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Abstract

In this work it is presented an extensive mathematical description oriented to financial modelling based
on three main fractional processes: the fractional Brownian motion and both fractional Lévy processes. It
is shown how these processes were originated. The concept of self-similarity is explored and we present
some notions of fractional calculus. It is discussed the opportunity of these processes in pricing financial
derivatives and we present a new approach for simulation of the fractional Lévy process, which allows a

Monte Carlo method for pricing financial derivatives.

Keywords fractional processes; fractional Brownian motion; fractional Lévy process; simulation; frac-

tional financial models; mixed models; option pricing; Monte Carlo.
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1 INTRODUCTION

1 Introduction

In the following few pages, we aim to introduce the subject of fractional stochastic processes that may be
considered a possible and original approach to the issue of pricing financial derivatives. This is actually
one of the final causes of this study. On a different (and greatly secondary, but not unimportant at
all) perspective, with this work we also hope to reach a phenomenologic or heuristic approach to some
understanding of the notion of mathematics itself: arguing that the mathematics has always a beginning
and an end necessarily in reality itself as a main claim, even for the most abstract mathematical subject,
or even if these endings are not known. One consequence is the refutation of the existence of a “world” of
mathematical objects as well as the notion of mathematics as just a (cruel) chess game. And this is still
possible when reaffirming the non-real proper existence of the mathematical objects: there is no ontological
difference between a real number and an imaginary number. Somehow, both objects are imaginary. But
they are the result of the same creativity that creates a portrait which is not the thing that represents,
just like it is mentioned by Magritte in his “La trahison des images”. But this creativity is always locked
up in reality in some sense. There is nothing new, in its absolute sense, as humanity will not ever create
anything. Mathematics is art.

Somehow, water was the first element to deliver a clue on one of the historically most important blocks
of financial mathematical modelling. This piece of knowledge is called the Brownian motion, named after
Robert Brown. In Brown (1828) the author describes the irregular movement of particles of pollen on
the surface of water. This description was later formally defined by Wiener, which was the cause of the
name of the stochastic process (Wiener process) whose trajectories are Brownian motions. Nevertheless,
it is commonly accepted to call Brownian motion to the process itself. The Wiener process is a stochastic
process with almost surely continuous paths in time, but these are almost surely not differentiable in each
instant. Also, the increments of this process are stationary, independent and Gaussian distributed.

The use of this process, whose historical origin is a natural phenomena in water, represented something
quite important and frequent in mathematics. We can call it the pursuit of simplicity. Since the prices
of financial assets (such as stocks) have mostly human causes, its variation and future value may be
influenced by a not easy composition of a quite large quantity of deterministic and non-deterministic free
human actions. Even if we admit a rational behaviour of economic agents in a perfect market (which is a
way to determine free human actions), we would still be left with a great problem to determine a theoretical
appropriate model, in a first place, followed by the huge problem to observe variables that (almost them)
cannot be observed.

At a first glance, with stochastic modelling, the deterministic complexity was substituted by simple
randomness.

Here we will present a mathematical phenomenon similar to the simplification earlier described. The

irregularity found in the particles of pollen surrounded by water was a first approximation to the irregularity
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observed in prices of stocks. But this irregularity is different from chaos. There are real physical causes
for the movements of the those particles and there are real human causes for the oscillations of the prices
in a market, even if we do not know them completely. This may be one of the reasons to abandon the
term irregularity (a close neighbour of chaos, which is the absence of causes) for another one, for instance,
roughness, a term proposed by Mandelbrot, which is a word often used to describe the surfaces of fractals.
On one hand, fractals may suggests chaos, but on the other hand, fractals are definitely not irregular, since
it is a result of a quite formally determined pattern.

The trajectories of the Brownian motion are self-explanatory, which is something found in fractal
geometry. Somehow, each part is (in some sense) the same as the whole. Graphically, a particular zoom
in into one of the trajectories of the Brownian motion looks the same as the initial path. Financially, this
would mean that given a path of a price of an asset, we would not be able to distinguish whether it is a
time interval of a month, or two months, or even a day or five minutes. This self-explanatory pattern is
an heuristic to the statistical property of self-similarity, which is a quite important detail in the Brownian
motion. Actually, every fixed-scale zoom in a Brownian motion is itself a Brownian motion with probability
one. And so, the self-similarity can be understood as a statistically fractal property.

Anyway, in Hurst (1951), the author found a self-explanatory movement in the level of water in a river.
But in this case this movement was modelled, not only with roughness but with dependence, which is
something not covered by the Brownian motion case, since its increments are independent.

This stochastic process, described by Hurst, was later formalized in Mandelbrot and van Ness (1968),
and then in Molchan and Golosov (1969) and also by Kolmogorov (1940). The name of this process was
introduced in Mandelbrot and van Ness (1968) as the fractional Brownian motion.

In some manner, the Lévy process corresponded to the passage from the Brownian process to a family
of processes that are continuous in probability (a weaker form of continuity which allows “jumps” in its
paths) and moreover its increments may assume different distributions than the Gaussian, resulting in
a more theoretical and empirical conformation of the stochastic process with the object that is being
modelled.

The first fractional process - the fractional Brownian motion - came from a generalization of the Wiener
process in the sense of self-similarity. And can be seen as a possible answer for a question such as: “What
are the stochastic processes closer to the Brownian motion but still self-similar?”. The answer is a zero
mean self-similar Gaussian process with stationary increments, which is a proper generalization, since the
standard Brownian motion is itself a fractional Brownian motion.

The jump from Brownian motion to Lévy processes still ensures the statistical independence of in-
crements. With the fractional Brownian motion we still have the Gaussian distribution as long with the
path’s continuity in time of each path of the process, but we gain a dependence structure that allows an
approximation to the concept of memory. The possibility that future changes in prices are related and,

in some cases, even caused by present price shocks or oscillations is not to be discarded. For instance in
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Mandelbrot (1997a) and Shiryaev (1999) we can find several theoretical and empiric arguments towards
this possibility. In (Mandelbrot, 1997b, page 418) it is suggested a simple approach to this present-future
relation claiming that “large changes tend to be followed by large changes - of either sign - and small
changes tend to be followed by small changes”. Statistically, this can be read as a positive correlation
between the increments of the process which will be in charge of model a financial asset’s price.

One of the main points of this work is to present the definition of the fractional Brownian motion and its
properties, along with a mathematical argument towards its mathematical formalization. This step turns
out to be the preamble of the fractional Lévy process, that comes directly from one of the constructions
of the fractional Brownian motion.

Here we argue that fractional Lévy process is not a generalization of the fractional Brownian motion, in
the same sense of the generalization of the standard Brownian motion to the fractional Brownian motion
nor to the Lévy process. From the fractional Brownian motion to the fractional Lévy process we will
not only loose some properties, but we will get with a different kind of family of stochastic processes. It
will be a process with the same dependence structure of the fractional Brownian motion, i.e. we can still
model “memory”, but the trajectories of this process are not self-explained. Meaning that we obtain a
non-self-similar stochastic process.

Curiously, the financial modelling with the last process is much simpler (in some sense) when compared
to the use of the fractional Brownian motion. And this seems to be a contradiction, since it is a much
complex instrument, and we gain a distance to the belief of Mandelbrot on the fractal geometry of the
financial prices trajectories that, somehow, inspired the appearance of fractional processes.

This work is organized in three chapters. The introduction of the fractional Brownian motion with
its three possible definitions and statistical properties, emphasising the concept of self-similarity and a
possible way of formalizing the idea of memory as it was suggested by Mandelbrot. In a second step and
by a similar method used in the previous process, we introduce the fractional Lévy process in its two
possible constructions proposing two numerical methods to its simulation, of them is an innovation, as far
as we know. Finally we illustrate a numerical use of the fractal processes in financial modelling and we
present a method to price an European call option whose underlying is modelled by a mixed model of a

fractional Lévy process and a standard Brownian motion, where a result of no arbitrage is possible.
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2 Fractional Brownian Motion

In this section we will present the definitions as well as the main properties of the fractional Brownian
motion (abbreviated fBm). As we will see, this is a simple example of a process which is neither a
semimartingale nor a Markov process. It corresponds to the first step into fractional stochastic processes
and it is the origin of the fractional Lévy process, which will be introduced in the succeeding section.
Whenever it is needed we will always assume a probability space (2, F,P) equipped with an increasing
and right-continuous filtration F = (F})o<i<7-
Given a stochastic process X, we will use the notation X (¢) when possible, and Xy, with the same

meaning, whenever it makes the reading easier.

2.1 Definition
One can define a one-sided fBm as presented below.

Definition 2.1 (Fractional Brownian Motion). We call fBm to the zero mean Gaussian process BH =

{BH t > 0}, with Hurst index H € (0,1) which verifies B =0 a.s. and

E [BtHBf] = (tQH + s |t — 8\2H) , (2.1)

DN =

for each t,s > 0.

We can also refer to this process as H-fBm.

This process does exist and it is well defined. In order to define a Gaussian process, it is only needed to
refer its first two moments, the mean and covariance function. The good definition of this process will end
up in a good definition of the covariance function (2.1), which must be a non-negative function. Actually,
the expression (2.1) is well defined if and only if H € (0, 1]. A proof can be found, for instance, in Sottinen
(2003).

It is easy to see, however, that the case H = 1 results on the process B} =tZ, where Z ~ N(0,1) (it
is enough to compute the covariance function of tZ, and compare with the covariance function (2.1) with
H =1). This trivial case is excluded from the definition of fBm.

Given that the standard Brownian motion is a centered Gaussian process with covariance function
E [X;X,] = min{t,s}, we can actually define it by a fBm with Hurst index of . And we can conclude
that, in fact, the Brownian motion is a particular case of the fBm (3-fBm).

The main properties of this process will be presented some sections ahead. Nevertheless, we may have
a fully understanding of the previous definition, as well as some insight on the particulars of the fBm, with

the following topic.
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2.1.1 Self-similarity

One of the well-known properties of the standard Brownian motion is the self-similarity. Graphically, a
zoom-in into a trajectory of the Brownian motion is itself a Brownian motion. This is what caught the
interest of Mandelbrot. In some way, this property ends up in a “probability-fractal” property, since a
self-similar process is a stochastic process that is invariant in distribution, given some stretch on space
and time variables. As we will see, this is the cause of the form of covariance function of the fBm process.
Most of the proofs of the following results as well as a more detailed survey on self-similarity can be found
in Lamperti (1962).

We will write {X (¢),t > 0} < {Y (t),t > 0} to indicate that all finite-dimensional distributions of the
processes X and Y are the same.

In literature, it is common to define self-similarity for a quite restrained class of stochastic processes.

But, in a more general way, we can define it as follows.

Definition 2.2 (Self-similar). We say that {X (t),t > 0} is self-similar if, for any positive a there exists
a positive b such that

{X(at),t >0} £ {bX(t),t > 0}. (2.2)

Definition 2.3. The process { X (t),t > 0} is continuous in probability (or stochastically continuous ) at
t if, for any positive € we have

lim P (X (t+h) = X(1)] > ) = 0. (2.3)

If we have a process continuous in probability, the Definition 2.2 of a self-similar process can be slightly

modified with the following theorem, whose proof can be found in Lamperti (1962) (proof of Theorem 1).

Theorem 2.1. Let X (t) be a self-similar, non-trivial stochastic process continuous in probability at t = 0.

There exists an unique H > 0 such that, for all positive a, we have
{X(at),t >0} £ {aX(t),t > 0}. (2.4)
Moreover, H > 0 if and only if we have X(0) =0 a.s. .

The parameter H is usually referred as Hurst index, and we say that the process {X (¢),t > 0} is trivial

whenever the probability law of X (¢) is a Dirac measure for each t¢.
Proposition 2.1. The H-fBm is self-similar with Hurst index H.

Proof. Since B} is continuous in probability at t = 0 (one can prove it by proving the continuity in mean
square, using the covariance structure (2.1)) it is enough to get a result similar to (2.4). Let us define

Y (t) = B for some positive a. We have to show that

at»

Y(t) L a?BH. (2.5)
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Since both processes are Gaussian with zero mean, we only have to check whether the covariance functions

coincide (Lemma 11.1 (i) in Kallenberg (1997)). For the first one we have

E[Y(t)Y(s)] =E[BIBIL], (2.6)
which can be written as
ﬁ (£2H 4 s2H _ |t — s2H)
2 )
and it corresponds to the covariance of the right-hand side of (2.5). O

2.1.2 An apology for the covariance structure

In order to justify the covariance structure of the fBm (2.1), we will present the definition of one of the

key features of this process.

Definition 2.4. The stochastic process {X (t),t > 0} has stationary increments if the distribution of the
increment process {X (t + h) — X (t),t > 0}, does not depend on h, for any non-negative h. Or

(X(t+h)— X(h),t >0} L {X(t) — X(0),t >0}, (2.7)
for any h > 0.
Proposition 2.2. The fBm has stationary increments.

Proof. In order to check the relation in (2.7) for fBm, it is only required to see that
{BlL, — Bil.t =0} £ (B}t = 0},

for each positive h. And this is done again by comparing the first two moments of both processes, since they

t2H

are both Gaussian. Both means are zero, and the variance is given by , when applying the covariance

structure of the fBm (2.1).

O
The distribution of the increments of the fBm is a zero mean Gaussian with variance given by
E[(B# - BH)®] = |t - 5",
and so we have for each natural k
E [(BtH - Bf)ﬂ = (2!];!|t— s|2Hk. (2.8)

Now, for a more general stochastic process satisfying the main previous properties, self-similarity and

stationary on its increments, we have the following result concerning its second moment structure.
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Theorem 2.2. Given a non-trival stochastic process {X(t),t > 0} self-similar with Hurst index H satis-

fying (2.4) with stationary increments, we have, for t,s > 0,

E[X()X(s)] = = (¢*7 + 27 — |t — sP")E [X(1)?], (2.9)

[N

Assuming that E [| X (1)]?] < oo.

Proof. Without loss of generality, let us assume that s < ¢t. By the stationarity of the distributions of the

process { X (t),t > 0}, we can easily see that X (¢) — X (s) 4 X (t—s) (Recall that X(0) = 0 a.s. in Theorem

2.1). Moreover, by self-similarity, for any positive ¢ we have
X(t) L 7Xx(1).

Therefore,

E [(X(t) - X(s))Q] = (t—s)2HE [X(1)7].
The left-hand side of the previous equation leads us to
ME [X(1)%] - 2E [X (¢) X (s)] + s*"E [X(1)?],

and the final result follows immediately.

And this justifies the equivalent definition of the fBm given by Sottinen (2003):

Definition 2.5 (fractional Brownian motion). The fBm B[ is the unique zero mean self-similar Gaussian

process with Hurst index H € (0,1) and stationary increments verifying E {(BfI)Q} =1.

2.2 Properties

The previous equivalent definition for fBm already emphasises two of the main properties of this process:
self-similarity and the stationarity of increments. The main difference between the fBm and the simple
Brownian motion is that this process no longer has independence of increments. In this section we mainly

will see the importance of the H parameter for the dependence structure of the process.

2.2.1 Increments and Correlation

Given two mutually exclusive time intervals on the real line, let us denote t; < t3 < t3 < t4 the positive
instants of the endings of those intervals. The increments Bg — Bg and Bg — Bg are Gaussian variables
with zero mean and variance given by (to — t1)? and (t4 — t3)?!7. This is an immediate corollary of
the stationarity of the increments of the fBm as well as some simple logical steps, given that the sum of

Gaussian variables is itself a Gaussian variable. So, the covariance between both increments is given by

E[(B - B) (B - B)].
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which will lead us to the following expression

% ((tg — tg)gH + (t4 — t1)2H — (t4 — t2)2H — (tg — t1)2H) . (210)

Moreover, for any two disjoint increments, this expression is zero if and only if H = % So the standard
Brownian motion is the unique fBm with independent increments (Lemma 11.1 (ii) in Kallenberg (1997)).
On the other hand, the Proposition 11.7 in Kallenberg (1997) allows us to conclude that the Brownian
motion is the unique fBm which is a Markov process.

Now, given that fBm is a process with stationary increments, we can consider the unit increments of
BH for the instants 0 to 1 and from the instants n to n + 1, and denote by ~(n) the covariance function

between those increments which is given by, for n > 1,
v(n) =E (B, - BY) (BI - Bf')].
Recalling that B = 0 a.s., by expression (2.10) we can write

v(n) == ((n+1)*" — 202" 4+ (n — 1)*7). (2.11)

| =

Again, for H = 1, y(n) =0 for n > 1. But, for H € (0,1) and H # } we have

% ((n +1)2H —2n2H 4 (n — 1)2H)

li =1
300 H(2H — 1)n2H—2 7
or simply,
y(n) ~ H2H — 1)n* =2 when n — oo. (2.12)

From the previous expressions (2.11) and (2.12), we conclude that in the case of H < 3, the function
y(n) < 0foreachn > 1and )~ | |y(n)| < oo, which indicates that the increments are negatively correlated
and have a short-range dependence.

On the other hand, however, if H > 1, the function v(n) function is positive and the series Y. ° ; v(n)
does not converge. In this case we say that the fBm presents increments with positive correlation and
long-range dependence. The last case is the most interesting in finance, and it is the mathematical version
of the claim of Mandelbrot in (Mandelbrot, 1997b, page 418): “large changes tend to be followed by large
changes - of either sign - and small changes tend to be followed by small changes”.

Summarizing, the Hurst parameter will control the dependence structure of the process. And, except
for the standard Brownian motion, the fBm is never either a Markov process nor a process with independent

increments.

2.2.2 Sample paths

The formulation of the Kolmogorov criterion in @¥ksendal (2000, Theorem 2.2.3) states that a stochastic

process X; has a version with continuous sample paths whenever, for each T > 0 there exist positive
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constants «, 8 and D such that
E[|X: — Xs|*] < Dt — s|**7,
for 0 <s,t<T.
From equation (2.8) we can easily conclude that, for all H € (0,1), there exists a version of B} with
continuous trajectories. It is enough to choose a k > ﬁ

Moreover, one can define 8-Holder continuous functions as follows.

Definition 2.6. A function f defined in interval [a,b] in R is said to be f-Hélder continuous if there exist

non-negative constants f and C such that

vx,ye[a,b] ‘f(‘r) - f(y)‘ < C|.’I} - y|ﬂ

The Holder continuity is stronger than simple continuity. And S parameter somehow classifies the
regularity of the function. Note that the case § = 1 corresponds to the Lipschitz condition. For S-Holder

continuous stochastic processes we can have the following definition:
Definition 2.7. The process X; is S-Holder continuous stochastic process in [a,b] if it verifies
Voselas) 1 Xs = Xel SYs — )7, (2.13)
for some finite random variable Y .
The proof of the following theorem can be found in Sottinen (2003, proof of Proposition 3.2).
Theorem 2.3. The H-fBm has a version with 5-Hélder continous sample paths if and only if B € (0, H).

So we can conclude that the Hurst parameter controls not only all the dependence structure of the
fBm, but also the regularity of its sample paths. Note that for greater values of H we get more regularity
(the excluded case with H = 1 illustrates how regular this process becomes with higher values of H).
And so, the long-range dependence case (% < H < 1) ends up to be more regular than the standard
Brownian motion. Nevertheless, we can state the following result, which has a different interesting proof

in Mandelbrot and van Ness (1968).

Theorem 2.4. For any possible H € (0,1) the sample paths of the fBm are not differentiable with proba-
bility one.

Proof. Since the process B} is stationary, it is enough to show that it cannot be differentiable at ¢ = 0.
Thus, supposing that it is the case, we would have some positive € and a finite random variable B{, such

that for all s in (0, €) the following regularity condition holds
B! — Bg'| < |s| (e + Bp) -

But then, by inequality (2.13) we can see that, in this case, BtH would be 1-Hélder continuous at ¢ = 0,

which is a contradiction with Theorem 2.3. O
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2.2.3 p-variation

An important property of the standard Brownian motion is that its sample paths have finite quadratic
variation. The set of stochastic processes (semimartingales) that verify this property is often referred has
the natural class of processes in which we can define a stochastic integral. In Papapantoleon (2007) we

can get a possible definition for semimartingales.

Definition 2.8. A stochastic process X; is said to be a semimartingale if it can be decomposed as
X = Xo+ M + Ay,

where Xq is finite, My is a local martingale and A; is an adapted finite variation process. Moreover

My = Ay =0.

The local martingale is a local version of the martingale property, every martingale is a local martingale.
For more details see Kallenberg (1997, chapter 15).

The fBm, however, will not verify this property, as we will see.

Following Sottinen (2003) we now introduce the concept of p-variation. Given a partition of the interval
[a,b], with 0 < a < b, we can write 7 = {tx, : a =1ty <ty <---<t, =b}. The diameter of the partition

is the value |7| which is given by max, ex Aty, where Aty =t — tr_1.

Definition 2.9. Given a function f defined in the interval [a,b], we call p-variation of f along the partition

m to the value N
vary(fim) =D IAf(tx)IF,
k=1
forp € [1,00) and given that Af(ty) = f(tx) — f(tp—1).
Given this base concept, we can define the following.
Definition 2.10. Given a function f defined in the interval [a,b], we say that f has finite p-variation if
varg(f) = lii\r_r}lovarp(f;w),

exists.

On the other hand, we say that f has bounded p-variation if the following is finite
vary(f) = supvary(f; ).
Moreover, we call the variation index of f to
var(f) =inf{p >0: wvar,(f) < co}.

The previous concepts are applied analogously to the stochastic process X; if they are applied path-wise
w by w a.s. . In Sottinen (2003, Proposition 3.8) it is presented and proved the following important result
regarding the p-variation of the fBm.

10
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Theorem 2.5. Ifp > % then the fBm has a.s. finite p-variation, moreover varg(BtH) =0. Forp< %
then the fBm has unbounded p-variation and Uarg(BtH) does not exist. Also, the variation index of the

fBm is given by var(Bf') = %.

So, one can conclude the following.

Corollary 2.1. The long-range dependence case of the fBm (H > %) has sample-paths with zero quadratic
variation. On the other hand, the short-range dependence case of the fBm has infinite quadratic variation.

Moreover, fBm has unbounded total variation (or 1-variation).
Corollary 2.2. Except for the standard Brownian motion case, the fBm is not a semimartingale.

And from this result it follows that the standard stochastic It6 integral is not possible for the fBm
(except for the H = 3 case). A proof can be found in Embrechts and Maejima (2002, Theorem 4.2.1).

2.3 Integral representations
2.3.1 Mandelbrot-van Ness

The fBm has been presented throughout this work taking advantage of features or key properties of the
fBm itself (for instance, self-similarity or the covariance structure). These are the most common definitions
which are presented in the recent literature covering this topic. Although in Taqqu (2013) it is argued
that Mandelbrot was the pioneer in this process giving it a consistent formalization and a definition
(in Mandelbrot and van Ness (1968)). This definition however is not quite the same given before, but an
equivalent one. It will be presented an alternative representation following Tikanméaki and Mishura (2011).
These representations are also called moving average representations.

For the Mandelbrot-van Ness integral representation, let us define the following function (also known

as Mandelbrot-van Ness kernel), were H is the Hurst parameter of the fBm, and s, ¢ are reals.

fult,s) = Cn (¢ = )17 = (=) ), (2.14)

where (z); represents max(z,0) and Cp is a normalizing constant which may be represented by the

following expression

o 1 1\ 2 1 _%
_ H-5 _ _H—3 -
CH—(/(; ((1+8) S ) d8+2H> .

The Mandelbrot-van Ness integral representation of the fBm is then given by, for ¢t € R,

t
BtHi/ ful(t, s)dBs, (2.15)

11



2.3 Integral representations 2 FRACTIONAL BROWNIAN MOTION

where By is a two-sided Brownian motion, which can be defined by simply considering two independent
standard Brownian motions, say Bt(l) and Bt@), and imposing B; = Bt(l) for t > 0 and B; = —B(ft) for
t < 0. Note that the resulting fBm is also a two-sided process.

The proof for this can be found directly in Mandelbrot and van Ness (1968). Since the kernel function
is regular enough for the It6 integral and it is deterministic, the process in (2.15) is Gaussian, and it has
zero mean. Therefore, the proof ends up on checking that, in fact, the second moment structure of the
process coincides with the covariance function of the fBm given in (2.1).

The regularity of the kernel function can be seen in Marquardt (2006, Proposition 3.1). In particular
we have fp(t,-) € LP(R) for p> (3 — H)™', and so fg(t,-) € L*(R).

2.3.2 Molchan-Golosov

Besides the Mandelbrot-van Ness representation given previously, there are other equivalent ways to write
the kernel function (2.14). Nevertheless, it is also possible to have the same fBm but with a different integral
representation. This one was firstly presented in Molchan and Golosov (1969). For a more detailed survey
on the relations between each representation we refer to Jost (2005).

Again, one of the possible forms to write the Molchan-Golosov integral representation of the fBm is

the following, due to Tikanméki and Mishura (2011):

t
Bl / 2u(t, s)dB, (2.16)
0

for t > 0.

The Molchan-Golosov kernel zg, for 0 < s < t < o0, is given by

1 1 1 1 s—t
z(t,s) =cu(t—s)H 2 F (2—H,H—2,H+2,88), (2.17)

and zp(t,s) = 0 otherwise. The function F is the Gaussian hypergeometric function that can be defined

as

— (a z*
F(a,b,c,z) = Z ( gz)(f:)kk,a

k=0
given that (o) = a(a+1)... (a+k—1), for k € N, and (a)o = 1. And the constant cy can be written as

ey = 1 <2HF(H+§)F(§_H)>§.

I(H+3) I'(2—2H)

A detailed proof for the Molchan-Golosov integral representation can be found in Jost (2007). Note that
in this case, we have an integral over a compact interval and we only need a one-sided Brownian motion.
This can result in nicer numerical approximations, since we would not need to truncate the integral. For
the case of the Hurst parameter H > % there are simplifications that can be made in the integral expression

(2.16) that can be found in Tikanmé&ki and Mishura (2011).

12



2.3 Integral representations 2 FRACTIONAL BROWNIAN MOTION

2.3.3 The Name and Fractional Calculus

Up to this point, one can see the fBm as a generalization of the standard Brownian motion in the sense
of self-similarity. In fact, the fBm for each Hurst parameter H € (0,1) is a self-similar process. But
now, excluding the case of the Brownian motion, the fBm does not have independent increments, but, on
the other hand, they are always stationary. As it is claimed in Tagqu (2013), the formalization of this
process by Mandelbrot was motivated by his interest in the self-similarity property. However the name
given was fractional rather than similar or self-similar. We will present some different representations
for Mandelbrot-van Ness and Molchan-Golosov definitions of the fBm, that will justify the name of the
process.

Given constants a and b, a < b and a continuous function f in [a, b], by partial integration we can easily

check by induction the so called iterated integral formula

/atn /atn—l _../atl f(s)dsdty ... dt,_1 = (n—ll)! /at" i {(z?lnds (2.18)

for ¢,, € [a,b], n > 1.

Note that the right-hand side of (2.18) can be written as

O
r<n>/a sy

where I'(x) denotes the Gamma function. And we would be able to extend this iteration to a non-integer

step iteration.

Definition 2.11 (Fractional integral). If f € L'[a,b] and given a parameter a > 0 we call (Riemann-

Liouville) fractional integral of order « to

(I3, /f )t — )" tds = (1a) /abf(s)(t—s)ilds
(o f /f (s—t)*~ 1ds— /f s— )3 ds,

where in both cases t € (a,b). The first integral is referred as the left-sided integral and the second as the

and

right-sided integral

Given this definition it is also possible to define an inverse operator, which can be understood as some
fractional derivative. This operator is not as simple to define as the fractional integral. We present the
definition of Fink and Scherr (2014). And from now on we will be only interested in the right-sided

fractional integral.

Definition 2.12. Let f be a function in L'([a,b]) and 0 < o < 1 such that
FO) = (L) (1), a<t<b,

13



2.3 Integral representations 2 FRACTIONAL BROWNIAN MOTION

for some ¢ € L'([a,b]).

The fractional (Riemann-Liouville) derivative of f of order « is given by

(D?f)“):mla)( v [ G5 )

fora <t<b.

For some a € (0,1) we shall write I, = Dj* and also I =DY =1Id.
Instead of defining the fractional integral in compact intervals, we can define it analogously of functions

defined in the real line.

Definition 2.13. If0 < a < 1 and f € L'(R) the (Riemann-Liouville) fractional integral of order « is
(Ia / f a ldS

For the real line case we will present a different version of the fractional derivative operator, following

Fink (2011).

given by

fort e R.

Definition 2.14. Let f be a function in L*(R) and 0 < a < 1 such that

f) =12(()(H), teR,

for some 1 € L*(R).

The fractional (Marchaud) derivative of f of order « is given by

f
(D) (t) = 170[ / ) sa+1+8) ds,

fort e R.

Again we will use the convention I_% = D together with I = D% = Id. For a complete survey on
fractional calculus we refer to Samko et al. (1993).

We can now state the following result whose proof can be found in Fink (2011) (partially distributed
by the proofs of Propositions 1.5.8 and 1.5.10 in the same thesis). We use « to indicate proportionality.

Theorem 2.6. The fBm defined by the Mandelbrot-van Ness representation (2.15), BH, over the real line
8 a.s. given by

BtH&/ 17714 (s)dB.. (2.19)
—o0

The fBm BH, with t > 0, resulting from the Molchan-Golosov representation (2.16), can be written

a.s. by

T L )
BtH&/ s () 10,0()) (5)dB,. (2.20)
0
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2.4 Integral 2 FRACTIONAL BROWNIAN MOTION

Each kernel (2.14) and (2.17) of the integral representations of the fBm can be written with fractional
calculus. And note that for the short-range dependence case (H < %) the fBm results on the application
of the fractional derivative, while for the long-range dependence we have the fractional integral. And this

is the reason why, in Mandelbrot and van Ness (1968) the fBm (with Hurst index different than 1) was

labelled as the fractional integral or derivative of the usual Brownian motion.
More insights on the connections between fractional calculus and the fBm can be found in Doukhan

and Taqqu (2003).

2.4 Integral

In this last section, we will provide two main approaches to the definition of an integral with respect to

the fractional Brownian motion. These next concepts will be mainly useful to the last section of this work.

2.4.1 Path-wise

As it was already observed, it is not possible to define a It6-type stochastic integral with respect to fBm.
But a result from Young (1936) allows the definition of the Riemann-Stieltjes integral for well-behaved

functions in terms of its Holder continuity.

Theorem 2.7. Given two real functions f,g defined in [0, T] which are Hélder continuous of order p and

q such that p+ q > 1, then the Riemann-Stieltjes integral

/O F(t)dg(t)
exists.

Recalling that the paths of fBm are Holder continuous of any order in (0, H), we can easily apply the

previous result to the trajectories of the fBm.

Theorem 2.8. Given a stochastic process u; defined in [0,T] with p-Hélder continuous trajectories, with

p>1— H, then the Riemann-Stieltjes integral

T
/ utdBtH
0

exists path-wise.
In Sottinen (2003, Corollary 6.3) the previous result is clarified by the following proposition.

Proposition 2.3. In the conditions of the previous theorem, for t € (0,T) the integral

¢
/ usdBH
0

is a limit of Riemann-Stieltjes sums, moreover it is a.s. B-Holder continuous with any order f < H.
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3 FRACTIONAL LEVY PROCESS

As it is referred in Nualart (2006, Section 3.2.1), it is possible to show that the expected value of the
previous integral is not necessarily zero, as it happens in the Ito integral case, and its variance has not a

easy calculation formula. These results are obtained by Malliavin calculus.

2.4.2 Wick integral

The Wick integral can be seen as an alternative to stochastic integral that cannot be defined in It6’s sense
in the fBm case. It is an operator that was introduced in Malliavin calculus and it fits the fBm. The Wick
integral is based on the concept of Wick product.

However, the details of the Wick product are a deep subject that fall out of the scope of this work. For
more details we refer to Nunno et al. (2009). A simpler approach to this topic can be found in Nualart

(2006). We briefly introduce its definition in Appendix A.

3 Fractional Lévy Process

The fractional Lévy process (abbreviated fLp) follows directly from the construction of the integral rep-
resentations of the fBm. The Lévy processes generalize the Brownian motion allowing discontinuities on
the sample paths (also referred as jumps) as well as different distributions apart from the Gaussian distri-
bution, resulting in quite flexible models for financial data. The passage from the fBm to the fLp is the
result of a technical difference in the use of an integral. And so, at a first glance, it is not a pursuit of some
properties or a priori advantages that were to be gained with this technical change, as it happened in the
Lévy process case. The almost “Let us see what happens” approach actually gave us a quite important
type of processes in fractional financial modelling, when comparing to the previous case. This importance
is greatly based on the semimartingale property that, in some cases, can be verified.
The fLp was firstly introduced in Benassi et al. (2004).

From now on, we will focus only on the long-memory case H € (%, 1).

3.1 Lévy process

We refer to Applebaum (2009) and Sato (1999) for standard reference texts on Lévy processes and proofs
of the basic properties as well as for the standard definition of a stochastic integral with respect to a Lévy

process.

3.1.1 Definitions

The basic definition can be presented as follows.

Definition 3.1. The stochastic process (L;)i>o continuous in probability is a Lévy process if Lo = 0 a.s.,

the increments of Ly are stationary and independent, and the sample paths of Ly are right-continuous with
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3.1 Lévy process 3 FRACTIONAL LEVY PROCESS

left limits a.s. (or the paths of Ly are cadlag).

When comparing the previous definition to the definition of the Brownian motion, we do not have a
Gaussian distribution for the increments anymore nor an imposition of continuity of the sample paths.
Actually, the paths of a Lévy process may have discontinuities (jumps) and the probability distribution of
the increments is not necessarily Gaussian. Nevertheless, the Brownian motion is a Lévy process.

An important concept which is closely related to Lévy processes is the concept of infinitely divisible

distribution.

Definition 3.2. A random variable X is said to have an infinitely divisible distribution if, for each n € N,

there exist random variables i.i.d. Y*, Y3, up to Y}, such that
XLV Y44V

A process (Xi)i>o is infinitely divisible if, for each possible t, X; is an infinitely divisible random

variable.
Proposition 3.1. Fach Lévy process Ly is infinitely divisible.

Proof. Since the increments of the Lévy process are independent and stationary, any partition of the
interval [0,¢] with equal spaced intervals will define a finite number of i.i.d. random variables whose
sum is equal in distribution to L;. These random variables are the increments of L; for each time-line

partition. 0

Theorem 3.1 (Lévy-Khintchine formula). The random variable X has an infinitely divisible distribu-
tion if and only if there exists b € R, a non-negative ¢ and a measure v satisfying v({0}) = 0 and

Jg (LA 2?) v(dz) < oo, such that

E [e"*] = exp (n(u)),

for u € R, where

’U/QC

n(u) = ibu — - —|—/ (€™ — 1 —duzlyy<1y) v(dz). (3.1)
R

The triplet (b, ¢, v) is often called the characteristic (or Lévy) triplet and v is named Lévy measure. We
call n(u) the characteristic (or Lévy) exponent. The b parameter is related with the (deterministic) drift
of the process, the ¢ is the volatility associated with the Brownian component of L; and the remaining
integral is associated to the jump component of the Lévy process.

Now, by Proposition 3.1 as well as the previous theorem, for each positive ¢ the characteristic function
of the random variable L; can be associated with a characteristic triplet. Although, the Lévy-1t6 decom-
position together with the Lévy-Khintchine theorem (that can be found for instance in Applebaum (2009),
Sato (1999)) allow us to understand the relation between the characteristic triplet of each variable L; of a

Lévy process.
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3.1 Lévy process 3 FRACTIONAL LEVY PROCESS

Theorem 3.2. Given a Lévy process Ly, there exists an unique Lévy triplet (b, c,v) such that the charac-

teristic function of Ly can be written as
E [evd] = exp (tn(u) (3.2)

for u € R, where n(u) is the characteristic exponent associated with (b, c,v).
On the other hand, given a characteristic triplet associated with a random variable with an infinitely

divisible distribution, one can define a Lévy process that verifies (3.2).

The Lévy triplet (b,c,v) is the one associated with Ly, and it is usually referred as the characteristic

triplet of the Lévy process.

3.1.2 Integral

From now on, we will assume that the Lévy process L; has zero mean and finite second moment, moreover

it does not have Brownian part and the Lévy measure satisfies:

/<1 le|v(da) < oo (3.3)

In this case we assure the finite variation of the sample paths of L;. A necessary and sufficient condition

for the existence of the second moment of L; is that

/ |z|?v(dx) < oo.
|z|>1
In this, case we have
var(L;) = t/ 2?v(dx),
R
and the Lévy exponent (3.1) is simplified into

n(u) = /]R (e — 1 — iuz) v(dz). (3.4)

Given these restrictions, the process L; can be also represented as the following integral

t
Lt://xN(dx,ds), t>0,
o Jr

where the compensated Poisson measure N is given by N = N(dz,ds) — v(dz). The random Poisson

measure N (¢, A) can be defined as
N(t,A)=#{0<s<t; AL, € A},

where AL; = Ly — Ls_. For simplicity we will assume N (¢, A) = 0 for any A € B(R) such that 0 € A,

where A is the closure of A.
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3.1 Lévy process 3 FRACTIONAL LEVY PROCESS

With this set up, we can define stochastic integrals with respect to a Lévy process. We will define
it more generally with respect to a two-sided Lévy process, L; with ¢ € R simply calling two i.i.d. Lévy

processes Lgl) and ng) and defining L; = Lgl) fort >0 and L; = —L(f()t,) for t < 0.

Given a mensurable function f: R x R — R verifying, for all ¢t € R,

[ [ (560912 717t )21y widoras,
RJR

the following stochastic integral is well defined as the limit in probability of integrals of simple (or step)

functions whose limit is f,

X, = / Ft)Lds) = [ F(t $)xN (dz, ds). (3.5)
R

RxR

We can also write,

X, = / f(t,s)dL,. (3.6)
R
In Marquardt (2006), we find the following summary of the properties of X;.

Proposition 3.2. Given that the two-sided Lévy process L, has the characteristic exponent (3.4), the

stochastic process X; as it is defined in (3.5) has an infinitely divisible distribution and verifies

E [e"Xt] = exp {/R/R (ei“f(t’s)”” — 1 —quzf(t, s)) V(dx)ds} .

Moreover, if, for each t, f(t,-) € L*>(R) we have

2 2 2
E[X?] =E[LI] 1t )72 -
Before we conclude this part, it is important to notice that, in fact, the Lévy process is a semimartingale,

as it is emphasized in the following theorem.
Theorem 3.3. FEvery Lévy process Ly is a semimartingale.

A proof is an immediate consequence of the Lévy-Ito decomposition of any Lévy process and it can be
found for instance in Applebaum (2009). And this fact allow us to get a slightly different approach to the
integral (3.6), that will be used later in Section 3.4.2.

Corollary 3.1. Within the conditions of the Proposition 3.2, considering an measurable function f and
assuming the usual restrictions made in this section regarding the Lévy process Ly, the integral (3.6) is

given by the following limit, a.s.

|| —0

n—1
lim Z f(t7 Si)(L3i+1 - Lsi)’
i=0
where T s a partition of the interval [0,T], 0 =89 < s$1 < -+ < 8, =T and |7| = max,{Sn+1 — sn}.

A proof for this can be found in Bichteler (1981). And this is a possible way to define the stochastic

integral with respect to a semimartingale.
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3.2 Definitions 3 FRACTIONAL LEVY PROCESS

3.2 Definitions

Now we are in conditions to define the fLp. In the case of the previous fractional process, there are two
possible ways to define the fBm through an integral approach. But both approaches result on the same
stochastic process. The fLp appears directly from these integral representations, but instead of an integral
with respect to the Brownian motion, we have an integral driven by an appropriate Lévy process. In the
present case, however, we will have two different processes. The following first definition of the fLp can be

found for instance in Marquardt (2006), Tikanméaki (2012).

Definition 3.3 (Mandelbrot-van Ness fLp). The fLp resulting from the Mandelbrot-van Ness representa-

tion (MVN-fLp) is the two-sided stochastic process given by,

X = / fu(t, s)dLs, (3.7)
R

where fr, for H € (0,1) is the Mandelbrot-van Ness kernel (2.14) and L is a zero mean square integrable

two-sided Lévy process without Brownian component.

Similarly, as in Tikanméki and Mishura (2011), we can define the fLp with the Molchan-Golosov integral

representation.

Definition 3.4 (Molchan-Golosov fLp). The fLp resulting from the Molchan-Golosov representation (MG-
fLp) is the stochastic process given by,

t
yH - /O su(t, s)dLs, (3.8)

fort € RY, where zg, for H € (0,1), is the Molchan-Golosov kernel (2.17) and Ly is a zero mean square

integrable Lévy process without Brownian component.

In both cases, we will often refer to the Lévy process L as the driving Lévy process. Again, since the
kernels are the same used in the previous section, the name fractional is already justified, and one can see

the fLp has a fractional integral or derivative of a Lévy process.

Theorem 3.4. The conditions imposed on the beginning of this section regarding the driving Lévy process
(finite second moment as well as the condition (3.3) on the Lévy measure) are sufficient and necessary
conditions for the processes MVN-fLp and MG-fLp to be well defined, given an appropriate probability

space.

Proof. The conditions imposed to the driving Lévy process are necessary and sufficient conditions to the
good definition of the integral of a measurable deterministic function with respect to a Lévy process.
So, it is enough to check that the kernels of the fractional processes are measurable, which was already

done in the previous chapter. O
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The fact that the two previous definitions are not equivalent is the main result proved in Tikanmaki

and Mishura (2011). It claims the following.
Theorem 3.5. In the conditions of the definition of both fLp, for the case % < H <1,

o if E [|L1|3] < oo andE [L:f] # 0, then the MVN-fLp and the MG-fLp have different finite dimensional

distributions.
o IfEE [Lﬂ < 00, then MVN-fLp and MG-fLp have different finite dimensional distributions.

And so, we are in presence of two distinct stochastic processes.

3.3 Properties

As it was done in the case of the fBm process, we will now summarize the main properties of each fLp.

3.3.1 Mandelbrot-van Ness fractional Lévy process

The results in this subsection will mainly follow Marquardt (2006).

By observing the construction of the MVN-fLp, one can conclude that, for each t € R, the MVN-fLp
XH will depend on Lg for all s € R. Therefore, X! is not adapted to the filtration generated by the
driving Lévy process.

Given that the MVN kernel verifies fz(t,-) € L?(R), by Proposition 3.2, it is immediate to conclude

the following result.

Proposition 3.3. The MVN-fLp X has a infinitely divisible distribution for each t € R, moreover

E (X)) = 1t )ullsem B [LT]
forteR.

Proof. Tt is an immediate consequence of Proposition 3.2. O

Another important result is the fact that the MVN-fLp has an improper Riemann integral representa-

tion.
Proposition 3.4. The MVN-fLp X} has a version with the form

/Rf(t, §)Lods, tER, (3.9)
which is continuous in t.

For a proof see Marquardt (2006, proof of Theorem 3.4).
From now on, we will assume the continuous version of the MVN-fLp. In Fink (2011) and Marquardt

(2006) we find the following two key features of this process along with the respective proofs.
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Proposition 3.5. The MVN-fLp X} is a zero mean process, its increments are stationary and it is
symmetric, in the sense of
d

XH £ _xH teRr.

Furthermore, for t,s € R, X1 has, up to a constant, the same covariance structure as the fBm:
Cov (Xf,XtH) oc ([¢*H + |s]2H — |t — s[*H) .

With this result we find an “approximation” to the fBm. In the case of the MNV-fLp, we still have
a stochastic process with stationary increments built with a covariance structure that allows this process
to have memory. The characterization made in subsection 2.2.1 can be applied to any process with the
covariance of the form (2.1), so we conclude that the increments of MVN-fLp has long-range dependence

for the present case. These details are emphasized in the following corollaries.

Corollary 3.2. The MVN-fLp does not have independent increments.

Moreover, the increments of the MVN-fLp have long-range memory and are positively correlated.

And so, the MVN-fLp cannot be a Lévy process.
On the other hand, the following theorem breaks the fundamental point that motivated the study of
the fractional processes. A proof can be seen in Marquardt (2006, proof of Theorem 4.4).

Theorem 3.6. The MVN-fLp X} cannot be self-similar.

Nevertheless, it is still possible to find in the MVN-fLp some clues on self-similarity. In Benassi et al.
(2004) it is presented the concept of asymptotic self-similarity that can be found in the distribution of X .
In Marquardt (2006) it is proved that, under some conditions, X/? is locally self-similar with parameter

H=H+1 -1 wereac(1,2).

Sample paths properties

Proposition 3.6. The sample paths of MVN-fLp X are a.s. locally Hélder continuous of any order
B<H-3.

The proof can be found in Marquardt (2006, Theorem 4.3).
The locally Holder continuity of the trajectories of the MVN-fLp implies that these paths are Holder-

continuous in compacts.

Proposition 3.7. If the Lévy measure v associated to the Lévy process driving the MVN-fLp XH is of

finite activity (v(R) < 00), then the total variation of each sample path of X is finite on compacts [a, b].

An immediate consequence of the previous result (whose proof can be found in Marquardt (2006, proof

of Theorem 4.6)) is the following.
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Corollary 3.3. The MVN-fLp X[ is a semimartingale with respect to any filtration it is adapted to if
v({R}) < 0.

But it is also possible to find examples of MVN-fLp whose trajectories are not that regular.

Proposition 3.8. Suppose that the Lévy measure v associated to the Lévy process driving the MVN-fLp

XH is given by v(dz) = g(z)dx, where g is a positive measurable real function verifying
g(x) ~ |z|77* when x — 0,
for some a € (1,2) and, for each x € R,
g(z) < Clz|717.

In this case, the sample paths of the MVN-fLp have a.s. infinite variation in any compact interval.

Moreover, in this case, the MVN-fLp is not a semimartingale.

For a proof see the proofs of Theorems 4.5 and 4.7 in Marquardt (2006). On the other hand, see

Tikanméki and Mishura (2011, proof of Theorem 3.9) for a justification of the following result.
Proposition 3.9. The MVN-fLp has zero quadratic variation.
In Bender et al. (2012), the authors prove the following remarkable result regarding the MVN-fLp.

Proposition 3.10. The MVN-fLp driven by the Lévy process with the usual assumptions has Lebesgue

almost everywhere differentiable sample paths in any compact interval.

Proved in Bender et al. (2012, proof of Theorem 2.1).

3.3.2 Molchan-Golosov fractional Lévy process
The results summarized in this subsection mainly follow Tikanméki and Mishura (2011).
Proposition 3.11. Each random variable of the MG-fLp, Y2, has an infinitely divisible distribution.

See proof of Propositin 3.10 in Tikanméki and Mishura (2011).
While the MVN-fLp is not adapted to the filtration generated by the drivinng Lévy process, the MG-fLp
is adapted to it, as we can see by its integral definition (3.8).

As the MVN-fLp, the MG-fLp also has the same covariance structure of the fBm.
Proposition 3.12. The MG-fLp Y, verifies, for s,t >0,
£ (1) =0
and

2
E [YtHYSH] _ E [2[’1] (t2H s2H s|2H) )
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Proof. For the proof of the first moment, we refer to the proof of Proposition 3.4 in Fink (2013), considering
the case of E[L1] = 0.

Given that

E[(v + )] = B[] + E[(v)?] + 2B [y,
the L2-isometry in Proposition 3.2 allows us to write
E [(YtH)Q] _ 2HER [Lﬂ
and
B+ Y1) = |t —sP"E [L7],

for t,s > 0.

Thus, for t,s > 0,

E [Y;HyvsH] _ @ (t2H ps2H |t s|2H) )
O

Corollary 3.4. The MG-fLp does not have independent increments. Moreover, these increments have

long-range memory and are positively correlated.

An interesting observation is that the MG-fLp cannot be a Lévy process.
As it was done for the MVN-fLp, it is also possible to have a path-wise (or Riemman) integral for the
MG-fLp, although in this case it requires a more restrict class of driving Lévy processes, as it is proved in

Tikanméki and Mishura (2011, Proposition 3.6).

Proposition 3.13. Suppose L; is a compound Poisson process with characteristic triplet (0,0,v). Then

Y, has a version that can be represented as follows

/ot (_izH(ts)) Lyds.

The case of the MG-fLp results even more “distanced” from the fBm when compared to the MVN-fLp.
A “first break” is related to the stationarity of distribution of its increments, and it is recorded in the

following proposition.
Proposition 3.14. There is at least one MG-fLp Y7 whose increments are not stationary.

Proof. When the Lévy process driving the fLp is given by L; with characteristic triplet (0,0, v), where
v= %(51 +0_1) (i.e. Ly is a sum of two compound Poisson processes with jumps lengths 1 and -1), it is
shown in proof of Proposition 3.11 of Tikanmiki and Mishura (2011) that Y, does not have stationary

increments. O

But, as it happens to the MVN-fLp, the following result still holds for the MG-fLp.
Theorem 3.7. The MG-fLp cannot be self-similar.

See proof of Theorem 3.12 of Tikanméki and Mishura (2011).
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Sample paths properties
Proposition 3.15. The MG-fLp Y, has a.s. Hélder continuous paths of any order 3 < H — %

For a proof check the demonstration of Proposition 3.7 in Tikanméki and Mishura (2011).
(Note that for the short-memory case H < % the MG-fLp and the MVN-fLp have discontinuities with
positive probability as well as unbounded sample paths. See Tikanmiki and Mishura (2011) for more

insights.)
Proposition 3.16. The MG-fLp has a.s. zero quadratic variation.

A proof can be found in proof of Theorem 3.8 in Tikanméki and Mishura (2011).
Similarly to the case of MVN-fLp, the MG-fLp will depend greatly on the Lévy process in which it
relies. There is not a complete characterization of Y, in terms of the semimartingale property (more

observations in Tikanmaki (2012)).

3.3.3 Summary and observations

The following table allows a quick summary of the properties each fLp.

Property MVN-fLp MG-fLp
Two-sided process Yes No
Covariance structure of fBm Yes Yes
Increments with positive correlation and long- Yes Yes

memory dependence

Path-wise construction Yes In some cases
Adapted to natural filtration No Yes
Holder continuous sample paths Yes (locally) Yes
Self-similarity No No
Stationarity of increments Yes Not necessarily
Infinitely divisible Yes Yes
Semimartingale In some cases Unknown

Table 1: Comparing the MVN-fLp and the MG-fLp

The “two-sided” definition of the MVN-fLp happens to be quite important, for the same reasons given
to the integral representation of the fBm by Mandelbrot-van Ness. In this case, the simulation of the
process must lead to truncate the integral somewhere.

It is not hard to understand the reasons which made the Brownian motion be gradually substituted

by the Lévy process. The most famous arguments towards the use of the Lévy process within financial
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modelling are the following: the distribution of the increments of a Lévy process does not have to be the
Gaussian distribution, enabling, for example, a non-symmetric distribution with “heavier tails”, as well
as the possibility of admitting non-constant implied volatilities, and, finally, the sample paths of a Lévy
process may have “jumps” or discontinuities. All these upgrades assume all the other advantages of the
Brownian motion, besides it is more conform to empirical knowledge and more economically realistic. Yet,
the Lévy process is more analytically complicated to deal with, and for most cases there is no closed forms
solutions for important models based on Lévy processes, such as prices of options. The advance from
the Brownian motion to the Lévy process also rise problems in the economic functioning of the financial
models: the arbitrage issue may become a problem, and the hedging and completeness may not be possible
in most cases. Some may argue that, in some cases, the models are badly specified. But the advances
towards reality in modelling may also imply a badly and insufficient specification of the financial theory
as well.

Curiously, when comparing both previous fractional processes to the Lévy process, in some sense, it
does not seem to be an improvement, but actually a throwback. The trajectories of the fLp have no
longer jumps, and in some cases, they are differentiable on compacts (see Proposition 3.10), which is not
an expected trace on the movement of assets’ prices. But we gain a memory perspective which was not
contemplated within Lévy’s family.

Nevertheless, except for the excess of regularity of the fLp, the driving Lévy process impress the fLp
with more possibilities than the fBm. Actually the fLp is a family of processes, depending in the Lévy
process in which it relies. The fLp is not a Gaussian process (it is an immediate consequence of Proposition
3.10 in Tikanméki and Mishura (2011)). And not all fLp have stationary increments. On the other hand,

the great advantage of the fLp, when compared with the fBm, is that it can be a semimartingale.

3.4 Simulation

In order to simulate the previous two fLp, we will present two main approaches.

3.4.1 Path-wise Riemann integral approach

In the present section, we propose a numerical method to simulate the previous fLp.

From Propositions 3.4 and 3.13, the problem of simulation of these processes is simply solved by a
numerical integration, method given a simulation of the driving Lévy process. This is a perfect fit for the
MVN-fLp, but not to the MG-fLp, since in this case, the Riemann integral representation is only available

for a compound Poisson driving process.
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Simulation of the MNV-fLp Within this approach, by Proposition 3.4, the MNV-fLp X/ is the result

of the following integral
/ gi(s)ds, (3.10)
R
where g:(s) = fu(t,s)L(s) for a given t € R.
The simulation of X, within this approach, is summarized by the simulation of the driving Lévy
process and by the application of a numerical scheme to approximate an Riemann integral.

However, the function g; is not continuous in R but it is Lebesgue a.s. continuous. Let
ey T2, T—1,T1,T2y« -«

be the instants of the jumps of the two-sided Lévy process.

So (3.10) can be written as

3 / ge(s)ds. (3.11)

If we choose, for instance, the composite trapezoidal scheme in m equally spaced partitions for the

numerical approximation, each integral in (3.11) may be computed as

Tn—0

lim (S)ds"" (Tn*e)*Tn—l gt('rn—l) eril -’ + (Tn*E)an—lk +gz&(’l'nfe)
gt ~ 9 gt n—1 m 9

s—ot S m — 2

with € > 0, where the e corresponds to the approximation to the interval end where the function is not
left-continuous. (Recall that the paths of Lévy process are right-continuous). The only point left is the
truncation of the integral (3.10), which can be picked a priori substituting R by the compact interval
[k, K]

With this background, we can follow up the following steps in order to simulate the MNV-fLp.

Algorithm 3.1 (Path-wise Riemann simulation of MVN-fLp). Using the trapezoidal rule for the integral’s

approzimation, for each t € R, X1 may be simulated by the following.
1. Fiz a truncation k, a number m of equally spaced partition intervals and truncation € for each interval;

2. Simulate the Lévy process Ly for s € [—k, k], denote 7%, 1,..., 75, 7f,...,75_ to the simulated
Jump instants, and call 7*,, = —k and 1} =k, moreover 15 = 0;

* *
T, —€—T,

8. For each interval [1}_, 7} — €] define s, = 7 + ~——=k, for k = 0,1,...,m and approzimate
the integral over [1}_1, 7} — €| with

7. Sn— 50 9t(0) +7§:1 (51) 4 gt(s5m) \ .
T, 9 9t \Sk 9 |

k=1

4. Sum the integrals I; correspondent to each interval between the Lévy jumps.
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Simulation of the MG-fLp Analogously, the Proposition 3.13 ensures that, if L is a compound Poisson

process, the MG-fLp Y, is represented a.s. by the integral on a compact interval given by

/t hi(s)ds, (3.12)
0
where hy(s) = (— £z (t,s)) Ls.

After choosing an appropriate numerical method to compute the integral, it is only required to simulate
a compound Poisson process and the get the values of the partial derivative of MG kernel in the desirable
points. And we apply this program to each pretended time instant ¢ of the MG-fLp process. Given the
jump times of the compound Poisson process in [0,t], 71,72, ..., Th—1, We can write (3.12) as

7'7;76
lim / hi(s)ds,

o
=1 §—0

n

where 79 = 0 and 7,, = t. The reason for the limit is again the non-left-continuity of the compound Poisson
process already explained. For e > 0 and ¢ =0, 1,...,n, h; is continuous in each interval [1;_1,7; — €].

We propose to approximate (3.12) by
> L
i=1

where I; is the result of a numeric approximation of each integral

/ I he(s)ds.
Ti—1

As it was done to the MVN-fLp, we can follow the following steps to numerically approximate the

MG-fLp using the trapezoidal scheme.

Algorithm 3.2 (Path-wise Riemann simulation of MG-fLp). Using the trapezoidal rule for the integral’s
approzimation the computation of the MG-fLp may follow the following steps.

For each fired t > 0, we get an approzimation to Y, by

1. Fix a truncation € for the integral, and a number n of equally spaced intervals;

2. Simulate the compound Poisson L for s € [0,t] and represent the jump instants by 74,75, ...,Th_1.
We will assume 75 = 6 and 7,0 = t, where § > 0 (the partial derivative of zg may not be defined

when s =0);

T —€

3. For each interval [1}_,, 7} — €] define s, = 7} + %kz for k=0,1,...,n and approzimate the

integral over [T}, T —

%

€] with

i—1
. Sn— S0 hi(so) Z he(si) \
e " ( 2 ! k=1 o) 2 7

4. Sum the integrals I,, correspondent to each interval within the compound Poisson jumps.
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3.4.2 Semimartingale stochastic integral approach

The MVN-fLp can be simulated by the previous method independently of the choice of the driving Lévy
process (within the conditions of its definition). On the other hand, the other method is only applicable
in the case of the MG-fLp if its driving Lévy process is a compound Poisson process.

The Corollary 3.1 gives a possible approximation for both processes X/ and Y that is valid for any
driving Lévy process. This approach is possible mainly because of the semimartingale property of the Lévy
process which allows the definition of a stochastic integral, and so, the definition of the fLp itself. And,

for the best of our knowledge, it is an innovation.

Simulation of MG-fLp By Corollary 3.1, for each ¢ > 0, the MG-fLp Y;* can be written a.s. as

n—1
lim zg(t,s;)(Ls, ., — L,
w_m; H( 2)( Sit1 sl)a
where 7 is a partition of the interval [0,¢], 0 = sp < 1 < -+ < 8, =t and || = max, {Snt+1 — Sn}-
The new numerical approximation that we propose is a simple choice of a partition m. Considering a

partition in intervals with the same size, an algorithm may be the following.

Algorithm 3.3. Using the previous reasoning for the integral approximation, the computation of the
MG-fLp may follow the following steps.

For each fived t, we get an approzimation to Y, by

1. Fiz the number of equally spaced intervals n.

The partition of the interval [0,t] is given by the nodes s;, for i = 0,1,...,n, where s9 = 0 and
t .

S; = EZ'

2. Compute the MG kernel function zg(t,s) from the point (t,s0) to (t,sn);

3. Simulate the Lévy process Ls and get its trajectory values Ly up to L ;

. Finally, the approzimation of the simulated value of Y, is given by the following sum:
t

3
|
—

zn(t,si)(Ls,., — LE,).

Si41

Il
<

i
Simulation of MINV-fLp The peculiarity of this approach regarding the MNV-fLp is that the Corollary
3.1 does not cover integrals over R. But a generalization is assumed.
We propose the following simple approach to the approximation of the simulated value of X at instant
t, given a positive truncation constant k.

n—1
Z fu(t,si)(Ls,,, — L),

i=—n
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where —k = s_,, < s_p41 < -+ < s, = k corresponds to a partition of [—k, k].

A very similar process used in the previous algorithm may be used to simulate these values.

Algorithm 3.4. For each fized t, we get an approzimation to X[ by

1. Fix the truncation k and the number of equally spaced intervals n.

The partition of the interval [—k, k] is given by the nodes s;, for i = 0,1,...,n where so = 0 and

2. Compute the MVN kernel function fr(t,s) from the point (t,so) to (t,s,);
3. Simulate the Lévy process Ls and get its trajectory values Ly up to L ;

4. Finally, the approzimation of the simulated value of X} is given by the following sum:

3
|
—

zn(t,s6)(Ls, , — LE,).

Sit1

Il
=]

i

See Appendix B to see some numerical examples of these algorithms.

4 Financial Fractional Models

In this last chapter we briefly expose some financial models whose prices of risky assets are modelled by the
previously studied processes. The self-similarity of the trajectories of the fBm is an interesting approach
to describe the irregularity of prices, by considering it not completely irregular but using some measure of
roughness.

But the main argument towards the use of fractional processes in the financial modelling is the long-
memory dependence structure of these processes. It is not hard to accept that a shock in the price will
have an influence on the future behaviour of the price trajectory. A complete survey on the arguments
towards the use of memory can be found in Mandelbrot (1997a) and Shiryaev (1999).

For more insights on the mathematics behind these models we refer to Bender et al. (2008, 2011) and
Fink (2011).

Note: in this section we still consider only the long memory case H > %
4.1 Fractional Brownian motion

4.1.1 Fractional B-S model

As it was already discussed, the fBm B with its properties (mainly the long-memory dependence struc-
ture, the stationarity of its increments as well as the self-similarity of its paths) may happen to be some

upgrade to the financial modelling, comparing to the previous case of the standard Brownian motion.
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A first fractional model to be considered covering this process is the Fractional Black-Scholes (B-S)
model. This is a simple generalization of the previous model, in the sense of considering the fBm instead
of the Brownian motion in the dynamics of the price of the risky asset.

In this case, the price of the underlying asset is a fractional geometric Brownian motion with the

following expression, under the natural (or objective) probability measure P,

2
S; = Spexp (,ut +oBl - 02252H) ) (4.1)

where u corresponds to the rate of return of the asset, and o to its volatility. As usual, the price of the
non-risky asset with interest rate r is given by €™, at instant {. The expression in (4.1) is obtained by
considering the dynamics of the risky asset as dS; = uSidt + oS;dB}.

Denoting a; and b; the number of non-risky and risky assets detained by an investor at time ¢, respec-

tively, then the value of the portfolio at time ¢ is given by

V;g = ate” + tht~

Moreover, the portfolio is said to be self-financing if the following is verified (see Nualart (2006)), for

each t,

t t
Vi="Vo+ 7‘/ ase”ds +/ bsdSs. (4.2)
0 0

Now, we notice that the last integral in (4.2) is an integral with respect to a process involving the fBm.

The two integral types presented in Section 2.4 can be used, but with different results.

Path-wise integral If we use the path-wise Riemann-Stieltjes integral, as it was introduced in Subsection
2.4.1, then the model allows arbitrage opportunities. The main cause for this is the fact that the fBm is
not (except for the standard Brownian case) a semimartingale.

There are simple self-financed strategies within the current set up that allow arbitrage. For more details
we refer to Nualart (2006) and Cheridito (2001b).

But interestingly, when we consider a more realistic model also involving a geometric fBm type along
with transaction costs, it is possible to get a model without arbitrage opportunities. For more insights,

see Guasoni (2006).

Wick product Bjork and Hult (2005) criticize a possible non-arbitrage approach to this model. The key
solution would be the substitution of the path-wise integral by the Wick integral mentioned in Subsection
2.4.2. A possible way (there is more than one) to get an arbitrage-free model by the use of Wick integral

is assuming that the asset value S; verifies
dSt = ’I"Stdt + O'St < dBtH
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and the self-financed condition as
t t
Vi=W+ / (rase™ +1bsSs) ds + a/ bsSs o dBH.
0 0

The non-arbitrage conclusion is taken by several authors. This can be seen for instance in Biagini et al.
(2002), Elliott and Van der Hoek (2003).

The main critics in Bjérk and Hult (2005) are due to the lack of economic reasoning in the mathematical
formulation of both Wick-new self-financed condition as well as for the new formulation of the concept of

arbitrage used in some of the articles based on this approach, mainly in Elliott and Van der Hoek (2003).

4.1.2 Mixed Model

A different approach to insert the fBm into a financial model is by considering both standard Brownian
motion as well as the fBm. This is a possible way to get a model involving the fBm along with an
economically meaningful attempt.

In this case the stock price process S; can be written as

Sy = Sp exp (ut + 0B + VBtH) .

In this case, instead of a simple substitution of the standard Brownian motion, it is added the fBm in
the original geometric Brownian motion. As we will see, in this case we can avoid some of the economically
not meaningful problems verified in the earlier case. The Brownian motion will correspond to the short
term market modifications, and the fBm will model the long term fluctuations, determining the memory
of the process. A complete introduction and basic proofs within this model can be found in Cheridito
(2001a).

On one hand, it is proved in Cheridito (2001a) that the mixed fBm process MtH “ = By + aB is

34l

still not a semimartingale, for most cases. In particular, it is not a semimartingale for H € (0, %) U (
(Corollaries 2.3 and 2.6 of Cheridito (2001a)). Yet, for the remaining values of H (H € (3,1)) the mixed
process M™% is not only a semimartingale, but it is equivalent in probability to the standard Brownian
motion (see proof of Theorem 1.7 in Cheridito (2001a).)

So, for the non-semimartingale case, we are in front of the same problem as the previous model, and

for the semimartingale case, we are back to the old geometric Brownian motion, which is a singularity in

the fractional financial models.

4.2 Fractional Lévy process

For the fLp financial application, we will only consider a mixed (geometric) fractional model, where we

will mix the model involving the fLp with a standard Brownian motion.
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4.2.1 Mixed Model

In Tikanméaki and Mishura (2011), the authors present a mixed model involving the fLp together with a
non-arbitrage opportunity result.
Given a fLp L, that can be either the MVN-fLp or the MG-fLp, the mixed stochastic process S; that

models the asset price movement along time can be determined by
InS; = oL +¢By, (4.3)

where B; is the standard Brownian motion and o, ¢ > 0.

4.2.2 Arbitrage

The so called doubling strategies are investor strategies which allow, under some circumstances, positive
profit in a finite time interval (that can happen to be long) with probability one if one is able to spend an
unbounded amount of cash. One of the conditions for the famous Black-Scholes model to be an arbitrage-
free model is the assumption of the impossibility of doubling strategies.

The main arbitrage result regarding the absence of arbitrage opportunities in model (4.3) is also based
on a restriction of the possible trading strategies in the market. The formulation of the following theorem

and its proof can be found in Tikanméki and Mishura (2011, Theorem 6.1).

Theorem 4.1. Given a filtered probability space (we may call Fy the filtration generated by the asset price
process St), and assuming only stopping-smooth trading strategies, the market modelled by (4.3) has no

arbitrage opportunities.

The assumed trading strategies in the previous theorem are deeply detailed in Bender et al. (2008).

These authors present the following definition of stopping-smooth trading strategies.

Definition 4.1. We say that ® is a stopping-smooth trading strategy if it can be written as
n
k
(bt = Z ¢1(5 )l(Tk,Tk+1](t)7 (44)
k=1

where ®%) are smooth and T, are stopping times locally continuous.

®,; represents the number of stocks held by an investor at instant ¢, and so, given an initial capital vy,

the value of the investment in the asset whose price is represented by S; can be written as

t
V}:vo—i—/ D,dSs.
0

Now, the smoothness of the trading strategy has a quite technical description in Bender et al. (2008,
Definition 4.3). Basically and summarily, ®, is smooth if each ®*) in (4.4) is a predicable smooth strategy,

meaning that ®*) contains all past information up to instant 75 (or simply, ®*) is F, -mensurable).
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Moreover, ®*) does not allow doubling-strategies and it is of class C! in all its variables (which can be of
three types: time, the price asset process S, and functions of both ¢ and S;). The no-doubling strategy

detail can be formally described as

t
/ d,dS, > —a
0

Moreover, in Bender et al. (2008) is argued that this type of trading strategies has an economic reasoning

for a positive constant a, almost surely.

that can be found in the most common financial derivatives, such as the case of European call options,

which is the important case for the rest of our application.

4.2.3 Arbitrage-free option price simulation

Recalling the process S; as it is described in (4.3) and assuming the conditions presented in the previous
section, we end up with a no-arbitrage scenario which will be the final set-up to get an approach to the
issue of pricing of a derivative whose underling involves a fractional Lévy process.

Since there is absence of arbitrage opportunities, it is possible to have an equivalent measure QQ under
which the actualized asset price process is a martingale. And we can get a “risk-neutral” pricing formula

for the contingent T-claim X of the form

(t; X) = e "TYEQ [X|F],
admitting a flat term structure interest rate at r between [0,7] and assuming again the F; as being the
filtration generated by the asset price process.
Supposing that the present T-claim is an European call option with exercise price K and that we want

the price at t = 0, the previous pricing formula can be written as
Iy = E° [e7"T5(S(T))] (4.5)
where 6(S(T')) = max{Sr — K,0}.
If the price process under the martingale measure is still a fLp mixed model as the solution of (4.3),
we can use the algorithms in Section 3.4 to get option prices with Monte Carlo.
By Monte Carlo method, obtain the arbitrage-free price of an European call option, we just follow the

following steps, given a choice of model parameters and processes (mainly the driven Lévy process of the

fLp). A numerical illustration is collected in Appendix C.
1. Simulations of the Brownian motion and the fLp, using the methods proposed in Section 3.4;
2. Computation of the present values of the call payoff;

3. Computation of the mean value of the previous values, whose result is an approximation to the

pretended price (4.5).
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5 Conclusions

Independently of the possible uses of fractional processes in mathematical modelling, with this work we
did not pretend to propose an improved approach to model some dimension of the financial phenomenon,
namely the price of an asset. As it was already mentioned in Subsection 3.3.3, the Lévy process has greater
flexibility when compared to the fLp, when it is used to describe these objects. The main point was to
introduce the concept of “memory” in this description. This is an acceptable detail in a price of an asset by
both empirical and economical reasoning, but also with common sense, which may well be the key reason.

This “memory” feature followed the very simple propose of Mandelbrot already cited in Introduction:
assuming a positive correlation on the increments of the process. The fact that large changes tend to be
followed by large changes, and analogously for small changes, is a quite poor description of what we may
call “memory”. This was the basic detail in common to every fractional process considered in these pages.
One possible way to enrich this “memory” model is to make this trend in price changes more dynamic
by allowing the Hurst parameter to vary along time. This would take out the self-similarity of the fBm,
though it is not a problem for those who accepted the fLp.

The fBm successfully generalised the Brownian motion, and we ended up with a self-similar family
of processes with correlated increments. But in this case, we do not have a semimartingale, and the
great pressures of financial requirements - mainly the absence of non-arbitrage results, or an economical
meaningless attempt with the Wick integral - resulted in its gave up.

Of course, this was not the cause for the appearance of the fLp. We claim that it was a result of
a “Let’s see what happens” if one substitutes the Brownian motion by a suitable Lévy process in the
integral definitions of the fBm. The result is non-self-similar process with correlated increments that, in
some cases, can actually be a semimartingale. And besides this detail, it is possible a non-arbitrage result
for a simple mixed model of a Brownian motion and a fLp. This mixture happens to solve the problem
raised by fLp when it comes to model an asset price: it is too regular, since it is differentiable Lebesgue
almost everywhere. In this sense, it is justified that the jump from fBm to the fLp actually ended up in a
quite simpler instrument in financial mathematical modelling.

A possible future study object would be the attempt to generalize the non-arbitrage result regarding
the mixed model of a fLp with a Brownian motion to a mixed model of a fLp with a Lévy process.
This problem may admit a first solution when we restrain the fLp to its smaller family verifying the
semimartingale property. In this case, the mixture is a semimartingale and the problem is simplified.

Given the simulation methods to the fLp, it would be interesting to empirically find out the most

adapted parameters of the mixed fLp model to a real European call option.
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A WICK INTEGRAL

A Wick integral

In Sottinen (2003), we find the following definition for the Wick product.

Definition A.1. Given a centred Gaussian random variable £, its Wick exponential is defined as

A random variable X oY is the Wick product of X and Y if

E [(X o Y)e<>W<¢>} —E [X&WW} E [Y&WW} : (A1)
for all ¢ € L([0,1]).

The W(¢) denotes a Gaussian random variable, and this is a quite standard notation in Malliavin

calculus. For a given element ¢ of L2([0,1]), W () is the result of the following integral

1
W(¢):/0 ¢¢dBy.

One may claim that the definition of the Wick product in (A.1) is an attempt to create independence
by substitution of the usual multiplication by some artificial and - one may say - meaningless (at least in
finance) operation.

The definition of Wick integral will not be presented. In Nualart (2006, Proposition 3.3) it is justified
the name “integral” for this operator, since for a specified class of well-behaved functions we actually have

a relation between the Wick integral and the Riemann-Stieltjes integral with respect to the fBm.

Proposition A.1. For T > 0, let F € C'([0,T]) such that both F and F’ verify, for positive constants c

and A < ﬁ,
2

|F(z)] < ce® .

Then the Wick integral with respect to the fBm whit Hurst parameter H > % can be written as

T T T
F(BF)oadBl :/ FBMaBE —H | F/(BF)t* 1at.
0

0 0
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B NUMERICAL SIMULATION OF FLP

B Numerical simulation of fLp

In this Appendix, we present some simulations resulting from the algorithms presented in Section 3.4 and

the use of Mathematica.

On simulation of a Lévy process

The simulation of the fLp actually relies on the simulation of the Lévy process, which is its only “source
of randomness”.

Summarizing the results in Chapter 3, there are three main Lévy processes that can be used to “build”
the fLp. The Lévy process may be a jump process with or without drift component. In both cases, the
jump component may be of finite or infinite activity.

In this work, the numerical results are seen as just examples or illustrations, and, somehow they are a
“proof” that some of the previous proposed methods for simulations are in fact attainable. So, we will only
present the numerical methods corresponding to the stochastic integral approach presented in Subsection
3.4.2. Mainly because it is a simpler and cleaner procedure, it admits a greater class of Lévy processes,
and also, as far as we know, this approach was firstly presented in this work.

We will only present two main Lévy processes: a two-sided compound Poisson (with and without drift)
and a standard compound Poisson process (with and without drift). These are the base blocks for the
construction of the MVN-fLp and the MG-fLp, respectively.

We will consider a A-parameter of 0.03 for the exponential distribution modelling the time jumps of
the Lévy process and a standard Gaussian distributions for the lengths of jumps. When a drift component
is considered, we assume a slope of 2 units.

In Figure 1, we have a simulation for both cases of the two-sided process.
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(a) Two-sided compound Poisson process without drift (b) Two-sided compound Poisson process with drift

Figure 1: Two-sided compound Poisson process, A = 0.03 and jump length is modelled by standard

Gaussian distribution
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B.1  On simulation of MVN-fLp B NUMERICAL SIMULATION OF FLP

On the other hand, in Figure 2, we find a path for both cases of the one-sided process. Again the drift

is given by a slope of 2 units.

* m K Ly

(a) Compound Poisson process without drift (b) Compound Poisson process with drift

Figure 2: One-sided compound Poisson process, A = 0.03 and jump length is modelled by standard

Gaussian distribution

B.1 On simulation of MVN-fLp

Based on Algorithm 3.4, the simulated trajectories of the MVN-fLp built on the Lévy paths in Figure 1
may look as it is shown on the following set of graphics.
In the present case, we consider a truncation in [—2, 2] and 100 equally spaced intervals for the composite

trapezoidal rule.
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(a) MVN-fLp based on process in Figure la (b) MVN-fLp on process in Figure 1b

Figure 3: MVN-fLp with H = 0.75
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B.2 On simulation of MG-fLp

Now, based on Algorithm 3.3, the simulated trajectories of the MVN-fLp built on the Lévy paths in Figure
2 may look as it appears on the following figures.

In this case, we consider 100 equally spaced intervals for the composite trapezoidal rule.

L, /] Ao L/
e N ]
N f 4 - o / k

(a) MG-fLp without drift, based on Figure 2a (b) MG-fLp with drift, based on Figure 2b

Figure 4: MG-fLp with H = 0.75
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C NUMERICAL SIMULATION OF EUROPEAN CALL OPTION PRICE UNDER MIXED FLP

C Numerical simulation of European call option price under

mixed fLp

In the mixed fLp model (4.3), if we consider the specific values of 1 and 0.1 for ¢ and e, respectively, the

simulated trajectories of the price process S; based on the four different previous fLp are presented below.
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(a) Based in MVN-fLp in Figure 3a (b) Based in MVN-fLp in Figure 3b

Figure 5: mixed fLp model with parameters ¢ = 1 and € = 0.1 for MVN-fLp
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(a) Based in MG-fLp in Figure 4a (b) Based in MG-fLp in Figure 4b

Figure 6: mixed fLp model with parameters ¢ = 1 and € = 0.1 for MG-fLp

Now, the Monte Carlo method is the repetition of all this process for a sufficient number of trials,

and approximate the expected value of the payoff for each option. We will apply this for each of the four

processes.

For each case, we will simulate 1000 prices for T' = 1, let us say one year, as it was done previously. The
parameters of the model are unchanged, and so ¢ = 1 and € = 0.1, and the conditions for the simulation

of the fLp are the same used in the Appendix B.
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After one year, the average price of each asset (driven by different fLp) over 1000 trials is resumed in

the following table. (Recall that the initial price of each asset is 1).

fLp Expected price
MVN-fLp (based on a dritfless compound Poisson process) 13.36
MVN-fLp (based on a compound Poisson process with drift) 230.08
MG-fLp (based on a dritfless compound Poisson process) 228.47
MG-fLp (based on a compound Poisson process with drift) 775.64

Table 2: Expected prices an asset modelled with each fLp considered

For a given strike price K, the payoff of the European call is max{Sp — K,0}. The previous results
state that for any strike price above the expected price, the price of the call option will be zero.
To end this illustration, we may consider an interest rate fixed at 7 = 10%. And, for each strike price,

we get the following price of the European call option.

fLp Strike price  Call price
MVN-fLp (based on a dritfless compound Poisson process) 10 3.40
MVN-fLp (based on a compound Poisson process with drift) 200 27.22
MG-fLp (based on a dritfless compound Poisson process) 200 25.75
MG-fLp (based on a compound Poisson process with drift) 700 68.44

Table 3: Prices of European call options for fLp mixed model
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