VARIATIONAL SOLUTIONS OF THE PRICING PIDES FOR EUROPEAN
OPTIONS IN LEVY MODELS

ERNST EBERLEIN AND KATHRIN GLAU

ABSTRACT. One of the fundamental problems in financial mathematics is to develop efficient
algorithms for pricing options in advanced models such as those driven by Lévy processes.
Essentially there are three approaches in use. These are Monte Carlo, Fourier transform and
PIDE based methods. We focus our attention here on the latter. There is a large arsenal
of numerical methods for efficiently solving parabolic equations that arise in this context.
Especially Galerkin and Galerkin inspired methods have an impressive potential. In order
to apply these methods, what is required is a formulation of the equation in the weak sense.

The contribution of this paper is therefore to analyze weak solutions of the Kolmogorov
backward equations which are related to prices of European options in (time-inhomogeneous)
Lévy models and to establish a precise link between the prices and the weak solutions of
these equations. The resulting relation is a Feynman—Kac representation of the solution as a
conditional expectation. Our special concern is to provide a framework that is able to cover
both, the common types of European options and a wide range of advanced models in which
these derivatives are priced.

An application to financial models requires in particular to admit pure jump processes
such as generalized hyperbolic processes as well as unbounded domains of the equation. In
order to deal at the same time with the typical payoffs which can arise, the weak formulation
of the equation is based on exponentially weighted Sobolev—Slobodeckii spaces. We provide
a number of examples of models that are covered by this general framework. Examples of
options for which such an analysis is required are calls, puts, digital and power options as
well as basket options.

1. INTRODUCTION

There is little doubt that Lévy models constitute a big step forward in more realistic mod-
eling in finance. Nevertheless there is a price to be paid for this progress. The gain in accuracy
comes along with a substantial increase in mathematical and computational sophistication.
Of course this phenomenon is observable allover in a technical world. Better products require
more advanced techniques. As far as the use of Lévy models is concerned one of the fun-
damental problems is the explicit computation of prices of derivatives. Those prices appear
as expectations under suitable martingale measures. In particular for calibration purposes
efficient algorithms to get the prices are crucial. During an iterative calibration procedure
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typically a large number of model prices has to be compared to observed market prices.
Essentially there are three approaches to compute the expectations: Monte Carlo simula-
tion, Fourier based valuation methods and the representation of prices as solutions of partial
integro-differential equations (PIDEs).

Monte Carlo simulation is a very powerful tool which usually works when other methods
are not available. Its disadvantage is that it is computer intensive and consequently time-
consuming and expensive. There is another more intrinsic problem when Monte Carlo simu-
lation is used in the case of processes with jumps. The most attractive processes with jumps in
financial modeling — such as generalized hyperbolic or CGMY processes — are processes with
infinite activity. Their paths have an infinite number of jumps in every finite time interval.
Such a behavior cannot be simulated. Therefore one usually neglects the very small jumps by
cutting out the infinite mass which the Lévy measure of these processes accumulates around
the origin. This way the Lévy measure becomes a finite measure. As a consequence the infinite
activity process is replaced by a compound Poisson process. An alternative method which is
in use consists in replacing the small jumps by an appropriately scaled Brownian motion. In
any case the simulated paths are then by construction approximations of the model paths
only.

The two remaining approaches, Fourier and PIDE-based methods, a priori look very dif-
ferent. To some degree they are employed by communities with a different mathematical
background. Whereas Fourier methods are mainly used by probabilists, the analytic or nu-
merical solution of PIDEs requires a background in analysis and numerics. References for the
numerical solution of PIDEs — on the level of models driven by Lévy processes — are Matache,
von Petersdorff and Schwab (2004), Matache, Schwab and Wihler (2005b), Matache, Nitsche
and Schwab (2005a) and Winter (2009). For a compact survey see Hilber, Reich, Schwab and
Winter (2009). Fourier based methods in finance started out with Carr and Madan (1999)
and Raible (2000) and were in subsequent years pushed forward to compute prices for a large
variety of options in equity, fixed income, foreign exchange and credit markets. For a recent
survey see Eberlein (2013).

What is used in these two approaches is Fourier transformation and discretization of the
resulting integrals on one and finite difference or finite element methods on the other side. As
different as these approaches look from the point of view of numerics, the mathematical tools
used to describe the solutions in an analytic way are rather similar if not the same. There is
in fact a formal bridge, which shows that the conditional expectation which represents the
price of an option is at the same time the solution of a partial integro-differential equation.
This is the Feynman—Kac formula. It represents a deep relation between a stochastic and a
deterministic quantity. The Feynman—Kac correspondence as a relation between conditional
expectations and partial differential equations has a long history. It was initially studied in the
case of diffusions and then pushed further to more general processes. It is one of the purposes
of this paper to study this correspondence in a framework which covers advanced financial
modeling approaches and at the same time large classes of derivatives which are priced in
these models. From the point of view of processes which drive the models we choose the class
of time-inhomogeneous Lévy processes, also called processes with independent increments and
absolutely continuous characteristics (PIIAC) in Jacod and Shiryaev (1987). This class which
generalizes Lévy processes turned out to be a natural choice in particular in the context of
interest rate modeling (see e.g. Eberlein, Jacod and Raible (2005) and Eberlein and Kluge
(2006)). One reason why one has to go beyond the class of Lévy processes in this context is
the use of forward martingale measures.
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The Feynman—Kac relation has also been investigated in the framework of viscosity solu-
tions. For a recent reference in this context see Cont and Voltchkova (2005) where PIDEs
related to Lévy driven models are studied. Nevertheless the notion of viscosity solution is
not the optimal choice if one looks for efficient numerical algorithms. With respect to well-
developed variational discretization procedures the relation has to be available for variational
solutions. Results for processes with jumps were proved already much earlier, see Bensoussan
and Lions (1982). However the application in financial models requires in particular to admit
pure jump processes such as generalized hyperbolic processes as well as unbounded domains.
Processes without diffusion part are not covered by the last mentioned reference. In order to
deal at the same time with the typical payoffs, the weak formulation of the equation is based
on weighted Sobolev—Slobodeckii spaces. By consequence, the results from Bensoussan and
Lions (1982) are not applicable.

PIDESs on unbounded domains arise very naturally in financial models since the domain is
identical to the range of values of the underlying stochastic process. For example in the case
of a European option whose payoff is written as a function of the logarithmic stock price in an
exponential Lévy model, this range is the whole real line. For completeness we mention that
studying bounded domains can be sufficient for specific types of exotic options. As an example
let us consider an option which has a positive payoff only as long as during its entire life the
underlying stock price stays inside the interval (Sge?, Spe?). The price of such a two-sided
barrier option corresponds to a PIDE on the bounded interval (a,b). In general a systematic
study of PIDEs for option prices should include — if not start with — unbounded domains. The
issue of unbounded domains is also important with regard to numerical procedures. Of course,
one possibility when solving the PIDE numerically is to start with a truncation of the domain
to a bounded one as described in e.g. Hilber, Reich, Schwab and Winter (2009). Then the
numerical procedure does not reflect the unboundedness of the domain. Recent developments
in numerical analysis and in computational finance show that specific Galerkin and Galerkin-
inspired methods — that rely on the formulation of the variational equation on an unbounded
domain — are an attractive alternative. We mention here the use of reduced basis methods
for pricing and calibration, see Cont, Lantos and Pironneau (2011) and an application of
adaptive wavelet Galerkin methods designed for unbounded domains, see Kestler and Urban
(2012). The advantage of the latter comes from the fact that during the numerical procedure
the truncated domain is chosen adaptively. The Feynman—Kac relation which is achieved in
Section 6 refers to weak solutions of the evolution problem in the appropriate generality.

The second important aspect which has to be taken into account in applications in finance
is the boundary or initial condition. The theory has to be developed in such a way that
the payoffs of standard options — which actually appear as initial conditions — are covered.
Let us mention that assuming polynomial boundedness of the payoff function, written as a
function of the logarithm of the stock price, eliminates standard options such as a plain vanilla
European calls, since the payoff is in this case exponential. More specifically it is of the form

h(z) = (Spe® —K)*.

Cont and Voltchkova (2005) assume in addition to polynomial boundedness Lipschitz-
continuity of the payoff written as a function of the stock price itself. This continuity assump-
tion eliminates digital options as well as any other product with discontinuous payoff which is
a frequent feature in structured products. As an example we mention the contingent premium
option which is one of the simplest structured products. In this case the buyer of the option
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pays no premium upfront but agrees to pay a predetermined premium if the option has any
value at expiration.

Although this article is devoted to pricing European options, the present framework is useful
in the context of pricing path dependent instruments such as barrier, lookback, or American
options. PDE methods allow efficient pricing for these options as well. The variational formu-
lation of the equation related to barrier options relies on Sobolev spaces restricted to functions
vanishing outside of a certain domain. For American options, one has to treat a variational
inequality instead of an equality. In both cases, the variational formulation is closely linked
to the European option pricing equation. Moreover, an efficient numerical algorithm imple-
mented for computing European option prices can be adapted to compute American, barrier
and lookback options, see Hilber, Reich, Schwab and Winter (2009) and Glau (2010).

Technically the key point in the following is to enforce sufficient integrability for the initial
condition. This is achieved by dampening the payoff, i.e. by multiplying it with an exponential
function. Dampening is also a major tool used in Fourier based methods (see e.g. Eberlein,
Glau and Papapantoleon (2010)) and allows one to include not only standard options like
calls and puts, but also many exotics. As simple as dampening by an exponential function is,
it requires to extend the existing theory on the solution of parabolic equations in the proper
way by introducing weighted spaces. Therefore after summarizing some basic properties of
the underlying stochastic processes in Section 2, we first define and study in Section 3 ex-
ponentially weighted Schwartz as well as exponentially weighted Sobolev—Slobodeckii spaces.
Pseudo-differential operators on these weighted spaces are discussed in Section 4. In Section 5
we prove the basic existence and uniqueness result for the solution of the parabolic equation
under appropriate assumptions on the symbol of the associated pseudo-differential operator.
Using Fourier transformation an explicit solution in the homogeneous case is derived in Sec-
tion 6. This explicit solution of the parabolic equation presents itself exactly in the form which
is well-known from the competing Fourier based approach to compute option prices which are
given as conditional expectations. The Feynman—Kac relation is an immediate consequence.
In order to illuminate the scope of this approach we discuss in Section 7 a number of examples
of processes and options. We conclude with a numerical example.

2. TIME-INHOMOGENEOUS LEVY PROCESSES, INFINITESIMAL GENERATOR AND SYMBOL

This section provides the basic notation and preliminary results on the symbol of time-
inhomogeneous Lévy processes. Lévy processes are adapted stochastic processes with cadlag
paths with stationary and independent increments. The wider class of time-inhomogeneous
Lévy processes, also called PITAC (process with independent increments and absolutely con-
tinuous characteristics), consists of those adapted stochastic processes with cadlag paths,
that have independent increments, compare Eberlein, Jacod and Raible (2005). This class
of processes is closely related to the class of additive processes, in particular, every time-
inhomogeneous Lévy process is an additive process, see Sato (1999) and Kluge (2005, Lemma
1.3).

An introduction to Lévy processes is provided in Sato (1999), Bertoin (1996), Kyprianou
(2006), and Applebaum (2009). Details on time-inhomogeneous Lévy processes can e.g. be
found in Kluge (2005).

Let (€, F, (F;)i>0, P) be a stochastic basis. The distribution of an R%-valued time-inhomo-
geneous Lévy process L is determined by the characteristic functions of the distributions of
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Lt for t > 0,
E e6Lt) — oo 0s(i6)ds (1)
where the cumulant function 6, for any fixed s > 0 equals
) 1 ) i )
0u(i€) =~ (6.:€) (€5 + [ (69 1= ite,hw)) Fu(aw) (2)
]Rd

for a truncation function h : R* — R. A bounded measurable function h : R¢ — R with
compact support is called a truncation function, if h(z) = x in a neighborhood of 0.

Here (-,-) denotes the Euclidean scalar product in R¢. Furthermore, for every s > 0, o
is a symmetric, positive semi-definite d x d-matrix, by € R%, and F, is a Lévy measure,
i.c. a Borel measure on R with [(|z[? A 1)F,(dz) < oo. The maps s — o5, s — by and
s+ [(Jz|* A1)Fs(dx) are Borel-measurable with

T

[ (b lodamaca + [ (e A D)) ds < o0

0 R4
for every T' > 0, where || - || ;1(axq) is @ norm on the vector space formed by the d x d-matrices.
For Lévy processes L, the identity (1) is the Lévy—Khintchine formula, and in this case the
quantities b, o, F' and 6 do not depend on s.

The canonical representation of the process is, according to Jacod and Shiryaev (1987,
Theorem I1.2.34), given by

L:/bsds—l—Lc—l—h*(u—y)—i— (z—h(z)) *p,
0
where L° denotes the continuous martingale part of L, p is the random measure of jumps of
the process L, and v is the predictable compensator of p. The integral process with respect to
1 is defined as (z—h(z)) *p(w) = fg Jra (z—h(z))w(w,ds,dz), moreover, h* (u—1v) denotes
the stochastic integral of h with respect to (u — v). It is defined as any purely discontinuous

local martingale M such that the jumps of M, AM, and ALIAr»o are indistinguishable.
The continuous martingale part L°¢ can be written in the form L¢ = fo 031,/ 2 dW; with a

standard Brownian motion W with values in R?, see Karatzas and Shreve (1991, Theorem
3.4.2). Choosing the truncation function h(x) := x1j;<1}(7), one obtains the more explicit
representation

L:/bst+/U;/2dW5+h*(u—V)+ZAL5]l{ALS>1}.
0 0 sst

In case L is a special semimartingale, we can choose h to be the identity, h(z) = x, which
leads to the more convenient representation

L= /bsds+/0;/2dWS+x*(uy)
0 0
with different coefficients bs, see Jacod and Shiryaev (1987, Corollary I1.2.38).
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Of special interest in the next sections is the infinitesimal generator G, of time-inhomo-
geneous Lévy processes L, that is

1 <& 0% d Oy
- = Jik _r
Gupla) = 5 ) ol gan @+ tg (@) (3)
Jik=1 7=1
d ap
+ [ (o) = ole) = Y- 52 @0(w);) F(dy)
Re j=1 """
for ¢ € C2(RY,R), compare e.g. Dynkin (1965).
We define A; := —G; for every t > 0. It turns out that A; can be written in the form
1 .
Au(z) = ) / e U8 A (&) F(u)(€)de  for all w € CF(RY,R).
R4
For short we write
A= FH(AF(u))  for all u € CF°(RR), (4)

where

A 1= 56 ) +ile.b) — [ (760 —Ltile hiw)) Fildy) .
Rd 5

= —0y(—i€) (€ eRY),

F denotes the Fourier transform and F~1 its inverse. It is standard to show that for each
t > 0 there exists a constant C; > 0 such that

|4(&)] < (1 + |¢])* for all € € RY. (6)

As a consequence, the Fourier inversion F~! in (4) is well defined. (4) shows that A; is
a so-called pseudo differential operator (PDO) with symbol A;. In analogy to the symbol
of a Lévy process, compare Jacob (2001), we call the family (A¢)ico,7) the symbol of the
time-inhomogeneous Lévy process.

We outline in the following remarks and lemmas some properties of the symbol of time-
inhomogeneous Lévy processes, where we focus on its analytic extension which allows to
interpret the operator A as a continuous linear operator between exponentially weighted
Sobolev—Slobodeckii spaces (see Section 4). In the sequel we restrict ourselves to a finite time
horizon [0, 7] and we will concentrate on an analytic extension of the symbol to the domain

U_y=U_yu % x U_pa, (7)

which is defined for n = (n',...,7n%) € R? by the strips U_,; := R — isgn(n’)[0, |’|) in the
complex plane for 7/ # 0. For n/ = 0 we define U_,; = Up := R. We denote by R, the
d-dimensional cuboid R, = sgn(n')[0, [n!|] x --- x sgn(n?)[0, |n?|].

The following lemma generalizes Lemma 25.17 (ii) and (iii) in Sato (1999) from Lévy
processes to time-inhomogeneous Lévy processes. In particular, we show that an analytic

extension of the symbol to the domain U_, exists, if a related exponential moment condition
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is satisfied. For z, w € €% we define

d
(z,w) := Z ZWj .
j=1

Note that this is not the Hermetian scalar product in C¢.

Lemma 2.1. Let € R

(a) Eelmlt) < oo for every 0 <t < T if and only if

T
™) Fy(dz)ds < 0o.

0 |z|>1
(b) If Eeinlt) < oo for every 0 <t < T, then

EelitmLe) — oy 0s(itn)ds _ o= fg As(=€+in)ds

for every t € [0,T] and & € R,
(¢) If Eel I < oo for every 0 <t < T and every f € R,, then the maps z — Ag(—2)
for every s > 0 as well as

5 F ezl — efg 0s(iz)ds _ o~ Jo As(—2)ds

. o
have a continuous extension to the domain U_,, which is analytic in the interior U _,.

Proof. Parts (a) and (b) are straightforward extensions of Theorem 25.17 in Sato (1999) as
shown more explicitly in Lemma 6 and formula (14) in Eberlein and Kluge (2006).

In order to prove (c), let v; be an arbitrary (compact) triangle, that lies inside the strip
Uy, = R+ isgn(n?)[0,|7]), and let w = (wy,...,wq) € C? for fixed wy, € U, for every

el ()
‘We shall derive

/At(w1, e W1, Wy, Wit -, wa) dwj = 0.

0v;j

Then, the analyticity of the mapping w; — Ai(wi,...,wj—1,wj,wjt1,...,wq) in the in-
terior of U,?j follows from the theorem of Morera. Since this is true for every coordinate
j €{1,...,d}, the analyticity of the map w — A(w) in U, follows.

Consider the symbol as given in (5). The mapping w; — %(w, Yw) +i(w, by) is analytic in
C. The same is true for the mapping w; (e*i<w’y> -1+ i(w, h(y))) An application of the
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theorem of Fubini and the lemma of Goursat yields

/ At(wl, sy, Wi—1, Wy, Wj41y - - ,’LUd) d’w]‘
975
1 : —ifw.y) :
= <§<w, Sw) + i(w, bt>) dw; — (e -1+ i(w, h(y))) Fy(dy) dw;
0vj 0v; R4
::-—/:/(e““w—l+i@uh@»>dwjﬂﬁm)
R 8v;

= 0.
To justify the use of Fubini’s theorem, we derive an upper bound of ‘ e~ W) 1 4 j(w, h(y)>)

in L'(F;(dy), R?) which does not depend on w;.
For |y| <1 we have

S d d
[, )23 < Sy < ( max fwl?) yf?

’ Ny 1 4w, h(y))‘ < 2 €dy
wj J

N =

with the positive constant ¢’ := supj,|<1 ., ean, eSSy For |y| > 1, and the choice h(y) =
y1}, <1 we have

%4@m—1+ﬂwhww _ Famw_wSJM4mm+1:gwmm+L

where we denote by R(w) (resp. S(w)) the vector of the real parts (resp. the imaginary parts)
of the components of the vector w € C%. By assumption J(w) belongs to R_,. This is also
the case for

o= (Swr), -, S(w)o1), max S(wy), S(wigr), -, S(wa))
’u}jGB’Y]‘
and for
v? = (%(w1)7 ceey %<U)j—1)7 w?éiar}ﬁ %(wj)7 %(wj-*'l)? T %(wd))'

It follows that
/ | o709 —1 i, h(y)) | Fi(dy) < / (") el 41) Fifdy) < o0

ly|>1 ly[>1

For every fixed choice of complex numbers wy, € Uink for k € {1,...,d} \ {j} and every fixed

y € RY, the mapping w; +— e *W¥ —1 4 i(w, h(y)) is continuous. Furthermore, the following
estimate is valid,

e 1w @) < 5 ( max [wl) Py )

2 wjeavj - (8)

which is an upper bound in L'(F}(dy), R?), from where the continuity of the mapping w
A(w) on U, follows. O

The next lemma collects further elementary properties of (A:(- — in)) AL
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Lemma 2.2. Let L be a PIIAC with characteristic triplet (b, o, Fy)iejo,r) and with symbol

(At)te[o,T}~ If
T

e~ %) Fy(dz) < oo for alln' € Ry,
0 |z|>1
then the following holds.
(a) For every n' € R, we have

A€ —in') = A(—in') + AE " (¢),

where AL is the symbol of a time-inhomogeneous Lévy process L™ which is given
by the characteristic triplet (b, ", o4, F, " )i>0 with

bt_”/ = b —om + / (e_W’z) —1) h(z)Fi(dz) and

F7"(dz) = e %) Fy(dz).
(b) For every n' € R, there is equivalence between
Ai(—in') =0 for all t € [0,T))

and the martingale property of the process (e_<’7/7Lt>) "
t>

(c) For every & € R we have

R(Ae — i) = Ad=inf) + 5 6.00€) = [ (contlen)) — 1) (a)
> Ay(—in').

Proof. The derivation of the decomposition (a) follows in a straightforward way, compare
Glau (2010, Satz I1.15), as does (c).
To show (b), we notice that

Ee L) — ofg bs(=1")ds _ o= [g As(~in')ds
and for s <t the equality
E (e—<n',Lt> | ;s) — o= Ls) o Le—Ls) — o—(n',Ls) o= [1 Au(=in') du

follows. Hence e~ L) is a martingale, if and only if A;(—in’) = 0 holds for every ¢ € [0,T]. O

3. EXPONENTIALLY WEIGHTED SOBOLEV—SLOBODECKII SPACES

We consider so-called weighted Sobolev—Slobodeckii spaces with weight functions of the
form z — e™*) with a vector n € R% We study only Sobolev-Slobodeckii spaces with
exponential weight functions and define these spaces analogously to the definition of Sobolev—
Slobodeckii spaces based on Fourier transformed functions in Wloka (1987). The main reason
besides the benefits of an appropriate access via the symbol is the result which will be given
in Theorem 3.4, that the dual space (H;(Rd)), of Hf,(]Rd) is isometrically isomorphic to the
space H, $(RY). This property of the Sobolev space is necessary for the interpretation in
Section 5 of the PDOs A; associated with the symbols A; as linear operators from the Hilbert
space H;?(Rd) to its dual space (HS(Rd))/.
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We denote by L%(Rd) the Hilbert space of complex-valued square integrable functions
LXRY) = {u € L, (RY) |z = u(z) e € L*(R)} (9)

with scalar product

<u,v>L% = /u(a:)v(a:) 2% 4z for all u, v E L%(Rd). (10)
Rd
The crucial step for a definition of the Sobolev spaces via Fourier transforms is based on
Parseval’s identity,

1 .
o) = [u@p@ide = s [a(@i@ . (1)
R4 R4
In order to derive the analogous identity for functions in the space L%(Rd), we denote
up(x) = u(x) e(ma)

(g—in) = [ ¢ u(a) el do = Fluy)(6) (12)

for functions u : R? — € with [ |u(z)|e™® dz < co. Let us further notice the equality

1 .

(1015 = Gz [ W(E—mi(E = imde. (13)

for functions u, v € L% (R%). This leads to the following characterization of the space L% (RY).

Remark 3.1. The space L?](]Rd) is isometrically isomorphic to the space
{u € Li,RY) | Fuy) € L*(RY)} .

Furthermore the space (L2 (R, (-, ) L2) is a separable Hilbert space. The space C3°(R%, C)
7 2 0

of complex functions with compact support which have derivatives of any order is a dense

subspace.

For a consistent definition of the Sobolev—Slobodeckii spaces with exponential weights, we
first define the analogue of the Schwartz space S(R?) and of the generalized functions.

Definition 3.2 (Exponentially weighted Schwartz space). For n € RY let
Sy(RY) == {u € COO(IRd,C)‘ | w|lm,y < oo for allm >0}
with

lellng = llpe™ [l
and we denote by S;(Rd) the dual space of Sy(R?).

For every integer m > 0 the norms || - ||, are defined as usual by
lpllm = sup sup (1+[a*)" |DPp(x)|,
|p|<m zeRd

compare e.g. (Rudin, 1973, Section 7.3). In the following remark, we define a Fourier transform
J, for functions in the weighted Schwartz space which is the analogue of the Fourier transform
JF on the Schwartz space.
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Remark 3.3. [Fourier transform with weights] The mappings
Fole) = e~ () F(gp el ) (p € Sn(IRd) resp. @ € L%(Rd))

and

.7:77_1(<p) = e () F1 ((p e{m) ) (p € Sn(]Rd) resp. @€ L%(Rd))

are continuous bijections, 7, : S(R%) — S, (RY) resp. F,, : L%(Rd) — L%(Rd).

It follows similarly that the transformation 7, : S%(Rd) — S;](Rd), defined by the Parseval

identity
Fo(u)(e) := 2m)%u(F, 1 (9)  (u€ Sp(RY), ¢ € Sy(RY))
resp.

1
(2
is continuous and bijective. The weighted Sobolev-Slobodeckii spaces for s € R and n € R
are defined via

u(p) = Fow)(Fy(@))  (u€ S(RY), ¢ € Sy(RY)) (14)

Hi(RY) == {u € Sj(RY) || ) F(u)] 5. < 00}

with the scalar product

<u7’U>H; = <f77(u)7f77(v)>ﬁﬁ = <e<777'> ‘Fn(u)vem’.) ‘FW(U»ﬁs (15)
where
(.01 = [ (T (1-+ €)™ de. (16)
For the scalar product of the weighted space, this entails
(o) = [ Falw)QFIE (1+ €D 29 de. (7)

The space of Fourier transforms of functions in H} (Rd) is given by
HiRY) := {Fy(u) | u € HIRY)}
with scalar product (-,-) .. Inserting the notation u, = wel™) and vy = el yields
n

(u, U>H$7 = <e<777~> ]'-n( >H5 = < Un (Un)>f15 = <“nvvn>H5 . (18)

In particular for n = 0 the weighted space Hg(R?) is the Sobolev—Slobodeckii space H*(R%)
as it is e.g. defined in Wloka (1987) and the norms coincide as well, [|ullms = [|ul|gs.

Theorem 3.4. The dual space (H;(]Rd))/ of Hg(IRd) is isometrically isomorphic to Hgs(Rd).

Proof. We argue similarly to Eskin (1981, p. 62-63). Let [ € (H;;(Rd))’. From the represen-
tation theorem of Riesz, we conclude the unique existence of a function v € Hp (R?) with
vl = HZH(Hﬁ(Rd))/, such that by equation (18) and (15)

1) =<w@@=/ﬁ+MWW@—mM@—mmf
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for every ¢ € H;(Rd). If we then define w := e~ F=1((1+ |- ) o(- — in)), we obtain

Julls. = [ (@+1) ™

2

F(e) w) (g)} d¢

R4
25| o . 2
= [aie)foce - inf ag
Rd
~ Il
and hence w € H;S(Rd) with ||wHH;5 = |lvllmy = HlH(Hg(]Rd))/. Hence | — w defines an

isometry from (Hg(]Rd))’ to the space H, $(RY). Since the Riesz mapping | ~— v and the
mapping defined by v — w := e~ ") ]:_1( (1 + |- —in|2)s (- — m)) are both bijective maps,
their composition defines the desired isomorphism. ]

4. SYMBOL AND PSEUDO-DIFFERENTIAL OPERATOR

Let A be a PDO with symbol A as in (5), i.e.
Au=F 1 AF(u)) for all u € S(RY)
with A : R? — C measurable and satisfying
|A(Q)| <c(1+1¢)"  forall £ € R

for an @ € R and a constant ¢ > 0. The latter estimate guarantees that the Fourier inversion
operator F~1 is well defined. In (Eskin, 1981, Lemma 4.4) it is shown that

| A ] s—a < c||ul|gs for all u € S(RY).

As a consequence, A has a unique extension to a continuous linear operator A : H*(R%) —
Hs—a(]Rd)‘

In this section we derive conditions on the symbol, that allow the interpretation of A as a
continuous linear operator

Az H(RY) — HE*(RY).

Let U_,, be given as in (7). We denote by S, (—n) the set of symbols A that have a continuous
extension A : U_, — C that is analytic in the interior of U_,, and further satisfies the
continuity condition

|A(2)| < Cp(1+1[2)*  (forall z € U_y). (19)
Note that as a consequence of the identity theorem for holomorphic functions, the extension
is unique on U_,,. By continuity, the extension is unique on the closure U_,,.

Let us observe that by definition of the Fourier transform J, and its inverse and by the
estimate (19), it is obvious that

U ]':77_1 (A( — z'n)}'n(u))

is a linear continuous mapping from H, 7?(IRd) to H;fo‘(]Rd). We prove the following consistency
result.
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Theorem 4.1. Let A be a PDO with symbol A € So(—n) (see (19)) for an index o € R and
a weight index n € RY. Then

Au=F 1 AF () = ]:77_1 (A( - in)fn(u)> for all u € C°(RY, C)
and there exists a constant c(n) > 0 with

| Al

HE () < c(n)HuHHﬁ(Rd) for all u € C°(RY, C).

Moreover, the operator A can be extended to a linear continuous operator A : HS(Rd) —
H;f}_a(IRd) in a unique way.

Proof. For u € C§°(R%, C) we have

Au(z) = F Y AF(w)(z) = @) / e e A(&)F(u)(€)dé  for all z € RY.
Rd

The map & + e~ &%) A(€)F(u)(€) is continuous on U_,, and holomorphic in the interior U _,,.
The continuity of A on U_, entails
|A(2)| < Cy(1+2])* forallzeU_,. (20)

/

Furthermore, for n' := (1}, ..., 7)) with n; € sen(n?)[0, |n7]], we obtain
e TR A —anya(g —in)| = eI A — inf)a(g — i)

< e MO0, (14 [€ — i) On

eltn’l
(1+1g = in'|
with a constant C'y for arbitrary IV € INg, if the support of the function « is inside of the
open ball with radius R € Ry, tr(u) C Br(0). This is a direct consequence of A € S,(—n)
and the Paley—Wiener—Schwartz theorem, compare Jacob (2001, Theorem 3.4.6).
Now define f(& — i) := e H€~"2) A(¢ — in/)a(¢ — i) for & € RY fixed, then for any
N > a+ d+ 1 this yields in particular

)N

1
(1+ € —an )N
with a constant C(z,7n, N, R) independent of { and 7’ for all ({ —in') € U_, and

|f(& —in')| < C,Cn e 10 Rl < Ca,n, N,R)(1+1¢)"" (21

f€—in") =0 for [{] — oo,

which shows assumption (i) of Lemma A.l. The integrability assumption (ii) in the same
lemma is obviously satisfied, hence we can apply the version of Cauchy’s theorem, that we
provide in Lemma A.1, from where we obtain

Aule) = g [ a0 ag

R4

Rd
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We then insert the definition of F;,, compare equation (12) and Remark 3.3 to obtain

1 .
Au(z) = e 1@ ) /el<§,z> A€ —in) &m0 =18 4 (¢ — in) de¢
Rd
—(n,x 1 —i(&,x+1 ;

= e o [ Al —in)F () de (22)

R4
Furthermore we show that the mapping £ — A(§ — in)Fp(u)(€) belongs to L} (Rd) where the
latter space is defined in an analogous way to (9). Using the definition of F, and (21) we get

JAC = F @Ol ey /yA — i) Fp () (6)] e dig
- /\A(ﬁ—in)\\ﬁ(f—m)‘df
Rd

< c(x,n,N,Po/( s

R4
< 0.

It follows from the last line in (22) that
Au(w) = Fy(AC =i Fyw) @),

In order to prove the continuity property, we choose u € C§°(R%, C), and inserting (17) we
estimate

H‘AUHHS o (Rd) — /‘]: .Au ’ (1+‘§|)2(5 @) (2(n.€) d¢
—/\A(f—in)ﬁfn(u)( J2(1+ Jg]) 27 e2n) g

S03(1+Inl)za/yfn(u)(g)f(H|5|)2862<n,s> dé
RY
= c(n)lullfs o) -

Since C§°(R%, C) is dense in the space Hp (R9) the operator has a unique continuous extension
A+ Hi(RY) — Hi=(R%), O

5. PARABOLIC EQUATION

In Glau (2011) a Sobolev index is introduced, and it is shown that the evolution problem
associated with a Lévy process with Sobolev index a has a unique weak solution in the
Sobolev—Slobodeckii space H*/2. In this section, we generalize the results obtained in Glau
(2011) to the case of weighted Sobolev-Slobodeckii spaces, and we examine R%-valued time-
inhomogeneous Lévy processes instead of genuine Lévy processes.

Let L be an R%valued PITAC with local characteristics (bs, os, I S) for s > 0. Let us consider
the following assumptions on the symbol A of the process as defined in (5).
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(A1) Assume for some fized time horizon T > 0 that

T
/ / e~ %) F (dz) ds < oo V' € R, .
0 |z|>1

(A2) There exists a constant C1 > 0 uniform in time, with

‘At(z)| <y (1 + \z\)a

for all z € U_,, and for all t € [0,T]. (Continuity condition)
(A3) There exist constants Cy > 0 and C3 > 0 uniform in time, such that for a certain
0<f<a«

R(Ai(2) = C2(1+ |2)* = C5(1 +|2])”
for all z € U_,, and for all t € [0,T]. (Garding condition)

The set U_,, = {z € C¥3(2) € —sgn(n?)[0, [n’]) for j = 1,...,d} was defined in (7).
Let us make the following remarks.

Remark 5.1. (i) For Lévy processes with Brownian part the conditions (A2) and (A3)
are valid for a = 2 and those n € R that satisfy assumption (Al). In particular the
Brownian motion (with drift) satisfies the assumptions for every n € R.

(ii) Conditions (A1)-(A3) are for example satisfied for CGMY-processes with parameters
C,G,M>0and Y €[1,2) witha =Y and n € (—M, G).

See also Section 7 where further examples are studied.

Remark 5.2. Conditions (A2) and (A3) are actually not necessary assumptions of Theorem
5.3 about the existence and uniqueness of the weak solution of the corresponding PIDE in
a weighted Sobolev—Slobodeckii space. We choose this set of assumptions, since usually the
symbol is well known for real arguments and it is hence convenient to extend the polynomial
growth conditions to the complex domain U_,. Moreover by Theorem 4.1, this approach allows
us to work in a unique framework for the PDO A associated with exponentially weighted
Sobolev—-Slobodeckii spaces H;;(]Rd) with different weights 7.

However, it is instead also possible to assume the growth conditions (A2) and (A3) only for
the function x — A;(x —in) where 7 is fixed. Instead of (A1) one would then have to assume

fOT flxl>1 e~ %) F (dz)ds < oo.
Under assumptions (A1) and (A2), we conclude from Theorem 4.1, that for every fixed

t € [0, 7] the operator A¢|ge(ra,c) : Ce°(R%, C) — C®(RY, C) associated with the symbol A,
has a unique linear and continuous extension

Ay HY2RY) — Hy**(RY)

with Ayu = }",7_1 (Ai(- —in)Fy(u)) for all u € H,?‘/Q(Rd). Since the Hilbert spaces HJQ/Q(IR‘Z)

and (Hg‘ / 2(IRd))/ are isomorphic, the operators A; can be identified with continuous linear
operators
/

Ay : HE2(RY) — <H;,’/2(]Rd)>
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Let us further define the family of bilinear forms a; by
a0, ) 1= (Aip) (¥) for , v € H2(RY) (23)
for every t € [0,T]. Inserting Parseval’s equality (11), we obtain for every ¢, ¢ € Hy / 2(IRd)

the equality

alp.t) = (21 (P (Auo), Fol) 3 ue

/ A€ — i) F(0)(€) Fy(9)(€) 29 dig
_ W / A€ — in)@(€ — in)ib(€ — in) de

for each t € [0, 7.

Theorem 5.3. Let L be an R-valued PITAC with local characteristics (bt,at,Ft) fort >0
and symbol A = (Ay)icpo,r) and associated pseudo differential operators (Ai)ejo,m- If the
assumptions (A1)-(A3) are satisfied, then the parabolic equation

ou+ Aju=f

u(0) = g,

with real-valued f € L*(0,T; H{Q/Q(Rd)) and real-valued initial condition g € L%(Rd) has a
unique weak solution u € W1 (O,T; Hg‘/Q(Rd), L%(Rd)), and the estimate

(24)

HuHWl OTH&/2(IRd),L%(]Rd)) S C(T)(”fHLQ(O,T;HW_&/Q(IRd)) + HgHL%(Rd))
with a constant C(T) > 0, only depending on T, is satisfied.
The space W (0, T; H?/Q(Rd), L%(Rd)) consists of those functions u € L? (0, T; H,(f/Q(IRd))
that have a derivative with respect to time Jyu in a distributional sense that belongs to the

space L? (O, T; ( CY/2(]Rd))/) For a Hilbert space H, the space L? (0 T; H) denotes the space

of functions w : [0,7] — H, that are weakly measurable and that satisfy fo u(®)? dt <
o0o. For the definition of weak measurability and for a detailed introduction of the space
W(0,T; H?(RY), L?(R%)) that relies on the Bochner integral, we refer to Wloka (1987).

Proof. To apply the classical result on existence and uniqueness of solutions of linear parabolic
equations in Hilbert spaces, see e.g. Wloka (1982, Satz 25.5, p. 381), it is at this point sufficient

to verify the Garding inequality of the bilinear form a : [0,T] x Hy /2 (RY) x Hy /2 (RY) — R
uniformly in ¢ € [0, 7. For ¢ € Hy, a/2 (R%), we conclude

ﬂ%(at(go go /?R At ‘]—' )‘262@’@ d¢.
From the Garding condition (A3) and an elementary calculation the Garding inequality
R(ai(p: ) 2 Collelars ey — Chlely ey

with constants Cy > 0 and C% > 0 follows uniformly in ¢ € [0, 7. O
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6. EXPLICIT SOLUTION OF THE FOURIER TRANSFORMED EQUATION
AND A FEYNMAN-KAC FORMULA

In Theorem 5.3, we showed the existence of a unique solution of the parabolic equation
(24) under (A1)-(A3) which are defined on page 15. We will now look for a more explicit
form of this solution in the homogeneous case f = 0. Since we are moreover interested in
a stochastic representation of the solution that usually corresponds to an evolution problem
with given terminal condition, we replace the operator A, in equation (24) with A4 p_;. Thus
we consider

ou+Ar_wu= 0
u(0) = g,

with real-valued initial condition g € L%(Rd). It will turn out that the weak solution has an
explicit Fourier transform. Furthermore it is smooth.

In order to derive the Fourier representation, let us notice that a function u that belongs
to the space W1 (0, T; Hg‘(IRd), L%(]Rd)) is a solution of the linear parabolic equation (25), if
and only if

(25)

F(Ou) + Fy(Ap_gu) =0 in L2(0,T; H*(R?)) (26)
and
Fy (L%—l}ﬁ)lu(t)) = F,(9)- (27)

It is a consequence of the continuity of the Fourier transform J, with respect to the L%—norm,
that equation (27) is equivalent to L%—limt 10 Fp(u(t)) = F,(g). Furthermore the equality
Fn(0¢u) = 0:F,(u) can be derived inserting the definition of the Bochner integral: For every

¢ € C3°((0,T)) the following chain of equalities for elements in the Hilbert space (Hy (]Rd))/
holds,

T

[ Foat) s - f(/ )6 ) - [ s

=~ [ A ) @) ds = [ (0.7 (w(s) (#1) ds.

From Theorem 4.1 we conclude
Fo(Aw) = A(- —in) Fy(v)  for all v € Hi(R?).

Altogether, we have u € W'(0,T; Hg‘/Q(Rd), L%(Rd)) is a solution of equation (25), iff 7, (u)

belongs to the space W' (0, T f[f; /2 (R9), L%(Rd)) and F;(u) solves the ordinary differential
equation (ODE)

O Fy(u) + Ar—i(- — in) Fy(u) =0
Fp(u)(t = 0) = Fy(g) -
Theorem 6.1. Assume (A1)-(A3). The function u € W' (0,T; H,?/Q(Rd),L%(]Rd)) is a weak
solution of equation (25), iff F,(u) € W(0,T; ﬁﬁ/Q(Rd), L%(Rd)) and the Fourier transform
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Fy(u) solves the ODE

OrFy (u(t)) (&) + Ar—o(§ — im) Fy(u(®))(€) =0 in (0,T) for a.e. £ € R (28)
]:n(u(t = 0)) =Fn(g).
The solution of (28) is given by
Fo(u(t)) (€)) = Fy(g)(€) ¢ e Astemim s (29)
and hence
u(t,z) = 6(2:;;) /e—i(&w—H’n) Folg)(€) e S, As(€—in) ds d¢ (30)
R4

is the weak solution of equation (25). If furthermore the mapping t — A(§ —in) is continuous
for every fized ¢ € RY, then we have u € C* ((O,T);HTT(IRd)) for every m € IN and hence

ue ! ((O,T), Cm(IRd)) for every m > 0 is the point wise solution of the equation (25).

As a direct consequence, under the additional assumption that g, € L', we obtain the
stochastic representation

uw(T —t,z) = E(g(LtT_t + 9:)) (31)
with LtT_t := Lp— L;. We use this notation since the process L" := (Lu+s *Lu)szo is a PIIAC
as well, and the local characteristics of L*, (bL",ol", FL"), with respect to the truncation

function h are given by (bu+5, Outss Fu+5).
To show equation (31), we fix ¢t and 7" and we set

Ule) i= B(a(Lh-o+ ) = e (e g, (I, +.).
then a short calculation based on Fubini’s theorem provides
FyU)(E) = o= F(U,)(6) = Fyg) B/ 77170 ) = Fy (g)om I Alemima

Let us notice that the real-valued initial function g results in a real-valued solution u of
the parabolic equation. This stems from the fact that A ¢ is real-valued, if ¢ € C§° (R%, R).
Let us mention that this property of a PDO A can be translated to symmetry properties of
the corresponding symbol, compare e.g. p. 206 in Glau (2010).

Remark 6.2. Theorem 6.1 illuminates the parallelism between Fourier and PIDE methods
for option pricing. The PIDE for a European option is interpreted as a pseudo differential
equation, then the Fourier transform is applied which results in an ordinary differential equa-
tion that can be solved explicitly. The solution leads to equation (30) which coincides with
the famous convolution formula for option prices, derived independently in Carr and Madan
(1999) and Raible (2000). See Eberlein, Glau and Papapantoleon (2010) for a derivation of
the formula under conditions similar to (A1)-(A3).

Proof of Theorem 6.1: Our previous arguments show the equivalence of equations (25) and
(28). Equations (29) and (30) are immediate consequences. Hence we are left to show that
the function u defined by equation (29) resp. (30) satisfies u € C* ((O,T),Hgl(lﬁd)) and
ue Ct((0,T),C™(RY)) for every m > 0.

An elementary calculation provides that the Garding inequality yields

R(As(E—in) > C1lg[*=Ca (s €(0,T), ¢ €RY).
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with a strictly positive constant C; and Cy > 0. Whence the inequality
o= Ji R(Au(E—in)) du < cg e (t8)ClEl” (32)

with a positive constant ¢z independent of s € [0, T7.
We derive successively for every ¢t € (0,7") and for every m > 0

(i) u(t) € H"(RY),

(i) Timg g Ju(t) — u(s)HH,;n(Rd) 0,
(iii) pu(t) = ]—“*1<AT_,5(~ — in) Fy (u(t) )) € H™(R?) and
(iv) Ty [Opu) — Osu(s >||Hm<Rd> 0

hence u € C! ((O,T),HZ]”(IRd)) for every m > 0. In view of the smoothness of the weight
function, we conclude from the Sobolev embedding theorem, compare e.g. Wloka (1982), that

the function u also belongs to the space C1((0,T),C™(R?)) for every m > 0.
Let us first estimate the norm of wu,

) gy = [ 10O+ fe)? 09 e
/|./T ‘ ‘e 2 [, As(g—in)ds ‘(1_1_ |£|)2me2<n7§> e
= / [ Fy(g) ()2 o 2Ir— RAEim ds 1y |g)2m 206) ¢

< [ 17, ()€ 08 O (14 ) g
for every t > 0 and every m > 0.

In order to derive (ii) we conclude

Jut) — () 3 e

g s |

:/ [Flg) () & 2reMAuleimd
R4

-0 (s—1t),

T—s
fT ~. Au(é—in) du 1’ 1+|€|)2m

which follows by dominated convergence if t > € > 0 or m = 0, since ‘ e — 27 Au(=in) du —1‘ —

0 for s — t and

T—s .
sup {e_ Jrod Au€—in) du —1‘ < const .
£ER4
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In order to derive the explicit expression for the Fourier transform of the time derivative
of u given in (iii) we consider

ut) —uls) :
H —s 7n (Ar—o( = in) Py (u(t))) HHZ,"(Rd) (33)
—fgf Au(-—in)du _ —f;ls Ay (-—in) du )
= || Fn(9) (e : t ; — Ar—(- —in)e” Jr-e AuC—in du
o Hyp (RY)
From the continuity of ¢t — A;(€ — in) for every fixed ¢ € R? we get
—Jr_y AulE—in)du _ o= [r_ Au(€—in)du ,
€ - Z — Ap_(E—in)e” J7—i Au(-—in) du for s — ¢t
for every fixed ¢ € R?. From inequality (32) and assumption (A2) it follows
[ Ara(- = imy e Fre Autmman | < Gy (14 Jg])? eI (34)

with a positive constant Cy. Because of the continuity of ¢ — A;(€ —in) for every fixed £ € R?
the mean-value theorem moreover yields together with inequality (32) and assumption (A2)

oty AuE—im)du _ o~ [ Au(§~in) du
’ t—s
with a constant C5 > 0. Hence by dominated convergence we get that the term (33) vanishes
for s — t for any t € (0,T"), which shows d,u(t) = ]-',I_l(AT_t(- —in)Fy(u(t))) € Hg"(]Rd) for
every m > 0.

The continuity of the time derivative as a function [¢,T] — ﬁg”(]Rd) i.e. assertion (iv)
follows in a similar way. O

< C5(1+ [¢])* emtA0)Calel (35)

7. EXAMPLES

We provide examples of options and (time-inhomogeneous) Lévy processes that satisfy the
assumptions (A1)—(A3).

7.1. Examples of payoff functions. We list some typical payoff functions g of options in
terms of the logarithmic stock price together with the weight n such that g belongs to the
weighted space L%(Rd) = {glz — g(z)e® € L*(R%)}. Notice that each of these payoffs
requires a damping factor n # 0.

First we consider options on a single stock i.e. d = 1.

— (Call). The payoff function of the call in logarithmic variables is given as g(z) =
(Soe” —K)" and g € LZ(R) for every n < —1.

— (Put). For the put option we have g(z) = (K —Spe*)" with g € L%(]R) for every n > 0.

— (Power option). The payoff function corresponding to a power call is g(z) = ((So e’ —
K)*)h for some constant h > 0. Here, g € L%(]R) for every n < —h.

— (Digital option). A digital or cash-or-nothing up and out option with level B has a

payoff function of the form g(x) = 1,<p with b := log(B/So). We have that g € L2(RR)
for every n > 0.
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— (Asset-or-nothing option). An asset-or-nothing down and out option with level B
is a binary option with a payoff function of the form g(x) = Spe* 1,5 with b :=
log(B/Sp). We have that g € L%(]R) for every n < —1.

— (European asset-or-nothing option). An asset-or-nothing down and out option with
level B on a call option has a payoff function of the form g(z) = (Spe* —K)T 1,
with b := log(B/Sy). We have that g € L%(R) for every n < —1.

We proceed with examples of options on several assets. We denote by S; = (S, ..., Std) the
vector of d different assets.

— (Basket option). A basket option (put) with strike K pays out (K - Z?:l aﬁ’%)+ at
maturity T, where a; denotes certain nonnegative weights. The corresponding payoff
function in logarithmic variables is g(x1,...,z4) = (K - Zle a;Sh % )Jr. We have
g € Ly(R?) for any n = (n1,...,n4) such that every component is positive, i.e. 7; > 0
for every j=1,....,d.

— (Worst-of call). The payoff function of a worst-of call is given as g(z1,...,zq) =
max (min (S& e, ..., Sdevd )—K, 0). Notice that g € L%(Rd) for every n = (n1,...,14)
with negative components and such that the sum over the components is smaller than
—1,ie.m; <0 forevery j=1,...,d and Z;-lzl n; < —1.

— (Best-of put). The payoff of a best-of put is of the form g(z1,...,z4) = max (K -

max (Sé et ..., Sg evd ),O) and g € Ln(Rd) for every n = (n1,...,7n4) with positive

components, i.e. n; > 0 for every j =1,...,d.

7.2. Examples of Lévy processes.

Example 7.1 (o positive definite). For Lévy processes with a Brownian part and a positive
definite covariance matrix o, the assumptions (A2) and (A3) with a = 2 are satisfied for
every choice of n € R? such that assumption (A1) is satisfied. In particular, for the Brownian
motion with or without drift the assumptions are satisfied for o« = 2 and every n € R,

In order to derive the Garding condition, we conclude by Lemma 2.2 (c)

. . 1 -
R(AG — i) = Al=in)) + 5 (6.06) — [ (cos((&.2)) = )P (do).
Since the integrand is nonpositive and o is positive definite we get
. . 1
R(AE —in)) = A(=inf) + Sal¢)*,

where o denotes the smallest eigenvalue of the matrix o. The Garding condition follows, since
|A(—in")| is bounded for all ' € R, by some constant only depending on 7 which can be
shown similarly to inequality (8) by summing up over all possible combinations of signs. The
continuity condition can be derived in a similar way.

Example 7.2 (GH-processes). Univariate GH-processes are real-valued Lévy processes with
parameters A € R, o/ > 0, 8 such that —a/ < 8 < o and § > 0. The assumptions (A1)—(A3)
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are satisfied with index a =1 for every n € R with
B—ad <n<p+d.

Let us briefly derive that statement. It is shown in Raible (2000, Appendix A.1) that
the characteristic function of the GH-distribution has an analytic extension for z € C to
the domain —a’ < B — 3(2) < . In particular this entails Fe " < oo and hence
f|z‘>1 e F(dx) < oo for —a/ < f—1n < . From Lemma 2.2 we obtain the following
representation of the symbol A of the GH-process

A€ —in) = A(—in) + b7 "€ + / (e7®* —1 —i¢a) e FH (d),

where b7 = p + [ (e™™ —1)zFFH (dz) and (p,0, FEM) are the local characteristics of the
GH-process with respect to the truncation function h(x) = x.

Moreover, the Lévy measure FEH has a Lebesgue density f¢, whose behavior around
the origin is explored in Raible (2000). The asymptotic behavior around the origin remains
unaffected when multiplying with the term e™"". Therefore the statement can be proven as in
the case n = 0 which is treated in Glau (2011).

CGMY processes can be discussed along the same lines. We now turn to a multivariate
example.

Example 7.3 (Multivariate NIG-process). Let L be an R%valued NIG-process, i.e.
Ly = (L4,...,LY) ~ NIGy(a, B, 5, 1, A),

with the following set of parameters: a,d > 0, and 3, € R% and a symmetric positive
definite matrix A € R%*9 such that a? > (8, AB). Then the characteristic function of L; in
u € R4 is given by

Eeiwln) —eXP< (u, ) +5(\/a2 (8, A8) = /o - <*B+w’A(ﬁ+w)>))’

where the square root of a complex number is uniquely specified by /z := /r el#/2 for
z=re"% with r > 0 and ¢ € [0, 27).

The assumptions (A1)-(A3) are satisfied for the index o = 1 for any € R? such that
a2 > <B - 77>A(6 - "7))

Let us sketch the derivation of this statement. For
z:=a% — (B —iu, A(B —iu)) (36)
=a? — (B, AB) + (u, Au) + (B, Au) + i{u, AB)
we obtain |z| > a? — (8, AB) — (u, Au) > 0 and hence
R(A(u)) = — dy/a2 — (B, AB) + sR(Vz)
—\/\z|+% —5v/a2 — (B,A8)

>5\/a2 (B, AB) + (u, Au) — 6+/a? — (B, Ap)
Z(s\/ min‘u|_5\/a2_ B7AB )

where Apin denotes the smallest Eigenvalue of the matrix A. Analogously, |A(u)| < C(1+ |ul|)
for a positive constant C' can be derived.
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To conclude, we notice that inserting «' := u — in in (36) is equivalent to replacing 5 by
B—=mn.
7.3. Examples of time-inhomogeneous Lévy processes. For time-inhomogeneous Lévy
processes we make the following assumptions on the local characteristics (bt, o, F})t>0.

Assumption 7.4.

sup {Jbil + ot s + [ (P A1) Fi(do)} < oo.
te[0,7)

Time-inhomogeneous Lévy processes with local characteristics (bt, o, Fy):>0 that have a
Brownian part with (0¢),c[o,7) being uniformly positive definite and that satisfy an appropriate
exponential moment condition, satisfy assumptions (A1)—(A3):

Example 7.5. Let L be a PITAC with symbol (A4¢)¢>0, PDO (A¢)i>0 and characteristic triplet
(bt, 0¢, Fy)1>0. If Assumption 7.4 is satisfied and

sup / ) Fy(dz) < oo forall ' e U_,,
te[o,T}| 1
x>

which is a stronger condition than assumption (A1), and if furthermore the family of matrices
(0¢)t>0 is uniformly positive definite in the following sense,

inf >o>0
i ol meaxay > a >0,

then A satisfies the continuity and Garding condition (A2) and (A3) with index o = 2.
In order to show this, we conclude from Lemma 2.2

A€ = in)| < [A=in)] + |77, + (€ one) |+ | [ (76 —1+ e o) £ )|

with b7 and F~" as in the lemma. Inserting Assumption 7.4 yields

: 1 i
A=in)] < sup ol + 3 loulBagaa P + | [ (7 <1+ (0, () B
t€[0,T] 2

< afn),
and together with

571 < ol o |+ [ e 09) 1] 1(o) Fin) < eal)
and

_ 1 _

(6,7, )] + 5], 0:6)| < sup b "IE] + sup [low]Fqqana €I
2 t€[0,T) te[0,T
we get the continuity condition
. . - 1 il . .
A€ = in)| < [A=in)] + 07,9 + g€ one) |+ | [ (76 <1+ dle. o) B

<c(n)(1+ €]+ 1€P)
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for some positive constants c1(7n), c2(n) and ¢(n). On the other hand we have
. . 1 _
R(A(E — in) = R(A(=in)) + 3 {602€) — [ (cos (&,2)) ~ 1) F; ()

> min ||oy||? 2 sup |Ay(—i
te[0,T] | tHM(dXd)’f‘ tE[O,T}‘ (=)

)

whence the Garding condition.

Example 7.6. A natural class of time-inhomogeneous Lévy processes is obtained through a
time-dependent transformation of the symbol of a given Lévy process:

Let L be an R%valued Lévy process and a special semimartingale with local characteristics
(b,c, F') w.r.t. the truncation function h(z) = x and with symbol A.

We define the process X as the time-inhomogeneous Lévy process whose symbol (A;¥);>0
is given by

AF(©) = A(er 1) (37)

for some measurable function f : [0,00) — R4 which is bounded away from zero and from
above on [0,7], i.e. there exist constants 0 < fi, f* such that f, < f(¢t) < f* for every
t € [0, T7]. For the sake of a simple notation we choose f to be constant after T',i.e. f(t) := f(T)
fort>1T.

Notice that the process X is well-defined and is a special semimartingale whose local
characteristics (b, ¢\, F/X);>0 w.r.t. h(z) = z are given by b;X = f(t)b, ¢;X = f(t)c and

FX(B) = /]lB(f(t):n)F(dx) for every B € B (R \ {0}).
R4
Assume that for the Lévy measure F' and symbol A of the Lévy process L, the assumptions
(A1)-(A3) are satisfied for a fixed index a € (0,2] and a certain n € R? Then, for the
time-inhomogeneous process X i.e. for (F;/X);>0 and (A7 );>0, the assumptions (A1)—(A3) are
satisfied for the same index « and for 7 :=n/f* = (nl/f*, e nd/f*).

Example 7.7 (Modified Sato processes). Sato processes are time-inhomogeneous Lévy pro-
cesses (Lt)¢>0 such that the random variable L; := X has a self-decomposable law and

Eleiwl0] = Bleitet X)), (38)

A probability measure p on R? is called self-decomposable, if for any b > 1 there exists a
measure p, on R? such that
ii(2) = (b~ 2)pu(2)-

It is shown in Corollary 15.11 in Sato (1999) that self-decomposable laws can be characterized
as infinitely divisible laws on R? whose Lévy measure F' has a Lebesgue density F(dz) =
%ﬂc‘)dm with a function k(z) > 0 that is increasing on (—o00,0) and decreasing on (0, 00).
In particular, Sato processes are a true subclass of the class of time-inhomogeneous Lévy
processes obtained by the specification (38) with arbitrary infinitely divisible random variables
X.

This is a construction similar to the previous example: Sato processes are obtained via
the transformation (37) with f(¢) := ¢7 for some positive exponent . However, such a time-
change is excluded in Example 7.6 by the boundedness condition. The reason is that the

related PIDE would degenerate at the final time point T i.e. for A since f(0) = 0 and hence
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Ap is constant. Such degenerations can cause severe problems both in the analysis of the
equations and in developing efficient algorithms. See e.g. Reichmann (2012) where a similar
type of degeneracy is studied.

Carr, Geman, Madan and Yor (2007) use Sato processes to model stock prices. These pro-
cesses provide a superior approach to fit a surface of observed option prices along strikes
and maturities if one has to consider a large scale of different maturities (for the specific
behaviour at long maturities see Eberlein and Madan (2011)). With just one additional pa-
rameter, the ~, one gains considerable accuracy also in comparison with stochastic volatility
models with many parameters. With the Sato process approach we observe a degeneration of
the symbol for small times that causes problems in the analysis and the numerical treatment
of the resulting PDEs. Therefore we suggest a modification of this approach by introducing
a time-inhomogeneous process X by its symbol (A;);>0 which we set

Ay(€) == A(Ef(1))

for a smooth function f : [0,00) — [1,00) that is monotonically increasing and behaves
asymptotically as ¢t7 for ¢ 1 co. As in Example 7.6, under the assumptions (A1)—(A3) on the
Lévy measure F' and symbol A of a Lévy process and special semimartingale L for a fixed
index o € (0,2] and a certain 7 € R? we obtain the following:

For the time-inhomogeneous process X i.e. for (F;X );>0 and (A;);>0, the assumptions (A1)~
(A3) are satisfied for the same index « € (0,2] and for 7 :=n/f* =n/f(T).

8. APPLICATION TO CALL PRICES

We consider a market of one stock driven by a PITAC process, i.e. S; = Spelt for any t > 0,
and a deterministic interest rate r; that is continuously compounding, i.e. the discount factor
is e~ Jorsds,

Let us price a call option with payoff G(Sr) = (St — K)™ at maturity. The logarithmic
price function is g(x) := G(Spe*) = (Spe® —K)™. For any n < —1 we have g € L%(IR).

Furthermore let us be given the driving process L in the stock price model, S; = Sye®t
as a PITAC with local characteristics (bt, ¢t, F)¢>0 with respect to a truncation function h
under a risk-neutral measure and in order to ensure that the model is arbitrage-free, the
characteristics are assumed to satisfy the following drift condition

by =1 — % - / (e" =1 — h(x))Fy(dz).
R
Moreover, we assume that the local characteristics (bt, ¢t, Fy)i>0 and the symbol A satisfy the
assumptions (A1)—(A3) for some fixed constants a € [1,2], 0 < f < a and n < —1. Using
d =1 and n < —1, these assumptions simplify to:
(A1) fOT f‘x|>1 e 1" Fy(dx)ds < oo (resp. fOT [,y € Fy(dz) ds < 00).
(A2) There exists a constant Cy > 0 uniformly in time, with

‘At(zﬂ < (1 + \z|)a

for all z € C with 0 < ¥(z) < |n| and for all t € [0,T]. (Continuity condition)
(A3) There exist constants Cy > 0 and Cs > 0 uniformly in time, such that for a certain
0<f<a

R(Ae(2)) = Co(1+[2])" — C3(1+ |2])”
for all z € C with 0 < ¥(z) < |n| and for all t € [0,T). (Garding condition)
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In this framework, the discounted asset price S, = e Jorsds S; and the discounted fair
~ t
price II; := e~ Jorsds II; are martingales where
Iy = G(St) = g(L7).

In order to apply Theorem 6.1 and the Feynman—Kac representation (31), we proceed through
a change of variables to incorporate the discount factor into the equation.

Corollary 8.1. The fair price satisfies
I, = e 79 B[G(S)|F] = e ™9 Blg(Ly)| L] =U(T 1, L)) a.s.,
where U is the unique weak solution in W1 (0, T, Hﬁ“/Q(IR),L%(]R)) of the equation
oU+Ar_U+rryU=0

U0, ) =G (39)
with
Ar-rpla) = = Tt pl@) = (o= = [ (@ 1= M) Fr-u(@n))2uple) (10
R

= [ (¢ta+9) = ol@) - hi)ousola) ) Pr-ilc).
R

Proof. Since the discounted asset price gt = e Jorsds St and the discounted fair price ﬁt =
t
e~ Jorsds T, are martingales and the process L is PITAC we have

I, = e/ 74 B[G(Sp)| ) = e I S Bg(Ly — L +9)]| _, -

For U(T —t,y) := E|[g(Lr — Ly +y)] we conclude from Theorem 6.1 and the Feynman-Kac
representation (31) that U is the unique weak solution U € W' (0, T; H,C,Y/2(IR), L2(R)) of the
equation

U+ Ap_,U =0

(41)
For the function
—fT rsds 17
U(r,z) :==¢e 7" U(1,x)
we obtain on the one hand
U(T —t,Ly) = e~} ™95 0(T — ¢, L,) =TI, (42)

almost surely. On the other side, U is the unique weak solution U € W1 (O, T, H,‘;‘/Q(IR), L,27 (IR))

of the equation
8tU + AT_tU + TT_tU =0
(43)

0
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In order to demonstrate that efficient algorithms to solve the pricing PIDE (39) are avail-
able, we show in Figure 1 the call prices for varying initial stock prices in the CGMY-model
which is a pure jump Lévy model. The code was developed in the working group of Prof.
Schwab and is based on a wavelet-Galerkin scheme combined with a hp-discontinuous Galerkin
method. We chose a level of 9 which corresponds to 2'% grid points. On a standard laptop the
Matlab routine took 4.57 seconds.

European Call Option

300
- Option Value '.
Payoff o

250
200+
150
100

50

0 1 L 1 1 I |
0 50 100 150 200 250 300 350 400

FIGURE 1. The figure shows the price of the call option in a pure jump CGMY
model as a function of the initial stock value Sy for a maturity of half a year, strike
price K = 100, interest rate r = 0.02, and parameters C = 2.0, G = 0.5, M = 1.2 and
Y =1.1.

APPENDIX A. A MULTIVARIATE VERSION OF CAUCHY’S THEOREM

We state a special multivariate version of Cauchy’s theorem which is used in the proof of
Theorem 4.1.

Lemma A.1. Let Rj := (—00,00) X i[bj, B;] with —oco < b; < Bj < oo forj=1,...,d and

o
Qa = R1 x...Rq. Let f : Qq — C be holomorphic in the interior Qq of Qa, and continuous
on Qg = Qq. Further, we assume the following integrability and convergence properties.

(i) Assume
f(z) =0 for|R(z)] = o0 and I(z) € [b1, 1] X ... X [ba, Bd]

with z = (21, ...,24)-
(i) For zj = xj +iy; with x; € R and y; € [bj, B;] for j =1,...,d we assume

|f(zl, .. ,zd)| < h(x1,...,2q) wuniformly fory € [by,B1] X ... X [ba, Bd]
with a function h € LY(RY). For d =1 let ¢ > 0 be a constant such that
‘h(w)| <c forallzeR.
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In the case d > 1 we additionally assume for every j € {1,...,d} the existence of a
function hj € LY(R4™1) such that

‘h(l‘l, PN ,.%‘d)| < hj($1, e L1, Ljg1y - .,xd)

for all (z1,...,xq) € RY,
Then the following is true

/.../f(:vl+ibl,...,:cd+ibd)dx1...da:d

[ee] [e.e]

= /.../f(:nl+iy1,...,xd+iyd)dx1...d:z:d.

for every y € [by, B1] X ... X [ba, Bd)-
For the proof of this lemma we refer to Glau (2010).

REFERENCES

Applebaum, D. (2009). Lévy Processes and Stochastic Calculus. Cambridge University Press,
2nd edition.

Bensoussan, A. and Lions, J.-L. (1982). Contréle impulsionnel et inéquations quasi variation-
nelles. Gauthier-Villars.

Bertoin, J. (1996). Lévy Processes. Cambridge University Press.

Carr, P., Geman, H., Madan, D. B., and Yor, M. (2007). Self-decomposability and option
pricing. Mathematical Finance, 17(1):31-57.

Carr, P. and Madan, D. B. (1999). Option valuation and the fast Fourier transform. Journal
of Computional Finance, 2(4):61-73.

Cont, R., Lantos, N., and Pironneau, O. (2011). A reduced basis for option pricing. SIAM
Journal on Financial Mathematics, 2(1):342-376.

Cont, R. and Voltchkova, E. (2005). A finite difference scheme for option pricing in jump
diffusion and exponential Lévy models. SIAM Journal of Numerical Analysis, 43(4):1596—
1626.

Dynkin, E. B. (1965). Markov Processes, volume 1. Springer-Verlag.

Eberlein, E. (2013). Fourier based valuation methods in mathematical finance. In Benth,
F., Kholodnyi, V., and Laurence, P., editors, Quantitative Energy Finance, pages 109-146.
Springer-Verlag.

Eberlein, E., Glau, K., and Papapantoleon, A. (2010). Analysis of Fourier transform valuation
formulas and applications. Applied Mathematical Finance, 17(3):211-240.

Eberlein, E., Jacod, J., and Raible, S. (2005). Lévy term structure models: no-arbitrage and
completeness. Finance and Stochastics, 9(1):67-88.

Eberlein, E. and Kluge, W. (2006). Exact pricing formulae for caps and swaptions in a Lévy
term structure model. Journal of Computational Finance, 9(2):99-125.

Eberlein, E. and Madan, D. (2011). The distribution of returns at longer horizons. In Kijima,
M., Hara, C., Muromachi, Y., Nakaoka, H., and Nishide, K., editors, Recent Advances in
Financial Engineering, pages 1-18. World Scientific.

Eskin, G. I. (1981). Boundary Value Problems for Elliptic Pseudodifferential Equations, vol-
ume 52. Translations of Mathematical Monographs, American Mathematical Society.



PIDES IN LEVY MODELS 29

Glau, K. (2010). Feynman-Kac-Darstellung zur Optionspreisbewertung in Lévy-Modellen.
PhD thesis, Universitiat Freiburg.

Glau, K. (2011). Sobolev-index: A classification of Lévy processes. Working paper, Technische
Universitat Miinchen.

Hilber, N., Reich, N., Winter, C., and Schwab, C. (2009). Numerical methods for Lévy
processes. Finance and Stochastics, 13(4):471-500.

Jacob, N. (2001). Pseudo Differential Operators and Markov Processes, Volume I Fourier
Analysis and Semigroups. Imperial College Press.

Jacod, J. and Shiryaev, A. N. (1987). Limit Theorems for Stochastic Processes. Springer-
Verlag.

Karatzas, I. and Shreve, S. E. (1991). Brownian Motion and Stochastic Calculus. Springer-
Verlag, 2nd edition.

Kestler, S. and Urban, K. (2012). Adaptive wavelet methods on unbounded domains. STAM
Journal on Scientific Computing, 53(2):342-376.

Kluge, W. (2005). Time-inhomogeneous Lévy Processes in Interest Rate and Credit Risk
Models. PhD thesis, Universitat Freiburg.

Kyprianou, A. E. (2006). Introductory Lectures on Fluctuations of Lévy Processes with Ap-
plications. Springer-Verlag.

Matache, A.-M., Nitsche, P.-A.; and Schwab, C. (2005a). Wavelet Galerkin pricing of Amer-
ican options on Lévy driven assets. Quantitative Finance, 5(4):403-424.

Matache, A.-M., Schwab, C., and Wihler, T. P. (2005b). Fast numerical solution of para-
bolic integrodifferential equations with applications in finance. SIAM Journal on Scientific
Computing, 27(2):369-393.

Matache, A.-M., von Petersdorff, T., and Schwab, C. (2004). Fast deterministic pricing of
options on Lévy driven assets. Mathematical Modelling and Numerical Analysis, 38(1):37—
71.

Raible, S. (2000). Lévy Processes in Finance: Theory, Numerics, and Empirical Facts. PhD
thesis, Universitat Freiburg.

Reichmann, O. (2012). Optimal space-time adaptive wavelet methods for degenerate parabolic
PDEs. Numerische Mathematik, 121:337-365.

Rudin, W. (1973). Functional Analysis. McGraw-Hill Book Co.

Sato, K.-1. (1999). Lévy Processes and Infinitely Divisible Distributions. Cambridge University
Press.

Winter, C. (2009). Wavelet Galerkin Schemes for Option Pricing in Multidimensional Lévy
Models. PhD thesis, ETH Ziirich.

Wloka, J. (1982). Partielle Differentialgleichungen. B. G. Teubner.

Wloka, J. (1987). Partial Differential Equations. Cambridge University Press.

ERNST EBERLEIN, DEPARTMENT OF MATHEMATICAL STOCHASTICS, UNIVERSITY OF FREIBURG, ECKER-
STRASSE 1, 79104 FREIBURG, GERMANY
E-mail address: eberlein@stochastik.uni-freiburg.de

KATHRIN GLAU, ZENTRUM MATHEMATIK, LEHRSTUHL FUR FINANZMATHEMATIK, TECHNISCHE UNIVER-
SITAT MUNCHEN, PARKRING 11, 85748 GARCHING
E-mail address: kathrin.glau@tum.de



