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1. INTRODUCTION

These lecture notes aim at providing a self-contained introduction to Lévy
processes. We start by defining Lévy processes and study a simple but very
interesting example: a Lévy jump-diffusion.

2. DEFINITION OF LEVY PROCESSES

2.1. Notation and auxiliary definitions. Let (2, 7, F,P) denote a sto-
chastic basis, or filtered probability space, i.e. a probability space (2, F,IP)
endowed with a filtration F = (F3)¢>0.

A filtration is an increasing family of sub-c-algebras of F, i.e. Fs C Fy
for s <t. By convention Foo = F and Foo— = \/, 5 Fs.

A stochastic basis satisfies the usual conditions if it is right-continuous,
i.e. Fy = Fiy, where Fyy = (1,5, Fs, and is complete, i.e. the o-algebra F is
IP-complete and every F; contains all IP-null sets of F.

Definition 2.1. A stochastic process X = (X;);>0 has independent incre-
ments if, for any n > 1 and 0 < tg < t; < --- < t,, the random variables
Xy Xy — Xty ...y Xy, — Xy, , are independent.

Alternatively, we say that X has independent increments if, for any 0 <
s < t, Xy — X, is independent of Fj.

Definition 2.2. A stochastic process X = (X);>0 has stationary incre-
ments if, for any s,t > 0, the distribution of X;;s — X does not depend
on s. Alternatively, we say that X has stationary increments if, for any
0 <s<t, Xy — X, is equal in distribution to X;_;.

Definition 2.3. A stochastic process X = (X;)i>0 is stochastically contin-
wous if, for every t > 0 and € > 0

ImP(|Xs — X¢| >€) =0.

s—t
2.2. Definition of Lévy processes.
Definition 2.4 (Lévy process). An adapted, R%valued stochastic process
X = (Xt)t>0 with Xo = 0 a.s. is called a Lévy process if:

(L1) X has independent increments,
(L2) X has stationary increments,
(L3) X is stochastically continuous.

In the sequel, we will always assume that X has cadlag paths. The next
two results provide the justification.

Lemma 2.5. If X is a Lévy process and Y is a modification of X (i.e.
P(X; #Y;) =0 a.s. for each t > 0), then' Y is a Lévy process and has the
same characteristics as X .

Proof. [App09, Lemma 1.4.8]. O

Theorem 2.6. Every Lévy process has a unique cadlag modification that is
itself a Lévy process.

Proof. [App09, Theorem 2.1.8] or [Pro04, Theorem 1.30]. O



STOCHASTIC ANALYSIS FOR JUMP PROCESSES 3

FIGURE 2.1. Sample paths of a linear drift processs (top-
left), a Brownian motion (top-right), a compound Poisson
process (bottom-left) and a Lévy jump-diffusion.

2.3. Examples. The following are some well-known examples of Lévy pro-
cesses:

e The linear drift is the simplest Lévy process, a deterministic process;
see Figure for a sample path.

e The Brownian motion is the only non-deterministic Lévy process
with continuous sample paths; see Figure for a sample path.

e The Poisson, the compound Poisson and the compensated (com-
pound) Poisson processes are also examples of Lévy processes; see
Figure [5.3] for a sample path of a compound Poisson process.

The sum of a linear drift, a Brownian motion and a (compound or com-
pensated) Poisson process is again a Lévy process. It is often called a “jump-
diffusion” process. We shall call it a Lévy jump-diffusion process, since there
exist jump-diffusion processes which are not Lévy processes. See Figure [5.3
for a sample path of a Lévy jump-diffusion process.

3. TOoYy EXAMPLE: A LEVY JUMP-DIFFUSION

Let us study the Lévy jump-diffusion process more closely; it is the sim-
plest Lévy process we have encountered so far that contains both a diffusive
part and a jump part. We will calculate the characteristic function of the
Lévy jump-diffusion, since it offers significant insight into the structure of
the characteristic function of general Lévy processes.

Assume that the process X = (X;);>0 is a Lévy jump-diffusion, i.e. a
linear deterministic process, plus a Brownian motion, plus a compensated



4 ANTONIS PAPAPANTOLEON

compound Poisson process. The paths of this process are described by
Ny
Xy = bt + oW, + (ij—t)\ﬁ), (3.1)
k=1

where b € R, 0 € Ryg, W = (Wy)>0 is a standard Brownian motion,
N = (Ni)>0 is a Poisson process with intensity A € Rxg (i.e. IE[Ny] = At),
and J = (Ji)k>1 is an i.i.d. sequence of random variables with probability
distribution F' and E[J;] = 5 < oo. Here F describes the distribution of
the jumps, which arrive according to the Poisson process N. All sources of
randomness are assumed mutually independent.

The characteristic function of X, taking into account that all sources of
randomness are independent, is

N
B[] = B exp (iu(bt + Wi + > Jp — tAn)) |
k=1

N
= exp [iubt]]E[exp (iuaWt)} E [exp (zu zt: Jp — iut)\/@)} ;
k=1

recalling that the characteristic functions of the normal and the compound

Poisson distributions are
1 2 2t

E[eWt] = e727 %t W, ~ N(0,1)

IE[ei“ZkNll ) = MEEMR-I) N Poi(At)
(cf. Example and Exercise [1f), we get

1u202t_ exp _)\t(]E[ew‘]’“ —1] - zu]E[Jk])}

= exp [iubt] exp [ 5

- 1 - - .
= exp [iubt] exp | — §u202t exp )\t(]E[eWJ’C —-1- iqu])};
and since the distribution of Jj is F' we have
- 1 - - .
= exp [iubt] exp | — §u202t exp )\t/ (e —1— zux)F(dx)}
) _ R
Finally, since ¢ is a common factor, we can rewrite the above equation as

E[eXt] = exp [t (z'ub - “22"2 + / (et —1 — iux))\F(d:n))} . (32)
R

We can make the following observations based on the structure of the char-
acteristic function of the random variable X; from the Lévy jump-diffusion:

(O1) time and space factorize;

(O2) the drift, the diffusion and the jump parts are separated;

(O3) the jump part decomposes to A x F, where X is the expected number
of jumps and F' is the distribution of jump size.

One would naturally ask if these observations are true for any Lévy process.
The answer for (O1) and (O2) is yes, because Lévy processes have stationary
and independent increments. The answer for (O3) is no, because there exist
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Lévy processes with infinitely many jumps (on any compact time interval),
thus their expected number of jumps is also infinite.

Since the characteristic function of a random variable determines its dis-
tribution, provides a characterization of the distribution of the random
variables X; from the Lévy jump-diffusion X. We will soon see that this dis-
tribution belongs to the class of infinitely divisible distributions and that
equation is a special case of the celebrated Lévy-Khintchine formula.

3.1. The basic connections. The next sections will be devoted to estab-
lishing the connection between the following mathematical objects:

e Lévy processes X = (X;)i>0

e infinitely divisible distributions p = £(X1)

e Lévy triplets (b, c,v).
The following commutative diagram displays how these connections can be
proved, where LK stands for the Lévy—Khintchine formula, LI for the Lévy—

1t6 decomposition, C'F'E for the Cauchy functional equation and SII for
stationary and independent increments.

SII

(Xt)i>0 L(X1)=p
CFE LI
LI %
(b,c,v)

F1GURE 3.2. The basic connections between Lévy processes,
infinitely divisible distributions and Lévy triplets.

Exercise 1. Let X = (X¢):>0 be a compound Poisson process with intensity
A > 0 and jump distribution F, i.e.

N
Xt = Z Jk?
k=1

where N = (N¢)¢>0 is a Poisson process with IE[N;] = At and J = (J)x>0
is an i.i.d. sequence of random variables with distribution F'. Show that

E [ei“Xt] = exp )\t/(ei“x — 1)F(dz)
R

Exercise 2. Consider the setting of the previous exercise and assume that
@[Jk] = £ < oo. Show that the compensated compound Poisson process
X = (X¢)t>0 is a martingale, where

X, =X, — \gt.
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4. INFINITELY DIVISIBLE DISTRIBUTIONS

4.1. Notation and auxiliary results. Let X be a random variable and
denote by PPx its law, by ¢x its characteristic function, and by My its
moment generating function. They are related as follows:

ox(u) = IE[e’(“’Xq = /ei<“’X>dIP = /ei<u’I>IPX(d:U) = Mx(iu), (4.1)
Q Rd
for all u € R%.

Let p be a probability measure; we will denote by p its characteristic
function (or Fourier transform), i.e.

ptu) = [ g, (42)

R4
Let S C R? we will denote by B(S) the Borel o-algebra of S and by
Byy(S) the space of bounded, Borel measurable functions from S to R. We

will also denote convergence in law by i>, weak convergence by — and
uniform convergence on compact sets by ——.
We also recall some results from probability theory and complex analysis.

Proposition 4.1. Let p, pp, n € N, be probability measures on R,
(1) If pn — p then py(u) — pu).
(2) If pn(u) — p(u) for every u, then p, — p.
(3) Let f,fn, :R* = C, n=1,2,..., be continuous functions such that

f(0) = f,(0) =1 and f(u) # 0 and f,(u) # 0, for any u and any n.
If fo(u) =5 f(u), then also log fn(u) —= log f(u).

Proof. For (1) and (2) see [Shi96, p. 325], for (3) see [Sat99, Lemma 7.7]. O

Theorem 4.2 (Lévy continuity theorem). Let (pp)nen be probability mea-
sures on RY whose characteristic functions p,(u) converge to some function
pn(uw), for all u, where p is continuous at 0. Then, p is the characteristic

function of a probability distribution p and py LN 0.
Proof. [Dud02, Theorem 9.8.2] O

4.2. Convolution. Let u, p be two probability measures on R?. We define
the convolution of p and p as

(1 p)(4) = / / La( + y)u(da) p(dy), (4.3)
Rd Rd
for each A € B(RY).

Denote by A —z := {y —x : y € A}, then we have that 14(z +y) =
1a—2(y) = 1a—y(2), and Fubini’s theorem yields

(e p)(@) = [ WA= )p(de) = [ A= puldy). (1)

R4 R4

Proposition 4.3. The convolution of two probability measures is again a
probability measure.
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Proof. [App09] Proposition 1.2.1]. O
Definition 4.4. We define the n-fold convolution of a measure p as

P =px-xp. (4.5)
—_——

n times

We say that the measure p has a convolution n-th root if there exists a
measure p, such that

p=(pa)™ (4.6)
In the sequel we will make use of the following results.

Proposition 4.5. Let p1, pa, be Borel probability measures on R and let
f € By(R?), then

[10eman = [ [ 1@+ vm@om@). @)
Rd Rd R4
Proof. [App09, Proposition 1.2.2(1)]. O

Corollary 4.6. Let X1, Xo be independent random variables with marginals
P1, P2- Then, fOT’ any f € Bb(Rd)

ELf(X, + X2)] = / F(2) (o1 % po)(da). (48)
Rd

In particular, for the indicator function we get
IP(X1 + X0 € A) = E[lA(Xl + XQ)] = (p1 * pg)(A), (49)
where A € B(RY).

Proof. Direct consequences of independence and Proposition [4.5 U

4.3. Infinite divisibility. We start by defining infinitely divisible random
variables and then provide some properties of their probability distributions
and characteristic functions.

Definition 4.7. A random variable X is infinitely divisible if, for all n € N,

there exist i.i.d. random variables X {n), e ,Xr(Ln) such that
XL xM™ g xm, (4.10)

The next result provides some insight into the structure of infinitely di-
visible distributions.

Proposition 4.8. The following are equivalent:
(1) X is infinitely divisible;
(2) Px has a convolution n-th root that is itself the law of a random
variable, for all n € N;
(3) px has an n-th root that is itself the characteristic function of a
random variable, for all n € N.
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Proof. (1) = (2) Since X is infinitely divisible, we have for any A € B(R?)
Px(A) =P(X € A) =P(X" +... 4+ XM € A)
= (]PXYL) ek ]PXQ"))(A) (by independence and (4.9))
=Py *-*Pym)(4) (by identical laws)
= (Pxw)™(A). (4.11)

(2) = (3) Since IPx has a convolution n-th root, we have

ox(u) = /ei<“’x>]PX(da:) = /ei<“’x> (P s (n) * -+ % P () ) (d)

R R
= /.../ei<“’$1+"'+I”>IPX<n> (dz1) ... P y(m) (day,) (Prop.
Re  Rd

= H/ei<u’xi>]l3x(n) (dz;) (by independence)
i=1
R

= [T exe @) = (%«m(u))n- (4.12)
=1

(3) = (1) Choose an), e ,Xﬁbn) to be independent copies of a given r.v.
X () Since the characteristic function has an n-th root, we get

E[e"Y] = px(u)

= (<PX<n> (u)>n = ﬁ%{}”) (u)

; (m) .. (n)
= ]E[eZ<u’X1 ot X >} (by independence), (4.13)
and the result follows, since the characteristic function deteremines the law
of a random variable. O

These results motivate us to give the following more general definition of
infinite divisibility.
Definition 4.9. A probability measure p is infinitely divisible if, for all
n € N, there exists another probability measure p, such that

P =Pk kpp. (4.14)
|
n times

Proposition 4.10. A probability measure p is infinitely divisible if and only
if, for all n € N, there exists another probability measure p, such that

n
plu) = () (4.15)
Proof. Similar to the proof of Proposition thus left as an exercise. [

Next, we will discuss some properties of infinitely divisible distributions,
in particular that they are closed under convolutions and weak limits.

Lemma 4.11. If u, p are infinitely divisible probability measures then p* p
is also infinitely divisible.
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Proof. Since i and p are infinitely divisible, we know that for any n € N it
holds

= ()™ and  p= (p)"™. (4.16)

Hence, from the commutativity of the convolution we get that

pxp = ()" * (pn)™ = (i * pn)™". O
Lemma 4.12. If p is infinitely divisible then p(u) # 0 for any u € R?.

Proof. Since p is infinitely divisible, we know that for every n € N there
exists a measure p,, such that p = (p,,)". Using [Sat99, Prop. 2.5(v)] we have
that |p,(u)|?> = |p(u)[*/™ is a characteristic function. Define the function

p(u) = lim [p,(w)® = lim [5(u)

n—o0 n—oo

0, if plu) = 0.

Since p(0) = 1 and p is a continuous function, we get that ¢(u) = 1 in a
neighborhood of 0. Now, using Lévy’s continuity theorem we get that ¢(u)
is a continuous function, thus ¢(u) = 1 for all u € RY. Hence p(u) # 0 for
any u € R%. O

Lemma 4.13. If (pr)k>0 is a sequence of infinitely divisible distributions
and prp — p, then p is also infinitely divisible.

Proof. Since p, — p as k — oo we get from Proposition (1) that
pr(2) == p(z) and pis the characteristic function of the probability measure
p. In order to prove the claim, it suffices to show that p*/" is well-defined
and the characteristic function of a probability measure. Then, the trivial
equality p(z) = (p(2)")"/™ yields that p is infinitely divisible.

Since py and p are characteristic functions, we know that they are con-
tinuous and py(0) = p(0) = 1 for every k. Moreover, py, is the characteristic
function of an infinitely divisible distribution, thus from Lemma[4.12] we get
that pg(u) # 0 for any k,u. One can also show that p(u) # 0 for every u, see
[Sat99, Lemma 7.8]. Therefore, we can apply Proposition (3) and we get
that log pr(u) — log p(u), hence also pg(u)'/™ =5 p(u)'/", for every n, as
k — oo. We have that ﬁ,lﬂ/ " is a continuous function, and using the uniform
convergence to p'/", we can conclude that this is also continuous (around
zero). Now, an application of Lévy’s continuity theorem yields that p!/™ is
the characteristic function of a probability distribution. O

4.4. Examples. Below we present some examples of infinitely divisible dis-
tributions. In particular, using Proposition we can easily show that the
normal, the Poisson and the exponential distributions are infinitely divisible.
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Example 4.14 (Normal distribution). Let X ~ N (u,0?), then we have

1 1 ,0?
ox(u) = exp <iuu - 2u202) = exp <n [iuﬁ - u20]> (4.17)
n

(n’n'
(

Example 4.15 (Poisson distribution). Let X ~ Poi()), then we have

wx(u) = exp ()\(ew — 1)) = <exp {%(ei“ - 1)})71 (4.18)

n
= (sz<n) (U)> ;
where X () ~ Poi(%).
Example 4.16 (Exponential distribution). Let X ~ Exp()), then we have

T

= <90X<n) (U)) :
where X (™) ~ I'(L, ).

ex(u)

Remark 4.17. Other examples of infinitely divisible distributions are the
geometric, the negative binomial, the Cauchy and the strictly stable distri-
butions. Counter-examples are the uniform and the binomial distributions.

Exercise 3. Show that the law of the random variable
Ny
Xy=bt+oWy+ Y Jp, (>0, fixed) (4.20)
k=1
is infinitely divisible, without using Proposition [£.8]

4.5. Lévy processes have infinitely divisible laws. We close this sec-
tion by taking a glimpse of the deep connections between infinitely divis-
ible distributions and Lévy processes. In particular, we will show that if
X = (Xi)t>0 is a Lévy process then X; is an infinitely divisible random
variable (for all ¢ > 0).

Lemma 4.18. Let X = (X¢)i>0 be a Lévy process. Then the random vari-
ables Xy, t > 0, are infinitely divisible.

Proof. Let X = (Xt)¢>0 be a Lévy process; for any n € N and any ¢ > 0 we
trivially have that

Xt:XL—i-(Xg—XL)—i-...—‘r(Xt—X(nfmt). (4.21)

n

The stationarity of the increments of the Lévy process yields that

d
Xee — Xog—r) = X,
n Py n
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for any k > 1, while the independence of the increments yields that the
random variables X & — X:x-1), k > 1, are indepedent of each other. Thus,

(Xt —X—1) Jk>1 is an 1.i.d. sequence of random variables, and from Defini-
tion [.7] we conclude that the random variable X, is infinitely divisible. O

5. THE LEVY—KHINTCHINE REPRESENTATION

The next result provides a complete characterization of infinitely divisible
distributions in terms of their characteristic functions. This is the celebrated
Lévy-Khintchine formula. B. de Finetti and A. Kolmogorov were the first
to prove versions of this representation under certain assumptions. P. Lévy
and A. Khintchine indepedently proved it in the general case, the former by
analyzing the sample paths of the process and the latter by a direct analytic
method.

5.1. Statement, “if part”. We first define a Lévy measure and then state
the Lévy—Khintchine representation and prove the “if part” of the theorem.

Definition 5.1 (Lévy measure). Let v be a Borel measure on R%. We say
that v is a Lévy measure if it satisfies

V({0}) =0  and /(yx2A1)u(dx)<oo. (5.1)
Rd

Remark 5.2. Since |z]> Ae < |z[? A1 for all 0 < & < 1, it follows that
V((—a, E)C) < oo for all € > 0. In other words, any Lévy measure becomes a
probability measure once restricted to the complement of an e-neighborhood
of the origin (after an appropriate normalization).

Theorem 5.3 (Lévy-Khintchine). A measure p is infinitely divisible if and
only if there exists a triplet (b, c,v) with b € R?, ¢ a symmetric, non-negative
definite, d x d matriz, and v a Lévy measure, such that

u, cu)

p(u) =exp | i(u,b) — < 5 + / (e"<u’””> —1—i(u,z)1p)v(dz) | . (5.2)

Rd

Here D denotes the closed unit ball in R?, i.e. D := {|z| < 1}.

Definition 5.4. We will call (b,c,v) the Lévy or characteristic triplet of
the infinitely divisible measure p. We call b the drift characteristic and ¢ the
Gaussian or diffusion characteristic.

Example 5.5. An immediate consequence of Definitions and and
Theorem [5.3] is that the distribution of the r.v. X; from the Lévy jump-
diffusion is infinitely divisible with Lévy triplet

<b — /Cx)\F(dx),GZ,)\ X F) .
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Proof of Theorem “If” part. Let (en)nen be a sequence in R, monotonic

and decreasing to zero (e.g. e, = %) Define for all u € R? and n € N
pn(u) = exp <z<u, b— / azy(da:)> - (u,2cu> + / (elwa) — 1)V(da:)>.
en<|z|<1 |z|>en

Each p, is the characteristic function of the convolution of a normal and a
compound Poisson distribution, hence p,, is the characteristic function of an
infinitely divisible probability measure p,. We clearly have that

lim pn(u) = p(u).
n—oo
Then, by Lévy’s continuity theorem and Lemma p is the characteristic

function of an infinitely divisible law, provided that p is continuous at 0.
Now, continuity of p at 0 boils down to the continuity of the integral term

in , i.e.
Wy (u) = / (% — 1 — i (u, ) 1p(z))v(dz)

R4
= /(ei<“’””> —1—i{u,z))v(dz) + /(e’(“’”"’> — 1)v(dx).
D De

Using Taylor’s expansion, the Cauchy—Schwarz inequality, the definition of
the Lévy measure and dominated convergence, we get

)] < 5 [ 1w Poa) + [ 16— 1p(da)
D D¢

|u|2 2 i(u,x)
< 5 |z%|v(dx) + [ [e"“* — 1|v(dx)
D De

—0 as u—0. O

Exercise 4 (Frullani integral). (i) Consider a function f such that f exists
and is continuous, and f(0), f(co) are finite. Show that

7’ 1) = T8 gy — (1(0) ~ (o0 1o <b> ’
0

a
for b > a > 0.

(i) Consider the function f(z) =e Fandseta=a >0andb==a—=z
with z < 0. Show that

o0
B _ 1
2T 1\Zemazy ) — .
exp(/(e )xe x A= 2/a)
0
Explain why this equality remains true for z € C with Rz < 0.

Exercise 5. Consider the I'(a, 8) distribution, described by the density

aﬁ

fa,ﬂ(x) — mlﬂflefam’

concentrated on (0, 00).
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(i) Compute the characteristic function of the I'(«, ) distribution and
show it is infinitely divisible.
(7i) Show that the Lévy triplet of the I'(«, 8) distribution is

1
b= /mu(dm), c=0, v(dz)=pz e *dx.
0
5.2. Truncation functions and uniqueness. We will now introduce trun-
cation functions and discuss about the uniqueness of the representation (/5.2)).

The integrand in (5.2)) is integrable with respect to the Lévy measure v
because it is bounded outside any neighborhoud of zero and

T 1 iy 2 1p(z) = O(|z|? as |z =0 5.3
(u,z) 1p(z) = O(|z]%) 2] — 0, (5.3)

for any fixed u. There are many other ways to construct an integrable in-
tegrand, and we will be particularly interested in continuous ones because
they are suitable for limit arguments. This leads to the notion of a trunca-
tion function. The following definitions are taken from [JS03| and [Sat99)
respectively.

Definition 5.6. A truncation function is a bounded function h : R — R4
that satisfies h(xz) = x in a neighborhood of zero.

Definition 5.7. A truncation function A’ : R — R is a bounded and
measurable function, satisfying

W(z)=1+o(|z]), as|z]—0,
W(z)=0(1/|z]), as|z] — cc.

Remark 5.8. The two definitions are related via h(x) = z - h'(z).

Example 5.9. The following are some well-known examples of truncation
functions:

(i) h(z) = z1lp(x), typically called the canonical truncation function;

(ii) h(z) =0 and h(z) = z, are also commonly used truncation functions;
note that contrary to the other two examples, these are not always
permissible choices;

(iii) h(z) = 1+Q\CT|2’ a continuous truncation function.

The Lévy—Khintchine representation of p in (5.2)) depends on the choice
of the truncation function. Indeed, if we use another truncation function h
instead of the canonical one, then (5.2) can be rewritten as

(u, cu)

b [ = 1 b)) (o) |

R4

p(u) =exp | i (u,bp) —

with by, defined as follows:

by = bt / (h(z) — 21p(2))(de). (5.7)

Rd
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FI1GURE 5.3. Illustration of the canonical and the continuous
truncation functions from Example

If we want to stress the dependence of the Lévy triplet on the truncation
function, we will denote it by

(bp, e, V)n or (b,c,v)p.
Note that diffusion characteristic ¢ and the Lévy measure v are invariant
with respect to the choice of the truncation function.

Remark 5.10. There is no rule about which truncation function to use,
among the permissible choices. One simply has to be consistent with ones
choice of a truncation function. That is, the same choice should be made for
the Lévy—Khintchine representation of the characteristic function, the Lévy
triplet and the path decomposition of the Lévy process.

Example 5.11. Let us revisit the Lévy jump-diffusion process (3.1). In
this example, since the Lévy measure is finite and we have assumed that
E[Jx] < oo, all the truncation functions of Example are permissible.
The Lévy triplet of this process with respect to the canonical truncation
function was presented in Example The triplets with respect to the zero
and the linear truncation functions are

(b—/:pAF(dx),aQ,)\ X F) and  (b,0”,Ax F),,.
R 0

Although the Lévy—Khintchine representation depends on the choice of
the truncation function, the Lévy triplet determines the law of the distribu-
tion uniquely (once the truncation function has been fixed).

Proposition 5.12. The representation of p by (b,c,v) in (5.2)) is unique.

Sketch of Proof. We will outline the argument for the diffusion coefficient ¢;
the complete proof can be found in [Sat99, Theorem 8.1(ii)].

Let p be expressed by (b, ¢, v)according to (5.2]). By Taylor’s theorem we
get that

- 1
W) — 1 — i (u, ) 1p(z)] < 5|u|2|x|21D(gc) +21pe(z).  (5.8)
Since the exponent in ([5.2)) is continuous in u, we have

log p(su) = _82<u,2(:u> +is (u,b) + / (ei5<“7‘”> —1—is(u,z) 1p(z))v(dz),
Rd
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for s € R. Now, by (5.8) and dominated convergence we get

(u, cu)
2 Y

Therefore, the diffusion coefficient ¢ is uniquely identified by p. The proof for

v is analogous, while once ¢, v are uniquely determined, then b is identified
as well. 0

s 2log p(su) — — as s — o0. (5.9)

5.3. Proof, “only if” part. The next theorem contains an essential step
in the proof of the “only if” part of the Lévy—Khintchine representation
(Theorem . We denote by Cy the space of bounded continuous functions
f :R? = R, vanishing in a neighborhood of 0.

Theorem 5.13. Let ' : R — R be a continuous truncation function, i.e.
satisfying and . Suppose that p,, n € N, are infinitely divisible
distributions on R% and that each py, has the Lévy—Khintchine representation
with triplet (Bn,cn,vn)n. Let p be a probability distribution on R?. Then
pn — p if and only if (i) p is infinitely divisible and (ii) p has the Lévy—
Khintchine representation with triplet (B, c,v)n, where 5, c and v satisfy the
following conditions:

(1) If f € Cy then

lim [ f(z)v,(do) /f (5.10)

n—o00
Rd

(2) Define the symmetric, non-negative definite matrices cy e via

(U, epeu) = (u, cpu) + / (u, z)? v, (dz). (5.11)
|z[<e
Then
lelﬁ)l hgs;p | (u, eneu) — (u,cu) | =0 forue R4, (5.12)
(3) Bn — B.

Proof. “Only If” part. Assume that p, — p. Then p is infinitely divisible
(by Lemma ...) and p(u) # 0 for all u (by Lemma ...). It follows from
Lemma ...and Proposition ...that

log pn(u) — log p(u) (5.13)
uniformly on any compact set.
Define the measure ¢,(dz) = (|z|?> A 1)v,(dz), and note that ¢,(RY) =
Jga &n(dz) < oo by the definition of the Lévy measure. We claim that (¢;,)
is tight, i.e. that

sup ¢, (RY) < oo and  lim sup / on(dx) = 0; (5.14)
n =00 n
|z|>1
for a proof of the tightness of (¢,) we refer to [Sat99, pp....]. Then, by
Prokhorov’s selection theorem [...] there exists a subsequence (¢, ) that

converges to some finite measure ¢.
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Now, define v via: v({0}) = 0 and v(dz) = (|z|*> A 1)71¢(dz) on the set
{]z| > 0}. The measure ¢ might have a point mass at 0, but this is ignored
when defining v. Let

glu,z) =" — 1 — i (u, h(x)), (5.15)

which is bounded and continuous in z, for fixed u, due to the choice of a
continuous truncation function h. We have that

log (1) = — = {ut, Ants) +1 {u, ) + / o(u, )y (dz)

2
Rd
1
= _5 <u? An,€u> + { <u7 Bn> + In,e + Jn,e, (516)
where
1
o= [ (o0 + g ) (P A1 pu(dn) 5D
|z <e
and
Jne = / g(u,:c)(\ac]2 A 1)_1pn(dx). (5.18)
|z|>e

Let E:={e>0: f\x|:e p(dz) = 0}, then

lim J,, , — / g, 2)(|2]2 A 1)~ p(da) (5.19)
k—o00
|z|>€
hence
g e = / g9(u, z)v(dz), (5.20)
R4
because g € Cy. Furthermore,
li Ine| =0, 5.21
i sup [ (5.21)
since
1 2 2 -1
g(u, x) + 3 (u,2)” | (|x|* A1) —450 0, (5.22)

by the definition of the truncation function h.
Consider the real and imaginary part in ([5.16|) separately, then:
lim sup (u, B, ) = likm inf (u, B, ) = Bn, — B, (5.23)
—00

k—o0

(5.24)

It follows that p(u) has the Lévy—Khintchine representation with triplet
(B, c,v)p and that (1), (2), (3) hold via the subsequence (py, ). The /3, ¢ and
v in the triplet are unique, hence the results hold for any subsequence and
thus for the whole sequence. O

Finally, using the “only if” part of Theorem [5.13|we are ready to complete
the proof of Theorem
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Proof of Theorem “Only If” part. Let p be an infinitely divisible distri-
bution. Choose a sequence t, | 0 arbitrarily, and define p,, via

ulu) = exp (11 (' ~ 1) ) =exp [ &1 [ (&) 1) g (ao)
R4\ {0}
(5.25)

Clearly, the distribution p, is compound Poisson and thus also infinitely
divisible. Moreover, Taylor’s expansion yields

pn(u) = exp (tgl (et" log p(u) _ 1)) = exp (t," (¢, log p(u) + O(ti)))

— exp <log lu) + O(tn)>, (5.26)

for fixed u, as n — oo. Hence p,,(u) — p(u) as n — oo.

Since p,, is infinitely divisible it has the Lévy—Khintchine representa-
tion for some triplet (by, cn, Vpn)n (in this case with A = 0). However,
pn(u) — p(u) implies that p, — p, by Proposition Hence, using
Theorem yields that p has the Lévy—Khintchine representation with
some triplet (b, c,v),. Now, we can rewrite this as and the result is
proved. O

Corollary 5.14. Every infinitely divisible distribution is the limit of a se-
quence of compound Poisson distributions.

5.4. The Lévy—Khintchine formula for Lévy processes. In section [1.5]
we showed that for any Lévy process X = (X¢):>0, the random variables X
are infinitely divisible. Next, we would like to compute the characteristic
function of X;. Since X} is infinitely divisible for any ¢ > 0, we know that
X is also infinitely divisible and has the Lévy—Khintchine representation in
terms of some triplet (b, ¢, v).

Definition 5.15. We define the Lévy exponent ¢ of X by

W(u) =i (u,b) — <“20“> +/(e2‘<u@> —1—i(u,z) 1p(z))v(dz), (5.27)
R
where
IE[ei<u’X1>] = V() (5.28)
Theorem 5.16. Let X = (X¢)i>0 be a Lévy process, then
E[ei<“’X’5>] = o), (5.29)

where 1 is the Lévy exponent of X.

Proof. Define the function ¢, (t) = IE[e?{*X#)]. Using the independence and
stationarity of the increments we have that

¢u(t + S) _ E[ei(u,Xt+s>] _ E[ei(u,Xt_._S—XS)e(iu,Xs)]
= B[/ XINEY)) = ¢, (1) du(s). (5.30)

Moreover, ¢,(0) = E[e®X0)] = 1 by definition. Since X is stochastically
continuous we can show that ¢ — ¢, (t) is continuous (cf. Exercise [6]).
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Notice that (5.30) is Cauchy’s second functional equation. The unique
continuous solution to this equation has the form

Pu(t) = e, where ¥:RY— C.
Now the result follows since X is infinitely divisible, which yields
du(1) = Ble!wX1)] = e¥(®),
O

Corollary 5.17. The infinitely divisible random variable X; has the Lévy
triplet (bt, ct,vt).

Exercise 6. Let X = (X¢):>0 be a stochastically continuous process. Show
that the map t — oy, (u) is continuous for every u € R

Exercise 7. Let X be a Lévy process with triplet (b, ¢, v). Show that —X
is also a Lévy process and determine its triplet.

6. THE LEVY-ITO DECOMPOSITION

In the previous sections, we showed that for any Lévy process X = (X¢)¢>0
the random variables X;, ¢ > 0 have an infinitely divisible distribution and
determined this distribution using the Lévy—Khintchine representation. The
aim of this section is to prove an “inverse” result: starting from an infinitely
divisible distribution p, or equivalently from a Lévy triplet (b, ¢, v), we want
to construct a Lévy process X = (X¢);>0 such that Px, = p.

Theorem 6.1. Let p be an infinitely divisible distribution with Lévy triplet
(b,c,v), where b € R?, ¢ e Sio and v is a Lévy measure. Then, there exists a
probability space (Q, F,P) on which four independent Lévy processes exist,
XD XD where: XY is a constant drift, X® s a Brownian motion,
X®) 4s a compound Poisson process and XY is a square integrable, pure
Jump martingale with an a.s. countable number of jumps of magnitude less
than 1 on each finite time interval. Setting X = X® + . + X@ | we have
that there exists a probability space on which a Lévy process X = (X¢)i>0 1S
defined, with Lévy exponent

(u, cu)

Blw) =i (u,b) — 2

+/(ei<uvfﬂ> —1—i(u,z)1p(z))v(dz)  (6.1)

R4

for all v € RY, and path, or Lévy-Ité, decomposition

X, :bt—l—ﬁWt—l—/t/:wX(ds,dx)+/t/:r(px —vX)(ds,dz), (6.2)
0 D

0 Dec

where vX = Leb ® v.
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6.1. Roadmap of the Proof. We first provide an informal description of
the proof, in order to motivate the mathematical tools required. Consider
the exponent in the Lévy—Khintchine formula and rewrite it as follows:

() = W (@) + ¢ (@) + ¢ () + ()

=1 <u7 b> - <U720u> + V(Dc) / (ei<“7$> — 1) V(dq:)

Dc
+ / () —1 — i (u,x) )v(dz). (6.3)
D

Clearly 1) corresponds to the characteristic exponent of a linear drift pro-
cess with rate b, ¢(2) to a Brownian motion with covariance matrix ¢, and

13 to a compound Poisson process with intensity A := (D) and jump
distribution F(dz) := 453 1pe(da).

The most difficult part is to handle the process with characteristic expo-
nent /(Y. We can express this as follows:

0= [ 91t

D

-5 [ / (et) —1)yn(dx)—i<u,)\n / xun(dx)> ,

n>0 D, Dy

where we define the discs D, := {2-("*D < |z| < 27"}, the intensities
An = v(D,) and the probability measures v,(dx) := %1 D, (dz) (see
again Remark . We can intuitively understand this as the Lévy exponent
of a superposition of compound Poisson processes with arrival rates A, and
jump distributions v,, and an additional drift term that turns these processes
into martingales. In order to convert this intuition into precise mathematical
statements, we will need results on Poisson random measures and square
integrable martingales.

6.2. Poisson random measures. Let us first consider a compound Pois-
son process with drift X = (X;);>0, with

Ny

Xy =bt+ Y Jy,
k=1

where b € R, N is a Poisson process with intensity A and J = (Jg)g>0 is
an i.i.d. sequence of random variables with distribution F'. This process has
a finite number of jumps in any finite time interval, and the time between
consecutive jumps is exponentially distributed with parameter A, the rate
of the Poisson process. Denote the jump times of X by (T%)r>1, and for a
set A € B(R;) x B(R\{0}) define the random variable p(A) via

p(A) o= #{k > 11 (Th, Jp) € A} =D 1ymy,10ea-
k>1
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The random variable p(A) takes values in N and counts the total number of
jumps that belong to the time-space set A. The following lemma provides
some important properties of p.

Lemma 6.2. Suppose that Ay, ..., Ak, k > 1 are disjoint subsets of B(R4.) x
B(R\{0}). Then u(Ai),...,u(Ax) are mutually independent random vari-
ables, and for each i € {1,...,k} the random variable ;(A;) has a Poisson
distribution with intensity

/\i:)\/ dt x F(dx).
A;

Moreover, for IP-a.e. realization of X, p: B(R4) x B(R\{0}) - NU {co} is

a measure.

Exercise 8. Prove Lemma, Steps and Hints:

(i) Recall that the law of {T1,...,T,} conditioned on the event {N; = n}
has the same law as the ordered independent sample from n uniformly
distributed r.v. on [0, ¢].

(ii) Use (i) and the independence of Jj, to show that the law of { (T}, Jk), k =
1,...,n} conditioned on {N; = n} equals the law of n independent
bivariate r.v. with common distribution t~'ds x F(dx) on [0,¢] x R,
ordered in time.

(iii) Show that, for A € B([0,t]) x B(R), x(A) conditioned on {N; = n} is
a Binomial r.v. with probability of success [, t~1ds x F(dz).

(iv) Show that

k T
n! i ¢
.. et

no'ng!.

where ng =n — Zle n; and \g = M\t — Zle A
(v) Finally, integrate out the conditioning to show that

N (/\i)"i.

k

P(u(Ar) = n1, ..., w(Ag) = ng) = He

The random measure introduced above is a special case of the more gen-
eral notion of a Poisson random measure, defined as follows.

Definition 6.3 (Poisson random measure). Let (E, £, v) be a o-finite mea-
sure space. Consider a mapping p : € — NU {oo} such that {u(A): A€ &}
is a family of random variables defined on some probability space (2, F,P).
Then p is called a Poisson random measure with intensity v if

(1) pis P-a.s. a measure on (E,€);

(2) for each A € &, u(A) is Poisson distributed with parameter v(A),
where v(A) € [0, o0];

(3) for mutually disjoint sets Ajp,..., A, in &, the random variables
w(Ai), ..., 1u(Ay) are independent.

Remark 6.4. Note that if v(A) = 0 then we get that P(u(A4) = 0) = 1,
while if ¥(A) = oo then we have that IP(u(A) = c0) = 1.
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Exercise 9. Show that every Lévy measure is a o-finite measure on R\ {0},
i.e. there exist sets (4;);en such that U;4; = R?\{0} and v(4;) < oo, for all
1€ N.

Theorem 6.5. Let (E,E,v) be a o-finite measure space. Then, a Poisson
random measure p as defined above always exists.

Proof. Step 1. Assume that v(E) < oo. There is a standard construction
of an infinite product space (€2, F,IP) on which the following independent
random variables are defined:

N and {Ul,vg,...},
such that N is Poisson distributed with intensity v(F) and each v; has the

probability distribution VV((%C)). Define, for every A € £
N
N(A) = Z 1{1}¢EA}? (64)
i=1

such that N = p(FE). For each A € £ and i > 1, the random variables
1y,;eay are F-measurable, hence w(A) is also F-measurable. Let Ay, ..., Ay
be mutually disjoint sets, then we can show that

k ;s
P(u(Ar) = n1,- o i Ag) = ) = [[e0 WA g 5)
i=1 Mi:
the derivation is similar to the proof of Lemma Now, we can directly
deduce that conditions (1)—(3) in the definition of a Poisson random measure
are satisfied.
Step 2. Let v be a o-finite measure on (E, ). Then, there exist subsets
(Aj)i>1 of E such that U;A; = E and v(A4;) < co. Define the measures

vi():=v(-NA4;), i>1.

The first step yields that for each ¢ > 1 there exists a probability space
(Q, Fi,IP;) such that a Poisson random measure p; can be defined on
(A;, &, vi), where & := {BN A;, B € £}. Now, we just have to show that

p(-) == p(-NAy),
i>1
is a Poisson random measure on E with intensity v, defined on the product
space
(Q,F,P) := R, Fi, ).
i>1
O

The construction of the Poisson random measure leads immediately to
the following corollaries.

Corollary 6.6. Let p be a Poisson random measure on (E,E,v). Then,
for every A € &, we have that u(- N A) is a Poisson random measure on
(ENAENA,v(-NA)). Moreover, if A, B € £ are disjoint, then the random
variables u(- N A) and u(- N B) are independent.
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Corollary 6.7. Let i be a Poisson random measure on (E,E,v). Then, the
support of p is IP-a.s. countable. If, in addition, v is a finite measure, then
the support of i is P-a.s. finite.

Corollary 6.8. Assume that the measure v has an atom, say at the point
e € E. Then, it follows from the construction of the Poisson random measure
w that P(u({e}) > 1) > 0. Conversely, if v has no atoms then P(u({e}) =
0) =1 for all singletons € € E.

6.3. Integrals wrt Poisson random measures. Let p be a Poisson ran-
dom measure defined on the space (E,E&,v). The fact that u is IP-a.s. a
measure, allows us to use Lebesgue’s theory of integration and consider, for
a measurable function f: E — [0, 00),

/f

which is then a well-defined, [0, co]-valued random variable. The same holds
true for a signed function f, which yields a [—o0, oco]-valued random variable,
provided that either f* or f~ are finite. This integral can be understood as

follows:
/f wdr) = S F(0) e,

vEsupp(p)

where m, denotes the multiplicity of points at v (e.g., if ;1 has no atoms
then m, = 0 for every v). Convergence of integrals with respect to Poisson
random measures and related properties are provided by the following result.

Theorem 6.9. Let pu be a Poisson random measure on (E,E,v) and f :
E — R? be a measurable function. Then:

(i) X = [ f(x)p(dx) is almost surely absolutely convergent if and only if

/(1 A f(z))v(de) < oo. (6.6)

E

(i) If holds then

E[¢® )] = exp / (ez<u,f(x>> _ 1) v(dz) | . (6.7)

E

(iii) Moreover, if f € L'(v) then

Hﬂz/ﬂwmm (6.8)
E

while if f € L*(v) then

Var[X] :/f(a:)Ql/(d:c). (6.9)

E
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Proof. Theorem 2.7 in [Kyp06]. The proof follows the “usual” recipe of first
showing the result for a simple function f, then for a positive function using
monotone convergence and finally for a general function by writing it as a
difference of two positive functions. O

6.4. Poisson random measures and stochastic processes. In the se-
quel, we want to make the connection between Poisson random measures
and stochastic processes. We will work in the following o-finite space:

(B, &) = (Rs0 x RY, B(Rxg) x B(R?),Leb @ v)

where v is a Lévy measure; see again Definition 5.1} We will denote the
Poisson random measure on this space by pX. If we consider a time-space
interval of the form [s,¢] x A, s < t, where A C R? such that 0 ¢ A, then
the integral with respect to u%X, denoted by

//xu (ds, dz) (6.10)

[s,t] A

is a compound Poisson random variable with intensity (¢t — s) - ¥(A). This
follows directly from Theorem while we also get that

E[e/wX)] = exp <(t - s)/Axu(dx)) (6.11)

Let us consider the collection of random variables

/t/qu(ds,d:c) (6.12)
0 A

t>0

then one would naturally expect that this is a compound Poisson stochastic
process.

Lemma 6.10. Let uX be a Poisson random measure with intensity Leb @ v
and assume that A C B(R?) such that v(A) < co. Then

t
://mMX(ds,dm, t>0
0 A

is a compound Poisson process with arrival rate v(A) and jump distribution

Proof. Since v(A) < oo, we have from Corollary that the support of uX
is finite. Hence, we can write X; as follows

X = Z X({s} x A) Z AXsliax,eays

0<s<t 0<s<t

which shows that ¢t — X; is a cadlag function. Let 0 < s < ¢, then the

random variable
X — X//af,u (ds,dx)

(s,t] A
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is independent from {X, : u < s}, since Poisson random measures over
disjoint sets are independent. From Theorem we know that

]E[e’i(u7Xt>:| = exp t/(ei<uw> —Dy(de) | . (6.13)
A

The independence of increments allows us to deduce that

] - E ei(u,Xt>
B[t = Ehi(u,)@%

=exp | (t—5s) / (elw) 1)V(d$)>
A
= E[eXe=s]
which yields that the increments are also stationary. Moreover, from (6.13])

we have that X; is compound Poisson distributed with arrival rate ¢ - v(A)

and jump distribution Z((d j)) |4. Finally, we have that X = (X;);>0 is a com-

pound Poisson process since it is a process with stationary and independent
increments, whose increment distributions are compound Poisson. O

Lemma 6.11. Consider the setting of the previous lemma and assume that
J4lzlv(dz) < oo. Then

M; = O/t!xux(ds,dx) —t!xu(dx), t>0 (6.14)

1s a IP-martingale relative to the filtration generated by the Poisson random
measure (X

Fi=o (NX(G) L G € B([0,1]) x B(Rd)) , t>0. (6.15)
If, in addition, [, |z|?v(dx) < oo then M is a square-integrable martingale.

Proof. The process M = (M;)>0 is clearly adapted to the filtration (F;)>0
generated by pu~. Moreover, Theorem together with the assumption
J4lzlv(dz) < oo immediately yield that

t

E|M| <E //|qu(ds,d:L‘) —t/|xu(dx) < 0.
0 A A

Using that M has stationary and independent increments, which follows
directly from Lemma [6.10] we get that, for 0 < s < ¢,

E[M; — M| Fs] = E[M;_4]

" /t/:wx(ds,dx) —(t—s)/:w(dm)zO,
s A A

again using Theorem
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Next, we just have to show that M is a square integrable. We have, using
the martingale property of M, the properties of the variance and Theorem

once more, that
¢
E[M?] = Var[M;] = Var //xux(ds,dx)
s A

= t/ lz|?v(dz) < oo,
A

which concludes the proof. O

The results of this section allow us to construct compound Poisson pro-
cesses with jumps taking values in discs of the form D, := {e < |z| < 1}, for
any € € (0,1). However, we cannot consider the ball D = {|z| < 1}, i.e. set
e = 0, since there exist Lévy measures such that [, [z|v(dz) = co. We will
thus study the limit of the martingale M in Lemma when the jumps
belong to D; for € | 0.

Exercise 10. Consider the measure on R?\ {0} provided by
v(dz) = \x]_(1+a)1{x<o}dx + x_(1+a)1{x>0}dx,
for o € (1,2). Show that it is a Lévy measure, such that [, |z|v(dz) = oc.

6.5. Square integrable martingales. Denote by M3 the space of right-
continuous, zero mean, square integrable martingales. This is a Hilbert space
with inner product defined by

<M, N) = IE[MTNT} .

Therefore, for any Cauchy sequence M" in M2T there exists an element
M € MZ such that [|[M"™ — M| — 0 as n — oo, where || - || = (,-). A
proof of this result can be found in Section 2.4 of [Kyp06]. In the sequel,
we will make use of Doob’s martingale inequality which states that for any
M € M2 it holds that

E[ sup MSQ] §4]E[M%].
0<s<T

The following result is crucial for the proof of the Lévy—Ito decomposition.

Theorem 6.12. Consider the setting of Lemmal6.10 and recall that for any
Lévy measure flff\<1 |z|?v(dr) < 0. For each e € (0,1) define the martingale

¢
My = //:E,uX(ds,dx) —t/xu(dx), (6.16)
0 D D
where D, = {e < |z| < 1}. Let F¢ denote the completion of (s, Fs by all the

P-null sets. Then, there exists a square integrable martingale M = (My)¢>0
that satisfies:
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(i) for each T > 0, there exists a deterministic subsequence (€1 )nen with
el |0, along which

2
P ( lim sup (MSEZ — M5> = O) =1,

(ii) it is adapted to the filtration (Fy)¢>o0,

(iii) it has a.s. cadlag paths,

(iv) it has stationary and independent increments,

(v) it has an a.s. countable number of jumps on each compact time interval.

Henceforth, there exists a Lévy process M = (My)e>0, which is a square inte-
grable martingale, with an a.s. countable number of jumps such that, for each
fized T > 0, the sequence of martingales (M )o<i<T converges uniformly to
M on [0,T] a.s. along a subsequence in .

Proof. (i) Consider a fixed T'> 0 and set 0 <7 < & < 1, then

1M1 — M=) = B[(M7. — M7)?]
2

E /T / zpX(ds,dz) — T / zv(dz)

0 n<lz|<e n<|z|<e
_7 / 22(dz), (6.17)
n<lz|<e
see also Exercise 13| Since [}, [z[?v(dz) < oo, we have that
|M" — M| — 0, as €] 0, (6.18)

hence (M?¢) is a Cauchy sequence on M?2. Moreover, since M3 is a Hilbert
space, there exists a martingale M = (M;)o<t<7 in M2 such that

lim | M — M¢|| = 0. (6.19)
el0
Using Doob’s maximal inequality, we get that

< Alim |M — M¢|| = 0. (6.20)
el0

mIE | sup (M — M,)?
0 Jo<s<T

This allows us to conclude that the limit does not depend on T, thus we
have a well-defined martingale limit M = (M}):>0. In addition, (6.20) yields
that there exists a deterministic subsequence (el),>0, possibly depending
on T, such that
lim sup (M — M,)2=0, TP-as. (6.21)
efl00<s<T
(ii) Follows directly from the definition of the filtration.
(iii) We can use the following facts:
e M¢ has cadlag paths,
e M¢ converges uniformly to M, P-a.s.;
e the space of cadlag functions is closed under the supremum metric;
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which yield immediately that M has cadlag paths.

(iv) We have that a.s. uniform convergence along a subsequence implies also
convergence in distribution along the same subsequence. Let 0 < ¢ < r <
s <t< T and u,v € R% then using dominated convergence we get

IE [ exp (i (u, My — M) + i (v, My — M) ]
) ) T T . T T
= lim E [exp (2 <u, M — M§"> t <”>Mf" - Mgn>)}
n—oo

=l B fexp (i .22, ) | B [exp (1 (v, 2472, )
= ]E[exp (4 (u, Mt_s))]]E[exp (i (v, Myr—q)) ],

which yields that M has stationary and independent increments.

(v) According to Corollary there exist, at most, an a.s. countable number
of points in the support of the Poisson random measure pX . Moreover, since
Leb ® v has no atoms, we get that u* takes values in {0, 1} at singletons.
Hence, every discontinuity of M = (M;);>0 corresponds to a single point in
the support of u%, which yields that M has an a.s. countable number of
jumps in every compact time interval. U

6.6. Proof of the Lévy—Itd6 decomposition. Now, we are ready to com-
plete the proof of the Lévy—It6 decomposition.

Proof of Theorem [6.1. Step 1. We first consider the processes X 1) and X
with characteristic exponents

u, cu)

W) =ity and o) = B (6.22)
which correspond to a linear drift and a Brownian motion, i.e.
xP =vt and X2 =W, (6.23)

defined on some probability space (Qf, F 3 ]Ph).

Step 2. Given a Lévy measure v, we know from Theorem that there ex-
ists a probability space, denoted by (QF, F¥, IPﬁ), such that we can construct
a Poisson random measure pX on (Rso x R%, B(Rx) x B(R?), Leb® v). Let

us define the process X3 = (Xt(g))tz[) with

X(3)—/t/xux(ds,da:). (6.24)

0 De

Using Lemma we can deduce that X® is a compound Poisson process

with intensity A := v(D¢) and jump distribution F(dx) := Z((?D?) 1pe(dx).

Step 3. Next, from the Lévy measure v we construct a process having only
jumps less than 1. For each 0 < € < 1, define the compensated compound

(475))

Poisson process X (4%) = (X;*%),50 with

X = j / xp (ds,dz) —t / zv(de). (6.25)

0 e<lz|<1 e<|z|<1
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Using Theorem we know that X (4¢) has the characteristic exponent

P49 () = / (1) — 1 — i (u, ) )v(da). (6.26)

e<|z|<1

Now, according to Theorem there exists a Lévy process, denoted by
X®  which is a square integrable, pure jump martingale defined on (QFf, F¥, P%),
such that X (4€) converges to X S uniformly on [0, 7] along an appropriate
subsequence as ¢ | 0. Obviously, the characteristic exponent of the latter
Lévy process is

YW () = / e o) 1 — i (u,z) )v(dz). (6.27)
|z[<1

Since the sets {|x| > 1} and {|z| < 1} are obviously disjoint, the processes
X®) and X® are independent. Moreover, they are both independent of X 1)
and X @ which are defined on a different probability space.

Step 4. In order to conclude the proof, we consider the product space

(Q, F,P) = (0%, F*, IP%) x (QF, F* IP¥). (6.28)
The process X = (Xt)¢>0 with

X=X+ xP 4 x4 x

:bt+\/EWt+/t/:L‘,uX(ds,dx)+/t/x(uX—uX)(ds,dx), (6.29)

0 De 0 D

is defined on this space, has stationary and independent increments, cadlag
paths, and the characteristic exponent is

(u) = ¢ (u) + @ () + @ () + ¢ (u)
{u, cu) + / (ei<“’x> —1—i(u,z)1p(x))v(dz).

=i(u,b) — 5
Rd

O

Remark 6.13 (Truncation function). Assume that the infinitely divisible
distribution p has the Lévy triplet (by, ¢, v);, relative to the truncation func-
tion h, that is, assume that the Fourier transform of p is given by f
instead of . Then, the Lévy—It6 decomposition takes the form

X, = bht+\th+//hC X(ds,dz) + // — %) (ds, dz),

0 Rd 0 Rd
(6.30)

where h¢(z) = x — h(z). This form of the Lévy—Itd decomposition is consis-
tent with the choice of the truncation function h; see also Remark
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Example 6.14. Revisiting the Lévy jump-diffusion process, we can easily
see that (3.1)) is the Lévy—It6 decomposition of this Lévy process for the
truncation function h(z) = z, while

N¢
Xy =bot + oWy + > Jg, (6.31)
k=1

where by = b — AJ is the Lévy—Itd6 decomposition of X relative to the trun-
cation function h(z) = 0. See also Example

Exercise 11. Suppose X,Y are two independent Lévy processes (on the
same probability space). Show that X +Y and X — Y are again Lévy pro-
cesses. Can X —Y be a Lévy process in case X and Y are not independent?

Exercise 12. Let v be a measure on the space (E,€) and f: E — [0,00)
be a measurable function. Then, for all v > 0, show that

/(euﬂf) —1r(dz) < 0o <= /(1 A f(z))v(dz) < oo. (6.32)
E

E

Exercise 13. Consider the space (Rso x R?, B(R>g) x B(R?), Leb ® v) and
denote by pX the Poisson random measure with intensity Leb ® v. Let f :
R? — R? such that [, |f(2)|?v(dz) < co. Show that the process I = (I})i>0

with
//f X(ds, dx) —t/f (6.33)

0 R4

is a square integrable martingale and prove the following simplified version
of the Ito isometry

E[ILP] =t [ |f(@)Prida). (6.34)
R4

Exercise 14. Consider the setting of the previous exercise.
(i) Show that, for each n > 2 and each t > 0,

j / 2K (ds, dr) < 0o as. e / @"v(dz) <00 (635)

0 Rd |z|>1

(ii) Assuming that the previous condition holds, show that

//x p~ (ds, dx) —t/x v(dz) (6.36)

0 Rd >0

is a martingale.
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6.7. Another approach to the basic connections. We have now proved
the basic connections between Lévy processes, infinitely divisible distribu-
tions and Lévy triplets, as announced in §3.1} The line of these proofs is
diagrammatically represented in Figure [3.2] These relations are useful for
the construction of new classes of Lévy processes and for the simulation of
Lévy processes.

Naturally, there are other ways to prove these connections. Another ap-
proach is diagrammatically represented in Figure The steps in these

SII
(Xt)e=0 L(X1)=0p

KET

(b,c,v)

FIGURE 6.4. Another approach to the basic connections be-
tween Lévy processes, infinitely divisible distributions and
Lévy triplets.

proofs can be summarized as follows:

(i) show that the law of X} is infinitely divisible using the stationarity and
independence of the increments (cf. Lemma ;

(ii) show that for every Lévy triplet (b, ¢, v) that satisfies the measure
p is infinitely divisible (cf. Theorem [5.3] “If” part);

(iii) use Kolmogorov’s extension theorem to show that for every infinitely
divisible distribution p, there exists a Lévy process X = (X¢)¢>0 such
that IPx, = p;

(iv) prove the following version of the Lévy—It6 decomposition: every Lévy
process admits the path decomposition (6.2)). A corollary of the last
result is the Lévy—Khintchine formula, cf. -.

This line of proofs is based on the analysis of the jumps of Lévy process and

follows in spirit the analysis of the jumps of the compound Poisson process
in We refer the interested reader to [App09] and [Pro04].

7. THE LEVY MEASURE AND PATH PROPERTIES

The properties of the path of a Lévy process can be completely charac-
terized on the basis of it’s Lévy triplet, and in particular on the properties
of the Lévy measure and the presence or absence of a Brownian component.

Throughout this section we assume that X = (X;)¢>0 is a Lévy process
with triplet (b, c,v).

Proposition 7.1. The paths of X = (X¢)i>0 are a.s. continuous if and only
ifv=0.

Exercise 15. Let X be a Lévy process with Lévy measure v.
(i) Show that for a > 0

IP’( sup | Xg— X5 | > a) — 1 — o~ t¥(R\(=a,0))

0<s<t
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(ii) Prove Proposition

Proposition 7.2. The paths of X = (X¢)i>0 are a.s. piecewise constant if
and only if X is a compound Poisson process without drift.

Exercise 16. Prove Proposition [7.2]

Definition 7.3. We say that a Lévy process X has infinite activity if the
sample paths of X have an a.s. countably infinite number of jumps on every
compact time interval [0,7]. Otherwise we say that X has finite activity.

Proposition 7.4. (1) If v(RY) = oo then X has infinite activity.
(2) If v(RY) < oo then X has finite activity.

Exercise 17. Prove Proposition [7.4]

Remark 7.5. By the definition of a Lévy measure, cf. Definition [5.1], we
get immediately the following equivalences:

VRN =00 = (D)= (7.1)
v(RY) <0 <= v(D)< . (7.2)

7.1. Variation of the paths. We want to analyze the variation of the
paths of a Lévy process. We will consider a real-valued Lévy process for
simplicity, although the main result, Proposition is valid for R%valued
Lévy processes.

Definition 7.6. Consider a function f : [a,b] — R. The total variation of
f over [a,b] is

TV(f) =sup»_|f(t:) = f(ti1)] (7.3)
T =1

where m = {a =tp < t; < --- <t, = b} is a partition of the interval [a, b].

Lemma 7.7. If f : [a,b] — R is cadlag and has finite variation on [a,b],
then

CEDNG] (7.4
t€la,b]

Proof. [App09, Theorem 2.3.14]. O

Definition 7.8. A stochastic process X = (X¢)i>0 has finite variation if
the paths (X;(w))e>0 have finite variation for almost all w € Q. Otherwise,
the process has infinite variation.

Proposition 7.9. A Lévy process X = (X¢)i>0 with triplet (b,c,v) has
finite variation if and only if

c=0 and / |z|v(dz) < oo. (7.5)

|z|<1
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Proof. Assume that ¢ = 0, then the Lévy—Ito decomposition of the Lévy
process takes the form

Xt:bt+/t / x,uX(ds,dx)—{—/t / z(p — v (ds, dx). (7.6)

0 |z|>1 0 |z|<1

=x

We know that the first and second processses have finite variation, hence we
will concentrate on the last part. Using the definition we have

TV(XY) =sup > [x1" - x|
T =1

o1 |z <1
t
[ [ el - v o)
0 |zj<1
t
:/ / \:U|,uX(ds,d:E)—t / |:U\VX(d:L’) < 00 a.s., (7.7)
0 |z|<1 2]<1

since condition for the Lévy measure implies that the integral with
respect to the Poisson random measure p*X is well defined and a.s. finite,
cf. Theorem Hence, we can split the integral wrt to the compensated
random measure uX — X in two a.s. finite parts.

Conversely, assume that X has finite variation; then, we can use estima-

tion ([7.4)), which yields
t

0> TV(X) > Y |AX> ) \AX5|1{AXS|§1}=// || (ds, ).

0<s<t 0<s<t 0 juj<1

Using again Theorem finiteness of the RHS implies that
t
/ / lz|vX(ds,dz) < 0o = / |z|v(dz) < oo, (7.8)
0 |z|<1 lz[<1

which yields the second condition. The Lévy—It6 decomposition of this Lévy
process — where the jumps have finite variation — takes the form

Xy =Vt + VW, + ) AX,. (7.9)

s<t
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However, the paths of a Brownian motion have infinite variation, see e.g.
[RY99], hence X will have paths of finite variation if and only if c =0. O

Remark 7.10. Assume that the jump part of the Lévy process X has finite
variation, i.e.
/ 2|v(dz) < oo, (7.10)
|z|<1

then the Lévy-It6 decomposition of X takes the form

t
X = bot + VW + //qu(ds,d:c)7 (7.11)
0 R4

and the Lévy—Khintchine formula can be written as

]E[e““’)ﬁ)] =exp | i (u,bo) — <u,2cu> —i—/(e““’l’> —1v(dz) | . (7.12)
R4

In other words, we can use the truncation function h(z) = 0 and the drift

term relative to this truncation function (denoted by bg) is related to the

drift term b in ((5.2) via

bp=0b— / zv(dx). (7.13)
lzj<1

Note that this process is not necessarily a compound Poisson process, as the
activity of the process might be infinite (i.e. ¥(D) = 00).

7.2. Subordinators. Subordinators are Lévy processes with increasing paths.

Proposition 7.11. Let X = (X¢)i>0 be a real-valued Lévy process with
triplet (b, c,v). The following are equivalent:

(1) X¢ > 0 a.s. for somet > 0;
(2) X; >0 a.s. for all t > 0;
(8) The sample paths of X are a.s. non-decreasing, that is
t>s—= Xy > Xg;
(4) The triplet (b,c,v) satisfies: b > 0, ¢ = 0, v(—00,0]) = 0 and
fol zv(dz) < oco. In other words, X has a positive drift, no diffusion
component, and jumps are only positive and have finite variation.

Proof. ... O

8. ELEMENTARY OPERATIONS

We will study some elementary operations on Lévy processes, such as lin-
ear transformations, projections and subordination. The resulting processes
will be expressed again in terms of the corresponding Lévy exponents or
Lévy triplets.



34 ANTONIS PAPAPANTOLEON

8.1. Linear transformations of Lévy processes. We are interested in
linear transformations and projections of Lévy processes. The following re-
sult provides a complete characterization of linear transformations of Lévy
processes in terms of their characteristic exponent and Lévy triplet.

Proposition 8.1. Let X = (X;)t>0 be an Re-valued Lévy process with triplet
(b,c,v)p. Let U be an n x d matriz with real entries (U € Mp4(R)). Then,
XU = (X )0 with X = UX; is an R"-valued Lévy process with Lévy
triplet (bY, cV, vV, where

W =Ub+ /(h’(Ux) — Uh(z))v(dz)
Rd
Y =UcUT (8.1)

VW(E)=v({z eRY: Uz € E}), E e BR™{0}).

Here I/ (x) denotes a truncation function on R™.

Proof. Since U defines a linear mapping from R? to R, it is clear that XY
has independent and stationary increments, and is stochastically continuous;
moreover, Xg =0 a.s. In other words, XV is an R™valued Lévy process.
We will show that vV is a Lévy measure and the integral on the RHS of
bV is finite; hence, the triplet (bY,cV, V) in is indeed a Lévy triplet.
Then we will derive the characteristic function of X.
Clearly Y has no mass at the origin; in addition we have that

/ (Iyf? A 1) (dy) = / (U2 A 1)u(dz)
Rn R4
< (U] v 1) / (2 A 1)(dz) < oo,

Rd

because the induced norm satisfies |[Ux| < [|U|||z| for all U € M,4(R) and
r € RY,

Next, we restrict ourselves to the canonical truncation function for sim-
plicity, i.e. h(z) = z1 {|z|<1}, and derive the following result for the integral
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on the RHS of b¥:
/ |h (Ux) — Uh(z)|v(dz)
Rd

< /!U@’Hl{Ux<1}_1{|a:<1}”/<dx>
Rd

= /’Um||1{Uz§1<|z}1{|1§1<|U~”C|}|V(dx)
]Rd

< / Ualw(dz) + / U z|v(dz)

{lUz|<1<]z]} {lz|<1<|U=|}

< [ v ol [ el
{lz|>1} {lz|<1<U |||}

< [ v + U / 20(dz) < oc.
{la>1) (b <lzl<1}

Finally, regarding the characteristic function we have for any z € R"

E [ei%X{ﬂ “E {ei(z,UXl)} _E |:ei<UTz,X1>:|
= exp <i<UTz, b) — %<UTZ, cU'z)

+ / (U= 1 _ U, h(w)))u(dx))

Rd

1
= exp (i(z7 Ub) — §<z, UcU2)

+ / (e!=U2) _1 —i(z, Uh(x)>)u(dx)>

Rd

1
= exp (z(z, WYy — 5(2, ¥z)

+ [t 1 - it h’(y»)uU(dy)),

Rn

where bY is given by (8.1). Thus, (bY,cV, 1Y) is indeed the triplet of the
Lévy process XU, O

8.2. Subordination. Subordinators are Lévy processes with a.s. non-decreasing
paths; see ... for a complete characterization. Subordinators can be thought

of a stochastic model for the evolution of time. Subordination is the tranfor-
mation of one stochastic process to a new one through a random time-change

by an indepedent subordinator. This idea was introduced by Bochner. Note
that one can also subordinate a semigroup of linear operators to create a
new semigroup.
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In mathematical finance, subordination plays a prominent role. Many
popular Lévy modes can be constructed by subordinating Brownian motion,
e.g. VG and NIG. In that setting, one often speaks about “calendar” time
and “business” time. Subordination is also used to create multidimensional
models with dependence structure via a common time-change.

Let Y = (Y;)1>0 be a suborinator, i.e. a Lévy process with a.s. increasing
paths. Let vy denote the characteristic exponent of Y; using ...we know
that it has the form

by (u) = ibyu + / (" — 1wy (dy). (8.2)
(0,00)
Note that [E[e*¥t] < oo for all u < 0 since Y takes only non-negative values;
therefore, [ _;e"vy(dy) < oo for all u < 0. Therefore, the characteristic
exponent of Y can be extended to an analytic function for v < 0, and the
moment generating function of Y; is
E[e{w¥1)] = etér @) (8.3)

where

ovw) =byut [ (@ = Dy (dy). (8.4)

(0,00)

Theorem 8.2. Let X be an R¥-valued Lévy process with characteristic ex-
ponent Yx. Let Y be a subordinator with cumulant generating function ¢y,
where Y is independent of X. Define the process Z = (Z;)i>0 for each w € Q
X

Z4(w) = Xy, (@), (8.5)
Then, Z is a Lévy process with characteristic exponent

Vz(u) = ¢y (Vx(u)). (8.6)
Proof. ... O

Exercise 18. Show that any Lévy process with finite variation can be writ-
ten as the difference of two independent subordinators.
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