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Tamén tutkielman tarkoituksena on tarkastella erésté versiota stokastisen integ-
roinnin avaintuloksesta nimeltddn Iton kaava, jolla on térke& rooli niin stokastiikan
teorian kuin sen erindisten sovellusten kannalta. Iton kaavoja voidaan johtaa pe-
rustuen useille eri oletuksille seké tilanteille. Téssa tutkimuksessa oletamme paé-
tuloksena esittettdvin Iton kaavassa kaytettdvin stokastisen prosessin olevan Lévy-
prosessi, joka toteuttaa rajallisen vaihtelun ehdon ja vastaavasti kaavassa kaytettavan
funtion oletamme jatkuvaksi ja heikosti derivoituvaksi.

Tulemme késitteleméaén oleellisimmat stokastiikan seké analyysin esitiedot padtu-
loksena olevaa Iton kaavan todistamista varten. Stokastisten prosessien osalta kisit-
telemme yleisimpia esimerkkejd Lévy-prosesseista seké esittelemme niiden téarkeimpia
perusominaisuuksia. Maérittelemme my6s Poisson satunnaismitan, jonka térkedna
erikoistapauksena on muun muuassa hyppymitta. Liséksi esittelemme joitain kuu-
luisia stokastiikan tuloksia kuten Lévy-Ito-hajotelma sekéd Lévy-Khintchine-kaava.

Liséksi tdrkeénd osana Iton kaavaa méérittelemme ja konstruoimme tarkasti stokas-
tisen integraalin alkaen yksinkertaisista prosesseista ja lopulta yleistden sen koske-
maan laajempaa osaa prosesseista. Jatkona stokastiseen integrointiin tarkastelemme
vield ldhemmin erésté stokastisen integraalin laajennusta Poisson satunnaismitan suh-
teen. Lopuksi esittelemme ja todistamme erdén version Iton kaavasta, joka kéyt-
tad oletuksinaan rajallisen vaihtelun ehdon toteuttavaa prosessia, mutta paatulosesta
poiketen olettaa funktioiden olevan heikosti derivoituvuuden sijaan ainoastaa jatku-
vasti differentioituvia.

Johtuen erityisesti heikosti derivoituvuuden oletuksesta kdymme liséksi 14pi joitain
reaali- ja funktionaalianalyysin perustuloksia. Erityisend huomion kohteena ovat tu-
lokset koskien distribuutioteoriaa ja heikkoa derivoituvuutta. Lopuksi néité esitietoja
kayttéaen ja oletukset tarkasti médritellen todistamme yksityiskohtaisesti tutkielman
péadtuloksena olevan version Iton kaavasta tapauksessa, jossa dimensio on 1.



Abstract: Jimi Kotkajuuri, Ito’s formula for finite variation Lévy processes, Master’s
Thesis in Mathematics, 50 s., University of Jyvéskyld, Department of Mathematics
and Statistics, Spring 2023.

In this thesis we examine a version of the integral result of stochastic integration
called 1t6’s formula which plays an important role both in terms of theory of stochastic
and also its various applications. Itd’s formulas can be derived based on several
different circumstances and situations. In this thesis, we assume that the stochastic
process used in It6’s formula presented as the main result is a Lévy process, which
fulfills the condition of finite variation, and in addition to this we assume the function
used in the formula to be continuous and weakly differentiable.

We will introduce the most essential stochastic and analysis prerequisites for prov-
ing the Ito formula as the main result. Regarding stochastic processes, we discuss
the most common examples of Lévy processes and present their most important basic
properties. We also define the Poisson random measure, whose important special case
is jump measure. In addition, we present some famous stochastic results such as the
Lévy-Ito6 decomposition and the Lévy-Khintchine formula.

Furthermore, as an important part of Ito6’s formula, we precisely define and con-
struct the stochastic integral starting from simple processes and finally generalizing
it into a wider range of processes. As a continuation of stochastic integration, we will
take a closer look at an extension of the stochastic integral in terms of the Poisson
random measure. Finally, we present and prove a version of It6’s formula, which uses
as its assumptions a process fulfilling the finite variation condition, but, in contrast to
the main result, assumes that the functions are weakly differentiable instead of only
continuously differentiable.

Due to the assumption of weak differentiability, we also review some of the basic
results of real and functional analysis. Particularly important for the main result are
the results regarding distribution theory and weak differentiability. Finally, using this
preliminary information and precisely specifying the assumptions, we prove in detail
the version of It6’s formula, which is the main result of the thesis, in the case where
the dimension is 1.
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1. INTRODUCTION

It6’s formula which is named after Japanese mathematician Kiyosi It6 (1915-2008)
is a fundamental part of stochastic integration. There exists several extensions of the
It6’s formula to different kind of stochastic processes.

Our aim is to work with version of [t0’s formula which assume finite variation Lévy
process and functions that are both continuous and admits weak derivatives. Lévy
processes are a class of stochastic processes named after famous french mathematician
Paul Lévy (1886-1971) who was especially productive and respected in the area of
probability theory. Most famous examples of Lévy processes are the Brownian motion,
Poisson process and Wiener process.

First in section 2 we introduce some basic topics and properties of both probability
theory and stochastic processes, especially in the case of Levy processes. Moreover we
discuss important topics related to the our main result for example Poisson random
measure, one of its special cases called jump measure Jy and also widely used Lévy-
[to-decomposition and Levy-Khintchine reprensetation.

Section 3 is mainly dedicated to the construction of stochastic integral with re-
spected martingale-valued measure M, which we are going to do thoroughly. After
the introduction of general stochastic integral we will concentrate on integration with
respect Poisson random measure and especially jump measure. We are also going to
introduce and prove one of the Ito’s formula needed later during the proof of the main
result.

Section 4 covers various collection of analysis tools. We recall for example some of
the well know fundamental theorems like Lebesgue dominated convergence, Lebesgue
differentiation theorem and fundamental theorem of Lebesgue integral calculus. We
also discussed about important distribution theory topics like convolution, mollifier
and weak derivatives and proves a few important results we will use later.

Last section is all about the main result. We are going to discuss profoundly about
assumptions of the main theorem and when they holds. Proof of this [to formula is
going to perform detailedly and it use comprehensively previously proven results from
this thesis.

2. STOCHASTIC PROCESSES

2.1. Random variables.

Definition 2.1. Let X be an R%valued random variable defined on (€, F,P). The law
of X is the probability measure defined by

x(A) = B(X € A)
and therefore the characteristic function ¢x : R? — C of the X is defined by

() =B [0 9] = [ 109 g ()

Rd
for each u € R?.

Next we will introduce another useful concept of probability theory called condi-
tional expectation and some of its key properties.
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Theorem 2.2 (Definition and existence of conditional expectation). Let (£, F,P) be
a probability space, X a random variable such that E[|X|] < oo and G C F be a
sub-o-algebra. Then there exists a random variable Y such that

(i) Y is G measurable.
(ii) E[|Y]] < oc.
(iii) For every set A € G we have

E[X1,4] = E[Y14].

A random variable Y with the properties (i)—(iii) is called the conditional expectation
E[X|G] of X given G, and we write Y = E[X|G] almost surely.

Proof. See chapter 9.5 of [13]. O

Proposition 2.3. Let X, X1, X, ... be integrable random variables and H C G C F be
a sub-o-algebras of F. Then the following assertions are true:

(i) If p, A € R, then
EAX) + pXo|G] = AE[X,[G] + pE[X|G]

almost surely.

E[E[X|G][H] = E[E[X|H]|G] = E[X|#]

almost surely.
(vii) If Z : Q — R is G-measurable and E[|ZX|] < co,then

E[ZX|G] = ZE[X|G]

almost surely.
(viii) If G = {0,Q}, then E[X]|G] = E[X].
(ix) If for all B € B(R) and all A € G, one has that

P({X € B} N A) = P(X € B)P(A),

i.e. if X is independent from G, then E[X|G] = E[X] almost surely.
(x) Assume X > 0 almost surely and random variables 0 < X,, T X almost surely.
then

lim E[X,|G] = E[X|]]

n—oo

almost surely.

Proof. See Chapter 9.7 of [13] O



2.2. Stochastic processes.

Definition 2.4. Let (2, F,P) be a probability space.

(i) A stochastic process is a family of random variables X = (X;)¢>o defined on
the same probability space and indexed by a continuous time parameter ¢.

(ii) Two stochastic processes X and Y are said to be independent if, for all m,n €
Nal0<t; < <t,<oocand all 0 < 51 < -+ < 5, < 00, the o-algebras
o(Xy,, Xty .., Xy,) and 0(Ys,, Ys,, ..., Y, ) are independent.

(iii) Similarly a stochastic process X and a sub-c-algebra G are independent if G
and o(Xy,, Xy,, ..., Xy, ) are independent foralln e N, 0 <t < --- < t, < 0.

Next we are going to spend some time to get familiar with the most important
concepts related to the stochastic processes.

Definition 2.5 (Stopping times). Let 7' : Q — [0, 00]. Then T is called stopping time
if the event {T' < t} € F; for each t > 0.

Definition 2.6 (Filtration). An increasing family of o-algebras F = (F;);>¢ is called a
filtration on (2, F,P) if

Fs CF CF, whenever 0 <s <t

A probability space (2, F,P) that comes equipped with such a family F is said to
be filtered. A stochastic process X is said to be F -adapted if the random variable X,
is F;- measurable for each ¢ > 0.

Any process X is adapted to its own filtration FX given by F; = o{X, : 0 < s < t},
and this FX is called the natural filtration of X.

Definition 2.7 (Martingale). A process M is said to be a martingale if M is F-adapted,
E[|M]] < oo for any ¢ > 0 and for all s < ¢ it holds that

E[M,|Fs] = M, almost surely.

We can define a supermartingale and a submartingale by replacing the above equa-
tion by
E[M|Fs] < M and E[M;|Fs] > M.
respectively. A martingale M = (M, );>o is said to be square-integrable if E[|M?|] < oo
for each ¢t > 0 and continuous if it has almost surely continuous sample paths.

Definition 2.8. Let M be an adapted process. We call M a local martingale, if there
exists a sequence of stopping times 11 < --- < 7, — 00, such that each of the processes
(Mips, )e>0 is a martingale.

A local martingale is a useful generalization of the martingale concept. Note that
any martingale is always also a local martingale.

Definition 2.9. A function f : [0,00) — R? is said to be cadlag if it is right-continuous
with left limits and for each t € (0, 00) the limits

ft=) =lim f(s),  ft+) =lim f(s)

exist and f(t) = f(t+). Moreover if ¢ is a discontinuity point we denote the jump of
f at t by
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A stochastic process X is said to be cadlag if it almost surely has sample paths which
are right continuous, with left limits.

It is easy to see that any continuous function and process is always also cadlag but
cadlag functions do not have to be continuous. Next we define classes of stochastic
processes generated by adapted left and right continuous processes called predictable
and optional processes respectively.

Definition 2.10 (Predictable process). Let (€2, F,P,F) be a filtered probability space.

(i) The predictable o-algebra is the o-algebra P generated on [0,00) x Q by all
adapted left-continuous processes.

(ii) A process X : [0, 00) x © — R? which is measurable with respect to P is called
a predictable process.

Definition 2.11 (Optional process). Let (2, F,P,F) be a filtered probability space.

(i) The optional o-algebra is the o-algebra O generated on [0,00) x Q by all
adapted cadlag processes.

(ii) A process X : [0, 00) x Q — R? which is measurable with respect to O is called
optional process.

Note that even though every adapted process with left continuous sample paths is
a predictable process there exists predictable processes which are not left continuous
(see Chapter 2.4 of [4]).

2.3. Levy processes. Next we are going to define one of the key assumptions of our
main result, which is a general class of stochastic processes called Lévy processes.

Definition 2.12 (Lévy process). A process X = (X;)i>0 with X; : © — R? defined on
a probability space (§2, F,P) is said to be a Lévy process if it possesses the following
properties:
(i) The paths of X are P-almost surely right-continuous with left limits.
(ii) P(X, = 0) = 1.
(iii) For 0 < s <t, X; — X, is equal in distribution to X;_.
(iv) For 0 < s <t, X; — X is independent of 0{X,, : u < s}.

In the above definition conditions (iii) and (iv) imply the stationary and the in-
dependent increments properties, respectively. Stationary increments means that the
distribution of any increments X; — X, depends only on the lenght t — s. For exam-
ple for the Poisson process defined in Definition 2.14 the probability distribution of
increment X; — X, is a Poisson distribution with expected value u(t — s). Indepen-
dency of increments implies that increments of a Levy process are always independent
whenever their time interval does not overlap.

The most popular and useful examples of the Lévy processes are the so called
Brownian motion and the Poisson process which are defined below.

Definition 2.13 (Brownian Motion). A R9-valued process B = (By);>o defined on
a probability space (2, F,P) is said to be a d-dimensional Brownian motion if the
following holds:

(i) The paths of B are P-almost surely continuous.
(ii) P(By =0) = 1.



(iii) For 0 < s <t, By — By is equal in distribution to B;_.

(iv) For 0 < s <'t, B; — By is independent of 0{B,,u < s}.

(v) For each t > 0, B; is equal in distribution to a normal random variable with
a covariance matrix A and mean vector 0.

Definition 2.14 (Poisson process). A process valued on the non-negative integers N =
(N¢)t>0, defined on a probability space (€2, F,P), is said to be a Poisson process with
intensity p > 0 if the following holds:

(i) The paths of N are P-almost surely right-continuous with left limits.
(ii) P(Ny =0) = 1.
(iii) For 0 < s <t, N; — Ny is equal in distribution to N;_.
(iv) For 0 < s <t, Ny — N; is independent of o{N,,u < s}.
(v) For each t > 0, NN, is equal in distribution to a Poisson random variable with
parameter ut.

Despite Brownian motion and Poisson process are both Lévy processes they have
a lot of differences. For example Brownian motion has continuous paths whereas
the Poisson process does not. On the other hand the Poisson process has the finite
variation property as we find out later, whereas the total variation (see Definition
2.32) of paths of the Brownian motion is almost surely infinite.

We give one more example of Lévy processes called a compound Poisson process
that is a natural extension of the Poisson process, where the jump size Y; is random
instead of constant 1.

Definition 2.15 (Compound Poisson process). Suppose that (Y;);>1 is a an i.i.d. se-
quence of random variables with values in RY and N = (NV;);>0 is Poisson process
with intensity p > 0, independent of (Y;);>1. Then the process X = (X});>¢ defined
by

N¢
Xe=) Y,
=1

for each t > 0, is said to be a compound Poisson process with intensity u > 0.

Poisson processes can indeed be seen as compound Poisson process on R with jump
size Y; = 1. It is not obvious that compound Poisson processes are Lévy processes.
The proof can be found for example in Section 3.2 of [4]. In addition, there exists
plenty of other Lévy processes for example hyberbolic Lévy processes and Variance
Gamma Lévy processes (see Section 4 of [5]).

Definition 2.16. We define the compensated Poisson process N = (Nt)tzo, where each
Ny = Ny — ut and N is a Poisson process with intensity .

Lemma 2.17. Let N be a compensated Poisson process. Then,
E[N,] =0 and Var[N,] = ut,

for each t > 0.
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Proof. By (v) of Definition 2.14 for each ¢ > 0, the random variable V; is Poisson
distributed with parameter pt. Thus
E[N,] = E[N; — ut]
=E[N,] — pt
= ut — ut
= 0.

By using the moment generating function My (6) = et(e"=1) of the Poisson distri-
bution with parameter ut we get

9% My (6)
062 |,_,

— Mte@-i—ut(ee—l) + (Mt)2629+ut(e‘9—1) o

E[N/] =

= pt + (ut)?,

By using the above result and the previously calculated expectation E[Nt] =0 we
obtain that

Var(N;) = E[N?] — E[N,]?
= E[(Nt - Nt)2]
= E[N?] — 2utE[N,] + (ut)?

t.

pt + (ut)® = 2(ut)? + (pt)?
I

O

Proposition 2.18. The compensated Poisson process Nt 18 a martingale with respect
to the filtration Fs = oc{N, : u < s}.

Proof. By definition N, is F-adapted and E[|N,|] < EN, 4+ ut < oo. To conclude the

martingale property of N we obtain that linearity of the conditional expectation gives
us

E |NJF| =B[N - N, + N,| %]
—E[N, - N,JF] +E [N,|7]
—E[N, —ut — N, + us|F,] + E [z’\“@m]
—E[N, — N,|F,] ~E[u(t = 9)|F] +E |N,| 7| as.

By definition we have that N, is measurable with respect to Fy and therefore by (v)
of the Proposition 2.3

E [Ns\fs] = N, as.
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Moreover by (iv) of Definition 2.14 N; — N; is independent of F; and by (ix) of the
Proposition 2.3 and (i77) of Definition 2.14 it holds that
E [Ny = No|Fy] = E [Ny — N{]
=E[N;—]
= u(t —s) as.
Finally, by the above equations we obtain that

E [K@m} — u(t —s) — p(t — )+ N,
=N, as.
and therefore NS is a martingale with respect to the filtration Fj. O

Next we introduce a couple of general properties of Lévy processes.

Proposition 2.19. Let X and Y be two independent Lévy processes. Then the sum
X +Y = (Xi + Yi)i>0 is again a Lévy process.

Proof. (i) Since the paths of the processes X and Y are P-almost surely right-
continuous with the left limits then the paths of X + Y are clearly P-almost
surely right-continuous with left limits.

(ii) By using independency of X and Y we get

P(Xo+Yy=0)=P(X,=0,Y =0)
— P(X, = 0)P(Y; = 0)
=1
(iii) By (éi7) of Definition 2.12 we obtain that for 0 < s < ¢,
Xi+Y, - (Xs+Y) =X, — X, + Y, - Y,

i Xt—s + }/t—s
Therefore the process X; +Y; — (X, +Y5) is equal in distribution to X, +
Yios.
(iv) A proof for the last condition can be found in Chapter 1 of [8].
O

Note that if we replace X + Y by the process

X = (Z Xt(“)
i=1 t>0

where the X = (Xt(i))tzg are independent Lévy processes, it is possible to conclude
that actually sum of any finite number of independent Lévy processes is also Lévy
process.

Definition 2.20. Let ¢ be a random variable taking values in R? with law ue. We
say that & is infinitely divisible if, for all n € N, there exists i.i.d. random variables
y e y @) oy (mn) guch that

e Lyn 4y
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Proposition 2.21. If X is a Lévy process, then X; is infinitely divisible for each t > 0.

Proof. For each n € N we can write
X

thfkt#»t
n

t
n

IES

E X1yt

n

I

Xkt
}/t(kvn)

Yt(k’n) are i.i.d by (i) of Definition 2.12. Therefore we can express X; by using Y ()
such that

X = Xi—tnt
n
=X: — Xiw-1
n n

= Y;(Ln) _I_ e _|_ Y;(n’n)’
and thus for the Lévy process X each X; is infinitely divisible for each ¢ > 0. O

2.4. Poisson random measure. The Poisson random measure will later be our way
to describe the jump structure of Lévy processes. First we define a general class of
measures called random measures and then use this to define Poisson random measure.

Definition 2.22 (Random measure). Let (E, ) be a measurable space and (€2, F,P)
be a probability space. A random measure M on (E,E) is a collection of random
variables {M(A), A € £} such that

(i) M(0) = 0.

(ii) Given any sequence (A,)%; of mutually disjoint sets in £

M (U An) = M(A,),

neN neN
almost surely.
(iii) For each disjoint family (Ay,..., A,) in £, the random variables
M(Ay),..., M(A,) are independent.

Definition 2.23 (Poisson random measure). Let (E,&, u) be a p-o-finite measure
space and (€, F,IP) be a probability space. A random measure N is said to be a
Poisson random measure on (E, &, u),with o-finite measure p if for each measurable
set A C E, with finite intensity measure p(A) < oo it holds that N(A) is a Poisson
random variable with parameter p(A). In other words for all £ € N it holds

) (1(A))F
P(N(A)=k)=e U%.

Let A be such that pu(A) < co. We define the compensated Poisson random measure
by setting
N(A) = N(A) — u(A).
It is important to notice that Poisson random measures really exist, which is de-

duced in the following theorem. The construction itself is irrelevant in our case and
can be found in section 2.6.1 of [4].



9

Theorem 2.24 (Existence of the Poisson random measure). Let 1 be a o-finite measure
on a measurable space (E,E). Then there ezists a Poisson random measure N on a

probability space (2, F,P) such that u(A) = E[N(A)| for all A € £.

Lemma 2.25. Let N be a Poisson random measure and N a compensated Poisson
random measure. For disjoint compact sets Ay, ..., A, € &, the variables
N(Ay),...N(A,) are independent and verify

EIN(A) =0, VarlN(A)] = n(Ay).
Proof. Similar to the proof of Lemma 2.17. U

Definition 2.26 (Jump measure of a Lévy process). Assume that X = (Xi)i>0 is a
Lévy process with values in R? and A € B(R?). Then we can define a Jump measure
of X by setting
AX(w)#0
Tx(w, )= Y Seax)
>0
where 0 ax,) is a Dirac measure. Moreover for A it holds that

Tx([0,8] x A) == #{(s, Xs — X,_) € [0,4] x A}.

Thus for every A € B(R?), the jump measure Jx ([t1, 2] X A) counts the number of
jump times of the cadlag process X between t; and ¢y such that their jump sizes are
in A. Note that it is possible to derive the jump measure explicitly for certain Lévy
processes.

Example 2.27 (Jump measure of a Poisson process). One can see that the jump
measure of a Poisson process N is given by

AN £0
JN<w7 ) - Z 5(t1ANt) - Zé(Tn’l)’
t>0 n>1

where T' = (T,,)n>1 is a sequence of adapted random times that describes the jump

times of a Poisson process N and jump-sizes are always 1. Thus for measurable
A C R? it holds that
#{i> 1T (04}, if1leA
JIn([0,t) x A) =
w((0.8) x 4) {Qif1¢A.
Next we define a measure that counts the average number of jumps of a Lévy
process, called Lévy measure.

Definition 2.28 (Lévy measure). Let X be a Lévy process on R? and A € B(R?) such
that 0 ¢ A. The measure v on R? defined by:
v(A) =E[#{t € ]0,1] : AX, # 0,AX, € A}],

is called the Lévy measure of the process X. Therefore v(A) is the expected number,
per unit time, of jumps whose size belongs to A.

Definition 2.29. A Lévy process X € R? is of infinite activity, if there are infinite
number of jumps on any finite time interval i.e. v(R?) = oo, where v is a Lévy
measure of X.
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Next we introduce two essential theorems associated to Lévy processes called Lévy-
Khinchin formula and Lévy-Itd6 decomposition. First we are going to give a character-
ization for the characteristic function of a Lévy process called Lévy-Khinchin formula.

Theorem 2.30 (Lévy-Khinchin formula). Let X be a Lévy process on R. If there
ewists a vector v € R?, a positive definite symmetric d x d-matriz A and a Lévy
measure v on RIN\{0} given by Definition 2.28 such that

/ |z|? v(dr) < 0o and / v(dx) < 0o
|lz|<1 |z|=>1

Then the characteristic function of the process X can be written in form
ox,(u) = B[]

1 .
=exp | t < i{y,u) — é(u, Au) + / [e’<“’“’> —1—i{u, z), Ly <1y v(do) ,
RA\{0}

for all v € R? .
Proof. See Section 3.4 [4]. O

Theorem 2.31 (Lévy-Ito6 decomposition). Let X be a Lévy process on R and v its
Lévy measure concentrated on RI\{0} given by Definition 2.28 such that

/ |z|* v(dx) < 0o and / v(dx) < 0o
|z|<1 e[ >1

and let the jump measure of the process X be denoted by Jx be a Poisson random
measure on [0,00) x R with intensity measure v(dx)dt. Then there exists a vector
v € R? and a d-dimensional Brownian motion B with a covariance matriz A such
that

X, =~t+ B, + // x Jx(ds x dx) + lim // a:’Jdexdx)

€l0
|z|>1,s€[0,t] e<|z|<1,s€[0,t]

Note that terms in the previous equation are independent and the convergence in the
last term is almost sure and uniform on [0, 00).

Proof. See Section 2.4 of [1]. O

We called the triplet (A, v, ) from the Theorem 2.30 and 2.31 the Léuvy triplet of
the process X, where A is positive definite matrix, v a measure and ~ a vector. The
drift terms ~ and covariance matrix A from Levy triplet defines a Brownian motion
with drift v¢ + B;, which is a continuous part of the above decomposition.

The meaning of the other two terms of the Lévy-It6 decomposition described by
the Lévy measure v is describe the jumps of the Lévy process X. The condition
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f‘m|>1 v(dr) < oo implies that every Lévy process has finite number of "large” jumps.
By [4] every compound Poisson process can be written as

(2.1) X, = // x Jx(ds x dx),
[0,t] xR

and therefore the term
// x Jx(ds x dz)
|z|>1,s€[0,t]

is a compound Poisson process. Similary the last term

// x Jx(ds x dz)
e<|z|<1,5€[0,t]

describe the ”"small” jumps of the Levy process X and is as well a compound Poisson
process. However in this case there can be infinitely many jumps and their sum not
necessarily convergence. Hence we fix this by using the compensated version Jx of
the jump measure Jx in the sense of the Definition 2.23.

2.5. The processes of finite variation. Next we are going to introduce a class of
functions and a class of processes defined by their variation.

Definition 2.32. (i) The total variation of a function f : [a,b] — R? is defined by

Vp(f) =sup {Z | f(t:) — f(til)’} ;

where the supremum is taken over all finite partitions P = {a =ty < t; <
oo <tpy <t, =0b} of the interval [a, b].

(ii) A stochastic process X is said to be of finite variation if the paths X (w) :
[0,00) — R? are of finite variation for almost all w € € on finite interval [a, b].

Functions of finite variation have lot of useful applications in stochastics and anal-
ysis for example in integration. The following two theorems give us a examples of
processes with finite variation.

Theorem 2.33. We define a subordinator T' = (T})¢>o to be a one-dimensional Lévy
process that is non-decreasing almost surely. Then every subordinator is of finite
variation.

Proof. Let T be a subordinator defined on fixed interval [a,b] and P = {a = ¢y, <
ty <-+- <t,_1 <t,=>} afinite partition of [a,b]. The total variation of the paths
T(w) :[0,00) = R on [a,b] is

VP(Tt(w)) - Z |E3 - ﬂj—ll
j=1

- Zth — T
j=1

:En_no
<T

< 00.
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Therefore every subordinator is of finite variation. O

Theorem 2.34. A continuous martingale is of finite variation if and only if it is
constant almost surely.

Proof. See Chapter 4 of [11]. O

Proposition 2.35. A necessary and sufficient condition for a Lévy process to be of
finite variation s that there is no Brownian part i.e A = 0 in the Lévy-Khinchine
formula and that f|z|<1 |z v(dz) < 0.

Proof. See Section 3.5 of [4] O

The finite variation assumption simplify the behavior of Lévy processes. Thus we
can cut out the continuous Brownian motion part in Lévy-Ito decomposition and
Lévy-Khintchin formula that are presented in the case of general Lévy processes in
previous section. Moreover the term fj;<‘x|<l’8€[0’t] x Jx (dsxdzx) in Theorem 2.31 that
describes the small jumps of the original Lévy process is not anymore needed since
sum of them might have been infinity and thus does not satisfy the finite variation
assumption.

Corollary 2.36 (Lévy-Ito6 decomposition and Lévy-Khinchin representation in the
finite-variation case). Let X be a Lévy process of finite variation thus its Lévy triple
is now given by (0,v,7), where v is a Lévy measure of process X, v € Re and the
covariance matriz of Brownian motion is A = 0. Then X can be expressed as the
sum of its jumps between 0 and t and linear drift term vt by

Xy =~t+ // x Jx(ds x dz),
[0,t] xR

and its characteristic function can be expressed as

E [¢/“*] = exp (t {N% u) + /W(e’“”’”ﬁ> — 1 —i{u, 2) L qja<1y) V(dw)}) :

for all v € RY.

Theorem 2.37. Let X be a Lévy process of finite variation. Then it can be written as
the difference of two independent subordinators.

Proof. A Lévy process of finite variation can be written and decomposed in the form
Xt:7t+// z Jx(ds x dx)
[0,t] xR
:{(7\/0)t+// xJX(dstm)}
[0,£]x (0,00)
—{|fy/\0|t—|—// |:1:]Jx(ds><dx)}
[0,£] x (—00,0)

1 2
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where t > 0, « is the drift coefficent and Jx is the jump measure. Both integrals are
finite (see Section 2.3 of [8]) and since X is of finite variation by Proposition 2.35 we
obtain that

1Az)v(de oo and 1A |z2]) vz 0.
/(Om)< A 2) v(dz) < /(_OO7O)< A Jz]) v(z) <

As Jx has independent counts on disjoint domains (see Section 2 of [8]), it follows

that the integrals in Xt(l) and Xt@) are independent. Finally by obtaining that the
processes

XY = (yvo)t+ // x Jx(ds x dz),

[0,] % (0,00)
and
X = |y A0t + // || Jx (ds x dz),
[0,] % (—00,0)
have monotone paths, the desired result follows. 0

More properties of the finite variation functions are later introduced in Section 5.2.

2.6. Modification of a process. There are multiple approaches to the concept of equal-
ity of stochastic processes.

Definition 2.38. For 0 < t; < --- < t, the distribution of X;,... X, 1is a finite-
dimensional distribution of a process (X;)¢>o. If for the processes X and Y all finite-
dimensional distributions conincide, they have the same distribution.

Definition 2.39. Let X and Y be two stochastic processes defined on the same
probability space (€2, F,IP). The process Y is said to be a modifications of X if
P(X; = Y;) = 1, for each t > 0. Two processes X and Y are indistinguishable if

Note that if the process X is a modification of Y then their has the same finite-
dimensional distributions. Moreover indistinguishable processes are also modification
of each other. Next theorem gives us another relation between modification and
indistinguishable process.

Theorem 2.40. Let X andY be two stochastic processes, such that X is a modification
of Y. If X and Y have right continuous paths almost surely, then X and Y are
indistinguishable.

Proof. Let A and B be two null sets where X and Y are not right-continuous re-
spectively. Let N; = {w : Xy(w) # Yi(w)}, and N = U;cqnpo,o0) Ve We define a set
M =AU BUN and it follows that P(M) < P(A) +P(B) +P(N) = 0.

Assume ¢t > 0 and let (¢,,)°; be a sequence such that t,, decreases to ¢ through Q.
Since X and Y are modifications, it holds for all w ¢ M that

X, (w) =Y, (w).
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Therefore also for all irrationals we have

X(w) = lim X, () = lim ¥, () = Y(w).

Since P(M) = 0, the processes X and Y are indistinguishable. O

3. STOCHASTIC INTEGRATION

3.1. Hy-space. In this section our aim is to define the stochastic integral for 7" > 0

fixed denoted by
T
:/ /F(t,x)M(dtxdaj).
o JE

We start our construction by defining the measure M, which we are going to use as
a integrator.

Definition 3.1. Let M be a random measure on [0,00] x E, where E is a topolog-
ical space and let B(FE) be a Borel o-algebra of E. For each A € B(E), we de-
fine a process M4 = (M/);>0 by setting M = M([0,t] x A). We say that M is
martingale-valued measure if there exist V € B(E) such that M# is a martingale
whenever ANV = (). Furthermore we will denote

M((s,t] x A) = M((0,t] x A) — M((0,s] x A),
where s < t.

Definition 3.2. A martingale-valued measure M is said to be type (2, p) if it satisfies
the following conditions

(i) M ({0} x A) = 0 almost surely for all A € B(E).
(il) M((s,t] x A) is independent of Fy.
(iii) If E € B(RY) there exists a o-finite measure p on [0, 00| x E for which

E[M((0,1] x A)*] = p((0,1] x A),
forall 0 < s <t <ooand A € B(E).
Definition 3.3. Let M be a (2, p)-type martingale-valued measure. For fixed 7" > 0,
we define Hy (7', F) to be the linear space of all mappings F': [0,7] x E x Q@ — R

which coincide almost everywhere with respect to p x P and which satisfy the following
conditions:

(i) F is P ® B(E)-measurable, where P is the predictable sigma-algebra in the
sense of Definition 2.10.
() F is left-continuous.

(iii fo JREIF(t, 2)]? p(dt x dz) < oo
We may now also define the inner product on Hy (7, E) by

(F,G) // )] p(dt x dzx),

[0,T|xE
for each F,G € Ho(T, E), and we obtain a norm || - |7, defined by
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(3.1) ||F||Tp // [|F(t,2)|?] p(dt x dx) = {// F(t,z)|? p(dt x dx)
[0T]><E

0,T|xE

Note that the latter equality in the above equation is possible by the Fubini-Tonelli
theorem (see Theorem 4.9).

Definition 3.4. A process F' : [0,T] x E x Q — R is simple if, for some m,n € N,
there exists 0 < t; <ty < --- <t,,1 =T and disjoint Borel subsets A, Ay,..., A,
of E with each p(A;) < oo such that

_ N
F = ZZCkth]l((tj,th]XAk) = Z th 1((tj7tj+1]XAk)'
j=1 k=1 k=1

In the above equation each ¢, € R and each Fj, is a bounded JF;,-measurable random
variable. Moreover p is some o-finite measure on E. We also define S(T, E) to be
the linear space of all simple predictable processes.

We notice that Hq(7, F) is a real Hilbert space (see Lemma 4.1.3 of [1]) and that
simple processes S(T, E) are dense in Hz (7T, E) (see Lemma 4.1.4 of [1]).

3.2. Construction of the stochastic integral. Similarly to the classical integral we
begin our construction for simple processes. Let F' € S(T, E), for which we can write

7n k‘
F= Z Ft(j )]]‘(tjathrl]XAk)'
k=1

We can then define the stochastic integral for the simple process F' by setting

Lo (F) =Y FYM((t, 1] x Ay).
We deduce for Ijg 7 the following lji’Ilcle;rity and isometry properties.
Lemma 3.5. Let F,G € S(T,E) and o, B € R then
(i) aF + G € S(T,E) and
Lo (aF + BG) = alpyr(F) + Bl (G).
(i) For each T > 0,

El[lo(F)] =0, E [Lon(F / / 1Pt 2)|2] p(dt x da).
[0,T|xE
Proof. (i) Nevertheless F' might have different ¢; and Aj than G, by taking
intersection we can always find them such that the following holds. For
F,G € S(T,E), there exist 0 < t; < t5 < -+ < t,,01 = T and disjoint
Borel subsets Ay, Ay, ..., A, of E with each u(A;) < oo such that

)T ) m,n i
F= Z Ft(j )]l(tjthﬂXAk and G = Z ng)]]‘(tj,tj+1]><Ak‘
Jk=1 Jk=1
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Thus

aF + G =« Z [Ft(f)]l(tj,tﬁl]xAk} + 5 Z [Gl(ff)]l(tj»tHﬂXAk]

Jk=1 Jk=1

[ k k
= Z OéFt(j )]l(tjvtj-ﬁ—l]XAk + ﬁG§j)]1(tjvtj+1]><Ak:|

- _(Oth(f) + BGE;‘C)MI(UJJH]XAI@]

(aF+BG)§f)]l(tj,tj+1]XAk:| ;

k=1

and therefore oF + G € S(T, FE). Furthermore we can see that
I[QVT](OéF + ﬁG) = Z [(ozF + BG)gC)M((t],tJ_;_I] X Ak):|
k=1

m,n

3

[aF(_k)M((t- traa] X A) + BGEM (15, 1541] % Ak)}

_ ’"Z [FOM () < A0] +8 3 [GEO0((1110] < A)

= Od[oﬂ( )+ ﬁf{QT](G).

(i) Note that for each time interval [t;,¢;11] the process Ft(]k) is Fy;-adapted. By
linearity of the expectation and (vi) of Proposition 2.3 we have

Elloz(F)] =E [% FPM((t, 4] % Ar)
= Z [ FPOM((t, 5] Ak)]
- Z B |FOM (] x AVIF

Since for the each time interval [¢;,¢;11] the process Ft(jk) is F;,-measurable

and M ((t;,t;41] x Ax) is independent of 3, by (i) of Definition 3.2, we obtain
by (vii) and (ixz) of Proposition 2.3 that

I[OT Z ]E t],tj+1] X Ak,’)] .

7,k=1

Furthermore by the martingale property, foreach 1 < j <mand1 < k <n,
we have
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E[M((t;,tj+1] x A)]

E[M((0,tj41] x Ag)] — E[M((0,2;] x Ag)]
[E[M((0,t541] x Ap)|Fy;]] = E[M((0,¢5] x Ay)]

E
3.2
& = EDM((0.4)]  A)] - EDI(0.4] x A)
=0
and therefore it follows that
(33) ElIo.71(F)] = 0.
By linearity of the expectation again and splitting the sum into three pieces
we find that
Z Z [ FOM((t, 4] % A)FP M (4t x A )]
7,k=11,p=1

- Z Z ZE [Ft(jk)M((tjvthrl] X Ak)ﬂ(lp)M((tl,tl+1] X Ap):|

G k=11p=1 I<p

+ 30 SB[ FOM((t ] x AN M((t, ] < Ay)]

jk*l p=1

eSS S B [EO M (4 ty01] % ADE M (0,101 ¢ )]

j,k=11lp=1 I>p

We can apply similar procedure as in case of E[l7)(F)] to each of the
three term above. First we note that when [ < j we have that M ((¢;,;41] X
Ay) is independent of F;, by (i) of Definition 3.2. Moreover Ft(jk), Ft(lp ) and

M ((t;,ti11] x Ap) are JF-measurable. Hence by (vi), (itv) and (iz) of Propo-
sition 2.3

S Y SE FP M (1, t0]) x ADEP M (11, ti] x Ag)|

7, k—llp—l I<p

- Z Z ZEE[ FOM((t, t4] % A)FP M((t, taa] % Ak)!ftj]

jk=11lp=1 I<p

Y 3% E [FP M (1, tra] % ADED | E[M (L, 1] % Ag)]

jk=11p=1 I<p
— ()7

where the last equality holds by Equation (3.2). Note that similar argument
holds in the case | > j.

In the last case where [ = j it holds that M ((¢;,t;41], Ax) and M ((t;,t;41], 4,)
are independent of 7, by (i7) of Definition 3.2. Moreover since Ft(jk) and Ft(].p )
are J-measurable we have again by (vi), (vii) and (ixz) of Proposition 2.3
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that
S S B [EOM(50t101) % ADED Mt t50] % A,)
k=1 p=1
=Y > EE [Ft(jk)M((tjath} x AR EP M((t, 4] ¥ Ap)|]:tj}
j,k=1 p=1
=) > E [th-k)Ft(f)} E[M((t),tj41] x Ap)M((t;,t541] x Ap)].
k=1 p=1

We can split the sum into two pieces where k = p and k # p. Hence by (iii)
of Definition 2.22 and Equation (3.3) we obtain that

> S E [EOM((t, i) x AP M((t 1] x Ay)|

jk—lp—l
= Z Y E [ FYFEY? ] [M((t), 1] x Ag)M((t),tj41] x Ag)]
7,k=1 k=p
+> > E [F}(jk)M(tj’th] x Ak] E [Ft(f)M((%th] x Ap)]
J:k=1 k#p
m,n 9
-y E [(th’“)) ] E [M((t;, t;01) x Ap)?] .
k=1

By (iii) of Definition 3.2 there exists a o-finite measure p on [0,¢] x E for
which

E [M((0,t41] x Ap)*] = p((0,tj51] x Ap).
Therefore by the martingale property and the above equation we obtain that

%iE {(E@ﬂ E [M((t;,tj41] % A)?]

— ;l]E (F;’“))Q (B [M((0,tj51] x Ap)?] —E [M((0,t] x A)?])
= mZE :(Ftﬁ.k>)2: (P((0, 1] % Ax) = p((0,15] x Ay)

= % E _(Ft(j’“)>2_ p((t5, t1) X Ay).

Since the sums in cases [ < 7 and [ > j were 0 we conclude that

E [Iom(F ZE[(F”“) ttmxAk} // [1F(t,2)2] p(dt x dz),

[0,T]xE
which is the desired result.
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U

Theorem 3.6. [j 1] is a linear isometry from S(T, E) into L*(Q, F,P), and it extends
to an isometric embedding of the whole of Ho(T, E) into L*(Q2, F,P).

Proof. By (i) of Lemma 3.5 the integral I}y 7} is linear for simple processes F' € S(T, E)
and by (i) of Lemma 3.5 and Equation (3.1)

Loy (F)II2 = Ell oz (F // 1F(t, 2 p(dt x d) = ||F|3,.

[0,T]x E
Therefore Ijp 7 is a linear isometry from S(T, E) into L*(Q, F,P).

Moreover the space S(T', E) is dense in Hs (7', E) and therefore for any F' € Ho (T, E)
we can find a sequence (F,,)32, € S(T, F) such that
(34)  lim ||Fp— Fllr, = lim E U/ Fo(t2) — F(t, 2)| pldt x dz)| = 0
n—00 n—00 0,T]x E
Hence by isometry formula of Lemma 3.5 and Equation (3.4) it holds that

Tim B(|Zjo,ry(Fn) = Loy (F))*] = lim E[|Tjo.ry(F, — Fin)[’]

:,}EEO// [ Fo(t, ) — Eon(t, 2)|2] pldt x dz)

[0,T|xE
=0.
Therefore we define Ij 71(F') as limit in L*(P) of Ij1y(F},). Furthermore Ij 7 extends
to an isometric embedding of the whole of H (T, E) into L*(Q, F,P). O

Definition 3.7. We called extension Ijg 71(£") in Theorem 3.6 the stochastic integral of
a process F' € Ho(T, E) and denote

[[OT // t iIZ' th%)

[0,T]xE
By Theorem 3.6 we have also the following equality

[ (F)|13 = E[[Iz(F) "] = [|F||7.,,
for all F' € Hy(T, E) called Ito’s isometry.
Finally we can define the stochastic integral for more general sets by replacing a
set [0,7] x E by (a,b) x A, where 0 <a <b<Tand A € B(E). If F € Ho(T, E) we
can see that Fl(,pxa € Hao(T, E) and we may define

Laspen (F) = Toa (FlLiasyen) = / / F(t,) M(dt x de) = Ir(Fl ).
[a,b]x A

We will also write I(qp) = l(ap)xr- Note that if |[F][,, < oo for all £ > 0 the integral
I(F) = (It(F))>o itself is a stochastic process. The following theorem contains some
of the basic properties of stochastic integral.

Theorem 3.8. If F,G € Hy(T, FE) and o, € R then:
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(1) Iom(aF + BG) = alpr(F) + Blom(G).

(i) Ellor(F)) =0 and Bl (F)] = [z EIF( )] pldt x do)
(iii) It(F) is Fi-adapted.

(iv) I(F) is a square-integrable martingale.

Proof. See Section 4.2 of [1]. O

3.3. Poisson stochastic integrals. Previous construction of stochastic integration al-
lows us to integrate with respect to various different integrators. One of the most
common case is when we have Poisson random measure N introduced in Chapter 2.4.
Until we can properly define the stochastic integral with respect to Poisson random
measure we have to extend the set of mapping Hz (7, E') to more general case.

Similarly to Ha (T, E') we assume that Po(T, E) includes all mappings F': [0, 7] x
E x 0 — R which coincide almost everywhere with respect to the p x P and which
satisfies the following condition.

(i) F is predictable.
I3 (foT [ |F(t,2) 2 pldt x dz) < oo) "
Note that indeed the only difference to definition of Hy (7', E) is the condition (ii).

Now by using previous construction one can derive (see section 4.2.2 of [1]) the
extended stochastic integral denoted by IO 1(F) = ({(F))s=0, where

Ior(F) = /0 /E F(t,x) M(dt x da).

The above integral is the limit of the sequence that satisfy the following equation

T
/ /F(t,:c)M(dtxdx hm/ / (t,x) M(dt x dx),
0 E n—o0

in probability. Furthermore we consider I 0,7] as a process for all ¢ > 0 that provided

the condition .
P (/ / F(t, )P pldt x dz) < oo) _1
0 E

Assume next N to be a Poisson random measure on [0,7] x E with intensity
p(dt x dz). Then by [1] for any predictable random function F': [0,7] x Ex Q — R

verifying
(//|th pu(dt x dz) < ):1.

we can define a stochastic integral, where integrator is Poisson random measure by
setting

Io ) = // (t,x)M(dt x dx) Z Fi(t; iy tis] X Ag).

0.T|xE Jk=1

Similarly the compensated integral is defined by

oy = [ PRt x o ZFk oty X A) — pl(t5, ] % Ap)

[0,T|xE
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There exists a special case later where the integrator of Poisson stochastic integral
is jump measure Jx defined in Section 2.4. We deduce earlier that for Lévy processes
X with Lévy measure v the Jy is a Poisson random measure with intensity v(dx)dt.
Then for predictable random function F' € P(T, E) the stochastic Poisson integral
with respect to jump measure Jx can be written as a sum of terms involving jump
times and jump sizes of X. By using properties of Dirac measure d ag,) it holds that

AX,#0
// F(s,x) JJx(ds x dz) = // F(s,x) Z S(t,A8,)
[0,T] xRd [0,T] xR4 teo,T)
AX,#0
(3.5) = Z // (s5,7) d(.a8)
tE0.T] (g 7% Ra
AX;#0

= ) F(t,AX,).

t€[0,T]

3.4. Ito’s formula. Next we will introduce one of the change of the variable formula
called Ito formula which is in key position in our aim to prove the the main result
of the thesis. Note that similar It6 formulas can be formulated also in much more
general form, for example for Lévy processes without finite variation assumption (see
Theorem 4.3 of [8]).

Theorem 3.9. Assume that X is a Lévy process of finite variation when by Lévy-Ito-
decomposition from Corollary 2.36 the process X can be represented (in case d = 1)
as

Xe =7t + / x Jx(ds x dz)

[0,t] xR
where v € R is drift coefficient and Jx is a Jump measure of the process X in the sense
of Definition 2.26. Let C*1([0,00) x R) be the space of functions f : [0,00) x R — R
which are continuously differentiable in each variable (in the case of the derivative in
the first variable at the origin a right derivative is understood). If f € C11(]0,00) x R)
then
t

7.0 = 70.X0) + [ S xyds 4o [T, x as
0

-l—//[()t]XR(f(S,XS_ +x)— f(s,X,)) IJx(ds x dx),

Proof. We define for all € > 0, and ¢t < 0 a random variable

X, =~t+ // x Jx(ds x dz),

[0,t]x{|x|>€}

where by equation 2.1 the process X¢ = (X¢);>o is a compound Poisson process with
a drift term ~¢. By properties of Levy measure, v(R\(—¢, €)) < oo and it follows that
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Jx counts an almost surely finite numbers of jumps over [0, ¢] x {R\(—¢,€)}. Suppose
that the sequence (T}, Y;)Y, described jumps of the process X up to time ¢, where
N = Jx([0,t] x {R\(—¢,€)}) and Ty = 0. Then by using telescopic sum we get

F(E.X5) = f(t.X5) + f(0 X§) = £(0, X§) + f(Xn, Xg,,) = f(Xn, X5,
= f(0,X5) + Z (T3, X73,) = f(Tie, X5, ) + (F(.X5) = f(Tn, X5

Noting that X€ is piece-wise linear and function f is smooth we can now decompose
f(t, X5) by the following way

F(t, X5) = f(0,X5) +Z (Ti, X5,) = f(Tim1. X5, )) + (f (8, X5) = f(Tw, X7))

= 1(0,Xp)

N i:; (/TT_ Bﬁ( X9 —|—’ygf(s,X§)} ds + (f(Th, X5, +Y;) — f(TZ-,Xi_)))

L 1o 0
+/ [a—ﬁ(s,Xg)+va—f(s,X§)} ds

Tn
0 0
= (0, X§) + / {8f<8 X5+ 8f(8 XE)] ds
// S X;_ + 23) — f(ZB,X;_))]l(mZe) JX(dS X d:B)
[0,t]x{R\{0}}

To complete the proof we have to consider limiting behaviour of the terms in above
decomposition as € — oo. By Theorem 2.37 every finite variation Lévy process may
be written by the difference of two subordinator. In that spirit let us decompose the
process X in two terms by X; = Xt(l) — Xt(2), where

xV = (vV0)t+ // xJx(ds x dz), t>0,
[0,¢]x[0,00)
and

= |y AOJt — // rJx(ds x dx), t>0.

[0, t]><

Therefore XV = (Xt( )>t20 and X® = (Xt(Q))tZO are desired subordinators. Similarly
we can now define subordinators

Xt(l’ﬁ):(y\/(])t—i- // xJx(ds x dzx), t>0,

[0,¢] [e,00)
and

|y A O|t + // xJx(ds x dx), t>0,

[0,¢] x(—
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such that X = X9 — X*9_ Hence for each fixed ¢ > 0 we have that X9 + X

X291+ X® and by almost sure monotone convergence (see Theorem 4.1) it holds
that

lim X¢ = lim[ X — X 29]
el0 €l0

= Xt7

almost surely. Note that in above equation we can replace [0, ¢] by [0,¢) such that for
each fixed ¢t > 0, we there exists a limit lim. o X; = X;_ almost surely.

Next we define a almost surely bounded random region B = {0 < z < |X{| : s <
t and € > 0} in R such that

Bc{0<z<XW:s<tlu{o>z>-X%:s5<t}.

The latter two sets are almost surely bounded on account of right-continuity of paths
of X" and X!?. Since we assumed that f € C(]0,00) x R) both 9 and &L are
uniformly bounded on [0, t] x B, where B is the closure of a set B. Hence by dominated
convergence theorem (see Theorem 4.3) it holds that

. [POf e
B fy s

0 0
8st6 / I +76f(sX)d

The derivative % is uniformly bounded also in set [0,¢] x {x + B : |2| < 1} and
therefore by using Mean Value Theorem we can deduce the following upper bound

[(f(s, Xeo + ) — f(5, X)) Lecpal<a] < Clzlljz<1),

where C' is a random variable independent of s, e and x. The process X is of finite
variation by assumption when

/ Cla| Jx(ds x dz) < oo,

[0,¢]x(—1,1)

and therefore the function Clx|1 ;<1 integrates againts Jx on [0,¢] x (—1,1). Sim-
ilarly we can find a upperbound, when the delimiters of above integrals are replaced
by [0,t] x {R\ (—=1,1)}. We can now again apply almost sure dominated convergence
to obtain that

lim // (f(s, X_ +2) = [, X; )L (aze) Jx (ds x dz)

[0,]] xR\ {0}

// lim (f(s, Xs_ +2) = f(z, X)) L (a0 Ix (ds x dx)

6¢0
[0,¢]x(—1,1)
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// lim (f(s, Xs_ +2) = f(z, X)L (a0 Jx (ds x dx)

e¢0
[0.)x {R\(—

= // (f(s, Xso +2) — fz, X)) Ix(ds x dx).
[0,¢] xR\ {0}
Finally by combining above results together we have

£t X) = lim £, X7)

[ o 9
:f((),XO)+/8—£(3,X5)d3+7/£(5,X8)d3
0

0

+ //(f(s,Xs_ + ) — f(s, X)) Jx(ds x dz),

[0,t] xR

which is the desired result.

4. DISTRIBUTION THEORY

First we consider three basic theorems dealing with the limit properties of integral.
Proofs for monotone convergence theorem and Fatou’s Lemma and also some more
properties of integral can be found in section 5.3 of [3].

4.1. Measures and Integration.

Theorem 4.1 (Monotone convergence theorem). Let (X, F,u) a measure space. If
(fn)o2, is a sequence of non-negative measurable functions f, : X — R that is mono-
tone increasing and converging pointwise to f almost everywhere, then

lim fn x)dp = / f(x) du.

n—o0 X

Corollary 4.2 (Fatou’s lemma). Let (X, F, 1) a measure space. If (f,)5 is a sequence
of non-negative measurable functions f, : X — R such that f(z) = liminf f,(z)
n—oo

almost everywhere, then

n—oo

/f( dp < lim inf fn()
X

Theorem 4.3 (Lebesgue’s dominated convergence theorem). Let (X, F, u) a measure
space. If (f,)%, is a sequence of measurable functions f, : X > R? converg-
ing pointwise to f almost everywhere and there exists a function g € L' such that
|fn(2)] < g(z) almost everywhere for alln € N and x € X, then f € L', and

fim [ fu(a)die = /f

n—o0

Proof. First we notice that f € L1 since |f(z)| < g(x) for almost every x € X and
g € L'. Applying Fatou’s lemma to the nonnegative functions g — f,,, we obtain that
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| s@n= [ t@yau= [ =i

<timinf [ (5= £,)(0)

n—oo
:/ g(x du—hmsup/ fulz
X n—o0
It now follows that
(4.1) / f(z)dp > lim sup/ fo(z)du
X n— 00 X

Similar way appylying Fatou’s lemma to the nonnegative functions g + f,, we obtain

/X 9(x) dpi + /X f()du = /X (9+ F)() di

gliminf/x(g-l-fn)(ﬂl?) du

n—oo

:/ g(m)dquliminf/ fulz)dp
X n—oo X
and

(4.2) /Xf(a:) du §li1£r_1>£rolf/xfn(x du

It follows from equation 4.1 and 4.2 that

i [ 4 >du=/Xf<x dy

n—o0

4

Definition 4.4. Let (X, M, p) and (Y, N,v) be measure spaces. If E C X x Y, for
x € X and y € Y we define the z-section E, and the y-section EY of E by

E,={yeY:(zr,y) e £} and EY={reX:(z,y) € E}.
Also, if f is a function on X x Y we define the x-section f, and the y-section fY of
[ by
fe(y) = [U(x) = f(z,y)
Lemma 4.5. Let (X, M) be a measurable space. If f : X — [0,00] is measurable,

there is a sequence (¢,)°, of simple functions such that 0 < ¢ < ¢g < --- < f, and
On — f pointwise. Moreover ¢, — [ uniformly on any set on which f is bounded.

Proof. See Section 2.1 of [6]. O

Definition 4.6. Subset C of the power set P(X) is called a monotone class on a space
X if the following conditions holds

(i) If By € Cand By C By C ..., then J72, E; € C.

(11) IfE] €Cand Ey D Ey D RN then ﬂ;ilEj eC.
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Let £ C P(X). Then there is a unique smallest monotone class containing &, called
the monotone class generated by £.

Lemma 4.7. If A is an algebra of sets, then the monotone class C generated by A
coincides with the o-algebra M generated by A.

Proof. See section 2.5 of [6]. O

Theorem 4.8 (Theorem 2.36 of Folland). Suppose that (X, M, pu) and (Y,N,v) are
o-finite measure spaces. If E = Ax B, where ACX and BCY and E€ M@ N,
then the functions f(x) = v(E,) and f(y) = pw(EY) are measurable on X and Y,
respectively, and

(43) (e x0)(B) = [ v(B)du(o) = [ (BN dily).

b's Y
Proof. Suppose that measures 1 and v are finite. Thus by Lemma 4.7 it is suffice to
show that the set C of all E € M ® N, for which conclusions of the theorem are true
is monotone class generated of some algebra of sets. If E = A x B, then

B = [[ Ads) = [ vBIL@ ) = [ w(A)sm) i)

where v(FE,) = v(B)1a(z) and u(EY) = pu(A)lg(y). Therefore E € C and by ad-
ditivity it follows that also the finite union U::1 E, € C so C is a algebra of sets.
If (E,);>; is an increasing sequence in C and E = J -, then the each of func-
tions f,(y) = p((E,)Y) and f,(z) = v((E,).) are measurable and f,(y) — f(v)
and f,(x) — f(z) pointwise. Hence f is measurable and by monotone convergence

theorem,

(nxv)(E) = lim (pxv)(E,) = lim [ pu((E,)") dv(y) = / p(EY) dv(y).

Similary

(0 X V)(E) = lim (u x )(Ex) =l [ w(En)a)due) = [ v(E) duta),
so e C.
Next if (E,)52; is decreasing sequence in C and E = J -, E,. By finitness of
measures 4 and v we obtain that p((F1)Y) < u(X) < oo and p((F1).) < v(Y) < oo,
so by the dominated convergence theorem

e B) = [ (BN duly) and (o o)(B) = [ V(B duto)

X

Thus F € C and the theorem holds in finite measures spaces.

Finally we suppose that p and v are o-finite measures, when X x Y can be written
as the union of an increasing sequence (X; x Y;)32, of rectangles of finite measure. If
E € M ®N, for each j the above result for finite measures gives us
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(1 x V)(E N (X; x Y)) /]1X] WE,NY;) du(z)
/]ly] p(EY N X;) dv(x).
By the monotone convergence theorem

(1 )(E) = lim (1 ) (E 0 (X; % Y;))

= lim [ 1x,(2)v(E, NY;)du(x)

j—o0
_ / Ly(2)(Es N Y) du(z)
= / v(E,)dp(zx).
X
Similary
(0 )(B) = [ () vl
and the desired result follows. O

Theorem 4.9 (Fubini-Tonelli Theorem; Theorem 2.37 of Folland). Let L™ be the space
of all measurable functions from X to [0, 00] and suppose that (X, M, u) and (Y,N,v)
are o-finite measure spaces.

(i) (Tonelli) If f € L*(X xY'), then the functions g(x) = [, fo dv(y) and h(y) =
Jx fYdu(z) are in LT (X) and L*(Y), respectwely, and

fapaex ) = [ | [ fapivi)] due)

:/Y[/X f(x,y)du(fc)l dv(y).

(ii) (Fubini) If f € L*(p x v), then f, € L'(v) for almost every x € X, fY €
LY(u) for almost every y € Y, the almost everywhere-defined functions g(x) =
[ fodv and h(z) = [ f¥dv are in L*(u) and L'(v), respectively, and equation
4.4 holds.

(44) XxY

Proof. (i) In the case f is indicator function, let £ = A x B, where A C X and
B C Y. Then by Theorem 4.8
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thus

/ny Igd(pxv) :/X Uy Laxp dl/(y)] dp(z)
:/y {/x Laxs du(x)} dv(y).

Therefore Tonelli’s Theorem holds for nonnegative simple functions by linear-
ity.

If feL"(X xY),let (f,)5, be a sequence of simple functions which
incresase pointwise to f as in Lemma 4.5. The monotone convergence theorem
implies first that

gn(x) = : an(%y) dv(y) === ; Yf(x,y) dv(y) = g(x)
and
ha(y) = ; an(m,y) dp(z) == ; Yf(fmy) dp(z) = h(y),

respectively so that g and h are measurable. By the monotone convergence
theorem we can also obtain that

f(x,y)d(p x v) = lim fa(z,y) d(p x v)

XxXY =0 Jxxy

= lim [ gu(2)dp(z)

n—oo X

- /X 9(x) du(z)

- [ | [ st dute)
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and

Lryﬂ%yMWXV>=Hm falz,y) d(p x v)

n—oo XxY

= lim [ hy(y)dv(y)

n—oo Y

ZLMMW@

_ /Y { /X f(x,y)d#@)} du(y),

which proves Tonelli’s theorem.

(ii) If f € LY (X xY) and [, , f(x,y)d(u % v) < oo, then by last two equations
above g < oo and h < oo almost everywhere. Therefore f, € L'(v) for almost
every r and f¥ € L'(u) for almost every y. If f € L'(u x v) then by applying
these results to the positive and negative part of real and imaginary parts of
f it follows that g € L'(u) and h € L'(v) and 4.4 holds.

O

4.2. Finite variation of function.

Definition 4.10. Let U C RY be a open set and f continuous function. The support
of function f, denoted by supp(f), is the smallest closed set outside of which f
vanishes, that is closure of {z : f(x) # 0}. If supp(f). is compact, we say that f is
compactly supported, and define

C(U)={f €C(U) :supp(f) is compact}.

Morover, if f € C(U), we say that function f vanishes at infinity if for every € > 0
the set {x : [f(z)| > €} is compact, and define

Co(U) ={f € C(U) : f vanishes at infinity}.

Since for f € Cy(U) the image of the set {x : |f(x)| > €} is compact, and |f]| < €
on its complement, C.(U) C Cy(U). We also define,

C(U) = C¥(U) N Ce(U) = M2, CH(U) N Ce(U)
where C*(U) is the space of functions k times continuously differentiable on U.
Theorem 4.11. The space C.(R?) is dense in LP(RY) for any p € [1,00).
Proof. See Section 4.3 of [2] O

Definition 4.12. Let (X, F, i) be an arbitrary measure space. A measure v on (X, F)
is said to be absolutely continuous with respect to p if for any set A € F, v(A) =0
whenever pu(A) = 0. We then write v < p. A function f : R — C is called
absolutely continuous if for every € > 0 there exists 0 > 0 such that for any finite set
of disjoint intervals (ay,by),. .., (an, by),

n

(4.5) Z(bj —a;) <0 implies Z |f(b;) — f(a;)| <e

i=1 i=1
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More generally, f is said to be absolutely continuous on [a, b] if this condition holds
when the intervals (a;, b;) are restricted to lie in [a, b].

Remark 4.13. If n =1 in equation 4.5, it holds that
(bj —a;) <0 implies |f(b;) — f(a;)| <e,
and so we obtain that f is uniformly continuous if it is absolutely continuous.
Recall that we call function f to be of finite variation if its total variation denoted
by V(f) is finite. Next we consider a few important result, using the finite variation

of a function, that we are going to eventually use to proof the fundamental theorem
of Lebesgue integral calculus.

Proposition 4.14. Suppose that total variation of f on [a, b] is finite such that f(—o0) =
0 and f is right-continuous. Then f is absolutely continuous if and only if py <K m,
where [y is a unique complex measure such that F(x) = pg((—o0,x]) and s = pv (.

Corollary 4.15. If f € L*(m), then the total variation of function F(x) = ffoo f(t)dt
on [a,b] is finite such that F(—oo) = 0, F is absolutely continuous and f = F" almost

everywhere. Conversely, if the total variation of function fis finite such that f(—o0) =
0 and and F is absolutely continuous, then F' € L*(m) and F(z) = [*_ F'(t) dt.

Proof of Proposition 4.14 and Corollary 4.15 can be found in section 3.5 of [6].

Lemma 4.16. If f is absolutely continuous on [a,b], then its total variation on |a, b
18 finite.

Proof. Let 0 be as in the definition 4.12. If a = 29 < --- < x,, = b, we collect the
intervals (z;_1,2;) into at most N groups, where N < 5% + 1 and the sum of the
lengths in each group is less than 6. By choosing € = 1 we get

V(f) < Z’f(mj)_f(wj—l” < Ne=N,

and it follows that the total variation of f on [a, b] is finite. O

Theorem 4.17 (Fundamental theorem of Lebesgue integral calculus). If —oco < a <
b< oo and F : [a,b] — C, the following are equivalent:

(i) F is absolutely continuous on [a,b].
(i) F(z) — F(a) = [ f(t)dt for some f € L*([a,b],m).
(iii) F s differentiable almost everywhere on [a,b], F' € L*([a,b],m), and

Flz) — F(a) = / o

Proof. Assume first that F' is absolutely continuous on [a,b] and F(a) = 0. If we set

0, z<a
F=qF(x), a<z<b
F(), z=>b

then F is of finite variation by Lemma 4.16. Since F(—oo0) = 0 and the func-
tion is right-continuous, (izi) holds by Corollary 4.15. By choosing f(t) = F'(t) €
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LY([a, b],m) we get F(x) f F’ (t)d
let f be a function such that F ( =
define a extension f of function f by

o f, ift € a,b]
o, ift¢a,b]

[ f(t)dt and thus (ii) holds. Next
f(x) dt and f € L'([a,b],m). We can

t =
Ja

Clearly f € L' and

— /; ft)dt = /: f(t)dt

is absolutely continuous by Corollary 4.15 and the desired result follows.

4.3. Lebesgue differentiation Theorem.

Definition 4.18. A point x € U C R? is a Lebesgue point of a function f : U — R if

1
fim — s [ 1) = S dy =0
r—0+t m((B(,ZE, T)) B(z,r)
where B(x,7) = {y € R?: |y —z| < r} and the limit is taken for those 7 small enough
to guarantee that B(z,r) is a subset of U.

Definition 4.19. The set of all Lebesgue points of f : U — R is denoted by L and
it is called the Lebesque set.

Definition 4.20. Let U C R? be a open set and 1 < p < co. We say that a function
f U — R is locally integrable with respect to Lebesgue measure and denoted it
fe Ll (U)if flx € LP(U) for every compact set K contained in U. Note that if
ferl (U),then f e L. (U).

We start the concept of the Lebesgue diferentiation theorem by defining avarage
value of function and useful sharper version of the fundamental differentiation the-
orem. Note that following theorem does not yet utilize Lebesgue point or set of
functions.

Theorem 4.21. Let f € L}
f on B(z,r) such that

r €RY r >0 and let A, f(z) to be the avarage value of

locy

o |
— fy) dy.
m(B(x, 7“)) B(z,r)
Then lim,_,q A, f(z) = f(z) for almost every x € R,
Proof. See section 3.4 of [6]. O

Arf(x) =

We can however be more general by replacing balls with the families {E,},~o of
Borel subset of R? which are shrink nicely. This leads to the final version of the dif-
ferentiation theorem and one that we desire, called Lebesgue differentiation theorem.

Definition 4.22. A family {E,},~¢ of a Borel subsets of U is said to shrink nicely to
x € U if the following two conditions hold
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(i) E, C B(z,r) C U for each r.
(ii) There is a constant o > 0, independent of r, such that m(E,) > am(B(x,r)).

Theorem 4.23 (The Lebesgue differentiation theorem). Suppose that f € L}, .(U) and
supp(f) C U. Then we have
(i) m(U\ Ly) =0

(ii) For every x in the Lebesque set of f, in particular for almost every x in U,
we have

)| dy =
lim — /!f )| dy =0

and

li )dy =
B8 By / fwdy = Jlo),
where {E, }r~o s a family of Borel subsets of U C R? that shrinks nicely to x

Proof. We first proof the case U = R%.
(i) Let ¢ € C and g(x) = |f(z) — ¢|. Therefore by Theorem 4.21 we have

1

lij}(l)Arg(fb’) = }}j}ém /B(W) |f(y) —cldy = |f(x) — c].

Next let R C C be a countable dense set. If we define E = |J . E., where
m(E.) = 0, then m(F) = 0 and if z ¢ E we can choose ¢ € R such that
|f(x) — | < e Thus

[f(y) = F@)] < [f(y) — el +1f(z) — e <[f(y) =] + €

Therefore
I s [ ) - f@ld
imsup ———— y) — f(x)|dy
r—0 m(B('CE?T)) B(z,r)
1
Slimsup—/ fly) —c|+edy
r—0 m(B(x,r)) B(:):,r)| () |
= |f(x) —c| +e€
< 2e,

and since € is arbitrary it follows that m((L;)¢) = 0.
(ii) By Definition 4.22 E, C B(x,r) and for some a > 0 we have m(E,) >
am(B(x,r)). Therefore it holds

1 1
5y o T SNy < s [ 1) = sl
1
< BT o T Sy

< 2e,
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for some a > 0. By (i) of Theorem 4.23, taking limit both sides of above
inequality as r — 0T the desired result follows.

To proof the latter part of the (i) we obtain that by Theorem 4.21 for
almost every x it holds that

| 1 B
lim (B ) /B(M) [f(z) = f(y)]ldy = 0.

Therefore by using again Definition 4.22 and above equation we have

o {m<1Er> / g (”dy} ~ o) =y :m<1ET> y Ty ) (x)dy}
—tin | [ ) - wa]
0 1
<l | /B )1 dy}

=0,

for almost every x. This proves the latter part of the theorem. Next if we suppose that
f € L. (U) and supp(f) C U then fl1y € L}, (R?) and supp(f1y) C R? Therefore
the Lebesgue differentiation theorem in the special case U = R? apply and we have
desired generalization to open set U. U

Following lemma gives us one possible way to determine the Lebesgue point of a
function.

Lemma 4.24. If f € L} .(U), U C R%, and f is continuous at x € U, then x € Ly.

loc

Proof. By continuity of f we can find for every given ¢ > 0 a ball with radius r > 0
such that |y — x| < r implies |f(y) — f(z)| < e. Therefore

1 €
BT o VO T < e [ =

Since € is arbitrary

1
lim ——— — f(@)|dy =0,
/B )= )y

r—0t m(B(x,r))

and z is a Lebesgue point of function f. g
4.4. Convolution and mollifier.

Definition 4.25. If f : R? — R and g : R — R, are measurable functions, then the
convolution f + g : R* — R is defined by (f * g)(x) := [pa f(@ —y)g(y) dy, provided
that for every o € RY, the integral is well defined.

The following proposition introduce us some basic properties of convolution.

Proposition 4.26. Assuming that all integrals in question exist, we have

(i) frg=gxf
(i) (f*xg)*h=fx*(g*h)
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(iif) (f*xg)(x —2) = flx —2)xg=[frglx—2)
Proof. (i) Let z = & — gy, then we have

(f*9)(x) = » f(x—y)g(y) dy

=/, f(2)g(x — 2)dz
= (g% f)(x).

(ii) By using (i) and Fubini theorem we get

(fxg)h= /(g*f)(x— y)h(y) dy

//R =y — 2)f(2)hly) dz dy
//R v — 2 — hiy) f(2) dy dz

- [ (en@=21G)a
= fx (g * h).
(ifi) We note that
(fxg)(x—2)= Rdf(ftf—Z—y)g(y)dy=f(ac—Z) g
and by (i)

(fxg)(r—2)= Rdf(y)g(l“—z—y)dy = fxg(xr —2).
O

Lemma 4.27. Let f € Lt (U), p > 1, and supp(f) C U. Suppose that g : R? — R
18 bounded and compactly supported. Then g *x fly, where

fly(z) = {g(x)7 z;g

is well defined on R, i.e. the integral [, g(x —y)f(y) dy is finite for all x € R4,

Proof. The function g is bounded so there exits a constant C' < oo such that |g(z)| <
C. By choosing p =1 and f € L}, (U) we obtain that for all x € R?

(g % fly)(z)| = » g(x —y) fly(y) dy

S/Ulg(w—y)llf(y)ldy
gc/U|f<y>rdy
< Q.
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Therefore g * f1y is well defined. U
Proposition 4.28. Let f € L*(R) and g € LP(R?) with 1 < p < co. Then

supp(f * g) C supp(f) + supp(g).
Proof. Fix x € R? such that the function y — f(z — y)g(y) is integrable. If z ¢
supp(f) 4 supp(g), then (z — supp(f)) Nsupp(g) = 0 and so

(f * 9)(a /fw—

- [ fe-yady=o

(z—supp(f))Nsupp(g)
Thus (f % g)(x) = 0 almost everywhere on int[(supp(f) + supp(g))¢)] and therefore

supp(f * g) C supp(f) + supp(g).
O

Theorem 4.29 (Young). Let f € LY(R?) and let g € LP(R?) with 1 < p < co. Then
for almost every x, f x g € LP(RY) and

1f = gllp < 1F11llgllp
Proof. We can consider three cases;

(i) p=1
()1<p<oo
(iii) p

Case (i): For almost everyone y € R? we have

15— gl de =1t [ 1@ =ldz = lgllflh < o

and

v [ 18 =vgtlds = [ lotwlay [ 15 =n)lde = llghlfih < .

Therefore by setting F(x,y) = f(z,y)g9(y) we deduce from Tonelli’s theorem and
Fubini’s theorem for measurable functions from X x Y to R, given in section 4.1 of
2] that F € L*(R¢ x R?) and

/]fx— y)|dy < oo for a.e. x € R

respectively. Thus (f * g)(z) € LP(R?) and moreover

HU*@<|h_/“/|fm— Vlg(v)] dy dz

= [ latwdy [ 1=yl da

= [lglhll11:
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Case (ii) Let p,q € R be the conjugate exponent such that 1 < p < oo and
117 + % = 1. By Case (i) we know that for almost every fixed x € R?

[z = )|"?lg(y)| € LHRY) and [f(z —y)[V* € LL(RY).
Therefore by Holder inequality

|f(@ = )llgw)| = f(x = )" f (@ = y)]"Plg(y)] € Ly(R)
and

(Pl < [ 1= o]y
= [ 15t =)l s = ) gt dy

1/p
< ([ 15 = ollato) an)
= (171111 * Lo} 2.

By using Young’s inequality in case p = 1 to the function ||| f] * |g|P||1 we obtain

that f x g € LP(R?) and
by 1/p
I xally= ([ 10 <o) a )

< |IFIB 111£1 * |alP]]

1
<A AP ol
= [1£11/1gll»

Case (iii) Let p = oo. Therefore when g € L>°(R?) we have

19| < 1lgloo,
almost everywhere in R?. By using above inequality we obtain that

£xgl< [ 1= )lawldy
R4

< [ 15 = )llallc

<llalle [ 1=l dy

< 1 f111119loe
and therefore
1 * 9lloe < I[f1111]9]]oo-
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Definition 4.30. (i) Let n be any function  : R — R € C®(R?) such that it
satisfies the following conditions

Then 7 is called a mollifier.
(i) Let  be a point on R? and € > 0. We define a modifed mollifier n° by

n(z) = Eldn (x)

€
when we clearly have
w e CE®Y, [ (e =1, supp(y) = B,
R4
(iii) Let

-1
) = Jee L el <1
0 lalla > 1

and take ¢ such that [p,n(x)dx = 1. Then n° is called the standard mollifier.
Note that standard mollifier is a example of modifed mollifier.

(iv) Suppose that f € L} (U), p > 1 and € > 0. We define a mollified function f€:
R? — R by

F4(2) = (o * flp)(z) = / i (@ — y)f(y) dy

U

For fixed x and e small enough, B(xz,e) C U and so f¢(z) exists. However, if
supp(f) C U and since f € L} (U), p > 1, by Lemma 4.27, f is well defined on R?
for all € > 0.

Theorem 4.31. Assume that f € LT (U), p > 1, supp(f) C U and € > 0. Then

loc
(i) fe€ C=®(RY) and 0“f¢ = 0°n° * f1y,
(i) f©— fly uniformly as e — 0T,
(iii) f©— fly in LP (R?) ase— 0T,
(iv) f© — fly pointwise on Ly, as € — 0%, hence f© — f pointwise on Ly as
e — 0"

Proof. For simplicity we proof this theorem first in the special case U = R? by sup-
posing that f € LI (R?) and supp(f) C U. After that the generalization to an open

loc

set U C R? follows easily.

(i) Let K be a fixed compact set in R? large enough that z+ B(0,1) — supp(n¢) C
K. We have for all y ¢ K and h € B(0,1).

n(x+h—y)—n(r—y)—h-on(x—-y)=0
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(i)

[+ f)(@ +h) =0 [)(x) = h(On° * f)(2)]

< [t =) (e = ) = e = )l
:/Rdlf(y)l‘/Olh-anﬁ(ﬁsh—y)—h-ne(fv—y)ds dy
< [ 1501 [ 1l1-onGe + s =) e = s
< [ 1R L)+ 1Bl L ()

< nellnD) [ |15y

It follows that f€ is diffentiable, 0f¢ = On % f and inductively for a < 1 that
fee C®RY and 9*f° = 0% * fly.

Let f, = (n% x )5, be a sequence of mollified functions converging to f as
n — oo and let K C R? be fixed compact set. For € > 0 there exists § > 0
such that

[f(z —y) = flz)] <e
for all z € K and y € B(0,9). Therefore for x € R*, n > 1/§ and x € K we
have

o= f1=| [ o= an= [ 0w i)

[t = = sl
< /B o =)= S W)y

<e€ / n'/™ dy

B(0,1)

:6’

and the desired result follows.

Let f, = (77% x )5, be a sequence of mollified functions converging to f as
n — oo. By densiness of C.(R?) in LP(RY) we can choose a fixed function
g € C.(RY) such that ||f — g||, < e. By Proposition 4.28 we know that

supp(g.) = supp(n"/" * g) € B(0,1/n) + supp(g) < B(0,1) + supp(g),
which is a fixed compact set and therefore by (i7) of Theorem 4.31

n—0o0

1 = gllp == 0.

Next by using Young’s inequality we conclude that
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1= gllp = 10" % )] = (0" % g) — g] = [9 = fll,»
< ("™ % g)llp + [0 % g) = gllp + Ilg — fllp
<2/ = gllp + [1(n"" % g) — gllp-
Letting n — oo we obtain that for € > 0

limsup || fr — fl], < 2e.

n—o0

Therefore
i [1f, — Fll, = 0.
(iv)
lim f(z) = f(z)

e—0t
Therefore by the Lebesgue differentiation Theorem f¢— f, when r — 07,

Finally we suppose that f € LV (U), and supp(f) C U, when clearly fly €
LP (R?) and supp(f1y) C U. Thus above results apply and we get desired general-
ization.

O
4.5. Weak derivatives.

Definition 4.32. Suppose that a € N¢ is a multi-index. We say that a function
f e LL.(U), U C R% is weakly differentiable; and also its a th-weak derivative
denoted by 9°f € L}, (U), if

/(5af(w))¢($) dr = (~1)" /f(x)(a"@ﬁ(iv))d% for all ¢ € CZ(U),
U

U
where |a| = 327, oy, and the functions ¢ € C°(U) are called test functions.

Theorem 4.33. Let f € L} (U) and supp(f) C U. We further assume that f admits

loc

the weak derivative 0*f € L}, (U), then

loc
(i) fe € C®(R?Y) and 0°(f) = n* (0*f) on U.
(i) 9*(f) — 0% in L, (U) as e — 0"

(iii) 0*(f) —> 0% pointwise on Laos as € — 0T
Proof. See Section 2 of [9] O

Remark 4.34. Note that part (i) of the Theorems 4.31 and 4.33 still holds if we replace
n° by a test function.

Lemma 4.35. Assume that f € I},.(U) has the weak derivative 9* f € L},.(U). Suppose
that ¢ € C(R?) is a test function with properties

(4.6) supp(¢) = K, P(z) > 0, ¢(z)dr =1,

Rd
for all x € R, Then every x € R? we have
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0°(f* o) (x)] < sup [0°f(2)],

zeUNA(z)
where A(z) ={y e R":z —y € K}

Proof. First we note that since properties of Equation 4.6 holds we can replace n° by
a test function ¢ in the Theorem 4.35. Therefore by (i) of Theorem 4.35 we get a
equation

0U(f * ¢)(x) = (¢ * 1y0“ f)(x)
¢(1’ — )10 f(y) dy

/(bx— 10 f(y) dy

If v —y & supp(¢) = K C U, then 0%(f * ¢) = 0. Therefore we can define a set
AMz)={yeR': 2z —ye K} and thus it holds that

O(f %) = / DTS by

FlInally by using above equation we get and properties of test function from Equa-
tion 4.6 we get

0°(f * 9)()] < / 6(z — )10 £ ()] dy

UNA(z)

<y /w—

z€UNA(z

UNA(z)
< s (54(2) / ol
zeUNA(z
= sup [0°f ()!-
zeUNA(z)

O

Remark 4.36. Note that the value of the right-hand side of the Lemma 4.35 can be
infinity.

5. THE MAIN RESULT

5.1. Assumptions of the Main result. In this section we are going to introduce and
prove the Ito6 formula presented in Theorem 5.7. Though this Ito formula could be
extended to a general d, for simplicity we presented it and also all other result in this
chapter which are related to the Theorem 5.7 in the case d = 1. First we assume a
certain class of stochastic processes which are explained in the following assumption.

Assumption 5.1. Let (2, F,P) be a complete probability space that means for all
B € F and A C B with P(B) = 0 it holds that A € F. Suppose moreover that
X :[0,00) x Q — U is a cadlag stochastic process defined on (€2, F,P) such that
it satisfies the following condition: If A C U is a Borel measurable set such that
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m(A) = 0, where m is the Lebesgue measure, then for all s € [0,00) it holds that
P(X; € A) = 0. In other words, for all s € [0,00), the law p, of a random variable
X on U defined by us(A) = P(X, € A), is absolutely continuous with respect to the
Lebesgue measure.

Let us next take a quick look at how the previous assumption restrict appropriate
processes. We first consider a few results about the continuity of the laws.

Theorem 5.2. Let X be a Lévy process on R generated by (A,v,v) with v(R) = oc.
We define a measure v by

(B) = /qu\? A1) w(de).

If (V)™ is absolutely continuous for some n € N, then for everyt > 0 and B € B(RY),
the law P(X; € B) of the random variable X, is absolutely continuous with respect to
the Lebesgue measure.

Remark 5.3. If B € B(R?) and N is a compound Poisson process on R? with Levy
measure v. Then the law of the random variable N, can be written as

P(N; € B) = e ™) (k) thu(B)F,
k=0

which is not continuous as P(N; = 0) > 0.
Proof. See section 27 of [12]. O

By Remark 5.3 we see that Assumption 5.1 is not valid for finite variation Lévy
processes in general since the law u, defined in Assumption 5.1 is not absolutely
continuous with respect to Lebesgue measure in the case of compound Poisson process
as P(N; = 0) > 0 for t > 0. However by Theorem 5.2 we notice that Assumption
5.1 is always satisfied for a finite variation Lévy process with infinite activity, if
its Lévy measure is absolutely continuous with respect to Lebesgue measure. The
following proposition consider a bit more about the behaviour of the processes under
Assumption 5.1.

Proposition 5.4. Assume that the process X satisfies Assumption 5.1. Let A C
[0,00) x U be any Lebesgue measurable set such that m(A) = 0, then for allt > 0 we
have

P({w e Q:m({s €[0,t] : (s, Xs(w)) € A}) =0}) = 1.
In particular, this implicity implies that for almost all w € Q, the set {s € [0,t] :
(s, Xs(w)) € A} is Lebesgue measurable for all t > 0.

Proof. First we are going to show that the set m({s € [0,t] : (s, X (w)) € A}) is
well-defined for almost all w € 2. Assume that A is a Borel measurable set. We
define a process Y : [0,00) x Q — [0,00) x U by

Y(s,w) = (s, Xs(w)).

Since X is cadlag process by Assumption 5.1, the process Y is also cadlag and
Bp,oc) ® F-measurable by Proposition 5.5, where Bjy ) is the Borel o-algebra on
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[0,00) and F is o -algebra on Q. Hence when A C [0,00) x € is a Borel set it holds
that

YA e Bio,oc) @ F
and so
(10,] x Q) NYH(A) € Bypoo) ® F C LR F,

where £ is Lebesgue o-algebra on [0,00). Therefore we can define function f :
[0, OO)X — R, f(t,w) = ]l([O,t]XQ)ﬁY—l(A) and hence f S Ll(m X P)

We define a function f, := (.,w) and by Fubini-Tonelli theorem 4.9 f, € L'(m)
for almost all w. Therefore the set ([0,¢] x Q) NY ~(A) is Lebesgue measurable for a
fixed w and hence m({s € [0,¢] : (s, Xs(w)) € A}) is well-defined for almost all w € 2

that completes the first part of the proof.
Next let

Z(w) = /wa dm =m({s € [0,1] : (s, Xs(w)) € A}).

Again by Fubini-Tonelli theorem Z is a random variable and Z € L'(P). Since Z is
non-negative random variable it is sufficient to show that E[Z] = 0.

EM:LAﬂMW
:[Aﬂﬂ@

= / E[L(s,x,)eay] ds.
0

¢
:/ P(X, € As)ds,
0

where for fixed s, Ly x,)eay = Lix,ea,) and A, = {y € R? : (s,y) € A} is Borel
measurable. The A is a Borel measurable by assumption and hence Lebesgue mea-
surable as well. By Theorem 4.8 the function s — m(A;) is Lebesgue measurable

and m(A) = f[o 00) m(As)ds. On the other hand we assumed that m(A) = 0 and

hence m(As) = 0 for Lebesgue almost all s > 0. In other words there exist a set
N C [0,00) such that m(N) = 0 and for all s € N°¢ it holds that m(As) = 0. More-
over by Assumption 5.1 the measure pus(A) = P(Xs € A) is absolutely continuous
with respect to the Lebesgue measure and therefore it holds that P(X, € A) = 0,
when s € N¢ Finally with the help of the above equations we can obtain that

E[Z] = / P(X, € Ay)ds + / P(X, € Ay)ds

[0,t)NNe [0,t]NN

= / P(X, € Ay)ds

[0,6]N{s:m(As)=0}
=0.



43

The expectation E[Z] = 0 implies that Z = 0, P-almost surely and hence m({s €
[0,t] : (s, Xs(w)) € A}) = 0 for almost all w € €2, which completes the proof in the
case A is a Borel measurable set.

Finally suppose that A is Lebesgue measurable. We can write A = A’/UA”, A” C B,
where A’ and B are Borel measurable sets such that m(B) = 0. Moreover A is a null
set by the assumption and therefore also m(A’) = 0. Since we assume the probability
space to be complete it holds that A” € F and Y1(A' U A”) € Bjy,o) ® F. By using
similar procedure as in above case where A is Borel measurable we can deduce that
aset m({s € [0,t] : (s, Xs(w)) € A UA"}) is well defined for almost all w € Q. Again
by using previous part of the proof to the Borel null sets A’ and B we obtain that

m({s €[0,t] : (s,Xs(w)) € A’}) =0 and m({s €0,t]: (s, Xs(w)) € B}) = 0.
Therefore
m({s € [0,t] : (s, Xs(w)) € A}) =m({s € [0,t] : (s, Xs(w)) € AU A"}) <0,
for almost all w € 2 and the desired result follows. O
Intuitively Proposition 5.4 tells about the amount of time a process X spends in
set U. For example if A = [0,¢] x B, where B C R? is a Borel set and {s € [0,¢] :
(s,Xs) € A} is time X spends in B. Therefore under Assumption 5.1, Proposition

5.4 implies that the Lebesgue measure of the amount of time the process X spends
in any Borel measurable set B with m(B) = 0 is always zero.

5.2. Key tools.

Proposition 5.5. Let X be an optional process. When considered as a mapping on
[0, 00) x €2, it is Bjo,cc) @ F -measurable, where B oo is Borel o-algebra on [0,00) and
F is o-algebra on €.

Proof. By [7] it is suffiecient to show that every cadlag adapted process X satisfies
claimed property. We define a new process X ™ for n, k € N by setting

)0

n o2

on
k=1

Since

XM e B} = [W:X »(w) € B} x {k_l,ﬁﬂ,
{ b= U [t Xl € BY x| 5o
we have {X(") € B} € B,y @ F for all Borel sets B, hence X ™) g Bio,oc) @ F-
measurable. Since the Process X is cadlag by assumption the X — X pointwise
as n — oo and therefore X is also F ® By o)-measurable.
O

Before we introduce the main result of this section we have to define some elemen-
tary tools to help us. For any continuous function f : [0,00) x U — R on [0,00) x U
we can always continuously extend it to a new function f: R x U — R:

f = ft.x), (t,z) €[0,00) x U;
f(t,17> o {f(—t,:z:), (t’aj) c [0,00) < U
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Since f € L},.([0,00)xU) then clearly f € L} (RxU) and it is weakly differentiable
on the open set R x U in the sense of Definition 4.32 and therefore by applying chain
rule the weak derivatives of the function f in one-dimensional case are

8f( x>:{g—{(t,z>, (t,2) € [0,00) x U;

ot —%—{(—t,x), (t,x) € [0,00) x U,

and

3f< - (t:p) (t,x) € [0,00) X U;
oz " 6f( t,x), (t,x)e[0,00) x U,

where g—{(t, x) and g—i(t, 352 are weak derivatives of f in the sense of Equation 5.1.

By using an extension f of the function f — R x U we can now define a sequence
of mollified functions by

fn(twr) = (¢n * ]?]IRXU)(t’ :L‘),

where (¢, z) € R2, n > 1 and ¢, = = is a standard mollifier in the sense of Definition
4.30. The following proposition summarizes some limiting properties of the sequence

fo-

Proposition 5.6. Assume that f : [0,00) x U — R is a continuous function on
[0,00) X U such that f € L}, ([0,00) x U), supp(f) C [0,00) x U and U C R is an

open set. Let the weak derivatives ﬁ, gf € L} .([0,00) x U) be locally bounded and

defined by equation

(5.1) /(0af($))¢()dl"—( b / f(@)(0%¢(x)) dx

[0,00)xU [0,00)xU

for all € C([0,00) x U). Finally suppose that X is a finite variation Lévy process
satisfying Assumption 5.1 such that for all t > 0, X; and X;_ are in U. Then the
following are true:

(i) lim fn(0, Xo) = £(0, Xy).
(ii) hm fo 9n (s, X,)ds = 1taf(s X)ds, P-almost surely.
(iii) hm fo 8];: (s, X,)ds = [} %(s, X,)ds, P-almost surely.
(iv) nh_}rrgo Jiox (fa(s, Xom + @) — fals, X)) Jx(ds x dx)
[ a5, Xo +2) = F(s5, X,0)) Jx(ds x d).

Proof. (i) Since f is a continuous function, Ly =R xU by Lemma 4.24. On the
other hand for all t > 0, X; is in U and so by (ii7) of Theorem 4.31

fn(oa XO) — f(oaXO)a

for all w € Q2 and t € R. It also holds for all ¢ > 0 that, f(t, X,) = f(t, X,) by
the definition of f.
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(ii) From Theorem 4.33, if (s, X;) € Ly, then we have

Js

Ofn of
0s s

Let Ly = R x (U \ Lﬁ) be a Lebesgue set, then
s

(s, Xs) — =—(s,X5).

Ofn n
/ 6{9 (s, Xs)ds —/ Ofn (8, Xo)Lg(s,x,)¢L.} ds
0

" 0fn
+ ; 88 (8 X )]l{(sX eLl}dS
By Lebesgue differentiation theorem m(L;) = 0 and therefore by Proposition
5.4 it holds that m([0,t] N {s € [0,¢] : (s,Xs) € L1}) = 0, P-almost surely.
Moreover for fixed ¢t we have

Ofn 0 fn
\/0 Js (S X )]1{(3)( )JEL1} ds = / ¥<S7XS) ds = 07
[0,¢]N{s:(s,Xs)EL1}
and therefore
LOfn YO fn
5.2 X,)ds = —— (s, X)L, s,
(5.2) Oas(s s)ds /063(87 Mi(s.x02L0) ds
P-almost surely.
By Lemma 4.35, for all (s, z) € R?
Ofn of
s,x)| < sup
‘ ds ( ) z€(RXU)NA(s,z) aS( )
of
S sup = &)
z€A(s,x) 83( )

where A(s, X;) = {y € R?: (5, X,) —y € K}, and K = supp(¢,) = B(0,1) C
B(0,1). Therefore for 0 < s <, it holds that

’afn of

(s, Xs)| < sup

z€A(8,X5s)

s 85()

Since a cadlag process is bounded on [0, t], for fixed w € Q the set A(s, Xj) is
bounded. Therefore for a fixed w € 2 and s € [0, ¢] we can find a upper bound
for |%i:(s, XS)| that depends only on w, t and the minimum and maximum
of %(s, Xs) on [0,t]. Since we assumed the weak derivatives of function f be
locally bounded, the upper bound of !%(5, Xs)| is finite and hence also weak

derivatives of f are locally bounded too. Therefore we can apply Lebesgue
Dominated convergence theorem, Equation 5.2 and Theorem 4.33 to obtaining
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t
lim fn( X,)ds —/ lim ai(s Xl ys.x)¢r,} ds
0

n—oo Jq as n—00 8

Lof

8 (S X )]l{(sX ng}dS

P-almost surely. Since m{s € [O,t] : (s, Xs) € L1} = 0, P-almost surely it
holds that

5f ! 6f
X,)ds= | ZL(s,X,)1
/ 85 (S ) ds /0 83 (87 S) {(S,XS)ELl} ds)

P-almost surely. Finally by definition of extension f, for each s € [0,1], it
holds that af (s, Xs) = af(s X;) and we obtain

i [ G = [ Gl xn= [[Gloxi

(iii) Similar arguments holds if we replace %(S,X ) by % Ofn ~ (s, Xs) and therefore

we can apply previous procedure from (i7) to Conclude “that

t
lim/ —afn(S,Xs)ds
n—oo Jq or
tafn t@fn
— 1 - XS ]]. s 1 d 2 7XS ]l s ) d
1m {/0 O (S, ) {(s,Xs)¢L1} S+/O D7 (s ) (s, x,)eny} dS

t
Ofn
= lim/ %(s,Xs)]l{(s,Xs)ng}dS

n—oo 0
K af.
:/0 JLI&%(S;Xs)l{(s,Xs)€L1}dS

= / 8—(8, Xs)]l{(s,Xs)QLl} ds

Lo tof
= f(g X )]l{(s X, ng}ds—I—/ 8_£(S7Xs)]l{(s,Xs)€L1} ds
0

0 Ox
: LOfn
= lim —_

n—oo [ or

(s, Xs)ds,

P-almost surely.
(iv) Let I,, = ff[o fxg Sn(8; Xso+1) — fuls, Xs_) Jx(ds xdz). By using mean-value
theorem we have

s, 0)

],

(s, X 4 2) — fuls, Xo)| = '

where C' is a random variable between X, and X, + z. By Lemma 4.35 and
the same procedure in Equation 5.3 we conclude that
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ofn
a5 Xo +2) — fuls, X >r—\ Jn (5.0l
< s |
2€®xU)NA(s,C) | 98
< su —(2)]| |z
< sw (51
< 'z,

where A(s,C) = {y € R? : (5,C) —y € K}, K = supp(¢,) = B(O,%) C
B(0,1). Again for fixed w € Q the set A(s,C) is bounded on [0, ], since C' is
between bounded random variables X,_ and X,_ + x. Hence for fixed w € 2
and s € [0, ¢ there exists a upper bound C’ that doesn’t depend on s,t or n.
Finiteness of C” follows by obtaining that the weak derivatives of f are locally
bounded that implies also the boundness of derivatives of f.

On the other hand X is finite variation Lévy process when we have by
Proposition 2.35 that

I < / 'l Jx(ds x da)
[0,t]xR
= C"/ 2| Jx (ds x dz)
[0,t] xR

< 00,

and therefore we can apply Lebesgue dominated convergence theorem to in-
terchange the limit and the integral in expression I, as n goes infinity. Fur-
thermore since [0,¢] x U C R x U = Lj by (iv) of Theorem 4.31 we obtain

that f, — f pointwise as n — oo on [0,#] x U and thus

lim [, = // hm (fu(s, Xs— +2) — fr(s, X)) Jx(ds x dx)

n—oo
[0,t] xR
:/ f(sts——"l')_];(S,Xs_) Jx(dSXdZL')
[0,t] xR
_ / (5, Xo +2) — (s, Xo ) Jx(ds x da).
[0,t] xR

Now we are ready to state and prove our main result.
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5.3. Itd’s formula for finite variation Lévy processes.

Theorem 5.7. Assume that f : [0,00)xU +—— R is a continuous function on [0, 00) x U
such that f € L}, ([0,00) x U), supp(f) C [0,00) x U and U 1is an open set of R.
Let the weak derivatives ?, gf € L}, .([0,00) x U) be locally bounded and defined by
equation 5.1. Suppose that X is a finite variation Lévy process satisfying Assumption
5.1 such that for allt >0, X; and X;- are in U. Then

t

(£, X¢) = £(0, Xo) +/g—f (s X)ds+7/g_§

0

(s,Xs)ds

0/4 fls, Xo + @) = f(5, X)) x(ds x dx),

where Jx and ~y are respectively the Jump measure and the drift coefficient of the
process X admitting the following representation from Theorem 2.36 : X; = vt +
Joxr @ Ix(ds x dz).

Proof. Let f and f, be defined like in Proposition 5.6. Since we assumed f €
LL ([0,00) x U) it follows that f € L. (R x U) and by (i) of Theorem 4.33, f, €

C*(R x R) for all n > 1. Hence by using Ito formula presented in Theorem 3.9, we
have

0s 0s
0 0

fult, Xt) =£n(0, Xo) +/%(S,Xs)d8—|—’7/ fn(s X;)ds

' //(f"<S’XS +2) = fuls, Xs-)) Jx(ds x dx),

[0,t] xR
and by Proposition 5.6, for fixed ¢t > 0 it holds for P-almost surely that;

F(t, X)) =1(0, Xo) + /st ds+7/std
(5.4)
// s, Xs— +x) — f(s,X5-)) Ix(ds x dx).

[0,t] xR

The process X is cadlag by Assumption 5.1, so the left-hand side and the right-
hand side of the above equality are well-defined processes and also modifications of
each other in the sense of Definition 2.39. To show that these two sides of Equation
5.4 are actually indistinguishable we obtain that by Theorem 2.40 it is sufficient to
show that the processes of the both side of the equation 5.4 are right-continuous.

First we note that since the process X : [0, 00) x 2 — U is cadlag and the function
f is continuous then (f(t, X;));>0 is also cadlag. Moreover (f(0, Xo)):>o is cadlag as
well.

The functions % and % are Borel measurable and for fixed w € €2, the process

(Xs)o<s<t is also Borel measurable. Hence for a fixed w, %(s, X,) and %(s, X,) are
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Borel measurable and hence Lebesgue measurable. Furthermore by Fundamental
theorem of Lebesgue integral calculus it holds that

taf taf
t»—)/o g(s,Xs)ds and t>—>/0 %(S,Xs)ds,

are absolutely continuous and therefore by remark 4.13 also uniformly continuous in
t.
Let

Z = //(f(s,XS) ~ F(s, X)) Jx(ds x da).
[0,¢] xR

Since f is not necessarily smooth, to show the right-continuity of the process Z =
(Z4)1>0 we have to deduce that limy, .o+ |Zi1n — 2] = 0. For all s > 0, X, and X,
are in U, therefore by equation 3.5 it holds that

Zi = Z (f(sts) - f<S7Xs—))'

0<s<t

By using above equation we obtain that

Jim | Zy = Zi = Jm | D (f(s X = fs, X)) = Y (F(s. X0 = f(5, X))

h—0t+
0<s<t+h 0<s<t

= lim | Y (f(s,X,) = f(s, X))

h—0t+
t<s<t+h
< i — _
< Dm0 (s X0) = (s, X))
t<s<t+h
— i i - _
hg(% ‘Jg{}o[(fn(saXS) fu(s, X
t<s<t+h
= i i _ — _
Dm0 Tim |(fals, X + AX) = fuls, X))
t<s<t+h

Similarly to (iv) of Proposition 5.6 by using mean-value theorem we can find C’
such that
af,

(Ut X+ 20 = o X = 3 (520600l

0<s<t

where C is a random variable between X,_ and X,_ + AX,. By Equation 5.3 we have
that

’((fn(& Xs— + AXS) - fn(5> Xs—))| < C”|AX3‘,
where C" is a upper bound for that doesn’s depends on s,z or n on [0, t]. Furthermore

C" is finite because the weak derivatives of f are locally bounded that implies also
boundness of derivatives of f. Hence we obtain that
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hli>r(l)1+ |Zt+h - Zt| < hllf(l)lJr Z nh—g)lo |(fn(S7Xs) - fn(saXs—))|

t<s<t+h
< lim lim C"|AX
T h—0t Z n—00 | S|
t<s<t+h
< C" lim AX, =0, P-almost surely.
h—0+
t<s<+h

This shows that the process Z is right-continuous and thus the conclusion of the

theorem holds. O

1]
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