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Abstract. We explore the precise link between option prices in exponential
Lévy models and the related partial integro-differential equations (PIDEs) in
the case of European options and options with single or double barriers. We
first discuss the conditions under which options prices are classical solutions
of the PIDEs. We show that these conditions may fail in pure jump models
and give examples of lack of smoothness of option prices with respect to the
underlying. We give sufficient conditions on the Lévy triplet for the prices of
barrier options to be continuous with respect to the underlying and show that,
in a general setting, option prices in exp-Lévy models correspond to viscosity
solutions of the pricing PIDE.
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The shortcomings of diffusion models in representing the risk related to large
market movements have led to the development of various option pricing models
with jumps, where large returns are represented as discontinuities of prices as a
function of time. Models with jumps allow for more realistic representation of
price dynamics and a greater flexibility in modelling and have been the focus of
much recent work [9)].

Exponential Lévy models, where the market price of an asset is represented
as the exponential S; = exp(rt + X;) of a Lévy process X, offer analytically
tractable examples of positive processes with jumps which are simple enough
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to allow a detailed study both in terms of statistical properties and as models
for risk-neutral dynamics i.e. option pricing models. Option pricing with expo-
nential Lévy models is discussed in [9, 14, 16, 19]. The flexibility of choice of
the Lévy process X allows to calibrate the model to market prices of options
and reproduce a wide variety of implied volatility skews/smiles. The Markov
property of the price allows us to express option prices as solutions of partial
integro-differential equations (PIDEs) which involve, in addition to a (possibly
degenerate) second-order differential operator, a non-local integral term which
requires specific treatment both at the theoretical and numerical level.

Such partial integro-differential equations (PIDEs) have been used by several
authors to price options in models with jumps [3, 8, 21, 13] but the derivation
of these equations is omitted in these works. We explore in this paper the
precise link between option prices in exponential Lévy models and the related
partial integro-differential equations (PIDEs) in the case of European and barrier
options in exponential Lévy models. We first discuss the conditions under which
options prices are classical solutions of the PIDEs and show that these conditions
may fail in pure jump models, leading to a lack of smoothness with respect to
the underlying. The notion of viscosity solution allows to cover this case: we
give sufficient conditions on the Lévy triplet for the option price to be continuous
and show that in this case it is a solution of the PIDE in the viscosity sense.

Section 1 recalls some basic facts about Lévy processes and exponential Lévy
models. Section 2 derives the PIDE verified by option prices in a heuristic
manner and discusses sufficient conditions for this derivation to hold. Section
3 gives two examples illustrating the lack of smoothness with respect to the
underlying in pure jump models and gives sufficient conditions on the Lévy
triplet for option prices to be continuous. In Section 4 we define the notion
of viscosity solutions for PIDEs and give a characterization of option prices in
terms of viscosity solution to a PIDE. Section 5 concludes by discussing relations
with previous work, possible extensions and applications.

1 Exponential Lévy models

We consider here the class of models where the risk neutral dynamics of the
underlying asset is given by S; = exp(rt + X;) where X, is a Lévy process.

1.1 Lévy processes: definitions

A Lévy process is a stochastic process X; with stationary independent incre-
ments. We set Xg = 0. The characteristic function of X; has the following
Lévy-Khinchin representation [26]:
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where o > 0 and < are real constants and v is a positive Radon measure on
R\ {0} verifying

/+1 2?v(dr) < oo, / v(dz) < .

-1 |z|>1

The random process X can be interpreted as the independent superposition
of a Brownian motion with drift and an infinite superposition of independent
(compensated) Poisson processes with various jump sizes x, v(dx) being the
intensity of jumps of size . In general v is not a finite measure: [ v(dz) need
not be finite.

A Lévy process is a (strong) Markov process [6, 26]: the associated semigroup
is a convolution semigroup and its infinitesimal generator L : f — Lf is an
integro-differential operator given by:
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which is well defined for f € C?(R) with compact support.

1.2 Exponential Lévy models

Let (St)iefo,r) be the price of a financial asset modelled as a stochastic process
on a filtered probability space (2, F, F;,P). F; is taken to be the price history
up to t. Under the hypothesis of absence of arbitrage there exists a measure Q
equivalent to P under which the discounted prices of all financial assets are Q-
martingales; in particular the discounted underlying (e*”St)tE[O,T] is a martin-
gale under Q.

In exponential Lévy models, the (risk-neutral) dynamics of S; under Q is
represented as the exponential of a Lévy process:

St = S()BTH—Xt .

Here X; is a Lévy process (under Q) with characteristic triplet (o,7,v), and the
interest rate r is included for ease of notation. The absence of arbitrage then
imposes that S, = St = exp X; is a martingale, which is equivalent to the
following conditions on the triplet (o,v,v):

/|y>1 v(dy)e? < oo, vy =~(o,v) = -5 - /(ey 1=yl )(dy). (3)

We will assume (3) in the sequel. The infinitesimal generator L then becomes:
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The risk-neutral dynamics of S; is given by

t t t e}
S, =So+/ rsu,du+/ su,adWﬁ/ / (€ —1)Su_Jx(du dz), (5)
0 0 0 —00

where Jx is the compensated random measure describing the jumps of X [17, 24].
(S;) is also a Markov process with state space (0, 00) and infinitesimal generator:
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While in principle one can have both a non-zero diffusion component o # 0
and an infinite activity jump component, in practice the models encountered in
the financial literature are of two types: either we combine a non-zero diffusion
part o > 0 with a finite activity jump process (in this case one speaks of a
Jump-diffusion model) or one totally suppresses the diffusion part, in which case
frequent small jumps are needed to generate realistic trajectories: these are
infinite activity pure jump models [16, 19]. Different exponential Lévy models
proposed in the financial modelling literature simply correspond to different
choices for the Lévy measure v, see [9, Chap. 3] for a review.

2 Integro-differential equations for option prices

The value of a European option is defined as a discounted conditional expectation
of its terminal payoff H(St) under risk-neutral probability Q:

Cy = Ele " TV H(S7)|F).
From the Markov property, C; = C(t, S) where
Ct,8) = Ele T YH(S)|S, = 8] (7)

Introducing the change of variable 7 = T — ¢, x = In(S/Sy), and defining:
h(x) = H(Spe*) and f(r,x) = e""C(T — 7, Spe"), then

f(r,z) = Eh(x +r7 + X;)]. (8)

If h is in the domain of the infinitesimal generator L given by (4), then differen-
tiating with respect to 7 we obtain the following integro-differential equation:
0 0
O _ppr2 on(01)xR f(0.2) =h(z), zER  (9)
or Ox
Similarly, if f is smooth then using a change of variable we obtain a similar
equation for C(t,S):
oC

S (L9 + L3C(t,8) —rC(t,S)=0;  C(T,S)=H(S). (10)



This equation is similar to the Black-Scholes partial differential equation, except
that the second-order differential operator is replaced by the integro-differential
operators LS.

However, the above reasoning is heuristic: the payoff function & is usually
not in the domain of L and in fact it is usually not even differentiable. For
example h(z) = (K — Spe®)* for a put option and h(z) = 1,54, for a binary
option.

If f is a smooth solution of (9), by applying the Ito formula to f(¢, X;)
between 0 and T one can derive the probabilistic representation (8) for f [5, 22]:

Proposition 1 (Feynman—Kac representation for Lévy processes). As-
sume o > 0 or Jda > 0 such that flm‘>1exp(a|x\)u(d1‘) <oo. If feC?isa
classical solution of (9) and its derivatives are bounded by a polynomial function
of &, uniformly in t € [0,T), then f has the probabilistic representation (8).

The case o > 0 is shown in [5, Chap. 4]; the pure jump case is treated
in [22]. This type of result is sometimes called a verification theorem: f is
assumed to be smooth and its derivatives assumed to verify some integrability
conditions. The conditions on f and v ensure that f(¢,X;) can be represented
as a martingale plus a finite variation process. However, it is readily seen that
such conditions are never verified in option pricing applications.? For instance,
even for a European put option, the second derivative (Gamma of the option)
is certainly not uniformly bounded in ¢!

These assumptions can be weakened in various ways [5, 25]. In the next
section we will give some sufficient conditions for the option to be a classical
solutions. Under these conditions the value of European options f(7,x), C(t, S)
defined above are classical solutions of the partial integro-differential equations
(9), (10). However, as we will see in section 3, these conditions are not always
verified, especially in pure jump models. This will lead us to consider the notion
of viscosity solution; we show in section 4 that under more general conditions,
values of European or barrier options can be expressed as viscosity solutions of
appropriate PIDEs.

2.1 Classical solutions

Consider a European option with maturity 7' and payoff H(S7). Assume that
the payoff function H is Lipschitz:

[H () — H(y)| < clz—yl (11)

for some ¢ > 0. This condition is of course verified by call and put options with
¢ = 1. The value Cy of such an option is given by C; = C(t, S;) where

Ct,8) =e " TDE[H(S)|S, = 5] = e " T VE[H(SerT-O+X1-0)],

We will furthermore assume, throughout this section, that

/ o e*u(dy) < 0. (12)

2In particular, the hypotheses in [22] do not apply to the example of a call or put option.



This condition is equivalent to the existence of a second moment for the price
process S;. Then S; = exp X; is a square integrable martingale:

d A %) 5 N
Stf 5o t€[0,T]

Proposition 2. Consider the exponential Lévy model Sy = Spexp(rt + Xy)
where the Lévy process X wverifies (12). If

c>0 or 36€(0,2), limlionf e_ﬁ/ |lz|?v(dz) > 0 (13)
then the value of a terminal payoff H(ST) is given by C(t,S) where:
C:[0,T] x [0,00) — R
(t,8) = C(t,8) =e """ VE[H(Sr)[S; = 9]

is continuous on [0,T] x [0,00), CY2? on (0,T) x (0,00), and verifies the partial
integro-differential equation:

ocC ocC 025% 9*C
o (1:5) + 7S5 (8.5) + —5 =5z (1.5) —rC(t, 5)+
+/V(dx)[C(t,Sem) —C(t,S8) — S(e* — )gg(t S) =0 (14)
on [0,T) x (0,00) with the terminal condition:
VS > 0, C(T,S)=H(S). (15)

Proof. The proof involves, as in the Black-Scholes case, applying the It6 formula
to the martingale C’(t, S,) = e"T=YC(t, S;), identifying the drift component and
setting it to zero.

Condition (13) implies that X; has a smooth C? density with derivatives
vanishing at infinity [26, Prop. 28.3]; C(¢,S) is then a smooth function of S.
Smoothness in time can be shown by Fourier methods, see e.g. [11, Appendix
4]. By construction, Cy = E[H|F;] is a martingale. Applying the It formula to
Cy = e T-NC(t,8,) and using equation (5) we obtain:

dCy = e"T=0[— rCﬁ%C(t Sy )+ 2252 ?;92 (t, S, )]dt+e’"<T—t)g—g(t,St,)dSt+
+ " TD[O(t, Sy_ePXt) — Ot, 84— ) — Sy (DXt — 1)‘;—2@, S, )] =
= a(t)dt + dM, (16)
where
a(t) = "= [—rO(t, S, )+ %f(t S )+ 253* g;g(t Si_)+rS;— gg(t S: )]
+/Oo v(dz)e" T=DC(t, Sy_e®) — C(t, Sy_) — S (e* — 1)22@ S )],



and

dM; = e"T— ”%(t Sy oSy dWi+ / e"T=D(C(t, S;_e®)—C(t, S, )| Ix (dt dx).
R

Let us show that M, is a martingale. Since the payoff function H is Lipschitz,
C' is also Lipschitz with respect to the second variable:

|C(t,51) _ C(t,Sz)| _ e_r(T_t)|E[H(51€T(T_t)+XT")] _ E[H(Sber(T—t)-‘rXTff,)H
< dSi = Sa|Ele¥T] = ¢|S1 — Sy (17)

since eX* is a martingale. Therefore the predictable random function (¢, z) =

C(t,Si—e*) — C(t, Sy—) verifies

T
2
Bl / dt / v(de)(t, 2)P)

T
E[/ dt/z/(dx)|C’(t,St_eI)fC(t,St_)|2]

/ dt/ e* +1)S7_v(dz)]

using (12) < ¢ /R( 2 1 1)v(dx) [/0 S? dt] < oo,

IN

so the compensated Poisson integral

/ / Ot So_e®) — O(t, S, Jx(dt dz)

is a square integrable martingale. Also, since C' is Lipschitz, 0C/0S € L* and

oC

12 ¢, I < E[/T52 19 (¢, 5,_)Pat] < QE[/TSQ di] <
55 b L~ <¢, SO | i-l5g (6 St- <c | il 00

Using the isometry relation for Wiener integrals, we obtain that
f(f UStg—g(tSt,)th is also a square integrable martingale. Therefore M; is
a square integrable martingale. Cy — M, is thus a (square integrable) martin-
gale; but Cy — M, = fg a(s)ds is also a continuous process with finite variation
so, by [17, Theorem 4.13-4.50], we must have a(t) = 0 Q-almost surely which
yields the PIDE (14). O

The condition (13) holds for all jump diffusion models with non-zero diffusion
component as well as for Lévy densities behaving near zero as v(z) ~ c¢/z'+?
with 8 > 0 such as the tempered stable model, but not for the Variance Gamma
model [20]. In the case of the Variance Gamma model, the PIDE reduces to a
first order equation for which only C' smoothness is required but, as we shall
observed in Section 3, even this condition may fail.



2.2 Barrier options

Barrier options can be similarly represented in terms of solutions to PIDEs.
Consider for instance an up-and-out call option with maturity 7', strike K, and
(upper) barrier U > Sy. The terminal payoff is given by

Hr = (S7—K)Tlre,

where § = inf{t > 0| S, > U}, the first moment when the barrier is crossed.
The value of the barrier option at time ¢ is defined as the discounted expecta-
tion of it’s terminal payoff: C; = e~"("=t) E[Hp|F,]. By construction, e"T=tC,
is a martingale.
Due to the Markov property of Lévy processes, it is possible to express the
price C; as a deterministic function of time ¢ and current stock value S; before
the barrier is crossed. Namely, for any (¢,.5) € [0,T] x (0,00) we can define

Co(t,8) = e T8 E[H(Se¥T=)17,], (18)

where H(S) = (S — K)*, {Ys_4, s > t} is a Lévy process, and 0; = inf{s >
t | Se¥Ys—t > U}, the first exit time after ¢. Then

Cr = Cp(t, Si)li<o (19)

for all ¢ < T. Note that outside of the set {¢t < 0} the objects C; and Cy(t, St)
are different: if the barrier has already been crossed, C; will always be zero,
but Cy(t, S¢) may become positive if the stock returns to the region below the
barrier. By going to the log variables we define

fo(ryx) = e Co(T — 7, Spe”). (20)

Again, if f;, is smooth the It6 formula can be used to show that f, is a solution
of the following initial-boundary-value problem:

of of

3 = Lf+r%, on (0,T] x (—o0,1og(U/Sy)), (21)
f(0,2) = h(z), z < log(U/S),
f(r,z) =0, x > log(U/So). (22)

The main difference between this equation and the analogous PDEs for diffu-
sion models is in the ”boundary condition”: (22) not only specifies the behavior
of the solution at the barrier S = U but also beyond the barrier (S > U).
This is necessary because of the non-local nature of the operator L: to compute
the integral term we need the function f(7,.) on (—oo,00) and (22) extends the
function beyond the barrier by zero. In the case of a rebate, the function would
be replaced by the value of the rebate in the knock-out region S > U. Similar
results and corresponding Feynman-Kac formulae hold — in the case 0 > 0 —
when the boundary condition is not zero but given by a function g(7,z) where
g € W2([0,T]xR) with p > 3, see [25]. More generally, if f(.,.) defined by (20)
can be shown to be C12 (or simply C*! in the case of finite variation models)



then following the proof of Proposition 2, one can show that f; is a solution of
the PIDE (21). However, as we shall see below (Example 2) in the case of pure
jump models where o = 0 such smoothness with respect to the underlying does
not hold in general.

3 Smoothness with respect to the underlying

In the case where the log-price X; has a non-degenerate diffusion component, it
is known [5, 15] that the fundamental solution of the pricing PIDE, which corre-
sponds to the density of X;, is in fact a smooth C*° function. As a consequence,
the option price u(t,x) depends smoothly on the underlying and results such
as Proposition 1 allow to use the solution of the PIDE to compute the option
price. In pure jump models, this property may fail. In this section we present
examples where smoothness fails; we then give sufficient conditions under which
the option price is continuous as a function of the underlying. This minimal
regularity will be required later to show that the option price is a generalized
(viscosity) solution of the PIDE.

3.1 Lack of smoothness in pure jump models

In the case of processes with a degenerate diffusion component, such as pure
jump models, the smoothness of the conditional expectation as a function of the
initial (spot) value of the underlying S does not always hold, as the following
example shows.

Example 1 (Variance Gamma process). The Variance Gamma process,
introduced by Madan & Milne [20], is a pure jump finite variation process with
infinite activity, popular in financial modelling. Its Lévy measure has a density
given by:
1 0 \/ 02 4 202
v(x) Av-Blel  with A= ana = Y20/ (23)

Y Kl o2 o2

The characteristic function of X; is given by:

u?o’k

Dy(u) = (1+ — ifku)"* (24)
Since ®; is the Fourier transform of the distribution of X;, the smoothness of
the distribution can be read from the rate of decay of ®;(u) when |u| — oo. In
this case, ®(.) decays as |u|~2"/* when |u| — oo: the decay exponent increases
with ¢. The fundamental solution p(¢,z) of the PIDE therefore has a degree
of regularity which increases gradually with ¢: for t € (pr/2,(p + 1)k/2), the
fundamental solution p(t,.) is in CP~1(R) but not CP(R). For t < k/2, p(t,.) is
not even locally bounded. Consider now the value of a European binary option
defined by the payoff h(z) = 1;>4,: its value is shown in figure 1. Being the
primitive of p(t,.), its value is continuous but not differentiable in x for ¢t < x/2:
the option price has a vertical tangent at the money.



Binary option value in Variance Gamma model: 6 =0.25, k=2, 6 =-0.1

1 ! ! T =
0.91 v/,
08f !

07k i
06
05
04 A
03l  ,

02r- 4

N
N
1
4
o
eo
o
T

01f - B T

Figure 1: Value of a binary option in the Variance Gamma model, as a function
of the underlying.

The case of barrier options is even less regular. As the following example
illustrates, if no restriction is imposed on the Lévy process, the value of a bar-
rier option — which is formally the solution of the Dirichlet problem with zero
boundary conditions — can even turn out to be discontinuous at all times:

Example 2. Consider X; = N} — N? where N/ are independent Poisson pro-
cesses with jump intensities \; and Ao. Let, for simplicity, r = 0. If Ay = A\e
then the corresponding price process S; = SpeX* is a martingale.

Consider now a knock-out option which pays 1 at time 7" if Sy has not crossed
the barrier U > Sy before T, and 0 otherwise:

Hr = 17<9(50)>

where 0(S) = inf {t > 0| SeXt > U} is the first exit time if the process starts
from S. Let us show that the initial option value

C(0,5) = E[Hr|So = S] = E[lr<g(s)]

is not continuous at S* = U/e. Let 0 < e < U — S*. By definition, 6(S* 4 ¢) <
0(S* — ¢). Therefore,
C(0,8" =)= C(0,5" +¢) = E[lgpste)<r<o(s —ep
QO(S* +e)<T<H(S*—¢)).
Consider the event where there is one positive and no negative jumps {N+ =
1, N2 = 0}, which has non-zero probability. In this case, if S; starts from S* —¢

it stays below U, while starting from S* + ¢ it crosses the barrier. This means
that (S* +¢) <T < 0(S* —¢). So,

C(0,58% —¢) —C(0,8* +¢) > Q(IN} =1& N2=0) = e MTEHD\ T > 0.

10



Thus S +— C(0,S) is discontinuous at S = S*.

This example is a finite activity process without diffusion component. As
noted above, this case is not the interesting one in financial modelling. In the
next section, we show that in fact, in most cases of interest, the option price is
a continuous function of the underlying.

3.2 Continuity with respect to the underlying

We start with showing that the value of a European option is a continuous func-
tion of its arguments, under the Lipschitz condition on the payoff and without
any additional restriction on the Lévy density. Next, we give sufficient condi-
tions on the Lévy triplet of X which guarantee the continuity of values of barrier
options.

Proposition 3. (Continuity of European options)
If H satisfies the Lipschitz condition (11) then the forward value of a Furopean
option defined by (8): f(r,x) = E[H(Spe* "7 TX7)] is continuous on [0,T] x R.

Proof. The continuity in x is straightforward:

[f(r,2+ Az) — f(r,2)| = [E[H(Soe™ 2o 5] —E[H(Spe™ 7))
< eSpe” e — 1|E[eX7] - 0 as |Az| — 0,

since EeX~ = 1 by the martingale condition. To show continuity in ¢, let ¢ >
s > 0 (the case s > t is symmetrical). Then, X; 4 X+ Xy, Xi_g L X, and
we obtain

|f(t,$) - f(S,J?)‘

S E[IH(SOeac—Q—rt—i—Xt) _ H(Soeac—o—rs—i-Xs)
< Csoex+7'sE|€r(t—s)+Xt,s _ 1‘.

]

So, we need to show that E|e"™ %X~

the martingale condition implies:

— 1] — 0 as 7 — 0. First, we remark that

Ele"™ X — 1| =€ — 14+ 2E[(1 — "™ T¥7)F). (25)

Let Cy(R) be the set of continuous functions vanishing at infinity. By the
Feller property for any g € Co(R), we have

P.g(0) =Eg(rr + X;) 7o g(0), (26)

where P, is the semigroup of the process {rr + X,}. Since g(z) = (1 —e®)* is
not in Cp(R), we approximate it with a function g(z), such that

(

-1,

e
—~

), if z
fxg
g9(z),

()
<

O

g(x
0,
(z) <

iez



and g(x) is continuously interpolated between —2 and —1. By construction,
g € Co(R). We obtain

E[(1— €™ )F] = [Prg(0)] < |Prg(0) = Prg(0)] +|Pr(0)]
= Elg(rm + Xr) = g(r7 + X7)] + [Prg(0)]
= Elglrm + X7) = §(rm + Xo) Lprax, <—13] + [Prg(0)]
< QI+ Xr <1+ [Prg(0)] < Q[X; < —1]+|Prg(0)],
since g(z) < 1. By (26), we have |P,g(0)] — 0 as 7 — 0. So, the last point to
show is that Q[X, < —1] - 0as 7 — 0.
Defining M = supg<<,(—Xs), we have Q[X; < —1] < Q[M > 1]. Let us

take a sequence 7, | 0 and define Q, = {w € Q| M (w) > 1}. The sequence
{Q,} is decreasing and

() ={weQ|Vn, M, (w) >1} C{weQ|My(w) > 1},
n>0

by the right-continuity of X,. Since M, = Xy = 0, we obtain
_ Tn 10 _
QM;, >1]=Q(Q) ™5 Q((2) =0, soQM; >1]—0

since {7,} is arbitrary. Therefore, Q[X, < —1] — 0. O

To study the continuity of barrier options we extensively use the properties
of the first passage time process. Following the notation of [26], we define

R, = inf{s>0]Y; >z},
R! = inf{s>0]|Y,VY,_ >ux}.

Note that {R,,z > 0} is a process with non-decreasing paths, so we can define
R,_(w) = lim. g Ry—c(w). Since Y; is right-continuous, the process R, is also
right-continuous in . We use the following terminology [26]:

Definition 1. A Lévy process with generating triplet (o,~,v) is said to be of

type A (compound Poisson) if 0 =0 and v(R) < o0

type B (finite variation, infinite intensity) if o =0, Y(R) = oo and
Jioj<1 2lv(da) < oo

type C (infinite variation) if o > 0 or flx\<1 |z|v(dz) = oo.

Now we give some properties of the process { R, } which are essential to prove
the continuity of option values.

Lemma 1. If {Y;} is of type B or C then:

Vo >0, Q[R, =R, =1. (27)

12



Proof. For a fixed = > 0, we introduce two subsets of {2:
O ={w| Rs—(w) < Rz(w)}, Qo ={w| Ry (w) = RI/(w)}.

By the Lemma 49.6 of [26], Q(Q2) = 1. So, it suffices to show that Q3 NNy = 0,
since, by definition, R, < R,.

If there exists w € 1 Ny then for the sample path R, = R,(w) we have
R,_ < R!. Therefore,

Ju >0, Ry = u, (28)
3t > u, R =t. (29)

The definition of R,_ together with (28) implies that
Ve>0,V6>0,ds<u+d: Yy >x—c.
Take €, = 6, = 1/n. Then, there exists a sequence {s, }, such that Vn,
sp <u+1/n, Y, >z —1/n.

Since {s,} is bounded, one can extract a convergent subsequence s, T so or
Sn | S0, with sp < u < t. In the first case we obtain Y, ,_ > x and in the second,
Y5, > . So, in all cases, Ys,— VY, > x. But (29) implies

Vs < t, Y. VY, <uz.
This contradiction proves that 1 N Qs = @, hence Q(21) = 0. O

An important property of {R,} is whether Ry = 0 a.s.. Table 1, which is a
consequence of Theorem 47.5 of [26], relates this property to properties of the
Lévy triplet for different types of Lévy processes.

Define now the supremum process of Y:

M, = sup Y.

0<s<t
M; is non-decreasing and cadlag, since Y; is cadlag.
Lemma 2. If {Y:} is of type B with Ry = 0 a.s., or of type C, then:
Ve >0, Vt>0, Q[R. =t] =0.
Proof. By the definition of R,,

Q[R'r = t] = Q[VS < t? Y‘; S Z; EISn J, ta Ye,,, > 'T]
< QM- < My > x].

From Lemma 49.3 of [26], V¢ > 0, V& > 0, Q[M; = z] = 0 therefore
QR =t] < QM- <z <M] < QM- # M < QY- # V3] =0,
since a Lévy process has, almost surely, no fixed times of discontinuity. For the

same reason, Yz > 0, Q[R, = 0] = 0, which completes the proof. O
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Lemma 3. If {Y;} is of type B or C, then ¥t > 0, Vz > 0,

Q[R: <t < Ryye] — 0, (30)

Q[Rz—c <t < R,] — 0, (31)
as € | 0. If, in addition, Ry = 0 a.s. then (30) is also satisfied for x =0, t > 0.
Proof. For all fixed t > 0, x > 0, the sequence Q. = {w € Q| Ry(w) <t <
R,1:(w)} is decreasing and Q. = {w € Q| Ry (w) = t}, by the right-continuity
of R,. Therefore

Q[Rx <t < Rx-{-e} - Q[Ra: = t]-
If x > 0, this probability is zero by the Lemma 2. If Ry = 0 a.s. then, Vi > 0,
Q[Ry =t] =0.
Similarly, for all ¢ > 0, x > 0,
Q[Rx—e <t< Rw] - Q[Rx— <t< Rx] < Q[Rar— # Rx} =0,

by the Lemma 1. ]

Y; = rt+ X, is of the same type as {X;} but the property of Ry, which in the
finite-variation case depends on the drift, is not necessary the same for the two
processes. Therefore, it is worth noting that {R,} will be always defined with
respect to {Y;}. Now we are in a position to consider the continuity of value
functions for barrier options. We start with the case of a single upper barrier
U > 5.

Proposition 4. (Continuity of up-and-out options)
Let Y; be of type B or C and Ry = 0 a.s. Assume that H : (0,U) — [0,00) is
Lipschitz:

VSl,SQ S (O,U s |H(Sl)—H(Sg)| SC‘Sl_SQL

)
with ¢ > 0 and denote u = log(U/Sy). Then, the function
_ E[H(S06w+YT)1{T<Ru7I}]a T <u,
fu(T7x)_{ 0, xzu’
is continuous on (0,T] x R.

Remark 1. One can verify directly that C(t, S) = e="(T=%) (T —t,log(S/Sy))
is just a different representation of (18). Recall that it gives the value of an
up-and-out option with the payoff H(S7)lr<int(i>0, 5,>v}) at time ¢ when the
stock price is S, if S; has not yet crossed the barrier (see (19)).

Proof. Since H is Lipschitz, it is bounded on (0,U). Let M = sup g ¢y H(S).
We first show the continuity in z, for all 7 > 0. If z < w and € € (0,u — ),
we have

| fu(Ty ate) = fulr, )| = [E[H (Soe™ )1 (rcr, . ]-E[H(Soe™ )1 rcr, |
< |E[(H(Soe™*HY7) — H(Soe" ™ )N ren, . 4]+
+ [E[H (Soe" ™ ) (g, _,_.<r<Ru_.}]]
<cSpe™ T (ef — 1) + MQ[Ry_»—c <7 < Ry £l0 0,

(32)
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by (31). We have used the martingale condition EeY™ = ¢"™ and the fact that
T < R,_, implies Y; < u — z, which is equivalent to Spe® ™Y~ < U.
Similarly, for all z < u,

|fulT, 2=€)=fu(r,2)| = [E[H (Soe” )1 (rcr, . ] ~E[H(Soe™ )1 (r<r, 1]l
< |E[(H(Soe™ ™) = H(Soe™ ")) {r<r, ]I+
+E[H(Soe™ ") R, <r<Roia)]

<ceSpe™T(1—e )+ MQ[Ry—2 <7 < Ry_uie) =19 0,
by (30). This proves the continuity of f,,(7,-) for all x # w.

The right continuity at z = w is straightforward, since f = 0 if z > u. It
remains to verify the left continuity. For all 7 > 0,

fulrou =€) = fulrw)] = [E[H(S0" )<yl < MQ[R: > 7] <% 0,

since Ry = 0 almost surely. In consequence, V7 > 0, f,(7,-) is continuous on R.
To show continuity in time, for x < u and t > s > 0, we obtain:

[fult,x) = fuls,x)| = [E[H(Soe" ) e r, 3] — E[H(Soe" ™) 1 {scr, ]l
= [E[(H(Soe" ") — H(Soe" )1 1<r, 3] — E[H(Soe™ ™ ) 1scr, <yl
< cE[Soe™ e [e¥* — 1| 1<r, 3] + MQ[s < Ry_y < 1]
< eSpe” T Ele¥r — 1| + MQls < Ry—p < 1.
The convergence of the first term to zero as t — s was already proven in Propo-

sition 3. Let t, | s be an arbitrary sequence and denote 2, = {w € Q| s <
R,_z(w) < t,}. Then, {Q,} is decreasing as n — oo and

(N ={weQ|Vn s <Ry o(w) <ty} S{w e Q|5 < Ry_y(w) <s}=0.

n>0
So, Qs < Ry—y <t] - 0ast—s. O

Remark 2. As the proof shows, if {Y;} is of type B or C, f,, (7, x) is continuous
on (0,7] x R\ {u}. If the condition Ry = 0 a.s. is not satisfied, f, may be
discontinuous at the barrier.

In order to study down-and-out options, let us define the process { R, , « > 0}
of the first passage below a negative level:
R, = inf{s>0|Y; < —z}=inf{s>0] —Y, > x}.
It is clear that Lemmas 1-3 apply to R, provided {—Y;} satisfies the correspond-
ing conditions. The generating triplet of {—Y;} being (o, —(r + ), v(—dz)), the
dual process has the same type as Y; (in the sense of the Definition 1). However,
note that Ry = 0 a.s. does not imply R, = 0 a.s., as shows Table 1.
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Proposition 5. (Continuity of down-and-out options) Let {Y;} be of type
B or Cand Ry =0 a.s. Assume that H : (L, 00) — [0,00) is Lipschitz:

V81,82 € (L,00),  |H(S1) — H(S2)| < ¢[S1 — 52,
with L < Sp, ¢ > 0 and denote | =log(L/Sy). Then, the function

fira) = { E[H(Soe" ¥ ) 3, @ >1,

33
0, x <l (33)

is continuous on (0,T] X R (f; represents the forward value of a down-and-out
option with the payoff H(ST)1T<inf{t20, StSL})'

Proof. The proof is similar to the one of Proposition 4. The main difference is
that H may be unbounded, so we need to refine certain estimates.
To show the continuity of f(7,) at > (for a fixed 7 > 0), we write:

lfi(r, 2+e)—fi(T, )| = \E[H(SOeI+E+YT)1{T<R;+E_L}]_E[H(SWHYT)1{T<R;"l}]‘
< [E[(H(Soe™ ") = H(Soe" ™ )1, g ylI+
+ E[H(Soem+5+YT)1{R;7ZST<R;+5,,}}'

The first term may be estimated as previously and goes to zero as € | 0. For the
second term we obtain:
EH(Soe™ N n- <rcr-, j SECA+Soe™ ) pe o pe ]

=CQ[R,_, <T<R, . ]+ CSWHWTE[@YT1{R;_l§T<R;+E_,}]- (34)

S

The quantity e¥1 (R;_,<T<R_,._ )} is bounded by an integrable variable ¥~ and
x—1— r+e—

converges to 0 in probability, since

_ _ 10
Yo > 0, Q[€YT1{R;7ZST<R;+57Z} >0l <QR,_, <T<R_ _ || =5,
by (30). Therefore, the dominated convergence theorem implies
Y, €]l0
Ele 1{R;,1ST<R;+5,1}] —0 (35)

and the whole expression in (34) tends to zero as e | 0. Using the same technique,
one can show that |fi(r,z —¢) — fi(7,z)] — 0, Vx > [ and |fi(7,] —€)| — 0, as
€ | 0, which proves the continuity of f; in . To show the continuity in time, we
write for a fixed x >l and t > s > 0:

[futs) = fuls, )| = [E[H(Soe™ )1 )] = BIH(Soe™ )1y _p- ]|
= |E[(H (Soe™ ™) = H(Soe™ "))y, - 3] = E[H(Soe™ )1 p- ]l
< cSpe" T Elet — 1|+ CQs < R, , <]+ C’Soe””E[eYa‘l{KR;lSt}}.
The convergence of the first two terms to zero, as t — s, has already been proved

and the last term can be treated in the same way as (35). O
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Finally, we present a continuity result for double-barrier options. For L <
So < U, denote, as previously, [ = log(L/Sp) and u = log(U/Sp).

Proposition 6. (Continuity of double-barrier options) Let {Y;} be of type
B or C, with Ry = 0 and R; = 0 a.s. Assume that H : (L,U) — [0,00) is
Lipschitz:

VS1, 52 € (L,U), |H(51)—H(52)| < |5, —SQ|.
Then, the forward value of a double-barrier option with the payoff
H(ST)17<inte>0, 5,¢(L,0)}, defined by

E[H(Soe™ ), cp, - pb @€ (), (36)
0, x ¢ (l,u>7

is continuous on (0,T] x R.

.fd(T7 1‘) = {

Proof. Let M = Sup (v H(S). As in the two preceding propositions, we show
the right and left continuity of f; at every point x € [I,u] using the Lemma 3.
For example, V7 > 0, Vz € (I, u),

[fa(T,x +€) — fa(T, z)| =
= |E[H(Soer+s+YT)1{T<Ru7175AR;+E_l}] - E[H(SWHY’)1{T<Ru,mAR;_l}]|
< [BI(H(Soe™ )~ HSoee™ Ny cp an I+
+ E[H(Soex+E+YT)1{T<Ru_.7:—s}1{R;7ZST<R;+57L}}+

+E[H(SoeHYT)1{T<R;l}1{Ru,-m-5§T<Ru_m}]
< eSoe (= 1)+ MQIR,_ £ 7 < Ry J+MQIRu—s-e 7 < Rua] 25 0.
We do not give in detail the whole proof which follows the lines of Propositions 4
and 5. U

Interestingly, while investigating a different issue — the validity of smooth
pasting conditions for American options in exp-Lévy models — Alili & Kypri-
anou [1] arrive at conditions similar to the ones given in Propositions 4-5.

As shown by the examples above, in general one cannot hope for more
than Lipschitz continuity with respect to the underlying. In particular, uni-
form bounds on derivatives, such as the ones required in [22], do not hold in
cases of interest in finance — such as call or put options — where the payoff
function H is not smooth. In these cases, verification theorems such as Proposi-
tion 1 do not apply and the option pricing function should be seen as a wiscosity
solution of the PIDE (9).

4 Option prices as viscosity solutions of PIDEs

Existence and uniqueness of (classical) solutions for the PIDEs considered above
in Sobolev / Holder spaces have been studied in [5, 15] in the case where the
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Type of Y; = rt + X, Ro=0| Ry =0 Continuity
a.s. a.s. fn fi fa
Yo >0 yes no
A Yo < 0 no yes
Y =0 no no
Yo >0 yes no yes
Yo <0 no yes yes
B v(—00,0) < oo yes no yes
Y% =0 v(0,00) < o0 no yes yes
v(—00,0) = oo, | Depends on the further properties of {Y;}
v(0,00) = 00,
C yes | yes |yes|yes| yes

Table 1: This table shows the properties of Ry and R, for different types of Lévy
processes and summarizes our results on the continuity of the barrier options. (An
empty box does not mean the function is necessary discontinuous but there is no
continuity result for this case). In the finite-variation case, o =7 — [(e¥ — 1)v(dy) is
the drift.

diffusion component is non-degenerate: for a Lévy process this simply means
o > 0 but more generally these results apply to jump diffusion where the diffusion
coefficient is bounded away from zero. However many of the models in the
financial modelling literature are pure jump models with o = 0, for which such
results are not available. A notion of solution which yields both existence and
uniqueness in this case is the notion of viscosity solution, introduced by Crandall
& Lions for PDEs (see e.g. [12] for a review) and extended to integro-differential
equations of the type considered here in [2, 4, 23, 27, 28].3

4.1 Viscosity solutions for PIDEs

Denote by USC (respectively LSC) the class of upper semicontinuous (respec-
tively lower semicontinuous) functions v : (0,7] x R — R and by C,f([0,T] x R)
the set of measurable functions on [0, 7] x R with polynomial growth of degree
p at plus infinity and bounded on [0,7] x R™:

@€ CH([0,T] xR) <= 3C >0, |o(t,z)] < C(1+[z]" 1p50). (37)

Under a polynomial decay condition on the right tail of the Lévy density, Ly
can be defined for ¢ € C?([0,T] x R) N C;¥ ([0,T] x R):

Betw) = Ae@)+ [ vilpte +1) ole) vGE@) 69)
b [ rdglete ) - el (39)
lyl>1

3Definitions of viscosity solutions in these papers vary in the choice of test functions; we
present here a version which is suitable for option pricing applications.
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where A is a differential operator. The terms in (38) are well defined for ¢ €
C?([0,T] x R) since

B
\s@(ﬂxﬂ/)—s@(ﬂx)—ya—w(ﬂw)\ <y sup [¢"(r,)|  for |yl <1,
€z B(z,1)

while the term in (39) is well defined for ¢ € C;f ([0, T] x R) since

/ yPr(dy) < +o0,
y>1

due to the martingale condition (3).

Let O = (Il,u) € R be an open interval, 00 = {l,u} its boundary, and
g € CF([0,T] x R\ O) a continuous function. Consider the following initial-
boundary value problem on [0,T] x R:

0 0
a—i:Lf—i—ra—i, on (0,7] x O, (40)
f(0,2) = h(z), x=€O; f(rz)=g(r,x), x¢O. (41)

Definition 2 (Viscosity solution). A function v € USC' is a viscosity subso-
lution of (40)—(41) if for any test function ¢ € C*([0,T] xR)NC,f ([0, 7] xR) and
any global maximum point (7,z) € [0,T] X R of v — ¢, the following properties
are verified:

if (r,2) € (0,T] x O, <gf — Ly — Tgi) (r,2) <0, (42)
ifr=0,z€0 min{(aﬁ—L@—raﬁ) (r,2), v(r,2) — h(z)} <0
’ ’ or Ox T ’ -
if 7 € (0,T], = € 90 min{<8—<‘0 — Ly — T@_go) (r,2), v(r,z) —g(r,z)} <0
R ’ or Ox T ’ ’ -
ifz ¢ O, o(r,x) < g(7,x). (43)

A function v € LSC' is a wiscosity supersolution of (40)—(41) if for any test
function ¢ € C?([0,T] x R) N C;f([0,7] x R) and any global minimum point
(r,2) € [0,T] x R of v — ¢, we have:

. Oy Op
LI —r— >
if (r,z) € (0,T] x O, (87 Ly Tax) (r,2) >0,

if r=0, z€0, max{(g—(p —Lp— rg—w) (r,2), v(r,z) —h(z)} >0,
T x

if 7 € (0,T], z € 00, max{ 9p _ Ly — ra—w (r,2), v(t,2) — g(T,2)} >0,
or Ox
if z ¢ O, o(r,z) > g(7,x).
A function v € Cf ([0, 7] x R) is called a wviscosity solution of (40)—(41) if it

is both a subsolution and a supersolution. v is then continuous on (0,77 x R.
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A subsolution/supersolution need not be continuous and the initial and
boundary conditions are verified in a generalized sense. The definition also
includes the case of initial value problems: O = R. Several variations on this
definition can be found in the articles cited above. First, one can restrict the
maximum/mimimum of v — ¢ to be equal to zero:

Lemma 4. v € USC is a viscosity subsolution of (40)-(41) if and only if for
any (7,x) € [0,T] x R and any ¢ € C*([0,T] x R) N C;F([0,T] x R), properties

(1, ) = p(7,x), and V(t,y) € [0,T] xR, w(t,y) < o(t,y) (44)

imply (42)-(43).

Proof. Clearly, (44) means in particular that (7, z) is a global maximum point of
v — . Therefore, if v is a subsolution then, by definition, (44) implies (42)—(43).

Conversely, if v satisfies the condition of the lemma, we take a test function
 and a global maximum point (7,xz) of v — ¢, i.e.

V(t,y) € [07T] xR, 'U(tvy) - W(tay) < 'U(T7 T) — 90(7—’ .Z’),

and need to show that ¢ verifies (42)—(43). Define a new function ¢ by adding
a constant to ¢:

Y(t,y) = o(t,y) + [v(r,7) — (T, 2)].

This function satisfies (44), so, by the condition, (42)—(43) are verified for .
But, ¥(t,y) € [0,T] x R,

o oY Op Op

— —Lp—r— = — —Lp—r— 4
which implies that the same properties are verified by ¢, hence v is a viscosity
subsolution. O

A similar result holds for supersolutions. Also, as shown in [4], one can
replace “maximum” by “strict maximum”. Finally, one can require the test
functions to be C1? or C* with bounded derivatives instead of C?. The growth
condition at infinity ¢ € Cl‘f on test functions is essential for Ly to make sense.
It may be replaced by other growth conditions under stronger hypotheses on the
decay of the Lévy density.

Using the fact that L verifies a maximum principle [7, 15], one can show
that a classical solution u € C*2([0,T] x R) N C;f ([0, T] x R) is also a viscosity
solution. However, since the definition above only involves applying derivatives
to the test functions ¢ and not to u, a viscosity solution need not be smooth: it
is simply required to be continuous on (0,7] x R.

Unlike some other notions of generalized solution (such as weak solutions
in Sobolev spaces), the pointwise value u(t,z) is always defined for a viscosity
solution: this is important since u(t, z) corresponds to the option price.
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Remark 3 (Boundary conditions). We noted above that, for classical solu-
tions, “boundary” conditions have to be imposed on R\ O and not only on the
boundary 00 = {l,u}. This seems not to be the case here since the non-local
integral term only involves the test function and not the solution itself, so one
can be led to think that conditions on the boundary are enough [23, Sec. 5.1.].
However note that the test functions have to verify ¢ > v (resp. ¢ < v) on
[0,T] x R and not only on [0,7] x O, which requires specifying v outside O.

4.2 Option prices as viscosity solutions of PIDE

Existence and uniqueness of viscosity solutions for such parabolic integro-
differential equations are discussed in [2] in the case where v is a finite measure
and in [4, 23] and [18] for general Lévy measures. Growth conditions other than
u € Cf can be considered [2, 4] with additional conditions on the Lévy measure
v. The main tool for showing uniqueness is the comparison principle: if u are
viscosity solutions and «(0,x) > v(0,x) then V7 € [0,T], u(r,z) > v(7,x). This
property has been extended to subsolutions and supersolutions in [2] for the
case where v is a bounded measure; the case of a general Lévy measure has been
recently treated in [18].

These results [2, 4, 18] apply to viscosity solutions with polynomial growth
at infinity. In the context of option prices, this restricts the choice of the payoff
functions. We will give a sufficient condition on the payoff for the price to be in
C (see (37) for the definition).

Lemma 5. For every p > 0 and n > 1, there exists ¢ > 0, such that
n n
Vzi...2, >0, (Zmi)pchxf. (46)
i=1 i=1
Proof. If p > 1, it is Jensen’s inequality with g(z) = 2P, and ¢ = nP~1. If

0 < p <1, it is easily verified by induction with ¢ = 1. O

Proposition 7. If H : (0,00) — [0,00) is Lipschitz: |H(S1) — H(S2)| < C|S1 —
Sa|, and there exists p > 0, such that:

H(Spe") < Cr(1+ [z?), (47)
then f(r,x) = E[H(Soe" "7+ X)] belongs to C;f ([0, T] x R).
Proof. We first show that
E[(X7)" 1x,>0] < o0. (48)

Theorem 25.3 of [26] states that if ¢ : R — R is a submultiplicative, lo-
cally bounded function, then Eg(X,) < oo for all 7 > 0 if and only if

flw\>1 g(x)v(dz) < oco.
A function g(x) > 0 is called submultiplicative if there exists a > 0, such that

Vr,y € R, glz+y) < ag(x)g(y).

21



A function is locally bounded if it is bounded on each compact.
For all p > 0, the function 2? V 1 is submultiplicative [26, Prop. 25.4] and

2PVv1 < aPlyso+1 < 2(2P V1.

In consequence, for all x,y € R, we have

(+y)P Loyyso +1 2((z +y)Pv1) <

<
< 2a(zP Vv 1)(yP V1) < 2a(xPlzs0+ 1)(yP 1yso + 1),

0, g(x) = 2P 1,50+ 1 is submultiplicative and locally bounded. By the theorem
cited above, we obtain

E[(X)P1lx.s0+ 1] <00 <= (2P 1z50 + Dv(de) < oo.
|z|>1

Since v is integrable on |z| > 1, this clearly implies
E[(X:)P1lx. 50l <00 <= / 2Pv(dx) < oo. (49)
z>1

Thanks to the martingale condition, we have fx>1 e’v(dr) < oo, and the
condition on v in (49) is satisfied all the more. So, (48) is also satisfied.

Since H is Lipschitz, there exists ¢ > 0, such that H(S) < é(1 + S). Thus,
for all x € R, we have

f(r,z) < EE[14 See ] = &(1 + Spe™ ). (50)

For the negative values of x, f is bounded by the constant &(1 4 Spe™). Let
x > 0. We can estimate f(7,z) in the following way:

flr, @) = E[H(Soe™ ™) 1x, <] + E[H(Soe™ ™47 )1x, > 4]
< CE[(1+ Soe™ TN 1x < o] + CLE[(1+ (¢ + 77 + X, )P)1x, > 0] (51)

The first term is bounded by &(1 + Spe”?), as previously. For the second, we
obtain, using the Lemma 5:

E[(.T +r7 + XT)P 1X72_$] =
=E[(x +r7+ X:)P Lix, j<o] +E[(x + 77+ X7)P 1x,54]
<c(22P 4+ (rT)P) + (P + (rT)? + E[(X;)P 1x,>0]) < Ca(1 4+ 2P).

Putting this estimate into (51) gives
f(r,z) < &1+ Spe™) + Cr(1+ Cy(1 +2P)) < C3(1+zP).
O

Corollary 1. If H : (L,00) — [0,00) is Lipschitz and satisfies the polynomial
growth condition (47), then fi(7,z) defined by (33) is Cf ([0,T] x R).
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Proof. Let us extend H continuously on (0, c0):

- H(9), S>1L
H(S):{ limg_, H(S), S < L.

Then, H satisfies the conditions of Proposition 7, hence
flr,x) < E[H(Spe" )] < O(1+aP1,50).
O

The following result shows that values of European and barrier options can
be expressed as viscosity solutions of (40)—(41):

Proposition 8 (Option prices as viscosity solutions). Let the payoff func-
tion H werify the Lipschitz condition (11) and let h(z) = H(Soe”) have polyno-
mial growth at infinity. Then:

The forward value f.(t,z) of a European option defined by (8) is a viscosity
solution of the Cauchy problem (9) (that is, (40)—(41) with O = R).

Let fp(7,x) be the forward value of a knockout (single or double) barrier option
defined by (32), (33) or (36). If fp(7,2) is continuous on (0,T] X R then it is a
viscosity solution of (40)—(41) (with g =0).

Proof. fe(r,x) is continuous by Proposition 3 and is C;f ([0,7] x R) by Proposi-
tion 7. The functions f, and fq are bounded on [0, T] xR, and f; is C,f ([0, T]xR)
by the Corollary 1.

We will denote f., fu, fi, and fq by a generic name f, and O will stand
respectively for R, (—oo,u), (I,00) or (I,u). So, f is continuous and C; ([0, T] x
R), which is required in the definition of a viscosity solution. Let us now show
that f is a subsolution of (40)—(41). From the definition of f it is easily seen
that f(0,z) = h(z) and f(7,z) =0if x ¢ O. Consider (79, z¢) € (0,7] x O and
a test function ¢ € C*([0,T] x R) N C;F ([0, T] x R) such that

SO(TOa$O) = f(To,JJo) o(T, l‘) > f(r, J?) on [O’T] x R. (52)

As noted in Section 4, we can suppose that |g—f\, |gi;|, and \g%f\ are bounded
by a constant C. Our goal is to show that ¢ satisfies (42) at (7o, zo).
For t € [0, 79], let 8; = inf{s >t | zog + Y5 ¢ O} where Yy = rs + X,. Define

M; = E[H(Spe™0) 1, <p, | Fi]-

Note that 1, <g, = 1ry<e, Li<a,, and li<g, € F;. Since Y, 4 Y, + Zs_y, Vs > t,
where Z is a Lévy process independent of Y and identically distributed, we can
rewrite M; in the following way:

M; = Li<g,E[H(Soe ™™ 2r0=0)1 iit0650, (rosvi)+ 2,20} | Fi]

Li<go f(10 —t,x0 +Y;) aus.
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By construction, M; is a martingale. So, by the sampling theorem,
f(70,m0) = Mo = E[Ming,] = E[f(10 —t A 0o, T + Yine, )]
since 0 < 6y and ¢t A 0y < 0y. Then (52) implies, for all ¢ € [0, 79],
f(m0,20) < Elp(1o —t A by, x0 + Ying, )] (53)
Applying the It6 formula to the smooth function (79 — ¢, zo + Y;) between 0

and t A 0y gives:

tAOg SD 8%0
f(To,{E()) S (p(To,JJo) + E[/ (—a— + LQD + 7‘—)(7’0 — U, Lo + Yuf)du}
0 T ox

tAOg a
+ E[/ — (10 —u, g + Yy_)odW,+
0 5.’5

tA8o
+/0 /_OO«o(ro—u,xom_ ) — ol(ro — w0+ Vi) ) T (du dy)(}, |
54

where Jx is the compensated jump measure of X. The stochastic integral in
(54) is a martingale (with zero expectation) if E[Aspg,] < 00, where
Ay = / |— —u,z0 + Y, )|?du

—|—/ du/ v(dy)|e(to — w20 + Y +5) — (10 — uy 20 + Yo ) |
0 —00

Since ¢ has bounded derivatives, E[A¢ng,] is bounded:

¢
0
E[Aine,] < IE[/ |—(p(7'0 —u,zo + Y, )|Pdut
(o)
# [ [ a9 oY e < i [ oua)
Therefore, taking into account that f(7,x0) = ¢(70,%0), we derive from (54):

! dp Dy
IE[/O Tu<o, (E — Ly — r%)(m —u,x0+ Yy )du] < 0. (55)

It is easily seen that the integrand is bounded, again by the boundedness of the

derivatives of ¢. Dividing (55) by ¢, taking the limit ¢ — 0, and applying the
dominated convergence theorem, we finally obtain

dp
% Lot <0.
<87 Lo Tax)(To,Jm) <0
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Hence, f is a subsolution. Similarly, if ¢ € C?([0,T] x R) N C;}([0,T] x R) and
(10, 20) € (0,T] x O are such that (79, z0) = f(70,20) and ¢ < f on [0,T] X R,
one can show that

0 0
(a_f — Ly— ra—z)(m,xo) >0
which implies that f is a supersolution. O

The hypotheses above on the payoff function apply to put options, single-
barrier knockout puts, double barrier knockout options and also to the log-
contract. One can then retrieve call options by put-call parity.

5 Discussion

The characterization of option prices in terms of solutions of partial integro-
differential equations allows to use efficient numerical methods for pricing options
on a single asset in presence of jumps. This relation has already been used
by several authors to develop numerical methods for pricing options in models
with jumps. In this paper we have shown that this characterization is less
obvious in exponential Lévy model than in diffusion models, because of the
possible lack of smoothness of option values with respect to the underlying in
pure jump models. This lack of smoothness prevents the value function from
being a classical solution of the pricing PIDE: we are led to use a notion of
generalized solution. Using the notion of viscosity solution we have characterized
in Proposition 8 the precise relation between PIDEs and prices of European or
barrier options in exponential Lévy models. Such results are straightforward
to extend to the case of time-dependent characteristics (additive processes) |9,
Chapter 14]. ;From the mathematical point of view one could also consider
the case of state-dependent coeflicients i.e. a general Markov process (“local
volatility models with jumps”) such as in [3]. However, as shown in [10], the
addition of a local volatility component generates features which are redundant
with the small jumps of the Lévy process and leads to an identification problem
when calibrating the model to option prices. The gain from generality is therefore
not clear and we have refrained from venturing in this direction.

The notion of viscosity solution turns out to be convenient for analyzing the
convergence of finite difference schemes for PIDEs, without requiring smoothness
with respect to the underlying. Such numerical methods are discussed in a
companion paper [11]. The use of viscosity solutions allows to obtain pointwise
convergence of option prices, which is more relevant for approximating option
prices than L2-type convergence obtained using the notion of weak solution in
Sobolev spaces [21].

A key ingredient in the convergence is the comparison principle for semicon-
tinuous solutions [2]. In principle, one can also define the notion of discontinuous
viscosity (sub-/super-)solution for PIDEs, by replacing, in Definition 2, u by its
(lower /upper) semicontinuous envelope. However, the comparison principle may
fail to hold in this case and building convergent numerical schemes for computing
such solutions may be a challenge.
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