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Résumé

Cette these porte sur I’étude mathématique du probleme de projection Markovi-
enne des processus stochastiques : il s’agit de construire, étant donné un pro-
cessus aléatoire &£, un processus de Markov ayant a chaque instant la méme
distribution que &. Cette construction permet ensuite de déployer les outils
analytiques disponibles pour I’étude des processus de Markov (équations aux
dérivées partielles ou équations integro-différentielles) dans 1’étude des lois
marginales de £, méme lorsque & n’est pas markovien. D’abord étudié dans un
contexte probabiliste, notamment par Gyongy (1986), ce probléme a connu
un regain d’intéret motivé par les applications en finance, sous I'impulsion
des travaux de B. Dupire.

Une étude systématique des aspects probabilistes est entreprise (con-
struction d’un processus de Markov mimant les lois marginales de ) ainsi
qu’analytiques (dérivation d’une équation integro-différentielle) de ce probleme,
étendant les résultats existants au cas de semimartingales discontinues et
contribue a éclaircir plusieurs questions mathématiques soulevéees dans cette
littérature. Ces travaux donnent également une application de ces méthodes,
montrant comment elles peuvent servir a réduire la dimension d’un probleme
a travers ’exemple de ’évaluation des options sur indice en finance.

Le chapitre [1] présente le probleme de projection Markovienne et discute
son lien avec la construction de processus aléatoires a distributions marginales
données. Ce chapitre rappelle également quelques résulats sur les opérateurs
intégro-différentiels et les problemes de martingales associés a ces opérateurs.

Le chapitre 2] est consacré a la construction d'un processus de Markov
mimant les lois marginales d'une semimartingale d’Ito &, somme d’un pro-
cessus continu a variation finie, d’ une intégrale stochastique Brownienne et
de sauts décrits par une mesure aléeatoire M a valeurs entieres:

t t t t
&t =§o+/ Bsds—i-/ 5des+/ / yM(dsdy)+/ / y M(dsdy).
0 0 0 Jyl<1 0 Jlyl>1
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Sous I’hypothese que soit '0. est uniformément elliptique soit € est un pro-
cessus a sauts pur (0 = 0) dont le compensateur des sauts a une singu-
larité de type a-stable en 0, nous construisons un processus de Markov X
qui a la méme distribution que & a chaque instant (Théoreme 2.2). Un
outil clé est un résultat d’unicité pour I’équation de Kolmogorov forward as-
sociée a un opérateur integro-différentiel non-dégénéré (Théoreme 2.1). X est
défini comme la solution d’un probleme de martingale associé a un opérateur
integro-différentiel dont les coefficients sont exprimés comme espérance con-
ditionnelle des caractéristiques locales de &. Le reste du chapitre consiste a
montrer que cette construction s’applique a de nombreux exemples de proces-
sus aléatoires rencontrés dans les applications. La construction du Chapitre
permet en particulier de montrer que la distribution marginale d’une semi-
martingale est 'unique solution d’une équation integro-differentielle (EID)
“forward”: il s’agit de I’équation de Kolmogorov vérifiée par le processus de
Markov X qui “mime”

Le chapitre Bl donne une dérivation analytique directe de ce résultat,
sous des hypotheses plus faibles. Ces résultats permettent de généraliser
I’équation de Dupire (1995) pour les prix d’options a une large classe de
semimartingales discontinues, dont ce chapitre présente plusieurs exemples.
L’enoncé des résultats distingue bien les hypotheses sous lesquelles la valeur
de T'option vérifie cette EID, des conditions qui garantissent qu’elle en est
I'unique solution.

Le chapitre ] étudie le comportement asymptotique, a temps petit, de
quantités de la forme E[f(X;)] pour des fonctions f régulieres, généralisant
les résultats existants dans le cas ou £ est un processus de Lévy ou un pro-
cessus de diffusion au cas général de semimartingales discontinues.

Le chapitre[fldonne une application de ces résultats a I’évaluation d’options
sur indice. L’application des résultats du Chapitre B permet de réduire ce
probleme de grande dimension (d ~ 100) a la résolution d'une équation
integro-différentielle unidimensionnelle, et 'utilisation des résultat du Chapitre
permet d’obtenir une approximation numérique dont la complexitée est
linéaire (et non exponentielle) avec la dimension. La précision numérique de
cette approximation est montrée sur des exemples.

Mots clés : projection markovienne, équation de Kolmogorov, semimartin-
gale, probleme de martingale, équation forward, équation de Dupire.
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Abstract

This PhD thesis studies various mathematical aspects of problems related
to the Markovian projection of stochastic processes, and explores some ap-
plications of the results obtained to mathematical finance, in the context of
semimartingale models.

Given a stochastic process £, modeled as a semimartingale, our aim is
to build a Markov process X whose marginal laws are the same as . This
construction allows us to use analytical tools such as integro-differential equa-
tions to explore or compute quantities involving the marginal laws of £, even
when ¢ is not Markovian.

We present a systematic study of this problem from probabilistic view-
point and from the analytical viewpoint. On the probabilistic side, given a
discontinuous semimartingale we give an explicit construction of a Markov
process X which mimics the marginal distributions of £, as the solution of
a martingale problems for a certain integro-differential operator. This con-
struction extends the approach of Gyongy to the discontinuous case and
applies to a wide range of examples which arise in applications, in particu-
lar in mathematical finance. On the analytical side, we show that the flow
of marginal distributions of a discontinuous semimartingale is the solution
of an integro-differential equation, which extends the Kolmogorov forward
equation to a non-Markovian setting. As an application, we derive a forward
equation for option prices in a pricing model described by a discontinuous
semimartingale. This forward equation generalizes the Dupire equation, orig-
inally derived in the case of diffusion models, to the case of a discontinuous
semimartingale.

Chapter [2is devoted to the construction of a Markov process mimicking
the marginals laws of an Itd6 semimartingale &, decomposed as the sum of
a finite variation process, a stochastic integral with respect to a Brownian
motion and a stochastic integral with respect to an integer-valued random



measure M.

t t t t
&t =§o+/ 5Sds—l—/ 5SdWS+/ / yM(dsdy)+/ / y M(dsdy).
0 0 0 Jyl<1 0 Jlyl>1

If either ‘0,0, is uniformly elliptic or ¢ is a pure jump process such that its
compensator has a singularity at 0 of a-stable type, we construct a Markov
process X which has the same distribution as ¢ at each time (Theorem [2.2)).
One crucial key is the uniqueness result for the forward Kolmogorov equation
associated to an integro-differential operator (Theorem 2.T]). X is defined as
the solution to the martingale problem associated to an integro-differential
operator, whose coefficients are expressed in terms of the local characteristics
of £&. Another part of this Chapter consists in showing that one may apply
this construction to a large class of stochastic processes used in applications.
The construction of Chapter 2l allows in particular to show that the marginal
distribution of ¢ is the unique solution of an integro-differential equation, the
Kolmogorov equation satisfied by the Markov process X mimicking &.

Chapter [3l gives a direct analytical derivation of this result, under weaker
assumptions. These results allow to generalize the Dupire’s equation for the
price of call options to a large class of discontinuous semimartingales, for
which we give some examples. We distinguish the assumptions under which
the value of the call option satisfies this integro-differential equation, and the
conditions implying that it is the unique solution of this equation.

Chapter M studies the short-time asymptotic behaviour, of the quantities
of the form E[f(&)] for functions f regular, generalizing existing results in
the case when ¢ is a Lévy process or a diffusion to the case of a discontinuous
semimartingale.

Chapter [ gives an application of these results to the evaluation of in-
dex options. The application of the results of Chapter [3 allow to reduce
the problem of high dimension (d ~ 30) to the resolution of a unidimensional
integro-differential equation and the techniques developed in Chapter 4 allow
to obtain a numerical approximation whose complexity grows linearly with
the dimension of the problem. The numerical precision of this approximation
is shown via examples.

Keywords: Markovian projection, mimicking theorem, semimartingale, mar-
tingale problem, forward equation, Dupire equation.
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Chapter 1

Introduction

1.1 Mimicking the marginal distributions of
a stochastic process

The mathematical modeling of stochastic phenomena in various fields such as
physics, biology and economics has led to the introduction of stochastic mod-
els of increasing complexity, whose dynamics may have history-dependent
features. Examples of stochastic processes with such path-dependent dy-
namics may be found in population dynamics, physics and finance. In most
cases, such processes may be represented as semimartingales [61], 81], which
allow for the use of the tools of Ito calculus.

When we are dealing with Markov processes, a wide range of analytical
tools are available for computation, simulation and estimation problems re-
lated to stochastic models. But, once we go out of the realm of Markovian
models, the complexity sharply increases and tools for computing or simulat-
ing quantities related to non-Markovian stochastic processes become scarce
and are seldom tractable.

However, in many applications one is solely interested in quantities which
depend on a stochastic process (& )0 through its marginal distributions i.e.
the distribution & for different values of t. A prime example is the option
pricing problem in mathematical finance, where one is interested in comput-
ing quantities of the form E[f(&;)] for various classes of functions f : R4 — R.

In these situations, the complexity of the problem can be greatly reduced
by considering a simpler model, such as low-dimensional Markov process,
with the same marginal distributions. Given a process £, a Markov process



X is said to mimic € on the time interval [0, 7], if £ and X have the same
marginal distributions:

vte0,7], &2X,. (1.1)

The construction of a Markov process X with the above property is called
the “mimicking” problem.

First suggested by Brémaud [21] in the context of queues (under the name
of "first-order equivalence), this problem has been the focus of a considerable
literature, using a variety of probabilistic and analytic methods [2] [7, 23] 36,
52, 55, [74], 164, 69, 51]. These results have many applications, in particular
related to option pricing problems [34] [36] and the related inverse problem of
calibration of pricing models given observed option prices [34] 22, 28|, 27, [79)].

1.1.1 Stochastic processes with given marginal distri-
butions

The mimicking problem is related to the construction of martingales with a
given flow of marginals, which dates back to Kellerer [64]. It is known that
the flow of marginal distributions of a martingale is increasing in the convex
order i.e. for any conver function ¢ : R? — R,

vt s, / o) pely) dy > / o(y) pa(y) dy, (1.2)

Kellerer [64] shows that, conversely, any family of probability distributions
with this property can be realized as the flow of marginal densities of a
(sub)martingale:

Theorem 1.1 ([64], p.120). Let p;(y), y € R, ¢ > 0, be a family of marginal
densities, with finite first moment, which is increasing in the convex order:
for any convex function ¢ : R4 — R, and any s < t,

vt s, / o) pely) dy > / o(y) pa(y) dy. (1.3)

Then there exists a Markov process (X¢)i>o such that the marginal density of
Xy is pi(y). Furthermore, X; is a martingale.



This approach has been recently extended by Yor and coauthors [7, [55], [74]
using a variety of techniques. Madan and Yor [74] give three different con-
structions of Markov process with a prespecified flow of marginal distribu-
tions. The first construction is based on the Azéma—Yor [6] solution to the
Skorohod embedding problem. The second one follows the method intro-
duced by Dupire [34] involving continuous martingales. The last approach
constructs X as a time-changed Brownian motion.

Such approaches may be applied to the mimicking problem by taking
as p; the flow of marginal distributions of some martingale &; the above
contructions then yield a Markov process X which mimicks &.

These constructions emphasize the lack of uniqueness of the mimicking
process and show that the mimicking process may in fact have properties
which are quite different from . Even in the case where £ is a Gaussian
martingale, the Azéma—Yor approach yields a mimicking process X which is a
discontinuous and time-inhomogeneous Markov process [74]. Considering the
special case of gaussian marginals, Albin [2] builds a continuous martingale
that has the same univariate marginal distributions as Brownian motion, but
that is not a Brownian motion. Another striking example is given by Hamza
& Klebaner [52], who construct a family of discontinuous martingales whose
marginals match those of a Gaussian Markov process.

Note that these constructions assume the martingale property of £&. We
will now consider an alternative approach which does not rely on the mar-
tingale property, and is applicable to a semimartingale &.

1.1.2 Markovian projection of a stochastic process

Clearly, given a process &, there is not uniqueness (in law or otherwise) of the
Markov mimicking process X. However, it is clear that some constructions
are more natural’ than others, as we will try to explain.

First, note that the above constructions [74], 52} 2] take as a starting point
the flow of marginal distributions p; of £&. In many examples, £ is defined
through its local characteristics (e.g. it is given as a stochastic integral or
the solution of a stochastic differential equation) but its marginal distribution
may not be known explicitly so these constructions may not be applicable.
Indeed, in many cases the goal is to mimic £ in order to compute p;!

Also, one would like to view the mimicking process as a "Markovian pro-
jection’ of £&. However, this interpretation fails to hold in the above construc-
tions. In particular, if £ is already a Markov process then it is natural to



choose as mimicking process ¢ itself (or at least a copy of & with the same
law as £). However, some of these constructions fail to have this property, so
they cannot be qualified as a 'projection’ on the set of Markov processes.

Finally, many of these ad-hoc constructions fail to conserve some simple
qualitative properties of &. For example, if ¢ is a continuous process, one
expects to be able to mimic it with a continuous Markov process X (preser-
vation of continuity). Also, in reference to the martingale construction above,
one can show that it is possible to mimic a (local) martingale £ with a Marko-
vian (local) martingale X (preservation of the martingale property). These
properties are more naturally viewed in terms of the local characteristics of
the process ¢ rather than properties of the marginal distributions. This sug-
gests a more natural, and more general approach for constructing X from
the local characteristics of £, when £ is a semimartingale.

This approach was first suggested by Krylov [69] and studied in detail by
Gyongy [51] for Tto processes. The following result is given in Gyongy [51].

Theorem 1.2 ([51], Theorem 4.6). Consider on a filtered probability space
(Q, F, (Fi)e>0,P), & an Ito process

6 = /0 Bw)ds + /0 (W),

where W is an n-dimensional Wiener process, 0 and B are bounded adapted
process taking values in Mgy, (R) and R? respectively. Then under the ellip-
ticity condition

t5t-5t > EId7

there exist bounded measurable functions o : [0,00[xR? — Mgy, (R) and
b:[0,00[xR? — R? such that

tO'(t, ,’L’).O’(t, ,’L’) =E [t5t.5t|§t = ZI}':| b(t, ,’L’) =E [51&‘51& = ZI}']
for almost-every (t,z) € [0,00[xR® and the stochastic differential equation
dXt = b(t, Xt) dt + O'(t, Xt) th, X() =0 (14)

admits a weak solution X; which has the same one-dimensional distributions
as é-t-

The method used by Gyongy [51] is to construct the Green measure of the
process (t,&;) with a given killing rate and identify it with the Green measure

4



of the process (¢, X;) (with another killing rate), where X; is any solution
of the SDFE (LL4), starting from 0. The difficulty lies in the fact that o,b
are simply measurable so weak solutions of SDE (L4 are not unique and X
cannot be characterized by an infinitesimal generator. For the same reason,
(L4) cannot be used to construct a Markov process so in this setting one
cannot yet speak of a "Markovian projection’.

Brunick & Shreve [23] extend this result by relaxing the ellipticity con-
dition of [51] but using a totally different approach where the weak solution
of the SDE (I'4)) is constructed as a limit of mixtures of Wiener measures,
following a method suggested by Brigo and Mercurio [22]. As in Gyongy
[51], the mimicking process X is constructed as a weak solution to the SDE
(L4), but this weak solution does not in general have the Markov property:
indeed, it need not even be unique under the assumptions used in [51], 23]
which allow for discontinuity of coefficients. In particular, in the setting
used in [51], 23], the law of X is not uniquely determined by its ’infinitesimal
generator’ defined as

Vf e CP(RY)  Lf(x) =b(t,2).Vf(z)+ % [a(t,:z) sz(at)} , (1.5)

The ‘computation’ of quantities involving X, either through simulation or
by solving a partial differential equation may not be trivial because of this
non-uniqueness: for example, one cannot even simulate the solution of the
stochastic differential equation under these conditions.

However, what this construction does suggest is that the 'natural’ Marko-
vian projection of £ is the Markov process —if it exists— with infinitesimal
generator (). If this Markov process exists and enjoys minimal regularity
properties, then one can compute expectations of the form E[f(&:)|Fo] by
solving partial differential equation associated with the operator (LH).

1.1.3 Forward equations for option prices

These “mimicking theorems” have a natural connection to another strand of
literature : mathematical finance, precisely focuses on the derivation of such
"forward equations’ for expectations of the type

C(T,K) = e Bl(& — K)+|F0),

which correspond to the value of call options written on &. This connection
comes from the fact that call options values are related to the marginal



distributions (pr)r>o of & by

2
%(T, K)=e " pr(dK),
so a process which mimics the marginal distributions of ¢ will also “calibrate”
the prices of call options and forward Kolmogorov equations for py translate
into “forward equations” for C(T, K). Forward equations for option pricing
were first derived by Dupire [34 36] who showed that when the underlying
asset is assumed to follow a diffusion process

dSt = StO'(t, St)th

prices of call options (at a given date ) solve a forward PDE in the strike
and maturity variables

ac,
aT

ac,
oK

K20'(T, K)2 820t0
2 OK?

(T,K) = —r(T)K

(T,K) +

(T, K)

on [tg, 00[x]0, oco[, with the initial condition
VK>0 Cto(to,K): (Sto_K>+-

This forward equation allows to price call options with various strikes and
maturities on the same underlying asset, by solving a single partial differ-
ential equation. Dupire’s forward equation also provides useful insights into
the inverse problem of calibrating diffusion models to observed call and put
option prices [16]. As noted by Dupire [35], the forward PDE holds in a more
general context than the backward PDE: even if the (risk-neutral) dynam-
ics of the underlying asset is not necessarily Markovian, but described by a
continuous Brownian martingale

dSy = 510,dWr,

then call options still verify a forward PDE where the diffusion coefficient is
given by the local (or effective) volatility function o(¢,S) given by

o(t,S) = \/E[82|S, = S].

Given the theoretical and computational usefulness of the forward equation,
there have been various attempts to extend Dupire’s forward equation to

6



other types of options and processes, most notably to Markov processes with
jumps [4,26], 29, 62} 25]. Most of these constructions use the Markov property
of the underlying process in a crucial way.

A common mistake is to state that Dupire’s forward PDE is a consequence
of Gyongy [61] mimicking theorem. As pointed out in the previous section,
the construction of Gyongy’s [51] does not imply a link with the forward PDE
and the derivations of forward PDEs do not make use of Gyongy’s mimicking
result or any other construction of the mimicking process, but directly derive
a PDE or PIDE for the function C(T, K) = e "= E[(¢ — K),|Fo). The
reason Gyongy’s result does not allow the derivation of such a PDE is that
the underlying assumptions do not give sufficient regularity needed to derive
the PDE for C(T, K).

However, intuitively there should be a link between these two strands
of results. It therefore remains to describe the link between these two ap-
proaches: on the one hand, the construction of the mimicking process —or
Markovian projection— of ¢ and, on the other hand, the derivation of for-
ward equations for C(T, K) = E[(& — K)4|Fo|. This is precisely one of the
objectives of this thesis. In order to explore this relation, we need to con-
struct, not just a mimicking process which is "Markov-like’ as in [51), 23] but
a Markovian projection X which is a genuine Markov process, characterized
by its infinitesimal generator and whose marginal distributions may be char-
acterized as the unique solution of the corresponding Kolmogorov forward
equation. Then, we will be able to connect the dots and establish a one-to-
one correspondence between the mimicking process, the forward equation for
call options and the infinitesimal generator of X.

We will show that this construction is indeed possible when ¢ is an [to
semimartingale:

3 =5o+/0tﬁsds+/otasdws+/0t/”y”<lyM<dsdy>+/0t/”y”>1yM<dsdy>,
- (1.6)

where & is in R% W is a standard R"-valued Wiener process, M is an
integer-valued random measure on [0, 00) x R? with compensator measure j
and M = M — 1 is the compensated measure associated to M. Namely, u
is the unique, up to a P-null set, predictable random measure on [0, co[xR?
such that

/' ¢y (M (dt dy) — p(dtdy)) isa (P, F;) — local martingale, (1.7)
0 Jrd
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(see [61, Ch.II,Sec.1]), implying that for any predictable process ¢; and for

any 17" > 0:
[/ y ¢ M (dt dy ] [/ g o dtdy)] (1.8)

[to semimartingales form a natural class of stochastic processes, suffi-
ciently large for most applications and possessing various analytical proper-
ties which allow in particular the use of stochastic calculus [81], [61].

An Ito semimartingale may be characterized by its local characteristic
triplet (3,0, ), which may be seen as a path-dependent generalization of the
notion of Lévy triplet for Lévy processesl Under some conditions on the local
characteristics of €, we will show that the Markovian projection X of £ may
then be constructed, as in Gyongy [51], by projecting the local characteris-
tics of & on its state. However, our construction differs from that of Gyongy:
we construct X as the solution of a martingale problem and ensure that this
construction yields a Markov process X, characterized by its infinitesimal
generator. This regularity of the construction will provide a clear link be-
tween the mimicking process X and the corresponding forward equation and
clarify the link between forward equations and Markovian projections.

1.1.4 Stochastic differential equations and martingale
problems

To construct Markovian mimicking processes for &, we will need to construct
solutions to a general "Markovian-type’ stochastic differential equation with
jumps, given by

t t
vt € [0, 7], Xt:X0+/ b(u,Xu)du+/ S(u, X,) dB,
0 0

t t
—i—/ / y N(du dy)+/ / y N(du dy),
0 Jyll<1 0 Jyl>1

where (B;) is a d-dimensional Brownian motion, N is an integer-valued ran-
dom measure on [0,7] x R? with compensator n(t,dy, X;_) dt where
(n(t, .,z),(t,z) € [0,T] x R?) is a measurable family of positive measures

(1.9)

'We refer to Jacod & Shiryaev [61, Chapter 4 Section 2] for a complete presentation.



on R — {0}, N = N — n the associated compensated random measure,
¥ € CU[0,T] x RY, Myyn(R)), b: [0, 7] x RY — R? are measurable functions.

When the coefficients (b, ¥, n) are Lipschitz with linear growth, this equa-
tion has a unique strong (pathwise) solution which may be constructed by
Picard iteration [58]. However, such regularity properties are in general not
available in the examples we shall examine. Furthermore, since in the mim-
icking problem we are only interested in the distributional properties of pro-
cesses, it is sufficient to construct the Markov mimicking process X as a
“weak” —or probabilistic— solution of (ILO). This can be achieved under much
weaker regularity conditions on the coefficients. A systematic construction of
such weak solutions was proposed by Stroock and Varadhan [90], who intro-
duced the notion of martingale problem associated to an operator L verifying
the maximum principle.

If X is a Markov process on a stochastic basis (2, F, (F¢)i>0,P) and L
denotes its infinitesimal generator, defined on a given domain D(L), then for

fe€D(L), t
M) = F(X0) — F(Xo) — / Lf(X.) ds (1.10)

is a P-martingale. This property, which characterizes the law of X in terms
of its infinitesimal generator L, was used by Stroock and Varadhan [90] as a
systematic method for constructing weak solutions of stochastic differential
equations as solutions to “martingale problems” [90].

Let Qo = D([0,T],R?) be the Skorokhod space of right-continuous func-
tions with left limits, denote by X;(w) = w(t) the canonical process on (),
B its filtration and B; the P—completed right-continuous version of BY. Let
CY(R?) denote the set of bounded and continuous functions on R% and Cg°(R¢)
the set of infinitely differentiable functions with compact support on R¢. Con-
sider a time-dependent integro-differential operator £ = (L;)cjo,r) defined,
for f € C°(R?), by

Lof(x) = bt ).V f(z) + %tr [a(t, 2) V2 (2)]
(1.11)
+ [ a0 = 1) = Ly vV S @)t dy. ),

where a : [0,T] x RY = Mgyq(R),b : [0,7] x R? — R? are measurable
functions and (n(t, ., ), (t,z) € [0, T]xR?) is a measurable family of positive
measures on R% — {0}.



For g in R?, a probability measure Q,, on (£, Br) is said to be a solution
to the martingale problem for (L£,C3°(R?)) on [0,T] if Q (X, = x) = 1 and
for any f € C3°(R%), the process

F(X0) — flao) - / C.f(X.) ds

is a (Qg,, (Bt)i>0)-martingale on [0, 7.

If for any o € RY, there exists a unique solution Q,, to the martingale
problem for (£, C5°(R%)) on [0, T], then we say that the martingale problem
for (£,C5°(RY)) on [0, T] is well-posed.

Ethier & Kurtz [40, Chapter 4, Theorem 4.2] show that the well-posedness
of the martingale problem for (L,D(L) implies the Markov property of X
under Q. Hence when one wants to build a Markovian semimartingale
whose infinitesimal generator is an integro-differential operator such as L,
the existence and uniqueness of solutions to martingale problems for integro-
differential operators are crucial.

Existence and uniqueness for integro-differential operator have been stud-
ied under various conditions on the coefficients. When £ has constant co-
efficients b(t,x) = b, a(t,z) = a and n(t,dy,z) = n(dy), then L is the
infinitesimal generator of a pure jump Lévy process (see Bertoin [19], Sato
[84]). The existence of a solution to the martingale problem for the opera-
tor £ with continuous or measurable coefficients and nondegenerate diffusion
matrix has been considered by Skorokhod [87], Stroock and Varadhan [90],
Krylov [68], Lepeltier and Marchal [72] and Jacod [59]. The uniqueness for
a continuous nondegenerate diffusion coefficient was studied by Stroock and
Varadhan [90], Komatsu [66] and Stroock [8§]. In all these results, bounded-
ness of coefficients guarantees existence, while uniqueness is based on some
form of continuity of coefficients plus an ellipticity condition of the diffu-
sion matrix. Figalli [42] extends these results to the case of second-order
differential operators with irregular coefficients.

Komatsu [67] was the first to treat the martingale problem for pure jump
processes generated by operators where a = 0. In the case where b and n
are non-time dependent Komatsu [67] proved the existence and uniqueness
of solutions for Lévy Kernels n(dy, x) which are perturbations of an a-stable
Lévy measure. Uniqueness in the case of a state dependent singularity at
zero was proved by Bass [10, 1] under some uniform continuity the intensity
of small jumps with respect to the jump size.
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Mikulevicus and Pragarauskas [77] improved the results of Stroock [8§]
and Komatsu [66], [67], by allowing a, b and n to be time dependent. They
use a different approach than Stroock [88] or Komatsu [67] by estimating the
unique solution to the Cauchy problem for nondegenerate Lévy operators in
Sobolev and Hélder spaces. More recently, using tools from complex analysis
and pseudo-differential operators, Hoh [56, [57] explored the well-posedness
of the martingale problem for a non-time dependent operator, when x —
n(dy,x) is in C3¢(R?).

We will mainly use the results of Mikulevicus and Pragarauskas [77] which
cover the case of time-dependent coefficients and whose conditions are easier
to verify in applications.

Lepeltier [72] shows that the notion of solution to martingale problem is
equivalent to the notion of weak solution for a stochastic differential equation
with jumps. [72] Theorem IIo] shows that if X is the weak solution of the
stochastic differential equation (L9, then if one defines

a(t,r) ="S(t,7)S(t, v),

the probability measure Py, is a solution the martingale problem for (£, Cs°(R?))
defined by equation (LII]) with initial condition X,. Conversely, [72, The-
orem [Ig] shows that if Py, is a solution to the martingale problem for
(L, C°(RY)) starting from X, then, for any ¥ € C°([0,7] x R%, Mgy, (R))
such that

' (t, )5t x) = alt, x) (1.12)

Py, is a weak solution to the stochastic integro-differential equation (I.9)
with initial condition X.

Furthermore, [72, Corollary II;y] shows that the uniqueness in law of
the stochastic integro-differential equation (L9) for a given X, implies the
uniqueness in law for (£, CS°(R%)) on [0, T starting from Xj. Conversely the
well-posedness of the martingale problem for (£,C5°(R%)) on [0, 7] implies
the uniqueness in law for any X, of all the stochastic integro-differential
equations ([L.9) such that ¥ satisfies (IL12l).

1.2 Summary of contributions

This PhD thesis represents my work during the period 2008-2011, at the
Laboratoire de Probabilités et Modéles Aléatoires (Université Pierre et Marie
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Curie- Paris VI) under the supervision of Rama Cont. It studies various
mathematical aspects of problems related to the Markovian projection of
stochastic processes, and explores some applications of the results obtained
to mathematical finance, in the context of semimartingale models.

Given a stochastic process &, modeled as a semimartingale, our aim is
to build a Markov process X whose marginal laws are the same as . This
construction allows us to use analytical tools such as integro-differential equa-
tions to explore or compute quantities involving the marginal laws of £, even
when ¢ is not Markovian.

We present a systematic study of this problem from probabilistic view-
point and from the analytical viewpoint. On the probabilistic side, given a
discontinuous semimartingale we give an explicit construction of a Markov
process X which mimics the marginal distributions of £, as the solution of a
martingale problems for a certain integro-differential operator (Chapter 2).
This construction extends the approach of Gyongy to the discontinous case
and applies to a wide range of examples which arise in applications, in par-
ticular in mathematical finance. Some applications are given in Chapters 4
and 5.

On the analytical side, we show that the flow of marginal distributions of
a discontinuous semimartingale is the solution of an integro-differential equa-
tion, which extends the Kolmogorov forward equation to a non-Markovian
setting. As an application, we derive a forward equation for option prices
in a pricing model described by a discontinuous semimartingale (Chapter 3).
This forward equation generalizes the Dupire equation, originally derived in
the case of diffusion models, to the case of a discontinuous semimartingale.

1.2.1 Chapter 2 : Markovian projection of semimartin-
gales

Consider, on a filtered probability space (€2, F, (F;)t>0, P), an Ito semimartin-
gale, on the time interval [0, 7], T' > 0, given by the decomposition

t t t t
&t =§o+/ 5Sds—l—/ 5SdWS+/ / yM(dsdy)+/ / y M(dsdy),
0 0 0 Jyll<1 0 Jyll>1

where & is in R, W is a standard R"-valued Wiener process, M is an
integer-valued random measure on [0,7] x R? with compensator measure j
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and M = M — p is the compensated measure, § (resp. 6) is an adapted
process with values in R? (resp. Mgy, (R)).

Chapter[2lis devoted to the construction of a Markov process X mimicking
the marginals laws of the It0 semimartingale &. We propose a systematic
construction of such a Markovian projection.

Our construction describes the mimicking Markov process X in terms of
the local characteristics of the semimartingale £ and we exhibit conditions
under which the flow of marginal distributions of £ can be matched by the
Markov process X.

Namely, let us consider, for (¢,2) € [0,T] x R%, B € B(R? — {0}),

b(t, z) = E[Ai]&- = 2],
a(t,z) = E ['6:6,|¢- = 2] , (1.13)
n(t,B,z) =E[m(.,t,B)|&- = z].

If B, 6 and m satisfy some boundedness and non-degeneracy conditions,
namely either 6;0; is uniformly elliptic or £ is a pure jump process such
that its compensator has a singularity of the type a-stable in 0, and if b, a
and n satisfy some continuity conditions, then one may identify the Markov
process X (Theorem [2.2]) as the unique solution of a martingale problem for
the time-dependent integro-differential operator £ = (L£;)scjo,r) defined, for
f € C(RY), by

(t,z) 0*f
2 aagaxj

d
Lif(x) =b(t,z).Vf(x)+ > Qij

i,j=1

+ [ 1 +0) = F@) = Tien 99 @), dy. o).

(z)
(1.14)

Theses conditions are chosen with respect to the conditions given in
Mikulevicus and Pragarauskas [77] for which the well-posedness holds for
the martingale problem for the operator ((L:)icjor), C5°(R?)) (see Proposi-
tion 2.1]).

Our construction thus applies more readily to solutions of stochastic dif-
ferential equations where the local characteristics are known but not the
marginal distributions. One crucial key is the uniqueness result for the
forward Kolmogorov equation associated to an integro-differential operator
(Theorem [2.]). We use these results in section 2.2.4to show in particular that
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the marginal distribution of £ is the unique solution of an integro-differential
equation : this is the Kolmogorov equation satisfied by the Markov pro-
cess X mimicking &, extending thus the Kolmogorov forward equation to a
non-Markovian setting and to discontinuous semimartingales (Theorem [2.3]).

Section shows how this result may be applied to processes whose
jumps are represented as the integral of a predictable jump amplitude with
respect to a Poisson random measure

el T] G =+ / 8, ds+ / 5, dW, + / / bay) N(dsdy), (1.15)

a representation often used in stochastic differential equations with jumps.
In Section 2.4 we show that our construction may be applied to a large class
of semimartingales, including smooth functions of a Markov process (Section

2.4.7]), such as
fRESR &= f(Z)

for f regular enough and Z; taken as the unique solution of a certain d-
dimensional stochastic integro-differential equation, and time-changed Lévy
processes (Section [ZZ4.2), such as

t
G=Lo, O [ 0uds >0,
0
with L a scalar Lévy process with triplet (b, o2, v).

1.2.2 Chapter 3: forward PIDEs for option pricing

The standard option pricing model of Black-Scholes and Merton [20] [75],
widely used in option pricing, is known to be inconsistent with empirical
observations on option prices and has led to many extensions, which include
state-dependent volatility, multiple factors, stochastic volatility and jumps
[30]. While more realistic from statistical point of view, these models increase
the difficulty of calibration or pricing of options.

Since the seminal work of Black, Scholes and Merton [20] [75] partial
differential equations (PDE) have been used as a way of characterizing and
efficiently computing option prices. In the Black-Scholes-Merton model and
various extensions of this model which retain the Markov property of the
risk factors, option prices can be characterized in terms of solutions to a
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backward PDE, whose variables are time (to maturity) and the value of the
underlying asset. The use of backward PDEs for option pricing has been
extended to cover options with path-dependent and early exercise features,
as well as to multifactor models (see e.g. [1]). When the underlying asset
exhibit jumps, option prices can be computed by solving an analogous partial
integro-differential equation (PIDE) [4] 31].

A second important step was taken by Dupire [33] B34] [36]. Let us recall
that value Cy, (T, K) at ty of a call option with expiry 7" > ¢, and strike
K > 0 is given by

O (T, ) = e 0 0% BPlmax(Sy — K, 0)|F]. (1.16)

where P shall denote the risk-neutral measure. Dupire showed that when the
underlying asset is assumed to follow a diffusion process

dSt = StO'(t, St)th,
prices of call options (at a given date ty) solve a forward PDE

8Ct0 8Ct0 K20'(T, K)2 820t0
aT 0K 2 0K?

on [ty, 00[x]0, 00| in the strike and maturity variables, with the initial condi-
tion

(T,K) =—r(T)K (T,K) + (T, K)

VK >0 Cy(te, K) = (S, — K)4.

This forward equation allows to price call options with various strikes and
maturities on the same underlying asset, by solving a single partial differ-
ential equation. Dupire’s forward equation also provides useful insights into
the inverse problem of calibrating diffusion models to observed call and put
option prices [16].

Given the theoretical and computational usefulness of the forward equa-
tion, there have been various attempts to extend Dupire’s forward equation
to other types of options and processes, most notably to Markov processes
with jumps [4], 26, 29, 62], 25]. Most of these constructions use the Markov
property of the underlying process in a crucial way (see however [65]).

As noted by Dupire [35], one of the great advantages of the forward PDE
is that it holds in a more general context than the backward PDE: even if the
(risk-neutral) dynamics of the underlying asset is not necessarily Markovian,
but described by a continuous Brownian martingale

dSy = 510,dWr,
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then call options still verify a forward PDE where the diffusion coefficient is
given by the local (or effective) volatility function o(¢,S) given by

o(t,8) = \/ E[5?2|S, = S].

This method is linked to the “Markovian projection” problem: the con-
struction of a Markov process which mimicks the marginal distributions of
a martingale [15, [51], [74]. Such “mimicking processes” provide a method to
extend the Dupire equation to non-Markovian settings.

We show in Chapter Bl that the forward equation for call prices holds
in a more general setting, where the dynamics of the underlying asset is
described by a — possibly discontinuous — semimartingale. Namely, we con-
sider a (strictly positive) semimartingale S whose dynamics under the pricing
measure P is given by

+oo N

T T T
ST = S(] + / T(t)Stfdt + / St, 51/th + / St, (ey - 1)M(dt dy),
0 0 0

(1.17)
where 7(t) > 0 represents a (deterministic) bounded discount rate, J; the
(random) volatility process and M is an integer-valued random measure with
compensator u(dt dy;w) = m(t, dy,w) dt, representing jumps in the log-price,
and M = M — 11 is the compensated random measure associated to M. Both
the volatility §; and m(¢, dy), which represents the intensity of jumps of size
y at time ¢, are allowed to be stochastic. In particular, we do not assume
the jumps to be driven by a Lévy process or a process with independent
increments. The specification ([LI7) thus includes most stochastic volatility
models with jumps. Also, our derivation does not require ellipticity or non-
degeneracy of the diffusion coefficient and under some integrability condition,
we show that the call option price (T, K) — C, (T, K), as a function of
maturity and strike, is a solution (in the sense of distributions) of the partial
integro-differential equation

ac,
oT

0Ct0 K2O'(T, K)2 02Ct0
0K 2 0K?

oo 92C K
+/0 yaK';O(T,dy)xT,y <ln(?)), (1.18)

on [tg,00[x]0,00[ with the initial condition: VK > 0 Cy(to, K) = (S, —

(T,K)=—r(T)K (T, K) + (T, K)
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K),, where 1)y is the exponential double tail of the compensator m(t, dy)

() = { Jodz et [T m(t,du), z<0, (119
[Fdw e [ m(t,du), 2z >0,
and, for t > tg,z > 0,
{aa, 5 = VEFIS: =7 20,
Xey(2) =E [ (2) [S- =y].

The results of Chapter 3 extend the forward equation from the original dif-
fusion setting of Dupire [34] to various examples of non-Markovian and/or
discontinuous processes. Our result implies previous derivations of forward
equations [4, 26, 25, 29] [34], B35], 62 [73] as special cases. Section gives
examples of forward PIDEs obtained in various settings: time-changed Lévy
processes, local Lévy models and point processes used in portfolio default risk
modeling. These results are applicable to various stochastic volatility models
with jumps, pure jump models and point process models used in equity and
credit risk modeling.

Uniqueness of the solution of such PIDEs has been shown using analyti-
cal methods [8, [47] under various types of conditions on the coefficients, but
which are difficult to verify in examples. We give a direct proof of the unique-
ness of solutions for (I.I8) using a probabilistic method, under explicit condi-
tions which cover most examples of models used in finance. These conditions
are closely related to the ones given in Chapter[2] ensuring the well-posedness
for a martingale problem associated to a certain integro-differential operator.

In the case where the underlying risk factor follows an It0 process or a
Markovian jump-diffusion driven by a Lévy process, we retrieve previously
known forms of the forward equation. In this case, our approach gives a
rigorous derivation of these results under precise assumptions, in a unified
framework. In some cases, such as index options (Sec. B.2ZH]) or CDO ex-
pected tranche notionals (Sec. [B:2.6), our method leads to a new, more
general form of the forward equation valid for a larger class of models than
previously studied [5, 29 85].

The forward equation for call options is a PIDE in one (spatial) dimen-
sion, regardless of the number of factor driving the underlying asset. It
may thus be used as a method for reducing the dimension of the problem.
The case of index options (Section B.2.0) in a multivariate jump-diffusion

17



model illustrates how the forward equation projects a high dimensional pric-
ing problem into a one-dimensional state equation, generalizing the forward
PIDE studied by Avellaneda et al. [5] for the diffusion case.

1.2.3 Chapter 4 : short-time asymptotics for semi-
martingales

The result of chapters 2 and 3 reduce the computation of expectations of the
type
E [f (&) Fx] (1.21)

to the computation of similar quantities when £ is replaced by an appropri-
ately chosen Markov process X, the Markovian projection of £. Chapter 4
uses similar ideas to compute analytically the asymptotics of such expressions
as t — tg. Whereas for Markov process various well-known tools —partial dif-
ferential equations, Monte Carlo simulation, semigroup methods— are avail-
able for the computation and approximation of conditional expectations, such
tools do not carry over to the more general setting of semimartingales. Even
in the Markov case, if the state space is high dimensional exact computations
may be computationally prohibitive and there has been a lot of interest in
obtaining approximations of (I.21]) as ¢t — ty. Knowledge of such short-time
asymptotics is very useful not only for computation of conditional expecta-
tions but also for the estimation and calibration of such models. Accordingly,
short-time asymptotics for (L2I)) (which, in the Markov case, amounts to
studying transition densities of the process £) has been previously studied
for diffusion models [17, [I8] [41], Lévy processes [60, [70, [83] 9, 144} [43] [91],
Markov jump-diffusion models [3] 3] and one-dimensional martingales [78],
using a variety of techniques. The proofs of these results in the case of Lévy
processes makes heavy use of the independence of increments; proofs in other
case rely on the Markov property, estimates for heat kernels for second-order
differential operators or Malliavin calculus. What is striking, however, is the
similarity of the results obtained in these different settings.

We reconsider here the short-time asymptotics of conditional expecta-
tions in a more general framework which contains existing models but allows
to go beyond the Markovian setting and to incorporate path-dependent fea-
tures. Such a framework is provided by the class of [t6 semimartingales,
which contains all the examples cited above but allows the use the tools of
stochastic analysis. An [to semimartingale on a filtered probability space
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(Q, F, (Fi)>0, P) is a stochastic process € with the representation

b=got [ puast [ [ [ st attasiye [ [ ) Miasay)
(1.22)

where & is in R?, W is a standard R™-valued Wiener process, M is an integer-
valued random measure on [0,00] x RY with compensator u(w,dt,dy) =
m(w,t,dy)dt and M = M — p its compensated random measure, (5 (resp.
§) is an adapted process with values in R? (resp. My,(R)) and

y
K(Y) = —3
L+ lyl?

is a truncation function.

We study the short-time asymptotics of conditional expectations of the
form (CZI]) where £ is an Ito semimartingale of the form (L22]), for various
classes of functions f : R? — R. First, we prove a general result for the case
of f € CZ(R% R). Then we will treat, when d = 1, the case of

E[(& — K)*|F], (1.23)

which corresponds to the value at ¢y of a call option with strike K and
maturity ¢ in a model described by equation (42]). We show that whereas
the behavior of ([A3]) in the case K > &, ( out-of-the-money options) is
linear in t — ¢y, the asymptotics in the case K = &, (which corresponds to
at-the-money options) depends on the fine structure of the semimartingale &
at tyg. In particular, we show that for continuous semimartingales the short-
maturity asymptotics of at-the-money options is determined by the local time
of £ at ty. In each case we identify the leading term in the asymptotics and
express this term in terms of the local characteristics of the semimartingale
at to.

Our results unify various asymptotic results previously derived for par-
ticular examples of stochastic models and extend them to the more general
case of a discontinuous semimartingale. In particular, we show that the in-
dependence of increments or the Markov property do not play any role in
the derivation of such results.

Short-time asymptotics for expectations of the form (L2I) have been
studied in the context of statistics of processes [60] and option pricing [3]
17, [18], [13] 144, 911, [78]. Berestycki, Busca and Florent [17, [I8] derive short
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maturity asymptotics for call options when &; is a diffusion, using analyti-
cal methods. Durrleman [38] studied the asymptotics of implied volatility
in a general, non-Markovian stochastic volatility model. Jacod [60] derived
asymptotics for (41l for various classes of functions f, when ¢ is a Lévy
process. Lopez [44] and Tankov [91] study the asymptotics of (A3]) when
& is the exponential of a Lévy process. Lopez [44] also studies short-time
asymptotic expansions for (AJ]), by iterating the infinitesimal generator of
the Lévy process &. Alos et al [3] derive short-maturity expansions for call
options and implied volatility in a Heston model using Malliavin calculus.
Benhamou et al. [I3] derive short-maturity expansions for call options in a
model where £ is the solution of a Markovian SDE whose jumps are described
by a compound Poisson process. These results apply to processes with inde-
pendence of increments or solutions of a “Markovian” stochastic differential
equation.

Durrleman studied the convergence of implied volatility to spot volatility
in a stochastic volatility model with finite-variation jumps [37]. More re-
cently, Nutz and Muhle-Karbe [78] study short-maturity asymptotics for call
options in the case where &; is a one-dimensional Ito semimartingale driven
by a (one-dimensional) Poisson random measure whose Lévy measure is ab-
solutely continuous. Their approach consists in “freezing” the characteristic
triplet of £ at ty, approximating & by the corresponding Lévy process and
using the results cited above [60, [44] to derive asymptotics for call option
prices.

Our first contribution is to extend and unify these results to the more
general case when £ is a d-dimensional discontinuous semimartingale with
jumps, described as in (I22)) in the case when f € CZ(R% R): Theorem AT
gives a general result for the short-time asymptotics of E[f(&;)] in this set-
ting. In contrast to previous derivations, our approach is purely based on Ito
calculus, and makes no use of the Markov property or independence of in-
crements. Also, our multidimensional setting allows to treat examples which
are not, accessible using previous results. For instance, when studying index
options in jump-diffusion model (treated in the next chapter), one consid-
ers an index [; = Y w;S! where (S, ..., %) are Ito semimartingales. In this
framework, [ is indeed an [t6 semimartingale whose stochastic integral repre-
sentation is implied by those of S® but it is naturally represented in terms of
a d-dimensional integer-valued random measure, not a one-dimensional Pois-
son random measure. Our setting provides a natural framework for treating
such examples.
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As an application, we derive the asymptotic behavior of call option prices
close to maturity, in the pricing model described by equation (LIT7). We
show that while the value of out of the money options is linear in time-to-
maturity, at the money options have a different asymptotic behavior. Indeed,
as already noted in the case of Lévy processes by Lopez [44] and Tankov [91],
the short maturity behavior of at-the-money options depends on the presence
of a continuous martingale component and, in absence of such a component,
on the degree of activity of small jumps, measured by the singularity of the
Lévy measure at zero. We will show here that similar results hold in the
semimartingale case. We distinguish three cases:

1. S is a pure jump process of finite variation: in this case at the money
call options behave linearly in ¢ when t — ¢ty — 0 (Theorem [£.4]).

2. Sis a pure jump process of infinite variation and its small jumps resem-
ble those of an a-stable process: in this case at the money call options
have an asymptotic behavior of order |t — to|'/* (Theorem E5).

3. S has a continuous martingale component which is non-degenerate in
the neighborhood of ¢y: in this case at the money call options are of
order v/t —ty as t — to, whether or not jumps are present (Theorem
43).

We observe that, contrarily to the case of out-of-the money options where
the presence of jumps dominates the asymptotic behavior, for at-the-money
options the presence or absence of a continuous martingale (Brownian) com-
ponent dominates the asymptotic behavior. Our approach highlights the
connection between the asymptotics of at-the-money options and the behav-
ior of the local time of the semimartingale S; at Sy.

These results generalize and extend various asymptotic results previously
derived for diffusion models [I7], Lévy processes [60, 44, OT], Markov jump-
diffusion models [13] and one-dimensional martingales [37, 38, 78] to the more
general case of a discontinous, R?—valued semimartingale.

1.2.4 Chapter 5 : application to index options

Consider a multi-asset market with d assets, whose prices S, ..., S are rep-

resented as [to semimartingales:
t t t
Si =S} —I—/ r(s)S'_ds —I—/ St_§LdW! —I—/ / S!_(e¥ — 1)N(ds dy),
0 0 0 JRd
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where

e /' is an adapted process taking values in R representing the volatility of
the asset 7, W is a d-dimensional Wiener process : for all 1 < (4, 7) < d,
<WZ> Wj>t = pijt>

e N is a Poisson random measure on [0, T x R? with compensator v(dy) dt,
e N denotes its compensated random measure.

We consider an index, defined as a weighted sum of the asset prices:
d
L=> wsS], d>2.
i=1

The pricing of index options involves the computation of quantities of the
form E [f(I;)|F:,] and Chapter [ shows that the short time asymptotics for
these quantitie that we have characterized explicitly in terms of the charac-
teristic triplet of the discontinuous semimartingale [; in Chapter [3l

Short time asymptotics of index call option prices have been computed
by Avellaneda & al [5] in the case where S is a continuous process. Results
of Chapter Ml show that this asymptotic behavior is quite diferent for at
the money or out of the money options. At the money options exhibit a
bahavior in O(v/t) which involves the diffusion component of I; whereas out
of the money options exhibit a linear behavior in ¢ which only involves the
jumps of I;.

In this Chapter, we propose an analytical approximation for short matu-
rity index options, generalizing the approach by Avellaneda & al. [5] to the
multivariate jump-diffusion case. We implement this method in the case of
the Merton model in dimension d = 2 and d = 30 and study its numerical
precision.

The main difficulty is that, even when the joint dynamics of the index
components (S, ..., 5%) is Markovian, the index I; is not a Markov process
but only a semimartingale. The idea is to consider the Markovian projec-
tion of the index process, an auxiliary Markov process which has the same
marginals as [;, and use it to derive the asymptotics of index options, using
the results of Chapter 4. This approximation is shown to depend only on
the coefficients of this Markovian projection, so the problem boils down to
computing effectively these coefficients: the local volatility function and the
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‘effective Lévy measure’, defined as the conditional expectation given I; of
the jump compensator of I.

The computation of the effective Lévy measure involves a d-dimensional
integral. Computing directly this integral would lead, numerically speaking,
to a complexity increasing exponentially with d. We propose different tech-
niques to simplify this computation and make it feasible when the dimension
is large, using the Laplace method to approximate the exponential double
tail of the jump measure of ;. Laplace method is an important tool when
one wants to approximate consistently high-dimensional integrals and avoids
a numerical exponential complexity increasing with the dimension. Avel-
laneda & al [5] use this method in the diffusion case to compute the local
volatility of an index option by using a steepest descent approximation, that
is by considering that, for ¢ small enough, the joint law of (S*,- -, S%) given

d
i=1

is concentrated around the most probable path, which we proceed to identify.
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Chapter 2

Markovian projection of
semimartingales

We exhibit conditions under which the flow of marginal distributions of a
discontinuous semimartingale £ can be matched by a Markov process, whose
infinitesimal generator is expressed in terms of the local characteristics of
&, Our construction applies to a large class of semimartingales, including
smooth functions of a Markov process. We use this result to derive a partial
integro-differential equation for the one-dimensional distributions of a semi-
martingale, extending the Kolmogorov forward equation to a non-Markovian
setting.

2.1 Introduction

Stochastic processes with path-dependent / non-Markovian dynamics used
in various fields such as physics and mathematical finance present challenges
for computation, simulation and estimation. In some applications where one
is interested in the marginal distributions of such processes, such as option
pricing or Monte Carlo simulation of densities, the complexity of the model
can be greatly reduced by considering a low-dimensional Markovian model
with the same marginal distributions. Given a process &, a Markov process
X is said to mimick & on the time interval [0,7], T' > 0, if £ and X have the
same marginal distributions:

vte0,7], &2X,. (2.1)
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The construction of such mimicking process was first suggested by Brémaud
[21] in the context of queues. Construction of mimicking processes of "Marko-
vian’ type has been explored for Ito processes [51] and marked point processes
[28]. A notable application is the derivation of forward equations for option
pricing [14], 34].

We propose in this paper a systematic construction of such such mim-
icking processes for (possibly discontinuous) semimartingales. Given a semi-
martingale &, we give conditions under which there exists a Markov process
X whose marginal distributions are identical to those of £, and give an ex-
plicit construction of the Markov process X as the solution of a martingale
problem for an integro-differential operator [10], 66 [88, [89).

Moreover, we show that our construction may be seen as a projection on
the set of Markov processes.

In the martingale case, the Markovian projection problem is related to the
problem of constructing martingales with a given flow of marginals, which
dates back to Kellerer [64] and has been recently explored by Yor and coau-
thors [7), 55 [74] using a variety of techniques. The construction proposed in
this paper is different from the others since it does not rely on the martin-
gale property of £&. We shall see nevertheless that our construction preserves
the (local) martingale property. Also, whereas the approaches described in
[7, 55], [74] use as a starting point the marginal distributions of &, our con-
struction describes the mimicking Markov process X in terms of the local
characteristics [61] of the semimartingale £&. Our construction thus applies
more readily to solutions of stochastic differential equations where the local
characteristics are known but not the marginal distributions.

Section presents a Markovian projection result for a R%valued semi-
martingale given by its local characteristics. We use these results in section
2.2.4 to derive a partial integro-differential equation for the one-dimensional
distributions of a discontinuous semimartingale, thus extending the Kol-
mogorov forward equation to a non-Markovian setting. Section 2.3 shows
how this result may be applied to processes whose jumps are represented as
the integral of a predictable jump amplitude with respect to a Poisson ran-
dom measure, a representation often used in stochastic differential equations
with jumps. In Section 2.4] we show that our construction applies to a large
class of semimartingales, including smooth functions of a Markov process
(Section 2.471)), and time-changed Lévy processes (Section [24.2)).
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2.2 A mimicking theorem for discontinuous
semimartingales

Consider, on a filtered probability space (€2, F, (F;)i>0, P), an Ito semimartin-
gale, given by the decomposition

@:@+K@@+[@mmﬁf/WﬂMwww#[AmﬂMwmm
- (2.2)

where & is in R% W is a standard R"-valued Wiener process, M is an
integer-valued random measure on [0, co] x R? with compensator measure j
and M = M — 11 is the compensated measure [61, Ch.IT,Sec.1], § (resp. 6) is
an adapted process with values in R? (resp. My, (R)).

Let Qo = D([0,T],R?) be the Skorokhod space of right-continuous func-
tions with left limits. Denote by X;(w) = w(t) the canonical process on €,
B} its natural filtration and B; = By, .

Our goal is to construct a probability measure Q on €y such that X
is a Markov process under Q and £ and X have the same one-dimensional
distributions:

vt e 0,T], &= X,

In order to do this, we shall characterize Q as the solution of a martingale
problem for an appropriately chosen integro-differential operator L.

2.2.1 Martingale problems for integro-differential op-
erators

Let C2(R?) denote the set of bounded and continuous functions on R%, C5°(R¢)
the set of infinitely differentiable functions with compact support on R? and
Co(R?) the set of continuous functions defined on R? and vanishing at infinity.
Let R(R? — {0}) denote the space of Lévy measures on R ie. the set of
non-negative o-finite measures v on R? — {0} such that

[ vty (e all?) <.
Rd— {0}

Consider a time-dependent integro-differential operator £ = (L:)cjo,r]
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defined, for f € C3°(R?), by

d 2
£of(e) = W) V() + S T

=1 (2.3)
+ /Rd @ +y) = flx) = Lyi<iy vV (@)n(t, dy, ),

where a : [0, T] x R? — Myyq(R), b:[0,T] x RY — RY and
n:[0,7] x R — R(R? — {0}) are measurable functions.

For (tg, o) € [0,T] x R4, we recall that a probability measure Qy, ,, on
(Qo, Br) is a solution to the martingale problem for (£,Cs°(R?)) on [0, T] if
Q (X, =10, 0<u<ty) =1and for any f € C°(R?), the process

f(Xt> - f(:(f(]) - /tt 'Csf(Xs) ds

is a (Qy, 2, (Bt))-martingale on [0, T']. Existence, uniqueness and regularity of

solutions to martingale problems for integro-differential operators have been

studied under various conditions on the coefficients [90], 59, [40, [66], [77, [42].
We make the following assumptions on the coefficients:

Assumption 2.1 (Boundedness of coefficients).

(i) 3K, >0, V(t,2) €[0,T] xR |b(t,2)| + Ha(t,z)||+/(1/\ lyl1?) n(t,dy,z) < K;

T
(17) lim sup n (¢, {|lyl]| > R}, =) dt = 0.

R=oo Jo  zerd
where ||.|| denotes the Euclidean norm.

Assumption 2.2 (Continuity).

(i) For t € [0,T] and B € B(R? — {0}), b(t,.), a(t,.) and n(t,B,.) are
continuous on R, uniformly in t € [0,T].

(ii) For all = € R%, b(.,2), a(.,z) and n(.,B,z) are continuous on [0,T],
uniformly in z € R%.

28



Assumption 2.3 (Non-degeneracy).
Either VR >0Vt € [0,7] inf inf  ‘r.a(t,z)e >0
Izl <R zeRd, ||z||=1

or  a=0 and there exists 3 €]0,2[,C > 0, K, > 0, and a family

nP(t, dy, z) of positive measures such that

C
Y(t,z) € [0,T] x R n(t,dy, z) = nﬁ(t, dy, z) + 1{||y||§1}W dy,

[ QAlP) w¥itdy2) < Koo tigsup [yl "0t dy.2) =0,
llyl<e

e—0 2€Rd

Mikulevicius and Pragarauskas [77, Theorem 5] show that if £ satisfies
Assumptions 2.1 and (which corresponds to a “non-degenerate Lévy
operator” in the terminology of [77]) the martingale problem for (£, C5°(R?) )
has a unique solution Qy, ., for every initial condition (to,zo) € [0,7] x R%:

Proposition 2.1. Under Assumptions[21), (2.2 and[2.3 the martingale prob-
lem for ((Li)iepo,r): C5°(RY)) on [0,T] is well-posed : for any zy € Rt €
[0, T, there exists a unique probability measure Qy, o, on (Qo, Br) such that
Q (X, =120, 0<u<ty) =1 and for any f € C(R?),

ﬂ&%ﬁ@@jlaﬂ&ws

is a (Qty.z0: (Bt)i>0)-martingale on [0,T]. Under Qy 4, (Xi) is a Markov
process and the evolution operator (Qu,.¢)icp,,r) defined by

VfeCRY),  Quif(ao) =E¥om0 [f(X,)] (2.4)
verifies the following continuity property:
VS € CRRY, T Quef (o) = fwo). (2.5)

In particular, denoting gy, +(zo, dy) the marginal distribution of X, the map

t € [to, T[— y Gro.t (0, dy) f () (2.6)

is right-continuous, for any f € C3°(RY).
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Proof. By a result of Mikulevicius and Pragarauskas [77, Theorem 5], the
martingale problem is well-posed. We only need to prove that the continuity
property (Z3) holds on [ty, T[ for any xy € R%. For f € C(RY),

Qrotf(T0) = Eo-w0 [f(X)]
t
= f(xo) + E%o0 {/ Lof(Xs) ds} :
to
Given Assumption 211 ¢ € [to,T] — fot Lsf(Xs)ds is uniformly bounded on

[to, T]. By Assumption 22 since X is right continuous, s € [to, T[— Lsf(Xs)
is right-continuous up to a Q, ,,-null set and

t
lim/ Lsf(Xs)ds=0 as.
to

tlto

Applying the dominated convergence theorem yields,

t
lim E@0-w0 { / L.f(X,) ds] =0,
to

tlto
that is
lim Q. f(20) = f(20),
tlto
implying that t € [to, T[— Q4 +f(z0) is right-continuous at . O

2.2.2 A uniqueness result for the Kolmogorov forward
equation

An important property of continuous-time Markov processes is their link
with partial (integro-)differential equation (PIDE) which allows to use an-
alytical tools for studying their probabilistic properties. In particular the
transition density of a Markov process solves the forward Kolmogorov equa-
tion (or Fokker-Planck equation) [89]. The following result shows that under
Assumptions 2.1 and 2.3] the forward equation corresponding to £ has a
unique solution:

Theorem 2.1 (Kolmogorov Forward equation). Under Assumptions [2]],
22 and 23, for each (tg,xo) € [0,T] x R?, there exists a unique fam-
ily (i +(wo, dy),t > to) of positive bounded measures on R such that ¥t >
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t0>Vg € Cgo(Rd)’

/Rd Pio.t (0, dy)g(y) = g(zo) + /t: /Rd Pto,s(T0, dy) Lsg(y) ds, 27)

Po(Z0,.) = €xy,
where €., is the point mass at x.
Pro.t(T0,.) 1s the distribution of X, where (X, Qy, 4,) is the unique solution
of the martingale problem for (L£,C3°(R?) ).
Equation (2.7) is the weak form of the forward Kolmogorov equation for

the time-dependent operator (L;);>o.

Proof. 1. Under Assumptions 2.1] and 23] Proposition 2.1 implies
that the martingale problem for £ on the domain C°(R?) is well-posed.
Denote (X, Qy, 4,) the unique solution of the martingale problem for £
with initial condition z, € R? at ¢y, and define

Vt>to, VgeCRY), Quug(o) =E%0 [g(X,)]. (2.8)
By [77, Theorem 5], (Qs: 0 < s < t) is then a (time-inhomogeneous)
semigroup, satisfying the continuity property (2.5]).

If ¢, +(xo, dy) denotes the law of X; under Q, .,, the martingale prop-
erty implies that ¢, +(zo, dy) satisfies

t
Vg € CP(RY), / G0, dy)g(y) = g(zo)+ / / G0, dy) Lag(y) ds.
R4 to JRY

(2.9)
Proposition 2l provides the right-continuity of ¢ — ... ¢, (20, dy)g(y)
for any g € C5°(R?). Given Assumption 2.2 ¢, , is a solution of (2.7)
with initial condition py, 4, (%o, .) = €4, and has unit mass.

To show uniqueness of solutions of (27), we will rewrite (2.7)) as the
forward Kolmogorov equation associated with a homogeneous operator
on space-time domain and use uniqueness results for the corresponding
homogeneous equation.

2. Let D° = CL([0, 0o[®CE°(R?) be the (algebraic) tensor product of C} ([0, 0ol)
and C5°(RY). Define the operator A on D° by

Vf € G (RY), ¥y € Cy([0,00),  A(f)(t,2) = () Lof () + f(x)(v’(t))-
2.10
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[40, Theorem 7.1, Chapter 4] implies that for any o € R?, if (X, Qy, 2, )
is a solution of the martingale problem for £, then the law of n; = (¢, X})

under Qy, ,, is a solution of the martingale problem for A: in particular
for any f € C°(RY), v € C'([0,00) ) and Vt > t,

/ G (w0, dy) F)1(E) = Flzo)7(0) + / t / o a(0, dy) A(f7) (s, 9) ds.

(2.11)
[40, Theorem 7.1, Chapter 4] implies also that if the law of n, = (¢, X;)
is a solution of the martingale problem for A then the law of X is also
a solution of the martingale problem for £, namely: uniqueness holds
for the martingale problem associated to the operator £ on Cg°(R?) if
and only if uniqueness holds for the martingale problem associated to
the martingale problem for A on D°. Denote Cy([0, oo[xR?) the set of
continuous functions on [0,00) x R? and vanishing at infinity. Define,
for ¢ > 0 and h € Cy([0, oo[xR?),

(s, 2) € [0,00[xRY,  Uh(s,2) = Quore (h(t +5,.)) (x).  (2.12)

The properties of Qs+ then imply that (U, ¢ > 0) is a family of linear
operators on Cy([0, oo[xR?) satisfying Uld, = U;;, on Co(]0, co[xR?)
and Ush — hoast [ 0on DY (U, t > 0) is thus a contraction semigroup
on Cy([0, oo[xRY) satisfying a continuity property on D°:

Vh € D°, lgnl/{th(s, s) =U.h(s, ). (2.13)

. We apply [40, Theorem 2.2, Chapter 4] to prove that (U, t > 0) is
a strongly continuous contraction on Cy([0, oo[xR?) with infinitesimal
generator given by the closure A of A. First, observe that D° is dense
in Cy([0, 00[xR?). The well-posedness of the martingale problem for
A implies that A satisfies the maximum principle. It is thus sufficient
to prove that Im(\ — A) is dense in Cy([0, oo[xR?) for some \ where
Im(\ — A) denotes the image of Dy under (A — A).

. Without loss of generality, let us put ¢y = 0 in the sequel.
For h € D°, the martingale property yields

VO<e<t<T, V¥(s,ux)€0,T] xR,

Uh(s, ) —Uh(s, 1) = /t U,Ah(s,z) du. (2.14)

€
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which yields in turn

T T T t
/ e ‘Uhdt = / e‘tuehdt—l—/ e‘t/ U, Ah du dt
€ € € T € T
= Uh [e_e — e_T} —|—/ du (/ et dt) U, Ah

T
= Uh[e“—e "]+ / du [e™ — e ] U, Ah
© T
= e ‘Uh—eT" {uﬁhju / U, Ah du} + / due U, Ah.
Using (2.14) and gathering all the terms together yields,
T T
/ e Uhdt =e“Uh —e TUrh + / due U, Ah. (2.15)
Let us focus on the quantity
T
/ due U, Ah.
Observing that
1 1 1
E [Z/{H_Eh - Uth] == E [Z/{E - []Uth == Z/{t E [Z/[e - I] h
Since h € dom(A), taking € — 0 yields
1

U —Ih— Ah
€

Given Assumptions 2.1 and 2.2, Ah € CP([0, oo[xR?) and the contrac-
tion property of U yields,

1 1
e (; e — 1 h - Ah) | <IIZ e = 12— AR,

where ||.|| denotes the supremum norm on Cy([0, oo[xR%). Thus
1
limU— [U. — I| h = U Ah
e—0 €
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Hence, the limit when ¢ — 0 of

1
~ U~ Dtgh

exists, implying that U,k belongs to the domain of A for any h € D°.

Thus,
T
/ due " U,h

belongs to the domain of A and
T T
/ due “U,Ah = A/ due “U,h.

Since U is a contraction semigroup and given the continuity property of
U; on the space D, one may take ¢ — 0 and T — oo in ([2.I5)), leading
to

/ e Uhdt =Uy+ A / due “U,h.
0 0
Thus
(1—A) / due " U,h(s,z) = Uph(s,x) = h(s, ),
0

yielding h € Im(l — A). We have shown that (U,t > 0) generates
a strongly continuous contraction on Cy([0, oo[xR?) with infinitesimal
generator A (see [40, Theorem 2.2, Chapter 4]). The Hille-Yosida the-
orem [40, Proposition 2.6, Chapter 1] then implies that for all A > 0

Im(\ — A) = C([0, 0o xRY).

. Now let p;(zo, dy) be another solution of (Z7). First, considering equa-
tion (B.13)) for the particular function g(y) = 1, yields

YVt >0 /pt(:vo,dy)Zl,
Rd

and p;(zo, dy) has mass 1.
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Then, an integration by parts implies that, for (f,v) € C{°(R?) x
C([0, 00f),

[ s @0 = Fay©)+ [ [ oot A ds

(2.16)
Define, for h € Cy([0, oo[xR?),

\V/(t,l’()) € [O>OO[XRd> Pth'(oaxO) = pt(IOady)h(tay)

Using (Z.16) we have, for (f,7) € C°(RY) x CL([0, o)),
V>0 PP = [ [ pdn A ) du= [ PuAG) du

(2.17)
and by linearity, for any h € DY,

t
P,h— Poh = / P.Ah du. (2.18)

t

Multiplying by e~ and integrating with respect to ¢ we obtain, for

A >0,
o0 o0 t

A/ e MPh(0,30)dt = h(0,x0) +>\/ 6_/\t/ Pu(Ah)(0, zo) du dt
0 0 0

= h(0,z9) + )\/000 (/00 e_’\tdt) Pu(Ah)(0, zq) du
= h(0,z9) + /000 e P, (Ah)(0, z) du.
Similarly, we obtain for any A > 0,
A /0 Y Uh(0,20)dt = h(0,z0) + /0 h e U, (AR)(0, z0) du.
Hence for any h € D°, we have

/OO e MU (A—A)h(0, 20) dt = h(0,20) = /OO e M P,(A—A)h(0, z) dt.
’ ’ (2.19)
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Using the density of Im(\ — A) in Im(A— A) = Cy([0, 0o x R?), we get

Vg € CO([O,oo[de), / e MU (0, x0) dt :/ e M Pig(0, o) dt,
0 0

(2.20)
so the Laplace transform of ¢ — P.g (0, z¢) is uniquely determined.

Using (2.I8)), for any h € D°, t — P;h(0, 1) is right-continuous:
Vh € D, lgn P:h(0, 29) = Ph(0, x0).
Furthermore, the density of Dy in Co([0, 0o[xR?) implies the weak-

continuity of ¢t — Pyg(0,z0) for any g € Cy([0,00[xR?). Indeed, let
g € Co([0, 0o[xRY), there exists (hy,)n>0 € Dy such that

lim lg = bl = 0
Then equation (2.1I8) yields,
|Pg(0, 29) — Peg(0, x0)|
= [Pi(g = hn) (0, 20) + (P = Pe) hn(0, 20) + Pe(g — ha ) (0, 7o)
Pe(g = 1n)(0,z0)| + | (Pr = Pe) hn(0, 20)| + |Pe(g — hn ) (0, 7o)
2|lg = hnll + [ (Pe = Pe) hn (0, o)

IAIA

Using the right-continuity of t — P;h,, (0, z¢) for any n > 0, taking ¢ | €
then n — oo, yields

1tlin Ptg(oa xO) = PEg(Oa xO)‘

Thus the two right-continuous functions ¢t — P,g(0, zo) and t — U;g(0, o)
have the same Laplace transform by (Z20), which implies they are
equal:

Vg € Co([0, co[xR?), /g(t,y)qo,t(xo,dy) = /g(t,y)pt(xo,dy)-

(2.21)
By [40, Proposition 4.4, Chapter 3], Co([0, oo[xR?) is convergence de-
termining, hence separating, allowing us to conclude that p;(xq, dy) =

qo,.(zo, dy).
O
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Remark 2.1. Assumptions[2.1], [222 and [2.3 are sufficient but not necessary
for the well-posedness of the martingale problem. For example, the bounded-
ness Assumption 2.1 may be relaxed to local boundedness, using localization
techniques developed in [88,[90)]. Such extensions are not trivial and, in the
unbounded case, additional conditions are needed to ensure that X does not
explode (see [90, Chapter 10]).

2.2.3 Markovian projection of a semimartingale

The following assumptions on the local characteristics of the semimartingale
¢ are almost-sure analogs of Assumptions 2.1] and 2.3k

Assumption 2.4. 3,6 are bounded on [0,T]:
ElKl > O,Vt € [O,T], HﬁtH < Kl, H5t|| < K1 a.s.

Assumption 2.5. The jump compensator p has a density m(w,t,dy) with
respect to the Lebesgue measure on [0,T] which satisfies

(i) 3K, > 0,¥¢ € [0, T, / (LAIII?) m(atdy) < Kz <00 as.
R4

T
(ii) and }%im/ m(t{lyl >R} dt=0 as.
— 00 0

Assumption 2.6 (Local non-degeneracy).
Either (i) Je >0,Vt € [0,T["6;0; > € I; as.
or  (ii) d=0 and there exists 3 €]0,2[,C, K3 > 0, and a family m” (¢, dy)

of positive measures such that

C
Vit € [0,T] m(t,dy) = mﬁ(t, dy) + Tyi<y W dy a.s.,

/ (LA lyll?) mP(t,dy) < K3, and li_I>r01 y|l” mP(t,dy) = 0 a.s.
‘ llyll<e
Note that Assumption 2.5is only slightly stronger than stating that m is a
Lévy kernel since in that case we already have [ (1A [ly|?) m(.,t,dy) < co.
Assumption extends the “ellipticity” assumption to the case of pure-
jump semimartingales and holds for a large class of semimartingales driven
by stable or tempered stable processes.
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Theorem 2.2 (Markovian projection). Assume there exists measurable func-
tions a : [0,T] x R My q(R), b:[0,T] x R — R and
n:[0,7T] x R — R(R? — {0}) satisfying Assumption [2Z2 such that for all
t €10,T] and B € B(R? — {0}),
E [Bi&-] = b(t, &)  aus,
E [t5t5t|§t*} =a(t,&-) as, (2.22)
E[m(.,t,B)|&-] =n(t,B,&-) as.
If (B, 6, m) satisfies Assumptions[2.4), (2.5, (2.6, then there exists a Markov pro-

cess ((Xi)iepo,r Qg ), with infinitesimal generator L defined by (Z3), whose
marginal distributions mimick those of &:

Vte [0,T], X,=¢&.

X is the weak solution of the stochastic differential equation

t t
Xi =&+ / b(u, X,) du + / Y(u, Xy) dB,
0 0

t t
+/ / y N(du dy)+/ / y N(du dy),
0 Jyll<1 0 Jyl>1

where (By) is an n-dimensional Brownian motion, N is an integer-valued ran-
dom measure on [0, T] x R? with compensator n(t, dy, X,_) dt, N = N—n the
associated compensated random measure and ¥ € C°([0,T] x R, Mgy, (R))
such that '3(t, 2)X(t, 2) = a(t, 2).

(2.23)

We will call (X, Qg,) the Markovian projection of &.

Proof. First, we observe that n is a Lévy kernel : for any (¢, z) € [0, T] x R?

/Rd (LA NYIP) n(t dy, 2) = E [/Rd (1A lylI?) mit, ) = Z] <00 as,

using Fubini’s theorem and Assumption 2.5l Consider now the case of a pure
jump semimartingale verifying (i) and define, for B € B(R¢ — {0}),

iy -]

VzeRY nP(t,B,z) {/mtdy, Iy ||d+6



As argued above, n® is a Lévy kernel on R?. Assumptions [2.4] and im-
ply that (b, a,n) satisfies Assumption 2.I] Furthermore, under assumptions
either (i) or (i7) for (§, m), Assumption 2.3 holds for (b, a,n). Together with
Assumption yields that £ is a non-degenerate operator and Proposition
2Iimplies that the martingale problem for (L;)ic(o,r] on the domain C5°(R?)
is well-posed. Denote ((X;):cjo,7], Qg,) its unique solution starting from &,
and ¢;(&o, dy) the marginal distribution of X;.
Let f € C°(RY). 1to’s formula yields

f(&) = [f(&%) +Z / ) dg; + / tr [V2f (&) 16,05] ds

> G 6n @]

)

+ Z [f(gs + A£s> - f(gs*)

s<t

t

= fe)+ / VI Buds+ [ VIE) S,
1 2 t
+ 2/ tr [V f(&-) 55 ds—l—/ /|y”<1 f(&s- )yM(dsdy)

* //Rd (& +y) = f(&-) = Lyi<y v-Vf(&-)) M(dsdy).

We note that

e since ||V f]| is bounded fot f||y||<1 Vf(&,-).y M(ds dy) is a square-integrable
martingale. -

. fot f”y”>1 Vf(&-).y M(dsdy) < coa.s. since ||V f|| is bounded.

e since V f(&,-) and J, are uniformly bounded on [0, 77, fot Vf(&s-).0,dW,

is a martingale.
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Hence, taking expectations, we obtain:

EF[f(6)) = EF[f(%)+EF [ / Vi) 5 ds] LE [; / o [V (6 )'5.0) ds}

w8 [ ] (e +0) - 560 = Lo 0956 M(dsa)
- =i+ 8 | [ v s ] v [} [ 6] o

B[] (e +0) - 560 = Tgien 1V F6) mls.d) s

Observing that:

]E]P’

E]P’

E]P’

v/ [ : : } [ :
< WTlg / /”ynguyu m(s, dy) ds| + 2| f|E / /ny||>1 m(s, dy) ds

/ Vf(&)ﬂsds] < |V E? [ / ||ﬁs||ds] < o0,
LJ O 0

< 00,

'1 t t
5 [ (v a)| < iviae | [ o

_/0< /Rd Hf(gs* + Z/) - f(gs*) — 1{||y||S1} ny(&S,)H m(S,dy) d8:|

< 400,

we may apply Fubini’s theorem to obtain

E'[f(&)] = E[f(&)]+ [ EF[VF(&-).B) ds+ - [ EF [tr [V f(&,-)"6,65]] ds
2

0 0

" /Ot B [/Rd (f(& +9) = F(&) = L=y -V £ (6:-)) m(S,dy)] ds.
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Conditioning on &_ and using the iterated expectation property,

B = B @)+ [ B VA6 )E Be ] ds
5 [ B e [V B (e )] ds
/Ot E° {EP [/Rd (f(6-+y) = £(&) = Lgwi<y ¥-VF (&) m(s,dy)lés_H ds
B )+ [ B V)00, 60) ds+ 5 [ B i [V ats, )] s
[ B 166 +0) = 560 = 1teny w9 5(6) sy 6] ds.

Hence

B U] - B el + B | [ e o
Let py(dy) denote the law of (&) under P, (Z24]) writes:

/det(dy)f(y)I/deo(dy)f(y)jt/ot /des(dy)ﬁsf(y) ds. (2.25)

Hence p;(dy) satisfies the Kolmogorov forward equation (27) for the operator
L with the initial condition po(dy) = uo(dy) where 1 denotes the law of &.
Applying Theorem 2.1], the flows ¢,(&o, dy) of X; and p,(dy) of &, are the same
on [0,77]. This ends the proof.

0

Remark 2.2 (Mimicking conditional distributions). The construction in
Theorem [2.3 may also be carried out using

E [B:]&-, Fo] = bo(t, &) as,
E [t5t5t|§t*a ]‘—0} =ap(t, &) as,
E [m(.,t, B)|&-, Fo] = no(t, B, &) a.s,

instead of (b,a,n) in (Z38). If (bo,ap,no) satisfies Assumption (2.3), then
following the same procedure we can construct a Markov process (X, @20)
whose infinitesimal generator has coefficients (bo, ag, ng) such that

Ve CORY), V€ [0,T] EF [f(&)|Fo) = E% [f(X)],
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i.e. the marginal distribution of X; matches the conditional distribution of &
gen Fg.

Remark 2.3. For Ito processes (i.e. continuous semimartingales of the form
22) with p = 0), Gyéongy [51, Theorem 4.6] gives a “mimicking theorem”
under the non-degeneracy condition '6,.0, > elg which corresponds to our
Assumption (2.8, but without requiring the continuity condition (Assumption
[22) on (b,a,n). Brunick & Shreve [23] extend this result by relaxing the
ellipticity condition of [51]. In both cases, the mimicking process X is con-
structed as a weak solution to the SDE (2.23) (without the jump term), but
this weak solution does not in general have the Markov property: indeed, it
need not even be unique under the assumptions used in [51, [23]. In particu-
lar, in the setting used in [51, (23], the law of X is not uniquely determined
by its “infinitesimal generator’ L. This makes it difficult to ‘compute’ quanti-
ties involving X, either through simulation or by solving a partial differential
equation.

By contrast, under the additional continuity condition[2.2 on the projected
coefficients, X is a Markov process whose law is uniquely determined by its
infinitesimal generator L and whose marginals are the unique solution of the
Kolmogorov forward equation (2.1). This makes it possible to compute the
marginals of X by simulating the SDE ([2.23) or by solving a forward PIDE.

It remains to be seen whether the additional Assumption [2.2 is verified
in most examples of interest. We will show in Section[2.4) that this is indeed
the case.

Remark 2.4 (Markovian projection of a Markov process). The term Marko-
vian projection is justified by the following remark: if the semimartingale £ is
already a Markov process and satisfies the assumption of Theorem 2.2, then
the uniqueness in law of the solution to the martingale problem for L implies
that the Markovian projection (X, Qg,) of € has the same law as (§,P¢,). So
the map which associates (the law Qg, of) X to £ is an involution and may
be viewed as a projection of P on the set of Markov processes.

This property contrasts with other constructions of mimicking processes
[7, 28, 151, (52, [74] which fail to be involutive. A striking ezample is the
construction, by Hamza € Klebaner [52], of discontinuous martingales whose
marginals match those of a Gaussian Markov process.
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2.2.4 Forward equations for semimartingales

Theorem 2.1] and Theorem allow us to obtain a forward PIDE which
extends the Kolmogorov forward equation to semimartingales which verify
the Assumptions of Theorem

Theorem 2.3. Let & be a semimartingale given by (22) satisfying the as-
sumptions of Theorem[Z3. Denote p,(dzx) the law of & onR?. Then (p;)iejo 1)
1s the unique solution, in the sense of distributions, of the forward equation

)
vt € (0,7, % = L5, (2.26)

with initial condition py = o, where o denotes the law of &g,
where L* is the adjoint of L, defined by

Vg € CP(R%R),

Ligw) = =9 bit.lgte)] + 7| L5 g(0) (227

+ /]Rd [g(m —2)n(t, z,x — z) — g(z)n(t, z,x) — 1jz<12.V [g(z)n(t, dz, :z:)]] ,

where the coefficients b, a,n are defined as in (2.36).

Proof. The existence and uniqueness is a direct consequence of Theorem 2.1
and Theorem 2.2 To finish the proof, let compute L. Viewing p; as an
element of the dual of Cg°(R?), 1) rewrites : for f € C°(RY, R)

e ®, [P - [nLs)

We have

P — Dt
t—t

Ve CRRY), V<t <T < > B < p Lof >=< Lipi | >,

where < .,. > is the duality product.
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For z € R?, define the translation operator 7% by 7. f(z) = f(x+2). Then

/ pi(de) £ f (x)
_ / pe(da) [b(t, 2V f(z) + %tr [V2f(x)alt, z)]
T.f(x) — f(x))n(t,dz, x
+/|Z|>1< f(z) = F(@))n(t, dz, z)

" /|z|<1<7zf () = f(2) = =V f(a)) it dz.2)|

= [ [ s bt ) + 1) 55 o)
+ " (2)(7—,(pe(dx)n(t,dz, x)) — p(dx)n(t,dz, x))
+ e () (T_.(pe(dx)n(t,dz, x)) — p(dx)n(t, dz, ))
=2 (pldn(t, dz, )],
allowing to identify L£*. 0

2.2.5 Martingale-preserving property

An important property of the construction of ¢ in Theorem is that it
preserves the (local) martingale property: if £ is a local martingale, so is X:

Proposition 2.2 (Martingale preserving property).

1. If € is a local martingale which satisfies the assumptions of Theorem
(2.3, then its Markovian projection (Xi)icjo.r) @5 a local martingale on

(QOa Bt7 @{0)
2. 1If furthermore

< 00,

T
EP [ [ [ Il agya

then (X¢)iejor) s a square-integrable martingale.
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Proof. 1) If £ is a local martingale then the uniqueness of its semimartingale
decomposition entails that

5t+/ ym(t,dy) =0 dt x P — a.s.
lyl>1

hence Qg (Vt € [0,T], / ds [b(S,Xs—) +/” | yn<87dy7XS—):| :O)
0 yll=1

The assumptions on m, d then entail that X, as a sum of an Ito integral and
a compensated Poisson integral, is a local martingale.

2) TE P [ [ [|ylPp(dt dy)] < oo then

E% [ / Hyuzn(t,dy,xt_)] < o0,

and the compensated Poisson integral in X is a square-integrable martingale.
O

2.3 Mimicking a semimartingale driven by a
Poisson random measure

The representation (22)) is not the most commonly used in applications,
where a process is constructed as the solution to a stochastic differential
equation driven by a Brownian motion and a Poisson random measure

6=a+ [ Buds + / 5w, + / [ewNasa, e

where & € RY, W is a standard R™-valued Wiener process, 3 and ¢ are non-
anticipative cadlag processes, N is a Poisson random measure on [0, 7] x R?
with intensity v(dy) dt where

/Rd (LA [Jy]]?) v(dy) < oo, N = N —v(dy)dt, (2.29)

and the random jump amplitude 9 : [0,7] x Q x R = R? is P ® B(R?)-
measurable, where P is the predictable o-algebra on [0, 7] x Q2. In this section,
we shall assume that

Ve [0,T], wi(w,0)=0 and EU;/W (LA 15 9)1?) v(dy) ds| < oo.
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The difference between this representation and (2.2]) is the presence of a
random jump amplitude ¢;(w,.) in ([Z28). The relation between these two
representations for semimartingales has been discussed in great generality in
[39,163]. Here we give a less general result which suffices for our purpose. The
following result expresses ¢ in the form (22]) suitable for applying Theorem
2.2)

Lemma 2.1 (Absorbing the jump amplitude in the compensator).

s [ [ [ [ o vasa

can be also represented as

<t=<o+/Otﬁsdw/otasdws+/0t/yM<dsdy>, (2.30)

where M is an integer-valued random measure on [0, T| xR with compensator
w(w, dt, dy) given by

VA € B(R? - {0}), p(w,dt, A) = v Hw, A)) dt,

where ; H(w, A) = {z € RY ¢ (w, 2) € A} denotes the inverse image of A
under the partial map ;.

Proof. The result can be deduced from [39, Théoreme 12] but we sketch here
the proof for completeness. A Poisson random measure N on [0, T] x R? can

be represented as a counting measure for some random sequence (7,,,U,)
with values in [0, 7] x R

N=> Lz.u.) (2.31)
n>1

Let M be the integer-valued random measure defined by:

M= Y1, (0} (2.32)

n>1

1, the predictable compensator of M is characterized by the following prop-
erty [61, Thm 1.8.]: for any positive P @ B(R?)-measurable map  : [0, 7] x
QO x R — R* and any A € B(R? — {0}),

U/ x(s,9) dey] U/ X(s,y) p dsdy)} (2.33)



Similarly, for B € B(R? — {0})

2| [ vasan] <[] s

Using formulae (2.31)) and (2.32):
D [ / t [ xtsn) M(dsdw} B[S (T (U

Ln>1

- &[f gl ) N i)
- e[ [ st

Formula (2.33]) and the above equalities lead to:

| fomaan] =2 [ [, rouoman]

Since 1 is a predictable random function, the uniqueness of the predictable
compensator p (take ¢ = Id in [61, Thm 1.8.]) entails

p(w,dt, A) = v Hw, A)) dt. (2.34)

Formula (2.34]) defines a random measure p which is a Lévy kernel
t t
| [ anio) wayas = [ [ @altoP) vidy) s < .
0 0

In the case where 9;(w,.) : RY — R? is invertible and differentiable, we
can characterize the density of the compensator p as follows:

O

Lemma 2.2 (Differentiable case). If the Lévy measure v(dz) has a density
v(2) and if ¥y(w,.) : RT = R 4s a CL(R?, RY)-diffeomorphism, then ¢, given
in (2.28), has the representation

ct=co+/Otﬁsdw/otasdws+/0t/yM<dsdy>,
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where M s an integer-valued random measure with compensator

p(w; dt, dy) = 1y, re) (1) [det Vi ™ (w, 97 (w,9)) v(1; (w, ) dt dy,
where Vb, denotes the Jacobian matriz of YPy(w,.).

Proof. We recall from the proof of Lemma 2.1t

U/ X&:y)H dey] U/ y ))V(Z)dsdz].

Proceeding to the change of variable ¢(., z) = y:

E [/t /M JRICHACRILE dsdz}
[/ / Ly () X(5, ) [det V| (45 1(-7y))V(¢5_1(-,y))dsdy].

The density appearing in the right hand side is predictable since v is a
predictable random function. The uniqueness of the predictable compensator
4 yields the result. O

Let us combine Lemma and Theorem 2.2 To proceed, we make a
further assumption.

Assumption 2.7. The Lévy measure v admits a density v(y) with respect
to the Lebesgue measure on R% and:

vVt e [0,T] 3Ky >0 / /| o (LA 05 (L w)II°) v(y) dyds < K aus.
y||>

and
T

i o (U ({llyll = R})) dt =0 as.

Theorem 2.4. Let ((;) be an Ito semimartingale defined on [0,T] by the
given the decomposition

s [ (s [ [t Ssan
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where ;(w,.) : R — RY is invertible and differentiable with inverse ¢;(w, .).
Define

m(t,y) = Lyep ey [detVer| ™ (67 (1)) (47 (). (2.35)
Assume there exists measurable functions a : [0,T] x R? — Mgq(R), b :
0,7] x R — R? and j : (t,x) € [0,T] x RY) — R(R? — {0}) satisfying
Assumption [2.2 such that for (t,z) € [0,T] x R%, B € B(R? — {0}),
E [B:|G-] = b(t, G- ) as,
E [t5t5t|ct’} = CL(t, gt—) a.s, (236)
E [m(> 2 B)Kt*] = ](t> Ba Ct—) a.s.

If B and § satisfy Assumption[2.4), v Assumption[2.7, (0, m) satisfy Assump-
tions (220124, then the stochastic differential equation

Xt=C0+/0 b(u, Xu) du—l—/o Y(u, Xy) dBu—I—/O /yj(du dy), (2.37)

where (By) is an n-dimensional Brownian motion, J is an integer valued ran-
dom measure on [0, T] x R® with compensator j(t,dy, X,_)dt, J = J —j and
Y [0, T] xR = Myyn(R) is a continuous function such that 'S(t, 2)X(t, 2) =
a(t, z), admits a unique weak solution ((Xi)ico,r), Q¢,) whose marginal dis-
tributions mimick those of C:

Ve 0,T] X2

Under Q¢,, X is a Markov process with infinitesimal generator L given by
&3).

Proof. We first use Lemma [2.2] to obtain the representation (2.30) of ¢:

Ct:§0+/0tﬁsd8+/Ot5des+/0t/yM(dsdy)

Then, we observe that

/ [ vanas ay
- /Ot /”y“SIyM(dS dy)+/0t /uy||>1y[M(d8 dy) —m(s, dy) ds]

t t t
= // yM(dsdy)+// yM(dsdy)—// ym(s,dy)ds,
0 JylI<1 0 Jyll>1 0 Jlyl>1
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where the terms above are well-defined thanks to Assumption 2.7 Lemma
leads to:

t t
// yMwmwz//’ 1o )l () dy ds.
0 Jyl>1 0 Jvs(y)l>1

Hence:

¢ = sds — (e dyd 5. dW,
=G | [ads= [ ] Calv dyas] + |

t t
+/ / yM(dsdy)+/ / y M (ds dy).
0 Jyll<1 0 Jyl>1

This representation has the form (2.2)) and Assumptions 2.4]and 2.7 guarantee
that the local characteristics of { satisfy the assumptions of Theorem 2.2l
Applying Theorem [2.2] yields the result. O

2.4 Examples

We now give some examples of stochastic models used in applications, where
Markovian projections can be characterized in a more explicit manner than
in the general results above. These examples also serve to illustrate that the
continuity assumption (Assumption 2.2)) on the projected coefficients (b, a, n)
in (2.36]) can be verified in many useful settings.

2.4.1 Semimartingales driven by a Markov process

In many examples in stochastic modeling, a quantity Z is expressed as a
smooth function f : R? — R of a d-dimensional Markov process Z:

&= f(4y) with f:R? - R

We will show that in this situation our assumptions will hold for ¢ as soon as
Z has an infinitesimal generator whose coefficients satisfy Assumptions 2.1],
and 2.3 allowing us to construct the Markovian Projection of &.
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Consider a time-dependent integro-differential operator L = (L¢)sejo,r]
defined, for g € C3°(RY), by

d 2
Lig(z) = by(t,2).Vg(z) + (“Z)";(t’ z) aZ (,)f’xj ()

ij=1 (2.38)
+ [ ot + valt,z0) - o) = vt ) Valrzl)d,

where by : [0,T] x RY +— R? ay : [0,T] x R = Myyq(R), and vy : [0,T] x
R? x R? are measurable functions and v is a Lévy density.

If one assume that

Vz(.,.,0) =0 oyt 2 .)isaC (R, R?) — diffeomorphism,

t
werveRE| [ [ (n s sl vel dvds| < 0
0 J{llyll=1}

(2.39)
then applying Lemma 2.2 ([2.38) rewrites, for g € C3°(R%):
d g 2
Lig() = balt, ) V() + Y2 2002 OO,
v oo (2.40)

N /R gl +y) = g(@) — y-Vg(@)mz(t,y.2) dy.
where

mZ(ta Y, ZE') = 1{y€wz(t,Rd,x)} |detva|_1 (t’ Z, w;l(ta Z, y)) VZ(wgl(t> z, y))
(2.41)
Throughout this section we shall assume that (bz,az, mz) satisfy Assump-
tions 2.1], and 23l Proposition 1] then implies that for any Z, € R?, the
SDE,

t t
vt € [0, 7] Zt:Zo—i—/ bz(u,Zu_)du+/ az(u, Zy_) dW,
0 0 (2.42)

+/Ot/¢z(u, Zy—y) N(du dy),
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admits a weak solution ((Z;)iwco,r), Qz,), unique in law, with (W;) an n-

dimensional Brownian motion, N a Poisson random measure on [0,7] x

R? with compensator vy(y) dy dt, N the associated compensated random

measure. Under Qg,, Z is a Markov process with infinitesimal generator L.
Consider now the process

& = f(Zy). (2.43)

The aim of this section is to build in an explicit manner the Markovian
Projection of & for a sufficiently large class of functions f.
Let us first rewrite & in the form (2.2)):

Proposition 2.3. Let f € C?2(R4, R) with bounded derivatives such that,
V(21 - 2q-1) ERTL wes f(21, ..., 2q-1,u) isaCl (R, R) —diffeomorphism.

Assume that (az, mz) satisfy Assumption [2.3, then & = f(Z;) admits the
following semimartingale decomposition.:

€t:50+/0tﬁsds+/0t5sst+/Ot/uf((dsdu),

B =V[f(Z-)bz(t, Z,2) + 20 [V2f(Z ) ag(t, Zi)az(t, Z,o )]
+ fRd (f(Zt* + ¢Z(t> i, y)) - f(Zt*) - ¢Z(t> Zi, y).Vf(th)) VZ(CU) dy,
o =|[IVf(Zi-)az(t, Z:-)|,

where

(2.44)
B is a real valued Brownian motion and K is an integer-valued random mea-
sure on [0, T3] x R with compensator k(t, Z;_,u) dudt defined for all z € R?
and for any u > 0 (and analogously for u < 0) via:

k(t, 2, [u, 0of) = /R MrGrvztan)-fG)za vz (Y) dy. (2.45)

and K its compensated random measure.
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Proof. Applying 1t6’s formula to & = f(Z;) yields

& = fo—l-/ Vf(Zs-).bz(s, Zs- ds+/ Vf(Zs-).az(s, Zs_)dWy

b 3 [ O ot 2o, 2] do+ [ H st Za) Nids )

0

b [ G+, 2 ) = £ = sl 2 ) V520 NCds)
= 504_/0 [Vf( Zy-).by(s, Zs_ )+ ;tr [sz(ZS_)tCI,Z(SaZs—)a'Z(SaZs—)]
_'_/ (f(Z -+ ¢Z(Sv Zs—7y>> - f(Zs*) - ¢Z(Sv Zs—v?/)’vf(Zs*)) VZ(y> dy ds

/Vf )az(s, Zo )W, +//R [(Zy + (s, Zo,y)) — [(Z,)) N(dsdy).

Given Assumption 2.3 either

VR>0Vte[0,7] inf inf  ‘m.ay(t,z).x >0, (2.46)

Izl <R z€R4, ||z||=1
then (By)scpo,r) defined by
V(Z-).az(t, Zi )W,
IVf(Zi-)az(t, Zi )|

is a continuous local martingale with [B]; = t thus a Brownian motion, or
az = 0, then £ is a pure-jump semimartingale. Define K,

t
/ctzf /%(s,zs_,y) N(ds dy),
0

with U4 (t, z,y) = ¥z(t, 2, k.(y)) where

dBt -

ko(y) :RY — RY
y — (ylv"'7yd—17f(z+y)_f(z>>‘

Since for any z € R?, |detV, &, (y ‘ (z+y ‘ > 0, one can define

RN = (1 yaen, oY) F(y) i RT =S R o f(e+(y, - ya1, Fo ()= f(2) = va.
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Considering ¢ the inverse of ¢ that is ¢(t,14(t, z,y), z) = y, define

O(t, 2,y) = lt, 2, 57 (y)).

® corresponds to the inverse of ¥, and @ is differentiable on R? with image
R?. Now, define

m(t, z,y) = |detV,@(t, z,y)| vz(D(t, 2,v))
-1

— |detV, 6(t, 2, k7 }'—z+/~f_1 )| valot. 2 mT (1)),

One observes that

/0 /||||>1 (1 A ’|\IIZ(S7Z73/)’|2) vz(y)dyds =

| /| Az 0 )+ (G . 00) = S2))) vl dyds

IN

//|” 1(M(wl(s,z,y)2+---+¢d‘1(s,z,y)2+||Vf||2||¢z(s,,z,y)||2)) va(y) dy ds
yl|>

IN

/0 /| I>1 (1 A (2 v ||Vf||2)||¢Z(s>Zay)||2) VZ(y) d’de

leen the condition (Z39), one may apply Lemma and express K; as
fo i yM (dsdy) where M is a compensated integer-valued random mea-
sure on [0, 7] x R? with compensator m(t, Z;_,y) dy dt.

Extracting the d-th component of K;, one obtains the semimartingale de-
composition of & on [0, 7T

t t t
a=&+ [ oas+ [ sap+ [ [ukiasau),
0 0 0
where

B, = VI(Ze )byt Zo) + 0 [V F(ZeVoan(t, ZYag(t, 2o )]
+ fRd (f(Zt* + ¢Z(t7 Zt—v y)) - f(Zt*> - ¢Z(t7 Zt—v y)Vf(th)) VZ(y> dyv
0 = Vf(Zi-)az(t, Zi )|,
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and K is an integer-valued random measure on [0, 7] x R with compensator
k(t, Z;_,u) dudt defined for all z € R? via

k(t7 Z,U) = / m(t7 (y17 o 7yd—17u>7 Z) dyl to dyd—l
Rd-1
= / ‘detqu)(t7 25 (y17 oy Yd-1, U))| VZ((I)(tv <, (yh sy Yd-1, U))) dyl e dyd—lv
Rd-1

and K its compensated random measure. In particular for any u > 0 (and
analogously for u < 0),

k(t, z, [u, oof) = /R Uzt -1ez0 vz(y) dy.

O

Given the semimartingale decomposition of &; in the form (2.2]), we may
now construct the Markovian projection of £ as follows.

Theorem 2.5. Assume that
e the coefficients (by,az, my) satisfy Assumptions[21, [Z2 and 2.3,

e the Markov process Z has a transition density q;(.) which is continuous
on R4 uniformly in t € [0,T], and t — q(2) is right-continuous on
[0, T[, uniformly in z € RY,

o f e CZ(RYR) such that

V(21 -+ 2a-1) €ERTL wes f(zy,. .., 2q-1,u)isaC'(R, R)—diffeomorphism.
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Define, for w € Rt € [0,T],

b(t,w) =

) o [F5O bt 5 e [P0 et st )]

_'_/]Rd (f( _'_wZ(tv’?y)) - f() _wZ(tvvy)vf()) VZ(y> dy7:|(217"'

qt(zl>"' azd—laF(zl7”' ,Zd_l,'UJ))
)
g—i (217"' 7Zd—17F(Zla"' 7zd—17w))

ottw) = [ [ 1950zt )P s

%(2’17 Ctty Rd—1, F(Zh T 7zd—17w)) 1/2
g_;; (Zb Crt, Rd—1, F(Zb Crty Rd—1, w))
] 1
j(t, [u, oo, w) = Ltz o) - Ozuy (215 5 Za-1,w) vz(y) dy
C(UJ) Rd—1 Rd
qt(zla Crty Rd—1, F(Zla Crty Rd—1, w))
86_2‘,];('217 Cty Rd—1y F(Zl, to 7Zd—17w))
(2.47)

for uw >0 (and analogously for u < 0), with

C(w) :/ dzy...dzg_1 @z 2a Flon s 2 w) .
R 5o (21, 2, Bz, 7Zd—17w))‘

Then the stochastic differential equation

t t
Xt:&)—l—/ b(s, Xs) ds—l—/ o(s, Xs)dB;
0

0
t _ t
+// yJ(dsdy)+// y J(dsdy),
0 Jyll<1 0 JylI>1

where (By) is a Brownian motion, J is an integer-valued random measure on
[0, T] xR with compensator j(t,du, X,_)dt, J = J—j, admits a weak solution
(Xt)ieo,115 Qg), unique in law, whose marginal distributions mimick those

of &:

(2.48)

Vte [0,T], X,=¢&.
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Under Qg,, X is a Markov process with infinitesimal generator L given by

)

+ / g+ ) = glw) = ug'(w)]j(t, du w)

Vg € C°(R)  Lig(w) = b(t,w)g'(w) +

Before proving Theorem 2.5 we start with an useful Lemma, which will
be of importance.

Lemma 2.3. Let Z be a R¥*-valued random variable with density q(z) and
f € CH(RY R) such that

V(z1, 5 2q-1) €E R wes f(z,. .., 241, u) isaC(R, R)—diffeomorphism.

Define the function F : RY — R such that f(z1, -+ ,2q-1, F(2)) = z4. Then
for any measurable function g : R — R such that E|[|g(Z)|] < oo and any
w € R,

Elg(2)|f(Z)

1 e Fle, oz
= ﬁ / dzl---dzd—1g(21,~-~ 7Zd—1,U)) i(zla y 2d—1, (Zla . 2d 1>w)) |
clw -1 8_zd(217"' Zao1, F(z1, - 2qm1,w))

w]

with

ce . F ce B
C(w) = / dzy...dzg_q q(zl’ ) Rd—1; (Zla y Ad—15 ’LU))
Rd—1

Pl V2RI 7Zd—17F(Z17"' 7Zd—17w))

Proof. Consider the d-dimensional random variable x(Z), where  : R? — R?
is given by
k(z) = (21, 2a-1, f(2)) .
1 0 0 0

V.r) = : : ’
(V2r) —

of ... _9f Oof

0z1 0zq-1 0zq
so t |det(V.k)|(2) = g—Z’;(z) > 0. Hence « is a C'(R? R%)-diffeomorphism

with inverse k1.

/{(’{_1(2)) = ('%1_1(2% T >K’c?—11(z)> f('%l_l(z% T >’{21(z)) =z
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< d—1, k;'(2) = z and f(z1, - ,24.1,k;(2)) = 24 that is
H_l(zl7' o ,Zd) - (Zl7 to 7Zd—17F(Z))'

Define ¢,(z)dz the inverse image of the measure ¢(z)dz under the partial
map k by

0e(2) = Lgray(2) [det(Var)|(2) q(k7'(2))

of |

1{“(Rd)}(z) 8—2[1 (Zl7 U 7Zd—17F(Z)> Q(Zl, Tty Rd—1, F(Z))

qx(2) is the density of x(Z). So, for any w € f(R?) =R,
Elg(2)|f(Z) = w]

= /R“E[g(Z)M(Z) = (21, 2a_1,w)] dzg, - -+, dzg_y

1 ez g F(2y. e 2
= m/‘ le...dZd_lg(Zl7-~. 7Zd—1,w) a?f(zl7 s Rd—15 (Zl, 5y 2d 17w)) :
w) Jra-1 o (21, 2a-1, F (21, 24-1,w))
with
ooz 1 F(2y. e 2
c(w) :/ dzy...dzg_1 aQ(Zl, s 2a-1, P21, 200, w)) '
Rd—1 8—21;(21’... a1, F(z, - zam1,w))

O

Proof of Theorem[2.3. Let us show that if (b, az, my) satisfy Assumptions
2.1 and 23] then the triplet (dy, 5y, k(t, Z;_,u)) satisfies the assumptions
of Theorem Then given Proposition 2.3, one may build in an explicit
manner the Markovian Projection of &.

First, note that 3, and ¢, satisfy Assumption 2.4lsince byz(t, z) and az(t, 2)
satisfy Assumption 2.1 and V f and V2 f are bounded.

One observes that if my satisfies Assumption 2.1] then the equality (2.41])
implies that ¢, and vy satisfies:

¢

dK, > 0Vt € [0,T|Vz € Rd/ / (LA wz(s, 2, 9)|) vz(y) dyds < Ko.
0 J{llyll=1}

(2.49)
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Hence,
| antap) sz wauas = [ [ Q12+ vss. 20 0) = 1Z00F) velo) dys

S /0 / (]' A ||vf||2||¢Z(S,Z5_,U)||2) VZ(y) dyds,

is bounded and k satisfies Assumption 2.5l
As argued before, one sees that if az is non-degenerate then ¢; is. In the case
6 =0, fort € [0,T[,R >0,z € B(0,R) and g € C§(R) > 0, denoting C' and
K1 > 0 the constants in Assumption [2.3]

k(t, z,u)

= /d |detqu>(ta Z, (yla"' >yd—1>u))| VZ((I)(t>Za (yla"' >yd—1>u)))d?/1 dyd—l
Rd—1

_ 0 3 -1
= / }detvm(t,z, K (g, ’yd_l’u))} ‘a_f(z R g i, 1)
Ré-t Yd
VZ(¢(t7 <, Hz_l(ylv sy Yd, u))) dyl T dyd—l
of -1 ! C
—(Z+ K, s s Yd—1, U dys - duyq_
/Rdl 0yd( (yl Yd—1 )) ||K’z_1(y1?'” ,yd—l,u)Hd*B U Yd—1
C
= di -+ dug
/Rdl H(y17 oy Yd-1, u)Hd—i—ﬁ . Yit

1 C 1
_ dys - dy,_ 1 =0 ——

with C' = fRd,l Cl(wy, - wg_q, V)| L dwy -+ dwg_;.
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Similarly

[anmr) (k(t,z,u) - MCTB) du
= /(1/\|u|ﬁ) /Rdl of

a—w(z+%;1(y1,---  Ya—1, 1))
“detquﬁ(t,z, '%z_l(yla"' >yd—1>u))} VZ(¢(ta 2, K’z_l(yla"' ayd—lau)))
C

_||/‘€21(y1,"' y Yd—1, U
= /Rd (1/\‘f(2+(y17 7yd—17u))_f(z>|ﬁ)

<|detVy¢(t,Z, (Y1, s ya—1,w)| vz((t, 2, (Y1, -+, Ya—1,u)))

C
_||(?/1, T >yd—1,u)||d+6> dyy -+ dyg—1 du

-1

)||d+6i| dyl T dyd—l du

IA

/ (CANVFN s s Y, w)|))

<|detV Cb t Z, y1,' . ayd—lau))| VZ(¢(ta Z, (yla"' >yd—1>u)))

C
T ) o v du

is also bounded. Similar arguments would show that

C
. B —
11_1&% e lul (k‘(t, Zy_,u) — |u|1+6) du =0 a.s.
T
and lim k(t,Zi—,{|lu| > R}) dt =0 a.s.,
R—oo /g

since this essentially hinges on the fact that f has bounded derivatives.
Applying Lemma 2.3, one can compute explicitly the conditional expec-
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tations in (2.36]). For example,

b(t,w) = FE[Bi|&- =w| = /Rdl [Vf(.).bz(t, )+ %tr [V2f(,)taz(t, Jaz(t,.)]

+/]Rd (f( + 7va(tv 7y)) - f() - 7va(tv ,y)Vf()) VZ(y> dy7:|(217 e 7Zd—17w>

» qt(zl>"' azd—laF(zl7”' azd—law))
|§—£j(217"' 7Zd—17F(217"' 7zd—17w>>|

with F : R? — R defined by f(z1, - ,24-1, F(2)) = 2z4. Furthermore, f
is C? with bounded derivatives, (bz,az,vz) satisfy Assumption 21l Since
z € R? — ¢,(2) is continuous in z uniformly in ¢ € [0, 7] and ¢ € [0, T[— ()
is right-continuous in ¢ uniformly in z € R?, the same properties hold for b.
Proceeding similarly, one can show that that Assumption holds for o and
7 so Theorem may be applied to yield the result. O

2.4.2 Time changed Lévy processes

Models based on time—changed Lévy processes have been the focus of much
recent work, especially in mathematical finance [24]. Let L; be a Lévy pro-
cess, (b,0?,v) be its characteristic triplet on (€2, (F;)i>0,P), N the Poisson
random measure representing the jumps of L and (6;):>o a locally bounded,
strictly positive Fi-adapted cadlag process. The process

t
& =&+ Le, 0, = / 0.ds.
0

is called a time-changed Lévy process where 6, is interpreted as the rate of
time change.

Theorem 2.6 (Markovian projection of time-changed Lévy processes). As-
sume that (0;)1>0 is bounded from above and away from zero:

dK,e>0,Vt € [0,T], K >0, > ¢ a.s. (2.50)
and that there exists a: [0,T] x R +— R such that

Vi€ [0,T], VzeR, a(t,z) = El0&— = =],
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where a(t,.) is continuous on R, uniformly in t € [0,T] and, for all z in R,
af., z) is right-continuous in t on [0,T7.

If either (i) o >0
or (i) o=0 and3B €]0,2],c, K’ > 0, and ameasure

c
VP (dy) suchthat  v(dy) = v°(dy) + P dy,
[ anl?) van < i i [y = o
e—0 \y|§€

then

o (&) has the same marginals as (X;) on [0,T], defined as the weak so-
lution of

t t
X; =& +/ ova(s, X )dBs +/ ba(s, Xs_)ds
0 0

t t
+/ / zj(dsdz)—i-/ / zJ(ds dz),
0 Jlz<1 0 Jlz>1

where By is a real-valued brownian motion, J is an integer-valued ran-
dom measure on [0,T] x R with compensator a(t, X;—) v(dy) dt.

e The marginal distribution p, of & is the unique solution of the forward

equation:
9 x
% = ‘Ct - Pt
where, L} is given by
. 0 o &
Lig(z) = —b% [a(t, z)g(z)] + 7@@ (t,z)g(z)]

+ /]Rd v(dz) {g(:c —z2)a(t,r — z) — g(z)a(t, z) — 1||z||<1z.%[g(x)oz(t, z)]|,

with the given initial condition po(dy) = po(dy) where ug denotes the
law of &.
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Proof. Consider the Lévy-Ito decomposition of L:

t t
Ly =bt+ oW, + / / ZN(dsdz) + / / 2N (dsdz).
0 Jiz<1 0 Jz>1

Then £ rewrites

gt - 50 + UW(@t) + b@t

®t - et
—I—/ / zN(dsdz)—l—/ / zN(ds dz).
0 |z|<1 0 Jlz>1

W(©,) is a continuous martingale starting from 0, with quadratic variation
0, = fot O,ds. Hence, there exists Z; a Brownian motion, such that

'W@Qilx@ﬂ&

Hence &, is the weak solution of :

t t
@=@+/aﬂ&m+/ﬁ@@
0 0

t t
+ / / 20, N (ds dz) + / / 205 N(dsdz).
0 JzI<1 0 Jz[>1

Using the notations of Theorem 2.2]
Br =00y, 6 =00, mt,dy)=_0v(dy).
Given the conditions (250), one simply observes that
V(t,2) € [0,T] xR, e<altz) <K.

Hence Assumptions [2.4] and hold for (3,4, m). Furthermore,

b(t,.) = E[B|é- =] = balt,.),
o(t,) =E[5?)¢ =] =5 /alt, ),
n(tv B, ) =K [m(tv B)‘gt* = ] = Oé(t, )I/(B),

are all continuous on R uniformly in ¢ on [0,7] and for all z € R, «f.,2) is
right-continuous on [0, 7'[. One may apply Theorem yielding the result.
U
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The impact of the random time change on the marginals can be captured
by making the characteristics state dependent

(ba(t, X, ), oca(t, X, ), at, X;_)v)

by introducing the same adjustment factor a(t, X;_) to the drift, diffusion
coefficient and Lévy measure. In particular if «(t¢,x) is affine in = we get
an affine process [32] where the affine dependence of the characteristics with
respect to the state are restricted to be colinear, which is rather restrictive.
This remark shows that time-changed Lévy processes, which in principle al-
low for a wide variety of choices for # and L, may not be as flexible as
apparently simpler affine models when it comes to reproducing marginal dis-
tributions.
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Chapter 3

Forward equations for option
prices in semimartingale models

Since the seminal work of Black, Scholes and Merton [20, [75] partial differen-
tial equations (PDE) have been used as a way of characterizing and efficiently
computing option prices. In the Black-Scholes-Merton model and various ex-
tensions of this model which retain the Markov property of the risk factors,
option prices can be characterized in terms of solutions to a backward PDE,
whose variables are time (to maturity) and the value of the underlying asset.
The use of backward PDEs for option pricing has been extended to cover
options with path-dependent and early exercise features, as well as to multi-
factor models (see e.g. [1]). When the underlying asset exhibit jumps, option
prices can be computed by solving an analogous partial integro-differential
equation (PIDE) [4, [31].

A second important step was taken by Dupire [33] 34 36] who showed
that when the underlying asset is assumed to follow a diffusion process

dSt == StO'(t, St)th
prices of call options (at a given date ty) solve a forward PDE

aC,,
oK

K2O'(T, K>2 820150
2 OK?

aC,,

(1K) = —r(DK

(T, K)

(T,K) +

on [tg, 00[x]0, 0o in the strike and maturity variables, with the initial condi-
tion

VK >0 Cy(te, K) = (S, — K)4.
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This forward equation allows to price call options with various strikes and
maturities on the same underlying asset, by solving a single partial differ-
ential equation. Dupire’s forward equation also provides useful insights into
the inverse problem of calibrating diffusion models to observed call and put
option prices [16].

Given the theoretical and computational usefulness of the forward equa-
tion, there have been various attempts to extend Dupire’s forward equation
to other types of options and processes, most notably to Markov processes
with jumps [4], 26, 29, 62], 25]. Most of these constructions use the Markov
property of the underlying process in a crucial way (see however [65]).

As noted by Dupire [35], the forward PDE holds in a more general context
than the backward PDE: even if the (risk-neutral) dynamics of the underlying
asset is not necessarily Markovian, but described by a continuous Brownian

martingale
dSt == St5t th,

then call options still verify a forward PDE where the diffusion coefficient is
given by the local (or effective) volatility function o(¢,S) given by

o(t,S) = \/E[82|S, = S].

This method is linked to the “Markovian projection” problem: the con-
struction of a Markov process which mimicks the marginal distributions of a
martingale (see Chapter 2 and [51],[74]). Such “mimicking processes” provide
a method to extend the Dupire equation to non-Markovian settings.

We show in this work that the forward equation for call prices holds in a
more general setting, where the dynamics of the underlying asset is described
by a — possibly discontinuous — semimartingale. Our parametrization of
the price dynamics is general, allows for stochastic volatility and does not
assume jumps to be independent or driven by a Lévy process, although it
includes these cases. Also, our derivation does not require ellipticity or non-
degeneracy of the diffusion coefficient. The result is thus applicable to various
stochastic volatility models with jumps, pure jump models and point process
models used in equity and credit risk modeling.

Our result extends the forward equation from the original diffusion setting
of Dupire [34] to various examples of non-Markovian and/or discontinuous
processes and implies previous derivations of forward equations [4], 26, 25,
20, 34, 135, [62] [73] as special cases. Section gives examples of forward
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PIDEs obtained in various settings: time-changed Lévy processes, local Lévy
models and point processes used in portfolio default risk modeling. In the
case where the underlying risk factor follows, an It06 process or a Markovian
jump-diffusion driven by a Lévy process, we retrieve previously known forms
of the forward equation. In this case, our approach gives a rigorous derivation
of these results under precise assumptions in a unified framework. In some
cases, such as index options (Sec. B.2.5]) or CDO expected tranche notionals
(Sec. B.2.6), our method leads to a new, more general form of the forward
equation valid for a larger class of models than previously studied [5], 29] [85].

The forward equation for call options is a PIDE in one (spatial) dimen-
sion, regardless of the number of factors driving the underlying asset. It may
thus be used as a method for reducing the dimension of the problem. The case
of index options (Section B.2.5) in a multivariate jump-diffusion model illus-
trates how the forward equation projects a high dimensional pricing problem
into a one-dimensional state equation.

3.1 Forward PIDEs for call options

3.1.1 General formulation of the forward equation

Consider a (strictly positive) semimartingale S whose dynamics under the
pricing measure P is given by

—+00

T T T
ST = S(] + / T(t)Sffdt + / St, 51/th + / St, (ey - 1)M(dt dy),
0 0 0

(3.1)
where r(t) > 0 represents a (deterministic) bounded discount rate, d; the
(random) volatility process and M is an integer-valued random measure with
compensator

p(dt dy; w) = m(t, dy,w) dt,

representing jumps in the log-price, and M=M-— i is the compensated
random measure associated to M (see [30] for further background). Both
the volatility d; and m(¢, dy), which represents the intensity of jumps of size
y at time t, are allowed to be stochastic. In particular, we do not assume
the jumps to be driven by a Lévy process or a process with independent
increments. The specification ([B]) thus includes most stochastic volatility
models with jumps.
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We assume the following conditions:
Assumption 3.1 (Full support). V¢ > 0, supp(S;) = [0, oo|.

Assumption 3.2 (Integrability condition).

vT > 0, E[exp(%/ 52dt+/ dt/ v 1)? tdy))
0

The value Cy (T, K) at to of a call option with expiry 7' > ¢, and strike
K > 0 is given by

(H)

O (T, K) = e o 0% BPlmax(Sy — K, 0)|F,]. (3.2)

Under Assumption (H]), Remark (see below) implies that the expectation
in (3.2)) is finite. Our main result is the following:

Theorem 3.1 (Forward PIDE for call options). Let ¢, be the exponential
double tail of the compensator m(t, dy)
[oodx et [T m(t,du), z<0;

[ dr e® [Zm(t,du), z>0 (3:3)

Pi(2) =

and let o : [to, T|xRT—{0} — RT, x : [to, T]xRT—{0} — RT be measurable
functions such that for all t € [to, T]
{a(t, Si-) = VE[?FS-];
Xt.s, (2) =E[ (2)]Si—] a.s.

Under assumption (H), the call option price (T, K) + Cy (T, K), as a func-
tion of maturity and strike, is a weak solution (in the sense of distributions)
of the partial integro-differential equation

8Ct0 8Ct0 K2O'(T, K)2 82@0
oT 0K 2 0K?

+/O+wy%2§2 (T, dy) X1y <ln (f)) (3.5)

on Jto, 00[x]0, 00| and verifies the initial condition:

VK > O, Cto(t(],K) = (Sto - K)+

(3.4)

(T,K) =—r(T)K (T, K) + (T, K)
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Remark 3.1 (Weak solutions). Let C§°(]to, 00[x]0,00[,R) be the set of in-
finitely differentiable functions with compact support in |tg, oo[x]0,00[. Re-
call that a function f : [to,00[x]0, 00— R is a weak solution of ([B.H) on
Jto, 00[x]0, 00[ in the sense of distributions if for any test function ¢ €
Cgo(]to,OO[X]0,00[,R),

—/t dt/o dKf(t,K)g—f(t,K):

>0 o0 Of K20t K)? 0*f oo g2 f K
/to dt/O dKp(t, K) [r(t)Kﬁ—KﬂL 5 oz T i Yoz (b dy) Xey (110(5))]-

In our case, K — Cy(t, K) is in fact a continuous and convex function for
eacht > 0. When K — f(t, K) is a convex function for each t >0, 0f /0K
is defined (Lebesque) almost-everywhere and 0*f/OK? is in fact a measure
so the right hand side is well defined without any differentiability requirement
on the coefficients of the operator.

This notion of weak solution allows to separate the discussion of existence
of solutions from the discussion of their reqularity (which may be delicate, see

[31]).

Remark 3.2. The discounted asset price
S«T — e~ fOT r(t)dt ST>

is the stochastic exponential of the martingale U defined by
T T ~
Ur = / 0 dW, +/ /(ey — 1)M(dt dy).
0 0
Under assumption (H), we have

1
VI >0, E lexp (§<U, U)4 + (U, U>CT) < 00,

where (U,U)° and (U,U)* denote the continuous and discontinuous parts
of the (increasing) process [U]. [80, Theorem 9] implies that (St) is a P-
martingale.

The form of the integral term in ([B.5]) may seem different from the integral
term appearing in backward PIDEs [31], 54]. The following lemma expresses
XTy(2) in a more familiar form in terms of call payoffs:
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Lemma 3.1. Let n(t,dz,y) dt be a measure on [0,T] x R x RY verifying

vt € [0,7], / (e A |z|*)n(t, dz,y) < 0o a.s.

[e.e]

Then the exponential double tail xt,(2) of n, defined as

[Codzem [T n(t,duy), z2<0;

xi() = [ de e® [ n(t,du,y), z>0 (3.6)

verifies

/R[(yez_Ky_ez(y_K)+_K(€Z—1)1{y>K}]n(ta d2,9Y) = Y Xty (ln (%)) '

Proof. Let K,T > 0. Then

/ (ye* — K)* — *(y — K)* — K(e* — Dlgsmyn(t, dz,y)
R
= /R[(yez - K)l{z>ln(%)} —e*(y — K)lgysry — K(e* — Dlgamn(t, dz,y)

= 106 = K gy + O = 0ol dz ),

o If K >y, then

/Rl{K>y} K)l{z>ln( (K —ye*) s ryn(t, dz, y)

+oo (K
/ (e* — ™Y n(t, dz, y).
1

Il

o If K <y, then

/ 1{K<y}[(yez - K>1{z>ln(5)} + (K - yez)l{y>K}]n(tv dz, Z/)
R Y
+o00 ln(%)
— / (ye" — K) + (K — ye)n(t, dz,y) + / K — yeIn(t, dz=,y)

ln(% —00

)
ln(%) -
_ / y(" ) — eYult, dz, y).

—00
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Using integration by parts, x;, can be equivalently expressed as

2 (eF—e")n(t,du,y), z<0;

Xt’y(z> N fzoo(eu - ez) n(tv d'LL, y)7 z > O

Hence

/IR[(yez_K)+ —e (y—K)" = K(e* =1 lysiyn(t, dz,y) = y xey (ln (%)) '

O

3.1.2 Derivation of the forward equation

In this section we present a proof of Theorem [3.1] using the Tanaka-Meyer
formula for semimartingales [53, Theorem 9.43] under assumption ([HI).

Proof. We first note that, by replacing P by the conditional measure Pz,
given F;,, we may replace the conditional expectation in (B.2) by an expec-
tation with respect to the marginal distribution p7(dy) of Sp under Pz, .
Thus, without loss of generality, we set t; = 0 in the sequel and consider the
case where Fy is the o-algebra generated by all P-null sets and we denote
Co(T, K) = C(T, K) for simplicity. (8:2)) can be expressed as

C(T.K) = K0 [y 5)* pia). (.7
By differentiating with respect to K, we obtain
ST ) = —e W0 [ 7 i) = —e W ONE (146, ), .
%(T, dy) = e~ o OIS (dy).

Let LK = LK(S) be the semimartingale local time of S at K under P (see
[53, Chapter 9] or [81, Ch. IV] for definitions). Applying the Tanaka-Meyer
formula to (S — K)*, we have

T
1
(St — K)* = (S — K)* +/ s, >kydSy + §(L{§)
0

(3.9)
+ > (S = FK)" = (S — K)" = s, >k A8

0<t<T
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As noted in Remark B:2] the integrability condition (HI) implies that the
discounted price 9, = e~ JoT(®)ds g, — E(U); is a martingale under P. So (B.1))
can be expressed as

dS, = elor(s)ds <r(t)5t_dt + dS*t)

and

T T . . T .
/ 1{St,>K}dSt = / efo r(s)ds 1{St,>K}dSt _|_/ efo r(s)ds T(t)St_1{5t7>K}dt,
0 0 0

where the first term is a martingale. Taking expectations, we obtain
Tor(t) dt T d 1k
eo TOAC(T K) - (Sy — K)T = E / elo T (1) S, 1gs, S xydt + LT
0

+ B (S = K)f = (S — K)T = Lis,_oiAS))

0<t<T

Noting that S;_1ts, >k} = (S;— — K)* + Klg, >k}, we obtain

T . T . aC
E |:/ efo T(S)dsr(t)st—l{st>K}dt:| — / T’(t)efo r(s)ds lc(t’ K) _ KaK (t K)} dt,
0 0

using Fubini’s theorem and (B.8). As for the jump term,

E| > (Si—K)" = (S — K)" = L5, o AS,

LO<t<T

_ gl / " / mit,dz) (Si_c® — K)* — (Sie — K)* — Lig,_ox3So (¢ — 1)]

_ /dt/mtd:): ((Sie® — K)* — (Sie — K)*

—(Si- = K)T(e* = 1) = Klgs,_>xy(€” —1))]

Applying Lemma [3.1] to the random measure m we obtain that

/ mt, dz) ((Sy_e*—K)*t—e* (S, —K)*—Kls, siy(e"—1)) = Sy b (m < % ))
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holds true. One observes that for all z in R

h(z) < 1{z<0}/ ezm(tvdu)+1{z>0}/ e m(t, du)

oo — 00

1{z<0}ez/ 1.m(t,du)+1{z>o}/ e m(t,du).

—00 —00

_ E[/OTdtst-% (1“ (g))}

< oQ.

Using Assumption (H),

E| > [(S =K"= (S — K)" = 1(s,_>x}AS,]

0<t<T

Hence applying Fubini’s theorem leads to

E| > (S—K)" = (Si-— K)" = Lis, i AS,
0<t<T
_ / dtIE /m (t,dx) ((Si_e® — K)" — e™(Sim — K)* — K1ys, sy (e — 1))]

sG]
- ol (e(2)) ]
- [oforn (D)

Let ¢ € C§°([0,77]x]0, 0o[) be an infinitely differentiable function with com-
pact support in [0,77]x]0,00[. The extended occupation time formula [82]
Chap. VI, Exercise 1.15] yields

+o00 T T T
[ [ mans = [ e soasi = [ aeesos s
0 0 0 0

(3.10)

Since ¢ is bounded and has compact support, in order to apply Fubini’s

theorem to
+0o0 T
E U dK/ o(t, K) de} :
0 0
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it is sufficient to show that E [LX] < oo for ¢ € [0,T]. Rewriting equation

@9) yields
Lok + .
glr = (Sr=K)" = (So—K)" = | Lis >idS,
0

— > (S = K)T = (Si- = E) = 1(s,_>iAS] -
0<t<T
Since S is a martingale, E[Sy] < oo, E[(Sy — K)*] < E[Sy] and
E [fOT 1{5t7>K}dSt} < 00. As discussed above,

E| > ((Si—K)" = (Si- — K)T = Ls,_>1ASy)

0<t<T

< 00,

yielding that E [L¥ ] < o0o. Hence, one may take expectations in equation

(EI0) to obtain
E{/Ode/OT so(t,K)dL{f} = EUOTw(t,St-)SE_éfdt}

= [ @ ot sy

_ / " [E [p(r, 50525715, ]

_ K [ /0 L dt(t, S)S2 ol St—ﬂ

_ /0 * /0 Lot K) Kot K8 (K dt

T 00
= / dt eJor(s)ds / o(t, K) Ko (t, K)?
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where the last line is obtained by using (3.8). Using integration by parts,
[e'e) T a .
/ dK / dt p(t, ) < [efo r($)ds (¢ ) — (Sp — K)ﬂ
[e'e) T a .
- / dK / dto(t. K) = [efo () dSC(t,K)}
JEr(s)ds oc
= dK dtaptK)eO 5 —(t, K) +r(t)C(t, K)

_ —/ dK/ dt—tK for(s)dsC(t,K)],

where derivatives are used in the sense of distributions. Gathering together
all terms,

/ dK/ dt ¢, K) [ Jords oy, K)]
_ Jor(u) du oC
= dt dK t K) dsr(s)e 0 [C(s,K) — aK(s K)]
10@ "
" / dt / sl /0 a1
8@ t s +00 820 K
+ / dt/ dK —(t, K / ds elo T’(“)du/ s, dy)Xs (ln( ))
0 0 875( ) 0 0 8K2( ) Y Y
’ - JEr(s)ds oc
= — dt dK p(t, K)r(t) el [C(t,K)—KgK(t K)]
- / dt/ o(t, K)dL{
t oo 920 K
_ fo T(S)ds - _
/0 dt/o dK p(t,K)e /0 yaKg(t’dy)Xtvy <ln<y)) .
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So, for any 7' > 0 and any test function ¢ € C5°([0,77]x]0, co[, R),

00 T
/ dK / dta—‘p(t,f() [eISNS)dSC(t,K)}

- _/ dK/ dt o(t, K) el {%f(t K) +r(t )C(taK)}

oC

()]

= /dt/ dK o(t, K)r(t) eh @ %[t K) — K —

2
- / dt/ eor®ds 1K) Kot K)leg(t,dl{)

¢ T 920 K
_ Jor(s)ds - = il
/0 dt/o dK ¢(t,K)e /0 y@K2(t’dy)Xt’y (ln (y)) .

Therefore, C(.,.) is a solution of (B.5]) in the sense of distributions. O

3.1.3 Uniqueness of solutions of the forward PIDE

Theorem B shows that the call price (T, K) — C, (T, K) solves the for-
ward PIDE (B.3]). Uniqueness of the solution of such PIDEs has been shown
using analytical methods [8, 47] under various types of conditions on the
coefficients. We give below a direct proof of uniqueness for (3.5) using a
probabilistic method, under explicit conditions which cover most examples
of models used in finance.

Let Co([0, oo[xR™) be the set of continuous functions defined on [0, co[ xR ™
and vanishing at infinity for the supremum norm. Define, for v € Rt €
[0, 00[, 2 > 0 the measure n(t, du, z) by

n(t, [u, o[, z) = —e ™ % [Xt-(u)], u>0;

n(t,] —oo,ul,z) = e‘“% [Xt.-(u)], u<0.

(3.11)

Throughout this section, we make the following assumption:

Assumption 3.3.

VI'>0,VB € B(R) - {0}, (t,2) = o(t,z), (t,z)—n(tB,z)
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are continuous in z € RY, uniformly in t € [0,T); continuous in t on [0,T]
uniformly in z € R and

dK; >0, V(t,2) €0, T] xR*, |o(t,2)] +/(1 Az?) n(t, du, 2) < K,
R

Theorem 3.2. Under Assumption[3.3, if

p

either (i) VR >0 Vt€[0,7], info<.<ro(t,z) >0,

or (it) o(t,z) =0 and there exists S €]0,2[,C > 0, Ky > 0, and a family
nP(t, du, z) of positive measures such that

V(t,z) € [0,T] x RY, n(t,du,z) =n’(t, du,z) + 1{\u|§1}‘u|%ﬁ du,

[ (A ul?) 0Pt du,z) < K>, lime,osup,cp+ fIU\SE lu|? nP(t, du, z) = 0.

and  (i47) hm / sup n (¢, {|u| > R}, z) dt =0,

z€RT
then the call option price (T, K) — Cy (T, K), as a function of maturity
and strike, is the unique solution in the sense of distributions of the partial
integro-differential equation (3.3) on [ty, 00[x]0, c0[ such that,
Cto(-7 ) € Co([to,T] X R+),
VK >0 Cy(to, K) = (S, — K)+.
The proof uses the uniqueness of the solution of the forward Kolmogorov

equation associated to a certain integro-differential operator. We start by
recalling the following result:

Proposition 3.1. Define, fort > 0 and f € C§°(R™), the integro-differential
operator

a?o(t,x)* ,
?f (z)

+ [ 1#@en = @) = ole’ = D @) n(e, dy.a).

Lif(x) =rt)zf'(z) +
(3.12)
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Under Assumption[3.3, if either conditions ((i) or (ii)) and (iii) of Theorem
(3.2 hold, then for each xy in RT, there exists a unique family
(pt(zo, dy),t > 0) of positive bounded measures such that

Vi > 0,V € C(RY), Agmm@wmng@@+[Lém@m@u@mm®

Po(To,.) = €x5 (3.14)

where €, is the point mass at xy. Furthermore, pi(xo,.) is a probability
measure on [0, 00|

Proof. Denote by (X);c[0,r) the canonical process on D([0,T],Ry). Under as-
sumptions (7) (or (¢)) and (i77), the martingale problem for ((Ly)¢cjo,r1, C5°(R™))
on [0,7] is well-posed [76, Theorem 1]: for any zq € R, ¢y € [0,T], there
exists a unique probability measure Qy, ., on (D([0,T],R"), Br) such that
Q (X, =20, 0<u<t)=1and for any f € C;°(R"),

ﬂ&%ﬁuwj[Mﬂ&Ms

is a (Qty,z0» (Bt)i>0)-martingale on [0,7]. Under Qy,.,, X is a Markov pro-
cess. Define the evolution operator (Qy, ¢)tcpo,r) by

Ve CURT), Quuf(xo) =E%0 [f(X,)]. (3.15)
For f € C°(RT),

Qtoif(xo) = f(x(J) + EQtO’ZO [/ LSf(XS) dS} .

to

Given Assumption B3] t € [0,7] — f(f Lsf(Xs)ds is uniformly bounded
on [0,7]. Given Assumption B3 since X is right continuous, s € [0, T[—
L f(X,) is right-continuous up to a Qy, ,,-null set and

t
lim | L,f(Xs)ds=0 a.s.

tlto to

Applying the dominated convergence theorem yields

lim E@0-w0 {/t L f(X5) ds] =0, so  lim Qy, 1f(20) = f(0),

tlto to tlto
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implying that ¢ € [0, T[— Q, +f(z0) is right-continuous at ¢, for each zo € Rt
on C3°(R™). Hence the evolution operator (Qy, )y, 1) verifies the following
continuity property:

V€ CRRN).Va €Y, ImQuaf(@) = S, (310)

that is (Qs, 0 < s < 1) is (time-inhomogeneous) semigroup strongly contin-
uous on C°(R™).

If g4, +(0, dy) denotes the law of X; under Q, ,,, the martingale property
implies that g, (%o, dy) satisfies

t
W€ GF@Y. [ aunilendn)ov) = gen) + [ [ anuloody)Lugto)ds.
R to JR

(3.17)
And also, the map
t € fto, Tl— . Qo (dy) f(y) (3.18)
is right-continuous, for any f € Cg°(R"), zo € R*.

1.+ 1s a solution of (B13) (when ¢y = 0) with initial condition ¢, ¢ (dy) =
€xz,- In particular, the measure g, ; has mass 1.

To show uniqueness of solutions of ([B.13), we will rewrite (3.I3]) as the
forward Kolmogorov equation associated with a homogeneous operator on
space-time domain and use uniqueness results for the corresponding homo-
geneous equation.

1. Let D° = C*(]0, 0o[) @ C5°(R™) be the tensor product of C!([0, oo[) and
Cs°(R™). Define the operator A on D° by

Vf e O (RT), Yy € CH([0,00]),  A(f9)(t, ) = v(t)Lof (x)+ f(2)Y (t).

(3.19)
[40, Theorem 7.1, Chapter 4] implies that for any zy € R, if (X, Q¢ 4, )
is a solution of the martingale problem for £, then the law of n, = (¢, X;)
under Qy, ,, is a solution of the martingale problem for A: in particular
for any f € C3°(R™) and v € C'([0, o0]),

/qto,t(xo,dy)f(y)v(t) = f(zo)7(0)+/t /Qto,s(x0>dy)A(.f7)(5ay) ds.
' (3.20)
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[40, Theorem 7.1, Chapter 4] implies also that if the law of n, = (¢, X;)
is a solution of the martingale problem for A then the law of X is also
a solution of the martingale problem for £, namely: uniqueness holds
for the martingale problem associated to the operator £ on C3°(R™) if
and only if uniqueness holds for the martingale problem associated to
the martingale problem for A on DY.

Define, for ¢ > 0 and h € CP([0, co[xRT),
V(s,z) € [0,00[xR*,  Uh(s,x) = Qs 51 (R(t+s,.)) (x).  (3.21)

The properties of Qs+ then imply that (U, ¢ > 0) is a family of linear
operators on Cp ([0, co[xR™) satisfying Ulh, = U;., on CP([0, oo[xRT)
and Ush — h in as t | 0 on D°. (U;,t > 0) is thus a semigroup on
CP([0, 0o[xR™) satisfying a continuity property on D°:

vh €D’ Hmlhh(s,s) = Uh(s, ).

We intend to apply [40, Theorem 2.2, Chapter 4] to prove that (U, t >
0) generates a strongly continuous contraction on Cy([0, co[xR™) with
infinitesimal generator given by the closure A. First, one shall simply
observe that D? is dense in Cy([0, oo[xRT) implying that the domain of
A is dense in Cy(]0, oo[xRT) too. The well-posedness of the martingale
problem for A implies that A satisfies the maximum principle. To con-
clude, it is sufficient to prove that Im(A—A) is dense in Cy([0, co[xRT)

for some A or even better that D° is included in I'm(X — A). We recall
that Im(A — A) denotes the image of Dy under the map (A — A).

. Without loss of generality, let us put ¢y, = 0 in the sequel. For h € D°,
the martingale property yields,
VO<e<t<T, V(s,x)€[0,T] xR,

t (3.22)
%h—mh:/ﬁ@mmw
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which yields in turn

T T T t
/ e Uhdt = / e_tl/{ghdtjt/ e_t/ U;Ah ds dt
€ € € T € T
= Uh [6_5 — e_T} +/ ds (/ et dt) U;Ah

T

= Uh[e“—e ]+ / ds [e7* — e "] U,Ah
‘ T
= e “Uh—eT {L{ehjt/ U,Ah ds]

T
+ / dse *U,Ah.
Using (3.22) and gathering all the terms together yields,
T T
/ e Uhdt = e Uh— e TUrh + / dse *U,Ah. (3.23)
Let us focus on the quantity
T
/ dse *U;Ah.
Observing that,
1 1 1
E [Z/{t-i-eh - Uth] - E [Z/{E - ]]Z/{th = Z/{t E [Ue - [] h,
since h € dom(A), taking ¢ — 0 yields
1

Z U — Ih — Ah.

€

Given Assumption B3] Ah € CP([0, 0o[xR™) and the contraction prop-
erty of U yields,

1 1
04 (£ 0d = = AR ) 1 < 17 = 11 - A,

where ||.|| denotes the supremum norm on Cy([0, co[xR™). Thus
1
limU— [U. — I|h = U Ah
e—0 €
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Hence, the limit when ¢ — 0 of

Y- nun

€

exists, implying that U;h belongs to the domain of A for any h € D°.

Thus,
T
/ dse *Uh

belongs to the domain of A and
T T
/ dse *U;Ah = A/ dse *Ush.

Since U is a contraction semigroup, thus a contraction, and given the
continuity property of U, on the space DY, one may take ¢ — 0 and
T — oo in (B:23), leading to

/ e "Ushdt =Uy + A / ds e *Ush.
0 0
Thus,
(1-A4A) / ds e *Ush(s,x) = Uph(s,z) = h(s,x),
0

yielding h € Im(I — A). We have shown that (U;,t > 0) generates
a strongly continuous contraction on Cy([0, co[xR™) with infinitesimal
generator A (see [40, Theorem 2.2, Chapter 4]). The Hille-Yosida the-
orem [40, Proposition 2.6, Chapter 1] then implies that for all A > 0

Im(\ — A) = Cy([0, oo[xRT).

. Now let py(xo,dy) be another solution of ([B.I3)). First, considering
equation (3.I3) for the particular function g(y) = 1, yields

vVt >0 / (o, dy) =1,
0
and p;(xo, dy) has mass 1.
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Then, an integration by parts implies that, for (f,v) € Cg°(RT) x
Co([0, 00),

|t £ = )+ [ [ i dn A (s ds

(3.24)
Define, for h € Co([0,00) x RY),

V(t, o) € [0, 00[xRY, Ph(0,x0) = /R+ (o, dy)h(t,y).
Using ([3:24)) we have, for (f,~) € C3°(R™) x CA([0, oo]),
ve>0 PP = [ [ pdanA( e du= [ Pua) i

(3.25)
and by linearity, for any h € DY,

t
Ph— Peh = / P.Ah du. (3.26)

At

Multiplying by e~ and integrating with respect to ¢ we obtain, for

A >0,
oo o0 t

A / e Pih(0,z0) dt = h(0, 7o) + A / e / Pu(Ah)(0, z0) du dt
0 0 0

= h(0,z9) + )x/ooo (/00 e‘Atdt) Pu(Ah)(0, z0) du
= h(0,z9) + /000 e M P, (ARh)(0, z) du.
Similarly, we obtain for any A > 0,
)\/OOO e MU0, 20)dt = h(0,z0) + /000 e MU, (AR)(0, x0) du.
Hence for any h € D°, we have

/OO e MU (A—A)h(0, 20) dt = h(0,20) = /oo e M P,(A—A)h(0, z0) dt.
’ ’ (3.27)
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Using the density of Im(A— A) in Im(A— A) = Cy([0, co[xR™*), we get

Vg € Co([0, oo[xR™), / e MU, (0, x0) dt :/ e M P,g(0, 1) dt,
0 0

(3.28)
so the Laplace transform of ¢ — P.g (0, z¢) is uniquely determined.

Using (B3.26)), for any h € D°, t — P;h(0, 1) is right-continuous:
Vh € D, 1511 Ph(0, o) = Ph(0, z).
Furthermore, the density of Dy in Cy([0,00[xRT) implies the weak-

continuity of t — P,g(0,z¢) for any g € Co([0,00[xRT). Indeed, let
g € Co([0, 00[xRT), there exists (hy)n>0 € Dy such that

lim [|g — hy| =0
n—o0
Then equation (B.26) yields,

|Pg(0, 29) — Peg(0, z)|

Pe(g — hn)(0, x0) + (Pr — Pe) ha(0, 20) 4 Pe(g — hn)(0, 70)]

< [Pulg = ha)(0, 20)| + [ (Pe = Pe) hn(0, w0)| 4 [Pe(g — hn)(0, 0)]
< 2|lg = hall + [ (P = Pe) ha(0, 20)]

N

Using the right-continuity of t — P;h,, (0, z¢) for any n > 0, taking ¢ | €
then n — oo, yields

1tlin Ptg(oa xO) = PEg(Oa xO)‘

Thus the two right-continuous functions ¢t — P,g(0, zo) and t — U, g(0, o)
have the same Laplace transform by (B.28), which implies they are
equal:

Vg € Co([0, oo[xRT), /g(t,y)qO,t(xo,dy) = /g(t,y)pt(xo,dy)-

(3.20)
By [40, Proposition 4.4, Chapter 3|, Cy([0, oo[xR™) is convergence de-
termining, hence separating, allowing us to conclude that p,(zo, dy) =
qo,¢(o, dy).
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O

We can now study the uniqueness of the forward PIDE (3.5 and prove
Theorem

Proof. of Theorem B2l We start by decomposing L; as L; = A; + B; where

Afw) =) + L2 ), ana

B.f(y) = / Fwe) — 1) — u(e — D @)nlt dzy).

Then, in the sense of distibutions, using the fact that ya%(y—x)Jr = rlyysay+

(y— )1 = ylyyssy and g—;@ —x)% = €,(y) where €, is a unit mass at x, we

obtain ) )
yeol(t,y)

Ay — )" =r(t)y Lyysey + e(y)  and

Brly — 2)" = / (yer — 2) — (g — 2)* — (¢ — 1) (2lgyony + (4 — 2))Inlt, dz, y)

= /R[(yez —a)" =y — )" —a(e® — Dlgsayn(t, dz,y).

Using Lemma B.1] for the measure n(t, dz,y) and v, its exponential double

tail,
Bi(y — 517)+ = Yty <ln <§))

Hence, in the sense of distibutions, the following identity holds

Ly —z)" =r(t) (#lgysay + (y — 2)4) + Mex(y) Yy <1n <§)) .
(3.30)

Let f : [to, 00[x]0, c0[— R be a solution in the sense of distributions of (3.5])
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with the initial condition : f(0,z) = (So — z)". Integration by parts yields

" L ity - o)

— i gzé(t dy) ( () (@lysay + (y —2)4) + MEI@) Yy (hl (g)))

= rl)e [ SR 1) [ S -2

2 t, 202f 02f
o GG [ gty (1 (E))
a 282
— ()x8—£+r(t)f(t,x)+x 5 &C]; tdyywty( (g))

Hence given (3.5, the following equality holds

of (t,x) = —r(t)f(t,z) + of

- [ St aLy — ) (3.31)

or, equivalently, after integration with respect to time ¢

eJor(®) a1t x) — £(0,x) / / eor()d 07 t (t,dy)Li(y —z)*.  (3.32)
Integration by parts shows that

fta) = [ 2Lty oy (3.3

0

Hence (3.31) may be rewritten as

00 ft 2f t 00 s J a2f
| et S g g-e) (S0t = [ [T T s dy)L(y-o)*ds
0 0o Jo Ox
(3.34)
Define g,(dy) = elo™®)% 24t dy), we have qo(dy) = €s,(dy) = po(So. dy).
For g € C§°(]0, oo[, R), mtegratlon by parts yields

oy) = / TPy — o) de. (3.35)
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Replacing the above expression in [, g(y)q:(dy) and using (3.34) we obtain

oo 0 " 82
| stwatan = [ sty efiron Tl ie.an)

o) o) : a2f
= / J"(2) / elor(s)ds —2(t, dy)(y — )t dz
0 0 0

- [ o6 ><so—z>+dz+/ // elirw L (o )Ly — )z

— g(S0)+ / | ron st [y ew -2

= g(Sp) + /0 /0 qs(dy) Lsg(y) ds.

This is none other than equation (B.I3]). By uniqueness of the solution
p(So, dy) of (B13]) in Proposition [3.1]

. 2
efo 7(s) f

a g(t dy) pt(S()’dy)

One may rewrite equation (3.32)) as

flt,x) =€ Jor(s)ds (f(O, T) + /000 pe(So, dy) Ly (y — SL’)+) ,

showing that the solution of (3.5) with initial condition f(0,z) = (Sy — z)*
is unique. ]

3.2 Examples

We now give various examples of pricing models for which Theorem [B.T] allows
to retrieve or generalize previously known forms of forward pricing equations.

3.2.1 1Itd processes

When (S;) is an Itd process i.e. when the jump part is absent, the forward
equation (B.5]) reduces to the Dupire equation [34]. In this case our result
reduces to the following:
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Proposition 3.2 (Dupire equation). Consider the price process (S;) whose
dynamics under the pricing measure P is given by

T T
ST = S() +/ ’f’(t)Stdt +/ St(;tth-
0 0

Assume there exists a measurable function o : [tg,T] x RT — {0} — R such

that
Vtetelt,T), o(t,S;—) = \/E[62]S:-]. (3.36)
1 T
E {exp (—/ 52 dt)
2.Jo

the call option price [B.2)) is a solution (in the sense of distributions) of the
partial differential equation

If
< 0 a.s. (3.37)

ac,,
aT

aC,,
oK

KzO'(T, K)2 820150
2 0K?

(T,K) = —r(T)K=22(T, K) + (T,K)  (3.38)

on [ty, 00[x]0, 00| with the initial condition:
VK > O, Cto(t(],K) = (Sto - K)+

Notice in particular that this result does not require a non-degeneracy
condition on the diffusion term.

Proof. 1t is sufficient to take gy = 0 in (B.]) then equivalently in (B.5). We
leave the end of the proof to the reader. O

3.2.2 Markovian jump-diffusion models

Another important particular case in the literature is the case of a Markov
jump-diffusion driven by a Poisson random measure. Andersen and An-
dreasen [4] derived a forward PIDE in the situation where the jumps are
driven by a compound Poisson process with time-homogeneous Gaussian
jumps. We will now show here that Theorem [B.1] implies the PIDE derived
in [4], given here in a more general context allowing for a time- and state-
dependent Lévy measure, as well as infinite number of jumps per unit time
(“infinite jump activity”).
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Proposition 3.3 (Forward PIDE for jump diffusion model). Consider the
price process S whose dynamics under the pricing measure P is given by

T T T ptoo B
St = S() ‘l‘/ ’f’(t)St_dt ‘l‘/ St_O'(t, St_)dBt ‘l‘/ / St_ (€y — 1)N(dtdy)
0 0 0 —00

(3.39)
where By is a Brownian motion and N a Poisson random measure on [0, T] x
R with compensator v(dz)dt, N the associated compensated random measure.
Assume that

o(.,.) is bounded and / e*v(dy) < oo. (3.40)
{ly|>1}

Then the call option price
Coo(T, K) = ¢ o™ O ¥ [max(S7 — K, 0)| 7y,

is a solution (in the sense of distributions) of the PIDE

80150 - 80150 K2O'(T, K)2 820150
+ / v(dz)e* [C’to(T, Ke™)—Cy(T,K)— K(e™* — 1)0@0
R 0K
(3.41)

on [to, 00[x]0, oo| with the initial condition:
VK >0, Cto(t0>K) = (Sto - K)-i—-

Proof. As in the proof of Theorem B.Il by replacing P by the conditional
measure Pz, given JF,, we may replace the conditional expectation in (B.2])
by an expectation with respect to the marginal distribution p3(dy) of Sy
under Pz, . Thus, without loss of generality, we put ¢, = 0 in the sequel,
consider the case where Fj is the o-algebra generated by all P-null sets and
we denote Cy(T, K) = C(T, K) for simplicity.

Differentiating (3.2) in the sense of distributions with respect to K, we obtain:

oC s [ 92C o
8—K(T7 K) = —€ fO OJdt/]; pag"(dy)v w(Tu dy) =€ fo (t)dtpag"(dy>
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In this particular case, m(t,dz) dt = v(dz) dt and 9, are simply given by:

o Fedee [T ov(du) z<0
Yi(2) =9(2) = { [ dz e [ v(du) =0
Then (3.4]) yields
Xe.s, (2) = E [ (2) |[Se-] = 9(2).

Let us now focus on the term

[ v (e (5))

in (3.3). Applying Lemma B yields

v (e (5))

= /OOO e b TOUpE (dy) /R[(yez —K)T —ef(y — K)" = K(e* = ) lysry)v(dz)

- / / e O P (dy)[(y — Ke ™)t = (y = K)Y = K(1— e 7)1 nr)] v(d2)
R Jo

= /ez [C(T, Ke?)—C(T,K)—K(e " —1) } v(dz). (3.42)
R

This ends the proof. O

3.2.3 Pure jump processes

For price processes with no Brownian component, Assumption (H)) reduces

T o e[ fewpnean)] <o

Assume there exists a measurable function x : [tg, T] x RT — {0} — RT such
that for all ¢ € [ty, 7] and for all z € R:

Xes,(2) = B (2)[5:-], (3.43)
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with

[odx e [T m(T,du), z<0;
vr(2) = f;oo de e [ m(T,du), z>0,

then, the forward equation for call option becomes

oC oC T 920 K

— K— = T,d In{—||. 44

g = [T yS e, (w(5)). e
It is convenient to use the change of variable: v = Iny, k = In K. Define
c(k,T) = C(e*,T). Then one can write this PIDE as

dc dc Foo 0?c  Oc
— (1) = = 20k (= — ) (T,d ok —v).  (3.45
gr g = [ e (S8 - M) k=) (349
In the case, considered in [25], where the Lévy density my has a deterministic
separable form

my (t,dz,y) dt = a(y,t) k(z) dz dt, (3.46)
Equation (3.45) allows us to recoverl] equation (14) in [25]

de de [T k) (v d*c  Oc
a—T+r(T)%—/_oo k(k —v)e a(e,T)(W—%)(T,dv)

where £ is defined as the exponential double tail of k(u) du, i.e.
[Codrem [T k(u)du z<0;
wlz) = f;oo de e [ k(u)du z > 0.

The right hand side can be written as a convolution of distributions:

de de P*c  0Oc
a7+ r(T)% = [az(.) <W — %)] xg  where (3.47)
g(u) = e *"k(u) ar(u) = a(e",T). (3.48)

Therefore, knowing ¢(.,.) and given x(.) we can recover ar hence a(.,.). As
noted by Carr et al. [25], this equation is analogous to the Dupire formula
for diffusions: it enables to “invert” the structure of the jumps—represented
by a— from the cross-section of option prices. Note that, like the Dupire
formula, this inversion involves a double deconvolution/differentiation of ¢
which illustrates the ill-posedness of the inverse problem.

!Note however that the equation given in [25] does not seem to be correct: it involves
the double tail of k(z) dz instead of the exponential double tail.
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3.2.4 Time changed Lévy processes

Time changed Lévy processes were proposed in [24] in the context of option
pricing. Consider the price process S whose dynamics under the pricing
measure P is given by

t
Sy=elr@dex, X, —exp(Le,) O, = / 0,ds (3.49)
0

where L; is a Lévy process with characteristic triplet (b,0%,v), N its jump
measure and (6;) is a locally bounded positive semimartingale. X is a P-
martingale if

1
b + 50'2 + /(62 —1—-z 1{\z\§1})7/(dy) =0. (350)
R

Define the value Cy (T, K) at ty of the call option with expiry 7" > t; and
strike K > 0 as

Coo (T, K) = e~ Jo "0 BPlmax(Sy — K, 0)| Fy]. (3.51)

Proposition 3.4. Assume there exists a measurable function o : [0, T xR —
R such that
Oé(t,Xt_) == E[9t|Xt_], (352)

and let x be the exponential double tail of v, defined as
[Codze [T v(du), z<0;

3.53
[dx e® [Fv(du), z>0. (3.53)

x(2) =

If B =10+ [(e? — 1)*v(dy) < oo and
E [exp (8O7)] < o0, (3.54)
then the call option price Cy, : (T, K) — Cy (T, K) at date to, as a function

of maturity and strike, is a solution (in the sense of distributions) of the
partial integro-differential equation
ocC ocC K?a(T, K)o? 9*C

+ /Omy%(ﬂ dy) a(T',y) x <1n <§))

on [t, 00[x]0, co| with the initial condition: VK >0 Cy,(tg, K) = (S, —K) .

(T, K)
(3.55)
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Proof. Using Lemma 2.1] (Le,) writes

t t
Lo, = Lo+ / o+/0,dB, + / bB,ds
0 0

t t
/ 0, / 2N (ds dz) + / / zN(ds dz)
o Jp<t 0 J{lzl>1}

where N is an integer-valued random measure with compensator 6,v(dz) dt,
N its compensated random measure. Applying the It6 formula yields

t
X, = X0+/ X,_dLy, + /X _o®0,ds+ Y (X, — X,_ — X,_ALz,)
0

s<t

:Xo+/ S_[be+ ~g? }ds+/Xa\FdB

+/X9/ dsdz /XH/ N(dsdz)
i<ty o1y

/ / X, (¢ — 1 — 2)N(dsd2)

0 R

Under our assumptions, [(e* —1 — z1g,<13)v(dz) < 0o, hence:
! 1
Xt = X(] —|—/ Xs_ |})9$ + 50'293 + /(ez —1—-=z 1{‘Z‘§1}>93V(d2) ds
0 R
t t _
+ / X,_oV0dB, + / / X,_0,(e* — 1)N(ds dz)
0 0o Jr

t t 5

= X0+/ Xs_a\/éstjL/ /Xs_(ez —1)N(dsdz)
0 o Jr

and (.S;) may be expressed as

Sy = So—l—/S r()ds+/5 _o+/0,dB, —I—// _(e* — 1)N(dsdz).
Assumption (3.54) implies that S fulfills Assumption (H) of Theorem B.1]
and (S;) is now in the suitable form (B.]) to apply Theorem [B.I] which yields
the result. O

95



3.2.5 Index options in a multivariate jump-diffusion
model

Consider a multivariate model with d assets
Sy =5 +/ r(t)S;-dt —|—/ Sy-0,dW} +/ S (e — 1)N(dt dy)
0 0 0o JRrd

where ¢° is an adapted process taking values in R representing the volatility of
asset 7, W is a d-dimensional Wiener process, NN is a Poisson random measure
on [0, T] x R? with compensator v(dy) dt, N denotes its compensated random
measure. The Wiener processes W are correlated

V1 < (i, 5) < d, (W' W7), = pi jt,

with p;; > 0 and p; = 1. An index is defined as a weighted sum of asset
prices

d d
It:ZwiSZ, wi>0, Zwlzl, d> 2.
=1 1

The value Cy, (T, K) at time ¢ of an index call option with expiry 7" > t
and strike K > 0 is given by

Co(T, K) = ¢ o™ 0% B [max (I — K, 0)|Fil. (3.56)

The following result is a generalization of the forward PIDE studied by Avel-
laneda et al. [5] for the diffusion case:

Theorem 3.3. Forward PIDE for index options. Assume

VI'>0 E [exp (% fOT ||5t||2dt)} < 00

3.57
Tealllgll A1) v(dy) < 00 as. (3.57)

Define

fjoo dx e* fRd 11n (Zlﬁiﬁdl“’iszeyi)<my(dy) z <0
T,_ =

m\z) = 00 3.58
t( ) fz dx e* fRd 11n(21<i<d1“’i5§eyi)>my(dy) z>0 ( )

I,
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and assume there exists measurable functions o : [to, T] x Rt — {0} — R,
X : [to, T] x Rt — {0} — R* such that for all t € [to,T] and for all z € R:

o(t,I;-) = % \/IE [(Zijl Wiw; Pig Sio) Sf_Sg_) |It7] a.s., (3.50)
xer_(2) =Em(2)|L-] as.

Then the index call price (T, K) — Cy (T, K), as a function of maturity
and strike, is a solution (in the sense of distributions) of the partial integro-
differential equation

80150 . 8Ct0 O'(T, K)2 82Ct0 /—I—oo 82Ct0 K
o - RSt e ), Ve Dy \In( 5
(3.60)

on [ty, 00[x]0, 00| with the initial condition:
VK > 0, Cto(to,K) == (Ito - K)+
Proof. (Bt)i>o defined by
S WS} GidAW
d isigi g\’
(Zm:l wiw;pij 0,07 Sf_ St—)

dBt -

is a continuous local martingale with quadratic variation ¢: by Lévy’s theo-
rem, B is a Brownian motion. Hence I may be decomposed as

d T T d %
i=1

ij=1

T d
+ / / > wiS; (e% — 1)N(dt dy)
0 JRY

(3.61)

The essential part of the proof consists in rewriting (/;) in the suitable form
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1) to apply Theorem B.Il Applying the 1t6 formula to In (I7) yields

I T 1 &
Wit 0 - LS w0160 5i_S)
nfo /0 [TO 212 Z,7j:lw w;pij 6,61 S;_S]_
_w; St eYi _w; St eYi
_/(ZISZSC} t —1—1H(21SZSC} t ))I/(d’y)i| dt
t— t—

1
T . T T i e
* / I Zwiwjpijéé(si Sy St dBt+/ /ln 2199} ¢
o li- \ % ; —

i,j=1

Using the concavity property of the logarithm,

Z1< i<d wiSé_ ev wiSf_
1 == > ;> —
( > 3 Oy sy

I - _
1<i<d

and '

_ow; ST evi

In (Zlglgd o ) <In (max eyi) < max ;.
I 1<i<d 1<i<d
Thus,
Dicica WiS;_ €Y

1n( = < Il

Hence,

[ ()
e t=

, 2
_w St eYi
A <ln (ZKKC} : )) v(dy) < oo a.s.
t—

(3.62)
Similarly, (3.57) implies that [ (e% —1 —y;)v(dy) < oo so In(S%) may be
expressed as

(S = WS+ [ (0 - 3002 [ (e 1 p)idy) at

0
—l—/é;dVV;—l—/ /yiN(dtdy)
0 0
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Define the d-dimensional martingale W, = (W} --- W' B)). For 1 <
1,7 < d—1 we have

d o
21 Wi Si- 0t

t.
g sisi i st )
Zi,j:l WiWjPij 010 Oy

<Wi, Wj>t = pi,jt and <WZ, B)t =

Define
. .
1 . Lo =1 w15 S; 6]
YU isJ Qi j 1/2
(321 wiwjpij 6187 Si_S])
@t = it o 1 Z?:l wjpd,l’jsgicsg
-1, - " N 1/2
- o (4 =y wiw;pij 6,57 S;_5]_)
Sy wip1iS]_6] . Y1 wipa—1,5]_9] 1

1/2 1/2
) )

y T y =
(Zm.zl wiw;pij 6187 Si_ST_ (Zm.zl wiw;pij 6467 Si_ST_

There exists a standard Brownian motion (Z;) such that W, = AZ; where A
is a dxd matrix verifying © = ‘A A. Define X7 = (In (S}),- -+ ,In(S¢ ), In (I7));

5t1 oo 0 0
=10 ... §d-1 0 ,
1
0o --- 0 It% (222»:1 W;W; Pij (5;5% SZ_Sg_) ’

r(t) — 5(61)* — [ (" — 1 —y1) v(dy)

B = r(t) — 1612 — [ (et — 1 —y4-1) v(dy)
R S Si_evi S ycieqwiSi_evi
0= g Sy 6 551 — (Bt (Bt iy

n

and U (y) = Vi

In <—Zléi3d—w"'s’uw)

I
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Then X7 may be expressed as

T T T
0 0 0 R4

The predictable function ¢, defined, for ¢t € [0,T],y € ,(R%), by

d(y) = v1, -,y In vl _Zlgigd—l wz'Sti—eyi
t 1 sy Yd—1, wdStd_

is the left inverse of ¢;: ¢(w,¥y(w,y)) = y. Observe that ¢,(.,0) = 0, ¢
is predictable, and ¢;(w,.) is differentiable on I'm(v;) with Jacobian matrix

V,o:(y) given by

1 0 0 0
(Vyou(y)) = 0 . 1 0
—e¥1 wlSt{ —eydflwd,lsfjl eYd;_
eYdl =3 1 cica1 w;Sj_evi Vil =3y cica 1 wiSi_e¥i  eVdli =3 icq qwiS;_eYi

so (1, v) satisfies the assumptions of Lemma 2T} using Assumption (3.57]),
forall T >t >0,

e[ [t v a

. 2
T g WilS]_eY’
://1A y%+~-~+y§_1+ln<219§d : ) v(dy) dt
0o Jrd I

/OT / AP vldy) di < oo

IN

Define vy, the image of v by ¢ by
ve(w,t, B) = v(¢i(w, B)) for B C 1, (R%). (3.64)
Applying Lemma 2.1, X7 may be expressed as

T T T
0 0 0
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where M is an integer-valued random measure (resp. M its compensated
random measure) with compensator

p(ws dt dy) = m(t, dy; w) dt,

defined via its density

dp

eYa],
d—%(%t, Y) = Ly, ray (y) [detVyde| (y) = iy, @y (y) :

eval, — Zlgz’gd—l w;Sy_evi

with respect to v4. Considering now the d-th component of X7, one obtains
the semimartingale decomposition of In (/;):

In (IT) —In ([0)

T 1 d N
— / (ma) — o (Z wyw; pi; 006 Si_SI
0 = \4,j=1
It— ]t—

T q d NP T 3
T / 7<Zwiwjpijazéisz_sz_ 4B, + / / y K (dt dy)
0 - 0

ij=1

where K is an integer-valued random measure on [0, 7] x R with compensator
k(t,dy) dt where

fB) = [t = [ o) eV, (0) it dy

/ etV | (e () v(dy)
(RA=1x B) Ny (RY)

v(dy) for B e B(R—-{0}).

- ; w; St eYi
/{yeRd—{o},m(ZlSlSdl it )GB}

T,

In particular, the exponential double tail of k(¢, dy) which we denote n,(z)

B f_zoo dx €°k(t,] —o0,z]), 2<0;
nt(z) - fz-i-OO dr egck(t’ [SL’, OOD, 2> 0,
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is given by (B.58)). So finally I may be expressed as

ij=1

N /OT/R (¢" — 1) ,_K (dt dy).

The normalized volatility of I, satisfies, for t € [0, T,

T T d 3
[T = [0+/ T(t)]t_ dt+/ <Z W;W;j P4 52(% SZ—St]—) dBt
0 0

d ici Qi Qi d
Zi,j:l W;W; P 6,07 Sy_Si_ < Z P sl
= ij V¢Vt -
I ij=1
Furthermore, clearly,
Qi
wl_St—ezi — 1<l — 1,
- I
1<i<d

and the convexity property of the exponential yields

WS St
ellzll ¢ Z wl_tezl el 4 exp < Z w] t Zi)
t

1<i<d - 1<i<d '

v

el 4 gz > gl 4 p=llonlllzl > llel 4 o=llsl > o

where
t [t_ ) ) It_ .
Hence 5
J-1>1- % Witz =i
1<i<d
and )
S}
(2] =
. I
1<i<d
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Hence

1 (T waw;py 6067 Si_ ST r
_/ 2 =1 3'023 P T dt+/ /(ey — 1)%k(t, dy) dt
2 0 It_ 0

] o
E/T i je1 Wiw;pij 6,07 Sy S "
2/ 72

. 2
T e w;Si_eYi + wySE eV
1<i<d—1 Wit t—
== -1 dyr, -+, dyq_1,dy) dt
+ /(; /]Rd ( [t— V( Yi, y AYd—1, y)

d T
1 o
< 5 Z Pij (525g +/ /d(ellzll — 1)2V(d21, tee ,dZd) dt.
0 R

1,j=1

Using assumptions (3.57), the last inequality implies that I; satisfies (HJ).
Hence Theorem [3.1] can now be applied to I, which yields the result. O

3.2.6 Forward equations for CDO pricing

Portfolio credit derivatives such as CDOs or index default swaps are deriva-
tives whose payoff depends on the total loss L; due to defaults in a reference
portfolio of obligors. Reduced-form top-down models of portfolio default
risk [45] 48] 85 28] [86] represent the default losses of a portfolio as a marked
point process (Li);>o where the jump times represents credit events in the
portfolio and the jump sizes AL; represent the portfolio loss upon a default
event. Marked point processes with random intensities are increasingly used
as ingredients in such models [45, 48] [73] [85] 86]. In all such models the loss
process (represented as a fraction of the portfolio notional) may be repre-

sented as .
Lt:/ / x M(ds dx),
o Jo

where M (dt dzx) is an integer-valued random measure with compensator
w(dt dz; w) = m(t, de; w) dt.

If furthermore .
/ zm(t,dr) < oo, (3.65)
0
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then L; may be expressed in the form

L — // m(s, dz) ds+M(dsd:):))
/Ot/OIIM(dsdx),

is a P-martingale. The point process N; = M([0,¢] x [0, 1]) represents the
number of defaults and
1
= / m(t, dz;w)
0

represents the default intensity. Denote by T} < T5 < .. the jump times of
N. The cumulative loss process L may also be represented as

Ny
Lt = Z Zk>
k=1

where the “mark” Z, with values in [0, 1], is distributed according to

where

mx (t, dr;w)
A (w)

Note that the percentage loss L; belongs to [0, 1], so AL, € [0,1 — L;_]. For
the equity tranche [0, K|, we define the expected tranche notional at maturity
T as

Fiy(dzyw) =

C'to (T7 K) = E[(K - LT)+|'Ft0]’ (366>

As noted in [28], the prices of portfolio credit derivatives such as CDO
tranches only depend on the loss process through the expected tranche no-
tionals. Therefore, if one is able to compute Cy, (T, K) then one is able to
compute the values of all CDO tranches at date ty. In the case of a loss pro-
cess with constant loss increment, Cont and Savescu [29] derived a forward
equation for the expected tranche notional. The following result generalizes
the forward equation derived by Cont and Savescu [29] to a more general set-
ting which allows for random, dependent loss sizes and possible dependence
between the loss given default and the default intensity:
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Proposition 3.5 (Forward equation for expected tranche notionals). As-
sume there exists a family my (t,dy, z) of measures on [0,1] for allt € [ty,T]
and for all A € B([0,1)],

my (t, A, L) = Elmx(t, A, )| Li_], (3.67)

Denote My (dt dy) the integer-valued random measure with compensator my (t, dy, z) dt.
Define the effective default intensity

N /0 oyt dy. ). (3.68)

Then the expected tranche notional (T, K) — Cy (T, K), as a function of
maturity and strike, is a solution of the partial integro-differential equation

0C%,
oT

(T, K)

= — 82Ct0 (T, dy) |i/; _y(K -y — Z) mY(T> dz>y) - (K - y))\Y(T’ y) ’

, OK?
(3.69)

on [tg, 00[x]0, 1[ with the initial condition: YK € [0, 1],
Cto(t07K> = (K - Lto)-l—'

Proof. By replacing P by the conditional measure P|z, given Fy, we may
replace the conditional expectation in (B.66]) by an expectation with respect
to the marginal distribution pr(dy) of Ly under Pz, . Thus, without loss of
generality, we put ¢ty = 0 in the sequel and consider the case where Fj is the
o-algebra generated by all P-null sets. (3.60) can be expressed as

C(T,K) = /+ (K —y)" pr(dy). (3.70)
R
Differentiating with respect to K, we get
oC K 0*C
oK~ J, pr(dy) = E [1iz,_<x3] BYe — (T, dy) = pr(dy).  (3.711)

For h > 0 applying the Tanaka-Meyer formula to (K — L;)™ between T and
T + h, we have

T+h
(K = Lyyp)™ = (K — Lp)* —/ L, <kydLy
r (3.72)
+ Y (K= L)t = (K= L)t + L, <AL .

T<t<T+h

105



Taking expectations, we get

T+h 1-Li
C(T+hK)-—C(T,K) = E{/ dtl{LtSK}/ :zm(t,dx)]
0

T

+ E

> (K —L)t = (K - L))" + L, <AL

T<t<T+h

The first term may be computed as

T+h 1-Li_
E |:/ dt 1{Lt,§K} / xm(t,dm)}
T 0

T-‘rh r 1—Lt,
- / dtE |1z, <iy / xm(t,da:)]
T i 0

T+h r 1-Ls—
L 0

T

-]

T+h r 1—Lt7
= / dtE ]‘{Lt <K}/ l’my(t,dl',Lt_)]
0

— /T+hdt/ pr(dy) </ y:cmy(t,dff,y))-

As for the jump term,

E| Y (K-L)" = (K- L)+ 1y, <AL
LT <t<T-+h
T+h 1—L+—
= E / dt/ m(t,dzr) (K = Li- — )" — (K — Li-)" + 1{Lt§K}$)]
T+h

dtE /0 - (t dSL’) ((K Lt ) — (K - Lt_)+ + 1{L,5<K}x):|

I
H\

T+h

r 1—Ly_
dtE |E U m(t,dz) (K — L —2)" — (K — Li_)" + 1, <xy7)
L 0

I
S

-]

T+h 1-Ly—
dt E / my(t, dl‘, Lt_) ((K — Lt_ — LE‘)+ - (K - Lt_)+ + 1{L,5<K}x):|
LJO

I
S

T+h

dt /0 pT(dy)/O b my (t,dz,y) (K —y—z)" — (K —y)* + 1yy<xy)

I
S

T
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where the inner integrals may be computed as
1 1—y
[ o) [ mttdey) (6 =y = )" = (0 = 0)" + Liyeyo)
0 0
K 1—y
= / pT(dy)/ my (t, dz,y) ((K -y x)l{K—y>:c} —(K—y-— 95))
0 0

= [ ot [ vt o -y -,

K-y

Gathering together all the terms, we obtain
C(T+h,K)—C(T,K)

= /TT+h dt /OKpT(dy) (/Ol_yImY(t,dl“,y))
N /TT+h " /OKPT(dy) (/Kl__j my (t, dz, y) (K — y — 56))

= /TT+hdt /OKpT(dy) (— /OK_y my(t,d:)s,y)(K—y—x)+(K—y))\Y(Tay))-

Dividing by h and taking the limit h — 0 yields

oC

ST —/OKpT(dy) [/OK_y(K—y—x) my(T,dx,y)—(K—yMY(Tvy)}

- - %(T,dy) UO _y(K—y—aj)my(T,di,y)—(K_y))‘Y(Tay)}~
O

In [29], loss given default (i.e. the jump size of L) is assumed constant
0 = (1—R)/n: then Z; =9, so L, = 6 N; and one can compute C (7T, K) using
the law of ;. Setting ¢y = 0 and assuming as above that F;, is generated
by null sets, we have

C(T, K) = E[(K — Lp)*] = E[(k§ — Ly)*] = 0 E[(k — Np)t] = 6 Cu(T13.73)

The compensator of L; is A\, €5(dz) dt, where €5(dz) is the point at the point
0. The effective compensator becomes

my (t,dz,y) = E[\|Li— =yl es(dz) dt = N (t, y) es(dz),
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and the effective default intensity is A\Y (¢t,y) = E[M|L;— = y]. Using the
notations in [29], if we set y = jJ then

N (t,76) = E[N|Li- = j6) = E[N|Nie = j] = a;(t)

and py(dy) = >77_ ¢;(t)ejs(dy). Let us focus on ([B.69) in this case. We recall
from the proof of Proposition that

G = [Crtan) [0 =y =) = (5 =) TN (T ela)
= [ prlan) YT (5 =y =8 = (5= ) Tscay

= =0 q;(T) a;(T) 1<k-1y.
=0

This expression can be simplified as in |29, Proposition 2|, leading to the
forward equation

k—2
8%7(?) = ag(T)Ci—1(T) — ar1(T)Ci(T) — Z Ci(D)aj(T) = 2a;(T) + a;1(T)]

1

ko
<

= |ar(T) = ar+(T)]Cra(T) - : (V?a);C5(T) — ar-1(T)[C(T) — Cpr(T)].

<.
Il

Hence we recover [29, Proposition 2] as a special case of Proposition
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Chapter 4

Short-time asymptotics for
marginals of semimartingales

In this chapter, we study the short-time asymptotics of expectations of the
form E[f(&)] where & a discontinuous It6 semimartingale. We study two
different cases: first, the case where f is a smooth (C?) function, then the
case where f(z) = (x—K),. We compute the leading term in the asymptotics
in terms of the local characteristics of the semimartingale.

As an application, we derive the asymptotic behavior of call option prices
close to maturity in a semimartingale model: whereas the behavior of out-of-
the-money options is found to be linear in time, the short time asymptotics
of at-the-money options is shown to depend on the fine structure of the
semimartingale.

These results generalize and extend various asymptotic results previously
derived for diffusion models [17, 18], Lévy processes [60), 44, OT], Markov
jump-diffusion models [I3] and one-dimensional martingales [78] to the more
general case of a discontinuous semimartingale. In particular, the indepen-
dence of increments or the Markov property do not play any role in our
derivation.

4.1 Introduction

In applications such as stochastic control, statistics of processes and mathe-
matical finance, one is often interested in computing or approximating con-
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ditional expectations of the type
E [f(£t>|fto] ) (41>

where £ is a stochastic process. Whereas for Markov process various well-
known tools —partial differential equations, Monte Carlo simulation, semi-
group methods— are available for the computation and approximation of
conditional expectations, such tools do not carry over to the more general
setting of semimartingales. Even in the Markov case, if the state space is
high dimensional exact computations may be computationally prohibitive
and there has been a lot of interest in obtaining approximations of (1] as
t — tg. Knowledge of such short-time asymptotics is very useful not only
for computation of conditional expectations but also for the estimation and
calibration of such models. Accordingly, short-time asymptotics for (41
(which, in the Markov case, amounts to studying transition densities of the
process £) has been previously studied for diffusion models [17, 18, 41], Lévy
processes [60, 70}, [83] 9, 44], [43], 91], Markov jump-diffusion models [3| [13] and
one-dimensional martingales [78], using a variety of techniques. The proofs
of these results in the case of Lévy processes makes heavy use of the inde-
pendence of increments; proofs in other case rely on the Markov property,
estimates for heat kernels for second-order differential operators or Malliavin
calculus. What is striking, however, is the similarity of the results obtained
in these different settings.

We reconsider here the short-time asymptotics of conditional expecta-
tions in a more general framework which contains existing models but allows
to go beyond the Markovian setting and to incorporate path-dependent fea-
tures. Such a framework is provided by the class of [t6 semimartingales,
which contains all the examples cited above but allows to use the tools of
stochastic analysis. An [to semimartingale on a filtered probability space
(Q, F, (Ft)t>0, P) is a stochastic process £ with the representation

& = §o+/ 6sds+/5dW+/ /Rd M (dsdy) //Rd — k(y)) M(dsdy),

(4.2)
where & is in R?, W is a standard R™-valued Wiener process, M is an integer-
valued random measure on [0,00] x RY with compensator u(w,dt,dy) =
m(w,t,dy)dt and M = M — p its compensated random measure, § (resp.
§) is an adapted process with values in R? (resp. Myy,(R)) and

Y

"W = TP
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is a truncation function.

We study the short-time asymptotics of conditional expectations of the
form (@J]) where ¢ is an Ito semimartingale of the form (£2), for various
classes of functions f : R? — R. First, we prove a general result for the case
of f € CZR? R). Then we will treat, when d = 1, the case of

E[(& — K)"|F) (4.3)

which corresponds to the value at ty of a call option with strike K and
maturity ¢ in a model described by equation ([A2]). We show that whereas
the behavior of (£3) in the case K > &, ( out-of-the-money options) is
linear in t — ¢y, the asymptotics in the case K = &, (which corresponds to
at-the-money options) depends on the fine structure of the semimartingale £
at tg. In particular, we show that for continuous semimartingales the short-
maturity asymptotics of at-the-money options is determined by the local time
of £ at ty. In each case we identify the leading term in the asymptotics and
express this term in terms of the local characteristics of the semimartingale
at to.

Our results unify various asymptotic results previously derived for par-
ticular examples of stochastic models and extend them to the more general
case of a discontinuous semimartingale. In particular, we show that the in-
dependence of increments or the Markov property do not play any role in
the derivation of such results.

Short-time asymptotics for expectations of the form (4.1]) have been stud-
ied in the context of statistics of processes [60] and option pricing [3], 17 18
13), 44, 9T, [78]. Berestycki, Busca and Florent [I7, 18] derive short maturity
asymptotics for call options when &, is a diffusion, using analytical methods.
Durrleman [38] studied the asymptotics of implied volatility in a general,
non-Markovian stochastic volatility model. Jacod [60] derived asymptotics
for (A1) for various classes of functions f, when & is a Lévy process. Lopez
[44] and Tankov [91] study the asymptotics of (£3) when &, is the exponential
of a Lévy process. Lopez [44] also studies short-time asymptotic expansions
for (4.1J), by iterating the infinitesimal generator of the Lévy process &. Alos
et al [3] derive short-maturity expansions for call options and implied volatil-
ity in a Heston model using Malliavin calculus. Benhamou et al. [13] derive
short-maturity expansions for call options in a model where £ is the solution
of a Markovian SDE whose jumps are described by a compound Poisson pro-
cess. These results apply to processes with independence of increments or
solutions of a “Markovian” stochastic differential equation.
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Durrleman studied the convergence of implied volatility to spot volatility
in a stochastic volatility model with finite-variation jumps [37]. More re-
cently, Nutz and Muhle-Karbe [78] study short-maturity asymptotics for call
options in the case where &; is a one-dimensional It6 semimartingale driven
by a (one-dimensional) Poisson random measure whose Lévy measure is ab-
solutely continuous. Their approach consists in “freezing” the characteristic
triplet of £ at ty, approximating & by the corresponding Lévy process and
using the results cited above [60, [44] to derive asymptotics for call option
prices.

Our contribution is to extend these results to the more general case when
¢ is a d-dimensional semimartingale with jumps. In contrast to previous
derivations, our approach is purely based on It6 calculus, and makes no use
of the Markov property or independence of increments. Also, our multidimen-
sional setting allows to treat examples which are not accessible using previous
results. For instance, when studying index options in jump-diffusion model
(treated in the next chapter), one considers an index I; = > w;S! where
(S, ..., 5% are It6 semimartingales. In this framework, I is indeed an Ito
semimartingale whose stochastic integral representation is implied by those
of S* but it is naturally represented in terms of a d-dimensional integer-valued
random measure, not a one-dimensional Poisson random measure. Our set-
ting provides a natural framework for treating such examples.

Note that these 'short-time’ asymptotics are different from the ’extreme-
strike” asymptotics studied by Lee [71] and extended by Friz, Gulisashvili and
others [12], 46, 49, [50]. But, in specific models, the two asymptotic regimes
may be related using scaling arguments.

4.2 Short time asymptotics for conditional ex-
pectations

4.2.1 Main result

We make the following assumptions on the characteristics of the semimartin-
gale &:

Assumption 4.1 (Right-continuity of characteristics at t).

lim E [Hﬁt - 5t()|||'Ft()] = 07 lim E [H(st - 6t0||2|'/—_.t0} = 07

t—to,t>t0 t—to,t>t0
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where ||| denotes the Euclidean norm on R? and for ¢ € C5(R? x R%, R),

i E | [ WP et miedniF| = [ 1l el oo ),

t—to,t>t0

The second requirement, which may be viewed as a weak (right) conti-
nuity of m(t¢,dy) along the paths of &, is satisfied for instance if m(t, dy) is
absolutely continuous with a density which is right-continuous in ¢ at t,.

Assumption 4.2 (Integrability condition). 37" > t,

T
E [ [ 1das

T
EU / ]|y[|2m(s,dy)ds‘fto}<oo.
to R4

Under these assumptions, the following result describes the asymptotic
behavior of E [f(&;)|F:,] when t — to:

T
F| < 00, E[/ ||5S||2ds‘}"to]<oo,

to
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Theorem 4.1. Under Assumptions[{.1] and [[.3, for all f € C}(R%,R),

(E[f (€D Fro] = (&) = Lio f (Ero)- (4.4)

lim
tito t — 1o

where Ly, is the (random) integro-differential operator given by

VfeCARLR), L, f(z) = ﬁto.w(xw%u« (161,61 V2] () (4.5)

1
1+ [ly[f?

+ [ et - f@ vV S (@) )mlto, dy).

Before proving Theorem [.T] we recall a useful lemma:

Lemma 4.1. Let f: RY — R be right-continuous at 0, then

liml/O f(s)ds = f(0). (4.6)

t—0 t

Proof. Let F' denote the primitive of f, then

L | s =4 re - Fo).

Letting ¢t — 07, this is nothing but the right derivative at 0 of F', which is
f(0) by right continuity of f. O]

We can now prove Theorem [£.1]

Proof. of Theorem AT

We first note that, by replacing I by the conditional measure Pz, given Fy,,
we may replace the conditional expectation in (4.4]) by an expectation with
respect to the marginal distribution of & under Pz, . Thus, without loss of
generality, we put tg = 0 in the sequel and consider the case where Fj is
the o-algebra generated by all P-null sets. Let f € CZ(R4, R). It&’s formula
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yields
! 7 1 ! t
f&) = f(§0)+/0 Vf(gs)dgs+§/0 tr [V2f(&-)'0,0] ds

~ 0Of :
D |6 AL~ f(6) = D56 )AL

s<t

t

— f(&)+ /0 VF(€).Buds + /0 V() S,

1 ! 2 t
+ /0 e [V2F(6,-) 10,8, ds

+ / | V(6 )nly) M (ds dy)

+ /Ot /R (f(& +y) = (&) — K(y).Vf(&-)) M(dsdy).

We note that

e since V [ is bounded and given Assumption 2] fot Joa V(&) k(y) M(ds dy)
is a square-integrable martingale.

e since V[ is bounded and given Assumption 2] fot Vf(&s-).05dWs is a

martingale.

Hence, taking expectations, we obtain

Bl = Ele)+E] [ viieaa] +8]] [wlvire o] ol
B[ [ [ 06 0= e - s 9re ) Midsa)
- )+ = [ [ Vi) B[] [wlvre s of

][] 0 0 - 60~ o) 976 ms ) ds).

that is

Bl - Elf@) +E | [ Luf(E) ok (17)
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where £ denote the integro-differential operator given, for all ¢t € [0,7] and
for all f € C2(RY,R), by

Lof(@) = BV () + 5t [5.5.97f] (2)
+ [ [t = 1) = o -V @it ),
Equation (4.7) yields

'g [f(&)] — ()~ Lof (&)

(4.8)

_ { ds (V(&)-Bs W(éo).ﬁo)]
E

. { / dstx [V2f(£.) 6.0, —v2f<£o>téoéo}]

= / ds [m(s, dy) (f(& +y) — F(&) — (y). V()

—m(0,dy), ((&o+ ) — F(&) — nly)- V1 (@))]].

M) = B[t [ s (Vri€)5 - Vite )|,
2alt) = 5|7 [ dsue[2re) 05, - V(6 S]]

sty = B[ [ 3 [ ds ) (716 +0) - 1(€) ) 9116 )

—m(0,dy) (f(&0+y) — [(&) = 5(y)-V-1(&))]]
Thanks to Assumptions £1] and 2]

B[ [ as 1vst€)0. - wrsl] <] [ asivrias+1s)] < o

Fubini’s theorem then applies:

1

! / dsE[V(6,).8 — V (&) Bo]

Al(t) - ; o
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Let us prove that
g1 - [O, T[ — R
t = E[Vf(&).B: — VI(&)-Bol,

is right-continuous at 0 with ¢;(0) = 0, yielding A;(¢) — 0 when ¢ — 0% if
one applies Lemma [4.1]

l91(t)] = [E[V £(&).6: — V f(&o)-Boll
= |E[(Vf(&) — V(&) -Bo+ V(&) (B: — Bo)ll (4.9)
< IVl EMNB: = Bolll + 180l V2 flloo BN — &ll]

where ||[|s denotes the supremum norm on CZ(R? R). Assumption BT im-
plies that:

lim E — =0.
Jim B3 — foll]
Thanks to Assumption [4.2] one may decompose &; as follows

& =&+ A+ My,
A, = o d - ,dy) ) ds,
[ (st [ = st mis.an) as 0

t t
Mt:/ 5de8+// y M(ds dy),
0 0 R4

where A; is of finite variation and M, is a local martingale. First, applying
Fubini’s theorem (using Assumption [.2]),

Bllad) < B[ 1adas| <& [ [ [ = stolmis.dnas]
= [asensi+ [ ase[ [ - swlmsa).

Thanks to Assumption .I], one observes that if s € [0,T]— E[||5s — Soll] is
right-continuous at 0 so is s € [0,T[— E[||fs]|]. Furthermore, Assumption
[4.1] yields that

s T8 | [ = w)lmis.dy)
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is right-continuous at 0 and Lemma [4.T] implies that

lim E[[|[A|] =0
t—0t

Furthermore, writing M; = (M}, --- , M?),

E[IM)7] = > E[IM]].

1<i<d

Burkholder’s inequality [81, Theorem IV.73] implies that there exists C' > 0
such that

sup B [|M;°] < CE[M', M7)]

s€[0,t]
t ) t
CE [/ ds|52,|2+/ ds/ |yi|2m(s,dy)}.
0 0 Rd

Using Assumption we may apply Fubini’s theorem to obtain

s B[] < ¢ 3 B[ [aslatf] +E[ [ [ umisia)

s€[0,¢] 1<i<d

= o (e[ [astae| 2 [ [[as [ 1onis.an))
= o ([asenar+ [ ase ][ ltnea]).

Thanks to Assumption 1] Lemma [Z1] yields

. 2 _
Tim B[} 047] =

Using the Jensen inequality, one obtains

E [l M:]l] = > M| < |E
1<i<d

lim E[[[M|] =0
t—0t

=E [[|M]°] -

Z |M2|2

1<i<d

Hence,
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and
) _ < 1 ) _
lim E[Jl& - &l < lim E[J4]] + lim B [|A4]] = o.

Going back to the inequalities (£9), one obtains

lim ¢;(¢) = 0.

t—07t
Similarly, As(¢) — 0 and Az(¢t) — 0 when ¢ — 07. This ends the proof. [

Remark 4.1. In applications where a process is constructed as the solution to
a stochastic differential equation driven by a Brownian motion and a Poisson
random measure, one usually starts from a representation of the form

6=a+ [ uds + / 5w, + / [ Sasa,

where & € R, W is a standard R"-valued Wiener process, 3 and & are non-
anticipative cadlag processes, N is a Poisson random measure on [0, T] x R4
with intensity v(dy) dt where v is a Lévy measure

[ QAL vian) <o, § = N =ty

and v : [0,T] x Q x R+ R? is a predictable random function representing
gump amplitude. This representation is different from ([&2)), but Lemma [22
in Chapter[d shows that one can switch from the representation ({{.11) to the
representation ({.3) in an explicit manner.

In particular, if one rewrites Assumption[{.1) in the framework of equation
(4-11), one recovers the Assumptions of [78] as a special case.

4.2.2 Some consequences and examples

If we have further information on the behavior of f in the neighborhood of
&o, then the quantity Lgf(&o) ca be computed more explicitly. We summarize
some commonly encountered situations in the following Proposition.

Proposition 4.1. Under Assumptions [{.1] and [{.2,
1. If f(&) =0 and V f(&) = 0, then

i 7 B(£(6)] = 5t [ V] + [ f(&+9)m(0.dy). (412

t—0+ ¢
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2. If furthermore V2 f(&) = 0, then

t—0+ ¢

i + B = [ 16+ p)m(0.dy). (4.13)
Proof. Applying Theorem A1), Lo f(&o) writes

Lof(60) = 5oV 1 (E) + 5t [V2F(60) o] (€)

+ [ 160 +1) = £60) = {5 - VA Nm(0. d)

The proposition follows immediately. O

Remark 4.2. As observed by Jacod [60, Section 5.8] in the setting of Lévy

processes, if f(&) = 0 and Vf(&) = 0, then f(z) = O(|z — &l*). If
furthermore V2 f (&) = 0, then f(x) = o(||z — &|?).

Let us now compute in a more explicit manner the asymptotics of (4.1l
for specific semimartingales.
Functions of a Markov process

An important situations which often arises in applications is when a stochas-
tic processe £ is driven by an underlying Markov process, i.e.

gt = f(Zt) f S 02(Rd7R)7 (414>

where Z; is a Markov process, defined as the weak solution on [0,7] of a
stochastic differential equation

t t
Zy = Zo+ / b(u, Z,_) du + / Y (u, Zy—) dW,,
0 0 (4.15)

+/Ot/¢(u,zu_,y) N(du dy),

where (W;) is an n-dimensional Brownian motion, NN is a Poisson random
measure on [0,7] x R? with Lévy measure v(y)dy, N the associated com-
pensated random measure, 3 : [0, 7] x R? — My q(R), b: [0,T] x R? — R4
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and ¢ : [0, 7] x R? x R? are measurable functions such that

¥(.,.,0)=0 z,.)isaC' (R4, R?) — diffeomorphism
Vt € (0,77, {// sup (1A [[¢(s, z,9)|1?) v(y) dyds| < oc.
{llyl>1} zer?

(4.16)

In this setting, as shown in Proposition 23] one may verify the regularity of
the Assumptions . Jland Assumptiond.21by requiring mild and easy-to-check
assumptions on the coefficients:

Assumption 4.3. b(.,.), X(.,.) and (., .,y) are continuous in the neighbor-
hood of (0, Zy)

Assumption 4.4. There exist T > 0, R > 0 such that
Either  Vt €[0,T] inf inf  fx.3N(t,2).2 >0

lz—ZolI<R z€R4, ||z|=1
or > =0.

We then obtain the following result:
Proposition 4.2. Let f € CZ(R% R) such that

V(21 2q-1) ERTL wes f(z1, ..., 2q-1,u) isaCl (R, R) —diffeomorphism.
Define
Bo =V [(Zo).b(0, Zo) + 1tr [V*f(Zo)'E(0, Zo)E(0, Zo)]
+ Jra (f(Zo + (0, Zo,y)) — f(Zo) — (0, Zo,y).V f(Zo)) v(y) dy.
do =V f(Z0)X(0, Zo)l,

and the measure m(0,.) via

m(0, [u, oof) = /Rd Lt (o000, 20.9) - f(Z0) 2y V() dy - 1> 0,

(4.17)
m(0, [—oo, u]) = /Rd L #(Zo+0(0,200)~ £ (Zo)<uy V(Y) dy - 1 < 0.
Under the Assumptions[{.3 and[{4, Vg € C}(R%, R),
E t)] — ! 52 " /
tim L =IO 50600+ 2 0+ [ oot )60 -ug ()] (0. ).
(4.18)
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Proof. Under the conditions (4.16]) and the Assumption [4.4] Proposition 2.3]
shows that & admits the semimartingale decomposition

€t:50+/0tﬁsds+/0t5sst+/0t/uf((dsdu),

6t = Vf(th)b(@ Zt—) + %tl" [vzf(Zt—)tZ(t> Zt—)z(t> Zt—)]

+ Joa ([(Z- +0(t, Zi—,y) — [(Z-) = 0(t, Zi,y) .V f(Zi-)) v(y) dy,
oy = ||Vf(Zt_)Z(t, Zt—)||>

where

and K is an integer-valued random measure on [0,7"] x R with compensator
k(t,Z;_,u) dudt defined via
k(t,Z;—,u) = /d 1 |detV,@(t, Zi—, (y1, - -+, Ya—1,1))|
Ri—
v(®(t, Zi—, (Y1, -+ s Ya-1,u))) dyr -+ dya-1,

with

{ (b(ta Z>y) :¢(t,Z, '%z_l(y)) K’z_l(y) = (y1>"' ayd—lan(y))a

Fiy) :R* =R f(z+ (g1 ya-1, F2(y) — f(2) = ya.

From Assumption it follows that Assumptions [£.1] and hold for S, ¢;
and k(t, Z;—,.) on [0,T]. Applying Theorem [T, the result follows immedi-
ately. O

Remark 4.3. Benhamou et al. [15] studied the case where Z; is the solution
of a ‘Markovian’ SDE whose jumps are given by a compound Poisson Process.
The above results generalizes their result to the (general) case where the jumps
are driven by an arbitrary integer-valued random measure.

Time-changed Lévy processes

Models based on time—changed Lévy processes provide another class of ex-
amples of non-Markovian models which have generated recent interest in
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mathematical finance. Let L; be a real-valued Lévy process, (b,0%,v) be its
characteristic triplet, NV its jump measure. Define

t
é-t = L@t ®t = / est, (419)
0

where (6;) is a locally bounded F;-adapted positive cadlag process, inter-
preted as the rate of time change.

Proposition 4.3. If

t—0,t>0

/ lyv(dy) < oo and  lim E[|6, —6y]] =0 (4.20)
R

then

Ve CHRR),  lim ) = /(&)

t—0t t

= b Lof (&) (4.21)

where Ly is the infinitesimal generator of the L:

Laf@) =0 @)+ G £+ [ [Fa+) = f10) -

5 3y (@)lv(dy).

(4.22)

1+ y|

Proof. Considering the Lévy-Ito decomposition of L:

G /M (1= 5(0) o)) 1+ 01,

// N(dsdz) + // 2 — k(=) N(dsdz),

then, as shown in the proof of Theorem 2.6 £ has the representation

& =&+ /Ot 0/b5dZ, + /Ot (b - /{ym (y — r(y)) V(dy)) 0, ds

+/0t/R/-€(z)95N(dsdz)+/0t/R(Z_,€(Z))98N(deZ)‘

where Z is a Brownian motion. With the notation of equation (£2]), one
identifies

By = (b — /{y|<1} (y — k(y)) I/(dy)) O, 0y =00, m(t,dy)=0,v(dy).

If (4.20) holds, then Assumptions [1]and [£.2 hold for (8, J, m) and Theorem
[T may be applied to obtain the result. O
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4.3 Short-maturity asymptotics for call op-
tions

Consider a (strictly positive) price process S whose dynamics under the pric-
ing measure P is given by a stochastic volatility model with jumps:

t t t 400 5
Sy = So +/ r(s)Ss-ds —i—/ Ss—0,dW —i—/ / Se-(e¥ = 1)M(ds dy),
0 0 0 J-oo

(4.23)
where r(t) > 0 represents a (deterministic) bounded discount rate. For
convenience, we shall assume that r € C§(R*,R"). §; represents the volatil-
ity process and M is an integer-valued random measure with compensator
p(w; dt dy) = m(w;t,dy) dt, representing jumps in the log-price, and M =
M — p its compensated random measure. We make the following assump-
tions on the characteristics of S:

Assumption 4.5 (Right-continuity at to).

lim E [‘5t - 5t0|2|ft0] = 0.

t—to,t>t0

For all ¢ € C3(RT x R, R),

t—to,t>t0

i £ | [ (A1) e(SmmitdniFo| = [ (@ AWE) S0 mit )

Assumption 4.6 (Integrability condition).

T T
r>t,, E [exp (%/ 5? ds +/ ds/(ey _ 1)2m(s,dy)) |]:to] < 00
to to R

We recall that the value Cy, (¢, K) at time ¢y of a call option with expiry
t >ty and strike K > 0 is given by

O (t, ) = ¢ o " ®Elmax(S, — K,0)|F,]. (4.24)
The discounted asset price

A

t
St — e fto r(u) du St,
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is the stochastic exponential of the martingale ¢ defined by
t t B
gt = / 63 dWs _'_/ /(ey — 1)M(d8 dy)
0 0
Under Assumption 4.6l we have

< 00,

E [ (Het + (e 0))

where (€, €)¢ and (€, €)? denote the continuous and purely discontinuous parts
of [£,¢] and [80, Theorem 9] implies that (S;)icp,,r) is a P-martingale. In
particular the expectation in (4.24)) is finite.

4.3.1 Out-of-the money call options

We first study the asymptotics of out-of-the money call options i.e. the case
where K > S;,. The main result is as follows:

Theorem 4.2 (Short-maturity behavior of out-of-the money options). Under
Assumption [{.5 and Assumption[].6], if Sy, < K then

1 0o
— Ct() (t, K) —i (Sto€y — K)+m(t0, dy) (425)

This limit can also be expressed using the exponential double tail 1)y, of
the compensator, defined as

+oo o8]
o (2) = / dz e / mito,du) = > 0. (4.26)
Then, as shown in [14, Lemma 1],

/OO(Stoey — K)+m(t0,dy) = Stowto (ln <£)) .
0 Sto

Proof. The idea is to apply Theorem [Tl to smooth approximations f, of
the function * — (x — K)* and conclude using a dominated convergence
argument.
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First, as argued in the proof of Theorem [4.1], we put o = 0 in the sequel
and consider the case where Fj is the o-algebra generated by all P-null sets.
Applying the It6 formula to X; = In (S;), we obtain

In (So) + /tSdS +1/t52 (S.0.)2d
+ Z[ln(ss+Ass)—1n(ss) 5 }

s<t

_ 1n(50)+/0t <r(s)—%5§) ds+/0t53dWS
+ /Ot/_;oo(ey—l)M(dsdy)—/ot/_;w (e —1 —y) M(ds dy)

Note that there exists C' > 0 such that

Xy

| < C (¥ —1)°.

V1 — oy ——
| YT P

Thanks to Jensen’s inequality, Assumption implies that this quantity is
finite, allowing us to write

[ [ e -vitasan - [ [ e -1-y) sy
S T T o S P
i <y—ym>
vt (o 1-vrg) s
[/ m( 1+1|y|2) misasas 1 [ 7 (o= wrasan
o g e
[ (y‘ym) Mids dy)
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We can thus represent X; as in (£.2))):

Xy = Xo—i-/ﬁsdt—l—/édW

//m 1+|y|2 M(ds dy) + //+°°( 1+1| |2) M(ds dy),

(4.27)

with

[e.e]

1 &0 1
bi=rt) -3 [ (ay—l—ym) m(ty) dt dy.

Hence, if 6 and m(., dy) satisfy Assumption 5 then 3, 6 and m(., dy) satisfy
Assumption Il Thanks to Jensen’s inequality, Assumption implies that
B, § and m satisfy Assumption One may apply Theorem A.1] to X; for
any function of the form f oexp, f € C}(R,R). Let us introduce a family
fn € C2(R,R) such that

{ fu(x) = (z = K)7 |z — K[>
(@—K)" < fule) <5 lz—K| <

3= 3=

Then for z # K, f,(z) — (x — K)T. Define, for f € Cg°(RT,R),

2262
Laf (@) = O f (@) + 22 ()
(4.28)
+ [ Urwe) = f@) = (e = 1.4 )m(0. ),
R
First, observe that if Ny > 1/|Sy — K],
vn > Nl, fn(So) (S(] — ) = O, SO
T [(5)— K)7] < TE{u(S)] = © (B[ (S)] — fu(S0)
Letting ¢t — 07 yields
lim sup % e KO E [(5, — K)*] < Lofu(So). (4.29)
t—0t
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Furthermore,
E[(S:—K)*] > E [fn(St)1{|St—K\>%}}

= E[f.(S)] —E [fn(St)lﬂst—Kls%}]

E [fn(S)] = fn(S0) — %E [1{\St—KIS%}] ‘

v

But
E |:1{|5 —K\<l}} < P <St — K> _l)
e n

< P(St—SOZK—SO—%).

There exists Ny > 0 such that for all n > N,

1 K —
P(St—sozK—So——) < P(St—soz 250)

< (glg) Els -,

by the Bienaymé-Chebyshev inequality. Hence,

K-S/ t
with ¢(z) = (x — Sp)?. Applying Theorem 1] yields

FE (5~ K)'] 2 1 E[(50] - s+ (g ) TEIS) - o6,

lim inf ! e Jor() s (S — K)*] > Loful(So) — L <

t—0t ¢ n

2
7 So) Lod(So)-

Letting n — o0,
1 t
lim - e hr@OEE[(S, — K)] = lim Lof,(So).
10+ t n—»00

Since Sy < K, f, = 0 in a neighborhood of Sy for n > N; so f,(Sy) =
17 (So) = f1(So) = 0 and Ly f,(Sp) reduces to

Lofu(So) = / [Fa(Soc®) — fu(So)]m(0, dy).
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A dominated convergence argument then yields

tim Lof,(50) = [ [(S0e? = K). = (So = K)Jm(0. ),

Using integration by parts, this last expression may be rewritten [14, Lemma

1] as
o (u(3)

where 1)y is given by (428). This ends the proof.
0

Remark 4.4. Theorem[].3 also applies to in-the-money options, with a slight
modification: for K < Sy,

L (Ot K) = (Siy — K)) —> r(to) Suy + St (m (g)) (4.30)

t—to t—td

where ; N
o (2) = / iz e / mity,du),  for =<0 (4.31)

denotes the exponential double tail of m(0,.).

4.3.2 At-the-money call options

When S, = K, Theorem does not apply. Indeed, as already noted in the
case of Lévy processes by Tankov [91] and Figueroa-Lopez and Forde [43],
the short maturity behavior of at-the-money options depends on whether a
continuous martingale component is present and, in absence of such a compo-
nent, on the degree of activity of small jumps, measured by the Blumenthal-
Getoor index of the Lévy measure which measures its singularity at zero [60].
We will show here that similar results hold in the semimartingale case. We
distinguish three cases:

1. S is a pure jump process of finite variation: in this case at-the-money
call options behave linearly in ¢ — to (Proposition [A.4]).

2. Sis a pure jump process of infinite variation and its small jumps resem-
ble those of an a-stable process: in this case at-the-money call options
have an asymptotic behavior of order |t — ¢o|'/* when ¢t — t, — 0F

(Proposition [4.5]).
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3. S has a continuous martingale component which is non-degenerate in
the neighborhood of ty: in this case at-the-money call options are of
order v/t —ty as t — tJ, whether or not jumps are present (Theorem

3).

These statements are made precise in the sequel. We observe that, con-
trarily to the case of out-of-the money options where the presence of jumps
dominates the asymptotic behavior, for at-the-money options the presence
or absence of a continuous martingale (Brownian) component dominates the
asymptotic behavior.

For the finite variation case, we use a slightly modified version of As-
sumption [4.5

Assumption 4.7 (Weak right-continuity of jump compensator). For all ¢ €
CH(RT x R, R),

i & | [ (@Al ol mit.dnlF] = [ @ Al oS0 mta, )

t—to, t>t0

Proposition 4.4 (Asymptotic for ATM call options for pure jump processes
of finite variation). Consider the process

t t +o0 N
Sy = So +/ r(s)Ss— ds +/ / Se-(e¥ — 1)M (ds dy). (4.32)
0 0 J—-oo
Under the Assumptions[{.7 and[{.0 and the condition,

Vit € [to, ], /\y\m(t,dy)<oo,
R

1
—— Cy, (¢, Syy) —
t—1o to(f: Sto) t—td

Lot > [ (@ = Dmtendn)} S, (vt + [0 = ety

(e — 1)m(to,dy)} St /(ey — 1) m(ty, dy).

R

—+ 1 {’r’(to) S /
: (4.33)

Proof. Replacing P by the conditional probability Pz, , we may set o = 0 in
the sequel and consider the case where F is the o-algebra generated by all
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P-null sets. The Tanaka-Meyer formula applied to (S; — Sp)™* gives

(50— So)* = /Otdsl{ss>so}s_ (v~ [ = vymis.an))

+ D (Se—So)T = (Sem — So)*

0<s<t

Hence, applying Fubini’s theorem,
t
E[(S:—So)f] = E {/ dslis, >5,3Ss— (r(s) — /(ey — l)m(s,dy))]
0 R

v E { /0 t /R [(Se_e? — So)™ — (Sue — So)*] ms, dy) ds]

— /Ot dsE l1{58>50}5 - <r(s) - /R(ey - 1)m(s>dy))}
b [ [ e - s 5. 507 mes.an)].

Furthermore, under the Assumptions 1] and .2 for X; = log(S;) (see equa-
tion (L2T)), one may apply Theorem ] to the function

f:x€R— exp(x),

yielding

lim 2 E[S, — So] = So (T(O) - /R eV — 1)m(0,dy)) |

t—0t t

Furthermore, observing that

St 1{St>SO} = (St - SO>+ + SO 1{St>50}7

we write

E [St 1{St>SO}:| = E [(St - So)+ + 5 1{5t>50}}
< E HSt — S(]H + S()P(St > So) ,
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using the Lipschitz continuity of  — (z — Sp);. Since t — E[S;] is right-
continuous at 0, for ¢ small enough :

1
O S E [St 1{St>50}:| S 5 + S().

im e[ s s, sy 5e (v~ [t~ s, )]

_ 5 (r<o> - [ 1>m<o,dy>) 1) = [ (€= Dm0, ) > 0}

Let us now focus on the jump term and show that

Thus,

te[0,T[—E UR [(Se¥ — So)* — (S — So)*] mft, dy)} :

is right-continuous at 0 with right-limit

So /(ey —1)"m(0,dy).
R
One shall simply observes that
|[(ze? — So)" — (= So)* — (Soe? — So)*| < (z+ Sp) e¥ — 1],

using the Lipschitz continuity of z — (z — Sp)4 and apply Assumption 471
To finish the proof, one shall gather both limits together :

= 50 (v = [ = vm0.d)) 160 - [ (@@~ Do) > 0)

+ So /R(ey — 1) m(0,dy).

This ends the proof.
U

Proposition 4.5 (Asymptotics of ATM call options for pure-jump mar-
tingales of infinite variation). Consider a semimartingale whose continuous
martingale part is zero:

t t +o00 B
Sy =S50 +/ r(s)Ss— ds +/ / Ss-(e? —1)M(ds dy). (4.34)
0 0 J—-o0
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Under the Assumptions [{.5 and [{.0, if there exists o €]1,2] and a family
m®(t, dy) of positive measures such that

Vt € [to, T], m(w,t,dy) =m*(w,t,dy) + 1|y<1|c|1+) dy a.s., (4.35)

where ¢(.) > 0 is continuous at 0 and

Vt € [to, T /|y| U, dy) < (4.36)

then

L o8 5, L [Tt 4.37
ZEra to ( to)t:) wor | a4 (4.37)

Proof. Without loss of generality, we set ty = 0 in the sequel and consider the
case where JFq is the o-algebra generated by all P-null sets. The at-the-money

call price can be expressed as
S "
——1 : 4.38
<50 ) ] (4.38)

Lof(x) = r(0)zf'(z) + /R[f(xey) — f(z) —x(e = 1).f"(x)lm(0, dy). (4.39)

Co(t, So) = E (S, — So)*] = S

Define, for f € C%(]0,00[, R)

We decompose L as the sum Ly = Kg + Jy where

Kof(x) = r(0)zf'(z) + /R[f(fﬁey) — flz) —z(e’ = 1).f'(x)] m*(0, dy),

ofa) = [ (flaet) = flo) = (et = 1).7 @) S

1

The term Ky may be be interpreted in terms of Theorem BT} if (Z;) 1y is
a finite variation semimartingale of the form (£34) starting from Z, = Sy
with jump compensator m®(¢, dy), then by Theorem [.T]

Ve C20,00[R),  lim 2 BOEE[F(Z)] = Kof(So).  (4.40)

t—0t+ t
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The idea is now to interpret Ly = Ky + Jo in terms of a multiplicative
decomposition Sy = Y;Z, where Y = £(L) is the stochastic exponential of
a pure-jump Lévy process with Lévy measure c(y)/|y|'T® dy, which we can
take independent from Z. Indeed, let Y = £(L) where L is a pure-jump
Lévy martingale with Lévy measure 1), <1 ¢(y)/|y['** dy, independent from
Z, with infinitesimal generator Jy. Then Y is a martingale and [Y, Z] = 0.
Then S =Y Z and Y is an exponential Lévy martingale, independent from
Z, with E]Y;] = 1.

A result of Tankov [91, Proposition 5, Proof 2] for exponential Lévy
processes then implies that

1

0 p—eO)l21* _ 1
Hia =

E[(v- 1" 5 2

dz. (4.41)

We will show that the term (4.41)) is the dominant term which gives the
asymptotic behavior of Cy(T', Sp).
Indeed, by the Lipschitz continuity of x — (x — Sp)4,

(St = So)+ = So(Ye — 1) < V4| Zy — Sol,
so, taking expectations and using that Y is independent from Z, we get

Ele™ b0 %|(8, — So), —So(Ys — 1)) < E(Y,) E[e™ ") | Z, — Sy|).
~~ -~ S~~~
Co(t,50) =1

To estimate the right hand side of this inequality note that |Z; — S| =
(Zy — So)+ + (So — Zt)+. Since Z has finite variation, from Proposition [£.4]

Bl hr@d(z, — 59).]7%" tSo/ dz e*m([z, +00]).
0
Using the martingale property of e~ Jor(s) dSZt) yields
Ele” Jo () “(So — Zy)+] o tSo/ dx e"m([z, +o0f).
0

Hence, dividing by ¢'/* and taking ¢ — 0% we obtain

t—0t

L hrag [1Z, — So|] "= 0.

1/
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Thus, dividing by ¢'/* the above inequality and using (Z41)) yields

1 — [fr(s)ds t—0t 1 o 6_6(0)‘Z‘a -1
me fo() E[(St_SO)—i-] —)SO% _OOTdZ

O

We now focus on a third case, when S is a continuous semimartingale,
i.e. an Ito process. From known results in the diffusion case [16], we expect
in this case a short-maturity behavior ins O(v/t). We propose here a proof of
this behavior in a semimartingale setting using the notion of semimartingale
local time.

Proposition 4.6 (Asymptotic for at-the-money options for continuous semi-
martingales). Consider the process

t t
Sy = So+ / r(s)Syds + / S,65dW,. (4.42)
0

0

Under the Assumptions[{.5 and[{.6] and the following non-degeneracy condi-
tion in the neighborhood of to,

Je > 0, P (Vt € [to, T, & >e€)=1,

we have . g
e Oy (£, Sp) — 2=

Vit —to t—ty \/2m

Proof. Set ty = 0 and consider, without loss of generality, the case where
Fo is the o-algebra generated by all P-null sets. Applying the Tanaka-Meyer
formula to (S; — Sp)™, we have

8, - (4.43)

t
1
(S¢—So)" = /0 L{s,>801dSs + 5Lfo(s>’

where L;°(S) corresponds to the semimartingale local time of S at level
So under P. As noted ir% Section [4.3.1] Assumption implies that the
discounted price S; = e~ Jor(s)ds g, g a P-martingale. So

dSt = efot n(s)ds <7’(t> Stdt + dgt) y and
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t t t
/ l{SS>So}dSs = / 6f0 r(u) du 1{55>50}d58 + / €f0 r(u) du ’I“(S)Ssl{58>go}d8,
0 0 0

where the first term is a martingale. Taking expectations, we get:
t
s ]_ t
C(t, S) = [e—ﬁ 0 [l ()5, 15 g ds + e HTOE L(S)|.
0

Since S is a martingale,
Vte[0,T] E[S] = elor®d 5) < oo (4.44)
Hence t — E[S] is right-continuous at 0:

lim E[S] = So. (4.45)

t—0+t
Furthermore, under the Assumptions (.1l and 4.2 for X; = log(S;) (see equa-
tion (4.27))), one may apply Theorem [4.1] to the function
f:z € R~ (exp(z) — Sp)?,

yielding
o1
lim —E [(St - 50)2} = Lof(Xo),

t—0t+ ¢

where L is defined via equation (£5) with m = 0. Since Lyf(Xy) < oo,
then in particular,

t— E [(St — 50)2:|
is right-continuous at 0 with right limit 0. Observing that
St lgsi>s0y = (St = S0) ™ + So Lis,> 50}
we write

E[Silisi5s0)] = E[(Si = So)™ + So1s,550]
E[[S; — Sol] + SoP (S > So),

IN

using the Lipschitz continuity of  — (z — Sp);. Since t — E[S;] is right-
continuous at 0, for ¢ small enough :

1
0<E [St 1{St>So}} < B + So.
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Thus, applying Fubini,

t Q
E [/ efoér(u)dur(s)ss 1{S5>So}d5] = O(t)’
0

a fortiori,
t S
E {/ edo T(“)duT(S)SS 1{SS>So}d3} =0 (\/1_5) .
0

Hence (if the limit exists)

1 ¢ 1
- i o= JoT(s)ds - 718 - So
Iltl_%l\/_ C(t, SO)_Iltl_{%\/{ge 0 E[2Lt (S)] —11_1}01\/_[@{ L; (S)]
(4.46)

By the Dubins-Schwarz theorem [82, Theorem 1.5], there exists a Brownian
motion B such that

t
Vt < [Ulo, U= / 0s dWs = By, = Bftazds-
0 0°s

t
So exp (/ (r(s) - %5?) ds + B[U]t)
0
t 1 )
= SO exp (/(; (T(S) — 555) ds + Bf()t5§d8) .

The occupation time formula then yields, for ¢ € C°(R, R),

So Vi< [U]oo St

/ S(K)LK (Soexp (Buy)) dK = / 6 (Soexp (Buy.)) 52 exp (By,) 62 du
0 0
= [ sSexp) S el LY (Bun) do

where L (Soexp (By)) (resp. L{ (B))) denotes the semimartingale local
time of the process Syexp (B[U}) at K and (resp. By at y). A change of
variable leads to

/_ N ¢ (So exp(y))So exp(y) L (So exp (By)) dy
/_ N ¢(Soexp(y))S; exp(y)’L{ (Byy) -
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Hence
L (Soexp (Byn)) = SoLi (B) -
We also have
Li (Buy) = Lt 524, (B),
where L? ‘52 ds (B) denotes the semimartingale local time of B at time [ 62 ds
and level 0. Using the scaling property of Brownian motion,

E L2 (So exp (Buy))] = SoE [LY 0, (B)]

= SE {,//OtagdsL?(B)

t
tli%l 7 E[Ly (So exp (Bpy))] = tlir& 750 [ /0 5§dsL?(B)]

Hence

t—0t+

1 t
—/ 52ds 10 (B)
t Jo

Let us show that

t
111%1+ SoE ,/%/ 62ds LY (B)| =Sy E [L](B)]. (4.47)
t— 0

Using the Cauchy-Schwarz inequality,

9-1/2
1/t 0 0 211/2 1/t

E n 02ds—0p | L] (B)|| <E [Ll (B) } E n 02ds — &y .
0 0

The Lipschitz property of z — (v/Z — d)” on [e, +-00[ yields
2

t t
E ,/lfagds_ao < (oE Hl/ (62— 62) ds
t 0 t 0

A [asefe-s1).

0

IN
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where c(e) is the Lipschitz constant of z — (v/Z — d)” on [e, +00[. Assump-
tion and Lemma (L] then imply (£47). By Lévy’s theorem for the local
time of Brownian motion, LI(B) has the same law as | By, leading to

B(5)) = |2

Clearly, since LX(S) = LK (So exp (B[U}))v

11 So
lim —E |=L*(S)| = 5. 4.48
i 2 B | 31(5)] = 20 (1.49
This ends the proof. O

We can now treat the case of a general [t0 semimartingale with both a
continuous martingale component and a jump component.

Theorem 4.3 (Short-maturity asymptotics for at-the-money call options).
Consider the price process S whose dynamics is given by

“+oo
Sy = So+/ Sds+/S 5dW+// Se- M(ds dy).

Under the Assumptions [{.5 and [{.0 and the folllowing non-degeneracy con-
dition in the neighborhood of t

de > 0, PVt € [to, T], o >¢€) =1,

we have

1 S
Ci(t, S —=
\/m tolt Sio) 2 t—td \/_

Proof. Applying the Tanaka-Meyer formula to (S; — Sp)™ , we have

8, - (4.49)

2
+ ) (S = S0) T = (Sem — So) " = Ls, 550} ASs

0<s<t

t
1
(St —S0)" = / Lis, >50)dSs + 5 ;"
0 (4.50)
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As tnoted above, Assumption implies that the discounted price S, =
e~ Jor(5)ds S, is a martingale under P. So (S;) can be expressed as dS;, =

elor(s)ds <r(t)St_dt + dgt> and

t t . t
/1{ss>so}d5s=/ elo T(“)dul{ss>so}d5s+/ elo T d p(5)S, 1s, ss0yds,
0 0 0

where the first term is a martingale. Taking expectations, we get

t b 1
oo T(s)dSC(t7 So) = E {/ eJo r(w) du r(s)S, 1{SS,>So}d3 + 5[,50]
0

+ E .

D (8s = So) T = (Saz = S0)T — Lys,_>5}AS,

0<s<t

Since S is a martingale,
Vte[0,T] E[S]=el®% g < . (4.51)
Hence t — E[S;] is right-continuous at 0:

lim E[S] = So. (4.52)

t—0t

Furthermore, under the Assumptions .1l and .2 for X; = log(S;) (see equa-
tion (£2T)), one may apply Theorem ] to the function

f 2 € R (exp(x) — Sp)?,

yielding
o1
lim —E [(St - 50)2} = Lof(Xo),

t—0t+ ¢

where L is defined via equation (4.H). Since Lof(Xo) < oo, then in partic-
ular,

t— E [(St — 50)2}
is right-continuous at 0 with right limit 0. Observing that

Sy Lis,>s0r = (St — S0)* + S0 115,550}
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we write

E [Si1gs,>s03] = E[(Se—S0)" + So 1is,>s0}]
E HSt — S(]H —+ S()P(St > So) ,

IA

using the Lipschitz continuity of z — (z — Sp)4. Since t — E[S;] is right-
continuous at 0, for ¢ small enough :

1
O S E [St 1{5‘t>50}:| S 5 + S().

Thus, applying Fubini,

t o
E {/ efoér(u)dur(s)ss 1{SS>So}dS] = O(t)’
0

a fortiori,
t S
E |:/ efo "(“)d“r(s)Ss 1{SS>S()}d8:| =o0 <\/1_f) .
0

Let us now focus on the jump part,

E | (Se—80)" = (S = So)™ = Lis,_>5}AS,

L0<s<t

rrt
= E / ds/m(s, dx) (Ss—e® — So)T — (Ss— — So)™ — 15, 55055 (e" — 1)
LJo

(4.53)
Observing that
|(ze” — So)T = (2 = So) T — 1psgeyz(e” — 1) < C (Spe” — 2)?,
then, together with Assumption and Lemma [£T] implies,
E| 37 (8= 50)" = (S = 50)" — L - AS, | = 0(t) = o( V)
0<s<t
Since dp > €, equation (A48)) yields the result. O
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Remark 4.5. As noted by Berestycki et al [17, (18] in the diffusion case, the
reqularity of f at Sy, plays a crucial role in the asymptotics of E[f(S;)]. The-
orem[{.1] shows that E[f(S;)] ~ ct for smooth functions f, even if f(Sy,) =0,
while for call option prices we have ~ /t asymptotics at-the-money where
the function © — (x — Sp)4 is not smooth.

Remark 4.6. In the particular case of a Lévy process, Proposition
Proposition [{-5 and Theorem [{.3 imply [91, Proposition 5, Proof 2].
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Chapter 5

Application to index options in
a jump-diffusion model

5.1 Introduction

Consider a multi-asset market with d assets, whose prices S*, ..., S¢ are rep-

resented as Ito semimartingales:

t t t
S St / r(s)St_ds + / Si5idWi / Si (% — 1)N(ds dy),
0 0 0 R4

where

e §'is an adapted process taking values in R representing the volatility of
the asset i, W is a d-dimensional Wiener process : for all 1 < (7,5) < d,
(WL W2 = pigt,

e N is a Poisson random measure on [0, T x R? with compensator v(dy) dt,
e N denotes its compensated random measure.

We consider an index, defined as a weighted sum of the asset prices:
d
=Y wsS], d>2.
i=1

The pricing of index options involves the computation of quantities of the
form E [f(I;)|F:,] and Chapter @l shows that the short time asymptotics for
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these quantitie that we have characterized explicitly in terms of the charac-
teristic triplet of the discontinuous semimartingale [; in Chapter [3l

Short time asymptotics of index call option prices have been computed
by Avellaneda & al [5] in the case where S is a continuous process. Results
of Chapter Ml show that this asymptotic behavior is quite diferent for at
the money or out of the money options. At the money options exhibit a
bahavior in O(v/t) which involves the diffusion component of I; whereas out
of the money options exhibit a linear behavior in ¢ which only involves the
jumps of I;.

In this Chapter, we propose an analytical approximation for short matu-
rity index options, generalizing the approach by Avellaneda & al. [5] to the
multivariate jump-diffusion case. We implement this method in the case of
the Merton model in dimension d = 2 and d = 30 and study its numerical
precision.

The main difficulty is that, even when the joint dynamics of the index
components (S, ..., S%) is Markovian, the index I; is not a Markov process
but only a semimartingale. The idea is to consider the Markovian projec-
tion of the index process, an auxiliary Markov process which has the same
marginals as I;, and use it to derive the asymptotics of index options, using
the results of Chapter 4. This approximation is shown to depend only on
the coefficients of this Markovian projection, so the problem boils down to
computing effectively these coefficients: the local volatility function and the
‘effective Lévy measure’, defined as the conditional expectation given I; of
the jump compensator of I.

The computation of the effective Lévy measure involves a d-dimensional
integral. Computing directly this integral would lead, numerically speaking,
to a complexity increasing exponentially with d. We propose different tech-
niques to simplify this computation and make it feasible when the dimension
is large, using the Laplace method to approximate the exponential double
tail of the jump measure of ;. Laplace method is an important tool when
one wants to approximate consistently high-dimensional integrals and avoids
a numerical exponential complexity increasing with the dimension. Avel-
laneda & al [5] use this method in the diffusion case to compute the local
volatility of an index option by using a steepest descent approximation, that
is by considering that, for ¢ small enough, the joint law of (S*,- -, S%) given

d
{Z wZSZ = u}7
=1

147



is concentrated around the most probable path, which we proceed to identify.

5.2 Short maturity asymptotics for index op-
tions

We recall that the value Cy, (¢, K) at time t5 of an index call option with
expiry t >ty and strike K > 0 is given by

Cio (£, K) = e 0 7% BP [max(I, — K, 0)|F;,] - (5.1)

Replacing P by the conditional measure Px, ~given F,, we may replace
the conditional expectation in (B.I]) by an expectation with respect to the
marginal distribution of /; under Pz, . Thus, we put ¢, = 0 in the sequel
and consider the case where Fj is the o-algebra generated by all P-null sets:

Co(t, K) = e~ Jo 7 s BF [max(I, — K, 0)]. (5.2)

In Chapter [B we have shown that one can characterize in an explicit manner
the characteristic triplet of the semimartingale (I;). Namely, let us make the
following assumptions:

Assumption 5.1 (Right-continuity at 0).
lim E [||6; — do||*] = 0.
Jim {3 — o]|”]

Assumption 5.2 (Integrability condition).

e (3 [ 1602as)] <o [ (il AulP) vtd) < oo

Set

d
Vi<i<d, o= » ai=1, (5.3)
=1

I’
and define

1
d 2

— i sis
Ot = (E Qi Pij 5t5t) ,

ij=1

Vo >0, v(dz),

pi(z) = / ;
{2€R4—{0},In (Zlgigd agezi)Zx}
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and similarly for < 0. Then under Assumption [5.2] the proof of Theorem
implies,

t t t
I :]O—I—/ r(s) - ds+/ os I dBS+/ / (e" — 1) I,_K(ds du), (5.5)
0 0 0 Jrd

where B; is a Brownian motion, K (resp. K) is an integer-valued random
measure on [0, 7] x R (resp. its compensated random measure.) with com-
pensator k(t, du) dt defined via its tail ;.

We derive the short-maturity asymptotics for the index call options (at-
the money and out-of-the money) : we apply Theorem and Theorem [4.3]
to the one-dimensional semimartingale [; (see Chapter H)).

Theorem 5.1 (Short time asymptotics of index call options). Under the
Assumptions [B.1 and [5.2, if there exists v > 0, ||0]] > ~ for all t € [0,T]
almost surely, then

1.
1 0
il I )
7 Co(t, Io) oo s oo (5.6)
2. K
VK > I, Co(t, K) — Iono (hl (I_)) ) (5.7)
0
where

“+oo [ee] +00
no(y) = / dx em/ k0, du) = / dx €” po(x), (5.8)
Yy z Yy
denotes the exponential double tail of k(0,du) fory > 0.

Proof. First, the volatility of I; satisfies, for t € [0, T,

d d
of = Y ajadpy 6 <Y pi 0,07,
ij=1 ij=1
Using the concavity property of the logarithm,

ln(Z ozi@“) > Y ajy > —|lyl

1<i<d 1<i<d
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and

n E a, e’ | <lIn| max e¥ | < max y;.
1<i<d 1<i<d

1<i<d
n( E oy eyi)
1<i<d

Z aler —1 < el -1,

1<i<d

< llyll

Furthermore, clearly,

and the convexity property of the exponential yields

1 S ales > el exp ( > i z)

1<4i<d 1<4i<d

N o e 1 [ 1 I T B Y

Hence )
(Z Qe — ) < (el =17,
1<i<d
Thus,
1 t t
5/ o’ ds+/ /(e“— 1)%k(s, du) ds
= / Z aladp; 6167 ds
,j=1
+ / / (Z ate® —1 ) v(dzy, -+ ,dzq) ds
1<i<d
< / Z Pij .07 ds+/ / ” I v(dzy, -+, dzg) ds < oc.
,j=1 Re

If Assumption holds then [, satisfies Assumption
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Let ¢ € C3(RT x R,R). Applying Fubini’s theorem yields

E[/ (" — 1) (1, )l{:(t,du)]

( ale — ) o(I;,In ( Z ozteyZ) (dzy, -+ ,dzq)

1<i<d 1<i<d

< ’ e* — 1) o(Is, In < Z « 6%) v(dzy, -+, dzq).
1<i<d 1<i<d

Let us show that

tl—i>I0n+E < Z al e — 1) o(I;,In < Z aiey")) (5.9)

1<i<d 1<i<d

( Z ape” — 1) o(ly, In ( Z aéey’i)) : (5.10)

1<i<d 1<i<d

First, note that

Z alet — 1) o(I;,In < Z aieyi>) - ( Z ape’ — 1) ©(lp, In < Z aéeyi>)

1<i<d 1<4i<d 1<i<d

2 2
Lot — 1) — ( Z ape’ — 1) o(Iy, In ( Z aieyi>)
| \1<i<d 1<i<d 1<i<d

2

+ Z af) e’ — 1) (gp([t,ln ( Z af;ey’i)) — ¢o(ly,In ( Z af)eyi> ))
1<i<d 1<i<d 1<i<d

< 2 (z em) el 3 fof — b e

VAN
/\
i
Q

1<i<d 1<i<d
+ (el — 1)2 o(I;,In ( Z aieyi>) — ¢(lo,In ( Z aéeyi> )’ .
1<i<d 1<i<d
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We recall that o! = wfz. Since I, S"s are cadlag,

I, — Iy, af — af, In E ake’ | — In E ahe’ | as..
t—0+ t—0+ t—0t

1<i<d 1<4i<d

Since > cioylah — afle® < > .o,2€%, and ¢ is bounded on Rt x R, a
dominated convergence argument yields

E Z |a§—aé|ez"] — 0,

- t—0t+

L1<i<d

E ||¢(1;,In ( 3 a;ey@-)) — ¢(Ip,In ( > ageyi>)u — 0.
L 1<i<d 1<i<d =0

Since
i 2
E (Z aje’ —1) <p(1t,1n<z aie? )| < llelloo (1 =1)°
1<i<d 1<i<d

— 2 7
E |In < > a) oI o ( > ak%)) < gl l211%

1<i<d 1<4i<d

a dominated convergence argument implies that

lim E UR (" — 1) @([t,u)k(t,du)} :/R(e“ C 1) (T, u) (O, du).

t—0+

For convenience, let us introduce Uy = (a7}, -+, afof), P = (Pij)1<i<d
then the volatility of I, simply rewrites o

O = <Ut,PUt>1/2.

The Lipschitz property of x — (\/x — 00)2 on [y, 4oo| yields there exists
C >0,

ot — oo|? < C (U, PU) — (U, PU)| -
The continuity of < .,. > yields

30" >0, (U, PUL) = (Uo, PU)| < € max pi; U — Uoll*.
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Since 0 < of < 1,

d d
U = sl =" (ai i —ai6i)* < > (aid) —ap )’

i=1 =1

< >0

i=1

Assumption [B.1] yields

E UO't - 0'0‘2:| t_>—0<>F 0.

Thus, Assumption and Assumption 6] hold for oy and k(¢,.) and one
shall apply Theorem and Theorem to I; to yield the result. O]

5.3 Example: the multivariate Merton model

We decide in the sequel to study the Merton model : each asset writes
dsi = Si_ (r dt + 6idW! + (eYiNt - 1) dN(dt)) , (5.11)

where 6° > 0, W' is a Wiener process, N, is a Poisson process with intensity
A and the jumps (Ylk) are 7id replications of a Gaussian random variable
YE ~ N(my, ;).

Empirical studies [27] shows that one can considers the case when the
Wiener processes W* and the jumps Y; are homogeneously correlated, imply-
ing that the correlation matrix of the Wiener processes, denoted ", and
the correlation matrix of the jumps, denoted ¥7, are of the form

1 - pw 1 - py
SW=| ¢+ o | 2= ] (5.12)
| py - 1

that is all the non-diagonal coefficients are the same. We choose the index
to be equally weighted:

1
1<i<d w; ==
V<< w g
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Considering the volatilities matrix V' of the jumps,

v oo 0
V= ) (5.13)
0 - g
then the covariation matrix © of the jumps writes
0=Vy'V (5.14)

The compensator of the Poisson random measure describing the jump
dynamic of the S¢’s is denoted v(dz) = n(z) dz and is expressed as follows,

n(z) = Agme(?), (5.15)
with
gmo(z) = W exp <—%t(z —m)0 ' (z — m)) . (5.16)

Clearly Assumption [5.land 5.2/ hold in this framework since the multivariate
gaussian distribution g,, o(2) has finite moments for all orders and one may
apply Theorem [5.11

For a small maturity 7T, we propose the following approximations for
C(] (T, K )2

1. At the money:
Iy

C(](T, ]0) ~ \/TE

go, (517)

with

=

2

d d
(pW > 567558+ (o Sg)2> : (5.18)
=1

i#j

Og =

QUl

2. Out of the money:

0
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The approximation at the money case is simple in this situation since there
is no numerical difficulty to compute oy,. We will not study this case in the
sequel. We refer to Avellaneda & al [5] for a complete study.

For the out of the money case, a more care is needed. Looking at equation
(519), one has to compute the quantity

00 1w (1 () 5

namely, 79(y) for y > 1 (observe that In (%) > 1 in the out of the money

case) or po(x) for x > 1 since equation (5.§). Clearly it leads to the compu-
tation of an integral of dimension d in a certain region of R,

z € R*— {0} suchthat In < Z af)ezi) >z, (5.21)

1<i<d

implying, numerically speaking, an exponential complexity increasing with
the dimension d.

We present here alternative techniques (either probabilistic or analytic)
to either compute or approximate (0, .), @g or ny. We distinguish two cases:

1. When the dimension d is small, we can compute ¢ using (5.4]) then
no via (5.8)) via low-dimensional quadrature. The representation ([5.4])
offers us a probabilistic interpretation of ¢y. In the special case of the
Merton model, since the measure

% v(dz) = gme(z)dz

corresponds to a multivariate gaussian distribution, let Z = (Z1, ..., Z,)
be a multivariate gaussian random variable with law N (m,©). Then
equation (5.4 simply rewrites

Vo >0 ¢o(z) =P (ae” + -+ ae? > exp(z)). (5.22)

Using that (Z3,- -+, Z4_1) is still a Gaussian vector, one oberves that
the quantity (5.22) may be computed in an explicit manner. The d-
dimensional integral involved in the computation of ¢g(x), may be re-
duced to the computation of an integral of dimension d — 1, and so on
recursively. The particular case when d = 2 becomes simple and the
computation is easy and exact. We decide to retain this approach for
the dimension d = 2.
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2. For higher dimensions, we propose an alternative approach. Integration
by parts allows us to rewrite 7, as,

no(y) = / e = %) k(0. u) du. (5.23)

Let us define
1 1 d ’
wel2) = e - —1In o 5.24
wel®) = T P | T2 ( (Z“ )) o

ko(u) = A /Rd Gue(2) gmo(z) dz. (5.25)

Then given equation (5.4]), under Assumption [5.2] a dominated conver-
gence argument yields

and

oo

lim [ (e" —e) ke(u) du = no(y)- (5.26)

5.3.1 The two-dimensional case

In the two dimensional case, we can explicitly compute the exponential dou-
ble tail using a probabilistic interpretation of 7(y). We recall that

mo(y) = /;oo dz €* po(x).

Since the jump measure
1

Xu(dz) = gmo(2)

corresponds to a gaussian distribution of dimension 2, one may interpret, for
any fixed x >y > 0, po(z) as

¢o(z) =P (In (ae” + (1 — a)e?) > ) (Z1,Z5) ~ N (m,0), (5.27)

with a = 7. © may be re-expressed as

2
O = ( Uel UHQ ) 0 = PJU1V2. (528)

2
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n0,z) = P(ln(ee” + (1—a)e”) > 2)
= P(Zi>h(e" - (1—a)e”)—In(a),Z <z —In(l—a))
= P(Z1>In(e" — (1—-a)e”) —In(a)|Zs <z —In(1— )
XP(Zy<x—In(l—a)).
Denote ® the cumulative distribution function of a standard gaussian distri-

bution that is
O(x) =P(Z < x) Z ~N(0,1), (5.29)

and go the distribution of a standard gaussian distribution:

go1(a) = ¢12—7T exp (—%az). (5.30)
Since
L(Z\|Zy=0a)=N (ml + U%(a — my), v} — 92113) :
then,
z—In (1—a)
wo(z) = / P(Z >In(e" — (1 —a)e®) —In(a)|Z; = a)

X Gos (“_mz) P(Z<z—In(l—a))

V2

B /w—ln(l—a) 3 In(e” — (1 —a)e) —In(a) —my — %(a — ms)

_ —In(l—a)—
><90,1<a U2m2)><<b(x n(v2a) m2).

(5.31)

Let us summarize the approximation method for the price of the index
call option in the following algorithm,

Algorithm 5.1. To approzimate C(T, K), follow this approximation method:
1. Compute in an explicit manner the values of wo(x) via equation (5.31)

on a certain grid G of x € [In (%) +oo[;

0 Y
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2. Compute nq <ln (%)) by numerical quadrature using [5.8) on the grid
g.

3. Approzimate C(T, K) via

erms~ i (5.

We now present a numerical example. Let us use the following parameters

for the model (5.1T)):
St =82=100, r=0.04,

A
w_( 1 01 s (1 04
X = ( 01 1 ) = \oa 1 )
=01, =015 v, =01, v,=0.2, my =-0.05 my=—0.01.

1. We compute C’O(T , ), the price of the index call option for a maturity

20
252
and strikes K,

K =101102103--- 115116 117,

using a Monte Carlo method with N = 10° trajectories. Denote
Co(T, K) this Monte Carlo estimator and (7, K) its standard devi-
ation. A 90%-confidence interval for C'(T, K) is then given by

(Lo (T, K ); Ulgor (T, K)]

1.966(T, K) - 1.966(T, K)

- éo(T,K)— \/N 5 Co(T,K)+ \/N

(5.32)

2. We follow the Algorithm Bl to approximate C(7T, K) by TI(K).

3. We compare the values I(K) to C(T, K)/T and LI gy (T, K)/T, Ul (T, K)/T,
for different values of K. We summarize those results in the Figure[5.3.1]
and Table 5.3.11
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11

10

C(TKYT
o
T

C(T.K)/T

— — — Asymptotic
MC confidence
interval

0 0.02

0.04 0.06 0.08 0.1 0.12

Log-moneyness

0.16

Figure 5.1: d=2: Monte Carlo estimator C (T, K) vs analytical approxima-
tion (red) for 20-days call option prices.

5.3.2 The general case

We recall that 7 is defined by,

If one defines

Jue(2) =

and

mo(y) = /00(6“ —e) k(0,u) du.

) = A [ 90e) gl
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1 1 d ’
exp| —[u—1In E ;e
v 2me U\ e ( ( 1 ))

(5.33)

(5.34)

(5.35)



K | O, K)/T [I(K) | Llon(T, K) | Ul (T, K)
101 9.13 7.89 8.26 10.01
102 7.43 7.14 6.61 8.25
103 6.67 6.45 5.92 7.42
104 5.97 5.82 5.31 6.63
105 5.27 5.23 4.70 5.83
106 4.984 4.69 4.451 5.517
107 4.34 4.20 3.87 4.81
108 3.90 3.76 3.48 4.31
109 3.52 3.35 3.16 3.88
110 3.15 2.98 2.82 3.47
111 2.82 2.65 2.53 3.12
112 2.49 2.35 2.22 2.764
113 2.32 2.08 2.08 2.56
114 2.15 1.84 1.92 2.37
115 1.76 1.62 1.58 1.94
116 1.56 1.43 1.40 1.71
117 1.35 1.25 1.21 1.49

Table 5.1:  d=2: Monte Carlo estimator C' (T, K) vs analytical approxima-
tion (red) for 20-days call option prices (Llyoy (T, K), Ul (T, K)) is the
90% confidence interval for the Monte Carlo estimator.

then given equation (5.4)), under Assumption [.2] a dominated convergence

argument yields
1 v _ oY =
lim i (" — &) ke(u) du = 1o(y).

Let us define F), . by

J 2
Foe(zi, -+, 2a) = 2%2 <u —1In (Z a,-eZZ)) +%t(z—m)@_1(z—m), (5.37)
1

then k.(u) rewrites

(5.36)

1 1

kfe(U) = )\2—7'(‘6 W /Rd exXp (—Fu75(21, tee ,Zd)) le cee dZd. (538)
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We propose a Laplace approximation to approximate the d-dimensional
integral involved in equation (5.38]), which consists essentially in observing
that exp (—F,,) is strongly peaked in a certain point of R%. Namely,

Proposition 5.1 (Laplace approximation). Assume that F,, . admits a global
manimum on R? at 27 .. Then

1 1
ke(u) ~ A\— exp (—Fu(2;.)). (5.39)
2me (|V2F, (25| 10]) " ( )

*
Uu,€)

Proof. If F, . admits a global minimum at z
the neighborhood of 2}, . yields

Taylor’s formula for £, . on

* 11‘, * 2 * * ||Z - Z; 5||2
FU,E(Z> = FU,E(ZU,E> + 5 (Z - Zu,s)v Fu,e(zu,e)(z - Zu,e) +o 9 : ;
leading to the following approximation,
ke(u)
Qe (Qﬁ)d/2 ‘@‘1/2 u,e\ e R 9 u,e u,e\ Py e .

1 1 d 11172
— I _ * /2 2 * 1
- )‘Qm (2m)d2 [O[1/2 exp (—Fc(2,)) (2m) }V Foe(zh )7

1 1 N
= A 17z P (_Fu,E(zu,e))-

2me (|V2F, (21| |O))
]

In virtue of Proposition B.1l for a given u > 0, if one wants to compute
kc(u), then all the difficulty consists in locating the global minimum of F, .
To do so we solve the equation

VE,.(2) =0 (5.40)

using a Newton-Raphson algorithm.
Let us summarize the approximation method of the index option:

Algorithm 5.2. To approzimate C(T, K), follow this approximation method:
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. Choose a suitable value of e€: numerical experimentation shows that
e = 1073 is enough;

. Solve
VE,(z.) =0,

via the Newton-Raphson algorithm,;
. Compute k.(u) via equation [5.39) on a certain grid G of the interval
i (502
. Approximate C(T, K) via
o K
C(T, K) ~ TIO / (6“ — —) ke(U) du,

w(E) N b

and compute this one-dimensional integral numerically on the grid G.

We present two numerical examples:

1. Considering again the two-dimensional case, we intend to compare the

values of [(K) computed exactly via the probabilistic interpretation
in Subsection (.31 and the approximation obtained via the Laplace
method. Our aim is, via numerical example, to check if the Laplace
approximation is consistent enough. With the same parameters defined
in Subsection [5.3.1], Table [Il represents the numerical computation of
the asymptotics [(K) computed via this two different methods. Results
shows that the Laplace method is a good approximation leading to a
mean absolute error of 0.4 %.

. Let us now choose a basket of d = 30 assets, following the model (B.1T])
and specified by the parameters,

Si=100, r=004, A=2, pw=01, p;=04. (5.41)
We generate the 6, m;, v;’s uniformly via
§ ~Up02, vi~Uoioz, mi~U_o1—001- (5.42)

As in Subsection [5.3.1], for a maturity 7' = 10/252, we compute C/(T', K)
via Monte Carlo (See step 1 in Subsection [5.3.1]).
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Index options
45 T T T T T T T
C(T,K)IT
4t - - - Asymptqtic i
MC confidence

interval

w
(2}
T

15

0.5

o 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Log—-moneyness

Figure 5.2: Dimension 30 : Monte Carlo estimator C (T, K) vs analytical ap-
proximation (red) for 20-days call option prices (Llg% (T, K),Ulg% (T, K))
is the 90% confidence interval for the Monte Carlo estimator..
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Exact computation | Analytical-Laplace approximation
K I(K) I(K)
101 7.89 7.87
102 7.14 7.12
103 6.45 6.43
104 5.82 5.80
105 5.23 5.22
106 4.69 4.68
107 4.20 4.19
108 3.76 3.75
109 3.35 3.34
110 2.98 2.97
111 2.65 2.64
112 2.35 2.34
113 2.08 2.07
114 1.84 1.83
115 1.62 1.61
116 1.43 1.42
117 1.25 1.25

Table 5.2: Dimension 2 : Assessment of the accuracy of the Laplace ap-
proximation of the asymptotic [(K).

We choose ¢ = 1073 and follow the Algorithm [5.2] to approximate
C(T, K) by the asymptotic [(K) at order T

We summarize the results in Figure and Table .32
Remark 5.1. In the particular case when the covariation matrixz of the jumps

© s homogeneous, then one can compute explicitly 2 .. ©~1! is then of the
form ©71 = (ay; — ay) Iy + a1 U where

1 ... 1 1 .- 0
U= : . |, La=1 : :
1 1 0 - 1
Define
1
= (a; — 1 d—1 dé? . 4
U P 1>a2(a1 az)(1+ (a; + ( Jag)de®) +m (5.43)
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K | C(T,K)/T | (K) | LLijgw(T,K) | Ul (T, K)
101 3.95 3.75 3.66 4.23
103 2.80 2.75 2.61 3.00
105 1.93 1.97 1.81 2.06
107 1.43 1.39 1.34 1.52
109 1.06 0.96 0.99 1.13
111 0.73 0.65 0.68 0.77
113 0.56 0.44 0.53 0.60
115 0.34 0.28 0.32 0.36
117 0.19 0.18 0.18 0.20

Table 5.3: d = 30: Monte Carlo estimator C (T, K) vs analytical approxi-
mation (red) for 20-days call option prices (Llo% (T, K), Ulg%(T, K)) is the
90% confidence interval for the Monte Carlo estimator.

Then for all u in [0,u}[, Fy. admits a global minimum at

U—m uU—m )

Fue = (m Tt d=Dwd " T (@t ([d= 1)
(5.44)
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