extends to € = 0 otherwise co-many atoms of size at most ¢
in an interval [0, t]
e Simulation
— Monte Carlo for Lebesgue p.r.m.
% aim: construct N, (dz) for w € Q of a p.r.m. N(dz) from a set of uniform variables over
(0,1) where N is simple
* setting: £ =R, x R, and v = cLeb?, so that v(dx,dy) = cdxdy. For simplicity set ¢ = 1.
Observe that v is o-finite.
* pick the a-sized square Ey = [0,a] x [0,a] and generate K ~ Po(a?) using ug (classic
simulation of an r.v.)
* assign to its realization k the entry wy.
* form (w1,...wak) as pairs (aup,aus), ..., (ausg—_1, ausg) atoms with unit weight
x repeat for different squares to get a p.r.m. realization in finite time
— Arrival process by inverse image:
% aim: simulate arbitrary mean measure p.r.m. N, where N is an arrival process
* setting: h: Ry — Ry with h(u) =t <= ¢(t) =u
x consider N a p.r.m. with mean measure Leb
* v=Leboh™!
* (u;);>1 are the atoms and (h(u;));>1 are the atoms of N
— Arrival process by intensity
* aim: simulate arbitrary mean measure p.r.m. using intensity notion
* setting: measurable map h(t, z) = ¢ and:
- D={(t,2):2<r(t)} CRy xR4
- Mp the trace of the p.r.m. M on Ry x R, with mean Leb, so that it is a p.r.m. with
o-finite mean up < Leb
* N =Mpoh !isaprm. with mean v = up o h~!. N here is the counting measure on
R whose atoms are arrival times T; with size Z; < r(T}), according to the restriction D.
+ can simulate (7}, Z;);>1 from M and set Nf =3°, /.1, f(Ti)
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Chapter 15

Transformations & Increasing Lévy
Processes

Assumption 15.1 (Setting for transformations). We consider measurable spaces (E, &), (F,F), and collections
{X; iel},{Y; : i eI}

N is a p.r.m. on (E,&) with mean v (Def. 13.13) = Nf =3, foX; fe€&,.

For a measurable map h : E — F, satisfying Equation 3.1, we set Y; = ho X; and derive the new p.r.m. Noh™!
using Proposition 14.13.

Y; is ultimately the random transform associated to the kernel (Def. B.13):

Y,e Bwp. Q(,B) if X;=2 < PYeB|X=2]=Q(z,B) VBeJF
Where Q : ExF — FE

Theorem 15.2 (Transformation independence poissonity). For a measure v on (E, &), and a kernel Q from
(E, &) to (F,F) such that:

e X is a p.r.m. with mean v
o ViIX QX )
It holds:

1. Y is a prm n (F,F) with mean 7(Q) : n(Q(B)) = [pv(dx)Q(x,B) VB € F or in other terms
= [ Qz dy (dx)
2. (X Y) is a p.r.m. on (Ex F,&®F) with mean p=v x Q so that:

p(de, dy) = v(dx)Q(z, dy)

Proof. (A setting) let N be the r.m. defined by X on (E, &) and M be the r.m. defined by (X,Y") on the
product space. Since Y defines a random measure as the image of M under the projection map h(z,y) = y it
holds that #2 = #1.

(O focus on #2) note that f € (£ ® F); implies by independence across I that:

e M =[[e o (xi,17)

i€l
Choosing;:
_g("‘)—/Qxdy ey — e MIX = H/Qxdy o (X;,y) = HegoX—e Ng
el el
Which means that in expectation:
Ele /] =E [~ "]
=exp{-v(l—e9)} Thm. 13.19 for N ~ Pois(v)

167
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(O finalization) noticing that Q(x, F') = 1 we will have that:

(1 —e9) = /E v(dz) /F Qa, dy)(1 — 1@

=(xQ)(l—e)
<~ M ~ Pois(v x Q) Thm. 13.19

And the claim is proved. O

Corollary 15.3 (Special case Kernel is probability measure). For X ~ Pois(v) on (E,€) and Y L X such that
Y ~mon (F,5):

= (X,Y) ~Pois(up) on (EXF,ERTF) pu=vxn:pu(dedy) =v(de)r(dy)

Proof. Same as Theorem above. O

Example 15.4 (Poisson compound process, customers in a store). Consider a sequence of arrival times (T;);>1
from a p.r.m. N ~ Pois(cLeb). We can visualize a sequence of customers spending random money Y 1L T where
Y ~ m has mean a and variance b?.

Applying Corollary 15.8 we can safely say (T,Y) is a p.r.m. such that:

(T,Y) ~ Pois(cLeb x m) on Ry xR,

Where for a fived time t > 0 we have that the amount of money spent is:

o0

Zi=>YYi=> Yilpg(T) =Y f(T;,Yi) flz,y) = ylpy ()
=1

T, <t i=1

= / N(dz, dy)y
[O,t] XR+

where N = (T,Y) is a Poisson Random measure.
We can use the previous results for p.r.m.s from Chapter 18 and 14. The new mean is p = cLeb X m with
w(dz, dy) = cdzen(dy) and:
E[Z] =E[Nf] = uf Prop. 13.18#1
— [ gty
R+XR+
:/ yLjo,q (2) cdam(dy)
R+><]R+

ct/ ym(dy)
Ry
= cta by a = E[Y]

Similarly the variance is:
ViZy] = V[Nf] = puf? Prop. 13.18#2

- / (yLpo.q (2))?cden(dy)
Ry xRy

= ct(a® + b%) by a® +b* =E[Y]? + V[Y] = E[Y?]
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Concluding with the Laplace transform:

Pz (r) = Py(rf) =Ele™™]
=exp{—pn(l—e"F)} Thm. 13.19

= exp —/ 1 — e "Whon @) edpr (dy)
R+ XR+

= exp {—ct /ﬂh 1- e”’ﬂ(dy)}

Notice that we used the random variable version with r instead of the functional version since Z; is a random
variable and not the underlying random measure.

Definition 15.5 (Compound Poisson process (S¢)i>0). We give a precise definition of the object presented in
the above example.

For arrival times Ty < Ta < ... atoms of a p.r.m. on Ry with mean cdx = v(dx) we consider a sequence of
random variables Y; id 7w on R whereY 1L T.
The compound Poisson process that arises is the continuous time process of the random sum:

(St)tZO D Sp = Z Y, = Z ]]-[O,t] (1) Y;

0T <t
= / y]l[O,t] (J,‘) N(dl‘, dy)
Ry xR

Where by Theorem 15.2 N is a p.r.m. and the expression makes sense.

Definition 15.6 (Borel version of compound Poisson process). (St)te]R+ can be seen as a cumulative version
of a r.m. (Def. 13.1) on Ry:

Sy = L((0,¢]) L(dx)r.m. : L(A) :/A RyN(d:):7dy)

Indeed the Laplace transform of Sy would be:

E |:e—rL((0,t]):| —E[e75] = exp {—ct /nh(l — e_”’)w(dy)}

= exp / (1 — e ™)dzer(dy)
(O,t]XR+

Which we write for general A below the Observation that follows.

{ Observation 15.7 (Setting and aims). we reorder ideas for the next results:

e y in notation is changed to z

e \(dz) is not necessarily finite

o we will try to express the Laplace functional of random measures in terms of the underlying p.r.m. using:
— the result of Theorem 15.2 which allows us to do so
— the intensity notion (Def. 14.19)
— Theorem 13.19 for a closed form formula

We eventually inspect:

mean N(dz,dz)

D ‘L(A zy '
Priay(r) =E[e™" W] = exp / (1—e™) dz A(dz)
AXRy ~——
=en(dy)
Definition 15.8 (Additive random measure). A random measure (Def 15.1) M is said to be additive when

for disjoint sets {A;}_, C & the set of random variables {M (A4;)}?_, is an independency according to Definition
6.9.
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¢ Observation 15.9 (Additive random measure vs Independent random measure). A potentially confusing fact
is that additive random measures are independent within themselves, while two random measures are independent
to each other. Both rely on a choice of countable disjoint sets in €. In the former, we compare random variables
arising from the same measure on different sets. In the latter, we compare random variables arising from two
different measures on the same sets.

Proposition 15.10 (Compound Poisson process has underlying additive measure). L as in Definition 15.5
is an additive random measure.

Proof. Consider a disjoint set Ap,... A, in B(R;). Then {4; x R}, are disjoint in B(R; x R) and we can say
that the Laplace functional transform of the underlying measure takes form:

E [e*TL(A)} = exp —/ v(dz,dz)(1 —e %)
AXRN>—~—"
dxem(dz)

By the Definition of p.r.m. (Def. 13.13), the restrictions on A; X R, are independent random measures, so the
above expression becomes:

mean N(dz,dz)

D —Trz
Priay(r) = exp Z/A ) (1—e") dzx &@
i XIRp
—en(dy)

mean N(dz,dz)

ey [ - T @)

i=1 A o)
=11 Prian(r)
=1

= {L(A;))}, independency

Where we used Theorem 6.12, since the random variables are identified by disjont Laplace transforms as a
product, then they are independent. O

Lemma 15.11 (Automatic additive random measure). For a countable set D C E and an independency of
positive random variables {W, : W, > 0x € D} the random measure:

K(w,A)=> We(w)la(r) weQAcE
zeD

1s additive.

Proof. K(w, A) is additive clearly by the 14 (z) construction. O

Theorem 15.12 (A form of additive random measure decomposition). Consider a measure o on (E,€&), a
random measure K as in Lemma 15.11, purely atomic with fized atoms, and a random measure L as in Proposition
15.10, namely:

L(A):/A . yN(dz,dy) N ~ Pois(v)

Then:

1. any additive r.m. (Def. 15.8) can be decomposed in a sum M = a+ K + L
2. if M is a X-bounded kernel (Def. B.23) the same decomposition holds and if additionally « is diffuse, and
the mean measure of K v(- x Ry) is diffuse the decomposition is unique

Proof. Clear by Proposition 15.10, Lemma 15.11 and « being a measure. O
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{> Observation 15.13 (Comments on Theorem). Atoms are at fixed points with random weights. Ignoring the
countable fized randomness arising from K(dz) from now onwards we concentrate on:

Sy = M((0,t]) = a((0,t]) +/ zN(dz,dz)
[0,¢] xR
In the Ry x w(dy) case of Definition 15.6.
Definition 15.14 (Increasing Lévy process). A process S = (St)t€R+ is increasing Lévy when it is such that:
1. independence of increments:

Stl_St07'-'7St.,L_St L Vm>20<tp<t1 <...<ty

n—1

2. stationarity of increments
St+u — Su i St Vu,t S R+

3. increasing, right continuous and starting at So = 0

Assumption 15.15 (Structure of compound Poisson process revisited). We know by Proposition 15.10 that the
underlying random measure of a compound Poisson process is additive. We now impose that:

o Si(w) = M(w,[0,¢t]) for M an additive r.m., so that S; is increasing and right continuous
e Sy < oo a.s.Vt which will ensure independence by the additivity of M
e a(dr) =bdr be R, to ensure linearity, which will guarantee stationarity of increments

Definition 15.16 (Candidate Poisson additive random measure). We present here the r.m. we will feed to
the following results, carefully constructed according to Assumption 15.15 and Observation 15.13:

Sy = bt +/ zN(dx,dz) = M(w,[0,t]) bt € Ry, M additive
[0,¢] xRy

for N a Poisson random measure with mean v(dz,dz) = Leb x \(dz).

Proposition 15.17 (Candidate compound Poisson with weak integrability is increasing Lévy). Let b € Ry,
N a p.r.m. on Ry x Ry with mean v = Leb x A. If the integrability condition:

/ Adz)(z A1) =AzA1) < o0
Ry

is satisfied then:

1. (Lévyness) (St)teRJr as in Definition 15.16 is an increasing Lévy process in the sense of Definition 15.1}
2. (characterization) the Laplace transform is:

E[e™"%] = exp {—t

br + A(dz)(1 — e‘”)] } reRy
Ry

Proof. (Claim #1) Consider L on E = R as in Proposition 15.10. Then M = « + L is additive for o« = Leb.
(A basics) S = (St)te]R+ is increasing, right continuous and starting at Sy = 0 clearly.
(O finiteness and independence of increments) Moreover:

Sy = bt + Zzi]l[o,t] (T;) = bt + Z Zi=bt+Nf f(x,2) =21y ()

i>1 T >t
By hypothesis:
v(f A1) :/ vz, d)(FAl) =t [ AMd2)(zA1) < oo
R+ XR+

Ry
So that by finiteness of p.r.m. (Prop. 14.4) we have Nf < o0 a.s. = S; < o0 a.s..
Independence of increments follows by N being a p.r.m. as in Proposition 15.10.
(Claim #2) the Laplace transform, given A, 0 and Theorem 13.19 takes form:

E [efrsf] = exp {—t(br) — t/R A(dz)(1 - em)}



172 CHAPTER 15. TRANSFORMATIONS & INCREASING LEVY PROCESSES

(Claim #1)(O stationarity Def. 15.144#+2) using the just derived Laplace transform:
E [e‘r(s“ﬂ‘s“)} =E [e"”(a((“’““])_Nf)] f(@,2) = 21y urg (2)
_ efra((u7u+t])E [eerf}

=exp{-—r(b)(u+t—u)}exp {/(

w,utt] X R4

= exp {rbt - t/ 1- 6”/\(dz)}
Ry
= exp {—t (rb + / (1- 6m)/\(dz)> }
Ry

=E [e_TS‘] Claim #2

(1-— e”))\(dz)}

So that (St)t6R+ is an increasing Lévy process. O

{ Observation 15.18 (Usefulness of the result). By proving that Poisson compound processes are increasing
Lévy processes we are certain that the latter exists. The question now becomes if this form is the only one, and
so any Lévy process is Poisson compound, or there are other forms.

Definition 15.19 (Lévy process terminology). We say that:

e bc Ry is the drift
e )\ is the Lévy measure

Where the two of them uniquely identify S via the Laplace transform of Proposition 15.17#2.

Lemma 15.20 (Finite measures Lévyness). It is rather easy to check for E C Ry that:

AAE) <oo = AMzAl)<oo can apply Prop. 15.17

Proof. Trivial. O

15.1 Stable and Gamma Processes

{ Observation 15.21 (Interesting cases for further results). Until the end of the Chapter, set b = 0 and consider
measures A not finite. We will establish a connection with the claims of Corollary 14.11#2,#3 through examples
and generalized results. The Poisson compound process we consider has form.:

Sy = / f(x,2)N(dx,dz) N ~ Pois(Leb x \), f(x,2) = Ljg4 (v) 2
R+ XR+
Namely, the ¢ constant in the Lebesgue measure is ignored. It is a simplified version of the candidate of Definition
15.16.

Example 15.22 (Gamma process). Consider the (soon to be) Lévy measure:

—Cz

A z€R,,a€(0,1),¢>0

Adz) =
(dz)=a p;
We call the arising compound Poisson process (Def. 15.5) S = (St)t€R+ a Gamma process, and aim to show that
it is also an increasing Lévy process (Def. 15.14) with the construction just explained, according to the setting of
Observation 15.21.

(A integrability) we want to show that [ A(dz)(z A1) < co. This holds since:

o [TAdz)(zA1) = [T A(dz) = [© ae;cz dz — 0 as z — oo sufficiently fast (we take this for granted)

—cz

. fol Adz)(z A1) = fol ANdz)z = fol at——zdz = fol ae”*dz < 00
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Given that the condition of Proposition 15.17 is satisfied, we conclude that S is an increasing Lévy process.
(O why Gamma?) wts (St),cp, is such that S L X, ~ Gamma(at,c) Vi
We do this by using the Laplace functional. We recall that a Gamma distribution is such that:

Py, (1) = (ric>at (15.1)

For the Gamma process at a fivred t € Ry :

E[e—"'St] = exp {—t /00(1 — e—rz))\(dz)} Prop. 15.17#2
0

= exp {—t/ (1- e*”)ae dz}
0 z
© ,—cz __ ,—(ct+r)z
= exp {—at/ eedz}
0 z

(O blue integral) We focus on the highlighted part for a moment and observe that the inside can be seen as the
integral in dt:
dz

00 p—cz _ e—(c+r)z 00—tz
—dz =
0 z 0 Z t=c

oo petr g otz
= / / —2C  tdz
0 c dt z

c+r

o7} c+r
:/ / e dtdz deriving
0 c
c+r [e%}
:/ / e 2 dzdt Fubini Thm. B.30
c 0
/C+T' —_e~tz |
B c 3 z=0

(¢ back to Laplace) we plut the result of O into O and conclude that:

E[e~"5] = exp {—atlog (Ctr>}
— exp {log (CT)M}
(=)

Which is equal to the Laplace transfom of X; ~ Gammal(at,c). By Theorem 6.12 this means that the two variables
are equivalent. This holds Vt € R...

Example 15.23 (Stable process of index «). Consider the (soon to be) Lévy measure:

1

acz™ 7%z ze€R,,a€(0,1),c>0

We will see that the arising process S = (S,:)te]R+ with the form of Observation 15.21 is an increasing Lévy process
(Def. 15.14) and has some nice properties.
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(A integrability) we aim to show that the integrability condition for being increasing Lévy holds. For this
purpose, notice that:

I(x) = /OOO t*“te7tdt T(n)=(n—1)!VneN

So that:

oo

. floo AMdz)(z A1) = floo Mdz) = ﬁac floo 2170y = 7”11_(1) ac% —z7°
e byac(0,1)

_ 1 1
= Ti—a)Ca <

z=1

/01 Adz)(z A1) = ml_a)“c/ol s = r(11_a)‘w/01 o
1 1

= —/————~ac

'Nl—a) 1-a

1 ac
= — <

.o T(l-a)l-a

l1—a

Making their sum finite. By fooo AMdz)(z A1) < oo we can apply Proposition 15.17#1 and conclude that S is an
increasing Lévy process.

{ Observation 15.24 (About the stable process). Notice that even though Sy < oo a.s. the process has no
expectation. Infact:

E[S] =E l/ z N(dz, dz)] Obs. 15.21,b=0
(0,¢] xR4
=E[N/f] f(@,2) =1 (z) 2
=vf Def. 13.6

— [ vtan)

= /]]-[O,t] (x) zdz(dz)

/Ot /Uoo 2A\(d2)da
= t/ooo 2A(dz)

> 1
=t 22— acz 7%z
/o I'(l—a)

fea / ~ : integral
=— 27 %z improper integra
T(1—a) J, proper wnteg

Where the improper integral diverges at 0o, and Sy has no expectation. For the sake of completeness, we report
the calculation here below. An improper integral of this form can be calculated considering the discontinuity at
zero and the divergent limit on the other side:

o] 1 00 1 c

/ 2 %z :/ z %z +/ 27 %z = lim 27 %z + lim 27 %z

0 0 1 b=0Jp o0y
while the indefinite integral is easily found as fla,z*““ + K, K € R. Ignoring the constant which is positive
since a € (0,1) by construction and 1 —a > 0, we get:

1

lim z~o*! =1-limb*=1<00
b—0 _ b—0
z=b
But
C
lim 2!~ =limc % —-1=0
Cc— 00 Z:1 Cc— 00

and the sum diverges. All the constants are positive and the claim is proved.
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Proposition 15.25 (Link integrability & infinite activity). Consider a measure on Ry which is not finite.

We link Proposition 15.17#1 and Corollary 14.11#2,#8 by:

/Oo(z/\ DA(dz) <o = A((e,00)) < o0 Ve>0

e—0

but still  A((e,00)) = o0

Proof. (A € > 1) it holds:
(e, 00)) < A(1,00)) = / Mdz) < / (2 AD)A(d2) < o0
1 0
(O € <1) a little more elaborate since:

(e, 00)) = / A(dz) + /1 T \dz) = (I + )

Where I, < co by A.
(O I < o0) we have:

1 1
/)\(dz)g/f)\(dz) e<z<l = 2>1
. . € €
1 1
gf/ 2 (dz) z=2zA1 Vzel0,1]
€Jo
< 00 by A

(M ¢ — 0) as € — 0 all the results hold but asymptotically as claimed. Since the measure is on R, and it is not

finite, we necessarily have A((e, 00)) 2 0

O

¢ Observation 15.26 (A side result). Let A be not finite. Since a compound Poisson process is increasing Lévy

if it satisfies the integrability condition, it will also be the case that it has infinite activity.

Example 15.27 (The stability of the stable process from Example 15.23). S = (S¢),cg, from Ezample 15.23

18 stable in the sense that:
d 1 . d 1
Syt = ua Sy VU,tGR_i_ i.e. Sp=taS Vt€R+

(A Laplace approach) use the Laplace transform from Proposition 15.17#2.

E [e 5] = exp {t/oooa — e”)A(dz)}

_ _ > _ Tz ac —1—a
—exp{ tA (1—e )71_‘(1_60,2 dz}

= exp {—ter®} proved below in O
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Where the last equality is [; (1 — e "*)az"'~dz = r*T(1 — a).
(O missing equality) by direct computation:

00 00 —1—a
/ (1—e")az 7%z = / (1—-eHa (:) d t=rz dt=rdz
0 0

r

= r“/ (1—e Hat='7dt
0

o0
— _ra/ (1— e—t) (_at—l—a) dt integrate by parts
0 N——— —— —
g ’
oo oo
=—r*(1—e "t " —/ e ttTdt A A
0 0
—
=0
o0
R <_/ ettlaldt> Gamma integral at 1 — a
0

=7rT(1 —a)
(® back to Laplace) by A\ the general form at time ut is:

E [e_rs“*] = exp {—uter®}
= exp {—ct (u%r> }
1
—F |:e—ua rS{l

R {e—rwist)}

— Sut g U%St Vu,t

Example 15.28 (Wiener process is stable). We showed that a Wiener process W = (Wt)teR+ (Def. 11.55)
is such that:
W, = VEWy, W, ~ N(0,t), W1 ~ N(0,1)
which is the result of Proposition 11.56#38 for s = 0.
This is equivalent to saying that the process is stable as that of Fxample 15.23.
Definition 15.29 (Inverse Gaussian distribution). We consider a stable process (St),cg, as in Ezvample 15.23
with a = %, c=+/2. The Lévy measure becomes:
1
V223
The density associated to such measure is available in closed form:
t t2
fz)= e 2= zeRy
2

Vorz3
a

We know that this is the density function of an inverse gaussian distribution, so we can safely say that Sy 4 7z
for Z ~ N(0,1) and write Sy ~ IN(a).

dz

Adz) =

{> Observation 15.30 (Simulating infinite activity measures). We know that:

Sy = / zN(dz,dz) mean dxA(dz)
[0,t] xR
= Z Ziljoq (T7) jJumps of size Z;
i=1

e—0

However, both a Gamma process (Ex. 15.22) and a stable process (Ex. 15.23) have co activity since A\((e,00)) —
00. We cannot apply Proposition 14.17 directly since the premises of Def. 14.16 are not respected. We need some
form of truncation. For this purpose, we will reconsider:
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o N(dz,du) on Ry x Ry with mean dzdu
o N(dz,dz) simulated via transform using Proposition 14.20 assuming that it has an intensity notion (Def.
14.19)

we will do so for the stable process of Example 15.23.

Definition 15.31 (Generalized inverse j). To implement the truncation, we make use of:

Jjw)=inf{e>0 : A((e,0)) < u}
Where the inf accounts for possible discontinuities. Notice that j is decreasing since X is decreasing in €.

Proposition 15.32 (Generalized inverse properties). We have that:

AMA) = (Lebo j7')(A) = Leb(laoj) VA€E
A(f) = Leb(f o j)
3- Sy = Zz 1J(U) [0,t] (T3) = Zi:Tigtj(Ui) Jor ((Uz‘,Ti))izl ~ N(dz,du)

Proof. (Claim #1) wlog for A = (a,b] observe that:

A(4) = Al(a, b]) = A((a,00)) = A([b, 00))
= Leb ({u : u € (A([b, 00)), A((a, 00))]})
=Leb({u:j(u) € A})
= Leb (j~(4))
= Leb(14 0 j) JTHA)=T140j

AP = [ @A) = [ £ = Leb(f o)

(Claim #3) The integrability condition becomes:

(Claim #2) more in general:

/ ((u) A )du < o
R+

and if N is a p.r.m. with mean Leb x Leb on Ry x R, with atoms (T}, U;) then (T}, 5(U;)) are the atoms of N

and we recover S; via:
= jU) g (T) = > j(Us)
i>1 T <t

{ Observation 15.33 (About the results). More comments can be made:

e j(-) decreasing = (U;);>1 arrival times are in increasing order
e S; has decreasing increments
o it will be shown in Theorem 16.2 that (U;);>1 4 (G;)i>1 where:
Gy =FE,...,G;= E, E;~ &xp(1),G; = Gammal(i,1)
k=1

o S1=3714(G:) but for t #1 it holds S; = > o0, j(1Gy)

For these reasons, we need an appropriate j generalized inverse. We will prove such results as a continuation of
Ezxamples 15.22, 15.25.

Example 15.34 (Stable process j, Ex. 15.23 ctd.). Remember that A(dz) = F(fﬁa)z_l_adz and:

A((e,00)) = —m"_ <"
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Using Definition 15.81 for j we have that the solution in € to the infimization is:

Ju) : Al(e,00)) =u = j(u) = (m_))u

Using Observation 15.33 we can safely say that by the exponential distribution of the G; ~ Exp(1l) with % S Gy~
Exp(1) it is the case that:

~ _1 o ~f1 -2
Sy = Zi:Tigt cUy)~= = Zi:l c (tGi>

o~ ()

If we take t = 1, (U;) forms a p.r.m. with unit intensity. In particular the arrival times of the allied counting
process (that is U; in increasing order) are equal in distribution to:

Gl:Ela G22E1+E27"‘7Gk:E1+"'Ek

Where (E;) are exponential #id of unit rate. Hence:

o 1
Sy =) @G "
i=1
while in general:

S, —Ze(lai) ’ %Gi eap(1)

i=1

Example 15.35 (Gamma process j approximation, Ex. 15.22 ctd). For a Lévy density as that of the gamma

process the integral:
Mooy = [ af

is not available in closed form. To simulate from it, we resort to the notion of incomplete Gamma function (Def.
15.36) and the result of Lemma 15.37. Indeed:

—Cz

dz

z

'0,2) = vo(z) = / u e tdu Ty(x) 3% %o

x
And we can express the Lévy measure as:

—Cz

Ao = [ o

[e%) e~ %
= / a—cdz let x = cz,dx = cdz
C

. xC

(o)
= / ae Tz dx
(&3

= ayo(ce)

dz

So that the following chain holds:

avyo(ce) =u < ce = 7(71 (g) = ju) = 170*1 <E)

And eventually:

> 1
Se=>j (tGZ) Obs. 15.33

And we know how to approximate the inverse of the incomplete Gamma function (Lem. 15.37).
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Definition 15.36 (Incomplete Gamma function I'(s,z)). Also known as upper incomplete gamma function:

o0
yo(x) = (s, 2) = / 1oty
xT

Where for s = 0 we see that T'(0,z) = yo(z) “=’ oco.

Lemma 15.37 (Incomplete gamma-y? link). Let X3 (qt) = upper quantile of the chi-square distribution such
that P[x3 > x3 ()] = . Then:

1. vo(u) =T(0,u) e~

1.2
2Xa,(4)
2. Accordingly:

d—0 w11
S L Nens
=1

3 at)

d 1
Proof. (Claim #1)(A a basic fact) notice that x3 = Gamma (2, 2) with density:

=
5
SN—
I
|
| =
[SlfSW
S—
7N
N =
~_
N
8
[NIsH
L
3
|
[NE]

d < /1 u a
20/ < ) u? e % du al'(a) 301
2z 2
o u
/ y te Ydy ch. var y = —
" 2
Yo

Def. 15.36

So that the expression tends to the law of the incomplete Gamma function as d — 0.
(O inverting) we invert the relation to derive a generalized inverse in the sense of Definition 15.31.

d
E’U/

d 1
E]P’[xfl > 2] =u <= P32 > 2] = uy Xj(

d—0 1
which means that El_l(u) ~ 5)(3 (4u)
U
(Claim #2) we just use the result of Example 17.12 to conclude that:
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Chapter Summary

Objects:
e we cousider the arising Poisson compound process from a Poisson random measure (7,Y) where
(T),,cn are arrival time atoms of a p.r.m. on R, with mean cdr = v(dr) and Y; e Y LT

Si= S Y= [ yleg@Yi=L(©.4) A= [ yN(ndy

&Ti<t Ry xRy

e additive random measures are random measures with independencies of random variables over dis-
joint sets
e increasing Lévy process is:
— increasing, right continuous, Sy = 0
— indepedendent increments
— stationary increments
e the candidate Poisson compound process with underlying additive random measure to be increasing
Lévy is:
Sy =10t +/ zN(dz,dz) = M(w,[0,t]), N ~ P(cdx x A(dz))
[0,t] xRy
where M is an additive random measure, and N is a Poisson random measure

e we introduce the drift and Lévy measure of a precise form of increasing Lévy processes
e the inverse Gaussian distribution has measure & denstity wrt Lebesgue:

1 . 1 1 t e
= - == = f = — = 2 = T2z
A(dz) T —a) acz dz —— dz for o 57C V2, f(2) 27r236

where the density is that of %22 ~ IN(a)
e to simulate infinite activity processes, we need the generalized inverse notion:

j(u) =inf{e > 0: \((¢,00)) < u}

Results:
o for X ~ Pois(v) on (E,&) and Y L X such that Y ~ 7 on (F, ) it holds:

(X,Y) ~ Pois(p), p=vxnm, (X,)Y):(EXFERTF) =R,

e the compound Poisson process S; has an underlying additive measure L

e any additive random measure is decomposed as M = a + K + L, where « is deterministic and K is
random with fixed positions

e the candidate compound Poisson process with mean Leb x A is Lévy increasing if the Lévy measure:

A(fm):/R (F AA(d2) < o0

e the integrability condition implies infinite activity, namely A((e,00)) < oo for all € > 0
e Simulation of infinite activity process:
— aim: for a compound Poisson process with weak integrability (i.e. an increasing Lévy process),
we have infinite activity, and cannot fall under the arrival process formalism
— setting: A with weak integrability for a p.r.m. N ~ Pois(Leb x \), ]V(d:c, du) ~ Pois(Leb x
— look for j in closed form assuming that U; = G; ~ Exp(1) to conclude
— then use the intensity simulation of before
— the generalized inverse of an infinite activity process is such that A(A) = Leb(1 4 0 j), A(f) =

Leb(f 0j), St =351 3(Us)




Chapter 16

Poisson Processes

¢ Observation 16.1 (Setting & previous results). We briefly recall some facts that will be useful in this Chapter.

o A Poisson process N = (Ni)er, ~ Pois(c) ¢ >0 (Def. 12.2) is such that:
1. N is adapted to a filtration F (Def. 11.7)
00 ,—ct k
2. Es[f(Negt — No) = >0 f(k)%
N can be seen as a counting process (Def. 11.18) by definition with map t — Ny:
1. starting at zero No =0

2. increasing, right continuous and with jumps of size 1
e the representation of a counting process for 0 <1y < ... ; limg_o Ty = 0o arrival times is:

Ny = Z Loy (Tk) teRy
k=1

e a filtration of the form (F1),cp, = o({Ns,s < t}) = o({M(A4) : A € B([0,t])}, where Ny(w) = M(w,[0,1])
makes Ty, a stopping time Yk in the sense of Definition 11.9, by the result of Example 11.27 since:

(T <t} ={N: >k} Vk

o by Theorem 12.4 we know that (N; — ct);>0 s a martingale, in the sense of Definition 11.35
o ultimately, we observe that (T))k>1 identifies a random counting measure (Def. 13.3) on Ry which we call
M (dx) and for f € &4 extended to oo with f(co) =0 we write:

Mf=>Y"f(Ty)

k=1
o such M(dx) is a p.r.m. (Def. 13.18) with mean v(dzx) = cdzx allowing us to write:
Ny = M((0,t])
Formal conclusions in this structure are made in the following Theorem.

Theorem 16.2 (Poisson process, random measure & counting process equivalence). Let ¢ > 0, TFAE:

1. M is a p.r.m. (Def. 13.13) with mean pu = cLeb

2. N is a poisson (counting) process (Defs. 12.2, 11.18) with rate ¢

3. N is a counting process (Def. 11.13) and N = (N; — ct);>0 is an F-martingale (Def. 11.35)
4. (Tk)k>1 is an increasing sequence of F-stopping times (Def. 11.9) and:

iid

T, Ty —Ty,... ~ Exp(c)

Proof. (A strategy) we show the chain of implications:

O=0«=0=0=0

181



182 CHAPTER 16. POISSON PROCESSES

(@ == @) by the Lebesgue measure being diffuse we can apply Theorem 14.10 to conclude that M is a
Poisson counting measure with mean ([0,t]) = ¢t < 0o, so that N is a counting process. The independence and
the Poisson distribution requirements of Definition 12.2 follow by the fact that M is not only diffuse but also a
Poisson random measure.

(@ — @) this is Theorem 12.4
(@ E @) assume #2, #3 holds and recall the discussion of the above observation.
(A stopping) for all k¥ > 1 it holds {T}, < t} = {N; > k} € FV¢ by the filtration we considered. Then T}, is
always a stopping time in the sense of Definition 11.9.
(O domain check) by N being a counting process, it holds lim;_,., N; = M(R;) = oo almost surely with
ordered arrival times:

0<T(w) < <Ti(w) if Te(w) <oco, lim T =00

k—o0
(O stochastic integrals approach) we want to show:

C
IET,c [eXp{—T(Tk+1 — Tk)] = m Vr e R+ (161)

the Steltjes integral of the martingale N in this case is, by Corollary C.25:

Es/ Ftht = ES Ftcdt
(5,1 (8,7

Let Ty, = S, Tx+1 = T,5 < T almost surely for fixed k£ € N. We have:

Ny =K S<t<T = dN;=0

choosing Fy = re™" with fixed r» > 0 we get:
LHS =rEg [e_rT] =cEg [e_TS — e_TT] = RHS

reordering gives us the equivalent claim we eventually want to show:

Egle™"T—%)] = . _T_ o= rEg[e™™ T = ¢ — cEgle T —9)] (16.2)

(V big computation) the result is as follows:

rEg {e‘T(T_S)} =rEs [e""]Es [ers)]

=" Eg [re*TT] conditional determinism
=" Eg / F,dN, d,0
|/ (S,T]
=e"Eg / Fyd(Ny — ct) + / Ficdt Thm. 12.1842
(S,T] (S,T]

=" Eg / Fyedt
(8,7]

= eTSES / re "t
(8,11

= cEg [c(e_rs — e_rT)]
=cEg [1 — e_T(T_S)}

=c—cEg [eiT(T*S)}
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which means that T'— S = T} 11 — T}, is independent of Fg = T}, and has exponential distribution with parameter
¢, as it was to be proved.
(#4 = #1) [Cinl1](VIL5.5). O

Theorem 16.3 (Poisson increasing Lévy characterization). For a counting process N (Def. 11.13) we conclude
that:

N increasing Lévy (Def. 15.14) < N Poisson (Def. 12.2)

Proof. ( <= ) trivial, a Poisson process is a counting process (thus, Prop. 11.14 holds), with independent
increments and stationary distribution by the definitional properties (Prop. 12.3), the two together cover the
requirements of an increasing Lévy process.
(= )(A aim) wts N = (NVy),cp, ~ Pois with mean ct V¢ and ¢ > 0.
(O first step) wts:

q(t) =P{N; =0} =e  VteR,,c>0 fized

By N begin Lévy, it holds that Ny, — N, < N, and:
P[{N,,; = 0} = P{N, = 0, Ny4t — N, = 0}] N, L Nyit — N,
= P[{N; = 0}|P[{N; = 0}]

So that q(s +t) = q(t)q(s) decouples for any s,t € Ry. Also q(0) = 1. Lastly, ¢(t) = E Lo} o Ny] is right
continuous by:

e the map ¢t — Lo} o N; being a.s. right continuous (simply, N; is a.s. right continuous)
e the bounded convergence Theorem (Cor. 4.26):

limg(t) = imE | 119y o Ny
tls tls ———
<1

=E [ltlgl Iygy 0 Nt]
=E []l{o} o Ns] right continuity of N
=q(s)
the solution this problem is unique for positive c:
c>0, 3INg:q(s+t)=q(s)qt), qt)=e

and is in the form claimed at the beginning of [.

(O corner case) for ¢ =0 N; = 0 almost surely V¢ and N is a Poisson process as well.

(& second part) we now consider M a random counting measure such that Ny = M ((0,¢]) and see that for a
partition of A = (0, t] into equal length subspaces {Ax}}_; of the form (-, -] we have that for:

Xi =1y Sn=Xi+- -+ X,

by N being Lévy it holds that {M(Ay)}7_, is an independency (Def. 17.1) and all are iid having equal size. We
denote them as M(Ay) = NVk. Then:

—ct

t
Xi ~ B(p) p=1—q<n>=1—e"

implying:

n!

WEEN PBl{S,= K] = gt (1- ef%f)k (e*%f)"_k

—ct

:ek! n(n—l)-u(n—k—i—l)(e_%—l)k
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(# third part) for almost every w M, has a finite number of atoms in A. Given é(w) the minumum distance if
n > m we will have that:
e—ct(ct)k

k!

7744)00

Sp(w) = M(w,A) = Ni(w) = S, N, = PN, =k|= lim P[S, = k] =

O

¢ Observation 16.4 (Side note on the conclusion). In Chapter 15, we introduced increasing Lévy processes and
showed that a way to obtain them was via compound Poisson processes (Prop. 15.17. This ensured existance with a
specific form, but not uniqueness. This result instead, relates all increasing Lévy processes and Compound
Poisson processes as equivalent objects under the requirement that jumps are of unitary size.

{ Observation 16.5 (Comments about the Theorem). We inspect for N ~ Pois(cdzA(dz)) on Ry x Ry and:

N = / 2N (dz, dz)
[0,t] xRy

the form of A(dz). Since Ny is a counting measure we derived that:

Ne=3 Loy (Ti) =) 1- Loy (T,
i=1 i=1
= Z Zi - 10,4 (T3)
=1

So that A\(dz) = 61(dz) has mass 1 for all Z;.

N
I
—

Proposition 16.6 (Strong Markov Property of Poisson Processes). We establish independence of future events
from the past even when the present is a stopping time.
For a Poisson process N ~ Pois(c) and a stopping time S':

o 7Ct Ct
Es[f(Nstt — Ns)lis<oc}] = Zf )]]-{S<oo}
k=0

Proof. By definition of Poisson Process (Def. 12.2) we extend to stopping times using Proposition C.27 replacing
s with S and ¢ with S + ¢ and proceed by Applying Corollary C.25. The result follows after some work. Note
that deterministically for ¢ > 0 it holds ¢t +.5 > S, even though S is random. O

Example 16.7 (Counting process, ctd). Consider the random time:
=inf{t>a: Ny =N}
Where T, +a k> 0 is equivalent to having the first k interarrivals of size at most a and the (k+1)*" exceeding

a. It holds that S < oo almost surely, since the union over k of the events has probability one.
Let T be the next jump, and note that S falls in a + (T — S). We ask the following question:

Is it true thata 00 =— T — S — 07

This is False. Indeed, notice that:

{T*S>t}:{N5+t7NS:O}JL9:5 - TfSNSxp(ct)
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Where we exploited the loss of memory property, namely the second set being strong Markovian. The probability
18:

:P(T - S Z t) - E []]'{T—S>t}]

=E [ES []1{T75>t}]] unconditioning

=E[Es [1{Ng+: — Ns = 0}]] set equivalence above

= Es [f(Ns+t — Ns)] f@) =110y

=E []l{wzoﬂ Strong Markov Prop. 16.6
=P(X =0) distr as Po(ct)

=e 1L Fg,a

And the distribution is completely independent of a.

Proposition 16.8 (Total unpredictability of jumps). This result is mirroring that of Proposition 19.10, which
will be proved later.
Consider a Poisson process N, of which the first jump is T =Ty, and a stopping time S wrt F. Then:

0<S<T as. = S=0 a.s.

Namely, we cannot find a sequence of stopping times that would approrimate T .

Proof. As in the previous Example, we establish with an application of the strong Markov property (Prop. 16.6)
that:

{T*S>t}:{N5+t7Ns}JL9'~S wpeid

Having the Poisson distribution, we derive using the unconditioning property (Prop. 10.18)

ES[TfS]:% — E[]ES[TS]]_E[T]E[S}_EH :i

1

Where T' ~ Pois(c) ensures that the arrival times are exponentially distributed and E [T] = — implying E[S] = 0.
c

By the hypothesis S > 0 almost surely, and the fact that we have null expectation, it must be that S 2 0. [

Example 16.9 (Shot Noise, Ornstein Uhlenbeck process). The following is a descriptive discussion of a
famous process, which will be generalized in Fxample 22.28.
(A R case) We aim to describe a p.r.m. N on the real line R with mean v(dx) = cdz. The arrival times in this
case are:

< T o<T 1 <Ty<0<T—-1<...

This could model the arrivals to an anode of electrons producing a current intensity g decreasing as a function
of the elapsed time uw > 0. We assume for simplicity that currents are additive.
The total current at time t is then modelled as:

Xe= Y g(t—Ty)
n:T, <t

o0

Z g(t - Tn)]]-(—oo,t] (Tn)

n=oo

- /g(t — ) L(—o0,q () N(dz)

=Nf f(@) =gt —z)1p 4 (2)
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We wish to describe the moments and the Laplace functional of this process on R:
E[X,] =E[Nf]=vf Prop. 13.18#1

gt — )L (_oo, () cdx

.

t

=c/ g(t — z)dx letu=1t—x,du=—dz
~oo

—c [ ~glujdu

= C/OOO g(u)du

Which is 1t once we integrate. Moving on to the variance:
VX, =VI[Nf]=vf? Prop. 13.18#2
2
= /R (9(t = 2) L (oo, (2)) cda

c/t [g(t — z))?dx let u=1t—2z,du=—dz
o
—c [ ~lgtwPdu

[ ot

Again 1 t. Lastly, the Laplace transform is:

Ele™™ ] =E[e ™™ =exp {-v(1 —e ")} Thm. 13.19
= exp {—/(1 - erg(tw)l(mvtl(“:))cdx}
R
= exp {c/ (1- efrg(tf‘r))]l(_ooﬂ (x) dx} move indicator out
R
¢
:exp{—/ (l—erg(tm))da:} letu=t—uz,du=—dz

~ exp {—c /0 Ta- e_’"g(“))du} (16.3)

Since the independence from t carries over to the Laplace functional, we can safely say that by Theorem 13.19
we have that:

X 4 )~(0 Vit )~(0 with transform as above

(O (0,00) case) consider now a more realistic p.r.m. on Ry, which would allow a researcher to simulate the
phenomenon'. We consider as intensity function

—bu

g(u) = ae a>0,b>0

and set a starting current to our X; amount:

X, =e "X, + E:LO:1 ae bt=Tn) Ljo, (T)
=g(t—Tn)
Xo LTy <Thr < ...

lindeed, a physicist has to start somewhere, but the process in reality does not have a starting point itself.
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In this context, we want to show that X, LY )~(0 as before. Proceeding in the same way, we inspect moments and
Laplace functional:

E[X] = E[e™" Xo + Nf] f@) = g(t =a)Lp (x)
¢
= e "E[X,] +/ g(t — z)cdx again by Prop. 13.18#1
0
t
= e YE[X,] + c/ g(u)du same ch. variable
0

which is dependent on t. For what concerns the variance
VX, =E[(e " X0+ Nf)?] —=E [e " X0+ Nf]*
the result is the same. Moving to the Laplace transform:

Ele™¥] =E [e7¢ " %] E[e™™] by Xo Lt
=E {e"‘efbtx[)} exp {—c /Ot (1 — e_rg(t_“')) dm} letu=t—x,du=—dz
=E {e_mfbtx‘)} exp {c/ot (1 — e_rg(")) du}

—1 as t—oo
t

t—_))oo exp {C/ (1 _ e—rae*bu) du}
0

In the limit, the laplace transform converges pointwise to that of )?0 of Equation 16.3. Laplace pointwise conver-
gence ensures that X, ﬁ) )N(O (Thm. 9.59).

(O stationarity) we aim to show Xy 4 )?0 = X; 4 )?0 vVt € Ry. This would mean that the distribution is
stationary around the realistic one over R, but feasible for experimentation as argued in . We start with a split:

— t
Ele"X] = E[e* "X exp {—o / eW(“)du} (*)
\—/—/ 0

=B

A is the Laplace transform of)To at v’ = re”® > 0. Using Theorem 13.19 together with the explicit form in

Equation 16.3 we get that:
—c/ 1—ere s “)) du}
0

e (-

(ol 0oyl
S
S
S

= exp

oo
= exp du} letx =t+u,dx =du
= exp fc/ 1-— *me_mp) d:E} for clearness, let x = u
t
= exp —c/ 1—erae ) du}
t

So that (x) becomes:

o] t
E[e~ "] = exp {c/ (1 — efme_b“) du} exp {c/ erg(“)du}
¢ 0
= exp {—c/ (1 — efrg(“)) du} ALt
0

= X, 2X,2X, VteR,
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(¢ stochastic differential equation) we want to show that such a process satisfies the SDE:
t
X=Xy — b/ Xsds + aN([0,¢])
0
Also written as dX; = —bXdt + aN(dt). This is equivalent to:

t t
— X, =e¢ "X, +/ g(t —z)N(dz) = Xy — b/ Xsds+ N([0,1])
0 0

Where the form we have is the LHS and the form we want is the RHS. Inspecting the integral in the RHS with
the result of the LHS 2:

t t t s
/ Xsds = / e % Xods +/ / g(s — x)N(dzx)ds where s <z <t
0 0 0 Jo

1 t t
= gXo(l —e 4 / / g(s — x)dsN (dx) order change in accordance with s <x <t
0 Jzx

Where the blue integral is precisely

t t ; .
/ / g(s — 2)dsN(dz) = / _ @ —b(s—)
0 Ja D

Eventually substituting in the RHS one gets:

t

N(dz) = /Ot % (1 - e*b“*x)) N(dz)

S=x

t i t
X0 — b/ X.ds +aN([0,t]) = Xo + e "X — Xo — a/ N(dz) + a/ e PO N (dx)
0 0 0

=e "X+ /O g(t — z)N(dzx)

Which is the LHS.

Example 16.10 (Continuous time Yule Branching process, Ex. 12.44 ctd). Consider Z; := # individuals at
time t, with Zy = 1. Assume death is not possible and the chance of birth is dt, independently for each individual.
Namely, one child in the interval (t,t + dt], with no influence within the population.

(A aim) We show that for each individual the number of descendants is an independent copy of the counting
Yule process, upon time shifts to restart it.
(O exponential interbirths premise) let Yy, be the k'™ inter-birth time. It holds that:

Y, " eap(k)

Since the waiting time for the first birth is a unit rate with exponential variable, given the linear chance of
birth. For general k, there are k — 1 individuals plus one ancestor, each birthing at a rate dt. The first birth
is the minumum of k exponential unit random variables. We show that this is again exponential. Observe that
Yo = min{Eq, B>}, ..., Y, = min{E1, ..., Ex} where for each E; ~ Exp(1). We easily conclude:

?(Yk>t)=fP(E1>t,...,Ek>t)

= (P(B, > 1)) iid
— okt
=P(E >1) E ~ Exp(k)

(O first result)wts
Zy ~ Geom(e™) = P(Zi=x)=c (1 —eH*1 2=1,2,...

Notice that the interarrivals denoted with Yy allow to define the arrivals process S = (Sy), oy a8

6o,
k=1

2this is slightly informal to say
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Which is equivalent to:
— {Sp<t}={Z,—1>n} = {S, <t}={Z, >n} (16.4)

Meaning that the arrival times are stopping times for the underlying counting process Z in the usual sense (Def.
11.9).

Notice that in the p.r.m. case of the compound Poisson process (Def. 15.5) we had that S, was a sum of unit
exponentials, returning a Gamma(n, 1) distribution (Thm. 16.2). Here instead:

"1
"—Z Yk ZE B, Lmax{E,... E)
k= 1~8wp(k) k=1 ~eap(1)

By a reverse time heuristic argument or a mgf argument. Eventually:

P(Sp <t)=P(Ey <t,...,E, <t) By % eap(1)
= (P(Er < t)) iid
=(1-e ")t
=P(Z; > n) Eqgn. 16.4

— P(Zi=n)=c (1 - = Z; ~ Geom(e™?)

(V growth rate)wts

Zy
LW~ Ex
E[Zt] p(1)
First of all, observe that the unnormalized rate would explode exponentially fast:
1
E[Zt}zftzet/‘oo
e
. ) ¢ Zy .
thus a normalized version. Let Wy = e~ *Z; = E[Z] and inspect the process (Wt)teR+'
t

(VO subpoint, W is a martingale) we show for § = o(Z) that W is a martingale according to Definition
11.85. Adaptedness and integrability are easily verified. The martingale equality holds since:

E[Wy] = E[W:| Zs] Z only determinator
= e 'E|[Z:|Z
= e '"E[Zi_s|Zy = Z)
= e "ZE|(Zi_|Zy = 1]
= e_tZset_S previous results

=e 7, =W,

(Ve subpoint, Gumbell limit identity) recall that for S = (S,),cy = max{E1,..., E,} it holds that:
Sy — log(n) 4 ~ Gumbell P¥=x]=e¢

(VO subpoint, limiting distribution) we close the task of V. Recall that P(Z; > n) = P(S,, < t) by Equation
16.4 in . Now consider:

Ple™'Z < z) =P(W; < z) v
=P(Z; < e'x)
= P(Sety > ) if necessary take integer part
= P (Sety — logle™] > t — log[e"])
= P (Setz — log[e'™] > —log[z]) apply V., &
2590 et PP < —loglz]) = e Y e

= W, 3 Exp(l)
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Now we can apply the MCT (Thm. 12.27, especially Corollary 12.30#2 for positive martingales) to conclude that
we have an almost sure limiting distribution such that Wy 3 W.. By the existance of an almost sure limit, it
coincides with that in distribution (Props. 9.14, 9.38) and:

IWae : W, %5 Wao, Wy S Eap(1) = W, %3 Wao ~ Exp(1)

Chapter Summary

Objects:
e summary of previous objects including Poisson processes, counting processes in general, with repre-
sentation via arrival times, which are stopping times for the natural filtration of N, itself generated
by the underlying random measure M
e N the counting process is also a martingale when normalized by its current expectation and the
underlying measure is random counting and Poisson with mean v(dx) = cdx
Results:
o for ¢ > 0 the following are equivalent:
— M is a p.r.m. (Def. 13.13) with mean p = cLeb
— N is a Poisson (counting) process with rate ¢
— N is a counting process and N = (N¢ — ct)¢>0 is an F-martingale
— (Tx)k>1 is an increasing sequence of F-stopping times and:

iid

Ty, T —T,... ~ Exp(c)

e a counting process is increasing Lévy if and only if it is Poisson

e Poisson processes (rate ¢) follows the strong Markov property, conditioning at a stopping time S
makes them Markovian in the sense that:

0 7Ct Ct
Es[f(Ns+t — Ns)l{s<oo}] = Zf )]]-{S<oo}
k=0

e jumps of Poisson processes are totally unpredictable, if T is the first jump of N and S < T then
S 20 almost surely, and there is no sequence of stopping times approximating 7'




Chapter 17

Lévy Processes

Definition 17.1 (Lévy process). A process X = (X¢),cp, s Lévy wrt a filtration (F1),cp, if:

1. (adaptedness) it is adapted to (Fy),cp, (Def. 11.7)

2. (right continuity and starts at zero) for a.e. w € § the path t — X, is right continuous and Xo(w) =0
3. (stationary and independent increments) Vs, t > 0 Xgyp — X 1L Fy 4 Xy

{ Observation 17.2 (Differences with increasing Lévy processes). Compare this Definition with Definition
15.14. We are removing the term increasing.

¢ Observation 17.3 (About Lévy processes). trivially:

e cX; is a Lévy process
o " Xt(l) is a Lévy process
Definition 17.4 (Infinite divisibility). We express a Lévy process (Xi),cp, as S Xi =X, Vn,t where
the elements are all Lévy processes:
t
§= — = Xi = XiLjo,5) (t) + XeLis05) (8) + - + XiL[5(n—1),6n) (t)
where the increments are independent and identically distributed.
Definition 17.5 (Characteristic exponent ¥ (r)). This is a direct result of the infinite divisibility, which makes
the process decompose into independent processes. A Lévy process can be described by the characteristic exponent,
a complex valued function such that:

Py, (r) = Efe™] = e teR,reR
Where i : R — C s complex valued.
Example 17.6 (Easy Lévy processes). recognize that:

e a Wiener process (Def. 11.55) is such that X; = bt + cW; is Lévy

e a Poisson process (Def. 12.2) N = (Nt)teRJr

e a compound Poisson process (Def. 15.5) Xy = > | Yoljo,4 (T0) for arrival times (T,) is increasing Lévy
if it satisfies the integrability condition on the Lévy measure:

1s Lévy

/)\(dz)(z A1) < oo MAST X, = pt +/ 2N (dz, dz)
[O,t]XR+

where N ~ Pois(Leb x \). Provided that this holds, (X¢),cq is an (increasing) Lévy process
Definition 17.7 (Pure jump process). Consider on R the Lévy process

Xe= Y, AX, YVt AX,=X,(w)- X, (w), Dy={t>0:AX(w) # 0}

s€[0,t]NDy,

Then:

191
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e the jumps are positive or negative, we could see X; = X, + X, where both are increasing Lévy
e if the jumps are countable (e.g. arising from arrival times (T,,)) then we can evaluate the sum, we do so
by intersecting the time interval with D,

We call this a pure jump process, notice that it is not necessarily increasing.

Definition 17.8 (Total Variation V; of the pure jump). We give a first definition of total variation of a path
of a pure jump process t — X; as:
Vi= > |AX,| VteR,
s€[0,t])ND,,

Proposition 17.9 (General representation & existance conditions of Lévy process). For a p.r.m. M on
R, x R with mean Leb x A and A({0}) = 0 if:
Az| A1) :/ Mdz)(|z] A1) < oo (17.1)
R4

then:

1. for a.e. w the process arising from the integral X;(w) = f[
it has bounded total variation V; < ooVt
2. X is a pure jump Lévy process with characteristic exponent

0,4 xR M, (ds,dz)x converges absolutely ¥t and

P(r) = Ae"* —1) = /Rd Adz)(e™* —1) VreR

Proof. Let:

. A//[\ be the image of M under (s,z) — (s, |z|) from Ry x R to Ry, x R
e ) be the image of A under z — ||

Then M is a por.m. on R, x Ry with mean Leb x A by Proposition 14.13. Note that A({0}) = 0 so that the
integrability condition becomes:

/ Mdv)(v A1) < oo

R

Which implies that A((e, 00)) < coVe > 0. By Corollary 14.11 we can choose €’ an almost sure event such that:
Vw e Q M, counting

according to Definition 2.4, with:

e 1o atoms in Ry x {0}
e at most one atom in {¢t} x Ry V¢

On the other hand, for each time t:
V, = / M (ds, dv)v = / M (ds, dz)|z| (17.2)
[0,t] x R4 [0,t] x R4

is positive and in R almost surely by the integrability condition and Proposition 14.4. Let £2; be the almost sure
event for each ¢. Additionally:
Q" =)

teN
Fix w € @’ NQ”. The map:
t-)‘/t(w) fiR+—>R+
is:

right continuous

increasing

Vo(w) =0

jump of size v at time s <= M, has an atom (s, ) with |z| =v
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From this the integral of Claim #1 converges absolutely for every ¢ and

Y IAX (@) =Vi Y AX(w) = X (w)

s<t s<t

So that X is of pure-jump type with total variation over [0, ¢] identified by V;.

From the integral of Claim #1 and the Poisson character of M the process X has independent and stationary
increments. Its form, the fact that we can use a characteristic exponent (Def. 17.5) and Theorem 13.19 suggest
that:

¥(r) = /Rd Mdz)(e™ —1) VreR
O

{ Observation 17.10 (A side note on the result). The integrability condition on the Lévy measure is very
similar to that of compound Poisson processes. The naive difference is that we need to bound negative values as
well, while before the process was only increasing.

¢ Observation 17.11 (About the Proposition). Many comments can be made:

o the Lévy measure \ requlates the jumps and characterizes both M and X .

e we have VA C R such that \M(A) < oo that the jump sizes in A form a counting process with path t —
M([0,t] x A), where the latter has Poisson rate A(A).

e the condition A({0}) = 0 is to ensure that M,, and X (w) determine each other uniquely almost surely

e trivially, a measure \ finite satisfies the requirements, resulting in a Poisson compound process with jumps
(Yo)n>1 and Y, ud m(dz) in the sense of Definition 15.5. Notice however that differently from Ezample
15.4, we are allowing jumps to take place on R and not Ry only

e infinite Lévy measures that satisfy the integrability condition come with oo activity but finitely many jumps
exceeding € > 0 arbitrary in absolute value since A\((—oo, —€)) + A((€,0)) < oo for any interval (s,t) : s <t

e another characterization of total variation is Equation 17.2

e the total variation Vi is a pure jump increasing Lévy process with Lévy measure as the image of A under
x — |x|. The path X (w) jumps with size x at time t if and only if V(w) jumps at time t with size |x|

Example 17.12 (Symmetric Gamma process, Ex. 15.35 ctd). Recall that a Gamma process is an increasing
Lévy process (Def. 15.14) with measure and distribution:

—cCcz

Adz) = 26

dz, z € Ry, Xy ~ Gamma(at,c) Vt € Ry
z

Let X;” 1L X; be independent copies, and set Xy = X; — X, . Then, X; is a pure jump Lévy process according
to Definition 17.7 with measure:

A(dz) =

2|

We aim to evaluate its characteristic function to see if it coincides with some known distribution.

E[¢"X] =E {eirxf} E [ei(*r)Xf} independence

(Cﬂr) (CW) ) Ex. 15.35
(o)

62 at
T\ 242

Which means that the characteristic exponent is real:

P(r) = 110 [E[e"X*]] =alo i eR
s R P

While X; has no known distribution, it can be shown that the total variation V. = Xt + X~ is such that:

Vi ~ Gamma(2at,c) YVt e Ry
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Example 17.13 (Isotropic stable process, Ex. 15.34 ctd). Let X, I X, be independent copies of the stable
process from Ezample 15.34. The density of X; = X;” — X, is:

Adz) = |z|'7%dz, 2 #0,a€(0,1)

ac
I'(l-a)
Such a process is pure jump Lévy according to Definitions 17.1, 17.7 and has Laplace transform:

B[] = exp {t /R (el — 1))\(dz)}

1
= exp {tccos (27ra) |r|“}

o) = /R(em ~1)A(d2) = —ccos (;m) |

With characteristic exponent:

Which is stable since X, 4 t%Xt Vt.

17.1 Compensated sum of jumps from relaxed integrability conditions

{ Observation 17.14 (Infinite variation process). We consider a Lévy process such that V; = oo for each
positive path t > 0. Then:

Xi—(w) = lings(w) Xy (w) = h?ths(w)

By right continuity of the Lévy process, we have for free that Xy (w) = Xy(w). If Xi— (w) # Xy (w) then we will
have a jump at time t denoted as AX;(w). Let:

be the set of times where a jump takes place. Then, Ye > 0 there are infinitely many jumps in Dy, N (s,u) such
that AX(w) > e. Otherwise, by Bolzano- Weierstrass there would exist a countable subsequence (t,) C D,, where
n — ty, € [s,u] such that either Xy, _(w) or Xy 1 (w) do not exist.

However, does an infinite V; Lévy process exist at all?

We aim to build a Lévy process driven by a p.r.m. N with mean dzA(dz) even when the integrability condition is
not satisfied. For simplicity, we concentrate on jumps that have size less than one in absolute value.

Definition 17.15 (Basis notation). denote:

e B={zecR : |z| <1}
e B.={zecR : e<|z|<1} foree (0,1)

Theorem 17.16 (Infinite total variation Lévy existance as compensated sum of jumps). Let M ~ Pois(Lebx \)
(Def. 13.13) on Ry x B where A({0}) = 0 and:

Az 21g) = / Mdz)[z]?2 < oo (17.3)
B
For e € (0,1) consider:

Xi(w) = / xM,,(ds,dx) — t/ AMdz)r weQteRy
[0,t] xBe B.

Then:

1. 3X Lévy such that lim o X§(w) 2" X;(w) uniformly convergent over bounded intervals
2. Y(r) = [fAdx)(e"™ —1—irz) reR

{ Observation 17.17 (Technicalities of the theorem). some comments are:
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1. (e — 1 —irx) < %(irz)2 = %r%z which is a well defined quantity under the integrability condition of
FEquation 17.3
2. Xf =Y + act where Y& is compound Poisson (Def. 15.5) and a. is a fized drift. Additionally denote:

= X )| Ce = xm2 €
bef/BA(d)Il 5 /&Mdm, €f0,1)

€

notice that by' e2X\(B.) < eb. < c. < co the integrability condition of Equation 17.3 implies that cy < 0o
guaranteeing that all such quantities are finite:

AB.) <00 be<oo Vee[0,1)

so that A(B.) < co = Xi(w) from Thm. 17.16 is convergent and the second integral in the expression a.
is a vector in R?.
3. the uniform convergence over bounded intervals claim is equivalent to:

X : forae w lim sup |Xj(w)— X, (w)]=0 YueRy
el0 p<t<u

4. if it also holds that:

by < 00 => A sat. Eqn. 17.17 2=y, = lim ¥ = / M(ds,dz)z  Vt € R,
€ [0,t]xB

with Yy a pure jump process (Def. 17.7) and:
o a=limgac = [ A(dz)x well defined
e X, =Y, —at VteR,

We refer to X; as the stochastic integral:

X, = / 2 [M(ds, dz) — dsA(d)]
[0,t]xB

called a compensated sum of jumps, compensated in that every X5 is the sum of the sizes of the jumps
during [0,t] larger than e in magnitude minus the expected value at af so to get a martingale.

¢ Observation 17.18 (Why compensated jumps & a Theorem). We try to justify the use of a Theorem to
present the results.

1. Recall Observation 17.17, let by = 0o and ¢y < co. Then Theorem 17.16 can be applied since Equation 17.8
holds but Proposition 17.9 cannot be applied since Equation 17.1 does not. So:
e a., Yy are not convergent as € — 0
o but X; =Y — a. converges!
e X has infinite variation over every time interval (s,t) : s <t
2. X[ is a compensated jumps martingale in the sense that:

E[YS] = att = E[X{] =0 Vec (0,1),Vtc Ry
where the sum of the sizes of the jumps is Y, compensated by a.t.

Example 17.19 (Standard Cauchy process). Let the Lévy measure be:

1

Iwhich in turn holds as €2 < e|z| < |z|? for = € Be
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It holds that (be careful with the second as it is a bit tricky):

/1 22\(dz) = /BZ2A(dz) = % < o0

-1

|
/B|z|)\(dz) :/71|z|@dz

0 1
1 1
:/ —Z—Zdz—i—/ z——dz basically without modulus undefined
Tz 0 TZ
1/ /1 01
:</ fdz—/ dz)
v 0 z -1 z
1 1 0
= - <1D(Z|) — In(]z[) )
™ 0 -1
1
— = (c0+ o)
T
= —"—oo

So we can apply Theorem 17.16 having infinite total variation.
Let X; = X;i + X7 where:

Xd = / z (N(dz,dz) — dxA(dz)) Jumps size <1
[0,t]xB

X = / zN(dx,dz) Jumps size > 1
[0,¢] xBe

Here X¢ is such that [~ Mdz) < cc.
The characteristic exponent is:

W) = /IB (7 — 1 — irz)A(d2) + / (e 1)A(d2)

since we can split the process into the infinite variation part and the finite one. Recalling Observation 17.17 we
also have that:

X4 =lim X X = /

el0 [0,¢] x B,

zN(dx,dz) — t/ zA(dz, dz)

]:86

=0 by symmetry

so that Xtd " requires no compensation and we eventually get:

X; = lim zN(dz,dz) —I—/ zN(dz,dz)
&0 J[0,4] xB. [0,¢] xBe
= lim zN(dz,dz) + / zN(dz,dz) Dominated conv. Thm. A.51
10 Ji0,4] xR, [0,¢] x Be

where R, = {x : |z| > €} dominates B.. Notice that this is not a pure jump process in the sense of Definition
17.7. Nevertheless, the Laplace transform is:

. . 1
E[e" ] = exp {tlim/ (e* — 1)dz}
R

el0

; 1
— t 7,7‘2_1 7d
exp{ /R(e )71'22 z}

= exp {t /R (cos(rz) + isin(rz) — 1)7T1Z2dz}

1 .
= exp {t/(cos(rz) - 1)2dz} sm(er) symm around 0
R Tz

4

= exp {t|r|} Prop. 17.21#2
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And we have that X, < t1 X, (stability with index 1). Moreover by:

d Z1 1
X1 =—, Z1,Zy~N(0,1 X1 ~ Cauchy(1) (Prop. 17.21#1 = —
1 ZQ, 1,42 ( 1) )7 1 auc y( ) ( Top # )’ f(.’,U) 71—(1 +x)2

We have that: y
RTCEED)

X: ¢ f(x) Vo € RVt € Ry

Lemma 17.20 (An identity for distribution and ®). This is presented here but proved in Lemma C.32.

For X a r.v. on R with density f(z):

. 1 .
Dx(r) :/esz(a:)dx — f(x) = 2—/671””(1’)((7")0!7“
R R

™

Proof. Lemma C.32.
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O

Example 17.21 (Concluding Example 17.19). In the context of the standard Cauchy process we add that:

1. X7 ~ Cauchy(1)
1
2. [g(cos(rz) — 1)@dz =|r]

(Claim #1) use Lemma 17.20 and the fact that the Characteristic function of a Cauchy(1) distribution is

®(r) = e~ I"l. We have:

1 . 1 : 1
- e—u‘xe—\r\dr _ / ezr(—w) 76_|T| dr
2 R ™ JR 2
density Laplace
1 1 . ,
e characteristic function Laplace
71+ (—x)?
B 1
- om(1+22)
= f(z) X1

(Claim #2) by the symmetry of the integrated function, the claim is equivalent to:

° 1
2/0 (1- cos(rz))@dz =|r|
(A first step) for a triangular distribution U + U’ — 1 where U ~ Unif(0,1) the density is
fla)=1—lz| |z <1

with characteristic function:

1
O(r) = / e (1 — |z|)dx

-1

1
= / (cos(rz) +isin(rz))(1 — |z|)dx

-1

1
= / cos(rz)(1l — |z|)dz symmetry of second term
-1
1
= 2/ cos(rz) (1 — z) dx cos(—x) = cos(xz) Vz
0 ~—~—"—
' 9
. 1 .
~ 1— - -1
= 2M —2/ de integration by parts
' 2=0 0 T
=0
1
2
=-3 cos(rx) »
= 01— cos(r) '~ —sin', sin’ =
== cos(r cos’ = —sin’, sin’ = cos
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(O density) using Lemma 17.20 for the triangular distribution of /\ we have

f@) =1 = |z))L1q(z) = %/Re*im%(l —cos(r))dr = 1= l/]R

r ™

1 — cos(r)

5 dr atx=0

r

where, using r = u, v =71z : du = |r|dx:

/ 1 — cos(u) du = / 1 — cos(rz) vl = / 1 — cos(rz) dr = 1
R Tu? r rlx? R T|r|z?

So that:

and we have proved the claim.

Chapter Summary

Objects:

e Lévy processes are:
— adapted
— right continuous, starting at 0 almost surely
— with stationary and indepedent increments

e the concept of infinite divisibility allows for the formulation of the characteristic exponent ¥ (r) :

E [e"¥X] = et for allt € Ry,r €R
e a pure jump process is a countable sum of sizes of its jumps over time:

Xe= > AX, ¥Vt AX,=X,(w) - X._(w), Dy ={t>0: AX;(w) # 0}
s€[0,t)ND,,

their total variation is V; = ZsG[O,t]ﬂDw |AX|. For X; to exist, V; must be finite
e to ease out computations we define B = {z : |z| < 1}, B, = {z: e < |z] < 1} for some € € (0, 1)
Results:
e a pure jump Lévy process exists when it is defined as the integral of a Poisson random measure
M ~ Pois(Leb x \) where the size measure satisfies:

A({0}) =0 Azl A1) < oo (17.4)
so that:
— for almost every w X;(w) = f[o fxRd M,,(ds,dz)x is absolutely convergent with bounded total
variation

— X = (X¢)eq is of pure jump time as desired with characteristic exponent
P(r) = A" —-1) VreR

e in the case in which the total variation is infinite, we can still devise a compensated Lévy process if
the size measure A satisfies:
A{0}) =0 A(z|*1g) < oo

so that:
— the process:

Xi(w) = / xM,,(ds,dx) — t/ AMdr)r weQteRy
[0,¢] xB. B.

— is uniformly convergent as € | 0 almost surely to a Lévy process. That is, lim.jo Xf(w) = Xy (w)
uniformly convergent over bounded intervals

— the characteristic exponent is ¢ (r) = [; AM(dz)(e"™* —1—irz) reR




Chapter 18

Brownian Motion

{> Observation 18.1 (So far and setting). We will work on a probability space (0, H,P), and consider:

o Wiener processes (Def. 11.55), martingales (Prop. 11.62), with stationary independent Gaussian incre-
ments
o Lévy processes (Def. 17.1), right continuous, starting at zero, with stationary independent increments

Recall also that a Wiener process is stable of order 2, meaning:
W, L Vi, Wi ~N©0,1), W2 VuW, Vu,t e Ry

Definition 18.2 (Brownian motion). A process X = (X;) on (R, B(R)) such that:

teR,

1. the path t — X; is continuous
2. it has stationary and independent increments

¢ Observation 18.3 (Connection Brownian-Lévy). straightforward:
(Xt)te]R+ Brownian = (Xy — Xo)ier, continuous Lévy

But could we say more?

18.1 A Different Perspective of Wiener Processes

Theorem 18.4 (Lévy characterization as Wiener). As a first step, notice that:

1. X¢ = at + bW, continuous Lévy —> W, Wiener
2. Wy Wiener = X; = at + bW; continuous Lévy

Which establish an <= relation

Proof. (Claim #1) Theorem D.1.
(Claim #2) Example 17.6 O

Corollary 18.5 (Applying Theorem in the Brownian-Wiener-Lévy context). Combine the results to obtain:

X Brownian Obs':1>8'3 X, — Xo Lévy Th<m':§8'4 Xy — Xo =bt +cW, : Wy Wiener

Definition 18.6 (Brownian motion decomposition). We build a Brownian motion from Definition 18.2 as:
Xt =X0+bt+CWt
for a drift coefficient b, a volatility coefficient ¢ and a Wiener process W.

199
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Definition 18.7 (Wiener process as Brownian motion revisited). According to our results, a Brownian motion
W = (Wi),er, with Wo = 0,E[W] =0,V[W] =t (namely, Xo =0,b=0,c=1) is also a Wiener process!
We will see in the next result that a Wiener process is a Gaussian process with continuity. However, while
constructing a Gaussian process is immediate, as it is only required to specify the functions m, K (see Def.
10.61), it is not granted that there exists a probability space where such process is continuous. We will eventually
see that this condition is satisfied, but the question at the moment is proving that Wiener processes exist in the
Brownian formulation.

Lemma 18.8 (Gaussian Transformation linearity). Quickly recall that:
X ~ N, ®), AR xR? = Y = AX ~ N4(Au, ALAT)
{ Observation 18.9 (Wiener Gaussianity). By the very definition of a Wiener process W we have that:

22
2

o Wy — W, L Fy (Markovianity)
o P[(Wepy — W) € Bj=PW, € Bl = [ dze\ﬁ;t (gaussianity)

So for distinct times 0 < t1 < to < --- < t,, the joint distribution is:
(Wt17...,th)NNn(0,E) E:{ti/\t]‘}ij

Since we use Lemma 18.8 with:

! 0 0 07
-1 1 0 0
o -1 1 o0 0
A= 0 -1 1 0
o0 0
L O 0 0 O -1 1]
Basically a triangular matriz, so that:
1 1
to — 1 to
R
tn - tnfl tnfl

and we can check that ASAT returns the desired result.

¢ Observation 18.10 (Gaussian Wienerity). the process (Wy) = (Wy,, ..., Wy,) Gaussian, with null expectation
E[W;,] = 0Vi and Covariance of the form CoV[Wy,,Wy,] = t;Vi < j can be used to recover a Wiener process
making use of A~! where A is from the above Observation and Lemma 18.8 so that we get and independecy:

(th , Wt2 — th yesey th — th71) Jl_ mutually Wti — Wti71 ~ N(O, tz‘ — tz’:l)
behaving as a Wiener process.

Theorem 18.11 (Wiener-Gaussian characterization). The previous observations suggest a useful conclusion.

For W = (Wi),cg, a process on R we establish:

W continuous
W Wiener <= W ~ GP(m, k) Gaussian Def. 10.61
E[Wt] = O, C’O‘/[I/VS7 Wt} =sANt

where m(t) =0 and k(s,t) = s A t.

Proof. Observations 18.9, 18.10. O



18.1. A DIFFERENT PERSPECTIVE OF WIENER PROCESSES 201

{ Observation 18.12 (About the Theorem). Does Brownian motion exist at all? We have not yet assessed
continuity in the Gaussian process, as we only have seen that expectation and variance coincide, up to transfor-
mation. So far, we know the easiest instance of Brownian motion, with the adjusted Definition of Wiener process
(Def. 18.7) should work. We are missing a formal continuity of the path proof.

Lemma 18.13 (Kolmogorov’s maximal inequality). Assume {X;}? , is an independency where E[X;] = 0Vi.
Setting S, = >." X;:

a’P {max|5k| > a} < VIS,
k<n

Proof. Lemma D.2. O

Definition 18.14 (Recap about Dyadic rationals). Dyadic rationals are also discussed in Lemma A.17. Here
we denote them as:

D={xeRy : 2=k27", k,m e N}

Proposition 18.15 (Dyadics are dense in R). This is a very important result. It is reported here to reference
it when needed.

VEERVe>0 JkmeN:ite (k2™ (k+1)27™], t—k2 ™ < e
which is the exact definition of dense set.
Proof. Lemma D.3. O

Theorem 18.16 (Wiener Process properties, Brownian formulation). Let W = (W)
according to Definition 18.7. Then:

teR, be a Wiener process
1. (symmetry) (—=Wi),cg, is Wiener
2. (scaling) (Wet)eter, Wiener = W= (VeWi)er, is Wiener Ve € (0,00)

3. (time inversion) setting Wo = 0 for convention, the process Wy = tW% 1s Wiener

Proof. (Claim #1) trivial by Definition 18.7.
(Claim #2) holds if and only if we have stability of order 2, something verified by Definition 18.7.

(Claim #3)(A t > 0) for ¢ > 0 the process W, is continuous and such that E [Wt} =E [tW%] = 0. Moreover:

CoV [WS, 'MZ} — CoV [sw%,tw%}

— stCoV [W;,W%} bilinearity
= st (1 A 1) Thm. 18.11
s t
l, t<s
=st-< %
{1 s<t

=sAt

So that Wt satisfies Theorem 18.11 for ¢ > 0.
(@Ot =0) wts:
Ixr Q.S. . 1 a.s.
limtW: =limW; =0 < lim -W; =0
t—0 t t—0 t—oo ¢

(B8O subpoint, n € N argument) by the SLLN:
iid

1 a.s.
WolZi+... +Zy Z%N0,1) = lim —W, =E[W,] <0

n—,oo M
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(3OV subpoint, ¢t € R} argument) let n <t <n+ 1 so that + < 1. Then:

1 1 1
‘Wt <Liw= w1 w, - wy
t n n
1 1
< 7|Wn| + *|Wt - WTL|
n n
1 1
= 7|Wn| +— sup |Wn+s _Wn|
n , T se0,1]
"2°0 by OO
So the condition becomes: )
wts  — sup |Wpyps — Wo| "=°0 a.s. (*)
T s€0,1]

we denote it as *.

(% objects involved) we will use Kolmogorov’s maximal inequality (Lem. 18.13) and the BC1 (Thm. 9.6),
which we recall below:

D P[X,|>€ <00 Vex0 = X, “¥0

n

(& sup discretization) let Xy = Wy po-m — Wyp(r_1)2-m for k= 1,...,2™, where m € N,m > 1. This is a
dyadic construction as Definition 18.14. As m — oo for a finer and finer grid of subintervals we let:

Se=X1+... X, = Wn+2—mk - W,
527” - Wn+1 - Wn

a = €en

observe that X;,..., X are independent and have mean zero by construction. Then:

1
P (’I’L 031%2)2{"1 |Wn+2*mk - Wn| > 6) < @V |Wrb+1 - Wn|
=Som
1
< 20 -1 Ym

By Lemma 18.13 and the variance being unitary as the process is Wiener.
(© finalization) By Proposition 18.15 as m — oo it holds that max & sup monotonically and with arbitrary
precision:
Whgo-mp — W, 3 Wits — W,

Jnax (W pomp — Wl 1 S (Whts — W
which is granted by the map t — W; being right continuous, since W is also a Lévy process (Theorem 18.4) and
Lévy processes are right continuous (Def. 17.1).
We are in the position to apply monotone convergence (Thm. 4.21) to conclude that:

1 1
P ( sup [Wyips — Wy| > e) =P ( lim max W, 9-mp —W,|> 6) Prop. 18.15

N sef0,1] n m—00 0<k<2™

1
= lim ? ( max |W,, o-mp — Wy| > e) Mon. conv Thm. 4.21
m—00 n 0<k<2™

1
n2e?

IA

above inequality

Recalling the classic identity Y, -z = %2 we eventually have that:

1 BC hm. 9.6) 1
Zﬁ<oo Ve > 0 1(T:> 86) Z sup |[Whys — Wil 230
o e N s¢l0,1]

where in particular we used the interpretation of Borel Cantelli for almost sure convergence (see Example 9.9). 0O



18.2. CONTINUITY 203

18.2 Continuity

In the previous proof we make use of right continuity only. We are missing the continuity stated in Definition
18.7 for Wiener processes, which would ensure existance of the process W = (Wt)teR+‘ We do so by Kolmogorov
extension. For a finite collection of ordered times {t;}7_; the multivariate Gaussian with mean zero and covariance
{ti A tj} is denoted as f,....+,. Such distribution is a consistent family, in the sense of Definition 10.54. For
Q= {w: Ry — R} a set of functions put:

Wiw)=w(t) H=0c{weQ:w()ec A AcBR)}
Using Kolmogorov extension Thm. 10.55:
APon (Q,H) st Pw:w(t)eAVi=1,....n] =y 1, (A1 XX A,)

Yet to evaluate continuity, we would need to check the paths ¢ — w(t) at uncountable time points, while H is
constructed from countably many coordinates. The collection of continuous functions is not a priori measurable.

What we do is a modification of the process (W,g)te]R+ into (WO 5, 50 that:
teR L

VedQ, - W, = Wt, Wt continuous

where €); is an almost sure set.
Precisely, we establish Holder continuity instead of continuity.

Definition 18.17 (Uniform continuity). the map t — Wy is uniformly continuous if:
Ve>030=0d(e) |t—s|<d = |Wy—W5|<e Vi s
Where § depends on € only.

Definition 18.18 (Holder continuity). The path t — Wy is Hélder continuous when:

AC eR W, —W,| <Cl|t—s|¥ forael01] Vts

Which means uniform continuity for 6 = (%)é

¢ Observation 18.19 (About Hoélder continuity). At o = 1 we recover Lipschitz continuity, which guarantees
continuous and bounded derivatives, and differentiability.

Lemma 18.20 (Kolmogorov moment condition). For a process X = (X¢)icjo,1) on R and D the dyadic set of
Definition 18.14 if:
Je,p,q€(0,1) : E[Xy - XP] <cft —s[v Vs, t€0,1]

Then:

1. Vo € [0, 1)3K r.v. such that:
(a) E[KP] < 00
(b) 1 Xt — Xs| < k[t —s|]* for s,t € D
2. if X is continuous then #1 holds Vs, t € [0, 1]

Proof. (Claim #1)(A K aim) for a € [O, %) we let:

X — X,
K := sup 7| : i
s, teD, s#t |tL - s|o¢

where by D x D being countable K is a random variable.

(O proving #1(b) and #2) by the way K is defined, and the fact that D are dense in R (Prop. 18.15) we
can easily conclude that both hold in the genereal setting.

(O proving #1(a)) wts E[K?] < oo
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(v dyadic argument) let M, = supp
hypothesis we can say that:

X; — X;| where D, = {s,t : t — s = 27"}, by the equatio in the

E[ME]<2"-c-(27™")!H9 =27

since 2" = |D,,|.
(# general D) let s,t € D and:

sp =inf{D, N[s, 1]}, ¢, =1inf{D,N][0,t]}
trivially s, N\ s,t, / t and for n large both are equal to their limits. Then:

Xo—Xo=Y (Xep-x,,) +Xp, — Xop + > (Xe, = Xa))

n>m n>m

with this setting, if 0 < t — s < 2™ either ¢, — s, = 0 or t,;, — S;n, = 27"". We can then derive the bound:

1Xe = X <> Mpjr = M+ > Myy1 <2 M, (18.1)

m>n n>m n>m

(% final computation) for K as in V, take the sup over s,t with the condition that 2=™~! < |t — 5| < 27™.
Then, the sup condition can be seen in terms of m and by Equation 18.1 we get that:

K <sup(2™tH*-2 )" M, @2 H = (t-—9))""in A

n>m

< gl+a Z 2nonn
n>0

for p > 1 and the £, norm denoted as ||-|| we eventually get that:

||K|| S 21+a22nO¢Mn

n>0
< 21+o¢ Z 2’”0‘@%2_%
n>0
n n
_ 21+O¢C% Z 271(1—7(1 no — ng =n <a — C]) < 0 hypothesis
n>0 P P

< 0

O

{ Observation 18.21 (What is missing?). Recall Definition 18.7 and Observations 18.9, 18.10. We need to
show that the map t — Wy is continuous. Notice that we can also use the result of Theorem 18.16 since in
the proof we only use the right continuity of the process, which is granted by the Wiener-Lévy connection (Thm.
18.4), and does not use assumptions brought by the Brownian formulation.

Theorem 18.22 (Brownian continuity of Wiener process). We prove the local Holdercontinuity of the paths of
a Wiener process, closely linked to the Gaussian process (see Thm. 18.11). This result is parallel to the existance
of a p.r.m. (Thm. 14.8).
(Def. 10.61) If W = (Wy),cg, is a Wiener process with:

o COV[Wti,Wtj] =1; \ tj VZ,]

Then there exists an almost sure version of W that is locally Hélder continuous:

t— Wt Hélder continuous W 2 W

Proof. Let 0 <t; <--- <tp, and consider the law ji, . ., which is by hypothesis Gaussian.

(A extension by consistency) we first build the space. g, . ., is Kolmogorov consistent in the sense of

n
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Definition 10.54. Additionally let:

Q:{WR+—>R}
Wi(w) = w(t) weNt>0
H=c({we:wt)eA AcBR)})

where the algebra is finitely generated. By Kolmogorov Extension (Thm. 10.55) there exists a unique P on
(Q, H) such that:

th,...,thN,utl _____ tn P[LUILJ(Q)EAZ', Vi:].,...,n]:ﬂtl tn(A1><"~XAn)

.....

(O a problem) the set {t — w(t) : continuous} = € is not measurable wrt H since H € H is generated by
countably many coordinates and we cannot say P[C] = 1 directly (i.e. we cannot check all continuity points).

(V redirected aim) given O we consider finding Wy, a version of W, such that:
Vi 30 P[] =1 Wt =W, Wt continuous

(% first facts) by scaling and stationarity of W = (W¢),cp, we recover for all s,¢ € (0,1) and m > 1 that:

E[|W, — W™ < E [|[Wi—|*™] stationarity
—E[|t — s|™|W[>"] Wy L VE—sW,_,
~ lo— 5B W]
=t —s|"Cn

Where C,, exists since the Gaussian process W; always has moments.
(& Kolmogorov moment) use Lemma 18.20 with p = 2m, 1 + ¢ = m to get:

Wy — Ws| < K|t —s|* Vs, t € DNI0,1]

Where K € £, and a € [0, 2=1).

For Qg := {K < oo} we have that P[Qo] = 1 and W, is Hélder continuous according to Definition 18.18.
(O defining W;) we let

—~ 0 Q

W, = { w ¢ Lo

limg_yy WS(W) te [0, 1],w € Qo

such process, as per #, is Holder continuous for all w € Q and for « arbitrary close to % by the fact that
— m—» o0

0,m2) "3 [0, 4). B

We conclude that V¢ € [0,1] the process W; = W; is almost surely continuous by the construction of the Qg

almost sure set.

(& iteration) use the previous steps repeatedly to build a series of chained (W;)ie[n,nt1) that respect the
relation Vn € N. By {J,[n,n +1) = T = R we can safely say that (W;),. is a Wiener process in the sense of
Definition 18.7, since its Gaussianity already implies continuity, and we can apply Theorem 18.11. O

{> Observation 18.23 (About further properties and conclusion). The results we have shown are:

o Wiener implies Gaussian continuous, Theorem 18.11
e Wiener is continuous, Theorem 18.22
e Brownian motion automatically exists, via Definition 18.7

So we could see a Brownian motion as:
Xt :X0+bt+c Wt 5 Xt—Xo LéUy
~— ~—~
Brown Wien

Exzistsance is a consequence of the very existance of continuous Wiener processes in the Brownian formulation.
1t is also possible to prove that the path is nowhere differentiable (i.e. very wiggly). This is somewhat hinted by
the a < % Holder continuity rate, which is less than Lipschitz continuity (and thus differentiability).
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Chapter Summary

Objects:
e Brownian motion is a process on (R, B(R)) such that:
— t — X, is continuous
— Markovian and stationary increments
— decomposed as Xg + bt + cW; where W; is a Wiener process, assumed to be continuous
e uniform continuity of a map t — W,

Ve>030=0d(e) |t—s|<d = |[W,—W,|<e
e Holder continuity of a map t — Wy
AC eR |[W,— Wy <CJt—s|*, forac]0,1]

Results:
° (Xt)teR+ Brownian = (X; — Xo)¢er, is Lévy
o X; = at + bW, continuous Lévy <= W; Wiener (assuming it is continuous)
o W= (Wi),cp, Wiener <= W is continuous Gaussian Process with E [W;,] = 0,CoV[Wy,, Wy,] =
ti N\ tj
dyadics are dense in R
Wiener process properties:
— (symmetry) (Wy);cp, Wiener = (=Wi),cp, is Wiener
— (scaling) stable of order 2
— (time inversion) with Wy = 0, it holds W, = tW% is Wiener
e Wiener process is Holder continuous, thus Brownian motion exists




Chapter 19

Arcsine laws, Hitting times

19.1 Augmentations and Hitting Times

Definition 19.1 (Right continuous augmentation of filtration). For this object and its properties, refer also
to Appendix D, especially from Definition D.4 onwards.

For a filtration (F7) we let it be generated by the process itself. Namely (F?) =o({Xs:s<t}). In this

teR4 teR,
context, we define the right continuous augmentation as:
(?t)tel&r AEISS ﬂ ??Jrs = 1511101?%8
5>0
Since (F9 18 increasing by Definition of filtration. This new filtration can be interpreted as a peek into the
t)teRy

future. From now on, when referring to F it will be the augmented filtration.
Definition 19.2 (Hitting time of barrier a, T,). For a random time T : Q — R we define:
T, =inf{t >0:X; > a}

Namely, the entrance time in the interval (a,00). Notice that we intuitively assume T, to be almost surely finite
for a Wiener process.

Theorem 19.3 (Hitting times are stopping in augmentation). Let F be augmented as in Definition 19.1, a
process X on E be right continuous and adapted to F. Then:

VBeB(E) Tp=inf{teR,: X, € B} stopping time wrtF

According to the usual stopping time knowledge (Def. 11.9).

Proof. More context is given in Appendix D, especially from Theorem D.8 onwards. O

Definition 19.4 (Shift operator 6.). For a collection of continuous maps € = {t — w(t) | continuous} we

define an operator:
Os:C =€, seR (Bsow)(t) =w(s+1t)

Theorem 19.5 (Markov property of Lévy processes). This is Theorem VIL.3.5 in [Cinl1].
For X = (Xt)t€R+ a Lévy process (Def. 17.1), for any time t, the process X o 0, is independent of F; and has
the same law of X. Equivalently:

E,[Vob]=E[V] teR;, VV € G bounded

where the boundedness of V' is used to ensure existance of the expectation, but the result is extended to positive
or integrable random variables in Goo the underlying end of time filtration generated by the process.
In terms of Wiener processes, which are Lévy by Theorem 18.4 for a = 0,b =1 we have that:

Vs>0 (Wob,) = (Wf) = (Wegt = Wolter, L Ty Wiener law

teRy

207
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Proof. (A comments only) recall that a Wiener process is Lévy by Theorem 18.4, then [Cin11] Theorem VIIL.3.5
states exactly this for Lévy processes. O

Proposition 19.6 (Conciliating time shifts to Wiener and Brownian). While a Wiener process (on a stochastic
base [Cinl1]) is such that:
Wt S 95 = Ws+t - VVS

A Brownian motion as in Definition 18.2 is such that:

X;o 95 = XtJrs

Proof. For X; = Xy + W; taken for simplicity, we have that:

Koyt = Xopt — X+ X5 Markov Thm. 19.5
—_———
17,
=Xo+ Wspy — Xo —Ws + X independent terms explicit
== s+t — Ws + Xs
th—FXS Wt:WsH—Ws:WtOHS

{ Observation 19.7 (6, interpretation). We have that:

X X; 06, as a function of Xy
o (0s0 X)(t) as X a random function, a process
So that:
Xopt = Xi 005 = (Xo + Wi) o0 easiest Brownian form
=Xpo00s+ W00 linearity
=X+ Wy — W Prop. 19.6
=X, + Wt makes sense

Example 19.8 (Recurrence times). Define Gy as the last time at zero before t and Dy as the first time at
zero after t. Namely:

Gy =sup{s € [0,t] : Wy =0} Dy =inf{u € (¢,00) : Wy, = 0}

Accordingly, the forward recurrence time is Ry = Dy —t and the backward recurrence time is Qs =t — Gy.
By the process (Wt)teﬂh being such that Wy ~ N(0, 1)Vt we have P[W; = 0] = 0 a.s. by the diffusivity of a normal
distribution. Then:

G, <t<Dyas. & se[0,t] = {Gi<s}={Ds>t}

an intuition is given in Figures 19.1, 19.2.  So, if Wy = a > 0 = Ry is the hitting time from above of the
barrier —a of the rescaled process:

(Wu o et)uZO = (WtJru - Wt)uZO

By the markov property of Wiener processes Wu = Wipy — Wy L Ty is again Wiener and we can see that:
Ry =inf{u>0: Wu < —a}
Additionally, by symmetry (Thm. 18.16#1) we have:
Wy < —a & —W,>a < W,>a

So that: -
Re LT, =inf{u>0:W,00, =W, >a} a=W, T, LW,

Which means that if T, is known¥a >0 = Ry is known and so is Dy = Ry+t and Gt via P[Gy < s] = P[Ds > t],
as well as Q¢ =t — Gy.
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Figure 19.1: Recurrence times of a Wiener process
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Figure 19.2: Recurrence times of a Wiener process
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Corollary 19.9 (Blumenthal’s 0-1 law). It holds that:
F  augmented, right continuous = VA € Fy P[A4] € {0,1}

Namely, a suitable augmented filtration makes every event in the infinitesimal peek in the future at the start either
certain or null.

Proof. Corollary D.18 O

Proposition 19.10 (Hitting zero almost surely). This result is like that of Proposition 16.8.
For Ty = inf{t > 0: W} > 0} as in Definition 19.2 we have:

To=0 a.s.

Proof. We have that JFy is right continuous (Def. 19.1). An application of Corollary 19.9 gives:
{TO = O} €eFy = P[{Tg = O}] S {O, 1}

Notice that P[{W; > 0}] = % for all ¢ > 0 since the Gaussian distribution is centered at mean zero. By Theorem
19.3 it holds
Wy >0t c{ly <t} = P{To<t}]>0 Vi>0

And as t — 0 it holds that:
P{To =0} >0 = P{Tp=0}]=1 a.s.

O

Corollary 19.11 (Highly oscillatory behavior of W; at zero). There are oo many crossings for any time interval
starting from zero. Namely:

fora.e.w3Iuy >t > s1,ug3 >ta > 89,... >0 st W, (w)>0,W; (w)=0W,, (w)<0
Proof. (A start) for all e > 0 there exists u < € such that W, (w) > 0 in Proposition 19.10.

(O mid) there exists s < € such that W,(w) < 0 by symmetry (Thm. 18.16#1).
By A,0 and continuity of the map ¢t — W; (Thm. 18.22) it holds that:

Ve>00<s<t<u : Wsw)<0, Wyw)=0, W,(w) >0

Corollary 19.12 (Highly oscillatory behavior of W; at infinity).

fora.e.w3duy >t > s1,u2 >ta > 89,... 200 st lim Wy =—oco0, lim W, =4oo
n— o0 n— o0

Proof. Use Corollary 19.11 and time inversion (Thm. 18.16#3) with W; = tW1 to show that :

e
Wy, Wiy, W WL, Wa,Wo Wi=

<
uy >t >s5 —0 U1 t1 81
Wi in general

Giving us that:

m\§
Il
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¢ Observation 19.13 (About the hitting time process (Ty)q>0). Analyze (T,)a>0 as a process. By Proposition
19.10 Ty = 0 a.s. like a Lévy process (Def. 17.1). In the next arguments, we will aim to show that it an increasing
stable process (Fx. 15.23) with index o = % and ¢ = v/2. Next we show it is an increasing Lévy process (Def.

15.14) with density:
dz byI‘(l—l) _ VT

Adz) = 5 5

1
V223
So that (Ty)a>0 is such that T, € IN(a) with density:

a a

v

with the classic result that %—22 ~ IN(a) when Z ~ N(0,1).

Theorem 19.14 (Strong Markov property of Lévy and Wiener processes). For T a stopping time wrt FO (the
not augmented filtration) and X a Lévy process we have that:

1. YV bounded in §oo :
Er[V o 0rlircoc}] = E[VI{rcooy]
independent of Fr and Lévy

2. shift operator version:
(Xt 007)i>0 = (Xegr)e>0 L Tp, Lévy

The claims are also valid for Wiener processes by Theorem 18.4.

Proof. (Claim #1) see [Cinl1], Theorem VII1.3.10 and Theorem VIII.1.13 with the subsequent discussions. The
latter is just a reformulation of the former. We know Wiener processes are a special case of Lévy processes.
(Claim #2) is a specific case of #1 provided that T' < oo so that the indicator disappears. O

Theorem 19.15 (A property of Wiener functions & stopping times). Assume:

o T is stopping wrt F

o U:Q — R,y is such that U € Ir

o W= (Wt)t€R+ 1s a Wiener process
e f is a bounded Borel function on R
o gu) =E[foW,], uweR,

Then:
Er [f(Wriu — Wr)lir<ooy] = 9(U)Lircoc}

Proof. (A monotone class Theorem) the functions f for which the claim hold for a monotone class, in the
sense of Definition A.19. Thus, we can show the claim holds for f € C, and use Theorem A.20.

(O continuity and bounded convergence) assuming f € Cj, g is necessarily bounded and continuous as well
by the continuity of the W (Thm. 18.22) and the bounded convergence Theorem for the expectation (Cor. 4.26).
(O simple U) let U be simple, in the sense that U : @ — D C R, where |D| < oo is finite. Since U € Fr
(measurable), the event {U = u} is in Fr for all u € D. We derive:

Er [f(Wriv = Wr)liy—ur<co}] =Er [fWriw — W) Lir—u r<oot] = 9(0) L=y r<o0}

where the last equality is an application of the strong Markov property (Thm. 19.14).

The sum ) ., gives us the desired claim for U simple.

(Vv U arbitrary) for U arbitrary, it holds U = lim,,—, o U,, where (U,,) C Fr by assumption. We know that for
each n, we can use the result of (), we do so taking the limit as n — oc.

Er [fWriv — Wr)Ll{v—ur<oo}] = Jim Er [fWriv, = W)Ly, —u, . 7<oc}]
[W is continuous, f € C, bounded convergence Cor. 4.26]
= lim g(un)L(y, =u, T<oc} by O

= g(u)]]-{U=u,T<oo}
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O
Theorem 19.16 (Hitting time (Lévy) distribution by reflection principle). As per Observation 19.13 we have:
(Ta)azo : T, ~ jN((l) Va € R+

Meaning that (T,)e>0 has the same distribution of a stable Lévy process for each time point. Notice that we are
not proving that it is a Lévy process, something we will show in Theorem 19.25.

Proof. (A premise) notice that if W hits a at s < ¢ then
Wt:Wt_Ws+Ws:(Wt_WTa)+WTa S:Ta

(O strong Markov) we wish to apply the strong Markov property of Wiener processes (Thm. 19.14). To do
so, we first have to reduce u = t — T, to the right form. This is viable thanks to Theorem 19.15 applied to 7.
We then have that:

= Prop. 19.6

Wa)uso = (Wu 001, )uso =" (Wr,gu — Wr,)uso L Fr,, Wr,, Ts
is Wiener.
(O joint) We will prove next that T, = T, (Prop. 19.26), where the latter is the time at which the barrier a is
hit. This fact, together with the continuity of W (Thm. 18.22), suggest that at the barrier a we have a = Wr,.
With this in mind, examinate:

P(T, <t, Wy >a)=P (T, <t, Wp,4y1—1, — W, >0) Nya=Wr,
=2 (7w <t. Wiz, >0) 0
=P(T,<t)? (Wt_Ta > 0) independence from [J
=PI, <t)? (Wt,Ta < 0) symmetry Thm. 18.16#1
=P (T, <t Wf T, < 0) independence from [
=P (T, <t,W; >a) Nya=Wr,

so that paths above and below have the same probability.
(Vv marginal) by P(W,, = 0) = 0Vu > 0 i.e. P(W; = a) = 0Va we have that:

P(Ty, <t Wiy >a)+P (T, <t,Wy<a)=P (T, <t)
Which by the discussion of () also suggests that:
P(T, <t)=2P(Ty < t, Wy > a)

Notice that W; > a means that the process hits a before ¢, namely the events are such that {W; > a} C {T,, < t}.
Eventually:

([Wi| > a) Gaussian symmetry

((\[ tWy ) ) scaling of Wiener

Which implies that ﬁ has an inverse Gaussian distribution T, ~ IN(a) with density:
fol#) = e zeR
al2) = e 22 z&E
2123 "

For a visualization of the reflection, refer to Figure 19.3. O
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Figure 19.3: Reflection principle for the Wiener process

19.2 Arcsine Laws

Lemma 19.17 (Elementary facts of Gamma, Beta and Cauchy distributions). For Zy 1L Zy, 7, = Z2 ~ N(0,1):

1. (Chi-square) Z3 4 Z3 ~ X2 = Samma(3,3)
2. (Beta) A = W; ~ Beta(Q7 2) with density:

by T(1) = 1,T(}) = /7

3. (Beta cdf) A has cumulative distribution

4. (Cauchy-Beta link) for C = % ~ Cauchy:

Ai 212 d 1 d 1
Z3+4 73 1+%§ 1+C?
1

where C has density f(x) = sz for z € R (full support)
Proposition 19.18 (Arcsine law of G; and D;). Let A be as in Lemma 19.17. Define, as in Example 19.8:
Gy =sup{s € [0,t] : W =0} D;:=={uc€ (t,00): W, =0}
Then:

d t

Vt€R+ Gt*tA Dt A

Proof. (A previous results) for ¢ > 0 we have by Proposition 19.10 that W; # 0 almost surely. Then:
Gy <t<D; a.s.

Corollaries 19.11, 19.12 suggest that:
0< Gt D; < o0

While a hitting time process with Theorem 19.16 implies that T, ~ IN(a).
(O graphical shifts) let Z;, Z, “ N(0,1). Consider R, = Dy —t > 0 a.s., which is the hitting time of the
barrier Wi(w) = a. It could be seen as the hitting time for:

u—=Wyo0, =W — W, T_,=inf{t >0: W; < —a}
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of the barrier —a from above when a > 0 or —a from below when < 0. By the Markov property the process

W o0, L F; and so is =W o 6; by symmetry (Thm. 18.16#1). We assign (W) = (W, 00:)u>0 and observe
u>0 -

that for arbitrary b > O:

T_p = inf{u > 0: W, < —b} = inf{u > 0: —W, < —b}
= inf{u>0:W, > b}
=T

which holds again by symmetry. Hence the time R; is distributed as R; 4 T, for a = |W;|. By the reflection
principle (Thm. 19.16):

2
(W, >a} C{T, <t} = P(T, <t)=2P(W, > a) ni%wm@,zmmm)

Which means that at position a = W; it holds that

d Wt2
RLZL
t 7 22
z3
Z3

4

Ly W, £vt21 71 ~N(0,1)

Moving on to Dy, we just recognize that by D; =t + R; it holds:

734272 4t
PO e A A
7 A

As per Gy, for s € [0,t] we have by {G; < s} = {Ds > t}:

MQ<QzPW§mhﬂﬂ%>4:MM<ﬂ::(him

Corollary 19.19 (More results from the Proposition). We could also get:

1. R 2402 (by direct application of Lemma 19.17#4) for C ~ Cauchy
2. Gy has density f(z) = 2 arcsin VE
3. Qa2

Proof. (Claim #1) trivial.
(Claim #2) from G 244 using Lemma 19.17#3 we get:

2
PG <s)=PtA<s)="2 (A < ;) = 7Tarcsin\/f

(Claim #3) consider Q; =t — G where:

P[Qt < S] :P[t—Gt < S]

P
=P[t(1 — A) < s] 1-4224
P
P

We proved Q; 4 G, a shift of proportions. O

Example 19.20 (Another arcsine law). We provide two examples.
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ﬁww\&

Figure 19.4: Running Maximum Process
1. W such that no touch on [s,u], namely {Wy # 0,t € [s,u]}. Then:

2
{W # 0Vt € [s,u]} = {Gy < s} = P[{W; £ 0Vt € [s,u]] = —arc sin (\/§> s<u
2. the occupation time, by [Cin11](Thm. VIII.6.22) could be seen as:

At = / ]l{WS>O}d8 i tA
[0,¢]

19.3 Running Maximum and Poisson Jumps to interpret Hitting Times

Definition 19.21 (Running maximum of process). Consider a process (Wt)t€R+, we define for later use:

Mi(w) = max Wy(w) teRy, we

0<s<t
Proposition 19.22 (Running maximum vs hitting time). Recognize that:

1. M is continuous and increasing in R, with My(w) = 0 and limy_, oo Mi(w) = 0o
2. (My)i>0 and (T,)a>0 the hitting time process (Def. 19.2) are functional inverses:

{My > a} ={T, <t}
Proof. (Claim #1) trivial.
(Claim #2) it holds:
T, =inf{t >0: Wy >a}=inf{t >0: My >a} = {T, <t} = {M;>a}
Where the direction {M; > a} = {T, < t} is rather trivial. Proof by words is also useful to understand. [

{ Observation 19.23 (Why running maximum and the general idea). In Theorem 19.14 we used {W; > a} C
{T, > t}. Now we use the more precise equivalence of sets {My > a} = {T, < t}.
We also use in Proposition 19.26 the hitting time of point a, constructed as:

To— =inf{t >0: Wy =a} =inf{t >0: W; > a} = 1i%Ta_u = li?&inf{t >0:W; >a—u} T,=inf{t>0:W;>a}
u u

One problem is that while M is continuous, the path a — T, is only right continuous, as is shown below.
Example 19.24 (Graphical interpretation of the Observation). See Figure 19.4.
Theorem 19.25 (Hitting time process is stable Lévy). The process T = (T,)a>0 5 a strictly increasing pure

Jump Lévy process (Defs. 17.1, 17.7) with index % and Lévy density:

1
Adz) = ﬁdz z e Ry
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Proof. (A aim) wts that the definitions are verified.
(O a+ b split) fix a,b € (0,00)the process W hits a + b if it hits a and the shifted process W=Wo Or. hits b.
This means that:

Torp =T, +Tpo GTQ

By the strong Marjov property (Thm. 19.14) and the fact that T, < oo almost surely (i.e. version without
indicators) we get:

W = Wolr, L 3r,,T,, Wiener = T,qp — T, =Ty 007, = Ty

We have independence and stationarity, which, together with Ty 2" 0 (Prop. 19.10) and right continuity means
(Ta)a>0 is an increasing Lévy process.
(O density) the density is that of a stable process by Theorem 19.16. The process is of pure jump type (Def.

17.7), stable of index 2 From T, = a?T; and this discussion, every Lévy process of this form has density

Adz) = dzt% by [Cinll](Ex. VIL.2.1), which in our case, by a Laplace transform argument is precisely:

c=—— E [e_PT“] = exp {—a
Ry

Adz)(1 — e‘”)} = exp {—a\/%}

O

Proposition 19.26 (Properties of T,,_). Recall Observation 19.238 with T,— = limyqo Ty—y = inf{t > 0: W, =
a}. Then:

1. T,_ is a stopping time for F° the not augmented filtration, while T, is a stopping time wrt F the aug-
mented filtration
2. sojourne time s zero almost surely
T, =T, a.s.

Proof. (Claim #1) the claim holds by construction.

(Claim #2) by Theorem 19.16 we have that T, ~ IN(a), which means that T, < oo almost surely. Clearly
T,— <T,, and we have that T, < co almost surely. By Claim #1 we can also apply the strong Markov property
(Thm. 19.14):

T,=T,_ + mf{u >0: WTa,—&-u — WTa, > O} W o 9Ta— A .rJ'FTai,Ta_
—_—
=Wolr, _

== Ta— + TQ o 9T07 TO o tha7 i TO
———
1Fr, Ta-

L1, + T Prop. 19.10
~~
=0 a.s.

=T,_ a.s.

O

Example 19.27 (Plots of Poisson Jumps). Consider Figure 19.5. Atoms of N(dx,dz) are marked with little
circles, corresponding to the atom (a, z) there is a jump of size z from T, to Ty_ + z = T,. The path t — M,
stays constant at level a during [T,—,T,], an interval of length z. Since N(dx,dz) has only countably many
atoms, the situation occurs at countably many levels a only. Since there are infinitely many atoms in the strip
[a,a+b] x Ry, the path t — M, stays flat at infinitely many levels on its way from a to a+b. However, for every
€ > 0, only finitely many of those sojourns exceed € in duration. The situation at fized a is simpler. For a > 0
almost surely, there are no atoms on the line {a} x Ry, therefore T, “= T, = 0.

¢ Observation 19.28 (Poisson jump structure). By the Ité-Lévy decomposition [Cin11](Thm. VII.5.2) we have
that (Ty)e>0 is an increasing Lévy process (Def. 15.14). For a general one we have S = (St)ier, with Lévy
measure satisfying:

/(1 A 2)A(dz) < 00
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Figure 19.5: Poisson Jumps final plot
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which is described in the sense of Definition 15.16 as an integral wrt the underlying p.r.m. on Ry x Ry with

mean dxA(dz):

In our specific case we obtain the jump structure by means of a p.r.m. N(dz,dz):

N(B) = Z 15(a, T, —T,—-) BeBRyxRy) mean dxA(dz) = dx

If (a,z) is an atom then the map a — T, controls the abstract jumps of size a at time z. With:

Vorz3
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Chapter Summary

Objects:
e right continuous augmented filtration, a peek in the future with all negligible sets from the start

Fir = Ne>0F t4e

e hitting time of barrier a is T, = inf{¢t > 0: X; > a}

o shift operator for a class of continuous maps % is 6, such that (85 o w)(t) = w(s + t) for all
seR,te Ry
e running maximum of a process M;(w) = maxo<s<¢ Ws(w)
Results:

e hitting times are stopping times in the augmented right continuous filtration
e Lévy processes X (and thus Wiener processes W) are Markovian

E;[Vob]=E[V] teR;, VV € G bounded

which is an equivalent characterization with § = o(X)
e time shifts on Wiener process W, 0 0; = Wy, s — Wy
e time shifts on Brownian motion X; 060y = Xy
e Blumenthal’s 0-1 law

F augmented, right continuous = VA € Fy P[4] € {0, 1}

o the hitting time process (T,)q>0 is such that Tj =0
e Wiener highly oscillatory behavior at zero, there are co-many crossing for any time interval starting
from zero
o Wiener highly oscillatory behavior at infinity
e Lévy (and thus Wiener) processes are strongly Markovian in the Brownian formulation for stopping
times in the natural filtration F° (the not augmented filtration). Namely:
— VYV bounded in G, where § = o(X):

ET[V o HT]l{T<oo}] = ]E[V]]-{T<oo}] A1 3~T’ Lévy

independent of Fp and Lévy
— shift operator version:
(Xt 00r)i>0 = (Xeqr)i>0 L Fp, Lévy

e for T' a stopping time wrt F augmented, U : Q — Ry such that U € Fp, W = (Wt)teRJr a Wiener
process, f a bounded Borel function on R it holds:

Er [fWriuw — Wr)lirco}] = 9(U)irccey 9(u) =E[f o W,], ueRy

o reflection principle, (7},)q>0 is inverse Gaussian distributed T, ~ IN(a) Ya € R4
e recap about elementary connections of Gamma, Beta, Cauchy distributions
e arcsine law of Gy and D; derived in the exercises is for A ~ Beta (%, %) and C' ~ Cauchy,C = %:

d t

2
Gt i tA, Dt = —, Rttc2, Qth 5 f(l’) = — arcsin \/E
A 7r t

e running maximum is continuous and increasing in R, starting at zero
e running maximum is the functional inverse of the hitting time process
e the hitting time process is a pure jump Lévy process stable of order 2 with density:

A(dz) =

dz zeRy

1
V2mz3

e the pre hitting time T, _ is such that T, = T, almost surely




Chapter 20

Path Properties of Wiener processes

20.1 Variation

Definition 20.1 (Subdivision & mesh). We denote for an interval [a,b] a subdivision as a finite collection of
intervals whose union is the interval itself (ignoring the start).

A= {(s,t]}, U (s,t] = (a,b]

(s,t]eA
Given a subdivision, we also identify the mesh as:
|A|| = sup{t —s: (s,t] € A}

Definition 20.2 (True p-variation, total variation, quadratic variation). For a function f : Ry — R, right
continuous, an interval [a,b] € Ry, and a positive coefficient p > 0 the true p-variation is the quantity:

Where for p = 1 we call it total variation and for p = 2 true quadratic variation. It turns out that this formulation
is not very well suited for random processes, as it is infinite in both p = 1,p = 2. Below we prove the results for
a reasonable surrogate.

Definition 20.3 (A dyadic subdivision). In the fashion of Definition 18.14, and Lemma A.17 we could
construct a subdivision of equally spaced intervals using t = 5—5 fork=0,...,2".

Theorem 20.4 (Wiener probabilistically finite £2 quadratic variation). For a Wiener process (Wt)teR+ and
a sequence of subdivisions (Ay), cy with [|Ay|| — 0 we have:

[/2
1. Vn = Z(S,t]e/ln |Wt — W3|2 =b—a
2. Vi, Ab—a
We call V., the quadratic variation, not to be confused with the true quadratic variation. It is rather a probabilistic

version of the latter. In some terms, the sup can be replaced with the limsup of a sequence of meshes with size
decreasing to zero (i.e. |A,| —0).

Proof. (Claim #1)(A expectation) by the scaling property (Thm. 18.16#2) it holds:

11
7% ~ x? = Gamma <27 2)
Wi =Wy EVE=sZ Z~N0,1) = [Wy = W2 £ (t - )2 E [Z°]

V[z? =2

219
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So that the expectation of the quadratic variation is:

E[V,] = Z E [(W; - Ws)Z] linearity
(s,t]€AR

= Y (t—-s)E[Z’]

(s,t]€AR

=Y -9

(s,t]€AR

=b—a telescopic sum

(O variance) it holds:

V[Vn] = Z V[IWy — W% [t,s) are disjoint increments of a Wiener process
(s,t]eAy,
> V(- 927

(s,t]€AL,
= Y (t-9)°V[Z7

(s,t]€eAn,
<2|Aall DS (-

(s,t]leAn
=2||A.| (b—a) telescopic sum
n—r0o0
— 0

(O convergence) by A, it holds:
E[|[Vo—(b—a))?] = V[Va]"=°0 = V, Bb-a
(Claim #2) Just an application of Proposition 9.19. O

Proposition 20.5 (Almost sure dyadic subdivision for quadratic variation). Vn € N let A,, be a subdivision
of the form presented in Definition 20.3. Then, with the hypothesis of Theorem 20.4 it also holds that:

Vi= > [Wi=W, 3 b-a
(s,t]eAy,

Proof. From the previous results we proved E[V,,] = b — a. In this case, the size of the subdivision is ||A,| =

1
o Vn, by the dyadic construction. Clearly, by the subdivisions having equal length:

ViVa] =2 Z (t— 5)2 as in Thm. 20.4 with = instead of <
(s,t]eAn

)

k=0

(b—a)?
2TL

By Chebychev’s inequality (Cor. 7.5) we obtain the bound:

PlIVa—(b—a)|>e€| < :( (b—a)2> Ve > 0
~—— 2n

E[V:,]
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From which we are in the position to apply BC1 (Thm. 9.6) as in Example 9.9:

1 2 b—a)? 1 a.s
Ve >0 Z?(|vn_(b_a)|>e)g262<2n(b_a)2)_( 62a) Zgn—1<°° — V, g

———

[N

Proposition 20.6 (Infinite total variation of Wiener process). For a Wiener process (Wi)cp, we have:

TV = sup Z Wy — Ws| =00 almost surely
(s,t]e A

over any interval [a, b]

Proof. (A setting) We make use of the sequence of subdivisions (A, ), cy with [|A,| — 0 from Prop. 20.5 and
the result of Theorem 20.4. Let Qg be the a.s. set in which V,, “3 b — a. Denote the total variation as v* < 400
over [a, b].

(O calculation) Then for w € Qgp:

Vaw)= D Wi=Wi>< sup {W,=W,} D [Wi=Wi= sup {W,—Wy} v"
(s.t]€An (s, t]€AR (s, €A (s, t]€AR

(O argument) We know the LHS is b — a as n — oo since we are in 4. The first term of the RHS is by the
Holder continuity of W (Thm. 18.22) is:

Wy — Wi < OJt —s]% = C |4, "= 0 = sup{|W; — W,|} < C||A, ||

Which means that the second term, v*, necessarily diverges to co.
Let Q0 = (), p.0<acp ab, the event is almost sure, and the total variation is infinite in it. O

¢ Observation 20.7 (Consequences of infinite total variation). By Proposition 20.6 For a fized path w € Q we
almost surely cannot define an integral with respect to Wy in the Steltjes-Lebesque Riemaniann way (Def. 12.7),
as there is no limit of subdivisions in the Riemann sense and B [ f(s)dWs.
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Chapter Summary

Objects:
e subdivision, a finite collection of intervals covering [a, b] without the start

A= {(S,t]}, U (8715] = (aab]

(s,t]eA

e mesh of a subdivision
A =sup{t—s: (s,t] € A}

e true p-variation of a right continuous function f : Ry — R on an interval [a,b] € Ry

sup > |f(t) = f(s)I” peRy

A (s,t]eA

Where for p = 1 we call it total variation and for p = 2 true quadratic variation. Both are infinite
for a Wiener process
e dyadic subdivision, a subdivision of equally spaced intervals using t; = % for k=0,...,2"
Results:
e the Wiener process (W)
with ||An] — 0

has a probabilistically bounded quadratic variation when (A,)

teR L neN

2
Vo= > We-Wi25b-a Va Db-a
(s,t]€eAn
We call V,, the quadratic variation, not to be confused with the true quadratic variation. It is rather

a probabilistic version of the latter.
e the Wiener process has an almost sure dyadic subdivision limit of the quadratic variation

Vi= > Wi-W.SBb-a
(s, t]€AR

e the Wiener process has infinite total variation

TV = sup Z Wy — Ws| =00 almost surely
(s,t]JeA

e we cannot define a Steltjes-Riemann-Lebesgue integral with respect to a Wiener process after fixing
the path w € Q
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Chapter 21

Recap of Part 11

The following is a meta Chapter to ease help organize ideas.

21.1 Results Collection

Throughout the second part of the course (Chapters 11-20), many results were reported on different occasions,
the purpose of this Section is collecting them under the same discussion. It is just a copy paste. No proofs are
reported.

21.1.1 Martingales and Processes

Definition (Background notation). Assume that we are now in a probability space (Def. 10.45) (0, H,P). We
will index sequences by a countable collection N = {0,1,2,...} or an uncountable collection such as Ry or a
generic T.

A stochastic process will be an indezed sequence of random variables (Def. 10.58).

Occasionally, we might denote measurable functions over a measurable space (E, &) with the symbol f € & and
accordingly with signs + for negative and positive cases.

Definition (Filtration). For an index set T a filtration is a sequence (Fi)ier such that:

1. F, C HVt and Fy is a o-algebra (Def. 1.6) Vt
2. Fs CF Vs <t

Intuitively, it is a sequence of increasing information in the probability space.

Definition (Filtration generated by a random variable). Given a stochastic process (Xi)ier the filtration gener-
ated by it is denoted as:
Fr=0c({Xs:s<t})

Which can be seen as a flow of information accumulated at each time point.

Definition (Finer, coarser filtration). Consider F = (F;)iet, § = (G¢)ter to be two filtrations. We say F is finer
(coarser) than G is Vt € T F; D (respectively, C) Gi.

Definition (Stochastic process adapted to filtration). Consider a filtration F = (F;)ier and a stochastic process
X = (Xp)ier taking values on (E,E). We say that X is adapted to F if Vt X, measurable w.r.t. F&E

Proposition (Equivalent statements for filtrations and adaptedness). Consider a stochastic process X = (X¢)ter
and a filtration F = (Fi)rer. Then:

1. X adapted to F (Def. 11.7) <= Vt,s<t, f€ € foX,eF

225
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2. since §=0(X) = X adapted § we have that:

X adapted F <= T finer G

Definition (Stopping times). For a filtration F a stopping time with respect to it is a random function T : Q —
T U {oo} such that:
{IT<tyeF, VteT

Which is equivalent to requiring the process Zy = lyp<yy € Fy for allt € T.
In the special case in which T =N or N the condition reduces for 2n =27y — Zp_1 to:

~

D = ]l{T:t} vteT

Definition (Counting process (N¢)ier). Let ) < Ty < To < ... be random times of the form T, : Q@ - T = Ry
such that lim,, _, T,, = +00.

These can be seen as a sequence of distinct arrival times.

A counting process is a stochastic process (Def. 10.58) of the form:

Ny = Z Ljo,(Th)

Proposition (Properties of (N¢)ier). The map t — Ny is:

1. right continuous

2. increasing in t

3. has jumps of size 1

4. Ng =0, N; < ooVt € Ry, limy_, oo N} = 00

Definition (End of time information F, extended filtration (F),.5). We define Foo = limy 00 Iyt = V, T,
where the union symbol is different as it is over o-algebras.
Then, the extended filtration is a filtration which accounts for P[T = oo] > 0:

(Fer T=TU{o0}

Definition (Stopped filtration F7 at T, past until 7). For F a filtration on T, extended to T, and T a stopping
time, the stopped filtration is defined as:

Fr={HeH:Hn{T <t} eF vteT}
Lemma (Properties of 7). A stopped filtration Fr is such that:

1. Fr is a o-algebra (Def. 1.6)
2. Fr CFoo CHWVE

Theorem (Formalizing Observation 11.22). Drawing from the previous comment, for a stopped filtration Fp,
with stopping time T, index T, and filtration F:

1. stopped filtration filtration identification
VeETFr < Vir, € FVteT
2. stopped filtration identification for a discrete process
N=T VeTFr & Vip_, € FVteT
Which are both an extension of the comments of adaptedness from Definition 11.7 for deterministic times.
Definition (F processes collection). Using the same notation for positive measurable functions as f € & we let:
F= {M’ght continuous processes on T adapted to 3"}

Where F is extended to T.
This means that X € F whenever:
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1. X = (Xi)ter 18 adapted to F = (Ft)ier
2. t — X¢(w) where X; : T — R is right continuous Yw € §

Theorem (Comparing different stopping times). Let S,T be stopping times of a filtration F (Def. 11.9), where
S < T almost surely, meaning S(w) < T(w)Vw € Q. Then:

1. SANT, SV T are stopping times of F
2. specifically S <T = Fg C Fp
S Fsar =FsNTFp
Vis<r € Fsar
4. VeFs — Vig—r € Fsar

Vis<r € Fsnr
Definition (Expectation in Filtration E;). Given a filtration F = (Fy)ier (Def. 11.2) use as notation:
E;[X] := E[X|F;] =E5,[X] = X5, t€T
Proposition (Repeated conditioning of E;). For X >0 a.s. it holds that:
E; [Eg[X]] = Esp¢[X] Vs, €T

Definition (Expectation with respect to stopped filtration Er). Given Fr a stopped filtration (Def. 11.19),
recalling that Fr is a o-algebra, simply define:

]ET[X] = E[X|97T] = Eg‘T[X} ZYQ"T

Theorem (Properties of Ey). Consider X, Y,W > 0 a.s. and S,T stopping times (Def. 11.9) of a filtration F
(Def. 11.2). Then:

1. Projection defining property
Er[X]=Y <= Y € Fr E[VX] = E[VY] VYV Fr-measurable positive

2. unconditioning
E [Er[X]] = E[X]

3. repeated conditioning/towering

EsEr[X] = EsarX

4. conditional determinism
Er[WX] = WErp[X] VW Fr-measurable

Definition (Martingales). For T =R, and F a filtration, possibly extended to T a F-martingale is a stochastic
process X = (Xi)ier such that:

1. X is adapted to F (Def. 11.7)
2. ¥Vt X, is integrable <= E[|X:|]] < ooVt <— X, € L, Vt
3. martingale equality

E(X; — X =0 Vs<t,Vt
Definition (Submartingale, supermartingale). we recognize two additional options for the last property:

e a submartingale satisfies Definition 11.35 but has > in the martingale equality
e o supermartingale satisfies Definition 11.35 but has < in the martingale equality

Proposition (Best guess of future is present characterizes martingale equality). It holds that:
Def. 11.35#3 «— E(X3] =X, Vs<t
Proposition (Martingale implies stationarity).

X F-martingale = E[X;] = E[Xo]Vt € T
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Proposition (Discrete time martingale check). For a discrete process over T = N it is sufficient to check for one
step forward the martingale equality if the other two conditions are satisfied (integrability and adaptedness):

Ep[Xpik — Xn] =0Vk >0,¥n €N < E,[Xnp1 — Xn] =0Vn

Corollary (Jensen’s for martingales). This is a Corollary of Jensen’s inequality.
For a martingale X and a convex function f : R — R then:

foXiintegrableVt € T = f o X submartingale

Definition (Uniformly integrable martingale). We define e w.i. martingale as in Definition 7.3 with as arbitrary
index set T. Namely:
(Xe)eer  lim supE[X[1p,00) (|Xe]) =0
oo ¢

Proposition (Uniformly integrable martingale by integrable random variable). Let Z € £1(Q,H,P) and F a
filtration.
= X = (Xy)ter: Xy = E¢[Z]Vt € T wuniformly integrable martingale

To prove this result, we need a Theorem from the book, which is reported in the Appendix.

Lemma (A more general result). It actually holds that:
ZeLi(QHP) = K={X|X=Eg[Z], §CH} wuniformly integrable

Definition (Wiener process W). A stochastic process W = (Wy)ier, is Wiener with respect to the filtration I
if:
1. W is adapted to F (Def. 11.7)

2. Gaussian intervals )

V2t

Where €4 is to be intended as positive Borel functions mapping to R.
3 Wy=0

Ef (Wiyss — W,)] = / f@) e dr Va1, Vf € &,

Proposition (Definitional implications of Wiener process). We have that by requirement 2 of a Wiener process

W:

1. Markov
Ws—i—t - Ws 41 9:s VS

2. stationarity
Ws+t - WS 1L sVs

3. normality

Wisr — Wy ~N(0,8) V£ # 0

Proposition (Martingale characterization of Wiener Process, exponential).

. 2 .
W = (Wy)ier, Wiener <= M; = erWe—ar’t F-martingale Vr € R
Def. 11.55 Def. 11.35

Proposition (Wiener processes are martingales).

W = (Wy)ier, Wiener = W F-martingale
~—— —_—
Def. 11.55 Def. 11.85

Proposition (Martingale characterization of Wiener process, square).

W = (Wy)ier, Wiener — Y, = W72 —t  F-martingale
Def. 11.55 Def. 11.85
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Theorem (Combination of Wiener martingale characterization). It actually holds that W is Wiener if and only
if:

1. W is an F-martingale

2. Yy = W2 —t is an F-martingale

Namely, the two previous results together characterize Wiener processes.

Definition (Poisson Process Pois(c)). A counting process (Ni)ier is Poisson with rate ¢ > 0 with respect to a
filtration F (Def. 11.2) when:

1. N is adapted to F (Def. 11.7)
2. increments are Poisson distributed in expectation:

X ,—ct k
B, [f(Nore - N = 3 S fh) vt eet
k=0 '

Where, as usual, by f € ET we mean a positive measurable function in (R, B(R)), the space where the process
takes values on.

Proposition (Definitional Properties of Pois(c)). Definition 12.2 has some direct implications. For N ~ Pois(c)
it holds that:

1. markov property
Ns+t_NsJ|—3~s Vs,t

2. stationarity
(Ne)ter L t

3. Poisson increments
Nips — Ns ~ Po(ct)

Theorem (Pois(c) characterization). For a counting process N (Def. 11.13) and a filtration F over which it is
a Poisson process we can see that:

N ~ Pois(c) <= (N — ct)ter F-martingale (Def. 11.35)

Definition (Predictable process). A natural process (Fp,)nen s predictable with respect to (Fp,)neny when F € Fy
and F,11 € F,, Vn, where by € we mean measurable with respect to (see the background notation for context).

Definition (Steltjes-Lebesgue integral). For (Fy,)nen a random function and (My,)nen o signed measure with

mass My, — M,,_1 ¥Yn and My = 1 we define:

X = (Xp)nen - X:/FdM

= X, = / FdM = MyFy + Z(Mm. — My 1),
(0,n]

m=1

A series of increasing in n integrals.

Theorem (Martingality of integral for bounded processes). For X a Steltjes-Lebesgue integral as in Definition
12.7 with (Fy,)nen bounded (i.e. P[|F,| < b] =1 for some b € R) it holds that:

1. (Mp)nen martingale = X martingale
2. (Mp)nen submartingale, (Fy,)nen positive Yn —> X submartingale

Corollary (Stopped time process martingality). Let T be a stopping time (Def. 11.9) and (X,)nen with X, =
MoaT as in Example 12.8. Then:

1. (Mp)nen martingale = X martingale
2. (Mp)nen submartingale = X submartingale

Notice that by the result of Example 12.8 this means that M, a7 is a martingale/submartingale since X, = Muar
for allm € N,
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Proposition (Doob’s Theorem I). Let (M)
bounded P[T < k] =1 for some k € R. Then

nen be a martingale, T a stopping time (Defs. 11.35, 11.9), with T

E[Mo] = E[Mr] = E[M]

Corollary (Double stopping Time Doob’s Theorem I). Let (My), oy be a martingale, T' a stopping time (Defs.
11.35, 11.9), with T bounded P[T < k] =1 for some k € R as before. If S <T is another stopping time:

E[Ms] = E [Mr]

Theorem (Doob’s decomposition). Let (X,), oy be adapted to I and integrable X,, € L£1. The following state-
ments are true:

1. decomposition, with M a martingale, Mo = 0, and (An), oy @ predictable process, Ay = 0 (Defs. 11.35,
12.5)
Xn=Xo+M,+A, YneN

2. the decomposition at point 1 is unique up to equivalence
3. if (Xn) ey 8 a submartingale, (Ay),, oy is an increasing predictable process, if (Xy),, cy i5 a supermartingale,
(An) ey 18 decreasing predictable

Theorem (Doob’s Theorem II, fully general). For a process (My), .y adapted to (F)
equivalent:

nen the following are

1. (My),cy 8 a martingale
2. for bounded stopping times S <T Mg and My are integrable and Eg[Mr — Mg] =0
3. for bounded stopping times S <T Mg and My are integrable and E[Mr — Mg] =0

Definition (Upcrossing, downcrossing and counter). Let (M,,)
Ty = —1 for convenience.
For all natural k > 1 define:

be adapted to (Fy,) (Def. 11.7), a < b and

neN neN

Sk =inf{n >Ty_1: M, <a}

Ty = inf{n > Sy : M,, > b}
By the adaptedness of (My), oy we can say that {S1,T1, 2,5, ...} is an increasing sequence of stopping times
(Def. 11.9).

Sy can be seen as the k' downcrossing of the interval (a,b), while Ty, is the k*" upcrossing of the interval (a,b).
We then define the number of upcrossings of (a,b) as:

(o)
Un(a,b) = 1o (Tk)
k=1
Definition (F,, formalism). The number of buy/sell cycles in [0,n] is exactly Uy, (a,b). In this context we let:

e F, be such that:

Fy=0

F, = Ziozl ]]'(Sk,Tk] (n) _ 1 Zf dk: S <n<T}
0 else

So that F represents the number of stocks owned at (n,n + 1]
e we already saw that the value of the portfolio is formalized as:

Xy = [ FdM
Xo=0

With this context, the profit is in general:
Xn - XO > (b - CL)U,L(CL, b)

where we put > instead of = since it could be that the price at the end is less than the price at the start! See the
plot of Example 12.22 for reference.
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Proposition (Upcrossing inequality).

(M) submartingale = (b — a)E[U,(a,b)] <E[(M,, —a)" — (My —a)™]

neN

Theorem (Martingale Convergence Theorem, MCT). For a submartingale (X,,) (Def. 11.86):

neN

supE[X[] <00 = X, ¥ X, X €Ly

So that we can establish an almost sure limiting distribution.

Corollary (An equivalent sufficient condition). We can restate the problem in terms of a more useful condition
noting that:

sup,, E[X,[] < o — sup,, E[| X,,|] < o0
XT—L’_ e L, Vn |Xn‘ e L, vn

Namely, an L1 bound on the martingale, not £, convergence!

Corollary (Special cases). We recognize a number of familiar situations in which the requirements are easily
verified:

1. (Xn),en non positive submartingale

2. (Xn),en mon negative supermartingale

3. (Xn),en mon positive or non negative martingale

4. (Xn) ey bounded above or below by an integrable random variable
Lemma (A quick Lemma for £; convergence). If (X,),cn 54X then:

lim E[X,Y]=E[XY] VY bounded a.s.

n— oo
Theorem (Uniform Integrability vs a.s. £; characterization). For a martingale (M), cy it holds:
1. Same convergence by uniformity

- = (Mp),cy uniformly integrable

M, 5 Mo,
M, = M,

2. Martingale equality extends at infinity as a martingale X if M, = E,[Z] for Z € £;:

My =En[Z),Z € L1 = My = lim M, : X =(X,)

n—00 neN

Corollary (Appying Theorem the almost sure £ limit for u.i. martingales to characterize Observation 12.37).
Conclude that:

1. ¥Z :E||Z]] < o0 it holds E,[Z] 2—3 Ex[Z] = E[Z|F ]

2. 7€Fs = E,[Z] ‘L—> Z
So that Z is eventually revealed.

Proposition (Frequentist validation of Bayesian mean estimator). Recall the setting of Example 12.39
identifiability : Po(A) =P[Y € A|0] : Po(-) # Py (VO£ = 0 € Foo
In other words, identifiability is a sufficient condition for the true value to be revealed at the end of time.
Corollary (Frequentist perspective validation). ¥y in almost sure sets of w(-):
iid

Y, X P, =PlY; €-6] = 0, =0y inPE as.

Theorem (Levy’s 0-1 law).
AcTy = B, [14] S 14
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21.1.2 Random Measures and Processes

Definition (Random Measure M (,-), r.m.). The concept is equivalent to that of a Transition Kernel (Def.
B.13) from (2, H) onto (E,E). Consider a probability space (Q, H,P) and a measurable space (E,E). A random
measure on (E, &) is a mapping:

M:Qx&—=R,

Such that:

1. w— M(w,A) is a r.v. YA € € denoted as M (A), which is H-measurable and takes values on (E, &)
2. A— M(w, A) is a measure on (E, &) denoted as M, (dzx) for all w €

Definition (Measure description of M). The measure in M denoted as M, (dx) can be atomic or diffuse (Def.
A.82), finite, o-finite or X-finite (Defs. A.26, A.27).

Definition (Random counting measure). M (dx) such that M, (dz) atomic and with weight 1 a.s. is a random
counting measure. It is the equivalent of a counting measure after fizing w.

Definition (Recap of integral notation). Let f : E — R be a Borel function and assume we wish to integrate
wrt M(dz). Recalling that for a fized measure v we have vf = [ f(z)v(dx) then:

MfE%R\Mf:/f(x)M(dx) is an r.v.
E

Notice also that:
M(A) :/ M (dx) :/ 1aM(dz) =M1, VAe€&
A E

Definition (Expected version of random measure, mean measure). For a random measure as in Definition 135.1
we refer to the mean measure v when considering the measure such that:

1. v(A) =E[M(A)] VAeé&
2. equivalently vf =E[Mf] Vfeé&,

In particular:
v(A) =E[M(A)] = / M (w, A)P[dw]
Q
Where we are integrating out the w of the random measure over the underlying probability space.

Lemma (Mean in terms of tail).
X>0 as = EX]=) PX>i =) PX >
i=1 =0

Definition (Laplace functional). This definition resembles that of Def. 6.11.
For a random measure M and a positive Borel function f € €, we define the Laplace functional as:

Pr(f) =E [e=M]
Which can be seen as the Laplace transform of M f, which is a r.v., evaluated at r = 1.

Definition (Poisson random measure, p.r.m.). N(dz) ~ Pois(v(dzx)) is a Poisson random measure (Def. 15.1)
with mean measure v(dz) when:

1. N(A) ~Po(v(A)) VAe&
2. For {A;}}_, C € disjoint = {N(A;)}, is an independency (Def. 6.9)

Proposition (Mean Variance for sets of Poisson random measure). For N(dz) ~ Pois(v(dx)) such that v(A) <
oo VAeé&:

: If v(A) =00 = E[N(A)] = o0 a.s. and V[N(A)] is undefined a.s.
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Proposition (Mean and variance for functions, Poisson random measure). Let N be a p.r.m. and f € €, :

1. E[N(f)] = v(f)
2. VIN(f)l =v(f?) if vf < oo

Theorem (Laplace functional of Poisson random measure characterization). Using the theory of Laplace trans-
forms, for a random measure N on (E, &) (Def. 13.1) with mean measure v:

N ~ Pois(v) (Def 13.13) <= Ele V] = e Vfeét

Lemma (Laplace functional uniqueness and continuity). The Laplace functional mapping f — Ele=M7f] for
f € &4 is such that:

1 (fa) C& fo N f = limy oo E[e"M/n] = E [emM/]
2. N=M on (E,E&) random measures <= JADM(f) = UADN(f) Vel

Corollary (Extending the results of Theorem). Clearly:
fT’M(f) = ﬁN(f) Vfeé, < M=N a.s. < Mrm. specifiedbyv only

Proposition (Laplace function of N(A)). We provide quickly an intuition of the = direction in the Proof of
Theorem for the simplest case possible.
We can show for r =1 that :

S
and then reason by simple functions approzimation.

Definition (Proper random variable for random measure). Giwen f € &4 we say M f = [, f(x)M(dx) is proper
when P[M f < oo] = 1, namely M f = 1.

Lemma (Finiteness of random variable by Laplace function).
X>0 as = PX <x] Zii_rf[l)ﬁx(T)
Proposition (Finiteness of Poisson random measure). Let f € €4 and N ~ Pois(v). Then:
v(fAl)<oo = Nf<oo a.s.

Else Nf = 00 a.s.

Definition (Independent random measures). Two random measures N, M are such that N L M when N(A) L
M(A)VAe &

Theorem (Poisson random measure existance). Let v be X-finite on (E, ). Then:
AUH,P) & N(w,)on(E,E): N ~ Pois(v) VYweQ

Theorem (Random counting measure and diffusivity of Poisson random measure). Let N be a p.r.m. on (E,§)
according to Definition 13.13, with X-finite mean measure v. Then:

N random counting measure (Def. 13.8) <= v diffuse (Def. A.32)

Corollary (Extension to special case). Let N ~ Pois(v) on E =Ry x Ry and € = B(E).
Let v = Leb x A\, with

e \({0}) =0

o \((e,00)) <oo Ve>0
We can interpret N(t,z) for a time of arrival t of an object of size z. Then:

1. for a.e. w € Q N, is a counting measure that:
2. (no simultaneity) has not atom at t = 0, no atom of size z =0, i.e. no simultaneity of X;, X; : t; =1t;
3. (finite big activity) YVt < oo, € > 0 there are finitely many atoms before t with size z > €



234 CHAPTER 21. RECAP OF PART 11

4. (infinite small activity) claim #3 holds for e = 0 if X is finite. Otherwise there are oo many atoms of size
z<e Ve>0

Definition (Image of N under h, N o h='). This is equivalent to Definition B.1.
Let N be a p.r.m. on (E,E), and h: E — F a measurable map (satifies Eqn. 3.1). The image of N under h is
a random measure on (Q, H,P), (F,F) (Def. 13.1) defined as:

Noh™ : (Noh™)(B)=No(h™'(B)) VBeJ

the last expression is:
N B) = [ Vs ) Nido)
E

= / N (dz)
z:h(x)€EB

- /E 15 (h(x)) N(da)
:N(]lBOh)

Where we infer that instead for a borel map f : F — R:

(Noh™)(f) = N(h™'(f)) = N(f o h)
which by Nf =5 f(X;) for (X;) atoms of N suggests that:
K K
(Noh™)(f) = N(foh) =3 F(h(Xi) =D f(¥D)
i=1 i=1

For (Y;) the atoms of N o h™!.

Proposition (Image measure is a Poisson random measure). N o h=! on (Q, 3, P), (F,F) satisfies the require-
ments of Definition 13.13 and has mean p = v o h™!.

N ~ Pois(v), h:E—F = Noh '~ Pois(voh™")
Definition (Arrival process formalism). Let N(dzx) be a p.r.m. on E = R with diffuse mean v(dx), such that
c(t) = v((0,t]) < oo V.
By Theorem the previous Theorem we know that v is diffuse <= N is a random counting measure.

With this premise we can interpret (T )p>1 as distinct ordered arrival times. We want to simulate this random
measure.

Proposition (Arrival process simulation by inverse image). For N as in Definition the arrival process formalism
of Definition 14.16 let h : R, — Ry be such that in the arrival process formalism:

hu)=t <= c(t)=u

Namely, the inverse of the cdf. Then for N a p.r.m. with mean measure Leb:

1. v=_Leboh™!
2. (u;);>1 are the atoms and (h(u;));>1 are the atoms of N

Definition (Trace of random measure, also restriction). For D C E and a random measure M on E we call
restriction the measure Mp characterized as:

Mp(B) = M(BND) VYBeE&

Which has mean pup(B) = u(BND)VB € &
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Definition (Intensity or expected arrival time r). In the context of the arrival process formalism of Definition
14.16 further let v be o-finite and such that v < Leb. By Radon Nikodym Theorem we have that:

JIr Leb-measurable, I/(A):/r(t)dt
A

We call r(t) = ddL’;b (t) the Radon-Nykodym derivative also with the term intensity.

Recall the discussion we did in Chapter 5. It is not granted that the measure v will be o-finite once it is absolutely
continuous to the Lebesgue measure. The observation we did when introducing the Radon-Nykodim theorem made
it precise that this requirement was lifted for probability measures, but v in principle could be just a measure.

This comment can be ignored in most of the cases.

Proposition (Arrival process simulation by intensity). Using the interpretation of Definition 14.19 for an in-
tensity r we also let:

o h(t,z)=t

e D={(t,2): 2<r(t)} CRy xRy

e Mp be the trace of the p.r.m. M on Ry x Ry with mean Leb, so that it is a p.r.m. with mean pp < Leb.
The mean measure up 1s also o-finite since it is just a restriction of Leb inside the set D

Then:

1. N=Mpoh~tisapr.m. with mean v = pup o h™'. N here is the counting measure on Ry whose atoms
are arrival times T; with size Z; < r(T;), according to the restriction D.
2. can simulate (T}, Z;);i>1 from M and set Nf = Zi:zigr(n) (1)

Assumption 21.1 (Setting for transformations). We consider measurable spaces (E, &), (F,F), and collections
{X; eI} {Y; : i eI}

N is a p.r.m. on (E,&) with mean v (Def. 13.13) = Nf =3 .., foX; fe&,.

For a measurable map h : E — F, satisfying Equation 3.1, we set Y; = ho X; and derive the new p.r.m. Noh ™!
using the Proposition in which we proce the image measure is a random measure.

Y; is ultimately the random transform associated to the kernel (Def. B.13):

Y;e Bwp Q(,B) if X;=2z < PlY eB|X=2]=Q(x,B) VBeYF
Where Q : ExF — FE

Theorem (Transformation independence poissonity). For a measure v on (E, &), and a kernel Q from (E, &)
to (F,JF) such that:

e X is a p.r.m. with mean v
ind
It holds:

1Y is a p.rm. on (F,F) with mean 7(Q) : n(Q(B)) = [v(dx)Q(z,B) VB € F or in other terms

m(dy) = [ Q(z,dy)v(dx)
2. (X,Y) isaprm. on(ExF,ERF) with mean p=v X Q so that:

plde, dy) = v(dz)Q(z, dy)
Corollary (Special case Kernel is probability measure). For X ~ Pois(v) on (E,&) andY L X such thatY ~ 7
on (F,%):
= (X,Y)~Pois(n) on (EXF,ERF) pu=vxmn:p(dedy)=v(dx)r(dy)

Definition (Compound Poisson process (S;)i>0). We give a precise definition of the object presented in the above
example.
For arrival times Ty < Ta < ... atoms of a p.r.m. on Ry with mean cdx = v(dx) we consider a sequence of

random variables Y; id 7w on R whereY 1L T.
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The compound Poisson process that arises is the continuous time process of the random sum:

(S0 = Se= > Yi=Y Iy (T)Y

Ty <t
- / Yl (z) N(de, dy)
R+ xR

Where by the previous Theorem N is a p.r.m. and the expression makes sense.

Definition (Borel version of compound Poisson process). (St),cp, can be seen as a cumulative version of a r.m.

(Def. 13.1) on R,.:
Sy = L((0,t]) L(dx)r.m. : L(A) :/A Ry]\f(alx,dy)

Indeed the Laplace transform of Sy would be:

E {eer((o,t])] ) [efrst} = exp {ct/R (1- ery)ﬂ(dy)}

= exp / (1 —e "™)dzer(dy)
(O,t]XR+

Which we write for general A below the Observation that follows.

Definition (Additive random measure). A random measure (Def 13.1) M s said to be additive when for disjoint
sets {A;}_, C & the set of random variables {M(A;)}_, is an independency according to Definition 6.9.

Proposition (Compound Poisson process has underlying additive measure). L as in Definition 15.5 is an
additive random measure.

Lemma (Automatic additive random measure). For a countable set D C E and an independency of positive
random variables {W, : W, > 0x € D} the random measure:

K(w,A) =Y Wo(w)la(r) weAcE
zeD
is additive.

Theorem (A form of additive random measure decomposition). Consider a measure « on (E, &), a random
measure K as in the Lemma for the automatic random measure, purely atomic with fixed atoms, and a random
measure L as in the previous Proposition, namely:

L(A):/A . yN(dz,dy) N ~ Pois(v)

Then:

1. any additive r.m. (Def. 15.8) can be decomposed in a sum M =a+ K + L
2. if M is a X-bounded kernel (Def. B.23) the same decomposition holds and if additionally « is diffuse, and
the mean measure of K v(- x Ry) is diffuse the decomposition is unique

Definition (Increasing Lévy process). A process S = (St) is increasing Lévy when it is such that:

teR

1. independence of increments:
Stl_Stow-wStn_Stn,1J— Vn>20<tg<t; <...<ty,

2. stationarity of increments
St+u — Su i St Vu,t S R+

3. increasing, right continuous and starting at So = 0

Assumption 21.2 (Structure of compound Poisson process revisited). We know by the previous Proposition
in which we proved that the compound Poissoin process is additive, that the underlying random measure of a
compound Poisson process is additive. We now impose that:
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e Si(w) =M(w,[0,t]) for M an additive r.m., so that Sy is increasing and right continuous
e S; <00 a.s.Vt which will ensure independence by the additivity of M
e a(dr) =bdr be Ry to ensure linearity, which will guarantee stationarity of increments

Definition (Candidate Poisson additive random measure). We present here the r.m. we will feed to the following
results, carefully constructed according to Assumption 15.15 and Observation 15.13:

Sy =1t —|—/ zN(dz,dz) = M(w,[0,t]) b,t € Ry, M additive
[0,t] xRy

for N a Poisson random measure with mean v(dx,dz) = Leb x A(dz).

Proposition (Candidate compound Poisson with weak integrability is increasing Lévy). Letb € Ry, N a p.r.m.
on Ry x Ry with mean v = Leb x X\. If the integrability condition:

/ Md2)(z A1) = Az A 1) < 00

is satisfied then:

1. (Lévyness) (St)te]R+ the candidate of Definition 15.16 is an increasing Lévy process in the sense of Definition
15.14
2. (characterization) the Laplace transform is:

E[e™"5¢] = exp {t

br +/R A(dz)(1 — e”)] } re R4

Definition (Lévy process terminology). We say that:

o bc Ry is the drift
e )\ is the Lévy measure

Where the two of them uniquely identify S via the Laplace transform of the previous Proposition.

Lemma (Finite measures Lévyness). It is rather easy to check for E C Ry that:
A AME)<oo = AMzAl) <
and we can say that the candidate Poisson process is Lévy.

Proposition (Link integrability & infinite activity). Consider a measure on Ry which is not finite. We link the
above Proposition and the Corollary for diffusivity of the counting measure by:

/Oo(z ADA(dz) < oo = A((6,00)) < oo Ve>0
0

e—0

but still  A((e,00)) = o0

Definition (Inverse Gaussian distribution). We consider a stable process (Si),cg, as in Ezample 15.23 with

1

a=j5,¢c= V2. The Lévy measure becomes:

1

The density associated to such measure is available in closed form:

t t2
z) = e 2z zeR
f(2) oo +

We know that this is the density function of an inverse gaussian distribution, so we can safely say that Sy 4 a—z

for Z ~N(0,1) and write Sy ~ IN(a).
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Definition (Generalized inverse j). To implement the truncation, we make use of:

Juw)=inf{e >0 : A((e,0)) < u}
Where the inf accounts for possible discontinuities. Notice that j is decreasing since X is decreasing in €.

Proposition (Generalized inverse properties). We have that:

1. MA) = (Lebo j~1)(A) = Leb(14 0§) VYA€ &
2. Mf) = Leb(f o j)
8. Sy = 3021 iU Lo, (Th) = Xior,<i 3(Us) for (Ui, T;))iz1 ~ N(dz, du)

Definition (Incomplete Gamma function I'(s, z)). Also known as upper incomplete gamma function:
o0
vs(xz) =T(s,z) = / t5 e tdt
xr

Where for s = 0 we see that T'(0,z) = vo(x) 720

Lemma (Incomplete gamma-x? link). Let X?i.(qt) = upper quantile of the chi-square distribution such that

Plx3 > Xi,(a)] = «. Then:

1. ’VO(U) = F(Ovu) ~ §Xd,(d7u)
2. Accordingly:
>0 =11
S; =~ ——= .
K Zzzl c QXd»(%%)
Theorem (Poisson process, random measure & counting process equivalence). Let ¢ > 0, TFAE:

1. M is a p.r.m. (Def. 13.13) with mean u = cLeb

2. N is a poisson (counting) process (Defs. 12.2, 11.13) with rate ¢

3. N is a counting process (Def. 11.13) and N = (N, — ct)i>o is an F-martingale (Def. 11.85)
4. (Tk)k>1 1s an increasing sequence of F-stopping times (Def. 11.9) and:

& eap(e)

Theorem (Poisson increasing Lévy characterization). For a counting process N (Def. 11.13) we conclude that:

T, Ty —Th,...

N increasing Lévy (Def. 15.14) <= N Poisson (Def. 12.2)

Proposition (Strong Markov Property of Poisson Processes). We establish independence of future events from
the past even when the present is a stopping time.
For a Poisson process N ~ Pois(c) and a stopping time S':

7Ct Ct
Es[f(Ns4t — Ns)lis<oo}] = Zf ———L{s<o0}

Proposition (Total unpredictability of jumps). This result is mirroring that of the Proposition in which we
prove that Brownian motion’s hitting time process hits zero almost surely, which will be proved later.
Consider a Poisson process N, of which the first jump is T =Ty, and a stopping time S wrt F. Then:

0<S5<T as. = S=0 a.s.

Namely, we cannot find a sequence of stopping times that would approximate T'.

21.1.3 Continuous Time Processes and Path Properties

Definition (Lévy process). A process X = (Xt),cg, is Lévy wrt a filtration (F7),cp, if:
1. (adaptedness) it is adapted to (Fy),cp, (Def. 11.7)
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2. (right continuity and starts at zero) for a.e. w € Q the path t — X, is right continuous and Xo(w) =0

3. (stationary and independent increments) Vs, t > 0 Xgyp — X 1L Fy 4 X,
Definition (Infinite divisibility). We express a Lévy process (Xi)cp, as St Xi =Xy Vn,t where the elements
are all Lévy processes:

t
§ = - = X; = Xt]l[o,é] (t) + Xt]l[g,gg] (t) + -+ Xt]l[é(n—l),én] (t)

where the increments are independent and identically distributed.
Definition (Characteristic exponent ©(r)). This is a direct result of the infinite divisibility, which makes the
process decompose into independent processes. A Lévy process can be described by the characteristic exponent, a
complez valued function such that:

Dy, (r) =E[e™X] =¥ teR,reR
Where ¢ : R — C is complex valued.
Definition (Pure jump process). Consider on R the Lévy process
Xe= > AX, Wt AX,=X,(w) - X, (W), Dy={t>0: AX;(w) # 0}
s€[0,t]ND,,
Then:

e the jumps are positive or negative, we could see X; = X;” + X, where both are increasing Lévy
e if the jumps are countable (e.g. arising from arrival times (T),)) then we can evaluate the sum, we do so
by intersecting the time interval with D,

We call this a pure jump process, notice that it is not necessarily increasing.

Definition (Total Variation V; of the pure jump). We give a first definition of total variation of a path of a pure
Jump process t — X; as:
Vi= ) |AX)| VteR,
s€[0,t]ND,,

Proposition (General representation & existance conditions of Lévy process). For a p.r.m. M on Ry x R? with
mean Leb x A and A({0}) = 0 if:

Mz A1) = /}RdA(dx)(m Al) < o0 (21.1)
then:

1. for a.e. w the process arising from the integral X;(w) = f[ M, (ds,dz)x converges absolutely ¥Vt and
it has bounded total variation V; < oo Vit

2. X is a pure jump Lévy process with characteristic exponent

0,t] xR

Y(r) = A" —1) = / A(dz)(e"™* —1) VreR
Rd
Definition (Basis notation). denote:

e B={zeR : |z|] <1}
e B.={zecR : e<|z| <1} foree (0,1)

Theorem (Infinite total variation Lévy existance as compensated sum of jumps). Let M ~ Pois(Leb x X) (Def.
13.13) on Ry x B where A({0}) = 0 and:

M|z|?1g) = / Mdz)|z)? < oo (21.2)
B
For e € (0,1) consider:
Xi(w) = / xM,(ds,dx) — t/ AMdz)r weQteRy
[0,t] xBe

B

Then:
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1. 3X Lévy such that lim o X§(w) 2" X;(w) uniformly convergent over bounded intervals
2. Y(r) = [fAdx)(e"™ —1—irz) reR

Lemma (An identity for distribution and ®). For X a r.v. on R with density f(z):

Dx(r) :/Reimf(x)dx — f(x)= %/Re_i"wfﬁx(r)dr

Definition (Brownian motion). A process X = (X) on (R, B(R)) such that:

teRy

1. the path t — X; is continuous
2. it has stationary and independent increments

Theorem (Lévy characterization as Wiener). As a first step, notice that:

1. X; = at + bW, continuous Lévy = W, Wiener
2. Wy Wiener = X; = at + bW, continuous Lévy

Which establish an <= relation

Corollary (Applying Theorem in the Brownian-Wiener-Lévy context). Combine the results to obtain:

Obs. 18.8 Thm. Lévy-Wiener
—

X; Brownian = =" X; — Xo Lévy Xy — Xo=0bt +cW; . Wy Wiener

Definition (Brownian motion decomposition). We build a Brownian motion from Definition 18.2 as:
Xt :X0+bt+CWt
for a drift coefficient b, a volatility coefficient ¢ and a Wiener process W.

Definition (Wiener process as Brownian motion revisited). According to our results, a Brownian motion W =
Wi)yer, with Wo = 0, E[Wy] = 0, V[Wy] =t (namely, Xo =0,b=0,c=1) is also a Wiener process!

We will see in the next result that a Wiener process is a Gaussian process with continuity. However, while
constructing a Gaussian process is immediate, as it is only required to specify the functions m, K (see Def.
10.61), it is not granted that there exists a probability space where such process is continuous. We will eventually
see that this condition is satisfied, but the question at the moment is proving that Wiener processes exist in the
Brownian formulation.

Lemma (Gaussian Transformation linearity). Quickly recall that:
X ~ N, ®), AR xR? = Y = AX ~ N4(Au, AL AT)
Theorem (Wiener-Gaussian characterization). The previous observations suggest a useful conclusion. For W =

(I/Vt)te]R+ a process on R we establish:

W continuous
W Wiener <= W ~ GP(m, k) Gaussian Def. 10.61
E[Wt] = O, C’O‘/[VVS7 Wt} =sAt

where m(t) =0 and k(s,t) = s At.

Lemma (Kolmogorov’s maximal inequality). Assume {X;}_, is an independency where E[X;] = OVi. Setting
Sn = Zn Xi N

a’P {max|5k| > a} < VIS,
k<n

Definition (Recap about Dyadic rationals). Dyadic rationals are also discussed in Lemma A.17. Here we denote
them as:
D={zeRy : x=k27™ k,meN}

Proposition (Dyadics are dense in R). This is a very important result. It is reported here to reference it when
needed.
VieR,Ve>0 Jk,meN:te (k2™ (k+1)27™], t—k27™" <e

which is the exact definition of dense set.
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Theorem (Wiener Process properties, Brownian formulation). Let W = (W), er, e a Wiener process according
to the updated Definition of Wiener process as Brownian motion. Then:

1. (symmetry) (—=Wy),eg, is Wiener

2. (scaling) (Wet)cter, Wiener — W= (VW) ier, is Wiener Ve € (0,00)
3. (time inversion) setting Wy = 0 for convention, the process Wy = tW% 1s Wiener

In the previous proof we make use of right continuity only. We are missing the continuity stated in the Wiener-
Brownian Definition for Wiener processes, which would ensure existance of the process W = (Wt)teﬂh' We do so
by Kolmogorov extension. For a finite collection of ordered times {¢;}]; the multivariate Gaussian with mean
zero and covariance {t; A tj} is denoted as pi,,...+,. Such distribution is a consistent family, in the sense of
Definition 10.54. For @ = {w : Ry — R} a set of functions put:

Wiw)=w(t) H=0c{weQ:w()ec A AcBR)}
Using Kolmogorov extension Theorem:
APon (Q,H) st Pw:wlt)eAVi=1,....,n]=py (A1 X X Ay)

Yet to evaluate continuity, we would need to check the paths ¢ — w(t) at uncountable time points, while H is
constructed from countably many coordinates. The collection of continuous functions is not a priori measurable.

What we do is a modification of the process (Wy),cp, into (Wt) so that:
teR L

VedQ, W, = Wt, Wt continuous

where ); is an almost sure set.
Precisely, we establish Holder continuity instead of continuity.

Definition (Uniform continuity). the map t — Wy is uniformly continuous if:
Ve>030=4d(e) |[t—s|<d = |Wy—Ws|<e Vis
Where § depends on € only.

Definition (Hélder continuity). The path t — Wy is Hélder continuous when:
ACeR |W,—W,| <Clt—s|*, forae]|0,1] Vi,s
Which means uniform continuity for 6 = (%)i

Lemma (Kolmogorov moment condition). For a process X = (Xi)icjo1] on R and D the dyadic set of the
Definition just introduced if:

de,p,q € (07 1) : EHXt - Xs|p] < C|t - S|% Vs, t € [07 1]

Then:

1. Yo € [0, 1)3K r.v. such that:
(a) E[K?] < 0o
(b) 1 Xt — Xs| < k[t —s|]* for s,t € D

2. if X is continuous then #1 holds Vs, t € [0, 1]

Theorem (Brownian continuity of Wiener process). We prove the local Holdercontinuity of the paths of a Wiener
process, closely linked to the Gaussian process (see Wiener Gaussian characterization Thm.). This result is
parallel to the existance of a p.r.m. (Ezistance of p.r.m. Thm.).

(Def. 10.61) If W = (W) is a Wiener process with:

L] COV[Wt“Wt].] = ti A tj V’L,]

teR 4
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Then there exists an almost sure version of W that is locally Hélder continuous:
t— Wt Hélder continuous W = W

Definition (Right continuous augmentation of filtration). For this object and its properties, refer also to Ap-
pendiz D, especially from Definition D.4 onwards.
For a filtration (??)teRJr we let it be generated by the process itself. Namely (F?) =o({Xs:s<t}). In this

teR L
context, we define the right continuous augmentation as:

. _ — Qi G0
(*rj-'.’lf)te]R+ . Vt Srt - Qg:?—i-s - lglJI})l ‘rft-‘rs
s2
Since (??)teR+ is increasing by Definition of filtration. This new filtration can be interpreted as a peek into the

future. From now on, when referring to F it will be the augmented filtration.

Definition (Hitting time of barrier a, T,). For a random time T : Q — Ry we define:
T, =inf{t >0: X; >a}

Namely, the entrance time in the interval (a,00). Notice that we intuitively assume T, to be almost surely finite
for a Wiener process.

Theorem (Hitting times are stopping in augmentation). Let F be augmented and right continuous as in the
above Definition, a process X on E be right continuous and adapted to F. Then:

VB e B(E) Tp=inf{t € Ry : X; € B} stopping time wrt F
According to the usual stopping time knowledge (Def. 11.9).

Definition (Shift operator 6.). For a collection of continuous maps € = {t — w(t) | continuous} we define an
operator:
0s: 6 —C, secR (0;0w)(t) =w(s+1)

Theorem (Markov property of Lévy processes). This is Theorem VIL.3.5 in [(inll].
For X = (Xt)teR+ a Lévy process (Def. 17.1), for any time t, the process X o 0y is independent of F; and has
the same law of X. Equivalently:

Ei[Vob]=E[V] teR;, VV € S bounded

where the boundedness of V is used to ensure existance of the expectation, but the result is extended to positive
or integrable random variables in Goo the underlying end of time filtration generated by the process.
In terms of Wiener processes, which are Lévy by the Lévy Wiener characterization Theorem for a = 0,b =1 we

have that:
Vs >0 (Wob,) = (Wt) = Wyt = Wolier, L Ty Wiener law

teRy

Proposition (Conciliating time shifts to Wiener and Brownian). While a Wiener process (on a stochastic base
[Cin11]) is such that:
Wi o es = Ws+t - W

A Brownian motion as in Definition 18.2 is such that:
X, 005 = Xiiy
Corollary (Blumenthal’s 0-1 law). It holds that:
F  augmented, right continuous = VA € Fy P[4] € {0,1}

Namely, a suitable augmented filtration makes every event in the infinitesimal peek in the future at the start either
certain or null.
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Proposition (Hitting zero almost surely). This result is like that of the total unpredictability of jumps Proposition
for discrete times.
For Ty = inf{t > 0 : W} > 0} the hitting time of the barrier 0 as in Definition 19.2 we have:

To=0 a.s.

Corollary (Highly oscillatory behavior of W; at zero). There are oo many crossings for any time interval starting
from zero. Namely:

fora.e.w3Iuy >t > s1,u3 >ta > 82,... >0 st W, (w)>0,W (w)=0W, (w) <0
Corollary (Highly oscillatory behavior of W; at infinity).

fora.e.w3duy >t > s1,u2 >1ta > 89,... 200 st lim Wy =—oo0, lim W, =400
n— 00 n— oo

Theorem (Strong Markov property of Lévy and Wiener processes). For T a stopping time wrt F° (the mot
augmented filtration) and X a Lévy process we have that:

1. YV bounded in Guo:
Er[V o 0rlircoy] = E[VI{rcoe}]

independent of Fr and Lévy
2. shift operator version:
(Xt 00r)i>0 = (Xeyr)i>0 L Fr, Lévy

The claims are also valid for Wiener processes by the Lévy- Wiener characterization.
Theorem (A property of Wiener functions & stopping times). Assume:

o T is stopping wrt F

o U:Q — Ry is such that U € Ir

o W = (VV,g)te]R+ 1s a Wiener process
e f is a bounded Borel function on R
o g(u) =E[foW,], ueR;

Then:
Er [f(Wriu — Wr)lir<ooy] = 9(U)Lir<oc}

Theorem (Hitting time (Lévy) distribution by reflection principle). As per Observation 19.13 we have:
(To)a>o @ To ~IN(a)VaeRy

Meaning that (T,)a>0 has the same distribution of a stable Lévy process for each time point. Notice that we are
not proving that it is a Lévy process, something we will show in a subsequent Theorem.

Lemma (Elementary facts of Gamma, Beta and Cauchy distributions). For Z; 1L Z5, Z; 4 Zy ~ N(0,1):

1. (Chi-square) Z} 4 72 ~ x? = Gamma(L, 1)

272
2. (Beta) A = leszzg ~ Beta(, 5) with density:
(3+3 1 1
R T L
IL'(3)r(3) T\ /u(l —u)

byT(1) = 1,T(Y) = v7
3. (Beta cdf) A has cumulative distribution

2
Fu(u) =P[A <u] = = arcsinyu
T
4. (Cauchy-Beta link) for C = % ~ Cauchy:

d 212 d 1 d 1

:}A: = =
Z3+ 73 1+%§ 1+C?
1

where C has density f(x) = m for x € R (full support)



244 CHAPTER 21. RECAP OF PART 11

Proposition (Arcsine law of G; and Dy). Let A be as in the previous Lemma. Define, as in Example 19.8:
Gy =sup{s € [0,t] : Wy =0} D;={ue€ (t,©): W, =0}
Then:

t
WER+<aiu41%iZ
Corollary (More results from the Proposition). We could also get:

1. Ry 2102 (by direct application of the Lemma above) for C' ~ Cauchy
2. Gy has density f(x) = 2 arcsin /¥

T
3. Q26,24
Definition (Running maximum of process). Consider a process (Wt)teﬂh’ we define for later use:

M(w) = Jnax, Ws(w) teRy, wel

Proposition (Running maximum vs hitting time). Recognize that:

1. M is continuous and increasing in R, with My(w) = 0 and lims_, oo M¢(w) = 0o
2. (My)i>o and (T,)a>0 the hitting time process (Def. 19.2) are functional inverses:

{M; >a} ={T, <t}

Theorem (Hitting time process is stable Lévy). The process T = (Ty)a>0 15 a strictly increasing pure jump Lévy
process (Defs. 17.1, 17.7) with index % and Lévy density:

Mdz) =

1
dz z€R
V223 *
Proposition (Properties of T,_). Recall Observation 19.23 with T, = lim,40Te—, = inf{t > 0 : W, = a}.
Then:

1. T,_ is a stopping time for F° the not augmented filtration, while T, is a stopping time wrt T the aug-
mented filtration
2. sojourne time is zero almost surely
T, =T, a.s.

Definition (Subdivision & mesh). We denote for an interval [a,b] a subdivision as a finite collection of intervals
whose union is the interval itself (ignoring the start).

A= {(Svﬂ}7 U (Svt] = (avb]

(s,t]eA
Given a subdivision, we also identify the mesh as:
|A|| = sup{t —s: (s,t] € A}

Definition (True p-variation, total variation, quadratic variation). For a function f : Ry — R, right continuous,
an interval [a,b] € Ry, and a positive coefficient p > 0 the true p-variation is the quantity:

Where for p = 1 we call it total variation and for p = 2 true quadratic variation. It turns out that this formulation
is mot very well suited for random processes, as it is infinite in both p = 1,p = 2. Below we prove the results for
a reasonable surrogate.

Definition (A dyadic subdivision). In the fashion of the dyadics Definition, and their properties in Lemma A.17
we could construct a subdivision of equally spaced intervals using ty, = 5—,’3 fork=0,...,2".
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Theorem (Wiener probabilistically finite £? quadratic variation). For a Wiener process (W)
of subdivisions (Ap), cyy with ||[Ayn| — 0 we have:

LR, and a sequence

LZ
L Vo= (osen, We— W25 b—a
2.V, Zb—a

We call V,, the quadratic variation, not to be confused with the true quadratic variation. It is rather a probabilistic
version of the latter. In some terms, the sup can be replaced with the limsup of a sequence of meshes with size
decreasing to zero (i.e. |A,| — 0).

Proposition (Almost sure dyadic subdivision for quadratic variation). Vn € N let A,, be a dyadic subdivision of
the form presented in Definition 20.3. Then, with the hypothesis of the previous Theorem it also holds that:

Vo= > [Wi-W, S b-a
(s,t]€e Ay,

Proposition (Infinite total variation of Wiener process). For a Wiener process (W) we have:

teR

TV =sup Z Wy — Ws| =00 almost surely
(s,t]Je A

over any interval [a, b]

21.2 Examples Collection

Throughout the second part of the course (Sections 11-19), many examples were reported on different occasions,
the purpose of this Section is collecting them under the same discussion. It is just a copy paste with a horizontal
line every time the Example changes.

21.2.1 Counting process

Counting process and Stopping Times

Some stopping & not stopping times we provide three examples:

e Let F = o({N;}). If we denote as T}, the k*" occurrence time in [0, ] we can safely say that it is a stopping
time of J since:

VkZl,kEN,VtER+ {Tkgt}:{NtZk}E?t

since N is adapted to F by construction
e The first time that an interval a passes without an arrival, namely:

T=inf{t>a:Ne=N;_o} a>0

Needs the formalism of stopped filtration (Def. 11.19) and we will show it is a stopping time in the next
points.
e instead a random time such as the time of last arrival before b > 0:

L=inf{t: Ny=Ny} b>t

is not a stopping time since we need the information from the interval [t, b] to establish what occurs at time
t.
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Counting Process (A setting) Consider the counting process on T = Ry from Definition 11.13. If we
consider H N {S < T} we could tell if H and S < T happened in Fgar. For any t it holds that:

dk - Tk(w) <t< Tk+1(w)

Recall also that all of these T}, are stopping times of F = o({N¢ }1>0)-
We set Ty = 0 for convenience, and consider the random time:

r=inf{t>a: Ny =Ny} a>0

denoted in blue for convenience. Before this Example, the symbol T" was used, but here we wish to distinguish
many objects that are similar in notation. After this Example, we will not use the symbol 7.

We want to show that 7 is a stopping time in the sense of Definition 11.9.

(O solution) Notice that Yw we have for some k:

TWw)=Ti(w)+a keN = {r<ty=J{r=Ti+a}n{r <t}}
E>1
Where the union over k statement comes from the fact that we have 3k as a condition. Recall the objects of

Theorem 11.23, visualizing them as 7' = Ty41,5 =T +a : S <T. Be careful as it may lead to confusion, left is
old and red, right is this Example. It holds:

T stopping <= {r=Tpy+a}N{r <t} e€F, keN*

Using Theorem 11.23#1, we need to check that V = {7 = T} + a} € T, 1o C Fr to conclude.

To clear out why, recognize that it is equivalent to {7 = T} + a} L7, 1o<sp = {7 < t} € FVt € T by the very
Theorem invoked.

For this purpose, observe that for any k:

T=Tk41
{T:Tk+a}:{T1 —Tov<a,...,Tp —Tr_1 ga}ﬂ{Tk+a< Tt }
€F5,5=Ty+a S<T
By Theorem 11.26#4 we will have that:
HeFs = HN ]1{5<T} € Fsar
Where S =Ty +a,T =Tgp41, H ={T1 —To < a,..., Ty — Ty—1 < a}. Eventually:
{T = Tk + a} € SkaJ,_a/\TkJrl = SkaJ,_a = 357- < {’7’ = Tk +a} n {’T S t} c ‘Fft Vk,vt
— {r<t}eTF vt

Counting process: age perspective We propose a different view on the counting process (Def. 11.13).

(A setting) let 0 < Ty < Ts < ... be such that lim, . T, = +0oo and:
oo
Ny = Ty (Th) F=o0((N)er)
n=1

See N, as the number of replacements of some object. Then, the duration of the k" object can be formalized as:
Aj(w) =t —Tp(w) if Trp(w) <t <Tgpy1(w)
Where the map ¢t — A; is:

e strictly increasing in each interval
e right continuous at each jump

See Figure 21.1 for an intuition. We can further define for a > 0:
T:=inf{t >0: A; > a}

As the first time the age of a replacement is at least a.
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n
p'\‘ fho: ﬁraa} o> canabe wndon ot

J‘,\‘,,‘PCW\Y wNevals [T( o Toex ‘)

- ' = >t
b T T T Ty, T,

Figure 21.1: A visualization of (A¢),

(O A is adapted) ift <a = A; =0 € F,Vt and the statement is trivial.
Else consider:

{Atza}efﬂ{:)Atefﬂ
<:>{t—Tk2a} :{Tk<t<Tk,+1}ﬁ{At2a}
:{t<Tk+1}ﬂ{t7Tk§CL}

Ft Fi—aCTy

So that by closedness under countable intersections (Lem. 1.7):
{Avza} =Tk <t <Tepa}n{Ar > a}) € F; Vit
k
(O equivalence to counting) we aim to show that:
inf{t >0: Ny =N,_,} =inf{t >0: 4 > a}
The time above a is the union of disjoint [-, -) intervals such that Tx41 — Tk > a by construction, implying that:

{t>0:4,>a} = U [Tk + a, Ti11)

kTy1—Tr>a
which infimized:
= inf{t >0: 4; > a} :mkin{Tk.—Fa:Tk_,_l T > a}

— {T=Ti+a}={T1h —To<a,....,Tpx —Tp—1 < a} N {Tps1 > T + a}

(O T is a stopping time) we eventually show that T is again a stopping time. Differently from the paragraph
where we already showed it, with respect to § = o((A¢),cr)-

{T <t} = J{A: > a}

s<t

= U {As > a} By the continuity in A unless A; =0
s€Q,s<t

= U {As >a} where G, C G;Vs < t

SEQs<t X,

€ G by countable unions (Thm. 1.5)

The discussions of A, = {T <t} € G; and T is a stopping time in the sense of Definition 11.9.
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Counting process random measure For ordered distinct arrival times 0 < 77 < ... the counting process
Ny =307 Lo, (T5) can be seen as the measure arising from a random measure:

N, =M([0,1]) E=Ry, A=[0,

Interarrivals of stopping times distribution Consider the random time:
S=inf{t>a: Ny =Ny_,}
Where Ty, +a k > 0 is equivalent to having the first k interarrivals of size at most a and the (k +1)*" exceeding

a. It holds that S < oo almost surely, since the union over k of the events has probability one.
Let T be the next jump, and note that S falls in a + (T — S). We ask the following question:

Is it true thata - 00 =— T —S — 07

This is False. Indeed, notice that:
{T*S>t}:{N5+t7NS:O}JL9:5 - TfSNSxp(ct)

Where we exploited the loss of memory property, namely the second set being strong Markovian. The probability
is:

PT—S5>1t)=E[lir-s>0]

=E []ES [IL{T_S>t}]] unconditioning

=E[Eg [1{Nst+ — Ng = 0}]] set equivalence above
=Es [f(Ns+t — Ns)] f(@)=1-1—0y

=E []l{m:(]}] Strong Markov Prop. 16.6
=P(X =0) distr as Po(ct)

=e 1 Fs,a

And the distribution is completely independent of a.

21.2.2 Random Walk

Sum of independent random variables martingale Let (X)), y be an independency where E[X,,] = 0¥n.
The sum r.v. is such that Sy = 0,5, = S,_1 + X,Vn > 1, and the underlying filtration is generated by the
process itself F = o ((X,,),,cy)- Then:

® (Sn),ey = S is adapted to J trivially
e E[S,|=E[>;_, Xi] = 0Vn < E[|S,|] < co so that S, € £1(Q, H,P)
e using Proposition 11.40 we only check the martingale for one step forward:

E,.[Snt1 — Sn] = En[Xnt1] recursion
=E[X;41] independence hyp.
=0 hypothesis

So (Sn),ey is @ martingale.
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Random times alone do not satisfy martingale equality in a symmetric random walk Let:
1
So=1, S, =Sn-1+& &~ Berng 5 , & € {—1,+1} vn
Assign X,, = Stan. To see that (S")nEN is a martingale, refer to the discussion above. To see that X, is a

nonnegative martingale, use Theorem 12.9. In particular E[S,] = E |Ey[S,]| = E[1] = 1¥n. Consider the
——

:]EO [So]
random time:

T is a stopping time wrt F = o ((Sn)neN) (for this recover the paragraph of the previous Section in which we
prove T is a stopping time), or observe that:

{r<tyc |J {Sk=0}ew

k<t,keN

Namely, the sum being equal to zero is included in the event that at least one of the times before the sum
has reached zero which is in the increasing filtration. Clearly, ST = 0 with probability 1 since at time T the
martingale will be certainly null but:

0 = E[S] # E[So] = 1

Symmetric random walk We show that for a symmetric RW the MCT can be used, but it is not £
convergent, namely “3° =£ £, at the same limit.

Recover the previous setting, where ' = inf{m € N : S,, = 0}. We have that E [X;] = 0Vi and S = (Si),cn
is a martingale with E[S,,] = 1¥n. The stopped martingale (S,a7),,cy is such that S, 7 > 0 and by the MCT
(Thm. 12.27, Cor. 12.30) there exists an almost sure limiting process So,. Now obviously Syt 8. =0
since convergence to k > 0 is impossible as it would mean that S, =k >0 = S,41 € {k— 1,k + 1}, i.e. no
convergence. However, there is no £; convergence. Indeed by Proposition 12.13:

E [Spnr] = E [Soar] = E[So] =1

but:
E[|Shar — Sool] = E[|Suar — 0|] = E[|Suar|] = E[Spar] =1#0 VneN

21.2.3 Bayesian Mean Estimation

A uniformly integrable martingale Let Z; i N(0,1), and 6 € £,(Q,H,P) such that § 1 Z;Vi.
Define Y; = Z; + 0 ¢ N(0,1) and aim to infer 6 from a set of observations Y = {Y¥;}7,.
éid

Why is 6 random? We use a bayesian approach and assign a prior §(A) = P[0 € A] such that Y;|6 ~ N(0,1).
Further assume the joint distribution (Y, 6) is absolutely continuous (Def. 2.6) wrt Leb and that 6§ ~ N(ug, 03).

Using Bayes theorem we can estimate:
Tn(A) =Pl0 € AY1 =y1,....,Y, = yy]
By Ionescu-Tulcea Thm. 10.57 construct also a space:
(R* x ©,B(R*) @ B(©),P)
So that for a filtration F = o((Y,,),,cy) by Proposition 11.50 since 6 € £;:

0, = E[0]Y] = E,[0] such that (@\n) , uni formly integrable
ne
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Thanks to the 8 ~ N assumption we can explicitly compute the posterior distribution as:
mn(0) o m(0) [ [ p(wil0)
1
—— (0 — puy,)?
ey 0- )

n

= 0Y ~ N(un, 07)
o = 2 (’”‘8 - ny)
90

-1
1

072I = (2 + n)
70

Uniform integrability of ) process Using Lemma 11.51. We have:

0, = o2 ('ug-l-nY> Y~N<9,1>
0§ n
and for f(z) = 22 convex positive increasing and coercive:
e [101] - 5[] - v o] - (2o
=V [@L} — 15
<o <=V [ﬁn] < 00
where we aim to find an upper bound for the variance. First notice that by the variance decomposition:

Yo~ N (9, 711) 1% [?‘")} -E [V [?(")” v [E [?(")” _E m VI = L 402

T
Such variance is by the first term in the addition being constant:

V[@L] =n?0lV [?(n)] Vv [?(n)} = % + a3

1
= HQO'fL < + gon)
n

1 - o3

! 2 2 _ _ 0

_nan(1+00n) an_<o_g+n> _TLO'(%—FI

n(l + odn)od nod 9
(14 nod)? 1+no3 — 70 [9o]

So that the variance is finite Vn and E[f (é\n)} < oo for f convex and positive. Then, (é\n> is a uniformly
neN
integrable martingale.

Bayesian mean estimation, Corollary 12.38 Recall that Z; are iid standard normals and 6 ~ N (g, 03) is
independent from Z;, integrable and finite.

ForY, =0+ 7, = Y;|0 % N(6,1) we have that for observables Y = {Y;} ;:

m™(A) =Pl0 € A[Y =y] F=o({Y})
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Then 6,, = E,[0] = E[0|F,] is a uniformly integrable martingale by Proposition 11.50.
Further, by Corollary 12.38#1 we conclude:

~

n aL_S> Eoow] = E[O‘SFOO]

>

Moreover, if the condition 6 € F, holds, we apply Corollary 12.38#2 and further state that:
€T = 0O, “3 0

We prove a sufficient condition for this to be true in Proposition 12.40.

21.2.4 Branching Process

Branching Process, a uniformly integrable martingale The following is a discrete time biological model
for population evolution. We interpret Z,, as the size of a population, which starts at Zy = 1, has no overlapping
generations and lifetimes of unit one. At n + 1, the population is an offspring of the n'" generation only. We
denote:

Zy
Z0:17 Zl :£§1)7 Z2:Z€1(2)
=1

And assume:

{gf’”,z’ >1,n> 1} A E[E] = p >0, pp="7 [55”) = k} k>0

where py, is referred to as the offspring distribution. The underlying filtration is generated by the sizes of past
families as F, =0 (&, ,i1>1,m<n;).

(A aim) we want to show that | — is a martingale.
K neN
(O solution) This is equivalent to showing that another process satisfies the martingale equality:

Zn

H neN

Which follows by simple computation. Adaptedness and integrability are trivial. Maybe it is useful to notice
that E [|§l.(") |} =E {fi(n)} by positivity. The above formula can be checked for one time step only by Proposition

11.40. Then:

E.[Znt1] =E, [(énﬂ) 4+ -+ §(n+ ) 1{2n>0}} recursion hypothesis
=E, [Z ) l{zn_k}]
k=1
=Y E, (é"“) ot g(Zﬁf“) (7, —k) linearity, Prop. 10.1942
= =
= Z 1iz,-x}En [(énﬂ) 4+ 4 £,gn+1)>] conditional determ. Prop. 10.23#1
k=1
- Z L4z, =k} (]En [ £n+1)} +--+E, [ ](Cn-‘rl)}) linearity

ES
Il
—

(Zo=kykH E [gi(”“)} =uvi

o

~
Il
-

= MZ Liz,=kyk
k=1
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Clearly (Zy),,cy is a martingale for = 1, a submartingale for 1 < 1 and a supermartingale for x> 1. For free,

Z,
we also get that (Z) is a martingale since:
1

neN
Zn+1 1 Z'n, ZTL
= [j5] = e = G2 - 2]

Martingale Convergence Theorem for Branching In the previous example, we showed that (Z) is
M neN

a martingale with p =E { 51)]. We also have that:

< Zp, b <1 supermartingale

=— = E,[Znp1| =42, =(=Z,,u=1 martingale
> Zn, b > 1 submartingale

Here, using the MCT (Thm. 12.27) we want to show this as for Corollary 12.30. For this purpose, let p = 1,p; < 1.
Then (Z,),,cy is a positive martingale an by the MCT Corollary:

A7 = li_>m Ly = Zp = Zs eventually Def. 9.3
(A aim)In this context, we want to show that:
Zo =0 < P[Z, =k,Vn>N]=0 Vkec N, N sufficiently large

(O solution) compute the following:

P[Z, = k,Yn > N| =P[Z, = k, Zps1 =k, .. ] stable limit
k
=P > "N =k m=1,2,..., 2y, 2, = k] hypothesis
=1
k
g]P’lZf(m“V) k om=1,2,. ] P[AN B] < P[4]
=1

00 k
= H P lz gt — k] independence

i=1
m
m~>oo 1) . . .
mlgnoo ( [Z & ] ) identically distr.

By A we need it to be null, this is the same as:

= fger-]

from which we get:

k k
P [Zé” = k] <P lz&” > 01

i=1 i=1

k
i [Z SEE 0]
i=1

=1—ph iid
<1 p=1p <1 = po>0
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By the same arguments for y < 1 we could show that (Z,), .y is a positive supermartingale and that by the
Corollary we have a limit which is almost sure. We call it Z,,. Then, by similar arguments, one can show for
k> 0and N > 0 arbitrary that:

P[Z, =k,¥yn>N]=0

since p <1 = py > 0. We then conclude Z,, “= 0

a.s.

More about martingale convergence for Branching We know p = 1,p; < 1 are such that (Z,), .y —

Zs = 0 but not such that 7, L—} Zso. Yet we also argued that Z,, # E,[Z.] = 0 since Z,, > 0Vn with positive
probability. So, we cannot conclude that E,,[Mu] = M,.

Simplest model is extinction or explosion Before we had p < 1 or =1 and p; < 1 so that Z, “3 0.
(A aim) The assumptions now become py € (0,1) = p < 1 and we want to show that:

Z, 30 or Z,"3 o0
Namely, if there is no extinction, then the population explodes. Another possible formulation is:

P[lim Z, € {0,00}] =1

n—oo

Continuous time Yule Branching process Consider Z; := # individuals at time ¢, with Zy = 1. Assume
death is not possible and the chance of birth is dt, independently for each individual. Namely, one child in the
interval (¢,t + dt], with no influence within the population.

(A aim) We show that for each individual the number of descendants is an independent copy of the counting
Yule process, upon time shifts to restart it.

(O exponential interbirths premise) let Y} be the k** inter-birth time. It holds that:

Yy, ' eap(k)

Since the waiting time for the first birth is a unit rate with exponential variable, given the linear chance of
birth. For general k, there are k — 1 individuals plus one ancestor, each birthing at a rate dt. The first birth
is the minumum of k exponential unit random variables. We show that this is again exponential. Observe that
Yo = min{Ey, Es}, ..., Y, = min{Ey, ..., E;} where for each E; ~ Exp(1). We easily conclude:

PYp>t)=P(Ey >t,...,Ex > 1)

= (P(B, > 1)) iid
— okt
=P(E >1) E ~ Exp(k)

(O first result)wts
Zy ~ Geom(e™) = P(Zi=x)=c (1 —eH* ' 2=1,2,...

Notice that the interarrivals denoted with Y}, allow to define the arrivals process S = (S,),, oy as

6o,
k=1
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Which is equivalent to:
= {S, <t}={Z,—-1>n} <= {5, <t}={Z, >n} (21.3)

Meaning that the arrival times are stopping times for the underlying counting process Z in the usual sense (Def.
11.9).

Notice that in the p.r.m. case of the compound Poisson process (Def. 15.5) we had that S,, was a sum of unit
exponentials, returning a Samma(n, 1) distribution (Thm. 16.2). Here instead:

B, Lmax{E,... E}
~—
Leeap(k)  F=1 0 ~eap(n)

el

Su=Y_ Yi :zn:

k

n

By a reverse time heuristic argument or a mgf argument. Eventually:

iid

P(S, <t)=P(Ey <t,....,E, <t) Ey, ~ Exp(l)
= (P(B, < 1)) iid
=(1—eHF
=P(Z; > n) Egn. 21.3

— P(Zi=n)=c'(1-e ) = Z, ~ Geom(e™")

(v growth rate)wts
Zy

E[Zi]

First of all, observe that the unnormalized rate would explode exponentially fast:

W~ Eap(1)

E[Zt}:i—et/‘oo

e—t

thus a normalized version. Let W, = ¢~ 'Z, = and inspect the process (W)

Zy
E [ Zt] teRy "
(V& subpoint, W is a martingale) we show for F = o(Z) that W is a martingale according to Definition
11.35. Adaptedness and integrability are easily verified. The martingale equality holds since:
Es[Wy] = E[W,|Zs] Z only determinator

= e 'E|[Z:|Z)

=e "EZi_s|Zo = Zy)

=e'ZE[Z:_4|Zy = 1]

=e tZ.el" previous results

=e °Zs =W
(Vé subpoint, Gumbell limit identity) recall that for S = (S,), .y = max{F},..., E,} it holds that:

Sy, —log(n) % U ~ Gumbell PI¥ =a] = ¢

21.2.5 Poisson Process

Poisson Process basics Let N be a counting process (Def. 11.13) such that Ny = 37 Lo, (T%) is adapted
to F (Def. 11.7).

(A aim) we want to show that:
N ~ Pois(c) Def. 12.2 = M; = exp{—rNy+ ct —cte™"} F-martingale Vr € R; Def. 11.35

The relation is actually <= but we only show one side.
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(O Laplace approach) recall that by Definition 6.11 for a Poisson random variable we have that:
X ~ Po(\) <= Px(r) =Ele™¥] = eap{-A(1—¢")}
From this simple fact we could show that for any time point the martingale equality holds by noticing that from

Definition 12.2 we have N; ~ Po(ct) and Ny — Ng|Fs ~ Po(c(t — s)) by Proposition 12.3#3. This allows us to
say that the Laplace transform of N; — N is:

E, [exp {—r(Ny — No)}] = exp{—c(t —s)(1 —e™ ")} (21.4)

And we could instead check that:

E, [Mt} =E, [exp{—r(N; — Ny +c(t — s)(1 —e™")}]

M
= E, [exp{—r(Ny — N} exp{c(t —s)(1 —e ")}
=exp{—c(t —s)(1 —e ") }exp{c(t —s)(1—e ")} Eqgn. 21.4
=1

(v adaptedness and integrability) we have:

M, = eaxp{— —cte"
¢ =exp{—r Ny +c_t cte "y eF Vit
c€F, €T, €T,

Which proves adaptedness. Concerning integrability:

E[|M,|] = E[M,] = e“eap {—cte "} E[e™""]
= e“exp {—cte"} @X(r)
= e“exp {—cte "} exp{—ct(l —e ")} by Xy ~ Po(ct)
=1<o0

Poisson compound process, customers in a store Consider a sequence of arrival times (7});>1 from a
pr.m. N ~ Pois(cLeb). We can visualize a sequence of customers spending random money Y 1L T where Y ~ «
has mean a and variance b?.

Applying Corollary 15.3 we can safely say (T,Y) is a p.r.m. such that:

(T,Y) ~ Pois(cLeb x ™) on Ry xRy

Where for a fixed time ¢ > 0 we have that the amount of money spent is:
Zy = Z Y= ZYﬂl[w} (T3) = Zf(Ti7Yz‘) f(@,y) =yl ()
i=1 i=1

T; <t
= / Z\~f(dx, dy)y
[0,t] xR

=Nf

where N = (T,Y) is a Poisson Random measure.
We can use the previous results for p.r.m.s from Chapter 13 and 14. The new mean is p = cLeb X m with
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u(dz, dy) = edxm(dy) and:

E[Z) = E[Nf] = pf Prop. 13.1841

- / f (&, y)p(dr, dy)
Ry xRy

- / Yl (2) cdzm(dy)
Ry xRy

oy

= cta by a = E[Y]
Similarly the variance is:
VI[Z] = VINf] = puf? Prop. 13.184#2
[ oy @) edentay)
Ry xRy
= ct(a® + b%) by a® + b = E[Y]* + V[Y] = E[Y?]

Concluding with the Laplace transform:

Py (r) = Py(rf) = Ele™N/]
= exp {—p(l — e_rf)} Thm. 13.19

= exp —/ 1 — e "Won @) edpm(dy)
R+ XR+

= exp {ct /R+ 1- e’“yw(dy)}

Notice that we used the random variable version with r instead of the functional version since Z; is a random
variable and not the underlying random measure.

Poisson jump structure By the Itd-Lévy decomposition [Cinll](Thm. VIL5.2) we have that (7},)s>0 is an
increasing Lévy process (Def. 15.14). For a general one we have S = (S;),cr, With Lévy measure satisfying:

/(1 A z)A(dz) < o0

which is described in the sense of Definition 15.16 as an integral wrt the underlying p.r.m. on Ry x Ry with

mean dz\(dz):
S, :/ N(dz,dz) Z;
! [07t]XR+ Z

: X <t

In our specific case we obtain the jump structure by means of a p.r.m. N(dz,dz):

1
= 1g(a,T,—T,—-) BeBRL xR mean dzxA(dz) = dr—
Z B( ) ( + +) ( ) m

If (a, z) is an atom then the map a — T, controls the abstract jumps of size a at time z. With:

T, :/ N(dz,dz) Z;
[0,(1]><]R+ Z

X <a
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Figure 21.2: Poisson Jumps final plot

Plots of Poisson Jumps Counsider Figure 21.2. Atoms of N(dz,dz) are marked with little circles, correspond-
ing to the atom (a, z) there is a jump of size z from T,— to T,— + z = T,. The path t — M; stays constant at
level a during [T,—,T,], an interval of length z. Since N(dz,dz) has only countably many atoms, the situation
occurs at countably many levels a only. Since there are infinitely many atoms in the strip [a,a + b] x R, the
path t — M, stays flat at infinitely many levels on its way from a to a +b. However, for every € > 0, only finitely
many of those sojourns exceed € in duration. The situation at fixed a is simpler. For a > 0 almost surely, there
are no atoms on the line {a} x R, therefore T, “= T, = 0.

21.2.6 Stones in a field

The "stones in a field" perspective Let K ~ Po(c) be Poisson distributed. Consider K to be the random
number of stones in a field E C R2. This throwing process is done always with the same mechanism with no
regard to total or previous positions (i.e. independence).

e—cck

7 Lo, (k)
Let X; be the i*" stone position. X; ~ A\(d%) is a distribution over E C R

Assume K 1 {X;}, as argued before.
The random measure M (dz) assigns the number of stones to the A C F region, mathematically:

PIK = k] =

K
M(A) = Z 1 (X;)

Is the number of stones in region A.
We will show that M (dz) is atomic counting whenever X is diffuse, i.e. no two stones are in the same position
(i.e. Thm. 14.10).

Mean measure In the "Stones in a field" formalism, the mean measure is:

cA c=E[K]
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We can see this as follows.
For f =14 it holds:

Mf=Mly=) T14(X
=1
Similarly for f € &4
K o]
My = [ M) = 3£ = 32 F(X sy
=1 =1

namely, a sum of images under a random number of K atoms. The last form is for convenience. Then, applying
the Definition of mean measure (Def. 13.6):

= Z]E [f(Xi)]l{KZi}] linearity

i=1
= Z]E [f(X)]E [1{x>4] independence

i=1
=E[f(X1)] ZE [Lix>i}) iid

=1 ——~—
=P[K >i]
f(X1)]E K] Lem. 13.7

/ fla
=c(\f) integral notation
= (cA)f

Eventually, the mean measure is v(dz) = c¢A\(dz) where ¢ = E [K] as claimed.

Laplace functional For ¢ = E[K] it holds that:

~

Par(f) = exp {—c(AM1 —e 7))}
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(O solution) We perform the following long computation:

r K
E [e_Mf} =E |exp {— Z f(XZ)}] mean measure
L i=1

=E HGXP{—f(Xi)}]

K
=E |Ex H exp {—f(Xl)}l ] unconditioning
e ]
=E HE [exp {—f(X)}] independence & Fubini Thm. B.30
Li=1 _
—E [(Elexp {~/(X1)})"] iid
- =
— —f@))\(d )
E -(/Ee (dx) |

E|(Ae)"]

P[K=F]
© —c .k
= Z ()\e_f)k ¢ k|c Me™7) is a number

k=0 “————
pgfof K at t = e 7

exp{—c(1—Xe 1)} pgf closed form X ~ Po(\) = pgf(s) = ZIP’[X = z]s® = ¢ 179

exp {—c (é Mdz) — )\e_f> }

exp {—c (A(1) — )\e_f)}
exp{—c(A1—-e¢7))} linearity

"Stones in a field" is a Poisson Random measure N(dz) is a p.r.m. in the Definition 13.13 sense.
(O solution) (A setup) wts for {A;}; C & disjoint it holds:

e_”(Al)(l/(Al))il N e_”(A")(l/(An))i’"

i1! in!

PIN(A1) = i1,...,N(A,) = iy] =

v=ch: X; %\ c=E[K]

(O baseline) wlog let n = 2 and A; N Ay = ) with A3 = (A3 U A2)¢. The collection {41, Az, A3} is a partition
of F and we might show A there. Indeed:

AMA1) + AM(A2) + A(43) =1
i1+i2+1i3=k
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where we call the former [J(1) and the latter [J(2), with k a realization of the r.v. K.
(O work) it holds that:

PN (A1) = i1, N(Az) =iz, N(As) = is] = PIN(A1) = i1, N(Az) = iz, N(A3) = i3, K = k]
[O(2)]
— PN(Ay) = i1, N(As) = is, N(Asg) = is|K = k]
[distribution is Multinom (3, (A(4;))3_)]
—cck kI , , .
o i (D) (42 (A(40))
o= AN+ (A2)+A(A3) s +ia+is

- i1Vialis! (A(AD)™ (M(A2))"™ (M(43))"™

[O1),0(2)]

e~ A (\(A1)" e A (A(4))"? e~ AU (A(4g))"
le ’LQ' 7/3'

21.2.7 Gamma process

The Poisson compound process we consider has form:
Sy = / f(z,2)N(dx,dz) N ~ Pois(Lebx X), f(x,2) =14 ()2
]R+ XR+

Namely, the ¢ constant in the Lebesgue measure is ignored. It is a simplified version of the candidate of Definition
15.16.

Gamma process, basics Consider the (soon to be) Lévy measure:

—Cz

Adz) = as

dz z€Ry,a€(0,1),¢>0

We call the arising compound Poisson process (Def. 15.5) S = (S¢),cg, a Gamma process, and aim to show that
it is also an increasing Lévy process (Def. 15.14) with the construction just explained.
(A integrability) we want to show that [ A(dz)(z A1) < oo. This holds since:

o [[PA(dz)(z A1) = [ A(d2) = [ a®—dz — 0 as z — oo sufficiently fast (we take this for granted)
. fol Adz)(z A1) = fol Adz)z = fol a®"zdz = fol ae”*dz < 00

Given that the condition of Proposition 15.17 is satisfied, we conclude that S is an increasing Lévy process.
(H why Gamma?) wts (S5;),cp, is such that S L X, ~ Gamma(at,c) Vit
We do this by using the Laplace functional. We recall that a Gamma distribution is such that:

Py, (r) = (ricyt (21.5)

For the Gamma process at a fixed t € Ry:

E[e—rst] = exp {—t /00(1 _ e_rz))\(dz)} Prop. 15.17#2
0

o e—CZ
= exp {—t/ (I—e")a dz}
0 z
o=z _ e—(c+7‘)z
=expq —at —dz
0 z
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(O blue integral) We focus on the highlighted part for a moment and observe that the inside can be seen as
the integral in dt:
dz

© p—cz _ e—(c—i—r)z 00 _p—tz
—dz =
0 z 0 z t=c

0 petr ] otz
= / / —2C  dtdz
0 e dt z

c+r

[e%e) c+r
= / / e Zdtdz deriving
0 c
c+r [e'e)
:/ et dzdt Fubini Thm. B.30
c 0
/chr _e~tz |
B c t z=0

(& back to Laplace) we plut the result of O into O and conclude that:

E[e~"5¢] = exp {—atlog (c‘:T)}
— exp {log (Ctr>_at}
()"

Which is equal to the Laplace transfom of X; ~ Gamma(at,c). By Theorem 6.12 this means that the two
variables are equivalent. This holds Vt € R,.

j approximation for simulation For a Lévy density as that of the gamma process the integral:

A(e,00)) = /Eooae_;z dz

is not available in closed form. To simulate from it, we resort to the notion of incomplete Gamma function (Def.
15.36) and the result of Lemma 15.37. Indeed:

I'0,2) = v(z) = / u e du Ti(x) "3 o

And we can express the Lévy measure as:
—Cz

Moo = [ o

oo e—;c
= / a cdz let x = cz,dx = cdz
C

e xC

oo
= / ae "z dx
Cce

= ayo(ce)

dz
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So that the following chain holds:

avo(ce) =u < ce = ’Yo_l (E> = )= 170_1 <u>

And eventually:

= /1
Se=)j (tGi> Obs. 15.33

And we know how to approximate the inverse of the incomplete Gamma function (Lem. 15.37).

Symmetric Gamma process Recall that a Gamma process is an increasing Lévy process (Def. 15.14) with
measure and distribution:

a —Ccz

Adz) =

dz, z€ Ry, X;~ Gamma(at,c) Vt € Ry
2z

Let X;" 1 X, be independent copies, and set X; = X;” — X, . Then, X; is a pure jump Lévy process according
to Definition 17.7 with measure:

ae~cll

A(dz) = dz

2|

We aim to evaluate its characteristic function to see if it coincides with some known distribution.

E[e"X] = E [eier:| E [ei(—T)Xf} independence

at at

c c .

= ( m ir) (c ir) previous result
c _
62 at

— \(c+ir)(c—ir)

02 at
S\ 242

Which means that the characteristic exponent is real:

P(r) = 1lo []E[eiTXtH =alo {62] eR
et il PR

While X; has no known distribution, it can be shown that the total variation V = X+ 4+ X~ is such that:

Vi ~ Gamma(2at,c) Vte Ry

21.2.8 Stable process

The Poisson compound process we consider has form:
Sy = / f(z,2)N(dx,dz) N ~ Pois(Lebx X), f(x,2) =14 ()2
Ry xRy

Namely, the ¢ constant in the Lebesgue measure is ignored. It is a simplified version of the candidate of Definition
15.16.
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Stable process of index a Consider the (soon to be) Lévy measure:
1
I'(1—a)
We will see that the arising process S = (St)t€R+ in the postulated form above is an increasing Lévy process

(Def. 15.14) and has some nice properties.

(A integrability) we aim to show that the integrability condition for being increasing Lévy holds. For this
purpose, notice that:

Mdz) = acz ' 7%z zeRy,ae (0,1),¢>0

I(z) = /OOO t*“le7tdt T'(n)=(n—-1)!VneN

So that:
o [[TA(dz)(zA1) = [[°A(dz) = ﬁac [z = ﬁac% —z = ﬁcé < o0
z=1
e by a € (0,1)

/01 Adz)(z A1) = ml_a)“c/ol s, = r(11_a)‘w/01 o

1 1 !
——ac——=z
NG a)acl —a

1 ac
= ——— < 0

.o TI'l-a)l-a

— l1—a

Making their sum finite. By fooo A(dz)(z A1) < 0o we can apply Proposition 15.17#1 and conclude that S is an
increasing Lévy process.

About the stable process Notice that even though S; < oo a.s. the process has no expectation. Infact:

E[S) =E / z N(dz,dz) postulated form of S; b =0
(O,t]XR+

=E[Nf] f(z,2) = 1j9,4 (z) 2
—uf Def. 13.6
= /fy(dx)
= /]l[o,t] (x) zdz\(dz)

t [e'e]
= / / 2\ (dz)dx

o Jo
:t/ zA(dz)

0

— t/oo ; —1—ad
=t ZF(I—a)aCZ z
o fea /Oo 2z %dz improper integral

Where the improper integral diverges at co, and Sy has no expectation. For the sake of completeness, we report
the calculation here below. An improper integral of this form can be calculated considering the discontinuity at
zero and the divergent limit on the other side:

[e%s) 1 o) 1 c
/ z %z = / 2z %z —|—/ 2z %z = lim/ z %z + lim z %z
0 0 1 b—0 b c—oo Jq

1

while the indefinite integral is easily found as mz*‘”l + K, K € R. Ignoring the constant which is positive

since a € (0,1) by construction and 1 —a > 0, we get:

1
atl =1-limbd ?=1<
=D b—0

lim 2z~
b—0
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But

C
lim z'7¢ = lim % —-1=00
c—00 —1 c—00

and the sum diverges. All the constants are positive and the claim is proved.

The stability of the stable process S = (St)te]R+ from the first paragraph is stable in the sense that:

Sut i U%St Vu,t S R+ ie. S i tésl YVt € RJr

(A Laplace approach) use the Laplace transform from Proposition 15.17#2.
E [e_rs‘] = exp {—t/ (1- e_”))\(dz)}
0

= exp {t/ooo(l - em)m“fa)zladz}

=exp {—ter?} proved below in [

Where the last equality is [;°(1 — e ")az "' dz = r*I'(1 — a).
(O missing equality) by direct computation:

0o 0o —1—a
/ (1—e)az 7%z = / (1-eHa (;) dt t=rz dt=rdz
0 0

r

ra/ (1 —e Hat™1"dt
0

o0
— —r“/ 1 —e ) (—at ™) dt integrate by parts
g ’
oo oo
=t [ (1—e )t _/ e~ttodt = = ¢l-at
0 0
=0
oo
— @ (/ 6tt1a1dt) Gamma integral at 1 — a
0

=rT(1—a)
(# back to Laplace) by A the general form at time ut is:

E [e*rsm] = exp {—uter®}
= exp {—ct (u%r> }
1
—-F |:e—ua rS{l

]

— Sut i U%St Vu,t

Stable process j, for simulation Remember that A(dz) = F(lafa)z’lfadz and:

A((e,00)) = —m"_ <"
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Using Definition 15.31 for 7 we have that the solution in € to the infimization is:

j(w) : A((e,00)) =u = j(u) = (m_))u

Using Observation 15.33 we can safely say that by the exponential distribution of the G; ~ Exp(1) with % S Gy~
Exp(1) it is the case that:

Q=

~ 1 o ~f1 B
Sy = Zi:TiSt cU)~a=Y2¢ (tGl)

1

= (ra=a)

If we take ¢t = 1, (U;) forms a p.r.m. with unit intensity. In particular the arrival times of the allied counting
process (that is U; in increasing order) are equal in distribution to:

Gl:E17 G2:E1+E27"'7Gk:E1+"'Ek

Where (E;) are exponential iid of unit rate. Hence:

while in general:

Isotropic stable process Let X;” I X, be independent copies of the stable process from the second para-
graph. The density of X; = X;” — X, is:

ac

Adz) = -0

|z|'7%dz, 2z #0,a€(0,1)
Such a process is pure jump Lévy according to Definitions 17.1, 17.7 and has Laplace transform:

Ek"&]zmm{gé@"ﬁ—nAu@}

1
= exp {tccos <27ra) |r|“}

With characteristic exponent:

Which is stable since X; 4 ta X, Vt.

21.2.9 Wiener Process
Wiener process is stable We showed that a Wiener process W = (Wt)t€R+ (Def. 11.55) is such that:

Wy = VIW1, Wy ~ N(0,t), W) ~ N(0,1)

which is the result of Proposition 11.56#3 for s = 0.
This is equivalent to saying that the process is stable as that of the first paragraph.
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Figure 21.3: Recurrence times of a Wiener process

Recurrence times Define G; as the last time at zero before ¢t and D; as the first time at zero after ¢t. Namely:
G :=sup{s € [0,t] : Wy =0} D, =inf{u € (¢,00): W, =0}

Accordingly, the forward recurrence time is R; = Dy — t and the backward recurrence time is Q; =t — Gy.
By the process (Wi),cp, being such that Wi ~ N(0,¢)V¢ we have P[W; = 0] = 0 a.s. by the diffusivity of a
normal distribution. Then:

Gi<t<Dias. & sel0,t] = {Gi<s}={Ds; >t}

an intuition is given in Figure 21.3. So, if Wy =a > 0 = R, is the hitting time from above of the barrier —a
of the rescaled process:

(Wu o at)uz(] - (Wt-l-u - Wt)uZO

By the markov property of Wiener processes Wu = Wity — Wy L F; is again Wiener and we can see that:
Ry = inf{u>0:W, < —a}

Additionally, by symmetry (Thm. 18.16#1) we have:

Wy<—-a <— —W,>a < W, >a

So that:
ReZT,=inf{u>0:W,00, =W, >a} a=W, T, LW,

Which means that if T, is known Va > 0 = R; is known and so is D; = R;+t and Gy via P[G; < s] = P[Ds > t],
as well as Q; =t — G;.

More results from the Proposition We could also get:

1. R, L2 (by direct application of Lemma 19.17#4) for C ~ Cauchy
2. Gy has density f(z) = 2 arcsin /%

3.0, 26,244
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Proof. (Claim #1) trivial.
(Claim #2) from G 244 using Lemma 19.17#3 we get:

S

PG <s)=PtA<s)="7 (A < 7) = 2arcsin\/§

t T

(Claim #3) consider Q; =t — G where:

P[Qt < S] :P[t—Gt < S]

P
=P[t(1 — A) < s] 1-A24
P
P

We proved @, 4 G, a shift of proportions. O

21.2.10 Cauchy Process

Standard Cauchy process Let the Lévy measure be:

1
Adz) = @dz z e Ry

It holds that (be careful with the second as it is a bit tricky):

/1 22N(dz) = /}BzQ/\(dz) 2o

—1 ™

! 1
/B\z|)\(dz):/_l|z|@dz

0 1
= / —z——=dz + / z—=dz basically without modulus undefined
0

So we can apply Theorem 17.16 having infinite total variation.
Let X; = X2 + X¢ where:

X = / z (N(dz,dz) — dxA(dz)) jumps size < 1
[0,t]xB

X{ = / zN(dx,dz) jumps size > 1
[0,t] xBe

Here X7 is such that [~ A(dz) < oc.
The characteristic exponent is:

Y(r) = /1]33(6”2 —1—irz)\(dz) + /C(ei” — 1)A(d2)
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since we can split the process into the infinite variation part and the finite one. Recalling Observation 17.17 we
also have that:
X4 =lim X Xt = /
el0

zN(dx,dz) — t/ zA(dx, dz)
[0,t] xB.

Bc

=0 by symmetry

so that Xtd ¢ requires no compensation and we eventually get:

X; = lim zN(dz,dz) +/ zN(dz,dz)
&0 J(0,¢] xB. [0,¢] xBe
= lim zN(dx,dz) + / zN(dx,dz) Dominated conv. Thm. A.51
&0 J10,¢]xR. [0,£] x Be

where R, = {« : |z| > €} dominates B.. Notice that this is not a pure jump process in the sense of Definition
17.7. Nevertheless, the Laplace transform is:

) . 1
E[e"™Xt] = exp {tlim/ (e* — l)dz}
R

€l T2

; 1
— t mrz 1 7d
exp{ /R(e )7r22 z}

= exp {t /R(cos(rz) +isin(rz) — 1)7;2dz}

1 Si
= exp {t / (cos(rz) — 1)2dz} bm(r;) symm around 0
R Tz U4
= exp {t|r|} Prop. 17.214#2

And we have that X; < ¢t1 X, (stability with index 1). Moreover by:

d 21 1
Xi1=—, Zi,Z,~N(0,1 X1 ~ Cauchy(1l) (Prop. 17.21#1 = —
1 ZQ’ 1,42 ( y )7 1 auc y( ) ( rop # )7 f(.’L') 77(1 n I)Q
We have that: ;
Xt : f((E) = 7T(t2 T 332) Vx € R, Vt € R+

Concluding Example Standard Cauchy process In the context of the standard Cauchy process we add
that:

1. X1 ~ Cauchy(1)
1
2. [p(cos(rz) — 1)@dz =|r|

(Claim #1) use Lemma 17.20 and the fact that the Characteristic function of a Cauchy(1l) distribution is
®(r) = e~I"l. We have:

i e—i'fxe—|7“|d,’, _ l/ eir(—x) le—h”l dr
271' R ™ JRr 2
density Laplace
1 1 .. .
e — characteristic function Laplace
w14 (—x)?
B 1
- om(1+22)
= f(2) X1

(Claim #2) by the symmetry of the integrated function, the claim is equivalent to:
1
7(22)

dz = |r|

2 /000(1 — cos(rz))
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(A first step) for a triangular distribution U 4+ U’ — 1 where U ~ Unif(0,1) the density is
fl)=1—la] faf <1

with characteristic function:

O(r) = / e (1 — |z|)dx

-1

= / (cos(rx) + isin(ra))(1 — |z|)dz

-1

1
= / cos(rx)(1 — |z|)dx symmetry of second term
-1
1
= 2/ cos(rz) (1 — z) dx cos(—x) = cos(x) VY
0 S————
! Y
o 1— 1 1 1
= QM -2 / Mdm integration by parts
r 0 0 r
=0
9 1
= —— cos(rz)
=0
= 3(1 —cos(r)) cos’ = —sin’, sin’ = cos
=3 = , =

(O density) using Lemma 17.20 for the triangular distribution of A we have

f(x):(1—|:c\)11[_1,1](z):%/Re*m%a—cos(r))dr — 1= I/RICOS(T)dr atz =0

r T r2

where, using r = u, u = rz : du = |r|du:
/ 1- COQS(U) du = / 1- 0(2)8(27“58) vl = / 1 — cos(rz) dr = 1
R U R Trix R T|r|z?

/ 1- COS(TI)d:c 1]
R

T2

So that:

and we have proved the claim.

21.2.11 Miscellaneous Examples

Product of independent random variables martingale Let:

® Ry, Rs,... be independent and such that E[R;] =1 and V[Ry] < oo Yk
e My=1and M,, =M, _1R, = MoR1Ry--- R,

We check that M is a martingale with respect to its natural filtration according to Definition 11.35.
(adaptedness)Clearly (M, )nen is adapted to F = o ((M,,)nen)-
(integrability) Observe that:

E[|My]] = E[|M, 1 Rp[] = E

Mo [T Rx
k=1

Where by induction we can show that:

o E[|M,|] = E[[MoR,|] = E[|R1]] < oo by hypothesis

269
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e one step forward

E[|Ms|] = E[|MoR1Rs|] MoyRi1Ry = MRy
< \/m Cauchy-Schwartz
=\ E[RI|E[RS]
< oo by V[Ry] < coVk

e naturally iterate

So that E[M,] < oco¥n.
(martingale equality) Using Proposition 11.40 we check only for k¥ = 1 increments:

E,.[Myi1] = En[MyRyy1] = MyE, [Ryy1] since M,, € F,, and deterministic conditioning
= M,E[R, 1] remove n since R,11 1L R,
=M, 1 hypothesis

And the claim holds: (M,,)nen is a martingale.

An investment strategy Let T be the random time to exit the market. Assume T is a stopping time wrt
(Fn),en as per Definition 11.9.
Let F,, = 1[o,77 (n) be a random indicator. Then:

X, = / FdM
[0,n]

= / Lo, dM
[0,n]

= / ]]-[O,n/\T] dM

= nAT
B M, n<T
N\ My n>T

Namely, the simplest strategy one can think of invest everything up to time 7', and sell right after. With perfectly
shared information, there is no profit or loss.

We will show in Corollary 12.10 that up to reasonable conditions this is again a martingale.

Some predictable processes and their integral martingales We present four easy examples with § <T
almost surely two stopping times and V € Fg.
(one extreme) let T' be a stopping time. Then the process F,, = 1 1) (n) is such that :

Fopr=1pn(n+1) =1 01<r) = Lipanye €Ty

Since T is a stopping time. Clearly the process (F%,), oy is predictable.
(other extreme) Let F,, = V(g ) (n) for S < T two stopping times, and V' € Fg. Then:

VelJs = Fo1= V]l(S,oo) (n + 1) = V]l{nJrlZS} = V]l{Sgn}C eI,

Where we applied Theorem 11.23#1. The process is predictable.
(two extremes) for F;, = 1(s,7) (n) = Lis,00) (1) - Lo, 1) (n) the product of two predictable processes, the process
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is predictable.
(two extremes + V) let F, = V(g p)(n), the result is trivial by the previous ones.
For all three cases, we have a stochastic integral:

X, = FdM
[0.n]

Where (X,,),,cy is a martingale by Theorem 12.9.

Occupancy problem Consider n independent bins and m balls. We are interested in the number of empty
bins, denoted as Z.

(A setting) We set:
: th - [
C; = bin chosen at i"* ball : P[C;=j]=—- j=1,...,n
n

Which are iid random variables.

(O Azuma inequality by martingales) let (F,),.y = c({Ci}2;) and Z; == E4[Z]. In this setting, Z; is the
estimate of the number of empty bins at the end having observed ¢ throws.
Using Proposition 11.50 we have:

Z € [0,n] bounded = (Z) uni formly integrable

neN
Then set Zy = E¢[Z] = p = by the martingale equality (Def. 11.35#3).
Notice that Z € &F,,, = Z; = ZVt > m, meaning that after having thrown all the balls (m throws), Z belongs
to the o-algebra. This is rather intuitive.
(O Azuma inequality applied) We have that:

0 = Pl|Z = pl > bp] = Pl Zm — Zo| > 64

And using Azuma Inequality (Thm. 12.49), by |Z;11 — Z¢| <1 we set ¢ = 1 and get that:

:>P[|Zt—Zo|>/\\/i §267§ :oc=1
With
op
MWt=0p = A=
C\/ T
_52’u2
= P[|Z — p| > du] < 2exp{— o } c=1 (21.6)

(¢ finding p) letting X, := # balls in j € {1,...,n} we get:

- 1 1
Z=Y 1{X;=0} : Xi,...,X,~ Multinom (m, ())

n n
. 1
X, ~ Binom (m, )
n

j=1
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So that:
EZl=Zy=p= ZE [1{X; = 0}] linearity of integral
=Y P({X; =0})
= nP[X; = 0] iid assumption

( 1>m
=n|1l——
n
1 m
=np p:<1>
n

And Equation 21.6 in O becomes:

1 52n2p2
IF’[IZMI>5M]S2exp{ ”p}
2 m
1
zexp{—252np2} ifn=m

Notice also that as m = n — oo we also have that p — e~}

(v informal Chernoff’s bound) ignoring the dependency let 6 € (0,1),¢ > 0, = np and derive a much
more restrictive bound on the probability by Theorem 7.25:

P(|Z — ] > o] < 2e~ 5P

Averages We show that the average process needs a specific condition to be a martingale, as discussed earlier.
Assume a discrete process (X ), oy is adapted to (F,), .y and is integrable. Then let:

— 1
X, = - ZXi assume  E,[Xn11] =X,

(A aim) we want to show that (X,)

nen Al F-martingale according to Definition 11.35.

(O adaptedness) as X, = 13" X, : X; € F,, Vi < n adapteness is trivial.

(O integrability) Notice that E[|X,|] < 1 > E[|X;[] < oo, by trivial application of linearity,Jensen’s inequality
and the hypothesis of integrability.

(¢ martingale equality) we proceed by manipulation:
- 1 [ /n+1 n
E, [Xot1 — Xn] = mﬂin n (Z Xi> —(n+1) (Z Xiﬂ
= ;En n (Z X;
n(n+1)

1 B n
- e (35

1 X; - :
E Zf — Z XZ>1 by hypothesis

nn+1)"" n
=0
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And the equality holds. By (0,0, = A claim is verified.
Notice however that X, # 0 a.s. since X,,y1 1 F, so that:

E[Xpi1] =X, =0 < X, =0Vi

Homogeneous counting measure and Weibull] Let N(dz,dy) be a p.r.m. on E = R?, with mean measure
v(dz,dy) = cLeb(dz, dy). It holds that N is invariant to translations and rotations (i.e. homogeneous). Let R be
the distance of the closest atom of N from the origin 0 = (0,0). We describe R via its probability distribution
P[R > r]. It turns out that this is equivalent to a ball having null mass:

By (0) = {(z,y) : 2 +y* <7’} : N(B,(0)) =0 Vr>0
This can be seen as:
PR > 1] = BN(B,(0)) = 0]
— ¢~ (B(0)) N(B,(0)) ~ Po(v(B,(0)))
= exp {—C . Leb(BT(O))}
= exp {—C . AT&CL(BT-(O))}

= exp {—Cﬂ'r2}

Which is the well known Weibull distribution.

Homogeneous Poisson random measure visibility Let the atoms of N have radius a = 0. We interpret
the model as a forest with density ¢ = E [K] and mean measure v = Leb. For simplicity, we ignore the overlapping
trees. By construction, N is homogeneous, and the horizontal direction is as good as any by rotation invariance.
We refer to the distance between the origin and the closest tree as a measure of visibility. An atom with radius
a intersects y = 0 if and only if the distance between y and the center is < a. Then:

{V =2} ={N(D,) =0} D.=[0,2]x[-a,d]

is the expression in terms of sets of the visibility being greater than z. We describe the r.v. in terms of its
distribution as:

PV > 2] = P[N(D.) = 0] N(Dz) ~ Po(v(Dz))
efl’(Dx)

= exp {—cLeb([0, 2] X [—a,a])}
= exp{—c(an)}

Shot Noise, Ornstein Uhlenbeck process The following is a descriptive discussion of a famous process,
which will be generalized in Example 22.28.

(A R case) We aim to describe a p.r.m. N on the real line R with mean v(dz) = cdz. The arrival times in this
case are:

< T o<T 1 <Ty<0<T-1<...

This could model the arrivals to an anode of electrons producing a current intensity g decreasing as a function
of the elapsed time uw > 0. We assume for simplicity that currents are additive.
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The total current at time ¢ is then modelled as:

Xp= Y gt—Ty)
n:T, <t

o0

= g(t — Tn)]l(—oo,t] (T)

n=oo

— [ ol =201 (2) N (a0
=Nf f(@) = g(t =)l (z)
We wish to describe the moments and the Laplace functional of this process on R:

E[X:]| =E[Nf]=vf Prop. 13.1841

¢

:c/ g(t — z)dx let u=1t—z,du=—dz
0

=c [ —g(u)du

Which is L ¢ once we integrate. Moving on to the variance:
V[X/] = V[Nf] = vf? Prop. 13.1842
2
= /]R (g(t—x)]l(,oo’t] (.23)) cdx

:c/t [g(t — x)]?dx let w=t—2,du=—dz
o0
—c [ lofw)Pdu

Again 1 t. Lastly, the Laplace transform is:

E[e™"Xt] = E[e™™™/] = exp {-v(1- e*"f)} Thm. 13.19
= exp {— / (1- e_T'g(t_x)1<°°’i](w))cdm}
R
= exp {—c/ (1- efrg(t*““*))]l(_oo’ﬂ (z) d:c} move indicator out
R
¢
exp{/ (1 erg(tz))dx} let u=1t—2,du=—dz

= exp {c/ooou - e’"9<“>)du} (21.7)

Since the independence from t carries over to the Laplace functional, we can safely say that by Theorem 13.19
we have that: B B
X 4 Xo Vt  Xo with transform as above

(O (0,00) case) consider now a more realistic p.r.m. on R, which would allow a researcher to simulate the
phenomenon'. We consider as intensity function

—bu

g(u) = ae a>0,b>0

lindeed, a physicist has to start somewhere, but the process in reality does not have a starting point itself.
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and set a starting current to our X; amount:

Xp = e " Xo+ 3200 ge T Ljo,4 (Th)
:g(t_Tn)
Xo LTy <Th < ...

In this context, we want to show that X LA X, as before. Proceeding in the same way, we inspect moments and
Laplace functional:

E[X,] = E[e™"Xo + N/f] f(@) = g(t = 2)1p g (z)
¢
= e YE[X,] + / g(t — x)edx again by Prop. 13.184#1
0
¢
= e "'E[X,] + c/ g(u)du same ch. variable
0

which is dependent on ¢t. For what concerns the variance
VIX]=E[(e "X+ Nf)?] —E[e " X0+ Nf]’
the result is the same. Moving to the Laplace transform:

Ele™X] =E [e7 "X | E[eV] by Xo L t
=E [e_’“efbtxo} exp {—C/Ot (1 — e_rg(t_"”)) dx} let wu=1t—x,du=—dz
=E [e""efbtx(’} exp {c/ot (1 - e_"g(“)) du}

—1 as t—oo
t

t%_>oo exp {C/ (1 _ e—rae*bu) d’u,}
0

In the limit, the laplace transform converges pointwise to that of )?0 of Equation 21.7. Laplace pointwise
convergence ensures that X; 4 X, (Thm. 9.39).
(O stationarity) we aim to show X 4 )N(o — X 4 )N(o Vvt € Ry. This would mean that the distribution
is stationary around the realistic one over R, but feasible for experimentation as argued in 0. We start with a
split:
t
EleX] = Efe ™ " %] exp {—C/ e_rg(u)du} (*)
0

—_———

=B

A is the Laplace transform of Xo at 1’/ = re b > 0. Using Theorem 13.19 together with the explicit form in
Equation 21.7 we get that:

A

I
@
e
i)

e (-
S N T
= exp { /OQO (1 e ”““”) } let & =t + u,dz = du
i~ (
ST

du
1— e Tee } for clearness, let z = u
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So that (%) becomes:

oo t
E[e™ "] = exp {—c/ (1 - e_mefbu) du} exp {—c/ e_Tg(“)du}
¢ 0
exp {c/ (1 — 677’9(“)) du} ALt
0

= X, £ X,2X, VteR,

(¢ stochastic differential equation) we want to show that such a process satisfies the SDE:
t
X, = Xo - b/ X,ds + aN([0,1])
0

Also written as dX; = —bX;dt + aN(dt). This is equivalent to:
¢ ¢
e X, = e X, +/ gt — 2)N(dz) = Xo—b [ Xods + N([0,4])
0 0

Where the form we have is the LHS and the form we want is the RHS. Inspecting the integral in the RHS with
the result of the LHS 2:

¢ ¢ t s
/ Xsds = / e % Xods +/ / g(s — z)N(dx)ds where s <a <t
0 0 0 Jo

1

t et
on(l —e M+ / / g(s — z)dsN(dx) order change in accordance with s < <t
0 Jzx

Where the blue integral is precisely

t t " "
//g(s’f”)dSN(dw):/ _ & mb(s—a)
0 Jx 0 b

Eventually substituting in the RHS one gets:

t

N(dz) = /Ot % (1 - e*b“*w)) N(dz)

s=x

t

t t ¢
X0 — b/ X.ds +aN([0,t]) = Xo + e "X — Xo — a/ N(dz) + a/ e PO N (dx)
0 0 0

= e Xy + /o g(t — )N (dx)

Which is the LHS.

2this is slightly informal to say



Chapter 22

It6 Integration

The content of this Section is based on the last two lectures, not included in the exam, and presented for the
sake of completeness only. For this reason, it might be less informal, especially at the end. A reference is [BZ99].

Disclaimer: due to changes in the layout of the digital document it may refer to the wrong statements when
cross referencing other Chapters.

{ Observation 22.1 (Setting). We want to integrate wrt a Wiener process (Wy),cg, adapted to a filtration F
(Defs. 11.2, 11.7). Just like in the didactic derivation of the Riemann sum we will proceed step by step. The
ingredients of the first part are:

e trying to characterize an integral in terms of L2 convergent sequences exploiting the result of Theorem 20.4
e circumavigating the difficulty of W being nowhere differentiable, a result of Proposition 20.6

Example 22.2 (Differences with Riemann integral). Recall the classic definition of Riemann sum for a
function f: Ry — R:

where n is the number of sub-intervals and a very useful property is that the choice of s; does not influence
the final result.
Contrarily, a stochastic integral in terms of a Wiener process of the form:

n—1

Z f(Sj)(Wtj+1 - Wtj)

=0

behaves differently. We will show that the choice of s; € [t;,t;j41] for a subdivision t7 = (%)] partitioning the
interval [0, T] is dependent on the choice. To do so, we choose as test function f(t) = Wy and we assign the
symbol A to the choice s; =t; and O to the choice s; = tj41. It suffices to show that the two are different.

(A case) we will make use of the trivial identity:

b? —a? b—a)?
a(b—a)= 5 _( 2)

277
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Computations show that:

n—1
Z f(s )(Wtﬂrl - Wtj) =W, (WtJ+1 - Wtj)
j=0
1 — 1 n—1 , . b
=3 JH - -3 Z(Wt]+1 Wi,)®  trivial equality
:0 j:0
1 n—1
= S(WZ —Wg) 5 Wi,y — We,)? telescopic sum
j=0
n—00 1
= fWT - fT Wo =0 a.s. by Def. and Thm. 20.4

(O case) similarly, we use another trivial identity

> —a?  (b—a)?

b(b—a)= 5 + 5
and get
n—1
Z fls)) Wiy = Wiy) = Wiy, (Wey o, — W)
§=0
1 n—1 1 n—1
=3 Z ijﬂ - Wfi’ +3 Z(Wtj+1 —Wy,)?  trivial equality
j=0 §=0
= §(WT - W3 + 3 Z(Wtj+1 - Wi,) telescopic sum
j=0
e WT + T Wo =0 a.s. by Def. and Thm. 20.4

2

For T > 0 we have A # O and the Stochastic integral depends on the choice of the point for each subinterval.

{ Observation 22. 3 (Intuition). By Theorem 20.4 we have that the quadratic variation for over an interval

[a,b] is such that V,, £, b —a. This means that E[V,] < o0 and so V,, < o0 a.s.
For this reason, we might as well use s; = t; in a subdivision (t}') by the adaptedness of f(t;) € Ft, and work
with square integrable r.v.s.

22.1 Constructive Definition of the It6 Integral

M2

Definition 22.4 (Random step processes M, step

such that:

9tep) is a collection of functions of the form f: R, — F

W <to<ty<...<tn: flt)=> il (t)

with:

e (measurability) n; € Fy,Vj
e (square integrability) n; € L2Vj

By construction, we get for free that f(t) € F4Vt and f € L2.

Definition 22.5 (Stochastic integral of step process). For f € Mz, its integral is:

5tep

I(f) = (t)dW; = 277] Wi — j)
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Proposition 22.6 (Isometry of step process integral). The integral of a step process is square integrable,
feMz, = I(f)eL? and:

BI(/)] =& [ / ~ |f(t)|2dt}

Definition 22.7 (Random process class M?). Making use of MZ,., we define the broader class of random
step approzimable functions as:

oo
M? = {f:R+ —E : feL?3(fn) C M, : lim E U |f(t) —fn(t)|2dt] :0}
n—oo 0
Definition 22.8 (It6 stochastic integral). For f € M? the integral [§° f(t)dW; is defined via:

lim B [|1(f) = I(fa)] =0 (fu) C M2,

n—oo

Proposition 22.9 (It6 isometry of stochastic integral). For f € M?3\I(f) € £? a.s. (the integral is square
integrable and uniquely defined a.s.), with form:

BrOP =k | [ 5P
Definition 22.10 (Extension to finite times). VYT > 0 we define
Mz ={f:Ry - E : 1y f€ M}
with integral
T
Inlf) = It f) = [ £®dW;
0

{ Observation 22.11 (What is missing and specifications). we used the linearity of the integral I in I(f,) —
I(fm) = I(fn — fm) in the proof of Proposition 22.9. This is rather easy to prove for fy, fm € Mftep but holds
also for f € M2, we will do this in Theorem 22.15#1.

Additionally, we are missing existance conditions, a result shown in the next Theorem.

22.2 Properties of the It6 Integral

Theorem 22.12 (Itd integral existance). Let f : Ry — E be such that:

o (continuity) t — f(t) is a.s. continuous
o (adaptedness) f(t) € FyVt

Then:

1. the Ito integral exists

E [/Ooo|f(t)|2dt] <oo = fe M?ie J(f)

2. the It6 integral exists at finite times

E

T
/ |f(t)|2dt] <00 — feMZie In(f)
0

Example 22.13 (Back to Example 22.2). Recall that for a Wiener process W :

o the map t — W, is continuous a.s. (Thm. 18.22)
e the integrability condition holds

t
E[f |[W,|?ds] < o0Vt
0
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Then, by Theorem 22.12 we can use a sequence (f,) C M2, of the form:

n—1

= Z Wtk]l[tk,tk+1} (t)

k=0

With (t) made of equally spaced intervals and make an approximation of the form:

2 1 1
/fn(s)ds = §WT% - §T
A second example could be setting f(t) = W2. In this case the integrability condition is:

E[[ [W2[2ds] < oo
0

which is easily checked. To ease out the computation, we use the trivial equality:

b3 —ad 1
a(b—a)=-——2 —a(b—a)* - 3(b— o)’
To get as an approrimation:
n—1 n—1 3 3 n—1 n—1
we = We 1
Z Wtzj (Wt.7‘+1 - Wtj) = % o Z Wt]‘ (Wtj+1 - Wt]‘)z T3 (Wtj+1 Wtj)g
=0 j=0 7=0 =0
1 1 n—1
g(th Wt30) - Z Wtj (tj+1 - tj) T3 Z(Wth - Wtj)d
— =

[telescopic sum € Thm. 20.4)

=
*W3 ZWt j+1_t gz J+1_t 3
§=0
Wy, =0 and scaling Thm. 18.16#1]

n—1
fWT > Wi, (L — 1) T=t,
7=0

Where in the last passage we also use E[Z3] = 0, i.e. null kurtosis of a normal distribution. Eventually in the

n — oo limit the result becomes: - "
1
/ W2dW, = ~ W23 f/ W.ds
0 3 0

Where the second term is a Riemann integral, which can be computed with classical methods.

¢ Observation 22.14 (The example in the context of stochastic differential equations: It correction). Stochas-
tic differential equations (SDEs) are an interesting topic in which It6 integrals are instrumental. It is worth
noticing that we have just established:

t
/ WodW, = %WE - %t Vi = W2= 2/ WedW, +t, dW? = 2W,dW, + dt
0 0
which looks like the usual differential equation:
t
2ty =2 / X(s)dX(s) dX*(t)=2X(t)dX(t)
0

except for an added red term. We call this Ité correction.
Similarly for the second part of the example:

,
/ W2dW, = / Weds YVt = W} —3/ W2dW, +3/ Wads, dW2 = 3W2dW; + 3W,dt
0

as well corrected wrt the classic integral formulation.
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Theorem 22.15 (Properties of Ito integral). Let f,g € M? and o, 3 € R. Then Y0 < s < t it holds that:

1. (linearity) fot (af(r) + Bg(r))dW, = afo r)dW, +,3f0 r)dW,
2. (general isometry) E [\ fo r)dW, |2} =K [fo |f zdr}

3. (martingale property) E [fo T) T] = fo

Lemma 22.16 (Square integrable £2 convergence in conditional expectation). Let (£,),¢ € L2(Q, F,P) then:

6.5 € = E[6|9) S EElS] VSC T

Definition 22.17 (Versions of stochastic process). For two stochastic processes £(t),((t) ont € T C R seen
as functions, we say that they are a version of each other when:

PI{e(@) =C()}] =1 vteT
Namely, they are a.s. equal.

Theorem 22.18 (Almost sure continuous version of stochastically integrable processes). Let f € M2, then

the integral process:
t
0= [ saw
0

is such that we can always find an almost continuous version:
3C(t) =2 £(t) t—((t)  a.s. continuous

Corollary 22.19 (Direct consequence of almost continuous version existance). We can safely say that the mod-
ification of £(t) is in MY

Assumption 22.20 (Almost sure continuity). From now on, we work with the always existing (Thm. 22.18)
almost continuous version of the stochastic integral process we consider.

Definition 22.21 (It6 process). A process £(t) on Ry is an Ité process when:

1. the path t — £(t ) z's almost surely continuous

2. E(T) = €(0) + [ a(t)dt + [, b(t)AW; a.s.
3. b()eM2VT>O

4. a(t) is adapeted i.e. a(t) € F V and such that fo la(t)|dt < oo a.s. VT >0
We write this result in compact differential form as:
dé(t) = a(t)dt + b(t)dW,
Example 22.22 (Observation 22.14 as an It0 process). Recognize that:
dW? = 2W dW; +dt  a(t) =1, b(t) = 2W; : W, € MZVT > 0
and also

t
dW2 = 3W2dW, + Wydt  a(t) =W, : E [/ |Ws|ds] < o0, b(t) = 3W2 € M2VT >0
0

Definition 22.23 (L1 space for the function a(t)). The function a(-) from Definition 22.21 is enclosed in a
space denoted as:

LlT::{()adapted?/ t)|dt < o0 a.s. VT>O}

Where the second requirement is equivalent to having finite expectation a.s.
Theorem 22.24 (It6 formula, simplified). For F(t,z) a real valued function such that:

OF (t,x)

Ft(t,.ﬁ) = Bt

, Fu(t,x), Fup(t,x) € C(R) Vt>0,VzeR
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where additionally F,(t,W;) € M2VT > 0 is such that:

T T
1
F(T,Wr)— F(0,W,) = / Fi(t, W) + §Fm(t7 W) dt Jr/ F.(t,Wy) dW; a.s. integral form
0 0

AF(t, W) = (Ft(t, W) + %Fm(t, Wt)) dt + Fo(t, W,)dW, a.s.

Example 22.25 (It6 formula for Example 22.22). Let & = F(t,W,) = WZ.
differential form is:

L (ow? 10PW? oW
di = ( ot T2 ow? ) Gy, W

1
= (0 + 22) AWy + 2W dWy

As in the form of Example 22.22. Similarly for & = F(t, W) = W2

3 2 3 3
d&:(ﬁWt 10 Wt>dt+8Wt aw

ot 2 W2 oW,
= (0 + ;6Wt) dt + 3WZ2dW,
= 3W,dt + 3W2dW,
again as in Example 22.22.

Example 22.26 (Brownian bridge). Consider a Wiener process W = (W)

differential form

Using Theorem 22.24, the

and a second process Xy =

teR,
Wy — tWy fort € [0,1]. This construction is such that:
Xy =Wy=0a.s. t=0
Xt:W1—W1:0a.S. t=1
We explore its properties.
(A mean) we have E[X;]| = 0 being a sum of Wiener processes.
(O distribution) X, is Gaussian Vt since it is a sum of Gaussians
(O variance) after some computations:
VIX —t] = VW, —tW]
= VW] + 2V [W;] — 2tCoV [W,, W1]
=t+t2-1—2tCoV Wy, W] Wiener-Gauss Thm. 18.11
=t+t2—2t(tA1) Wiener as Brownian Def. 18.7
=t+t*—2° t<1
=t—t

(V covariance) for s #t:

CoV[X,, X{] = CoV(W, — sWy, Wy — tW7)

= CoV(W,, W,) — sCoV (W1, Wy) — tCoV (W, Wy) + stCoV (W, Wy)

=(sAt)—t(sAN1)—s(tA1)+st-1
[as above Thm. 18.11, Def. 18.7]
=sNAt—st—stm—+ st

=SsNAt—st

{s(l—t)s<t

t(l—s)s>t

s, t <1
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(¢ conditionals) wts for t; < to it holds:
P[th S da?g, Wt2 S dl‘2|W1 = O] = P[th S dxl,th S dxg]

namely, the two points in the path of X are equivalent to two the same times of a Wiener process conditioned on
the future Wy = 0. This is rather difficult to work with, so we will use another property, that of time inversion,
Theorem 18.16#3 and the Markov property Thm. 19.5. Namely:

tW

e

d Wi |Ws = x Brownian s <t
= Wt d
Wy — Wy =W,

While we known the LHS, we do not known how the RHS behaves. In this context, for s > t:

PWy < y|Ws = 2] = PtW1 < y|sW1 = a]

—P W1<yW1:””}
L t t s S
=P W1+xx§yW1ﬂ notz’cegzwl andj:z
| ¢t s s t| = s s s s
=P Wl—Wléy—xI/Vl:z]
t s t S s
xt
=P t(W1—W1)—|—§y] Markov property
t s S

Where Wi W, £ (W = W) + 2 £ 4(Wa 1)+ so that:

1 =
T S

= Wt|W1:0étW%—1+0 setting s =0

1
Which has mean 0 and variance V[tW1 — 1] = t? <t — 1> =t(1 —t). The joint distribution then becomes:

W, W, |Wy =0 < (SWl_l,tW%_l)
with covariance:

CoVIW,, Wi] = CoV (sWy_y,tW,_,)

|
®
~+

Just like V, proving the claim.
Example 22.27 (Exponential martingale). For t > 0 consider the process Xy = eWie— s,
(A aim) wts Xy is an Ité process according to Definition 22.21, namely, an Itd stochastic integral (Def. 22.8.

The form should be that of:
t
dX; = XodWy, X = Xp +/ X dWs, Xg=1
0

(O recap of idea) An It6 process & is such that:

[/5]a(s)|ds] < 0oVt i.e.a€ L}

T t E
d& = a(t)dt + b(t)dWy, & = &(0) +/O a(s)ds —l—/o b(s)dWs, {E[[S b(s)2ds] < co 'Vt ie.be M2
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We use the simplified Ito formula (Thm. 22.24) setting & = F(t,x) = e®e~% which is differentiable:

2

0 0 0
dF(t,W;) = (8tF+ oW ) dt + <8WtF> dW;
_ _1 Wi —% EWt -1 Wy —%
—( 26 e +26 e )dt—l—(e e )th

= (eW*efé> dW;
= ftth

(O conditions check) we want to check the conditions on the functions a and b. Clearly, a(t) = 0 is in
LIVt € Ry. For b(t) = Xy instead:

t t
E [/ |X(s)|2] ds = / E [|X (s)|*ds] Fubini Thm. B.30 provided that it exists
0
t
/ E [e *| ds
J
0
t
/ e~ exp{ [WS]}ds mgf
0

=/ “fe’ds Wiener variance
0

(=)

t
:/ l1<ooVteRy
0

By the arguments of 0, = /A and the process is an Ité process.

Example 22.28 (Continuous Ornstein-Uhlenbeck process). We inspect the traditional version in continuous
time of the process from FExample 16.9.
(A symmetris and definition) the process analyzed is:

t
X, = Xpe ¥ —|—/ ae_b(f’_s)dWS, te Ry
0

Focusing on the integral, in Example 16.9 it was the integral of a p.r.m. on R, shown to be equivalent to the
experimentally feasible case of a p.r.m. on Ry subject to a specific value of the starting point. We then showed
that the process satisfied a SDE of the form:

t
dXt = —bXt + ath, Xt = XO — b/ Xtdt + Cth
0

Where a was the number of arrivals at time t.
(O gaussianity of integral) wts:

t d t d e2bt -1
/ ae =AW, £ ae W o, = / AW, =W —ane_, ~N (0, )
0 2b 0 2b 2b

(O two facts) we take for granted without proof that:

® any mtegml of the form fo 8)dWy is a martingale by Theorem 22.15#38, and thus has constant mean
. fo s)dWy is such that f(s) € L1 is Gaussian itself.
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For this reason, to prove the claim in [J we just need to inspect the variance.
(V wvariance) continuing the discussion:

t t 2
1% [/ ebdeS] =F [(/ ebde5> ] mean zero martingale
0 0

t
=K [/ (ebs)QdS} Ito isometry Thm. 22.15#2
0
t
€23 ds deterministic value
0
e2b5 t
2b |,
e2bt -1
DY)

which is the variance needed to prove the claim in O.
(¢ limiting distribution) wts
2 2
d a a
X — 7~ —
e N (0’ 2b>

X, = Xoe ™ 4ae”U"W o0, — ae V"W o0, = ae_bth_no
SN—— 2b 2b

—0 as t—o0

Where

Where we let ny = % which — 0o as t — oo. At the limit, the second term is:

a V2b

—bt _
ae WTH—WO - b ebt Nt —

\/* e?bt WTH —"No

= \/% (nt)é "]t 7o

Where the Mgf is that of a gaussian, since ignoring the coefficient in front:

1 172
E [exp {TWWmnOH = exp {QT[nt - no}} Ne — 1o s the variance
t
Mt — Mo
=ex
p{ 2 m }
t—00 r?
= exp 5 mgf of Z ~ N(0,1)

Concluding the claim that:

Xt = Xoe_bt + ae_btWeth,l

(1)+ﬁz N( ;Z)

2
* stationarity) assume Xy ~ N | 0, a2, Then the process is such that:
2b

o E[X;] = 0Vt easily by sum of Gaussians
o X, is Gaussian by sum of Gaussians

o V[Xi] = V[Xpe % + ae bW,

_ ,—2bta? 2 —optet—1 @7
Mt — 770} =e

o5 Ta'e Y

285
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2
Which is the same variance of Xo. This means that the process is stationary at N <0, (2117)
(d SDE and general Ito formula) wts:

t
dX; = —bXydt + adWy, Xy = Xo — b/ Xsds + aW,
0
to do so, we will resort to a constructive derivation of the general Ité formula.

t
X = Xpe ¥ + ae_bt/ P dW,
0

t
e bt (XO +a / ebSdWS)
0

—b
=e€ t§t

t
with & = X+ / ae®*dw,
0

dé; = ae® dW, = a(t)dt + b(t)dW, a(t) =0, b(t) = ae”

Here we set X; = F(t,&) so that F(t,x) = e % in general. In this context, we aim to do a 2" order Taylor
expansion, and corrected according with a procedure similar to the result of Obs. 22.14. A normal expansion of:

oF oF 10%F 10 1 0°F 1 0°F
F - il -7 2 - 42 - -
dF (t,x) 5 dt + o dx + 5 922 dx” + 28t2dt + anatdazdt—i— 25t8zdtdm
in the context of SDEs becomes:
OF OF 10°F oF
dF(t,&) = | =— + =——a(t) + = —==b(t)* ) dt b(t)d

6= (7 + o)+ 5 g o0° ) i+ GEpoam,
= (—be Y& +0+0) dt + e~ "'b(t)dW,
= —bX;dt + e tacttdW; b(t) = ae™ "

= —bXtdt + ath

Which is equivalent to the claim. We have also "formally" proved the SDE of Example 16.9.
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While some results in previous sections were not part of the course, the content of the Appendix is 100% not
study material. I decided to add it to better understand arguments presented in class, and make the notes almost
self contained. For this reason, I most likely will not copy over the handwritten proofs, typing only the claims

on KTEX.
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Appendix A

Sets, Measures, Probability

A.1 The p-system extension

Definition A.1 (d-system). A collection D = {A;,...} where A; C E Vi is a d-system when:

1. EeD
2. ABeDBCA = A\BeD
3. (closedness for increasing sequences) (An) C D, A, /A = A=JA, €D

Proposition A.2 (c-algebras, p&d systems equivalence). Recalling Definitions 1.6 and 1.8:
{A1,...} : A; C EVi o-algebra <= p,d-system on E
Lemma A.3 (Nested d-system form). Let D be a d-system on E. Then, for a given D € D:
@:{AGD:AHDG D} is a d-system
Theorem A.4 (Monotone Class Theorem I). For € a p-system (Def. 1.8) and D a d-system:
CCcD = o(€)CD

Definition A.5 (Product of measurable spaces). Let (E,&) and (F,F) be measurable spaces (Def. 2.1).
Consider AC E, BC F.

e Ac &, BeF = A x B is a measurable rectangle
e £ ® T is the product o-algebra on B x F

Accordingly, we define the product measurable space as:
(EXFERTF)=(FE,&) x (F,F)

Lemma A.6 (Mapping properties). Let f : E — F, where f~Y(B) = {x € E: f(z) € B} C EVB € F. Then
for all B,C,{B;}:

1. f710) =0

2. f"YF)=E

3" 1( \C)=f"HB)\ f(C)
4. (UB)ZUZJ”( i)

5. (N B) =N fH(BY)

Definition A.7 (Measurable function). We enclose the results of Lemma A.6 in a Definition. For measurable
spaces (B, &), (F,F) a function f: E — F is measurable when:

Y (B)e¢& VBedF
Proposition A.8 (Generating algebra measurability). We characterize measurability as:

f:E—F measurable wrt &,F <= fYB)€eBYBe€Fy:0(F) =7

289
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A.2 DMore about measures

Proposition A.9 (Composition of measurable functions measurability). For f measurable wrt & F and g
measurable wrt F,G their composition is measurable as well:

fog measurable wrt €,G

Definition A.10 (Numerical functions, measurable). For a measurable space (E, &) a numerical function is
a mapping to R. Namely:
f:E—R=[-00,x]

The measurability condition is wrt &, B(R) and using the results of Propositions 1.21 and A.8:
f measurable <= ¥r e R f~'([-o0,7]) € €

Since {[—o0,r] : r € R} is the generating Borel set of R.
For numerical functions, we omit saying that they are measurable wrt &, B(R) and simply write wrt €.

¢ Observation A.11 (About numerical functions). Consider f : E — F where F C R is countable. Then:
f &-measurable <= f~'({a})={x € E:f(zx)=al€EVacF

Proposition A.12 (Positive-negative decomposition measurability). Any measurable function can be decom-
posed into measurable functions since:

f measurable <= ft=fVvO0,f" =fA0 measurable

Definition A.13 (Canonical form of simple function ). A numerical function can always be reduced to its
canonical form when it is simple. We say it is simple when:

f:ZCLi]lAi aiER,AiES
And in this case we can safely say that:
Im € N*, distinct {b;}/~, & {B;} measurable partition

which compose the canonical form of the simple function:

f= Z bi1p,
i=1

Proposition A.14 (Properties of simple functions). Let f,g be simple. Then:

1. f is always E-measurable

2. f+g, f—9g, fg, 5 (provided that g # OVx), fV g, f A g are E-measurable
3. for f E-measurable taking finite values in R = f is simple

Definition A.15 (Limits of sequences of functions). According to previous discussions, for a numerical
function f,, (Def. A.10) it holds that:

e inf f,,,sup fp,liminf f,,,limsup f, are pointwise extremizations
e liminf f,, =limsup f,, = f = lim f,, = f as usual

Theorem A.16 (Limits of sequences measurability). For f numerical all the functions of Definition A.15 are
E-measurable. lim f,, is so if it exists.

Lemma A.17 (Dyadic functions properties). For n € N* dyadic functions:

n27l
k—1 —
d”(r):ZQT]l[%@%] (T)+n]].[n,oo] (r) reRy
k=1

are such that:
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1. ¥n d,(r) is increasing, right continuous and simple
2. lim, yoodp(r) =7 Vr e Ry
Theorem A.18 (Positive function measurability with respect to simple functions).

f:E—R, &-measurable < (f,) /' f : (fn) positive simple

Definition A.19 (Monotone class of functions M). A collection of numerical functions M = {f : E — R}
with subsets My, My, of positive/bounded functions such that:

1.1eM
2. f,geMp, a,beER = af+bgeM
S (fu) CMy, (fo) N f = [EM

Theorem A.20 (Monotone Class Theorem II). This is a revisited version of Theorem A.4.
For M monotone on E, C a p-system (Def. 1.8). Then:

1y e MVA€C, o(C)=¢& = M D {positive or bounded &-measurable f : E — R}

Definition A.21 (Isomorphism of measurbale spaces =). A function f between measurable spaces (E, &), (F,F)
that is a bijection induces an isomorphism. The inverse map: f(y) = v < f(x) =y is measurable wrt F,E.

Definition A.22 (Standard measurable space). A measurable space (E, &) is standard if:
(B,&) = (F,B(F)), FCR
Theorem A.23 (Some standard measurable spaces). Recognize that:

1. R,R% R>® and their respective Borel o-algebras are standard
2. for E complete and separable = (E,B(E)) is standard

3. ([0,1],B([0,1])) is standard

4. (N*,o(N*)), (N, o(N)) are standard

¢ Observation A.24 (Confusing notation). Notice that we may use the following symbol:
ENT
To denote functions that are measurable wrt the two o-algebras.

Proposition A.25 (Arithmetic of measures). Let (E, &) be measurable and p be a measure on it (Def. 2.2).
Then:

1. Yc € Ry cp is a measure
2. if v a measure on (E,&) = v+ p is a measure
3. for countably many measures pi, fia, ... = Y [in 1S @ measure

Definition A.26 (o-finite measure). A measure p on (E, &) such that I{E,,} measurable partitioning E with:
w(Ey) < oo¥n

Definition A.27 (X-finite measure). A measure p on (E, &) such that H{ p,} finite measures with:
Z Hn = H

Proposition A.28 (Order of measure types).
u finite = p  o-finite = pu  X-finite
And properties propagate in the opposite direction as always.

Proposition A.29 (Measure specification in p-systems, finite measures case). Let (E, &) be measurable, and
W, v measures on it, both finite, and C be a p-system generating &, i.e. o(C) = E. Then:

wA)=v(A) VA€l = u=v
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{> Observation A.30 (Extensions extended). We can prove the result of the Theorem for o-finite measures as
well. Notice that this holds also for probability measures on (R, B(R)), and their Borel sets of intervals.

Definition A.31 (Atom of a measure). For a measurable space (E, &, p) we say:
xeFE atom : pu({x})=0

Definition A.32 (Diffuse & purely atomic measures). Measures can be distinguished in terms of presence of
atoms, but can also be of mized types. We call:

o 1 diffuse when 3z € E atom
e 1 purely atomic when Vx € E x is an atom

Example A.33 (Some diffuse and purely atomic measures). in some cases we will work with

o Leb (Def. 2.8), which is diffuse
e  Dirac (Def. 2.3) which is purely atomic
e any discrete random variable (Def. 5.11) which has a purely atomic probability measure.

Lemma A.34 (Finite & X-finite countability of atoms). Establish that:

1. p(F) < 00 = z atoms are countably many
2. u X-finite = x atoms are countable

Proposition A.35 (Atomic Diffuse decomposition of measures). For p on (E, &) X-finite it holds that:
w=A+v Xdiffuse, v purelyatomic

Definition A.36 (Negligible sets in measurable spaces). For a measure space (E, &, p) we say:

e B is measurable negligible when p(B) =0

e an arbitrary subset (not necessarily measurable) E; C E is negligible if E; C B, where B measurable
negligible

Definition A.37 (Complete measurable space). A measure space (E, &, ) such that VB C E : u(B) =0 the
set B is measurable.

Definition A.38 (Completion (E,&,f1)). Let N be a collection of negligible subsets. Define:

e E=0(EUN)
e i(AUN) for A€ € and N € N

Proposition A.39 (Completion properties). For a completion (E, &, 1) it holds that:

1.VBe& B=AUN,Ac& NeN
2. (AU N) = u(A) is the unique measure on & such that fi(A) = n(AVVA € &
3. the completion is complete according to Definition A.37

Definition A.40 (Almost everywhere (almost every x)). When a property is true Yo € E but negligible
sets we say the property holds almost everywhere (a.e.). When considering multiple measures, we say p-almost
everywhere.

Example A.41 (Equivalence almost everywhere on functions). See handwritten notes

A.3 More about integrals of measures

Lemma A.42 (Integral properties for simple positive functions). Recall Definition 4.1 and 4.4, the following is
a similar result for general measures (Def. 2.2):

f=Yata + u() =Y anta) = [ udn)fa)

Satisfies:
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o linearity
e positivity
e monotone convergence

Definition A.43 (Integral over a set). Let f € & be a measurable function, and A be measurable. Then
fly €€ and:

u(r1a) = [ o)t [ wlas)so) = [ san

Lemma A.44 (Finite additivity of positive measurable functions). Let f € £, A, B € & be such that ANB = {}
and AUB = C. Then:

p(fLla) + pu(flp) = u(fle)
Lemma A.45 (Positivity and monotonicity of integral). For f € & it holds that:

1 pf=>0
2.9€é,:f<g = pf<pug

Theorem A.46 (General monotone convergence theorem). This is the expanded result of Theorem 4.21, with
proof.

Let (fn)n>1 € €4+ be increasing. Then:
n—oo n—oo
Proposition A.47 (Linearity of integration). For f,g € €4 it holds:
wlaf +bg) = apf +bug Va,be Ry

Proposition A.48 (Insensitivity of the integral). The following conclusions can be drawn when dealing with
measures.

1. AcE:pu(A)=0 = pu(fla) =0 Vfee&
2. fL,g€&4, f=gaex = puf =pg
3. feli, uf =0 = f=0aex

Lemma A.49 (Fatou’s Lemma). This is a very important result.
(fn)Cé€y = (liminf fn) < liminf p(f,)

Corollary A.50 (limsup bounds for integrable bounded functions). For (f,) C € and g integrable we have:

1. fp>g Vn = p(liminf, f,) <liminf p(f,)
2. fn<g VYn = p(limsup,, fn) > limsup,, u(fn)

Theorem A.51 (General dominated convergence theorem). This is the result with proof for the general case
of Theorem 4.24.
Let (fn)n>1 C € where | f,| < g V¥n and g is integrable according to Definition 4.5. Then:

30im fu = fely, g lim fa) = lm p(f)
n—00 n— 00 n— 00

Corollary A.52 (General bounded convergence Theorem). This is the result of Corollary 4.26 for finite mea-
sures.

(fn) C &, (fn)bounded, p finite, 3 li_>m fn = f € Ly bounded, p ( 1i_{n fn) = li_>m w(fn)

{ Observation A.53 (About sequential continuity and monotone convergence). Sequential continuity comes
from sets assumed in the definition of measure (Def. 2.2).
Monotone convergence (Thm. A.46) holds for measurable functions.
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{ Observation A.54 (Almost everywhere version). For the results of this Section, one can derive an almost
everywhere version and work with completions using Proposition A.39.

Theorem A.55 (Characterization of integral). For a measurable space (E, &) and a function L : €, — Ry
we state that:

ANuon (E,&8): L(f)=pnf Vfeéy
satisfying the properties of an integral over a measure:
1. f=0 = L(f)=0
2. L is linear
3. L is monotone convergent in &

Namely, once we have a general function satisfying properties 1,2,3 we are working with a valid measure induced
by the integral representation. This characterization is unique on both directions.
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Transforms, Kernels, Product Spaces

B.1 Combining measures through kernels

Definition B.1 (Image measures of v under h, voh~1). For measurable spaces (F,F),(E, &) and v on (F,F)
consider:
h:F — E measurable wrt J,&

Then we define:
voh™:& Ry wvoh Y(B)=v(h"!(B)) VBe&

Which is well defined since h=(B) € F by the measurability of h (refer to Eqn. 3.1). This makes v o h~! a
measure.

{> Observation B.2 (Other notions for voh™1). It often happens that the notation changes to hov, h(v),voh,vy,.
Lemma B.3 (Finiteness relations). Recalling Definitions A.26, and A.27 it trivially holds that:

1. v finite = voh™! finite

2. v S-finite = v o h~! S-finite

3. v o-finite = v o h~! o-finite
but = voh~! X-finite

Theorem B.4 (Integral of image measure, integral change of variable).

Vie&y (woh ™ )(f)=v(foh)

{ Observation B.5 (Extending the Theorem). The limitation f € €4 can be removed upon noting that we just
require that both parts of an arbitrary f € € need to be well defined.

¢ Observation B.6 (Relationship to change of variable). Let p=voh™! then:

/ v(da) f (h(x)) = / u(dy) () (B.1)
F

E

In calculus we refer to this formula in the euclidean case for E = R% and F = RY with v, |t expressed in terms
of the Lebesgue measure and the Jacobian of h.
In probability we often define v through Equation B.1 in terms of u, h.

Theorem B.7 (Lebesgue measure and Y-finite h map link). Let (E, &) be standard measurable (Def. A.22),
p be X-finite on (E, &) and b= pu(E) € Ry. Then

= 3Jh:[0,b) > E measurable wrt B([0,b)), &

Such that:
pw=XAoh ' X= Leb[0,b) = R,
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Definition B.8 (Indefinite integral of a function). Let (E, &, 1) be a measurable space, p € E. We can define:

o(4) = nlp1a) = [ udop(e) vAee

as the indefinite integral of p wrt p.
Proposition B.9 (Properties of v(A)). For v(A) as in Definition B.8 we have that:

1. v(A) is a measure according to Definition 2.2
2. Vf e &y it holds v(f) = u(pf)

¢ Observation B.10 (About the indefinite integral definition). We can create new measures by simply using
the fact that:
[ vtans@) = [ pap@ra)
Informally we may write v(dz) = p(dz)p(z) for x € E, v, u measurable, p € €.
We call p the mass density of v wrt p.

Definition B.11 (Density function p). We write p = j—; or p(z) = ZZEQ

forx e E.

The next result is equivalent to Theorem 5.7, we state it here for the purpose of keeping the discourse flow.
Theorem B.12 (Radon-Nykodym Theorem). Let p be o-finite, and v < p.

== 3p€€+:/
E

v(da) f (z) = / pu(d)p(a)  (x)

E

Where p is unique up to equivalences meaning that if Ip,p’ satisfying the requirement then p(x) = p'(x) for
ae. r€Fb.

Definition B.13 (Transition Kernel K).

A transition kernel is a function between measurable space (F, &), (F,F), of the form:
K:(ExJ)— Ry
such that:

1. © — K(z, B) is € measurable VB € ¥
2. B— K(z,B) is a measure on (F,J) Vx € E

Example B.14 (A transition kernel). we will later show that for v finite on (F,F) a kernel K € (E® F)4 is:
K(z,B) :/ v(dy)K(z,y) € E,BeTF
B

Theorem B.15 (Measure kernel function). Let K be as in Definition B.13, conclude that:

1. For x € E we have K f(z) = [ K(x,dy)f(y) € &4 VfeFy

2. for B € F sets W(K(B)) = [, p(dx)K (z, B) is a measure on (F,F) for any measure i on (E, )

8. For f € Fy functions (uK)f = p(Kf) = [, p(dz) [ K(z,dy)f(y) is a measure on (F,F) for any measure
won (E,E)

{ Observation B.16 (About the Theorem). The notation K f, uK can be seen as f = columns and p = rows
generalized.
To specify K it is enough to find a form of KfVf € Fy.

Corollary B.17 (K specification, a "converse" of Theorem B.15). A mapping K : F — &4 such that f — K f
is a transition kernel where K(x, B) = K1 (z) if and only if:
K0=0 #1
< ( K(af +bg) =aKf+bKg Vf,geTFi,a,beR H#2
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Definition B.18 (Product Kernel). For a kernel K from (E, &) to (F,F) and a kernel L form (F,F) to (G, 9)
we define the product as the function KL from (E, &) to (G, ).

Proposition B.19 (Product is a transition kernel). It holds that:

1. KL is a transition kernel
2. KL(z,B) = [, K(x,dy)L(y, B) for x € E and B € § is the representation

Definition B.20 (Markov, subMarkov kernel). A kernel K is Markov when K(z,E) = 1 Vz, subMarkov
if K(z,E) < 1Va.

Definition B.21 (Identity Kernel I). The identity Kernel is a kernel from (E, &) to (E, ) defined as:
I(x,A)=06,(A)=14(x) z€E, A€t

Proposition B.22 (Kernels relations). We establish the following results:

1. For a Kernel K = K% =1 K?,... are kernels
2. for u a measure and f a function: If = ful = p,ulf =puf,IK =KI =K
3. for K a Markov kernel = K™ is Markov ¥n > 1

Definition B.23 (Finite Kernels, Bounded Kernels). Using the notions already encountered in Definitions
A.26, A.27 and other discussions accordingly define:

e K finite such that K(x,F) < co)Vz

K o-finite such that B — K(x, B) is o-finite Va

K bounded: © — K(z,F) bounded

o-bounded: I{F,} a measurable partition such that x — K(x, F,) is bounded Vn
Y-finite: K, kernels are such that K =) K,

Y.-bounded: K, are bounded in a partition ¥n

Definition B.24 (Transition probability kernel). A kernel is a probability kernel when it has mass 1 for each
of its measures, i.e. K(x,F) = 1Vz.

{ Observation B.25. Markov Kernels (Def. B.20) are as in Definition B.24 and on (E, &) to (E,&).

Proposition B.26 (Measurable functions of products). Conclude that for f € €@ F measurable:

1.
x— flx,y) €& VyeF
y— flz,y) €F Ve eFE

2. the opposite in general is not true!

Proposition B.27 (A X-finite kernel makes measurable functions). Let K be X-finite from (E, &) to (F,F).
Then:

Ve (E®F), the map:
Tf(z) :/ K(z,dy)f(z,y) z€FE
F
is such that:

1. Tfe&y

2. T:(EQF)y — &4 is linear an continuous under increasing limits and such that:
(a) T(af +bg) =aTf+0Tg Vf,gVabeRy
(6) Tfu ATF Vfusf:f+n 7 f

B.2 Noteworthy results at divergent sizes & Fubini’s Theorem

Theorem B.28 (Measures on product space). Let u be a measure on (E, &), K a X-finite kernel on (E, &)
to (F,F). Then:
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1 onf = [pu(de) [ K(z,dy)f(z,y) for f € (EQF)4 is a measure on the measurable space (E x F,& @ F)
2. if u is o-finite and K is o-bounded additionally:

H!M:W(AXB):/u(dx)K(x,B) Aeé,Bed
A

¢ Observation B.29 (Special case of the Theorem). If K(x, B) = v(B) a X-finite measure on (F,F) then 7 is
said to be a product measure and we write m = p X v.

Theorem B.30 (Fubini’s Theorem). Let p,v be 3-finite measures respectively on (E, &) and (F,F). Then:
1. A -finiter = px v :Vf € (ERF), it holds:

nf = [ utdo) /f v fe.y) = [ vias) [ udo)fa.n)

2. if f € (E®F) is w-integrable then:

y— f(z,y) v-integrable p-a.e.x
x — f(z,y) p-integrable v-a.e.y
#1 holds again

Corollary B.31 (Extending results to finite products). For @ _,(E;, &;) such that the sigma algebra is generated
by the rectangles, namely: €1 ®...® &, = (A1 X --- X A,,) and for pi,..., u, finite measures:
1. ™= X:L:l Wi s such that:

nf = ul(dx1)~/ tn (dxy) f(21, .. 2n)
E;

2. Qi (Ei, &, ;) is a measure space
3. for f positive or m-integrable Theorem B.30 hods with any order of the integrals

Corollary B.32 (More general measures for finite products). For uy on (Ey, E1) and {K;}_ 5 kernels on (E;, £;)
to (Fit1,Eiv1)Vi we can define:

mf = w1 (dxy) Kg(l‘l,dafg)/ / K, (zp—1,dzy)
E1 E2 ES En
Such that 7 is a measure on (X?:l E., Q! Si) and m=p; X Ko X x K,.

Definition B.33 (Infinite products measurability setting). For T an arbitrary index set where (E;, &) is
measurable ¥Vt € T we can let:

X Ay = {X = (Xp)ter product space : Xy € Ay YVt €T} where Ay # Ey for {t;}1, finite
teT

So that the measurable space is @Q,cp(Et, €¢)

Proposition B.34 (Infinite products measurability condition). Let:

o (Q,H) be measurable and (F,F) = @,cr(Es, &)
° VtETftQ—>Et
* Vw € Q (fe(w))ter € F

Then:
f:Q—=F measurable wrt H,F < f; measurable wrt H,E,VteT



Appendix C

Miscellaneous Results

C.1 Martingales & Stopping times

Theorem C.1 (Uniform integrability & convex function). This is the supporting proof for Lemma 11.51
extended.
The following are equal (TFAE):

1. Cu..
2. h(b) =sup [, dy P[|X|>y] =0 asb— oo
e

3. for some increasing positive convex function f: R — Ry with lim @ — 0o we have
xr—r0o0

supE [f o | X]|] < o0
e

C.2 Random Variables

What follows is a treatment of the theoretical results needed to reach Carathéodory’s Theorem and eventually
prove Theorem 3.21.

Definition C.2 (Outer measure p* for an algebra). For p a measure (Def. 2.2) on a o-algebra C we define:

wi(A) = inf; pldn) VAR {;AZ)SHGA,L (Ay) is a cover
Where the sequence covers the set.
Definition C.3 (p* measurability). A € Q is pu*-measurable when:
pw(AUB) 4+ u*(A°UB) =p*(B) VBCQ
Definition C.4 (p*-measurable sets M). We denote the collection of p*-measurable sets as M.

Proposition C.5 (Trivial properties of u*). For an outer measure u* on a c-algebra F:

1. (nullity) p*(@) =0
2. (non negativity) p*(A) > 0VA C Q
3. (monotonicity) A C B = p*(A) < u*(B)

Proposition C.6 (Countable subadditivity of pu*). For a collection (A,) C M:
o (Uan) < Ty

299
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Corollary C.7 (Measurability in p* characterization). It holds:
AeM << VBCQ u(ANB)+u*(A°NB) > u*(B)
Proposition C.8 (M is an Algebra). M from Definition C.4 is an algebra in the sense of Definition 1.4.

Proposition C.9 (Intersection union rule of disjoint sets). For a collection of disjoint countable sets (A,) C M:

W (Bﬂ (U&)) =Y w(BNA4,) VBeQ
Proposition C.10 (M is a o-algebra and the restriction of p* additivity). As the title preludes:

1. M is a o-algebra (Def. 1.6)
2. pye s countably additive

Proposition C.11 (Agreement of measure and outer measure + order). Consider a measure p, a measurable
o-algebra C an the outer measure p*. The collectio M with the conditions of Definition C.4 is such that:

1.VAetC p*(A) =pu(4)
2.CcM

Theorem C.12 (Carathéodory extension Theorem).
w finite on € o-algebra = 3! extension p* on o(C)

¢ Observation C.13 (What we know so far). We briefly recollect some facts already in hand:

e (Prop. A.29 and the subsequent Obs.) for a p-system (Def. 1.8) C and v, both o-finite (Def. A.26) on
o(C) equality VA € C implies equality VA € o(C)

o (Thm. C.12) p finite on an algebra &/ = Ilu* on o()

o (Prop. A.2) of algebra <= < is a p-d-system (Defs. 1.8, A.1)

Are such that v, on € = o(&) are finite on o/ and agree VA € of then they agree VA € €.
Howewver, in practical cases, we can do more by requiring less that equality over an algebra <, and we can also
extend Theorem C.12 for o-finite measures while doing so.

Definition C.14 (Semi algebra %). Let B # () be a collection of subsets of the sample space of arrival:
Additionally let o7 = {{J;_, Bi, B; N B; =0, B; € #Yi} where:

1. Bl,BQEL%) — BiNBecAH
2. Be# — Bcd
3. we refer to </ as the algebra (semi)generated by A and we write of = 5(AB)

¢ Observation C.15 (Setting). Suppose p is a map on the semialgebra A such that p(B) € [0,00] VB € A.
Additionally of = 6(B) and &€ = o(&) = o(c(A)). By the additivity of measures:

A= U B, disjoint, A€/, p(A)= Z,u(BZ-)
i=1 i=1

However, how do we assign u(B) for B € %8¢

Proposition C.16 (Semialgebra to Algebra extension). Let % be a semialgebra on E and o/ = 5(#). Then,
the map:
w: B — 0,0

is uniquely extended to <7 if and only if:

1. (nullity) 0 € B = p(0) =0
2. (finite additivity) {B;}'_y C B finite disjoint = p(A) = p(Ui—, Bi) = > iy u(Bs)
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3. (countable subadditivity) (B,) C & countable disjoint and B C |J,, Bn, B € XA = p(B) <, n(Bn)

Corollary C.17 (Double extension). This is a corollary of Carathéodory’s extension Thm. C.12.
For a semialgebra B where of = (%) and 1 a measure on &/, o-finite (Def. A.26), then:

Al extension pon & =o() = 0o(c(AB))
satisfying the requirements of Proposition C.16.
Example C.18 (Proving Theorem 3.21). Recall that B(R) = o({(—00,a], a € R}) (Ez. 1.20), also:
Vb >a Leb([a,b]) = Leb([a,b)) = Leb((a,b]) = Leb((a,b)) =b—a
Notice that {(—o0,a], a € R} is trivially a semialgebra (Def. C.14) by being a p-system (Def. 1.8). Then:
c({(=o00,a], a € R}) =/ Algebra

And by Proposition C.16 since p satisfies #1,#2,#3 we can extend it to a measure u = Leb on < to 1 where
w(I) = Leb(I) VI € A.
Now @i is on & = (AB), thus on finite disjoint unions. Additionally, i is o-finite since:

R= U [—a,d]

acQ

by Q being dense in R (Prop. 18.15) and we could decompose the measure to a countable set of measures. Then,
by Carathéodory’s Extension Thm. C.12 we identify a further unique extension of @ into pu* on the o-algebra
generated by </ which is:

€ =0() =0({(—00,a], a € R}) = B(R)

And we can safely say that:
Fx({L‘) = Fy({E) Vr e R «— Tx(A) = ﬂ)y(A) VA e 'B(R)

a result which can be adapted to sample spaces E different than R.

C.3 Laplace, More filtration types, Poisson vs Martingale

In this Section we give more context for the treatment of Sections 18, 19, 22 and provide a proof of the missing
piece of Theorem 12.4. The very first result is a useful property.

Proposition C.19 (Laplace transforms and finiteness). This result is used in Lemma 14.3.
Recall the definition of Laplace transform (Def. 6.11). Then:

X20 as = lm Px(r) =P{X < o0}]

Definition C.20 (F-predictable o-algebra F?). For:
FPP={H x (5,t] :0<s<t<oo,HeF;JU{H x{0}: H € Fp}

We set FP = o(FPP) on Q x R
A process F = (Ft>t€R+ is said to be F-predictable if its path is measurable wrt FP. Namely, (w,t) — Fi(w) € FP.
We call elements of FPP primitive sets and indicators primaitives.

Proposition C.21 (Predictability, left continuity and adaptedness). Say FP = o(G) then:
g = {G = (Gt)te]R+ : adapted, left continuous on §) x R+}

Definition C.22 (Setting). For the results of this Section, we consider:

e N = (Nt)te]R+ an increasing, right continuous process adapted to F
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o vy =E[Ny] < 0oVt and Eg[Ny — Ng| = vy — v Vs <t € Ry which means that:
Nt = N; — vy  F-martingale

{ Observation C.23 (Feasibility of the Definition requirements). Observe that for a process N with L incre-
ments and finite expectation at all times E[N;] < ooVt € Ry we are in the setting of Definition C.22.

Theorem C.24 (Stochastic integrals reduce to the mean in expectation). Consider a process F' = (Fy)
positive and predictable (Def. 12.5). Then:

]E/ Ftht = E/ Ftdl/t

Corollary C.25 (Stopping times version). For a positive predictable process F = (F,g)te]R+ € FP and stopping
times S, T (Def. 11.9) such that S < T it holds that:

teR,

]ES/ Ftht = ES Ftht
(S,T] (S,T]

Theorem C.26 (Martingale Creation by predictability). Predictability and boundedness are sufficient to form

a martingale once integrating.

F = (Ft)te]R+ EFP VMt F,<beRy = M; = /[o ) FSdZ\NfS t € Ry  F-martingale

Where Ny was constructed in Definition C.22.
Lemma C.27 (Counting process decomposition of bounded functions). For f a bounded function and N a

counting process (Def. 11.13) we can decompose f into:

f(Ny) = £(0) + f(Ne_ + 1)+ f(Ns_)dN, N,_ = 11%11 N,
[O,t] rTs

Proposition C.28 (Martingale is Poisson counterdirection). This is the opposite direction required for the
proof of Theorem 12.4.
For a counting process N = (Ni),cr, (Def. 11.13) adapted to F:

N = (N, — ct)ier, T-martingale (Def.11.35) = N ~ Pois(c) (Def.12.2)

C.4 More about characteristic functions

The following is a quick explanation of the result of Lemma 17.20.

Lemma C.29 (Characteristic function "symmetry"). Recall Definition 6.17 for ®x(t).
For densities f,g of X, X' it holds that:

/ By (t)g(t)dt = / F(O)Bx (t)dt
R R

Lemma C.30 (A strange consequence of the CLT). For X a r.v. and € > 0 it holds that:
e—0
X LN N0 = [ awnde =)y = gla)

For p the Radon Nykodym density (Def. 5.9) of N(0,¢).

¢ Observation C.31 (Idea for inverse of ®x(t)). By the above Lemma g(x) = lim._,0 g(y)pc(x — y)dy. Then,
given x, € we can find a map:

hae() st y— Pp(y)isy — pe(r —y)
so that applying Lemma C.29:

9(x) = lim g(y)pe(z — y)dy = ggrg)/R@g(t)hz,e(t)dt

which, together with the continuity and monotonicity of the characteristic function (a form of Theorem 6.18)
ensures uniqueness of the relationship x <= hy.
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Lemma C.32 (An identity for distribution & characteristic function). For X a r.v. in R = E with density f(x):

@X(r):/Rei”f(z)dx — f(x)=2i

™

/ e x (r)dr
R
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Appendix D

Completing Chapter 18 and 19, Brownian
Motion

Theorem D.1 (Lévy characterization as Wiener). This is the proof of Theorem 18.4#2.
Xy =at + bWy : (Xi)ep, Lévy = (Wi),ep, Wiener
Lemma D.2 (Kolmogorov Maximal inequality). This is the proof of Lemma 18.185.

For an independency of r.v.s {X;}"_, with E[X;] = OVi with sum S, = >." X; it holds:

a’Plmax |Si| > a] < VI[S,] Va € (0,00)
<n
Proposition D.3 (Dyadics are dense in R). This is the proof of Proposition 18.15.

VreR,Ve>0, dk,meN:te (k27 (k+1)27™), t —k27™ <

D.1 More about augmented filtrations

This Section is devoted to providing the additional details needed to understand well the results arising from the
augmented filtration construction, such as Blumenthal’s law or relations with stopping times. The starting point
for this context is Definition 19.1, here we start from a parent of it.

Definition D.4 (Augmented filtration). A filtration F on a complete (Def. A.37) space (2, H,P) is a filtration
such that:
VNeXH :PH|=0 NeTF

Namely, the filtration always contains (from the start onwards) negligible sets of a given probability space.

¢ Observation D.5 (About augmented filtrations). For a complete probability space, a filtration F and the set
of negligible sets N C H we can say that the filtration:

F =0 ({F, UNVL})
is augmented and that the original fitration F is augmented if and only if F = F.

Definition D.6 ("Right continuous" filtration F.). we define the filtration:

Fip = Fere VEERy, Fi=(Fiy)er,
e>0

Notice that F is finer (Def. 11.6) than F. Additionally, it is right continuous if the sense that F, = Fp Vt € R,

305



306 APPENDIX D. COMPLETING CHAPTER 18 AND 19, BROWNIAN MOTION

Example D.7 (Interpreting the new filtrations). For a smooth motion t — X; we could see F; as the o-algebra
containing all the information about past and present positions, while Fi1 contains also the velocity at time t,
which formally is:

Xie— X
v = lim =tte — 7t
e—0 €

as well as the acceleration etc.

Theorem D.8 (Augmentation and stopping times). For a filtration F and a random time T :  — R, :
T stopping F+ (Def11.9) <— {T <t} € FyVt e Ry
Namely, T is a stopping time of the right continuous filtration if it is so for the filtration itself.

Corollary D.9 (Right continuous variant). F right continuous s.t. F = Fp Vt <= {t < T} € F,Vt which is
in accordance with Definition 11.9.

Definition D.10 (Past until T'). For a filtration F and a stopping time T for F4 the corresponding past until
T is:
EFT+ Z:{HEH‘CIHO{TSt}G?t+Vt€R+}
Which in case of right continuity can be declined to the classical Definition of stopped filtration (Def. 11.19).

Proposition D.11 (Sequences of stopping times). For a sequence of random times (T,),, oy stopping either
F or Fy it holds:

1. T =inf T, is stopping T+
2' ?T+ = ﬂn ?TnJr

¢ Observation D.12 (Building limits with the result and right continuity). If F is right continuous and (T},)
is a sequence of stopping times then liminf, lim sup, sup, inf are all stopping times.

neN

Proposition D.13 (Partitions of independencies). Given an independency {Fi, t € T} and a sequence
{T1, ...} partitioning T we can say that:

= Fr={F; : teT;}ieN" : {Fp,...,F7 } independency
Definition D.14 (Future o-algebras and tail o-algebra T,,,T). define:

¢ T =V,on Gm for (n) CH
o T =), Tn the remote future tail o-algebra

Theorem D.15 (Kolmogorov’s 0-1 law). For an independency the evens in the tail o-algebra are either null
or certain:
(9n) C H independency — VH € T P[H] € {0,1}

¢ Observation D.16 (Setting for next Theorem). The probability space is (2, 3, P), X : Q — R? is a stochastic
process, and G = o({X}) is the filtration it generates.

The completion (Def. A.38) is denoted as (2,3, P) with sigma algebra generated by the negligible sets denoted
asN=c({N € H : P[N] =0}).

Here the augmented filtration is G built as G, \V/ N Vt.

Recall that right continuity is defined as:

m gt-i—e = gt vt € R+
e>0

This fact will hold in the specific setting of the next Theorem.

Theorem D.17 (Lévy process in augmentation is Lévy). Let X = (X;)
wrt G over (Q,H,P). Then:

teR, be a Lévy process (Def. 17.1)

1. X is Lévy wrt G over (Q, 3, P)
2. G the augmentation is (augmented and) right continuous
Corollary D.18 (Blumenthal’s 0-1 law). The results of this Section eventually allow us to prove Corollary 19.9.

With the setting of the last Theorem: B
VG €9y P[G] €{0,1}
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