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Abstract

The goal of this thesis is to provide an understanding of the basics of stochastic calculus, in
particular stochastic differential equations, and to briefly discuss the theory of path integrals, in
order to explore and give a basic outline of how they can be used to find a precursor to a rare event

in a dynamical system.
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1 Introduction

This thesis will explore how one can use Stochastic Differential Equations (SDE) to solve the problem
of predicting a rare event in a dynamical system. We will also briefly look at the formulation of path
integrals, and how they can be used to optimize the path taken from one steady state to another when
such an event occurs.

A dynamical system is here interpreted as the movement of a Brownian particle over time, realized by a
stochastic differential equation.

We will be discussing some parts of ordinary calculus such as Ordinary Differential Equations (ODE),
as well as basic probability theory to get a starting point for the discussion of the stochastic differential

equations.

After introducing the SDE’s, we will go on to look at the theory of the It6 calculus and see that Ito’s

lemma is the stochastic calculus’ version of the chain rule for differentiation in ordinary calculus.

We will then discuss the theory of path integrals in physics, and lastly perform some numerical simulations

of a dynamical system exhibiting rare events.

The underlying problem stems from the previous research of ( , ), presented in the
text Predicting Rare Events in Stochastic Resonance. This publication was updated after this thesis was
started, and the title was changed to Precursors to Rare Events in Stochastic Resonance, but the version
used for this thesis is the old one. This theory has a wide range of applications, for example the detection

of natural disasters such as earthquakes or floods.

2 Background

In stochastic calculus we encounter stochastic differential equations. To be able to discuss this subject, we
will begin by introducing some of the underlying theories behind the SDE’s, such as ordinary differential

equations and Brownian motion.

There are many fields in which stochastic differential equations are used. In finance and insurance they
play a vital role in the simulations needed to provide adequate predictions and realistic models, whereas
in physics they may be used to study for example stochastic resonance, which can be described as the
phenomena where one increases the strength of a weak signal by introducing white noise to it. In this
thesis we will briefly discuss the application of SDE to financial matters, while the main part will cover
some applications of the study of stochastic resonance, and see how we can use the SDE to model this

kind of phenomena.
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2.1 Ordinary Differential Equations

In ordinary calculus we encounter the Ordinary Differential Equations (ODEs) as a tool to study evolu-
tionary processes which possess certain properties. One of these properties is determinacy, which implies
that all the past and future states of the processes can be determined by their current states. As a sim-
ple example of such an evolutionary process, consider the steady increase of money deposited (one time
deposit) in a bank account with a certain set interest. Denote the initial amount deposited by Xy, and
let the rate of change (i.e interest) of X be X’ = a. To answer the question of how much money we will
have in our bank account after ¢ years, we could, assuming we have a continuous interest rate, set up the
very simple ordinary differential equation % = aX which turns out to have the solution X (t) = %eat,

where % = Xp.

In general, a linear first order ordinary differential equation has the form

y'(t) +y(t)g(t) = h(t).

With the initial condition y(tg) = yo this equation can be expressed

dy

= Ty =h(), y(to) = o. (21.1)

One method to solve this equation is to realize that the left hand side of this equation contains the
derivative of y as a function of ¢, and also the function y itself, which points us in the direction of the

product rule of derivation. The product rule states that

d df dg
—(f(t)g(t)) = f'(t)g(t t)g'(t) = —g(t t)—.
S(F09(0) = F'(Dg(t) + F0)g' (1) = T g(t) + F(1) 2
However, the left hand side of (2.1.1) is not precisely on this form yet, so we need to modify it somehow

to fit the description of the product rule if we want to use this method for solving the ODE.

So we multiply our equation (2.1.1) by some arbitrary function p(t) and obtain the new equation

W ost) + ut)g(t)y = p(1)h(r). (2.1.2)

In order for this to be in the form of the product rule, we observe that p(¢)g(t) must be equal to p/(¢).

Realizing this, we calculate p(t) in the following way

_H(®)
ot = p(t)
_ [H®
& g(t)dt_/ o dt

= [ gttt =1 uto)
& el 90 = (1)
where we choose the positive z(t), since it is an arbitrary function. We also note that p/(t) = g(t)e/ 94 =
g(&)p(t).

Now if we let w(t) = p(t)y(t), we see that w'(t) = v/ (t)u(t) + 1’ (t)y(t)
left hand side of (2.1.2). Thus we obtain the result

"(t) = p(t)h(t)

(H)h(t)dt.

%u(t) + p(t)g(t)y which is the

g

= w(t) =

=
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This can now be rewritten, using the fundamental theorem of calculus

w(t) = wy +/ u(s)h(s)ds

to

which leads us to the solution to the ODE

y(t) = Mzt)(y@o)u(tow / u(S)h(S)dS)- (2.1.3)

to
It is this form of the solution to the ordinary differential equation that we shall use in a later section

when we introduce the stochastic differential equation.

This method for solving an ODE is by integrating factor. Another example of this method follows.

Example 2.1. Let % + 4 = e;. We introduce the integrating factor exp{f%dm} = e = 2, and
multiply the equation with this, leading to

xT

0
x—y erg = xe—.
or T T

Next we integrate both sides of the equation with respect to x, and find the general solution y to the

/z@—&—ydz:/exdx
ox

T

e
zy=e* S y=—.
x

ordinary differential equation

2.2 Probability theory
2.2.1 Sample spaces

The purpose of this subsection is to provide definitions of some important terms used in later sections.
This section will be quite dense with definitions, theorems and proofs ( , ), as we
are just laying down the basics for the further discussions later on. If the reader is familiar with basic
concepts of probability such as random wvariables, probability spaces and independence, this subsection
can be skipped altogether. In probability theory we deal with random experiments, where we know for

certain that something will happen but we cannot say exactly what will happen.

Definition 2.1 (Outcomes, events and sample spaces). The result of a random experiment is called an
outcome, and we will denote these by uy,us, ... . The set of all possible outcomes is called a sample space,
and this we will denote by Q. A specified set of outcomes is called an event, which we denote by A, B, ..,
and the set of all events is called an event space. Hence, every unique outcome is its own event, and So
is the whole sample space. A finite or countable infinite set of outcomes is called a discrete sample space,

and the rest are called continuous sample spaces.

Remark. Outcomes and events are not numbers but elements or sets of elements, thus we can not add
or subtract events, but instead we consider unions and intersections of events, which in turn are also

events. We denote the intersection of two events A and B by AN B and unions by AU B.

Definition 2.2 (Intersections). The intersection AN B of two sets (events) is the set of all elements
(outcomes) that are in both sets A and B, ANB={u:u€ A and u € B}.
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Figure 1: A Venn diagram depicting the two events A (area 1) and B (area 3), their intersection A N B
(area 2), and their union AU B (areas 1, 2 and 3), all within the sample space € (areas 1, 2, 3 and 4).

Definition 2.3 (Unions). The union AU B of two sets is the set of all elements that are in A, orin B,
orin ANB, AUB={u:u€ A orué€ B}.

Figure 1 above depicts the union and intersection of events A and B. Note that AU B = B U A and
AN B = BN A. The union and intersection of multiple events A, A, ..., A, is composed of the events
ATUAU.LUA, =UA;, and Ay N A N...N A, =N, A; respectively.

The complement of the event A is denoted A€, and is composed of all the outcomes within the sample
space that does not belong to A, A°:= {u € Q:u ¢ A}. The complement A€ in figure 1 is composed of
the areas marked 3 and 4. A special type of event is when there is no outcome. This event is called the
empty set and we denote it by #. The complement of the empty set is hence the entire sample space,
¢ = Q. If two events do not share any outcomes, we say that they are disjoint, i.e the intersection of
two such events would be the empty set, AN B = 0. If all the outcomes of the event A are also in B, we
say that A is a subset of B, denoted A C B.

2.2.2 Probabilities on sample spaces

Let us now define random experiments and probabilities over sample spaces. We can describe a random
experiment by defining the probabilities for all of the unique outcomes within the sample space. The
probability for the event A to happen is denoted P(A).

Definition 2.4 (Kolmogrovs axioms). In order for a real valued function P to be a probability function,

it must fulfil the following axioms:

1. 0 < P(A) <1 for all events A € ),
2. P)=1

3. if ANB =1, then P(AU B) = P(A) + P(B).
If the sample space is infinite, axiom 3 is replaced with

3. If A1, As, ... is an infinite sequence of pairwise disjoint events, i.e A; N A; = 0 for all i,# j, then
P(UZ,4;) = Zfil P(4;).

Given these axioms, we will interpret probabilities such as P(A) = ¢ for any c € R: 0 < ¢ < 1, to mean

that if we repeat the same random experiment multiple times, then the proportion of experiments where
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A occurs will be close to c. An event A is said to occur almost surely (abbreviated a.s) if P(A) = 1. Next

we give a theorem defining the probabilities for complements and unions.

Theorem 2.1. Let A and B be arbitrary events in the sample space ). Then
1. P(A°) =1- P(4),
2. P(0) =0,

3. P(AUB) = P(A)+ P(B) — P(ANB).

Proof. The proof for the first result is quite intuitive and simple. We note that AUA® = Q, and ANA® = (),
which together with the definitions given in def. 2.4 gives us P(A) + P(A°) = P(AU A°) = P(Q) = 1.
The proof of the second result is also simple. Since () = Q°¢, we can once again use definition 2.4 and
result 1 above to see that P()) = P(Q¢) =1 — P(2) = 0. The third result will require a bit more work.
Consider the two sets A and B N A°. These sets are disjoint, since no outcome that is in A can be in
BN A€ by definition. So AU (BN A€) = (), which along with Kolomogrovs third axiom gives us

P(AUB) = P(A) + P(B N A°). (2.2.1)

Using the same axiom, we note that if we divide the event B into two disjoint events B N A and B N A€
we get P(BN A¢) = P(B) — P(BN A) = P(B) — P(AN B). Substituting this into equation (2.2.1), we
obtain the third result of the theorem, P(AU B) = P(A) + P(B) — P(AN B). O

When talking about probability for real life events such as coin tossing or drawing random cards from
a playing deck in a way that most people can grasp, we are talking about the wuniform probability

distribution.

Definition 2.5 (Uniform distribution). A random experiment is said to have uniform probability distri-
bution if all the outcomes have the same probability, i.e if Q has n outcomes uy, ..., u,, then the probability

for each outcome is P(u;) = % fori=1,..,n.

This definition leads us to the classical definition of probability.

Theorem 2.2 (Classical definition of probability). Given a discrete sample space Q with uniform dis-
tribution, the probability of an event A occurring is equal to the amount of outcomes in A divided by the

total amount of outcomes in §2, i.e if there are m outcomes in A and n outcomes in 2, then

Before we give the proof of theorem 2.2, we will state and prove the following proposition.

Proposition 2.1. If Ay, ..., Al,, are disjoint events, then P(Ul- A;) = > i | P(A;) for any n € N*.
The proof will be given by mathematical induction.

Proof. Let I(n) : P(U~;A;) = Y. P(A;). We want to show that I(n) holds true for any n € N*.
Base step.
Let n = 2. Then by Kolmogorov’s third axiom we get

P(Ui_1Ai) = P(A1 U Ay) = P(A;) + P(42) = > P(Ay),

=1
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since the events are disjoint by assumption.
Inductive step.

Assume n = m for some m € NT. Then

m m—+1
P(U Ay) + P(Apyr) = ZP(A“ + P(Apy1) = Z P(A;).

From Kolmogorov’s third axiom, we get that
P(Am U Am+1) == P(Am) + P(Am+1),

thus
P(UL A + P(Apg) = P(UA),

which leads us to
m—+1

P(UZTTA) = P(A).
i=1

Since both the base step and the inductive step has been shown to hold true, the statement I(n) holds

true for any n € N by mathematical induction. O

Proof of Theorem 2.2. Assume the sample space ) contains n outcomes uq,...,u,. By Kolmogorov’s
axioms we have that P(Q) = 1, and P(Q) = Y., P(U;) by proposition 2.1. Since the outcomes in § are
uniformly distributed, we have that P(u;) = P(u;) for all 1 <4 <mn and 1 < j < n, which implies that

Pu;) = % for all 1 <4 < mn. Thus for an event A consisting of m events, we get

PA)= Y Pu)= Y 1:%.

n
{t:u;€A} {iu; €A}

2.2.3 Conditional probability

As we will see in later sections of this thesis, we are sometimes interested in the probability of an event
B occurring, given that event A has already occurred. This kind of probability is called conditional
probability and we denote it by P(B|A).

Definition 2.6 (Conditional probability). Let A be an arbitrary event such that P(A) > 0. The con-
ditional probability that the event B will occur, given that the event A has already occurred is defined

as
P(BN A)

P(BIA) = =55

This definition will be important when we define the path integral, since we will be looking at the

conditional probabilities of particles passing through successive points to form a path.

Another important property events can have is independence. If two events A and B are independent,
then the probability of event B occurring will not be affected by whether or not event A has already

occurred.

Definition 2.7 (Independent event). Two events A and B are independent if P(A|B) = P(A) given
that P(B) > 0, and P(B|A) = P(B) given that P(A) > 0. Another way to express this is that the events
are independent if P(AN B) = P(A)P(B).
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A set of events {A1, Ag,...} is pairwise independent if P(A; N A;) = P(A;)P(A;) for all (i,7) : i # j.
If all the subsets of the set are also pairwise independent, i.e for all k¥ > 2 and subsets {4;1,.., At}
where i1 < -+ < i) we have P(A;; N--- N A;) = P(A;1) - - P(A;), then the set is said to be mutually

independent.

For some random experiments the probability of an event can be intuitive. Take for example the tossing
of a coin, where the possible outcomes are heads and tails. Since there are only two possible outcomes,
and they are clearly disjoint, we will have that P(AU B) = P(Q2) = 1 = P(A) + P(B). Furthermore
the two events are uniformly distributed, leading us to the conclusion that P(A) = P(B) = 1. This is
however a very trivial example, and there are many scenarios in which we can not intuitively say anything
about the probability of an event without some additional information. In these scenarios, the following

theorem can be useful.

Theorem 2.3 (Law of total probability). For a sample space Q2 consisting of disjoint events A; with
P(A;) >0 fori=1,..n such that U} A; = Q, the probability of any event B = U (BN A;) occurring

18 given by

- ZP(B|AZ»)P(AZ-).

Proof. Since the events A; are disjoint, the events BN A; are also disjoint and we can apply Kolmogorov’s

third axiom

P(B) = P(U_, (BN 4;) i P(BNA4;)

The definition of conditional probability gives us P(B|A;)P(4;) = P(BN A;), completing the proof. [

The final theorem we will prove before moving on to defining random variables, is Bayes’ theorem.
Theorem 2.4 (Bayes’ theorem). For a sample space ) consisting of disjoint events A; with P(A;) > 0
fori=1,..n such that Ul A; = Q, the probability of any event B = U1 (B N A;) occurring is given by

P(Ai)P(B|A;)
> i1 P(A;)P(B|A;)

P(Ai|B) =

Proof. From the definition of conditional probability we have

P(A; N B)

P(AB) = =50 (2.2.2)
and
P(BIA) = P50 & PUBIA)P(A) = P(BN A)

which matches the numerator in 2.2.2 with the numerator of the theorem. Furthermore, by theorem 2.3

we get
ZP P(B|A;)

P( )P(B|A;)  _ P(AiNB)

Y1 P(4;)P(B|4;) —  P(B)

= P(A;|B) =
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2.2.4 Probability spaces

In order to make sense of statements like ”the probability of event x occurring is y”, we need to define a

probability space.

Definition 2.8 (Probability space). A probability space is made up of three components, a non-empty
sample space §2, a o-algebra (event space) F, and a probability function P such that P : F — [0,1].

Remark. A o algebra is a collection F of subsets of a set Q such that

e PecF
o if AcF, then A€ F

o if A1, Ay, .. is a countable collection of sets in F, then their union U, A, € F.

2.2.5 Random variables
A random variable, or stochastic variable as they are also called, is a variable for which the values depend
on the outcome of a random experiment.

Definition 2.9 (Random variable). A random variable X (u) is a function defined on a sample space,
X : Q — E for some measurable set E. Here we will be treating the most common case which is that
X (u) is a real valued function and hence E = R. When the random experiment has been performed and
an outcome has been observed, the value of the function X (u) is called an observation of the random
variable. The argument u is often omitted, and we simply write X instead of X (u) for random variables,

and x for the observations of X.

Since the sample space can be either a discrete or a continuous one, we will need definitions for both

kinds of random variables. We will start by defining the discrete kind, and a few of its properties.

Definition 2.10 (Discrete random variables and their probability functions). A random variable X
is discrete if it can assume a finite or countably infinite amount of values, x1,xs,.... The probability

distribution function px for a discrete random variable is defined
px(z) =P(X =2x), x=ux1,29,...

Theorem 2.5 (Properties of probability functions). For a discrete random variable, the following is true

(treating the most common integer-valued random variable)
1. 0<px(z)<1, VkeZ,
2. > px(k) =1,
3. Pla< X <b) =3 (a<n<ey Px (k)
4- P(X < a) =3 (pn<ay Px (K),

5. P(X >a) = Z{k:k>a} px(k)=1- Z{k;kga} px(k)=1-P(X <a).

Remark. We treat the integer-valued discrete random variables since these are the most common kind
of discrete random variables, although the same properties can be verified for real-valued discrete random

variables.
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Proof. 1. Consider the subset Ay, of 2 consisting of all the outcomes u such that X (u) = k. For this
subset or event Ay, we get by Kolmogorov’s axioms that 0 < P(Ax) < 1, which proves the first
statement since px (k) = P(X = k) = P(Ag).

2. Since X (u) only assumes one value for each individual u, the events Ag, A1, ... will all be disjoint,

and so we can once again use Kolmogorov’s axioms to prove statement 2 in the theorem,

> px(k)=> P(A) =P(Q) =1
k k

3. The event Ugy.,<p<py A is the same as the event a < X < b. Thus, again using Kolmogorov’s

axioms and the fact that the events Ay are disjoint, we obtain

P(a <X <b) = P(Ugra<k<nyAk) = >, px(k).
{k:a<k<b}

4. The event {X < a} is identical to the event Uy.;<q} Ax. Hence, by disjoint events and Kolmogorov’s

axioms, we obtain
P(X <a) = P(Upr<a}Ar) = Y px(k).
{k:k<a}
5. The event X > a is identical to the event Ujz.q<xyAx. Again by disjoint events and Kolmogorov’s

axioms, we obtain

P(X > a) = P(Ugra<ry Ax = Z px (k).
{k:a<k}

Since we know from statement 2 that ), px (k) = 1, we observe that

S opx(B)+ > px(k)=1

{k:a<k} {k:k<a}
e Y pxk)=1- " px(k)
{kia<k} {k:k<a}

& P(X >a)=1-P(X < a).
O

To calculate probabilities such as P(a < X < b), for a random variable X, we can also use what is called

a probability distribution function.

Definition 2.11 (Probability distribution function). For a random variable X, the probability distribu-
tion function Fx(t) is defined as

Fx(t):=P(X <t), —oco<t<o0.
So, for example, for a discrete random variable X, by property number 4 of theorem 2.5, the value of the

distribution function in the point ¢ is Fix () = P(X < t) = >y} 1<4y P(k). Next we will give a theorem

concerning some properties of the distribution function.

Theorem 2.6. Let Fx(t) be the distribution function of a random wvariable X. Then the following

statements are true

1.0<Fx(t) <1, Vt,
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. t — Fx(t) is monotonically increasing and right-continuous,
L limy, oo Fix (t) =0,

Cimy 00 Fx (E) =1,

Pla< X <b)=F(b) — F(a),

. P(X >a)=1-F(a),

Proof. 1. Let Ay :={u: X (u) <t}. Then P(A;) = P(X <t)= Fx(t), and by Kolmogorov’s axioms

2.

OSFx(t) <1.

i) t — Fx(t) is monotonically increasing. Consider the observations = and y where z < y.
From the definitions of the distribution function and probability events, we have that A, C A,.
We divide A, in two disjoint subsets A, = A, U A, = {u: 2 < X(u) <y}. We now obtain

the following, once again using Kolmogorov’s axioms
Fx(x) = P(Az) < P(As) + P(A@y)) = P(4y) = Fx(y),

which proves that Fx is monotonically increasing.

ii) Fx is right-continuous will be proven only for the case where X is discrete and integer-
valued. We fix ¢t and let |t] be the integer part of ¢. Then we have |t + h] = [t]| for h > 0
small enough. Then we obtain Fx(t 4+ h) = Fx ([t + h]) = Fx([t]) = Fx(t), proving that Fx

is right continuous.

. Ast — —oo, the cardinality' of the set Ay := {k : k <t} will tend to zero

til{noo|{k:k§t}|:0.
Thus P(Ax) — P(0) =0 ast — —oo.

Similarly as in the proof for statement 3, as ¢ — oo the subset Ay := {k: k < ¢} will tend to the
whole sample space 2, leading to lim; ,~, P(A4x) = P(Q2) = 1.

. We have that

Pla<X<b)= Y  px(k)= Y px(k)— > px(k)=F(@b)—F(a)

{k:a<k<b} {k:k<b} {k:k<a}

. P(X >a)=1- F(a) follows directly from statement 5 in theorem 2.5 and the definition of F(a).

O

We now move on to define the continuous random variable.

Definition 2.12 (Continuous random variables and density functions). A random variable X is contin-

uous if there exists a function fx(x) such that for all events or subsets A

The

PMGM:Ak@ﬁ.

function fx(x) is known as the density function of the continuous random variable X .

IThe cardinality of a set is a measure of the number of elements in the set.
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The relation between the distribution functions F'x(¢) for continuous random variables, and the density

functions fx(t) will be given by the following theorem.

Theorem 2.7. Given a continuous random wvariable X with density function fx(-) and distribution

function Fx(-), the following is true for all points where fx(-) is continuous

Fx(x) = /:T fx(t) dt.

and conversely
F h)—F
() = F(a) = lim XN = (@)
h—0 h

It is also true that ffooo fx(t) dt = 1.

Proof. Consider the event A, := {u: —o0o0 < X(u) < z}. The definition of the density function gives
us P(X € A;) = [*__ fx(t) dt. The next statement is obtained using the first statement and the

fundamental theorem of calculus.

The last statement [*_ fx(t)dt = 1 follows from the observation that [ fx(t)dt = lim, e Fx (),

and from statement 4 in theorem 2.6 we know that lim,_, F'x(x) = 1 for any distribution function.

O

Given the nature of random variables, it can be difficult to make intuitive predictions about their be-
haviour. But if we know the probability function or the density function for the random variable, we can

define its expected value.

Definition 2.13 (Expected value (mean)). The expected value of a random variable X, or mean as it is

also called, is a real number denoted by E(X). For discrete random variables it is defined as

E(X) = kpx(k) (2.2.3)
k
and for continuous random variables
E(X) ::/ zfx(z) dx. (2.2.4)

If the sum or the integral is infinite however, then X does not have an expected value.

In the next section we will be studying functions of random variables, and so we need to define the

expected value of these types of functions as well.

Theorem 2.8 (Expected value of a function of a random variable). Let the random variable Y be defined

by Y := g(X), where X is a random variable and g(-) is a real valued function. Then

> ox 9(E)px (k) if X is discrete,
ffooo g(z)fx(z) dz  if X is continuous.

Proof. We will prove the discrete case. We note that P(g(X) = j) = >y 0=} (X = k). This leads

us to

E(Y)= ZjP(Y =j) = ZjP(g(X) =)
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=S Y gpx=k=Y Y gkPX =k

J Ak:g(k)=5} J Ak:g(k)=35}
= 3" g(h)P(X = k).
k

O

Two other useful measurements of random variables are their variances and standard deviations. These

can give us a perception of how much the values deviate from the mean value.

Definition 2.14 (Variance). For a random variable X with mean value E(X) = u, the variance o? is

defined as 0% = V(X) := E((X — w)?), if pu is finite. Using theorem 2.8, this can also be expressed as

Sk — w)2px(k), if X is discrete,

V(X) =
ffooo(l’ — w)?fx(z) dv, if X is continuous.

Definition 2.15 (Standard deviation). The standard deviation of a random variable X is defined as

D(X) = V/T(X) = Ve =

Theorem 2.9. For a random variable X with mean value E(X) and variance V(X), and constants a
and b we have
E(aX +b)=aFE(x)+b

V(aX +b) = a*V(2)

D(aX +b) = |a|D(x).

Proof. Proof of the continuous case. Let X be a continuous random variable and a, b constants. then we

have -
E(aX +b) = / (ax +b) fx(x) dx
0o x () dev=aE(X)+b.
= a/ xfx(x)+ b/

For the variance we use the definition of variance to obtain
V(aX +b) = E((aX +b— (aE(X) +b))?)

= EB(d*(X — E(X))?) = d*E((X — E(X))?) = d*V(X).

Lastly, for the standard deviation we get

D(aX +b) = /V(aX +b) = /a2V(X) = |a|D(X).
O

Theorem 2.10 (Calculating variance). The variance for a random variable X with mean p is given by

ffooo 22 fx(z) de — p?,  if X is continuous,

S kpx (k) — p?, if X is discrete.



2.2 PROBABILITY THEORY 16

Proof. We will show the continuous case. We have from the definition of variance that

V(X) = /00 (x — p)?fx(x) de = /00 (2% — 2px + p?) dx

— 00 — 00

= /OO ;prX(x) dx—Q,u,/OO zfx(x) d;er'uZ /OO fx(z) dx

= =1

= [ ) o -

— 00

O

Random variables can have a number of different probability distributions. In this the main focus will

be on normally distributed random variables, for which we now give the definition.

Definition 2.16. A continuous random variable X is said to be normally distributed with mean u and

variance o2 > 0, denoted X ~ N(u,0?), if its density function is given by

Ifx(z) = e 22, —oo<x < 00.

We verify that fx () is a density function, i.e that [~ fx(z) dz =1 in the following way.

We perform the variable substitution [z = (z — p)/0, odz = dz], and obtain the integral \/% [ e
22 (22142
So we need to show that [ e dz = 2 or that [ [T e () dzdy = 2w. We calculate this

double integral using polar coordinates z = r cos (u),y = rsin (v), yielding the integral

2 27
/ / e T drdu—/ du = 2w

:»/ dz_\ﬁ:»—/ 5 gy ——

showing that fx(z) is indeed a density function.

Theorem 2.11 (Calculating mean and variance for normally distributed random variables). For a nor-
mally distributed random variable X ~ N(p,0?), the mean, variance and standard deviation is given
by

E(X)=p, V(X)=0? DX)=Vo?=o0.

Proof. From the definition of mean value of a random variable and the density function of the normally

distributed random variable, we get, using the same variable substitution [z = (z — pu)/0, odz = dx] as

B0 = [ o = [ s b
= €T e 202 x€r = oz e Z.
o OV2T oo a V2

Since f(z) = ze=*"/2 is an odd function, its contribution to the integral will be zero, and we need only

e—? 2/2
27r

above is equal to p, showing that F(X) = pu.

above

concern ourselves with the term p f dz, which, by the verification of the density function

For the variance we start by calculating F(X?) using the same variable substitution as before and partial

integration.

e 1 22 >
E(X?) = / (o2 + p)? e T dz= / 0?2?24 20pz + p? dz

—o 27 o
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_z27°
—e P

o0 —
z + 02/ ¢z dz
v 2 oo V2T

= +0+0*=V(X)=EX?) -EX)?=p*+0*—p? =o°

(oo} L2
:u2+02/ 22”7 dz = 0% = p? + o2

— 00

O

Lastly we need to define the concept of covariance. This can be used to see how the two variables influence
each other, if at all. The covariance measures the linear dependence or the joint variability of the two

random variables. First we introduce multivariate random variables.

Definition 2.17 (Two dimensional random variable). A two dimensional function (X,Y) = (X (u),Y (u)) :
Q — R x R defined on a sample space € is called a two dimensional random variable X,Y . The distri-

bution function of the two dimensional random variable is defined as

Fxy(z,y) :=P(X <uz,Y <y).
Just as in the case of single random variables, we need to consider the two cases of continuous and discrete
multivariate random variables.

Definition 2.18 (Continuous and discrete two dimensional random variables). If a two dimensional
random variable X, Y only can assume a finite or a countably infinite amount of values, we say that X,Y

1s discrete and define its probability function as
pxy(j,k) == P(X =35Y =k)
We say that X,Y") is continuous if there exists a function fx y(x,y) > 0, such that for all sets A we have

P(x Y ed)= [ [ for(a) dody

If fxy exists, we say that it is the density function of X,Y .

Theorem 2.12 (Mean value of a function of two random variables). Let X,Y be a two dimensional

random variable and g be a real-valued function. Then

Z i Zk g(]a k)pX,Y(ja k)a Zf (X: Y) 18 discrete,

B(g(X,Y)) = .
f_ Joo 9 X, Y) fxy(z,y) dedy, if (X,Y) is continuous.

Proof. The proof of this theorem is analogous to the proof of theorem 2.8 and will hence be omitted. [
Corollary 2.12.1 (Mean value of a sum). Let X and Y be arbitrary random variables. Then
EX+Y)=EX)+ EY).
Proof. Proof of the continuous case. Let g(X,Y) = X + Y. Then, by theorem 2.12 we have
Bl Y) =B +¥) = [ [ sk uter (o) deay

/ / zfxy(z,y) dxdy+/ / yfx,y(z,y) dedy

= B(X) +
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Theorem 2.13 (Variance of sum). Let X and Y be arbitrary random variables. Then
VIX+Y)=V(X)+V(Y)+20(X,Y).
Proof. We have that
VIX+Y)=CX+Y,X+Y)
=CX, X)+CX, )+ CY,X)+C(Y,Y)
=V(X)+V(Y)+2C(X,Y).
O

Definition 2.19 (Covariance and correlation coefficient). Let X and Y be random variables with the

same distribution and finite mean values px and py , and standard deviations ocx and oy . The covariance
between X and Y is defined as

C(X,)Y) =E(X —ox)(Y —oy)),

and their correlation coefficient as

C(X,Y
p(X,v) = ST
OxXO0y

Theorem 2.14 (Rules for covariance calculations). Consider the random variables X,Y, Z and the con-

stants a,b,c,d. The following rules applies for calculating covariance for X,Y, Z
C(X,X)=V(X)
C(Y, X) = C(X,Y)
C(aX +b,cY +d) = acC(X,Y)
CX+Y,2)=C(X,2)+C(Y,2)
Proof. The proof of the first two equations are given by the definition of variance and covariance. For

the third equation we get
C(aX +b,cY +d)

=E((aX +b— (aux +b))(cY +d — (cuy +d))
— B(a(X — px)e(Y — py)

= acE((X — px)(Y — py)) = acC(X,Y).
For the last equation, we have
CX+Y,Z2)=E(X+Y — (ux + py))(Z — pz))

= E(X = pux) + (Y = py))(Z = pz))

= C(X, Z) + C(Y, 2).

O

Theorem 2.15 (Calculating covariance). Let X,Y) be a two dimensional random variable with mean
values E(X) = ux and E(Y)uy. Then

C(X,Y)=E(XY) — pxpy.
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Proof. By using the property of mean values E(aX) = aFE(X) and corollary 2.12.1, we obtain
E((X = pa)(Y = py)) = E(XY — Xpy — Ypx + pxpiy)
=EB(XY) = py E(X) — ux E(Y) + px py
= B(XY) — pxpy-
O

The final part of this section will be defining independent random variables and see how we calculate the

expected value and variance for them.

Definition 2.20 (Independent and uncorrelated random variables). Let X and Y be random variables.
We say that X and Y are independent if for all (x,y)

px.y(z,y) =px(@)py(y) if X and Y are discrete,

fxy(zy) = fx(@)fy(y) if X andY are continuous.
IfC(X,Y)=0, X and Y are uncorrelated.

Theorem 2.16. If X and Y are independent then they are also uncorrelated.

Proof. Proof of the continuous case. Let X and Y be independent random variables. Then

E(XY) = //xny,Y(x,y) dxdy://xyfx(x)fy(y) dxdy

_ / 2 fx(x) da / yfy(y) dy = E(X)E(Y)
25 0(X,Y)=0.
O

Theorem 2.17 (Variance and mean value for linear combinations). Let X1, ..., X,, be arbitrary random

variables and aq, ..., a, arbitrary constants. Then
E(a1X1 + —|— aan) = alE(Xl) + —|— anE(Xn)
V(o Xy, oy, Xn) = Y afV(X;) +2 a;0;C(X;, X;).
i=1

i<j
If X andY are uncorrelated we have

V(X1 + ..+ anXp) = Y alV(X;).
i=1

Proof. For the mean value the proof is directly obtained from theorem 2.9 and corollary 2.12.1. For the

variance we get

Vv (i aka> =C <i a; X, Zn: az'Xi>
k=1 =1 =1
ZZaiajC’(Xi,Xj)
=1 5=1

=Y alC(Xi, Xi) + Y aia;C(X;, X;)
i=1 i

= ZGEV(XZ) + 2 ZaiajC(Xi,Xj).
i=1

i<j
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3 Stochastic calculus

3.1 Stochastic processes

If we are interested in studying a sequence of observations of random variables, we can make use of the
stochastic process, which is an assembly of random variables, each associated with an index from an index

set. Such an assembly is known as a family.

Definition 3.1 (Stochastic process). A family of random wvariables with index t in the index set I is
called a stochastic process, {X (t),t € I'}. The stochastic process assumes values in the codomain V, and

the outcome observed from the stochastic process is called a realization of the process.

Hence, for every fixed t¢ the stochastic process X(t) is a random variable. As in the case of random

variables, we need to make distinctions between continuous and discrete stochastic processes.

Definition 3.2 (Continuous- and discrete-time stochastic processes). A stochastic process with the index
set I is called a continuous-time process if I is a continuous set, commonly an interval of the sort
I =10,00). If I is a discrete set, for example I ={0,1,2,...}, the stochastic process is called a discrete-

time process.

Definition 3.3 (Continuous and discrete stochastic processes). A stochastic process with codomain V is
called continuous if V is a continuous set, commonly an interval V = [0,00), and conversely if V is a

discrete set V.= {0,1,2,..} the process is called a discrete stochastic process.

An important tool needed to study stochastic processes is the conditional expectation. This can be
thought of as similar to the conditional probability for events described in section 2.2, but for random

variables.

Definition 3.4 (Conditioning on an event). Let X be an integrable random variable, and A be an event
in the event space F with positive probability P(A) > 0. The conditional expectation of X given that A

has occurred is given by )
P(XA):i/XdP.
V=P ),

We will see in section 3.4 what the meaning of integrating with respect to a function is. Next we define

conditioning on a discrete random variable.

Definition 3.5 (Conditioning on a discrete random variable). Let X be an integrable random variable
and let Y be a discrete random variable with possible values y1,ya, ..., Yn such that P(Y =y;) > 0 for all
i € [0,n]. Instead of conditioning on just one event, we want to find the conditional expectation of X given
that all the events in'Y has occurred, i.e a sequence of conditional expectations E(X|Y =), E(X|Y =
Yy2),.... To do so we construct the random variable E(X|Y)(-) on each of the sets {Y =y,}, and we

define the conditional expectation of X given Y to be the random variable

EXY)(u) = E(X]Y =yn), i Y(u)=yn.

We demonstrate this with the following example.

Example 3.1. Consider an experiment where we are flipping 3 coins 1kr,2kr and 10kr. We let the

amount X be the sum of the value of the coins which land heads up. We now pose the question, what is
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the conditional expectation E(X|Y') given the total amount 'Y for the flips of only the 1kr and 2kr coins?
Here, Y is a discrete random variable with possible values 0,1,2,3. From the definition of conditioning

on a discrete random variable, we obtain the following
E(X|{Y =0})=5, EX[{Y=1})=6

E(X|{Yy =2})=7, E(X|{Y =3})=8.

So our expression for the conditional expectation becomes

5 ifY(u)=0
e
8 ifY(u)=3

3.2 Random Walk

A random walk is a stochastic process, portraying random steps in a mathematical space.

Definition 3.6. A random walk is a sequence of random variables {S,, n =0,1,2,...} with Sy = 0 which
is defined by

Sn = zn:Xk
k=1

where the random variables Xy, are independent and from the same distribution. A random walk is said
to be simple if the random wvariables only assume values 1 or —1, and it is symmetric and simple if

P(Xp=1)=P(X,=-1)=1.

In figure 2 we can see four realizations of simple symmetric random walks where the random variable

X represents the movement of a particle along the x-axis with steps of 1, moving between the integer

points.
Figure 2: Random walks with 10, 100, 1000 and 10000 steps
Random walk with 10 steps 2 Random walk with 100 steps Random walk with 1000 steps o Random walk with 10000 steps
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3.3 Wiener process

In the natural sciences we come across a concept called Brownian motion, which is a type of random walk.
It represents the random motion of particles suspended in a fluid, and was first described by Robert Brown
when observing small particles of pollen immersed in a liquid through his microscope. The mathematical
properties of a one-dimensional Brownian motion was first described by Norbert Wiener as a way to
study continuous time martingales?, and so the way to describe a Brownian motion mathematically is by
defining the Wiener process. For simplicity purposes we will only consider one dimensional Brownian

motion in this thesis, but the theory is applicable to spaces of arbitrary dimensions.

Definition 3.7 (Wiener process). A stochastic process {W(t),t > 0} is a Brownian motion or a Wiener

process if

1. W(0) =0,
2. W(t) has stationary independent increments,

3. W(t) ~ N(0,0%t) for all t > 0.

If 0 = 1, the Wiener process is said to be standard, which is the type of Wiener processes we will be

working with in this thesis.

Remark. A stochastic process W (t),t € T has independent increments if W(ta) — W(t1), ..., W(tn) —
W (tn—1) are all independent for allt; < ta < ... < t, inT. It has stationary increments if the distribution
of the random variable W (t) — W (s) has the same distribution as W (t — s) for any s < t. In the case of
the Wiener process, we have that W (t) — W (s) ~ N(0, (t — s)o?).

Example 3.2. Consider a Wiener process Wy with to =0, W (tg) =Wo =0 and 0 <t <T.

While the time in theory flows continuously, we will discretize it for the sake of examining the properties
of the Wiener process. Let Wyyar — Wy = AW,, meaning AWy denotes the change in W (-) over a time
period beginning at time t with length At. The change in the Wiener process is random, so we define AW,

to depend on a random component €; where {eo,eat,....,er—at} are all ~ N(0,1) and all uncorrelated.
AWt =&tV At.

AWy = egVAL & Way = egVAL
AWpar = eat VAL & Wopr = War +ear VAL = (60 + eat) VAL

AWr_at = er_ VAL & Wp = (Eo +enr+ - +5T—At) vV At

Since we want the time flow to be continuous, we scale the change e¢ in W(-) by v At instead of At. This
choice ensures that the Wiener process will not freeze as At — 0, since VAt goes to zero much slower

than At.

2A continuous-time martingale with respect to the stochastic process X; is a stochastic process Y; such that for all ¢
E([Yi]) < o0
E(Vi[{X:,r<sh=Ye Vs<t

This expresses the property that the conditional expectation of an observation at time t, given all the observations up to

time s, is equal to the observation at time s.
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In Figure 3 below, we can see example graphs of two such Wiener processes with identical initial conditions
to=0, n=>500, W((t) =0, At=0.02, T =nAt=10. When we go on to define the stochastic

differential equation and the stochastic integral, we will think of the white noise £ as the time derivative

of a wiener process, £(t) = %, even though the wiener process is nowhere differentiable, meaning it does

not exist in the ordinary sense.

15

10

(=]
L
=

Figure 3: One-dimensional Wiener process example graph
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3.4 Stochastic Integrals

Another part of the theory of stochastic differential equations is the stochastic integral. Recall that we

have an integral in the the solution from (2.1.3) in section (2.1)

1 t
y(t) = ) (y(to)ﬂ(to) + /to u(s)h(s)ds). (2.1.3)

We are going to want to find a solution on a similar form for the stochastic differential equation, but in
order to do that we must first specify what a stochastic integral is. We want to be able to say something

about integrals of the form ( , )

t t
/ B.ds and / B.dB;.
0 0

The first of the above integrals can be seen as representing the area restricted by the curve of the
Brownian motion on the time interval [0,¢] and the horizontal axis, as the Brownian motion is integrated
with respect to time. Due to the fact that the integrand is random, the integral itself is also random, a

random variable. Viewed as a function of ¢, we can say that the integral is a stochastic process.
In the second integral however, Brownian motion is integrated with respect to Brownian motion.

Before we have a look at integration with respect to Brownian motion, let us first define integration of

Brownian motion itself.

Let B; be a Brownian motion process with 0 < ¢ < 1. Since we know that B; is continuous for all ¢, it is
by definition Riemann integrable. But, we still need to define what the Riemann integral of the Brownian

motion actually is.

Let us first consider, for 0 < a < b, the integral

/a " By (w)ds,

Since we know that B(w) is a continuous function for each w in the probability space, we can define this

integral in the ordinary sense as the limit when n tends to infinity of a Riemann sum,
I (w ZBt* th —tp—1)

for a partition a =ty <t; < --- <tp_1 <t, =bof [a,b] where ¢ € [ty_1,%x] is an arbitrary point in the
subinterval [tx_1,x]. This sum will be a random variable for every n > 1, and since Brownian motion is
a Gaussian process, they will all be normally distributed. So if we let n — 0o, we can expect the limit
lim I™ to also be normally distributed. Now if we let I; = fot Bygds for t > 0, the mean for the random

n— oo
variable I; is given by
t t
B (1) :E(/ Bsds> :/ B (B,)ds =0,
0 0
and so for s < ¢, the covariance of (I, ;)

C(I,,1,) = E((I, — E(I) (I, — E(I))) = E (I,I,) = </ B d:c/ B dy)

:/S /tE(BwBy)dydx:/s/ min{z, y}dyde
//ydydm+/ / xdydx

7sl+ ts? $3 3ts — 53
6 2 3 6
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To find the variance of I}, we let s = t and thus we aquire C(I;, I;) = V(I;) = %, leading to the conclusion
that fot Bgds is a normally distributed random variable with mean 0 and variance %, fot Bsds ~ N(0, %)

In figure 4 we see examples of a few realizations of integrated Brownian motion.

B Area = 0.5175370101698161 B Area = 0.30904492981587706 B Area = -0.377977676204452

B(t)
B(t)

B Area = -0.31587532106519034 B Area = 0.7229971272654544 B Area = 0.31226832977318264

B(t)

B Area = 0.3317377416331479 B Area = -0.6446137286274526 - B Area = -0.06152580863787134

B(t)
B(t)
B(t)

Figure 4: Plots of nine different realizations of area under a Brownian motion curve. Generated from

time 0 to time 1, with 500 steps of size ﬁ.

Now that we have clarified what integrated Brownian motion is, we will look into what it means to
integrate with respect to Brownian motion. To do this we introduce the Riemann-Stieltjes integral.

Before we do this however, we will define some necessary properties of sets.

Definition 3.8 (Refinement). Consider an closed interval I = [a,b] and let P[a, b] be the set of partitions
ofI. Let P={a=mxp <1 < -+ <xy =0} €Pla,b]. Then a partition P’ € Pla,b] such that P C P’ is
called a refinement of P, or we say that P’ is finer than P.

Example 3.3. Let I be the closed interval I = [0,10], and P a partition P = {1,2,4} € P[0,10]. Then
P'=1{1,2,3,4} € P[0, 10] is a refinement of P and we say that P is finer than P.

Definition 3.9 (Mesh). Let I = [a,b] be a closed interval and P = {a=xo <z <--- < x, =b} €
Pla,b]. We denote the mesh (or norm) of the partition P as ||P|| and define it as

Pl .= ma Tr — Tr_1|}.
1Pl s=, _max {fx — i)

Definition 3.10 (Upper and lower Riemann-Stieltjes sums). Let the functions f and g be defined on
[a,b], and let g be increasing on [a,b], i.e for all z,y € [a,b] : x < y we have g(z) < g(y) < g(y) —
g(x) > 0. Let P ={a=x0<x1 <---<xp=0b}, Mp(f) = sup{f(z) : x € [xx_1,2%]}, and my(f) =

inf {f(z):x € [xg—1,2x]}. We then define the upper and lower Riemann-Stieltjes sums with respect to
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the partition P as

and
L(S(P, f,9) ka )Ag

respectively. If these sums are equal, then we say that the Riemann-Stieltjes sum on the interval [a,b] is

their common value.

Definition 3.11 (Upper and lower Riemann-Stieltjes integrals). Let f and g be functions defined on
the interval I = [a,b], where g is an increasing function. Then the upper and lower Riemann-Stieltjes

integrals are defined o
b
/ f(2) dg(x) == inf {U(P, f.g) : P € Pla,b]} ,
and

b
/ f(z) dg(z) = sup {L(P, f,q) : P € Pla, b]}

respectively. If these integrals are equal, then we say that the Riemann-Stieltjes integral on the interval

[a,b] is their common value.

Definition 3.12 (Riemann-Stieltjes sum and integral). Consider the interval I = [a,b] and the partition
P={a=xzy<zy <---<xp=>}. Foreach k€ {1,2,...,n} let ty € [xx_1,zx] and let Agr = g (xf) —
g (xx—1). Furthermore, let f and g be functions defined on I. We denote the Riemann-Stieltjes sum with
respect to P, f and g by

n
S(P, f,9) =Y f(tx)Aay.
k=1

If there exists an A € R such that for every e > 0 there exists a partition P. of [a,b] such that for all
partitions P such that (P. C P) and for any choice of ty € [zr—1,xk] we have that |S(P, f,a) — A] <,

then f is said to be a Riemann-Stieltjes integrable function, and we write

/a " fla) dgla) =

For our definition of the integral with respect to Brownian motion however, both the integrand and
the integrating function are now stochastic processes, and we consider the stochastic integral to be a

generalization of the Riemann-Stieltjes integral.

For a continuous random variable X with f differentiable, the mean value can be expressed as

Be(0) = [ g@iwis = [ gwr@is = [ gwar) (3.4.1)

— 0o — 0o — 00

o0

where f(z) is the density function, and F(z) is the distribution function of X. The r.h.s of equation 3.4.1
is the Riemann-Stieltjes integral of g(x) with respect to the distribution function F'(x). The integral with

respect to Brownian motion will be defined as a result of this, namely

It:/o g(8)dBs (3.4.2)

where ¢ is a bounded continuous function. With the same partition 0 =t < t; <t < -+ <tp_1 <t, =t

and t} € [ty_1,1;] this leads us to the approximating sum

I = Zg ty) (Bi, — Bt,_,) - (3.4.3)
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From the definition of Wiener process, we have that B, — B;r_1 is normally distributed with mean
0 and variance t, — t;_1, and so I is also normally distributed for all n. As n approaches infinity,
equation 3.4.3 converges to the integral in equation 3.4.2, which can be shown ( , ) to be a
normally distributed random variable. We now calculate the mean and variance for that variable, using

the definitions from section 2.2. We start with the mean

E(I,) = lim E (Z g(ty (B, — Bt“)>

n— o0
k=1

- nh_%okz_lg(tZ)E (Btk - Btk,l) =0.

And given the independent increments of the Wiener process we get for the variance
V(L") =g GV (Bo = Buy) = 2% (1) (b — tia)
k=1 k=1

Letting n — oo, we will get that V(It(") converges to the integral fot g%(s) ds, and so our stochastic
integral is normally distributed with mean 0 and variance fot g%(s) ds, f(f g(s)dBs ~ N (0, fot gQ(s)ds).
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3.5 Itdo’s Lemma

One of the most important results of stochastic calculus is the stochastic version of the chain rule of

derivation, known as Ité’s Lemma ( , ).

In order to define and prove this lemma, we start with another definition.

Definition 3.13 (M2 and M? stochastic processes). Denote M2 to be the class of stochastic processes

f(t), t >0, such that
2dt | <
E f 00,
/0 (@)l

and let M be the class of stochastic processes f(t) such that f(t) € M2 for any T > 0.

Lemma 3.1 (Itd’s lemma). Suppose that f(t, x) is a real valued function with continuous partial deriva-
tives Fy(t,x), Fy(t,x) and Fyp(t,x) for allt > 0 and x € R. Assume also that the process Fy (t,W;)
belongs to M2, and F,, F;, Fy, € L2. Then F (t, W) satisfies

F(T,Wr)— F(0,Wy)

T 1 T (3.5.1)
:/ {Ft (L W3) + 5o (1 Wt)] dt +/ Fo (4, W) dWs,  a.s.
0 0
In shorter differential notation, (3.5.1) can be written as
1
dF (t,W;) = [Ft (t, W) + iFm (t, Wt)} dt + F (t, W) dW, (3.5.2)

Remark

a) Compare equation (3.5.2) with the usual chain rule
dF (t, IL't) = Ft (t, It) dt + Ff (t, SCt) d.fCt

for a differentiable function x,. The additional term % Fy, (t, Wy) dt in (5.5.2) is called the Ito correction.

b) Equation (3.5.2) is often written in its shorter derivative form
1
dF = (Ft + 2Fm> dt + FpdW;.

Proof. We will prove the case where Fj, F,, F,, are all bounded by some C' > 0. Consider a partition
0=ty <tp <---<t" =T of [0,T], where ' = L. Denote Wi by W; the increments W, — W by
APW; and t, — t7' by A7t. Using Taylor expansion, there is a point W in each interval [Wi”, W[}H]

and a point 7 in each interval [t?, tZ_J such that
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n—1
F(T,Wr) = F(0,Wo) = ) [F(ti1, Wiky) — F(t7, W")]
i=0
n—1 n—1
= [F(t71, W) = F(t, W) + Z [F(t7, W) — F(t7, W)
1=0 =0
n—1

F (8, Wiy) A"t+ZF WA 4 = ZFM W (ATW)?

' M

=0

n—1 1n 1
= R WEDAT + 5 Pe(t, WA + ZF (7, W) ATW +

i= =0

1 -1 1n=

- n n n 2 AN - n n n n n 2
+2§%F (tr, W) [(ATW)? — AT4] + 2;[ L) — Fyu (7, WM (A7W)

Note that as F}, F,,, and F),, are continuous bounded functions, we have

lim sup  sup B (8, W) — F (¢, W) - 0 as.
nN—=0i=1,...,n tG[t", ZL+1]

lim sup sup | Fyp (67, W) — Fpp (1, W) = 0,  ass.

n—oo i=1,.

AT N
lim sup (t" W") v (B, W) — a.s..

N0 i=1,..n

Next we will deal with each sum S7 to S§ separately.

29

(3.5.3)

(3.5.4)

(3.5.5)

i) From the continuity of F}; and F,, in equations (3.5.3) and (3.5.5) we have the convergence of the

Riemann integral

n—1 T
nl;rgo ST = hm ZFt 7) A"tf/o Fy (t,Wy)dt a.s., and
n—1
lim S = lim ZFM (W) A"t—/ Fop (6, Wy)dt  as.
n—oo n—oo o

ii) From the assumption F, € M?, we have

n—1

lim S5 = lim ZF (7, W) ATW = / (t, Wy) dW;

in L2,

iii) We show the L? convergence E ((S})?) — 0. To be specific,
n—1 2
(Z Fyp (17, W) {(A;LW)2 - A?tD

n—1

2
Foo (87, W) [(A?W)2 - A?t} ‘ (cross terms have expectation 0)

=0

(independent increments)

n—1 2
= Y B[R (6, WP E [(A7W)” - ATt
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2
<CEPYIE|(ArW)? - A?t‘ (boundedness of F,)

i=0

=202 (At =202 I =202 50 asn— o0
iv) Note that Z?;()l (A;LVV)2 — t in L? and thus in probability since the left quantity is the quadratic
variation of Brownian motion. Together with the continuity result 3.5.4, we have the following convergence

in probability

n—1

1581 = |3 [Fow (092 = Fuw (12, 9)] (002
=0

n—1
Fro (t?, 211) — Fpo (87, ;11)’ S arw)* Lo
=0

sup
i=1,2,...n

Note that the convergence of S*,¢ = 1,...,5 involve different modes: ST and S5 converge almost
surely, S%, S} converge in L2, and S converges in probability. To combine the results, we note that
convergence in L2 implies convergence in probability ( , ). Thus all S%, S}

and S7 converge in probability. Note also that there is a subsequence {ny},_, , such that {S3"},_, ,

converge a.s ( , ). Along this subsequence, we can find a further subsequence
ng, such that Sj*' converges a.s., and so forth. Therefore, all S} j=1,...,5 converge a.s. with respect
to some subsequence m; < mg < --- , say. Then

F(T,Wr)— F (0,Wy)

=0 1=0 1=0

mp—1 1 mp—1 mp—1
= lim { R (5" W) At 4 3 D Fau (8% W™ ) AT 4 > Fy (87, W™) APFW
mp—1 )
3 2 Pl W) [(arew)? - A

1 mkfl

= AT e pm )2
+3 ;0 [P (87, W) = B (177, W) | (AT W) }

T T
1
= / |:Ft (t, Wt) + §F$I (t, Wt):| dt + / FI (t, Wt) th, a.s.
0 0

The general case where Fy, I, and F,, are not bounded is treated in ( , ).

Example 3.4. For F(t,x) = 23 we have Fy(t,x) = 0, F,.(t,z) = 322 and F,,(t,x) = 6. By It6’s formula
we obtain
d (W(t)?) = 3W (t)dt + 3W (t)*dW (t)
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4 Stochastic Differential Equation

We are now ready to introduce the Stochastic Differential Equation (SDE).

In stochastic calculus we want to allow the differential equation to be influenced by a random process, or
a "white noise” at any given point in time. Recall the example from 2.1 where we wanted to model the
increase of money deposited in a bank account. For this simple problem, we used the ODE % =aX
which had the solution X (t) = Xpe® with initial condition X (to = 0) = X,. Consider now instead the
scenario where we want to ”save” or invest money on the stock market. Since the evolutionary processes
of stock market prices are not deterministic, we need to include some element of randomness in our
equation.

We can do so by rewriting the equation to dX(¢t) = aX(t)dt, and then instead of the constant a, we

introduce a stochastic process R such that R = a + O’% ( , ).

dX(t) = aX (t)dt + o X (t)dB(t)
X(to =0) = X,

(4.0.1)

Equation (4.0.1) can of course also be written on the form 25 = ¢ X (£)+0 X (t) 2L but from this point

dt at s
dB(t) - o . . . .
d§ ) is not trivial, since this denotes the time derivative of

Brownian motion, which is nowhere differentiable. Despite this, Brownian motion is often referred to as

of view, the addition of this white noise term

integrated white noise, implying that white noise is the derivative of Brownian motion. We will instead

consider Brownian motion to be integrated white noise.

The development of the price of stocks is not linear but depends on the current price, so we will use a

logarithmic scale to model the price. We let z = log X, and then we apply It6’s lemma.

Since the terms dt? and dtdB(t) tend to zero faster than dt, we set them to zero in the taylor expansion,
and substitute dB(t)? with dt, which leads to

dX? = a®X2(t)dt* + 2aX (t)?0dtdB(t) + > X?(t)dB*(t) = o? X 2(t)dt.

We now get

B 1 11 9 1 90, 1,
dz = dlog(X) = X + 5 X2 (dX)* = adt+ odB 5x2° Xedt = (a 57 dt + odB
This SDE can be solved by stochastic integration since o is constant, which leads us to
2

2(t) =t (a - U;) +o(B(t) — B(0)) + 2(0) = ¢t (a - 2) + o B(t) + log(Xo).

Having solved z(t), we can now calculate the solution to our SDE (4.0.1) by exponentiation
X(1) = ex®) = (o= % ) tHoB(t)+loa(x0) _ Xoe(a—é)HaB(t)

The graphs in figure (5) visualize the examples of ODE from section (2.1) and SDE (4.0.1). We can see
the effect of the Brownian motion quite clearly since the two graphs for the stock prices are very different
from each other. The graph on the left was influenced by a negatively trending BM, resulting in a weak
development of the stock price, while the graph on the right was influenced by a strong positive BM
yielding a much higher return on investment. Both graphs are based on the same ODE, which is shown

below, and the same BM, yet they produce significantly different results.
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Figure 5: SDE’s with their underlying Brownian motion and ODE

Brownian motion Stock 1 with underlying ODE Brownian motion Stock 2 with underlying ODE
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4.1 Solving SDE

There are many types of SDEs, hence there is also quite a few different approaches to solving them. For
instance, if the functions b(X(t)), B(X(¢)) are linear, we could use a technique called coefficient matching.

To demonstrate how this is done, we consider the SDE
dX; = b(t, X;)dt + B(t, X;)dWy, (t >0)
X(0) = a9

to which, as we have previously seen, the solution can be written on the form

t ¢
Xt:xo—i—/ b(s,Xs)ds+/ B (s, X) dW;. (4.1.1)
0 0

If we want to find the strong solution to this SDE, that is equivalent to finding a function f : [0,00) xR —
R such that X; = f(t, W};). To find this f, we start by applying It6’s formula

t 102 9
rewy =0+ [ {555 ewy+ 5w fas -,
‘o 1.
+/0 % (57W9)dWs
Now if we compare the terms in (4.1.1) and (4.1.2), we see that
167 0
S0 L (s )+ 2 s,0) = bl 1 s.)
0
oL (s,2) = B, 115 2)
f(oa 0) = Zo

As an example, consider the most basic example of an SDE
dX, = dt + dB;
Xo = xp.
The solution to this SDE is X; = z¢ + fot dt + fot dB; = zg +t + By, as we know from (4.1.1). So let us

check that coefficient matching will bring us the same result. Applying It&’s formula to f(t, W) = X,

we get the following system of equations

162 0
o)+ (s =1
)
G =1

£(0,0) = xo.
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Solving this system, we obtain the following

gi(s x)=1= f(s,z) =2+ g(s)
2
1 )+ L (o) =15 g9 =1 g5) = s+ o

f(0,0) = X9 = Cyp = Xg.
Next we will see how the same method can be used to solve a slightly more complex non-linear SDE
X; = (X; — X2 + cos (2nt))dt + \/20dW;
X(0)=1.

We set a(x) = x — 23 + cos(27t), b(z) = v/20 and define the stochastic process

X X s=X¢ o
Yt:/ ds _ ds [S } _ X <X0>Xt L (4.1.3)
xo 0(s) Xo V20 V20|, V20 V20 V20

Now, we know from It6’s lemma that

f(Xt) - f(XO) = f,(Xs) dXs + - f//(Xs)bQ(Xs) ds,

her
where ; . .

f/(Xs) dXs = f/(Xs)a(Xs) ds + f/(Xs)b(Xs) dWs. (414)
0 0 0

For f(x) = % we get

V20
= f(Xy) — f(Xo) = /fUdX+ /to b? ds

/fadX /f X(414)/f ds+/f W,

1 X2 X} sin(2mt) 1
(X5 — X2 4 cos (2ms) ds+/ \[adW<_+_>+W
/ \[O’ \fg V20 t

4 2m 4
Combining (4.1.3) and (4.1.4) we obtain the result

X —1
Y, = t

3 X2 Xt sin (27t)
X, =242l 2t W,
=1t TG T, TV

We will see later on in the numerical section of this thesis that this type of non-linear SDE can be used

for simulating rare events.
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5 Path integral

5.1 Background

In ordinary calculus, we come across the multi dimensional integral when posed with problems such as
determining the volume of a sphere or other more abstract concepts like hypervolumes of n dimensions.
The key point here being that an n-dimensional integral integrates over n variables z1, ..., x,, whereas
the path integral integrates over an infinite amount of functions f(x) of a variable z, which may be a
vector or a real number. This type of integral was first introduced by Norbert Wiener who used in the
fields of Brownian motion and diffusion theory. It is therefore sometimes also referred to as a Wiener
integral. The reason why this type of integral is important for the study of rare events is that we can use
the path integral to find the most probable path to the rare event. When a rare event occurs, the state
of the system in question jumps from one steady state to another, and it can do so in an infinite number
of ways, i.e take any of an infinite number of paths. Being a rare event, all of these paths are extremely
unlikely to occur, however there is one path which is much more probable than all the rest of them, and
that is the path we want to find.

5.2 Probability distributions and definitions

Consider again equation (??), and let this random walk represent the movement of a particle which
moving randomly along the x-axis by steps of size £ and time €. The particle can move from point o = 0
to point 2. = £¢ during the first step in the time €. As mentioned earlier, this is a discretized example of
a Brownian motion or a Wiener process with equal probability for the particle to move in either direction.
Seeing as the particle can only move a distance of £ in each step, we write the probability for the particle

to travel from point x = if to the point z = j¢ during one time step ¢ as

e
iffi =l (i,j€Z). (5.2.1)

1
Wil —jle) =< 2
( it.e) { 0  otherwise

This discrete step random walk represents a basic example of a Markov chain, which can be characterized
by a pair (W(t,),w(0)) with W (t,,) as the transition matriz, and w(0) = w;(0) as the initial probability
distribution, i.e the probability of event ¢ happening at the starting time ¢ = 0 is given by w;(0), and the
probability distribution w;(t,) at the time t,, is given by W;;(t,)( , ):

w; (tn) = > Wij (ta) w;(0), n=1,2,3..

and when the time ne has passed as

wi(na) = Z(Wn(E))ijwj(O). (5.2.2)
J
If we know the position = 0 of the particle at the starting time ¢y = 0, we have w;(0) = 0 for ¢ # 0 and

wo(0) = 1, or, using the Kronecker delta?,

3The Kronecker delta is a function of two variables, usually just non-negative integers. The function evaluates to 1 if
0 ifi#j

the variables are equal, and 0 otherwise: §;; = ) ]
1 ifi=j
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Additionally, since w; and W;; are both probabilistic, we will always have
0<w;(0) <1, sz‘(o)zl

0< Wi <1, ZWU:L

For our example with the discrete step random walk (Brownian motion), the components of the infinite
matrix W(e) are given by W;;(e) = W (il — jl,¢), and so after n time steps of duration e the transition

probabilities will be given by the product of the n matrices W (il — j¢,ne) = W"(e);;.
Similarly, the probability distribution w;(ne) after the time ne > 0 will be given by
wi(ne) =Y (W"(e)),; w;(0).
J
The matrix notation of this is w(ne) = W™w(0), and so viewing W™ as a function of the time variable n,
this describes the time evolution of our system. So how do we define the transition matrix W? We start

by introducing the two infinite operator matrices L and R which serves to change the particles position

by an amount ¢ to the left and to the right respectively. The components of these matrices will be given
by

Lij = b+, Rij = 0igj)

and thus we write L and R as

0 0 0
0 1 10
L= o | B=| o
0 1 1 0
0 S 0

A transition of the particle given by the action of L is therefore defined by

w; — W = ZLijwi = Wi
j
meaning that the distribution has been shifted to the left. If we consider the distribution for the particle
located at position k, w;(k) = d;x, we further notice that after letting L act on w;(k) we get w;1(k) =
d(i+1)k = Oi(k—1), which tells us that the new position for the particle is at k — 1.

Moving forward, we will require of the matrices L and R that they are invertible. If one were to take
trivial examples of L and R using 4x4 matrices, one would find them to be singular and hence not

invertible. Multiplying the 4x4 L and R, we get the results

0100 000 0
0010 1000

L= ., R=
000 1 010 0
000 0 0010
1000 0000
0100 0100

LR = , RL=
0010 0010
000 0 00 0 1
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Seeing as the real matrices are of infinite size, meaning that our particle will never reach the edge of the
system, we consider them to be invertible, resulting in L = R™! and so RL = LR = I. Connecting this

with equation 5.2.1, we can write W as

1

and find an expression for the transition matrix W™ after n transitions using the binomial formula

1 &< (n 1 & (n 1 < (n
n __ kyn—k _ — 2k—-n _ — n—2k
W _2n2<k)RL on prt (k>R QnZ(k>L ’

k=0 k=0
For L and R, we can derive the components just by using ordinary matrix multiplication, leading to

Ly = (i4n);
Rij = i(jtn)

Now we can expand our expression 5.2.1 for the probability of the particle to from point i to point j
within one unit of time ¢ to define the probability of the particle moving from point 7 to point j during

the time ne

0 if |i — j| > n
=] is odd

W (il — jt,ne) = Ol.f (z. j‘)|—|—n is o

1 ( n ) if i — 4] <n

Sal1l o

sl and (i — j) + n is even.

Similarly, we formulate the expression for the evolution of the probability distribution

) (5.2.4)

{0 if |i| > n or (i 4+ n) is odd
wi(n) =
2n

(l(r’;:»i)) if |i| <n and (i +n) is even
2

In order for us to be able to define a difference equation and the time derivative of w, we write the

. . . . def .
location index 4 of w;(n) as an argument of w, w(if, ne) = w;(n), and make use of a known recursion

(”Zl)(’;;‘)*(ﬂl)

If we let x = il,t = ne, we can write eq 5.2.4 as

formula for binomial coefficients

1 1
w(z, t+¢e) = iw(a: +4,t)+ §w(a: —4,t).

and, using some algebraic manipulation as

w(z,t +e) —w(xt) 2 wlx+Llt)—2w(xt)+wlx—~Lt)
== . (5.2.5)
5 2e 02

Since we are dealing with a discretized example of the continuous system, we now let £ — 0, — 0 and

thus fix the ratio D = g letting the time and location variables x and t be continuous to better reflect
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reality. Using D as the diffusion constant, we see that eq 5.2.5 is the diffusion equation*

ow(x,t) D82w(x,t)

ot 0x?

(5.2.6)

Seeing as we now have moved to continuous variables, we will naturally be dealing with integrals instead
of summations and hence will be using the Dirac delta function® instead of the Kronecker delta leading

to the continuous time version of the initial condition 5.2.3

w(x,t) P o(x).

We want to find a solution to the diffusion equation (5.2.6), and the way we do this is via a Fourier

transform. We start by collecting the information we have

ow(x,t) D82w(sc, t)

ot Ox?

w(z,0) =d(x) = (5.2.7)
0 otherwise.

To solve this ordinary differential equation, we will use Fourier transforms. The first thing we do is write

down w(z,t) in terms of its Fourier transform

w(x,t) = /OO " w(k,t) dk. (5.2.8)

— 0o

Next we take the Fourier transform of equation (5.2.6)

ow 0w
F|—|=F|D—
5] =# (5]
which, by the rules of derivation and convolution for Fourier transforms expands to
ow) _ 0@
ot ot

F [Dgif] =D-F {83:6] F {g;"} = D(—ik)(—ikw(k,t)) = —Dk*w(k,t)

Our diffusion equation (5.2.6) is now reduced to the ODE

o (k, t)

— 2~
o = ~DIP(k.1). (5.2.9)

4The diffusion equation is a parabolic partial differential equation. It describes the macroscopic behavior of many micro-
particles in Brownian motion, resulting from the random movements and collisions of the particles, and is related to Markov

processes, such as random walks. The equation is usually written (with D constant) as the linear differential equation:

845(1‘) t) 2
—————= = DV*¢(r,t
- o(r.1)
where ¢(r,t) is the density of the diffusing material at location r and time t and D(¢, r) is the collective diffusion coefficient

for density ¢ at location r; and V represents the vector differential operator del.

5The Dirac delta function §(z) is a function on the real line which has the value zero everywhere except at the origin,
where its value is infinite (which also satisfies [ 8(z)dz = 1)

6(a:)={ ;—oo’ z;g )
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We solve this ODE using the integrating factor method, where the integrating factor I for this equation
is [ — of Dk? dt _ Dk%t

dw(k, 1)

_ 2~
o = ~Dkw(k.1)
% + Dk*w(k,t) =0

Multiplying this with the integrating factor and taking the integral of both sides yields

2 w k t 2
/eDk tiawét’ ) + PR IDE2w(k, t) dt =0

& PRk, t) + G (k) = 0
& ok, t) = & (k)e PF?

The function ¢; (k) is the Fourier transform of our initial condition (5.2.7), so we now need to find the

Fourier image of w(z,0) = d(z). The Dirac delta function is, as familiar defined as

1 -
sifa<xr<a+e
de(z —a) = c
0 otherwise.

Using this together with the mean value theorem for integral calculus

b
/f(x) dz = (b—a)f(€), a<é<b,

and the properties of the integral of the Dirac delta function we obtain

) a+te
[5E(x—a)f(x)dx=1/ F@)de = S(ate—a)f(n) = f(n), a<n<a+e.

3 9

If we now let ¢ — 0, we find that

which gives us for a =0

This leads us to the solution of our ODE (5.2.9)

1 2
(k. t) = w(k 7Dk2t:77Dk:t
w(k,t) = w(k,0)e 27r6 ,

which gives us the solution to equation (5.2.8)

<1 . 2
w(z,t) :/ %elkzeka tdk (5.2.10)

— 00

If we use the well known value of the Gaussian integral

& 2 m
Tar =4/ .2.11
[me dx ”04 (5 )
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and write the integrand of equation 5.2.10 on a common exponent

2 - 2 .
eka tezkz eka t+zkm7

then, completing the square of the common exponent

ik i 2 2 i 2 22
DRt +ikt = —Dt (K2 -2 = —pi| (k- 22 —— ) ) =-Dt k- — ) — =—
T < Dt opt) T\ 1D oDt) 4Dt

leads us to
1 Dk ke z® ) 1 /ij iz \?
— = L= Dtk — — .
/_OO 5 ¢ e"*dk = exp 1t o | exp t|k 5D dk

If we now perform a variable substitution

- o iz
y= 2D1

dy = dk,

we will obtain an expression for the probability distribution w(z,t) (which is also the solution to the

diffusion equation 5.2.6 with initial condition 5.2)

I I B x? 1
t) = -t — —Dty*} dy = - .
w(, t) eXp{ 4Dt}27r [meXp{ y*}dy eXp{ 4Dt} e

Now, once again using the result from equation 5.2.11, we can see that

o0 <1 x? 1
w(x,t)dx = expl ——— pdx = VarDt = 1.
/—oo (@) /_oo Var Dt P { 4Dt } Var Dt

We are now working with continuous variables, so we will also need a new expression for our transitional

probability W (il — j¢, ne). Instead of using the notations z = i,z = j¢, we write the infinitesimal

transition probability with start and end points (xg, %), (2¢,t), corresponding to the discrete one as
WZIJV = W(iEt, t‘x(), t()).

This leads us to the expression for the probability density w(x;,t), which is the continuous version of

equation 5.2.2
w(wy, t) :/ W (x4, t|xo, to)w(zo, to)dxg.

The transition probability now satisfies the diffusion equation

aW(l‘t,t‘l‘o,to) _ D82W<.’Et,t|l’0,t0)7 >0
ot ox?

which, with initial condition W (x4, t|xo, to) = 0 (x+ — xp) has the solution
—to

W(iﬁht‘xo,to) =

(% - 550)2
Dt P {‘w(t — 1) }

attained by using the same methods for solving diffusion equations as above.
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5.3 The path integral

Let us now consider the probability of a particle being within a certain section of the plane or within a

certain ”gate” consisting of endpoints A and B at the time t¢.

FAND'S

|
[
[
[
[
|
' [
0 t T
Figure 6: Trajectories of a Brownian particle starting from the origin and ending anywhere in the gate

AB at the moment t.

We will denote the probability of the particle being anywhere within the section [AB] as

B
P{x(t) € [AB]} :/A w(z, t)dx

which we now know can also be expressed as

B 2
/ { * } ! dz
exp 4 ——
A 4Dt | \/4rxDt
To integrate along an entire path though, we will need to increase the amount of gates. We now consider

a particle starting at (zg, to), ending up somewhere in the gate [A,, B,], and passing through all the gates
[AlBﬂ, [AQBQ], ceey [An—an—l] along the way

Given the independent probabilistic nature of the Brownian motion, we get the expression for the proba-
bility of the particle following this particular path, passing through these particular gates as the product
of the individual probabilities

]P’{a: (tl) S [AlBﬂ , T (tg) S [AQBQ] R (t ) [ANBN]}

"1:2 T xT
/31 exp {fﬁ} ; B exp{ 4(D2(f2 121)}
= ——————dz
A VArDt A, ,/47TD72 ) (5.3.1)
(s —xf)Z (zn—zN— )2
Bs exp {_4D$(t3jt2)} By exp {_4DI(VtN:¥N1,1) }

xg PR
Ay /ATD (t3 —t2) Av V47D (tn —tn-1)

Once again, since we are dealing with continuous time we will let ¢; —¢;_1 = At; — 0, 1 <i < N, and

dl’N.

thus increase the amount of gates infinitely, while letting the size of each gate go to zero B; — A; — 0.
In doing so, we will naturally consider the limit as At; — 0 of equation 5.3.1 to be the probability of the

particle following the path z(7). Consider now the term
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Figure 7: A trajectory of a Brownian particle starting from origin and passing through the gates A;B;
at the times t;(i = 1,...,N)

v _ (migy1—x4)?
Biq1 exp{ 74D(ti+17ti)

Aipq 4D (t7;+1 — tz)

dzii1,

which can equivalently be expressed as

1
A7 D (ti+1 — tz) Ai+1 4D (ti+1 — t?,

Since the size of the gates — 0,

Bit1 )2

N 2
1 T; — Ti_1 dx;
Atl,-IEU €xXp { 4 Z < t; —ti_q > } H 4w DA, ( )

When analyzing the jumps caused by rare events in dynamical systems, we know the starting point
(z0,t0), and the endpoint z,,t,, and in retrospect we can see the exact path the particle has taken. But
if we were to try and predict which path it would take beforehand, we would have to consider all the

possible paths from the starting point to the end point and then find the most probable one of them.

To do so, let us define the set C of paths with certain starting and end points as the following;:

o C{xy,t1; 22,12} denotes the set of trajectories starting at the point (z1,¢;) and having the endpoint
(w2,t2)

e C{x1,t1;[AB],t2} denotes, in the one-dimensional case, the set of trajectories with the starting

point 21 = z (¢1) and ending in the gate [AB] at the time t5.

So in order to get an expression for the probability of the particle ending up somewhere within the gate
[AB], we have to sum up all the probabilities from equation 5.3.2 for all the possible paths that end up
in the gate [AB] over the set C{0,0;[AB], ¢}
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B : 1ot da(7)
Fio(t) € 4B} = /c{op;mgm e {‘w ; d””g‘”} VinDdr

B 1 2
= / { x } dx
= expi ———
A VArDt P 4Dt
where fc (0,0;(AB] 1} Tepresents the summation over the set of paths. This kind of summation over a set

of paths is what is known as a Wiener path integral.
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6 Rare events

The type of rare event studied in this thesis is one of a Brownian particle moving in a double-well potential.
Figure 8 shows on the left hand side an illustration of a Brownian particle resting at the minima of one
of the wells in the double well potential, and the right hand side shows the trajectory of the Brownian
particle as a function of time. The motion of the particle here is restricted within one well, moving up
the sides and back down to the minima. The trajectory produced by the movement of the Brownian
particle will follow a stable periodic orbit around the local minima specified by its initial condition, while
being influenced by the noise term /20 (t) and hence exhibit fluctuations of order 0. When a rare event
occurs however, the particle will escape the current well and transcend the barrier leading to the other
well. These wells represent the steady states of the particle’s movement. To simulate a rare event in this
thesis, we will run a numerical simulation for a long time until we observe a jump. The specifics of this

simulation is discussed in the next section.

Double-well potential System
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Figure 8: Brownian particle moving in a double well potential, along with visualization of the system

before, during and after a rare event (jump) occurs.

The trajectory z(t) here was produced by simulating the following SDE known as a Langevin equa-

tion®(Giorgini et al., 2019)
dx

o =i =Fla(t),t) + V20¢(t) (6.0.1)
_ 012
where ¢ = Vit and
F(x,t) = =U'(z) + 0.7 cos(2rt),
where U(x) is a double-well potential, U(x) = —””—22 + %, 0.7 cos(2mt) is an external periodic force and

&(t) is zero mean Gaussian white noise with correlation function

(€()E(s)) = d(t = s)

with § being the Dirac delta function. The only non-deterministic part of equation 6.0.1 is £(¢), and so
if we set o = 0 the particle will just stay at the local minima specified in the initial condition. As we
increase the value of o, the particle will begin to oscillate around the minima within a radius proportional

to o.

6In physics, the Langevin equation is a stochastic differential equation describing the time evolution of a subset of the

degrees of freedom. The original Langevin equation describes Brownian motion.
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In order for the particle to escape the potential well it is contained in, one of two things need to happen:

1. The base oscillation is large, i.e o needs to be large

2. The noise &(t) deviates significantly from zero.

If we have a large base oscillation, then the event of the particle escaping the potential well is not rare

and therefore this scenario is not interesting for us.

For the purpose of finding some indication that a rare event is about to occur, we will run the simulations

with o as small as possible, thus making sure that our rare event is in fact rare.

In order to find a precursor that will warn us that a rare event is about to occur, we will focus on the
behaviour of the system within a short time period leading up to the jump. We want to find the most
probable path between the point (x;,¢;) which lies within one potential well, and (xf,¢s) which lies at the
maximum of the barrier separating the two wells. Once the particle reaches this point, all the possible
paths it can take from there leads down into the other well. Since the system is influenced by the non-
deterministic noise, we know from section 5 that there exists an infinite number of paths the particle can
take between the two points, but also that there is one which is much more probable than all the others.
In fact, since we are dealing with an oscillating system which progresses for a long time, there are going

to be one such optimal path for each period of the system that passes between the time ¢; and ¢.

The actual derivation of the construction of the optimal path is explained in further detail in (
, ) and ( , ), however this is beyond the scope and indeed level of this thesis,

but we will discuss the outlines of the prediction scheme.

To find the most probable path, one uses path integrals in order to find the path of least action(
, ). In physics, the path that is actually followed within a dynamical system is the path for
which the action is minimized. Action can be described as a measurement for the overall motion of each

path, and hence the most probable or most direct path will be the path with the least action.

The optimal path in each period we denote by xy(¢) and the noise for the same path, i.e the optimal noise
behaviour, is denoted pi(t). These paths and momenta are shown to satisfy the system of differential
equations

i1(t) = 2pu(t) + Flan(t),1)

Pr(t) = —pr(t)F' (z(t), ). (6.0.2)

where the momenta is defined as py(t) := 3 (i1 (t) — F(x(t),t)). Comparing equation (6.0.1) and (6), we

can extract the noise £(t)
1

T V2o

and see that the optimal conditions for the jump is when £(t) —

£(t) (@(t) = F(x(t), 1)) (6.0.3)

@. When the system approaches a

rare event, the momentum of the optimal path is expected to exhibit an exponential growth according to

p(t) = poe=rst—to)( , ). If we extract the noise of z(t) using equation (6.0.3), we can

monitor its behaviour, so that if and when it starts to show increasing irregularities we can compare its
V2p(t)

behaviour to that of the optimal condition £(t) = ~=~, we can make a prediction about the jump.

When we study the system retroactively, we know within which period the event will occur and so we
only need to consider one of these optimal paths. Using this path, we extract the noise then we analyze it

and use its characteristics for our prediction. One way we can analyze the noise is to construct a moving
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average of varying window sizes, and try to find some sort of unique deviation. This can in turn act as
a kind of indicator that a rare event is imminent. In figure (9) below we have constructed such moving
averages of window size 10 for the same noise during varying stretches of the time from 0 to the time of

the jump at approximately 800.

7500 7600 700 7800 7900 8000 7900 7920 7940 7960 7980 8000

(c) (d)

Figure 9: Moving averages of the same p(t) plotted over times: (a) 0 to 8000, (b) 5000 to 8000, (c¢) 7500
to 8000, (d) 7900 to 8000. This to clarify that this spike in moving averages only occurs once, in close

proximity to the jump.

7 Numerical methods

The method of integration used for the simulations in this thesis is one called Leapfrog integration. This

is a second order method that uses the recurrence relation

dt dt
Vigg =v (Tt ootk o ),

Tit1 = T; + vi+%dt, 1=0,1,2,...
In this case we will specify the initial conditions v1 and xg, but one can also use some sort of self starting
scheme like for example the Euler method to acquire these values. As we can see from the recurrence
relation, it progresses the velocity v at half step indices while the position x progresses at integer indices.

This causes the process of progression for the two variables to ”leapfrog” over each other, which is why

the scheme is so named.
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The leapfrog integration method is implemented using the SDE 6.0.1 as velocity

dx;
v; = v(,t;) = da; = F(x(t;),t;) + V20E(t;) = z; — 3 + 0.7 cos(2nt;) + V20E(t;)
with initial conditions
to =0,
dt =0.1,
0.12
o=—
Vit
{E(to) =Ty = —1,
vy = F(xo,to) + V20¢(t;)
with £(t;) taken from a Box-Muller transform” ( , ). We let the simulation run for

a long time until we encounter a jump from one potential well to the other, at which point we plot the
behaviour of the system along with the underlying noise before, during and after this jump occurs. As
stated, how we choose the value of ¢ determines the rareness of the event, so a larger value of ¢ would
yield a less rare event and thus would need less deviation of the noise, whereas a smaller value of o makes

the event more rare and the analysis of the noise easier.

After obtaining data from a simulation that resulted in a rare event, we can plot the noise and the system
to see how they have behaved in relation to each other. We can also analyze the noise in different ways,
to see if some criterion have been fulfilled for its behaviour, such as accumulation of its moving average

or a spike in the data.

"The Box-Muller transform is a method for generating pseudo-random pairs of independent, standard, zero mean, unit

variance normally distributed random numbers, given a source of uniformly distributed random numbers.
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7.1 Numerical Results

Our simulations have yielded various results showing a varying amount of jumps within the same period
of time, 200 periods. Values of o between 0.38 and 0.80 have been used in numerous simulations, of which

a selection of visualizations is included below in figure 10.

System System

@t

o 250 500 750 1000 1250 1500 1750 2000 o 250 500 750 1000 1250 1500 1750 2000
t t

System System

0

@

o 250 500 750 1000 1250 1500 1750 2000 o 250 500 750 1000 1250 1500 1750 2000
t t

Figure 10: Visualizations of simulations of the Langevin equation (6.0.1) with various values of o, demon-
strating that larger values of o increase the probability of the particle transitioning from one potential
well to another. (a) o ~ 0.38, (b) 0 &~ 0.60, (c) o = 0.70, (d) o ~ 0.80.

In all of these cases, we can see the same kind of spike in the moving average in close proximity to the
jumps. However, as we can see in figure 9, the base oscillation of the system increases as the value of o
increases. This makes the jump less likely and thus less relevant to our studies, since they concern rare
events. If we look closely at figures 11-14 below, we can see that the moving average of the noise exhibits
a positive spike shortly before a jump from the potential well around —1 to the well around 1, and it
exhibits a negative spike shortly before a jump from the well around 1 to the well around —1. This can
be expected since intuitively, if we look again at figure 8, clearly in order for the particle to leave the left
well and transition to the right well, the direction of the noise impacting it would have to be positive,

moving the particle to the right, and it would have to be negative to shift the particle to the left.
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Moving averages and system
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— System x(t)
—— Moving averages of p(t)
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Figure 11: Plot of a system with one jump along with the moving average of the noise

Moving averages and system
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Figure 12: Plot of a system with two jumps along with the moving average of the noise
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Moving averages and system

2.0

M WM
MM \

— System x(t)
—— Moving averages of p(t)

0 250 500 750 1000 1250 1500 1750 2000

Figure 13: Plot of a system with five jumps along with the moving average of the noise

Moving averages and system
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Figure 14: Plot of a system with eleven jumps along with the moving average of the noise

49
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The above examples are made with a moving average of the noise, but one can also identify a spike in
the data looking only at the behaviour of the noise itself. This is demonstrated in figure (15), where we
have plotted the same system as figure (10(a)). Here we have plotted the system along with the noise

scaled down by a factor of % in order to make visual assessment easier.

Noise and system

— System x(t)
— p(t)

0 250 500 750 1000 1250 1500 1750 2000

Figure 15: Visualization of the system x(¢) and the underlying noise p(t) over 2000 time steps.

As we can see in figure 15, the scaled down noise p(t) oscillates steadily around zero until it exhibits a
spike shortly before the system jumps. It can seem that there are more spikes in the noise, and indeed
there is, but there is only one spike here where the noise increases exponentially in accordance with the

exponential growth discussed in section 6, and that is the spike immediately before the jump.
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8 Conclusion

We have studied methods of finding an early warning indicator of an upcoming rare event, given a
dynamic system governed by a stochastic differential equation. The methods studied have shown that
there exists a way to find such an early warning indicator using stochastic calculus and path integrals.
In our trials we have used varying values of o to see how it affects the system and the derivation of the
early warning indicator, where we have found that a smaller value of ¢ yields a lower probability for the
system to experience a rare event causing the particle to travel from one potential well to another. This
in turn makes the early warning indicator easier to find since it means that the deviation of the noise

needs to be larger for the jump to occur.

There is certainly more to be studied within the field of path integrals, and though we have briefly
discussed definitions and their part in the prediction scheme, the main theory of path integrals lies
beyond the level of this thesis and we will leave it to the reader to further pursue this theory within other

materials, such as ( , ).
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