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Abstract.

We consider the Cauchy problem for a second-order parabolic PDE in half spaces,
arising from the stochastic modelling of a multidimensional European financial
option. To improve generality, the asset price drift and volatility in the underlying -
stochastic model are taken time and space-dependent and the payoff function is
not specified.

The numerical methods and possible approximation results are strongly linked
to the theory on the solvability of the PDE. We make use of two theories: the
theory of linear PDE in Hijlderr spaces and the theory of linear PDE in Sobolev
spaces.

First, instead of the problem in half spaces, we consider the corresponding
problem in domains. This localized PDE problem is solvable in Hélder spaces.
The solution is numerically approximated, using finite differences (with both the
explicit and implicit schemes) and the rate of convergence of the time-space finite
differences écheme is estimated. Finally, we estimate the localization error.

Then, using the L? theory of solvability in Sobolev spaces and in weighted
Sobolev spaces, the solution of the PDE problem is approximated in space, also
using finite differences. The approximation in time is considered in abstract spaces
for evolution equations (making use of both the explicit and implicit schemes)
and then specified to the second-order parabolic PDE problem. The rates of
convergence are estimated for the approximation in space and in time.
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Chapter 1

Introduction

Financial options or derivatives are contingent financial claims and their mod-
elling is made in a stochastic framework (according with the Financial Mathe-
matics theory initiated by the works of Fisher Black and Myron Scholes (1973)
and Robert Merton (1973)). We are interested, in particular, in one basic type
of financial option: the European option, in its general multidimensional version
(the option on a basket of assets).

The European option modelling lies on the stochastic equation describing the
dynamic of the undeﬂying asset prices. It is well known that pricing an option can
be reduced, with the use of Feynman-Kac formula, to solving the Cauchy problem
with a final condition for a second-order parabolic PDE in half spaces, where the
parabolic operator’s coefficients associated with the first and second-order partial
derivatives are unbounded. ‘

The topic of this research is the numerical approximation of the PDE arising
from the stochastic financial problem, in this general multidimensional version.

In the available numerical analysis literature, several numerical schemes can
. be found for the EurOpeanbptio_n price approximation. However, we could not
find a systematic approach to the subject, namely considering the PDE problem
in its general form (with time and space dependent coefficients and non specified
independent term and final condition) and simultaneously producing the rates
of convergence for the corresponding approximation schemes. The aim of the
present study is to contribute to this systematic approach.

We make some comments on the choice of the European option (in the general
multidimensional form) as the derivative type motivating this research. This
choice seemed to be appropriate as its general modelling can be applied or be
adapted, more or less easily, to the other several types of options with no early
exercise. At the same time, the particularities of the study of each of the multiple
different types of options are avoided in this first stage. We expect that our

numerical approximation study can be used beyond the particular derivative type
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motivating it.
Finally, we mention that, in this research, we will not put the emphasis in the
numerical methods sophistication: the basic finite differences explicit and implicit

schemes will be used.

We summarize the chapters’ content.

Chapter 2 - European financial options After briefly reviewing the
stochastic background for the European option modelling, we consider the simple
unidimensional Black-Scholes model and a few of its immediate generalizations.
Then, we outline the way the parabolic PDE Cauchy problem arises from the
stochastic problem. .

Chapter 3 - Parabolic PDE in Holder spaces: space and time dis-
cretization In this chapter, we follow the a.ppréa.ch by N. V. Krylov (in Krylov
[29]). We approximate the parabolic PDE Cauchy problem in Hélder spaces (im-
posing that the operator is non-degenerate elliptic in space and its coeflicients
are bounded). We localize the problem on a bounded domain and study the ap-
proximation for this localized problem, using both the implicit and the explicit
schemes. Then we estimate the localization error, i.e. the error due to considering
the Cauchy problem on a bounded domain instead of the whole space. The main
content of the chapter is:

— Existence and uniqueness result for the solution of the discrete problem corre-
sponding to the continuous initial-boundary value problem - this is a result
stated in Krylov [29], but proved only for an elliptic problem.

— Estimate for the convergence rate of the discrete problem solution to the cor-
responding continuous problem solution - this result is also stated in Krylov
[29], but proved only for an elliptic problem. We also estimate the rate of .
convergence for a case where weaker conditions are imposed over the initial
data.

— Construction of discrete operators approximating the corresponding continu-
ous operator, using the explicit and implicit schemes - these operators are
considered in Krylov [29], but for a more specific example of the equation.

— Stochastic representation of the solutions of the Cauchy and the initial-
boundary value problems for a parabolic PDE, under milder conditions and
capturing wider situations than we could find in the literature. Estimate of
the localization error. These results are obtained for the cases where strong
and weak solutions of the corresponding stochastic equation are considered.
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Chapter 4 - Parabolic PDE in Sobolev and weighted Sobolev spaces:
space discretization We consider the Cauchy problem in Sobolev spaces (as-
suming that the opefator is non-degenerate elliptic in space but imposing less reg-
ularity from the data) and study its space-discretized version in discrete Sobolev
spaces. Next, in order to consider PDE with unbounded coefficients, we take the
problem in weighted Sobolev spaces and study its space—discretiiation in discrete

weighted Sobolev spaces. The main results we obtain are:

— Existence and uniqueness of the discretized problem solution in discrete Sobolev

spaces.

— Estimate for the discrete problé;n solution rate of convergence to the corre-
sponding continuous problem solution in Sobolev spaces. Stronger estimate

for the particular unidimensional (in space) case.

— Existence and uniqueness result for the discrete problem solution in discrete

weighted Sobolev spaces.

— Estimate for the discrete problem solution rate of convergence to the continu-

ous problem solution in weighted Sobolev spaces.

Chapter 5 - Evolution equations in abstract spaces: time discretiza-
tion We consider the approximation in time in abstract spaces for evolution equa-~
tions, using both the implicit and the explicit schemes. The particular second-
order parabolic PDE problem approximation is given as an example. We prove

the following main results for each of the approximation schemes:
— Existence and uniqueness result for the solution of the discrete problem.
— Estimate for the solution of the discrete problem.

— Estimate for the discrete problem solution rate of convergence to the corre-

sponding continuous problem solution.

Chapter 6 - Conclusion and further research We discuss some of the
results obtained in the previous chapters and outline further resea;ch directions,

Appendix A - Notation Tile notation is mostly introduced in the text.
For the convenience of the reader, we list the basic notation symbols used.

Aﬁpendix B - Useful results We list some basic inequalities and conver-

gence theorems we use.



Chapter 2

- European financial options

We will introduce the European financial option. Basically, this derivative is a
contract giving its owner the right (and not the obligation) to trade (either to
buy or to sell) a stock (or a commodity, a index or a currency) for a fixed price
at a fixed future date.

We will sketch the stochastic model for the pricing of an European option and
the way this problem can be reduced to solve the Cauchy problem for a second-
order parabolic PDE. Finally, we will discuss the potentiality of the modelling for

application to other types of options.

2.1 Stochastic processes background

In this section we summarize the basic stochastic processes concepts and results
(see e.g. Lamberton et all [34], pp. 29-56, Friedman [18], ch. 5).

Stochastic processes.

Definition 2.1.1. A continuous-time stochastic process in a space F endowed
" with a o—algebra € is a family (X} );er+ of random variables defined on a prob-

ability space (2, A, P) with values in a measurable space (E, &).

We introduce the concept of filtration, which represents the information avail-

able at time ¢.

Definition 2.1.2. Let the probability space (£, A, P). A filtration (F):>0 is an

increasing family of o—algebras included in A.

A process (X;):>o0 is said to be adapted to the filtration (F;) if, for any ¢,
X is F;—measurable. We say that the filtration F, = o(X,, s < t) is gener-
ated by the process (X;)i>o. We will work with filtrations which contain all the
P—null sets of A. The completion of (J;).>p is the filtration generated by both
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o(X,, s <t) and N (the c—algebra generated by all the P—null sets of A) and
is called the natural filtration of the process (X):>o. '

A stopping time is a random time that depends on the process (X;) in a

non-anticipative way.

Definition 2.1.3. 7 is a stopping time with respect to the filtration (F;)>q if 7 is
a mapping §! — [0, +oc] such that, for any ¢ > 0, {r <t} € F,. The o—algebra
associated with 7 is F, = {AeA: forany t > 0, An{r <t} € F;}, and
represents the information available until the random time 7.

Next we state some stopping time properties (see Lamberton et all [34], p. 31).
Proposition 2.1.4. The following hold
1. If S is a stopping time then S is F5 measurable;

2.If Sisa stoppz'ng' time, finite almost surely, and (X;)i»o i5 @ continuous
adapted process then Xg is Fs measurable;

3 If § and T are two stopping times such that S <T Pa.s. then Fs C Fp;

4. If S and T are two stopping times then S AT = inf(S,T) is a stopping
time. In particular, if S is a stopping time and t is a deterministic time

then S At is a stopping time.

Brownian motion.
An important example of stochastic process is the Brownian motion (or Wiener

\process). This process is central in the financial o-ption modelling.

Definition 2.1.5. A Brownian motion is a real-valued, continuous stochastic

Process (.Xt)tzg, with independent and stationary increments. That is
1. Continuity: P a.s. the map s — X,(w) is continuous;

2. Independent increments: If s < f then X; — X, is independent of F, =
o(Xu,u < s);

3. Stationary increments: If s < f then X, — X, and X;_; — Xy have the

same probability law.

We state the Gaussian property of a Brownian motion (see Lamberton et all
(34], p. 31). '



Theorem 2.1.6. If (X;)i>0 is ¢ Brownian motion then X; — Xo is a normal
random variable with mean rt and variance 0°t, where r and ¢ are constant real

numbers.

Definition 2.1.7. A Brownian motion is standard if

1. Xo=0 Pas.;
2. E(X;) =0;
3. E(X}) =t.

In the following text, if we do not state differently, a Brownian motion is
assumed to be standard. A stronger result for the Gaussian property holds (see
Lamberton et all [34], p. 32). '

Theorem 2.1.8. If (X;)i>0 is & Brownian motion and if 0 <t <--- <14 then

(Xi,...,Xs,) is a Gaussian vector.
We define the Brownian motion with respect to a filtration.

Definition 2.1.9. A real-valued continuous stochastic process is a (¥;)—Brownian

motion if it satisfies
1. For any ¢t > 0, X, ié F;—measurable;
2. If s <t then X; — X, is independent 6f the o--algebra 9:5;
3. If’s S t then X; — X, and X,_, — X, have the same probability law.

Martingales.
The financial notion of arbitrage, to be introduced in the next section, is explained

with the concept of martingale.

Definition 2.1.10. Let (2, A,P) be a probability space and (F;)e>o a filtration
on this space. An adapted family (M;)i>o of integrable random variables, Le.
E(|M;]) < oo for any t, is a martingale if, for any s <1, E(M;|F,) = M,.

We give some examples of martingales (see Lamberton et all [34], p. 32).
Propésition 2.1.11. If (Xi)ezo is a standard F;— Brownian motion then

1. X, is a Fy—martingale; |

2 X2—-tisa S’t;martingale,-

3. exp(o X, — (0%/2)t) is a Fy—martingale.
7



The martingale property E(M,|F;) = M, still holds when ¢ and s are bounded
stopping times (see Lamberton et all [34], p. 34). ' '
r ,

Theorem 2.1.12. (Optional sampling Theorem). If (M;)e>o is a continuous
martingale with respect to the filtration (Ft)t>0, and if T and T, are two stopping
times such that m < 7 ‘< K, where K is a finite real number, then M., 1is
integrable and E(M_,|F,) = M, P a.s. ,

We state a property of the hitting time of a point ¢ by a Brownian motion
(see Lamberton et all [34], p. 34). If @ is a real number, we define T; :=
inf{s > 0, X, = a} or +oo if that set is empty. '

Proposition 2.1.13. Let (X,)>0 be an F;—Brownian motion and a a real num-
ber. Then T, is a stopping time, finite almost surely, and its distribution is

—)\Ta) —+v/2)|a|

characterized by its Laplace transform E(e =e

Next result gives an estimate for the second-order moment of supyc,.r |Mi,
where M, is a square integrable martingale (see Lamberton et all [34], p. 35).

Theorem 2.1.14. (Doob inequality). If (Mt)[]<t<T is a continuous martingale
then E (SUPogtST |Mt|2) < 4AE(|Mr|?).

Stochastic integral.
In the financial option modelling, we will deal with expressions of the type
(f; H,dW,)oci<r, where (Wy)iso Is a F;—Brownian motion and (Hiocicr is a
F,—adapted process. As Brownian motion paths are, almost surely, not differen-
tiable at any point, this integral with respect to a Brownian-motion (the stochastic
integral } needs to be defined.

Let (W)t>o be a standard F,—Brownian motion defined on a filtered proba-
bility space (22, A, (F;)e>0, P). Take T a strictly positive, finite real number. We
~ will begin by considering a set of processes called simple p%ocesées.

Definition 2.1.15. (Hy)o<:<r is a simple process if it can be written as

Z¢i l]t; 1,t4] ) _

where 0 =5 < t; < --- <t, =T and ¢; is F;,_, —measurable and bounded..

By definition, the stochastic integral of a simple process is the continuous
process (I(H):)o<t<r defined for any ¢ €]ty te41] as

I(H): = Z ¢ (Wy, — Wt,, 1)+¢k+1(Wt Wi, )-

1<i<k
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We write [, H,dW, = I(H),, _
We next state some fundamental properties of the stochastic integral of a

simple process (see Lamberton et all [34], p. 36).
Proposition 2.1.16. If (H,)o<i<r s a simple process then

1. ( fot Hdes) i 15 a continuous F;—martingale;
0<t<

2 B (( JE Hde3)2) = (fy Hids); |
2) < 4 ([, Hids).

We extend the concept of stochastic integral to a larger class of adapted pro-

3 E (SuPth 'f; H.dW,

cesses H

. : : , T
H = {(Ht)gsts'r, (Fi)e>0 — adapted process: E (f Hfds) < +oo} .
0 .

We define the extension (see Lamberton et all [34], p. 38).

Proposition 2.1.17. Let (Wiki»o be an F,—Brownian motion. There ezists a
unique linear mapping J from H to the space of the continuous F,—martingales
defined on [0, T), such that '

1. If (Hy)ier is a simple process then P a.s. for any 0 <t < T, J(H) =
I(H)t,' ’

9, If t<T then B(J(H)?) = E ( Ji Hfds) .

This linear mapping is unique in the sense that if both J and J' satisfy the previous
properties then P as. ¥V 0<t<T, J(H) = J(H);. We denote, for H € K,
f3 HydW, = J(H),.

We note that the condition E( foT H2ds) < +cc in the definition of H is sat-
isfied if and only if E(Supogth(fot H,dW s)?) < 4o0.

The following properties hold (see Lamberton et all [34], p. 38).

Proposition 2.1.18. If (Ht)OgST'belongs to H then
2 - T
<48 (J; Hzds);

9. If 1 is a F,—stopping time then P as. [ HdW, = [ 1iseryH,dW,.

[y H,dW,

I E (SuPtST
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We extend the stochastic integral to a class of processes satisfying a weaker
integrability condition. Let

- '
H= {(Hs)ugsg, (F:)e>0 — adapted process : ] Hfds <+ P a.s.} .
0

We define the extension to H (see Lamberton et all [34], p. 40).

Proposition 2.1.19. There exists a unique linear mapping J from H into the

vector space of continuous processes defined on [0, T, such that |
1. If (Hi)o<t<r i85 @ simple process then Pas. V0 <t < T, j(H)t = I{H)y;

2. If (Hi‘)izo is a sequence of processes in H such that fOT(Hi)zds converges to

0 in probability then sup,.r |J(H?);| converges to 0 in probability.
We write, for H € 3, [} H,dW, = J(H)s.

In this case the integral is not necessarily a martingale.
We introduce next some basic concepts of Ité caleulus. Let us define a [té

Process.

Definition 2.1.20. Let (Q, F,(F,)i>0,P) be a filtered probability space and
(Wy)i>0 an F,—Brownian motion. (Xj)o<t<r is an R—valued Ito process if it

can be written as
¢ ‘at ‘
Pas Vi<T X=X, +f K,ds +f H.dW,,
. 0 0,

where X, is ng—méasurable, (Kt)o<icr and (Hg)o<i<r are Ji—adapted pro-
cesses, fUT|K3|ds < +oo Pa.s. and fOT |H,|%ds < 400 P a.s.

The previous decomposition is unique (see Lamberton et all [34], p. 43).

Proposition 2.1.21. If (M;)o<<r is a continuous martingale such that M, =
[P Kds, with P as. f) |Ks|lds < +oo then P a.s. ¥t < T, M, = 0. This
implies that '

1. An Ité process decomposition is unigue. Thatl means that if
t t [ t
Xi =X0+] sts+f H.dW, ='X{)+] K;ds+f HdW,
0 0 0 0

then Xo =X}, dP a.s. Hy=H' ds x dP a.e. K, = K! ds x dP a.e.;

2. If (Xi)o<t<r is @ martingale of the form X, + fUt K.ds + fot H,dW, then
Ki=0 di xdP a.e.

10



In next result the stochastic integral is defined in the interval [0, 7], with 7
a stopping time (the stochastic integral is interpreted as a random variable) (see
Friedman [18], p. 72).

Theorem 2.1.22. Let f a process such that EfOT |f(8) 2a!t < oo and T a stopping
tirne with respect to F;, 0 < 7 <T. Then the process fo (s)dW(s), 0<t<T,
is & martingale and EITM f(s)dW(s) =

We state [t formula (see Lamberton et all [34], p. 44).

Theorem 2.1.23. (It6 formula). Let (X;)o<i<r be an It process

t t
Xt-—-Xo—l-/ sts—l-/ H,dW,,
0 0

and f be a twice continuously differentiable function. Then
FIX) = F(Xo) + f F(X)dX, + f F(X)aX, X)s,

where (X, X), == [} Hds and [} f'(X,)dX, = [} f(X\)Kds+f; f'(X,) HdW,.
Also, if f is a function twice diﬁerentzable with respect to x and once differ-

entiable with respect to t, with continuous partial derivatives in (§, ), then

t
fit, X)) = f(O,XO)—l-f fi(s, Xs)ds

—+-f0tf;('s, YdX, + = ] (X, X),-

We give the integration by parts formula (see Lamberton et all [34], p. 46).

Proposition 2.1.24. (Integration by parts formula). Let (X;) and Y; be two Itd
processes, X, = Xo + [y Kods + [y HidW, and Y, = Yo + [} Kids + [, H/dW,.
. Then ‘ ' w

t t
XﬁK:XoYo-l-f XﬂY;-l—f Y,dX; + (X, Y ),
0 0

with (X,Y); = [ H,H!ds.

We have a multidimensional version of Ité6 formula to be applied when f is
a function of several Itd processes, each of them function of several Brownian

motions.

Definition 2.1.25. A p—dimensional F;—Brownian motion is an RP—valued
F,—adapted process (W, = (W},...,WF))i>o, where all the (W})i>o are inde-

pendent standard F;—Brownian motions.

11



We define the multidimensional It6 process.

-

Definition 2.1.26. (X})ocicr is 2 (multidimensional) 1t& process if

t Pt
X, =Xo+ f Kds+ f HidW},
’ 0 =1 0
where K, and all the processes (H}) are adapted to Ft, ST |K|ds < 00 Pa.s.
and fOT(H;')st <+ Pas.
We state the multidimensional Ité formula (see Lamberton et all [34], p. 48).

Theorem 2.1.27. (Multidimensional 1t formula). Let (X},...,X{) be d It6

processes
. 3 t . . p t . .
.X;:Xg+/ Kids+) ;f HYdW?,
0 =1 70
j=1

and f o function twice differentiable with respect to z and once differentiable with

respect to t, with continuous partial derivatives in (t,z). Then

‘of
o 0s

+Zd: tﬂf—(s Xi.. . X)dX;
. dgi e

—Z / (91:11;.? Xslv"-aXf)d‘<Xi=Xj)s=

2,5=1

XL XY = FO,XE XD+ | 5=, X, X)ds

with dXi = Kids + X2 HIdWi and (X%, X7), = Y0, HI"Himds.

Stochastic differential equations.
We begin by considering a type of process that, as it will be .mentioned later, .

models the behaviou}" of certain financial assets. Let
t
St = Iy + / Ss(,u.dS + O'dWS), (21)
0

“where o and p are real numbers and (W})s0 is a Brownian motion.

We show next that the process S; = zgexp((p — 02/2)t + ocW;) solves. (2.1).
Let f(t,z) = zoexp((u — 02/2)t + oz} so that we can write Sy = f(t, Ws). As
(Wy)iz0 is an 1té process (identifying K, = 0 and H, = 1) we apply 1td formula
and obtain

S.= F(L W) = F(O,Wo)+ fo £1(5, Wa)ds + [o £ (s, W)dW,

t
A AUATN
0
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As d(W, W), = di,
St-:a:g-l—fS —02/2ds+/SadW+ [Sa

= _’]_’;0—|—[ sru,d3+/ SUdW
- Jo

The uniq{leness of this solution can obtained using Proposition 2.1.24. We
have the following theorem (see Lamberton et all [34], p. 47):

Theorem 2.1.28. Let o, p be two real numbers, T' a strictly positive constant
‘and (Wy)e>0 @ Brownian motion. There exists a unique Ité process (Si)o<i<t
which satisfies, for any t < T, equation (2.1). This process is given by Sy =
zoexp((p — 02/2)t + oWy).

We consider now the equation

: ¢ t :
X = Z-l—/ b(s,Xs)ds-I—/ o{s, X)dW5, (2.2)
0 0
a more general version of equation {2.1). Equation (2.2} is also written:
dXt = b(t, Xt)dt + O'(t, Xt)th, X(] =Z.

Equations of this type are called stochastic differential equations and their '
solutions are called diffusions. Most financial assets are modelled using these
equations. We define the solution of equation (2.2).

Definition 2.1.29. Let (©2, A, P) be a probability space equipped with a filtration
(Fihe>o. Let b and o functions such that b: RT xR = R, 0: R* xR = R,
Z a Fp—measurable random variable and (W;};»0 a F;—Brownian motion. A
solution to the equation (2.2) is an F;—adapted stochastic process (Xi}y»o such
that

1. For'any t > 0, the integrals fotb(s,Xs)ds and fota(s,Xs)dWs exist, i.e.
t o t
f |6(s, X5)|ds < +00 and / lo(s, X,)|*ds < +00 P a.s,;
0 : 0
2. (Xt)tzﬂ satisfies (22), e

t ¢
Vi>0 Pas Xi= Z-l—[ b(s, X;s)ds —|—/ o(s, X;)dW;.
0 0 '

It

We state the existence and uniqueness of the solution of equation (2.2) (see
Lamberton et all {34], pp. 49-50). '

13



Theorem 2.1.30. If b and o are continuous functions and if there exist con-
stants K, L < +oo such that

1. |b(t,z) = b(t,y)} + |o(t, 7) — o(t,9)| < Klz —yl, N
2. |b(t, x)| + |o(t,z)| < L{1+ |=1),
3. E(|Z)?) < +oo0,

for all t € R", for all I-,y € R. Then there exists a unique solution of (2.2) in
[0,T), T > 0. Morcover, this solution satisfies B(supgc,cr |Xe[?) < +00. The
uniqueness means that if (Xi)o<tcr and (Yy)o<i<r are two solutions of (2.2) then
Pas VO<t<T, X,=Y.

We extend the stochastic differential equation analysis to the multidimensional
case. Let '

W, =(W},...,W?) an R? —valued F;— Brownian motion;
b:RT x RY = RY, b(s,z) = (b(s,2),...,b%s, 2));
o RY xR = RY?, a(s,2) = (0¥(5,2))1cica15i<pi

Z=(Z',...,Z% an F; — measurable random variable in RY.

Consider the multidimensional equation
. _ t Popt ‘
X, =2z +/ b (s, Xs)ds + Z/ (s, X,)dW}, for i=1,...,d,
0 P )
which can be written

t t
X, =Z+ / b(s, X,)ds + / o (s, X)dW,. (2.3)
0 0

We state the existence and uniqueness of a solution of (2.3) (see Lamberton
et all [34], p. 53). If z € R?, denote by |z| the Euclidean norm of z and if

b B

Theorem 2.1.31. Assume that b and o are continuous functions and that there
ezist constants K, L < +o00 such that

1. 1b(t,2) — b{t,¥)| + lo(t,2) — o(t,y)| < Kl —yl,
2. Ib(t, z)| + lo(t,2)| < L(1 + |zl), :
8. B(|Z[?) < +o0,

~ for allt € R*, for all z,y € R Then there exists a unique solution of (2.8) in
0,7, T > 0. Moreover, this solution satisfies E(supyg,cr |Xi|?) < +o0.
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- We next state the flow and Markov properties for the solution of equation
(2.2). | -
We say that an F—adapted pfocess (Xt)e»o satisfies the Markov property if,
for any bounded Borel function f and for any s and ¢ such that s <1,

Intuitively, this means that the future behaviour of (Xt)tz() depends only on the
value X; and not on any other previous information. We will see that this property
will play arl important role in the financial option pricing.

Let us denote by X5*, for s > ¢, the solution of equatidn (2.2) starting from
z ab time £. For s > ¢, X5* satisfies

X0 =g+ fs b(u, Xo%)du + fs‘a(u,Xf;“’)qu.
¢ t
We state the flow property of X; (see Lamberton et all [34], p. 54).
Lemma 2.1.32. Under the assumptz'qns of Theorem 2.1.50, if s > t then
X0 = XtX0 P ar.s.

For the Markov property of X;, we have the [ollowing result (see Lamberton
et all [34], p. 55):

Theorem 2.1.33. Let (X,);>0 be a solution of (2.2). Then (Xi)i>o is a Markov
process with respect to the filtration (Fy)i>0. Furthermore, for any bounded Borel
function f, we have P a.s. E(f(X)|F,) = &(X,), with ¢(z) = E(f(X;"™)).

We state an extension of Theorem 2.1.33, result useful when interest rate
models are considered (see-Lamberton et all [34], p. 55).

Theorem 2.1.34. Let (X;)i>0 be a solution of (2.2) and r(s, z) be a non-negative
measurable function. Then, for t > s,

Pas E (e_ fsfr(”’X“)d"f(XtN?s) = ¢(X,), |

with
¢(.’L') =E (e—f; f(u,Xi”)duf(th,:r)) .

It is also written as

E (e_ f:r(u,Xu)duf(Xt)Ig‘s) —E (e— f:r(u,Xﬂvz)duf(th,x)|$2X3) ‘

15



2.2 European option stochastic modelling

In this section we briefly present Black-Scholes model (see e.g. Lamberton et all
[34], pp. 63-93).

Statement of the broblem.
An European option on a stock S is a contract giving its owner the right to trade
the stock (to buy it in the case of a call option or to sell it in the case of a
put option) for a fixed price K (the strike price} at a future date T (the option
maturily or é:z:pz'ry). If, at time T, the option’s owner opts to trade the stock the
option is said to be exercised .

In the most simple case, the payoff of an option is
VCTz(ST—K)ﬁt:max(ST—K,O), :
for a call option and
Pr = (K - S7)y = max(K — S7,0),

for a put option.
- The model we will outline enables us to determine the price for this type of
security, that is, what is the value at time ¢ of an option worth Cr (for a call) or
Pr (for a put) at time 7. _

As consequence of a model’s assumption (the absence of arbitrage opportunity

to be mentioned later), we have the put-call perity equation
Ct — Pt = S; — KB"T(TMt),

which holds for all ¢ < T. Then it suffices to consider one of the two cases: we

will approach the call option case.

Remark 2.2.1. Tn the model we are presenting we assume, for simplification, that

the stock does not pay dividends until the expiration date T'.

Remark 2.2.2. We have defined an European option on a stock. It can be defined"

in the same way on a commodity, a index or a currency.

Behaviour of prices.
We will consider a model with two assets: a riskless asset SO and a risky asset S.
Their price behaviour is described as follows.

For S° we have the ordinary differential equation

dS? = rS0dt,
16



where S? is the price of the asset at time ¢ and r is a non-negative constant
representing the riskless rate of interest. Assuming an initial condition S§ = 1,

we have
St=e" t>0.
For § we have the stochastic differential equation
dS; = Sy{pdt + 0dB,), (2.4}

where p and o are positive constants representing ‘the expected return or av-
erage growth rate of the asset (drift rate) and the standard deviation of returns
(volatility), respectively, and (B;) is a standard Brownian motion. The model is
valid on {0, T). |

As we saw in the previous section (Theorem 2.1.28), a closed-form unique
solution for the stochastic differential equation can be determined

St = Sgexp((j.b - 0'2/2) i +O'Bt),

where Sp is the stock price observed at time 0. The process (log(S:}) is a (non
necessarily standard) Brownian motion. We then have the following properties
for the process (S:):

1. Continuity of the sample paths;

2. Independent of the relative increments: If w < t then (S; — Sy)/Su is
independent of o(S,,v < u};

3. Stationarity of the relative increments: If v < ¢ then (S;— S,)/S. and
(S u — So)/So have the same probability law.

These properties characterize the stock price behaviour assumed in Black-
Scholes model.

Strategies.

A strategy is defined as a process

‘¢5 : (45)'0957‘ = ‘((Hr?: ),

with values in R?, adapted to the natural filtration (F;) of the Brownian motion.
The components H? and H, of the portfolio (H?, H,) are the quantities of riskless
asset and risky asset, respectively, held at time #. The value of the portfolio at

time ¢t is ‘ S

Vi(¢) = HS{ + HiSr.
17



We define strategies in which the decisions made on the composition of the port-
folio do not affect its value, that is, changes in the portfolio value would only be

brought by price moves.

Definition 2.2.3. A self-financing strategy is a pair ¢ of adapted processes
(Hto)UStST and (Ht)ogtg satisfying '

L [T HO\dt + f) ()%t < 400 aus.;
2. HUS? + H,S, = H3SS + HoSo + fi H3dSO+ [} H,dS, as., forallt € [0,T].

Denote the discounted price of the risky asset by S, = e™7%S;. We have the
following result (see Lamberton et all [34], p. 65):

Proposition 2.2.4. Let ¢ = (¢)o<ecr = ((H7, Hy)) be an adapted process with
values in R?, satisfying fOT |HD\dt + fOT(Ht)zdt < 400 a.s. Let Vi(¢) = HPS? +
H,S, and Vi(¢) = e"*V;(¢). Then ¢ defines a self-financing strategy if and only
if

t ~
m@:%@+ﬁﬂﬁ&w&
for all t € [0,T). ,

"Remark 2.2.5. The model we are presenting assumes that the (continuous) changes
in the portfolio composition are made with no cost (the model is called with no .

transaction costs).

Girsanov’s Theorem. Martingale répresentation.
In order to price an option, we will construct self-financing strategies replicating
the option. We need first to consider an equivalent probability measure under
which discounted prices of assets are martingales.

We define equivalent probabilities (see Lamberton et all [34], p. 66).

Definition 2.2.6. Let (2, A,P) be a probability space. A probability measure
Q on (2, A) is absolutely continuous with respect to P if VA€ A P(A) =0=
Q(4) =0.

Theorem 2.2.7. Q is absolutely continuous relative to P if and only if there

erists a non-negative random variable Z on (Q, A) such that YA € A Q(A) =
4 Z2(w)dP(w). Z is called density of Q relative to P and denoted dQ/dP.

Definition 2.2.8. Let Q and P two probability measures on (2,A). Pand Q

are equivalent if each one is absolutely continuous relative to the other.

With next result, a probability measure Q equivalent to a given probability

measure P is constructed (see Lamberton et all {34], p. 66).
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Theorem 2.2.9. (Girsanov's Theorem). Let (Q,F, (Fi)o<icr, P) be a probabil-
ity space with (Fi)oct<r the natural filtration of the standard Brownian motion
(Bpo<t<r- Let (6;)o<t<r be an adapted process satisfying fOT #2ds < +oo a.s. and
such that the process (Li)o<i<r defined by Ly = exp (— fﬂt 6,dB; — %jg des) is.
¢ martingale. Then, under probability PY) with density L relative to P, the
process (Wy)o<i<r defined by W, = B, +f0t 0,ds is a standard Brownian motion.

The stochastic integral is invariant by change of equivalent probability (see
Lamberton et all [34], p. 79). '

Proposition 2.2.10. Assume that.the hypothesis of Theorem 2.2.9 are satis-
fied. Let (Hy)octer be an adapted process such that fOT H%ds < 0o Pa.s. Let the

PTOCESSES ‘ t
t

Xt:f Hsstﬂ-f H.0.ds, under P
0 0 ,

and ‘ .

| Y, = / H,dW,, under P},
0

with Wy = By + f; 8.ds and P the probability measure defined in Theorem
2.2.9. Then X; =Y,

We state next a result on the representation of a Brownian martingale in terms
of a stochastic integral (see Lamberton et all [34], p. 67).

Theorem 2.2.11. Let (By)o<i<r be a standard Brownian motion on a probability
space (2, F,P) and let (Fi)o<e<r be its natural filtration. Let (My)oci<T be @
square-integrable martingale, with respect to (F,)oci<r. There exists an adapted
process (Hioce<r such that E(fDT HZ2ds) < 400 and |

t
vt € [0,7] M= M0+f H,dB, a.s.
. ,

Option pricing.
We consider now the problem of determining the price of an option.

First, we show that there exists a probabﬂity P* equivalent to P under which
the discounted risky asset price S; = ™S, is a martingale. From equation (2.4),

we have 4
dS, = —re "Sudt + e S, = Sy(( — r)dt + 0dB,). (2.5)

Setting W; = B, + (p — r)t/o, we obtain
dS; = S,odW,. (26)
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Owing to Theorem 2.2.9, with 6, = (u — r)/o, there exists a probability
measure P* equivalent to P under which (W;)o<:<r is a standard Brownian mo-
tion. As, from Proposition 2.2.10, the stochastic integral is invariant by change
of equivalent probability, under P* we have

St = S() eXp(O’Wt - 0_2_6/2)’ ‘ '
and, by Proposition 2.1.11, S, is a martingale.
Remark 2.2.12, The term (u — r) in (2.5) is called the risk premium.

Remark 2.2.13. If we apply the transformation W; = B + (u — r)t/o to S,
instead of to S, from '
dS, = S,(udt + 0dB;)

we obtain
dS; = Sy(rdt + odWy),

and, for the same reasons, (Wi)o<t<r is a standard Brownian motion under the
equivalent probability measure P*. Note that the drift g is replaced by the
riskless interest rate 7, so that, under P* the risk premium for S, is null. This is
why the probability measure P* is sometimes called risk-neutral.

We will restrict the study to the class of admissible strategies. -

Definition 2.2.14. A strategy ¢ = ((H?, H;))o<i<r is admissible if it is self-
financing and if the discounted value Vi(¢) = HO + H,S, of the corresponding
portfolio is, for all £, non-negative-and such that sup,egq 17t is square integrable
under P*.

For a self-financing strategy ¢, from Proposition 2.2.4 and equation (2.6) we

have

ot B
V.=V, +f H,05,dW,.
0

If, additionally, ¢ is admissible, from Proposition 2.1.17 we have that (Vy) is -
a square-integrable martingale under P*. Then, under P*, for any admissible
strategy ¢, Vo(@) = 0 => V(¢) = 0 P*as. This expresses the no arbitrage
opportunity -hypothesis of the model. |

We define a call option by a non-negative, Fr—measurable, random variable
h (the option payoff).

Definition 2.2.15. An option is replicable if there is an admissible strategy ¢ =
((H?, Hy))o<t<r such that at time T its value equals the option payoff Vr(¢) = h.
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Note that for an option to be replicable h has to be square integrable under
P*. This necessary condition is satisfied when A is written as h = g(Sy), with
9(z) = (z - ).

We saw above that, for an admissible strategy ¢, (V2) is a square-integrable

martingale under P*. If ¢ replicates the option, from V, = E* (f/ﬂfﬂ), we have
Vi=E* (e 7" 9h|F).

It could also be shown that if A is square integrable under P* then there is an
admissible strategy replicating the option.

We have the following main result which defines the option price (see Lam-
berton et all [34], p. 69):

Theorem 2.2.16. In Black-Scholes model, any option defined by a non-negative
Fr—measurable random variable h, which is square-integrable under the probabil-
ity P*, is replicable and the value at time t of any replicating portfolio is given
by

V, =E* (e T9h|F,) . (2.7)

The expression E* (e7"T~91|F,) defines the option value at time t.

Remark 2.2.17. If the option value is written A = g(S7), under strong hypothesis
over g it would be possible to determine explicitly the replicating portfolio, that
is the composition of the portfolio (HY, H,) satisfying (2.7).

We make a final comment. Recall that in the modelling we assumed that there
were no dividend payments and no transaction costs.

The inclusion of continuously payed dividends in the model is immediate.
Unfortunately, this is not consistent with the discrete (usual annual) dividend
payment in finance world. This points to the need to combine the continuous
modelling we have presented with discrete modelling for the dividend payment.
The same idea applies to the inclusion of transaction costs: the changes in the
portfolio composition should rather be considered discrete. ' '

Several models for these purposes are available in the Financial Mathematics
literature (see e.g. Wilmott [47])

2.3 European option pricing and parabolic PDE

We will show the way the problem of pricing an European option is related to a
parabolic PDE Cauchy problem (see e.g. Lamberton et all [34], pp. 95-101).

We will consider a more general version of the problem we have presented.
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Let (X:)t»0 be a diffusion in R, solution of the stochastic differential equation
dX; = b(t, Xi)dt + o(t, X;)dW,, _ ‘ (2.8)

where b and o satisfy the assumptions of Theorem 2.1.30. Let also 7(t,z) be
a bounded continuous real-valued function defined on R* x R, modelling the
riskless interest rate.” We write the payoff function k as h = g(Xr).

We want to compute

V, = B(e [ X8 (X,0)|F,).
As a consequence of Theorem 2.1.34, V, can be written
I/t = G(t,Xt))

where G(t,z) = E(e~f "eXs")sg(Xh?)), and X" denotes the solution of (2.8)
starting from x at time {£.

First we state some results relating the infinitesimal generator of a diffusion.

Infinitesimal generator of a diffusion.
Let b and o satisfy the assumptions of Theorem 2.1.30. We state the following
result (see Lamberton et all [34], p. 98):

Proposition 2.3.1. For any time t let A,(z) be the differential operator that
maps a C? function v from R to R to a function A such that
o(t,z) %, . v
(Aw)(2) = —5—75(2) +b(t, 2) 5 (2)-
Let u(t,z) be a CY? real-valued function defined on R* x R with bounded deriva-
tives in z. Let X; be a solution of (2.8). Then the process

Ou

. t ’
My = u(t, X;) — f (Au+ 8t)(s,Xs)ds
0

is a martingale. -

The differential operator A is called the infinitesimal generator of the diffu-
sion (Xy). ;

We state a more general result where discounted prices are considered (see
Lamberton et all [34], p. 98). ‘ |

Proposition 2.3.2. Let the assumptions of Proposition 2.3.1 be satisfied. Let
r(t,z) be a bounded continuous real-valued function defined on RY x R. Then the
process |
: s ou
M =e" fs T(H’Xﬂ)dsu(t, X)) — f g~ fo T(vXv)dv (Asu - ru+ E) (s, X,)ds
0 ;

s a martingale.
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This result stil/l holds in the multidimensional case. Let

W, =(W/},...,W/]) an R? — valued F, — Brownian motion;
b:RY x RY = RY, b‘(s,x) = (b'(s,z), ..., b%s, z));

g :R* xR = R, 0(s,7) = (07(s, 2))1<icu1<i<p

Consider the multidimensional stochastic differential equation

P
dX} =bi(t, Xp)dt + Y o¥(t, X)dW], for i=1,...,d,

j=1

which can be written
dX, = b(t, X,)dt + o(t, Xs)dW,. (2.9)

We assume that the assumptions of Theorem 2.1.31 are satisfied. For any
time ¢ we define the differential operator A; which maps a C? function v from R®
to R to the function ‘

| %
= g%
(Aw)(z) 50" (t, x)axiawi"

where (¢”(t,x)) is the matrix with components

(z) + b'(t, x)%(x), (2.10)‘ :

p
a“(t,z) = Z o (t, )0 (t, z).
k=1 ‘

We have the following result (see Lamberton et all [34], p. 99):

Proposition 2.3.3. Let u(t,z) be a CY% real-valued function defined on R* xR? .
with bounded derivatives in z and (X,) a solution of system (2.9). Let r(t,z) be

a bounded continuous real-valued function defined on R* x R, Then the process

ot s
M,=e" I "(S’X")dsu(t,'Xt) — / e~ I3 r(v,Xy)dv (Asu —ru+ %?) (8, XS),dS
0

is @ martingale.

Option pricing and solving a PDE.
We will now establish the connection between pricing an option and solving a
parabolic PDE problem. '

We consider the multidimensional stochastic differential equation (2.9). Let
(X:):>0 be the solution of (2.9), g(z) a function from R? to R and 7(t, z) a bounded
_ continuous real-valued function defined on Rt x RY..

We want to compute

V,=E (e‘ ftTT(S’X’)dsg(XT)H-}) .
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As in the unidimensional case, it can be proved that
V't — G(t, Xt)’ with G(t, a;) =E (8_ IET‘."(S;X:")dsg(X;:Z)) ,

where X5% denotes the solution of (2.9) starting from z at time ¢.

The following main result is obtained owing to Proposition 2.3.3 and char-
acterizes the function G as a solution of a parabolic partial differential equation
(see Lamberton et all [34], p. 99).

Theorem 2.3.4. Let u(t,z) be a CY? real-valued function defined on [0, T} x R¢
with bounded derivatives in x and (X;) a solution of system (2.9). Let A, be the
operator defined by (2.10) and v(t,z) a bounded continuous real-valued function
defined on Rt x RY. If u satisfies

(Atu — T+ %) (t,z) =0 ¥(t,z) €[0,T) xR% wu(T,z)=g(z) VzeR

then

V(t,z) € [0,T] x R* u(t,z) = G(t,z) =E (e— ftTr(s,Xﬁ'”)dsg(X%r)) .

This result offers a method to determine the price of an European option
which consists in solving the corresponding PDE problem. To compute

G(t, CE) =E (e‘ ftT r(s,Xﬁ'm}dsg(X%z)) ,

we have to solve

ou _

ot

Equation (2.11) characterizes a parabolic PDE probl'em with a final condition.

Asu —ru+ 0 in[0,T]xR¢, u(T,z)=g(z) forzecR.  (2.11)

We need to consider the proper function spaces for this problem to be well
defined. We note that to have u = G, the solution u of (2.11) has to satisfy the
smoothness assumptions in Theorem 2.3.4. In general, some regularity assump-
tions have to be made on the coefficients b and ¢ and the operator A; have to

satisfy the ellipticity condition
| : d _ d
IA>0,¥(,2) €0, TIxRE VEERE Y a¥(La)6'¢r 2 2 ) 1€
- dg=l i=1 '

Let us exemplify the method for the simple unidimensional Black-Scholes
model (see Lamberton et all [34], pp. 100-101).
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We consider the stochastic differential equation
d-Sg = St(p}dt + O'd.Bt)

where u, 0 > 0 are constants and (B;);»o is a standard F;—Brownian motion.
We have that (see Remark 2.2.13), under the risk-neutral probability measure

P*, the asset brice Sy satisfies
dSt = St(Tdt + O'th),

where ¢ > 0, r > 0 are constants and (W;)i»o is a standard F;-Brownian

motion. The operator A is now independent of time ¢ and is given by

o? , & 8
4=2p2% 12
2 ‘ ox? + m@az
This operator is not elliptic. ‘
We consider the diffusion X; = log(S;). Since S; = S; e(r=a?/20+oWe e have

that (X,)¢>o is solution of
dX; = (r — 0*/2)dt + adW,.

The infinitesimal generator of this diffusion

2 52
Alog — %:%3 +(r— 02/2)8%;
has constant coefficients and the ellipticity condition is satisfied.
If we want to compute the option price G(¢, z), we then have to find a solution
v € CV?(R* x R), with bounded derivatives in z, of the problem
dv

at

AlBy —ry + 0 in[0,7] xR, o(T,z)=g(e®) forzeR.

Finally,
G(t, z) = v(t,log(z)).
The above example presented in Lamberton et all [34], can be generalized to
the multidimensional version of Black-Scholes model (also with constant coeffi-

cients and interest rate). Let

B, =(B},...,BY an R? — valued F; — Brownian motion;
p=(p',...,p% apositive constant vector;

o = (0¥)1<ij<a a positive constant matrix.
The stochastic differential equation modelling the asset prices is

' d .
ds! = Sy (pidt+20idef) , for 1=1,...,d,

=1
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and can be written
dS, = Sy(udt + odB,),

where 5, denotes de diagonal matrix with diagonal elements S?, i=1,...,d.
We assume that matrix ¢ is nonsingular and define p := (r,...,r), with

r > 0 a constant. Qwing to Theorem 2.2.9, with # = o~!(p — p), there exists a

probability measure P* equivalent to P under which
W, =B;+o Hu—p)t

is a R¢—valued standard Brownian motion (see Elliot et all [14], p. 168).
We obtain '

dS, = Si(pdt + cdW,), (2.12)
The infinitesimal generator of the diffusion S, is
| Lo g O 0
A= 5 (o) o' 52507 T 7% 5

and it is not elliptic.
In the same way as for the unidimensional case, it could be checked that the

stochastic differential equation (2.12) has the unique solution 7
. 1< d .
S; = Sp exp ((r - E;(U”)z) t+ ;U”Wf) , for i1=1,...,d

We use the logarithmic transformation X} = log(5?), i=1,...,d, and denote
it X; = log(S;). We have that {X;);>o is solution of l

d d

i _ 1 i)2 i yr7d -

dX; = (r— 52(0”) ) dt-{-ZaJth, for i=1,...,d,
7j=1 =1

and its infinitesimal generator is

1 . o2 1o, . d
log — A Y = § : 132
A 2 (0c’) arom (T 2 (@) ) ozt

i=1

The coefficients in A'°8 are constant and, as ¢ is a positive nonsingular matrix,
the ellipticity condition is satisfied. ’
To compute the option price G(#, z),we have to find a solution ve C1?*(R™xR?),

with bounded derivatives in z, of the problem

Al%By —ry + %3:; =0 in[0,7] xR%, o(T,z)=g(e") forzeR?

and then obtain
G(t,z) = v(t,log(z)),
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!

where €% 1= (¢”,...,¢e=") and log(z) := (log(z'), ..., log(z%)).

In these two simple examples, the drift p and the volatility o were considered
constant. Therefore we have a closed-form solution for the stochastic differential
equation modelling the asset prices and, with the help of a logarithmic transfor-
matioh, we could offset the linear growth of the equation coeflicients and obtain
a differential operator A with constant coeflicients.

A more difficult situation occurs when z and o are not constant. In this case
there does not exist in general a closed-form solution for the stochastic equation.
We will approach this problem in Chapter 4, considering the appropriate function
spaces in order to obtain the (uniform) ellipticity in space of the operator A.

y

We make a final comment on the application potentiality of the (multidimen-
sional) European option modelling we have considered. We see that it extends
Black-Scholes model in several ways:

— The option depends on several underlying assets;
— The payoff function is not specified;

— The coefficients of the stochastic,equation modelling the stock prices are as-

sumed to be time and space-dependent.

The model applies directly to options on a basket of assets (basket options or
rainbow options).

Tﬂe higher dimensionality together with the non-specification of the payoff
function allows the model to be adapted to other types of options with no early
exercise (that is, for which the exercise can only occur at a fixed time T') (see e.g.
Lamberton et all [34], Wilmott [47]). For instance, to: |

European options on future contracts and foreign-exchange;
— Compound options: this type of option is an option on another option;

— Ezchange options: in this case the option gives the right to exchange an asset
for another;

— Some path-dependent types of options as Asian. options.

The time and sﬁace-dependency of the stochastic equation’s coefficients confer
flexibility to the model: the assumption that the coefficients are constant would

be restrictive, mainly for options with distant expiration dates.
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Chapter 3

Parabolic PDE in Holder spacesﬁ.
space and time discretization

We have to consider the proper function spaces for the parabolic PDE problem

we study to be well defined. In the present chapter, we will consider the solv-

ability of the PDE in Hélder spaces, following the presentation of Krylov [29]. |

To approximate the solution of the Cauchy problem in half spaces, we first study
the approximation of the solution of the corresponding (localized) problem in
domains. Then we estimate the error due to the problem localization.

In the previous chapter, arising from the stochastic modelling of the stock

price, we considered a parabolic prdblem_ (with final condition and null term)
Au+cu+u =0 in [0,T]xR? w(T,z)=g(z) inR?,

where
2

OxtoxI

R

Aft,5) = 3a7(t,2) =

2
and g is a given function.

In this chapter and in the following chapters (except for Section 3.3 where
the stochastic representation of the PDE problem is needed) we will consider the

more standard form of the PDE problem (with initial condition)
Lu—w+f=0in [0,7] x R%, u(0,z) = g(z) inRY, (3.1)

where
L(t,z) = a”(t :c)i— + bt :1:)—3— + ¢ (t, )
’ " Qo "o Y
and f and g are given functions (with f not necessarily null).
Note that problem (3.1) (with the initial condition «(0,z) = g(z}), using the
change of variable (¢, ) + (T —t, z), is obviously equivalent to the problem with

final condition u(T, z) = g(x)
Iu+u+ f=01in [0,T} xRY w(T,z) = g(z) inR%
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3.1 Classical results

We introduce the Holder spaces (see Krylov [29], pp. 33-34 and 117-118).

Let U be a domain in R% meaning an open subset of R%. For £ = 0,1,2,...
we denote CF_(U) the set of all functions v : U — R whose derivatives D%u for
|| < k are continuous in every bounded subset V of U. We define

lulo.r := {u)or == sup |ul, [ulky = max|D%ulgy.
U o=k

Definition 3.1.1. For £ =0,1,2,..., the space C*(U) is the Banach space of all

functions u. € Cf_(U) for which the norm

k

ulgr =Y (uljw

J=0
is finite. If 0 < § < 1, we call u Hélder continuous with exponent § in U if the

[U]J-U — sup |u($) B u(y)l
U ayebary Tyl

is finite. The seminorm is called Holder’s constant of u of order 4.

seminorm

We define

[u1k+r5;U = Irélli)é[Dau]J;U-

Definition 3.1.2. For 0 < § < 1 and & =0,1,2,..., the Holder space C**(U)
is the Banach space of all functions u € C*¥(U) for which the norm '

|tk = |l + [Ulrrsv
is finite.
Now denote R = {(t,z) : t € R, z € R?}. In R*"! define the parabolic
distance between the points z, = (¢, 1), z2 = (2, 22) as

p(z1, z) = |z — 2| + |t — t2|1/2-

We fix a constant ¢ € (0,1). If u is a real-valued function defined in @ C Re+1,

we denote

' u(21) — u(2)|
Ul5/2,6,Q = sup
[ ] /559 ZiFEEy, LiEQ 96(31, 22)

y Julsszse = (ulug + [uls2s-
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Definition 3.1.3. For 0 < § < 1, C%%#(QQ) is the Banach space of all functions
u defined in @ for which |uls/2sq < oo

We introduce the parabolic Holder spaces.

Definition 3.1.4. For 0 < § < 1, the parabolic Holder space C1+%/22H(Q) is the

Banach space of all real-valued functions u(z) defined in @ for which both

d :
1 (uhyspase = [mlspse + Y (usiailszse
1,j=1
. d
2. |uliyspzze6i0 = |ulog + [uslog + |uelog + Z |vgiss 0@ + [W]1+6/2,2+650
) 7=l '

are finite.

We now summarize some classical results on solvability of parabolic PDE in -
Holder spaces.

Consider the elliptic and parabolic operators of order m.

Definition 3.1.5. Let m > 1 be an integer and a*(z) be some real-valued
functions in R?, given for any multi-index o with |o| < m. The operator
L = 3 <m @ (z)D* is called mth order (uniformly) elliptic if there exists a
constant A > 0 called the constant of ellipticity, such that

S a®(2)e* 2 ME[™ Vo, € € R

la|<m

Definition 3.1.6. Let m > 1 be an integer and a®(f,z) be some given real-
valued functions in R%"!, with |a| < m a multi-index. The operator L — /6%,
with L = 37 ¢ a*(,2)D* is called mth order (uniformly) parabolic if there
exists a constant A > 0 such that

Z a®(t, :r:)f"" > ;‘\|§|m Y(t, ) € R Ve e R

laf<m

Consider the second-order operator (in the non-divergence form)

L{t,z) - a’(t, )

2 _ o
5eigg T b(t, z)% + ¢ (¢, ), (3.2)

with real coefficients. We assume that, for some A > 0 and for each ¢t > 0, the
operator satisfies o (t, z)¢%¢7 > A|€]?, for all z,£ € RY, so that L is uniformly

elliptic with respect to the space variables, with constant of 'ellipticity A. Then,
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for each ¢, the symmetric matrix (a¥(z,t)) is positive definite for any z € R%. We
also assume that there exists a constant K such that lalsjzs < K, |blszs < K,
|clsj2s < K, where & € (0,1) is fixed.

We consider first the Cauchy problem for second-order parabolic equations in
half spaces. Let T € (0,00), @ = [0,7] x R The problem to be solved is

Lu—w~+f=0in Q, u(0,z)=g(z) in RY, (3.3)
where f and g are given functions.

Remark 3.1.7. In the presentation of Krylov [29], the parabolic equation is defined
for the time variable ¢ taking values in (0,7"), with T € (0, oo].

As, for any constant i, the function v(¢,z) = u(t, z)e™# satisfies Lv — pv —
v, + fe™# = 0 if and only if u satisfies Lu — u; + f = 0, we set ¢ < 0 without
loss of generality. '

We have the following existence and uniqueness result for the solution of (3.3)
(see Krylov [29], p. 140). |

Theorem 3.1.8. Assume that ¢ < —u for a constant pp > 0. Let g € C*™(R?)
and f € CO2%(Q). Then there exists a unique function u € CT22H(Q) such
that it satisfies (5.8). Moreover, thére is a constant N depending only on d, A,
8, K and u such that |uliisj224s0 < N(|fls/2.80 + 19l2+5)-

We consider now the initial-boundary value problem in @ = [0,T] x U, with
U C R? a bounded domain. For this, we give a preliminary definition (see Krylov
[29], p. 78). Denote Bgr(zo) C R® the open ball in R with center zo and radius
R. For any U C R¢, denote U the boundary of U. Denote also

{
RY = {(z,2%) : &' = (z,...,2" ) e R*, 27> 0}

Definition 3.1.9. Let » > 0 and U be a bounded domain in R%. We write
U € C" (or U € C7) and say that the domain U is of class C7 if there are
numbers pg, Ky > 0 such that for any point zy € AU there exists a one-to-one
mapping ¥ of B,,(z¢) onto a domain D C R? such that -

1. D, :=(Bpy(z0) NU) CRE  and 4(zo) = 0;
2. Y(Byo(m) NOU) = D {y € RE: 4t = 0}

3. ['d)]s;BPO(mg) + [71!)-_1]3;13 < KO for any s ¢ [07T]= and I?J)_l(y]:) - ¢_1(92)| S
Ko |y1 ~ yo| for any y; € D. :

We say that the diffeomorphism ¢ straightens the boundary near x.
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We consider the initial-boundary value problem

Lu—u,+f=0in Q, u(0,z)=g(z) for z€U, u=g on 8;,Q, (3.4
where Q = [0,T] x U, with T € (0,00), the domain U C R? is of class C**/,
3,00 == [0,T] x 80U and f, g and § are given functions.
Remark 3.1.10. We denote 8,Q := {0} x U and 8Q = 8,Q U 8,Q.
Assumption 3.1.11. We assume the consistency conditions:

1. g(0,z) = g{z) for x € 8U;

2. 1(0,)g(s) — 5u(0,3) + f(0,5) = 0 for z € V.

The following result states the solvability of the problem in Holder spaces (see
Krylov [29], p. 153). Denote R4 = {(t,z) : ¢ > 0, z € R%}.
Theorem 3.1.12. Let f € C¥/%¢(R™), g € C*¥(RY), g € CH/2H5(Q), with
= [0,00) x U. Assume that (1)—(2) in Assumption 3.1.11 are satisfied. Then
there ezists a unique function u € CY/229(Q)) satisfying (3.4). Moreover

[u|116/22150 < N (|f|5/2,5-,mi+1 + |gl2tsre + |§|1+5/2,2+5;Q) y
where N is a constant depending on d, A, §, K, po, Ko and the diameter of U.

Further results under weaker conditions. _
We consider the Cauchy problem in half spaces under weaker smoothness condi-
tions imposed over the initial data.

Let Z be the fundamental solution for the parabolic operator L — a/0t. We
_ have estimates for the derivatives of Z (see LadyZenskaja et all {33], pp. 376-377).

Proposition 3.1.13. The following inequalities hold:

dt2lal+HE] _prlz=pl®

1. |DeD2Z(t,r 2, y)| < K(t—7)"" 2z e ",
where K, M constants, 2|a|+ |31 <2 and 7 <1,

2. |DPDEZ(t,7,3,y) — DEDEZ (Y, 7, 2,v)|
S K[t - #)(¢ —r) S (g ) e
where K, M constants, 2|a|+ |8| = 1,2 and 7 <t < {;

3. |DEDAZ(t, T, x,y) — DED2Z(t, 7,2, y)|

bl

_ rEd+?

_ 2 —y12
< Kz - 2(t = 7) e

where K, M constants, 2|a|+|8| =2, 0<y<1, 0<(<4, 7< t and

+lz— &t -7

1

- z” is the one of the points r and =’ which is closest to y.
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We state an existence and uniqueness result for the solution of problem (3.3),
when the initial data ¢ is continuous and f and g are allowed polynomial growth
(see LadyZenskaja et all [33], pp. 389-390, where weaker hypothesis over the

growth of f and g are assumed):

Theorem 3.1.14. Let f @ function in Q = {0,T] x RY, for T ¢ (0,00), such
that [flsjesq < oo, and g € C(R%). Let f, g satisfy If(t,2)] < K(1+|z|™) in Q
and |g(z)] < K(1+ |z|™) in R, respectively, with K, m positive constants. Then

problem (8.8) has a unique solution u(t,z) in Q. Moreover
t ' .
u(t, z) =’/ dT/ Z{t, 7z, y) (7, y)dy+f Z(t,0,z,y)g(y)dy,
0 R R

where 7 is the fundamental solution for the parabolic operator L — 8/0t.

Note that the initial condition.is satisfied by u only in limit.

From the estimates in Proposition 3.1.13, it can be shown that the solution u
in Theorem 3.1.14 is in CY%(Q) and satisfies |D2u(t, )| < N(1+ [z|™), =0,1,
in Q, with N, m positive constants (m the constant in Theorem 3.1.14) (see e.g.
Friedman [18], pp. 141 and 148). |

The smoothness of the solution » can be improved stepping away from the
time origin in problem (3.3). We will see that, in this case, and if f and g are
bounded, we obtain a C113/2248 golution.

Theorem 3.1.15. Let the hypothesis of Theorem 3.1.14 be satisfied, f and g
bounded fdnctioné in Q@ and R?, respectively, and u the corresponding solution
of problem (3.83). Let c < —i for a constant p > 0 and define the set (), =
[, T] x RY, where ¢ is a positive constant. Then u € C*22H0(Q,).

Proof Denote

ul(t,-’c):/o d'r/RdZ(t,T,x,y)f(w)dy and Uz(t,$)=/ Z(t,0,z,y)g(y)dy,

R4

so that u(t, z) = w1 (¢, z) + u2(t, z).
We have that u; (¢, z) solves the problem

Lu~u+f=0in @, u(0,z)=0 for z ¢ R%,
~and that ug(f, z) solves the problem
Lu—u,=0in Q, u(0,z)=g(z) for z € R

From Theorem 3.1.8 we have that v, € C'*¥22+9((Q) and, therefore, u; €
C1+/2248 (). We will show that uy € C1H9/2245(Q),),
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We see from estimate (2) in Proposition 3.1.13, with |a| =1, || = 0 and
O<e<t <t

|DZ(¢,0,z,y) — Dy Z(t',0,z,y)] < KI[(t— t’)t’“%ﬁ +(t— t’)% t"%‘a]

X exp(—Mlm—_tyE)
< K[t —t)e ™ + (t—t)1 e F)

x exp(—M|z — y/*) |
< N(t-1)5[(t - ¢y i+ 1] exp(-M]z - yf?)
< N(t—t)

exp(—M]|z —y/*), (3.5)

with N a constant depending on €.
From estimate (3) in Proposition 3.1.13, with |o| =0, [8{ =2,y =(=4§
and 0 < £ < t, we have ‘

DEZ(t,0,2,y) - DL Z(0,,)] < Kllz— o5 41z — 2|7 F)
|$H‘ — y|2
X exp(—M_..%__.-)
< K[z —2)fe " 4|z - 20 ]
x exp(— M|z — y|2)
< Nlz -2 exp(-M|z —y[),  (3.6)

with V a constant depending on e.
From estimate (1) in Proposition 3.1.13, with ja|=|3| =0and 0 <€ < {,
we have
-4 el =yl 2
| Z(t,0,z,y}| < Ktz exp(—M—i-—) < Nexp(—M|z — y|?), (3.7)
with V a cbnstant depending on . |
Similarly, with || =1, |3| = 0 and 0 < ¢ <t we obtain

1D Z(t,0,z,y)| < Nexp(—M|z — y|2), : (3.8)
and with |a| =0, |8l =1or e/ =0, |3|=2and 0 <e <1
DEZ(,0,2,y)] < N exp(—Mlz — yI?), (3.9)

with N a constant depending on &.
As g is a bounded function in RY, from (3.5) and (3.6) we conclude that
[u2)1-+6/2,246:0. < oo and from (3.7), (3.8) and (3.9) that

d .
luzlog. + [ Datialosg. + [Dytizlog. + Y, [Dui Dastialosg. < 0.
ij=1
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Note that the factor exp(—M]|z — y|?) in the above estimates guarantees the
convergence of the integral in .. '
We have that up € C1H/2245((Q.) and, finally, u € C**¥/22+4(Q,). O
Consider now the particular case of the initial-boundary value problem (3.4)
where § = 0, under weaker smoothness imposed over the initial data g.
- We have the following main result for the existence and uniqueness of the
solution of (3.4) (proved in LadyZenskaja et all [33], pp. 412-413, for interior and

exterior domains).
Theorem 3.1.16. Let f € C¥25(Q), g € C(0), with @ = [0, T|xU, T € (0,00).
Assume that (1) in Assumption 3.1.11 is satisfied. Then problem (8.4) withg =0

has a unique solution u(t,z) in Q. Moreover

U(tam)=f0 d'foG(t,'r,a:,y)f(T,y)derLG(t,0,$,y)g(y)dy,

where G is the Green's function for problem (3.4).

Note that function u is not defined for ¢ = 0. The initial condition is satisfied
by u in limit.

We have estimates for the derivatives of the Green's function (see LadyZenskaja
et all [33], pp. 412-414).

Proposition 3.1.17. Let G be the Green’s function considered in Theorem 3.1.16.
The following inequalities hold:

N

where K, M constants, 2|a| + 8] < 2 and T < t;
2. |DgDEG(t, 7,3, y) — DEDIG(t', 7, ,y)l

_2la|— | a2
<K({t-t)"r (=) " exp (_M%—"%L),

where K, M constants, 2|a| + |8| = 1,2 and 7 <t' < t;
3. |DEDIG(t, 7, 3, y) — DIDLG(t, 7,2, y)l

) "o a2
< K|z —1'|°(t —T)_E 7 exp (—Mu) ,

t—T
where K, M constants, 2|a|+|8| =2, 7 <t and z" isthe one of the

points T and ' which is closest to y.

As for the Cauchy problem (3.3), it can be shown from estimate (1) in Proposi-
tion 3.1.17 that the solution u of problem (3.4) in Theorem 3.1.16 is in C*(Q).
Also, if we step away from the time origin we can obtain a we obtain a

OL+6/22+8 golution.
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Theorem 3.1.18. Assume that the hypothesis of Theorem 38.1.16 are satisfied
and denote u the corresponding solution of problem (3.4) with § = 0. Let the set
Q. = [e,T] x U, where € is a positive constant. Then u € C1T/22H(Q),).

Proof The result is obtained following the same steps as in the proof of
Theorem 3.1.15.

Denote

‘ ul(t,$)=f0 dT/UG(t,T,r,y)f('r,y)dy and Uz(t,r)=/UG(t,0,w,y)g(y)dy,

so that u(f, ) = ui (¢, ) + ua(t, x).
We note that u;(t, z) solves the problem

Lu—w+f=0in Q, u0x)=0for zelU, u=0 on &Q,
and that us(t, z) solves the problem
Lu—u=01in Q, u(0,7)=g(x) for z€U, uw=0 on 3,Q.

From Theorem 3.1.12 we have that w; € C'*%/22+(Q) and then u; €
C1H/2246(().). Tt remains to prove that uy € C1+4/22+5(Q,).
From estimate (2) in Proposition 3.1.17, with |o| =1, || =0and 0 <¢ <

t' < t, we have

[

2 ‘ a2
|D,G(,0,z,y) — DeG({#,0,z,y)| < K(t—-t) Pt i exp (MMM—)

t
< N(t—t)s, (3.10)

with N a constant depending on e. _ .
From estimate (3) in Proposition 3.1.17, with |a| =0, || =2and 0 <& <1,
we have |
‘ ‘ "2
\DPG(t,0,z,y) — DEG(t,0,7,y)] < Klz—7|° t_ﬁ;_ta exp (—M'x—?ﬂ)
< Nz -7, (3.11)

with NV a constant depending on ¢.
From estimate (1) in Proposition 3.1.17, with 0 <z < t and |«|, |3{ taking

the appropriate values we have

|G(t,0,2,9)| <N, |DG(,0,7,9)| <N, |DiG(,0,z,y)| <N, (312)
with N a constant depending on €.
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As g is a bounded function in U, from (3.10) and (3.11) we have that
[U2]1+5/'2’2+5;Q£ < oo and from (312) that

d

waloig. + | Dsuzlog, + | Ditialosg. + ) |Das Dastizloq, < 00
i,7=1 '

Then u, € CH/22+5(Q.). Finally, we have u € C'*/%2+(Q,) and the result
is proved. [

3.2 Numerical approximation

We want to discretize problem (3.4). For the discretization, we set the framework
in Krylov [29] (p. 155). -

Take a number T € (0, c0) and denote @ = [0,T] x U. Let (k) be a function
on (0,1 such that (k) > 0 and I(h) — 0 as h | 0. For h € (0, 1] define the
(1(h), h)—grid on R :

' d
Z8 = {(t,z) 1t =Rk, z=h> em, k=0,1,2,..., m=0%1,%2,.. }
: i—=1

(3.13)
Let Q(h) = QN ZH and Q°(h) = {(t,z) € Q(h) : dist(z,8U) > hand t > I(h)}.
Denote Q(h) = Q(h) \ Q°(h) = 6, Q(h) U 8iQ(h), with

&Qh) = {(t,z) € Q(h) : dist(z, 8U) < h}, &Q(h) = {(t,z) € Q(h) : t <I(R)}.
For any h € (0,1], z € Q°(h), z1 € Q(h) denote

Liu(z) = Y palz, 2)ula), (3.14)

2n€Q(h)

where pp(z, z;) are some given numbers.

We make assumptions on the behaviour of the discrete operator L.

Assumption 3.2.1. (Maximum principle). If u is a function defined on Q(h)
and for a point zg € Q°(h) we have u(z9) = maxg) u(z) > 0, then Lru(zp) < 0.

Assumption 3.2.2. The operators L, approximate L — 8/0t. More precisely,
for any u € C19/22+4(Q)) and any z € Q°(h) we have

| Lu(z) — ui(2) — Lru(2)| < KW |ulisopatse;
with K a constant. .

We state a lemma (see Krylov [29], p. 77).
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Lemma 3.2.3. For any R > 0 there exists a function vg € C*(Bg), with Br C
" RY, such that Lvg < —1 in Bg. Moreover, 0 < vg < Ny = Ny(A, K, R, d) in By
and vy = 0 on 0Bg.

Next, we prove a result on the uniqueness of the solution for the discretized
problem (stated in Krylov [29], p. 154, but only proved for the elliptic problem).

Theorem 3.2.4. There is o constant hg > 0 depending only on k, K, 6, d and
the diameter of U such that for h € (0, ho] for any bounded functions f, g the

system of linear equations
™

Cnul2) + F(2) = 0 Yz € QUK), ulz) = 3(2) Yz € FQh), (3.15)

Il

as a unique solution uy(2), z € Q(h). In addition
maxqgry(ua(z))4 < N maxgo(ky f+(2) + maxa gy g+ (2),
maxgepy(ua(2))- < Nmaxgop f-(2) + maxagnm) §-(2),

maxgepy [un(z)] < Nmaxgogy [f(2)] + maxa g |3(2)],

where the constant N depends only on A\, K, d and the diameter of U.

Proof Let n be the number of points in @(h). Then the linear system (3.15)
is a system of n equations about 7 variables ux(2), z € Q(h). Therefore, to prove
the first assertion we only need to prove uniqueness of the trivial solution for
f = g = 0. This uniqueness follows at once from the second assertion.

To prove the second assertion, it suffices only to prove the first estimate. In '
fact, if

max(un(z))4 < N max f,(2) + max g (2),

Q(h) - Q%(h) &' (h)
then -
max(ux(2))_ = max({-—uy(z < N max(— z)+ max(—qg)i(z
nax(un(2))- = max((-u(2)s < N max(-£)1(2) + max (<92
= Nmaxf_(2)+ g—(z).
gg,(;gf (2) max g (2).

Note that if uy, is a solution of (3.15) then —u, is a solution of the system
obtained from (3.15) taking —f and —g instead of f and g, respectively.
Also | | |

ma = max + —| = max(uplz + max z))._,
mas fu ()| = max|(un(2))+ + (un(2))-] = max(ua(2)) s + max(un(2))
and the third estimate follows.
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In the proof of the first estimate we assume without loss of generality that
0 € . We take the function vy from Lemma 3.2.3 with R defined as the diameter
of /. Observe that (L — B/Gt)vg —1in @, so that by Assumption 3.2.2 we can
choose kg to have Ly < —3 for any h € (0, ho] and for any z € Q°(h)

J ‘
| Luo(2) — 5;“@( z) ~ Lavo(2)| < KR |volissjo2taq

d
= Lywo(2) < KR |uglio/o2iam + Loo(2) — EUO( z),

and, as (L — 3/(’%)1)0 < —1 in @, then Lpvy(z) < Khtvolis22460 — 1. If
h < ((2K |vol14s/2,245:0) 1)Y° then

Lino(2) < —3, ¥z € Q' (h).

Now we take a solution us of (3.15) and consider w = up — 2(F + £)vg - G
where F' = maxgos f4, G = maXg s §+ and € is a positive constant.
If we prove that for any € we have w < 0 in @Q(h), the first estimate will

obviously follow:
Ifw<0 in @(h) then

up, < 2(max f. + €)vy + max
h (Qﬂ(h)f+ )0 BQ()9‘+

and

max(u = ma.xu;1 = supup < 2vgmax f, + max
max(un)+ = s oh) o S Jgy O

.. By Lemma 3.2.3, vg < Ny = No(\, K, R,d) in @ (with R = diameter of U)

and we obtain

max(u < 2Ngmax 4, + max
Q{h)( h)-l-_ OQD{ )f+ o0 )9+

Assume that w >0 at some points and define 2 as a point in Q(h) where w

takes its maximum value w(z) > 0. Since u, = g and vy > 0 on &Q(h),

w"—“ﬁ—a,lr}g%)9+~2vo(gg?xf++6) <0, ond'Q(h),

so that 25 € Q°(h).

By Assumption 3.2.1 we obtain £,G < 0 and Lpw(z;) < 0. Note that if
- G =maxygur §+ =0 then L,G =0<0 trivially.
Then we have

0 > Lpw(zp) = Lrup(zo) — 2(F + ) Lpvo(20) — LrnG(z)
= —f(Zg) — 2(F +5)LhU0(ZO) - Lhé('uo)
> —flzw)+F+e>2e>0.
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We obtained a contradiction and the proposition is proved. O

Furthermore, a rate of convergence can be determined (also stated in Krylov

[29], p. 155, but only proved for the elliptic problem).

Theorem 3.2.5. Let f € C¥%(R4tY), g € CW/2HIREY).  In Theorem
8.1.12 take g(z) = §(0,z) and assume that its hypotheses are satisfied. Let
u € CWH2240((Q) be the solution of (3.4). Take a number h € (0, ko] and denote

by up, the corresponding solution of (3.15). Then
[u — unjoqny < NK (|f|a/2,5;mi+1 + |§|1+5/2,2+5;R1+1) ; (3.16)
where the constant'N‘ depends only on d, K, 8, A, py, Ky and the diameter of U.
Proof For z € Q°(h)
[Cnlun —u)(2)| = |~ f(z) = Lau(2)] = |Lu(z) — w(z) — Lru(2)]
< Khal“11+6/2,2+5;u@1+1 < N (|f|a/2,2;nz1+1 "" |§!1+.5/2,2+J;R‘jf_+1) '

owing to Theorem 3.1.12.
As up — u 1s solution of the problem

Lnlup —u)(z) = —f(2) — Lau(z) Vz € Q°(h)
(up —u)(z) =0  VzedQh)na
(un — u)(z) = (7 — u)(2) vz € 8'Q(h) \ 8Q,

owing to Theorem 3.2.4 inequality (3.16) is obtained.

If z € &Q(h), then the distance from z to 8@ is less than h, so that there
is a y € 0Q satisfying p(z,y) = |z — y| < h. Note that 8;Q(h) C 8,Q so that if
z € 8,Q(h) then p(z,8,Q) = 0 and the inequality is trivial.

We have
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using the mean-value theorem and Theorem 3.1.12. The result is proved. [J

Discretization under weaker conditions. ,
In Section 3.1 we considered the case where weaker smoothness was imposed over
the initial data g, when the boundary condition is © = 0. Under this framework,
Theorem 3.2.4 holds for the same reasons.

For the rate of convergence we state a new proposition. Let @, = [¢,T] x U,
with € > 0 a constant and Q.(h) = @(h) N Qe.

Theorem 3.2.6. Let f € CY/%%(Q), g € C(U), with @ = [0,T] x U for T €
(0,00). Define

g(z), otherwise

_ 0, T € dU
g, z) = .

and assume that the hypothesis in Theorem 3.1.16 are satisfied. Let u be the
solution of (8.4) and u. its restriction to Q.. Take a number h € (0, ho] and let
up, be the solution of (3.15) and uy,. its restriction to Q:(h). Then

[tte — Unelo,go(n) < NAR (|f|a/2,5;c§e + |§'|1+6/2,2+5;Q€) ;

where the constant N depends only on d, K, 6, X, po, Ko, the diameter of U

and €.

Proof The proof is the same as for Theorem 3.2.5 taking, when needed, Q.
and Q.(h) in the place of @ and Q(h), respectively. O

From what saw in the present section, to obtain an approximation for the solu-
~ tion of the continuous problem (3.4), with a known rate of convergence, it suffices
to have an operator £, with the form of operator (3.14), verifying Assumptions
3.2.1 and 3.2.2.

We will now discretize the problem constructing particular operators, using
both the explicit and implicit schemes.

In Krylov [29] {pp. 155-156) discrete operators are considered for the particu-
lar case where L = 3% ¥ (t,z)D? (in the elliptic case, discrete schemes for the
operator L = Y%, a¥(2)D? + 3% | ¥(z)D; are also introduced, [29] pp. 86-87).
We will construct discrete operators for the more general case

d
:Z (t,z)D;D; +Zb"t:cD+c(t:c)
: 1=1
where coefficients a”(¢,z) satisfy Z;Ll a{t,z) > 0, for i = 1,2,...,d and
a¥(t,z) < 0, for i # j, i,j = 1,2,...,d. Note that there is a large class
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of positive definite matrices a%(¢,z) satisfying the preceding conditions. The
matrix defined by o%(t,z) = d for i = 1,2,...,d and @”(t,z) = -1 for
i # 4, 4,5 =1,2,...,d, with eigen values 1 and d+ 1 with multiplicity

1 and d — 1, respectively, is an example.

Empiiéit scheme.
For (t,z) € @°(h), we define the operator

Lpu(t,z) = —e W ?[u(t, 2) — u(t — eh?, )] .
+ Z @ (t —eh?, )27 W2 [u(t — eh®, © + hey)

+u(t < eh?,z — he;) — u(t — eh®, 2 + hie; — €;))
—2u(t — eh?, z) — u(t — eh?,z — h(e; — ¢;))
 tu(t—ed T — hey) +uft — shz;x + he;))
+ 3Bt — eh?, z) | u(t — eh®, @ + hey sign Bt — eh?, 2))

—u(t — &2, 1)) + c(t, )ult, z). (3.17)

Theorem 3.2.7. Assume the coefficients a(t, z) are such that Z?=1 a’(t,z) >0,
fori=1,2,...,d and a¥(t,z) <0 for i #3j, 4,7=1,2,...,d. Leti(h) = eh?,
where e7! > sup, (2 3,07 (2)+32; |6°(2)1). Then the discrete operator Ly, (3.17)
satisfies Assumptions 3.2.1 and 3.2.2.

Proof To check Assumption 3.2.1, let 25 = (tg, zg) € @ and u(tg,z¢) = M =
maxg(y) u(z) > 0. Denote ty = to — eh®. Then

R Lpulte, ) = —Me ' +ulty, zo)le™ — QZ Wt xo) — hZ b* (g, 70)]
1<
+ Z Z a’ (ty, xo)[u(to, To + he;) + u(ty, zg — he;)]
i .
— > a"(ty, zo)[u(ty, zo + hle: — ej)) + u(ty, zo — hie: — €;))]
i<

—}-hz 6% (th, o) [u(ty, To + he; sign b (tp, xo)) + h*Me(ty, To)

< Mt MET 23 () —h W)l
i<y J
+2MZZ@” to, 20) = 2M ) _ a (¢, v0)
1<

+hMZ IRCED]

=1
= 0.
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Assumption 3.2.2 can be checked using Taylor’s formula and the assumptions
on the smoothness of the coeficients. Denote ¢ = t — gh?.

\Lu(t, 7) — uelt, 7) — Lyult,7)
|Zoff”T (t, T)tgizi (T, T) —|—Zbi (t, T)ugi (t, T) + c(t, z)ult, z) —ut(t )

]

e 2 ult, 7) — u(t, z)] — Za” LA u(t, T 4+ he;)
tu(t',z — he;) — ( T+ h(ei —e;)) — 2u(t',z) —u(t,z — he; — ¢;))
Hul(t,z + hey) + u(t, @ ~ hey)] —Zw 2)|h " [u t',7 + he; sign b'(t', 7))
—uft, z)] — c(t, z)u (t z)|
< |Za":»‘.(t,a:)uz.:xJ T Za“ 27 A R (u(t, z + he;) — u(t', z))
—h7Hu(t, z) — (u(t',z - h,ez-)) + b~ (u(t', z + he;) — ult,z — he; — ¢j)))
—h (u(t, T + hle; — e;)) — u(t', z — he;))]| + | Zbi(t, T)ugi(t, 7)
—Z Bt z)|h 7 u(t, z + he; sign b'(¢', z)) — u(t', 1)]|
+iug(t, 2) — e A2 ult, 7) — u(t', 2)]].
lUsing the mean-value theorem repeatedly we obtain
Lu(t, ) — ult, ) — Lpult, z)|
< l Z a’ij (t: :B) [uz"zi (ta 33) — Ugigs (tl? T+ Blhej)”

+| Z[aﬁ(t, ) — 0 (', 2)|ugizi (', T + Oahe;)]

—|—|Za” T)[~Ugizi (', T + O1he;) + tgigi(t', T + Ozhe;)
—|—u$=zg (t', 2 + Oshe; + Oshe;) — ugigi (¢, T + Oshe; + hej)]|

+] Z b"(‘t,;ﬂ)[uzi (t, 1) — ugi(t', z + Orhe;)|

+| Z b (t,z) — bt , 2)|ugi (', & + O7he;)|

+|Ut(i z) — € 'h” Q[U(f z) —u(t', 7],

with 6, k=1,...,7 constants such that || < 1, for all k.
~ Finally, we have .

|Lu(t, 7) — ui(t, ) — Lpult, z)| < Khd]“11+6/2,2+6;62a

and the result is proved. U
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The operator we have constructed furnishes an explicit scheme for approxima-
tion. It allows the computation of ux(t,z) on Q(h), starting from u(0,z) which
is given and then finding up(eh?, z), up(2eh?, z) and so on consecutively from the
explicit formula

up(t, ) = c’eh,zf(t z) — du{t — eh?, x)
EZ U(t —eh® ) fu(t — eh?, @ + hei) + u(t —eh?, z — he;)

—u(t — shg, x + hie; — ;) — 2u(t — eh?, z)
—u(t—eh? z — h(eg- —e;))+u(t — %, — hej)+u(t —eh®,z + hej)]
—deh Z 6 |[u(t — eh® 1 + he; sign b'(t — eh?, 7))

- (t_E 1$)]:

where ¢ = (eh?c(t,z) — 1)~}
We note that the restrictions over ¢ in the sub-cases where a¥ is diagonal
or where there are no first-order partial derivatives can be obtained immediately

from the more general condition we presented.

Implicit scheme. _
For the same particular case of the continuous operator L, we define, for (¢,z) €
Q(h), the discrete operator

Lout ) = —e 'R 2ult, I) — u(t —eh?, )]
— +z:(fJ 27 h 2 [ult, z + he;) +ult, z — he;)

—u(t, T + hie; — ;) — 2ul(t,z) — ult,z — hie; — ¢;))
+ult,z — hej) + u(t, z + hej)]
+Z B4(t, z)| A u(t,  + he; sign b (¢, z)) — u(t, z)]

Telt, )ult, 7). \ (3.18)

Theorem 3.2.8. Let the coefficients a(t,z) and the discrete function [(h)
satisfy the hypothesis in Theorem 8.2.7. Then the discrete operator (8.18} satisfies
Assumptions 3.2.1 and 3.2.2.

Proof The operator L, satisfies Assumption 3.2.2 for the same reasons as in
Theorem 3.2.7 and Assumption 3.2.1 with no restrictions on €. [

The method of computation of ux(t,z) on Q(k) is implicit: in order to find

un((k + 1)eh?, z) from up(keh?, z) a system of linear equations has to be solved.
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3.3 Localization error estimate

Finally, we should estimate the error in approximating the solution of the Cauchy

problem
Lu—u+ f=01in [0,T) xR, w(0,2) = g(z) in R% (3.19)
WhererT € (0, oo)r, by the solution of the initial-boundary value problem
Lu—u+ f=0in Q, u(0,7)=g(z) for z€U, u=g on 8,Q, (3.20)

where Q = [0,T] x U, U is a bounded domain in R? and 8,Q = [0,T] x 8U.
In fact, in Section 3.2 we have produced an estimate for the second term of

the right hand of the inequality
|71"(t1 5) - uh(ts LEN < f’U(t’ 'T) - u(t, $)| + [u(t,x) - uh(ts :L')l,

where v(t, z) and wu(¢; ) represent, respectively, the solutions of (3.19) and (3.20),
and wuy(t, z) is the solution of the discretized problem (3.15). It remains to esti-

mate the localization error:
lv(t, ) — ult, ).

Localize problem (3.19), considering the particular case of (3.20) where Dirich-

let boundary conditions are imposed:

Lu—wu+f=0in Q, u(0,z)=g(z) for €U, u=0 on 8,Q. (3.21)

Remark 3.3.1. We recall that in Section 3.1 we studied problems’ (3.19) and
(3.21) solvability when weaker smoothness is imposed over the initial data g
(Theorems 3.1.14 and 3.1.16). We saw also that the restrictions v, and u, of the
unique solutions v and u of problems (3.19) and (3.21) to the sets [¢,T] x R?
and [e, T] x U, respectively, are of class C1*%/22+¢ (Theorems 3.1.15 and 3.1.18).
Finally, in Section 3.2, we studied the numerical approximation for the restriction
u, € C1H/229([e T| x U) of u (Theorems 3.2.4 and 3.2.6).

In order to estimate the localization error, we will consider the stochastic
representation of problems (3.19) and (3.21), written for ¢ replaced by T — ¢,

respectively
Lu+u;+ f=0in [0,T] xRY, u(T,7) = g(z) in R? (3.22)
and

Lu+u+ f=0in Q, u(T,z)=g(z) for v € U, u=0 on 8,Q. (3.23)
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Let the multidimensional stochastic problem

dX, = b(t, XJ)dt + o(t, X)dW, (3.24)
Xo = o, | (3.25)

where

W,=W},...,W?) an R’ —valued F; — Brownian motion;
b:RY x R* = RY, b(s,z) = (b'(s5,2),...,0%s, 7))

g ]R+ X Rd — Rde, O'(S,IL‘) = (Uij(S,I))lge‘gd,lgjgp-

Let o be such that 1/2(c0"}¥ = a¥, for i =1,...,d, j = 1,...,p, where
a' is the coeflicient associated with the second-order derivatives in the operator
L. We assume that b and o satisfy the proper integrability conditions so that the

process
t ot '
Xt::z:0+f b(s,Xs)ds—%—f o(s, Xs)dW, (3.26)
0 0

is an It6 process.

We will obtain the stochastic representation of problems (3.22) and (3.23) (and
then a'pproximate the localization error), assuming that these problems’ solutions
exist, as well as the solution of the stochastic equation. Under these assumptions,
the deduction will be made imposing weaker conditions over the operator L and
the data f and g.

Assumption 3.3.2. Let coeflicients in the operétor L, defined by (3.2}, satisfy:
1. a, b and c are con_tinuc;us functions in [0, 7] x R¥;
2. ¢<0in [0,7] x R%
3. |a(t,z)| < C(1 + |z|?), for all ¢t € [0,T), z,y € R%, C > 0 a constant;
4. |b(t,z)] < C(1 +|z|), for all t € [0,T], z,y € R%, C > 0 a constant.
We state a preliminary result which gives a moment estimate of the solution .

of a stochastic equation (see Krylov [31], p. 85, where estimates are also given

for a more general case).
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Consider the more general multidimensional stochastic equation

¢ t
X, = Z, —|—f b(s, Xs)ds + / o(s, X;)dW,, (3.27)
0 0

where Wy, b, ¢ are as defined for equation (3.26) and Z, is a d—dimensional
random vector. Let us assume that the coefficients 4, o in equation (3.27) satisfy

the condition:

‘Assumption 3.3.3. There exists a constant M > 0 and nonnegative functions
r(t), h(t) such that

1. |o(t,z) < 2r2(t) + 2M2 |z
2. |b(t,z)| < h(t) + M?|z|.
for all t € [0,T], z,y € R% where |[0]> =}, icq Iijp(Uij)Q'
Proposition 3.3.4. Under Assumption 3.3.3, if Z; is a separable process then a

solution X, of (3.27) satisfies, for all ¢ > 1, t € (0,7,

t
E(sup | X,**) < N E(sup IZsl2q)+thf16NtE(f(lzslzq + (R(8))* + (r(s))*)ds),
s<t s<t 0 ]

where N is a constant depending on q and M.

Remark 3.3.5. In Assumption 3.3.2 we assumed some growth conditions for the
coefficients @ = 1/200’ and b Under this assumption, Assumption 3.3.3 is not
restrictive and is met with 72 = A = M. Also, in the framework we are considering
in the present section, Z; = 1z is a d—dimensional non-random vector. Under

these conditions, the estimate in Proposition 3.3.4, written for X!*, is

, T
E( sup |X5%|%) < NE(sup|z|*)+NT 1" E (f(|$|2q + M* 4 M")ds)
s<T . t

t<s<T
< N |z 4+NT e f azﬁq + M* + M%)ds
< N (|z*+T%"T (1:c|2; + M + M)
< N(lzf%+1), | (3.28)

where N is a constant depending on T, ¢, and M.

Next two theorems give the stochastic representation of the two parabolic

problemis.
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Theorem 3.3.6. Let (1)—(4) in Assumption 3.8.2 be satisfied. Let functions f
and g in (3.22) be such that

1ftz) < K(1+[2[™) in [0,7] xR* and |g(z)| < K(1+ |z|™) in R,

respectively, with K, m positive constants. Assumne that parabolic problem (3.22)

has a unique solution v in CY*([0,T) x RY) and this solution satisfies
|Dfu(t,z)| < N(1 + |zP), 8=0,1, in Q,

with N, p positive constants. Assumne also that there ezists a unique solution X;
of the stochastic problem (8.24)—(8.25) in [0,T). Denote X1*, with s > t, the
solution of equation (3.24) starting from x at time t. Then v is given by

T .
’U(t, 3;) =E (eftT c(s,Xﬁ-r)dsg(X%z)) +E (f ef: C(T‘X”'z)drf(S,X:’m)ds) ]
i
for all t € [0,T], z € R%

Proof Counsider the Ité processes Y, = el e X2 and 7, = v(s, Xb*), for
s > t. Noting that the stochastic integral in the Itd process Y is null, integrating
by parts Y,Z, we obtain

ef? rX)ry (o X2y = U(LI)_{_va(r,Xj'z)d(eﬁ o Xy")d)
t
4 f " oll X e gy (7, X1
t
= 'u(t,:v)+fs el C@XeDdac(r, XE)y(r, XP")dr
t
+ f ol C(qﬂxé’”)deu(r, X5®). (3.29)
i

Owing to Theorem 2.1.27 (multidimensional It6 formula), we have

| S )
oo X7) = (t3)+ [ (A0 X0 + Fn X

S
+ f " (r, X1V (7, X)W, (3.30)
t

re -
where )

—~ 4 b"(t,z)i

1
At z) = 5(00)7 (6 2) 555 5z

Using (3.30), from (3.29) we obtain
gl <lrXr™)dr,, (5, X1") = v(t, 2) +f eft (@ a4 gi'u)(r X”)d
t
§
+ f et daXaday (r X391 (r, XEO)dWE.  (3.31)
t
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Making s = T in equation (5.31) and taking the e)ﬁpectation, :

' T
*T)(t, .’E) = E(eftT c(s,Xq" )ds’U(T, X;::c)) . E(f gfts e(r, X 2% )dr (L’U + %’U) (S, X:’x)ds)
. t

: T
_ E(eftT C(S’XS‘I}ng(X;—ZI)) 4+ E(/ efﬁ c(r, Xy )drf(S,X:’z)dS). (3.32)

t
We note that the expectation of the stochastic integral in (3.31) is zero owing
to the assumptions over the growth of v,(¢,z) and a(f, z), the moment estimate
(3.28) in Remark 3.3.5 and Theorem 2.1.22. The assumptions over the growth
of f and g and the moment estimate (3.28) guarantee that the expectations in
(3.32) exist. O

Theorem 3.3.7. Let (1)—(2) in Assumption 3.3.2 be satisfied. Assume that
parabolic problem (9.23) has a unique solution v in CY%([0,T] x U). Assume
also that there exists a unique solution X, of the stochastic problem (3.24)—(3.25)
in [0,T). Then the unique solution u of problem (3.28) is given by

u(t,q;) = E (1{T=T}6Jrar C(S,X:@)dsg(X;:z)) L E (f etha c(r,Xﬁ-x)drf(S,X:,m)ds) ,

£

forall t € [0,T), z € U, where X5, with s > t, 1s the solution of equation (3.24)
starting from z at time t and 7 :=inf{s > t: X!® isnotin U} AT.

Proof This proof follows the one by A. Friedman (Friedman [18], pp. 145-
146) for the stochastic representation of the solution of a boundary-value elliptic -
PDE problem.

Let V. € R? be the closed e—neighborhood of 8U and denote U; = U\ V,. Let
w be a CH2([0, T] x R?) function such that w = u in [0, 7] x U./». We consider
the processes Y, = eff X+ )dr and Z, = w(s, Xb%), for s> t. |

Following the same steps as in the proof of Theorem 3.3.6, we obtain

eli X Vryy (5 X5F) = w(t, 7) + f elt c(q’X*;'z)dq(Lw + %w)(r, X5%)dr
t .

El
‘ + / el c@Xe NNy, (7, XE)oT (r, XE7)AWI . (3.33)
t
Let ¢ > ¢ a stopping time with respect to Xb*. Making s = < in equation
(3.33) and taking the expectation, we have K
w(t,z) = B (el XNy (g x0))

—~E( f eld X (Fay 4 % w)(s, X4*)ds). (3.34)
t »

Note that, owing to Theorem 2.1.22, the expectation of the stochastic integral in
(3.33) is zero.
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Let ¢ = ¢. AT, where ¢. > t is the hitting time of U.. We then have
w(s, Xb*) = u(s, Xb®) for all t < s < ¢, AT and (3.34) still holds when w
is replaced by u. Taking the limit when £ —+ 0 and using Lebesgue dominated

convergence, we obtain

AT

u(t,z) = E(eff C(”’X:’z)dsu(q/\T,Xsz))

AT ) .
+E( f L el e Xe TN £ (g XBTY gy, (3.35)
t

where ¢ is the exit time of U.
Define 7 := ¢ A T. From (3.35) we have

u(t,:c) — E (eftT c(.'.a,)(;?‘m)d!su(7_1 th_,ﬂ:)) + E(/ eft" c(r,Xﬁ'z)drf(S,X:,r)ds)

4
= B(Lyopyel Xy (r, X57)) + B(1anyelt 0% D% u(r, X2%))

-
+B( / eli 0K f (s, X () ds)
¢
— E(I{T:T}eftr c(a,Xﬁ’”)dsu(T’ X;lﬂ)—}—E(feﬁ n:(r,Xﬁ'z]'erc(S1 X:,:C)ds)
’ t

J
= E(1,—rjek X g(XE)) 1 E( f el XN £ (g XY dg) . (3.36)

t

The term E(1{1—<T}€f: °(3>X§'z)dsu(7, Xt%)) in the above computations vanishes due
to the zero boundary condition for the PDE problem. Also, as u € CY#([0,T]xU)
~and f and g are bounded functions therefore the expectations in (3.36) exist. The

result is proved. O ‘

Remark 3.3.8. Note that no smoothness assumption over the space-boundary oU
was needed for the stochastic representation of problem (3.23).

We consider now a particular localization of problem (3.22), in order to ensure
compatibility between the Cauchy problem and the localized problem. Let n €
C([0,00)) be a non-increasing function such that

(r) = 1, r<1 -
mr = 0, r > 2. '

Here the notation C§°([0,00)) stands for the set of all infinitely differentiable
functions on [0, o0) with compact support.

We localize problem (3.22) in the following way (a particular case of problem
(3.23)):

Lu+w+ fr=0 in Qg, u(T,z)=ggr(x) for € ﬁﬁ, u=0 on 8,Qp, (3.37)
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where Qg = [0, T|xUg, Up = {z € R?: |z| < 2R}, fr(t,z) := n{|z|/R)f({,z) in
[0,7) x R? and gg(z) := n(|z|/R)g(z) in R?, with T € (0, 00), R > 0 constants.
Note that if gg is continuous in Ug, the consistency condition (1) in Assumption
3.1.11 is satisfied. We estimate the localization error.

Theorem 3.3.9. Let the hypothesis of Theorems 3.3.6 and 3. 3.7 be satisfied. Let
v be the unique solution of problem (3.22) in C12([0,T] x R?) and ug the unique
solution of problem (8.87) in CY2([0,T] x Ug). Then, for all ¢ > 1,1t € [0,7T],
T e QR. ‘ ‘ '

lur(t,z) — v(t, z)] < N(1+|z|"™™ + |z|"R™) R,

where -N is a constant depending on T, g, the constant M in Proposition 3.3.4,
and the constants K, m in the growth conditions imposed over both functions f
and g. '

Proof We estimate lug(t, z) — v(t, z)| taking the stochastic representation of

v and up given in Theorems 3.3.6 and 3.3.7, respectively. We have

lur(t, z) — v(t, 7)|
. T t, @ - . Tc s ¢,z ’
- |E(1{T:T}€ft ¢{9, X5 )ngR(X:fIJ: ) . eft {(5,Xs )dsg(X%$))

T T
+E(f ef: c(r,XT")’drfR(S,X:,:c)ds _ f ef: c(r,X,’”}drf(S,X;,m)ds)‘
‘ ¢ t

" b T tax z
_<" :E]'(|]'{‘i"='1"}eff els,Xs )dng(X;lz) — eJrf: 8. X )dsg(X;: )|)

T T
—|—E(|./ef; c(r,X,ﬂ)drfR(S,X;,z)dS _ f ef: C(r’xr’z)drf(s,X:’m)d8|).(3.38)
t

t

For the first term in (3.38), as ¢ < 0 by Assumption 3.3.2 and noting that,
by construction, gr(z) = g(z) if |z| < R and {gr(z)} < |g(z)| for all z € R%, we
obtain

E(|1{T:T}6fﬁf c(s,XE’”)dng(X:tr:a:) _ eftT c(s,Xﬁ'?}dsg(X%m)|)

< B(jeh XN (g (X1 — g(XE)) Lgrary)+ B(el XD g (XM 1, o)
< E(lga(X§7) — 9(XF) 1 re1y) + E(lg(X5)| 171

< E( sup |gr(z) — 9($)|1{5upt55g|x§==\ZR})_+ E(ig(X{,:I)|1{,,<T})

R<|z{<2R

< 2E( sup lg($)|1{suptSsST|X:‘z‘2R}) + E(|9(X;“’I)|1{T<T})- (3.39)

R<[e|<2R
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For the second term in (3.38), as ¢ < 0 and also as fgr(t,2) = f(t,z) for all
(t,z) such that |z| < R and |fr(z)| < |f(z)] for all (¢,z) € [0,T] x R?, we have

T T
E(|f eld C(T*X:’=)¢’fR(s,Xj’I)ds —/ eli XN £ (g XY 5))
t i '

T
. E(f eff X (s, XE7) = (s, Xo%)ds[1grzry)

11

SB[ e R s, X0%) = £ X0 L)
t
T

SB[ (el X (15, X)) dsl )

T
<Ef su s,z)— f(s,)|ds 1, -
< B t RnglefR( ) = f(s.7)] {supicacr [Xs IZR})

T T
+E(j; sup - |fr(s,z) = f(s,z)|dsl{zery) + E(/ |f_(57X§,$)|dsl{T<T})

R<a|<2R

B T
< 2E(/; R<S|::1|22R |f(S= SB) |d3 l{SUPtgng \X:”|?_R})

T T -
+2E / sup 1 (s, 2)|ds1rery) + E( / F(s, X5%) ds1gpery).  (3.40)

t R<|z|<2R .
Putting together estimates (3.38), (3.39) and (3.40),

jun(t, ) - v(t, )|

< 2E( su )1 .t.:l: 1+ E(|lg(XE) |1,
< 2B 500 (050 i)+ B E L)

T
+2B([ sy 175, T o)

T T ‘
+28([ sup 17(s,2)ldsLioeny) + B[ 1505, XE)ds Liram)
t RZ[z|<2R T
<2 sup (o)) PYA(sup [XE|> R)+EX(|g(Xi) )P (r <)
R<|z|<2R t<s<T 7

T
2 f sup  |f(s,2)|ds) PY2( sup X272 R)
t |

R<|z|<2R t<s<T

+2(/ sup | f(s,z)|ds) P (r < T)
t R<[z|<2R

' T
LBV f 1f(s, X59)| ds)?) PY3(r < T). (3.41)
We estimate P(r <T) and P(sup,,cr |X;7| 2 R) in (3.41)
P(r<T)=P@Esc[tT): |X?*| > R) < P(3se[t;T]: X2 R)
= P(sup |X;*|>R)

t<s<T

1 ' £,x|2 -
ﬁE( sup |X7%199), (3.42)

t<a<T

<
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bwing to Chebyshev’s inequality, with ¢ > 1 a constant.
Using the assumptions over the growth of g and .f we estimate E(| g(XE)H)
and E((f71f(s, X2%)| ds)?) in (3.41),

E(lg(X7)") S E(K(1+|X°™)?) < K(Q1+E(XF"™)

K(1+E(sup |[Xb®*™)) (3.43)
t<s<T

(A

and

E(( ﬁf(s,Xﬁ”’)I ds)})< f E(|7 (s, Xb%)?) ds < K / E((1+]X57™)?)ds

< K/ 1+ E(|X5%[7™))ds < K1+ E( sup | X5 7™)) (3.44)

T7<s<T
where K, m are positive constants.
Due to the same assumptions we estimate the remaining expressions in (3.41)

sup |g(z)| < sup (K(1+|z[™)) < K(1+R™) (3.45)
R<|e|<2R R<|z|<2R g

and

/T sup |f(5,:c)jds§/ sup | f(s,x)|ds Sf sup (K(1+ |z{™))ds

t R<|z|<2R t R<[g|<2R t R<|x|<2R
< K(1+R™), (3.46)

where K, m are positive constants.
From (3.41)—(3.46) and using the moment estimate (3.28} in Remark 3.3.5
we obtain the estimate for the localization error

up(t z) — v(t, 1) < K((1+E( sup |X”|2m))1/2+(1+R’“))

t<s<T

/
(R2QE(,5535T 3 ))12

(1 + |z|™) + 1+ R™)) (1 + |=]9)
Ra
1+ |z|"™ + |z|PR™
T ,

where N is a constant depending on T, g, M, K and m. U

< N
N

<

Until now, we have assumed the existence of the solutions for the parabolic
Cauchy problem (3.22), for its localized version (3.23) and for the stochastic
problem (3.24)—(3.25). Then, under some hypothesis, we deduced the parabolic
problems’ stochastic representation and the localization error estimate.

We will now study the stochastic representation considering the conditions
under which problems (3.22), (3.23) and (3.24)—(3.25) are solvable.
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In Section 3.1, we considered the PDE problem solvability when the operator
L defined by (3.2) is, for each ¢t € [0, 7], uniformly elliptic in space with bounded
Holder continuous coefficients and the coefficient ¢ is non-positive. Under these
hypothesis, Assumption 3.3.2 is satisfied. '

The following well known result on the stochastic representation of the solution
of problem (3.22) (see e.g. Friedman [18], p. 148) is obtained immediately from
Theorem 3.3.6, using Theorem 3.1.14 (with ¢ replaced by T — ¢) and Theorem
2.1.31 for the existence and uniqueness of the solution of problems (3.22)l and
(3.24)—(3.25), respectively.

Theorem 3.3.10. Assume that the coefficients a(t,z), b(t,z) in the operator L
are Lipschitz continuous in [0,T] x RY. Let functions f, g in (3.22) be such that
[f]s/2.800,7)xme < 0C and g € C(R%). Assume also that f, g satisfy

F(t2)) < K(1+[2[™) in [0,T] xR, gt z)| < K(1+|z™) in R*

where K, m are positive constants. Then the unigue solution v of problem (3.22)
is given by
T
o(t2) = B (7 g0 B ([ el s, X1 ).
t
for all t € [0,7], z € RY, where X'®, with s > t, is the solution of equation
(8.24) starting from z at time t.

Similarly, for the initial-boundary value problem (3.23), the following well
known result (see e.g. Friedman [18], p. 147) is obtained as an immediate conse-
quence of Theorem 3.3.7, using Theorems 3.1.16 (with t replaced by 7't} and
2.1.31. ' |

Theorem 3.3.11. Assume that the coefficients a(t,z), b(t,z) in the operator L
are Lipschitz continuous in [0, T} xR?. Let U C R* a C?*0 bounded domain and
f, g functions such that f € C¥%%([0,T) x U) and g € C(U). Assume also that
the consistency condition (1) in Assumption 3.1.11 is satisfied. Then the unique

solution u of problem (3.23) is given by
u(t,x) - E (I{T:T}ef; C(S’X:m)dsg(X%_m)) +E (/ efta'c(u,Xi’r)duf(S,X:,z)ds) ’
. ,

forall t €[0,T], v € U, where X%, with 5 > t, is the solution of equation (3.2{)
starting from x at time t and 7:=inf{s > ¢: X®isnot in U} AT.

If we consider the weak solution of the stochastic equation instead of the
(strong) solution considered in Theorem 2.1.31, we can formulate two new theo-
rems for the stochastic representation of the two parabolic problems’ solutions.

We state a result on the existence of the weak solution (see Krylov [31],p. 87).
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Theorem 3.3:12. Let b(t,z) be a d—dimensional vector and o(t,x) a matric
of dimension d X d. Let b, ¢ be defined for all (t,z) € [0,+c0) x R? and
bounded. Assume that the matriz o is positive definite and, moreover, satisfies
(o(t, ), E) > ME?, for some constant A > 0 for allt >0, z € R, £ € RY. Then
there erists a probability space, an Fy— Brownian motion W, on this space, and a
continuous process X, which is progressively measurable with respect to (Fy)i>0,

such that almost surely for allt >0

t t
X, :$+[ b(s,Xs)ds+[ o (s, X,)dW,s.
0 0

We note that it is not needed to impose a Lipschitz condition on b and ¢ to
obtain the existence of the weak solution. ‘

Let ¢ be such that 1/2(cc) = a, where @ is the coefficient associated with the
second-order derivatives in the operator L (¢ is the square root of 2a). It can be
~shown easily that the ellipticity in space of the operator L implies the coercivity
condition imposed over ¢ in Theorem 3.3.12.

We have then two new theorems on the representation of the solutions of
problems (3.22) and (3.23).

Theorem 3.3.13. Let functions f, g in (3.22) be such that (572,807 xme < 0
and’g ¢ C(RY). Assume also that f, g satisfy

f(t,2)| < K(1+ |z[™) in [0,T) x R?, |g(t,2)] < K(1+]z|™} in R
where K, m are positive constants. Then the unique solution v of problem (3.22)
is given by '

: T
U(t,g;) _E (eftT C(S’Xs'w)dsg(X%I)) +E (/ efts c(r,Xﬁﬁ)drf(S,X;,a:)ds) .

t
forall te[0,T], z € R?, where X'*, with s > t, is the weak solution. of equation
(3.24) starting from z at time t. :

Theorem 3.3.14. Let U C RY a C*0 bounded domain and f, g functions such
that f € C%?9([0,T] x U) and g € C(U). Assume also that the consistency
condition (1) in Assumption 3.1.11 is satisfied. Then the unique solution u of
problem (8.23) is given by ‘

. T
u(t,J 3;) = E (1{T:T}€fff c(S,Xf’ﬂ)dsg(X%I))%_ E ([ eftﬁ c(u’X‘t“z)duf(S,X:’I)dS) ,

t

forall t ¢ [0,T], z € U, where X5%, with s > t, is the weak solution of equation
(8.24) starting from = at time t and 7:=inf{s > t: X5 isnotin U} AT,
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Chapter 4

Parabolic PDE in Sobolev and
weighted Sobolev spaces: space
- discretization

In the previous chapter we studied the parabolic PDE problem in Hélder spaces.
Although we could obtain a well defined problem, strong regularity was imposed
over the data. :

We will now study the Cauchy parabolic PDE problem using the L? theory of
solvability in Sobolev‘spaces and in weighted Sobolev spaces. Weaker regularity
will be assumed from the data, and the. operator coefficients’ linear growth will
be allowed. ' '

Under the proper framework, we will proceed to the problem discretization in
space. The discretization in time will be considered in Chapter 5.

4.1 Classical results

Let us first establish some facts on the solvability of PDE under a general frame-
work. -

Let V be a reflexive separable Banach space embedded continuously and
densely into a Hilbert space H with inner product ( , ). Then H*, the dual
space of H, is also continuously and densely embedded into V*, the dual of V.
Let us use the notation {, ) for the duality. Let H* be identified with H in the
usual way, by the help of the inner product. Then we have the so called normal
triple . ‘

. Ve H=H" <> V*,
with continuous and dense embeddings.

Let us consider the Cauchy problem

cut) - 28 1 ) =0, w() =4, ()
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where L(t) and 8/8t are linear operators from V to V* for every t > 0,
fe L0, T;V*) with T € (0,00) and g € H. '

We make some assumptions.
Assumption 4.1.1. There exist constants A > 0, K, M and N such that

1. (L(t)v, v) + Alv| < K|y, Yo eV and Vte [0,T];

2. |L{t)

y- < Mluly, Vv eV and Vt € [0,7];

3. [T|f(@)2.dt <N and iglg<N.

We define the generalized solution of problem (4.1).

Definition 4.1.2. We say that u € C([0,T]; H) is a generalized solution of (4.1)
on [0,T] if

1. we L2(0,T]: V):

2. Forallt € [0,T]

holds for all v € V.

We next state the existence and uniqueness of the solution.

Theorem 4.1.3. Under (1)—(3) in Assumption 4.1.1, problem (4.1} has a unique

generalized solution on [0,T). Moreover
2. dt) :

aup el + [ @< (1o + [ 170)

t€[0,7]

where N 1s a constant.

This theorem is a special case of a more general one proved, for example, in
Lions [35] for nonlinear PDE.

The second-order parabolic PDE problem.
We consider now the particular case where L is the second-order operator

2

Oridx!

+H@@fl+cm@,

L(t,z) = a(t, z) B
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with real coefficients. Take a number T € (0, c0) and denote @@ = [0, 7] x R¢. We

consider the Cauchy problem ¢

Lu—u+f=0in Q, u(0,z)=g(z) in R (4.2)

where f and g are given functions. We assume ¢ < 0 without loss of generality.
To set the proper framework to deal with problem (4.2), we introduce the
Sobolev spaces (see e.g. Evans [16], pp. 241-289).
We define the weak derivative of v. Let U be a domain in R?.

Definition 4.1.4. Suppose v,w € L. (U) and « is a multi-index. We say that

loc

w is the ath weak partial derivative of v, and we write D% = w, if

f vD% dz = (—1)ll / we dz,
U U
for all functions ¢ € C§e(U).

Here the notation L] _(U) stands for the set of all functions v : U — R locally

loc

summable, that is, the set of all functions v such that [, |v| < oo, for every
bounded subset V of U; C3°(U) denotes the set of all infinitely differentiable
functions on U with compact support.

The weak derivative is unique.

Proposition 4.1.5. If a weak o' partial derwative of v exists, is uniquely de-

fined up to a set of measure zero.
'~ We define the Sobolev space.

Definition 4.1.6. The Sobolev space W™2(U), with m > 0 an integer, consists
in all locally summable functions v : U — R such that for each multi-index «
with |a| < m, D% exists in the weak sense and belongs to L?(U).

Remark 4.1.7. When U = R¢ we drop; the argument in W™2(U) and denote
Wm2(RY) := W2,

Definition 4.1.8. If v € W™?(U), we define its norm to be

|U|Wm,2(U) = (Z f |Da’t)|2d$)1/2.
a<m 7Y ‘

a|<m

Definition 4.1.9. If v,w € W™?(U), we define the inner product

(v, w)wmawy = Z f | D%y D*w|dz.
U

|t <
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We state the good structure of the Sobolev spaces.

Propdsition 4.1.10. The Sobolev space W™2(U) is a Hilbert space.
The following properties hold:

Proposition 4.1.11; Let v e W™2(U), |a| < m. Then
1. If V is an open subset of U, then v € W™2(V);

9. If ¢ € C(U), then (v e W™ (U) and

SOEDM g )Do¢De-t.

f<e

We have a fundamental result on the embedding in better spaces.

Theorem 4.1.12. (Sbbolev’s embedding Theorem). Let U be a bounded domnain
in R¢ with a C* boundary. Letv € W™2(U). Ifm > £ thenv € C(m*[%]_l)M(U),

where

5— [%] +1 - %, if g— is not an integer
any positive number <1, if ‘Q—i 1$ an integer.

Moreover
IU'(m—[%]—1)+J;U < Nlvlwmzwy,

with N .a constant depending only on m, d, § and U.

We recall that we are using the notation |v|sy for the norm of v € C*(U).
Now, we consider the functions w : @ — R as functions of [0,T] with values
in R® such that, for all t € [0,T], w(t) == {w(t,z) : = € R}.

Let us now make some assumptions.

Assumption 4.1.13. Let m > 0 be an integer. There exist constants A > 0, K
such that '

1. E?,j:l ai(t,z)E€ > AL €, forallt >0,z € RY, £ € Rd;

2. |D%a¥| < K for all |o| <m V1, |D| <K, |Dge| <K for all o <m,

where D2 denotes the a!* partial derivative operator with respect to z;

3. f € L0, T Wm2), ge Wwm2,

Remark 4.1.14. (1) in Assumption 4.1.13 states that operator L + 8/0t is (uni-

formly) parabolic.
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Remark 4.1.15. For m = 0 we use the notation W™~1% = W12 = (Wh 2) where
(Wh2)* is the dual of W12,

We define the generalized solution of problem (4.2).

Definition 4.1.16. We say that « € C([0,T]; L?) is a generalized solution of
(4.2) on [0, T] if |

1. u € L*([0, T); W?);

2. For all t € [0,

@) = 0.0+ [ 1-@(6)Dals) D)
+(b(s) Diu(s) ~ Dja” (s}Dyu(s), @)
+(c(s)u(s), @) + (F(s), ) }ds
holds for all ¢ € CP(RY).

The notation (, ) in the above definition stands for the inner product in L2.

Remark 4.1.17. Note that, alternatively to the infinite differentiability of ¢ in (2)
it could be required that ¢ € Wb,

We denote C,,([0,T]; H) the set of weakly continuous H-valued functions on
[0,7), that is, functions u for which (u(t),v) is continuous in t € [0, 7] for every
v € H. Clearly, for these functions,

sup |u(t}|g < 0.
t€[0,T

From the above we have the [ollowing well known result, which can be obtained
from Theorem 4.1.3 using the appropriate triples of spaces (see e.g. Gyongy et
all [22], p. 69, for the more general case of SPDE with unbounded coefficients).

Theorem 4.1.18. Under (1)—(3) in Assumption 4.1.13, (4.2) admits a unique
generalized solution w on [0,T]. Moreover

(TS Cw([O,T], Wm,Z) N Lz([O,T]’ Wm+1,2)

and

N T T
sup lu(t)l%vm,a + /; |u(t)|‘2ym+1,2dt < N (!g|%{;m,2 + /; |f(t)ﬁym—1,2dt)

0<E<T
with N a constant.
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Further results for the unbounded data case.
We still consider problem (4.2) but in the more general case where no boundedness
is imposed over the operator’s coeflicients. We introduce the weighted Sobolev

spaces (see e.g. Gyongy et all [22], pp. 58-65).

Definition 4.1.19. Let r > 0, p > 0 be smooth functions on R* and m > 0 an
integer. W™?(r, p), the weighted Sobolev space (on R?), is the closure of C$°(R¢)

with respect to the norm

llwmagp = (> / r?| g D2 dz)'/?,

|ee| <
for ¢ € C§°(R?).

Definition 4.1.20. If v, w € W™2(r, p), we define the inner product

(’U W)wm.2(r p) 1= Z f pel| Doy DPw | dz.

|| <m

The weighted Sobolev spaces have a good structure.
Proposition 4.1.21. The weighted Sobolev space W™2(r, p) is a Hilbert space.

As before, we consider the functions w : @ — R as functions of [0,7] with
values in R® define by w(t) := {w(t,z) : z € R}, for ¢t € {0,T].

We make some assumptions.

Assumption 4.1.22. Let 7 > 0 and p > 0 be a smooth functions on R? and
m > 0 an integer. There exist constants A > 0, K such that

1L Y a6 2)8g > A2 3L €, forallt> 0, ¢ € RY, € € RY

2. D% < Kp>lel forall laf < mVv1, |D2b| < Kpt-lel |Decj < K for all
T p T p y [
a| < m, where D? denotes the of* partial derivative operator with respect
— T

to x;
3. f € L*([0,T|; W™ 2(r,p)) and g € W™*(r, p).
Assﬁmption 4.1.23. Let > 0 be an integer and r > 0 and p > 0 smooth

functions on R%. There exists a constant K such that, for all multi-indexes «,
with |al <,

L. |D%p| < Kp'~lol,
A
2. |D%| < K—.
plel
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Ezample 4.1.24. The following functions, taken {rom Gyongy et all [22], pp. 63-
64, satisfly Assumption 4.1.23:

)=+ aeR; pla)=(1+][z[)?, B< 3

|,_A

rlz

B
3

z) =exp(E(1+[z]2)%), 0<a<l; p@)=01+zP f<i-o;

(z
(
3. r(z) = (1+|z2)?, acR; pla) =002+ |z?), BeR;
(
(

4. r(z) = (1+2[?)* W' @+He?), a>0, v>0; ple) = (1+)?, B4
5 r(z) = (1+]z]?)® In"(2+2?), >0, v2>0; p(z)= In” (2+|z|?), B> 0;
6. p(z) = exp(—(L + |z|?)?), 8>0; each weight function r(z) in examples

(1)-(5 )
We define the generalized solution of problem (4.2).

Definition 4.1.25. We say that u € C([0,T); W%%(r, p)) is a generalized solu-
tion of (4.2) on [0,7]if - ' ‘

1. u e LA([0, TT; W'3(r, p));

2. Forallt € [0,T]

(u(t), ) [ {~(a%(s) Diu(s), Dy¥)
+(b(s)Diu(s) — D;a*(s) Diu(s), ¢)
'+(G(S)U(S)= @) + (f(s), v)}ds
holds for all ¢ € CP(RY).

. The notation (, ) in the above definition stands for the inner product in
Wo2(r, p). |
We have the following well known result on the existence and uniqueness of
the solution.

Theorem 4.1.26. Under (1) (3) in Assumption 4.1.22 and (1)—(2) in Assump-

tion 4.1.23, (4.2) admits a unique generalized solution u on [0,T]. Moreover
u € Cyu([0,T]; W™2(r, p)) N LA([0, T); W™H2(r, p))

and

T T
sup l“(t”%vm,?(r,p)*‘/ﬂ|U(t)|fvm+1-2(r,p)dt < N(|g|%‘[’m’2l(r,p)+/ﬂlf(t)l‘f'Vm_Lz(r,p)dt)-’

0<t<T

.wz'th N a constant.

This result can also be obtained from the general one by using the suitable
triples of spaces (see Gydngy et all [22], p. 69).
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4.2 Numerical approximation: bounded data
- case

'We want to discretize in space the problem (4.2). We will set an appropriate
framework and show that it is a particular case of the general framework we

presented in Section 4.1.
We define the h-grid on R¢, with h € (0, 1]

Zh—{:ceRd x—hZemz, ng =0,+1,£2,...}.

i=1

Denote
Oftu = 0Fu(t,z) = h™'(ult, z + he;) — u(t, z))
and |
O u = 0] u(t,z) = h™ (ult, z) — ult, r — he;)),

the forward and backward discrete differences in space, reSpecti\fely. Define the

discrete operator
Ly(t,z) = a¥(t,2)0; 8] + b'(t,2)3f + ¢ (1, z).
We consider the discrete problem
Lpu—w+ fr=0in Q(R), u(0,z)=gu(z) in Z, (4.3)

where Q(h) = [0,7] x Z{, with T’ a number such that 7€ (0,00} and f; and gh
are functions such that f, : Q(h) > R and gs : Zf = R.

We introduce the discrete Sobolev spaces.

Consider functions v : Z 4 _, R. For all functions v,w: ZE > R, we define the

inner product

(v, w)pe = Z v(z)w(z)hd.

zezf
.The function space {*? is defined by
| | P2 ={v:Z8 5 R: |v|pe < oo},
where the |v02 is the norm induced by the inner product

oo = (v,0)H2 = (3 Jua)PRAY2.

IEZd
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Remark 4.2.1. It is trivial to check that { , ) and | |p2 as defined above are,
respectively, a inner product and a norm. The triangle inequality for the norm.is

proved using Cauchy-Schwarz inequality.

Next we will show that [%2 is a Hilbert space.

lmZ

Proposition 4.2.2. The function space 18 a Hilbert space.

Proof To prove that {°? is a Hilbert space we have to prove that the inner
product space {%2 is complete, i.e., that any Cauchy sequence in %2 is convergent
in the space norm.

Let (v,) be a Cauchy sequence in {%?. That is, Ve > 0 3N such that for
m,n >N |

[vm = vl = (Z [om () — va(z)|*R)? < €. (4.4)
zEZﬁ :
Then, for every z € Z¢ we have

lum(z) — va(z)2h¢ < €2, for m,n > N. (4.5)

Let us fix £ = zo. From (4.5) we see that (vi(xo), va(o), ...) is a Cauchy
sequence of real numbers, therefore convergent, say v, (zo) — v{zo). Using these
limits we define v = v(z), for each z € ZJ.

Let B be a ball in Z¢. From (4.4) we have, for m,n > N

> [vm(x) — va(z)*h? < €2,
€D
Letting n — oo, we have for m > N
Z lom(2) — v(z) 2R < &2
TeR
Letting now the diameter of B go to oo, we have for m > N

> |vm z)|*h¢ < €2 (4.6)

mEZd

which shows that v, — v € [%2.

As v, € 192, it follows, owing to Minkowski inequality for sums, that
V= Uy + (v —vy) €192

Finally, (4.6) also implies that v,, = v and the result is proved. [J
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For functions v : Z¢ — R we introduce also the function space

=1

{’U Zh — R |’U|;12 < OO} with |U|112 = |U1102 +Z |8 ’U|lo 2. .
Let us endow this space with the inner product

d
(’U, w)ll'z = (’U,‘w);o,z + E(aj_va a:-w)lo'%

=1
where v, w are any functions in [»2.

The space {? has a good structure.
Proposition 4.2.3.. The function space 12 is a Hilbert space.

Proof The proof follows the same steps as for Proposition 4.2.2. [J

We note that as {%? is a Hilbert space therefore it is reflexive. Next we will

prove that [1? is separable.

ll’2

Proposition 4.2.4. The function space is separable.

Proof We have to prove that I? has a countable subset dense in %2

Let us consider the set S = BU{x+ he; 1z € B, i = 1,2,...,d}, with B a
ball in Z¢. Consider the set ! of all functions w(z) € {»? taking rational values if
z € S and vanishing outside S. This set ! of functions is countable.

Let v be an arbitrary function in /. Let z € §. For any given € > 0, we can

choose w such that
S lv(z) - w(@) hd+2 313! o) — wle) P

= lv(z) —w 2hd+22|h (z + hez) w(z + he;) = (v(z) —w(2)))*A*

=1l =z

st(as) - w(:c)|2hd+_2 > vz + hey) — w(z + hey) Ph?
+Z Z—Hfu (z)[2h%2

. | :
€

<. ' 47
2 | (47)
Also, as |v)z is a convergent series, for any given £ > 0 we can choose the

diameter of B such that, for z outside S we have

Z\U 2hf‘+22|3+ th < % (48)
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From (4.7) and (4.8) we have
v —wlpe <,

and the result is proved. U

We now show that {12 is continuously and densely embeddable in %%, The

continuity follows immediately from
|u|pz < |v|pe, forall we 2

For the denseness, we have the following result:

L2 10.2

Proposition 4.2.5. The function space is densely embeddable in

Proof We want to prove that 712 = [%2. Let us take an arbitrary function
v € [%2. Let B be a ball in Z#. We consider the function w such that

B
w(z) = {'u(z), T E.
0, otherwise.

ll,2

This function belongs obviously to {»*. Furthermore, for any given £ > 0, we

have
|‘U - who,z <g,
if the diameter of B is chosen sufficiently large. The result is proved.
Finally, we consider the functions w : @(h) — R as functions of {0,7] with

values in R® such that, for all ¢ € [0,7), w(t) := {w(t,z) : = € Z}. For these
[**) an

functions, we consider the subspaces C([0,T);

1l

[\

(t,
92) and

)
L0, T); 1) = {w: [0, 7] = 1" 1 Jwlzs < oo},

with [w|2, = fo lw(t)3. d

We make some as_sumptlons over the data fj and g in (4.3).
Assumption 4.2.6. We assume

L fa € L2([0,T];1%%);

2. gn € 1°?

Remark 4.2.7. fi, € L*([0,T7;{"?) in Assumption 4.2.6 could be replaced for the

weaker assumption f, € L%([0,T]; ({%%)*}, where ({%2)* denotes the dual space of
e, |
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Remark 4.2.8. The boundedness of theldiscrete difference
8 = 8t (t,z) = h " (a¥(t, = + he;) — a¥ (¢, 7))
can be obtained ‘from (2) in Assﬁmption 4.1.13. In fact, as
07 a6, )] = A (07 (2 + hey) — @98, )| < | a7 + )],

for some 7 such that 0 < 7 < h, from the boundedness of (8/8z%) a” we have

the boundedness of 8;a”.
We define the generalized solution of problem (4.3).

Definition 4.2.9. We say that u € C([0, T];1%?) N L2([0, T}; I'?) is a generalized
solution of (4.3} if for all ¢t € [0, T]

We)e) = (one)+ [ (95707 0)
HH(5)7u(s) - 00 (5)3 ). )
| Hels)uls), 0) + (als), ) s,
holds for all ¢ € {12,

In the above definition, as in the rest of the present section, {, ) denotes the

inner product in %2,

We state next the existence and uniqueness of the solution for the discrete
problem, as a consequence of Theorem 4.1.3. It remains only to show that within

the discrete framework we constructed (1) — (2) in Assumption 4.1.1 hold.

Theorem 4.2.10. Under (1)—(2) in Assumption 4.1.18 and (1)—(2) in Assump-

tion 4.2.6, problem (4.8) admits a unique generalized solution on [0,T). Moreover .

0<t<T

T T
wp fu®fha+ [ WOBe dt < N (i + [ 1O ),
0 0

with N a constant not depending on h.
Proof Let Ly(s) : I'? — ({?)* and define for all ¢, € I'?

(Lu(sW, @) = — (@ ()37, 0 ) + (H(s)0F ¢ — 0 a” (5)0," ), ) + (c(s), ).
We will prO\Ire that L, satisfies the following properties:
L {Lu()%, )| < Kllpe - |@lua, Ve, €13, K constant;

2. {Lp(8), ¥} < K||ha — Alhe, Y €%, A >0, K constants.
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The first property follows immediately from (2) in Assumption 4.1.13 and

Cauchy-Schwarz inequality

(L (s )w,w)l =

AN

FAN

<

|—ZZa“ 6+¢6+@hd+22b“ a+¢<,ohd
—iZ@* g 3+w(phd+z (s)v @ |
KIZZ 079 8, | A +KZZ 07 | b
+KZ |w p|h

K Zja:who,z D107 plioa + K 3 [0 i [plioe

+K ||l
K|¢|£1,2|(p|£1,2.

In the above, the variable E Z# is omitted and Y, denotes the summation

over Z e

4

For the second property, with the same conventions, we have

(Lp(s), ) = —ZZa“ ()07 0F v % + ZZ (bi(s) — O a¥(s))0F v h?

Z
- Z D10 pPht 4+ 3 () — 07 a¥(s)07 1A

[A

(s)y o b

+ " le(s)w ¢lht
< AN jorglat 42k Y S (ot wlhd + Ky o |k

= =2 10} vlha +2K Y D 1070 bt + K| ha,

owing to (1) and (2) in Assumption 4.1.13. Applying the Cauchy’s inequality to

the second term of last expression, we obtain .

(La(s), ) < —,\Z |6 [%e + KZ 16 )%, + 2K 0[5z

= - Z 07 (%0 — A|w|m + KZ 107 %o + (2K + N[,

< “—)\|’9[)|11,2 + Kl’gl‘)ho,z,

with A > 0, K constants, and the second property is proved. Owing to Theorem
4.1.3 the result follows. [
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We prove that the partial derivatives are approximated by the discrete differ-

ences. N
[

Proposition 4.2.11. Let m be an integer strictly greater than d/2. Let u(t) €
TWmERZ y(t) € W2 for all t € [0,T]. Then there exists a constant N not
depending on h such that

1. Z 5 (t, ) a+ (t z)[2h* < RPN u(t)[2ymisa;
2 Z |vgins (t, @) — 8787 v(t, ) PR < REN|u(t) ffymssa,

for all t € [0,T), with z € Z¢ and 3, denoting the summation over Zj.

Proof Let us prove (1). By the mean-value theorem we have |

dFult,z) = hf‘l(u(t, z + he;) — u(t, :r:)) = ugi(t,z + Bhei)
and
Ugi (£, @) — O ult, 1) = ugs(t, 2) — ugi (b, + Ohe;) = By, (t, = + 0'hey),
for some 0 < &' < 8 < 1. We consider d-cells
Ry={(z",2% ..., 29 eR: 2l <z’ < +h i=1,2,....4d}

with o, = (z},22,...,2§) € Z¢ fixed.
For every z; € Zg we have
|umiri(t, Iy + B'hez-)| < sup |’U,Ii:ri(t, .’E)|,
TERy
and then

'uzi(t': xh) - 8;'11,(15, .Th,)|2 < h? sup |uw":|:" (tﬂm)lz' (49)
zERy

Let us consider the particular d-cell where A = 1 and z; = (0,0,...,0) and
“denote it R). We have

SUp |tgigi (f, T)| = SUP |Ugigi (2, Tp + hz)|. (4.10)
€ Ry zeR} .

Take open balls B, such that B, O R, with the vertices {z},z% + h, i =

1,2,...,d} on the boundary sphere. Denote BY the ball containing R}. We have
SUD |tgigi(t, zn + ho)2 < SUD |ugig (t, z + ha)|? (4.11)
. zeRy zeBY
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Taking in mind (1) in Proposition 4.1.11, by Theorem 4.1.12 for m > d/2 we

have

'sup |ttgigi(t, x5 + AT)|* < 'N Z / | Deu(t $h+hx)|2h2i°‘[d$

0
zeD) || <m+2

< N.Y f | D2u(t, zp + hz)|*dz

|| <m+2

=N > / |D2u(t, z)|*h~%dz. (4.12)

|| <m+2
Then, by (4.9), (4.10), (4.11) and (4.12), we finally obtain

Z |ugi (t, n) — O ult, zp)[2A% < NA? Z Z / |D2u(t, z)|*dz

x,EZF lol<m+2 gy, ez8 Br(en)

<NRT YY) fR h(Ih)|D§u(t,x)|2dac

le|<m+2 z,c28
< BN |u(t) [iymrza,

where By(z) = Bp, Ru(zr) = Ry, and the proof for (1) is complete. The proof
for (2) is similar. O |

Next we determine a rate of convergence.

Theorem 4.2.12. Denote u the solution of ({.2} in Theorem {.1.18 and uy the
solution of ({.3) in Theorem 4.2.10. Let m be an integer strictly greater than d/2
and assume that u € L¥([0,T]; W™32). Then

. T
sup mm~uum$ry/|wa~muwuﬂ
0<t<T 0 ,

. T T
<IN [ a0 Bymansdt 4 N(lg = gulos + [ 170) = o) )
0 0
for some constant N independent of h. -

Proof From (4.2) and (4.3),

dt _
(w—un)(0,2) = (g — gn)(z) in Zf.

We have that (f — fx) € L2([0,T];1%?) and (g—gx) € I*?, obviously. Also if
u € Wm+32 we have that (L — Ly )u € L2([0,T];!%*). Then, by Theorem 4.2.10,

{Lh(u—uh)—i(u—uh)—l—(L—Lh)u—l—(f—fh)=0 in Q(h)

sw|wnﬂmmh+f|wwﬂmmhﬁ

0<t<T

Nilg - mm+f|f fhmma+[|L La)u(t) s di).
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As

fOT l(L — Lh)u(t)lfu‘z dat

T 2
i d _ ; d _
= [ 10t ) gy = 350t ) + 0, ) g — 9l )
owing to Proposition 4.2.11 and to the hypothesis over the boundedness of the
coefficients, the result follows. [

Corollary 4.2.13. Denote u the solution of (4.2) in Theorem 4.1.18 and uy, the
solution of ({.8) in Theorem 4.2.10. Let m be an integer strictly greater than d/2
and assume that v € L2([0,T]; W™32). If there is a constant N independent of
h such that ' '

T T
|9 — galibe + f £ () = Ju(®)lia dt < RN (lgiiym + f |f (0)fym-r6t),
0 0

then

sup  [uu(t) — unlt) oo + [ fu(t) — un(t) 20 dt

0<t<T
T T

< h?N(f |w(t) |3y mrs 20t + |g|%ym,2+f | f(8)| % m—1.d1).
0 0

i

Proof The result follows immediately from Theorem 4.2.12. O

Let us compute now & rate of convergence in the special case of one space
dimension. For this special case a weaker smoothness is demanded from the

solution function .

Theorem 4.2.14. Denote u the solution of ({.2) in Theorem 4.1.18 and u, the
solution of (4.3) in Theorem 4.2.10. Letd = | and assume that u € L*([0,T]; W??).
Then

T
sup [ul®) — un(@)fas + [ Iult) = unlt) s
0<t<T ' 0

T T
< KN f () nadt + N(lg — gnloe + [ ) = fa®) o ),

for some constant N independent of h.
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Proof We have

dt

{Lh(u’—uh)—i(u—uh)+(LﬂLh)u+(f—fh)=o in [0,T] x Z
(u—us)(0,2) = (g — gn)(z) in Z.

We have that (f — fi) € L2([0,T);1%%) and (g — gx) € I°%, obviously. Also
" as u € W32 we have that (L — Ly)u € L*([0,T];{%%). Then, by Theorem 4.2.10,

T .
sup[u(t) - un(8)fbe + f (t) — un ()[R
0<t<T

<N (lg—ghlloz+f |£(£) = fult) |tozdt+‘[ (L — Lp)u(t)|3.: db).

As we are considering d = 1

- L'h)u(mgo.z i
f la(t,2) (55 -*6 o )ult, z) +b(t,a:)((% — 0 Yult, z)|bs dt.

Ay

Now, as -

Ot u(t,z) = K (ult,z + h) — ult,z)) f—uta:-l—hq)d

and
B ;
ot z) = b~ (ult, z) u(t,m—h)):/ 9wtz — he)ds
: 0 3:!:
and then
;.
80 ult,z) = a-f — u(t,z + hg)dg
0 3$
‘ Y7o 10
L5
= f f 3_ t ,Z + h(g — 8))dsdg,
we have

(-5-5-(9+)( z) = f -—utx)—aiu(t:c-l-hq))d

= /fqa 5 u(t, z + hgs)dsdg (4.13)
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and

2 - 0"yt |
f f ; u(t, $+h(q—s)))dsdq

—hf[/ q—s—-—utz+hv(q—s))dvdsdq | (4.14)

For the first-order term (4.13} we have, using Jensen’s inequality,

2 2
’(-(%ft?*) (t,z)| - < hzf / u(t,x + hgs)| dsdg
hq o2 : 2
; = hzf f u(t,z +v)| dudg
2
< f qdg f )| dv
< = —_
< Qfo 5 u(t,z + v) d,v
h z+h 82 2
= EL ngu(t, Z) dZ,
with v = hgs.
Finally we obtain
a 2
> (G5 —0ult, )| h < RNz,

zeZd
with N a constant independent of A.

For the second-order term (4.14) we have, also using .]ensen s inequality,

82

2

(o5 -0 0t ) <h2[[[|q—512 u(t,a + ho(q — )| dvdsdg
(g=3) ¢ ' 2
ff/ h — u(t,r + w)| dwdsdg
3 2
< ff|q—s|dsdqf (t:t:-l—w) dw
0

Shfo 3 u(t, T + w) d'w
z+h 3 2

< [
< hL 559 u(t, z)| dz,

with w = hu(g — s).

Finally, |
o’ ’ 2 2
Y |GGz — 979 u(t,2)| b < BN () yae,

ezt
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with N a constant independent of h. The result follows. O

Corollary 4.2.15. Denote u the solution of ({.2) in Theorem 4.1.18 and uy the
solution of (4.8) in Theorem 4.2.10. Let d =1, m a positive integer and assume
that w € L¥([0,T);W32). If there is a constant N independent of h such that

T T
9= anfhs+ [ 150) = (@ ot < PN el + [ 17 @ffpm-sadt)

then

T .
sup |u(t) — un(t)|Ba + f (t) — un (&) s dt
0<t<T 0

" oT T
< h,gN(f |u(t)i%;a,2dt + |g|%ym,2 + f |f(t)|%‘/m—l,2dt).
0 0

" Proof The result is an immediate consequence of Theorem 4.2.14. [

4.3 Numerical approximation: unbounded data
case

To be able to consider unbounded data, we set a new discrete framework, which
is still a particular case of the general framework presented in Section 4.1.

As before, we consider the discrete problem {4.3), discretized version of the
problem (4.2).

Consider functions v : Z¢ — R. We introduce the function space
9 r)={v: ZE =3 R: |o|pee) < oo},
where the norm |v|0.2(ry is defined by

folozey = (3 r2fo(@) PR 2.

xeZg

Define the inner product

(v, w)pziy = Z rlu(z)w(z)h?, Yo, w € [%%(r).

IEZﬁ

We introduce also the function space

P2 p)={v: ZE = R |ulpeg,, < oo},
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with

. d
|‘U|?1=2(r,p} = |U|?0’2(T) + E |p a:—v|l20'2(r).

i=1
We endow {1%(r, p) with the inner product

d
(v, w)ll'z(r).o) = (v, 'w)zo,z(,-) + Z(az-l-vs a?w);oﬂ(r),

=1

where v,w are any functions in {%?(r, p).
Finally, we consider the functions w : @Q(h) — R as functions of [0,7] with
values in R, defined by w(t) = {w(t,z) : £ € Z{}, for all ¢ € [0,T]. For these

functions, we consider the subspaces
C([0, T]; 1%%(r))
and

L2({0,T];1%(r, p)) = {w : [0, T} - 1M (r, p) * [wlzs < oo},

. ’T |
with |w|i: = fo |lw(t) t21'2(r=p) dt.

In the same way we have done for [%? and [, it could bo shown that {%*(r)
is a Hilbert space, {%?(r, p) is a reflexive and separable Banach space and that
1%2(r, p) is continuously and densely embeddable into I%2(r).

We make some assumptions over the data f, and g, in (4.3).

Assumption 4.3.1. Let r > 0 and p > 0 be smooth functions on R?. We assume
L. fn € L*([0, T} 1%%(r));
2. gn € 10’2(7‘).

‘Remark 4.3.2. The assumption f, € L2([0,T];[%%(r)) could be replaced for the

weaker assumption fy € L2([0,T); (I¥2(r, p))*), where (I%%(r, p))* denotes the dual
space of IV2(r, p). '

Remark 4.3.3. We can obtain |8;"a"| < Kp from (2) in Assumption 4.1.22. This

follows from
0F a¥ (¢, z)| = |[h™ (a7 (t, 3 + he;) — a? (¢, 7)) < I% a?(t,z + 7e;)|,
- for some 7 such that 0 <7 < h.

We define the generalized solution of problem (4.3).
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Definition 4.3.4. We say that u € C([0,T);{%%(r)) n L¥([0, T|; {*(r, p)) is a
generalized solution of (4 3) if for all £ € {0, T

@, 9) = (o) + [ (@ (9a1uls), o7 )
(bz( Bfu — 3} a¥(s)0 u(s), ¥)
+(e(s)uls), @) + (fals), ) }ds,
holds for o € [%2(r, p).

In the above, (, ) denotes the inner product in {*2(r). We keep this simplifi-
cation for the rest of the present section,

As in Section 4.2, we will'show that (1) — (2) in Assumption 4.1.1 hold within
this discrete framework and obt;&in a result on the existence and uniqueness of

the solution for the discrete problem.

Theorem 4.3.5. Under (1)—(2) in Assumption 4.1.22 and (1)—(2) in Assump-
tion 4.3.1, problem (4.3) has a unique generalized solution in [0,T]|. Moreover

T T
sup L“(t)h?m(r)"‘/o |u(t) [fag, ) < N (|gn) [y +/o | F(®) iy d2)s

0<t<T

 with N a constant not depending on h.

Proof Let Ly(s) : {'3(r, p) = ({V*(r, p))*. We define for all p, ¢ € IM3(r, p)
(Ln(8)%, @) := — (@(s)07 ¢, 0f ) + (V' (5)05 9 — 0F 0" ()74, ) + (c(s) b, ).
We will prove that L, satisfies the properties:

1. |(Lh(5)¢, (10>| < K|¢tl1=2(r,p) : |(P|51'2(r,p):' V‘P: 'l/) € 51,2(7..’ ,0)-; K constant;

2. (Lh(S)i,b, ¢> < K‘@[)hu,z(r)—M?j}hl,z(r,p), Yy € ll’z(?", p), A > 0, K constants.
The first property follows from (2) in Assumption 4.1.22 and Cauchy-Schwarz

inequality

(Ln(s)¥, ©)| = |”‘ZZ”"2 a'l( 3+¢3+90hd+22r2b“ ()07 b
' _ZIZ r?0; " ( 8+7,Dg0hd+2rc () @ B
KZZ r’|0*87 % 87 ¢l hd+KZZ r1pf g ol A
+KZ 2|4 | A

KZ!P(9+¢|¢02(TZ|PB Pl

+KZ |93{F¢|¢0!2(r) |[@lwairy + Kbl (@loee
:

[A

IA

AN

K|Ylnae,p - [@lneerg,
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where the variable z € Z¢ is omitted and 3__ denotes the summation over Z.

For the second property, with the same conventions, we have
(Ln(s), ) = — ZZrza*ﬁ(s)aﬁw o bt
+ZZT (b'(s) — 8Fa ()0 v o b + Zr% Yo b b
— er2|pa+¢|2hd +2K er p|(9+1,/) Wik
+KZT2|1/)| he

= A 108 Blagy +2K D D rPplof v plh? + K [$lpag,

[

owing to (1) and (2) in Assumption 4.1.22. ,
Applying the Cauchy’s inequality to the second term of last expression, we

obtain
(Lals),¥) < —AZ 100 P foz(r +KZ 1905 lhage + 2K g,
= —)\Z 10 Bl — )\W’ho 2(r) T KZLO‘? Plioqr)

(QK + )\)|’¢[)|lo,2(r)
< —AMlhag, + Klliag,),

with A > 0, K constants.
Owing to Theorem 4.1.3 the result follows. [

We prove that the discrete differences approximate the partial derivatives.

Proposition 4.3.6. Let 7 > 0 and p > 0 be functions on R? and m be an integer
strictly greater than d/2. Assume that (1)—(2) in Assumption 4.1.23 are satisfied.
Let u(t) € W™ (r, p), v(t) € W™2(r, p), for all t € [0, T). Then there ezists
a constant N not depending onh such that

15, r(@uas(t,2) - O ult, 2) ()Rt < BN U(®)ymsnagpy
8 S, (0 s (1,9) — B B (t, 2) P (@RS < AN 0(0) sy
for allt € [0,T), withz € Z} and ), denoting the summation over Z.
Proof Let us prove (1). We consider fhe d-cells Ry, R} and the balls By, and

B? as defined in the proof of Proposition 4.2.11. In the same way as in this proof
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we obtain the inequality

r2(zn) gt (ty ) — 8 ult, za) [*p* (@)

< h? sup 2z 4 ha)|ugigi (t, zn + hz)|*0* (24 + hz)
zeR]

< B2 sup r(zp + ha)|ugiqi (t, T + h3)|*0% (21 + AT).
.IEB?
Taking in mind (1) — (2) in Proposition 4.1.11, by Theorem 4.1.12 for m > d/2

we have

sup |r(zn + ha)ugizi(t, T4 + hz}p(zh + h)|*
zeB} '

<Ny f (D% (r(2n + h)uugegs (£, 20 + hir)pl(n + ha))Ph2dz, (4.15)
|M<m
with N a constant.
We note that

||
D (rugaip)) = |y (};!) D(rp) Dl ugii|
. ' |8]=0

|exl 181

1> (i) O (i) DD oD, (416)

18|=0 I¢|=0

I

with |y] = la| — |8} and |n[ =18]—|(].

As, owing to Assumption 4.1.23,
P

|D.C7"| < KTP_lq and |D"p| < Kp1“|”|, K a constant,

we have

18]
Z (}?II) |DCTD”,0| < Km—ldpl—lnl — Krpl—(\CIHnl) — Kr'pl—lﬁl_ (4.17)
[¢|=0

Also, in an open ball, we have
|0t 1%.< Mp®, |8 =0,1,...,|a|, M aconstant (4.18)

By (4.16}, (4.17) and (4.18), we have

| |af

| Dy (Tumzmap)l < Nrpll| Z (IED Dlugizi| < Nrp®| Z Dlugizi|,  (4.19)
18|=0 1]=0

‘with |y| = |a| —|#]| and N a constant.
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Then, by (4.15) and (4.19),

sup [r(zn + ho)ugigs (8, oh + ha)p(an + ha) [
zeBY)

[

<N f (zh + hz)ip!™ (x4 + h2) Z | DYty (t, zh + haz) [*h?ldz

la|<m |8]=0

<N ) r(zs + ha)|p (% + hz) D2u(t, o, + hz)|*hHde

a
laj<m+2” 81

< N Z f (zn + hx)]p'“'(:zh + hz)D%u(t, zp, + hx)j*ds

|| <m+2

<N [ ) 0 D, P

Finally,

S (@) fuai(t,2) — 6 ult, ) 2o (2)h

a:EZd'

<NRE DY f (z)|p'* (x) D2ul(t, x)lgd:rr

|al<m+2 meZd

< NA? Z Z/ |p1 () D2u(t, 7)|*dz )

|| <m+2 :cGZd
< h®Nuft )|Wm+212(r,p)’

and the proof for (1) is complete. The proof for (2) is similar. O

Next we determine a rate of convergence.

Theorem 4.3.7. Assume that (1)—(2) in Assumption 4.1.23 are satisfied. Let
m be an integer strictly greater than d/2 end denote u the solutz’o{z of (4-2) in
Theorem 4.1.26 and up, the solution of (4.3) in Theorem 4.3.5. Assume that
u € L2([0, T); W™t32(r, p)). Then

T
sup |u(t) — un(t) oz, "‘fo |u(t) — wn(B) |z dE

0<t<T
: T
< BN f ) Bymrsisgr e + N(1g = gl + [ ) = fa®) oy ),

with N a constant independent of h.

Proof From (4.2) and (4.3), we obtain
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{Lh(u — up) — %( —up) + (L= Lp)u+(f—fa) =0 in Q(h)
(v —up)(0,2) = (g — gn)(z) in ZL.

~ We have that (f — f») € L*([0,T];1%2%(r)) and (g — g») € I%%(r). Also if
u € WMt32(r p) we have that

(L — Lyp)u € L*([0,T); 1°%(r)).

Then, by Theorem 4.3.5,

T
sup - [u(t) — ua(t)[pagr) + /0 w(t) = un(t)lpag,p) @t

0<t<T

T T
< N(lg — galfay +/0 £(8) = Fa(t)iorgy dt "‘/0 (L~ Lp)u(t) [fozgy dt)-

/'KL—waﬂmmﬂﬁ

; _ i d
f la (t, x) “3 vk Bj)u(t,_:c) +_b (t,:n)(é—-—z — 0 )u(t, @)y dt,

owing to Proposition 4.3.6 and to the hypothesis over the coefficients, the result
follows. O

Corollary 4.3.8. Denote u the solution of ({.2) in Theorem 4.1.26 and uy the SQ"
lution of ({.8) in Theorem 4.3.5. Let the hypothesis of Theorem 4.3.7 be satisfied.
If there is a constant N independent of h such that

lg — 9h|502r)+f|f — fa(®)ldbagy dt < AN (|g|Wm2rp)+/|f Mirm-12(7,0) ),

then

T
sup_(u(t) = wn(D)lbay + [ 1u(0) = ()

0<t<T

T T .
< th(/{; |u(t)|%’l’m+3'2{r,p)dt + |g|%‘[’m’2('r,p) +/0 |f(t)‘%1’m‘1'2(r,p)dt)'

Proof The result is an immediate consequence of Theorem 4.3.7. O
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Chapter 5

Evolution equations in abstract
spaces: time discretization

In Chapter 4, we studied the discretization in space of the second-order parabolic
PDE problem in Sobolev and weighted Sobolev half spaces. In the present chap-
ter, we will proceed to the discretization in time under a more general framework,
using both the implicit and the explicit schemes. The approximation of the solu-

tion of the parabolic PDE problem will be given as an example.

5.1 Numerical approximation under a general
framework

We consider the general framework we presented in Chapter 4 - Section 4.1,

Briefly, we consider the normal triple

Vs H=H"— V*,

with V a reflexive separable Banach space embedded continuously and densely
into a Hilbert space H with inner product (, ) and H* and V* the dual spaces of
H and V, respectively. The notation (, ) is used for the duality. H* is identified
with H, by the help of the inner product.

We still consider the problem

Lou® - 28 4 o =0, wo) =4, (5.1)

where L(t) and &/8t are linear operators from V to V* for every ¢t > 0,
f e L¥[0,T);V*), with T € (0,00), and g € H, and make the same set of

assumptions:
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Assumption 5.1.1. There exist constants A > 0, K, M, N, such that
1 (L(t)v,v) + Avlt < Klw|%, Vo eV and Ve €[0,T];
2. |L(t)v|y < M|vly, Yo €V and Vt e [0,T]:

3. [T|f(#)-dt <N and |glu <N.

Under Assumption 5.1.1, problem (5.1) has an unique weak solution
w e C([0,T); H)n L*([0,T]; V)

- on [0,T], as stated in Theorem 4.1.3.

Implicit scheme.
Take a number T € (0,00), a non-negative integer n such that 7'/n € (0,1] and
define the n-grid on [0, T]

T,={te[0,T]: t=ke, £=0,1,...,n}, - (5.2)

where ¢ ::‘T/n. Denote t; = ke for k=0,1,...,n.

For all z € V, we introduce the backward discrete difference in time
A_Z(tj+1) = 5_1(z(tj+1) — Z(tj)), _] = 0, l,...,n— 1.

Let L., f. be some time-discrete versions of L and f, respectively. Vz € V,
denote L. ;112 = Le(tjp)2, fejn = feltjn), 7=0,1,...,n—1.

- For each n > 1 fixed, we define v; = v(t;), 7 = 0,1,...,n, vectors in V
satisfying
AT =L + fegq for i=0,1,...,n -1, v=g. (5.3)

Problem (5.3) is a time-discrete version of problem (5.1).
Assumption 5.1.2. The operators L, and f, satisfy
L ALgjv,v) + AZ < K|l, Vv e T}, j=0,1,...,n—1
2. |Lejvlv- < Mlv|v, VVU eV, 7=0,1,...,n—1
where A, K and M are the constants in Assumption 5.1.1.
We have an existence and uniqueness result for the solution of problefn (5.3).

Theorem 5.1.3. Under Assumption 5.1.2,¥n € N I vg, vy, ..., v, in V satisfy-
ing (5.8).
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To prove this result, we consider a well known lemma even for a class of

non-linear operators (see Zeidler [48]).

Lemma 5.1.4. Let B : V — V* be a bounded linear operator. Assume 3A > 0
such that (Buv,v) > A|v|4, Yu € V. Then Buv = v* has a unigue solution v €V

for every given v* € V*,

We will prove now Theorem 5.1.3.
Proof From (5.3), we have (1 — e L. 1)v1 = g+ fene and (J — & Legqa)vigr =
v; + feit16, for i=0,1,...,n -1

We first check that the operators I — ¢ L, ;41, j =0,1,...,n — 1 satisfy the
hypothesis of Lemma 5.1.4. This operators are obviously bounded. We have to
show they satisfy: IA > 0 such that {(7 ¢ Lej+1)v,v) = Alv|s, Yo €V, j =
0,1,...,n— 1. We have |

(I =€ Lejr)v,v) = (Ju—e¢ Lo j410,0)
= [olf — e(Lejr1v,v)

> ol — eKloli +eAlly,

using Assumption 5.1.2. Then, with ¢ sufficiently small,

(I — € Lej)u,v) > eAlv]y,

and the hypothesis of Lemma 5.1.4 are satisfied.

Now, for v, we have (I — ¢ Ly )vy = g + fee. This equation has a unique
solution by Lemma 5.1.4. Suppose now that equation (I —e Le )i = vie1 + feu8 .
has a unique solution. Then equation (f — & Lgi41)Vip1 = v + feir1€ has also a

unique solution, again by Lemma 5.1.4. The result is proved by induction. O

Next result will be used to obtain the discrete version of Gronwall Lemma.

Lemma 5.1.5. Let a},al,...,a? be a finite sequence of numbers for every integer
‘n>1 such that
0<a} <+ C Z a?,

1<i<j—1
for all j = 1,2, ...,ﬁ, where C 1s a positive constant and ¢y > 0 is some real
number. Then
af <(C+1)"e,
foralli =1,2,...,n.
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Proof Let 8} := ¢ + Cz‘lgigj—l b, 7 =1,2,...,n. Then a} < 6} for all
7 > 1. Indeed for j =1 we have al < b} =¢o. Assume that af < b} for all
i <j. Then
Ma=c+C Y H2a+C )y a >ad,
1<i<y 1<'n‘.<_‘)
Whl(‘,h proves by induction -that a7 < b" for all j > 1. It is easy to see that
Wa—W =0, j=21, which gives

al, SH = (CHL = (CH+1)2 0 =...=(C+1Y 0= (C+1)Y e,
and the result is proved. U
Corollary 5.1.6. (Discrete Gronwall Lemma). Let af,al,...,a; be a finite

sequence of numbers for every integer n > 1 such that

0<al <af+K ) ale, (5.4)

1<i<s

holds for every j=1,2,...,n, with e := T/n and K a positive number such that
Ke=:q <1, with q a fired constant. Then

a < an Kq
for all integersn > 1 and j € {1,2,...,n}, where K, := —KIn(1 - q)/q.

Proof From (5.4), as Ke<lfor j=1,2,...,n we have

(1—K6)a <a0+K Z aaﬁajgl_aOKE — Z al.

1<i<j—-1 1<z<g -1

Applying Lemma 5.1.5 to the previous inequality with

ag ' Ke
= d ¢ =
“ 1 - Ke an 1 —-—Ke
© we obtain
Ke -t n al a?
n < 1 0 0 i 0
% = (1—K€+ ) 1-Ke (1-Ke) — (1—-Ke)"

and, noting that

(1= Ko = explnin(1 = Ke) = oxp (ke 2= D) < oy (2020,

the result is proved. [

We have an estimate for the solution of the discrete problem (5.3).
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Theorem 5.1.7. Let v.;, with j =0,1,...,n be the unique solulion of problem

(5.3). Let Assumption 5.1.2 be verified and assume the constant K in Assumption

5.1.1 satisfies: 2Ke < 1. Then there ezists ¢ constant N independent of € such

that

2 .
V*E),
f,.s).

1. $up,»; MAXogjcn [Veglly S N (|Uo|§r + N3 icjicn [ fes

2. SUDps: Yojen tealhe < N (Juolly + N Loy fe

Proof For i =0,1,...,7n — 1, we have

|'vs,i+1|%{ - |'Ue,i‘if =2 ('Us,i+1;'vs,i+1 - UE,i) - |U5,i+1 - Ue,il%{-

Summing up both members of equation (5.5) we obtain, for 7 =1,2,...

_ i-1 j-1
|Us,j|§{ = |Ue,0ﬁ{ + ZQ (Ve iat, Veyit1 = Vei) — Z |Ve it1 — Us,ilij’-
1=0 =0
Hence
j-1
|'”s,j|§r < |’U5,0|?{+Z 2 (Ve it1, Ve,it1 — Vi)
z:_[]l
= |Us,0|§{+z 2 (Veit1s Leip1Ve,i1€ + fein1€)-

i=0

As, by Cauchy’s inequality,

1
Ve ity feir1)e < Alveipa[ie + 'les,i+1 g,
with A > 0, owing to Assumption 5.1.2 we have .
-1 -1 1 i1
sl < lveolt + 2K [veiile = A oesnlie + " > | feirifiee.
i=0 i=0 i=0
Hence
1 .
sl + A S Jvealbe < lveolly +2K ) Jvealhie + 3 |feiline.  (5.6)
1<i<y ) 1<i<y Cl<igy
In particular
: 1
Vel < Jveoll + 25 D loealie + 5 D 1feiltes, (5.7)
o 1<i<j L<i<j
and, using Corollary 5.1.6,
, 1 ., :
|ve 3|7 < (|U8,0|?H' + 3 Z 1 fes %,*g) ettt (5.8)
l<i<y
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where K, is the constant defined in Corollary 5.1.6. We have proved (1).
From (5.6), (5.7) and (5.8) we obtain

1”5,}'12}{ + A Z 1”5#'%’5 < (|UE,0|%I Z ]fez‘V*g) e?Hal

1<i<j 1<z<3

and

Z I'UszlvE < (IUEQ|H+ — Z |f£z V’g) 2Kq
1<i<y

1<i<j

and (2) is prbved. 0

We now determine the rate of convergence for the scheme we constructed. Let
u = u(t), t € [0,T) with T € (0, 0), be the solution of problem (5.1), where u is

a weakly continuous function of ¢ with values in V.

Assumption 5.1.8. Let » be the unique solution of problem (5.1). There exist
a fixed number § € (0, 1] and a constant C such that

1 tiy1 5
! f u(tie) — u(s)lvds < Clel’,
ti

£
forall i =0,1,...,n—1.

Remark 5.1.9. Assume that u satisfies the following condition: "There exists a
fixed number & € (0,1} and a constant C' such that

lu(t) — uls)| < C|t — s|‘5, Vs, t € [0,T].”
Then Assumption 5.1.8 obviously holds.

Theorem 5.1.10. Let u(t) and v.;, j = 0,1,...,n, be the unique solutions of
(5.1) and (5.3), respectively. Let Assumptions 5.1.1, 5.1.2 and 5.1.8 be verified.
Assume the constant K in Assumption 5.1.1 satisfies: 2Ke < 1. Then there
exists a constant N independent of € such that |

1. maXg<jcn Ve, — ul(t i < N|5|26+NZ1<3<11 s | Lejult; .ﬂ d3|2 .

+N Zlgjgn % | fese — L f s)dsfi;
.
2. Zogjgn |ves — u(t;)fi e < N|5|25+N21§jgn ;1? |La,ju(tj)5—LJJ_%(S)“(tj)d-S'%/*

+N 21<j<n £ |fEJE - -{( )dS

V*
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Proof Define w(t;) := ve; — u(t;), i = 0,1,...,n. For i=0,1,...,n—1 we

have

wtin) —w(t) = Lejnw(tin)e+ feire — ultipn) +ults) + Leiniu(tivi)e
= Legnw(tin)e + o(tin),

denoting  @(ti11) i= feir1€ — ultinr) + u(t) + Legtru(tir)e.
We then have ‘

2Hwltisr), wltinr) — w(t) — [wtnr) — it

lw(ti)h — lw(t) 5

< 2w(tip), Legpw(tivn))e + 2(wltin), @(tin))
< =2Mw(ti)lie + 2K |w(t) e
+2[{w(tir1), (i )|, (5.9)

owing to Assumption 5.1.2.
Noting that ¢(t;11) can be written

mmn=£flwmmﬂn—mm@+wﬁﬁo+wmﬂx

where ¢1(ti11) = Leipultipi)e — ftiéHL(S)ﬁ(fiH)ds and @o(tiy1) == feip1e

[ 4f(s)ds, for the last term in (5.9) we have

tg

mmwmmmmmmwmmjwlwmmmémm@n

+2[{w(tiv1), ;91(t1'+1))| + 2{{w(tis1), w2 (tir ). (_5-10)

For the term 2[{(w(ti+1), ti‘“ L(s)(u(tiy1} —uls))ds)| in (5.10), we have

2 w(tens), ft " L) Wty n)—u(s))ds)|

1

szf”W@mﬂamemHn—MQM@

t

‘ tit1
gzMwwHow]' lu(tinr) — u(s)|vds

t;

<

o | >

|Mmm%+?f([fmmﬂwm@W$Y, (5.11)

with A > 0, using Assumption 5.1.1 and Cauchy’s inequality.
For the terms 2|{w(ti11), ¢1(ti1)}] and 2 (wltire), p2(tin1))] in (5.10), we
have

2 (5.12)

3
tinr)|ve + —lor(ti
lwitivi)lve + AE|‘101( +1)
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and

S

2 (5.13) -

3
2l wltir), paltirn))| < §|w(te’+1)|i°'ff+ )\—5|902(ti+1)

with A > 0, using Ca.ilchy’s. inequality.
From (5.10), (5.11), (5.12) and (5.13) we have

2Awtten)s ol < Ntz + S ([ luttns) - uls)vas)

1

3 .
S+ )\_EJ(P2(tz'+l)l%/" (5.14)

3 .
+)\_5|('01 (tit1)

Putting together estimates (5.9) and (5.14) and using Assumption 5.1.8, we

have
2 2 y 2 2 3M2 206-+1
lw(ti-)lg — [witd)lf < —Aw(t)|ve + 2K w(tiv)|5e + — l€]

3
Y+ 'Xg|¢2(ti+l)hz/*

3
+A—6|901(tz'+1)

Summing up, we have, for j =1,2,...,n,

g -1
E|26+1

- j-1
wt)h+ 2D lwtim)fpe < 2K |w(tia)l
i= ‘ =0 =

3 72 3 it
+= 3 lerltis) e + =D altisn) 3
AE pare AE —
Hence |

|H+)\2|w )oe < 2K2|w t)|%e + N le|®

1<i<y 1<i<y
t;
~y L |L“u f L(s)u(t:)ds[>.
1<1.<_1 ti—1

+NZ | feie — /f Yds|%, (5.15)

1<1<_’,‘

with N a constant.

In particular

w(t)y < 2K2 lw(t;)|%e + Nle|*

1<i<yj
t;
WY s L Lot / L(s)u(t)ds[-
1<z<_7 ti-1 :
t
+NZ |f“5— f(s)ds|?-,. (5.16)

1<'t<_',| ti-1
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" and, using Corollary 5.1.6,
()l < Ne?elig

ti
2K?TZ |L“u f L{s)u(t;)ds|?
t

VII
1<1<3 _ i—1
t
+Ne2KT - 2 | feae— | F(s)ds[E, (5.17)
1<z<_7 ti-y

with K, the constant defined in Corollary 5.1.6. We have proved (1).
From (5.15), (5.16) and (5.17) we obtain

|H+)‘ Z ‘,w IQE < N62K T|E]26

1<idy :
t
FNe2KT Z L L ult)e f L(s)u(t:)ds [
. 1<’t<j tioy
2KqT Z |f£ & — f( )dS %’*5
1(1,(_7 tizy

and

Z lw(t; f,a < £)\:r—ez-K"T[E|2'5

1<i<y

N aker i 1 ) 2
+:~e e Z - lLE’iu(ti)E_fzi_l L(s)y(ti)dsl .

1<i<4 ‘

N 1 b
ST S S [ soask,

1<i<s i1

and (2) is proved. [

Corollary 5.1.11. Let u(t) and v, j = 0,1,...,n, be the unique solutions
of (5.1) and (5.3), respectively. Assume the hypothesis of Theorem 5.1.10 are

verified. If there exists a constant N independent of € such that

1[4 | 1 4 , |
et =2 [ Lult)dsly-+1fuy=r [ FOdsffe < Nell, j=1,2,....m
t

=1 tj—1

then
1. maxogjen e — ults)ly < Nel®;

2. Zogjgn ve,; — ult;)[}e < Nle|*.
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Proof The result follows immediately from Theorem 5‘.1.10. O

We consider briefly the particular case where the operators L and f in problem

(65.1) are approximated in time respectively by

_ 1 [+ _ 1 fh+
Vz eV, L(tj1)z = Ef L(s)zds -and f.(t;41) := - f(s)ds,
tj R

tj

for y=0,1,...,n—1.
We denote

LE,j+1Z = Es(tj—l-l)za f_E,j+1 = .’Fti(tj+1)1 J = 01 11 Y 1.
We have now the particular time-discrete version of problem (5.1)
Aﬁlu’-'l-l-l = I_"E,i+lvi+1 + JFE,i+1 for i = 0, 1: RN (2 1) V=g (518)

with n > 1.
The following result holds:

b '

Lemma 5.1.12. Under Assumption 5.1.1 the operators L. and f. satisfy

1. {Lejpv, v) + A < Koly, YweV, 7=0,1,...,n—1,
2. |E5,j+1’U

where A\, K, M and N are the constants in Assumption 5.1.1.

v- < Muly, YweV, j=0,1,...,n-1,

L e<N,

Proof Vv eV, j=0,1,...,n— 1, we have

o . 1 ti41 1 ti+1 :
Lo o) = C [ Llopwds, v) = 2 [ {Elspo, s
4 4.

1 [ 2 2
< 2 [l - Aofpds
t; '

= K'”'%I - Al”l%ﬁ

using Assumption 5.1.1, and (1) is proved. For (2), Ve € V, y =0,1,...,n — 1,

we have

_' : 1 141 1 tiy1
Legear- =12 [ 2opudsly < 2 [ n(sholveds
£ Jy & Jy
1 [+
E Mv|yds = Mv|v,

£

[
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using again Assumption 5.1.1. For (3),

i

Zlfmllws—&— _ f(s)dsl?

(A

V:«E

n-l 1 fhi+ )
S [ e
j=0 £ Jy

: T
- [ F()Bds < N,

using Assumption 5.1.1 and Jensen’s inequality. The result is proved. {]

By the previous result we have that the operators L, and f., satisfy As-
sumption 5.1.2.

Next two results are corollaries of Theorems 5.1.7 and 5.1.10, respectively.

Corollary 5.1.13. Let v, ;, withj =0,1,....n be the unique solution of problem
(5.18). Let the hypothesis of Lemma 5.1.12, be verified and assume the constant
K in Assumption 5.1.1 satisfies: 2Ke < 1. Then there ezists a constant N
independent of £ such that '

1. Sup,>; MaXocj<n |Ve |5 < Nlugly;
2. Supgs) Zogjgn |ve e < Nluolfy

Proof The result is an immediate consequence of Theorem 5.1.7. L]

Corollary 5.1.14. Let u(t) and ve;, j = 0,1,...,n, be the unique solutions of
(5.1) and (5.18) respectively. Let Assumption 5.1.8 and the hypothesis of Lemma
5.1.12 be verified. Assume the constant K in Assumption 5.1.1 satisfies: 2Ke < 1.
-Then there ezists a constant N independent of £ such that

1. maxpgjen |vej — ulty)iy < Nel?;
2. Zogjgn |ve,; — () ve< Ne[*.

Proof The result follows immediately from Theorem 5.1.10. O

Explicit scheme.

We consider a partlcula,r case of problem (5. 1)

Lyt~ 20 4 fy =0, w(0) = g1 (5.19)

in the spaces V,, and Hy, space-discrete versions of V and H, and with Lp(t),

fn(t) and g space-discrete versions of L(t), f(t) and g, respectively.
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For the discretization, we consider the time-grid 7, as defined in (5.2). For
all z € V,, we introduce the forward discrete difference in time

A*z(t) = e (z(tin) — 2()), 7=0.1,...,n—L

Let L., fu. be some time-discrete versions of _Lh and f,, respectively and

denote
Vz € Vh, Lpejriz = th(tj+1-)2,, Tregir = Fc(tin), 7=0,1,...,n— 1L
For each n > 1 fixed, we consider the time-discrete version of (5.19),
ATvy; = Lpe;vi+ fres for i=0,1,...,n—1, vo=gs, (5.20)

with v; =(t;), 1 =0,1,. ...,n, vectors in V.
Problem (5.20) can be solved uniquely by recursion

i1 §-1
U; xgh+ZLhe,¢?)iE+the,,;E for j=1,...,n, vy=gn
i=0 =0 '

We make some assumpfions.
Assumption 5.1.15. The operators L., and fre satisty

1. (Lhe,jJr]_’U, ’U)h + /\lv‘%/h < K"Uﬁfh, YeelV, 7=0,1,...,n—1

2. |Lpejprvlyy < My, YveV, ij=01,...,n-1

where A\, K and M are the constants in Assumption 5.1.1.

We have a version of the discrete Gronwall Lemima:

Lemma 5.1.16. Let a},a},...,a" be o finite sequence of numbers for every

integer m > 1 such that
0<al<af+K Y afe, (5.21)

holds for every 7=0,1,...,n, withe := T/n and K a posttive number such that

Kz =:q <1, with q a fized constant. Then
a; < apefT,

for all integers n > 1 and j € {0,1,...,n}, where K, :== —KlIn(1 —gq)/q.
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Proof The result i is a consequence of Corollary 5.1.6.
‘From (5.21), for j =1,2,...,n, we have

(1+ Ke)a] (1+K6)aD+KZaE<(1+K€)"KT

1<y

owing to Corollary 5.1.6. The result follows. O

Assumption 5.1.17. There exists a constant C’h, dependent of the space-step
h, such that |w|g, < Chlwly, Yw € Vi

We give an estimate for the solution of problem (5.20).

Theorem 5.1.18. Let vy, j, with § = 0,1,...,n be the unique solution of prob-
lem (5.20). Let Assumptions 5.1.15 and 5.1.17 be verified and A\, K, M, C,
the constants defined in Assumptions 5.1.1 and 5.1.17. Assume the constant K
satisfies: 2Ke < 1. If there ezists a number p such that M*Cjie < p < \ then

there ezist a constant N, independent of € and h, such that

e

1. sup,>, MaXo<j<n |'Uhs,j|?r1h <N (|9h@fﬁ + NZOSan-—l | fhe.i %/,;5):'
2. Suppy; ZOSan |'Uhs,j|%/h5 <N (lghﬁfﬁ + NZogjgn—1_ | fhe %/,;5)-
Proof For i =0,1,...,n -1 we have
[he it far, — Wneiiltr, = 2 (Vhes Vnesitt — Vheidn + [Vhe,itn ~ Uneilt, .  (5.22)
Summing up both members of equation (5.22} we obtain, forj =1,2,...,n,
' -1 i-1
|’Uhe,j|fqh = |'Uhs,0|%{h + Z 2{Uhe is Vheitl — Vhei)h + Z |Vhe,iv1 — 'Uhe,ilifh
i=0 i=0
il -1 -
= |'Uh.s,0|§{h+z 2(Une,is Lhe,iVhe,i + fhe,i)h5+2 | Le iVhe,i + fre il €
, i=0 C =0
i-1
= |vneolhy, + z 2{Vhe,is Le,iVne i)n €
i=0
i1 j-1 '
+> 2 (Ufm, Freiyn€+ P |LneiVhes + fresltn,e”
=0 i=0
ji-1
< |vheolh, + 2K Z |Vhe il o, € — 22 Z Vhe,il¥ €
i=0 =0

-1 .
et 3 L itne it Freil3 e, (5.23)
i=0

i
+)\Z|Uh” 31\-2|fne,z'
i=0
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with A > 0, using Assumption 5.1.15 and Ca,u‘chy’s inequality.
For the term S22 70 | Lpcithe + Jreilh,€? in inequality (5.23) we have

i1 j-1 i1
> | Lheivhei + Freilt€® = D |Lneivne ziHhE + 3 | Fhealh, 6
=0 i=0 i i==0

j-1
+2 Z(fhe,i; L iUneith g
i=0
i1
2 2 2
, Hh82+2|fh6,i|Hh5
=0

1 s 2 2 = : 2 2
+= 3 nealtn 1Y\ Dne vne il %
s i=0

[A

with g > 0, using Cauchy’s inequality. .
As, owing to Assumptions 5.1.15 and 5.1.17,

j—1 J—1 : j-1

2 2 2 2 22 2
. E .th,i'Uh.s,i|Hh5 < Oh": E |Lhe,ivhe,i v € < M*Cye E |'Uhs,z'|vh5:

i=0 T4=0 i=0

and
-1 -1
Z | Fheld, e < ngz |fha,i|%f,:‘57
i=0 i=0

then we have

-1 i-1
. Z]Lhe,évhs,i +‘fh5,i|Hh52 < (1+”)M20g52|vhe,i|%},€

=0
1 il
+ (1 + "J) Cﬁfz lfh.s,z‘
=0

Putting estimates (5.23) and (5.24) together,

%;;E. (5.24)

J
i—-1

|vh5=j|%[h < |’Uh5 O[Hh + QKZ |Uh€1]Hh5 + ((1 + ,U: M20h5 - Z |Uh.sz

1i=0

?.€. (5.25)

1 1 cam
2
-+ (X + (1 + ;) O,ﬁ) ; |fh5,i -~

If there is a constant p such that

M QOhs <p<A’
1mply1ng that, for p sufficiently small,

(14+u)M2Cle — XA < (1+p)p— A <0,
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then from (5.25) we can estimate

: el e
oneglly, + A= L+ 0P D vneillie < [onedll, + 2K ) [one,lie
. i=0 . i=0
J-1
+L Y | freilie, (5.26)
=0

where L := (uM? + A1+ ,u)p)/)\,_uM?
In particular,

j-1 j-1 :
e ls, S |vheolly, + 2K [neiline + LY fneilype,  (5:27)

i=0 1 0

and, using Lemma 5.1.16, we obtain

i—1
|UhEJ|H — (IthD +LZ|fh51|V*E) 2K T (528)

where K, is the constant defined in Lemma 5.1.16. We have proved (1).
From (5.26), (5.27) and (5.28) we obtain

Il S
(One iz, + (A= (14 p Z [vhe ilze < (L”hsol +L) |fha,i|¥/,:5) e,
‘ i=0

and (2} follows. O

We next determine a rate of convergence.

Theorem 5.1.19. Let up(t) and vy, withj = 0,1,...,n be the unigue solutions
of probfems. (5.19) and (5.20), respectively. Let Assumptions 5.1.8, 6.1.15 and
5.1.17 be verified and A, K, M, Cy the constants defined in Assumptions 5.1.1
and 5.1.17. Assume the constant K satisfies: 2Ke < 1. If there exists a number
p such that M?Cjie < p < X then there exist a constant N, independent of € and
h, such that : |

1. maxogj<n|vhe j—un(t) &, SN(elP+ 30520 HLnesultsle— 7+ Lals)u(t;)dsly,

000 L nee— f7 f)dsl}

V,;);

i

2.3 0o |vhei—unlt;)|3,e <N(|5126+Zn—01 i|th,ju(tj)5—ij+1Lh(5)U(tj)dS 2

Vi

+Z? 01 Hfhe,}f ftJH

).
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Proof Deﬁne w(t;) 1= Vpey — unlts), 1 =0,1,...,n. Fori= 0,-1,...,11 -1,

we have

w(tipr) —w(t) = Lucsw(t)e + freie — Un(tizr) + walts) + Lpg jun(ti)e
= Lpcgw(tde +ot),

denOting (P(ti) = fn"u:,'i6 - uh( t+1) + uh( ) + Lhamuh( )5

We have
lw(tip), — lw(tdly, = 2 (wts), wltisr) — wt))n + lw(ta) —w(ts) |y,
= .2 (w(ts), Lnesw(ti)e + @(t:))n
] Lne gw(t)e + ()1,
= 2 (w(ts), Lneqw(to))ne + 2 [(w(ts), o(t))al |
+|Lpe s (ts)e + p(t:) IHh (5.29)

For the first term in (5.29) we have
2 (w(ts), Liew(t)ns < —2\w(t)f,e + 2K w(t:)b,e, (5.30)

using Assumption 5.1.15.
Notmg that (t;) can be written

o(t) = [ (o)) — un(e))ds + 1 (1) + alt),

where ) (t;) := Lps ;u(ti)e — ft““Lh Yu(t;)ds and go(ti) = freae — [ f(s)ds,
for the second term in (5.29) we have

2 o] S 2w, [ L)) — (s
F2l(w(t), pultnl + 2w (), Nl (6.3)

For the term 2|{w ft‘“ Ly (8){up(t:) — upls))ds)y! in (5.31) we have

2\ (wit,), f " La(s) (unlts) — un(s))ds)al
<2 / U w(ts), In () un(ts) — un(8))halds

3

i1
<My, [ funlt) - un(s) s
t

i

A 3M? ([l ?
< glult )|Vh5+"g( |Uh(ti)—un(8)|vh45) , (5.32)
BA

with A > 0, using Assumption 5.1.1 and Cauchy’s inequality.
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For the terms 2|{w(t;), ¢, (;))a] and 2[{wl(t;), wg(t@))h| in (5.31) we have

: A
2(w(ts), erlthal < Flwltalve + |901( i)l (5.33)
and
2[{w(ts), walti)nl < §|w( )|vh5+)\ o2 () [y (5.34)
with A > 0, using Cauchy’s inequality.
From (5.31), (5.32), (5.33) and (5.34) we have -
IM? . tit1 2
2l {wits), o(t:)inl < Aw(t)[5, e+ e (f |U(tz‘)—'u(3)|vhd5)
t; .
5 ,
+o e iy + E|§02(ti)|€q- (5.35)

For tile last term in (5.29),
| Lpe s (2t )E-HP( )%, = | Lhe iw () 15,6 Heo () |77, +2{ Lae sw(t), 0(ti) ) ne. (5.36)
For the term |Lpesw(ts) 5, €* in (5.36),
| L qw(t:) 3, % < ChlLnesw(ts) :6” < M*Chelw(t:) [}, (5.37)

owing to Assumptions 5.1.15 and 5.1.17.
For the term lnp(t-)l?h in (5.36),

o), = f )~ un(8))dslh, + ()12, + oot
= ”Eh( )(un(t) — ua(s))ds, &r (6
+2( ft _tiEh(s)(uh(ti) _ un(s))ds, oa(t))n

+2(p1(t:) » w2(ti))n

tit1 2
M*C} (f |un(t:) — uh(S)|Vhd3)' + Chpr(t:)
t

3

[

%f,;* + C§|g02(ti)|f;;

tit1

2
1
+uMACy ( |un(t:) — “h(S)lvhdS) + ;Cﬂﬁol(ti) Ve

12

tit1

2
1
+—M20,%( |uh(ti)~uh(s)|vhds) + 1ot

ti

+uChlpr(t )V*+ Ch|902( )

tl-l-l 2
= (1 +p+ M) MzC'h ( lun(t:) — Uh(3)|Vhd3)
t :

(1 Y4 ‘u) Ch|('01(f;1) Ve + (1 +p+ #) Chlpa(t:)
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with g > 0, using Cauchy’s inequality and Assumptioné 3.1.1 and 5.1.17.

For the term 2{Ly.;w(t;), ¢(t:))ne in (5.36),

tit1

Q(Lha,iw(ti)a(P(ti)l)hE < 2|<Lhe,z’w(ti)5a/ Lp(sHualts) — un(s))ds)al

2L sw(te)e, (b))l + 2l Lnestwlte, ot

ti1

2
3
< EMCReluw(t)ly, e + = MCE ( /t [un(ts) ~ uh(s)m,ds)

v .3

+3 M Crelw(t:)l5,e + ~Chlen(t:)l;
v : 3

+3 M Chelw(ti)lt,e + ~Chlea(8:) 7

3
. 3 tit1 z
= vM*Cle|lw(t:}|3, e + ;Mch ( |un (t;) — uh(5)|Vhds)

t

3 3 '
+;C¢?|‘P1(ti) Ve + ;Om%(fz') e (5.39)

with v > 0, using Cauchy’s inequality and Assumptions 5.1.1, 5.1.15 and 5.1.17.
Form (5.36), (5.37), (5.38) and (5.39) we have
|Laesw(t)e+p(t)|h, < (1 +V)M20h5|w(tz)| VE
3 te+1 2
.+ (1 + i + + = M?2C ( lun(t;s) — uh(s)|vhds)
) Ch|901

Chlioa(ti |Vh : (5.40)

1 3
+l1+p+=4+=
noov

1 3
Fll+p+=+-=
pwoov

. Putting estimates (5.30), (5.35) and (5.40) together and owing to Assump-
tion 5.1.8,

wtin) = [w(t) % < 2K w(t) e + (L+ ) M2Cle — Nw(t) [, e

+M?2C? ((1 +p+ i + §) Cie + ;) |ej20+t
1+p+ -~ ! + Ch+— > |(p1(t-) 2.
7 e R

1.8V, 3 2
+((1+/~5+N+V>Ch A)Iw()
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Summing up, for.7=0,1,...,n, we have
jw( |H <2KZ|w W& + (1 +v)M?Cle — A Z|w G
2,2 1 3 24
+M°C 1+,u+u+ Chs+)\ |
1 3\ &1 )
((1+#+}u+ )Ch A);jwl(ti)vh

1 3\~ 1 2 :
+ | 1+,u,+M+ Cle + 3 ng(ti)w. (5.41)

=0

As we assume that there is a constant p such that M2C?2e < p < A, we have

that, for v sufficiently small,
1+ )M°Cle -2 <(1+v)p—- A <0

Then from (5.41) we can estimate

j-1
w(t)a, + (0 = 1+ v)p le e <2K Y |w(ts) e + Llel”
. =0

I 1 fit1
+L Zg'Lhe,iU(ti)c‘S —/; Li(s)u(t;)ds %/,;“

1

t:+1

+LZ |freie — [ F(s)dsfe,  (5.42)

where L := (3urM? + M(1 + p)v + plpv + 3))p)/Ap1/M2.
In particular

j_l tit1

ot gh<2KZ|w [Hh5+L|5|2‘5+LZ—|Lh“u() /Lh(s)u(ti)dsﬁq
ti

=0

g bt
+L Z glfhe,ir‘f - t.f(S)dS ?fhn
i=0 i

and, using Lemma 5.1.16,

i-1 tir1 .
|w(t;) |7, < Le*f|e[* + LGZKQTZ —|Lh€ u(ti)e /Lh(s)u(fi)ds Ve
i=0 t;

tH—l :

LT Z —| Freie — | [(s)dslie, (5.43)

with K, the constant defined in Corollary 5.1.6. Claim (1) is proved.
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From (5.42) and (5.43) we obtain
(6l + O = (1+v)p Dw e

J“l rliv1
< LezK T £ 26 _|_ LequT — th zu Lh tz dS 2 ®
[ i

=0
i1 1 tit1
+L62KQTZ;|fhE,iE - f(S)dS %/’:,
i=0 ti

and (2) follows. O

Corollary 5.1.20. Let uy(t) and vpe;, with 3 = 0,1,...,n be the unique so-
lutions of problems (5.19) and (5.20), respectively. Assume the hypothesis of
Theorem 5.1.19 are verified. If there exists a constant N independent of € such
that ‘

| 1 fhn 2 1 [l 2 2
| Le ju(t;) ~ g/ Ln(s)u(t;)dsly; + ey — 2 f(s)dsly,. < Nlel™,
L

7 t;

forj=0,1,...,n—1, then
1. maXg<j<n |'Uhs_7 - uh(t ) ?‘[h < N|E|26’.

Proof The result follows immediately from Theorem 5.1.19. 0

We consider now the case where the dperators L and f; in problem (5.19)

have the particular time-discretization, respectively

- 1 ft+ _ 1 [t
Vz € Vi, Lp(t;)z = E_/ Ly(s)zds and fr.(t;) := - fn(s)ds
t; ty
for 7=0,1,...,n—1,
Denote
Lhejz = Lue(t))z, fey = faclts)s §=0,1,...,n— 1.

We consider the particular time-discrete version of (5.19)
AVv; = Lpeivi+ frey for i=0,1,...,n -1, vg= g, (5.44)

with n > 1.

We have the following result:
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Lemma 5.1.21. Under Assumption 5.1.1, the operators Ly. and fi. satisfy
1. (Lhejv, v+ Al < K|ulg, YweV, j=0,1,...,n-1,

2. |Eha,jUV;SMlU|Vh; V’UEVh, j=0,1,...,n—1,

1,7
3. E?:O lfhs,jl%’,:s < N>
where A\, K, M and N are the constants in Assumption 5.1.1.

Proof The operators Ly, and fr. coincide with the operators I, and f., replacing
L and f for L;, and fj, respectively, in the integral arguments. The result follows
then from Lemma 5.1.12. {]
We have then that the operators Ly and f, satisfy Assumption 5.1.15.
Next we present two results which are corollaries of Theorems 5.1.18 and
5.1.19, respectively.

Corollary 5.1.22. Let vy ;, withj=0,1,...,n be the unique solution of prob-
lem (5.44). Let the hypothesis of Lemma 5.1.21 and Assumption 5.1.17 be ver-
ified and A, K, M, Cy the constants defined in Assumptions 5.1.1 and 5.1.17.
Assume the constant K satisfies: 2Ke < 1. If there exists a number p such that
M?*C2e < p < X then there erist a constant N, independent of = and h, such
that '

1. Sup,s; MaXogj<n [Vhe il < N|gnlk,;

2. suanl 2 0<i<n |'”he,j|%/,,5 < N|9h|§{h-
<i< ,

Proof The result is an immediate consequence of Theorem 5.1.18. [J

Corollary 5.1.23. Let up(t) and wvp.;, with j = 0,1,...,n be the unique solu-
tions of problems (5.19) and (5.44), respectively. Let the hypothesis of Lemma
5.1.21 and Assumptions 5.1.8 and 5.1.17 be verified and A, K, M, C) the
constants defined in Assumptions 5.1.1 and 5.1.17. Assume the constant K
satisfies: 2Ke < 1. If there exists a number p such that M?C?% < p < X then

there exist a constant N, independent of ¢ and h, such that
1. maxogjcn [vhes — un(ty)h, < Nlel®;

8

2. Zogjgn |Vhe,; “h(tj”%'h g < Nlef?.

Proof The result follows from Theorem 5.1.19. [
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5.2 An exampleﬁ the second-order parabolic
PDE problem in weighted Sobolev spaces

In Section 4.3, we considered the following problem, discrete in space:

Lyw—uw+ fn =0 in Q(h), u(0,z) = ga(z) in Z, (5.45)
where Q(h) = [0,7T) x Z¢ (T > 0 a number and Z{ a h-grid on R¢) and Ly is the

discrete operator
Lu(t, z) = a” (t,2)0; 8] + V'(1,2)8} + ¢ (t, ),

with 87 and 83-‘t he forward ahd backward discrete differences in space, respec-
tively.

To handle unbounded data, we considered the spaces {»?(r) and {*(r, p} and
set a framework, discrete in space, which is a particular case of the general frame-
work we presented in Section 4.1 and recalled in Section 5.1.

Let

ATwvi1 = Lpe iy + freg for i=0,1,...,n—1, v5=gn
and
ATv; = Lpe v + frey for i=0,1,...,n—1, vg=gs

be, respectively, the implicit and explicit schemes, as set in Section 5.1, for the
‘time discretization of problem (5.45).

From the above, under the assumptions we made in Section 5.1, the results
we then obtained still hold.
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Chapter 6 |

Conclusion and further research

We studied the numerical approximation of the parabolic PDE multidimensional
problem for the geﬁeral case where the coefficients b and o of the underlying
stochastic equation are time and space-dependent.

With the approach of the problem. in weighted Sobolev spaces, we could con-
sider PDE with unbounded coefficients (with the corresponding coefficients b and
o in the stochastic equation growing linearly). This implies assuming that, in
the European option model, the underlying asset drift and volatility are bounded

functions, what does not seem to be a strong restriction for the financial ap-
plication. When the logarithmic transformation of the diffusion X;, considered -
in Chapter 2, is available, even the linear growth of drift and volatility can be
allowed. ‘ .
We make some remarks concerning the numerical schemes’ implementation.
" The parabolic problem arising from the stochastic mode‘lling is a Cauchy prob-
lem in half spaces. In Chapters 4 and 5 we produced numerical schemes for its
approximation in Sobolev and weighted Sobolev spaces. Nevertheless, when the
discretization in time is obtained with the implicit scheme, the problem localiza-
tion is needed for implementation purpose. The approximation of the localized -
problem in Sobolev spaces as well as the estimate of the corresponding localiza-

tion error were not considered in the present research.

We outline further research directions from t‘he present study:

— Approximation of the initial-boundary value problem in Sobolev spaces with

the localization error estimate.

— Implementation of the discrete schemes we have constructed and testing with
real financial data.

— Acceleration of the numerical schemes:
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— Using the Crank and Nicholson finite differences scheme;

— Applying the splitting—up.method, following Richardson’s idea to accel-

erate numerical schemes (see Gyongy et all {19] and [20]);

— Using other numerical methods, namely the finite elements method, and

more complex grids.

— Another direction is the direct approximation of the SDE by Monte Carlo

methods.

— Including the discrete dividend payment and transaction costs in the European

option modelling.

— Finally, extending the study to other types of financial options ‘with no early

exercise.
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Appendix A

Notation

Notation for matrices.
a = (a¥) denoteé the d x p matrix with (i, /)" element a¥.
a’ = transpose of the matrix a.

laf* = 2157;5[1, ISjSp(aij)z‘

Sometimes we use the notation a¥ for 37, ;s 1c5¢p @7
—_r="" —

Geomelric notation.

R _ d-dimensional. Euclidean space of points z = (z!,...,z%).
e; = (0,...,0,1,0,...,0) = :* standard coordinate vector.

(,4) = S, 29, [off = T, @), for all 5,y € R

U,V usually denote domains in R?, meaning open subsets of RZ.
oU = boundary of U,

U=UudlU = closure of U.

Br(zy) = the open ball in R? with center zg _and radius R.

R? = {(z';z%) : 2’ = (z',...,z%") € R*?, 2 > 0}, p. 31.

R*! = {(t,z): t € R, z € R4}, p. 29.

Rét! = {(f, r):t>0, z € R_d}, p. 32.

"R* = infinite dimensional Euclidean space of points z = (z!,z?,...).

@ usually denotes [0,7] x R? or [0,T] x U.
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0@ = the parabolic boundary of @, p. 32.

0,@ = the space-boundary of @ = [0,7T] x U, p. 32.
0,@ = the time-boundary of @ =[0,7} x U, p. 32.
T,, = the grid on [0, T}, p. 82.

Zg = the grid on R4, p. .63.

Z3+! = the grid on RYT, p. 37.

Q(h) = QN ZE, p. 37.

Q°(h) = the discrete "interior” of Q(h), p. 37.
0'Q(h) = the discrete boundary of Q(h), p. 37.

d.Q(h) = the discrete space-boundary of Q(h), p. 37.

3Q(h) = the discrete time-boundary of Q(h), p. 37.

Notation for functions.

Multi-index notation: A vector o = («,. .., ay) of non-negative integers a; =

0,1,2,... is called a multi-index of order |a|l = ay + ag + - + aq.
D¥=D{ .. D3¢ = D2 D2 = 0141 /5(gh)e - B(z?) .
DeDf = DeDP ... DPe.
DF={D%: |a| = k}.

vV =(8/8z',...,0/9z%).

1, el
The indicator function of E:  1g(z) = ? '
' 0, otherwise
. 1, z>0
The sign function: sign(z) = ¢ 0, =0
-1, z <0
If w:U — R, ut =max(u,0), v~ = —min(y,0), u=u" —u~, |u|=ut+u".

u: U — R is called Lipschitz continuous if |u(z) — u(y)| < K|z — y|, with K

a consta,ht, for all z,y € U.
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L, = the space-discrete operator, p. 63.

Ly = the discrete i)arabolic operator, p. 37.

0;" = the forward discrete difference operétor in space, p. 63.
07 = the backward discrete difference operator in space, p. 63.
At = the forward discrete difference operator in time, p. 92.

A~ = the backward discrete difference operator in time, p. 82.

Notation for function spaces.

The notation | | is used for the norm. Unless there is no risk of confusion, the
corresponding space is identified. For instance, the norm in L? is denoted
| |z2. The same applies to the inner product notation (, }. The notation
{, ) is used for the duality. '

Ck.(U), p. 29.
Ck(UY, p. 29.. |
Co®(U) ={u:U — R: u is infinitely differentiable}.
([0, 00)), p. 50.
Cee(U), p. 58.
C*+4(U), the Holder space, p. 29.

- CYH(Q), p. 30. |
CH QD ={u:Q — R: u, Dyu, D2u, uy € C(Q)}.
C18/2248((9), the parabolic Hélder space, p. 30.
UeCr (or dU € €"), p. 31. |
|ulor = [u]o.rr, P- 29
[k, P 29. .
|u|gu, P 29.

[u]g;U, p- 29,
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[t]kra.05 P- 29.

|U|k+$;0, the Holder norm, p. 29.

[wls/2,8,0, D 29.

|uls/2,80, P- 29.

: [U]1+6/2,2+6;Q, p. 30.

|t|115/2,2+8;0, the parabolic Holder norm, p. 30.

H denotes the Hilbert space.

H* = ’the dual space of H.

V =+ H denotes the embedding of space V' in space H.

Ll

{oc

(U), p. 58.

L*(U) denotes the set of all Lebesgue measurable functions u : U — R such
that |u|r2y = (f, |ul*dz)/? < o

C,, denotes the set of weakly continuous functions, p. 60.
- W™2(UJ) denotes a Sobolev space, p. 58. |
wm2 (7_", p) denotes a weighted Sobolev space, p. 61.
92,112 denote discrete Sobolev spaces, p. 63 and 65.
| 192(r), IY2(r, p) denote discrete weighted Sobolev spaces, p. 74.
(u,’U)-;o,a, p. 63. -
|ulbz, p. 63.
(u,v)pe, p. 65.
lul 2, p. 65.
(u, V)2, p- T4
|u|fu,2(r), p. 74.

(u, 'U)ll,Q(?-’p), P. 75.

lullzlvz(r,p)’ p- 75. - ‘ -
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p a.e. = the propriety p holds except for sets of measure zero.
Notation for stochastic processes.

(€, A, P) = the probability space, where Q is an abstract space, A is a ¢ —algebra
of &t and P is a probability measure on A.

(Xt)t>0 = a stochastic process, p. 5.

(Ft)i>0 = a filtration in A, p. 5.

(Wiis0, (Be)eso deﬁote a standard Brownian motion, p. 6.‘

(M;)¢>0 usually denotes a ma;tingale, p. 7.

E(X) = [ XdP, the expectation of X.

E(X|B), with B a g—algebra, denotes 1;he conditional expectation of X.
7 usually denotes a .stopping time, p. 6.

Xt s > t = the solution of a stochastic differential equation starting from
at time ¢, p. 15.

p ‘P a.s. = the propriety p holds except for P—null sets.

Notation for estimates.

We usually use the letters K, L, M, and N to denote a constant depending
explicitly on known quantities. In many cases during the computations, we
use the same letter even if the constant’s value changes from one step to

the next.
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Appei_ldix B

Usefiﬂ results

Basic inequalities.

Jensen’s inequality: Assume f:R — R is convex and U is open bounded subset
of R4 Let u:U — R be summable. Then

|U|f udz) |U|f flu

b
Cauchy’s inequality: ab < ~§- + 7 % beR.

o b2 ,
Cauchy’s inequality with e:  ab < ea® + = @ b>0,e>0.
€

Minkowski’s inequality for sums:

Zm+w| W < Zw 2 (S )
=1

with v, w; € R, Ei:l lv;? < oo, 3.2 |wil* < oo

Cauchy-Schwarz inequality:  |(z,v)| < |z||y|, =z,v € R%

: 2
Chebyshev’s inequality: P(|X|> k) < E(;Q( ) , X arandom variable, k£ > 0.

Convergence theorems for integrals.

Monotone Convergence Theorem: Assume the functions {fx}2, are measurable
with fy < fo <+ < fi < fis1 <+ Then

f lim fidx = hm fkda:
R

4 k—o00

Dominated Convergence Theorem: Assume the functions {f;}32, are integrable,
fx = f ae. and |fi| < g a.e., for some summable function g. Then

/ fudr — fdz.
Rd s JRRe
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