1
Fundamental Concepts

1.1
Wiener Process, Adapted Processes and Quadratic Variation

Stochastic processes represent a fundamental concept used to model the de-
velopment of a physical or nonphysical system in time. It has turned out that
the apparatus of stochastic processes is powerful enough to be applied to many
other fields, such as economy, finance, engineering, transportation, biology and
medicine.

To start with, we recall that a random variable X is a mapping X : Q — R that
assigns a real value to each elementary event o € Q. The concrete value X(w) is
called a realization. It is the value we observe after the experiment has been done.
To create a mathematical machine we suppose that a probability space (2, F, P) is
given. Q is the set of all elementary events and § is the family of events we are
interested in. It contains the set of all elementary events Q and is assumed to be
closed with respect to forming the complement and countable intersections and
unions of events from this collection of events. Such families of sets or events
are called o-algebras. The character o indicates that even the union or intersection
of countably many sets belongs to § as well. For mathematical reasons we have
to assume that ‘events generated by X’, i.e. sets of the type {w : X(w) € I}, where
I is an open or closed or semi-open interval, are really events; i.e. such sets are
assumed also to belong to §. Unfortunately the collection of all intervals of the real
line is not closed with respect to the operation of union. The smallest collection
of subsets of the real line that is a o-algebra and contains all intervals is called the
o-algebra of Borel sets and will be denoted by 8. It turns out that we have not only
{w: X(w) € I} € § for any interval but even {w : X(w) € B} € § for every Borel set
B. This fact is referred to as the §-measurability of X.

It turns out that for any random variable X and any continuous or monotone
function g the function Y(w) = g(X(w)) is again a random variable. This statement
remains true even if we replace g by a function from a larger class of functions,
called the family of all measurable functions, to which not only the continuous
functions but also the pointwise limit of continuous functions belong. This class
of functions is closed with respect to ‘almost all’ standard manipulations with
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1 Fundamental Concepts

functions, such as linear combinations and products and finally forming new
functions by plugging one function into another function.

The probability measure P is defined on § and it assigns to each event A € §
a number P(A) called the probability of A. The mappings A — P(A) satisfy the
axioms of probability theory, i.e. P is a non-negative c-additive set function on §
with P(Q) = 1.

We assume that the reader is familiar with probability theory at an introductory
course level and in the following we use basic concepts and results without giving
additional motivation or explanation.

Random variables or random vectors are useful concepts to model the random
outcome of an experiment. But we have to include the additional variable ‘time’
when we are going to study random effects which change over time.

Definition 1.1 By stochastic process we mean a family of random variables (X;)i0
which are defined on the probability space (2, §, P).

By definition X, is in fact a function of two variables X;(w). For fixed t this
function of w is a random variable. Otherwise, if we fix w then we call the function
of t defined by t — X;(w) a realization or a path. This means that the realization
of a stochastic process is a function. Therefore stochastic processes are sometimes
referred to as random functions. We call a stochastic process continuous if all
realizations are continuous functions.

For the construction of a stochastic process, that is, of a suitable probability space,
one needs the so-called finite dimensional distributions which are the distributions
of random vectors (X;,,...,X,), where t; < t, < .-+ < t, is any fixed selection. For
details of the construction we refer to @ksendal [175].

A fundamental idea of modeling experiments with several random outcomes
in both probability theory and mathematical statistics is to start with independent
random variables and to create a model by choosing suitable functions of these
independent random variables. This fact explains why, in the area of stochastic
processes, the particular processes with independent increments play an excep-
tional role. This, in combination with the fundamental meaning of the normal
distribution in probability theory, makes clear the importance of the so-called
Wiener process, which will now be defined.

Definition 1.2 A stochastic process (Wi)i>o is called a standard Wiener process or
(briefly) Wiener process if:

1) Wo=0,

2) (Wh)i=0 has independent increments, i.e. Wy, — Wy, ..., Wi, — Wy, Wy, are in-
dependent forty <ty < -+ < ty,

3) For all 0 <s<t, W,— W, has a normal distribution with expectation E(W, —
W;) = 0 and variance V(W, — W) =t —s,

4) All paths of (W})i=0 are continuous.

The Wiener process is also called Brownian motion. This process is named
after the biologist Robert Brown whose research dates back to the 1820s. The
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1.1 Wiener Process, Adapted Processes and Quadratic Variation

mathematical theory began with Louis Bachelier (Théorie de la Spéculation, 1900)
and later by Albert Einstein (Eine neue Bestimmung der Molekiildimensionen,
1905). Norbert Wiener (1923) was the first to create a firm mathematical basis for
Brownian motion.

To study properties of the paths of the Wiener process we use the quadratic
variation as a measure of the smoothness of a function.

Definition 1.3 Let f : [0, T] — R be a real function and 3, : a =t <t1, < -+ <
tnn = b, a sequence of partitions with

d(3n) == max (tig1n —tin) = 0, as n— oo.
0<i<n-—1

If limy o Z?;OI (tir1.n) — f(tin))? exists and is independent of the concrete sequence
of partitions then this limit is called the quadratic variation of f and will be denoted

by [f]r.

We show that the quadratic variation of a continuously differentiable function
is zero.

Lemma 1.1 If f is differentiable in [0, T] and the derivative f'(t) is continuous then

flr =0.

Proof . Put C = sup,_,r |f'(#)|. Then [f(t) — f(s)| < C|t — 5| and

n—1 n—1
Y (i) = f(tin)* < C Y (biarn — tin)’
i=0 i=0

< C(30) T = nosoo 0.

If (X;)o<i<T is a stochastic process then the quadratic variation [X]r is a random
variable such that for any sequence of partitions 3, with 3(3,) — 0 it holds for
n— 0o

n—1

Z(Xtm,n - Xti,n)2 - X,
=0

where — is the symbol for stochastic convergence. Whether the quadratic variation
of a stochastic process does or does not exist depends on the concrete structure
of this process and has to be checked in a concrete situation and it is often more
useful to deal with the convergence in mean square instead of the stochastic
convergence. The relation between the two concepts provides the well known
Chebyshev inequality which states that, for any random variables Z,, Z

1
P(1Zy = 2| > 6) = 3E(Zs — Z)%.
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Hence the mean square convergence E(Z, — Z)> — 0 of Z, to Z implies the
stochastic convergence P(|Z, — Z| > ¢) — 0 of Z, to Z.

Now we are going to calculate the quadratic variation of a Wiener process. To
this end we need a well known fact. If V has a normal distribution with expectation
w and variance o? then

EV=p, V(V)=EYV-p)?=d
E(V—-p)? =0 EV-p?*=30"

If @ = 0 then

E(V? —0%)? = B(V* — 26°V? + 6%

=30* —o* = 20" (1.1)

Theorem 1.1 If (W,)o<i<T is & Wiener process then the quadratic variation
(Wlr=T.

Proof . Let 3, be a sequence of partitions of [0, T] with §(3,) — 0 and put

n—1

2
Z” = Z(Wti+l,n - Wti,n) N
i=0
From the definition of the Wiener process we get that E(W,, P Wti,n)z =ti1n—
tin. As the variance of a sum of independent random variables is just the sum of
the variances we get from the independent increments

n—1 2
E(Zn — t)z =E (Z(W‘Hl,n - Wti,n)z = (tir1n — ti,n))
=0

n—1

=V(Z) =D V(Wi — Wi,,))
i=0

=Y E(Wiyr, — Wii,)* = (birrn — tin))

=25t — 22607 0
i=0

where for the last equality we have used (1.1).

The statement [W]r = T is remarkable from different points of view. The
exceptional fact is that the quadratic variation of this special stochastic process
(Wi)o<t<t is a degenerate random variable, it is the deterministic value T. This
value is non-zero. Therefore we may conclude from Lemma 1.1 that the paths of
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Figure 1.1 Collection of realizations X; of the special
stochastic process (W;)o<:<t named after Norbert Wiener.

a Wiener process cannot be continuously differentiable as otherwise the quadratic
variation must be zero. The fact that the quadratic variation is non-zero implies
that the absolute value of an increment W, — W, cannot be proportional to ¢t —s.
From here we may conclude that the paths of a Wiener process are continuous but
not differentiable and therefore strongly fluctuating. The illustrative picture (see
Figure 1.1) of simulated realizations of a Wiener process underlines this statement.

One of the main problems in the theory of stochastic processes is to find
mathematical models that describe the evolution of a system in time and can
especially be used to predict, of course not without error, the values in the future
with the help of information about the process collected from the past. Here and in
the sequel by ‘the collected information’ we mean the family of all events observable
up to time t. This collection of events will be denoted by §;, where we suppose
that §, is a o-algebra. It is clear that §; € §; € §. Such families of c-algebras are
referred to as a filtration and will be denoted by (§)>0. Each stochastic process
(Xi)i=0 generates a filtration by the requirement that §; is the smallest o-algebra
that contains all events {X; € I} where [ is any interval and 0 < s < t. This filtration
will be denoted o((Xs)o<s<t). We call any stochastic process (Y;);>o adapted to the
filtration (F:)>0 (short F-adapted) if all events that may be constructed by the
process up to time ¢ belong to the class of observable events, i.e. already belong
to §:. The formal mathematical condition is o((Ys)o<s<t) € & for every ¢t > 0. If
for any fixed t and any random variable Z all events {Z € I}, I C R, belong to §;
and it holds that EZ? < oo then there are Xiyns -+ » Xiy, o tij < tand (measurable)
functions f (X n, - - ., X, .n) such that

E(Z = fu(Xerr - - » Xipy, m)* — O.

We omit the proof which would require additional results from measure theory. We
denote by 93,(X) the class of all such random variables. 93;(X) may be considered
as the past of the process (Xi)>0-
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Example 1.1 Let (W,)>0 be a Wiener process and §, = o((Ys)o<s<t)-
The following processes are §i-adapted X, = Wtz, X = Wés,t + Wf , X = (W,4 /
1+ Wé”). The process Wy41 is not §-adapted.

We fix the interval [0, T], set §; = o((Ws)o<s<t) and denote by &,(W) C PB,(W) the
collection of all elementary §;-adapted processes, that is of all processes that may
be written as

n—1
Yo=Y Xyl X € By(W), (1.2)
=0

where0 =ty <t <--- <t, and

1 if a<t<b,
I t) = -
w1 { 0 if else.

The §;-adeptness of the process Y; follows from the fact that exclusively random
variables Xj;, with t; < t appear in the sum. The process Y; is piecewise constant, it
has the value X;, in [t;, t;11) and jumps at t; with a height

AYti e Xti - Xti—l .

1.2
The Space of Square Integrable Random Variables

By H, we denote the space of all random variables X with EX? < co. Here and in
the sequel we identify random variables X and Y that take on different values only
with probability zero, i.e. P(X # Y) = 0. Set

(X,Y) == E(XY).

It is not hard to see that (X, Y) satisfies all conditions that are imposed on a scalar
product, i.e. (X,Y) is symmetric in X and Y, it is linear in both X and Y, and it
holds that

(X, X) =0,
where the equality is satisfied if and only if X = 0.

The norm of a random variable X is given by
I1XI = VEX?,

and the distance of X and Y is the norm of X — Y. Recall that a sequence of random
variables X, is said to be convergent in mean square to X if E(X, — X)? = 0.
Hence this type of convergence is nothing other than the norm convergence
limy,,  [|X;, — X|| = 0. A sequence of random variables {X,} is said to be a Cauchy
sequence if
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lim [|X, — Xl =0.

n,m—00
For a proof of the following theorem we refer to Gksendal [175].
Theorem 1.2 To each Cauchy sequence X,, € H; there is some X € Z, with

lim X, — X[ =0,

n—o0
i.e. the space is complete.

It is clear that H; is a linear space. As we have already equipped H, with a
scalar product we get, together with the completeness, that H, is a Hilbert space.
This fact allows us to apply methods from the Hilbert space theory to problems of
probability theory.

A subset 7 C 'H; is called closed, if every limit X of a sequence X, € 7 belongs
to Tagain. If £ C H, is a closed linear subspace of H, then there is some element
in L that best approximates X.

Theorem 1.3 If £ C 'H, is a closed linear subspace of H,, then to each X € H,; there is
a random variable in L, denoted by T1:X € L and called the projection of X on L, such
that

inf [ X Y| =[X—-TX|.
Yel
Proof. Let Y, € £ be a minimum sequence, i.e.
lim | X — Y,ll = inf | X - Y.
n—00 Yel
Then Y,,, is a minimum sequence again. Because

1 1
X — E(Yn+ Yim,)| < 5 I1IX = Yull + 2 [X = Y, |

1
-2

%(Yn + Yp,) is also a minimum sequence. Then

1 1 1
lim [E X — Yull® + 3 X = Yo, |* - HX = 5 (Yu+ Ym,)

n—0o0 2

2
} “o
For any random variables U, V it holds that

2—E lU2+1\/2—<1(U+ V)>2
W) 2 2

1 1
=-E(U-V)Y’=-|U-V|>.
2E( =1 I

Lo+ Lyve - Lot
2 2 2( )

Putting U =X -Y,, V=X — Y, we arrive at

2

1 , 1 2 1
S IX = Yol o 2 X = Yo, | = |X = 2 (Yo + Y,

:%”Yn—Ymn 50
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As m,, was an arbitrary sequence we see that Y, is a Cauchy sequence and converges,
by the completeness of H,, to some random variable I1/X that belongs to £ since
L is closed by assumption.

Without going into detail we note that the projection I1,X is uniquely determined
in the sense that, for every Z € £ which also provides a best approximation, it holds
that

P(MX # Z) = 0. (1.3)

The projection I1:X can be also characterized with the help of conditions imposed
on the error X — I X.

Corollary 1.1 It holdsthat Y = I X ifand onlyif Y€ Land Y — X L L, i.e.
(Y—X,Z)=0 foreveryZ € L. (1.4)

Proof. 1. Assume Y = I1:X. Then Y € L by the definition of the projection.

We consider
gty = (X -Y)— tZ||2 =[X=YIP+21ZI>P=26(Y =X, Z).

By the definition of I1;X the function g(t) attains its minimum at t = 0. Hence
g0)=-2(Y-X,2)=0

which implies (Y — X, Z) = 0.
2. 1f Y € L satisfies (1.4) then for every U € L

IX—UI*=IX—-YI?+2(X-Y,Y-U)+ Y- U|*.

As Z =Y — U € L we see that the middle term vanishes. Hence the right-hand
term is minimal if and only if U = Y.

The simplest prediction of a random variable X is a constant value. Which value
a is the best one ? It is easy to see that the function

¢(@) = E(X - a)’

attains the minimum at ay = EX. Consequently, if £ consists of constant random
variables only, then I[1.X = EX. This is the reason why, for any closed linear
subspace, we call the projection I1:X the conditional expectation given L. In this
case we tacitly assume that all constant random variables are contained in L. As £
is a linear space this is equivalent to the fact that Zy = 1 € L. If this condition is
satisfied then we write

E(X|L) := X,

Choosing Z = 1 in (1.4) we get the following.

—p—
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Conclusion 1.1 (Iterated expectation) It holds that
E(E(X|L)) = EX. (1.5)
The relation (1.4) provides the orthogonal decomposition
X = MgX + (X — [£X). (1.6)

Here I1.X belongs to the subspace £ whereas the error X — I1.X is perpendicular
on L.

The Corollary 1.1 implies that the projection operator I is linear, i.e.
Mg (a1X1 + a2 X3) = a1 (Xq) + ax[1£(X3).

The relation (1.6) implies
ITXN < 11X

This inequality yields, in conjunction with the linearity, that I1,X depends contin-
uously on X. Indeed, X, — X implies

ITzX, — TeX| = [T (X — X)| < 11X, — X]| = 0. (1.7)

Now we collect other properties of the conditional expectation that will be used in
the sequel.

Lemma 1.2 If L is a closed linear subspace of H; that contains the constant variables
and V is a random variable such that UV € L for every U € L then

E(VX|L) = VE(X|L).
Proof. The assumption VU € £ and (1.4) imply
0 = (X —E(X|£), VU)
— E(XV — VE(X|L))U = (XV — VE(X|L), U).
The application of Corollary 1.1 completes the proof.

The multiple application of the conditional expectation corresponds to the iterated
application of projections.

Lemma 1.3 If £; is a closed linear subspace of H, that contains the constant variables
and L1 C L, then

E((E(XIL2))|£1) = E(X|L1).
Proof. Set R = E(X|L1) and S = E(X|L;). Then by Corollary 1.1

(X =R, U)=0 forevery Ue L4,
(X—=S,U)=0 forevery U € L.
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The assumption £1 C £, gives

(S—R, U) =0 forevery Ue€ L.
Corollary 1.1 completes the proof.

Next we study the relation between the independence of random variables and
the conditional expectation.

Lemma 1.4 If X is independent of every Z € L then
E(X|L) = EX.
Proof. The required independence implies

E(XZ) = (EX)(EZ)
E(X — EX)Z = 0.

The statement follows from Corollary 1.4 and the fact that the constant random
variable EX belongs to L.

We say that £ is generated by the random variables Xj, .. ., X, if £ consists of all
possible functions (not necessarily linear) h(Xj, . . ., X;,) such that Eh?(X;, . . ., X;,) <
oo. Then we write

L=0GX,...,X).

Suppose the vector (Y, X, ..., X,) has the joint density f(y, %1, ..., %,). Then

g(xl,...,xn):/f(y,xl,...,xn)dy (1.8)
is the marginal density of (X, ..., X,) and
fy*1, ..., %)
Xlyenns xXp) =" ——— 1.9
Sy ) = H (19)
is called the conditional density of of Y given X = x1,..., X, = 4.

Theorem 1.4 Let y be any function with Ey?(Y) < oo and f(ylx1,..., %) be the
conditional density of Y given X1 = x1,..., X, = %,. Then

E(y(Y)IG(Xi, .., Xn) = (X1, ..., Xn),

where \s is the so-called regression function that is given by

+00
Y(x1, ..., %n) :/: YO (t%1, . . ., %) dt. (1.10)

[e e}

Proof. As G(Xu,...,X,) consists of all functions ¢(Xi, ..., X,) it suffices to show
that

E(Y — U(X1,...,X)> <E(Y — @(Xi,. .., Xu))%

—p—
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It holds that

/ / xl,...,xn))zf(y,xl,...,xn)dydxl---dxn
=/-~~/(y(y)—qj)zf(y,xl,...,xn)dydxl---dxn
2 [ o) =00 = o m) drdp -,

+/~~~/(cp—llf)zf(y,xl,...,xn)dxdxl---dxn

To calculate the middle term we note that ¢ — \ does not depend on y. Hence

/ o /(V(X) =) — (p)f(y, X1yevns Xn) dx le oodx,

/ /(‘“ “’)f llf)f(Y|x1,--.,xn)dy>

..... Xp) dxq - - - dx,

because of (1.10). Hence

E(v(X) = ¢(X1,..., X,))*
=Ey(X) — U(X1,..., X)) +Eo(Xi, ..., X)) — U(X1,..., X))

The term on the right-hand side becomes minimal if and only if ¢(X,...,X,) —
P(Xy,...,X,) = 0 which proves the statement.

Let (Xt)t>o be a stochastic process such that all finite dimensional distributions

of X,...,X;, have a density that we will denote by f, . (¥1,...,%,), where
thh<t)<- -<tn By
ﬁl ot (X1, ; xn)
Snltttn1 (XnlX1, .o, Xp—1) = e (1.11)
wiin-t (o T e (6 %)
we denote the conditional density of X;, given Xy, = x1,...,X;, | = xp—1. We call

a stochastic process a Markov process if the conditional density depends only on the
values of the process at the last moment of the past, i.e.

Jonltotnr %nl%1, oo %01) = foap g (0] %n—1). (1.12)

If (Xi):>0 is a Markov process, then by Theorem 1.4, foreveryt; <t < --- <t, =t
andh >0

E(yXetn)G(X, - -, X5,)) = E(v(Xern) G(X0))- (1.13)

—p—
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Conversely, if the last condition holds for every y then

f YEonlfts + (il 1) doy = [ Yol e s (Gl - 1) o, (114)

As vy is arbitrary the relation (1.14) yields

Sintnor %nl%n—1) = fouitr,tnr (Xnl%1, ., Xn—1).

Recall that 93;(X) is the smallest closed subspace of H, that contains all subspaces
G(X,,...,Xy,), where t; <t <--- <t,. This means that 9;(X) consists of all
random variables that are either functions of random variables from the past or a
limit of such random variables. Hence by the continuity of the scalar product

Y(Xern) — E(v(Xen)I9(X1)) L 2, Z € Py(X),
if and only if
V(Xern) = B(v(Xen)IG(X) L 2, Z € G(X,, ..., X,,)

forany t; <t < - <t, <t. As E(y(Xi1n)|G(X:)) € Pi(X) then from Corollary 1.1
we get the following theorem.

Theorem 1.5 A stochastic process (Xi)i=o is @ Markov process if and only if

E(y(Xen) IBe(X)) = E(v(Xin)1G(X2))

for every function y with By?(X,44) < oo. This condition is equivalent to (1.13) for any
h<hh<---<t,=t

Now we present a general construction scheme for Markov processes.

Theorem 1.6 Let (X;)i>0 be a stochastic process and V(x,t,h) for t,h >0, xeR a
family of random variables such that:

1) V(x,t, h) is independent of every Z € PB,(X) forevery t,h > 0,x € R
2) Xl+h = V(Xt, t, h).

Then (X;)i=0 is a Markov process.

Proof. Assume Ey?(X,;;) < oo and fix ty < --- < t, = t. Let (R, §, P) be the basic
probability space. For fixed ¢, h > 0 the random variable y(V(x, t, b)) is a function of
x and o, say I'(x, w). Without proof we use the fact that each such function can be
approximated by linear combinations of the products of functions v(x)V(w) in the
sense that, for suitably chosen v;, and V;, that are independent of every Z € 3,(X)

n 2
E (Z vi,n(Xt) Vi,n - Y(V(Xb t, h))) — 0.
i=1

In view of Theorem 1.5 and Corollary 1.1 we have to show that

E(y(Xiar) = EXe)| LKy, .-, X)) Z = 0

—p—



—p—

1.3 The lto Integral and the Ito Formula |15

for every Z € G(Xy,, ..., X:,). Due to the continuity of the projection, see (1.7), it
suffices to show that

E (i Vin(Xi)Vip — E <i Vin(Xe) VinlG(Xsy, - .. ,Xm)) Z=0. (1.15)
i=1 i=1
To this end we note that v; ,(X;) € G(X;,, ..., X;,). Hence by Lemma 1.2
Ein(Xy) VinlG(Xiy, - ... X1,)) = 0in(X)E(VinlG(Xy, . .., X3,))-
Lemma 1.4 and the independence of V;, of all X;,, ..., X;, implies
E(VinlG(Xiy, -, Xs,)) = E(Vin).
This yields
E(Z(E(vin(X) Vinl £(Xsy, - - .. X3,))) = [E(Zvin(X0))] [E(Vin)] - (1.16)

Otherwise V; , isindependent of X; , . . ., Xj, and therefore independent of Zv; ,,(X;).
This yields

E(Vinvin(X)Z) = [E(Zvin(X)] [E(Vin)] - (1.17)

The relations (1.16) and (1.17) imply (1.15) and thus the statement.

13
The Ito Integral and the Ito Formula

The aim of this section is to introduce and study the concept of the Ito integral
which is an integral where, instead of the classical Riemann integral, the values
of the function to be integrated are not weighted according to the length of the
interval from the chosen partition. Instead we weight this values by increments of
a Wiener process. A first idea could be to set

b b
/XSdWS :=/ X, W, ds. (1.18)

But we know from the discussion after Theorem 1.1 that the derivative W, does not
exist. So this fact excludes this method. Ito succeeded in constructing an integral of
the above type by starting as a first step with elementary processes and in a second
step by extending the integral to a larger class of processes.

Recall that by (1.2) every elementary adapted process X € (W) can be written as

n—1
Y= ZXtiI[ti’iiJrl)(t)’ Xy € Py (W).
=0

We set

n—1

T
/ X dW, =Y Xy (Wi, — Wi).
0

i=0
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A first immediate property of this integral concept is its linearity, i.e.

T T T
/ (X" + X7y dw; = ¢, / XM AW, + ¢, / x? aw,
0 0 0

Another property that makes Hilbert space arguments applicable is the so-called
isometry property.

Theorem 1.7 If X1, X@ e &(W) then

T 1 T 2 T 1 2
/ Xs()dWS,/ x? aw, :/ (XS(),XS( )> ds. (1.19)
0 0 0

Proof. A possible change to a joint refinement shows that the two elementary
processes x!" and X' can be represented about the same partition. Hence

, n
=3 X @),
with some Xt(ij) € Py, (W). Then

T 1 T 2
/XS()dWS,/ x? dw,
0 0

n—1
1 2
= ZE(X!} )X‘(j )(Wliﬂ - Wti)(Wthrl B Wtf))
ij=0

Let i # j and for example t; > t;. The independence of the increments implies that
Wi, — Wy, and Xt(il)X,(jz)(Wtj 1, — W) are independent. Consequently E(W;

W},) = 0 implies that the mixed terms vanish. This yields

T T n—1
< / x" aw;, / x§2’dws>=ZE(X§}’X§?’(WW—Wti)2>.
0 0

i=0

i1

Because of Xt(il)Xt(iz) € Py, (W) this random variable from the past is independent of
(Wi, — Wy,)* which implies
1) 2 1) (2
E[(Ws,, — Wa' XX = B(W,,., — W, BIX X

1 2
= (tie1 — B)EX X)),

i
Hence

n—1

T T
< / X" aw,, / x§2)dws>=Z[E(Xé”xt‘fhlum—ti)
0 0

i=0

T
0
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We denote by £,(W) the set of all B;(W)-adapted processes X with

T
/ EX?dt < .
0

In the sequel we use the fact that every X € £,(W) can be approximated by
elementary processes X" € &(W) in the sense that

T
lim [ Ex" —X)2dt=o. (1.20)

n—0o0 0

We refer to @ksendal [175] for a proof.
The relation (1.20) provides

T
lim [ Ex" -x")?dt=o,

nm—o0 [

which, together with the isometry property (1.19), leads to

T T 2
lim E / x" dw, — / x" dw,
n,m— 00 0 0

T
= lim [ Ex" -x")2dt=o.

n,m—>0o0 Jq

This means that the sequence of random variables fOT X, " AW, isa Cauchy sequence
and converges therefore to a random variable that will be denoted by

T
/ X; dW,.
0

This random variable is independent of the choice of the approximating sequence
Xt(”) and is called the Ito integral. The continuity of the scalar product shows that the
above isometry property is still valid for the larger class of processes X € £,(W).

Theorem 1.8 IfX,Y € £,(W) then

T T T
/ (aXt + bYt) th = a/ Xt th + b/ Yt th
0 0 0

T T T
</ Xt th,/ Yt th> = / (Xt, Yt) dt
0 0 0

Letting the upper bound in the integral be variable we may introduce the new
stochastic process fot X; dW, which has been constructed exclusively with the help
of random variables from ;(W). Thus we see that the new process

t
Y, = / X, dW, (1.21)
0

again belongs to £,(W). This process has an important projection property.

—p—
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Theorem 1.9 Ift; < t, then Y; in (1.21) satisfies

E(Ys, [Py (W) = Yy (1.22)
EY, =EY, =0. (1.23)
Proof. By the linearity of the Ito integral and the continuity of the projection we

have to prove the statement only for elementary processes of the type X; = ZIj, 1 (t)
where Z € L,(W). Then

t
Y, :/ X, AW, = Z(Wpn, — W),
0

where b At = min(b,t). This shows that Y; does not depend on t for ¢t < a and
t > b. Hence we have only to consider the case a < t; <t; <b.Then Y}, — Y, =
Z(Wtz — th) and

B(Yy, = Yy 1Py (W) = B(Z(Wi, — Wiy )I Py (W)

As Z € Pa(W) € Py, (W) we may apply Lemma 1.2 and can take Z out of the
conditional expectation

E(Z(Wi, — Wy)) 1Py (W) = ZE((W, — Wiy )% (W)

The independence of W;, — W, and the random variables from 93;, (W) together
with Lemma 1.4 yield

E(Wi, — Wiy)IBy (W) = 0
and therefore

E(Yi, — Yo By (W) = 0.
Because of Y}, € P, (W) we obtain E(Y;, |Us, (W) = Vi, which is the first statement.
The relation (1.5) implies EY;, = EY;, forevery 0 < t; < t,. As Yy = 0 we get (1.23).

Stochastic processes that satisfy (1.22) are called martingales in probability
theory.

Now we introduce a class of processes that turns out to be useful in order to
model the evolution of a time-dependent phenomenon. A stochastic process X is
called an Ito process, if

’ '
X, = Xo +/ Asds—{—/ B, dW,, (1.24)

0 0
where A, B € £,(W). It is not hard to show that the quadratic variation of fot Asdsis

zero, so that fot A, dsis a smooth part of X, that plays the role of a drift. The second
component fot B; dW; is irregular as the quadratic variation is

X = /Ot B%ds (1.25)
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which can be easily shown and does not vanish. We also write
dX, = A;ds+ B, dW,. (1.26)

instead of (1.24). Ito processes admit the following interpretation. For fixed h > 0
the increment X,,j, — X; is approximately given by

Xiph — X; ~ Ath+ By(Wipp, — Wi). (1.27)

The first term A;h is a drift with a slope which is governed by values from the
past. The factors in the product B;(W;., — W;) are independent where W, , — W,
is normally distributed with expectation zero and variance h. If the values in the
past are fixed then B,(W,, — W,) has the variance B*h. This mean that B; d W is a
diffusion term.

Diffusion processes are special Ito processes. They are characterized by the fact
that the drift coefficient A; as well as the diffusion coefficient B; only depend on
the last state of the process. This means that

At = a(t, Xt)7 and Bt = b(t, Xt)r

with some a(t, x) and b(t, x). Hence
t t
X, =X+ / a(s, X;) ds + / b(s, X;) dW.. (1.28)
0 0

This is an integral equation for X;, which can formally be written as a differential
equation, often used as a basic equation of motion in physics and named after
Langevin

X; = a(t, X;) + b(t, X;) W,. (1.29)

The problem is that W, = dW,/dt does not exist as we have already pointed out by
showing that the paths of W; are not differentiable.

The representation (1.28) raises the question of for which a,b the integral
equation has a solution and under which conditions this solution is unique. In
the sense of an initial value problem the value X, has to be fixed. Necessary and
sufficient conditions that guarantee the existence and uniqueness of a solution of
this initial value problem can be found in many books, e.g. [30,57,91,104,175].

Often the starting point Xj is a deterministic value, say xo. To indicate the
dependence on x( we denote the corresponding process by X; .,. Hence

t t
Xixg = X0 +] a(s, Xs,x) ds +/ b(s, Xs <) AW, (1.30)
0 0

and

t+h t+h
Xpony — Xix = ] a(s, Xsx) ds + ] b(s, Xs ) dW;.
t t

—p—
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For every fixed x the random variable

t+h t+h
Vi(x,t, h) =x+ / a(s, Xs,x) ds + / b(S, Xsx) dw;
t t

is independent of of the random variables from ,(W). If (1.30) has a unique
solution then

Xt+h,x0 = V(Xt,xo; t, h)
From Theorem 1.6 we get the Markov property.

Theorem 1.10 If the equation

t t
X x :x—}—/ a(t, X x) dt—{—/ b(t, Xz x) dWr

has a unique solution for every x and s then the process starting at xq being defined as the
solution of

t t
Xixg = %0+ / a(s, Xs.x,) ds +] b(s, X; ) d W
0 0

is a Markov process. It is called homogeneous, if a and b are independent of s, hence
: :
Xixy = X0 + / a(Xs o) ds + / b(X; x,) dW;.
0 0

The class of Ito processes is closed with respect to the application of smooth
functions, i.e. u(t, X;) is again a Ito process whose drift and diffusion coefficient
can be given explicitly.

Theorem 1.11 (Ito formula) Suppose A, B € L,(W) and assume
dX, = A;ds + B, dW,.
Ifu :]0,00) x R — R is twice continuously differentiable then

9 192
(t, ;) dt + a—::(t, X)X, + = 2 (1, X)) - (dX)%, (1.31)

ou
2 0x?

du(t, X) =

where (dX,)? = dX, - dX, is to be calculated according to the following rules

dt-dt =dt-dW; =dW;-dt =0, (1.32)

Proof. We give only a sketch of the proof. Further details can be found in
@ksendal [175] or many other textbooks on stochastic differential equations such
as Chorin and Held [30] and Karatzas and Shreve [91].

—p—
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Suppose 3, = {ton, - - - » bnn}s ton = 0, by = tis a sequence of partitions of [0, t] with
8(3n) — 0. Then

u(t, X) — u(t, Xo) = Z[u (0 Xiy,) — Wty Xy

and by the Taylor expansion

ou
u(t, Xyy,) —ult, X, ,) = E(tl,mxil,n)(tl,n —t—1,n)
ou
+ a(tlvn’th,n)(th,n - th—l,n)

19%u ,
+ 2 @(tl’mxtlv”)(xtlrn - X‘l—l,n) + Ry,

where

n
Z R, Py
I=1

can be shown. The sum of the first terms of the above decomposition can be shown
to tend to

u
/o o7 — (s, X;) ds,

as n — oo. Similarly, by dX; = A;ds + B; d W, the sum of the second terms tends to

/8” XAd+f18” X.)B, dW.
0 Bx(s JAs ds Bx(s’ ) Bs AW,

Using dX; = A;ds + B; dW; again we see that the sum of the third terms consists
of three parts. The first one is

"\ 19%u
> 3 w(t;yn,thvn)Aflim (fin — ti_1.0)? (1.34)
I=1

82u(t,x)

Assuming, for simplicity, a boundedness of A?, this sum does not exceed

n
CZ(tl,n - tl—l,n)z =< Cg(ﬁn) t—>0
I=1

as 8(3n) = Maxy<i<n |ty — ti—1.n| — 0. Hence (1.34) tends stochastically to zero. The
second part is the mixed term

2u
Z —2 tlthln At Btl_l,n(tl,n - tl*L”)(th,n - Wtz,n)’

If ¢ 2 u(tlnth WAy, By
can be estimated by

_,, is bounded then the expectation of the absolute value



—p—

22| 1 Fundamental Concepts

n
¢ (tn — t1n)EIWy, — Wy .
I=1

Using the inequality E|Z| < (EZ?)!/? valid for any random variable Z we get the
bound

n
CZ(tl,n - tl—l,n)(tl,n - tl—l,n)l/z —- 0
I=1

where we used maxy <j<, |, — ti_1,,| = 0 again. The sum over the third parts

Z tlthln Btl in (W, — th,n)z

does not disappear. By similar arguments that have been used while studying the
quadratic variation of the Wiener process one can show that the last sum tends to

u 2
E/o ™ 2(SX)B ds,

which completes the sketch of the proof.

We now consider special cases. Suppose X, is a diffusion process already defined
by (1.28)

t t
X, = Xo + / a(s, X;) ds + / b(s, X) AW, (1.35)
0 0
The transformation rules (1.32) and (1.33) give

u(t, X;) = u(0, Xo)

FTOu(s, X;) ouf(s, X;) 19%u(s, X;)
*/o[ 25 BT Xt b ’}ds

au(s, X;)
+/O o bls X) AW, (1.36)
If u depends only on x then
U(Xi) = u(Xo)
t
+ f |:u/(Xs)a(s, X;) + %u”(Xs)bz(s, Xs)] ds
0
t
+/ W (Xs)b(s, X) dW. (1.37)
0

Corollary 1.2 IfX; is a solution of dX; = a(t, X;) dt + b(t, X;) dW, then

B(u(X) — u(Xo)) = E /0 t [u’(Xs)a(s, X;) + %u"(Xs)bz(s, Xs)] ds.
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Proof. Theorem 1.9 shows that

t
E / wb(s,Xs)dWs
o 9

X

is independent of ¢ and is therefore zero as the expression vanishes for t = 0.

To conclude this section we note that the diffusion process X; in (1.28) reduces
to the Wiener process in the special case a = 0,b = 1. But in the general case
one may replace the probability measure P by another distribution Q (Girsanov
transformation) such that the process X; becomes a Wiener process with respect

to Q.

1.4
The Kolmogorov Differential Equation and the Fokker—Planck Equation

We consider the diffusion process defined by the stochastic differential equation

We know from Theorem 1.10 that this process is a Markov process. As both a and
b do not depend on t the process is homogeneous. Let f (¢, x,y) be the family of
transition densities, i.e. f(t, x, -) is the conditional density of X; given Xy = x. If the
process X,  starts in t = 0 at x then f(t, x, -) is the probability density of X, ... This
family of densities satisfies the Chapman—Kolmogorov equation

fs+txy) = /f(s, x,2)f (t,z,y)dz, 0 <s,t (1.39)

Let C, be the space of all bounded and measurable functions R and denote by C}
the space of all twice continuously differentiable functions that vanish outside of
some finite interval that may depend on the concrete function under consideration.
For u € Cj, we set

(Tou)(x) = f W) (% y) dy
= Eu(X;«).

It is easy to see that Tiu € Cp. The Chapman—Kolmogorov equation implies the
semigroup property, that is,

Tt TS = TS+£- (140)

Putting Xy = x in Corollary 1.2 we get, for any u € C3,

(Teu)(x) = u(x) + E/O [u/(Xs,x)a(Xsyx) + %u”(Xs,x)bz(Xsyx)} ds

—p—
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and therefore

T, 1
( hu)( I’L/ |: sx sx)+ Zu (X )bz(sz):| dS.

Each diffusion process can be shown to be continuous. Hence lim o X; . = x and

Jim ' (X ) a(X. +1”X b*(X.
P}?(’)l A U (Xs,x) (X x) 2” (Xsx)b" (Xsx)

9 1 92
— af) :if) + 5P () a”;(f ) — (A,

where A is the differential operator

9 1 92
A=a(x)o—+ —b?(x)

—. 1.41
2 9x? (1.41)

This differential operator is the infinitesimal operator of the semigroup in the
sense that

(T ) — )

(Au)() = lim

Let I be the identical operator. Then we obtain from the semigroup property (1.40)

that
T, — T T, —1
fim T = T (e Du
hi0 h n10 h

= T,Au. (1.42)
Similarly,
T - T, T, — 1
lim R~ 2 (M) T,u
hi0 h hl0 h
= AT,u. (1.43)

Thus we have obtained the following result.

Theorem 1.12 If X, is the solution of

dXt,x = a(Xt,x) dt + b(Xt,x) th,

X(),x =X
andu € (C%, then
u(t, x) = (Tiu)(x)

= Eu(X,.) = f W) (% y) dy

—p—
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satisfies the Kolmogorov forward equation

ou(t, x)
ot

= (TAu)(x)

2
= [ o2+ S0 2 | ey oy

and the Kolmogorov backward equation

u(t,x)

rranie A(Tyu)(x)
= a(x) —Bua(t’;x) + %bz(x)

0y?

d2u(t, x)

dx2

(1.44)

(1.45)

Proof. The statement (1.44) follows from (1.42). Similarly, (1.45) follows from

(1.43).

Now we establish differential equations for the transition densities. To this end
we apply integration by parts. If u, v € C, and both a and b are twice continuously

differentiable then

d
/ |:a(x) ZS)] [v(x)] dx =

d
. /[ (a(accl);)(x))] (] d

[ 7w Lot e ax = | [W] [u()] d.

The application to (1.44) yields

du(y)

1
“(Y)a—y ~b?

0% uly)

+ Zb (Y)a—yz]f(tr x,y) dy

1L P LW (¢ %, y)

_ / [_am(y)f(n x,y))

dy
Otherwise
du(t,x) 9
5 = 5 [ sy

d
= [ gre sy

2
Hence for every u € Cj

1P y)

3 oy ] u(y) dy.

ad bl , X,
[ [5 PR <a<m;<yt %.1)

2 0y?

—p—

] u(y) dy = 0.

(1.46)

(1.47)

25
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Let u € C2 be any probability density with support, e.g.
u(t) = ct?(1 — )%,

where c is determined by

1
/ u(t)dt = 1.
0

Put for every fixed z
un(t) = nu(n(t — 2)). (1.48)

For large n the sequence u,(t) is concentrated around z. When 1 is twice continu-
ously differentiable we get

/w(t)un(t) dt = /q;(t)nu(n(t—z))dt

:/ﬂ;(z—{— %) u(s)ds — /xp(z)u(s)ds:xl,f(z).

The application of this statement to (1.47) yields the so-called forward Fokker—Planck
equation

9 9 %, 19%(b*(2)f (¢, %,
~fltx2) = - (“(ZU;(: ki) 5 ( (Za)gt 2 (1.49)

Similarly, the relation (1.45) yields

ou(t, x) du(t, x) + 1

. d2u(t, x)
TR L P

ax2

b (x)

a 1 92
o) [ s dy+ 55 [ uoife ) dy

of (t, x, 1, 9f(x
[ [y L8N 1 S SLE N | oy

9x?

Because of (1.46) we arrive at

9 af (¢, 1., 9*f(tx,
[ | 570 - 2P g TN gy o

Again by plugging in u, from (1.48) and by letting n — oo we obtain

f (t x,y) Of (¢ %, y)

0 1
&f(t,x,y):a(x) ™ +Eb2(x) o (1.50)

which is called the backward Fokker— Planck equation.

—p—
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1.5
Special Diffusion Processes

This section is aimed at presenting special examples of diffusion processes and
studying the relation between them.

Example 1.2 If X, = W, is the Wiener process then a = 0 and b = 1 in the stochastic
differential equation (1.38). Since f (t, x, y) isthe density of x + W, the family of transition
densities is given by
Ft%7) = @oly — %)

where @, 2 is the density of the normal distribution with parameters . and o?. We see
from (1.41) that the infinitesimal operator A is given by

19

C20x

Putting

uex) = [ wif e dy
the Kolmogorov backward equation (1.45) reads
du(t,x) 1 d2u(t, x)
a2 9xr
This type of equation is called heat (or pure diffusion, which means without drift)

equation in physics. The Fokker—Planck equation has the same form

of (t.x,y) _ 19%f(txy)

ot 2 oy?

Of course, the above differential equation could also have been directly obtained using the
fact that the transition density is, in view of X x = x + W, given by

1 a2
J(txy) = @orly — %) = \/?mexl’{_%}'

Example 1.3 The Ornstein—Uhlenbeck process is defined to be a solution of the following
stochastic differential equation

= MXt dt+O‘th

To solve this equation we apply the Ito formula to the process X; exp{jLt} where we choose
u(t, x) = xexp{—wt}. The formula for du(t, X;) in Theorem 1.11 (Ito formula) gives

du(t, X;) du(t, Xy) 19%u(t, X;)
d(X; exp{—ut}) = dt dx; + =
(X expi=pnt) o T T T

= —uX; exp{—pt} dt + exp{—pt} dX;

(dX;)?

= exp{—pt}o dW,.

—p—
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Hence
t
exp{—ut}X; — Xo = o] exp{—ps} dW;
0
t
X, = Xp exp{pt} + c/ exp{L(t — s)} dWs.
0

The infinitesimal operator reads

From the definition of the Ito integralone easily concludes that for any nonrandom
function h the random variable

/ bl 4w,

has a normal distribution with expectation zero and variance fot W2 (s) ds. This means
that the distribution of fot exp{(t — s)} dW is a normal distribution with expectation
zero and a variance given by

¢ 2
o? exp{Zut}/ exp{—2us}ds = —;— exp{2pnt} [exp{—2pnt} — 1]
0 P

2 2

71— expl2ntl] — —— for ¢
= ——]1 - - — or t — o0
o exp{2p o

if W < 0. In this case Xy exp{it} tends to zero. Hence for p < O the one-dimensional
marginal distribution of X, tends to a normal distribution with expectation zero and
variance —(c?/2WL). One can show that this distribution, when used as an initial
distribution of Xy, turns the Ornstein— Uhlenbeck process into a stationary process.

Example 1.4 We consider the geometric Brownian motion that is defined by
Y, = exp{pt + o Wy}.

Put X; = ut + o W,. We use the Ito formula in Theorem 1.11 with u(x) = exp{x}.
Hence by (1.32) and (1.33)

duf(t, X;) u(t, Xp) 1 02u(t, X)) 5
dy, = dt dX; + - ——>—(dX,
' ot T ox e ()

1
w(X) dX; + Ju(Xi) (L dt + o dw;)?

0'2 02
Ytht + 7Ytdt = Yt <H, + 7) dt+0’Ytth
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In particular, for p = —o?/2 we get
dY; = oY, dW,.
Hence we see from (1.23) that Y; has the constant expectation EYy = 1.

These special cases of diffusion processes considered in the last three examples
will be discussed in more detail in Chapter 6 (Wiener process or Brownian motion
from Example 1.2), in Chapter 8 (Ornstein—Uhlenbeck process from Example 1.3)
and in Chapter 11 as well as in Section 5.9 (geometric Brownian motion from
Example 1.4).

1.6
Exercises

E 1.1 Ito diffusion

Write a computer program using the Euler discretization algorithm of the Ito stochastic
differential equation (1.38) to study special cases of Ito diffusion such as the Wiener
process, Brownian motion with constant drift, and especially geometric Brownian motion
(see Examples 1.2—1.4 in Section 1.5). Start with a simulation of the Wiener process
dX, = dW, using a discrete time interval At and normally distributed random numbers
Z ~ N0, 1) generated by the Box—Muller and/or the polar method. Check the known
properties of the Wiener process by considering the Wiener difference AW, = Win, — W,
over time step At =t + At — t in the limit At — 0.

E 1.2 Brownian paths in higher dimensions

Study Brownian paths (or Wiener trails) in higher dimensions R"(n > 2) and show that
the n-dimensional Brownian motion is isotropic by doing simulations of Brownian paths
in R2.

E 1.3 Hausdorff dimension

The Hausdorff dimension and the box-counting dimension of a Brownian trail in
R™(n > 2) is equal to 2. Try to find the Hausdorff and box dimension for a graph
(realization) of Brownian motion in R! (one-dimensional case).

E 1.4 Stochastic process with constant drift and diffusion

Find the Fokker—Planck equation for the stochastic process that satisfies the stochastic
differential equation dX; = —adt+ bdW,, where a and b are constants and dW, =
Wirar — W is the increment of a Wiener process (also called white noise).

E 1.5 Stochastic Ornstein— Uhlenbeck process

Consider Example 1.3 in Section 1.5 (Ornstein—Uhlenbeck process) in more detail
and find the solution of the corresponding Fokker—Planck equation related to du, =
—pn updt + o dW; with non-negative constants w,o and given the initial condition
Ui—o = ug. Show that the probability density p(u, t) becomes stationary and the so-called
fuctuation—dissipation relation holds.
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