UNIVERSITA
DEGLI STUDI DI BARI
ALDO MORO

Department of PHYSICS
Degree in PHYSICS
Course of PROBABILISTIC METHODS OF PHYSICS

Nicola Cufaro Petroni

LECTURES ON

PROBABILITY
AND

STOCHASTIC PROCESSES

academic year 2019/20



Copyright (©) 2019 Nicola Cufaro Petroni
University of Bari Aldo Moro

Department of Mathematics
via E. Orabona 4, 70125 Bari



Contents

I

1

Probability 7
Probability spaces 9
1.1 Samples . . . . . .. 9
1.2 Events . . . . . . . e 12
1.3 Probability . . . .. .. 17
1.4 Conditional probability . . . . . . .. ... ... ... 20
1.5 Independent events . . . . . . . . .. ... 22
Probability measures 25
2.1 Probability on N . . . . . ... 25

2.1.1 Finite and countable spaces . . . . . . . ... ... ... ..., 25
2.1.2 Bernoulli trials . . . . . ... ... o 26
2.2 Probabilityon R . . . . . . ... 31
2.2.1 Cumulative distribution functions . . . . . . ... ... .. ... 31
2.2.2  Discrete distributions . . . . . . ... .00 0oL 34
2.2.3  Absolutely continuous distributions: density . . . . . .. .. .. 35
2.2.4 Singular distributions . . . . ... ..o o000 39
225 Mixtures . . . . ... 40
2.3 Probability on R™ . . . . . . . ... 41
2.3.1 Multivariate distribution functions . . . . . ... ... ... .. 41
2.3.2  Multivariate densities . . . . . . ... ... oL 44
2.3.3 Marginal distributions . . . . . .. ..o 45
234 Copulas . . . . . 48
2.4 Probability on R® and RT . . . . ... ... ... ... ... ..... 51
Random variables 55
3.1 Random variables . . . . . . . . . . ... ... 55
3.1.1 Measurability . . . ... ... oo 55
3.1.2 Laws and distributions . . . . . . .. .. ... ... .. ... .. 56
3.1.3  Generating new rv’s . . . ... Lo 59
3.2 Random vectors and stochastic processes . . . . . . . .. .. ... ... 61
3.2.1 Randomelements . . . . . .. ... ... ... ... .. ... .. 61
3.2.2 Joint and marginal distributions and densities . . . . . . . . .. 63

3



N. Cufaro Petroni: PROBABILITY AND PROCESSES CONTENTS

3.2.3 Independence of rv’s . . . . . ... L 66

3.2.4 Decomposition of binomial ro’s . . . . ... ... ... ... 68

3.3 Expectation . . . . . . .. 71
3.3.1 Integration and expectation . . . .. . ... ... ... ... .. 71

3.3.2 Change of variables . . . . . . . ... ... . 74

3.3.3 Variance and covariance . . . . . ... .. ... ... 79

3.4 Conditioning . . . . . . .. 85
3.4.1 Conditional distributions . . . . . . . . ... ... ... .. ... 85

3.4.2 Conditional expectation . . . . . ... ... ... ... ..... 89

3.4.3 Optimal mean square estimation . . . ... ... ... .. ... 94

3.5 Combinations of 7v’s . . . . . . ... 96
3.5.1 Functionsof rv’s . . . . . .. L 96

3.5.2  Sums of independent rv’s . . . . ... 99

4 Limit theorems 103
4.1 Convergence . . . . . . ... e 103
4.2 Characteristic functions . . . . . . . .. ... oL 106
4.2.1 Definition and properties . . . . . . . ... 106

422 Gaussian laws . . . . .. ... L 111

4.2.3 Composition and decomposition of laws . . . . . . . . ... ... 115

4.3 Laws of large numbers . . . . . .. ..o 117
4.4 Gaussian theorems . . . . . . . . ... 121
4.5 Poisson theorems . . . . . . . ... 123
4.6 Where the classical limit theorems fail . . . . . .. .. ... ... ... 127

II Stochastic Processes 131
5 Generalities 133
5.1 Identification and Lawofasp . . . . . . . . .. .. ... ... ... .. 133
5.2  Expectations and correlations . . . . . . ... ... 0L 136
5.3 Convergence and continuity . . . . . . ... .. ... ... 137
5.4 Differentiation and integrationinms . . . . . ... ... 138
5.5 Stationarity and ergodicity . . . . . .. ..o 140
5.6 Power spectrum . . . . ... 144

6 Heuristic definitions 147
6.1 Poisson process . . . . . ..o e 147
6.1.1 Point processes and renewals . . . . . . . ... ... .. ... .. 147

6.1.2 Poisson process . . . . . . ... 151

6.1.3 Compensated Poisson process . . . . . .. ... ... ...... 158

6.1.4 Compound Poisson process . . . . . . . . ... ... ... .. 159

6.1.5 Shotnoise . . . . . . . . . .. ... 163

6.2 Wiener process . . . . . . . .. e e 165



CONTENTS CONTENTS
6.2.1 Random walk . . . . .. .. .. ... 165
6.2.2 Wiener process . . . . . . . . ..o 166
6.2.3 Geometric Wiener process . . . . . . . . .. ... 172
6.3 Whitenoise . . . . . . . . ... 173
6.4 Brownian motion . . . . . .. .. .. 176
6.4.1 Einstein (1905) . . . . . . . .. 178
6.4.2 Langevin (1908) . . . . . . . ... 180

7 Markov processes 183

7.1 Markov processes . . . . . . ..o 183
7.1.1 Markov property . . . . .. .. 183
7.1.2 Chapman-Kolmogorov equations . . . . . ... ... ... ... 186
7.1.3 Independent increments processes . . . . . . ... ... ... .. 189
7.1.4 Stationarity and homogeneity . . . . . . . . .. ... ... ... 191
7.1.5 Distribution ergodicity . . . . . . .. .. ..o 194
7.1.6 Lévy processes . . . . . ... 196
7.1.7 Continuity and jumps . . . . . . .. ... 197
7.1.8 Poisson, Wiener and Cauchy processes . . . .. .. ... .. .. 199
7.1.9 Ornstein-Uhlenbeck processes . . . . . . . ... ... ... ... 203
7.1.10 Non Markovian, Gaussian processes . . . . . . . . . . . . .. .. 205

7.2 Jump-diffusion processes . . . . . . ... 206
7.2.1 Forward equations . . . .. .. ..o 208
7.2.2 Backward equations . . . ... ..o 212
7.2.3 Main classes of jump-diffusions . . . . . ... ... .. 213
7.2.4 Notable jump-diffusion processes . . . . . . ... .. ... ... 217

8 An outline of stochastic calculus 221
8.1 Wienerian white noise . . . . . . . ... oL 221
8.2 Stochastic integration . . . . . . .. ... Lo 224
8.2.1 Wiener integral . . . . . . . . .. .. 225
8.2.2 Itointegral . . . . . .. 226

8.3 Ito stochastic calculus . . . . . . . ... oo 228
8.3.1 Elementary integration rules . . . . . . . .. ... ... ... 229
8.3.2 Expectations and covariances . . . . . ... ... ... .. 232
8.3.3 Stochastic infinitesimals . . . . . . . ... 0000 234
8.3.4 Differentiation rules . . . . . . . ... ..o 236

8.4 Stochastic differential equations (SDE) . . . . . . ... ... ... ... 239
8.4.1 Stochastic differentials and Ito formula . . . . . . ... ... .. 239
8.4.2 The SDE’s and their solutions . . . . . . .. .. ... ... ... 240
8.4.3 SDE’s and Fokker-Planck equations . . . . . . . . .. ... ... 241

8.5 Notable SDE’s . . . . . . . . . 243
8.5.1 SDE’s with constant coefficients . . . . . . ... ... ... ... 243
8.5.2 SDE’s with time dependent coefficients . . . . . . . . ... ... 244



N. Cufaro Petroni: PROBABILITY AND PROCESSES CONTENTS
8.5.3 SDE’s with no drift and z-linear diffusion . . . ... ... ... 245

8.5.4 SDE’s with z-linear drift and constant diffusion . . . . . . . .. 248

9 Dynamical theory of Brownian motion 251
9.1 Free Brownian particle . . . . . .. .. ... 251
9.2  Ornstein-Uhlenbeck vs Einstein-Smoluchowski . . . . . . . ... .. .. 254
9.3 Ornstein-Uhlenbeck Markovianity . . . . . .. .. ... ... ... ... 255
9.4 Brownian particle in a force field . . . . .. ... 00000 258
9.5 Boltzmann distribution . . . . . ... ..o 000000 261
IIT Appendices 267
A Consistency (Sect. 2.3.4) 269
B Inequalities (Sect. 3.3.2) 277
C Bertrand’s paradox (Sect. 3.5.1) 281
D L? spaces of rv’s (Sect. 4.1) 285
E Moments and cumulants (Sect. 4.2.1) 287
F Binomial limit theorems (Sect. 4.3) 291
G Non uniform point processes (Sect 6.1.1) 295
H Stochastic calculus paradoxes (Sect. 6.4.2) 297
I Pseudo-Markov processes (Sect. 7.1.2) 303
J Fractional Brownian motion (Sect. 7.1.10) 307
K Ornstein-Uhlenbeck equations (Sect. 7.2.4) 309
L Stratonovich integral (Sect. 8.2.2) 313
Index 315



Part 1

Probability






Chapter 1

Probability spaces

1.1 Samples

The first ideas of modern probability came (around the XVII century) from gambling,
and we too will start from there. The simplest example is that of a flipped coin with
two possible outcomes: head (T') and tail (C')). When we say that the coin is fair we
just mean that there is no reason to surmise a bias in favor of one of these two results.
As a consequence T and C' are equiprobabile, and to make quantitative this statement
it is customary to assign a probability as a fraction of the unit so that in our example

p=P{T}=5  q=P{C}=

Remark that p+ ¢ = 1, meaning that with certainty (namely with probability 1) either
T or C shows up, and that there are no other possible outcomes. In a similar way for
a fair dice with six sides labeled as I, 1, ..., VI we have

1
p=P{l}=—; ... ;p6:p{v]}:6

Of course we still find p; + ... +pg =1

From these examples a first idea comes to the fore: at least in the elementary cases,
we allot probabilities by simple counting, a protocol known as classical definition (see
more later) providing the probability of some statement A about a random experiment.
For instance in a dice throw let A be “a side with an even number comes out”: in this
case we instinctively add up the probabilities of the outcomes corresponding to A; in
other words we count both the possible equiprobable results, and the results favorable
to the event A, and we assign the probability

number of favorable results

P{A} =

number of possible results

Remark that, as before, this probability turns out to be a number between 0 and 1. In
short, if in a fair dice throw we take A = “a side with an even number comes out”, B =

9
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“a side with a multiple of 3 comes out”, and C' = “a side different from VI comes out”,
a simple counting entails that, with 6 equiprobabile results, and 3, 2 and 5 favorable
results respectively for A, B and C, we get

P{A}=3, P{B)=; P{C}=

When instead we throw two fair dices the possible result are 36, namely the ordered
pairs (n,m) with n and m taking the 6 values I, ...,V I. The fairness hypothesis means
now that the 36 elementary events (I,1); (I,1I); ...; (VI,VI) are again equiprobable
so that for every pair
PII—1 PIII—1 'PVIVI—1
Uy =g, PULI}=g5, ... s PIVLVI} =4
We then find by counting that A = “the pair (VI, V1) fails to appear” comes out with
the probability
35
36
From the previous discussion it follows that the probability of a random event will
be a number between 0 and 1: 1 meaning the certainty of its occurrence and 0 its
impossibility while the intermediate values represent all the other cases. These assign-
ments also allow (at least in the simplest cases) to calculate the probabilities of more
complicated events by counting equiprobable results. It is apparent then the relevance
of preliminarily determining the set of all the possible results of the experiment, but
it is also clear that this direct calculation method becomes quickly impractical when
the number of such results grows beyond a reasonable limit. For example, the possible
sequences (without repetition) of the 52 cards of a French card deck are

P{A} =

52-51-50-...-2-1=>520~8-10%
a huge number making vain every hope of solving problems by direct counting

Definition 1.1. A sample space ) is the set (either finite or infinite) of all the
possible results w of an experiment

Remark that {2 is not necessarily a set of numbers: its elements can be numbers, but
in general they are of an arbitrary nature. In our previous examples the sample space
Q ={wi, wa, ..., wy} was finite with cardinality N: for a coin it has just two elements

Q=A{T, C}; N=2

while for a dice
Q=A{I1I1,...,VI}, N=6

When instead our experiment consists in two coin flips (or equivalently in one flip of
two coins) we have

Q= {TT, TC, CT, CC}; N=4

10



1.1 Samples

while for n flips
Q={w=(ay,...,a,) : a; =T oppure C} ; N=2"

The most relevant instances of infinite spaces on the other hand are the sets of the
integer numbers IN, of the real numbers R, of the n-tuples of real numbers R", of the
sequences of real numbers R*, and finally R” the set of the real functions from 7T to
R. Of course in the case of finite sample spaces {2 — where we can think of adopting
the classical definition — it would be paramount to know first its cardinality N as in
the following examples

Exemple 1.2. Take a box containing M numbered (distinguishable) balls and sequen-
tially draw n balls by replacing them in the box after every extraction: we call it a
sampling with replacement. By recording the extracted numbers we get that the
possible results of the experiment are w = (aq, as,...a,) with a; = 1, 2,... M and
1 = 1,2,...n, and possibly with repetitions. The sample spaces — the set of our
n-tuples — can now be of two kinds:

1. ordered samples (ay,..., a,): the samples are deemed different even just for
the order of the extracted labels and are called dispositions; for example with
n = 4 extractions, the sample (4,1,2,1) is considered different from (1,1,2,4);
it 1s easy to find then that the cardinality of € is in this case

Nyg=M"

2. non-ordered samples [ay,..., a,|: in this case the samples (4,1,2,1) and
(1,1,2,4) coincide so that the number of the elements of €2, called partitions,
is now smaller than the previous one, and it is possible to show' that

When instead we draw the balls without replacing them in the box we will have a sam-
pling without replacement. Apparently in this case the samples (aq,...,a,) will
exhibit only different labels (without repetitions), and n < M because we can not
draw a number of balls larger than the initial box content. Here too we must itemize
two sample spaces:

1. ordered samples (ay,..., a,): the so called permutations of M objects onn
places; their number is now
M!
(M —n)!
because with every draw we leave a chance less for the subsequent extractions.

Remark that if n = M, we have N = M! namely the number of the permutations
of M objects on M places

N, = (M), = = M(M—1)...(M—n+1)

LA.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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2. non-ordered samples [ay,..., a,|: we have now the combinations of M
objects on n places, and their number is
M M!
N, = = (1.1)
n n!(M —n)!
because every non-ordered sample [ay, ..., a,| allows n! permutations of its labels

(see the previous remark), and then N, -n! = N, leading to the required result

We started this section from the equiprobabile elements w of a sample space €2, and went
on to calculate the probabilities of more complicated instances by sums and counting
(classical definition). We also remarked however that this course of action is rather
impractical for large €2, and is utterly inapplicabile for uncountable spaces. We will
need then further ideas in order to be able to move around these obstacles

1.2 Events

We already remarked that a subset A C () represents a statement about the results
of a random experiment. For instance, in the case of three coin flips the sample space
consists of N = 23 = 8 elements

Q= {TTT, TTC,..., CCC}

and the subset
A={TTT, TTC, TCT, CTT} CQ

stands for the statement “T" comes out at least twice on three flips”. In the following
we will call events the subsets A C 2, and we will say that the event A happens if the
result w of the experiment belongs to A, namely if w € A.

In short the events are a family of propositions and the operations among events (as
set operations) are a model for the logical connectives among propositions. For instance
the connectives OR and AND correspond to the operations union and intersection:

AUB = {w:we A, ORwe B}
ANB=AB = {w:weA, ANDwe B}.

The logical meaning of the following operators on the other hand is illustrated by the
Venn diagrams in the Figure 1.1:

A = {w:w¢ A},
AB = ANB={w :w€A, butw¢ B};
AAB = (A\B)U(B\A) (symmetric difference)

In this context of course Q2 is the sure (certain) event, since every result w belongs to
Q, while () is the impossible event since no result belongs to it. We will also say that

12



1.2 Events

Figure 1.1: Venn diagrams

A e B are disjoint or incompatible whenA N B = (). It is apparent that the properties
of the set operations replicate the properties of the logical operations as for instance
in the identities

ANB=AuUuB; AUB=ANB
known as de Morgan laws. As a consequence for two coin flips, from the events

A = {TT, TC,CT} =T comes out at least once
B = {TC,CT, CC} = C comes out at least once

we can produce other events as for example
AUB={TT,TC, CT, CC} =, ANB={TC, CT}, A\B ={TT}

We should remark at once, however, that our family of events in €2 will not necessar-
ily coincide with the collection p(Q2) of all the subsets of Q. Typically we choose a
particular sub-collection of parts of €2, as for instance when © = R since p(R) would
include also pathological sets that are practically irrelevant. Only when (2 is finite
©(£2) will be the best selection. In any case, when we define a probabilistic model, me
must first select a suitable family of events, and we must stop here for an instant to
ask if we can pick up an arbitrary family or not. In fact, since we require that the
set operations among events (logical operations among propositions) produce again
acknowledged events, we should also require that our family of events be closed under
all the possible set operations

Definition 1.3. A non empty family F C () of parts of Q is an algebra when

Qe F
Ae F, VA e F
ANB e F, VA B € F

13
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Moreover F is a o-algebra if it is an algebra and also meets the further condition

ﬂAn e F YV (An)nen  of elements of F

Proposition 1.4. If F is a o-algebra, then

0 e F
AUB € F VA BeF
A\B e F VABeF

UA” e F V (An)nen of elements of F

Proof: Omitted? |

In short a o-algebra is a family of parts of €2 closed under finite or countable set oper-
ations, but not necessarily under uncountable operations on event collections (A;);er
where 7' is uncountable. From now on we will always suppose that our events constitute
a o-algebra F, and we will also call probabilizable space every pair (£, F) where F
is a o-algebra of events of (2. For a given {2 the simplest examples of o-algebras are

F* - {@,Q},
FA = {A,Z,@,Q}, (AQQ)a
Fro= 0().

In particular the o-algebra F, is called o-algebra generated by A and can be
generalized as follows: for a given family & C () of parts of €, we will call o-
algebra generated by &£ the smallest o-algebra o(€) containing £

Proposition 1.5. Given a family € C () of parts Q, the o-algebra (&) generated
by £ always ezists

Proof: Omitted? [ |

Definition 1.6. A (finite or countable) family of subsets D = {Dy, Dy ...} is called a
decomposition of Q) in the atoms Dy, if the Dy are non empty, disjoint parts of )
such that | J, Dy, = L.

The decompositions are indeed families of events such that always one, and only one
of them occurs, and hence are the models of mutually exclusive events that exhaust
all possibilities. Apparently, however, a decomposition is neither a g-algebra, nor an
algebra: it does not contain, for one thing, the unions of atoms. However, based on

2A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
3A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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the Proposition 1.5, from a decomposition D we will always be able to provide the
generated o-algebra F = o(D), the simplest example being the decomposition

Dy = {A, A}
supplying the generated o-algebra Fu

Exemple 1.7. We will now quickly discuss a few examples of relevant o-algebras*:

1. When Q coincides with the set R of real numbers take first the family T of (both
bounded and unbounded) right-closed intervals

I = (a,b], —o0<a<b<+oo
namely intervals of the type
(aa b], (_Ooab]v (CL, +OO>7 (_OO7+OO)

with a,b € R (right-unbounded intervals will conventionally considered right-
closed). Since interval unions are not in general intervals, T is neither a o-
algebra, nor an algebra. Dropping the analytical details, take then the o-algebra
generated by T denoted as B(R), and called Borel o-algebra of R, while its
elements will be called Borel sets of R. The o-algebra B(R) contains all the R
subsets of the type

0, {a}, [a,b], [a,b), (a,b], (a,b), R

along with their (both countable and uncountable) unions and intersections. As a
matter of fact the same o-algebra can be generated by different families of subsets,
notably by that of the open sets of R. The corresponding probabilizable space will
denoted as

(R, B(R))

2. Consider now the case 0 = R"™ of the Cartesian product of n real lines: its
elements will now be the n-tuples of real numbers w = x = {x1, xa,...,x,}. As
in the previous example, here too there are several equivalent procedures to produce
a suitable o-algebra that can consequently be seen as generated by the open sets of
R"™: this too will be called Borel o-algebra of R" and will be denoted as B(R™),
so that the probabilizable space will be

(R", B(R"))

3. If (Ry)nen is a sequence of real lines, the Cartesian product R = Ry X ... X
R, x ... will be the set of the sequences of real numbers with w = x = (Ty)nen-
In this case we start from the subsets of R™ called cylinders and consisting

4A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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of the sequences (x,)nen such that a finite number m of their components — say
(T Trgy -ovs Ty, ) — belong to a Borel set B € B(R™) called cylinder base. Since
these bases are finite-dimensional, from the results of the previous examples it is
possible to produce cylinder families that generate a o-algebra denoted as B(R>)
and again called Borel o-algebra of R>*. The corresponding probabilizable space
then 1is

(R, B(R™))

and it is possible to show that the all following subsets belong to B(R™)

{r € R® : supz, > a}, {mERw:igfxn<a},
n
{r e R* : limz, <a}, {r € R* : limz, >a},
n n
{r € R™ : x converges}, {r € R® : limx, >a},
n

4. Take finally the set RT of the functions defined on a (generally uncountable) sub-
setT of R, and denote its elements w in one of the following ways: x,x(-), x(t), (z;)ier-
Following the previous procedures, consider first the cylinders with (finite- or at
most countably infinite-dimensional) base B: these consists of the functions that
in a (at most countable) set of points t; take values belonging B. Build then the
o-algebra generated by such cylinders, denoted B(RT), and take

(R, B(R"))

as the probabilizable space. It is possible to prove, however, that B(RT) ezactly
coincides with the set of cylinders with finite- or at most countably infinite-
dimensional bases, namely with the family of parts of RT singled out through
restrictions on (zy)ier on an at most countable set of points t;. As a consequence
several RT subsets — looking at the behavior of (z¢)ier in an uncountable set of
points t — do not belong to B(RT): for example, with T = [0,1], the sets (all
relevant for our purposes)

A = {x e R . sup r; < a, a € R}
te(0,1]
Ay = {zeR™ :3te(0,1] 3 z,=0)}
A; = {x e RO . g, is continuous inty € [0, 1]}

do not belong to B(RI®Y). In order to circumvent this hurdle it is customary
to restrict our starting set RT. For instance a suitable o-algebra B(C) can be
assembled beginning with the set C' of the continuous functions x(t): in so
doing the previous subsets Ay, As ed As all will turn out to belong to B(C). We
will neglect however the details of this approach’

®A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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1.3 Probability

1.3 Probability

For finite probabilizable spaces (€2, F), with  of cardinality N, a probability can be
defined by attributing a number p(wy) at every wy € €2 so that

N
k=1

The probability of an event A € F then is

P{A} =) p(w)

wkEA

In this case the triple (2, F, P) is called a finite probability space. We will delay
to the general setting a discussion of the usual properties of such a probability, for
instance

P{p} =0
P{Q} = 1
P{AUB} = P{A}+ P{B} if ANB =1 (additivity)
P{A} = 1-P{A}
P{A} < P{B} if ACB

This definition can be extended (with some care about the convergence) to a countable
(2, but we must also remark that in every case the choice of the numbers p(wy) is not
always a straightforward deal. The procedures to deduce the p(wy) from the empirical
data would constitute the mission of the statistics that we will touch here only in
passing, while for our examples we will adopt the classical definition already men-
tioned in the Section 1.1: we first reduce ourselves to some finite sample space of N
equiprobable elements so that at every wy a probability p(wx) = 1/N is allotted, and
then, if N(A) is the number of samples belonging to A € F, we take
N(4)

Pldy ==
Exemple 1.8. Coincidence problem: From a box containing M numbered balls
draw with replacement an ordered sequence of n balls and record their numbers. We
showed in the Section 1.1 that the sample space S consists of N = M™ equiprobable
elements w = (ay,...,a,). If then

A ={w : the aj are all different}

and since by simple enumeration it is

NA) =M (M—1) ... (M —n+1)= (M), =

17
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from the classical definition we apparently have

P{A}:(Xzf::(l—z%) <1—£%)...<1—7Z&1).

This result can be interpreted as a birthdays problem: for n given persons what is
the probability P, that at least two birthdays coincide? We take the ordered samples
— because every different arrangement of the birthdays on n distinguishable persons
s a different result — and an answer can be found from the previous discussion with
M = 365. If indeed P{A} is the probability that alle the birthdays differ, it is

(365)n
365"

Po=1-P{A}=1-

giing rise to the rather striking results

n 4 16 22 23 40 64
P, |/ 0.016 | 0.284 | 0.467 | 0.507 | 0.891 | 0.997

It is unexpected indeed that already for n = 23 the coincidence probability exceeds 1/2,
and that for just 64 people this event is almost sure. Remark in particular that when
n > 366 apparently we have P{A} =0 (namely P, = 1) because a zero factor appears
in the product: this agrees with the fact that for more than 365 people we surely have
coincidences. On the other hand these results are less striking if we compare them with
that of slightly different question: “if I am one of the n persons of the previous problem,
what is the probability P! that at least one birthday coincides with my birthday?” In
this case N(A) = 365 - 364"~! and hence

n—1
P =1- @
365

n 4 16 22 23 40 64 101
P/ |1 0.011 | 0.040 | 0.056 | 0.059 | 0.101 | 0.159 | 0.240

so that now

while P!, never coincides with 1 (even for n > 366) since, irrespective of the number of
people, it is always possible that no birthday coincides with my birthday

Finite or countable probability models soon become inadequate because sample spaces
often are uncountable: it is easy to check for instance that even the well known set
of all the T-C' infinite sequences of coin flips is uncountable. In these situations a
probability can not be defined by preliminarily attributing numerical weights to the
individual elements of Q. If indeed we would allot non zero weights p(w) > 0 to the
elements of an uncountable set, the condition ) ., p(w) = 1 < 400 could never be
satisfied, and no coherent probability could be defined on this basis. In short, for the
general case, a definition of P{A} can not be given by simple enumeration as in the
finite (or countable) examples, but it needs the new concept of set measure that we
will now introduce
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1.3 Probability

Definition 1.9. Given a o-algebra F of parts of a set €1, we call measure on F
every o-additive map p : F — [0,+00], namely a map such that for every sequence
(An)nen of disjoint elements of F it is

p{UA =D n{an)

We say moreover that i is a finite measure se u{Q1} < 400, and that it is a o-finite
measure if Q0 is decomposable in the union Q =, An, A, € F of disjoint sets with
u{A,} < +o0, ¥n € N. A finite measure P with P{Q} = 1 is called a probability
measure.

Definition 1.10. We say that a statement holds P-almost surely (P-a.s.) if it holds
for every w € Q, but for a set of P-measure zero. Sets of P-measure zero are also
called negligible

Of course for every A € F we always have p{A} < pu{Q} because p is additive and
positive, and = AUA. This entails in particular that if y is finite we will always have
u{A} < +oo. Remark that a finite measure is always o-finite, but the converse does
not hold: for example the usual Lebesgue measure on the real line, which attributes
the measure |b — a| to every interval [a, b], apparently is o-finite, but not finite

Proposition 1.11. Given a probability measure P : F — [0, 1], the following properties
hold:

1. P{0} =0

2. P{A\B} = P{A} - P{AB}, VA, BeF

3. P{AUB} = P{A} + P{B} - P{AB}, VYA, BeF

4. P{AAB} = P{A} + P{B} —2P{AB}, VA BeF

5. P{B} < P{A} se BCA, con A BEeF

6. P{UU, A} <>, P{A,} , for every sequence of events (A, )nen
The last property is also known as subadditivity

Proof: Omitted® [ |

Definition 1.12. Kolmogorov axioms: We call probability space every ordered
triple (Q, F, P) where Q) is a set of elements w also said sample space, F is a o-
algebra of events of ), and P is a probability measure on F

6A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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Remark that a event of probability 0 is not necessarily the empty set (), while an event
of probability 1 not necessarily coincides with €2. This is relevant — as we will see later
— foremost for uncountable spaces, but even for finite spaces it can be useful give zero
probability to some sample w, instead of making {2 less symmetric by eliminating such
samples. For instance it is often important to change the probability P on the same
2, and in so doing the probability of some w could vanish: it would be preposterous,
however, to change 2 by eliminating these w, and we choose in general to keep them,
albeit with 0 probability. An important case of change of probability is discussed in
the next section

1.4 Conditional probability

Definition 1.13. Given a probability space (2, F, P) ad two events A, B € F with
P{B} # 0, we will call conditional probability of A w.r.t. B
P{ANnB} P{AB}

P{B}  P{B}

P{A|B} =

while P{AB} takes the name of joint probability of A and B

Remark that for the time being the requirement P{B} # 0 is crucial to have a coherent
definition: we postpone to the Section 3.4 its extension to the case P{B} = 0. Anyhow
the new map P{-|B}: F — |0, 1] is again a probability with

P{0|B} =0 P{QB}=P{B|B} =1 P{A|B} =1- P{A|B}
P{A, U A;|B} = P{A,|B} + P{A,|B} if AiNAy =10
and so on, so that in fact (Q, F, P{-|B}) is a new probability space

Proposition 1.14. Total probability formula: Given (2, F, P), an event A € F
and a decomposition D = {Dy, ..., D,,} with P{D;} #0, j=1,...,n we get

P{4} = Y P{AID;} P{D;}

Proof: Since
A=ANQ=AnN (UD]) = JAnDy)
j=1 j=1
it is enough to remark that the events A N D; are disjoint to have

n

P{A} = P{U(A N Dj)} = zn:P{A ND,} = Xn: P{A|D,} P{D;,}

j=1

because P is additive [ |
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1.4 Conditional probability

In particular, when D = {B, B} the total probability formula just becomes
P{A} = P{A|B} P{B} + P{A[?} P{E} (1.2)
a form that will be used in the next example

Exemple 1.15. Consecutive draws: Take a box with M balls: m are white and
M — m black. Draw now sequentially two balls: neglecting the details of a suitable
probability space, consider the two events

B = ‘“the first ball is white”
A = “the second ball is white”

We will suppose our balls all equiprobable in order to make use of the classical definition.
If then the first draw is with replacement, it is apparent that P{A} = P{B} = ;. If
on the other hand the first draw is without replacement, and if we find the first ball
white (namely: if B happens), the probability of A would be J\”}—:ll; while if the first
ball is black (namely: if B happens) we would have - In a third experiment let us
draw now consecutively, and without replacement, two balls, and without looking at the
first let us calculate the probability that the second is white namely the probability of A.

From our opening remarks we know that

m — M —m
P{B} = — P{B} = —
m—1 — m
P{A|B} = PJA|B} =
so that from the Total probability formula (1.2) we get
P{A}:m—1m+ m M_m:E:P{B}

M—-1M ' M-1 M M

In short the probability of A depends on the available information: if we draw without
replacement the first outcome affects the probability of the second, and hence P{A|B}
differs from P{A|B}, and both differ from P{B}. If instead the first outcome is
unknown, we again get P{A} = P{B} = {; as if we had replaced the first ball

Proposition 1.16. Multiplication formula: Given (Q, F, P) and the events Ay, ..., A,

P{A,... A} = P{A,|A 1 ... A} P{A, 1|An_o... A1} ... P{As|A } P{A}
Proof: From the definition of conditional probability we have indeed

P{Au|Ap_1... At} P{Au_1|An_s.. A} ... P{A)|A} P{A}
P{A,... A} P{A,...A,\} P{AA)}
P{A,.. A} P{A,.. A, .} P{A]}

P{A}=P{4,.. A} =

This Multiplication formula is very general and will play a role in the discussion of the
Markov property in the second part of these lectures
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Proposition 1.17. Bayes theorem: Given (Q, F,P) and two events A, B with
P{A} #0 and P{B} #0, it is
P{B|A} P{A}

P{B}

P{A|B} =

If moreover D = {Dy, ..., Dy} is a decomposition with P{D;} # 0, j =1,...,n, we
also have

P{B|D;} P{D;}
> hey P{B|Dy} P{Dy}

Proof: The first statement (also called Bayes formula) again follows from the defi-
nition of conditional probability because

P{D;|B} =

P{B|A} P{A} = P{AB} = P{A|B} P{B)}

The second statement then follows from the first and from the theorem of Total prob-
ability [ |

In the statistical applications the events D; are called (mutually exclusive and exhaus-
tive) hypotheses and P{D;} their a priori probability, while the conditional probabilities
P{D;|B} take the name of a posteriori probabilities. As we will see in a forthcoming
example of the Section 2.1.2, these names originate from the fact that the occurrence
of the event B alters the probabilities initially given to the hypotheses D;

1.5 Independent events

Two events are independent when the occurrence of one of them does not affect the
probability of the other. By taking advantage, then, of our definition of conditional
probability we could say that A is independent from B if P{A|B} = P{A}, and
hence if P{AB} = P{A} P{B}. The plus of this second statement w.r.t. that based
on conditioning is that it holds even when P{B} = 0. From the symmetry of these
equations, moreover, it is easy to see that if A is independent from B, even the converse
holds

Definition 1.18. Given (Q, F, P), we say that A and B are independent events
when

P{AB} = P{A} P{B}

We also say that two o-algebras Fy e Fy of events (more precisely: two sub-o-algebras
of F) are independent c-algebras if every event of Fi is independent from every
event of Fs.

This notion of independence can be also extended to more than two events, but we must
pay attention first to the fact that for an arbitrary number of events A, B,C, ... we
can speak of pairwise independence, namely P{AB} = P{A} P{B}, but also of three
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1.5 Independent events

by three independence, namely P{ABC} = P{A} P{B} P{C}, and so on, and then,
and above all, to the circumstance that such independence levels do not imply each
other: for instance three events can be pairwise independent without being so three by
three, and also the converse holds. We are then obliged to extend our definition in the
following way

Definition 1.19. Given (2, F, P) we say that Ay,..., A, € F are independent
events if however taken k indices jy, ..., jx (with k =2, ... ,n) we have

P{Aj, ... Aj} = P{A;} ... P{A;}

namely when they are independent pairwise, three by three, ... , n by n in every possible
way

The notion of independence is contingent on the probability P{ - }: the same events can
be either dependent or independent according to the chosen P{-}. This is apparent
in particular when we introduce also the idea of conditional independence that allows
to compare the independence under the two different probabilities P{-} and P{-|D}

Definition 1.20. Given (Q, F, P), we say that two events A and B are conditionally
independent w.r.t. D when

P{AB|D} = P{A|D} P{B|D}
if D € F is such that P{D} # 0

It would be possible to show with a few examples — that we neglect — that A and B,
dependent under a probability P, could be made conditionally independent w.r.t. some
other event D. Even the notion of conditional independence will be instrumental in
the discussion of the Markov property in the second part of these lectures
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Chapter 2

Probability measures

2.1 Probability on N

2.1.1 Finite and countable spaces

We will explore now the protocols used to define on (2, F) a probability P also called
either law or distribution, and we will start with finite or countable spaces so that
P will be defined in an elementary way

Exemple 2.1. Binomial distributions: An example of finite sample space is the set
of the first n + 1 integer numbers Q, = {0,1,...,n} (with the o-algebra p(§2,) of all
its subsets): given then a number p € [0,1], with ¢ =1 — p, we can define a P by first
attributing to every w = k the probability

n _
pn(k) = (k) pk gk E=0,1,...,n (2.1)

and then by taking

P(B} =Y pa(h) (22)
keB
as the probability of B C Q,. It would be easy to check that such a P is o-additive,
that its values lie in [0,1], and finally that

PU) =Y ) =Y (1) e = o =1 (23)

k=0

The numbers p,(k) (n = 1,2,... and p € [0,1]) are called binomial distribution,
and we will denote them as B (n;p). The case B (1;p) on Oy = {0,1} with

Pl(l):p pl(O)ZQZI—p

15 also called Bernoulli distribution. The bar diagram of a typical binomial distri-
bution is displayed in the Figure 2.1 for two different values of p. The meaning of these
laws, and their link with experiments of ball drawing from urns will be discussed in the
Section 2.1.2.
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Pn(K) Pn(k)
0.2+ 0.2+
p=1/3 p=1/2
0.1+ ‘ 0.1+
I | | | | I I °] n - k ] I | | | | | | | | I "] - k
01 2 3 n 01 2 3 n

Figure 2.1: Bar diagrams of binomial distributions B (n;p).

Exemple 2.2. Poisson distributions: By going now to the countable set of the
integers Q@ = N ={0,1,2,...}, with F = p(N), we again start by allotting to every
w =k € N the probability

k

P{w} = pa(k) = e—a% a>0 (2.4)

and then we define the probability of A € F as

P{AY = palk)

keA

Positivity and additivity are readily checked, while the normalization follows from

P{Q} = Z eai—]: =e“ Z 2—’: =e %" =1

keN keN

The probabilities (2.4) (which are non-zero for every k = 0,1,2,...) are called Poisson
distribution and are globally denoted asP(«). For the time being the parameter o > 0
and the formula (2.4) itself are arbitrarily taken: their meaning will be made clear in
the Section 4.5, where it will be also shown that the results of these probability spaces
are typically obtained by counting, for instance, the number of particles emitted by a
radioactive sample in 5 minutes, or the number of phone calls at a call center in one
hour, and so on. Examples of Poisson distributions for different o values are on display
in the Figure 2.2

2.1.2 Bernoulli trials

The binomial distribution in Example 2.1 is defined without a reference to some factual
problem, so that in particular the allotment of the probabilities p, (k) looks rather
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Po (K) Pe (K)
0.2r 0.2r
a=3 a=38
0.1r | ‘ 0.1r
1 111 I o= Kk ' Kk
0123 0123

Figure 2.2: Bar diagrams of Poisson distributions J(«).

unmotivated, albeit coherent. To find an empirical model for B (n; p) take n drawings
with replacement from a box containing black and white balls, and the sample space
Q) consisting of all the possible ordered n-tuples of results. It is customary to encode
the outcomes by numbers — 1 for white, and 0 for black — so that our samples will be
ordered n-tuples of 0 -1 symbols

w=(ay,...ap) a; =0, 1; i=1,...,n (2.5)

with the family of all the subsets ©(2) as o-algebra of the events. Give now to every
w=(ay,...a,) the probability

P{w} =ptq" ™" (2.6)

where k = )", a; is the number of white balls in w, p € [0,1] is arbitrary, ¢ = 1 — p,
and finally define the probability of the events A € F as

P{A} =) P{w} (2.7)

w€eA

The definitions (2.6) and (2.6) are again unmotivated, and we will devote the following
remarks to make clear their meaning. First it is easy to see that P as defined in (2.7)
is positive and additive. To check then its normalization P{Q} = 1 it is expedient to
consider the n 4 1 events

Dy, = ‘“there are k white balls among the n outcomes”
= {wGQ:Zai:k‘} k=0,...,n (2.8)
i=1

which apparently constitute a decomposition D of €2, and to calculate their probabilities
P{Dy}
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Proposition 2.3. The probabilities P{Dy} for the decomposition D in (2.8) coincide
with the p,(k) of the binomial distribution B (n;p)

Proof: Since the k symbols 1 in a sample w € Dj, can be placed in several different
ways on the n available positions without changing the probability, every D; will be
constituted of a certain number — say n; — of equiprobable samples each with probability
P{w} = p*¢" %, so that

P{D;} = Z P{w} =ngp gk

w€EDy,

We are left then with the problem of finding ny: for a given k = ). a; every sample
w=(ay ...ay,) is uniquely identified by a set of occupation numbers [by , ... bi] labeling
the positions of the k symbols 1 on the n places of w; for example, with n =7

w=(0,1,1,0,0,1,0) < [2,3,6]

Apparently the ordering in [by ... by] is immaterial (in our example both [2,3,6] and
3,6,2] denote the same 7-tuple with a symbol 1 at the 2"¢, 3" e 6" place); moreover
the b; values are all different, and hence n; will be the number of all the possible
non ordered k-tuples, without repetitions [b;, ... by] where every b; takes the values
1,2,...n. From (1.1) we then have that

= (Z) P{Dy} = pu(k) = (Z)p’“q”"“

As a consequence the p,(k) of a binomial distribution 9B (n;p) are the probabilities
P{D;} of the events Dj in the sample space ) of n drawings, with a P defined as
in (2.6) and (2.7) |

We are now also able to check the coherence of the definition (2.6) because, from the
additivity of P and from (2.3), we have

P} - P{ U Dk} S PO = Yl -1

Finally, to make the meaning of p € [0,1] and of (2.6) more apparent, take, for j =
1,...,n, the events

A; = “a white ball comes out at the j™ draw” = {w € Q:a; =1}

while Zj corresponds to a black ball at the j* draw. At variance with the Dy, however,
the events A; are not disjoint (we can find white balls in different draws) so that they
are not a decomposition of €2
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Proposition 2.4. The numbers p € [0, 1] and ¢ = 1—p respectively are the probabilities
of finding a white and a black ball in every single draw, namely

P{A;} =p, P{A;j}=q=1-p

Regardless of the value of p, moreover, the events A; are all mutually independent w.r.t.
the P defined in (2.6), and this elucidates the meaning of this definition

Proof: For the sake of brevity we will neglect a complete discussion! and we will confine
ourselves to a few remarks. For n = 1 (just one draw) we have Q = Q; = {0, 1} and
from (2.6) we get

P{A} = P{l1} =p P{A}=P{0}=q=1-p

so that p comes out to be the probability of finding a white ball in one single draw,
and we will neglect to show that this is so even for every single draw in a sequence.
On thew other hand a little algebra, omitted again, would show that for j # £ it is

P{A;A)} =p’ P{A;A} =pg P{A;A} = ¢

so that the events A;, Ay, together with their complements, are independent w.r.t. P
defined in (2.7). This remark can also be extended to three or more events. Finally,
since every w € (2 is the intersection of k£ events A; with n—k events Ay, apparently the
choice (2.6) for the probability of w has been made exactly in view of their independence
|

In short our space (2, F, P), with P defined as in (2.6), is a model for n independent
verification trials of the event: “a white ball comes out”, while the p, (k) of a binomial
distribution B (n;p) are the probabilities of finding k white balls among n independent
draws with replacement. Of course drawing balls from an urn is just an example, and
the same model also fits n independent verification trials of an arbitrary event A which
occurs with probability p in every trial. The 0 -1 random experiments of this model
are also known as Bernoulli trials and their corresponding probability space is an

example of direct product: given n replicas of the space describing a single draw
with Q; = {0, 1}, F; = {1,0,9Q4,0} and P; a Bernoulli distribution 9% (1;p)

P{l}=p, P{0}=1-p

the direct product has the Cartesian product 2 = 1 x ... x ; of the n-tuples of 0 -1
symbols as sample space, the family of all its parts as o-algebra F of the events, and
a probability P defined by (2.7) taking for every sample the product

n

P{w} = P{a}-... - P{a,} = pF¢"™" k= Z a;

j=1

This product probability is not a compulsory choice, but uniquely corresponds to the
independence of the trials

LA.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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Exemple 2.5. An application of the Bayes theorem: As foretold at the end of
the Section 1.4 we are able now to discuss a statistical application of the Bayes theo-
rem (Proposizione 1.17). Within the notations of the Section 1.4, take two externally
identical boxes Dy e Dy with black and white balls in different proportions: the fraction
of white balls in Dy is 1/2, while that in Dy s 2/3. We can not look into the bozes,
but it is allowed to sample their content with replacement. Choose then a box and ask
which one has been taken. Apparently D = {D1, Dy} is a decomposition and, lacking
further information, the two events must be deemed equiprobable namely

P{D)} = Py} = |

To know better, however, we can draw a few balls: a large number of white balls, for
example, would hint toward Dy, and vice versa in the opposite case. The Bayes theorem
provides now the means to make quantitative these so far qualitative remarks. Suppose
for instance to perform n = 10 drawings with replacement from the chosen boz, finding
k =4 white, and n — k = 6 black balls, namely that the event

B = “among the n = 10 drawn out balls k = 4 are white”

occurs. According to the two possible urns Dy e Do, the probabilities of B are respec-
tively the binomaal distributions B (10; %) and B (10; %), namely

iy = () Ca'em = (1) 5
iy~ (V) ew'en = (V) 5

and hence from the Bayes theorem we get

P{B|D:} P{D:\} + P{B|D:} P{D:} 5+ 32%
310
214

Predictably the relatively small number of white balls hints toward D1, but now we have
a precise quantitative estimate of its probability. Of course further drawings would
change this result, but intuitively these oscillations should stabilize for a large number
of trials

Exemple 2.6. Multinomial distribution: The Binomial distribution discussed in
the Example 2.1 can be generalized by supposing a sample space ) still made of ordered
n-tuples w = (aq, ... ,ay), but for the fact that now the symbols a; can take r+1 (con
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r > 1) values by, by, ..., b, instead of just two. For instance we can think of drawing
with replacement n balls from a box containing balls of r + 1 different colors, but even
here it is expedient to label the v+ 1 colors with the numbers 0,1,2,... 1. Suppose now
that k;, i =0,1,...,7 is the number of balls that in a given sample w take the color b;,
and start by attributing to w the probability

P{w} = plopht. .. phr

where kg + kv + ... + k. = n, while py,p1,...,pr are r + 1 arbitrary, non negative
numbers such that pg +p1 + ...+ p, = 1. Given then the events

Dy, .. k. = “among the n balls we find ko times by, ky times by, ..., k. times b,”

it is possible to prove that they are a decomposition of €2, and that each contains

n B n!
ki, oo k) kolky! .ok,

equiprobable samples w, so that finally

n
P{Dkl...k,«} = pn(/ﬁ, < kr) = (lﬁ L ) p'8°p’f1 . ‘pr (2-9)

The set of these probabilities takes the name of multinomzial distribution and is
denoted with the symbol B (n;p1, ..., p). Thisis a new family of distributions classified
by the number n of draws, and by the non negative numbers p; € [0, 1], with po + p1 +
...+ p. = 1, which are the probabilities of finding b; in every single drawing. Remark
that the binomial distribution B (n; p) is the particular case with r = 1: in this instance
p1 and py are usually labeled p e q, while ky =k and kg =n — k

2.2 Probability on R

To analyze how to define a probability on uncountable spaces we will start with
(R, B(R)), by remarking at once that the distributions studied in the previous Sec-
tion 2.1 will constitute the particular case of the discrete distributions

2.2.1 Cumulative distribution functions

Suppose first that somehow a probability P is defined on (R, B(R)) and take
F(z) = P{(—o0,x]} Vre R (2.10)
Proposition 2.7. The function F(x) defined in (2.10) has the following properties

1. F(x) is non decreasing
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2. F(+oo) =1, F(—00)=0

3. F(x) is right continuous with left limits Vo € R (cadlag); moreover it is outright
continuous if and only if (iff) P{z} =0

Proof: The properties 1 and 2 easily result from (2.10). As for 3, remark that a
monotone and bounded F(z) always admits the right and left limits F'(z™) for every
x € R. Take now a monotone sequence (z,),en such that x, | = from right: since
(—00, z,] — (=00, x] the continuity of the probability? will then entail that

F(z™) = liTan F(zx,) = liTan P{(—o0,x,|} = P{(—o00,z]} = F(x)

so that F'(x) is right continuous. The same can not be said, instead, if x, 1T z from
left, because now (—oo, z,,] — (—o00,z) and hence

F(z7) = liin F(z,) = liin P{(—o0,x,]} = P{(—00,z)} # F(x)
Being however (—oo, 2] = (—o0,z) U {z}, we in general get
F(z) = P{(—o00,z]} = P{(—00,2)} + P{z} = F(x27) + P{z}

namely F'(z7) = F(x) — P{x}, so that F(x) would be also left continuous, and hence
outright continuous, iff P{z} =0 |

The previous result entail in particular that P{z} can be non zero iff F(z) is discon-
tinuous in x, and in this case

Pz} =F(x) - F(27)=F(2%) — F(z7) (2.11)
Moreover, since (—o0,b] = (—o0,a| U (a, b, from the additivity of P we also have
P{(—00,b]} = P{(—00,a]} + P{(a,b]}

and hence
P{(a,b)} = F(b) — F(a) (2.12)

for every —oo < a < b < 400

Definition 2.8. We call (cumulative) distribution function (cdf) on R every
F(z) satisfying 1, 2 and 3

The previous discussion shows that at every P on (R, B(R)) it is always joined a cdf
F(z). The subsequent theorem then points out that the reverse is also true: every cdf
on R always defines a probability P on (R, B(R)) such that (2.12) holds

2A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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Theorem 2.9. Given a cdf F(x) on R, there is always one and only one probability
P on (R, B(R)) such that

P{(a,b]} = F(b) — F(a)
for every —oo < a < b < +o0.
Proof: Omitted? u

There is then a one-to-one correspondence between the laws P on (R, B(R)) and the
cdf F(x) on R, so that a probability on (R, B(R)) is well defined iff we know its cdf
F(x). Since, however, in the following we will make use of measures on (R, B(R))
that are not finite (for instance the Lebesgue measure) it will be expedient to slightly
generalize our framework

Definition 2.10. We say that i is a Lebesgue-Stieltjes (L-S) measure on (R, B(R))
if it is o-additive, and u{B} < 400 for every bounded B. We also call generalized

distribution function on R (gcdf) every G(z) on R satisfying the properties 1

and 3, but not in general 2

It is possible to show that, if u is a L-S measure on (R, B(R)), the function G(z)
defined, but for an additive constant, by

G(y) — G(z) = p{(z,y]}, <y

is a gcdf, while the subsequent theorem encodes the revers statement that to every gedf
G(x) we can always associate a unique L-S measure

Theorem 2.11. Given a gedf G(z) on R, there is always one and only one L-S
measure p on (R, B(R)) such that

pf(a,b]} = G(b) — G(a)
for every —oo < a < b < 4o00.
Proof: Omitted* |

It is apparent that a gcdf G(x) has the same properties of a cdf but for 2, so that G(x)
can take both negative and larger than 1 values, while its asymptotic behavior for
x — +oo is not bounded. A well known example of these measures is the Lebesgue
measure on R, namely the o-finite measure A that to every interval (a,b] € B(R)
assign the measure M\{(a,b]} = b — a: in this case the gedf simply is

Gx)==z

3A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
4A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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Figure 2.3: cdf of a Bernoulli B(1,p) and of a binomial distribution B(n, p).

2.2.2 Discrete distributions

Definition 2.12. We say that a probability P is a discrete distribution on (R, B(R))
if its cdf F(x) is piecewise constant, and discontinuously changes its value in a (finite
or countable) set of points x1,xa, ... where it is F(x;) — F(x;) > 0.

The cdf of a discrete law apparently is a typical step function (see for instance the
Figure 2.3) so that P{(a,b]} = 0 if within (a,b] we find no discontinuities z;, while in
general it is

P{(a,b]} = > [F(x:) - F(z})] = F(b) - F(a)

z;€(a,b)

As already remarked we find P{z} = 0 wherever F'(z) is continuous, and p; = P{x;} =
F(z;) — F(x;) where F(z) makes jumps. As a consequence the probability P happens
to be concentrated in the (at most) countably many points xi, z,... and is well de-
fined by giving these points and the numbers pq, ps, ... which also are named discrete
distribution. The examples of finite and countable probability spaces discussed in the
Section 2.1 are particular discrete distributions where x;, = k are integer numbers. The
main difference with the present approach is that in the Section 2.1 the sample space
() was restricted just to the set of points x, while here € is extended to R and x;, are
the points with non-zero probability. This entails, among other, that — beyond the bar
diagrams of the Figures 2.1 and 2.2 — we can now represent a discrete distribution by
means of its edf F(x) with a continuous variable z € R

Exemple 2.13. Notable discrete distributions: Consider first the case where just
one value b € R occurs with probability 1, namely P-a.s.: the family of these distri-
butions, called degenerate distributions, is denoted by the symbol &y, and its cdf
F(z) show just one unit step in x = b, namely is a Heaviside function

ﬁ@y—{a Ziig (2.13)
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-1 0 1 2 n

Figure 2.4: cdf of a Poisson distribution B(«).

Of course its bar diagram will have just one unit bar located at x = b. On the other
hand in the family B (1;p) of the Bernoulli distributions two values 1 and 0 occur
respectively with probability p and ¢ = 1 — p, while in the binomzial distributions
B (n;p) the values k =0, ..., n occur with the probabilities

n _
pn(k)=<k)p’“q" Foog=1-p, 0<p<1

The corresponding Bernoulli and binomial cdf ’s are displayed in the Figure 2.3. Finally
in the family B («) of the Poisson distributions all the integer numbers k € N occur

with the probabilities

akea

kT
and their cdf is shown in the Figure 2.4

a>0

Pr =

2.2.3 Absolutely continuous distributions: density

Definition 2.14. Take two measures p and v on the same (2, F): we say that v
is absolutely continuous (ac) w.r.t. a p (and we write v < ) when p(A) = 0
for A € F also entails v(A) = 0. If in particular Q = R, when a probability P on
(R, B(R)) is ac w.r.t. the Lebesque measure we also say for short that its cdf F(z) is
ac

Theorem 2.15. Radon-Nikodym theorem on R: A cdf F(x) on R is ac iff it
exists a non negative function f(x) defined on R such that

—+00

f@dr=1  Fa)= [ @i g =P

The function f(z) is called probability density function (pdf) of F(x)
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F(x) f(x)

Figure 2.5: cdf and pdf of the uniform distribution i (a, b).

Proof: Omitted?® [ ]

It is easy to show that, taken a non negative, Lebesgue integrable and 1-normalized
function f(z), the function

Fla) = / OO () dz

always is an ac cdf The Radon-Nikodym theorem states the remarkable fact that also
the reverse holds: every ac cdf F(z) is the primitive function of a suitable pdf f(z),
so that every ac cdf can be given through a pdf, which is unique but for its values
on a Lebesgue negligible set of points. It is possible to show that an ac cdf is also
continuous® and derivable (but for a Lebesgue negligible set of points), and in this case
the pdf is nothing else than its derivative

Taking then into account (2.12) and the continuity of F'(x), we can now calculate the
probability of an interval [a, b] from a pdf f(x) as the integral

b
P{a,b]} = F(b) — Fla) = / £(t) dt

It is apparent on the other hand that a discrete cdf can never be ac because it is
not even continuous: in this case we can never speak of a pdf, and we must restrict
ourselves to the use of the cdf

M. Métivier, NOTIONS FONDAMENTALES DE LA THEORIE DES PROBABILITES, Dunod (Paris,
1972)

6There are on the other hand (some examples are discussed in the Section 2.2.4) cdf F(z) which
are continuous but not ac, so that the existence of a pdf is not a consequence of the simple continuity

of a cdf
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e

b-a b b+a

Figure 2.6: cdf and pdf of the normal distribution 91 (b, a?).

Exemple 2.16. Uniform distribution: Take first the family of the uniform laws
on an interval [a,b] denoted as t(a,b). The cdf is

0 if v<a
Fl#)=9 &= fa<z<b

1 if b<cw

as displayed in the Figure 2.5. This cdf defines on (R, B(R)) a probability P concen-
trated on [a,b] that to every interval [z,y] C [a,b] gives the probability

y—x
P —
)
On the other hand intervals lying outside [a,b] have zero probability, while, since F(z)
is continuous, P{x} = 0 for every event reduced to the point x. The pdf is deduced by
derivation
if a<z<b

clse (2.14)

1
— b—a
ro={
and is displayed in the Figure 2.5 along with its cdf. These behaviors also justify the
name of these laws because the probability of every interval [x,y] C [a,b] depends only
on its amplitude y — x and not on its position inside [a,b]. For short: all the locations
inside [a,b] are uniformly weighted

Exemple 2.17. Gaussian (normal) distribution: The family of the Gaussian
(normal) laws N(b,a?) is characterized by the pdf

1 2 2
f(z) = e~ (@b /2a a>0,beR (2.15)
av 2T

displayed with its cdf in the Figure 2.6. The so called degenerate case a = 0, that
1s here excluded, needs a particular discussion developed in the Section 4.2.2. The
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Fe) f(x)
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1/ a 1/a

Figure 2.7: cdf and pdf of the exponential distribution &(a)

Gaussian pdf shows a typical bell-like shape with the maximum in x = b. The two
flexes in x = b+ a give a measure of the width that hance depends on the parameter a.
We will speak of standard normal law when b =0 and a = 1, namely when the pdf
18

Both the standard and non standard Gaussian cdf, also called error functions, re-
spectively are

1 v 1 *
O(x) = Nir: / e % dz F(z) = / e~ (02 g, (2.16)

av/ 2w

and are shown in the Figure 2.6: they can not be given as finite combinations of ele-
mentary functions, but have many analytical expressions and can always be calculated
numerically

Exemple 2.18. Exponential distributions: The family of the exponential laws
&(a) has the pdf

fz) =ae *I(z) = { ge—aw Zj i i 8 a>0 (2.17)

while the corresponding cdf s

Flz) = (1— e )9(z) = { O Zi rey

both represented in the Figure 2.7.
Exemple 2.19. Laplace distribution: We call Laplace laws, or even bilateral
exponentials, denoted as £(a), the laws with pdf

a

fl@) =3 eall a>0 (2.18)
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F) f)

a2

l) a 1/a

Figure 2.8: cdf and pdf of the Laplace distribution€(a)

and cdf

represented in the Figure 2.8.

Exemple 2.20. Cauchy distributions: Finally the family of the Cauchy laws
&(b,a) has the pdf

1 a
= 0 2.19
/(@) m a?+ (v —b)? ¢ (2.19)
and the cdf
1 1 —
F(x) = §+;arctanxa b

both represented in the Figure 2.9. It is easy to see from the Figuree 2.6 and 2.9, that
the qualitative behavior of the MN(b, a?) and €(b,a) pdf ’s are roughly similar: both are
bell shaped curves, symmetrically centered around x = b with a width ruled by a > 0.
They however essentially differ for the velocities of their queues vanishing: while the
normal pdf asymptotically vanishes rather quickly, the Cauchy pdf goes slowly to zero
as x72. As a consequence the central body of the Cauchy pdf is thinner w.r.t. the
normal function, while its queues are correspondingly fatter

2.2.4 Singular distributions

Definition 2.21. We say that P is a singular distribution when its cdf F(z) is
continuous, but not ac

We have seen that the probability measures which are ac w.r.t. the Lebesgue measure,
namely that with an ac cdf F(z), have a pdf f(z). We also stated that an ac F(z)
is also continuous, while instead the reverse is not in general true: there are — but we
will neglect here to produce the classical examples — cdf F(x) which are continuous
(and hence they are not discrete) but not ac (and hence have no pdf). It is important
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b b-a b b+a

Figure 2.9: cdf and pdf of the Cauchy distribution € (b, a)

then to introduce the previous definition to point out that a singular law can be given
neither as a discrete distribution (by means of the numbers py), nor through a pdf
f(z): the unique way to define it is to produce a suitable continuous cdf F(x) that
certainly exists. In the following however we will restrict ourselves to the discrete and
ac distributions, or — as we will see in the next section — to their miztures, so that the
singular distributions will play here only a marginal role

2.2.5 Mixtures

Definition 2.22. We say that a distribution P is a mizture when its cdf F(x) is a
convex combination of other cdf ’s, namely when it can be represented as

n

F(x):Zkak(x), 0<pp <1, Zpkzl
k=1

k=1
where Fy(x) for k=1,...,n are arbitrary cdf’s

When the Fi(z) are all ac with pdf’s fr(z) it is easy to understand that also the
mixture F'(z) comes out to be ac with pdf

f@) =Y pefu(x)

It is not forbidden, however, to have mixtures composed of every possible kind of cdf,
and the following important result puts in evidence that the three types of distribu-
tions so far introduced (discrete, absolutely continuous and singular), along with their
mixtures, in fact exhaust all the available possibilities

Theorem 2.23. Lebesgue-Nikodym theorem: Every P on (R, B(R)) can be rep-
resented as a mixture of discrete, ac and singular probabilities, namely its cdf F(x)
always s a convexr combination
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- - - — X
-2 -1 0 1 2 3 4

Figure 2.10: cdf of the mixture of a Bernoulli and a Gaussian

F(I) = plFl(l’) +]92F2<I> +p3F3(x)

where Fy is discrete, Fy is ac, F3 is singular, while py, pa, p3 are non negative numbers
such that p1 +p2 +p3 =1

Proof: Omitted” [ |

Exemple 2.24. Mixtures: To elucidate these ideas take for instance the cdf displayed
in the Figure 2.10: it is the mizture of a normal N(b, a*) and a Bernoulli B (1;p), with
arbitrary coefficients py,ps. This F(x) has discontinuities in v = 0 and v = 1 because
of its Bernoulli component, but wherever it is continuous it is not constant (as for a
purely discrete distribution) because of its Gaussian component. Remark that in this
example the distribution — without being singular — can be given neither as a discrete
distribution on 0 and 1, nor by means of a pdf f(x): its unique correct representation
can be given through its cdf F(x)

2.3 Probability on R"

In the case of (R", B(R")) we can extend with a few changes the definitions adopted
for (R, B(R)) in the Section 2.2, the relevant innovation being the interrelationship
between the marginal distributions and their (possible) common joint, multivariate
distribution

2.3.1 Multivariate distribution functions

In analogy with Sezione 2.2.1 take first P as a given probability on (R", B(R")), and
define the n-variate function

F(x) = F(x1,...,2,) = P{(—00,21] X ... X (—00,z,|} (2.20)

M. Métivier, NOTIONS FONDAMENTALES DE LA THEORIE DES PROBABILITES, Dunod (Paris,
1972)
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Xo+A Xo X+A X

X1+A X

Figure 2.11: Probability for Cartesian products of intervals

where = (z1,...,x,). Within the synthetic notation
ApF(x) = F(xy,... .0+ Axg, .o xy) — F(oy, o0 Tpy -0, T)
(x,x+ Azx| = (r1, 21+ Azy] X ... X (2, Ty + Ay
with Az, > 0, it is then possible to show that
P{(x,x+ Az]} = A;... A, F(x)
For instance, in the case n = 2 we have
P{(x,x+ Az]} = AAF(x)

= [F(:pl + Az, 29 + Axg) — F(zy + A.Z'l,.lfg)}
- [F(!Eh% + Azy) — F($17$2)}

as it is easy to see from Figure 2.11. Remark that, at variance with the case n = 1, the
probability P{(x,x + Ax|} of a Cartesian product of intervals does not coincide with
the simple difference F'(x + Ax) — F(x), but it is a combination of 2" terms produced
by the iteration of the Ay operator. The properties of these F(x) generalize that of
the case n = 1 given in the Section 2.2.1

Proposition 2.25. The function F(x) defined in (2.20) has the following properties:
1. For every Axy >0 with k =1,...,n it is always

so that F'(x) comes out to be non decreasing in every variable xy,
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2. We always have
lim F(x)=1 lim F(x)=0

T—+0o0 T——00

where it is understood that the limit * — 400 means that every x), goes to +00,
while the  — —oo means that at least one among the x; goes to —oo

3. F(x) is always continuous from above

lim F(xy) = F(x)

K

where it is understoood that x; | * means that every component of the sequence
x; goes decreasing to the corresponding component of @

Proof: Property 1. results from the positivity of every probability; property 2. on the
other hand comes from the remark that the set

(—00,+00] X ... X (=00, +o0] = R"

coincides with the whole sample space, while every Cartesian product containing even
one empty factor, is itself empty. The argument for the last property is similar to that
of the Proposition 2.7 and we will neglect it for short |

Definition 2.26. We call multivariate distribution function on R" every func-
tion F(x) satisfying 1, 2 and 3; we call on the other hand generalized, multivariate
distribution function on R" every function G(x) satisfying 1 and 3, but not neces-
sarily 2

Theorem 2.27. Given a multivariate cdf F(x) on R", it exists a unique P on
(R", B(R"™)) such that for every Axy > 0 with k =1,...,n we have

P{(x,x+ Az]} =A;... A F(x)

Similarly, given a multivariate gedf G(x) on R", it exists a unique Lebesque-Stieltjes
measure fi on (R", B(R"™)) such that for Ax, >0, k=1,...,n it is

pl,x+ Azl = Ay ... A,G(x)
Proof: Omitted: see also Proposition 2.9 |

In short, also in the n-variate case, a probability P or a Lebesgue—Stieltjes measure
are uniquely defined respectively by a cdf F(x) or by a gedf G(x)

Exemple 2.28. Given the univariate cdf of a uniform law on [0,1], and the univariate
gcdf of the Lebesque measure

0, sex <0;
Fi(z)=< z, se0<az<l1; Gi(z) ==
1, sel <z,
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it 15 easy to show that

Gx) = Gi(zy) ...-Gi(zp) =21+ ... - 2y

respectively are the cdf of a uniform law on the hypercube [0, 1], and the gcdf of the
Lebesgue measure on R™.

The previous example can be generalized: if Fi(x),..., F,(z) are n cdf on R, it is easy
to show that

always is a cdf on R". The reverse, instead, is not true in general: a cdf on R" can not
always be factorized in the product of n cdf on R; this happens only under particular
circumstances to be discussed later

2.3.2 Multivariate densities

When P is ac w.r.t. the Lebesgue measure on (R", B(R")), namely when F(x) is ac,
a generalization of the Radon-Nikodym theorem 2.15 entails the existence of a non
negative, normalized multivariate density function f(x)

flxy,...,xy)dexy ... dz, = fl®)d'x=1
R" Rn
and in this case we always find

F(x) :/zl .../xnf(z) &'z fla) = % (2.21)

while the probability of the Cartesian products of intervals are given as

bn

by
P{(al,bl]x---x(an,bn]}:/ T @) d

Exemple 2.29. Multivariate Gaussian (normal) laws: The family of the mul-
tivariate normal laws N(b,A) is characterized by the vectors of real numbers b =
(b1, ..., by), and by the symmetric (a;; = aj;), and positive definite® matrices A = |la;;]|:

8 A matrix A is non-negative definite if, however taken a vector of real numbers © = (z1,...,z,),
it is always
n
x-Ax = Z Qi LT > 0
i,j=1

and it is positive definite if this sum is always strictly positive (namely non zero). If A is positive,
it is also non singular, namely its determinant |[A| > 0 does not vanish, and hence it has an inverse
A_l
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the statistical meaning of b and A will be discussed in the Section 3.34. Since A is pos-
itive, its inverse A™' always exists and N(b, A) has a multivariate pdf :

f(.’B) = f(l'l, RN ,$n> = A / % e*%(w*b)A_l(ﬂ?*b) (222>

where |A™Y is the determinant of A™', @ -y =Y, xxyx is the Buclidean scalar product
between the vectors x ey, and between vectors and matrices the usual rows by columns
product is adopted, so that for instance

x- Ay = Z Qi TiYj
ij=1
On the other hand (in analogy with the case a = 0 when n = 1) the laws N(b, A) with
a singular, non invertible A can be defined, but have no pdf : they will be discussed in
detail in the Section 4.2.2. The multivariate, normal pdf (2.22) is then a generalization
of the univariate case presented in the Section 2.2.3: when n =1 the pdf of M(b,a?)
has just two numerical parameters, b and a > 0; in the multivariate case, instead, we
need a vector b and a symmetric, non-negative matriz A. Remark also that for n = 2,

defining a, = yJar, > 0, k = 1,2, and r = aja/\/ar1a92 with |r| < 1, A and its inverse

are
2 1 2 —
A — ( ay a1a22r ) ALl — ( a3 CL126L27“ ) (2.23)

ajasr a3 (1—r?)a2a} \ —amar  aj

and the pdf bivariate normal takes the form

__ 1 @i=bp? o (e b)) (eg=by) | (za-by)?
e 2(17T2)|: af T ajag + a%

T1,To) =
J(wnx) 2raias/ 1 — 1r?

(2.24)

2.3.3 DMarginal distributions

For a given cdf F(x) on R" = Ry X ... x R, it is easy to show that the n — 1 variables
function

F(l)(xg, ey Tp) = F(400, 29, ..., 1) = liril F(zy,29...,2,) (2.25)

T1—+00

againis a cdf on R* ! = Ry x...x R, because it still complies with the properties 1, 2
and 3 listed in the Section 2.3.1. This is true in fact whatever x; we choose to perform
the limit; by choosing however different coordinates we get cdf’s F® which are in
general different from each other. To avoid ambiguities we then adopt a notation
with upper indices telling the removed coordinates. This operation can, moreover, be
performed on arbitrary m < n variables: we always get cdf’s on a suitable R"~™. For

instance
F(172)(x37"'737n) = F(+OO,+OO,Q?3,...,.’IZ'n) <226)
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is a cdf on R"2 = R3 x ... x R,. At the end of this procedure we find n cdf’s with
a single variable, as for instance the cdf on R,

F(2n) (x1) = F(x1,+00,...,+00)

All the cdf’s deduced from a given multivariate cdf F' are called marginal distri-
bution function, and the operation to get them is called marginalization. From
the Theorem 2.27 we can extend these remarks also to the probability measures: if
P is the probability on (R", B(R")) associated to F(x), we can define the marginal
probabilities (Rk, B(Rk)) with k < n associated to the corresponding marginal cdf’s.
The relation among P and its marginals is then for example

PC (o0, a]} = FC-(z)
= F(x1,400,...,400) = P{(—o00,z1] Xx Ry X ... X R,}

If the initial multivariate cdf F' is ac also its marginals will be ac, and from (2.21) we
deduce for instance that the pdf’s of F), F1:2) and F2-") respectively are

“+00

f(l)(x27"'7xn) - f(x17x27"'7xn) dxl (227)
_iooo +oo
f(l’Z)(SCg, e Ty) = / f(z1, 29,23, ..., x,) dridxs (2.28)

+o0 +o0
f(Zeem) (1) = / . flzy, 29, ... xy) das . .. dxy, (2.29)
—0o0 —00

For a pdf, in other words, the marginalization is performed by integrating on the
variables that are to be removed

Starting hence from a multivariate cdf (or pdf) on R™ we can always deduce, in an
unambiguous way, an entire hierarchy of marginal cdf’s with an ever smaller number
of variables, until we get n univariate cdf’s. It is natural to ask then if this path
can also be trodden on the reverse: given a few (either univariate or multivariate)
cdf’s, is it possible to unambiguously find a multivariate cdf such that the initial cdf’s
are its marginals? The answer is, in general, surprisingly negative, at least for what
concerns unicity, and deserves a short discussion. Take first n arbitrary univariate
cdf’s Fi(x),..., F,(x): it is easy to see that

F(x) = Fi(z1) ...  Fo(z,)

is again a multivariate cdf (see the end of the Section 2.3.1) whose univariate marginals
are the Fy(x). From the previous marginalization rules we indeed have for instance

F(Q’“"")(:I;l) = F1($1)F2(+OO) ce Fn(—|—00) = Fl(xl)

If moreover the given cdf’s are also ac with pdf’s fy(x), the product multivariate F
will also be ac with pdf

f@) = filwr) - fuln)

46



2.3 Probability on R"
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Figure 2.12: Uniform pdf on different domains

while its marginal pdf’s are exactly the fi(x). It is easy ti check, however, by means of
a few elementary counterexamples that the previous product cdf is far from the unique
multivariate cdf allowing the F} as its marginals

Exemple 2.30. Multivariate distributions and their marginals: Tuke the fol-
lowing pair of bivariate pdf s which are uniform on the domains ° represented in the
Figure 2.12

_ )L if () €Q, B y
YR A r @=[0.11x 0.1
g(l' y) — { 27 Zf (Zan) S Ql UQ27 Ql - |:0, 1/2:| X |:07 1/2j|
’ 07 (l‘ay)nguQ% Q2:[1/27 1:| X[1/27 1:|

It is easy to show now by elementary integrations that first of all the two univariate
marginals of f are uniform $4(0,1) respectively with the pdf’s

—+00

fil@) = fP@) = | f(“”y)dy:{éi ﬁ;{gﬂ
+o0 ‘
B =) = | f(l”y)dl’:{ é Zz;{gﬂ

and then that they also exactly coincide with the corresponding marginals g1 and go of
g, so that
filz) = gi(2) fo(y) = g2(y)

This apparently shows that different, multivariate pdf’s can have the same marginals
pdf’s, and hence that if we just have the marginals we can not in a unique way

9Gince the laws with the pdf’s f and g are ac, the boundaries of the chosen domains have zero
measure, and hence we can always take such domains as closed without risk of errors
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retrace back the multivariate pdf engendering them. It is also easy to see, moreover,
that in our example

f(z,y) = fi(z) faly) 9(x,y) # g1(x)g2(y) (2.30)

namely that, as already remarked, the product turns out to be a possible bivariate pdf
with the given marginals, but also that this is not the only possibility

Exemple 2.31. Marginals of multivariate Gaussian laws: An elementary, but
tiresome integration of the type (2.29) — that we will neglect — explicitly gives the uni-
variate marginals pdf’s of a multivariate Gaussian (b, A) (2.22): it turns out tha
such marginals are again all Gaussian N (b, a2) as in (2.15), with a3 = ay, and that
their pdf’s are

1

arpV 2T

It is easy to understand, however, that in general the product of these pdf’s — which
still is a multivariate normal pdf — does not coincide with the initial multivariate
pdf (2.22), unless A is a diagonal matriz: in the simple product, indeed, we would not
find the off-diagonal terms of the quadratic form at the exponent of (2.22). Remark in
particular that, from the discussion in the Example 2.29, it turns out that the matrix
A of a bivariate normal is diagonal iff r = 0: this point will be resumed in the
discussion of the forthcoming Example 3.34

fil(zy) = ¢~ (ok—br)?/2a} (2.31)

2.3.4 Copulas

The previous remarks prompt a discussion of the following two interrelated problems:

1. what is the general relation between an n-variata cdf F(zi,...,z,) and its n
univariate marginals Fy(x)?

2. given n univariate cdf’s Fy(x), do they exist (one or more) n-variate cdf’s F'(z1, . ..
having the F}, as their marginals? And, if yes, how and in how many ways could

we retrieve them?

Definition 2.32. We say that a function C(u,v) defined on [0,1] x [0,1] and taking
values in [0, 1] is a copula when it has the following properties:

1. C(u,0)=C(0,v) =0, VYu,vel01l]
2. C(u,1) =u, C(l,v) =v, Yu,ve]l1]

3. C(ug,v2) — C(ug,v1) — C(ug,v2) + C(us,v1) >0, VYVu <wug, v; < vy
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In short a copula is the restriction to [0,1] x [0,1] of a cdf with uniform marginals
10(0,1). Typical examples are

Ch(u,v) u A v =min{u,v}
Cn(u,v) = (u+v—1)"=max{u+v—1,0}
Co(u,v) = wv
Co(u,v) = (u+vf— 1)_% 6>0 (Clayton)

while many others exist in the literature along with their combinations!®.

known that every copula C(u,v) falls between the Frchet-Hoffding bounds

It is also

Om(“? U) < C(U, U) < CM(U, U)
Theorem 2.33. Sklar theorem (bivariate):

o If H(x,y) is a bivariate cdf and F(x) = H(z,+00), G(y) = H(400,y) are its
marginals, there is always a copula C(u,v) such that

H(z,y) = C[F(x),G(y)] (2.32)

this copula is unique if F and G are continuous; otherwise C' is unique only on
the points (u,v) which are possible values of (F(x),G(y));

o if F(z) and G(y) are two cdf, and C(u,v) is a copula, then H(x,y) defined as
in (2.32) always is a bivariate cdf having F and G as its marginals

Proof: Omitted!! [ ]

In short the Sklar theorem states that every bivariate cdf comes from the application
of a suitable copula to its marginals, and that viceversa the application of an arbitrary
copula to any pair of univariate cdf’s always results in a bivariate cdf with the given
distributions as marginals. In particular the product bivariate of two univariate cdf’s
comes from the application of the copula Cy, and hence is just one among many other
available possibilities. Remark finally that in general the bivariate cdf resulting from
the application of a copula may be not ac even when the two univariate cdf are ac

Exemple 2.34. Cauchy bivariate distributions: 7Take two Cauchy distributions
@(0,1) respectively with cdf and pdf

1 1 1 1
F(x):§+;arctanx f(x):;l—i—x?

1 1 1 1
G(y) = 3 + %arctany g(y) = - =

10R.B. Nelsen, AN INTRODUCTION TO COPULAS, Springer (New York, 1999)
HR.B. Nelsen, AN INTRODUCTION TO COPULAS, Springer (New York, 1999)
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The product copula Cy gives the bivariate cdf

1 1 1 1
Ho(z,y) = 5t - arctan x 5t arctan y

which is again ac with pdf

1 1 1 1
h = — . —_ g
while the simplest Clayton copula, that with 0 = 1
(=1 -1 _ 1yl uv
Ci(u,v) = (v +w 1) P—

would give a different cdf Hy(x,y) (we neglect it for brevity) which is still ac with the
pdf

32m2(m + 2arctan x) (7 + 2 arctan y)
(14 22)(1 + y?)[2 arctan z:(m — 2 arctan y) + 7(37 + 2 arctan y)]3

hl(x7y> =

On the other hand an application of the extremal Fréchet-Hoffding copulas Cyy and C,,
would give rise to different cdf which no longer are ac, but we will not make explicit
reference to them

The Sklar theorem 2.33 can be generalized to all the multivariate cdf’s H(x) =
H(xq,...,x,) that turn out to be deducible from the application of suitable multi-
variate copulas C(u) = C(uy, . .., u,) to univariate cdf’s Fy(x1),..., F,(x,). It is also
possible to show that even in this case n arbitrary univariate cdf’s can always — and in
several, different ways, according to the chosen copula — be combined in multivariate
cdf’s

A radically different problem arises instead when we try to combine multivariate
marginals into higher order multivariate cdf’s. We will not indulge into details, and
we will just restrict us to remark that, given for instance a trivariate cdf F(z,y, z), we
can always find its three bivariate marginals

FO(y,z) = F(+00,y,2), F®(z,2)=F(z,400,2), F®(z,y)=F(z,y,+00)

and that it would be possible — albeit not trivial — to find a way of reassembling F
from these marginals by means of suitable copulas. The reverse problem, however,
at variance with the case of the Sklar theorem, not always has a solution, because
we can not always hope to find a cdf F(z,y,z) endowed with three arbitrarily given
bivariate marginals cdf Fi(y,z), Fo(x,z) and F3(x,y). At variance with the case of
the univariate marginals, indeed, first of all a problem of compatibility among the given
cdf’s arises. For instance it is apparent that — in order to be deducible as marginals
of the same trivariate F'(z,y, z) — they must at least agree on the univariate marginals
deduced from them, namely we should have

F1(+OO,Z):F2(—|—OO,Z), Fl(y,+OO):F3(+OO,y), F2($7+OO):F3($?+OO)

20
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while even this (only necessary) condition can not be ensured if Fy, F» e F3 are to-
tally arbitrary. In short, the choice of the multivariate marginal cdf’s must be made
according to some suitable consistency criterion, arguably not even restricted just to
the simplest one previously suggested: a short discussion on this point can be found in
the Appendix A

2.4 Probability on R* and R’

The extension of the previous results to the case of the space (R, B(R>)) of the
real sequences is however less straightforward because, while on a (R", B(R")) we
can always give a probability by means of an n-variables cdf, this is not possible for
(R>, B(R>)) because it would be meaningless to have a cdf with an infinite number
of variables. To give a probability on (R, B(R>)) we must hence use different tools

To this end remark first that if a probability P is given on (R, B(R>)), we could
inductively deduce a whole family of probabilities on the finite dimensional spaces that
we get by selecting an arbitrary, but finite, number of sequence components. As a
matter of fact n arbitrary components of the sequences in (R>, B(R>)) always are
a point in a space (R", B(R"™)): to give a probability on this (R", B(R")) from the
given P it would be enough to take B € B(R™) as the basis of a cylinder in B(R>)
(see Example 1.7), and then give to B the probability that P gives to the cylinder.
We get in this way an entire family of finite probability spaces which are consistent
(see also Appendix A), in the sense that the cdf’s in a (Rk, B(Rk)) which is subspace
of an (R", B(R™)) with k < n are derived by marginalization of the extra components
through the usual relations (2.25) and (2.26)

This prompt the idea of defining a probability on (R*, B(R>)) through the reverse
procedure: give first a family of probabilities on all the finite subspaces (R", B(R"™)),
and then extend them to all (R, B(R>)). In order to get a successful procedure,
however, these finite probabilities can not be given in a totally arbitrary way: they
must indeed be a consistent family of probabilities, in the sense of the previously
discussed consistenza. The subsequent theorem encodes this important result

Theorem 2.35. Kolmogorov theorem on R*: Given a consistent family of fi-
nite probability spaces (R", B(R"), P,) there is always a unique probability P on
(R>, B(R>™)) which is an extension of the given family

Proof: Omitted!? [
Exemple 2.36. Bernoulli sequences: The simplest way to meet the conditions of

the Theorem 2.35 is to take a sequence of univariate cdf ’s G(z), k € N and to define
then another sequence of multivariate cdf ’s as

Fn(.fEl,...,.fEn):Gl(l'l)'...'Gn(l’n) neN

12A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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According to the Theorem 2.27 we can then define on (R", B(R™)) the probabilities P,
associated to F,, and we can check that these P, are a consistent family of probabilities:
according to the Kolmogorov theorem 2.35 il exists then a unique probability P on

(R, B(R>)) such that
P{xe R*® : (x1,...,x,) € B} = P,{B} VB € B(R")
and in particular
P{x e R™® : z1<ay,...,x, <ay}=Fyay,...,a,) =Gi(a1) - ... - Gplay)

If for example all the G, (x) are identical Bernoulli distributions B (1;p) so that

0, sex <0;
Gu(z) =< 1—=p, se0<z<l1;
1, sel <ux,
we can define P of x; sequences taking values a; = 0,1, so that for everyk =0,1,....,n

P{xEROO X =QA1,. .., Ty = Ap, CON Zaj:k:} =phgnk

j=1

Such a P extends to the (uncountable) space of infinite sequences of draws (Bernoulli
sequences) the binomial distributions defined by (2.6) and (2.7) on the finite spaces
of n-tuples of draws, as shown in the Section 2.1.2: this extension is crucial in order
to be able to define limits for an infinite number of drawings as will be seen in the
Appendiz F.

Take finally the space (RT, B(RT)) and suppose first, as for (R>, B(R>)), to have
a probability P on it. This allows again (by adopting the usual cylinder procedure
of the Example 1.7) to get an entire family of probabilities on the finite dimensional
subspaces which are consistent as in the case of R*. We ask then if, by starting back-
ward from a consistent family of probability spaces, we can extend it again to a P
on (R”, B(R")): this would ensure the definition of a probability on the (uncount-
ably) infinite dimensional space (R”, B(R™)) by giving an infinite consistent family
of probabilities on finite dimensional spaces. The positive answer to this question is
in the following theorem

Theorem 2.37. Kolmogorov theorem on R”: Take S = {t,...,t,} arbitrary
finite subset of T', and a consistent family of probability spaces (R", B(R"), Ps): then
there always exists a unique probability P on (RT, B(RT)) which turns out to be an
extension of the given family

Proof: Omitted!? [ ]

13 A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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Exemple 2.38. Wiener measure: Consider T = [0, +00), so that RT will turn out
to be the set of the functions (xt)i>0, and take the following family of Gaussian D (0,1)

pdf’s

6—902/215
T) = t>0
901‘/( ) \/2_7T‘t
Given then S = {t1,...,t,} with0 < t; < ... <t,, and a Borelian in R"™, for instance

B=A; x...x A, € B(R"), define Ps by giving to B the probability

Py{B} - / / oo (0= Tnr) o (22— 2)pn, (21) ey -
An Aq

It is possible to check then that, with every possible S, the family (R™, B(R"), Ps) is
consistent, and hence according to the Theorem 2.37 there exists a unique probability
P defined on (RT,B(RT)) as an extension of the given family. This probability is
also called Wiener measure and plays a crucial role in the theory of the stochastic
processes. Its meaning could be intuitively clarified as follows: if (x;);>0 is the generic
trajectory of a point particle, the cylinder of basis B = Ay x...x A, will be the bundle of
the trajectories starting from x = 0, and passing through the windows Ay, ..., A, at the
timest; < ...<t,. The oy 1, (Tx — Tgx—1) dxy are moreover the (Gaussian) probabil-
ities that the particle, starting from x;_q at the time t,_y, will be in [zy, v + dzy] after
a delay ty, — ti_1, while the product of these pdf’s appearing in the definition indicates
the displacements independence in the time intervals [0,t1], [t1,ta], ..., [tn_1,tn]. The
multiple integral of the definition, finally, allows to calculate the probability attributed

to the bundle of trajectories that, at the times t; < ... < t,, go through the windows
A, A
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Chapter 3

Random variables

3.1 Random variables

3.1.1 Measurability

Definition 3.1. Given the probabilizable spaces (2, F) e (R, B(R)), a function X :
Q) — R is said to be F-measurable — or simply measurable when there is no ambi-
guity — if (see also Figure 3.1)

X'B)={XeB}={weQ: X(w)eB} € F, VBeB(R).
while to mention the involved o-algebras we often write
X :(Q,F) = (R, B(R))

In probability a measurable X is also called random variable (rv), and when (Q, F)
coincides with (R"™, B(R")) it is called Borel function.

Remark that in the previous definition no role whatsoever is played by the probability
measures: X is a rv as a result of its measurability only. On the other hand it is
indispensable to single out the two involved o-algebras without which our definition
would be meaningless

Exemple 3.2. Indicators, and degenerate and simple rv’s: The simplest rv’s
are the indicators I,(w) of an event A € F defined as

1, fweA,
La(w) _{ 0, ifw¢gA,

which apparently are measurable w.r.t. F since A € F. The indicators have several
properties: for instance it is easy to check that Vw € §2

Iy(w) =0 Io(w) =1 Ij(w)+ I5(w) =1
IAB(OJ) = IA((U) IB((,O> IAug(UJ) = IA(UJ) + [B(w) — IA(UJ) IB(CU)
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X = X(w) } R

Figure 3.1: Graphic depiction of the random variable definition

Aside from the indicators, a relevant role is played by the simple rv’s, namely those
taking just a finite number of values xy, k =1,...,n according to

X(w) = Z kuDk (CL))

where the Dy € F are a finite decomposition of §2: in short the simple rv X takes
the value xy on the w € Dy, with k = 1,...,n. It is not excluded finally the case of a
degenerate (constant) rv which takes just one value b on §)

In short every measurable function X : 2 — R is a rv and can be considered first
as a simple way to ascribe numerical values in R to every w € (). Every procedure
that for example awards money winnings to the sides of a dice (the measurability is
trivially met in these simple cases) can be considered as a rv. The rationale to require
the measurability in the general case will be made clear in the next section

3.1.2 Laws and distributions

The measurability comes into play when we take a probability P on (2, F): the fact
that {X € B} € F, VB € B(R) enables indeed the rv X to induce on (R, B(R)) a
new probability as explained in the following definition

Definition 3.3. Given a probability space (2, F, P) and a rv X : (0, F) — (R, B(R)),
the law or distribution of X is the new probability Py induced by X on (R, B(R))
through the relation

Py{B} = P{X € B}, B e B(R)
while the cdf Fx(x) of Px, namely
Fx(z) = Px{(—o0,z]} = P{X <z} =P{lweQ: X(w) <z}, r€R

o6
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is called distribution function (cdf ) of X, and coincides with the probability that
rv X be smaller than, or equal to x. We will finally adopt the shorthand notation

X ~ Py
to indicate that Px is the distribution of the rv X

It is apparent that two rv’s X and Y, different in the sense of the Definition 3.1, in
general have differen laws Px e Py, but we must remark at once that it is not impossible
for them to have the same law and hence to be identically distributed. For instance,
on the probability space of a fair dice, we can define the following two rv’s: X taking
value 1 on the first four sides of the dice (and 0 on the other two), and Y taking value
0 on the first two sides (and 1 on the remaining four). Albeit different as functions
of w, X and Y take the same values (0 e 1) with the same probabilities (respectively
1/3 and 2/3), and hence they have the same distribution. On the other hand, a given
rv X can have several different laws according to the different probabilities P that
we may define on (€2, F): remember for instance that every conditioning modifies the
probability on (€, F). These remarks show that the law — even though that only is
practically accessible to our observations — does not define the rv, but it only gives
its statistical behavior. It is relevant then to add a few words about what it possibly
means to be equal for two or more 7v’s

Definition 3.4. Two rv’s X and Y defined on the same (0, F, P) are
e indistinguishable, and we simply write X =Y, when

X(w) =Y (w) Yw € Q

e identical P-a.s., and we also write X £ Y, when

P{X#Y}=P{weQ: X(w)#Y(w)}=0
e identically distributed (id), and we also write X L Y, when their laws coin-
cide namely if Px = Py so that
Fx(x) = Fy(x) Vr € R
It is apparent that indistinguishable rv’s also are identical P-a.s., and that rv’s identical
P-a.s. also are id: the reverse instead does not hold in general as could be shown with

a few counterexamples that we will neglect. We will give now a classification of the
rv’s according to their laws

o7
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Discrete rv’s

The discrete rv’s are of the type
X(w) =) xplp,(w)
k

where k ranges on a finite or countable set of integers, while the events Dy, = {X = x}
are a decomposition of 2. It is easy to see that the distribution Px is in this case a
discrete probability on the — at most countable — set of numbers z; € R, so that its
cdf is discrete in the sense discussed in the Section 2.2.1. If then we take

pe = Px{xr} = P{X = 2} = Fx(zx) — Fx(zy,)

we also have

Py{B}= > p. BeB(R)

k:xp€B

Apparently the simple rv’s previously introduced are discrete rv’s taking just a finite
number of values, and so are also the P-a.s. degenerate rv’s taking just the value b
with probability 1, namely with Px{b} = 1. The discrete rv’s are identified according
to their laws, namely we will have for example degenerate rv’s §,, Bernoulli B (1;p),
binomial B (n;p) and Poisson PP(a) whose distributions have already been discussed
in the Section 2.2.2

Continuous and ac rv’s

A rv is said continuous if its edf Fx(x) is a continuous function of x, and in particular
it is said absolutely continuous (ac) if its Fx is ac, namely if there exists a non negative
probability density (pdf) fx(x), normalized and such that

&wafﬁ@@

Remember that not every continuous rv also is ac: there are indeed continuous, but
singular 7v’s (see Section 2.2.4). These rv’s are however devoid of any practical value,
so that often in the applied literature the ac rv’s are just called continuous. All the
remark and examples of the Section 2.2.3 can of course be extended to the ac rv’s that
will be classified again according to their laws: we will have then uniform rv’s 4 (a, b),
Gaussian (normal) 91 (b, a?), exponential €(a), Laplace £(a), Cauchy €(b, a) and so on.
We finally remember here — but this will be reconsidered in further detail later — how
to calculate Py (B) from a pdf fx(x): for B = (—o0, z] from the given definitions we
get first

&%mﬂhfwsﬂzﬂmzfﬁMWZK]hwﬁ
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so that for B = (a,b] we have

Py{(a,0]} = P{a < X < b} = Fx(b) — Fx(a) = / Fx(t)dt = ) Fx(t)dt

(

With an intuitive generalization we can extend by analogy this result to an arbitrary
B € B(R) so that

PX{B}:/BdFX(x):/BfX(x)dx

Its precise meaning will be presented however in the discussion of the Corollary 3.23.

3.1.3 Generating new rv’s

We have shown that a rv X on (9, F, P) is always equipped with a distribution given
by means of a cdf Fx(z), but in fact also the reverse holds. If we have indeed just a
cdf F(z), but neither a rv or a probability space, we can always consider 2 = R as
sample space, and the rv X defined as the identical map X : R — R that to every
r = w € ) associates the same number x € R. If then on (Q,F) = (R, B(R)) we
define a P by means of the given cdf F(x), it is easy to acknowledge that the cdf of
X exactly coincides with F(x)

Definition 3.5. If on (2, F) = (R, B(R)) we take the probability P defined through
a gwen cdf F(x), the identical map X from (R, B(R), P) to (R, B(R)) will be called
canonical ™, and its cdf will coincide with the given F(x)

Functions of rv’s

Proposition 3.6. Given a m X(w) (w € Q) and a Borel function ¢(z) (x € R)
defined (at least) on the range of X, the compound function

1s measurable again and hence is a rv
Proof: Omitted! |

According to the previous proposition, every Y = ¢(X) is a rv if X is a v and ¢ a
Borel function: for instance X", |X|, cos X, eX and so on are all rv’s. On the other
hand it is important to remark that, given two rv’s X and Y, does not necessarily exist
a Borel function ¢ such that Y coincides with ¢(X): this could be shown by means of
simple examples that we will neglect. To further discuss this point let us introduce a
new notion: if X : (Q, F) — (R, B(R)) is a rv it is possible to show that the following
family of subsets of (2

Fx = (X'(B)) CF

BeB(R)

LA.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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again is a o-algebra taking the name of o-algebra generated by X. Apparently Fx
is also the smallest o-algebra of €2 subsets w.r.t. which X turns out to be measurable.
Remark that given two rv’s X and Y their respective o-algebras Fx and Fy in general
neither coincide, nor are are included in one another. The following result is then
particularly relevant

Theorem 3.7. Given two rv’s X and Y, if Y turns out to be Fx-measurable (namely
if Fy C Fx) then there exists a Borel function ¢ such that Y (w) = ¢[X (w)] Yw € Q.

Proof: Omitted? |

In short, the 7v Y happens to be a function of another rv X if (and only if) all the
events in its o-algebra JFy also are events in Fx, namely when every statement about
Y (the events in Fy) can be reformulated as an equivalent statement about X (namely
are also events in Fx)

Limits of sequences of rv’s

An alternative procedure to generate rv’s consists in taking limits of sequences of
10’s (Xp)nen. To this end we will preliminarily introduce a suitable definition of
convergence, even if this point will be subsequently considered in more detail in
the Section 4.1. Remark first that in the following the qualification convergent will
be attributed to both the sequences convergent to finite limits, and that divergent
either to +o00 or to —oo; the wording non convergent will be instead reserved for the
sequences that do not admit a limit whatsoever. Remember moreover that the notion
of convergence that we define here is just the first among the several (non equivalent)
that will be introduced later

A sequence of mv’s (X, )nen is a sequence not of numbers, but of functions of
w € . Only when we fix an w the elements X,, of the sequence will take the particular
values z,, and we get the numerical sequence (z,),en as the sample trajectory of our
sequence of rv’s. By choosing on the other hand a different w’ we will get a different
numerical sequence (] )nen, and so on with w”... We can then think of the sequence
of m’s (X, )nen as the set of all its possible samples (x,),en obtained according to
the chosen w € ()

Definition 3.8. We say that a sequence of 10’s (X,)nen pointwise convergent
when all the numerical sequences x,, = X, (w) converge for every w € §2

Of course, when our sequence (X, ),en is pointwise convergent every different sample
(Zn)nen either converges toward a different number z, or diverges toward +oo. As
a consequence the limit is a new function X (w) of w € 2, and the following results
state indeed that such a function again is a rv, while in the reverse every rv X can be
recovered as a limit of suitable simple rv’s

2A.N. Shiryaev, PROBABILITY, Springer (New York, 1996))
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Proposition 3.9. If the sequence of 1v’s (X, )nen is pointwise convergent toward
X(w), then X too is measurable, namely is a v

Proof: Omitted? [ ]

Theorem 3.10. Lebesgue theorem: If X is a non negative rv (X > 0), we can
always find a sequence (X, )nen of simple, non decreasing rv’s

0<X, <X,11 <X, YoeQ, VYneN

which is pointwise convergent (from below) toward X, and we will also write X,, 1 X.
If instead X is an arbitrary rv we can always find a sequence (X, )nen of simple mv’s
with

| X < |X], Ywe), VneN

which 1s pointwise convergent toward X

Proof: Omitted* [ |

From the previous results we can prove that, if X and Y are rv’s, then also X +Y,
XY, X/Y ... are rv’s, provided that they do not take one of the indeterminate forms
00 — 00, 00/00, 0/0. Remark finally that sometimes, in order to take into account the
possible +oo limits for some w, we will suppose that our rv’s can also take the values
+00 and —oo. In this case we speak of extended rv’s which however, with some
caution, have the same properties of the usual rv’s

3.2 Random vectors and stochastic processes

3.2.1 Random elements

The notion of a rv as a measurable function X : (Q, F) — (R, B(R)) can be generalized
by allowing values in spaces different from (R, B(R)). The sole property of (R, B(R))
which is relevant for the definition is indeed to be a probabilizable space: we can then
suppose that our functions take values in more general spaces, and we will speak of
random elements that, when not reduced to a simple rv, will be denoted as X

Definition 3.11. Take two probabilizable spaces (2, F) and (E,E): we say that a
function X : (0, F) — (E,€) is a random element when it is F/E-measurable,
namely when (see also Figura 3.2)

X YB) e F, VBeé&

3A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
4A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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Figure 3.2: Graphic depiction of the random element definition

Random vectors

Suppose first that (E,&) = (R", B(R")) with R" = Ry x --- X R,, Cartesian product
of n replicas of the real line: the values taken by the random element X are then the
n-tuples of real numbers

= (21,...,2,) = (Tp)g=1,.n € R"

and in this case we say that X is a random vector (r-vec) taking values in R". It
would be easy to see that it can be equivalently represented as an n-tuple (Xy)r=1_ »
of rv’s X}, each taking values in (Rk, B(Rk)) and called components of the r-vec: in
short to take a r-vec X = (Xg)k=1.. n is equivalent to take n rv’s as its components.
In particulare consider the case (E,&) = (C, B(C)) where C is the set of the complex
numbers z = x + iy: since C and R? are isomorphic, a complex v Z will be
nothing else than a r-vec with n = 2 whose components are its real and imaginary
parts according to Z(w) = X (w) 4+ 1Y (w), where X and Y are real rv’s

Random sequences

When instead (E, &) = (R>™, B(R>)) the values of the random element are sequences
of real number
x=(21,...,Tp,...) = (Tp)nen € R

and X is called random sequence (7-seq). In this case we can equivalently say that
X coincides with a sequence of rv’s (X, ),en, a notion already introduced in the
previous section while discussing of convergence

Stochastic processes

If finally (E,&) = (R”, B(R")), with T a (neither necessarily finite nor countable)
subset of R, the random element X — now called stochastic process (sp) — associates
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to every w € Q a function (z¢)ter, also denoted as x(t) and called trajectory. Even
here it could be shown that a sp can be considered as a family (X;);er of mv's X,
also denoted as X (¢). A sp X can then be considered either as a map associating to
w € Q a whole function (trajectory) (z;)er € RT, or as a map associating to every
teTarmX,: (QF) = (R, B(R)). In short the components X;(w) = X (w;t) of
a sp are functions of two variables ¢ and w, and the different notations are adopted
in order to emphasize one or both these variables. Further details about the sp’s will
be provided in the Second Part of these lectures. Remark finally that if in particular
T ={1,2,...} = N is the set of the natural numbers then the sp boils down to a
sequence of mv’s (X, )nen and is also called discrete time stochastic process.

3.2.2 Joint and marginal distributions and densities

When on (2, F) we take a probability P, the usual procedures will allow to induce
probabilities also on the spaces (E, ) in order to define laws and distributions of the
random elements

Laws of random vectors

Given a r-vec X = (Xy)g=1..n, we call joint law (or joint distribution) of its
components Xy, the Px defined on (R", B(R")) through

Px{B}=P{X (B)} = P{X € B} = P{(X,,...,X,) € B}

where B is an arbitrary element of B(R"); we call instead marginal laws (or marginal
distributions) of the components X, the Py, defined on (Ry, B(Ry)) through

Py {A} = P{X'(A)} = P{X) € A}

where A is an arbitrary element of B(Ry). We consequently call joint distribution
function (joint cdf) of the r-vec X the cdf of Px, namely

Fx<w) = Fx(l’l,...,xn)sz{<—00,xl] X"'X(—OO7.CCn]}
= P{XlgxlavXnS$n}

with @ = (z1,...,2,) € R", and marginal distribution function (marginal cdf) of
its components X}, the cdf’s of the Py, , namely

Fx, (zx) = P{Xix < a4} = Px, {(—00,a]} = Px{Ry x -+ X (—00,z] x -+ x R}
with xp, € Ry and k=1,...,n.
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Laws of random sequences

The notions about the r-vec’s can be easily extended to the r-seq’s X = (X,,)nen by
selecting a finite subset of components constituting a r-vec: taken indeed a finite subset
of indices {ki, ..., ky}, we consider the finite-dimensional, joint law or distribution of
the r-vec (Xg,,..., Xk, ). By choosing the indices {ki,...,k,} in all the possible
ways we will have then a (consistent, see Section 2.4) family of finite-dimensional
distributions with their finite-dimensional cdf’s

F(xy, k1. s xm, k) = P{Xk, <15 Xy, <o}

These finite-dimensional distributions (and their cdf’s) of the components X}, are also
called joint, marginal laws or distributions. We must just remember at this
point that, according to the Theorem 2.35, to have this consistent family of finite-
dimensional distributions is tantamount to define the probability Px on the whole
space (R>, B(R>)) of our r-seq samples

Laws of stochastic processes

In a similar way we can manage the case of a sp X = (X;)er: given indeed a finite set
{t1,...,tm} of instants in 7" we take the finite-dimensional, joint law or distribution of
the r-vec (Xy,,...,X;,,) and the corresponding finite-dimensional, joint cdf

F(zy,ty; .ty tn) = P{Xy, <2155 Xy, <}

These finite-dimensional distributions (and their cdf’s) of the components X; are again
called joint, marginal laws or distributions. By choosing now in every possible
way the points {t1,...,t,} we get then a consistent family of cdf’s, and we remember
again that, according to the Theorem 2.37, to have this consistent family is tantamount
to define a Px on the whole (R”, B(R"))

Marginalization

The remarks about joint and marginal distributions discussed in the Section 2.3.3 turn
out to be instrumental also here. In particular, given the joint cdf Fx(x) of a r-vec
X, we will always be able to find in a unique way the marginal cdf’s by adopting the
usual procedure, for example

Fx (z1) = Fx(+00,..., 2k, ..., +00)
It is easy to see indeed that

ka(l’k> = P{Xk§$k}:P{X1<+OO,,ngxk,,Xn<+OO}
= Fx(4+00,...,%p,...,+00)

As it has been shown again in the Section 2.3.3, in general it is not possible instead to
recover in a unique way a joint cdf Fx from given marginal cdf’s Fx,
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Densities

When the joint cdf Fx(x) of a r-vec X is also ac we also have a joint density (joint
pdf) fx(x) > 0 such that

FX(ajl,...,a:n)—/ / Ix Wy yyn)dys ... dy,

Of course it is also
0" Fx(xy,..., 1)

8131 c. 8l’n

It is possible to show that in this event also the single components X have ac marginals
cdf’s Fx, (xy) with pdf’s fx,(zy) differentiable from the joint pdf fx(x) by means of
the usual marginalization procedure

fx(xy, ..., xp)

+oo +o0
Ix, (zk) :/ fx(x1, .. Ty xy) doy .o drg_dxgyy .. dTy,

o0 —00

with n — 1 integrations on all the variables except the k. Apparently it is also

fx. (@) = Fx (1)

These fx, (x)) are called marginal densities and here too, while from the joint pdf
fx(x) we can always deduce — by integration — the marginals fx, (x)), a retrieval of
the joint pdf from the marginals is not in general unique. From the joint pdf we can
finally calculate Px{B} with B € B(R"): if for instance B = (ay,b1] X ... X (ap, by]

in analogy with the univariate case we have
PX{B} = P{XGB}:P{al < X Sbl,...,an<Xn§bn}

b1 bn
= / fx<$1,...,xn)d$1...d$n
ai a

n

Exemple 3.12. Discrete r-vec’s: Take a r-vec with discrete components: since
Fx is now discrete it will be enough to give the the joint discrete distributions to
know the law. Consider for example a multinomial r-vec X = (Xy,...,X,) with
r=1,2,..., and law B (n;p1,...,p.) defined in the Example 2.6. We remember that
this is the case of a random experiment with r + 1 possible outcomes: the individual
components X; — representing how many times we find the j outcome among n trials
— take values from 0 to n with a joint multinomial law, while it is understood that rv
Xo comes from Xo+ X1+ ...+ X, =n. From (2.9) we then have

n
Px{k} = P{X\=ky,....X, =k} = (k1 k)pgoplfl. b 6

with ko + ki + ...+ k. =n, andpg+p1+...+p. =1. In the case r =1, X reduces
to just one component Xy with binomial law B (n;p1)
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Resuming then the discussion of the Section 2.1.2, a second example can be the r-
vec X = (Xy,...,X,) with the components Xy, representing the outcomes of n coin
flips: they take now just the values 0 and 1. As a consequence the X samples are
the ordered n-tuples (2.5) that in the Bernoulli model occur with a probability (2.6), so
that the joint distribution of the r-vec X is now

Pxl{ai,...,a,} = P{X| =ay,..., X, = a,} = pfq¢"™" a; =0,1 (3.2)

with k = Zj a; and ¢ = 1 —p. A simple calculation would show finally that the
marginals of the components Xy are all id with a Bernoulli law 6 (1;p). For the sake
of simplicity we will neglect to display the explicit form of the joint cdf Fx for these
two examples

Exemple 3.13. Gaussian r-vec’s X ~ (b, A): A relevant example of ac r-vec
is that of the Gaussian (normal) r-vec’s X = (X1,...,X,,) with a multivariate,
normal pdf MN(b, A) of the type (2.22) presented in the Section 2.5.2. The marginal pdf
of a Gaussian r-vec are of course the Gaussian univariate N (by, a2) of the type (2.51)
as it could be seen with a direct calculation by marginalizing MN(b, A). We must re-
member however that a r-vec with univariate Gaussian marginals is not forcibly also a
Gaussian r-vec: the joint pdf, indeed, is not uniquely defined by such marginals, and
hence the joint pdf of our r-vec could differ from a M(b, A), even if its marginals are
all M (by, a3)

3.2.3 Independence of rv’s

Definition 3.14. Take a probability space (2, F, P) and a family X = (X;)ses of
rv’s with an arbitrary (finite, countable or uncountable) set of indices S: we say that
the components X of X are independent rv’s if, however taken m components of
indices s1,...,Sm, and however taken the subsets By, € B(R) with k =1,...,m, it is

P{X, €Bi,....X,, € By} =P{X,, € B} -...- P{X,, € By}

In short, the independence of the rv’s in X boils down to the independence (in the
usual sense of the Section 1.5) of all the events that we can define by means of an
arbitrary, finite collection of rv’s of X, and in principle this amounts to a very large
number of relations. The simplest case is that of S = {1,...,n} when X is a r-
vec with n components, but the definition fits also the case of r-seq’s and sp’s. As
already remarked in the Section 3.1.2, we finally recall that it is possible to have rv’s
identically distributed, but different and also independent: in this case we will speak
of independent and identically distributed rv’s (iid).

Theorem 3.15. Take a r-vec X = (Xy)p=1,...n on (2, F, P): the following two state-
ments are equivalent

(a) the components Xy, are independent;
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Figure 3.3: Domains D and D’ in the Example 3.16

(b) Fx(x1,...,2,) = Fx, (1) - ...+ Fx, (zy);

If moreover Fx(x) is ac, then the previous statements are also equivalent to

(c) fx(x1,...,xn) = fx,(x1) ...« [x, (xn).
Proof: Omitted® [

Exemple 3.16. In a first application of the Theorem 3.15 remark that the r-vec X
defined in the Exemple 3.12 with distribution (3.2), and describing the outcome of
n coin flips in the Bernoulli model, is apparently composed of iid rv’s. The joint
distribution (3.2) (and hence also the joint cdf ) turns out indeed to be the product of
n identical Bernoulli laws B (1;p) representing the marginal laws of the X;. We can
say then that X, with the prescribed law (3.2), is a r-vec of n iid Bernoulli rv’s,
and we will also symbolically write X ~ [B (1;p)]"

Resuming then the Example 2.30 with the Figure 2.12, suppose that f and g respec-
tively are two, different joint pdf’s for the bivariate r-vec’s U and V. We have shown
that their marginals coincide, but their relations (2.30) with the joint distribution are
different: the joint pdf of U is the product of its marginals, while this is not true for V.
We can then conclude from the Theorem 3.15 that U and V', with identical marginals,
substantially differ because the components of U are independent, and that of V' are
not

In a third example we will suppose again to take two r-vec’s U = (X,Y) and
V = (X", Y") with constant pdf (uniform laws) in two different domains of R*:

27 Zf (xay) € D; o %7 /Lf ('I/?y/) € D,;
fU(fan> - { 07 Zf <x7y) g D, fV(m 7y> - 07 Zf (:c’,y’) ¢ D,,
where the domains D and D' depicted in Figure 3.3 are
D = {(z,y) eR? : —1<z<+1, 0<y<V1—2a?}
D = {(@,y)eR: -1<a' <+1, 0<y <1}

®A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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An elementary integration will show that the marginal pdf’s of U are

2122 if(re -1, _aVi=yr ifye(o ]
fx(@) = { 0. ifzé[—1,1] frl) = { 0, ’ ifgzj #10,1]

while the marginals of V' are

o) ={ 8 gl
so that
fu(z,y) # fx(x) fy(y) v y) = fx(2') fy (y)

and hence the components of V' are independent rv’s, while that of U are not

3.2.4 Decomposition of binomial rv’s

The sums of rv’s and their laws play an extremely important role and will be extensively
discussed in the Section 3.5.2: we will give here just a short preliminary analysis
for particular, discrete rv’s that will enable us to get an important result about the
binomial laws

Consider a m-vec U = (X,Y) whose components take just integer values, and let
their joint and marginal distributions be denoted as

Py{j k} = P{X =jY =k} Px{j} = P{X =j} Py{k} = P{Y =k}

In the following discussion it will be enough to consider X and Y taking just a finite
number of values

X=35€{0,1,...,m} Y =ke{0,1,...,n} (3.3)

but in order to simplify our notations we will suppose that these values are indeed all
the relative numbers Z (positive, negative and zero integers), but that only (3.3) have
non zero probabilities. Define then the rv W = X 4 Y taking the values

W=1¢e€{0,1,...,n+m}

and look for its distribution Py, based on the available distributions Py, Px and Py.
In order to do that we will give first a provisional definition of the discrete convolution
between two discrete distributions with integer values, by remarking also that a more
general one will be provided later in the Definition 3.48

Definition 3.17. Take two discrete laws with integer values B and Q and let p(j) and
q(k) be their distributions: we say that the law R is their (discrete) convolution
P+ Q when its distribution r({) is

r(0) =Y _p(t—k)q(k) (34)
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Proposition 3.18. Within the given notations it s
Py{ty =Y Py{l—kk}
keZ
If moreover X and 'Y are also independent we get

Py{t} = Px{l—k}Py{k} = (Px x Py){(} (3.5)

keZ
so that Py turns out to be the (discrete) convolution of Px and Py

Proof: We have indeed
Py{t} = PIW=0=P{X+Y=(}=) P{X=jY=k}

k=t

= Y Py{jk}=> Py{l—kk}

k=0 keZ

When moreover X and Y are also independent, from the Theorem 3.15 we have
Py{j, k} = Px{j}Py{k} and hence (3.5) is easily deduced |

In the Bernoulli model of the Section 2.1.2 the sample space 2 was the set of the
n-tuples of results w = (a1 ,... a,) as in (2.5), where a; = 0,1 is the outcome of the
5" draw, and k = Zj a; is the number of white balls in an n-tuple of draws. We then
defined the events

A = {lweQ :aq;=1} j=1,...,n
D, = {weQ : Zaj:k} k=0,1,...,n
§=0

and, taken on 2 the probability (2.6), we have shown that P{Dy} are a binomial
distribution B (n; p), while the A; are independent with P{A;} = p. We are able now
to revise this model in terms of rv’s: consider first the r-vec X = (X3,...,X,) (as
already defined in the Sections 3.2.2 and 3.2.3) whose independent components are the
rv’s (indicators)

X; = Iy,

namely the outcomes of every draw, and then the (simple) rv

k=0

namely the number of white balls in n draws. Apparently it is D, = {S,, = k} and
A; = {X; = 1}, while among our rv’s the following relation holds

Su=Y_X; (3.6)
j=1
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because, by definition, for every w € € the value of \S,, (number of white balls) is the
sum of all the X, and hence the rv’s in (3.6) are indistinguishable (see Definition 3.4)
and also idIn the Section 2.1.2 we have also seen by direct calculation that

Xj~B(1;p) Sn ~ B (n;p)
namely that the sum of n independent Bernoulli mv’s X; ~ B (1;p) is a binomial 7v
Sn ~ B (n;p). We will now revise these results in the light of the Proposition 3.18

Proposition 3.19. A binomial law B (n;p) is the convolution of n Bernoulli laws
B (1;p) according to

B (n;p) =[B(Lp)]"" =B (L;p)=...«B(1;p) (3.7)

/

Vv
n times

As for the rv’s we can then say that:

e if we take n iid Bernoulli rv’s Xy, ~ B (1;p), their sum S, = X1+ ...+ X, will
follow the binomial law B (n;p)

e if we take a binomial rv S, ~ B (n;p), there exist n iid Bernoulli mv’s Xy ~
B (1;p) such that S, is decomposed (in distribution) into their sum, namely

Sp LX)+ ...+ X, (3.8)

Proof: The Bernoulli law B (1; p) has the distribution

(YN k1w | p osek=1
pl(k:)—(k)pq _{q se k=0
so that from (3.4) the law B (1;p) * B (1;p) will give only to 0,1,2 the non zero
probabilities

r(0) = pi(0)p1(0) = ¢*
r(1) = pi(0)pi(1) + pi(1)p1(0) = 2pg
r(2) = pi(Dp(1) =

which coincide with the distribution

of the binomial law B (2;p). The complete result (3.7) follows by induction, but we
will neglect to check it. As for the rv’s, if X; ..., X, are n iid Bernoulli rv’s B (1;p)
1d, from the Proposition 3.18 the distribution of their sum 5, will be the convolution
of their laws, which according to (3.7) will be the binomial 8 (n;p). If conversely
Sy ~ B (n;p) we know from (3.7) that its law is convolution of n Bernoulli 98 (1;p).
From the Definition 3.5 on the other hand we know that to these n distributions we
can always associate n itd Bernoulli rv’s X1, ..., X,, so that from the Proposition 3.18

results SninjL...—i—Xn [ |
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3.3 Expectation

3.3.1 Integration and expectation

The expectation of a rv X is a numerical indicator specifying the location of the
barycenter of a distribution Py, and takes origin from the notion of weighed average.

For simple rv’s
n
X = Z xk[Dk
k=1

where D, = {X = z;} € F is a decomposition, the expectation is just the weighed
average of its values

E(X]=) oniPy{n} =) oP{X=xn}=> xP{Di} (3.9)

a definition extended in a natural way also to the general discrete rv’s (including the
case of countably many values) as

E(X] =) nPx{z}

provided that the series converges. Remark that in particular for every A € F we
always have
E|[14] = P{A} (3.10)

a simple result that however highlights a relation between the notions of probability
and expectation that will be instrumental for later purposes

When however X is an arbitrary rv we can no longer adopt these elementary def-
initions. In this case we first remark that when X is a non negative rv the Theo-
rem 3.10 points to the existence of a non decreasing sequence of non negative, simple
r0’s (X, )nen such that X, (w) 1T X (w) for every w € €. From the previous elementary
definitions we can then define the non negative, monotonic non decreasing numerical
sequence (E [X,])nen always admitting a limit (possibly +o0o) that we can consider
as the definition of the expectation of X. To extend then this procedure to a totally
arbitrary rv X we remember that this is always representable as a difference between
non negative rv’s in the form

X=X"-X"

where X* = max{X,0} and X~ = —min{X, 0} are respectively called positive and
negative parts of X. As a consequence we can separately take the two non negative rv’s
X1 and X, define their expectation and finally piece together that of X by difference.
Neglecting the technical details, we can then sum up these remarks in the following
definition
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Definition 3.20. To define the expectation of a rv X we adopt the following proce-
dure:

e if X is a non negative rv we call expectation the limit (possibly +o0)
E [X|=1lmE [X,]

where (X,)nen S a monotonic non decreasing sequence of simple 1v’s such that
X, T X for every w € Q, and E[X,] are defined in an elementary way; the
existence of such sequences (X,)nen follows from the Theorem 3.10, and it is
possible to prove that the result is independent from the choice of the particular
sequence;

o if X ia an arbitrary rv we will say that its expectation exists when at least one
of the two non negative numbers E [XT], E[X ™| is finite, and in that case we
take

EX]= E[X']-E[X]

if instead both E[X 1] and E [X ™| are +00 we will say that the expectation of X
does not exist,

e when both the numbers E [XT], E[X™] are finite, also E[X] is finite and X 1is
said integrable, namely to have a finite expectation

E[X] < 400

since moreover |X| = Xt + X, if X is integrable, it turns out to be also abso-
lutely integrable, namely
E|X|] <400

and it 1s apparent that also the reverse holds, so that we can say that a rv s
integrable iff it is absolutely integrable

Since the procedure outlined in the previous definition closely resembles that used to
define the Lebesgue integral we will also adopt in the following the notation

E[X] :/QXdP:/QX(w) P{dw}

More generally, if g is a measurable function from (2, F) to (R, B(R)), and p is
a measure (possibly not a probability) on (£2, F), the Lebesgue integral is defined
retracing the procedure of the Definition 3.20 and is denoted as

/diuz/gg(w) p{dw}

When p is not a probability however such an integral is not an expectation
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It is also possible to restrict our integrals to the subsets of 2: if A € F is a subset
of €2, we call Lebesgue integral over the set A the integrals

/XdP:/X[AdP:E[X]A] /gdu:/gIAdu
A Q A Q

respectively for a probability P and for a general measure p. Remark that (3.10) takes
now the more evocative form

P{A} = E[I4] :/QIAdP:/AdP (3.11)

apparently stressing that the probability of an event A is nothing else than the the
integral of P on A

Definition 3.21. We will call moment of order k of a rv X the expectation (if it
exists)

E[X’“]:/X’“dP k=0,1,2,...
Q

and absolute moment of order r the expectation (if it exists)
BIX= [IXraP 20
Q

It is important finally to recall the notations usually adopted for the integrals when in
particular (2, F) = (R"™, B(R")), g is a Borel function, and G(x) is the generalized cdf
of a Lebesgue-Stieltjes measure u: in this case we will speak of a Lebesgue-Stieltjes
integral and we will write

/di,u:/ngdG:/ng(az)G(dm):/ng(xl,...,xn)G(dxl,...,dxn)

For n = 1 on the other hand we also write

[ 6= [ s = [ g

o0

while the integral on an interval (a, b] will be

., 9000 = [ Tanwite) 6 = [ otx) Gae)

If 11 is the Lebesgue measure, G(dx) is replaced by da and, for n = 1, G(dx) is replaced
by dx. When finally p is a probability P, G is replaced by a cdf F' and the integral
on the whole R™ will take the meaning of an expectation
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y=Y(w)=9g(x)

Figure 3.4: Graphical depiction of the Theorem 3.22.

3.3.2 Change of variables

Theorem 3.22. (Change of variables): Take the r-vec X = (Xi,...,X,) on
(Q, F, P) with joint distribution Px, and the Borel function g : (R", B(R")) —
(R, B(R)); if Y = g(X) (see Figure 3.4), we have

E[Y] = /QY(W) dP(w) = E [g(X)] :/Q!J(X(W))dp(w)
_ /ng(w) Py {dz) — /ng(xl,...,a:n) Py{dr, ... dn,}

Proof: Omitted®. Remark from Figure 3.4 that in general, with n > 2, X is a r-vec
and g(x) = g(x1,...,2,) an n variables function according to the diagram

(2, F)—= (R", B(R")) % (R, B(R))

while Y = ¢(X) is a rv In the simplest case n = 1 the r-vec X has just one component
X, and the diagram of the Theorem 3.22 boils down to

(2, F)> (R, B(R)) % (R, B(R))

with Y = g(X) [

Since the Definition 3.20 of expectation is rather abstract the previous result and its
aftermaths, that basically resort just to the ordinary real integration, are of great

6A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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practical importance. According to the Theorem 3.22 we can indeed calculate the
expectation of Y = ¢(X) (in the sense of the abstract integral of a function from
2 to R) as an integral of Borel functions g(x) from R" to R. Since moreover the
distribution Px on (R", B(R™)) has a cdf F'— and possibly a pdf f — we can deduce a
few familiar rules of integration. To this end remember that if F'x and fx respectively
are the cdf and the pdf of Py, it is possible to prove (but we will neglect the details)
that

/A o(z) Fx(dz) = /A o) fx(z)dz VA cB(R) (3.12)
so that, if a pdf exists, we can replace Fx(dx) by fx(z)dz in in all the following
integrations

Corollary 3.23. For n =1, when the r-vec X has just one component X, if Px has
a discrete cdf Fx(x) from Theorem 3.22 we get

+o00

EY] = E[g(X)] = /

—00

g() Fx(dw) =) g(wx) Px{zi} (3.13)

and if in particular g(x) =z (namely Y = X ) we have

E[X] =) x.Px{n} (3.14)

so that we can also write

E[Y]=) yPr{y} =) glzr)Px{a} (3.15)

When instead Fx(x) is ac with pdf fx(x), it will be

+00 +o00

BY|=ElX) = [ s@fstin) = [ g@ix@dr @10

and if in particular g(x) = x we get the usual formula

+oo +oo
E [X] :/ xFx(dx) :/ rfx(x)dz (3.17)

so that we can also write
+oo +oo

BY)= [ uhdy= [ gl ds (3.18)

When n > 1, if Fx(x) and fx(x) are the joint cdf and pdf of X, and Fy(y), fyv(y)
the cdf and pdf of Y = g(X), the equations (3.16) and (5.18) become

E)Y] = E[y(X)| = /R yfy(y) dy = / o(@)fx (@) d"z

n

+oo +00
= / / g(x1, .z fx(z1, . x,) dey . dy, (3.19)
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Finally probabilities and cdf ’s can be calculated respectively as

b1 bn
P {[a,bu] - x [an, b)) :/ / Ix(@)d"x (3.20)

ay an
Fx(x1,...,2,) = / / fx(y)d"y (3.21)
and we also find the marginalization rules
+o00 +o0
Fr(wn) = / o @ m) day . deg iz dan (3.22)

Proof: Neglecting a complete check of these results, we will just point out that for
n =1 with Fx(x) ac and pdf fx(x) the Theorem 3.22 becomes

EY]=E[g(X) = / Y dp = / 4(X) P{dw} = /R o(x) Py {dr}
- / o() Fi (dr) = / o) fx () da
R

R

and immediately gives (3.16) and (3.17). Since moreover the (3.17) holds for every rw,
by means of the pdf fy of Y, we can also write

E[Y]= /_ - yFy (dy) = / ” yfy(y)dy (3.23)

o0 —00

and taking (3.16) along with (3.23) we get (3.18): in short the expectation of Y = g(X)
can be calculated in two equivalent ways according to the used pdf, either fx or fy,
and the equation (3.18) is the usual rule for the change of integration variable y = g(x)

As for the probability formulas (always with n = 1) take in particular as g(x) the
following indicator on (R, B(R))

1, ifxeB

9(x) = xp(x) = { 0, elsewhere B € B(R)

which is a Borel function related to the corresponding indicator on (£2, F) by
xB(X(w)) = Ix-1p)(w) Yw € Q

since w € X~ !(B) is equivalent to X (w) € B. From the Theorem 3.22 we then have
P{X € B} = Py{B}=P{X'(B)} =E [Ix-n)] = / I dP
Q

_ /QXB(X)dP:/RXB(x)PX{dx}Z/RXB(x)FX(dI)

- /BFX(d:B):/BfX(ﬂf)dx
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a result already disclosed at the end of the Section 3.1.2. When in particular B = [a, b]
we write

Py{lab]} = Pla< X <b} = / fu(@) da (3.24)

while for B = (—o0, z] it is
Py{(—00,2]} = P{X < 2} = Fy(z) = /_ () dt (3.25)

Remark finally that when a pdf f exists the cdf apparently is ac and hence continuous:
as a consequence the probability allotted to the single points is strictly zero, and hence
it is immaterial to include or not the endpoints of the intervals. This explains, for
instance, why in (3.24) the intervals are closed u

Exemple 3.24. If X ~ §, is a degenerate rv ils expectation trivially is
EX]=b-1=b (3.26)
while if X ~ B (1;p) is a Bernoulli rv we will have
EX|=1-p+0-(1=p)=p (3.27)

When on the other hand X ~ 9B (n;p) ia a binomial rv with a simple index rescaling
we get

- n _ " /n—1 1 e
E[X] = Zk(k>p’“qn ’“—npz<k_1>p’“ gt
k=1

k=1
-1
- npz ( . )pkqnlk =np (3.28)
k=0
and finally if X ~P(«) is a Poisson rv it is
k=0 k=1 k=0

Exemple 3.25. Formula (3.17) enables us to calculate the expectation when a pdf fx
exists: for a uniform rv X ~ U (a,b) with a pdf (2.14) we have

by 1 [221° a+b
X /Gb—adx b—a[2] 2 (3:30)

while if X is a Gaussian v X ~ N (b,a®) with pdf (2.15), taking y = (x — b)/a,

and remembering the well known results

/ eV dy = 21 / ye V2 dy =0 / eV Pdy =v2r  (3.31)

o0 o0
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we have

]_ & 2 2 ]. o 2
E[X] = / s e — (ay +b)e ¥ *dy
—00

av2m 271 J -

b o 2
- /2 qy = b 3.32
V2T /_006 4 ( )

If then X is an exponential rv X ~ €(a) with pdf (2.17) the expectation is

+oo
E[X]:/ axe =
0

and if it is a Laplace rv X ~ £(a) with pdf (2.18) the expectation is

~—

[—(1+ ax)e—w};“ = é (3.33)

Q|

E[X] = /_ m g ze ¥ =0 (3.34)

o0

It is important to remark, instead, that if X is a Cauchy ™ X ~ €(a,b) with
pdf (2.19) the expectation does not exist according to the Definition 3.20, namely it
does neither converge, nor diverge. By using indeed the Heaviside function (2.13), it
is easy to see that X+ = X9(X) and X~ = —=X9(—X): taking then for simplicity the
Cauchy law €(a,0) with b = 0 (so that its pdf (2.19) turns out to be symmetric with
fx (=) = fx(x)) we find

a T oo

E[X'] = E[X] :—/0+Oo—dx:3 B 1n(a2+x2)] = +00

T a? + x2 T 0

and hence E [X] takes the form oo — oo, namely the expectation is not defined as a
Lebesque integral. That its principal value

‘ a [tM
lim — - dr =0
M—=+4oo T J_py G°+ @

does instead exist is in fact immaterial: the expectation is a Lebesgue integral, not
the principal value of a Riemann integral. We will see later in the Section 4.6 that
this difference is not just a mathematical nicety and has instead a few far reaching
implications

Proposition 3.26. Take the integrable rv’s X and Y defined on (Q, F, P):
1. E[aX +bY]|=aE[X]|+bE[Y] with a,b € R
2. |E[X]| < E[X]]

3. if X =0, P-a.s., then E[X] = 0; if moreover X is an arbitrary rv and A an
event

E[X[A]:/Xszo if P{A}=0
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3.3 Expectation

4. if X <Y, P-as. then E[X|< E[Y], and if X =Y P-a.s., then E[X] = E[Y]
5. if X >0 and E[X] =0, then X =0, P-a.s., namely X is degenerate &y

6. if E[XI4] < E[YI4]l, VA € F, then X <Y, P-a.s., and in particular if
E[XI J=E[YI4, VA€ F, then X =Y, P-a.s.

7. if X and'Y are independent, then also XY 1is integrable and

E[XY]=E[X] EY]

Proof: Omitted”. These results, in their peculiar notation, are indeed well known
properties of the Lebesgue integral ]

Exemple 3.27. As a particular application of these results, remark that from the prop-
erty 1. the expectation E[-] turns out to be a linear functional giving rise to a few
simplifications: remember for instance that to calculate the expectation (3.28) of a bino-
mial rv S, ~ B (n;p) in the Example 3.24 we adopted the elementary definition (3.9):
this result however comes even faster by recalling that according to the equation (3.8)
every binomial v coincides in distribution with the sum of n iid Bernoulli B (1;p)
rv’s Xq,...,X,. Since the expectation depends only on the distribution of a rv, and
since from (3.27) we know that E[X;] = p, from the expectation linearity we then
immediately have that

E[S,|=E [ﬁ: Xj] = zn: E[X;] =np (3.35)

in an apparent agreement with (3.28)

Of course the expectations comply also with a few important inequalities that are
typical of the integrals: they are summarized in their probabilistic setting in the Ap-
pendix B. In the next Section 3.3.3 we will however separately introduce the Chebyshev
Inequality (Proposition 3.41) because of its relevance in the subsequent discussion of
the Law of Large Numbers

3.3.3 Variance and covariance

The expectation of a rv X is a number specifying its distribution barycenter. As
a centrality indicator, however, it is not unique, and on the other hand it does not
convey all the information carried by the law of X. The expectation , for instance,
could even fail to be one of the possible values of X: the expectation p of a Bernoulli
rv B (1;p) (taking just the values 0 and 1) is in general neither 0, nor 1. There are on

"A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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the other hand several other indicators able to represent the center of a distribution:
one is the mode which, when a pdf exists, is just the value (or the values) of = where
fx(z) has a local maximum. It is also easy to see that in general the expectation does
not coincide with the mode: when in particular the distribution is not symmetric the
mode and the expectation are different

Beside these centrality indicators, however, it would be important to find also other
numerical parameters showing other features of the law of a rv X. It would be relevant
in particular to be able to give a measure of the dispersion of the rv values around its
expectation. The deviations of the X values w.r.t. E [X] can be given as X — FE [X] and
we could imagine to concoct a meaningful parameter just by calculating its expectation
E [X — E[X]]. But we immediately see that this number identically vanishes

E[X-E[X||=E[X]-E[X]=0

and hence that it can not be a measure of the X dispersion. Since however it is apparent
that this vanishing essentially results from X — E [X] taking positive and negative
values, it is customary to consider rather the quadratic deviations (X — E [X])? that
are never negative and that as a consequence will have in general a non zero expectation

Definition 3.28. If X, Y are mv’s and X = (X1,...,X,,) is a r-vec, and all the items
are square integrable, then

e we call variance of X the non negative number (finite or infinite)
VIX]=B[(X - BIX)?] = o%
and standard deviation its positive square root ox = +\/m
e we call covariance of X andY the number
cov [ X,)Y|=E[(X-E[X]))(Y - E[Y])] ( cov [X, X]| =V [X] )
and (if V[X]#0, VY] #0) correlation coefficient the number

cov [X,Y]

PN AR v

e when cov [ X,Y] = 0, namely p[X,Y] = 0, we will say that X and Y are un-
correlated rv’s

e we finally call covariance matrix (respectively correlation matriz) of the
r-vec X the n x n matric R = ||r;;|| (respectively P = ||p;;||) with elements
rij = cov [X;, X;| (respectively p;; = p[Xi, X;])

Proposition 3.29. If X,Y are square integrable rv’s, and a,b are numbers, then

1. cov[X,Y]| = E[XY] - E[X]E[Y]; in particular V [X] = E[X?] - E[X]
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3.3 Expectation

if V[X] =0, then X = FE[X], P-a.s.
Vie+bX] =V I[X]
VIX+Y]|=V[X]|+V[Y]+2cov[X,Y]

if X, Y are independent, then they are also uncorrelated
Proof:

1. The result follows by calculating the product in the definition
cov [ X,)Y|=E[XY|-2EX|EY|+E[X|E[Y|=E[XY]|-E[X|E]Y]
Taking then X =Y we also get the result about the variance

2. Since (X — E[X])? > 0, the outcome results from 5 in Proposition 3.26: if indeed
V [X] =0, then X — E[X] =0, P-a.s. (namely X is a degenerate dy) and hence
X = E[X], P-as.

3. From the expectation linearity we have E [a 4+ bX] = a + bE [X], and hence
Vie+bX]=E[(a+bX —a—bE[X])?] =VE [(X — E[X])’] =0’V [X]

4. We indeed have

VIX+Y] = E[(X+Y-E[X+Y])?| =E[(X-E[X]|+Y - E[Y])?]
= VIX]+V[Y]+2E[X - E[X])) (Y — E[Y])]
= VIX]+V[Y]+2cov[X,Y]

Remark that (at variance with the expectation E') V is not a linear functional.
In particular we have just shown that in general V' [X + Y] is not the sum V' [ X]+
V [Y]; this happens only when the rv’s XY are uncorrelated because in theis
event we have

VIX+Y|=V[X|+ V][] if cov[X,Y]=0
5. Because of the X,Y independence, we have from the definition
cov[X,)Y|=E[X-E[X|]| E[lY —E[Y]]=0
namely X and Y are also uncorrelated |
Proposition 3.30. Given two rv’s X and Y, we always have

Ip[X, Y]] <1

Moreover it is |p[X,Y]| = 1 iff there are two numbers a # 0 and b such that Y =
aX +0b, P-a.s.; in particular a >0 if p[ X, Y] =+1, and a <0 if p[X,Y] = —1
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Proof: Omitted®. These properties of the correlation coefficient p do not hold for the
covariance which instead takes arbitrary positive and negative real values. The present
proposition shows that p is a measure of the linear dependence between X and Y:
when indeed p takes its extremal values 1, Y is a linear function of X |

Exemple 3.31. Independence vs non-correlation: Point 5 in Proposition 3.29
states that two independent rv’s are also uncorrelates. In general however the reverse
does not hold: two uncorrelated Tv’s can be dependent (not independent). Consider
Jor instance a rv « taking the three values 0, 5, with equal probabilities %, and define
then the rv’s X =sina and Y = cosa. It is easy to see that X and Y are uncorrelated
because

1

1 1 1 1 1 1
EX]=--0+--14--0== ElY]==-14--04--(-1)=0
X =5- 045143 3 Yi=5-143:043- 1)

1 1 1
E[XY] =2 (1:0)+5(0- 1)+ (-1-0)=0

so that
EX|E[Y]=0=E[XY]

On the other hand they are also not independent because
1 1
P{X:1}Z§ P{Yzl}:§ P{X=1Y=1}=0

so that )
P{le,Yzl}:O#§:P{X:1}P{Y:1}

Proposition 3.32. Necessary and sufficient condition for a matriz n x n, R to be
covariance matriz of a r-vec X = (Xy,...,X,), is to be symmetric and non negative
definite; or equivalently, that it exists a matriz n x n, C such that R = CC", where C*
18 the transposed matriz of C

Proof: It follows from the definition that the covariance matrix R of a r-vec X is
always symmetric (r;; = rj;), and it is easy to check that it is also non negative
definite: if indeed we take n real numbers A\, ..., A, we find

n

Yo = Y ANE[X - EX))(X; - EX)])]

i,j=1 i,j=1
n 2
= E (ZM)@—E[XJ)) >0
=1

8P.L. Meyer, INTRODUCTORY PROBABILITY AND STATISTICAL APPLICATIONS, Addison-Wesley
(Reading, 1980)
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The present proposition states in fact that these properties are characteristic of the
covariance matrices, in the sense that also the reverse holds: every symmetric and non
negative definite matrix is a legitimate covariance matrix of some r-vec X. We neglect
the proof® of this statement and of the remainder of the proposition |

Exemple 3.33. We consider first some discrete laws: if X ~ 8, is a degenerate rv
we apparently have V [X] = 0; if on the other hand X ~ B (1;p) is a Bernoulli rv
since E [X]| = p we have at once

VIX|=E[X-EX])’|=1-p°p+(0-p°(1-p)=p(1-p)

If then S, ~ B (n;p) is a binomial rv, which according to (3.8) is in distribution the
sum of n iid Bernoulli B (1;p) mv’s Xy,...,X,, from the X; independence we have

VIS, =V [i Xj] = i VX = ip(l —p) =np(l —p) (3.36)

If finally X ~ P(a) is a Poisson rv, with E[X] = « according to (6.11), it is
expedient to start by calculating

- eiaak —« - ak 2 _ —« - ak 2
EX(X -1)]=> k(k-1) = Z(k_w — o’ Zgza
k=0 ’ k=2 ’ k=0
so that
E[X’|=a’+E[X]=0d"+a
and hence

VIX|=E[X’|-E[X’=d"+a-a’=a

Remark that for the Poisson laws it is E [X]| = V [X]| = a. Going then to the laws
with a pdf, for a uniform rv X ~ U (a,b) it is

b2 37b 3 3
21 x R i A e
E[X}_/ab—adx_b—a[i’:] - 3(b—a)

so that from (3.30) we get

v —ad®  (a+0b)?  (b—a)
T 3b-a) 4 12 (3:37)

V[X]=E[X?] - E[X)
For an exponential rv X ~ €(a) with the change of variable y = ax we find

, +o0 N 1 [too ) 1 9\ —y1+o0 2
E[X?] = Paedr = — [ yleldy = 5 [~2+ 240 T = 5
0 0

9A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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and hence from (3.33)

2 1 1

2 2

VIX|=E[X*]| -EX]"= 5 - 5= (3.38)
In a similar way for a Laplace rv X ~ £(a) we get

2
VI[X]= = (3.39)
If finally X ~ N (b,a?) is a Gaussian rv, by taking into account the Gaussian inte-
grals (3.31), with the change of variable y = (x — b)/a we have

B X2 400 267(357b)2/2a2 y 1 +o00 ; ) y2/2d ) b2
= rr——dr = —— ay +0)"e =a” +
|: ] /—oo ay/ 27T V 27T \/;OO ( y ) y

and hence from (3.32)
VIX|=E[X?] - E[X]’=(a®+V*) -V’ = a’ (3.40)

For a Cauchy v X ~ €(a,b), however, a variance can not be defined first because its
expectation does not exist as remarked at the end of the Section 3.5.2, and then because
n any case its second momentum diverges as can be seen for example for b = 0 with
the change of variable y = x/a

a +oo 1,2 (l2 +oo y2 a2
E[X?* =— ———dr = — dy = — [y — arctany] "™ = +o0
[ } 7T/_ a? + 72 o 7T/_oo 1492 4 7T[y retany| o = +
Exemple 3.34. Bivariate Gaussian vectors: If X = (X,Y) ~ (b, A) is a bivari-
ate Gaussian (normal) r-vec we know that in its joint pdf (2.24) there are five free
parameters: the two components of b = (b1,bs) € R?, and the three numbers a; > 0,
as > 0, |r| <1 derived from the elements of the symmetric, positive defined matriz A

as
a2 21
ak — 4 /a’kk r = =
Vai1a2  \/a11022

We have pointed out in the Fxemple 2.31 that also the univariate marginals are normal

N (by,, a3) with pdf

oo

1

aivV 2
1

AoV 2

e—(:p—bl )2/2(1%

frlw) = [ "l y)dy =

e—(y—b2)2/2“§

frly) = [ Ixtwydo =
A direct calculus would show that the probabilistic meaning of the five parameters ap-
pearing in a bivariate N(b, A) is
by = E [X] by =E[Y]

2—an =V [X s=an=VI[Y == XY
aj = an [X] ay = Q22 Y] " V11022 /G11G22 pIXY]
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so that the vector of the means b and the covariance matrix A are

by E[X]

b p— p—
by EY]
Ao (o a2 _ V [X] cov [ X,Y]\ a?  ajagr
" \ay axn ) \ cov[X,Y] VY] ~\ aayr @

We emphasized above that two independent rv’s X, Y are also uncorrelated, but that in
general the reverse does not hold. It is then relevant to remark that in a joint Gaussian
r-vec X the uncorrelated components X are also independent. In other words: the
components of a multivariate Gaussian r-vec X ~ N(b,A) are independent
iff they are uncorrelated. This follows — for instance in the bivariate case — from

the fact that if the components X,Y are uncorrelates we have r = p[X,Y] = 0, and
hence the joint pdf (2.24) boils down to

(@) = — e~ (a=b?/ad —(u=t)?/a3
’ 27'(611@2

so that fx(z,y) = fx(x) - fy(y), and hence according to the Theorem 3.15 X,Y are
also independent

Proposition 3.35. Chebyshev inequality: If X is a non-negative, integrable rv we
have

P{X >¢} < @ Ve >0 (3.41)

Proof: The result follows immediately from
E[X]> E [XIix>q] > €E [I;x>] = eP{X > ¢}

where € > 0 is of course arbitrary |

Corollary 3.36. If X is a square integrable rv, then for every per ogni € > 0 it is
E[X?]

2

P{X|> ¢ = P{X? > &) <
€

P{lx —E[X]|>¢} < E[(X_ZE[X])Q] _ VX (3.42)

Proof: Just apply the inequality (3.41) to the proposed rv’s [ |

3.4 Conditioning

3.4.1 Conditional distributions

In the Section 1.4 we defined the conditional probability for two events only when the
probability of the conditioning event does not vanish. This restriction, however, is not

85



N. Cufaro Petroni: PROBABILITY AND PROCESSES

satisfied for instance by the negligible events as {Y = y} when Y is an ac rv: we know
indeed that in this case P{Y =y} = 0. We need then to extend our definitions and
notations in order to account even for these, not irrelevant cases

Definition 3.37. If X, Y are two rv’s with a joint cdf Fxy(x,y) which is y-differentiable,
and if Y is ac with pdf fy(y), we will call edf of X conditioned by the event
{Y =y} the function

8yFXy (l’, y)
fr(y)

for every y such that fy(y) # 0 (namely Py-a.s.), while for the y such that fy(y) =0
(a Py-negligible set) Fx(x|Y = y) takes arbitrary values, possibly zero. If moreover
also X is ac and the joint pdf is fxy(z,y), then the pdf of X conditioned by the
event {Y =y} is

Fxpy (zly) = Fx(z]Y = y)

(3.43)

e (gly = = XY (@)
fxy(@ly) = fx (@Y = y) = () (3.44)

for the y such that fy(y) # 0, and zero for the y such that fy(y) =0

In order to intuitively account for these definitions consider the joint and marginal cdf’s
Fxy(x,y), Fx(z) and Fy(y) of XY, and the pdf fy(y) = F%(y) of Y. By supposing
then that Fxy (z,y) is y-derivabile, take first the modified conditioning event {y <Y <
y + Ay} which presumably has a non vanishing probability: the Definition 3.37 is then
recovered in the limit for Ay — 0. From the elementary definition of conditioning we
have indeed that

Fy(zly<Y <y+Ay) = P{X<zly<Y <y+ Ay}
P{X <z,y<Y <y+ Ay}
P{y <Y <y+ Ay}

Fxy (z,y+Ay)—Fxy (z,y)

 Fxy(z,y+Ay) — Fxy(z,y) Ay
- _ o Fy (y+Ay)—Fy (y)
Fy(y+Ay) — Fy(y) W

so that in the limit for Ay — 0 we find (3.43)

Oy Fxy (z,y) _ Oy Fxy(z,y)
Fy () fr ()

If we finally suppose that also X has a pdf fx(x), and that fxy(z,y) is the joint
pdf, a further z-derivation of (3.43) gives rise to the conditional pdf (3.44). The formu-
las (3.43) and (3.44) define the conditional distributions for every y such that fy (y) > 0,
namely Py-go. Where instead fy(y) = 0 the value of Fx(x | Y = y) (or of the cor-
responding pdf) is arbitrary (for instance zero) since this choice does not affect the
results of the calculations. Remark moreover that if XY are independent, from the
Theorem 3.15 it follows at once that

fxy(zly) = fx(z) (3.45)

Fx(z|Y =y) = lim Fx(z |y <Y <y+Ay) =
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Similar results hold apparently also for discrete rv’s, but for the fact that in this case
the conditional pdf’s are replaced by the conditional probabilities according to the
definitions of the Section 1.4.

Proposition 3.38. If X, Y are two rv’s with joint pdf fxy(z,y), then

P{AY =y} = / fX|Y<x|y>dx=fy+y) / fer(e,y)dz  (3.46)

Pxy{Ax B} = /BPX{A|Y =ytfy(y)dy (3.47)
Pola) = [ PAY =) i) dy (3.49

Proof: From (3.44) we have first (3.46)
Py {AlY =y} =P{X € AlY =y} = /ny x|y) de = /fXY z,y)d

and thence also (3.47) and (3.48) result:

Pyww{Ax B} = P{X €AY €B}= fxy(z,y) dzdy
AxB
=[x [ v ravGelnst)
= /BPX{A|Y =y} fv(y) dy

Pe{a} = P(XeA)= [ Pe{AlY =) i)y

In particular the (3.48) shows how to calculate Px from the conditional distribu-
tion (3.46) |

Proposition 3.39. If X|Y are two rv’s with joint pdf fxy(z,y), then

fxy (z,y)
y<bp) = L&y 3.49
fxy(z,yla <Y <) fabfy(y’) a X[a,b](¥) (3.49)
Ji Fxv (@) dy’
Y <b) = = 3.50
Sl =1 =0) fab fy (') dy’ (3:50)
fr(y)
<Y <b — Y 3.51
fr(yla <Y <b) vy dy Xfa.t)(Y) (3.51)
where the indicator of the subset B in (R, B(R)) is
xg(z) = { (1): Zfe €B B € B(R)
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Proof: From the definitions we have first
P{X<z,Y<y a<Y <b}

FXY(x7y|a S Y S b) =

P{a <Y <b}
0 sey<a
- | S suepmes o<y
U - S oy

and then (3.49) follows by remembering that
Ixy(@,yla <Y <b) = 0,0,Fxy(r,yla <Y <)

o)~ Fr@) = [ R
From (3.49) we then derive (3.50) and (3.51) by marginalization [

Proposition 3.40. If X = (X1, X5) ~ (b, A) is a bivariate, Gaussian r-vec with
pdf (2.24), the conditional law of Xo w.r.t. X1 = x1 is again Gaussian with parameters

N (b2 +r(z — bl)Z—j (1 7«2)@3) (3.52)

Proof: We know that the bivariate pdf of X is (2.24), and that its two marginals are
N (by,, a;) with pdf (2.31). A direct application of (3.44) brings then to the following
conditional pdf

1 [(wl—bl) _op(@1=b1)(wo— 52)+(902 bo) ]

e 0= aF ajay a3 mfl;l)Q
fX2|X1(l’2|ZL'1) = 5 a1V 2me 24
2raiasv'1 —r
2 2
! 2 E1=01) _2r(w1*b1)(w2*b2)+(w2*bz) }
e 2(177‘2)[ a% ajag a%
- 2 2
2mas(1 —r?)
an 12
e_m [(@2—b2)—r(21-b1) 22
2ra3z(1 —r?)
and hence to the result (3.52) [

So far we have considered just the reciprocal conditioning between two rv’s, but this
was required only to simplify the notation. We will remember then that given two
r-vec’s X = (X1,...,X,) and Y = (Y1,...,Y,,) with a joint pdf

fXY(xla e Ty Yty - - 7ym)

a procedure identical to that adopted in the case of two rv’s gives rise to the definition
of the conditional pdf of X w.r.t. the event {Y1 =y1,..., Y = yn}

fXY(xlv"'vxn7y17"'ﬂym)

fY(ylv s ,ym> (35?))

Ixiy (@, 20 [ Y1, Um) =
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3.4.2 Conditional expectation

We already know that if B is a non-zero probability event, then the conditional prob-
ability P{-| B} can be defined in an elementary way (Section 1.4) and constitutes
a new probability on (€2, F). As a consequence a rv X in a natural way will have a
conditional distribution Px{- | B}, the conditional cdf Fx(-| B) and pdf fx(-| B)
and a conditional expectation E [X|B]. And even when the conditioning event is neg-
ligible as {Y = y} with Y an ac rv, we have shown in the previous section how to
define Px{- | Y =y}, Fx(- | Y =y) and fx(- | Y = y). We can then follow the
same procedure presented in the Section 3.3.1 to define the conditional expectations
by means of these new conditional measures. We will suppose in the following that our
rv’s are always endowed with a pdf

Definition 3.41. Given the rv’s X, Y and a Borel function g(x), we will call condi-
tional expectation of g(X) w.r.t. {Y =y} the y-function

—+00

m) = Bl =)= [ o) fuvlaly) ds (350

—00

We will call instead conditional expectation of g(X) w.r.t. the rv Y the rv
Eg(X)|Y]=m(Y) (3.55)

It is important to stress that to define the rv (3.55) we must first notice that the expec-
tation (3.54) is a function m(y) of the value y of the conditioning v Y, and only then
we can introduce — based on the Theorem 3.6 — the v m(Y") usually denoted by the new
symbol E [g(X)|Y]. Remark again that the expectation m(Y (w)) = E [¢(X)|Y] (w) is
a rv, and no longer a number or a function as usually an expectation is: this kind of
rv’s will play a relevant role in the following sections

Proposition 3.42. Given two mv’s X,Y on (Q, F, P), the following properties of the
conditional expectations always hold:

~

. E[E[X|Y]] = E[X]

IS

. EX|Y] = E[X] P-as. if X and Y are independent
3. Elp(X, V)Y =y] = Elp(X,y)lY =y] Py-as

4. Elp(X,) V)Y =y] = Elp(X,y)] Py-as if X andY are independent

“

EXgY)Y] = g(Y)E[X|Y] P-as.
Proof:
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1. From (3.54) and (3.44) it is

EEX|Y] = E[m(Y) = /R m(y) fy (y) dy = /R EX|Y =y fy(y) dy

= [ | [ arswieinas s

/ [ RIW dx} fly) dy

= /Rx[/Rny(:v,y)dy} d$=/R$fX(=’U)d$:E[X]

2. From the independence and from (3.45) it follows

m(y) = E[X|Y =y] = /Ra:fxy(:dy) dx = /Ra:fx(x) dx = E [X]

so that E[X|Y] =m(Y) = E [X]
3. From (3.49) we can write
Ep(X,Y)ly <Y <y + Ay
= / dw/ dzo(z,2) fxy(z,z|ly <Y <y+ Ay)
rR JR

B +oo y+Ay fXY(SU, z)
B /_oo dx/y de (e, 2) Fy(y+ Ay) — Fy(y)

Since on the other hand

Fy(y+ Ay) — Fy(y) = Fy (y)Ay 4+ o(Ay) = fy(y)Ay + o(Ay)

we also have

) y+ay fxy(z,2) fxv(z,y)
Am, | e B R R Y TR
= @z, y)fx)y(z|y)
and finally
Elp(X,Y)[Y =y] = lim Efp(X,Y)ly <Y <y+ Ay

Ay—0

— /joo el y) fxy (@ | y)de = Elp(X,y)[Y = y]

o0

4. Since X and Y are independent, the result follows from the previous one and
from (3.45)
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5. From 3. of the present Proposition it follows in particular that
EXgWY =yl=E[Xgy)Y =y]=g(y) E[X]Y =y
and the last statement ensues by plugging Y as argument in this function [

By using the conditional pdf’s (3.53) we can also define the conditional expectations
w.r.t. negligible events of the type {Y1 = v1,...,Y,, = ym}, namely

m(y17"'7ym) = E[X|Yv1:ylaaym:ym]
= / fo|Y(33|yla S 7ym) dr,
R

and hence theconditional expectations w.r.t. a r-vec
EX|Y|=E[X|Yy,....Y,]=m(Y1,....Y,) =m(Y) (3.56)

The properties of these rv’s are similar to those of the conditional expectations w.r.t.
a single rv introduced earlier in the present section: we will not list them here

Exemple 3.43. Lifetime: Let us suppose that the operating time without failures
(lifetime) of the components in a device is a v Y with pdf fy(y): if the device starts
working at the time y =0, fy(y) will vanish for y < 0. We want to calculate

Jy—yo WY > o) € EY — ylY > yo

namely the pdf and the expectation (mean lifetime) of the residual lifetime of a com-
ponent, supposing that it is still working at the time yo > 0. Taking then P{Y > yo} >
0, from (3.51) with a = yo and b = 400 we have first

oy = yo)f (y) dy
Sy

On the other hand, to find the pdf of the residual lifetime Y — yo, we remark that

EY —ylV >y = /R (v — o) fy IV > o) dy = (3.57)

Fy @Y >v) = P{Y —yo <ylY >0}
= P{Y <y+ylY >v}=F+wlY >y)

so that from (3.51) we have

fy—w WY >w) = 0yFy—_y (Y > y0) = 0y Fy (o + y|Y > o)
Ty (Yo +Y) X(wo,+00) (Mo + ¥
_ f(y0+y|Y>y) Y(O ) (yO"r )(0 )

S Frly
_ K (y0+y)X(0+oo)(y> (3.58)

f+oo fY
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Apparently the result (3.57) could also be deduced from (3.58) by direct calculation:

B R Tyt +y)dy
EY —ylY >y = /_OO Y Sy —yo WY > yo)dy = fy—[i)-oo fy(y) dy’
S22 = o) fr (y) dy
fyﬁ“’ fy(y)dy

It is interesting now to see what happens when the lifetime Y ~ &(a) is an exponential
rv. In this case we know from (2.17) and (3.33) that

fr(y) = ae”d(y) E[Y]= 2

and since for z =y — yo we have

+00 +o0o
Kry)dy = / ae”* dy = e”""

Yo Yo

+00 +o00 400
/ (y—vo)fy(y)dy = / 2fy(z +yo) dz = / zae Vo) gy =
0 0

Yo

efayo

a

fY(yo + y) X(0,+00) (y) = ae "Wt X(0,+00) (y) = e_ayOfY(?/)

we also see from (3.57) and (3.58) that

EY —y|Y > o :é:E[Y] Fy—u @Y > v0) = fr(v)

In other words: not only the mean lifetime of a component (under the condition that
it worked properly up to the time y = yo) does not depend on yo and always coincides
with E[Y], but also the pdf of Y — yo (conditioned by Y > 1yo) does not depend on
Yo and coincides with the un-conditional pdf. This behavior is characteristic of the
exponential rv’s (we also say that they are memoryless, or that they show no aging)
in the sense that there are no other distributions enjoying this property

Exemple 3.44. Buffon’s needle: A needle of unit length is thrown at random on
a table where a few parallel lines are drawn at a unit distance: what is the probability
that the needle will lie across one of these lines? Since the lines are drawn periodically
on the table, it will be enough to study the problem with only two lines by supposing
that the needle center does fall between them. The position of the said center along the
direction of the parallel lines is also immaterial: to keep this into account we could also
add another independent rv to our problem, but in the end we would simply marginalize
it without changing the result. The needle position will then be given just by two rv’s:
the distance X of its center from the left line, and the angle © between the needle and
a perpendicular to the parallel lines (see Figure 3.5). That the needle is thrown at
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Figure 3.5: Buffon’s needle.

random here means that the pair of rv’s X, 0 is uniform in [0,1] x [=F, 7], namely
that

1
fxe(z,0) = p X[o,11() X[-%,2 (0)

It is easy to see then that the marginal pdf’s are

1
fx (@) = xp,q(2) fol0) = —xi-3.51(0)
and hence that X and © are independent. Take now

B = {(m,Q) . either x < %COSQ, or ZEZl—%COSQ, with —5 < 0 < g}

so that our event will be
A = {the needle lies across a line} = {w € Q : (X,0) € B}

while T4 = xp(X,0), where xg(x,0) is the indicator of B in R%. The result can now
be found in several equivalent ways: we will use in sequence (3.10), the point 1 of the
Proposition 3.42, the uniformity of ©, and finally the point j of the Proposition 3.42,
namely

P{A} = E[L] = E\s(X,0) = E[E [xs(X,0)0]]
w/2 /2
= [T Epsxeie=0Y -1 [ Bls(x.0)

—7/2 @ T J /2

Now we should just recall that X is uniform to get
1 1
E[xp(X,0)] =P{{X < icos}U{X >1—Jcosb}} = §COSH + ECOSQ = cosf
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and hence

1 [ 2
P{A}:—/ cosfdf = —
T J 2 T
This result has been used to give an empirical estimate of the number m: throw the
needle n times and define n #id Bernoulli rv’s Yy, (withk =1,...,n), such that Y, =1
if the needle lies across a line in the k' toss, and Y}, = 0 if not: if p is the probability
that the needle will fall across a line in every single toss, and if v, = Y1+ --+Y,, is the
rv counting the number of times the needle does that in n tosses, then it is spontaneous
(and the Law of Large Numbers that will be discussed in the subsequent Section 4.3
will make this a precise statement) to think that, with a sufficiently large n, the value
of the relative frequency v,/n will be a good estimate of the probability p. Since then
from the previous discussion we know that p = 2/7, a good estimate of the value of
7 will be given by an empirical value of the rv 2n/v, with an n large enough. This
procedure to approzimate © has been used several times in history'® and constitutes the
first known instance of the application of the statistical reqularities to numerical calculus
problems: a method subsequently called Monte Carlo that we will speak about again
in the following chapters

3.4.3 Optimal mean square estimation

In order to stress the relations among the three rv’s X,Y and E [X|Y] as defined
in (3.54) and (3.55), we must recall first that in general the statistical dependence of X
and Y does not necessarily require the existence of a Borel function h(y) such that X =
h(Y): in other words, the statistical dependence does not imply a functional dependence
(see also Section 3.1.3). On the other hand, given two statistically dependent rv’s X, Y,
we could wish to use some Y measurement to get information on (to have an estimate
of) the values of X. In statistical practice this is achieved by using the rv h(Y") (for
some suitable function h) as an estimator of X. Since however, as previously remarked,
we can not hope in general to find an h such that X = h(Y'), our estimate will always
be affected by errors so that we will need a criterion to choose an optimal estimator of
X: the most known is to search for the best estimator in mean square (ms). We first
define the mean square error (mse) made by estimating X by means of an estimator
h(Y)
E[(X —hn(Y))’]

and then we choose as the best estimator A*(Y') that which minimizes the mse:
B [(X ~ 1(Y)?] = i B [(X ~ h(Y))"

To find such an optimal estimator, namely the Borel function A* that minimizes the
mse, is a typical variational problem which in any case admit an exact formal solu-

0The estimate has been done first in 1850 by the Swiss astronomer R. Wolf (1816 - 1893): by
tossing the needle 5000 times he got 3.1596 as the approximation for 7

94



3.4 Conditioning

tion (as stated in the next proposition): the Borel function h*(y) restituting the best
estimator in mean square coincides with the m(y) = E [X|Y = y| defined in (3.54)

Proposition 3.45. The best estimator in ms of X through'Y is E [X|Y], namely
it 1s given by the Borel function

h*(y) = m(y) = E[X[|Y = y]

as defined in (3.54)

Proof: If h(Y) is an arbitrary estimator and h*(Y) = E [X|Y], we have

E[(X -h(Y)?] = E[X - (Y)+h(Y)~nY))]
— E[(X —*(V)] + E[(h*(Y) = h(Y))?]
F2E[(X — h*(Y))(h*(Y) — h(Y))]

On the other hand from the points 1 and 5 of the Proposizione 3.42 it is
E((X — (Y)W (V) = h(Y)] = B|B[X =" ())R (V)= h(V)| Y]]
= EB|(0(Y) = h0) B[(X — 1" (V)| Y]]
and since
E[(X - 1(Y)|Y] = E[X[Y] - E[W*(Y)|Y] = E[X|Y] - h*(Y) =0
we finally have
E[(X = h(y)] = B [(X 0 (V)?] + B [(0"(V) = h(Y))]
But apparently it is E [(h*(Y) — h(Y))?] > 0, and hence
B[(X - HY)P] 2 B [(X - (V)]
for every Borel function h ]

The function m(y) = E[X|Y = y] is also known as regression curve of X on Y: this
name comes from the studies of sir F. Galton (1822 - 1911) about the heights of
the human generations (parents and children) in a given populations. In terms of
conditional expectations his results indicated that when the parents are taller than
the average population, then the children tend to be shorter than the parents; when
instead the parents are shorter than the mean, then the children tend to be taller than
them. In both cases the children height is said to regress toward the mean value
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3.5 Combinations of rv’s

3.5.1 Functions of rv’s

Proposition 3.46. Take a rv X with pdf fx(z): if y = p(x) is a continuous,
reqular function whose definition interval includes the values of X, and can be de-
composed in n disjoint intervals [ag, by] where ¢ is differentiable and strictly mono-
tonic, with nowhere vanishing derivative; then the pdf fy(y) of the rv'Y = p(X)
s

=D ’J;),(((:E—k(y)) X8 (%) (3.59)

where [ay, Br] are the intervals of the values taken by ¢ for x € [a,bx], and for
every given y the xy(y) are the (at most n) solutions of the equation p(x) =y

Proof: Let us suppose first that X takes values in [a, b] (namely that fx(z) vanishes
outside this interval), and that ¢(z) is defined, differentiable and strictly increasing
(¢'(x) > 0) in [a,b]. If [a, B] is the interval of the values taken by ¢(z), let us denote
with z1(y) = ¢~ *(y) the unique solution of the equation ¢(z) = y which exists (and is
monotonic asa a function of y) when y € [«, 5]. It is then apparent that

0 fory<a
1 fory>p

Fo(y) = P{Y <y} ={

while for y € [a, 8], by taking as integration variable z = p(x), T = ¢~ 1(2) = z1(2),
we get

Fy(y) = P{Y <y} =P{pX)<yt=P{X <¢ '(y)} = P{X < z1(y)}

xl(y)
:/ d:):_/fxxl A dz-/fy )dz

As a consequence we will have

() = fx (1Y) 1Y) X(as (v) = { fx(z1(y)) 2 (y) fora<y<p

0 elsewhere

If instead ¢ is strictly decreasing a siilar calculation would lead to

W) = —fx (1) 21 (¥)X(a,5 (v)

so that on every case, when ¢ is strictly monotonic on [a, b], we can write

(W) = fx (1) 121 W)] Xt (y) (3.60)
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Since on the other hand from a well known result of the elementary analysis

b
o4 ($1(?J))

our transformation for a monotonic function ¢ will be

Ix (Jfl(y))
o ()] X[e8(Y) (3.61)

2y (y) =

fY(y) =

namely (3.59) when the sum is reduced to one term. When instead ¢ is not strictly
monotonic on the set of the X values, in many cases of interest its definition interval
can be decomposed in the union of n disjoint intervals [ax,bx] in whose interior ¢
is differentiable and strictly monotonic, with nowhere vanishing derivatives. If now
[k, Bi| are the intervals of the values taken by ¢ for x € [ay, by|, and if for s given y we
denote as zx(y) the (at most n) solutions of the equation ¢(x) = y, the result (3.59) is
deduced as in the monotonic case!l. |

It is important to stress that the number of terms of the sum (3.59) depends on y,
because for every y we will find only the m < n summands corresponding to the
solutions of () =y such that Xja, 3,(y) = 1. When on the other hand ¢(z) = y has
no solution there are no summands at all and fy(y) = 0.

In a more general setting Y = ¢(X) transforms a r-vec X with n components X
into a r-vec Y with the m # n components

Yk:gﬁk(Xl,...,Xn), kzl,...,m
Without a loss of generality we can however always suppose n = m because:

e if m < n, we can always add to Y n — m auxiliary components coincident
with X,,¢1,...,X,; after solving the problem in this form by determining the
joint pdf fy(y1,--.,yn), we will eliminate the excess variables y,,11,...,y, by
marginalization;

HRemark that the result (3.59) can be reformulated as

+oo
fr(y) = / fx(@) 6y — p()] de (3.62)

— 0o

by using the Dirac distribution §(x) that in our notations satisfies the relation

L
Z ‘[ / k ] X[ak,ﬁk](y)

1<P$k

See for instance V.S. Vladimirov, METHODS OF THE THEORY OF GENERALIZED FUNCTIONS,
Taylor&Francis (London, 2002) p. 22

97



N. Cufaro Petroni: PROBABILITY AND PROCESSES

e if m > n, m—n among the Y} apparently will turn out to be functions of the other
n components; we then solve the problem for the first n rv’s Y}, and then the
distribution of the remaining m — n rv’s is deduced as functions of the previous
ones

Taking then n = m, we will just state without proof the main result. For a given y

let 7 (y) be the (at most n) solutions of the n equations system y;, = (21, ..., T,):
then the joint pdf of the r-vec Y is
— [x (@ (y))
fry) =) () (3.63)
T (2 (y))|

where J(x) is the Jacobian determinant of the transformation with elements dyy /0y,
while the y;(y) take value 1 if the j™ solution exists in y, and 0 otherwise. This
apparently generalizes (3.59) with the same provisions about the number (possibly
vanishing) of the terms in the sum.

Exemple 3.47. Linear functions: WhenY = aX + b, namely ¢(x) = ax + b, with
a # 0, the equation y = p(z) always has a unique solution x1(y) = (y — b)/a. As a

consequence
1 y—>b
faX+b(y) =1 .fX
|al a

In particular, if X ~ N (0,1) is a standard normal rv, then Y = aX + b ~ N(b,a?);
and conversely, if X ~ MN(b,a?), then Y = (X —b)/a ~N(0,1) is a standard normal.
Quadratic functions: If Y = X2, namely o(x) = 22, the equation y = ¢(z) has two
solutions x1(y) = —\/y and x2(y) = +/y for y > 0 (they coincide for y = 0). taking
then ¥(y) the Heaviside funcrtion (2.13) we will have

fx2(y) [x(V) + fx(=vy)] 9(y)

1
2
When in particular X ~ 91(0,1) we get

e_y/2

fx2(y) = mﬂ(y) (3.64)

and we will see in the next section that this is called a x? law with 1 degree of freedom
Ezponential functions: WhenY = e* and X ~ (b, a?) from (5.59) we find

6—(1n y—b)2/2a>

fex(y) = T I(y)

a law called log-normal and denoted by mN(b, a?®). To show that the expectation and
variance of Y ~ N (b, a?) are

E[Y] = ¢t/ VY] = e (e — 1) (3.65)
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remark that by taking z = %24’ we get
+00 (= too -2
E[Y]=E["] = / = e / Sy P
—oo av 2w —oo V2T

and since 2X ~ DN (2b,4a?), from the previous result it also follows that
E [YQ] — E [ezx] — 20+2a*
and hence
\% [Y] - E [YQ] _E [Y]2 _ 62b+2a2 _ e2b+a2 _ €2b+a2(6a2 i 1)
A last example of application of (3.59) known as Bertrand’s paradox is discussed
in the Appendix C

3.5.2 Sums of independent rv’s

Definition 3.48. We call convolution of two pdf ’s f and g the function

(fxg)(x) = (g9 f)(z)
_ / f(x—y)g(y)dyZ/ g(z —y)f(y) dy

oo

It is easy to see that the convolution of two pdf ’s again is a pdf

Proposition 3.49. Given two independent rv’s X and Y with pdf’s fx(z) and
fy (), the pdf of their sum Z = X +Y is

fz(x) = (fx * fy)(@) = (fy * fx)(2)

namely is the convolution of the respective pdf ’s

Proof: If two mv’s X and Y have the joint pdf fxy(z,y) and we take Z = ¢(X,Y)
with z = ¢(x,y) a Borel function, by adopting the shorthand notation

{o<zt={(z,y) e R* : p(z,y) <z}
it is easy to see that the cdf of Z is

Fz(z) = P{Z <z} = P{p(X,Y) < 2} = fxy (,y) dedy

{p<2}

When in particular ¢(x,y) = x + y, and X,Y are independent, namely fxy(z,y) =
fx(z) fy(y), with the change of variable u = x + y we get

Fale) = /{Hy<z}fx(x)fy(y)dxdy= | [ / :mfy@)dy} Fx(@) da
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_ /Z [/;fy(u—x)du] fx(x)dx:/; Uify(u—x)fx(x)da; du

or also, by inverting the integration order,

P = [ { | et dy] du

We can then say that the pdf of Z = X +Y is
fo2) = [ e - a)st@yde = [ fee— o)t dy

namely that fz = fx x fy = fy * fx ]

The previous results can also be extended to more than two rv’s: given n independent
rv’s Xq,..., X, admitting pdf’s, then the pdf of their sum Z = X; + --- + X, is the
n~-convolution

fz(x) = (fx, *...x fx,)(x) (3.66)

Exemple 3.50. Sums of uniform rv’s: When Xq,..., X, are @id $4(—1,1) rv’s
their pdf can be given for instance by means of the Heaviside ¥(z) (2.13)

Fr(o) = f@) =500~ le)  k=1,..n
A direct calculation then shows that
foen) = 25 0@ - ),
P = |00 =125 + 0o - D E I o - o)

while for Y = Xy + -+ + X, we inductively get

e |_(n+z)/2J i
R =G X ()i

where |a] is the integer part (floor) of the real number . As a consequence we find
that sums of wd uniform rv’s are not at all uniform: for instance fx,yx, is triangular
on [—2,2], while fx,x,1x, consists of three parabolic segments continuously connected
on [—3,3]

Sums of Gausstan rv’s: The previous example shows that not every law convolute
with a law of the same type produces a law in the same family. It is interesting then
to remark that, if X ~N(by,a?) and Y ~ N (by,a3) are independent Gaussian rv'’s, a
direct calculation would show that X +Y ~ N (by + by, a? + a3), and symbolically

M (by,a?) * N (by, a2) = N (b1 + by, a? + a3) (3.67)
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3.5 Combinations of rv’s

This important result, that can be extended to an arbitrary number ov rv’s, is known
as reproductive property of the Gaussian family of laws: we will prove it later
(together with similar results for other families of laws) in the Section 4.2.3 by means
of the characteristic functions

x2 distributions: If Xi,..., X, are #d N(0,1) rv’s, from (5.64) and by iterated
convolutions of fxz2(x), we get for Z = X? + ...+ X2 the pdf

xn/2—16—x/2

fz(r) = 2T (n)2) J(z)

which is known as x? distribution with n degrees of freedom and denoted with the symbol
x2. Here I'(z) is the gamma function defined as

+oo
I'(z) = / e dz (3.68)
0
with the well known properties
1
I(z)=(x—Dl'(x—1) (1) =1 r (—) =/
so that in particular
r <E> f (n—2)2 /2 for even n
2) | (n—=2)12-(n-1)/2 for odd n
It is possible to prove that the expectation and the variance of a x*, rv Z are
EZ]=n VI[Z]=2n

Student T, distributions: With X,, X1, ..., X, iid M(0,a?) rv’s, take

Xo o Xo/a, - X()/CL
VG XD/ X+t XD na? /20

From the previous examples we know that the Xy./a are N (0,1), while Z = (X? +- -+
X2)/a? is x2. It is possible then to prove that the pdf of T is

e 2N —(nt1)/2
_ 1 Ty (Ht_)
/T F(g) n

which s called Student-T distribution and is denoted with the symbol T,,. Withn =1
the Student distribution coincides with the Cauchy €(1,0). It i possible to prove that
expectation and variance of a Student T with law %, are

T =

fr(t)

E[T)|=0 forn>2 V[T]:L2 forn >3

and do not exist for different values of n.
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Chapter 4

Limit theorems

4.1 Convergence

The Limit Theorems are statements about limits of sequences of sums of rv’s when the
number of addenda grows to infinity. The convergence of a sequence of rv’s (X, )nen
can however have many non equivalent meanings, and hence we must first of all list
the more usual kinds of convergence and their mutual relations

Definition 4.1. Given a sequence of 10’s (Xp)nen on (2, F, P), we say that
e it converges in probability to the rv X, and we will write X, £ X, when

P{|X, - X|>¢} 50, Ve>0

e it converges almost surely (P-a.s.), or with probability 1 to the rv X,
and we will write X,, = X, or even X,, — X P-a.s., when either
P{X, - X}=1 or P{X, /A X}=0
where {X,, # X} is the set of w such that (X,,)nen does not converge to X

e it converges in LP (with0 < p < +00) to the rv X and we will write X, X,

when
E[|X, - X[P]-%0

If in particular p = 2 we also say that (X,),en converges in mean square
(ms) and we adopt the notation X, ~— X. The exact meaning of the symbols
LP = [P(Q, F, P) is discussed in the Appendiz D

e it converges in distribution, and we will write X, N e , when
E[f(X,)] — E[f(X)], VfeC(R)

where C(R) is the set of the functions that are bounded and continuous on R
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Figure 4.1: Relations among the four types of convergence according to the Theorem 4.4

Definition 4.2. Given a sequence of cdf’s (Fn(x))neN

e it converges weakly to the cdf F(x), and we will write F,, — F, when

/f W (dr) —>/f F(dz), VfeCR)
where C(R) is the set of the bounded and continuous functions
e it converges in general to the cdf F(z), and we will write F, < F, when
F.(z) = F(x), Vo € Po(F)
where Po(F') is the set of points x € R where F(x) é continuous

Proposition 4.3. A sequence of cdf ’s (F,(z))
iff it converges in general

wen Converges weakly to the cdf F(x)

Proof: Omitted! [ |

Given now a sequence of 7v’s (X, )nen with their cdf’s Fix, , it is apparent that (X,,),en
converges in distribution to the rv X with cdf Fx iff Fx, — Fx, or equivalently
iff Fx, 2, Fx. Practically — with a few clarifications about their meaning — the
convergences in distribution, weak and in general are equivalent. This entails that
the convergence in distribution of a sequence of rv’s can be proved by looking just
to their cdf’s, namely to their laws: in particular it will be enough to prove that
Fx,(z) = Fx(z) wherever the limit cdf Fx(z) is continuous

The four types of convergence of the Definition 4.1, however, are not equivalent
and their mutual relationships are listed in the following theorem and are graphically
summarized in the Figure 4.1

LA.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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4.1 Convergence

Theorem 4.4. Given a sequence of rvs (X, )nen and the rv X, we have
L X, X — X, 5 X
2. X, X = X, 25X, p>0
P d
3 X, — X = X, — X
4. X, e = X, £, c, if ¢ is a number (degenerate convergence)

Proof: Omitted? [ |

Inferences different form the previous ones are not instead generally guaranteed as could
be seen from a few simple counterexamples. That notwithstanding it is possible to find
supplementary hypotheses to have other inferences beyond those of the Theorem 4.4:
a few well known supplementary conditons are collected in the subsequent theorem

Theorem 4.5. Given a sequence of 10’s (Xp)nen and a 7o X

1. if X, i X, then it exists a subsequence (X, Jxen such that X,, — X;

2. if X, N X, then it exists a subsequence (X, )ken such that X, 25X

3. if X, = X, and if it evists a v Y > 0 with E[|Y]] < 400 and such that
| X,, — X| <Y, then we also have X, X,

Proof: Omitted? |

Theorem 4.6. Degenerate convergence in ms: A sequence of rv’s (X, )nen con-
verges in ms to the number m (degenerate convergence) iff

E X, S m VI[X,] =0 (4.1)
Proof: We have indeed
(Xo—m)® = [(Xo— E[X,]) + (E[X,] —m))?
= (X, — E[X,)]) + (E[X,] =m)* +2(X, — E[X,])(E [X,] —m)

and since apparently
E[(X, — E[X,]))(E[Xo] —m)] = (E[X,] —m)E[X,, — E[X,]] =0

we also get

E (X, —m)’] = V[X,]+ (E[X,] — m)’

so that the degenerate convergence in ms is equivalent to the conditions (4.1) |

2N. Cufaro Petroni, CALCOLO DELLE PROBABILITA, Edizioni dal Sud (Bari, 1996)
3A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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4.2 Characteristic functions

4.2.1 Definition and properties

Definition 4.7. We will call characteristic function (chf) of the r-vec X =
(X1,...,X,) the function

ox(u) :gpx(ul,...,un):E[ei”'x] u <€ R" (4.2)
where w - X =), up Xy,. If there is a pdf of Xthen the chf px(u) takes the form

—+00 —+00
@X(u):/ ezu'wfx(w)d"w:/ / e fx(xy ... xy)dry ... dx,

and if the r-vec X has just one component X the chf becomes

+oo
ox(u) = / e fx(x) dx ueR

namely the Fourier transform of the pdf

Proposition 4.8. If px(u) is the chf of the rv X, for every u € R we have

px(u) = px(~u) lox(u)| < ox(0) =1

where Z is the complex conjugate of the complex number z. Moreover px (u) is uniformly
continuous on R, and is even and real iff fx(z) is even

Proof: The first result immediately ensues from the definition, while for the second it
is enough to remark that

+oo
< fx)de = ¢x(0) =1

oxto] = | [ e ) do

If moreover fx(x) is even the imaginary part of ¢x(u) vanishes for symmetry, while
the real part is apparently even. We omit* the proof of the uniform continuity |

Proposition 4.9. If px(u) is the chf of a rv X, and if Y = aX + b with a,b two
numbers, then

py (u) = e™px (au) (4.3)
If X = (Xy,...,X,) is a r-vec, denoted respectively as px(uy,...,u,) and @x, (ug)
the joint and marginal chf’s, then

ox, (ur) = ¢x(0,...,ug,...,0) (4.4)
If finally the components Xy are independent and S,, = X1 + ...+ X, then

s, (1) = @x, () - o, (u) (4.5)

4N. Cufaro Petroni, CALCOLO DELLE PROBABILITA, Edizioni dal Sud (Bari, 1996)
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4.2 Characteristic functions

Proof: If Y = aX + b, the equation (4.3) results form the definition (4.2) because
(,DY(U) — E [6iuY} — ez'ubE [ei(au)X} _ eibugOX<CLU)

Also the equation (4.4) immediately results form the definition (4.2); finally, if the X
are also independent, we find (4.5) because

pw) = B[] = B[ g
= F [eiu)ﬁ} -...-F [eian] _ @Xl(u) . SOXn(U)

This last property is particularly relevant in the discussion of the Limit Theorems and
of the reproductive properties: while indeed from (3.66) the pdf fs, (z) of the sum of
n independent rv’s is the convolution product (fx, * ... * fx,)(z) of the pdf’s, its chf
vs, (1) is instead the ordinary product px,(u) - ... ¢x, (u) of the corresponding chf’s
[

Exemple 4.10. To find the chf of the discrete laws we just calculate the expectation
(4.2) as a sum: first the chf of a degenerate rv X ~ &y, is

ox(u) = e (4.6)
then for a Bernoulli rv X ~ B (1;p) we have
ox(u) =pe™ +q (4.7)

For a binomial rv S, ~ B (n;p) it is expedient to recall that from (3.8) we have
Sh 2 X1+ ...+ X, with Xy, Bernoulli iid and hence from (4.5) and (4.7) we get

ox(u) = (pe™ +q)" (4.8)

Finally for a Poisson rv X ~B(«) the chf is

> k < (aei) i
(;OX(U) _ Zezuke—a% _ e—az ( o ) _ 6&(8 -1) (49)
k=0 ' k=0 '

When instead there is a pdf, the chf is found by performing an appropriate inte-
gration: for a uniform rv X ~ i (a,b) we have

b iux ibu iau
e (& — €
px(u) = / ol = s (4.10)

and in particular for X ~ (—1,1) it is

px(u) = (4.11)
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For a Gaussian rv X ~ N(b,a?) we recall from the Example 3.47 that Y = (X —
b)/a ~ M (0,1) while from (4.3) we have

ox(u) = ey (au)

so that it will be enough to calculate the chf py of a standard Gaussian 9(0,1). From
the convergence properties of the power expansion of exponentials we then have

. 1 Too
oy(u) = E [¢"] = Ton / e /2 4

_ 1 i —22/2 o (fua)” _ S i Me—t?/2
_\/—Q_W/_Ooe ; . dx—go \/ﬁ/ dx
and since
Vo /_Oo 2e "t = { (()% — Dl ;Z: Zigi i
we get . . .
py(u) = (ggf(zk — 1= Z(—“;) % =/ (4.12)
k=0 ’ k=0 '
and finally
px(u) = et/ (4.13)
In particular when X ~ N (0,a?) the pdf and the chf respectively are
fxlz) = 127r o—7?/20° ox(u) =e™ 2u? /2

and hence we plainly see first that the chf of a Gaussian pdf is again a Gaussian
function, and second the inverse relation between the width (variance) a® of the pdf
and the width 1/a® of the chf. Some elementary integration shows then that the chf
of an exponential rv X ~ &(a) is

oo —ax ixru a a2 + 1au
ox(u) :/0 ae” e dr = P SR (4.14)
while that of a Laplace rv X ~ £(a) is
e @ _ala| izu Cl2
px(u) =/ € Hlei dy = e (4.15)

For a Cauchy r X ~ &(a,b) the chf

SOX(U) _ /+oo E elru dr — e_a\u|+ibu (4 16)
oo T A%+ (x —b)? '

1s finally derived in the complex field from the residue theorem
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4.2 Characteristic functions

Theorem 4.11. If X is a rv with chf o(u), if E[|X]|"] < 4+00,Vn € N, and if

— B[X]" 1
lim————— = — < 40
n n R
then p(u) is derivable at every order n € N with
e (u) = E [(iX)"e™X] ©™(0) =" E[X"] (4.17)

Moreover for |u| < R/3 the Taylor expansion holds

o) = 3 B = 3 L o0 (4.18)

If instead E [|X|k} < 400 only for a finite number n of exponents k = 1,...,n, then
o(u) is derivable only up to the order n, and the Taylor formula holds

o(u) = Z (Z:') E [X*] +o(u Z 1 <p + o(u") (4.19)

k=0

with an infinitesimal (for w — 0) remainder of order larger than n

Proof: Omitted®. Remark that — after checking the conditions to perform the limit
under the integral — the equation (4.17) is nothing else than a derivation under the
integral. As for the expansion (4.18), this too heuristically derives from the Taylor
series expansion of an exponential according to

ot = B[] - B[S0 | - 3O e 52 o

These results elucidate the important relation between a chf ¢(u) and the moments
E [ X" of a rv X: further details about the so-called problem of moments and about
the cumulants can be found in the Appendix E [ |

With a similar proof the previous theorem can be extended to expansions around a
point u = v, instead of u = 0, and in this case — with a suitable convergence radius —
we will find the formula

o .

o(u) = Z i"(u — )" E [XneivX}

n!
n=0

Theorem 4.12. Uniqueness theorem: If f(x) and g(x) are two pdf’s with the
samechf, namely if

+oo +oo
/ e f(x) dx = / e"g(x)dr, Vue R

—00 oo

then it is f(x) = g(x) for every x € R, with the possible exception of a set of points of
vanishing Lebesgue measure

°N. Cufaro Petroni, CALCOLO DELLE PROBABILITA, Edizioni dal Sud (Bari, 1996)
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Proof: Omitted® [ |

Theorem 4.13. Inversion formula: If p(u) is the chf of an ac law, then the corre-
sponding pdf s

T 400
f(z) = L lim / e "o(u) du = L VP/_ e " p(u) du (4.20)

2T T—+oo J_p 2m o

Proof: Omitted” |

Theorem 4.14. Necessary and sufficient condition for the independence of the com-
ponents of a r-vec X = (Xq,...,X,,) is the relation

@X(uh . >Un) = @Xl(ul) el Sﬁxn(un)

namely that the joint chf px(u) is the product of the marginal chf’s ¢x, (uy) of the
individual components

Proof: Omitted® [ ]

All these results point out that the law of a rv can equivalently be represented either
by its pdf (or by its cdf when this is not ac), or by its chf: the knowledge of one allows,
indeed, to get the other in an unique way, and vice-versa. Furthermore all the relevant
information (expectation and other moments) can be independently calculated either
from the pdf, of from the chf. Before accepting the idea that the law of a rv can be well
represented by its chf, we must however highlight a rather subtle point: it is not easy
sometimes to find if a given function p(u) is an acceptable chf of some law. That a
function f(x) is a possible pdf it is rather easy to check: it is enough to be a real, non
negative normalized function. For a chf instead it is not enough, for instance, that ¢(u)
admit an inverse Fourier transform according to the formula (4.20): we need to know
(without performing a direct, often difficult calculation) that the inverse transform is
a good pdf. In short we need an intrinsic profiling of ¢(u) allowing us to be sure that
it is a good chf

Theorem 4.15. Bochner theorem: A continuous function @(u) is a chf iff it is
non-negative definite®, and ¢(0) =1

6 A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)

TA.N. Shiryaev, PROBABILITY, Springer (New York, 1996)

8N. Cufaro Petroni, CALCOLO DELLE PROBABILITA, Edizioni dal Sud (Bari, 1996)

9A function ¢(u) is non-negative definite when, however chosen n points ui,...,u,, the matrix
[lo(u; — ug)|| turns out to be non-negative definite, namely when, however chose n complex numbers
Z1,y...,2n, We always have

Z 2Z p(u; —ug) >0 (4.21)
J.k=1

110



4.2 Characteristic functions

Proof: Omitted!'?, we will remark only that if ¢(u) is the chf of a rv X we already
know that it is (uniformly) continuous and that ¢(0) = 1. It is easy moreover to check

that, for every uq,...,u,, and however taken n complex numbers z1,..., z,, it is
n n n
= o _ = t(uj—up) X = tu; X —tup X
g 27k p(u; —ug) = E 2;zn B [e i } =F E ziZr e e
Jk=1 Jrk=1 Gk=1
n n n 2
= F 5 zje“‘jX E zpetuX | = B E zje“‘jX >0
j=1 k=1 j=1

namely p(u) is non negative definite. The Bochner theorem states that also the reverse
holds: every function of a real variable with complex values ¢(u), and with the said

three properties is a good chf |
The close relationship between the cdf F(x) (or its pdf f(x)) and the chf ¢(t) of
a law suggests that the weak convergence of a sequence of cdf’s (Fn(x))n6 N can be

assessed by looking at the pointwise convergence of the corresponding sequence of
chf’s (gon(u))ne ~- The following theorem then itemizes under what conditions the

weak convergence F,, — F is equivalent to the pointwise convergence o, (u) — ¢(u)
of the corresponding chf’s

Theorem 4.16. Paul Lévy continuity theorem: Given a sequence of cdf ’s (Fn(a:))neN

and the corresponding sequence of chf’s (gon(u))neN

1. if F, = F and if F(z) turns out to be a cdf, then also v,(u) — @(u) for
every u € R, and p(u) turns out to be the chf of F(x);

2. if the limit p(u) = lim,, p,(u) ezists for every u € R, and if p(u) is continuous
inu =0, then p(u) is the chf of a cdf F(x) and it results that F,, — F

3. if in particular we a priori know that F(x) is a cdf and p(u) is its chf, then
F, =5 Fiff on(u) == @(u) for everyu € R

Proof: Omitted™! [ |

4.2.2 Gaussian laws

The 7-vec’s with joint Gaussian law 91(b, A) play a very prominet role in probability
and statistics. First, as we will see in the Section 4.4, this follows from the so-called
Central Limit Theorem stating that sums of a large number of independent rv’s, with
arbitrary laws under rather broad conditions, tend to become Gaussian. This is of

10 A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
11 A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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course the conceptual basis for the error law stating that random errors in the empirical
measurements — errors resulting precisely from the sum of a large number of small,
independent and uncontrollable disturbances — are approximately Gaussian. Second,
the Gaussian rv’s enjoy a few relevant properties, for instance:

e their laws 91(b, A) are completely qualified by a small number of parameters

e they exhibit a total equivalence of independence and non correlation, a property
not shared with other rv’s (see Section 3.3.3)

e they have finite momenta of every order and can then be analyzed with the
functional analysis tools discussed in the Appendix D

As a consequence it will be very useful to find an effective way to completely represent
the family 91(b, A) of Gaussian laws, and here we will look at this problem from the
standpoint of their chf’s

If there is only one component X ~ 91(b, a?) we know that for a > 0 the pdf is

Frela) = — e el VP2
av/ 2w

Since a® = V [X], when a | 0 the law of X intuitively converges to that of a degenerate
rv taking only the value X = b , P-a.s.. We know on the other hand that a rv
degenerate in b follows a typically not continuous law d, that admit no pdf. As a
consequence — to the extent that we represent a law only with its pdf — we are obliged to
set apart the case a > 0 (when X has a proper Gaussian pdf) from the case a = 0 (when
X degenerates in b and no longer has a pdf), and to accept that the two description
do not go smoothly one into the other when a | 0. To bypass this awkwardness let us
recall therefore that a rv can be effectively described also through its chf, and that for
our rv’s we find from (4.6) and (4.13)

() = el if a=0, law &,
P = 9 pibu—u?a?/2 if >0, law 9(b,a?)

It is apparent then that — at variance with its pdf — the chf with a = 0 smoothly results
form that with a > 0 in the limita | 0, so that we can now speak of a unified family of
laws (b, a?) for a > 0, with 90 (b, 0) = &, in the sense that all these distributions are
represented by the chf’s

‘;OX(U) _ e7jbu—uZa2/2 a>0

where the degenerate case is nothing else (as intuitively expected) than the limit a | 0
of the non degenerate case

There remarks can now be extended also to Gaussian r-vec’s X ~ 91(b, A): in terms
of pdf’s we would be obliged to discriminate between singular (JA| = 0 non negative
definite), and non singular (|A| > 0, positive definite) covariance matrices. For r-vec’s
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with more than one component the difficulty is compounded by the possible dissimilar
behavior of the individual components: it is not ruled out, indeed, the circumstance
that only some components turn out to be degenerate giving rise to a distribution
which is neither discrete nor ac. The usage of the chf’s allows instead to give again a
coherent, unified description

Definition 4.17. We will say that X = (X1,...,X,) ~ (b, A) is a Gaussian (nor-
mal) r-vec with average vector b = (by,...,b,) € R" and symmetric, non negative
definite covariance matriz A = ||lay||, if its chf is

ox(u) = px(uy, ... u,) = e'b¥ e whu/2 u <€ R" (4.22)
where b-w =), byuy, is the Euclidean scalar product between vectors in R"

The chf (4.22) is a generalization of the chf (4.13) that is recovered when b is a
number and the covariance matrix is reduced to a unique element a?. Remark that —
at variance with the pdf (2.22) — only the matrix A, and not its inverse A~!, appears in
the chf (4.22), that accordingly is not affected by a possible singularity. Since however
the singular case has been treated as an extension of the non singular Gaussian r-vec,
it is be expedient to check that the Definition 4.17 is indeed acceptable and coherent

Proposition 4.18. In the non singular case (|A| # 0) the (4.22) is the chf of the
Gaussian pdf (2.22); in the singular case (|A| = 0) the same (4.22) turns out to be
the chf of a law N(b, A) that we will still call Gaussian in spite of the fact that there
s no pdf

Proof: If A is non singular (|A| # 0) its inverse A~! exists and it is possible to show by
a direct calculation of the inverse Fourier transform (here omitted) that the ¢ x(u) of
definition 4.17 is precisely the chf of a r-vec X ~ (b, A) with a normal, multivariate

pdf (2.22)
fx(@) = '@T)' ST "

When instead A is singular (JA| = 0), A~! does not exist and (4.22) can no longer be
considered as the Fourier transform of some pdf. That notwithstanding it is possible
to show that (4.22) continues to be the chf of some r-vec, albeit lacking a pdf. For
n € N take indeed the matrix A, = A+ T (T is the identity matrix) that turns out to
be symmetric, non negative definite and — at variance with A — non singular for every
n € N. Then A;! exists for every n € N and the function

@n(u) _ eib-u efu-Anu/2

is the chf of a r-vec distributed as D%(b, A,) with a suitable Gaussian pdf. Since
moreover for every u we of course find

lim g, () = ' 742 = o (u)
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and the limit function (4.22) is continuous in v = (0,...,0), the Continuity The-
orem 4.16 entails that px(u) is the chf of a law, even if it does not admit a pdf.
The r-vec’s resulting from this limit procedure can then legitimately be considered as
Gaussian r-vec’s (b, A) for the singular case |A| =0 [

Proposition 4.19. Given a Gaussian r-vec X = (Xq,...,X,) ~N(b,A) it is
bk = E [Xk] ) arp; = COv [Xk,Xl] Al = ai = V [Xk]
and its components Xy, ~ N (by, ai) are independent iff they are uncorrelated

Proof: The probabilistic meaning of b and A = ||ay|| (already discussed in the Ex-
ample 3.34 for the bivariate, non degenerate case) are derivable from the chf (4.22)
with a direct calculation here omitted. It is easy instead to show that the individual
components X}, are Gaussian 0N (by, a?) (as previously stated without a proof in the
Example 3.13): from (4.4) we immediately get that the marginal chf’s of our Gaussian
r-vec are in fact

_ eibkuk e—uiaz/Z

PXp (uk)

and hence they too are Gaussian 91 (b, a?). The equivalence between independence
and non correlation of the components (already discussed in the Example 3.34 for the
non degenerate, bivariate case) can now be proved in general: first it is a foregone
conclusion that if the X are independent they also are uncorrelated. Viceversa, if the
component of a Gaussian r-vec M(b, A) are uncorrelated the covariance matrix A turns
out to be diagonal with ay = da; and hence its chf is

n

n
¢X<u17 o 7un) _ eib-u e Ypaiur/2 _ H(eibkuk e—a%uim) _ H Ox, (uk)
k=1 k=1

where ¢y, (ug) are the chf of the individual components. As a consequence, from the
Theorem 4.14, the components of X are independent [ ]
Proposition 4.20. Given the r-vec X = (Xy,...,X,), the following statements are
equivalent

1. X ~N(b,A)

2.¢- X ~MN(c-b,c-Ac) for every c € R"

3. X=CY +b whereY ~(0,1), C is non singular, and A = CC*

Proof: Omitted!?. Remark in the point 3 that the r-vec Y is Gaussian with compo-
nents Yy that are standard 91(0,1) and independent because its covariance matrix is
d;k. As a consequence the components of an arbitrary, Gaussian r-vec X ~ 91(b, A)

12N. Cufaro Petroni, CALCOLO DELLE PROBABILITA, Edizioni dal Sud (Bari, 1996)
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always are linear combinations of the independent, standard normal components of
the r-vec Y ~ 91(0,1); and viceversa, the components of an arbitrary Gaussian r-vec
X ~ MN(b,A) can always be made standard and independent by means of suitable
linear combinations n

4.2.3 Composition and decomposition of laws

The locution reproductive properties of a family of laws usually refers to a
family which is closed under convolution, in the sense that the composition through
convolution of the pdf’s of two or more laws of the said family again produces a law
of the same family. We already met the reproductive properties (3.67) of the normal
rv’s M(b, a?) in the section 3.5.2, but we postponed the proof in order to shirk lengthy
and uneasy integrations. The chf’s allow instead even here a remarkable simplification
because, as we know from the Proposition 4.9, the convolution of the pdf’s is replaced
by the simple product of the chf’s

Exemple 4.21. The reproductive properties (3.67) of the Gaussian laws N(b, a?)
N (b1, ai) * N(by, a3) = N (b + bz, aj + a3)

are simply proved by recalling Proposition 4.9 and (4.13), and remarking that the prod-
uct of the chf’s p1(u) and pao(u) of the lawsN (by,a?) and N (by, a3) is

ib1ufa§u2/2€ib2ufa§u2/2 _ ei(b1+b2)u7(a%+a§)u2/2

o(u) = pr(u)p2(u) = e

namely the chf of the law N (by + by, a3 + a3). As a consequence the family of laws
MN(b, a?) with parameters a and b is closed under convolution. As a particular case, for
a1 = ay = 0, we also retrieve the reproductive properties of the degenerate laws 6,

dbl * 6b2 = 6b1+b2 (423)

By the same token we can also prove that the Poisson laws PB(a) enjoy the same
property in the sense that

Plon) * Plaz) = Plon + az) (4.24)
From (4.9) we indeed see that the product of the chf’s of PB(ay) and P(az) is

a1(ei”—1)€a2(ei“—1) agtaz)(et*—1)

plu) = —

namely the chf of P(ay + az)

The parametric families 8;, (b, a*) e P () — whose relevance will be emphasized in the
subsequent discussion about the limit theorems — enjoy a further important property:
they are closed also under convolution decomposition. If for instance we decompose
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a Gaussian law 91(b, a?) into the convolution of two other laws, the latter must also be
Gaussian laws from the family 91(b, a?). In other words, not only the convolution of
two Gaussians always produces a Gaussian, but only by composing two Gaussians we
can get a Gaussian law. In this sense we say that the family 91(b, a?) is closed under
convolution composition and decomposition. A similar result holds for the families &
and P («), but, at variance with the compositions, the theorems about decompositions
are rather difficult to prove'®

Exemple 4.22. There are more parametric families of laws that are closed under
convolution: it is easy for instance to prove from (4.16) the reproductive properties of

the Cauchy laws €(a,b)
Ql(al, bl) * @(CLQ, bg) = (’:(al + as, b1 —+ bg) (425)

We should however refrain from supposing a too wide generalization of this property:
for instance a convolution of exponential laws €(a) does not produce an exponential
law: it is easy to see from (4.14) that if p1(u) and @o(u) are chf’s of €(ay) and E(ay),

their product
ai Qg

p(u) = p1(u)pa(u) = a; — i ag — iu

1s not the chf of an exponential. If instead we combine exponential laws with the same
parameter a we find a new family of laws that will be useful in the following: the product
of the chf’s p,(u) of n exponentials €(a) with the same a is indeed

o) =it = () (126)

a— 1

and it is possible to show with a direct calculation that the corresponding pdf is

fz(z) =

(ax)"!

(n—1)!

where ¥(x) is the Heaviside function. These are known as Erlang laws €,(a) =
&*"(a), and we have just shown indeed that an Erlang €,(a) rv always is decomposable
in the sum of n independent exponential €(a) rv’s. It is also easy to check from (3.33)
and (8.38) that if X ~ &,(a), then

ae” Y (x) n=12... (4.27)

E[X] = g ViX]=2 (4.28)

Remark the formal reciprocity between the Erlang (4.27) and the Poisson distributions:
the expression
ake®
k!
represents indeed at the same time both a discrete Poisson distribution B (z) with values
k (and parameter x > 0), and an Erlang pdf €,11(1) of order k+1, with values x (and
parameter a = 1): this reciprocity will be further elucidated later on by the discussion

of the Poisson process in the Section 6.1

9(z) k=0,1,2...

13M. Loéve, PROBABILITY THEORY - I, Springer (New York, 1977)
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4.3 Laws of large numbers

The classical limit theorems are statements about limits (for n — o) of sums S,, =
X1+ -+ X, of sequences (X,,)nen of rv’s, where a prominent role is played by the
families of laws &, DM(b, a?) and P(a). We should at once remark, however, that the
limit theorems are not an aftermath of the composition and decomposition properties
of the Section 4.2.3. They are instead deep results that go beyond the boundaries of the
previous discussion. First of all, while the composition and decomposition properties
pertain to finite sums of rv’s, the limit theorems touch to limits of sequences of sums
of rv’s. Second, while for instance the composition and decomposition properties of a
Gaussian rv states that this law always is the sum of a finite number of independent
rv’s the are again Gaussians, in the Central Limit Theorem the normal laws comes
out as the limit in distribution of sums of independent rv’s with arbitrary laws, within
rather broad conditions. We will begin our treatment with the Law of Large Numbers
that, at variance with the Gaussian and Poisson theorems that will be discussed in the
subsequent sections, are a case of degenerate convergence: the sequence S,, does indeed
converge toward a number, namely toward a rv taking just one value P-a.s.. The oldest
version of this important result, the Bernulli Theorem (1713), is briefly recalled in the
Appendix F

Theorem 4.23. Weak Law of Large Numbers: Given a sequence (X,)nen of m0°s
iid with E [|X,|] < +o0, and taken S, = X1 + -+ X, and E [X,] = m, it turns out
that
Sp P
—— —=m
n
Proof: In the present formulation the X} are not in general Bernoulli rv’s as in the
original Bernoulli’s proof, and hence the S,, are not binomial, so that the proof can
not be given along the lines of Appendix F where the binomial laws play the central
role. To bypass the problem remark first that, from the point 4 of the Theorem 4.4, the
degenerate convergence in probability (for us toward m) is equivalent to the convergence

in distribution to the same constant and hence we can legitimately utilize the Lévy
Theorem 4.16. If ¢(u) is the chf of the X, the chf’s of the S,,/n will be

— iuSn/n] _ - iuXg/n] _ E)i|n
pn(u) = E [e"5/"] = [ B [¢"X/] [90 (n
k=1
Our rv’s are integrable by hypothesis, and hence from (4.19) we get
o(u) =1+ ium + o(u) u—0

so that, with fixed, arbitrary wu,

U U 1
<p<—>:1+z—m+o(—> n — 00
n n n
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For every u € R we then have

gon(u):{1+z—m+0(—)1 —e
n n

and since €™ is the chf of a rv degenerate in m, the result follows from the Theo-
rem 4.16. |

There is a variant of this weak Law of Large Numbers that is fit also for sequences of
rv’s that are independent, but not identically distributed. To this end it is expedient
to remark that the Theorem 4.23 can also be put in the form
S, — E[S,
Sn=BlS] p (4.29)
n
that no longer refers to a common expectation value, and hence is suitable for indepen-
dent, but not identically distributed X,,. The next theorem shows that the identical
distribution hypothesis can be replaced by another about the variance V' [X,,] that of
course must be now supposed to be finite

Theorem 4.24. If the rv’s in (X, )nen are independent with E [|X,|*] < +oo, taken
Sp=X1+ -+ X, if we can find a number C' > 0 such that

VIX,]<C Vn e N
then it is
S,—E[S)] p
T—)O

Proof: From the Chebyshev inequality (3.42), and however chosen € > 0

S, — E[S,) 1 S, — E[S,) 1 2
I 1 < nC
= =3 Y VIXi—E[X)]] = =3 Y VX < 2
k=1 k=1
¢ .
ne 0
and the theorem if proved by definition of convergence in probability |

The Law of Large Numbers plays an extremely important role in Probability because
it allows to confidently estimate the expectation of a rv X by averaging on a large
number of independent observations. To this end we consider a sequence (X,,)nen of
independent measurements of X (so that the X, are #id) and we calculate their average
Sy/n. According to the Theorem 4.23 we can then confidently say that the difference
between the empirical value of S, /n and the theoretical E [X] is infinitesimal with
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n. For the time being, however, the locution confidently is problematic: our previous
formulations of the Law of Large Numbers guarantees indeed the convergence of S, /n
to E [X] only in probability, and not P-a.s.. As a consequence, strictly speaking, the
probability that S,/n does not converge to E [X] can be different from zero. If we
had not other results stronger than the Theorems 4.23 and 4.24, we could suspect
that, with non zero probability, the average of a sequence of measurements does not
actually converge to E [X], and this would be particularly alarming in all the empirical
applications. For this reason great efforts have been devoted to find a strong Law of
Large Numbers (namely in force P-a.s.) in order to guarantee the correctness of all
the empirical procedures with probability 1

Theorem 4.25. Strong Law of Large Numbers: Given a sequence (X, )nen of
rv’s iid with E[|X,|] < 400, and taken S, = X1 +---+ X,, and E [X,,] = m, it turns

out that
Sn as
—rm

n
Proof: Omitted!*. Remark that the hypotheses of the present theorem coincide with
that of the weak Theorem 4.23: the different result (P-a.s. convergence instead of con-
vergence in probability) is a produce only of the more advanced techniques of demon-
stration. It is also possible to show that here too we can dismiss the hypothesis of
identical distribution of the X, replacing it with some constraint on the variances, and
that the result still holds if the expectation exists but it is not finite. We will refrain
however to enter into the technical details of these importand advances, and we will
show instead a few examples of practical application of the Law of Large Numbers M

Exemple 4.26. Consider a continuous function g(x) : [0,1] — [0,1] and suppose you
want to calculate in a numerical way (namely without finding a primitive) the integral

I:/O g(x)dx (4.30)

We will show here that this is possible by taking advantage of the statistical reqularities
highlighted by the Law of Large Numbers: a method known as Monte Carlo that we
will present in two possible variants

Take first the r-vec U = (X,Y') with values in (RQ, B(RZ)) and independent com-
ponents uniformly distributed in [0,1] so that

fulz,y) = { é (e‘?gs/) € [0,1] x [0,1]

and U is uniformly distributed in [0,1] x [0, 1]. If then

A= {(z,y) €[0,1] x [0,1] : g(z) >y} € B(R?) B={(X,Y)e A} eF
Xa(z,y) = { (1) (js’ey) < Ip(w) = { (1) leee ’

14 A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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(0] 1

Figure 4.2: Calculation of the integral (4.30) with the Monte Carlo method

the rv Z = Ig = xa(X,Y) is a Bernoulli %6 (1;p) with
p = E[Z]=P{B}=P{(X,Y) € A} = P{Y <g(X)}

= /AfU(x,y)dxdyZAl{/og(z)dy}dl‘:/olg(x)dxzf

In short the value of the integral I is the probability of the event Y < g(X) for a point
of coordinates X,Y taken at random in [0,1] x [0,1], and this also coincides with the
expectation of Z. Hence I can be calculated by estimating E [Z] with the strong Law of
Large Numbers: take n points (X, Yx), k= 1,...,n uniform in [0,1] x [0,1], let Z) =
Xa(Xk, Yi) be the corresponding sequence of iid rv’s, and define S, = Z1+. ..+ Zy; the
value I = E [Z] is then well approzimated by S, /n for large values of n. In practice this
amounts to calculate I = p = P{Y < g(X)} by first enumerating the random points
uniform in [0, 1] x [0, 1] that fall under the curve y = g(x) in the Figure 4.2, and then
dividing the result by the total number of drawn points

The numerical calculation of I can also be performed with an alternative procedure
by remarking that if X is a uniform 8 (0,1) rv, and if Y = g(X), it turns out that

EY = E [¢(X)] :/0 gx)de =1

As a consequence we can calculate I by estimating the expectation of Y = g(X) as
an average of trials: if (X, )nen 1S a sequence of uniform $4(0,1) éid rv’s, the Law of
Large Numbers states that with probability 1 we will have

L3 (%) s Blg(X)] =1

k=1

and hence with a fair number of measurements we can always approrimate the value of
1 with the required precision
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4.4 (Gaussian theorems

The Gaussian theorems are statements about convergence in distribution of the sums
Sy, toward the standard normal law 91(0, 1), and since we are interested rather in the
form of the limit distribution than in its expectation or its variance, it will be expedient
to preliminarily standardize the sequences at issue. Recalling that a rv is standardized
when E [X] =0 and V [X] = 1 we will study in the following the standardized sums

*_Sn_E[Sn]

.= Vs (4.31)

In the oldest versions of these theorems the sums S, were binomial rv’s (see Ap-
pendix F), but the modern formulations are much more general and can be proved
under a wide selection of hypotheses

Theorem 4.27. Central Limit Theorem for iid rv’s: Take a sequence (X,)nen
of #d rv’s with E [X?] < +o00 and V [X,] > 0, and define S, = X1+ ...+ X,, and S}
as in (4.31): then it is

57 -4 M(0,1)

Proof: Since the convergence in distribution of a sequence of rv’s is equivalent to the
convergence in genersl of the corresponding sequence of cdf’s (see Section 4.1), our
theorem states that
P{S: <ax} 5 &(2), Ve e R

where ) N
_ —22/2 d
= — e z

V 2 /oo
is the standard error function (2.16) that it is continuous for every z. To prove the

statement we will then take advantage of the P. Lévy Theorem 4.16: since the X,, are
11d, take

®(z)

m = E[X,)] 0? =V [X,)] p(u) = E [emXnmm)]

and remark first that
1
E|[S,] =nm V [S,] = no? Sr=— E (X —m)

From the independence of the X,,’s we have then

n

- atei=aflo ] flafee- )]

k=1

where ¢(u) is the chf of X, —m with finite moments at least up to the second order

and
E[X,—m]=0 E[(X,-m)’] = ¢
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From the (4.19) we know that

+ o(u?) u—0

so that, with a fixed arbitrary u, and n — oo, we have

2

u 1 " 2
N = 1= = - L> —u=/2
ot = 1= e o) =

Since we know from (4.13) that e’/ is the chf of 21 (0,1), the theorem is proved
according to the P. Lévy Theorem 4.16 |

Remark that from V' [S,] = no?, and taking advantage of the equivalence between the
degenerate convergences in probability and in distribution, we could reformulate the
result (4.29) of the Law of Large numbers as

Sn—E[S)] a _
W —>50—m(0,0)

where the denominator grows as n, while the Central Limit Theorem 4.27 states that

. V5, — 91(0,1)

A juxtaposition of these two assertions highlights analogies and differences between the
two results: in the Central Limit Theorem there is the square root of the variance, so
that the denominator grows only as y/n, and this intuitively explains why in this case
the convergence is no longer degenerate. We will finally recall another variant of the
Central Limit Theorem that, by imposing further technical conditions, allows one to
jettison the hypothesis of identical distribution of the X,,’s

Theorem 4.28. Central Limit Theorem for independent rv’s: Tuke a sequence
(Xn)nen of independent rv’s with E[X?] < 400 and V [X,,] > 0, define S, = X, +
.+ X, and S as in (4.31), and posit

my, = E[X,] Vo=1/oi+ - +02

If it exists a 6 > 0 such that (Lyapunov conditions)

1 — n
V2+o Z E [| Xy — "] =0
(O —
then it is
S* -4 M(0,1)
Proof: Omitted!® [ |

15 A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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4.5 Poisson theorems

In the old binomial formulations of the Gaussian Theorems (see for instance the Local
Limit Theorem in the Appendix F) the proof of the convergence toward a normal law
resulted from the approximation of the values of a binomial distribution by means of
Gaussian functions, but — because of the structural differences between the discrete
and the ac’s laws — such an approximation was increasingly inaccurate as you moved
away from the center toward the tails of the distributions at issue. This predicament is
especially conspicuous when p is near either to 0, or to 1. A Gaussian function is indeed
perfectly symmetric around its center, while a binomial distribution shows the same
feature only when p = !/, : if instead p departs from ! /5 getting closer either to 0 or to
1 such a symmetry is lost. In these cases it is not reasonable to expect that a normal
curve be a good approximation of a binomial distribution, except in the immediate
vicinity of its maximum. These remarks suggest looking for a different asymptotic (for
n — 00) approximation of the binomial distribution when p is close either to 0 or to 1.
To discuss particular problems, on the other hand, we will be often obliged to produce
probabilistic models rather different from that of Bernoulli: more precisely we could
be required to suppose that the probability p has nor the same value for every n, and
in particular that p(n) — 0 for n — oo, as we will see in the subsequent example

Exemple 4.29. Random instants: Suppose that a call center receives, at random
times, phone calls with an average number proportional to the width of the time interval,
and that in particular an average number A = 1.5 of calls arrive every minute: namely
an average of 90 calls per hour. If then S is the rv counting the random number of calls
i an interval T = 3 minutes, we ask what is the distribution of S. To this end remark
first that S takes unbounded integer values k = 0,1, ..., namely the set of its possible
values is N U {0}. We then set up the following approzimation procedure: since we
have an average of A = 1.5 calls per minute, we start by dividing T' in a number n of
equal sub-intervals small enough to find no more than 1 call in average. For example
with n = 9 the average number of calls in every sub-interval is

E =15x § = 1

n 9 2
so that as a first approximation we can assume that there is no more than 1 random
call per sub-interval. We then have a first model with n = 9 independent trials checking
whether in every sub-interval a phone call is found or not: we can define 9 Bernoull
rv’s Xj(-g) (j =1,...,9) taking value 1 if there is a call in the j* sub-interval, and 0

if there is none. Since apparently X]@) ~ B (1;p) and E [X]@)] =1/y, from (3.27) we

also find that p = p(9) = '/,. As a consequence the rv Sy = Xl(g) +...+ Xég) ~ our
approzimation for the number of calls in T — will be binomial B (9;1/5), namely

- QWO
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The drawback of this first approximation is of course the hypothesis that in every sub-
interval no more than 1 call can be found: we indeed approximated a rv S taking infinite
values, with a v Sy ~ B (9;1/5) taking only 10 values. This however also suggests how
to improve the approrimation: if the number n of the sub-intervals grows, we have at
once Tv’s S, with a growing number of possible values, and — by making ever smaller
the width of the sub-intervals — a growing probability of finding no more than 1 call per
interval. By taking for instance n = 18 sub-intervals we get
AT 3

p(18) = — X871

so that Sig ~ B (18;1/4), that is

k 18—k
P{Ss =k} = (1;) G) G) k=0,1,...,18

We can then continue to improve the approximation taking ever larger n, so that

AT n
:_:1,5><§—> np(n) =AT'=«a, VYneN

p(n) = — "

and we must ask now to what limit distribution tends (for n — oo) the sequence of
binomial laws B (n;p(n))

n

) = PL8, = 1) = () o (1 = o))" (4.32)

The answer is in the following theorem that we will give first in its classical, binomial
form*S before presenting it also its more up-to-date versions

Theorem 4.30. Poisson theorem for binomial rv’s: Take a sequence of binomial
rv’s binomiali S, ~ B (n;p(n)) as in in (4.32): if it exists a number o > 0 such that

p(n) —0 gn)=1—=p(n) —1 np(n) — « n — oo

then S,, converges in distribution to the Poisson law B(«), that is

k —«
Sh, N PB(a) namely lim p, (k) = a I:' , k=0,1,...

Proof: Since for every a > 0, from a certain n onward we have o/n < 1, starting from
there our hypotheses empower us to write

p(n) =~ +o(n ™)

165.D. Poisson, RECHERCHES SUR LA PROBABILITE DES JUGEMENTS EN MATIERE CRIMINELLE
ET EN MATIERE CIVILE, Bachelier (Paris, 1837)
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so that for K =0,1,...,n we will get

~nn—=1)...(n—k+1) [a PN a P
Pu(k) = m [ o] 1= 5ot
From a well known limit result we then have
k —1....(n—k+1
nn—1)...(n—k+1) [% + o(nfl)] _nin=1) n,f” Dt 4 o(1)*

n—=k n —k
1-24 o(n’l)} = [1 " o(n’l)] [1 ~25 o(nfl)} s e
n n
and hence we easily find the result ]

Theorem 4.31. Poisson theorem for multinomial r-vec’s: Tuke a sequence of
multinomial r-vec’s S, = (X1,..., X)) ~B (n;p1,...,p,) with

n! potpit+.. +p=1

_ _ _ ko ki k.,
P =ty X =k} = e PPy {ko+k1+...+kr=n

If for 5 =1,...,r and n — oo there exist o; > 0 such that

p; =p;j(n) =0 po =po(n) — 1 np;(n) = a;

then we have .
S, = (Xla' .- 7XT‘) — %(al) e 'SB(OQJ'

Proof: Omitted: the proof is lengthier, bus similar to that of the Theorem 4.30 W

The Theorem 4.30 has been proved by making explicit use of the properties of the
binomial laws resulting from the sum of #id Bernoulli rv’s. It can however be generalized
to the sums of Bernoulli rv’s independent but not identically distributed: in this case
the sums are no longer binomial and the previous proof cannot be adopted. To fix the
ideas suppose to have a sequence of experiments, and for every n to have n independent

Bernoulli 7v’s Xl("), X with X,g") ~ B (1;p§€")>, ie.

PxX"=1y=p"  PxM=01=¢" p"+q¢"=1  k=1,....n

The sum 5, = X 1(n) + -+ X" will take then integer values from 0 to n, but in general
it will not be binomial because the summands are not identically distributed. We will
have indeed that

o for every fixed k: the p,(cn) depend on n and hence the rv’s X ,(Cn) change distribution
according to n; in other words going from n to n + 1 the rv’s at a place k are
updated
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o for every fixed n: the X,i") are not identically distributed, so that S, is not

binomial

In short we will have a triangular scheme of the type

Xy P

2 2 2 2
XY, xg" Pt pt?
X x i

The X,g") in every row are independent but not identically distributed; along the

columns instead the p,(Cn) (to wit the laws) change in general with n. The next theorem

fixes the conditions to allow the new S, to converge again in distribution toward ()
Theorem 4.32. For everyn € N and k = 1,...,n take the independent rv’s X,gn)
with

P{X]gn) _ 1} _ p](cn) P{X;gn) _ 0} _ q]gn) p’(cn) + q](cn) -1

and posit Sy = X™ + -+ X if

n
(n) _n (n) _n
— 0 —a>0
1I£$§ank ;pk «

then we have
S 2 P(a)

Proof: From the independence of the X ,En), and recalling (4.7), we have

s () = B[] = [+ ) = [ {1+ - 1]
k=1 k=1

Since by hypothesis p,gn) —5 0, from the series expansion of the logarithm we have

n

s, () = Y1476 = 1] = Y e = 1)+ o] > e 1)

and given the continuity of the logarithm

ps, (u) 5 Y

Recalling then (4.9), from the Theorem 4.16 we find S,, N P(a). |
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4.6 Where the classical limit theorems fail

Theorem 4.33. If S ~ PB(«) is a Poisson rv, then
S—a
Va

Proof: If p, is the chf of S*, from (4.9) and from the series expansion of an exponential
we find for a« = +o00

St = N 7M(0,1) a — 400

palu) = E[e"5] = o—IVa [eiuS/\/&:|

= exp [—iu\/a + (ei“/‘/a — 1>}

e ' fa1e v tof? e
= X —lUN O — (X (0] —_— — o\ — (&
P Va o 2a a

The result follows then from the Theorem 4.16. |

4.6 Where the classical limit theorems fail

The results presented in this chapter are also known on the whole as the classical
limit theorems and are rather general statements about the limit behavior of sums of
independent rv’s, but we must not misread them by supposing that they can be applied
in a totally indiscriminate manner. In particular we should be careful in checking their
hypotheses, chiefly that about the required moments E [X,,] and E [X?2]. To this end we
will briefly discuss an example showing that problems can arise even in fairly ordinary
contexts

Exemple 4.34. Let us suppose, as in the Figure 4.3, that a light beam from a source
m A hit a mirror in C at a distance a free to wobble around a stud. The mirror
position is taken at random in the sense that the reflection angle © is a uniform rv
with distribution (—%, %) If now X = atan© is the distance from A of the point B
where the reflected beam hit back the wall, it is easy to show that X follows a Cauchy
law €(a,0): we have indeed

_ ) Ym af | < /2
f@w)_{o if 0] > 7 /2

while X results from © through the function x = g(f) = atan @ monotonic on (=" /2,7 /2).
As a consequence, with
N T o
6,(z) = g~ (x) = arctan - 0} (x) = P
the transformation rule (3.60) entails that the law of X is the Cauchy €(a,0) with pdf

1 a

T a?+ 22

fx(x) = fo(61(x))|0)(x)| =
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Figure 4.3: How to produce a Cauchy rv

because fo takes the constant value '/, in [—“/2, ’T/g], while apparently 01(z) €
(— ™ /a, 7T/g). This simple example shows that a Cauchy law can turn up in a natu-
ral way in realistic contexts, even if — as we are going to prove below — its behavior
stands apart from that expected according to the limit theorems

Let us suppose, indeed, to replicate a large number of independent measurements
of X to get a sequence (X,)nen of iid Cauchy rv’s with law €(a,0). From (4.16) we
know that their chf is

gO(U) — E [eian} _ e—a|u\

so that, with S, = X1+ -+ + X,,, the chf of the average S, /n for every n is

[T | = [o (&))" = ()" = = ot

k=0

We then (trivially) have that
on(u) —= p(u) Vue R
and hence from the Lévy Theorem 4.16 it follows that

Sn dy ¢(a,0)

n
In other words we in no way find the degenerate convergence required by the Law of
Large Numbers, and we recover instead a convergence in distribution toward the initial
Cauchy law. It is easy to see, moreover, that for every numerical sequence N\, we find
anyways A\, Sy ~ €(nA,a,0), so that under no circumstances sums of iid Cauchy rv’s
seem to show a bent to converge toward Gaussian laws as required by the Gaussian
Theorems
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4.6 Where the classical limit theorems fail

The previous discussion shows that our counterexample is indeed outside the jurisdic-
tion of the classical limit theorems: a comprehensive discussion of this point would
be beyond the boundaries of these lectures, and we will only briefly raise again this
point later (see Section 7.1.3) while trying to characterize the class of all the possible
limit laws of sums of independent rv’s. We will conclude this section, however, by
just remarking that the seemingly anomalous behavior of the Cauchy rv’s in the Ex-
ample 4.34 is essentially due to their non-compliance with the hypotheses of the
classical limit theorems. As already remarked in the Example 3.25, the expectation
of a Cauchy rv X ~ €(a,0) is not defined, while the existence of E [X] (in the sense
of the Lebesgue integral) is a mandatory requirement that plays a crucial role in the
proofs of both the Gaussian Theorems and the Laws of Large Numbers
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Part 11

Stochastic Processes
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Chapter 5

(Generalities

The notion of sp X (t) = X (w;t) on a probability space (£2, F, P) with ¢ > 0 has already
been introduced in the Section 3.2 where we pointed out that it can be considered from
two complementary standpoints:

e as an application that to every given ¢ > 0 associates a v X (w;t) = X (¢) that
represent the state of the system at the time ¢; in this sense the sp is a family of
rv’s parametrized by t;

e as an application that to every given w € Q associates a whole trajectory (sample)
X (w;t) = z(t) of the process; in this second sense the sp consists of the set of all
its possible trajectories

These two perspectives are essentially equivalent and are adopted according to the
needs. It will be expedient to remark immediately, however, that ¢ is here considered as
a time just to fix ideas: every family of rv’s X («) classified by one or more parameters
« is a sp: the instinctual view that the parameter ¢ is a time originates only from the
routine examples used to present this notion. As a rule our sp’s will be defined for
t > 0, but the possibility of t € R is not excluded. As we will see later, moreover, a sp
can have more than one component: X (t) = (Xi(t),..., Xu(t)), but for simplicity’s
sake we will initially confine ourselves just to the case M = 1. In the following we will
also look at the increments X (s) — X(¢) of X(¢) on an interval [t, s], taking often
advantage of the notation AX (t) = X (t + At) — X (¢t) with At = s—t > 0, and at the
increment process AX(¢) with varying ¢ and a fixed At > 0

5.1 Identification and Law of a sp

As we know, to every sp it is possible to associate a hierarchy of finite dimensional
laws that — as stated in the Kolmogorov Theorem 2.37 — uniquely determine the global
law of the sp: given a finite number n of arbitrary instants ¢y, ...,t,, consider all
the joint laws of the r-vec’s (X(t1),..., X (t,)) that can be represented through either
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their cdf’s or their chf’s
F(zy,t1;. .20, t) o(ug, ty;. . U, ty)

In the following, however, we will also use either their discrete distributions (usually
with integer values k, ¢...), or — when ac— their pdf’s respectively with the notations

p(kbtlavkn;tn) f(xlatluvxnatn)

Taken then in the same way m other instants sq,...,s,,, we can also introduce the
conditional cdf’s, probabilities and pdf’s according to the notations of Section 3.4.1

F(zy,t; ., ta Y1,815 -3 Yms Sm) = P{X(t) <ax1...|X(s1)=wy1...}
plki,tay . s knytos b1, 51523 Uy Sim)
kit katol b1, 8150 b, Sm) =
plhs, b 41,51 5m) p(lr, 8153 by Sm)
F@, by T, TS Y1y 515+ 23 Yo Sm)
F(Yr, S15- 23 Ymy Sm)

For the time being the ordering of the ¢;, s; is immaterial, but it is usually supposed
that

flzr,te; Tt Y1, 815 -+ 3 Yy Sm) =

tnzztlzstZSle

In particular we will call transition pdf’s and probabilities the two-instant condi-
tional pdf’s and probabilities f(x,t|y,s) and p(k,t|¢, s)

We can now go on to define in what sense we can speak of equality of two sp’s
X(t) and Y (¢):

1. X(t) and Y (t) are said to be indistinguishable (or even identical P-a.s.) if all the
trajectories coincide for every t, with the possible exception of a negligible set of
them, namely if

P{X(t)=Y(t), Vt >0} =1

2. X(t) e Y(t) are said to be equivalent (and we also say that X (t) is a modification
of Y(t) and viceversa) if instead for every given ¢ the states of the processes
coincide P-a.s., namely if

PX(t)=Y(®)} =1, Vt>0

3. X (t) and Y (t) are said to be wide sense equivalent, or even equal in distribution
if all their finite dimensional joint laws (and hence their global laws) coincide0

These three definitions are rather different: it is easy to see for instance that two

indistinguishable processes are also equivalent, but the reverse does not hold. Taken
indeed

I
>~<

Ny = {X(t) =Y(1)} t>0
N = {X{t)=Y(t), t>0} =N

t>0
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5.1 Identification and Law of a sp

the indistinguishability requires P{N} = 0, and hence entails P{N,} = 0, Vt >
0, namely leads to the equivalence. The simple equivalence, however, only requires
P{N;} =0, Vt > 0, and that is not enough to have also P{N} = P{|UN:} =0
because the set of the instants ¢ > 0 is uncountable. In the same way it is possible to
show that equivalent sp’s also have the same finite dimensional joint distributions, but
the reverse does not hold in general

As already mentioned, the Kolmogorov Theorem 2.37 guarantees that the knowl-
edge of the whole family of consistent finite dimensional pdf’s (let us suppose that our
sp is ac) is enough to determine a probability measure on the whole space (RT, B (RT))
with 7' = [0, +00). We however also remarked in the point 4 of the Example 1.7 that
B(RT) is not large enough for our needs: statements as the process is continuous in
a given instant, for instance, require trajectories subsets that have no place in such a
o-algebra. We need then an extension of this probability space: without going into
technical details, we will only recall here that this extension is always possible in an
unambiguous way if our sp enjoys a property called separability®, that we will refrain
here from defining exactly. In this case in fact the finite dimensional pdf’s determine a
probability measure extendable to all the trajectory subsets of practical interest, and
what is more the required property is more a formal than a substantial limitation in
the light of the following general result

Theorem 5.1. It is always possible to find a separable modification of a given sp: in
other words, every sp s equivalent to some other separable sp

Proof: Omitted? [ ]

We will therefore always be able to behave as if all our sp’s are separable, and hence
to suppose that the knowledge of all the finite dimensional pdf’s coherently determines
the probability measure on a suitable trajectory space encompassing all the required
events

By generalizing the notion of a canonical rv presented in the Section 3.1.3, we will
also say that, given — through a consistent family of joint finite dimensional laws — a
probability P on a set (RT, B(RT)) of trajectories, it will always be possible to find
a sp having exactly P as its global law

Definition 5.2. Given a probability P on the space (RT, B(RT)) of the trajecto-
ries, we will call canonical process the sp X(t) defined as the identical map from
(RT,B(R"), P) to (R, B(R")), whose distribution will coincide with the given P

These remarks explain why the sp’s (as for the rv’s) are essentially classified through
their laws, even if to a given distribution can be associated many different sp’s sharing
only their global law: here you are an important class of sp’s

1J.L. Doob, SToCHASTIC PROCESSES, Wiley (New York, 1953)
2J.L. Doob, StocHASTIC PROCESSES, Wiley (New York, 1953)
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Definition 5.3. We will say that X (t) is a Gaussian process when, however taken
ti,to, ..oty withn = 0,1,..., it is (X(t1),..., X (t,)) ~ M (b, A) where b and A are
mean vectors and covariance matrices dependent on ty,ts, ..., t,

5.2 Expectations and correlations

A great deal of information about a sp X (t) (with only one component for the time
being) can be retrieved looking just to the expectations (when they exist) in one or
more time instants, without providing all the details about the finite dimensional dis-
tributions. First it is expedient to introduce the expectation and the variance of a
sp in every t:

m(t) = E[X(1)] o*(t) = V[X(t)] (5.1)

Then the second order moments accounting for the correlations among the values of a
sp in several time instants: to this end we define first the autocorrelation of the sp
X(t) as the function (symmetric in its two arguments)

R(s.t) = R(t,s) = E[X(s)X ()] (5.2)

We must remark at once, however, that the word correlation is used here with a
slightly different meaning w.r.t. what was done for two rv’s. We will in fact define also
an autocovariance and a correlation coefficient of X () respectively as

C(s,t) = cov[X(s),X(t)] = R(s,t) —m(s)m(t) (5.3)

p(s,t) = p[X(s),X(t)]:%

also noting that the autocovariance C(s,t) includes the variance of the process because
apparently

(5.4)

VIX(t) =*(t) = C(t,1) (5.5)
We will finally say that a sp is centered when
m(t) =0 R(s,t) = C(s,t)

It is easy to see then that, given an arbitrary sp X (), the process

always turns out to be centered. The knowledge of the one- and two-times functions
m(t), R(s,t), C(s,t) and p(s,t), albeit in general not exhaustive of the information
pertaining to a sp, allows nonetheless to retrieve a fairly precise idea of its behavior,
and in particular cases even a complete account of the process distribution
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5.3 Convergence and continuity

5.3 Convergence and continuity

The types of convergence for sequences of rv’s (X,,),en presented in the Definition 4.1
can now be immediately extended to the sp’s in order to define the convergence of X (t)
toward some rv X for t — ty. For instance the mean square convergence (ms)

X(t) 2% X t — to or else lim-ms X (t) = X,

t—to

will be defined as
lim E [|X(t) — Xoﬂ =0 (5.6)

t—to
In the same way we can introduce the convergences P-a.s., in probability, in LP and in
distribution with the same mutual relations listed in the Theorem 4.4 for the sequences,
and it is moreover possible to prove that the respective Cauchy convergence tests
hold. It will be expedient finally to introduce a further notion: the convergence of a
whole sequence of processes toward another process

Definition 5.4. We will say that a sequence of processes {X,(t)},.n converges
in distribution toward the process X (t) when, with k = 1,2, ..., all the k-dimensional,
joint distributions of the r-vec’s (X, (t1),..., X, (tx)) weakly converge toward the cor-
responding distributions of the r-vec’s (X (t1), ..., X (tx))

We are able now to introduce several notions of process continuity according to the
adopted kind of convergence. It is important to make clear however that in this case
we will be also obliged to discriminate between the continuity in a given, arbitrary
instant ¢, and the global continuity of the process trajectories in every ¢

Definition 5.5. Given a sp X(t) witht > 0 on (Q, F, P) we will say that it is

e continuous P-a.s., in probability, in LP or in distribution when in every
arbitrary, fived t > 0, and for s — t it turns out that X (s) — X(t) P-a.s., in
probability, in LP or in distribution respectively; a sp continuous in probability is
also said stochastically continuous;

e sample continuous when almost every trajectory is continuous in every t > 0,
that is if
P{weQ: z(t) = X(t;w) is continuous ¥t > 0} =1

The sample continuity of the second point must not be misinterpreted as the P-a.s.
continuity of the previous point: a sp is P-a.s. continuous if every instant ¢ is almost
surely a continuity point; it turns instead to be sample continuous if the set of the
trajectories that are not continuous even in a single point ¢ has zero probability. All
these different varieties of continuity are not equivalent, but comply rather with the
same kind of implications listed in the Theorem 4.4 for the sequences of rv’s. In
particular the continuity in L? (in ms) is sufficient to entail the stochastic continuity.
It is then useful to remark that the ms continuity can be scrutinized by looking at
the continuity properties of the autocorrelation functions as stated in the following
proposition
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Proposition 5.6. A sp X (t) is continuous in ms — and hence is stochastically con-
tinuous — iff the autocorrelation R(s,t) is continuous for s =t

Proof: Since it is

E[|X(s)—X1)]?] = E[X*s)]+E[X*(t)] —2E[X(s)X(t)]
= R(t,t)+ R(s,s) — 2R(s,1)

by definition and from (5.6) we find that the ms continuity in ¢ is equivalent to the
continuity of R(s,t)in s =1 |

The conditions for the sample continuity of a Markov process will be subsequently
presented in the Section 7.1.7; here it will be enough to add only that the sample
continuity apparently entails all the other types of continuity listed above

5.4 Differentiation and integration in ms

Even the integration and differentiation of a sp require suitable limit procedures and
must then be defined according to the adopted type of convergence. In the subsequent
chapters we will go in further details about these topics, and here we will begin by
confining ourselves to look just to the ms convergence (entailing anyhow also that in
probability). First, according to our definitions, a sp X (t) will be differentiable in
ms if it exists another process X (t) such that for every ¢ > 0

X(t+ A = X(£) s

s — X(t) At — 0
that is if
. X(t+a)-x@) o |
Al}tglo E A7 - Xt | =0 (5.7)

We can then show that, as for the ms continuity, also the ms differentiability can be
verified by looking at the properties of the process autocorrelation:

Proposition 5.7. A sp X(t) is ms differentiable in t, iff the second mized derivative
Ry 1 = 0s0:R of its autocorrelation R(s,t) exists in s = t. In this case we also have

E [X(t)} — 1(t)

Proof: By applying the Cauchy convergence test to the limit (5.7), the ms differen-
tiability in ¢ requires

2

] - 0

As At

As,At—0

‘X(t FAs) - X(8)  X(t+ A - X(1)
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5.4 Differentiation and integration in ms

Since on the other hand, when the limits exist, we have
im  E [X(t—i— At) — X(t) X(t+ As) — X(t)}

As,At—0 At As
: R(t + As,t + At) — R(t + As,t) — R(t,t + At) + R(t, t)
= lim
As,At—0 AtAs
= RLl(t, t)
2 2
. ‘X(t—l—At) -~ X _ i B X(t+ As) — X(t)
At—0 At As—0 As
. R(t+ At t+ At) — R(t + At, t) — R(t,t + At) + R(t, 1)
= lim
At—0 At?
- lel(t, t)

the Cauchy test is met, and X (t) exists, iff the derivative Ry ;(t,t) exists because in
this case
2

X(t+As)—X(t) X+ At)— X(t)

As At
= Ryi(t,t) —2Ry1(t,t) + R11(t, t) =0

lim F
As,At—0

That also E [X (t)] = r(t) holds is finally proved by checking the conditions to ex-

change limits and expectations ]

As for the stochastic integrals, that will be discussed in more detail in the Section 8.2,
here we will just look at those of the type

/ ’ X(t) dt (5.8)

that at any rate — if they can be established in some suitable sense — apparently define a
new rv. For the time being we will take them as defined through a Riemann procedure
by looking at their convergence in ms, by postponing to a subsequent chapter a more
detailed discussion of the stochastic integration in general. Taken to this end a partition
of [a, b] in intervals of width At;, the arbitrary points 7; belonging to every j* interval,
and ¢ = max{At;}, we will say that the integral (5.8) exists in ms if it exists the limit

6—0

lim -ms X (1) At (5.9)
J

and its value is independent from the choice of the point 7; inside the decomposition
intervals

Proposition 5.8. The integral (5.8) exists in ms iff the autocorrelation R(s,t) of

X (t) is integrable, that is
boorb
/ / R(s,t)dsdt‘ < 400
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In this case we also have

[ [ ren M:E[ [ xtya

Proof: According to the Cauchy convergence test the limit (5.9) exists if

] >0 (5.10)

2

lim F
~v,0—0

=0

Z X(pj)As; =Y X(m) Aty

Since on the other hand, when the limits exist, we have

= lim R(p;, 1) As;jAty,

¥,6—0 “

j.k
b b
= / / R(s,t)dsdt

Z X(Tg)Atg . Z X(Tk)Atk

v,6—0

lim E [Z X(pj)As; - ZX(Tk)Atk

= lim F
6—0

lim E [Z X(pj)As; - Z X(pi)As;

v—0 -
J

= lim Z R(Tg, Tk) AtgAtk

6—0

Lk
borb
= / / R(s,t)dsdt

again the ms integrability of X () coincides with the integrability of R(s,t). The
result (5.10) is then proved by checking the conditions to exchange limits and expec-
tations |

5.5 Stationarity and ergodicity

Definition 5.9. We will say that X (t) is a stationary process (strict-sense) when
however taken s € R the two sp’s X (t) and X (t+ s) are equal in distribution. We will
instead say that the process has stationary increments when, for a given At > 0,
1t 18

AX () L AX(s) Vs,teR

In other words, the global law of a stationary process must be invariant under arbitrary
changes in the origin of the times, namely (if the process is ac) for every n, and for
every choice of tq,...,t, and s we must find

flrr,ty ., tn) = fr,t1+ 8.0 T, by + 8) (5.11)
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5.5 Stationarity and ergodicity

In particular from (5.11) it follows first that the one-time pdf of a stationary process
must be constant in time, and second that its joint, two-times pdf must depend only
on the time differences, that is:

flxt) = f(x) (5.12)

f(flfl,tl;l'g,t2> = f(l‘l,l'Q;T) T:tg—tl (513)

Remark on the other hand that the stationarity of the increments AX (¢) only requires
that their laws depend in fact on At, but not on ¢: this does not imply the stationarity
of the increment process (that would require conditions also on the joint laws of the
increments), even less that of the process X(¢) itself. Conversely the stationarity of

a process X (t) entails the stationarity of the increments as stated in the following
proposition

Proposition 5.10. A stationary process X (t) has stationary increments AX (t)
Proof: We have indeed for the cdf of the increments AX(t) of width 7
Fax(z,t) = P{AX(t) <z} =E[P{AX(t) <z|X(t)}]

— /P{X(t+7)—X(t)§$|X(t):y}f(y)dy
- /P{X(HT)§x+y!X(t)=y}f(y)dy

- /F(x+y,t+7\y,t)f(y)dy

so that differentiating and taking (5.13) in to account we get the pdf

fax(@) = / fa oyt 7]y, 6 () dy = / fatyyndy  (5.14)

that depends only on 7 while being independent from ¢: namely the increments are
stationary ]

The expectation and the variance of a stationary process are patently constant, while
the autocorrelation depends only on the time difference, that is

E[X(8)] = m EX(O)X(t+7)] = R(r) Vt>0 (5.15)
R(1) — m?

C(1) = R(1) —m? o*(t) = o* = C(0) = R(0) — m? p(T) = R0) —m?

and moreover, given the symmetry of R(s,t) in its two arguments, the function R(7)
will turn out to be even. Remark however that, while the relations (5.15) are always
true for a stationary process, the reverse does not hold: the conditions (5.15) alone
are not enough to entail the (strict-sense) stationarity of the Definition 5.9. Given
nevertheless their importance, when a process meets at least the conditions (5.15) it is
usually said to be wide-sense stationary.
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Proposition 5.11. A wide-sense stationary process X (t) with autocorrelation R(T)
turns out to be (1) ms-continuous if R(T) is continuous in T = 0; (2) ms-differentiable
if the second derivative R"(T) exists in T = 0; and (3) ms-integrable on [T, T) if

2T
/ (2T — |T))R(7) dT < 40
—oT

The abridged conditions for gemeric, non symmetric integration limits [a,b] are more
involved and will be left aside

Proof: These results are corollaries of the Propositions 5.6, 5.7 and 5.8. As for the
integrability condition it follows from the Proposition 5.8 with a change of variables
and an elementary integration according to a procedure that will be employed in the
proof of the subsequent Theorem 5.12 [ |

For a stationary process it seems reasonable — as a sort of extension of the Law of
Large Numbers — to surmise that its expectations could be replaced with some kind
of limit on time averages along the trajectories. When this actually happens we say
that the process is — in some suitable sense to be specified — ergodic. We will survey
now the conditions sufficient to entail the ergodicity for the expectations and the
autocorrelations of a wide-sense stationary process. To this end we preliminarily
define, for an arbitrary 7" > 0, the rv’s

YT:% iX(t)dt RT(T):%/OTX(t)X(t—l—T)dt

namely the time averages of both the sp and its autocorrelation as first introduced by
da G.I. Taylor in 1920, and for further convenience the function

r(r,0)=E[X({t+o+7)X({t+0o)X({t+7)X(t)] - R*2)
Theorem 5.12. For a wide-sense stationary sp X (t) we find
lim-ms Xy =m lim-ms Ry (1) = R(T) (5.16)

T—oo T—oo

when the following conditions are respectively met

I 1/2T N emar = o (5.17)
oo T _or 2T e = '

' 1 2T |O"
711—{20?/_27—‘ (].— ﬁ) 7"(7',(7) do = 0 (518)

We say then that the sp is expectation and autocorrelation ergodic

Proof: To prove the degenerate ms-limits (5.16) we can adopt the tests (4.1) from the
Theorem 4.6 that for the expectation ergodicity read

lim E[X7| =m lim V [X7] =0 (5.19)

T—00 T—00
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5.5 Stationarity and ergodicity

Neglecting once more to check that we can exchange expectations and integrations, the
first condition in (5.19) is trivially fulfilled because for every T' > 0 it is

1 T m T
E [X7] :ﬁ/TE[X(t)] dt:ﬁ det:

As for the second condition (5.19) we remark that
- 2
V[ = B|X;|-E[X] - 4T2 { / / X(s dsdt}

= i / / R(t — s) dsdt i // (t — s)dsdt

and that with the following change of integration variables (see Figura 5.1)

T=t—s og=s |J| =1 (5.20)

Vv [YT} = 4;2 //DC (t — s)dsdt = i // T)dodt
- m|[ew [ ao [arco [ ol

_ %W{/_ZTC(T)(zT+T)dT+/OQTC(T)(zT—T)dT}

I 7]
= — C 1——)d
77 | ¢ ( 2T> "
and hence the second relation in (5.19) holds if the hypothesis (5.17) is met. We leave
aside instead the similar explicit proof of the autocorrelation ergodicity ]

we have

Corollary 5.13. A wide-sense stationary sp X(t) is expectation and autocorrelation
ergodic if

/W C(7)| dr < +oo (5.21)

Proof: Since it is ]
-

2T

and C(7) is an even function we easily find

I |7] 1
_ < = S
‘T /2T ( QT) C(T) i - T /2T | | dT / | i

so that (5.17) is met if (5.21) holds. We leave aside instead the more lengthy proof for
the autocorrelation ergodicity [ |

11— <1 =27 <7 <L2T
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Figure 5.1: Transformation of the integration domain produced by the change of vari-
ables (5.20)

5.6 Power spectrum

We could hope of performing a frequency analysis of a sp X (t) (typically when X (¢) is
a signal) simply by calculating the Fourier transform of its trajectories, but it is easy
to see that in general these sample functions are not square integrable on [0, +00), so
that the transform can not be calculated in a direct way. We resort then first to a
truncated transform

Xp(w) = /0 TX(t)e‘Wtdt (5.22)

that exists for every T' > 0 and formally is a new sp with parameter w. Taking then
inspiration from the idea that the square modulus of a Fourier transform represents
the energetic share allotted to every component of the signal, we initially define the
power spectrum simply as

S(w) = lim-ms 1 ))A(T(w)

Tooe T (5:23)

‘2
The resulting S(w) is in principle again a sp with parameter w, and it is then a
remarkable result the fact that, for stationary and ergodic sp’s, S(w) turns out instead
to be a deterministic (non random) function that can be calculated as the Fourier
transform of the process autocorrelation R(7)

144



5.6 Power spectrum

Theorem 5.14. Wiener-Khinchin Theorem: Take a stationary sp X(t): if it is
ergodic — in the sense that it fulfills the hypotheses of the Theorem 5.12 — then it turns

out that
11~
S(w) = lim-ms — ‘XT(?D)

2 +oo .
Aim-ms = / R(7)e "™Tdr (5.24)

—0o0

Proof: The conditions imposed are sufficient to entail both the limit convergence and
the legitimacy of all the subsequent formal steps: we will not bother however to explic-
itly check these points, and we will rather confine ourselves to show how the result (5.24)
basically comes out from the Theorem 5.12. From the definitions (5.22) and (5.23),
and with the cange (5.20) of the integration variables, we first of all have

T—o00

1 (T (T '
S(w) = lim-ms f/o /0 X)X (s)e ™) dtds

T—o0

1 0 T ,
= lim-ms = {/ dT/ doe ™" X (0) X (0 + 1)
T =T -7

+ /0 i /O o X (0)X (0 + 7)}

T—o00 T
T—1
+e T X(o)X(e+71) da}
0

1 T ‘ T
= lim-ms —/ dr [e“m/ X(0)X (o —71)do
0 T

and since with a further change of variables (¢/ = o — 7) it is

/ X(0)X (o0 —7)do = i - XX (o' +71)do’

We finally get

T—o00

T 2 T—71
S(w) = lim-ms / dT cos wT T X(o)X (o +7)do
0 0

To simplify the proof we will suppose now that the limit in point can be performed in
two subsequent distinct steps

T T —1
2
S(w) = lim drcoswT lim-ms —/ X (o)X (o +7)do
T—oo J T'—00 T 0
Going first to the limit 77 — oo, with an arbitrary 7 fixed in [0,7], we can take
advantage of the hypothesized autocovariance ergodicity (see the second limit (5.16)
in the Theorem 5.12) in order to find

T +o00
S(w) = lim 2 R(7) coszdT:/ R(7) eI dr

T—oo 0 oo
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where we also took into account the fact that R(7) is a real, even function |

The practical relevance of this result has meant that over the years the propensity to
consider (5.24) as the very definition of power spectrum has prevailed, and its origin has
been completely neglected. We too we will conform to this almost universal standpoint
by adopting the following definition that can be applied to every wide-sense stationary
process

Definition 5.15. Given a wide-sense stationary process X (t) we call power spec-
trum the Fourier transform (when it exists) of its autocorrelation with the reciprocity
relations

S(w):/ OOR(T)e_deT R(T) ! / ooS(w)e“mdw (5.25)

—00 2m —00

Remark that the ergodicity condition (5.21) requires that C(7) vanishes for 7 — o0,
namely that X (¢) and X (¢ + 7) become uncorrelated for large separations 7. From
the definitions we then find R(7) — m? for 7 — +o0, and hence the Fourier trans-
form (5.25) does not exist if m # 0. To elude this snag it is customary to give also a

second definition that resorts to the autocovariance C(7) instead of the autocorrelation
R(7)

Definition 5.16. Given a wide-sense stationary process X(t) we call covariance
spectrum the Fourier transform of its autocovariance with the reciprocity relations

Sc(w):/ OOC’(T)e_deT C(7) ! / OOSc(w)eiWwa (5.26)
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Chapter 6

Heuristic definitions

6.1 Poisson process

At this stage of the presentation we will introduce the Poisson process by first explicitly
producing its trajectories, and then by analyzing its probabilistic properties. This
illuminating and informative procedure, however, can not be easily replicated for other
typical, non trivial processes whose trajectories, as we will see later, can only be defined
either as limits of suitable approximations or by adopting a more general standpoint

6.1.1 Point processes and renewals

Take at random some instants on a time axis, and look into the la rv enumerating
the points falling in an interval [s,t] of width At = ¢ — s > 0. In this formulation,
however, the question is rather hazy and careless: first it should be said what at random
means; then, if a point is taken at random (whatever this means, but for very special
situations) on an infinite axis the probability of falling into a finite interval [s, ¢] will
be zero; finally the number of points must be specified. To find suitable answers we
will follow a successive approximation procedure

Proposition 6.1. If on an infinite axis we cast at random (in a sense to be specified
later) an infinite number of independent points, and if their average number for unit
interval (intensity) is A, the rv

N = number of points falling in an interval [s,t] of width At =1 — s
obeys to the Poisson distribution of parameter AAt, namely N ~ P(AAt) and

_ __—AAt (AAt)k

The analogous 1v’s Ny ~ P(AAty) and Ny ~ PB(AAty) for non superposed intervals
are moreover independent
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At

—1/2 s t /2
Aty - At, —

—1/2 S h S t2 /2

Figure 6.1: Random instants taken on a finite interval [—%, %}

Proof: In a step-by-step approach we start with a finite interval [—7/2, 7/2] with
7 > 0 including [s, t] (see Figure 6.1), and we cast n points at random in the sense that

e the position of a point in [-7/2, 7/2] is a rv independent from the other points
e the distribution of this random position is uniform in [—7/2, 7/2]

This precisely means that each of the n points will fall in [s,¢] with a probability
At

T

p

and since the n throws are independent, the rv X = number of points falling in [s,t]
will be binomial B (n;p). The law of X apparently depends on the arbitrary values
of n and 7, and we will now drive both n and 7 to the infinity, with constant At,
requiring also that the ratio n/7 (number of points per unit interval) stay bounded
and converges toward a positive number \; that is we will suppose that

n — oo T — +00 D a>0 (6.1)
T
At
p=——0 npzﬁAt—w\At (6.2)
T T

With varying n and 7 we then get a family of binomial rv’s X ~ 9B (n;p) that in the
limit (6.1) fulfil the conditions of the Poisson Theorem 4.30, and hence we will have
(in distribution)

X -5 N ~ BOAAL)

In conclusion: if we throw on an unbounded time axis an infinite number of independent
points at random (in the sense specified above), and if the average number of points per
unit interval is a constant A > 0 (with the dimensions of a frequency), then the limit
rv: N = number of points in an interval of width At, follows a Poisson distribution
P(AAL), namely

Cxac(AAYF
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6.1 Poisson process

We retrace now again the same path, but taking, as in the Figure 6.1, two disjoint
intervals [s1,t1] and [so, L] in [—7/2,7/2], with Aty = t; — s; and Aty =ty — so: if we
cast n points with the same properties as before, and we take X; = number of points
falling in [sq,t1], Xo = number of points falling in [sq,t5], and Xy = number of points
falling elsewhere in [—7/2,7/2] we will find that the r-vec X = (X, X;) follows a
three-nomial (multinomial (3.1) with r = 2) distribution B (n; py, p2) where

_an _an

y4i ) P2 =
T T

If we now suppose as before that both n and 7 grows to infinity complying with the
conditions (6.1) and keeping constant At; and Ats, we will find

At n
p1:—1—>0, npr = — At; = AAl
T T
At
p2:—2—>0, npgzﬁAt2—>)\At2
T T

and hence according to the multinomial Poisson Theorem 4.31
X = (X1, X) -5 (N1, Na) ~ PAAL) - BAAL)

namely the two limit rv’s Ny and N, will behave as two independent Poisson rv’s.
Remark instead that, all along the limit procedure, for every finite n the rv’s X; and
X5 are not independent [

In the Appendix G it will be shown how these results must be adapted when the point
intensity A is not constant. Here instead we will go on by introducing the sequence
of rv’s T,, representing the time position of our random points. To this end we must
establish an order among the points by choosing first an arbitrary non-random origin
Ty = 0, and setting then that T} is the instant of the first point to the right of the origin,
T, that of the second and so on, while T is that of the first to the left and so on.
This produces a bilateral sequence T;,, with n = 0,41, 42, ..., of rv’s that, however, no
longer are independent because for one thing the point 7,, can not come before T,,_.
We will see instead in the next proposition that the waiting times AT,, = T,,.1 — T}, of
the (n+1)™ point are independent both from T}, and among themselves. The sequence
of such T},’s that we will now briefly investigate is a typical example of point process
while the waiting times AT,, are called renewals

Proposition 6.2. The T, with n > 1, falling after Ty = 0, are Erlang €,(\) mv’s;
those falling before Ty = 0 (n < —1) comply with the specular law: T_, 2 —T,. The
waiting times AT,, = T,,.1 — T, are #id exponential E(\) rv’s that are also independent
from the respective T,

Proof: Take first the case n > 1 of the points falling to the right of (namely after)
To = 0: if N is the number of points in [0, ] following the law P (At), and J(t) is the
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Heaviside function (2.13), the cdf of T,, > 0 will be

[ w)k]
Fo(t)=P{T, <t} =P{N>n} =1-P{N <n} = [1—e ™) |0

k=0

giving rise to the pdf

fult) = F' (1) = kz_; (A/f!) - k_l (Sjt_) 1)!] Ae (1) = % A M) (6.3)

which coincides with the pdf (4.27) of an Erlang distribution €,(\). In particular the
law of T} is €;()\), namely an exponential E(\) with pdf fi(t) = Ae 9(¢). Similarly
it is shown that 7, LT n, that are by symmetry reversed Erlang distributions
concentrated on the negative time axis: we will neglect to check that explicitly

To study then the waiting times AT,, we will start by remarking that — because of

the properties of the increments of the simple Poisson process N (t) — their conditional
cdf is

Gu(m|T,=t) = P{AT, <7|T,=t} =P{T,1 <t+7|T,=t}
= P{N({t+7)—N({)>1}=1—P{N(t+71)— N(t) =0}
= 1—e

namely it is an exponential €(\) dependent neither on n nor on ¢, and as a consequence
it also coincides with the un-conditional cdf of AT,

G.(r) = P{AT,<7}=FE[P{AT, <71|T,}]
_ [T P{AT, <7|T, =t} fu(t)dt = (1 — ™) +OO fult) dt

—00 —00

= 1-e =G, (1|T, =1

showing that AT, and T, are independent. To prove finally that the AT, also are
mutually independent, remark first that apparently

To=Ti+(To—T)+...(Tp — Tpr) = ATy + ATy ...+ AT,

with 7,, ~ &, () and ATy ~ &(\), and then that — according to the discussion in the
Example 4.22 — an Erlang &,,(\) rv always is decomposable into the sum of exponential
E(A) rv’s when these are independent |

The rv’s AT, are a particular example of a sequence of renewals, namely of iid rv’s
Z, > 0, that can be used in their turn as the starting point to assemble a point process
according to the reciprocal relations

n—1
T.=> 7 Zy=AT=Toy — T, (6.4)
k=0
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6.1 Poisson process

As a rule every sequence of renewals Z,, produces a point process and vice versa, and it
must also be said that in general the renewals can be distributed according to arbitrary
laws different from &(\), provided that Z,, stay positive. It is important then to remark
that a sequence of exponential renewals always produces both a point process T}, with
Erlang laws (to this end see the Exemple 4.22), and numbers N of points falling into
finite intervals distributed according to Poisson laws, as will be shown in the subsequent
proposition

Proposition 6.3. Tuke a sequence Z, ~ €(X) of exponential renewals E(X), and the
corresponding point process T, defined as in (6.4) and distributed according to the
Erlang laws &, (\): then the number N of the points T,, falling into [0,¢] is distributed
according to the Poisson law P (\t)

Proof: With an exchange of the integration order on the integration domain D rep-
resented in the Figure 6.2 we indeed find

P{N=n} = P{T,<t,Ty, >t} =P{T, <t,T,+ Z, >t}

E [P{T,<t,T,+ Z,>t|Z,}]
+o00
= P{T, <t,T,+ Z,>t|Z, = 2} e dz
0
+oo

= P{t —2<T, <t} Mdz
0

400 t n—1
= / dz /\e_’\z/ (As) e 0 (s) ds
t—z (n - 1)'

)\S n—1
o —)\z —)\s
= // =1 e I(s)dzds

400 t A n—1
= / ds As)" ')\e)‘s/ )\e’\zdz:/ (As) |)\e”\se”\(t75)ds
0 (n—1)! t—s o (n—1)!
A [t )"
= e)‘t—/ ns"’lds:e’Mu (6.5)
0

n! n!

and hence N is distributed according to the Poisson law () as for the limit rv’s
defined at the beginning of the present section ]

6.1.2 Poisson process

Definition 6.4. Given a point process T, of intensity \, the simple Poisson process
of intensity \ is the sp N(t) witht > 0 counting the random number of points T,
falling in [0,t], with the initial condition N(0) = 0, P-a.s.. Taking advantage of the
point process T, the Poisson process N(t) can also be represented as

= (t—T) (6.6)
k=1

151



N. Cufaro Petroni: PROBABILITY AND PROCESSES

As

Figure 6.2: Integration domain for the integral (6.5)

where ¥ is the Heaviside function (2.13). With a fized At > 0 we can furthermore define
the corresponding process of the Poisson increments AN(t) = N(t+ At) — N(t)
counting now the number of points T, falling in an interval [t,t + At]

Proposition 6.5. The Poisson process N(t) has independent and stationary incre-
ments; the distributions and the chf’s of N(t) and AN(t) respectively are

k
pn(k,t) = P{N(t)=k}= e_)‘t% (6.7)
pan(k) = PLAN() =k = 020 (68)
on(u,t) = XD oan(u, At) = A1 (6.9)

while the transition probability (namely the two-times conditional probability) of
N(t), with At >0 and k > ¢, is

_aae (AADR

A pu—
pn (k. t+ At| 4, t) =e U= 0)

(6.10)

Proof: The increments on non-superposed intervals (with at most an extremal point
in common) are independent rv’s by construction, and the increment AN(t) is also
independent from N(t): the Poisson process is then our first example of indepen-
dent increments process, a class of sp that will be investigated in more detail in the
Section 7.1.3. From the previous sections we know moreover that, for every ¢ > 0,
N(t) ~ B(At), while AN(t) ~ PB(AAt), and hence (6.7), (6.8) and (6.9) apparently
hold. This in particular entails that the laws of the increments AN(¢) — at variance
with the process N(t) himself — do not change with ¢ but depend only on At: as a
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1.2¢

Figure 6.3: The correlation coefficient py(s,t) (6.14) of a simple Poisson process N ().

consequence N (t) has stationary increments (see also the Section 5.5). As for the
transition probability, from the previous properties we finally have
pn(k,t+ At|lt) = P{N(t+ At)=k|N(t)={(}
= P{N(t+ At)— N(t)+ N(t) =k|N(t) = ¢}
Caar(AADE
(k—=0r
namely (6.10). Remark that this distribution depends only on At, but not on ¢, because

of the increments stationarity (Section 5.5); and on k — ¢, but not separately on k and
¢, because of the increments independence (see also the Section 7.1.3) [

— P{AN(t)=k—(} =

Proposition 6.6. The main statistical properties of a simple Poisson process N(t) are

my(t) = ox(t) = M (6.11)
Rn(s,t) = Amin{s,t} + \st (6.12)
Cn(s,t) = Amin{s,t} (6.13)

_ min{s,t} s/t if s <t
prls 1) = Vst _{ t/s ift<s (6.14)

Proof: The results (6.11) immediately stem from (6.7). To prove (6.12) we start
instead from the remark that from the previous results for s = ¢ it is

Ry(t,t) = E [N*(t)] = VN@®)] + E[N(t)]* = At + X
so that from the increments independence we will have for s < ¢

Ry(s,t) = E[N(s)N(t)] = E[N(s)(N(t) — N(s) + N(s))]
E[N(s)] E[N(t) = N(s)| + En(s, s)
= As-A(t—8)+ As + A\?s% = As + st
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Figure 6.4: An example of a 10 jumps trajectory of the Poisson process N(t). In this
plot also the point process T,, and the function my(t) = At are displayed

and eventually the relation (6.12) for arbitrary s and ¢; (6.13) and (6.14) result then
from the definition (5.3) and from (6.11). Notice that from (6.13) we also recover the
variance (6.11) % (t) = C(t,t) = Xt |

Remark that the variance in (6.11) linearly grows with the time: a property — some-
times also called diffusion — that is shared with other important processes. In the
Figure 6.3 (where, to fix the ideas, we kept s constant and t variable) the behavior of
the correlation coefficient (6.14) is then displayed: the correlation apparently (slowly)
decreases when s and ¢ move away from each other, so that the process in ¢ progressively
forgets its state in s as time lapses away

The process N(t) also enjoys a few other properties that we will find again later on:
it is easy to check for instance that the distributions (6.7) are solutions of the equation

dipn(n,t) = =Apn(n,t) — py(n —1,1)] pn(n,0) = dno (6.15)

that is a first example of master equation, an equation that we will study in more
detail in the Section 7.2.3. Also the transition probabilities px(k,t|¢, s) in (6.10) turn
out to be solutions of the same master equation, but for the different initial conditions
pn(k, sT) = dre. From a power expansion of the exponential near ¢ = 0 we then recover
the following behaviors

() l—X+o(t) n=0
pn(n,t) =[1 =M+ o(t)] ——— = q At +o(t) n=1 (6.16)
" o(t) n>2

that constitute in fact a characteristic of the Poisson process: it would be possible to
prove indeed that if the py(n,t) of a growth process conforms to the (6.16), then its
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Figure 6.5: A few trajectories of the Poisson process N (t) scattered around its expec-
tation my(t) = At

laws are also solutions of the equation (6.15) and hence they must be of the Poisson
type (6.7)

A typical trajectory of the Poisson process N(t) for ¢ > 0 is shown in the Fig-
ure 6.4: it looks as infinite, climbing stair with a random steps length (ruled by the
point process), and fixed unit height, representing the enumeration of the random
points falling into the interval [0,¢]. The relation between these trajectories and the
linear function my(t) is shown in the pictures: on a short time interval every trajectory
in the Figure 6.5 deviates little form the average trend and overall they are equally
distributed around my(t) = At. For longer times, as in the Figure 6.6, the trajectories
continue to be equally distributed around At¢, but they also progressively move away
from it as an outcome of the variance growth. The fact that in the Figure 6.6 the
trajectories seem to be not too divergent from my(¢) = At depends mainly on a scale
effect: the standard deviation only grows as VA, while of course the vertical axis scale
goes up as At

Proposition 6.7. The Poisson process N(t) is ms-continuous, but not ms-differen-
tiable in every t > 0; it is instead both P-a.s.-continuous and P-a.s.-differentiable for
every t > 0, and in this sense we have N(t) = 0. Finally N(t) is not stationary

Proof: According to the Proposition 5.6 the ms-continuity results from the continuity
of the autocorrelation (6.12). It does not exist in s = t, instead, the mixed derivative
0,0, Ry the first derivative is indeed

O Rn(s,t) = M(s —t) + \’s

where ¥ is the Heaviside function (2.13) with a discontinuity in s = ¢, and hence the sec-
ond derivative 0,0; Ry does not exist in s = ¢. It follows then from the Proposition 5.7
that for every ¢ > 0 the process is not ms-differentiable

155



N. Cufaro Petroni: PROBABILITY AND PROCESSES

1000}
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4001

2001

Figure 6.6: Trajectories of a Poisson process N(t) with 1000 jumps. The standard
deviation only grows as v At, and hence the paths appear to be little divergent from
the average my(t) = At because of a scale effect: /1000 ~ 32

To prove on the other hand that the Poisson process N(t) is P-a.s. continuous and
differentiable (with a vanishing derivative) we should respectively prove that for every
t>0itis

: . AN(t)
P{gmavi=of=1 {270 <0f =

This intuitively stems from the fact that the two limits could possibly not vanish iff
Ty, =t for some k, that is iff ¢ turns out to be one of the discontinuity instants of the
point process T,,: this on the other hand happens with zero probability because the T,
are ac Erlang rv’s

The Poisson process N(t), finally, is not stationary (not even in the wide sense)
because its expectation (6.11) is not constant and its autocorrelation (6.12) separately
depends on s and ¢ and not only on ¢t — s [

Given the apparent jumping character of the Poisson trajectories, both the ms and
P-a.s. continuities stated in the Proposition 6.7 could be startling. We should however
keep in mind that these continuities (as well as the stochastic continuity) just state that
every t is a point of continuity in ms and P-a.s. It is not at all asserted, instead, that
the Poisson process is sample continuous in the sense of the Definition 5.5: as we will
see later indeed this process does not meet the minimal requirements for this second
— stronger — kind of continuity. In the same vein the P-a.s. differentiability of N(t)
results from the remark that almost every trajectory of N(t) is piecewise constant,
but for the jumping points (a Lebesgue negligible set) where the discontinuities are
located. As for the seeming incongruity between the ms non differentiability and the
P-a.s. differentiability we will only remark that this is a typical example of the different
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~ At - ~ At -

S S+ At t t+ At
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S t s+ At t + At

Figure 6.7: Possible interval arrangements to calculate the autocorrelation (6.18) of
the Poisson increments with a given At > 0

meaning of the two convergences: remember for instance that the possible existence of
the ms derivative N(t) = 0 would require that the expectation

'AN(t) | _EIAN®)Y ML AR A Y

At2 At2 At

E
At

be infinitesimal for At — 0, while apparently it is not. This discussion about the
process differentiability will be resumed in the Section 6.3 devoted to the white noise

Proposition 6.8. The Poisson increments process AN (t) with a fized At > 0 is wide
sense stationary: we have indeed

man = Oay = Mt (6.17)
AN2AL? if || > At
Ran(7) { NAP LML 7)) if |r| < At (6.18)
B 0 if |T| > At
Can(r) = {A(At—w) if |7 < At (6.19)
0 if || > At
2
pan(r) { 1=l ) < At (6.20)
1 — coswAt

San(@) = 2X(At)? (6.21)

(wAt)?
where San is the covariance spectrum (5.26)

Proof: We already knew that N(¢) has independent and stationary increments: we
moreover show here that AN (t) also is wide sense stationary as a sp. To begin with
the (6.17) immediately results form the remark that the increments AN(t) are dis-
tributed according to the Poisson law SB(AA¢). As for the autocorrelation function

Ran(s,t) = E[AN(s)AN(1)]
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-1.0¢

Figure 6.8: Sample trajectory of the compensated Poisson process (6.22)

we must remember that the increments on non superposed time intervals (see Fig-
ure 6.7) are independent, so that if |t — s| > At

Ran(s,t) = E[AN(s)|E[AN(t)] = N2 At? [t —s| > At
When instead |t — s| < At, we first take ¢ > s and remark that (see Figure 6.7)
AN(s)AN(t) = [N(s+ At) — N(s)][N(t + At) — N(t)]

) —
= [N(s+ At) — N(t) + N(t) — N(s)][N(t + At) — N ()]
= [N(t) = N(s)][N(t + At) = N(t)] + [N (s + At) — N ()]
+[N(s+ At) — N(®)][N(t + At) — N(s + At)]

From the intervals arrangement we then find

Ran(s,t) = At —8)- AMAt+ MNAt —t +8) + N (At —t + 5)?
FAAL —t+5) - At — s)
= NA# + MNAt — (t —s)]

If instead ¢ < s we just swap s and ¢: summing up all the cases we then find (6.18)
with 7 = ¢ — s. From these results also immediately stem the autocovariance (6.19)
and the correlation coefficient (6.20), while the covariance spectrum (6.21) result from
an elementary Fourier transform |

6.1.3 Compensated Poisson process

The Poisson process and its corresponding point process also constitute the first step
in the definition of other important processes: to begin with the compensated Poisson
process is defined as

N(t) = N(t) — At (6.22)
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-20r

—40+

Figure 6.9: 1000 steps trajectories of the compensated Poisson process (6.8)

Since At is the expectation of N(t), it is apparent that N(¢) is just a centered Poisson
process whose sample trajectories are displayed in the Figure 6.8. Keeping (6.12) into
account we then have

my(t) =0 oL(t) = Xt
Ry(s,t) = Cx(s,t) = Amin{s, t} p(s,t) = min{s, ¢}

Vst

so that again the variance grows linearly in time while the trajectories will be evenly
arranged around the horizontal axis steadily drifting away as in the Figure 6.9: in other
words the process N(t) too diffuses around its vanishing expectation. Remark however
that now, at variance with the Figure 6.6, the diffusion is more appreciable, the scale
effect having been eliminated by the centering. Since moreover the autocorrelation
of N(t) essentially coincides with that of N(¢), the Proposition 6.7 still holds for the
compensated Poisson process. From (6.9) we finally find its chf
@ﬁ(u,t) — QON(U, t>€7iu)\t — e)\t(e“lfiufl)

The compensated Poisson process plays an important role in the theory of the stochastic
differential equations of the jump process, a topic that however will exceed the scope
of these lectures

6.1.4 Compound Poisson process

Definition 6.9. By extending the definition (6.6), given a point process T,, a com-
pound Poisson process is the sp

X(t) = i Xp0(t —T) (6.23)

k=1
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Figure 6.10: Sample trajectory of a compound Poisson process (6.23) with 9t(0,1)
distributed #id components X},

where Xy, is a sequence of rv’s independent from T,,. If moreover N(t) is the simple
Poisson process associated to T,,, the process (6.23) can also be represented as the sum
of the random number N(t) of rv’s Xy turned up within the time t

N(t)
X(t) = ZXk (6.24)

All in all the compound Poisson process follows trajectories that are akin to that of
the simple Poisson process, but for the fact that in every instant T}, instead of jumping
deterministically ahead of a unit length, it now takes a leap of random length Xj. In the
Figure 6.10 an example is displayed where the X}, are independent standard Gaussians.
The simple Poisson process itself is also apparently a particular case of the compound
process: it would be enough to take X = 1, P-a.s.. In the Figure 6.11 a few examples
of longer spanning trajectories are presented, and to a purely qualitative observation
they look not very different from those of a compensated Poisson process. In the next
proposition, moreover, we will find that the representation (6.24) of the sp X(t) turns
out to be especially advantageous to calculate its main statistical characteristics

Proposition 6.10. If X (t) is the compound Poisson process (6.23), and if the rv’s
Xy are iid with E[Xy] = p and V [X}] = o2, then it is

mx(t) = Aut (6.25)
ox (1) Mp? + o)t (6.26)
Rx(s,t) = Ay?+ o) min{s,t} + N pu?st (6.27)
Cx(s,t) = )\@2 + o) min{s, t} (6.28)
px(s,t) = mnist) (6.29)

Vst
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Proof: The (6.25) results from the representation (6.24) and the usual properties of
the conditional expectations:

N(¢) N(b)

mx(t) = ZXk Z@i)\t ZXk t :TL
e (A" - 7,\t )
-5 <n—3 [sz] S

= )\utZe — —)\mf

Keeping moreover into account the general relation E [X;, X, = u® + 020y, easily de-
duced from the hypotheses, we can calculate first

N(t) oo
Rx(t,t) = E[Xt)’]|=E|) XiX,| = Ze*“ At [Z kag]

k=1 n=0 k=1
oo B )P n oo P
- Ze /\t(n') Z(u + 02 50) Ze At(n) (n°u” + no?)
n=0 T oke=1 n=0
(At

= (M)*u® + Mt(p® + 0?)

and then — from the increments independence — the autocorrelation (6.27): taking
indeed s <t we get

Rx(s,t) = E[X(s)X(t)] = E[X(s)(X(t) = X(s) + X(s))]
= E[X(s)| E[X(t) - X(s)] + R(s, s)
NPs(t — s) + (As)p? + As(p? + 02) = N pPst + As(p? + o°)

and hence (6.27) in the general case with arbitrary s,¢. The autocovariance (6.28),
the variance (6.26) and the correlation coefficient (6.29) trivially result then from the
definitions (5.3) and (5.5) |

The variance is then again diffusive in the sense that it linearly grows in time as can be
guessed also from the Figure 6.11. Remark that the correlation coefficient (6.29) ex-
actly concurs with those of both the simple and compensated Poisson processes (6.14),
while the correspondent autocorrelation and autocovariance (6.12) are recovered for
=10 =0. As a consequence also the stationarity, continuity and differentiability
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_60,

Figure 6.11: 1000 steps sample trajectories of the compound Poisson process (6.23)
with 91(0, 1) 4id X;’s

properties of a compound Poisson process coincide with that of the simple Poisson
process summarized in the Proposition 6.7. Remark finally that, if ¢(u) is the common
chf of the X, the chf of the compound Poisson process is

_ wX ()] _ — ()" [ S X}
ex(u,t) = Ele ]—;e o E | &k=17k
- A"
= e et (6.0)
n=0 ’

Also this chf is reduced to that of the simple Poisson process (6.9) when X = 1, P-a.s.
for every k because now ¢(u) = e™
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Figure 6.12: Sample trajectory of the shot noise process (6.31) with h(t) chosen as
in (6.32).

6.1.5 Shot noise

Definition 6.11. Take a point process with intensity \: we call shot noise the sp
X(t) =Y _h{t—Tp) (6.31)
k=1

where h(t) is an arbitrary integrable function that as a Tule (but not necessarily) is non
zero only fort > 0

A typical example of h(t) is
h(t) = qat e I(t) a>0,¢g>0 (6.32)

that yields sample trajectories like that in the Figure 6.12. To fix the ideas we could
imagine that this sp describes the current impulses produced by the random arrival of
isolated thermal electrons on the cathode of a vacuum tube: in this case the arrival
times apparently constitute a point process, and every electron elicit in the circuit a
current impulse of the form h(t) that as a rule exponentially vanishes. Of course close
arrivals produce superpositions with the effects shown in the Figure 6.12

Proposition 6.12. If the function h(z) is integrable and square integrable, the shot
noise X (t) (6.31) is wide sense stationary, and with T =t — s we find

mx(t) = \H o2 (t) = Ag(0) (6.33)
Re(r)=dallr) + 2 Cx(n)=dallr)  px(n =200 (031)
H= h h(t) dt g(t) = /+°0 h(t + s)h(s)ds (6.35)
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1.0

+05

1/a T

Figure 6.13: Correlation coefficient px(7) (6.36) of a shot noise with A(t) chosen as
in (6.32).

Proof: Omitted!. Remark that the stationarity is now consistent with the traits of
the new trajectories consisting of a sequence of impulses of the form h with intensity
A, and no longer showing a bent to diffuse drifting away from the horizontal axis M

Exemple 6.13. The general results of the Proposition (6.12) for a shot noise X (t) are
explicitly implemented according to the choise of the function h: with an h(t) of the
form (6.32) we get in particular (see also Figure 6.13)

2

q q .
H== t) = —(1 t alt|
- g(t) = -1 +alt) e
A Ag® Ag® o), N
by 2
Ox(r) = T-(L+alr) e px(r) = (L+alr)e™™ (6:36)

and hence, taking also into account the results of the Section 5, we can say that

o X(t) is ms-continuous because its autocorrelation Rx(T) is continuous in 7 =0
(Proposition 5.6)

e X(t) ms-differentiable because it is possible to show explicitly from (6.36) that
now its second derivative R% (1) exists in T = 0 (Proposition 5.11)

o X (t) is ergodic for expectation and autocorrelation because the condition (5.21)
is apparently met by our Cx (1) (Corollary 5.13)

L A. Papoulis, PROBABILITY, RANDOM VARIABLES AND STOCHASTIC PROCESSES, McGraw Hill
(Boston, 2002)
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o The covariance spectrum of the shot noise in our example can be calculated

from (6.36) and (5.26) and is

)\a2q2

=

(6.37)

6.2 Wiener process

The Wiener process (also known as Brownian motion, a name that nevertheless we will
reserve for the physical phenomenon discussed in the Section 6.4 and in the Capter 9)
can be more conveniently defined, as we will see later on, starting from its formal
probabilistic properties. In the present heuristic introduction we will however first
follow a more intuitive path through an explicit presentation of its trajectories, in a
way similar to that adopted for the Poisson process. Yet, at variance with this last one,
the Wiener process stems only as a limit in distribution of a sequence of elementary
processes known as random walks: as a consequence its sketched trajectories will only
be approximations attained by means of random walks with a large number of steps

6.2.1 Random walk

Definition 6.14. Take s > 0, 7 > 0, and the sequence (X;);>0 of #d rv’s

. ] +s, with probability p .
Xo =0, P-as. X5 = { —s, with probability ¢ =1—1p J=12
then we will call random walk the sp
X(t)=>_ X;0(t - jr) (6.38)
§=0
that is, in a different layout,
— <
X(t) = Xo=0 0<t<r
Xi+...+X, nt<t<(n+l)r, n=12...

The possible sample trajectories of a random walk are then (ascending and descending)
stairs like to that in the Figure 6.14 that at first sight resemble those of a compound
Poisson process (6.23). At variance with them however the steps length in not random
and is instead always 7, while their height takes only two possible values +s. Since
moreover

EX]=(p-qs E[Xj]=5  VI[Xj]=4pgs’

J

it is easy to see that for every n =0, 1,2, ... we have
E[X(t)]=(p—q)ns V [X(t)] = 4pgns? nt <t<(n+1l)r (6.39)
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2s

-S

Figure 6.14: Typical trajectory of a symmetric random walk with 15 steps

so that, if for instance p # ¢, the absolute value of the expectation grows with n,
namely with £. When instead p = ¢ = !/, we have a symmetric random walk, and
in this case E [X(t)] = 0 for every t. The variance on the other hand in any event
grows with n, and hence with ¢. Furthermore also this process has by construction
independent increments AX (¢) for non overlapping intervals

6.2.2 Wiener process

Definition 6.15. Take the family of all the symmetric random walks X (t) with p =
q="1/2, s> 0 and T > 0, then the Wiener process W (t), with W(0) = 0, P-a.s.,
and diffusion coefficient D > 0 is the limit (in distribution according to the Defini-
tion 5.4) of the random walks X (t) when

2
70 s 0 T 4D>0 (6.40)

-
When D = 1 we also call it standard Wiener process. We finally define the
Wiener increments process AW (t) = W (t + At) — W (t) for every given At >0

We will take for granted without proof that the limits in distribution of the previous
definition actually exist, namely that — under the conditions (6.40) — all the finite joint
distributions of X () converge toward a consistent family of finite joint distributions
defining the global law of W (t). It is furthermore apparent from our definition that the
trajectories of W (t) (at variance with those of a Poisson process, or of a random walk)
can not be graphically represented in an exact way because we are dealing with a limat
process. We can expect however that the trajectories of a random walk with a large
number of steps will constitute a good approximation for the trajectories of W (t), as
happens in the Figure 6.15 for the samples of a random walk with 1000 steps. Remark

166



6.2 Wiener process

W(t)
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=20

Figure 6.15: Typical 1000 steps trajectory of a symmetric random walk: it can be
considered as an approximation of a Wiener process W (t) (here D = 1)

that for long enough times these trajectories qualitatively resemble those of both a
compensated (Figura 6.9) and a compound Poisson process (Figura 6.11). The main
difference between the real Wiener trajectories and its approximations is that if we
would look more closely (at a shorter time scale) at the approximate trajectories of
Figure 6.15 we would immediately find the underlying random walk of the Figure 6.14,
while if we zoom in on a trajectory of W (t) at any level we always find the same kind of
irregular behavior. In other words the samples of a Wiener process are self-similar
in the sense that they always show the same irregular look regardless of the space-time
scale of our investigation
In the following we will also adopt the shorthand notation

2 /9,2
61/211

bala) = e Boa (1) = / _oul)dy (6.41)

respectively for the pdf and the cdf of a centered M (0, a?) law

Proposition 6.16. A Wiener process W (t) has stationary and independent incre-
ments; we have moreover with At > 0

W (t) ~9(0, Dt) AW (t) ~ 9 (0, DAL) (6.42)
and hence the pdf’s and the chf’s respectively are
ef:rz/QDt 67x2/2DAt
fw(x,t) = W faw(x) = m (6.43)
ow(u,t) = e~ P/ oaw (u, At) = e PALw/2 (6.44)
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The transition pdf (conditional pdf ) with At > 0 finally is N (y, DAt), that is

ef(xfy)Q/QDAt

Proof: Since W (t) has been defined as the limit process of a family of random walks
X (t) that have independent increments by definition, it is apparent that also the incre-
ments AW (¢) on non overlapping intervals are independent: this is the second example
of a process with independent increments after that of Poisson. The result (6.42) ensues
on the other hand from the Central Limit Theorem 4.27: for every arbitrary but fixed
t take indeed the sequence of symmetric random walks X (t) with

Dt
§? ==

t
— n=12...
n n

T =

so that the requirements (6.40) are met for n — co. As a consequence
X(t)=X(nr)=Xo+ X1 +...+ X, =5, n=012...

with E[S,] = 0 and V [S,] = Dt, as follows from (6.39) for p = ¢ = /5. From the
Centra Limit Theorem 4.27 we then have for n — oo

t

5= 20 4 0,1)

n

QN

If now W(t) is the limit in distribution of X () we can say that

W)
VDt

namely W(t) ~ 91(0, Dt), that is (6.42) so that the pdf of the Wiener process will
be (6.43). The chf (6.44) is then easily calculated from (4.13) keeping into account (6.42).
The law (6.42) of the increments AW (t), its pdf (6.43) and chf (6.44) are derived in
a similar way. As for the transition pdf, from (6.42) and the increments independence,
we finally have

~ N (0,1)

Fuw(z,t+ Atly,t) = P{W(t+At) <z|W(t) =y}
= P{W(t+A) - W)+ W) <z|W(Et) =y}
= P{AW(t) <z —-y|W(t) =y}
= P{AW(t) <z -y} = Ppalz—y)

where ®pas(x) is the cdf (6.41) of the law DM (0, DAt) so that (6.45) immediately
follows from an z-differentiation |
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Proposition 6.17. The main statistical properties of a Wiener process W (t) are

mw(t) = 0 oy (t) = Dt (6.46)

Ry (s,t) = Cwl(s,t) = Dmin{s,t} (6.47)
_ min{s,t} s/t ifs<t

pw(s:t) = Vst { t/s ift<s (6.48)

Proof: The formulas (6.46) immediately result from (6.42). As for the autocorrela-
tion (6.47) (coincident with the autocovariance because the expectation is zero) con-
sider first s = ¢ so that from (6.42) we get

Rw(t,t)=E [W?(t)] =V [W(t)] = Dt (6.49)

Then, with s < ¢, remark that the increments W (s) = W(s) — W(0) and W (t) — W(s)
are independent and respectively distributed according to DM (0, Ds) and M (0, D(t—s)),
so that

Rw(s,t) = E[W(s)W)]=E[W(s)(W(t)—W(s)+ W(s))]
= E[W?(s)] = Rw(s,s) = Ds

In conclusion, however chosen s and ¢, we retrieve (6.47) and hence also (6.48). |

Despite their obvious differences, the statistical properties of the Wiener and of the sim-
ple Poisson processes — as listed in the previous proposition and in the Proposition 6.6
— are rather comparable, with the diffusion coefficient D playing a role analogous to
that of the Poisson intensity A: the coefficient D, whose existence we surmised in the
definition of W (t), by construction has dimensions m?/sec and is the main characteris-
tic parameter of the Wiener process. Remark finally that — as for the Poisson process
— here too the process variance linearly grows with ¢, so that also the Wiener process
is considered a diffusion

Proposition 6.18. The Wiener process W (t) is sample continuous, but almost every
trajectory is nowhere differentiable. Moreover W (t) is non stationary (not even in
wide sense), but it is Gaussian and, however taken t; < ty < ... < t, (the ordering
has been fixed here only for convenience), we have (W (t1),...,W(t,)) ~ (0, A) with
covariance matrix

t1 t1 t1 ... t§
t1 to 1o to

A=D]| t1 ta t3 i3 (6.50)
toty ts ... L,

Proof: A more detailed discussion of the sample continuity of W (t) according to the
Definition 5.5 will be postponed until the Section 7.1.7 (see Proposition 7.23): here
we will confine ourselves only to remark that this result also apparently entails all the
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other, weaker continuities listed in the Section 5.3. It would be easy to show, however,
that the ms-continuity for every ¢ could be independently proved in the same way as
that of the simple Poisson process in the Proposition 6.7 because the autocorrelation
functions of the two processes essentially coincide. Also the proof of the non stationarity
is clearly the same

Neglecting then a proof of the global non differentiability stated in the theorem,
we will only show the weaker result that for every ¢t > 0 the Wiener process is not
differentiable in probability, and hence — according to the negative of the point 1 of
the Theorem 4.4 — it is also non differentiable in ms and P-a.s. We are reduced then
to prove that for every ¢t > 0

A
‘ W“)‘ s o0 for At —0
At
namely Al
lim P{‘ (t>' > M} =1 VM >0 (6.51)
At—0 At

Take indeed M > 0: from (6.43) it is

MIAY —2?/2D|At]
P{‘w‘>M}:1—P{‘w‘§M}:1—/ c
At At —M|at A/ 2w D] At

and (6.51) follows from the remark that with y = x/\/|At| we get

lim

M|At| ,—a?/2D|At] MA\/IAt —y?/2D
T g = lim /
At=0 J_npiae /21 D] At At—0

————dy=0
— M /|At| vV 27TD

From the Proposition 6.16 we already know that the pdf and the transition pdf
of W(t) are Gaussian: we will show now that also the higher order joint pdf’s are
Gaussian. Take first the r-vec (W (s), W(t)) with s < t for convenience: its joint pdf
then is?

fw(z,tiy,s) = fw(x, tly, s) fw(y, s) = épi—s (T — y)Pps(y) (6.52)

If we now write down this pdf and compare it with the general pdf (2.24) of a bivariate
normal law — we will skip the explicit calculation — we find that (6.52) exactly conforms

2Remark that to retrieve the marginals (6.43) from the joint pdf (6.52) the integral
+oo
fw(x,t) = / fw(x,t;y,5) dy = [¢p—s) * ¢ps|(x) = ¢t ()

is handily performed by taking advantage of the reproductive properties (3.67) of the Gaussian dis-
tributions, namely
MN(0,D(t —s)) *M(0,Ds) =9(0, Dt)
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to the Gaussian (0, A) with the covariance matrix

s s
A_D(s t>

To go on to the joint pdf’s with n = 3,4,... instants we iterate the procedure: take
t1 < ty < t3 and — retracing the path leading to (6.45), but we will neglect the details
— calculate first the conditional pdf

Jw (@3, 13| X, to; w1, t1) = Op(ts—to) (T3 — T2)
and then, keping (6.52) into account, the joint pdf

Jw(xs, ts; o, tos w1, t1) = fw(ws, ts | 2o, to; 21, t1) fr (2, to; 21, 1)
= ¢D(t3—t2)(x3 - x2)¢D(t2—t1)($2 - $1)¢Dt1 (xl)
that again by inspection turns out to be Gaussian with a covariance matrix of the
form (6.50). Iterating the procedure for arbitrary ¢; < ... < ¢, we find that all the

joint pdf’s of the r-vec’s (W(ty),...,W(t,)) are Gaussian 91(0,A) with covariance
matrices (6.50), and hence that W (t) is a Gaussian process |

It is easy to check by direct calculation that the transition pdf’s fw (x,t|y,s) (6.45) of

a Wiener process are solutions of the equation

Of(at) =5 Rfw ), flasT) =0z —y) (6.53)

that represents a first example of a Fokker-Planck equation to be discussed in
further details in the Section 7.2.3

Proposition 6.19. The Wiener increments process AW (t) with At > 0 is wide sense
stationary with

maw = 0 oaw = DAt (6.54)
B B 0 if || > At
RAW(T> - CAW(T) - { D(At—‘ﬂ) Zf |7_’ < At (6'55>
0 if |T| > At
1 — coswAt

Saw(w) = 2D(At)? (6.57)

(wAt)?

Proof: We have already seen that the increments AW (t) are independent and sta-
tionary: here it will be shown moreover that the increment process is wide sense sta-
tionary. The results (6.54) directly follow from (6.42), namely from the remark that
AW (t) ~ 9(0, DAt). As for the autocorrelation and autocovariance we will retrace
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the procedure adopted for the Poisson increments: by recalling that the increments on
non overlapping intervals are independent, when |t — s| > At we have

Raw(s,t) = E[AW (s)AW (t)] = E[AW (s)] E[AW ()] =0
If instead |t — s| < At, take first ¢ > s to have (see Figure 6.7)

AW () AW (t) = [W(s+ At) — W (s)] [W(t + At) — W (t)]
= [W(s+ At) —W(t)+ W(t) — W(s)] [W(t+ At) — W (t)]
= W)= W)W+ At) — W) + [W(s+ At) — W (1))
+[W (s + At) = W)W (t + At) — W (s + At)]

and hence — because of the increments independence and the vanishing of their expec-
tations — we will have with 7 =t —5s >0

Raw(7) = E[[W(s + At) — W(t)]?] = D(At — 7)

For t < s it would be enough to swap s and ¢, and by gathering all the results we
immediately get (6.55). The results (6.56) and (6.57) will finally follow from their
respective definitions [ |

6.2.3 Geometric Wiener process

As for the Poisson process, a number of different sp’s can be derived from the Wiener
process, but here we will only briefly linger on the so called geometric Wiener
process (geometric Brownian motion) defined as

X(t) =" X0)=1 (6.58)

where W (t) ~ 9 (0, Dt) is a Wiener process. Such a process is especially relevant in
the field of the mathematical finance, and we already said in the Section 3.47 that its
law is log-normal with

102
e In“ 2 /2Dt

while its expectation and variance are
mx (t) = P2 ox(t) = (eDt—l) el

At variance with those of the Wiener process W (t), the sample trajectories of X (¢)
apparently never go negative (see Figure 6.16 with a logarithmic scale), and this is one
of the main reasons why the geometric Brownian motion, unlike the simple Wiener
process, is considered a good model to describe the price trend on the market. In the
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Z(t)
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Figure 6.16: Sample trajectories (logarithmic scale and D = 1) of a geometric Wiener
process (6.60) approximated as the exponential of 1000 steps random walks

applications, however, it is customary to adopt a de-trended variant of X () centered
around 1 and defined as

X(t
Z(t) = XU _ wo-pe (6.60)
mx (t)
so that we immediately find that
my(t) =1 o2(t) =eP' —1

6.3 White noise

From a strictly formal standpoint the white noise does not exist as a sp, in the same
sense in which the Dirac delta §(x) does not exist as a function. Neglecting however
for short the rigorous definitions giving a precise meaning to this idea, we will limit
ourselves here just to a few heuristic remarks to put in evidence its opportunities and
pitfalls

Definition 6.20. We will call white noise every process B(t) with autocovariance
Ci(s,1) = a(£)3(t — 5) (6.61)

where q(s) > 0 is its intensity. A white noise is stationary when its intensity q is
constant, and in this case with T =t — s we will have

Cp(1) = qd(1) Sp(w) =q (6.62)
namely its covariance spectrum is flat and hence motivates the name of the process
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A white noise is then a singular process, as it is apparently disclosed by the occurrence
of a Dirac delta in its definition. Their distinctively irregular character is substantiated
by the remark that (6.61) entails in particular the non correlation of the process B(t)
in arbitrary separate instants, so that it takes values that are totally not predictable
from previous observations. In the following we will survey a few examples of white
noises in order to link their singular behavior to the use of processes allegedly derived as
derivatives of other non-differentiable processes, in the same way that the Dirac § can
be considered as the derivative of the famously non-differentiable Heaviside function

Exemple 6.21. Poisson white noise: Tuke first the shot noise (6.31) obtained by
choosing h(t) = §(t): in this case the process consists in a sequence of d-like impulses
at the random times Ty, and could be formally considered as the derivative, trajectory
by trajectory, of a Poisson process in the form (6.6), namely

N(t) = i 5(t — Tp) (6.63)

k=1

also called process of the Poisson impulses. To see that (6.63) is indeed a station-
ary white noise with intensity A it is enough to remark that from (6.33) with h(t) = 6(t)
we find H =1 and g(t) = §(t) and hence

my = A Ry (1) = N 4+ \(7) Cy(T) = Ao(7) (6.64)

A slightly different stationary white noise with zero expectation can be obtained as the
derivative of a compensated Poisson process (6.22)

N(t)=N(t) — X (6.65)

It 1s apparent then that we are dealing here with a centered process of impulses because
from (6.64) it is easy to see that

mﬁ =My — A=0
That this too is a stationary white noise follows from (6.64) and (6.65) since
Rﬁ(’/‘) = Cﬁ(T) = Ry (1) — A\* = \o(7)

It is illuminating finally to remark that all the other shot noises (6.31) with arbitrary
h(t) different from 6(t) can be obtained from a convolution of the process of the impulses
with the function h(t) according to the relation

X(t) = [N * h)(t) (6.66)

Exemple 6.22. Wiener white noise: Another kind of white noise is associated to
the Wiener process W (t): we know that W (t) is not differentiable and we can then
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Cz(r)

Blo

—At At

Figure 6.17: Autocovariance Cz(7) (6.68) of the ratio (6.67) for a Wiener process: the
triangle area always is D for every value of At, but its shape is higher and narrower
for At — 0

surmise that its formal derivative W(t) could display the singular properties of a white
nose. If we in fact consider, with a fived At, the process of the difference quotients

2(t) = A%t(t) (6.67)

it 1s easy to see from the Proposition 6.19 about the increments process AW (t) that

0 if 7] > |At|
my =0 Rz(T) = Cz(T) = { D (1 7| > Zf |7_| < |At’ (668)

[ag \ " Al
A plot of Rz(1) = Cz(7) is displayed in the Figure 6.17 and shows that
Cz(1) = D(1) At — 0

As a consequence, if in a sense whatsoever we accept that the derivative W(t) exists as

the limat AW (s
Z(t):Tt()—H/V(t) At — 0

we also expect that
myi, = 0 Ry (1) = Cy(1) = Dd(7) (6.69)
namely that W(t) 1s a stationary white noise of intensity D

The previous examples hint to a few increment features that we will also resume
later in further detail. Consider the increment processes AN (t), AN(t) and AW (t),
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with m, 5(t) = maw(t) = 0 from (6.17) e (6.54): we know then that
E [A]\Nﬂ(t)] — o2 - = Al E [AW2(t)] = 02, = D|At] (6.70)
E [AN?(t)] = 0in + man = AAL] + N2 A (6.71)
that is — but only in a symbolic sense for the time being — in the limit At — 0
E [dﬁ%)} = E [dN2(t)] = Aldt| E[dW2(t)] = Dldt|  (6.72)

This prompts the idea that the infinitesimal increments of our processes are not in fact
of the order dt, but rather of the order v/dt, namely, symbolically again,

an(t) =0 (Vi) anN(t) =0 (Vit) aw(t) =0 (Vit )

Albeit stated in a rather inaccurate form, this remark intuitively accounts for the non
existence of the limits of the difference quotients (6.67), and then explains the non-
differentiability of our processes. Remark moreover that, while strictly speaking the

white noises N(t), N(t) and W (t) do not exist as sp’s, the finite increments AN (#),
AN(t) and AW (t) always are well defined, and in a suitable sense (as we will see
later in the framework of the stochastic calculus) do exist — and play a decisive role
— also their stochastic differentials dN(t), dN(t) and dW (t) that for the time being
we intuitively understand just as infinitesimals of the order v/dt. What in any case is
not possible to generalize straightaway without the risk of serious errors are the usual
formulas of the calculus connecting derivatives and differentials. In other words, for a
stochastic process the symbols

dN(t) AN (t) AW (t)

can be correctly defined end used (see Chapter 8), but we can not right away identify
them with the respective familiar expressions

N(t)dt N(t)dt W (t)dt
both because the involved derivatives do not exist, and because the increments are
infinitesimals of the order v/d¢ rather than dt. In the Appendice H the risks of a
careless application of the usual rules of calculus are further discussed with a few
examples, while in the Chapter 8 the way to overcome these hurdles will be presented
in a more systematic way

6.4 Brownian motion

After Robert Brown? observed in 1827 the flutter of pollen particles in a fluid (known
since then as Brownian motion) a long debate started about the nature of this phe-

3R. Brown, A brief account of microscopical observations made in the months of June, July and
August, 1827, on the particles contained in the pollen of plants; and on the general existence of active
molecules in organic and inorganic bodies, Phil. Mag. 4 (1828) 161-173
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nomenon, and even that these corpuscles were living beings was conjectured. Subse-
quent experiments showed that this is not the case, but the origin of the movement
remained puzzling. We had to wait for the papers of Einstein* (1905) and Smolu-
chowski® (1906) to get a theory giving a satisfactory account. Einstein was able in
particular to manufacture a physical model based on the interactions of the pollen
grains with the surrounding fluid molecules: he showed that the movement is charac-
terized by a diffusion coefficient D depending on the temperature, and also anticipated
that the mean square displacement in a time t in every direction is proportional to
V/Dt. These statements — that today would ring trivial — were rather contentious at
that time, and it is important to remember that the success of the Einstein model was
a major factor in establishing the idea that matter is composed of atoms and molecules
(as was proved for good by Jean Perrin® in 1909): an idea far from being generally
shared at that time

We must remember moreover that even a rigorous and coherent theory of the
stochastic processes is quite new. The first pioneering ideas about models that can be
traced back to the Wiener process are contained in a work by Thorvald Thiele (1880)
on the method of least squares, and chiefly in the doctoral thesis of Louis Bachelier
(1900). The latter work however has long been ignored because his argument was a
description of the prices behavior in the financial markets, a problem that has only
recently become popular in the physical and mathematical context. For this reason
the first works that actually opened the way to the modern study of the sp’s are those
of Einstein in 1905, Smoluchowski in 1906 and Langevin” in 1908. In particular, this
group of articles identifies from the beginning the two paths that can be followed to
examine the evolution of a random phenomenon:

1. We can first study the evolution of the laws, namely — in our notation — of the
pdf’s fx(z,t) and of the transition pdf’s fx(x,t|y, s) by means of suitable partial
differential equations to be satisfied by these functions; in this case the focus
apparently is on the process distributions, and not on the process itself with its
trajectories

2. Alternatively we can investigate the trajectories z(t) of the process considering
them as generalizations of the traditional functions, and in this case we will have
to deal with differential equations on the process X (¢) more or less as we do in the
traditional Newtonian mechanics. We will have to exercise, however, particular
care to correctly define what these equations can mean: while in fact the process
pdf’s are ordinary functions, the processes X (t) we are dealing with are not in
general differentiable

4A. Einstein, Uber die von der molekularkinetischen Theorie der Wirme geforderte Bewegung
von in ruhenden Flissigkeiten suspendierten Teilchen, Ann. Phys. 17 (1905) 549-560

5M. von Smoluchowski, Zur kinetischen Theorie der Brownschen Molekularbewegung und der
Suspensionen, Ann. Phys. 21 (1906) 757-779

6J. Perrin, Mouvement brownien et réalité moléculaire, Ann. Chim. Phys. 8-ieme série 18 (1909)
5-114

"P. Langevin, On the theory of Brownian motion, C. R. Acad. Sci. (Paris) 146 (1908) 530-533
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Historically the articles by Einstein and Smoluchowski follow the first line of thought,
while that of Langevin opened the second path. We will now briefly examine the
problems posed by these articles to introduce the topic in an intuitive way, referring
then to the Chapter 9 for a more in-depth discussion of the Brownian motion

6.4.1 Einstein (1905)

Let’s try to retrace — within a notation and a language adapted to ours — the arguments
of Einstein’s paper: let us first consider a time interval 7 that is simultaneously quite
small with respect to the macroscopic times of observation, and quite large with respect
to the microscopic times of the movement of the molecules in the fluid. This choice,
as we will see later, is instrumental: on the one hand it reflects the observation that
pollen particles are small on macroscopic scales, but they are also large on molecular
scales; on the other hand it allows us to realistically conjecture that two displacements
in subsequent intervals 7 actually are independent. If indeed 7 is large with respect
to the characteristic times of the molecular thermal agitation, we can think that the
corresponding displacements resulting from the sum of many individual impacts are
altogether independent of each other. The smallness of 7 on macroscopic scales, on
the other hand, allows us to use some convenient series expansions. The scale of a
parameter such as 7, that is both small on macroscopic scales and large on microscopic
scales, is also called mesoscopic. It must be said, however, that a description of the
Brownian motion at smaller scales (we will present it in the Chapter 9) was subse-
quently proposed by Ornstein and Uhlenbeck in another celebrated paper® (1930) in
which a new process was defined that takes its name from its two proponents and that
we will discuss at length in the next chapters

Take then a rv Z, representing the pollen grain displacement in 7, and its pdf g(z)
that we will suppose symmetric and clustered near to z = 0 with

/ Tgedz=1,  g(—2) = g(2)

o0

g(z) #0 only for small values of z

Einstein starts by proving that, if X (¢) is the position of the pollen grain at the time
t, then its pdf f(x,t) must comply with the equation

—+00

flz,t+71)= flz+2z,t)g(z)dz (6.73)

—00

We will see later that this amounts to a particular form of the Markov property, but
for the time being we will prove it just in this form. His line of reasoning is typically
physical, but we prefer to give a justification in a language more adherent to our

8L.S. Ornstein, G.E. Uhlenbeck, On the theory of Brownian Motion, Phys. Rev. 36 (1930)
823-841
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notations. We know indeed from the rules of conditioning that for the two rv’s X(t)
and X (t+ 7) we can always write

flx,t+71)de = Pz <X(t+71)<z+dz}
= +OoP{:v§X(t+T)<a:—|—da:|X(t):y}f(y,t)dy

On the other hand from our hypotheses we can say that Z = X(t +7) — X(¢) is
independent from X (¢) and hence
Pz <X(t+7)<zx+dr|X(t)=y} = Ploa<X{t)+Z<zx+dx|X(t)=y}

= Pla<y+Z<z+dz|X(t)=y}
= P{r—y<Z<zx—y+dx}
= g —y)de

Taking then z = y — x, from the symmetry properties of g(z) it follows that

+oo
flattride = do [ gl =) fut)dy

= dx +OO flx+ z,t)g(z) dz

—0Q0

that is (6.73). Since now 7 is small and ¢(z) is non vanishing only for small z values,
we are entitled to adopt in (6.73) the following Taylor expansions

flz,t+71) = f(z,t) +70.f(x,t) + o(7)
[t 2,t) = @)+ 0.0 (0,0) + S0 (1) + of2?)

so that (in a slightly condensed notation)

Frraf =5 o) i+ ouf [roterdz+oir [Soteas

But from our hypotheses it is

/+Oog(z) dz =1 /+OO 2g(2)dz =0

[e.o]

and hence we finally have

0ufast) = 025 ast) - | " g(2) d

It is apparent moreover that g(z) (the pdf of the displacement Z in 7) is contingent
on 7, and that by symmetry E [Z] = 0, so that

/ " () da

—0o0
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is the variance of Z that we can reasonably suppose to be infinitesimal for 7 — 0 (in
the sense that the increment Z tends to be invariably zero for 7 — 0). If furthermore
we suppose that

I B
113%); N 2°g(z)dz =D
our equation will be
O f(z,t) = g@i f(x,t) (6.74)

namely will coincide with the equation (6.53) satisfied by the pdf of a Wiener process:
its solution, with the initial condition f(z,0") = 6(z) (that is X(0) = 0, P-a.s.), will
then be the normal pdf M (0, Dt) with

E[X(1)]=0 V [X(t)] = Dt (6.75)

The first important outcome of this Einstein model is then that the Brownian particle
position is well described by a Wiener process with diffusion coefficient D and
a variance linearly growing with t. From further thermodynamical argumentations
Einstein was also able to calculate the diffusion constant from the fluid temperature
according to the formula

kT

3mna

D=

(6.76)

where k is the Boltzmann constant, 7" the temperature, n the viscosity and a the
diameter of the supposedly spherical particle. It will be shown in the next section that
the formula (6.76) and the other results listed above can also be derived, and in a
simpler way, from in the Langevin model

6.4.2 Langevin (1908)

In 1908 Langevin obtained basically the same results as Einstein directly handling
the particle trajectories with a shrewd (though not very rigorous) generalization of
the Newton equations of motion. In his model X () is the particle position while

V(t) = X(t) is its velocity that is supposed to be subjected to two kinds of forces due
to the surrounding fluid:

e the deterministic force due to the viscous drag that, within our notations, is
proportional to the velocity according to the formula —6wnaV/(t)

e a random force B(t) due to the collisions with the molecules, having zero expec-
tation E [B(t)] = 0 and uncorrelated to X (¢)

The Newton equation of motion then is
mX(t) = —6mnaX (t) + B(t) (6.77)
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that, with V(t) = X(t), can also be reformulated as a first order equation for the
velocity .
mV (t) = —6mnaV (t) + B(t) (6.78)

known today as the Langevin equation

It will be argued in the Section 8.1 that the force B(t) effectively behaves as the
Wiener white noise of the Example 6.22: this will also be the starting point to introduce
the Ito stochastic calculus. For the time being however we will just derive the behavior
of E[X?(t)] amounting to the position variance because X (¢) will be supposed always
centered around the origin. To this end multiply then (6.77) by X ()

mX(t) X (t) = —6mnaX ()X (t) + X (t)B(t)
and remarking that from the usual rules of calculus

d

—[X'@] = 2X(1)X (@) (6.79)
j—; [(X2(1)] = 2X%(t) +2X (1) X (t) = 2V2(t) + 2X (1) X (1) (6.80)

we could also write

md* ., ) d
EWT [ X2(8)] —mV3(t) = —37Tna%

Take now the expectations of both the sides, and remembering that by hypothesis it
is E[X(t)B(t)]= E[X(t)] E[B(t)] =0, we find

m d? 9 2 d 2
5@E [(X2()] — E [mV3(t)] = —37”7&%15’ [X2(1)]

From the equipartition law of the statistical mechanics we moreover know that, at the
thermal equilibrium, the average kinetic energy of a (one-dimensional) particle is
kT
2

where k is the Boltzmann constant and 7" the temperature. Our equation then reads
as

[(X*(®0)] + X(1)B(t)

E [%W(t)} (6.81)

m d? 9 d 9
5 7 F [X2(1)] +3ma— B [(X2(t)] = kT
From a first integration we then have
d kT
—E X2 ] = —6mnat/m
dt [ ( )} 3mna +Ce

where C represents an integration constant, so that, after a short transition (the ex-
ponential vanishes with a characteristic time of the order of 107 sec), and taking into

account (6.76), we find
d kT
—E [X*(t)] = =D
dt [ ( )} 3mna
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and then with a second integration we get again the Einstein result
V[X(t)] = E[X*(t)] = Dt (6.82)

where we have supposed X (0) = 0 in order to have E[X?(0)] = 0. The convenience of
this Langevin treatment is that it is rather intuitive being based on a physical model
with a simple equation of motion; also the calculations are rather elementary. However,
it also presents some risks due of its shaky mathematical basis as it is elucidated in the
Appendix H. The rigorous foundations for a convincing reformulation of this Langevin
model are instead postponed to the Chapter 8
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Chapter 7

Markov processes

7.1 Markov processes

7.1.1 Markov property

Although Markov’s property is generally given with a preferential time orientation —
that from the past to the future — its statement is actually symmetric in both directions,
and it could be intuitively expressed by saying that the events of the future and those of
the past result mutually independent conditionally to the knowledge of the information
available at present. To emphasize this symmetry we will start by giving the following
definition of the Mlarkov property, briefly postponing a proof of its equivalence with
the other, more familiar formulations
(X

Definition 7.1. We will say that a vector process with M components X(t) =
1s a Markov process if, for every choice of n, of the instants s; < §
t1 <...<t, and of the vectors Yy, ..., Ym, Y, &1, ..., Ly, it is

1 .
S S

F(xn,ty; .. ;1,15 Ym, Smi - -3 Y1, 51| Y, S)
= F(x,ty; .. ;2,t|Y,8) F(Ym, Sms -3 91,51 Y, S) (7.1)
where the F' are the conditional cdf’s of the process

It is important to remark that in this definition, more than the actual ordering of
the time instants, it is important their separation (produced by a present s) into two
groups (a past si,...,Sm, and a future t1, ..., t,) that however play symmetrical roles:
the ordering of the instants within the two groups is instead inconsequential. Of course,
if X (t) is ac with its pdf’s then (7.1) will become
f(@ns s 51005 Y S -+ Y1, 81 Y5 8)

- f(wnath---§$17t1|ya3)f(ym73m§---§y1751|ya3) (72)

if instead it is discrete with integer values k, £ and distribution p we will have

p(kn,tn; .. k1t b, S -3 81, 5112, S)
= p(kmtn§ okt |£7 3)p(£m7 Smi -5 41,51 |‘67 3) (7-3>
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Proposition 7.2. X(t) is a Markov process iff

F(wn;tn§-~§3317t1‘y73§ym75m§-~§y1;31) - F<mmtmaw17t1 |y78> (74>

for every choice of s1 < ... < s, < s<t1 <...<t, and Y1,...,Ym, Y, L1,...,Ty;
the roles of the past sy, ..., Sy, and the future ty, ... t, in (7.4) can moreover be inter-
changed

Proof: Remark first that when X (¢) is either ac, or discrete with integer values k, £,
the condition (7.4) respectively become

f(@n,tn; 51,00 | Y, S Yms Sms -5 Y1,81) = [(@ny b 21,81 |y, s)  (7.5)
plkn,tn; skt [ £, 880, Sy €1, 51) = p(Knstns .. skt [ £,s)  (7.6)

For convenience we will however prove the proposition only in the form (7.5): first,
if (7.5) holds we have

f(a:natn;'";mhtl;yﬁusm;"';yhsl|y78)
f(@n, tos . 21, 05Y, S Y, Sms -+ -3 Y1, S1)

f(y,s)
_ F(@nstn; L5 Y, 8 Ym, Sms -5 Y181) (Y 8 Yms Smi - -5 Y1, S1)
F(Yy S Ymy Sms - -3 Y1, S1) f(y,s)

f(mnatn;"‘;wlatl|y78;ym78m;"';yhsl)f(ym?Sm;"';leSl|yas)
= f(wnatn;"';wlatl’y>s)f(ymasm;-";y1751’ya‘g)

that is (7.2) and the process is Markovian. Conversely, if the process is Markovian,
namely if (7.2) holds, we have

(@, ts 2, t [ Y, S Y S - -3 YL, S1)
f(@n,tns 3 1, E5Y, 55 Yy Sms - - YL, S1)
S, 8 Ym, Sms -3 Y1, 51)
f(@ntn; . 20, 05 Y, 8 Yy S - - -5 Y1, 51) f(y,s)
f(y,s) (Y, 8 Y, Smi -1 Y1, 51)
S(@nitn; 520,05 Y S -5 Y1, 51| Y5 8)

- f(y S s s Y1 Sl|y S) :f(wn7tn;...;$1,t1|y,5)

and we recover (7.4). Given moreover the past-future symmetry of (7.1), the ordering
of the instants is not relevant for the proof and can be modified by interchanging past
and future, but always in compliance with their separation [

In this second formulation — in the version from the past to the future — the Markov
property states that the information afforded by the last available observation (the
present, here the time s) summarizes all that is worthwhile in the past (the instants
S1y...,8m) in order to forecast the future: to this end it is relevant indeed to know
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where the process is at the present s, but there is no need to know how (namely, along
which path) it arrived there. Of course the future is not altogether independent from
the past, but the latter is superfluous because the previous history is summarized in
the present s. This is in fact the simplest way to introduce a non trivial dependence
among the values of the process in different instants. Remark that if the future is
reduced to a single instant ¢ then (7.5) and (7.6) take a simplified form highlighting
the role of the transition probabilities and pdf’s

f($7t|yas;yma5m;-~~;y1751) = f(w7t|y>8) (77)

p(kaﬂeas;gmasm;'--;Ehsl) = p<k7t|£7 S) (78>

Corollary 7.3. X (t) is a Markov process iff, for every choice of the instants s; <

<sm < s <t <...<t, and of an arbitrary bounded Borel function g(x, ..., x,),
1t 18

E[g(X(t1),..., X (tn) ]| X(5), X (S$m), .-, X (s1)]
=E[g(X(t1),...,X(tn)) | X (s)] P-as. (7.9)

that is iff , with arbitrary y.,...,Ym, Y, it turns out that
Eg(X(t1),...., X ()| X(s) =y, X (Sm) = Ym, ..., X (51) = Y1)
—ElgX(L)..... X(1) | X(s) =y Px-as  (7.10)

where Px is here a shorthand for the joint distribution of X (s), X (Sm), ..., X (s1).
From the Definition 3.41 it follows that the condition (7.9) is also equivalent to require
that for every g(x,. .., x,) is is possible to find another Borel function h(x) such that

Elg(X().. ... X(6,)| X(s). X(50),.... X(s1)] = h(X(s))  P-as  (7.11)
Of course even here past and future can be exchanged
Proof: If (7.10) holds, taking g = x4 the indicator of the event A = (—oo,x1] x ... X

(—o0, x,] we find

F(xp, tn, ..., @1,t1 | Y, $; Yms Sm - - -3 Y1, 51)
= P{(X(t1),....X(tn)) € A| X(s) =wy;...; X(s51) = v}
= EluaX (tl) L X () [ X (s) =y X(Sl) = yi]
= Ea(X(t),...,X(t)) [ X(s) = y]
= P{(X(ty),.. ,X(tn)) €A X(s) =y} = F(xp, tn,...,x1,t1|y,s)

namely (7.4). if conversely (7.4) holds, the (7.10) easily follows because the conditional
expectations are calculated from the conditional cdf’s |

It is important to point out now that the Markovianity of a vector process X () in
no way entails the Markovianity of its individual components X;(¢) (or of a subset
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of them): these components in fact provide less information that the whole vector,
and hence are often non Markovian. We can look at this remark, however, also from
a reverse standpoint: if for instance a process with just one component X;(t) is not
Markovian, it is in general possible to add further components to assemble a Marko-
viano vector. This apparently considerably widens the scope of the Markov property,
because in many practical cases we will be entitled to consider our possibly non Marko-
vian processes just as components of some suitable Markovian vector process (see in
particular the analysis of the Brownian motion in the Section 9.3)

Proposition 7.4. Markov chain rule: The law of a Markov process X (t) is com-
pletely specified by its one-time distribution plus its transition distribution, that is —
respectively in the ac and discrete cases — by

f(x,t) and flx,t|y,s) (7.12)
p(k,t) and p(k,t|L,s) (7.13)

according to the chain rules

f(wnatny ceey whtl) = f(wTL?tn’ wnfhtnfl) R f(w27t2| m17t1>f(m17t1> (714>
p(kn, tn; ey kl, tl) = p(kn, tn| kn—b tn—l) .. .p(kz, t2| kl, tl)p(kl, tl) (715)

where the time ordering must be either ascending (t1 < ... <t,) or descending

Proof: As recalled in the Section 5.1, the global law of a process is specified when we
know all its joint laws in an arbitrary (finite) number of arbitrary instants; but it is
easy to see — for instance in the ac case — that if X (¢) is Markovian such joint laws can
be retrieved from the (7.12). Take indeed the arbitrary instants ¢t; < ... <t, (possibly
also in the reverse order): from the definition (3.53) of conditional pdf and from (7.7)
we have in fact

f(@n,tn; .. 521, t1) = f(@n,tn| o1, tua; .. 21, ) -
f@n-1,tn-1|Tpo,tn_o;...;T1,t1) ...
S (@, ta |1, 1) f21, 1)
= fl@n,ty|To1,tn-1) f(@n1,tn-1|Tn_o,tn2) ...
f(@a, o |1, 1) f21, 1)
that is the chain rule (7.14), so that all the joint pdf’s are recovered from (7.12). In
the discrete case the proof is the same. Remark that to find (7.14) from the Markov

property (7.7) the time instants must be put either in an ascending or in a descending
order: any other possibility is excluded ]

7.1.2 Chapman-Kolmogorov equations

The importance of Markovianity is immediately appreciated if one reflects on the fact
that, because of the Proposition 7.4, this property allows to completely reconstruct
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the whole hierarchy of the joint pdf’s of X (t) — that is its global law — starting just
from the knowledge of its one-time laws and of its transition laws (namely either (7.12)

r (7.13)): this is a considerable simplification certainly not available for all other
kinds of process. In this regard, however, it should be noted immediately that the
functions (7.12) and (7.13) are always well defined for any type of process, even for the
non-Markovian ones: but in this latter eventuality they are no longer sufficient to fully
determine the law of the process. Furthermore it must be remembered that in general
there can be different processes (not all Markovian, of course) sharing both the same
one time laws, and the same transition laws displayed in (7.12) or (7.13). In other
words, given (for example in the ac case) the pair of functions (7.12), in general there
will be several different processes that admit them as one time pdf and transition pdf:
if among them there is a Markovian one — but this is in no way assured — this is unique
and retrievable through the chain rule (7.14) from the (7.12) only. These considerations
suggest then that the simple a priori assignment of a pair of functions (7.12) does not
guarantee at all that it is possible to assemble a Markov process from them: such
functions could in fact be associated to a plurality of processes of which no one is
Markovian. It is therefore important to be able first to find whether a given pair (7.12)
may or may not generate a Markov process, and we will see that, while f(x,t) is
totally arbitrary, not every possible transition pdf f(x,t,|y,s) can do the job. For
short in the following discussion the integrals and the sums without further indications
are understood to be performed on the whole available domain, for example R, N,
while dz is a simplification of dV

Proposition 7.5. Chapman-Kolmogorov equations: If X (t) is a Markov process,
and if s < r <t, the following equations hold in the ac case

fet) = [ fently o) fw.s)dy (7.16)
flx, t|y,s) = /f(m,t|z,r)f(z,r|y,s)dz (7.17)

while in the discretete case we will have

plk,t) = Z (k,t| £, s)p(L,s) (7.18)
p(k,t|L,s) = Zp 3,7, e, s) (7.19)

The ordering of the instants s,r,t can be reversed, but r must always fall between s and
t

Proof: We remark first that the equations (7.16) and (7.18) are satisfied by every
process (even non Markovian): if indeed for instance X (¢) has a pdf, (7.16) immediately
derives from the definitions:

ﬂaw:/}@¢m£My=/f@¢vawﬁmy
7
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In the discrete case (7.18) follows in the same way. On the other hand only a Markov
process can satisfy the equations (7.17) and (7.19): to deduce (7.17) it is enough to
remark for example that

f(@t]y,s) = /f@¢ATWJMz=/f@ibﬂﬂﬁﬁ@ﬁWﬁMz
- /ﬂ%ﬂ%ﬂﬂ%ﬂu@ﬁ

where we used again the definitions, but also the Markov property (7.7) which holds
both for s <r <t,and fort <r <s [ |

As a consequence, while on the one hand the equations (7.16) and (7.18) allow to calcu-
late the one time law at the instant ¢ from those in previous times (the transition laws
playing the role of propagators), on the other hand the equations (7.17) and (7.19) are
authentic Markov compatibility conditions for the transition laws: if (7.17) and (7.19)
are not met there is no hope to use either f(x,t|y,s) or p(k,t|£,s) to assemble a
Markov process. When instead these equations are satisfied a Markov process can
always be manufactured taking advantage of the chain rule of the Proposition 7.4

Definition 7.6. We will call Markovian transition laws those whose f(x,t |y, s)
(or p(k,t|£,s)) satisfy (7.17) (respectively (7.19)); taken then an arbitrary but fized
conditioning instant s > 0, we will furthermore tell apart the advanced (t € [0,s])
from the retarded region (t € [s,+0))

Proposition 7.7. To every Markovian transition law, known at least in the retarded
region,

is associated a family of Markov processes, one for every initial law fo(x) (or po(£))

Proof: Confining ourselves for short to the ac case, take an arbitrary initial pdf
f(x,0) = fo(x): then the Markovian transition pdf f(x,t|y,s) in the retarded re-
gion enables us to calculate the one time pdf at every instant

ﬂ%ﬂ:/ﬂ%ﬂymhwwy

and hence to supplement the pair (7.12) needed to calculate the law of the Markov
process from the chain rule (7.14). Remark that to perform this last step it is enough
to know the transition pdf only in the retarded region when the chain rule is chosen
with ascending times [

Everything said so far has been settled in the perspective of assembling a Markov
process from given fy(x) and f(x,t, |y, s): we have shown that this is always possible
if f(x,t,|y,s) is Markovian, and known at least in the retarded region. There is
however a reverse standpoint that is just as relevant: given a sp, how can we check
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sp sp sp sp processes

Chapman-Kolmogorov !
f transition ddp's

Figure 7.1: Possible relations between the process Markovianity and the Markovianity
of the transition pdf’s. The two arrow heads convey the notion that only the laws of
Markov processes can be deduced from the initial and transition pdf’s only

whether it is Markovian or not? Can we confine ourselves to inspect its transition
distributions? In this second perspective the Chapman-Kolmogorov equations are only
a necessary condition of Markovianity: they effectively afford us just a way to say with
certainty whether a process is not Markovian. There exist indeed examples of sp’s
— see the Appendix I for details — that are not Markovian despite having Markovian
transition distribution. This seeming inconsistency (see also Figure 7.1) is suitably
investigated only in the framework of the non uniqueness of the processes having the
same transition laws. If a sp is given and, for example, its transition pdf’s satisfy
the Chapman-Kolmogorov equations, this is not sufficient to affirm that our process
is Markovian: starting from the given Markovian transition pdf a Markov process can
always be built in a unique way, but there can also be other non Markovian processes
featuring the same transition pdf, and in particular our initial sp can be exactly one of
them

7.1.3 Independent increments processes

Definition 7.8. We will say that X (t) is an independent increments process if,
for every choice of 0 < tg <t; < ...<th_1 <tpn, the rv’s X(to), X (t1) — X (to),- .-,
X (t,) — X (tn—1) are independent. In particular an increment AX (t) = X (t + At) —
X (t) with At > 0 will be independent' from every X (s) with s <t

We have already met several examples of sp’s with independent increments by con-
struction (for instance the Poisson and the Wiener processes, and several of their

'With 0 < s <t <t + At, the r-vec’s
X (0) X (s)—X(0) X(t) — X(s) AX(t) = X(t+ At) — X(t)

are all independent by definition, and hence AX (t) and X (s) = [X (s)— X (0)]+X (0) are independent
too
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byproducts): we will show now that the processes enjoying this property represent in
fact an especially important class of Markov processes

Proposition 7.9. Every independent increments process X (t) is Markovian and its
distribution is completely specified (but for an initial condition) by the law of their
increments AX (t) = X (t + At) — X (t) with At > 0. Moreover it is

Ejg(X(t+At)| X(t) =x] = E[g(AX(t) + )] (7.20)

Proof: To keep the things short we will prove the Markovianity in the form (7.4) with
just one future time t + At, and a slightly different notation: take the instants t; <
oo <t, <t <t+ At, then — from the increments independence and a straightforward
application of the point 3 of the Proposition 3.42 — it is

Fx(x,t+ At | Yy, t;Ym,tim; -3 Y1, 1)

= P{X({t+A) <x| X(t) =y X(lm) =Ym; - X(01) =31}
= PIAX()+X(t) <z | X(t) =y X(tm) = Ym;-- s X (1) =y}
= P{AX(t)+y<z|X(t)=y; X(tn) = yn;...; X(t1) = y1}
= P{AX(t)+y<z|X()=y}=P{AXQ)+X() <z | X({) =y}
= P{X(t+A) <x|X(t) =y} =Fx(z,t+At|y,t)

In the same way we have moreover that
Fx(xz,t+At|y,t) = P{X({t+At) <xz|X(t) =1y}

— P{AX()+X() < 2| X(t) =y}
t)

= P{AX(t)<z—-y|X(t) =y}
= P{AX(t) <z -y} = Fax(z —y, At 1)

where Fax is the cdf of the increment AX (¢) that apparently is now all we need
to find the global law of the process: we know indeed from the Proposition 7.7 that
— but for an initial distribution — this global law is completely determined from the
retarded transition distribution that here coincides with the increment distribution. Of
course, when the process is ac, we also can calculate the pdf’s by differentiation and
in particular we find

fx(x,t+ At]y,t) = fax(x —y, At;t) At >0 (7.21)
As for (7.20) we finally have
Elg(X(t+A0) | X (1) = 2] = E[g(AX(t) + )| X (1) = a] = E[g(AX(t) + )]
just by retracing the previous lines of reasoning |

This result is very important to understand the deep connection existing between the
theory of independent increments processes and the limit theorems of the Chapter 4. If
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indeed X (t) is an independent increment process, we have just seen that the knowledge
of the increment distribution is paramount: to study these increments AX () = X (t)—
X (s) we can now decompose the interval [s, ¢] in n sub-intervals by means of the points

s=tog<thi <...<th_1<t, =1t

and remark that the n increments X (tx) — X (tx—1) with £ = 1,...,n are all indepen-
dent. As a consequence the increment AX (t) is the sum of n independent rv’s, and
since n and the separation points are arbitrary it is easy to understand that in general
the law of the increment A X (t) will be the limit law of some suitable sequence of sums
of independent rv’s. It is then cardinal for a complete understanding of the independent
increment processes (a large class of Markov processes) to be able to identify all the
possible limit laws of sums of independent rv’s. We already know some of them: the
Gaussian laws (Central limit Theorem), the degenerate laws (Law of large numbers)
and the Poisson laws (Poisson theorem). It would be possible to show however that
these are only the most widespread examples of a much larger class of possible limit
laws known as infinitely divisible laws, first suggested in 1929 by B. de Finetti and then
completely classified in the 30’s with the results of P. Lévy, A. Khintchin and others.
We will not have here the time for a detailed discussion of these distributions that
are a cornerstone of the Lévy processes® (see later Section 7.1.6) and we will confine
ourselves to give below just their definition

Definition 7.10. We will say that a law with chf @(u) is infinitely divisible when
for everyn =1,2,... we can find another chf o,(u) such that p(u) = [p,(u)]".

It is easy to see then from (4.5) that a rv with an infinitely divisible law law ¢ can always
be decomposed in the sum of an arbitrary number n of other #d rv’s with law ¢,,, and
this apparently accounts for the chosen name. Beyond the three mentioned families of
laws (Gauss, degenerate and Poisson), are infinitely divisible also the laws of Cauchy
and Student, the exponentials and many other families of discrete and continuous laws.
There are conversely several important families of laws that are not infinitely divisible:
in particular it can be shown that no distribution with the probability concentrated in a
bounded interval (as the uniform, the beta or the Bernoulli) can be infinitely divisible.
Of course the distributions that are not infinitely divisible can not be the laws of the
independent increments of a Markov processes

7.1.4 Stationarity and homogeneity

We already know that generally speaking the increments stationarity of a process does
not entail its global stationarity in the strict sense (see Definition 5.9); but in fact
even its wide sense stationarity (5.15) is not assured. There are indeed examples (the
Poisson and Wiener processes are cases in point) with stationary increments, but non

2K.I. Sato, LEVY PROCESSES AND INFINITELY DIVISIBLE DISTRIBUTIONS, Cambridge UP (Cam-
bridge, 1999)
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constant expectation and/or variance. On the other hand even the requirements (5.12)
and (5.13) on the one- and two-times laws, albeit entailing at least the wide sense
stationarity, are not sufficient for the strict sense stationarity. The case of Markov
processes, however, is rather peculiar: for short in the following we will confine the
exposition to ac processes with a pdf

Proposition 7.11. A Markov process X (t) is strict sense stationary iff

fle,t) = [(x) (7.22)
fle.tiy,s) = flz,y;7) T=t—s (7.23)

In this case its transition pdf’s will depend only on T according to the notation
fl,tly,s)= f(z,7|y) (7.24)

and if moreover X (t) also has independent increments these transition pdf’s will co-
incide with the stationary increment laws

flx,7]y) = fax(x —y,7) (7.25)

Proof: The strict sense stationarity (5.11)
fxr,t1;. ., ty) = f(x1,00+ 8. . @p, by + 5) (7.26)

for every ti,...,t, and s, follows from (7.22) and (7.24) when the joint pdf in the
r.hes. of (7.26) is calculated with the Markov chain rule of Proposition 7.4 because
only the time differences are taken into account. The reverse statement is trivial.
Since X (t) is strict sense stationary also its increments AX (¢) will be stationary (see
Section 5.5) and their pdf fax(x,7) will depend only on 7: if they are also independent,
from (7.21), (7.22) and (7.23) we have

[ y;7) = f(m, t+ 7y, 1) f(y,1) = fax (@ —y,7) f(y) (7.27)
namely (7.25) because of the relation f(x,y;7) = f(x,7|y)f(y) between the joint
and the conditional densities ]

The Chapman-Kolmogorov equations for stationary Markov processes (here
s > 0,t > 0 are the interval widths) are then reduced to

f@) = [ f(@tly)siv)dy (7.28)

fle,t+sly) = /f(agt]z)f(z,s]y)dz (7.29)

where the first equation (7.28) just states that f(a) is an invariant pdf that is deter-
mined by the initial condition; the second equation (7.29) instead is the Markovianity

condition for a stationary f(x,t|y)
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Corollary 7.12. The Markovianity of stationary and independent incre-
ments can also be expressed in terms either of the convolutions of their pdf’s

fax(@,t+s) = [fax(t) * fax(s)]() s>0,1>0 (7.30)
or of the products of the corresponding chf ’s
QDAX(,UH L+ 8) = QOAX(UH t) QDAX(UH 8) s > 07 t>0 (731)

and it amounts to require that an increment on an interval of width s+t be the sum of
two independent increments on intervals of widths s and t. In this case we also speak
of Markovian increments

Proof: When the increments are independent too, we see from (7.25) that the station-
ary Chapman-Kolmogorov equations (7.28) and (7.29) become

flx) = /fo(w —y,0)f(y)dy (7.32)
Fax(@—y t+s) = / Fax(@ — 2. 8) fax(z — y.5) dz (7.33)

To show then that (7.33) takes the form of a convolution (7.30) it would be enough to
change the variables according to the transformation x —y — «, e 2z — y — z with
Jacobian determinant equal to 1, to have

fax(z,t+s) = /fAX(a: —z,1)fax(2z,s)dz
The form (7.31) for the chf’s easily follows then from the convolution theorem |

Definition 7.13. We will say that a Markov process is time homogeneous when
its transition pdf (7.24) only depends on the difference T = t — s; in this case the
Chapman-Kolmogorov Markovianity condition takes the form (7.29)

Remark that the time homogeneity only requires the condition (7.23), while nothing is
said about the other condition (7.22). As a consequence a time homogeneous Markov
process is not in general a stationary process, not even in the wide sense

Corollary 7.14. Every process with independent and stationary increments is a time
homogeneous Markov process, and — when an invariant distribution exist — it is also
strict sense stationary if the initial distribution is chosen to be invariant

Proof: When the independent increments are stationary the transition pdf (7.21) of
the process only depends on At, and not on ¢, namely it is of the form (7.24) and
hence the process is time homogeneous according to the Definition 7.13. If moreover
also the one time distribution is invariant then both (7.22) and (7.23) hold and the
process is strict sense stationary according to the Proposition 7.11. Remark however
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that in general the chosen initial distribution is not necessarily the invariant one, so
that a time homogeneous Markov process may not be stationary (not even in wide
sense). This may happen either because the invariant distribution does not exist at
all (as for the Wiener and Poisson sp’s), or because the invariant pdf has not been
chosen as the initial distribution for the Chapman-Kolmogorov equation (7.32). In
these cases the process is not stationary according to the Definition 5.9, but it is only
time homogeneous according to the Definition 7.13 |

7.1.5 Distribution ergodicity

Suppose we want to construct (the law of) a stationary Markov process starting with a
given (at least in the retarded region ¢t > 0) time homogeneous transition pdf f(x,t|y)
such as (7.24). We should first check that the Chapman-Kolmogorov Markovianity con-
dition in the form (7.29) is satisfied: if this is the case, according to the Proposition 7.7
we will be able to manufacture a whole family of processes by arbitrarily choosing the
initial pdf fo(x). All these Markov processes will be time homogeneous by definition,
but — retracing the discussion of the Corollary 7.14 — they could all be non-stationary.
The initial pdf fy(2) may indeed be non invariant, nay an invariant pdf could not exist
at all for the given f(a,t|y). If this happens (either because an invariant law does not
exist, or because we have chosen a non invariant initial law) the process will be time
homogeneous, but not stationary and it will evolve according to

f(@.1) = / f(@.ty) foly) dy (7.34)

If instead fo(x) is chosen as the invariant pdf f(x), then the equation (7.34) be-
comes (7.28) with f(x) = fo(x), and the process is strict sense stastionary. It is
then especially important to provide a procedure to find — if it exists — an invariant
distribution for a given time homogeneous transition pdf

Going back then to the idea of ergodicity presented in the Section 5.5, take first an
ac stationary Markov process X (t) with invariant pdf f(x), and consider the problem
of estimating its distribution

P{X(t) e B} = E[xp(X(1))] = /Bf(:c) dx B e B(RY) (7.35)

(here again xp(«) is the indicator of the set B) by means of a time averaage on a fairly
long time interval [T, T]. To do that start by defining the process Y (t) = x5 (X (1)),
so that from (7.35) it is

EY(1)] = /B (@) da (7.36)

and then take the rv

- I I
Yr=— Y(t)dt = — X(t)) dt
r=gp [ YO@ =55 [ wxw)
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representing the time fraction of [—T,T] during which X (¢) sojourns in B (that is an
estimate of the relative frequency of its findings in B)

Theorem 7.15. Tuake the family of time homogeneous ac Markov processes associ-
ated (according to the Proposition 7.7) to a Markovian homogeneous transition pdf
f(x, t|y): if it exists an asymptotic pdf of f(x,t|y), that is an f(x) such that

lim f(x,t|y) = f(x) VyeRY (7.37)
t—4o00
then f(x) is both an invariant pdf, and the asymptotic pdf of every other time ho-

mogeneous non stationary process: namely, starting with an arbitrary non invariant
initial pdf fo(x), we will always have

lim f(x,t) = f(x) (7.38)

t——+00

Moreover, if X (t) is stationary with invariant pdf f(x), and if the autocovariance
Cy (1) of Y(t) meets the condition

/+°° |Cy ()| dr < +00 (7.39)

than we will have

lim-ms Yo = / f(x)dx = P{X(t) € B} (7.40)
T—o0 B
and X (t) will be said to be distribution ergodic

Proof: Taking for granted that we can exchange limits and integrals, from (7.37) an
from the Chapman-Kolmogorov equation (7.29) we have first of all

[ttty = [ fe.tly) tim sly.s]=) dy
=t [ flat|9)f(y.s|2)dy = Jim_fle.t+s|2) = fla)
so that the limit pdf turns out to be also the invariant pdf. If then we take an arbi-

trary (non invariant) initial distribution fy(«), from the Chapman-Kolmogorov equa-
tion (7.34) and from (7.37) we also find the result (7.38):

t——+o0

lim_f(e,t) = lim_ [ fe.tw)h(y) dy = F(@) [ foly)dy = (@)

Within our notations, finally, the ms-convergence (7.40) amounts to require that the
process Y (t) = x5 (X(t)) be expectation ergodic in the sense of the Theorem 5.12,
and this is assured, according to the Corollary 5.13, if the sufficient condition (7.39) is
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satisfied. In this regard it is finally useful to add that, being X (¢) a stationary process,
we have

Cy(r) = EYt+7n)Y(@#)]—-E[Y(t+71)]E[Y(t)]
)Y ()] - E[Y (1)

E[Y(t+
— //XB(m)XB(y)f(mvt+T;y’t)dmdy_ (/Bf(a:) dac>2

- / /B f(@,7 | y) f(y) dady — / / F() fy) dady
- / /B [fla,7y) - f@)] [ly) dedy

so that the condition (7.37) entails first that Cy(7) is infinitesimal for 7 — +o00, an
second that the condition (7.39) is satisfied too if the said convergence of (7.37) is fast
enough: in this case, according to the Corollary 5.13, Y(¢) is expectation ergodic, and
X (t) is distribution ergodic [

In conclusion, given a time homogeneous and ergodic Markov process with an asymp-
totic pdf f(zx) in the sense of (7.37), all the initial pdf fy(x) follow time evolutions
f(x,t) tending toward the same invariant pdf f(x). As a matter of fact the process
gradually loses memory of the initial distribution and tend toward a limit law that co-
incides with the invariant pdf f(x). Such a process, albeit non stationary in a proper
sense, is asymptotically stationary in the sense that its limit law is invariant

Remark however that under particular conditions (when for instance the available
space is partitioned in separated, non communicating regions) there could be more
than one invariant or asymptotic pdf. In this case we must pay attention to identify
the invariant pdf of interest and its relation to the asymptotic pdf: we will neglect
however to elaborate further on this point

7.1.6 Lévy processes

Definition 7.16. A sp X (t) is a Lévy process if
1. X(0)=0 P-a.s.
2. 1t has independent and stationary increments

3. it is stochastically continuous according to the Definition 5.5, that is (keeping into
account also 1. and 2.) if for every e > 0
lim P{|X(t)| > €} =0 (7.41)
t—0t+
From what it has been stated in the previous sections, it follows that every Lévy process
is a homogeneous Markov process, and that the laws of its increments must be infinitely

divisible. Therefore the global law of a Lévy process is completely determined by the
infinitely divisible, stationary laws of its increments according to the following result
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Proposition 7.17. If X (t) is a Lévy process, then il exists an infinitely divisible chf
o(u) and a time scale T > 0 such that the chf pax(u,t) of the increments of width t
18

pax(u,t) = [p(u)]"" t=0 (7.42)
Conversely, taken an arbitrary infinitely divisible chf p(uw) and a time scale T > 0,
the (7.42) will always be the chf of the increments of a suitable Lévy process

Proof: Without going into the details of a discussion that would exceed the boundaries
of our presentation®, we will just remark about the reverse statement first that the
infinite divisibility of the given chf entails that (7.42) continues to be an infinitely
divisible chf for every t > 0, and then that the formula (7.42) for the increment chf is
the simplest way to meet the Chapman-Kolmogorov Markovianity conditions (7.31) of
the Corollary 7.12. |

Exemple 7.18. According to the previous proposition, to assemble a Lévy process we
must start by choosing an infinitely divisible law with chf @(u), and then we must de-
fine the process law by adopting the independent and stationary increment chf (7.42).
The explicit form of the increment pdf can then be calculated — if possible — by inverting
the chf. We have already seen at least two examples of Lévy processes: the simple
Poisson process N(t) is stochastically continuous, and the chf of its independent
increments (6.9) follows from (7.42) just by taking an infinitely divisible Poisson law
PB(a) with chf o(u) = e~V and then X = /T into (6.9). In the same way the
Wiener process W (t) is stochastically continuous, and the chf of its independent
increments (6.44) follows from (7.42) taking the infinitely divisible law N (0, &?) with
chf o(u) = e /2 and D = o?/T into (6.44). A third example, the Cauchy pro-
cess, will be presented in the Definition 7.25, and again the chf of its independent
increments (7.52) will come from (7.42) starting from the infinitely divisible law €(«)
with chf @(u) = e~ then taking a = o/T.

7.1.7 Continuity and jumps

Different kinds of continuity have been presented in the Definition 5.5, and the con-
ditions for the ms-continuity (and hence for the stochastic continuity too) have been
discussed in the Proposition 5.6. We will look now into the conditions for the sample
continuity of a Markov process X (%)

Theorem 7.19. A Markov process X (t) is sample continuous iff the following Lin-
deberg conditions are met

sup P{|AX (t)] > ¢| X (t) =y} = o (At) Ve >0 At — 0 (7.43)

3K.I. Sato, LEVY PROCESSES AND INFINITELY DIVISIBLE DISTRIBUTIONS, Cambridge UP (Cam-
bridge, 1999). D. Applebaum, LEVY PROCESSES AND STOCHASTIC CALCULUS, Cambridge UP
(Cambridge, 2009)
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If the process also has stationary and independent increments such conditions become
P{|AX(t)| > ¢} = 0 (A?) Ve > 0 At — 0 (7.44)

Proof: Omitted* |

According to this result the sample continuity of a Markov process (to wit that all
its sample trajectories are continuous for every ¢, but for a subset of zero probability)
is ensured when (uniformly in y and ¢) the probability that a At-increment exceeds
in absolute value an arbitrary threshold ¢ > 0 is infinitesimal of order larger than
At — 0. In other words the Lindeberg condition is an apparent requirement on the
vanishing rate of |AX (t)| when At — 0. Remark finally that if the process is ac the
condition (7.43) becomes

) 1
AI}SIEO A7 S;P /|m—y>e flx,t+ At|y,t)dxe =0 Ve >0 (7.45)
that is )
Alglo A e flx,t + At|y,t)de =0 Ve>0 (7.46)

uniformly in y and ¢. If moreover the process also has independent and stationary
increments, taking € —y — @, from (7.25) the Lindeberg condition becomes

1
1

Jim = fax(x,At)dx =0 Ve>0 (7.47)

|| >e

Remark that there is a sort of competition between Markovianity and continuity
of a process according to the chosen time scale of the observations. We could say that
the shorter the observation times, the more continuous a process, but at the same time
the less Markovian. In a sense this depends on the fact that a continuous description
requires more information on the past of the trajectory and therefore comes into conflict
with Markovianity. For instance a model for the molecular movement in a gas based
on hard spheres and instantaneous collisions provides piecewise rectilinear trajectories
with sudden velocity changes: in this case the velocity process will be discontinuous,
while the position is continuous and Markovian (the position after a collision will
depend on the starting point, but not on its previous path). If however we go to
shorter times with a more detailed physical description (elasticity, deformation ...) the
velocity may become continuous too, but the position is less Markovian because a longer
section of its history will be needed to predict the future even only probabilistically

Of course, a process may be stochastically continuous even without being sample
continuous, but in this case the trajectories may present discontinuities (jumps):
this is not unusual, for example, among the Lévy processes. Typically the jumping

4W. Feller, AN INTRODUCTION TO PROBABILITY THEORY AND ITS APPLICATIONS - II, Wiley
(New York, 1971). C.W. Gardiner, HANDBOOK OF STOCHASTIC METHODS, Springer (Berlin, 1997)
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times of our Markov processes are random as well as their jump sizes (think to a
compound Poisson process); in general, however, they are first kind discontinuities and
anyhow the trajectories will be cadlag, namely right continuous and admitting a left
limit in every instant. The study of both the discontinuities and their distributions is
a major topic in the investigations about the Lévy processes that, however, we will be
obliged to neglect

7.1.8 Poisson, Wiener and Cauchy processes

In the next two sections we will deduce the univariate distributions of the Markov
processes of our interest starting from their Markovian transition laws, and we will
exploit them in order to scrutinize the process properties. In two cases (Poisson and
Wiener processes) the processes have already been heuristically introduced working up
their trajectories and then deducing their basic probabilistic attributes: here we will
dwell in particular on their possible sample continuity. In other two cases (Cauchy and
Ornstein-Uhlenbeck processes) the processes will be introduced here for the first time
from their transition distributions moving on then to obtain all their other properties

Poisson process

Definition 7.20. We say that N(t) is a simple Poisson process of intensity \
if it takes integer values, and has stationary and independent increments, with the
homogeneous Markovian transition probability (in the retarded region At > 0)

Caac(AA)TT

pn(n,t+ Atlm,t) =e (=)l

n=0,1,2,...; 0<m<n (7.48)

consistent with the distribution (6.8) of the increments of width At > 0. Since we
know from the Proposition 6.7 that a Poisson process is ms-, and hence stochastically
continuous, when moreover N(0) = 0, P-a.s., then N(t) is also a Lévy process

Recalling then that from (6.9) the increment chf is
pan(u,t) = M (7.49)

the Lévy Poisson process can also be produced according to the Proposition 7.17 start-
ing from the infinitely divisible Poisson chf

90(u> _ 6>\T(ei“—1)
where 7' > 0 is the usual time constant. Yet, given the jumping character of its
trajectories discussed in the Section 6.1.2, it easy to understand that N(¢) can not

be sample continuous, as it is also upheld by the following result that exploits the
Lindeberg conditions
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Proposition 7.21. A Poisson process N(t) does not satisfy the Lindeberg condi-
tions (7.44) and hence it is not sample continuous

Proof: We see indeed for 0 < € < 1 and ¢t — 0 that the probability

P{[AN|>¢} = 1-P{|AN|<e}=1—-P{|AN|=0}=1—¢M

AT
= 1- (1—At+...+(—1)” : +) = M\t + oft)
n!
is of the first order in ¢, and hence the Lindeberg conditions are not respected [

We also recall that N(t) is homogeneous, but it is not stationary (not even in the wide
sense because its expectation is not constant), and that for ¢ — 400 its transition
probabilities do not converge toward a probability distribution: they rather flatten to
zero for every n. As a consequence there is no invariant law for the Poisson transition
distributions, and N(t) is not ergodic

Wiener process

Definition 7.22. We say that W (t) is a Wiener process with diffusion coefficient
D if it 1s ac, and has stationary and independent increments, with the homogeneous
Markovian transition pdf (in the retarded region)

e—(x—y)2/2DAt
r,t+ Atly,t) = —— At >0 7.50

consistent with the distribution (6.43) of the increments of width At > 0. Since we
know from the Proposition 6.18 that a Wiener process is ms-, and hence stochastically
continuous, when moreover W(0) = 0, P-a.s., then W (t) is also a Lévy process

Recalling then that from (6.44) the increment chf is
paw(u,t) = e P2 (7.51)

the Lévy Wiener process can also be produced according to the Proposition 7.17 start-
ing from the infinitely divisible, centered Gaussian chf

cp(u) _ e—DTu2/2

where T" > 0 is the usual time constant. At variance with the Poisson process, however,
W (t) is also sample continuous, as anticipated in the Proposition 6.18 and upheld by
the following result that again exploits the Lindeberg conditions

Proposition 7.23. A Wiener process W (t) is Gaussian if W(0) is Gaussian; it more-
over meets the Lindeberg conditions (7.44) and hence it is sample continuous

200



7.1 Markov processes

Proof: The Gaussianity follows by direct inspection of the joint pdf’s of the r-vec
Wi(ty),...,W(t,) (with arbitrary instants) that result from the chain rule (7.14). As
for the sample continuity, with ¢ — 07 we have indeed from (7.50)

P{AW|> ¢} = |x|>6fAW(x,t)dm:2 {1—@ (\/%tﬂ —0

where we adopted the notation

O(z) = \/% /:C eV 2dy ' (z) = Nors

Then by using I’'Hépital’s rule, and by taking o = €¢/+/ Dt we have

i 1 ) o € i € 6762/2Dt i DO(B €7a2/2 0
im— |1 — =lim — —— = lim =
to ¢ { <\/Dt>] 0o 20 /27Dt avtoe € \/2r

so that the Lindeberg conditions are obeyed and W (t) is sample continuous ]

We already know that W (¢) is homogeneous but not stationary, and that for ¢ — +oo
its transition pdf’s do not converge to some other pdf (they rather flatten to the
uniform Lebesgue measure on R that however is not a pdf): then there is no invariant
distribution for the Wiener transition pdf’s and hence W (t) is not ergodic

Cauchy process

Proposition 7.24. The stationary increments AX(t) ~ €(aAt) for a > 0,At > 0,

with a chf
onx (u, At) = e~aAHul (7.52)
and a pdf
1 aAt
At) = — ——— 7.53
fax(w, At) T 22 + a?At? (7.53)

are Markovian, and thus enable us to define an entire family of independent increments
Markov processes

Proof: The chf’s (7.52) trivially comply with the conditions required in the Corol-
lary 7.12 because for increments s > 0 and ¢ > 0 we find

@AX(Uat"i_ 8) _ e—a(t+s)|u\ _ e—at\u\e—as\m _ SOAX(uy t)SDAX(Ua S)
As a consequence, according to the Proposition 7.7 we can consistently work out (the

laws of ) an entire family of independent and stationary increment processes X (t) from
the increment distribution (7.53) |
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Definition 7.25. We say that X (t) is a Cauchy process with parameter a if it is
ac, and has stationary and independent increments, with the homogeneous Markovian
transition pdf (in the retarded region)

alt

1
fx(z, t+ At]y,t) = T (e 2+ (b At >0 (7.54)

consistent with the distribution (7.53) of the increments of width At > 0

Remark that, because of the properties of the Cauchy distributions, a Cauchy process
X(t) is not provided with expectation, variance and autocorrelation: we will always
be able to calculate probabilities, medians or quantiles of every order, but we will be
oblige to do without the more familiar moments of order larger or equal to 1

Proposition 7.26. A Cauchy process X (t) is stochastically continuous, but it is not
sample continuous. As a consequence, if we also take X(0) =0 P-a.s., then X (t) is a
Lévy process

Proof: The process X (t) is stochastichally continuous (and hence is a Lévy process if
X (0) =0, P-a.s.) because from its distribution
1 at —at|u|
fx(x,t) = ; m @X(U,t) =€ (755)

it is easy to see that for e > 0

2
ltig]l P{X(t)| >¢€} = lti%l " fx(z,t)dx = ltiig (1 - = arctan %) =0
namely that the requirement (7.41) is met. On the other hand from (7.53) we again
have

. : . 2 €
lAltrﬁ) P{|AX(t)| > €} = Eg(l) " fax(z, At)dx = lAlgé (1 - arctan E) =0

but then from 1’'Hopital’s rule we see that

¢ a? 2a

1 2 €
lim —(1—— arctan— | = — lim —————— =
( 7r aAt) am Atlo €2 4+ a?At? em
namely that the Cauchy process does not comply with the Lindeberg condition (7.44)
so that it is not sample continuous |

Because of the previous result the Cauchy process makes jumps even if — at variance
with the other jumping process, the Poisson one — it takes continuous values in R (it
is indeed ac). It could also be shown that the lengths of the Cauchy jumps actually
cluster around infinitesimal values, but this is not inconsistent with the existence of
finite size discontinuities too. Finally the Cauchy process is apparently homogeneous,
but it is neither stationary nor ergodic because its transition pdf’s do not converge
toward a limit pdf for t — oo
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7.1.9 Ornstein-Uhlenbeck processes

Proposition 7.27. The homogeneous transition pdf (o >0, >0, At >0)

—(w—ye 82/ 282 (1—em2081)
V2132 (1 — e—2041)

of the Gaussian law M (ye= A | (1 —e~294Y)) s Markovian and ergodic with invari-
ant pdf

e

flx,t+ Atly,t) = f(z,At]y) =

(7.56)

fx) = (7.57)

namely that of the Gaussian law 2N (0, %)

Proof: Since (7.56) is time homogeneous, to prove the Markovianity we should check
the second Chapman-Kolmogorov equation in the form (7.29): to this end we re-
mark that by taking v = ze™, and by keeping into account the reproductive proper-
ties (3.67) of the normal laws, we find

—(z—ze™ )2/ 282(1—e~2t) e—(z—ye_o‘s)2/ 2% (1—e~299)

\/27r52(1 — e~2at) \/271’52(1 — e—2as)
6_(1_0)2/ 252(1—6_2‘”) 6—(U—y€_a(t+s))2/ 2626—2at(1_e—2as)
= dv
\/27-[-/62(1 _ e—?at) \/27T52€—2at(1 _ 6—2048)

= M(0, 62(1 — e—Qat)) *+MN (ye—a(t-i-s)? 526—2005(1 _ €—2a5)>
= N(ye ), 21— e720H))) = f(a,t + s[y)

e

/f<x,t|z>f<z,s|y> dx =

as required for the Markovianity. The ergodicity follows then from the fact that
N(ye ™, f*(1— e 7)) — 9N(0, 5% T — 00

with the limit pdf (7.57), and we can check by direct calculation that this limit law is
also invariant: taking indeed v = ye™ as before, it is
6_($_yeiat)2/252(1_672(”) €_y2/262

T, dy = d
[ sy e Y

I7U)2/2,32(17672O‘t) 671}2/2&26720&

e
\/27rﬂ2(1 _ e—2at> \/27#3267200: dv
= M0, 521 — 7)) x M (0, fZe7*) = N(0, %) = f(=)

where we used again the reproductive properties (3.67) [

Definition 7.28. We will say that X(t) is an Ornstein-Uhlenbeck process if it
is a homogeneous and ergodic Markov process with transition pdf (7.56); its invariant
limit pdf (7.57) apparently selects the stationary Ornstein-Uhlenbeck process when it
1s taken as the initial pdf
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Proposition 7.29. An Ornstein-Uhlenbeck process X (t) is sample continuous, and it
is Gaussian if X (0) is Gaussian. In particular the stationary process (that starting

from (7.57)) is Gaussian with E[X(t)] =0, V [X(t)] = 8% and

2
R(t)=C(1) = B2e—a\7\ p(T) = el S(w) = % ﬁ (7.58)
while, for every ty,. .., t,, it is (X(t1),..., X (t,)) ~N(0,A) with covariance matriz
1 e~olmal o gmalmnl
e—a|T21| 1 e—a\72n|
A= 52 . . . Tik = tj — tk (759)
e—olmil  g=almal 1

The increments AX = X (t) — X (s) of an Ornstein-Uhlenbeck process are not indepen-
dent, and therefore it can never be a Lévy process

Proof: Postponing to the Section 7.40 the proof of the sample continuity, and to the
Section 8.5.4 that of the Gaussianity for arbitrary Gaussian initial conditions X (0), we
will confine the present discussion first to the Gaussianity of the stationary process:
from (7.56) and (7.57) we have indeed for two times with 7 =% —s > 0

flx,tyy,s) = [z, t]y,s)f(y.s) = flz,7]|y)f(y)

e~ (@—ye )2/ 28%(1—e72T) —y?/28%  —(2®+y’—2zye”7T)/ 23 (1-e727)

V2132 (1 —e207) /2132 N V232 /2w 32(1 — e~207)
and juxtaposing it to the general form (2.24) of a bivariate normal pdf we deduce that
the r-vec (X (s), X(t)) is a jointly bivariate Gaussian 2 (0, A) with

1 e—oT
A= ﬁQ ( e—oT 1 )

The results (7.58) easily follow then from this bivariate normal distribution, while the
generalization to n time instants is achieved by means of a rather tedious iterative
procedure.

As for the non independence of the increments it will be discussed here only for the
stationary process too: in this case we will take advantage of the previous bivariate
law 91 (0, A) to show that two increments on non overlapping intervals are correlated,
and hence they are not independent. With s; < sy <ty <t we have indeed from the
previous results

B[ (x( (1)) (X (52) = X(s1))]
= [X@)(H+EW(ﬂ@M—EW%ﬂ@M—Ewwﬂ@M

_ 2

e~ t2 $2) + e —a(t1— 81) _ e—a(tQ—Sl) _ e—a(tl—sz)]

pElem
— ﬁ2 ( —aty —atl) (ea52 asl)

(& — €

that in general is a non vanishing quantity, so that the increments correlation is non
zero and their independence is ruled out [
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7.1.10 Non Markovian, (Gaussian processes

Non Markovian stochastic processes do in fact exist, and of course they are bereft of
most of the properties hitherto exposed. In particular we will no longer be able to find
the global law of the process just from the transition pdf by means of the usual chain
rule: these simplifications are lost, and the hierarchy of the finite joint laws needed to
define the overall distribution must be given otherwise

Exemple 7.30. Non Markovian transition distributions: Take first the condi-
tional pdf ’s uniform in [y — a(t — s), y + a(t — s)]

1

ol ={ 7

se |r—y| < alt—s) (7.60)
se lx—y|l > a(t—s) '

It is easy to see then that, with the notation |[a,b]| = |b— al, it is

/f(x,t|z,r)f(z,r|y,s)dz

Hx—a(t—r),x—i—oz(t—r)] N [y—a(r—s),y—l—a(r—s)H
4o2(t —r)(r — s)

# f(z,t]y,s)

so that the Chapman-Kolmogorov condition (7.17) is not satisfied, although (7.60) is a
legitimate conditional pdf: hence in no way a conditional uniform distribution can be
taken as the starting point to define the laws of a Markov process

A second example is the family of the conditional Student pdf’s (a > 0,v > 0)

v+1

1 a’?At? 2
t+ At t) = 7.61
flz,t+ |y, t) aAtB(%,%) <(:U—y)2+a2At2) ( )

where B(u,v) is the Riemann beta function defined as

I(uw)(v)

B(u,v) = T+to)

(7.62)

taking advantage of the gamma function (3.68). It is easy to see that the transi-
tion pdf’s (7.61) are a generalization of the Cauchy pdf (7.54) that is recovered for
v = 1. Albeit a legitimate transition pdf, a long calculation that we will neglect here
would prove that the (7.61) too does not meet the second Chapman-Kolmogorov equa-
tion (7.17), but for the unique particular Cauchy case with v = 1 that, as we already
know, is Markovian. As a matter of fact a Student Lévy (and hence Markov) process
does exist, but its transition pdf ’s have not the form (7.61), and are not even explicitly
known with the exception of the Cauchy case
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It is important then to emphasize that there is another relevant family of processes
(that in general are not Markovian) whose global distributions can still be provided
in an elementary way, viz. the Gaussian processes of the Definition 5.3. Their main
simplification comes from the properties of the multivariate, joint Gaussian laws that
are wholly specified by means of a covariance matrix and a mean vector. If indeed X (t)
(with just one component for short) is a Gaussian process, from the Definition 4.17
we find that all its joint laws will be completely specified through the funcions (5.1)
and (5.3)

m(t) = E[X(1)] C(t,s) = E[X ()X (s)] = m(t)m(s)

If in fact we have an arbitrary m(t) and a symmetric, non negative definite C'(¢, s), then
for every choice of ty, ..., t, the r-vec (X(t1),...,X(t,)) will be distributed according
to the law 9t (b, A) with

bj = m(t;) ajr = C(t;, tr)
In other words the chf of an arbitrary finite joint distribution of X () takes the form
go(ul, b U, tn) — el m(t;)uj—5 35 Oty te) wjug (7.63)

so that the law of a Gaussian process X (t) is completely specified when m(t) and C(t, s)
(non negative defined) are given. We already met a few instances of Gaussian processes
that were also Markov processes: the Wiener process W(t) with W (0) = 0 P-a.s.,
about which, from the Propositions 6.17 and 6.18, we know that

mw(t) =0 Cw(t,s) = Dmin{s,t}

and the stationary Ornstein-Uhlenbeck process X (¢) about which, from the Proposi-
tion 7.29, we have that

mx(t) =0 Cx(t,s) = e ol

Several other Gaussian processes can be defined in this way: a notable example of
a Gaussian, non Markovian process, the fractional Brownian motion, is briefly
presented in the Appendix J

7.2 Jump-diffusion processes

The second Chapman-Kolmogorov equation (7.17) is a major compatibility condition
for the Markovian transition pdf’s, but — since it is a non linear, integral equation — it
would be troublesome to actually use it to find the transition distributions of a Markov
process. It is crucial then to show that, for a wide class of Markov processes, (7.17)
can be put in a more tractable layout. Remark moreover that this new form will turn
out to be nothing else than a generalization of the Einstein diffusion equations put

206



7.2 Jump-diffusion processes

forward in 1905, and therefore it stands within the first of the two lines of thought
mentioned in the Section 6.4: it will be indeed an equation for the distributions, not
for the trajectories of the process. For short in the following we will generally confine
our presentation to the case of ac processes endowed with pdf’s

Definition 7.31. We will say that a Markov process X (t) = (X1(t), ..., Xpu(t)), with
a transition pdf f(x,t|y,s) given at least in the retarded region t > s, is a jump-
diffusion when it conforms to the following conditions’:

1. it exists {(x|z,t) > 0 called Lévy density such that, for every ¢ > 0, and
uniformly in x, z,t, it is

.1
lAltIE]Ef(w,t—i—At]z,t) = ((x|z,1) for |x—z| > ¢ (7.64)

and if in particular {(x|z,t) = 0 the process is simply called a diffusion

2. it exists A(z,t) called drift vector such that, for every e > 0, and uniformly in
z,t, 1t 18
1

lAltrE) A |m_z|<€(xi —z) f(x,t + At | z,t)de = A;(z,t) + O(e) (7.65)

which 1s equivalent to say that

200

Ai(z,t) =lim lim E
i(z,t) = lim lim A7

i L oo (X)) | X(0) =2 (7.66)

where xp( ) is the indicator of a set B

3. it exists B(z,t) called diffusion matrix such that, for every ¢ > 0, and uni-
formly in z,t, it is

.1
lAltrﬁ) A /mz|<e(xi —z)(z; — z) f(z, t + At| z,t) de = B;;(z,t) + O(e) (7.67)

which is equivalent to say that

{ AX;(H)AX;(t)

Bij(z,t) =limlim E Al

el0 Atl0

Yoo (1AX(0)) \ Xw-z @

It is possible to show that higher order terms of the type (7.65) and (7.67) would vanish,
and therefore they will be simply neglected. Remark that, since ¢(x|z,t) = 0 for @ # z
entails that the Lindeberg condition (7.46) is apparently satisfied, a diffusion process
will always be sample continuous. A non vanishing ¢(x|z,t) would point instead to
the existence of discontinuous trajectories, that is to the jumping behavior of a generic
jump-diffusion

5W. Feller, AN INTRODUCTION TO PROBABILITY THEORY AND ITS APPLICATIONS - II, Wiley
(New York, 1971). C.W. Gardiner, HANDBOOK OF STOCHASTIC METHODS, Springer (Berlin, 1997)
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7.2.1 Forward equations

Theorem 7.32. The pdf f(x,t) of a jump-diffusion X (t) with X (0) = X,, P-a.s.,
1s a solution of the so-called forward equation

of(mt) = — Z oA (2, 1)] + % > 00,8, (. 1) ()
+/ l(x|z,t) f(z,t) — L(z|x,t) f(x,t)] dz (7.69)
z#x

with the initial condition
f(x,07) = fo(z) (7.70)

where fo(x) is the Xy pdf. Moreover its transition pdf f(x,t|y,s) in the retarded
region t > s, with X (s) =y, is a solution (7.69) with the initial condition

flx,s7)=6d(x —y) (7.71)

Proof: Remembering that the uniformity of the convergence in the Definition 7.31
will enable us below to exchange limits and integrals, we will prove first the second
statement to the effect that the transition pdf f(x,t|y,s) of a jump-diffusion in the
retarded region t > s is solution of the forward equation (7.69). Take indeed a function
h(x) at least twice differentiable (in order to be able to implement the Taylor formula
up to the second order) and, recalling that a derivative — if it exists at all — coincides
with the right derivative, we will have

OE[h(X(t) | X(s)=y| = at/h(a:)f(:c,ﬂy,s)dw :/h(w)atf(w,t\y,s)dm

_ lim hwﬁ@i+Aﬂu@—ﬂ%Hu@
At10 At

dx

For At > 0 and renaming the variables wherever needed, from the Chapman-Kolmo-
gorov equation (7.17) and a simple normalization we can write

/h(az)f(m,t—i—AHy,s)dm = // flx, t+ At] z,t)f(z,tly, s) dedz

[r@f@tlyde = [ 1))z

= //h(z)f(:c,t—l—At\z,t)f(z,t|y,s) dxdz

so that, decomposing the integration domain in | — z| < € and | — z| > € by means
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7.2 Jump-diffusion processes

of an arbitrary € > 0, we will have
[ @) af@.tly.)de
L [l t+ At z,1)
=t [ [ (@) - IS ey ) dads
~ limlim [ / / (h(z) — h(z)) L (“””Af”z’t) f(z,tly, s) dwdz
|le—z|<e

€l0 At}0
A
+ / /| ) —h(z)]f(ac,tJrAttlz,t) et

Take first the integration on the domain |z — z| < e for ¢ — 0 we can use for h(x)
the Taylor formula up to the second order in a neighborhood of z

hx) = h(z)+Z(x

+% Z(xz - Zz)(JT] — z])ﬁlajh(z) + |m — Z|2R(£IZ, Z)

where for the remainder it is understood that R(x, z) — 0 when |z — z| — 0. We then
have for the integral on | — z| < €

//| o) - (o) PELENNED e 1y, ) bz

/ /| [Df’fi ~ 2)0ih(2)

1 flx, t+ At z,t
2

t+ At t
—i—// |z — z]QR(a:,z)f(w’ +At K2 )f(z,t]y,s) dxdz
le—2z|<e

f(z,tly,s)dzdz

that, in the limits At — 0 and € — 0, because of (7.65) and (7.67) and with a few
integrations by parts, becomes

/

ZA (z,t)0;h(z Z ii(2,1)0;0;h(2 )] f(z,tly,s)dz

/ { Za f(z,tly,s) +%Z@Zi@j [Bij(z,t)f(z,ﬂy,s)}} dz

In the external domain | — z| > € instead — decomposing the integral in two terms
and exchanging the names of the integration variables & and z in the first addend —
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we have

//m ng[h(m) —h(z)]ﬂ‘”’tzﬁtlz,t) F tly. s) dadz

-/ /th(z) {f ELERED pa iy, o

Sl t+ At 2,
At

f(z,tly,s)| dzxdz

Then from (7.64), in the limit At — 0 we first get

/[ W) oy 5) — el ) 2ty ) o

and subsequently for € — 0

/h(z) {/m# [U(z]2,t) (@, tly, s) — (|2 t) f(z. 1y, )] dzc} iz

where we adopted the shorthand notation

/ ...dx = lim .. dx
Tz =0 |z—z|>€

Collecting all the results we then have

/h(z) O f(z,t|y,s)dz
/ { 28 f(z,tly,s) +%ZaziaZj[Bij(zﬁt)f(z7t|y73)]

+/ [U(z|z,t) fz,tly, s) — U(z|2,t) f(zt]y,s)] dw} dz
Tz

and since h(x) is arbitrary we will be finally able to write (exchanging for convenience
z and x)

Ouf (x,t|y,s) Zé‘xz [l t]y,s)] + % > " 00,00, [Bij(a, 1) f (.t |y, 5)]
+/¢ [l(x|z,t) f(z,tly,s) — l(z|x,t) f(x,t]y,s)] dz (7.72)

that is the form of our integro-differential forward equation (7.69) adapted to the case
of the transition pdf’s. To have that in the initial form (7.69) for f(x,t) it will be
enough to multiply (7.72) by f(y, s) and to integrate it in dy: the first Chapman-Kol-
mogorov equation (7.16) will then entail that also f(z,t) is a solution of (7.69), in
particular for s =0 [
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7.2 Jump-diffusion processes

Theorem 7.33. Let us take
1. a non negative Lévy density ((x|y,t)
2. a drift vector A(zx,t)

3. a definite nonnegative covariance matriz B(x,t)

then — under appropriate conditions that we will avoid to specify here — it exists a
unique non negative and normalized solution of the forward equation (7.69) with a
degenerate initial condition (7.70) and suitable boundary conditions; such a solution
f(x,t|y,s) fort > s satisfies the Chapman-Kolmogorov equation (7.17) and therefore
1s a Markovian transition pdf in the retarded region fulfilling the requirements of the
Definition 7.31: as a consequence, according to the Proposition 7.7 it selects an entire
family of jump-diffusions, one for every possible initial condition

Proof: Omitted® |

We have derived the previous results by supposing that the process was endowed with
a pdf f: it is apparent then that these statements must be suitable modified in order to
encompass also the cases of processes bereft of a pdf. Confining ourselves to the simplest
instances, let us take a process with integer values (as the simple Poisson process N(t))
and revise first the conditions (7.64), (7.65) and (7.67). To this end remark that for an
integer values process the requirements | —z| > € and | — z| < e with arbitrary e > 0,
just mean n # m and n = m. As a consequence the conditions (7.65) and (7.67) are
trivially reduced to A = 0 and B = 0. The first condition (7.64) is instead to be
replaced with its discrete version

1 :

1Altrﬁ) Ep(n,t + At |m,t) = {(n|m,t) with n #m (7.73)
uniformly in n,m,t. Under these new conditions it is possible to show then that the
forward equation (7.72) is replaced by the master equation (see later Section 7.2.3
for further details)

dp(n,t) = [((n|k,t)p(k, 1) — ((k|n, t)p(n, 1)] (7.74)

whose solution is the transition probability p(n,t|m,s) if the initial condition is
p(n,sT) = Opm. Of course for such a kind of processes with integer values their
jumping behavior is a foregone conclusion, and this accounts for the prominent role
played by ¢(n|m,t). But it would be wrong to suppose in reverse that ¢(x|y,t) should
vanish only because a process takes continuous values. We already remarked indeed at
the end of the Section 7.1.1 that even these processes can have discontinuous, jumping
trajectories as for instance the Cauchy process that will be further elaborated later on
in the present chapter

SI.F. Gihman, A.V. Skorohod, THE THEORY OF STOCHASTIC PROCESSES - II, Springer
(Berlin, 1975). C.W. Gardiner, HANDBOOK OF STOCHASTIC METHODS, Springer (Berlin, 1997)
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7.2.2 Backward equations

The equation (7.72) is known as forward equation because it — understood as an equa-
tion for the transition pdf’s in the retarded region — involves operations on the final
variables x,t of f(x,t|y,s) imposing initial conditions at the time s < t. It admits
however also another formulation called backward equation: in this second case the
integro-differential operations are performed on the initial variables vy, s, while the so-
lutions must satisfy appropriate final conditions at the time ¢ > s. It is possible to
prove indeed that the transition pdf’s of a jump-diffusion process are also solutions of
the following backward equation

Ouf(@,tly,s) = =3 Ay )0, f(@.t]y.s)
_% ZBia‘(%S)@yﬁyjf(w,t Y, 5) (7.75)
2y

n / Uzly, 5) [ (@, ty, s) — f(, t]2,5)] dz
z#y

with final conditions f(x,t|y,t”) = §(x—y). These two formulations. forward (7.72)
and backward (7.75), are in fact equivalent: a retarded pdf’s f(x,t|y,s) solution of
the forward equations in @, with initial conditions y, s, is also a solution of the back-
ward equation in y, s with the same coefficients and final conditions «,¢. Both these
formulations can be adopted according to the needs: the forward equations are more
popular in the physical applications, but also the backward ones are employed in several
problems, as for instance that of the first passage time

From a mathematical standpoint, however, the backward equation (7.75) is more
desirable precisely because it operate on the conditioning (initial) variables y,s. To
write the forward equation in the form (7.72) we need in fact the existence of the
pdf f(x,t|y,s) because its integro-differential operations are performed on the final
variables @, t. On the other hand this requirement is apparently not always met, and
hence (as for the integer values processes) a different formulation is needed for the cases
without a pdf. The conditioning variables y, s are conversely always explicitly spelled
in every distribution or expectation conditioned by {X (s) = y}. This enables us to
find a general form of the evolution equations without being obliged to tell apart the
ac cases with pdf from the discrete ones

Without going into needless details and neglecting for simplicity the jump (integral)
terms, let us take just the backward equations (7.75) in its diffusive form

8sf($vt | Y, S) = = ZAz('!;h S)Gyif(maﬂya S)

1
_5ZBij(y7S>ayiayjf(m7t|y75) (776)
4]
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7.2 Jump-diffusion processes

and an arbitrary function h(x): if we now define

oy s) = B [h(X (1) | X(s) = y] = / W) flat ]y, s) da

a multiplication of (7.76) by h(x) and a subsequent x-integration yield

0u9(y. s) ZA (y,9)0ig(y, s ZB” (y,9)0i0;9(y, ) (7.77)

with final condition g(y,t~) = h(y). The equation (7.77), that no longer makes an ex-
plicit reference to a pdf, is known in the literature as a particular case of Kolmogorov
equation

7.2.3 Main classes of jump-diffusions
Pure jump processes: Master equation

Consider first the case A = B = 0, while only ¢ # 0: the forward equation (7.69) then
becomes

O f(x,t) = /75 [l(x|z,t) f(z,t) — l(z|x,t) f(x,t)] dz (7.78)

When in particular the process takes only integer values (like the simple Poisson pro-
cess) the equation (7.78) appears in the discrete form (7.74). Equations of this kind
are called master equations, and the processes X (¢) ruled by them (even if they take
continuous values) are known as pure jump processes because they lack both a drift
and a diffusive component

Proposition 7.34. If X (t) is a pure jump process taking continuous values, the prob-
ability of performing a finite size jump in the time interval [t,t + dt] is

P{X(t+dt) £ Xt)|X(t) =y} = dt/;é x|y, t) dz + o (dt) (7.79)

Proof: The retarded transition pdf f(«,t|y,s), with ¢ > s and initial condition
f(x,sT|y,s) = d(x — y), abide by the master equation (7.78) in the form

atf(%tly,S):/# [U(x]2,1) f(z,tly, 5) = U(z|z,1) f(z, t]y, s)] dz

that for s = ¢ can also be symbolically written as

f(wa t+ dt|y;;) — 5(w _ y) = /z#c [E(az|z,t)5(z - y) - £(z|a:,t)6(az - y)} dz

namely (neglecting for short the higher order infinitesimals) even as
Fla,t+ dtly, £) = {1 - dt/ (2], 1) dz} 5(m —y) + dt/ @]z 0)5(= — y) dz
zF#x zF#x
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We then have

P{X(t+dt) £ X(1)| X (1) / F(@,t+ di]y, ) de

:/w daz{l—dt/ (|mt)dz}5(€l3—’y)

+dt / / lx|z,t)0(z —y)dz
F#x
and since from the Dirac delta properties it is

/m#dw[l—dt/ (z|x, t)dz]é(m_y) _—
/dw/ x|z, t)0(z —y)dz = /m#yg(mw’t)dm

we finally get the result (7.79) |

This result enables us to identify both the jumping character of the process and the
meaning of the Lévy density ¢(x|y,t): for an infinitesimal dt the term ¢(x|y, t) dt plays
the role of a density for the probability of not staying in the initial position y by per-
forming a jump of finite size & — y in a time dt, as pointed out also in (7.79). Keep in
mind though that this interpretation cannot be pushed beyond a certain limit because
generally speaking ¢(x|y,t) itself is not normalizable and hence can not be consid-
ered as an authentic pdf: the previous integral of ¢(x|y,t) can indeed approximate a
probability only as an infinitesimal, that is only if multiplied by dt

Diffusion processes: Fokker-Planck equation

Let us consider now the case £ = 0, but B # 0 (it is not relevant whether A vanishes
or not): for such a diffusion process the Lindeberg criterion guarantees then that X ()
is sample continuous, while the forward equation becomes

IOV : 0.0 By(e (@] (150)

and takes the name of Fokker-Planck equation . This, at variance with (7.69), is
moreover an exclusively partial differential equation without additional integral terms.
The equation (6.53) previously found for the Wiener process with just one component
is a particular case with A =0 and B =D

Proposition 7.35. If on a diffusion process we impose the condition X (t) =y, P-a.s.
at an arbitrary instant t > 0, then after an infinitesimal delay dt > 0 the process law
becomes

X (t+dt) ~N(y+ A(y, t)dt, By, t)dt) (7.81)
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Proof: We know that the retarded transition pdf of our process f(x,t|y,s), with
t > s and initial condition f(x,s*|y,s) = d(x — y), is a solution of the Fokker-Planck
equation (7.80) in the form

Ouf (@,tly,s) = =D Or[Ailw, 1) f (@, t]y, )] + - D 0r0x, [Bij(w, ) (@, 1]y, 5)]

If the time interval [s,¢] is infinitesimal the transition pdf f at a time ¢ very near to
s will still be squeezed around its initial position y, so that — near to y where it is
not zero — f will exhibit very large spatial derivatives. We can then assume that the
corresponding spatial derivatives of A and B will be negligible w.r.t. that of f, and
hence that in a first approximation the functions A and B can reasonably be considered
as constant and still coincident with their values in y at the time s. If this is so the
previous Fokker-Planck equation is reduced to

8tf(m7 t | Y, S) == Z Ai(y’ s)@xif(:c,t | Y, 3) + % Z Bij(y7 S)axlax]f(m’ t | Y, S)
? 2y

where A and B depend now only on the variables y, s not involved in the differenti-
ations. Remark that, despite their formal similarities, this equation differs from the
backward equation without jumping terms (7.76): not only the sign of the diffusive
term B is reversed, but in (7.76) the derivatives involve y, s, not @, t, so that the terms
A and B can not be considered constant as we do here. Our approximated Fokker-
Planck equation with constant coefficients can now be easily solved: it is possible to
check indeed by direct calculation that, with t — s = dt > 0, the solution is

‘B_l(ya S)‘ -1
f(z,t)y,s) = e~ [e—y—A(y,s)dt] B~ (y,s)[x—y—A(y,s)di] / 2dt
(2m)Mdt

where [B™!| is the determinant of the matrix B~'. It is obvious then that — if we
adapt our notations to that of (7.81) with the replacements s — ¢, and ¢t — t + dt
— we are now able to state that, starting from X (¢) = y, in an infinitesimal interval
[t,t + dt] a solution of (7.80) evolves exactly toward the law (7.81) of our proposition.
This apparently elucidates both the role of drift velocity of A, and that of diffusion
coefficient of B, and hence fully accounts for their names |

Degenerate processes: Liouville equation

Take finally ¢/ =B = 0 and only A # 0 so that the forward equation becomes

Ouf(@,t) = =3 _ oA, t)f(@,1) (7.82)

also known as Liouville equation. This is now a differential equation ruling the pdf
evolution with neither jumps nor diffusion terms, and hence the process will predictably
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follow degenerate trajectories: we will show indeed that its solution with initial con-
dition f(x,s™) = d(x — y) progresses without spreading, and remains concentrated in
one point that follows a deterministic trajectory
Proposition 7.36. Take a dynamic system x(t) ruled by the equation

&(t) = Alz(t),t] t>s (7.83)

and its solution x(t|y, s) labeled by its initial condition x(s) = y: then the solution of
the Liouville equation (7.82) with initial condition f(x,s™ |y,s) = d(x —y) is

flx,t|y,s) = (5[.% —x(tly, s)} (7.84)

namely the process is invariably degenerate in x(t|y, s) and follows its trajectory without
diffusion

Proof: We will first prove the following property of the ¢ distributions:
0z —g(t)] = =Y 4ilt) 0 [x — g(t)] (7.85)

Confining ourselves for simplicity to the one-dimensional case, we find indeed for an
arbitrary test function ¢(x) that

/90(96) Oz —g(t)] de = &/90(96)5[%—9@)} d
= Oie(g(t)] = g(t) ¢ (g(t))
—/w(x)g(t) bz —g(t)] da = !’J(t)/SO'(x)(S[IE—g(t)} dr = g(t) ¢'(g(t))

and hence the two sides of (7.85) coincide. Keeping then into account also (7.83) we
find

=30 Ao (] .5)) = — ALt 12:) ) 3w — ot |:)]
Z :—ZA (tly.s).t) 05 (x — a(t|y.s)
_ —Zx (t]y,s) 00 (x — 2(t]y, )
= 8t5(zm—a3(t|y73))

showing in this way that (7.84) is a solution of the Liouville equation (7.82) [
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7.2.4 Notable jump-diffusion processes

We will analyze now a few typical examples of forward equations: for simplicity in the
present section we will confine the discussion to the one-component processes so that
in the ac case with pdf f the equation (7.69) becomes

0f(2.0) = —0ilA(w1)f(x,0)] + 5 LBz, 0)f(w,)

b [ lalet) Feit) = el St dz - (756)
zF#x
while for the discrete processes taking integer values the master equation (7.74) becomes

Op(n,t) = Z [ﬁ(n|k,t)p(kz,t) — E(k|n,t)p(n,t)} (7.87)

k

In the following we will explicitly find the coefficients A, B and ¢ of some notable
forward equation taking advantage of the Markovian transition pdf’s that select the
families of jump-diffusions already defined in the previous sections; we will also give a
few hints about the solution methods for these equations

Proposition 7.37. The distributions and the transition probabilities (7.48) of a sim-
ple Poisson process N(t) satisfy the master equation

Op(n,t) = —=X[p(n,t) — p(n — 1,t)] (7.88)

Proof: Since N(t) is a counting process it only takes integer values and hence, as
already suggested at the end of the Section 7.2.1, we first of all have A = B = 0, so
that its forward equation will be a master equation of the type (7.87). To find then
¢(n|m,t) we will use the one-dimensional version of (7.73): taking indeed the transition
probability (7.48) with n # m, in the limit At — 0 we find

Ae Mty if n=m+1
KtpN(n7t+At|m’t)_{O(At"_m)—>0 if n>m4+2

By summarizing we can then say that for a simple Poisson process it is
l(n|m,t) = Xon, m+1 (7.89)

that plugged into (7.87) gives the master equation (7.88). Scanning then through the
possible initial conditions we will find out all the simple Poisson processes of intensity
A of the Definition 7.20: the transition probability (7.48) is in particular associated to
the degenerate initial condition p(n,t) = dum [

If conversely a master equation is given, we will face the problem of solving it with
an appropriate initial condition, to find the law of the corresponding discrete Markov
process N(t). A well known method takes advantage of the so called generating
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function: for example, in the case of the master equation (7.88) with degenerate
initial conditions p(n,0) = d,0, we first check — by taking (7.88) into account — that
the generating function of N(t) defined as

v(u,t) = E [uN(t)} = Zu”p(n, t) (7.90)

satisfies the transformed equation

8t7(u7t) = A(u - 1)7(u7t> P)/(ua O) =1
then we find that its solution apparently is

y(u, t) = Xt

and finally, comparing its Taylor expansion around u = 0
=Xt n ()\t)n
y(u,t) =e Z ut

with its definition (7.90), we finally get

_ A"
p(n,t) =e ol

This result just corroborates our initial suggestion that the solution of the master
equation (7.88) with a degenerate initial condition provides the law of a simple Poisson
process

Proposition 7.38. The distributions and the transition probabilities (7.50) of a Wiener
process W (t) satisfy the Fokker-Planck equation

0f(a.1) = 5 2 (a1 (7.91)

Proof: By using 'Hépital’s rule we first find from (7.50) that for x # y
6—(m—y)2/2DAt

_—— — 0
AiN2n DAL At—0

namely ¢(x|y,t) = 0, a result consistent with that of the Proposition 7.23 stating that
a Wiener process is sample continuous. We will moreover find A = 0 by symmetry,

while for the diffusion coefficient B, taking y = (x — 2)/v DAt, we will have

1
— A =

1 z+e€
E Z—€

+e/V DAL y26—y2/2

z— 2> fwlx, t+ At 2, t dx:D/ dy — D
(@ — 2 fur( 2,) e e
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Collecting finally all these remarks we find that the pdf of a Wiener process satisfies
the Fokker-Planck equation (7.91) — coincident with the (6.74) first derived by Einstein
— and that its transition pdf (7.50) is the solution selected by the initial condition
f(flj,t+) :5(:17_1/) u

If conversely the following Fokker-planck equation with degenerate initial condition is
given

D

Of (@, t) = 5 0 f(x,1) fla,sT) =6(x —y) (7.92)

by solving it we find the transition pdf of the associated wiener process. Here too a

well known solution method is that of the Fourier transform: we have indeed that
the chf

o(u,t) = /joo e f(z,t) dx

o0

turns out to abide by the transformed equation

Du? .
Orp(u,t) = 5 o(u,t) o(u,s) =e"

whose well known solution is
QD(U, t) _ eiuye—DuQ(t—s)/Z
The straightforward inversion of this chf provides then a transition pdf

o~ (@—9)?/2D(t—s)

2nD(t — s)

f(x,t|y,s) =

consistent with that of the Definition 7.22

Proposition 7.39. The distributions and the transition probabilities (7.54) of a Cauchy
process X (t) satisfy the master equation

E f(Z,t)—f(iE,t) dz

t) = .
@tf(xv ) T ot (l’ . Z)Q (7 93)
Proof: First of all we have indeed
1 a 1
— t+ At]y,t) = — — l(zly,t) = ———
At fX(xv + |y7 ) T (m—y)z—{—(aAt)Q At—0 ($|y7 ) 7T<33—y)2

so that the process is not sample continuous and its trajectories will make jumps.
Moreover it is A = 0 by symmetry, while for the diffusion coefficient we have with
y = (z — z)/aAt that

1 z+e ) aZAt +e/alt y2
— x—z r,t+ At]z,t)de = / d
Al H( )" fx( | 2,1) ) T2 Y
2a2At< € . € ) . 2ae
= —— — arctan — —
70 alt alAt) At—0 T
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and hence that B = 0 in the limit ¢ — 0. The Cauchy process is therefore a pure
jump process and the equation for its pdf is the master equation (7.93). The transi-
tion pdf (7.54) is of course the solution selected with the degenerate initial condition

fx,t) = o(x —y) _

At variance with the previous examples the equation (7.93) had not been previously
mentioned among our heuristic considerations: it is in fact only derivable in the present
framework of a discussion about Markovian jump-diffusions. Even in this instance,
of course, it is in principle possible to take the reverse standpoint of recovering the
process distributions by solving its forward equation (7.93) with the initial condition
f(z,s%) = d(x —y) in order to find first the transition pdf and then all the other joint
laws. Being however an integro differential equation effectively rules out any possible
elementary procedure and hence we will leave aside this point

Proposition 7.40. The distributions and the transition probabilities (7.56) of a Orn-
stein- Uhlenbeck process X (t) satisfy the Fokker-Planck equation

0uf(2.1) = ad,[af(2,0)] + 5 2 (2.1 (7.94)

with D = 2a8?. As a consequence the process is sample continuous

Proof: Omitted: for the details see Appendix K. We will remark here only that the
process sample continuity — announced but not proved in the Proposition 7.29 — follows
here from the fact that the jump coefficient ¢ of an Ornstein-Uhlenbeck process vanishes
and hence the Lindeberg conditions are met [

Even in this case the solution procedures of the equation (7.94) are less elementary than
those of the previous examples and we will neglect them: we will only remark in the
end that it would be tedious, but not particularly difficult to check by direct calculation
that the transition pdf (7.56) is a solution of our equation with the degenerate initial
condition f(x,t) = d(x —y)
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Chapter 8

An outline of stochastic calculus

8.1 Wienerian white noise

For simplicity again, in this chapter we will only consider processes with just one com-
ponent. We already remarked in the Section 6.3 that a white noise is a singular process
whose main properties can be traced back to the non differentiability of some processes.
As a first example we have shown indeed that the Poisson impulse process (6.63) and its
associated compensated version (6.65) are white noises entailed by the formal deriva-
tion respectively of a simple Poisson process N () and of its compensated variant N (t).
In the same vein we have shown then that also the formal derivative of the Wiener
process W (t) — not differentiable according to the Proposition 6.18 — meets the condi-
tions (6.69) to be a white noise, and in the Appendix H we also hinted that the role of
the fluctuating force B(t) in the Langevin equation (6.78) for the Brownian motion is
actually played by such a white noise W(t) We can now give a mathematically more
cogent justification for this identification in the framework of the Markovian diffusions
The Langevin equation (6.78) is a particular case of the more general equation

X(t) = a(X(t),t) + b(X(t), 1) Z(t) (8.1)

where a(z,t) and b(z,t) are given functions and Z(t) is a process with E [Z(t)] = 0
and uncorrelated with X (¢). From a formal integration of (8.1) we find

t

X(t):X(to)—i-/ a(X(s),s)ds+/ b(X(s),s)Z(s)ds

to to

so that, being X (t) assembled as a combination of Z(s) values with t5 < s < ¢, to
secure the non correlation of X (¢) and Z(t) we should intuitively require also the non
correlation of Z(s) and Z(t) for every pair s # t. Since moreover Z(t) is presumed
to be wildly irregular, we are also led to suppose that its variance (namely here just
E [Z?%(t)]) is very large, so that finally, for a suitable constant D > 0, it will be quite
natural to assume that

E[Z(t)Z(s)] = D6(t — s)
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namely that Z(t) is a stationary white noise with vanishing expectation and intensity
D. We will suppose in fact that Z(s) and Z(t) are even independent® for s # ¢. If
finally the equation (8.1) is intended to describe physical phenomena physical similar
to the Brownian motion, all the involved processes will be obviously supposed to be
sample continuous. We will show now that all these hypotheses entail that the white
noise Z(t) can only be a Wienerian white noise W (t)

Proposition 8.1. If Z(t) is a stationary white noise of intensity D > 0 with Z(s) and
Z(t) independent for s # t, and if the process

W(t) = /t Z(s) ds (8.2)

is sample continuous, then W (t) is a Wiener process with diffusion coefficient D

Proof: To prove the result it will be enough to show that the distributions of the
process W (t) in (8.2) comply with the Fokker-Planck equation (7.91) of a Wiener
process. Let us remark first that the increments of W (¢) on non overlapping intervals
t1 <ty <t3 <ty are

to ty
W(ty) —W(t) = / Z(s)ds W(ty) — W(ts) = / Z(s)ds

t1 t3
namely are sums of rv’s Z(s) independent by hypothesis, and are therefore them-
selves independent. According to the Proposition 7.9, W (t) is thus a Markov process,
and since it is sample continuous by hypothesis it turns out to be a diffusion and its
distributions will satisfy the Fokker—Planck equation (with ¢ = 0) discussed in the
Section 7.2.3. To find out now what a particular diffusion W(t) is, it will be enough
to calculate the equation coefficients (7.66) and (7.68) that in our one-dimensional
setting are

. . y—x
Alz.t) = lim 1 - t+ Atz t)d
(z,t) lim lim e B fw(y, t +At|x,t)dy
o (y — )
Blet) = lm lim | = ar Jwlitatleidy

To this end remark first that since W (t) is sample continuous the Lindeberg condi-
tions (7.46) require that

L
At

lim

fw(y, t +At|x,t)dy =0 Ve > 0
At—0

ly—z|>€

namely that, with At — 0, the support of fy (y,t + At|x,t) will quickly shrink into
[z — €, z +€|]. As a consequence the A and B defining formulas can be simplified by

'This is not a very restrictive hypothesis: since our processes will turn out to be Gaussian, inde-
pendence and non correlation happen to be quite equivalent
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8.1 Wienerian white noise

extending the integration interval to (—oo, +00) without changing the final result: we
thus have

Az, ) = i +oouf( t+ At|z,t)d
€, - A%IBO e At Y Z, Y

— lm E [A%t(t)‘ W(t) :4

At—0
+0oo _ 2
e = Jm [ Y Aty
o TIAW@R]
—E%EPTE—‘””*”

On the other hand from the properties of Z(t) we know that

E[AW(E)| W) =] — E[/t Z(s) ds

W)=

t+ AL
= /t E|[Z(s)] ds=0

E[[AW@) | W({t)=2] = E Utth(s) ds /tt+AtZ(s’) ds'
= [T [T ammene

t+At t+At
= D/ ds/ ds'é(s — ')
t t
t+AL
= D / ds = DAt
t

W) = <]

and hence we finally get
Az, t) =0 B(z,t) =D
that is the coefficients of the Wiener Fokker-Planck equation (7.91) |

From the previous proposition it follows thus that a W (t) defined as in (8.2) is a Wiener
process, and hence that its formal derivative Z(t) = W (t) is a Wienerian white noise.
This noise plays the role of a random force in the Langevin equation (8.1) that however
is still not well defined exactly because of the singular character of this white noise. To
correctly address this problem we will then remark — as already done in the Section 6.3
— that, while the derivative of a Wiener process W (t) does not exist, we can hope to
give a precise meaning to its differential dW (¢) first understood as the limit for At — 0
of the increment AW (t) = W (t+At)—W (t), and then as a shorthand notation coming
from the integral

[ awis)=wio - wie

to
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If we can manage to do that, we will be able to reformulate the equation (8.1) rather
in terms of differentials, than in terms of derivatives, in such a way that — by replacing

the problematic notation Z(t)dt = W (t)dt with dW (t) — its new layout will be
dX(t) = a(X(t),t)dt + b(X(¢),t)dW (t)

understood indeed as a shorthand notation for the finite, integral expression

t

X(t) :X(to)—l—/ a(X(s),s) ds+/ b(X(s),s)dW(s)

to to

We must say at once however that, while the first integral

/ t a(X(s),s)ds

to

can be considered as well defined based on the remarks already made in the Section 5.4,
it is instead still an open problem the meaning to give to the second integral

/ b(X(s),s)dW(s) (8.3)

to

where the measure dW (s) should be defined using a Wiener process: a case not consid-
ered in our previous discussions. A coherent definition of this new kind of integrals will
be the topic of the next section and will be crucial to introduce the stochastic calculus

8.2 Stochastic integration

There are several kinds of stochastic integrals that turn out to be well defined under
a variety of conditions: in any case, when they exist, they always are rv’s. We have
already discussed in the Proposition 5.8 a few elementary requirements needed to ensure
the ms-convergence of the simplest case of stochastic integral (5.8) defined according
to a generalized Riemann procedure with the measure dt. This definition can also be
easily generalized in a Lebesgue-Stieltjes form as

/ Y () de ()

where Y'(t) is again a process, while now z(t) is a function that in general must be
supposed of bounded variation®. Under this hypothesis, and a set of rather wide re-

2A function w(z) defined on [a, b] is said of bounded variation if it exists C' > 0 such that
> |w(wk) — w(zp-1)| < C
k=1
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8.2 Stochastic integration

quirements on the process Y(t), it is possible to prove® that the previous integral not
only exists in ms, but also converges in the sense of Lebesgue-Stieltjes for almost every
trajectory of Y (¢). Basically the previous integral turns out to be well defined, in a
rather traditional sense, trajectory by trajectory. The problem is instead more hard
when the integrator z(¢) becomes a stochastic process X (t), because in this case we can
not suppose that its trajectories are of bounded variation, so that the usual procedures
are no longer able to coherently ensure the convergence of the integral. The typical
case with which we will have to deal in the rest of these lessons is that in which the
integrator is precisely the Wiener process W (t): its trajectories in fact — being nowhere
differentiable — are not of bounded variation

8.2.1 Wiener integral
Take first the integrals

[ wwax (8.4)

where y(t) is a non random function, while X (¢) is a process: we have already hinted
that a trajectory by trajectory definition of (8.4) following a Lebesgue-Stieltjes proce-
dure can not be adopted because here, generally speaking, the process trajectories no
longer are of bounded variation: we can not presume indeed — as the Wiener process
shows — that the trajectories are differentiable, and hence we can not consider them
as bounded variation functions (see the footnote 2 in the present section). The most
widespread form of this kind of integrals occurs when the random integrator is a Wiener
process

/ y(t) AV (1) (8.5)

and in this case we will call it Wiener integral. Even in its more general form (8.4),
however, this integral can be coherently defined when we are dealing with

e uncorrelated increments processes X (t) (the Wiener process, for example, has
independent, and hence uncorrelated, increments)

for every finite partition @« = xg < 1 < ... < @, = b of [a, b]; in this case the quantity
n
Viw] =sup Y _ [w(zx) — w(wr_1)]
D
k=1

where D is the set of the finite partitions of [a, b], is called the total variation of w. It is known that
the Lebesgue-Stieltjes integral

/a " fa) due)

can be coherently defined when w(x) is a function of bounded variation. Remark that every function
of bounded variation is (almost everywhere) differentiable: for more details see A.N. Kolmogorov,
S.V. Fomin, ELEMENTS OF THE THEORY OF FUNCTIONS AND FUNCTIONAL ANALYSIS, Dover (New
York, 1999)

3J.L. Doob, STocHASTIC PROCESSES, Wiley (New York, 1953)
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e Lebesgue square integrable functions y(t)
and in this case the following procedure (here only briefly summarized?) is followed:

1. we first define it in an elementary way for step functions ¢(t)
b
| ewaxi
2. we then take a sequence of step functions ¢, () ms-convergent to y(t) (it is proven

that such a sequence exists and that its particular choice is immaterial)

3. we finally define the integral (8.4) as the ms-limit of the rv’s sequence

b
/ oa(t) X (1)

It is possible to show that this definition is perfectly consistent, and that, if y(¢) is
also continuous, the integral (8.4) can also be calculated following a standard Riemann
procedure:

1. take a partition a =ty < t; < ... < t, = b of the integration interval
2. choose the arbitrary points 7; in every [t;,¢;41] and take

0 = max{t;41 —t;}
J

3. calculate finally the integral as the ms limit

n—1
i ms ; y(mj) [ X (tj1) — X (t5)]
When both these integrals do in fact exist, the second, more familiar, Riemann pro-
cedure leads to a result which coincides with that defined within the first procedure,
and this happens regardless of both the particular partition sequence selected, and the
choice of the points 7; inside every sub-interval [t;,%,+1]. In particular in this way a
precise meaning is ascribed to the Wiener integrals (8.5)

8.2.2 1Ito integral

The previous integral (8.4) is a particular case of the more general type

/ "y dx () (8.6)

where both X (¢) and Y (¢) are now sp’s: the integral (8.3) at the end of the previous
section is an example of this kind. A consistent definition of (8.6) is not an elementary
one® and requires a new procedure pioneered by K. Ito (1944) in the case of Wienerian

1J.L. Doob, STOCHASTIC PROCESSES, Wiley (New York, 1953)
°I. Karatzas, S.E. Shreve, BROWNIAN MOTION AND STOCHASTIC CALCULUS, Springer (Berlin,
1991). B. @ksendal, STOCHASTIC DIFFERENTIAL EQUATIONS, Springer (Berlin, 2005)
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integrators ,
/ Y (t)dW(t) (8.7)

and later extended to a wider class of integrators X (¢), slightly narrower anyway than
that for the integrals of the Section 8.2.1. This new definition requires moreover for
the integrand process Y (t) a few general conditions, the most important of which for
the Ito integrals like (8.7) is its non-anticipativity w.r.t. a Wiener process W (t)

Definition 8.2. Take a Wiener process W(t), and the growing family of o-algebras
Fi = c{W(s), s <t} generated by W (t) (its natural filtration): we will say that the
process Y (t) is mnon-anticipative w.r.t. W(t) if

o Y (t) is Fi-measurable for everyt > 0
e Y (t) is independent from W (s) — W (t) for every s >t >0
that is if Y (t) depends on the past (and the present) of W (t), but not on its future

This concept, which expresses a rather natural requirement of causality, is essential
for a rigorous definition of the Ito integral, and subsequently of the Ito stochastic
differential equations, in the sense that a number of important results can be deduced
only with this assumption. For the time being we will just remark that it is easy to
check that, if Y'(¢) is non-anticipative, then W(t) itself and the following processes

t t t t
/ hIW (s)] ds / RIW (s)] dW (s) / Y(s)ds / Y(s)dW (s)
to to to to
are all non-anticipative

In the following we will always suppose, among others, that the integrand Y ()
is non-anticipative w.r.t. W(t), and within these hypotheses we will define the Ito
integral according to a procedure similar to that adopted for the Wiener integral in
the Section 8.2.1:

1. we first define the elementary It6 integral for random step functions ®(w;t) (par-
ticular non-anticipative sp’s)

/b B(w: t) AW (w: 1)

2. we take then a sequence ®,(t) of such step functions converging in ms to the
given non anticipative sp Y'(¢) (we will not prove that such a sequence exists and
that its particular choice is immaterial)

3. tyhe Ito (8.7) integral is finally defined as the ms-limit of the following sequence
of rv’s

/ &, (1) W ()
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Even in this case, of course, it is possible to prove that the limit is independent from the
particular sequence ®,,(t) chosen, so that the definition is perfectly consistent, but this
new procedure, despite an apparent analogy with that defining the Wiener integral,
introduces two relevant changes:

e like the Wiener integral (8.5), by adopting an appropriate Riemann proce-
dure the Ito integral can also be calculated as

n—1
Jimms D Y () [W(t) — W (1) (8.8)
=0

but now the values Y (¢;) of the integrand must always be taken in the left
endpoint of the interval [t;,¢;11], and not in an arbitrary 7; within it: it is indeed
possible to show (1) that the value of the Riemann limit (8.8) depends on this
choice, and (2) that only with the choice Y'(¢;) it is possible to recover the correct
value of the Ito integral previously defined with the Ito procedure; we will show
later an explicit example of this behavior

e the definition of the Ito integral does not come into being without an additional
cost: in particular it entails a new stochastic calculus with rules that deviate
from those of the ordinary calculus; a whiff of this important innovation — an
innovation that we must learn to adapt to take advantage of it — can be found
in the Appendix H displaying the possible mistakes induced by a careless use of
the usual calculus: we will devote a sizable part of the subsequent sections to a
detailed review of these new rules

A few remarks about possible alternative definitions of stochastic integrals, like the
Stratonovich integral that famously would preserve the usual rules of calculus, can be
finally found in the Appendix L along with the motivations for not adopting them

8.3 1Ito stochastic calculus

In the following sections we will calculate all the Ito integrals (8.7) as a ms-limit fo
the Riemann sums (8.8) for a Wiener process W (t) with diffusion coefficient D, and
arbitrary initial conditions W(ty) = wy, P-a.s. when ¢, is the left endpoint of the
integration interval. It will be then expedient to adjust the results of the Propo-
sitions 6.16, 6.17 e 6.18: if Wy(t) ~ D(0, Dt) denotes the process with conditions
Wo(0) = 0, P-a.s., we will have W(t) = Wy(t — to) + wo defined for ¢ > ty so that
W (t) ~ N (wy, D(t —tp)), and

E[W(t)] = wp V [W(t)] = D(t — to) (8.9)
E[W(s)W(t)] = Dmin{s — to,t — to} + w] (8.10)
For short, moreover, for every Riemann partition t; < ... < ¢, we will adopt the
synthetic notations (j =1,...,n)
W; =Wi(t)) AW; =W; =W, Aty =t —tj
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8.3 Ito stochastic calculus

8.3.1 Elementary integration rules

Lemma 8.3. If W(t) is a Wiener process with W (to) = wo, P-a.s., then

W; ~ N (wy, D(t; — ty)) AW, ~ 9 (0, DAt;) (8.11)
E [(AW))*] = 3D*(At;)? (8.12)

Proof: The first relation in (8.11) follows from fact that W (t) ~ 9% (wo, D(t —to)). As
for the second relation in (8.11), being the increments AW (t) Gaussian according to
the Proposition 6.16, and keeping into account (8.9) and (8.10), it will be enough to
remark that

E[AW;] = E[W,—W;_4] =wy—wy =0

VIAW,] = E [(ij)ﬂ E [W? + W2, - 2W,W;_]
= wi+ D(t; —to) +wi + D(t;_1 —to) — 2ws + D(tj_1 — to)]
= D(t —t;_1) = DAt

As for (8.12) first remark that if X ~ 91(0,0?), an integration by parts leads to

+o0 67x2/20'2 +00 d 67"172/20'2
E[X4] = / z? dx:—az/ 2— [ —— | dz
—oo oV 2w o0 dz \ ov2n

5 ) /+oo 2€—$2/20' d 5 A 3E [XQ]Q
= g x r = o0 =
o oV 2T

and then that the result follows from (8.11), namely from AW, ~ 91(0, DAt,) |

Proposition 8.4. If W(t) is a Wiener process with W (ty) = wo, P-a.s., then

/t W(s)dW(s) — %[W2(t)—w2(t0>—p(t—to)} (8.13)

E { /tt W (s) dW(s)] =0 (8.14)

Proof: Remark first of all that the term $D(t—to) in (8.13) is totally alien to the usual
formula of the integral calculus that is instead confined to the first two terms: this is
a first example of the quantitative changes introduced by the Ito stochastic calculus
w.r.t. the ordinary calculus

To prove (8.13) let us begin by remarking that in the present instance the Riemann
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sums (8.8) take the particular form

Sno= Y Win(Wy = Wim) = ) W AW,
j=1 j=1

% Y (Wit + AW))? = W), — (AW;)?]
W~ W2 - @] = L e - wa) - S amp

J=1 Jj=1

so that the result will be secured if we will be able to prove that

lim -ms EH:(AWj)2 = D(t —t) (8.15)

namely, according to the Theorem 4.6, that

n

> (Aawy)?

J=1

n

> (Aaw;)

J=1

lim E = D(t — to) lim V =0 (8.16)

The first result in (8.16) follows from the Lemma 8.3 because for every n it is

n

E ) (AW;)?

J=1

= ZE [(AW;)?] = ZD(%’ —tj1) = D(t —to)

and hence also its limit for n — oo has the same value. As for the second limit in (8.16)
remark first that from the previous result we have

= E (i(AWj)?—D(t—tD)>

j=1

n

> (Aw;)?

Jj=1

Vv

n

D (AW +2) (AW (AW,)?

j=1 j<k

= F

—2D(t — 1) Zn:(AWj)Z + D2(t — to)?

Jj=1

and then that the expectations can be calculated again by keeping into account the
Lemma 8.3 — in particular the formula (8.12) — and the increments independence in a
Wiener process that for j < k entails

E [(AW))*(AWy)?] = E [(AW;)?] E [(AW)?] = D*(t; — tj-1)(tx — ti-1)
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Rearranging now all the terms of the previous expression, and recalling that in the
Riemann procedure

n

Z(tj —tj1) =t—t 0= mjax{tj —tj1} =0
j=1

overall we will find

n

= 3D (t; —t;-1)* + 2D (t; — tj_1)(tk — txa)

VD _(Awy)?
j=1 j=1 i<k
—2D*(t —to) Y _(t; — tj1) + D*(t — to)?
j=1
= 2D (t; —t;-1)* + D*> _ (t; — tj_1)(ts — tr—1) — D*(t — to)?
j=1 G k=1
= 2D (t;—t;1)° < 2D max{t; —t;1} > (t; —t;1)
J
j=1 i=1

= 26D*(t —ty) =0

The convergence (8.15) then holds, and the result (8.13) is proved. To check fi-
nally (8.14) we just remark that from (8.13) it is

t
1
E [/ W(s) dW(s)} =35 E [W?(t) —wi — D(t — )] =0
to
where we took advantage of the fact that W (t) ~ 9 (wo, D(t — to)) |

Exemple 8.5. In the Section 8.2.2 we stated without proof that the right value of an Ito
integral like (8.13) can also be recovered as a ms-limit of the Riemann sums (8.8) where
however the integrand must always be calculated in the left endpoints of the partition
intervals. Without going into details, we can now show that the result of the Riemann
procedure to calculate (8.13) would have been different if we had not taken the integrand
in the left endpoints, as for instance in

Sp = Z W () [W(t;) — W(tj-1)]

where now T; are arbitrary points in [t;_1,t;]. To prove without unnecessary complica-
tions that the ms-limit of the sequence S,, does in fact depend on the choice of the T;
it will be enough indeed to point out this dependence only for the limit of their expec-
tations E [S,], because if the limit of the expectations is contingent on the choice of T;,

231



N. Cufaro Petroni: PROBABILITY AND PROCESSES

then also the ms-limit of S, must depend on them. We have in fact from (8.10)

E[S,) = E [ZW(Tj)[W(tj)—W(tj—l)]]

- > <E W(r)W(t;)] - E [W(TJ)W(tj—l)]>

— 3" [l + D(r; — to) — w} — D(t;-1 — to)]

= Z [D(Tj —to) — D(tj—1 — to)} = DZ(Tj —tj-1)

Take now a parameter o € [0, 1] identifying the position of T; within the j™ interval
according to
Tj = Oétj -+ (1 — Oé)tj_l

then for every n we will have

n

E[S,)=aD) (t;—t;_1) = aD(t - to)

j=1
so that — taking for granted that we are entitled to exchange the Riemann ms-limit with

the expectation — we find

E [lim -ms Sn] =lim E[S,] = aD(t — to)

n

a result that apparently depends on o, namely on the location of T; within the interval
[ti—1,t;]: the right result for the Ito integral being in any case (8.14) — we will abstain
however from giving here an independent proof of this statement — this value turns out
to be recovered only with o = 0, namely when 7; is the left endpoint of the interval

[tj-1,t;]

8.3.2 Expectations and covariances

Proposition 8.6. If G(t) and H(t) non-anticipative processes w.r.t. a wiener process
W (t), then

E [ /t t G(s) dW(s)} - (8.17)

0
E[ /t:G(s)dW(s) /t:H(s’)dW(s’)} ~ D /t:E[G(s)H(s)] ds  (8.18)
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Proof: The formula (8.17) generalizes (8.14): from both the non-anticipativity of G(¢)
and the Lemma 8.3 we indeed have for the Riemann sums

E [i ijlAWj

j=1

S E[G, ] BAW] =0

and taking as usual for granted that we are entitled to exchange the Riemann ms-limit
with the expectations, the result easily follows. As for the covariance formula (8.18),
from the non-anticipativity, the Lemma 8.3 and the increment independence we have

ZG] 1AW ZHk 1AW,

7j=1

+ F

ZGJ VH 1 (AW;)? > (Gio1Hior + Gpoa Hy—)) AW; AW

k>j

_ ZE (G Hj—] E [(AW;)?]

+>  E[(Gj1Hy + Gy Hj_1)AW;] E [AW]
k>j

= ) E[G;1H;,] DAt

j=1
and the result follows again by exchanging the ms-limit with the expectation |

We can now look at the remarks on the Wiener white noise of the Proposition 8.1 from
a new, reversed standpoint3

Corollary 8.7. If W (t) with W (ty) = wq is a Wiener process with diffusion coefficient
D, a process Z(t) such that E [Z(t)] = 0, and dW (t) = Z(t) dt, can only be a stationary
(Wienerian) white noise of intensity D

Proof: This is an immediate consequence of the (8.18): take two arbitrary, non-
anticipative processes G(t) and H(t) independent from Z(t), then — freely exchanging
expectations and integrals into (8.18) — from our hypotheses it follows that

D/t:E[G(S)H(S)] ds — EUtG( W (s /H ) div (s )}
_ Uds/dsa <)(s’)}

_ /tds/t ds'E|G(s)H (") Z(s)Z(s)]
— /tds/t dS'E [G(s)H (s E[Z(s)Z(s")]
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that can be true only if
E|[Z(s)Z(s")] = Ddé(s — §')

namely if Z(¢) is a stationary white noise of intensity D. Since on the other hand we
also ask dW (t) = Z(t)dt, the said white noise can only be Wienerian |

8.3.3 Stochastic infinitesimals

Proposition 8.8. Take a non-anticipative process G(t), then with k = 0,1, ... it is

/t:G(s) [dW (s)*" = hm mSZGJ (AW)PF = 5, D/ G(s

/ G(s) ds[dW (s)]"™* = lign—ms Z Gy (AW AL =0

to j=1

where e is the Kronecker symbol; from mow on we will also adopt the shorthand
notation

[dW (£)]*™F = 640 D dt [dW ()] dt =0 k=01,... (8.19)

Proof: These results give a precise meaning to our statements of the Section 6.3 where
we had surmised that dW (¢) behaves indeed as an infinitesimal of the order v/dt. More
precisely the present proposition entitle us to neglect in the calculations all the terms
like dW (t) dt, [dW ()], ... because they are infinitesimals of order higher than dt, but
it also urges us to keep the terms like [dWW (¢)]* = D dt that — against their semblance
— are in fact of the order dt

To avoid redundancy we will confine ourselves to prove only the non zero formula
[dW (t)]* = D dt, namely that

/G [dW (s —D/G

neglecting instead to check — in a similar way — all the other vanishing results. The
Riemann procedure requires then to verify that

lim -ms Z G;_1(AW;)* = D lim-ms Z Gj-1At;

j=1 j=1
namely, in an equivalent setting, that

lim-msz [Gj_l(AWj)2 — Gj_lDAtj} = lim gn =0 (820)

j=1
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where for short we have defined

3Gy (AW - DAY

J=1

> G [(AW;)? - DA
j=1

&, =

+2) " Gi1Grot [(AW))? — DAL [(AW;)? — DAt

i<k

Because of the non-anticipativity of G(t), the terms G 7 | are independent from (AW;)?—
DAt;, while the Gj_1Gy_1 [(AW;)?—DAt;] turn out to be independent from (AW})%—
DAt,; as a consequence — taking also advantage of the Lemma 8.3 — the second term
of &£, vanishes

E [Gj_1G1 [(AW;)? — DAL, [(AW)? — DAt |
= E[Gj.1Gi1[(AW))? — DAL E [(AWy)? — DAt] =0

while for the first we have

E[[(am) - pag)’] = E[(AW)!] + (DAY)? - 2DALE [(AW;)?]
= 3(DAt)? + (DAt;)? — 2(DAt,)? = 2(DAt;)?

and hence overall we find

£, =2D*) (AL)’E [G] ] <2D” max{At; }ZAt E[G?]

j=1 J=1
The result (8.20) is then secured if we plausibly require that

n

t
EIDSECEIC R /t B [G%(s)] ds < +o0

because in the Riemann limit it is max;{At;} =0 — 0 [

Proposition 8.9. Take a Wiener process W (t) with W (to) = wo, then forn =1,2,...
we have

n+1 n+1
/W” yaw(s) = VO =W ”D/ Wrl(s)ds  (8.21)
n—+1
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Proof: The result (8.21) generalizes (8.13) and can be easily deduced by taking advan-
tage of the shorthand notations about the order of infinitesimals in the Proposition 8.8:
we have indeed

dW”+1(t) = Wn+1(t + dt) _ Wn+1(t) _ [W(t) + dW<t)]n+1 _ Wn+1<t)

= X ("o -

= ("o
- (” T 1) W () dW () + (" ; 1) WrL(t) [dW (1))
= (n+1)W"(t)dW(t) + @W”‘l(t)Ddt

and therefore

W) — W t(ty) = / tdW”“(s)

to

— (41 /t Wn(s) dW(s)+@D /t Wnl(s) ds

so that the formula (8.21) results immediately [

It is apparent then from the previous proposition that here too the usual results of the
ordinary calculus are complemented with an additional term explicitly depending on
the existence of a non vanishing diffusion coefficient D

8.3.4 Differentiation rules

Proposition 8.10. If g(z,t) is at least twice differentiable in x and once in t, and if
W (t) is a Wiener process, then within the notations

e = Oag 9oz = 029 gi = Oig
the following differentiation rule holds

dg(W(t),t) = [g:(W(t),t) + ggm(W(t),t) dt + g, (W (t),t) dW (t) (8.22)
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Proof: Taking into account the Proposition 8.8 we have

dg(W(t),t) = g(W(t+dt),t+dt) —g(W(t),t)

_ :g(W(t +dt),t+ dt) — g(W(t),t + dt)}

+[g(W(t),t+dt) —g(W(t)j)}
= _g(W(t), t+dt) + g, (W(t),t + dt)dW (t)

n %gm(W(t),t + dt) [AW ()] +...— g(W(t),t + dt)}

+[9(W(t),t) + g (W(t), t)dt

+;gtt< (1), )(dt) g(W(t),t)}
= [0 (W) ) + gu (W), t)dt + ... ]dW (1)

+%[gm(W(t) t) + Guor (W (), t)dt + .. } aw ()]’ +

+g: (W (t),t)dt + %gtt(W(t), t)(dt)* +

= g.(W(),t)dW(t) + ggm(W(t), t)dt + g, (W (t),t)dt

namely the stated result (8.22) |

Exemple 8.11. In a nutshell the stochastic differentiation requires that we consider
[dVV(t)]2 as an infinitesimal of the same order of dt, and not — as one could presume
from its external semblance — of higher order. In particular this entails the existence of
new terms that would not be otherwise acceptable. For instance, in a geometric Wiener
process (6.58) X (t) = eW' W within our notation it is g(x,t) = e* and hence

D
dX(t)=d (eW(t)) — VW dW (t) + 5 VO gt

In the same way, for X (t) = W2(t), namely if g(z,t) = x*, we get
dX(t) =d (W?(t)) =2W(t)dW(t) + Ddt

From these examples we understand first that the unconventional additional terms
in dt apparently follow from the second order terms in dW (t), and second that they
are branded by the presence of the diffusion coefficient D: when this possibly van-
1shes the process degenerates into deterministic trajectories, and we recover the usual
differentiation rules. Unsurprisingly these remarks— suitably tailored — can be ez-
tended to all the other formulas met hitherto in the stochastic calculus as for exam-

ple (8.13), (8.18), (8.19), (8.21) and (8.22)

237



N. Cufaro Petroni: PROBABILITY AND PROCESSES

The new differentiation rules also prompt a generalization of the integration by parts
formulas: in the usual calculus we know for instance that

d[z(t)h(z(t), )] = x(t) dh(x(t),t) + h(xz(t),t) dz(t)

from which the following formula stems

/ B (t), ) du(t) = [e(t)h((t), )] — / () dh(z(t), 1)

This expression is reduced to the most familiar one when h(x,t) = h(t) does not depend
on z: in this case we have indeed

d[z(t)h(t)] = z(t) dh(t) + h(t) dz(t) = [x(t)h(t) + @ (t)h(t)| dt

namely the well known formula

/h(t)x'(t) dt = [h(t)x(t)]’;—/ h(t)z(t) dt

The stochastic calculus requires a modification of these results, but the differences
w.r.t. the usual formulas are perceptible only when h(z,t) also depend on x

Proposition 8.12. Integration by parts: If h(x,t) is at least twice differentiable in
x and once in t, and if W(t) is a Wiener process with W (to) = wy, the integration by
parts rule is

/th(W(s),s) AW (s) = [W(s)h(W(s),s)Eo— /t W(s) dh(W(s), s)

-D /tt he (W (s), s) ds (8.23)

Proof: From the differentiation rule (8.22) with g(x, t)o = xh(r,t) we get

gr = xhy 9x = h+zh, oz = 2hy + Thyy
and therefore
d[W(@)h(W(t),t)] = dg(W(1),1)
2, (W (L), 1) + W () haw (W (1), t))] dt
+ W (t)he (W (t),t)] dW (t)
e (W (1), t)) dt + hz(W(t),t)dW(t)}

+h(W(t),t)dW (t) + Dhy (W (t),t)dt
= W(t)dh(W (t),t) + h(W(t),t)dW (t) + Dhy (W (t), t)dt

and the formula follows by integration |
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8.4 Stochastic differential equations (SDE)

8.4.1 Stochastic differentials and Ito formula

Definition 8.13. We say that a process X (t) admits in [0,T] the stochastic differ-
ential
dX(t) = A(t)dt + B(t) dW (t) (8.24)

when for every to,t with 0 <ty <t < T it can be represented as

X(t) = X(to) + / A(s) ds + / B(s)dW(s)

to to

where W (t) is a Wiener process with W (ty) = wy, and the processes A(t), B(t) are

such that
T T
P{/ ()| dt < +oo} ~ 1 P{/ B()[2dt < +oo} ~1
0 0

Proposition 8.14. Ité formula: If X(t) admits the stochastic differential (8.24),
and if g(x,t) is a function at least twice differentiable in x and once in t, then also
g(X(t),t) admits the following stochastic differential

dg(X(t),t) = [gt (X(0),t) + §B2(t)gm (X(t),t)] dt + g, (X (t),t) dX (t) (8.25)

= {gt (X(®).t) + A)g. (X (1), 1) + gBQ(t)gm (X (1), t)} dt + B(t)g. (X (t),t) dW (t)

Proof: The Ito formula (8.25) generalizes (8.22) that is recovered for A(t) = 0 and
B(t) = 1, namely when from (8.24) it is X (¢) = W (t). To prove (8.25) remark first
that from (8.24) and (8.19) we have

[dX ()] = [A(t)dt]” + [B(t)dW (£)]* + 2A(t) B(t)dW (t)dt = B*(t)Ddt
and then that, retracing the proof of (8.22) with X (t) instead of W (t), it is
dg(X(t).t) = [g:(X(£),t) + gue(X (), 8)dt + ... ]dX(2)
+% [gm(X(t),t) + Guwt (X (£), ) dE + ... ] [dX()]* + ...
+g:(X (1), t)dt + %gtt(X(t), ) (dt)* + ...
= g.(X(t),t)[A(t)dt + B(t) dW ()]
+§BZ(t)gm (X (), t)dt + g:(X (t),¢)dt
so that the Ito formula (8.25) immediately follows |
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8.4.2 The SDE’s and their solutions
Definition 8.15. We call stochastic differential equation (SDE) the equation

dX(t) = a(X(t),t)dt+b(X(t),t) dW (1) 0<to<t<T  (8.26)
X(to) = XO P-q.s.
where W(t) is a Wiener process with W (ty) = wy, and Xy a v independent from

W (t). We also say that a process X(t) is a solution if it admits (8.26) as stochastic
differential, that is if

t t
X(t) = X —I—/ a(X(s),s)ds +/ b(X(s),s) dW(s) (8.27)
to to
This solution is said to be unique if, for every pais X1(t), Xo(t) of solutions it is
P{ sup |X1(t) — Xa(t)| > 0} =0
to<t<T
The solutions of (8.26) can be contrived by following several approximation procedures:

1. take the following sequence of approximating processes
Xo(t) - X()

¢ t

X,(t) = Xo +/ a(X,-1(s), s) ds —i—/ b(Xp—1(s), s) dW (s)
to to

and investigate its (distribution) limit process for n — oo; this is the recursive

procedure usually adopted to prove the theorems of existence and unicity;

2. produce the trajectories of the solution process with the recursive method gener-
ally used to generate simulations: take n arbitrary instants (usually equidistant)

to<ti <...<t,=t<T

build the samples starting with an initial value xy according to the following
procedure

Tjyr1 = T4 + a(asj, t]>Atj + b(.fl?j, tj)ij ] = 0, 1, e, — 1

where
vy =)  Aty=ti—t;  Awy=w(tja) —wty)

and w(t) is a sample of the Wiener process W (t); the values Aw; of AW, are
drawn independently from the x;. For every value x and for every Wiener sample
w(t) we get a possible discretized trajectory. Go then to the limit n — oo: the
solution exists if such a limit exists for almost every sample w(t) of the Wiener
process; this solution is moreover unique if for almost every sample w(t) of the
Wiener process the limit trajectory is unique
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Theorem 8.16. Theorem of existence and uniqueness: The solution X (t) of the
SDE (8.26) exists and is unique if the Lipschitz conditions are met, that is if there exist
two numbers ki1 and ko such that

la(z,t) —aly, )] + [b(z, 1) = by, )] < kafz —y]
la(@, )" + bz, )" < k(1 + |2f)

for every x,y and t € [0,T]. This solution is sample continuous and non anticipative

w.r.t. W(t)

Proof: Omitted®. The proof essentially consists in checking that the sequence of
processes X, (t) generated wit the procedure 1 converges P-a.s. and uniformly in [0, 7.
Since however it may happen that the functions a(z,t) and b(z,t) do not conform to
the Lipschitz conditions, it is also usual to define the so-called weak solutions instead
of the strong solutions of the Definition 8.15: for more details we will only refer to
the literature cited for the proof |

Corollary 8.17. Change of variable: If X(t) is a solution of the SDE (8.26) and
g(x,t) is a function at least twice differentiable in x and once in t, then for the process
Y (t) = g(X(t),t) we find

dg(X(t),t) = gt(X(t),t)+a(X(t),t)gx(X(t),t)+§b2(X(t),t)gm(X(t),t) dt

+b(X(8),1) g, (X (2), 1) dW (2) (8.28)

that can always be put in the form of a new SDE for Y (t) whenever a function h(y,t)
can be found to implement the inverse transformation X (t) = h(Y (t),t)

Proof: Just take advantage of the Ito formula (8.25) [

8.4.3 SDE’s and Fokker-Planck equations

In the following sections we will suppose to take the expectations by keeping into
account all the initial conditions required on the involved processes (X (t), W (t) and
even others, if need be), namely by means of the corresponding conditional distributions

Proposition 8.18. Fvery solution of the SDE (8.26) is a Markov process

Proof: We will confine the discussion to an intuitive justification. Take the sample
trajectories of X (t) according to the procedure 2, and X(s) = y for s > t;: the
evolution of X (¢) for t > s is apparently contingent only on the sample w(t) of W(t)
for t > s. Since on the other hand X (¢) is non anticipative, the rv’s X (¢') with ¢’ < s,

6I. Karatzas, S.E. Shreve, BROWNIAN MOTION AND STOCHASTIC CALCULUS, Springer (Berlin,
1991). B. @ksendal, STOCHASTIC DIFFERENTIAL EQUATIONS, Springer (Berlin, 2005)
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and W (t) with ¢t > s are independent: as a consequence, when y is known, the values
of X (t) with ¢ > s, and those with ¢ < s will be independent, so that X (¢) will turn
out to be a Markov process |

Proposition 8.19. Take an ac solution X (t) of the SDE (8.26) with X (ty) = Xo, P-a.s.,
then its pdf will be a solution of the Fokker—Planck equation

0f(e,) = ~0, (A5, )0, 0) + 5 2 (B0 @ 0] (ko) = fow)
where fqo is the pdf of Xy, and
A(z,t) = a(x,t) B(z,t) = Db*(x,t) (8.29)

In particular the transition pdf f(x,t|xg,to) results from the degenerate initial condi-
tion f(x,tg) = d(x — o), that is X (to) = xg, P-a.s.

Proof: We already know from the Theorem 8.16 and the Proposition 8.18 that a
solution of the SDE (8.26) is a sample continuous Markov process, and hence its
transition pdf is a solution of a Fokker—Planck equation (7.80). Take then X(ty) =
xo, P-a.s., and a function h(x) twice differentiable in z: from the change of variable
formula (8.28) we find
D
dh(X(t)) = a(X(t),t)h’(X(t))+§b2(X(t),t)h” (X(t))]| dt
+b(X(t), )R (X (t)) dW(2)
Since moreover X (¢) is non anticipative, we have
E [b(X (1), t)h (X(t)) dW(t)] = E [b(X(t),t)R (X(t))] E[dW ()] =0

and hence integrating by parts
E[dh(X(1)] = B [a(m),t)h'(xu)) + P (x.on (X(t))] it

= /+Oo [a(:c,t)h’(x) - §b2(x,t)h”(x)} fx,t|mg,ty) dr dt

o0

_ / o [_ 0, [ala, 1) f (. t] o, to)]

o0

+§ 0 [V(x, 1) f (.t xo,tg)]} h(z) da dt

On the other hand it is also
d

Blan(xX(®)] = dE (X)) = LB h(x(0)] d
_ /+ooh(x)8tf(x,t|x0,t0)dxdt
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and comparing the two expressions the result for the transition pdf follows from the
arbitrariness of h(z). The equation for general, non degenerate initial conditions easily
results finally from that for the transition pdf ]

Taking into account the role played by the coefficients A and B in the forward equations
(see Section 7.2.3), the Proposition 8.19 imply in fact that also the coefficients a and b
of the (8.26) are to be understood respectively as a drift velocity and a diffusion field

8.5 Notable SDE’s

We already know that the law of a Markov process X (¢) can be completely spec-
ified by its pdf’s f(z,t) and f(z,t;y,s): if moreover X(t) is a Gaussian process
(see Section 7.1.10) these pdf’s are in their turn totally determined by E [X(t)] and
cov [X(t), X(s)]: we have indeed that

faet) =R(EXOLVIXO)  flatiys) =N (bA)

where

_( E[X(1)] _ V [X(1)] cov [X(s), X(1)]
b= ( E[X(s)] ) A= ( cov [X(), X(s)]  V[X(s) )

These remarks will be instrumental in the following to calculate the distributions of
a few notable SDE’s solutions. Remember finally that we will usually take initial
conditions in an arbitrary to > 0, and in particular the degenerate condition W (s) =y
to select the transition pdf f(z,t|y,s)

8.5.1 SDE’s with constant coefficients

The simplest SDE has constant coefficients a(x,t) = a, b(z,t) = b, namely
dX(t) =adt+bdW(t) X(to) = Xo (8.30)
and its solution simply is
X(t) = Xo + a(t — to) + b[W(t) — wy]

The corresponding Fokker-Planck equation according to the Proposition 8.19 is

Df(rt) = —ad.fe.t) + MRty fledo) = i)
where fo is the pdf of X,. The solution X () turns out to be Gaussian if the initial
condition X is Gaussian (it is indeed a linear combination of Gaussian rv’s), in par-

ticular if Xy = g, P-a.s. It is apparent then that in this case the solution of (8.30)
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is nothing but a Wiener process slightly modified with a constant drift ¢ and a rescal-
ing b of the diffusion coefficient D, and hence also the transition pdf f(x,t|zo,t) is
N (zo+ a(t —ty), Db*(t —ty)). Of course if in particular @ = 0 and b = 1, X (¢) exactly
coincides with a Wiener process complying with the Fokker-Planck equation (7.91).
Remark that another arbitrary initial condition X, would instead produce a process
X(t) with the same Wienerian transition pdf, but with different, non Gaussian joint
laws

8.5.2 SDE’s with time dependent coefficients
With time dependent coefficients a(t), b(t) the SDE (8.26) becomes

dX (1) = a(t) dt + b(t) dW (t) X(ty) = Xo, P-as. (8.31)

and its formal explicit solution is
t t
X(t) = Xo —I—/ a(t") dt’ +/ b(t") dW (t') (8.32)
to to

Even in this case — being a Wiener integral apparently Gaussian — the solution is
Gaussian if X is Gaussian too, and in particular if Xq = x3. The corresponding
Fokker—Planck equation moreover is

0f(e,0) = ~all0,f(w,0) + ZUOPRS (e t) S t) = fola)

To find the process distribution it will then be enough to have the transition pdf that is
selected by the degenerate initial condition X (tg) = o, P-a.s.: all the other solutions
will then follow from the Chapman-Kolmogorov equation (7.16) with arbitrary initial
conditions fo(x)

Proposition 8.20. The solution X (t) of the SDE
dX(t) = a(t) dt + b(t) dW (t) X(to) = xo, P-a.s. (8.33)

is a Gaussian process with

m(t) = E[X(t)] :x0+/ a(t') dt’ cov [X(s), X(t)] :D[ b2t dt'  (8.34)

to

where s At = min{s,t}, and hence its transition pdf f(z,t|xo,to) is M(m(t), o(t))
with o(t) = V [X(t)] = cov [X(t), X (t)] deduced from (8.34)

Proof: To prove that X (t) of (8.32) is a Gaussian process we can take advantage of
the point 2 in the Proposition 4.20 by showing that every linear combination of the
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rv’s X(t1),..., X(t,) is Gaussian too: we will neglect however to check that explic-
itly. Being X (¢) a Gaussian process, to get its law it will then be enough to find its
expectation and covariance: from (8.32) with Xy = z( the expectation is
t t t
m(t) = E[X(t)] = E[Xo] —i—/ a(t') dt’ +/ b(t") E [dW ()] = zo —i—/ a(t') dt’

to to to

while the covariance, taking ¢ty < s < t, follows from the previous results and is

cov [X(s), X(1)] = E[(X(t)—E[X(®)])(X(s)— E[X(s)])]
_ E[ /t b)) AW (¢) /t b(s’)dW(s’)}

Since moreover the increments of W () on non overlapping intervals are independent,
from (8.18) we have

cov[X(s), X(t)] = E [ / b(t') AV (¢) / b(s) dW(s’)]
to to
t s
\E [ / b(t') AV (¢) / () dW(s’)]
s to
= D/ V(1) dt’
to
that is (8.34) for arbitrary s and ¢. This also entails in particular that

o2(t) = V [X(1)] = cov [X(t), X(t)] = D /t bRt dt’

so that in general X (t) ~ 91 (m(t), o%(t)) and its pdf also apparently coincides with
the transition pdf f(z,t|zo,1o) [

8.5.3 SDE’s with no drift and z-linear diffusion

Take now an z-linear diffusion coefficient b(x,t) = cz with ¢ > 0, and for simplicity a
vanishing drift a(x,t) = 0: our SDE then becomes

dX(t) = cX(£) dW () X(to) = Xo >0, P-as. (8.35)

while the corresponding Fokker-Planck equation, with A(x,t) = a(z,t) = 0 and
B(x,t) = Db?*(x,t) = Dca?, is now

0S(et)= - B[ f 0] ) = flo)

245



N. Cufaro Petroni: PROBABILITY AND PROCESSES

To solve (8.35) it is expedient to change the variable according to the transformation
g(x) =Inzx
Y(t) =9(X(t) =InX(¢) Y(ty) = Yo = In X,

The new SDE for Y (t) can now be found from (8.28): since it is

1 1
g(z,t) =Inzx gz(x,t) = - Guz(T, 1) = = gi(z,t) =0
from (8.28) immediately follows that
Dc?
dY (t) = 5 dt + cdW (t) Y(ty) = Yy, P-as. (8.36)

Remark that the first term in the r.h.s. of this equation would not be there by adopting
the usual differentiation rules: this additional constant drift term, which would be
signally absent in the non stochastic calculus, is indeed a byproduct of the Ito formula.
The SDE (8.36) has now constant coefficients as in the equation (8.30) discussed in
the Section 8.5.1, and hence its solution simply is

2

Y{t) = Yy — DTC (t — to) + c[W(£) — w] (8.37)

namely a modified Wiener process plus an independent initial rv, so that going back
to the original variables with h(x) = e* we finally find

X(t) — h(Y(t)) _ 6Y(t) _ XO 6—Dc2(t—to)/2€c[W(t)—wo] (838)

Proposition 8.21. The process Y (t) (8.37) solution of the SDE (8.36) with Gaussian
initial condition Yy ~ N (yo, 02) is Gaussian with distribution at time t

D¢?
and with autocovariance
cov [Y(s),Y(t)] = of + D min{t —ty, s — to} (8.40)

Proof: The process Y () is apparently Gaussian if Yj is Gaussian because (8.37) always
turns out to be a linear combination of Gaussian rv’s. Remark that on the other hand
X(t) in (8.38) is still Markovian, but it is not Gaussian, as we will see later. Nevertheless
we will be able to find the transition pdf of X(t¢), and thus all its other distributions
from the Chapman-Kolmogorov equations. The law of Y (¢) (8.37) is thus completely
determined by E [Y (¢)] and cov [Y (s), Y (¢)]: from (8.37) we first have

E[Y(t)]=yo— DTCQ (t —to) (8.41)
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For the autocovariance it is expedient to define 17{) = Yy —yo and the centered processes
W(t) = W(t) — wy and

V(1) = V(1) E[V(5) = Yo — o + c[W(t) — wp] = Vo + (1)
From (8.9) and (8.10) we then have
E [’W(t)] —0 E [W(s)’vﬁ(t)} — Dmin{s — to, t — t}

so that — keeping also into account the independence of Yy and W (t) — we eventually
find the required form (8.40) for the autocovariance:

cov[Y(s),Y(t) = E [?(s)f/(t)} - FE [(ffo + W (s))(Yo + CW(t))]
= B[]+ B[
= op+Dmin{t —ty, s —ty}

This also entails that V' [Y(¢)] = o3 + Dc*(t — ty) and hence the form (8.39) for the
distribution of Y'() |

Proposition 8.22. The distribution of X (t) solution of the SDE (8.35) with log-normal
initial conditions X (to) = Xo = ¥ ~ N (yo, 03) is the log-normal

X(t) ~ N (yo - DTCQ (t—to), of + DA (t — to)) (8.42)

and, with xo = €Y, we also have
E[X(1)] = o e/ VIX(t)] = a2 e (eff%wcz(t*tw - 1) (8.43)
cov [X(s), X(1)] = a2 €278 (eD02<t—to>A<s—to> - 1) (8.44)

The log-normal transition pdf is easily recovered from (8.42) by taking oo = 0, that is
by choosing a degenerate initial condition

Proof: The process X(t) = e is the exponential of the Gaussian process Y ()
discussed in the Proposition 8.21 with distribution (8.39), and hence its distribution at
the time ¢ is the log-normal (8.42). From (3.65) it is then straightforward to calculate
the expectation and the variance listed in (8.43). As for the autocovariance we remark
first that X (s)X (t) = ¢¥®*+Y® and that from the Proposition 4.20 it follows that the
rv’s Y(s) + Y () always are Gaussian. From (8.41) we have moreover

2

E[Y(s) + Y1) = 2yo — DTC(S Ft— 2t)
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while from the Proposition 3.29 and from (8.40) we have

VIY(s)+Y(t)] = V[Y(s)+VI[Y(t)+2cov[Y(s),Y(t)]
= dog+ D [(s+1t—2ty) +2min{t — ¢, s — to}]

By summarizing we have then that

2

D
X(S)X(t) ~ MmN (2y0 — TC(S +t— 2t0) s

403 + D [(s 4+t — 2t) 4+ 2(t — o) A (s — to)] )

so that from (3.65) it is

E [X(S)X(t)] _ 62y0+20(2)+D02(t—to)/\(s—to) _ m(Q) 6203 eDc?(t—to)/\(s—to)

and finally from (8.43) we can deduce the autocovariance (8.44) All these results also
entail that the transition pdf f(x,t|xg,to) of the process X (t) is the log-normal

2

D
MmN (hl Ty — TC (t — to) R D02<t — to))

that is recovered for oy = 0, namely with the degenerate initial condition X (¢y) = zo =
e¥: taking then advantage of the Chapman-Kolmogorov equations and of the chain
rule we are therefore in a position to find also the complete law of the process. Remark
that now, since X (¢) is no longer a Gaussian process, the said global law of the process
could not be deduced only from the knowledge of F [X(t)] and cov [X(s), X (t)], so
that our explicit form of the transition pdf plays a crucial role in the characterization
of the process X (t) |

8.5.4 SDEFE’s with z-linear drift and constant diffusion

Take now a(z,t) = —ax with a > 0, and b(z,t) = 1: our SDE will then be
dX(t) = —aX(t)dt + dW(t) X(ty) = Xy P-as. (8.45)
With the usual coefficient transformations
A(z,t) = a(x,t) = —ax B(z,t) = DV*(x,t) = D
we then find the Fokker-Planck equation of an Ornstein-Uhlenbeck process
0f(e,0) = ad,[ef(e.)] + D Efwt) [t =fole) (840
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that has been put forward in the Proposition 7.40: we already know its solutions, but
we will deduce them again here as an application of the stochastic calculus. To find
the solution of (8.45) consider the transformed process

Y (t) = X(t)ext-10) Y (to) = Xo
whose SDE follows from (8.28) with g(z,t) = we®*~%): since it is
o2, 1) = et=t0) Goe(x,t) =0 gi(x, 1) = aze?t=10)
we find that Y'(¢) is a solution of the SDE

dY (t) = e“t=0) gy (t) (8.47)

with time dependent coefficients like (8.31) so that

t
Y (t) = Xo + / ) g1y (s)

to

Recalling then that X (t) = e *(~%)Y (¢), the solution of (8.45) will be

t
Y e »

to

which is Gaussian if X, is Gaussian, in particular when Xy = zq, P-a.s.

Proposition 8.23. The process X (t) solution of the SDE (8.45) with Gaussian initial
conditions Xo ~ N (zg,08) is a Gaussian Ornstein-Uhlenbeck process with

X(t) ~ N (zo emoltmto) | 52 p=2alt=t0) 4 2 (1- e‘za(t-t(’)) ) (8.49)
cov [X(s), X ()] = (of — B?) e (stHi=20) 4 g2eali=s| (8.50)

where 32 = D/2a. The Gaussian transition pdf is easily recovered from (8.49) by
taking oy = 0, that is by choosing a degenerate initial condition

Proof: Since X (¢) with our initial conditions is a Gaussian process, it will be enough
to find its expectation and its autocovariance. From (8.17) we first have

E[X(t)] = E [X,] e ®(7t) = g e7olt-t0) (8.51)
Then for the autocovariance, from (8.17), (8.18) and the independence of the Wiener
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ingtegrals on non overlapping intervals, we have
cov [X(s), X ()] = E[(X(t) — E[X(1)]) (X(s) = E[X(s)])]
= F [((Xo — xg)e ot +/ e_a(t_t/)dW(t')) .

to

((XO . xo)e—a(s—tg) +/ e—a(s—s’)dW(S/)>:|
to
t s
— V[Xo] efa(erthto) +E |:/ ea(ttl)dW(tl>/ ea(ss’)dW<S/>1

to to
SAL
_ _ _ _ /
_ 0_86 a(s+t—2tg) +D/ e a(t+s—2t )dt/
to
2a(sAt) _

2a

62at0

_ O_g efoz(erthtg) + Defa(tJrs) _ (0_(2] . 52) 6fa(s+t72to) + 5267041575\
since it is easy to check that s +t —2(s At) = |t — s|. The process X(t) is thus
completely specified, and in particular its variance is

V [X(t)] = cov [X(t), X (t)] = of e~ 2710) 4 52 (1 — e—2(i=10)) (8.52)

From these results we can also deduce the transition pdf choosing the initial con-
dition X, = z¢, P-as., that is 02 = 0: in this case from (8.49) we easily find
X(t) ~ N (zoel710) §2(1 — e~22(=10))) in agreement with the aforementioned tran-
sition pdf (7.56) of the Ornstein-Uhlenbeck process. Remark the relative easy of this
derivation from the SDE (8.45) w.r.t. the less elementary procedures needed to solve
the corresponding Fokker-Planck equation 7.40 |
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Chapter 9

Dynamical theory of Brownian
motion

In 1930 L.S. Ornstein and G.F. Uhlenbeck addressed again the problem of elaborating
a suitable model for the Brownian motion, and they refined in more detail the Langevin
dynamical equation to investigate the phenomenon at time scales shorter than those
considered by Einstein and Smoluchowski in 1905-6. We will now give an account
of the Ornstein-Uhlenbeck theory adapted to our notations, and we will look into
the conditions under which the Einstein-Smoluchowski theory continues to be a good
approximation

9.1 Free Brownian particle

In the Ornstein-Uhlenbeck theory the position of the Brownian particle is a process
X(t) that is supposed to be differentiable, so that the velocity V(t) = X (t) always
exists. Resuming then the discussion of the Section 6.4.2 we will be able to write down
the Newton equation of a free, spherical Browniana particle, with mass m and diameter
a, as the following system of differential equations

X(t) = V(1) (9.1)
mV(t) = —6mnaV(t)+ B(t) (9.2)

where, as was argued in the Section 8.1, B(t) is a Wiener white noise, while 7 is the
environment viscosity. The equation (9.2) indicates in particular that there are two
kind of forces acting on the particle: a viscous resistance proportional to the velocity
V(t), and a random force embodied by a white noise. Given the singular character of
B(t) we know however that our system is better presented in terms of SDE’s, namely
as

dX(t) = V(t)dt
dV(t) = —aV(t)dt+dW(t)
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where we have defined 6
a= mha (9.5)

m

while W (t) is now a Wiener noise with a suitable diffusion coefficient D affecting the
velocity equation (9.4). Remark that the equations (9.3) and (9.4) are uncoupled
because X (t) only appears in the first one: this will enable us to deal with them one
by one, first solving (9.4) for V'(y), and then using it in (9.3)

Proposition 9.1. Take ty = 0 and degenerate initial conditions X (0) =z and V(0) =
vo: then the velocity V (t) of a free Brownian motion is a Gaussian Ornstein-Uhlenbeck
process with

EV®#)] = vpe ™ (9.6)
D
cov [V (s),V(t)] = p*(e okt — gmalst) 8% = o (9.7)
Q
If moreover k is the Boltzmann constant and T the absolute temperature, we find
kT
B =— (9.8)
m

The position X (t) instead is not Markovian, but is a Gaussian process with

E[X(1)] = xo+ % (1—e) (9.9)

cov [X(s), X(1)] = — [2a(s At) — 242 4 2

_6—Oc‘s—t| _ e—a(s+t)] (910)

Proof: A simple change in the notation makes clear that the SDE (9.4) coincides with
the SDE (8.45) discussed in the Section 8.5.4 so that, with our initial conditions, the
solutions of our system are

X(t) = xo—l-/tV(s)ds (9.11)
V(t) = er_o‘t+/te_“(t_5)dW(s) (9.12)

That V(t) in (9.12) is then an Ornstein-Uhlenbeck process with expectation (9.6) and
autocovariance (9.7) has already been shown in the Section 8.5.4, while the other
general features of such a process have been presented in the Sections 7.1.9 and in the
Proposition 7.40

As for the relation (9.8) we should remember that, according to the Proposition 7.27,
when ¢ — 400 the velocity distribution converges to the stationary law 91 (0, 3%). As
a consequence, at the thermodynamical equilibrium, we can resort to the equipartition
of energy

1 1
— kT = —mp?*
2 53
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9.1 Free Brownian particle

that immediately entails (9.8)

From (9.11) it follows that the position process X (t) is Gaussian and hence, ac-
cording to the Section 7.1.10, its distribution can be worked out from its expectation
and autocovariance. For the expectation from (9.11) it is

E[X —:c0+/E d8—$0+vo/0t€_asd8:$o+%(1—6_at)
namely (9.9). Then for the autocovariance we first prove that
cov [X(s), X ()] = /0 S /0 ' cow [V(s), V()] ds'dt (9.13)
Using indeed for convenience the centered processes
Vi) = V)= E[V({®)] = V() — vee (9.14)
X(t) = X(t)— E[X()] = /Ot V(s)ds — % (1—e™) = /Ot V(s)ds  (9.15)

we easily find that (9.13) holds:

cov [X(5). X(1)] = B[X(:)X(1)] = /O s /0 tE[%')v(t')} ds'dt’

_ /0 ) /O cow [V(s), V()] ds'dt

From (9.13) and (9.7) we thus have

cov [X(s), X (1)] = §° /0 S /0 t (e*als’*t’l —a(s'+t) ) ds'dt’

and (9.10) follows from a tiresome but elementary integration

To prove finally that X (¢) is not Markovian, we will explicitly calculate its tran-
sition pdf and we will show that it does not comply with the Chapman-Kolmogorov
conditions. To find first the two-times joint, Gaussian pdf of X () let us call for short
b(t),a*(t) and r(s,t) respectively the expectation, the variance and the correlation co-
efficient as they are deduced from (9.9) and (9.10): we see then the the one-time pdf
f(x,t) is M(b(t),a*(t)), while the two-times pdf f(z,t;y,s) is N (b, A) with

b(s) B a’(s) a(s)a(t)r(s,t)
o= (50 ) 2= Caorenn ")
The transition pdf f(

x t|y, s) with s < t follows now from the Proposition 3.40 and
is M (A(s,t)y + B(s,t), C

2(s,t)) where we have defined
t)

A(s, t) = 7“(5,t)i B(s,t) =b(t) — T(S,t)ﬂb(s)

a(s a(s)
s5,t) = a*(t)[1 — r%(s,1)]

o~ —

02
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A tedious, direct calculation — whose details we will neglect here — would show that to
meet the Chapman-Kolmogorov condition (7.17) we should have

r(s,u)r(u,t) =r(s,t) s<u<t (9.16)
while from (9.10) it is

2008 — 2 + Qe + 2€7o¢t . efa(tfs) . efa(tJrs)
T(S,t) = s<t
V2as — 3+ de—2s — e—205 /20t — 3 + et — ¢—2ad

and it is possible to check that (9.16) — and hence the Chapman-Kolmogorov condition
— does not hold: we can conclude then that in the Ornstein-Uhlenbeck theory the
position process X (t) is not Markovian. This result is in apparent disagreement with
the Einstein-Smoluchowski theory that, as elucidated in the Section 6.4.1, consider the
Brownian position as a Wiener process, namely as a Markov process |

9.2 Ornstein-Uhlenbeck vs Einstein-Smoluchowski

To better compare the Einstein-Smoluchowski theory of the Chapter 6.4 with that of
Ornstein-Uhlenbeck presented here we must remark at once that in the two approaches
the symbol D takes two different meanings, so that we will accordingly be obliged to
adopt two separate notations:

e in the Einstein-Smoluchowski theory we will dub Dy the diffusion coefficient of
the Wiener process Wi (t) that directly represents the position of the Brownian
particle; since moreover the variance of such a position linearly grows in time as
Dxt, we also find that its physical dimensions are

mt?

[Dx] = -

while from (6.76) we know that its value in terms of physical constants is

kT

Dy —
X 3mna

e in the Ornstein-Uhlenbeck approach, instead, we will now label as Dy the diffu-
sion coefficient of the Wiener noise Wy (t) affecting the velocity equation (9.4), so
that 82 = Dy /2« is the asymptotic velocity variance and the physical dimensions

will be )
mt
Dy] = 2%
[Dv] sec?
while from (6.76), (9.5), (9.7) and (9.8) we also know that its value is
12mnakT
Dy = 2(152 = 71'776; = o’Dy
m
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We can then compare the two theories by remarking first of all that in the Ornstein-
Uhlenbeck model the position variance is deduced from (9.10) and is
52

V[X(t)] = = (20t — 3+ 4e™ " — e7?)
«

while the Einstein-Smoluchowky result is asymptotically recovered as

262 D
:it:—;/t:DXt at > 1
(@) o

VIX(@®)

This apparently suggests that the Einstein-Smoluchiwski theory should be deemed a
good approximation of that of Ornstein-Uhlenbeck either for large times t (after a
transient delay) or for large values of the viscous drag coefficient a (over-damped
regime)

Proposition 9.2. Within the notations of the Proposition 9.1, if a — 400 keeping
B%/a finite, then the Ornstein-Uhlenbeck position process X (t) with initial condition
X (0) = zg converges in distribution — in the sense of the Definition 5.4 — to a Wiener
process W (t) with diffusion coefficient Dx = 2%/a = Dy /a? and Wx(0) = z

Proof: From (9.9) and (9.10) we see in fact that, in the over-damped limit o — 400
for every fixed s,t, the expectation and the covariance of the position process X (t)
converge to

E[X(t)] — o cov [X(s),X(t)] = Dx(sAt)

and since X () is Gaussian it also converges in distribution to a Wiener process W (t)
with diffusion coefficient Dy and initial condition W (0) = xy. Remark that to suppose
an over-damped regime is equivalent to take a very short transient delay ]

By summarizing, from now on we will take for granted that in an over-damped regime,
or anyway after a transient delay ¢ > 1/a, the position of a free Brownian motion is
well described by a Wiener process obeying to the (trivial) SDE

dX (t) = dWx (t) (9.17)

Remark in particular that the position X (t) diffuses isotropically because we see
from (9.6) that the initial velocity vy is quickly wiped out by the background noise
so that, after a short delay, E [V (t)] — 0 for ¢ > 1/a. The present discussion about
the Brownian motion in the over-damped regime will be resumed in a more general
setting later on in the Proposition 9.7

9.3 Ornstein-Uhlenbeck Markovianity

We have seen in the Proposition 9.1 that in the Ornstein-Uhlenbeck theory the veloc-
ity V(t) is a Markov process, while the position X (¢) is not. From a mathematical
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standpoint this follows from the fact that V(¢) satisfies the Langevin SDE (9.4), and
hence is Markovian according to the Proposition 8.18, while the relation (9.3) only en-
tails that X (¢) has a stochastic differential contingent on another process autonomous
w.r.t. the position. From the discussion of Section 7.1.1, however, we also know that
it is in general possible to recover a process Markovianity by adding the information
needed to this end: typically this means that we should consider vector processes with
several components in order to supply all the required additional information. In our
discussion a clue comes from the remark that in the Newtonian dynamics the state of
the system is not determined by the position x(t) alone, and must instead be described
in the phase space by the pair x(t),v(t) of position and velocity. This hints that we
should rather consider the phase space vector process

20 (vl )

so that the system of our two equations (9.3) and (9.4) can be given as a unique vector
SDE
dZ(t) = a(Z(t))dt + CdW (t) (9.18)

v 0 0
a(z) =a(zr,v) = < o ) C= ( 0 1 ) (9.19)
while W (t) is now a vector Wiener process with
WW»
Wi(t) =
Q ( Wy (1)

To not overload our discussion we we did not previously mentioned the vector SDE’s
like (9.18), that generally speaking take the form

where we took

dZ(t) = a(Z(t),t) dt + C(Z(t),t) dW (1) (9.20)

but we will here give for granted that — with some burdening in the notations — most of
the results stated in the previous sections hold even for the SDE’s of the type (9.20).
The solution of (9.18) with the degenerate initial condition

Z@:%:<%) (9.21)

Vo

apparently is the vector Z(t) whose components are the solutions (9.11) and (9.12)
previously found, but in this new formulation a new trait comes to the fore that has
been neglected in the discussion of the Section 9.1: the need to calculate also the
cross-correlation of the two processes X(t) and V(t), and more generally their joint
distribution in addition to their respective marginals
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Proposition 9.3. The cross-covariance of the Ornstein- Uhlenbeck processes X (t) and
V(t) is

cov [X(s),V(t)] = %2 [1 + % (e7lt=sl — 1) — 2¢ 4 6—a(t+s)} (9.22)

Proof: By using again the centered processes (9.14) and (9.15) we first find that
cov[X(3), V(1) = [)?W( >} B|70) [ V) ]

_ /E dt—/o cov [V (t), V(1)) df’

and then from (9.7) we can write

cov [X(s), = / _a|t - (t“,)) dt’

The result (9.22) finally follows from a boring elementary integration ]

Proposition 9.4. The solution Z(t) of the SDE (9.18) with initial conditions (9.21)
1s a Gaussian vector Markov process; the joint law of its two components at the time t
is M (b, A) with

- () -(EO) e

_ VIX(t)] cov[X (1), V(t)]
A= (cov[X(t),V(t)] VIV (D) )

B 62 ( QOét - 3 + 4€7at _ 672at a (1 _ 2€fat + 672at> )
- 2

Q (1 _ Qe—at + €—2at) OéQ (1 _ €—2at) (924>

«

We will skip instead for short to provide the explicit form of the joint distribution of
the pair Z(s), Z(t) that at any rate can be worked out along similar lines

Proof: Since Z(t) satisfies the (9.18), a generalization of the Proposition 8.18 entails
that such a solution too is a vector Markov process. As for its distribution, we also know
from the Proposition 9.1 that the two components X (¢) and V' (t) of Z(t) individually
are Gaussian processes, but this occurrence — to be sure — is not enough to entail
that such components also are jointly gaussian. For the time being we will take that
conclusion for granted without a proof by postponing to the next proposition the outline
of a possible checking procedure, and we will confine ourselves here to remark just that
in this event the expressions (9.23) and (9.24) for the vector of the means and the
covariance matrix of Z(t) follow from (9.22), (9.7) and (9.10) |
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Even the Proposition 8.19 establishing a correspondence between SDE’s and Fokker-
Planck equations can be suitably generalized to the case of vector processes of the
type (9.20), and in this case the Fokker-Planck equation will of course take the form
of a multivariate equation like (7.80) whose coefficients — at least when there is only
one Wiener noise — are found from the following rules that generalize (8.29)

A(x,t) = a(x,t) B(x,t) = D C(x,t)C"(x, ) (9.25)
where CT denotes the transposition of C

Proposition 9.5. The joint pdf’s of the r-vec Z(t) solution of the SDE (9.18) with
initial conditions (9.21) abides by the following phase space Fokker-Planck equation

Oif(x,v,t) = —00.f(x,v,t)+ad,[vf(zx,v,t)] + g O f(z,v,t) (9.26)
f(l‘,U,O) = f0($,1})

Proof: It would be enough to write down a bivariate Fokker-Planck (7.80) keeping
into account (9.25) and (9.19). Remark that while according to the Proposition 9.1 the
velocity V'(¢) is an Ornstein-Uhlenbeck process and hence its pdf satisfies a Fokker-
Planck equation of the type (8.46) — that could also be recovered from (9.26) with an
xz-marginalization — the position X (¢) on the contrary is not individually a Markov
process and hence its pdf is not the solutions of some partial differential equation: in
particular a v-marginalization of (9.26) to recover this supposed equation would not
lead to any coherent result

The equation (9.26) also enables us to design a procedure to directly check our
claim in the Proposition 9.4 that the vector process Z(t) is in fact Gaussian: being
Z (t) Markovian it is enough indeed to prove that the transition pdf is Gaussian. To this
end we could simply write down explicitly (what we did not for short in the previous
proposition) the presumed Gaussian bivariate pdf’s of Z(t) from (9.23) and (9.24),
then the corresponding transition pdf and finally verify by direct calculation that it is
the solutions of (9.26) with degenerate initial conditions f(x,v,0) = §(z —x¢)d(v —vp).
We will neglect however the details of this proof |

9.4 Brownian particle in a force field

Let us suppose now that our Brownian particle is embedded in an external force field,
so that the system of equations (9.3) and (9.4) becomes

dX(t) = V(t)dt (9.27)
dV(t) = ~v(X(t),t)dt — oV (t)dt + dWy(t) (9.28)

where y(z,t) is a new term with the dimensions of an acceleration brought in to reckon
our force field. This new system can again be rephrased as a unique vector SDFE of the
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9.4 Brownian particle in a force field

type (9.18) for Z(t) with the following coefficients

a(z) = a(z,v) = ( ot — o ) C— < - ) (9.29)

so that Z(t), as a solution of (9.18), still is a vector Markov process, but now the two
equations of the system are apparently coupled in a way no longer allowing to solve
them individually one after the other. A complete investigation of this problem would
consequently put forward more difficulties w.r.t. the previous free case, so that instead
of the general solutions we will rather investigate the possibility of extending — under
suitable conditions — the approximate approach already presented in the Section 9.2.
According to the Proposition 9.2 we know indeed that for a free Brownian motion a
Wiener process on the configuration space (positions x) under suitable conditions is a
good approximation for the position of the vector Markov process Z(t) on the phase
space x,v. When instead the Brownian motion occurs in a force field such a Markovian
approximation on the configuration space has been found by Smoluchowski and we will
outline in the following its main features
We start first by supposing that the force field i constant

Y(z,t) =0

so that the two equations of our system become
dX(t) = V(t)dt (9.30)
dV(t) = [y —aV(t)] dt + dWy(t) (9.31)
and being no longer coupled they can be easily solved as in the free case. The extra

constant 7y can indeed be reabsorbed with the following redefinition of the velocity
process

Yo
Vilt) = Vi) - 2
that now, instead of (9.31), satisfies the equation
dV,(t) = —aV,(t) dt + dWy (1)

that formally coincides with the Ornstein-Uhlenbeck equation (9.4) for V() in the
free case. The solution V, () is then again of the form (9.12), and hence we deduce
from (9.6) that, with an arbitrary initial condition and for times ¢ > 1/a, V, () will
asymptotically vanish, and consequently the velocity V' (¢) will tend to the constant
vo/c. We can then conclude that — after a short transient delay — the position X () of
the vector Markov process Z(t) will comply with the equation

dX (t) = % dt + dWy (1) (9.32)

that generalizes that of the free case (9.17), and whose solution simply is a Wiener
process superposed to a constant drift yot/«
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The next step consists then in the remark that this discussion hints to an extension
of the previous result to the case of a field v(x,t) varying slowly w.r.t the time scale
1/a characteristic of the model, so that it can be deemed roughly constant. We get in
this way the Smoluchowski: equation

¢xay:1£§gl9dt+dwk@) (9.33)

that constitutes the ground for an approximate theory where the dynamics only ap-
pears as a drift term in a SDFE, and the position becomes a Markov process. The
Smoluchowski equation defines thus in a configuration space a dynamical theory with
many important outcomes

Exemple 9.6. Elastic restoring force: The Smoluchowski approrimation provides
acceptable solutions when the force field is a linear (elastic) restoring force

v(z,t) = —wx (9.34)
so that the equations of the Ornstein-Uhlenbeck theory are

dX(t) = V(t)dt (9.35)
dV(t) = —w?X(t)dt —aV(t)dt+ dWy(t) (9.36)

that is in a vector notation

dZ(t) =a(Z(t),t)dt + C(Z(t),t) dW (t)
v 0 0
a(z):a(x,v):(_ng_ow) <C:(0 1)

The solutions of (9.35) and (9.36) can be explicitly calculated®, but they are rather
cumbersome and we will skip an explicit description of them. It is instead more in-
teresting to point out that the account provided by the solution of the corresponding
Smoluchowski equation

2

dX@:—%X@ﬁ+wm@ (9.37)

is indeed rather simple and accurate®. The equation (9.37) — with a suitable coefficient
redefinition — looks in fact again as an Ornstein-Uhlenbeck equation (8.45) for the po-
sition X (t) that now becomes a Gaussian Markov process with law N (xoe_“’2t/a, 21—
e~ 2%/ and with

62 . O./DX kT

1S. Chandrasekhar, Rev. Mod. Phys. 15 (1943) 1

2The behavior of a Brownian motion under the effect of an elastic restoring force has also been
empirically investigated with a few clever experiments by E. Kappler, Ann. Phys. 11 (1931) 233,
confirming the idea that the Smoluchowski approximation holds well when the drag « is large

202 mw?
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9.5 Boltzmann distribution

where k is the Boltzmann constant and T the temperature. This process also has an
asymptotic, imvariant distribution (0, 3%) accounting for a situation where — either
after a transient delay, or in an overdamped regime — our particle no longer diffuses
endlessly because of the contrast exercised by the binding restoring force

The scope of the Smoluchowski approximation (9.33) is not confined only to the case
of the elastic restoring forces: a more comprehensive formulation, anticipated at the
end of the Section 9.2, is presented in the next proposition where it has been deemed
expedient to define the new velocity field

v(z,t)

c(x,t) = -

Proposition 9.7. Under reasonable reqularity conditions on c(x,t), if X(t) and V(t)
are the solutions of the SDE system

dX(t) = V(t)dt X(0) =z
dV(t) = ac(X(t),t)dt —aV(t)dt + adWV(t) V(0)=w
while Y(t) is the solution of the SDE
dY (t) = c(Y(t),t) dt + dW(t) Y (0) =z
then, for every given vy, we have

lim X (¢) =Y (t) P-a.s.

a—r00
uniformly in t in every compact of [0, 4+00)

Proof: Omitted? [ ]

9.5 Boltzmann distribution

In the Smoluchowski equation for a Brownian particle in a force field

V(X(2), 1)

ax(t) = 5=

dt + dW (t) (9.38)
the external dynamics embodied by v(z,t) only appears in the form of the drift velocity
¢ = v/a, while it is completely missing in the diffusion term b = 1. In the present sec-
tion we will consider the case of time-independent force fields endowed with a potential
energy ¢(x) such that

my(z) = —¢'(x) (9.39)

3E. Nelson, DYNAMICAL THEORIES OF BROWNIAN MOTION, Princeton UP (Princeton, 1967)
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As a consequence the equation (9.38) becomes

ax () = -0 g4 ey

am
On the other hand from (6.76) and (9.5) we get

1 D Dp
am  2kT 2

where the thermodynamic parameter 1/kT traditionally designated as S (a notation

that we deemed better to maintain here) must not be misinterpreted as the homonym

parameter of the Ornstein-Uhlenbeck process of the previous sections. As a conse-

quence the Smoluchowski equation takes the form
D
dX(t) = 5 B (X (t))dt + dW (t)

and hence from the Proposition 8.19 with a(z,t) = —2¢/(z), and b(z,t) = 1 we find
the following Fokker-Planck equation for our Brownian motion in a potential ¢(x)

0f(,t) = 5 Wl (@)1 (w,0)] + 5 2 (,1) (9.40)

Proposition 9.8. When it exists, the stationary solution of the equation (9.40) is the
Boltzmann distribution

flay= (9.41)
r) = )
Z(pB)
where the normalization constant
+o00o
Z(B) = / e PP dy (9.42)

1s also called partition function

Proof: To check first that the Boltzmann distribution is a solution of (9.40) it is
enough to remark from (9.41) that 9,f = 0, and then that 0, f = —f¢'f. If conversely
f(z) is a stationary solution of (9.40), we first have 0;f = 0 and then from (9.40) we
find that f(x) must satisfy the first order equation

B/ () f () + f'(x) = C

where C'is an integration constant. Since on the other hand f(z) must be an integrable
pdf, the function f(x) must vanish for + — +oo. Assuming then that f with its first
derivative vanishes at the infinity fast enough to make the left hand side of our equation
infinitesimal as a whole for x — 400, we will get C' = 0 and hence the stationary f
must in fact satisfy the equation

B! () f () + f'(x) = 0

whose solution can be obtained with elementary methods and, after normalization,
coincides with the Boltzmann distribution (9.41) |
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9.5 Boltzmann distribution

Exemple 9.9. Elastic restoring force (continuation): Resuming the discussion
of the Example 9.6 with v as in (9.34), we unsurprisingly find from (9.39) that ¢ is
the harmonic oscillator potential

o(x) = %muﬂxz (9.43)

and hence, within the notation adopted in this section, the Smoluchowski equation (9.37)
becomes

dX@:—gmwﬁﬁMHMW@ (9.44)

From the Proposizione 9.8 we then find the Boltzmann distribution

[27kT
28) = \ 6mw2 n:w2

——,Bmw x2 e~ MW 222 /2kT

27 2nkT
Bmw? mw?

that apparently coincide with the stationary solution N (0 KT ) of the Ornstein-Uh-

Y mw2
lenbeck equation (9.37) investigated in the previous section

Exemple 9.10. Weight: Tuke now a negative constant acceleration y(x) = —g for a
process confined to the positive half-line x > 0. Supposing that x represent the height
of a corpuscle above a floor placed in x = 0, this model will describe the distribution
of the Brownian particles under the effect of the weight. We thus obtain from (9.59) a
potential ¢(x) = mgx, while the Smoluchowski equation (9.38) becomes

dX@:—gwwﬁ+MWﬂ

namely has constant coefficient, a case already discussed in the Section 8.5.1 but for the
fact that now we must impose the additional condition x > 0, that is f =0 for x <0,
so that now the solution can no longer be Gaussian. The corresponding Fokker-Planck
equation (9.40) is

D D
8tf(x,t):Eﬂmg@f(m,t)—l—;@if(x,t) x>0
and from the Proposition 9.8 we get the stationary solution
1 kT
Z(p) =
Bmg — myg
fa) = Bmge P 9(a) = ey (a)

where ¥ is the Heaviside function (2.13): the invariant distribution is then an exponen-
tial €(fmg) = € (%) accurately accounting for the upward thinning halo of minute
particles in a fluid suspension
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1/aVn
Student
Gauss

¢ (x) é(X)
1ar

f(x) f(x)

Figure 9.1: Gauss and Student stationary distributions respectively for the Smolu-
chowski equations (9.44) and (9.47). The temperature 7 is chosen in such a way that
2kT = mw?a?, entailing in particular that the Student law is in fact a Cauchy. The en-
ergy units instead are conventionally fixed in order to make comparable the superposed
curves

The Proposition 9.8 also enables us to solve a simple problem of reverse engineering:
find the potential ¢ acting on a Brownian particle and resulting in a given Boltzmann
stationary distribution (9.41)

Exemple 9.11. Student distributions: The family T(5) of Boltzmann pdf s

2

. PN S e
- = — 9.45
/(@) a B (l M) <a2 + :)32) Z(B) ( )

27 2

generalizes that of the Student distributions T, introduced in the Section 3.5.2: here
a > 0 1s a characteristic length, w > 0 is a parameter epitomizing the external potential

intensity and
()T (y)

[(x+y)

is the Riemann beta function. These distributions are well defined when Bmw?a® > 1,
namely if mw?a? > kT': this points out that our stationary solutions exist only if the
said balance between the potential strength w and the temperature T is conformed to.
From (9.45) we see at once that

B(x,y) =

1 2 1 202 -1
() = 5 mw?a®In <1 + %) Z(B)=aB (5, %) (9.46)
so that the Smoluchowski equation becomes
dX(t) = b Bmw? X (t) @ dt + dW (t) (9.47)
2 a? + X2(t) '
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9.5 Boltzmann distribution

Gauss

Student

Figure 9.2: The drift velocities (9.48) respectively for the Smoluchowski equa-
tions (9.44) and (9.47). We adopted the same parameter values used in the Figure 9.1

It 1s illuminating to look to analogies and differences between the Student stationary
solution of the Soluchowski equation (9.47), and the Gaussian stationary solution of
the Smoluchowski equation (9.44). In the Figure 9.1 two examples of these stationary
pdf ’s are portrayed along with the potentials ¢(x) yielding them: in both these instances
the parameters a,w and T have the same values. The two potentials (9.43) and (9.46)
approximately coincide near to x = 0, but for x — Foo they diverge with distinctly
different speed: in the harmonic case the potential (9.43) grows as x*, while in the
Student instance (9.46) it only increases aslnx. From a physical standpoint it is exactly
this feature that results in the difference between the two stationary distributions: the
harmonic potential (9.43), being more strong and binding, provides indeed Gaussian
stationary distributions that visibly are more piled up in x = 0 than the Student laws
(look also in the Figure 9.1 at the different behavior of the tails)

Since finally in the Smoluchowski approrimation the dynamical effects only appear
in the drift velocities a(x), it is also telling to compare their expressions

D 9 D

Bl fmwz 5 Srmw?z o (9.48)
respectively derived from the Smoluchowski equations (9.44) and (9.47). We displayed
their behaviors in the Figure 9.2: both the velocity fields drag the Brownian particle
toward the center x = 0 from every other location on the x axis;, while however in
the Gaussian case (9.44) the pull is always the same at every distance from z = 0,
for the Student laws (9.47) it attains a maximum value at a distance a from the center
and then asymptotically vanishes. Here again the juxtaposition shows in what sense the
harmonic potential (9.43) must be deemed more binding than potential (9.46) producing
the Student distributions
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Appendix A

Consistency (Sect. 2.3.4)

Consistency conditions are instrumental in the two Kolmogorov theorems 2.35 and
2.37, but they are also crucial in the supposedly more elementary discussion about
copulas at the end of the Section 2.3.4. In the following we will show that compliance
with these conditions is not at all a foregone conclusion, even in the very simple context
we will restrict to: that of discrete distributions on finite sets of integer numbers

Take first a trivariate, discrete distribution on the set {0,1} x {0,1} x {0, 1} of the
0-1 triples that (with a notation taken from the Section 2.1) will be denoted as

pijk:P{i7j;k} i,j,kE{O,l}
Such a distribution always is well define provided that
0<pijr <1 Zpijk =1 (A1)
irj,k

Here and in the following it will be understood that the summation indices always take
the values 0 and 1. From p;j; it is then possible to deduce — as in the Section 2.3.3 —
the three bivariate, marginal distributions on {0,1} x {0,1}

(1 _ (2) _ 3 _
Pjx = Zpijk i = Zpijk Dijs = Zpijk
g J k
and the three univariate, marginal (Bernoulli) distributions on {0, 1}

1,2 2,3 1,3
JU;(C ) = Zpijk: pg = Zpijk Pg ) = Zpijk
%, J,k i,k

Apparently this procedure also entails by construction the consistency of the three
levels of distributions because the extra marginalization relations

p? = Zpﬁ-? = pri)

p?? = ipﬁ) => "
k J

£ = A=Y
k 7
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are always trivially satisfied. We are interested now in finding to what extent — if at all
— this consistency can be preserved when we start instead backward from the lowest
level, namely from some univariate distributions

Start then now with three arbitrary, univariate Bernoulli distributions on {0,1}
(upper indices are now gone, because we are no longer supposing a priori to have
deduced them from some other given multivariate distribution)

P i=1

= < P<Z

bi {1—P i=0 0= Ps=l
Q =1

= <<
R k=1

rk{l—R k=0 0<h=l

and ask first if it would be possible to find three bivariate distributions p;;, gjx € ik
having the given Bernoulli as their marginals in the sense that

Zpijzzrik:pi Zpij:Zij:%' Zij:ZTikZTk (A.2)
j k i k g i

This is a linear system of 12 equations in the 12 unknowns p;;, ¢jr and ry, but we
should also remember that in order to be acceptable our solutions must take values in
[0, 1] in compliance with the conditions

sz‘j = qu'k = an =1
ij ik

ik

Only 9 among the 12 equations (A.2) are however linearly independent!, so that in
general we expect oo® solutions, with three free parameters p, ¢, to be chosen — if
possible — in a way giving rise to acceptable solutions. It is easy to check now that, for
given P,(Q), R of the initial distributions, the solutions can be put in the form

pu1=p q11 =¢q riy=Tr
p10:P—p Q10:Q_q 7"10:P—7“

po1 =@ —Dp g =R—q rop=R~—r
Po=1-P—-Q+p go=1—-R—-Q+q roo=1—P—R+r

and that in their turn they are acceptable distributions provided that P, Q, R,p,q,r
comply with the following restrictions

0<P<1 0<Q<1 0<R<1 (A.3)
0<p<PAQ 0<¢<QAR 0<r<PAR (A.4)

IThe rank of the coefficient matrix is indeed 9, and it coincides with the rank of the same matrix
augmented with the column of the constant terms
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which can always be easily met (here x A y = min{z,y}). In conclusion, however
taken the numbers P, @, R in [0, 1] (namely, for every choice of the initial univariate
distributions), we can always find (infinite) bivariate distributions consistent with the
given univariate

Go on now to the next level: take 6 numbers P,Q, R, p,q,r in compliance with
the conditions (A.3) and (A.4) (namely: take arbitrary, but consistent univariate and
e bivariate distributions p;, ¢;, 7 and pi;, gjk, 7) and ask if it is always possible to
find also a trivariate distribution p;;, which turns out to be consistent with these given
univariate and bivariate. In short ask if we can always find 8 numbers p;;;, in compliance
with the limitations (A.1), and satisfying the 12 equations

Zpijk = Dij Zpijk = gk Zpijk = Tik (A‘5>
k i J

The system (A.5) apparently is overdetermined (12 equations and 8 unknowns), but
we could check that both the coefficient matrix, and that augmented with the column
of the constant terms

IS

|
O
+
=

| L

|
g JESTNIS
+
Q

<

—T

v Oxd VO

—r
1-P—R+r

cCoOOoOHHOoOO0OORrROOO R
o000 OO OO R
cCooOHRORHROO0OO RO
oo OHOO0O0OO RO
OO0, OH,OO
— o000 O0OROO R, OO
OO0 OoORR OO, OOO
— OO0, OO~ OOO
COoOOoOR OO, OO O
COCOoOHO0OO0OOHROOOO
CoOOoOROHROOOO RO
OO OO0OoOO RO
OO0, OHOO
— o000 O0O RO RR,OO
OO0 OoOR,ROOROOO
— 0O 00RO O~ROOOO

have the same rank 7. Hence — according to the Rouché-Capelli theorem — the sys-
tem (A.5), albeit overdetermined, turns out to be compatible, and in fact has infinite
solutions with one free parameter s. It is possible to show then that the solutions of
the system (A.5) take the form

(plnz].—P—Q—R—Fp‘i‘q—'—T—S
pwo=P+Q+R—-1—q—r+s
po=P+Q+R-1-p—q+s
Poo=1-Q—-—R+q—s (A.6)
puu=P+Q+R—-1-p—r+s
p010:1—P—R+T—8

poor=1-P—-Q+p—s

L Pooo = S
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and we must ask now if — for every choice of the numbers P, @, R, p, ¢, r in compliance
with the conditions (A.3) and (A.4) — is it possible to find some s € [0, 1] such that (A.6)
are acceptable according to the limitations (A.1). Surprisingly enough the answer to
this question is in the negative, and we will show that by means of a counterexample

Since it would be easy to check that the sum of the p;;; in (A.6) always adds up
to 1, we are left with the problem of looking if all these 8 can be in [0, 1], at least for
some choice of s. Suppose then — in compliance with the condition (A.3) and (A.4) —
to take in particular

1 2+

“ls

1
P=Q=R ~ 0.426777 r= (A7)

namely the following consistent family of bivariate and univariate distributions

P11 = 2+8\/§ qu = 2+8\/§ T =1/4
_ 22 _ 22 _1
Pio = =3 dio = 3 T'10 —1/4 (A.8)
Po1r = 2_8\/5 qdo1 = 2_8\/5 To1 :1/4
DPoo = 2+8\/§ qoo = 2+\/§ Too =" /4
:p0:1/2 q1 = qo = 1/2 7"127“0:1/2

With this choice the (A.6) become

pin = 52 — 5~ 0.603553 — s
pro = —2 + s~ —0.176777 + s
Pro1 = f + 5~ —0.353553 + s
D100 = 2+f — 5~ 0.426777 — s
Pont = { + 5~ —0.176777 + 5
p010—i—3—025—s

poor = 22 — 5~ 0.426777 — 5

Pooo = S

\

and it is easy to see that there exists no value of s € [0, 1] such that all the p;;; lie in
[0,1]: to this end it is enough to remark that we should choose s > 0.353553 in order
to have p1p1 > 0, and that in this case it would be pgi9 < 0.25—0.353553 = —0.103553.
In short: there are consistent families of univariate and bivariate distributions not
allowing a consistent trivariate one

For later convenience, it is useful to remark here that the same conclusions could
have been drawn for a given set of univariate and conditional distributions, instead
of joint, bivariate distributions. It is easy to understand indeed that, from a formal
point of view to give the set (A.8) it is equivalent to give the set of the univariate and
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conditional probabilities p;; = pi;j/pj, Gk = Gik/ Ak, Tik = Tik/Tk, Damely

_ 2+V2 _ 242
Pip =73 G = =5 rin="/2
_ 22 _2—/2 _1
P1o = =4 qijo = 73 10 _1/2 (A 9)
Pojr = 274\/5 qojp = 274\& To1 :1/2
p1:p0:1/2 Q1IQO=1/2 7’1:7“0:1/2

that again can fit no trivariate distribution in a unique probability space

It is crucial to point out moreover that the previously underlined circumstance
does not pertain to the nature of the probability spaces, but it is rather a feature of
the families of distributions. If indeed we would suppose a priori to be inside a given,
unique probability space (£, F, P), and if we take only the distributions defined from
triples of events A, B, C' € F through relations such as

pin = P{ABC} pio = P{ABC}
pu = P{AB} pio=P{AB} ... qu=P{BC}
p = P{A} pOIP{Z} @ = P{B}

it would be easy to show that they would always be perfectly consistent. The pointed
out impossibility of finding trivariate laws consistent with arbitrary given bivariate and
univariate ones appears instead only when we consider families of distributions without
a priori connecting them with a unique probability space. From the example produced
in the present appendix we can say indeed that families of univariate and bivariate
laws with parameters of the type (A.7), while perfectly consistent among them, are
not derivable as marginals of a unique trivariate, and hence can not be described as
probabilities of events in a unique probability space. On the other hand it would
be useful to remember that, while laws and distributions are directly connected with
empirical observations, the probability spaces (albeit very important to give rigor to
the theory) are theoretical constructs introduced with the aim of describing how the
probabilities are combined: and in principle the model for these combinations could be
different from that of the probability spaces defined in the Chapter 1

The relevance of this last remark is better understood, however, if we consider a
point which has been so far left in the background: it is all too natural indeed to ask
why should we worry about the paradoxical behavior of a family of distributions so
carefully tailored to be baffling as that in (A.8) or (A.9): has ever been observed in the
reality some physical system displaying such an awkward behavior? Could not be this
just an anomalous, but practically irrelevant case? Even the answer to this question,
however, is rather surprising: the distributions (A.8), or (A.9) have not at all been
chosen in a captious or malicious way, and are instead of a considerable conceptual
interest. We will show now indeed that the conditional distributions® (A.9) are the

It is expedient here to use the conditional distributions (A.9) rather than the joint bivariate
distributions (A.8) because in quantum mechanics we can not calculate joint distributions when the
observables do not commute, while the corresponding conditional distributions are always available
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quantum mechanical distributions (calculated with the usual procedures based on the
square modulus of scalar products) of the possible values of the three observables
a-S, ,[;’ -S, and 4 -S projecting the spin S = (o, 0y, 0,) of the Pauli matrices on three
Versors &,B and 4 lying in the x, z plane at angles 0, /4, ™ /5 with the z axis, in an
initial eigenstate of oy

The Cartesian components © = (sin 6 cos ¢, sin 0 sin ¢, cos 6) of a versor in a three-
dimensional space depend on both the angle 6 € [0, 7] between © and the z axis, and
the angle ¢ € [0,27] between its projection ont the z-y plane and the z axis. As a
consequence the versors of our example have the following components

a=1(001 B= (ﬁ/Q, 0, ﬁ/z) ¥ =(1,0,0)

the spin projections are

&S = o,= ( 0 1
8-S = \/7_(% +o0,) =
vo = en(21)
while the system is supposed to be in an eigenstate of
o ( 0 —i )
v\ 0

It is easy to check now that the previous four observables have eigenvalues £1, that
the orthonormal systems of eigenvectors of the spin projections are

la+) = é |B+>=@(\/§1_1) [7+) = 7 1)
o) = Iﬁ—>:\/22_ﬂ(_\/%_1> =) =% _11)

and finally that the two orthonormal eigenvectors of o, (possible states of our system)

S mes() ()

Take now | y+) as the system state: if we call p;, g; e i, the distributions respectively
of &-S,8-S and 4 - S, we first find in agreement with (A.9)

= at+lyH)? =1/2 q = [(B+lyH) P ="/ r= (v +HyH)? ="/2
po = [{a—=ly+)I* ="/2 Q@ =(B=lyH)*="/2 ro = |[(y=ly+H)F ="/2
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As for the conditional distributions p;j, qjjk, 7 they will be then calculated from the
usual quantum procedure as |(a &=|B4)|?, (8 £|yE)|?, [{a £|y£)[?, so that, by using
the explicit form of our eigenvectors, we get the following conditional probabilities

([ pip = [{a +[B+) 2 = 2572
pip = [(a+]8-)? = 52
p0| = [{a—[B+)P = 252

\ ‘< |6 >’ = 2+4\/§

(@i = (B +y+)2 =252
qo = [(B+Iv—)P 274\/5
qop = (B —y+)|? = 52

L 4oj0 (B —|7_>|2 = 2+4\/i

(1= [{a+ 0P =1/
rip = o +y=)? ="/2
Tol1 = {a —|7+>|2 _1/2

L Tojo = [( _|’Y—>|2 =1/

which are nothing else than (A.9), and hence could not possibly fit any trivariate
distribution in a unique probability space. In other words, the systems of (univariate
and conditional) distributions coming from quantum mechanics can not in generale be
coherently shoehorned into a (unique) classical probabilistic model

In short, our example shows that there are quantum systems that do not allow a
coherent description within the framework of a unique probability space, and conse-
quently brings to the fore the probabilistic roots of the quantum paradozes. 1t is well
known, on the other hand, that the probabilistic models of the quantum mechanics are
not centered around a probability space (€2, F, P), but are rather related to states as
vectors in some Hilbert space with all the aftereffects we know. The discussion in the
present appendix, however, hints also that having conditional distributions not con-
sistent with a unique probability space is an open possibility even independently from
quantum models (albeit these seem today to be the only available concrete examples).
In other words, there is more in the multivariate families of laws than there is within
the framework of Kolmogorov probability spaces, so that the possibility of having con-
ditional distributions which behave in a quantum way is already allowed in the usual
probability if we drop any reference to probability spaces. The inconsistencies recalled
here are indeed known since longtime and have motivated many inquiries to find gen-
eral conditions for the existence of Kolmogorovian models for given families of laws: in
this perspective the celebrated Bell inequalities (proved in the 60’s within a discussion
about the Einstein-Podolski-Rosen paradox) can be considered as an example of such
conditions that apparently are not always satisfied by the quantum systems
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Appendix B

Inequalities (Sect. 3.3.2)

In the present appendix we will draw attention on a few important integral inequalities
that — in their probabilistic formulation — will be used in the text

Proposition B.1. Jensen inequality: If g(z) is a convezr (downward) Borel function,
and if X is an integrable rv, it is

9 (E[X]) < E[g(X)]

Proof: Jensen inequality is a rather general property instrumental in the proof of the
subsequent propositions. If g(z) is downward convex, for every zp € R it exists a
number A(zg) such that

9(x) = g(xo) + (z — o) A(z0) , VreR
By replacing then zy with E [X], and computing the functions in X we get
9(X) =z g(E[X]) + (X — E[X]))AE[X])

and the result follows by taking the expectation of both sides of this equation |

Corollary B.2. Lyapunov inequality: If X is a rv we have
E(|IX)]V < E[|1X]1]" 0<s<t
In particular it is

E[X| <E[X[])" < <B[X]"" <.

Proof: Take r = t/s > 1 and Y = |X|® and then use Jensen inequality with the
convex function g(x) = |z|" to get|E [Y]|" < E[|Y]"], namely

E( X)) < E[IX[]
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and the result follows at once. The subsequent inequality chain is just a particular
case. A relevant implication of the Lyapunov inequality is that if a 7o X has a finite
absolute moment of order r (E [|X|"] < 400), then all the absolute moments of an
order lesser than r are also finite; this instead is not true in general for the absolute
moments of order larger than r |

Proposition B.3. Holder inequality: Take two numbers p,q with

1
1<p< 4o 1<qg< 40 -+-=1
p q

and the mv’s X,Y with E[|X|P] < 400 and E[|Y]1] < +o0o: then the product XY is
also integrable, and we have

E[XY[| < E[IX[)'"E[Y|]"/
Remark that the well known Schwarz inequality
E(XY[? < E[x* E[y’]
1s a particular case of the Holder inequality for p = q = 2.

Proof: Omitted!: we will recall just the proof of the Schwarz inequality. Consider

first the case E [X?] # 0 and E [Y?] # 0 and take
-~ gy X
E[X?] E[Y?]

so that E [Xz] =1land FE [?2} = 1. Since (|X| - |§~/|)2 > 0, and hence

~h

QX V| < K24 7?2

we have

2E[|IXV|| <E[X] + E[7?] =2
y pv] <1 5[] B [r]

and the result follows by making use of the definitions of X and Y in terms of X and
Y. When instead at least one of the expectations vanishes, for instance if E [X?] = 0,
from 5 of Proposition 3.26 we get X = 0 P-a.s., and hence from 3 of the same
proposition we have also F [| XY'|] = 0. It is straightforward then to see how the result
follows even in this case n

LA.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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Proposition B.4. Minkowski inequality: Given the number p with
1<p< 40

and two rv’s X, Y such that E [| X |P] < 400 and E [|Y|P] < +00, then also E[| X + Y|P] <
+00 and we have
BIIX + Y P77 < BIXP By

Proof: Omitted? [ |

2A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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Appendix C

Bertrand’s paradox (Sect. 3.5.1)

In the first chapter of his classic book Calcul des Probabilités (Paris, 1889) Joseph
Bertrand dwells for a long time on the definition of probability, and in particular he
remarks that the random models with an uncountable number of possible results are
prone to particularly insidious misunderstandings. If for example we ask what is the
probability that a real number chosen at random between 0 and 100 is larger than
50, our natural answer is % Since however the real numbers between 0 and 100 are
also bijectively associated to their squares between 0 and 10000, we also feel that
our question should be equivalent to ask for the probability that our random number
turns out to be larger than 502 = 2500. If however we take at random a number
between 0 and 10000, intuitively again the probability of exceeding 2500 would now
be % instead of % The two problems look equivalent, but their two answers (apparently
both legitimates) are different: what is the root of this paradox? Bertrand states —
correctly — that the two questions are fallacious because the locution at random is too
careless, as a few other examples could show: he listed many telling cases, but we
will linger for a while only on the following one which is widely acknowledged as the
Bertrand paradox

Looking at the Figure C.1, take at random a chord on the radius 1 circle I': what is
the probability that its length exceeds that of the edge of an inscribed equilateral trian-
gle (namely /3)? Three acceptable answers are possible, but they are all numerically
different (in the following we will always make reference to the Figure C.1):

1. To take a chord at random is equivalent to choose the location of its middle
point (its orientation would be an aftermath), and to get the chord longer than
the triangle edge it is necessary and sufficient to take this middle point inside

the concentric circle v with radius 5 inscribed in the triangle. The required

probability is then the ratio between the area 7 of v and the area 7 of I', and
consequently we have p; = ;

N[ =

2. By symmetry the position of one chord endpoint along the circle is immaterial
to our calculations: then, for a given endpoint, the chord length will only be
contingent on the angle (between 0 and 7) with the tangent line 7 in the chosen

281



N. Cufaro Petroni: PROBABILITY AND PROCESSES

. r @

Figure C.1: Paradosso di Bertrand.

endpoint. If then we draw the triangle with one vertex in the chosen endpoint, the
chord at random will exceed its edge if the angle with the tangent falls between

7 and %’r, and the corresponding probability will be p, = %

3. Always by symmetry, also the random chord direction does not affect the required
probability. Fix then such a direction, and remark that the chord will exceed v/3
if its intersection with the orthogonal diameter falls within a distance from the
center smaller than %: this happens with probability p3 = %

To find our paradox origin we must remember that taking a number at random usually
means that this number is uniformly distributed in some interval. It is possible to
show however that what is considered as uniformly distributed in every one of the
three proposed solutions can not be at the same time uniformly distributed in the
other two: in other words, in our three solutions — by differently choosing what is
uniformly distributed — we surreptitiously adopt three different probability measures,
and consequently it is not astonishing that the three answers mutually disagree

To be more precise let us define (see Figure C.1) the three rv pairs representing the
coordinates describing the position of our chord in the three proposed solutions:
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1. the Cartesian coordinates (X,Y") of the chord middle point

2. the angles (A, B) respectively giving the position of the fixed endpoint and the
chord orientation w.r.t. the tangent

3. the polar coordinates (R, ©) of the chord-diameter intersection

In every instance however there is the concealed (namely not explicitly acknowledged)
hypothesis that the corresponding pair of coordinates is uniformly distributed, but
these three assumptions are not mutually consistent, as we will see at once, because
they require three different probability measures on the probability space where all our
rv’s are defined. In particular the three solutions respectively assume the following
uniform, joint distributions (here x4 () is an indicator):

1. the joint, uniform pdf on R>

Frv(zy) =~ xpa(e? + 1) (eR}

of the pair (X,Y): here the two rv’s are not independent
2. the joint, uniform pdf on R?

1
fap(a, B) = Q—HX[O,zw](a)X[o,n](ﬁ) (C.2)

of the pair (A, B) with independent components

3. and finally the joint, uniform pdf on R?

fre(r,0) = 5= X1 ()X (0 (©3)

of the pair (R, ©) again with independent components

Surely enough if we would adopt a unique probability space for our three solutions,
the three numerical results would be exactly coincident, but in this case only one of
the three rv pairs could be uniformly distributed, while the other joint distributions
should be derived from the results of the Section 3.47 for the functions of rv’s. The
crucial point is that there are indeed a few precise transformations allowing to go from
a pair of our rv’s to the other: by using these transformations we can show that if a
pair is jointly uniform, then the other two can not have the same property

Without going into the details of every possible combination we will confine our-
selves to discuss just the relations between the solutions (1) and (3). The transfor-
mations between the Cartesian coordinates (X,Y’) and the polar ones (R, ©) are well

knwn:
{x—rcos@ {r:\/ﬁ—f—y? r>0

y = rsinf ¢ = arctan ¥ —T<f<m
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with a Jacobian determinant

or or :
o= § §|-| 522, |-
P B_y —;Sln ;COS r

As a consequence, if (X,Y’) have the jointly uniform pdf (C.1), then the joint law of
the pair (R,©) must be deduced from (3.63) and will not be uniform: it will have

instead the pdf
1 r
ho(r.0) = — X(o.1 ()X, (6)
apparently different from the fre in (C.3). By taking advantage of this distribution
f]% it is easy to see now that also the probability in the framework of the solution (3)

would be )
2 ™ 1
p3:/ fdr/ o = =
o T o 4

in perfect agreement with the solution (1)

It is important to remark in conclusion that — as already pointed out at the be-
ginning of this appendix — the Bertrand-type paradoxes arise only when we consider
probability measures on uncountable sets. To clarify this last point it would be enough
to resume our initial problem of calculating the probability p(*) that a real number X
taken at random in [0, 100] exceeds 50: this we would readily concede to be p*) = %
The paradox appears when we try to calculate the probability p® that the square of
our real number X? taken at random in [0, 10 000] exceeds 50> = 2500, because in this
case we are spontaneously bent to think that it should now be p(® = }L. But the fact
is — as in the previous examples — that if X is uniform in [0, 100], then X? can not be
uniform in [0,10000], and vice-versa. In this case however it is easy to see that the
paradox does not show up when we ask for the probability (p(*) = %) of choosing at
random an integer number larger than 50 among the (equiprobable) numbers from 1 to
100. In this case in fact we would have the same answer (p(?) = %) also for the question
of calculating the probability of choosing at random a number larger than 2 500 among
the squared integers 1,4,9,...,10000, because now our set is again constituted of just

100 equiprobable integers
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Appendix D

L? spaces of rv’s (Sect. 4.1)

The symbol LP(Q,F,P), or even LP, denotes the set of rv’s defined on (92, F, P)
with FE [|X|P] < 400 and p > 0. These sets can be equipped of geometric structures
especially suitable for the applications. Remark first that,for every p > 0, we can
always give them a metric, namely a distance between two rv’s defined as

d(X,Y) = E[|X - Y[|'"

In this case L? is a metric space. If moreover p > 1, the Minkowski inequality (Proposi-
tion B.4) enables us to state that L? is also a vector space such that linear combinations
of its elements again are in LP. On these vector spaces L it is also possible to define
a norm, namely a length of the vectors X € LP defined as

X1, = E | X7

and hence also the convergence toward X of the sequences (X,,),en as the numerical
convergence toward zero || X, — X||, — 0. since these normed spaces are also complete?,
they are Banach spaces, where the distance is implemented through the norm as

d(X,Y) = [[X =Y,

Remark that from the Lyapunov inequality (Corollary B.2) we immediately conclude
that
X < 1Tl < 11Xl 1<p<g<+oo

As a consequence, if 1 < p < qand X € L9, then also X € L”, and therefore

L'D>LPD L 1<p<g<+oo
In a normed space (€, || - ||) a sequence (z,,)nen is a Cauchy sequence when
lim ||z, — 2| =0

A normed space is said to be complete if every Cauchy sequence of elements of £ converges toward
another element of £. In this case (€,] - ||) is also called a Banach space.
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Among the Banach spaces LP with p > 1, an especially relevant role is played by then
case p = 2, namely by the space L*(Q2, F, P): it is easy to show in fact that in this
case the norm || - ||2 can be implemented through a scalar product

(X,)Y) = FE[XY]
in the sense that in L? we have

IXl2 = V{(X, X) = VE[X?]

The spaces equipped with a scalar product, when they are also complete, take the name
of Hilbert spaces. The existence of a scalar product in a probability space allows
not only to use of functional analysis methods, but also to extend notions borrowed
from the geometry. We will say for instance that two rv’s X,Y € L? are orthogonal
when (X|Y) = E[XY] =0, and we will say that a set of rv’s in L? is an orthogonal
system when however taken among them two different rv’s they are orthogonal. If
moreover the elements of an orthogonal system are also normalized, that is || X2 = 1
for every element, then the set constitutes an orthonormal system. Remark finally
that, if two rv’s are not correlated we find

(X,Y) = E[XY] = E[X]E[Y]

so that they are orthogonal iff at least one has a vanishing expectation
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Appendix E

Moments and cumulants
(Sect. 4.2.1)

If all the moments m, = E[X"]| of a rv X exist and are finite, the Theorem 4.11
states that we can write down the power expansion of the chf ¢(u) of X; moreover
the Theorems 4.12 and 4.13 say that the chf (t) uniquely determines the pdf f(x)
of X (that for simplicity’s sake we suppose to be ac). It makes then sense to aske the
following question known as moments problem: can we trace back in a unique way
the pdf f(x) of a rv X from the knowledge of its moments (m,,),en? In particular the
problem of uniqueness can be stated as follows: given two pdf’s f(z) and g(z) such

that
+o0 +o0
/ 2" f(x)dx = / z"g(z)dx, n>1

o0 —0o0
can we conclude that f(z) = g(x) for every x?7 As a matter of fact it is possible to
show with counterexamples! that in general the answer is in the negative: it is possible
indeed to explicitly produce different distributions that have the same sequence of
momenta. it will therefore be important to establish under what sufficient conditions
the moment problem admits one, and only one solution

Theorem E.1. Take a vv v X and its moments m,, = E [X"| and p, = E[|X|"]: if
all the absolute moments , are finite and if

1/n
lim Hn < 400
non
then the moments m,, prescribe in a unique way the law of X. These sufficient con-
ditions are in particular definitely met when the distribution of X is concentrated in a
limited interval

The formula 4.18 of the Theorem 4.11 about the series expansion of the chf of a
rv X can moreover be extended to the chf o(u) of r-vec X = (Xy,...,X,) taking the

LA.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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form
z|k|

o(ug, ..., up Z/{; cuFrm, (kL k)
w M

where for short we have set {k} = {ki,...,k,} and |k| = k1 + ... + k,, while
mn(w) =my(ky, ... k) = B[ X' X

are the mized moments of the components of X. Also this expansion is of course cut
down to a finite sum with an infinitesimal remainder (Taylor formula) if the moments
do not exist from a certain order onward

It is helpful now to define also the logarithmic characteristic of the rv X

n(ug, ..., uy) =Inp(ug, ... uy,)

that is sometimes used instead of the chf. This is indeed often easier to handle than the
 and its properties can be more straightforward to study. For example for a Gaussian
rv N(b, a?) it is

while for a Cauchy €(a,b) it is

and for a Poisson P(«) we have

n(u) = a(e™ - 1)

Also a logarithmic characteristic of a r-vec admits (with the required clarifications on
the existence of the moments) a series expansion of the type

n(ug, ..., uy Zk btk e (ke k)
w
but its coefficients ¢, (k1, ..., k,), called cumulants, no longer are just the expectation

values of rv’s products. By comparing the two expansions it is however possible to
deduce the relations between the cumulants and the mixed moments of the components
of X: for instance we find (here the choice of the non zero indices is arbitrary and only
illustrative)

en(1,0,0,...,0) = mn(1,0,0,...,0)
en(1,1,0,...,0) = mn(1,1,0,...,0) — mn(1,0,0,...,0)mn(0,1,0,...,0)
en(1,1,1,...,0) = mn(1,1,1,...,0) — mn(1,1,0,...,0)mn(0,0,1,...,0)
—m,(1,0,1,...,0)m,(0,1,0,...,0)
i (0,1,1, .., 0)mn(1,0,0, ..., 0)



+2m,(1,0,0,...,0)m,(0,1,0,...,0)m,(0,0,1,...,0)

The complete relations are rather involved and we will ignore them?, but we will remark
that the value of the cumulants with more than one non zero index is a measure of the
correlation between the corresponding components Xj. If for instance the X are all
independent the chf is factorized and hence n(uq, ..., u,) is the sum of n terms, each
dependent on one wu only. In this case it is easy to see from the cumulant expansion
that the ¢, with more than one non zero index identically vanish

Finally, while — because of Lyapunov inequality E [X"]* < E[X?"] - the moments
can not be all zero from a certain order onward (all the moments contain relevant
information), for the cumulants this is possible at least in special cases. It is possible
to show in particular® that if n(w) is a polynomial, its degree can not exceed 2: see
for example the logarithmic characteristic of 91(b, a®). As a consequence either all the
cumulants vanish except the first two, or the number of non zero cumulants is infinite

2For a calculation procedure of the cumulants see for example C.W. Gardiner, HANDBOOK OF
STOCHASTIC METHODS, Springer (Berlin, 1997)
3A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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Appendix F

Binomial limit theorems (Sect. 4.3)

The earliest versions of the limit theorems (beginning of the XVIII century) basically
pertained to sequences of binomial rv’s and were proved by exploiting the analytic
properties of these particular distributions. The modern variants discussed in the
Chapter 4 instead, while validating substantially the same results, cover much more
general contexts and use more advanced demonstration techniques. In this appendix
we will briefly summarize some of the said archaic forms of the limit theorems that
still retain their suggestive power

The oldest theorem due to J. Bernoulli® starts by remarking that if the rv’s of the
sequence (X, )nen are 7d B (1;p) — they may represent the results of white and black
ball drawings according to the Bernoulli model of the Sections 2.1.2 and 3.2.4 — the
sums S, = Xj + ...+ X,, are binomial B (n;p): as a consequence we know that

EI[S,]| =np V [S,] = np(1 —p)

This leads to the remark that the expectation of the rv empirical frequency S, /n also
coincide with the probabilita p of drawing a white ball in every single trial:

AR
n
The frequency S, /n however is a rv, not a number as p is, and hence its random value
will not in general coincide with p in a single n-tuple of drawings. It is important
then to assess how far the rv frequency S,/n deviates from its expectation (that is
from the probability p) in order to appraise the confidence level of a possible estimation
of p (in general not known) through the empirical value of the frequency S, /n. It is
apparent indeed that the unique quantity available to the empirical observations is a
frequency counting, and not the value p of an a prior: probability. We could say that
the foundational problem of the statistics is to determine under what conditions a
measurement of the empirical frequency S,,/n allows a reliable estimation of p. We will

show now in what sense the difference between frequency and a priori probability can
be deemed to be small when n is large enough

1J. Bernoulli, ARS CONIECTANDI, Thurneysen (Basilea, 1713)
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Theorem F.1. Bernoulli Law of Large Numbers: Take a sequence S, binomial
rv’s B (n;p): then it is
Sn P
— p
n
Proof: From the Chebyshev inequality (3.42), and from the properties of the binomiali

rv’s B (n;p) we have

Sn 1 [S. 1 np(l1—p) p-p) _ 1
Pi|l——p|l>e; <=V |—|=—=VI[5,]= = <
{ ‘ - 6} € [n} n2e? [5n] n2e? ne T 4ne?
that immediately leads to the required result according to the Definition 4.1 [

Also the original De Moivre? version of theCentral Limit Theorem was confined
to sequences of binomial rv’s B (n; %), and even the subsequent Laplace® variants still
exploited the properties of sequences of B (n;p) rv’s with 0 < p < 1. These limit
theorems were presented under multiple guises, but here we will restrict ourselves to
the most popular only. Take a sequence of #id Bernoulli rv’s X,, ~ B (1;p): we know
that S, = X1,...,X,, ~ B (n;p), and that from (3.35) and (3.36) the standardized

sums
S n — NP

Sa
Vg

(F.1)

will take the n + 1 (non integer) values

We have then from from (2.1)

P{S) = a1} = P{S, =k} = pu(k) = (Z) p* " = pa(np + i /npq)

The classical formulation of the binomial limit theorems in point consists in asymptot-
ical (n — o0) results that allow to express the probabilities of the rv S’ in terms of
Gauss functions. We will not give them in their rigorous form that is rather tortuous?,
but we will summarize only the essential results

A first result known as Local Limit Theorem (LLT) is the rigorous formulation
of the statement that, for large values of n, the values p, (k) = p, (np + :ck\/n_pq) of the
binomial distribution are well approximated by a Gaussian function

e~ (k—np)?/2npq 1 e /2
vV 21npq _w/npq /2

2A. De Moivre, THE DOCTRINE OF CHANCES, Woodfall (London, 1738)
3P.S. de Laplace, THEORIE ANALYTIQUE DES PROBABILITES, Courcier (Paris, 1812)
4A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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It must be said however that this approximation is good only if k is not too far from
the expectation np of S, namely if z; is not too far from 0. More precisely the LLT
states that, for large values of n, there exist two sequences of positive numbers A,, and
B,, such that

¢~ (k=np)?/2npq

P{S, =k} ~ if |k — <A,
{5, =k} —— ikl <
1 6—90%/2

NoTRver:

The approximation instead is not so good if we move away from the center toward the
tails of the distribution, namely if k& is too far from np and x; is too far from 0

To remove these restrictions we move on to a second formulation known as Integral
Limit Theorem (ILT). To this end remark first that, for given p end n, the numbers

x) equidistant with
1

vau

For n — oo and z; not too far from 0, the LLT entitles us to write

Ay = T — T =

e—mi/Q
V2T

Since Az, — 0 for n — oo, the set of points x; tend to cover all the real line, and
hence, in a suitable sense, for large n and arbitrary a < b, we could expect that the
value of

Al‘k

P{S; =1} =p, (np + xk«/npq) ~

e—x%/2

V2r

Afbk

Pla< S <b}= Z P (np + Tp/npq) Z

k:a<xp<b k:a<xp<b

is well approximated by the integral

/ T e O (b) — d(a)

where ®(z) is the standard error function (2.16). The /LT states indeed that, for every
—o0 <a<b< +o0, and for n — oo we always find

—x2/2
™

b
P{a<S;’;§b}—>/a 6\/2_ dz = ®(b) — d(a)
that is, with a = np + a/npq and B = np + by/npq,

P{a<5n§»3}_>®(ﬂ\/%j)_®(a\/;b—£))
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From a technical standpoint the difference between the two formulations of the binomial
limit theorems is that, while in the LLT we compare the individual values of the
a (discrete) standardized binomial distribution with those of a (continuous) standard
normal function, in the ILT we compare sums of the said binomial with integrals of the
standard Gaussian pdf on arbitrary intervals: this has the effect of making relatively
negligible the local tail effects and hence of producing an unqualified convergence

The usual proofs of these two theorems resort to rather convoluted analytical argu-
mentations that we will neglect®: we will instead once more highlight the advantages
of the chf’s by giving an undemanding proof of the convergence in distribution of the
standard binomials S* in (F.1) to a standard normal 91 (0, 1). If indeed Xj, ..., X,, are
itd Bernoulli rv’s B (1;p), taken

~Xg—p Xy p

= — —
v 1pPq ALy ngq

we can write .
Si=> %
k=1
and since from (4.3) and (4.8) we find

— E Y] — —iu p/ng U — iuy/q/np —iu~/p/nq
oy, (u) [e"VF] = eV @X’“(\/n_pq petV +ge ™V

the S; chf turns out to be

QPSfl(u) — E [eiuS,’fL} _ HE [eiqu} — <p eiu\/q/np + qe—iu\/p/nq)

k=1

From a power expansion of the exponentials we then have

. u? . u? 1\]"
@S*(U) = p 1+Z'LL i__i +q 1—ZU ﬂ__ﬁ +O _
" np 2 np ng 2 ng n

and hence from the Lévy Theorem 4.16 we get S N 7N(0,1)

®A.N. Shiryaev, PROBABILITY, Springer (New York, 1996)
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Appendix G

Non uniform point processes
(Sect 6.1.1)

In the limiting procedure adopted to define the point processes in the Section 6.1.1 we
have supposed the point distributions on every finite interval 4L [—=7 /2,7 /5] to be always
uniform. This assumption however is not unavoidable and could be suitably revised
imagining that the intensity of the dots shower may vary according to the place

To scrutinize this idea remember first that, in the uniform case considered up to now
the rv N enumerating the points falling in a given interval of width At > 0 turns out to
be distributed according a Poisson law P(a) with o = AAt, so that E [N] = a = AAt.
Keeping then into account that

a=FE[N]—0 when At —0

and adopting the notation Av = o = E[N] = average number of points falling in an
interval of width At, we can also write

B Av N dv
At dt
in compliance with the idea that A represents the average number of points per unit
time. A constant A, as previously supposed, would embody the idea of a uniform points

density, but we are also free to suppose that A(t) is in fact a time dependent density,
so that

A At —0

_ dv(t)

A(t) o

namely dv(t) = A(t) dt
and hence

a=Av = /HN A(s) ds (G.1)

If now N is the number of random points falling into [¢,¢ + At], retracing the same
steps previously trodden for the uniform case we could show once again! that N is

L A. Papoulis, PROBABILITY, RANDOM VARIABLES AND STOCHASTIC PROCESSES, McGraw Hill
(Boston, 2002)
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distributed according to a Poisson law §B(«), but for the fact that now the value of
a will be (G.1) and will be contingent not only on the interval width A¢, but also on
its time location ¢. This entails in particular that — at variance with those of a simple
Poisson process — the increments of a non uniform counting process (also known in
the literature with the name of non-homogeneous counting processes) are no longer
stationary because their distribution depends not only on their width At but also on
their location ¢. Remark finally that A(t) is a density (measuring the average number
of points per unit time), but it is not a pdf. Typically we find indeed that

+00
/ A(t) dt = +00
—0o0

in agreement with the fact that such an integral represents the total (infinite) number
of the points thrown on the entire time axis. In the main text we always suppose that
a constant intensity A, but the possible generalizations can always be easily elaborated
by adopting the previous remarks as a stepping stone
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Appendix H

Stochastic calculus paradoxes
(Sect. 6.4.2)

To show the mistakes one can incur by carelessly enforcing the usual rules of the
calculus when dealing with stochastic processes, let us try to extend the Langevin
heuristic procedure outlined in the Section 6.4.2 to a slightly different problem: the
shot noise produced in the vacuum tubes by the random arrivals of individual electrons

The random current I(t) produced by the electrons will be modeled here as a shot
noise with h(t) = ¥(t)ge~™, so that, by keeping into account (6.66) with a Poisson
white noise of intensity A, our process will be

0 —+o00

I(t) = h(t—Tk):[h*N](t):/_ h(t — s)N(s) ds
= qe_at /_t easN(S) ds

By making use also of the white noise (6.65) derived from the compensated Poisson
process in the Example 6.21, from the usual differentiation rules we then get

I(t) = —qae“t/_t e N(s)ds + qN (t)
— —al(t) + gN(t) = [\q — aI(t)] + gV (1) (H.1)

This is now a first order differential equation akin to that of Langevin (6.78), where

however the role of the zero average fluctuating force B(t) is played by gN (t), a process
that again will be supposed uncorrelated with 7(t). To study the I(¢) fluctuations we
will look at the behavior of its variance

VI =E[P@#)] - EI®]
and to do that we take the expectation of (H.1)

©BII() = A — B [1(1)]
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so that we have )\
E[I()] = ?q + et (H.2)

where C'is ab integration constant. To get the variance we must now calculate E [I2(¢)]:
multiplying (H.1) by I(t), from the usual calculus rules we find first

%% = [(#)I(t) = AgI(t) — aI?(t) + gl ()N (2) (H.3)

and then taking the expectation

LB [P(0)] = MEI(0) ~ aB [P(1)] (H4)

From (H.2) we thus have

%E [I(t)] + 2aE [I*(t)] = 2XqE [I(t)] = 2\q (% + Ce_‘”)

and with another integration constant A

2 \® 2\
E [IZ(t)} = (_q) + 0 -at + Ae 27t

a a

The variance of our random current will finally be

VW =E[*t)] - EI) = (ﬁ) +C

a

2)\q
—e
a

2
—at —|—A6_2at _ (& +Ce—at)
a

and therefore asymptotically in time we paradoxically find

lim V[I(t)]=0 (H.5)
t—-+o0
namely, after a transient delay, the fluctuations just vanish, while we could have reason-
ably expected a convergence toward some constant non-zero variance. Let us scrutinize
this baffling result in more detail
Take again the — delusory undisputable — relation adopted in (H.3):

dI*(t)

= 2I(t)1(t)

and, in the light of the discussion of Section 6.3, retrace its usual justification. Habit-
ually with an infinitesimal dt we write

2

d[IP(t)] = P(t +dt) — I2(t) = [I(t) + dI(t)] = I2(t) = 20(t)dI(t) + [dI(t)]* (H.6)

and then, assuming that dI(t) = I(t)dt, we just neglect the second order term [] (t)dt] ?
to attain the result. Here however — since I(t) is not differentiable — we are no longer
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entitled to say that [dI(t)] ? coincides with some [f (t)dt] ?_that is with an infinitesimal
of order larger than dt. We must rather go back to the equation (H.1) sidestepping the
utilization of derivatives

dI(t) = Aqdt — al(t)dt + qdN(t) (H.7)
plug that into (H.6)
d[IP()] = 20(t)[Agdt — al(t)dt + gdN(t)] + [Agdt — al(t)dt + gdN (¢)]?
= [2XqI(t) — 2al(t)]dt + [Ag — al(t)]*(dt)?
+2qI(t) AN (t) + 2q[A\g — al (t)]dN (t) dt + ¢*[dN (1))

and finally, taking the expectations, neglect the higher order terms in dt (remember
that according to (6.72) E [d]v 2} = Adt is of the first order in dt) to find

dE [I*(t)] = (2AqE [[()] — 2aE [I*(t)]) dt + Ag*dt
Instead of (H.4) we therefore have

1d 9 9 Ag?
——E[I*(t)] = \E[I(t)] — aE [I*(t)] + -
2dt 2
with the new additional term Ag?/2, so that from (H.2), retracing the steps leading to
the puzzling result (H.5) we now attain a solution with the right asymptotic behaviors

for t = 400

EU@)] = Myce M
a a
2 2 2 2
E[IP(t)] = <&) AT P g (&> MECE
a 2a a a 2a
A2
VI = B[PO] - BUOP — 55 >0

This shows that our remarks about the stochastic infinitesimals discussed in the Sec-
tion 6.3 — even if inaccurate and intuitive — play a pivotal role to get an acceptable
result

The way Langevin — even relying on a non-rigorous mathematical formulation —
managed to avoid the previous mistakes and to get the correct results deserves some
scrutiny. It is interesting to remark indeed that, at variance with (H.3), the two rela-
tions (6.79) and (6.80) for the position process X (¢), even if only symbolic, are basically
correct: to show that we notice first that the dissimilarity between the two formula-
tions (6.77) and (6.78) of the dynamical equations conceals indeed a few important
details. Their diversity rests in fact on the idea that X (¢) is differentiable, namely that
a process X (t) = V(t) exists such that
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and then that the Newton equation

mX(t) = —6mnaX (t) + B(t) (H.8)
is equivalent to the system
X(t) = V()
mV(t) = —6mnaV(t)+ B(t) (H.9)

Here however, since the random force B(t) directly affects V(t) only, the velocity
process — at variance with X (¢) — will turn out to be not differentiable, so that the
Langevin equation (H.9) (with I(¢) replaced by V(t)) will have the same form of the
equation (H.1) adopted for the shot noise. This apparently entails first that if Langevin
had used (H.9) along with the formula

dV2(t)
dt

=2V ()V (1) (H.10)

he would have reached about V' (t) the same paradoxical conclusions drawn from (H.5)
for the shot noise: after a transient delay the Brownian particle would have stopped,
with V(¢) = 0 not only on average, but even P-a.s. namely with a zero variance. His
argument starts instead from the Newton equation (H.8) for the position process X (t),
and avails himself of the — symbolic, but essentially error-free — relations

S W] = aX X (H.11)
d? 9
-5 (X))

in order to find the Einstein result (6.82). We have then to explain why the equa-
tions (H.11) and (H.12) may be rather safely used, while (H.10), as we have seen,
would lead to paradoxes

First of all let us remark that, being X (¢) differentiuable, it is dX (t) = X (t)dt =
V (t)dt, so that the infinitesimal dX (¢) is of the first order in d¢, and hrnce (H.11) holds
allowing us to write

2X2(t) + 2X ()X (t) = 2V3(t) + 2X (1) X (¢) (H.12)

di[ X2(t)] = 2X (1) X () = 2X (1)V (¢) (H.13)

The equation (H.12), instead, while basically correct, remains purely symbolic because
it involves a derivative X (t) = V() that does not exist. To understand then why this
is nonetheless acceptable we must remark that

A X))V ()] = X(t+dt)V(t+dt) XtV (t)
+dXt} [V (t)+dV(t)] —
V(t)dt] [V(t)+dV ()] — X )V (t)
)

X ( X@OV(t)
[X(
:‘vmﬁ+xwwu+vmﬂ%M
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On the other hand dV/(¢) is an infinitesimal of the order O (dt'/?) because (as we will
better see in the Section 8.1), the fluctuating force B(t) of the Langevin equation (H.9)
is a Wienerian white noise W (t), so that putting (H.9) in the form

mdV (t) = —6mnaV (t)dt + dW (t)

we find that dV/(t) is an infinitesimal of the same order of dW (t), namely O (dt'/?).
We can therefore safely maintain that dV/(¢)dt is an infinitesimal of higher order, more
precisely O (dt*?), so that at first order we can write

A[X )V ()] = VZ(t)dt + X (t)dV (1)
and hence, symbolically at least and not wrongly, we can state that

%[X(t)V(t)] = VX)) + XOV(E) = Vi) + X)X (1)

so that (H.12) will be fully vindicated through (H.13)
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Appendix 1

Pseudo-Markov processes
(Sect. 7.1.2)

We will provide here a simple example! of a non-Markovian process whose transition
probabilities nevertheless abide by the Chapman-Kolmogorov condition: processes of
this kind are also caled pseudo-Markovian. Consider a process defined on a discrete
and finite time (¢ = 1,2, 3) and taking only two values (0 and 1): it will be represented
then just as a finite sequence X = (X7, Xo, X3) of three 0/1 rv’s. The trajectories of
this rudimentary (but legitimate) process are reduced to the 8 = 23 possible triplets
of 0,1 symbols, and its distribution can be given by choosing in a consistent way the
probabilities allotted to these 8 samples. By adopting the shorthand notations

p1,2,3(11317$2,$3) = P{X1 =11, Xy =19, X3 = m3}
pro(zy, xe) = P{X) =21, Xo = 22} ... pi(z1) = P{X; = 21}
p3\2,1($3|$27 ﬂUl) = P{X?, =3 ’ Xo =29, X1 = 331}
pap(ws|rs) = P{Xs5 = 23| Xy = 22}
we will therefore specify in the Table 1.1 the joint distribution pj s 3(x1, 29, x3) of our
process by simply assigning a probability to every single sample. This completely

defines in fact the law of the process because all the other lower-order marginal distri-
butions can then be deduced from the Table 1.1 as in the following examples

p12(0,0) = p1235(0,0,0) 4 p123(0,0,1) = '/,

p12(1,0) = p123(1,0,0) 4+ p123(1,0,1) = /4

p23(0,0) = p123(0,0,0) 4 p123(1,0,0) = '/,
p2(0) = p123(0,0,0) + p123(1,0,0) 4+ p123(0,0,1) + p123(1,0,1) = /s
p2(1) = p123(0,1,0) + p123(1,1,0) + p123(0,1,1) + pras(1,1,1) = 1/,

!This example is presented as an exercise in N.G. van Kampen, STOCHASTIC PROCESSES IN
PHysics AND CHEMISTRY, North-Holland (Amsterdam, 1992), p. 79, but its origin goes back to a P.
Lévy note (C. R. Acad. Sci. Paris 228 (1949) 2204) taken up again first by W. Feller (Ann. Math.
Stat. 30 (1959) 1252) and then by E. Parzen (STOCHASTIC PROCESSES, Holden-Day (San Francisco,
1962) p. 203)

— — ~—— “—
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’ X1 ‘ X ‘ X3 H P1,2;3 ‘
0 0 0 0
oo 1] %,
0 1 0 1/4
0 1 1 0
1 0 0 1/4
1 0 1 0
1 1 0 0
1 1 1 1/4

Table 1.1: Probabilities attributed to the 8 samples of the process X = (X7, Xs, X3)

’X1\X2 Hp1,2‘ ’Xz\X?, Hp2,3‘ ’X1\X3 le,:’)‘
010 | 010 |/, 010 | s
01|/, 01|/ 01|/,
10 |/, 0 |/, 10|/,
L1 11, 11

BN X | p | X | ps |
1/2 O 1/2 O 1/2
1 1/2 1 1/2 1 1/2

Table 1.2: Bivariate and univariate marginal distributions of X = (X;, Xs, X3) deduced
from the Table 1.1

The marginal distributions resulting from this procedure are collected in the Table 1.2
We are able now to calculate also the conditional distributions and to check first of all
that our process X is not Markovian: we have indeed

p1,2,3(07070) _ i _ O
p1,2(070) 1/4
p23(0,0) 1/4
0]0) = —/———==—"— =
P10 = T T

so that, at least in one instance, it is psp1 # psp, and hence the process is not
Markovian. That notwithstanding it is also easy to see that the transition probabilities
P21, P32 and pg)p satisfy the Chapman-Kolmogorov equations, namely — according to
the Definition 7.6 — that they are Markovian transition probabilities. We can indeed
deduce from the Table 1.2 that in any event it is

p3|2,1(0!0,0)

1/2

P2\1(-¢172 ’ 331) = P3|2(5173 | 332) = p3|1(333 \ 231) = l/2 T1, 29,23 = 0,1
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Table 1.3: Distribution of the Markov process X sharing its transition probabilities
with X

and hence that the Chapman-Kolmogorov equations always hold:

ZP3|2($3|902)P2\1($2|$1): Yol fot o o= Yat fa= 1o = pap(zs|z1)

x2=0

This surprising result is discussed in further detail in the Section 7.1.2, where it is
pointed out that it can be understood by remembering that — on the same sample
trajectory space — a process could possibly be endowed with several global distribu-
tions, all different but sharing the same family of Markovian transition laws: among
these processes however only one — if any — can exhibit the Markov property. In the
present example — on the space of the 8 sample trajectories (1, x2, x3) — the process X
with the law specified in the Table 1.1 has not the Markov property, but its transition
distributions are Markovian: this enables us then, through the chain rule of the Propo-
sition 7.4, to define another process X (on the same trajectories, but with a different
distribution p) that will turn out to be Markovian. The joint distribution of this new
process X for every value of the triplet x1, x5, 23 = 0,1 is indeed calculated from

171,2,3(1’1,9527353) = p3|2(x3 \ 332)102\1(%2 ’ 351)]91(301) = l/2 '1/2 '1/2 = 1/8

and is summarized in the Table 1.3, while its bivariate and univariate distributions stay
unchanged w.r.t. those of the initial process X
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Appendix J

Fractional Brownian motion
(Sect. 7.1.10)

It has been pointed out in the text that there are instances of — even rather elementary —
transition pdf’s that are not Markovian in the sense that they do not satisfy the Chap-
man-Kolmogorov equation (7.17). In this case this transition pdf — while possibly
being the legitimate conditional pdf of some conjectural stochastic process — in no way
can play the role of the transition pdf of a Markov process: in other words we are not
entitled to use the chain rule in order to retrieve the global law of the process from this
transition pdf alone. We also remarked however in the Section 7.1.10 that to find the
process distribution we can possibly make up for the lack of Markovianity by means of
Gaussianity. Let us remember then that a relevant case of a Gaussian, non Markovian
process is the so-called fractional Brownian motion' Y () that in some respects can
be considered as a generalization of the usual Wiener process

Starting from the remark that it is easy to check with a direct calculation that for
s,t >0 it is
t+s—|t—s| |t|+[s| |t —s]

2 B 2

we recall first that the autocovariance (6.47) of a Wiener process W (t) is

[t + [s] = [t — ]

2
and that all the joint laws of W (t) could also be deduced by plugging this autoco-
variance into the characteristic function (7.63). In order to define the Gaussian laws
of the fractional Brownian motion Y'(¢) we then generalize the previous setting taking
my (t) = 0 and the new autocovariance function

min{s,t} =

Cw(s,t) = Dmin{s,t} = D

D
Cy(s,t) = 3 (It + [P — [t = s")

'For further details see G. Samorodnitsky and M.S. Taqqu, STABLE NON-GAUSSIAN RANDOM
PROCESSES, Chapman&Hall/CRC (Boca Raton, 2000), ch. 7, and the classical paper B.B. Mandel-
brot and J.W. van Ness (STAM Review 10 (1968) 422). An updated tutorial can be retrieved from
the web page of A. Dieker http://www.columbia.edu/~ad3217/fbm.html
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where H, called Hurst index, is a real number with 0 < H < 1. It is therefore apparent
that the autocovariance of the usual Wiener process is retrieved when in particular
H =1/, while for all the other values of H it is possible to prove that Cy is non-
negative definite so that it can legitimately be used to define the distribution of the
Gaussian process Y (t) called fractional Brownian motion. Of course the particular
properties of the process Y (t) change according to the value of H and can be examined
in detail — even if we will neglect to do it — because all the finite, joint distributions
of the process are explicitly known. In particular the value of the Hurst index H is
associated to the correlation of the Y (¢) increments, and hence also to the regularity
of the trajectories. It is possible to show indeed that — omitting the Wiener case
H = '/, that comes up with independent increments — a value H > '/, entails a
positive correlation among the increments, while a value H < !/, hints to a negative
correlation. From an intuitive standpoint we could say that the former behavior (either
increasing or decreasing) of the trajectory affects the latter one: when H > !/, the
positive correlation entails more regular trajectories (the former behavior tends to be
confirmed), while if H < !/, the negative correlation produces the opposite effect (the
former behavior is contradicted by the latter one) giving rise to reinforced chaos
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Appendix K

Ornstein-Uhlenbeck equations
(Sect. 7.2.4)

We will give here an explicit derivation of the coefficients of the forward equation for
an Ornstein-Uhlenbeck process X (t), and we will show that its pdf’s are solutions of
the Fokker-Planck equation (7.94) put forward in the Proposition 7.40. Remark also
that the sample continuity of the Ornstein-Uhlenbeck processes directly follows from
the vanishing of the jump term

We will start precisely by proving that the jump term (7.64) vanishes so that X (t)
is sample continuous. Remark indeed that from (7.56) we have

_le—y)ry(a—e" A2
e 262(1_67204At)

1

At Aty/2r (1 — ¢ 2oa0)
(z—y)*
ae 282(1-e20A8%) _v?(=em Ny (e —y)(1—e " *AY)
— e QﬁQ(I_E—QQAt)
aAt\/21B2(1 — e~ 20AL)
_ (ac—y)QQAt 1
e 282(1—e—20AL) oAt 7y2(1—cfo‘At)+2y(z—y)
— ae 282 (14+e—@At)
3 —2aAt
= 21—e
(OéAt)Q 271'/8 Y T
and since it is easy to see that
20— oy (a—y) y(z—y) 1 — e—2aAt
lim ae 22 (e 0B = e 282 im ——— =1
At—0 At—0  2aAt
we can carry out the limit in two steps sopping first at the halfway expression
_@=y? 1
_y(z—y) e 4p2 oAt

x|y, t) = ae 267 lim
%) A0 (AL)2 /4732
and then, for z = ﬁ — +00, performing the elementary limit

7y(1*29> 9
ae 28 . 3 _(z=y)
l(z|y,t) = —— lim zZe %% " =0

\/W Z—+00
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As a consequence the Ornstein-Uhlenbeck equation will be of the Fokker-Planck type
and we are left only with the task of calculating its coefficients A and B. Within a
slightly changed notation, from (7.65) we first have that

1

Az, t) = Ell%i A£g+ A /|Zz|<6(z —x)f(z,t + At |z, t)dz

an then, by taking

P (1l —e ) L
\/52(1 _ e—zam) \/52(1 _ €—2aAt)
from (7.56) it follows
1 5
- “ye T
Alz,t) = 1 lim — 2(1 — e 2ant d
(w.0) = Jm Jim o | VT [Ty

Taking now into account the Gaussian primitive functions

_ﬁ Y

e ye
dy = ®(y) + const
5 =2 or

where ®(z) is the error function (2.16), we also get

»

N

Y

dy = —e” 2 4+ const

a2 a2
Oéﬁ2 1 — 672aAt e” T —e 3

T 200\t VAL

A(z,t) = lim lim \/

e—01T At—0t

Since on the other hand for every € > 0 it is

I =+ lim (®lay) — Pla))y=1  li
Jim ap=z£co  lim (®(ay) — $(a-)) lim —

we will have

1 — e @At \/aﬁQ 1 — e—2aAt [ 32
lim ——— (® —dla)) =1 li — 4/
At1—1>%+ alt (®(ar) (a-)) At1—1>%+ T 2 At T

while the other term takes the form

a2 a2 2
e~ 7T —e 2 _ a?(1-eT B2 T 552 (120l cx(1—e” @A) _ ex(1—e” %A
= e 282 (1—e—2alt) 652(1_67204At) —e B2(1—e—2aAt)

VAL VAL

_ €2 2aAt
_ x2(1_efaAt) e 4B82aAt 1—e—2alt ex _ ex
= e 2ﬁ2(1+57aAt) <6ﬁ2(1+€7aAt) —e 52(1+6704At))
VAt
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so that with v = ﬁ the limits are

12(1—5*0@%

At—01

— €T . EXT
lim e 282(+e—ab%) (652(”670‘“) —e 52(1%.;04&))

20 At

lim

At—0+ 1 — e~ 204t

&2

’ e 48ZaAt
im ———

At—0T /At u—+00
and hence for every € > 0 it follows

_e2 e
. ez —e 2
llm ——— =0

At—0+ vV At

Collecting then all the factors we finally find

Az, t) = —ax

A similar approach, whose details we will neglect here for short, leads finally to establish
that the diffusion coefficientB is indeed constant: more precisely, with the notation

D = 2a/3?%, we have
B(z,t) = D = 2a/3*

so that on the whole the Fokker-Planck equation of the Ornstein-Uhlenbeck process

takes the form (7.94)

52u

) 1
= lim wu2e 4aB?

€ex €x

e 2,6‘2 — 6_ 2ﬂ2

0f(2,1) = Byl f (2,6)] + B0 f(2,8) = adulef(2,0)] + 5 O o, 1)

In particular the transition pdf (7.56) will be the solution associated to the condition

f(z,t) = d(x — y) at the time ¢
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Appendix L

Stratonovich integral (Sect. 8.2.2)

It is important to recall that there are several definitions of stochastic integral different
from that of Ito, and in particular the approach due to R.L. Stratonovich deserves a few
clarifications: This alternative definition is chiefly based on a Riemann procedure of the
type (8.8), where however the values of the integrand Y'(¢) are taken in the midpoind
of the interval [t;,¢;41], instead than in its left end ¢;, according to the prescription

n 6—>0

(1))

Remark the new notation “o” introduced here to tell apart this integral from the
analogous Ito integral. The main appeal of this definition lies in the fact that by its
adoption the usual rules of the calculus remain unchanged, and this is likely to be the
reason why the Stratonovich integral has long been very popular among the physicists.
Unfortunately however in no way it enjoys the same properties of its [to counterpart:
rather its convergence and mathematical consistence are not without problems so that
its inherent qualities remain quite uncertain. Moreover there is no general rule that
allows passing from one definition to another, except for the following result!

Proposition L.1. (E. Wong, M. Zakai - 1969) If X(t) is a solution of the Ito
EDS (8.26), and if g(x,t) is a continuous differentiable function, within a few reqularity
assumptions that we will neglect here, the Ito and the Stratonovich integrals P-a.s.
verify the following relation

[ ax@neawe = [ oxo.0awe+ 5 [ exo.onx .o

in the sense that the l.h.s. exists iff the r.h.s. exists, and in this case the two coincide.
Here of course b(z,t) is the diffusion coefficient of the Ito EDS (8.26)

'For further details see C.W. Gardiner, HANDBOOK OF STOCHASTIC METHODS, Springer
(Berlin, 1997); T. Neckel, F. Rupp, RANDOM DIFFERENTIAL EQUATIONS IN SCIENTIFIC COM-
PUTING, Versita (London, 2013)
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Proof: Omitted? [ |

Remark in particular that, according to the previour proposition, the Ito and the
Stratonovich integrals coincide if g(z,t) = ¢(t) is z-independent. When moreover X ()
is a solution of the Ito EDS (8.26) (according to (8.27)), taking h(z,t) = b(x,t) it is
easy to see from the Proposition L.1 that X (¢) also is (always in an integral sense) a
solution of the following Stratonovich EDS

dX(t) = a(X(t),t)dt+b(X(t),t) odW(t)
a(z,t) = a(z,t) — %b(m,t) by(z,t)

The previous results may apparently be used to give — at least in these particular
instances — a consistent definition of the Stratonovich integral (and EDS) relying on
the corresponding Ito definitions that, as for them, are well posed. We will keep away
however from going along this path and we will always base our considerations on the
Ito integral — calculated from the procedure explained in the Section 8.2.2 — with all
its resulting modifications about the calculus rules

2See T. Neckel, F. Rupp, RANDOM DIFFERENTIAL EQUATIONS IN SCIENTIFIC COMPUTING,
Versita (London, 2013), p. 159
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additivity, 17

algebra, 13

almost surely (P-a.s.), 19
atom, 14

autocorrelation, 136
autocovariance, 136

Bernoulli trials, 29

Borel set, 15

Brownian motion, 165, 176
fractional, 307
geometric, 172

Buffon’s needle, 92

cadlag, 32
chain rule, 186
characteristic function, 106
Bernoulli B (1;p), 107
binomial B (n;p) laws, 107
Cauchy €(a), 108
degenerate 9, 107
Erlang &, (a), 116
exponential €(a), 108
Gaussian 91(b, a?), 108
Laplace £(a), 108
Poisson B(«), 107
uniform 4 (a, b), 107
combination, 12
composition of laws, 115
consistence, 51
convergence
P-a.s., 103
Cauchy test, 137
degenerate, 117
in L?, 103
in ms, 103, 137

in distribution, 103

in general, 104

in probability, 103

pointwise, 60

weak, 104
convex combination, 40
convolution, 99

discrete, 68
correlation coefficient, 80, 136
covariance, 80
covariance spectrum, 146
cumulant, 109, 288
cylinder, 15

decomposition, 14
decomposition of laws, 115
diffusion coefficient, 166
diffusion matrix, 207
disposition, 11
distribution, 25
Bernoulli B (1;p), 25, 35
binomial B (n;p), 25, 35
Boltzmann, 262
Cauchy €(b,a), 39
chi-squared x?2, 101
degenerate 6y, 34
discrete, 34
Erlang €, (a), 116, 150
exponential €(a), 38
finite dimensional, 64
Gaussian, 37
bivariate, 45
multivariate 91(b, A), 44
standard 9%(0, 1), 38
univariate M(b, a?), 37
joint, 63
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Laplace £(a), 38
log-normal m(b, a?), 98
marginal, 63
multinomial B (n;py, . ..
normal, see Gaussian, 37
Poisson B(«), 26, 35
singular, 39
Student ¥,,, 101
uniform U (a, b), 37
distribution function, 32, 57
absolutely continuous, 35
generalized, 33
generalized multivariate, 43
joint, 63
marginal, 46, 63
multivariate, 43
distribution of a rv, 56
drift vector, 207

equation
backward, 212
Chapman-Kolmogorov, 187
Fokker-Planck, 171, 214, 219
forward, 208, 212
Kolmogorov, 213
Langevin, 181
Liouville, 215
Smoluchowski, 260

equiprobability, 9

estimation in ms, 94

events, 12
conditionally independent, 23
independent, 22
negligible, 19

expectation, 71, 72
Bernoulli 98 (1;p), 77
binomial B (n;p), 77, 79
chi-squared x?2, 101
conditional, 89

w.r.t. a rv, 89
w.r.t. a r-vec, 91

degenerate 0y, 77
Erlang €, (a), 116

,Pr), 30

exponential €(a), 78
Gaussian 9 (b, a?), 77
Laplace £(a), 78
log-normal (b, a?), 98
Poisson B(«), 77
Student T,,, 101

uniform i (a, b), 77

filtration, 227
formula
Bayes, 22
inversion, 110
multiplication, 21
total probability, 20
Fourier transform, 106
frequency, 291
function
beta, 205, 264
Borel, 55
bounded variation, 224
error, 38
gamma, 101
Heaviside, 34
non-negative definite, 110, 111

generating function, 218
Hurst index, 308

increments, 133
independent, 189
process, 133
stationary, 140

indicator, 55

inequality
Chebyshev, 85
Holder , 278
Jensen, 277
Lyapunov, 277
Minkowski, 279
Schwarz, 278

infinitely divisible laws, 191

integral
Ito, 226
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Lebesgue, 72
over a set, 73
Lebesgue-Stieltjes, 73
stochastic, 139, 224
Stratonovich, 313
Wiener, 225
integration by parts, 238

Kolmogorov axioms, 19

Lévy density, 207
law, 25
law of a rv, 56
law of large numbers, 94
Bernoulli, 292
strong, 119
weak, 117
limit theorems, 190
Lipschitz conditions, 241
logarithmic characteristic, 288

marginalization, 46
Markov property, 183
master equation, 154, 211, 213
matrix
correlation, 80
covariance, 80, 85
non-negative definite, 44
mean lifetime, 91
measurability, 55
measure, 19
absolutely continuous, 35
finite, 19
Lebesgue, 19
Lebesgue-Stieltjes, 33
probability, 19
o-additive, 19
o-finite, 19
Wiener, 53
memoryless, 92
metric, 285
mixture, 40
mode, 80
modification, 134

moment, 73

absolute, 73
moments problem, 109, 287
Monte Carlo, method, 94, 119

norm, 285
orthogonality, 286

partition, 11
partition function, 262
permutation, 11
positive and negative parts, 71
power spectrum, 144, 146
probability, 9, 17, 19
a posteriori, 22
a priori, 22
classical definition, 9, 17
conditional, 20
finite, 17
joint, 20
space, 19
probability density, 35, 58
Cauchy €(b,a), 39
conditional, 88
conditioned, 86
Erlang €, (a), 116
exponential €(a), 38
Gaussian
univariate N(b, a?), 37
joint, 65
Laplace £(a), 38
log-normal, 172
log-normal (b, a?), 98
marginal, 65
multivariate, 44
Student ¥,,, 101
Student x2, 101
uniform, 37
process, 62, 133
canonical, 135
Cauchy, 201
centered, 136
continuous, 137
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counting, 151 complex, 62
non homogeneous, 296 continuous, 58
non uniform, 295 degenerate, 56, 58
differentiable, 138 discrete, 58
diffusion, 207, 214 extended, 61
equivalent, 134 identical P-a.s., 57
equivalent, wide sense, 134 identically distributed, 57, 66
ergodic, 142, 195 independent, 66
Gaussian, 136, 171, 206 indistinguishable, 57
growth, 154 integrable, 72
increments, 152, 175 simple, 56
Wiener, 166 standardized, 121
independent increments, 152, 189 uncorrelated, 80
indistinguishable, 134 random vector, 62
jump-diffusion, 207 canonical, 59
Lévy, 191, 196 discrete, 65
Markov, 183 Gaussian, 66, 113
non-anticipative, 227 bivariate, 84
Ornstein-Uhlenbeck, 178, 203, 248 random walk, 165
point, 149 regression, 95
Poisson renewals, 149
compensated, 158 reproductive properties
compound, 159 Cauchy &(a,b), 116
simple, 151, 199 degenerate 9, 115
Poisson impulses, 174 Gaussian 91(b, a?), 101, 115
pseudo-Markov, 303 Poisson PB(«), 115
pure jump, 213
sample continuous, 197 o-algebra, 14
separable, 135 Borel, 15
stationary, 140, 191 generated by a rv, 60
strict sense, 140 generated by subsets, 14
wide sense, 141 independent, 22
time homogeneous, 193 sampling
Wiener, 165, 166, 200 with replacement, 11
geometric, 172 without replacement, 11
standard, 166 scalar product, 286
self-similarity, 167
random element, 61 sequence of rv’s, 62
random sequence, 62 shot noise, 163, 297
random variable, 55 space
absolutely continuous, 58 Banach, 285
absolutely integrable, 72 Hilbert, 286
canonical, 59 probabilizable, 14
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sample, 10, 19
standard deviation, 80
statistics, 17, 291
stochastic differential, 176, 239
stochastic differential equation, 240
strong solution, 241
weak solution, 241
stochastic process, 62, 133
subadditivity, 19

theorem
Bayes, 22
Bochner, 110
continuity, 111
existence and uniqueness, 241
Kolmogorov on R*>, 51
Kolmogorov on RT, 52
Lebesgue, 61
Lebesgue-Nikodym, 40
limit

central for 7id rv’s, 121

central for independent rv’s, 122

integral, 293
local, 292
P. Lévy, 111
Poisson, 126
for binomial rv’s, 124
for multinomial r-vec’s, 125
Radon—Nikodym, 35
uniqueness, 109
Wiener-Khinchin, 145
transition pdf, 168
transition probability, 152

variance, 80
Bernoulli B (1;p), 83
binomial B (n;p), 83
chi-squared x?2, 101
degenerate 9y, 83
Erlang €,(a), 116
exponential €(a), 83
Gaussian N (b, a?), 84
Laplace £(a), 84
log-normal (b, a?), 98

Poisson (), 83

Srudent ¥,,, 101

uniform i (a, b), 83
vector of the means, 85
Venn diagrams, 12

weighed average, 71
white noise, 173
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