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Stochastic processes

1.1 Stochastic processes

Loosely speaking, a stochastic process is a phenomenon that can be thought of
as evolving in time in a random manner. Common examples are the location
of a particle in a physical system, the price of a stock in a financial market,
interest rates, etc.

A basic example is the erratic movement of pollen grains suspended in
water, the so-called Brownian motion. This motion was named after the English
botanist R. Brown, who first observed it in 1827. The movement of the pollen
grain is thought to be due to the impacts of the water molecules that surround
it. These hits occur a large number of times in each small time interval, they
are independent of each other, and the impact of one single hit is very small
compared to the total effect. This suggest that the motion of the grain can be
viewed as a random process with the following properties:

(i) The displacement in any time interval [s,t] is independent of what hap-
pened before time s.

(ii) Such a displacement has a Gaussian distribution, which only depends on
the length of the time interval [s, t].

(iii) The motion is continuous.

The mathematical model of the Brownian motion will be the main object
of investigation in this course. Figure 1.1 shows a particular realization of
this stochastic process. The picture suggest that the BM has some remarkable
properties, and we will see that this is indeed the case.

Mathematically, a stochastic process is simply an indexed collection of
random variables. The formal definition is as follows.
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Figure 1.1: A realization of the Brownian motion

Definition 1.1.1. Let T be a set and (E, &) a measurable space. A stochastic
process indexed by T, taking values in (E, &), is a collection X = (Xy)ier of
measurable maps X; from a probability space (2, F,P) to (E,E). The space
(E, ) is called the state space of the process.

We think of the index ¢ as a time parameter, and view the index set T as
the set of all possible time points. In these notes we will usually have T'=7Z =
{0,1,...} or T =Ry = [0,00). In the former case we say that time is discrete,
in the latter we say time is continuous. Note that a discrete-time process can
always be viewed as a continuous-time process which is constant on the intervals
[n — 1,n) for all n € N. The state space (F, &) will most often be a Euclidean
space R?, endowed with its Borel o-algebra B(R?). If E is the state space of a
process, we call the process E-valued.

For every fixed ¢t € T the stochastic process X gives us an E-valued random
element X, on (2, F,P). We can also fix w € © and consider the map ¢t — X;(w)
on T. These maps are called the trajectories, or sample paths of the process.
The sample paths are functions from T to E, i.e. elements of E”. Hence, we
can view the process X as a random element of the function space ET. (Quite
often, the sample paths are in fact elements of some nice subset of this space.)

The mathematical model of the physical Brownian motion is a stochastic
process that is defined as follows.

Definition 1.1.2. The stochastic process W = (W});>¢ is called a (standard)
Brownian motion, or Wiener process, if

(i) Wp =0 a.s.,

(ii) Wy — Wy is independent of (W, : u < s) for all s < t,
(iil) Wy — Wy has a N(0,t — s)-distribution for all s < ¢,
)

(iv) almost all sample paths of W are continuous.
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We abbreviate ‘Brownian motion’ to BM in these notes. Property (i) says
that a standard BM starts in 0. A process with property (ii) is called a process
with independent increments. Property (iii) implies that that the distribution of
the increment Wy —W; only depends on t—s. This is called the stationarity of the
increments. A stochastic process which has property (iv) is called a continuous
process. Similarly, we call a stochastic process right-continuous if almost all of
its sample paths are right-continuous functions. We will often use the acronym
cadlag (continu & droite, limites & gauche) for processes with sample paths that
are right-continuous have finite left-hand limits at every time point.

It is not clear from the definition that the BM actually exists! We will
have to prove that there exists a stochastic process which has all the properties
required in Definition 1.1.2.

1.2 Finite-dimensional distributions

In this section we recall Kolmogorov’s theorem on the existence of stochastic
processes with prescribed finite-dimensional distributions. We use it to prove
the existence of a process which has properties (i), (ii) and (iii) of Definition
1.1.2.

Definition 1.2.1. Let X = (X;);er be a stochastic process. The distributions
of the finite-dimensional vectors of the form (X, ,..., X ) are called the finite-
dimensional distributions (fdd’s) of the process.

It is easily verified that the fdd’s of a stochastic process form a consistent
system of measures, in the sense of the following definition.

Definition 1.2.2. Let T be a set and (E,£) a measurable space. For all
t1,...,tn € T, let puy,, .4, be a probability measure on (E™, ™). This collection
of measures is called consistent if it has the following properties:

(i) For all t1,...,t, € T, every permutation 7m of {1,...,n} and all
Ay,...,A, €€

Pty (AL X X AR) = )t (Am(a) X X Ar(n))-
(ii) For all t1,...,tp41 € T and Aq,..., A, €E

Pt seestgs (AL X XA XCE) = gy, (A1 X X Ay).

The Kolmogorov consistency theorem states that conversely, under mild
regularity conditions, every consistent family of measures is in fact the family
of fdd’s of some stochastic process. Some assumptions are needed on the state
space (E,&). We will assume that F is a Polish space (a complete, separable
metric space) and £ is its Borel o-algebra, i.e. the o-algebra generated by the
open sets. Clearly, the Euclidean spaces (R”, B(R™)) fit into this framework.
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Theorem 1.2.3 (Kolmogorov’s consistency theorem). Suppose that E
is a Polish space and £ is its Borel o-algebra. Let T be a set and for all
t1,...,tn €T, let py, . 4, be a measure on (E™,E™). If the measures fu,,. . ¢,
form a consistent system, then on some probability space (2, F,P) there exists
a stochastic process X = (X;)ier which has the measures p, . 4, as its fdd’s.

n

Proof. See for instance Billingsley (1995). O

The following lemma is the first step in the proof of the existence of the
BM.

Corollary 1.2.4. There exists a stochastic process W = (W});>o with proper-
ties (i), (ii) and (iii) of Definition 1.1.2.

Proof. Let us first note that a process W has properties (i), (ii) and (iii) of
Definition 1.1.2 if and only if for all ¢;,...,%, > 0 the vector (Wy,,...,W¢,)
has an n-dimensional Gaussian distribution with mean vector 0 and covariance
matrix (¢; A tj)i,jzl,,n (see Exercise 1). So we have to prove that there exist a
stochastic process which has the latter distributions as its fdd’s. In particular,
we have to show that the matrix (¢; At;); j=1.., is a valid covariance matrix, i.e.
that it is nonnegative definite. This is indeed the case since for all aq,...,a, it
holds that

n

ZZaiaj(ti /\tj) = /Oo (Z ai1[07t,i](x)> dx Z 0.

i=1 j=1 0
This implies that for all t¢i,...,t, > 0 there exists a random vector
(X415 .-+, Xy, ) which has the n-dimensional Gaussian distribution p, ., with

mean 0 and covariance matrix (¢; A t;); j=1.n. It easily follows that the mea-
sures fi, ..+, form a consistent system. Hence, by Kolmogorov’s consistency
theorem, there exists a process W which has the distributions pg, .+, as its

n

fdd’s. O

To prove the existence of the BM, it remains to consider the continuity
property (iv) in the definition of the BM. This is the subject of the next section.

1.3 Kolmogorov’s continuity criterion

According to Corollary 1.3.4 there exists a process W which has properties
(i)—(iii) of Definition 1.1.2. We would like this process to have the continuity
property (iv) of the definition as well. However, we run into the problem that
there is no particular reason why the set

{w : t — Wi(w) is continuous} C Q2
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should be measurable. Hence, the probability that the process W has continuous
sample paths is not well defined in general.

One way around this problem is to ask whether we can modify the given
process W in such a way that the resulting process, say W, has continuous
sample paths and still satisfies (i)—(iii), i.e. has the same fdd’s as . To make
this idea precise, we need the following notions.

Definition 1.3.1. Let X and Y be two processes indexed by the same set T
and with the same state space (F, &), defined on probability spaces (2, F,P)
and (Q', F', ') respectively. The processes are called versions of each other if
they have the same fdd’s, i.e. if for all ¢1,...,t, € T and By,...,B, € £

P(X;, € By,..., X, € By,) =P (Y3, € By,...,Y;, € B,).

Definition 1.3.2. Let X and Y be two processes indexed by the same set T’
and with the same state space (F,E), defined on the same probability space
(Q, F,P). The processes are called modifications of each other if for every t € T

X:=Y;, as.

The second notion is clearly stronger than the first one: if processes are
modifications of each other, then they are certainly versions of each other. The
converse is not true in general (see Exercise 2).

The following theorem gives a sufficient condition under which a given
process has a continuous modification. The condition (1.1) is known as Kol-
mogorov’s continuity condition.

Theorem 1.3.3 (Kolmogorov’s continuity criterion). Let X = (X;).cp0,1)
be an Re-valued process. Suppose that there exist constants o, 3, K > 0 such
that

E|| X, — X | < K|t — s|**# (1.1)

for all s,t € [0,T]. Then there exists a continuous modification of X.

Proof. For simplicity, we assume that 7' = 1 in the proof. First observe that by
Chebychev’s inequality, condition (1.1) implies that the process X is continuous
in probability. This means that if ¢,, — ¢, then X; — X, in probability. Now
for n € N, define D,, = {k/2" : k =0,1,...,2"} and let D = |J,—; D,,. Then
D is a countable set, and D is dense in [0, 1]. Our next aim is to show that with
probability 1, the process X is uniformly continuous on D.

Fix an arbitrary v € (0, 8/a). Using Chebychev’s inequality again, we see
that

P(|| Xk/on — Xp—1y/2n | 2277") S g—n(148-a7) 1

IThe notation ¢ <’ means that the left-hand side is less than a positive constant times the
right-hand side.
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It follows that
n — _ nll > _'Yn)
P(lgcaén 1 Xk j2m = X g1y /2n || = 2
o
<Y P([ X py2n — X(poryjanll = 2777) S 27070,
k=1

Hence, by the Borel-Cantelli lemma, there almost surely exists an N € N such
that

max
1<k<2n

Xijon = X(g—1y/2n || <2777 (1.2)

for all n > N.
Next, consider an arbitrary pair s,# € D such that 0 <t —s < 27V, Our
aim in this paragraph is to show that

1X: = Xl S [t - 5P, (1.3)
Observe that there exists an n > N such that 2=+ <t — s < 27" We claim
that if s,t € D,, for m > n + 1, then
X — X <2 Y 27 (1.4)
k=n-+1

The proof of this claim proceeds by induction. Suppose first that s,t € D, 1.
Then necessarily, t = k/2" " and s = (k — 1)/2"*! for some k € {1,...,2"T1}.
By (1.2), it follows that

X — X, < 277 FD),

which proves the claim for m = n 4+ 1. Now suppose that it is true for m =
n+1,...,1 and assume that s,t € D;, 1. Define the numbers s',¢' € D; by

s'=min{u € D;:u>s}, t' =max{ue D;:u<t}.

Then by construction, s < s’ <t <tand s —s < 270+ ¢/ —¢ < 2=+
Hence, by the triangle inequality, (1.2) and the induction hypothesis,

X = Xl < [[Xor = Xl + [[Xer = Xel| + [| Xer — X ||

1 +1
<27 4o L9 N 9Tk =g N 97k,
k=n+1 k=n+1

so the claim is true for m =1+ 1 as well. The proof of (1.3) is now straightfor-
ward. Indeed, since t,s € D,, for some large enough m, relation (1.4) implies
that

> 2 2
_ vk _ 2 o—yn+tl) . 2 oY
| X+ Xs||§2k;+12 = 1_2_72 < T o= [t —s|7.

Observe that (1.3) implies in particular that almost surely, the process X
is uniformly continuous on D. In other words, we have an event Q* C Q with
P(Q*) = 1 such that for all w € Q*, the sample path ¢ — X;(w) is uniformly
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continuous on the countable, dense set D. Now we define a new stochastic
process Y = (Y;)iep0,1] on (22, F,P) as follows: for w ¢ Q*, we put Y; = 0 for all
t € [0,1], for w € Q* we define

X, if t € D,
Y= lim X, (w) iftgD.
tn €D

The uniform continuity of X implies that Y is a well-defined, continuous stochas-
tic process. Since X is continuous in probability (see the first part of the proof),
Y is a modification of X (see Exercise 3). O

Corollary 1.3.4. Brownian motion exists.

Proof. By Corollary 1.3.4, there exists a process W = (W,);>0 which has
properties (i)—(iii) of Definition 1.1.2. By property (iii) the increment W; — W
has a N(0,t — s)-distribution for all s < t. It follows that E(W, — W)* =
(t—s)?EZ*, where Z is a standard Gaussian random variable. This means that
Kolmogorov’s continuity criterion (1.1) is satisfied with & = 4 and 8 = 1. So
for every T > 0, there exist a continuous modification W = (W/'),¢(o,1) of the
process (Wi)ieo, 7). Now define the process X = (X¢)¢>0 by

Xp=> Wlpo1m)(t).
n=1

The process X is a Brownian motion (see Exercise 5). O

1.4 Gaussian processes

Brownian motion is an example of a Gaussian process. The general definition
is as follows.

Definition 1.4.1. A real-valued stochastic process is called Gaussian if all its
fdd’s are Gaussian.

If X is a Gaussian process indexed by the set T, the mean function of the
process is the function m on T' defined by m(t) = EX;. The covariance function
of the process is the function r on T' x T defined by r(s,t) = Cov(X,, X¢). The
functions m and r determine the fdd’s of the process X.

Lemma 1.4.2. Two Gaussian processes with the same mean function and co-
variance function are versions of each other.
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Proof. See Exercise 6. |

The mean function m and covariance function r of the BM are given by
m(t) = 0 and r(s,t) = s At (see Exercise 1). Conversely, the preceding lemma
implies that every Gaussian process with the same mean and covariance function
has the same fdd’s as the BM. It follows that such a process has properties (i)—
(iii) of Definition 1.1.2. Hence, we have the following result.

Lemma 1.4.3. A continuous Gaussian process X = (X;);>o is a BM if and
only if it has mean function EX; = 0 and covariance function EX;X; = s A t.

Using this lemma we can prove the following symmetries and scaling prop-
erties of BM.

Theorem 1.4.4. Let W be a BM. Then the following are BM’s as well:
(i) (time-homogeneity) for every s > 0, the process (Wits — Ws)i>0,
(ii) (symmetry) the process —W,
(iii) (scaling) for every a > 0, the process W defined by W = a~Y/?W,,,
(

(iv) (time inversion) the process X; defined by Xo = 0 and X; = tWy, for
t>0.

Proof. Parts (i), (ii) and (iii) follow easily from he preceding lemma, see Ex-
ercise 7. To prove part (iv), note first that the process X has the same mean
function and covariance function as the BM. Hence, by the preceding lemma,
it only remains to prove that X is continuous. Since (X:):~¢ is continuous, it
suffices to show that if ¢,, | 0, then

P(X;, —0asn — o0) =1. (1.5)

But this probability is determined by the fdd’s of the process (X;);>o (see
Exercise 8). Since these are the same as the fdd’s of (W;);~0, we have

P(X;, —0asn—o0)=P(W;, - 0asn—oc0)=1.

This completes the proof. O

Using the scaling and the symmetry properties we can prove that that the
sample paths of the BM oscillate between +o0o and —oo.
Corollary 1.4.5. Let W be a BM. Then

P(sup Wy = 00) = IP’(g(f) Wy =—o0)=1.

t>0
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Proof. By the scaling property we have for all a > 0

1 1

— Wy = — sup W.
\/a at \/asgp t

sup Wy =4 sup
t t
It follows that for n € N,
P(sup W; < n) = P(n?sup W; < n) = P(sup W; < 1/n).
t t t
By letting n tend to infinity we see that

P(sup W; < o0) = P(sup W; = 0),
t t

so the distribution of sup, W; is concentrated on {0,c0}. Hence, to prove that
sup, Wi = oo a.s., it suffices to show that P(sup, Wy = 0) = 0. Now we have

P(sup Wy = 0) <P(W1; <0, supW; <0)
t

t>1

<P(W; <0, supW; — Wi < 00)
t>1

=P(W; < 0)P(sup W, — W; < c0),
t>1

by the independence of the Brownian increments. By the time-homogeneity of
the BM, the last probability is the probability that the supremum of a BM is
finite. We just showed that this must be equal to P(sup, W; = 0). Hence, we
find that
P(sup Wy = 0) < 1P(sup W, = 0),
t t

which shows that P(sup, W; = 0) = 0, and we obtain the first statement of the
corollary. By the symmetry property,

sup Wy =4 sup —W; = — inf W,.
t>0 t>0 t>0

Together with the first statement, this proves the second one. O
Since the BM is continuous, the preceding result implies that almost every

sample path visits every point of R infinitely often. A real-valued process with
this property is called recurrent.

Corollary 1.4.6. The BM is recurrent.

An interesting consequence of the time inversion is the following strong law
of large numbers for the BM.

Corollary 1.4.7. Let W be a BM. Then

Wi as
t

ast — oo.
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Proof. Let X be as in part (iv) of Theorem 1.4.4. Then
P(Wi/t = 0ast — o00) =P(X;; —0ast—o0) =1,

since X is continuous and Xy = 0. O

1.5 Non-differentiability of the Brownian sample paths

We have already seen that the sample paths of the BM are continuous functions
that oscillate between +o00 and —oo. Figure 1.1 suggests that the sample paths
are ‘very rough’. The following theorem states that this is indeed the case.

Theorem 1.5.1. Let W be a Brownian motion. For all w outside a set of
probability zero, the sample path t — Wy(w) is nowhere differentiable.
Proof. Let W be a BM. Consider the upper and lower right-hand derivatives

DW(t,w) = lim sup Wiph(w) = We(w)
h10 h

and

e Wagn(w) — Wi (w)
Dy (t,w) = hr}rlll})nf h .

Consider the set
A = {w : there exists a t > 0 such that DV (t,w) and Dy (t,w) are finite}.

Note that A is not necessarily measurable! We will prove that A is contained
in a measurable set B with P(B) = 0, i.e. that A has outer probability 0.
To define the event B, consider first for k,n € N the random variable

j

Wk+3 Wk+2

)

X, . = max{ Wiss — Wi
’ 27 27

,’Wk+2 ~ Wi
2"L

and for n € N, define

Y, = min X, j.
k<n2n

k
Vi< op
We claim that A C B and P(B) = 0.
To prove the inclusion, take w € A. Then there exist K, > 0 such that

The event B is then defined by

5-U

n=1k

DL

n

[Ws(w) — Wi(w)| < K|s—t| forall s€ltt+9]. (1.6)
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Now take n € N so large that

4
Q_n <4, 8K <n, t<n. (17)
Given this n, determine k& € N such that
k—1 k
<t< —. 1.8
2n < AL (18)

Then by the first relation in (1.7) we have k/27,...,(k+3)/2" € [t,t +4]. By
(1.6) and the second relation in (1.7) it follows that X, x(w) < n/2". By (1.8)
and the third relation in (1.7) it holds that & — 1 < ¢2"™ < n2". Hence, we have
k <n2" and therefore Y, (w) < X,, x(w) < n/2". We have shown that if w € A,
then Y,,(w) < n/2™ for all n large enough. This precisely means that A C B.

To complete the proof, we have to show that P(B) = 0. For ¢ > 0, the
basic properties of the BM imply that

1 1

3 2n/2¢ , 3
b o —p (=) < ([T b)) <o
( " : | 1| 0 V2T
It follows that
P(Y, <&) < n2"P(X,; < &) < n2%/2e3,

In particular we see that P(Y,, < n/2") — 0, which implies that P(B) =0. O

1.6 Filtrations and stopping times

If W is a BM, the increment W, — W; is independent of ‘what happened up
to time t’. In this section we introduce the concept of a filtration to formalize
this notion of ‘information that we have up to time ¢’. The probability space
(Q, F,P) is fixed again and we suppose that T is a subinterval of Z, or R,..

Definition 1.6.1. A collection (F;)icr of sub-o-algebras of F is called a filtra-
tion if Fs C F; for all s < t. A stochastic process X defined on (Q, F,P) and
indexed by T is called adapted to the filtration if for every ¢ € T, the random
variable X; is F;-measurable.

We should think of a filtration as a flow of information. The o-algebra F;
contains the events that can happen ‘up to time ¢’. An adapted process is a
process that ‘does not look into the future’. If X is a stochastic process, we can
consider the filtration (F;X);cr defined by

F=0(Xs:8<1).

We call this filtration the filtration generated by X, or the natural filtration of
X. Intuitively, the natural filtration of a process keeps track of the ‘history’ of
the process. A stochastic process is always adapted to its natural filtration.
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If (F;) is a filtration, then for ¢t € T' we define the o-algebra

Fiy = ﬂ Fiti/n-

n=1

This is the o-algebra F;, augmented with the events that ‘happen immediately
after time t’. The collection (Fii)ier is again a filtration (see Exercise 14).
Cases in which it coincides with the original filtration are of special interest.

Definition 1.6.2. We call a filtration (F;) right-continuous if F,y = F; for
every t.

Intuitively, the right-continuity of a filtration means that ‘nothing can hap-
pen in an infinitesimally small time interval’. Note that for every filtration (F;),
the corresponding filtration (F:4 ) is right-continuous.

In addition to right-continuity it is often assumed that Fy contains all
events in F, that have probability 0, where

Foo=0(F:t>0).

As a consequence, every F; then contains all those events.

Definition 1.6.3. A filtration (F;) on a probability space (Q,F,P) is said
to satisfy the usual conditions if it is right-continuous and F( contains all the
P-negligible events in F.

We now introduce a very important class of ‘random times’ that can be
associated with a filtration.

Definition 1.6.4. A [0, co]-valued random variable 7 is called a stopping time
with respect to the filtration (F3) if for every ¢ € T it holds that {7 < t} € F;.
If 7 < oo almost surely, we call the stopping time finite.

Loosely speaking, 7 is a stopping time if for every ¢t € T' we can determine
whether 7 has occurred before time ¢ on the basis of the information that we
have up to time ¢t. With a stopping time 7 we associate the o-algebra

Fr={AceF  An{r<t}eF foralteT}

(see Exercise 15). This should be viewed as the collection of all events that
happen prior to the stopping time 7. Note that the notation causes no confusion
since a deterministic time ¢t € T is clearly a stopping time and its associated
o-algebra is simply the o-algebra F;.

If the filtration (F;) is right-continuous, then 7 is a stopping time if and
only if {7 < t} € F; for every t € T (see Exercise 21). For general filtrations,
we introduce the following class of random times.
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Definition 1.6.5. A [0, oo]-valued random variable 7 is called an optional time
with respect to the filtration F if for every ¢ € T it holds that {r <t} € F;. If
T < oo almost surely, we call the optional time finite.

Lemma 1.6.6. 7 is an optional time with respect to (F;) if and only if it is a
stopping time with respect to (Fi+). Every stopping time is an optional time.

Proof. See Exercise 22. |

The so-called hitting times form an important class of stopping times and
optional times. The hitting time of a set B is the first time that a process visits
that set.

Lemma 1.6.7. Let (E,d) be a metric space. Suppose that X = (X;)¢>o is a
continuous, F-valued process and that B is a closed set in E£. Then the random
variable

O'B:inf{tZOZXtGB}

is an (F;¥)-stopping time. 2

Proof. Denote the distance of a point « € E to the set B by d(z, B), so
d(z,B) = inf{d(x,y) : y € B}.

Since X is continuous, the real-valued process Y; = d(X3, B) is continuous as
well. Moreover, since B is closed, it holds that X; € B if and only if Y; = 0.
Using the continuity of Y, it follows that op > t if and only if Yy > 0 for all
s <t (check!). But Y is continuous and [0, ¢] is compact, so we have

{op >t} = {Y; is bounded away from 0 for all s € QN [0,¢]}
= { X is bounded away from B for all s € QN [0,¢]}.

The event on the right-hand side clearly belongs to F;X. O

Lemma 1.6.8. Let (E,d) be a metric space. Suppose that X = (X;)¢>o is a
right-continuous, F-valued process and that B is an open set in E. Then the
random variable

T = inf{t > 0: X; € B}

is an (F;%)-optional time.

2As usual, we define inf @ = oco.
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Proof. Since B is open and X is right-continuous, it holds that X; € B if and
only if there exists an € > 0 such that X, € B for all s € [t,t + §]. Since this
interval always contains a rational number, it follows that

{rs <t} = J{X. € B}.

s<t
s€Q

The event on the right-hand side is clearly an element of F;X. O

Example 1.6.9. Let W be a BM and for > 0, consider the random variable
T, = inf{t > 0: W, = z}.

Since x > 0 and W is continuous, 7, can be written as
Ty = inf{t > 0: W, = x}.

By Lemma 1.6.7 this is an (F}V)-stopping time. Moreover, by the recurrence of
the BM (see Corollary 1.4.6), 7, is a finite stopping time. [ |

We often want to consider a stochastic process X, evaluated at a finite
stopping 7. However, it is not a-priori clear that the map w +— X, (,)(w) is mea-
surable, i.e. that X is in fact a random variable. This motivates the following
definition.

Definition 1.6.10. An (E, £)-valued stochastic process X is called progressively
measurable with respect to the filtration (F;) if for every ¢ € T, the map (s,w) —
Xs(w) is measurable as a map from ([0,¢] x Q,B([0,t]) x F;) to (E,E) .

Lemma 1.6.11. Every adapted, right-continuous, R*-valued process X is pro-
gressively measurable.

Proof. Let t > 0 be fixed. For n € N, define the process

X¢ = Xolgoy(s) + Zth/nl((k—l)t/n,kt/n](5)7 s € [0,1].
k=1

Clearly, the map (s,w) — X (w) on [0,¢] x Q is B([0,t]) x Ft-measurable. Now
observe that since X is right-continuous, the map (s,w) — X?(w) converges
pointwise to the map (s,w) — Xs(w) as n — oo. It follows that the latter map
is B([0,t]) x Fi-measurable as well. O
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Lemma 1.6.12. Suppose that X is a progressively measurable process and let
T be a finite stopping time. Then X, is an F.-measurable random variable.

Proof. To prove that X, is F,-measurable, we have to show that for every
B € & and every t > 0, it holds that {X, € B} n{r < t} € F;. Hence, it
suffices to show that the map w — X ()ae(w) is Fi-measurable. This map
is the composition of the maps w +— (7(w) A t,w) from Q to [0,¢] x  and
(s,w) — Xs(w) from [0,#] x © to E. The first map is measurable as a map from
(Q, F) to ([0,t] x Q,B([0,t]) x Fi) (see Exercise 23). Since X is progressively
measurable, the second map is measurable as a map from ([0, ] xQ, B([0, t]) x Fy)
to (E, ). This completes the proof, since the composition of measurable maps
is again measurable. O

It is often needed to consider a stochastic process X up to a given stopping
time 7. For this purpose we define the stopped process X by

Xt ift<’7',

XT = XT =
t N {XT ift>r.

By Lemma 1.6.12 and Exercises 16 and 18, we have the following result.

Lemma 1.6.13. If X is progressively measurable with respect to (F;) and T an
(Ft)-stopping time, then the stopped process X7 is adapted to the filtrations
(.7:7/\t) and (.7:,5)

In the subsequent chapters we repeatedly need the following technical
lemma. It states that every stopping time is the decreasing limit of a sequence
of stopping times that take on only finitely many values.

Lemma 1.6.14. Let 7 be a stopping time. Then there exist stopping times T,
that only take finitely many values and such that 1, | 7 almost surely.

Proof. Define

n2™—1

k
Tn = Z Q_nl{TE[(k—l)/z’ak/zn)} +00l{r>ny-
k=1
Then 7, is a stopping time and 7,, | 7 almost surely (see Exercise 24). O

Using the notion of filtrations, we can extend the definition of the BM as
follows.

Definition 1.6.15. Suppose that on a probability space (2, F,P) we have a
filtration (F3)¢>0 and an adapted stochastic process W = (W;)¢>o. Then W is
called a (standard) Brownian motion, (or Wiener process) with respect to the
filtration (Fy) if
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(i

) Wo =0,
(if)

)

)

W,
Wy — Wy is independent of F; for all s < ¢,
(iii) Wy — Wy has a N(0,¢ — s)-distribution for all s < ¢,

(iv) almost all sample paths of W are continuous.

Clearly, a process W that is a BM in the sense of the ‘old’ Definition 1.1.2
is a BM with respect to its natural filtration. If in the sequel we do not mention
the filtration of a BM explicitly, we mean the natural filtration. However, we will
see that it is sometimes necessary to consider Brownian motions with respect
to larger filtrations as well.
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1.7 Exercises

. Prove that a process W has properties (i), (ii) and (iii) of Definition 1.1.2

if and only if for all ¢1,...,%, > 0 the vector (W;,,...,W; ) has an n-
dimensional Gaussian distribution with mean vector 0 and covariance ma-
trix (t, AN tj)i,j:l..n-

. Give an example of two processes that are versions of each other, but not

modifications.

. Prove that the process Y defined in the proof of Theorem 1.3.3 is indeed

a modification of the process X.

. Let a > 0 be given. Give an example of a right-continuous process X that

is not continuous and which statisfies
E|X; — X |* < K|t — s

for some K > 0 and all s,¢t > 0. (Hint: consider a process of the form
Xt = lyy<y for a suitable chosen random variable Y).

. Prove that the process X in the proof of Corollary 1.3.4 is a BM.

Prove Lemma 1.4.2.

Prove parts (i), (ii) and (iii) of Theorem 1.4.4.

. Consider the proof of the time-inversion property (iv) of Theorem 1.4.4.

Prove that the probability in (1.5) is determined by the fdd’s of the process
X.

. Let W be a BM and define X; = Wy_y — Wj for ¢t € [0,1]. Show that

(Xt)telo,1) is a BM as well.

Let W be a BM and fix ¢t > 0. Define the process B by

W, s<t
By =Wypt — (Wy — Wipt) = ¢
re ) {QWt—WS, s> 1.
Draw a picture of the processes W and B and show that B is again a BM.

We will see another version of this so-called reflection principle in Chapter
3.

(i) Let W be a BM and define the process X; = Wy — tWy, t € [0,1].
Determine the mean and covariance function of X.

(ii) The process X of part (i) is called the (standard) Brownian bridge on
[0,1], and so is every other continuous, Gaussian process indexed by
the interval [0,1] that has the same mean and covariance function.
Show that the processes Y and Z defined by Y; = (1 — )W, /1),
t€[0,1), Y1 =0and Zy =0, Z; = tW(y4y—1, t € (0, 1] are standard
Brownian bridges.
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Stochastic processes

Let H € (0,1) be given. A continuous, zero-mean Gaussian process X
with covariance function 2EX,X; = (#2H + s2H — |t — s]2H) is called a
fractional Brownian motion (fBm) with Hurst index H. Show that the
fBm with Hurst index 1/2 is simply the BM. Show that if X is a {Bm
with Hurst index H, then for all a > 0 the process = X,; is a fBm with
Hurst index H as well.

Let W be a Brownian motion and fix ¢t > 0. For n € N, let 7, be a
partition of [0,t] given by 0 = tj < ¢} < --- <t} =t and suppose that

the mesh ||7,| = maxy, [t} — t7_,| tends to zero as n — oo. Show that
2
Do Wy =Wy )P =t
k

as n — oo. (Hint: show that the expectation of the sum tends to ¢, and
the variance to zero.)

Show that if (F%) is a filtration, (F¢4) is a filtration as well.

Prove that the collection F, associated with a stopping time 7 is a o-
algebra.

Show that if ¢ and 7 are stopping times such that ¢ < 7, then F, C F..
Let o0 and 7 be two (F;)-stopping times. Show that {o < 7} € F, N F-.

If 0 and 7 are stopping times w.r.t. the filtration (F;), show that o AT and
o V T are also stopping times and determine the associated o-algebras.

Show that if o and 7 are stopping times w.r.t. the filtration (F;), then
o+ 7 is a stopping time as well. (Hint: for ¢ > 0, write

{o+7>t}={r=0,0>t}U{0<T<to+7 >t}
U{r>t,o=0U{r >t,o >0}

Only for the second event on the right-hand side it is non-trivial to prove
that it belongs to F;. Now observe that if 7 > 0, then ¢ + 7 > ¢ if and
only if there exists a positive ¢ € Q such that ¢ < 7 and o + g > t.)

Show that if ¢ and 7 are stopping times with respect to the filtration
(Ft) and X is an integrable random variable, then a.s. 1¢,_,,E(X | F;) =
;T):;}E(X|fg) (Hint: show that E(l{T:U}X ‘ .7'-‘,-) = E(l{T:U}X |f.,- N

Show that if the filtration (F;) is right-continuous, then 7 is an (Fy)-
stopping time if and only if {7 <t} € F; forallt € T.

Prove Lemma 1.6.6.

Show that the map w — (7(w) A t,w) in the proof of Lemma 1.6.12 is
measurable as a map from (Q, F;) to ([0,¢] x Q, B([0,t]) x Fy).

Show that the 7, in the proof of Lemma 1.6.14 are indeed stopping times
and that they converge to 7 almost surely.
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25. Translate the definitions of Section 1.6 to the special case that time is
discrete, i.e. T =Z,.

26. Let W be a BM and let Z = {¢t > 0 : W; = 0} be its zero set. Show that
with probability one, the set Z has Lebesgue measure zero, is closed and
unbounded.
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Martingales

2.1 Definitions and examples

In this chapter we introduce and study a very important class of stochastic pro-
cesses: the so-called martingales. Martingales arise naturally in many branches
of the theory of stochastic processes. In particular, they are very helpful tools
in the study of the BM. In this section, the index set 7" is an arbitrary interval
of Z+ or R+.

Definition 2.1.1. An (F;)-adapted, real-valued process M is called a martin-
gale (with respect to the filtration (F)) if

(i) E|M| < oo for all t € T,
(ii) E(M;|Fs) ZE M, for all s < t.

If property (ii) holds with ‘>’ (resp. ‘<’) instead of ‘=’, then M is called a
submartingale (resp. supermartingale).

Intuitively, a martingale is a process that is ‘constant on average’. Given
all information up to time s, the best guess for the value of the process at
time ¢ > s is simply the current value M. In particular, property (ii) implies
that EM; = EM, for all t € T. Likewise, a submartingale is a process that
increases on average, and a supermartingale decreases on average. Clearly, M is
a submartingale if and only if —M is a supermartingale and M is a martingale
if it is both a submartingale and a supermartingale.

The basic properties of conditional expectations (see Appendix A) give us
the following examples.
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Example 2.1.2. Suppose that X is an integrable random variable and (F)ter
a filtration. For ¢ € T, define M; = E(X | F;), or, more precisely, let M; be
a version of E(X |F;). Then M = (M;)ier is an (F:)-martingale and M is
uniformly integrable (see Exercise 1). |

Example 2.1.3. Suppose that M is a martingale and that ¢ is a convex func-
tion such that E|p(M;)| < oo for all ¢ € T. Then the process (M) is a
submartingale. The same is true if M is a submartingale and ¢ is an increasing,
convex function (see Exercise 2). [ |

The BM generates many examples of martingales. The most important
ones are presented in the following example.

Example 2.1.4. Let W be a BM. Then the following processes are martingales
with respect to the same filtration:

(i) W itself,
(i) W2+,
(iii) for every a € R, the process exp(aW; — a®t/2).

You are asked to prove this in Exercise 3. |

In the next section we first develop the theory for discrete-time martingales.
The generalization to continuous time is carried out in Section 2.3. In Section
2.4 we return to our study of the BM.

2.2 Discrete-time martingales

In this section we restrict ourselves to martingales and (filtrations) that are
indexed by (a subinterval of) Z,. Note that as a consequence, it only makes
sense to consider Z-valued stopping times. In discrete time, 7 a stopping time
with respect to the filtration (Fy,)nez, if {7 <n} € F, for all n € N.

2.2.1 Martingale transforms

If the value of a process at time n is already known at time n — 1, we call a
process predictable. The precise definition is as follows.
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Definition 2.2.1. We call a discrete-time process X predictable with respect
to the filtration (F,) if X,, is F,,—1-measurable for every n.

In the following definition we introduce discrete-time ‘integrals’. This is a
useful tool in martingale theory.

Definition 2.2.2. Let M and X be two discrete-time processes. We define the
process X -M by (X M)y =0 and

n

(X-M)y = Xp(My, — My_1).
k=1

We call X-M the discrete integral of X with respect to M. If M is a (sub-,
super-)martingale, it is often called the martingale transform of M by X.

The following lemma explains why these ‘integrals’ are so useful: the inte-
gral of a predictable process with respect to a martingale is again a martingale.

Lemma 2.2.3. If M is a submartingale (resp. supermartingale) and X is a
bounded, nonnegative predictable process, then X-M is a submartingale (resp.
supermartingale) as well. If M is a martingale and X is a bounded, predictable
process, then X -M is a martingale.

Proof. Put Y = X-M. Clearly, the process Y is adapted. Since X is bounded,
say | X,| < K for all n, we have E|Y,,| < 2K )", . E[M}| < co. Now suppose
first that M is a submartingale and X is nonnegative. Then a.s.

E(Yn ‘anl) = E(Ynfl + Xn(Mn - Mnfl) |‘7:n71)
=Y, 1+ XnE(Mn - Mnfl |fn71) > Ynfl, .

hence Y is a submartingale. If M is a martingale the last inequality is an
equality, irrespective of the sign of X, which implies that Y is a martingale in
that case. O

Using this lemma it is easy to see that a stopped (sub-, super-)martingale
is again a (sub-, super-)martingale.

Theorem 2.2.4. Let M be a (sub-, super-)martingale and T a stopping time.
Then the stopped process M™ is a (sub-, super-)martingale as well.

Proof. Define the process X by X,, = 1(;>,) and verify that M"™ = My + X-M.
Since 7 is a stopping time, we have {r > n} = {r < n — 1}¢ € F,,_1, which
shows that the process X is predictable. It is also a bounded process, so the
statement follows from the preceding lemma. O
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The following result can be viewed as a first version of the so-called optional
stopping theorem. The general version will be treated in Section 2.2.5.

Theorem 2.2.5. Let M be a submartingale and o, T two stopping times such
that o < 7 < K for some constant K > 0. Then

E(M;|Fy) > M, as.
An adapted process M is a martingale if and only if
EM, =EM,

for any such pair of stopping times.

Proof. Suppose for simplicity that M is a martingale and define the predictable
process X, = lr>n) — L{o>n}, 0 that X-M = M7 — M?. By Lemma 2.2.3 the
process X -M is a martingale, hence E(M] — M7) = E(X-M),, = 0 for all n.
For 0 < 71 < K, it follows that

EM, =EMj =EM} =EM,.
Now take A € F, and define the ‘truncated random times’
ot = ola+ K1z, 4 =714+ K1 4e.
By definition of F, it holds for every n that
{o4<n}=(ANn{oc <n})U(A°N{K <n}) € F,

so o is a stopping time. Similarly, 74 is a stopping time, and we clearly have

04 < 14 < K. By the first part of the proof, it follows that EM,a = EM, 4,

which implies that
/MUdIF’:/MTd]P’.
A A

Since A € F, is arbitrary, this shows that E(M,|F,) = M, almost surely
(recall that M, is F,-measurable, cf. Lemma 1.6.12).

If in the preceding paragraph o is replaced by n—1 and 7 is replaced by n,
the argument shows that if M is an adapted process for which EM,. = EM, for
every bounded pair o < 7 of stopping times, then E(M,, | Fr.—1) = M,—1 a.s.,
i.e. M is a martingale.

If M is a submartingale, the same reasoning applies, but with inequalities
instead of equalities. O

2.2.2 Inequalities

Markov’s inequality implies that if M is a discrete-time process, then \P(M,, >
A) < E|M,,| for all n € N and A > 0. Doob’s classical submartingale inequality
states that for submartingales, we have a much stronger result.
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Theorem 2.2.6 (Doob’s submartingale inequality). Let M be a sub-
martingale. For all A > 0 and n € N,

AP (maXMk > A) < ]EMnl{maxk<n M >X} < ]E|Mn|
k<n = -

Proof. Define 7 = n Ainf{k : M}, > A}. This is a stopping time and 7 < n (see
Lemma 1.6.7), so by Theorem 2.2.5, we have EM,, > EM,. It follows that

EMy, > EM:1imax, <, Mp>2} + EMrlimax, o, me<ay

> AP (1}?37}1( My, > >\> + EMn]-{makan M <X}-

This yields the first inequality, the second one is obvious. O

Theorem 2.2.7 (Doob’s LP-inequality). If M is a martingale or a nonneg-
ative submartingale and p > 1, then for all n € N

p
E <max |Mn|p> < <L> E |M,|" .
k<n p— 1
Proof. We define M* = maxj,<y, |M|. By Fubini’s theorem, we have for every
m e N
M*Am
E|M* Aml|P :E/ prP~tdx
0
ZE/ pl‘pill{M*Zw} dx
0
— / pxp_lp(M* > x) dx.
0

By the conditional version of Jensen’s inequality, the process | M| is a submartin-
gale (see Example 2.1.3). Hence, the preceding theorem implies that

E|M* Am|P < / paP B My |1 (s >y do
0

M*Am
0
__P * p—1
- —E(|MnHM Aml )
p—1
By Holder’s inequality, it follows that with 1/p+1/¢ =1,

. D 1/p . (r—1) 1/q
E|M* AmP < —I(E\an’) (IE\M Am|® Q) .
P
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Since p > 1 we have ¢ = p/(p — 1), so

1/p (p—1)/p
E|M* A mfP < Ll (E|Mn|p) (E|M* A m|p) .
-

Now raise both sides to the pth power and cancel common factors to see that

» \’
E|M* Am|P < (—) E|M,|P.
p—1

The proof is completed by letting m tend to infinity. O

2.2.3 Doob decomposition

An adapted, integrable process X can always be written as a sum of a martingale
and a predictable process. This is called the Doob decomposition of the process
X.

Theorem 2.2.8. Let X be an adapted, integrable process. There exist a
martingale M and a predictable process A such that A = My = 0 and
X = Xg+ M + A. The processes M and A are a.s. unique. The process
X is a submartingale if and only if A is increasing.

Proof. Suppose first that there exist a martingale M and a predictable process
A such that Ag = My =0and X = Xo+ M + A. Then the martingale property
of M and the predictability of A show that

E(X, — Xn_1 | Fro1) = An — An_1. (2.1)

Since Ay = 0 it follows that

n

Ay = E(Xy — Xp—1 | Fror) (2.2)
k=1

for n > 1, and hence M,, = X,, — Xg — A,. This shows that M and A are a.s.
unique.

Conversely, given a process X, (2.2) defines a predictable process A, and it
is easily seen that the process M defined by M = X — Xy — A is a martingale.
This proves existence of the decomposition.

Equation (2.1) show that X is a submartingale if and only if the process
A is increasing. O

Using the Doob decomposition in combination with the submartingale in-
equality, we obtain the following result.
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Theorem 2.2.9. Let X be a submartingale or a supermartingale. For all A > 0
and n € N,

AP (rgl<ax |1 X| > 3)\> < 4E| Xo| + 3E|X,|.

Proof. Suppose that X is a submartingale. By the preceding theorem there
exist a martingale M and an increasing, predictable process A such that My =
Ap=0and X = Xog+ M + A. By the triangle inequality and the fact that A
is increasing,

P (r&axXM > 3>\> <P(Xo| =N +P (I1£1<8,XM]€| > A) +P(A, > )N).
Hence, by Markov’s inequality and the submartingale inequality,
AP (rlggx | X5| > 3/\) < E|Xo| + E|M,| + EA,.
<n

Since M,, = X,, — Xo — A, the right-hand side is bounded by 2E| X |+ E|X,,| +
2EA,,. We know that A,, is given by (2.2). Taking expectations in the latter
expression shows that EA,, = EX,, —EX, < E|X,|+E|X,,|. This completes the
proof. O

2.2.4 Convergence theorems

Let M be a supermartingale and consider a compact interval [a,b] C R. The
number of upcrossings of [a,b] that the process M makes up to time n is the
number of times that the process ‘moves’ from a level below a to a level above
b. The precise definition is as follows.

Definition 2.2.10. The number U, [a, b] is the largest k € Z such that there
exist 0 <51 <t <89 <tg < -+ <8 <t <nwith My, <aand M;, > 0.

Lemma 2.2.11 (Doob’s upcrossings lemma). Let M be a supermartingale.
Then for all a < b, the number of upcrossings Up[a,b] of the interval [a,b] by
M up to time n satisfies

(b—a)EU,[a,b) <E(M, —a)".

Proof. Consider the bounded, predictable process X given by Xo = 11p7,<a}
and

Xn=1ix, =01 {m, s <oy + 1x, =03 1{m,_1<a}

for n € N, and define Y = X-M. The process X is 0 until M drops below the
level a, then is 1 until M gets above b etc. So every completed upcrossing of



28 Martingales

[a, b] increases the value of Y by at least (b — a). If the last upcrossing has not
been completed at time n, this can cause Y to decrease by at most (M, —a)~.
Hence, we have the inequality

Y, > (b—a)Uy,la,b] — (M, —a)~. (2.3)

By Lemma 2.2.3, the process Y = X-M is a supermartingale. In particular, it
holds that EY,, < EYy = 0. Hence, the proof is completed by taking expectations
on both sides of (2.3). O

Observe that the upcrossings lemma implies that if M is a supermartingale
that is bounded in L', i.e. for which sup,, E|M,,| < oo, then EUy[a,b] < oo for
all @ < b. In particular, the total number Uy [a, b] of upcrossings of the interval
[a,b] is finite almost surely. The proof of the classical martingale convergence
theorem is now straightforward.

Theorem 2.2.12 (Doob’s martingale convergence theorem). If M is a
supermartingale that is bounded in L', then M,, converges almost surely to a
limit Mo, as n — oo, and E|My| < oo.

Proof. Suppose that M,, does not converge to a limit in [—o0, co]. Then there
exist two rational numbers a < b such that liminf M,, < a < b < limsup M,,.
In particular, we must have Uy[a,b] = oco. This contradicts the fact that by
the upcrossings lemma, the number Uya,b] is finite with probability 1. We
conclude that almost surely, M, converges to a limit M, in [—o0,00]. By
Fatou’s lemma,

E|Ms| = E(liminf |M,,]) < liminf E(|M,|) < supE|M,| < co.

This completes the proof. O

If the supermartingale M is not only bounded in L' but also uniformly
integrable, then in addition to almost sure convergence we have convergence
in L'. Moreover, in that case the whole sequence My, M, ..., M, is a super-
martingale.

Theorem 2.2.13. Let M be a supermartingale that is bounded in L'. Then
M, — My, in L' if and only if {M,, : n € Z} is uniformly integrable. In that
case

E(My | Frn) < M, a.s.,

with equality if M is a martingale.

Proof. By the preceding theorem the convergence M, — My holds almost
surely, so the first statement follows from Theorem A.3.5 in the appendix. To
prove the second statement, suppose that M, — M, in L'. Since M is a
supermartingale we have

/MdeP’g/MndIP’ (2.4)
A A
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for all A € F,, and m > n. For the integral on the left-hand side it holds that

/MmdP—/deIPISEMm—MOJ—m
A A

as m — oo. Hence, by letting m tend to infinity in (2.4) we find that

/MOOdIP’g/MndIP
A A

for every A € F,,. This completes the proof. O

If X is an integrable random variable and (F,) is a filtration, then
E(X | F,) is a uniformly integrable martingale (cf. Example 2.1.2). For mar-
tingales of this type we can identify the limit explicitly in terms of the ‘limit

o-algebra’ Fo, defined by
Foo =0 (U fn> .

Theorem 2.2.14 (Lévy’s upward theorem). Let X be an integrable random
variable and (F,) a filtration. Then as n — oo,

E(X[Fn) = E(X | Feo)

almost surely and in L'.

Proof. The process M,, = E(X | F,) is a uniformly integrable martingale (see
Example 2.1.2 and Lemma A.3.4). Hence, by Theorem 2.2.13, M,, — My
almost surely and in L. Tt remains to show that M., = E(X | F.) a.s. Suppose
that A € F,. Then by Theorem 2.2.13 and the definition of M,,,

/Mood]P’:/Mnd]P’:/Xd]P’.
A A A

By a standard monotone class argument, it follows that this holds for all A €
Foo- O

We also need the corresponding result for decreasing families of o-algebras.
If we have a filtration of the form (F, : n € —N), i.e. a collection of g-algebras
such that F_(, 11y € F_, for all n, then we define

Fove =[)Fon-

Theorem 2.2.15 (Lévy-Doob downward theorem). Let (F, : n € —N)
be a collection of o-algebras such that F_(,11) € F_, for every n € N and let
M = (M,, : n € —N) be supermartingale, i.e.

E(M, | Fm) < M, a.s.
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for all m < n < —1. Then if supEM,, < oo, the process M is uniformly
integrable, the limit
M_ = lim M,

n——oo

exists a.s. and in L', and
EMp | F-oo) < M_o as.,

with equality if M is a martingale.

Proof. For every n € N the upcrossings inequality applies to the supermartin-
gale (My : k = —n,...,—1). So by reasoning as in the proof of Theorem 2.2.12
we see that the limit M_,, = lim,,_,_ ., M, exists and is finite almost surely.
Now for all K > 0 and n € —N we have

/ |Mn|dIP’:—/ Mnd}P’—/ M, dP +EM,,.
|M,,|>K M,<—K M,<K

As n tends to —oo, the expectation EM,, increases to a finite limit. So for an
arbitrary € > 0, there exists an m € —N such that EM,, — EM,, < ¢ for all
n < m. Together with the supermartingale property this implies that for all
n < m,

/ |Mn\dIP’§—/ Mmd]P’—/ M,, dP+EM,, + ¢
| My |>K M,<—-K M, <K

:/ | M| dP + €.
| M, |>K

Hence, to prove the uniform integrability of M it suffices (in view of Lemma
A.3.1) to show that by choosing K large enough, we can make P(M, > K)
arbitrarily small for all n simultaneously. Now consider the process M~ =
max{—M,0}. It is an increasing, convex function of the submartingale —M,
whence it is a submartingale itself (see Example 2.1.3). In particular, EM, <
EMZ, for all n € —N. It follows that

E|M,| = EM,, + 2EM,, < supEM,, + 2E|M_,|

and, consequently,
1
P(|M,| > K) < Ve (supEM,, + 2E|M_4]).

So indeed, M is uniformly integrable. The limit M _, therefore exists in L' as
well and the proof can be completed by reasoning as in the proof of the upward
theorem. O

Note that the downward theorem includes the ‘downward version’ of The-
orem 2.2.14 as a special case. Indeed, if X is an integrable random variable and
Fi1D2F DD ﬂn Fn = Foo 18 a decreasing sequence of o-algebras, then as
n — 0o,

E(X|Fn) — E(X | Fx)
almost surely and in L'. This is generalized in the following corollary of Theo-
rems 2.2.14 and 2.2.15, which will be useful in the sequel.
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Corollary 2.2.16. Suppose that X,, — X a.s. and that |X,| <Y for all n,
where Y is an integrable random variable. Moreover, suppose that F1 C Fs C
-+ (resp. F1 2 Fa D ---) is an increasing (resp. decreasing) sequence of o-
algebras. Then E(X,, | F,,) — E(X | F) a.s. asn — oo, where Foo = o (U,, Fn)
(resp. Foo =), Fn)-

Proof. For m € N, put U, = inf,,>,, X,, and V;;, = sup,,~,,, X». Then since
X, — X as., we a.s. have V,, — U,, — 0 as m — oo. It holds that |V, — U,,| <
2|Y'|, so dominated convergence implies that E(V,, —U,,) — 0 as m — co. Now
fix an arbitrary £ > 0 and choose m so large that E(V,,, — U,,) <e. Forn >m
we have

Um, S Xn S Vm? (2'5)

hence E(Up, | Fr) < E(X,, | Fn) < E(Vin | Fn) a.s. The processes on the left-
hand side and the right-hand side are martingales which satisfy the conditions
of the upward (resp. downward) theorem, so letting n tend to infinity we obtain,
a.s.,

E(Un | Feo) < lminf E(X, | F,) < limsup E(X,, | Fn) < E(Vi, | Fso).  (2.6)
It follows that

E(limsupE(X,, | F,) — liminf E(X,, | 7))
S E(E(‘/m | ]:oo) - E(U’"L | -7:00))
= E(Vyy — Up) < <.
By letting ¢ | 0 we see that limsup E(X,, | F,) = liminf E(X,, | F,) a.s., so
E(X,, | Fn) converges a.s.

To identify the limit we let n — oo in (2.5), finding that U, < X < V,,,
hence

E(Un | Foo) < E(X | Fo) < E(Vin | Foc) (2.7)

a.s. From (2.6) and (2.7) we see that both imE(X,, | F,,) and E(X | F,) are
a.s. between the random variables E(U,, | F») and E(V,, | Fx). It follows that

E|mE(X, | F,) — E(X | Fo)| S E(Vi — Un) <.

By letting € | 0 we see that imE(X,, | F,) = E(X | Fx) a.s. d

2.2.5 Optional stopping theorems

Theorem 2.2.5 implies that if M is a martingale and ¢ < 7 are two bounded
stopping times, then E(M, | F,) = M, a.s. The following theorem extends this
result.
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Theorem 2.2.17 (Optional stopping theorem). Let M be a uni-
formly integrable martingale. Then the family of random variables {M, :
T is a finite stopping time} is uniformly integrable and for all stopping times
o < 7 we have

E(M,|F,) =M,

almost surely.

Proof. By Theorem 2.2.13, M., = lim M,, exist almost surely and in L' and
E(Mw | Fn) = M, a.s. Now let 7 be an arbitrary stopping time and n € N.
Since 7 An < n we have F.pr, C F,. By the tower property of conditional
expectations (see Appendix A), it follows that for every n € N

E(Moo | Fran) = E(E(Moo | Fn) | Fran) = E(My [ Fran),
a.s. Hence, by Theorem 2.2.5, we almost surely have
E(Moo |~7:7'/\n) = M:pn.
Now let n tend to infinity. Then the right-hand side converges almost surely to

M., and by the upward convergence theorem, the left-hand side converges a.s.
(and in L') to E(My | G), where

G=0o (Lnj fm> :

almost surely. Now take A € F,.. Then

/Mood]P’:/ Moch+/ M., dP.
A An{r<oo} An{r=oc0}

Since AN{7 < oo} € G (see Exercise 6), relation (2.8) implies that

/ My dP = / M dP.
ANn{r<oo} AN{r<oo}

Trivially, we also have

/ My dP = / M. dP.
An{r=00} An{r=00}

/Mood]P’:/MTd]P’
A A

for every A € F,. We conclude that

SO

Hence, we find that

E(My | F,) = M,

almost surely. The first statement of the theorem now follows from Lemma
A.3.4 in Appendix A. The second statement follows from the tower property of
conditional expectations and the fact that F, C F, if 0 < 7. O
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For the equality E(M, |F,) = M, in the preceding theorem to hold it
is necessary that M is uniformly integrable. There exist (positive) martingales
that are bounded in L! but not uniformly integrable, for which the equality fails
in general (see Exercise 12)! For positive supermartingales without additional
integrability properties we only have an inequality.

Theorem 2.2.18. Let M be a nonnegative supermartingale and let ¢ < 7 be
stopping times. Then

E(MTl{’T<OO} |~7:U) < M01{0'<oo}

almost surely.

Proof. Fix n € N. The stopped supermartingale M™"" is a supermartingale
again (cf. Theorem 2.2.4) and is uniformly integrable (check!). By reasoning
exactly as in the proof of the preceding theorem we find that

E(MT/\TL |f0) = E(M;—o/\n |]:¢7) < M;/\n = MU/\na
a.s. Hence, by the conditional version of Fatou’s lemma (see Appendix A),

E(M;1{rco0y | Fo) < E(liminf Mo pp | Fo)
< liminf E(M;ap | Fs)
< liminf Mjrn,

almost surely. On the event {0 < oo} the lim inf in the last line equals M,. O

2.3 Continuous-time martingales

In this section we consider general martingales, indexed by a subset T of R,..
If the martingale M = (M,);>o has ‘nice’ sample paths, for instance right-
continuous, then M can be approximated ‘accurately’ by a discrete-time mar-
tingale. Simply choose a countable, dense subset {t,} of the index set T and
compare the continuous-time martingale M with the discrete-time martingale
(M, ). This simple idea allows us to transfer many of the discrete-time results
to the continuous-time setting.

2.3.1 Upcrossings in continuous time

For a continuous-time process X we define the number of upcrossings of the
interval [a,b] in the set of time points ' C R, as follows. For a finite set
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F ={t1,...,tn} CT we define Ug[a, b] as the number of upcrossings of [a, b] of
the discrete-time process (X, )i=1..n (see Definition 2.2.10). We put

Urla,b] = sup{Ur[a,b] : F C T, F finite}.

Doob’s upcrossings lemma has the following extension.

Lemma 2.3.1. Let M be a supermartingale and let T' C R be countable.
Then for all a < b, the number of upcrossings Urla, b] of the interval [a,b] by
M satisfies

(b —a)EUrla,b] < supE(M; —a)”.
teT

Proof. Let T,, be a nested sequence of finite sets such that Urla,b] =
lim Ur, [a, b]. For every n, the discrete-time upcrossings inequality states that

(b — a)EUT, [a,b] <E(M;, —a)”,

where t, is the largest element of T;,. By the conditional version of Jensen’s
inequality the process (M — a)~ is a submartingale (see Example 2.1.3). In
particular the function ¢ — E(M; — a)~ is increasing, so

E(M;, —a)” = sup E(M; —a)".
teT,

Hence, for every n we have the inequality

(b — a)EUT, [a,b] < sup E(M; —a)~.
teT,

The proof is completed by letting n tend to infinity. O

2.3.2 Regularization

Theorem 2.3.2. Let M be a supermartingale. Then for almost all w, the limits

lim M,(w) and lim M, (w)
s b2

exist and are finite for every t > 0.

Proof. Fix n € N. By Lemma 2.3.1 there exists an event €2, of probability 1
on which the upcrossing numbers of the process M satisfy

U[O,n]mQ[a, b] < 00
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for every pair of rational numbers a < b. Now suppose that for ¢ < n, the limit

lim M,
qft
q€Q

does not exist. Then there exist two rational numbers a < b such that

liminf M, < a < b < limsup M,.
qlt qTt
q€eQ q€eQ
But this implies that U njngla, b] = co. We conclude that on the event €, the
limit
lim M,

qTt
reQ

exists for every ¢t < n. Similarly, the other limit exists for every t < n. It follows
that on the event Q' = ([, both limits exist in [—oo, c0] for every ¢ > 0.

To prove that the left limit is in fact finite, let ) be the set of all ratio-
nal numbers less than ¢ and let ),, be nested finite sets of rational numbers
increasing to Q. For fixed n, the process (M,)se03uq, U} is a discrete-time
supermartingale. Hence, by Theorem 2.2.9,

NP(max [M,| > 33) < 4E|Mo| + 3E[M, .
qeE@n

Letting n — oo and then A — oo, we see that sup,cq |My| < oo almost surely,
and hence the left limit is finite as well. The finiteness of the right limit is
proved similarly. O

Corollary 2.3.3. Almost every sample path of a right-continuous supermartin-
gale is cadlag.

Proof. See Exercise 7. |

Given a supermartingale M we now define for every ¢ > 0

Mt+ = 11{1;1 Mq.

q€Q

These random variables are well defined by Theorem 2.3.2 and we have the
following result regarding the process (M4 )¢>0.

Lemma 2.3.4. Let M be a supermartingale. Then E|M;,| < oo for every t
and
E(Mt_;,_ |ft) S Mt a.s.

If t — EM,; is continuous, this inequality is an equality. Moreover, the process
(Mi1)e>0 Is a supermartingale with respect to the filtration (Fi4)i>0 and it is
a martingale if M is a martingale.
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Proof. Let ¢, be a sequence of rational numbers decreasing to ¢t. Then the
process M; is a ‘backward supermartingale’ like we considered in Theorem
2.2.15. Hence, M, is integrable and M, converges to M;, in L. Tt follows
that in the inequality

E(My, | Fi) < My as.,

we may let n tend to infinity to find that
]E(Mt+ |ft) S Mt a.s..

The L' convergence also implies that EM; — EM,,. So if t — EM; is contin-
uous, we have EM;y =limEM,; = EM;, hence

]E(Mt+ ‘.7:,5) = Mt a.s.

(see Exercise 8).
To prove the final statement, take s < t and let s,, be a sequence of rational
numbers smaller than ¢ and decreasing to s. Then

E(My | Fs,) = E(E(Mey | F2) | Fs,,) < E(M; | Fs,) < M,

almost surely, with equality if M is a martingale. The right-hand side of this
display converges to My as n — oo. The process (E(My | Fs,))n is a ‘back-
ward supermartingale’, so by Theorem 2.2.15, the left-hand side converges to
E(M;+ | Fs4+) almost surely. O

We can now prove the main regularization theorem for supermartingales
with respect to filtrations satisfying the usual conditions (see Definition 1.6.3).

Theorem 2.3.5. Let M be a supermartingale with respect to a filtration (Fy)
that satisfies the usual conditions. Then if t — EM; is right-continuous, the
process M has a cadlag modification.

Proof. By Theorem 2.3.2, there exists an event €’ of probability 1 on which
the limits
M;,_ = lglfl M, and My = l(glfl M,
q€Q q€Q

exist for every t. We define the process M by M;(w) = M, (w)lg (w) for
t > 0. Then Mt = M, as. and since My, is Fyi-measurable, we have
M; = E(M;; | Fiy) a.s. Hence, by the right-continuity of the filtration and
the preceding lemma, M, = E(Myy | Fi) < My as. Since t — EM,; is right-
continuous, it holds that

EM, = li?tl EM, = EM,.

Together with the fact that M, < M, a.s. this implies that M, = M, a.s., in other
words, M is a modification of M (see Exercise 8). The usual conditions on the
filtration imply that M is adapted, and the process is cadlag by construction (see
Exercise 9). By the preceding lemma and the right-continuity of the filtration
it is a supermartingale. O
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Corollary 2.3.6. A martingale with respect to a filtration that satisfies the
usual conditions has a cadlag modification.

2.3.3 Convergence theorems

In view of the results of the preceding section, we will only consider right-
continuous martingales from this point on. Under this assumption, many of the
discrete-time theorems can be generalized to continuous time.

Theorem 2.3.7 (Martingale convergence theorem). Let M be a right-
continuous supermartingale that is bounded in L'. Then M, converges almost
surely to a limit My, ast — oo, and E|My| < cc.

Proof. First we show that since M is right-continuous, it holds that M; — M,
as t — oo if and only if
}im My = M. (2.9)

teQy

To prove the non-trivial implication in this assertion, assume that (2.9) holds
and fix an € > 0. Then there exists a number a > 0 such that for all ¢ € [a,00)N
Q, it holds that |M; — M| < e. Now let t > a be arbitrary. Since M is right-
continuous, there exists an s >t > a such that s € Q and |M,— M;| < €. By the
triangle inequality, it follows that |My — M| < | My — M| + | Ms — M| < 2¢,
which proves the first assertion.

So to prove the convergence, we may assume that M is indexed by the
countable set Q4. The proof can now be finished by arguing as in the proof
of Theorem 2.2.12, replacing Doob’s discrete-time upcrossings inequality by
Lemma 2.3.1. U

Corollary 2.3.8. A nonnegative, right-continuous supermartingale M con-
verges almost surely as t — oco.

Proof. Simple exercise. O

The following continuous-time extension of Theorem 2.2.13 can be derived
by reasoning exactly as in the discrete-time case.

Theorem 2.3.9. Let M be a right-continuous supermartingale that is bounded
in L'. Then M; — M, in L' ast — oo if and only if M is uniformly integrable.
In that case

E(My | F:) < M;  a.s.,

with equality if M is a martingale.
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2.3.4 Inequalities

Doob’s submartingale inequality and LP-inequality are easily extended to the
setting of general right-continuous martingales.

Theorem 2.3.10 (Doob’s submartingale inequality). Let M be a right-
continuous submartingale. Then for all A > 0 and t > 0,

1
P <sup My > )\> < XE\MJ

s<t

Proof. Let T be a countable, dense subset of [0,¢] and choose a sequence of
finite subsets T}, C T such that t € T;, for every n and T}, T T as n — oco. Then
by the discrete-time version of the submartingale inequality

1
P (maXMS > A) < —E|My|.
seTy, A

Now let n tend to infinity. Then the probability on the left-hand side increases
to

P (supMs > A) .

seT

Since M is right-continuous, the supremum over T equals the supremum over
[0, t]. O

By exactly the same reasoning we can generalize the LP-inequality to con-
tinuous time.

Theorem 2.3.11 (Doob’s LP-inequality). Let M be a right-continuous mar-
tingale or a right-continuous, nonnegative submartingale. Then for all p > 1

andt >0
» \?
E (sup|MSp> < <> E|M;|".
s<t p—- 1

2.3.5 Optional stopping

We now come to the continuous-time version of the optional stopping theorem.

Theorem 2.3.12 (Optional stopping theorem). Let M be a right-
continuous, uniformly integrable martingale. Then for all stopping times 0 < T
we have

E(M, | F,) = M,

almost surely.
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Proof. By Lemma 1.6.14 there exist stopping times o,, and 7, that only take
finitely many values and such that 7, | 7 and o,, | o almost surely. Moreover, it
is easily seen that for the stopping times o,, and 7, constructed as in the proof
of Lemma 1.6.14, it holds that o,, < 7, for every n. Hence, by the discrete-time
optional sampling theorem,

E(M:, | Fs,) = Mo,
almost surely. Since o < ¢y, it holds that F, C F, . It follows that a.s.
E(M:, | Fo) = E(E(M:, | Fo,) | Fo) = E(Mo,, | Fo). (2.10)
The discrete-time optional sampling theorem also implies that

E(M;, | Fr,,,) =M

Tn+1

almost surely. Hence, M, is a ‘backward’ martingale in the sense of Theorem
2.2.15. Since supEM,, = EMy < oo, Theorem 2.2.15 implies that M, is
uniformly integrable. Together with the fact that M, — M, a.s. by the right-
continuity of M, this implies that M, — M, in L'. Similarly, we have that
M, — M, in L. Now take A € F,. Then by equation (2.10) it holds that

/ M,, dP = / M,, dP.
A A

By the L'-convergence we just proved, this yields the relation

[ v ae— [ g, ae
A A

if we let n tend to infinity. This completes the proof. O

Corollary 2.3.13. A right-continuous, adapted process M is a martingale if
and only if for every bounded stopping time 7, the random variable M, is
integrable and EM, = EM, almost surely.

Proof. Suppose first that M is a martingale. Since 7 is bounded, there exists a
constant K > 0 such that 7 < K. The process (M});<k is uniformly integrable.
Hence, by the optional sampling theorem, EM.. = EMj,. The converse statement
is proved by arguing as in the proof of Theorem 2.2.5. O

Corollary 2.3.14. If M is a right-continuous martingale and T is a stopping
time, then the stopped process M7 is a martingale as well.

Proof. Let ¢ be a bounded stopping time. Then by applying the preceding
corollary to the martingale M we find

EM? = EM,p, = EMy = EM].

Since M7 is right-continuous and adapted (see Lemmas 1.6.11 and 1.6.13), an-
other application of the preceding corollary completes the proof. O
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Just as in discrete time the assumption of uniform integrability is crucial
for the optional stopping theorem. If this condition is dropped we only have an
inequality in general. Theorem 2.2.18 carries over to continuous time by using
the same arguments as in the proof of Theorem 2.3.12.

Theorem 2.3.15. Let M be a nonnegative, right-continuous supermartingale
and let o < 7 be stopping times. Then

E(Mrl{‘r<oo} |JT<T) < M51{0<°°}

almost surely.

A consequence of this result is that nonnegative, right-continuous super-
martingales stay at zero once they have hit it.

Corollary 2.3.16. Let M be a nonnegative, right-continuous supermartingale
and define T = inf{t : My =0 or M;_ = 0}. Then almost surely, the process M
vanishes on [T, 00).

Proof. Define 7,, = inf{t : My < 1/n}. Then for a rational number ¢ > 0 we
have 7, < 7 + ¢, so that by the preceding theorem,

1
IE:]\4"I'+11:[{'1-<oo} < EMTnl{Tn<OO} < -
n

It follows that almost surely on the event {7 < oo}, it holds that M, , = 0 for
every rational ¢ > 0. Since M is right-continuous, it holds for all ¢ > 0. U

2.4 Applications to Brownian motion

In this section we apply the developed martingale theory to the study of the
Brownian motion.

2.4.1 Quadratic variation

The following theorem extends the result of Exercise 13 of Chapter 1.

Theorem 2.4.1. Let W be a Brownian motion and fix t > 0. For n € N, let
7, be a partition of [0,t] given by 0 =ty <t} < ... <t} =t and suppose that
the mesh ||m, || = maxy [t} —t}_,| tends to zero as n — oco. Then

2
D (Wi =Wy )? =t

k—1
k
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as n — oo. If the partitions are nested we have

S0 - Wi
k

as n — oQ.

Proof. For the first statement, see Exercise 13 of Chapter 1. To prove the
second one, denote the sum by X,, and put 7, = 0(X,,, Xp41,...). Then Fp 41 C
F. for every n € N. Now suppose that we can show that E(X,, | Frt1) = Xnt1
a.s. Then, since supEX,, =t < oo, Theorem 2.2.15 implies that X,, converges
almost surely to a finite limit X,,. By the first statement of the theorem the
X, converge in probability to t. Hence, we must have X, =t a.s.

So it remains to prove that E(X,, | Fn+1) = Xn41 a.s. Without loss of
generality, we assume that the number elements of the partition 7, equals n. In
that case, there exists a sequence t,, such that the partition 7, has the numbers
t1,...,t, as its division points: the point ¢,, is added to m,_1 to form the next
partition m,. Now fix n and consider the process W’ defined by

Ws, = WS/\tn+1 - (Wé - WS/\tn+1)'

By Exercise 10 of Chapter 1, W’ is again a BM. For W', denote the analogues
of the sums X by X;. Then it is easily seen that for k¥ > n + 1 it holds that
X} = Xi. Moreover, it holds that X — X, ., = X1 — X,, (check!). Since
both W and W’ are BM’s, the sequences (X1, Xo,...) and (X}, X}, ...) have
the same distribution. It follows that a.s.,

]E(Xn - Xn+1 | ]:nJrl) = E(X - Xr/LJrl | X7,z+1’ X’II’L+27 o )
E(X, — X7/z+1 | Xnt1, Xny2,-)
=E(X,p11 — Xn| Xons1, Xnso, .- 1)
= —E(Xn — Xpi1 | Frir).

3S~3

This implies that E(X,, — X,,11 | Frny1) = 0 almost surely. O

A real-valued function f is said to be of finite variation on an interval
[a,b] if there exists a finite number K > 0 such that for every finite partition
a=ty<-- <ty,=>of [a,b] it holds that

D O 1f(tk) = fteer)| < K.
k

Roughly speaking, this means that the graph of the function f on [a, b] has finite
length. Theorem 2.4.1 shows that the sample paths of the BM have positive
and finite quadratic variation. This has the following consequence.

Corollary 2.4.2. Almost every sample path of the BM has unbounded varia-
tion on every interval.
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Proof. Fix ¢t > 0. Let 7, be nested partitions of [0,¢] given by 0 = ¢j <t} <
--+ <t =t and suppose that the mesh ||7,|| = maxy [t} —¢}_,| tends to zero
as n — 00. Then

> Wy =Wy )? < S We = Wil D (W = W, .
3 s—t|<||mn &

By the continuity of the Brownian sample paths the first factor on the right-
hand side converges to zero a.s. as n — oco. Hence, if the BM would have finite
variation on [0, ¢] with positive probability, then

D Wiy = Wiy )2
k

would converge to zero with positive probability, which contradicts Theorem
2.4.1. O

2.4.2 Exponential inequality

Let W be a Brownian motion. We have the following exponential inequality for
the tail probabilities of the running maximum of the Brownian motion.

Theorem 2.4.3. For everyt > 0 and A > 0,
122
P (SupWs > )\> <e 2t
s<t
and
122
P (sup|Ws| > )\) <2 27%.

s<t

Proof. For a > 0 consider the exponential martingale M defined by M; =
exp(aW; — a?t/2) (see Example 2.1.4). Observe that

P (sup W, > )\> <P <sup M, > ea’\azt/2> .

s<t s<t

By the submartingale inequality, the probability on the right-hand side is
bounded by

eazt/Q—aAEMt — ea2t/2—a/\EMO _ eazt/Q—a)\-

The proof of the first inequality is completed by minimizing the latter expression
in @ > 0. To prove the second one, note that

P (Sup|Ws| 2 /\) <P (SupWs > )\> +P (igfth < —)\>

s<t s<t

:P(supWS 2)\> —HP(SUp—WS > /\).

s<t s<t

The proof is completed by applying the first inequality to the BM’s W and
-W. O
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The exponential inequality also follows from the fact that sup,, Wi =4
|Wy| for every fixed t. We will prove this equality in distribution in the next
chapter.

2.4.3 The law of the iterated logarithm

The law of the iterated logarithm describes how the BM oscillates near zero and
infinity. In the proof we need the following simple lemma.

Lemma 2.4.4. For every a > 0,

& 1 2 a 1 2
e 2% dx > —2672(1 )
o 14+a

Proof. The proof starts from the inequality

o0 oo
1 _1-: 1 _ 1.2
/ —e 2" dr < — e 2% dux.
a

x a? J,

Integration by parts shows that the left-hand side equals

o0 1 1 o0 1
[Terra(Y) Lty [T a(e)
a x a a T
1
a

_1l. o0 _1.
e 2% — e 2% dux.
a

1 1
(1+2>/ e 2% dx
a a

and the proof is complete. O

Hence, we find that

Y

Theorem 2.4.5 (Law of the iterated logarithm). It almost surely holds
that

. Wt . . Wt
limsup —— =1, liminf —— = —1,
tlo /2tloglog1/t tl0 /2tloglog 1/t
W, W,
lim sup ! 1, lim inf 4 —1.

t—oo /2tloglogt - t—oo /2t]oglogt -

Proof. It suffices to prove the first statement, since the second statement fol-
lows by applying the first one to the BM —W. The third and fourth follow by
applying the first two to the BM tW; ;; (see Theorem 1.4.4).
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Put h(t) = (2tloglog 1/t)'/? and choose two numbers 6,6 € (0,1). We put
an = (L+0)07"h(0"), fn = h(0")/2.

Using the submartingale inequality as in the proof of Theorem 2.4.3 we find
that
P (sup(VVS —an8/2) > ﬁn> <e onPn < gKp179
s<1

for some constant K > 0 that does not depend on n. Hence, by the Borel-
Cantelli lemma,

sup(Wy — aps/2) < B,

s<1

for all n large enough. In particular, it holds for all n large enough and s €
[0,0™~1] that

QpnS e Lot 1+6 1
< — < = — — ™.
W< 2y, < 0 g, (29 +2>h(9)

Since h is increasing in a neighbourhood of 0, it follows that for all n large

enough,
su W < —1 9 + 1
GW’SSSI;"_l h(S) - 20 2 ’

which implies that

—_

Wy 149
limsup — < —— + —.
o DR T 20 2

Now let  T1 and § | 0 to find that

%%
lim sup —t <1

tio h(t) ~

To prove the reverse inequality, choose 6 € (0,1) and consider the events
A, = {Wgn  Wnir > (1 _ \/5) h(&”)} .

By the independence of the increments of the BM the events A,, are independent.
Moreover, it holds that

1 1.
P(A,) = — e 2% dz.
(4n) Var /a
with a = (1 —/6)(2(1 — 6)~'loglog§~")'/2. By Lemma (2.4.4), it follows that

a _Ll.2
V 27T]P)(An) Z me 2 .
It is easily seen that the right-hand side is of order

(1-v6)?
n 1-0 =n7

with a < 1. Tt follows that > P(A,) = oo, so by the Borel-Cantelli lemma,

Won = (1= VB) h(6") + W
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for infinitely many n. Since —W is also a BM, the first part of the proof implies
that
~Wpnsr < 20(0"h)

for all n large enough. Combined with the preceding inequality and the fact
that h(#"*1) < 2¢/0h(6™), this implies that
Wen > (1 - \/5) (™) — 2h(0"1) > h(6™)(1 — 5v/8)
for infinitely many n. Hence,
Wi
limsup — > 1 — 5\/5,
no - h(E) =

and the proof is completed by letting 6 tend to zero. O

As a corollary we have the following result regarding the zero set of the
BM that was considered in Exercise 26 of Chapter 1.

Corollary 2.4.6. The point 0 is an accumulation point of the zero set of the
BM, i.e. for every € > 0, the BM visits 0 infinitely often in the time interval
[0,¢).

Proof. By the law of the iterated logarithm, the exist sequences ¢, and s,
converging to 0 such that

W,

=1
V/2t, loglog1/t,

W,

/28y loglog1/s,

for every n. The corollary follows by the continuity of the Brownian sample
paths. O

and

2.4.4 Distribution of hitting times

Let W be a standard BM and for a > 0, let 7, be the (a.s. finite) hitting time
of the level a, cf. Example 1.6.9.

Theorem 2.4.7. For a > 0, the Laplace transform of the hitting time 7, is
given by
Ee Ao = e‘“m, A>0.
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Proof. For b > 0, consider the exponential martingale M; = exp(bW; — b%t/2)
(see Example 2.1.4). The stopped process M ™ is again a martingale (see Corol-
lary 2.3.14) and is bounded by exp(ab). A bounded martingale is uniformly
integrable, hence, by the optional stopping theorem,

EM., = EMle =EM;* = 1.
Since W, = a, it follows that
EeabbeTa/Q —=1.
The expression for the Laplace transform follows by substituting b2 = 2\. O

We will see later that 7, has the density

a2

ae” 2z
T s 20

This can be shown for instance by inverting the Laplace transform of 7,. We
will however use an alternative method in the next chapter. At this point we
only prove that although the hitting times 7, are finite almost surely, we have
E7, = oo for every a > 0. A process with this property is called null recurrent.

Corollary 2.4.8. For every a > 0 it holds that Et, = co.

Proof. Denote the distribution function of 7, by F. By integration by parts
we have for every A > 0

Ee Ao = / e dF (z) = —/ F(x) de™*
0 0

Combined with the fact that

—1 :/ de ?*
0
1 —Ee *a 1

N x))de™ ™ = “a- x))e M dz.
=3 -PEde = [ Fape

it follows that

Now suppose that E7, < co. Then by the dominated convergence theorem, the
right-hand side converges to E7, as A — 0. In particular,

. 1 — e *a
MO A

is finite. However, the preceding theorem shows that this is not the case. O
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2.5 Exercises

1. Prove the assertion in Example 2.1.2.
2. Prove the assertion in Example 2.1.3.
3. Show that the processes defined in Example 2.1.4 are indeed martingales.

4. Let X1, Xs,... be ii.d. random variables and consider the tail o-algebra
defined by

T = ﬂ (X, Xng1,--.).
n=1

(a) Show that for every m, 7 is independent of the o-algebra
o(X1,...,X,) and conclude that for every A € T

P(A) =E(1a]| X1, Xo,...,X5)

almost surely.

(b) Give a “martingale proof” of Kolmogorov’s 0—1 law : for every A € T,
P(A)=0o0r P(A) =1.

5. In this exercise we present a “martingale proof” of the law of large num-
bers. Let X7, Xs,... be i.i.d. random variables with E|X;| < oo. Define
Sn :Xl + - +Xn and fn = U(Sn,Sn+1,...).

(a) Note that for ¢ = 1,...n, the distribution of the pair (X;,S,) is
independent of i. From this fact, deduce that E(X,, |F,) = S,/n
and, consequently,

1
E (sn
n

1
fn+1> = o 1ont

almost surely.
(b) Show that S,,/n converges almost surely to a finite limit.
(c¢) Derive from Kolmogorov’s 0-1 law that the limit must be a constant

and determine its value.

6. Consider the proof of Theorem 2.2.17. Prove that for the stopping time 7
and the event A € F it holds that AN {7 < o0} € G.

7. Prove Corollary 2.3.3.

8. Let X and Y be two integrable random variables, F a o-algebra and
suppose that Y is F-measurable. Show that if E(X |F) < Y a.s. and
EX =FEY, then E(X |F) =Y as.

9. Show that the process M constructed in the proof of Theorem 2.3.5 is
cadlag.

10. Let M be a supermartingale. Prove that if M has a right-continuous
modification, then ¢t — EM; is right-continuous.
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11.

12.

13.

14.

15.

16.

Martingales

Show that for every a # 0, the exponential martingale of Example 2.1.4
converges to 0 a.s. as t — oo. (Hint: use for instance the recurrence of
the Brownian motion). Conclude that these martingales are not uniformly
integrable.

Given an example of two stopping times o < 7 and a martingale M that
is bounded in L! but not uniformly integrable, for which the equality
E(M, | Fs) = M, fails. (Hint: see Exercise 11.)

Let M be a positive, continuous martingale that converges a.s. to zero as
t tends to infinity.

(a) Prove that for every x > 0,

M,
P(suth >JC|.7:0) :1/\70
x

>0

almost surely. (Hint: stop the martingale when it gets above the
level z.)

(b) Let W be a standard BM. Using the exponential martingales of Ex-
ample 2.1.4, show that for every a > 0, the random variable

sup (W, — 3at)
>0

has an exponential distribution with parameter a.

Let W be a BM and for a € R, let 7, be the first time that W hits a.
Suppose that a > 0 > b. By considering the stopped martingale W7/ 7,

show that

-b
P(r, <) = 7

Consider the setup of the preceding exercise. By stopping the martingale
W2 — t at an appropriate stopping time, show that E(1, A 7,) = —ab.
Deduce that E7, = oc.

Let W be a BM and for a > 0, let 7, be the first time that the process
|W| hits the level a.

(a) Show that for every b > 0, the process M; = cosh(b|W;|) exp(—bt/2)
is martingale.

(b) Find the Laplace transform of the stopping time 7.

(c) Calculate E7,.



Markov processes

3.1 Basic definitions
We begin with the following central definition.

Definition 3.1.1. Let (E, ) be a measurable space. A transition kernel on E
isamap P: E x & — [0, 1] such that

(i) for every x € E, the map B — P(x, B) is a probability measure on (E, &),

(ii) for every A € £, the map = — P(x, B) is measurable.

A transition kernel provides a mechanism for a random motion in the space
E which can be described as follows. Say at time zero, one starts at a point
o € FE. Then at time 1, the next position z; is chosen according to the
probability measure P(xg,dx). At time 2 the point x5 is chosen according to
P(x1,dx), etc. This motion is clearly Markovian, in the sense that at every
point in time, the next position does not depend on the entire past, but only on
the current position. Roughly speaking, a Markov process is a continuous-time
process with this property.

Suppose that we have such a process X for which, for every ¢ > 0, there
exists a transition kernel P; such that

P(X, s € B|FX) = P(X,,B) aus.

for all s > 0. Then it is necessary that the transition kernels (P;);>o satisfy a
certain consistency relation. Indeed, by a standard approximation argument,
we have

E(f(XtJrs)\]-'j():/f(x)Pt(Xs,d:c) a.s.
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for every nonnegative, measurable function f. It follows that for s,¢ > 0,

Py (X0, B) Xivs €B|f§)

= IP(
:E(IP(XH-S GBl}—sX)l]:(f()
= E(P/(X,,B)| )

_ /Pt(y,B)PS(XOady)

almost surely. This motivates the following definition.

Definition 3.1.2. Let (F, &) be a measurable space. A collection of transition
kernels (P;);>¢ is called a (homogenous) transition function if for all s,t > 0,
r€ Fand Be&

Pt+s($7B) :/Ps($7dy)Pt(y7B)

This relation is known as the Chapman-Kolmogorov equation.

Integrals of the form [ fdv are often written in operator notation as vf.
It is useful to introduce a similar notation for transition kernels. If P(x,dy)
is a transition kernel on a measurable space (F,€) and f is a nonnegative,
measurable function on F, we define the function Pf by

Pi(z) = / )P, dy).

For B € £ we have Plg(z) = P(z,B), so Plp is a measurable function. By a
standard approximation argument it is easily seen that for every nonnegative,
measurable function f, the function Pf is measurable as well. Moreover, we
see that if f is bounded, then Pf is also a bounded function. Hence, P can be
viewed a linear operator on the space of bounded, measurable functions on E.

Note that in this operator notation, the Chapman-Kolmogorov equation
states that for a transition function (P;):>o it holds that

Pt+sf:Pt(Psf):Ps(Ptf)

for every bounded, measurable function f and s,¢ > 0. In other words, the oper-
ators (P;)¢>o form a semigroup of operators on the space of bounded, measurable
functions on E. In the sequel we will not distinguish between this semigroup
and the corresponding (homogenous) transition function on (E, ), since there
is a one-to-one relation between the two concepts.

We can now give the definition of a Markov process.

Definition 3.1.3. Let (2, F, (F:),P) be a filtered probability space, (F,E) a
measurable space and (P;) a transition function on E. An adapted process X is
called a (homogenous) Markov process with respect to the filtration (F;) if for
all s,t > 0 and every nonnegative, measurable function f on F,

E(f(Xiys) | Fs) = P f(Xs) P-as.

The distribution of Xy under P is called the initial distribution of the process,
F is called the state space.
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The following lemma will be useful in the next section. It shows in particu-
lar that the fdd’s of a Markov process are determined by the transition function
and the initial distribution.

Lemma 3.1.4. A process X is Markov with respect to its natural filtration
with transition function (P:) and initial distribution v if and only if for all
0=ty <ty <---<t, and nonnegative, measurable functions fy, f1,..., fn,

EHfi(Xti) =vfoPu—tof1  Pro—t, 1 fn-
i=0

Proof. Exercise 1. O

The Brownian motion is a Markov process. In the following example we
calculate its transition function.

Example 3.1.5. Let W be a standard BM and let (F;) be its natural filtration.
For s,t > 0 and a nonnegative, measurable function f, consider the conditional
expectation E(f(Wiis)|Fs). Given Fg, the random variable Wy, = (Wigs —
W) + Wy has a normal distribution with mean Wy and variance ¢t . It follows
(check!) that a.s.

E(f(Wt+s dy = Ptf(Ws)a

NF)= [ g0

where the transition kernel P; on R is defined by

Pif(a /f p(t, 2, y)dy,

with
( ) 1 _1@E-y?®
plt,z,y) = e 2
Y vV 2rt
Hence, the BM is a Markov process with respect to its natural filtration. ]

In general it is not true that a function of a Markov process is again Marko-
vian. The following lemma gives a sufficient condition under which this is the
case.

Lemma 3.1.6. Let X be a Markov process with state space (E,£) and tran-
sition function (P;). Suppose that (E’,E’) is a measurable space and let
¢ : E — E' be measurable and onto. If (Q:) is a collection of transition
kernels such that

P (fop)=(Quf)o

for all bounded, measurable functions f on E’, then Y = ¢(X) is a Markov pro-
cess with respect to its natural filtration, with state space (E',E’) and transition
function (Qy).
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Proof. Let f be a bounded, measurable function on E’. Then by the assump-
tion and the semigroup property of (FP;),

(@:Qsf) o v = P((Qsf) o) = BiPs(f o) = Prys(f 0 p) = (Qursf) o -

Since ¢ is onto, this implies that (Q¢) is a semigroup. Using the preceding
lemma and the assumption it is easily verified that Y has the Markov property
(see Exercise 2). O

3.2 Existence of a canonical version

In this section we show that for a given transition function (P;) and probability
measure v on a measurable space (E, &), we can construct a so-called canonical
Markov process X which has v as initial distribution and (P;) as its transition
function.

An E-valued process can be viewed as random element of the space E®+
of E-valued functions on R, . Recall that a subset A C E®+ is called a cylinder
if it is of the form

A={fecE® : f(t;) € E1, ..., f(tn) € E,}

for certain ti,...,t, > 0 and Ey,..., E, € £ The product-o-algebra £+ on
ER+ is defined as the smallest o-algebra which contains all cylinders. Equiva-
lently, it is the smallest o-algebra which makes all projections E®+ — R given
by f + f(t) measurable. Now we define Q2 = E®+ and F = €%+ and on (Q, F)
we consider the process X = (X;);>0 defined by

Xi(w) =w(t), we.

Viewed as a map from Q — E®+, X is simply the identity map. In particular,
X is a measurable map (Q, F) — (E®+ €®+) and it follows that for every ¢t > 0,
X is a measurable map (Q,F) — (E,&). Hence, X is an E-valued stochastic
process on (€, F) in the sense of Definition 1.1.1. Note however that we have
not yet defined a probability measure on (€2, F).

Definition 3.2.1. The process X is called the canonical process on (E®+, ER+).

In Chapter 1 we presented (without proof) Kolmogorov’s consistency the-
orem (see Theorem 1.2.3). It states that for every consistent collection of prob-
ability measures (cf. Definition 1.2.2) there exists a certain probability space
and a process on this space which has these probability measures as its fdd’s.
At this point we need the following refinement of this result.
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Theorem 3.2.2 (Kolmogorov’s consistency theorem). Suppose that E' is
a Polish space and & is its Borel o-algebra. For allty,...,t, >0, let jiy, ..+, be
a probability measure on (E™,E™). If the measures p, .. ., form a consistent
system, then there exists a probability measure P on the measurable space
(E®+,E%+) such that under P, the canonical process X on (E®+ E®+) has the
measures fi, ..+, as its fdd’s.

Proof. See for instance Billingsley (1995). d

From this point on we assume that (£, &) is a Polish space, endowed with
its Borel o-algebra. We have the following existence result for Markov processes
with a given transition function and initial distribution.

Corollary 3.2.3. Let (P;) be a transition function on (E,&) and let v be a
probability measure on (E,£). Then there exists a unique probability measure
P, on (,F) = (E®+,E”+) such that under P,, the canonical process X is a
Markov process with respect to its natural filtration (F;X), with initial distri-

bution v.

Proof. For all 0 =ty < t; < --- < t, we define the probability measure on
(En-i-l’gn-i-l) by

Btotrtn (Ao X A1y X oo x Ap) =v1a Py —4yla, - P, 1a,-

For arbitrary ti,...,t, > 0, let © be a permutation of {1,...,n} such that
tr(1) <+ < tr(n) and define

Mty .oty (A1 x -+ x Ap) = ﬂtw(l),...,tw(,,L>(A7r(1) X X Aﬂ’(n))'

Then by construction, the probability measures puy, .., satisfy condition (i) of
Definition (1.2.2). By the Chapman-Kolmogorov equation we have Ps1gP; =
Py, for all s,¢ > 0. From this fact it follows that condition (ii) is also satisfied,
so the measures p, . ., form a consistent system (see Exercise 5). Hence,
by Kolmogorov’s consistency theorem there exists a probability measure P,
on (Q,F) = (E®+,E®+) such that under P,, the canonical process X has the
measures f, .+, as its fdd’s. In particular, we have for 0 =ty <t; <--- <t,
and Ao,Al,...,An e

P (Xi, € Aoy Xo, € An) = gty (Ao X Ay X - X Ay)
= VlAUPtl—tolAl T Ptn_tnfllAn'

By Lemma 3.1.4 this implies that X is Markov w.r.t. its natural filtration. [

Consider a given transition function (P;) on (FE,&) again. For © € E, let
0, be the Dirac measure concentrated at the point x. By Corollary 1.3.4 there
exists a probability measure Ps, such that under this measure, the canonical
process X has §, as initial distribution. In the remainder of these notes, we
simply write P, instead of Ps, and the corresponding expectation is denoted by
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E,. Since P,(Xo = ) = 1 we say that under P,, the process X starts in .
Note also that for all z € E and A € &,

P, (X, € A) = /5m(y)Pt(y,A) = Py(z, A).

In particular, the map x — P,(X; € A) is measurable for every A € £. This is
generalized in the following lemma.

Lemma 3.2.4. Let Z be an F2X -measurable random variable, nonnegative or
bounded. Then the map x — [E,Z is measurable and

E,.Z = /V(dl‘)EmZ,

for every initial distribution v.

Proof. It is easily seen that the class
S = {F € .7:0)2 :x +— E, 11 is measurable and E, 1 = /V(dm)]Ezlp}

is a monotone class of subsets of .7-'0)2. Let G C ]—'O)g be the class of rectangles of
the form {X,;, € A1,...,X;, € A,}. Using Lemma 3.1.4, it is easy to see that
G C S. Since G is closed under finite intersections, it follows that

F£:U(g)g87

by the monotone class theorem (see the appendix). So for every I' € FX,
the statement of the lemma is true for the random variable Z = 1r. By a
standard approximation argument is follows that the statement is true for every
nonnegative or bounded 2 -measurable random variable Z. (See also Exercise
6) O

For t > 0 we define the translation operator 0; : E®+ — E®+ by 6, f(s) =
f(t+ s). So 0; just cuts of the part of the path of f before time ¢ and shifts
the remaining part to the origin. Clearly, 6; o 8, = 6;,, and every 6; is E%+-
measurable. Using the translation operators, we can formulate the Markov
property as follows.

Theorem 3.2.5. Let Z be an FZX -measurable random variable, nonnegative or
bounded. Then for every t > 0 and initial distribution v,

B, (Zob;|F*)=Ex,Z P,-as.

Before we turn to the proof, let us remark that the right-hand side of
the display should be read as the evaluation at the (random) point X; of the
function z — E,Z. So by Lemma 3.2.4 it is a measurable function of X;.
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Proof. We have to show that for A € F;X

/Zo@td}P’V:/IEXtZd]P’V.
A A

By the usual approximation arguments it is enough to show this equality for A
of the form A = {X;, € Ag,..., X, € A} with0 =ty <--- <t, =t and Z of

the form
m

Z =[x,

i=1
for s; < --- < s,, and certain nonnegative, measurable functions f;. In this case
the left-hand side equals

B, T 14, (X)) T £i(Xers))-
7=0 =1

By Lemma 3.1.4, the right-hand side equals
H Pelfl S2— €1f2 91n_9‘m 1fm) (Xt)

Using Lemma 3.1.4 again we see that the two expressions are equal. O

3.3 Feller processes

3.3.1 Feller transition functions and resolvents

In Section 3.1 we saw that a homogenous transition function (P;);>¢ on a mea-
surable space (E, ) can be viewed as a semigroup of operators on the space of
bounded, measurable functions on F. In this section we consider semigroups
with additional properties. For simplicity, the state space E is assumed to be
a subset of RY, and & is its Borel-o-algebra. By Cy = Cy(E) we denote the
space of real-valued, continuous functions on E which vanish at infinity. In
other words, a function f € C is continuous on E and has the property that
f(z) — 0 as ||z|]] — oo. Functions in Cj are bounded, so we can endow the
space with the sup-norm, which is defined by

1fllsc = sup [ f(z)]
rek

for f € Cy. Note that Cy is a subset of the space of bounded, measurable
functions on F, so we can consider the restriction of the transition operators Py
to Co.
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Definition 3.3.1. The transition function (P;)¢> is called a Feller transition
function if

(i) P.Cy C Cy forall t >0,
(ii) for every f € Cyp and x € E, P, f(x) — f(z) ast | 0.

A Markov process with a Feller transition function is a called a Feller process.

Observe that the operators P, are contractions on Cy, i.e. for every f € Cp,
we have

1P flloc = sup [P f ()] = sup ‘/ f(y)Pt(x,dy)’ < [ flloo-
z€EE z€E |JE

So for all t > 0 we have ||P|| < 1, where ||P;| is the norm of P; as a linear
operator on the normed linear space Cp, endowed with the supremum norm (see
Appendix B for the precise definitions of these notions).

If f € Cp, then P,f is also in Cy by part (i) of Definition 3.3.1. By the
semigroup property and part (ii) it follows that

Prynf(a) = PuPif(x) — P f(z)

as h | 0. In other words, the map t — P, f(x) is right-continuous for all f € Cy
and x € E. In particular we see that this map is measurable, so for all A > 0
we may define

Ryf(z) = /0 e MP,f(x) dt.

If we view t — P, as an operator-valued map, then R) is simply its Laplace
transform, calculated at the ‘frequency’ A\. The next theorem collects the most
important properties of the operators R). In particular, it states that for all
A > 0, Ry is in fact an operator which maps Cy into itself. It is called the
resolvent of order .

Theorem 3.3.2. Let Ry, A > 0 be the resolvents of a Feller transition function.
Then Ry\Cy C Cy for every A > 0 and the resolvent equation

RH — Ry + (,u — )\)RHR)\ =0
holds for all A\, > 0. Moreover, the image of Ry does not depend on \ and is

dense in Cy.

Proof. Denote the transition function by P;. For f € Cy, we have P;f € Cy
for every t > 0. Hence, if z,, — x in F, the function ¢t — P;f(x,) converges
pointwise to t — P; f(x). By dominated convergence it follows that

Raf () = / T MNP flan) dt — / T NP f(a)dt = B f(a),

hence Ry maps Cj into the space of continuous functions on E. Using the same
reasoning, we see that if ||z,| — oo, then Ry f(x,) — 0. So indeed, RxCy C Cp.
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To prove the resolvent equation, note that
t
e Mt — oA = (X — u)ef)‘t/ e =13 .
0
Hence,

Rof(e) - Bafla) = / T — e MYPf(a) di

=(\—p) /OOO e M (/Ot e3P, f () ds) dt
=(\—p) /OOo e s (/Oo e M=) P () dt) ds,

by Fubini’s theorem. A change of variables, the semigroup property of the tran-
sition function and another application of Fubini show that the inner integral
equals

/ e MNP f(z) du = / e MP,P, f(x)du
0 0

:/Oooe—m (/E P.f(y) Ps@fvdy)) du (3.1)

:/E</O°°e_mpuf(y)du) Ps(z,dy)

= PSR)\f(l')

Combined with the preceding display, this yields the desired equation.

The resolvent equation implies that Ry = R, (I 4+ (1« — A)R)), which shows
that the image of the map R, is contained in the image of R,. Since this also
holds with the roles of A and p reversed, the image D of Ry is independent of
A

To prove that D is dense in Cy, consider an arbitrary, bounded linear
functional A on Cy that vanishes on D. By the Riesz representation theorem
(Theorem B.2.1), there exist finite Borel measures v and v’ on E such that

A= [ rav= [ rav= [ jaw—v)

for every f € Cy. Now fix f € Cy. Then by part (ii) of Definition 3.3.1 and
dominated convergence, it holds for every € F that

M f@) = [CaNRf@ = [P ds i@ (62)

as A — oo. Noting also that |AR) f|lco < ||f]|co, dominated convergence implies
that

0= A(RAf) = /E ARy f(2) (v — V') (dz) — /E f(z) (v — /) (dz) = A(F).

We conclude that the functional A vanishes on the entire space Cy. By Corollary
B.1.2 to the Hahn-Banach theorem, this shows that D is dense in Cy. O
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Observe that for every f € Cy, the resolvent Ry satisfies

o0 oo
RSl oo g/ e M Pof oo dt < ||f||oo/ oM gt — llfﬂoo.
0 0

Hence, for the linear transformation Ry : Cy — Cy we have ||Ry|| < 1/\. Let
us also note that in the proof of Theorem 3.3.2 we saw that

PRy f(z) = /0 T eNp,, () du. (3.3)

By the semigroup property of the transition function, the right-hand side of this
equation equals RyP;f(z). In other words, the operators P; and R) commute.

The following corollary to the theorem states that for Feller transition
functions, the pointwise convergence of part (ii) of Definition 3.3.1 is actually
equivalent to the seemingly stronger uniform convergence. This is called the
strong continuity of a Feller semigroup. Similarly, the pointwise convergence in
(3.2) is strengthened to uniform convergence.

Corollary 3.3.3. For a Feller transition function P, and its resolvents R) it
holds for every f € Cy that ||Pif — flleo — 0 ast | 0, and |[ARxf — flleoc — 0
as A — oo.

Proof. Relation (3.1) in the proof of Theorem 3.3.2 shows that for f € Cy,

PRy f(x) = /OO e NP, f(x)ds.
¢

It follows that
PRy f(x) — Raf(x) = (M — 1) / P, f () ds — / P, f(x) ds,

hence
IP.RAS — Raflloo < (e = DIIRaflloo + l|f |-

Since the right-hand side vanishes as t | 0, this proves the first statement of the
corollary for functions in the joint image D of the resolvents. Now let f € Cy
be arbitrary. Then for every g € D, it holds that

IPef = flloo < NPif — Piglloo + [1Peg — glloc + 19 — flloo
<|I1Pg = gllss +2[9 = flloo-

Since D is dense in Cy, the second term can be made arbitrarily small by
choosing an appropriate function g. For that choice of g € D, the first term
vanishes as ¢ | 0, by the first part of the proof. This completes the proof of the
first statement of the lemma. The second statement follows easily from the first
one by dominated convergence. O
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Example 3.3.4. The BM is a Feller process. Its resolvents are given by

Rxf(x)=4f(y)rx(w,y)dy,

where 7 (z,y) = exp (—V2X |z — y|)/1/(2)\) (see Exercise 7). |

Lemma 3.1.6 gives conditions under which a function of a Markov process
is again Markovian. The corresponding result for Feller processes is as follows.

Lemma 3.3.5. Let X be a Feller process with state space E and transition
function (P;). Suppose that ¢ : E — E’ is continuous and onto, and that
llo(zn)]] — oo in E' if and only if ||z,|| — oo in E. Then if (Q:) is a collection
of transition kernels such that

Pi(fow)=(Quf)ow

for all f € Cyo(E"), the process Y = p(X) is Feller with respect to its natural
filtration, with state space E' and transition function (Q;).

Proof. By Lemma 3.1.6, we only have to show that the semigroup (Q;) is Feller.
The assumptions on ¢ imply that if f € Co(E’), then foy € Cy(E). The Feller
property of (Q:) therefore follows from that of (P;) (Exercise 8). O

3.3.2 Existence of a cadlag version

In this section we consider a Feller transition function P; on (E,E&), where
E C R? and € is the Borel-o-algebra of E. By Corollary 3.2.3 there exists for
every probability measure v on (E, £) a probability measure P, on the canonical
space (0, F) = (E®+, ER®+) such that under P,, the canonical process X is a
Markov process with respect to the natural filtration (F;X), with transition
function (P;) and initial distribution . As in the preceding section we write C
instead of Cy(E) and we denote the resolvent of order A > 0 by Rj.

Our first aim in this section is to prove that a Feller process always admits
a cadlag modification. We need the following lemma, which will allow us to use
the regularization results for supermartingales of the preceding chapter.

Lemma 3.3.6. For every A > 0 and every nonnegative function f € Cjy, the
process
e MRAf(Xy)

is a P,-supermartingale with respect to the filtration (F;¥), for every initial
distribution v.
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Proof. By the Markov property we have
Eu(e_)\tR/\f(Xt) ‘]_-SX) = e_AtPt—sRAf(XS)

P,-a.s. (see Theorem 3.2.5). Hence, to prove the statement of the lemma it
suffices to show that

e MP,_ Ryf(z) < e *Ryf(x)

for every « € E, which follows from a straight-forward calculation (see Exercise
9). O

We can now prove that a Feller process admits a cadlag modification. The
proof relies on some topological facts that have been collected in Exercises 10—
12.

Theorem 3.3.7. The canonical Feller process X admits a cadlag modification.
More precisely, there exists a cadlag process Y on the canonical space (2, F)
such that for all t > 0 and every initial distribution v on (E, &), we have Yy = X4,
P,-a.s.

Proof. Fix an arbitrary initial distribution v on (E, ). Let H be a countable,
dense subset of the space Cy (E) of nonnegative functions in Co(E). Then H
separates the points of the one-point compactification E* of E (see Exercise 10)
and by the second statement of Corollary 3.3.3, the class

H' ={nR,h:h € H,neN}

has the same property. Lemma 3.3.6 and Theorem 2.3.2 imply that P,-a.s., the
limit
13{{1 h(X,)
reQ
exists for all h € H' and ¢t > 0. In view of Exercise 11, it follows that P,-a.s.,
the limit
i X,
reQ
exists in E*, for all t > 0. So if Q' C Q is the event on which these limits exist,
it holds that P, (Q) = 1 for every initial distribution v.
Now fix an arbitrary point o € F and define a new process Y as follows.

For w & ', we put Y;(w) = z for all ¢ > 0. For w € Q' and ¢ > 0, define
Yi(w) = lim X, (w).
reg
We claim that for every initial distribution v and ¢ > 0, we have Y; = X;, P,-a.s.

To prove this, let f and g be two bounded, continuous functions on E*. Then
by dominated convergence and the Markov property,

E, f(Xe)g(Yy) = lImE, f(X:)g(X,)
rEQ

— lim B, B, ((X0)g(X,) | 7Y)

r€Q
= llgl ]Euf(Xt)Pr—tg(Xt)'

reQ
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By Corollary 3.3.3, we P,-a.s. have P._;g(X;) — g(X:) as r | t. By dominated
convergence, it follows that E, f(X;)g(Y:) = E, f(X:)g(X:). Hence, by Exercise
12 we indeed have Y; = X;, P, -a.s.

The process Y is right-continuous by construction, and we have shown that
Y is a modification of X. It remains to prove that for every initial distribution v,
Y has left limits with IP,-probability 1. To this end, note that for all h € H’, the
process h(Y) is a right-continuous martingale. By Corollary 2.3.3 this implies
that h(Y) has left limits with P,-probability one. In view of Exercise 11, it
follows that Y has left limits with P, -probability one. |

3.3.3 Existence of a good filtration

Let X be the canonical, cadlag version of a Feller process with state space
E C R? and transition function P; (see Theorem 3.3.7). So far we have only been
working with the natural filtration (F;¥). In general, this filtration is neither
complete nor right-continuous. We would like to replace it by a larger filtration
that satisfies the usual conditions (see Definition 1.6.3), and with respect to
which the process X is still a Markov process.

We first construct a new filtration for every fixed initial distribution v.
We let F% be the completion of F2X with respect to P,. This means that F%
consists of the sets B for which there exist By, Bo € FX such that B; C B C By
and P, (B2\B;1) = 0. The P,-probability of such a set B is defined as P, (B) =
P,(B;) = P,(Bz2), thus extending the definition of P, to F% . By N” we denote
the P,-negligible sets in F%, i.e. the sets B € FY, for which P,(B) = 0. The
filtration (F}) is then defined by

Fl =0 (FXUN").
We define the filtration (F;) by putting

Fo=(F,

where the intersection is taken over all probability measures on the state space
(E,E). We call (F;) the usual augmentation of the natural filtration (F;%).

It turns out that by just adding null sets, we have made the filtration
right-continuous.

Theorem 3.3.8. The filtrations (F}) and (F;) are right-continuous.

Proof. It is easily seen that the right-continuity of (F}) implies the right-
continuity of (), so it suffices to prove the former. Let us first show that for
every nonnegative, FX-measurable random variable Z,

E,(Z|F/)=E,(Z|F!,) P,as. (3.4)
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By a monotone class argument, it is enough to prove this equality for Z of the
form

Z = 1] f:(Xs),
=1

with 1 < -+ < ¢, and f; € Cp for i = 1,...,n. Now suppose that
tr—1 < t < tg. Since Fy,, differs only from ffih by P,-negligible sets we
have B, (Z | Fy,,) = E,(Z| FX ), P,-as. Hence, the Markov property implies

+h
that for h small enough,

n

k—1
EV(Z‘ tquh) = H fl(Xt;)EU(H fl(Xt1) | ]:t)ih)

i=k
k—1
= gn(Xean) [ ] fi(X2)
=1

P,-a.s., where

9n(®) = Py (tn) fuPriyr—ti frr1 - Pry—t, o [ ().

By the strong continuity of the semigroup P; (Corollary 3.3.3) we have | gn —
glloc — 0 as h | 0, where

g(aj) = Ptk*tfkptk+17tkfk+1 T Ptn*tnflfn(‘r)'

Moreover, the right-continuity of X implies that X, — X;, P,-a.s., so as
h | 0, we P,-a.s. have

k—1
Ey (2| Fon) — 9(Xo) [ fiXe) = Eu(Z| 7).

i=1

On the other hand, by Theorem 2.2.15, the conditional expectation on the left-
hand side converges P,-a.s. to E,(Z | F{,) as h | 0, which completes the proof
of (3.4).

Now suppose that B € Fy,. Then 1p is F% -measurable and since FY is
the P,-completion of FX, there exists an FX- measurable random variable Z
such that P,-a.s., 15 = Z. By (3.4), it follows that we P,-a.s. have

Ip=E,(1p|F) =E,(Z|F) =E(Z|F).

This shows that the random variable 15 is F}-measurable, so B € F}. O

Our next aim is to prove that the statement of Theorem 3.2.5 remains true
if we replace the natural filtration (F;¥) by its usual augmentation (F;). In
particular, we want to show that X is still a Markov process with respect to
(Fp)-

But first we have to address some measurability issues. We begin by con-
sidering the completion of the Borel-o-algebra £ = B(E) of the state space E.
If p is a probability measure on (E, &), we denote by E* the completion of &£
w.r.t. u. Next, we define

e =€,
”w
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where the intersection is taken over all probability measures on (E,E). The
o-algebra £* is called the o-algebra of universally measurable sets.

Lemma 3.3.9. If Z is a bounded, F..-measurable random variable, then the
map x +— E,Z is £*-measurable and

E Z = /V(dm)ErZ,

for every initial distribution v.

Proof. Fix the initial distribution v and note that F., C F% . By definition of
FY there exist two .7-'0)2 random variables Z1, Zy such that Z; < Z < Z5 and
E,(Zy — Z1) = 0. It follows that for all z € E, we have E, 71 < E,Z < E,Zs.
Moreover, the maps x — E,Z; are £-measurable by Lemma 3.2.4 and

/(EIZg —E.Zy)v(dx) =E,(Z2 — Z1) = 0.
By definition of £ this shows that x — E,Z is £Y-measurable and that
E,Z=E,Z; = /V(d:ﬁ)ﬂ%Zl = /V(dm)EacZ.

Since v is arbitrary, it follows that = — E,Z is in fact £*-measurable. U

Lemma 3.3.10. For all t > 0, the random variable X; is measurable as a map
from (0, F;) to (E,E%).

Proof. Take A € £* and fix an initial distribution v on (E,&). Denote the
distribution of X; on (E, &) under P, by p. Since £* C E¥, there exist A1, As €
£ such that A; € A C Ay and pu(As\A4;) = 0. Consequently, X; *(A;) C
X7 HA) C XAy, Since X, 1 (Ay), X, (Ay) € FX and

Py (X; ' (A2)\X; 1 (A1) = Py (X; 1 (A2\A1)) = p(A2\Ay) =0,

this shows that X;'(A) is contained in the P,-completion of FX. But v is
arbitrary, so the proof is complete. O

We can now prove that formulation of the Markov property in terms of the
shift operators 6, is still valid for the usual augmentation (F;) of the natural
filtration of our Feller process.

Theorem 3.3.11 (Markov property). Let Z be an F.-measurable random
variable, nonnegative or bounded. Then for every t > 0 and initial distribution

v,

E.(Zob,|F)=Ex,Z P,-as.

In particular, X is still a Markov process with respect to (Fy).
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Proof. By combining the two preceding lemmas we see that the random vari-
able Ex, Z is F;-measurable, so we only have to prove that for any A € F,

/Zo@td}P’V:/IEXtZdP,,. (3.5)
A A

Assume that Z is bounded and denote the law of X; under P, by u. By definition
of Fuo, there exists an F2- measurable random variable Z’ such that {Z #
Z'} CT, with T € FX and P,(I') = 0. We have

[Z06,+2 00} =07 ({Z # 2'}) C 071(T)
and by Theorem 3.2.5,
]P’,,(Gt_l(F)) =E,(Iro ;) =E,E,(1r 06, |-7:tX) =E,Ex,1Ir = E,p(X),

where p(z) = E,1pr = P,(T"). Since the distribution of X; under P, is given by
1, we have

E (X)) = / u(dr)p(x) = / (d) B, (T) = P(T) = 0,

so P,(0;1(T)) = 0. This shows that on the left-hand side of (3.5), we may
replace Z by Z'.

The last two displays show that the two probability measures B +—
E,Ex,1p and P, coincide. Hence, since P,(Z # Z') < P,(I") = 0,

E, Ex,Z —Ex,Z'| <E,Ex,|Z - Z'|=E,|Z - Z'| = 0.

It follows that Ex,Z = Ex, Z’, P,-a.s., so on the right-hand side of (3.5) we may
also replace Z be Z'. Since Z' is FX-measurable, the statement now follows
from Theorem 3.2.5. ]

3.4 Strong Markov property

3.4.1 Strong Markov property of a Feller process

Let X again be a Feller process with state space £ C RY. In view of the
preceding sections, we consider the canonical, cadlag version of X, which is
a Markov process with respect of the usual augmentation (F;) of the natural
filtration of the canonical process X. As before, we denote the shift operators
by 0,5.

In this section we will prove that for Feller processes, the Markov property
of Theorem 3.3.11 does not only hold for deterministic times ¢, but also for
(Fi)-stopping times. This is called the strong Markov property. Recall that for
deterministic £ > 0, the shift operator §; on the canonical space () maps a path



3.4 Strong Markov property 65

s +— w(s) to the path s — w(t+s). Likewise, we now define 8, for a random time
T as the operator that maps the path s — w(s) to the path s — w(r(w) + s).
This definition does not cause confusion since if 7 equals the deterministic time
t, then 7(w) = ¢ for all w € £, so 6, is equal to the old operator 6;. Observe
that since the canonical process X is just the identity on the space €2, we have
for instance (X; 0 0;)(w) = X;(0-(w)) = 0-(w)(t) = w(T(w) +1) = X7 (w)y4t(w),
ie. Xy 00, = X,;1¢. So the operators 0, can still be viewed as time shifts, but
now also certain random times are allowed.

Theorem 3.4.1 (Strong Markov property). Let Z be an F..-measurable
random variable, nonnegative or bounded. Then for every (F;)-stopping time T
and initial distribution v, we have P,-a.s.

E,(Zob,|F;)=Ex,Z on {1 <oo}.

Proof. Suppose first that 7 is an a.s. finite stopping time that takes values in
a countable set D. Then since 6, equals 64 on the event {T = d}, we have (see
Exercise 20 of Chapter 1)

E(Z00-|Fr) = 1r—ayBu(Z 06| Fr)
deD

= Z Lir=ayEy(Z 0 04| Fa)
deD

=Y 1—ayEx,Z
deD
=Ex,Z

P,-a.s., by the Markov property.
Let us now consider a general finite stopping time 7 and assume that Z is
of the form

for certain t; < -+ < tx and fy,...,fr € Cyp. By Lemma 1.6.14 there exist

stopping times 7, taking values in a finite set and decreasing to 7. By the
preceding paragraph we P,-a.s. have

Eu(Hfz(th) of,

frn) =Ex, H fi(Xt,) = 9(X-,),

where
9(x) = Py, f1Poy—t, f2 - Pyt fr().

By the right-continuity of the paths the right-hand side converges a.s. to g(X)
as n — oo. The right-continuity of the filtration and Corollary 2.2.16 imply
that the left-hand side converges a.s. to

B, (T]f(X0) 06, | 7).
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Hence, the statement of the theorem holds for Z =[], fi(X;,). By a monotone
class type argument we see that it holds for all 7= -measurable random variables
Z.

Next, let Z be a general F-measurable random variable. Denote the
distribution of X, under P, by u. By construction, F., is contained in the
P,-completion of F% so there exist two Fx-measurable random variables Z'
and Z" such that 72/ < Z < Z" and E,(Z" — Z') = 0. It follows that Z' 0 6, <
Z o0, <Z" o6, and by the preceding paragraph

E, (2" 00, —Z 00,) =E,E(Z" 00, — Z' 00, |F,)
=E,Ex (2" - Z')

- / E.(2" - ') u(dz)
=E, (2" - Z')=0.

So Z o6, is measurable with respect to the P,-completion of 7=, and since v is
arbitrary we conclude that Z o, is F,,-measurable. Now observe that we have

E(Z' 00, |F:) <E(Z 00, |F;) SE(Z" 00, | F;)

P,-a.s. By the preceding paragraph the outer terms terms P,-a.s. equal Ex_Z’
and Ex_Z"| respectively. The preceding calculation shows that these random
variables are P,-a.s. equal. Since Z’ < Z < Z” it follows that they are both a.s.
equal to Ex 7.

We have now shown that the theorem holds for finite stopping times. If
7 is not finite, apply the result to the finite stopping time o = 71, and
verify that P,-a.s., E,(V1i;cooy | Fo) = Eu(V1r<ooy | Fr) for every bounded
or nonnegative random variable V. The result then easily follows. O

We can say more for Feller processes with stationary and independent
increments, i.e. for which the increment X; — X is independent of F; for all
s <t and its P,- distribution depends only on ¢ — s for all initial distributions
v. For such processes, which are called Lévy processes, we have the following
corollary.

Corollary 3.4.2. If X has stationary, independent increments and T is a finite
stopping time, the process (X;4+ — X7 )i>0 1s independent of F, and under each
P,, it has the same law as X under Py, provided that 0 € E.

Proof. Put ¥V} = X, 44+ — X, fort > 0. For t; < --- < t,, and measurable,
nonnegative functions fi,..., f, we have

Ey(ka‘()/tk)|FT> :Ey(ka(th_XO)ooT|fT)
k k
:EXTka(th _XO)’

k
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by the strong Markov property. Hence, the proof is complete once we have
shown that for arbitrary z € F

n
H (Xt, = Xo) = Py, fr-+ - Pry—t,_, fn(0)

(see Lemma 3.1.4). We prove this by induction on n. Suppose first that n = 1.
Then by the stationarity of the increments, the distribution of X;, — Xy under
P, is independent of x. In particular we can take z = 0, obtaining

Emfl(th - XO) = EOfl(th) = Ptlfl(o)‘

Now suppose that the statement is true for n—1 and all nonnegative, measurable
functions f1,..., fr—1. We have

E, [T £:(Xe, = Xo) = EoE. ( [] £i(Xe, = Xo) | )
i=1 i=1

= El( 1:[ [i( Xy, — Xo)Eo (fr (X, — Xo) \]:tnfl))

By the independence of the increments

E?E(fn(th - XO) |‘7:tn—1) = Ez(fn(th - th—l + th—l - XO) |‘7:tn—1)
= gm(th—l - XO)v

where
gw(y) = ]wan(th - th71 + y)-

The P,-distribution of X; — X _, is the same as the distribution of X; _; _,
X and is independent of x. It follows that

92(y) = Exfn(th—tnq - Xo+y) = Eyfn(th—tna) = Ptn—tann(y)’

so that

E, [T £:(Xe, - Xo) = (Hﬁ = X0yt fa(Xe, -, = Xo))

= Ea:( H fi(Xti - XO)) (fN*].Ptn*tnflfn)(thfl - XO)'
=1

By the induction hypothesis this equals Py, f1 -+ P, —¢,_, fn(0) and the proof is
complete. O

The following lemma, is often useful in connection with the strong Markov
property.

Lemma 3.4.3. If o and 7 are finite (F)-stopping times, then o + 7080, is also
a finite (F;)-stopping time.
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Proof. Since (F;) is right-continuous, it suffices to prove that {o + 706, <
t} € F; for every t > 0. Observe that

{o+700, <t} = U{TOGU <gtn{oc <t—gq}.
e
The indicator of {706, < ¢} can be written as 1{,.4 o 6,. By Exercise 14, it
follows that {706, < q} € Fyy4. Hence, by definition of the latter o-algebra,
it holds that

{rob, <g}nN{o<t—qt={r0b, <gtnN{oc+qg<t}eF.

This completes the proof. O

3.4.2 Applications to Brownian motion

In this section W is the canonical version of the Brownian motion, and (F;) is
the usual augmentation of its natural filtration. Since the BM has stationary,
independent increments, Corollary 3.4.2 implies that for every (F;)-stopping
time 7, the process (W,1: — W;)i>0 is a standard BM. The first application
that we present is the so-called reflection principle (compare with Exercise 10
of Chapter 1).

Recall that we denote the hitting time of z € R by 7,. This is a finite
stopping time with respect to the natural filtration of the BM (see Example
1.6.9) so it is certainly an (JF;)-stopping time.

Theorem 3.4.4 (Reflection principle). Let W be a Brownian motion and
for x € R, let 7, be the first hitting time of x. Define the process W' by

W, ift <7,
Wh=2 o
20 — Wy, ift > 7,.

Then W' is a standard Brownian motion.

Proof. Define the processes Y and Z by Y = W™ and Z; = W, 4+ — W, =

W, 4+ —x for t > 0. By Corollary 3.4.2 the processes Y and Z are independent

x

and Z is a standard BM. By the symmetry of the BM it follows that —Z is also
a BM that is independent of Y, so the two pairs (Y, Z) and (Y, —Z) have the
same distribution. Now observe that for ¢ > 0,

Wie=Yi+Zi - lpsry, Wi=Yi—Zi 7 1450,y

In other words we have W = (Y, Z) and W' = ¢(Y, —Z), where ¢ : C[0,00) x
Co[0,00) — C[0,00) is given by

oy, 2)(t) = y(t) + 2(t = VW) Lit>pw))
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and ¢ : C[0,00) — [0, 00] is defined by ¥(y) = inf{¢t > 0: y(¢t) = x}. Now it is
easily verified that v is a Borel measurable map, so ¢ is also measurable, being
a composition of measurable maps (see Exercise 17). Since (Y, Z) =4 (Y, —2),
it follows that W = (Y, Z) =4 (Y, -2Z) = W". d

The refection principle allows us to calculate the distributions of certain
functionals related to the hitting times of the BM. We first consider the joint
distribution of Wy and the running maximum

Sy = sup W.

s<t

Corollary 3.4.5. Let W be a standard BM and S its running maximum. Then
for x <y,
P(W; < 2,5 >y) = P(W; <z —2y).

The pair (Wi, St) has joint density

_ (y—o)®
2y —x)e” 2t

7t3 /2

(z,y) —

with respect to Lebesgue measure.

Proof. Let W’ be the process obtained by reflecting W at the hitting time
Ty. Observe that S; > y if and only if ¢t > 7, so the probability of interest
equals P(W; < z,t > 7,). On the event {t > 7,} we have Wy = 2y — W/,
so it reduces further to P(W} > 2y — z,t > 7,). But since z < y we have
2y —x > y, hence {W] > 2y —x} C {W} >y} C {t > 7,}. It follows that
P(W] > 2y —z,t > 1,) = P(W/ > 2y — z). By the reflection principle and the
symmetry of the BM this proves the first statement. For the second statement,
see Exercise 18. O

It follows from the preceding corollary that for all z > 0 and ¢ > 0,
P(S; > x) =P(r, <t) =2P(W; > ) = P(|Wy] > z)

(see Exercise 19). This shows in particular that Sy =4 |W;| for every ¢ > 0, and
we can now derive an explicit expression for the density of the hitting time 7.
It is easily seen from this expression that E7, = oo, as was proved by martingale
methods in Exercise 15 of Chapter 2.

Corollary 3.4.6. The first time 7, that the standard BM hits the level x > 0
has density

3?2

Te 2t
" Vo 020

with respect to Lebesgue measure.
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Proof. See Exercise 20. |

We have seen in the first two chapters that the zero set of the standard
BM is a.s. closed, unbounded, has Lebesgue measure zero and that 0 is an
accumulation point of the set, i.e. 0 is not an isolated point. Using the strong
Markov property we can prove that in fact, the zero set contains no isolated
points at all.

Corollary 3.4.7. The zero set Z = {t > 0 : W; = 0} of the standard BM is
a.s. closed, unbounded, contains no isolated points and has Lebesgue measure
zero.

Proof. In view of Exercise 26 of Chapter 1 we only have to prove that Z
contains no isolated points. For rational ¢ > 0, define 04 = ¢ + 79 0 6, and
observe that o, is the first time after time ¢ that the BM W visits 0. By
Lemma 3.4.3 the random time oy is a stopping time, hence the strong Markov
property implies that the process W, 1+ = W5, 41 — W, is a standard BM. By
Corollary 2.4.6 it follows that a.s., o4 is an accumulation point of Z, hence with
probability 1 it holds that for every rational ¢ > 0, o, is an accumulation point
of Z. Now take an arbitrary point t € Z and choose rational points ¢,, such that
@n T t. Then since ¢, < 04, < t, we have o,, — t. The limit of accumulation
points is also an accumulation point, so the proof is complete. O

3.5 Generators

3.5.1 Generator of a Feller process

Throughout this section we consider the ‘good version’ of a Feller process X
with state space E C R?, transition semigroup (P;) and resolvents Rj.

The transition function and the resolvents give little intuition about the
way in which the Markov process X moves from point to point as time evolves.
In the following definition we introduce a new operator which captures the
behaviour of the process in infinitesimally small time intervals.

Definition 3.5.1. A function f € Cj is said to belong to the domain D(A) of
the infinitesimal generator of X if the limit

Af = lim 2/ =7
t10 t

exists in Cy. The linear transformation A : D(A) — C is called the infinitesimal
generator of the process.
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Immediately from the definition we see that for f € D(A), it holds P,-a.s.
holds that

By (f(Xegn) — F(Xe) [ Fe) = hAf(Xy) + o(h)

as h | 0. So in this sense, the generator indeed describes the movement of the
process in an infinitesimally small amount of time.

Lemma 3.3.5 gives conditions under which a function ¢ of the Feller process
X is again Feller. Immediately from the definition we see that the generators
of the two processes are related as follows.

Lemma 3.5.2. Let ¢ : E — E’ be continuous and onto, and assume that
lo(zn)]] — oo in E’ if and only if ||x,|| — oo in E. Suppose that (Q;) is a
collection of transition kernels such that Pi(fop) = (Q¢f)o for all f € Cy(E'"),
so that Y = p(X) is a Feller process with state space E’ and transition function
(Q¢). Then the generator B of Y satisfies D(B) = {f € Co(E") : fop € D(A)}
and A(f o) = (Bf) o for f € D(B).

Proof. See Exercise 21. O

The following lemma gives some of the basic properties of the generator.
The differential equations in part (ii) are Kolmogorov’s forward and backward
equations.

Lemma 3.5.3. Suppose that [ € D(A).
(i) For allt > 0, P,D(A) C D(A).
(ii) The function t — P, f is right-differentiable in Cy and

d
%Ptf = AP, f = PAf.

More precisely, this means that

Ponf — P f PtAfH ~ lim Ponf — B f

li
11 A

R10 —ARS

=0.
h 10

(iii) We have
t t
Pf—f= [ PAfds= / AP, ds
0 0

for every t > 0.

Proof. All properties follow from the semigroup property and the strong con-
tinuity of (P;), see Exercise 22. To prove (iii) it is useful to note that since
the Feller process X with semigroup (P;) has a right-continuous and quasi left-
continuous modification, the map ¢ +— P, f(x) is continuous for all f € Cy and
reE. O
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The next theorem gives a full description of the generator in terms of the
resolvents Ry. In the proof we need the following lemma.

Lemma 3.5.4. For h,s > 0 define the linear operators

Anf =3 (Puf — f), Bsf:%/o P.f dt.

Then By f € D(A) for allh > 0 and f € Cy, and ABj, = Ap,.

Proof. It is easily verified that Ay Bs = AsBy, for all s,h > 0. Also note that
for f € Cy,

1 h
I1Brf — flloo < + IPef — flloodt — 0
h
0

as h | 0, by the strong continuity of the Feller semigroup. It follows that for
s> 0and f € Cy,
Athf = Athf - Asf

in Cy as h | 0, and the proof is complete. O

Theorem 3.5.5. The domain D(A) equals the joint image of the resolvents,
whence D(A) is dense in Cy. For every A > 0 the transformation A\ — A :
D(A) — Cy is invertible and its inverse is R).

Proof. For f € D(A) we have

ROf -4 = [ T e NP — Af)di

:A/ e”\tPtfdt—/ e M (;ltPtf) dt,
0 0

by Lemma 3.5.3. Integration by parts of the last integral shows that Ry(Af —
Af) = f. We conclude that D(A) C ImRy and Ryx(AM — A) = I on D(A).

To prove the converse, we use the notation of the preceding lemma. By the
lemma and the fact that P, and R, commute, we have for f € Cy and h > 0,

ApRAf = R\Apf = R\AByf = / €_>\tPtABhf dt.
0

Using Lemma 3.5.3 and integration by parts we see that the right-hand side
equals

/ 67)\26 (ZPtB}Lf> dt = /\R)\Bhf - Bh.f7
0

so we have ApRyf = AR \Bjf — Bif. In the proof of the preceding lemma we
saw that as h — 0, Bpf — f, uniformly. This shows that Ry f € D(A) and
ARyf = ARxf — f. It follows that ImRy C D(A) and (M — A)Ry = I on
Co. O
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The theorem states that for A > 0, it holds that Ry = (A\] — A)™1, so the
generator A determines the resolvents. By uniqueness of Laplace transforms
the resolvents determine the semigroup (P;). This shows that the generator
determines the semigroup. In other words, two Feller processes with the same
generator have the same semigroup.

Corollary 3.5.6. The generator determines the semigroup.

The preceding theorem also shows that for all A > 0, the generator is given
by A=\ — R;l. This gives us a method for explicit computations.

Example 3.5.7. For the standard BM we have that D(A) = CZ, the space
of functions on R with two continuous derivatives that vanish at infinity. For
f € D(A) it holds that that Af = f”/2 (see Exercise 23). |

From the definition of the generator it is easy to see that if f € D(A) and
x € E is such that f(y) < f(z) for all y € E, then Af(z) < 0. When an
operator has this property, we say it satisfies the mazimum principle.

The following result will be useful below.

Theorem 3.5.8. Suppose the generator A extends to A’ : D' — Cy, where
D' C Cy is a linear space, and A’ satisfies the maximum principle. Then D' =
D(A).

Proof. In the first part of the proof we show that for a linear space D C Cj,
an operator B : D — () that satisfies the maximum principle is dissipative, i.e.

Al fllse < [[AL = B) flloo

forall f € D and A > 0. To prove this, let © € E be such that | f(z)| = || f||c and
define g(y) = f(y)sgnf(z). Then g € D (D is a linear space) and g(y) < g(x)
for all y. Hence, by the maximum principle, Bg(z) < 0. It follows that

Al fllee = Ag(x) < Ag(z) — Bg(z) < [(A = B)glloc = (M = B) f|lco;

as claimed.
For the proof of the theorem, take f € D’ and define g = (I — A’)f. By
the first part of the proof A’ is dissipative, hence

If = Rugllse < (I = A)(f = R19)lloc-
By Theorem 3.5.5 we have (I — A)Ry = I on Cy, so (I — A')(f — Rig) =
g— (I —A)R1g=0. Tt follows that f = R1g, whence f € D(A). O

Generators provide an important link between Feller processes and mar-
tingales.
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Theorem 3.5.9. For every f € D(A) and initial measure v, the process

M/ = £(X,) — f(Xo) - / AF(X,) ds
0

is a IP,-martingale.

Proof. Since f and Af are in Cy and therefore bounded, Mtf is integrable for
every t > 0. Now for s < ¢,

(] 17 = 0af + B, (1000 - 1050 - [ Arcc)au] 7).

By the Markov property, the conditional expectation on the right-hand side
equals

x. (1) - 100 - [ s ).

But for every z € FE,

E, (f(Xt_s) ~ (X)) — /O AR du)
=P f(x)— f(z)— ; h P,Af(z)du =0,

by Fubini’s theorem and part (iii) of Lemma 3.5.3. O

3.5.2 Characteristic operator

The definition of the generator and its expression in terms of resolvents given
by Theorem 3.5.5 are analytical in nature. In the present section we give a
probabilistic description of the generator. The key is the following corollary of
Theorem 3.5.9.

Corollary 3.5.10 (Dynkin’s formula). For every f € D(A) and every stop-
ping time 7 such that E,7 < co, we have

E.f(X;) = f(z) + E,; /TAf(Xs)ds

0

for every x € E.

Proof. By Theorem 3.5.9 and the optional stopping theorem, we have

o f(Xonn) = f(z) 4 EI/O AF(X,)ds
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for every n € N. By the quasi-left continuity of X (see Exercise 16), the left-hand
side converges to E, f(X,) as n — oco. Since Af € Cy we have | Af|l < oo and

/O Af(X.) ds| < | Aflloer

Hence, by the fact that E,7 < oo, the dominated convergence theorem implies
that the integral on the right-hand side of the first display converges to

E, 7—A X,)ds.
/0 F(X.) ds

This completes the proof. O

We call a point 2 € E absorbing if for all ¢t > 0 it holds that Py(z, {z}) = 1.
This means that if the process is started in z, it never leaves z (see also Exercise
13). For r > 0, define the stopping time

nr =1inf{t > 0: || X; — Xo|| > r}. (3.6)

If = is absorbing, then clearly we P -a.s. have 1, = oo for all » > 0. For non-
absorbing points however, the escape time n, is a.s. finite and has a finite mean
if 7 is small enough.

Lemma 3.5.11. Ifz € FE is not absorbing, then E,n, < oo for r > 0 sufficiently
small.

Proof. Let B(z,e) = {y : ||y — z|| < €} be the closed ball of radius e around
the point z. If x is not absorbing, it holds that P;(x, B(z,e)) < p < 1 for
some t,e¢ > 0. By the Feller property of the semigroup (P;) we have the weak
convergence Py (y, ) = Pi(z,-) as y — . Hence, by the portmanteau theorem,
the fact that B(x,¢) is closed implies that

limsup P;(y, B(z,¢)) < Pi(x, B(x,¢)).

y—x

It follows that for all y close enough to x, say y € B(z,r) for r € (0,¢), we have
Pi(y,B(x,r)) < Pz, B(z,e)) < p. Using the Markov property it can easily be
shown that consequently, P, (1, > nt) < p" for n = 0,1,... (see Exercise 24).
Hence,

00 00
t
EIUT':/ PJ«'(T]TZS)dSSt E Pw(nrznt)g 1— < Q.
0 -p

n=0

This completes the proof of the lemma. O

We can now prove the following alternative description of the generator.
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Theorem 3.5.12. For f € D(A) we have Af(x) =0 if x is absorbing, and

Afe) — tim B 0a) =1 @)

3.7
rl0 Eznr ( )

otherwise.

Proof. If z is absorbing we have P, f(z) = f(z) for all ¢ > 0, which shows that
Af(x) = 0. For non-absorbing « € E the stopping time 7, has finite mean for
r small enough (see the lemma), so by Dynkin’s formula (Corollary 3.5.10),
s
Ea:f(an) = f(z) + E; Af(Xs)ds.
0

It follows that

Eo f(Xy,) — f() Eo [y |AS(Xs) — Af(z)| ds

—A ‘ <
Eznr f@)] = By,
< sup |Af(y) — Af(2)l.
ly—zll<r
This completes the proof, since Af is continuous. O

The operator defined by the right-hand side of (3.7) is called the charac-
teristic operator of the Markov process X, its domain is simply the collection
of all functions f € Cj for which the limit in (3.7) exists. The theorem states
that for Feller processes, the characteristic operator extends the infinitesimal
generator. It is easily seen that the characteristic operator satisfies the maxi-
mum principle. Hence, by Theorem 3.5.8, the characteristic operator and the
generator coincide.

3.6 Killed Feller processes

3.6.1 Sub-Markovian processes

Up to this point we have always assumed that the transition function (P;) satis-
fies Py(z, E) = 1, i.e. that the P;(x,-) are probability measures. It is sometimes
useful to consider semigroups for which P;(x, F) < 1 for some ¢,z. We call the
semigroup sub-Markovian in that case. Intuitively, a sub-Markovian semigroup
describes the motion of a particle that can disappear from the state space E, or
die, in a finite time. A sub-Markovian transition function can be turned into a
true Markovian one by adjoining a new point A to the state space E, called the
cemetery. We then put Eao = EU{A}, A = 0(€,{A}) and define a new semi-
group (P,) by setting P;(x,A) = Py(x,A) if A C E, Py(x,{A}) =1 — Pi(x,E)
and P,(A, {A}) = 1 (see Exercise 25). Note that by construction, the point A is
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absorbing for the new process. By convention, all functions on E are extended
to Ea by putting f(A) = 0. In the sequel we will not distinguish between P;
and 15,5 in our notation.

In the case of sub-Markovian Feller semigroups, we extend the topology of
FE to Ea in such a way that F is the one-point compactification of F if E is
not compact, and A is an isolated point otherwise. Then the result of Theorem
3.3.7 is still true for the process on Ea, provided that we call an Fa-valued
function on Ry cadlag if it is right-continuous and has left limits with respect
to this topology on Ea. Note that by construction, a function f € Co(Ea)
satisfies f(A) = 0. As before, we always consider the cadlag version of a given
Feller process.

We already noted that A is absorbing by construction. So once a process
has arrived in the cemetery state, it stays there for the remaining time. We
define the killing time of the Feller process X by

C=inf{t>0: X, =Aor X; =A}.

Clearly ¢ < oo with positive probability if the process X is sub-Markovian. For
a cadlag Feller process X we have the following strong version of the absorption
property of the cemetery.

Lemma 3.6.1. It P,-almost surely holds that X; = A for t > (, for every
initial distribution v.

Proof. Let f € Cy(Ea) be strictly positive on E. Then the right-continuous
P, -supermartingale M; = exp(—t)R:1f(X;) (see Lemma 3.3.6) is nonnegative,
and clearly M; = 0 if and only if X; = A and M;_ = 0 if and only if X;_ = A.
Hence, the result follows from Corollary 2.3.16. O

We close this subsection with an example of a sub-Markovian Feller semi-
group, given by a Brownian motion which is killed when it first hits zero.

Example 3.6.2. Let W be a BM started at some positive point and let 79 be
the first time it hits zero. Define a new process X by putting X; = W; for
t < 79, and X; = A for t > 79. We can view the process X as a sub-Markovian
Feller process with state space (0, 00). Moreover, we can compute its transition
semigroup (P;) explicitly. For f € Cy(0,00) and = > 0 we have

Ptf(x) = Emf(Xt) = Emf(Wt)]-{To>t}~

Now observe that under P,, the pair (W, 7y) has the same distribution as the
pair (z + W,7_,) under Py. By symmetry of the BM, the latter pair has the
same distribution as (z—W, 7)) under Py. Noting also that {rg > t} = {S; < z},
where S; = sup <, W, we find that

Ptf<.’L‘) = Eof(.’l,‘ — Wt)1{5t<z}-

The joint distribution of (W, S;) under Py is given by Corollary 3.4.5. We can
use this to show that

Puf(x) = / " w)p(tx) dy,
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where

p(t,z,y) = L (exp(—l(y—xf)—eXp<—l(y+x)2>)

2mt 2t 2t
(see Exercise 26). [ |

3.6.2 Feynman-Kac formula

Let X be a Feller process and 7 an exponential random variable with parameter
q > 0, independent of X. Then we can define a new process Y by

X,
}/t{ ts <T7
A, t>T.

So Y is constructed by killing X at an independent exponential time. Note that
since f € Cy satisfies f(A) =0, we have

Qtf(x) = Emf(yvt) = Emf(Xt)]-{t<'r} = 67ntxf(Xt)~

It follows that (Q+):>0 is a sub-Markovian Feller semigroup. Denote the semi-
group of the original process X by (P;) and its generator by A. Then for
f € D(A) we have

R = L VIS

So the generator A? of the killed process Y is related to the original generator
Aby A=A —ql.

The preceding example extends to Feller processes which are killed at non-
constant rates. More precisely, one can prove that if ¢ is a continuous, nonneg-
ative function on the state space of the Feller process X, then

Qtf(.’l?) = Ezf(Xt)e_ fot q(Xy) du

defines a (sub-Markovian) Feller semigroup. We think of this as the semigroup
of a process obtained by killing X at the rate ¢q. It is then not hard to show
that as in the example above, the generator A? of the killed process is given by
A? = A — qI. The A-resolvent of the killed process, denoted by R{, is given by

oo
R =Ee [ FO)e NI a0t gy
0
for f € Cp. Since AI — A7 is the inverse of R} (cf. Theorem 3.5.5), it follows
that the function v = R{ f satisfies
A+ Qu— Au= f.

If we apply the resolvent R of the original process X to this equation we get
the equivalent equation
u+ Ryqu = Ry f.
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Each of these formulas is called the Feynman-Kac formula.
In fact, the formula holds under less restrictive conditions. We can drop
the continuity requirements on f and gq.

Theorem 3.6.3 (Feynman-Kac formula). Let X be a Feller process with
A-resolvent Ry. Let q be a nonnegative, bounded measurable function on the
state space and let f be bounded and measurable. Then the function

u(x) _ Em/ f(Xt)e—/\t—fot q(Xu) du dt
0

satisfies
u+ Ryqu = Ry f. (3.8)

Proof. Define A; = fo w) du. Then since dA;/dt = q(X;) exp(A:), we have

Raf(x) /f _’\t_At(eA‘—1>dt
_E, / f(x —”—Af( /tq( et ds) di
:E/ (X / J(Xp)e =4 dt) ds.

Observe that A is an additive functional, i.e. A;1 s — Ay = As 0 0;. Hence, a
substitution v =t — s yields

RAf(SE)fu(:E):IEz/OO q(Xoobs)e / f(X,o00,)e v~ Aoesdv)d
0
=E; /OO eiAS(Zogs) ds,

0
where
Z=a(X0) [ FOxge N T g
0
By the Markov property, E,(Z 0 0;) = E,Ex,Z = E,q(Xs)u(Xs). Hence, we
get -
R)\f(x) - u(x) = Em/o e_/\squ(Xs)u(Xs) ds = R)\qu(x).

This completes the proof. O

3.6.3 Feynman-Kac formula and arc-sine law for the BM

If we specialize the Feyman-Kac formula to the Brownian motion case, we get
the following result.
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Theorem 3.6.4 (Feynman-Kac formula for BM). Let W be a standard
BM, f a bounded, measurable function, q a nonnegative, bounded, measurable
function and A > 0. Then the function u defined by

U(l’) = Em/ f(Wt)eiAtf.fot q(Xy) du dt
0

is twice differentiable, and satisfies the differential equation

A+qu—su" =Ff.

Proof. By Example 3.3.4, the resolvent R of the standard BM is given by
Raf(@) = [ fu)r(e o),
R

where 7y (z,y) = exp (—V2A|z —y|)/+/(2A). This shows that if ¢ is bounded
and measurable, then R)g is continuous. Moreover, a simple calculation shows
that Ryg is also differentiable and

d R .
—Ryg(x) = / g(y)e V=) gy — / g(y)e™ VA gy,
y>x Yy

dx <z

In particular, we see that R)g is continuously differentiable and in fact twice
differentiable. Differentiating once more we find that

d2

3 Bag(z) = ~29(2) + 2\ Rpg(x)
(see also Exercise 23). Under the conditions of the theorem the functions gu and
f are clearly bounded. Hence, (3.8) implies that u is continuously differentiable
and twice differentiable. The equation for u is obtained by differentiating (3.8)
twice and using the identity in the last display. O

We now apply the Feynman-Kac formula to prove the arc-sine law for the
amount of time that the BM spends above (or below) zero in a finite time
interval. The name of this law is explained by the fact that the density in the
statement of the theorem has distribution function

Theorem 3.6.5 (Arc-sine law). Let W be a Brownian motion. For t > 0,
the random variable

t
/ 1(0700) (Ws) ds
0
has an absolutely continuous distribution with density

v
my/s(t — 8)

S

on (0,1).
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Proof. For A,w > 0, consider the double Laplace transform
U’(I) = / eiAtExeﬂ"‘fot 1(0,00) (Ws) ds dt.
0

By the Feynman-Kac formula (applied with f =1, ¢ = wl(g,«)) the function u
is continuously differentiable and

A+ wu(z) — 3u"(z) =1, x>0,
Mu(z) — u”(z) =1, z<0.

For a > 0 the general solution of the equation ag — ¢”’/2 = 1 on an interval is
given by
Clewm + Cge_wm =+ 1
a

Since u is bounded, it follows that for certain constants C'q, Cs,

Cre V0 ¢ Lo
u(x) = 1 Atw
02693\/5 + X7

Continuity of u and u’ at = 0 gives the equations C1; —1/(A+w) = Cs —1/A
and —C11/2(A + w) = C2v/2)\. Solving these yields
Vitw—VA
1= ——————F~
A+ w)VA

and hence

| e o e a(0) =

0 VA +w)

On the other hand, Fubini’s theorem and a change of variables show that
for the same double Laplace transform of the density given in the statement of
the theorem, it holds that

oo \ t 1
e e Y ———————ds| dt
/0 (/0 my/s(t — 8) )

_ > 1 —ws > 1 — At

_/0 e (/ ——c dt) ds
1 [ >~ 1

—— = —(Mw)s - —u
7T/0 \/ge ds/o \/ﬂe du.

A substitution z = v/t shows that for a > 0,

1 s
—e Ydt =/ —.
/0 Vi o

Hence, we get
o0 t
—At —ws 1 1
——ds ) dt = ——.
/0 ‘ </o ‘ T/ s(t —$) s) VAN +w)

By the uniqueness of Laplace transforms, this completes the proof. O
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3.7 Exercises

. Prove lemma 3.1.4.
. Complete the proof of Lemma 3.1.6.

. Let W be a BM. Show that the reflected Brownian motion defined by

X = |W] is a Markov process (with respect to its natural filtration) and
compute its transition function. (Hint: calculate the conditional proba-
bility P(X; € B|FZX) by conditioning further on F).

. Let X be a Markov process with state space F and transition function

(P;). Show that for every bounded, measurable function f on E and for
all t > 0, the process (P;—f(Xs))sejo4 is a martingale.

. Prove that the probability measure pi, . . defined in the proof of Corol-

lary 3.2.3 form a consistent system.

. Work out the details of the proof of Lemma 3.2.4.

Prove the claims made in Example 3.3.4. (Hint: to derive the explicit
expression for the resolvent kernel it is needed to calculate integrals of the

form
00 €7a2t7b2t_1
/ T
0 Vit

To this end, first perform the substitution t = (b/a)s?. Next, make a
change of variables u = s — 1/s and observe that u(s) = s —1/s is a
smooth bijection from (0, c0) to R, whose inverse u=! : R — (0, 00) satis-
fies u=1(t) —u=t(—t) = t, whence (u=1)'(t) + (u=1)(=t) = 1.)

. Finish the proof of Lemma 3.3.5.

. Prove the inequality in the proof of Lemma 3.3.6.

Suppose that E C R?. Show that every countable, dense subset H of the
space Cy (E) of nonnegative functions in Cy(E) separates the points of
the one-point compactification of E. This means that for all z # y in E,
there exists a function h € H such that h(xz) # h(y) and for all z € E,
there exists a function h € H such that h(x) # 0.

Let (X, d) be a compact metric space and let H be a class of nonnegative,
continuous functions on X that separates the points of X, i.e. for all x # y
in X, there exists a function h € H such that h(z) # h(y). Prove that
d(zy,x) — 0 if and only if for all h € H, h(z,) — h(z). (Hint: suppose
that H = {hq, ha, ...}, endow R> with the product topology and consider
the map A : X — R defined by A(x) = (h1(x), ho(z),...).)

Let X and Y be two random variables defined on the same probability
space, taking values in a Polish space E. Show that X =Y a.s. if and only
ifEf(X)g(Y)=Ef(X)g(X) for all bounded and continuous functions f
and g on E. (Hint: use the monotone class theorem.)
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Let X be a (canonical) Feller process with state space E and for z € E,
consider the stopping time o, = inf{t > 0: X; # z}.

(i) Using the Markov property, show that for every z € E
Py(og >t +5s) =Py(os > t)Py(0y > 5)

for all s,t > 0.

(ii) Conclude that there exists an a € [0, 00|, possibly depending on z,
such that
P.(0, >t) =e .

(Remark: this leads to a classification of the points in the state space of
a Feller process. A point for which a = 0 is called an absorption point or
a trap. If a € (0,00) the point is called a holding point. Points for which
a = oo are called regular.)

Let (F;) be the usual augmentation of the natural filtration of a canonical
Feller process. Show that for every nonnegative, F;-measurable random
variable Z and every finite stopping time 7, the random variable Z o 6,
is F,,;-measurable. (Hint: First prove it for Z = 14 for A € FX. Next,
prove it for Z = 14 for A € F; and use the fact that A € F} if and only
if there exist B € 7 and C, D € N such that B\C C A C BUD (cf.
Revuz and Yor (1991), pp. 3-4). Finally, prove it for arbitrary Z.)

Consider the situation of Exercise 13. Suppose that = € E is a holding
point, i.e. a point for which a € (0, 00).
(i) Observe that o, < oo, P,-a.s. and that {X,, =z} C {0, 00,, = 0}.
(ii) Using the strong Markov property, show that

P,(X,, = z) = Po(X,, = 2)Py(0s = 0).

(iii) Conclude that P,(X,, = x) = 0, i.e. a Feller process can only leave
a holding point by a jump.

Show that if X is a Feller process and we have (F;)-stopping times 7, T 7
a.s., then lim, X, = X, a.s. on {T < oo}. This is called the quasi-left
continuity of Feller processes. (Hint: First observe that is enough to prove
the result for bounded 7. Next, put Y = lim,, X, (why does the limit

exist?) and use the strong Markov property to show that for f,g € Co,

The claim then follows from Exercise 12.)

Show that the maps ¢ and ¢ in the proof of Theorem 3.4.4 are Borel
measurable.

Derive the expression for the joint density of the BM and its running
maximum given in Corollary 3.4.5.
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. Let W be a standard BM and S its running maximum. Show that for all
x>0andt >0,
P(S; > z) =P(r, <t) =2P(W; > z) = P(|W,| > z).

Prove Corollary 3.4.6.
Prove Lemma 3.5.2.
Prove Lemma 3.5.3.

Prove the claim of Example 3.5.7. (Hint: use the explicit formula for
the resolvent (Example 3.3.4) to show that for f € Cjp, it holds that
Ryf € C2 and AR\ f — f = (Rrf)"/2. The fact that CZ C D(A) follows
from Theorem 4.1.1.)

In the proof of Lemma 3.5.11, show that P, (n, > nt) < p" forn=0,1,....

Let (P;) be a sub-Markovian semigroup on (E,€) and let A be a point
which does not belong to E. Put Ean = EU{A}, EAo = o(E U {A})
and define P, by setting P,(z,A) = Py(z,A) if A C E, Pz, {A}) =
1 — Pi(z,E) and Py(A,{A}) = 1. Show that (P,) is a semigroup on
(Ea,EA).

Verify the expression for the transition density of the killed BM given in
example 3.6.2.



Special Feller processes

4.1 Brownian motion in R¢

In this section we consider the Brownian motion in R? for d € N. We will
see that the recurrence and transience properties of this process depend on the
dimension d of the state space.

A standard BM in R¢ (notation: BM¢9) is simply an R?-valued process
W= (W' ..., WHT such that the components W', ..., W% are independent,
standard BM’s in R. The BM¢? is a process with stationary and independent
increments. For s < t, the increment W; — W, has a d-dimensional Gaussian
distribution with mean vector zero and covariance matrix (¢ — s)I. As in the
one-dimensional case it follows that the BM¢ is a Markov process with transition
function P; given by

dl

PIW) = s [ Ty (4.1

(see Example 3.1.5). From this explicit expression it easily follows that the
process is Feller.

Now let W be the canonical version of the BM¢ and consider the measures
P, for x € R. By construction W is a standard BM? under Py. The semigroup
(4.1) has the property that if f € Cp and = € R, then for g(y) = f(y — z) it
holds that

Pig(x) = Pif(0).

This translation invariance implies that the law of W under P, is equal to the
law of z + W under Py (see Exercise 1). In other words, under P, the process
W is just a standard BM¢, translated over the vector z.

The following theorem describes the infinitesimal generator of the BM¢. It
generalizes Example 3.5.7 to higher dimensions.
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Theorem 4.1.1. The domain of the generator of the BM® contains the space
C? of functions on R? with two continuous derivatives that vanish at infinity.

On C¢ the generator equals A/2, where A = Zle 0?/0y? is the Laplacian on
R<.

Proof. Let x € R? be fixed. Define p;(y) = (27t) =2 exp(—||y||%/2t), so that
for f € Cy,

P f(x) = /Rd f(z+y)pe(y)dy.
The functions p;(y) satisfy the partial differential equation (the heat equation)

0

apt (y) = %Apt (y).

It follows that for 0 < e < ¢,
t
Pf) = Pf@) = [ s ([ gmwas) do
i
— ~Ap,
[ twen ([ janwas) a
=/ ( f(x+y)%Aps(y) dy) ds.
e R4

The interchanging of the integrals is justified by the fact that f € Cy. Now
suppose that f € C2. Then integrating by parts twice yields

[ et ngdn s = [ p(@)5Af@+)dy = P3AS@).

If we insert this in the preceding display and let e — 0, we find that

Pif(z) - f(z) = / Py Af(@) ds.

Divide by t and let ¢ — 0 to complete the proof. U

In combination with Dynkin’s formula, the explicit expression A/2 for the
generator of the BM? allows us to investigate the recurrence properties of the
higher dimensional BM. For a > 0, consider the stopping time

Te = inf{t > 0: [|W| = a},

which is the first hitting time of the ball of radius @ around the origin.
The follow theorem extends the result of Exercise 14 of Chapter 2 to higher
dimensions.

Theorem 4.1.2. For 0 < a < ||z|| <,

1 _
ogh—logllzf| )
logb —loga
Pu(1a < Tb) =
2—d _b2—d
[l i3,

a2—d _p2-d
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Proof. Let f be a C*-function with compact support on R¢ such that for all
r € R? with a < ||z]| < b,

Fa) = {log lzfl d=2

|z]|2~¢ d > 3.

Observe that 7, A7, < inf{t : [W}!| = b} under P, so by Exercise 15 of Chapter
2, E,7o A Tp < 00. Hence, by Dynkin’s formula and the fact that f € CZ and
Af(xz) =0 for a < |z| <b, we have E, f(W;, ar,) = f(z). For d = 2 this yields

log||z]| = f(z) = Eo f(Wr )iz, <n) + Eaf (Wr )1z, 503
=P,(7, < 1) loga+Py(r, > 1) logb,

which proves the first statement of the theorem. The second statement follows
from Dynkin’s formula by the same reasoning, see Exercise 2. O

The following corollary follows from the preceding theorem by letting b
tend to infinity.

Corollary 4.1.3. For all z € R? such that 0 < a < ||z,

1 d=2,
z)*~/a®~¢ d>3.

P, (74 < 00) = {

Proof. Note that by the continuity of sample paths,

P, (1o < 00) =P, (Ub>umu{7a < Tb}) '

It follows that
P, (14 < 00) = blim P, (1o < ),

whence the statement follows from Theorem 4.1.2. O

By the translation invariance of the BM, this corollary shows that with
probability 1, the BM? hits every disc with positive radius, and hence every non-
empty open set. It also implies that for d > 3, the BM? ultimately leaves every
bounded set forever (see Exercise 3). We say that the BM? is neighbourhood-
recurrent and for d > 3, the BM? is transient.

The following corollary shows that the BM? is not ‘point-recurrent’ like the
BM!. A given point is hit with probability zero.

Corollary 4.1.4. For the BM? we have P, (m9 < 00) = 0 for all x # 0.
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Proof. Note that

{r0 < 00} = U{TO <mt= [ {rym<m}

nom>|lz|| 7!

Hence, the corollary follows from the fact that

Pa (mm>uwu*1{ﬁ/m < Tn}) = lim Py (71/m < 70) =0,

by Theorem 4.1.2. O

If we combine all the recurrence-transience results, we arrive at the follow-
ing theorem.

Theorem 4.1.5. The BM' is recurrent, the BM? is neighbourhood-recurrent
and for d > 3, the BM¢ is transient.

4.2 Feller diffusions

Markov processes with continuous sample paths are often called diffusions. In
the present section we consider Feller diffusions. Their precise definition is given
below. In addition to continuity we require that the domain of the generator of
the process contains the collection of functions that are infinitely often differen-
tiable, and whose support is compact and contained in the interior of the state
space E. This collection of functions is denoted by C2°(int(F)).

Definition 4.2.1. A Feller process with state space E C R? is called a Feller
diffusion if it has continuous sample paths and the domain of its generator
contains the function space CZ°(int(E)).

Theorem 4.1.1 shows that the BM? is a Feller diffusion. More generally we
have the following example.

Example 4.2.2. Let W be a BM?, ¢ an invertible d x d matrix, b € R? and
define the process X by X; = bt + oW,;. Then X is a Feller diffusion. Its
generator A satisfies

=S 0.2
B zzj b axi T2 Z Z g axzax] ()

for f € C2(R?), where a = oo?. If b = 0 this can be seen by relating the
semigroup of X to that of W (see Exercise 4). The general case is a consequence
of Exercise 5. |
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The process X in the preceding example is called an n-dimensional Brow-
nian motion with drift b and diffusion matrix a. Below we will prove that a
general Feller diffusion locally behaves like such a process. In the general case
the drift vector b and diffusion matrix a depend on the space variable x.

We need the following lemma, which collects some properties of the gener-
ator of a Feller diffusion.

Lemma 4.2.3. Let X be a Feller diffusion on E with generator A.
(i) If f e D(A) and f(y) < f(z) for ally € E, then Af(x) <0
(ii)) If f,g € D(A) coincide in a neighborhood of x € int(E), then Af(x) =
Ag(z).
(iii) If f € D(A) has a local maximum in x € int(E), then Af(x) <0
(iv) If f € D(A) is constant in a neighborhood of x € int(E), then Af(x) =

Proof. Part (i) is valid for general Feller processes, see the remarks preceding
Theorem 3.5.8. Part (ii) follows from Theorem 3.5.12 and the continuity of the
sample paths. Combined, (i) and (ii) yield (iii). The last part follows from
Theorem 3.5.12 again, by noting that if f is constant near z, the numerator in
(3.7) vanishes for small r. O

We can now prove that the generator of a Feller diffusion is a second order
differential operator.

Theorem 4.2.4. Let X be a Feller diffusion on E C R%. Then there exist
continuous functions a;; and b; on int(E) such that for f € C°(int(E)) and
x € int(E),

=2 bl)g @+ 13 ale m%m

Moreover, the matrix (a;;(x)) is symmetric and nonnegative definite for every
x € int(F).

Proof. Fix = € int(E) and pick ¢; € C2°(int(E)) such that ;(y) = y; — x; for
y in a neighborhood of z. Let ¢ € C$°(int(E)) be a function which is identically
1 in a neighborhood of x. Define b;(z) = Ag;(x) and a;j(z) = Ag;p;(z). Note
that a and b are well defined by part (ii) of the lemma, and since A : D(A) — Co,
they are continuous. Also observe that for all A\j,..., g € R, the function

*(Z /\isﬁi(y))Q,

defined in a neighborhood of x, has a local maximum at z. By part (iii) of the

lemma this implies that
Z Z )\i)\jaij(a:) >0
i g
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i.e. (a;5(x)) is nonnegative definite.
By Taylor’s formula it holds that f(y) = g(y) + o(||z — y||?) for y near z,
where

o) = F@el) + 3 il 5 @) + 4 RN 1(0) o)

Part (iv) of the lemma and the definitions of a and b imply that

=2 b, @+ 53D el 8%633]( 2),

so it remains to show that Af(z) = Ag(x). To prove this, fix € > 0 and consider
the function

y— fy) —gly) —elly — =|?,

defined in a neighborhood of . Near z this function is |y — z||?(o(1) — ), and
hence it has a local maximum at x. By part (iii) of the lemma we get

Af(x) — Ag(z) — 52%21‘(1’) <0,

and by letting € — 0 we obtain Af(z) < Ag(z). Reversing the roles of f and g
yields Af(z) > Ag(x). This completes the proof. O

In view of Example 4.2.2, we call the functions b and a exhibited in The-
orem 4.2.4 the drift and diffusion of the process X, respectively. The proof of
the theorem shows that b and a determine the infinitesimal movements of the
diffusion process X = (X*',..., X?), in the sense that for every = € int(E) and
small h, it holds that E, X} — x; ~ Prp;i(z) = hAp;(x) = bj(x)h. In other
words,

E(Xt+h | X = .Z') ~ T+ hb(a?)

Similarly, we have

E((Xi 1y — i) (X],, — ;) | Xi = @) & hayj(2).

Next we investigate when a function of a Feller diffusion is again a Feller
diffusion, and how the drift and diffusion functions of the new process are related
to the old one.

Theorem 4.2.5. Let X be a Feller diffusion on E C R? and let p: E— E CR"
be continuous and onto, and assume that ||¢(z,)|| — oo in E if and only if
||| — oo in E. Suppose that (P,) is a collection of transition kernels such
that Pi(f o @) = (P.f) o ¢ for all f € Cy(E), so that X = o(X) is a Feller
process with state space F and transition function (]3,5)

(i) If ¢ is infinitely often differentiable on int(E) and for every compact K C
int(E), ¢~ '(K) is contained in a compact subset of int(E), then X is a
Feller diffusion on E.
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(ii) In that case the drift and diffusion b and @ of X satisfy
S S
au(p(a) = 3 T Zz’;’: o)

for p(z) € int(E) and k,1=1,.

Proof. (i). Since ¢ is continuous the process X is continuous, so we only have
to show that C°(int(E)) is contained in the domain of the generator A of X. So
take f € C2°(int(E)). The assumptions on ¢ imply that f o € C°(int(E)) C
D(A). Hence, by Lemma 3.5.2, f € D(A).

(ii). To simplify the notation we write 9; instead of 9/Jz; for the differential
w.r.t. the ¢th variable. By the chain rule we have

=" O f(o(x)) 00k ()
k
and (check!)
0:0;(f o) (@) =Y > 0k f (p(x))0ipk()Ds0n(x) + > 0:050k () Ok f (1p(x)).
k l k

Now compare A(f o ¢)(z) with Af(p(z)) and apply Lemma 3.5.2 to complete
the proof (Exercise 6). O

Example 4.2.6 (Bessel processes). Let X be a BM? with d > 2 and define

X = || X||. This process is called the Bessel process of order d and is denoted by
BESY. The transition function P; of the BM? (see (4.1)) has the property that
if f € Co(R?) and f(x) depends only on ||z||, then P;f(z) also depends only on
||| (check!). Soif f € Co(R4), « is a point on the unit sphere in R and r > 0
then P, f(r) = P;(f o] - ||)(rx) is independent of z, and this defines a transition
kernel P, on R,. The function ¢ = || - || and the semigroup (P;) satisfy the
conditions of Theorem 4.2.5, so the Bessel process X is a Feller diffusion on Ry.
For ¢(z) = ||z|| > 0, we have

de B

T 0%p
llzl|”  Oz;i0x;

5” _ TiTj
el ll]?

(z) =

By part (ii) of the preceding theorem, it follows that the drift b and diffusion a
of the BES? are given by

b(x) = , alx)=1. (4.2)

(See Exercise 7).

Observe that for = close to 0 the drift upward becomes very large. As a
consequence the process always gets “pulled up” when it approaches 0, so that
it stays nonnegative all the time. |
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If we combine Theorem 4.2.4 and Example 4.2.2 we see that a Feller diffu-
sion process X can be viewed as a BM with space dependent drift and diffusion.
Loosely speaking, it holds that around time ¢, X; moves like a BM with drift
b(X:) and diffusion a(X;). If we consider the one-dimensional case for simplicity,
this means that for s close to t, we have something like

Xs = b(Xt)S + O'(Xt)Ws,

where W is a BM (this is of course purely heuristic). If we consider this equation
for s =t + h and s = t and subtract, we see that for small h, we must have

Xt+h — Xt ~ b(Xt)h + O'(Xt)(Wt+h — Wt)

This suggests that a one-dimensional Feller diffusion with generator drift b and
diffusion o satisfies a stochastic differential equation (SDE) of the form

dXt = b(Xt) dt+U(Xt) th, (43)

with W a Brownian motion.

Of course, it is not at all exactly clear what we mean by this. In particular,
the term dW; is somewhat disturbing. Since we know that the Brownian sample
paths are of unbounded variation, the path W(w) does not define a (signed)
measure dW(w). This means that in general, we can not make sense of the
SDE (4.3) by viewing it as a pathwise equation for the process X. It turns
out however that there is a way around this, using the fact that the Brownian
motion has finite quadratic variation. The SDE (4.3) can be given a precise
meaning and it can be shown that indeed, under certain assumptions on b
and o, it has a unique solution X which is a Markov process with generator
Af(z) = b(x)f'(z) + 30%(z)f"(z). The theory of SDEs and the associated
stochastic calculus are very useful tools in the study of diffusions.

It is interesting to see how Theorem 4.2.5 translates in the language of
SDEs. The theorem states that if X is a one-dimensional Feller diffusion with
drift b and diffusion 02 and ¢ is a smooth function, then, under certain condi-
tions, Y = ¢(X) is a Feller diffusion with drift b and diffusion 52 given by

blp(x)) = ba)¢'(z) + 50°(2)¢" (@),
7*(p(@)) = o*(2)(¢' (2))*.
In the language of SDE’s, this show that if X satisfies (4.3), then ¢(X) satisfies
dp(X,) = (B(X0)¢ (X0) + S (X)) (X)) db + o (X0)o! (Xp) AWy (44)

This is a special case of a central result in stochastic calculus, known as Ité’s
formula. It shows in particular that there is a difference between stochastic
calculus and the ordinary calculus. Indeed, if the rules of ordinary calculus
were valid in this case, we would have

dQO(Xt) = QD/(Xt) dXt = b(Xt)QO/(Xt) dt + O'(Xt)gD/(Xt) th
The presence of the additional term
30°(X)@" (Xy) dt

in (4.4) is typical for stochastic calculus, and is caused by the quadratic variation
of the Brownian sample paths.

See the references for texts on stochastic calculus and stochastic differential
equations.
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4.3 Feller processes on discrete spaces

Consider a Markov process X on a discrete state space E, meaning that F is
countable and that it is endowed with the discrete topology. Then E' is a Polish
space and its Borel g-algebra £ consists of all subsets of F.

As usual we denote the semigroup of X by (P;) and we consider the canon-
ical version with underlying measures P,, x € E. It is useful to introduce the
numbers

pi(z,y) = Pz, {y}) = Pu(Xs = y)

for t > 0 and z,y € E. These transition probabilities of course satisfy

> pila,y) =1 (4.5)

for x € F and t > 0, and the Chapman-Kolmogorov equations reduce to

Ds+t (LU, y) = Zps ((E, Z)pt(zv y) (46)

for s,t > 0 and z,y € E.
Conversely, every collection of nonnegative numbers {p;(z,y) : t > 0,2,y €
E} satisfying (4.5) and (4.6) defines a transition function (P;) on (E,£), given
by
Pt(xa B) = Z pt(xvy)a

yeB

and hence for every x € E there exist a measure P, on the canonical space such
that under P, the canonical process X is a Markov process which starts in =
and which has transition probabilities ps(x, y).

To verify if a Markov process on a discrete space is Feller we have to
understand what the function space Cy looks like in this case. Since the space
F is discrete, every function on E is automatically continuous. For a sequence
%, in E, the convergence ||z, || — oo means that x,, is outside every given finite
subset of E for n large enough. Hence, f € Cy means that for every € > 0, there
exists a finite set F' C E such that that |f(z)| < € for all x outside F. Note in
particular that if the state space FE itself is finite, every function on E belongs
to Co.

Example 4.3.1 (Finite state space). If the state space F is finite, then every
function belongs to Cy, so P,.Cy C Cj is always true. It follows that a Markov
process on a finite state space E is Feller if and only if its transition probabilities
satisfy, for all z,y € FE,

pt(xay) - 6z,y
ast — 0. |



94 Special Feller processes

Example 4.3.2 (Poisson process). Let A > 0 be a fixed parameter. For
t>0and z,y € Z,, define

ify=a+kforkeZ,,

pelzy) =S &K © (4.7)

0, otherwise,

and put po(x,y) = dg,. Upon recognizing Poisson probabilities we see that
(4.5) holds. As for (4.6), observe that

k

Zpsxzptzy Zpsacx+l)pt( +lz+k)
1=0

A(t+s) K
-y (’;) () (M)
T 1=0

By Newton’s binomial theorem the sum on the right-hand side equals (A(t+5))*,
so the Chapman-Kolmogorov equalities are indeed satisfied. It follows that the
transition probabilities (4.7) define a Markov process on Z,. This process is
called the Poisson process with intensity A\. Observe that if N is a Poisson
process with intensity A, then for k € Z

(At)* At

Po(Ne = k) = pi(0,k) = o ©

So under Py, the random variable N; has a Poisson distribution with parameter
At.

To verify that this process is Feller, take a function f on Z, such that
f(z) = 0 as £ — oco. Then

SO ey O o,

k>0

The summand on the right-hand side vanishes as * — oo and is bounded by
| flloo (A)* /E!. Hence, by dominated convergence, P, f(x) — 0 as & — oo. This
shows that P,Cy C Cy. Note that we can also write

Puf@) = e fa)+ e 0 O o,

k>1

This shows that P, f(z) — f(z) as ¢ — 0. Hence, the Poisson process is Feller.

Using the explicit expression for P; above it is rather straightforward to
compute the generator A of the Poisson process with intensity A. It holds that
D(A) = Cp and

Af(x) = AMf(z +1) = f(2))

(see Exercise 8). We will see below that the form of the generator reveals much
about the structure of the Poisson process. |
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The motion of a Feller process X on a discrete space F is of a simple nature.
The process stays in a certain state for a random amount of time, then jumps to
the next state, etc. For x € F, consider the stopping time o, = inf{t > 0: X; #
x}. From Exercise 13 of Chapter 3 we know that under P, the random time
o, has an exponential distribution, say with parameter A(z) € [0,00) (A(z) =0
meaning that o, = oo, P,-a.s., i.e. that = is an absorption point). This defines
a function A : E — [0,00), where A(x) is interpreted as the rate at which the
state x is left by the process X. Now start the process in a point x € E with
A(z) > 0. Then at time o, the process jumps from state x to X, . So if for
x #yin E we define

q(xmy) = Pm(Xam = y)a

we can interpret ¢(z,y) as the probability that the process jumps to y when
it leaves state z. Clearly, we have that ¢(z,y) = Q(z,{y}), where @ is the
transition kernel on E defined by

Q(z,B) =P,(X,, € B).

Together, the rate function A and the transition kernel @ (or, equivalently,
the transition probabilities ¢(z,y)) determine the entire motion of the process.
When started in = the process stays there for an exponential(A(x))-distributed
amount of time. Then it chooses a new state y according to the probabil-
ity distribution Q(z,-) and jumps there. By the strong Markov property this
procedure then repeats itself. The process stays in y for an exponential(A(y))-
distributed amount of time and then jumps to a new state z chosen according
to the probability distribution Q(z,-), etc. We call the constructed function A
the rate function of the process, and @ the transition kernel.

The rate function and transition kernel of a Feller process on a discrete
space can easily be read of from the generator.

Theorem 4.3.3. Let X be a Feller process on a discrete space E, with rate
function A\ and transition kernel Q). Then the domain D(A) of its generator A
consists of all functions f € Cy such that A\(Qf — f) € Cy, and for f € D(A),

Af(@) = X@)(QF @) — () = @) (D FW)ala.y) - (@)

y#x

Proof. This follows from Theorem 3.5.12, see Exercise 9. O

Example 4.3.4 (Poisson process, continued). Using Theorem 4.3.3 we can
now read off the rate function and transition kernel of the Poisson process from
the expression Af(x) = A(f(x + 1) — f(x)) that we have for its generator. We
conclude that the rate function is identically equal to A, and that ¢(x,z 4+ 1) =
Q(z,{z +1}) = 1, and all other transition probabilities are 0. So the jumps of
the Poisson process are all equal to 1 (a process with this property is called a
counting process), and the time between two consecutive jumps is exponentially
distributed with parameter A. |
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The preceding example shows that the Poisson process can be constructed
by starting with the deterministic process which has jumps of size 1 at times
1,2,3,... and then replacing the deterministic times between the jumps by
independent exponential times. More generally, any discrete-time Markov chain
can be transformed into a continuous-time Markov process by replacing the fixed
times between the jumps by independent exponential times.

To make this precise, let @ be a transition kernel on £ and A > 0. For
t >0 and f a bounded function on F, define

W!)", (4.8)

(oo}
P f(z) = e M Q" f(x
@)= Qe
where Q" = Qo---0Q (n times). Using Newton’s binomial theorem it is easily
verified that (P;) is a transition semigroup on E (see Exercise 10), so we can
consider the associated Markov process on FE.
The intuition behind the construction of this process is as follows. Let
Y = (V) be a discrete-time Markov chain with transition kernel @), meaning
that given Y;, = y, the random variable Y,, 1 has distribution Q(y, -). Set 79 =0
and let 71,7, ... be i.i.d., all exponentially distributed with parameter A\. Now
define the process X by

Xe =Y Yolir o) (®)
n=0

From the lack of memory of the exponential distribution and the Markov prop-
erty of Y it is intuitively clear that X has the Markov property as well. Its
transition function (P;) is given by

Pif(x) =Eof(Xi) = Y Bo f(YVa)Pa(r <t < 7)
n=0

(At)"
n!

= 2_% Q" f(x)

Here we have used the Markov property of Y to see that E,f(Y,) =
E.E.(f(Yn)|Yao1,...,Y0) = E.Qf(Y,—1). Iterating this yields E,f(Y,) =
Q" f(z). Moreover, with N; a Poisson process that starts in 0, we have that
P(r, <t < 7,) =P(N; =n) = exp(—=At)(At)™/nl.

Theorem 4.3.5. If ) is a transition kernel on E such that QCy C Cy and
A > 0, then (4.8) defines a Feller process on E whose generator A satisfies
D(A) =Cy and Af = NQf — f).

Proof. The properties P.Cy C Cy and P, f(x) — f(x) as ¢ — 0 follow from
(4.8) by dominated convergence (see Exercise 11). We also see from (4.8) that

I I s qpwe+ g + o)

Letting ¢ — 0 the right-hand side converges to A(Qf(z) — f(x)). O
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If in the present setting we define ¢(x,y) = Q(z,{y}) for z,y € E, the
generator A can be expressed as

Af(e) = M1 — gl (3 0D p) — p)).

y#z 1 7(](‘%;5@

Hence, by Theorem 4.3.3, the construction (4.8) yields a Feller process on F
with rate function A(x) = A(1 — ¢(z,x)) and transition probabilities

q(z,y)
1—q(z,x)

for x # y.

Example 4.3.6 (Continuous-time random walk). Ordinary random walk
in Z¢ is a Markov chain with transition kernel @) given by

1 .
Q. fyh) = 2aw TYEN

0, otherwise,

where N, is the set consisting of the 2d neighbors of x. In other words, at
each time step the chain moves to one of the neighbors of the current state, all
neighbors being equally likely. Clearly QCy C Cj in this case. The associated
Feller process constructed above is called the continuous-time random walk on
74, If we take A = 1 its generator is given by

Af)= Y gofly) — f(a),
YEN

as is easily checked. |

4.4 Lévy processes

We already encountered processes with independent and stationary increments
in Corollary 3.4.2. In this section we study this class of processes in some more
detail. We restrict ourselves to real-valued processes, although most results can
be generalized to higher dimensions.
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4.4.1 Definition, examples and first properties

We begin with the basic definition.

Definition 4.4.1. An (F;)-adapted process X is called a Lévy process (with
respect to (F)) if

(i) X; — X, is independent of F; for all s <,
(11) Xt — XS =d Xt—s for all s < t,

(iii) the process is continuous in probability, i.e. if ¢, — ¢ then X; — X in
probability.

Observe that the first two items of the definition imply that for u € R, the
function f(t) = Eexp(iuX;) satisfies

fls+1t) = Ee!((Xoti=X0)+X0) — FeiuXsFeiuXe — f(8)f ().

By item (iii) the function f is continuous, and it follows that the characteristic
function of X; is of the form

EeiuXt — f(t) — e—td)(u)7

where ¢ : R — C is a continuous function with ¥(0) = 0. The function ¥ is
called the characteristic exponent of the Lévy process. Note in particular that
Xo = 0 almost surely. The independence and stationarity of the increments
implies that the characteristic exponent determines the whole distribution of a
Lévy process (see Exercise 13).

Recall that if Y is an integrable random variable with characteristic func-
tion ¢, then ¢’(0) =4EY. So if X is a Lévy process and X; is integrable, then
the characteristic exponent v is differentiable and EX; = #t¢’(0). If X; has
a finite second moment as well, we have VarX; = o2t for some o2 > 0 (see
Exercise 14).

The independence and stationarity of the increments imply that for a Lévy
process X and a bounded measurable function f we have, for s < ¢,

E(f(Xt) |~7'—S) = ]E(f((Xt - XS) + XS) ‘-7:5) = Ptfsf(XS)v

where P, f(x) = Ef(x + X;). Hence, a Lévy process is a Markov process with
transition kernel P, f(x) = Ef(x 4+ X;). It is not difficult to see that the semi-
group (P;) is Feller (Exercise 15), so a Lévy process is always a Feller pro-
cess. From this point on, we will always consider the canonical, cadlag version
of X and the usual augmentation of its natural filtration. As usual, we de-
note by P, the law under which X is a Markov process with transition func-
tion (P;) and initial distribution ¢,. Under Py the process is Lévy, and since
E.f(X:) = P.f(z) =Eof(z+ X;), the law of X under P, is equal to the law of
z + X under Py. Below we will write PP for Py and E for Eg.
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Example 4.4.2 (Brownian motion). If W is a standard Brownian motion
and b € R and o > 0, then the Brownian motion with drift defined by X; =
bt + oW, is clearly a Lévy process. Since exp(iuZ) = exp(—u?/2) if Z has a
standard normal distribution, the characteristic exponent of the process X is
given by

Y(u) = —ibu + Lo’

We will see below that the Brownian motion with linear drift is in fact the only
Lévy process with continuous sample paths (see Theorem 4.4.13). |

Example 4.4.3 (Poisson process). Let N be a Poisson process with intensity
A > 0. Then by the Markov property E(f(N: — Ng) | Fs) = En, f(Ne—s — No)
for every bounded, measurable function f and s <t. For z € Z, we have

]Exf(Ntfs - NO) = Ptfsg(m%

where ¢g(y) = f(y — x). Using the explicit expression for the semigroup (P;) (cf.
Example 4.3.2) we see that P;_;g9(x) = P, f(0). Hence,

E(f(Nt - Ns) ‘Fs) = Pt—sf(o) = Ef(Nt—s)'

This shows that the Poisson process, when started in 0, is a Lévy process. Recall
that if Z has a Poisson distribution with parameter a > 0, then Eexp(iuZ) =
exp(—a(l — e™)). Tt follows that the characteristic exponent of the Poisson
process with intensity A is given by

W(u) = A1 — ei),

In fact, the Poisson process is the only non-trivial Lévy process that is also
counting process. Indeed, let N be a process of the latter type. Then N is a
Feller process on the discrete space Z ., of the type studied in Section 4.3. Since
it is a counting process, its transition kernel is given by Q(z,{z + 1}) = 1 for
x € Z4. As for the rate function, let o, be the first time the process N leaves
z. Under P,, N has the same law as z + N under Py. Hence, the law of o,
under P, is equal to the law of og under Py. This shows that the rate function
is equal to a constant A > 0 (if A = 0, the process is trivial). Theorem 4.3.3
now shows that N has generator Af(z) = A(f(z+1)— f(z)). By Example 4.3.2
and the fact that the generator determines the semigroup, it follows that N is
a Poisson process. |

Example 4.4.4 (Compound Poisson process). Let N be a Poisson process
with intensity A > 0, started in 0, and Y7,Y,... i.i.d. random variables with
common distribution function F', independent of V. Then the process X defined
by

Ny
Xe=) Y
i=1
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is called a compound Poisson process. It is easily seen to be a Lévy process by
conditioning on N and using the fact that N is a Lévy process (see Exercise
16). It can also be shown by conditioning that the characteristic exponent of
the compound Poisson process is given by

V() = )\/(1 — ) 4P ()

(see the same exercise). |

Example 4.4.5 (First passage times). Let W be a standard Brownian mo-
tion and for a > 0, define

0o = inf{t : Wy > a},

the first passage time of the level a. By construction it holds that W, 4+ > a
for t small enough, which implies that the process (04)q>0 is right-continuous.
Moreover, it is clear that for a, T a it holds that o,, T 7,, where 7, = inf{¢ :
W, = a} is the first hitting time of the level a. It follows in particular that the
process (04)q>0 is cadlag. For b > a we have

op — 0 =inf{t : Wy 1+ —W,, >b—a}.

Hence, by the strong Markov property (see Corollary 3.4.2), o, — 0, is inde-
pendent of F,, and has the same distribution as o,_,. This shows that the
process of first passage times (04)q>0 is & Lévy process. It is in fact the cadlag
modification of the process (7,)q>0 of first hitting times. To see this, let a, T a.
As we just noted, o,, — 7, a.s.. On the other hand, the quasi-left continuity
of the first passage time process implies that a.s. o,, — 0, (see Exercise 16 of
Chapter 3). It follows that a.s., o4 = 7. [ ]

Since a Lévy process is cadlag, the number of jumps A X before some time
t such that |AX,| > € has to be finite for all € > 0. Hence, if B is Borel set
bounded away from 0, then for ¢ > 0

NP =#{sec0,t]: AX, € B}

is well defined and a.s. finite. The process NP is clearly a counting process,
and we call it the counting process of B. It inherits the Lévy property from X
and hence, by Example 4.4.3, NP is a Poisson process with a certain intensity,
say v (B) < oo. If B is a disjoint union of Borel sets B;, then NB =Y~ NBi,
hence vX(B) = ENP = SENP" = 3 v(B;). We conclude that v is a Borel
measure on R\{0}. It holds that v (R\(—¢,¢)) < oo for all € > 0, in particular
vX is o-finite. The measure X is called the Lévy measure of the process X.

It is easily seen that for the Brownian motion and the Poisson process with
intensity A, we have vX = 0 and vX = Ad;, respectively. As for the compound
Poisson process X¢ = ) . ~, Yi of Example 4.4.4, observe that the counting
process of the Borel set B is given by

N,
NtB = Z l{YiEB}'
=1
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Hence, by conditioning on N we see that the Lévy measure is given by v*(B) =
ENE = X [ dF, ie. v¥(dz) = AdF(z).

4.4.2 Jumps of a Lévy process

In this subsection we analyze the structure of the jumps of a Lévy process. The
first theorem provides useful information about Lévy process with bounded
jumps.

Theorem 4.4.6. A Lévy process with bounded jumps has finite moments of
all orders.

Proof. Let X be a Lévy process and let the number C > 0 be such that
|AX;| < C for all t > 0. Define the stopping times 79,71, 72, ... by 79 = 0,

n=inf{t: | X, —Xo| > C},...,Tpp1 =inf{t > 7, : | Xy — X,

>,

The fact that X is right-continuous implies that 7; is a.s. strictly positive. Using
the uniqueness of Laplace transforms, it follows that for some A > 0, we have
a = Egexp(—A7) < 1. By the strong Markov property we have, on the event
{Tn—l < 00}7

E(e*A(Tn*Tn—l) |‘7:7_"71)
=E(e* o6, ,|F. ,)=Ex

67)\7—1 — Eef)ﬂl?

Tn—1

where the last equality in the display follows from the fact that the law of X — X
under P, is the same as the law of X under Py. By repeated conditioning, it
follows that

Ee*)\‘l'n = Eei)\‘rnl{‘rn<oo} - ]E(67)\Zz/:1(7—k77k_1)1{7'n<°°})
= E(e‘AZE;%(T’“_T""I)1{rn71<oo}E<€_MT”_T”_1) |f7—n71>)

—4E (e—)\Z;;f(m—ﬂﬁl)l{‘rn_l<m})

=...= a”_lEe_)‘Tll{Tl<Oo} =a".
Now observe that by construction sup,, [X¢| <2nC, so
P(|X:| > 2nC) < P(7,, < t) < Plexp(—A1,) > exp(—At)) < eMa™.

This implies that X; has finite moments of all orders. O

The next theorem deals with two Lévy processes X and Y which never
jump at the same time, meaning that AX;AY; = 0 for all ¢ > 0. One of
the processes is assumed to have sample paths with finite variation on finite
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intervals. Recall that a function f on R, is said to have this property if for
every t > 0

sup | f(tk) = f(te—1)] < oo,

where the supremum is taken over all finite partitions 0 = to < -+ < t, =
t of [0,¢]. It is clear that for instance monotone functions and continuously
differentiable functions have finite variation on finite intervals.
In the proof of the theorem we use that fact that if X is a Lévy process,
the process M defined by
eiuXt
M= gamx:

is a martingale (see Exercise 17).

Theorem 4.4.7. Let X and Y be two Lévy processes with respect to the same
filtration, and let one of them have sample paths with finite variation on finite
intervals. If X and Y never jump at the same time, they are independent.

Proof. In this proof we repeatedly use the simple fact that if Z is a martingale
satisfying sup,, |Zs| < C for some constant C' > 0, and for n € N, 7, is a
partition of [0,¢] given by 0 = ¢ < --- < tI = ¢, then

2
E(>(Zg - Zp_)?) SEY (Zy — 2y,
k

k
SCPED (Zy — Ziyp | )* = C*(BZ} —RZp).
k

In particular, the sequence Y, (Zy» — Zyn_)? is bounded in L.
Now say that Y has finite variation on finite intervals and consider the

martingales
eiuXt eiva,

Mt = EeiuXt - 1’ t= Eeith -

Since N has finite variation on [0,¢] the sum > __, |AN,| converges a.s. so we
can write N; = Y., AN, + Nf, where N¢ is continuous. For n € N, let

T, be a partition of [0,¢] given by 0 = t{ < --- < ¢7' = ¢ and suppose that
||l = supy, |ty —t7_| — 0 as n — oo. We have

> (Mg = My )(Nep = Nig_,)
k

=> (M — Myp_)(Nip — Nep_ ) = > AM,AN, (4.9)
k s<t
= Z(M? — AM)AN, + Z(Mtg - Mt;_l)(Nfg - Nf;;_l)a
s<t k
where M} =3, (Mg — Myr )1n_ 4m(s). By Cauchy-Schwarz the square of
the second term on the right-hand side is bounded by
sup INE— NI ST ING = N | S0 (Myy — My ).
k k

lu—v|<|l7nll
w, o<t
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Since N¢ is uniformly continuous and has finite variation on [0, ¢], the product
of the first two factors converges a.s. to 0. The last factor is bounded in L? by
the argument in the first paragraph, whence the second term on the right-hand
side of (4.9) tends to 0 in probability. As for the first term, observe that the sum
is in fact countable and a.s. M — AM, for every s > 0. Since M is bounded
and N has finite variation on [0,¢], it follows by dominated convergence that
the first term on the right-hand side of (4.9) a.s. converges to 0.
All together we see that

> (My = My )(Nip = Ny )
k

converges to 0 in probability. Since by Cauchy-Schwarz and the first paragraph
the sequence is bounded in L? and hence uniformly integrable (see Lemma A.3.4)
we conclude that the convergence takes place in L' as well (Theorem A.3.5), so

EMNy =B} (M = M)} (Nig = Nig._,)
k

)(Nip — Nip

k—1

) — 0.

k—1

k
=E> (M — My
k

In view of the definitions of M and N this implies that

uXi+ivYy iuXy Y,
Ee'™*t t = Ee™ tEe™ ",

so X; and Y; are independent. Since X and Y are Lévy processes, it follows
that the processes are independent (see Exercise 18). d

The full jump structure of a Lévy process X is described by the random
measure associated with its jumps. Formally, a random measure on a measurable
space (E,€) is amap p : Q x & — [0, 00] such that for fixed B € &, u(-, B) is
a (measurable) random variable and for fixed w, p(w,-) is a measure on (E, ).
The random measure < associated with the jumps of the Lévy process X is the
random measure on Ry x R\{0} defined by

X (@) =Y Sax,w)-
>0

We usually suppress the w in the notation and simply write uX = > 120 90(t,A%,)-
Observe that the sum is in fact countable and with N the counting process of
the Borel set B, we have u*X ([0,t] x B) = NP. This shows that u* ([0,#] x B) is
indeed a random variable. By a standard approximation argument, u~ is then
seen to be a well-defined random measure on (R; x R\{0}, B(Ry+ x R\{0})).

We will prove below that X is a so-called Poisson random measure. The
general definition is as follows.

Definition 4.4.8. Let p be a random measure on (E,£) and v an ordinary
measure. Then p is called a Poisson random measure with intensity measure v
if



104 Special Feller processes

(i) for any disjoint sets Bi,...,B, € &, the random variables
w(B1),...,u(By) are independent,

(ii) if v(B) < oo then p(B) has a Poisson distribution with parameter v(B).

We have in fact already encountered Poisson random measures on the pos-
itive half-line.

Example 4.4.9. If N is a Poisson process with intensity A > 0, we can define a
random measure p on R by setting u(s, ] = Ny — N, for s < t. The properties
of the Poisson process show that u is a Poisson random measure on R, with
intensity measure A Leb, where Leb denotes the Lebesgue measure. |

Theorem 4.4.10. The random measure piX associated with the jumps of a Lévy
process X with Lévy measure v is a Poisson random measure on Ry x R\{0}
with intensity measure Leb@v™ .

Proof. We provide the main ingredients of the proof, leaving the details as an
exercise (see Exercise 21).

Suppose that (s1,t1] x By and (sz2,t3] x Bz are disjoint Borel subsets
of Ry x R\{0}, and the sets B; are bounded away from 0. Observe that
wX ((siyti] x By) = NtEj" — NB:. Since the sets are disjoint, either (sy,t1] and
(s2,t2] are disjoint, or By and By are disjoint. In the first case, the indepen-
dence of the random variables u*X ((s;,t;] x B;) follows from the independence
of the increments of the processes NPi. In the second case the processes N B
never jump at the same time, so they are independent by Theorem 4.4.7. It
is clear that this line of reasoning can be extended to deal with n disjoint sets
(84, t;] X B; instead of just two. Appropriate approximation arguments complete
the proof of the fact that pX satisfies the first requirement of Definition 4.4.8.

For a Borel subset of Ry x R\{0} of the form (s,t] x A we have that
X ((s,t] x A) = N2 — N2 is Poisson distributed with parameter (t—s)v™X (A) =
(Leb® vX)((s,t] x A). Using the fact that the sum of independent Poisson
random variables is again Poisson and appropriate approximation arguments, it
is straightforward to conclude that the second requirement of the definition is
fulfilled. O

At several places below certain integrals with respect to the jump measure
uX will appear. A measurable function f is called u™ -integrable if for every

t>0,
/ / (@) 1 (ds, de) < oo
(0,t] JR\{0}

almost surely. For a p*X-integrable function f we define the stochastic process
fxpX by

* p = 2 uX (ds. da) — AX, .
Ve /(O’t]/R\{O}f( Y™ (ds, dx) Zf( Xl {ax. 0}

s<t
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For a specific function f we often write f(x)x u*X instead of f* u~, for instance

x1{|l’\>1}*:utx :/( ]/| l‘,uX(dS,dx):ZAxsl{‘Axsbl}.
0,t z|>1

s<t

It is clear that f* X is an adapted process. Observe that 1% uX = N, the
counting process of the set B.

The following lemma collects some useful properties of integrals relative to
the jump measure.

Lemma 4.4.11. Let X be the Poisson random measure associated with the
jumps of the Lévy process X with Lévy measure v, and let f be a measurable
function.

(i) The function f is p*-integrable if and only if [(|f| A1) dv™ < oo, and in
that case ‘
Eeiuf*p,tx _ eftf(lfe“‘f) dv™ .

(i) If f € L' (v™) then E f* uX =t [ fdv¥.
(iii) If f € L*(vX) N L2(vX) then Var f* uX =t [ f2dv¥X.

(iv) If f is u*-integrable, the processes fxu™ and X — fxu”™ are Lévy processes.

Proof. Recall that if the random variable Y has a Poisson distribution with
parameter « > 0, its Laplace transform is given by Eexp(—AY) = exp(—a(l —
exp(—A))). Let f be a simple, nonnegative function of the form f = >"" | ¢;1p,,
for certain disjoint Borel sets B; and numbers ¢; > 0. Then fx* u*X =Y ¢;NP
and hence, since the processes N5 are independent by Theorem 4.4.7,

Fe—MFu™)e — H]Ee*CiANtBi _ HeftVX(Bi)(lfe_ci)‘)) — et —e My

For an arbitrary nonnegative, measurable function f we can choose a sequence
fn of simple, nonnegative functions increasing to f. By monotone and domi-
nated convergence we can then conclude that again,

Ee*/\(f*ux)t _ e*tf(lfe_kf) dVX.
It follows that a measurable function f is u*X-integrable if and only if

lim [ (1—eMhav® =o0.

ALO
For z > 0 it holds that 1 — exp(—z) < x A 1, whence, for A small enough,
|1 —exp(=Alf])] < AfIA1 < |f| A1l In view of the dominated convergence
theorem, we see that [(|f| A1l)dv < oo is a sufficient condition for the p*-
integrability of f. The fact that it is also necessary follows for instance from
the inequality

1 1
5(30/\1) < (log 2z) A 5 <l-—e7"

for x > 0, which follows from the concavity of z — 1 — exp(—z).
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A similar computation as above yields the expression for the characteristic
function, see Exercise 22.

Ttems (ii) and (iii) can be proved by first considering simple functions and
using an approximation argument. The proofs of (ii), (iii) and (iv) are left to
the reader, see Exercise 23. U

4.4.3 Lévy-Ito decomposition

Let X be a Lévy process with Lévy measure v* and f € L'(vX). Then by
Lemma 4.4.11 the process f* pX — tffdl/X is a process with independent
increments and constant expectation, whence it is a martingale. For convenience
we denote this martingale by fx (u™ — vX).

For every € > 0 we can write

X = (X —alieqacay * (0 = v™)) + 0ljeqpoizny * (0 —v). (4.10)

Both processes on the right-hand side are Lévy processes by Lemma 4.4.11. The
first one is obtained by subtracting from X its jumps with absolute value in (e, 1]
and then subtracting ¢ fa<|z\§1 x vX (dr) to ensure that we get a martingale. The
jumps of the second process on the right-hand side are precisely those of X with
absolute value outside (e,1]. Hence, by Theorem 4.4.7, the two processes are
independent. It turns out as € — 0 they tend to well-defined, independent Lévy
processes. The jumps of the first one equal the “small jumps” of X, while the
jumps of the second one coincide with the “large jumps” of X.

Theorem 4.4.12. Let X be a Lévy process with Lévy measure vX. Then
J(@? A1) vX(dx) < oo and for t > 0 the limit

M, = laiﬁ)lxl{edﬂgl} * (/LX - VX)t
exists in L?. The processes X — M and M are independent Lévy processes. It
holds that AMt = Ath{\AXt\Sl} and A(X — M)t = AXt1{|AXt|>1}'

Proof. Define Y = X — xly,513 * pX. By part (iv) of Lemma 4.4.11, Y is
a Lévy process. Observe that AY; = AX;1{ax,|<1}- Hence by Theorem 4.4.6
the process Y has finite moments of all orders, and it is easily seen that the
Lévy measure v¥ of Y is given by v¥ (B) = vX (BN [-1,1]) (see Exercise 24).
For ¢ > 0, define Y° = 21 |5 <1} * py = Tlieclo|<1y * . By Lemma 4.4.11
and monotone convergence we have

VarYy = / 22X (dx) 1 22 v¥ (dx)
e<|z|<1 lz[<1

as € — 0. Lemma 4.4.11 also implies that Y — Y¢ is independent of Y, so that
VarY? < VarY; < oco. It follows that

/ 2 v (dr) < oo,
lz]<1
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which proves the first statement of the theorem.
Now put M*® = xl{.c|z<1} * (uX —vX). Thenfort >0and e’ <e <1 we
have

E(M; — M¢')? :/ e 22 v (da).
e'<|z|<e

Hence, in view of the first paragraph of the proof, the random variables M}
are Cauchy in L?. So as ¢ — 0, M converges to some random variable M; in
L?. The process M inherits the Lévy property from M€ (see Exercise 25) and
(EM;)? < E(M§—M;)?* — 0, s0 M is centered. In particular, M is a martingale.
By Theorem 4.4.7, X — x1(.c|z<1} * X and Tliecio|<ty * X are independent,
hence X — M*® and M*® are independent as well. By letting ¢ — 0 we see that
X — M and M are independent.

To complete the proof, note that by Doob’s L2-inequality (Theorem 2.3.11)
E(sup,<; |ME — M,|)? < AE(M§ — M;)? — 0, so there exists a sequence €, — 0
such that a.s. sup,, |(Y — M), — (Y — M),| — 0. By construction, |A(Y —
M¢e),| < e for all u > 0. It follows that the process Y — M is continuous, hence
X — M is the sum of a continuous process and x1j,|>1} * . In particular,
the jumps of X — M are precisely the jumps of X which are larger than 1 in
absolute value. O

The limit process M of the preceding theorem is from now on denoted by
M =zl <y * (05 —v™).

According to the theorem it is a Lévy process and AM; = AX;l{jax,|<1}, SO
its Lévy measure is given by B — vX(BnN[-1,1]).
The following theorem proves the claim made in Example 4.4.2.

Theorem 4.4.13. A continuous Lévy process X is a Brownian motion with
linear drift, i.e. Xy = bt + oW, for certain numbers u € R, 0 > 0 and a standard
Brownian motion W.

Proof. By Theorem 4.4.6 the process X has moments of all orders, so there
exist b € R and o > 0 such that EX; = bt and VarX, = o%t (see Subsection
4.4.1). If we define Y; = X; — bt, it follows easily that under P,, the processes
Y; — x and (Y; — 2)? — 0%t are centered martingales. For a € R, let 7, be the
first time that the process Y hits the level a. By arguing exactly as we did for
the BM in Exercises 14 and 15 of Chapter 2 we find that for a < = < b,

b—x ]EzTa/\Tb:7(af:c)(b7m)

PI a == ) - 9 -
(Ta < Tp) — =

Now consider the escape time 7, = inf{¢ : [Y; — Yy| > r}. Under P, we have
that Y, is v £ and

r 1
]P)l’(YnT =T —T) = Px(Tmfr < TI+T‘) = % = 5
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Also note that E,n, = E,7,_ A Toir = 12 /0%, Hence, using Taylor’s formula
we see that for f € C2 we have

E.f(Yy,) — f(z) _Uzéf(x+7")+%f(ff—7")—f(ff)
E )y - r2

= iaQ(f”(yﬁ + f"(y2)),

where y1,y2 € [x — 7,z +r]. By Theorem 3.5.12 it follows that for the generator
A of the process Y and f € CZ it holds that Af = o2f” /2. This is precisely
the generator of oW, where W is a standard Brownian motion (see Example
3.5.7). O

We have now collected all ingredients for the proof of the main result of
this subsection.

Theorem 4.4.14 (Lévy-Itdé decomposition). Let X be a Lévy process with
Lévy measure vX and jump measure uX. Then [(2? A1)vX(dz) < co and

Xy =bt+ oW, + xl{\aﬂgl} * (p,X — Z/X)t + 171{|w\>1} * th,

where p € R, 0 > 0 and W is a standard Brownian motion. The three pro-
cesses on the right-hand side are independent. If [(|z| A 1)vX(dz) < oo the
decomposition simplifies to

Xt:Ct+O'Wt+SC*MtX,

with c=b+ || vX (dw).

Jc\glx

Proof. By Lemma 4.4.11 the processes Y = X — 1513 * p* and @1q;51y *
X are Lévy processes. Since the latter has finite variation on finite inter-
vals and they jump at different times, the processes are independent by Theo-
rem 4.4.7. Note that the jump measure and Lévy measure of Y are given by
py = ngt O, ax)l{ax, <1y and vY(B) = vX(B N [-1,1]), respectively. By
Theorem 4.4.12 and the process Y can be written the sum of
wlijaj<ay * (0 —V7) = 2lyjai<ay * (0 —vY)

and an independent Lévy process without jumps. According to Theorem 4.4.13
the latter is a Brownian motion with drift. This completes the proof of the first
statement of the theorem. The proof of the second statement is left as Exercise

26. U

The triplet (b, 02, vX ) of appearing in the decomposition theorem is called
the characteristic triplet of the Lévy process X. It is clear from the theorem
that it is uniquely determined by X. The first process in the decomposition is a
Brownian motion with drift, and the third one is a compound Poisson process
(see Exercise 27). The second one can be viewed as a mixture of independent,
compensated Poisson processes. Observe that the triplets of the BM with drift,
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the Poisson process and the compound Poisson process of Examples 4.4.2 - 4.4.4
are given by (b,02,0), (0,0,61) and (0,0, \dF), respectively. The Lévy mea-
sure of the first passage time process of Example 4.4.5 is computed in Example
4.4.20 below.

The Lévy-Ito6 decomposition can be used to characterize certain properties
of the process X in terms of its triplet. Here is an example (see also Exercise
28 for another example).

Corollary 4.4.15. A Lévy process with characteristic triplet (b, 0%, v) has finite
variation on finite intervals if and only if 0 = 0 and [(|z| A1) v(dz) < cc.

Proof. Sufficiency follows immediately from Theorem 4.4.14.

Suppose now that X has finite variation on finite intervals. Then in
particular Y ., |AX,| < oo a.s. for every ¢ > 0. Hence, by Lemma 4.4.11,
J(lz] A1) v(dz) < co. Theorem 4.4.14 then implies that

X, =ct+ oW, +ZAXS,

s<t

where W is a Brownian motion. It follows that the process oW has finite
variation on finite intervals. By Corollary 2.4.2 this can only happen if 02 =
0. O

A Lévy process X is called a subordinator if it has increasing sample
paths. In particular the sample paths of a subordinator have finite variation
on finite intervals, so by the preceding corollary the Lévy measure satisfies
J(Jz| A1) v(dx) < co and we can write

Xt =ct+ ZAXS

s<t

The number ¢ is called the drift coefficient of the process. All jumps of a
subordinator must be positive, hence its Lévy measure v is concentrated on
(0,00). To ensure that the process is increasing between jumps, we must have
¢ > 0. We say that (c,v) are the characteristics of the subordinator X. Clearly,
they are uniquely determined by the process X. Since a subordinator is non-
negative, it is convenient to work with Laplace transforms instead of charac-
teristic functions. The Lévy property implies that for A\,¢ > 0 it holds that
Eexp(—AX;) = exp(—te(N)) for some ¢ : Ry — R;. The function ¢ is called
the Laplace exponent of the subordinator X.

4.4.4 Lévy-Khintchine formula

Below we derive the Lévy-Khintchine formula, which gives an expression for the
characteristic exponent in terms of the triplet. We need the following lemma to
deal with the second process in the Lévy-Itdo decomposition.
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Lemma 4.4.16. Let X be a Lévy process with jump measure p~X and Lévy
measure v~ . Then

Eeiuxl{mgl}*(ux—vx)t = exp ( _ t/

lz[<1

(1 —dux — eiux) I/X(da:))

Proof. The random variable M; = x1(,<1) * (uX — vX); is the L2-limit of

My = Tlicc|a|<1) * /QX — t/ xl/X(dx)

e<|z|<1

for € | 0, see Theorem 4.4.12. By Lemma 4.4.11 the characteristic function of
My is given by

Ee*Mi = exp ( - t/ (1 —jux — ei“m) Z/X(da:)).
e<|z|<1

From the power series expansion of the exponential we see that |1 — z — e*| <
|z|2el#l and hence |1 — iux — e™*| < u?e¥2? for |x| < 1. Since x +— 1y 15<1y
is vX-integrable we can now apply the dominated convergence theorem to com-
plete the proof. O

Theorem 4.4.17 (Lévy-Khintchine formula). Let X be a Lévy process
with characteristic triplet (b,02,v). Then its characteristic exponent 1) is given

by
Y(u) = —ibu + 2o*u? +/R (1 — e 4 iul{mgl}) v(dz).

If X is a subordinator with characteristics (c,v), its Laplace exponent is given
by

o(A) =cA+ /000(1 — e ) y(da).

Proof. The first part of the theorem is a straightforward consequence of the
Lévy-1t6 decomposition and the expressions that we have for the characteristic
exponents of the three independent processes appearing in the decomposition
(see Examples 4.4.2, 4.4.3 and Lemma 4.4.16).

For the second statement of the Theorem write X; = ct + = * ;¥ and use
the fact that for a Borel function f > 0,

Ee ™) _ e—tf(l—e**f)dux’

see the proof of Lemma 4.4.11. O

As we observed above, the characteristic exponent of a Lévy process de-
termines its distribution. Hence, the Lévy-Khintchine formula shows that the
distribution of a Lévy process (or subordinator) is determined by its character-
istics.
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4.4.5 Stable processes

A Lévy process X is called a stable process with index o > 0 if for all » > 0,
the process (r—!/ *X,¢)1>0 has the same distribution as X. Processes with this
scaling property are also called self-similar (with index 1/«). The term “stable”
is usually reserved for self-similar Lévy processes. Observe that in terms of the
characteristic exponent ¢ of X, a-stability means that ¢ (ur) = r*(u) for all
r > 0 and u € R. By the scaling property, the Brownian motion is a stable
process with index 2. The deterministic process X; = bt is stable with index 1.

The scaling property of the BM also implies that the process of first passage
times of Example 4.4.5 is stable.

Example 4.4.18. Consider the first passage times process (04)q>0 of the BM.
Then

20, = r 2 inf{t : Wy > ra} = inf{t : 77 W2, > a}.

Hence, by the scaling property of the BM, the processes (r 20,4 )q>0 and (04)a>0
have the same distribution, so the first passage times process is stable with index
1/2. n

The following theorem characterizes stable processes in terms of their
triplets. We exclude the degenerate, deterministic processes with triplets of
the form (b,0,0). Trivially, they are 1-stable if b # 0 and a-stable for any « if
b= 0. We call a subordinator with characteristics (c, ) degenerate if v = 0.

Theorem 4.4.19. Let X be a non-degenerate Lévy process with characteristic
triplet (b, 0%, v).

(i) If X is stable with index «, then o € (0,2].
(ii) The process X is stable with index 2 if and only if b= 0 and v = 0.

(iii) The process X is stable with index 1 if and only if 02 = 0 and v(dx) =
Cy|z|=2 dx on Ry, for certain constants Cy > 0.

(iv) The process X is stable with index « € (0,1) U (1,2) if and only if b = 0,
02 =0 and v(dx) = Cx|z|"17%dx on Ry, for certain constants Cy > 0.

A non-degenerate subordinator with characteristics (¢, v) is a-stable if and only
a€(0,1), ¢ =0 and v(dz) = Cx~1=%dx for some C > 0.

Proof. The process X is a-stable if and only if for all » > 0, the processes
(Xrot)i>0 and (rXy);>0 have the same triplets. These triplets are given by
(r*b,r*c?,r*v) and (rb,r?0?,v(L)), respectively (check!). Hence, X is stable
with index « if and only if for all r > 0: r*b = rb, 7% = r202, and rov(:) =
V(% -). The conditions on the triplets given in the statement of the theorem are
now easily seen to be sufficient. It remains to prove that they are also necessary.
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If the Lévy measures r°v(-) and v(1-) are equal then for = > 0 we have
rev[z,00) = v[z/r,00) for all r > 0. Taking r = = we see that

1 * 1
Z/[l',OO) = x—au[l,oo) = C+/ Wdy,

with Cy = v[1,00)/a, hence v(dzx) = Cy 2~ 1~%dx on Ry. If we replace [1,00)
by (—o0, —1] and repeat the argument we see that if X is a-stable, then v(dz) =
C_|z|~*=*dx on R_, for some constant C_ > 0.

Now if X is stable with index 2, then clearly we must have b = 0 and
the preceding paragraph shows that v(dz) = Cyi|z|2dx on Ry, for certain
constants Cy > 0. Since it holds that fil 2?2 v(dz) < oo (see Theorem 4.4.12),
we must have v = 0, proving (ii). For the proof of (i), (iii) and (iv), suppose
X is stable with an index o # 2. Then we must have 02 = 0 and v(dz) =
Cy|z|71=*dx on Ry, for certain constants Cx > 0. Since we assumed that X
is non-degenerate it holds that v # 0. The fact that we have fil 2?2 v(dz) < oo
then forces a € (0,2). If a # 1 then clearly we must have b = 0 as well.

You are asked to provide the proof for the subordinator case in Exercise
29. O

We can now compute the characteristic of the process of first passage times
of the Brownian motion.

Example 4.4.20. The process (0,)q>0 of first passage times of a standard BM
W is a subordinator with certain characteristics (¢,v). We saw in Example
4.4.18 that the process is stable with index 1/2. Hence, by Theorem 4.4.19 we
have ¢ = 0 and v(dz) = Cz~3/?dz for some C' > 0. It remains to determine
the constant C'. By Theorem 4.4.17 we have

Ee”l—exp(C/Owl;)zgcdm)—exp(QC/Oooe\/;dx)—QZﬁC.

Here the second and third equalities follow from integration by parts and a
substitution z = %yQ, respectively. On the other hand, we a.s. have that o, =
To = inf(t : Wy = a} (see Example 4.4.5) and hence, by Theorem 2.4.7,

Fe %1 =Fe ™ = ¢ V2,

It follows that C' = (27r)~1/2, so v(dz) = (27)~'/?273/2 dz. The Laplace expo-
nent is given by ¢(\) = V2. [



10.

11.

12.

4.5 Exercises 113

4.5 Exercises

. Let W be the canonical version of the BM?. Show that the law of W

under P, is equal to the law of  + W under Py.

. Prove the second statement of Theorem 4.1.2.

. Derive from Corollary 4.1.3 that for d > 3, it holds with probability one

that the BM¢ ultimately leaves every bounded set forever. (Hint: for
0 < a < b, consider the stopping times

Tél) = Ta
7 —inf{t > 7V W] = b}
712 = inf{t > Tél) W] = a}

Using the strong Markov property, show that if ||z|| = b, then

a (d—2)n
P, (Tén) < oo) = (—) .
]|

Conclude that P,(r{") < oo for all n) = 0.)

. Let W be a BM4, ¢ an invertible d x d matrix and define X; = cW;. Show

that X is a Feller process and compute its generator.

. Let X be a Feller process on R? with generator A. For b € R?, define Y; =

bt+ X, and let B be the generator of Y. Show that for f € D(A)NCZ(RY),
it holds that
of

8l‘i

Bf(x) = Af(z) + Z bim—(x).

. Complete the proof of Theorem 4.2.5.

Verify the assertions in Example 4.2.6.

. Prove that the generator A of a Poisson process with intensity A is given

by Af(z) = A(f(a + 1) - () for f € Co.

. Prove Theorem 4.3.3.

Let @ be a transition kernel on E and A > 0. Show that (4.8) defines a
transition semigroup.

Show that the semigroup (P;) in the proof of Theorem 4.3.5 is Feller.

Give a “continuous-time proof” of the fact that the ordinary random walk
on Z is recurrent. (Hint: consider the continuous-time random walk X on
Z. Fix a < 2 < bin Z and consider a function f € Cy such that f(y) =y
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for a <y < b. As in the proof of Theorem 4.1.2, use Dynkin’s formula
with this f to show that

b—ux

Pu(1a < 1) = T

Complete the proof by arguing as in the proof of 4.1.3.)

Show that the characteristic exponent of a Lévy process determines all
finite dimensional distributions.

Show that if X is a Lévy process with finite second moments, then
VarX; = o?t for some 02 > 0. (Hint: for a proof without using the
characteristic function, show first that the claim holds for ¢t € Q. Then for
arbitrary ¢ > 0, consider a sequence of rationals ¢,, | ¢ and prove that X,
is a Cauchy sequence in L2. Finally, use the continuity in probability.)

Show that any Lévy process is a Feller process.

Show that the compound Poisson process is a Lévy process and compute
its characteristic exponent.

If X is a Lévy process, show that M; = exp(iuX;)/Eexp(iuX;) is a mar-
tingale.

Let X and Y be two Lévy processes with respect to the same filtration.
Show that if X; and Y; are independent for each ¢t > 0, then the processes
X and Y are independent.

By constructing a counter example, show that in Theorem 4.4.7, the as-
sumption that one of the processes has finite variation on finite intervals
can not be dropped.

By constructing a counter example, show that in Theorem 4.4.7, the as-
sumption that X and Y are Lévy processes with respect with the same
filtration can not be dropped. (Hint: keeping the strong Markov property
in mind, construct two suitable Poisson processes w.r.t. different filtra-
tions.)

Work out the details of the proof of Theorem 4.4.10.

Derive the expression for the characteristic function given in Lemma
4.4.11. (Hint: use the bound |1 — exp(iz)|? = 2(1 — cosz) < 2(z2 A 1).)

Prove items (ii), (iii) and (iv) of Lemma 4.4.11.

Let X be a Lévy process with Lévy measure vX and f a pu~-integrable
function. Determine the Lévy measures of f* u~ and X — fx* pX.

Let X™ be a sequence of Lévy processes relative to the same filtration and
for every t > 0, X' — X; in L. Then X is a Lévy process as well.

Proof the second statement of Theorem 4.4.14.

Let X be a Lévy process. Show that 7 _, AX 1fjax,|>1} is a compound
Poisson process. B
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Let X be a Lévy process with Lévy measure v. Show that X has finite
first moments if and only [(|z| A %) v(dz) < co and X has finite second
moments if and only [ z?v(dz) < co.

Complete the proof of Theorem 4.4.19.
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A

Elements of measure theory

A.1 Definition of conditional expectation
The following theorem justifies the definition of the conditional expectation.

Theorem A.1.1. Let X be an integrable random variable on a probability
space (2, F,P) and G C F a o-algebra. Then there exists an integrable random
variable Y such that

(i) Y is G-measurable,

(ii) for all A€ G

/Xd]P’:/YdIP’.
A A

If Y’ is another random variable with these properties, then Y = Y’ almost
surely.

Proof. To prove existence, suppose first that X > 0. Define the measure Q on
(€2,G) by

Q(A):/Xd]P’, Aeg.
A

Since X is integrable, the measure Q is finite. Note that for all A € G, we have
that P(A) = 0 implies that Q(A) = 0, in other words, Q is absolutely continuous
with respect to the restriction of P to G. By the Radon-Nikodym theorem, it
follows that there exists an integrable, measurable function Y on (€, G) such
that

Q(A):/AYdIP’, Aeg.

Clearly, Y has the desired properties. The general case follows by linearity.
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Now suppose that Y and Y are two integrable random variables that both
satisfy (i) and (ii). For n € N, define the event A,, = {Y — Y’ > 1/n}. Then
A, €3G, so

1
0= / (Y —Y")dP > —P(A,),
A n

n

hence P(A4,,) = 0. It follows that
P(Y >Y') <) P(A,) =0,
n=1

so Y <Y’ almost surely. By switching the roles of Y and Y’ we see that it also
holds that Y’ <Y, almost surely. O

Definition A.1.2. An integrable random variable Y that satisfies conditions
(i) and (ii) of Theorem A.1.1 is called (a version of) the conditional expectation
of X given G. We write Y = E(X | G), almost surely.

If the o-algebra G is generated by another random variable, say G = 0(Z),
then we usually write E(X | Z) instead of E(X |o(Z)). Similarly, if Z;, Zs, ...
is a sequence of random variable, then we write E(X | Z;, Z,...) instead of
E(X | O'(Zl, ZQ, .. ))

Note that if X is square integrable, then E(X | G) is simply the orthogonal
projection in L?(Q,F,P) of X on the closed subspace L%(2,G,P). In other
words, it is the G-measurable random variable that is closest to X in mean
square sense. This shows that we should think of the conditional expectation
E(X | G) as the ‘best guess of X that we can make on the basis of the information
ing’.

A.2 Basic properties of conditional expectation

The following properties follow either immediately from the definition, or from
the corresponding properties of ordinary expectations.

Theorem A.2.1.
(i) If X is G-measurable, then E(X |G) = X.
(ii)) E(X | {9,Q}) = EX a.s.
(iii) Linearity: E(aX +bY |G) £ aE(X |G) + bE(Y | G).
(iv) Positivity: if X > 0 a.s., then E(X |G) > 0 a.s.

(v) Monotone convergence: if X, T X a.s., then E(X, |G) 1 E(X |G) a.s.
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(vi) Fatou: it X,, > 0 a.s., then E(liminf X,, | G) < liminf E(X,, |G) a.s.

(vii) Dominated convergence: suppose that | X, | <Y a.s. and EY < co. Then
if X,, — X a.s., it follows that E(X, |G) — E(X |G) a.s.

(viii) Jensen: if ¢ is a convex function such that E|lp(X)| < oo, then
E(p(X)19) = p(E(X [G)) as.

(ix) Tower property: if G C H, then E(X |G) = E(E(X |H)|G) a.s.

(x) Taking out what is known: if Y is G-measurable and bounded, then
EYX|G)=YE(X|G) as.

(xi) Role of independence: if H is independent of o(o(X),G), then
E(X |o(H,G)) =E(X|G) a.s.

Proof. Exercise! The proofs of parts (iv), (viii), (x) and (xi) are the most
challenging. See Williams (1991). O

A.3 Uniform integrability

For an integrable random variable X, the map A — [, |X|dP is “continuous”
in the following sense.

Lemma A.3.1. Let X be an integrable random variable. Then for every € > 0
there exists a § > 0 such that for all A € F, P(A) < § implies that

/|X|d]P’<5.
A

Proof. See for instance Williams (1991), Lemma 13.1. O

Roughly speaking, a class of random variables is called uniformly integrable
if this continuity property holds uniformly over the entire class. The precise
definition is as follows.

Definition A.3.2. Let C be an arbitrary collection of random variables on a
probability space (Q,F,P). We call the collection uniformly integrable if for
every € > ( there exists a K > 0 such that

/ |X|dP <e, forall X eC.
| X|>K
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The following lemma gives important examples of uniform integrable
classes.

Lemma A.3.3. Let C be a collection of random variables on a probability space
(Q,F,P).

(i) If the class C is bounded in LP(P) for some p > 1, then C is uniformly
integrable.

(i) If C is uniformly integrable, then C is bounded in L!(P).

Proof. Exercise, see Williams (1991). O

Conditional expectations give us the following important example of a uni-
formly integrable class.

Lemma A.3.4. Let X be an integrable random variable. Then the class
{E(X|G) : G is a sub-o-algebra of F}

is uniformly integrable.

Proof. Exercise. See Williams (1991), Section 13.4. O

Uniform integrability is what is needed to strengthen convergence in prob-
ability to convergence in L'.

Theorem A.3.5. Let (X,,)nen and X be integrable random variables. Then
X, — X in L' if and only if
(i) X,, — X in probability, and

(ii) the sequence (X,,) is uniformly integrable.

Proof. See Williams (1991), Section 13.7. O

A.4 Monotone class theorem

There exist many formulations of the monotone class theorem. In Chapter 3 we
use a version for monotone classes of sets.

Definition A.4.1. A collection S of subsets of Q is called a monotone class if
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(i) Qes,
(ii) if A,B € S and A C B, then B\A € S,

(iii) if A,, is an increasing sequence of sets in S, then (J 4, € S.

Theorem A.4.2. Let S be a monotone class of subsets of {2 and let F be a
class of subsets that is closed under finite intersections. Then F C S implies
o(F) CS.

Proof. See Appendix Al of Williams (1991). d
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B

Elements of functional
analysis

B.1 Hahn-Banach theorem

Recall that a (real) vector space V' is called a normed linear space if there exists
anormonV,ie amap | -] :V — [0,00) such that

(i) flv 4+ w| < ||| + ||w] for all v,w € V,
(ii) [Jav] = |a||jv| for all v € V and a € R,
(iii) [jv]| =0 if and only if v = 0.

A normed linear space may be regarded as a metric space, the distance between
to vectors v, w € V being given by ||v — w||.

If V,W are two normed linear spaces and A : V' — W is a linear map, we
define the norm ||Al| of the operator A by

|A]l = sup{||Av|| : v € V and ||v|| = 1}.

If |A]] < oo, we call A a bounded linear transformation from V to W. Observe

that by construction, it holds that ||Av| < [|A||||v|| for all v € V. A bounded

linear transformation from V to R is called a bounded linear functional on V.
We can now state the Hahn-Banach theorem.

Theorem B.1.1 (Hahn-Banach theorem). Let W be a linear subspace of
a normed linear space V and let A be a bounded linear functional on W. Then
A can be extended to a bounded linear functional on V', without increasing its
norm.
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Proof. See for instance Rudin (1987), pp. 104-107. O

In Chapter 3 we use the following corollary of the Hahn-Banach theorem.

Corollary B.1.2. Let W be a linear subspace of a normed linear space V. If
every bounded linear functional on V' that vanishes on W, vanishes on the whole
space V', then W is dense in V.

Proof. Suppose that W is not dense in V. Then there exists a v € V and an
e > 0 such that for w € W, ||[v —w| > . Now let W’ be the subspace generated
by W and v and define a linear functional A on W' by putting A(w+Av) = A for
allw € W and X € R. Note that for A # 0, [[w+v|| = [A| |[v—(=A"1w)|| > |Ne,
hence |A(w + Mv)| = |A] < |lw 4+ Mv|/e. Tt follows that ||A| < 1/e, so A is
a bounded linear functional on W’. By the Hahn-Banach theorem, it can be
extended to a bounded linear functional on the whole space V. Since A vanishes
on W and A(v) = 1, the proof is complete. O

B.2 Riesz representation theorem

Let £ C R? be an arbitrary set and consider the class Co(E) of continuous
functions on E that vanish at infinity. We endow Cy(FE) with the supremum
norm

[flloc = sup [f(2)],
zEE

turning Cy(E) into a normed linear space (and even a Banach space). The
Riesz representation theorem (the version that we consider here) describes the
bounded linear functionals on the space Co(E).

If i is a finite Borel measure on E, then clearly, the map

ﬁeéfw

is a linear functional on Cy(F) and its norm is equal to pu(F). The Riesz
representation theorem states that every bounded linear functional on Cy(E)
can be represented as the difference of two functionals of this type.

Theorem B.2.1. Let A be a bounded linear functional on Co(FE). Then there
exist two finite Borel measures p and v on E such that

Mﬁ=éfw—éfw

for every f € Cy(E).

Proof. See Rudin (1987), pp. 130-132. O
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