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STOCHASTIC PROCESSES

1.1 Background

A subset A of (2 is negligible if there exists B € F such that A C B and
P(B) = 0. Note that this notion is relative to F and P but we shall not
mention them. The probability space ({2, F, P) is called complete if F contains
all the negligible sets.

An incomplete probability space ({2, F, P) can easily be completed in the
following way. Let A/ denote the set of all negligible sets. Let F be the o-
algebra generated by F and N. It is easy to see that it coincides with the set
of subsets of {2 which are of the form BUN for some B € F and N € /. One
extends P to a probability measure P on F by putting P(BU N) = P(B).
The probability space (£2,F, P) is then complete. It is called the completion
of (£2,F, P). From now on, all our probability spaces are implicitely assumed
to be complete.

1.2 Stochastic Processes

The main goal of the theory of stochastic processes is to study the behaviour
of families (X¢),; of random variables X; indexed by a subset I of R. In the
sequel we shall mainly consider the cases where I is RT or a sub-interval of
R™; in the discrete time setup we are interested in I = N . We shall give here
a rigorous framework for the study of stochastic processes and their laws.

Let I be a subset of R. A process (or stochastic process) indexed by I is
a family (X¢),.; of random variables defined on a common probability space
(2, F, P). When I is R one simply says a process and (X;),.,; may be simply
denoted by X.

For each finite subset T' = {t;...¢,} of I one denotes by px r the law of
the n-tuple (X, ... Xy, ). If (X¢),c; and (Y),c; are two processes indexed by
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the same set I and if ux r = py,r for all finite subsets T of I, we say that
(Xt);eq and (Y3),o; are versions of each other.

Let I be a subset of R. Suppose we are given for any finite subset T" of I
a probability measure 7 on RI”| (where |T| denotes the cardinal of T). It is
natural to wonder if one can construct a process (Xt)tel such that uxr = ,uT
for all T. The answer is given by the famous Kolmogorov Consistency Theorem
that we state without proof.

Let I be a set. Let (E, £) be a measurable space. Suppose that for all finite
subsets T of I we are given a probability measure u” on (ET,£T). The family
{u™"; T finite subset of I} is called consistent if, for all finite subsets Ty, Ty of
I such that Ty C Tb, the restriction of u”2 to the o-algebra 7' coincides with
p'.

On the product space 2 = E!, we consider the g-algebra £ generated by
the finite cylinders

{we w(tr) € Ar,...,w(ty) € Ay},
that is, the o-algebra generated by the coordinate mappings

X;: 22— R
w— w(t).

Theorem 1.1 (Kolmogorov Consistency Theorem). Let (E,&) be a Polish
space together with its Borel o-algebra. Let I be a subset of R. If for all finite
subsets T of I there exists a probability measure p on (ET,ET) such that
the family {p® ; T finite subset of I} is consistent, then there exists a unique
probability measure p on (ET,ET) which extends all the probability measures
T

Consider a process (X¢),.; on (£2, F, P). Let ux be the unique probability
measure on (R, B(R)!) which extends the consistent family of probability
measures {px r; T C I, T finite}. This measure ux on (Rf, B(R)!) is called
the law of the process (X;) With these definitions, the following result is
straightforward.

tel”

Proposition 1.2. Two processes (Xi),c; and (Y),c; are versions of each
other if and only if they have the same law.

Let (X¢),c; be a process on (£2, F, P). For all t € I, define the function Y;
on R! by Y;(x) = x(t), that is Y; is the t-th coordinate mapping. This defines
a process (Y;),c; on (RI,B(R)I,MX) and we have

v (An % oo Au) = px (Vi (A) 01 Y2 (4,,)
=ux({z eRY; 2(t)) € Ay, ... x(t,) € Ar,})
= /LX,T(Atl X X Atn)
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Thus (Y}),¢; is a version of (X¢), ;. This version is called the canonical version
of (X¢)¢;- The probability space (R, B(R'), px) is called the canonical space
of (X¢),c;- We shall say more about the notion of canonical version in next
section.

From now on, unless otherwise stated, all the processes are indexed by R™.

Two processes X and Y defined on the same probability space are modi-
fications of each other if, for all ¢ € R, X; equals Y; almost surely. They are
indistinguishable if, for almost all w € 2, X;(w) equals Y;(w) for all ¢.

Note the subtle difference between the two definitions. “Modification” and
“indistinguishable” both mean that Y; = X; for all ¢ and almost all w, but
in the first case the null set of w may depend on ¢, whereas in the second
defintion it does not depend on ¢.

A subset A of Rt x (2 is evanescent if there exists a negligible subset B of
{2 such that A C R x B. From all these definitions one can check easily the
following properties.

Proposition 1.3. a) If X and Y are indistinguishable then they are modifi-
cations of each other.

b) If X and Y are modifications of each other then they are versions of each
other.

¢) X and Y are indistinguishable if and only if the set of (w,t) such that
Xi(w) # Yi(w) is evanescent.

Let X be a process. For all w € (2, the mapping ¢t — X;(w) defines a
function on R*. These functions are called the paths of the process X. One
says that the process X has continuous paths (or simply, is continuous) if
for almost all w € 2 the path X.(w) is continuous on RT. In the same way
one defines right-continuous processes, left-continuous processes (we take the
convention that any process is left-continuous at 0). A process is said to be
cadlag if its paths are right-continuous and admit left limits at all points.

Proposition 1.4. Let X and Y be two right-continuous (resp. left-conti-
nuous) processes. If they are modifications of each other then they are in-
distinguishable.

Proof. There exists a negligible set N such that for all w ¢ N the paths
X.(w) and Y.(w) are right-continuous and X;(w) = Y;(w) for all ¢ rational.
Thus passing to the limit we have X;(w) = Y;(w) for all t. O

A process X is measurable if it is measurable as a mapping from Rt x (2
to R, where RT x {2 is equipped with the o-algebra B(RT) @ F.
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1.3 Regularization

At that stage of this chapter we have to discuss a rather fine point about the
definition of the canonical version of a stochastic process. This section can be
avoided at first reading. We do not give all details.

There is quite an important problem attached to the way the canoni-
cal space of a process X has been constructed. Indeed, the canonical space
furnished by Kolmogorov’s Theorem 1.1 is not good enough, for the o-field
F = &7 associated to this construction is too poor. Recall that this o-algebra
is the one generated by finite support cylinders in 2 = E'. One can show that
the events of £ are those which depend only on a countable set of coordinates
of w € £2. As a consequence, one cannot “ask” if the process we are interested
in is continuous or not. Indeed, the set

{w; t — X¢(w)is continuous }

has no reason in general to be in F. The same problems hold when one wants
to study simple objects such as

inf{t; X;(w) > 0}, lirr%Xs(w)7 sup | X ... (1.1)
S s<t

This clearly implies strong restrictions for whom wants to study the properties
of a given stochastic process!

The way this problem is solved in general follows the following path. For
most of the processes we will be interested in (for example martingales, ...)
we will be able to prove that the process in question X admits a modification
Y which is cadlag (or sometimes better: continuous). Let D denote the set
of cadlag functions from R to R. This is a subset of E = RE" which is not
measurable for the cylinder o-field F = B(R)®".

Lemma 1.5. If a process X admits a cadlag version then the measure Px of
any F-measurable set F' such that F' D D is equal to 1.

In general measure theory, the property described above means that the
outer measure of P is equal to 1 on D.

Proof. Assume that on some probability space (£2/, F', P’) there exists a pro-
cess Y which is a version of X and which has almost all its paths cadlag.

Let F be a F-measurable set such that F' contains D. The probability
Px (F) is the probability that a certain countable set of constraints on X,
t € RT, is satisfied. It is then equal to the probability P’(F") of the same set
of constraints applied to Y;, t € R, But the fact that ' contains D implies
that F’ is the whole of 2’ (up to a null set maybe). Hence the probability is
equal to 1. O
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Let us give an example in order to make the proof above more clear. Let
F be for example the set

F={we 2 limuw(s)=w(0)}.

s€Q

This set is F-measurable, for it can be written as

F= U MN{we2w(s) —w0) <}

e>0 >0 s>0
€€Q neQ seQ

Hence we have

Px(F) = Px ﬂ U ﬂ {we 2;|w(s) —w(0)] <e}

e>0 n>0 s>0
€€Q neQ seQ

=P [ U N € 21X0) — Xolw) <)

e>0 n>0 s>0
€€Q n€Q seQ

P [ U N €2 ¥) - Yolw) < e}

e>0 n>0 s>0
€€Q neEQ s€Q

= P'({v' € 2 lim Y, (o) = Yo(')}) .
seQ
But as the path of Y are almost all cadlag we have limﬁg Yi(w') =Yp(w') to
s€
be satisfied by almost all w’. Hence the above probability is equal to 1.

When the situation P(F) =1 for all FF € F, F D D, occurs we have the
following result, whose easy proof is left to the reader.

Lemma 1.6. On the space D define the coordinate mappings Yz (w) = w(t).
Then the o-algebra Fp generated by the Y:, t € RT coincides with F N D.
Furthermore, putting, for all F € Fp

~

Q(F) = Px(F)
for any F € F such that F = ﬁﬂD, defines a probability measure on (D, Fp).

Hence we have defined a version (D, Fp,Q,Y) of X whose paths are all
cadlag. On that probability space, elements such as in (1.1) are now all well-
defined and measurable.

Actually the o-algebra Fp is much richer than was F. One can for ex-
ample prove the following. The space D admits a natural topology, called
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the Skorohod topology, that we shall not describe here. Let C be the space of
continuous functions from RT to R. The Skorohod topology coincides on C
with the topology of uniform convergence on compact sets. Both D and C are
Polish spaces with these topologies.

Theorem 1.7. On D (resp.C) the o-algebra Fp (resp. Fc) coincide with the
Borel o-algebra B(D) (resp. B(C)) associated to the Skorohod topology.

1.4 Uniform Integrability

We concentrate here on a notion which is fundamental, in particular for the
study of martingales. Let U = {X, ;i € I'} be any family of integrable random
variables on (§2,F, P), one can think of U as a subset of L'(£2,F, P). The
family U is uniformly integrable if

sup E [|X| ]1|X|Za] — 0. (12)
XcU a——+00

Proposition 1.8. Let U be a subset of L'(§2, F, P). The following assertions
are equivalent.

i) U is uniformly integrable.

it) One has

a) supxcy B[ X]] < o0
and

b) for all e > 0, there exists a 6 > 0 such that A € F and P(A) < ¢ imply
E[|X| 14] <e, forall X € U.

Proof. If U is uniformly integrable and A € F then

sup E [|X| 14] = sup E [|X| 1x)>o14] + sup E [|X| 1jx|<,14]
XeU XeU XeU

< sup E [|X| ]1|X|Za] +a sup E []I\X|<a]lA] .
XeU XeU

Let ¢ be such that the first term above is smaller than /2 for all a > ¢. We
then have supy ¢y E[|X| 14] < e/2 + c¢P(A). Taking A = (2 gives a). Taking
0 = ¢/2c gives b). We have proved that i) implies ii).

Conversely, assume ii) is satisfied. Let ¢ > 0 and let § > 0 be as in b).
Let ¢ = supyxcy E[|X]|]/0 < oo. Let A be the event (|X| > ¢). We have
P(A) <E[|X|]/c<d. Thus E[|X| 14] <eforall X eU. O

One case of uniformly integrable familly which appears quite often is de-
scribed by the following result.

Proposition 1.9. Let X be an integrable random variable. The set of random
variables E[X | B], where B runs over all the sub o-fields of F, is a uniformly
integrable family.
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Proof. Put Y = E[X | B]. We have
E[Y| y|>a] < E [E[X] | Bl Ijy(za] = E [IX] Ty 2]
As we have
P(|Y| > a) <a 'E[|Y]] < o 'E[ X]],
one can choose a large enough such that P(]Y| > a) < § and hence

E |:|X| ﬂly‘za} S e. 0O

The main use of the notion of uniform integrability is the following result.

Theorem 1.10. Let (X,,) be a sequence of random wvariables belonging to
LY(2,F,P). Suppose that (X,,) converges almost surely to a random vari-
able Xoo € LY(2, F, P). Then (X,,) converges to Xoo in L' (2, F, P) if and
only if (X,) is uniformly integrable.

Proof. 1If (X,,) converges to X« in L*(£2, F, P) we then have

sup E[| Xp[] < sup E[| X, — Xoof] + E[| Xoo|] < +00

and

The second term of the right hand side is dominated by ¢ for n large enough
(independently of A); as any finite sequence of random variables is always
uniformly integrable, the conclusion follows.

Conversely, if (X,,) is uniformly integrable, let £ > 0 and a. be such that
if @ > a. then sup,, E[|X,| 1x, |>4] < &/3. Let ¢, be the following function.

-a —

By Fatou’s lemma we have E[|Xoo| 1jx__|>q] < /3 and
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E HXH - XOO” <E HXn - ¢a(Xn)|] +E Hﬁba(Xn) - Qba(XOO)H
+E [[¢a(Xoo) = Xool]
<E “an ]I\Xn|2a] +E [|¢a(Xn) - (ba(XOO)”
+ B [[Xoo| Tjxi2a] -

As E[|¢a(Xn) — ¢a(Xoo)|] tends to 0 by Lebesgue’s theorem, this gives the
result. O

1.5 Brownian Motion

In this section and in the next one, we shall consider two fundamental exam-
ples of stochastic processes: Brownian motion and the Poisson process.

Let us first study Brownian motion. We wish to construct a process
(Wi)ter+ with values in R such that

1) for all s < ¢, the random variable W; — Wy is independent of the random
variables W, u < s,

2) for all ¢ > 0, the random variable W; follows the Gaussian N(0,t)
probability law,

3) a.s.the paths t — W, are continuous.

Let us construct such a process. Recall the following well-known construc-
tion.

Theorem 1.11. For any given probability measure p on R, there exists a
probability space (£2,F, P) and a sequence (X,) of random variables on 2
such that the random variables X,, are independent and each have the law u.

We can now prove the following.

Theorem 1.12. Let 'H be a separable Hilbert space. There exists a probability
space (2, F,P) and a family X(h), h € H, of random variables on 2 such
that

i) the mapping h — X (h) is linear,
i) each random variable X (h) follows the N'(0,||h]|) law.

Proof. Let (e,,) be an orthonormal basis of H. By Theorem 1.11, there exists
a probability space (§2,F, P) and a sequence (Z,) of independent random
variables on 2, with individual law N(0,1).

For any h € H, put X(h) = >, (én, h) Z,. This series is convergent in
L?(02,F,P) and defines a random variable X (h) on (2. The family X (h),
h € 'H, satisfies the assumptions of the theorem, as can be easily checked. 0O
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Note that, by construction we have
(X(h'), X(h))r2(0.7,p) = (W', h).

Also note that the set {X (), h € H} is a Gaussian subspace of L*(£2, F, P),
that is, any linear combination of the X (h) is a Gaussian random variable. By
the fundamental characterization of Gaussian families, this means that every
finite family (X (h1),..., X (hy)) is Gaussian.

Now the construction of a Brownian motion is easy. Take H = L?(R™)
and construct a family X (h), h € H, as in Theorem 1.12. We claim that the
process Wy = X (lljo.4), t € R*, is a Brownian motion. Indeed, the random
variable W; follows the law N(0, ¢) by ii) above and thus satisfies condition 2)
in the definition of Brownian motion; furthermore, we have, for all u < s <t

Wy =W, Wayr2(0,7,p) = (s, > Tjo,u))n =0.

But the pair (W, — W, W,,) is Gaussian, hence they are independent random
variables. This gives the condition 1) in the definition of a Brownian motion.

We still need to prove that the process we obtained is continuous, or at
least can be modified into a continuous process. Actually, we shall establish
a stronger property for the paths: the Holder continuity of order « for every
a < 1/2. This property is based on a general criterion due to Kolmogorov
that we state here without proof.

Theorem 1.13. [Kolmogorov criterion] Let X be a process such that there
exists strictly positive constants v, C' and € such that

E[|X; — X,["] < C|t — s|**=.

Then there exists a modification of X whose paths are Hélder continuous of
order o for every a € [0,e/v]. O

Once this is admited, the fact that the increments of the Brownian motion
are Gaussian gives

E [(Wy — Wy)?] = Cplt — s|P

for every p > 0 (this fact is rather easy to check and left to the reader). This
immediately yields the following.

Theorem 1.14. Up to modification, the paths of Brownian motion are lo-
cally Hoélder continuous of order « for every a < 1/2. In particular they are
continuous. O

Another very important property of the Brownian motion is that it admits
a non-trivial quadratic variation.

Theorem 1.15. For any t € R™, the quantity
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Z (WtiJrl - Wti)2

a5t <t

converges to t, in the L? sense when the diameter § of the partition {t;; i € N}
tends to 0.

Proof. Let us compute the L?-norm of the difference (for simplicity, we assume
that the partition ends at t):

2 2
Z (Wti+1 - Wti)Q - t = E Z (WtiJrl — Wti)Q — (ti+1 — tz)
i<t i3t <t
2 2
- Z I |:((Wti+l —Wi)? = (tiys — i) } ;
i;tigt

where we used the independence of the increments and the fact that

E[(We,, —Wi,)? = (tig1 — ;)] = 0.

i+1
Furthermore, for a Gaussian random variable Y with mean 0, we have E[Y*4] =
3E[Y?]2. This gives

2

S Wi, =Wi)” =t =2 (tiyr — 1)’
i3t <t

it <t
which converges to 0 with the diameter of the partition. O

It is actually possible to prove the same result for almost sure convergence,
but we do not give a proof of this fact here.

This quadratic variation property has many important consequences; one
very important application of it is the following.

Theorem 1.16. The paths of the Brownian motion are almost surely of infi-
nite variation on any interval.

The paths of the Brownian motion are almost surely nowhere locally Hélder
continuous of order o for a > 1/2.

In particular, the paths of the Brownian motion are almost surely nowhere
differentiable.

Proof. Note that almost surely we have

Z (Wti+1(w) - Wy, (W))2 <

i;tigt

< ( sup [Wi,,., (@) — Wi, <w>|> S Wi (@) — Wi )]

it St iiti<t
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The first term in the right hand side converges to 0 by the continuity of
Brownian motion. The second term is dominated by the total variation of the
Brownian path. As the left hand side converges to a finite quantity, this forces
the total variation to be infinite.

The case of the non-Holder property is treated by following the same idea:
for all & > 1/2 we have

Z (Wt7‘,+1(w) - Wy, (w))2 <

Z‘;tigt
Wi, (W) — Wy, (w)]?
-, (Sup mmzal) (Sup Wi, (@) = W, (@) )

2
it <t it <t [tig1 — ;|2

If the Brownian paths were Holder of order « the last term above would be
dominated independently of the partition. The rest of the right hand side
converges to 0. This contradicts the fact that the left hand side converges to
t. This proves the non Holderian character of Brownian motion for oo > 1/2.

Non-differentiability is immediate now. 0O

We have not yet said if the Brownian paths are Hélder-continuous of order
exactly 1/2 or not. It so happens that they are not, but this result needs
further developments; we just mention it as a remark.

1.6 Poisson Processes

We now construct the Poisson process. Let (£2,F, P) be a probability space.
Let (T,,) be a strictly increasing sequence of positive random variables. The
T,,’s are thought as arrival times. A process X such that, for all t € R

X = Z 17, <¢
n

is called a counting process associated to (Ty,). It is valued in NU {+o0}. If
sup,, T, = oo a.s.one says that X is a non-ezploding counting process.

A Poisson process is a non-exploding counting process N whose increments
are independent and stationary. That is,

1) Ny — N, is independent of all the random variables Ny, u < s

2) N; — N; has the same law as Nyyp, — Ngip for allt > s >0 and h > 0.

Theorem 1.17. Poisson processes exist and they are all of the following form.:
there exists A € R™ such that
(A)"

P(Ny=n) = " e M (1.3)

foralln € N, all t € RT. In other words, the associated sequence (T},) consists
of sums of independent times each of which follows an exponential distribution
with parameter \.



12 1 STOCHASTIC PROCESSES

Proof. One direction is easy. If (7},) is the sequence given by T, = > Sp
where the S,,,’s are independent, identically distributed random variables fol-
lowing the exponential law with parameter A\ > 0, it is then easy to check that
the associated counting process

Ny = Z 17, <¢
n=0

is a Poisson process and follows the Poisson law (1.3).

The converse is more difficult. From the hypothesis we have
P(N; =0) = P(Ns =0)P(Ny — Ny = 0) = P(Ng = 0)P(N;—s = 0)

and thus
P(N; =0)=¢e

for some A > 0 and for all t € R™T.

We now claim that P(N; > 2) = o(t). Indeed, divide [0, 1] into n intervals
of the same length. Let S,, be the number of subintervals which contain at
least two times of the sequence (T,,). Clearly S,, has a binomial distribution
B(n, P(Ny/, > 2)). Therefore E[S,] = nP(Ny/, > 2). For a fixed w, for n
sufficiently large there is no interval with more than one stopping time. Thus
lim,,—, 400 Sn(w) = 0 a.s. We now wish to apply the dominated convergence
theorem in order to conclude that lim, 4. E(S,) = 0 and hence the an-
nounced estimate. As we clearly have S,, < Nj, we just need to prove that
E[N;] < oo. The intervals T;,11 — T}, between the jumps are independent
random variables, with the same law: the one of T. Hence

Ele~ "] = Ele™]" = o™,

This proves that

E
P(INy| >n) < P(T,, <t) < ——

That is, IV; admits exponential moments.
Now, we have

P(N, =1) =1~ P(N; = 0) — P(N; > 2)

and thus

At
lim LP(N, = 1) = lim =6+ o)
t—0 ¢ t—0 t
Finally, for 3 € [0,1] put f(¢t) = E[3"t]. Clearly f(t + s) = f(¢)f(s) and f is
of the form f(t) = ¢'9(%). But
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oo

f(t)=>_ B "P(N, =n)

n=0

— P(N; = 0) + BP(N;, = 1) + f} 3" P(N; = n)

n=2

and ¢g(8) = f/(0). This gives

g(a) = lim P, :t -1, aP(]\;t =1, %o(t)

= -2+ A,

SO

iy =y BOE
n=0 '

and the required result follows. 0O

The parameter A is called the intensity of N. In particular we have

E[N,] = At
Var[Nt] = At.

1.7 Filtrations, Conditional Expectations

From now on, unless otherwise stated, all our processes are indexed by R™.

Let (£2,F,P) be a probability space. A filtration of the space (£2,F, P)
is a family (F;),cp+ of sub-o-algebras of F such that F, C F; for all s < .
We shall denote the filtration by (F;) simply (we cannot simplify the notation
to F as for processes, because there would be too much confusion with the
o-algebra F).

The quadruple (£2, F, (F:), P) is called a filtered probability space.

Let (2, F, (F:), P) be a filtered probability space. For all ¢ > 0 one defines

F=\Fo. Fr=[F

s<t s>t
with the convention Fy_ = Fy. One also puts
Foo =\ Fu.
t>0

This way one defines two new filtrations of (2, F, P), namely (F;_),cp+ and
(]: t+>teR+'
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A filtration F is right-continuous if Fy = Fyy for all t > 0. The filtration
(Ft4)iere is always right-continuous. In the same way one can speak of left-
continuous filtrations or continuous filtrations.

A filtration (F;)¢>0 on (£2,F, P) is called complete if Fo (and hence each
Fi, t € RT) contains the negligible sets of (§2,F, P). If it is not the case we
make it complete by adding the negligible sets to Fy in the same way as in
Section 1.1.

From now on, all the filtered probability spaces are supposed to be com-
plete and right-continuous (one replaces (F3) by (Fi4),cp+ if necessary).

A process X defined on a filtered probability space (£2,F,(F), P) is
adapted if X, is Fi-measurable for all t € RT.

The natural filtration of a process X is the filtration generated by X, that
is the filtration (F;) where F; = 0{Xs;s < t} is the o-algebra generated by
all the random variables X, s < t. Once again, the natural filtration of a
process is understood to be made complete and right-continuous. The natural
filtration of a process is the smallest (complete and right-continuous) filtration
that makes this process measurable and adapted (exercise).

A process X is progressive if for all t € R* the mapping (s,w) — X,(w) on
[0, ] x 2 is measurable for B([0,t]) ® F;. A subset A of RTx (2 is progressive if
(s,w) — T a(s,w) is a progressive process. The progressive subsets of R* x {2
form a o-algebra of R x 2. This o-algebra is called the progressive o-algebra.
A process is progressive if and only if it is measurable with respect to this
o-algebra.

It is clear that a progressive process is measurable and adapted, but the
converse is not true (cf. [?], p. 47), one needs a little more regularity.

Proposition 1.18. An adapted process with right-continuous paths (or with
left-continuous paths) is progressive.

Proof. For all n € N let

o0
X{' = Ko lpan (kr1ya-n((t)-
k=0

As X is right-continuous, X" converges to X, for all t. But the process X is
clearly progressive with respect to the filtration (F;12-n),cp+ Consequently
X is progressive with respect to the filtration (Fii.),cp+ for any e > 0.

For all s <t we have

X, = sh—{% Xs]l[oyt,g](s) + Xt]l{t} (s).

The term within the limit symbol is measurable with respect to B([0, t]) ® Fi,
thus so is Xs. This proves that X is progressive.

The case where X has left-continuous paths is treated in the same way.
O
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We now turn to the definitions and properties of conditional expectations.

Theorem 1.19. Let (§2, F, P) be a probability space. Let G C F be a sub-
o-algebra of F. Let X be an integrable random wvariable on (2,F,P). Then
there exists an integrable random variable Y which is G-measurable and which
satisfies

E[X14] =E[Y1,] forall A€g. (1.4)

Any other G-measurable integrable random variable Y’ satisfying (1.4) is equal
to'Y almost surely.

Proof. Assume first that X is square integrable that is, X € L?(§2, F, P). The
space L2(£2, G, P) is a closed subspace of L?(§2, F, P). Let Y be the orthogonal
projection of X on L?(£2,G, P). Then Y belongs to L?(£2,G, P) and satisfies

E[XZ] =E[YZ] for all Z € L*(£2,G,P). (1.5)

In particular E[X 14] = E[Y14] for all A € G. This also implies that if X is
positive then so is Y, for Y has a positive integral on any set A € G.

Now, assume X is only integrable. Its positive part X is also integrable.
For all n, the random variable X A n is square integrable. Let Y, be as-
sociated to X A n in the same way as above. Then Y, is positive and the
sequence (Y1) is increasing. The random variable Y™ = lim,, Y, is integrable,
for E[Y,}] <E[XT]. In the same way, associate Y~ to X . The random vari-
able Y = Y+ — Y~ answers our statements.

Uniqueness follows immediately from our remark about positivity. O

The almost sure equivalence class of integrable, G-measurable random vari-
ables Y such that (1.4) holds is called the conditional expectation of X with
respect to G. It is denoted by E[X |G]. We also denote by E[X | G] a represen-
tative of the equivalence class E[X | G].

Here are the main properties of conditional expectations.
Theorem 1.20. Let (2, F, P) be a probability space, G be a sub-o-algebra of
F and X be an integrable random variable on (£2,F, P).

i) The mapping X — E[X | G] is linear.

it) If X is positive then so is E[X | G].

iit) If (X,) 4s an increasing sequence of integrable random wvariables

a.s. converging to an integrable random wvariable X then E[X,, |G] converges
a.s. to E[X | G].

i) (Jensen inequality) If f is a conver function on R and if f(X) is
integrable then
foE[X|G] <E[f(X)|g] as. (1.6)

v) If X is G-measurable then E[X |G] = X a.s. The converse is true if G
is complete.
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vi) If Gy C Gy C F are o-algebras then
E[E[X|G] | Gi] =E[X|G] as. (1.7)

In particular

E[E[X | G]] = E[X]. (1.8)
vii) If Y is G-measurable and XY is integrable then

E[XY |G] = YE[X|G] as. (1.9)

viti) If X belongs to LP (2, F, P), for 1 < p < oo, then E[X | G] belongs to
LP(£2,G,P) and [|E[X [G] ||, < [ X]|p-

Proof. i) is obvious. ii) has been already proved.
iii) Let Y = lim, E[X,, | G]. Then

[E[Y 4] — E[X 14]] < [E[Y 4] - E [E[X,, |G] 1] | + |E [E[X, | ] 14] — E[X 1] |
<E[Y — E[X,|d]| 1a] + E[| X, — X| 1a] —— 0.

iv) f is the superior convex envelop of a countable family of affine functions
I, and 1,,(X) is integrable, n € N. We have

ln o E[X | G] = E[l,(X) [ G] <E[f(X) |F]. (1.10)

Passing to the superior envelop gives iv).
v) is easy and vi) is straightforward.
vii) If Y is simple then the statement is clear, for

E[X 1p14] = E[1pE[X | G] 14]

for all A, B € G. For a general Y one takes a monotone limit.
vii5) This is Jensen inequality applied to the convex functions f = - ||,-
O

1.8 Stopping Times

We now enter into the definitions and properties of a notion which is very
particular to Probability Theory: the notion of stopping times. It appears to
be a rather unknown concept for most of the mathematicians from other areas
(and from almost all the physicists). But it is a completely fundamental tool
in the framework of stochastic processes.

Let (2, F,(F;), P) be a filtered probability space. A stopping time is a
measurable map 7' : 2 — RTU {+oco} such that for all ¢ € RT the event
(T <t) belongs to F;.



1.8 Stopping Times 17

As the filtration (F3) is right-continuous one may equivalently replace the
condition “(T" < t) € F; for all ¢V by the condition“(T < t) € F; for all ¢”
(exercise).

The constant times: T'(w) = ¢ for all w, are stopping times. More generally,
for any stopping time 7' and any ¢ € R™, then T + ¢ is a stopping time.

Let T be a stopping time. The set of A € F such that
AN (T < t)belongs to F; for all ¢

is a o-algebra (exercise). We denote it by Fr and call it the o-algebra of events
anterior to T. This o-algebra coincides with the o-algebra of A € F such that

AN (T < t)belongs to F; for all ¢.

The terminology for Fr comes from the fact that its definition generalizes the
idea that F; is the g-algebra of events occurring before the time ¢. Indeed, the
constant stopping time T'(w) = ¢ has its anterior o-algebra Fr which coincides

One denotes by Fp_ the o-algebra generated by Fy and the events of the
form
AN(T>1), t>0, Ac F.
The o-algebra Fr_ is called the o-algebra of events strictly anterior to T.
When T'(w) = t, then clearly Fr_ coincides with F;_.

A stopping time is discrete if the set of its values is (at most) countable.

Proposition 1.21. Fvery stopping time is the limit of a decreasing sequence
of discrete stopping times.

Proof. Let T be a stopping time. For all n € N put

Sn = 400 ]lT:+Oo + Z k2—" ]l(kfl)Q*"<T§k2*”'
keN

Then the sequence (S,,) satisfies the statements. O

Here is a list of the main properties of stopping times and of their asso-
ciated o-algebras. Note that some of them generalize to stopping times some
properties that were known for constant times.

Theorem 1.22. a) If S, T are stopping times then so are SAT and SV T.
b) Let (Sy) be a monotonic sequence of stopping times and put S = lim,,_, Sy,
then S is also a stopping time.

¢) For all stopping time T we have Fpr_ C Fpr and T is Fp_-measurable.

d) If S, T are two stopping times and if S < T then Fs C Fr and Fs— C Fr—;
if S <T then Fs C Fp_ .
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e) For all stopping times S, T and all A € Fs we have AN (S <T) € Fr and
AN(S <T)e Fr_. In particular (S < T) belongs to Fs and Fr, the event
(S =T) belongs to Fs and Fr, finally the event (S < T') belongs to Fs and
Fr_.

Proof. All the proofs are easy from the definitions and left to the reader.
We just precise that for proving d) and e) it is useful to notice the following
identities:

(S<T)=J S <rn@r<T) (1.11)
reQt

(S<T)= (1 (S<ru(r<T). O (1.12)
reQt

Proposition 1.23. For all A € F, and all stopping time T, the set AN (T =
00) belongs to Fr_. In particular the events (T = o), (T < o0) belong to
Fr_.

Proof. As the set of A € F such that AN (T = o) belongs to Fr_ is a
o-algebra, it is sufficient to prove the result for all A € F,, n € N. But, in
this case, AN (T = o) is equal to Ny,>n{AN (T > m)} which clearly belongs
tO.ff,. O

Theorem 1.24. Let (T,,) be a monotonic sequence of stopping times. Let T =
lim,, T},.
a) If (T,,) is decreasing then

Fr=(\Fr, .
b)If (T,,) is increasing then
Fr-=\/Fr,-.
n

Proof. a) Clearly Fr C N, Fr,. Now let A € N, Fr,. We have AN (T < t) =
Un AN (T, <t), which is an element of F;. Thus A belongs to Fr.

b) Clearly Fr_ contains V,,Fr, . Now consider AN (¢t < T), with A € F,
a typical generator of Fr_. This set also writes as U, AN (t < T),), thus it
belongs to Vp,Fr,—. O

Let S, T be two stopping times such that S < T. One denotes by [S,T]
the following subset of R x (2:

{(t,w) such that ¢t € [S(w), T(w)]}. (1.13)

One defines in an analogous way the intervals [S, T[, ]S, T], ]S, T[. All these
particular subsets of R x {2 are called stochastic intervals.

The stochastic interval [S, S] is denoted [S] and is called the graph of S;
it corresponds to the set of (¢t,w) in R x {2 such that S(w) = t.
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Proposition 1.25. Every stochastic interval is a progressive subset of RTx (2.

Proof. The indicator function of [S,T[ is adapted and right-continuous, thus
progressive. The indicator function of ]S, T] is adapted and left-continuous,
thus progressive. Furthermore |S,T'[ = [S,T[N]S,T] and [S,T] = [0, S[" N
T, +o00[°. Thus every stochastic interval is progressive. O

Proposition 1.26. If X is a progressive process and T is a finite stopping
time, then Xp is Fr-measurable.

Proof. We have to prove that for every Borel set A the set (X7 € A)N(T < t)
belongs to F;. But this set is equal to (X7 € A) N (T < t). Let us consider
the stopping time S = T A t, it is Fy;-measurable. As X is progressive then
Xg is Fy-measurable for it is the composition of the mappings w — (S(w),w)
and (s,w) — X (w). O






2

MARTINGALES

The first cornerstone of Stochastic Integration Theory is a particular family of
stochastic processes: the martingales. They provide a vaste class of non-trivial
stochastic processes which constitute the archetypes of noise. This is a very
much studied family and their properties are now well-known and established.
In this chapter we explore in details the main ingredients of this theory.

2.1 First Properties

Let (2, F, P) be a probability space together with a filtration (F;). A process
X is a martingale for (Fy) if
a) each random variable X, is integrable,

b) for all s <t one has
E[X, | Fs] = X,

almost surely.

A process X is a martingale, without any reference to a particular filtra-
tion, if it is a martingale for its natural filtration.
A process X is a supermartingale (resp. a submartingale) if the equality
in b) is replaced by
E[X; | Fs) < X5,

resp.
E[X: | Fs) > Xs.

The main example of a martingale is obtained as follows. Consider an
integrable random variable H and put X; = E[H | ;] for all t. The stochastic
process X then defines a martingale for (F;). Such a martingale is called a
closed martingale, the random variable H is called a closure of the martingale
X. Note that, in general, a closed martingale may admit several closures.

Note the following properties which are easily deduced from the definitions:
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e X is a submartingale if and only if —X is a supermartingale.

o If X and Y are supermartingales then X +Y and X AY are supermartingales
also.

e If X is a martingale and f is a convex function such that f(X;) is integrable
for all ¢, then f(X) is a submartingale. In particular |X| and X? are positive
submartingales.

o If f is a convex increasing function then f(X) is a submartingale once X is a
submartingale, in particular X+ is a submartingale for every submartingale X .
Conversely, if f is a convex decreasing function then f(X) is a submartingale
once X is a supermartingale, in particular X ~ is a submartingale for every
supermartingale X.

Before coming to the main theorems concerning martingales (existence
of a cadlag version, Doob’s Stopping Theorem,...) we first need to consider
the theory of discrete time martingales. For a moment our processes, our
filtrations are indexed by N, that is, they are of the form X = (X,,), (Fn)... A
stopping time relative to (F,,) is a random variable T valued in NU{+o0} such
that (T = n) belongs to F, for all n. A martingale is a process of integrable
random variables (X,,), such that E[X,, | F,] = X, a.s., for all n < m. All
the other time-continuous definitions are adapted to this context in the same
way.

For every adapted process X and every stopping time T we define the
stopped process X1 by
XE = XT/\TL'

Theorem 2.1. If X is a martingale (resp. supermartingale, submartingale)
and if T is a stopping time, then X7 is a martingale (resp. supermartingale,
submartingale).

Proof. We have

]E[Xg-i-l — X;I; |fn] = E[(Xn+1 — Xn)]lTZn-‘,—l ‘fn]
=E[(Xnt1 — Xn) Lipenye | Fl
E[(Xn41 = Xn) [ Fu] Lrcne

=0 (resp. <0, >0). O

Theorem 2.2 (Stopping Theorem). Let X be a martingale (resp. super-
martingale, submartingale). Let Ty and Ty be two bounded stopping times such
that Ty < T5. Then we have

E[X, | Fr,] = X1, (resp. <, >). (2.1)
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Proof. We give the proof in the martingale case only, the other cases are
obtained in the same way. First consider the case where T5 = k is a constant
time, with k > T7. We have, for all A € Fp, and all j < k

E[X1 Lan(r=j] = E[X;1anr=j)] = E[XkLan, =)

Summing over j, we obtain

k
E[X7,1a] = Y E[X1, Lancr,—j)] = E[Xi1a] = E[Xz, 14).
j=0
This proves the result in that particular case. More generally, if 71 < Tb < k
we have

E[X7 4] = E[X214] = E[X214] = E[Xp,14]. O

Theorem 2.3. An adapted process X is a martingale (resp. supermartingale,
submartingale) if and only if it satisfies

E[Xr] =E[Xo] (resp. <0,>0) (2.2)
for every bounded stopping time T.

Proof. If X is a martingale (resp. supermartingale, submartingale) and T is a
bounded stopping time, then Equation (2.2) is a direct application of Theorem
2.2, with T, = T and T = 0 and taking the expectation on the identity (2.1).

In the converse direction, assume that the equality holds true in (2.2)
for every bounded stopping time 7. Take n € N and A € F,. Consider the

(bounded) stopping time
T, = n on A
n+1 on A°.

Then, by hypothesis, we have

E[Xo] = E[X7,]

E[Xn ]1A] + ]E[Xn_,_l ]lAc}

but also
E[XO] = ]E[Xn+1] = E[Xn+1 llA] + E[Xn+1 ﬂAc] .

Alltogether this gives
E[Xp+114] = E[X, 14],
that is,
EXpi1 | Fn]l = X0 -

We have proved that X is a martingale. The cases of supermartingales and
submartingales are obtained in the same way. 0O
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A process A is predictable if A, is F,,_1—measurable for all n > 1 and if
Ay =0.

Theorem 2.4 (Doob Decomposition). Every submartingale X can be de-
composed in a unique way as

X=M+A
where M is a martingale and A is a predictable, integrable, increasing process.

Proof. Put Ag =0and 4,41 = A4, + E[X,,4+1 — X, | F.]. Clearly the process
A is increasing, predictable and integrable.

If we put M,, = X,, — A, for all n then we check easily that E[M,, 11 —
M,, | F,] = 0. This proves the existence of the decomposition.

Let us now prove uniqueness. If X = M’ + A’ = M + A are two such
decompositions of X then

AiH_l - A,n = X7L+1 - Xn - (M’I{L-‘rl - M'r,z)
Conditioning with respect to JF,, gives
A;H-l = AL = E[Xp1 — X | Fo] = Apg1 — Ap.
Thatis, A=A"and M = M'. O

This unique process A is called the compensator of X. There is a special
case which is very often considered is the following. Let X be a martingale,
consider the submartingale M?, the compensator of M? is denoted by (M).

2.2 Inequalities

In this section we prove fundamental inequalities concerning martingales, sub-
martingales, etc ... They will be essential for the convergence theorems and
for the regularization theorems.

In the following, for any process X we make use of the following notation:

X} = sup X
k<n

for any n € N.

Theorem 2.5 (Doob’s Maximal Inequality). Let X be a positive sub-
martingale. Then for all A € R, all n € N, we have

AP(X; > ) < E[X, Lx;>a] S E[X,].
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Proof. Let T = inf{k <
Furthermore, the event (
A

n; X > A}. Then clearly T is a stopping time.
X} > A) belongs to Fr (exercise). We have

P(X* > )\) < E[XT ]lx >)\]
for on the event (X > \) we have X1 > A. But we also have

E[X7 Ix:>x] = E[X7 Lxz> Ir<n]

n
= E[X; lxszx I
=0

Z [Xn Uxs > D]
=0

= E[X,, Ix:>x].
This gives the result. O

Note that the first inequality in the above theorem does not make use of
the assumption “X is positive”. This theorem immediately gives the following
corollary.

Corollary 2.6. Let X be a martingale. Then for all A € RT, all n € N, we
have
AP(zgp [ Xkl 2 A) < E[[Xn| Lop, ., 1x022] < E[1Xn]]

For a process X and for any p € [1,4+00] we define

[ X1[p = sup [ Xl
n

where the last norm is the usual LP-norm.

Theorem 2.7 (Doob’s Inequality). Let X be a positive submartingale and
fix p > 1. Then we have the inequality

* '4
X"y < —— 1 X]lp-
p—1

Proof. For a moment put x = X,, and y = X' An. Let ¢ be a right-continuous,
increasing function on R* such that ¢(0) = 0. By Fubini’s theorem we have

E[¢(y)] =E [ I dqb(A)} ~ [" Ptz naowy

e 1
< / dop(N) — / xdP (by Doob’s Maximal Inequality)
0 A Sy

([ Laon) ar
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Taking ¢(A) = AP gives

/ "L s / P W
< =/ p = Y
0o A 0 p—1

By Hoélder’s Inequality we have

p -1 p -1 p 1
p 2 p - p
B < 2B o] < 2 Xl P, = 2 X Dol

This gives the required inequality after letting n tend to +oco. O

Again, like in Corollary 2.6, note that the theorem above is valid for X =
|Y| where Y is a martingale.

The last important inequality is the one estimating the “down-crossings”
of a submartingale.

Let (z,,) be a sequence of real numbers and [a, b] an interval of R. We put
AO = BO =0 and

B, =inf{p > A,_1;2, > b}
A, =inf{p > Bp;z, < a}

with the convention inf ) = 4-0c0. We put
D" = sup{n; A, < +o0}.

This corresponds to the number of down-crossings of the sequence (x;)
through the interval [a, b].

Lemma 2.8. Let (x,) be a sequence of real numbers and x* = sup,, |z,|. The
sequence (x,,) is convergent if and only if x* is finite and D®® is finite for all
rational numbers a < b.

Proof. If z* is finite, the sequence (x,) is bounded. If D%’ is finite for all
rational numbers a < b, put m = liminf, x,, and M = limsup, z,. f m < M
we choose a,b € Q such that m < a < b < M. We then clearly have D*" =
+o00. This gives a contradiction and hence m = M.

Conversely, if the sequence (z,) converges then it is a bounded sequence
and z* is finite. If there exists a < b such that D%? = 400 then liminf,, 2,, < a
and limsup,, ,, > b. This is impossible. 0O

In the sequel we put

Db = sup{p; A, <n}.
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Theorem 2.9. If X is a submartingale then for all a < b we have

1

EIDY < o

E[(X, — b)T].

Proof. For every fixed n we stop at time n the submartingale X, which
becomes the submartingale X" (Theorem 2.1). Put A} = A, A n and
By = B, A n, which is smaller than AJ. They all are bounded stopping
times. Hence by Theorem 2.2 we have

E[X4r — Xpn] > 0.
This gives
E[(Xpy — Xap)la,<n] < EB[(Xap — Xpp)la,>n].
On the set (4, < n) we have
Xpy — Xay = Xp, — Xa, 2b—a.
On the set (A, > n) we have
Xan — Xpp = Xy — Xpp = lp,<n(Xn — Xpr) < Ip,<n(Xy — ).
Alltogether we obtain
(b= @)E[1a,<n] <E[(X, — )" 1p,<nza,l.

Summing over p, we find the announced inequality. 0O

2.3 Convergence Theorems

We are now coming to the main theorems concerning martingales: the con-
vergence theorems. They give very nice and simple conditions for having a
martingale (or submartingale, supermartingale) to converge at +oo.

We start with the simplest case: the square integrable martingales. Let M
be a martingale such that E[M?] < oo for all n. As M? is a submartingale,
the sequence (E[M?]) is increasing.

For p > 1 we have E[M,, M, 1, | F,] = M2, whence

E[(My1p — M,)? | Fp] = E[M§+p — MZ2| F,],
and
E[(Mpyp — My)?] = E[M2,, — M7]. (2.3)

Theorem 2.10. If M is a martingale such that sup, E[M?2] < oo, then M
converges almost surely and in L2.
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Proof. Let m* = sup,, E[M?2]. We have seen that the sequence (E[M?]) is
increasing, it converges to m*. In particular by (2.3) we have

E[(Mptp — My)?] < m* — E[Mz].

This shows that
SUPE[(Mn+p - Mn)Q} >n, 0
P

and (M,,) is a Cauchy sequence in L2, hence it converges in L2.

Now, let us show the a.s. convergence. Let Vi, = sup; >, |[M; — M;|.
Clearly the sequence (V,,) is positive and decreasing. Let V' be its limit. If
we show that that V' = 0 a.s., then we are done. Let us apply Doob’s inequal-
ity to the martingale (M; — M,,);>yn (where n is fixed and i is varying). For
all p > 0 we have

PV, >p) = P(_s_u>p |M; — M;| > p)
,]=n

< P(sup|M; — M,| > 2)

16
< — supE[(M; — M,,)?]
P i>n

for

P(sup |Mz - Mn| >

Py _
i>n 2) a E[ Supi2n|NI’£7Mn‘2>%]

4
< —F |sup|M; — M, > 1

2
— p2 i>n supi2n|Mi—Mn\2>%

4
< —Efsup [M; — M, [
P

i>n

16
< = supE[|M; — M,|’].
P

i>n
This last quantity converges to 0 and by consequence P(V >0)=0. O

The next convergence theorem concern submartingales which are bounded
7l
in L.

Theorem 2.11. If X is a martingale (resp. submartingale, supermartingale)
which is bounded in L' then it converges almost surely.

Proof. Let us first consider the case where X is a positive submartingale. Let
M = sup,, E[| X,|]. For all a < b, we have by Theorem 2.9

1

E[D%?] <
D3] < o

(M + [B]).
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Taking the limit n — +o0o we see that D®? is integrable, hence it is almost
surely finite. Let N, = (D%? = 400). The set N = Ug<peg Na,p is neglige-
able.

By Doob’s inequality we have

AP(X: > ) < supE[|X,]] = M < 4.

Letting n tend to +00 we obtain
APX* > N <M

and thus P(X* > A) tends to 0 when A tends to +oo. This proves that X* is
a.s. finite.

We have proved that all the hypothesis of Lemma 2.8 are almost surely
satisfied. We have proved the almost sure convergence in that particular case.

Now, if X is a martingale bounded in L' the processes Xt and X~ are
positive submartingales which are bounded in L', hence they converge almost
surely. So does X.

If X is a general submartingale, bounded in L', it can be decomposed
as X = M + A where M is a martingale and A is an increasing sequence,
vanishing at 0 (Theorem 2.4). We have

E[|An|] = E[An] = E[X,, — M,] <E[|Xn[] + [E[M,]| < 2K

Hence A is bounded in L' and as a consequence M is bounded in L! too.
Hence the martingale M converge a.s. and A too (by monotone convergence).
This proves that X converges a.s.

The case of supermartingales is easily deduced from the one of submartin-
gales. O

Corollary 2.12. Every supermartingale greater than a constant converges al-
most surely. Every submartingale smaller than a constant converges almost
surely.

Proof. A supermartingale greater than a constant is always bounded in L'
(exercise). The same holds for a submartingale smaller than a constant. O

Note that the definition of supermartingale or submartingale is in the
large sense: the martingales are supermartingales and submartingales. Hence
the above theorems have very strong consequences such as: every positive
martingale converges a.s., etc.

With the help of the notion of uniform integrability, we can pass from a.s.
convergence to L' convergence for martingales.
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Theorem 2.13. Let X be a martingale bounded in L' and let X, be its a.s.
limit (Theorem 2.11). The following assertions are equivalent.

i) X converges to Xoo in Lt.

it) X is uniformly integrable.

iii) Xp = E[Xoo | Fnl.

iv) There exists an integrable random variable Y such that X, = E[Y | F,] for
all n. In that case, Xoo = E[Y | Fool.

When any of these assertions is satisfied, we have, for every stopping times S
and T such that S <T
E[X7 | Fs] = Xs.

Proof. We already know that 1) is equivalent to ii) (Theorem 1.10). Proposi-
tion 1.9 shows that iii) implies ii).
Let us show that i) implies iii). We have, for all p > n

X, =E[X,|F.]

The conditional expectation is continuous in L' and X, converges to X, in
L'. This gives iii). We have proved the equivalence of the first 3 assertions.
Let us now show that if X,, = E[Y | F,] then Xo, = E[Y | F]. First of
all, it is clear that X, is F,o-measurable. Hence we need to show that for all
A€ Fo wehave E[Y 14] = E[X 14]. This relation is valid for A € F,,. Hence
it is valid for all A € U, F,,. It remains valid for the o-field F., generated by
UnFn, by a monotone class argument. All the equivalences are proved.

We now prove the Stopping Theorem-like part. Let T' be a stopping time
and A € Fr. We have

E[Xoolla] = Y E[XooTan(r—n)]
= Z E[X,1anr=n)]

= Z]E[XTﬂAm(T:n)]
— E[X714].

This shows that E[X | Fr] = Xr. Now, if S < T is another stopping time,
we have

E[Xr|Fs] = EE[Xw | Fr]| Fs] = E[Xoo | Fs] = Xs. O

Our last convergence theorem to be proved is one which concerns “inverse
submartingales”.

For a moment we consider a filtration (F_,), .y indexed by —N in-
stead of N. This means that --- ¢ F_,_1 € F_, C --- C Fy. An in-
verse submartingale is an integrable, adapted process (X_,),cy such that
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X pno1 S E[X_, | F-pn—1]- When the equality holds for all n, we speak of
an inverse martingale. Note that an inverse martingale is always uniformly

integrable for X_,, = E[X, | 7_,] (by Proposition 1.9).

Theorem 2.14 (Inverse Submartingale Convergence Theorem). Ev-
ery inverse submartingale X which is uniformly integrable converges almost
surely and in L' to a random variable X _oo which satisfies

X oo <E[Xo|F-oo]-
If X is inverse martingale then the inequality above is an equality.

Proof. In the case of inverse submartingales the basic inequalities (Theorems
2.5 and 2.9) are stated in a somehow different way but they are proved in the
same way as for usual submartingales:

— Let X be a positive inverse submartingale. Then for all A € R*, all n € N,
we have
AP(X™, > X)) SE[Xolxx >i] <E[X_,].

—If X is an inverse submartingale then for all a < b we have

E[D™?] < E[(Xo —b)*].

(b—a)

The existence of an almost sure limit X_, is then proved in the same way
as before. The uniform integrability gives easily the L' convergence and all
the other properties, in the same way as for usual submartingales. O

Proposition 2.15.
i) Every inverse martingale is uniformly integrable.
ii) Every inverse submartingale which is bounded in L' is uniformly integrable.

i1t ) Bvery inverse submartingale X such that inf, E[X_,,] > —oc is uniformly
integrable.

Proof.

i) If M is an inverse martingale then M_,, = E[M, | F_,] and M is uniformly
integrable by Proposition 1.9.

ii) For inverse submartingales we also have a Doob decomposition: X = M+ A
where and A is predictable, decreasing, positive and bounded in L'. This
means that A is uniformly integrable too. As M is also uniformly integrable,
we conclude that X is uniformly integrable.

iii) We have |X| = —X +2XT and X is a submartingale (exercise). As a
consequence we have

E[[X_n|] = —E[X_] + 2E[XT,] < —inf E[X_,,] + 2E[X{].

That is, X is bounded in L! and hence uniformly integrable by ii). O



32 2 MARTINGALES
2.4 Regularization Theorems

We are now back to the usual setup, that is, filtrations and processes indexed
by R*. We shall prove a fundamental theorem on the path regularity of sub-
martingales. We have already discussed in Section 1.3 the importance of such
a regularity.

We first start with an easy extension of the Downcrossing Theorem 2.9.
For a given submartingale X and a given interval [a,b] C R, for any finite
set F C RT we put D(X, F,[a,b]) to be the number of downcrossings over
the interval [a,b] for the process X restricted to the indexes ¢t € F. For any
countable set Q@ C RT we put

D(X,Q,a, b)) =sup{D(X, F,[a,b]); F C Q,F finite}.
Theorem 2.9 immediately extends to the following result.

Theorem 2.16. Let X be a submartingale, let I = [r,s| be an interval of R
and a < b e R. We have

(b—a)E[M(X,INQ,[a,b])] <E [(Xs - b)*] .
This extension has the following important consequence.

Theorem 2.17. Let X be a submartingale. There exists a set 29 € Foo with
P(£2y) =1 and such that for all w € 2, allt € R

lim X,(w) ezists
s>t
s€Q
and for all t € R
lim X, (w) eaists.

s<t
s€Q

Proof. Let ty € Rt be such that limg_;, s>1,,5c0 Xs(w) does not exist. Then
there exists a,b € Q, a < b such that

lim inf X (w) < a <b < limsup X,(w).
>t =
s€Q sEQ

Then, if tg € I = [r, s], we have M(X,I N Q, [a,b]) = +00. But by Theorem
2.16 we know that

E[(X,-b)T
This in particular implies that there exists a set 2y € Fo, with P(£20) = 1,
such that M (X (w),I NQ,[a,b]) < oo for all w € 2. This contradicts the
hypothesis above.

The case of the left-limit is obtained in a similar way. 0O
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The limits obtained in the theorem above are respectively denoted by X
and Xt— .

Proposition 2.18. Let X be a submartingale such that t — E[X{] is right-
continuous. Then all the random variables X, belong to L'(2, F, P) and we
have

]E[Xt+ |ft] :Xt.

Furthermore the process (Xi4 )~ 95 @ (Fit),>o-submartingale. If X is a mar-
tingale then (Xt1.),50 18 (Fit)yo-martingale.

Proof. Let t € RT and (t,) be a decreasing sequence converging to ¢t with
tn >t. Then (Xy,),cy is @ (Ft,), cny-submartingale and it converges to X .
As t — E[X{] is right-continuous, the sequence (E[X} ]) converges to E[X¢],
hence this sequence is bounded. We can apply the Inverse Submartingale
Convergence Theorem 2.14 so that X; converges almost surely and in L' to
Xit+. As X, = E[X,, | Fi], we get, passing to the limit, E[X;y | 7] = X..
Now take s < t and A € Fqy. Let (s,,) be a decreasing sequence converging
to s with s, > s. We have A € F, C F; (for n large enough) and

E [Xt+ llA] = ]E [Xt llA] Z ]E [Xsn ]IA} —n E [X5+ llA] .
This proves that E[X;, | Feq] > Xsy. O

Now, using the fact that our filtration are always right-continuous we get
the following important theorem, which was the aim of this section.

Theorem 2.19. Every submartingale admits a cadlag modification.

Proof. Put X; = X,y on 2 and X; = 0 on 2. Then X is a (F)-
submartingale (by the right-continuity of the filtration) and it is cadlag. O

Here we are! All the martingales, submartingales and supermartingales
admit a cadlag modification. Hence, by the discussion of Section 1.3, we
can always consider our martingales (submartingales, supermartingales) to
be living on the canonical space (D, B(D), Px) of cadlag functions.

Let us end up this section with the generalization to continuous time of
the main convergence theorems for martingales. We have already seen the
extension of the Down-crossing Theorem (Theorem 2.16). Now comes the
extension to continuous time of Doob’s LP inequality (Theorem 2.7).

Theorem 2.20 (Doob’s inequality). Let X be a positive submartingale. Let
My = supg; Xs. Let 1 < p < oo and ¢ = p/(p — 1). Then we have the
inequality

X"l < gl Xlp-
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Proof. Let Q be a countable dense subset of R*. As X is cadlag we have
sup,<; Xs =sups < t,s € QX;. The result follows no easily from the discrete
time corresponding inequality (Theorem 2.7). O

As all the convergence theorems rely on these two inequalities we get the
corresponding extensions of the main convergence theorems.

Theorem 2.21. If M is a martingale such that sup, E[M?] < oo, then M
converges a.s. and in L.

Theorem 2.22. Every martingale (resp. supermartingale, submartingale),
bounded in L', converges a.s.

Corollary 2.23. Every supermartingale larger than a constant converges a.s.
FEvery submartingale smaller than a constant converges a.s.

Theorem 2.24. Let X be a martingale bounded in L' and let X, be its a.s.
limit. The following assertions are then equivalent.

i) X; converges to Xoo in L'.
i1) X is uniformly integrable.

When any of these assertions is satisfied, we have for all stopping times S < T

E[X7|Fs] = Xs.

2.5 Brownian Motion and Poisson Processes

As basic ewamples of continuous time martingales we recover our two favorite
stochastic processes: Brownian motion and Poisson processes (cf Sections 1.5
and 1.6).

Theorem 2.25.

1) Let W be a Brownian motion defined on the filtered probability space
(2, F,(Ft), P). Then the following processes are martingales (with respect to

(F2)):

- Wy, t € RT,

- W2 —t, teRT,

—exp(aW; — a?t/2), t € RT.

2) Let N be a Poisson process with intensity A defined on the filtered probabil-

ity space (2, F,(F:), P). Then the following processes are martingales (with
respect to (Fy)):

- Ny — Mt, t € RT,
—(Ny — Mt)2 = Xt, t € RY,
—exp(—aAt)(1 +a)Nt, t € RY
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Proof. Let us first show that the Brownian motion itself is a martingale. For
all s <t we have, using the independence of the increments of W and the fact

that the law of W — Wy is N(0,¢ — s)
E[Wt |-7:9] = E[Wt - Ws ‘fs} + E[Ws |]:s] = ]E[Wt - Ws} + Wy =Ws.
In the same way we have
E[WtQ - t|'7:8] = E[(Wt - W8)2 ‘]:s} + 2]E[WtW8 ‘-7:5} - E[WSQ ‘-7:5} -
= E[(W, = Wo)?] + 207 — W2 —t
=t—s+W2—-t=W2—5s.
Finally, noting that for a random variable with law A/ (m, o) we have (exercise)

Elexp(aX)] = exp(a?c?/2 — am),

we have

Elexp(aW; — a?t/2) | Fs] = Elexp(a(W; — W) exp(aWs) | Fs] exp(—a?t/2)
= Elexp(a(W, — W) | Fy] exp(aW;) exp(—a®t/2)
= E[exp(a W; — Wy))] exp(aWs) exp(—a?t/2)

= exp(a®(t — )/2) exp(aW;) exp(—a’t/2)
= exp(aW, — a?s/2).

Let us now prove the corresponding results for the Poisson processes.
Recall that it has independent increments and that the law of N; — N is
P(A(t — s)). Hence we have

E[Nt_)\ﬂ}—s] ]E[Nt—Ns|‘7:s]+E[N€|-7:s]_
E[N; — N,] + N, — Xt
A

(t—s)+ Ng— Xt =Ng—As.

In the same way we have
E[(Ne = M)? =Xt | Fs] =E [(Ny — Ny — At — 5))* | Fo] +
+ 2E [(N; — M) (N — As) | Fs] —
—E[(Ns — Xs)?| Fs] — At
=E[(N; — Ny — At — 5))*] + (Ns — As)* — Xt
= At —8)+ (Ng —Xs)?2 = At = (N, — As)? — Xs.
Finally, noting that for a random variable X with law P(7) we have (exercise)

Elexp(aX)] = exp(r(e” — 1)),

we have
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Elexp(alNy) | Fs] = Elexp(a(Ny — N;)) | Fs] exp(aNy)
= E[exp(a(N; — Ny))] exp(aN;)
=exp (A(t —s)(e* — 1)) exp(aNy) .

In particular the process
exp (alN; — Mt(e® — 1)), te€R* (2.4)

is a martingale. As (1 4+ o)t = exp (In(1 + «)N;) we obtain the requiered
result, replacing « by In(1 + «) in (2.4). O

2.6 Quadratic Variation

In the previous section we have seen that both the Brownian motion and the
Poisson proocesses are martingales. These two examples are very different.
We have seen in Section 1.5 that the Brownian motion is a continuous process
whose paths are of infinite variation over any interval. The Poisson processes
have of course non-continuous paths, but they are of finite variation, for they
are increasing.

The following result illustrates this difference: there is no non-trivial con-
tinuous martingale with finite variations. It is going to be a very usefull result
in the sequel.

Theorem 2.26. Every finite variation continuous martingale is constant.

Proof. Let X be a martingale with continuous and finite variation paths. We
have by the martingale property, for any subdivision 0 =ty < t1 < ... < t, =
t of the interval [0, ¢]

n—1
E [Z(Mti+l - Mti)2

=0

e[S
=0
=E[M?].

tit1

a2 M;i»]

Let V; be the total variation of X on the interval [0,¢]. By stopping this
martingale (for example at T = inf{t; |V;| > n}) we may assume that our
martingale has its total variation bounded (Theorem 2.1). We get

The last quantity goes to 0 when the diameter of the partition converges to 0
for X is continuous. Hence we have proved E[M?] = 0 and as a consequence
M=0as 0O

~ X,

i

E[M?] <E [Vt sup |Xti+1 — Xt,i|:| <KE [sqp ‘Xt

i+1

In the same way as for the Brownian motion (cf Theorem 1.15), every
continuous martingale has a non-trivial quadratic variation.
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Theorem 2.27. Let M be a continuous martingale, locally square integrable.
Then there exists a unique increasing adapted continuous process [M, M| van-
ishing at 0 and such that M? — [M, M] is a uniformly integrable martingale.
This process [M, M] is the quadratic variation of M, that is,

n—1
[M, M]; = lim Z(Mt
1=0

- Mti)2 9

i1
where the limit is almost sure and taken over a sequence of partitions {0 =
to <t1 <...<t, =t} of the interval [0,] whose diameter tends to 0.

Proof. We consider that M is bounded, up to restricting ourselves to a com-
pact interval of time if necessary. For every n € N, we define the stopping
times

Ty =0, Ty, = inf{t > T},

Mt — MTI?

>927"}, keN.

We choose to denote ¢t AT} by 7 simply. We then have
M? =23 My (Mg — My )+ > (M — Myp_ ). (2.5)
k k

Put
Hi = Z Mgp Lyrp | 1p(t).
k

Let H"eM Dbe the first term of the right hand side of (2.5) and let A™ be
the second term of the same right hand side. Note that sup, |Ht" — H[L+1| <
277! and sup, |H}* — M;| < 27", Also note that (7)), .y is a subsequence
of (1)

wen - We consider the expression

E [(H".M — H" M) } .

oo

It can be written as )
E (Z ZkAk>
k

where A = Mpn+1 — Myny1 and Zj, is a random variable measurable for
k k—1

}—T;?“ satisfying | Zx| < 27"~!. The above expression can be written as
-1

E

> 1z | A
k

for when k < k£’ we have

E[Z,Zw ApAy] = E [Zka/AkIE [Ak, | fT;iii” —0
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for M is a martingale. Finally we obtain

E [(H”.M — M) | <47 Mo )2
It is easy to check that H™eM is a continuous martingale. It converges uni-
formly, almost surely, to a martingale N. Hence the process A™ converges
uniformly, almost surely, to a process A. We have

M? = 2N, + A;.

It is easy to see that A is an increasing process, at least on the set {T}';n,k €
N}. But if T is an open interval in the complementray set of this set, then no
T} lies in I and M is constant on I. Hence so is A.

We have constructed a continuous increasing process A, vanishing at 0,
such that M? — A = N is a uniformly integrable martingale.

Let us show uniqueness. If A’ is another such process then A — A’ is a
uniformly integrable, continuous martingale. But this martingale is also of
finite variations, hence A — A’ = 0 by Theorem 2.26.

We did not quite prove the theorem in that we did not prove that the
process [M, M] is the quadratic variation of M. We have proved that it is the
limit of the quadratic variations of M on a particular family of subdivisions
made of stopping times. We need to prove that the result holds true for any
fixed sequence of deterministic subdivisions. We shall not give the proof of
that extension and admit it (see [?] Theorem 1.3 for a complete proof). O
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STOCHASTIC INTEGRALS

Stochastic processes such as martingales are typically used as noises, pertur-
bating ordinary differential equations with stochastic terms (cf Chapter 4).
But as we have seen with Theorem 2.26, even the simplest martingales (the
continuous ones, the Brownian motion) have trajectories with infinite vari-
ation over any interval. This means that integrating with respect to such a
process naively (that is, path by path) is impossible. Another theory of in-
tegration has to be developed for such stochastic processes, a theory which
makes use of the martingales globally and not trajectory by trajectory. This
is the aim of Stochastic Integration Theory which we develop here.

3.1 Predictable Processes

In Stochastic Integration Theory we need a particular notion of measurability
for stochastic processes which is stronger than the notion of adaptedness or
of progressivity, we shall consider predictable processes.

We are given a fixed complete and right-continuous filtered probability
space (£2,F, (F:), P) for the whole of this chapter.

The predictable o-algebra on RT x (2 is the o-algebra P generated by
adapted and left-continuous processes. A process X is predictable if it is mea-
surable with respect to the predictable o-algebra P.

Proposition 3.1. The following o-algebras all coincide with the predictable
o-algebra.

i) The o-algebra generated by adapted, continuous processes.

ii) The o-algebra generated by the stochastic intervals [04], A € Fo and ]S, T1,
where S, T rTuns over all stopping times.

iii) The o-algebra generated by the sets A x {0} with A € Fy and the sets
Ax]s,t] with A € Fy and s < t rationals.
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Proof. Let us call P, Py and Ps, respectively, the 3 o-algebras introduced
above. Clearly P; C P. We also have P3 C P for the indicator function of
Ax]s, t] is adapted and left-continuous.

Let X be an adapted and left-continuous process. Let

XP = Xolo)(t) + Y Xpe/nWjem, (k1) /) (£) - (3.1)
k

The process X™ converges to X. This proves that P is included in P35 and
hence they are equal.

The functions 1, ,) can be approached by continuous functions f,, with
compact support in |u, v+1/n]. For any H which is F,,-measurable, the process
H f, is continuous and adapted. This shows that Pj is included in P, hence
P1="P.

The indicator functions of stochastic intervals ]S, T are left-continuous,
hence P, C P. Let A € F,, by putting S = son A and S = t on A¢, by putting
T = t, we define two stopping times such that S < T and |S,T] = Ax]s,t].
Hence P3 C Py and hence P, =P. O

Theorem 3.2. If X is a predictable process, then Xplp oo s Fr—-measurable
for every stopping time T'.

Proof. Let 'H be the set of predictable processes X such that Xplpoo is
Fr_-measurable for every stopping time 7. By a monotone class argument
one sees easily that it is sufficient to prove that H contains the indicators of
stochastic intervals of the form [04], A € Fo and [U, V], with U < V being
stopping times (cf proposition above). Let T be a stopping time. In the first
case Xrllr<oo equals 1 yq(r—gy which is Fr_-measurable. In the second case
we have
Xrlrcoo = (Mycr — Ty <) 7o oo

which is also clearly Fr_-measurable. 0O

3.2 Stochastic Stieltjes Integrals

The very first step in Stochastic Integration Theory is to integrate with respect
to finite variation stochastic processes.

Let us first recall few basic facts about finite variation functions. We are
interested here only into functions f from RT to R. A function f is a finite
variation function if it is right-continuous and if its total variation

Vid) =tim 31 (ter) 10

is finite on every interval [0, t], where the limit above is taken over any sequence
of partitions {0 =ty < t; < ... < t, =t} of the interval [0, t] whose diameters
tend to 0.
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Recall that a finite variation function is always difference of two increasing
functions and always admits left-limits in all points (hence they are cadlag ).
By convention we always put

For all s > 0 we put

In particular, with our convention in 0 we have
Af(0)=0.

Recall that the cardinal of jumps Af of f is at most countable.

To any finite variation function f is associated a measure py on [0, 400
defined by p¢(Ja,b]) = f(b) — f(a). It is easy to show that this is enough to
define a (signed, real) measure, called the Stieltjes measure associated to f,
which satisfies

pf(la, o) = f(b-) — f(a
pus([a,b]) = f(b) = fla-),
puy(la, b)) = f(b-) = f(a-).

In particular note that
nr({a}) = Af(a).

Let g be any function on [0, +oo[, we say that g is integrable with respect
to py if

/0 193] Idpg] (5) < oo

In that case the integral of g with respect to p s is well-defined and we shall
denote it by

/ () df(s).

Note that, when dealing with general Stieltjes measures, one has to be
careful with the domain of integration: integrating over [s,t], or |s,t] etc...
may give different results. But, with our convention in 0, the integrals f[o 1

and f]o,t]

anymore.
In the following theorem we list basic properties of these integrals, without
proof.

coincide. They are naturally denoted by fg as there is no ambiguity

Theorem 3.3.
i) The function t — h(t) = fgg(s) df (s) is again a finite variation function
on R, with associated Stieltjes measure
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pn(ds) = g(s) dpg(s) .
ii) Ah(t) = g(t) Af(t), for all t € RT.
Finite variation functions also admit non-trivial quadratic variations.

Proposition 3.4. Let f be a finite variation function on RT. The quadratic
variation of f on the interval [0,t] is equal to

D> Af(s)?

0<s<t

Proof. We can decompose f as f¢+ f¢ where

Fie)y =" Af(s)

0<s<t

and f°(t) = f(t) — f4(t). In particular f¢ is continuous. We have
n—1 n—1
Z |f(tisr) — f(t)]* = Z (i) — £ +
i=0 =0

F YU i) = P | ) — S| +

f

n—1
+ )| ti) = FAUG)
i=0
The two first terms are dominated by

n—1 n—1
sup [ £9(8) = £U()] [ D 1F (tivn) = FC) + D [F 4 i) — F4(E)]
=0 =0

|s—t/<5

<2Vi(f) sup [fO(t) — f(s)]

ls—t]<8
and hence they tend to 0 as the diameter J of the partition tends to
0. Let us show that the last term Z?:_Ol ’fd(ti+1) - fd(ti)’2 converges to
Zogsgt Af(s).

The sum > ;. o, Af(s)? can be actually written as a convergent series
>, Af(sn)?, where the points s, are the jumping points of f. Define §(sy,)
to be the length of the largest interval around s, which meets no other s,,.
We can define a new sequence (u,) which is the sequence (s,) reordered in

decreasing order with respect to the values 6(s;,). The sum Y Af(s,)? is
equal to Y Af(uyn)?. In particular, the sum

Z Af(sn)?

n;0(sn) <6
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converges to 0 as ¢ tends to 0. Now, if § is the diameter of the partition
{0=ty <t <...<ty=t},wecan divide the sum 37" | f4(ti1) — f4(t:)|”
into the sum over the ¢;’s such that [¢;, ¢;+1[ contains only one s,, and the sum
over those intervals [t;,t;11[ which contains more than one s,, (the terms with
no s, in the interval [t;,t;11] give no contribution). The first sum contains
D onib(sn)>6 Af(s,)? plus a term dominated by D onib(sn)<6 Af(sp)?. The sec-
ond sum is also dominated by 3, 5, <5 Af(sn)?. This gives the result. O

In the following we shall take the following notation:

£, 118 = > Af(s).

0<s<t

Finally, for any two finite variations functions f and g, we denote by [f, g] the

function
[f9l(t) = > Af(s)Ag(s).

0<s<t

With all these notations, we have the following Integration by Part For-
mula for finite variation functions.

Proposition 3.5. If f and g are finite variation functions then

t
0

F(H)g(t) = F(0)g(0) + / f(s-) dg(s) + / (s ) df(s) - [hglh).  (32)

Proof. Consider the square [0,t] x [0, t]. It can be decomposed into 3 disjoint
pieces

[0,¢] x [0,¢] ={(u,v);0 <u <v<t}U{(u,v);0<v<u<tiU
U{(u,v);0 <u=v<t}.

Applying the measure pf x g to this decomposition gives (exercise)

() — F(O)(g(t) — 9(0)) = / (F(s2) — £(0)) dg(s)+
n / (9(5-) — 9(0)) df (s) + Lf. g)(8)
0

Rearranging the terms, we obtain (3.2). O

This Integration by Part Formula extends into a formula which we shall
call the Ito Formula for Finite Variation Functions.

Theorem 3.6 (Ito’s Formula for Finite Variation Functions). Let h be
a C' function on R and let f be a finite variation function on RY. Then we
have
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ho f(t) = ho f(0)+ / W o f(s) df(s)+
+ > (Aho f(s) =M o f(s-) Af(s)). (3.3)

0<s<t

Proof. We consider that the finite variation function f is fixed, together with
a fixed compact interval of time [0, 7] on which we want to prove the relation
(3.3). Let A be the set of functions h for which (3.3) holds true. Then clearly
A is a vector space. Let us prove it is an algebra, that is, it is stable under
products.

Assume that hy and he belong to A. Put Fy(t) = hy o f(t) and F(t) =
hg o f(t). Both F}; and F; are finite variation functions satisfying (3.3) which
we write (with obvious notations)

dFy(t) = hyo f(t-) df (t) + (AF(t) — hio f(t-) Af(s))
dF5(t) = hbyo f(t-)df (t) + (AFx(t) — hy o f(t-) Af(s)) .
Put H(t) = Fy(t)F»(t), applying Proposition 3.5 we get
dH(t) = Fi(s-) dFy(s) + Fy(s-) dFy(s) + d[F1, F»](¢) .
In particular
Alltogether we have, putting h = hiho
dH(t) = (b1 o f(t-) hyo f(t-) + ha o f(t-) hyo f(t-)) df (t)+
+ (F1(t-) ARy (1) + Fa(t-) AF1(t) + AFL(t) AF(t)+
+ (hahy + hihg) o f(t-) Af(t))
=h'o f(t-)df(t)+ AH(t) — h'(t-) Af(t).

This is to say that h = hiho belongs to A. We have proved that A is an
algebra. As A obviously contains the functions 1 and f(t) = ¢, it contains all
the polynomials. We conclude by a usual approximation argument. 0O

We finally write without proof, the analogue of Theorem 3.6 for multidi-
mensional functions.

Theorem 3.7. Let f = (f1,..., [n) be a finite variation function from RY to
R™. For any function h € C1(R™) we have

ho f(t) :hof(0)+Z/0 Diho f(s-)df;(s)+
i=1
+ Y (Aho f(s) = Diho f(s-) Afils)) . (3.4)

0<s<t



3.2 Stochastic Stieltjes Integrals 45

Coming back to stochastic processes, we shall say that a stochastic process
X is a finite variation process if the trajectory ¢t — X;(w) is a finite variation
function on R, for almost all w € 2.

The Stieltjes integral of a stochastic process H with respect to a finite
variation process X is defined if

/met(wn 14X, ()] < o0

holds for almost all w. In that case, we define the stochastic integral

/ H,dX,
0

[/OOO H, dXs] (w) = /OOO Hy(w) dX,(w).

The role of predictable processes already appears in these simple stochastic
integrals.

by

Theorem 3.8. If X is an finite variation martingale and if H is a predictable
process such that

/ |Hy| |[dXs] < 00 a.s.
0

then the stochastic process fg H,dX,, t € RT is a finite variation martingale
too.

Proof. Let us start with a simple predictable process H of the form
Ht(w) = llA(w)ﬂ]u,v] (t)
with © < v and A € F,,. We then have

t
/ H,ydX, = T4 (Xont — Xune) -
0

Note that the above vanishes when ¢ < u. Hence, if s < u <t we have

t
E[/ H.dX.
0

fs] — E[14 (Xont — Xa) | 7

— B[4 E[(Xone — Xu) | Ful | Fo)

—0
:/(HTdXT.
0

When u < s < t we get
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t
E[/ H.dX.
0

fs:| :E[]IA (Xv/\t _Xu) ‘fs}

= ]IAIE [(Xv/\t - Xu) ‘fs}
= ]1A (Xv/\s - Xu)

:/ H,dX, .
0

We conclude by a monotone class argument for general predictable processes
H (cf Proposition 3.1). O

The quadratic variation of a finite variation process X is denoted by
[X, X];, t € RT. The Ito Formula for finite variation processes takes the fol-
lowing form (direct application of Proposition 3.5, Theorems 3.6 and 3.7)

Theorem 3.9 (Ito Formula for Finite Variation Processes).

1) Let X and Y be two finite variation processes. Then we have
t t
Xth:XOYo—I—/ Xs_dYs—F/ Yi— dX: + [X,Y]:. (3.5)
0 0
2) Let X be a finite variation process. For any function h € C1(R) we have

h(Xt)h(Xo)+/Oth’(Xs_)dXS+ > (An(X,) — W (X.-) AXL) . (3.6)
0<s<t

3) Let X = (X*,...,X™) be a finite variation process valued in R™. For any
function h € C*(R™) we have

) = (%) + Y [ Db axis

+ Y (Ah(X,) — Dib(X,-) AXD) . (3.7)

0<s<t

A usefull application of this Ito formula is the one which leads to the notion
of stochastic exponential.

Theorem 3.10 (Stochastic Exponentials, the Finite Variation Case).
Let X be a finite variation process such that Xg = 0. Then the process

Zy=e¥ [ 0+ AaX)e 2% =X J] (144X, (3.8)
0<s<t 0<s<t

18 a well-defined finite variation process, it is the unique solution of the equa-
tion

t
Zi=1 +/ Zo_ dX, . (3.9)
0

If X is a martingale then Z is a martingale too.
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Proof. Let us first check that Z is well-defined. The problem is to check the
convergence of the infinite product

Vi = H (1+ AX,)e 4%,
0<s<t
But we have that the series

Vi= > (n(1+AX,) - AX,)

0<s<t

is absolutely convergent for the series ) ..., AX? converges. It defines a

finite variation process V. Hence the infinite product V' above is convergent,
it defines a finite variation process as it is the exponential of V' (Theorem 3.9).
Note that

AV, =Vio (14 AXy)e 2% —1) .

We put K; = Xt and Z, = K,V;. By the Ito formula (Theorem 3.9) we have
t
Kt:1+/ K, dX,+ Z Ko (e2% — 1 - AX,)
0 0<s<t

and
AKt = Kt, (eAXt — 1) .

This gives

t t
Zt:1+/ K, dvs+/ V,_ dK, + [K, V]
0 0

=1+ Y K. Vi (1+AX,)e 2% —1)+

0<s<t

t
+/ Vi Ko dX, + 30 Vi Koo (2% =1 - AX) +
0 0<s<t
+ 3 Ve Ko (14 AKX X 1) (e2X - 1)
0<s<t

t
:1+/ Zo_ dX,.
0

This proves that Z is indeed a solution of Equation (3.9).
Let us prove uniqueness. If Z’ is another solution of (3.9) then the process
Y =Z — 7’ is a solution to

t
Y}Z/ Y dXs.
0

In particular, Y is a finite variation process. Put B, = f(f |[dXs| and K =
sup, <, |Ys]. We have
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t
DHS/W;M&SKa
0

t t
il < [ Vel dB. < [ KB._a.
0 0

32
<K 7t (by the Ito formula)

and so on ... we get |Y;| < KB?'/n! and finally Y; = 0.

The martingale property comes from Theorem 3.8. O

We denote by £(X) the solution of (3.9). In the case where X is a martin-
gale, the process eX is not in general a martingale. whereas the process £(X)
is a martingale, called the exponential martingale associated to X.

On the other hand £(X) does not satisfy anymore the exponential prop-
erty. Anyway, we have the following very nice multiplication formula.

Theorem 3.11. Let X and Y be two finite variation processes. Then
EX)EY)=E(X+Y +[X)Y]).

Proof. This is just again an application of the Ito formula (Theorem 3.9). If
Zt = E(X)t and Wt = E(Y)t then

t t
ZtWt:1+/ Zo dWS+/ W, dZ, + Z AZ, AW,
0 0

0<s<t

t t
=1 +/ Zo Wo_dYs +/ Zo We_ dX, + Z Zo W AX, AY,
0 0

0<s<t

t
=1 +/ Zy We_ d(Ys + Xo + [X,Y],).
0

That is, ZW satisfies the characteristic equation of £(X +Y + [X,Y]). O

3.3 Continuous Semimartingales

We shall now forget the finite variation processes for a while and enter into
a completely different family of processes, the continuous martingales, local
martingales and semimartingales.

With Theorem 2.26 we have seen that continuous martingales are really a
different object compared to finite variation martingales. In Theorem 2.27 we
have introduced the notion of quadratic variation for continuous martingales
which are locally square integrable. This has led to the definition of the square
bracket of such a martingale M, that is, the quadratic variation process [M, M|
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which is the uniquue increasing, adapted, continuous process, vanishing at 0,
such that M? — [M, M] is a martingale.

By polarization it easy to check the following.

Theorem 3.12. Let M and N be two continuous martingales, locally square
integrable. Then there exists a unique finite variation, adapted, continuous
process [M, N| vanishing at 0 and such that MN — [M,N] is a uniformly
integrable martingale. This process [M, N] is also given by

n—1
[M,N], =lim Y (M,
=0

M) (N

it i i+l_Nti)7
where the limit is almost sure and taken over a sequence of partitions 0 =
to <t1 <...<ty,="1 of the interval [0,t] whose diameter tends to 0.

By the Stopping Theorem 2.1 we know that stopped martingales remain
martingales. The square bracket behaves in a good way relatively to the action
of stopping.

Proposition 3.13. Let M and N be two continuous, locally square integrable,
martingales and let T' be a stopping time. Then we have

[MT NT) = [MT,N] = [M,N]".

Proof. We have, by stopping, that (M?2)T — [M, M]T is a martingale. But
(M%HT = (M7T)2, so by uniqueness in the Theorem 2.27 we have that
[M, M)T = [MT, MT].

The general case is easily obtained by polarization. O

This “locality” property for martingales and their bracket is going to be
of great importance for a generalization of the notion of martingale which
appears to be necessary for the theory of stochastic integration.

An adapted, right-continuous stochastic process X is local martingale if
there exists a sequence (T7,) of stopping times such that:

i) the sequence (T,) is increasing and lim,, T,, = 400 almost surely,
ii) for every n, the process X7 is a uniformly integrable martingale.

Of course, a martingale is a local martingale. The converse is not true, but
we shall wait next section (and the introduction to stochastic calculus) before
exhibiting a counter-example.

Note that, up to changing the sequence of stopping times (7},) into (T}, A
Sp), where S,, = inf{t; |X| > n}, we can always assume that the martingales
associated to a local martingale are bounded (hence square integrable).

The square bracket extends to continuous local martingales.
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Proposition 3.14. Let M be a continuous local martingale. There exists a
unique continuous, adapted, increasing process [M, M|, vanishing at 0, such
that M? — [M, M| is a local martingale. This process [M, M| is such that for

alle >0
P (sup > 6)
s<t

converges to 0 when the diameter of the partition {0 =1ty < t1 < ... <t, =t}
converges to 0.

n—1

[M’ M]t - Z(Mti+1 - Mtz‘)Q
=0

Proof. Let (T,,) be a sequence of stopping time such that 7}, increases to +00
and M7T» is a continuous martingale. By Theorem 2.27 there exists an increas-
ing, continuous, adapted process A", vanishing at 0, such that (M7»)? — A"
is a martingale. But ((M7n+1)% — A”+1)T” is equal to (M7Tn)2 — (AntH)Tn,
By uniqueness of the square bracket, this means that (A"*1)T» = A", As a
consequence we can define unambiguously a continuous, adapted, increasing
process A such that AT» = A™ for all n. The process Y = M2 — A is such
that Y™ is a martingale for all n, hence Y is a local martingale. The process
A is the square bracket we were looking for. Uniqueness is obvious from the
uniqueness property for martingales.

Let us prove the last property. For all stopping time S such that M* is a
bounded martingale we have

n—1
P (sup [M7 M}t - Z(Mti+1 - Mt,y)Z > 5) < P(S < t)"’
s<t i=0
n—1
+P (sup (M5, M) = (MF — M) ) . (3.10)
s<t i=0

The last term converges to 0 by Theorem 2.27 and S can be choosen such
that P(S < t) is arbitrarily small. This gives the result. O

Again, these result can be extended by polarization in order to define the
square brackets [M, N] for local martingales. We do not develop here this
obvious extension. In particular, the property

[M,N]" = [MT,N"] = [M",N]

remains also true in the context of local martingales.

Finally, the result of Theorem 2.26 extends obviously to continuous lo-
cal martingales: a continuous local martingale which is of finite variations is
constant.

We now prove a fundamental inequality concerning square brackets.
Theorem 3.15 (Kunita-Watanabe’s inequality). If M and N are two

local martingales, if H and K are two measurable processes, then one has
almost surely
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AﬂHﬂ(WMN|<me<MM> (/KQNN>Q.

Proof. Let s <t be two rational numbers. The fact that for all A € Q we have
[M +AN,M +AN]; — [M +AN,M +AN|; >0
gives
[0, NJE| < [, )2, N2

(where X! means X; — Xj).
Let {0 =tg <t <+ <ty < tyyr1 = +oo} be a subdivision of RT. Take
Hy, Ko, Hy,, Ky, to be bounded random variables, take 0 < ¢ < n and define

H, = HO]lt:O + Zth ]l}tivti«#l](t)

and the same definition for K;. If one takes the previous inequalities for s =
t; and t = t;11, multiply them by |Hy, Ky,|, sum them and apply Schwarz
inequality one gets

M, N

‘/HKdMN

Z |H, K,
1/2 1/2
< (z 1 o M]z:“) (z K2 N]:::ﬂ) |

That is the required inequality with the absolute value symbol outside the
integrals.

The simple processes H and K as above form an algebra which generates
the product o-algebra on RT x 2. A monotone class arguments allows to
extend the inequalities (with the absolute value symbol outside the integrals)
to general bounded measurable processes H and K.

Let J. be the {—1, 1}-valued process such that |[d(M,N) | = J, d(M,N),.
If one applies the previous results to H and JK we get the inequality with
the absolute value symbol inside the integral. The inequality is brought to
the positive case and one extends to the non-bounded case by truncation and
monotone convergence. [

We can now introduce the class of processes which is central in the the-
ory of stochastic integration (at least in this first approach): the continuous
semimartingales. A process X is a continuous semimartingale if it can be de-
composed as X = M + A where M is a continuous local martingale and A is
a continuous, adapted, finite variation process.

Because of Theorem 2.26 (and its extension to local martingales) the de-
composition of X as M + A is unique.

Quadratic variations also extend to continuous semimartingales.
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Theorem 3.16. A continuous semimartingale X = M + A has a finite qua-
dratic variation and [ X, X] = [M, M].

Proof. This is easily deduced from observing that

S (Sup ’Mti+1 - Mti
K3

Z (Mtiﬂ - Mti) (AtiJrl - Ati) ) Vt(A)

3

where V;(A) is the total variation of A on the interval [0,¢]. O

3.4 Stochastic Integral

We are now able to enter into the definition of the stochastic integrals. The
first step consists in integrating with respect to continuous square integrable
martingales.

Let P. denote the space of bounded simple predictable processes on RT,
that is, processes H such that there exists a subdivision {0 =ty <t; < --- <
tn < tpy1 = +oo} of RT, random variables H;, which are J;,-measurable and
bounded, with

Hy = Holly=o + Z Hy My, 0,001 (2) -

Note that Hy is necessarily a constant.
We denote by M€ the space of continuous square integrable martingales.
Let M € M€ be fixed. Define the stochastic integral

t
/ H,dM, = HoMo + > Hy (My,,, e — Mypi). (3.11)
0 i

Lemma 3.17. The process (fo H, dMS) is an element of M¢ and

E l(/()m)HsciMS)2

Proof. Put Y; = fot H,dM,. From (3.11) it is clear that Y is a continuous
process. The martingale property is also immediate. Let us compute E[Y;?].
We get, denoting by N the martingale M? — [M, M],

=E UOOOHgd[M,M]S] :
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2
E[KQ} = E <HOMO + ZHtl (Mti+1/\t - Mti/\t)>

K3

= HE[Mg] + QZE [HoMo Hy, (Mg, nt — My ae)] +

K]
+ ZE l:Htl (Mti+1At - Mti/\t) Ht]‘ (Mtj+1/\t - Mt]‘/\t):l
]
= HZE[Mg] +2Y E[HoMo Hy,E [(My,,, ne — Myae) | o ]| +

K2

+ 2 ZE [Hti (MtH_l/\t — My at) HtjE [(Mtj+1/\t — Mtj/\t) |‘7'—th

i<J

+ ZE [HE (My, e — Myne)?]
= HRE(ME) + SOE [H2 (M2, 0 — M)
%
= HZE[MZ] + Z]E [Hg([M, MIZ, e — M, M]?,;At)] +
+ ZE [Hi (Ntjprnt — Nti/\t)]
—E { OCsz[M,M]S} . O
0

Let M be a fixed continuous square integrable martingale. Define L?(M)
to be the space of predictable processes H such that

00 1/2
| H || p2(ar) = (E U HZd[M, M]S]> < 00.
0

Theorem 3.18 (Ité’s theorem). The linear mapping H — fooo H,dM,
from P to M¢ extends in a unique way to an isometry from L*(M) to M¢,
still denoted H — fooo H,dM,.

Proof. The space L?(M) is the L2-space of some measure on the predictable
o-algebra. Thus the space P, of simple processes is dense in L?(M). The
previous lemma shows that the mapping H — fooo Hg M is an isometry on
P., thus it extends uniquely into an isometry on L?(M). O

We now have an important result due to Kunita-watanabe, which charac-

terizes the stochastic integral [ H dM as a process and not only as an operator
on L?(M).

Theorem 3.19. Let H € L?>(M). Then for all N € M® we have

B | [ 1l e N, | <o
0
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The stochastic integral Y; = f(f H,dM;, is the only element of M€ such that,
for all N € M€

E|[LooNs) = E [/ H, d[M, N}S] . (3.12)
0
Furthermore we have
t
[L,N]t:/ H, d[M, N, .
0

Proof. The first inequality is a consequence of Kunita-Watanabe’s Inequality
(Theorem 3.15).
The Equality (3.12) come from the fact that the mapping

H—E K/OOOHSdMS> Noo—/oooHsd[M,N]s}

is continuous on L?(M) (again Kunita-Watanabe’s inequality) and the fact
that this mapping is null on P, (immediate). Thus it is null on all L?(M).

In order to establishing the last identity, define the process J; = L;N; —
fot H,d[M,N],. Applying the previous equality to N* we get E[Jr] = 0.
Thus J is a martingale (Theorem 2.3) and [L, N] — [; Hy d[M, N], is a finite
variation continuous martingale, null at 0, thus it vanishes (Theorem 2.26).
This gives the requiered identity.

We just have to prove uniqueness. The second member of (3.12) is a con-
tinuous linear form in IV known when one is given H and M. The first member
is a linear form N +— (M, N) = E[My,Ns] which is a scalar product on M°.
Hence N is completely determined by this identity. O

An easy consequence of the previous theorem is the following.

Theorem 3.20. Let H € L*(M) and put Y = [ HdM. If K is any bounded
predictable process, then

t t
/stysz/ H,K,dM,.
0 0

Proof. By Theorem 3.19 we have, for all local martingale N

v, N] = [/OAHSCZM&N] :/O'Hsd[Mw}s.

[/O'KSdYS’N} :/O'st[Y,N]S

= / K H,d[M,N],
0

= [/ KsHdes,N] .
0

We conclude by the uniqueness property of Theorem 3.19. O

This gives



3.4 Stochastic Integral 55

Stochastic integrals also behave naturally with respect to stopping.

Proposition 3.21. Let M € M€ and H € L*(M) be fized. Then for any
stopping time T we have

[eoe] T [e’e} [e’e}
< / H, dMs) = / H o 1y(s) dM, = / H,dM?T.
0 0 0

Proof. Note that
MT = / ﬂ[O,T] (S) dM;,
0
for

M, N] = (M7 N"] = M, N]"
— [ Do) dins, . - [ [ von(orans v

holds true for all N € M€ and we apply Theorem 3.19.
Hence, by Theorem 3.20 we have

(o] o0
/ H,dM! = / H 1o 7y(s) dM;
0 0

and on the other hand we have

[e'S) T o) . 0o
(/ HS dM5> = / ]I[O’T](S)d (/ I‘]S dMS> = / ﬂ[oyT](S)HS dMS.
0 0 0 0

We have proved the requiered equality. O

In the following we make use of the following notation, for any stopping
time T’

T 0o
/ H,dM, = / H, 1oy Hy dM, .
0 0

The theorem above allows to extend stochastic integrals to continuous
local martingales.

Let M be a continuous local martingale. We denote by L2 (M) the space
of predictable processes H such that there exists a sequence (7},) of stopping

times, increasing to 400 and such that

E

T
/ Hfd[M,M]s] < 00.
0

Theorem 3.22. For any continuous local martingale M and any K € L2 (M),
there exists a unique continuous local martingale, vanishing at 0, denoted

fd H,dM;g such that, for all continuous local martingale N we have

[/O'HSdMS,N} :/O'Hsd[M,N]s.
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Proof. We can choose a sequence of stopping times (7)) increasing to +oo
such that M7» is an element of M¢ and H™» belongs to L?(MT"). Thus
we can define the stochastic integral X" = fooo HT» dMT. But the result of
Proposition 3.21 shows that (X"T1)T» = X™ on [0, T,]. Hence we can define a
process X such that X™» = X", It is now easy to check that X is the process
announced in the theorem. O

The last step is to integrate with respect to continuous semimartingales.

We denote by Py, the space of locally bounded predictable processes, that
is, predictable processes H such that there exists a sequence (7},) of stopping
times increasing to +oo with H”» being a bounded process. Note that Py, is
included into LZ (M) for all continuous local martingale M.

For any continuous semimartingale X = M + A and any process H € Py,
we define the stochastic integral

/Hsts: HSdMg—F/ HydA,,
0 0 0

that is, a sum of a stochastic integral with respect to a local martingale and
a Stieltjes stochastic integral.

3.5 Ito’s Formula

We are now going to prove the most important result of Stochastic Integration
Theory: 1t6’s Change of Variable Formula.

Theorem 3.23 (Itd’s Formula). Let X be a continuous semimartingale. Let
f be a function on R of class C?. Then f(X) is a continuous semimartingale
with

f(Xt):f(Xo)—i-/o f’(Xs)dXer%/O (X)) d[X, X, . (3.13)

Proof. Writing
Z(thz+1 - Xti)Q = Xt2 - Xg - 2ZXt¢ (Xti+1 - Xti,)

K2

and passing to the limit, when the subdivision {¢; ; i € N} gets finer and finer,
gives the result for f(r) = 2%

In the same way one gets easily convinced that if Formula (3.13) holds
true for a function f, it will also hold true for the function xf(x). Thus the
formula is true for polynomial functions.

By stopping, one can reduce the problem to the case when X takes values
in a compact set K C R. But on K any C?(R) function f is the limit in C?(K)

of polynomials. One concludes easily. O
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We state the multi-valued version of Theorem 3.23 without proof.

Theorem 3.24 (Ité’s Formula in R"). Let X = (X!,..., X") be a conti-
nuous semimartingale valued in R™. Let [ be a functionfrom R™ to R of class
C2. Then f(X) is a continuous semimartingale on R with

FOX0) = X0y + 3 [ Difx) axie
i=1 70

AN tDQ X,)d[X? X7 3.14
+22/0 iyjf( $)d[X" X5, (3.14)

We isolate a very important special case: Ito’s Integration by Part Formula.

Theorem 3.25 (It6’s Integration by Part Formula). Let X and Y be a
continuous semimartingales. Then XY is a continuous semimartingale with

t t
Xt}/'t:XOY0+/ XSdYs—i-/ Y,dX, +[X,Y];. (3.15)
0 0
In particular
t
X=X+ 2/ X, dX, +[X, X]); . (3.16)
0

We are now going to meet a class of random variables which will be of
great use for us: the stochastic exponentials. They are very famous in clas-
sical stochastic calculus for they are the solutions of the simplest stochastic
differential equation: the exponential one. They will be of great use in quan-
tum probability for they play the role of coherent vectors in the Fock space.

Theorem 3.26. Let X be a continuous semimartingale such that Xo = 0.
Then there exists one and only one continuous semimartingale Z such that,
for allt € RT

t
Z, =1 +/ Z, dX, . (3.17)
0

This solution is given by the formula
1
Zt = exp (Xt — §[X, X]t) (318)

for allt € RT.
Proof. PutY; = X; — %[X, X]; and Z; = exp(Y;). By the Ito Formula we have

t 1/t
Z, =1 +/ exp(Y;) dY; + 5/ exp(Y;) d[Y,Y]:
0 0
t 1 t 1 t
=1 +/ exp(Y;) dX; — 5/ exp(V:) d[X, X]: + 5/ exp(Y:) d[X, X]:
0 0 0

t
:1+/ Z,dX; .
0
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This shows that Z is indeed a solution of (3.17). Let us prove uniqueness. If
Z' is another solution to (3.18), then the process W = Z — Z’ is a solution of

t
Wt:/ WsdXs .
0

In particular, put

t t
@ =exp(-X) =1~ [ exp(-X.) X+ 5 [ exp(- X dlX.X]..

By It6’s formula we have
t t
WiQi= [ W.d.+ [ Quaw.+(w.ql,
0 0
t 1 [t t
:_/ WbQédXé+§/ W.szd[X7X]s+/ QsWsts_
0 0 0
t
—/ WsQsd[X, X]s
0

t
- [,
2 0

We conclude in the same way as for the proof of uniqueness in Theorem 3.10.
O

The solution of Equation (3.17) is called the stochastic exponential of the
semimartingale X and is denoted by £(X).

We have seen that, due to the correction term in the It6 formula, the
solution of the stochastic exponential equation is not a straight exponential.
The next result shows how much the stochastic exponential fails to be a true
exponential.

Theorem 3.27. If X and Y are semimartingales then
EX)EY)=E(X+Y +[X)Y]).
Proof. Let U =&(X) and V = £(Y), then
t t t
Ut‘/t =1 +/ Us‘/s dYs +/ USVG dXG +/ Us‘/s d[X, Y]s .
0 0 0
If we put Wy = U;V;, then we have proved that

t
W, = 1+/ W, d(X.+ Vs + [X,Y1].).
0

This proves our theorem. 0O
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3.6 Brownian Motion and Poisson Processes

We have seen how to define the stochastic integral with respect to any finite
variation process, but also with respect to any continuous semimartingale.
This means that we are now able to integrate with respect to our two prefered
stochastic processes: the Poisson processes and the Brownian motion.

Let us first consider the case of the Poisson process N with intensity A > 0.
It is clearly a finite variation process, with no continuous part and all jumps
equal to 1.

Following the results of Sections 2.5 and 3.2, we see that the process X; =
Ny — Mt is a (finite variation) martingale. Clearly we have

[N,N]; = Z AN, = N, (3.19)
0<s<t
and by consequence
[X,X])t = [N,N]s = Ny = Xp + At (3.20)

The Ito formula (for finite variation processes) takes the following form when
specialized to the process N:

F(V) = £(0) + /0 PN AN+ S (AR - (V). (3.21)

0<s<t
In particular

t
N? = 2/ N,_dNg + N, (3.22)
0

and .
X2 = 2/ Xo_dXs+ Xt + M. (3.23)
0

The formula for the stochastic exponential of N takes the following form:

E(N)y = e H (14 AN,)eAN:

0<s<t

= Nt 2o<s<t ANs H (1+1)

0<s<t

E(N); = 2N, (3.24)
In the same way, we get

EX)p =X [ 1+ AX,)etX:

0<s<t

= Xt 2 0<sct AXs H (1+1)

0<s<t

E(X)p = e M2Ne, (3.25)
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We will also be interested in the following. Let h € L?(R;C) and put Y; =
J3 h(s) dX. Then

E(Y)r =exp (/O h(s) dXs) [T (1 +n(s) exp(=h(s)AX,)

0<s<t
s jump of X

E(Y), = exp (—)\/Oth(s) ds) T (1+hs). (3.26)

0<s<t
s jump of X

Let us come now to the case of the Brownian motion W. It is a continuous
martingale. By Theorem 2.25 we have

W, W], =t. (3.27)

Hence the Ito formula takes the following form:

t
FW, / FW.) AW, + & / £ (W) ds. (3.28)
In particular
t
W? = 2/ W, dW, +t. (3.29)
0

Let h be a function in L?(R*; C). Consider the martingale

Mt:/oth(s) dw

Then the stochastic exponential of M is given by

t_exp(/ (s /h ) (3.30)

Stochastic exponentials also allow a very nice characterization of the Brownian
motion.

Theorem 3.28 (Levy’s Theorem). A process X is a Brownian motion if
and only if it is a continuous martinale with [ X, X], =t for all t € RT.

Proof. We have already proved the “only if” part. Let us prove the converse.
By the Ito formula we have

) t w2 o
eluXe — 1 4 zu/ e X dx, — 7/ et Xs g
0 0

for [X, X], = s. In particular
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. t u2 to
u(Xe=Xe) —q +iu/ e Xr=Xe) gx . — —/ (X =Xs) gr
2 S

S

and -
E [em(xt_x“)} Fo=1-— u—/ E [ei“(X’_XS)} Fs dr
S 2 s S .

The above equation is easily solved and we obtain

E {eiu(Xt—Xs)} F, = e—t=su?/2.

That is, the conditional law of X; — X, given Fy, is gaussian N (0, /t — s).
This gives the result. O






4

STOCHASTIC DIFFERENTIAL
EQUATIONS

4.1 Markov Processes

We first start with a basic introduction to Markov processes, their semigroup
and their generator.

Intuitively speaking, a process X, with state space (E, &) is a Markov
process if, to make a prediction at time s on what is going to happen in the
future, it is useless to know anything more about the whole past up to time s
than the present state Xs. The minimal past of X at time s is the o-algebra
Fs = 0{Xu;u < s}. Let us think of the conditionnal probability

P[Xt €A|]:‘;]

where A € £, s < t. If X is Markov in the intuitive sense described above,
this should be a function of X, that is, g(X;) where g is a &-measurable,
[0, 1]-valued function. As a function of A the above ought to be a probability
measure, clearly. Thus the above is better written

gs,t(X57 A)

This motivates the following definition.

Let (E, &) be a measurable space. A transition probability on F is a map
IT from E x &€ to [0, 1] such that

i) for all z € E, the map A — II(z, A) is a probability measure on &,
ii) for all A € &, the map = — II(z, A) is E-measurable.

Transition probabilities act on bounded functions by
m5w) = [ 1) 1)

for all f € L>®(E,E).

Transition probabilities act on probability measures by
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pIT(A) = / 1(x, A) dp(z)
E

for all probability measure y on E.

Transition probabilities can be composed by
M, 4) = [ Moy, 4) ()
E

defining this way a new transition probability.

Transition probabilities describe how an initial position = for X is dis-
tributed later on for X7, where [0,7] is a fixed interval of time. In order to
consider Markov processes we have to make this definition time-dependent.

A transition function on (E, &) is a familly P4, 0 < s < t of transition
probabilities on (F, ) such that for every s < t < u we have

Psm(a:,A):/ P, (y, A) Ps i (x,dy)
E

forallz € E, A € £, that is, P; P, = P;,. Think of P;; as the transition
probability describing what happens to the Markov process in between time
s and time ¢. The transition function is homogeneous if Ps: depends on ¢t — s
only. In that case we write P; for Py, and the above relation reduces to

Pry(a, A) = /E Py(y, A) Py(z, dy).

that is, PsP; = Piys. In other words, (P;) is a semigroup (cf Chapter 77).

A Markov process on a filtered probability space (2, F, (F;), P), with tran-
sition function P, is an adapted process X such that, for any f € L2(E,£),
any s <t

E [f(Xt) ‘ -7:8] = Ps,tf(XS) :

In the homogeneous case this gives more simply
E[f(Xt) ‘ -7:3] = Pt—s.f(Xs) :

The measure v = X(P), that is the law of Xy, plays an important role and
is called the initial measure.Initial measure

We have a first existence theorem for Markov processes.

Theorem 4.1. Given a transition function P on (E, ) and a probability mea-
sure v on (E, &), there exists a unique probability measure Prob, on (ERJr7 SR+)
such that the coordinate mapping X (given by X¢(w) = w(t)) is a Markov pro-
cess with respect to its natural filtration, with transition function P and initial
measure v.
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Proof. Consider the measures
Pirotn(Agx ... x Ay) =

= / .. / P, . (xp_1,dxy) ... Poy, (20, dz1) v(deo) .
An Ag

They constitute a consistent familly of probability measure and then we apply
Kolmogorov’s Theorem 1.1. O

Of course, the discussion we had in Section 1.3 is still valid in this context.
This means that the above existence theorem is not enough to work decently
with a Markov process. We will need to know some regularity of the paths
of the processes we are interested in. We do not discuss this point for the
moment.

In the sequel we concentrate only on the homogeneous case. Note that, in
that context we have

P,[Xg € Ay, Xy, € Ay,..., Xy, € Ay =

= / . / P, (xp_1,dxy) ... Py, (x0,dz1) v(dzo) .
An AO

Also note that for all z € E, if §, denotes the Dirac measure on z, then we
put P, for Ps_ and we have

Pl[Xt S A} :Pt(ﬂj,A)

This is all for the general theory on Markov processes and their transition
functions. We shall concentrate now on a particular class of homogeneous
Markov processes which is very workable, for we ask a little more regularity.

A Feller semigroup on Cy(FE) is a familly Ti, t > 0, of positive linear
operators on Cy(FE) such that:

i) To = I and ||T¢]| < 1, for all ¢,

ii) Tyy s = Ty o T for all s,t € RT,

iii) limy o | T3f — f]| = 0 for all f € Co(E).

Note that (T3) is then a strongly continuous semigroup on Cy(E) (cf Chap-
ter 77).

Proposition 4.2. To each Feller semigroup T on E is associated a unique
homogeneous transition function P on (E, &) such that

Tif(z) = P f(x)
forall f € Co(E), allx € E.
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Proof. The mapping f +— T} f(z) is positive linear and continuous on Cy(F)
and thus, by Riesz’s theorem, there exists a measure P;(z,-) on £ such that

Eﬂ@:LﬂwB@@)

The mapping = — [ f(y) Pi(x,dy) is Cy hence Borel. In particular z +—
Pi(z, A) is measurable for all A € £. The rest of the proof is easy and is left
to the reader. O

A transition function P which is associated to a Feller semigroup 7T is
called a Feller transition function.

The following result gives a weaker characterization of Feller transition
semigroups.

Proposition 4.3. A (homogeneous) transition function P is Feller if and only
if

i) P,Co(E) C Co(E) for all t,

it) For all f € Co(E), all x € E, we have lim;_,o P, f(x) = f(z).

Proof. Of course, only one direction remains to be proved.

As P;f belong to Cy(E) then, by hypothesis, lims_,g Prysf(z) = P.f(z).
The function (¢,2) — P;f(x) is thus right-continuous in ¢ and therefore mea-
surable on R* x E. The function

z—Upf(z) = /000 e PPy f(x) dt,

for p > 0, is measurable and by ii)

lim pU,f(x) = f(x).

p—+oo
One checks easily that U, f belongs to Cy(E). Note that one also gets easily
Upf = Uqf = (q—p)UpUsf = (¢ — p)U,Up f.

As a result the image D = U,(Cy(E)) does not depend on p > 0. Finally
observe that ||pU,f|| < ||f]-

Let us show that D is dense in Cy(F). Indeed if i is a bounded measure
vanishing on D then, for any f € Cy(E)

= 1. =
/fdu p;glm/pUpfdu 0
and thus g = 0. Finally, we have
+oo
PU,f(x) = et / e PPy f(x)ds
t

hence
[1PUpf = Upfll < (7 = DIULfI| + Ll fI-
It follows that lim; o ||P:f — f|| = 0 for f € D. One concludes easily. O
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A Markov process whose transition function is Feller is called a Feller
pProcess.

The following theorem shows that Feller processes have a sufficient regu-
larity in order to apply the regularization procedure developed in Section 1.3.
We do not prove this result (see [?], Theorem 2.7).

Theorem 4.4. Fvery Feller process admits a cadlad modification.

We now refer to Chapter 7?7 and in particular to the results of Section 77.

Let X be a Feller process and P be its semigroup. In particular P admit
a generator A, it is called the infinitesimal generator of X.

Note that in particular we have

E[f(Xt4n) — f(Xt) | Fit] = hAf(Xt) +o(h).

In other words, the operator A describes the infinitesimal motion of X.
We have a property which is very usefull for the study of Markov processes
in general.

Proposition 4.5. If f belongs to Dom A then the process

MJ = f(X,) — f(Xo) — /0 Af(X,)ds

is a martingale. In particular, if Af =0 then f(X}) is a martingale.

Proof. Since f and Af are bounded function, the random variable Mtf is
integrable and

B3 | 2] =+ 8 |00 - s - [ AF(X,)du| 7.

By the Markov property, the last term is equal to

Ex, [f(Xt_g - s - [ AR du} |

But we have, for any y € F

t—s

g, [t - so - [ st ] -

0
— Pr_uf(y) — f(y) — /0 T PLAf(y) du=0.

This gives the result. O

The following theorem will never be used here in its full generality but we
give it for information and for comparison with the Lindblad generators that
we will obtain later on.
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Theorem 4.6. If P. is a Feller semigroup on R and C3¢ C Dom A then
i) C% C Dom A,

it) for every relatively compact open set U, there exist functions a;j,b;,c on
U and a kernel N such that for f € C% and x € U

2
Af(@) = (o) (@) + 3 b)) + Yy ) 7 (a)

—(z
dx . dx;0x;
i, J

df
+ /]Rd\{z} [f(y) — f(z) = u(y) Z(yz - Iv)dfxz(x) N(z,dy)

%

where N(z,-) is a Radon measure on R\ {z}, the matriz a(z) = ||a;;(z)|| is
positive, ¢ 18 negative.

4.2 Brownian motion and Poisson processes

Our two prefered stochastic processes are basic examples of Markov processes.
Let us start with the Brownian motion.

Let C2(R) be the space of C? functions f on R such that f, f' and f”
tend to 0 at +oo.

Theorem 4.7. The Brownian motion is a Feller process, with semigroup
RI@ = o [ e .
V2r J_oso

Its generator is 1A, with domain C3.

Proof. To prove the Markov character of the Brownian motion let us first
establish a usefull lemma.

Lemma 4.8. Let Y and Z be two random variables and G be a o-algebra such
that Y is independent of G and Z is G-measurable. Then for every bounded
measurable function f on R? we have

E[f(Y,2)16] = 9(2)

where g is given by
9(z) = E[F(Y, 2)].

Proof (of the lemma). The result is immediate when f is of the form f(y, z) =
h(y)k(z). One concludes easily by an approximation argument. 0O
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We are now back to the proof of Theorem 4.7. Let W be a Brownian motion
on the filtered probability space (2, F, (%), P). For any bounded measurable
function f on R and all s < ¢ we have

Elf Wits) | Fs] = E[f(Wiss — Wo + W) [ Fs] = g(Ws)
where g(x) = E[f(Wiys — Ws + x)] (by Lemma 4.8). More precisely we have
g9(x) = E[[f(W; + 2)]

+o0 5
e VP fy+x)dy

~ Vanl
+oo
N % / e V2 fyvE + ) dy

This proves the Markovian character of W and the explicit form of the semi-
group. Checking that this semigroup is Feller is easy and left to the reader.

Let us compute the generator of W with its exact domain. If f € CZ then
by Taylor’s formula we have

2t

Pi(e |10+ Vi @)+ 25 10)]

M

for some 6 € [z, x + yv/1]. This gives

Pf(x) = f@) + —=f"(z ~v*/2 Y t(f (0) — f"(x)) dy.

A [

Let us denote by R(t, z) the last term of the right hand side. Let M be a finite
bound for f” (it exists by hypothesis). Let R > 0 be fixed, we have

Rl <o PR -l dy ot [ e ay
Yy

ly>R
<Ct sup |f"(u)— f"(v)| y2e ™V /2 gy + C’Mt/ y2e V2 gy .
ju—v|<Rt WI<R yI>R

The first term of the right hand side tends to 0 with ¢ by the uniform continuity
of f” on compact sets. The second term tends to 0 as R tends to +oo. Hence
|R(t,z)| can be made arbitrarily small. We have proved that for all f € C?

we have
o Pd(@) = f(@)
t—0 t

1
= gAf(m)

This proves that the generator A is the announced operator, with domain
containing CZ. We need to prove that this domain coincides with CZ. By
Proposition ?? we know that Dom A = R,(A)(Cy(R)) where

Ry(A) = /0 e D f(x) dt
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A direct computation shows that
e 1
R 1@ = [ ) o
It is now an exercise to check that for all f € Cy(R) we have f € C2(R) and
PRy(A)f = f = 3(Rp(A)f)". O

eVl gy

Here is for the Brownian motion. Let us consider the Poisson processes.

Theorem 4.9. Let N be a Poisson process with intensity A > 0. Then N is
a Feller process with semigroup

(A2)" Y
n!

Pf(x)=> f(n+w)
n=0

and generator
Af(x) = A(f(z +1) — f(2))
defined on all Cy(R).

Proof. The proof is very similar to the one of the previous theorem. We have,
using again Lemma 4.8

E[f<Nt+S) |]:s] = E[f(Nt+s - Ny +Nt)|]:s] = g(Ns)

where
g(x) = E[f(Ntys — Nt +2)] = E[f(N; + )]

A direct computation with the Poisson law of IV; gives the explicit form of
the semigroup as above.
Deriving with respect to t at time ¢ = 0 gives trivially the generator. O

4.3 Stochastic Differential Equations

Let us first recall well-known results concerning ordinary differential equa-
tions, they are all very classical and easy to prove (we leave the proofs to the
reader).

Theorem 4.10. Let f be a Lipschitz function on R and let x € R be fized.
Consider the equation

t
Xf:x—k/f(X;”)ds, t e RT. (4.1)
0

Then Equation (4.1) admits a unique solution (X7). The family of operators
P, on Cy(R) defined by
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Pih(z) = h(XY)
forms a strongly continuous semigroup, with generator

d

A:f(x)@

defined on C1(R). This semigroup is invertible, with inverse P_; being given
by
P_ih(x) = h(Y;")

where Y* is the unique solution of
t

Y :x—/ f(X%)ds, teRT.
0

With stochastic differential equations we are considering perturbations of
equations of the form (4.1) by addition of a supplementary term, a noise. That
is, the general form of the equation becomes

t t
Xp=at [ () ds+ [ g(xz)av., (42)
0 0

where Y is a fixed semimartingale. Of course, more general equations may be
considered. For example, the coefficients inside the integrals may depend on
the whole trajectory: f(X,;u < s), g(Xu;u < s); they may also depend on
the time itself: f(s, Xy;u < s), g(s, Xu;u < s) etc. We do not aim to develop
a serious theory of stochastic differential equations here, but just consider
few examples which illustrate the connection with the Markov property, in
order to make a parallel with the quantum version of these equations. The
two main examples we consider here are equations of the form (4.2) where Y
is a Brownian motion or a Poisson process.

Theorem 4.11. Let Y be a Brownian motion or a compensated Poisson pro-
cess. If b and o are bounded Lipschitz functions on R then the equation

X;=z+ /Ota(Xs)dYs + /Ot b(Xs)ds (4.3)

in the Brownian case,

X; :x—i-/o o(Xs—)dYs +/0 b(Xs_)ds (4.4)

in the Poisson case, admits a unique solution.

Proof. We proceed, for proving the existence, by a usual Picard iteration
method. Let us describe it in the Brownian case. Let X{ = x, for all ¢. For all
n > 1 put
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t t
Xt :x+/ o(XM) dYs+/ b(X™) ds.
0 0

Then

t t
n n 2 n n— 2 n n— 2
IXp - xpP <2 / lo(X7) — (X0 dst2 / 1B(XT) — (X ds.

(4.5)
By the Lipschitz assumptions the above is bounded by

t
c/ X7 — X7 ds.
0
Iterating we get

1xp+ - X7 < C"/ IXE = X2 dsy ... ds,

0<s1<...<sp, <t

<KC"£
- nl’

The series ) Xt — X7 is thus normaly convergent to a limit X;. The
arguments are afterwards rather standard. By Doob’s maximal inequality,
one proves the uniformly almost sure convergence to X;. One then prove, by
an easy approximation argument, that this X is a solution of the stochastic
differential equation.

The uniqueness is obtained in the same way as for the exponential equa-
tion: using the isometry formula and Gronwall’s lemma, the difference between
two solutions can only be 0.

The main ingredient we used above is the fact that, for the Brownian
motion, we have [Y,Y]; = t. Fact which gives the norm estimate (4.5). In the
Poisson case we have [Y,Y]; = At + Y3, hence

]E[/OtHdes} :E[/OtHf(dYs+/\ds)} =\E [/(:Hfds} .

The arguments then go on in the same way. 0O

4.4 Markov Property

Theorem 4.12. The solution of the equation (4.3) or (4.4) is a homogeneous
Markov process.

Proof. Let us prove the Brownian case. Let us denote, for a moment X;*
the unique solution of the equation

t t
Xt:x+/ U(Xu)dYu+/ b(X)du, t>s.
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As
t t
X, :Xs—i-/ U(Xu)dYu—i—/ b(X,) du
S S

we have
Xt XX s

In other words, if we define
F(z,s,t,w) = Xi"*(w)

we have
Xi(w) = F(Xs, s,t,w)

for all ¢ > s. Note that w — F(x, s, t,w) is independent of Fj.
We aim to prove that, almost surely

Ee [f(Xesn) [ Fi] (W) = Ex, ) [f(Xn)] (w)

which we may rewrite as
E, [f(F(Xe,t,t+h,) | ] (w) = E[f(F(x,0,h, '))]z:Xt(w) :

Put g(z,w) = f o F(x,t,t + h,w) and approximate g pointwise by functions
of the form
S due)i ()
k

We get

Elg(Xe,-) | Fi] = hmZm Xo)uw() | Fo
= hqu&k (XOE [px(-) | Fi]

= hmZE ¢k | ft]y X,

=Elg(y,) [ Fil,—x, =Elg(y,")],—x, -
But one easily checks that
E [f(F<Xt7t>t+ h, )) | ]:t] =E [f(F(ya t,t+h, '))}y:Xt
=E [f(F(ya 0, h, .))}y:Xt :

Which is the requiered identity.
These arguments are clearly working in the same way for the Poisson case.
O
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Theorem 4.13. In the case where Y is a Brownian motion, the infinitesimal
generator of the solution of (4.3) is

d 1, ,d

A=b(x )%‘f‘* o(x) T2

In the case where Y is a compensated Poisson process with parameter \, the
infinitesimal generator of the solution of (4.4) is

Af() = (0(x) = Ao(@)) = f(a) + N[ (o +0(2))  f(2)).

Proof. Let us first consider the Brownian case. By the Ito formula we have

F(X0) = f(Xo) /f DX, + 1 /f” x],
/f dY+/f ,) ds+
+§/0f”(Xa:c2

E[f(X))] = f(z) + / E[Af(X.)] ds

This gives the result, recording that

In particular

Af(z) = SE[F(X)]mo.
In the Poisson case, the Ito formula gives
F(X2) = F(Xo) / F(Xe )Xo+ S AF(XL) - [1(X,) AX,
0<s<t
—»f )Q) /r f d)/'+d/ f )d8+
+ Z Xsf""a X ))_f( sf)U(Xsf)) .
0<s<t

For a general continuous function k, let us compute a quantity like

> k(X

0<s<t t=0

Let Ty,..., Ty, ... be the successive jumping times of X (that is, those of Y).
We have
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E| > kX.)|=

0<s<t

= Z E I:]IT1+'~~+T7LSt<T1+~-+Tn+1 (k(XTl_) +.. k(X(ThLan)*))] :
neN

The random variable k(X7, ) + ... + k(X(p,+...1;,)—) is a certain function j
of x and 11,75, ..., T, only. This gives

E| > k(X.)| =

0<s<t
:/ Gl by, ) ANt ) gy g

0<ti+..tp<t<t1+...tn4+1
Changing the variables into u; = t1, uo =t1 +1to, ..., Upy1 =t1 + ... +tnt1,
we get

~ nt1 Aun
/ Gy g, .o un )N TN duy L gy
0<u1 <...<up <t<upt1

When deriving with respect to ¢ at ¢ = 0, only the term with n = 1 survives
and the derivative in 0 is equal to

/ Gz, 0)A2e N2 duy = k() .
0

The conclusion is now easy. 0O

4.5 Dynamical Systems

In this section we connect the stochastic differential equations and their
Markov generator to the notion of dynamical system. This section is to be
put in perspective with Section ?7?. It also prepares to what we are going to
develop in the quantum context.

Let us consider the Brownian motion W on its canonical space ({2, F, P)
where 2 = Cy(RT). We define, for all s € R, on Cy(R™), the shift ;5 as an
application from {2 to (2 by

Os(w)(t) =w(t+s) —w(s).

From this, we define the shift operators O; as follows. For any random variable
F € L*(w, F, P) we put
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In particular we have O4(W;) = Wyps — Wi

As the process Y; = Wiy, — Wy, t € RT, is again a Brownian motion, this
implies that the mapping 05 preserves the measure P. As a consequence O
is an isometry of L?(£2, F, P).

Lemma 4.14. If H is a predictable process, then, for all fized s € RT, the
process Ky = Og(Hy—s), t > s is also predictable.

Proof. The process K as a mapping from 2 x RT to R is the composition of
H with the mapping ¢(w,t) = (65(w),t — s) from 2 x [s, +oo[ to 2 x RT. We
just need to check that ¢ is measurable for the predictable o-algebra P.

If Ax]u,v], with u < v and A € F, is a basic predictable set, then

o~ (AxTu,o]) = 07 (A)xJu + 5,0+ 5].

We need to check that 6;1(F,) C Fuis. The o-algebra F, is generated by
events of the form (W, € [a,b]), fort < u. The set 01 (W, € [a,b]) is equal to
(Wits — Ws € [a, b]), hence it belongs to Fyts. O

Lemma 4.15. Let H be a predictable process such that ft+s E[H2] du < o0.

0
Then we have
t
O, (/ H, qu>
0

Proof. If H is an elementary predictable process then the identity (4.6) is
obvious (from the fact that O4(FG) = O4(F) O5(G)). As a general stochastic

integral fot H — sdWj is obtained as a limit in the norm

t 2 t )
||/ H, dw,| =/ | HL |12 ds,
0 0

and as O is an isometry, it is clear that Equation (4.6) holds true for any
stochastic integral. O

t+s
/ O (Hys) W, . (4.6)

Theorem 4.16. Let f and g be two bounded Lipschitz functions. Denote by
X7 the unique process solution of the stochastic differential equation

¢ t
X7 :x+/ f(Xff)du—k/ g(X7) dW,, .
0 0
Then, for all s,t € RT, we have
@
o, (X)) = X7,
in the sense that, for almost all w € {2, we have

X 90,(0)) = X2, ().
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Proof. Define

Y2 (w) = XTI (w) ifu<s,
w) = =
XX 0,w)  ifu>s.

Then Y, is solution of
v, =o(x")

- X746, [/U(Xff)du} ‘e, Uotguff)dwu]

_x—i—/ XD du+ | T G(XT) AW, +/t@ (f(Xff-?)) du+
+/S+t O, (F(X.,) aw,
:x-l-/ £, du+/ (Yu‘”)qu—k/Otf(YfH)du—k
ey
+ [ pvEaw,
:aer/f du+/g dW+/ FOVE) dut
ot

+ FYEaw,

—x—F/ f(y, du+/+tg(Yf)qu.

This shows that Y* is solution of the same stochastic differential equation as
X?*. We conclude easily by uniqueness of the solution. O

We are now ready to establish a parallel between stochastic differential
equations and dynamical systems. Recall that we defined discrete time dy-
namical systems in Section ?7. In continuous time the definition extends in
the following way. A continuous-time dynamical system on a set E is a one-
parameter family of applications T}, t € R, on E such that Ty oT; = T\, for
all s,¢. That is, T' is a semigroup of applications on E. Each mapping T; can
be lifted into an operator on £L°(F), denoted by T} and defined by

T,f(z) = f(Tx).
The following result is now a direct application of Theorem 4.16.

Corollary 4.17. Let (£2, F, P) be the canonical space of the Brownian motion
W. Consider the stochastic differential equation

t t
Xf:x—i—/ f(Xff)du—F/ g(XT)dW, .
0 0
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Then the mappings Ty on R x 2 defined by
Ti(z,w) = (X{ (W), 0r(w))

define a continuous time dynamical system on R.

This is to say that a stochastic differential equation is nothing more than
a deterministic dynamical system on a product set R x {2, that is, it is a
semigroup of point transformations of this product set. We then have a result
analogous to the one of Theorem 7?7 when this dynamical system is restricted
to the R-component.

Before establishing this result, we need few technical lemmas. In the fol-
lowing {2 denotes the space of continuous functions on [0, t]. For all w € £2 we
denote by wy) the restriction of w to [0,¢]. Finally P, denotes the restriction
of the measure P to (§2y, Ft).

Lemma 4.18. The image of the measure P under the mapping

02— Q%0
w = (wy, 0 (w))

is the measure Py @ P.

Proof. Recall that w(s) = Wi(w) and 6(w)(s) = Wips(w) — Wi(w). If Ais a
finite cylinder of {2, and B a finite cylinder of {2, then the set

{we 2; (wy,0:(w)) € Ax B}

is of the form

{we 2; Wy, (w) € Ay,..., W (w) € Ay,
(Ws, — W) (w) By,...,(Ws, — Wy)(w) € By}

for some ty,...,t, <t and some si,...,s; > t. By the independence of the
Brownian motion increments, the probability of the above event is equal to

P({w € 2y; Wi (w) € Ay,..., Wy, (w) € Ap})
P{we 2; (Ws, —Wy)(w) By,...,(Ws, — Wi)(w) € Bi}).

This is to say that

P({w € 2; (wy,0:(w)) € Ax B}) =
P{we2; wye A)P{we 2; 6,(w) € BY}).
This is exactly the claim of the lemma for the cylinder sets. As the measures

P and P® P are determined by their values on the cylinder sets, we conclude
easily. 0O
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Lemma 4.19. Let g be a bounded measurable function on (2 x 2. Then we
have

/ /g(w,w’)dPt](w)dP(w’):/g(wﬂ,et(w))dP(w).
24 J 02 2

Proof. First consider g of the form 14gp. We have
Py ® P(A x B) = Py(A)P(B)
= Py(A)P(6;"(B)) (for 6, preserves P)
=P{we 2; wye A bi(w) e B}) (by Lemma 4.18)
=P P({(w,w') € 2x2; wy € A, b(w) € B}
=P®P(¢p (AxB)).

This proves the lemma for such functions g. It now easy to extend to general
functions g by a usual monotone class argument. 0O

Theorem 4.20. Let (£2,F, P) be the canonical space of the Brownian motion
W. Consider the stochastic differential equation

X =z+ /Otb(XZ) du—i—/OtU(Xﬁ)qu
and the associated dynamical system
Ty(x,w) = (X{ (W), 0r(w)) -
For any bounded function h on R consider the mapping
Ph(x) =E|[Ti(h & 1)(z, )
Then P is a Markov semigroup on R with generator

d 1 d?

Proof. The fact that each P; is a Markov operator is a consequence of Theorem
?7?. Let us check that they form a semigroup. By definition we have

P/(P.h)() = E [T,(Ph @ W) (a, -)
- / Poh(XE(w)) dP(w)
2
- / WX ) (W) dP (W) dP(w)
2 JN2

= [ h(xX“(g,(w))dP(w) (by Lemma 4.19)
2

_ / (X7, ,(w)dP(w) (by Theorem 4.16)
2

= S+th($) .
We have proved the semigroup property. 0O
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We have proved the continuous time analog of Theorem ?7. Every Markov
semigroup, with a generator of the form above, can be dilated on a larger set (a
product set) into a dynamical system. This means again an open system point
of view on Markov processes: Markov processes are obtained by restriction of
certain types of dynamical systems on a product space, when one is averaging
over one inaccessible component.

In this section we have developed the Brownian case only. But it is clear
that all this discussion extends exactly in the same way to the case of the
Poisson process. Indeed, the arguments developed above are only based on
the independent increment property.
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