Chapter 3

Markov Processes

3.1 Basic definitions

To motivate the conditions used lateron to define a Markov process, we will recall the definition
of a discrete-time and discrete-space Markov chain.

Let E be a discrete space, and £ the o-algebra generated by the one-point sets: & =
o{{z} |z € E}. Let X = {X,}n=01,.. be an (E,E)-valued stochastic process defined on
some underlying probability space (2, F,P). In Markov chain theory, it is preferred not to
fix the distribution of Xy, i.e. the initial distribution, In our notation we will incorporate the
dependence on the initial distribution.

The initial distribution of the process is always denoted by v in these notes. The
associated probability law of X and corresponding expectation operator will be denoted
by P, and E,, to make the dependence on initial distribution visible in the notation.

If Xo =z a.s. then we write v = §, and use the shorthand notation P, and E, (instead
of B and Ejs ). E is called the state space.

Assume hence that X is a stochastic process on (€2, F,P). Then X is called a Markov chain
with initial distribution v, if there exists an E x E stochastic matrix P, such that

i) P{Xo € B} = v(B) for all B € &;
ii) The Markov property holds, i.e. for alln =0,1,..., zo,...,Zp, Tpnt1 € F

PV{Xn—H = Tn+1 |X0 = XQ,--- )Xn = xn} = F:,{Xn—i-l = Tnp+1 ‘ Xn = xn} = P(xn 7xn+1)-

Recall that
P,,{Xn+1 = Tpy1]0(Xp)} = Eu{l{xn+1}(Xn+1) |o(Xn)}

is a function of X,,. In the case at hand this is P(Xy,zn41). Then P{X,11 = 241 [ Xy, =
Tn} = P(xp,Tp41) is simply the evaluation of that function at the point X, = x,. These
conditional probabilities can be computed by

PV{Xn—I-l = Tn+41, Xn - xn}
P{Xns1 = 2np1 | Xn =2} = P{X, = z,} ’
anything you like if P{X,, =2,} =0

if P{X,, =2,} >0
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We can now rephrase the Markov property as follows: for alln € Z, and y €
P{Xpi1 =y|FS} = P(Xn,y), as.
It is a straightforward computation that
PAXnsm =y| '} = P™(Xp,y),

is the (X, y)-th element of the m-th power of P. Indeed, for m = 2

P{Xni2=y|F} = E, (L (Xnt2) | Fr)
= E,(E, 10 (Xnt2) | 1) | F)
= E,(P(Xnt1.9) | F) (3.1.1)
= V(Z 1{1} n+1 (Xn+17y) |fri()
el

= ) Px,y)E, (1 (Xn1) | FY)

el
= 3 P(a.y)P(Xn,2) = P*(Xo,y)-

el

In step (3.1.1) to the next, we use discreteness of the state space as well linearity of conditional
expectations. In fact we have proved a more general version of the Markov property to hold.
To formulate it, we need some more notation. But first we will move on to Markov chains on
a general measurable space.

The one point sets need not be measurable in general space. The notion of a stochastic
matrix generalises to the notion of a transition kernel.

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

i) for every x € E, the map B +— P(z, B) is a probability measure on (F, &),
ii) for every B € &, the map x — P(x, B) measurable.

Let X be an (F, &) valued stochastic process defined on some underlying probability space
Q,F,P). Then X is a Markov chain with initial distribution v if (i) P {Xo € B} = v(B) for
all B € &; (ii) if there exists a transition kernel P such that the Markov property holds:

P{X,.1 € B|FX}=P(X,,B), Be&n=0,1,2.... (3.1.2)

Remark If F is a discrete space, and £ is the o-algebra generated by the one-point sets,
then for each set {y}, y € E we write P(z,y) instead of P(x,{y}). Moreover, P(z, B) =
ZyeB P(z,y), and so the transition kernel is completely specified by P(z,y), =,y € E.

As in the above, we would like to infer that
P{Xpim € B|FX} = P™"(X,,B), Be&n=012...,

where P™ is defined inductively by

P"(z,B) :/P(y,B)Pm_l(x,dy),m:2,3,....
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For m = 2 we get (cf.(3.1.1))
P{Xni2 € B|F} = E(E(L{py(Xns2) | Foyr) | Fa'} = E(P(Xns1, B) | 7).

Can we apply the Markov property to the latter expression? We need to recast the Markov
property (3.1.2) in terms of functions. Let us introduce some notation.

Integrals of the form [ fdv are often written in operator notation as vf. A similar
notation for transition kernels is as follows. If P(z,dy) is a transition kernel on mea-
surable space (F, &) and f is a non-negative (or bounded), measurable function on FE,
we define the function Pf by

Pﬂ@z/}@wmﬂw

Then P(x,B) = [1(pP(z,dy) = P1lyp(z). For notational convenience, write b€ for
the space of bounded, measurable functions f : £ — R.

Note that Pf is bounded, for f € b€. Since P is a transition kernel, P1ip, € bE. Applying
the standard machinery

Look up in BN section 3 Measurability what we mean by the ‘standard machinery’.

yields that Pf € b€ for all f € b€. In other words P is a linear operator mapping b€ to b€.
The Markov property (3.1.2) can now be reformulated as

E(1ip(Xns+1) | FY) = Plipy(Xn), B€En=0,1,...
Applying the standard machinery once more, yields
E(f(Xni1) | FX) = Pf(Xyn), feb&n=0,1,....
This has two consequences. The first is that now
P{Xp12 € B|F} = E(E(lypy(Xns2) | 1) | Fi } = E(PLipy(Xni1) | FY) = P(Plipy)(Xn).

If X,, = x, the latter equals

| PP,y = [ P B)PG@.dy) = P, B).
E E

It follows that P{X,, 12 € B| F.X} = P?(X,,, B). Secondly, it makes sense to define the Markov
property straightaway for bounded, measurable functions.

Let us now go to the continuous time case. Then we cannot define one stochastic matrix
determining the whole probabilistic evolution of the stochastic process considered. Instead,
we have a collection of transition kernels (P;):cr that should be related through the so-called
Chapman-Kolmogorov equation to allow the Markov property to hold.

Definition 3.1.2 Let (E, &) be a measurable space. A collection of transition kernels (P;)>0
is called a (homogeneous) transition function if for all s,t >0, z € E and B € £

PtJrs(x?B):/Ps(xvdy)Pt(va)'

This relation is known as the Chapman-Kolmogorov relation.
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Translated to operator notation, the Chapman-Kolmogorov equation states that for a transi-
tion function (P;);>o it holds that for every non-negative (or bounded) measurable function
f and s,t > 0 we have

Pt—f—sf = Pt(Psf) = Ps(Ptf)-

In other words, the linear operators (P;);>o form a semigroup of operators on the space
of non-negative (or bounded) functions on E. In the sequel we will not distinguish
between this semigroup and the corresponding (homogeneous) transition function on
(E, &), since there is a one-to-one relation between the two concepts.

Some further notation is enlightening. Let f,g,h be bounded (non-negative) measurable
functions on E. As argued before P;f is bounded, measurable. Hence multiplying by g gives
gP; f, which is bounded, measurable. Here

GPif(x) = g(x) - Pif (z) = g(z) / F ()P, dy).

y
Then we can apply Ps to this function, yielding the bounded, measurable function P,gP;f,
with

PugPf(z) = / 9(y) Pof (4) Py, dy) = / a(v) / F(2) Pily, dz) Pa(z, dy).

Yy Y

hPsgP;f is again bounded, measurable and we can integrate over the probability distribution
von (EE):

vhP,gP,f = /h(x)PsgPtf(x)y(dx)

T

- [ / o) [ FP . d2)Pufa dy)o(da).

We can now give the definition of a Markov process.

Definition 3.1.3 Let (E,£) be a measure space and let X be an (F,£)-valued stochastic
process that is adapted to some underlying filtered space (2, F, (F;)¢,P). X is a Markov
process with initial distribution v, if

i) P{Xo € B} = v(B) for every B € &;

ii)(Markov property) there exists a transition function (P;):, such that for all s,¢ > 0 and
every bounded, measurable function f: E — R

E,(f(Xi4s) | Fs) = Pof(Xs) P, —as. (3.1.3)

To remind we get the following alternative notations that will be interchangedly used
E,1{a)(Xs) =P{Xs € A} = Ps(y, A).

Note that by the ‘standard machinery’, we may replace bounded f by non-negative f
in the definition.
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Definition 3.1.4 Let (E, &) be a measure space and let X : (Q, F) — (E®+, £R+) be a map
that is adapted to the filtration (F3)¢, F: C F, t > 0. X is a Markov process, if for each
distribution v on (E, &) there exists a probability distribution P, on (€2, F)

i) P{Xo € B} = v(B) for every B € &;

ii)(Markov property) there exists a transition function (P;):, such that for all s,¢ > 0 and
every bounded, measurable function f: E — R

E,(f(Xt4s) | Fs) = Pif(Xs) B, —as. (3.1.4)

A main question is whether such processes exist, and whether sufficiently regular versions of
these processes exist. As in the first chapter we will address this question by first showing
that the fdd’s of a Markov process (provided it exists) are determined by transition function
and initial distribution. You have to realise further that a stochastic process with a transition
function (P;); need not be Markov in general. The Markov property really is a property of
the underlying stochastic process (cf. Example 3.1.6).

Lemma 3.1.5 Let X be an (E,E)-valued stochastic process with transition function (P;)i>o.
Let v be a distribution on (E,E).

Then X is Markov with initial distribution v, with respect to its natural filtration (F{X);
if and only if for all 0 =ty <t < --- < t,, and all bounded measurable functions fo, ..., fn
onE,neZ,,

n
E, [ [ fi(Xe) = vfoPi—tof1+ Pruto s fr- (3.1.5)
i=0
In either case, (3.1.5) also holds for non-negative measurable functions fo,..., fn-

Remark the proof of the Lemma shows that is it sufficient to check (3.1.5) for indicator
functions.

Proof. Let X be a Markov process with initial distribution v, with respect to its natural
filtration. Then

n

Enyl(th) = EVEV(Hfl(thHFt)s,l)

=0 =0

n—1
= E, H fi(Xe,)E, (f(X4,) |‘7:t)§_1)
i=0

n—1
= E, [] filXe) Prg (Xt )
i=0

Now, P, _, | fnis a bounded, measurable function, and so one has

n—1

n—2
E,JIfiXe) Py fo(Xe) = E [ A(X)E (fat(Xeu) Py (K 2)) | P s)
=0 i=0

n—2
= Eu H fi(Xti) Ptn,l—tn,gfnfl Ptn—tn,lfn(th_z)-
i=0
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Interating this yields

EVHfi(Xti) = EufO(Xto)Ptl—toflptz—tlfl'“Ptn—tn,lfn(XO)
i=0

= Vfo Ptl—tofl Pt2—t1f1.” Ptn—tnflfn'

Conversely, assume that (3.1.5) holds for all 0 =ty < t; < --- < ty, all bounded measurable
functions fo, ..., fn. We have to show that (i) P {Xo € B} = v(B) for all B € £, and that
(ii) for any s,t > 0, all sets A € FX

EL1iay f(Xits) = B 1pay P f(Xs). (3.1.6)

Let B € &, put n =0, fo = 1yp;. (i) immediately follows.
We will show (ii). To derive (3.1.6), it is sufficient to check this for a m-system generating
FX. As the 7-system we take

{A:{Xtoer,theAl,...,theAn}]t0:0<t1<.--<tn§s,
AiGE,i:0,...,n,n:O,...}

Let f; = 1(4,), then [T, fi(Xy,) = 1{Xt0€AO,~~~,th€An} and so, assuming that t, < s

EV H 1{Ai}(Xti)1{E} (Xs>f(Xt+s)
=0
= vlgagy Brytolgany Pro—e1 o Bt 1any Prvs—t, f
= V]'{AO} Pt1*t01{A1} T Psftn( Ptf)

n
= E ]t (Xa)( BAX),
i=0
which we wanted to prove. The reasoning is similar if ¢,, = s.
This implies that (3.1.6) holds for all sets A in a 7-system generating FX, hence it holds
for FX. Consequently, E,(f(X;1s) | FX) = P,f(X,), a.s. QED

Example 3.1.6 (Not a Markov process) Consider the following space
S = {(]" ]'7 1)7 (2’ 2’ 2)7 (3’ 3’ 3)7 (17 27 3)’ (17 37 2)7 (27 37 1)’ (27 17 3)7 (3’ ]'7 2)7 (37 2’ 1)}7

with o-algebra S = 25. Put the probability measure P on this measurable space with P{z} =
1/9. Define a sequence of i.i.d. random vectors Zy = (Xsg, Xsg+1, X3k+2), £ = 0,... on
(S,S,P), Zi(s) = s for all s € S. Then the sequence {X,}, is an (E = {1,2,3},& = 2F)-
valued stochastic process on {S,S,P} in discrete time. Let F.X be the natural filtration.
Then P{X,+1 = j|o(X,)} = 1/3 for each j € {1,2,3} and n, meaning that the motion is
determined by the 3 x 3 stochastic matrix with all elements equal to 1/3.

However, {X,,}, is not a Markov chain, since P{Xy = 1|0 (X, X1)} = f(Xo, X1) with

17 (X07X1) € {(171)7(273)7(37 2)}
0, otherwise.

f(Xo, X1) = {

Hence f(1,1) # f(2,1), thus showing that the Markov property lacks.
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Example 3.1.7 (A (BM process)) Let W be a standard BM on an underlying probability
space (£, F,P). Let Xy be a measurable random variable with distribution v = d,, for some
x € R, independent of W. Define X; = Xg+ Wi, t > 0. Then X = (X;); is a Markov process
with initial distribution v with respect to its natural filtration. Note that X; — X, = W; — W
is independent of FX.

To see that X is a Markov process, let f be a bounded, measurable function (on R). Write

Y, = Wiys — Ws. Then Y 4 N(0,t) is independent of FX and so

B (F(Xers) | ) = B, (Vi + W+ 0) | FY) = g(X,)

for the function g given by
1

g(z) = fly+ 2)e vy

N
~

™

fly)e~ W21/t gqy

Il
kﬁ,
@ﬁﬁ
— 3

with P; defined by
Pf(z) = / F@p(t, = y)du,

where )
_ —(y—2)2/2t
p(t, z,y) = \/ﬁe (y—2)/2t
Hence
E(f(Xirs) | F5) = 9(Xo) = PF(X) as.
It is easily shown that P; is a transition kernel. Measurability of P;(z, B) in x for each Borel
set B follows from continuity.

Example 3.1.7 ((B) Ornstein-Uhlenbeck process) Let W be a standard Brownian mo-
tion. Let a, 02 > 0 > 0 and let X be a R-valued random variable with distribution v that is
independent of o(Wy,t > 0). Define the scaled Brownian motion by

X; = e (X0 + Woz(expi2at}—1)/20)-
If v =6, X = (Xy); a Markov process with the P, distribution of X; a normal distribution
with mean exp{—at}x and variance 0?(1 — e~2*") /2a. Note that X LA N(0,02/2q).
If Xo 4 N(0,0%/2a) then X; is a Gaussian, Markov process with mean m(t) = 0 and

covariance function r(s,t) = o2 exp{—alt — s|}/2a.

Example 3.1.8 (Poisson process) Let N be a Poisson process on an underlying probabil-
ity space (Q,F,P). Let Xy be a measurable random variable with distribution v = é,, for
some z € Z,, independent of N. Define X; = X+ Ny, t > 0. Then X = (X;);>0 is a Markov
process with initial distribution v, w.r.t. the natural filtration.

This can be shown in precisely the same manner as for BM (example 3.1.7A). In this case
the transition function P; is a stochastic matrix, ¢ > 0, with

Pt(x7y):P{Nt:y_x}a Yy =
(cf. Exercise3.7).
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In general it is not true that a function of a Markov process with state space (E,€&) is a
Markov process. The following lemma gives a sufficient condition under which this is the
case.

Lemma 3.1.9 Let X be a Markov process with state space (E,E), initial distribution v and
transition 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(fod)=(Quf)o9d
for all bounded, measurable functions f on E', then Y = ¢(X) is a Markov process with respect
to its natural filtration, with state space (E',E'), initial measure v', with V'(B') = v(¢~1(B’)),
B’ € &', and transition function (Qy).

Proof. Let f be a bounded, measurable function on E’. By assumption and the semi-group
property of (P,),

(QtQsf) 0 ¢ = F((Qsf) 0 @) = PPs(f 0 ¢) = Prys(f 0 ¢) = (Qugsf) 0 .

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 3.2). QED

Example 3.1.10 (W72 is a Markov process) We apply Lemma 3.1.6. In our example one
has the function ¢ : E = R — E' = R, given by ¢(x) = 22. The corresponding o-algebras
are simply the Borel-o-algebras on the respective spaces.

If we can find a transition function @, t > 0, such that

P (foo)(z) = (Qf) o p(x),z €R (3.1.7)

for all bounded, measurable functions f on E/ = R, then ¢(W;) = W2, t > 0, is a Markov
process (w.r.t. its natural filtration).
Let f be a bounded, measurable function on R4. Then for x € R

Py(f o ¢)(x) = /_OO p(t,z,y) f(y*)dy
- /OOO (p(t,z,y) + p(t, 2, —y)) f(y*)dy
u=y?=y=vudy=du/2v/u /oo (p(t, z,Vu+ p(t, z, _\/ﬂ)%f(u)du.(&l.S)
0 u

Define for y € Ry, Be€ & = B(Ry)

Qu(y, B) = /B (p(t, VY, Vu) + p(t,\/gj,—\/ﬂ))%l/adu.

One can check that (Q¢)¢>0, is a transition kernel. Moreover, from (3.1.8) it follows for € R
that

(Qef) o 9(@) = (Quf)(@?) = Pi(f o 6)(x).
For z < 0 one has p(t,z,y) + p(t,z, —y) = p(t, —z,y) + p(t, —z, —y) and so P(f o ¢)(x) =
P,(fo®)(—x). Since (Q¢f) o p(x) = (Qef)(2?) = (Qrf) o p(—2), the validity of (3.1.7) follows

immediately.
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3.2 Existence of a canonical version

The question is whether we can construct processes satisfying definition 3.1.3. In this section
we show that this is indeed the case. In other words, 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 initial distribution v and transition function (F;);. We go back
to the construction in Chapter 1.

Recall that an E-valued process can be viewed as a random element of the space ER+ of E-
valued functions f on R, or of a subspace I' € ER®+ if X is known to have more structure. The
o-algebra I' N E”+ is the smallest o-algebra that makes all projections f — f(t) measurable.

Review BN section 2 on o-cylinders, as well as Chapter 1.

As in Chapter 1, let Q =T and F = I' N ER+. Consider the process X = (X;);>o defined as
the identity map
X(w) =w,

so that X;(w) = w; is projection on the t-th coordinate. By construction X : (2, F) — (Q,F)
and X; : (Q,F) — (E,&) are measurable maps. The latter implies that X is a stochastic
process in the sense of Definition 1.1.1. X is adapted to the natural filtration (FX = I'nN&OH),.
In a practical context, the path space, or a subspace, is the natural space to consider as it
represents the process itself evolving in time.

Note that we have not yet defined a probability measure on (€2, F). The Kolmogorov
consistency theorem 1.2.3 validates the existence of a process on (£, F) with given fdds.
Hence, we have to specify appropriate fdds based on the given transition function (F;); and
initial distribution v.

In order to apply this theorem, from this point on we will assume that (E, £) is a Polish
space, endowed with its Borel o-algebra.

Corollary 3.2.2 (to the Kolmogorov consistency theorem) Let (P,); be a transition
function and let v be a probability measure on (E,E). Then there exists a unique proba-
bility measure P, on (2, F) such that under P, the canonical process X is a Markov process
with initial distribution v with respect to its natural filtration (F{X);.

Proof. For any n and all 0 = ¢y < t; < --- < t, we define a probability measure on
(EnJrl,gnJrl) by

Mto.-.,tn(AO X Ay X - X An) = V]-{Ao}Pt1—t01{A1} .- .Ptn_tnfll{An}W Ag,..., A, €E,
and on (E™,E™) by
Mtl,...,tn(Al X+ X An) = V]-{E}Pt1—t01{A1} e ']Dtn—tn—11{An}) Al, s ,An ef.

By the Chapman-Kolmogorov equation these probability measures form a consistent system
(see Exercise 3.5). Hence by Kolmogorov’s consistency theorem there exists a probability
measure P on (£, F), such that under P, the measures p, . s, are precisely the fdd’s of the
canonical process X.

n
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In particular, for any n, 0 =ty <ty <--- <tp, and Ag,..., A, €&
P{Xto € Ao, R ,th € An} = Vl{Ao}Bl—tO R Bn—tn—ll{An}'

By virtue of the remark following Lemma 3.1.5 this implies that X is Markov w.r.t. its natural
filtration. QED

As the initial measure v we can choose the Dirac measure J, at x € E. By the above there
exists a measure P, on (€2, F), such that the canonical process X has distribution P. This
distributions has all mass on paths w starting at z: wo = x. In words, we say that under P,
the process X starts at point z. Note that

P{X, € A} = / Py(y, A)ba(dy) = Pi(x, A)

is a measurable function in x. In particular, since any distribution v can be obtained as a
convex combination of Dirac measures, we get

PAXc € A) = [ Py Awdy) = [ B{Xi € Apdy).

Similarly, the fdd’s of X under P, can be written as convex combination of the fdd’s of X
under P, x € E. The next lemma shows that this applies to certain functions of X as well.

Lemma 3.2.3 Let Z be an FX measurable random variable, that is either non-negative or
bounded. Then the map v — E,Z is measurable and for every initial distribution v

E,.Z :/Ele/(diL').

Review BN §3 on monotone class theorems

Proof. Consider the collection of sets
S={TeFS|z— E,1{ry is measurable and E, 1;r} = /Erl{p}u(dx)}.

It is easily checked that this is a d-system. The collection of sets
G={{Xy, €A1,.... X}, €A} |A1..., A €E,0<t1 < <tp,nEZy}

is a m-system for FX = &R+, So if we can show that G C S, then by BN Lemma 3.4 FX C S.
But this follows from Lemma 3.1.5.

It follows that the statement of the lemma is true for Z = 1y, I' € FX. Apply the
standard machinery to obtain the validity of the lemma for FZ-measurable bounded or non-
negative random variables Z. See also Exercise 3.6. QED

This Lemma allows to formulate a more general version of the Markov property.
For any t > 0 we define the translation or shift operator 0; : ER+ — ER+ by

(Qtw)s = Witg, S 0, we ER+.

So 6; just cuts off the part of w before time ¢ and shifts the remainder to the origin. Clearly
915 o 03 = 0t+s-
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Let I' C E®+ be such that 6;(T) C T for each ¢ > 0. Assume that X is a canonical
Markov process on (2 = ER+ NT, F = R+ NT). In other words, for each distribution
v on (E,E), there exists a probability distribution P, on (€2, F), such that X is the
canonical Markov process on (€2, F,P ) with initial distribution v.

Note that F¥ = 00 NT and 6; is F-measurable for every ¢ > 0 (why?).

Theorem 3.2.4 (Generalised Markov property for canonical process) Let Z be an
fo)g—measumble random variable, non-negative or bounded. Then for every t > 0 and any
inatial distribution v

E,(Zo6,|F)=Ex,Z, P, —as.

Before turning to the proof, note that we introduced new notation: Ey, 7 is a random
variable with value E,Z on the event {X; = x}. By Lemma 3.2.3 this is a measurable
function of X;.

Proof. Fix an initial probability measure v. We have to show that
/ Zoetdpyz/ Ex,ZdP, VAe Fyr. (3.2.1)
A A

It is sufficient to show this for all sets A in a m-system generating F;X. A convenient 7-
system is the collection A; = AN FX of cylinder sets contained in F;*. Recall that A € A,
whenever there exist n € Zy, 0 = tg < t1 < -+- < ty, Ag,...,An € E, n € Z, such that
A={Xy, € Ap,.... Xy, € A, }.

Now we will first show that (3.2.1) holds for all Z = 1;py, B € FX and A € A;. Let

8:{B€f£|/1{8}09tdpl,:/EXt]-{B}dPVv VAE.At}
A A

Then § is a d-system, since (i) Q € S, (ii)B,B’ € S, B C B, implies B’ \ B € S, and (iii)
for By,n=1,...,€ FX a non-decreasing sequence of sets with B, € S, n =1,2,..., one has
UnBp € S. Indeed, (ii) and (iii) follow from linearity of integrals and monotone convergence.

The collection A of all cylinder sets is a 7-system generating F2. So, if we can show that
A C S, then by BN Lemma 3.4 it follows that o(A) = FX C S.

Take a cylinder set B = {Xg, € By,..., X5, € Bp}, where 0 < 51 < -+ < 8, B; € €,
i=1,...,mandlet A€ A with A={X;, € Ao,..., Xy, € Ay} forto=0<t; < - <ty <
t, A, €&€,1=0,...,n.

If ¢, < t, using Lemma 3.1.5. it follows that

1 o 60:dP
/A {B} © Ytdr,

m
= /A L(X, 0 B Xesan eBn} P, = E 1y [ 1y (Xets,)
=1

= B H 1{Aj}(th) H 1{B¢}(Xt+si)
j=0 i=1
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viagyPo—to  Pry—t, 1 1{a ) Prrsi—t, 1By} - Psyo—sm1 (B}
= Vl{Ao}Ptrto SRR & l{An}PtftnPsl 1{31} P sy 1{Bm}
= Vl{Ao}Ptrto By g l{An}Ptftnf

n
= Eu H 1{Aj}(th)f(Xt) = Eul{A}f(Xt)a
j=0
with f(x) = 0, Ps,1(p,} *** Ps,—spm_11{B,} = Ez1{B}y- The argument for ¢ = ¢, is analogous.
We have proved (3.2.1) for indicator functions Z. Apply the standard machinery to prove

it for step functions (by linearity of integrals), non-negative functions, and bounded functions
Z. QED

We end this section with an example of a Markov process with a countable state space.

Example 3.2.5 (Markov jump process) Let E be a countable state space with o-algebra
& generated by the one-point sets. Let P be an E x E stochastic matrix. We define the
transition function (P;); as follows:

e}

VICY) L.
Piz,y) =) e M(n!) P™(z,y), wz,y€eE

n=0

where P(™) = ( P)" is the n-th power of P, and P(®) =1 is the identity matrix.

By virtue of Corollary 3.2.2 the canonical process X on (E®+, £8+) with initial distribution
v is a Markov process with respect to its natural filtration.

The construction is as follows. Construct independently of Xy, a Poisson process N
(cf. Chapter 1), starting at 0 and, independently, a discrete-time Markov chain Y with
transition matrix P, with initial distribution .. If N} = n, then X; = Y,,. Formally X; =
14N, <00} > 1¢N,—n}Yn. By construction X; has right-continuous paths.

3.3 Strong Markov property

3.3.1 Strong Markov property for right-continuous canonical Markov pro-
cesses

Let X be a canonical Markov process with values in a Polish space F, equipped with the
Borel-o-algebra £, w.r.t the natural filtration (F;¥);>0. Suppose that X has everywhere
right-continuous sample paths.

For a random time 7 we now define 6, as the operator that maps the path s +— wy to the
path s — wr ()45 If 7 equals the deterministic time ¢, then 7(w) = ¢ for all w and so 6,
equals the old operator 6;.

Since the canonical process X is just the identity on the space €2, we have for instance that
(X1 00:)(w) = Xi(0r(w)) = (0:) (W)t = Wr(w)+t = Xr(w)+¢(w), in other words Xy 00, = X7y
So the operators 6, can still be viewed as time shifts.

Definition 3.3.1 X issaid to have the strong Markov property if for every fo)g-measurable
random variable Z, with Z either bounded or non-negative, any adapted stopping time ¢ and
any initial distribution v

1{U<OO}EV(Z 0 b, |f§) = 1{O'<oo}EX[,Z Pl, a.s.. (3.3.1)
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We first prove a more general statement for stopping times taking only values from a countable
set.

Lemma 3.3.2 Let X be a canonical Markov process. Then (3.3.1) holds for any bounded or
non-negative F2 -measurable random variable Z, any initial distribution v and any stopping
time o, for which there exists a countable subset S C [0,00) such that o € SU{oco0}.

Proof. First we prove that 1¢, )X, is FX-measurable. To this end, check that {o =t} €
F{X for any stopping time o. Hence A € F=X implies that AN {o =t} € FX, FX. Now

Liocoo}{Xs € B} = Uses{Xs € B} N {0 = s}.
It is sufficient to check that {Xs € B} N{o = s} € F,. This is true iff
{(X;eB}n{o=s}n{o<tleF¥

for any ¢ > 0. This is easily checked. This implies that 1(;.)Ex, Z is FX-measurable as a
composition of measurable maps.
The next step is to show that

Eyl{A}1{0'<oo}Z 0f, = Eyl{A}1{0'<oo}EXaza A€ ff
If Ae FX with A C {0 = s} for some s € S, then A € FX. By the Markov property
EVI{A}1{0<OO}Z 00, = Eyl{A}Z 0l = Eyl{A}EXSZ = Eyl{A}1{0<oo}EX,,Z-

Let A € FX be arbitrary. By the previous A N {c = s} € FX. Use that AN {c < oo} =
Uses(AN{o = s}) and linearity of expectations. QED

Corollary 3.3.3 Any discrete time Markov chain, w.r.t the natural filtration, has the strong
Markov property.

Theorem 3.3.4 Let X be a canonical Markov process with right-continuous paths. Suppose
that © — E_f(Xs) = Psf(x) is bounded continuous for each bounded continuous function f.
Then the strong Markov property holds.

Proof. Let o be a (F;¥)-adapted stopping time. Let first Z = f1(Xy,)f2(Xe,) - -+ fu(Xy,),
withneZy, ty <--- <tn, f1,..., fn bounded, continuous functions. Consider

o0
k
Om =D g Lkt cox oy 00 Lio=oc):
k=1
Then o, takes countably many different values and o, | 0. By virtue of Lemma 3.3.2 for all
AeFX

Eul{A}1{0m<oo}Z e} Hcrm = Eul{A}1{0m<oo}EXgn Z.

Next, use that if A € FX, then A € .7:5;. Moreover, 1{a31(4,, <00} 2900, — 1ia}l{gco} Z 005
and 14315 <00} Z — 1y 1{o<o0)Ex, Z, m — oo. Apply dominated convergence.
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Let next Z = [[1, Tay(Xe,), with n € Zy, t1 < - < ty, A1,..., A € E. Let f]" be
given by
(@) =1—m- (m~! Ad(, A)),

where d is a metric on E, consistent with the topology. Then f/™ are continuous, bounded
functions and by the previous

Elgayliocoot [ [ /7 (Xe) 000 = EL (a1 oo} Ex, [[ £ (X0), A€ FS.

The random variable on the left-handside converges pointwise t0 1{4}1(5<x0}Z © 05, the one

on right-handside converges pointwise to 1{431(,<0}Ex, Z. Use monotone convergence.
Finally, we apply the d-system recipe to show that the strong Markov property holds for

Z =144y with A € FX. Then use the standard machinery. QED

Corollary 3.3.5 Assume that X is a right-continuous canonical process with state space
E C Z‘i, d < o0, and € = 2F. Then X has the strong Markov property.

The corollary implies that the canonical Poisson process has the strong Markov property, as
well as the canonical right-continuous Markov jump process.

Corollary 3.3.6 Canonical BM has the strong Markov property.

Without the required continuity properties, the strong Markov property may fail, as illustrated
in Example 3.3.15. We discuss some general applications of the strong Markov property.

Corollary 3.3.7 Assume the conditions of Theorem 3.5./ and let Y be a bounded FX-
measurable random variable. Then

E,Y(Zo0,) =E,(YEy, 2).

An interesting consequence is the following.
Lemma 3.3.8 Assume the conditions of Theorem 3.5.4.
i) Blumenthal’s 0-1 Law If A € X then P(A) =0 or 1 for all z € E.

ii) If 7 is an (FiX)i-stopping time, then P{r=0}=0o0r1, forallzc E.

Proof. For (i) use Corollary 3.3.7 with Y = Z = 174y and 7 = 0 (see Exercise 3.12). QED

The strong Markov property has interesting consequences for right-continuous canonical
Markov processes, X with so-called stationary and independent increments. This means that
X — X is independent of F, for s < ¢, and for each initial distribution v, the P -distribution
of Xy — X, only depends on the difference ¢ — s, and is independent of v. In other words:
the P -distribution of X; — X and the Pu distribution X;_s — X are equal for all initial dis-
tributions v and pu. The Lévy processes are a class of processes with this property of which
canonical BM and the canonical Poisson process are well-known examples.
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Lemma 3.3.9 Let X be a right-continuous canonical Markov process. Suppose that X has
stationary, independent increments and T is a finite stopping time. Then the process X (1) =
(Xr4t — X7)e>0 is independent of FX and for each initial distribution v, the distribution of
X (1) under P, is the same as the distribution of X under P, for any x € E.

Proof. Put Y, = X;4y — X, t > 0. For t; < --- < t, and bounded, measurable functions
fi,---, fn we have

e, (T1AI1FY) = E(T1AHXrm - X0 | FY)
k k

= Ey, [ #(Xs, — Xo),
k

by the strong Markov property. As a consequence, the proof is complete once we have shown
that for arbitrary x € £

E

=

Xy, — Xo) =Py f1- Pry—t,_, Jn(0),

xT

k=1

with 0 € E a selected state (cf. Characterisation Lemma 3.1.5). We prove this by induction
on n. Suppose first that n = 1. By stationarity of the increments, the distribution of X;, — Xy
under P is independent of x. In particular, we can take z = 0, obtaining

E./1(Xt, — Xo) = E1i(Xy,) = B, /1(0).

Now suppose that the statement is true for for n — 1 and all bounded, measurable functions
fi.-++, fa—1. We have

E, [ /1(Xi, — Xo) = (H (X, = Xo) | )
k=1 k=1
n—1
= E, [ fu(Xe, = X0)Eo(fu(Xe, — Xo) [ F7 ).
k=1

By independence of the increments

Em(fn(th XO) ‘ tn 1) = E:B(fn(th - th—l + th—l - ) | tn 1)
= gx(th—l - XO)’

where
9:(y) = Eo fu(Xp, = Xy +9).
The P -distribution of X;, — Xy, , is the same as the distribution of Xy, 4, , — Xo, and is

independent of x. Hence, we may put z = y, so that Xy =y, Py-a.s., and

gx(y) = Eyfn(thftnfl - Xo + y) = Eyfn(thftn,l) = Pti_tn,lfn(y)-
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We finally obtain

n n—1
E: [T /(e = X0) = Eo( TT (e = X0)Pryt s Sl X,y — X0))
k=1 k=1

n—2
= EZ‘ H (fn—lptn_tnflfn(thfl - XO))
k=1
By the induction hypothese, this equals Py, f1--- P;, —t, , fn(0), thus completing the proof.
QED
The following lemma is often useful in connection with the strong Markov property.
Lemma 3.3.10 If 0 and 7 are finite (F;)i-stopping times, then o + 7 o 0, is also a finite

(Ft)¢-stopping time.

Proof. Since (F;); is right-continuous, it suffices to prove that {o + 700, < t} € F; for every
t >0 (cf. Lemma 1.6.6). Observe that

{o4+71706, <t} =Ugo{r00, <qg}n{o <t—q}.

The indicator of the event {7 0 6, < ¢} can be written as 1(,.4 o 0,. By Exercise 3.34, it
follows that {706, < q} € Fy4q. By definition of the latter

{r0b0, <g}N{oc<t—q}={r00,<qg}N{o+q<t}eF.

This completes the proof.

3.3.2 Applications to Brownian Motion

In this subsection W is the canonical BM on (Q = C[0,00), F = C(0, 0o]NBR+) with associated
Markov process X. Since BM has stationary, independent increments, Corollary 3.3.9 implies
that for every (F;¥)i-stopping time 7, the proces (X,;; — X,); is a BM. This can be used to
prove an interesting ratio limit result (originally derived by Cyrus Derman 1954).

To this end, let A € B be a bounded set. Define pu(A,7) = Mt < 7 : X; € A}, where
A is the Lebesgue measure (on (R, B) and 7 a finite (F;¥);-stopping time, w.r.t P.. Denote
7o =inf{t > 0|t > 7, X; = 0}.

Lemma 3.3.11 i) p(A,7) is a measurable function on (82, F).

i) fu(A) == Egu(A, 1) = 2 [° 1pay(2)dA(z) +2 [y (1 — 2) 1y (2)dA(2).
iii) 1/(A) = Egu(A, 75) = 2\ (A).

Proof. See exercise 3.9. For the proof of (ii), note that
(o) (e e}
Eou(A, 1) = Eo/o Liay (Xe) Lypt,00)) (T1)dt = /Q/O 14y (Xt) L[t 0003 (11)dt dR,

= /0 /Q 1{A}(Xt)1{[t,oo)}(71)d%dt
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e / P(){Xt e A,t S Tl}dt
0

_ /Ooo/Aw(t,a:)d/\(x)dt
_ /A/Ooow(t,x)dtd/\(x),

1 —x?/2t _ —(x—2)2%/2t <
w(t,:c)—{ (\)/ﬁ(e ¢ )’ $_1
, x> 1.

where

This follows from
PO{Xt € AN[—o0, 1], <t} = Pz{Xt € AN[—o0,1]}.

Why is this true? (ii) can then be shown by writing

v —u? /2t
w(t,ﬂ:’) = _1{I§1} /32_2 me / d’U,,

applying Fubini, and do a substitution s = ¢~'/2. Distinguish the cases that z < 0 and
0<z<1. QED

Let f,g: R — R be Lebesgue measurable, integrable functions with ng(aﬁ)da: #0.

Theorem 3.3.12 T
Sy SOVt [ f (@)
T—o0 fgg(Ws)ds Jr9(z)dz’

a.s.

Proof. Put 73 = 79 and 7{ = 71. Inductively define for n > 2: 7§ = inf{t > Tf_l | X: = 0},
and 7] = inf{t > 73’ | X; = 1}. By virtue of the standard machinery, one has

E, /OT& f(Xt)dt:2/Rf(x)dx.

Now, for any T > 0 define
K(T) =max{n|1y <T}.
Then limy_, fOT f(X)dt/K(T) =2 [ f(z)dz, Rra.s. The result then follows. QED

The second example that we give, is the so-called reflection principle (compare with Ch.1,
Exercise 1.11). Recall that we denote the hitting time of € R by 7,. This is a finite stopping
time with respect to the natural filtration of the BM(see Example 1.6.9).

Theorem 3.3.13 (Reflection principle) Let x € R be given. Define the process W' by

W, t<T
! ts >z
Wt_{Qm—Wt, t> 1.

Then W' is a standard BM.
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Proof. Define the processes Y and Z by ¥ = W™ and Z; = W 4 — W, = W_ 14 — x,

T

t > 0. By Corollary 3.3.9 the processes Y and Z are independent and Z is a standard BM.
By symmetry of BM, it follows that —Z is also a BM that is independent of Y, and so the two
pairs (Y, Z) and (Y, —Z) have the same distribution (i.e. the fdd’s are equal)

Now, observe that for t > 0

We=Yi+Zir,li5ry, Wi=Yi—Zi g 1psq.

In other words, we have W = ¢(Y,Z) and W' = ¢(Y,—Z), where ¢ : C[0,00) x {w €
C[0,00) |wyg = 0} — C[0,00) is given by

Py, 2)(t) = y(t) + 2(t = YY) Ly

where 1 : C[0,00) — [0, 00] is defined by ¥ (y) = inf{t > 0|y(t) = x}. Consider the induced
o-algebra on C[0,00) and {w € C[0,00)|wp = 0} inherited from the o-algebra BI%>) on
R0 It is easily verified that ¢ is a Borel-measurable map, and that ¢ is measurable as the
composition of measurable maps (cf. Exercise 3.14). Since (Y, Z) 2 (Y,—Z2), it follows that

W =¢(Y,2) £ ¢(Y,~Z) =W QED

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

Sy = sup W.

s<t

Corollary 3.3.14 Let W be a standard BM and S its running mazimum. Then
P{W, <x,5 >y} =P{W; <z -2y}, z<uy.
The pair (Wy, St) has joint density

(2y — x)e_(Qy_m)2/2t
7t3 /2

(JL‘, y) = 1{x§y}7

with respect to the Lebesque measure.

Proof. Let W' be the process obtained by reflecting W at the hitting time 7,,. Observe that
Sy > y if and only if t > 7,. Hence, the probability of interest equals P{W; < z,t > 7,}. On
the event {t > 7,} we have W} = 2y — W/, and so we have to calculate P{W/} > 2y —x,t > 7, }.
Since z < y, we have 2y — x > y. hence {W/} > 2y —z} C {W/ >y} C {t > 7,}. It follows
that P{W/ > 2y — z,t > 7,} = P{W/ > 2y — z}. By the reflection principle and symmetry of
BM this proves the first statement. The second follows from Exercise 3.15. QED

It follows from the preceding corollary that for all x > 0 and ¢ > 0,

PLS; >} = P{7, < t} = 2P(W; > &} = P{|W;| > }

(see Exercise 3.16). This shows in particular that S; 4 |W¢| for every ¢ > 0. This allows to
construct an example of a Markov process that lacks the strong Markov property.
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Example 3.3.15 (Strong Markov property fails (Yushkevich)) Consider Example 3.1.7
(A). We slightly adapt the definition of the process X:

Xt = Xo + Lixo20yWh,

with X 4 v, independent of W. For initial distribution v = §,, = # 0, we therefore do not
change the underlying distribution.
X is a Markov process with transition function

1 2
= P2ty 0
e , x
P(z,B) = /B V2rt Y 7
d{B}, x = 0.

Suppose that X has the strong Markov property. Let 7 = inf{¢t > 0| X; = 0}. It is a stopping
time for X. Let 0 = (1 —7) V0. Put Z = 1R\ {0}}(X,). Then

1{T<OO} EXTZ — O

Take initial distribution v = ¢, for some z > 0. By the above E 1 }Ex Z = 0. On the
other hand,

17 <00} (Z 0 07) = 1(r\ (o33 (X1)1 (7 <1y

Hence
Exl{T<OO}E$(Z 06, | .7:7-) = Exl{R\{O}}(Xl)]'{TSI} = F;c{T < 1} = P{|W1| > SC} > 0.
(cf. Exercise 3.13). A contradiction.

We also may derive an explicit expression for the density of the hitting time 7,. It is easily
seen from this expression that E7,, = 00, as was proved by martingale methods in Exercise 2.29
of Chapter 2.

Corollary 3.3.16 The first time 7, that the standard BM hits the level x > 0 has density

2
xe.t/Qt

-1 ,
/omt3 {t=>0}

t—
with respect to the Lebesgue measure.

Proof. See Exercise 3.17. QED

We have seen in the first two Chapters that the zero set of 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 point at all.

Corollary 3.3.17 The zero set Z = {t > 0| Wy = 0} of standard BM is a.s. closed, un-
bounded, contains no isolated points and has Lebesgue measure 0.
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Proof. In view of Exercise 1.27, we only have to prove that Z contains no isolated points.
For rational ¢ > 0, define o0, = ¢ + 79 0 0;. Hence, o, is the first time after (or at) time
g that BM visits 0. By Lemma 3.3.10 the random time o, is a stopping time. The strong
Markov property implies that W, s — Wy, is a standard BM. By Corollary 2.4.6 it follows
that o, a.s. is an accumulation point of Z. Hence, with probability 1 it holds that for every
rational ¢ > 0, o4 is an accumulation point of Z. Now take an arbitrary point ¢ € Z and
choose rational points g, such that ¢, T t. Since ¢, < 04, < t, we have o4, — t. The limit of
accumulation points is an accumulation point. This completes the proof. QED

3.4 Generator of a Markov process

In the case of a discrete Markov chain, the transition kernel completely determines the finite
dimensional distribution of the process and hence the distribution of the process. The question
arises whether the cases for continuous time processes is analogous: is the distribution of the
process determined by one operator? In general the answer is no, but under certain conditions
it will be yes.

The question is mainly analytic, and so this section will be analytically oriented. The
starting point is a transition function { P,}+>¢ on the measurable space (E,E). Let S be a
Banach space of real-valued measurable functions on E, and let | - | denote the corresponding
norm. By virtue of the Chapman-Kolmogorov equations, { P, }; is a so-called semigroup.

Definition 3.4.1 { P,}; is a strongly continuous semigroup on S, if (i) P, : § — S is a
bounded linear operator for each t > 0 and (ii) lim¢ o | P,f — f| = 0 for each f € S.

A main notion that we will use is closedness.

Let B : D — S be a linear operator defined on D C S. Theset G(B) = {(f,Bf)|f € D} C
Sx & is called the graph of B. Note that Sx S is a Banach space with norm |(f, )| = | f]+gl-
Then we call B is closed iff G(B) = G(B).

It is easily checked that P, is a closed linear operator for each ¢ > 0, if { P,};>¢ is a
SCSG(S).

Example 3.4.2 Consider Example 3.1.7 (A, B) Brownian motion and the Ornstein-Uhlenbeck
process. Let

S=Cy(R)={f:R — R|f continuous with lim f(z) =0},

x—3F00
and let |f| = supgegr|f(z)]. One can show that the associated transition functions are

strongly continuous semigroups on Cp(R) (cf. Section 3.5).

Example 3.4.3 Consider the Markov jump process in Example 3.2.5. Suppose that there
exists a function F': E — Ry an a constant ¢ > 0 such that PF(x) < cF(x), for all x € E.

Let
|f(z)]
F(z)

Then the associated transition function is a strongly continuous semigroup on S, with

S={f:BE—RIf] :=sup -t < o).

e n
Pl < 3o e — e
n.
n=0
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This norm is a weighted supremum norm and the Banach space S is used in much of modern
Markov chain theory with applications in queueing and control. The choice F' = 1 often
applies.

The norm of an SCSG(S) cannot grow quicker than exponential. This follows from the
following lemma.

Lemma 3.4.4 Let { P,}+>0 be a SCSG(S). There are constants M > 1, a > 0, such that
| Pl < Me".

Proof. By the Banach-Steinhaus theorem (cf. BN ...) or the Principle of Uniform Bounded-

ness, it is sufficient to show that, given any to > 0, sup,;, | P.f| < oo, for all f € S.
Suppose not, then there exists f € S with sup,<;, | P, f| = co. By the semigroup property,

this implies that for any sequence {t,}n, t, | 0, n — oo, that sup,«; | P,f| = oo. Hence,

there exists a sequence {t,}n, t, | 0, n — oo, with | P, f[| — oo, n — oco. This contradicts

strong continuity. Hence there exists a constant M > 1, such that | P,| < M for ¢t < ty.
Finally, put a = (log M)/to. Let t € [0,00). Then with k = [t/t], we get

k
[ Pl =1 Pty Prgrg] < 1 Pog ¥l P | < €2 M.

QED

Corollary 3.4.5 t — P,f is continuous (i.o.w. lims_ | P.f — P,f| =0) for all f € S, and
t>0).

Proof. We will only prove right-continuity. Let h > 0. Then

| Pnf — BfI < | B Pof — f1 — 0, h1O.
QED
Let next
= f
— ) 9

P,
D ={f € S|3g € S such that ltll%ln tt | =0}.

A priori it is not clear whether D is even non-empty! For each f € D we write

_ . Bf-f
Af—g—ltllrgl ra

A:D — S is a (generally unbounded) linear operator, with domain D(A) = D, A is called
the generator.
From the definition we immediately see that for f € D(A)

E,(f(Xe4n) = F(X0) | FiY) = hAf(Xy) + o(h), P, —as,
as h | 0. In this sense the generator describes the motion in an infinitesimal time-interval.

Example 3.4.6 Brownian motion has D(A) = {f € Co(R) | f/, f” exist and are continuous}.
Further Af = f”/2 for f € D(A). The proof is given in §3.5.
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Example 3.4.7 (Ornstein-Uhlenbeck process) Consider the Orstein-Uhlenbeck process
in Example 3.1.7 (B). The generator is given by

Af(z) =40’f"(z) —azxf'(z), z€R,
for f € C2(R) (cf. Exercise 3.19).

Recall that we introduced Brownian motion as a model for the position of a particle.
The problem however is that Brownian motion paths are nowhere differentiable, whereas the
derivative of the position of a particle is its velocity, hence it should be differentiable. It
appears that the Ornstein-Uhlenbeck process is a model for the velocity of a particle, and
then its position at time t is given by

t
0

It can be shown that aS,;/v/n — W, in distribution, as n — oo. Hence, for large time scales,
Brownian motion may be accepted as a model for particle motion.

Example 3.4.8 Markov jump process in Example 3.2.5 satisfying the conditions in Exam-
ple 3.4.3. Here we have D(A) =S and Af = A(P —1I)f for f € S.

We next derive the important Kolmogorov forward and backward equations. This requires
integrating S-valued functions of ¢.

Denote by Cs(a,b) = {u : [a,b] — S|u is continuous}. A function u : [a,b] — S is said
to be (Rieman) integrable over [a,b] if limy,_.o Y ,_; u(sk)(tx — tk—1) exists, where a =ty <
s1<t; <. <tp_1 <sp <t,=>band h =maxy(ty — tk—1), and the limit is independent of
the particular sequence tg, s1, . .., t;. It is then denoted by f t)dt. If a and/or b = oo, the
integral is defined as an improper integral. The following result holds.

Integration Lemma

a) If u € Cs(a,b) and f Ju(t)|dt < oo, then wu is integrable over [a, b] and

|| / Hdt] < / Ju(t)]dr.

If a,b finite then every function in Cs(a,b) is integrable over [a, b].

b) Let B be a closed linear operator on S. Suppose that u € C’S(a b), u(t) € D(B) for all
t € [a,b], and both u, Bu are integrable over [a,b]. Then f t)dt € D(B) and

B/ /Bu( ).

c) If u € Csla, b] and u continuously differentiable on [a, b] then
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Proof. See Exercise 3.20. QED

The consequence is that we can interchange of integral and closed linear operators.
The following theorem holds.

Theorem 3.4.9 Let { P,}; be an SCSG(S).

i) Let f €S, t>0. Then [} P,fds € D(A) and
t
Ptf—f:A/ P, fds.
0

ii) Let f € D(A) andt > 0. Then P.f € D(A). The function t — P.f is differentiable in S
and the Kolmogorov backward and forward equations hold:

d
%Ptf = AP, f = PAf.

More precisely,

Ponf—Pf

H Ponf—Pf
h h

. PtAfH = lim

AP, H — 0.
i 2 f

lim H
R0

iii) Let f € D(A), t > 0. Then

Ptff:/OtPsAfds:/OtAPsfds.

Proof. For the proof of (i) note that

iU%—I{Aﬂ&f% - ;[f(ayj—-&f)w

1 t+h 1 t
= = P fds — — P_fds.
h/t» Sf S hA Sf S

For the second term we get

Hfl;,/ot Psfds—fHS;L/OhllPsf—fllds—m, hlo.

Similarly, for the first term

e B "
|- [ Pgas— | <58 [1Rf— flds —o0, ko,
h ), hoJ

The result follows. For (ii) note that

H Ponf—Pf
h

o] = (P4 ) <

thh_ L Af”'
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Taking the limit h | O yields that

lim

H Pnf—Pf
h|0 h

-—BAfH:O. (3.4.1)

Since Af € S, g = PAf € S. Rewriting (3.4.1) gives

HPh(Ptf)—Ptf_ )
h

lim g‘:().

hl0
Hence g = AP, f. Consequently P,Af = g = AP,f = (d*/dt)P.f (d*/dt stands for the right-
derivative). To see that the left derivative exists and equals the right-derivative, observe for
h > 0 that

H Pif —Pnf

2

IN

H b f —hPt—hf
HBJ—f
h

— PAS| + | Powar - Pa|

—Af|+ |[Ponas = Pag] =0, Lo,

where we have used strong continuity and the fact that Af € S. For (iii) note that (d/dt)P.f =
P,Af is a continuous function of ¢t by Corollary 3.4.5. It is therefore integrable, and so

t t t
Ptf—f:/ dPSfds:/ APSfds:/ P;Afds.
o ds 0 0
QED

The previous theorem (i) shows that D(A) is non-empty. In fact it is dense in S and A is a
so-called closed operator.

Corollary 3.4.10 Let { P,}; be an SCSG(S). Then D(A) = S and A is a closed operator.

Proof. Theorem 3.4.9 (i) and the fact that | fot P,fds/t — f| — 0, t | 0 immediately imply
that D(A) = S.

Let {fn}n € D(A) be any sequence with the property that there exist f,g € S such that
fn— fand Af,, — g as n — 0o. We need to show that g = Af.

To this end, note that P, f, — fn = fo (Afn)ds, for all t > 0, by virtue of Theorem 3.4.5
(iii). Since |(P.fn — fu) = (Pf—f)| — 0 and | fo P.Afnds — fo P.gds| — 0 as n — oo,
necessarily P,f — f = fo P.gds, for all t > 0. Hence

d
Hﬂi fok JSH_O Vi o,
It follows that
— d d
hmHPtf f_gH< HPJ f ok sgs‘ Hfo sgs_gH:Q
t10 t tw t th

so that g = Af. QED
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By virtue of Corollary 3.4.5, the map ¢ — P, f is continuous for each f € §. Recall that
| P,| < Me“ for some constants M > 1 and a > 0. By the Integration Lemma, for all A > «
we may define

Ryf(z) = /0 T P, f )t

R) is simply the Laplace transform of the semigroup calculated at the ‘frequency’ A. The
next lemma collects preliminary properties of the operators R). In particular, it states that
for all A > 0, R) is in fact an operator that maps S into itself. It is called the resolvent of
order A.

Lemma 3.4.11 Let { P,}; be a SCSG(S).
i) [RA] < M/(A = ).

ii) The resolvent equation
R,—Ry+ (p—ANR,R\=0

holds for all \, ;i > a.

Proof. The first part is straightforward. To prove the resolvent equation, note that

t
eTHt oA = (A — u)e_)‘t/ eP—msgg.
0

Hence,

Ruf(x) - Raf(z) = /Ooo<e—~t—e-*t>af<sc>dt

= 0 [ e ([ s
= 0w [T ([T IR @) as

by the integration Lemma. A change of variables, the semigroup property of the transition
function and another application of Integration Lemma show that the inner integral equals

/ e NP f(x)du = / e M PP, f(x)du
0 0

= [ ([ Rrwpaan)do

_ /E ( /0 Ooe‘A“Puf(y)dU)Ps(%dy)
= P;R)\f(x).

Inserting this in the preceding equation yields the resolvent equation. QED

The following important connection between resolvent and generator is easily derived. By I
we mean the identity operator.

Theorem 3.4.12 Let { P,}; be a SCSG(S) with | P, < M -e®. For all A > « the following
hold.
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i) R\S =D(A).

ii) \I—A:D(A) — S is a 1-1 linear operator with (\I — A)D(A) = S.

iii) (\I-A)"!: S — D(A) exists as a bounded linear operator. In particular (\I—A)~! = Ry.
iv) Ry\(NI—A)f = f forall f € D(A).

v) AI—A)Ryg=g forallgeS.
Proof. The proof consists of 2 main steps: Step I Proof of (v); and Step 2 Proof of (iv). As a
consequence, (iv) implies (i) and the first part of (ii); (v) implies the second part of (ii). (iii)

then follows by combining (iv,v).

Proof of Step 1. Let g € S. By the Integration Lemma we may write

[e.9]
P,Ryg = / e M P, pgdt.
0

Hence
P, Ryg— R 1 & o
—hTAd TAT /\‘(Z Ag h{/ e M Pt+hgdt—/ e M Ptgdt}
0 0
Ah h
e —1 1
= Ryg — e’\h/ e M Pgdt.
h h 0 ¢

The right-hand side converges to AR)g — g. It follows that

H P, Ryg — Ryg

- —(/\R,\g—g)H—>0, h|O0.

By definition, Ryg € D(A) and
ARy g = ARy\g — g. (3.4.2)

The result follows by rewriting.

Proof of Step 2. Let f € D(A), then by definition Af € S. We have
RAAf] = / e M PAf]dt = / e MA[ P, f]dt = A/ e M P fdt = ARyf.  (3.4.3)
0 0 0

The last equality follows from the Integration Lemma by using that A is closed. The second
follows from Theorem 3.4.9 (ii). The rest follows by inserting (3.4.3) into (3.4.2) and rewriting.
QED

Due to the importance of resolvents, we will explicitly compute these for two examples.

Example 3.4.13 Consider the BM-process from Example 3.1.7 (A). Its resolvents are given
by

Ryf(x) = /R £ v)dy,

where ry(z,y) = exp{—V2A|x — y|}/V2\ (see Exercise 3.21).
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Example 3.4.14 Let X be the Markov jump process from Example 3.4.3. The resolvent is
given by (cf. Exercise 3.22).

_ 1 A " n.pe __ _ —1
Ruf—A+M7;)(A+M)Pf—<<A+u>I AP)TIf fes,

for g > (¢ —1)A. This is by a direct computation, and the fact that (proved using induction)

[e%S) |
n_—¢&t o n:
/0 theTstdt = £n+1'

We have proved one part of the Hille-Yosida theorem specifying the precise relation between
generator and semigroup. It will however be convenient to restrict to so-called contraction
SCSG’s: the transition function { P, }r is a strongly continuous contracting semigroup on the
Banach space S (SCCSG(S)) if it is a SCSG(S) with | P, <1 for all ¢ > 0.

This is no restriction. Suppose that | P, < M -e® for constants M > 1 and « > 0. Then
Pe % is a SCSG(S) with | P,e=®!| < M. Define a new norm | - |* by

|f1" = sup| Pe™f],
t>0

then | f| < |[f]* < M| f|. Hence | - | and | - |* are equivalent norms and S is a Banach space
with respect to | - |*. It easily follows that { P,e=*}; is a SCCSG(S) with respect to the new
norm.

Theorem 3.4.15 (Hille-Yosida Theorem) Suppose that there exists a linear operator A :
D(A) — S, where D(A) is a linear spubspace of S. Then A is the generator of a SCCSG(S)
semigroup if and only if the following three properties hold:

i) D(A)=S;

ii) A is (0,1)-dissipative. In other words:

INf—=AFl > Alfl, Vf € DA),A>0;
iii) (\I—A)D(A) =S.

Proof of “=”. The only thing left to prove is (ii) (why?). By Theorem 3.4.12 (i) there exists
g € S, such that f = Ryg. By the same theorem (v) (A\I — A)f = ¢g. We have

1 1
111 =189 < Slgl = SIAf = Af-
QED

For proving ‘<=’, we need to derive a number of lemmas. We will formulate these for A being
(v, M)-dissipative and return to the (0, 1)-dissipative case at the moment we really need it.

Lemma 3.4.16 Let A: D(A) — S, be an (a, M) dissipative linear operator, with D(A) C S
a linear subspace, and M > 1, a > 0. Then A is a closed operator if and only if (\I —A)D(A)
is a closed set (in S), for some A > a. Under either condition (\I — A)D(A) is a closed set
(in §) is closed for all X > a.
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Proof. Assume that A is closed. Let A > a. Let {f,}n C D(A) be a sequence such that
(ML —A)f, — h, n — oo, for some h € S. We have prove that h € (A\I — A)D(A).
By (a, M)-dissipativeness of A we have

A

— Yt — L)l

IOT = A) (= )] 2 2

Hence { f,}, is a Cauchy-sequence in S, and so it has a limit f € S. It holds that
Afn=—A=A)fn+Afn——h+Af, n— oo

A is closed, hence f € D(A), Af = —h+ Af. Therefore h = (A\I— A)f. The conclusion is that
(AL — A)D(A) is closed.

Next we assume that (A\I — A)D(A) is closed in S for some A > «a. Let {f,}, C D(A), with
fn— f,Af, — g for some f,g € S. Then

(M =A)fn—=Af =g, n— o0,

and so A\f —g € (A\I = A)D(A). Hence, there exists h € D(A), such that Ab —Ah =Af—g. A
is (o, M)-dissipative, so that

A

—
| fn = 2]

H)‘I_A)(fn_h)” :”(/\(fn_h)_A(fn_h)H > M

The left-hand side converges to 0, as n — oo. Hence f, — h and so f = h € D(A) and
g = Af. This shows that A is closed. QED

Lemma 3.4.17 Let A : D(A) — S, be an (a, M) dissipative, closed linear operator, with
D(A) C S a linear subspace, and M > 1, o > 0. Let

(AI—A) is 1-1,
AMA) =< A>a | ANI-A)DA) =S,
(M — A)~lexists as a bounded linear operator on S

Then M\(A) # 0 = A(A) = («, 00).

Proof. 1t is sufficient to show that A(A) is both open and closed in (o, 00). First we will show
that A(A) is open in (a, 00). To this end, let A € A(A). Let

B ={p € (a,00)[|A—pl < [(AT-A)"H1}.

B is open in (a,00). We will show that B C A(A).
Let 4 € B. Then

n+1

C = i()\ - p)”((/\l - A)*l) S—S
n=0

is a bounded linear operator. We claim that C = (uI—A)~!. Use uI — A = A=A+ (u— M)
to show that C(uI — A) = (uI — A)C = 1. Then it easily follows that u € A\(A).
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We next show that A(A) is closed in (o, 00). To this end, let {\,}, C A(A), with A, — A,
n — oo, for some A € R, A > o. We have to show that A € A(A).

The proof consists of two steps: Step 1 (A\I — A)D(A) = S; Step 2 (\I — A) is 1-1. Steps
1 and 2 then imply that for each g € S there exists precisely one element f € D(A) with
g = (M — A)f. This means that the inverse (A\I — A)~! exists. By («, M)-dissipativeness

1 M _ M
IOT = A)gl = 1] < T2 IAf = Afl = - lgl.

—

Since g € S was arbitrary, [(A\ — A)~!| < M/(A — a) < oo. This shows that A € A(A).

Proof of Step 1. Let g € S. Put g, = (A\I — A)(\,I — A)~lg, for all n. Clearly g =
AL =AY NI —-A)"lgandso g, —g=(A—A)M\I—A)"tg. Ais (o, M)-dissipative, and so

M
lgn — gl < X = AT = A) gl < A = Als—lgl = 0, n— o
A—

It follows that (A\I — A)D(A) = S. Since (A\I — A)D(A) is closed by Lemma 3.4.16, S =
(AI—A)D(A).

Proof of Step 2. This follows immediately from («, M )-dissipativeness. QED

Lemma 3.4.18 Let A : D(A) — S, be an (o, M) dissipative, closed linear operator, with
D(A) C S a linear subspace, and M > 1, a > 0. Suppose that D(A) =S and A\(A) = (o, 00).
Define the Yosida-approzimation Ay = MM — A)~™!, X > a. Then Ay, X > «, have the
following properties.

a) Ay is a bounded linear operator S — S and ™ = "2 (1"AY/n! is a SCSG(S) with
generator Ay.

b) A\A, = A A,.
c) |Af —Axf] — 0, A\ = oo, for all f € D(A).

Proof. For all A > a write Uy = (A\I — A)~!. In the proof of Lemma 3.4.18 we have seen that
|Ux| < M/(X — «). Further UyU, = U,UA\. This follows by a straightforward computation.
Hence

AM-AU, = I, onS (3.4.4)
Ux(AI—A) = I, onD(A).

We first prove (a). Using the above, we may rewrite Ay = AAU) by

Ay = MU, -)X, onS
= M)A, on D(A).

(3.4.6) implies that Ay is bounded, with

||etA)‘ | < e~ At 1UA] < A2 M/ (A—a)—tA (3.4.8)
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Further, for all f € S

[e™ f = FI <Y " IA"If/nt =0, ¢ L0

n=1

Hence {e”*}; is a SCSG(S). In a similar way, one can prove that Ay is the generator.

The proof of (b) follows by using the expression (3.4.6) for Ay on S and the fact that Uy
and U, commute. We will finally prove (c). First we show that |[AUyf — f| — 0, A — oo, for
all fed.

For f € D(A), we use (3.4.5) to obtain

M
U = fI = IDAA] < T2 1A =0, A= cx.

Let f € S and let {f,}n C D(A) converge to f. Then for all n

: . MM
lim sup [AUAS = £ < lim sup [|AUAfw = faull + 5=l = £1 + 1 = f1]
A—00 A—00 —

Let A — oco. The first term on the right-hand side converges to 0, the second converges to
M| fn — f| and the third equals |f, — f|. Since the left-hand side is independent of n, we
can take the limit n — oo and obtain that the left-hand side must equal 0. (c) follows by
combining with (3.4.7). QED

Lemma 3.4.19 Suppose that B,C are bounded linear operators on S with |e'B|,[e!“] < 1,
that commute: BC' = CB. Then

[e®f — e “f| < t|Bf — Cfl

for every f € S and t > 0.

Proof. Use the identity

t t
Bf—eCp = [ Sperdpas = [ B (m - oplCas
0 as 0

t
= / e*Bet=)C(B — C)fds < t|Bf — Cf].
0

QED

Continuation of the proof of the Hille-Yosida Theorem: ‘<’ The idea is the define a
strongly continuous contraction semigroup { P, }; and then show that it has generator A.
Conditions (ii), (iii) and Lemma 3.4.16 imply that A is closed. By inspection of the proof
of closedness of A\(A) of Lemma 3.4.17, that A(A) # (). Lemma 3.4.17 implies A(A) = (0, c0).
Using the notation in Lemma 3.4.18, define for each A > 0 the SCCSG(S) {e**};. Let us
check that it is indeed a SCCSG(S).
By virtue of (3.4.8), [e!A*| < 1. By virtue of Lemmas 3.4.18(b) and 3.4.19

[ f — e f < tHAVF — AL,
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for all t > 0, and f € S. By virtue of Lemma 3.4.18 (c), limy_., e f exists for all ¢ > 0,
uniformly in ¢ € [0, 7], for each T > 0, for all f € D(A). Define P,f = lim)_o, e/ f, for all
f € D(A). By uniform convergence, t — e f is continuous in ¢ for each f € D(A).

The fact that D(A) = S allows to define P, f on all of S, for all ¢ > 0.

Next It holds that

Pupof = PP = Puf — "I 4™ (e™Mf— P)f+ (™ = P) R

This allows conclude that the Chapman-Kolmogorov equations apply. We may similarly prove
that strong continuity holds and that P, is a bounded linear operator with norm at most 1,
t > 0. We may then conclude that { P,}+ is a SCCSG(S).

Finally we will show that this SCSG has generator A. By Theorem 3.4.9 (iii)

t
M f— f= / M AL fds, (3.4.9)
0

forall feS,t>0,A>a. Forall f € D(A) andt >0

AN = Pof = M (A = Af) + (e = P,

By virtue of Lemma 3.4.17 (iii) this implies that |e** A\ f— P,Af| — 0, X — oo, uniformly
in s € [0,¢]. Combining with (3.4.9) yields P,f — f = fg P.Afds, for all f € D(A) and ¢t > 0.

Suppose that { P,}; has generator B, with domain D(B). The above implies that D(B) D
D(A) and B = A on D(A). Hence B extends A.

By Theorem 3.4.12 A\I — B is 1-1 for A large enough. Since § = (AI — A)D(A) = (AI —
B)D(A), D(B) \ D(A) = 0, otherwise we would get a contradiction with the fact that \I — B
is 1-1. QED

It is generally hard to determine the domain of a generator. The following lemma may be of
use.

Lemma 3.4.20 Let { P,}; be a SCSG(S) with | P,| < Me*t. Suppose that the linear operator
B is an extension of the generator A. In other words, B : D — § 1is a linear operator with
D D D(A), and Bf = Af for f € D(A). If X — B is 1-1 for some value X > «, then B
equals A, that is, D = D(A). A sufficient condition for \I — B to be 1-1 is that there is no
non-trivial f € D with Bf = \f.

Proof. Suppose that f € D. Put g = Af — Bf. Then h = Ryg € D(A) and so
A —Bf =g=Ah—Ah=\h — Bh, (3.4.10)

since A= B on D(A). Hence f =h € D(A), if A\ - B is 1-1.

Suppose that we only know that there does not exist any function F' € § with BF = A\F.
Then substracting the right side in (3.4.10) from the left, we obtain that f = h, and thus
A — B is 1-1. QED

We may finally ask ourselves whether the transition function is uniquely determined by the
generator. The answer is again in the case of a SCSG(S). In general this need not be true.
In the case of special Banach spaces, more interesting properties prevail.
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3.5 Feller-Dynkin transition functions

From now on consider semigroups with additional properties. For simplicity, the state
space F is assumed to be a closed or open subset of R? with & its Borel-o-algebra, or of
Z? with the discrete topology and with the £ the o-algebra generated by the one-point
sets. In general one may assume that E is a locally compact Hausdorff space with
countable base.

By Cy(F) we denote the space of real-valued functions that vanish at infinity. Co(E) functions
are bounded, and so we can endow the space with the supremum norm defined by

|£] = sup[f(z)].
zel

In these notes, we can formally describe Cy(E) by

f continuous and
Co(E) =< f:E— R | for each € > 0 there exists a compact set K = K(e, f),
such that |f(z)| <e, for x & K

Note that Cy(FE) is a subset of the space of b€ of bounded, measurable functions on F, so we
can consider the restriction of the transition operators (FP;): to Co(E). It is also a Banach
space.

We will now introduce a seemingly weaker condition on the semigroup than strong conti-
nuity. This notion is not uni-valent in the literature: sometimes it is called the Feller property.

Definition 3.5.1 The transition function (P;)¢>¢ is called a Feller-Dynkin transition function
if

i) RCy(E) C Co(E);
ii) P f(x) — f(z),t |0, for every f € Cy(E) and x € E.
A Markov process with Feller-Dynkin transition function is called a Feller-Dynkin process.

Note that the operators P, are contractions on Co(FE), i.e. for every f € Cy(E) we have

Pifl =sw | [ fw)Pd)| < 171
zeE'JE

So, for all t > 0 we have |FP|,, < 1, where | P, is the norm of P, as a linear operator on
the normed linear space Cp(F), endowed with the supremum norm (see Appendix B LN, or
BN section 11).

If f € Co(E), then P, f € Cy(F) by part (i) of Definition 3.5.1. By the semigroup property
and part (ii) it follows that

Prinf(x) = Po(Pif)(x) — B f(z), h1O.

In other words, the map ¢ +— P, f(x) is right-continuous for all f € Cy(E) and x € E.
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Right-continuous functions f : R — R are B(R)/B(R)-measurable. See BN§3.

In particular, this map is measurable, and so for all A > 0 we may define the resolvent R).
Also in this weaker case, it is a bounded linear operator with norm |Ry| < 1. We will now
show that in the case of the sapce Cy(FE), pointwise continuity implies strong continuity.

Theorem 3.5.2 Suppose that { P,}+ is a Feller-Dynkin transition function. Then R\Co(E) =
Co(E), and { P,}; is a SCCSG(Cy(E)).

Proof. In order that a Feller-Dynkin transition function be a SCCSG(Cy(FE)), we only need to
show strong continuity. We will first show that this is easily checked, provided that RyCy(FE)
is dense in Cy(E).

Since PRy f(z) = eM [ +t>®e~* P, f(x)ds by the Integration Lemma,

0 t
PiR\f(z) — Raf(x) = (eM — 1)/15 e P f(x)ds — /0 e P, f(x)ds.

Therefore
|P.RAS — Baflloo < (€ = DIRA|flloo + t1f|oo-

Since the right-hand side tends to 0 as ¢ | 0, this shows desired norm continuity for functions
in the dense subset R\Co(E) of Co(E). Now let f € Cy(E) be arbitrary. Then for every
g € R\Cy(F) it holds that

1Pef = floo |1Pef = Pigloe + P29 — 9loe + 19 — flls

<
< 19 = gloo + 219 = floo

Taking the lim sup; |, and using the first part of the proof, we get

limlgup 1Pef — floo <219 — flloos
t

for every g € RyCy(F). The right-hand side can be made arbitrarily small, since R\Cy(FE) is
dense in Cy(E). Hence lim; o |P.f — f|, = 0.
Next we will show that R\Co(FE) is dense in Cy(FE). Suppose that this is not true and

that R,\CO(E);CO(E). By the Hahn-Banach theorem (BN §9, Corollary 11.2) there exists a
non-trivial bounded linear functional B on Cy(F) that vanishes on R)(Cp(E)). By the Riesz
representation theorem (BN §9 Theorem 11.3) there exist finite Borel measures v and v/ on

F such that
B(f) = /E fdv — /E fd/ = /E fdw —),

for every f € Cy(FE). By part (ii) of Definition 3.5.1 and dominated convergence, for every
relb

AR f(z) = /000 e MPf(x)dt = /000 e Py f(r)ds — f(z), A— o0. (3.5.1)

Note that [AR)f], < |[f]s- Then dominated convergence implies

0= BORS) = [ AR @) =)o) = [ f@)d =)o) = B, A= .
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We conclude that the functional B vanishes on the entire space Cy(E) and so B is trivial. A
contradiction. QED

Example 3.5.3 Brownian motion and the Ornstein-Uhlenbeck process from Example 3.1.7
(A, B) are Feller-Dynkin processes. Hence their semigroups are SCCSG(Cy(R)) (cf. Exam-
ple 3.4.2).

We will show that the BM transition function has the Feller-Dynkin property. First we
check continuity of z — P, f(x) for each t > 0 and f € Cyp(R). To this end let x € R and let
{zn}n C R be a converging sequence with limit = and let f € Cyp(R). Then

Py f(zy) = /Rf(mn - u)\/%ezﬁ/%du.

Define the functions f,, by fn(u) = f(zp—u), n =1,.... Wehave f, € Co(R), and sup,, | fn| =
|f| < oo. Note that f,(u) — f(x—u), n — oo, by continuity of f. By dominated convergence
it follows that

1
v 27t

The proof that P,f(z) — 0 as |z| — oo, is proved similarly.

We will prove pointwise continuity of the function ¢t — P,f(z) as ¢t | 0, x € R. Note
that this amounts to proving that E, f(X;) — E, f(Xo) for each f € Cy(R). First, by sample
path continuity X; — Xo, ¢ | 0, P-a.s. Hence by BN Lemma 5.4 X; A Xo, t | 0. The BN
Portmanteau theorem 5.3 implies desired convergence.

e W 2y = P, f(z).

lim P.f(z,)= lim [ fn(u)
R

n—oo n—oo

_u2/2td :/ . 1
e u Rf(;zc U)\/Tﬂ't

Example 3.5.4 Consider the Markov jump process in Example 3.2.5. It is a Feller-Dynkin
process if PCy(E) C Co(E) (cf. Exercise 3.23).

3.5.1 Computation of the generator
Let us first look compute the generator of Brownian motion in a straightforward manner.

Example 3.5.5 (cf. Example 3.4.6). For the BM process we have that D(A) = C2(R), the
space of Cp(R) functions that have continuous first and second derivatives. For f € D(A) we
have Af = f"/2.

The procedure to prove this, is by showing for h € D(A) that
A1l h € C3(R); and
A2 \h — %h” = \h — Ah.

It then follows that D(A) C CZ(R). Hence A’ defined by A’h = 31", h € C}(R) is an extension
of A to D(A') = C3(R).

We will use Lemma 3.4.20 to show that A’ = A. The lemma implies that this is true if,
given A > 0, say A = 1, there exists no function h € D(A’) = C3(R) with h”/2 = h.

Let us assume that such a function exists. Then there exists z € R with h(x) > h(y) for
all y € R. This implies that h'(z) = 0 and h”(z) < 0 by a second order Taylor expansion.
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Hence h(z) = h"(x)/2 < 0. Consequently 0 > h(y) = h”(y)/2 for all y € R. It follows that
R(y) <0 fory > x.

By the assumption that h is non-trivial, there must be some 2’ > x with h(z') < 0. Since
h € Co(R), limy o h(y) = 0. Hence, there exists y > z with 2'(y) > 0. Contradiction.

We are left to show that A1 and A2 hold. Let h € D(A). Then there exists f € Co(R)
such that h = Ry f, i.e.

W) = Baf(a) = /R £, v)dy
1

= /Rf(y)m

which integral is bounded and differentiable to x. Hence,

€_m|y_$|dy,

W(z) = /R F(u)V2Ara(z,y) sgnly — z)dy.

The integrand is not continuous in y = x! We have to show that A’ is differentiable. For 6 > 0
we have

Wa+0) 1) = [ v (Rl i,

y<zx 5
ry(x+6,y) — raz,
+/ f(y)x/ﬁ( Al y()s A y))dy
y>z+6
ra(x +4,y) + rax,
—/ TV ( A y; al y)>dy
r<y<z+9d
Clearly,
/ _|_/ .-.—>2)\/f(y)r)\(x,y)dy—Q)\h(x), 0 —0.
y<x y>z+0 R
Further,
x+9 0 V2X(u—38) —V2u
/ - / (eXp T Oxp )f(x+u)du
x u=0 4
1 exp\/ﬁ(u—(s)_’_exp— 2Xu
= / 1{u§6}< 3 )f(33+u)du
u=0

— 2f(z), 4610,
by dominated convergence. Combining yields

b (z+0) — h'(x)
0
The same holds for § T 0, and so we find that h is twice differentiable with

— 2\h(z) —2f(x), d]0.

B = 2\h — 2f.

Hence,
A —Ih" = f = (AL - A)h = Ah — Ah,

and so A1,2 hold.
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The first observation is that this is a nasty computation that is hardly amenable to use for more
complicated situations. The second is that we derive the domain directly from Lemma 3.4.20.
What we implicitly use is the so-called mazimum principle that we will not further discuss.
We believe that the essential feature validating an extension B to equal the generator A, is
the fact that \I — B is 1-1.

Before further investigating ways to compute the generator, we first generalise Lemma 3.1.9,
showing conditions under which a function ¢ of a Feller-Dynkin process is Feller-Dynkin, and
it provides a relation between the corresponding generators.

Lemma 3.5.6 Let X be a Feller-Dynkin process with state space (E,E), initial distribution
v and transition function (Py);. Suppose that (E',E') is a measurable space. Let ¢ : E — E'
be continuous and onto, and such that |¢(zy)| — oo if and only if |z,| — oo.

Suppose that (Q1)¢ is a collection of transition kernels, such that P,(f o ¢) = (Quf) o ¢
for all f € bE'. Then' Y = ¢(X) is a Feller-Dynkin process with state space (E',E'), initial
measure V', with v'(B') = v(¢~1(B')), B’ € &, and transition function (Q;);. The generator
B of Y satisfies D(B) = {f € Co(E") | fo¢p € D(A)} and A(f o ¢) = (Bf)o ¢ for f € D(B).

Example 3.5.7 In Example 3.1.10 we have seen that W7 is a Markov process. W7 is also

a Feller-Dynkin process with generator Bf(z) = 2z f"(z) + f/(z), f € D(B) = C3(R4). See
Exercise 3.24.

3.5.2 Applications of the generator and alternative computation
Generators provide an important link between Feller-Dynkin processes and martingales.

Theorem 3.5.8 Let X be a Feller-Dynkin process, defined on (Q, F,{Fi}i). For every f €
D(A) and initial measure v, the process

MY = F(X)) — f(Xo) /0 AF(X,)ds,

is a P -martingale.
Proof. Since f and Af are in Cy(Ej), Mtf is integrable for every ¢ > 0. For s <t
t
E,(f | F) = M] + E,(F(X0) = (X.) = [ AF(X)dul| 7).

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

Ex (X1 = 30— T ARG,

But for every x € E

t—s

£, (F(Xi0) — F(Xo) - /0 A J(Xu)du) = Pof(a) = f@) ~ [ PuAf(@)du=0,

0
by Fubini’s theorem and Theorem 3.4.9 (iii). QED

This gives rise to the following extremely convenient formula.
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Corollary 3.5.9 (Dynkin’s formula) Let X be a canonical, right-continuous Feller-Dynkin
process. For every f € D(A) and every {FX };-stopping time T with E,7 < 00, we have

ELf(X) = 1) +E, [ Af(X)ds, e

Proof. By Theorem 3.5.8 and the optional stopping theorem, we have

TAN
Euf(Xonn) = f(2) + E, /O AF(X.)ds,

for every n € Z,. The left-handside converges to E,f(X;), n — oo (why, since we do not
assume left limits?). Since Af € Cy(E), we have |[Af],, < oo and so

[ x| < ai

By the fact that E,7 < co and by dominated convergence, the integral on the right-handside
converges to

Ex/o Af(X,)ds.
QED

This lemma is particularly useful.

Example 3.5.10 Consider the (canonical continuous) BM process Xy = Xo + Wy, ¢t > 0,
where X and (W), are independent, and (WW;); a standard BM.

Let (a,b) C R, a < b. The problem is to determine a function f : [a,b] — R, f € C3la,b],
with f’(z) = 0, z € (a,b) and f(a) = ¢1, f(b) = ¢y for given constants c1,cy. Clearly, in
dimension 1 this is a simple problem - f is a linear function. However, we would like to use
it as an illustration of our theory.

Suppose such a function f exists. Then f can be extended as a C3(R) function. Then
f € D(A) for our process X. Let v = 0, be the initial distribution of X for some z € (a,b). We
have seen that 7, = inf{t > 0| X; € {a,b}} is a finite stopping time with finite expectation.
Consequently, Dynkin’s formula applies and so

E,f(X,,) = f(z) +E, /0 " AF(X.)ds = f(z) +E, /0 LX) ds = f(a).

The left-handside equals
b—=x rT—a

b—a b—a

(cf. Exercise 2.28).
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Characteristic operator We will now give a probabilistic interpretation of the generator.
Call a point z € Ej absorbing if for all + > 0 it holds that PP (z,{z}) = 1. This means
that if the process starts at an absorbing point x, it never leaves x (cf. Exercise 3.10).
Let X be a canonical Feller-Dynkin process For r > 0, define the {ftX }-stopping time

e = inf{t > 0| X, — Xo| > r}. (3.5.2)

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

Lemma 3.5.11 If z € E is not absorbing, then E n, < oo for all r > 0 sufficiently small.

Proof. Let B.(€) ={y||y — z| < €} be the closed ball of radius € around the point z. If x is
not absorbing, then P;(z, Bz(¢)) < p < 1 for some t,e > 0.

By the Feller-Dynkin property of the semi-group P; we have that Pi(y,-) — Pi(z,-) as
y — z. Hence, the Portmanteau theorem, and the fact that B,(¢) is closed imply that

lim sup P;(y, Bx(€)) < Py(z, Bx(¢)).

y—z

Let p € (p,1). It follows that for all y sufficiently close to x, say y € B,(r) for some r € (0, €),
we have P;(y, By(r)) < p. Using the Markov property it is easy to show (cf. Exercise 3.25)
that P (9, > nt} <p", n=0,1,.... Hence,

0o oo
t

E.nr = / Px{nr > S}ds < tz Pw(nr > nt} < 1-5 b < Q.
0 _

n=0
This completes the proof. QED
We can now prove the following alternative description of the generator.

Theorem 3.5.12 Let X be a right-continuous canonical Feller-Dynkin process. For f € D(A)
we have Af(x) = 0 if z is absorbing, and otherwise

_ o Eof(Xy,) — f(2)
Af(z) = lﬁfél E”xm . (3.5.3)

Proof. If z is absorbing, we have P;f(x) = f(z) for all ¢ > 0 and so Af(x) = 0. For non-
absorbing « € FEj the stopping time 7, has finite mean for sufficiently small . Dynkin’s
formula imples
MNr
EL(X,) = f(0) +E, [ AF(X)ds.
It follows that

Ex fonr |Af(Xs) - Af(x)’ds
E.nr
sup  [Af(y) — Af(z)l.

ly—=| <r

E.f(Xy,) — f(z)
S

- Af(@)

IN

This completes the proof, since Af € Cy(E). QED
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The operator defined by the right-handside of (3.5.3) is called the characteristic operator of
the Markov process X. Its domain is simply the collection of all functions f € Cy(F) for which
the limit in (3.5.3) exists as a Cy(E)-function. The theorem states that for right-continuous,
canonical Feller-Dynkin processes the characteristic operator extends the infinitesimal gener-
ator. We will check the conditions of Lemma 3.4.20 to show that the characteristic operator is
the generator. To this end, denote the characteristic operator by B. Suppose that generator
and characteristic operator are not equal. Then there exists f € Cy(E), with A\f = Bf. We
may assume A = 1. Then this implies that

B f(Xy,) — f(2)

=1 X Nr )
f(z) = lim E.i
Suppose that f has a maximum at x: f(z) > f(y) for all y € E. Then the above implies that
f(z) <0 and hence f(y) <0 for all y € E. On the other hand, g = — f satisfies Bg = g. Let
2’ be a point where g is maximum. Then, similarly, g(z’) < 0 and so g(y) < 0 for all y € E.

Consequently f = —f =0.

Example 3.5.13 Let X be a canonical right-continuous Feller-Dynkin process on the count-
able state space F, equipped with the o-algebra £, where £ is generated by the one-point
sets of E. Define o, = inf{t > 0| X; # z}. In Exercises 3.10 and 3.11 you are asked to show
that P {0, > t} = e~®@* ¢ > 0, for some a(z) € [0,00]. Further, if a(z) € (0,00), then x
is a holding point, and the holding time (in state x) is a (negative) exponentially distributed
random variable with parameter a(x). Moreover, P {X,, = 2} = 0, so that a holding point
x can only be left by a jump. Regular points cannot exist, because of required continuity of
t— P,f(x) for all f € Co(E).

The first observation is that 1y, € D(A) for all y € E. This is shown by using the
characteristic operator. If z is absorbing, then Al (x) = 0. Suppose that x is not absorbing.
If x # y, then

and if z =y

This implies that the generator can be represented as an E x E matrix, with elements A(z, y),
x,y € E, given by

0, x absorbing
A(z,y) = a(z)P(X,, =y), = holding point ,y # =
a(x), x holding point ,y = .

Finally we turn to the regularisation problem for Feller-Dynkin processes.

3.6 Regularisation of Feller-Dynkin processes

3.6.1 Construction of canonical, cadlag version

In this section we consider a Feller-Dynkin transition function P; on (E,€), with E an open
or closed subset of R% or Z? and £ the Borel-o-algebra of E. For constructing a cadlag
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modification, we need to add a coffin state, § say, to our state space E: Es = F'UJ, such that
Es is compact, metrisable. ¢ represents the point at infinity in the one-point compactification
of E. Then & = o(&,{0}) and we extend the transition function by putting

5 | P(z,B), reE,Bef&
P (m’B)_{ 15(B), v =0, Bc &

Then P} is a Feller-Dynkin transition function on (Ej, Es). Note that f € Cy(Fj) if and only
if the restriction of f — f(0) to E belongs to Cy(E).

I plan to include a formal proof of this statement in BN, and I will discuss some topo-
logical issues.

By Corollary 3.2.2 for each probability measure v on (Es, &) there exists a probability measure

P, on the canonical space (2, F) = (E?*, ?*), 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 v.

We need the following lemma, which will allow us to use the regularisation results for
supermartingales from the preceding chapter.

Lemma 3.6.1 For every A > 0 and every nonnegative function f € Co(Es), the process
e MR\ f(Xy)

is a P -supermartingale with respect to the filtration (FX), for every initial distribution v.

Proof. By virtue of the Markov property we have
E, (e MRAf(Xy) | FX)=e MP_yR\f(Xs) P, —as.
(see Theorem 3.2.4). Hence, to prove the statement of the lemma it suffices to prove that
e MP_ Ryf(z) < e *Ryf(z), z€kE. (3.6.1)

This is a straightforward calculation (cf. Exercise 3.30). QED

Theorem 3.6.2 The canonical Feller-Dynkin process X admits a cadlag modification. More
precisely, there exists a cadlag process Y on the canonical space (2, F) such that for allt >0
and every initial distribution v on (Es, &) we have Xy =Yy, P -a.s.

Proof. Fix an arbitrary initial distribution v on (Ej, Es). Let H be a countable, dense subset
of the space Cy (E). Then H separates the points of Es (see Exercise 3.31). By the second
statement of Corollary 77, the class

H ={nR,h|h e H,n € Z,}
has the same property. The proof of Theorem 2.3.2 can be adapted to show that the set

Qp ={w]| h?tl n' (X)) (w), lilTrrtl h'(X,)(w) exist as finite limits for all ¢ > 0} (3.6.2)
q q
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is F-measurable. By virtue of Lemma 3.6.1 and Theorem 2.3.2 P (/) = 1 for all b’ € H
and initial measures v. Take ' = (1, Q. Then ' € FX and P(Q) = 1.
In view of Exercise 3.32, it follows that on €’ the limits

i X, (), T X, )
exist in Ej, for all t > 0, w € V.

Now fix an arbitrary point g € E and define a new process Y = (Y;) as follows. For
w e, put Vi(w) = x9. For w e Q' and ¢t > 0 define

Yi(w) = lim Xy (w).
qlt
We claim that for every initial distribution v and ¢ > 0, we have X; = Y; P-a.s. To prove
this, let f and g be two functions on Cy(Fs). By dominated convergence, and the Markov

property
E,f(X1)g(Vy) = lgglEyf(Xt)g(Xq)

= I;ﬁl Eyf(Xt)Pq—tg(Xt)‘

By strong continuity, P,—g(X;) — g(X¢), ¢ | t, P-a.s.. By dominated convergence, it follows
that E, f(X:)g(Y;) = E, f(X¢)g9(X¢). By Exercise 3.33 we indeed have that X; =Y}, P-a.s.
The process Y is right-continuous by construction, and we have shown that Y is a modi-
fication of X. It remains to prove that for every initial distribution v, Y has left limit with
P -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 1. In
view of Exercise 3.32, it follows that Y has left limits with P -probability 1. QED

Note that Y has the Markov property w.r.t the natural filtration. This follows from the fact
that X and Y have the same fdd’s and from Characterisation lemma 3.1.5.

By convention we extend each w € € to a map w : [0,00] — Es by setting wso = 9.
We do not assume that the limit of Y; for t — oo exists, but by the above convention
Yoo = 6.

The formal setup at this point (after redefining) is the canonical cadlag Feller-Dynkin
process X with values in (Es, &) and transition function (P});. It is defined on the
measure space (€2, F), where € is the set of extended cadlag paths, F = 5?* nQ
the induced o-algebra. The associated filtration is the natural filtration (F;¥);. With
each initial distribution v on (Es, &s), X has induced distribution P, (through the outer
measure, see Ch.1 Lemma x).

3.6.2 Augmented filtration and strong Markov property

Let X be the canonical, cadlag version of a Feller-Dynkin process with state space Es (with E
a closed or open subset of R? or Zi) equipped with the Borel-g-algebra & and Feller-Dynkin
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transition function P?. So far, we have been working with the natural filtration (F7X). In
general this filtration is neither complete nor right-continuous. We would like to replace
it with 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 will first construct a new filtration for every fixed initial distribution v. Let F% be
the completion of FX w.r.t. P (cf. BN p. 4) and extend P, to this larger o-algebra.

Denote by N¥ the P -negligible sets in F%, i.e. the sets of zero P -probability. Define the
filtration F} by

FY =o(F5NY), t>0.

Finally, we define the filtration (F;) by
Fe=(\F

where the intersection is taken over all probability measures on the space (Es, ). We call
(F1)¢ the usual augmentation of the natural filtration (F;X);. Remarkably, it turns out the we
have made the filtration right-continuous!

For a characterisation of the augmented o-algebras see BN§10.

Theorem 3.6.3 The filtrations (F;); and (FY): are right-continuous.

Proof. First note that right-continuity of (F}): for all v implies right-continuity of (F3):. It
suffices to show right-continuity of (F});.

To this end we will show that B € F}, implies B € F}. So, let B € F/,. Then B € FZ,.
Hence, there exists a set B’ € F2 such that P (B’AB) = 0. We have

P,—a.s.

Lipy =E,(Lqp | FL) "= E(my 7).
It therefore suffices to show (explain!) that
Ey(l{B/} |.7:ty+) = Ey(]-{B’} |f£/), Pl/ — a.s.
To this end, define
S={AeFXIE, (| F) =E,(1ay | FY), P, —as).

This is a d-system, and so by BN Lemma 3.7 it suffices to show that S contains a m-system
generating F=X. The appropriate m-system are the finite cylinders. Let A be a finite cylinder,
ie.

A:{th EAl,...,th 6An}7

form, 0<t; < -+ <ty Ap €&, k=1,...,n. Then

Loay = [ 1pan (Xa). (3.6.3)
k=1
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By the Feller-Dynkin properties, we need to consider Cy(FEs) functions instead of indicator
functions. To this end, we will prove for Z = [[;_; fx(X¢,), fi1,--., fa € Co(Es), that

E(Z|F)=E(Z|F,), B —as (3.6.4)

The proof will then be finished by an approximation argument.
Suppose that t;_1 <t < t; (the case that ¢t < t; or ¢t > t, is similar). Let h < t; —t. Note
that 7/, and .7-'t %, differ only by P-null sets. Hence

EV(Z ’ FLZ/Jrh) = EV(Z ’ fﬁh), PV — a.s.

For completeness we will elaborate this. Let Y1 = E,(Z|Fy,,) and Y2 = E,(Z | FX,,). Note
that 77, , 2 ]-})_ih Then Y7 and Y3 are both 7, ,-measurable. Then {Y; > Yo+1/n} € 7/,
and so there exists Al,Ag € fﬁh, with Ay € {Y1 > Yo+ 1/n} C Ay and P{Az\ A1} = 0.

Since A1 € ]:tJrh CFln

/ (Y1 — Ya)dP, = / (Z — Z)dP, =0,
Al Al

/A (Y1 — Ya)dP, > P{A}/n.

Hence P{A;} = P{A2} = 0, so that also P{Y; > Y5 + 1/n} = 0, for each n. Using that
{Y1 > Yo} = Up{Y1 > Yo + 1/n}, it follows that P{Y; > Ya} = 0. The reverse is proved
similarly.

Use the Markov property to obtain that

but also

E t+h H fl Xt Hf’L Xt | t+h H fz Xt Xt—f—h) PV — a.s.

with
9"(®) = Pyt fPryr—ti frr -+ Pro—ty ().

By strong continuity of P, |¢" — ¢°|,, — 0, as h | 0. By right-continuity of X, X; ., — X,
P-a.s., so that ¢"(Xyyn) — ¢°(X4), h | 0, Pra.s. It follows that

E,(Z|F) = E(Z| Fp) H [ilXe)g" (Xen) —

HHM&M%hﬁMVﬁZMﬂﬁ%%—%

On the other hand, by virtue of the Lévy-Doob downward theorem 2.2.15
E,(Z| Floy) — EJZ|FL), B, —as.

This implies (3.6.4).
The only thing left to prove is that we can replace Z by 1¢4) from (3.6.3). Define

fMx)=1—m- min{%,d(a},Ai)},

(2
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where d is a metric on Ej consistent with the topology. Clearly, f/* € Cy(Es), and f™ | fi,
as m — oo. For Z =[[;_, f7"(X%,) (3.6.4) holds. Use monotone convergence, to obtain that
(3.6.4) holds for Z = 14y given in (3.6.3). Hence, the d-system S contains all finite cylinder
sets, and consequently FX. This is precisely what we wanted to prove. QED

Our next aim is to prove that the generalised Markov property from Theorem 3.2.4 remains
true if we replace the natural filtration (F;X); by its usual augmentation. This will imply that
X is still a Markov process in the sense of the old definition 3.1.3.

First we will have to address some measurability issues. We begin by considering the
completion of the Borel-o-algebra & on Ejs. If p is a probability measure on (Es, &), we
denote by &Y the completion of & w.r.t p. We then define

£ =&,
w

where the intersection is taken over all probability measures on (Es, Es). The o-algebra £* is
called the o-algebra of universally measurable sets.

Lemma 3.6.4 If Z is a bounded or non-negative, Foo-measurable random variable, then the
map x — E, Z is E*-measurable, and

E 7= / E. Zv(dx),
T
for every initial distribution v.

Proof. Fix v. Note that Fp, C F%. By definition of F%, there exist two F2 random
variables Z1, Zs, such that 7y < Z < Z and E,(Z2 — Z1) = 0. It follows for every z € E that
E.Z1 <E,Z <E_Zy. Moreover, the maps = — E_Z; are s-measurable by Lemma 3.2.3 and

/(Exz2 —E,Z))v(dz) = E,(Z — Z1) = 0.

By definition of £ this shows that z — E,Z is £§-measurable and that

E,.Z=EZ = / E,Ziv(dx) = /E$Z v(dz).

Since v is arbitrary it follows that = +— E_Z is in fact £*-measurable. For a detailed argu-
mentation go through the standard machinery. QED

Lemma 3.6.5 For allt > 0, the random variable X; is measurable as a map from (Q, F;) to
(E5,E%).

Proof. Take A € £*, and fix an initial distribution v on (Es, ). Denote the distribution of X
on (Es,Es) under P by p. Since £ C £, there exist Ay, Ay € &, such that Ay € A C Ay and
u(Az \ Ay) = 0. Consequently, X; (A1) € X; 1(A) € X, 1 (Az). Since X; (A1), X; H(Ag) €
FX and

RAX (A1) \ X (A2)} = R(X; (A2 \ A1) = (A \ A1) =0,
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the set X, L(A) is contained in the P -completion of F{X. But v is arbitrary, and so the proof
is complete. QED

Corollary 3.6.6 Let Z be an Foo-measurable random variable, bounded or non-negative. Let
v be any initial distribution and let p denote the P -distribution of Xy. Then E,Ex, Z =E Z.

We can now prove that the generalised Markov property, formulated in terms of shift opera-
tors, is still valid for the usual augmentation (F3) of the natural filtration of the Feller-Dynkin
process.

Theorem 3.6.7 (Generalised Markov property) Let Z be a F-measurable random vari-
able, non-negative or bounded. Then for every t > 0 and initial distribution v,

EV(ZOHt|]:t) == EXtZ’ R/*&.S.
In particular, X is an (Es,E*)-valued Markov process w.r.t. (Fy)i.

Proof. We will only prove the first statement. Lemmas 3.6.4 and 3.6.5 imply that Ey, Z is
Fi-measurable. So we only have to prove for A € F; that

/Zo@thV:/ Ey,ZdP, (3.6.5)
A A

Assume that Z is bounded, and denote the law of X; under P by u. By definition of F, there
exist a F-measurable random variable Z’, such that {Z # Z'} C I, T € FZ and P(I') = 0
(use the standard machinery). We have that

{(Zob#+7 00)=0"YZ+2'}yCoND).

By Theorem 3.2.4

P{0;" (')} = E,(1{ry00;) = E,E, (Liryob; | FX) = E Ex, i1y = / E.1iryu(de) = P 1y =0,

since the distribution of X; under P, is given by u. This shows that we may replace the left-
handside of (3.6.5) by [ 4 Z' 004dP . Further, we have used that the two probability measures
B E,Ex,1(p} and B — P (B) coincide for B € Foo. Since P{Z # Z'} < P{I'} =0

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

It follows that Ey,Z = Ex,Z’, P-a.s. In the right-handside of (3.6.5) we may replace Z by Z’
as well. Since Z’ is FX-measurable, the statement now follows from Theorem 3.2.4 (we have
to use that a set A € F; can be replaced by a set A’ € FX). QED

We consider again a Feller-Dynkin canonical cadlag process X with state space (Ejs, £s), where
E C RY, Zi. This is a Markov process with respect to the usual augmentation (F;); of the
natural filtration of the canonical process on the compactified state space Es. As before, we
denote shift operators by 6;.

In this section we will prove that for Feller-Dynkin processes the Markov property of
Theorem 3.6.7 does not only hold for deterministic times ¢, but also for (F;);-stopping times.



110 CHAPTER 3. MARKOV PROCESSES

This is called the strong Markov property. Recall that for deterministic ¢ > 0 the shift operator
0; on the canonical space {2 maps a path s — w;s to the path s — wy¢. Likewise, for a random
time 7 we now define 6, as the operator that maps the path s — ws to the path s — w; ().
If 7 equals the deterministic time ¢, then 7(w) = ¢ for all w and so 6, equals the old operator
975.

Since the canonical process X is just the identity on the space €2, we have for instance that
(Xt 00:)(w) = X¢(07(w)) = (0:)(w))t = Wr(w)y+t = Xr(w)+¢(w), in other words X060, = X7y
So the operators 0, can still be viewed as time shifts.

Theorem 3.6.8 (Strong Markov property) Let Z be an Foo-measurable random vari-
able, non-negative or bounded. Then for every (F;)-stopping time 7 and initial distribution
v, we have P -a.s.

E,(Z00,|F,) =Ey.(2). (3.6.6)

Note that on 7 = co by convention X, = 9.

Proof. First, check that X, is F,-measurable (use arguments similar to Lemmas 1.6.13 and
1.6.14. Further, check that Ex_Z is bounded or non-negative F--measurable for all bounded
or non-negative F,.-measurable random variables Z.

Suppose that 7 is a stopping time that takes values in a countable set D U {oo}. Since 6,
equals 0 on the event {7 = d}, we have (see Ch.1 Exercise 1.21) for every initial distribution
v

EV(ZOGT|fT) = Z 1{T:d}El/(Z o 0r ’F‘r)

deD

= > 1—a)E(Z 0 ba| Fa)
deD

= > 14-gEx,Z=Eyx 2,
deD

P -a.s. by the Markov property.

Let us consider a general stopping time 7. We will first show that (3.6.6) holds for Z an
FZX-measurable random variable. A similar reasoning as in the proof of Theorem 3.6.3 shows
(check yourself) that we can restrict to showing (3.6.6) for Z of the form

2
Z =[] fi(xw),

i=1

1 < ... < tk, fi,-.-, fx € Co(Es), k € Z,. Define countably valued stopping times 7, as

follows:

> k+1
Tn<w) - Z 1{k2*"§7—(w)<(k+1)~2*"}27n + 1{7’(0.2):00} - 00.
k=0

Clearly 7,(w) | 7(w), and Fr,, 2 Fr,,, 2 -+ 2 F; for all n by virtue of Exercise 1.17. By
the preceding,

EI/(H fZ(th) © 97’n |]:Tn) = EX.Fn Hfl(th) = 1{Tn<00}g(XTn)7
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P -a.s., where
g(x) = Ptélflptég—tlfQ T Pti—tk_lfk(m)'

By right-continuity of paths, the right-hand side converges P-a.s. to g(X;). By virtue of
Corollary 2.2.16 the left-handside converges P -a.s. to

E,(J] fiXe)o0-17),

provided that F; = N, F,,. Note that 7 C N,F,,, and so we have to prove the reverse
implication. We would like to point out that problems may arise, since {7, < t} need not
increase to {7 < t}. However, we do have {7 <t} =N, U, {7, <t +1/m}.
Let A € 7, for all n. Then AN {7, <t+1/m} € Fypqp, for all n. Hence AN U {7, <
t+1/m} € Fipijm, and so AN{T <t} = ANy Up{m <t +1/m} € NnFip1ym = Fr = Fr
This suffices to show (3.6.6) for Z FZX-measurable. Let next Z be a F..-measurable
random variable. We will now use a similar argument to the proof of Theorem 3.6.7.
Denote the distribution of X under P, by u. By construction, F is contained in the Pu_

completion of FX. Hence there exist two F-measurable, bounded or non-negative random
variables Z’, 7", with Z' < Z < Z" and EN(Z” — 7"y =0. It follows that Z' 00, < Z o6, <
Z" 0 6,. By the preceding

E,(Z"00,—-2"00,) = EE,(Z"00, -2 00,|F;)
= EEx (Z2'-7)

_ / E,(2" — Z')u(dx) = E (2" — Z') = 0.

It follows that Z o 0, is measurable with respect to the P-completion of FX. Since v is
arbitrary, we conclude that Z o 0, is F.-measurable. Observe that P -a.s.

E(Z 00| F) <E(Zo0,|F,) <E(Z' 00| F,).

By the preceding, the outer terms P-a.s. equal Ey Z’ and Eyx_Z" respectively. These are
P-a.s. equal. Since Z' < Z < Z” they are both P-a.s. equal to Ex_Z. QED

3.7 Countable state Markov processes

3.8 Regenerative processes and killed Feller processes

3.8.1 Regenerative processes

3.8.2 Killed Feller processes
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3.9 Exercises

Exercise 3.1 Consider the Ornstein Uhlenbeck process in example 3.1.7(B). Show that the
defined process is a Markov process which converges in distribution to an N(0,02/2«) dis-

tributed random variable. If X 4 N(0,02%/2a), show that X, 4 N(0,0%/2a) (in other words:
the N(0, 02 /2a) distribution is an invariant distribution for the Markov process). Show that
X, is a Gaussian process with the given mean and covariance functions.

Exercise 3.2 Complete the proof of Lemma 3.1.9.

Exercise 3.3 Let W be a BM. Show that the reflected Brownian motion defined by X =
| X0+ W] is a Markov process with respect to its natural filtration and compute its transition
function. (Hint: calculate the conditional probability P {X; € B |F:X) by conditioning further
on F)V).

Exercise 3.4 Let X be a Markov process with state space E and transition function (P;)>o.
Show that for every bounded, measurable function f on E and for all ¢ > 0, the process
(Pi—sf(Xs))sepo,q 1s @ martingale.

Exercise 3.5 Prove that the probability measures fiy,, . ¢, defined in the proof of Corol-
lary 3.2.2 form a consistent system.

Exercise 3.6 Work out the details of the proof of Lemma 3.2.3.

Exercise 3.7 Show for the Poisson process X with initial distribution v = §, in Exam-
ple 3.1.8, that X is a Markov process w.r.t. the natural filtration, with the transition function
specified in the example.

Exercise 3.8 Show Corollary 3.3.6 that canonical Brownian motion has the strong Markov
property.

Exercise 3.9 Prove Lemma 3.3.11 and Theorem 3.3.12.

Exercise 3.10 Let X be a canonical, right-continuous Markov process with state space (E, &)
and for x € E. Consider the stopping time o, = inf{t > 0| X; # z}.

i) Using the Markov property, show that for every z € E
P{oz >t+ s} =P{o, > t}P {0, > s},
for all s,t > 0.
ii) Conclude that there exists an a € [0, 0o, possibly depending on z, such that
Ploy >t)=e .
Remark: this leads to a classification of the points in the state space of a right-continuous

canonical Markov 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.
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iii) Determine a for the Markov jump process (in terms of A and the stochastic matrix P)
(cf. Example 3.2.5) and for the Poisson process. Hint: compute E 0.

iv) Given that the process starts in state x, what is the probability that the new state is y
after time o, for Markov jump process?

Exercise 3.11 Consider the situation of Exercise 3.10. Suppose in addition that X has the
strong Markov property. Suppose that x € 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,0, < oo} C {0, 00,, = 0,0, < 0}
ii) Using the strong Markov property, show that
P{X,, = 2,0, <o} =P{X,, =2,0, <0}P{o, =0}
iii) Conclude that P{X,, = x,0, < co} = 0, i.e. a canonical Markov process with right-
continuous paths, satisfying the strong Markov property can only leave a holding point
by a jump.

Exercise 3.12 Prove Corollary 3.3.7 and Lemma 3.3.8.

Exercise 3.13 Show for Example 3.3.15 that X is a Markov process, and show the validity
of the assertions stated. Explain which condition of Theorem 3.3.4 fails in this example.

Exercise 3.14 Show that the maps ¢ and v in the proof of Theorem 3.3.13 are Borel mea-
surable.

Exercise 3.15 Derive the expression for the joint density of BM and its running maximum
given in Corollary 3.3.14.

Exercise 3.16 Let W be a standard BM and .S; its running maximum. Show that for all
t>0and z >0

P{S, > o} = P{r, <t} = 2P{W, > a} = P{|W}| > z}.

Exercise 3.17 Prove Corollary 3.3.16

Exercise 3.18 Consider the Poisson process. Define an appropriate Banach space such that
the associated transition function is a strongly continuous semigroup. Show that the generator
of the Poisson process is given by

Af(z) = Af(z+1) = Af(x).

forzeZ,.
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Exercise 3.19 Show that the generator of the Ornstein-Uhlenbeck process (cf. Example 3.1.7
(B) and 3.4.7) is given by

Af(z) =30’f"(z) —azxf'(z), z€R,feCiR).

You may use that expression for the generator of Brownian motion derived in Example 3.5.5.
Hint: denote by P;X and P}V the transition functions of Ornstein-Uhlenbeck process and BM
respectively. Show that P~ f(z) = P;(Z)f(e_atx) where g(t) = 0%(1 — e~2°%) /2q.

Exercise 3.20 Prove the Integration Lemma.

Exercise 3.21 Prove the claim made in Example 3.4.13. Hint: to derive the explicit expres-
sion for the resolvent kernel it is needed to calculate integrals of the form

0o e—aQt—b2/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 continuously differentiable bijective function
from (0,00) to R, the inverse u~! : R — (0,00) of which satisfies u=!(t) — u=!(—t) = t,
whence (u=1)(t) + (w1 (t) = 1.

Exercise 3.22 Prove the validity of the expression for the resolvent of the Markov jump
process in Example 3.4.14.

Exercise 3.23 Show that the Markov process from Example 3.2.5 is a Feller-Dynkin process
if PCy(F) C Cy(F). Give an example of a Markov jump process that is not a Feller-Dynkin
process.

Exercise 3.24 Prove Lemma 3.5.6. Use this lemma to show the validity of the expression
for the generator of W2, with W; a standard BM, given in Example 3.5.7.

Exercise 3.25 In the proof of Lemma 3.5.11, show that P{n, > nt} <p" forn =0,1,....

Exercise 3.26 Branching model in continuous time Let £ = Z; = {0,1,2,...}. Let
A, > 0.

Cells in a certain population either split or die (independently of other cells in the popula-
tion) after an exponentially distributed time with parameter A+ p. With probability A/(A+u)
the cell then splits, and with probability /(A4 p) it dies. Denote by X; the number of living
cells at time ¢. This is an (F,&)-valued stochastic process, where £ is the collection of all
subsets of E. Assume that it is a Markov jump process.

i) Argue that the generator @ is given by

Ai =i+l

U, j=1—1,1>0.
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ii) Suppose Xy =1 a.s. We would like to compute the generating function

G(z,t) = szPl{Xt =j}

J

Show (using the Kolmogorov forward equations) that G satisfies the partial differential

equation
oG oG
o _ s
= e =)z — D5,
with boundary condition G(z,0) = z. Show that this PDE has solution
At(1—2)+z .
G(z,t):{w;( Arjert =
l)f(l—z)e*ut_(z_)\z)efma wFE A

iii) Compute E; X; by differentiating G' appropriately. Compute lim;_,~ E; X;.

iv) Compute the extinction probability P{X; = 0}, as well as lim; o, B{X; = 0} (use G).
What conditions on A and p ensure that the cell population dies out a.s.?

Exercise 3.27 Suppose that X is a real-valued canonical continuous Feller-Dynkin process,
with generator
Af(z) = a(z)f'(z) + 3f"(z), =z €R,

for f € C3(R), where a is an arbitrary but fixed continuous, bounded function on R. Suppose
that there exists a C3(R) function f # 0, such that

Af(x)=0, ze€R.
Then the martingale Mtf has a simpler structure, namely Mtf = f(Xy) — f(Xo).

i) Show that in this case Dynkin’s formula holds, for all x € E. Hence the requirement that
E,7 < oo is not necessary!

Let (a,b) CR, a <b. Put 7 =inf{t > 0| X; € (—o0,a] U [b,00)}. Define p, = P {X; = b}.

ii) Assume that 7 < oo, P-a.s. for all € (a,b). Prove that p, = %, x € (a,b).

iii) Let X be a real-valued canonical, cadlag Feller-Dynkin process, such that X; = Xo+ bt +
oWy, where Xy and (W;); are independent, and (W;); a standard BM. Show that the
generator A has domain D(A) = C3(R) and is given by

Af:bf/_i_%ojf//

for f € C2(R) (you may use the generator of BM).

Show that 7 < oo, P-a.s., € (a,b). Determine p, for x € (a,b). Hint: you have to
solve a simple differential equation to find f with bf’ + o2f”/2 = 0. This f is not a
C2(R) function. Explain that this is no problem since X; only lives on [a, b] until the
stopping time.
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iv) Let X be the Ornstein-Uhlenbeck process (cf. Example 3.1.5 (B) and 3.3.14). Show that
T < 00, P-a.s. and determine p, for € (a,b). You may use the result of Exercise 3.18
on the generator of the Ornstein-Uhlenbeck process. See also hint of (iii).

Exercise 3.28 We want to construct a standard BM in R? (d < oo): this is an R%valued
process W = (W1, ..., W%, where W!,... W% are independent standard BMin R.

i) Sketch how to construct d-dimensional BM.
ii) Show that W has stationary, independent increments.

iii) Show that W is a Feller-Dynkin process with respect to the natural filtration, with
transition function

1 —|ly—=x
Pf@) = Gogan [ @ /2 gy,

(27t)
where y = (y1,...,ya), © = (z1,...,24) € R and |y — z| = Z?Zl(yz* —x;)? is the
L*(R%)-norm.

Exercise 3.29 (Continuation of Exercise 3.28) Let X be an R%valued canonical con-

tinuous Feller-Dynkin process, such that X; = Xy + W, where Xj is an R%valued r.v. and

(W) a standard d-dimensional BM that is independent of Xy. Notice that X is strong

Markov.
We would like to show that the generator is defined by

Af(z) =L1Af (), (3.9.1)

where Af(z) = 3¢ 2% f(z) is the Laplacian of f, with domain D(A) C C2(RY). We again

1=1 8:p12
want to use the characteristic operator. To this end, define for r > 0

7 = inf{t > 0| X: — Xo| > r}.
i) Argue that 7, is a finite (F;%);-stopping time. Show that E,7. = r%/d (by using optional
stopping). Argue that X, has the uniform distribution on {y| |y — z| = r}.

ii) Show the validity of (3.9.1) for f € CZ(R%) (use the characteristic operator). Argue that
this implies D(A) = CZ(RY).

iii) For 0 < a < |z| < b, show that

log b—log || _

logb—loga d=2
F;{Ta < Tb} = 2-d_p2-d

Je] P

a2—d_p2—d > - 9

Hint: a similar procedure as in Exercise 3.27.
iv) Compute P {7, < oo} for z with a < |z|.

Exercise 3.30 Prove (3.6.1) in the proof of Lemma 3.6.1.
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Exercise 3.31 Suppose that £ C R% Show that every countable, dense subset H of the
space Cy (E) of non-negative functions in Co(E) separates the points of E5. This means that
for all x # y in F there exists a function h € H, such that h(z) # h(y), and for all z € E
there exists a function h € H, such that h(z) # h(5) = 0.

Exercise 3.32 Let (X, d) be a compact metric space (with metric d). Let H be a class of non-
negative, continuous functions on X that separates the points of X. Prove that d(z,,x) — 0
if and only if h(z,) — h(x) for all h € H. Hint: suppose that H = {hi, ho, ...}, endow R*
with the product topology and consider the map A(x) = (hi(x), ha(z),...).

Exercise 3.33 Let X,Y be two random variables defined on the same probability space,
taking values in the Polish space E equipped with the Borel-o-algebra. Show that X =Y
a.s. if and only if Ef(X)g(Y) = Ef(X)g(X) for all Cy(E) functions f and g on E. Hint: use
the monotone class theorem (see BN) and consider the class H ={h: ExE - R|h E X E —
measurable, |h],, < 0o, ER(X,Y) = Eh(X, X)}.

Exercise 3.34 Let (F;): be the usual augmentation of the natural filtration of a canonical,
cadlag Feller-Dynkin process. Show that for every nonnegative, F;-measurable random vari-
able Z and every finite stopping time 7, the random variable Z o 7 is F,;;-measurable. Hint:
first prove it for Z =174y, A € Fi¥. Next, prove it for Z = 1¢ay, A € Fi, and use the fact
that A € FY if and only if there exists B € F;X and C, D € N, such that B\C C A C BUD
(this follows from Problem 10.1 in BN). Finally prove it for arbitrary Z.

Exercise 3.35 Let X be a Feller-Dynkin canonical cadlag process and let (F;): be the usual
augmentation. Suppose that we have (F);-stopping times 7, T 7 a.s. Show that lim,, X, =
X, a.s. on {7 < co}. This is called the quasi-left continuity of Feller-Dynkin processes. Hint:
first argue that it is sufficient to show the result for bounded 7. Next, put ¥ = lim,, X,, and
explain why this limit exists. Use the strong Markov property to show for f, g € Cy(Ejs) that

E,f(V)g(Xr) = limlim €, (Xr, )g(Xo 41) = oS (V)g(Y ).

The claim then follows from Exercise 3.33.



