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These lecture notes were written for the students of the MATH and MASEF master
programs at Université Paris-Dauphine. They contain an introductory course on the topic
of jump processes, by which we mean (possibly multi-dimensional) real-valued stochastic
processes with cadlag (right-continuous with left-limits*) sample paths. In short, this is an
extension of the stochastic calculus course (stochastic integration with respect to Brow-
nian motion and It6 processes that have continuous sample paths) to the world of jump
processes, or at least a particular class of them. Such processes appear in several areas of
mathematical modeling and arise as the scaling limits of heavy-tailed random walks, in the
same way as Brownian motion arises as the scaling limit of random walks with finite vari-
ance step distributions (see Section 4.5 on this matter). Section 1 is devoted to compound
Poisson processes, that are one of the most elementary (yet satisfying key properties) jump
processes one can start with. Those are extended in Section 2 by considering more general
random Poisson measures, leading to the key notion of compensated Poisson measures. The
other important notion of infinitely divisible distributions is covered in Section 3. Then,
Section 4 wraps up Brownian motion and the (compensated/compound) Poisson processes
considered in Sections 1 and 2 into the more general class of Lévy processes. From Section 5
to Section 7, the structure of the course parallels that of a standard course on stochastic
calculus. Finally, an application to option pricing is given in Section 8 while a brief and
informal excursion outside of the realm of Markov processes is provided in Section 9.

Notation:

e z being positive (negative) means that = > 0 (z > 0);

e z being non-negative (non-positive) means that z > 0 (z < 0);

e f: R+ Ris increasing (decreasing) if z > y implies f(z) > f(y) (f(z) < f(y)).

e f: R~ R is non-decreasing (non-increasing) if z > y implies f(x) > f(y) (f(z) <
f(y))-

N is the set of positive integers {1,2,...};

Np is the set of non-negative integers {0,1,2,...};

a A'b = min(a, b);

a Vb = max(a,b);

unless stated otherwise, du, ds and dt are notations for Lebesgue measure on R
(time) and dz, dy and dz are notations for Lebesgue measure on R? (space);

the symbol | - | stands for absolute value, complex modulus or Euclidean norm
according to context.

*continue a droite, limite a gauche in French
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e M(E) and M;(F) are the sets of o-finite and probability measures on FE, respec-
tively;
e unless stated otherwise, B = (B;) is a standard Brownian motion.

1. POISSON PROCESSES AND COMPOUND POISSON PROCESSES

1.1. Poisson processes. Let (T},)n,en be an increasing sequence of random variables on
the positive half-line (0, 00) (the timeline). The counting process N = (Ny):>o associated
to the sequence (T,) is the Nyp-valued process defined by

(1.1) Ny = Z Lyr,<ty = card{n > 1: T), < t}.
n>1

Let Tp := 0 and denote by AT,, = T,, — T,,—1 (for n € N) the increments of (7,,) (we shall
keep this notation for the increments of discrete-time processes). The increments are also
called inter-arrival times.

These counting processes are our first basic examples of stochastic processes that in-
crease by jumps. Among theses processes, one class is of particular interest.

Definition 1.1 (Poisson counting process on the half-line). If the increments (AT,)nen
are independent and identically distributed (i.i.d.) with common law E(X) (the exponential
law with parameter A > 0) then the associated counting process is called Poisson counting
process with intensity .

The next exercise explains why it is called a Poisson process.

Exercise 1. Let (T;) be the sequence associated to a Poisson counting process (Ny) with
intensity A. Let n € N.

(1) Find the joint density of (T1,...,Ty).

(2) Show that T,, is distributed as the I'(n, \) law (Gamma distribution).

(3) Prove that for allt >0, Ny is distributed as the P(At) law (Poisson distribution).
(4)

4) Prove that, conditionally on {N; = n}, the random vector (11,...,T,) follows the
order-statistics of n i.i.d. random variables uniformly distributed on [0,t].

(5) Show that P(N; < oo,Vt > 0) = 1.

Exercise 2 (Scaling property). Check that if (N;) is a Poisson counting process with
intensity A then for all ¢ > 0 the process (Net) is a Poisson counting process with intensity

CA.

Here are some important properties of the Poisson counting process.
Proposition 1.1. Let N = (N;) be a Poisson point process with intensity A.

(1) N has cadlag trajectories (right-continuous with left limits) with Ny = 0.

(2) N has independent increments: for all s,t > 0, Nyys— Ny is independent of (N, 0 <

u <t).

(3) N has stationary increments: for all s,t >0, Nyys — Ny has the same law as Ns.

Remark 1.1. In this case, the collection of jump times {T, }nen (seen as a random col-

lection of points on the positive half-line) is distributed as a Poisson point process with
intensity A, see Exercice 5 below.
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We will come back to stochastic processes with independent and stationary increments
in Section 4 (Lévy processes), from a larger perspective.

For all ¢t > 0, we define
s—t~

We shall keep this notation for continuous-time processes. There is a jump at time ¢ if
AN; = 1 and no jump otherwise.

Exercise 3. Check that P(AN; =0) =1 for all t > 0, whereas P(AN; = 0,Vt > 0) = 0.
We end this section with the Law of Large Numbers and the Central Limit Theorem.

Theorem 1.1 (Asymptotic properties). Let N = (N;) be a Poisson counting process with
intensity A. The following statements hold true:

(1) The process (%) converges a.s. to A as t — oo.
(2) The process \/g(% — ) converges in law to N'(0,1) as t — oc.

Proof of Theorem 1.1. To prove the first statement, we first show thanks to Proposition 1.1
and the (strong) Law of Large Numbers that (%)nEN converges a.s. to A and then use that
Nt < Nt < Njj41- The second statement may be proven by convergence of characteristic
functions. |

1.2. Compound Poisson processes. The Poisson counting process that was introduced
in the last section makes jumps of size one only. In this section we generalize the idea by
allowing random R%valued jump sizes.

Definition 1.2 (Compound Poisson process). Let N = (N;) be a Poisson counting process
with intensity A and (T}, )nen the associated sequence of jump times. Let v € My (R?) (the
space of probability measures on R?) and (Z,)nen be a sequence of i.i.d. random variables
with common law v, independent from N. The process X = (Xt)t>0 defined by

(1.3) Xi= > Zn=)_ Zulir,<y
1<n< Nt n>1

is called a (d-dimensional) compound Poisson process with intensity A and jump distribution
v. The law of such process shall be denoted by CPP(A,v).

Example 1.1 (Continuous-time random walk on Z). Suppose P(Z; =1) =P(Z; =1) =
1/2 and define

(1.4) So =0, S.=Z1+...+2Z,, neN.

Then S = (Sy) is a discrete-time simple random walk on Z whereas (X¢) = (S(Nt)) is its
continuous-time counterpart.

Proposition 1.2. A compound Poisson process has cadlag trajectories with independent
and stationary increments.

Exercise 4 (Characteristic functions). Let X = (X¢) be a compound Poisson process as
in Definition 1.2. Prove that for any t > 0 and u € R?,

(15) o, (1) = B[ 5] = exp(A(6,(u) — 1)0),
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where
1.6 () = w,2)(dz).
(1.6) b0 (1) /R ()

Compute the characteristic function of the recentered variable X, == X; — BE(Xy).

We shall see in Section 4 that similar formulas hold for the more general class of Lévy
processes. The exponent A(¢,(u)—1) sitting in (1.5) will be referred to as a Lévy exponent.

2. INTEGRATION WITH RESPECT TO RANDOM POISSON MEASURES

Let us give another viewpoint on the Poisson processes defined in the previous section.
Let (7,,) be the sequence of jump times associated to a Poisson counting measure. We may
think of this sequence as a random subset of points in R and, if a Dirac mass is attached to
each of these points, we get an (infinite) random measure on R*. Then, N; is nothing else
but the integral over [0,t] of the constant one (the jump size) with respect to this measure
(see Exercise 5). A similar observation can be made for compound Poisson processes if one
replaces the point measure on Rt by a point measure on RT x R¢ in order to keep track of
the values of the jumps (see Exercise 8). This viewpoint may seem quite artificial at first
but it will allow us to go beyond the elementary processes of the first section. In particular,
the compound Poisson processes of Section 1 have finitely many jumps in any bounded set
of the positive half-line. In what follows we will allow accumulation of infinitely many
small jumps.

2.1. Random measures. Let E = Rt x R (product of time and space) be equipped
with its Borel o-algebra B(E). Let M(E) be the set of (non-negative) o-finite measures
on E. We equip M(FE) with the smallest o-algebra that makes all mappings

(2.1) ep:m e M(E)— m(B) (B € B(E))
measurable.

Definition 2.1 (Random measure). A random measure is a M(E)-valued random variable
(with respect to the o-algebra defined above).

Proposition 2.1. NV': Q — M(E) is a random measure iff for all B € B(E), ppo N =:
N(B) is a real-valued non-negative random variable.

Proposition 2.2 (Independence). Let (N )nen be a sequence of random measures. They
are independent iff for all m € N, for all Borel sets By, 1, ..., By m, the random vectors

(2.2) (Na(Bn1), - s No(Bnm)), n €N,
are independent.

Remark 2.1. One can check the Borel sets By 1,...,Bnm (for a given n € N) may be
chosen disjoint.

2.2. Random Poisson measures.

Definition 2.2 (Random Poisson measure). Let m € M(FE). A random measure N

1s called a Poisson measure random measure with intensity measure m and denoted by
RPM(m) if the two following conditions hold:

(1) For all B € B(E), N(B) is a Poisson random variable with parameter m(B).
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(2) For all k € N and all Borel sets By,..., By that are pairwise disjoint, the random
variables N'(By), ..., N(By) are independent.

Remark 2.2. By convention, N(B) = 0 a.s. if m(B) = 0 and N(B) = 400 a.s. if
m(B) = +o0.

Exercise 5. Let (T,,)nen be the random sequence of jump times associated to a Poisson
counting measure N = (N;) with intensity A > 0. Define the random measure

neN
where 8, is a notation for the Dirac mass at x. Check that Ny = N((0,t]) for all t > 0.
Check that N is a RPM on Ry and identify its intensity measure.

Exercise 6 (Same exercise with compound Poisson processes). Let (Ty,, Zn)nen be the ran-
dom sequence of jump times and jumps sizes associated to a real-valued (d =1) compound
Poisson counting process X = (X;) with intensity A > 0 and jump distribution v € M;(R).
Define the random measure

(2.4) N =Y 612

neN
Check that N is a RPM and identify its intensity measure.

Let us prove the existence of RPM’s (in general):
e If m(E) =0, we simply set N’ =0 (null measure).
o If m(E) € (0,+00), we consider a sequence of i.i.d. random variables (Xp)nen

with common law m := m/m(F) and an independent random variable N with law
P(m(E)). Then, one can check that the random measure

(2.5) Ni= Y ix

1<i<N

is a RPM(m) (same idea as in Exercises 5 and 6).

o If m(E) = 400, we let (E,)nen be a countable partition of E such that m(E,) <
400. Such a partition exists because m is o-finite. Using the previous case, we may
now construct (N, )nen a sequence of independent RPM with respective intensity
measures m,, := m(- N E,). By the superposition property (see Proposition 2.3)
the sum of these measures

(2.6) N:=>"N,
neN
is a RPM(m).
Random Poisson measures have two convenient properties:
Proposition 2.3 (Superposition property). Let (N,) be a sequence of independent RPM s

with respective intensity measures (my,). If m =37 < my is o-finite then N := 37 | Ny
is a RPM(m).

Proposition 2.4 (Thinning property). Let (E,) be a countable partition of E and N be
a RPM(m). For all n > 1, define the restricted measure Ny, := N (- N E,). The N,,’s are
independent RPM s with respective intensity measures my, := m(- N Ey,).
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2.3. Integration. Let N be a random measure on E. For all w € Q (the underlying
probability space), we may define [, fdN,, (or [ f(2)N,(dz)) as the integral of a suitable
function f: EF — R with respect to the mesure A,,. This gives rise to a random variable
[ fAN (by the way, why is it a random variable?).

Exercise 7. Find an alternative expression (at least formally) of the integral fE fAN when
N is a RPM(m) and m is a finite measure. Hint: use the explicit construction given in
Section 2.2.

In the following we give some properties of the integral when N is a random Poisson
measure.

Proposition 2.5. Let N' be a RPM(m).
(i: Expectation) If f € L*(E,m) then [ fdN is integrable and

(2.7) E(/de) :/fdm.

(ii: Variance) If f € L*(E,m) then [ fdN is square-integrable and

(2.8) Var( / de) - / Fdm.

(11i: Laplace transform) If f: E — R* is measurable then
(2.9) E(e*fde) = exp (/(ef - 1)dm>.
(iv: Characteristic function) If f € L*(E,m) then

(2.10) E(eifde) = exp (/(eif - 1)dm).

Exercise 8 (Connection with compound Poisson processes). Let X = (X)i>0 be a com-
pound Poisson process with intensity X > 0 and jump distribution v € My (R%). Show that
we may write

(2.11) X, = / FAN
(0,t] x R4

for an appropriate function f and a random Poisson measure N to identify. Check that
we can replace the condition v(R?) =1 by v(RY) < oo.

Proposition 2.6. Let f: E — Ry be measurable. The three following statements are
equivalent:

(1) [ fdN < 40 a.s.,

(2) [(AA f)dm < 40,

(3) [(1 —e)dm < +o0.
Exercise 9 (Continuation of Exercise 8). Show that we may define a compound Poisson
process with jump measure (instead of jump distribution) v satisfying [pa(1A|z|)v(dz) < co.

Exercise 9 shows that it is possible to define a process which has infinitely many (small)
jumps over bounded time intervals, provided that the small jumps are small enough (in the
sense of the condition in Exercise 9). We will come back to this dichotomy between small
and large jumps in Theorem 3.1 and Section 4.
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2.4. Compensated Poisson measures. In what follows, we introduce a recentered ver-
sion of the integral [ fdA/, which will allow us to weaken Condition (2) in Proposition 2.6
thanks to an approximation argument.

Let m € M(E). Since m is o-finite, there exists (E,)n,>1 a countable partition of E
such that m(E,) < oo for all n > 1. Let f: E — R be a measurable function such that
f € LY(E,,m) for all n € N. Define

(2.12) /En fAN —m) = /En de_/En fdm,

and

(2.13) L= Y fAN —m).
1<k<n” Ek

Proposition 2.7. Suppose [(|f| A f?)dm < co. The random sequence (I,,) converges a.s.
and in L? to a limit which does not depend on the choice of the partition.

Definition 2.3. The limit above is denoted by fE fd./\7, where N' == N — m is called
compensated Poisson measure.

Again, let us slightly anticipate on Section 4 by noting that Proposition 2.7 will allow us
to weaken the condition of Exercise 9 on the jump measure and consider even more general
jump processes.

The functions we have integrated so far are deterministic. We will treat the case of
random functions in Section 5 on stochastic integration.

3. INFINITE DIVISIBILITY

3.1. Infinitely divisible probability distributions. If u; and po are two probability
distributions on R? then the convolution of p; and po, denoted by pq * po, is defined by

(81)  (urp2)(A) = (u © po)({(z1,22): a1 + w2 € A}), A € BRY).

In other words, p1 * po is the law of the sum of two independent random variables respec-
tively distributed as pu; and po. The convolution operation is associative and commutative.
We denote by p*" the n-th fold convolution of p with itself.

Definition 3.1. A probability distribution u € My(R?) is infinitely divisible (I.D.) if for
all n > 1 there ezists pn, € M1(R9) such that p = p;".

Definition 3.2. An R%-valued random variable Y is infinitely divisible (1.D.) if for all

n > 1 there exists a collection of i.i.d. random wvariables Y1,,...,Y,n such that Y =
Yin+...+ Y, (inlaw).

One can check that the two definitions are consistent with each other in the sense that
a random variable is infinitely divisible iff its law is infinitely divisible.

Exercise 10. Prove that the following probability distributions (or random variables) are
1.D.

(1) N(m,o?);
(2) PON);
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(3) X1, where X = (Xy) is a compound Poisson process with intensity A and jump
distribution v € My (R%);

(4) Gamma(a, b) with density %1{00};

(5) the constant a € M(RY).
Exercise 11. Prove that Ber(p) is not I.D. when p € (0,1).

Proposition 3.1 (Necessary conditions). Let u € My (R?) be I.D. and ¢, its characteristic
function. Then,

(1) p is a Dirac measure or it has an unbounded support;
(2) for allu € RY, ¢, (u) # 0;

(3) there exists a unique continuous function ¥: RY — C such that ¥(0) = 0 and ¢, (u) =
exp(¥(u)).

Exercise 12. Find the function ¥ corresponding to each example in Exercise 10.

Note that the n-th root probability distribution of an I.D. law is unique. Indeed (with

the same notation as in Proposition 3.1) if ¢, and q~5n are two characteristic functions
satisfying

(32) On(u)" = dn(u)" = du(u),  VueR?,
then there exists k: R? — {0,...,n— 1} such that ¢, (u) = ¢n(u) exp(2irk(u)/n). Since k

is Z-valued, continuous on a connected set and k(0) = 0, we get k = 0. Therefore, ¢,, = ¢»,.
One can easily check that the unique solution is u € R? — exp(2¥(u)).

We end this section with two useful stability properties.

Proposition 3.2. Let Yi and Ys be two independent I.D. random variables in R® and
(a1, 00) € R2. The random variable a1Y] + aaYs is also I.D.

Proposition 3.3. Any weak limit (i.e. any limit in the sense of weak convergence) of a
sequence of I.D. random variables (or probability distributions) is I.D.

3.2. Lévy-Khintchine Theorem. In this section we give a characterization of I.D. dis-
tributions in terms of their characteristic functions.

Definition 3.3 (Lévy measure). A measure v on R? is called a Lévy measure if v({0}) = 0
and [pa(1 A [2[*)r(dz) < oco.

Remark 3.1. A probability measure v such that v({0}) = 0 is a Lévy measure. A Lévy
measure is necessarily a o-finite measure. The converse statements are false.

Theorem 3.1 (Lévy-Khintchine theorem). A probability distribution on R? is infinitely
divisible if and only if there exist b € R, a non-negative symmetric d x d matriz A and
a Lévy measure v on RY such that its characteristic function writes u € R — exp(¥(u)),
where

(3.3) W) = (b, u) %(u, Au) + /

9 (e’<“’z> —1—i(u, z>1{|z‘§1}>1/(dz).

The cut-off at the value |z| = 1 in the integral above is only a matter of convention.
Before proving the theorem, we advise to treat the following two exercices.
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Exercise 13. Ezplain why the last integral in the equation above is well-defined.

Exercise 14 (Continuation of Exercise 12). In the simpler case where v(R%) < oo (finite
measure) prove that a probability distribution with a characteristic function as in (3.3)
coincides with the law of b+ c+ Y + Y1 where

andY and Y are independent.

4. LEVY PROCESSES

We have seen in Proposition 1.2 that compound Poisson processes have independent
and stationary increments (with cadlag trajectories). These are the properties we could
expect from a continuous-time counterpart of the discrete random walk (sum of i.i.d. ran-
dom variables). But they are not the only processes to fulfill such requirements, Brownian
motion being another well-known example. In Section 4.1 we will call such processes Lévy
processes and state a few important properties such as the Markov property. The most
important result of this section is the Lévy-It6 decomposition, which essentially states that
any Lévy process may be decomposed into a deterministic drift, a Brownian part and a
(possibly compensated) jump component. This decomposition directly parallels that of
the Lévy-Khintchine theorem (Theorem 3.1). We will focus on the jump component in
Section 4.3 and then treat the special case of subordinators in Sections 4.4. Finally, in
Section 4.5 we explain the relevance of Lévy processes in the study of scaling limits of
random walks.

Throughout the section (€2, .4, P) is a generic probability space.
4.1. Definition and strong Markov property.

Definition 4.1 (Lévy process). Let X = (X;)i>0 be an R¥-valued stochastic process. We
say X is a Lévy process if it satisfies the following conditions:

(1) Xo=0 a.s.;
(2) X has cadlag trajectories a.s.;

(3) X has independent and stationary increments.

The third item in the definition above means that, for allmn € Nand 0 =tg <t; < ... <
tn, the random variables (X, — Xy, ,)1<i<n are independent and for all A > 0, the random
vectors (Xy, — Xy, )i<i<n and (X, 4n — Xt +n)1<i<n have the same law.

Example 4.1. Brownian motions (with constant drift and standard deviation) and com-
pound Poisson processes (see Proposition 1.2) are Lévy processes.

Let F = (F¢)e>0 be the natural filtration associated to X. We recall that a [0, +oo]-
valued random variable T is a stopping time with respect to (w.r.t.) F if for all ¢ > 0, the
event {7 <t} belongs to F;. We also denote by

(4.1) Fri={AeA: An{T <t} € F;,¥t > 0}

the o-algebra of events prior to this stopping time. We may now state the following
proposition.
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Proposition 4.1 (Strong Markov property). Let X = (Xt)t>0 be a Lévy process and T
a stopping time such that T < oo a.s. The process (Xri+ — Xr)i>0 is a Lévy process
independent of Fr and distributed as X.

Of course, the strong Markov property implies the simple version of it, when T is a
deterministic time.

4.2. Lévy-It6 decomposition. It turns out that Lévy processes are strongly connected
to infinitely divisible distributions (Section 3).

Proposition 4.2. Let X = (X;)i>0 be a Lévy process. Then Xy is I.D. for allt > 0 and
there exists a function W: R? — C such that

(4.2) dx, (u) := B(eXW) = exp(tW(u)), (t > 0,u € RY).
The function W is called Lévy (or characteristic) exponent of the process.

Exercise 15. Find the Lévy exponent of a Brownian motion with constant drift b € R?
and covariance matriz A. Find the Lévy exponent of a CPP(\,v), where A > 0 and
Ve Ml(Rd).

Theorem 4.1. The function U is a Lévy exponent iff there exist b € R%, a non-negative
symmetric d x d matriz A and a Lévy measure v on R? such that

(4.3) W) = i(bu) — %(u, Au) + /

g (ei<u’z> —1—i{u, z>1{|z‘§1}>1/(dz).

Remark 4.1. The eigenvalues of A are not necessarily positive as one may show by con-
sidering the R%-valued process (t, Bi)i>0, where B is a one-dimensional standard Brownian
motion.

The following proposition comes as a corollary of the proof of Theorem 4.1.

Proposition 4.3 (Lévy-It6 decomposition). Suppose X = (Xt)i>0 is a Lévy process with
a Lévy exponent as in (4.3). Then X has the same law as the process

(4.4) bt+x/ZBt+/

(0,t]x{z: |z|>1}

2N (ds, dz) —I—/ 2N (ds, dz) (t>0),
(0,t]x{z: |2|<1}

where B = (By)>0 is a standard d-dimensional Brownian motion and N is a RPM(dt ® v)

independent of B (dt stands for Lebesgue measure).

Hence, any Lévy process may be written as the sum of a deterministic drift (first term),
a Brownian part (second term), a large jump component (third term) and a compensated
small jump component (fourth part). Let us insist on the term compensated: the fourth
part does not consist merely of jumps! Of course, some of these components might be equal
to zero.

The triplet (b, A,v) is called Lévy triplet of the process. Let us stress that the Lévy
triplet depends on our (arbitrary) cut-off between small and large jumps. If we stick
to our convention (inherited from Theorem 3.1) then the Lévy triplet associated to the
most elementary Poisson counting process, that is CPP(1,41), is (1,0,d1). If we decide
that jumps of size one are large instead of small, we get (0,0, d;) instead (only the first
component changes).
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4.3. Jump measure of a Lévy process. Let X = (X;);>0 be a Lévy process with triplet
(b, A,v). We recall that the jump (if any) at time ¢ > 0 is denoted by

(45) AXt = Xt - th = Xt — lim Xs.

s—t—

Definition 4.2. The jump measure of X is the random measure on (0,00) x R? defined
by
(4.6) Ji= > buaxy
t>0
AX;#£0
Exercise 16. Check that J has indeed a countable number of atoms, a.s.

The next proposition may be deduced from Proposition 4.3:

Proposition 4.4. The jump measure of a Lévy process with triplet (b, A,v) is a RPM(dt®
V).

Corollary 4.1. The sample paths of an R¥*-valued Lévy process X are a.s. continuous if
and only if X is a Brownian motion with drift (i.e. X; = bt + AB; for some b € R, A a
positive semi-definite matriz and B a d-dimensional standard Brownian motion).

Proposition 4.5. The random variable 3 o 4 |AXs| is a.s. finite iff S A |z)v(dz) is
finite.

Proposition 4.6. For all t > 0, the random variable }_ 4 |AX|? is a.s. finite.

Therefore, we may have in some cases ¢ g |AX|? < 0o a.s. but 2 ose(o [AXs| =00
a.s. This phenomenon is due to the presence of small jumps.

Exercise 17. Let X be a pure-jump (i.e. X¢ =3 ¢ AXs) one-dimensional (d = 1)
Lévy process which makes only positive jumps. Prove that [(1 A |z|)v(dz) < .

We will focus on this special case further in the chapter.
4.4. Subordinators.

Definition 4.3 (Subordinator). A one-dimensional Lévy process is called a subordinator
if Xy >0 forallt >0, a.s.

Exercise 18. Give a simple example of a subordinator.
Exercise 19. Prove that a subordinator is a.s. non-decreasing.

Theorem 4.2. The function V: R — C is the Lévy exponent of a subordinator iff it writes

(4.7) U(u) =ifu+ /(emz — 1)v(dz), (u € R),

R
with 68 > 0 and v a Lévy measure that satisfies

o0
(4.8) v((—00,0]) =0 and / (1A z)v(dz) < oo.
0
We refer to Exercise 17 for an explanation of the second condition on the Lévy measure.

Since a subordinator is non-negative, we may work with its Laplace transform:
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Proposition 4.7. If X is a subordinator with Lévy exponent ¥, then
(4.9) E(e™Xt) =01 (r >0).
Exercise 20. Find the Lévy-Ité decomposition corresponding to a subordinator.

Proposition 4.8 (Asymptotic behaviour). Let X be a subordinator with a Lévy exponent
as in (4.7). The following limits hold a.s. :

(i) lim Ao _ E(X1) =8+ /OO zv(dz) € [0, 00],
(4.10) X 0
(i)  lim =L = 8.

Exercise 21 (Brownian ladder times). Let B be a one-dimensional standard Brownian
motion and define

(4.11) T, = inf{t > 0: By = a}, a > 0.

We denote by F = (Ft) the filtration associated to B.

(1) Prove that for all a > 0, Ty, is an a.s. finite F-stopping time and that the process
(To)a>0 is a subordinator.

(2) Does this process have a.s. continuous paths?
(3) Prove by a martingale argument that Ele~"1a] = e~ V2 for all u > 0.
(4) Deduce thereof that the density of Ty is given by

2

(4.12) fa(x) = Wexp ( - ;—x>, x> 0.

Hint: define L(u) = fooo e fo(x)dx for allu > 0, use the change of variable ux = %
to find an ODE satisfied by L.

Exercise 22 (Supremum of Brownian motion). Let B be a standard Brownian motion and
define

(4.13) M; = sup B, t>0.
0<s<t

Is M = (My)i>0 a subordinator? Hint: use Corollary 4.1.

Exercise 23. Let o € (0,1) and X be a subordinator with Lévy triplet (b,0,v), where

o dz

(4.14) v(dz) = T =)

Compute the Laplace transform L(u) = E(e™%X1), for u > 0, and find b such that L(u) =
exp(—u®).

Exercise 24. With the help of Exercise 23, find the jump measure of the process of Brow-
nian ladder times from Exercise 21.
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4.5. Limits of heavy-tailed random walks. This section contains a short and informal
discussion on how some Lévy processes arise as the limits of random walks (i.e. sums of
independent random variables). Let (X;)i>1 be a sequence of real random variables and
for all n > 1, let S, := X1 + ...+ X,,, with Sy := 0. Donsker’s theorem says that if
0? := E(X?) < oo then the sequence of processes

(4.15) V28 — [t)E(X1)),  teo,1],

converges weakly to standard Brownian motion as n — oo, for the uniform topology.
What happens when there is no second moment? To simplify, suppose that the X;’s are
nonnegative, with

(4.16) P(X;>2) 20z  aec(0,1)U(1,2).

(The case av = 1 turns out to be critical and is dismissed at this level of discussion.) Let
us consider
_ Sy

(4.17) ZM = e, 20,
n «

which we write as

(4.18) Zt(n)—/ 2N, (ds, dz), where N, ::Z(S oy
(0,£]x(0,00) (’ 1)

1€EN /e

o
nin

The renormalization by n'/® will be justified a posteriori but it is not completely surprising
as n/% is the right order of magnitude for max(Xy,...,X,), when n — co. Then, one can
show that the sequence of random measures N, converges (in some sense) to a random
Poisson measure that shall be denoted by A/, with intensity measure:

(4.19) Leb ® C’az_(l+a)1(07oo)(z)dz.

One is then tempted to interchange the limit as n — oo and the integral sign in (4.18).
There are however two cases:
o Ifa € (0,1) then [™°(1A2)z~ (1% dz < o0, 50 f(oﬂx(om) 2N (ds, dz) is well-defined
as an a.s finite random variable. No centering of (4.17) is needed.
o If & € (1,2) then 0+OO(1 A 22)z~ (049 dz < 0o and only the compensated integral
f(O,t]X(O,oo) 2N (ds, dz) is well-defined. This means one has to recenter (4.17).

Assuming that the previous argument can be made rigorous, we obtain thereof that for all
t >0,

Zt(n) (o) / zN(ds,dz) (0<a<1)
(4.20) 1 (0,¢]x(0,00) B
Zt(n) - EZt(n) (o) / 2N (ds,dz) (1< a<?2).
(0,¢]x(0,00)
Finally, one may upgrade the above to a weak convergence statement at the level of pro-

cesses, provided we equip the space of cadlag functions with a suitable topology. For a
complete treatment, we refer the reader to [11, Exercise 4.4.2.8].
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5. STOCHASTIC INTEGRATION

Our goal in this section is to make sense of integration and differentiation of Lévy pro-
cesses (or stochastic processes based on them). As we have seen, Lévy processes in general
have jumps, hence differentiation must be thought of in a broader sense than usual. Suppose
f: R — R is a differentiable function (in the usual sense). Then f(t) — f(0) = fg f'(s)ds
or, equivalently, f(t) — f(0) is the value on [0,t] of a (signed) measure that is absolutely
continuous w.r.t. to Lebesgue measure and the Radon-Nikodym derivative of the former
w.r.t to the latter is a.e. equal to f’. Now, consider the Heaviside function g defined by
g(t)=0if t <0 and g(t) = 1 if t > 0. This function is cadlag but it is not differentiable in
the usual sense because of the jump at the origin. Yet, we may write that for all t € R, g(¢)
is the value on (—oo, ] of the measure dy. Hence, the Dirac measure at 0 is in some sense
a weak derivative of the Heaviside function. This lays the path to the notion of (random)
distributions, which we will not pursue, but it is useful to keep this example in mind.

In what follows, A/ is a RPM on £ = RT x R? with intensity measure dt ® v (v a
Lévy measure) and B is a standard Brownian motion independent from A/. We denote by
F = (Fi)t>0 the filtration generated by N and B. In other words, F; = o(Bs, N((0, s] x
A), s <t, AcB(RY).

5.1. Stochastic integral with respect to a random Poisson measure. In Section 2
we learnt how to integrate deterministic functions w.r.t. random Poisson measures (but
the reader should keep in mind that even in this case the integral is a random variable).
We will now treat the case of random integrands.

Definition 5.1. Let T > 0. The predictable o-algebral, denoted by P, is the smallest
o-algebra w.r.t. which all mappings F: [0,T] x R? x Q — R that satisfy the two conditions
below are measurable.

(1) Vt € [0,T], the mapping (z,w) — F(t,2,w) is B(RY) @ Fi-measurable.
(2) ¥z € R4, w € Q, the mapping t — F(t,z,w) is left-continuous.
A process F: [0,T] x R x Q — R is said to be predictable if it is P-measurable.

Let us now introduce the space of random functions that we want to integrate. We define
H%(T) as the space of predictable processes that are square integrable on [0,T] x R? x Q
with respect to dt @ v ® P.

Proposition 5.1. The space H?*(T) is a Hilbert space equipped with the scalar product:

(5.1) (F, G = /O ' /R B(F(t,2)G(1, ) )div(d).

We now aim at defining a notion of integral of F' € H2(T) on [0,T] x R? w.r.t a com-
pensated RPM denoted by N. The main idea is to define this integral for a set of simple
functions that are dense in H2(T). This defines an isometry between this space of simple
functions and the space of square-integrable random variables, which can be extended to
the whole space H?(T) thanks to a density argument.

Teribu prévisible in French
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Let S be the space of simple predictable functions, which satisfy

(5.2) F(t,z) = Z Z Cinl(tj,tjﬂ](t)lAi(Z)v

1<j<m 1<i<n
where
m,n € N;
O<ti <...<tym <tmg1:=1T;
Aq, ..., A, are disjoint Borel sets such that v(A;) < oo for all 1 <14 < n;

the ¢;’s are real numbers;
Y; is a bounded ftj—measurable random variable.

We then define the mapping
(53) Ir: FeS— Z Z CinN((tj,tj+1] X Al)
1<5<m 1<i<n

Exercise 25. The goal of this exercise is to define the stochastic integral I7(F') for
all functions F € H*(T).

1)
2) Prove that It is an isometry from S to L*(9).
3) Check that S is a dense subset of H2(T).

4) Conclude.

Check that for all F € S, I7(F) is a centered square-integrable random variable.

~ o~ o~ o~

Proposition 5.2 (Martingale property). For all F € H?(T), the stochastic process (I;(F))o<t<T
15 a square-integrable F-adapted and centered cadlag martingale.

We will henceforth write
T ~
(5.4) Ip(F) = / / Pt DNt dz),  (F € HA(T)).
0 JRd

Remark 5.1. The stochastic integral in (5.4) may be extended to the case where the pre-

dictable process I satisfies the weaker assumption fOT [ F(t,2)?v(dz)dt < oo a.s., in which
case the process (I;(F))o<t<T is a local martingale that has a cadlag modification, see |1,
Theorem 4.2.12].

5.2. It6’s formula. To simplify, we restrict from now on to dimension one (d = 1). Let
T > 0 (deterministic time horizon), b,o: [0,7] x @ — R be predictable processes’ such
that

T

(5.5) E(/OT|b(t)|dt> < 0, E(/O a(t)zdt) < 0,

K:[0,T] x RY x Q — R predictable and H € H?(T). The process X = (X;)o<i< defined
by
(5.6)

t t t t
X = XO—I—/ b(s)ds—i—/ J(s)st+/ H(s,z)ﬂ/(ds,dz)+/ K(s,z)N(ds,dz)
0 0 0 Jz|<1 0 Jlz[>1

iHere7 b and o do not depend on the space (z) variable so we only ask that both functions are left-
continuous and adapted.
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is called a Lévy-type stochastic integral, which we may also write, formally,

(5.7) dX; =b(t)dt + o(t)dB; + H(t,2)N(dt,dz) + K(t,2)N(dt,dz).
|z|<1 |z[>1

Remark 5.2. The last term in (5.6) is well-defined as v is finite on [—1,1]¢, so that it
may be written as

t
(5.8) /O KN s,a2) = S K (s AX)Ljax. o).
z|>

0<s<t

The sum above has an a.s. finite number of nonzero terms.
Exercise 26. Check that a Lévy process is a Lévy-type stochastic integral.

Theorem 5.1 (Itd’s formula). Let X = (X;)o<i<7 be a Lévy-type stochastic integral of the
form (5.6) and f € CL2(Rt x R). Then, for all 0 <t < T, we have a.s.

with
(5.10) (1) :/0 8tf(s,Xs)ds+/0 Oz f(s, Xs)b(s)ds,

_ [ s o(s L[ s o?(s)ds
(511) ) = [ 05, X)), + 5 [ 025, K)o s)as,
and
(5.12)

(III) = /0 /Z|>1[f(s,XS+K(s,z))— f(s7, X )N (ds, dz)
+/0 /|Z§1[f(8_,Xs— + H(s,2)) — f(s—, X4 )|N(ds,dz)

—i—/o Agl[f(s_,Xs— + H(s,2)) — f(s™,Xs—) — H(s,2)0:f(s, Xs—)]dsv(dz).

The first term is the deterministic part of the differentiation while the second term
comes from the standard It6’s formula for stochastic calculus based on Brownian motion.
We will thus focus on the third term, which is specific to this course. This last term itself
is decomposed in three parts : the first part is due to the large jumps while the second and
third ones, which can be somehow put in parallel with the two terms in (II) (first-order
and second-order variations), are due to the small jumps.

5.3. A bit of practice: integration with respect to a Poisson counting measure.

Exercise 27 (Integration with respect to a Poisson counting measure). Let N = (N¢)i>0
be a Poisson counting measure with intensity A > 0 and B = (B¢)t>0 a standard Brownian
motion.

(1) Give a meaning to dN, and dN.

(2) Let s — f(s) be a (deterministic) function. Give simple alternative expressions for
the stochastic integrals

(5.13) /0 F(s)AN,  and /0 F(5)dN,.
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(3) Give a simple description of the stochastic process fg BsdNg (t > 0).

(4) Compute explicitely X; := fg N,—dNg. Same question for the compensated version of
the integral. Why do we need to write s~ instead of s?

(5) Use Ité’s formula to write Y; = N? as a Lévy-type stochastic integral and check that
dY; # 2N,-dNy.

5.4. A quick look at infinitesimal generators. Infinitesimal generators are tools to
describe the evolution of a Markov process X = (X¢)¢>0. Let us assume that for functions
f in certain space (called domain of the generator), the following limit exists:

Xn) — f(X

)~ 10 )
h

Then £ is a linear functional defined on this domain, called generator of the process.

Suppose X is a one-dimensional Lévy process with triplet (b, 02, ). An application of Ito’s

formula shows that for smooth enough functions f we have

(5.14) Lf(z) = }{%E[

(5.15) Lf(x)=0bf'(x) + 30°f"(x) + / [f(@+2) = f(2) = 2f (@)1 {121<1]v(d2).

R

Exercise 28. Identify the drift, Brownian and jump components. Identify the local and
non-local parts of the operator L. Find an analogy between the infinitesimal generator and
the Lévy-Khintchine formula in Theorem 3.1.

6. STOCHASTIC DIFFERENTIAL EQUATIONS

6.1. Existence and uniqueness of solutions. Let 0,0: R - R and F;G: R xR — R
be measurable (deterministic) functions. In this section, a stochastic differential equation
(SDE) is an equation of the form

t t t ~
VYo [ WVods+ [o0igaBr [ P oW (sdz)
0 0 0 J{[z<1}

t
v ] e s,
0 J{|z|>1}

where the stochastic process Y = (Y;)s>0 is the unknown process and Yy is assumed to be
a square-integrable Fy-measurable random variable (hence it is independent of B and N).

(6.1)

Definition 6.1. A solution of the SDE above, if it exists, is any adapted cadlag process Y
such that for all t > 0, the equality in (6.1) holds a.s. A solution is said to be unique if,

for any pair of solution YY) and Y, we have P(Vt >0, Y;f(l) = Yt(Q)) =1.
Assumption 6.1. There exists K € (0,00) such that, for all y,y' € R,
(i) 16(s) = by) +10(w) = oW + [y cry 1P (0 2) = Fy',2) Po(dz) < Ky —
(1) 162 + o + ey [Py 2)Prld2) < K(1L+ [y
and for all |z| > 1,
(iii) y — G(y, z) is continuous.

Theorem 6.1. There exists a unique solution to the SDE in (6.1) under Assumption (6.1).
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6.2. Proof without the large jumps. For simplicity, we first assume in this section that
G = 0 (no large jumps). We shall only focus on the jump component and hereby assume
that b and o are identically zero. The main idea of the proof is Picard iteration. Define,
forallt > 0 and n € N,

Yt(O) —Y,
(6.2) ¢ _ -

Y™ — v, 4 / FIY" Y 2)N (ds, dz).

0 J|z|I<1

Here are the main steps of the proof.

(1) Note that, for all n € N, (Y;(n)) is a square-integrable cadlag martingale.
(2) Define
(6.3) ya(t) = B sup [ —yDR),
0<s<t

and prove that

(6.4) wilt) < 4t /Mg B(F(Y,2)°)v(d2).

i (t) < CL (DK /0 yn (5)ds.

(3) Deduce thereof that for all ¢, (Yt(n))neN is a Cauchy sequence in L? and denote by Y;
the limit (in L?).

(4) Prove that the convergence holds a.s. and that ¢t — Y; is adapted and cadlag. Hint:
prove that for some constant C' = C(t),

(6.5) P( sup ¥ vz 2) < O
0<s<t n!

and deduce thereof that Y (™ converges a.s. and uniformly to Y on compact sets.
(5) Define

(6.6) Y; ::K)+/(]t/|<1F(1fs,z)J\~/(ds,dz)

and check that, for all ¢, Y;(n) converges to }7,5 in L2. Deduce thereof that f’t =Y, a.s.
(This concludes the existence part of the proof)

(6) Prove uniqueness of solutions.
6.3. Proof with the large jumps. For simplicity, we stick to the case where b = o=0.
We now briefly explain how to incorporate the large jumps to the solution. Let Y be
the solution of the SDE with G = 0. Let (T}, Z;)ien be the atoms of the RPM A on
RT x {z: |z] > 1}. Define
Y = f/t (0 <t< Tl)

o Yr, =Yy + G(Yy-, 1)
6.7 .
Y, =Yy + V-1 (Ty <t <T)

Yr, = Yy +G(Yy,, Z2)
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where Y1) is the unique solution of the SDE with G = 0 and initial condition Y7, and so
on, recursively. One can check that Y solves the SDE.

7. EXPONENTIAL MARTINGALES AND CHANGE OF MEASURES

Throughout this section, X = (X;);>0 is a one-dimensional Lévy process with Lévy
triplet (b, 02, v).
7.1. Doléans-Dade exponential. We consider the following SDE
(7.1) dSy = S;-d Xy,
which describes for instance the evolution of the price of a risked asset.
Exercise 29. Check that (7.1) has a unique solution (given some initial condition).

We remind from standard stochastic calculus (see [8, Section 8.4.2]) that if X; = oB;
(i.e. b=0and v = 0) then

1

(7.2) S; = Spexp (O’Bt — 50%)
and we note that (i) the solution is a martingale and (ii) the solution is not the usual
exponential. Let us now come back to the general case, to which we add the following:
Assumption 7.1. v((—oo,—1]) = 0.

Under this assumption (which guarantees that the process remains positive, as we may
expect from the price of an asset for instance) we get the following:

Proposition 7.1. The process
1
(7.3) Sy := Spexp (Xt - 502t> [] 0 +ax)e X, (=0
0<s<t

is well-defined and solves the SDE in (7.1). Moreover, there exists a process L = (Lt)t>0
such that Sy = Sy exp(Ly).

The process S = (S;) is called a Doléans-Dade exponential.

Remark 7.1. The product in (7.3) may be rewritten as the exponential of
(7.4) > log(l+ AX,) — AX,,
0<s<t

and log(1 + 0) — & is equivalent to —16% as § — 0 (compare to the Brownian part). This
sum is well-defined, by Proposition 4.6.

Exercise 30. The goal of this exercise is to prove Proposition 7.1.
(1) Determine L = (L) and write it as a Lévy-type stochastic integral.
(2) Prove that L is actually a Lévy process and identify its Lévy triplet.
(3) Apply Ité’s formula to f(L;), where f € C*(R).
(4) Pick f = exp and conclude.

Exercise 31. Let (Ny) be a Poisson counting process with unit rate. Prove that t €
[0,00) — 2Nt is the unique solution of the stochastic differential equation dS; = S,-dNy
with initial condition So = 1, using (i) Ité’s formula, or (ii) Proposition 7.1, or (iii) a
more elementary approach, where dS; and ANy are seen as random measures.
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7.2. Exponential martingales. In this section, X is a Lévy process with triplet (b, o2, v).
We now want to find a condition under which the exponential of Lévy process (such as the
Doléans-Dade exponential from Section 7.1) is a martingale. An application will be given
in Section 8 (determination of a risk-neutral measure in option pricing).

Proposition 7.2. Assume [;° e*v(dz) < co. The process (eX*)i>0 is a martingale iff

(7.5) b+ Lo’ +/ (2 = 1= 21qzicry J(dz) = 0.

Exercise 32. Using Proposition 7.2 and Question (2) in Ezercise 30, give a condition for
the Doléans-Dade exponential defined in (7.3) to be a martingale.

7.3. Change of measures. Let us first recall a few definitions. Let mq and mo be two
measures on a measurable space (X, A). We say that mj is absolutely continuous with
respect to mgy, which is denoted by m; < meo, if for all A € A, my(A) = 0 implies that
mi(A) = 0. The two measures are said to be equivalent if m; < my and my < my. In
this section we will inspect conditions under which probability measures corresponding to
Lévy processes with different Lévy triplets are equivalent (on a finite time horizon).

Let us start with the simpler case of Brownian motions with drifts (no jump component).

Proposition 7.3. Let Py (resp. Py) be the law of a Brownian motion with drift by (resp.
ba) and standard deviation o1 > 0 (resp. o9 > 0). The probability measures P1 and Py
restricted to F; are equivalent iff o1 = o9, in which case

ap,
dPs

(7.6)

(0 := 01 = 09).

bi—by 10— 12
_ RUEL Y
Fi ox ( o2 tT 9 52

Let us now treat the case of two Poisson counting processes (jumps have size one) with
different parameters.

Proposition 7.4. Let Py (resp. Pa) be the law of a Poisson counting process with intensity
A1 (resp. Aa). The probability measures Py and Py restricted to F; are equivalent and

dP;

(7.7) e

5 =P <log(>\1/)\2)Nt — (A — )\2)15),

We now provide a more general formula for compound Poisson process.
Proposition 7.5. Let Py (resp. P3) be the law of a CPP with finite jump measure vy

(resp. va). The probability measures P1 and Pa restricted to Fy are equivalent iff v1 and
vy are equivalent, in which case

(7.8) jf); 5 = exp (0<§<:t‘ d(AX) — (1 (R) — VQ(R))t), ¢(z) :=log j:(z)
AX540

Exercise 33. Check that (7.8) is consistent with (7.7).

Exercise 34. Using Proposition 7.2, check that the processes appearing on the right-hand
sides of (7.6), (7.7) and (7.8) are martingales w.r.t. Ps.
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8. APPLICATION TO FINANCE

Let S = (St) and A = (A¢) be two stochastic processes that respectively describe
the evolution in time of the values of a risk asset (like stock) and a risk-free asset (like
bank account). Unless stated otherwise, the risk-free asset follows the simple deterministic
evolution A; = Age™, where r is the interest rate. A portfolio (U, V) is a couple of processes
such that Uy and V; are the amounts of units of risk and risk-free assets (respectively) at
time ¢. It is such that (U, Vi) only depends on the past, that is (Ss)o<s<t, and not on the
future (Ss)s>¢t. The value of the portfolio at time ¢ shall be denoted by

(81) Wt = UtSt + V;gAt

We will first recall the notions of arbitrage opportunities and complete markets by way
of simple discrete models. Then, we remind the Black-Scholes pricing formula in the case
when the stock value evolves according to Brownian motion. Finally we consider a model
where the stock value evolves according to a Lévy process (with possible jumps) and we
will see how it may lead to incomplete markets.

8.1. Reminders on arbitrage opportunities, contingent claims and complete
markets.

8.1.1. Arbitrage opportunities.

Definition 8.1 (S.F.P). A portfolio is self-financing (S.F.P.) when any risk asset bought
1s paid for from the risk free asset holdings, and vice-versa.

Definition 8.2 (Arbitrage opportunity). There is an arbitrage opportunity if there exists
a S.F.P. W = (Wy) such that Wy =0 (a.s.) and, for some t > 0,

(1) P(Wt >0)=1,
(2) P(W; > 0) > 0.

In other words, there is an arbitrage opportunity when there exists a portfolio that
guarantees a positive chance of making profit without any risk of loss. Let us illustrate
this notion with a simple example.

Example 8.1 (One-period model, see [15]). Let us consider a simple time evolution with
only an initial time (t = 0) and a final time (t = 1). We assume that between these two
times, the stock value may jump from its initial state Sy to two possible distinct final states
S1(—) and Si(+), depending on two possible scenarii. For instance, Sy is the initial stock
value of an ice-cream company, S1(—) its value after a cold summer (bad scenario) and
S1(+) its value after a hot summer (good scenario), with of course S1(—) < Si(+). The
iniatial portfolio value is assumed to be zero: if Uy < 0 < Vy this means selling Uy shares of
risk asset to buy Vo units of risk-free asset; if Vo < 0 < Uy, this means the opposite. There
s arbitrage opportunity in the two following cases:

Case 1: risk-free asset is uniformly preferable to risk asset. This happens when

So S1(+)
(8.2) A—0> o

Indeed, in this case we pick Uy < 0 < Vy and get:

Ay Si(+
(8.3) W1 > UpS1(+) + VoAr = VoA (Ai(l) — 1;@ )> > 0.

We get the equality above from the initial condition Wy = UySy + Vo Ap = 0.
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Case 2: risk asset is uniformly preferable to risk-free asset. This happens when

Si(=) _ So
4 —_—.
(8.4) A A
Indeed, in this case we pick Vy < 0 < Uy and get
S1(— A
(8.5) Wy > U(]Sl(—) + VoA = U()S()( 1( ) — 71) > 0.
So Ag

A first lesson is to be learned from this elementary example: to investigate the existence
of arbitrage opportunities, we should not consider the arithmetic increase of the risk asset
but rather its geometric (or logarithmic) increase with respect to that of the risk-free asset.
Equivalently, we may consider the logarithmic increase of the discounted risk asset, defined
and denoted by

(8.6) Sp:=A7'S,  t>0.
Let us now turn to the notion of arbitrage-free price of a contingent claim.

Definition 8.3. A contingent claim (or derivative security) with maturity T > 0 is a
contract that provides the owner with a payoff dependent on the performance of (Ss)o<s<T-

Example 8.2 (European call option). This contingent claim (bought at some initial time
t = 0) gives the option to buy stock at a fized later time T (expiration time) at a given
price k (strike price or exercise price). The corresponding payoff equals (St — k)4, where
(\)+ is the positive part of some real number.

The question that motivates the rest of the section is the following: what should be the
fair price of such contingent claim? We first give some basic definitions, which we shall
then illustrate with a continuation of Example 8.1.

Definition 8.4. Let us consider a contingent claim with maturity T > 0 and payoff Zp.
If there exists a S.F.P with value W = Zp at time T then such a portfolio is called a
hedging portfolio process replicating the contingent claim. The value Wy = UpSy + Vo Ao of
the hedging portfolio at time O is called the arbitrage-free price of the derivative security.

If the option sells at P > W there is an opportunity of risk-free profit for the seller. If
the option sells at P < W there is an opportunity of risk-free profit for the buyer.

Example 8.3 (Continuation of Example 8.1). Consider a contingent claim with payoff
Wi(—=) and Wi(+) (we choose this notation for the payoff by anticipation of the hedging
portfolio). To compute the hedging portfolio (Uy, Vi) that replicates this contingent claim,
we must solve the linear equation:

UpS1(+) + VoA = Wi(+)

(8.7) U()Sl(—) + VoA = Wl(—).

The solution is
. () =(504) ().

(39) Wo = UnSo + Voo = 52 (a1 () + (1 — (),
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where
Soqt — S
04, — 1(_)
=5 "o
Si(+) = S1(-)
provided we are in the regime free of any arbitrage opportunity. In conclusion the arbitrage-
free price may be written

(8.10) € (0,1),

(8.11) Wo = %Eq(Wl),

1
where Py is the measure that puts probability q to the plus scenario and 1 — q to the minus
scenario. The ratio Ag/A1 is a discount (see discussion below Example 8.1). Note that q
has nothing to do in general with the actual probability (say p) of plus scenario happening.
However, one should keep in mind that the probability measures P, and P, are equivalent,

provided p € (0,1).

In the example above, any contingent claim can be hedged by a S.F.P. This leads to the
following definition:

Definition 8.5 (Complete model). A market model is complete if every contingent claim
can be hedged by a S.F.P.

Let us end this section with a slightly more elaborate model, which turns out to be
complete as well, and will serve as a transition with the continuous-time stochastic models
below.

Exercise 35 (n-period model — Continuation of Examples 8.1 and 8.3). Suppose time is

discrete, with index k € {0,1,...,n}. The risk asset evolves as the exponential of a random
walk, that is S, = et where
(8.12) Ry=0 and Ry= ) X

1<i<k

with (X;)1<i<n a collection of i.i.d. random variables with common law
(8.13) Py(X1=1)=1-Py(X; =-1)=pe(0,1).
Let Wy, : {—1,1}" — R be a contingent claim, where each element of {—1,+1}" corresponds

to a realization of the random vector (X;)i<i<n.

(1) Suppose first that Ay = Ay = ... = A, = 1 (no interest rate). Let q := 1/(1 +e).
Prove that the value of the contingent claim at time k € {0,1,...,n} is given by
8.14 Wy = E;(Wy|Fr), where F, = o(Xq, ..., X ifk:>0and.7:0: @,Q.
q

(2) We now consider the case Ay =1 and r € (—1,1) (arbitrage-free model with interest
rate). Check that the value of the contingent claim at time k € {0,1,...,n} is now
given by

(8.15) W, = e " HE (W[ F),
for a new value of ¢ € (0,1).
(3) Check that the discounted process (Sy) := (e~"%S},) is a martingale under P,.

We proved in the exercise above that the n-period model is complete as well. Moreover,
we showed that the value of the contingent claim at any time may be written as the
conditional expectation of its value at maturity. The corresponding probability measure is
equivalent (but not necessarily equal) to the probability measure underlying the evolution
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of the risk asset value. The fact that there exists such an equivalent probability measure
(called risk-neutral measure) under which the discounted risk asset value is a martingale,
is actually a general feature of market models that are free of arbitrage opportunities. The
fact that it is unique is a feature of complete markets. This is the fundamental theorem of
asset pricing, see Propositions 9.1 to 9.3 in [4].

8.2. Reminders on the Black-Scholes pricing formula. Let us illustrate once more
the fundamental theorem of asset pricing, this time with a continuous-time model such that
the stock (risk asset) value evolves according to Brownian motion (no jump). This will
eventually lead us to the famous Black-Scholes pricing formula. An example of a market
model with jumps shall be treated in the next section. To simplify, we assume Ag = 1.

Throughout this section, B = (By) is a standard Brownian motion and the corresponding
Wiener measure is denoted by P. We assume that the stock process satisfies the following
S.D.E

(816) dSt = Stf (O'dBt + /Jdt),
the solution of which writes
(8.17) Sy = Spexp(o By + [ — 207]t).

We shall first seek a probability measure equivalent to P under which the discounted process
is a martingale. Then we use it to find the arbitrage-free value (as well as a replicating
portfolio) for any contingent claim.

8.2.1. Girsanov transform. Let Y = (Y;) be a stochastic integral of the form

(8.18) Y = /Ot G(s)ds + /Ot F(s)dBs

(with F and G to be determined later) and such that (e¥*) is a P-martingale.

Exercise 36. Check that the martingale above defines a probability measure @) equivalent
to P (if restricted to [0,t] for any t) such that

Q1 _ v
dPlF ’

Hint: use Kolmogorov’s extension theorem, see [8, Theorem 6.3] or [7, Section 2.2]. See
also [6, Chap. VII] for the extension theorem in a general case.

(8.19) (t>0).

By Girsanov’s theorem (see Justin Salez’s lecture notes or [8, Theorem 5.22] for a general
formulation), the process

t

(8.20) Bg(t) := By —/ F(s)ds
0

is a @)-martingale.

Exercise 37. Assume o > 0. Compute dS, and find the only choice of F' that guarantees

(§t) to be a Q-martingale. Find the corresponding value of G. In this case, check that we
may write

(8.21) dS; = 05,-dBg(1).
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8.2.2. Derivation of the replicating portfolio and pricing. Let Z be a contingent claim with
expiration time 7" > 0. Let us define the process

(8.22) Zy = A'Eq(Z|FR) = e TEQ(Z|F),  te0,T).

One may check that this process is a Q-martingale. Hence, by the martingale representation
theorem (see Djalil Chafal’s lecture notes or [8, Theorem 5.18]), there exists a process (d;)
such that

(8.23) dZ; = §;dBg(t).
Combining the equality above with (8.21), we obtain
_ 5
(824) dZt == ’)/tdSt, Y= =
JSt

This allows us to define the following portfolio:
U=

(8.25) ~

‘/t::Zt_’YtStg OStST

Exercise 38. The goal of the present exercise is to prove that the portfolio we have just
defined is a hedging portfolio.

(1) For allt € [0, T], compute the value of the portfolio Wy = UpSy + Vi Ay.
(2) Deduce thereof that the portfolio is replicating.

(3) Prove that dW; = UdS; + VidA;, hence (U, V) is a S.R.P.

(4

) Compute the arbitrage-free value of the contingent claim.
We conclude this section with

Exercise 39 (Black-Scholes formula). Apply Question (4) of Ezercise 38 in the case of a
European call option (see Example 8.2) and deduce the Black-Scholes pricing formula.

8.3. Merton’s model. Robert Merton first applied jump processes to option pricing in
1976. On a probability space (£2, A, P), let X = (X;) be the following Lévy process:

(8.26) Xy=pt+oBi+ Y Y,
1<i<Ng

where B = (B;) is a standard Brownian motion, N = (Ny) is a Poisson counting process
with intensity A > 0 and Y = (Y)en is a sequence of i.i.d. random variables with distribu-
tion A/(m,v?). The processes B, N and Y are independent. Let us start with a warm-up
exercise.

Exercise 40. Let (b,02,v) be the Lévy triplet of X. Find the values of b and v.
In the present model we assume that the risk asset value is given by
(827) St = SO exp(Xt), t> 0.

Our goal is to show that there may exist several risk-neutral measures, hence such model
is (in general) not complete.
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8.3.1. Playing with the drift. Suppose ¢ > 0. By using Proposition 7.3 we may find a
measure @1 equivalent to P such that, under Q1, X has Lévy triplet (¥,02,v), with
b —b

(8.28) 2 =M€ R.

By Proposition 7.2, we get that §t = Spexp(X; — rt) is a @Q1-martingale provided

(8.29) V—r+ 30+ / (ez -1- zl{‘z|§1})y(dz) =0.

This allows us to find the value of ¥’ (or equivalently, of ) such that @ is a risk-neutral
measure.

8.3.2. Ezponential tilting of the jump measure. The technique of the previous section does
not apply if ¢ = 0. Another solution consists in changing the jump measure. More precisely,
we consider the one-parameter family of measures defined by

(8.30) vp(dz) := e’ v(dz), 0 € R.
Exercise 41. Check that for all 0 € R, vy is a Lévy measure.

This technique of exponential tilting is standard in Large Deviation Theory. In this
context, it is also known as the Esscher transform. By applying the change of measure in

Proposition 7.5 with (v1,12) = (v, V), we get a new measure (2 equivalent to P (on finite
intervals) under which X has Lévy triplet (V/, 02, vp), with

1
(8.31) vV i=b —|—/ 2(e% — 1)v(d2).
-1
Therefore, (§t) is a QQo-martingale if 6 solves the equation
(8.32) b—r+30°+ f(0) =0,
where
00 1
(8.33) f(0) := / (e —1— zl{|z|gl})egzy(dz) —i—/ 2(e%% — 1)v(dz).
—00 -1

We conclude with the following exercise:

Exercise 42. The aim of this exercise is to prove that (8.32) has a unique solution.

(1) Compute f" and prove that f is nondecreasing.

(2) Using that v((0,00)) and v((—o0,0)) are both positive, prove that there exists a con-
stant M € (0,00) such that f'(0) > M for all 6 € R.

(3) Conclude.

9. BEYOND THE MARKOV PROPERTY : HAWKES PROCESSES

We have treated so far the case of jump processes that have independent stationary
increments and satisfy the Markov property. In this section we give an example of a jump
process the evolution of which may depend on the past history of the process.

Let N = (Ni)i>0 be a counting process, that is a nondecreasing process starting at
Ny := 0, with jumps of size one. Let p > 0 and ¢: R — R4 be a locally bounded
function.
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Definition 9.1 (Hawkes process). Suppose that t — Ny — \(t) is a local martingale, where

t s

(9.1) A(t) == pt +/ / (s — u)dNyds.
0o Jo

The process (Ny) is called a Hawkes process.

If o = 0 then (V) is actually a Poisson counting measure with intensity A, so depen-
dence on the past is encoded in ¢, which is typically chosen as a decreasing function (close
past events have a stronger influence on the evolution of the process than remote ones).

We shall now prove that such processes exist by means of an explicit construction. We
first iteratively define a sequence of jump times by Ty := 0, T distributed as £(u) and, for
all n € N,

(9.2) P(Tp41 > Tn+s|T1,...,Ty) :exp<—,us—/ Z go(u+Tn—Ti)du), (s >0).
0

1<i<n

We now simply define (N;) as the counting process associated to these jump times. Let us
prove that this process satisfies the local martingale property, by a formal derivation. To
be more precise, we shall prove below that

(9.3) P((N;) makes a jump in [t,t + dt]|F) = N (¢)dt.

Suppose that T,, < t < T,,41 for some positive integer n (the only other remaining case
n = 0 can be treated separately). The probability in (9.3) equals

P(Tpy1 > t+dt[Th,...T,)

9.4 1-—
( ) P(Tn_H > t|T1,...Tn)

By (9.2), this quantity equals
t
(9.5) (u + 3 el - Ti)>dt - (u + / o(t — s)dNS)dt — N(t)dt,
1<i<n 0

which concludes the proof.

APPENDIX A.

A.1. Hilbert spaces.

Lemma A.1. Let H be a pre-Hilbert space (i.e. equipped with an inner product) and S a
linear subspace of H. Then S is dense in H if and only if the orthogonal of S is reduced

to {0}.
Proof of Lemma A.1. Use that (St)+ = S. [ |
A.2. Measurability.

Proposition A.1. Let ¢ = (¢;i)ier be a collection of mappings from X to (Y, Ay) and
V: (Z,Az) — X. Then, ¥ is measurable from Ay to o(pi,i € I) iff for alli € I, pjo W
is measurable from Az to Ay.
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A.3. Simple functions. Let (2,.4) be a measurable space. We recall that a simple func-
tion is a measurable function which can only take finitely many values.

Lemma A.2. Any [0,+o00]-valued measurable function may be written as the point-wise
nondecreasing limit of simple functions.

Proof of Lemma A.2. From [10, Lemme 4.3.3]. Let us call f the [0, +o0]-valued measurable
function under consideration. For all n € N, define

(A1) Gn(x) = 27" 2% |11 ) ()

for z < +00 and ¢p(+00) = n. Check that the sequence of simple functions (f,,) defined

by fn = ¢n o f non-decreasingly converges to f (point-wise convergence). Check that the
convergence is actually uniform on the set of points where f is finite. |

Let u be a measure on (£2,.A).
Lemma A.3. The set of simple functions is dense in any LP(u), for p € [1,+00).

Proof of Lemma A.3. From [10, Théoréme 7.3.1]. Let f € LP(u), where p € [1,+00). Pick
fn as in the proof of Lemma A.2 and check that |f, — f|P < fP. Conclude. [ |

A.4. Weak convergence.

Theorem A.1 (Prokhorov). Any tight collection of probability measures is relatively com-
pact (for the topology of weak convergence).

A.5. Cadlag martingales.

Proposition A.2. Let (f,) be a sequence of R¥-valued cadlag functions (defined on a
subset of the real line) converging uniformly to f. Then, f is also cadlag.

The metric space R may actually be replaced by any complete metric space. The state-
ment is false when uniform convergence is replaced by the weaker point-wise convergence,
as one may check by considering the example

(A.2) £(t) = sin (%)1{t >0} and fo(t) =sin (ti l)1{t >0}, neN

Proposition A.3 (Doob’s inequality in LP). Let (X;)i>0 be a martingale with right-
continuous sample paths. Fort >0 and p > 1,

(A.3) E[OS;?; x| < (ﬁ)”mxtrp).

See [8, Proposition 3.15].
A.6. Gronwall’s lemma.

Lemma A.4. Let (x(t)) be a non-negative function that is integrable on [0,T] (w.r.t.
Lebesgue measure) and satisfies

(A.4) z(t) < a+ ﬁ/ota:(s)ds, te[0,T7,

for some constants o, 3 > 0. Then, x; < ae®t for all t € [0,T).
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PRrROOFS

Proof of Proposition 1.1. The first statement is quite clear from the definition. In order to
prove the other two points we shall prove that for suitable functions f and g,

(A.5) E[f(Nu, u < t)g(Niys — Ni)] = E[f (Nu, u < t)]E[g(N)].

We decompose the expectation on the left-hand side according to the countable partition
of events A, = {T,, <t < Tph11}, (n € Np). On A,,, we may write

(A.6) Nips — N = Z 1{Tn+k§t+5} = Z 1{Tn,k§5}’
keN keN

where fnk := Thar—t. It is now a matter of checking that conditionally on A,,, the sequence

(Th.k)k>1 is independent of (N, )y<¢ and follows the same law as (7)) (the assumption that
the inter-arrival times are exponentially distributed is here crucial).A Hint : check that for
all i,n € N and all bounded measurable functions ¢: R™” — R, ¢: R* —» R,

Elo(Ty, ..., Tn)l{Tn§t<Tn+1}¢(fn,1, o T )| T, T

(A.7)

= ¢(T17 s 7Tn)l{TnSt}eA(Tn_t)E[w(Tl7 s ,E)]
and conclude. |
Proof of Proposition 2.1. Use Proposition A.1. [ |

Proof of Proposition 2.2. This follows from the fact that the law of a random measure N
is characterized by the collection of joint laws:

(A.8) (N(Bl),...,N(Bk)), keN,By,...,B, € B(E),
which itself comes from the definition of a random measure and Dynkin’s theorem. |

Proof of Proposition 2.3. The first condition of the definition of a RPM is proved by using
that the sum of independent Poisson random variables is still a Poisson random variables.
Let us check the second condition. Let Bi,..., B,, be pairwise distinct Borel sets. Define
Xi; = M(Bj) for 1 <i<mnand1l<j<m. One may check using Proposition 2.2 that
these n x m random variables are (mutually) independent. Therefore, the random variables

(A.9) (X MB). Y NiB)

1<i<n 1<i<n
are independent. We may finally conclude by letting n — oo. |
Proof of Proposition 2.4. The fact that each N,, is RPM(m,,) is quite clear. To prove

the second part of the proposition, we use the characterization of independence given in
Proposition 2.2 (see also the remark just below it) which we combine with the second part

of the definition of a RPM and the fact that the E,’s are disjoint. |
Proof of Proposition 2.5. We first check the four relations when f is a simple function, that
is, when there exist k € N, real numbers ay,...,a; and disjoint Borel sets B, ..., By such
that
(A.10) f=> ailg,

1<i<k

Suppose now that f is a non-negative measurable function. Then, there exists a sequence of
simple functions (f,,) that converge non-decreasingly to f. Thus, we get (i), (iii) and (iv) for
such functions thanks to the monotone convergence theorem and dominated convergence,
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respectively. To complete the proof of (i), let us decompose f € L'(E,m) as fi — f_,
where fy and f_ are the positive and negative parts, respectively. From what precedes,

(A.11) E(/f+dN> :/f+dm<oo, E(/fd/\/> :/fdm<oo,

(A12) /fd/\/ :—/f+d/\/—/f_d./\f

is integrable, with

(A.13) /de /f+dm /f dm = /fdm

To extend (ii) to the square-integrable functions, we may use the density of simple functions
on E in L?(E,m) (see Lemma A.3). Hint : Pick a sequence of simple functions (f,)
converging to f in L*(E,m) and define X,, := [ f,dN. Prove that (X,) is a Cauchy
sequence in the Hilbert space of square integrable random variables and that its limit (in
the L? sense) necessarily coincides with [ fdA. Let us now prove that (iv) extends to
integrable functions. Let f € L'(FE,m). There exists a sequence of simple functions (f,)
which converge to f in L'(E,m). This readily implies that [(e/* — 1)dm converges to
[(e!/ —1)dm as n — oo. By using (i) we get that the sequence of random variables
([ fndN) converges to [ fdN in L*(Q,P). Therefore, the convergence also holds a.s. on a
subsequence (use the Markov inequality and the Borel-Cantelli lemma). By the dominated
convergence theorem, we get that E(e?/ /»dN) converges to E(e'/ 74V (on a subsequence).
We may conclude by uniqueness of the limit. Note: another way to obtain (i) and (ii) from
(iii) is by differentiation of the function A — E(e~*/fdV), [ |

Proof of Proposition 2.6. Statements (2) and (3) are clearly equivalent, since there exists
C > 0 such that

(A.14) Clhnz)<l—e*<1Azx (x >0).

Let us now prove that (2) implies (1). To this purpose, we make two observations:

i) if [ fdm is finite, then | fdA is a.s. finite, by the first item of Proposition 2.5.
(ii) if m(E) is finite then [ fdm is a.s. finite, see Exercise 7.

We now write [ fdA as the sum of the restrictions to {|f| < 1} and {|f| > 1}, to which
we apply (i) and (ii) respectively. This proves the desired implication. We finally prove
that (1) implies (3). By the third item in Proposition 2.5, we get

(A.15) E(e*fde> = exp (/(ef - 1)dm) > 0,

which implies that [(1 —e~/)dm is finite. [ ]

Proof of Proposition 2.7. We proceed in several steps.
Step 1. We first deal with the part of the integral which corresponds to large values of f.
Let F'={x € E: |f(z)| > 1}. Note that

(A.16) P < [nam = [ Qnnam < [0182am < o

Thus we get that [ fdm and [ fdN are both a.s. finite, hence [, fd(N —m) is well-
defined. Henceforth we shall assume that |f| < 1, so that our assumption becomes
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[ f2dm < .

Step 2. We now prove convergence of the sequence (I,). Let

(A.17) Al = [ fAN —m), (k € N).
Ey
One can check that
(A.18) E(AL,) =0, Var(A) = [ f%dm.
Ey

Moreover, the Al}’s are independent, by Proposition 2.4. Therefore, (I,,) is a martingale.
Since [ f2dm < oo, it is bounded in L? so the sequence converges a.s. and in L? to a
square-integrable random variable with variance [ f2dm.

Step 3. Let us finally check that the limit does not depend on the choice of the parti-
tion. Let (Ex)r>1 and (Fy)g>1 two countable partitions. It is enough to show that the
corresponding limits coincide with that of the third partition (Ej N Fp)ge>1 (left to the
reader). [ |

Proof of Proposition 3.1. (1) Let X be a random variable with law p, which we assume
to have bounded support. Therefore there exists M > 0 such that | X| < M almost
surely. Let n € N. Since p is I.D. there exists n i.i.d. random variables Y7 ,,..., Y,
such that Y7, + ...+ Y}, equals X in law. Check that |Y;,| < M/n almost surely
and deduce thereof that Var(X) = 0, hence p is a Dirac measure.

(2) Let p, € M1(R%) such that p2" = u. For simplicity, we write ¢ and ¢, for the
respective characteristic functions of y and p,,. Check that for all u € R?,

(A.19) |0 (Wl—1ipuz0y, 1> 00

Note that |¢,(-)|? is the characteristic function of ¥ — Y’, where Y and Y’ are
independent and distributed as u,. From what precedes,

(A.20) [fn(W)*—1 gz, 00,

Since the right-hand side is continuous in a neighborhood of the origin, it is the char-
acteristic function of some probability distribution, by Lévy’s theorem [10, Théoréme
11.2.2]. Furthermore, this characteristic function is constant equal to one in a neigh-
borhood of the origin. By continuity, it is actually the characteristic function of the
Dirac measure at the origin. Consequently, ¢(u) # 0 for all u € R,

(3) This part is taken from [13, p. 32-34]. Let us start with existence. Let u € RY. As
t € [0,1], ¢,(tu) draws a continuous curve in C*. Let h,(t) be the unique branch
of log ¢, (tu) (multi-valued complex logarithm) such that h,(0) = 0 and h,(t) is
continuous in ¢ (that is the lifting property w.r.t. the covering map exp: C — C*, see
e.g. [9, Chapter 2]). Define ¥U(u) = h,(1). By definition, ¥(0) = 0 and exp(¥(u)) =
¢u(u). We now sketch the proof of continuity for W. To this end, let ug,u € R
Let u: t € [0,3] — R describe a triangle going from u(0) = 0 to u(1) = ug then to
u(2) = u and back to u(3) = 0. One may check that as t € [0,3], ¢,(t) describes

1
<

p+1

lf(2)] < %}, where p € N. In this way, f is guaranteed to be bounded from below on each Fj, which yields

that f € L*(Ey, m). Therefore, Al is well-defined.

8If need be, we may partition space further by using the collection of disjoint sets {z € R?:
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a curve whose rotation number around the origin is zero, provided wu is close to ug.
Under the latter condition, the imaginary part of ¥(u) coincides with the value at
t = 2 of the unique branch of arg ¢, (u(t)) which is continuous in ¢ and equals zero
at t = 0. Continuity follows. Uniqueness follows from uniqueness of the function h,,
defined above.

|

Proof of Proposition 3.2. Let n € N. There exist two (independent) vectors of i.i.d. ran-

dom variables (Yl(f,z)lgz‘gn and (YQ(,Q)ISiSn such that the two following equalities hold in
law:
n n

(A.21) =YY" v= v
i=1 i=1

Then, we have the following equality in law:

n
(A.22) a1Y] + agYse = Z[Q1Y1(2 + OéQYQ(Z].

i=1
Since the random variables (a1Y1(2 +012Y2(2)1§i§n are i.i.d, we may conclude the proof. W
Proof of Proposition 3.3. For simplicity, we assume d = 1. Let (X,,)nen be a sequence of
real random variables such that for all n, X, is I.D. and follows the law p,,. By assumption,
X, converges in law to a real r.v. X, with law u. Let p € N, which is fixed throughout the
proof. We want to show that there exists v, € M;(R) such that u = 1,”. By assumption,
there exists a sequence of probability measures (vp, ,)nen such that w, = vph,. The idea
of the proof is to show that this sequence is tight (in n, for every fixed p). Then, by
Prokhorov’s theorem (Theorem A.1), it converges along some subsequence to a limit which
we denote by v,. From what precedes, this convergence enforces the relation u = v,”. Let
us now check tightness. Let K > 0 and write

(A.23) Xo= Y XU,
1<i<p

where the Xfl%’s are independent and distributed as v, . Clearly,
(A-24) vnp(J K, +ool) = P(X[) > K) < P(Xy > Kp)'/? = pn (JKp, +oo]) .

Since (i) converges weakly, it is tight, hence i, (JKp, +-00[)'/P converges to zero as K —
oo uniformly in n, and the same holds for v, ,(]K, +00[). A similar argument holds for
Unp(] — 00, —K[). This settles the proof of tightness. [ |

Proof of Theorem 3.1. We will only prove one implication, namely that the characteristic
function being of the given form implies infinite divisibility!. The case of a finite measure
v has already been treated in Exercise 14 hence we will explain how to treat the case of
an infinite Lévy measure v. The main idea is to use a truncation argument. For all £ € N,

define

(A.25) U (u) == i(b,u) — %(u, Au) + / |>1/k(. ) v(dz), (u € RY).

10 prove the reverse implication, Applebaum [1, Theorem 1.2.14 and bottom of Corollary 2.4.20]
uses the construction of a canonical Lévy process from a given 1.D. probability measure and the Lévy-It6
decomposition, see Section 4 of these notes. See also [5, Theorem 1, Section 3.18]
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By using Exercise 14, we may assert that each Wy corresponds to some (explicit) I.D.
probability distribution, which we denote by ug. By using the dominated convergence
theorem, we may then prove that Uy converges (pointwise) to a function ¥ (defined in the
same way as Wy but without truncating the integral) that is continuous at 0. Hence, by
Lévy’s theorem, the sequence (u) converges weakly to some pu € Mj(R?). The limit y is
1.D. by Proposition 3.3. ]

Proof of Proposition 4.1. Let us define Y; = Xpip — Xp for all t > 0. We will show that
forall 0 < 81 < 83 <...<58p, A€ Frand F: (R*)" — R continuous and bounded,

(A.26) E[F(Ys,,...,Y: )14l = E[F(X,,,..., X,,)]P(A).

This simultaneously proves that the processes X and Y have the same law (since they have
the same finite-dimensional distributions) and that Y is independent from Fp. We proceed
in two steps.

Step 1. Let us first assume that T takes its values in a countable set {¢,,},,>1. Then

(A27) E[F(YS17 e S'n 1A Z E Xt‘"b-"_sl Xt'rrﬂ e 7Xt7n+3n - Xt'm)lAﬂ{T:tm}]‘
m>1

Note that AN{T =t,,} € F;,,. By applying the simple Markov property (X has indepen-

dent increments) we get

(A.28)
E[F (Y, Yo )14l = D> BIF (Xtptsr = Xtgs -+ s Xty — Xi,)JP(AN{T = t}).

m>1

Since X has stationary increments, we obtain

E[F(Ys,. .., Ya)lal = > E[F(Xy,,..., X, )JP(AN{T = tm})
(A.29) m>1

=E[F(Xs,,...,Xs,)]P(A).
Step 2. In general, one can set

28T +1

(A.30) R

k e N.
(k)

The random sequence (7T}) converges a.s. and non-increasingly to T'. Define Y™/ = X7, 4s—
X7, for all s > 0 and note that Ys(k) a.s. converges to Yy as k — 0o, by right-continuity of

X. Therefore, we may write
E[F (Y, Ys,)1a] = lim E[F(Y;(k),...,Ys(n))lA]
(A.31) = lim E[F(Y®, ..., vM)P(A)

LY
k—o0 n

= E[F(Y,,...,Y,,)]P(A).

The first and third equalities above follow from the dominated convergence theorem, while
the second equality follows from the first step of the proof (T has a countable support and
one may check that A € Fp,_ for all k € N). [ ]

Proof of Proposition 4.2. To prove that X is I.D., write
(A.32) Xi= Y Xu—Xau

1<i<n
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and use that X has stationary and independent increments. Let us now prove the second
property. Let us fix u € R? and define, for all ¢ > 0, ®(t) := ¢x,(u). By Proposition 3.1,
we may write (1) = exp(¥(u)) for some continuous complex-valued function ¥. From
the definition of a Lévy process, one can check that ¢t — ®(t) is right-continuous and
O(t +s) = D(s)P(t). Necessarily, ®(t) = exp(t¥(u)). [ |

Proof of Theorem 4.1. The fact that a Lévy exponent is of the given form directly follows
from Proposition 4.2 and Theorem 3.1 (Lévy-Khintchine). To prove the reverse statement,
we pick ¥ of the given form and construct a Lévy process with corresponding Lévy expo-
nent . We proceed step by step.

Step 1. The map u € R? — i(b,u) — %(u, Aw) is the characteristic exponent of the Lévy
process t — bt + VAB, (\/Z is an abuse of notation for a matrix M such that A = M M?).

Step 2. If v does not put any mass on {z: |z[ < 1} then u € R? — [o, [e¥w2) — 1]u(dz) is
the characteristic exponent of a CPP(1,r), which is a Lévy process.

Step 3. Let us now assume that v only charges {z: |2| < 1} and satisfies [ |2|?v(dz) < oc.
Let N be a RPM on R x R? with intensity dt ® dv and define, for all n € Ny and t > 0,

(A.33) Xt(n) = / z AN (ds, dz).
(0,t]x{z: [z[>1/(n+1)}

By Proposition 2.7, this sequence of random variables converges a.s. and in L?({,P), as
n — 0o, to

(A.34) X = / z AN (ds, dz).
(0,t] x R4

It is not too difficult to check that (X;) has independent and stationary increments and
that it has the following characteristic exponent:

(A.35) ueR— +/ (ei<“’z> — 1 —i(u, z))u(dz)

R4
The remaining (and delicate) point is checking that (X;) has a.s. cadlag sample paths.
First, one may check that for all n > 1, (Xt(")) is a square-integrable centered martingale
w.r.t. time parameter ¢ and for the natural filtration (use Proposition 1.2). The rest of the

proof follows the same strategy as in the proof of Proposition 1.5 in Salez’s lecture notes
on stochastic calculus. By Doob’s inequality in L? (see Proposition A.3)

E( sup |Xs(ﬂ+k) _Xgn)|2> <4 sup E(’X§n+k) o Xén)|2>
0<s<t 0<s<t

(A.36)
= 4t/ 22v(dz).
z: ﬁdz\gﬁﬂ
Therefore, there exists an increasing sequence of integers (ny)g>o such that ng = 0 and
(A.37) E( sup | X (") — Xgnk+1)\2) <27k x 4t/ 22v(dz).
0<s<t |z|<1

| An alternative proof consists in using [1, Corollary 1.4.6] (canonical Lévy processes)
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By Fubini-Tonelli, we get

(A.38) E(Z sup |XS(7Lk) _X§Hk+l)|2> < oo,
k>0 0S5<t

This implies that for almost every w € Q, (X S(nk)(w))og s<t converges uniformly on [0, t] to

(Xs(w))o<s<t as k — oo. Applying Proposition A.2 completes the proof. [ |

Proof of Proposition 4.5. Use Proposition 4.4 and Proposition 2.6 with f(s,z) = |z|, m =
dt@vand N = 7. [ |

Proof of Proposition 4.6. Let t > 0. By the right-continuity of X, there are a.s. finitely
many jumps with modulus larger than one on (0,¢]. To deal with the small jumps, we
write

(A.39) E( 3 |AXS]2):t/ 12120(dz),

5€(0,] l2I=<1

[AX|<1
which is finite, since v is a Lévy measure. |
Proof of Theorem 4.2. See [3, Theorem 1.2] and [12, p. 78-9]. [ |
Proof of Proposition 4.7. Admitted. |

Proof of Proposition 4.8. To prove (i) use the monotonicity of ¢ — X; and the strong Law
of Large Numbers. Let us now prove (ii). We first prove the convergence in law. We have

(A.40) E(e ") = e 00/,

with

(A.41) to(r/t) = pr+ / t(1— e " Yu(dz).
(0,4-0)

The quantity inside the integral converges to 0 as t — 0. Moreover, for all ¢ € (0, 1),
(A.42) #1— e/ < t(l A %) — 1A (r2).

The right-hand side is integrable w.r.t. v so, by dominated convergence, we get that t¢(r/t)
converges to fr as t — 0. This proves the convergence in law. We refer to [2, Proposition
III 4.8] for a.s. convergence (martingale argument). [ |

Proof of Proposition 5.1. The space H?(T) is a subspace of the Hilbert space L?(dt®v®P)
hence it is enough to show that it is closed. If the sequence of predictable and square-
integrable functions (F},) converges to F in L?(dt ® v ® P) then it converges dt ® v ® P-a.e.
on a subsequence, so the limit F is predictable. |

Proof of Proposition 5.2. Sketch. (i) Adaptedness. Check first that I(F') is Fz-measurable
when F' is a simple predictable function. For a general predictable function F', use that
there exists a sequence of simple predictable functions such that (I;(F,,)) converges a.s. to
I,(F). (ii) Martingale property. Prove it first when F' is simple. Use that /\~/((u,v] x A)
is centered and independent of F,, (u < v). In the general case, use the approximation by

simple functions and the contractive property of conditional expectation in L%. We refer
to [1, Theorem 4.2.3] for details. [ |
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Proof of Theorem 5.1. We shall only treat the terms due to the jump component of the
Lévy process (the terms in (IIT)) and hereby assume that b(t) = o(t) = 0 for all t. To
simplify, we also assume that f only depends on the space variable. Let us first deal with
the first term in (III). Suppose that

t
(A.43) Xe — Xo = / K(s,z)N(ds,dz), B:={z:|z| <1}
0 JBe
Since v is a Lévy measure, we have v(B¢) < oo and we may write
(A.44) Xy —Xo= Z K(T;, Z;),
i<Ng

where (IVy) is a Poisson counting process with intensity v(B€) and the Z;’s are i.i.d. with
common law v(-NB€)/v(B¢). Thus (X}) is piecewise constant w.r.t the intervals [T}, Tp+1)
(with n € Ny) and for all t € [T},, Th,41),

f(Xy) = f(Xo) = f(Xr,) — f(X0)

= X)) = (X1,
Ai5) i;f( )= f(Xr,_,)

- Zf(XT; + K(T3, Zi) = f(Xp-),

which we may rewrite

F(Xe) = f(Xo) = Y f(Xp- + K(T3, Z3) — (X

(3
i<N,

(A.46) )
= [ [ 1+ K Gs,0) - 1IN s o)

Note that the integrand is indeed a predictable process. Let us now explain the second
and third terms in (III). To this purpose, suppose that

t ~
(A.47) Xe —Xo= / / H(s,z)N(ds,dz), B:={z:|z| <1}
o JB
We approximate this process by
t ~
(A.48) Xt(a) - Xo :/ H (s, z)N(ds,dz), B, :={z:e<|z| <1}
0 JB.

Using the same argument as above, we may write (for a different Poisson counting process
whose law depends on the truncation level € > 0):

t
(A.49) X\ - Xo= Y H(T, Z) - / H(s, 2)dsv(dz).
<N 0 /B

To simplify notations we omitted the dependence of (Vy), (7)) and (Z,) on . We now
proceed as in (A.46) but this time the decomposition reads, when ¢ € [T}, T),41):

(A.50) FXO) = f(Xo) = FX) = pXEN + Y 1)) - £ )]

1<i<n
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The expression in the sum above can itself be decomposed as

A - f(X%,)) + f(Xé?) - FXE )
(A.51)

2

= f(Xj(f_) + H(T;, Z;)) — f(Xj(,?) — /Ti ; F(XENVH (s, 2)dsv(dz).

We finally obtain
(A.52)

FIXE) — f(Xo)

/ / 9 4 H(s,2)) — (XN (ds, dz) — / FXVH (s, 2)dsv(dz2)
B 0 JBe
/ / 9 4 H(s,2)) — (XN (ds, dz)
(a S, Z — (E) —f (8) S, Z sviaz).
[ / E[f(Xsf +H(s,2)) = FX) = £/ H(s.2)Jdsu(dz)

It remains to justify the limit as ¢ — 0. To simplify, we first treat the case when H

and the derivatives of f are bounded (or alternatively that H and X are bounded). It
€)

e — 0. To this end we argue that Xt(e) converges to X; in L? as ¢ — 0 (Itd’s isometry)

is then enough to prove that Xé converges to X in L?, uniformly in 0 < s < ¢, as
and that (X ©_x s) is a martingale w.r.t the time parameter (Proposition 5.2). The
uniform convergence follows from Doob’s inequality in L? (Proposition A.3). The general
case follows by a stopping-time argument. |

Proof of Theorem 6.1 (Details of the proof without the large jumps). (1) We proceed by
induction on n. The statement is true for n = 0. Suppose that it is true for n — 1.
Let us first check that the process

(A.53) (s,z,w) — F(Ys(?_l)(w), z) is predictable.

The process Y~ has right-continuous sample paths by assumption, so (Y(nfl))

has left-continuous sample paths. Moreover, the latter process is adapted and does
not depend on the z-variable, so it is predictable. Since F'is (jointly) measurable,
(A.53) is proven. The integrability condition

(A.54) /Ot / - E[F(Ys(ffl)7 2)%v(dz) < oo, vt > 0.

can be readily checked by using Item (ii) in Assumption 6.1 and the assumption that
the process Y (=1 is a square-integrable martingale. We may now conclude with the
help of Proposition 5.2.

(2) For all s > 0,

(A.55) / /| P02 N(du, dz).

By the growth condition on F' and our assumption on Yy, we have

(A.56) E/S L F(Yp, 2)?duv(dz) < K(1 + E(YE))s < oo
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Moreover, the random function (s,w,z) — F(Yp(w), 2) is predictable so it belongs

to H2(t) for all ¢ > 0. Therefore, by Proposition 5.2, the process (Y;(I) - Yt(o)) is a
cadlag F-adapted square-integrable martingale. By Doob’s maximal inequality,
(A5 w4 s B YO =4t [ BEG,Pa).
0<s<t |z|<1
With the same line of arguments, one can show that for all n € N, (Yt(nﬂ) — Yt(n))
is a cadlag F-adapted square-integrable martingale and, by using Doob’s maximal
inequality and the Lipschitz condition,

t t
(A.58) Y1 () < 4K / E(v™ — v )2 < 4K / yn(5)ds.
0 0

Note: we realize that C}(t) does not depend on ¢ here, but it does when b # 0.
(3) By induction, we deduce from what precedes that for all n € N and ¢ > 0,
(ct)"
n!

(A.59) yn(t) < . c=AK[1+EY)).

Since ||Yt(n) - Yt(n_l)Hg < Vyn(t), we get that
n n—1
(A.60) SV =z < o,

n>1

which proves that (Yt(n)) is a Cauchy sequence in L?. Its limit is denoted by Y;.
(4) By the Chebyshev inequality,

4et)™
(A-61) P((sup [V =y D> 207) <4y () < et)”,
0<s<t n!
which implies that
(A.62) ZP( sup |Ys(n) _ Ys(n—1)| > 2—n) < too.

n>1 0<s<t

By the Borel-Cantelli lemma, we obtain that for almost every w € €1, there exists
n(w) such that

(A.63) sup [V (@) Y V@) <27 0> nw).
0<s<t

This implies that for a.c. w € Q and all t > 0, the sequence (Y (™ (w)),>1 converges
uniformly on [0,¢]. Therefore, the limit Y is adapted and cadlag.

(5) For all t > 0,
~ t ~
(A.64) VO - Tim [ IR0 - P )R s, ).
0 J|z|I<1

By using the isometry property of the stochastic integral and the Lipschitz condition
on F', we get

_ t
™ -T2 =E /0 / PO ) - R ) dsde)
(A.65) A=

t
< K x E/ (v —y,)2ds.
0
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Let us show that the right-hand side converges to zero as n tends to infinity. By

(n

using our previous estimates, the convergence of Y, ) to Y; in L? and the triangular

inequality, we get
(A.66) 1Y = Yills < 3] = 0,
k>n
and by Fatou’s lemma, for all 0 < s <,
(A.67) HY;(?) 2 < Z e ()]Y2 "2 0.

k>n

By injecting this estimate in (A.65), we see that Y;(n) converges to Y; in L2. This
convergence also holds a.s. on a subsequence. By uniqueness of limits, Y; = Y; a.s.

(6) Let Y and Y be two solutions of the SDE and define
(A.68) 6(t) = B| sup [y -y

0<s<t

With the same line of arguments as above, we get that
t
(A.69) i(t) < 4K/ d(s)ds, 0(0) = 0.
0

By Gronwall’s lemma (see Lemma A.4) we get that 6(¢) = 0 for all ¢ > 0. This

completes the proof.
|

Proof of Proposition 7.2. Let us first check that eX* is integrable for all ¢ > 0, with

(A.70) B(e¥) = exp (1[b + 3o + / ("~ 1 21 ().

We use the Lévy-It6 decomposition to split X; in four independent parts and only focus on
the jump parts. The large negative jump part (z < 1) can be dealt with via Proposition 2.5.
The large positive jump (z > 1) part can be dealt with via approximation by a non-
decreasing sequence of compound Poisson processes. The computation of the exponential
moments for compound Poisson processes follows the same line as in Exercise 4. Let us
now focus on the small jump part (|z| < 1). From what precedes, we let (X;,)i>0 be
the truncated Lévy process with triplet (0,0,vy), where vp(dz) = v(d2)lf,>1/n) and v
is supported by [—1,1]. Thanks to the interpretation in terms of a compound Poisson
process, one may explicitely compute:

(A.71) E(eXt") = exp (t/(ez 1 zl{l/n<‘z|gl})y(dz)>.

For every t > 0, the right-hand side converges to what we want as n — oo, so it remains
to prove that the left-hand side converges to E(e**). To this end we remark that ez Xtn
is a non-negative sub-martingale (in n). By Doob’s L? inequality for non-negative sub-
martingales [14, Section 14.11], we get
(A.72) E( sup eXt’") < 4B(eXeN),

n<N
Letting N — oo, we get that sup,>; eXtn is integrable. By dominated convergence, we
finally get (A.71) from (A.70).
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We now conclude. By the property of a Lévy process, we have for all 0 < s < t,
(A.73) Bl 7] = eXBleX | F] = B[],

so the process (eXt);>0 is a martingale iff E(eXt) = 1 for all ¢ > 0, and we get the desired
result.

Let us notice that the solution above is quite specific to the case when X is a Lévy
process, for which exponential moments are computable. Another standard approach,
which works beyond this case (for instance when X is a Lévy-type stochastic integral
satisfying appropriate assumptions) consists in applying Ito’s formula to e, writing it
as a Lévy-type stochastic integral with only a (local) martingale component and checking
integrability conditions, see for instance [1, Section 5. |

Proof of Proposition 7.3 (sketch for one implication). Assume o1 = o9(=: o). Let 0 =
to <t <...<ty,=t. We have

(tlz"-vtﬂ) 2
dP 1 [; — 21 — bi(ts — tiz1)]
A.74 -1 e Tp) = ——— — .
(AT G, @) (2ra2)n/2 mllneXp( 202(t; — ti1) )

By taking the logarithm and expanding the square, we see that the only term depending

on by is indeed:
b1 b3

[ ]

Proof of Proposition 7.4 (sketch). Let 0 = tg < t1 < ... <t,=tand 0 <k <...<k,
integers. We have

(A.76) PNy = ki, Ny, =kn) = [[ POPOU(ti —ti1)) = ki — kia).
1<i<n
By a straightforward computation, we get

Pi(Ny, =Fk1,..., Ny, = kp)

ATT
(A.77) Py(Ny, = k1, Ny, = kn)

— exp (()\2 )+ log()\l/)\g)),
from which we conclude. [ |

Proof of Proposition 7.5. To simplify, let us treat the case when vy and 15 are discrete with

finitely many (common) atoms {a1,as,...,an,}, that is
(A.78) =3 Mo, wm= Y e,
1<i<m 1<i<m

By assumption,

(A.79) r(R) = Z /\gi) < 00, (R) = Z )\g) < 0.
1<i<m 1<i<m

Moreover, we may write

(A.80) Xe= > aN?,

1<i<m
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where the N(’s are independent Poisson counting processes with respective rates )\gi)

under P; and )\g) under Py. For 1 < ¢ < m, we denote by sz’) the law of N under Py
and Pg) the law of N under P5. By independence,

(A.81) P,=PPe. .. oP™ pP=PVx. . oPi.
By Proposition 7.4, we have for 1 <i <m
apy’| (3) /40y Ar(3) () _ ()
(A.82) R —exp(log()\l IAIND — (2D A )t).
By taking the product, we get
dp{’ () /1)y () (@) _ 40
(A.83) H e exp( Z log A /AN Z D A )t).
1<i<m 2 1<i<m 1<i<m

We conclude by observing that
ST 10gA AN = 37 1og(A A Liax,—an

1<i<m 0<s<t
(A.84) dVl
— Z log (dVQ(AXS)),

0<s<t:
AX5#£0

and

(A.85) 3 AP -0 = n(R) - m(R).

1<i<m



[1]
2]
3]
[4]

[5]

[13]

[14]

[15]

JUMP PROCESSES 43

REFERENCES

D. Applebaum. Lévy processes and stochastic calculus, volume 93 of Cambridge Studies in Advanced
Mathematics. Cambridge University Press, Cambridge, 2004.

J. Bertoin. Lévy processes, volume 121 of Cambridge Tracts in Mathematics. Cambridge University
Press, Cambridge, 1996.

J. Bertoin. Subordinators: examples and applications. In Lectures on probability theory and statistics
(Saint-Flour, 1997), volume 1717 of Lecture Notes in Math., pages 1-91. Springer, Berlin, 1999.

R. Cont and P. Tankov. Financial modelling with jump processes. Chapman & Hall/CRC Financial
Mathematics Series. Chapman & Hall/CRC, Boca Raton, FL, 2004.

B. V. Gnedenko and A. N. Kolmogorov. Limit distributions for sums of independent random vari-
ables. Addison-Wesley Publishing Co., Reading, Mass.-London-Don Mills., Ont., revised edition, 1968.
Translated from the Russian, annotated, and revised by K. L. Chung, With appendices by J. L. Doob
and P. L. Hsu.

O. Kallenberg. Foundations of modern probability. Probability and its Applications (New York).
Springer-Verlag, New York, 1997.

I. Karatzas and S. E. Shreve. Brownian motion and stochastic calculus, volume 113 of Graduate Texts
in Mathematics. Springer-Verlag, New York, second edition, 1991.

J.-F. Le Gall. Brownian motion, martingales, and stochastic calculus, volume 274 of Graduate Texts
in Mathematics. Springer, [Cham], french edition, 2016.

R. Narasimhan and Y. Nievergelt. Complex analysis in one variable. Birkh&user Boston, Inc., Boston,
MA, second edition, 2001.

A. K. O. Garet. De l'intégration aux probabilités. Ellipses, 2011.

S. I. Resnick. Extreme wvalues, regular variation and point processes. Springer Series in Operations
Research and Financial Engineering. Springer, New York, 2008. Reprint of the 1987 original.

L. C. G. Rogers and D. Williams. Diffusions, Markov processes, and martingales. Vol. 1. Cambridge
Mathematical Library. Cambridge University Press, Cambridge, 2000. Foundations, Reprint of the
second (1994) edition.

K. Sato. Lévy processes and infinitely divisible distributions, volume 68 of Cambridge Studies in Ad-
vanced Mathematics. Cambridge University Press, Cambridge, 1999. Translated from the 1990 Japanese
original, Revised by the author.

D. Williams. Probability with martingales. Cambridge Mathematical Textbooks. Cambridge University
Press, Cambridge, 1991.

M. Winkel. Lévy processes and finance. http://www.stats.ox.ac.uk/ winkel/ms3b.html.



	1. Poisson processes and compound Poisson processes
	1.1. Poisson processes
	1.2. Compound Poisson processes

	2. Integration with respect to random Poisson measures
	2.1. Random measures
	2.2. Random Poisson measures
	2.3. Integration
	2.4. Compensated Poisson measures

	3. Infinite divisibility
	3.1. Infinitely divisible probability distributions
	3.2. Lévy-Khintchine Theorem

	4. Lévy processes
	4.1. Definition and strong Markov property
	4.2. Lévy-Itô decomposition
	4.3. Jump measure of a Lévy process
	4.4. Subordinators
	4.5. Limits of heavy-tailed random walks

	5. Stochastic integration
	5.1. Stochastic integral with respect to a random Poisson measure
	5.2. Itô's formula
	5.3. A bit of practice: integration with respect to a Poisson counting measure
	5.4. A quick look at infinitesimal generators

	6. Stochastic differential equations
	6.1. Existence and uniqueness of solutions
	6.2. Proof without the large jumps
	6.3. Proof with the large jumps

	7. Exponential martingales and change of measures
	7.1. Doléans-Dade exponential
	7.2. Exponential martingales
	7.3. Change of measures

	8. Application to finance
	8.1. Reminders on arbitrage opportunities, contingent claims and complete markets
	8.2. Reminders on the Black-Scholes pricing formula
	8.3. Merton's model

	9. Beyond the Markov property : Hawkes processes
	Appendix A. 
	A.1. Hilbert spaces
	A.2. Measurability
	A.3. Simple functions
	A.4. Weak convergence
	A.5. Càdlàg martingales
	A.6. Grönwall's lemma

	Proofs
	References

