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ABSTRACT. This material is for a course on stochastic analysis at UW—
Madison. The text covers the development of the stochastic integral of
predictable processes with respect to cadlag semimartingale integrators,
It6’s formula in an open domain in R", an existence and uniqueness
theorem for an equation of the type dX = dH + F(t,X)dY where Y
is a cadlag semimartingale, and local time and Girsanov’s theorem for
Brownian motion. There is also a chapter on the integral with respect
to the white noise martingale measure and solving the stochastic heat
equation with multiplicative noise.

The text is self-contained except for certain basics of integration
theory and probability theory which are explained but not proved. In
addition, the reader needs to accept without proof two basic martin-
gale theorems: (i) the existence of quadratic variation for a cadlag local
martingale; and (ii) the so-called fundamental theorem of local martin-
gales that states the following: given a cadlag local martingale M and
a positive constant ¢, M can be decomposed as N + A where N and A
are cadlag local martingales, jumps of N are bounded by ¢, and A has
paths of bounded variation.

This text intends to provide a stepping stone to deeper books such
as Karatzas-Shreve and Protter. The hope is that this material is acces-
sible to students who do not have an ideal background in analysis and
probability theory, and useful for instructors who (like the author) are
not experts on stochastic analysis.
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Chapter 1

Measures, Integrals,
and Foundations of
Probability Theory

In this chapter we sort out the integrals one typically encounters in courses
on calculus, analysis, measure theory, probability theory and various applied
subjects such as statistics and engineering. These are the Riemann inte-
gral, the Riemann-Stieltjes integral, the Lebesgue integral and the Lebesgue-
Stieltjes integral. The starting point is the general Lebesgue integral on an
abstract measure space. The other integrals are special cases, even though
they have definitions that look different.

This chapter is not a complete treatment of the basics of measure theory.
It provides a brief unified explanation for readers who have prior familiarity
with various notions of integration. To avoid unduly burdening this chapter,
many technical matters that we need later in the book have been relegated
to the appendix. For details that we have omitted and for proofs the reader
should turn to any of the standard textbook sources, such as Folland [&].

In the second part of the chapter we go over the measure-theoretic foun-
dations of probability theory. Readers who know basic measure theory and
measure-theoretic probability can safely skip this chapter.

1.1. Measure theory and integration

A space X is in general an arbitrary set. For integration, the space must
have two additional structural elements, namely a o-algebra and a measure.
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2 1. Measures, Integrals, and Foundations of Probability Theory

1.1.1. o-algebras. Suppose A is a collection of subsets of X. (Terms such
as class, collection and family are used as synonyms for set to avoid speaking
of “sets of sets,” or even “sets of sets of sets.”) Then A is a o-algebra (also
called a o-field) if it has these properties:

(i) X e Aand 0 € A.
(ii) If A € A then also A€ € A.

(iii) If {A;} is a sequence of sets in A, then also their union | J; 4; is an
element of A.

The restriction to countable unions in part (iii) is crucial. Unions over
arbitrarily large collections of sets are not permitted. On the other hand, if
part (iii) only permits finite unions, then A is called an algebra of sets, but
this is not rich enough for developing a useful theory of integration.

A pair (X, A) where X is a space and A is a o-algebra on X is called
a measurable space. The elements of A are called measurable sets. Suppose
(X, A) and (Y,B) are two measurable spaces and f : X — Y is a map
(another term for a function) from X into Y. Then f is measurable if for
every B € B, the inverse image

J7HB)={re X: f(x)e B} ={f € B}
lies in A. Measurable functions are the fundamental object in measure
theory. Measurability is preserved by composition f o g of functions.

In finite or countable spaces the useful o-algebra is usually the power set
2X which is the collection of all subsets of X. Not so in uncountable spaces.
Furthermore, the important o-algebras are usually very complicated so that
it is impossible to give a concise criterion for testing whether a given set is
a member of the g-algebra. The preferred way to define a o-algebra is to
generate it by a smaller collection of sets that can be explicitly described.
This procedure is analogous to spanning a subspace of a vector space with a
given set of vectors. Except that the generated o-algebra usually lacks the
kind of internal description that vector subspaces have as the set of finite
linear combinations of basis vectors. Generation of o-algebras is based on
this lemma whose proof the reader should fill in as an exercise, if this material
is new.

Lemma 1.1. Let I be a family of o-algebras on a space X. Then the

tersection
c=(A

Ael
s also a o-algebra.

Let £ be an arbitrary collection of subsets of X. The o-algebra generated
by £, denoted by o(E), is by definition the intersection of all o-algebras on
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X that contain £. This intersection is well-defined because there is always
at least one o-algebra on X that contains £, namely the power set 2X. An
equivalent characterization of o (&) is that it satisfies these three properties:
(i) o(€) D&, (i) 0(€) is a o-algebra on X, and (iii) if B is any o-algebra on
X that contains £, then o(£) C B. This last point justifies calling o(&) the
smallest o-algebra on X that contains &£.

A related notion is a c-algebra generated by collection of functions.
Suppose (Y,H) is a measurable space, and ® is a collection of functions
from X into Y. Then the o-algebra generated by ® is defined by

(1.1) o(®) =c{{feB}:fe® BeH}
o(®) is the smallest o-algebra that makes all the functions in ® measurable.

Example 1.2 (Borel o-algebras). If X is a metric space, then the Borel
o-field Bx is the smallest o-algebra on X that contains all open sets. The
members of Bx are called Borel sets. We also write B(X) when subscripts
become clumsy.

It is often technically convenient to have different generating sets for a
particular o-algebra. For example, the Borel o-algebra Br of the real line
is generated by either one of these classes of intervals:

{(a,b] : —co <a<b< oo} and {(—o00,b):—00<b< oo}

We shall also need the Borel g-algebra B|_, ] of the extended real line
[—00, 00]. We define this as the smallest o-algebra that contains all Borel sets
on the real line and the singletons {—oo} and {co}. This o-algebra is also
generated by the intervals {[—o00, b] : b € R}. It is possible to define a metric
on [—o0,00] such that this o-algebra is the Borel o-algebra determined by
the metric.

When we speak of real-valued or extended real-valued measurable func-
tions on an arbitrary measurable space (X,.A), we always have in mind the
Borel o-algebra on R and [—o0, o0]. One can then check that measurability
is preserved by algebraic operations (f+g, fg, f/g, whenever these are well-
defined) and by pointwise limits and suprema of sequences: if {f, : n € N}
is a sequence of real-valued measurable functions, then for example the func-
tions

g(x) = sup fp(x) and h(z)= lim f,(z)
are measurable. The set N above is the set of natural numbers N =
{1,2,3,...}. Thus measurability is a more robust property than other fa-
miliar types of regularity, such as continuity or differentiability, that are not
in general preserved by pointwise limits.



4 1. Measures, Integrals, and Foundations of Probability Theory

If (X, Bx) is a metric space with its Borel o-algebra, then every continu-
ous function f: X — R is measurable. The definition of continuity implies
that for any open G C R, f~!(G) is an open set in X, hence a member
of Bx. Since the open sets generate Br, this suffices for concluding that
f~Y(B) € Bx for all Borel sets B C R.

Example 1.3 (Product o-algebras). Of great importance for probability
theory are product o-algebras. Let Z be an arbitrary index set, and for
each i € 7 let (Xj,A;) be a measurable space. The Cartesian product space
X = JLier Xi is the space of all functions = : 7 — J;c7 X; such that
x(i) € X; for each i. Alternate notation for z(i) is z;. Coordinate projection
maps on X are defined by f;(x) = x;, in other words f; maps X onto X; by
extracting the i-coordinate of the Z-tuple z. The product o-algebra Q.7 A;
is by definition the o-algebra generated by the coordinate projections {f; :
ieT}.

1.1.2. Measures. Let us move on to discuss the second fundamental in-
gredient of integration. Let (X,.A) be a measurable space. A measure is a
function p : A — [0, 00] that satisfies these properties:

(i) u(0) = 0.
(ii) If {A;} is a sequence of sets in A such that A;NA; = () for all ¢ # j
(pairwise disjoint is the term), then

M(U Ai) = Sua,

Property (ii) is called countable additivity. It goes together with the fact
that o-algebras are closed under countable unions, so there is no issue about
whether the union |J; A; is a member of A. The triple (X, A, ) is called a
measure space.

If 1(X) < oo then p is a finite measure. If p(X) =1 then u is a prob-
ability measure. Infinite measures arise naturally. The ones we encounter
satisfy a condition called o-finiteness: p is o-finite if there exists a sequence
of measurable sets {V;} such that X = (JV; and u(V;) < oo for all i. A
measure defined on a Borel o-algebra is called a Borel measure.

Example 1.4. Suppose X = {z; : i« € N} is a countable space, and let
{a; : i € N} be a sequence of nonnegative real numbers. Then

wA) = > a
i EA

defines a o-finite (or finite, if 3" a; < 00) measure on the o-algebra 2% of all
subsets of X.
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The example shows that to define a measure on a countable space, one
only needs to specify the measures of the singletons, and the rest follows
by countable additivity. Again, things are more complicated in uncountable
spaces. For example, we would like to have a measure m on the Borel sets of
the real line with the property that the measure m(I) of an interval I is the
length of the interval. (This measure is known as the Lebesgue measure.)
But then the measure of any singleton must be zero. So there is no way to
construct the measure by starting with singletons.

Since it is impossible to describe every element of a o-algebra, it is
even more impossible to give a simple explicit formula for the measure of
every measurable set. Consequently we need a theorem that “generates” a
measure from some modest ingredients that can be explicitly written down.
Here is a useful one.

First, a class S of subsets of X is a semialgebra if it has these properties:
i)0eS

(ii) If A, B € S then also AN B € S.

(iii) If A € S, then A€ is a finite disjoint union of elements of S.

A good example on the real line to keep in mind is
(1.2) S={(a,b]: —o0 <a<b<oo}U{(a,00): —00<a< oo}
This semialgebra generates Bg.

Theorem 1.5. Let S be a semialgebra, and py : S — [0, 00] a function with
these properties:

(i) no(@) =0
(ii) If A € S is a finite disjoint union of sets Bi,...,B, in S, then
po(A) =32 po(Bi).
(i) If A € S is a countable disjoint union of sets By, Ba,..., By, ... in
S, then po(A) < 3 po(Bi).

Assume furthermore that there exists a sequence of sets {A;} in S such that
X =UAi and po(A;) < oo for alli. Then there exists a unique measure f
on the o-algebra o(S) such that p1 = po on S.

This theorem is proved by first extending po to the algebra generated
by S, and by then using the so-called Carathéodory Extension Theorem to
go from the algebra to the o-algebra. With Theorem 1.5 we can describe a
large class of measures on R.

Example 1.6 (Lebesgue-Stieltjes measures). Let F' be a nondecreasing,
right-continuous real-valued function on R. For intervals (a, ], define

po(a, b] = F(b) — F(a).
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This will work also for a = —oco and b = oo if we define
F(oo) = lim F(z) and F(—o0)= lim F(y).
x /foo Y \—00

It is possible that F(o00) = oo and F(—o0) = —oo, but this will not hurt
the definition. One can show that g satisfies the hypotheses of Theorem
1.5, and consequently there exists a measure p on (R, Br) that gives mass
F(b) — F(a) to each interval (a,b]. This measure is called the Lebesgue-
Stieltjes measure of the function F', and we shall denote u by Ar to indicate
the connection with F.

The most important special case is Lebesgue measure which we shall
denote by m, obtained by taking F(x) = x.

On the other hand, if p is a Borel measure on R such that u(B) < oo
for all bounded Borel sets, we can define a right-continuous nondecreasing
function by

0, z], >0
G(0) =0, and G(z) = (0, ] v
_M(I) O]a x <0
and then p = Ag. Thus Lebesgue-Stieltjes measures give us all the Borel
measures that are finite on bounded sets.

1.1.3. The integral. Let (X, A, 1) be a fixed measure space. To say that a
function f: X — Ror f : X — [—00, 00| is measurable is always interpreted
with the Borel o-algebra on R or [—oo,00]. In either case, it suffices to
check that {f < t} € A for each real t. The Lebesgue integral is defined
in several stages, starting with cases for which the integral can be written
out explicitly. This same pattern of proceeding from simple cases to general
cases will also be used to define stochastic integrals.

Step 1. Nonnegative measurable simple functions. A nonnegative sim-
ple function is a function with finitely many distinct values ajy,...,q, €
[0,00). If we set A; = {f = a;}, then we can write

fl@) =) aila()
i=1

where
1, z€A

Lale) = {0 x¢ A

is the indicator function (also called characteristic function) of the set A.
The integral [ fdu is defined by

[ Fdn=>" a4
=1
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This sum is well-defined because f is measurable iff each A; is measurable,
and it is possible to add and multiply numbers in [0, cc]. Note the convention
0-00=0.

Step 2. [0, 00]-valued measurable functions. Let f : X — [0,00] be
measurable. Then we define

/fd,u = sup{/gd,u : ¢ is a simple function such that 0 < g < f}
This integral is a well-defined number in [0, o).

Step 3. General measurable functions. Let f : X — [—o00,00] be
measurable. The positive and negative parts of f are f* = f Vv 0 and
f~ = —(fA0). f* are nonnegative functions, and satisfy f = f* — f~ and
|fl = fT + f~. The integral of f is defined by

[ran=[rran- [ 5 a

provided at least one of the integrals on the right is finite.

These steps complete the construction of the integral. Along the way
one proves that the integral has all the necessary properties, such as linearity

/(aerﬁg)dM:a/fdwrﬁ/gdu,
monotonicity:
f < g implies /fdué /gdu,

and the important inequality

'/fdu’S/!f\du-

Various notations are used for the integral [ f du. Sometimes it is desir-
able to indicate the space over which one integrates by [ « Jdp. Then one
can indicate integration over a subset A by defining

/Afduz/xl,qfdu-

To make the integration variable explicit, one can write

[ t@utan) o [ p@)duto)

Since the integral is bilinear in both the function and the measure, the linear
functional notation (f, ) is used. Sometimes the notation is simplified to
wu(f), or even to pf.
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A basic aspect of measure theory is that whatever happens on sets of
measure zero is not visible. We say that a property holds u—almost every-
where (or simply almost everywhere if the measure is clear from the context)
if there exists a set N € A such that u(N) = 0 (a p-null set) and the
property in question holds on the set N°.

For example, we can define a measure p on R which agrees with Lebesgue
measure on [0, 1] and vanishes elsewhere by p(B) = m(BNJ[0,1]) for B € Bg.
Then if g(z) = x on R while

sinx, <0
flz)=qz, 0<z<1

cosz, =>1

we can say that f = g p-almost everywhere.

The principal power of the Lebesgue integral derives from three funda-
mental convergence theorems which we state next. The value of an integral is
not affected by changing the function on a null set. Therefore the hypotheses
of the convergence theorems require only almost everywhere convergence.

Theorem 1.7. (Fatou’s lemma) Let 0 < f,, < oo be measurable functions.
Then
[ (i £.)dn < tim [ g.dn

n—o0 n—oo

Theorem 1.8. (Monotone convergence theorem) Let fy, be nonnegative mea-
surable functions, and assume f, < fnt1 almost everywhere, for each n. Let
f=1limy,_00 frn. This limit exists at least almost everywhere. Then

/fdu_nlggo/fndu.

Theorem 1.9. (Dominated convergence theorem) Let f,, be measurable func-
tions, and assume the limit f = lim,_ oo fn exists almost everywhere. As-
sume there ezists a function g > 0 such that |f,| < g almost everywhere for
each n, and [ gdu < co. Then

/fdu:nlggo/fndﬂ.

Finding examples where the hypotheses and the conclusions of these
theorems fail are excellent exercises. By the monotone convergence theorem
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we can give the following explicit limit expression for the integral [ fdu of
a [0, oo]-valued function f. Define simple functions
2"n—1
(1.3) ful@) =D 27"k Lpp-npepco-nprny (@) + 0 Loy (o).
k=0
Then 0 < f,(z) / f(z), and so by Theorem 1.8,

[ ran= [t
n—oo
(1.4) 2"n—1
ZJL”;O{ > 2k p{g << ’“;3}+n-u{f2n}}.
k=0

There is an abstract change of variables principle which is particu-
larly important in probability. Suppose we have a measurable map ¢ :
(X, A) — (Y,H) between two measurable spaces, and a measurable func-
tion f: (Y,H) — (R,Br). If 1 is a measure on (X,.A), we can define a
measure v on (Y, H) by

v(U) = p(= 1 (U)) for U € H.
In short, this connection is expressed by
v=pot L

If the integral of f over the measure space (Y, H, v) exists, then the value of
this integral is not changed if instead we integrate f o1 over (X, A, u):

(1.5) [ rav= [ rovan

Note that the definition of v already gives the equality for f = 1. The
linearity of the integral then gives it for simple f. General f > 0 follow by
monotone convergence, and finally general f = f* — f~ by linearity again.
This sequence of steps recurs often when an identity for integrals is to be
proved.

1.1.4. The Riemann and Lebesgue integrals. In calculus we learn the
Riemann integral. Suppose f is a bounded function on a compact interval
[a,b]. Given a (finite) partition 7 = {a = so < 51 < -+ < s, = b} of [a, D]
and some choice of points x; € [s;, s;+1], we form the Riemann sum

n—1
S(m) =" f@i)(siyr — si).
=0

We say f is Riemann integrable on [a, b] if there is a number ¢ such that the
following is true: given ¢ > 0, there exists ¢ > 0 such that |c — S(7)| < e
for every partition 7 with mesh(w) = max{s;11 — s;} < 0 and for any choice
of the points z; in the Riemann sum. In other words, the Riemann sums
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converge to ¢ as the mesh of the partition converges to zero. The limiting
value is by definition the Riemann integral of f:

b
(1.6) / fz)dr =c= lim S(m).

mesh(7)—0
One can then prove that every continuous function is Riemann integrable.

The definition of the Riemann integral is fundamentally different from
the definition of the Lebesgue integral. For the Riemann integral there is
one recipe for all functions, instead of a step-by-step definition that proceeds
from simple to complex cases. For the Riemann integral we partition the
domain [a,b], whereas the Lebesgue integral proceeds by partitioning the
range of f, as formula (1.4) makes explicit. This latter difference is some-
times illustrated by counting the money in your pocket: the Riemann way
picks one coin at a time from the pocket, adds its value to the total, and
repeats this until all coins are counted. The Lebesgue way first partitions
the coins into pennies, nickles, dimes, etc, and then counts the piles. As the
coin-counting picture suggests, the Lebesgue way is more efficient (it leads
to a more general integral with superior properties) but when both apply,
the answers are the same. The precise relationship is the following, which
also gives the exact domain of applicability of the Riemann integral.

Theorem 1.10. Suppose f is a bounded function on [a,b).

(a) If f is a Riemann integrable function on |a,b], then f is Lebesgue
measurable, and the Riemann integral of f coincides with the Lebesgue in-
tegral of f with respect to Lebesgue measure m on [a,b].

(b) f is Riemann integrable iff the set of discontinuities of f has Lebesgue
Measure zero.

Because of this theorem, the Riemann integral notation is routinely used
for Lebesgue integrals on the real line. In other words, we write

b
/ f(x)dx instead of fdm
a [a,b]
for a Borel or Lebesgue measurable function f on [a,b], even if the function
f is not Riemann integrable.

1.1.5. Function spaces. Various function spaces play an important role
in analysis and in all the applied subjects that use analysis. One way to
define such spaces is through integral norms. For 1 < p < oo, the space
LP(p) is the set of all measurable f : X — R such that [|f[Pdu < co. The
LP norm on this space is defined by

() 1£llp = 11l oe) = { / P du}p.
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A function f is called integrable if [|f|dp < co. This is synonymous with
fe L (p).

There is also a norm corresponding to p = oo, defined by

(1.8) [ flloo = 1 fll oy = inf{c >0 p{[f] > c} = 0}.

This quantity is called the essential supremum of |f|. The inequality |f(x)| <
|| fllco holds almost everywhere, but can fail on a null set of points x.

The LP(u) spaces, 1 < p < oo, are Banach spaces (see Appendix). The
type of convergence in these spaces is called LP convergence, so we say

fn— fin LP(p) if
Ifn = fllzr(y — 0 asn — oc.

However, a problem is created by the innocuous property of a norm that
requires || f||, = 0 if and only if f = 0. For example, let the underlying
measure space be the interval [0, 1] with Lebesgue measure on Borel sets.
From the definition of the LP norm then follows that ||f||, = 0 if and only
if f = 0 Lebesgue-almost everywhere. In other words, f can be nonzero
on even infinitely many points as long as these points form a Lebesgue—null
set, and still || f|l, = 0. An example of this would be the indicator function
of the rationals in [0, 1]. So the disturbing situation is that many functions
have zero norm, not just the identically zero function f(z) = 0.

To resolve this, we apply the idea that whatever happens on null sets
is not visible. We simply adopt the point of view that functions are equal
if they differ only on a null set. The mathematically sophisticated way
of phrasing this is that we regard elements of LP(u) as equivalence classes
of functions. Particular functions that are almost everywhere equal are
representatives of the same equivalence class. Fortunately, we do not have
to change our language. We can go on regarding elements of LP(u) as
functions, as long as we remember the convention concerning equality. This
issue will appear again when we discuss spaces of stochastic processes.

1.1.6. Completion of measures. There are certain technical benefits to
having the following property in a measure space (X, A, u), called complete-
ness: if N € A satisfies u(IN) = 0, then every subset of N is measurable
(and then of course has measure zero). It turns out that this can always be
arranged by a simple enlargement of the o-algebra. Let

A= {AC X : there exists BN € Aand F C N
such that y(N)=0and A= BUF}
and define ji on A by ji(A) = u(B) when B has the relationship to A from

above. The one can check that A C A, (X, A, ji) is a complete measure
space, and i agrees with y on A .
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An important example of this procedure is the extension of Lebesgue
measure m from Br to a g-algebra Lg of the so-called Lebesgue measurable
sets. Ly is the completion of Br under Lebesgue measure, and it is strictly
larger than Br. Proving this latter fact is typically an exercise in real
analysis (for example, Exercise 2.9 in [8]). For our purposes the Borel sets
suffice as a domain for Lebesgue measure. In analysis literature the term
Lebesgue measure usually refers to the completed measure.

1.1.7. Product measures. Let (X, A, u) and (Y,B,v) be two o-finite
measure spaces. The product measure space

(X XY, A@B,p@v)

is defined as follows. X x Y is the Cartesian product space. A ® B is the
product o-algebra. The product measure p ® v is the unique measure on
A ® B that satisfies

1 ® V(A x B) = p(A)v(B)

for measurable rectangles A x B where A € A and B € B. Measurable
rectangles generate A ® B and they form a semialgebra. The hypotheses of
the Extension Theorem 1.5 can be checked, so the measure p® v is uniquely
and well defined. This measure pu ® v is also o-finite.

The z-section f, of an A ® B-measurable function f is f,(y) = f(x,y).
It is a B-measurable function on Y. Furthermore, the integral of f, over
(Y, B,v) gives an A-measurable function of . Symmetric statements hold
for the y-section f,(z) = f(x,y), a measurable function on X. This is part
of the important Tonelli-Fubini theorem.

Theorem 1.11. Suppose (X, A, n) and (Y, B,v) are o-finite measure spaces.

(a) (Tonelli’s theorem) Let f be a [0, c0]-valued A @ B-measurable func-
tion on X xY. Then the functions g(x) = [, fodv and h(y) = [y fydu are
[0, oo]-valued measurable functions on their respective spaces. Furthermore,
f can be integrated by iterated integration:

/)(fod(M(g)V):/X{/Yf(x’y) V(dy)}u(dx)
:/Y{/X f(w,y)u(da:)}u(dy),

(b) (Fubini’s theorem) Let f € LY (u®v). Then f, € L*(v) for p-almost
every x, f, € L' () for v-almost every y, g € L*(u) and h € L*(v). Iterated
integration is valid as above.
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The product measure construction and the theorem generalize naturally
to products

<£Ile‘, év‘li, ém)

of finitely many o-finite measure spaces. Infinite products shall be discussed
in conjunction with the construction problem of stochastic processes.

The part of the Tonelli-Fubini theorem often needed is that integrating
away some variables from a product measurable function always leaves a
function that is measurable in the remaining variables.

In multivariable calculus we learn the multivariate Riemann integral over
n-dimensional rectangles,

b1 bo bn,
/ / / flx1, @, ... xy) day, - - - dxg dxy.
ai a2 an

This is an integral with respect to m-dimensional Lebesgue measure on
R”, which can be defined as the completion of the n-fold product of one-
dimensional Lebesgue measures.

As a final technical point, consider metric spaces X1, Xo,...,X,, with
product space X = [[ X;. X has the product o-algebra @) By, of the Borel
o-algebras from the factor spaces. On the other hand, X is a metric space in
its own right, and so has its own Borel o-algebra Bx. What is the relation
between the two? The projection maps (x1,...,z,) — x; are continuous,
hence Bx-measurable. Since these maps generate Q) By, it follows that
Q) Bx, C Bx. It turns out that if the X;’s are separable then equality holds:
Q Bx, = Bx. A separable metric space is one that has a countable dense

set. An example of a countable dense set is the set of rational numbers in
R.

1.1.8. Signed measures. A finite signed measure y on a measurable space
(X, A) is a function x : A — R such that p(0) = 0, and

(1.9) p(A) =" u(A)
=1

whenever A = |J 4; is a disjoint union. The series in (1.9) has to converge
absolutely, meaning that

ZIM(A)\ < oo.

Without absolute convergence the limit of the series ) p(A4;) would depend
on the order of the terms. But this must not happen because rearranging
the sets A1, Asg, As, ... does not change their union.
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More generally, a signed measure is allowed to take one of the values
+00 but not both. Absolute convergence in (1.9) is then required if u(A) is
a finite real number. We shall use the term measure only when the signed
measure takes only values in [0, oo]. If this point needs emphasizing, we use
the term positive measure as a synonym for measure.

For any signed measure v, there exist unique positive measures v and
v~ such that v = vt — v~ and v Lv~. (The statement v Ly~ reads “v*
and v~ are mutually singular,” and means that there exists a measurable
set A such that vT(A4) = v~ (A°) = 0.) The measure vt is the positive
variation of v, v~ is the negative variation of v, and v = v+ — v~ the
Jordan decomposition of v. There exist measurable sets P and IV such that
PUN=X,PNN=0,and vT(A) =v(ANP) and v~ (A) = —v(ANN).
(P, N) is called the Hahn decomposition of v. The total variation of v is the
positive measure |v| = v +v~. We say that the signed measure v is o-finite
if |v| is o-finite.

Integration with respect to a signed measure is defined by

(1.10) /fdy:/fdzﬁ—/fdu—

whenever both integrals on the right are finite. A function f is integrable
with respect to v if it is integrable with respect to |v|. In other words, L'(v)
is by definition L!( |v|). A useful inequality is

(1) ‘/fdv < [i1aw

valid for all f for which the integral on the right is finite.

Note for future reference that integrals with respect to |v| can be ex-
pressed in terms of v by

(1.12) /fdyyy:/Pfdu++/Nfdu—:/(1P—1N)fdy.

1.1.9. BV functions and Lebesgue-Stieltjes integrals. Let F' be a
function on [a,b]. The total variation function of F is the function Vp(x)
defined on [a, b] by

(1.13) Vp(z) = Sup{Z|F(si) —F(si_1)|:a=s0<s1 < < 5,= x}
=1

The supremum above is taken over partitions of the interval [a,x]. F has
bounded variation on [a,b] if Vp(b) < oco. BV]a,b] denotes the space of
functions with bounded variation on [a, b] (BV functions).

VF is a nondecreasing function with Vp(a) = 0. F' is a BV function iff
it is the difference of two bounded nondecreasing functions, and in case F
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is BV, one way to write this decomposition is
F=YVp+F)-Li(Vp—F)

(the Jordan decomposition of F'). If F' is BV and right-continuous, then also
Vr is right-continuous.

Henceforth suppose F' is BV and right-continuous on [a, b]. Then there
is a unique signed Borel measure Ar on (a,b] determined by

Ap(u,v] = F(v) — F(u), a<u<wv<b.

We can obtain this measure from our earlier definition of Lebesgue-Stieltjes
measures of nondecreasing functions. Let F = F; — F5 be the Jordan decom-
position of F. Extend these functions outside [a, b] by setting F;(x) = F;(a)
for x < a, and Fj(x) = F;(b) for > b. Then Ap = Ap, — Ap, is the Jordan
decomposition of the measure Ap, where Ap, and A, are as constructed in
Example 1.6. Furthermore, the total variation measure of A is

IAp| =Ap, + Ap, = Ay,

the Lebesgue-Stieltjes measure of the total variation function Vp. The inte-
gral of a bounded Borel function g on (a, b] with respect to the measure Ap
is of course denoted by

/ gdAr but also by / g(z)dF(z),
(a,b] (a,b]

and the integral is called a Lebesgue-Stieltjes integral. We shall use both
of these notations in the sequel. Especially when [ g dF might be confused
with a stochastic integral, we prefer [ g dAp. For Lebesgue-Stieltjes integrals
inequality (1.11) can be written in the form

(1.14) ‘ /(a’b] g(z) dF (z)

< /(a,b]'g(x)' Vi ().

We considered A a measure on (a, b] rather than [a, b] because according
to the connection between a right-continuous function and its Lebesgue-
Stieltjes measure, the measure of the singleton {a} is

(1.15) Ap{a} = F(a) — F(a-).

This value is determined by how we choose to extend F' to x < a, and so is
not determined by the values on [a, b].

Advanced calculus courses sometimes cover a related integral called the
Riemann-Stieltjes, or the Stieltjes integral. This is a generalization of the
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Riemann integral. For bounded functions g and F' on [a,b], the Riemann-
Stieltjes integral f: gdF is defined by

b
/ gdF = hm Zg ;) (F(si+1) — F(si))

mesh(m

if this limit exists. The notation and the interpretation of the limit is as
n (1.6). One can prove that this limit exists for example if g is continuous
and F' is BV [16, page 282]. The next lemma gives a version of this limit
that will be used frequently in the sequel. The left limit function is defined
by f(t—) = lims ~ s<¢ f(s), by approaching ¢ strictly from the left, provided
these limits exist.

Lemma 1.12. Let v be a finite signed measure on (0,T]. Let f be a bounded
Borel function on [0,T) for which the left limit f(t—) exists at all0 <t <T.
Let 7 = {0 = s} < --- < Sm(n) = T} be partitions of [0,T] such that
mesh(n™) — 0. Then

lim sup V(s Nt,sing At s—)v(ds)| =0.
fim s | 321067 and= [ ssovtas)
In particular, for a right-continuous function G € BV[0,T],
lim su s At) —G(si At)) — s—)dG(s) | = 0.
Jim sup | 326D (G6a A = Gl ) - [ 5 d6()

Remark 1.13. It is important here that f is evaluated at the left endpoint

of the partition intervals [s}', s7, ;].

Proof. For each 0 <t < T,

(si ANtysiqg ANt — f(s=)v(ds)
(0,4]
< /M ;ﬂs?n(s () = 1(s-)| Ivl(ds)
/O | D (9 = )| i)

where the last inequality is simply a consequence of increasing the interval
of integration to (0,7]. The last integral gives a bound that is uniform in ¢,
and it vanishes as n — oo by the dominated convergence theorem. ]
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Example 1.14. A basic example is a step function. Let {x;} be a sequence
of points in R (ordering of x;’s is immaterial), and {a;} an absolutely sum-
mable sequence, which means ) |a;| < co. Check that

G(t) = Z (07
<t
is a right-continuous BV function on any subinterval of R. Both properties
follow from
Gt -6 < Y il
1s<x; <t

The right-hand side above can be made arbitrarily small by taking ¢ close
enough to s. The Lebesgue-Stieltjes integral of a bounded Borel function f
is

(1.16) / fdG =" oif(w).

0.7] i:0<z; <T
To rigorously justify this, first take f = 1(,3 with 0 < a < b < T and
check that both sides equal G(b) — G(a) (left-hand side by definition of the
Lebesgue-Stieltjes measure). These intervals form a 7-system that generates
the Borel o-algebra on (0,7]. Theorem B.4 can be applied to verify the
identity for all bounded Borel functions f.

The above proof is a good example of a recurring theme. Suppose the
goal is to prove an identity, such as (1.16) above, that is valid for a large
class of objects, in this case all bounded Borel functions f. Typically we
can do an explicit verification for some special cases. If this class of special
cases is rich enough, then we can hope to complete the proof by appealing
to some general principle that extends the identity from the special class to
the entire class.

1.1.10. Radon-Nikodym theorem. This theorem is among the most im-
portant in measure theory. We state it here because it gives us the existence
of conditional expectations in the next section. First a definition. Suppose p
is a measure and v a signed measure on a measurable space (X,.4). We say
v is absolutely continuous with respect to u, abbreviated v < p, if u(A) =0
implies v(A) = 0 for all A € A.

Theorem 1.15. Let p be a o-finite measure and v a o-finite signed mea-
sure on a measurable space (X, A). Assume v is absolutely continuous with
respect to . Then there exists a p-almost everywhere unique A-measurable
function f such that at least one of [ fTdp and [ f~ dp is finite, and for
each A € A,

(1.17) V(A) = /Afd,u.
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Some remarks are in order. Since either [, f*du or [, f~ du is finite,
the integral [ 4 [ dp has a well-defined value in [—00,00]. The equality of
integrals (1.17) extends to measurable functions, so that

(1.18) /gdu:/gfdu

for all A-measurable functions g for which the integrals make sense. The
precise sense in which f is unique is this: if f also satisfies (1.17) for all

A€ A, then p{f # f} =0.

The function f is the Radon-Nikodym derivative of v with respect to pu,
and denoted by f = dv/du. The derivative notation is very suggestive. It
leads to dv = f du which tells us how to do the substitution in the integral.
Also, it suggests that
dv dp dv
dp dp  dp
which is a true theorem under the right assumptions: suppose v is a signed
measure, p and p positive measures, all o-finite, v < p and p < . Then

dv dv dp
Jowr=[o- o= [0 i

by two applications of (1.18). Since the Radon-Nikodym derivative is unique,
the equality above proves (1.19).

(1.19)

Here is a result that combines the Radon-Nikodym theorem with Lebesgue-
Stieltjes integrals.

Lemma 1.16. Suppose v is a finite signed Borel measure on [0,T] and
g€ L' (v). Let

F(t):/[oﬂg(s)u(ds), 0<t<T.

Then F is a right-continuous BV function on [0,T]. The Lebesgue-Stieltjes
integral of a bounded Borel function ¢ on [0,T] satisfies

(1.20) ¢(s) dF(s) = ¢(s)g(s) v(ds).
(0,7] (0,7

In abbreviated form, dF = gdv and g = dAr/dv on (0,T].

Proof. For right continuity of F, let t,, "\ t. Then

|F<tn>—F<t>|=] [ A oa|< [ sl
[0,T7] [0,T7]

)

The last integral vanishes as ¢, “\, t because 1, 1(s) — 0 for each point s,
and the integral converges by dominated convergence. Thus F(t+) = F'(t).
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For any partition 0 =sg < s1 <--- < s, =T,

zln&m—FwM=§j/ gar| <[ iglaw)
i i (si,8i41] 7 Y (sisiqa]

=/ gl dlv].
(0,17

By the assumption g € L!(v) the last quantity above is a finite upper bound
on the sums of F-increments over all partitions. Hence F' € BV[0,T].

The last issue is the equality of the two measures Ap and g dv on (0,T].
By Lemma B.5 it suffices to check the equality of the two measures for
intervals (a, b], because these types of intervals generate the Borel o-algebra.

mmﬂ=F@—HM=AWM$WMPAHM$WM=/“g@mw»

(a,b]
This suffices. |

The conclusion (1.20) can be extended to [0, 7] if we define F/(0—) = 0.
For then

AH%ZF@FW)ZszﬂWAMZA@Mu

On the other hand, the conclusion of the lemma on (0, 7] would not change
if we defined F(0) = 0 and

F(t)= /(ot} g(s)v(ds), 0<t<T.

This changes F' by a constant and hence does not affect its total variation
or Lebesgue-Stieltjes measure.

1.2. Basic concepts of probability theory

This section summarizes the measure-theoretic foundations of probability
theory. Matters related to stochastic processes will be treated in the next
chapter.

1.2.1. Probability spaces, random variables and expectations. The
foundations of probability are taken directly from measure theory, with no-
tation and terminology adapted to probabilistic conventions. A probability
space (2, F, P) is a measure space with total mass P(§2) = 1. The prob-
ability space is supposed to model the random experiment or collection of
experiments that we wish to analyze. The underlying space 2 is called the
sample space, and its sample points w € ) are the elementary outcomes of
the experiment. The measurable sets in F are called events. P is a proba-
bility measure. A random variable is a measurable function X : Q — S with
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values in some measurable space S. Most often S = R. If S = R? one can
call X a random wvector, and if S is a function space then X is a random
function.

Here are some examples to illustrate the terminology.

Example 1.17. Consider the experiment of choosing randomly a person in
a room of N people and registering his or her age in years. Then naturally
) is the set of people in the room, F is the collection of all subsets of 2,
and P{w} = 1/N for each person w € Q. Let X (w) be the age of person w.
Then X is a Z-valued measurable function (random variable) on €.

Example 1.18. Consider the (thought) experiment of tossing a coin infin-
itely many times. Let us record the outcomes (heads and tails) as zeroes
and ones. The sample space € is the space of sequences w = (1, x2, 23, ...)
of zeroes and ones, or Q = {0, 1}, where N = {1,2,3,...} is the set of nat-
ural numbers. The o-algebra F on Q is the product o-algebra BEN where
each factor is the natural o-algebra

B = {@, {0}7 {1}7 {07 1}}
on {0,1}. To choose the appropriate probability measure on 2, we need to
make assumptions on the coin. Simplest would be to assume that successive
coin tosses are independent (a term we discuss below) and fair (heads and
tails equally likely). Let S be the class of events of the form

A:{w:($1,-~-,$n):(a17"'7a”)}

as n varies over N and (aq,...,ay,) varies over n-tuples of zeroes and ones.
Include @ and Q to make S a semialgebra. Our assumptions dictate that
the probability of the event A should be Py(A) = 27™. One needs to check
that Py satisfies the hypotheses of Theorem 1.5, and then the mathematical
machinery takes over. There exists a probability measure P on (€2, F) that
agrees with Py on §. This is a mathematical model of a sequence of inde-
pendent fair coin tosses. Natural random variables to define on €2 are first
the coordinate variables X;(w) = z;, and then variables derived from these
such as 5, = X + --- + X,,, the number of ones among the first n tosses.
The random variables {X;} are an example of an i.i.d. sequence, which is
short for independent and identically distributed.

The expectation of a real-valued random variable X is simply its Lebesgue
integral over the probability space:

EX:/XdP.
Q

The rules governing the existence of the expectation are exactly those inher-
ited from measure theory. The spaces LP(P) are also defined as for general
measure spaces.
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The probability distribution (or simply distribution, also the term law is
used) p of a random variable X is the probability measure obtained when
the probability measure P is transported to the real line via

u(B) =P{X € B}, B € Br.

The expression {X € B} is an abbreviation for the longer set expression
{we: X(w) € B}.

If h is a bounded Borel function on R, then h(X) is also a random
variable (this means the composition h o X), and

(1.21) Eh(X) = / X)dP = /

This equality is an instance of the change of variables identity (1.5). Notice
that we need not even specify the probability space to make this calculation.
This is the way things usually work. There must always be a probability
space underlying our reasoning, but when situations are simple we can ignore
it and perform our calculations in familiar spaces such as the real line or
Euclidean spaces.

The (cumulative) distribution function F of a random variable X is
defined by F(z) = P{X < z}. The distribution p is the Lebesgue-Stieltjes
measure of F. Using the notation of Lebesgue-Stieltjes integrals, (1.21) can
be expressed as

(1.22) Eh(X) = /R h(z) dF (z).

This is the way expectations are expressed in probability and statistics books
that avoid using measure theory, relying on the advanced calculus level
understanding of the Stieltjes integral.

The density function f of a random variable X is the Radon-Nikodym de-
rivative of its distribution with respect to Lebesgue measure, so f = du/dz.
It exists iff p is absolutely continuous with respect to Lebesgue measure on
R. When f exists, the distribution function F' is differentiable Lebesgue—
almost everywhere, and F’ = f Lebesgue-almost everywhere. The expecta-
tion can then be expressed as an integral with respect to Lebesgue measure:

(1.23) Eh(X) = /R h(z)f(z) dz.

This is the way most expectations are evaluated in practice. For example, if
X is a rate A exponential random variable (X ~ Exp(A) in symbols), then

Eh(X) = /OOO h(z)Ae  da.

The concepts discussed above have natural extensions to R%valued random
vectors.
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Example 1.19. Here are the most important probability densities.

(i) On any bounded interval [a, b] of R there is the uniform distribution
Unifla, b] with density f(z) = (b — a)_ll[&b] (x). Whether the endpoints
are included is immaterial because it does not affect the outcome of any
calculation.

(ii) The exponential distribution mentioned above is a special case of the
Gamma(a, \) distribution on Ry with density f(x) = I'(a) ™! (Az)*¥ I he 2.
The two parameters satisfy a, A > 0. The gamma function is I'(a)) =
fooo 22 e dy.

(iii) For v, 8 > 0 the Beta(a, 8) distribution on (0, 1) has density f(x) =

T(a+8) a— —_
rer et (=)

(iv) For a vector v € R? (d > 1) and a symmetric, nonnegative definite,
nonsingular d x d matrix I', the normal (or Gaussian) distribution N (v,T")
on R? has density

(1.24) F(x) =

1
(27)4/2v/det T

Above, and in general, we regard a d-vector v as a d x 1 matrix with 1 x d

transpose vT.

exp(—3(x — v)IT H(x - v)).

If T is singular then the A/(v,T') distribution can be characterized by its
characteristic function (the probabilistic term for Fourier transform)

(1.25) E(eiSTX) = exp(isTv - %STFS), s € RY,

where X represents the R%valued N (v,T)-distributed random vector and
i is the imaginary unit v/—1. This probability distribution is supported on
the image of R? under T'.

The N(0,1) distribution on R with density f(z) = (27)~/2e~"/2 is the
standard normal distribution. When d > 1, N(v,T') is called a multivariate
normal. As is evident from the formulas, the distribution of a Gaussian

vector X is determined by its mean vector v = FX and covariance matrix
I'=E(XxT).

One more terminological change as we switch from analysis to probabil-
ity: almost everywhere (a.e.) becomes almost surely (a.s.). But of course
there is no harm in using both.

Equality of random variables X and Y has the same meaning as equality
for any functions: if X and Y are defined on the same sample space ) then
they are equal as functions if X(w) = Y (w) for each w € Q. Often we
cannot really control what happens on null sets (sets of probability zero),
so the more relevant notion is the almost sure equality: X = Y a.s. if
P(X =Y) = 1. We also talk about equality in distribution of X and Y
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which means that P(X € B) = P(Y € B) for all measurable sets B in the

(common) range space of X and Y. This is abbreviated X 2y and makes
sense even if X and Y are defined on different probability spaces.

1.2.2. Convergence of random variables. Here is a list of ways in which
random variables can converge. Except for convergence in distribution, they
are direct adaptations of the corresponding modes of convergence from anal-
ysis.

Definition 1.20. Let {X,,} be a sequence of random variables and X a
random variable, all real-valued.

(a) X, — X almost surely if
P{w : lim X, (w) = X(w)} =1.

n—o0
(b) X,, = X in probability if for every € > 0,
lim P{w X (W) — X(w)] > a} ~0.

n—o0

(¢) X, = X in LP for 1 < p < o if
. 7 Py _
nh_}rréo E{|X,(w) — X(w)|P} =0.
(d) X, — X in distribution (also called weakly) if
h_)m P{X, <z}=P{X <z}
for each = at which F(x) = P{X < x} is continuous.

Convergence types (a)—(c) require that all the random variables are defined
on the same probability space, but (d) does not.

The definition of weak convergence above is a specialization to the real
line of the general definition, which is this: let {y,} and pu be Borel proba-
bility measures on a metric space S. Then u, — p weakly if

/gdun—>/gdu
S S

for all bounded continuous functions g on S. Random variables converge
weakly if their distributions do in the sense above. Commonly used notation
for weak convergence is X,, = X.

Here is a summary of the relationships between the different types of
convergence. We need one new definition: a sequence {X,} of random
variables is uniformly integrable if

(1.26) aim - sup B[ Xal - 1, 2an] = 0.
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Theorem 1.21. Let {X,} and X be real-valued random variables on a
common probability space.

(i) If X, — X almost surely or in LP for some 1 < p < oo, then
X, — X in probability.
(ii) If X,, — X in probability, then X,, — X weakly.
(iii) If X;, — X in probability, then there exists a subsequence X, such
that X, — X almost surely.
(iv) Suppose X,, — X in probability. Then X, — X in L' iff {X,.} is
uniformly integrable.

1.2.3. Independence and conditioning. Fix a probability space
(Q, F, P). In probability theory, o-algebras represent information. F rep-
resents all the information about the experiment, and sub-o-algebras A of
F represent partial information. “Knowing a o-algebra A” means know-
ing for each event A € A whether A happened or not. A common way
to create sub-c-algebras is to generate them with random variables. If X
is a random variable on €2, then the o-algebra generated by X is denoted
by o(X) and it is given by the collection of inverse images of Borel sets:
o(X) = {{X € B}:Be BR}. Measurability of X is exactly the same as
o(X)CF.

Knowing the actual value of X is the same as knowing whether {X € B}
happened for each B € Br. But of course there may be many sample
points w that have the same values for X, so knowing X does not allow
us to determine which outcome w actually happened. In this sense o{X}
represents partial information. Here is an elementary example.

Example 1.22. Suppose we flip a coin twice. The sample space is 2 =
{(0,0),(0,1),(1,0),(1,1)} and the generic sample point w = (wy,w2) €
{0,1}2. Let X (w) = wi+ws. Then o{X} consists of @, {(0,0)}, {(0,1),(1,0)},
{(1,1)} and all their unions. But knowing c{X } cannot distinguish whether
outcome (0,1) or (1,0) happened. In English: if you just tell me that one
flip came out heads, I don’t know if it was the first or the second flip.

Elementary probability courses define that two events A and B are inde-
pendent if P(AN B) = P(A)P(B). The conditional probability of A, given
B, is defined as

P(ANB)
1.2 P(A|B) = ———=
provided P(B) > 0. Thus the independence of A and B can be equivalently
expressed as P(A|B) = P(A). This reveals the meaning of independence:
knowing that B happened (in other words, conditioning on B) does not
change our probability for A.
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One technical reason we need to go beyond these elementary definitions
is that we need to routinely condition on events of probability zero. For ex-
ample, suppose X and Y are independent random variables, both uniformly
distributed on [0, 1], and we set Z = X + Y. Then we would all agree that
P(Z > 3|V = 1) = 2, yet since P(Y = §) = 0 this conditional probability
cannot be defined in the above manner.

The general definition of independence, from which various other defini-
tions follow as special cases, is for the independence of o-algebras.

Definition 1.23. Let Aj, Ao, ..., A, be sub-c-algebras of 7. Then A,

Ao, ..., A, are mutually independent (or simply independent) if, for every
choice of events A1 € Ay, As € Ay, ..., Ap € Ay,
(1.28) P(AlﬂAgﬂﬂAn):P(Al)P(AQ)P(An)

An arbitrary collection {A; : ¢ € I} of sub-o-algebras of F is independent
if each finite subcollection is independent.

The more concrete notions of independence of random variables and
independence of events derive from the above definition.

Definition 1.24. A collection of random variables {X; : i € Z} on a prob-
ability space (€2, F, P) is independent if the o-algebras {o(X;) :i € 7} gen-
erated by the individual random variables are independent. Equivalently,
for any finite set of distinct indices i1,19,...,%, and any measurable sets
By, Bs, ..., By, from the range spaces of the random variables, we have

n
(1.29) P{X;, € B1, X, € By,..., X;, € By} = [[ P{Xi, € Bi}.

k=1
Finally, events {A; : i € Z} are independent if the corresponding indicator
random variables {14, : i € Z} are independent.

Some remarks about the definitions. The product property extends to

all expectations that are well-defined. If Ay, ..., A, are independent o-
algebras, and 71, ..., Z, are integrable random variables such that Z; is
A;-measurable (1 <i <n) and the product Z1Z - - Z,, is integrable, then
(1.30) E|Z1\Zy---Zy| = EZy-EZy --- EZ,.

If the variables Z; are [0, cc]-valued then this identity holds regardless of
integrability because the expectations are limits of expectations of truncated
random variables.

Independence is closely tied with the notion of product measure. Let
u be the distribution of the random vector X = (X1, Xs,...,X,) on R",
and let u; be the distribution of component X; on R. Then the variables
X1, Xo,..., X, are independent iff =1 @ o ® - -+ ® pp,.
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Further specialization yields properties familiar from elementary prob-
ability. For example, if the random vector (X,Y’) has a density f(z,y) on
R2 then X and Y are independent iff f(x,y) = fx(x)fy(y) where fx and
fy are the marginal densities of X and Y. Also, it is enough to check prop-
erties (1.28) and (1.29) for classes of sets that are closed under intersections
and generate the o-algebras in question. (A consequence of the so-called
m-A theorem, see Lemma B.5 in the Appendix.) Hence we get the familiar
criterion for independence in terms of cumulative distribution functions:

n
(1.31) P{X;, <t1, Xi, <to,..., X, <tn} = [ P{Xi, < ti}.
k=1

Independence is a special property, and always useful when it is present.
The key tool for handling dependence (that is, lack of independence) is the
notion of conditional expectation. It is a nontrivial concept, but fundamen-
tal to just about everything that follows in this book.

Definition 1.25. Let X € L'(P) and let A be a sub-o-field of . The con-
ditional expectation of X, given A, is the integrable, A-measurable random
variable Y that satisfies

(1.32) /XdP:/YdP for all A € A.
A A

The notation for the conditional expectation is Y (w) = E(X|A)(w). It is
almost surely unique, in other words, if ¥ is A-measurable and satisfies
(1.32), then P{Y =Y} =1.

Justification of the definition. The existence of the conditional expec-
tation follows from the Radon-Nikodyn theorem. Define a finite signed mea-
sure v on (92, A) by

V(A):/XdP, Ac A
A

P(A) = 0implies ¥(A) = 0, and so v < P. By the Radon-Nikodym theorem
there exists a Radon-Nikodym derivative Y = dv/dP which is .A-measurable
and satisfies

/YdP—I/(A)—/XdP for all A € A.
A A

Y is integrable because

/Y*dP:/ YdP:y{Yzo}:/ X dP
Q {v=0} {v=0}
§/|X|dP<oo
Q

and a similar bound can be given for [, Y~ dP.
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To prove uniqueness, suppose Y satisfies the same properties as Y. Let
= {Y > Y}. This is an A-measurable event. On A, Y —Y = (Y —Y)¥,
whlle on A¢, (Y —Y)T = 0. Consequently

/(Y—?ﬁdp /(Y Y)dP = /de /AYdP
/XdP /XdP_O

The integral of a nonnegative function vanishes iff the function vanishes
almost everywhere. Thus (Y —Y)™ = 0 almost surely. A similar argument
shows (Y —Y)~ =0, and so |Y — Y| = 0 almost surely. O

The defining property (1.32) of the conditional expectation extends to

(1.33) /QZXdP:/QZE(XM)dP

for any bounded .4-measurable random variable Z. Boundedness of Z guar-
antees that ZX and Z E(X|A) are integrable for an integrable random vari-
able X.

Some notational conventions. When X = 1p is the indicator random
variable of an event B, we can write P(B|A) for E(1p|A). When the con-
ditining o-algebra is generated by a random variable Y, so A = o{Y'}, we
can write E(XY) instead of E(X|o{Y}).

Sometimes one also sees the conditional expectation E(X|Y = y), re-
garded as a function of y € R (assuming now that Y is real-valued). This
is defined by an additional step. Since E(X|Y) is o{Y }-measurable, there
exists a Borel function h such that E(X|Y) = h(Y'). This is an instance of a
general exercise according to which every o{Y }-measurable random variable
is a Borel function of Y. Then one uses h to define E(X|Y = y) = h(y). This
conditional expectation works with integrals on the real line with respect to
the distribution py of Y: for any B € Br,

(1.34) PILp(Y)X] = | BOXIY =) o (d).

The definition of the conditional expectation is abstract, and it takes
practice to get used to the idea of conditional probabilities and expecta-
tions as random variables rather than as numbers. The task is to familiarize
oneself with this concept by working with it. Eventually one will under-
stand how it actually does everything we need. The typical way to find
conditional expectations is to make an educated guess, based on an intu-
itive understanding of the situation, and then verify the definition. The
A-measurability is usually built into the guess, so what needs to be checked
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is (1.32). Whatever its manifestation, conditional expectation always in-
volves averaging over some portion of the sample space. This is especially
clear in this simplest of examples.

Example 1.26. Let A be an event such that 0 < P(A) < 1, and A =
{0,9Q, A, A°}. Then
Z\At) 9 AT 1 e (w).

pa) AW T Tpray )

Let us check (1.32) for A. Let Y denote the right-hand-side of (1.35).
Then

- E(14X) w " _ B(14X) w W
/AYdP_/AP(A) 14(w) P(d )_7P(A) /AlA( ) P(dw)

= E(14X) = /AXdP.

(1.35) E(X|A)(w) =

A similar calculation checks [,. Y dP = [,. X dP, and adding these together
gives the integral over €. () is of course trivial, since any integral over () equals
zero. See Exercise 1.15 for a generalization of this.

Here is a concrete case. Let X ~ Exp()\), and suppose we are al-
lowed to know whether X < ¢ or X > ¢. What is our updated expec-
tation for X7 To model this, let us take (Q,F,P) = (Ri,Br,,u) with
p(dx) = e *dx, the identity random variable X (w) = w, and the sub-o-
algebra A = {Q, 0,0, ], (¢,00)}. For example, for any w € (¢, 00), we would
compute

1
(e, 00)
=c+ 1L

E(X|A)(w) = / e N dr = e (ce N + A Tle M)

You probably knew the answer from the memoryless property of the expo-
nential distribution? If not, see Exercise 1.13. Exercise 1.16 asks you to
complete this example.

The next theorem lists the main properties of the conditional expec-
tation. Equalities and inequalities concerning conditional expectations are
almost sure statements, although we did not indicate this below, because
the conditional expectation is defined only up to null sets.

Theorem 1.27. Let (2, F, P) be a probability space, X and Y integrable
random variables on ), and A and B sub-o-fields of F.

(i) E[E(X|A)] = EX.

(i) ElaX + BY |A] = aE[X|A] + BE[Y|A] for o, 8 € R.

(iii) If X >Y then E[X|A] > E[Y|A].
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(iv) If X is A-measurable, then E[X|A] = X.
(v) If X is A-measurable and XY is integrable, then

(1.36) E[XY]A] = X - E[Y|A.

(vi) If X is independent of A (which means that the o-algebras o{X}
and A are independent), then E[X|A] = EX.

(vii) If A C B, then
E{E(X|A) |B} = E{E(X|B) |A} = E[X|A].

(viii) If A C B and E(X|B) is A-measurable, then E(X|B) = E(X|A).
(ix) (Jensen’s inequality) Suppose f is a convex function on (a,b), —oo <
a<b<oo. This means that

flz+(1—-0)y) <0f(x)+(1—-0)f(y) forz,ye€ (a,b) and0 <O <1.
Assume P{a < X <b} =1. Then
(1.37) F(EIX]A]) < E[f(X) | A]

provided the conditional expectations are well defined.

(x) Suppose X is a random variable with values in a measurable space
(S1,H1), Y is a random variable with values in a measurable space (S2, Hs),
and ¢ : S1xS2 — R is a measurable function such that ¢(X,Y) is integrable.
Assume that X is A-measurable while Y is independent of A. Then

(1.38) Elp(X,Y)[Al(w) = /er(X(W)v Y(w)) P(dw).

Proof. The proofs must appeal to the definition of the conditional expecta-
tion. We leave them mostly as exercises or to be looked up in any graduate
probability textbook. Let us prove (v) and (vii) as examples.

Proof of part (v). We need to check that X - E[Y|A] satisfies the defi-
nition of EF[XY|A]. The A-measurability of X - EF[Y|A] is true because X
is A-measurable by assumption, E[Y|A] is A-measurable by definition, and
multiplication preserves A-measurability. Then we need to check that

(1.39) E{14XY} = E{14X E[Y|A]}

for an arbitrary A € A. If X were bounded, this would be a special case of
(1.33) with Z replaced by 14X. For the general case we need to check the
integrability of X E[Y|A] before we can really write down the right-hand
side of (1.39).
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Let us assume first that both X and Y are nonnegative. Then also
E(Y|A) > 0 by (iii), because E(0lA) = 0 by (iv). Let X*) = X Ak be a
truncation of X. We can apply (1.33) to get

(1.40) E{1,XPY} = E{1,XWE[Y|A]}.

Inside both expectations we have nonnegative random variables that increase
with k. By the monotone convergence theorem we can let k¥ — oo and recover
(1.39) in the limit, for nonnegative X and Y. In particular, this tells us that,
at least if X, Y > 0, the integrability of X, Y and XY imply that X F(Y|A)
is integrable.

Now decompose X = XT — X~ and Y =Y — Y. By property (ii),
E(Y|A) = E(YT|A) — E(Y™|A).
The left-hand side of (1.39) becomes
E{14X Yt} — B{14X Y1} - E{14aX Y } + E{14X Y }.

The integrability assumption is true for all pairs X*Y®, so to each term
above we can apply the case of (1.39) already proved for nonnegative random
variables. The expression becomes

E{1,XTE(Y'|A)} - E{14X E(YT|A)} - E{14XTE(Y"|A)}
+E{14X E(Y"|A)}.

For integrable random variables, a sum of expectations can be combined
into an expectation of a sum. Consequently the sum above becomes the
right-hand side of (1.39). This completes the proof of part (v).

Proof of part (vii). That E{E(X|A)|B} = E[X|A] follows from part
(iv). To prove E{E(X|B)|A} = E[X|A], we show that F[X|.A| satisfies
the definition of E{E(X|B)|A}. Again the measurability is not a problem.
Then we need to check that for any A € A,

/ E(X|B)dP = / E(X|A) dP.
A A
This is true because A lies in both A and B, so both sides equal fA XdpP. O

There is a geometric way of looking at F(X|.A) as the solution to an
optimization or estimation problem. Assume that X € L?(P). Then what
is the best A-measurable estimate of X in the mean-square sense? In other
words, find the A-measurable random variable Z € L?(P) that minimizes
E[(X — Z)?. This is a “geometric view” of E(X|A) because it involves
projecting X orthogonally to the subspace L?(Q, A, P) of A-measurable L?-
random variables.
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Proposition 1.28. Let X € L?(P). Then E(X|A) € L*(Q, A, P). For all
Z € L*(0,A, P),

E[(X - B[X|A)?] < B[(X - 2)?]
with equality iff Z = E(X|A).

Proof. By Jensen’s inequality,
E{B[X|A]’} < B{B[X?|Al} = E{X?}.
Consequently E[X|A] is in L?(P).
E[(X - 2)’] = E[(X - EX|A] + E[X|A] - 2)*] = E[(X — E[X|A])?]
+2E[(X — E[X|A])(E[X|A] — Z)] + E[(E[X|A] — Z)?]
= B[(X - E[X|A)*] + E[(E[X|A] - Z)*].

The cross term of the square vanishes because E[X|A] — Z is A-measurable,
and this justifies the last equality. The last line is minimized by the unique
choice Z = E[X|A. O

1.2.4. Construction of probability spaces. In addition to the usual
construction issues of measures that we discussed before, in probability the-
ory we need to construct stochastic processes which are infinite collections
{X¢ :t € T} of random variables. Often the naturally available ingredients
for the construction are the finite-dimensional distributions of the process.
These are the joint distributions of finite vectors (X, Xy,,..., X}, ) of ran-
dom variables. Kolmogorov’s Extension Theorem, whose proof is based
on the general machinery for extending measures, states that the finite-
dimensional distributions are all we need. The natural home for the con-
struction is a product space.

To formulate the hypotheses below, we need to consider permutations
acting on n-tuples of indices from an index set Z and on n-vectors from a

product space. A permutation 7 is a bijective map of {1,2,...,n} onto itself,
for some finite n. If s = (s1,s2,...,5,) and t = (t1,t9,...,t,) are n-tuples,
then t = ms means that (t1,%2,...,tn) = (Sx(1), Sx(2)s - - - Sn(n))- The action

of m on any n-vector is defined similarly, by permuting the coordinates.

Here is the setting for the theorem. Z is an arbitrary index set, and for
each t € Z, (X3, B;) is a complete, separable metric space together with its
Borel o-algebra. Let X = [[ X; be the product space and B = ) B; the
product o-algebra. A generic element of X is written = = ()7

Theorem 1.29 (Kolmogorov’s extension theorem). Suppose that for each
ordered n-tuple t = (t1,ta, ..., t,) of distinct indices we are given a probabil-

ity measure Qg on the finite product space (X%, Bt) = (szl Xt Qg Btk) ,
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for alln > 1. We assume two properties that make {Q¢} a consistent family
of finite-dimensional distributions:

(i) Ift = 7s, then Q¢ = Qs om L.

(11) Ift = (tl,tg,...,tnfl,tn) and s = (tl,tg,.. . ,tnfl), then for A€
B, Qs(A) = Q¢(A x Xy,).

Then there exists a probability measure P on (X, B) whose finite-dimensional
marginal distributions are given by {Q¢}. In other words, for any t =
(t1,t2,...,t,) and any B € Bt,

(1.41) Plz e X : (v4,,%1y,...,2¢,) € B} = Q¢(B).

We refer the reader to [4, Chapter 12] for a proof of Kolmogorov’s the-
orem in this generality. [5] gives a proof for the case where Z is countable
and X; = R for each t. The main idea of the proof is no different for the
more abstract result.

To construct a stochastic process (X¢);ez with prescribed finite-dimensional
marginals

Qt(A) = P{(th,XtQ, ... ,th) € A},

apply Kolmogorov’s theorem to these inputs, take (2, F, P) = (X, B, P),
and for w = x = (x¢)iez € Q define the coordinate random variables X;(w) =
x¢. When 7 is countable, such as Z., this strategy is perfectly adequate,
and gives for example all infinite sequences of i.i.d. random variables. When
7 is uncountable, such as R, we typically want something more from the
construction than merely the correct distributions, namely some regularity
for the random function ¢ +— X;(w). This is called path regularity. This issue
is addressed in the next chapter.

We will not discuss the proof of Kolmogorov’s theorem. Let us observe
that hypotheses (i) and (ii) are necessary for the existence of P, so nothing
unnecessary is assumed in the theorem. Property (ii) is immediate from
(1.41) because (x¢y,Tiyy-..,xt,—1) € A it (zy,24y,...,24,) € A X Xy,,.
Property (i) is also clear on intuitive grounds because all it says is that if
the coordinates are permuted, their distribution gets permuted too. Here
is a rigorous justification. Take a bounded measurable function f on X?t.
Note that f o is then a function on X*®, because

x=(x1,...,zp) EX <=1z, € X,, (1<i<n)

= 7T = (Tr(1)s -+ Tr(n)) € Xt
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Compute as follows, assuming P exists:

/ fth:/ f(xt17xt27""xtn)P(dx)
Xt X
= s s bs yeeeils P(d
/Xf(x (1) Tsr(2) m7r(n>) (dz)
:/(fo7r)($81,x52,...,a:sn)P(dx)
X
= [ Gomaa.= [ jaQuen).
Xs Xt

Since f is arbitrary, this says that Q¢ = Qg o 7.

Exercises

Exercise 1.1. (a) Suppose F is continuous on [0, 7], has a continuous de-
rivative F' = f on (0,7, and fOT]f(s)\ ds < oo (equivalently, f € L'(0,T)).
What formula does Lemma 1.16 give for f(o 7] @(s)dF(s)?

(b) Let F be as in part (a), top € (0,77, ¢ € R and define

e F(t) t € [0, o)
C\Ft)+¢ telto,T)

Give the formula for f(o 7] #(s) dG(s) in terms of ¢, f, tp and c.

Exercise 1.2. In case you wish to check your understanding of the Lebesgue-
Stieltjes integral, compute f(o 34] x dF(z) with a > 0 and

T, 0<z<a
Flz)=<44+a—-z, a<z<2a
(r —2a)?, x> 2a.

You should get 8a3/3 + a%/2 — (4 + 7)a.

Exercise 1.3. Let V' be a continuous, nondecreasing function on R and A
its Lebesgue-Stieltjes measure. Say t is a point of strict increase for V if
V(s) < V(t) < V(u) for all s < t and all w > ¢. Let I be the set of such
points. Show that I is a Borel set and A(¢) = 0.

Hint. For rationals ¢ let a(q) = inf{s < g : V(s) = V(¢)} and b(q) =
sup{s > ¢q : V(s) = V(q)}. Considering ¢ such that a(q) < b(q) show that
1€ is a countable union of closed intervals with zero A-measure.

Exercise 1.4. Show that in the definition (1.13) of total variation one can-
not in general replace the supremum over partitions by the limit as the mesh
of the partition tends to zero. (How about the indicator function of a single
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point?) But if F' has some regularity, for example right-continuity, then the
supremum can be replaced by the limit as mesh(7) — 0.

Exercise 1.5. Let G be a continuous BV function on [0, 7] with Lebesgue-
Stieltjes measure Ag on (0,77, and let h be a Borel measurable function on
[0,7T] that is integrable with respect to Ag. Define a function F' on [0, T]
by F(0) =0 and F(t) = f(o,t} h(s)dG(s) for t > 0. Building on Lemma 1.16
and its proof, and remembering also (1.15), show that F' is a continuous BV

function on [0, 7. Note in particular the special case F'(t) = fg h(s)ds.

Exercise 1.6. For a simple example of the failure of uncountable additiv-
ity for probabilities, let X be a [0, 1]-valued uniformly distributed random
variable on (2, F, P). Then P(X = s) = 0 for each individual s € [0,1] but
the union of these events over all s is €.

Exercise 1.7. Here is a useful formula for computing expectations. Suppose
X is a nonnegative random variable, and h is a nondecreasing function on
R such that A(0) = 0 and h is absolutely continuous on each bounded
interval. (This last hypothesis is for ensuring that h(a) = [’ h/(s) ds for all
0 <a < o0.) Then

(1.42) ER(X) = / T H(s)PIX > 5] dt.
0

Exercise 1.8. Suppose we need to prove something about a o-algebra B =
o(€) on a space X, generated by a class £ of subsets of X. A common
strategy for proving such a result is to identify a suitable class C containing
&€ whose members have the desired property. If C can be shown to be a
o-field then B C C follows and thereby all members of B have the desired
property. Here are useful examples.

(a) Fix two points z and y of the underlying space. Suppose that for
each A€ &, {z,y} C Aor {z,y} C A°. Show that the same property is true
for all A € B. In other words, if the generating sets do not separate x and
y, neither does the o-field.

(b) Suppose @ is a collection of functions from a space X into a mea-
surable space (Y,H). Let B=o{f: f € ®} be the smallest o-algebra that
makes all functions f € ® measurable, as defined in (1.1). Suppose g is a
function from another space 2 into X. Let 2 have o-algebra F. Show that
g is a measurable function from (€2, F) into (X, B) iff for each f € ®, foyg
is a measurable function from (92, F) into (Y, H).

(c) In the setting of part (b), suppose two points x and y of X satisfy
f(x) = f(y) for all f € ®. Show that for each B € B, {z,y} C B or
{z,y} C B
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(d) Let S C X such that S € B. Let
Bi={BeB:BCS}={ANS:AcB}

be the restricted o-field on the subspace S. Show that By is the o-field
generated on the space S by the collection

S ={ENS:Eecf&}
Show by example that By is not necessarily generated by
E={Eec&:FECS}

Hint: Consider C = {B C X : BN S € B;}. For the example, note that
Br is generated by the class {(—o0,a] : @ € R} but none of these infinite
intervals lie in a bounded interval such as [0, 1].

(e) Let (X, A, v) be a measure space. Let U be a sub-o-field of A, and
let N = {A € A:v(A) = 0} be the collection of sets of v-measure zero
(v-null sets). Let U* = o(U UN) be the o-field generated by U and N.
Show that

U ={A e A: there exists U € U such that UAA € N'}.

U* is called the augmentation of U.

Exercise 1.9. Suppose {A;} and {B;} are sequences of measurable sets in
a measure space (X, A,v) such that v(A4;AB;) = 0. Then

Exercise 1.10. (Product o-algebras.) Recall the setting of Example 1.3.
For a subset L C 7 of indices, let B, = o{f; : i € L} denote the o-algebra
generated by the projections f; for i € L. So in particular, Bz = @), A; is
the full product o-algebra.

(a) Show that for each B € Bz there exists a countable set L C Z such
that B € By. Hint. Do not try to reason starting from a particular set
B € Bz. Instead, try to say something useful about the class of sets for
which a countable L exists.

(b) Let RI%) be the space of all functions z : [0,00) — R, with the
product o-algebra generated by the projections x +— z(t), t € [0,00). Show
that the set of continuous functions is not measurable.

Exercise 1.11. (a) Let &1,...,&, be collections of measurable sets on
(Q, F, P), each closed under intersections (if A, B € &; then AN B € &).
Suppose

P(AlﬁAgﬂﬂAn):P(Al)P(AQ) P(An)
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for all Ay € &1,..., A, € &,. Show that the o-algebras o(&1),...,0(&,) are
independent. Hint. A straight-forward application of the 7—\ theorem B.3.

(b) Let {A; : ¢ € Z} be a collection of independent o-algebras. Let I,
..., I, be pairwise disjoint subsets of Z, and let By, = o{A; : i € I} for
1 < k <n. Show that By, ..., B,, are independent.

(c) Let A, B, and C be sub-o-algebras of F. Assume o{B,C} is indepen-
dent of A, and C is independent of B. Show that A, B and C are independent,
and so in particular C is independent of o{.A, B}.

(d) Show by example that the independence of C and 0{.A, B} does not
necessarily follow from having B independent of A, C independent of A, and
C independent of B. This last assumption is called pairwise independence of
A, B and C. Hint. An example can be built from two independent fair coin
tosses.

Exercise 1.12. If you have never done so, compute the moments of a cen-
tered Gaussian random variable: for Z ~ N (0,¢?) and k € N, E(Z%+1) =0
and E(Z%) = (2k —1)(2k — 3) ---1 - ¢*. This is useful to know.

Exercise 1.13. (Memoryless property.) Let X ~ Exp(\). Show that, condi-
tional on X > ¢, X —c ~ Exp(A). In plain English: given that I have waited
for ¢ time units, the remaining waiting time is still Exp(\)-distributed. This
is the memoryless property of the exponential distribution.

Exercise 1.14. Independence allows us to average separately. Here is a
special case that will be used in a later proof. Let (£2, F, P) be a probability
space, U and V measurable spaces, X : 1 - U and Y : Q — V measurable
mappings, f: U x V — R a bounded measurable function (with respect to
the product o-algebra on U x V). Assume that X and Y are independent.
Let 1 be the distribution of Y on the V-space, defined by u(B) = P{Y € B}
for measurable sets B C V. Show that

E[f(X,Y)] = /V E[f(X, y)] p(dy).

Hints. Start with functions of the type f(z,y) = g(z)h(y). Use Theorem
B.4 from the appendix.

Exercise 1.15. Let {D; : i € N} be a countable partition of €2, by which we
mean that {D;} are pairwise disjoint and Q = | J D;. Let D be the o-algebra
generated by {D;}.

(a) Show that G € D iff G = J;c; D; for some I C N.

(b) Let X € L'(P). Let U = {i € N : P(D;) > 0}. Show that

BXD)w) = Y Fhn)

inclU P(Dz) ‘1Di(w).
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Exercise 1.16. Complete the exponential case in Example 1.26 by finding
E(X|A)(w) for w € [0,¢]. Then verify the identity E[E(X|A4)] = EX. Do
you understand why E(X|.A) must be constant on [0, c] and on (¢, 00)?

Exercise 1.17. Suppose P(A) = 0or 1 for all A € A. Show that E(X|A) =
EX for all X € L'(P).

Exercise 1.18. Let (X,Y) be an R2-valued random vector with joint den-
sity f(x,%). This means that for any bounded Borel function ¢ on R2,

o) = [[ owaseydeay

The marginal density of Y is defined by
frw) = | fay)de

Let f( )
xz,Yy .
faly) =4 Tt TY@>0
0, if fy(y) = 0.

(a) Show that f(z|y)fy (y) = f(z,y) for almost every (x,y), with respect
to Lebesgue measure on R?. Hint: Let

H = {(x,y): f(z|ly) fy(y) # f(z,9)}-

Show that m(H,) = 0 for each y-section of H, and use Tonelli’s theorem.

(b) Show that f(x|y) functions as a conditional density of X, given that
Y =y, in this sense: for a bounded Borel function A on R,

ER(X)Y](w) =/ h(z) f(2]Y (w)) da.

R

Exercise 1.19. (Gaussian processes.) Let Z be an arbitrary index set,
and ¢ : Z? — R a positive definite function, which means that for any
t1,...,tn, € Z and real o, ..., an,

(1.43) Z aiajc(ti,tj) Z 0.

1<i,j<n

Then there exists a probability space (£2, F, P) and on that space a stochas-
tic process {X; : t € Z} such that, for each choice of indices t1,...,t, € Z,
the n-vector (Xi,,...,Xt,) has N (0,T") distribution with covariance ma-
trix I', ¢, = c(ti,t;). A process whose finite dimensional distributions are
Gaussian is called a Gaussian process.
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Exercise 1.20. It is not too hard to write down impossible requirements
for a stochastic process. Suppose {X; : 0 <t < 1} is a real-valued stochastic
process that satisfies

(i) Xs and X; are independent whenever s # t.
(ii) Each X; has the same distribution, and variance 1.

(iii) The path t — X;(w) is continuous for almost every w.

Show that a process satisfying these conditions cannot exist.



Chapter 2

Stochastic Processes

This chapter first covers general matters in the theory of stochastic processes,
and then discusses the two most important processes, Brownian motion and
Poisson processes.

2.1. Filtrations and stopping times

The set of nonnegative reals is denoted by Ry = [0,00). Similarly Q. for
nonnegative rationals and Z, = {0,1,2,...} for nonnegative integers. The
set of natural numbers is N = {1,2,3,...}.

The discussion always takes place on a fixed probability space (2, F, P).
We will routinely assume that this space is complete as a measure space.
This means that if D € F and P(D) = 0, then all subsets of D lie in F and
have probability zero. This is not a restriction because every measure space
can be completed. See Section 1.1.6.

A filtration on a probability space (€2, F, P) is a collection of o-fields
{F: :t € Ry} that satisfy

Fs CFCF forall0<s<t< oo.

Whenever the index ¢ ranges over nonnegative reals, we write simply {F;}
for {F; : t € Ry}. Given a filtration {F;} we can add a last member to it
by defining

(2.1) Foo = a< ng ]—"t>.

Foo is contained in F but can be strictly smaller than F.
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Example 2.1. The natural interpretation for the index t € Ry is time.
Let X; denote the price of some stock at time ¢ and assume it makes sense
to imagine that it is defined for all ¢ € R4. At time ¢ we know the entire
evolution {Xs : s € [0,¢]} up to the present. In other words, we are in
possession of the information in the o-algebra FiX = o{X, : s € [0,t]}.
{F{X} is a basic example of a filtration.

We will find it convenient to assume that each F; contains all subsets
of F-measurable P-null events. This is more than just assuming that each
F: is complete, but it entails no loss of generality. To achieve this, first
complete (2, F, P), and then replace F; with

(2.2) F;={B € F: there exist A € F; such that P(AAB) =0 }.

Exercise 1.8(e) verified that J; is a o-algebra. The filtration {F;} is some-
times called complete, or the augmented filtration.

At the most general level, a stochastic process is a collection of random
variables {X; : i € T} indexed by some arbitrary index set Z, and all defined
on the same probability space. For us the index set is most often R or
some subset of it. Let X = {X; : t € Ry} be a process on (2, F,P). It
is convenient to regard X as a function on Ry x € through the formula
X(t,w) = X¢(w). Indeed, we shall use the notations X (¢,w) and X;(w)
interchangeably. When a process X is discussed without explicit mention of
an index set, then R is assumed.

If the random variables X; take their values in a space S, we say X =
{X¢:t € Ry} is an S-valued process. To even talk about S-valued random
variables, S needs to have a c-algebra so that a notion of measurability
exists. Often in general accounts of the theory S is assumed a metric space,
and then the natural o-algebra on S is the Borel o-field Bg. We have no
cause to consider anything more general than S = R¢, the d-dimensional
Euclidean space. Unless otherwise specified, in this section a process is
always R%valued. Of course, most important is the real-valued case with
space R' = R.

A process X = {X; : t € Ry} is adapted to the filtration {F;} if X, is
Fi-measurable for each 0 < t < oo. The smallest filtration to which X is
adapted is the filtration that it generates, defined by

FX=0{X,:0<s<t}.

A process X is measurable if X is Br, ® F-measurable as a function
from Ry x Q into R?. Furthermore, X is progressively measurable if the
restriction of the function X to [0, 7] x Q2 is By 7 ® Fr-measurable for each
T'. More explicitly, the requirement is that for each B € Bra, the event

{(t,w) € [0,T] x Q: X(t,w) € B}



2.1. Filtrations and stopping times 41

lies in the o-algebra Bjg 7 ® Fr. If X is progressively measurable then it is
also adapted, but the reverse implication does not hold (Exercise 2.6).

Properties of random objects are often interpreted in such a way that
they are not affected by events of probability zero. For example, let X =
{X¢:teRi}and Y = {Y; : t € Ry} be two stochastic processes defined
on the same probability space (2, F, P). As functions on Ry x Q, X and Y
are equal if X;(w) = Yi(w) for each w € Q and t € Ry. A useful relaxation
of this strict notion of equality is called indistinguishability. We say X and
Y are indistinguishable if there exists an event Q¢ C € such that P(£y) =1
and for each w € Qp, X¢(w) = Yi(w) for all ¢ € Ry. Since most statements
about processes ignore events of probability zero, for all practical purposes
indistinguishable processes can be regarded as equal.

Another, even weaker notion is modification: Y is a modification (also
called version) of X if for each t, P{X; =Y;} = 1.

Equality in distribution is also of importance for processes X and Y:

X £V means that P{X € A} = P{Y € A} for all measurable sets for which
this type of statement makes sense. In all reasonable situations equality in
distribution between processes follows from the weaker equality of finite-
dimensional distributions:

P{th S Bl,Xt2 S BQ,. . .,Xtm S Bm}

2.3

( ) :P{}/;flEBI;EQGB21"'7)/tmEBm}
for all finite subsets {t1,t2,...,tn} of indices and all choices of the measur-
able sets Bi, Bo, ..., By, in the range space. This can be proved for example

with Lemma B.5 from the appendix.

Assuming that the probability space (2, F, P) and the filtration {F;}
are complete conveniently avoids certain measurability complications. For
example, if X is adapted and P{X; = Y;} = 1 for each t € R4, then Y is
also adapted. To see the reason, let B € Bra, and note that

{Vie B}={X; e BU{Y; € B, X; ¢ B}\ {Y: ¢ B, X; € B}.

Since all subsets of zero probability events lie in F;, we conclude that there
are events Dy, Dy € F; such that {Y; € B} = {X; € B} U D \ D2, which
shows that Y is adapted.

In particular, since the point of view is that indistinguishable processes
should really be viewed as one and the same process, it is sensible that such
processes cannot differ in adaptedness or measurability.

A stopping time is a random variable 7 : @ — [0,00] such that {w :
T(w) < t} € F; for each 0 < ¢t < oo. Many operations applied to stopping
times produce new stopping times. Often used ones include the minimum
and the maximum. If o and 7 are stopping times (for the same filtration)
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then

{onT<ty={o<tju{r<t}eF
S0 o AT is a stopping time. Similarly o V 7 can be shown to be a stopping
time.

Example 2.2. Here is an illustration of the notion of stopping time.

(a) If you instruct your stockbroker to sell all your shares in company
ABC on May 1, you are specifying a deterministic time. The time of sale
does not depend on the evolution of the stock price.

(b) If you instruct your stockbroker to sell all your shares in company
ABC as soon as the price exceeds 20, you are specifying a stopping time.
Whether the sale happened by May 5 can be determined by inspecting the
stock price of ABC Co. until May 5.

(¢) Suppose you instruct your stockbroker to sell all your shares in com-
pany ABC on May 1 if the price will be lower on June 1. Again the sale
time depends on the evolution as in case (b). But now the sale time is not
a stopping time because to determine whether the sale happened on May 1
we need to look into the future.

So the notion of a stopping time is eminently sensible because it makes
precise the idea that today’s decisions must be based on the information
available today.

If 7 is a stopping time, the o-field of events known at time 7 is defined
by

(2.4) Fr={AeF:An{r <t}eF foral 0 <t < oo}.

A deterministic time is a special case of a stopping time. If 7(w) = u for all
w, then F. = F,.

If {X;} is a process and 7 is a stopping time, X, denotes the value of
the process at the random time 7, in other words X, (w) = X;(,)(w). The
random variable X, is defined on the event {7 < 0o}, so not necessarily on
the whole space €2 unless 7 is finite. Or at least almost surely finite so that
X, is defined with probability one.

Here are some basic properties of these concepts. Infinities arise natu-
rally, and we use the conventions that co < oo and co = oo are true, but
00 < 00 is not.

Lemma 2.3. Let o and T be stopping times, and X a process.
(i) For A € F,, the events AN{oc <71} and AN{o < 7} lie in Fr. In
particular, o < 7 implies F, C F.

(ii) Both 7 and o AT are Fr-measurable. The events {o < 7}, {0 < 7},
and {o = 7} lie in both F5 and F.
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(iii) If the process X is progressively measurable then X () is Fr-measurable
on the event {T < oo} .

Proof. Part (i). Let A € F,. For the first statement, we need to show that
(An{o <7})n{r <t} € F. Write
(An{o <7})n{r <t}
=(An{o<t}h)n{oAnt<TAt}n{r <t}
All terms above lie in F;. (a) The first by the definition of A € F,. (b) The
second because both o At and 7 At are Fi-measurable random variables: for
any u € R, {o At <u} equals Q if u > ¢ and {0 < u} if u < ¢, a member of
Fi in both cases. (¢) {7 <t} € F; since 7 is a stopping time.
In particular, if ¢ < 7, then F, C F-.
To show AN{o <7} € F;, write
An{o <1} = UAﬂ{a—i—%ST}.
n>1
All members of the union on the right lie in F; by the first part of the proof,

because 0 < o + % implies A € F,,1/,,. (And you should observe that for a
constant u > 0, 0 4 u is also a stopping time.)

Part (ii). Since {7 < s}N{r <t} = {7 < sAt} € F; Vs, by the definition
of a stopping time, 7 is Fr-measurable. By the same token, the stopping
time o A 7 is Fyarr--measurable, hence also F--measurable.

Taking A = Q in part (a) gives {o < 7} and {0 < 7} € F,. Taking the
difference gives {0 = 7} € F;, and taking complements gives {o > 7} and
{0 > 1} € F;. Now we can interchange o and 7 in the conclusions.

Part (iii). We claim first that w — X (7(w) A t,w) is Fi-measurable. To

see this, write it as the composition

wi (T(w) Atyw) = X(T(w) At,w).
The first step w — (7(w) A t,w) is measurable as a map from (€, F;) into
the product space ([O, t] x Q, By @ .7-}) if the components have the correct
measurability. w — 7(w) At is measurable from JF; into By, by a previous
part of the lemma. The other component is the identity map w — w.

The second step of the composition is the map (s,w) — X (s,w). By the
progressive measurability assumption for X, this step is measurable from
(10,¢] x Q, By g ® F) into (R, Bra).

We have shown that {X;,; € B} € F; for B € Bra, and so

{X;eB, r<oo}n{r <t} ={X;n € B}n{r <t} e F.
This shows that {X; € B, 7 < oo} € F; which was the claim. O
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All the stochastic processes we study will have some regularity properties
as functions of ¢, when w is fixed. These are regularity properties of paths.
A stochastic process X = {X; : t € Ry} is continuous if for each w € Q,
the path ¢t — Xy(w) is continuous as a function of ¢. The properties left-
continuous and right-continuous have the obvious analogous meaning. X is
right continuous with left limits (or cadlag as the French acronym for this
property goes) if the following is true for all w € Q:

Xi(w) = h{% Xs(w) for all t € Ry, and
S
the left limit X;_(w) = h}% Xs(w) exists for all ¢ > 0.
S

Above s N\, t means that s approaches ¢ from above (from the right), and
s 't approach from below (from the left). Finally, we also need to consider
the reverse situation, namely a process that is left continuous with right
limits, and for that we use the term caglad.

X is a finite variation process (FV process) if the path ¢ — X;(w) has
bounded variation on each compact interval [0, 7).

We shall use all these terms also of a process that has a particular path
property for almost every w. For example, if ¢t — X;(w) is continuous for
all w in a set Qg of probability 1, then we can define X;(w) = X;(w) for
w € Qy and Xy(w) = 0 for w ¢ Q. Then X has all paths continuous, and
X and X are indistinguishable. Since we regard indistinguishable processes
as equal, it makes sense to regard X itself as a continuous process. When
we prove results under hypotheses of path regularity, we assume that the
path condition holds for each w. Typically the result will be the same for
processes that are indistinguishable.

Note, however, that processes that are modifications of each other can
have quite different path properties (Exercise 2.5).

The next two lemmas record some technical benefits of path regularity.

Lemma 2.4. Let X be adapted to the filtration {F;}, and suppose X is
either left- or right-continuous. Then X is progressively measurable.

Proof. Suppose X is right-continuous. Fix T' < co. Define on [0,7] x §2
the function
n—1
(k+1)T
Xn(t,w) = X(0,w) - Lyo(t) Z X (57 w) - Lgeran ep1yra—n) (1):

X, is a sum of products of B[O,T] ® Fr-measurable functions, hence itself
Bjy,r) ® Fr-measurable. By right-continuity X, (t,w) — X(t,w) as n — oo,
hence X is also Bjy 1) ® Fr-measurable when restricted to [0,77] x €.

We leave the case of left-continuity as an exercise. [l
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Checking indistinguishability between two processes with some path reg-
ularity reduces to an a.s. equality check at a fixed time.

Lemma 2.5. Suppose X and Y are right-continuous processes defined on
the same probability space. Suppose P{X; =Y;} =1 for allt in some dense
countable subset S of Ry. Then X and Y are indistinguishable. The same
conclusion holds under the assumption of left-continuity if 0 € S.

Proof. Let Qp = N,cgiw : Xs(w) = Yi(w)}. By assumption, P() = 1.
Fix w € Q. Given t € R, there exists a sequence s, in S such that s, \ t.
By right-continuity,

Xy(w) = lim X, (@) = lim Y, (@) = V().

Hence X;(w) = Y;(w) for all t € Ry and w € Qg, and this says X and Y are
indistinguishable.

For the left-continuous case the origin ¢ = 0 needs a separate assumption
because it cannot be approached from the left. ([

Filtrations also have certain kinds of limits and continuity properties.

Given a filtration {F;}, define the o-fields

(2.5) Fer= ) Fs

s:8>1

{Fi+} is a new filtration, and Fy O F;. If Fy = Fyy for all ¢, we say {F;}
is right-continuous. Performing the same operation again does not lead to
anything new: if G, = Fy then Gy = G;, as you should check. So in
particular {F;;} is a right-continuous filtration.

Right-continuity is the important property, but we could also define

(2.6) Fo—=Fy and Fi_ = O'< U ]:s) for ¢t > 0.

s:8<t

Since a union of o-fields is not necessarily a o-field, F;_ needs to be defined
as the o-field generated by the union of F over s < t. The generation step
was unnecessary in the definition of F;; because any intersection of o-fields
is again a o-field. If F; = F;_ for all ¢, we say {F;} is left-continuous. .

It is convenient to note that, since Fs depends on s in a monotone fash-
ion, the definitions above can be equivalently formulated through sequences.
For example, if s; > ¢ is a sequence such that s; “\,t, then F;4 = ﬂj Fs;-

The assumption that {F;} is both complete and right-continuous is
sometimes expressed by saying that {F;} satisfies the usual conditions. In
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many books these are standing assumptions. When we develop the sto-
chastic integral we assume the completeness. We shall not assume right-
continuity as a routine matter, and we alert the reader whenever that as-
sumption is used.

Since F; C Fit, {Ft+} admits more stopping times than {F;}. So there

are benefits to having a right-continuous filtration. Let us explore this a
little.

Lemma 2.6. A [0, c0]-valued random variable T is a stopping time with
respect to {Fi+} iff {T <t} € F; for allt € Ry.

Proof. Suppose 7 is an {F; }-stopping time. Then for each n € N,
{r<t-— nil} € Flo—n-1)+ C Ft,

and so {r <t} =, {r<t—n"1} e F.

Conversely, if {r <t+n~1} € F,,,,-1 for all n € N, then for all m € N,
{7 <t} =Nl < t+n1} € Fpppr. Andso {7 <t} €N, From-1 =
Fit. [l

Given a set H, define
(2.7) TH(w) = inf{t > 0: Xy(w) € H}.

This is called the hitting time of the set H. Sometimes the term hitting
time is used for the infimum over ¢ > 0, and then the above time is called
the first entry time into the set H. These are the most important random
times we wish to deal with, so it is crucial to know whether they are stopping
times.

Lemma 2.7. Let X be a process adapted to a filtration {F} and assume
X is left- or right-continuous. If G is an open set, then 7¢ is a stopping
time with respect to {Fiy}. In particular, if {F} is right-continuous, 7q is
a stopping time with respect to {F}.

Proof. If the path s — X (w) is left- or right-continuous, 7¢(w) < t iff
Xs(w) € G for some s € [0,t) iff X (w) € G for some rational ¢ € [0,t). (If
X is right-continuous, every value X for s € [0,¢) can be approached from
the right along values X, for rational ¢q. If X is left-continuous this is true
for all values except s = 0, but 0 is among the rationals so it gets taken care
of.) Thus we have

{ra<ty= |J {X€G}eo{X,:0<s<t}CF. O
qEQ+m[01t)
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Example 2.8. Assuming X continuous would not improve the conclusion
to {rq¢ <t} € F;. To see this, let G = (b, 00) for some b > 0 and consider
the two paths

Xs(wo) = Xs(wy1) =bs for0<s<1

Xs(wo) = bs
Xs(wi) =b(2 - 5)} for s > 1.

Now 7g(wp) = 1 while 7¢(w1) = oo. Since Xg(wp) and Xs(w;) agree for
s € [0, 1], the points wy and w; must be together either inside or outside any
event in F{* [Exercise 1.8(c)]. But clearly wy € {7¢ < 1} while wy ¢ {7 <
1}. This shows that {7g < 1} ¢ Fi.

while

There is an alternative way to register arrival into a set, if we settle for
getting infinitesimally close. For a process X, let X|[s,t] = {X(u) : s <u <

t}, with (topological) closure X[s,t]. For a set H define

(2.8) og =inf{t > 0: X[0,t]NH # 0}.
Note that for a cadlag path,
(2.9) X[0,t] ={X(u) : 0 <u<t}U{X(u—):0<u<t}.

Lemma 2.9. Suppose X is a cadlag process adapted to {F;} and H is a
closed set. Then oy is a stopping time.

Proof. Fix ¢t > 0. First we claim
{og <t} ={X(0) e H} U{X(s) € H or X(s—) € H for some s € (0,]}.

It is clear the event on the right is contained in the event on the left. To
prove the opposite containment, suppose o < t. Then for every k there
exists uxr < t + 1/k such that either X(uy) € H or X(uxy—) € H. By
compactness, we may pass to a convergent subsequence ux — s € [0,t] (no
reason to introduce new notation for the subsequence). By passing to a
further subsequence, we may assume the convergence is monotone. We have
three cases to consider.
(i) If ug = s for some k, then X(s) € H or X(s—) € H.

(ii) If up < s for all k then both X (uy) and X (up—) converge to X (s—),
which thus lies in H by the closedness of H.

(iii) If up > s for all k then both X (ug) and X (up—) converge to X(s),
which thus lies in H.

The equality above is checked.
Let

H, = {y : there exists z € H such that |z —y| < n~'}
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be the n~!-neighborhood of H. Let U contain all the rationals in [0,¢] and
the point ¢ itself. Next we claim

{X(0) e H} U{X(s) € H or X(s—) € H for some s € (0,t]}

= ﬂ U{X(q) € Hn}

n=1qelU

To justify this, note first that if X (s) =y € H for some s € [0,¢] or X (s—) =
y € H for some s € (0,t], then we can find a sequence ¢; € U such that
X(¢j) = y, and then X (g;) € Hy, for all large enough j. Conversely, suppose
we have ¢, € U such that X(g,) € H, for all n. Extract a convergent
subsequence ¢, — s. By the cadlag property a further subsequence of X (g;,)
converges to either X (s) or X(s—). By the closedness of H, one of these
lies in H.

Combining the set equalities proved shows that {og <t} € F;. O

Lemma 2.9 fails for caglad processes, unless the filtration is assumed
right-continuous (Exercise 2.14). For a continuous process X and a closed
set H the random times defined by (2.7) and (2.8) coincide. So we get this
corollary.

Corollary 2.10. Assume X is continuous and H is closed. Then 1 is a
stopping time.

Remark 2.11. (A look ahead.) The stopping times discussed above will
play a role in the development of the stochastic integral in the following way.
To integrate an unbounded real-valued process X we need stopping times
Ck /oo such that X;(w) stays bounded for 0 < ¢ < (i(w). Caglad processes
will be an important class of integrands. For a caglad X Lemma 2.7 shows
that

Ck = inf{t >0: |Xt‘ > k}
are stopping times, provided {F;} is right-continuous. Left-continuity of X
then guarantees that |X;| < k for 0 <t < (.

Of particular interest will be a caglad process X that satisfies X; = Y;_
for t > 0 for some adapted cadlag process Y. Then by Lemma 2.9 we get
the required stopping times by

Ce =1inf{t > 0: Y| >k or |Yi—| > k}
without having to assume that {F;} is right-continuous.

Remark 2.12. (You can ignore all the above hitting time complications.)
The following is a known fact.
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Theorem 2.13. Assume the filtration {F;} satisfies the usual conditions,
and X is a progressively measurable process with values in some metric space.
Then T defined by (2.7), or the same with infimum restricted to t > 0, are
stopping times for every Borel set H.

This is a deep theorem. A fairly accessible recent proof appears in [1].
The reader may prefer to use this theorem in the sequel, and always assume
that filtrations satisfy the usual conditions. We shall not do so in the text
to avoid proliferating the mysteries we have to accept without justification.

2.2. Quadratic variation

In stochastic analysis many processes turn out to have infinite total variation
and it becomes necessary to use quadratic variation as a measure of path
oscillation. For example, we shall see in the next chapter that if a continuous
martingale M has finite variation, then M; = Mj.

Let Y be a stochastic process. For a partition 7 = {0 =ty < t1 < -+ <
tm(r) =t} of [0,¢] we can form the sum of squared increments
m(m)—1

Z (Y;fi-;-l - }/151)2

i=0
We say that these sums converge to the random variable [Y]; in probability
as mesh(7) = max;(t;+1 — t;) — 0 if for each € > 0 there exists 0 > 0 such

that
m(m)—1
(2.10) P{|'S O -1 - 1) 26} <
=0
for all partitions 7 with mesh(7) < d. We express this limit as
(2.11) mes%ligl)_)o Z:(Ym_1 —Y;,)?=[Y]; in probability.

Definition 2.14. The quadratic variation process [Y]| = {[Y]; : t € Ry} of
a stochastic process Y is defined by the limits in (2.11) provided this limit
exists for all £ > 0 and provided there is a version of the process [Y] such
that the paths ¢ — [Y];(w) are nondecreasing for all w. [Y]p = 0 is part of
the definition.

We will see in the case of Brownian motion that the defining limits cannot
be required to hold almost surely, unless we pick the partitions carefully.
Hence limits in probability are used.

Between two processes we define a quadratic covariation in terms of
quadratic variations.
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Definition 2.15. Let X and Y be two stochastic processes on the same
probability space. The (quadratic) covariation process [X,Y] = {[X,Y]; :
t € Ry} is defined by

(2.12) XY= X+Y)] - B(X-Y)]

provided the quadratic variation processes on the right exist in the sense of
Definition 2.14.

From the identity ab = }(a +b)? — 1(a — b)? applied to a = X;,,, — Xy,
and b =Y, , — Y, it follows that, for each t € R,

2

(2.13) lim > (X, — Xy,) (Y, — ¥2,) = [X,Y]; in probability.

mesh(7)—0 .
Utilizing these limits together with the identities
ab = %((a—kb)z —a? - b2) = %(a2 + b — (a— b)2)

gives these almost sure equalities at fixed times:

[X, Y]t = %([X + Y]t — [X]t — [Y]t) a.s.
and

X, V) =3( XL+ Y], - [X - Y],) as.
provided all the processes in question exist.

We defined [X,Y] by (2.12) instead of by the limits (2.13) so that the
property [V, Y] = [Y] is immediately clear. Limits (2.13) characterize [X, Y]
only almost surely at each fixed t and imply nothing about path properties.
This is why monotonicity was made part of Definition 2.14. Monotonicity
ensures that the quadratic variation of the identically zero process is indis-
tinguishable from the zero process. (Exercise 2.5 gives another process that
satisfies limits (2.11) for Y = 0.)

We give a preliminary discussion of quadratic variation and covariation
in this section. That quadratic variation exists for Brownian motion and
the Poisson process will be proved later in this chapter. The case of local
martingales is discussed in Section 3.4 of Chapter 3. FExistence for FV
processes follows purely analytically from Lemma A.10 in Appendix A.

In the next proposition we show that if X is cadlag, then we can take
[X]¢ also cadlag. Technically, we show that for each ¢, [X];+ = [X]; almost
surely. Then the process [X];;+ has cadlag paths and satisfies the definition
of quadratic variation. From definition (2.12) it then follows that [X, Y] can
also be taken cadlag when X and Y are cadlag.

Furthermore, we show that the jumps of the covariation match the jumps
of the processes. For any cadlag process Z, the jump at t is denoted by

AZ(t) = Z(t) — Z(t—).
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The statement below about jumps can be considered preliminary. After
developing more tools we can strengthen the statement for semimartingales
Y so that the equality A[Y]; = (AY;)? is true for all t € R outside a single
exceptional event of probability zero. (See Lemma 5.40.)

Proposition 2.16. Suppose X andY are cadlag processes, and [ X,Y] exists
in the sense of Definition 2.15. Then there exists a cadlag modification of
[X,Y]. For any t, A[X,Y]; = (AX})(AY;) almost surely.

Proof. It suffices to treat the case X =Y. Pick d,e > 0. Fix t < u. Pick
1 > 0 so that

m(m)—1

(2.14) P{\mu—mt— S (Kus — X0

1=0

<e}>1—5

whenever m = {t =ty < t; < --- < t;u(7) = u} is a partition of [t,u] with

mesh(7m) < n. (The little observation needed here is in Exercise 2.10.) Pick

such a partition 7. Keeping t; fixed, refine 7 further in [t1,u] so that
m(m)—1

P{ |, Xipn - X1,

=1

<€}>1—6.

Taking the intersection of these events, we have that with probability at
least 1 — 24,

m(m)—1
[X]u - [X]t < (Xti+1 - Xti)2 te
=0
m(m)—1
= (X, — 2+ Z tiv1 — )2+5
=1
(th ) [ ] [ ]t1 +2¢

which rearranges to
[X]tl S [X]t + (th - Xt)Q + 2¢.

Looking back, we see that this argument works for any ¢; € (¢,t + 7). By
the monotonicity [X];+ < [X]¢,, so for all these ¢,

P{X)ey <Xt + (X, — Xp)2 +2e} > 126
Shrink 7 > 0 further so that for ¢t; € (¢, + n) by right continuity
P{(Xy —X))? <e}>1-34.
The final estimate is

P{[X]; < [X]e3 < [X]e +3e} > 136
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Since €, > 0 were arbitrary, it follows that [X];4+ = [X]; almost surely. As
explained before the statement of the proposition, this implies that we can
choose a version of [X] with cadlag paths.

To bound the jump at u, return to the partition 7 chosen for (2.14).
Let s = ty,(x)—1. Keeping s fixed refine 7 sufficiently in [t, s] so that, with
probability at least 1 — 24,

m(m)—1
[X]u - [X]t < Z (Xti+l - th‘)z +e
=0
m(m)—2
= (Xu - Xs)2 + Z (Xti+1 - Xti)2 +e
1=0

S (Xu - Xs)2 + {X]s - [X]t + 2
which rearranges, through A[X], < [X], — [X]s, to give
P{A[X]y, < (Xu — Xs)* +2e} > 1—26.

Here s € (u—n,u) was arbitrary. Again we can pick 7 small enough so that
for all such s with probability at least 1 — 9,

(2.15) [(Xu— Xs)? — (AXW)?| <e.

Since €, § are arbitrary, we have A[X], < (AX,)? almost surely.
For the other direction, return above to the partition = with s = t,,,(x)_1
but now derive opposite inequalities:

Xy — [X]t > (Xy — Xo)2 — e > (AX,)? — 2e.

For any fixed ¢ < w this is valid with probability at least 1 — 2. We can
take ¢ close enough to u so that P{A[X], > [X], — [X]t —¢} > 1—4. Then
we have A[X], > (AX,)? — 3¢ with probability at least 1 — 35. Letting ¢, 6
to zero once more completes the proof. ([l

In particular, we can say that in the cadlag case [Y] is an increasing
process, according to this definition.

Definition 2.17. An increasing process A = {A; : 0 < t < oo} is an
adapted process such that, for almost every w, Ap(w) = 0 and s — Ag(w) is
nondecreasing and right-continuous. Monotonicity implies the existence of
left limits A;_, so it follows that an increasing process is cadlag.

Next two useful inequalities.
Lemma 2.18. Suppose the processes below exist. Then at a fized t,

(2.16) XY < (X212 s
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and more generally for 0 < s <t

217) X, Y] - [X, Y]] < (X = X)) 2(Y) - V1) as.
Furthermore,
(218)  |[X]— Y| < X - Y]+ 20X - Y]] as

In the cadlag case the inequalities are valid simultaneously at all s <t € R4,
with probability 1.

Proof. The last statement follows from the earlier ones because the in-
equalities are a.s. valid simultaneously at all rational times and then limits
capture all time points.

Inequalities (2.16)—(2.17) follows from Cauchy-Schwarz inequality

1/2 1/2

Saw< (Daf) (Do)
For (2.17) use also the observation (Exercise 2.10) that the increments of
the (co)variation processes are limits of sums over partitions, as in (2.14).

From
(X —Y]=[X] -2[X, Y]+ [Y]
we get
(X] - [Y]=[X Y] +2([X,Y] - [YV]) = [X - Y]+ 2[X -V Y]

where we used the equality

inyi _ ny = Z(l’i — Yi)Vi-
Utilizing (2.16),
[X] = )] < (X = Y] 21X - Y]
< [X —Y]+2[X — Y]y -

In all our applications [X, Y] will be a cadlag process. As the difference
of two increasing processes in Definition (2.12), [X, Y], is BV on any compact
time interval. Lebesgue-Stieltjes integrals over time intervals with respect
to [X,Y] have an important role in the development. These are integrals
with respect to the Lebesgue-Stieltjes measure A[y y) defined by

Aixyy(a, 0] = [X, Y]y — [X,Y]s, 0<a<b<oo,

as explained in Section 1.1.9. Note that there is a hidden w in all these
quantities. This integration over time is done separately for each fixed w.
This kind of operation is called “path by path” because w represents the
path of the underlying process [X,Y].
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When the origin is included in the time interval, we assume [X, Y]o— = 0,
so the Lebesgue-Stieltjes measure Ay y) give zero measure to the singleton
{0}. The Lebesgue-Stieltjes integrals obey the following useful inequality.

Proposition 2.19 (Kunita-Watanabe inequality). Fiz w such that [X], [Y]
and [X,Y] exist and are right-continuous on the interval [0,T). Then for
any Bjg ) ® F-measurable bounded functions G and H on [0,T] x €,

G(t,w)H (t,w) d[X, Y]t(w)‘
(0,7]

<{ e d[X]t(w)}1/2{

The integrals above are Lebesgue-Stieltjes integrals with respect to the t-
variable, evaluated for the fized w.

(2.19)

1/2
H(t,w)? d[Y]t(w)} .
[0.7]

Proof. Once w is fixed, the result is an analytic lemma, and the depen-
dence of G and H on w is irrelevant. We included this dependence so that
the statement better fits its later applications. It is a property of product-
measurability that for a fixed w, G(t,w) and H(t,w) are measurable func-
tions of ¢.
Consider first step functions
m—1
g(t) = aolyop(t) + Y oil(s, s, (1)

i=1

and

m—1
h(t) = /301{0}@) + Z Bi1(5i75i+1](t)
=1

where 0 = s1 < --- < s, = T is a partition of [0,7]. (Note that g and h
can be two arbitrary step functions. If they come with distinct partitions,
{si} is the common refinement of these partitions.) Then

/[0 | SONOAXYI] = 3 a6V s ~ XV

< D laibil (Xscr = [X15) " (W )aiir = V)s)
1/2
<SP (X - X0 | { SISy - 1)

) {/[(m oty d[X]t}l/g{/[o,T] ht)? dmt}l/g

where we applied (2.17) and then Schwarz inequality.

1/2
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Let g and h be two arbitrary bounded Borel functions on [0, 7], and pick
0 < C < oo so that |g] < C and |h| < C. Let € > 0. Define the bounded
Borel measure

p=Axy+ Ay + [Ax v

on [0,T]. Above, Aixj is the positive Lebesgue-Stieltjes measure of the
function ¢ — [X]; (for the fixed w under consideration), same for Ay,
and [A[x,y| is the positive total variation measure of the signed Lebesgue-
Stieltjes measure A[xy]. By Lemma A.17 we can choose step functions g

and h so that |g] < C, |h| < C, and

9

JUg =31+ =) du < 5.

On the one hand

[ ahaxyi- [ ghaxyy
[0,T] [0,77]

< / lgh — gh | dAx vl
(0,17

<c / 19— 3l dlApy | +C / h— R dlA ey < <.
[0, [0,T7]

On the other hand,

/ 2dx) - [ #dx),
[0,T7] [0,T7]

g/ % — 3 | dIX],
(0,7

<20 lg —gld[X]: <e,
(0,17

with a similar bound for h. Putting these together with the inequality
already proved for step functions gives

1/2 1/2
‘/ ghd[X,Y]; §6+{5+/ de[X]t} {s—i-/ th[Y]t} .
(0,77 (0,77 [0,T7]

Since € > 0 was arbitrary, we can let € — 0. The inequality as stated in the
proposition is obtained by choosing ¢(t) = G(t,w) and h(t) = H(t,w). O

Remark 2.20. Inequality (2.19) has the following corollary. As in the proof,
let [A[x,y)(w)| be the total variation measure of the signed Lebesgue-Stieltjes
measure A[x yj) on [0,7]. For a fixed w, (1.12) implies that [A[xyjw)| <
A[x,y)(w) and the Radon-Nikodym derivative
_ dhxyil

AA[X Y (@)
on [0, 7] satisfies |¢(t)| < 1. For an arbitrary bounded Borel function g on
[0, 7]

/ 9(t) [ Ay (dF) = / g(1)6 (1) d[X, V]y(w).
[0,T7] (0,77
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Combining this with (2.19) gives

|G(t,w)H (t,w)| [A1x vyl (dt)
[0,1]

(2‘20) = { [0,T] G(t7w)2 d[X]t(W)}l/2{

1/2

H(t,w)? d[Y]t(w)}
[0,7]

2.3. Path spaces and Markov processes

So far we have thought of a stochastic process as a collection of random
variables on a probability space. An extremely fruitful, more abstract view
regards a process as a probability distribution on a path space. This is a
natural generalization of the notion of probability distribution of a random
variable or a random vector. If Y = (Y7,...,Y},) is an R"-valued random
vector on a probability space (2, F, P), its distribution u is the Borel prob-
ability measure on R defined by

w(B) = P{w :Y(w) € B}, B € Bgn.

One can even forget about the “abstract” probability space (2, F, P), and
redefine Y on the “concrete” space (R™,Bgrn,u) as the identity random
variable Y (s) = s for s € R™.

To generalize this notion to a process X = {X; : 0 <t < oo}, we have
to choose a suitable measurable space U so that X can be thought of as a
measurable map X : @ — U. For a fixed w the value X(w) is a function
t — X¢(w), so the space U has to be a space of functions, or a “path space.”
The path regularity of X determines which space U will do. Here are the
three most important choices.

(i) Without any further assumptions, X is a measurable map into the
product space (R%)[%°) with product o-field B(R%)®[0:20),

(ii) If X is an R%valued cadlag process, then a suitable path space is
D = Dga[0,00), the space of R%valued cadlag functions ¢ on [0, 00), with
the o-algebra generated by the coordinate projections & — &(t) from D into
R. Tt is possible to define a metric on D that makes it a complete, separable
metric space, and under which the Borel o-algebra is the one generated by
the coordinate mappings. This is the so-called Skorohod metric, see for
example [2, 6]. Thus we can justifiably denote this o-algebra by Bp.

(iii) If X is an R%valued continuous process, then X maps into C' =
CRral0,00), the space of R%valued continuous functions on [0,00). This
space is naturally metrized by

0<t<k

(221) 0. =Y 27 (1A sup In(t) - (1)), mCeC
k=1
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This is the metric of uniform convergence on compact sets. (C,r) is a
complete, separable metric space, and its Borel o-algebra B¢ is generated
by the coordinate mappings. C' is a subspace of D, and indeed the notions
of convergence and measurability in C coincide with the notions it inherits
as a subspace of D.

Generating the o-algebra of the path space with the coordinate functions
guarantees that X is a measurable mapping from ) into the path space
(Exercise 1.8(b)). Then we can define the distribution p of the process on
the path space. For example, if X is cadlag, then define u(B) = P{X € B}
for B € Bp. As in the case of the random vector, we can switch probability
spaces. Take (D, Bp, i) as the new probability space, and define the process
{Y;} on D via the coordinate mappings: Y;(w) = w(t) for w € D. Then the
old process X and the new process Y have the same distribution, because
by definition

P{XeB}=uB)=p{lweD:weB}=p{lweD:Y(w) e B}
= u{Y € B}.

One benefit from this construction is that it leads naturally to a theory
of weak convergence of processes, which is used in many applications. This
comes from specializing the well-developed theory of weak convergence of
probability measures on metric spaces to the case of a path space.

The two most important general classes of stochastic processes are mar-
tingales and Markov processes. Both classes are defined by the relationship
of the process X = {X;} to a filtration {F;}. It is always first assumed that
{X:} is adapted to {F;}.

Let X be a real-valued process. Then X is a martingale with respect to
{F:} if X is integrable for each ¢, and

E[X|Fs] = X, for all s < t.

For the definition of a Markov process X can take its values in an ab-
stract space, but R¢ is sufficiently general for us. An R%valued process X
satisfies the Markov property with respect to {F;} if

(2.22)  P[X, € B|F,| = P[X, € B|X,] for all s < t and B € Bga.

A martingale represents a fair gamble in the sense that, given all the
information up to the present time s, the expectation of the future fortune
X; is the same as the current fortune X,. Stochastic analysis relies heavily
on martingale theory. The Markov property is a notion of causality. It says
that, given the present state X, future events are independent of the past.

These notions are of course equally sensible in discrete time. Let us
give the most basic example in discrete time, since that is simpler than
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continuous time. Later in this chapter we will have sophisticated continuous-
time examples when we discuss Brownian motion and Poisson processes.

Example 2.21. (Random Walk) Let X, X5, X3,... be a sequence of i.i.d.
random variables. Define the partial sums by Sy = 0, and S, = X1+ --+ X,
for n > 1. Then S, is a Markov chain (the term for a Markov process in
discrete time). If EX; = 0 then S, is a martingale. The natural filtration
to use here is the one generated by the process: F,, = o{X1,..., X, }.

Martingales are treated in Chapter 3. In the remainder of this section we
discuss the Markov property and then the strong Markov property. These
topics are not necessary for all that follows, but we do make use of the
Markov property of Brownian motion for some calculations and exercises.

With Markov processes it is natural to consider the whole family of
processes obtained by varying the initial state. In the previous example,
to have the random walk start at x, we simply say Sp = z and S, =
r+ X1+ -+ X,,. The definition of such a family of processes is conveniently
expressed in terms of probability distributions on a path space. Below we
give the definition of a time-homogeneous cadlag Markov process. Time-
homogeneity means that the transition mechanism does not change with
time: given that the state of the process is x at time s, the chances of
residing in set B at time s + ¢ depend on (z,t, B) but not on s.

On the path space D, the coordinate variables are defined by X;(w) =
w(t) for w € D, and the natural filtration is F; = o{X, : s < t}. We write
also X (t) when subscripts are not convenient. The shift maps 05 : D — D
are defined by (fsw)(t) = w(s +t). In other words, the path fsw has its
time origin translated to s and the path before s is deleted. For an event
A € Bp, the inverse image

0;'A={weD:0we A}
represents the event that “A happens starting at time s.”
Definition 2.22. An R%valued Markov process is a collection {P* : = €
R9} of probability measures on D = Dga[0, 00) with these properties:
(a) PP{w € D : w(0) =z} = 1.
(b) For each A € Bp, the function z — P%(A) is measurable on R

(c) P*10; ' A|Fi)(w) = PXt(W(A) for P*-almost every w € D, for every
reRYand A € Bp.

Requirement (a) in the definition says that x is the initial state under the
measure P?. You should think of P* as the probability distribution of the
entire process given that the initial state is . Requirement (b) is for tech-
nical purposes. If we wish to start the process in a random initial state X
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with distribution g, then we use the path measure P#(A) = [ P*(A) u(dx).
P7? itself is the special case y = 6.

Requirement (c) is the Markov property. It appears qualitatively differ-
ent from (2.22) because the event A can depend on the entire process, but
in fact (¢) would be just as powerful if it were stated with an event of the
type A = {X, € B}. The general case can then be derived by first going
inductively to finite-dimensional events, and then by a 7m-A argument to all
A € Bp. In the context of Markov processes E¥ stands for expectation un-
der the measure P*. Parts (b) and (c) together imply (2.22), with the help
of property (viii) of Theorem 1.27.

What (c) says is that, if we know that the process is in state y at time ¢,
then regardless of the past, the future of the process behaves exactly as a new
process started from y. Technically, conditional on X; = y and the entire
information in JFy, the probabilities of the future process {X;i, : u > 0}
obey the measure PY. Informally we say that at each time point the Markov
process restarts itself from its current state, forgetting its past. (Exercise
2.15 practices this in a simple calculation.)

The transition probability of the Markov process is p(t,z, B) = P*(X; €
B). For each fixed t € Ry, p(t,z, B) is a measurable function of z € R? and
a Borel probability measure in the set argument B. It gives the conditional
probability in (2.22), regardless of the initial distribution:

(2.23) P*(Xy1t € B|F,)(w) = p(t, Xs(w), B).

Finite-dimensional distributions of the Markov process are iterated integrals
of the transition probabilities. For 0 = s < s1 < --- < s, and a bounded
Borel function f on R"*1,

EFf(Xsg, Xsyy ooy X)) :/-"/u(da:o)p(sl,:co,dxl)

p(s2 — s1,x1,dx2) -+ p(Sp — Sp—1, Tn—1,dxy) f(T0,T1,. .., Tp).

(2.24)

(Exercise 2.16.)

There is also a related semigroup property for a family of operators. On
bounded measurable functions g on the state space, define operators S(t)
by

(2.25) S(t)g(x) = E*[g(X1)].

(The way to think about this is that S(¢) maps ¢ into a new function S(t)g,
and the formula above tells us how to compute the values S(t)g(z).) S(0)
is the identity operator: S(0)g = g. The semigroup property is S(s +1t) =
S(s)S(t) where the multiplication of S(s) and S(t) means composition. This
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can be checked with the Markov property:

S(s+t)g(x) = E*[g(Xep1)] = E” [E"{g(Xste) | Fs}]
= B [EXO {g(X)}] = E[(S(t)g) (X))
= S(5)(S(t)g) ().

Another question suggests itself. Statement (c) in Definition 2.22 restarts
the process at a particular time ¢ from the state y that the process is at. But
since the Markov process is supposed to forget its past and transitions are
time-homogeneous, should not the same restarting take place for example
at the first visit to state y? This scenario is not covered by statement (c)
because this first visit happens at a random time. So we ask whether we
can replace time ¢ in part (c) with a stopping time 7. With some additional
regularity the answer is affirmative. The property we are led to formulate
is called the strong Markov property.

The additional regularity needed is that the probability distribution
P?(X; € -) of the state at time ¢ is a continuous function of the initial
state x. Recall the notion of weak convergence of probability measures for
spaces more general than R introduced below Definition 1.20. A Markov
process {P*} is called a Feller process if for all t > 0, all z;,x € R%, and all
g € Cy(RY) (the space of bounded continuous functions on R%)

(2.26) xz; = implies E%[g(X})] — E*[g(Xy)].

We formulate the strong Markov property more generally than the Markov
property for a function Y of both a time point and a path. This can be
advantageous for applications. Again, the state space could really be any
metric space but for concreteness we think of RY.

Theorem 2.23. Let {P*} be a Feller process with state space R®. Let
Y (s,w) be a bounded, jointly measurable function of (s,w) € R4y x D and
T a stopping time on D. Let the initial state x be arbitrary. Then on the
event {1 < oo} the equality

(2.27) E°[Y(1,X 00,)| Fr)(w) = B*TD[Y(1(w), X)]
holds for P*-almost every path w.

Before turning to the proof, let us sort out the meaning of statement
(2.27). First, we introduced a random shift 6, defined by (6 w)(s) =
w(T(w) + s) for those paths w for which 7(w) < co. On both sides of the
identity inside the expectations X denotes the identity random variable on
D: X(w) = w. The purpose of writing Y (7, X 0 6;) is to indicate that the
path argument in Y has been translated by 7, so that the expectation on
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the left genuinely concerns the future process after time 7. On the right the
expectation should be read like this:

ECDY (1(w), X)] = /D Y (1(w), @) P (d).

In other words, the first argument of Y on the right inherits the value 7(w)
which (note!) has been fixed by the conditioning on F, on the left side of
(2.27). The path argument w obeys the probability measure P() in other
words it is the process restarted from the current state w(7).

Example 2.24. Let us perform a simple calculation to illustrate the me-
chanics. Let 7 =inf{t > 0: Xy = z or X;_ = z} be the first hitting time of
point z, a stopping time by Lemma 2.9. Suppose the process is continuous
which means that P*(C) = 1 for all z. Suppose further that P*(7 < oo) = 1.
From this and path continuity P*(X, = z) = 1. Let us use (2.27) to
check that, for a fixed t > 0, P*(X,y4 € A) = P*(X; € A). We take
Y(w) = 1{w(t) € A} so now the Y-function does not need a time argument.

P (X, € A) = E*[Y 06,] = E*[E*(Y 00, | )]
= E*[EXT)(Y)] = E°[E*(Y)] = E*(Y) = P*(X; € A).

The E®-expectation goes away because the integrand E*(Y) is no longer
random, it is merely a constant.

Remark 2.25. Up to now in our discussion we have used the filtration {F;}
on D or C generated by the coordinates. Our important examples, such
as Brownian motion and the Poisson process, actually satisfy the Markov
property under the larger filtration {F;+}. The strong Markov property
holds also for the larger filtration because the proof below goes through as
long as the Markov property is true.

Proof of Theorem 2.23. Let A € .. What needs to be shown is that

(2.28) E"[1alcaY (1, X 00,)] = / ECOY (1(w), X)] P*(dw).

An{r<oo}

As so often with these proofs, we do a calculation for a special case and then
appeal to a general principle to complete the proof.
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First we assume that all the possible finite values of 7 can be arranged
in an increasing sequence t1 < to < t3 < ---. Then

B LAl (rco) Y (7, X 0 00)] = 3 B [Lalrmg Y (1. X 0 01)]
=3 B [Lalmy Y (tn, X 06y,)]
- ZEff (1Al ey y E{Y (tn, X 00y,) | i, }]
_ Xn: B (141 ) B Y (80, X)}]

= B[4l oy E"O{Y (r(n), X)}]

where we used the basic Markov property and wrote n for the path variable
in the last two E*-expectations in order not to mix this up with the variable
X inside the E"(7)-expectation.

Now let 7 be a general stopping time. The next stage is to define 7, =
27"([2"7]+1). Check that these are stopping times that satisfy {7, < co} =
{r <oo}and 7, \y 7 asn " oo. Since 7, > 7, A € F. C F,,. The possible
finite values of 7, are {27k : k € N} and so we already know the result for
Tt

E* [1,41{.,.<00}Y<Tn7X © 9%)]
(2.29) — / EXTY (1, (w), X)] P (dw).
An{r<oo}

The idea is to let n * 0o above and argue that in the limit we recover (2.28).
For this we need some continuity. We take Y of the following type:

(2.30) Y(s,w) = fo(s) - [] filw(si)
i=1
where 0 < s1 < ... < s, are time points and fy, fi1,..., fim are bounded con-

tinuous functions. Then on the left of (2.29) we have inside the expectation

(Tn797nw fO Tn Hfl Tn“‘sz

— fO Hfz +Sz = (7—797‘*))-

n—oo

The limit above used the right continuity of the path w. Dominated conver-
gence will now take the left side of (2.29) to the left side of (2.28).
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On the right of (2.29) we have inside the integral

B[y ( /Ym w) P ()

= fO Tn /Hfz Pn(Tn (dw)

In order to assert that the above converges to the integrand on the right
side of (2.28), we need to prove the continuity of

/Hﬁ )) P%(dw)

as a function of (s,z) € Ry x RY. Since products preserve continuity, what
really is needed is the extension of the definition (2.26) of the Feller property
to expectations of more complicated continuous functions of the path. We
leave this to the reader (Exercise 2.17). Now dominated convergence again
takes the right side of (2.29) to the right side of (2.28).

We have verified (2.28) for Y of type (2.30), and it remains to argue that
this extends to all bounded measurable Y. This will follow from Theorem
B.4. The class R in that Theorem are sets of the type B = {(s,w) : s €
Ag,w(s1) € Aq,y...,w(sm) € A} where A9 C Ry and A; € R? are closed
sets. (2.30) holds for 15 because we can find continuous 0 < f; , < 1 such
that f;,, — 14, as n — oo, and then the corresponding Y;, — 1p and (2.30)
extends by dominated convergence. Sets of type B generate Br, ® Bp
because this o-algebra is generated by coordinate functions. This completes
the proof of the strong Markov property for Feller processes. O

Next we discuss the two most important processes, Brownian motion
and the Poisson process.

2.4. Brownian motion

Brownian motion is a process with continuous but highly oscillatory paths.
Informally it could be characterized as random walk that takes infinitesimal
steps infinitely fast.

Definition 2.26. One some probability space (2, F, P), let {F;} be a filtra-
tion and B = {B; : 0 < t < oo} an adapted real-valued stochastic process.
Then B is a one-dimensional Brownian motion with respect to {F;} if it has
these two properties.

(i) For almost every w, the path t — B;(w) is continuous.

(ii)) For 0 < s < t, By — By is independent of Fy and has normal
distribution with mean zero and variance t — s.
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If furthermore
(iii) Bp = 0 almost surely

then B is a standard Brownian motion. Since the definition involves both
the process and the filtration, sometimes one calls this B an {F;}-Browian
motion, or the pair {By, F; : 0 <t < oo} is called the Brownian motion.

To be explicit, point (ii) of the definition can be expressed by the re-
quirement
22
E[Z h(B, - B / {~5i——}
(2 1By = By)] = m 2 —5)
for all bounded Fs;-measurable random variables Z and all bounded Borel

functions h on R. By an inductive argument, it follows that for any 0 <
sp < 81 < -+ < Sy, the increments

Bs, — By, Bs, — Bs,,...,Bs, — Bs,,_,

x) exp dx

are independent random variables and independent of Fy, (Exercise 2.18).
Furthermore, the joint distribution of the increments is not changed by a
shift in time: namely, the joint distribution of the increments above is the
same as the joint distribution of the increments

Bt+51 - Bt+807 Bt+52 - Bt+81a ceey Bt-i—sn - Bt-i-sn_l

for any t > 0. These two points are summarized by saying that Brownian
motion has stationary, independent increments.

A d-dimensional standard Brownian motion is an R%valued process
B; = (B},...,B{) with the property that each component B! is a one-
dimensional standard Brownian motion (relative to the underlying filtration
{F:}), and the coordinates B!, B2, ..., B¢ are independent. This is equiv-
alent to requiring that

(i) Bp = 0 almost surely.
(ii) For almost every w, the path ¢t — B;(w) is continuous.

(iii) For 0 < s < t, B; — By is independent of F;, and has multivariate
normal distribution with mean zero and covariance matrix (¢t —

s) I

dxd
Above, I is the d x d identity matrix.

dxd
To create a Brownian motion B; with a more general initial distribution
(the probability distribution of By), take a standard Brownian motion
(Bt,]-"t) and a pu-distributed random variable X mdependent of .7-"00, and
define B, = X + B,. The filtration is now .7-} =o{X, ft} Since By — By =
Bt —BS, ]-'oo is independent of X, and Bt s is independent of .7?3, Exercise
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1.11(c) implies that B; — By is independent of F,. Conversely, if a process B;
satisfies parts (i) and (ii) of Definition 2.26, then B, = B; — By is a standard
Brownian motion, independent of B.

The construction (proof of existence) of Brownian motion is rather tech-
nical, and hence relegated to Section B.2 in the Appendix. For the un-
derlying probability space the construction uses the “canonical” path space
C = Cr[0,00). Let Bi(w) = w(t) be the coordinate projections on C, and
FPB =0{B,:0 < s <t} the filtration generated by the coordinate process.

Theorem 2.27. There exists a Borel probability measure P° on the path
space C = CRrl0,00) such that the process B = {B; : 0 < t < oo} on
the probability space (C,Bc, P°) is a standard one-dimensional Brownian
motion with respect to the filtration {FP}.

The proof of this existence theorem relies on the Kolmogorov Extension
Theorem 1.29. The probability measure P on C constructed in the theorem
is called Wiener measure. Brownian motion itself is sometimes also called
the Wiener process. Once we know that Brownian motion starting at the
origin exists, we can construct Brownian motion with an arbitrary initial
point (random or deterministic) following the description after Definition
2.26.

The construction gives us the following regularity property of paths. Fix
0<y< % For PY-almost every w € C,
| Bi(w) — Bs(w)|

(2.31) sup < oo forall T < co.
0<s<t<T [t — s|7

This property is expressed by saying that Brownian paths are Holder contin-
uous with exponent v. We shall show later in this section that this property
is not true for v > %

2.4.1. Brownian motion as a martingale and a strong Markov
process. We discuss mainly properties of the one-dimensional case. The
multidimensional versions of the statements follow naturally from the one-
dimensional case. We shall use the term Brownian motion to denote a
process that satisfies (i) and (ii) of Definition 2.26, and call it standard if
also By = 0.

A fundamental property of Brownian motion is that it is both a martin-
gale and a Markov process.

Proposition 2.28. Suppose B = {B.} is a Brownian motion with respect
to a filtration {F} on (Q,F,P). Then By and B} —t are martingales with
respect to {Fi}.
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Proof. Follows from the properties of Brownian increments and basic prop-
erties of conditional expectations. Let s < .

E[Bt|~7'—8] = E[Bt - BS|~7:S] +E[BS|~7'—S] = B,
and

E[B2|F,| = E[(B; — B, + B,)?| Fy]
= E((B; — B,)?|Fs] + 2B,E|[B; — B,|F,] + B2
= (t —s) + B2 O

Next we show that Brownian motion restarts itself independently of the
past. This is the heart of the Markov property. Also, it is useful to know
that the filtration of a Brownian motion can always be both augmented with
the null events and made right-continuous.

Proposition 2.29. Suppose B = {B.} is a Brownian motion with respect
to a filtration {F} on (Q, F, P).

(a) We can assume that F; contains every set A for which there exists
an event N € F such that A C N and P(N) = 0. (This is the notion of a
complete or augmented filtration introduced earlier.) Furthermore, B = { B}
is also a Brownian motion with respect to the right-continuous filtration

{Fes }-

(b) Fiz s € Ry and define Y, = Bsyy — Bs. Then the process Y = {Y; :
0 <t < oo} is independent of Fsy and it is a standard Brownian motion
with respect to the filtration {G;} defined by Gy = F(siv)+-

Proof. Definition (2.2) shows how to complete the filtration. Of course, the
adaptedness of B to the filtration is not harmed by enlarging the filtration,
the issue is the independence of F, and B; — B,. If G € F has A € F,
such that P(AAG) = 0, then P(GN H) = P(AN H) for any event H. In

particular, the independence of F; from B; — B, follows.

The rest follows from a single calculation. Fix s > 0 and 0 = {5 < t; <
to < -+ < tn, and for h > 0 abbreviate

f(h’) = (Bs+h+t1 - Bs+h7 Bs+h+t2 - BS+h+t17 ce vy Bs+h+tn - Bs+h+tn_1>

for a vector of Brownian increments. Let Z be a bounded F,;-measurable
random variable. For each h > 0, Z is F,,p,-measurable and by the inde-
pendence property of Brownian motion (Exercise 2.18), £(h) is independent
of Z. Let f be a bounded continuous function on R". By path continuity,
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independence, and finally the stationarity of Brownian increments,
E[Z-J(§(0)] = lim E[Z - [((h))]

(2:32) ~ lim BZ- B[ f(€()] = EZ - B[ S(£(0))]
=EZ-E[f(Biy, — Bo,Bi, — Bt,,..., B, — Bi,_,)].

The equality of the first and last members of the above calculation extends
by Lemma B.6 from continuous f to bounded Borel f.

Now we can harvest the conclusions. The independence of F,. and
B, — By is contained in (2.32) so the fact that B is a Brownian motion
with respect to {Fi+} has been proved. Secondly, since £(0) = (Y, Yz, —
Yiio.. ., Yy, — Ye, ) and the vector n = (Y4,,Y4,,...,Y;, ) is a function of
€(0), we conclude that 7 is independent of Fgy. This being true for all
choices of time points 0 < t; < tp < --- < t,, implies that the entire process
Y is independent of Fgy, and the last member of (2.32) shows that given
Fst, Y has the distribution of standard Brownian motion.

Finally, the independence of Y;, — Y;, and G, is the same as the inde-
pendence of Bsit, — Bsit, of F(s44,)4 which was already argued. ([

Parts (a) and (b) of the lemma together assert that Y is a standard
Brownian motion, independent of F;,, the filtration obtained by replac-
ing {F:} with the augmented right-continuous version. (The order of the
two operations on the filtration is immaterial, in other words the o-algebra
Ns:so¢ Fs agrees with the augmentation of (), ., Fs, see Exercise 2.4.)

The key calculation (2.32) of the previous proof only used right-continuity.
Thus the same argument gives us this lemma that we can apply to other
processes.

Lemma 2.30. Suppose X = (X; : t € Ry) is a right-continuous process
adapted to a filtration {F;} and for all s < t the increment X; — X, is
independent of Fs. Then X; — X is also independent of Fy.

Next we develop some properties of Brownian motion by concentrating
on the “canonical setting”. The underlying probability space is the path
space C = CRr[0,00) with the coordinate process Bi(w) = w(t) and the
filtration FP = 0{B, : 0 < s < t} generated by the coordinates. For each
x € R there is a probability measure P* on C under which B = {B;} is
Brownian motion started at x. Expectation under P? is denoted by E® and
satisfies

E®[H] = E'[H(z + B)]
for any bounded Bg-measurable function H. On the right z + B is a sum
of a point and a process, interpreted as the process whose value at time ¢ is
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x + B;. (In Theorem 2.27 we constructed P, and the equality above can
be taken as the definition of P*.)

On C we have the shift maps {fs : 0 < s < oo} defined by (0sw)(t) =
w(s + t) that move the time origin to s. The shift acts on the process B by
QSB = {Bert it 2 O}

A consequence of Lemma 2.29(a) is that the coordinate process B is a
Brownian motion also relative to the larger filtration Fﬁ = Nsisot FB. We
shall show that members of 77 and FZ differ only by null sets. (These
o-algebras are different, see Exercise 2.12.) This will have interesting conse-
quences when we take t = 0. The next proposition establishes the Markov
property with respect to the larger filtration {fg}. The transition proba-
bility density of Brownian motion,

2

\/21W eXp{_ L ;ty) }

is called the Gaussian kernel. An important analytic fact about the Gauss-

ian kernel is that it gives the fundamental solution of the heat equation
Pt = % pzz- (See Section 9.2 for an explanation of this.)

(2.33) p(t,x,y) =

Proposition 2.31. Let H be a bounded Bc-measurable function on C.
(a) E*[H] is a Borel measurable function of x.

(b) For each x € R
(2.34) E*[H o 05| FE J(w) = EBW[H]  for P"-almost every w.

In particular, the family {P*} on C satisfies Definition 2.22 of a Markov
process with respect to the filtration {]—"fi}.

Proof. Part (a). Suppose we knew that x — P*(F’) is measurable for each
closed set F' C C. Then the m-A Theorem B.3 implies that x — P¥(A) is
measurable for each A € B¢ (fill in the details for this claim as an exercise).
Since linear combinations and limits preserve measurability, it follows that
x +— E®[H] is measurable for any bounded B¢-measurable function H.

To show that  — P*(F') is measurable for each closed set F', consider
first a bounded continuous function H on C. (Recall that C' is metrized by
the metric (2.21) of uniform continuity on compact intervals.) If z; — = in
R, then by continuity and dominated convergence,

E%[H] = E°[H(z; + B)] — E°[H (2 + B)] = E*[H]
so E*[H] is continuous in x, which makes it Borel measurable. The indicator
function 1p of a closed set can be written as a bounded pointwise limit of
continuous functions H,, (see (B.2) in the appendix). So it follows that
P*(F) = lim E°[H,]

n—oo
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is also Borel measurable in z.

Part (b). We can write the shifted process as 0sB = Bs + Y where
Y; = Bs4+ — Bs. Let Z be a bounded fﬂ-measurable random variable. By
Lemma 2.29(b), Y is a standard Brownian motion, independent of (Z, By)
because the latter pair is ]:Sfjr-measurable. Consequently

E*|Z-H(0,B)] = E*|Z-H(Bs +Y)]
- [ 1z 1B+ ) Pac)

By independence the expectation over Y can be separated from the expec-
tation over (Z, By) (this is justified in Exercise 1.14). P is the distribution
of Y because Y is a standard Brownian motion. Next move the P%(d()
integral back inside, and observe that

| i+0 Pao = e
for any point y, including y = Bs(w). This gives
E*[Z-H(0,B)| = E*[Z - EP+(H)].
The proof is complete. U
Proposition 2.32. Let H be a bounded Bc-measurable function on C. Then
forany x € R and 0 < s < o0,
(2.35) E*[H|FB] = E*[H|FB] P-almost surely.

Proof. Suppose first H is of the type
H(w) = [ 14, (w)
i=1

for some 0 < t] <ty < --- < t, and A; € Br. By separating those factors
where t; < s, we can write H = H; - (Hy o 05) where Hj is ]-"SB—measurable.
Then
E*H|FE) = Hy - E"[Hy 0 05| F5 ) = Hy - EP+[Hy)

which is FZ-measurable. Since FZ contains FZ, (2.35) follows from prop-
erty (viii) of conditional expectations given in Theorem 1.27.

Let ‘H be the collection of bounded functions H for which (2.35) holds.
By the linearity and the monotone convergence theorem for conditional ex-
pectations (Theorem B.13), H satisfies the hypotheses of Theorem B.4. For
the m-system S needed for Theorem B.4 take the class of events of the form

{w:w(t)) € 41,...,w(ty) € Ap}
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for 0 <t <ty <---<t, and A; € Br. We checked above that indicator
functions of these sets lie in H. Furthermore, these sets generate Bo because
B is generated by coordinate projections. By Theorem B.4 H contains all
bounded Bg-measurable functions. O

Corollary 2.33. If A € FE. then there exists B € FF such that P*(AAB) =
0.

Proof. Let Y = E*(14]FFP), and B = {Y = 1} € FP. The event AAB is
contained in {14 # Y}, because w € A\ B implies 14(w) =1 # Y (w), while
w e B\ Aimplies Y(w) =1# 0 = 14(w). By (2.35), 14 = Y P*-almost
surely. Hence {14 # Y}, and thereby AAB, is a P*-null event. ([

Corollary 2.34. (Blumenthal’s 0-1 Law) Let « € R. Then for A € FZ,
P*(A) is 0 or 1.

Proof. The o-algebra .7-"63 satisfies the 0—1 law under P*, because P*{Bj €
G} = 1g(z). Then every P®-conditional expectation with respect to F
equals the expectation (Exercise 1.17). The following equalities are valid
PZ-almost surely for A € ]-_(ﬁ:

14 = B (14| Fgy) = E*(1alF7) = P*(A).

Thus there must exist points w € C such that 14(w) = P*(A), and so the
only possible values for P?(A) are 0 and 1. O

From the 0-1 law we get a fact that suggests something about the fast
oscillation of Brownian motion: if it starts at the origin, then in any nontriv-
ial time interval (0,¢) the process is both positive and negative, and hence
by continuity also zero. To make this precise, define

o=inf{t >0: B, >0}, 7 =inf{t >0: By <0},

2.36
(2:36) and Tp =inf{t > 0: B; = 0}.

Corollary 2.35. P°-almost surely o0 =17 =Ty = 0.

Proof. To see that the event {o = 0} lies in F, write

[ee]
{oc =0} = ﬂ {By > 0 for some rational ¢ € (0, 1)} € FB,.

m=n

Since this is true for every n € N, {0 = 0} € ,en F21 = FE,. Same

argument shows {r = 0} € F&

Since each variable By is a centered Gaussian,

Po< it > PO{Bl/m >0} =13
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and so
Of AL _ 1 0 1 1
P{U—O}—nlgn Plo< -} > 3.

The convergence of the probability happens because the events {o < %
shrink down to {o = 0} as m — oo. By Blumenthal’s 0-1 law, P°{oc = 0} =
0 or 1, so this quantity has to be 1. Again, the same argument for 7.
Finally, fix w so that o(w) = 7(w) = 0. Then there exist s,t € (0,¢)
such that Bs(w) < 0 < B(w). By continuity, By, (w) = 0 for some u between

s and t. Hence Ty(w) < e. Since ¢ > 0 can be taken arbitrarily small,
T()(w) = 0. O

Identity (2.34) already verified that Brownian motion is a Markov pro-
cess, also under the larger filtration G; = fg. Let us strengthen that next.

Proposition 2.36. Brownian motion is a Feller process, and consequently
the strong Markov process is valid under the filtration {G;}.

Proof. It only remains to observe the Feller property: for g € C3(R)
2

E*[g(By)] gz +vy) exp{fy—}daz

\/ﬁ

and the continuity as a function of x is clear by dominated convergence. [

A natural way to understand the strong Markov property of Brownian
motion is that, on the event {7 < oo}, the process Et =B,y — By is a
standard Brownian motion, independent of G.. Formally we can extract
this point from the statement of the strong Markov property as follows.
Given a bounded measurable function g on the path space C', define h by
h(w) = g(w — w(0)). Then

E”[g(B) |G-)(w) = E"[h 0 0, | G;](w) = E¥D[h] = E°[g].
The last equality comes from the definition of the measures P*:
E*[h] = E°[h(z + B)] = E°[g(z + B — z)] = E°[g).
The Markov and strong Markov properties are valid also for d-dimensional

Brownian motion. The definitions and proofs are straightforward extensions.

Continuing still in 1 dimension, a favorite application of the strong
Markov property of Brownian motion is the reflection principle, which is
useful for calculations. Define the running maximum of Brownian motion
by

(2.37) My = sup B
0<s<t
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Proposition 2.37. (Reflection principle) Let a < b and b > 0 be real num-
bers. Then

(2.38) P°(B; < a,M; >b) = P°(B; > 2b— a).

Each inequality in the statement above can be either strict or weak
because B; has a continuous distribution (Exercise 2.21).

Proof. Let

m, = inf{t > 0: B; = b}
be the hitting time of point b. By path continuity M; > b is equivalent to
7y < t. In the next calculation we put the w in explicitly to indicate which

quantities are random for the outer expectation but constant for the inner
probability.

On the third and the fourth line 7,(w) appears in two places, and it is a
constant in the inner probability. Then comes the reflection: by symmetry,
Brownian motion started at b is equally likely to reside below a as above
b+ (b—a) = 2b— a. The last equality drops the condition on M; that is
now superfluous because 2b — a > b.

The reader may feel a little uncomfortable about the cavalier way of
handling the strong Markov property. Let us firm it up by introducing
explicitly Y (s,w) that allows us to mechanically apply (2.27):

Y(s,w)=1{s<t,w(t—s)>2b—a} —1{s < t,w(t—s) <a}.
By symmetry of Brownian motion, for any s < t,

E’ (s,B) = P"{B;_s > 2b—a} — P"{B;_s < a}
=P'B;, ,>b—a}—PB;_ ,<a—b}=0.

Consequently, since

Y(m,0rw) = 1{m <t,w(t)>20—a} —1{n < t,w(t) <a}
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we have, writing X for an identity mapping on C' in the innermost expecta-
tion,

0= E°[1{n, < t}E*{Y (7, X)}] = E°[1{m, < t} E°{Y (7, 0., B) | Fr, }]
= E°[1{n, < t}Y (7, 65, B)]
= P%n, <t,B;>2b—a} — P{n, <t,B; <a}
= P%B;>2b—a} — P°{n, <t,B; <a}. 0
An immediate corollary of (2.38) is that M; has the same distribution
as |By|: taking a =b > 0
P(M; > b) = P%(By < b, M; > b) + P°(B; > b, M; > b)
= PY(By > b) + P°(B; > b) = 2P°(B; > b) = PY(|B;| > b).

With a little more effort one can write down the joint density of (B, M)
(Exercise 2.22).

(2.39)

2.4.2. Path regularity of Brownian motion. As a byproduct of the
construction of Brownian motion in Section B.2 we obtained Holder conti-
nuity of paths with any exponent strictly less than %

Theorem 2.38. Fiz 0 < v < % The following is true almost surely for
Brownian motion: for every T' < oo there exists a finite constant C(w) such

that
(2.40) |Bi(w) — Bs(w)| < C(w)|t —s|" forall0 <s,t <T.

Next we prove a result from the opposite direction. Namely, for an
exponent strictly larger than % there is not even local Holder continuity.

(“Local” here means that the property holds in a small enough interval
around a given point.)

Theorem 2.39. Let B be a Brownian motion. For finite positive reals ,
C, and € define the event

G(v,C,e) = {there exists s € Ry such that |By — Bs| < C|t — s|7
forallt € [s —e,s+¢]}.
Then if v > %, P(G(v,C,¢e)) =0 for all positive C and e.
Proof. Fix v > % Since only increments of Brownian motion are involved,
we can assume that the process in question is a standard Brownian motion.

(B; and Et = By — By have the same increments.) In the proof we want to
deal only with a bounded time interval. So define

H(C,e) = {there exists s € [k, k + 1] such that |B; — Bs| < C|t — s|”
forallt € [s—e,s+e]Nk,k+1]}.
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G(v,C,¢) is contained in | J;, Hx(C, €), so it suffices to show P(Hy(C,¢)) =0
for all k. Since Y; = Byy4— By, is a standard Brownian motion, P(Hk (C,e ) =
P(Ho(C,¢)) for each k. Finally, what we show is P(HO(C’,s)) = 0.

Fix m € N such that m(y—3) > 1. Let w € Ho(C,¢), and pick s € [0, 1]
so that the condition of the event is satisfied. Consider n large enough so
that m/n < e. Imagine partitioning [0, 1] into intervals of length % Let

X = max{|Br1ym — Bjml :k<j<k+m—-1} for0<k<n-m

[k k-i-m]

The point s has to lie in one of the intervals for some 0 < k < n—m.

For this particular k,
1B(j41)/m — Bj/nl < 1B(jy1)m — Bs| + |Bs — Bj/nl
SO(I5E = sl +1s =) <20(2)
for all the j-values in the range k¥ < j < k+ m — 1. (Simply because

the points % and % are within ¢ of s. Draw a picture.) In other words,
Xk < 2C(%)7 for this k-value.

Now consider all the possible k-values, recall that Brownian increments
are stationary and independent, and note that by basic Gaussian properties,
B; has the same distribution as t'/2B;.

P(Ho(C,¢)) < niIP{Xn,k < 20(2)7} < nP{Xno < 2C(2)7}
k=0

=nP{|B;| < 20”1/2—7m7}m

20nY/2=vmY N m 1
e /2 dm) < n<4Cn1/27m'Y)
<\/27r /QCnl/Z“/m“/ - v 2
< K(m)n'~m0=1/2),

m

In the last stages above we bounded e=*/2 above by 1, and then collected
some of the constants and m-dependent quantities into the function K(m).
The bound is valid for all large n, while m is fixed. Thus we may let n — oo,

and obtain P(Hy(C,e)) = 0. This proves the theorem. O

Corollary 2.40. The following is true almost surely for Brownian motion:
the path t — Bi(w) is not differentiable at any time point.

Proof. Suppose t — B;(w) is differentiable at some point s. This means
that there is a real-valued limit
B - B
¢ = Jim 21W) = Bs(w)

t—s t—s
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Thus if the integer M satisfies M > [¢] + 1, we can find another integer k
such that for all t € [s — k71, s + k™1,

Bi(w) — Bs(w)

—-M <
- t—s

< M = |Bi(w) — Bs(w)| < M|t — s.
Consequently w € G(1, M, k~1).

This reasoning shows that if t — By(w) is differentiable at even a single
time point, then w lies in the union (J;, U, G(1, M, k™). This union has
probability zero by the previous theorem. ([l

Functions of bounded variation are differences of nondecreasing func-
tions, and monotone functions can be differentiated at least Lebesgue—almost
everywhere. Hence the above theorem implies that Brownian motion paths
are of unbounded variation on every interval.

To recapitulate, the previous results show that a Brownian path is Holder
continuous with any exponent v < % but not for any v > % For the sake of
completeness, here is the precise result. Proofs can be found for example in

[9, 14].

Theorem 2.41. (Lévy’s modulus of continuity.) Almost surely,

lim B — Bs 1

im sup —f— =

6\0 0§s<t§l V26logd—1
t—s<

Next we show that Brownian motion has finite quadratic variation [B]; =
t. Quadratic variation was introduced in Section 2.2. This notion occupies
an important role in stochastic analysis and will be discussed more in the
martingale chapter. As a corollary we get another proof of the unbounded
variation of Brownian paths, a proof that does not require knowledge about
the differentiation properties of BV functions.

Recall again the notion of the mesh mesh(w) = max;(¢t;41 — t;) of a
partition m = {0 =to <t <+ <ty =t} of [0,1].

Proposition 2.42. Let B be a Brownian motion. For any partition 7 of

[0, 1],
m(m)—1 2
(2.41) E[( > (Bi,, — By)’ —t) ] < 2t mesh (7).
i=0
In particular
m(m)—1
(2.42) mesE(WmHO 3 (Bun, - By’ =t inL*P).

1=0
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If we have a sequence of partitions ©" such that ), mesh(n™) < oo, then
the convergence above holds almost surely along this sequence.

Proof. Straightforward computation, utilizing the facts that Brownian in-
crements are independent, Bs; — B, has mean zero normal distribution with
variance s — 7, and so its fourth moment is E[(Bs — B,)*] = 3(s — r)?. Let
Aty =t — t;.

m(m)—1 2
E |:< Z (Bti+1 - Btz‘)Q - t) :| = ZE[(BtH—l - Bti>4:|
=0 7
+ Z E[(Bti+1 - Bti)z(Btj+l - Btj)Q] - QtZ E[(Bti+1 - Bti)z] + t2
i#] i
=3 (At)?+ ) At Aty — 22 12 =2 (AL + > Aty Aty — 1
=2 Z:(Ati)2 < 2mesh(r) Z At; = 2 mesh(7)t.
By Chebychev’s inequality,
m(r™)—1
P{ ‘ > (Btzal—BW—t‘ 25}
=0
m(r")—1 2
<e’E [( Z (Bt?ﬂ - Bt?)Q - t> :|
=0

< 2te 2 mesh(7").

If ), mesh(n™) < oo, these numbers have a finite sum over n (in short,
they are summable). Hence the asserted convergence follows from the Borel-
Cantelli Lemma. O

Corollary 2.43. The following is true almost surely for a Brownian motion
B: the path t — Bi(w) is not a member of BV[0,T] for any 0 < T < co.

Proof. Pick an w such that

2n—1 )

Jim Z; (Bit1yry2n (W) = Bipjon(w))” =T

1=
for each T' = k! for k € N. Such w’s form a set of probability 1 by the
previous proposition, because the partitions {i727" : 0 < ¢ < 2"} have
meshes 27" that form a summable sequence. Furthermore, by almost sure
continuity, we can assume that

Jim omax | Bis1yr/2n (W) = Bipjan(w)| =0
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for each T = k1. (Recall that a continuous function is uniformly continuous
on a closed, bounded interval.) And now for each such T,

2n—1
. 2
iy (Biitnyryan (@) = Birjon (w))
1=
2" —1

X Z ‘B(i+1)T/2” (CU) — BiT/Z” (CU)‘
=0

Since the maximum in braces vanishes as n — oo, the last sum must converge
to co. Consequently the path ¢ — By(w) is not BV in any interval [0, k~!].
Any other nontrivial inteval [0, 7] contains an interval [0, k'] for some k,
and so this path cannot have bounded variation on any interval [0,7]. O

2.5. Poisson processes

Poisson processes describe configurations of random points. The definition
and construction for a general state space is no more complex than for the
real line, so we define and construct the Poisson point process on an abstract
measure space first.

Let 0 < a < co. A nonnegative integer-valued random variable X has
Poisson distribution with parameter o (Poisson(a)—distribution) if

k

P{X =k} = e“"% for k € Z .

To describe point processes we also need the extreme cases: a Poisson vari-
able with parameter o = 0 is identically zero, or P{X = 0} = 1, while a Pois-
son variable with parameter e = oo is identically infinite: P{X = oo} = 1.
A Poisson(«) variable has mean and variance o. A sum of independent Pois-
son variables (including a sum of countably infinitely many terms) is again
Poisson distributed. These properties make the next definition possible.

Definition 2.44. Let (S, A, ) be a o-finite measure space. A process
{N(A) : A € A} indexed by the measurable sets is a Poisson point pro-
cess with mean measure p if
(i) Almost surely, N(-) is a Z U {oo}-valued measure on (5, .A).
(ii) N(A) is Poisson distributed with parameter p(A).
(iii) For any pairwise disjoint Ay, Ag, ..., A, € A, the random variables
N(A1), N(A2), ..., N(Ay) are independent.

The interpretation is that N(A) is the number of points in the set A. N is
also called a Poisson random measure.
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Observe that items (i) and (ii) give a complete description of all the
finite-dimensional distributions of {N(A)}. For arbitrary By, Ba, ..., By, €
A, we can find disjoint A, As, ..., A, € A so that each B; is a union of
some of the A;’s. Then each N(Bj) is a certain sum of N(A4;)’s, and we see
that the joint distribution of N(Bj), N(Bz2), ..., N(B,) is determined by
the joint distribution of N(A;), N(Asg), ..., N(Ay).

Proposition 2.45. Let (S, A, u) be a o-finite measure space. Then a Pois-
son point process {N(A) : A € A} with mean measure j exists.

Proof. Let Sy, S2,S53,... be disjoint measurable sets such that S = |J.5;
and p(S;) < co. We shall first define a Poisson point process N; supported
on the subset S; (this means that N; has no points outside S;). If p(S;) = 0,
define N;(A) = 0 for every measurable set A € A.

With this trivial case out of the way, we may assume 0 < u(S;) < co. Let
{X; : 7 € N} be ii.d. S;-valued random variables with common probability
distribution
w(BNS;)

1(Si)

Independently of the {X]’ : j € N}, let K; be a Poisson(u(S;)) random
variable. Define

P{X]i- € B} = for measurable sets B € A.

K;
N;(A) = Z 1A(X;:) for measurable sets A € A.
j=1

As the formula reveals, K; decides how many points to place in S;, and the
{X;} give the locations of the points in S;. We leave it as an exercise to
check that V; is a Poisson point process whose mean measure is p restricted
to S;, defined by p;(B) = p(BNS;).

We can repeat this construction for each 5;, and take the resulting ran-
dom processes N; mutually independent by a suitable product space con-
struction. Finally, define

N(A) =) Ni(A).
i
Again, we leave checking the properties as an exercise. O

The most important Poisson processes are those on Euclidean spaces
whose mean measure is a constant multiple of Lebesgue measure. These are
called homogeneous Poisson point processes. When the points lie on the
positive real line, they naturally acquire a temporal interpretation. For this
case we make the next definition.
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Definition 2.46. Let (2, F, P) be a probability space, {F;} a filtration on
it, and a > 0. A (homogeneous) Poisson process with rate « is an adapted
stochastic process N = {NV; : 0 < ¢ < oo} with these properties.

(i) No = 0 almost surely.
(ii) For almost every w, the path ¢t — Ny(w) is cadlag.

(iii) For 0 < s < t, Ny — Ny is independent of F,, and has Poisson
distribution with parameter a(t — s).

Proposition 2.47. Homogeneous Poisson processes on [0,00) exist.

Proof. Let {N(A) : A € B(g,x)} be a Poisson point process on (0, 00)
with mean measure am. Define Ny = 0, Ny = N(0,¢] for ¢ > 0, and
FN=0{N,:0<s<t}) Let 0=s59 < 81 <--- <8, <s<t. Then

N(so,s1], N(s1,82],..., N(sp—-1, $n], N(s,1]

are independent random variables, from which follows that the vector (N, ,
..., N, ) is independent of N (s, t]. Considering all such n-tuples (for various
n) while keeping s < ¢ fixed shows that F, is independent of N(s,t] =
N; — N;.

The cadlag path property of N; follows from properties of the Poisson
process. Almost every w has the property that N(0,7] < oo for all T' < oco.
Given such an w and t, there exist ty < t < t; such that N (to,t) = N(t,t1) =
0. (There may be a point at ¢, but there cannot be sequences of points
converging to t from either left or right.) Consequently N is constant for
to < s < t and so the left limit N;_ exists. Also Ny = N; for t < s < #;
which gives the right continuity at ¢. (]

One can show that the jumps of N; are all of size 1 (Exercise 2.24). This
is because the Lebesgue mean measure does not let two Poisson points sit
on top of each other. The next lemma is proved just like its counterpart for
Brownian motion, so we omit its proof.

Proposition 2.48. Suppose N = {N;} is a homogeneous Poisson process
with respect to a filtration {Fi} on (Q, F,P).

(a) N is a Poisson process also with respect to the augmented right-
continuous filtration {Fiy}.

(b) Define Yy = Nsyy—Ns and Gy = Fgoqpy4- ThenY ={Y;: 0 <t < oo}
is a homogeneous Poisson process with respect to the filtration {G;}, and
independent of Fs.

The Markov property of the Poisson process follows next just like for
Brownian motion. However, we should not take R as the state space, but
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instead Z.. Because the state space is discrete the Feller property is au-
tomatically satisfied. (A discrete space is one where singleton sets {x} are
open. Every function on a discrete space is continuous.) Consequently ho-
mogeneous Poisson processes also satisfy the strong Markov property. The
semigroup for a rate o Poisson process would be
0 k
E*lg(X,)] = E°lg(x + X)) = Y glw + ke 07
k=0

for x € Z.

Since the Poisson process is monotone nondecreasing it cannot be a
martingale. We need to compensate by subtracting off the mean, and so we
define the compensated Poisson process as

Mt :Nt—at.

Proposition 2.49. M is a martingale.

Proof. Follows from the independence of increments.

E[N{|Fs] = E[Ny — Ng|Fs] + E[N|Fs] = a(t — s) + Ns. 0

The reader should also be aware of another natural construction of N
in terms of waiting times. We refer to [13, Section 4.8] for a proof.

Proposition 2.50. Let {T} : 1 < k < oo} be i.i.d. rate o exponential
random variables. Let S, = Ty + ---+ T, forn > 1. Then N(A) =
> 0 14(Sn) defines a homogeneous rate o Poisson point process on Ry, and
Ny = max{n : S,, <t} defines a rate o Poisson process with respect to its
own filtration {F}.

Exercises

Exercise 2.1. To see that even increasing unions of o-algebras can fail to
be o-algebras (so that the generation is necessary in (2.1)), look at this
example. Let Q = (0,1], and for n € N let F,, be the o-algebra generated
by the intervals {(k27", (k+1)27"] : k € {0,1,2,...,2" — 1}}. How about
the intersection of the sets (1 — 27" 1]7

Exercise 2.2. To ward off yet another possible pitfall: uncountable unions
must be avoided. Even if A = Ut€R+ A; and each A; € F;, A may fail to be
a member of F. Here is an example. Let 2 = R and let /; = Br, for
each t € Ry. Then also oo = Br,. Pick a subset A of R that is not a
Borel subset. (The proof that such sets exist needs to be looked up from an
analysis text.) Then take A; = {t} if t € A and A; = ) otherwise.

Exercise 2.3. Let {F;} be a filtration, and let G; = F;;. Show that G;_ =
Fi_ for t > 0.
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Exercise 2.4. Assume the probability space (2, F, P) is complete. Let
{F:} be a filtration, G; = F;, its right-continuous version, and H; = F;
its augmentation. Augment {G;} to get the filtration {G;}, and define also
Hir = [\g.so¢ Hs- Show that Gi = H¢y. In other words, it is immaterial
whether we augment before or after making the filtration right-continuous.

Hints. G; C Hy, should be easy. For the other direction, if C' € Hy,,
then for each s > t there exists Cs € Fs such that P(CACs) = 0. For any
sequence s; \,t, the set C = ﬂle U Cs, lies in Fyy. Use Exercise 1.9.

>m

Exercise 2.5. Let the underlying probability space be Q = [0, 1] with P
given by Lebesgue measure. Define two processes

Xi(w) =0 and Yy(w)=1gy—u-

X is obviously continuous. Show that Y does not have a single continuous
path, but X and Y are modifications of each other.

Exercise 2.6. (Example of an adapted but not progressively measurable
process.) Let ©Q = [0,1], and for each ¢ let F; be the o-field generated by
singletons on . (Equivalently, F; consists of all countable sets and their
complements.) Let X;(w) = 1{w = t}. Then {X; : 0 <t < 1} is adapted.
But X on [0,1] x € is not Bjy ;) ® Fi-measurable.

Hint. Show that elements of By} ® F1 are of the type

<UBSX {s}> U (H x I°)
sel
where [ is a countable subset of (2, each B; € Bjg 1}, and H is either empty
r [0,1]. Consequently the diagonal {(¢,w) : X;(w) = 1} is not an element
of B[O,l] ® F1.

Exercise 2.7. Let 7 be a stopping time and fix t € Ry. Let A € F; satisfy
A C {r > t}. Show that then A € F,.

You might see this type of property expressed as FyN{1 >t} C F,, even
though strictly speaking intersecting F; with {7 > t} is not legitimate. The
intersection is used to express the idea that the o-algebra F; is restricted
to the set {r > t}. Questionable but convenient usage is called abuse of
notation among mathematicians. It is the kind of license that seasoned
professionals can take but beginners should exercise caution!

Exercise 2.8. Show that if A € F, then AN{7T < o0} € Fu.

The following rather contrived example illustrates that F, does not have
to lie inside Foo. Take Q = {0,1,2}, F = 2% F = {{0},{1,2},0,Q} for all
t € Ry, and 7(0) = 0, 7(1) = 7(2) = oo. Show that 7 is a stopping time
and find F,.
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Exercise 2.9. Let ¢ be a stopping time and Z an F,-measurable random
variable. Show that for any A € By, 1{pc41Z is Fi-measurable. Hint.
Start with A = [0, s]. Use the -\ theorem.

Exercise 2.10. Let t < u. Given that [X,Y]; and [X, Y], satisfy the limit
(2.13), show that

(2'43) [Xv Y]u - [X7 Y]t = mes%xi(ril)ao Zi:(XSiH - Xsi)(YSiH - Ysz)
where the limit is in probability and taken over partitions {s;} of [¢,u] as
the mesh tends to 0.

Exercise 2.11. Suppose Y is a cadlag process. Show that while in the
definition (1.13) of total variation Vy (¢) the supremum can be replaced by
the limit as the mesh tends to zero (Exercise 1.4), in the definition of the
quadratic variation [Y]; the limit cannot in general be replaced by the supre-
mum.

Exercise 2.12. Let F; = o{w(s) : 0 < s < t} be the filtration generated by
coordinates on the space C' = Cr[0, 00) of continuous functions. Let

H={we(C: tisalocal maximum for w }.

Show that H &€ ft+ \ft

Hints. To show H € F;4, note that w € H iff for all large enough
n € N, w(t) > w(q) for all rational ¢ € (t —n~1,t+n~'). To show H ¢ F,
use Exercise 1.8(b). For any w € H one can construct w ¢ H such that
w(s) =w(s) for s < t.

Exercise 2.13. Let 7 be a stopping time. Define

(2.44) Foo=o{RUJFEN{r> 0]
>0
See the remark in Exercise 2.7 that explains the notation.
(a) Show that for any stopping time o, F, N{oc <7} C F,_.
(b) Let o0, be a nondecreasing sequence of stopping times such that

on /T and g, < 7 for each n. Show that F,, " F,_. This last convergence
statement means that F._ = o(U, Fy, ).

Exercise 2.14. (a) Suppose X is a caglad process adapted to {F;}. Define
Z(t) = X(t+) for 0 <t < co. Show that Z is a cadlag process adapted to
{Fet -

(b) Show that Lemma 2.9 is valid for a caglad process under the addi-
tional assumption that {F;} is right-continuous.
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(c) Let Q be the space of real-valued caglad paths, X the coordinate
process X¢(w) = w(t) on , and {F;} the filtration generated by coordinates.
Show that Lemma 2.9 fails for this setting.

Exercise 2.15. Check that you are able to use the Markov property with
this simple exercise. Let {P*} satisfy Definition 2.22. Let r» < s < t be time
points and A, B € Bra. Assuming that P*(X, € B, X, = y) > 0, show that

P*(X; € A| X, € B, X, =y) =P/ (Xi_s € 4)

with the understanding that the conditional probability on the left is defined
in the elementary fashion by (1.27).

Exercise 2.16. Prove (2.24). Hint. Consider first functions of the type
f(zo,z1,...,2n) = folzo) fi(z1) - - fu(xy). Condition on Fs, |, use (2.23),
and do induction on n. Then find a theorem in the appendix that allows
you to extend this to all bounded Borel f.

Exercise 2.17. Let {P”} be a Feller process. Use the Markov property and
the Feller property inductively to show that

/D [ to0) P

is a continuous function of z € R? for fi,..., fm € Cy(R%).

Exercise 2.18. Using property (ii) in Definition 2.26 show these two prop-
erties of Brownian motion, for any 0 < sp < s1 < -+ < 8p.

(a) The o-algebras Fs,, 0(Bs, — Bs,),0(Bs, — Bs,),...,0(Bs, — Bs, ;)
are independent.

(b) The distribution of the vector

(Bt+s1 - Bt+807 Bt—i—sz - Bt+s17 cevy Bt—i—sn - Bt—i—sn_l)
is the same for all ¢ > 0.

Exercise 2.19. (Brownian motion as a Gaussian process.) A process {X;}
is Gaussian if for all finite sets of indices {t1,to, ..., t,} the vector (X, X4,,
..., Xt,) has multivariate normal distribution as in Example 1.19(iv). It
is a consequence of a m-A argument or Kolmogorov’s extension theorem
that the distribution of a Gaussian process is entirely determined by two
functions: the mean m(t) = EX; and the covariance c(s,t) = Cov(X,, X;) =
E(X:X:) —m(s)m(t).

(a) Show that having Gaussian marginals does not imply that the joint
distribution is Gaussian. Hint. Consider this example: X is a standard
normal, ¢ is independent of X with distribution P(§ = +1) = 1/2, and
Y =¢X.
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(b) Starting with points (ii) and (iii) of Definition 2.26 show that stan-
dard Brownian motion is a Gaussian process with m(t) = 0 and ¢(s, t) = sAt.
Hint. A helpful observation might be that a linear transformation of a jointly
Gaussian vector is also jointly Gaussian.

Exercise 2.20. Let B; be a Brownian motion with respect to filtration
{F:} on probability space (2, F, P). Let A be another sub-c-algebra of F.
Assume that A and Fo, are independent. Let G, = o(F, A). That is, G, is
the smallest o-algebra that contains both F; and A, sometimes also denoted
by G: = F;V.A. Show that B; is a Brownian motion with respect to filtration
{G:}. Hint. G; is generated by intersections F' N A with F' € F; and A € A.
Use the 7-\ theorem.

Exercise 2.21. The calculation in the proof of Proposition 2.37 gives
P%(B; < a,M; >b) = P°(B; > 2b— a).

Deduce from this P%(B; < a, M; > b) = P°(B; > 2b — a) by taking limits
and using the continuous distribution of Brownian motion.

Exercise 2.22. Let B; be standard Brownian motion and M; its running
maximum. Show that the joint density f(x,y) of (B, M) is

2(2y — x) 1
(2.45) flz,y) = ﬁ €xXp (— 27(23/ - 33)2>

on the domain 0 < y < 0o, —oo < = < y. Hint: Use (2.38) and convert
P°(B¢ > 2b — a) into a double integral of the form [ dy [*__dz f(z,y).
Can you give an argument for why it is enough to consider the events

{B; < a, M; > b} in the calculation?

Exercise 2.23. Let B and X be two independent one-dimensional Brownian
motions. Following the proof of Proposition 2.42, show that

m(m)—1
2.46 li B —B)X, —X.)=0 in L2(P).
( ) meshl(frrn)—>0 ; ( tit1 tz)( tit1 tl) n ( )

As a consequence of your calculation, find the covariation [B, X].
Can you also find [B, X| from the definition in equation (2.12)7

Exercise 2.24. Let N be a homogeneous Poisson process. Show that for
almost every w, N¢(w) — Ni—(w) = 0 or 1 for all ¢.

Hint. If Ny — Ny— > 2 for some t € [0,7], then for any partition 0 =
to <t < - <tp, =T, N(tjtit1] > 2 for some i. A crude bound shows
that this probability can be made arbitrarily small by shrinking the mesh
of the partition.
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Exercise 2.25. Let N be a homogeneous rate o Poisson process on R
with respect to a filtration {F;}, and My = Ny — at. Show that M? — at
and M? — N; are martingales.

Exercise 2.26. As in the previous execise, let N be a homogeneous rate «
Poisson process and M; = N; — at. Use Corollary A.11 from the appendix
to find the quadratic variation processes [M] and [N].






Chapter 8

Martingales

Let (€2, F, P) be a probability space with a filtration {F;}. We assume that
{F:} is complete but not necessarily right-continuous, unless so specified.
As defined in the previous chapter, a martingale with respect to {F;} is a
real-valued stochastic process M = {M; : t € Ry} adapted to {F;} such
that M; is integrable for each ¢, and

E[M|Fs] = M; for all s < t.
If the equality above is relaxed to

E[M;|Fs] > M; for all s <t
then M is a submartingale. M is a supermartingale if —M is a submartingale.
M is square-integrable if E[M?] < oo for all t.

These properties are preserved by certain classes of functions.

Proposition 3.1. (a) If M is a martingale and ¢ a convex function such
that (M) is integrable for all t > 0, then (M) is a submartingale.

(b) If M is a submartingale and ¢ a nondecreasing convex function such
that (M) is integrable for all t > 0, then (M) is a submartingale.

Proof. Part (a) follows from Jensen’s inequality. For s < ¢,
Elp(My)| Fs] = ¢ (E[M|Fy]) = (M)

Part (b) follows from the same calculation, but now the last equality becomes
the inequality > due to the submartingale property E[M;|Fs] > M, and the
monotonicity of . O

The martingales we work with have always right-continuous paths. Then
it is sometimes convenient to enlarge the filtration to { F; } if the filtration is

87
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not right-continuous to begin with. The next proposition permits this move.
An example of its use appears in the proof of Doob’s inequality, Theorem
3.11.

Proposition 3.2. Suppose M is a right-continuous submartingale with re-
spect to a filtration {F¢}. Then M is a submartingale also with respect to

{Fer}

Proof. Let s < t and consider n > (t — s)~'. M; V c is a submartingale, so
E[MV ¢|Fypp-1] > My -1 Ve
Since Fop C Fgip-1,
E[M;V ¢|Fsy] > E[Mg -1V c|Foy).

By the bounds
C S Ms_;'_nfl Ve S E[Mt V C’fs—l-n*l]

and Lemma B.15 from the Appendix, for a fixed ¢ the random variables
{M,,,-1 V ¢} are uniformly integrable. Let n — oo. Right-continuity of
paths implies M, ,-1 V ¢ — M,V c. Uniform integrability then gives con-
vergence in L!. By Lemma B.16 there exists a subsequence {n;} such that
conditional expectations converge almost surely:

B[M,, 1V el For] = E[M, V | Fiy].

Consequently
E[Mt vV C|fs+] Z E[MS V C|f5+] = MS Ve Z Ms.

As ¢ — —o0, the dominated convergence theorem for conditional expecta-
tions (Theorem B.13) makes the conditional expectation on the left converge,
and in the limit E[M;|Fsi+] > Ms. O

The connection between the right-continuity of the (sub)martingale and
the filtration goes the other way too. The statement below is Theorem 1.3.13
in [11].

Proposition 3.3. Suppose the filtration {F;} satisfies the usual conditions,
in other words (2, F, P) is complete, Fy contains all null events, and F; =
Fir. Let M be a submartingale such that t — EM; is right-continuous.
Then there exists a cadlag modification of M that is an {F;}-submartingale.
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3.1. Optional stopping

Optional stopping has to do with extending the submartingale property
E[M;|Fs] > M from deterministic times s < ¢ to stopping times. We begin
with discrete stopping times.

Lemma 3.4. Let M be a submartingale. Let o and T be two stopping times
whose values lie in an ordered countable set {s1 < s2 < s3 < ---}U{oo} C
[0, 00] where s; /* co. Then for any T < oo,

(3.1) E[M 7| Fs] > Moprat-

Proof. Fix n so that s, <T < sp41. First observe that M, A7 is integrable,

because
n

[Mepr| =Y 1T = si} My, | + 1{r > s,}|Mr|
i=1

n
<> IM,| A+ | M.
=1

Next check that M, a7 is Fy-measurable. For discrete stopping times
this is simple. We need to show that {Msaar € B} N {o <t} € F; for all
B € Br and t. Let s; be the highest value not exceeding ¢. (If there is no
such s;, then ¢ < s1, the event above is empty and lies in F;.) Then

J
{(Mypsnr € BYN {0 <t} = U({am = s} N {My,nr € B} N {0 < t}).
i=1

This is a union of events in J; because s; <t and o A 7 is a stopping time.

Since both E[M ar|Fs| and Mya-a7 are Fy-measurable, (3.1) follows
from checking that

E{14 E[M a7\ Fs]} > E{1aMsprpar} for all A € F,.
By the definition of conditional expectation, this reduces to showing
E[lAMT/\T] > E[]-AMO'/\T/\T]'
Decompose A according to whether ¢ < T or ¢ > T. If ¢ > T, then
TAT =0 A7TAT and then
E[lAm{a>T}MT/\T] = E[lAﬂ{U>T}M0/\T/\T]'
To handle the case 0 < T we decompose it into subcases
Bl pno=syMrnr] 2 E[Lpn(o=s;y Monrat]
= E[lgn{o=s;}Ms;arnr] for 1 <i <mn.
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Since AN{o = s;} € Fs,, by conditioning again on the left, this last conclu-
sion will follow from

(3.2) E[M 7| Fs,] > Ms;penr for 1 <i<mn.
We check (3.2) by an iterative argument. First an auxiliary inequality: for
any 7,
E[Mg, nraT|Fs;] = E[M3j+1/\T1{T > 85} + Mg ararH{T < 85} ‘ fsj]
= E[Mg, 7| Fs;] - HT > 85} + Mg prar {7 < 55}
> Mg ar1{T > 8j} + Mg prpr1{T < 55}
= M nrnT

Above we used the fact that M, s;ATAT 18 fsj—measurable (which was checked
above) and then the submartingale property. Since 7 AT = s,41 ATAT
(recall that s, < T < sp+1), applying the above inequality to j = n gives

E[MTAT|~an] Z MSn/\’T/\T

which is case i = n of (3.2). Now do induction: assuming (3.2) has been
checked for ¢ and applying the auxiliary inequality again gives

E[MT/\T‘fsi—l] = E{E[MT/\T’}—&] ~FS%‘—1}
2 E{Msi/\T/\T ’ ]:Sifl} 2 Msifl/\T/\T

which is (3.2) for ¢ — 1. Repeat this until (3.2) has been proved down to
1= 1. U

To extend this result to general stopping times, we assume some regu-
larity on the paths of M. First we derive a moment bound.

Lemma 3.5. Let M be a submartingale with right-continuous paths and
T < co. Then for any stopping time p that satisfies P{p < T} =1,

E|M,| < 2E[Mf] — E[Mo).

Proof. Define a discrete approximation of p by p, = T if p = T, and
pn =2""T(|2"p/T| + 1) if p <T. Then p, is a stopping time with finitely
many values in [0, 7], and p, \, p as n — oo.
Averaging over (3.1) gives E[M 7] > E[Msprar]. Apply this to 7 = pj,

and o = 0 to get

EM,,, > EM,.
Next, apply (3.1) to the submartingale Mt+ = M, Vv 0, with 7 = T and
o = pp to get

EM} > EM .
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From the above
EM, = EM} — EM,, < EM] — EM.
Combining these,

E|M,,| = EM; + EM, <2EM;] — EM.

|

Let n — o0, use right-continuity and apply Fatou’s Lemma to get

E|M,| < lim E|M,,| <2EM; — EMj. a
n—oo

The conclusion from the previous lemma needed next is that for any
stopping time 7 and T' € R, the stopped variable M ; is integrable. Here
is the extension of Lemma 3.4 from discrete to general stopping times.

Theorem 3.6. Let M be a submartingale with right-continuous paths, and
let o and T be two stopping times. Then for T < oo,

(33) E[M’T/\TLFO'] 2 MO’/\T/\T'

Proof. Aspointed out before the theorem, M, 7 and M,a-a7 are integrable
random variable. In particular, the conditional expectation is well-defined.

Define approximating discrete stopping times by o, = 27"(|2"¢] + 1)
and 7, = 27"(|2"7] + 1). The interpretation for infinite values is that
o, = o0 if 0 = 0o, and similarly for 7,, and 7.

Let ¢ € R. The function x +— x V ¢ is convex and nondecreasing, hence
M; V c is also a submartingale. Applying Lemma 3.4 to this submartingale
and the stopping times o, and 7, gives

E[M,

n

ATV C|]:0'n] > M(J'n/\Tn/\T Ve.

Since o < o, F, C Fy,, and if we condition both sides of the above
inequality on F,, we get

(34) E[MT AT V C|fg] 2 E[Mon/\Tn/\T V C|‘7:‘0'}.

n

The purpose is now to let n — oo in (3.4) and obtain the conclusion
(3.3) for the truncated process M; V ¢, and then let ¢ \, —oco and get the
conclusion. The time arguments converge from the right: 7, AT N\, 7 AT
and op ATy AT N0 AT AT. Then by the right-continuity of M,

MT AT — MT/\T and Mo'n/\Tn/\T — MO’/\T/\T'

n

Next we justify convergence of the conditional expectations along a sub-
sequence. By Lemma 3.4

¢ < M rrVe<E[MpVc|lF;,]
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and
c< Man/\‘rn/\T Ve< E[MT \ C‘Fan/\rn]-

Together with Lemma B.15 from the Appendix, these bounds imply that the
sequences { M, r Vc:n € N} and {M, a7, a7V c:n € N} are uniformly
integrable. Since these sequences converge almost surely (as argued above),
uniform integrability implies that they converge in L!. By Lemma B.16
there exists a subsequence {n;} along which the conditional expectations
converge almost surely:

E[M,

n

j/\T V C‘Fg] — E[MT/\T V C|f0—]

and

E[Mo'nj/\Tnj/\T V C‘.Fo—] — E[MO'/\T/\T V C’fo—].
(To get a subsequence that works for both limits, extract a subsequence for
the first limit by Lemma B.16, and then apply Lemma B.16 again to extract
a further subsubsequence for the second limit.) Taking these limits in (3.4)
gives

E[MT/\T \ C|~7:o'] > E[MO'/\T/\T \ C|]:a']-

M is right-continuous by assumption, hence progressively measurable, and
S0 MoprpT 18 Fonrar-measurable. This is a sub-o-field of F,, and so

E[MTAT V C|]:0'] > E[MCT/\T/\T V C|F0'] = MO’/\T/\T Ve MO’/\T/\T‘

Asc N\, —oo, Ma7Ve — M ar pointwise, and for all ¢ we have the integrable
bound |M a1V ¢| < |[Myar|. Thus by the dominated convergence theorem
for conditional expectations, almost surely

lim E[M.r V c|F,] = E[Msar|Fsl.

c——00

This completes the proof. O

Corollary 3.7. Suppose M is a right-continuous submartingale and T is
a stopping time. Then the stopped process M™ = {Mp; : t € Ry} is a
submartingale with respect to the original filtration {F;}.

If M is a also a martingale, then M™ is a martingale. And finally, if M
is an L?>-martingale, then so is M.

Proof. In (3.3), take T'=t, 0 = s < t. Then it becomes the submartingale
property for M™:
(35) E[MT/\t‘FS] Z MT/\S'

If M is a martingale, we can apply this to both M and —M. And if M is
an L’-martingale, Lemma 3.5 implies that so is M. U
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Corollary 3.8. Suppose M is a right-continuous submartingale. Let {o(u) :
u > 0} be a nondecreasing, [0, 00)-valued process such that o(u) is a bounded
stopping time for each uw. Then {Mg(u) :u > 0} is a submartingale with
respect to the filtration {Fy () : u > 0}.

If M is a martingale or an L%-martingale to begin with, then so is Mg ().

Proof. For u < v and T' > o(v), (3.3) gives E[My )| Fow) = Myw). If
M is a martingale, we can apply this to both M and —M. And if M is
an L?-martingale, Lemma 3.5 applied to the submartingale M? implies that
BIM ] < 2B[MZ] + E[Mg]. O

The last corollary has the following implications:

(i) M7 is a submartingale not only with respect to {F;} but also with
respect to {Frat}

(i) Let M be an L?-martingale and 7 a bounded stopping time. Then
My = M.y — M; is an L?-martingale with respect to F; = Frit.
3.2. Inequalities and limits

Lemma 3.9. Let M be a submartingale, 0 < T < oo, and H a finite subset
of [0,T]. Then for r >0,

(3.6) P{rtrgg( M, > r} < B[M;]
and
(3.7) P{ItreliII{l M, < —7"} < v YE[MF] - E[M)).

Proof. Let 0 = min{t € H : M; > r}, with the interpretation that o = oo
if My <rforallte H. (3.3) with 7 =T gives

E[MT] > EI:MO'/\T} = E[M01{0<oo}] + E[MT]-{O'ZOO}]7
from which
rP{IgézE(Mt > r} =rP{o < oo} < E[Ms1l{yco0y] < E[M71{5c00)]

< E[M{15c00) < E[M].

This proves (3.6).
To prove (3.7), let 7 = min{t € H : My < —r}. (3.4) with o = 0 gives

E[Mo] < E[Mrpr] = E[M:1(7co0)] + E[M71(— )],
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from which
- ‘ < pb=_ >
TP{?&? M, < r} rP{r < oo} > E[M:1{; )]
> E[Mo] — E[Mr1{—y] > E[Mo] — E[Mz]. O
Next we generalize this to uncountable suprema and infima.

Theorem 3.10. Let M be a right-continuous submartingale and 0 < T <
oo. Then forr >0,

(3.8) P{ sup M; > r} <r 'EM]]
0<t<T
and
(3.9) P{ it M < —r} < Y(E[M] - E[My)).

Proof. Let H be a countable dense subset of [0, 7] that contains 0 and T,
and let Hy C Hy C H3 C --- be finite sets such that H = |J H,. Lemma
3.9 applies to the sets H,. Let b < r. By right-continuity,

P{ sup M; > b} = P{ sup M; > b} = lim P{ sup M; > b}

0<t<T teH =0 teH,
< b 'E[M}].
Let b / r. This proves (3.8). (3.9) is proved by a similar argument. O

When X has either left- or right-continuous paths with probability 1,
we define
(3.10) X7r(w) = sup |X¢(w)l.

0<t<T

The measurability of X7 is checked as follows. First define U = sup, ¢ p| X
where R contains 7' and all rationals in [0,7]. U is Fr-measurable as a
supremum of countably many JFp-measurable random variables. On every
left- or right-continuous path U coincides with X7. Thus U = X7, at least
almost surely. By the completeness assumption on the filtration, all events of
probability zero and their subsets lie in F7, and so X7, is also Fr-measurable.

Theorem 3.11. (Doob’s Inequality) Let M be a nonnegative right-continuous
submartingale and 0 < T < co. Then for 1 < p < oo

p
(3.11) Bl swp M| < <p> E[MZ].
0<t<T p—1
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Proof. Since M is nonnegative, My = supo<;<p M. The first part of the
proof is to justify the inequality
(3.12) P{M} > r} <r 'E[Mp1{M; > r}]
for r > 0. Let
T =inf{t > 0: M; > r}.
This is an {F;+ }-stopping time by Lemma 2.7. By right-continuity M, > r
when 7 < co. Quite obviously M7, > r implies 7 < T, and so
rP{Mj >r} < E[M.1{M} > r}] < E[M.1{r <T}|.

Since M is a submartingale with respect to {F;4} by Proposition 3.2, The-
orem 3.6 gives

E[M:1<my] = E[Mra7| — E[Mr1l{rom] < E[Mr] — E[M711(757)]

= E[MT]'{TST}] < E[MT].{M;: > T}] .

(3.12) has been verified.

Let 0 < b < co. By (1.42) and Holder’s inequality,

b b
E[(Mj’i A b)p} = /0 prp_lP[M} > r|dr < /0 prp_QE[MTl{M} > 7‘}} dr

bAM, D

- E[MT : / prP? dr} = L BMr(o A M7y
0 b=
P 1 p—1
<—— - E[MP]PE[(bAMF)P] » .
p—
The truncation at b guarantees that the last expectation is finite so we can
divide by it through the inequality to get

p
—1.E[M;’] :

3=

E[(M AbYP]7 <

Raise both sides of this last inequality to power p and then let b 7 oo.
Monotone convergence theorem gives the conclusion. ([l

The obvious application would be to M = |X| for a martingale X.
By applying the previous inequalities to the stopped process M;s,, we can
replace T' with a bounded stopping time 7. We illustrate the idea with
Doob’s inequality.

Corollary 3.12. Let M be a nonnegative right-continuous submartingale
and T a bounded stopping time. The for 1 < p < oo

(3.13) B[ ( suwp Mt)p} < (ﬂ)pE[Mﬂ.

0<t<t



96 3. Martingales

Proof. Pick T so that 7 < T. Since supo<;<p Miar = supg<i<, M; and
Mrpnr = M, the result follows immediately by applying (3.11) to Mia,. O

Our treatment of martingales would not be complete without mention-
ing martingale limit theorems, although strictly speaking we do not need
them for developing stochastic integration. Here is the basic martingale
convergence theorem that gives almost sure convergence.

Theorem 3.13. Let M be a right-continuous submartingale such that

sup E(M;") < o0.
teR 4+

Then there exists a random variable My, such that E|Ms| < oo and My(w) —
My (w) as t — oo for almost every w.

Now suppose M = {M; : t € R} is a martingale. When can we take
the limit M, and adjoin it to the process in the sense that {M; : t € [0, c0]}
is a martingale? The integrability of M is already part of the conclusion of
Theorem 3.13. However, to also have E(My|F;) = M; we need an additional
hypotheses of uniform integrability (Definition B.14 in the appendix).

Theorem 3.14. Let M = {M; : t € Ry} be a right-continuous martingale.
Then the following four conditions are equivalent.

(i) The collection {M; : t € R4} is uniformly integrable.

(ii) There exists an integrable random variable My, such that

lim E|M; — M| =0 (L* convergence).
t—00

(iii) There exists an integrable random variable My, such that M(w) —
My (w) almost surely and E(Mso|Fi) = My for allt € Ry.

(iv) There ezists an integrable random variable Z such that My = E(Z|F)
forallt € Ry.

As quick corollaries we get for example the following statements.
Corollary 3.15. (a) For Z € LY(P), E(Z|F;,) — E(Z|Fx) ast — co both
almost surely and in L.

(b) (Lévy’s 0-1law) For A € Foo, E(14|Ft) — 14 ast — oo both almost
surely and in L'.

Proof. Part (b) follows from (a). To see (a), start by defining M; = E(Z|F)
so that statement (iv) of Theorem 3.14 is valid. By (ii) and (iii) we have
an a.s. and L! limit My, (explain why there cannot be two different limits).
By construction M, is Fs-measurable. For A € F; we have for t > s and
by L' convergence

E14Z] = E[14M] — E[14M)].
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A 7-\ argument extends F[147Z] = F[14My] to all A € Fi. O

3.3. Local martingales and semimartingales

For a stopping time 7 and a process X = {X; : t € R}, the stopped process
X7 is defined by X7 = X .

Definition 3.16. Let M = {M,; : t € Ry} be a process adapted to a
filtration {F;}. M is a local martingale if there exists a sequence of stopping
times 71 < 79 < 73 < --- such that P{r;; / oo} =1 and for each k M is a
martingale with respect to {F;}. M is a local square-integrable martingale if
M is a square-integrable martingale for each k. In both cases we say {7}
is a localizing sequence for M.

Remark 3.17. (a) Since Mj* = M the definition above requires that My is
integrable. This extra restriction can be avoided by phrasing the definition
so that Minr, 1i7,50) s @ martingale [12, 14]. Another way is to require
that Minr, — My is a martingale [3, 10]. We use the simple definition since
we have no need for the extra generality of nonintegrable Mj.

(b) In some texts the definition of local martingale also requires that
Mk is uniformly integrable. This can be easily arranged (Exercise 3.10).

(c) Further localization gains nothing. That is, if M is an adapted
process and p, ' oo (a.s.) are stopping times such that M#~ is a local
martingale for each n, then M itself is a local martingale (Exercise 3.5).

(d) Sometimes we consider a local martingale {M; : ¢ € [0, T]} restricted
to a bounded time interval. Then it seems pointless to require that 7, 7 co.
Indeed it is equivalent to require a nondecreasing sequence of stopping times
oy such that {Mips, : t € [0,7]} is a martingale for each n and, almost
surely, o, > T for large enough n. Given such a sequence o, one can check
that the original definition can be recovered by taking 7, = o, - 1{o, <
T}+o00-1{o, >T}.

We shall also use the shorter term local L?-martingale for a local square-
integrable martingale.

Lemma 3.18. Suppose M is a local martingale and o is an arbitrary stop-
ping time. Then M9 is also a local martingale. Similarly, if M is a local
L2-martingale, then so is M. In both cases, if {Ti} is a localizing sequence
for M, then it is also a localizing sequence for M@ .

Proof. Let {7} be a sequence of stopping times such that 7, oo and
M7 is a martingale. By Corollary 3.7 the process Mk, = (M?){* is a
martingale. Thus the stopping times 7, work also for M?.
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If M™ is an L*-martingale, then so is M_%, = (M?)}*, because by
applying Lemma 3.5 to the submartingale (M)
E[MZpp pi) < 2B[MZ ] + E[M{). O

Only large jumps can prevent a cadlag local martingale from being a
local L2-martingale. See Exercise 3.12.

Lemma 3.19. Suppose M is a cadlag local martingale, and there is a con-
stant ¢ such that |M; — M;_| < ¢ for allt. Then M is a local L*>-martingale.

Proof. Let 7, ' oo be stopping times such that M7 is a martingale. Let
pr = inf{t > 0: |My| or |M;_| > k}

be the stopping times defined by (2.8) and (2.9). By the cadlag assumption,
each path ¢t — M;(w) is locally bounded (means: bounded in any bounded
time interval), and consequently pi(w) /0o as k 7 co. Let o = 7 A py.
Then o, 7 00, and Mk is a martingale for each k. Furthermore,

[M7*| = [Mognpentl < sup [ M|+ My, — M, | < k+ec
0<s<py,

So M?* is a bounded process, and in particular M is an L?-process. [

Recall that the usual conditions on the filtration {F;} meant that the
filtration is complete (each F; contains every subset of a P-null event in F)
and right-continuous (F; = Fiy).

Theorem 3.20 (Fundamental Theorem of Local Martingales). Assume
{Fi} is complete and right-continuous. Suppose M is a cadlag local martin-
gale and ¢ > 0. Then there exist cadlag local martingales M and A such that
the jumps 0f]\7 are bounded by ¢, A is an FV process, and M = M+ A.

A proof of the fundamental theorem of local martingales can be found in
[12]. Combining this theorem with the previous lemma gives the following
corollary, which we will find useful because L?-martingales are the starting
point for developing stochastic integration.

Corollary 3.21. Assume {F;} is complete and right-continuous. Then a
cadlag local martingale M can be written as a sum M = M + A of a cadlag
local L?-martingale M and a local martingale A that is an FV process.

Definition 3.22. A cadlag process Y is a semimartingale if it can be written
as Y; = Yo + My + V; where M is a cadlag local martingale, V is a cadlag
FV process, and My = Vy = 0.
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By the previous corollary, we can always select the local martingale
part of a semimartingale to be a local L?-martingale. The normalization
My = Vi = 0 does not exclude anything since we can always replace M with
M — M, without losing either the local martingale or local L?-martingale
property, and also V' — Vj has the same total variation as V' does.

Remark 3.23. (A look ahead.) The definition of a semimartingale appears
ad hoc. But stochastic analysis will show us that the class of semimartingales
has several attractive properties. (i) For a suitably bounded predictable pro-
cess X and a semimartingale Y, the stochastic integral [ X dY is again a
semimartingale. (ii) f(Y) is a semimartingale for a C? function f. The class
of local L2-martingales has property (i) but not (ii). In order to develop a
sensible stochastic calculus that involves functions of processes, it is neces-
sary to extend the class of processes considered from local martingales to
semimartingales.

3.4. Quadratic variation for semimartingales

Quadratic variation and covariation were discussed in general in Section
2.2, and here we look at these notions for martingales, local martingales and
semimartingales. We begin with the examples we already know.

Example 3.24 (Brownian motion). From Proposition 2.42 and Exercise
2.23, for two independent Brownian motions B and Y, [B]; =t and [B,Y]; =
0.

Example 3.25 (Poisson process). Let N be a homogeneous rate a Poisson
process, and My = Ny — ot the compensated Poisson process. Then [M] =
[N] = N by Corollary A.11. If N is an independent rate & Poisson process
with M, = Nt —at, [M, M] = 0 by Lemma A.10 because with probability

one M and M have no jumps in common.

Next a general existence theorem. A proof can be found in Section 2.3
of [6].

Theorem 3.26. Let M be a right-continuous local martingale with respect to
a filtration {F}. Then the quadratic variation process [M] exists in the sense
of Definition 2.1/. There is a version of [M] with the following properties.
[M] is a real-valued, right-continuous, nondecreasing adapted process such
that [M]o = 0. If M is an L*-martingale, the convergence in (2.11) for
Y = M holds also in L', and

(3.14) E([M]y) = E(M}? — Mg).
If M is continuous, then so is [M].
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We check that stopping the submartingale and stopping the quadratic
variation give the same process. Our proof works for local L? martingales
which is sufficient for our needs. The result is true for all local martingales.
The statement for all local martingales can be derived from the estimates
in the proof of Theorem 3.26 in [6], specifically from limit (3.26) on page 70
in [6].

Lemma 3.27. Let M be a right-continuous L?-martingale or local L?-
martingale. Let T be a stopping time. Then [MT] = [M]", in the sense
that these processes are indistinguishable.

Proof. The processes [M7] and [M]™ are right-continuous. Hence indistin-
guishability follows from proving almost sure equality at all fixed times.

Step 1. We start with a discrete stopping time 7 whose values form
an unbounded, increasing sequence u; < us < --- < u;  oo. Fix ¢ and
consider a sequence of partitions 7" = {0 =t <t} < --- < by = t} of
[0,¢] with mesh(7™) — 0 as n — co. For any wu;,

Z(Muj/\t?H — Muj/\tg)2 — [M]u st in probability, as n — oo.
(2
We can replace the original sequence 7™ with a subsequence along which
this convergence is almost sure for all j. We denote this new sequence again
by 7. (The random variables above are the same for all j large enough so
that u; > t, so there are really only finitely many distinct j for which the
limit needs to happen.)

Fix an w at which the convergence happens. Let u; = 7(w). Then the
above limit gives
. 2
[M7]p(w) = lim » (M. (@) — M (w))

N—r00 4— it+1 [

(w) = Myngr (@)

= lm 2 (M,
i

. 2
= Jim Y (Mg, (@) = Mtz (<))
1

= [M]u;nt(w) = [M]rpe(w) = [M]F (w).
The meaning of the first equality sign above is that we know [M7]; is given
by this limit, since according to the existence theorem, [M7]; is given as a
limit in probability along any sequence of partitions with vanishing mesh.

We have shown that [M7]; = [M]] almost surely for a discrete stopping
time 7.

Step 2. Let 7 be an arbitrary stopping time, but assume M is an L?-
martingale. Let 7, = 27"(|2"7] 4+ 1) be the discrete approximation that
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converges to 7 from the right. Apply (2.18) to X = M™ and Y = M7, take
expectations, use (3.14), and apply Schwarz inequality to get

Tn T Tn T Tn /21 m1/2
B{|[M™]s = [M7)e|} < B{[M™ = M7),} +2B{{M™ = M")}*[M7];%}
< B{(M" — M7)?} + 2B{[M™ — M"],}" P E{ M7}
1/2 1/2
= B{(Mypt — Myn)?} + 2B{ (M, g — Myn)2} 2 B{ M2, 1Y
1/2 1/2
< (B{M2 .} — B{M2}) + 2(B{M2 .} — E{M2,}) " E{MZ}'°.
In the last step we used (3.3) in two ways: For a martingale it gives equality,
and so
E{(Mpne = Myn)?} = B{MZ ,} = 2B{ B(Mz,nt| Frne) Mrpc} + E{M7 5}
= E{Mfzn/\t} - E{MTQ/\t}~
Second, we applied (3.3) to the submartingale M? to get
1/2 1/2
{2} < By,

The string of inequalities allows us to conclude that [M™]; converges to
[MT]; in L' as n — oo, if we can show that

(3.15) B{MZ,,} — B{MZ,,}.

To argue this last limit, first note that by right-continuity, M2 ., — M2,,
almost surely. By optional stopping (3.6),

0< M7y < B(MP|Fryne).

This inequality and Lemma B.15 from the Appendix imply that the sequence
{an At - n € N} is uniformly integrable. Under uniform integrability, the
almost sure convergence implies convergence of the expectations (3.15).

To summarize, we have shown that [M™]; — [M7]; in L' as n — oo.
By Step 1, [M™]; = [M].,n+ which converges to [M];x; by right-continuity
of the process [M]. Putting these together, we get the almost sure equality
[M7]; = [M]5 for L?-martingales.

Step 3. Lastly a localization step. Let {o}} be stopping times such
that o, ' oo and M°* is an L?-martingale for each k. By Step 2

[MUk/\T]t = [Mak]TAt-

On the event {0}, > t}, throughout the time interval [0, t], M7*"\™ agrees with
MT™ and M agrees with M. Hence the corresponding sums of squared
increments agree also. In the limits of vanishing mesh we have almost
surely [M7+"\T], = [M7];, and also [M7*]; = [M]s for all s € [0,¢] by right-
continuity. We can take s = 7 At, and this way we get the required equality
[M7]y = [M]rne. O
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Theorem 3.28. (a) If M is a right-continuous L?-martingale, then M7 —
[M]; is a martingale.

(b) If M is a right-continuous local L*>-martingale, then M? — [M]; is a
local martingale.

Proof. Part (a). Let s < tand A € Fs. Let 0 =ty < --- < t,, =t be a
partition of [0,¢], and assume that s is a partition point, say s = ty.

E[1a(M7 = M — [M], + [M];)]

- m—1
(3.160) ~ e[ > (M, M)~ [+ )|
_5 _1A( mzl(th - My)* = (M + [M}Sﬂ
o
(3.16b) =E _1A< 2 (Miipy = Ma)* - Wh)]

-1
(3.16¢) +E{1A<[M]S—Z(Mti+l _Mti)2>]'

i=0
The second equality above follows from

E[Mt2i+1 - Mt2i ‘ ]:ti] = E[(Mti+1 - Mti)2 ’ .7-}1]

To apply this, the expectation on line (3.16a) has to be taken apart, the
conditioning applied to individual terms, and then the expectation put back
together. Letting the mesh of the partition tend to zero makes the expec-
tations on lines (3.16b)—(3.16¢) vanish by the L' convergence in (2.11) for
L?-martingales.

In the limit we have
E[1a(M; = [M)] = E[1a(M — [M],)]
for an arbitrary A € Fs, which implies the martingale property.
(b) Let X = M? — [M)] for the local L?>-martingale M. Let {7} be a
localizing sequence for M. By part (a), (M™)? — [M™]; is a martingale.

Since [M7*]; = [M]inr, by Lemma 3.27, this martingale is the same as
M., — [Minr, = X{*. Thus {7} is a localizing sequence for X. O

From Theorem 3.26 it follows also that the covariation [M, N] of two
right-continuous local martingales M and N exists. As a difference of in-
creasing processes, [M, N| is a finite variation process.

Lemma 3.29. Let M and N be cadlag L?-martingales or local L>-martingales.
Let T be a stopping time. Then [M",N|=[MT,N7] = [M,N]".
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Proof. [M7,N7] = [M, N]" follows from the definition (2.12) and Lemma
3.27. For the first equality claimed, consider a partition of [0,¢]. If0 < 7 < ¢,
let ¢ be the index such that ¢, < 7 < tpy1. Then

Z(MtTH - Mt:)(NtiH - Nti) = (MT - Mté)(Nt€+1 - NT)1{0<7—§t}

A

+Z t1+1 Mt: (Nt7;+1 _Ntt)

(If 7 = 0 the equality above is still true, for both sides vanish.) Let the mesh
of the partition tend to zero. With cadlag paths, the term after the equality
sign converges almost surely to (M; — M:_)(Nry — N;)lio<r<¢y = 0. The
convergence of the sums gives [M™, N| = [M™,N7]. O

Theorem 3.30. (a) If M and N are right-continuous L?-martingales, then
MN — [M, N] is a martingale.

(b) If M and N are right-continuous local L?>-martingales, then M N —
[M, N] is a local martingale.

Proof. Both parts follow from Theorem 3.28 after writing
MN — [M,N] = 3{(M + N)? = [M + N]} — 5{M? — [M]} — 3{N* - [N]}.
O

As the last issue we extend the existence results to semimartingales.

Corollary 3.31. Let M be a cadlag local martingale, V a cadlag F'V process,
My=Vy=0,andY =Yy + M +V the cadlag semimartingale. Then [Y]
exists and is given by

Y]t = [M]s + 2[M, V] + [V]:

(3.17) =M +2 ) AMAV.+ ) (AVL)?
s€(0,t] s€(0,t]
Furthermore, [Y7] = [Y]|" for any stopping time T and the covariation [X,Y]

exists for any pair of cadlag semimartigales.

Proof. We already know the existence and properties of [M]. According
to Lemma A.10 the two sums on line (3.17) converge absolutely. Thus
the process given by line (3.17) is a cadlag process. Theorem 3.26 and
Lemma A.10 combined imply that line (3.17) is the limit (in probability) of
sums Y_,(V3, — Y4, ,)? as mesh(r) — 0. Denote the process on line (3.17)
temporarily by U;. It follows from the limits that Uy < U, a.s. for each pair of
times s < t, and hence simultaneously for all rational s < ¢. By taking limits,
the cadlag property of paths extends monotonicity from rational times to
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all times. Thus U is an increasing process and gives a version of [Y] with
nondecreasing paths. This proves the existence of [Y].

[Y7] = [Y]” follows by looking at line (3.17) term by term and by using
Lemma 3.27. Since quadratic variation exists for semimartingales, so does
(X, Y] =[(X+Y)/2] - [(X -Y)/2]. O

3.5. Doob-Meyer decomposition

In addition to the quadratic variation [M] there is another increasing pro-
cess with similar notation, the so-called predictable quadratic variation (M),
associated to a square-integrable martingale M. We will not use (M) much
in this text, except in Chapter 9 on stochastic partial differential equations.
For the sake of completeness we address the relationship between [M] and
(M). It turns out that for continuous square-integrable martingales [M ]
and (M) coincide, so in that context one can use them interchangeably. In
particular, books that restrict their treatment of stochastic integration to
continuous integrators need only discuss (M).

Throughout this section we work with a fixed probability space (2, F, P)
with a filtration {F;} assumed to satisfy the usual conditions (complete,
right-continuous).

In order to state a precise definition we need to introduce the predictable
o-algebra P on the space Ry x Q. P is the sub-o-algebra of Br, ® F
generated by left-continuous adapted processes. More precisely, P is gen-
erated by events of the form {(¢,w) : X;(w) € B} where X is an adapted,
left-continuous process and B € Br. Such a process is measurable, even pro-
gressively measurable (Lemma 2.4), so these events lie in Br, ® F. There
are other ways of generating P. For example, continuous processes would
also do. Left-continuity has the virtue of focusing on the “predictability”:
if we know X for all s < ¢ then we can “predict” the value X;. A thorough
discussion of P has to wait till Section 5.1 where stochastic integration with
respect to cadlag martingales is introduced. Any P-measurable function
X Ry xQ — R is called a predictable process.

Here is the existence and uniqueness statement. It is a special case of
the Doob-Meyer decomposition.

Theorem 3.32. Assume the filtration {F;} satisfies the usual conditions.
Let M be a right-continuous square-integrable martingale. Then there is a
unique predictable process (M) such that M? — (M) is a martingale.

If M is a right-continuous local L?-martingale, then there is a unique
predictable process (M) such that M? — (M) is a local martingale.
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Uniqueness above means uniqueness up to indistinguishability. (M) is
called the predictable quadratic variation. For two such processes we can
define the predictable covariation by (M,N) = (M + N) — H(M — N).
From Theorem 3.28 and the uniqueness of (M) it follows that if [M] is
predictable then [M] = (M).

Proposition 3.33. Assume the filtration satisfies the usual conditions.

(a) Suppose M is a continuous square-integrable martingale. Then (M) =
[M].

(b) Suppose M s a right-continuous square-integrable martingale with
stationary independent increments: for all s,t > 0, Mgy — My is inde-
pendent of Fs and has the same distribution as My — My. Then (M); =
t- BE[M} — M2).

Proof. Part (a). By Theorems 3.26 and 3.28, [M] is a continuous, increasing
process such that M? — [M] is a martingale. Continuity implies that [M] is
predictable. Uniqueness of (M) implies (M) = [M].

Part (b). The deterministic, continuous function ¢ ~— tE[M? — M¢] is
predictable. For any ¢ > 0 and integer k&

k—1 k—

E[M§, — M) =Y E[M{, 1y, — M3] =Y E[(M(j 1), — M;ji)?)
j=0 =0
= kE[(M; — My)?] = kE[M}? — MZ).

—_

<

Using this twice, for any rational k/n,
B[M), — M) = kE[M}),, — M) = (k/n)E[M} — Mg].

Given an irrational ¢ > 0, pick rationals ¢, \, t. Fix T > ¢,,. By right-
continuity of paths, M, — M; almost surely. Uniform integrability of
{Mfm} follows by the submartingale property

0< M2 < E[M;|F,,]

and Lemma B.15. Uniform integrability gives convergence of expectations
E[M? ] — E[M?]. Applying this above gives

E[M}? — M) = tE[M}? — MZ).
Now we can check the martingale property.
BIM2|F,) = M2 + E[M? — M2 F,) = M2 + E[(M; — M,)?|F.]
= M + E[(M;—s — Mo)?] = M? + E[M_ — Mg
= M2+ (t — s)E[M? — MZ)]. O

This proposition was tailored to handle our two main examples.
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Example 3.34. For a standard Brownian motion (B); = [B]; = t. For a
compensated Poisson process M; = N; — adt,

(M); = tE[M?] = tE[(N; — a)?] = at.

We continue this discussion for a while, although what comes next makes
no appearance later on. It is possible to introduce (M) without reference to
P. We do so next, and then state the Doob-Meyer decomposition. Recall
Definition 2.17 of an increasing process

Definition 3.35. An increasing process A is natural if for every bounded
cadlag martingale M = {M(t) : 0 <t < oo},

(3.18) E M(s)dA(s) = F M(s—)dA(s) for 0 <t < oo.
(0,¢] (0,¢]

The expectation—integral on the left in condition (3.35) is interpreted
in the following way. First for a fixed w, the function s — M(s,w) is
integrated against the (positive) Lebesgue-Stieltjes measure of the function
s+ A(s,w). The resulting quantity is a measurable function of w (Exercise
3.13). Then this function is averaged over the probability space. Similar
interpretation on the right in (3.35), of course. The expectations in (3.35)
can be infinite. For a fixed w,

M(s)dA(s)
(0,1]

so the random integral is finite.

< sgp|M(5)|A(t) < 00

Lemma 3.36. Let A be an increasing process and M a bounded cadlag
martingale. If A is continuous then (3.18) holds.

Proof. A cadlag path s — M (s,w) has at most countably many disconti-
nuities. If A is continuous, the Lebesgue-Stieltjes measure A4 gives no mass
to singletons: Aa{s} = A(s)— A(s—) = 0, and hence no mass to a countable
set either. Consequently

/(0 ] (M(s) — M(s—)) dA(s) = 0. O

Much more is true. In fact, an increasing process is natural if and only if
it is predictable. A proof can be found in Chapter 25 of [10]. Consequently
the characterizing property of (M) can be taken to be naturalness rather
than predictability.

Definition 3.37. For 0 < u < 00, let T, be the collection of stopping times
7 that satisfy 7 < u. A process X is of class DL if the random variables
{X;: 7 € T,} are uniformly integrable for each 0 < u < oco.
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The main example is the following.

Lemma 3.38. A right-continuous nonnegative submartingale is of class
DL.

Proof. Let X be a right-continuous nonnegative submartingale, and 0 <
u < oo. By (3.3)
0 < X; < BIXu|F].

By Lemma B.15 the collection of all conditional expectations on the right
is uniformly integrable. Consequently these inequalities imply the uniform
integrability of the collection {X; : 7 € T,}. O

Here is the main theorem. For a proof see Theorem 1.4.10 in [11].

Theorem 3.39. (Doob-Meyer Decomposition) Assume the underlying fil-
tration 1s complete and right-continuous. Let X be a right-continuous sub-
martingale of class DL. Then there is an increasing natural process A,
unique up to indistinguishability, such that X — A is a martingale.

Let us return to a right-continuous square-integrable martingale M. We
can now equivalently define (M) as the unique increasing, natural process
such that M7 — (M); is a martingale, given by the Doob-Meyer decomposi-
tion.

3.6. Spaces of martingales

Stochastic integrals will be constructed as limits. To get the desirable path
properties for the integrals, it is convenient to take these limits in a space
of stochastic processes rather than simply in terms of individual random
variables. This is the purpose of introducing two spaces of martingales.

Given a probability space (2, F, P) with a filtration {F;}, let My denote
the space of square-integrable cadlag martingales on this space with respect
to {F:}. The subspace of My of martingales with continuous paths is M.
My and M5 are both linear spaces.

We measure the size of a martingale M € My with the quantity
oo
(3.19) 1My =Y 27F (LA (1M 2(p)) -
k=1

| Mgllr2p) = E[|M|2]'/? is the L? norm of Mj. | -|m, is not a norm
because ||aM|| a1, is not necessarily equal to || - || M|, for a real number
a. But the triangle inequality

[M + Ny < [M][ a1 + [1N] a1



108 3. Martingales

is valid, and follows from the triangle inequality of the L? norm and because
IN(a+b)<1Aa + 1Ab fora,b>0.

Hence we can define a metric, or distance function, between two martingales
M,N € My by

(3.20) dpty (M, N) = |M — N,

A technical issue arises here. A basic property of a metric is that the
distance between two elements is zero iff these two elements coincide. But
with the above definition we have da,(M,N) = 0 if M and N are in-
distinguishable, even if they are not exactly equal as functions. So if we
were to precisely follow the axiomatics of metric spaces, indistinguishable
martingales should actually be regarded as equal. The mathematically so-
phisticated way of doing this is to regard My not as a space of processes
but as a space of equivalence classes

{M} ={N : N is a square-integrable cadlag martingale on (Q, F, P),
and M and N are indistinguishable}

Fortunately this technical point does not cause any difficulties. We shall
continue to regard the elements of My as processes in our discussion, and
remember that two indistinguishable processes are really two “representa-
tives” of the same underlying process.

Theorem 3.40. Assume the underlying probability space (2, F, P) and the
filtration {F} complete. Let indistinguishable processes be interpreted as
equal. Then My is a complete metric space under the metric dn,. The
subspace MS is closed, and hence a complete metric space in its own right.

Proof. Suppose M € My and |[M||pm, = 0. Then E[M?] = 0 for each
k € N. Since M} is a submartingale, E[M?] < E[M}] for t < k, and
consequently E[M?] = 0 for all ¢ > 0. In particular, for each fixed t,
P{M; = 0} = 1. A countable union of null sets is a null set, and so there
exists an event Qo C Q such that P(Qp) = 1 and M,(w) = 0 for all w € Qg
and ¢ € Q4. By right-continuity, then M;(w) = 0 forallw € Qp and t € Ry.
This shows that M is indistinguishable from the identically zero process.

The above paragraph shows that daq, (M, N) = 0 implies M = N, in the
sense that M and N are indistinguishable. We already observed above that
da, satisfies the triangle inequality. The remaining property of a metric is
the symmetry daq, (M, N) = da, (N, M) which is true by the definition.

To check completeness, let {M() : n € N} be a Cauchy sequence in the
metric daq, in the space M. We need to show that there exists M € M,
such that | M — M|r, — 0 as n — oo.
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For any t < k € N, first because (Mt(m) - Mt(n))2 is a submartingale,
and then by the definition (3.19),

LA E[(M™ — MM <18 B[(M™ — m)?)

< 28 M — MO g,

It follows that for each fixed ¢, {Mt(n)} is a Cauchy sequence in L?(P). By
the completeness of the space L?(P), for each t > 0 there exists a random
variable Y; € L?(P) defined by the mean-square limit

- (n) _
(3.21) nlggoE[(Mt -Y)?*] =o.

Take s < tand A € Fs. Let n — oo in the equality E[lAMt(n)] = E[lAMén)].
Mean-square convergence guarantees the convergence of the expectations,
and in the limit

(3.22) E[14Yi] = B[14Y,].
We could already conclude here that {Y;} is a martingale, but {Y;} is not
our ultimate limit because we need the cadlag path property.

To get a cadlag limit we use a Borel-Cantelli argument. By inequality
(3.8),
(3.23) P{sup |[M™ — M| > e} < e 2E[(M™ - M™)?).

0<t<k
This enables us to choose a subsequence {n} such that
(3.24) P{ sup (M) — M| >0k < 2k,
0<t<k

To achieve this, start with ng = 1, and assuming nj_1 has been chosen, pick
ng > Np_1 so that
1M — MY g, < 273

for m,n > ng. Then for m > ny,
1A E[(M,Em) _ M}gnk))2]1/2 < 2k||M(m) _ M(nk)HM2 <972k
and the minimum with 1 is superfluous since 272% < 1. Substituting this
back into (3.23) with ¢ = 27% gives (3.24) with 272% on the right-hand side.
By the Borel-Cantelli lemma, there exists an event 2 with P(;) =1
such that for w € Qy,

sup ’Mt(”k+1)(w) _ Mt(nk)((.&))| <ok

0<t<k
for all but finitely many k’s. It follows that the sequence of cadlag functions
t— Mt(n’“)(w) are Cauchy in the uniform metric over any bounded time
interval [0, 7]. By Lemma A.5 in the Appendix, for each T' < oo there exists
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a cadlag process {Nt(T) (w) : 0 <t < T} such that Mt("’“)(w) converges to
Nt(T) (w) uniformly on the time interval [0,7], as k — oo, for any w € ;.
Nt(s) (w) and Nt(T) (w) must agree for ¢t € [0,S A T}, since both are limits of
the same sequence. Thus we can define one cadlag function ¢ — M;(w) on
R, for w € Q4, such that Mt(nk)(w) converges to M;(w) uniformly on each
bounded time interval [0, 7]. To have M defined on all of €2, set M;(w) =0
for w ¢ €.

The event €2 lies in F; by the assumption of completeness of the filtra-
tion. Since Mt("’“) — My on €y while M; = 0 on Qf, it follows that M; is
Fi-measurable. The almost sure limit M; and the L? limit Y; of the sequence
{Mt(n’“)} must coincide almost surely. Consequently (3.22) becomes

(3.25) E[14M;] = E[14M]

for all A € F, and gives the martingale property for M.

To summarize, M is now a square-integrable cadlag martingale, in other
words an element of My. The final piece, namely ||[M™ — M|, — 0,
follows because we can replace Y; by M; in (3.21) due to the almost sure
equality M; =Y;.

If all M(™ are continuous martingales, the uniform convergence above
produces a continuous limit M. This shows that M$ is a closed subspace of
My under the metric day,. O

By adapting the argument above from equation (3.23) onwards, we get
this useful consequence of convergence in M.

Lemma 3.41. Suppose |[M™ — M|y, — 0 as n — co. Then for each
T < oo ande >0,
(3.26) lim P{ sup [M"™ — M;|>¢e} =0.

Furthermore, there exists a subsequence {M (")} and an event Qg such that
P(Q0) =1 and for each w € Qo and T < oo,

(3.27) lim sup [M™)(w) — My(w)| = 0.

n—oo 0<t<T

The convergence defined by (3.26) for all T < oo and € > 0 is called
uniform convergence in probability on compact intervals.

We shall write My 1o for the space of cadlag local L?-martingales with
respect to a given filtration {F;} on a given probability space (2, F, P). We
do not introduce a distance function on this space.
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Exercises

Exercise 3.1. Create a simple example that shows that E(M.|F,) = M,
cannot hold for general random times ¢ < 7 that are not stopping times.

Exercise 3.2. Let B be a standard Brownian motion and 7 = inf{t > 0 :
B, = 1}. Show that P(1 < c0) = 1, E(Bran) = E(By) for all n € N but
E(B;) = E(By) fails. In other words, optional stopping does not work for
all stopping times.

Exercise 3.3. Let 7 be a stopping time and M a right-continuous mar-
tingale. Corollaries 3.7 and 3.8 imply that M7 is a martingale for both
filtrations {F;} and {Fiar}. This exercise shows that any martingale with
respect to {Fiar} is also a martingale with respect to {F;}.

So suppose {X;} is a martingale with respect to {Fia-}. That is, X; is
Finr—measurable and integrable, and E(X; | Fsar) = X for s < t.

(a) Show that for s < ¢, 1{r < s} X; = 1{7 < s} X,. Hint. 1{r < s} X;
is Fspr-measurable. Multiply the martingale property by 1{7 < s}.

(b) Show that {X;} is a martingale with respect to {F;}. Hint. With
s <tand A € F;, start with E(14X;) = E(141{7 < s}Xy) + E(141{7 >
S}Xt).

Exercise 3.4. (Brownian motion with a random speed.) Let B, be a stan-
dard Brownian motion with filtration F? = ¢{Bs : s € [0,#]}. Let U be
a nonnegative finite random variable, independent of .7-"012, and such that
E(U'?) = co. Define the filtration G; = o{F,o(U)}. Show that for each
s >0, sU is a stopping time under filtration {G;}. Let X; = By, a process
adapted to F; = Gyy. (G is defined as in (2.4).) Show that X is not a
martingale but it is a local martingale. Hints. You need Exercise (2.20).
Compute E|X;|. There are localizing stopping times that take only values

0 and oo, or you can look at Exercise 3.6 below.

Exercise 3.5. (a) Suppose X is an adapted process and 71, ..., 73 stopping
times such that X™,..., X7 are all martingales. Show that then X7tV V7
is a martingale. Hint. In the case k = 2 write X™V™ in terms of X™, X
and X71AT2,

(b) Let M be an adapted process, and suppose there exists a sequence
of stopping times p, oo (a.s.) such that M~ is a local martingale for
each n. Show that then M is a local martingale.

Exercise 3.6. Let X be a continuous local martingale. Show that X can
be localized by the stopping times v, = inf{t > 0: |X;| > n}.

Exercise 3.7. Let X be a nonnegative local martingale such that £ Xy < co.
Show that then X is a supermartingale, and X is a martingale iff £X; =
EXy for all t > 0. Hint. Consider processes of the type Y; = X ¢ A K.
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Exercise 3.8. Let M be a right-continuous local martingale such that M} €
LY(P) for all t € R. Show that then M is a martingale. Hint. Let n — oo
in the equality E[14Mns, ]| = E[1aMspr,] for s <t and A € Fs.

Exercise 3.9. Let M be a local martingale with localizing sequence {7y}.
Suppose that for each ¢ € Ry, the sequence { Miar, }nen is uniformly inte-
grable. Show that then M is a martingale. Same hint as above.

Exercise 3.10. Let M be a local martingale with localizing sequence {7 }.
Show that M™\™ is uniformly integrable (in other words, that the family
of random variables {M;”\™ : t € R} is uniformly integrable). Hint. Use
Lemma B.15.

Exercise 3.11. Let M be some process and X; = My — My. Show that if
M is a local martingale, then so is X, but the converse is not true. For the
counterexample, consider simply M; = £ for a fixed random variable &.

Exercise 3.12. Let (Q, F, P) be a complete probability space, N = {N €
F : P(N) = 0} the class of null sets, and take a random variable X € L'(P)
but not in L?(P). For t € Ry define

{dN) 0<t<l
Fi =
T, t>1

EX, 0<t<l1

and Mt =
X, t>1.

)

Then {F;} satisfies the usual conditions and M is a martingale but not a
local L? martingale. Hint. Show that {r < 1} € o(N) for any stopping
time 7.

Exercise 3.13. Let A be an increasing process, and ¢ : Ry x 2 — R a
bounded Br, ® F-measurable function. Let T' < oo.

go(w) = o(t,w)dA(w)
(0.,7]
is an F-measurable function. Show also that, for any Br, ® F-measurable
nonnegative function ¢ : Ry x Q = Ry,

%M:A@wwwm>

is an F-measurable function. The integrals are Lebesgue-Stieltjes integrals,
evaluated separately for each w. The only point in separating the two cases
is that if ¢ takes both positive and negative values, the integral over the
entire interval [0, co) might not be defined.

Hint. One can start with ¢(t,w) = 144« (t,w) for 0 < a < b < oo and
I' € F. Then apply Theorem B.4 from the Appendix.
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Exercise 3.14. Let N = {N(¢) : 0 < ¢t < oo} be a homogeneous rate «
Poisson process with respect to {F;} and M; = N; — at the compensated
Poisson process. We have seen that the quadratic variation is [M]; = Ng
while (M), = «at. It follows that N cannot be a natural increasing process.
In this exercise you show that the naturalness condition fails for V.

(a) Let A > 0. Show that
X (t) = exp{=AN(t) + at(l — e )}
is a martingale.

(b) Show that NNV is not a natural increasing process, by showing that for
X defined above, the condition

E X(s)dN(s) =F X(s—)dN(s)
(0,t] (0,t]

fails. (In case you protest that X is not a bounded martingale, fix T > ¢
and consider X (s AT).)






Chapter 4

Stochastic Integral
with respect to
Brownian Motion

As an introduction to stochastic integration we develop the stochastic inte-
gral with respect to Brownian motion. This can be done with fewer tech-
nicalities than are needed for integrals with respect to general cadlag mar-
tingales, so the basic ideas of stochastic integration are in clearer view. The
same steps will be repeated in the next chapter in the development of the
more general integral. For this reason we leave the routine verifications in
this chapter as exercises. We develop only enough properties of the inte-
gral to enable us to get to the point where the integral of local integrands
is defined. This chapter can be skipped without loss. Only Lemma 4.2 is
referred to later in Section 5.5. This lemma is of technical nature and can
be read independently of the rest of the chapter.

Throughout this chapter, (2, F, P) is a fixed probability space with a
filtration {F;}, and B = {B;} is a standard one-dimensional Brownian mo-
tion with respect to the filtration {F;} (Definition 2.26). We assume that F
and each F; contains all subsets of events of probability zero, an assumption
that entails no loss of generality as explained in Section 2.1.

To begin, let us imagine that we are trying to define the integral fg BsdB;
through an approximation by Riemann sums. The next calculation reveals
that, contrary to the familiar Riemann and Stieltjes integrals with reason-
ably regular functions, the choice of point of evaluation in a partition interval
matters.

115
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Lemma 4.1. Fiz a number u € [0,1]. Given a partition m = {0 =tg < t; <
s <y =t} let s; = (1 —u)t; + utiy1, and define

m(m)—1
S(m) = Z Bsi(Bti+1 - By,).
=0
Then
lim S(x)=3iB? - st+ut in L*(P).

mesh(7)—0 2

Proof. First check the algebra identity

a2 02 a—c2

+(b—c)?+ (a—Db)(b—c).
Applying this,
S(ﬂ-) = %Btz - % (Bti+1 - Bti)2 + Z(Bsi - Bti)2

i
+ Z(Bti+1 - Bsi)(BSi - Bti)
7

= %B? — Sl(ﬂ') + 52(71') + 53(71')
where the last equality defines the sums Sp(7), Sa(7), and S3(7). By Propo-
sition 2.42,
lim Si(7) =3t in L*(P).

mesh(7)—0

For the second sum,

E[SQ(T[')] = Z(Sz — ti) = UZ(ti_H - tl‘) = ut,

)

and

Var[Sy(7)] = ZVar[(Bsi —B,)? =2 Z(si — ;)2

<2 (tip1 —ti)* < 2t mesh()

1

which vanishes as mesh(7) — 0. The factor 2 above comes from Gaussian
properties: if X is a mean zero normal with variance o2, then

Var[X?) = E[X?] - (B[X?)? = 30 — 0* = 20°.
The vanishing of the variance of So(7) as mesh(mw) — 0 is equivalent to

lim 052(71') —ut in L*(P).

mesh(r)—
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Lastly, we show that S3(7) vanishes in L?(P) as mesh(m) — 0.

E[Sy(m)?] = E[ <Z(Btm ~ B,)(Bs, — Bti)>2]

)

- Z E[(Bti+1 - Bsi)2(BSi B Bti)Q]

+ Z E[(Bt¢+1 - Bsi)(BSi - Bti)(Btj+1 - st)(BSj - Btj )]
i#]
= Z(ti_H — si)(si — ti) < Z(ti_H — ti)Q < tmesh(ﬂ)

which again vanishes as mesh(mw) — 0. O

Proposition 2.28 says that only one choice, namely v = 0 or that s; = ¢,
the initial point of the partition interval, makes the limit of S(7) into a
martingale. This is the choice for the It6 integral with respect to Brownian
motion that we develop.

For a measurable process X, the L2-norm over the set [0,7] x Q is

1/2
(1) B I
[0,7]
Let L2(B) denote the collection of all measurable, adapted processes X such
that
HXHLZ([O,T]xQ) < o0

for all T < co. A metric on L3(B) is defined by dz,(X,Y) = | X = Y||z,(p)
where

(4.2) X | om) =D 27 (LA X | z2(0,0x)) -
=1

As for ||||am, in Section 3.6 we use the norm notation even though |||z, ()
is not a genuine norm. The triangle inequality

1X + Yo < 1X 2oy + 1Y llo(m)
is valid, and this gives the triangle inequality
dre, (X,Y) <de,(X,Z2)+de,(Z,Y)

required for dz,(X,Y) to be a genuine metric.

To have a metric, one also needs the property d,(X,Y) = 0 iff X =
Y. We have to adopt the point of view that two processes X and Y are
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considered “equal” if the set of points (¢,w) where X (t,w) # Y (t,w) has
m ® P-measure zero. Equivalently,

(4.3) /0 T PIX() £ V(1) dt = 0.

In particular processes that are indistinguishable, or modifications of each
other have to be considered equal under this interpretation.

The symmetry dg,(X,Y) = dg,(Y,X) is immediate from the defini-
tion. So with the appropriate meaning assigned to equality, L2(B) is a
metric space. Convergence X,, — X in Lo(B) is equivalent to X,, — X in
L%([0,T] x Q) for each T < oc.

The symbol B reminds us that L2(B) is a space of integrands for sto-
chastic integration with respect to Brownian motion.

The finite mean square requirement for membership in Lo(B) is restric-
tive. For example, it excludes some processes of the form f(B;) where f is a
smooth but rapidly growing function. Consequently from Lo(B) we move to
a wider class of processes denoted by £(B), where the mean square require-
ment is imposed only locally and only on integrals over the time variable.
Precisely, £(B) is the class of measurable, adapted processes X such that

T
(4.4) P{w:/ X(t,w)*dt < 0o forallT<oo}:1.
0

This will be the class of processes X for which the stochastic integral process
with respect to Brownian motion, denoted by

t
(X-B)t:/ X, dB,
0

will ultimately be defined.

The development of the integral starts from a class of processes for which
the integral can be written down directly. There are several possible starting
places. Here is our choice.

A simple predictable process is a process of the form

n—1
(4.5) X (t,w) = (@) Loy (t) + Y &ilw) 1,1, (1)
=1

where n is finite integer, 0 =ty = t; < t3 < --- < t,, are time points, and for
0<i<n-—1,¢& is a bounded F;,-measurable random variable on (2, F, P).
Predictability refers to the fact that the value X; can be “predicted” from
{Xs : s < t}. Here this point is rather simple because X is left-continuous so
Xy =1lim X, as s /' t. In the next chapter we need to deal seriously with the
notion of predictability but in this chapter it is not really needed. We use
the term only to be consistent with what comes later. The value &y at t =0
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is irrelevant both for the stochastic integral of X and for approximating
general processes. We include it so that the value X (0,w) is not artificially
restricted.

A key point is that processes in L2(B) can be approximated by simple
predictable processes in the Lo(B)-distance. We split this approximation
into two steps.

Lemma 4.2. Suppose X is a bounded, measurable, adapted process. Then
there exists a sequence {X,} of simple predictable processes such that, for
any 0 < T < o0,

T
hmE/y&@—X@fﬁza
0

n—oo

Proof. We begin by showing that, given T' < oo, we can find simple pre-
dictable processes Yk(T) that vanish outside [0, 7] and satisfy

k—o0

(4.6) lim E/T\Y,fT)(t) — X(t)|*dt = 0.
0

Extend X to R x Q by defining X (t,w) = 0 for ¢t < 0. For each n € N and
s €10, 1], define

Z"(tw) = X(s+27"§,w)1(sa-njsra-n(1)(£) - 1oy (8).
JEZ
Z™*% is a simple predictable process. It is jointly measurable as a function of

the triple (s,t,w), so it can be integrated over all three variables. Fubini’s
theorem allows us to perform these integrations in any order we please.

We claim that
T 1 9
(4.7) lim F ﬁ/dﬂﬂﬂw—X@\:&
0 0

n—oo

This limit relies on the property called LP-continuity (Proposition A.18).

To prove (4.7), start by considering a fixed w and rewrite the double
integral as follows:

T 1
/ dt/ ds |25 (t,w) — X (t,w)|?
0 0

T 1
j : —n - 2
JEZ

T 1
—n - 2
= / dt E / dS ’X(S + 2 j,(U) - X(t, W)| 1[t_27n(j+1)7t_27n]‘) (S)
0 jeZ 0



120 4. Stochastic Integral with respect to Brownian Motion

For a fixed t, the s-integral vanishes unless
O<t—2"jandt—2""(j+1) <1,

which is equivalent to 2"(t—1) —1 < j < 2"t. For each fixed ¢ and j, change
variables in the s-integral: let h =t —s—27"j. Then s € [t—2""(j+1),t—
27"4) iff h € (0,27"]. These steps turn the integral into

T g-n
/ dt > Liong_1)—1<j<2nt) / dh | X (t = h,w) — X (t,w)]
o ‘= 0

2

2—"m T
g(2"+1)/ dh/ dt | X (¢ — h,w) — X (t,w)|*.
0 0

The last upper bound follows because there are at most 2" 4+ 1 j-values
that satisfy the restriction 2"(t — 1) — 1 < j < 2"t. Now take expectations
through the inequalities. We get

E/OTdt /01 ds |77 (t) — X (t)|" dt
< (2"+1)/02ndh{E/TdﬂX(t—h,w)—X(t,w)ﬁ}.

0

The last line vanishes as n — oo for these reasons: First,

T
lim [ dt|X(t - h,w) - X(t,w)|" =0
h—0 0

for each fixed w by virtue of LP-continuity (Proposition A.18). Since X is
bounded, the expectations converge by dominated convergence:

T
lim E [ dt|X(t —h,w) - X(t,w)|]> =0.
h—0 0

Last,

lim (2" + 1) /Ow dh{E/TdﬂX(t—h,w)—X(t,w)f} =0

n—oo 0

follows from this general fact, which we leave as an exercise: if f(x) — 0 as
x — 0, then

1 &
5/ f(z)dr -0 ase—0.
0

We have justified (4.7).
We can restate (4.7) by saying that the function

T 2
$n(s) —E/O dt |Z™5(t) — X (t)|” dt
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satisfies ¢, — 0 in L1[0,1]. Consequently a subsequence ¢y, (s) — 0 for

Lebesgue-almost every s € [0,1]. Fix any such s. Define Yk(T) = Z"™% and
we have (4.6).

To complete the proof, create the simple predictable processes {Yk(m)}
for all T'=m € N. For each m, pick k,, such that

E/ dt [V () — X (1) dt < L
0 " m

Then X, = Yk(:) satisfies the requirement of the lemma. O

Proposition 4.3. Suppose X € Lo(B). Then there erists a sequence of
simple predictable processes {Xn} such that || X — Xy| z,5) — 0.

Proof. Let X(*) = (X Ak)V(—Fk). Since |[X®) —X| < |X|and [X®) -X| =0
pointwise on R4 x €,

m

lim E [ [Xx® () - X)) dt =0

k—o0 0
for each m € N. This is equivalent to || X — X(k)HEQ(B) — 0. Given € > 0,
pick k such that || X — X(k)||£2(3) < ¢/2. Since X*) is a bounded process,
the previous lemma gives a simple predictable process Y such that || X (k) —
Y|l zym) < €/2. By the triangle inequality [|X —Y||z,(p) < e. Repeat this
argument for each ¢ = 1/n, and let X,, be the Y thus selected. This gives
the approximating sequence {X,,}. O

We are ready to proceed to the construction of the stochastic integral.
There are three main steps.

(i) First an explicit formula is given for the integral X - B of a sim-
ple predictable process X. This integral will be a continuous L?*-
martingale.

(ii) A general process X in L9(B) is approximated by simple processes
X,. One shows that the integrals X,, - B of the approximating
simple processes converge to a uniquely defined continuous L°*-
martingale which is then defined to be the stochastic integral X - B.

(iii) A localization step is used to get from integrands in Lo(B) to in-
tegrands in £(B). The integral X - B is a continuous local L?-
martingale

The lemmas needed along the way for this development make valuable
exercises. So we give only hints for the proofs, and urge the first-time reader
to give them a try. These same properties are proved again with full detail
in the next chapter when we develop the more general integral. The proofs
for the Brownian case are very similar to those for the general case.
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We begin with the integral of simple processes. For a simple predictable
process of the type (4.5), the stochastic integral is the process X - B defined
by

n—1
(4.8) (X - B)i(w) = Y &(w)(Bryynt(w) = Bipr(w)).
=1

Note that our convention is such that the value of X at ¢t = 0 does not
influence the integral. We also write I(X) = X - B when we need a symbol
for the mapping I : X — X - B.

Let Sy denote the space of simple predictable processes. It is a subspace
of L£2(B). An element X of Sy can be represented in the form (4.5) in many
different ways. We need to check that the integral X - B depends only on
the process X and not on the particular representation. Also, we need to
know that Sy is a linear space, and that the integral 7(X) is a linear map
on 82.

Lemma 4.4. (a) Suppose the process X in (4.5) also satisfies
m—1
Xi(w) = no(@)Lgop(t) + D> 1i(W) 15,005 ()
j=1

for all (t,w), where 0 = sp = 51 < 53 < -++ < 8, < 00 and n; is Fs;-
measurable for 0 < j < m — 1. Then for each (t,w),

n—1 m—1
D &(@) (Briyant(w) = Brpe(@)) = > mi(w) (Bogant (@) = Bsne(w)).-
i=1 Jj=1

In other words, X - B is independent of the representation.

(b) Sy is a linear space, in other words for X,Y € Ss and reals o and
B, aX + BY € Sy. The integral satisfies

(aX+B8Y)-B=«a(X-B)+p(Y-B).

Hints for proof. Let {uy} = {s;} U {t;} be the common refinement of
the partitions {s;} and {t;}. Rewrite both representations of X in terms
of {ur}. The same idea can be used for part (b) to write two arbitrary
simple processes in terms of a common partition, which makes adding them
easy. ([l

Next we need some continuity properties for the integral. Recall the
distance measure || - || o1, defined for continuous L2-martingales by (3.19).
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Lemma 4.5. Let X € Sy. Then X - B is a continuous square-integrable
martingale with respect to the original filtration {F;}. We have these isome-
tries:

t

(4.9) E[(X-B)}] = E/ XZ%ds forallt >0,
0

and

(4.10) X - Bl = 1 X 2o (8)-

Hints for proof. To show that X - B is a martingale, start by proving this
statement: if u < v and £ is a bounded JF,-measurable random variable,
then Z; = £(Biay — Biaw) is a martingale.

To prove (4.9), first square:

n—1
2
(X ’ B)t2 = ZSZQ (Bt/\tH_l - Bt/\ti)
i=1
+2 Z §i&i(Bint; 1 — Bint,)(Bint; 1 — Binty)-
1<j
Then compute the expectations of all terms. O

From the isometry property we can deduce that simple process approx-
imation gives approximation of stochastic integrals.

Lemma 4.6. Let X € Lo(B). Then there is a unique continuous L>-
martingale Y such that, for any sequence of simple predictable processes
{X,} such that

1X = Xolleom) — 0,
we have

Y — X, - Bljm, — 0.

Hints for proof. It all follows from these facts: an approximating sequence
of simple predictable processes exists for each process in Lo(B), a convergent
sequence in a metric space is a Cauchy sequence, a Cauchy sequence in a
complete metric space converges, the space M of continuous L?-martingales
is complete, the isometry (4.10), and the triangle inequality. [l

Note that uniqueness of the process Y defined in the lemma means
uniqueness up to indistinguishability: any process Y indistinguishable from
Y also satisfies |Y — X, - B||pm, — 0.

Now we can state the definition of the integral of Lo(B)-integrands with
respect to Brownian motion.
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Definition 4.7. Let B be a Brownian motion on a probability space (€2, F, P)
with respect to a filtration {F;}. For any measurable adapted process
X € Ly(B), the stochastic integral I(X) = X - B is the square-integrable
continuous martingale that satisfies

lim | X -B—- X, Blm,=0
n—oo
for any sequence X,, € Sy of simple predictable processes such that
|1 X = Xnllzom) — 0.

The process I(X) is unique up to indistinguishability. Alternative notation
for the stochastic integral is the familiar

t
/ X,dB, = (X - B),.
0

The reader familiar with more abstract principles of analysis should note
that the extension of the stochastic integral X -B from X € Sy to X € Lo(B)
is an instance of a general, classic argument. A uniformly continuous map
from a metric space into a complete metric space can always be extended to
the closure of its domain (Lemma A.3). If the spaces are linear, the linear
operations are continuous, and the map is linear, then the extension is a
linear map too (Lemma A.4). In this case the map is X — X - B, first
defined for X € Sy. Uniform continuity follows from linearity and (4.10).
Proposition 4.3 implies that the closure of Sz in L£o(B) is all of Lo B).

Some books first define the integral (X - B); at a fixed time ¢ as a map
from L2([0,¢] x Q, m® P) into L?(P), utilizing the completeness of L2-spaces.
Then one needs a separate argument to show that the integrals defined for
different times ¢ can be combined into a continuous martingale t — (X - B);.
We defined the integral directly as a map into the space of martingales M§
to avoid the extra argument. Of course, we did not really save work. We
just did part of the work earlier when we proved that MS$ is a complete
space (Theorem 3.40).

Example 4.8. In the definition (4.5) of the simple predictable process we
required the &; bounded because this will be convenient later. For this
section it would have been more convenient to allow square-integrable &;.
So let us derive the integral for that case. Let

m—1

X(t) = Z nil(si,sHl](t)

i=1
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where 0 < s; < -++ < s, and each 7; € L*(P) is Fs,-measurable. Check
that a sequence of approximating simple processes is given by

Z ; sz,sl+1] )

with truncated variables n(k) = (n; ANk)V (—k). And then that

)

m—1

/ X dB = Z i Bt/\51+1 Bt/\Sz)

=1
There is something to check here because it is not immediately obvious that

the terms on the right above are square-integrable. See Exercise 4.4.

Example 4.9. One can check that Brownian motion itself is an element of
L2(B). Let tf = 427" and

2"n—1

Z Btn (7] t)'

For any T' < n,

2"n—1 tnl
i+

E/ | X, (s) — Bs|*dt < Z / [(Ben — Bs)?] ds

1 n 1 -n
Z § Z+1 — t 57’1,2 .
=0

Thus X, converges to B in L2(B) as n — co. By Example 4.8

2"n—1

t
/ Xn(s)dBs = Y Bun(Binn,, — Binm).
0

i=1
By the isometry (4.12) in the next Proposition, this integral converges to
fg B,dB, in L? as n — 00, so by Lemma 4.1,

t
/ BydBy = 1B} — 1t.
0

Before developing the integral further, we record some properties.

Proposition 4.10. Let X,Y € La(B).

(a) Linearity carries over:

(aX + BY) - B=a(X -B) + B(Y - B).
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(b) We have again the isometries

t

(4.11) E[(X-B)}] = E/ X2%ds forallt>0,
0

and

(4.12) [ X - Bllae = 1 Xl 2o(5)-

In particular, if X, Y € La(B) are m ® P-equivalent in the sense (4.3), then
X -B andY - B are indistinguishable.

(c) Suppose T is a stopping time such that X (t,w) =Y (t,w) fort < 7(w).
Then for almost every w, (X - B)y(w) = (Y - B)y(w) fort < 7(w).

Hints for proof. Parts (a)—(b): These properties are inherited from the
integrals of the approximating simple processes X,. One needs to justify
taking limits in Lemma 4.4(b) and Lemma 4.5.

The proof of part (c) is different from the one that is used in the next
chapter. So we give here more details than in previous proofs.

By considering Z = X —Y, it suffices to prove that if Z € Lo(B) satisfies
Z(t,w) =0 for t < 7(w), then (Z - B)y(w) =0 for t < 7(w).

Assume first that Z is bounded, so |Z(t,w)| < C. Pick a sequence {Z,,}
of simple predictable processes that converge to Z in L2(B). Let Z, be of
the generic type (recall (4.5))

m(n)—1

Zn(t,w) = Z &' (@) Ly gm, 1(0).

i=1

(To approximate a process in Lo(B) the ¢ = 0 term in (4.5) is not needed
because values at ¢ = 0 do not affect dt-integrals.) We may assume [£]'| < C
always, for if this is not the case, replacing &' by (¢' A C) V (—C') will only
improve the approximation. Define another sequence of simple predictable
processes by

m(n)—1
Zn(t) = Z U <t 1 (D).
=1

We claim that
(4.13) Zyn — Z in Lo(B).

To prove (4.13), note first that Z,1{r <t} — Z1{r <t} = Z in L2(B). So
it suffices to show that

(4.14) Zn1{T <t} — Z, — 0 in Lo(B).
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Estimate

| Zn()1{7 < t} — Zy( <CZ\1{T<t}—1{T<t”}]1tntn (t)

z+1

< CZ Hti <7 <tifaPlapn, 1 (0).

%

Integrate over [0,T] x £, to get

T
E/ | Z ()17 < t} — Z,(t)|* dt

7,’1+1

<CQZP{tn<T<tZ+1}/ Ln g (t) dt
< CPmax{T Aty —T At :1<i<m(n)—1}.

We can artificially add partition points ¢}’ to each Z,, so that this last quan-
tity converges to 0 as n — oo, for each fixed 7. This verifies (4.14), and
thereby (4.13).

The integral of Zn is given explicitly by

m(n)—1
(Zn - B): Z &GUr <t HBenir,, — Biner)-

By inspecting each term, we see that (En'B)t = 0if t < 7. By the definition
of the integral and (4.13), Z, - B — Z - B in M. Then by Lemma 3.41
there exists a subsequence an - B and an event )y of full probability such
that, for each w € Qy and T < oo,

(an -B)t(w) = (Z - B)¢(w) uniformly for 0 <t <T.

For any w € g, in the limit (Z - B);(w) = 0 for ¢t < 7(w). Part (c) has been
proved for a bounded process.

To complete the proof, given Z € Lo(B), let ZF)(t,w) = (Z(t,w) AN k) V
(—k), a bounded process in Lo(B) with the same property Z k) (t,w) =0 if
t < 7(w). Apply the previous step to Z (k) and justify what happens in the
limit. ([

Next we extend the integral to integrands in L£(B). Given a process
X € L(B), define the stopping times

(4.15) Ta(w) = inf{t >0: /(:X(s,w)st > n}
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These are stopping times by Corollary 2.10 because the function

t
tr—>/ X(s,w)?ds
0

is continuous for each w in the event in the definition (4.4). By this same
continuity, if 7, (w) < oo,

o Tn(w)
/ X (5,w)?1{s < T (w)} ds = / X (s,w)?ds = n.
0 0

Let X, (t,w) = X(t,w)1{t < 7,}. Adaptedness of X,, follows from {¢t <
Tn} = {1 <t} € F;. The function (t,w) — 1{t < 7,(w)} is Br, ® F-
measurable by Exercise 4.3, hence X,, is a measurable process. Together
these properties say that X,, € L2(B), and the stochastic integrals X,, - B
are well-defined.

The goal is to show that there is a uniquely defined limit of the processes
X, - B as n — 0o, and this will then serve as the definition of X - B.

Lemma 4.11. For almost every w, (X, - B)i(w) = (X, - B)¢(w) for all
t < T (W) A mp(w).

Proof. Immediate from Proposition 4.10(c). O

The lemma says that, for a given (t,w), once n is large enough so that
Tn(w) > t, the value (X, - B)¢(w) does not change with n. The definition
(4.4) guarantees that 7,(w) ,* oo for almost every w. These ingredients
almost justify the next extension of the stochastic integral to £(B).

Definition 4.12. Let B be a Brownian motion on a probability space
(Q, F,P) with respect to a filtration {F;}, and X € L(B). Let Qy be
the event of full probability on which 7,, * oo and the conclusion of Lemma
4.11 holds for all pairs m,n. The stochastic integral X - B is defined for
w € Qy by

(4.16) (X - B)t(w) = (X, - B)t(w) for any n such that 7,(w) > t.
For w ¢ Qp define (X - B)¢(w) = 0. The process X - B is a continuous local
L?-martingale.
To justify the claim that X - B is a local L?-martingale, just note that
{mn} serves as a localizing sequence:
(X - B)i" = (X - B)inr, = (Xn - B)inr, = (Xn - B)i",

so (X - B)™ = (X,, - B)™, which is an L?-martingale by Corollary 3.7. The
above equality also implies that (X - B);(w) is continuous for ¢ € [0, 7, (w)],
which contains any given interval [0, 7] if n is taken large enough.
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It seems somewhat arbitrary to base the definition of the stochastic
integral on the particular stopping times {7,}. The property that enabled
us to define X - B by (4.16) was that X (¢)1{t < 7,} is a process in the space
L2(B) for all n. Let us make this into a new definition.

Definition 4.13. Let X be an adapted, measurable process. A nonde-
creasing sequence of stopping times {o,} is a localizing sequence for X if
X(t)1{t < o} is in Lo(B) for all n, and o, * co with probability one.

One can check that X € £(B) if and only if X has a localizing sequence
{on} (Exercise 4.6). Lemma 4.11 and Definition 4.12 work equally well
with {7,} replaced by an arbitrary localizing sequence {o,}. Fix such a
sequence {oy,} and define X,,(t) = 1{t < 0,} X (¢). Let €; be the event of
full probability on which o, * 0o and for all pairs m, n, ()A(:m-B)t = ()?n-B)t
for t < oy A oy. (In other words, the conclusion of Lemma 4.11 holds for
{on}.) Let Y be the process defined by

(4.17) Yi(w) = (X, - B)¢(w) for any n such that o, (w) > t,
for w € 4, and identically zero outside ;.

Lemma 4.14. Y = X - B in the sense of indistinguishability.

Proof. Let {25 be the intersection of the full-probability events Q5 and
defined previously above (4.16) and (4.17). By applying Proposition 4.10(c)
to the stopping time o, A 7, and the processes X,, and )Z'n, we conclude that
for almost every w € Qg, if t < oy, (w) A T (w),

Vi) = (%n Bu(w) = (X0 Bly(w) = (X - By(w).
Since oy, (w) A Th(w) 7 0o, the above equality holds almost surely for all

0<t< . O

This lemma tells us that for X € £(B) the stochastic integral X - B can
be defined in terms of any localizing sequence of stopping times.

Exercises

Exercise 4.1. Show by example that it is possible to have F fol\Xt\ dt < oo
but still E|X;| = oo for some fixed time ¢ € [0, 1].

Exercise 4.2. Let X be a continuous, adapted process such that

E( sup |X¢]?) < o0 for all T' < oo.
te[0,7)
Let 7" = {0 = s{ < s} < s§ < --- } be any sequence of partitions of R4 such

that, for each fixed n, s} /0o asi / oo while mesh 7™ = sup; (sj’, | —s}') =
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0 as n — oo. Let g, be the truncation g,(z) = (z An)V (—n). Show that

the processes
Z gn z s 7,+1]( )
i>0

are simple predictable processes that satisfy || X, — X||z,5) — 0.
Exercise 4.3. Show that for any [0, co]-valued measurable function Y on
(2, F), the set {(s,w) € Ry x Q:Y(w) > s} is Br, ® F-measurable.

Hint. Start with a simple Y. Show that if Y, 7 Y pointwise, then

{(s,w) : Y(w) > s} =,{(s,w) : Yy (w) > s}.

Exercise 4.4. Suppose 1 € L?(P) is F; measurable and ¢ > s. Show that
E[n*(By — B,)?] = E[n?] - E[(B; — Bs)?]
by truncating and using monotone convergence. In particular, this implies
that n(B; — Bs) € L*(P).
Complete the details in Example 4.8. You need to show first that X —
X in L9(B), and then that

m—1

/ Xi(s)dBs = > i(Binsisy — Bins,) in M5,

=1

Exercise 4.5. Show that B? is a process in £2(B) and evaluate

t
/ B2dB,.
0

Hint. Follow the example of fot B, dB;s. Answer: %Bf’ — fg B, ds.

Exercise 4.6. Let X be an adapted, measurable process. Show that X €
L(B) if and only if X has a localizing sequence {0, } in the sense of Definition
4.13.

Exercise 4.7. (Integral of a step function in £(B).) Fix 0 =ty < t; <
- < tpr < oo, and random variables 7g,...,ny—1. Assume that 7; is al-
most surely finite and F¢,-measurable, but make no integrability assumption.

Define
Z i (W) (1, 1:,1)(8)-

The task is to show that g € £(B ) (Vlrtually immediate) and that
M-1

t
/ 9(5) dBs = Z Ui(Bti+1At - Bti/\t)
0

i=0
as one would expect.
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Hints. Show that o,(w) = inf{t : |g(¢t,w)| > n} defines a localizing
sequence of stopping times. (Recall the convention inf () = c0.) Show that
gn(t,w) = g(t,w)1{t < o, (w)} is also a simple predictable process with the
same partition. Then we know what the approximating integrals

t
Yot w) = / gn(5,w) dBs(w)
0
look like.

Exercise 4.8. Let f be a Borel function on [0, 7] such that fOT|f|2 dt < oo.
Find the distribution of the random variable fOT f(t)dB.






Chapter 5

Stochastic Integration
of Predictable
Processes

The main goal of this chapter is the definition of the stochastic integral
f(O,t] X (s)dY (s) where the integrator Y is a cadlag semimartingale and X
is a locally bounded predictable process. The most important special case
is the one where the integrand is of the form X (t—) for some cadlag process
X. In this case the stochastic integral f(O,t] X(s—)dY(s) can be realized as
the limit of Riemann sums

Sn(t) =D X(s:)(Y(sig1 At) = Y(si A1)
1=0

when the mesh of the partition {s;} tends to zero. The convergence is then
uniform on compact time intervals, and happens in probability. Random
partitions of stopping times can also be used.

These results will be reached in Section 5.3. Before the semimartingale
integral we explain predictable processes and construct the integral with
respect to L?-martingales and local L?-martingales. Right-continuity of the
filtration {F:} is not needed until we define the integral with respect to a
semimartingale. And even there it is needed only for guaranteeing that the
semimartingale has a decomposition whose local martingale part is a local
L2-martingale. Right-continuity of {F;} is not needed for the arguments
that establish the integral.

133
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5.1. Square-integrable martingale integrator

Throughout this section, we consider a fixed probability space (2, F, P) with
a filtration {F;}. M is a square-integrable cadlag martingale relative to the
filtration {F;}. We assume that the probability space and the filtration are
complete. In other words, if N € F has P(N) = 0, then every subset F' C N
is a member of F and each F;. Right-continuity of the filtration {F;} is not
assumed unless specifically stated.

5.1.1. Predictable processes. Predictable rectangles are subsets of R x
Q of the type (s,t] x F where 0 < s < t < oo and F € Fg, or of the
type {0} x Fy where Fy € Fy. R stands for the collection of all predictable
rectangles. We regard the empty set also as a predictable rectangle, since
it can be represented as (s,t] x . The o-field generated by R in the space
R x Q is denoted by P and called the predictable o-field. P is a sub-o-field
of Br, ® F because R C Br, ® F. Any P-measurable function X from
R x Q into R is called a predictable process.

A predictable process is not only adapted to the original filtration {F;}
but also to the potentially smaller filtration {F;_} defined in (2.6) [Exercise
5.1]. This gives some mathematical sense to the term “predictable”, because
it means that X, is knowable from the information “immediately prior to ¢”
represented by Fi_.

Predictable processes will be the integrands for the stochastic integral.
Before proceeding, let us develop additional characterizations of the o-field

P.

Lemma 5.1. The following o-fields on R4 x ) are all equal to P.
(a) The o-field generated by all continuous adapted processes.
(b) The o-field generated by all left-continuous adapted processes.

(c) The o-field generated by all adapted caglad processes (that is, left-
continuous processes with right limits).

Proof. Continuous processes and caglad processes are left-continuous. Thus
to show that o-fields (a)—(c) are contained in P, it suffices to show that all
left-continuous processes are P-measurable.

Let X be a left-continuous, adapted process. Let

Xy (t,w) = Xo(w)1y(0) + Z Xig-n(W)1(ia—n (i41)2-7](1)-
i=0
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Then for B € Br,
{(t,w) : Xp(t,w) € B} = {0} x {w: Xo(w) € B}

oo
U U{(irn, (i 41)27] % {w: Xipn(w) € B}}
i=0
which is an event in P, being a countable union of predictable rectangles.
Thus X,, is P-measurable. By left-continuity of X, X, (t,w) — X (t,w) as
n — oo for each fixed (¢,w). Since pointwise limits preserve measurability,
X is also P-measurable.

We have shown that P contains o-fields (a)—(c).

The indicator of a predictable rectangle is itself an adapted caglad pro-
cess, and by definition this subclass of caglad processes generates P. Thus
o-field (c) contains P. By the same reasoning, also o-field (b) contains P.

It remains to show that o-field (a) contains P. We show that all pre-
dictable rectangles lie in o-field (a) by showing that their indicator functions
are pointwise limits of continuous adapted processes.

IfX = 1{0}><F0 fOI' F() S .F'()7 let

l1—nt, 0<t<1/n
gn(t) =
0, t>1/n,

and then define X, (t,w) = 1g,(w)gn(t). X, is clearly continuous. For a
fixed ¢, writing

X,(0) = {gn(t)lpo, 0<t<1/n
0, t>1/n,
and noting that Fy € F; for all ¢ > 0, shows that X,, is adapted. Since
Xn(t,w) = X(t,w) as n — oo for each fixed (¢,w), {0} x Fy lies in o-field
(a).
If X =1(xr for F' € Fy, let

n(t —u), u<t<u+1/n
() = 1 & utl/n<t<uv
U 1=t —v), v<t<v+1/n

0, t<wort>v+1/n.

Consider only n large enough so that 1/n < v — u. Define X, (t,w) =
1r(w)hn(t), and adapt the previous argument. We leave the missing details
as Exercise 5.3. O

The previous lemma tells us that all continuous adapted processes, all
left-continuous adapted processes, and any process that is a pointwise limit
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[at each (t,w)] of a sequence of such processes, is predictable. It is impor-
tant to note that left and right continuity are not treated equally in this
theory. The difference arises from the adaptedness requirement. Not all
right continuous processes are predictable. However, an arbitrary determin-
istic process, one that does not depend on w, is predictable. (See Exercises
5.2 and 5.4).

Given a square-integrable cadlag martingale M, we define its Doléans
measure pys on the predictable o-field P by

(51) MM(A) =F 000 1A(t,w)d[M]t(w), AeP.

The meaning of formula (5.1) is that first, for each fixed w, the function
t = 14(t,w) is integrated by the Lebesgue-Stieltjes measure Afys,y of the
nondecreasing right-continuous function ¢ — [M];(w). The resulting integral
is a measurable function of w, which is then averaged over the probability
space (€2, F, P) (Exercise 3.13). Recall that our convention for the measure
A{an)(w){0} of the origin is

Apry(){0} = [M]o(w) — [M]o—(w) =0—0=0.

Consequently integrals over (0, 00) and [0, 00) coincide in (5.1).

Formula (5.1) would make sense for any A € Br, ® F. But we shall see
that when we want to extend pps beyond P, formula (5.1) does not always
provide the right extension. Since

(5.2) ([0, T] x Q) = B([M]r) = E(Mf — M§) < oo
for all T' < oo, the measure pys is o-finite.

Example 5.2 (Brownian motion). If M = B, standard Brownian motion,
we saw in Proposition 2.42 that [B]; = ¢. Then

up(A) =E 1A(t,w)dt = m @ P(A)
[0,00)

where m denotes Lebesgue measure on Ry. So the Doléans measure of
Brownian motion is m ® P, the product of Lebesgue measure on R, and
the probability measure P on §2.

Example 5.3 (Compensated Poisson process). Let N be a homogeneous
rate « Poisson process on R4 with respect to the filtration {F;}. Let M; =
N; — at. We claim that the Doléans measure of uys is am ® P, where as
above m is Lebesgue measure on R;. We have seen that [M] = N (Example
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3.25). For a predictable rectangle A = (s,t] x F with F' € Fj,

upm(A)=FE o )1A(u,w)d[M]u(w) =F o )1F(w)1(57t} (u)dNy(w)
= E[1p - (Ny — N,)] = E[1p] E[(N; — N;)]

= P(F)a(t—s) =am® P(A).

A crucial step above used the independence of Ny — Ny and Fs which is
part of the definition of a Poisson process. Both measures pps and am ® P
give zero measure to sets of the type {0} x Fy. We have shown that pps
and am ® P agree on the class R of predictable rectangles. By Lemma B.5
they then agree on P. For the application of Lemma B.5, note that the
space Ry x  can be written as a countable disjoint union of predictable
rectangles: Ry x Q= ({0} x Q) UU,>0(n,n+1] x €.

For predictable processes X, we define the L? norm over the set [0, T'] x {2
under the measure pys by

1/2
1X s =( / rX|2duM)
[0,T]xQ

(53) |
- (E/[O,T]|X “’w”?d[Mh(w))l/Q.

Let Lo = Lo(M,P) denote the collection of all predictable processes X
such that | X||u,,, 7 < oo for all T < co. A metric on Ly is defined by
dr, (X, Y) = ||X = Y|z, where

o
(5-4) 1Xles = Y27 * (LA IX llung i) -
k=1

Lo is not an L? space, but instead a local L? space of sorts. The discussion
following definition (3.19) of the metric on martingales can be repeated
here with obvious changes. In particular, to satisfy the requirement that
dr, (X, Y) =0iff X =Y, we have to regard two processes X and Y in Lo
as equal if

(5.5) pn{(t,w) : X(t,w) #Y(t,w)} =0.
Let us say processes X and Y are pps-equivalent if (5.5) holds.

Example 5.4. For both Brownian motion and the compensated Poisson
process, the form of ups tells us that a predictable process X lies in Lo if
and only if

T
E/ X(s,w)*ds < oo forall T < 0.
0
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For Brownian motion this is the same integrability requirement as imposed
for the space Lo(B) in Chapter 4, except that now we are restricted to
predictable integrands while in Chapter 4 we were able to integrate more
general measurable, adapted processes. This shortcoming will be fixed in
Section 5.5

Example 5.5. Suppose X is predictable and bounded on bounded time
intervals, in other words there exist constants Cp < oo such that, for almost
every w and all T' < oo, | X¢(w)| < Cp for 0 < ¢ <T. Then X € Lo(M,P)
because

E X(s)%d[M]s < C2E{[M]r} = CZE{M? — M2} < cc.
0,7

5.1.2. Construction of the stochastic integral. In this section we de-
fine the stochastic integral process (X - M); = f(O,t] X dM for integrands
X € L. There are two steps: first an explicit definition of integrals for a
class of processes with a particularly simple structure, and then an approx-
imation step that defines the integral for a general X € L.

A simple predictable process is a process of the form

(5.6) Xi(w) = &o(w)lgoy(t) + Z& Lt t,,4)(8)

where n is a finite integer, 0 =ty = t; < tz < --- < t, are time points, &; is
a bounded Fi,-measurable random variable on (Q, F, P) for 0 <i <n — 1.
We set t1 = tg = 0 for convenience, so the formula for X covers the interval
[0,t,] without leaving a gap at the origin.

Lemma 5.6. A process of type (5.6) is predictable.

Proof. Immediate from Lemma 5.1 and the left-continuity of X.

Alternatively, here is an elementary argument that shows that X is P-
measurable. For each & we can find F; -measurable simple functions

m(i,N)
N __ i, N
= E Bj ]_FN
=1

such that 7V (w) — &(w) as N — oo. Here B;’N are constants and F;N €
Fi,- Adding these up, we have that

Xt(W) = ]\;E’)n { 1{0} + Z 77@ tl,ti+1](t) }

n—1 ( 7N)
0,N z‘,N
6j 1{0}><F](.)’N (t,w) + Z Z Bj tz,tl-s-1]><FZ w (t, w)}
i=1 j=1
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The last function is clearly P-measurable, being a linear combination of indi-
cator functions of predictable rectangles. Consequently X is PP-measurable
as a pointwise limit of P-measurable functions. O

Definition 5.7. For a simple predictable process of the type (5.6), the
stochastic integral is the process X - M defined by

n—1
(5.7) (X - M)y(w) =D &i(w) (M, nt(w) = My ni(w)).
=1

Note that our convention is such that the value of X at ¢ = 0 does not
influence the integral. We also write I(X) = X - M when we need a symbol
for the mapping [ : X — X - M.

Let So denote the subspace of Lo consisting of simple predictable pro-
cesses. Any particular element X of Ss can be represented in the form (5.6)
with many different choices of random variables and time intervals. The
first thing to check is that the integral X - M depends only on the process X
and not on the particular representation (5.6) used. Also, let us check that
the space 8> is a linear space and the integral behaves linearly, since these
properties are not immediately clear from the definitions.

Lemma 5.8. (a) Suppose the process X in (5.6) also satisfies

Xi(w) = no(w) Loy () + Z 15(@) L (s;,511 ()

for all (t,w), where 0 = sp = 51 < 53 < -++ < 8, < 00 and n; is Fs;-
measurable for 0 < j < m — 1. Then for each (t,w),

n—1
D &iw) (Miyni(w) = My a(w Zm (M, nt(w) — My pe(w)).
=1

In other words, X - M is independent of the representation.

(b) Sy is a linear space, in other words for X,Y € Ss and reals o and
B, aX + BY € Sy. The integral satisfies

(aX4+8Y) M=«oX-M)+ (Y -M).

Proof. Part (a). We may assume s,, = t,. For if say ¢, < s,,, replace n
by n + 1, define t,,11 = s, and &,(w) = 0, and add the term &1, 4.,
to the {¢,t;}-representation (5.6) of X. X did not change because the
new term is zero. The stochastic integral X - M then acquires the term
En(My,  nt — My, n¢) which is identically zero. Thus the new term in the
representation does not change the value of either X;(w) or (X - M)¢(w).
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Let T' = s, = tp, and let 0 = u; < up < --- < u, = T be an ordered
relabeling of the set {s; : 1 < j < m}U{t; : 1 < i < n}. Then for each
1 <k < p—1 there are unique indices ¢ and j such that

(ks uk1] = (i, tiga] N (85, 8541]-
For t € (ug, upt1), Xi(w) = &i(w) and Xy(w) = nj(w). So for these particular
i and Jy &= 5.

The proof now follows from a reordering of the sums for the stochastic
integrals.

n—1

Z gi(Mti+1At - Mti/\t)

=1
n—1 p—1

= §’L (Muk+1At - Muk/\t)]-{(uh 'U/k+ﬂ g (t27 ti+1]}
=1 k=1
p—1 n—1

= Z(Mukﬂ/\t — Muy,nt) Zfil{(uk,umﬂ C (tistiv1]}
k=1 =1
p—1 m—1

= (Mot = Mugne) > i1 { (g, wer1] € (5, 85411}
k=1 j=1
m—1 p—1

= Ui (Muk+1/\t - Muk/\t)l{<uka uk+1] - (Sj7 Sj‘f'l]}
Jj=1 k=1
m—1

’r’j(MSj+1/\t - MS]‘/\t)-

<.
Il
—_

Part (b). Suppose we are given two simple predictable processes

n—1
Xt =&lyy(t) + Z §il it ti14) (1)
i=1
and
m—1
Yy =nolgoy(t) + Y 0jl(ss000) (1.
=1

As above, we can assume that T' = t,, = s,,, by adding a zero term to one of
these processes. As above, let {uy : 1 < k < p} be the common refinement
of {s; : 1 < j < m}and {t; : 1 <i < n}, as partitions of [0,7]. Given
1<k<p-—1,leti=i(k) and j = j(k) be the indices defined by

(wk, 1) = (ti, tige1] N (55, 8541]-
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Define pp(w) = &) (w) and (x(w) = njx)(w). Then
p—1

Xi=&liop(t) + D prLugup ] (1)
k=1

and
p—1

Yy =n0lop(t) + Y el ugugsr) (t)-

The representation
p—1
aX; + BY; = (ao + Bno)Lioy(t) + > _(apr + BG)L(uy w11 ()
k=1
shows that aX + BY is a member of S;. According to part (a) proved
above, we can write the stochastic integrals based on these representations,
and then linearity of the integral is clear. O

To build a more general integral on definition (5.7), we need some con-
tinuity properties.

Lemma 5.9. Let X € So. Then X - M is a square-integrable cadlag mar-
tingale. If M is continuous, then so is X - M. These isometries hold: for
allt >0

(5.8) E[(X - M) :/ X2 duyy
[0,t]x2

and

(5.9) [ X - M| pp = [1X ] 2,

Proof. The cadlag property for each fixed w is clear from the definition
(5.7) of X - M, as is the continuity if M is continuous to begin with.

Linear combinations of martingales are martingales. So to prove that
X - M is a martingale it suffices to check this statement: if M is a mar-
tingale, © < v and £ is a bounded JF,-measurable random variable, then
Zy = &(Mygpny — Mipy,) is @ martingale. The boundedness of £ and integrabil-
ity of M guarantee integrability of Z;. Take s < t.

First, if s < u, then
Zt‘f Mt/\v Mt/\u) ‘ fs]

= E[¢
E[ E{Mt/\v Mt/\u‘]:u} } J—"s]
0=
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because Mipy, — Miny = 0 for t < u, and for ¢ > u the martingale property
of M gives

E{Mt/\v - Mt/\u’]:u} = E{Mt/\v‘]:u} - Mu =0.

Second, if s > wu, then also t > s > wu, and it follows that & is Fs-
measurable and M;in, = M, = Mg, is also Fs-measurable. Then

E[Zi|Fs) = E[§(Mipy — Minu) | Fi]
= §E[Mt/\u — Mspn ‘ ]:s]
= {(B[Mipo|Fs] = Mspu)
= f(Ms/\v - Ms/\u) = Zs.
In the last equality above, either s > v in which case Miny, = M, = Mgp,

is Fs-measurable, or s < v in which case we use the martingale property of
M.

We have proved that X - M is a martingale.

Next we prove (5.8). After squaring,

n—1
2
(X ’ M)% - Z 57,2 (Mt/\tH_l - Mt/\ti)
=1
+ 2 Z fz’fj(Mt/\tH_l - Mt/\ti)(Mt/\t]'+1 - Mt/\tj)'
1<j

We claim that each term of the last sum has zero expectation. Since i < 7,
tiy1 < t; and both § and ¢; are ]-"tj-measurable.

E [Eigj(MtAti+1 - Mt/\ti)(Mt/\tj+1 - Mt/\tj)]
= E[§i§j<Mt/\ti+1 - Mt/\ti)E{Mt/\t]‘+1 - Mt/\t]' ’ftj }:| =0
because the conditional expectation vanishes by the martingale property of

M.

Now we can compute the mean of the square. Let ¢ > 0. The key point
of the next calculation is the fact that M? — [M] is a martingale.

n—1
E[(X ) M)?] = Z E[&E (Mt/\tz'+1 - Mt/\ti)2]
=1

n—1

- Z E[&Z?E{(Mt/\tprl - Mt/\ti)2 ’ ‘Bz}]
=1
n—1

- Z E[ng{MIfQAt1+1 - Mtz/\ti
=1

Fti}]
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:ZE@E{ Jintip — [M] ]

= Z B[ ([Mlintsyr — [M]ine,)]
=1
n—1
= ; E[ﬁ /[O’t] 1(t¢,ti+1}(5) d[M}s}
=k {/[0 (501{0} + Z 52 twtz+1] ) [M]S]
_ { /{0 (o100 (s) + Z@ ot )2 d[M]S}

= / X2duy.
[0,¢]xQ

In the third last equality we added the term £31yoy(s) inside the d[M],-
integral because this term integrates to zero (recall that A {0} = 0). In
the second last equality we used the equality

n—1
631{0} (s) + Z gizl(tmtiﬂ]( ({01{0} + Z &il( tutzﬂ] >
=1

which is true due to the pairwise disjointness of the time intervals.

The above calculation checks that
(X - M)l 2(py = 1 X s

for any ¢ > 0. Comparison of formulas (3.19) and (5.4) then proves (5.9). O

Let us summarize the message of Lemmas 5.8 and 5.9 in words. The
stochastic integral I : X — X - M is a linear map from the space Ss of
predictable simple processes into Ms. Equality (5.9) says that this map is
a linear isometry that maps from the subspace (Sz,dr,) of the metric space
(L2,dg,), and into the metric space (Mg, da,). In case M is continuous,
the map goes into the space (M$, d,).

A consequence of (5.9) is that if X and Y satisfy (5.5) then X - M and
Y - M are indistinguishable. For example, we may have Y; = X; 4+ (1{t = 0}
for a bounded Fp-measurable random variable . Then the integrals X - M
and Y - M are indistinguishable, in other words the same process. This is
no different from the analytic fact that changing the value of a function f
on [a,b] at a single point (or even at countably many points) does not affect
the value of the integral ff f(z)dx
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We come to the approximation step.

Lemma 5.10. For any X € Lo there exists a sequence X, € Sy such that
X = Xnllz, = 0.

Proof. Let £y denote the class of X € L, for which this approximation is
possible. Of course S, itself is a subset of Ls.
Indicator functions of time-bounded predictable rectangles are of the

form

1{0}><F0 (t,w) = 1r, (w)l{O} (t),
or

1(u,v]><F(t7 U.)) = 1F(w)1(u,v] (t),
for Fp € Fy, 0 <u < v < oo, and F € F. They are elements of S due to
(5.2). Furthermore, since S is a linear space, it contains all simple functions
of the form

(5.10) X(t,w) = cilg,(t,w)
=0

where {c;} are finite constants and {R;} are time-bounded predictable rect-
angles.

The approximation of predictable processes proceeds from constant mul-
tiples of indicator functions of predictable sets through P-measurable simple
functions to the general case.

Step 1. Let G € P be an arbitrary set and ¢ € R. We shall show that
X = clg lies in Lo. We can assume ¢ # 0, otherwise X =0 € S;. Again by
(5.2) clg € L2 because

1/2
1e16 n 7 = Il - (G 1 ([0, T x 2))? < 00

for all T < 0.

Given € > 0 fix n large enough so that 27" < /2. Let G,, = GN ([0, n] X
). Consider the restricted o-algebra

P,={AeP:AC0,n]xQt={BN([0,n] xQ): BeP}

P is generated by the collection R, of predictable rectangles that lie in
[0,n] x 2 (Exercise 1.8 part (d)). Ry, is a semialgebra in the space [0, n] x Q.
(For this reason it is convenient to regard () as a member of R,,.) The algebra
A, generated by R, is the collection of all finite disjoint unions of members
of R, (Lemma B.1). Restricted to [0, n] x €, us is a finite measure. Thus by
Lemma B.2 there exists R € A, such that py(G,AR) < |c| =22 /4. We can
write R = R1U---UR,, as a finite disjoint union of time-bounded predictable
rectangles.
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Let Z = c1i. By the disjointness,

p p
Z = ClR = Cl{U Rl} = ZClRi
=1 i=1

so in fact Z is of type (5.10) and a member of Sa. The Lo-distance between
Z = cli and X = clg is now estimated as follows.

n
1Z = X||g, < Z 27]{”613 - C]-GH#M,k +27"
k=1

n 1/2
§Z2k’6|</ ]13—1@\2d,uM> +¢e/2
k=1 [0,k]x2

1/2
§|C|</ |1R—1Gn|2d,uM> +¢e/2
[0,n]x$2

= |e|pup (GuAR)V? +6/2 < e.
Above we bounded integrals over [0, k] x © with the integral over [0,n] x §2

for 1 < k < n, then noted that 15(t,w) = 1¢, (t,w) for (t,w) € [0,n] x Q,
and finally used the general fact that

|14 —1p| =14aB

for any two sets A and B.

To summarize, we have shown that given G € P, ¢ € R, and ¢ > 0,
there exists a process Z € Sy such that [|[Z — clgl|z, < €. Consequently
clg € Zz.

Let us observe that Lo is closed under addition. Let XY € Lo and
X, Y, € S be such that || X, — Xz, and ||Y;, — Y|z, vanish as n — oo.
Then X,, + Y, € S and by the triangle inequality

(X +Y) = (X +Yo)llz, < 1Xn — Xz, + [[Xn = X[|2, = 0.

From this and the proof for c1g we conclude that all simple functions of the
type

n
(5.11) X =) ¢lg, withe € Rand G € P,
=1

lie in /32.

Step 2. Let X be an arbitrary process in L5. Given £ > 0, pick n so
that 27" < ¢/3. Find simple functions X, of the type (5.11) such that | X —
Xm| <|X| and X, (t,w) = X (t,w) for all (¢,w). This is just an instance of
the general approximation of measurable functions with simple functions, as
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for example in (1.3). Since X € L2([0,n] %, Py, uar), Lebesgue’s dominated
convergence theorem implies for 1 < k < n that

1/2
limsup|| X — Xop [y, 1 < lim </ X — Xp)? d,uM) =0.
[0,n]x$2

m—00 m—oo

Consequently

n
limsup|| X — Xz, < ZQ_k limsup||X — Xop || g,k +€/3 =€/3.
Fix m large enough so that || X — X, ||z, < e/2. Using Step 1 find a process
Z € 8y such that || X, — Z||z, < /2. Then by the triangle inequality
| X — Z||z, <e. We have shown that an arbitrary process X € Ly can be
approximated by simple predictable processes in the Ls-distance. O

Now we can state formally the definition of the stochastic integral.

Definition 5.11. Let M be a square-integrable cadlag martingale on a
probability space (2, F, P) with filtration {F;}. For any predictable process
X € Lo(M,P), the stochastic integral I(X) = X - M is the square-integrable
cadlag martingale that satisfies

lim | X -M - X, - M|m, =0

n—oo

for every sequence X,, € Sy of simple predictable processes such that || X —
Xnllz, = 0. The process I(X) is unique up to indistinguishability. If M is
continuous, then so is X - M.

Justification of the definition. Here is the argument that justifies the
claims implicit in the definition. It is really the classic argument about
extending a uniformly continuous map into a complete metric space to the
closure of its domain.

Existence. Let X € Lo. By Lemma 5.10 there exists a sequence X,, € Sy
such that [|[X — X,||z, — 0. From the triangle inequality it then follows
that {X,} is a Cauchy sequence in Lo: given £ > 0, choose ng so that

| X — Xullz, <e/2 for n > ng. Then if m,n > ny,
[ X — Xnllz, < 1 Xm — Xllzo +[[X = Xnllz, <e.

For X,, € Sy the stochastic integral X,, - M was defined in (5.7). By the
isometry (5.9) and the additivity of the integral,

HXm M- X, MHMz = H(Xm - Xn) : MHMz = HXm - Xnuﬁz-

Consequently { X,,- M} is a Cauchy sequence in the space My of martingales.
If M is continuous this Cauchy sequence lies in the space M. By Theorem
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3.40 these spaces are complete metric spaces, and consequently there exists
a limit process Y = lim,, o0 X, - M. This process Y we call [(X) =X - M.

Uniqueness. Let Z, be another sequence in Sy that converges to X in
Lo. We need to show that Z,, - M converges to the same Y = X - M in Mo.
This follows again from the triangle inequality and the isometry:

HY_Zn'MHMz < HY_XR‘MHMz+HXTL'M_Z7L'MHMQ
=Y = Xy - M| pm, + [ X0 — Znll,
< ||Y - Xn - M”Mz + HXn - X”llz + ||X - Zn”llz'

All terms on the last line vanish as n — co. This shows that Z,, - M — Y,
and so there is only one process Y = X - M that satisfies the description of
the definition.

Note that the uniqueness of the stochastic integral cannot hold in a sense
stronger than indistinguishability. If W is a process that is indistinguishable
from X - M, which meant that

Plw: Wi(w) = (X - M)¢(w) forallte Ry} =1,

then W also has to be regarded as the stochastic integral. This is built into
the definition of I(X) as the limit: if || X - M — X,, - M||pm, — 0 and W is
indistinguishable from X - M, then also |W — X,, - M||pq, — 0. O

The definition of the stochastic integral X - M feels somewhat abstract
because the approximation happens in a space of processes, and it may not
seem obvious how to produce the approximating predictable simple processes
X,. When X is caglad, one can use Riemann sum type approximations
with X-values evaluated at left endpoints of partition intervals. To get Lo
approximation, one must truncate the process, and then let the mesh of the
partition shrink fast enough and the number of terms in the simple process
grow fast enough. See Proposition 5.32 and Exercise 5.12.

We took the approximation step in the space of martingales to avoid
separate arguments for the path properties of the integral. The completeness
of the space of cadlag martingales and the space of continuous martingales
gives immediately a stochastic integral with the appropriate path regularity.

As for the style of convergence in the definition of the integral, let us
recall that convergence in the spaces of processes actually reduces back to
familiar mean-square convergence. || X,, — X||z, — 0 is equivalent to having

/ 1 X,, — X|>dppys — 0 for all T < oo.
0,T]xQ
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Convergence in My is equivalent to L?(P) convergence at each fixed time ¢:
for martingales N, N € Mo,

INV = N|ag, = 0
if and only if
E| (Nt(j) - Nt)Q] — 0 for each t > 0.

In particular, at each time ¢ > 0 the integral (X - M), is the mean-square
limit of the integrals (X,, - M), of approximating simple processes. These
observations are used in the extension of the isometric property of the inte-
gral.

Proposition 5.12. Let M € My and X € Lo(M,P). Then we have the
1sometries

(5.12) E[(X - M) :/ X%dup  for allt >0,
[0,t]x§2

and

(5.13) [ X M| pp = [1X 2,

In particular, if X,Y € Lo(M,P) are pnr-equivalent in the sense (5.5), then
X -M andY - M are indistinguishable.

Proof. As already observed, the triangle inequality is valid for the distance

measures |- ||z, and || [|ar,. From this we get a continuity property. Let
Z,W € Ls.
1Zlc; = Wl < 12 = Wlieo + W, — IWle,
<1Z = Wllg,.
This and the same inequality with Z and W switched give
(5.14) 122y = Wlleo | <12 = Wle,.
This same calculation applies to || - || s, also, and of course equally well to

the L? norms on € and [0,7] x Q.

Let X, € Sz be a sequence such that ||X,, — X||z, — 0. As we proved
in Lemma 5.9, the isometries hold for X,, € §. Consequently to prove the
proposition we need only let n — oo in the equalities

R T
[0,t] x Q2
and
[ Xn - M| pmy = ([ Xnll

that come from Lemma 5.9. Each term converges to the corresponding term
with X, replaced by X.
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The last statement of the proposition follows because || X — Y|z, =0
iff X and Y are pupr-equivalent, and | X - M —Y - M||apm, = 0 iff X - M and
Y - M are indistinguishable. O

Remark 5.13 (Enlarging the filtration). Throughout we assume that M
is a cadlag martingale. By Proposition 3.2, if our original filtration {F;}
is not already right-continuous, we can replace it with the larger filtration
{Fi+}. Under the filtration {F;+} we have more predictable rectangles than
before, and hence Py (the predictable o-field defined in terms of {F;y})
is potentially larger than our original predictable o-field P. The relevant
question is whether switching to {F;+} and P, gives us more processes X
to integrate? The answer is essentially no. Only the value at t = 0 of a P-
measurable process differentiates it from a P-measurable process (Exercise
5.5). And as already seen, the value Xy is irrelevant for the stochastic
integral.

5.1.3. Properties of the stochastic integral. We prove here basic prop-
erties of the L? integral X - M constructed in Definition 5.11. Many of these
properties really amount to saying that the notation works the way we would
expect it to work. Those properties that take the form of an equality between
two stochastic integrals are interpreted in the sense that the two processes
are indistinguishable. Since the stochastic integrals are cadlag processes,
indistinguishability follows from showing almost sure equality at any fixed
time (Lemma 2.5).

The stochastic integral X - M was defined as a limit X,, - M — X - M
in Mo-space, where X, - M are stochastic integrals of approximating simple
predictable processes X,,. Recall that this implies that for a fixed time ¢, (X -
M), is the L?(P)-limit of the random variables (X,,- M);. And furthermore,
there is uniform convergence in probability on compact intervals:

(5.15) lim P{ sup (X, - M)y — (X - M),| > g} =0
for each ¢ > 0 and T < oo. By the Borel-Cantelli lemma, along some
subsequence {n;} there is almost sure convergence uniformly on compact
time intervals: for P-almost every w

lim sup [(Xp, - M)i(w) — (X - M)¢(w)| =0 for each T < oo.
These last two statements are general properties of Mo-convergence, see
Lemma 3.41.

A product of functions of ¢, w, and (¢,w) is regarded as a process in
the obvious sense: for example, if X is a process, Z is a random variable
and f is a function on Ry, then fZX is the process whose value at (¢,w)
is f(t)Z(w)X (t,w). This just amounts to taking some liberties with the
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notation: we do not distinguish notationally between the function ¢ — f(t)
on Ry and the function (¢,w) — f(t) on Ry x Q.
Throughout these proofs, when X,, € Sy approximates X € Lo, we write
X, generically in the form
k—1
(5.16) Xn(t,w) = Eo(w) Loy (1) + Y &i(@) L, 1100 (1)-

=1

We introduce the familiar integral notation through the definition

(5.17) XdM =(X -M);— (X -M)s for0<s<t.

(st]
To explicitly display either the time variable (the integration variable), or
the sample point w, this notation has variants such as

/ XdM = | XpdMy= [  Xu(w)dMy(w).
(87t] (Svt] (Svt]

When the martingale M is continuous, we can also write

t
/XdM
s

because then including or excluding endpoints of the interval make no dif-
ference (Exercise 5.6). We shall alternate freely between the different nota-
tions for the stochastic integral, using whichever seems more clear, compact
or convenient.

Since (X - M)p = 0 for any stochastic integral,

XdM = (X - M),.
(0,4]
It is more accurate to use the interval (0,t] above rather than [0,¢] because
the integral does not take into consideration any jump of the martingale at
the origin. Precisely, if  is an Fp-measurable random variable and M; =
¢ + My, then [M] = [M], the spaces Lo(M,P) and L(M,P) coincide, and
X - M = X - M for each admissible integrand.
An integral of the type

G(s,w) d[M]s(w)
(u,v]
is interpreted as a path-by-path Lebesgue-Stieltjes integral (in other words,

evaluated as an ordinary Lebesgue-Stieltjes integral over (u, v] separately for
each fixed w).
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Proposition 5.14. (a) Linearity:
(aX+p8Y) M=a(X-M)+p(Y - -M).
(b) For any 0 <u <w,

(5.18) / 1, X dM = XdM
(0,¢] (0,uAt]

and

/( | L) X dM = (X - M)ops — (X - M)une
0,t

= / X dM.
(uAt,uAt]

The inclusion or exclusion of the origin in the interval [0, v] is immaterial be-
cause a process of the type 110y (t) X (t,w) for X € La(M,P) is pps-equivalent
to the identically zero process, and hence has zero stochastic integral.

(5.19)

(c) For s <t, we have a conditional form of the isometry:

(520)  E[((X M), — (X-M),)*| F] = E[ o X2 d[M],,

]-"S] .
This implies that

(X-M)f = [ Xyd[M],
(0]

s a martingale.
Proof. Part (a). Take limits in Lemma 5.8(b).

Part (b). If X,, € Sy approximate X, then
k—1
Lo, (D Xn(t) = Sog01(t) + > &il(tnvtiyinn) ()
=1

are simple predictable processes that approximate 1, X.

k—1
((1[0,U]XTL) : M)t = Zfi(Mti+1/\’I)/\t - Mti/\v/\t)
i=1
= (Xn : M)v/\t'
Letting n — oo along a suitable subsequence gives in the limit the almost
sure equality
(LX) - M), = (X - M)one

which is (5.18). The second part (5.19) comes from 1(, X = 1) X —
L[, X, the additivity of the integral, and definition (5.17).
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Part (c). First we check this for the simple process X,, in (5.16). This
is essentially a redoing of the calculations in the proof of Lemma 5.9. Let
s < t. If s > si, then both sides of (5.20) are zero. Otherwise, fix an index
1 <m <k —1such that ¢t,, <s < ty4+1. Then

k—1

(Xn - M)y = (X - M) = &My, o0 — M)+ Y &G( My yne — M)
i=m+1

= Z éz w1 AE T ul/\t)

where we have temporarily defined u,, = s and u; = t; for ¢ > m. After
squaring,

k—1
(Xn : Mt - Xn . M8)2 = Z 512 (Mulurl/\t - Mui/\t)2
Z 5’&5] U1 N\E ul/\t)(Mqu,l/\t - MUj/\t)'

m<i<j<k

We claim that the cross terms vanish under the conditional expectation.
Since @ < j, ui+1 < u; and both §; and &; are JF,;-measurable.

[glg‘]( U1 NE T Mui/\t)(MUj+1/\t - MUj/\t) ‘ fs]
- E[&l&]( U1 Nt Mui/\t)E{Muj+1/\t - Muj‘/\t’fu]‘} ‘ ]:s] —

because the inner conditional expectation vanishes by the martingale prop-
erty of M.

Now we can compute the conditional expectation of the square.

k—1
E[((Xa - M): = (X, - M), B (6 (Muornt = Muine)” | Fi]

i=m

??‘
>—A
<.

E[@E{ vt = Mun)? | Fu} | Fo

I
)
3

T
L

E[é’t E{ uz+1/\t M’gi/\t ‘ ’Fuz} ‘ 'FS]

Il
(]

I}
3

T
L

E[&iQE{[M]UHU\t - [M]Ui/\t } ]:Uz} ‘ ‘7:3]

I
I\¢

=
L3

E[&?([M]uwl/\t - [M]Uz‘/\t) ‘ fs]

i
3
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kzlE[ / Vg () 1M | 7]
—E /,t] (501{0} +;£ Lt (v )> d[M]. fs]
= /(s,t] €110} (u +Z£Z1(tutz+1]( )>2d[M]u fs]
. / Xl dale) | 7]

Inside the d[M],, integral above we replaced the w;’s with ¢;’s because for
u € (s,t], Loy u,0)(w) = L1, (w). Also, we brought in the terms for
1 < m because these do not influence the integral, as they are supported on
[0, t,,] which is disjoint from (s, ].

Next let X € L9 be general, and X,, — X in L. The limit n — oo is
best taken with expectations, so we rewrite the conclusion of the previous
calculation as

E[(Xn - My — Xy, - My)?14] = E[lA " X (u) d[MJu}

for an arbitrary A € Fs. Rewrite this once again as

B[(Xa ML) = B[ M021] = [ X2y
(s,t]x A
All terms in this equality converge to the corresponding integrals with X,
replaced by X, because (X, - M); — (X - M); in L?*(P) and X,, — X in
L2((0,t] x Q, upr) (see Lemma A.16 in the Appendix for the general idea).
As A € F; is arbitrary, (5.20) is proved. O

Given stopping times ¢ and 7 we can define various stochastic intervals.
These are subsets of R x (). Here are two examples which are elements of
P:

0,7 ={(t,w) e Rt x2:0<t < 7(w)},
and
(o,7] ={(t,w) e Ry x Q:0(w) <t < 7(w)}.

If 7(w) = o0, the w-section of [0, 7] is [0, 00), because (co,w) is not a point
in the space Ry x . If o(w) = oo then the w-section of (o, 7] is empty. The
path t — 1jg (¢, w) = 1y, T(w)] (t) is adapted and left-continuous with right
limits. Hence by Lemma 5.1 the indicator function 1 ;j is P-measurable.
The same goes for 1(, ;). If X is a predictable process, then so is the product
l[O,T}X
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Recall also the notion of a stopped process M7 defined by M; = M.
If M € My then also M™ € Ms, because Lemma 3.5 implies

E[M?) < 2E[M?] + E[Mg).
We insert a lemma on the effect of stopping on the Doléans measure.

Lemma 5.15. Let M € My and T a stopping time. Then for any P-
measurable nonnegative function Y,

R+><Q R+><Q

Proof. Consider first a nondecreasing cadlag function G on [0,00). For
u > 0, define the stopped function G* by G"(t) = G(u At). Then the
Lebesgue-Stieltjes measures satisfy

/ h dAGu - / 1(07,“]]1 AG
(0,00) (0,00)

for every nonnegative Borel function h. This can be justified by the m-A
Theorem. For any interval (a, b],

Agu(s,t] = G*(t) — G*(s) = Glunt) — G(uAs) = Ag((s, 8] N (0,u]).

Then by Lemma B.5 the measures Agu and Ag(- N (0,u]) coincide on all
Borel sets of (0,00). The equality extends to [0, 00) if we set G(0—) = G(0)
so that the measure of {0} is zero under both measures.

Now fix w and apply the preceding. By Lemma 3.27, [M"] = [M]7, and

SO
[ Yeware = [ vwde)
[0,00) [0,00)
:/[0700)1[0,T(w)](3)Y(87w)d[M]s(w)-
Taking expectation over this equality gives the conclusion. ([

The lemma implies that the measure py - is absolutely continuous with
respect to pps, and furthermore that Lo(M,P) C Lo(MT,P).

Proposition 5.16. Let M € My, X € Lo(M,P), and let T be a stopping
time.

(a) Let Z be a bounded Fr-measurable random variable. Then Z1(; )X
and 1(; .y X are both members of Lo(M,P), and

(5.22) / Z1(; 00)X dM = Z/ 1(7,00)X dM.
(0,4] ' 04
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(b) The integral behaves as follows under stopping:
(5.23) (Lo X) - M), = (X - M)rps = (X - M),

(c) Let also N € My and 'Y € Lo(N,P). Suppose there is a stopping
time o such that Xy(w) = Yy(w) and My(w) = Ni¢(w) for 0 <t < o(w). Then
(X . M)o/\t = (Y : N)O’/\t'

Remark 5.17. Equation (5.23) implies that 7 can appear in any subset of
the three locations. For example,
(X : M)T/\t = (X . M)T/\T/\t = (X . MT)T/\t

(5.24) = (X - M) sprnt = ((1[07T]X) : MT)

TAL®

Proof. (a) Z1(; ) is P-measurable because it is an adapted caglad process.
(This process equals Z if ¢ > 7, otherwise it vanishes. If ¢ > 7 then F; C F;
which implies that Z is Fi-measurable.) This takes care of the measurability
issue. Multiplying X € Lo(M,P) by something bounded and P-measurable
creates a process in Lo(M,P).

Assume first 7 = u, a deterministic time. Let X,, as in (5.16) approxi-
mate X in L£5. Then

k-1
l(u,oo)X = Z fil(u\/t,‘,u\/ti_',l]
i=1

approximates 1(, )X in £2. And

k—1

Zl(u,OO)Xn = Z Zgil(u\/ti,u\/tiH]
i=1

are elements of Sy that approximate Z1(, o)X in Lo. Their integrals are

k—1
((Z]-(u oo)X Z Zgl (uVtig1)At — M(u\/ti)/\t)
i=1
Z(( ) - My).

Letting n — oo along a suitable subsequence gives almost sure convergence
of both sides of this equality to the corresponding terms in (5.22) at time ¢,
in the case 7 = u.

Now let 7 be a general stopping time. Define 7" by

m i27™m if (1 —1)27™ <7 <i27™ for some 1 <3 < 2™m
T =

0, if 7> m.
Pointwise 7 N\, 7 as m " 00, and 1(;m o) /" L(r,00)- Both

lei-n2-m<rcio—my and 1y 1)e-m<rcio-myZ
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are F;o—m-measurable for each i. (The former by definition of a stopping
time, the latter by Exercise 2.9.) The first part proved above applies to each

such random variable with v = 27™.
2Mm,

(Z1(rm o) X) - M = ( > 1{(i1)2‘"‘<T<i2—m}Zl(i2—m,oo)X> M
=1
2Mm
=72 Vrp-merczmy (Lapmo X) - M
=1

2Mm
= Z< Z 1{(1'1)2—m§7<¢2—m}1(i2_m’oo)X> M
=1

= Z((L(m o) X) - M).

Let m — oo. Because Zl(Tm,OO)X — Z].(T’OO)X and 1(7—m700)X — ]-(T,oo)X
in L9, both extreme members of the equalities above converge in My to the
corresponding martingales with 7" replaced by 7. This completes the proof
of part (a).

Part (b). We prove the first equality in (5.23). Let 7, =27"(|2"7| + 1)
be the usual discrete approximation that converges down to 7 as n — oc.
Let ¢(n) = |2"t| + 1. Since 7 > k27" iff 7, > (k +1)27",

£(n)

(X - M)ppt = Z 1{r > k27n}((X ) M)(k+1)2*n/\t —(X- M)k:Q*"/\t)
k=0
L(n)
— N

k t

£(n)
= /(O ]<1{0}X + Z 1{T > k2_"}1(k2_",(k+1)2—n}X> dM
! k=0

= / 1j0,) X dM.
(0.1

In the calculation above, the second equality comes from (5.19), the third
from (5.22) where Z is the Fyo-—n-measurable 1{7 > k27"}. The next to
last equality uses additivity and adds in the term 175 X that integrates to
zero. The last equality comes from the observation that for s € [0, ¢]

1[0 Tn](s w = 1{0} + Z 1{T>k2 ”} (k2*",(k+1)2*"}(8)'
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Now let n — oco. By right-continuity, (X - M), ant = (X - M)-a¢. To show
that the last term of the string of equalities converges to ((I[O’T]X )- M ) o 1t
suffices to show, by the isometry (5.12), that

. 2
lim ‘ 107X — 1[0771X| duy = 0.
=00 J10,t]x 0
This follows from dominated convergence. The integrand vanishes as n — oo
because
0 T(w) = 0

tor (@) = Ton () = {1’{T(w) <t<m@) T(w) <o

and 7, (w) \( 7(w). The integrand is bounded by | X|? for all n, and

/ | X |2 dups < oo
[0,t]x Q2

by the assumption X € L. This completes the proof of the first equality in
(5.23).

We turn to proving the second equality of (5.23). Let X,, € S as in
(5.16) approximate X in Lo(M,P). By (5.21), X € Lo(MT™,P) and the
processes X,, approximate X also in Lo(M7™,P). Comparing their integrals,
we get

(XM7Y = 3 &M e = M)
7

= Zfz’(MtiH/\t/\r - Mti/\t/\T)

1

== (Xn : M)t/\T
By the definition of the stochastic integral X - M7, the random variables
(X, - M7); converge to (X - M7)y in L? as n — oc.

We cannot appeal to the definition of the integral to assert the con-
vergence of (X, - M)inr to (X - M)iar because the time point is random.
However, martingales afford strong control of their paths. Y, (t) = (X, -
M)y — (X - M)y is an L? martingale with Y,,(0) = 0. Lemma 3.5 applied to
the submartingale Y;2(¢) implies

E[Y2(t A7) < 2B[VA(0)] = 2B[((Xa - M)r — (X - M)y)°]

and this last expectation vanishes as n — oo by the definition of X - M.
Consequently

(Xp - M)ipr = (X - M)ypr in L2
This completes the proof of the second equality in (5.23).
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Part (c). Since 1jg ;X = 1j9 Y and M7 = N°,
(X : M)t/\a = ((1[0,0]X) : Ma)t = ((1[0?U}Y) : NU)t = (Y . N)t/\a- O

Example 5.18. Let us record some simple integrals as consequences of the
properties.

(a) Let 0 < 7 be two stopping times, and £ a bounded F,-measurable
random variable. Define X = {1, ), or more explicitly,

X (w) = g(w) l(a(w),T(w)} (t)

As an adapted caglad process, X is predictable. Let M be an L?>-martingale.
Pick a constant C' > |{(w)|. Then for any T < oo,

/[OT] QX2 duns = E{&([M]rnr — [M]ont) } < CPE{[M]:rr}
= C?E{M2%,;} < C?E{M2} < oc.
Thus X € Lo(M,P). By (5.22) and (5.23),

X -M= (51(0,00)1[0,7']) M = 5((1(0,00)1[0,7}) ’ M) = 6((1[0,7'] - 1[0,0]) ’ M)
:5((1~M)T—(1-M)U) =&(MT — M?).

Above we used 1 to denote the function or process that is identically one.

(b) Continuing the example, consider a sequence 0 < 03 < g9 < +-- <
o; /* oo of stopping times, and random variables {n; : ¢ > 1} such that »; is
Fo;-measurable and C' = sup;, ,|n;(w)| < co. Let

[o¢]
X(t) = Z nil(ai,oi.;_l](t)'
i=1
As a bounded caglad process, X € Lo(M,P) for any L?-martingale M. Let

Xn(t) = Z 771'1(0'1',0'1'+1] (t)
=1

By part (a) of the example and the additivity of the integral,

n
X+ M =Y mi(M7# — M%),
i=1
X, — X pointwise. And since | X — X, | < 2C,

/[OT} Q]X — X2 dppr — 0
T x

for any T' < oo by dominated convergence. Consequently X, — X in
Lo(M,P), and then by the isometry, X, - M — X - M in Msy. From the
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formula for X, - M it is clear where it converges pointwise, and this limit
must agree with the My limit. The conclusion is

0o
X -M = Zm(McrH-l _ Mm‘).
i=1

As the last issue of this section, we consider integrating a given process
X with respect to more than one martingale.

Proposition 5.19. Let M,N € My, o, € R, and X € Lo(M,P) N
Lo(N,P). Then X € Lao(aM + BN,P), and

(5.25) X - (aM + BN) = a(X - M) + B(X - N).

Lemma 5.20. For a predictable process Y,

1/2
{/ ’Y|2 dMaM+,BN}
[0,7]x$2
1/2 1/2
ga\{/ |Y|2duM} +|ﬁ|{/ \Y\Qd/uv}-
[0, 7] [0,T]xQ

Proof. The linearity
[0M + BN] = o®[M] + 208[M, N] + 5*[N]

is inherited by the Lebesgue-Stieltjes measures. By the Kunita-Watanabe
inequality (2.19),

| P+ on). =a® [
(0,7

[0,T7]
+ﬂ2/ Y32 [NV,
(0,17

1/2
Y,[2d[M], + 2 { YSQdMs} {
P, + 24l /[O’T]r 2 M) /[OT

+ 62/ Y32 d[V]..
[0,T

Y d[M], + 208 / VL[ d[M, N],
[0,1]

1/2
\Ysﬁdms}
]

§a2/
0

)

The above integrals are Lebesgue-Stieltjes integrals over [0, T], evaluated at
a fixed w. Take expectations and apply Schwarz inequality to the middle
term. ([l

Proof of Proposition 5.19. The Lemma shows that X € Lo(aM+5N,P).
Replace the measure pps in the proof of Lemma 5.10 with the measure
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= pp + pn. The proof works exactly as before, and gives a sequence of
simple predictable processes X,, such that

/[0 . Q\X — XoPd(pps + ) = 0
, T x

for each T' < oo. This combined with the previous lemma says that X,, - X
simultaneously in spaces Lo(M,P), Lo(N,P), and Lo(aM + BN, P). (5.25)
holds for X,, by the explicit formula for the integral of a simple predictable
process, and the general conclusion follows by taking the limit. O
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5.2. Local square-integrable martingale integrator

Recall that a cadlag process M is a local L?-martingale if there exists a
nondecreasing sequence of stopping times {0y} such that o oo almost
surely, and for each k the stopped process M7 = {My s : t € Ry} is an
L?-martingale. The sequence {o},} is a localizing sequence for M. Moy o 18
the space of cadlag, local L?-martingales.

We wish to define a stochastic integral X - M where M can be a local L?-
martingale. The earlier approach via an L? isometry will not do because the
whole point is to get rid of integrability assumptions. We start by defining
the class of integrands. Even for an L?-martingale this gives us integrands
beyond the Ls-space of the previous section.

Definition 5.21. Given a local square-integrable martingale M, let L(M,P)
denote the class of predictable processes X which have the following prop-
erty: there exists a sequence of stopping times 0 < 7 < <713 < -+ <
7, < --- such that

(i) P{Tk /‘ OO} = 1,
(i) M™ is a square-integrable martingale for each k, and
(iii) the process 1jg X lies in Lo(M ™, P) for each k.
Let us call such a sequence of stopping times a localizing sequence for the

pair (X, M).

By our earlier development, for each k the stochastic integral
Y= (1,5 X) - M

exists as an element of Ms. The idea will be now to exploit the consistency
in the sequence of stochastic integrals Y*, which enables us to define (X -
M)y (w) for a fixed (¢,w) by the recipe “take Y}¥(w) for a large enough k.”
First a lemma that justifies the approach.

Lemma 5.22. Let M € Moy o and let X be a predictable process. Sup-
pose o and T are two stopping times such that M° and M7 are cadlag
L?-martingales, 10 1 X € L2(M?,P) and 191X € Lo(MT,P). Let

Zt = / 1[070.}X dMJ and Wt = / 1[077—]X dMT
(0,¢] (0,¢]
denote the stochastic integrals, which are cadlag L?-martingales. Then

Zt/\a/\T - Wt/\a/\T

where we mean that the two processes are indistinguishable.
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Proof. A short derivation based on (5.23)—(5.24) and some simple ob-
servations: (M?)" = (M7)? = M?", and 1jg 5 X, 1jpX both lie in
Lo(MNT,P).

Zinonr = ((1[0,0]X) ' Mo—)t/\o'/\/r = ((1[0,T]1[0,U}X) ' (MJ)T)t/\U/\T

= (Lo, 20 X) - (M) pgpr = (L0, X) - MT) 0
= Wt/\a/\T- 0

Let €y be the following event:
Qo ={w :7k(w) S oo as k oo, and for all (k,m),

(5.26) . .
)/;,/\Tk/\Tm (w) = Y;f/\Tk/\Tm (w) for all ¢ € R+}

P () = 1 by the assumption P{7; /" oo} = 1, by the previous lemma, and
because there are countably many pairs (k,m). To rephrase this, on the
event €)g, if £ and m are indices such that ¢ < 73 A 7., then Y;k =Y/". This
makes the definition below sensible.

Definition 5.23. Let M € My oc, X € L(M,P), and let {75} be a localiz-
ing sequence for (X, M). Define the event {2y as in the previous paragraph.
The stochastic integral X - M is the cadlag local L?>-martingale defined as
follows: on the event g set

(X . M)t(w) = ((1[07Tk}X) . MTk)t(w)

(5.27)
for any k such that 75 (w) > t.

Outside the event Qg set (X - M); = 0 for all ¢.

This definition is independent of the localizing sequence {74} in the sense
that using any other localizing sequence of stopping times gives a process
indistinguishable from X - M defined above.

Justification of the definition. The process XM is cadlag on any boun-
ded interval [0, T'] for the following reasons. If w ¢ € the process is constant
in time. If w € Qp, pick k large enough so that 74(w) > T, and note that
the path ¢ — (X - M)¢(w) coincides with the cadlag path ¢ — Y,*(w) on the
interval [0,7]. Being cadlag on all bounded intervals is the same as being
cadlag on R, so it follows that X - M is cadlag process.

The stopped process satisfies
(X : M)tTk = (X : M)Tk/\t = YTIZAt = (Yk)tTk

because by definition X - M = Y* (almost surely) on [0,7]. Y* is an
L?-martingale, hence so is (Y*)™. Consequently (X - M)™ is a cadlag L>-
martingale. This shows that X - M is a cadlag local L?-martingale.
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To take up the last issue, let {o;} be another localizing sequence of
stopping times for (X, M). Let

Wi = / L(0,0,) X dM73.
(0.4

Corresponding to the event £y and definition (5.27) from above, based on
{o;} we define an event ; with P(€2;) = 1, and on ; an “alternative”
stochastic integral by

(5.28) Wi(w) = W/ (w) for j such that oj(w) > t.

Lemma 5.22 implies that the processes WtjAUj Ar,, and Yt’XUj Ar, are indistin-
guishable. Let 29 be the set of w € 2y N Q; for which

Wihgnry (@) = Vi, pry(w)  for all t € Ry and all pairs (j, k).

P(92) = 1 because it is an intersection of countably many events of proba-
bility one. We claim that for w € Qg, (X - M)i(w) = Wi(w) for all t € Ry.
Given ¢, pick j and k so that oj(w) A 7(w) > t. Then, using (5.27), (5.28)
and w € (g, A

(X - M)(w) = Y (w) = W] (w) = Wi(w).
We have shown that X - M and W are indistinguishable, so the definition
of X - M does not depend on the particular localizing sequence used.

We have justified all the claims made in the definition. U

Remark 5.24 (Irrelevance of the time origin). The value Xy does not af-
fect anything above because 7z ({0} x Q) = 0 for any L?-martingale Z. If
a predictable X is given and X; = 1(0,00)(t) X, then pz{X # X} =0. In
particular, {7} is a localizing sequence for (X, M) iff it is a localizing se-
quence for ()Z' , M), and X - M = X -Mifa localizing sequence exists. Also,
in part (iii) of Definition 5.21 we can equivalently require that 10,7, X lies
in Lo(M™,P).

Remark 5.25 (Path continuity). If the local L2-martingale M has continu-
ous paths to begin with, then so do M ™, hence also the integrals 1jg ;M ™
have continuous paths, and the integral X - M has continuous paths.

Example 5.26. Compared with Example 5.4, with Brownian motion and
the compensated Poisson process we can now integrate predictable processes
X that satisfy

T
/ X(s,w)*ds < oo for all T < oo, for P-almost every w.
0

(Exercise 5.7 asks you to verify this.) Again, we know from Chapter 4
that predictability is not really needed for integrands when the integrator is
Brownian motion.
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Property (iii) of Definition 5.21 made the localization argument of the
definition of X - M work. In important special cases property (iii) follows
from this stronger property:

(5.20) there exist stopping times {0y} such that o} * co almost

surely and 1(g,]X is a bounded process for each k.
Let M be an arbitrary local L2-martingale with localizing sequence {v}},
and assume X is a predictable process that satisfies (5.29). A bounded
process is in Lo(Z, P) for any L?-martingale Z, and consequently 10,5)X €
Lo(M"+,P). By Remark 5.24 the conclusion extends to 1, X. Thus the
stopping times 7, = o) Ay localize the pair (X, M), and the integral X - M
is well-defined.

The time origin is left out of 1, X because 1|y ,,) X cannot be bounded
unless Xy is bounded. This would be unnecessarily restrictive.

The next proposition lists the most obvious types of predictable pro-
cesses that satisfy (5.29). In certain cases demonstrating the existence of
the stopping times may require a right-continuous filtration. Then one re-
places {F;} with {F;+}. As observed in the beginning of Chapter 3, this
can be done without losing any cadlag martingales (or local martingales).

Recall also the definition

(5.30) X7r(w) = sup |Xi(w)]
0<t<T

which is Fr-measurable for any left- or right-continuous process X, provided
we make the filtration complete. (See discussion after (3.10) in Chapter 3.)
Proposition 5.27. The following cases are examples of processes with stop-
ping times {o}} that satisfy condition (5.29).

(i) X is predictable, and for each T' < oo there exists a constant Cp < oo
such that, with probability one, X; < Cp for all 0 <t <T. Take o, = k.

(ii) X is adapted and has almost surely continuous paths. Take
o =1inf{t > 0:|X;| > k}.
(iii) X s adapted, and there exists an adapted, cadlag process Y such
that X(t) =Y (t—) fort > 0. Take
o =1nf{t >0:|Y(t)| > k or |Y(t—)| > k}.
(iv) X is adapted, has almost surely left-continuous paths, and X7} < 0o
almost surely for each T < 0o. Assume the underlying filtration {F} right-

continuous. Take
Ok = inf{t >0: ’Xt| > k}
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Remark 5.28. Category (ii) is a special case of (iii), and category (iii) is a
special case of (iv). Category (iii) seems artificial but will be useful. Notice
that every caglad X satisfies X (t) = Y (¢t—) for the cadlag process Y defined
by Y (t) = X(t+), but this Y may fail to be adapted. Y is adapted if {F;}
is right-continuous. But then we find ourselves in Category (iv).

Let us state the most important special case of continuous processes as
a corollary in its own right. It follows from Lemma 3.19 and from case (ii)
above.

Corollary 5.29. For any continuous local martingale M and continuous,
adapted process X, the stochastic integral X - M is well-defined.

Proof of Proposition 5.27. Case (i): nothing to prove.

Case (ii). By Lemma 2.10 this oy, is a stopping time. A continuous path
t — X¢(w) is bounded on compact time intervals. Hence for almost every
w, ox(w) " co. Again by continuity, |X;| < k for 0 < s < o;. Note that
if [Xo| > k then o = 0, so we cannot claim 1y ,,1|Xo| < k. This is why
boundedness cannot be required at time zero.

Case (iii). By Lemma 2.9 this oy is a stopping time. A cadlag path is
locally bounded just like a continuous path (Exercise A.1), and so oy, 7~ c0.
If o, > 0, then |X(t)] < k for t < oy, and by left-continuity | X (oy)| < k.
Note that |Y (o) < k may fail so we cannot adapt this argument to Y.

Case (iv). By Lemma 2.7 oy, is a stopping time since we assume {F;}
right-continuous. As in case (iii), by left-continuity |X,| < k for 0 < s <
op. Given w such that XJ(w) < oo for all T' < oo, we can choose kp >
supg<i<7|Xt(w)| and then of(w) > T for k > kp. Thus o oo almost
surelgf._ [l

Example 5.30. Let us repeat Example 5.18 without boundedness assump-
tions. 0 < o1 < 09 < -+ < g; ' oo are stopping times, 7; is a finite
Fs;-measurable random variable for ¢ > 1, and

o0
Xt = Z 771'1(01-,01-_,_1] (t)
=1

X is a caglad process, and satisfies the hypotheses of case (iii) of Proposition
5.27. We shall define a concrete localizing sequence. Fix M € My, and
let {pr} be a localizing sequence for M. Define

G = oj, if maxi<i<j—1|n;| <k < |n;| for some j
g oo, if |n;| <k for all i.



166 5. Stochastic Integral

That (i is a stopping time follows directly from

[e.e]

{G <t} = Ul({lglg;gllm\ <k <|nl}n{o; < t})-
]:

Also ( " oo since g; " co. The stopping times 7, = pp A (i localize the

pair (X, M).

Z.(k) = (miNk)V (=k). If t € (0; ATk, 041 A T] then necessarily

0; < 7. This implies (x > ;41 which happens iff n, = nék) for 1 </ <.
Hence

Truncate n

- k
1[077_kr] (t)Xt = ZTIE )1(0','/\Tk,0'i+1/\7'k](t)'
=1

This process is bounded, so by Example 5.18,

[e's)
k
((1[07Tk]X) ’ MTk)t = an( )<M0'i+1/\7'k/\t - MO’i/\Tk/\t)'
i=1

Taking k£ so that 1, > t, we get

o0
(X . M)t - Z /rli(M(J'i+1/\t - Mgi/\t)'
=1

We use the integral notation
XdM=(X -M),— (X -M),
(s,t]
and other notational conventions exactly as for the L? integral. The stochas-
tic integral with respect to a local martingale inherits the path properties
of the L? integral, as we observe in the next proposition. Expectations and

conditional expectations of (X - M); do not necessarily exist any more so we
cannot even contemplate their properties.

Proposition 5.31. Let M\N € Masjo., X € L(M,P), and let T be a
stopping time.
(a) Linearity continues to hold: if also Y € L(M,P), then
(aX+pY) M=a(X-M)+p(Y - -M).

(b) Let Z be a bounded Fr-measurable random variable. Then Z1(; )X
and 1(; .y X are both members of L(M,P), and

(5.31) / Z1 (700X AM = Z/ 1700 X dM.
(0,¢] (0,¢]

Furthermore,

(5.32) (Lo X) - M), = (X - M)op = (X - M),
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(c) Let Y € L(N,P). Suppose Xi(w) = Yi(w) and My(w) = Ny(w) for
0<t<7(w). Then
(X : M)T/\t = (Y : N)T/\t~

(d) Suppose X € LIM,P)NL(N,P). Then for o, 3 € R, X € L(aM +
BN,P) and
X -(aM+pBN)=a(X -M)+pB(X-N).

Proof. The proofs are short exercises in localization. We show the way by
doing (5.31) and the first equality in (5.32).

Let {o}} be a localizing sequence for the pair (X, M). Then {0y} is
a localizing sequence also for the pairs (1(50)X, M) and (Z1(5 .\ X, M).
Given w and t, pick k large enough so that o (w) > ¢t. Then by the definition
of the stochastic integrals for localized processes,

Z((l(T,oo)X) : M)t(w) = Z((l[(),Uk]]-(Tpo)X) : Mgk)t(w)

and
((Z1(7,00)X) - M)t (w) = ((L0,0,] 21 (r,00)X) - M7 )e(w).
The right-hand sides of the two equalities above coincide, by an application
of (5.22) to the L?-martingale M°* and the process 1j9,¢,,)X in place of X.
This verifies (5.31).
The sequence {0y} works also for (19 1 X, M). If t < oy (w), then

(LX) - M), = (Lo LX) - M), = ((Ljo,0X) - M%) _,
= (X . M)T/\t'

The first and the last equality are the definition of the local integral, the
middle equality an application of (5.23). This checks the first equality in
(5.32). O

We come to a very helpful result for later development. The most im-
portant processes are usually either caglad or cadlag. The next proposition
shows that for left-continuous processes the integral can be realized as a
limit of Riemann sum-type approximations. For future benefit we include
random partitions in the result.

However, a cadlag process X is not necessarily predictable and therefore
not an admissible integrand. The Poisson process is a perfect example, see
Exercise 5.4. It is intuitively natural that the Poisson process cannot be
predictable, for how can we predict when the process jumps? But it turns
out that the Riemann sums still converge for a cadlag integrand. They just
cannot converge to X - M because this integral might not exist. Instead,
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these sums converge to the integral X_ - M of the caglad process X_ defined
by
X_(0)=X(0) and X _(t)=X(t—) fort>D0.
We leave it as an exercise to verify that X_ has caglad paths.
The limit in the next proposition is not a mere curiosity. It will be
important when we derive It6’s formula. Note the similarity with Lemma
1.12 for Lebesgue-Stieltjes integrals.

Proposition 5.32. Let X be an adapted process and M € Masoc. Suppose
0=13 <7 <13 <13 < -+ are stopping times such that for each n,
7' — o0 almost surely as i — 0o, and 0, = sup,;(7]; — 7;') tends to zero
almost surely as n — oo. Define the process

(5.33) Rn(t) = Z X (M(Pq A t) — M(7" A D).
1=0

(a) Assume X is left-continuous and satisfies (5.29). Then for each fized
T <o ande >0,
lim P{ sup |Ry(t) — (X - M) > 8} =0.

n—oo 0<t<T

In other words, R, converges to X - M in probability, uniformly on compact
time intervals.

(b) If X is a cadlag process, then R, converges to X_ - M in probability,
uniformly on compact time intervals.

Proof. Since X_ = X for a left-continuous process, we can prove parts (a)
and (b) simultaneously.

Assume first Xg = 0. This is convenient for the proof. At the end we lift
this assumption. By left- or right-continuity X is progressively measurable
(Lemma 2.4) and therefore X (7') is F;»-measurable on the event 7;* < oo
(Lemma 2.3). Define

Ya(t) = S0 X (2L o (1) — X_(2).
=0

By the hypotheses and by Example 5.30, Y, is an element of £(M,P) and
its integral is
Yo M=R,—X_-M.
Consequently we need to show that Y;, - M — 0 in probability, uniformly on
compacts.
Let {ox} be a localizing sequence for (X_, M) such that 1 5 X~ is
bounded. In part (a) existence of {o}} is a hypothesis. For part (b) apply
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part (iii) of Proposition 5.27. As explained there, it may happen that X (o)
is not bounded, but X (t—) will be bounded for 0 < t < oy

Pick constants by, such that | X_(t)| < by, for 0 <t < o, (here we rely on
the assumption Xo = 0). Define X*) = (X A by) V (—by) and

o

Y0 =3 X1 () — XV (8).
=0

In forming X ) (t), it is immaterial whether truncation follows the left limit
or vice versa.

We have the equality
10,0, Yn(t) = 119 0 ;P ().
For the sum in Y, this can be seen term by term:
Lo, (D1 (m e 1 (X (7) = 10,01 (DL (zn o ()X P (71)

because both sides vanish unless 7 <t < oy,.

Thus {0y} is a localizing sequence for (Y;,, M). On the event {o} > T'},
for 0 <t < T, by definition (5.27) and Proposition 5.16(b)—(c),

(Yo - M)y = (1,0 Yn) - M%), = (V,F) - M),

Fix € > 0. In the next bound we apply martingale inequality (3.8) and
the isometry (5.12).

P{ sup [(Ya M)i| > e} < P{oy < T}
o<t<T

ool 09 w12
0<t<T
< Plop < T} +e 2E[(V,M - Mo%)3]
<Pl <Th+e? [ FOE)P pum (it do),
[0,7]x$2
Let e > 0. Fix k large enough so that P{ox < T} < 1. As n — oo,

Yrgk)(t,w) — 0 for all ¢, if w is such that the path s — X_(s,w) is left-
continuous and the assumption d,(w) — 0 holds. This excludes at most a
zero probability set of w’s, and so this convergence happens pjsor-almost
everywhere. By the bound |erk)| < 2by, and dominated convergence,

/ Y ®) 2 dppger, — 0 as n — oc.
[0,T]xQ

Letting n — oo in the last string of inequalities gives

T P{ sup (¥, M)| = e} <ey.
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Since €1 > 0 can be taken arbitrarily small, the limit above must actually
equal zero.

At this point we have proved

(5.34) lim p{ sup |Rn(t) — (X_ - M);| > g} —0

n—oo 0<t<T

under the extra assumption Xo = 0. Suppose X satisfies the hypotheses
of the proposition, but Xy is not identically zero. Then (5.34) is valid
for Xi = 19,00)(t)X¢. Changing value at ¢t = 0 does not affect stochastic

integration, so X - M = X - M. Let
o~ © ~
Ru(t) =) X(r) (M7 At) = M (7] A1),
i=0

The conclusion follows for X if we can show that

sup |Rn(t) — Rp(t)] = 0 as n — oo.
0<t<oo

Since Ry (t) — Ry (t) = X (0) (M({* At) — M(0)), we have the bound

sup |Rn(t) — Ra(t)] < [X(0)] - sup |M(t) = M(0)].
0<t<oo 0<t<dn
The last quantity vanishes almost surely as n — oo, by the assumption
0, — 0 and the cadlag paths of M. In particular it converges to zero in
probability.
To summarize, (5.34) now holds for all processes that satisfy the hy-
potheses. O

Remark 5.33 (Doléans measure). We discuss here briefly the Doléans mea-
sure of a local L2-martingale. It provides an alternative way to define the
space L(M,P) of admissible integrands. The lemma below will be used to
extend the stochastic integral beyond predictable integrands, but that point
is not central to the main development, so the remainder of this section can
be skipped.

Fix a local L?-martingale M and stopping times o; ,* oo such that
Mk € My for each k. By Theorem 3.26 the quadratic variation [M] exists
as a nondecreasing cadlag process. Consequently Lebesgue-Stieltjes integrals
with respect to [M] are well-defined. The Doléans measure pps can be
defined for A € P by

(5.35) par(A) < B | La(t)dM) (),
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exactly as for L2-martingales earlier. The measure pyy is o-finite: the union
of the stochastic intervals {[0, 0% A k] : k € N} exhausts Ry x , and

pa([0,0 ANK]) = E o) 10,0y, (w)rk] (1) d[M]e(w) = E{[M]o, rr}

= B{[M]x} = B{(M*)* = (Mg*)?} < oc.

Along the way we used Lemma 3.27 and then the square-integrability of
MOk,

The following alternative characterization of membership in £(M, P) will
be useful for extending the stochastic integral to non-predictable integrands
in Section 5.5.

Lemma 5.34. Let M be a local L?>-martingale and X a predictable process.
Then X € L(M,P) iff there exist stopping times py, / oo (a.s.) such that
for each k,

/ 1[0,pk]|X|2dﬂM <oo forall T < oc.
(0,7]x

We leave the proof of this lemma as an exercise. The key point is that
for both L2-martingales and local L?-martingales, and a stopping time 7,
pn(A) = up(AN0,7]) for A € P. (Just check that the proof of Lemma
5.15 applies without change to local L?-martingales.)

Furthermore, we leave as an exercise proof of the result that if X,Y €
L(M,P) are ppr-equivalent, which means again that

HM{(tvw) : X(tvw) # Y(tvw)} =0,
then X - M =Y - M in the sense of indistinguishability.

5.3. Semimartingale integrator

First a reminder of some terminology and results. A cadlag semimartingale
is a process Y that can be written as Y; = Yy + M, + V; where M is a cadlag
local martingale, V is a cadlag F'V process, and My = Vj = 0. To define the
stochastic integral, we need M to be a local L?-martingale. If we assume
the filtration {F;} complete and right-continuous (the “usual conditions”),
then by Corollary 3.21 we can always select the decomposition so that M is
alocal L?-martingale. Thus usual conditions for {F;} need to be assumed in
this section, unless one works with a semimartingale Y for which it is known
that M can be chosen a local L?-martingale. If ¢ is a function of bounded
variation on [0,7], then the Lebesgue-Stieltjes measure A, of g exists as a
signed Borel measure on [0, 7] (Section 1.1.9).
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In this section the integrands will be predictable processes X that satisfy
this condition:

there exist stopping times {0, } such that o, ' co almost

5.36
(5.36) surely and 1o, )X is a bounded process for each n.

In particular, the categories listed in Proposition 5.27 are covered. We
deliberately ask for 1(g,,1X to be bounded instead of 1jy,,;X because Xo
might not be bounded.

Definition 5.35. Let Y be a cadlag semimartingale. Let X be a predictable
process that satisfies (5.36). Then we define the integral of X with respect
to Y as the process

(5.37) XedY,= | XgdM,+ | X, Ay(ds).
(0,¢] (0,¢] (0,t]

Here Y = Yy + M +V is some decomposition of Y into a local L?>-martingale
M and an FV process V,

XsdMs = (X -M),
(0,4]
is the stochastic integral of Definition 5.23, and
XsAy(ds) = X dVy
(0,t] (0,¢]
is the path-by-path Lebesgue-Stieltjes integral of X with respect to the

function s — V. The process [ X dY thus defined is unique up to indistin-
guishability and it is a semimartingale.

As before, we shall use the notations X -Y and [ X dY interchangeably.

Justification of the definition. The first item to check is that the inte-
gral does not depend on the decomposition of Y chosen. Suppose ¥ =
Yo+ M + V is another decomposition of Y into a local L?-martingale M
and an FV process V. We need to show that
X, dM, + X, Ay (ds) = XodMs+ [ X Ap(ds)
(0,¢] (0,¢] (0,¢] (0,¢]

in the sense that the processes on either side of the equality sign are indistin-
guishable. By Proposition 5.31(d) and the additivity of Lebesgue-Stieltjes
measures, this is equivalent to

X,d(M — M), = / XsAg_, (ds).
(0,¢] (0,¢]

FromY:M+V:M+‘7weget
M-M=V-V
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and this process is both a local L?-martingale and an FV process. The
equality we need is a consequence of the next proposition.

Proposition 5.36. Suppose Z is a cadlag local L?-martingale and an FV
process. Let X be a predictable process that satisfies (5.36). Then for almost
every w

(5.38) X(s,w)dZs(w) = X(s,w)Az(ds)  for all 0 <t < oo.
(0,¢] (0,¢]

On the left is the stochastic integral, on the right the Lebesgue-Stieltjes in-

tegral evaluated separately for each fized w.

Proof. Both sides of (5.38) are right-continuous in ¢, so it suffices to check
that for each t they agree with probability 1.

Step 1. Start by assuming that Z is an L?-martingale. Fix 0 < ¢ < oco.
Let

H ={X: X is a bounded predictable process and (5.38) holds for ¢}.

By the linearity of both integrals, H is a linear space.

Indicators of predictable rectangles lie in ‘H because we know explicitly
what integrals on both sides of (5.38) look like. If X = 1(, )« for F' € F,
then the left side of (5.38) equals 1 (Zynt — Zynt) by the first definition (5.7)
of the stochastic integral. The right-hand side equals the same thing by the
definition of the Lebesgue-Steltjes integral. If X = 11,,p for Fy € Fy,
both sides of (5.38) vanish, on the left by the definition (5.7) of the stochastic
integral and on the right because the integral is over (0, t] and hence excludes
the origin.

Let X be a bounded predictable process, X,, € H and X,, ~* X. We
wish to argue that at least along some subsequence {n;}, both sides of

(5.39) Xn(s,w)dZs(w) = Xn(s,w) Az (ds)

(0,¢] (0,¢]
converge for almost every w to the corresponding integrals with X. This
would imply that X € H. Then we would have checked that the space H
satisfies the hypotheses of Theorem B.4. (The m-system for the theorem is
the class of predictable rectangles.)

On the right-hand side of (5.39) the desired convergence follows from
dominated convergence. For a fixed w, the BV function s — Zs(w) on [0, ¢]
can be expressed as the difference Zs(w) = f(s) — g(s) of two nondecreasing
functions. Hence the signed measure Az, is the difference of two finite
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positive measures: Az, = Ay — Agy. Then

lim Xn(s,w) Ay, (ds)

n—o0 (O,t]

= lim Xn(s,w)Ag(ds) — lim X, (s,w) Ag(ds)

n—o0 (O,t] n—oo (O,t]
= X(s,w)As(ds) — X(s,w)Ag(ds)
(0,4] (0,1]
= X (s,w) Ay (ds).

(0s¢]

The limits are applications of the usual dominated convergence theorem,
because —C < X7 < X,, < X < (C for some constant C.

Now the left side of (5.39). For a fixed T' < oo, by dominated conver-

gence,

lim X — X,|?duz = 0.

=00 J[0,T]x
Hence || Xy, — X||z,(zp) — 0, and by the isometry X,,- Z — X - Z in My, as
n — oo. Then for a fixed ¢, (Xp, - Z); — (X - Z); almost surely along some
subsequence {n;}. Thus taking the limit along {n;} on both sides of (5.39)
gives

X(37w> dZs(w) - X(S7w) AZ(w)(d*S)
(0,¢] (0,¢]

almost surely. By Theorem B.4, H contains all bounded PP-measurable pro-
cesses.

This completes Step 1: (5.38) has been verified for the case where Z €
My and X is bounded.

Step 2. Now consider the case of a local L?>-martingale Z. By the
assumption on X we may pick a localizing sequence {7} such that Z7 is
an L?-martingale and 1(0,7,)X is bounded. Then by Step 1,

(5.40) / 10, (5)X (s) dZT* = / 10,11 (5)X () A (ds).
(0,¢] (0,¢]

We claim that on the event {73, > t} the left and right sides of (5.40) coincide
almost surely with the corresponding sides of (5.38).

The left-hand side of (5.40) coincides almost surely with ((1( ., X)-Z") .
due to the irrelevance of the time origin. By (5.27) this is the definition of
(X - Z); on the event {1 > t}.

On the right-hand side of (5.40) we only need to observe that if 75, >
t, then on the interval (0,t] 1(g,)(s)X(s) coincides with X(s) and Z7*
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coincides with Zs. So it is clear that the integrals on the right-hand sides of
(5.40) and (5.38) coincide.

The union over k of the events {7 > t} equals almost surely the whole
space 2. Thus we have verified (5.38) almost surely, for this fixed ¢. O

Returning to the justification of the definition, we now know that the
process [ X dY does not depend on the choice of the decomposition ¥ =
Yo+ M+V.

X - M is alocal L?*-martingale, and for a fixed w the function

t— Xs(w) Ay () (ds)
(0,4]
has bounded variation on every compact interval (Lemma 1.16). Thus the
definition (5.37) provides the semimartingale decomposition of [ X dY. 0O

As in the previous step of the development, we want to check the Rie-
mann sum approximations. Recall that for a cadlag X, the caglad process
X_ is defined by X_(0) = X(0) and X_(¢) = X(t—) for t > 0. The hy-
potheses for the integrand in the next proposition are exactly the same as
earlier in Proposition 5.32.

Parts (a) and (b) below could be subsumed under a single statement
since X = X _ for a left-continuous process. We prefer to keep them separate
to avoid confusing the issue that for a cadlag process X the limit is not
necessarily the stochastic integral of X. The integral X - Y may fail to
exist, and even if it exists, it does not necessarily coincide with X_ - Y.
This is not a consequence of the stochastic aspect, but can happen also for
Lebesgue-Stieltjes integrals. (Find examples!)

Proposition 5.37. Let X be an adapted process andY a cadlag semimartin-
gale. Suppose 0 = 73 < 7" < 738 < 13 < --- are stopping times such that
for each n, 7' — oo almost surely as i — 00, and 6, = SUPy<;coo(Ti41 — 77")
tends to zero almost surely as n — co. Define

(5.41) Su(t) = 3 X (Y (g A) = Y (T A D)),
=0

(a) Assume X is left-continuous and satisfies (5.36). Then for each fized
T < oo ande >0,

lim P{ sup [Su(t) = (X - V)| > ¢} =0.

In other words, S, converges to X -Y in probability, uniformly on compact
time intervals.
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(b) If X is an adapted cadlag process, then S, converges to X_ -Y in
probability, uniformly on compacts.

Proof. Pick a decomposition ¥ = Yy + M + V. We get the corresponding
decomposition S, = R,, + U,, by defining

o0
Ru(t) = X(r]") (Myn nt — Mennr)
i=0
as in Proposition 5.32, and

Ua(t) = 3 X () (Ve e — Vi)
i=0

Proposition 5.32 gives the convergence R, — X_ - M. Lemma 1.12
applied to the Lebesgue-Stieltjes measure of Vi(w) tells us that, for almost
every fixed w

lim sup

Un(t,w) — X(s—,w) Ay, (ds)| = 0.
(0,]

The reservation “almost every w” is needed in case there is an exceptional
zero probability event on which X or V fails to have the good path proper-
ties. Almost sure convergence implies convergence in probability. O

Remark 5.38. Matrix-valued integrands and vector-valued integra-
tors. In order to consider equations for vector-valued processes, we need to
establish the (obvious componentwise) conventions regarding the integrals
of matrix-valued processes with vector-valued integrators. Let a probabil-
ity space (Q,F,P) with filtration {F;} be given. If Q;;(t), 1 < i < d
and 1 < j < m, are predictable processes on this space, then we regard
Q(t) = (Qi;(t)) as a d x m-matrix valued predictable process. And if Y7,
..., Y, are semimartingales on this space, then Y = (Y1,...,Y;,)T is an
R™-valued semimartingale. The stochastic integral Q -Y = [QdY is the
R%-valued process whose ith component is

Q- V)i =Y | Qij(s)dY;(s)
j=1 (0]

assuming of course that all the componentwise integrals are well-defined.

One note of caution: the definition of a d-dimensional Brownian motion
B(t) = [B1(t), ..., Ba(t)]" includes the requirement that the coordinates be
independent of each other. For a vector-valued semimartingale, it is only
required that each coordinate be marginally a semimartingale.
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5.4. Further properties of stochastic integrals

Now that we have constructed the stochastic integral, subsequent chapters
on It6’s formula and stochastic differential equations develop techniques that
can be applied to build models and study the behavior of those models. In
this section we develop further properties of the integral as groundwork for
later chapters. The content of Sections 5.4.2-5.4.4 is fairly technical and
is used only in the proof of existence and uniqueness for a semimartingale
equation in Section 7.4.

The usual conditions on {F;} need to be assumed only insofar as this is
needed for a definition of the integral with respect to a semimartingale. For
the proofs of this section right-continuity of {F;} is not needed. (Complete-
ness we assume always.)

The properties listed in Proposition 5.31 extend readily to the semi-
martingale intergal. Each property is linear in the integrator, holds for the
martingale part by the proposition, and can be checked path by path for
the FV part. We state the important ones for further reference and leave
the proofs as exercises.

Proposition 5.39. Let Y and Z be semimartingales, G and H predictable
processes that satisfy the local boundedness condition (5.36), and let T be a
stopping time.

(a) Let U be a bounded Fr-measurable random variable. Then

(5.42) / Ul(; o) GdY = U/ 1(7.00)GdY.
(0,¢] (0,¢]

Furthermore,

(5.43) ((1[07716‘) . Y)t =(G-Y)rnt = (G-Y"),.

(b) Suppose Gy(w) = Hy(w) and Yiy(w) = Zy(w) for 0 <t < 7(w). Then
(G ’ Y)U/\t = (H ’ Z)U/\t~

5.4.1. Jumps of a stochastic integral. For any cadlag process Z, AZ(t)
= Z(t) — Z(t—) denotes the jump at t. First a strengthening of the part of
Proposition 2.16 that identifies the jumps of the quadratic variation. The
strengthening is that the “almost surely” qualifier is not applied separately
to each t.

Lemma 5.40. Let Y be a semimartingale. Then the quadratic variation
[Y] exists. For almost every w, A[Y]; = (AY;)? for all 0 < t < co.
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Proof. Fix 0 < T < oo. By Proposition 5.37, we can pick a sequence of
partitions 7 = {tI'} of [0,T] such that the process

Sult) = QZY;? (Y;gi»l/\t - Y}/?/\t) = Y? o Yb2 - Z(Y}/ﬁl/\t - Kf?/\t)2
; ,

2

converges to the process
S(t) = 2/ Y(s—)dY(s),
(0,¢]

uniformly for ¢ € [0, 7], for almost every w. This implies the convergence of
the sum of squares, so the quadratic variation [Y] exists and satisfies

Y], = Y2~ Y3 - S(1).

It is true in general that a uniform bound on the difference of two func-
tions gives a bound on the difference of the jumps: if f and g are cadlag
and |f(z) — g(x)| < e for all z, then

|Af(x) — Ag(e)| = y/ljcflyl@!f(ﬂf) — () —9(x) +9(y)| < 2.

Fix an w for which the uniform convergence S, — S holds. Then for
each t € (0,77, the jump AS,,(¢) converges to AS(t) = A(Y?); — A[Y];.
Directly from the definition of S,, one sees that AS,(t) = 2Yyn AY; for

the index k such that ¢ € (¢}, ¢, |]. Here is the calculation in detail: if s <t
is close enough to ¢, also s € (t},#}!,,], and then

AS,(t) = Tim {S,(t) — Su(s)}

s,/'t,s<t
= /ht{gq{z Z Yir (Yir = Yiont) — 2 Z Yir (Vi s — th}
(2 (2
= s/hgl;lq{?Y%g(Yt —Yi) = 2V (Y = Yir) }
= i 2Yn (Yy — Y5) = 2Yn AY,.
s/ifﬁlq tk( t s) tn t

By the cadlag path of Y, AS,,(t) — 2Y;_AY;. Equality of the two limits
of S, (t) gives
2Y;_AY; = A(Y?); — A[Y];
which rearranges to A[Y]; = (AY;)2. O

Theorem 5.41. Let Y be a cadlag semimartingale, X a predictable process
that satisfies the local boundedness condition (5.36), and X -Y the stochastic
integral. Then for all w in a set of probability one,

AX-Y)(t) = X)AY (t) for all0 <t < 0.
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We prove this theorem in stages. The reader may be surprised by the
appearance of the point value X (¢) in a statement about integrals. After all,
one of the lessons of integration theory is that point values of functions are
often irrelevant. But implicit in the proof below is the notion that a point
value of the integrand X influences the integral exactly when the integrator
Y has a jump.

Lemma 5.42. Let M be a cadlag local L?-martingale and X € L(M,P).

Then for all w in a set of probability one, A(X - M)(t) = X (t)AM/(t) for all
0<t<oo.

Proof. Suppose the conclusion holds if M € Mg and X € Lo(M,P). Pick
a sequence {0y} that localizes (X, M) and let X; = 1j,,)X. Fix w such
that definition (5.27) of the integral X - M works and the conclusion above
holds for each integral Xy - M°%. Then if o} > t,

AX M)y =A(Xy - M™), = Xp () AM*F = X (t)AM,.
For the remainder of the proof we may assume that M € My and
X € Lo(M,P). Pick simple predictable processes

m(n)—

Z &' Lman, (1)

such that X,, — X in Lo(M,P). By the definition of Lebesgue-Stieltjes
integrals, and because by Lemma 5.40 the processes A[M]; and (AM;)? are
indistinguishable,

[ 37 | Xals)AM, — X( )AMﬂ [ 37| Xals) - X(s))*AIM

s€(0,T7] s€(0,T
2
<FE | Xn(s) — X (s)|” d[M]s
(0,11
and by hypothesis the last expectation vanishes as n — oco. Thus there
exists a subsequence n; along which almost surely

im > Xy, ()AM, — X (s)AM,|” =

j—00
s€(0,T1]

In particular, on this event of full probability, for any ¢ € (0, 7]
(5.44) lim 0 [ X, () AM; - X(H)AM|* = 0.

On the other hand, X, - M — X - M in My implies that along a further
subsequence (which we denote by the same n;), almost surely,

(5.45) lim sup [(Xp, - M);— (X M)|=0.
J=00 40,7
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Fix an w on which both almost sure limits (5.44) and (5.45) hold. For
any ¢t € (0,77, the uniform convergence in (5.45) implies A(X,,, - M); —
A(X - M);. Also, since a path of X, - M is a step function, A(X,,; - M), =
Xn;(t)AM;. (The last two points were justified explicitly in the proof of
Lemma 5.40 above.) Combining these with the limit (5.44) shows that, for
this fixed w and all ¢t € (0,77,

J—00 J—00

In other words, the conclusion holds almost surely on [0,7]. To finish,
consider countably many 7' that increase up to oc. O

Lemma 5.43. Let f be a bounded Borel function and U a BV function on
[0,T]. Denote the Lebesque-Stieltjes integral by

(f - U = f(s)dU(s).

(0,¢]
Then A(f-U) = f(O)AU(t) for all0 <t <T.
Proof. By the rules concerning Lebesgue-Stieltjes integration,
(f-U)e—=(f-U)s= : ]f(?“)dU(T)
s,t

=/ f(r)dU(r) + f(H)AU(t)

and

< I flloo Avyy (55)-

‘ /( RCLE

Vi is the total variation function of U. As s A t, the set (s,t) decreases
down to the empty set. Since Ay, is a finite positive measure on [0, 77,
Ay, (s,t) (O as s /. O

Proof of Theorem 5.41 follows from combining Lemmas 5.42 and 5.43.
We introduce the following notation for the left limit of a stochastic integral:

(5.46) HdJdY = lim HddY
0,) s 't s<t (0,5]

and then we have this identity:

(5.47) HdY = | HdY + H(t)AY ().
(0,¢] (0,¢)
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5.4.2. Convergence theorem for stochastic integrals. The next the-
orem is a dominated convergence theorem of sorts for stochastic integrals.
We will use it in the existence proof for solutions of stochastic differential
equations.

Theorem 5.44. Let {H,} be a sequence of predictable processes and G, a
sequence of nonnegative adapted cadlag processes. Assume |H,(t)| < G (t—)
for all 0 <t < o0, and the running mazimum

G(T) = sup Gn(t)
0<t<T

converges to zero in probability, for each fired 0 < T < oo. Then for any
cadlag semimartingale Y, Hy, - Y — 0 in probability, uniformly on compact
time intervals.

Proof. Let Y = Yy + M + U be a decomposition of Y into a local L>-
martingale M and an FV process U. We show that both terms in H,, - Y =
H, - M + H, -U converge to zero in probability, uniformly on compact time
intervals. The F'V part is immediate:

H,(s)dU(s)
(0.1]

sup
0<t<T

< sup / |H,(3)| dVir(s) < G(T)Vir(T)
0<t<T J (0,1

where we applied inequality (1.14). Since Vi7(T') is a finite random variable,
the last bound above converges to zero in probability.

For the local martingale part H, - M, pick a sequence of stopping times
{ok} that localizes M. Let

pn =1nf{t > 0: G,(t) > 1} Ainf{t > 0: G,(t—) > 1}.

These are stopping times by Lemma 2.9. By left-continuity, G, (t—) < 1 for
0<t<pp. Forany T < oo,

P{p, <T} < P{G,(T) >1/2} -0 asn — oo.
Let HY = (Hp, A1)V (—1) denote the bounded process obtained by trun-

cation. If t < of A p, then H,, - M = Hy(Ll) - M?% by part (c) of Proposition
5.31. As a bounded process oY e Lo(M P), so by martingale inequality
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(3.8) and the stochastic integral isometry (5.12),

P{ sup |(Hy-M)| >} < Plog < T} + P{pn < T}
0<t<T

(1) . Ao
P (LD 217) | 2 ¢}
< P{oy <T}+ Plp, < T} + e 2B[(HY - M%)3]

=P{op <T}+P{p, <T} +c°E [HD () (M,
[0,7]

<P{og <TY+P{p, <T}+e2E [ (Gu(t=) A1) d[MH],
0,71

< P{oy < T} + P{pn < T} + a*ZE{[M"k]T(G;;(T) A 1)2}.

As k and T stay fixed and n — oo, the last expectation above tends to zero.
This follows from the dominated convergence theorem under convergence in
probability (Theorem B.12). The integrand is bounded by the integrable
random variable [M7%]p. Given § > 0, pick K > § so that

P{[M?]r > K} <§/2.
Then
P{IMM e (GH(T) A1) > 8} < 6/2+ P{G;(T) > Vo] }
where the last probability vanishes as n — oo, by the assumption that
G (T) — 0 in probability.
Returning to the string of inequalities and letting n — oo gives
lim P{ sup |(Hy - M)y| > g} < P{oy < T}.
n— o0 OStST
This last bound tends to zero as £k — oo, and so we have proved that
H,, - M — 0 in probability, uniformly on [0, 7. O

5.4.3. Restarting at a stopping time. Let Y be a cadlag semimartingale
and G a predictable process that satisfies the local boundedness condition
(5.36). Let o be a bounded stopping time with respect to the underlying
filtration {F;}. We take a bounded stopping time in order to get moment
bounds from Lemma 3.5. Define a new filtration 7; = F,;. Let P be the
predictable o-field under the filtration {F;}. In other words, P is the o-field
generated by sets of the type (u,v] x I for T' € F,, and {0} x Ty for [y € F.

Define new processes
Yt)=Y(oc+t)-Y (o) and G(s)=G(o+s).

For Y we could define just as well 17(752 = Y (o + t) without changing the
statements below. The reason is that Y appears only as an integrator, so
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only its increments matter. Sometimes it might be convenient to have initial
value zero, that is why we subtract Y (o) from Y (¢).

Theorem 5.45. Let o be a bounded stopping time with respect to {F;}.
Under the filtration {F;}, the process G is predictable and Y is an adapted
semimartingale. We have this equality of stochastic integrals:

Gls) dY (s) = / G(s) dY (s)

(0,¢] (o,0+t]

(5.48)
= / G(s)dY (s) — G(s)dY (s).
(0,0+t] (0,0]

The second equality in (5.48) is the definition of the integral over (o, o+
t]. The proof of Theorem 5.45 follows after two lemmas.

Lemma 5.46. For any P-measurable function G, G(t,w) = G(o(w) +t,w)
is P-measurable.

Proof. Let U be the space of P-measurable functions G such that G is
P-measurable. U is a linear space and closed under pointwise limits since
these operations preserve measurability. Since any P-measurable function
is a pointwise limit of bounded P-measurable functions, it suffices to show
that U contains all bounded P-measurable functions. According to Theorem
B.4 we need to check that U contains indicator functions of predictable
rectangles. We leave the case {0} x I'y for 'y € Fy to the reader.

Let I' € 7, and G = 1y ) xr- Then

G(t) = Ly(o +t)1p(w) =

- Ir(w), u<o+t<w
0, otherwise.

For a fixed w, G(t) is a caglad process. By Lemma 5.1, P-measurability of
G follows if it is adapted to {F;}. Since {G(t) =1} =T N{u < o+t < v},

G is adapted to {7} if TN {u < o+t < v} € F. This is true by Lemma 2.3
because u, v and o+t can be regarded as stopping times and F; = Fyipt. U

Lemma 5.47. Let M be a local L?-martingale with respect to {F;}. Then
My = My, s — M, is a lo_cal L2-martingale with respect to {F;}. If G €
L(M,P), then G € L(M,P), and

(G- M) = (G Moyt — (G- M),

Proof. Let {74} localize (G, M). Let vy = (17 — o). For any 0 < t < oo,
{vp <tl={mx <o+t} € Fppr=F by Lemma 2.3(ii)
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S0 vy is a stopping time for the filtration {F}. If 0 < 74,

Mth = Muk/\t = Ma+(yk/\t) -M, = M(O’—‘rt)/\Tk - ]\40'/\7';c = M;—it - M;'k

If 0 > 75, then v, = 0 and Mty’“ = My = M, — M, = 0. The earlier formula
also gives zero in case o > 7, so in both cases we can write

(5.49) MY = M7, — MF.

Since M7 is an L?-martingale, the right-hand side above is an L?-martingale
with respect to {F}. See Corollary 3.8 and point (ii) after the corollary.
Consequently MY* is an L%-martingale with respect to {;}, and hence M
is a local L?-martingale.

Next we show that {v}} localizes (G, M). We fix k temporarily and
write Z = M7 to lessen the notational burden. Then (5.49) shows that

Mth == Zt = Zo-th — Zo-7

in other words obtained from Z by the operation of restarting at o. We
turn to look at the measure pz = ppym,. Let I' € Fy. Then 1, xr 18
P-measurable, while 1, xr(0 +t,w) is P-measurable.

[ 1@ aifo + 0 (o) = E[10@) (Z)-oys ~ 2l oy?)]

= :11‘((,0) Z(U—U)“’ - Z(u—a)+)2]

=F :1p(w) [Z]U\/U - [Z]O'VU)}
— B[ 1r(w) / 1010000 (D)L ) (1) 12 |

:/1(0’,00)(t7w)lr(w)l(u,v](t) d/j’Z'

Several observations go into the calculation. First, (u — o) is a stopping
time for {F;}, and ' € ]?(U_J)Jr. We leave checking these as exercises. This
justifies using optional stopping for the martingale Z2? — [Z]. Next note that
o+ (u—0)t = 0 Vu, and again the martingale property is justified by
I' € Fovy. Finally (o Vu, o V] = (0,00)N (u,v].

From predictable rectangles (u,v] x I' € P this integral identity extends
to nonnegative predictable processes X to give, with X (t) = X (o + 1),

(5.50) /XduZ = /1(0700))(@2.

Let T < oo and apply this to X = 1(, 577(t)1(0.-,](t)|G(t)|*. Then

X(t) = 1po,71(t)1(0,0,] (DG(t)
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and
/ 10,0, (D|G(H)* dpy = /1(U,U+T1(t)l(o,fk](t)lG(t)IQduz < o0,
[0,T]x

where the last inequality is a consequence of the assumptions that {7x}
localizes (G, M) and o is bounded.

To summarize thus far: we have shown that {1} localizes (G, M). This
checks G € L(M,P).
_ Fix again k and continue denoting the L?-martingales by Z = M™ and
Z = MVk. Consider a simple P-predictable process

m—1
t) = Z gil(ui,ui+1](t)
=0

Let k Eienote the index that satisfies ug11 > o > wy. (If there is no such k
then H,, =0.) Then

- Z il (w0010 (1)-
i>k
The stochastic integral is
(Hn-Z)¢ = Z& (Z(wir—o)nt = Ziui—o)tat)

i>k

= Z &i (Za—f—(ui_H—U)/\t - Za—i—(u,-—a)/\t)

>k
+ gk( o+ (ug41—0)At — Zo)-

The i = k term above develops differently from the others because Z(uk_J)Jr A=
Zy = 0. Observe that

o+ (uj—o)ANt=(o+t)ANu; fori>k
(c+t)ANu;j =0 Nu; =14 for ¢ < k.

Now continue from above:

(‘H’I’L : Z)t = Z&Z (Z(O'+t)/\ui+1 - Z(cr—i—t)/\ui)

i>k
+ & (Z(ortynupsr — Zo)
= Zfz (o+Oruitr — Llo+)ru;) Zfz onuisr — Zonu:)
- (Hn : Z)ath - (Hn : Z)U-
Next we take an arbitrary process H € L£o(Z,P), and wish to show
(5.51) (H-Z)y=(HZ)oyt — (H- Z)q.
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Take a sequence {H,} of simple predictable processes such that H,, — H
in Lo(Z,P). Equality (5.50), along with the boundedness of o, then implies
that H, — H in L2(Z,P). Consequently we get the convergence H,, - Z —
H-Z and H,,-Z — H-Z in probability, uniformly on compact time intervals.
Identity (5.51) was verified above for simple predictable processes, hence the
convergence passes it on to general processes. Boundedness of ¢ is used here
because then the time arguments o+t and o on the right side of (5.51) stay
bounded. Since (H - Z)o = ((1j9,5H) - Z)UH we can rewrite (5.51) as

(5.52) (H-Z)i = (o) H) - Z) 1y

At this point we have proved the lemma in the L? case and a localization
argument remains. Given ¢, pick v, > t. Then 7, > o +t. Use the fact that
{vr} and {7} are localizing sequences for their respective integrals.

(G- M) = (10 G) - M™),
= ((1(0700)1[0,7'1@](;) ‘ MTk)a-H
= ((1(U,OO)G) : M)o'+t
— (G M)yt — (G- M),
This completes the proof of the lemma. ([

Proof of Theorem 5.45. Y is a semimartingale because by Lemma 5.47
the restarting operation preserves the local L?-martingale part, while the
FV part is preserved by a direct argument. If Y were an FV process, the
integral identity (5.48) would be evident as a path-by-path identity. And
again Lemma 5.47 takes care of the local L?-martingale part of the integral,
so (5.48) is proved for a semimartingale Y. O

5.4.4. Stopping just before a stopping time. Let 7 be a stopping time
and Y a cadlag process. The process Y7~ is defined by

Y(©0), t=0o0r7=0
(5.53) YT (t) = Y(t), O<t<rt

Y(r—), 0<7<t.
In other words, the process Y has been stopped just prior to the stopping
time. This type of stopping is useful for processes with jumps. For example,
if

T=if{t>0:|Y(t)]>ror|Y(t—) >r}

then |Y7| < r may fail if Y jumped exactly at time 7, but |Y7~| < r is true.

For continuous processes Y7~ and Y7 coincide. More precisely, the
relation between the two stoppings is that

YT(t) = YT (t) + AY (7)1{t > 7).
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In other words, only a jump of Y at 7 can produce a difference, and that is
not felt until ¢ reaches 7.

The next example shows that stopping just before 7 can fail to preserve
the martingale property. But it does preserve a semimartingale, because a
single jump can be moved to the FV part, as evidenced in the proof of the
lemma after the example.

Example 5.48. Let N be a rate a Poisson process and M; = N; — at.
Let 7 be the time of the first jump of N. Then N7~ = 0, from which
M{™ = —atli~y —atli;<;. This process cannot be a martingale because
Mg~ = 0 while M~ < 0 for all ¢. One can also check that the expectation
of M/~ is not constant in ¢, which violates martingale behavior.

Lemma 5.49. Let Y be a semimartingale and 7 a stopping time. Then
Y7 is a semimartingale.

Proof. Let Y = Yy + M + U be a decomposition of Y into a local L-
martingale M and an FV process U. Then
(5.54) YT =Yoo+ M +U]” — AM1{t > 7}.
MT is a local L?>-martingale, and the remaining part
Gy =U/" — AM1{t > 7}

is an F'V process. ([l

Next we state some properties of integrals stopped just before 7.

Proposition 5.50. Let Y and Z be semimartingales, G and J predictable
processes locally bounded in the sense (5.36), and T a stopping time.

(a) (G-Y) =(1pqG) - YT)=G-(Y7).

(b) If G=J on [0,7] andY = Z on [0,7), then (G-Y )~ = (J-Z)"~.
Proof. It suffices to check (a), as (b) is an immediate consequence. Using
the semimartingale decomposition (5.54) for Y7~ we have

(LpnG) Y™ = 1ppnG)  M™+ (1)07)G) - U™ — G(T)AM;1; o)

— (G- MY +(G-U)™ — G(NAM 1, ),
and the same conclusion also without the factor 1y -:
G Y =G-M"+G-U" — G(T)AMT]_[T@O)
= (G . M)T + (G . U)T_ - G(T)AMT]_[T@O).
In the steps above, the equalities

(1pnG) - M™ = G- M™ = (G- M)".
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were obtained from (5.32). The equality
(0r)C) - U™ =G - U™ = (G- V)~

comes from path by path Lebesgue-Stieltjes integration: since U~ froze
just prior to 7, its Lebesgue-Stieltjes measure satisfies Ay-—(A) = 0 for any
Borel set A C [r,00), and so for any bounded Borel function g and any

t>T,
/ g dAU‘rf — / g dAU‘rf .
[0,¢] [0,7)

Lastly, note that by Theorem 5.41
(G- M); = G(T)AM: 1 0)(t) = (G- M)f = A(G - M) 1 ) (F)

Applying this change above gives
(LjoG) YT =(G- M) +(G-U)" =(G-Y)

and completes the proof. O

5.5. Integrator with absolutely continuous Doléans measure

This section stands somewhat apart from the main development, and can
be skipped.

In Chapter 4 we saw that any measurable, adapted process can be in-
tegrated with respect to Brownian motion, provided the process is locally
in £5. On the other hand, the integral of Sections 5.1 and 5.2 is restricted
to predictable processes. How does the more general Brownian integral fit
in the general theory? Do we need to develop separately a more general
integral for other individual processes besides Brownian motion?

In this section we partially settle the issue by showing that when the
Doléans measure sy of a local L?-martingale M is absolutely continuous
with respect to m ® P, then all measurable adapted processes can be inte-
grated (subject to the localization requirement). In particular, this applies
to Brownian motion to give all the integrals defined in Section 4, and also
applies to the compensated Poisson process M; = N; — at.

The extension is somewhat illusory though. We do not obtain genuinely
new integrals. Instead we show that every measurable adapted process X
is equivalent, in a sense to be made precise below, to a predictable process
X. Then we define X - M = X - M. This will be consistent with our earlier
definitions because it was already the case that uys-equivalent processes have
equal stochastic integrals.
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For the duration of this section, fix a local L?-martingale M with Doléans
measure 7. The Doléans measure of a local L?-martingale is defined ex-
actly as for L?-martingales, see Remark 5.33. We assume that pj; is ab-
solutely continuous with respect to m @ P on the predictable o-algebra P.
Recall that absolute continuity, abbreviated puy; < m ® P, means that if
m ® P(D) =0 for some D € P, then py (D) = 0.

Let P* be the o-algebra generated by the predictable o-algebra P and
all sets D € Br, ® F with m ® P(D) = 0. Equivalently, as checked in
Exercise 1.8(e),

P ={G € Br, ® F : there exists A € P

2.55
(5.55) such that m ® P(GAA) = 0}.

Definition 5.51. Suppose ujy is absolutely continuous with respect to m®
P on the predictable o-algebra P. By the Radon-Nikodym Theorem, there
exists a P-measurable function fjr > 0 on Ry x Q such that

(5.56) jiar(A) = /A frud(m®P) for AcP.

Define a measure p;, on the o-algebra P* by

(5.57) 1 (G) = / fud(m® P) for G € P*.
G
The measure p}, is an extension of pps from P to the larger o-algebra P*.

Firstly, definition (5.57) makes sense because fy; and G are Br, ® F-
measurable, so they can be integrated against the product measure m @ P.
Second, if G € P, comparison of (5.56) and (5.57) shows p},(G) = pm(G),
so (3, is an extension of pups.

Note also the following. Suppose G and A are in the relationship (5.55)
that characterizes P*. Then u},(G) = pam(A). To see this, write

1 (G) = pa(A) + pp (G\ A) — p (AN G)
= pu(A) + fard(m @ P) — fud(m® P)
G\A A\G
= un(A)
where the last equality follows from
m® P(G\A)+m® P(A\G) =m® P(GAA) =0.

The key facts that underlie the extension of the stochastic integral are
assembled in the next lemma.
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Lemma 5.52. Let X be an adapted, measurable process. Then there exists
a P-measurable process X such that

(5.58) m® P{(t,w) € Ry x Q: X(t,w) # X(t,w)} = 0.

In particular, all measurable adapted processes are P*-measurable.

Under the assumption ppr <K m @ P, we also have
(5.59) whiiit,w) € Ry x Q: X (t,w) # X(t,w)} = 0.

Following our earlier conventions, we say that X and X are i -equivalent.

Proof. Let X be a bounded, adapted, measurable process. By Lemma 4.2
there exists a sequence of simple predictable processes X,, such that

(5.60) E X — X,|?ds = 0
[0,T]xQ

for all T' < oo.

We claim that there exists a subsequence {X,, } such that X, (t,w) —
X (t,w) m® P-almost everywhere on R x ). We perform this construction
with the usual diagonal argument. In general, L? convergence implies almost
everywhere convergence along some subsequence. Thus from (5.60) for T' =
1 we can extract a subsequence {anl : J € N} such that Xn} — X m® P-
almost everywhere on the set [0,1] x Q. Inductively, suppose we have a
subsequence {an : j € N} such that limj_, Xn§ = X m ® P-almost
everywhere on the set [0, ¢] x . Then apply (5.60) for T'= £+ 1 to extract
a subsequence {nﬁJrl :j € N} of {nﬁ : j € N} such that lim;_, an“ =X
m ® P-almost everywhere on the set [0, ¢+ 1] x €.

From the array {ng : £,j € N} thus constructed, take the diagonal
ng = nf for k € N. For any ¢, {ny, : k > £} is a subsequence of {nﬁ :j € N},
and consequently X, — X m ® P-almost everywhere on the set [0, ¢] x .
Let

A={(t,w) eRy xQ: X, (t,w) - X(t,w) as k — oco}.

The last observation on {ny} implies that
A¢ = U{(t,w) €[0,4] x Q: X,, (t,w) does not converge to X (t,w)}
=1

is a countable union of sets of m ® P-measure zero. Thus X, — X m ® P-
almost everywhere on R4 x €.

Set

X(t,w) = limsup X,,, (t,w).

k—o0
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The processes Xp, are P-measurable by construction. Consequently X is
P-measurable. On the set A, X = X. Since m ® P(A¢) =0, (5.58) follows
for this X.

For a Borel set B € Bg,

{(t,w) e Ry x Q: X(t,w) € B}
={(t,w) € A: X(t,w) € B} U{(t,w) € A°: X(t,w) € B}
={(t,w) € A: X(t,w) € B} U{(t,w) € A°: X(t,w) € B}.

This expresses {X € B} as a union of a set in P and a set in Br, ® F with
m ® P-measure zero. So {X € B} € P*.

The lemma has now been proved for a bounded adapted measurable
process X.

Given an arbitrary adapted measurable process X, let X*) = (X A
k) V (—k). By the previous part, X (k) is P*-measurable, and there exist
P-measurable processes X}, such that X (k) — X, m® P-almost everywhere.
Define (again) X = limsupj_, ., X. Since X*) — X pointwise, X is also
P*-measurable, and X = X m ® P-almost everywhere. ([l

A consequence of the lemma is that it makes sense to talk about the
py-measure of any event involving measurable, adapted processes.

Definition 5.53. Assume M is a local L?-martingale whose Doléans mea-
sure ppr satisfies ppr << m® P on P. Define the extension pj, of pups to P*
as in Definition 5.51.

Let L(M,P*) be the class of measurable adapted processes X for which
there exists a nondecreasing sequence of stopping times py such that p, * 0o
almost surely, and for each k,

/[0 o 1[0,pk]]X\2d/1,*M <oo forall T < occ.
T x

For X € £L(M,P*), the stochastic integral X-M is the local L?-martingale
given by X - M, where X is the P-measurable process that is u}-equivalent
to X in the sense (5.59). This X will lie in £(M,P) and so the process X - M
exists. The process X - M thus defined is unique up to indistinguishability.

Justification of the definition. Since X = X phy-almost everywhere,
their p,-integrals agree, and in particular

/[OT} o 1[0,Pk}|X|2d,UM = /[0 . l[O,pk]|X|2 d/.L?W < oo forall T < oo.
’ X , X
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By Lemma 5.34, this is just another way of expressing X € L(M, P). It fol-
lows that the integral X -_M exists and is a member of Ms ... In particular,
we can define X - M = X - M as an element of My joc.

If we choose another P-measurable process Y that Is pj-equivalent to
X, then X and Y are ups-equivalent, and the integrals X - M and Y - M are
indistinguishable by Exercise 5.8. ([

If M is an L2-martingale to begin with, such as Brownian motion or the
compensated Poisson process, we naturally define Lo(M,P*) as the space
of measurable adapted processes X such that

/ X 2duhy; < oo forall T < oo.
[0,7]x$2

The integral extended to L(M,P*) or Lo( M, P*) enjoys all the properties
derived before, because the class of processes that appear as stochastic in-
tegrals has not been expanded.

A technical point worth noting is that once the integrand is not pre-
dictable, the stochastic integral does not necessarily coincide with the Lebes-
gue-Stieltjes integral even if the integrator has paths of bounded variation.
This is perfectly illustrated by the Poisson process in Exercise 5.11. While
this may seem unnatural, we must remember that the theory of It6 stochas-
tic integrals is so successful because integrals are martingales.

5.6. Quadratic variation

This final section of the chapter extends our earlier treatment of quadratic
variation and covariation, partly as preparation for Ité’s formula. The
section contains three main points. In Theorem 5.62 we reach the for-
mula for quadratic covariation of stochastic integrals: [[ GdY, [ HdZ] =
JGHA|Y,Z]. Corollary 5.59 gives the substitution rule G - (H - Y) =
(GH) - Y. A stochastic integration by parts formula which is a special case
of Itd’s formula arrives in Theorem 5.60. As a consequence in Proposition
5.63 we prove a Riemann sum approximation for d[Y, Z]-integrals that will
be used in the proof of It6’s formula. The reader who wishes to get quickly
to the proof of It6’s formula can glance at Proposition 5.63 and move on to
Section 6.1.

Recall from Section 2.2 that the quadratic variation [X] of a process X,
when it exists, is by definition a nondecreasing process with [X]o = 0 whose
value at time t is determined, up to a null event, by the limit in probability
(561) [X]t = lim Z(XtiJrl - Xti)2'

mesh(7)—0
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Here 7 = {0 = to < t1 < - < lp(r) =t} is a partition of [0,¢]. Quadratic
covariation [X, Y] of two processes X and Y was defined as the FV process

(5.62) (X, Y] =[(X+Y)/2] - (X -Y)/2],

assuming the processes on the right exist. Again there is a limit in proba-
bility:

(563) lim Z(Xti+l - Xti)(l/twrl - Y;fz) = [X7 Y]t'

mesh(7)—0 p

Identity [X] = [X, X] holds. For cadlag semimartingales X and Y, [X] and
[X,Y] exist and have cadlag versions (Corollary 3.31).

Limit (5.63) shows that, for processes X, Y and Z and reals a and f,
(5.64) [aX + BY, Z] = | X, Z) + B[Y, Z]

provided these processes exist. The equality can be taken in the sense of
indistinguishability for cadlag versions, provided such exist. Consequently
[-, -] operates somewhat in the manner of an inner product.

Lemma 5.54. Suppose M,, M, N, and N are L?>-martingales. Fiz 0 <
T < oo. Assume My(T) — M(T) and N,(T) — N(T) in L? as n — oc.
Then

E{ sup | [My, Nyl — [M, N]; | } —0 asn— oo.
0<t<T

Proof. It suffices to consider the case where M,, = N,, and M = N because
the general case then follows from (5.62). Apply inequality (2.18) and note
that [X]; is nondecreasing in t.

| [Mo]e — [M]e| < [M — M]e +2[M,, — M];?[M]),”
< [My — Mz +2[M,, — M1 * M/,
Take expectations, apply Schwarz and recall (3.14).

B{ sup |[Mu)i = [M];| } < |1Ma(T) = M(D)|[F2(p)
0<t<T
+ 2o (T) = MT) |2y - M) 2.

Letting n — oo completes the proof. O

Proposition 5.55. Let M, N € M., G € L(M,P), and H € L(N,P).
Then

[G-M,H-N);= [ G.H,d[M,N]s.
(0.4
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Proof. It suffices to show
(5.65) G- M, L) = / G d[M, L),
(0,¢]
for an arbitrary L € Ma joc. This is because then (5.65) applied to L = H-N
gives
M,L), = | H,d[M,N],
(0,¢]
so the Lebesgue-Stieltjes measures satisfy d[M, L], = Hyd[M, N];. Substi-
tute this back into (5.65) to get the desired equality

G-M,L;= | GydM,Ll,= [ GyH,d[M,N],.
(0,¢] (0,¢]

Step 1. Assume L, M € M. First consider G' = {1y, for a bounded
Fu-measurable random variable . Then G - M = {(M" — M"). By the
bilinearity of quadratic covariation,

(G- M, L)y =&([M", L]y — [M", L];) = £([M, Lloat — [M, Llunt)
= €1 (s) d[M, L] = Gsd[M,L)s.
(0,¢] (0,¢]

The second equality above used Lemma 3.29. £ moves freely in and out of
the integrals because they are path-by-path Lebesgue-Stieltjes integrals. By
additivity of the covariation conclusion (5.65) follows for G' that are simple
predictable processes of the type (5.6).

Now take a general G € Lo(M,P). Pick simple predictable processes
G, such that G, — G in Lo(M,P). Then (G, - M); — (G - M); in L2(P).
By Lemma 5.54 |Gy, - M, L]y — [G - M, L}; in L*(P). On the other hand the
previous lines showed

[Gn - M, L) = Gn(s)d[M, L]s.
(0,2]
The desired equality
[G M, L]t = G(S) d[Mv L]s
(0,1]
follows if we can show the L!(P) convergence
Gn(s)d[M,L]s — G(s)d[M, L]s.
(0,¢] (0,¢]

The first step below is a combination of the Kunita-Watanabe inequal-
ity (2.19) and the Schwarz inequality. Next, the assumption G, — G in
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Lo(M,P) implies G, — G in L2([0,t] x Q, pas)-

|

1/2
S) — S 2 t 1/2
< (E /w,t]’G"” & ()| d[M]s) (E{[L].})

£{| [ (@0 -t o

1/2
= (/ |Gn—G]2d,uM> (E{L?—L(Q)})lm—)O as n — 00.
(0,t]x2
We have shown (5.65) for the case L, M € My and G € Lo(M,P).

Step 2. Now the case L, M € My, and G € L(M,P). Pick stopping
times {7} that localize both L and (G,M). Abbreviate G¥ = 1(,,G.
Then if 7 (w) > ¢,

(G- M, L)y =[G M, Ll = [(G- MY, L™, = [(G* - M™), L™,

= GFd[M™, L], = Gy d[M, L],.
(0,t] (0,t]
We used Lemma 3.29 to move the 7 superscript in and out of covariations,
and the definition (5.27) of the integral G - M. Since 7(w) > t, we have
G* = G on [0,], and consequently G* can be replaced by G on the last line.
This completes the proof. O

We can complement part (c) of Proposition 5.14 with this result.

Corollary 5.56. Suppose M, N € My, G € Lo(M,P), and H € L2(N,P).
Then
(G-M)(H-N)— GsHsd[M, N|s
(0,¢]
is a martingale. If we weaken the hypotheses to M, N € Majoc, G €
L(M,P), and H € L(N,P), then the process above is a local martingale.

Proof. Follows from Proposition 5.55 above, and a general property of
[M, N] for (local) L?-martingales M and N, stated as Theorem 3.30 in
Section 3.4. O

Since quadratic variation functions like an inner product for local L2-
martingales, we can use the previous result as a characterization of the
stochastic integral. According to this characterization, to verify that a given
process is the stochastic integral, it suffices to check that it behaves the right
way in the quadratic covariation.
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Lemma 5.57. Let M € My, and assume My = 0.
(a) For any 0 <t < oo, [M]; = 0 almost surely iff supy<s<|Ms| = 0
almost surely.

(b) Let G € L(M,P). The stochastic integral G- M is the unique process
Y € Majoc that satisfies Yo = 0 and

Y,L] = Gsd[M,L]s almost surely
(0,1]

for each 0 <t < oo and each L € M oc.

Proof. Part (a). Fix t. Let {7} be a localizing sequence for M. Then for
s <t, [M™]g < [M™]y = [M]zat < [M]; = 0 almost surely by Lemma 3.27
and the t-monotonicity of [M]. Consequently E{(M*)?} = E{[M™],} =0,
from which M7* = 0 almost surely. Taking k large enough so that 7 (w) > s,
Mg = M7* = 0 almost surely. Since M has cadlag paths, there is a single
event g such that P(€Q) =1 and M,(w) =0 for all w € Qp and s € [0, ¢].

Conversely, if M vanishes on [0,¢] then so does [M] by its definition.

Part (b). We checked that G - M satisfies (5.65) which is the property
required here. Conversely, suppose ¥ € Maj .. satisfies the property. Then
by the additivity,

Y —G-M,L,;=[Y,L]— [G-M,L] =0

for any L € Mg joc. Taking L =Y —G- M gives [Y —G-M,Y —G-M] =0,
and then by part (a) Y =G - M. O

The next change-of-integrator or substitution property could have been
proved in Chapter 5 with a case-by-case argument, from simple predictable
integrands to localized integrals. At this point we can give a quick proof,
since we already did the tedious work in the previous proofs.

Proposition 5.58. Let M € Majo., G € L(M,P), and let N = G - M,
also a member of Mg joc. Suppose H € L(N,P). Then HG € L(M,P) and
H-N=(HG) M.

Proof. Let {7;} be a localizing sequence for (G, M) and (H, N). By part
(b) of Proposition 5.31 N = (G- M)™ = G - M™, and so Proposition
5.55 gives the equality of Lebesgue-Stieltjes measures d[N"*]s = G2 d[M™*];.
Then for any T' < oo,

E Ly (OH{G; dIM™], = E 10,7, (t)HF d[N™*]; < 00
[0,7] [0,T]

because {7} is assumed to localize (H, N). This checks that {74} localizes
(HG,M) and so HG € L(M,P).
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Let L € My 1oc. Equation (5.65) gives G4 d[M, L] = d[N, L], and so

(HG) - M,L), = | H,G,d[M,Lly= [ H,d[N,Ll,=[H-N,L],.
(0,¢] (0,¢]

By Lemma 5.57(b), (HG) - M must coincide with H - N. O

We proceed to extend some of these results to semimartingales, begin-
ning with the change of integrator. Recall some notation and terminology.
The integral [ G dY with respect to a cadlag semimartingale Y was defined
in Section 5.3 for predictable integrands G that satisfy this condition:

(5.66) there exist stopping times {0, } such that o, " oo almost

surely and 1(g,,]G is a bounded process for each n.

If X is a cadlag process, we defined the caglad process X_ by X_(0) = X (0)
and X_(t) = X(t—) for t > 0. The notion of uniform convergence on
compact time intervals in probability first appeared in our discussion of
martingales (Lemma 3.41) and then with integrals (Propositions 5.32 and
5.37).

Corollary 5.59. Let Y be a cadlag semimartingale, G and H predictable
processes that satisfy (5.66), and X = [ HdY', also a cadlag semimartingale.

Then
/GdX:/GHdY.

Proof. Let Y = Yy + M + U be a decomposition of Y into a local L?*-
martingale M and an FV process U. Let V; = f(O,t] H,dU,, another FV
process. This definition entails that, for a fixed w, H; is the Radon-Nikodym
derivative dAy /dAy of the Lebesgue-Stieltjes measures on the time line
(Lemma 1.16). X = H - M + V is a semimartingale decomposition of X.
By definition of the integral [ G dX and Proposition 5.58,

= GsH,dYs.
(0,¢]

The last equality is the definition of the semimartingale integral [ GH dY.
O

In terms of “stochastic differentials” we can express the conclusion as
dX = HdY. These stochastic differentials do not exist as mathematical
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objects, but the rule dX = H dY tells us that dX can be replaced by H dY
in the stochastic integral.

Theorem 5.60. Let Y and Z be cadlag semimartingales. Then [Y, Z] exists
as a cadlag, adapted F'V process and satisfies

(5.67) Y, 2z, =YiZ — Yo Zo — / Y, dZs — / Zs_ dYs.
(0,t] (0,t]

The product Y Z is a semimartingale, and for a predictable process H that
satisfies (5.66),

HydYZ),= | HY, dZ+ | H.Z,dY,

(5.68) (0,t] (0,¢] (0,t]

+ H,d[Y, Z],.
(0.4]

Proof. We can give here a proof of the existence [Y,Z] independent of
Corollary 3.31. Take a countably infinite partition 7 = {0 = t; < ta < t3 <

- < t; < ---} of Ry such that ¢; / oo, and in fact take a sequence of
such partitions with mesh(mw) — 0. (We omit the index for the sequence of
partitions.) For ¢t € Ry consider

Sﬂ'(t) — Z(Y;ti“/\t - }/ti/\t)(ZtiJrl/\t - Zti/\t)

= { Z(}/ti_‘_l/\tzti_‘_l/\t - }/;,i/\tZti/\t)

(5.69)
- Z }/;fl (ZtH_l/\t - Zti/\t> - Z Zti (}/;fi+1/\t - }/;fi/\t) }

— YtZt—YoZg—/ Ys_ dZs—/ Zs_dYs.
(0,] (0,t]

mesh(7)—0

Proposition 5.37 implies that the convergence takes place in probability,
uniformly on any compact time interval [0,7], and also gives the limit in-
tegrals. By the usual Borel-Cantelli argument we then get the limit almost
surely, uniformly on [0, T, along some subsequence of the original sequence
of partitions. The limit process is cadlag.

From this limit we get all the conclusions. Take first Y = Z. Suppose
s < t. Once the mesh is smaller than ¢ — s we have indices k < ¢ such that
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ty < s <tgy1 and ty <t <tgyq. Then

T
L

Sr(t) — Sx(s) = (Yt—Y;Ee)Q“' (Y,
> (Ytk+1 - Y;fk)Q - (YS - Ytk)z
— (AY;)? — (AY,)? = 0.

- Y;Jz)2 - (Ys - Ytk)2

141

I
=

Since this limit holds almost surely simultaneously for all s < ¢ in [0, 77,
we can conclude that the limit process is nondecreasing. We have satisfied
Definition 2.14 and now know that every cadlag semimartingale Y has a
nondecreasing, cadlag quadratic variation [Y].

Next Definition 2.15 gives the existence of a cadlag, FV process [Y, Z].
By the limits (2.13), [Y, Z] coincides with the cadlag limit process in (5.69)
almost surely at each fixed time, and consequently these processes are in-
distinguishable. We have verified (5.67).

We can turn (5.67) around to say
YZ:YOZO+/YCZZ—|—/ZdY+ Y, Z]

which represents Y Z as a sum of semimartingales, and thereby Y Z itself is
a semimartingale.
Equality (5.68) follows from the additivity of integrals, and the change-

of-integrator formula applied to the semimartingales [Y_dZ and [ Z_dY.
O

Remark 5.61. Identity (5.67) gives an integration by parts rule for stochas-
tic integrals. It generalizes the integration by parts rule of Lebesgue-Stieltjes
integrals that is part of standard real analysis [8, Section 3.5].

Next we extend Proposition 5.55 to semimartingales.

Theorem 5.62. Let Y and Z be cadlag semimartingales and G and H
predictable processes that satisfy (5.66). Then

G-Y,H-Z),= | G.H,d[Y,Z..
(0,1

Proof. For the same reason as in the proof of Proposition 5.55, it suffices
to show

G-Y, 7], = Gsd[Y, Z]s.
(0,4]
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Let Y =Yg+ M+ A and Z = Zy + N + B be decompositions into local
L?-martingales M and N and FV processes A and B. By the linearity of
quadratic covariation,

G-Y,Z]=[G-M,N]+[G-M,B|+[G-A,Z].

By Proposition 5.55 [G - M,N| = [Gd[M,N]. To handle the other two
terms, fix an w such that the paths of the integrals and the semimartingales
are cadlag, and the characterization of jumps given in Theorem 5.41 is valid
for each integral that appears here. Then since B and G - A are FV pro-
cesses, Lemma A.10 applies. Combining Lemma A.10, Theorem 5.41, and
the definition of a Lebesgue-Stieltjes integral with respect to a step function
gives

[G-M,B;+[G-AZly= > AG-M),AB;+ Y A(G-A),AZ,

s€(0,t] s€(0,t]
= Z G, AM,AB; + Z G, AANZ,
SE(O,t] SE(O,t}

= | G.dM,Bl.+ | G.dlA, Z,.
(0,¢] (0,¢]

Combining terms gives the desired equation. O

As the last result we generalize the limit taken in (5.69) by adding a
coefficient to the sum. This is the technical lemma from this section that
we need for the proof of Ité’s formula.

Proposition 5.63. Let Y and Z be cadlag semimartingales, and G an
adapted cadlag process. Given a partition m = {0 = t1 < ta <tz < -+ <
ti /St oo} of [0,00), define

o
(5'70) Rt(ﬂ-) = Z Gti(Y;HU\t - Y;fz‘/\t)(ZtHﬂ\t - th‘/\t)'

i=1
Then as mesh(r) — 0, R(m) converges to [ G_d[Y, Z] in probability, uni-

formly on compact time intervals.

Proof. Algebra gives
Rt(ﬂ-) = Z Gti (}/ti_'.l/\tZti_»'_l/\t - }/;fi/\tZti/\t)

- Z Gti}/ti(ZtH-l/\t - Zti/\t) - Z GtiZti(Y;fi+1/\t - Y;fi/\t)'

We know from Theorem 5.60 that Y Z is a semimartingale. Applying Propo-
sition 5.37 to each sum gives the claimed type of convergence to the limit

Gy dYZ)s— | GoYi dZ,— | G, Z, dy,
(0,¢] (0,¢] (0,¢]
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which by (5.68) equals |

(0. Gs—d[Y, Zs. O
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Exercises

Exercise 5.1. Show that if X : R4 xQ — R is P-measurable, then X;(w) =
X (t,w) is a process adapted to the filtration {F;_}.

Hint: Given B € Bgr, let A = {(t,w) : X(t,w) € B} € P. The event
{X: € B} equals the t-section A; = {w : (t,w) € A}, so it suffices to show
that an arbitrary A € P satisfies A, € F;— for all £ € R4. This follows
from checking that predictable rectangles have this property, and that the
collection of sets in Br, ® F with this property form a sub-o-field.

Exercise 5.2. (a) Show that for any Borel function h : Ry — R, the
deterministic process X (t,w) = h(t) is predictable. Hint: Intervals of the
type (a,b] generate the Borel o-field of R..

(b) Suppose X is an R™-valued predictable process and g : R™ — R¢
a Borel function. Show that the process Z; = ¢g(X}) is predictable.

(c) Suppose X is an R™-valued predictable process and f : Ry x R"™ —
R? a Borel function. Show that the process W; = f(t, X;) is predictable.

Hint. Parts (a) and (b) imply that h(t)g(X;) is predictable. Now appeal
to results around the m-A Theorem.

Exercise 5.3. Fill in the missing details of the proof that P is generated
by continuous processes (see Lemma 5.1).

Exercise 5.4. Let N; be a rate a Poisson process on R4 and M; = Ny — at.
In Example 5.3 we checked that puys = am® P on P. Here we use this result
to show that the process NN is not P-measurable.

(a) Evaluate the integral
/ Ns(w) (am ® P)(ds, dw).
[0,7]x$2

(b) Evaluate
E Ny d[M]
[0,7]
where the inner integral is the pathwise Lebsgue-Stieltjes integral, in accor-
dance with the interpretation of definition (5.1) of ups. Conclude that N
cannot, be P-measurable.

(c) For comparison, evaluate explicitly integrals
E Ns_dNg and / Ny—(w) (am ® P)(ds, dw).
(OvT] [O,T} X

Here Ny (w) = limy, s Ny(w) is the left limit. Explain why we know without
calculation that these integrals must agree.
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Exercise 5.5. Let {F;} be a filtration, P the corresponding predictable
o-field, {Fi1} defined as in (2.5), and P, the predictable o-field that cor-
responds to {Fiy}. In other words, Py is the o-field generated by the sets
{0} x Fy for Fy € Foy and (s,t] x F for F' € Fgy.

(a) Show that each (s,t] x F for F' € Fyy lies in P.

(b) Show that a set of the type {0} x Fy for F' € Foy \ Fo cannot lie in
P.

(c) Show that the o-fields P and P coincide on the subspace (0, 00) x €
of Ry x Q. Hint: Apply part (d) of Exercise 1.8.

(d) Suppose X is a Py-measurable process. Show that the process
Y(t,w) = X(t,w)1l(e0)(t) is P-measurable.

Exercise 5.6. Suppose M is a continuous L?-martingale and X € Lo(M,P).
Show that (1(45X) - M = (14,5 X) - M. Hint: [M] is continuous.

Exercise 5.7. Let X be a predictable process. Show that

T
/ X (s,w)?ds < oo for all T' < co, for P-almost every w,
0

if and only if there exist stopping times 7 * oo such that

Tk(w)/\T
E/ X(s,w)*ds < oo forall T < oc.
0

From this argue the characterization of £(M,P) for Brownian motion and
the compensated Poisson process claimed in Example 5.26.

Exercise 5.8. Let M be a local L? martingale. Show that if X,Y ¢
L(M,P) are up-equivalent, namely

ia{(tw) : X (tw) £ Y (tw)} =0,
then X - M and Y - M are indistinguishable.

Exercise 5.9. Finish the proof of Proposition 5.31.

Exercise 5.10. (Computations with the Poisson process.) Let N be a
homogeneous rate a Poisson process, and M; = N; — at the compensated
Poisson process which is an L?-martingale. Let 0 < 7y < 7o < ... < TN(#)
denote the jump times of N in (0, t].

(a) Show that

i=1
Hint: For a homogeneous Poisson process, given that there are n jumps in an
interval I, the locations of the jumps are n i.i.d. uniform random variables
in I.
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(b) Compute the integral

N(s—)dM(s).
(0,4]
“Compute” means to find a reasonably simple formula in terms of N; and
the 7;’s. One way is to justify the evaluation of this integral as a Lebesgue-
Stieltjes integral.

(c) Use the formula you obtained in part (b) to check that the process
J N(s—)dM(s) is a martingale. (Of course, this conclusion is part of the
theory but the point here is to obtain it through hands-on computation.
Part (a) and Exercise 2.25 take care of parts of the work.)

(d) Suppose N were predictable. Then the stochastic integral [ N dM
would exist and be a martingale. Show that this is not true and conclude
that N cannot be predictable.

Hints: It might be easiest to find
N(s)dM(s) — N(s—)dM(s) = (N(s) = N(s—)) dM(s)
(0,t] (0,t] (0,t]
and use the fact that the integral of N(s—) is a martingale.
Exercise 5.11. (Extended stochastic integral of the Poisson process.) Let

N; be a rate a Poisson process, My = Ny — at and N_(t) = N(t—). Show
that V_ is a modification of N, and

parf{(t,w) : Ni(w) # Ni—(w)} = 0.

Thus the stochastic integral V- M can be defined according to the extension
in Section 5.5 and this N - M must agree with N_ - M.

Exercise 5.12. (Riemann sum approximation in Ms.) Let M be an L?
martingale, X € Lo(M,P), and assume X also satisfies the hypotheses of
Proposition 5.32. Let 7™ = {0 = t]* < t§* < t§* < ---} be partitions such
that mesh 7™ — 0. Let §f’m = (Xg» A k) V (—k), and define the simple
predictable processes

i1

n
k? b 7k
W ="M L g (1),
=1

Then there exists a subsequences {m(k)} and {n(k)} such that

lim || X - M — WhmEn®E) g, = 0.
k—o0
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Exercise 5.13. Let 0 < a < b < oo be constants and M € My o.. Find
the stochastic integral

1[a,b) (8) dMS
(0,¢]

Hint: Check that if M € My then 1(4_1/pyp—1/n) converges to 1p,p) in
Lo(M,P).

Exercise 5.14. Does part (a) of Lemma 5.57 extend to semimartingales?

Exercise 5.15. (Space-time Poisson random measure.) In some applica-
tions the random occurrences modeled by a Poisson process also come with
a spatial structure. Let U be a subset of R and v a finite Borel measure
on U. Let ¢ be a Poisson random measure on U x R, with mean measure
v ®m. Define the filtration F; = 0{¢{(B) : B € Byxy}- Fix a bounded
Borel function A on U x R. Define

t

and Mt = Xt — Ht.

(a) Show that these are cadlag processes, M is a martingale, H is an FV
process and X is semimartingale.

(b) Show that for an adapted cadlag process Z,
/ Z(s—)dX, = Z(s—)h(x, s) £(dw, ds).
(0,4] Ux[0,4]

Hint. The Riemann sums in Proposition 5.37 would work.

(¢) What moment assumption on an adapted cadlag process Z guaran-
tees that Z_ € Lo(M,P)? Show that for these processes Z,

t
E Z(s—)alXS:/0 /UE[Z(S)]h(x,S) v(dzx)ds.

(0,¢]
Hint. Recall that stochastic integrals of Lo integrands are themselves mean
zero martingales.






Chapter 6

Ito’s Formula

1t6’s formula works as a fundamental theorem of calculus in stochastic anal-
ysis. We are familiar from calculus with the fact that if x(¢) is for example
a continuously differentiable function of time, then

Flalt)) = ) + [ £/a(s)o'(s)ds.

However, the exact analogue for Brownian motion

F(B) = f(Bo) + /O J(B,) dB,

is not true. The wild oscillation of a Brownian path brings a second order
term into the identity that involves quadratic variation d[B] = dt:

1B = 1B0)+ [ r(Byas.+} [ s as

This is a special case of It6’s formula. When the process in question possesses
jumps, even further terms need to be added on the right-hand side.

Right-continuity of the filtration {F;} is not needed for the proofs of this
chapter. This property might be needed for defining the stochastic integral
with respect to a semimartingale one wants to work with. As explained in
the beginning of Section 5.3, under this assumption we can apply Theorem
3.20 (fundamental theorem of local martingales) to guarantee that every
semimartingale has a decomposition whose local martingale part is a local
L?-martingale. This L? property was used for the construction of the sto-
chastic integral. The problem can arise only when the local martingale part
can have unbounded jumps. When the local martingale is continuous or its

207
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jumps have a uniform bound, it can be localized into an L? martingale and
the fundamental theorem is not needed.

6.1. Ito’s formula: proofs and special cases

We prove [t0’s formula in two main stages, first for real-valued semimartin-
gales and then for vector-valued semimartingales. Additionally we state
several simplifications that result if the cadlag semimartingale specializes to
an FV process, a continuous semimartingale, or Brownian motion.

For an open set D C R, C?(D) is the space of functions f : D — R such
that the derivatives f’ and f” exist everywhere on D and are continuous
functions. For a real or vector-valued cadlag process X, the jump at time s
is denoted by

AXs =X, — X,

as before. Recall also the notion of the closure of the path over a time
interval, for a cadlag process given by

X[0,t] ={X(s): 0<s <t} U{X(s—):0<s <t}

It6’s formula contains a term which is a sum over the jumps of the
process. This sum has at most countably many terms because a cadlag path
has at most countably many discontinuities (Lemma A.7). It is also possible
to define rigorously what is meant by a convergent sum of uncountably many
terms, and arrive at the same value. See the discussion around (A.5) in the
appendix.

Theorem 6.1. Fiz 0 < T < co. Let D be an open subset of R and f €
C?(D). LetY be a cadlag semimartingale with quadratic variation process

[Y]. Assume that for all w outside some event of probability zero, Y[0,T] C
D. Then

fY) =fYo)+ | f(Yeo)dYe+35 [ fI(Yeo)d[Y]s
(0,¢] (0,¢]

+ 3 {00 = F) = PG, = LY ) (AYL)2

s€(0,t]

(6.1)

Part of the conclusion is that the last sum over s € (0,t] converges absolutely
for almost every w. Both sides of the equality above are cadlag processes,
and the meaning of the equality is that these processes are indistinguishable
on [0,T]. In other words, there exists an event Qo of full probability such
that for w € Qq, (6.1) holds for all 0 <t <T.
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Proof. The proof starts by Taylor expanding f. We formulate this in the
following way. Define the function v on D x D by v(z,z) =0 for all z € D,
and for x # y

1
(6.2) ~(z,y) = m{f(y) — fl@) = fl(@)(y —2) - %f“(ﬂf)(y - x)2}
On the set {(z,y) € D x D : x # y} ~ is continuous as a quotient of
two continuous functions. That  is continuous also at diagonal points
(z, z) follows from Taylor’s theorem (Theorem A.14 in the appendix). Given
z € D, pick r > 0 small enough so that G = (z — r,z +r) C D. Then for
z,y € G, x # y, there exists a point 0, , between x and y such that

Fy) = f@) + (@) (y — @) + 5" (0uy) (y — )%
So for these (x,y)

Y@, y) = 5" (Ony) — 3" ().

As (x,y) converges to (z,z), 0, converges to z, and so by the assumed
continuity of f”

Ya,y) — 5f"(2) = 5"(2) = 0=1(z,2).

We have verified that ~ is continuous on D x D.
Write

) = fx) = fla)y —2) + 5" (@) (y — 2)* + v(z,9)(y — 2)*.

Given a partition m = {t¢;} of [0,00), apply the above identity to each par-
tition interval to write

f(a) = f(Yo) + Z{f(YWiH) — f(Yire)}

(6.3) = F(Y0) + > ' (Yirt)) (Yint,pr — Yint,)
i
(6'4) + % Z f//(}/t/\ti)()/t/\ti-&-l - Y;f/\ti)2
i
(6.5) + Z YYintss Yinto) Yintisr — Yine,).

)

By Propositions 5.37 and 5.63 we can fix a sequence of partitions 7¢ such
that mesh(7%) — 0, and so that the following limits happen almost surely,
uniformly for t € [0,T7], as £ — oc.

(i) The sum on line (6.3) converges to

[ rwoa.
(0,t]
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(ii) The term on line (6.4) converges to

5[ f'(Ye)dY]s
(0,¢]
(iii) The limit
Z(Y;f/\twl - Y;f/\ti>2 — [Y]t

(2

happens.

Fix w so that the limits in items (i)—(iii) above happen. We apply
the scalar case of Lemma A.13, but simplified so that ¢ and « in (A.8)
have no time variables, to the cadlag function s — Y,(w) on [0,t] and the
sequence of partitions m¢ chosen above. For the closed set K in Lemma
A .13 take K = Y'[0,T]. For the continuous function ¢ in Lemma A.13 take
é(x,y) = v(z,y)(y — ). By hypothesis, K is a subset of D. Consequently,
as verified above, the function

’Y(IL‘,y) _ {é‘x - y)72¢(w’y>7 T f Yy
; rT=y

is continuous on K x K. Assumption (A.9) of Lemma A.13 holds by item (iii)
above. The hypotheses of Lemma A.13 have been verified. The conclusion
is that for this fixed w and each t € [0,7], the sum on line (6.5) converges
to

Y oV Vo) = Y Ve, Vo) (Ve — Ve )

s€(0,t] s€(0,t]

= > {F00) = 1) = F(G)AY: = LY )(AYL)2

s€(0,¢]

Lemma A.13 also contains the conclusion that this last sum is absolutely
convergent.

To summarize, given 0 < T' < oo, we have shown that for almost every
w, (6.1) holds for all 0 < ¢ < T. O

Remark 6.2. (Semimartingale property) A corollary of Theorem 6.1 is that
under the conditions of the theorem f(Y') is a semimartingale. Equation
(6.1) expresses f(Y') as a sum of semimartingales. The integral f”(Y_) d[Y]
is an FV process. To see that the sum over jump times s € (0,¢] produces
also an FV process, fix w such that Ys(w) is a cadlag function and (6.1)
holds. Let {s;} denote the (at most countably many) jumps of s — Ys(w)
in [0,T]. The theorem gives the absolute convergence

Z‘Af(Ysi(w)) — ' (Y () AYs, () = 5" (Ye,— (W) (AY;, (w)?| < 0.
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Consequently for this fixed w the sum in (6.1) defines a function in BV[0, T,
as in Example 1.14.

Let us state some simplifications of It6’s formula.

Corollary 6.3. Under the hypotheses of Theorem 6.1 we have the following
special cases.

(a) If Y is continuous on [0,T], then
66 s =100+ [ ronavd [
(b) If Y has bounded variation on [0,T], then

fY) =f(Yo)+ | f'(Yeo)dY.

(0,¢]

+ 3 {500 - 1) - o)Ay

s€(0,t]

(6.7)

(¢c) If Yy = Yo+ By, where B is a standard Brownian motion independent
of Yy, then

t t
68)  f(B) = f(Yo) + /0 (Yo + By dB, + ) /0 F"(Yo + By) ds.

Proof. Part (a). Continuity eliminates the sum over jumps, and renders
endpoints of intervals irrelevant for integration.

Part (b). By Corollary A.11 the quadratic variation of a cadlag BV path
consists exactly of the squares of the jumps. Consequently

5[ f'Ye)dlY]s = ) (Yo )(AYS)

(04 s€(0,¢]
and we get cancellation in the formula (6.1).
Part (c). Specialize part (a) to [B]; = t. O

The open set D in the hypotheses of It6’s formula does not have to be
an interval, so it can be disconnected.

The important hypothesis Y'[0,7] C D prevents the process from reach-
ing the boundary. Precisely speaking, the hypothesis implies that for some
d > 0, dist(Y(s),D¢) > ¢ for all s € [0,7]. To prove this, assume the
contrary, namely the existence of s; € [0, 7] such that dist(Y(s;), D¢) — 0.
Since [0,7T7] is compact, we may pass to a convergent subsequence s; — s.
And then by the cadlag property, Y (s;) converges to some point y. Since
dist(y, D¢) = 0 and D¢ is a closed set, y € D¢. But y € Y[0, 7], and we have
contradicted Y[0,7] C D.
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But note that the ¢ (the distance to the boundary of D) can depend on
w. So the hypothesis Y[0,7] C D does not require that there exists a fixed
closed subset H of D such that P{Y (t) € H for all t € [0,T]} = 1.

Hypothesis Y[0,7] C D is needed because otherwise a “blow-up” at
the boundary can cause problems. The next example illustrates why we
need to assume the containment in D of the closure Y[0,T], and not merely
Y[0,7] C D.

Example 6.4. Let D = (—o0,1) U (3,00), and define
vi—-z, x<1
fz) = 3
O, x > bR

a C2-function on D. Define the deterministic process

t <t<l1
y, = b 0<t<
14+¢, t>1.
Y, € D for all t > 0. However, if t > 1,
f(Yeo)dYs = fl(s)ds+ f'(Yi-) + f'(s)ds
(0,¢] (0,1) (1,¢]
=—14(—00)+0.

As the calculation shows, the integral is not finite. The problem is that the

closure Y'[0, t] contains the point 1 which lies at the boundary of D, and the
derivative f’ blows up there.

We extend It6’s formula to vector-valued semimartingales. For purposes
of matrix multiplication we think of points x € R?% as column vectors, so
with T" denoting transposition,

X = [T1,T2,...,24] .

Let Y1(t),Ya(t),...,Yy(t) be cadlag semimartingales with respect to a com-
mon filtration {F;}. We write Y (t) = [Y1(t), ..., Y4(t)]T for the column vec-
tor with coordinates Yi(t),...,Yy(t), and call Y an R%valued semimartin-
gale. Its jump is the vector of jumps in the coordinates:

AY (t) = [AY1(t), AYa(t), ..., AY,(t)]L.

For 0 < T < oo and an open subset D of R%, C12(]0,T] x D) is the space
of continuous functions f : [0,7] x D — R whose partial derivatives f;, fz,,
and fy, ., exist and are continuous in the interior (0,7') x D, and extend
as continuous functions to [0,T] x D. So the superscript in C*? stands for

one continuous time derivative and two continuous space derivatives. For
f € CY%([0,T] x D) and (t,x) € [0,7] x D, the spatial gradient

Df(t,%) = [fur (8,%), Fug (£,%), -+, fuu (8, %)] T



6.1. Ito’s formula: proofs and special cases 213

is the column vector of first-order partial derivatives in the space variables,
and the Hessian matrix D?f(t,x) is the d x d matrix of second-order spatial
partial derivatives:

ffv1,x1 (t> X) fxl,wz (tv X) e fml,md(ta X)
sz(t,x) _ f$2,$1'(t>x) fx2,x2‘(tvx) ’ f-’EQ,-'Ed'(uX)
Frwer 00) Fapea (%) - Frpiey(6:%)

Theorem 6.5. Fiz d > 2 and 0 < T < oco. Let D be an open subset of
R? and f € CY2([0,T] x D). Let Y be an R%-valued cadlag semimartingale
such that outside some event of probability zero, Y[0,T] C D. Then

t
(LY (8) = F(0.Y(0)) + / fuls, Y (s)) ds
+Z RACESEE

(6.9) +3 Z frja (s, Y (s=)) d[Y, Yil(s)

1<j,k<d” (0]

+ 3 {5 Y () - f5Y(5-))
s€(0,t]
~ Df(s,Y (s=))TAY (s) = SAY ()" D2 f(s,Y (s-))AY (s) }

Proof. Let us write Y}* = Yj(¢) in the proof. The pattern is the same as in
the scalar case. Define a function ¢ on [0,7]? x D? by the equality

F(t,y) = f(s,%) = fi(s,x)(t = 5) + Df (s, %) (y — x)
+ %(y - X)TDQf(Sv X)(y - X) + @(S, ta X, Y)
Apply this to partition intervals to write
F&,Y2) = £0,Y0) + D> _{F(E A tig1, Yinr,) = F(EA L, Yine,) }

(6.10)

= f(0,Y)
(6.11) ) filt Ats, Yipr) (EA i) = (EA L))
d
(6.12) + Z Z Ja, (E A i, EAti)(Wf\tM — Y,
k=1 1

(6.13) +3 > > ferm A Yine) Yine,, — Yin,) V., — Yie)
1<j,k<d i
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(614) =+ Z¢(t/\ti7t/\ti+1)}/},/\ti7Yt/\ti+1)‘

(2

By Propositions 5.37 and 5.63 we can fix a sequence of partitions 7¢ such
that mesh (%) — 0, and so that the following limits happen almost surely,
uniformly for ¢t € [0,77], as £ — oo.

(i) Line (6.11) converges to

ft(87 }/S) ds.
(0,¢]

(ii) Line (6.12) converges to

d
Z ka(SaYS’*)desk‘
(

k=1 (0:t]

(iii) Line (6.13) converges to

% ij,Z‘k(S7YS—)d[Yj7Yk]S‘
1<j,k<d” (0:4]

(iv) The limit

Z(}Qlj\t¢+1 - }/;‘/lf\ti)Q — [Yk]t

i
happens for 1 < k < d.
In (i)—(iii) the integrand is the left limit process, for example in (ii)

7141{2 fzk(nY'T) = fzk (il\‘II;(T’,Y:,‘)) = ka(S,Y;_).

However in (i) the ds integral does not distinguish between Y;_ and Y;
because a cadlag path has at most countably many jumps.

Fix w such that Y[0,7] C D and the limits in items (i)—(iv) hold. By the
above paragraph and by hypothesis these conditions hold for almost every
w.

To treat the sum on line (6.14), we apply Lemma A.13 to the R%valued
cadlag function s — Ys(w) on [0, 7], with the function ¢ defined by (6.10),
the closed set K = Y[0,T], and the sequence of partitions 7¢ chosen above.
We need to check that ¢ and the set K satisfy the hypotheses of Lemma
A.13. Continuity of ¢ follows from the definition (6.10). Next we argue that
if (85, tny Xn, ¥n) — (u,u,2,2) in [0, T]? x K? while for each n, either s,, # t,
or X, # yn, then

¢(87’L7 tnv X’n7 Yn)

6.15
( ) ’tn_sn‘+’yn_xn|2

— 0.
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Given € > 0, let I be an interval around w in [0,7] and let B be an open
ball centered at z and contained in D such that

‘ft(U,W) - ft(uvz)‘ + ‘DQf(’U,W) - DQf(u7Z)’ <e

for all v € I,w € B. Such an interval I and ball B exist by the openness of
D and by the assumption of continuity of derivatives of f in [0,7T] x D. For
large enough n, we have s,,t, € I and x,,y, € B. Since a ball is convex,
by Taylor’s formula (A.16) we can write

@b(snatnaXmYn) = (ft(TnaYn) - ft(snaxn))(tn — Sn)
+ %(Yn - xn)T(DQf(Snagn) - D2f(8naxn))(yn - Xn)7

where 7, lies between s, and t,, and &, is a point on the line segment
connecting x, and y,. Hence 7, € I and &, € B, and by Schwarz inequality
in the form (A.7),

[9(Sns tny Xn, ¥ )| < ’ft(TmYn) - ft(smxn)‘ “[tn = sl
+ ‘D2f(3n7£n) - D2f(tnaxn)| : b’n - Xn’2
<2 ([tn — 8n| + |yn — xn|?).

Thus
(S tn, Xn, Yn) 5 < %
|tn — sn| + |yn — Xu|
for large enough n, and we have verified (6.15).

The function
¢(S7 t? X? Y)

[t —s|+ |y — x|
is continuous at points where either s # t or x # y, as a quotient of two
continuous functions. Consequently the function v defined by (A.8) is con-
tinuous on [0,7)% x K2.

Hypothesis (A.9) of Lemma A.13 is a consequence of the limit in item
(iv) above.

(s,t,x,y) —

The hypotheses of Lemma A.13 have been verified. By this lemma, for
this fixed w and each t € [0, 7], the sum on line (6.14) converges to

> ol YY) = Y {fs ) = fls o)

s€(0,t] s€(0,t]
— Df(s,Ya )AY, — LAYT D2 f(s, YS_)AYS}.
This completes the proof of Theorem 6.5. O

Remark 6.6. (Notation) Often It6’s formula is expressed in terms of dif-
ferential notation which is more economical than the integral notation. As
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an example, if Y is a continuous R%valued semimartingale, equation (6.9)
can be written as

d
df (6, Y (1)) = filt, Y (£)) dt + > fu, (1, Y (1)) dY(t)
(6.16) j=1
+ % Z ij,:vk (t7 Y<t_)) d[YJ7 Yk] (t>

1<j,k<d

As mentioned already, these “stochastic differentials” have no rigorous mean-
ing. The formula above is to be regarded only as an abbreviation of the
integral formula (6.9).

We state the Brownian motion case as a corollary. For f € C?(D) in
R, the Laplace operator A is defined by

Af = fx1,x1 +- fa:d,xd-
A function f is harmonicin D if Af =0 on D.

Corollary 6.7. Let B(t) = (By(t),...,Bqy(t)) be Brownian motion in RY,
with random initial point B(0), and f € C*(R%). Then

(617)  F(B(O) = F(BO) + | DIBE) aB) + [ ArB) ds

Suppose f is harmonic in an open set D C R®. Let Dy be an open subset
of D such that dist(Dy, D) > 0. Assume initially B(0) = z for some point
z € D1, and let

(6.18) T =inf{t > 0: B(t) € D{}

be the exit time for Brownian motion from Dy. Then f(B7(t)) is a local
L?-martingale.

Proof. Formula (6.17) comes directly from It6’s formula, because [B;, B;j] =
(SZ'JT.

The process B™ is a (vector) L? martingale that satisfies B7[0,T] C D
for all T' < co. Thus It6’s formula applies. Note that [B], Bl]; = [B;, Bj]] =
9;,j(t AN7). Hence Af =0 in D eliminates the second-order term, and the
formula simplifies to

FBT(1) = f(z) + / DF(B(s))T dB"(5)

which shows that f(B7(t)) is a local L?-martingale. O
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6.2. Applications of I1to’s formula

One can use It6’s formula to find pathwise expressions for stochastic inte-
grals.

Example 6.8. To evaluate fg B¥ dBy for standard Brownian motion and
k> 1, take f(z) = (k+ 1)7'2**! so that f/(z) = 2* and f"(z) = ka*~L.
1t6’s formula gives

t k t
/ B¥dB, = (k+1)"'BF — 2/ BF1ds.
0 0

The integral on the right is a familiar Riemann integral of the continuous
function s —» BE~1,

Often It6’s formula is used to find martingales, which can be useful for
calculations. Here is a systematic way to do this for Brownian motion.

Lemma 6.9. Suppose f € CY?(R; x R) and f; + %fwx = 0. Let B; be
one-dimensional standard Brownian motion. Then f(t, B;) is a local L*-
martingale. If

T

(6.19) / E[fa(t, By)?] dt < oo,
0

then f(t, By) is an L*-martingale on [0,T).

Proof. Since [B]; =t, (6.9) specializes to

t t
f(t,Bt)_f(O,O)—i—/O fw(s,Bs)st—l—/O (fi(s, Bs) + L fuu(s, By)) ds

t
:f(0’0)+/0 fa:(57Bs)st

where the last line is a local L%-martingale. (The integrand f, (s, B;) is a
continuous process, hence predictable, and satisfies the local boundedness
condition (5.29).)

The integrability condition (6.19) guarantees that f,(s, Bs) lies in the
space Lo(B,P) of integrands on the interval [0, 7]. In our earlier develop-
ment of stochastic integration we always considered processes defined for all
time. To get an integrand process on the entire time line [0,00), one can
extend f;(s, Bs) by declaring it identically zero on (7', 00). This does not
change the integral on [0, 7. O

Example 6.10. Let ¢ € R and o # 0 be constants. Let a < 0 < b. Let
B; be one-dimensional standard Brownian motion, and Xy = ut + By a
Brownian motion with drift. Question: What is the probability that X;
exits the interval (a,b) through the point b?
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Define the stopping time
7 =1inf{t > 0: X; = a or X; = b}.
First we need to check that 7 < co almost surely. For example, the events
{oBpt1— 0B, >b—a+|ul+1}, n=0,1,2,...
are independent and have a common positive probability. Hence one of them
happens almost surely. Consequently X,, cannot remain in (a,b) for all n.

We seek a function h such that h(X;) is a martingale. Then, if we could
justify Eh(X;) = h(0), we could compute the desired probability P(X, = b)
from

h(0) = Eh(X;) = h(a)P(X; = a) + h(b)P(X; = b).
To utilize Lemma 6.9, let f(¢,2) = h(ut + ox). The condition f; + %fmz =0
becomes
ph' + 3o*h" = 0.
At this point we need to decide whether = 0 or not. Let us work the case
1 # 0. Solving for h gives
h(z) = Cy exp{—2uc %z} + Cs

for two constants of integration Ci,C3. To check (6.19), from f(t,z) =
h(ut + ox) derive

fo(t, ) = —2Cou0  exp{—2puo 2 (ut + o) }.

Since By is a mean zero normal with variance ¢, one can verify that (6.19)
holds for all T' < oo.

Now
(6.20) M, = h(X;) = Cye 26825 4 ¢,
is a martingale. By optional stopping, M a; is also a martingale, and so
EM. s = EMy = h(0). By path continuity and 7 < co, M,xy — M, almost
surely as t — oo. Furthermore, the process M, ; is bounded, because up
to time 7 process X; remains in [a,b], and so [M;a¢| < C' = sup,<,<p|h(2)].
Dominated convergence gives EM,.r; — EM,; as t — oo. We have verified
that Eh(X;) = h(0).

Finally, we can choose the constants C; and Cs so that h(b) = 1 and
h(a) = 0. After some details,

e—?,ua/0'2 -1

(6.21) P(Xr=b)=h(0) = —— s a0

Can you explain what you see as you let either a — —o0 or b — 00? (Decide
first whether p is positive or negative.)

We leave the case u = 0 as an exercise. You should get P(X, = b) =

(—a)/(b—a).
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Martingale (6.20) found above is a special case of the general exponential
martingale M; = e@Bi=0t/2 fo1 one-dimensional Brownian motion and real
«. This is turn is a special case of the following: M; = eXt=3 Xt g o
continuous local L? martingale whenever X is. This is revealed by a quick

It6 computation:
dM = M dX — M d[X]+ 1M d[X] =M dX,

where [ X, [X]] = [[X]] = 0 due to continuity and bounded variation (Lemma
A.10). The computation reveals that M; = M) +f0t M, dX,, which is a local
L? martingale by the construction of the stochastic integral on the right-
hand side.

Next we use Ito’s formula to investigate recurrence and transience of
Brownian motion, and whether Brownian motion ever hits a point. Let us
first settle these questions in one dimension.

Proposition 6.11. Let B, be Brownian motion in R. Then lim;_,oc B; = 0o
and lim, ,  B; = —oo, almost surely. Consequently almost every Brownian
path visits every point infinitely often.

Proof. Let 79 = 0 and 7(k + 1) = inf{t > 7(k) : |B; — Byl = 4**'}. By
the strong Markov property of Brownian motion, for each k the restarted
process { B (y)4+s — Br(x) : >} is a standard Brownian motion, independent
of Fr(x). By symmetry, or by the case p = 0 of Example 6.10,

P[Brrs1) = Brgy = 4" = P[Br(en) — Brpy = =41 = 5.

By the strong Markov property these random variables indexed by k are
independent. Thus, for almost every w, there are arbitrarily large j and k
such that B,(ji1) — Brjy = 41! and Br(ry1) — By = —4F"1. But then
since

pH 1 gt

J
B <) 4i = <
‘T(J)’—; 4-1 = 27

B(jv1) 2 47, and by the same argument B (k11) < —4% Thus limy_,ee By =
oo and lim, , By = —oo almost surely.

Almost every Brownian path visits every point infinitely often due to a
special property of one dimension: it is impossible to go “around” a point.
O

Proposition 6.12. Let B, be Brownian motion in R%, and let P? denote
the probability measure when the process By is started at point z € R?. Let
T =inf{t > 0: |By| <1}
be the first time Brownian motion hits the ball of radius r around the origin.

(a) If d =2, P*(1, < 00) =1 for all r > 0 and z € R,
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(b) If d > 3, then for z outside the ball of radius r,
N
P%(1, < o0) = <> .
2|
There will be an almost surely finite time T such that |By| > r for allt > T.
(c) For d > 2 and any z,y € RY,
P?[ B, #y forall0 <t < oo] =1.

Note that z =y is allowed. That is why t = 0 is not included in the event.

Proof. Observe that for (c) it suffices to consider y = 0, because
P By #yforal0<t<oo]=P Y] B;#0forall 0<t< o0

Then, it suffices to consider z # 0, because if we have the result for all z # 0,
then we can use the Markov property to restart the Brownian motion after
a small time s:

PP By #0 for all 0 < t < oc]
= lim P'[ B; # 0 for all s < t < ]
s\0

= li\r%EO[PB(S){ By #0forall 0 <t <oo}] =1.

The last equality is true because B(s) # 0 with probability one.

Now we turn to the actual proofs, and we can assume z # 0 and the
small radius r < |z|.

We start with dimension d = 2. The function g(x) = log|x| is harmonic
in D =R?\ {0}. (Only in d = 2, check.) Let

op =1inf{t > 0:|B¢| > R}

be the first time to exit the open ball of radius R. Pick r < |z| < R, and
define the annulus A = {x : r < |x| < R}. The time to exit the annulus is
¢ = 7 N ogr. Since any coordinate of B; has limsup oo almost surely, or by
the independent increments argument used in Example 6.10, the exit time
or and hence also ( is finite almost surely.

Apply Corollary 6.7 to the harmonic function

log R — log|x
flx) = 10T~ osh]
log R —logr
and the annulus A. We get that f(B¢a;) is a local L?>-martingale, and since
f is bounded on the closure of 4, it follows that f(Bea;) is an L?-martingale.
The optional stopping argument used in Example 6.10, in conjunction with
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letting ¢t — oo, gives again f(z) = E*f(By) = E*f(B¢). Since f =1 on the
boundary of radius r but vanishes at radius R,

P*(r, <ogr) = P*(|B¢| =r) = E*f(B¢) = f(2),
and so

_ log R — log|z|

.22 P?(7, = .
(6.22) (7 < or) log R —logr

From this we can extract both part (a) and part (c) for d = 2. First,
or /t o0 as R / oo because a fixed path of Brownian motion is bounded
on bounded time intervals. Consequently

P%(1, < 00) = ngréo P%(1, < oR)

~ lim log R — log|z| 1
" R logR —logr
Secondly, consider r = (k) = (1/k)* and R = R(k) = k. Then we get
log k — log|z|
P — 081 — 08l
(v < 7R0) = D log &

which vanishes as k — oco. Let 7 = inf{t > 0 : B; = 0} be the first hitting
time of 0. For 0 < r < |z|, 7 < 7 because B; cannot hit zero without first
entering the ball of radius r. Again since o) /00 as k /oo,

P%(1 < 00) = klim P*(1 < oRr)
—00

< lim P* =0.
< lim P*(r,) < 0Rgr)) =0

For dimension d > 3 we use the harmonic function g(x) = |x|>~%, and

apply Ité’s formula to the function
R2fd _ ‘X‘Qfd
&) = g 2
R —-r

The annulus A and stopping times o and ( are defined as above. The same
reasoning now leads to

R2—d _ |Z’2_d
(623) PZ(TT < O'R) = W
Letting R — oo gives

_ |Z|2—d

r d—2
PZ(TT < OO) = ’["2_d = <|Z’>

as claimed. Part (c¢) follows now because the quantity above tends to zero
asr — 0.
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It remains to show that after some finite time, the ball of radius r is no
longer visited. Let r < R. Define a}% = oR, and for n > 2,

T =inf{t > ol |By| <7}

and
op =inf{t > 7 : |B| > R}.
In other words, o} < 72 < 0% < 72 < --- are the successive visits to radius
R and back to radius r. Let a = (r/R)?*2 < 1. We claim that for n > 2,
P%(1" < 00) = "L

For n = 2, since 011% < 72, use the strong Markov property to restart the

Brownian motion at time a}%.

P%(1? < 00) = P*(0h < 72 < o0)
= FE* [PB("}%){TT <oo}] =a.
Then by induction.

P! < 00) = P < ot < 1 < 00)

T

n—1
=E*[1{r" <ol < 0o} PBUR )7, < oo}]
=P <o) a=a"t
Above we used the fact that if 727! < oo, then necessarily U}‘{l < 00
because each coordinate of B; has limsup oc.

The claim implies
ZPZ(TS < 00) < 00.

By Borel-Cantelli, 7" < oo can happen only finitely many times, almost
surely. ([

Remark 6.13. We see here an example of an uncountable family of events
with probability one whose intersection must vanish. Namely, the inter-
section of the events that Brownian motion does not hit a particular point
would be the event that Brownian motion never hits any point. Yet Brow-
nian motion must reside somewhere.

Theorem 6.14. (Lévy’s Characterization of Brownian Motion.) Let M =
[My,. .., Mg)T be a continuous R*-valued local martingale and X (t) = M (t)—
M (0). Then X is a standard Brownian motion relative to {F;} iff [X;, Xj]¢ =
i jt. In particular, in this case process X is independent of Fy.

Proof. We already know that a d-dimensional standard Brownian motion
satisfies [B;, Bjl; = 6; 5t.
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What we need to show is that X with the assumed covariance is Brown-
ian motion. As a continuous local martingale, X is also a local L?-martingale.
Fix a vector § = (A1,...,0;,)" € R? and

ft,x) = exp(i07x + 1(0]%1).

Let Z; = f(t,X(t)). Ito’s formula applies equally well to complex-valued
functions, and so

2
Zt—1+w/st+ZzH/stXj(s)

d

1 5 [*
—QZgézw
d
:1+Zz’9j/ ZsdX;(s).
j=1 0

This shows that Z is a local L?-martingale. On any bounded time interval
Z is bounded because the random factor exp(if” X (¢)) has absolute value
one. Consequently Z is an L%-martingale. For s < t, E[Z;|Fs] = Z, can be
rewritten as

(6.24) E[exp{iGT(X(t) - X(s)} ‘ Fs| = exp{f%|0|2(t —s)}.

By Lemma B.17 in the appendix, conditioned on Fj, the increment X (t) —
X (s) has normal distribution with mean zero and covariance matrix iden-
tity. In particular, X (¢) — X (s) is independent of Fs. Thus X has all the
properties of Brownian motion relative to {F;} . O

Here is an application of Lévy’s criterion.

Example 6.15. (Bessel processes.) Let d > 2 and B(t) = [Bi(t), Ba(t), ..., Bg(t)]"
a d-dimensional Brownian motion. Set

(625)  Ri=|B(0) = (Bu(t)2+ Ba(t)2 + -+ + Ba(t)2) /2.

We find the semimartingale decomposition of R;. Start B(t) at a point z # 0
so that Ry = |z| > 0. Let D = R¢~ {0} and f(x) = |x|. Then f € C?(D)
with fy, = z;|x|7! and Af = (d — 1)|x|~!. By Proposition 6.12(c) with
probability 1 the path B[0, 7] is a closed subset of D, for any 7' < co. Thus
1to’s formula applies and gives

B LM Bi(s) o d—1 [t
(6.26) Rt—|z|+;/0 |B(S)|dBZ(s)+2/O R, ds.
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It turns out that the stochastic integral term is simply a 1-dimensional
Brownian motion. Let

d
BZ(S)
t — dBl(S)
Z/o B(s)
W; is a continuous local L? martingale with quadratic variation
dB; , / =3 dB; }
[2/ CED
t
(s)
1ds =t.
Z/ [B(s) /0 ’

Thus by Lévy’s criterion W; is a standard Brownian motion. We can rewrite
(6.26) in the form

d—1 [t
(6.27) Ry = |z| + 2/ R;lds + W;.
0

Process R; is the Bessel process with dimension d, or with parameter %.

By Proposition 6.12 we know that if d = 2 R; returns infinitely often to
any neighborhood of the origin, while if d > 3 then R; drifts off to +o00 as
t — oo.

Next we prove a useful moment inequality. It is one case of the Burkholder-
Davis-Gundy inequalities. Recall the notation M;" = supg<s<;| M.

P

Proposition 6.16. Let p € [2,00) and C, = (p(p — 1)e)2. Then for all
continuous local martingales M with My =0 and all 0 < t < oo,

(6.28) E[(M;)] < CE(IM?).

Proof. Check that f(z) = |z|? is a C? function on all of R, with derivatives
f'(z) = sign(z)p|z[P~! and f’(z) = p(p — 1)|z[P~2. (The origin needs a
separate check. The sign function is sign(z) = x/|z| for nonzero z, and here
the convention at x = 0 is immaterial.) Version (6.6) of 1t6’s formula gives

t t
My = / sign(M,)p| M [P~ dM, + 1p(p — 1) [ 1M d[M]..
0 0
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Assume M is bounded. Then M is an L? martingale and M € Lo(M, P).
Consequently the term fg sign(M;)p|Ms[P~1 dM; is a mean zero L? martin-
gale. Take expectations and apply Holder’s inequality:

E(IMP) = Lp(p — 1)E /0 MLP2 d[M],

< gp(p — DE((M;)"~*[M];)

1—2 2
« 2
< - {E(rn)} T {BE)}.
Combining the above with Doob’s inequality (3.11) gives
1—2

BIM; ) < 2E(13P) < ento — D{E( )} { B0}

Rearranging the above inequality gives the conclusion for a bounded mar-
tingale.

The general case comes by localization. Let 7, = inf{t > 0: |M;| > k},
a stopping time by Corollary 2.10. By continuity M™ is bounded, so we
can apply the already proved result to claim

E[(M )] < CE(IMIZ2,).

On both sides monotone convergence leads to (6.28) as k * oc. U

Exercises

Exercise 6.1. (a) Let Y be a cadlag semimartingale with Yy = 0. Check
that It6’s formula gives 2 [Y_dY = Y? — [Y], as already follows from the
intregration by parts formula (5.67).

(b) Let N be a rate a Poisson process and M; = Ny — at. Apply part
(a) to show that M? — N is a martingale.

Exercise 6.2. This exercise gives an instance of an important connection
between stochastic analysis and partial differential equations known as the
Feynman-Kac formula. Let h and V' be bounded continuous functions on
RZ. Suppose u is continuous on Ry x RY, bounded on [0,T] x R for each
T < oo, and u € CH2((0,00) x R%). Let u satisfy the initial value problem
(6.20) %u(t, x) = LAu(t,x) + V(z)u(t,x) on (0,00) x R

u(0,z) = h(z) z € R

Show that
(6.30) u(t,z) = E*[h(B(t)) oo V(B(s)) ds]
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where B(-) is Brownian motion on R? and E? is expectation under the
path measure of B(-) started at B(0) = z. Hint. Consider the process

Zy = u(to — t, B(t))elo VIBE s for ¢ € [0, 4 — €], € > 0.
Exercise 6.3. Let a <0< b, § € R, and
X, = f(t) cosh(0B, — 6%E0)
where B is a standard Brownian motion on R and f(¢) is a deterministic
function.
(a) Use Itd’s formula to find f(¢) such that X; is a local L? martingale.

Show that X; is actually a martingale.

(b) Find the Laplace transform of the hitting time 7 = inf{t > 0: B; =
a or By = b}. Namely,
Ar cosh(—\/2)\‘l7+b)

Ee™) = for A > 0.
( ) cosh(V/ 2)\“7“) N

Exercise 6.4. Let B; be standard Brownian motion and M; = B? — t.

(a) Justify the identity [M] = [B?]. (Use the linearity (5.64).)

(b) Apply Ito’s formula to B? and from that find a representation for
[B?] in terms of a single ds-integal.

(c) Using Itd’s formula and your answer to (b), check that M? — [B?]
is a martingale, as it should. (Of course without appealing to the fact that
M? — [B?] = M? — [M] is a martingale.)

(d) Use integration by parts (5.67) to find another representation of
[B2]. Then use It6’s formula to show that this representation agrees with
the answer in (b).

Exercise 6.5. (a) Check that for a rate o Poisson process N It6’s formula
reduces to an obvious identity, namely a telescoping sum over jumps that
can be written as

(6'31) f(Nt) :f(0)+ (Ot](f(NS)_f(NS_)) dNjs.

(b) Suppose E [} | f(N)|*ds < oc. Show that for ¢ € [0, 7]

632 BN = F0)+ B [ (f(N+1) = 1(N) ads

Warning. Do not attempt to apply stochastic calculus to non-predictable
integrands.

Exercise 6.6. Suppose X is a nondecreasing cadlag process such that
X (0) = 0, all jumps are of size 1 (that is, X — X;— = 0 or 1), between
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jumps X is constant, and M; = X; — at is a martingale. Show that X is a
rate o Poisson process. Hint. Imitate the proof of Theorem 6.14.

Exercise 6.7. Let B be standard one-dimensional Brownian motion. Show
that for a continuously differentiable nonrandom function ¢,

/ ¢(s) dBs = ¢(t) B —/ Bsd'(s) ds.
0 0

Exercise 6.8. Define
t t
Vl(t):/ B.ds, Vg(t):/ Vi(s) ds,
0 0
and generally

t t S1 Sn—1
Vo(t) = / Va—1(s)ds = / d31/ dsa - - / dsy, B, .
0 0 0 0

V, is known as n times integrated Brownian motion, and appears in appli-
cations in statistics. Show that

1t "
Vn(t):n!/o (t — s)" dBs.
Then show that the process
n i /t iy
M, (t) = V,(t) — S —s)"7J dB,
=) =X 7

is a martingale.

Exercise 6.9. Let X and Y be independent rate o Poisson processes.

(a) Show that

P{X and Y have no jumps in common} = 1.

Find the covariation [X,Y].

(b) Find a process U such that X;Y; — U, is a martingale.
Exercise 6.10. Let D = R3 \ {0}, the complement of the origin in R3.
Define f € C?(D) by

1 1
X @ af el

Let B(t) = (Bi(t), B2(t), B3(t)) be standard Brownian motion in R3. Show
that X; = f(B14¢) is an L%-bounded, hence uniformly integrable, local L?
martingale, but not a martingale. L?-bounded means that sup;>o B [X?] <

oo. Hint. To show that X0, 77 is a closed subset of D use P?{B; # 0 Vt} =1
from Proposition 6.12. It6’s formula can be applied.
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Exercise 6.11. Let B; be Brownian motion in R” started at point z € R*.
As before, let

orp =inf{t > 0:|B¢| > R}
be the first time the Brownian motion leaves the ball of radius R. Compute
the expectation E%[op| as a function of z, k and R.

Hint. Start by applying It&’s formula to f(x) = 2% +--- + 22.

Exercise 6.12. (Holder continuity of a stochastic integral.) Let X be an
adapted measurable process, T' < oo, and assume that
(6.33) sup E(|X¢P) < o0

te[0,T
for some 2 < p < co. How much Hoélder continuity can you get for the paths
of the process M; = fg X dB;s from a combination of inequality (6.28) and
Theorem B.197 What if (6.33) holds for all p < co?



Chapter 7

Stochastic Differential
Equations

In this chapter we study equations of the type

(7.1) X(t,w) = H(t,w) + /(0 ; F(s,w, X(w))dY (s,w)

for an unknown R%valued process X. In the equation, Y is a given R™-
valued cadlag semimartingale and H is a given R%valued adapted cadlag
process. The coefficient F'(t,w,n) is a d X m-matrix valued function of the
time variable ¢, the sample point w, and a cadlag path 7. The integral
J FdY with a matrix-valued integrand and vector-valued integrator has a
natural componentwise interpretation, as explained in Remark 5.38.

Underlying the equation is a probability space (€2, F, P) with a filtration
{Fi}, on which the ingredients H, Y and F' are defined. A solution X is
an R%valued cadlag process that is defined on this given probability space
(Q, F, P) and adapted to {F;}, and that satisfies the equation in the sense
that the two sides of (7.1) are indistinguishable. This notion is the so-called
strong solution which means that the solution process can be constructed on
the given probability space, adapted to the given filtration. Later we shall
also address weak solutions where the probability space and the filtration
are part of the solution, not prescribed ahead of time.

In order for the integral [ F'dY to be sensible, F(t,w,n) has to have
the property that, whenever an adapted cadlag process X is substituted
for n, the resulting process (t,w) — F(t,w, X (w)) is predictable and locally
bounded in the sense (5.36). We list precise assumptions on F' when we
state and prove an existence and uniqueness theorem.

229
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Since the integral term vanishes at time zero, equation (7.1) contains
the initial value X (0) = H(0). The integral equation (7.1) can be written
in the differential form

(7.2) dX(t) = dH(t) + F(t, X)dY(t), X(0) = H(0)

where the initial value must then be displayed explicitly. The notation can
be further simplified by dropping the superfluous time variables:

(7.3) dX = dH + F(t,X)dY, X(0)= H(0).

Equations (7.2) and (7.3) have no other interpretation except as abbrevia-
tions for (7.1). Equations such as (7.3) are known as SDEs (stochastic differ-
ential equations) even though precisely speaking they are integral equations.

7.1. Examples of stochastic equations and solutions

7.1.1. It6 equations. Let B; be a standard Brownian motion in R™ with
respect to a filtration {F;}. Let £ be an R%valued Fy-measurable ran-
dom variable. Often £ is a nonrandom point xy. The assumption of Fy-
measurability implies that £ is independent of the Brownian motion. An Ito
equation has the form

(7.4) dX, = b(t, X,)dt + o(t, X,)dB;, Xo=¢

or in integral form

t t
(7.5) Xt:£+/0 b(s,Xs)der/O o(s, X,) dB..

The coefficients b(t, z) and o (¢, x) are Borel measurable functions of (¢, z) €
[0,00) x RY. The drift vector b(t, z) is R%-valued, and the dispersion matriz
o(t,z) is d x m-matrix valued. The d x d matrix a(t,z) = o(t,z)o(t,z)T is
called the diffusion matriz. X is the unknown R%valued process.

Linear It6 equations can be explicitly solved by a technique from basic
theory of ODEs (ordinary differential equations) known as the integrating
factor. See Exercise 7.2 for the general case. Here in the text we go through
important special cases that describe commonly studied processes. We begin
with the nonrandom case from elementary calculus.

Example 7.1. (Integrating factor for linear ODEs.) Let a(t) and g(t) be
given functions. Suppose we wish to solve

(7.6) ¥ +a(t)r = g(t)

for an unknown function x = x(t). The trick is to multiply through the
equation by the integrating factor

(7.7) 2(t) = eloal)ds
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and then identify the left-hand side zz’ + azx as the derivative (zz)’. The
equation becomes

% <I‘(t)e f(f a(s) ds) _ g(t)efOt a(s) ds

Integrating from 0 to t gives
t
;L'(t)e fot GL(S) ds _ 17(0) — / g(S)BIOS a(u) du dS
0
which rearranges into

t
:E(t) _ .%'(0)6_ fot a(s)ds +e fg a(s) ds/ g(s)efo a(u) du ds.
0

Now one can check by differentiation that this formula gives a solution.

We apply this idea to the most basic It6 equation.

Example 7.2. (Ornstein-Uhlenbeck process.) Let @ > 0 and 0 < o < o0
be constants, and consider the SDE

(78) dX; = —aXidt + o dB;

with a given initial value Xy independent of the one-dimensional Brownian
motion B;. Formal similarity with the linear ODE (7.6) suggests we try the
integrating factor Z; = e®*. For the ODE the key was to take advantage of
the formula d(zzx) = xdz + zdx for the derivative of a product. Here we
attempt the same, but differentiation rules from calculus have to be replaced
by It6’s formula. The integration by parts rule which is a special case of
1t6’s formula gives

d(ZX) = ZdX + X dZ + d[Z, X).

The definition of Z gives dZ = aZ dt. Since Z is a continuous FV process,
[Z,X] = 0. Assuming X satisfies (7.8), we get

d(ZX)=—-aZXdt+0ZdB+ aZXdt =0ZdB
which in integrated form becomes (note Zy = 1)
t
ZtXt = X(] + O'/ eas dBS
0
and we can solve for X to get

t
(7.9) X; = Xoe " + Ue_o‘t/ e*® dBs.
0

Since we arrived at this formula by assuming the solution of the equation,
now we turn around and verify that (7.9) defines a solution of (7.8). This is
a straightforward It6 calculation. It is conveniently carried out in terms of
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formal stochastic differentials (but could just as well be recorded in terms
of integrals):

t
dX = —aXpe ¥dt — age™ (/ e*® dB> dt + oe e dB
0

+d [aae_o‘t, /eo‘s dB}

t
=—a (Xoeat + e / e™* dB) dt+odB
0

= —aXdt+ odB.

The quadratic covariation vanishes by Lemma A.10 because ace ! is a

continuous BV function. Notice that we engaged in slight abuse of notation
by putting ace™®! inside the brackets, though of course we do not mean
the point value but rather the process, or function of t. By the same token,
J €*5 dB stands for the process fg e dB.

The process defined by the SDE (7.8) or by the formula (7.9) is known
as the Ornstein-Uhlenbeck process.

If the equation had no noise (0 = 0) the solution would be X; = Xpe™

which simply decays to 0 as t — co. Let us observe that in contrast to this,
when the noise is turned on (o > 0), the process X; is not driven to zero
but instead to a nontrivial statistical steady state.

Consider first the random variable Y; = ge=! fg e*® dBs that captures
the dynamical noise part in the solution (7.9). Y; is a mean zero martingale.
From the construction of stochastic integrals we know that Y; is a limit (in
probability, or almost sure along a particular sequence) of sums:

m(m)—1
= i —at as
YZ N mes%qlﬁrrn)ﬁxo oe ;} € k(BSk+1 - Bsk)

From this we can find the distribution of Y; by computing its characteristic
function. By the independence of Brownian increments, for § € R,

m(m)—1
E(ei9Yt) = mes%lj(mﬂ)ﬁOE{exp{iHae’“t Z e (B, — Bs;@)H
k=0
m(m)—1
_ i {_ 192 2 _—2at 208y, _ }
meshl(ﬂ'rn)%o P 27 7 e kZ:O ’ (SkJrl Sk)

12 2 —2at [ 2as 60 —2at
:exp<—§9 o’e e ds) :exp<—@(1—e ))
0
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. . . . : 2 _
This says that Y; is a mean zero Gaussian with variance g (1 —e 2at) In

the t — oo limit Y; converges weakly to the N(0, %) distribution. Then
from (7.9) we see that this distribution is the weak limit of X; as t — oc.
Suppose we take the initial point Xy ~ AN(0, %), independent of B.
Then (7.9) represents X; as the sum of two independent mean zero Gaus-
sians, and we can add the variances to see that for each t € Ry, X; ~

2
N(0,5).
X; is in fact a Markov process. This can be seen from

t+s
Xirs = Xy + oe—t+s) / e dB,.
¢

Our computations above show that as t — oo, for every choice of the initial
state Xo, Xy converges weakly to its invariant distribution A(0, %)

We continue with another example of a linear equation where the inte-
grating factor needs to take into consideration the stochastic part.

Example 7.3. (Geometric Brownian motion.) Let p,o be constants, B
one-dimensional Brownian motion, and consider the SDE

(7.10) dX = pX dt +oX dB

with a given initial value Xy independent of the Brownian motion. Since
the equation rewrites as

dX — X(pdt+0dB) =0

a direct adaptation of (7.7) would suggest multiplication by exp(—ut — o By).
The reader is invited to try this. Some trial and error with It6’s formula
reveals that the quadratic variation must be taken into account, and the
useful integrating factor turns out to be

Zy = exp(—ut —oB; + %O’Qt).
1t6’s formula gives first
(7.11) dZ = (—p+o*)Zdt — o Z dB.

(Note that a second 02/2 factor comes from the quadratic variation term.)
Then, assuming X satisfies (7.10), one can check that d(ZX) = 0. For this
calculation, note that the only nonzero contribution to the covariation of
X and Z comes from the dB-terms of their semimartingale representations

(7.11) and (7.10):

2, X], = [—a/ZdB, a/XdBL

t t
= —02/ X.,Z,d[B,B], = —02/ X, Z,ds.
0 0
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Above we used Proposition 5.55. In differential form the above is simply
d[Z,X] = —c%ZX dt.

Continuing with the solution of equation (7.10), d(ZX) =0 and Zp =1
give Z; X, = ZyXg = Xo, from which X; = Xtol. More explicitly, our
tentative solution is

X, = Xoexp{(u — 30*)t + 0B}

whose correctness can again be verified with It6’s formula. This process is
called geometric Brownian motion, although some texts reserve the term for
the case p = 0.

Solutions of the previous two equations are defined for all time. In the
next example this is not the case.

Example 7.4. (Brownian bridge.) Fix 0 < T < 1. The SDE is now
X
(7.12) dX = = ;= dt +dB, for 0<t<T, with Xo=0.

The integrating factor

td 1
Zt:exp</1s ):
0 — S 1-—1¢

works, and we arrive at the solution

(7.13) X, = (1—1) /t 1 L B,
0

—s
To check that this solves (7.12), apply the product formula d(UV') = U dV +
VdU +d[U,V]withU =1—tand V = [(1-s)"1dBs = (1—t)"'X. With
dU = —dt, dV = (1 —t)"1dB and [U, V] = 0 this gives
dX =d(UV)=(1—-t)1—-t)"tdB — (1 —t)" ' Xdt
=dB— (1 —t)"'Xdt

which is exactly (7.12).

The solution (7.13) is defined for 0 < ¢ < 1. One can show that it
converges to 0 as t /' 1, along almost every path of Bs (Exercise 7.1).

7.1.2. Stochastic exponential. The exponential function g(t) = e can

be characterized as a the unique function g that satisfies the equation

g(t) =1+ C/O g(s)ds.

The stochastic exponential generalizes the dt-integral to a semimartingale
integral.
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Theorem 7.5. LetY be a real-valued cadlag semimartingale such that Yy =

0. Define

(7.14)  Ze=exp{V; — 5[V} [ 1+ AY)exp{-AY, + J(AY))*}.
s€(0,t]

Then the process Z is a cadlag semimartingale, and it is the unique cadlag
semimartingale Z that satisfies the equation

(7.15) Zy=1 +/ Z,_ dY,.
(0.1

Proof. The uniqueness of the solution of (7.15) will follow from the general
uniqueness theorem for solutions of semimartingale equations.

We start by showing that Z defined by (7.14) is a semimartingale. The
definition can be reorganized as

zt:exp{n—;[y]t+; > (AYSP} I 0+ Ay exp{-AY.}.

s€(0,¢] s€(0,¢]
The continuous part
Y]i=[V] - > (AY)?
s€(0,t]

of the quadratic variation is an increasing process (cadlag, nondecreasing),
hence an FV process. Since e* is a C? function, the factor

(7.16) exp(W;) = exp{Yt — Y+ 3 Z (AYS)Q}
s€(0,¢]

is a semimartingale by It6’s formula. It remains to show that for a fixed w
the product
(7.17) U= [ (1+AY;) exp{-AY.}
s€(0,t]
converges and has paths of bounded variation. The part
11 (1+ AY;)exp{—AY,}
s€(0,t]:|]AY (s)|>1/2

has only finitely many factors because a cadlag path has only finitely many
jumps exceeding a given size in a bounded time interval. Hence this part is
piecewise constant, cadlag and in particular FV. Let {s = AYs1¢ay (s)|<1/2}
denote a jump of magnitude below % It remains to show that

Hy= ] (+&)exp{-&} =exp{ 3 (log(1+€&) - &)}

5€(0,t] s€(0,t]
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is an F'V process. For |z] < 1/2,
log(1 +z) — 2| < 22
Hence the sum above is absolutely convergent:

Y fogl+&)—&f < Y &<V <o

s€(0,1] s€(0,4]

It follows that log H; is a cadlag FV process (see Example 1.14 in this con-
text). Since the exponential function is locally Lipschitz, H; = exp(log Hy)
is also a cadlag F'V process (Lemma A.6).

To summarize, we have shown that eV* in (7.16) is a semimartingale
and Uy in (7.17) is a well-defined real-valued FV process. Consequently
Z; = e"tU, is a semimartingale.

The second part of the proof is to show that Z satisfies equation (7.15).
Let f(w,u) = e"u, and find

fw:fafu:€w7fuu:07fuwzewandfww:f-

Note that AW, = AY; because the jump in [Y] at s equals exactly (AYs)2.
A straight-forward application of [t6 gives

Zi=1+ / VD) qu, + / Zo dW,
(0,¢] (0,¢]

+ 3 / Zo_ d[W]s + / V) aw, U,
(0,¢] (0,¢]

+ Y {az, - 2, AV, - VEOIAU, - 17, (AY,)? - VDAY AU,

wi=Yi—4(IVli— Y (av)?)

s€(0,t]

where the part in parentheses is F'V and continuous, linearity of covariation
and Lemma A.10 imply [W] = [Y] and [W,U] = [Y,U] = > AYAU.

Now match up and cancel terms. First,

|- Y Meau,—o
(0.] s€(0,4]
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because U is an FV process whose paths are step functions so the integral
reduces to a sum over jumps. Second,

ZSdWS+1/ Zo_ d[W]s — Zo_(AY,)?
/M [, 2 dWl = 3 24

s€(0,t]
= / Zs_dYs
(0,t]

by the definition of W and the observation [W] = [Y] from above. Then

/ NV A, ) — Y VEIAY,AU, =0
0.1 s€(0,1]
by the observation [W, U] = > AY AU from above. Lastly, AZ;—Z;_AY; =
0 directly from the definition of Z.

After the cancelling we are left with
thl—i—/ Zs_ dYs,
(0,¢]

the desired equation. O

The semimartingale Z defined in the theorem is called the stochastic
exponential of Y, and denoted by E(Y).

Example 7.6. Let Y; = A\B; where B is Brownian motion. The stochastic
exponential Z = E(AB), given by Z; = exp(AB; — $A%t), another instance
of geometric Brownian motion. The equation

t
thl—l—)\/ ZsdBg
0

and moment bounds show that geometric Brownian motion is a continuous
L?-martingale.

7.2. 1to equations

We present the existence and uniqueness results for SDEs in two stages.
This section covers the standard strong existence and uniqueness result for
It6 equations contained in every stochastic analysis book. In addition we
prove weak uniqueness and the strong Markov property of the solution. In
the subsequent two sections we undertake a much more technical existence
and uniqueness proof for a cadlag semimartingale equation. On R? we use
the Euclidean norm || = (3"|2;|?)!/2, and similarly for a matrix A = (a; ;)
the norm is |A] = (3 ]ai |?)"/2.

Let B; be a standard R™-valued Brownian motion with respect to the
complete filtration {F;} on the complete probability space (2, F, P). The
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given data are coefficient functions b : Ry x R? — R% and ¢ : Ry X
R? — R¥™ and an R%valued Fy-measurable random variable ¢ that gives
the initial position. The assumptions imply that the initial position & is
independent of the driving Brownian motion B.

The goal is to prove that on (€, F, P) there exists an R%valued process
X that is adapted to {F;} and satisfies the integral equation

t ¢
(7.18) thf—i—/o b(s,Xs)ds+/0 o(s,Xs)dBs

in the sense that the processes on the right and left of the equality sign
are indistinguishable. Part of the requirement is that the integrals are well-
defined, for which we require that

T T
(7.19) P{VT <00 / |b(s, Xs)|ds +/ lo(s, X,)|?ds < oo} =1.
0 0

Such a process X on (2, F, P) is called a strong solution because it exists
on the given probability space and is adapted to the given filtration. Strong
uniqueness then means that if Y is another process adapted to {F;} that
satisfies (7.18)— (7.19), then X and Y are indistinguishable.

Next we state the standard Lipschitz assumption on the coefficient func-
tions and then the strong existence and uniqueness theorem.

Assumption 7.7. Assume the Borel functions b : Ry x R — R? and
o : Ry x R* = R¥™™ satisfy the Lipschitz condition

(7.20) b(t, z) = b(t,y)| + |o(t,z) — o(t,y)| < Llz -y
and the bound
(7.21) b(t, z)| + |o(t, 2)| < L(1 + [z|)

for a constant I < oo and all £ € R, and z,y € R%.

Theorem 7.8. Let Assumption 7.7 be in force and let € be an R*-valued F-
measurable random variable. Then there exists a continuous process X on
(Q, F, P) adapted to {F:} that satisfies integral equation (7.18) and property
(7.19). The process X with these properties is unique up to indistinguisha-
bulity.

Before turning to the proofs we present simple examples from ODE
theory that illustrate the loss of existence and uniqueness when the Lipschitz
assumption on the coefficient is weakened.

Example 7.9. (a) Consider the equation

z(t) = /OtQ\/@ds.
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The function b(z) =/ is not Lipschitz on [0, 1] because b'(z) blows up at
the origin. The equation has infinitely many solutions. Two of them are
z(t) = 0 and z(t) = t2.

(b) The equation

z(t) =1 —i—/o 2% (s) ds

does not have a solution for all time. The unique solution starting at t = 0
is z(t) = (1 —t)~! which exists only for 0 <t < 1. The function b(z) = z? is
locally Lipschitz. This is enough for uniqueness, as determined in Exercise
7.4.

We prove Theorem 7.8 in stages, and begin with existence under an L?
assumption on the initial state. Part (b) of the next theorem will be used
later to establish regularity of solutions as functions of the initial state.

Theorem 7.10. Let Assumption 7.7 be in force and the Fy-measurable ini-
tial point satisfy

E(|g]*) < oc.

(a) There exists a continuous process X adapted to {F} that satisfies
integral equation (7.18) and this moment bound: for each T' < oo there exists
a constant C = C(T, L) < co such that

(7.22) E(sup [Xi) <C(1+E(¢*)  forte[0,T).
t€[0,T]

In particular, the integrand o(s, Xs) is a member of Lo(B) and

T
E/ b(s, X)]*ds < 00 for each T < co.
0

(b) Let £ € L%(P) be also Fo-measurable, and let X be the solution
constructed in part (a) with initial condition . Then there ezists a constant
C < oo such that for all t < oo,

(7.23) E[ sup | X, — X,2] < 9eCCE[ ¢ — €.
0<s<t

Proof of Theorem 7.10. (a) The existence proof uses classic Picard itera-
tion. We define a sequence of processes X,, indexed by n € Z by Xo(t) = ¢
and then for n > 0

(7.24) Xnt1(t) —§+/0 b(s,Xn(s))ds—i—/O o(s, Xn(s))dBs.
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Step 1. We show that for each n the process X,, is well-defined, con-
tinuous, and satisfies

(7.25) E(sup |Xn(s)]?) <oo forallteR;.
s€[0,¢]

Bound (7.25) is clear in the case n = 0 by the definition Xo(t) = £ and
assumption ¢ € L?(P).

Assume (7.25) for n. That process X, +1 is well-defined by the integrals
n (7.24) follows from

E[/Ot\b(s,Xn(s))Fds—i—/Ot]a(s,Xn(s))Pds

<4Lt(1+ sup E|Xu(s)?) < o0
s€[0,¢]

(7.26)

where we used assumption (7.21) and then (7.25) for n.

Property (7.26) implies that the first (Lebesgue) integral on the right of
(7.24) is a continuous L? process and that the second (stochastic) integral
is a continuous L? martingale because the integrand lies in Lo(B).

Now we know that X,,;1(¢) is a well-defined continuous square-integrable
process. Take supremum over time in equation (7.24). To bound the second
moment, use first (a + b+ c)? < 9(a? + b% + ¢?), then Schwarz inequality to
the first integral, and apply Doob’s inequality (Theorem (3.11)) followed by
the isometry of stochastic integration to the second integral.

E( sup [Xn+1(s)]?) < 9E(|€%) —|—9E[ sup / b(u, X ( }
s€[0,t] s€[0,t]

| ot X B,

+ 9E[ sup
s€[0,t]

]

§9E(£|2)—|—9tE/0 |b(s,Xn(s))|2ds+36E/O (0(s, Xu(s)) 2 ds

(7.27)

t
< 9E(|€|?) 4+ 90L*(1 + t)t + 90L2(1 + t)/ E|X,(s)* ds.
0

In the last step we applied assumption (7.21). Now it is clear that (7.25) is
passed from n to n + 1.

Step 2. For each T' < oo there exists a constant A = A(T, L) < oo such
that

(7.28)  E(sup | X,(s)]*) <AL+ E(|¢])) for all n and t € [0, 7.
s€[0,t]
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To prove Step 2, restrict ¢ to [0,7] and introduce a constant C' =
C(T,L) € [1,00) to rewrite the outcome of (7.27) as

t
E(sup [Xnp1(s)?) < C(1+ E(|¢%)) +C/ E( sup |X,(u)[?) ds.
s€[0,t] 0 u€[0,s]

Thus with y,(t) = E(supse[o’t]\Xn(s)P) and B = C(1+ E(|¢|?)) we have
this situation:

t
(7.29) yo(t) < B and yn41(t) < B+ C/ Yn(s)ds.
0
This assumption gives inductively
= Ckik ot
(7.30) yn(t) < B o < B
k=0

This translates into (7.28).

Step 3. There exists a continuous, adapted process X such that X,, —
X uniformly on compact time intervals both almost surely and in this L?
sense: for each T' < 0o

(7.31) lim E[ sup |X(s) — Xu(s)]*] =0.
n—o0 OSSST

Furthermore, X satisfies moment bound (7.22).

We isolate a part of this step as a lemma for later use.

Lemma 7.11. Let Assumption 7.7 be in force. Let X andY be continuous,
adapted L* processes that satisfy estimate (7.25), §& and 7 L%(P) random
variables, and processes X and 'Y defined by

t t
Xi= §+/ b(S7Xs)d8+/ o(s, Xs) dBs
0 0
and
_ 3 t
Yy =77+/ b(s,Ys)ds+/ o(s,Ys) dBs.
0 0
Then there exists a constant C' = C(L) < oo such that for all0 <t < T < oo

E[ sup | X —}75\2]
0<s<t

(7.32) t

§9E]£—7]|2+CT/ E[ sup |X, —Y.|*]ds.
0

0<u<s
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Proof. Assuming (7.25) for X and Y ensures that all integrals are well-
defined.

B B t
Xt_Y;f:é._n—i_/O [b(S’XS)—b(S’Y;)] ds

(7.33) +/0 [0(s, Xs) — o(s, V)] dBs

=¢—-n+G(t)+ M(t)

where G is an FV process and M an L? martingale. Schwarz inequality and
the Lipschitz assumption (7.20) give

t

B[ s [GO] <t [ Blbts, X0) b0, Vo) s

0<s<t 0

(7.34) " t

< th/ E|Xs— Ys|?ds < LZt/ E[ sup |X, —Y,|*] ds
0 0

0<u<s

The isometry of stochastic integration and Doob’s inequality (Theorem 3.11)
give

B[ sup [M(s)[*] < 4B[IM()]]

1) =4[ Elo X~ ol ds

t t
§4L2/ E]XS—YSPdsézlLQ/ E[ sup |X, - Y,[*]ds.
0 0

0<u<s
Collect the estimates. O
Return to the proof of Step 3. Restrict ¢ to [0,7]. Lemma 7.11 applied
to X =Xp41, Y =X=X,and Y = X,,_; gives

E[ sup | X,41(s) — Xn(s)|2]
0<s<t

gc/o E[ sup |Xa(u) — Xn_1(u)[?] ds.

0<u<s

(7.36)

For y,(t) = E[supg< ;| Xns1(s) — Xp(s)]? ] we have constants B,C such
that these inequalities hold for ¢ € [0, T7:

(7.37) yo(t) < B and yu41(t) < C/O Yn(s) ds.
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The inequality for yo(t) is checked separately:

yo(t) = E[Oggt\Xl(S) — Xo(s)|?]

2
= E[ sup }
0<s<t

/DS b(u, €) du + /0 o(u,€) dB,

and reason as above once again.

Bounds (7.37) develop inductively into

(7.39) wit) < B

An application of Chebyshev’s inequality gives us a summable bound that
we can feed into the Borel-Cantelli lemma:

P{ sup |Xni1(s) = Xn(s)| > 27" } <4"E[ sup [Xp1(s) — Xu(s)[?]
0<s<t 0<s<t
4nCcnn
n!

<B

Consider now T' € N. From

ZP{ sup |Xn+1(3) - Xn(s)’ = 27”} <0

~ 0<s<T
and the Borel-Cantelli lemma we conclude that for almost every w and each
T € N there exists a finite Ny (w) < oo such that n > Np(w) implies

sup ‘Xn-‘rl(s) - Xn(5)| <27
0<s<T
Thus for almost every w the paths {X,,} form a Cauchy sequence in the space
C[0,T] of continuous functions with supremum distance, for each 7' € N.
This space is complete (Lemma A.5). Consequently there exists a continuous
path {Xs(w) : s € Ry}, defined for almost every w, such that
(7.39) sup |X(s) — Xn(s)] >0 asn— oo
0<s<T

for all T' € N and almost every w. This defines X and proves the almost sure

convergence part of Step 3. Adaptedness of X comes from X, (¢) — X (%)
a.s. and the completeness of the o-algebra F;.

From the uniform convergence we get

sup [ X(s) = Xn(s)l = lim  sup [Xm(s) — Xn(s)]
0<s<T M—=00 0<s<T

Abbreviate 7, = supg<s<r|Xni1(s) — Xn(s)| and let |9, = E(n2)'/2 de-
note L? norm. By Fatou’s lemma and the triangle inequality for the L?
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norm,

| sup |X(5) = Xa(3)] ||, < lim || sup [Xom(s) = Xn(s)l ||,
0<s<T m—oo  0<s<T

m—1 o)
< tim Y fmlle =S lmela:
m=0 p—n k=n

By estimate (7.38) the last expression vanishes as n — oo. This gives (7.31).
Finally, L? convergence (or Fatou’s lemma) converts (7.28) into (7.22). This
completes the proof of Step 3.

Step 4. Process X satisfies (7.18).

The integrals in (7.18) are well-defined continuous processes because
we have established the L? bound on X that gives the L? bounds on the
integrands as in the last step of (7.27). To prove Step 4 we show that the
terms in (7.24) converge to those of (7.18) in L?. We have derived the
required estimates already. For example, by the Lipschitz assumption and
(7.31), for every T < oo,

T
E/ l0(5, Xn(s)) — (s, X (s))| ds < LQE/O X, (s) — X (5)[2ds — 0.

This says that the integrand o (s, X, (s)) converges to o(s, X (s)) in the space
Lo(B). Consequently we have the L? convergence of stochastic integrals:

/Ot o (s, Xo(s)) dBs — /Ot o(s, X (s)) dB,

which also holds uniformly on compact time intervals.

We leave the argument for the other integral as an exercise. Proof of
part (a) of Theorem 7.10 is complete.

(b) Apply Lemma 7.11 to n = E, X=XandY =Y = X. The
conclusion (7.32) justifies an application of Gronwall’s inequality (Lemma
A.20) which gives the conclusion. |

At this point we prove strong uniqueness. We prove a slightly more
general result which we can use also to extend the existence result beyond
¢ € L*(P). Let 1 be another initial condition and Y a process that satisfies

t t
(7.40) Yi=n+ / b(s,Ys)ds + / o(s,Ys) dBs.
0 0

Theorem 7.12. Let & and 1 be R*-valued Fo-measurable random variables
without any integrability assumptions. Assume that coefficients b and o are
Borel functions that satisfy Lipschitz condition (7.20). Let X and Y be
two continuous processes on (), F, P) adapted to {F;}. Assume X satisfies
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integral equation (7.18) and condition (7.19). Assume Y satisfies integral
equation (7.40) and condition (7.19) with X replaced by Y. Then on the
event {{ = n} processes X and Y are indistinguishable. That is, for almost
every w such that {(w) = n(w), X¢(w) = Yi(w) for allt € R4

In the case n = £ we get the strong uniqueness. The uniqueness state-
ment is actually true with a weaker local Lipschitz condition (Exercise 7.4).

Corollary 7.13. Let £ be an R-valued Fy-measurable random variable.
Assume that b and o are Borel functions that satisfy Lipschitz condition
(7.20). Then up to indistinguishability there is at most one continuous pro-
cess X on (Q, F, P) adapted to {F;} that satisfies (7.18)—(7.19).

Proof of Theorem 7.12. In order to use L? bounds we stop the processes
before they get too large. Fix n € N for the time being and define

v=inf{t >0:|X; —¢ >n or |V —n|>n}
This is a stopping time by Corollary 2.10. Processes X” — ¢ and Y” — 7 are
bounded.

The bounded Fyp-measurable random variable 1{n = £} moves freely
in and out of stochastic integrals. This can be seen for example from the
constructions of stochastic integrals. By subtracting the equations for X
and Y; and then stopping we get this equation:

(XY =Y)-1{n=¢

= /OVM [b(s, Xs) = b(s, Ys)|1{n = £} ds

VAL
+ [t X0 - ot V)1 = € aB,
(7.41) 0

= [ o) b v 10 = ) s

VAt
[ Tols X0~ (¥ 1 = ) B,
0
=G(t) + M(1).
The last equality defines the processes G and M. The next to last equality
comes from the fact that if integrands agree up to a stopping time, then so

do stochastic integrals (Proposition 4.10(c) for Brownian motion). We have
the constant bound

|o(s, X)) —o(s, YY) - 1{n =&} < LIXY - Y] 1{n =€}
< LIXY =) = (Y —n)|-1{n =&} <2Ln
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and similarly for the other integrand. Consequently G is an L? FV process
and M an L? martingale.

Schwarz inequality, bounding v A t above with ¢, and the Lipschitz as-
sumption (7.20) give

E[IGH)F] St/o E[|b(s, X{) = b(s, Y) [ 1{n = €}] ds

t
< L2t/0 B[|X{ = Y!P1{n = &}] ds.

The isometry of stochastic integration gives

sior] =5 ([t x0 - oty 1tn = yan.) |
= 5[ ([ 100l X0 ots. 2 N1tn = g1 an.) |
= [ Bl 0lot. X0 - oY 100 = ] ds

<2 [ Blx: - v =6 as

In the second equality above we moved the cut-off at v from the upper limit
into the integrand in accordance with (5.23) from Proposition 5.16. (Strictly
speaking we have proved this only for predictable integrands but naturally
the same property can be proved for the more general Brownian motion
integral.)

Combine the above bounds into
t
BlIX; = VPP = &) <2020+ 1) [ B[IXY =¥/ L = ) ds

If we restrict ¢ to [0,7] we can replace 2L?(¢ + 1) with the constant B =
2L%(T + 1) above. Then Gronwall’s inequality (Lemma A.20) implies

E[|X; -Y}/PP1{n=¢}] =0 for t € [0,T).

We can repeat this argument for each 7' € N and so extend the conclusion to
allt € R. Thus on the event 7 = £ the continuous processes X* and Y” agree
almost surely at each fixed time. It follows that they are indistinguishable.
Now we have this statement for each n that appears in the definition of v.
With continuous paths we have v 7 oo as we take n to infinity. In the end
we can conclude that X and Y are indistinguishable on the event n = ¢. U

Completion of the proof of Theorem 7.8. It remains to remove the as-
sumption & € L?(P) from the existence proof. Let X,,(t) be the solution
given by Theorem 7.10 for the initial point £1{|{| < m}. By Theorem
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7.12, for m < n processes X,, and X, are indistinguishable on the event
{|¢] < m}. Thus we can consistently define

X (t) = X, (t) on the event {|¢| < m}.

X has continuous paths because each X, does, and adaptedness of X can
be checked because {|{| < m} € Fy. X satisfies (7.19) because each X,,
does. Thus the integrals in (7.18) are well-defined for X.

To verify equation (7.18) we can again pass the Fy-measurable indicator
1{|¢] < m} in and out of stochastic integrals, and then use the equality
of processes b(s, X (s))1{[¢] < m} = b(s, Xin(s))1{|¢| < m} with the same
property for o:

X(O1{[E] <m} = Xon(1)1{[¢] < m}
t

= er{jel < mb+ [ bl Xn(s) 1) < m}ds
+ [ ot X116l < m} a3,

—alel<mp+ [ bls XL < m)ds
+ [ ot X(61{1e] < m) am

=1l < mb(e+ [ XD ds+ [ olo.X()an ).

Since the union of the events {|¢| < m} is the entire space (almost surely),
we have the equation for X. O

Let us also address weak uniqueness or uniqueness in distribution.
This concerns solutions on possibly different probability spaces. As above,
assume given a Brownian motion B relative to a complete filtration {F;} on a
probability space (2, F, P), and an Fp-measurable random variable . Let X
be a continuous {F;}-adapted process that satisfies integral equation (7.18)
and condition (7.19). Let (Q, F, P), {F}, B, £ be another system with
exactly the same properties, and let X be a continuous process on ((~2, F , ﬁ)
adapted to {F;} that satisfies the analogue of (7.19) and the equation

(7.42) X, = §+/Ot b(s,)Zs)ds+/0ta(s,)?s)d§S.

The point is that the coefficient functions b and ¢ are shared. The theorem
says that the probability distribution of the solution process X is uniquely
determined by the distribution of £ and the functions b and o.
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Theorem 7.14. Let Assumption 7.7 be in force and assume b and o are

continuous functions of (t,x). Assume 4 é Then processes X and X
have the same probability distribution. That is, for any measurable subset A

of Cral0,00), P(X € A) = P(X € A).

Proof. Assume first that &€ and & are L? variables. Follow the recipe (7.24)
of the proof of Theorem 7.10 to construct the two sequences of processes,
X, on Q and X,, on €, that converge in the sense of (7.31) and (7. 39) to
solution processes. By the strong uniqueness, X,, — X and X — X in
the sense mentioned. Thus it suffices to show the distributional equality

Xn 4 X, of the approximating processes. We do this inductively.

(X0, B) 4 (Xo, B) follows from & < € and the fact that both pairs (¢, B)
and (¢, B) are independent

Suppose (Xn,B) (Xn,B) Since the integrands are continuous and

satisfy uniform estimates of the type (7.28), we can fix the partitions sf =

i27F of the time axis and realize the integrals on the right-hand side of (7.24)
as limits of integrals of simple functions:

X (1) = s+hm{zb 5, X (55))(t A sty — £ A 55)

k—o00

+ Yok X ) B, ~ B |
and

Xpy1(t) = €+ lim { D sk, X (sE)(t A sE —t A sE)

ok Rl B, Bt |-

These limits are uniform over bounded time intervals and L? or in probability
over the probability space. By passing to a subsequence, the limit is also
almost sure.

Fix time points 0 < ¢; < -+ < t;,. The induction assumption (X, B) 4
(Xn, B) and the limits above 1n1p1y that the vectors
(Xn41(t1)s -+, Xng1(tm), Buys - -+, B,,)
and (X;n+1(t1),. . Xn+1( ) Btla"'vgtm)

have identical distributions. Finite-dimensional distributions determine thc(le
distribution of an entire process, and we may conclude that (X, 11,B) =

()ZnJrl’ E)
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This concludes the proof for the case of square integrable £ and ¢. For
the general case do an approximation through £1{|¢| < m} and {1{[¢| < m},
as in the previous proof. ([

For € R%, let P* be the distribution on C' = CRra[0, 00) of the process
X that solves the SDE (7.18) with deterministic initial point £ = x. E* de-
notes expectation under P*. The family of probability measures {P*}, cgra
is well defined on account of Theorem 7.14. Let z; — x in R?. Then es-
timate (7.23) implies that P* — P?¥ in the weak topology of the space
M;(C) of Borel probability measures on C. Continuous mappings are in
general Borel measurable. Consequently x — P% is a measurable mapping
from R? into M;(C). This implies that 2 — E*(G) is a Borel function for
any bounded Borel function G : C' — R.

Thus we can inquire about the Markov property of the solution of an
1t6 equation. Since we only discussed time-homogeneous Markov processes,
let us assume that the coefficient functions b and o do not depend explicitly
on the time-coordinate. This is not really a restriction because the time
coordinate can always be included in the state of the system; that is, X; can
be replaced by X; = (¢, X;). So now the equation whose solution uniquely
determines distribution P* on C'is

(7.43) X, = x—l—/t b(Xs)der/ta(Xs)st.
0 0

Theorem 7.15. Let Assumption 7.7 be in force. Then the family {P*},cRa
of probability measures on C' defined by the solutions of the It6 equations
(7.43) forms a Markov process that also possesses the strong Markov prop-
erty.

Proof. The continuity of x — P?¥ gives the Feller property, so by Theorem
2.23 all we need to verify is the Markov property itself: namely, for any
bounded measurable function G : C' — R and r € [0, c0),

(7.44) E*G(X,4.)| F] = EX'[G] PT-as.,

where (X;) now denotes the coordinate process on C, F; = 0{X,: 0 < s < t}
is the filtration on C' generated by the coordinates, and X, 4. = (Xr+t)t€[0700)
is the coordinate process from time r onwards. To check this we take the
calculation back to a space where we solve the SDE.

Fix z € R% and r € [0,00). Let (92, H,P) be a probability space with
complete filtration {H;}, and B an R"-valued Brownian motion with re-
spect to the filtration {#;}. Let Y denote the a.s. unique solution of the It6
equation (7.43) with deterministic initial point = and adapted to {H:}.
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We condition on H, on the space (2, H,P). We can take Q Polish with
Borel o-algebra H, for example simply by (2, H) = (C,B¢). Conditional
probability measures exist on Polish spaces. Consequently we have a mea-
surable function w — P¥ from Q into M (€2) such that P is the conditional
probability measure of P, given H,. This means that the expectation E“(f)
of f under P¥ is a version of the conditional expectation E[f | H,](w) for
any bounded measurable f: Q2 — R.

Under P the process B, = B,1: — B, is a standard Brownian motion,
independent of #,. Hence under P¥ process B is still a standard Brownian
motion. Next, there is an event g such that P(£2) = 1 and for each w € €y,
the variable Y, is P¥-a.s. equal to the constant Y, (w). To see this, begin
with the P-a.s. identity

PY(Y, e U) = E[1y(Y})| Hr)(w) = 1y(Y(w))

that follows from the H,-measurability of Y,. Now let )y be the set of w
for which the above identity holds for all sets U in a countable base for the
topology of R%: for example, U ranges over balls with rational centers and
radii.

Define the process Y, = +t, adapted to the filtration H, = Higt
Increments of the new Brownian motion are shifts of the increments of the
original Brownian motion: B, — B, = By4+i — Byys. Consequently we have
equality of stochastic integrals fg o(Y,)dB, = f:+t o(Ys) dBs, and thereby
the equation

t t
=Y+ [Vds+ [ o(¥)db,
0 0

The points above amount to the following. For w € g, on the probability
space (€, H,P“) process Y is a solution of the SDE (7.43) with initial point
z = Y,(w). Consequently the distribution of ¥ under the measure P* is
PYr(@),

We can now verify (7.44). Let A € F, on the space C. Note that then
14(Y) depends only on the segment Y5, = (Ys : s € [0,7]) and hence is
‘H,-measurable. Under P process Y has distribution P*, so we can compute
as follows.

E[14 G(X,1.)] = B[14(Y) G(Y)] = B[1a(Y) E*(G(Y))]
= E[L(Y) B (0)] = E*[1.EX(0)].

The second equality followed from conditioning on #, inside E[---]. This
completes the proof of the strong Markov property. O
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7.3. A semimartingale equation

Fix a probability space (2, F, P) with a filtration {F;}. We consider the
equation

(7.45) X(t,w) = H(t,w) + F(s,w, X(w))dY (s,w)

(0,t]
where Y is a given R™-valued cadlag semimartingale, H is a given R’
valued adapted cadlag process, and X is the unknown R¢%valued process.
The coefficient F' is a d X m-matrix valued function of its arguments. (The
componentwise interpretation of the stochastic integral [ F'dY appeared
Remark 5.38.) For the coefficient F' we make these assumptions.

Assumption 7.16. The coefficient function F'(s,w,n) in equation (7.45) is
a measurable function from the space Ry x ©Q x Dga[0,00) into the space
R ™ of d x m matrices, and satisfies the following requirements.

(i) F satisfies a spatial Lipschitz condition uniformly in the other vari-
ables: there exists a finite constant L such that this holds for all
(t,w) € Ry x Q and all n,{ € Dra|0,00):

(746) ‘F(t7w777) - F(t,w,()\ <L- z‘[tpt)M(S) - <(S)’

(i) Given any adapted R%valued cadlag process X on €, the function
(t,w) — F(t,w, X (w)) is a predictable process.

(iii) Given any adapted R?valued cadlag process X on , there exist
stopping times vy oo such that 1(g,, (t)F(¢, X) is bounded for
each k.

These conditions on F' are rather technical. They are written to help
prove the next theorem. The proof is lengthy and postponed to the next
section. There are technical steps where we need right-continuity of the
filtration, hence we include this requirement in the hypotheses.

Theorem 7.17. Assume {F;} is complete and right-continuous. Let H
be an adapted R*-valued cadlag process and Y an R™-valued cadlag semi-
martingale. Assume F' satisfies Assumption 7.16. Then there exists a cadlag
process {X(t) : 0 <t < oo} adapted to {F;} that satisfies equation (7.45),
and X is unique up to indistinguishability.

In the remainder of this section we discuss the assumptions on F' and
state some consequences of the existence and uniqueness theorem.

Notice the exclusion of the endpoint ¢t on the right-hand side of the
Lipschitz condition (7.46). This implies that F'(¢,w, -) is a function of the
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stopped path
n(0), t=0,0<s<o0
N (s)=qnls), 0<s<t
n(t—), s>t>0.
In other words, the function F'(¢,w, -) only depends on the path on the time
interval [0, ).
Parts (ii)—(iii) guarantees that the stochastic integral [ F(s,X)dY(s)
exists for an arbitrary adapted cadlag process X and semimartingale Y.

The existence of the stopping times {vy} in part (iii) can be verified via this
local boundedness condition.

Lemma 7.18. Assume F' satisfies parts (i) and (ii) of Assumpotion 7.16.
Suppose there exists a path ( € Dgral0,00) such that for all T < oo,

(7.47) c(T)= sup |F(t,w,()| < oc.
te[0,T], weN

Then for any adapted R*-valued cadlag process X there exist stopping times
vk /"t 00 such that 1(g,,)(t)F(t, X) is bounded for each k.

Proof. Define
v =inf{t > 0:|X(t)] >k} Ainf{t > 0: | X(t—)| >k} Ak

These are bounded stopping times by Lemma 2.9. | X (s)| < kfor 0 < s < vy,
but if v, = 0 we cannot claim that | X (0)| < k. The stopped process

X(0), v =0

X" () = ¢ X(¢), 0<t<uy

X(vp—), t>v>0

is cadlag and adapted.

We show that 1, (s)F(s, X) is bounded. If s = 0 or v = 0 then this
random variable vanishes. Suppose 0 < s < vg. Since [0,s) C [0,v), X
agrees with X**~ on [0, s), and then F(s, X) = F(s, X"*7) by (7.46).

[F (s, X)| = |F (s, X*7)| < |[F(s,C)| + |F(s, X*~) = F(5,0)|

<ck)+L- S [ X () — )]
< (k) + L(k: + Os<1;<pk\§(t)|).

The last line above is a finite quantity because € is locally bounded, being
a cadlag path. O

Here is how to apply the theorem to an equation that is not defined for
all time.
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Corollary 7.19. Let 0 < T < oo. Assume {F;} is right-continuous, Y
is a cadlag semimartingale and H is an adapted cadlag process, all defined
for 0 <t <T. Let F satisfy Assumption 7.16 for (t,w) € [0,T] x Q. In
particular, part (ii) takes this form: if X is a predictable process defined
on [0,T] x Q, then so is F(t,X), and there is a nondecreasing sequence of
stopping times {0y} such that 1 ,1(t)F(t, X) is bounded for each k, and
for almost every w, o =T for all large enough k.

Then there ezists a unique solution X to equation (7.45) on [0,T7].

Proof. Extend the filtration, H, Y and F to all time in this manner: for
t € (T,00) and w € Q define F; = Fr, H(w) = Hr(w), Yi(w) = Yr(w), and
F(t,w,n) = 0. Then the extended processes H and Y and the coefficient F'
satisfy all the original assumptions on all of [0, 00). Note in particular that
if G(t) = F(t,X) is a predictable process for 0 < ¢t < T, then extending
it as a constant to (7, 00) produces a predictable process for 0 < t < co.
And given a predictable process X on [0,00), let {0k} be the stopping times
given by the assumption, and then define

o, op<T
vV =
o0, O =1T.

These stopping times satisfy part (iii) of Assumption 7.16 for [0, 00). Now
Theorem 7.45 gives a solution X for all time 0 < ¢ < oo for the extended
equation, and on [0, 7] X solves the equation with the original H, Y and F.

For the uniqueness part, given a solution X of the equation on [0, 7],
extend it to all time by defining X; = Xp for t € (T,00). Then we have
a solution of the extended equation on [0, 00), and the uniqueness theorem
applies to that. [l

Another easy generalization is to the situation where the Lipschitz con-
stant is an unbounded function of time.

Corollary 7.20. Let the assumptions be as in Theorem 7.17, except that
the Lipschitz assumption is weakened to this: for each 0 < T < oo there
exists a finite constant L(T) such that this holds for all (t,w) € [0,T] x Q
and all n,¢ € DRal0,00):

(7.48) [F(t,w,m) = F(t,w, Q)| < L(T) - zl[tlf;)ln(S) —¢(s)]-

Then equation (7.45) has a unique solution X adapted to {F;}.

Proof. For k € N, the function 145<,<4F'(t,w,n) satisfies the original hy-
potheses. By Theorem 7.17 there exists a process X that satisfies the
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equation
(7.49) X, (t) = HA (1) + /( o Lo ()T (5, X AY¥s).
K

The notation above is H*(t) = H(k At) for a stopped process as before. Let
k < m. Stopping the equation

Xn(®) = B0+ [ | 16 Xn) V()
0,t
at time k gives the equation
XEO=H O+ [ Lo F (s X Y,
(0,tAE]
valid for all t. By Proposition 5.39 stopping a stochastic integral can be

achieved by stopping the integrator or by cutting off the integrand with an
indicator function. If we do both, we get the equation

Xk () :Hk(t)Jr/ Lo (s)F (s, X[)dY*(s).
(0.4]

Thus X} and X7” satisfy the same equation, so by the uniqueness theorem,
X = XE for k < m. Thus we can unambiguously define a process X by
setting X = X, on [0, k]. Then for 0 < ¢ < k we can substitute X for X} in
equation (7.49) and get the equation

X(t) = HE (1) +/ F(s, X)dY(s), 0<t<k
(0,kAE]
Since this holds for all k, X is a solution to the original SDE (7.45).

Uniqueness works similarly. If X and X solve (7.45), then X (k At) and
X(k At) solve (7.49). By the uniqueness theorem X (k At) = X(k At) for
all ¢, and since k can be taken arbitrary, X = X. O

Example 7.21. Here are ways by which a coefficient F' satisfying the as-
sumptions of Corollary 7.20 can arise.

(i) Let f(t,w,z) be a P ® Bra-measurable function from (R4 x ) x R?
into d x m-matrices. Assume f satisfies the Lipschitz condition

[f(t,w,z) = f(t,w,y)| < L(T)|x -y
for (t,w) € [0,T] x Q and z,y € R%, and the local boundedness condition
sup{|f(t,w,0)]: 0<t < T,w € N} < o0

for all 0 < T' < co. Then put F(t,w,n) = f(t,w,n(t—)).

Satisfaction of the conditions of Assumption 7.16 is straight-forward,
except perhaps the predictability. Fix a cadlag process X and let U be
the space of P ® Bgra-measurable f such that (t,w) — f(t,w, Xi—(w)) is
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P-measurable. This space is linear and closed under pointwise convergence.
By Theorem B.4 it remains to check that U contains indicator functions
f =1rxp of products of I" € P and B € Bra. For such f, f(t,w, X;—(w)) =
1r(t,w)1p(X¢—(w)). The first factor 1p(¢,w) is predictable by construction.
The second factor 15(X;—(w)) is predictable because X;_ is a predictable
process, and because of the general fact that g(Z;) is predictable for any
predictable process Z and any measurable function g on the state space of
Z.

(ii) A special case of the preceding is a Borel measurable function f(t,x)
on [0,00) x R? with the required Lipschitz and boundedness conditions. In
other words, no dependence on w.

(iii) Continuing with non-random functions, suppose a function G :
Dgal0,00) = DRa|0, 00) satisfies a Lipschitz condition in this form:

(7.50) G(n)e —G(()e < L+ sup |n(s) —((s)].

s€[0,t)

Then F(t,w,n) = G(n);— satisfies Assumption 7.16.

Next, let us specialize to It6 equations to recover Theorem 7.8 proved in
Section 7.2.

Corollary 7.22. Let By be a standard Brownian motion in R™ with respect
to a right-continuous filtration {F;} and & an R%-valued Fo-measurable ran-
dom variable. Fiz 0 < T < co. Assume the functions b: [0,T] x RY — R
and o : [0,T] x R* = R¥™ satisfy the Lipschitz condition

[b(t,2) = b(t, y)| + |o(t,z) — o(t, y)| < Lz —y|
and the bound

[b(t, )| + |o(t, )| < L(1 + [=])

for a constant L and all 0 <t <T, x,y € R,

Then there ezists a unique continuous process X on [0, T] that is adapted

to {F:} and satisfies

t ¢

(7.51) X =¢ —l—/ b(s, Xs)ds +/ o(s,Xs)dBs
0 0

for0<t<T.

Proof. To fit this into Theorem 7.17, let Y (¢t) = [t, By]*, H(t) = £, and

We write b(t,n(t—)) to get a predictable coefficient. For a continuous path

7 this left limit is immaterial as n(t—) = n(t). The hypotheses on b and o
establish the conditions required by the existence and uniqueness theorem.
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Once there is a cadlag solution X from the theorem, continuity of X follows
by observing that the right-hand side of (7.51) is a continuous process. [

7.4. Existence and uniqueness for a semimartingale equation

This section proves Theorem 7.17. The key part of both the existence and
uniqueness proof is a Gronwall-type estimate, which we derive after some
technical preliminaries. Note that we can assume the Lipschitz constant
L > 0. If L =0 then F(s,w,X) does not depend on X, equation (7.45)
directly defines the process X and there is nothing to prove.

7.4.1. Technical preliminaries.

Lemma 7.23. Let X be a cadlag process and Y a cadlag semimartingale.
Fiz t > 0. Let v be a nondecreasing continuous process on [0,t] such that
7(0) =0 and v(u) is a stopping time for each u. Then

(7.52) / X(s—)dY(s) = X oy(s—)d(Y ov)(s).
0 (®)] (0,2]

Remark 7.24. On the right the integrand is

Xon(s—) = Mlgrng(v(U))

which is not the same as X (y(s—)) if the latter is interpreted as X evaluated
at y(s—). To see this just think of v(u) = v and imagine X has a jump at
s. Note that for the stochastic integral on the right in (7.52) the filtration
changed to {Fy(y}-

Proof. As {t'} goes through partitions of [0, ¢] with mesh tending to zero,
{7(t")} goes through partitions of [0,~(¢)] with mesh tending to zero. By
Proposition 5.37, both sides of (7.52) equal the limit of the sums

D XOEN) (Y () = Y (). O

Lemma 7.25. Suppose A is a mnondecreasing cadlag function such that
A(0) =0, and Z is a nondecreasing real-valued cadlag function. Then

y(u) =inf{t > 0: A(t) > u}
defines a nondecreasing cadlag function with v(0) =0, and
| Zonts-)diae () < (A w) - 0)Z o 5(u-)
(7.53) (0
+ / Z o7y(s—)ds.
(0,u]
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Proof. That v is nondecreasing is immediate. To see right-continuity, let
s > y(u). Then A(s) > u. Pick € > 0 so that A(s) > u +e. Then for
v € [u,u+el, y(v) <s.

Also, since A(t) > u for t > ~(u), by the cadlag property of A

(7.54) A(y(u)) > u.

Since Z o7y is cadlag, the integrals (7.53) are limits of Riemann sums with
integrand evaluated at the left endpoint of partition intervals (Lemma 1.12).
Let {0 = s¢p < 51 < --- < s, = u} be a partition of [0,u]. Next algebraic
manipulations:

m—1
> Z(v(s) (A(v(sit1) — A(v(s:)))
=0
m—1
Z Z(v(si))(si+1 — i)
=0
m—1

_l’_

Z Z((:)) (A((8i41)) = six1 — A(y(si) + si)

=S Z0(50) 1 = 30) + Z 3 smr) (Al () — )

=0

—

m—

~ S (Z(y(0)) — Z(1(56-1))) (A((s2)) — si).

The sum on the last line above is nonnegative by the nondecreasing mono-
tonicity of Z o and by (7.54). Thus we have

> Z0(0)(AG ) ~ A0 ()

Z )(si41 = 1)+ Z(1(sm 1) (AG () — w).

Letting the mesh of the partition to zero turns the inequality above into
(7.53). O

Let F be a cadlag BV function on [0,7] and Af its Lebesgue-Stieltjes
measure. The total variation function of ' was denoted by Vg(t). The total
variation measure |Ap| satisfies |[Ap| = Ay,. For Lebesgue-Stieltjes integrals
the general inequality (1.11) for signed measures can be written in this form:

(7.55) ‘/OT g(s)dF (s /( ]\ g(s)| dVE(s).
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Lemma 7.26. Let X be an adapted cadlag process and o > 0. Let 7 <
Ty < 73 < --- be the times of successive jumps in X of magnitude above a:
with T0 = O,

T = 1inf{t > 7,1 | X (t) — X(t—)| > a}.

Then the {7} are stopping times.
Proof. Fix k. We show {7 <t} € F;. Consider the event

A= U U U ﬂ {thereexist integers 0 < u; <ug < --- <up <n
£>1m>1N>1n>N

such that u; — u;—1 > n/l, and

() =% (5 =Dl )
n n n m
We claim that A = {7, < t}.

Suppose w € A. Let s,; = uit/n, 1 < i < k, be the points whose
existence follows for all n > N. Pass to a subsequence {n;} such that for
each 1 < i < k we have convergence s,;; — t; € [0,t] as j — co. From
the description of A there is an 1 < ¢ < oo such that ¢; — ¢t;_1 > t/¢. The
convergence also forces Snji— t/n — t;. Since the increment in the path X
cannot shrink below a + 1/m across the two points s, ; —t/n and s, ;, it
must be the case that | X (¢;) — X(t;—)| > a+ 1/m.

Consequently the points t1,ts,...,t; are times of jumps of magnitude
above «, and thereby 7 < t.

Conversely, suppose w € {7 < t} and let t; < to < --- < t; be times of
jumps of magnitude above « in [0,t]. Pick € > 0 so that | X (¢;) — X (t;—)| >
a+2eand t;—t;_1 > 4e for 2 < i < k. Pick ¢ € (0,¢) such that r € [t;—J,t;)
and s € [t;, t; + d] imply

| X(s) = X(r)]>a+e.

Now let £ > t/e, m > 1/e and N > t/§. Then for n > N find integers u;

such that . .
(ui — 1)* <t; <u;—.
n n
Then also

t t
ti—5<(ui—1)—<ti§ui—<ti+6
n n

it it 1 1
() - (2 ) &
n n m

This shows w € A. O

from which

We need to consider equations for stopped processes, and also equations
that are “restarted” at a stopping time.
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Lemma 7.27. Suppose F' satisfies Assumption 7.16 and let
£(t) = / F(s, X) dY ().
(0,¢]
Let T be a finite stopping time. Then
(7.56) & (t) :/ F(s,XT)dY" (s).
(0,t]

In particular, suppose X satisfies equation (7.45). Then the equation con-
tinues to hold when all processes are stopped at T—. In other words,

(7.57) X7 (t) = H™(t) + /( y F(s, X™7)dY™ (s).

Proof. It suffices to check (7.56), the second conclusion is then immediate.
Apply part (b) of Proposition 5.50 with G(s) = F(s,X7") and J(s) =
F(s,X). By the precise form of the Lipschitz property (7.46) of F', which is
true for each fixed w, for 0 < s < 7 we have

|F(s, X" )= F(s,X)|<L- sup |X]™ — X

u€l0,s)

< L- sup |Xs— X,|=0.
ue(0,7)

Then first by part (b), then by part (a) of Proposition 5.50,

F =J- YY) =(G-Y)  =G-Y"". O
Lemma 7.28. Assume the filtration {F;} is right-continuous. Let o be a
finite stopping time for {F;} and Fi = Foit.

(a) Let v be a stopping time for {F}. Then o +v is a stopping time for
{ft} cmd Fy Q -FO'—H/-

(b) Suppose T is a stopping time for {F;}. Then v = (1 — o)™ is an
Fr-measurable random variable, and an {F;}-stopping time.

(c) Let Z be a cadlag process adapted to {F;} and Z a cadlag process
adapted to {F;}. Define

X(t) = Z(t), t<o
Z(o)+Z(t—o), t>o.

Then X is a cadlag process adapted to {F;}.
Proof. Part (a). Let A € F,. Observe that

Anfo+v<ty= |J Anfr<rinfo<t—r}
re(0,6)NQ
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(If € > 0 satisfies o + v < t — ¢, then any rational r € (v,v +¢) will do.) By
the definition of F,,

An{v<r}= U An{v<r—LYeF =Fopr,
meN
and consequently by the definition of F,,,
An{v<rin{o+r <t} e F.
If A=, we have showed that {¢ + v < t} € 7. By Lemma 2.6 and the
right-continuity of {;}, this implies that o + v is an {F;}-stopping time.
For the general A € F,, we have showed that
An{fo+v <t}= ﬂ An{o+v <t+ =} € Fyan)-
m>n

Since this is true for any n,

An{o+v <t} e m]:t—i-(l/n) =F
n

where we used the right-continuity of {F;} again.

Part (b). For 0 <t < oo, {(r —0)* <t} = {0+t > 7} By part (ii)
of Lemma 2.3 this event lies in both F; and F,; = F;. This second part
implies that v = (7 — )" is an {F;}-stopping time.

Part (c¢). Fix 0 <t < oo and a Borel set B on the state space of these
processes.

{X(t)eBYy={o>t, Z(t)e BlUu{o <t, Z(o)+ Z(t — o) € B}.
The first part {o > ¢, Z(t) € B} lies in F; because it is the intersection of
two sets in F;. Let v = (t — o). The second part can be written as
{o <t Z(o)+ Z(v) € B}.

Cadlag processes are progressively measurable, hence Z (o) is F,-measurable
and Z(v) is F,-measurable (part (iii) of Lemma 2.3). Since 0 < o + v,
Fy C Foyp. By part (a) F, C Fyuy. Consequently Z(o) + Z(v) is Fyyo-
measurable. Since o <t is equivalent to o+ < t, we can rewrite the second
part once more as

{o+v<t}n{Z(o)+ Z(v) € B}.

By part (i) of Lemma 2.3 applied to the stopping times o + v and ¢, the set
above lies in F;.

This concludes the proof that {X(t) € B} € F;. O
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7.4.2. A Gronwall estimate for semimartingale equations. In this
section we prove a Gronwall-type estimate for SDE’s under fairly stringent
assumptions on the driving semimartingale. When the result is applied,
the assumptions can be relaxed through localization arguments. All the
processes are defined for 0 < ¢ < co. F is assumed to satisfy the conditions
of Assumption 7.16, and in particular L is the Lipschitz constant of F.
In this section we work with a class of semimartingales that satisfies the
following definition.

Definition 7.29. Let 0 < §, K < oo be constants. Let us say an R™-
valued cadlag semimartingale Y = (Y1,...,Y;,)T is of type (6, K) if Y has a
decomposition Y = Y (0)+ M +S where M = (M, ..., My,)T is an m-vector
of L2-martingales, S = (S41,...,S,)7 is an m-vector of FV processes, and

(7.58) |AM;(t)] <0, |AS;(t)] <6, and Vi(S5;) < K

for all 0 <t < oo and 1 < j < m, almost surely.

This notion of (4, K) type is of no general significance. We use it as a
convenient abbreviation in the existence and uniqueness proofs that follow.
As functions of the various constants that have been introduced, define the
increasing process

(7.59) A(t) = 16L%dm Y [M;), + 4K L*dm» Vs, (t) + t,
j=1 j=1

the stopping times
(7.60) v(u) =inf{t > 0: A(t) > u},
and the constant

(7.61) c=c(0,K,L) = 166°L*dm? + 46 K L>dm?.

Let us make some observations about A(t) and ~(u). The term ¢ is
added to A(t) to give A(t) > ¢t and make A(t) strictly increasing. Then
Alu+e) > u+e > u for all e > 0 gives y(u) < u. To see that y(u) is
a stopping time, observe that {y(u) < t} = {A(t) > u}. First, assuming
v(u) < t, by (7.54) and monotonicity A(t) > A(vy(u)) > w. Second, if
A(t) > u then by strict monotonicity A(s) > u for all s > ¢, which implies
v(u) < t.

Strict monotonicity of A gives continuity of . Right continuity of
was already argued in Lemma 7.25. For left continuity, let s < v(u). Then
A(s) < u because A(s) > u together with strict increasingness would imply
the existence of a point ¢ € (s,y(u)) such that A(t) > wu, contradicting
t < y(u). Then v(v) > s for v € (A(s),u) which shows left continuity.
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In summary: u — 7(u) is a continuous nondecreasing function of bounded
stopping times such that v(u) < u. For any given w and T, once u > A(T)
we have y(u) > T, and so y(u) — 00 as u — oo.

If Y is of type (dp, Ko) for any 6y < § and Ky < K then all jumps of A
satisfy |AA(t)| < e¢. This follows because the jumps of quadratic variation
and total variation obey A[M](t) = (AM(t))? and AV, (t) = |AS;(t)].

For ¢ = 1,2, let Hy, Xy, and Z; be adapted R%valued cadlag processes.
Assume they satisfy the equations

(7.62) Zy(t) = Ho(t) + F(s,Xy)dY (s), (=1,2,
(0.t]
for all 0 <t < 0o0. Let
(7.63) Dx(t) = sup | X1(s) — Xa(s)[?
0<s<t
and
(7.64) éx(u) = E[Dx oy(u)] = E[ sup | X1(s) — Xao(s)[2].
0<s<7(u)

Make the same definitions with X replaced by Z and H. Dx, Dz, and
Dy are nonnegative, nondecreasing cadlag processes. ¢x, ¢z, and ¢y are
nonnegative nondecreasing functions, and cadlag at least on any interval on
which they are finite. We assume that
(7.65) b (u) = E[ sup  |Hi(s) — H2(3)|2] <
0<s<~y(u)

for all 0 < u < 0.

The proposition below is the key tool for both the uniqueness and exis-
tence proofs. Part (b) is a Gronwall type estimate for SDE’s.

Proposition 7.30. Suppose F satisfies Assumption 7.16 and Y is a semi-
martingale of type (8, K —0) in Definition 7.29. Furthermore, assume (7.65),
and let the pairs (Xy, Zy) satisfy (7.62).

(a) For 0 <wu < oo,

(7.66) 62(0) < 20m(u) + coxw) + [ ox()ds
0
(b) Suppose Zy = Xy, in other words X1 and Xy satisfy the equations
(7.67) Xo(t) = Hy(t) +/( ]F(S,X[) dy(s), ¢=1,2.
0,t

Then ¢x(u) < oo. If § is small enough relative to K and L so that ¢ < 1,
then for all u > 0,

(7.68) ox(u) < 221 o L0
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Before starting the proof of the proposition, we establish an auxiliary
lemma.

Lemma 7.31. Let 0 < §, K < oo and suppose Y is a semimartingale of
type (6,K) as specified in Definition 7.29. Let G = {G;;} be a bounded
predictable d X m-matriz valued process. Then for 0 < u < co we have the
bounds

G(s)dY (s)

(0,¢]

sup

2
E{ ]glL ZE/ (5)|* dA(s)
(7.69) 0<t<(u) :y(u

3L (u+0))IGI%

IN

Proof of Lemma 7.31. By the definition of Euclidean norm and by the
inequality (z + y)? < 222 + 242,

\ /( |, GO <2y

+22<Z Gi.(s)dS;(s ))2

The first sum inside parentheses after the inequality in (7.70) is an L2-

martingale by the boundedness of G' and because each M; is an L?-martingale.
Take supremum over 0 < ¢ < 7(u), on the right pass the supremum inside

the i-sums, and take expectations. By Doob’s inequality (3.13), Schwarz in-

equality in the form (31", a;)> <m > ", a?, and by the isometric property

of stochastic integrals,

E[ sup (i Gij(s) de(S))T

0<t<y(u) \ 57 /(0]

el (£, 0m0)
< 4mZE[ (/0’7( ; ii(8) de(s)>2]
<4mZE/ 1 ()2 d[M;](s).

"/(U)]

2 d m

<23 (%

Gi;(s)dM;(s )>2

(0,1]
(7.70)

(7.71)
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Similarly handle the expectation of the last sum in (7.70). Instead of
quadratic variation, use (7.55) and Schwarz another time.

m 2
E| sup ( Gi,'st's> }
[0<t<v(u) ; 0 O )

gmiE_ sup ((OﬁﬂGi,j(s)dsj(s)f]

Lo<t<y(u)

< miE ( /(o,y(u)} Gy (9)] stj(8)>2]

m -

<m’S E| Vs (v(u) /( ()]Gi,j(s)Zdej(s)}

=1

(7.72)

Now we prove (7.69). Equations (7.70), (7.71) and (7.72), together with
the hypothesis Vs, (t) < K, imply that

2
E[ sup G(s)dY (s) }
0<t<v(u) (O t]
< 8dm Z E / dIM;)(s)
0,7( U)]

+2KdmZE/ ( )] (s)|*dVs, (s)
7’Y’U,

<iL” 2E/ ()2 dA(s)
“/(U)]

= 5L_2E[o<i25(u>’ () A(V(U))]

< 3L7%(u+0)|G%.
From A(y(u)—) < u and the bound ¢ on the jumps in A came the bound
A(v(u)) < u+ c used above. This completes the proof of Lemma 7.31. O

Proof of Proposition 7.30. Step 1. We prove the proposition first under
the additional assumption that there exists a constant Cj such that | F'| < Cy,
and under the relaxed assumption that Y is of type (0, K). This small
relaxation accommodates the localization argument that in the end removes
the boundedness assumptions on F'.
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Use the inequality (z + y)? < 222 + 2y? to write

1 Z1(t) — Zo(t)]* < 2|Hy(t) — Ha(t)?

(7.73) 2

+ 2’ / (F(s,X1) — F(s,X2)) dY (s)
(0,4]

We first check that

(71.74)  ¢z(u) = E[O<§1<1p( )]Zl(t) - ZQ(t)ﬂ < oo forall 0<u< oo
sisy(u

Combine (7.69) with the hypothesis |F'| < Cj to get the bound
|
Now (7.74) follows from a combination of inequality (7.73), assumption

(7.65), and bound (7.75). Note that (7.74) does not require a bound on
X, due to the boundedness assumption on F' and (7.65).

E[ sup / (F(s,X1) — F(s,X3))dY (s)
0<t<v(u)l /(0,]

< 2L72(u+ ¢)C3.

(7.75)

The Lipschitz assumption on F' gives
|F(s, X1) — F(s, X2)|* < L*Dx (s—).
Apply (7.69) together with the Lipschitz bound to get

2
E[o;g(u) /(M (F(s,X1) — F(s,X2)) dY (s) }
(7.76) < ;L—QE/(O ( )]|F(5,X1) —F(S,XQ)IQdA(s)
Y(u

< ;E/ Dx(s—)dA(s).
(0y(w)]

Now we prove part (a) under the assumption of bounded F'. Take supre-
mum over 0 < ¢ < 7y(u) in (7.73), take expectations, and apply (7.76) to
write

¢z(u) = E[Dzoy(u)] = E[O up )\Zl(t) - Zz(t)P]
<t<~(u

(7.77)
< 2¢p(u) + E/ Dx(s—)dA(s).
(0,7(w)]

To the dA-integral above apply first the change of variable from Lemma 7.23
and then inequality (7.53). This gives

¢z(u) < 205 (u)

+ E[(A(y(u)) —u)Dx oy(u—)] + E o ]DX o7y(s—)ds.

(7.78)
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For a fixed w, cadlag paths are bounded on bounded time intervals, so apply-
ing Lemmas 7.23 and 7.25 to the path-by-path integral f(O;y(u)] Dx(s—)dA(s)
is not problematic. And then, since the resulting terms are nonnegative,
their expectations exist.

By the definition of y(u), A(s) < u for s < y(u), and so A(y(u)—) < u.
Thus by the bound c¢ on the jumps of A,

A(y(u)) —u < A(y(u) — A(y(u)—) <
Applying this to (7.78) gives

¢z (u) < 2¢p(u) + cE[Dx o y(u—)] —I—/ E[Dx o~(s—)] ds
(7.79) (O]

< 2¢p(u) + cpx(u) + o ]qu(u)ds.

This is the desired conclusion (7.66), and the proof of part (a) for the case
of bounded F' is complete.

We prove part (b) for bounded F'. By assumption, Z;, = X, and ¢ < 1.
Now ¢x(u) = ¢pz(u), and by (7.74) this function is finite. Since it is nonde-
creasing, it is bounded on bounded intervals. Inequality (7.79) becomes

(1— ) (u) < 265 (u) + /0 " bx(s) ds.

An application of Gronwall’s inequality (Lemma A.20) gives the desired
conclusion (7.68). This completes the proof of the proposition for the case
of bounded F'.

Step 2. Return to the original hypotheses: Assumption 7.16 for F
without additional boundedness and Definition 7.29 for Y with type (J, K —
). By part (iii) of Assumption 7.16, we can pick stopping times o 0o
and constants By, such that

} 10,0, (8)F (s, Xo) ‘ < By fort=1,2.
Define truncated functions by
(7.80) Fpg,(s,w,n) = {F(s,w,n) A B}V (—By).
By Lemma 7.27, assumption (7.62) gives the equations
ZF(t) = H)* (t) +/ F(s,X/*7)dY°*(s), (e{1,2}.
(0,¢]
Since Xy = X/*~ on [0,0%), F(s,X/*") = F(s,X;) on [0,0%]. The trunca-
tion has no effect on F'(s, Xy) if 0 < s < 0y, and so also

F(s,X]"*") = Fp,(s,X/"") on [0,0%].
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By part (b) of Proposition 5.50 we can perform this substitution in the
integral, and get the equations

20 (t) = HO () + / F, (5, XO) dY™(s), £ € {1,2}.
(0.1

Now we have equations with bounded coefficients in the integral as required

for Step 1.

We need to check what happens to the type in Definition 7.29 as we
replace Y with Y7+~ Originally Y was of type (J, K —J). Decompose Y7k~
as

ngi(t) =Yy + M (t) + Sgki(t) — AM(Uk)]-{tZak}-

The new martingale part M°* is still an L?-martingale. Its jumps are a
subset of the jumps of M, hence bounded by §. The jth component of the
new FV part is G;(t) = S7*7(t) — AM;(0k)1{;>,)- It has jumps of S;
on [0,01) and the jump of M; at oy, hence all bounded by §. The total
variation Vg, is at most Vs, + |AM;(oy)| < K — 0+ = K. We conclude
that Y7+~ is of type (4, K).

We have verified all the hypotheses of Step 1 for the stopped processes
and the function Fg,. Consequently Step 1 applies and gives parts (a) and
(b) for the stopped processes Z;*~, H/*~, and X;/*~. Note that

B[ sup [X7(s) = XTT()] = B[ sw [Xi(s) - Xa(s)P
0<s<(u) 0<s<y(u), s<oy,

<B[ sw 1%() = Xa(s)] = ¢x(w)

while
lim E[ sup | X7F(s) —Xg’“_(s)ﬂ = ¢x(u)

k=00 L o<s<y(u)

by monotone convergence because o  0o. Same facts hold of course for
Z and H too.

Using the previous inequality, the outcome from Step 1 can be written
for part (a) as

Bl suwp (27 (s) = 25 ()P
0<s<y(u)

<2¢p(u) + copx(u) + /Ou ox(s)ds.

and for part (b) as

B _ 2¢m (u) u
E| sup |X7(s)— XJ* ()] < :
[ nggg(u)‘ 1" (s) 2" (sl } - 1l-—c EXP{ 1-— c}
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As k ' oo the left-hand sides of the inequalities above converge to the
desired expectations. Parts (a) and (b) both follow, and the proof is com-
plete. O

7.4.3. The uniqueness theorem.

Theorem 7.32. Let H be an R%-valued adapted cadlag process and Y an
R™-valued cadlag semimartingale. Assume F satisfies Assumption 7.16.
Suppose X1 and Xy are two adapted R*-valued cadlag processes, and both
are solutions to the equation

(7.81) X(t)=H(t) + F(s,X)dY(s), 0<t<oo.
(0,1]
Then for almost every w, Xi(t,w) = Xa(t,w) for all 0 <t < co.

Proof. At time zero X;(0) = H(0) = X2(0).
Step 1. We first show that there exists a stopping time o, defined in

terms of Y, such that P{c > 0} = 1, and for all choices of H and F', and
for all solutions X and Xa, X;(t) = Xa(t) for 0 <t < o.

To prove this, we stop Y so that the hypotheses of Proposition 7.30 are
satisfied. Choose 0 < § < K/3 < oo so that ¢ < 1 for ¢ defined by (7.61).
By Theorem 3.20 (fundamental theorem of local martingales) we can choose
the semimartingale decomposition ¥ = Y (0) + M + G so that the local
L2-martingale M has jumps bounded by §/2. Fix a constant 0 < C' < oo.
Define the following stopping times:

7 =inf{t >0:|Y(t) —Y(0)| > C or |Y(t—) =Y (0)| > C},
7 =1inf{t > 0: |AY (¢)| > 6/2},

and

m3 = inf{t > 0: Vg, (t) > K — 20 for some 1 < j < m}.

Lemmas 2.9 and 7.26 guarantee that 7 and 75 are stopping times. For 73,
observe that since Vg, (t) is nondecreasing and cadlag,

m

{rs <t} = |J{Ve,(t) = K — 26}.

j=1
Each of 71, 72 and 73 is strictly positive. A cadlag path satisfies |Y(s) —
Y (0)| < C for s < ¢ for a positive ¢ that depends on the path, but then 7 >
5. The interval [0, 1] contains only finitely many jumps of Y of magnitude
above /2, so there must be a first one, and this occurs at some positive
time because Y (0+) = Y(0). Finally, total variation Vg, is cadlag and so
Vi, (0+) = Vg, (0) = 0, hence 73 > 0.
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Let T be an arbitrary finite positive number and
(7.82) o=TiANTa ANT3NT.

P(o > 0) =1 by what was said above.

We claim that semimartingale Y?~ satisfies the hypotheses of Proposi-
tion 7.30. To see this, decompose Y°~ as

(7.83) Yo () =Y(0) + M7(t) + G77(t) — AM(0) - Ljy>0y-
Stopping does not introduce new jumps, so the jumps of M7 are still bounded
by 6/2. The jumps of Y7~ are bounded by 4/2 since 0 < 15. On [0,0) the
FV part S(t) = G~ (t) — AM(0) - 1§;>,) has the jumps of G7~. These are
bounded by 0 because AG?~(t) = AY?~(t) — AM?~(t). At time ¢ S has
the jump AM (o), bounded by §/2. The total variation of a component S
of S is
Vs, (t) < Vo (t) + [AM;(0)| < Vg, (13—) +6/2 < K —25+6/2
J
<K —0.
Since [Y?~ =Y (0)] < C and |Sj| < |Vs;| < K, it follows that M7 is bounded,
and consequently an L2-martingale.

We have verified that Y7~ is of type (0, K — §) according to Definition
7.29.

By assumption equation (7.81) is satisfied by both X; and Xs. By
Lemma 7.27, both X7~ and XJ~ satisfy the equation

(7.84) X(t) = HO=(t) + /( y F(s,X)dY?(s), 0<t< oo

To this equation we apply Proposition 7.30. In the hypotheses of Proposition
7.30 take Hy = Hy = H?~, so ¢ (u) = 0 and assumption (7.65) is satisfied.
All the hypotheses of part (b) of Proposition 7.30 are satisfied, and we get

Bl swp [X77(1) - X§~ ()] =0
0<t<v(u)

for any u > 0, where v(u) is the stopping time defined by (7.60). As we
let u /oo we get X7 (t) = X3 (t) for all 0 < ¢ < co. This implies that
X1(t) = Xo(t) for 0 <t < o.

At time o,

(7.85)
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because the integrand F'(s, X) depends only on {X;(s) : 0 < s < o} which
agrees with the corresponding segment of X5, as established in the previous
paragraph. Now we know that X;(t) = Xa(t) for 0 <t < ¢. This concludes
the proof of Step 1.

Step 2. Now we show that X; and X, agree up to an arbitrary finite
time 7. At this stage we begin to make use of the assumption of right-
continuity of {F;}. Define

(7.86) T =inf{t > 0: X1(t) £ Xa(t)}.

The time when the cadlag process X1 — X» first enters the open set {0}€ is
a stopping time under a right-continuous filtration by Lemma 2.7. Hence
T is a stopping time. Since X; = X5 on [0,7), if 7 < oo, a calculation like
the one in (7.85) shows that X; = X3 on [0,7]. From Step 1 we also know
T>0>0.

The idea is to apply Step 1 again, starting from time 7. For this we need
a lemma that enables us to restart the equation.

Lemma 7.33. Assume F satisfies Assumption 7.16 and X satisfies equation
(7.45) on [0,00). Let o be a bounded stopping time. Define a new filtration,
new processes, and a new coefficient by Fy = Fyyy, X(t) = X(0+t)— X (0),
Yt)=Y(o+t)—-Y(0), H{t) = H(oc +t) — H(0), and

F(t,w,n) = F(o +t,w,(*")
where the cadlag path ¢*" € Dgal0, 00) is defined by

o, ) X(s), 0<s<o
¢ n(s)_{X(a)—i—n(s—a), s> o

Then under {F}, X and H are adapted cadlag processes, Y is a semimartin-
gale, and F satisfies Assumption 7.16. X is a solution of the equation

X(t) = A(t)+ /(0 FX)az (),

Proof of Lemma 7.33. We check that the new F satisfies all the hypothe-
ses. The Lipschitz property is immediate. Let Z be a cadlag process adapted
to {F:}. Define the process Z by

2(t) = X(t), t<o
X(o)+ Z(t—0), t>o.

Then Z is a cadlag process adapted to {F:} by Lemma 7.28. F(t,7) =
F(o +t,Z) is predictable under {F;} by Lemma 5.46. Find stopping times
vk /oo such that 1, (s)F(s,Z) is bounded for each k. Define p; =
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(v —o)t. Then py, /0o, by Lemma 7.28 py is a stopping time for {F},
and 1o, (8)F (s, Z) = 1(g,,)(0 + 8)F(0 + s, Z) which is bounded.

Y is a semimartingale by Theorem 5.45. X and H are adapted to {F;}
by part (iii) of Lemma 2.3 (recall that cadlag paths imply progressive mea-
surability).

The equation for X checks as follows:
X(t)=X(oc+1t)— X(0)

— H(o+1)— H(o) + /( | FeX)av(

H(t) + /(0 ) F(o+s,X)dY(s)

) + /(0 JF Xz (),

The next to last equality is from (5.48), and the last equality from the
definition of F and ¢¥X = X. O

We return to the proof of the uniqueness theorem. Let 0 < T < oco. By
Lemma 7.33, we can restart the equations for X7 and X5 at time o = 7 AT.
Since X; = X3 on [0,0], both X; and X lead to the same new coefficient

F(t,w,n) for the restarted equation. Consequently we have
(1) = A1) + / F(s, %) dV(s), €=1,2.
(0,1]

Applying Step 1 to this restarted equation, we find a stopping time & > 0
in the filtration {F(a7)4¢} such that X; = Xy on [0,7]. This implies that
X1 =X on [0,7 AT +7]. Hence by definition (7.86), 7 > 7 AT + &, which
implies that 7 > T. Since T was arbitrary, 7 = oco. This says that X; and
X5 agree for all time. O

Remark 7.34. Let us note the crucial use of the fundamental theorem of
local martingales in Step 1 of the proof above. Suppose we could not choose
the decomposition Y = Y (0) + M + G so that M has jumps bounded by
d/2. Then to satisfy the hypotheses of Proposition 7.30, we could try to stop
before either M or S has jumps larger than 6 /2. However, this attempt runs
into trouble. The stopped local martingale part M7 in (7.83) might have
a large jump exactly at time o. Replacing M? with M?~ would eliminate
this problem, but there is no guarantee that the process M7~ is a local
martingale.

7.4.4. Existence theorem. We begin with an existence theorem under
stringent assumptions on Y. These hypotheses are subsequently relaxed
with a localization argument.
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Proposition 7.35. A solution to (7.45) on [0,00) exists under the following
assumptions:

(i) F satisfies Assumption 7.16.

(ii) There are constants 0 < 0 < K < oo such that ¢ defined by (7.61)
satisfies ¢ < 1, and Y is of type (6, K — ) as specified by Definition
7.29.

We prove this proposition in several stages. The hypotheses are chosen
so that the estimate in Proposition 7.30 can be applied.

We define a Picard iteration as follows. Let Xo(¢) = H(t), and for n > 0,
(7.87) Xn41(t) = H(t) + F(s,Xpn)dY (s).
(0,4]

We need to stop the processes in order to get bounds that force the iteration
to converge. By part (ii) of Assumption 7.16 fix stopping times v ' oo
and constants By, such that 1, (s)|F (s, H)| < By, for all k. By Lemma
7.27 equation (7.87) continues to hold for stopped processes:

(7.88) X,l:’f[l (t)=H"(t)+ /(0 } F(s, X *7)dY" ™ (s).
it
Fix k for a while. For n > 0 let

Du(t) = swp IX;25(s) = X3 ()

Recall definition (7.60), and for 0 < u < oo let

¢n(u) = E[Dy 0 vy(u)].
Lemma 7.36. The function ¢o(u) is bounded on bounded intervals.
Proof. Because ¢g is nondecreasing it suffices to show that ¢g(u) is finite

for any u. First,

2
XV (1) — XD ()2 = ] /(0 (s ) dY
,t

2
_ ’/ Fp, (s, H*) dY"(s)
(0.

where Fg, denotes the truncated function
FBk(Sawa 77) = {F(S>w7 77) A Bk} \ (_Bk)
The truncation can be introduced in the stochastic integral because on [0, ]

F(s,H"") = F(s,H) :FBk(S¢H) :FBk(‘S?HVk_)'
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We get the bound

do(u) = B[ sup [XPF (1) = X¢+ ()2
0<t<(u)

Fi, (s, H) dY (s)

|

The last inequality above is from Lemma 7.31. O

<E[ sup
0<t<y(u)l J(0,¢]

<iL72(u+c)B}.

Part (a) of Proposition 7.30 applied to (Z1,2%2) = (X;*~, X% ) and
(Hy, Hy) = (H"~,H"™) gives

(7'89) ¢n+1( < C¢n / (bn

Note that we need no assumption on H because only the difference H"*~ —
HY:~ = 0 appears in hypothesis (7.65) for Proposition 7.30. By the previous
lemma ¢¢ is bounded on bounded intervals. Then (7.89) shows inductively
that all ¢,, are bounded functions on bounded intervals. The next goal is to
prove that > ¢, (u) < cc.

Lemma 7.37. Fiz 0 < T < co. Let {¢,} be nonnegative measurable func-
tions on [0, T] such that ¢o < B for some constant B, and inequality (7.89)
is satisfied for alln >0 and 0 < u <T. Then for allm and 0 < u <t

(7.90) sz‘< ) kenk,

Proof. Use induction. (7.90) is true for n = 0 by hypothesis. Assume it is
true for n. By (7.89),

¢n+1( < C(bn u / (bn

n n+1 k n n CTL—}C n U
k k
<BZ (k)u —i—BZ X <k>/0 s"ds
k=0
n Cn+1—k n+l n+1 k .
=B _ I ()u +BZ ( 1)
k=0
ntl ik <n+ 1> .
_ u”.

=B ! k

k=0

For the last step above, combine terms and use (}) + (") = (";gl) O

To (7.90) we apply the next limit.
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Lemma 7.38. For any 0 < <1 and 0 < u < o0,

ZZH( > utont = 115'eXp{1ﬁ5}'

n=0 k=0

Proof. First check this auxiliary equality for 0 < x < 1 and k > 0:

[e.e]

k!
One way to see this is to write the left-hand sum as
S dk m—+k dk S m—+k dk wk
2 g = d:z:k<mz::0x > = (1:6’“(1—:6)
_ Zk: <k> @ < 1 > LA
pu— . — — . k_
pr AV ded\1—x ) dz~J
k .
k 4! .
— . —1)--- 1) 27
7=0
k j k
k! k z \’ k! x
g . = 1
1—372(]’) (1—m> 1—x<+1—x>
7=0
k!
(1 — )kt

For an alternative proof of (7.91) see Exercise 7.7.

After changing the order of summation, the sum in the statement of the
lemma becomes

%Zn(n—l)--'(n—k—i—l)é”*k
Von=k

kZO(
—ZWZ (m+1)(m+2)--- (m+ k)™
k=0 m=0
= uk k! > F
ZZ;)(km (1—0)F1 1 5;0 v< >
1
=5l g) -

As a consequence of the last two lemmas we get

(7.92) > dn(u) < oo
n=0
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It follows by the next Borel-Cantelli argument that for almost every w, the
cadlag functions {X}*(t) : n € Zy} on the interval t € [0,v(u)] form a
Cauchy sequence in the uniform norm. (Recall that we are still holding &
fixed.) Pick a € (¢,1). By Chebychev’s inequality and (7.90),

o0

ZP{ sup [ XA (1) — XpFT ()] > an/Z} < BZQ_"(bn(u)

n—=0 0<t<vy(u)
B > 1 /n\ ru\k/c\n—Fk
< — —) (= :
- ZZ k! <k> (a) (a)
n=0 k=0
This sum converges by Lemma 7.38. By the Borel-Cantelli lemma there

exists an almost surely finite N(w) such that for n > N(w),

sup [ X2E(6) — X (1)) < a2,
0<t<y(u)

Consequently for p > m > N(w),

p—1
sup [ X;E(8) — XF ()] < Y sup ! X () = X (2)]

0<t<y(u) o, 0<t<~(u

m/2

<ZO¢ 1_a1/2

This last bound can be made arbitrarily small by taking m large enough.
This gives the Cauchy property. By the completeness of cadlag functions
under uniform distance (Lemma A.5), for almost every w there exists a
cadlag function ¢ — Xj(t) on the interval [0, y(u)] such that
(7.93) lim  sup |Xg(t) — X% (¢)| = 0.

N0 )<t <y(u)
By considering a sequence of u-values increasing to infinity, we get a single
event of probability one on which (7.93) holds for all 0 < u < co. For any
fixed w and T' < oo, y(u) > T for all large enough u. We conclude that,
with probability one, there exists a cadlag function X, on the interval [0, 00)
such that

(7.94) lim  sup |Xp(t) — X2~ (t)] =0 forall T < co.
o0 0<t<T

Next we show, still with k£ fixed, that X  is a solution of

(7.95) Xp(t) = H™(t) + /(0 ) F(s, Xp) dY"  (s).

For this we let n — oo in (7.88) to obtain (7.95) in the limit. The left
side of (7.88) converges to the left side of (7.95) almost surely, uniformly on
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compact time intervals by (7.94). For the the right side of (7.88) we apply
Theorem 5.44. From the Lipschitz property of F'

|F(t, Xi) = F(t, X;*7)| < L sup [Xp(s) — X5 (s)].
0<s<t

In Theorem 5.44 take Hy(t) = F(t, X;) — F(t, X%+~ and the cadlag bound

Gult) = L sup |Xiy(s) — X2~ (s)].
0<s<t

(Note the range of the supremum over s.) The convergence in (7.94) gives
the hypothesis in Theorem 5.44, and we conclude that the right side of
(7.88) converges to the right side of (7.95), in probability, uniformly over
t in compact time intervals. We can get almost sure convergence along a
subsequence. Equation (7.95) has been verified.

This can be repeated for all values of k. The limit (7.94) implies that if
k < m, then X,, = X} on [0,v). Since v ' 00, we conclude that there is a
single well-defined cadlag process X on [0,00) such that X = X}, on [0, vg).

On [0,v) equation (7.95) agrees term by term with the equation
(7.96) X(t)=H(t) —|—/ F(s,X)dY (s).
(0,4]

For the integral term this follows from part (b) of Proposition 5.50 and
the manner of dependence of F on the path: since X = Xj on 0, vg),
F(s,X) = F(s,X},) on [0, v].

We have found a solution to equation (7.96). The proof of Proposition
7.35 is thereby complete.

The main result of this section is the existence of a solution without extra
assumptions on Y. This theorem will also complete the proof of Theorem
7.17.

Theorem 7.39. A solution to (7.45) on [0,00) exists under Assumption
7.16 on F, for an arbitrary semimartingale Y and cadlag process H.

Given an arbitrary semimartingale Y and a cadlag process H, fix con-
stants 0 < 6 < K/3 < oo so that ¢ defined by (7.61) satisfies ¢ < 1. Pick
a decomposition Y = Yy + M + G such that the local L?-martingale M
has jumps bounded by §/2. Fix a constant 0 < C' < oo. Define the fol-
lowing stopping times py, or and Tli for 1 < ¢ < 3and k € Z;. First
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po=00=14=0"for1<i<3. Fork>1,
T =inf{t > 0: |[Y(pp—1+1t) = Y(pp1)| > C
or [Y((pr—1+1)—) = Y(pr—1)| = C},
7 =inf{t > 0:|AY (pp_1 +1)| > 6/2},
o = inf{t > 0: Ve, (pe—1 +1) — Vi, (pr—1) = K — 26
for some 1 < j < m},
op=TE ATEATEAL, and pp =014+ op.

Each o5, > 0 for the same reasons that o defined by (7.82) was positive.
Consequently 0 = pg < p1 < p2 < ---

We claim that pp * oo. To see why, suppose to the contrary that
pr(w) /' u < oo for some sample point w. By the existence of the limit
Y (u—) there exists 8 > 0 such that |Y(s) =Y (¢)| < /4 for s,t € [u— 5, u).
But then, once pi € [u — 3/2,u), it must be that pg + T,iﬂ > u for both
i =1,2. (Tacitly assuming here that C' > §/4.) since Vg, is nondecreasing,
7/ u would force Vg, (u—) = oco.

By iterating part (a) of Lemma 7.28 one can conclude that for each
k, pi is a stopping time for {F;}, and then oy is a stopping time for
{Fpp+t : t > 0}. (Recall that we are assuming {F;} right-continuous now.)

The heart of the existence proof is an iteration which we formulate with
the next lemma.

Lemma 7.40. For each k, there exists an adapted cadlag process Xy (t) such
that the equation

(7.97) Xy(t) = HP* () + /(0 t] F(s, Xp,) dY P (s)

1s satisfied.

Proof. The proof is by induction. After each pg, we restart the equation
but stop before the hypotheses of Proposition 7.35 are violated. This way
we can apply Proposition 7.35 to construct a segment of the solution, one
interval (pg, pr+1) at a time. An explicit definition takes the solution up to
time pgy1, and then we are ready for the next iteration.

For k =1, py = 01. The semimartingale Y71~ satisfies the hypotheses
of Proposition 7.35. This argument is the same as in the uniqueness proof
of the previous section, at (7.83). Consequently by Proposition 7.35 there
exists a solution X of the equation

(7.98) X(t) = H"(t) + /(O ) F(s,X)dY" = (s).
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Define

X1(0) X(t), 0<t<p
1(t) = -

Xi(p—) +AH(p1) + F(p1, X)AY (p1), t = pr.
F(t,X) = F(t,X;) for 0 < t < p; because X; = X on [0,p;). Then X;
solves (7.97) for k =1 and 0 < ¢t < py. For t > pq, recalling (5.46)—(5.47)
for left limits and jumps of stochastic integrals:

X1(t) = X1(p1=) + AH(p1) + Fp1, X)AY (p1)

=H(p1) —i—/(o ]F(S,Xl)dY(S)
1

= HP'(t) + /( g F(s, X1)dY ' (s).

The equality of stochastic integrals of the last two lines above is an instance
of the general identity G- Y™ = (G-Y)" (Proposition 5.39). The case k =1
of the lemma has been proved.

Assume a process Xj(t) solves (7.97). Define F; = Foptts
H(t) = H(py, +1t) — H(px),
Y(t) =Y(pr+1t) = Y(p),
and  F(t,w,n) = F(px +t,w,¢")
where the cadlag path (“'" is defined by

<w,77(8) _ Xk(s)v 0<s<pg
Xi(pr) +n(s — pr)s s = pr.
Now we find a solution X to the equation
(7.99) X(t)=H™ 7 (t) + F(s,X)dY 717 (s)
(0,t]

under the filtration {F;}. We need to check that this equation is the type
to which Proposition 7.35 applies. Semimartingale Y++1~ satisfies the as-
sumption of Proposition 7.35, again by the argument already used in the
uniqueness proof. F satisfies Assumption 7.16 exactly as was proved earlier
for Lemma 7.33.

The hypotheses of Proposition 7.35 have been checked, and so there
exists a process X that solves (7.99). Note that X (0) = H(0) = 0. Define

Xk (t), t < pr
Xi(pr) + X(t = pr), pr <t < pry1
Xi+1(pr1—) + AH (pr11)

+F (pr41, Xe+1)AY (pr+1), t > e

Xe1(t) =
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The last case of the definition above makes sense because it depends on the
segment {Xj11(s) : 0 < s < pgs1} defined by the two preceding cases.

By induction X1 satisfies the equation (7.97) for k+1 on [0, pg]. From
the definition of F', F(s,X) = F(px + s, Xp+1) for 0 < s < og41. Then for
Pr <t < Pr41,

Xiy1(t) = Xi(pr) + X (t — pr)

= X(pu) + H(t— p) + /( L P X))

= Xi(pr) + H(t) — H(px) —i—/( } F(s, Xp11)dY (s)
Pkt

= H(t)+ F(s, Xp4+1)dY (s)
(0,t]

= HPe1(t) _|_/ F(s, Xpy1) dYPr+1(s).
(0,¢]

The last line of the definition of X3, extends the validity of the equation
tot > pry1:

Xpt1(t) = Xpy1(pr1—) + AH (prt1) + F(prg1, Xor1) AY (pr41)
= H(pr+1—) + AH (pr41)

+ / F(s, Xes1) dY () + F(prrts Xir1)AY (o)
(0,pk+1)

= H(p+1) + / F(s, Xp4+1)dY (s)
(0,p5+1]

— HPr+1 (t) + / F(s, XkJrl) dY Pr+1 (8)
(0,¢]

By induction, the lemma has been proved. O

We are ready to finish off the proof of Theorem 7.39. If k < m, stopping
the processes of the equation

X (t) = HP(t) + / F(s,X;,)dYP™(s)
(0,1]
at pr gives the equation
XPE(t) = HP*(t) +/ F(s, XP)dYPx(s).
(0,4]

By the uniqueness theorem, X/* = X, for k¥ < m. Consequently there exists
a process X that satisfies X = X}, on [0, p] for each k. Then for 0 < ¢ < py,
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equation (7.97) agrees term by term with the desired equation
X(t) = H(t) + / F(s, X)dY (s).
(0,]

Hence this equation is valid on every [0, px], and thereby on [0,00). The
existence and uniqueness theorem has been proved.
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Exercises

Exercise 7.1. (a) Show that for any g € C|0, 1],
t
, 9(s)
lim(1 — =g(1).
tin(1—1) [ 5850 ds = (1)

(b) Let the process X; be defined by (7.13) for 0 < t < 1. Show that
Xy —0ast— 1.

Hint. Apply Exercise 6.7 and then part (a).

Exercise 7.2. Assume a(t), b(t), g(t) and h(t) are given deterministic Borel
functions on R, that are bounded on each compact time interval. Solve the
following linear SDE with a suitable integrating factor, and use It6’s formula
to check that your tentative solution solves the equation:

(7.100) dX; = (a(t)Xe +b(t)) dt + (g(t)X¢ + h(t)) dB;.
Hints. To guess at the right integrating factor, rewrite the equation as
dX — X(adt+gdB) =bdt+ hdB

and look at the examples in Section 7.1.1 for inspiration. You can also solve
an easier problem first by setting some of the coefficient functions equal to
constants or even zero.

Exercise 7.3. Generalize the integrating factor approach further to solve

where Y is a given continuous semimartingale and functions a(t) and b(t)
are locally bounded Borel functions.

Exercise 7.4. Show that the proof of Theorem 7.12 continues to work if
the Lipschitz assumption on ¢ and b is weakened to this local Lipschitz
condition: for each n € N there exists a constant L,, < oo such that

(7.102) b(t, 2) — b(t, )| + |o(t,2) — o(t,9)| < Lalz — 3]
for all t € Ry and x,y € R? such that |z|,|y| < n.

Exercise 7.5. Let a, b, p, o be locally Lipschitz functions on R%, G an open
subset of R?, and assume that on G we have the equalities a = b and p = 0.
Let £ € G and let X and Y be continuous R%valued processes that satisfy

t t
Xe=¢+ [Ca(Xds+ [ p(x)db.
0 0
and

t t
Vimes [wnyst [ otvan,
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Let

a=inf{t>0:X; € G} and [=inf{t>0:Y; € G}.
Show that the processes X® and Y? are indistinguishable. Hint. Use Gron-
wall’s inequality on a second moment, along the lines of the proof of Theorem
7.12. Note that if G is bounded, then the functions a, b, p, 0 are bounded on
G.

Exercise 7.6. (a) Let Y be a cadlag semimartingale. Find [[Y]] (the qua-
dratic variation of the quadratic variation) and the covariation [Y, [Y]]. For
use in part (b) you should find the simplest possible formulas in terms of
the jumps of Y.

(b) Let Y be a continuous semimartingale. Show that
X = Xoexp(at + BY; — %/BZ[Y]t)
solves the SDE
dX = aX dt + 8X dY.

Exercise 7.7. Here is an alternative inductive proof of the identity (7.91)
used in the existence proof for solutions of SDE’s. Fix —1 < x < 1 and let

o0

ap =Y (m+1)(m+2)--(m+k)z"
m=0
and -
be=Y m(m+1)(m+2)- (m+k)z™
m=0

Compute a1 explicitly, then derive the identities by = zaxi1 and a1 =
(k+ 1ag + bg.



Chapter 8

Applications of
Stochastic Calculus

8.1. Local time

In Section 8.1.1 we construct local time for Brownian motion and then in
Section 8.1.2 we derive Tanaka’s formula and the distribution of local time.

8.1.1. Existence of local time for Brownian motion. (2, F,P) is a
fixed complete probability space with a complete filtration {F;}, and B =
{B:} a one-dimensional Brownian motion with respect to the filtration {F;}
(Definition 2.26). By redefining B on an event of probability zero if necessary
we can assume that By(w) is continuous in ¢ for each w € ). The initial
point By is an arbitrary, possibly random point in R.

We construct the local time process L(t,x) of Brownian motion. This
process measures the time spent at point x up to time ¢. Note that it does not
make sense to look “literally” at the amount of time spent at x up to time ¢:
this would be the random variable fg 1{Bs; = x} ds which vanishes almost
surely (Exercise 8.1). The proper thing to look for is a Radon-Nikodym
derivative with respect to Lebesgue measure. This idea is captured by the
requirement that

(8.1) /0g(Bs(w))ds:/Rg(a:)L(t,x,w)dx

for all bounded Borel functions g. Here is the existence theorem that sum-
marizes the main properties.

283
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Theorem 8.1. There exists a process {L(t,x,w) : t € Ry, z € R} on
(Q, F, P) and an event Qg such that P(Qy) = 1 with the following properties.
L(t,z) is Fi-measurable for each (t,x). For each w € o the following
statements hold.

(a) L(t,z,w) is jointly continuous in (t,x) and nondecreasing in t.
(b) Identity (8.1) holds for allt € R4 and bounded Borel functions g on
R.

(c) For each fized x € R,

(8.2) /000 1{Bi(w) # z} L(dt,x,w) = 0.

The integral in (8.2) is the Lebesgue-Stieltjes integral over time whose
integrator is the nondecreasing function ¢ — L(t,z,w). The continuity of
L(t,z) and (8.1) imply a pointwise characterization of local time as

1 t
(8.3) L(t,z,w) = 21{‘% 25/0 1(z—cpte)(Bs(w)) ds  for w € Q.

We do not base the proof of Theorem 8.1 on a direct construction such as
(8.3), intuitively attractive as it is. But note that (8.3) does imply the claim
about the monotonicity of L(¢,z,w) as a function of ¢.

We shall first give a precise definition of L(¢,x), give some intuitive
justification for it, and then prove Theorem 8.1. We use stochastic integrals
of the type fot 1[3,00)(Bs) dBs. To justify their well-definedness note that the
integrand 1, .)(Bs(w)) is predictable, by Exercise 5.2(b). Alternately, it is
enough to observe that the integrand is a measurable process and appeal to
the fact that measurability is enough for integration with Brownian motion
(Chapter 4 or Section 5.5).

To define L(t,z) we need a nice version of these integrals. We postpone
the proof of this lemma to the end of the section.

Lemma 8.2. There exists a process {I(t,x) : t € Ry, z € R} such that

(t,z) — I(t,x,w) is continuous for all w € 2 and for each (t,x),

t
(8.4) I(t,x) = / 1[z.00)(Bs)dBs  with probability 1.
0

Define the process L(t,z) by the equation
(8.5) $L(t,z,w) = (By(w) — )" — (Bo(w) — )" — I(t, 2, w).

L(t,x,w) is continuous in (¢,x) for each w € Q because the terms on the
right are continuous.
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Heuristic justification. Let us explain informally the idea behind this
definition. The limit in (8.3) captures the idea of local time as a derivative
with respect to Lebesgue measure. But Brownian paths are rough so we
prefer to take the € \, 0 limit in a situation with more regularity. It6’s
formula gives us a way out. Among the terms that come out of applying
1t6’s formula to a function ¢ is the integral %fg ¢"(Bs) ds. So fix a small
e > 0 and take ¢”(2) = (26) ' 1(y_c 440)(2) so that It6’s formula captures
the integral on the right of (8.3). Two integrations show that ¢ should
satisfy

0, z<xT—¢
SDI(Z): (26)71(2’—%4-6), r—e<lz<ax+c¢
17 z2>x+ e
and
0, z<xT—¢
p(z) = (48)71(2—364-8)2, r—ec<z<zx+e¢
-, Z2>x+E.

However, ¢” is not continuous so we cannot apply Itd’s formula to ¢. But
if we could, the outcome would be

1 t

CON )

omeato (Bulw)) ds = o(B1) = olB0) = | /(B)a.

Ase N0, 0(2) = (2 —2)" and ¢'(2) = 1[5 o)(2), except at z = z, but this
single point would not make a difference to the stochastic integrals. The
upshot is that definition (8.5) represents the unjustified € N\, 0 limit of the
unjustified equation (8.6).

Returning to the rigorous proof, next we show that L(¢,z) functions as
an occupation density.

Proposition 8.3. There exists an event Qg such that P(Qp) = 1 and for all
w € Qo the process L(t,z,w) defined by (8.5) satisfies (8.1) for all t € Ry
and all bounded Borel functions g on R.

Proof. We show that (8.1) holds for a special class of functions. The class
we choose comes from the proof given in [11]. The rest of the proof is the
usual clean-up.
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Step 1. We verify that (8.1) holds almost surely for a fixed ¢ and a
fixed piecewise linear continuous function g = g, of the following type:

0, r<qg—nmorx>r-+mn
r—q+n)/n, q—-n<z<q

(8.7) o) =4 /
1, g<zx<r

(r+n—x)/n, r<z<r+ng

where ¢ < r and 1 > 0 are rationals. As 1 becomes small, g approximates
the indicator function of the closed interval [q,r]. Abbreviate a = ¢ —n and
b =1+ n so that g vanishes outside [a, b)].

We need a Fubini theorem of sorts for stochastic integrals. We sketch
the proof of this lemma after the main proof.

Lemma 8.4. The equality

(8.8) /0 t < / ’ ()L (B) d:c) B, = / ' o) I(t.2) de

holds almost surely.

The trick is now to write down a version of It6’s formula where the
integral fot 9(Bs) ds appears as the quadratic variation part. To this end,

define . , ,
£ = [ iy / dag(a) = / 9(@)( — 2)* do

and note that

z b
f(z) = / g(z) de = / 9(0) Ly () dz md  f"(2) = g(2).

—00

By Ito’s formula
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Comparing the first and last expressions of the calculation verifies (8.1)
almost surely for a particular g of type (8.7) and a fixed t.

Step 2. Let Qg be the event of full probability on which (8.1) holds for
all rational ¢ > 0 and the countably many g, for rational (g,r,7n). For a
fixed gq,rn both sides of (8.1) are continuous in ¢. (The right side because
L(t,x,w) is uniformly continuous for (¢, ) in a fixed rectangle which can be
taken large enough to contain the support of g.) Consequently on g (8.1)
extends from rational ¢ to all t € Ry.

At this point we can see that L(t,x,w) > 0. If L(t,z,w) < 0 then
by continuity there exists 6 > 0 and an interval (a,b) around = such that
L(t,y,w) < —§ for y € (a,b). But for g of type (8.7) supported inside (a, b)
we have

/ 9(2)L(t, 7, w) dz = / 9(By(w)) ds > 0,
R 0

a contradiction.

To extend (8.1) to all functions with w € Qq fixed, think of both sides
of (8.1) as defining a measure on R. By letting ¢ \, —oc and r * oo in
9q,ry We see that both sides define finite measures with total mass t. By
letting n N\, 0 we see that the two measures agree on closed intervals [q, r]
with rational endpoints. These intervals form a m-system that generates Br.
By Lemma B.5 the two measures agree on all Borel sets, and consequently
integrals of bounded Borel functions agree also. (]

It remains to prove claim (8.2). By Exercise 1.3 it suffices to show
that if ¢ is a point of strict increase of L(-,z,w) with z € R and w € Q
fixed, then By(w) = . So suppose t is such a point, so that in particular
L(t, z,w) < L(t1,z,w) for all t; > t. It follows from (8.3) that for all small
enough € > 0,

t t1
/0 Loemie) (Balw)) ds < /0 Lo emie) (Ba(w)) ds

which would not be possible unless there exists s € (t,t1) such that Bg(w) €
(x —e,x +¢). Take a sequence ¢; \, 0 and for each ¢; pick s; € (¢,t1)
such that B, (w) € (v —&j,7 + ¢;). By compactness there is a convergent
subsequence s;, — s € [t,t1]. By path-continuity By, (w) — Bs(w) and by
choice of s;’s, Bs; (w) — z. We conclude that for each ¢; > t there exists
s € [t,t1] such that Bs(w) = x. Taking ¢; \ t gives By(w) = x.

We have now proved all the claims of Theorem 8.1. It remains to prove
the two lemmas used along the way.
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Proof of Lemma 8.4. Recall that we are proving the almost sure identity

(8.9) /O t < / ()L (BY) dx) B, — /a ' @) I(t,7) da

where ¢ is given by (8.7), a = ¢ —n and b = r + 7, and g vanishes outside
[a, b].

The left-hand stochastic integral is well-defined because the integrand is
a bounded continuous process. The continuity can be seen from

b Bs
(8.10) / 9() 1 00\ (Bs) dx = / g(x) dx.
a —0o0
Since g(z)I(t,z) is continuous the integral on the right of (8.9) can be
written as a limit of Riemann sums. Introduce partitions x; = a+ (i/n)(b—
a), 0 < ¢ < n, with mesh 6 = (b — a)/n. Stochastic integrals are linear, so
on the right of (8.9) we have almost surely

n n t
lim 6 g(a:)I(t,z;) = lim 5> g(w:) / 1}, 00)(Bs) dBs
i=1 S 0

n—o0

n—o0

t n
= lim [ 6 g(z:)1}, c0)(Bs) dBs.
0 =1

By the L? isometry of stochastic integration we can assert that this limit
equals the stochastic integral on the left of (8.9) if

lim OtEK/abg(ﬂ?)l[m,oo)(Bs) dz — 5gg($i) 1[zi,oo)(Bs)>2] ds = 0.

n—oo

We leave this as an exercise. O

Proof of Lemma 8.2. Abbreviate M(t,z) = fot 1[y,00)(Bs) dBs.  Recall
that the task is to establish the existence of a continuous version for M (t, x),
as a function of (¢,z) € Ry x R. We will show that for any 7" < co and
m € N there exists a finite constant C' = C(T',m) so that

(8.11) E[|M(s,x) = M(t,y)|*"] < C|(s,2) — (t,y)|™

for (s,x), (t,y) € [0,T] x R. After (8.11) has been shown the lemma follows
from the Kolmogorov-Centsov criterion (Theorem B.19). Precisely speaking,
here is what needs to be said to derive the lemma from Theorem B.19.

The index set has dimension two. So if we take m > 2, Theorem B.19
implies that for each positive integer k the process M (¢, x) has a continuous
version {Y ®)(¢,z) : (t,z) € [0, k] x [—k, k]} on the compact index set [0, k] x
[—k,k]. The processes Y(¥) are then combined to yield a single continuous
process indexed by R4 x R via the following reasoning. If k& < ¢, then for
rational (¢,z) € [0,k] X [—k, k] the equality Y ¥)(¢,2) = M(t,z) = YO (t, )
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holds with probability 1. Since rationals are countable, there is a single event
Q¢ such that P(Q) = 1 and for w € Qg p, YF (¢, 2,0) = YO (¢, 2,w) for
all rational (t,z) € [0,k] x [—k,k]. All values of a continuous function
are completely determined by the values on a dense set, hence for w € €, 4,
Y8 (¢, 2,w) = YO(t,z,w) for all (t,z) € [0,k]x [k, k]. Let Qo = ey Y-
Then P(Qp) = 1 and for w € Qy we can consistently define I(t,z,w) =
Y®)(t,2,w) for any k such that (t,z) € [0,k] x [k, k]. Outside Qo we can
define for example I(t,z,w) = 0 to get a process that is continuous in (¢, z)
at all w.

We turn to prove (8.11). We can assume s < t. First using additivity of
stochastic integrals and abbreviating a = x Ay, b = x V y, almost surely

M(s,z) — M(t,y) = sign(y — x) /Os 1o (B)dB — / 1py,00)(B) dB.

S
Using |u + v|* < 2%(|u|* + |v|*) and then the inequality in Proposition 6.16
E|M(s,x) — M(t,y)|*"

s 2m t 2m
gCE“/O 10 (B) dB | ]+CE“/ 1iy)(B) dB | }

(8.12) < CE[(/Osl[mb)(Bu)du)m] +CE[</St1[y7%)(Bu)du)m].

The integrals on the last line above appear because the quadratic variation
of [{ XdB is [; X?du (Proposition 5.55). For the second integral we need
to combine this with the step given in Theorem 5.45:

t t—s
/ 1,00 (Bu) dB, = /O 1, 00 (Bs ) dBy

where B, = B,y, — Bs is the restarted Brownian motion (which of course
is again a standard Brownian motion).

The second integral on line (8.12) is immediately bounded by |t—s|™. We
estimate the first integral with the help of independent Brownian increments.
Let us abbreviate du = du,y, - - - du; for a multivariate integral and Au; =
uj —uj_1 for increments of the time variables, and introduce ug = 0 so that
Au1 = Uui.

Suppose f is a symmetric function of m variables. This means that
permuting the variables does not change the value of f:

f(U1,U2,--.,Um) = f(uilaui27"';uim)
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for any rearrangement (w;,, wiy, ..., u;, ) of (u1,ug,...,uy). Then

[ [ o
=m! // fur,ua, ..., uy)du.

O<uy <-<um<s
Check this as an exercise.

Now for the first integral in (8.12) switch around the expectation and
the integration and use the above trick, to make it equal

E/ / Hl[a,b)(Bui) du
0 0 =1

©13)  =ml [ [ By (Bu)len(Bu) LB, du
O<u;<--<um<s
We estimate the expectation one indicator at a time, beginning with a con-
ditioning step:
E[1ap)(Bur) -~ Lap)(Bum1) Loy (Bu )]
= E[l[a,b) (Bul) o 1[a,b) (Bumfl) E{l[a,b)(Bum) ‘ ]:um,l } ]
To handle the conditional expectation recall that the increment B,,,, —B,,,, ,

is independent of 7, _, and has the N (0, Au,,) distribution. Use property
(x) of conditional expectations given in Theorem 1.27.

E{l[a,b)(Bum) ‘ Fumfl} = E{]‘[a,b)(Bumfl + Bum - Bumfl) ‘ Fumfl}

[e's) X B 6712/(2Aum) p
_/_OO (a,b) By, +$)W x

b—a
< e
V21 Au,,
In the last upper bound the exponential was simply dropped (it is < 1) and
then the integral taken.

This step can be applied repeatedly to the expectation in (8.13) to re-
place each indicator with the upper bound (b — a)/v/27Auy,. At the end of
this step

line (8.13) < (2m) "™/ *m!(b / / \/W

O<u < <um<s

The integral can be increased by letting s increase to T, then integrated to
a constant that depends on T" and m, and we get

line (8.13) < C(m,T)(b—a)™
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Tracing the development back up we see that this is an upper bound for the
first integral on line (8.12).

We now have for line (8.12) the upper bound |t —s|™ + C(m,T)(b—a)™
which is bounded by C(m,T)|(s,x) — (t,y)|™. We have proved inequality
(8.11) and thereby the lemma. O

8.1.2. Tanaka’s formula and reflection. We begin the next develop-
ment by extending the defining equation (8.5) of local time to an It6 formula
for the convex function defined by the absolute value. The sign function is
defined by sign(u) = 1{u > 0} — 1{u < 0}.

Theorem 8.5 (Tanaka’s formula). For each x € R we have the identity
t
(8.14) |B; — x| — |By — z| = / sign(Bs — ) dBs + L(t, x)
0

in the sense that the processes indexed by t € R on either side of the
equality sign are indistinguishable.

Remark 8.6. Equation (8.14) does agree with the usual It6 formula

F(By) — £(Bo) = /f +§Af%&m3

if we allow ourselves to use weak derivatives f’ and f”. Let f be a locally
integrable function on R. This means that [,|f|dz < co for any compact
set K C R. Then the measure u is the weak derivative or distributional
derivative of f (and we write u = f') if

(8.15) /R oy = /R o (2)f (x) da

for every ¢ € C°(R) (compactly supported, infinitely differentiable ¢).
This notion does generalize the classical pointwise derivative because if f’
exists and is continuous, then integration parts gives the above identity for
wu(dz) = f'(x)dx. Similarly, measure v = f” if

(8.16) /chdu—/RgD”(x)f(x)dx Ve C(R).

Note that integration by parts leaves no boundary terms because ¢ = 0
outside some bounded interval. Simple integration by parts exercises now
verify that if f(z) = |z — z| for a fixed z, then its weak derivatives are
f'(z) = sign(z — x) and f” = 20,. Here ¢, denotes the pointmass at z, that
is, the measure defined for Borel sets A by d,(A) = 14(x). The identity
that needs to be checked for f” = 24, is

- / 2 — 2] (=) dz
R
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for ¢ € C°(R). Now we see how (8.14) makes sense: the last term can be
thought of as %fg 1" (Bs) ds with f"(z) = 20,(z) and the rigorous meaning
of [16,(Bs)ds is L(t, z).

This remark is a minute glimpse into the theory of distributions where
all functions have derivatives in this weak sense. The term distribution is
used in a sense different from its probabilistic meaning. A synonym four
this distribution is the term generalized function. See textbooks [8] or [15]
for more.

Proof of Theorem 8.5. All the processes in (8.14) are continuous in ¢ (the
stochastic integral by its construction as a limit in M$), hence it suffices to
show almost sure equality for a fixed ¢.

Let L~ and I~ denote the local time and the stochastic integral in (8.4)
associated to the Brownian motion — B defined on the same probability space
(Q,F,P) as B. Let € be the full-probability event where the properties of
Theorem 8.1 hold for —B and L. On Qy N Q; we can apply (8.3) to both
B and —B to get L™ (t,x) = L(t,—x) as common sense would dictate.

L(t,z) = 3L(t,x) + 3L~ (t,—x)
= (Bi(w) — )" — (Bo(w) — 2)" — I(t,z,w)
+ (=Bi(w) + )T — (—=Bo(w) + o)t — I~ (¢, —,w)
= |Bi(w) — x| = [Bo(w) — 2|

t t
- /0 1) (B.) dB, — /0 1so)(—Bs) d(—B)..

The construction of the stochastic integral shows that if the signs of all the
B-increments are switched, [ X d(—B) = —ngdB a.s. Consequently,
almost surely,

t t
/0 l[z,oo)(BS) dB; +/0 1[—3:,00)(*35) d(*B)s

t t
- / (o0 (Be) — (o) (B)] dBa = / sign(B, — z) dB,.
0 0

In fact the convention of the sign function at 0 is immaterial because [;° 1{B, =
x}ds = 0 almost surely for any fixed z. Substituting the last integral back
up finishes the proof. ([l

While local time is a subtle object, its distribution has a surprisingly

simple description. Considering a particular fixed Brownian motion B, let

(817) Mt = sup Bs
0<s<t
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be its running maximum, and write L = {L; = L(t,0) : t € Ry} for the
local time process at the origin.

Theorem 8.7. Let B be a standard Brownian motion. Then we have this
equality in distribution of processes:

(M - B,M)Z (B, L).

The absolute value |By| is thought of as Brownian motion reflected at

the origin. The first equality M — B £ | B| indicates that Brownian motion
reflects off its running maximum statistically in exactly the same way as off
the fixed point 0. Recall from (2.39) that the reflection principle of Brownian

motion gives the fixed time distributional equality M; L | B¢| but this does
not extend to a process-level equality.

To prove Theorem 8.7 we introduce Skorohod’s solution to the reflection
problem. C(R) is the space of continuous functions on R.

Lemma 8.8. Let b € C(R4) such that b(0) > 0. Then there is a unique
pair (a,l) of functions in C(Ry) determined by these properties:

(i) a=b+ ¢ and a(t) >0 for allt € Ry.

(ii) £(0) = 0, £ is nondecreasing and

(8.18) /O  a(t) de(t) = 0.

Remark 8.9. Condition (8.18) is equivalent to A{t € R4 : a(t) > 0} =0
where A is the Lebesgue-Stieltjes measure of £. This follows from the basic
integration fact that for a nonnegative function a, [‘adA = 0 if and only if
a = 0 A-a.e. In particular, if a > 0 on (s,t), by the continuity of ¢,

0= A(s,t) = £(t—) — £(s) = £(t) — £(s).

The point of (i)—(ii) is that ¢ provides the minimal amount of upward
push to keep a nonnegative. (8.18) says that no push happens when a >
0 which would be wasted effort. (See Exercise 8.2 on this point of the
optimality of the solution.) The pair (a,?) is said to solve the reflection
problem for b.

Proof of Lemma 8.8. Ezistence. Define

(8.19) ot) = s?p} b= (s) and a(t) =0b(t)+ ().
s€(0,t

We check that the functions ¢ and a defined above satisfy the required
properties. We leave it as an exercise to check that ¢ is continuous.
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For part (i) it remains only to observe that
a(t) = b(t) +L(t) > b(t) + b (t) =bT(t) > 0.

For part (ii), b(0) > 0 implies £(0) = b~ (0) = 0 and the definition of ¢
makes it nondecreasing. By Exercise 1.3, to show (8.18) it suffices to show
that if ¢ is a point of strict increase for ¢ then a(t) = 0. So fix ¢ and suppose
that £(t1) > £(t) for all t; > t. From the definition it then follows that for
each k € N there exists s € [t,t + k~!] such that

(8.20) 0<L(t) <b (sp) <L(t+kh).

Let k 7 oo which will take s — t. From b~ (sg) > 0 it follows that b(s;) < 0
and then by continuity b(¢) < 0. Again by continuity, in the limit (8.20)
becomes ¢(t) = b~ (t). Consequently a(t) = b(t)+£4(t) = —b—(t)+b(t) = 0.

Uniqueness. Suppose (a,?) and (a, ) are two pairs of C(R)-functions
that satisfy (i)—(ii), and a(¢) > a(t) for some t > 0. Let u = sup{s € [0, 1] :
a(s) = a(s)}. By continuity a(u) = a(u) and so u < t. Then a(s) > a(s) for
all s € (u,t] because (again by continuity) @ — a cannot change sign without
passing through 0.

Since a(s) > 0 we see that a(s) > 0 for all s € (u,t], and then by
property (8.18) (or by its equivalent form in Remark 8.9), £(t) = £(u). Since

l

a—l=b=a—1{ implies i—a="0—
and / is nondecreasing, we get
a(t) —a(t) = 0(t) — £(t) < 0(u) — L(u) = a(u) — a(u) = 0

contradicting a(t) > a(t).
Thus a < a. The roles of a and a can be switched in the argument, and
we conclude that a = a. The above implication then gives ¢ = /. (]

Tanaka’s formula (8.14) and the properties of local time established in
Theorem 8.1 show that the pair (|B—z|, L(-, x)) solves the reflection problem
for the process

~ ¢
(8.21) B, = |By — z| +/ sign(Bs — ) dBs.
0
So by (8.19) and the uniqueness part of Lemma 8.8 we get the new identity
(8.22) L(t,z) = sup Bj.
0<s<t

Lévy’s criterion (Theorem 6.14) tells us that B is a Brownian motion.
For this we only need to check the quadratic variation of the stochastic
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integral:

[/0. sign(Bs — x) dBs } = /Ot(sign(Bs —x))zds — ¢

Proof of Theorem 8.7. Take By = = = 0 in (8.14) and (8.21) and let
B = —B which is now another standard Brownian motion. (8.14) takes the
form |B| = —B + L. This together with property (8.2) of local time implies
that (|B|, L) solves the reflection problem for —B

On the other hand, we can use (8.19) to obtain a solution (a,¢) with

{(t) = sup (—B); = sup Bs =M,
0<s<t 0<s<t

where the last identity defines the running maximum process M;. Thus we
have two solutions for the reflection problem for —B, namely (|B|, L) and

(M — B, M). By uniqueness (|B|,L) = (M — B, M). Since (M — B, M) <
(M — B, M), we have the claimed distributional equality (|B|, L) < (M —
B, M). O
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8.2. Change of measure

In this section we take up a new idea, changing a random variable to a
different one by changing the probability measure on the underlying sample
space. This elementary example illustrates. Let X be a N(0,1) random
variable defined on a probability space (2, F, P). Let « € R. On Q define
the random variable Z = exp(aX — a?/2). Then Z > 0 and E(Z) = 1.
Consequently we can use Z as a Radon-Nikodym derivative to define a new
probability measure @ on (Q, F) by Q(A) = E(Z1,) for measurable sets A €
F. Now that we have two measures P and () on the same measurable space,
expectations under these two measures need to be distinguished notationally.
A common way to do this is to write EX(f) = [ f dP for expectation under
P, and similarly E? for expectation under Q.

To see what happens to the distribution of X when we replace P with @),
let us derive the density of X under (). Let f be a bounded Borel function
on R. Using the density of X under P we see that

EQ[f(X)] = EP[Z - f(X)] = BV [e*X /2 f(X)]

1 2 2 ]. 2
_ oar—o [2—x /2d _ / —(z—a) /2d )
Wor /Rf(af)e x Nz Rf(x)e x

Consequently, under ), X is a normal variable with mean o and variance
1. The switch from P to ) added a mean to X. The transformation works
also in the opposite direction. If we start with () and then define P by
dP = Z71dQ then the switch from P to ) removes the mean from X.

Our goal is to achieve the same with Brownian motion. By a change of
the underlying measure with an explicitly given Radon-Nikodym derivative
we can add a drift to a Brownian motion or change the initial drift.

Let now (92, F, P) be a complete probability space with a complete filtra-
tion {F;}, and B(t) = [B1(t), ..., B4(t)]" a d-dimensional Brownian motion
with respect to the filtration {F;}. B(0) can be an arbitrary R%valued
Fo-measurable random variable. Let H(t) = (Hy(t),..., Hy(t)) be an R9-
valued adapted, measurable process such that

T
(8.23) / |H(t,w)|?dt < co for all T < oo, for P-almost every w.
0

Under these conditions the real valued stochastic integral

¢ d t
/OH(s)dB(s):;/o H;(s)dB;(s)
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is well-defined, as explained in either Chapter 4 or Section 5.5. Define the
stochastic exponential

(8.24) Zy = exp{/OtH(s) dB(s) — ;/Ot|H(s),2 ds}-

Here it is important that |z| = (7 + --- + 22)'/2 is the Euclidean norm.
By using a continuous version of the stochastic integral we see that Z; is a
continuous process. 1t6’s formula shows that

(8.25) Zy =1+ /t ZsH(s)dB(s)
0

and so Z; is a continuous local martingale. Let {7,,} be a localizing sequence
for Z;. Since Z; > 0, Fatou’s lemma can be applied to see that

(8.26) EZ = E( lim Ziny,) < Um E(Zips,) = EZy = 1.
n—oo

n—o0

If will be of fundamental importance for the sequel to make sure that Z;
is a martingale. This can be guaranteed by suitable assumptions on H. Let
us return to this point later and continue now under the assumption that
Z; is a martingale. Then

EZ,=FEZy=1 for all t > 0.

Thus as in the opening paragraph, each Z; qualifies as a Radon-Nikodym
derivative that gives a new probability measure Q. If we restrict Q; to F,
the entire family {Q¢};cr, acquires a convenient consistency property. So
for each t € R4 let us define a probability measure @Q; on (2, F;) by

(8.27) Qi(A) = EP[1,42;] for A€ F.
Then by the martingale property, for s < t and A € F,
Q:(A) = EP[142;) = EP[14EY (2| F,)] = EP[14Z,]
= Qs(A).

This is the consistency property.

(8.28)

Additional conditions are needed if we wish to work with a single measure
@ instead of the family {Q;};cr,. But as long as our computations are
restricted to a fixed finite time horizon [0,7] we have all that is needed.
The consistency property (8.28) allows us to work with just one measure

Qr.

Continuing towards the main result, define the continuous, adapted R-
valued process W by

W(t) = B(t) — B(0) —/0 H{(s) ds.
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The theorem, due to Cameron, Martin and Girsanov, states that under the
transformed measure W is a Brownian motion.

Theorem 8.10. Fiz 0 < T < oo. Assume that {Z; : t € [0,T]} is a
martingale, H satisfies (8.23), and define the probability measure Qr on Fr
by (8.27). Then on the probability space (2, Fr, Q1) the process {W(t) : t €
[0,T1} is a d-dimensional standard Brownian motion relative to the filtration

{Ft}eepo -

Remark 8.11. Here is a quick hand-waving proof of Theorem 8.10. Lévy’s
criterion (Theorem 6.14) is employed to check that W is a Brownian motion
under Qr. [W] = [B] because fg H(s)ds is a FV process. This works under
both P and Q1 because these measures are equivalent in the sense that they
have the same sets of measure zero. Under P

AdWZ)=WdZ + ZdW + d|W, Z]
=WZHdB+ZdB—-ZHdt+ ZH dt
=Z(WH+1)dB.

Thus WZ is a continuous local L? martingale under P. Let us calculate
as if WZ were a martingale under P and W integrable under Q7. Let
0<s<t<Tand AcF,.
ECT[1,W,] = E®[14W,] = EP[1aW,Zy] = EP[14W, Z,]
= B9 [1,W,] = EQT[1,W,].

This would show that {W; : ¢ € [0,7]} is a martingale under Q7. A mar-
tingale W with quadratic variation [W]; = t is a Brownian motion. At the
end of the section we make this argument precise with localization, and also

generalize it to a statement about how local martingales under P turn into
semimartingales under Q.

Let us illustrate how Theorem 8.10 can be used in practice. We also see
that the restriction to finite time horizons is not necessarily a handicap.

Example 8.12. Let a < 0, 4 € R, and B; a standard Brownian motion.
Let o be the first time when B, hits the space-time line x = a — ut. We find
the probability distribution of o.

To apply Girsanov’s theorem we formulate the question in terms of X; =
B + ut, Brownian motion with drift . We can express o as

o=inf{t >0: X; =a}.

Define Z; = e~HBi=1?t/2 and Qi(A) = EP(Z1,4). Check that Z; is a
martingale. Thus under @, {Xs : 0 < s < t} is a standard Brownian
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motion. Compute as follows.
Plo>t)=E9Z "1{o > t}) = e W/2EQ (e¥11{ inf X, > a})
<s<
= e WIREF (e "Pr1{ M < —a}).

On the last line we introduced a new standard Brownian motion B = —X
with running maximum M; = supg«,<; Bs, and then switched back to using
the distribution P of standard Brownian motion. From (2.45) in Exercise
2.22 we can read off the density of (B, M). After some calculus

—t2a+pvt t 1 2apvt
. _

et?/2 e—T%/2
Plo>1t)= md:ﬂ — e2ua / N dz

Let us ask for P(oc = c0), that is, the probability that X stays forever
in (a,00). By taking t — oo above we get
0 nw<0
1—e?te 1> 0.

P(o=00) = {
We can deduce the same answer by letting b oo in (6.21).

Before proving the theorem, let us address the question of when Z; is
a martingale. One sufficient hypothesis one can find in the literature is
Novikov’s condition

(8.29) E[exp{%/oT|H(s)|2d5H < 0.

(See Section 3.5 in [11].) We give here proofs for two cases. First a simple
Gronwall argument for a bounded H. Then It6 arguments for a case where
H can be an unbounded function of Brownian motion.

Theorem 8.13. Suppose {H(s) : s € [0,T]} is a bounded, adapted, mea-
surable R%-valued process. Then the stochastic exponential {Zs : s € [0,T]}
defined by (8.24) is an L? bounded martingale.

Proof. Begin with (8.25), but stop it at o, = inf{t > 0: Z; > m}.
t
Zipa =1+ [ Zedig (5)H(5) dB(o)
0

Square both sides, use (a + b)? < 2a? + 2b%.

t 2
Zh,, <2+ 2< / Zs1(g 5,1 (s)H () dB(s)> .
0
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With a bounded integrand, the stochastic integral on the right is a martin-
gale. Use Doob’s inequality, the isometry of stochastic integration, and the
boundedness of H.

s 2
E[ sup Z%. | <2+ QE[ sup (/ Zu1(g 6, (w) H (u) dB(u)) ]
5€[0,t] ’ sefo,g) \ Jo

<242CE K /0 Lo () H(w) dB(u)) 2]
=2+2CE /Ot Z2110 5,1 ()| H (u)|* du

t
§2+20E/ 72, du
0

UNOm

t
<2+42C [ E[ sup Zf,\am
0 rel0,u]

] du.

An application of Gronwall’s inequality (Lemma A.20) gives

E[sup Z?

2o ] <267 te0,T).
s€[0,t]

Let m oo to obtain E[(Z3)?] < 4e*CT. Exercise 3.8 gives the martingale
property of Z;. O

Next we extend the result above to a class of unbounded integrands.

Theorem 8.14. Let b: Ry x RY — R% be a Borel function for which there
exist constants 0 < R, C < oo such that, for allt € R4,

(8.30) |b(t,z)| < C for |x| < R and |b(t,x)| < C|z| for |x| > R.

Let B be a d-dimensional Brownian motion with By € L?>(P). Then

(8.31) Zy = exp{/ot b(s,B(s))dB(s) — %/Ot\b(s, B(s))|? ds}
is a martingale.

Proof. The integrals in the exponential in Z; are well-defined because B(s)
is continuous. For a fixed T' < oo and w the path {B(s,w) : s € [0,T]} lies
in some compact ball. Consequently b(s, B(s)) is bounded as s varies over
[0,7] and condition (8.23) is satisfied.

Define
T = inf{t > 0:|B > n}.
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The localized process can be written as

Zing, = exp{/OtATn b(s,B(s))dB(s) — %/Ommlb(s,B(SmQ ds}

= exp [ Lo (9005 B B(s) = [ L (9lb(s, Bs)) P ).

Theorem 8.13 applies to the bounded integrand H (s) = 1(g 5,(s)b(s, B(s)).
Hence Z;n-, is an L? martingale and thereby {7,} a localizing sequence of
stopping times for Z;.

By Exercise 3.9, to show that Z; is a martingale, it suffices to show that
for each fixed t > 0, the sequence {Ziar, }nen is uniformly integrable. The
case t = 0 is clear since Zy = 1.

By assumption (8.30) we can fix a constant ¢ such that
|z b(t,2)| < e(1+|zf?).

Ito’s formula (6.9) (without the jump terms) applied to the process

F(t, Z1, B(t)) = Zi(1 4 | B(t)|?)e 240

gives
Z(1+ |B(B)[*)e 29" = 1 4 |B(0)]?
t d  rt
+/ (1 + |B(S)|2)e—2(d+0)s dZ, + 22/ ZSBi(S)6_2(d+C)S dBl(S)
(8.32)

t
_2(d+ o) / Zy(1 + | B(s)[2)e2d+9s g
0

t d t
+2d / Zoe 2 ds 427 / Bi(s)e~214%93 417, Bls.
0 =1 /0
Rewrite and bound the last term as follows:

d t t
2y / Bi(s)e 293 (7 B;ls = 2 / e~ 2T 7 B(s) - b(s, B(s)) ds
=1 0 0

t
< 2 / Zs(1 4 |B(s)[?)e 293 gs.
0
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This bound shows that the sum of three last terms in (8.32) is nonpositive.
Use (8.25) to substitute for dZ and we have the following inequality:

Z(1+[B(t))e 2 < 14 |B(0)

[0 IBE e 22, (s, B(s) dBls
0

t
+2 / Zee 2T B(s) dB(s).
0

Replace t with ¢t A 7, and use (5.32) to take the restriction to (0, 7] inside
the stochastic integrals:

Zine (L4 [B(t A ) [P)e 2™ < 14 |B(0)/?

+/0 L(0.7,(8)(1+ [B(s)[)e 9 Z (s, B(s)) dB(s)

t
+2 /0 10,7, (8) Zse 24 B(s5) dB(s).

The integrands in the two stochastic integrals are members of Lo(B) as de-
fined below (4.1). Consequently the integrals are mean zero L? martingales,
and we can take expectations over the inequality above. We further restrict
the integral of the leftmost member to the event 7, < t:

E[Ziprm, (1 4+ |B(t A7y)[P)e” 2™ 11 < 1] <14 E[|B(0)[?].
On the right we have a finite constant due to the assumption B(0) € L2.
On the event 7,, < t,
[B(t A Ta)| = [B(m)| = n
where the possibility |B(7,)| > n can happen if 7,, = 0. Consequently
(1 + E|B(0)|2)62(d+c)t
1+ n?

Now we can show the required uniform integrability.
E[Zt/\Tn 1{Zt/\7'n > T}]
S E[Zt/\Tn l{Tn < t}} + E[Zt/\Tn ]-{Zt/\Tn Z 7"} ]—{T’n, 2 t}]
< C(t)n72 + E[Zt 1{Zt > ’I"}] .

<C(t)n™2

E|Zipr, Y < t}] <

Given ¢ > 0 pick ng so that C(t)ng? < £/2. By the integrability of variables
Zing, and Z; ((8.26) for Z;) we can pick 0 < rg < oo so that

 ax E[Zt/\m H{Zins, > ro}] <e and E[Zt 1{Z, > r}] <eg/2.
<n<ng

The combination of all the bounds gives

supE[ZtATn H{Zins, > r}] <e forr>ry. O
n



8.2. Change of measure 303

Having illustrated the result and the hypotheses, we turn to proving the
main result itself.

Proof of Theorem 8.10. Theorem 8.10 is proved with Lévy’s criterion, so
we need to check that {W(¢t) : t € [0,7]} is a local martingale under Qrp
with quadratic covariation [W;, Wj]; = §; ;t.

The covariation follows by collecting facts we know already. Since Qr <
P on Fp, any P-almost sure property on Frp is also (Qp-almost sure. Con-
dition (8.23) implies that fot H(s)ds is a continuous BV process on [0, 7]
(Exercise 1.5). Thus by Lemma A.10 [H;, H;] = [B;, H;] = 0. We also get
[Bi, Bj]i = 6;,jt under @ in a few lines. Given a partition 7 = {t;} of [0, ]
with ¢ < T and € > 0, define the event

> 6}.

m(m)—1
Ay = { ‘ > (Bilter1) — Bi(tr)) (Bj(trs1) — Bj(te)) — 8t
k=0
Property [B;, Bj|l; = 6;;t under P means precisely that, for any ¢ > 0,
P(A;) — 0 as mesh(m) — 0. Dominated convergence and the assumed
integrability of Z7 give the same under Qr: Qr(A;) = EP[Z714_] — 0.
The application of the dominated convergence theorem is not quite the usual
one. We can assert that the integrand Zr14_— 0 in probability, because

P{Zr1y, >0} < P(A;) -0 for any ¢ > 0.

Convergence in probability is a sufficient hypothesis for the dominated con-
vergence theorem (Theorem B.12).

It remains to check that {W(t) : ¢t € [0,T]} is a local martingale under
Q7. This follows by taking M; = B;(t) — B;(0) in Lemma 8.15 below, for
each 7 in turn. With this we can consider Theorem 8.10 proved. ([

The above proof is completed by addressing the question of how to trans-
form a local martingale under P so that it becomes a local martingale under
Q7. Continuing with all the assumptions we have made, let {M; : ¢t € [0, T}
be a continuous local martingale under P such that My = 0. Define

d

(83 Ne=M; =Y [ H(s)dM. B
j=170

By the Kunita-Watanable inequality (Proposition 2.19)

(3.34) \ /OtHxs)d[M,Bj]s < [M]i/z{ /:Hxs)?ds}l/z

so the integrals in the definition of N; are finite. Furthermore, [M, B;]; is
continuous (Proposition 2.16 or Theorem 3.26) and consequently the inte-
gral fg H;(s)d[M, Bj|s is a continuous BV process (Exercise 1.5). When
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we switch measures from P to @Qp it turns out that M continues to be a
semimartingale. Equation (8.33) gives us the semimartingale decomposition
of M under Q7 because N is a local martingale as stated in the next lemma.

Lemma 8.15. {N, :t € [0,T]} is a continuous local martingale under Qr.

Proof. By its definition N is a semimartingale under P. Integration by
parts (Proposition 5.60), equation (8.25) for Z, and the substitution rules
(Corollary 5.59 and Theorem 5.62) give

t t
NtZt_/ NdZ+/ ZdN + [N, Z);
0 0
t t t
:/ NZHdB+/ ZdM—Z/ ZH;d[M, Bj]
0 0 j 0
t
+)° / ZH;d[M, Bj]
- 0
J

t t
—/NZHdB+/ZdM.
0 0

The last line shows that NZ is a continuous local martingale under P.

Now we split the remaining proof into two cases. Assume first that IV is
uniformly bounded: |N;(w)| < C for all t € [0,7] and w € 2. We shall show
that in this case NZ is actually a martingale.

Let 7, /" 0o be stopping times that localize NZ under P. Let 0 < s <
t <T and A € F,. From the martingale property of (NZ)™ we have

(835) EP [1ANt/\TnZt/\Tn] = EP []—ANS/\Tn Zs/\'rn} .

We claim that

(8.36) lim E[14Nipr, Zins,] = EF[1aN:Zy)].
n—oo

This follows from the generalized dominated convergence theorem (Theo-
rem A.15). We have the almost sure convergences Nipr, — Ny and Zipr, —
Z; and the domination |Nyar, Zinr,| < CZipr,. We also have the limit
EP[14Zipr,] — EF[147;] by the following reasoning. We have assumed
that Z; is a martingale, hence by optional stopping (Theorem 3.6) Zip,, =
EY(Z;| Finr,). Consequently by Lemma B.15 the sequence Zinr, is uni-
formly integrable. The limit E[14Znr, ] — E[14Z;] finally comes from the
almost sure convergence, uniform integrability and Theorem 1.21(iv).

Taking limit (8.36) on both sides of (8.35) verifies the martingale prop-
erty of NZ. Then we can check that N is a martingale under Q7:

EQT[1,N] = EP 14N Z,] = EP[14N,Z,] = E9T[14N;].
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Now the general case. Define
t
- inf{t >0 (M| + [M) +/ |H(s)[>ds > n}
0

By the continuity of the processes in question, these are stopping times
(Corollary 2.10) such that, Qr-almost surely, 7, > T for large enough n.
We apply the part already proved to M™ in place of M, and let N (") denote
the process defined by (8.33) with M™ in place of M.

Observe that
t t tATh
/0 H,(s) dIM™ , By, = / Hy(s) d[M, B, = / H,(s) dIM, B

This tells us two things. First, combined with inequality (8.34) and |M™| <
n, we see from the definition (8.33) that N is bounded. Thus the part of
the proof already done implies that N is a martingale under Q7. Second,
looking at the definition again we see that N = N™.

We have found a sequence of stopping times 7, such that 7, > T for
large enough n Qp-almost surely, and {N/™ : t € [0,T]} is a martingale. In
other words, we have shown that IV is a local martingale under Q. O

8.3. Weak solutions for It6 equations

Consider again the [t6 equation
(837) dXt == b(t, Xt) dt + O'(t, Xt) dBt
with given Borel functions b : Ry x R? - R% and ¢ : Ry x R? — R¥*™,

A weak solution of (8.37) is a probability space (€2, F, P) with a filtration
{F:} and two adapted processes X and B such that

(i) X is R%valued,
(ii) B is a standard R"™-valued Brownian motion under {F;}, and

(iii) these two conditions are satisfied:

T T
(8.38) P{VT<oo:/ ]b(s,Xs)]der/ \o(s,xs)\2ds<oo} _1
0 0
and
t t
(8.39) Xt:X0+/ b(s,Xs)der/ o(s, Xs)dBs, 0<t< o0,
0 0

in the sense that the processes on the right and left are indistinguishable. In
other words, to produce a weak solution, one must construct a probability
space on which a strong solution exists. (One such construction is enough
for existence of a weak solution, while strong existence requires that a so-
lution can be constructed for any Brownian motion and filtration.) We say
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that weak existence holds for equation (8.37) if for any Borel probability
distribution v on R? there exists a weak solution X with initial distribution
X() ~ V.

Weak solutions can possess two types of uniqueness.

(i) Pathwise uniqueness means the following. Suppose in the description
above there is a single space (2, F, P) with filtration {¥;} and Brownian
motion B, but two solution processes X and X. Then if Xo = )Z'g a.s., the
processes X and X are indistinguishable.

(ii) Weak uniqueness, also called uniqueness in law, means that any two
weak solutions X and X with the same initial distribution v have the same
distribution as processes. That is, for any measurable set A on the path
space C, P{X € A} = P{X € A}.  Note that these statements assume
implicitly that in the background we have the structures necessary for two
weak solutions: (2, F, P), {F;}, X and B, and (ﬁ,]?, ]5), {]?t}, X and B.

Under Lipschitz assumption (7.20) Theorem 7.12 showed pathwise unique-
ness, and under both assumptions (7.20) and (7.21) Theorem 7.14 showed
weak uniqueness. The literature contains another formulation of path-
wise uniqueness that allows two distinct filtrations {F;} and {F;}, with
X adapted to {F;} and X adapted to {F;}. (See for example [11, Section
5.3].) Our formulation agrees with [3, Section 10.4] and [14, Section IX.1].

Let us look at a well-known example of Tanaka where weak existence
and uniqueness hold but pathwise uniqueness and strong existence fail.

Example 8.16. Define the sign function now by
(8.40) sign(z) = 1{z > 0} — 1{z < 0}

so that sign(z)? = 1. Consider the SDE
t
(8.41) X = / sign(Xs) dBs, 0<t<oo.
0

First we argue weak uniqueness. Let (X, B) be a given pair that solves
the equation. (Implicitly understood that there is a probability space and a
filtration in the background.) Since the integrand sign(Xj) is bounded, X
is a continuous martingale, and

[X]: = /0 sign(X,)%ds = t.

Thus by Lévy’s criterion (Theorem 6.14) X is a standard Brownian mo-
tion. We have conclusively characterized every weak solution as a standard
Brownian motion, and thereby weak uniqueness holds.
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Continue with a solution pair (X, B). Since X is a Brownian motion,

/ P(X,=0)ds =0
0

and consequently the stochastic integral in (8.41) is indistinguishable from
the one with integrand 1{Xs > 0} — 1{ X, < 0} (Proposition 4.10(c)). From
this we see that (—X, B) is also a solution. Thus pathwise uniqueness fails.

Next we show that a strong solution of (8.41) cannot exist. Suppose
B is a Brownian motion and let {#;} be the augmentation of the filtration
generated by B. To get a contradiction, assume there exists a process X
adapted to {F;} that satisfies (8.41). Then, as observed, X is a standard
Brownian motion and we can apply Tanaka’s formula (8.14) to it. Let L(¢, x)
denote local time for X, as defined in Theorem 8.1. Since sign(X)dB = dX,

t t
(8.42) B; = / sign(X,)? dB, = / sign(X,) dX, = | X¢| — L(t,0).
0 0

Formula (8.3) shows that L(t,0) is measurable with respect to the o-algebra
G = o{|Xs| : s € [0,t]}. Hence (8.42) above shows that B; is G;-measurable.
We conclude that F; is contained in the augmentation of G;. But this last
statement cannot hold. For example, the event {X; > 1} has positive prob-
ability and cannot lie in G; because any function of {|X| : s € [0,¢]} would
give the same value for X and —X.

But note that weak solutions to (8.41) do exist. Simply turn the pre-
vious argument around. Start with a Brownian motion X and define an-
other Brownian motion B; = fg sign(X,) dXs. Then dX; = sign(X;)? dX; =
sign(Xy) dB; which shows that X is a solution. What is the distinction be-
tween this and what was just done above? The point is that now B is not
any given Brownian motion and X is not adapted to the filtration of B.

We show how Theorem 8.10 enables us to go beyond Lipschitz drifts to
prove the existence of a weak solution to an SDE with a more general drift.
Let 0 < T < o0, b:[0,T] x R = R? Borel measurable, and B; denote
standard d-dimensional Brownian motion. Consider the following equation
on [0,7] x R%:

(8.43) dX; = b(t, X;) dt + dB;.

Theorem 8.17. Assume that b is a bounded Borel function. Then equation
(8.43) has a weak solution for any initial distribution v on RY.

Proof. Let X; be d-dimensional Brownian motion on (€2, 7, P) with respect
to filtration {F;} and with initial distribution Xy ~ v. By the boundedness
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of b and Theorem 8.13,

t t
(8.44) 2, = exp{/ b(s, X,) dX, — ;/ Ib(s, X)|? ds}, 0<t<T,
0 0

is a martingale. Define probability measure Q7 on Fr by dQr = ZrdP. By
Theorem 8.10, the process

t
(8.45) B, = X, — X, —/ b(s, Xs)ds, te0,T],
0

is a standard Brownian motion on the probability space (2, Fr, Qr), under
the original filtration {F;};c(o,77- Equation (8.45) is just the integral form of
(8.43). On Fp measures Qr and P coincide because Zy = 1. Consequently
Xo ~ v also under Q7. To summarize, process (X¢);cjo,7] and Brownian
motion (Bi)epo,r] With filtration {Fi}icor on (€, Fr,Qr) form a weak
solution of (8.43) with initial distribution v. O

Next the above idea of using Girsanov’s theorem to create weak solutions
is applied to verify the invariant distribution of certain diffusion processes.
Let ¢ € C?(R%) have bounded second derivatives, and consider solutions X
to the SDE

With bounded second derivatives Vo satisfies the Lipschitz and growth as-
sumptions (7.20) and (7.21). Hence solutions to this equation exist, possess
both weak and strong uniqueness, and are Markov processes.

We show that the evolution prescribed by (8.46) preserves the Borel
measure with density e2#(*) on R9. If fRd e?#(®) dz < 0o we can subtract a
constant from ¢ (without changing (8.46)) and have an invariant probability
distribution for the diffusion defined by (8.46). As before, let P* (with
expectation E*) denote the probability distribution on C' = CRral0,00) of
the process X that solves (8.46) with deterministic initial point Xy = z, for
r € R

Theorem 8.18. For any Borel function f >0 on R and t > 0,

(8.47) /R JETF(X0) e2¢(®@) dp = (z) €27 d.

f
Rd

For the proof we need a symmetry property of standard Brownian mo-
tion, namely that a Brownian path between two fixed points looks the same
in both directions. This is in fact a property of Brownian bridge.

Let Y be a real-valued random variable. Below we use a conditional
expectation of the type F[X | Y = y] which is a function of a point y € R. It
is defined rigorously as follows. Since E(X |Y) is a 0(Y)-measurable random
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variable, there exists a Borel function ¢ such that E(X |Y) = ¢g(Y). Then
let E[X|Y =vy] = g(y). If Y has density fy on R, then this conditional
expectation can be characterized by the requirement

(8.48) PIX15()) = [ BLX|Y = lfv o) dy
that should hold for all Borel sets B C R.

Lemma 8.19. Let P* denote the distribution of R%-valued Brownian mo-
tion started at By = x. Fiz T € (0,00) and let F' > 0 be a Borel function
on C[0,T). Let By denote the coordinate process on C, and Et = Byp_; for
t €[0,T). Then for a,b € R?

(8.49) E°[F(B.)|Br =b] = E°[F(B.)| Br = a]

Proof of Lemma 8.19. By the standard 7-A and limit arguments, it suf-
fices to consider a function F'(w) = F(w(0),w(s1),...,w(sn),w(T")) for finitely
many time points 0 = sp < 51 < -+ < Sy, < Spy1 = I'. (A function like this
is sometimes called a local or a cylinder function.) Then one can check
that the conditional expectation is given by the following formula:

E*[F(By, Bs,,...,Bs,, Br)| By = b]

n+1
[[2 ey — @i

:/ F(a,z1,...,2n,b) =1 Psimsia (T : l)d:cl,n

Rnd pr(b—a)

Utilizing the symmetries of the Gaussian kernel a change of variable shows
that the above equals

(8.51) E'[F(By,Bs,,...,Bs,,Br)| By =a]
The details of this proof are left for Exercise 8.4 O

(8.50)

Proof of Theorem 8.18. We need several probability measures and pro-
cesses here, so the notation needs to stretch a little. E*[F(X,)] will refer to
the distributions of the solution X of the SDE (8.46), as defined above The-
orem 8.18. E*[F(B,)] will refer to the distributions of R%-valued Brownian
motion as in Lemma 8.19.

Note that [t6’s formula gives
(8.52) do(By) = V(By)dB; + 3 Ap(By)dt.

We start by constructing a weak solution to (8.46) via Girsanov’s The-
orem. On a probability space (2, H,P) let Y be Brownian motion started
at x and adapted to the complete filtration {H;}. Define

(8.53) 7, = el VoY) dYemg [{1Ve(¥s) ds.
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Function b(xz) = Vp(z) satisfies assumption (8.30) due to the assumption
of bounded second derivatives, and hence Z; is a martingale by Theorem
8.14. Define the probability measure Q7 on Hr by Qr(A) = E¥[Z714]. By
Theorem 8.10, the process

t
(8.54) Wi=Yi-a- [ Ve(v)av., tep.1)
0

is a standard Brownian motion. Equation (8.54) is the same as (8.46), and
so Y is a weak solution of (8.46) on time interval [0, T]. By weak uniqueness,
{Yi}tepo,r) has distribution P* from (8.47).

In the next calculation we represent the solution of (8.46) with ¥ under
Q7. Then, since under P Y is Brownian motion started at x, we switch
notation to the Brownian path variable B, under its distribution P*. After
this condition on the endpoint y = B; and in the last step use the symmetry
of the Gaussian kernel and (8.49).

E*[f(X))] = E®"[f(V)] = EP[Z.f (V2)]
_ e [f(Bt)efg Vio(Bs) dBs—3 f5|V<p(Bs)l2ds]

= B[ Bt)esa(Bt)—w(x)—%f&(Acp(Bs)HVsO(Bs)\Z)ds]
_ / dy ey — o) ()W) 2@ 2 [~ s BeBIHTBIP) ds | g — )]
_ / dy pe( — y) ()P W90 B [e=3 o BeBIHTRBIRds | B — g ).

Integrate against the density 2¢(*) and rearrange the integral.

[ e @Bl de = [y f)e 0 [ dopita - y)estor-ow

(8.55)
x BY[¢2 Ao BIHVABIP ) ds | B ],
Remove again the conditioning to see that the dz-integral above equals

BV [e#(BO—¢W)=3 [ (Ae(Ba)+HT (B ) ds]

— BV [eho VelB)dB—g [{IVe(BIP ] _
where at the end we noticed that we have again an expectation of the martin-
gale Z;. Equality (8.55) simplifies to give the desired conclusion (8.47). O

Example 8.20. (Ornstein-Uhlenbeck process) Let o« > 0 and take ¢(x) =
—zZalz|?. Then the SDE (8.46) becomes

(8.56) dX; = —aX,dt + B

and the invariant distribution is the d-dimensional Gaussian N'(0, 5=1).
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Exercises

Exercise 8.1. Show that for a given z, fg 1{Bs=xz}ds=0forallt € Ry
almost surely. Hint. Simply take the expectation. Note that this example
again shows the interplay between countable and uncountable in probability:
in some sense the result says that “for any z, Brownian motion spends zero
time at x.” Yet of course Brownian motion is somewhere!

Exercise 8.2. Let (a,{) be the solution of the reflection problem in Lemma
8.8. If (a, ) is a pair of C(R4)-functions such that ¢ is nondecreasing and
a=b+/¢>0, show that @ > a and ¢ > /.

Exercise 8.3. Let Bt(“ ) = B; + ut be standard Brownian motion with drift
¢ and running maximum Mt(“ - SUPg<s<t Bg“ ). Find the joint density of
(Bt(“), Mt(“)). Naturally you will utilize (2.45).

Exercise 8.4. Fill in the details in the proof of Lemma 8.19. Namely, use
the convolution properties of the Gaussian kernel to check that the right-

hand side of (8.50) defines a probability measure on R"™. Then check (8.50)
itself by verifying that the right-hand side satisfies

E*[f(Br)F(B.)]
- /Rd dbpr(b— a) f(b) E*| F(By, Bs,, ..., Bs,,Br)| Br = b].

Finally check the equality of (8.50) and (8.51).

(8.57)






Chapter 9

White noise and a
Stochastic Partial
Differential Equation

In the first section of this chapter we develop a stochastic integral over time
and space, f(O,t]de Y (s,z)dW (s,x), where the integrand is a real-valued
stochastic process Y (s, x,w) indexed by time and space, and the integra-
tor W is white noise. White noise is a random assignment of Gaussian-
distributed signed mass on space-time so that masses on disjoint sets are
independent. This is a natural generalization of the independent increments
property of Brownian motion. In passing we define a multiparameter gen-
eralization of Brownian motion called the Brownian sheet. Armed with this
new integral, we can make rigorous sense of partial differential equations
with noise. In Section 9.2 we develop a key example of such a stochastic
partial differential equation (SPDE), namely a heat equation with stochastic
noise.

9.1. Stochastic integral with respect to white noise

9.1.1. White noise and the isonormal process. Let (X,B,\) be a o-
finite measure space. A white noise on the space X relative to the measure A
is a mean zero Gaussian process {WW(A) : A € B, \(A) < oo} with covariance

(9.1) E[W(A)W(B)] = N(AN B).

We also say that W is a white noise based on the space (X, 5, \). Exercise
9.1 asks you to use Exercise 1.19 to establish the existence of such a process.

313
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White noise is a finitely additive random set function: if AN B = () then
W(A) and W(B) are independent and W (A U B) = W(A) + W(B) a.s.
(Exercise 9.2). In particular W () = 0 a.s., which can also be seen from

E[W(0)?] = \(B) = 0.

White noise is an L?-valued measure, which means that countable addi-
tivity holds in the L? sense: if {4} are pairwise disjoint, A = [J;~, Ax and
A(A) < oo, then

£l(we - weaw) = 2[(v( U 4))’]

k=n+1

AU ) o
k=n+1

(9.2)

If we complement this with a standard result on random series (Theorem
B.11) we also get

(9.3) Z W(Ag) = W(A) almost surely.
k=1

In general, white noise is not a signed measure for any fixed w. (Exercise
9.4).

White noise {IWW(A) : A € B, A\(4) < 0o} extends readily to a mean zero
Gaussian process {W(h) : h € L?()\)} with covariance

(9.4) E[W(g)W(h)]:/Xghd)\, g, h € L*(\).

This is the isonormal process on L?()\). The construction uses the L2-
isometry inherent already in formula (9.1).

Suppose first h = Y 1", a;14, is a simple L? function where the oy
are real and nonzero and the {A;} are pairwise disjoint. The assumption
h € L?(\) then guarantees that A\(4;) < oo for each i. Define

(9.5) W(h) =Y aW(4).
i=1
Observe that W (h) is a mean zero Gaussian random variable with variance
(9-6) EW (h)’] =) afMA) = [[hl|Za (-
i=1

Here we have the isometry: for simple functions h, [[W(h)|lr2(py = I[Pl L2(n)-

Next we extend. Given h € L?()), find simple functions h,, € L?(\) such
that || — hp|r2(x) = 0. Then {h,} is a Cauchy sequence in L?*()), in other
words, given € > 0 there exists ng € N such that ||k, — hnlz20)) < € for
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m,n > ng. Since [|W (hy) — W(hn)|z2(p) = |hm — Ball2(n), {W(ha)} is a
Cauchy sequence in L?(P). By the completeness of L%(P), W (h,,) converges
in L?(P) to a random variable which we call W (h). This constructs the

isonormal process, except for a few bits left to tidy up, relegated to Exercise
9.6.

It is quite obvious that we were really constructing an integral with
respect to the random L? measure W, and consequently we could also use
the notation W(h) = [ hdW for the isonormal process. The shortcoming
here is that we did not treat random integrands. This will be achieved in
Section 9.1.3 with the help of martingale theory, in the spirit of It integrals.

9.1.2. White noise, Brownian motion and Brownian sheet. Let W
be a white noise on R} with respect to Lebesgue measure m. Then B; =
W (0, t] defines a Gaussian process with the covariance of Brownian motion:
EBs;B; =m((0,s]N(0,t]) = sAt. Thus a continuous version of this process,
whose existence is given by the Kolmogorov-Centsov criterion Theorem B.19,
is standard Brownian motion.

The Brownian sheet is a generalization of Brownian motion to a process
with a multidimensional index set. Let RY = {t = (t1,...,tq) € R? :
t; > 0V i} denote the nonnegative quadrant of d-dimensional space and let
W be a white noise on (Ri,BRi ,m) where m is Lebesgue measure. The

Brownian sheet {B; : t € R%} is defined by B, = W((0,t]) where for
t=(t1,...,tq) € R% the d-dimensional interval is (0,t] = ngl((),ti}. An
equivalent way to define the distribution of the Brownian sheet is to say
that {B, : t € Ri} is a mean zero Gaussian process with covariance

(9.7) E(Bth) = (81 VAN tl) . (52 AN t2) cee (Sd A td).

It can be shown that, just like Brownian motion, Brownian sheet B, has a
continuous version (Exercise 9.7).

9.1.3. The stochastic integral with respect to white noise. To treat
SDEs rigorously we developed a stochastic integral with respect to processes
indexed by time. In order to treat SPDEs rigorously we need integration
for processes in space-time. This need gives rise to a theory of integration
with respect to martingale measures. We state some general definitions, but
treat thoroughly only the case of white noise.

Let (2, F, P) be a probability space with a complete filtration {F;}. We
take as our state space R?, although a more general metric space would
do just as well. Let A be a collection of Borel subsets of R? such that A
is closed under unions and set differences. That is, A, B € A imply that
AUB € Aand A~ B € A. Such a collection is sometimes called a ring of
sets [4, Sect. 3.1]. A ring is not quite an algebra: a ring A is an algebra iff
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R? € A. An example of a ring is the collection of bounded Borel sets. (A
Borel set is bounded if it is contained in some cube [—m,m]?.)

Let U be a real-valued function on A x € such that for each set A € A,
U(A,w) is a square-integrable random variable: E[U(A)?] < oo. U is an
L?-valued measure on A if the next two conditions are satisfied.

(i) U is finitely additive: U(AUB) = U(A)+U(B) a.s. whenever ANB =
0.

(ii) U is countably additive on A in the L? sense: whenever {A;} are
pairwise disjoint elements of A and A = Uk21 Ay € A, then

n—oo

(9.8) lim E[(U(A) - zn: U(Ak))Q} ~0.
k=1

An L%-valued measure U is o-finite if there exists a sequence {By,}pen C
A such that R? = |J B,, and

Vn € N: sup{E[U(A)?*]: Ac A, AC B,} < 0.

White noise on a Borel subset of a Euclidean space with respect to
Lebesgue measure m is an obvious example of a o-finite L2-valued measure.
The ring A could be the collection of bounded Borel sets, or the collection
of sets with finite Lebesgue measure.

Definition 9.1. A process {M;(A) : t € Ry, A € A} is a martingale mea-
sure if the following conditions are satisfied.

(i) For each t > 0, M;(-) is a o-finite L?-valued measure on A.

(ii) For each A € A, M;(A) is a martingale with respect to {F;} with
initial value Mp(A) = 0.

We get a martingale measure out of white noise as follows. Let W be
white noise based on R4 x R? with Lebesgue measure, defined on a complete
probability space (2, F, P). Define Wy(A) = 0 and W;(A) = W((0,t] x A)
for 0 < t < oo and bounded Borel sets A C R?. The filtration {F;} is
defined by augmenting 7}V = o{W (D) : D € B gxmre is bounded}. The
martingale property comes from independent increments: for 0 < s < t,

Wi(A) = W,(A) + W((s,] x A)

where Wy (A) is Fs-measurable and W ((s,t] x A) is independent of F, (Ex-
ercise 9.3). Thus
E[Wi(A) | Fs] = E[Ws(A) | Fs] + E[W((s, 1] x A) [ F4]

(9.9) = Wi(A) + E[W((s,] x A)] = W,(A).
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For s < t the random variable W ((s,t] x A) has N (0, (t — s)m(A)) distribu-
tion, and so Exercise 1.12 implies that

(9.10)  E|Wi(A) — Wi(A)|P = E|W ((s,t] x A)[P = Cym(A)P/?|t — s[P/2.

Together with Theorem B.19 this moment calculation shows that, for each
bounded set A, there exists a continuous version of the martingale W,(A).

A particularly useful class of martingale measures are the orthogonal
martingale measures. By definition, a martingale measure is orthogonal if
the product M;(A)M,(B) is a martingale whenever ANB = (). This is equiv-
alent to saying that the covariations [M(A), M(B)]; and (M(A), M(B));
vanish for disjoint A and B. That white noise is an orthogonal martingale
measure follows from the independence of the martingales W,(A) and W,(B)
for disjoint A and B (Exercise 9.8).

The goal is now to develop a stochastic integral of a time-space indexed
process Y (s, x,w) with respect to white noise. Alternative notations for this
integral are

(9.11) (Y- W) (A) = / Y (s,x) W(ds,dx) = / Y (s,x)dW (s, )
(0,t]xA (0,t]x A

where ¢ € R is the time parameter and A C R? a Borel subset. As the
notation indicates, the integral itself is also a martingale measure. For a
fixed set A it will be continuous ¢. The development parallels closely the
development of the It6 integral f(f Y dB in Chapter 4, with the difference
that there is now an additional spatial variable to keep track of.

The covariance functional of a martingale measure M is defined by
(9.12) Qi(A, B) = (M(A), M(B)):.

As Exercise 9.8 shows, for white noise this is Q;(A, B) = tm(A N B). Define
the covariance measure Q of white noise on Ry x R? x R? (time x space
X space) by

(9.13) [ esemausda) = [ elssodsds
R+XRdXRd R+><Rd

The covariance measure extends the definition of the covariance functional
Q in the sense that Q:(A, B) = Q((0,t] x A x B).

The special pleasant property of white noise is that @ extends effort-
lessly to a deterministic nonnegative measure (). This is analogous to the
simple form of the Doléans measure of Brownian motion (Example 5.2).
For general martingale measures the covariance functional @ is random and
takes both signs. To extend it to a (random) signed measure () one assumes
the existence of a dominating measure. Martingale measures that satisfy
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this condition are called worthy. We refer to Walsh’s lectures [17] for the
general theory.

It is also convenient that @ is supported on Ry x A(R?) where A(R?) =
{(z,z) : x € R%} is the diagonal of R? x R? . This feature is common to all
orthogonal martingale measures. However, we do not need the covariance
measure for anything in the sequel, because we only discuss white noise and
things stay simple.

Our integrands will be real-valued functions on R, x R? x Q (time x
space x probability space). Measurability of a function f : Ry xR¥xQ — R
will mean measurability with respect to the completion of Br, ® Br« ®@ F
under m®@m® P. The L2-norm of such a function over the set [0, 7] x R% x

is
1/2
= <E/ ]f(t,m,w)\Zdtd$> .
[0,T]xR4

We also need a notion of adaptedness. Begin with the filtration {Bga ®
Fi}ier, on the space R% x Q, and let {Gi}ier, be its augmentation under
the measure m ® P, as defined in Section 2.1. Call a measurable function
f: Ry xR¥x Q — R an adapted process if (z,w) — f(t,z,w) is G-
measurable for each t € Ry. Let L£3(W) be the space of such adapted
processes for which | f|l27 < oo for all T < oco. Analogously with our
development in Chapters 4 and 5, we define a metric on L2(W') by

2( 22 (LAX = Yll2)-

(9.14)

(9.15) deyw

A special class of adapted processes are simple predictable processes
(9.16) Y (t, z,w) Zgl L0000 (014, (2)

where n is a finite integer, A; is a bounded Borel subset of R%, 0 < t; < ti11,
& is a bounded F3,-measurable random variable on (2, F, P), and the sets
{(ti, tit1] x A;} are pairwise disjoint. Let Sy denote the space of simple
predictable processes.

We record the approximation step first.

Proposition 9.2. Suppose Y € Lo(W). Then there exists a sequence of
simple predictable processes {Yy} such that dp,w)(Y,Ys) — 0.

Proof. As in earlier similar proofs (Lemmas 4.2 and 5.10), this goes in
stages. It suffices to consider a fixed T" and find simple predictable {Y;,}
such that ||Y — Y,|[2,7 — 0. Next, we may assume Y bounded and for the
z-coordinate supported on a fixed compact set X C R?. That is, there
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exists a constant C' < oo such that |Y(¢,z,w)| < C for all (¢, z,w), and
Y (t,z,w) = 0 unless x € K. This follows from the dominated convergence
theorem: if

Y (¢, 2,w) = [(mAY (t,2,w) V (=m)] - 1y e ()

then [|Y — Y(m)HQ’T — 0 as m — oo.

For each n € N and s € [0, 1], define

Zn’s(t7 xT, OJ) = Z Y(S + 2_nj, Z, W)1(5+2—"j, 5+2—n(j+1)] (t) . 1(0,T] (t)

JEZ

Z™* is jointly measurable as a function of (s,¢,x,w) and it is an adapted
process, but it is not a simple predictable process due to the nature of the
dependence on z. Thus after approximating Y with a sequence of Z™*
processes, we have to approximate Z™° with a simple predictable process.

The formula above involves Y (¢, x,w) for t < 0, so we extend Y to negative
times by setting it equal to zero. The proof of Lemma 4.2 shows that

1

(9.17) lim F dt dx/ ds |Z”’S(t, T,w) — Y(t,x,w)’2 =0.
n—oo [0,T]xK 0

This proof can be followed almost word for word: simply add the z-variables

inside the functions and replace integrals fOT dt with f[o Ty At dz.

Then, as justified in that proof, there exists a fixed s and a subsequence
Z"k:5 such that

(9.18) lim E dt dz | 2" (t,2,w) — Y (t, 2,w)|* = 0.
k—oo S0 T|xK

As the last step we show that, given fixed (n, s) and § > 0, we can find
a simple predictable process h™* such that

(9.19) E dt dz | 2™ (t, 2, w) — K™ (t,z,w)|* < 6.
[0,T)xK

For fixed (n, s, j) consider the G, 5-n;-measurable, bounded L? function
(r,w) — Y(s+ 2 "j,z,w) on K x Q. Given §y > 0, we can find a simple
function

¢
(9.20) g (2, w) = Z cilg, (z,w),
i=1
where the {G;} are G, o-n;-measurable subsets of K x 2, such that
E/ V(s 427", z,w) — ¢ (z,w)|* dz < do.
K

Product sets {B x U : B € Bg,U € F, 9-n;} form a semialgebra that
generates the product o-algebra Bi ® F, o-n;. Each set G; is a.e. equal to
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a set in Bx ® Fg o-nj. By a combination of Lemmas B.1 and B.2, each G;
in (9.20) can be approximated by a finite disjoint union G; = Uj Bij x U
such that, for a given d; > 0,

E/ 1, (2, w) — 1g, (z,w)|dx < d1.
K

Put these together, choose d; small enough, and rename the indices to create
a function §™*7 (z,w) =Y /", 1p,(x)&(w) such that

E/ |gn,s,j(x’w) _gn,s,j(x7w)|2 dz < 8.
K

Each B; is a Borel subset of K, hence a bounded set. Each &;(w) is a bounded
Fsio-nj-measurable function and in fact of the form cly(w).

From these ingredients we construct the simple predictable process
™5 (t, 2, w) = Z§n’s’j(l‘,w)1(3+2—nj,s+2—n(j+1)] (t) - Lo (t).
JEZ

Inequality (9.19) can be satisfied by choosing dy small enough [l

Now we define the stochastic integral, beginning with simple predictable
processes. For Y as in (5.6), the stochastic integral Y - W is the martingale
measure defined, for 0 <t < co and B € Bga, by

(Y -W)(B) = Z &i(w) (WtAti+1(Ai N B) — Wint, (Ai N B))
(9.21) izl
=D &)W ((E Aty t Atia] x (4N B)).
=1

Note that since the A; are by assumption bounded Borel sets, we do not
need to impose that restriction on B. As in Lemma 4.4 or Lemma 5.8, at
this point we need to check that the integral Y - W is linear in Y and does
not depend on the particular representation chosen for Y. We leave these
as exercises.

Lemma 9.3. Let Y be a simple predictable process as in (5.6) and B, G, H C
R? be Borel sets.

(i) Y - W is a finite martingale measure. For each Borel set B there
exists a t-continuous version of (Y - W)¢(B).

(ii) The process
(9.22) Zy = (Y -W)(G) - (Y -W)y(H) — / Y (s,2)* ds da
(0,] x (GNH)

is a martingale. (The middle dot above is ordinary multiplication.)
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(iii) We have this isometry and bound:

E[(Y -W)(G))) = E Y (s,a,w)>ds dx = | Y]]}
(9.23) 0A]xG L2((0,t]xGx Q)

< [IY15,-

Proof. (i) The martingale property of the process (Y -W):(B) on the right-
hand side of (9.21) is checked, term by term, exactly as in the proof of
Lemma 5.9 in Chapter 5. Continuity in ¢ is evident from formula (9.21) if
we choose continuous versions of the white noise martingales, as we can do
by the observation around (9.10).

That (Y - W), is a finite L?-valued measure on R? follows from the
corresponding properties of W. Let B = |J By be a disjoint union of Borel
subsets of R%. It suffices to consider a single term & 1(u1a of the type that
appears in (5.6), with 0 < u < v < 00, a fixed bounded Borel set A, and
bounded F,-measurable £&. The L? convergence

ifW((t/\u,t/\v} X (AN By)) = EW((t Au,t Av] x (AN B))
k=1
and the bound
E[E@W((tAu,t Av] x (AN B))?] < E(€%)(v — u)m(A)

uniformly in B and ¢ follow from properties of W, including the indepen-
dence of & and W((t Au,t Av] x (ANB)) if t > u. (If t < u we simply have
W (0)=0.)

For the subsequent parts we separate two calculations as lemmas.

Lemma 9.4. Consider two simple predictable processes as in (5.6) that
consist of a single term:

f(s,m,0) = (W)l (s)1a(z) and g(s,z,w) = §(w)L(w(s)1p(2).
Assume that one of these cases holds:
(i) (a,b] = (u,v] and AND =0,
(i) (a,b] N (u,v] = 0.
Then for any Borel sets G, H C R? the product (f - W)y(G) - (g- W)(H) is

a martingale. (Note indeed that the middle - is an ordinary product of real
numbers.)

(9.24)

Proof. The task is to check that, for s < ¢,
EnEW((tAa,t AB x (ANG))W((t Au,t Av] x (DN H))|Fs]

B2 W (s Aas A x (ANG) W((s Au,s A] x (D H)).
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This is fairly straightforward, keeping in mind the independence properties
of white noise. The location of s splits the calculations into cases. For
example, if s > a then decompose the white noise values into sums according
to

(9.26) (tANa,t ANb) = (a,s ANb]U (s Ab,tAD.

Furthermore, if s > b then the second piece is empty. We leave the details
as Exercise 9.10. O

Lemma 9.5. With notation as in Lemma 9./, for s <t
E[(f-W)(G) - (f - W) (H) | Fs]
(9.27) =Em? | F)(tAb—tAa)ym(ANGNH)
+(f - W)s(G) - (f -W)s(H) — n*(sAb—sNa)m(ANGNH).

Proof. Suppose first s < a. Then on the right-hand side only the first term
is nonzero. If also ¢ < a then everything reduces to zero. If s < a < t,
condition on F, on the left-hand side and use independence to get

Bl BE{W ((a,t Ab] x (AN G)) W ((a,t A B x (AN H)) | Fu} ‘]—"]
=Em? | F){tAb—tANa)ym(ANGNH).
If s > a, split the white noise terms according to (9.26) and use inde-
pendence and the covariation of white noise to deduce
E[(f-W)(G) - (f - W)u(H) | F]
= E[W((a,t Ab] x (ANG)) W((a,t Ab] x (AN H))| T
=>W((a,s Nb] x (ANG)) W ((a,s Ab] x (AN H))
+n2(tAD—sAb)M(ANGN H)
+Em* | Fs)(tAb—tAa)m(ANG N H)
—n*(sAb—sAa)m(ANGNH).
In the last equality we simply identified the first term as (f - W)s(G) - (f -
W)s(H), used n? = E(n? | Fs) for a < s, and added 0 = s Aa —t A a. O

We return to prove part (ii) of Lemma 9.3. To use Lemmas 9.4 and 9.5,
observe first that any simple predictable process Y as in (5.6) can be written
so that for each ¢ < j, either

(i) (tiyti—I—l] = (tj,tj_H] and AZ N Aj = (Z), or

9.28
(5:28) (ii) tiy1 < ;.
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To see this, suppose that initially
t ) w Zfz tutz-ﬂ] )1Ai($)

with {(f;,%;41] x A;} pairwise disjoint. Let {t; < --- < ty} = {#;} be the
ordered set of time points that appear in the sum, and reorder the sum:
N
Y(t7 x, w) = 1(tk,tk+1](t) Z gl(w)]‘(fl,fz+l} (t)lAZ (:U)
k=1 (8, 1]D (ks treg1]
Note that if (EZ,£Z+1] and (%;, J+1] both contain (tg,tr41], the disjointness

of (f;,ti41] x A; and (£;,%,41] x Aj forces A; N A; = (. Relabel everything
once more to get the representatlon

Y(t,z,w) Zfz Lt 4004] (t)1a,(z)

subject to (9.28).

To prove that Z; of (9.22) is a martingale, take s < ¢ and compute E[(Y -
W)i(G) - (Y - W)(H) | Fs] by multiplying out inside the expectation and
applying Lemmas 9.4 and 9.5 to the terms. This results in the martingale
property of the following process:

(9.29) Zy = (Y-W)(G)- (Y- W), Zgl (t Ativ1—t At)) m(A;NGNH)
=1

Now observe that the last sum is f(o fx( Y (s,2)? ds dx because, by the

GNH)
disjointness of the sets (¢;, t;+1] x A,

8 fC CU ZE'L (tutz+1] )1141 (':U)

Thus Z; = Z; and we have checked part (ii).
Part (iii) follows by taking G = H and EZ; = 0 in part (ii) O

We can now state the definition of the integral of L£o(WV)-integrands with
respect to white noise.

Definition 9.6. Let I; be a white noise martingale measure on R? defined
on a probability space (€, F, P) with respect to a complete filtration {F;}.
For any measurable adapted process Y € Lo(W), the stochastic integral Y -W
is the finite martingale measure that satisfies, for any Borel set B C R,

(9.30) T (Y - W)L(B) — (Yo - W)L(B)|ug =0
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for any sequence Y;, € S3 of simple predictable processes such that d, 1) (Y, Y) —
0. The process Y - W is unique in the sense that, for each B, up to indis-
tinguishability the limit (9.30) identifies a unique martingale (Y - W) (B).

Justification of the definition. For any fixed Borel B C R%, M) =
(Y, - W).(B) is a Cauchy sequence in the space M$ of continuous L? mar-
tingales by virtue of the estimate

1™ = M ) = E((Yin = Ya) - W)(B)?] < [V — Yallo
By completeness (Theorem 3.40) there exists a continuous limit martingale
that we call (Y - W),(B).

In general on a measure space, if f, — f and ¢, — ¢ in L?, then
fagn — fg in L'. This applied to the two terms below separately implies
the L' convergence

(Yo - W)H(G) - (Y - W) (H) — / Y, (s,x)? ds da
(9.31) (0,t] x (GNH)
— (Y- W) (G) - (Y - W) (H) — / Y (s,z)? ds dz.
(0,t]x (GNH)

Consequently the limit process is also a martingale. Note that for w in the
full probability event

{w:/ Y(s,:c,w)std:L‘<ooVT<oo}
(0,T] xR

the function ¢ — f(o,t]x(GmH
of the dominated convergence theorem. Hence the limit martingale in (9.31)
has a.s. continuous paths.

) Y (s,x,w)?ds dz is continuous simply by virtue

To conclude that the limit martingales (Y - W),(B) form a finite mar-
tingale measure, it remains to check that for a fixed ¢, B — (Y - W)4(B) is
a finite L2-valued measure. For a finite disjoint union B = By U --- U B,,,
additivity

Y -W)(B) = (Y - W)e(B) + -+ (Y - W)i(Bm)
is inherited from the additivity of the approximating variables (Y, - W):(B).
Let B = ;> Bx be a countable disjoint union and Gy, = BN\ (B1U- - -UBp,).

The required property is (Y - W)i(Gy,) — 0 as m — oo in L2. Tt follows
from the isometry and dominated convergence:

E[(Y -W)(Gn)?] = E Y (s, z,w)*dsdz — 0.
(0,t]xGm
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Similarly we have the bound over all Borel subsets:
sup E[(Y -W)(B)? < E Y (s,z,w)?dsdz < oo.
BCR4 (0,t]xR4

The uniqueness claim is proved from estimate (9.23) as was done for Defi-
nition 5.11. (]

In (9.11) we gave alternative notations for the integral. The martingale
property of the process in (9.31) can be equivalently expressed in terms of
the predictable bracket process as

(9.32) </ Y dW, YdW> = / Y (s, )% ds dz.
(0, ]xG (0,]xH t
(0,t]x (GNH)

For the next section on a stochastic heat equation we need an application of
the Burkholder-Davis-Gundy inequality that we state as the next lemma.

Lemma 9.7. Assumptions as in Definition 9.6. Let B € Br and p € [2,00).
Then there exists a constant C, < 0o that does not depend on either Y or

B such that, for all T € [0,0),
P
E[ sup ]

/ Y(s,z)dW (s,x)
t€[0,71/ (0, x B
(9.33) )

<CpE[ </ Y(S,$)2d8d$>2 ]
(0,T1xB

Proof. Immediate application of (6.28) to the martingale (Y - W).(B), to-
gether with the fact that [M] = (M) for a continuous L? martingale M
(Proposition 3.33). O
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9.2. Stochastic heat equation

In Chapter 7 we took a basic ODE a/(t) = b(z(t)), added noise to it, and
studied the resulting SDE dX = b(X)dt + o(X)dB. Here we do the same
for a basic partial differential equation (PDE), namely the heat equation.
We begin by introducing the heat equation in one space dimension.

The heat equation on the real line is the PDE

(9.34) Pt = %sz

for an unknown real-valued function p(t,z) on R4 x R. Subscripts are
shorthands for partial derivatives: p; = Op/0t and pg. = 0%p/0x?. This
equation is intimately tied to Brownian motion because of the role of the
Gaussian kernel p(t,z,y) = (27t)~1/2 exp[a(z — y)?] as the fundamental
solution of the heat equation. Namely, thinking of y fixed, for ¢ > 0 the
function p(t,z) = p(t,z,y) satisfies (9.34), and, as t \, 0, as a probability
measure p(t,z)dx converges weakly to d,, the pointmass at y. Hence for
t = 0 it is natural to use the convention

(9.35) /R p(0,2,9) () dy = /R p(0,y,2)f(y) dy = f(z).

Consider the initial value problem
(9.36) pr = gpze on (0,00) xR, p(0,2) = f()

for the heat equation, with a given bounded continuous initial function f.
Define the convolution

(9.37) plt, ) = (p(t) * f)(z) = /R Pt x.9)f () dy.

Then p is infinitely differentiable on (0,00) x R, continuous on R; x R,
and solves (9.36). This solution p is unique among solutions that satisfy an
exponential growth bound in space. (See Thm. 7 in Sect. 2.3 in [7]).

We add space-time white noise to the heat equation to get the stochastic
heat equation

(9.38) wp = Yy + o (W)W,

By allowing the coefficient function ¢ we give ourselves some additional
generality. Equation (9.38) is an example of a stochastic partial differential
equation (SPDE). The solution u is a function u(t, z,w) of time, space, and
a sample point w of the probability space on which the white noise W is
defined. If the coefficient function o is a constant, (9.38) is quite simple.
When o(u) is not identically 0 or 1 equation (9.38) is sometimes called the
stochastic heat equation with multiplicative noise.
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The setting is now more complex than for SDEs. As with SDEs, we
cannot expect our solution process u to be actually differentiable in the
variables t and x. We first embark on a discussion of how to make rigorous
mathematical sense of equation (9.38).

In the theory of partial differential equations there is a standard way of
dealing with equations where derivatives cannot immediately be expected
to exist in the classical (that is, calculus) sense. The original equation is
replaced by an integral equation via these steps: (i) multiply the original
equation by a smooth compactly supported test function ¢» € C°(R4 xR),
(ii) integrate over [0,t] x R, and (iii) move all derivatives onto 1 through a
formal integration by parts. For (9.38) steps (i) and (ii) give

/w(s,w)ut(s,x)dsd:vzé / P(8, T)ugy (s, x) ds dx

[0,t]xR [0,t]xR
+ / ¢(s,x)a(u(s,1:))W(s,x)dsdx.

[0,t]xR

Step (iii), and interpreting the integral against the “generalized function”

W (s, x) as a white-noise stochastic integral, leads to the equation

/w(t,m)u(t, x)dr — /w(O,Jr)u(O,:U) dx
R R

(9.39)
- /wt(s,x)u(s,x)dsda:
0,6 xR
:% / Yy (s, z)u(s,z)dsdx + / U(s,z)o(u(s,z))dW (s, x).
0,]xR 0,xR

Compact support of ¥ on R kills the boundary terms at x = 4+oc0. Note
the nature of this activity: we are not “solving” (9.38) but rather working
our way informally towards a reformulation of (9.38) that could conceivably
be solved in a mathematically rigorous fashion. The virtue of (9.39) is that
it makes sense for any measurable, adapted process u(t, x,w) for which the
last (stochastic) integral is well-defined. Compact support of 1 restricts
this integral to a compact rectangle [0,t] x [—R, R] so under strict enough
assumptions on o this integral will present no problem. In p.d.e. terminology
(9.39) is the weak form of equation (9.38).
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Let us rewrite (9.39) once more to highlight the feature that ¢ is acted
on by a backward heat operator:

/1/1(75, x)u(t,z)de = /111(0,3:) u(0,z) dx
R R

(9.40) + / [e(s,2) + S0ga(s, )] u(s, ) ds dz
[0,t]xR

+ / P(s,x) o(u(s,z))dW(s,x).
[0,t]xR

In (9.40) we have an equation for the unknown process u that is more mean-
ingfully posed than (9.38). But (9.40) is not immediately conducive to the
application of an iterative scheme for proving existence. So we set out to
rewrite the equation once more, by making a judicious choice of the test
function . Since we have not made any precise assumptions yet, mathe-
matical precision will continue to take a backseat.

Take a test function ¢ € C2°(R) and define

G(t,¢,m):/Rp(t,z,x)¢(z) dz.

Keeping ¢t > 0 fixed, set ¢(s,x) = G(t — s,¢,x). Then ¢(t,z) = ¢(x) and
Vi(8,2) + 2950(s,2) = 0 while s € (0,¢). With this 1 (9.40) turns into

[ o@utt.o) / G(t, &, 2) u(0, ) dz
R

/ Glt — 5, 6,2) o (u(s, 2)) AW (s, 2).

[0,t]xR

(9.41)

Now let ¢ shrink nicely down to a point mass at a particular xg. For example,
take ¢-(x) = p(e, o, ) and then let € N\, 0. Then

Gt bery) = / plt, 2, 9)be (@) dz = p(t, z0,7).

After the e — 0 limit equation (9.41) becomes

u(t,xg) = /p(t,xg,x)u(o,:v) dx

(9.42) R

b [ bl = o) ouls,) dW (s, 2).
[0,t]xR

Of course taking the limit above rigorously would require some assumptions.

But we will not worry about justifying the steps from (9.38) to (9.42). In
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fact, we haven’t even given a rigorous definition for what (9.38) means. The
fruitful thing to do is to take (9.42) as the definition of the solution to
(9.38). Recall that {G;} is the filtration on R X 2 obtained by augmenting
{Br ® Fi}.

Definition 9.8. Let ug(z,w) be a given Gyp-measurable initial function. Let
u(t,z,w) be a measurable adapted process. Then w is a mild solution of the
initial value problem

(9.43)  w = Jug, + J(U)W on (0,00) x R, u(0,z) =wup(x) forz € R

if u satisfies the equation

u(t,z) = / p(t, 7, ) uo(y) dy

(9.44) R

+ / p(t — 5,2,5) o (u(s,y)) AW (5,7)
[0,t]xR

in the sense that, for each (¢,z) € (0,00) x R, the equality holds a.s. Part
of the definition is that the integrals above are well-defined. In particular,
for each (t,z) the integrand £"*(s,x,w) = 1y (s)p(t — s,z,y) o(u(s,y)) is
a member of Lo(WV).

Note that the stochastic integral term on the right of (9.44) is the value
Y;"* of the process

yie = / Lo () plt — 5,2, 9) o (u(s,9) AW (s.), € Ry
[0,r] xR

defined as in Definition 9.6. Exercise 9.12 asks you to verify that equation
(9.44) implies the weak form (9.40).

Example 9.9. The case o(u) = 1 is called the stochastic heat equation
with additive noise:

(9.45) U = Ly, + W on (0,00) x R, u(0,2) =up(x) for z € R.

In this case (9.44) immediately gives us an explicit solution:

(9.46) wt@) = /p(t,fc,y) uo(y) dy + / p(t = s,2,y) dW(s,y).
R [0,t]xR

In particular, the stochastic integral term has a deterministic L? integrand.
This integral can be defined as an instance of the isonormal process in Section
9.1.



330 9. White noise and a Stochastic Partial Differential Equation

Returning to the general SPDE (9.43), our goal is to prove an exis-
tence and uniqueness theorem for the mild solution. The familiar Lipschitz
assumption on the coefficient o(u) is again invoked.

Assumption 9.10. Assume the Borel function o : R — R satisfies the
Lipschitz condition

(9.47) lo(u) — o(v)| < Lju — v

for a constant L < oo and all u,v € R.

Note that assumption (9.47) implies also the growth bound
(9.48) lo(u)] < L'(1+ Jul)
for another constant L'.

We need to impose two types of assumptions on the initial function wyg,
basically to make the two integrals on the right-hand side of (9.44) well
defined. The first integral is an ordinary Lebesgue integal, evaluated w by
w. It needs an assumption on the almost sure behavior of ug. We also insert
ug in the stochastic integral. This part would be well-defined with an L?
assumption with p = 2. In order to get a continuous solution process we
strengthen this to p > 8.

Assumption 9.11. Let ug : R x  — R be a Gp-measurable function with
the following properties. For P-a.e. w, x — ug(z,w) is a continuous function
and there exists a constant C'(w) < oo such that

(9.49) lug(z,w)| < C(w)eC@ll vz e R.

Furthermore, for some 8 < p < 0o and constants 0 < A, K < oo we have
the moment bound

(9.50) Elluo(z)]P] < Kel®l vz e R.

Theorem 9.12. (a) Existence. Assume Assumptions 9.10 and 9.11. Then
there exists a continuous, measurable, adapted process u(t,x,w) that satisfies
Definition 9.8 of the mild solution of the stochastic heat equation (9.43).
Furthermore, for each T € (0,00) there exists a constant K(T) < oo such
that

(9.51) Vie[0,T], z e R: E[|u(t,z)|P] < K(T)eA!
where A is the same constant as in assumption (9.50).

(b) Uniqueness. Assume Assumption 9.10. Let ug be a random function
such that the first integral on the right-hand side of (9.44) makes sense
for a.e. w. Suppose u and v are two measurable processes adapted to the
filtration {G} defined above. Assume u and v satisfy moment bound (9.51)
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with p = 2 for some T, and equation (9.44) almost surely for each point
(t,z) € [0,T] x R. Then u(t,x) =v(t,z) a.s. for each (t,z) € [0,T] x R.

At the heart of the existence proof is again an iteration. The scheme
comes naturally from the definition (9.44). Let

(9.52) wolt, ) = / p(t, z,y) uo(y) dy
R
and for n > 1

un(t, ) = / p(t, 2, y) uo(y) dy

R

+ / p(t — 5,2, 9) 0 (wn_1(s,9)) AW (s, y).
[0,t]xR

(9.53)

As it stands, uy,(t, r) is defined for each (¢, ) separately as an L? limit,
according to the definition of the white noise integral from the previous
section. This is not good enough. In order to insert w, back into the
stochastic integral for the next step of the iteration, u, needs to have some
regularity properties as a process indexed by (¢,x). For this purpose we
show that, at each stage, we can select a continuous version of the process
uy, defined by the right-hand side of (9.53). We begin by sketching the
simple argument for the first integral on the right-hand side of (9.44) and
(9.53).

Lemma 9.13. Let f be a continuous function on R and C a constant such
that | f(x)| < CeCl*l Vo € R. Then the function

v(t,x) = /Rp(t,:r,y)f(y) dy
is continuous on R4 x R.

Proof. If (t,x) — (s, z) such that s > 0, it is straightforward to use domi-
nated convergence to show v(t,z) — v(s, z). Suppose (t,z) — (0,z). Con-
tinuity holds along the line ¢ = 0 by convention (9.35), so we may assume
t — 0 along positive values. Pick a small § > 0 and write

ot 2) — £(2)] < / p(t,2,9)| F(v) — F(2)] dy

y:ly—z|<é
/ ) £ d
+ Yy)—J\2 Y.
yily—(a—2)|>8 V2t

The first integral on the right can be made small by choice of §, by the
continuity of f. When |z — z| < §/2, the second integral can be bounded
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above by expanding the set over which the integral is taken to {y : |y| >
d/2}. The derivative (0/0t)p(t,0,y) shows that, for small enough ¢ and all
y outside (—3/2,0/2), p(t,0,y) decreases as t N\, 0. Thus by dominated
convergence the second intergral vanishes as (¢,z) — (0, 2). O

Before embarking on the real work we record some properties of the heat
kernel. The following calculation will be used several times:

t —y?/s
(9.54) / p(s,x,y)2dsdy:/ ds/€2 dy = +\/t/m.
0 s
R

[0,t]xR

Note that shifting the integration variable y removes the variable x. Another
useful formula is the Gaussian moment generating function

T 202
(9.55) / € 2 e dy = e2’® for a € R.
R

Lemma 9.14. There exists a constant C such that, for all x € R and
0 < h,t < oo,

(9.56) / p(s,2 + hyy) — p(s, z,y)>dsdy < Ch.
[0,t]xR
and
(9.57) / p(s + h,2,y) — p(s, 2,y)* ds dy < CVh.
[0,t]xR

Proof. Straightforward calculations. Expand the square and integrate the
exponentials separately.

Ip(s, 2+ h,y) — p(s,z,y)|* ds dy
[0,t]xR

t d 2 2 2 2
S _uf _w® _ (wth) _ (wth)®
= / / (e s — 26 2s 2s —|— é s ) dw
0 R

27s

t] 12 h o0
= (1—e 4)ds=—= u_3/2(1—e_”)du
/0 TS 2\/7 h2/(4t)

h —3/2 —u
< = Ch.
2\F/0 u (1 —e ")du=Ch
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Similarly

/ |p(s—|—h,aj,y)—p(s,x,y)|2dsdy

[0,t]xR
2\/177(\/t+h—\/t+h/2+(\f2—1\f+\[ Vit+h/2)
< CVh. 0

We refine the previous lemma by inserting an exponentially growing
factor inside the integral.

Lemma 9.15. Let 0 < A,T < co. There ezists a constant C = C(A,T) <
oo such that, for allz € R, t € [0,T] and 0 < h <1,

(9.58) / Ip(s, @ + h,y) — p(s, z,y)* e W ds dy < Ce?Ih.
[0,t]xR
and
059 [ Ity - plsa) W dsdy < CAVR
[0,t]xR

Proof. Since el < ¢4V 4 ¢=4¥ we can drop the absolute value from y by
allowing A to be real, and then at the end add the two bounds for A and
—A.

First some separate parts of the calculations. The next identity will find
use several times later also.

t o4 —y2/s
/ p(s,z,y)? e dsdy = e* / i ¢ e dy
0

2\/7s \/TS
(9.60) [0,{]xR R
:eAz /t ds 6A2s/4
0 2\/71'8
and
| vl hoypls, ) eV dsdy
[0,t]xR
—p—h)y2
(9.61) :eh2/4s/t ds  [e :rs) A gy
0 24/TS VTS
R

:eA(x+g)eh2/4s/t ds_ aze/a
0 24/TS
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Now expand the square and collect terms.

/ |P(S,93+h,y)*p(57337y)|2 BAdedy

[0,t]xR
t
(9.62) _ Az ds  a2g/a(y o Anj2_h%/4s | _Ah
e ; 2\/7%6 (1 2e e +e )
_ e /t ds €A25/4((6Ah/2_1)2+2€Ah/2(1_eh2/45)>
0 2\/71'8

Use the bound eAs/4 < eAt/4 Bound the first part inside the large paren-
theses with [e* — 1] < e@VO)|z]:

(6Ah/2 - 1)2 < e(AVO)th.

Integrate the second part:

t n2 h o0
l—€e 4)ds = —— w321 — e7%) du
/ ( ) 2V Jh2j(a) ( )

h o0
< — w321 — e ) du = Ch.
In the end we get

/ p(s,x + h,y) — p(s, z,y)|* e ds dy
[0,t]xR

< CeAxeAQt/4e(A\/0)h(h2\/£+ h)

where C' is a numerical constant that does not depend on any of the pa-
rameters of the calculation. With h restricted to (0, 1] we have h? < h, and
doubling this bound to account for +A gives (9.58).

We proceed similarly for the second bound. First a piece of the calcula-
tion.

/ p(s + h,2,y)p(s, z,y) e ds dy
[0,t]xR
~W=2)’ iy

(9.63) _ / P ds / e S g,
0 2\/7T(S+h/2)R o (s+h)s

2s+h

t A2 (s+h)s

= eAx/ 4 e 4 sHh/2,
0

2./7(s + h/2)
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Then, using (9.60) and (9.63),

p(s + h,x,y) — p(s, z,y)|* eV ds dy
[0,t]xR

A72 (s+h)s A2
4 s+h/2 e’
) ds

s+h) e
- M/ RN/ TS RN

2 S S
6 4 s+h) 6A4 '(s:hh/>2
<
_Q\F/ Vs +h/2
A2 (s+h)s
64 S_e 4 s+h/2 A—25 1 1 d
. Pl Ly,
Vs+h/2 Vs \/s+h/2

< e*C(A, t)Vh.

Inside the integral in the middle member above, the first term is O(h), the
second negative, and the third O(v/h). O

Now the lemma that will be crucial in propagating good properties along
the iteration (9.53).

Lemma 9.16. Fiz p > 8. Let {(t,z,w) be an adapted measurable process.
Assume that for each T € (0,00) there exist nonnegative finite constants

K =K(T) and A = A(T) such that
(9.64) Vie[0,T], zeR: E[|¢(t )] < Kellol,
For each (t,x) € Ry x R let

n(t,z) = / Pt — 5,2,y) €(s,y) AV (5,1).
[0,t]xR

Then the process n(t,z) is well-defined and has a continuous version. Fur-
thermore, the moment bound is preserved with the same constant in the
exponent but with a larger constant in front: there exists a constant C(A,T)
such that

(9.65) Vte [0,T], z e R E[|n(t,z)]P] < C(A,T)KeAl!

where A and K are the same constants in both (9.64) and (9.65).

Proof. We can think of n(t,z) = f[o T]XRYt7x(s, y) dW (s,y) for any T > t,
with Y57 (s, y,w) = Ly (s)p(t — s,z,y)E(s,y). That YH* € Lo(W) follows

from assumption (9.64) and property (9.60) of the heat kernel. Thus Y% is
a legitimate integrand.
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The continuity of n will come from the Kolmogorov-Centsov criterion,
Theorem B.19. So we estimate moments of increments, first the space in-
crement and then the time increment. Fix T' < oo, and restrict ¢ to [0, 7]
so that K and A in (9.64) can be regarded as fixed finite constants. Below
apply first the Burkholder-Davis-Gundy inequality (9.33). Then inside the
expectation apply Hoélder’s inequality with conjugate exponents p/(p — 2)
and p/2, and note that the first integral can be taken outside the expecta-
tion.

Eln(t, x) —n(t, 2)"

:EH /)@pwg—mﬂ%w&&deGW)

[0,t]xR

p}

4

— 2 2 2

SCEH / |Dt—s,0y — Di—s,zyl|” [€(5,9)] dsdy‘ ]
[0,] xR

IS}

24 4 9 2
=B ‘pt_5’$’y o pt—s,z,y’ P |pt—87$,y — DPt—s,zyl? ‘gs,y’ dsdy
[0,t]xR
p—2
9 2
S C< / |pt—s,w,y - pt—s,z,y‘ dS dy)
[0,t]xR
x B / |pt—8,x,y — Pt—s,zy 2 |€(5, y)\p ds dy
[0,t]xR
p=2
S C< / |pt—s,x,y - pt—s,z,y 2 dS dy)
[0,t]xR
. / Pt—s,2y — pt*s,z7y|2 Ket ds dy
[0,t]xR

< Clz— 2|2 Kl < Clo — 2|%.

In the next to last step we applied (9.56) and (9.58) restricted ¢, x and z to
compact intervals to get a single constant C' in front.

The time increment we treat in two pieces. Let 0 <t <t+h <T.
"7(t + hv .’IJ) - n(ta .CL‘)

- / (Pt + b — 5,2,y) — p(t — 5,2,9)) E(s,) AW (s,3)
[0,t]xR
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+/ Pt + h— 5,2,9) (s, y) AW (s,9)
[t,t+h] xR

and so, from |a 4 b|P < C(|alP + |b|P) and inequality (9.33) again,
E’U(t + h'7 CC) - 77(t7 x)’p

|

/[;t+h] R|p(t +h—s, x7y)‘2 \f(S,y)I2 ds dy
) X

<CFE |: ‘ / ‘thrhfs,x,y - pt—s,z,y‘Q ‘5(37 y)’2 dsdy
[0,(]xR

Repeat the Holder step from above and use assumption (9.64) again to get

+C’E[

p—2

2
< C( / |pt+h—s,x,y - pt—syx7y|2 ds dy)
[0,f]xR

- / [Pesh—say = Pe-sayl’ Ke'l ds dy

[0,t]xR
p=2
+ C< / |p(t+h—s,x,y)\2dsdy> ’
[t,t+h] xR
X / Ip(t +h —s,2,y)|> KeAl ds dy
[tt+h]xR

< OL"T . C(A, ) KelVh < Ont

We bounded the four integrals with (9.57), (9.59), (9.54) and (9.60), and
then restricted ¢, x and z to compact intervals.

Combine the estimates to get, for (s, ) and (¢, z) restricted to a compact
subset of Ry X R,

Eln(s,x) —n(t, 2)[P < C(|s —t|% + |z — %)
< O|(s,z) = n(t, 2)|.

In the last expression | | stands for Euclidean distance on the plane. The
restriction to a compact set allowed us to drop the higher exponent, at the
price of adjusting the constant C'. Note that for small increments the smaller
exponent gives the larger upper bound, and this is the relevant one. Since
dimension of space-time is d = 2, the criterion from Theorem B.19 for the
existence of a continuous version is % >2& p>8.
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To prove (9.65), use the Holder argument from above and then (9.54)
and (9.60), with ¢ restricted to [0, T7.
|

/ Pt—sxy 5(879) dW(S,y)

[0,t]xR

Elnft.0)P = 5|

2 2 g
SCEH / Pi—suy 55, Y)] dsdy' }

[0,t]xR
T
<C < / Pi-s .y ds dy) / Dis iy KW ds dy
[0,t]xR [0,t]xR
< C(A,T)KeAl, O

Let us first discuss the consequences of the lemma for the mild solution u.
Suppose we have a measurable adapted process u that satisfies the moment
bound (9.64) and such that, for each fixed (¢,2) € R4y x R, (9.44) holds
a.s. Property (9.48) transfers (9.64) to o(u(t,z)), and then by Lemma 9.16
the stochastic integral on the right-hand side of (9.44) has a continuous
version. Then the entire right-hand side of (9.44) has a continuous version,
and hence so does the left-hand side, namely wu itself. (Processes u and @
are now versions of each other if P{u(t,z) = u(t,x)} = 1 for each (t,z).)
The stochastic integral is not changed by replacing v with another version
of it. The reason is that the metric dg, ) does not distinguish between
versions and so versions have the same approximating simple predictable
processes in Proposition 9.2. Consequently equation (9.44) continues to
hold a.s. for the continuous version of u. The upshot is that in order to have
a continuous solution u, we only need a measurable adapted solution u that
satisfies moment bound (9.64).

We turn to the iteration (9.53). Assumptions (9.49) and (9.50) on uy and
property (9.48) on o(u) guarantee the hypotheses of Lemmas 9.13 and 9.16
so that wug(t, z) is well-defined, has a continuous version, and satisfies again
the locally uniform L? bound (9.64). Repeating this, we define a sequence
of continuous processes u, by (9.53), each satisfying moment bound (9.64).

For the existence of the solution we develop a Gronwall type argument
for the convergence of the iterates u,, analogously to our earlier treatment
of SDEs. Note the following convolution property (B.12) of the Gaussian
kernel:

/(s x)p(s, x )dx*¥
Rp Y, )PAS, T, Y V2125

Fix an compact time interval [0,7]. By restricting the treatment to [0, 7]
we do not need to keep track of the ¢-dependence of various constants.
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It is crucial to develop the moment bound (9.50) along the way in a
manner that does not alter the constant A in the exponent. First we pass
it to up(t, z) defined by (9.52). Since ug(0,z) = up(x), take ¢t € (0,T].

Elug(t, z)|P < /p(t,z,y) KeAlvl dy < KeAl! /p(t707y) e dy
R R
= KeAmE(eA‘/ZIZ') = KoyeAll

where Z denoted a N (0, 1) random variable, and we defined a new constant
Ky = Ko(A,T). Note that the constant A in eAll was preserved.

Next we control the initial difference. The constant C' below can change
from line to line and depend on (7', p), but not on (A, ).

|

Eluy(t,x) — uo(t,x)|P

_ EH / p(t — s,2,y) o (uo(s, y)) AW (s, )
0,]xR

g
<0EH / p,?_s,x,y\a(u(](s,y))r?dsdy]]

[0,t]xR
p—2
2
gc( / p?_s,x,ydsdy) [ ey Blotuslss )l dsdy
[0,/]xR [0,t]xR
<c / p(t — s,2,9)2 (1 + Elug(s,y)|P) ds dy
[0,t]xR
<C / p(t = s,2,y)* (1 + Koe'W) ds dy
[0,t]xR

< C(1+C(A, T)Koelly < Kyl
On the last line we introduced yet another constant K; = K1(A4,T).
For n > 1 we have the equation
Upt1(t, ) — up(t, x)
= [ bt sm) oG5, — o0V (5.,
[0,t]xR
For the induction argument introduce the sequence

(9.66) an(t) = sup sup e B un (s, 2) — un(s, 2)[P.
s€[0,t] zeR
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The calculation above gives the inequality
(967) ao(t) < K; for t € [O,T]

which serves as the initial step of the induction. For the induction step we
imitate yet again the calculations of Lemma 9.16, with restriction ¢ € [0, T].
The Lipschitz assumption (9.47) comes here into the argument. Again C
can change from line to line and depend on (7, p) but not on (A, z).

Elupi1(t, ) — up(t, z)|P

_ EH / p(t = s,2,9) [0 (a(s,9)) — o (w1 (s,))] AV (5, )

|

|

[NIiS)

/ P20y 10t (5,9)) — 0 (tn1 (5, 9)) | ds dy

VS|

<0EH / t”ypt sy [Un(8,9) = un—1(s,9)[* ds dy
0,{]xR

|

p—2
2 2
/ pt—s,$,y ds dy>
[0,¢]x
pgfs,x,y E‘un(sa y) — Up-1 (87 y) |p dsdy
[0,t]xR
<C / pf_s%y eAlY! an—1(s)dsdy
[0,t]xR
¢ o (1/t—7—"'-‘8)2

=C | dsan_1(s / E—C dy

0 ( ) R 27T(t — 3)

t
an—1(s —s
<C ds 1(s) 6A|a:|+t4 A?

The next to last inequality came from the Gaussian moment generating
function (9.55). We introduced a new constant Ky = Ko(A, T) = CeT4*/4.
The development above can be summarized in the inequality

t)SKg/Ota&til_(i)ds t e [0,7).
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An application of Holder’s inequality gives

(9.68) an(t) < Koy (/Ot(t — )3/ ds> " (/Ot an—1(s)* ds>1/3.

Define (yet again) a new constant and turn this into

¢
an(t)3 < Kg/ an—1(s)>ds, t€[0,T].
0

As in (7.37)—(7.38), (9.67) together with the above inequality develop in-
ductively into

Kitn
an(t)’ < K{ =2~ t€[0,T].
n!
We get this bound on L? norms:
/ Z Elupi1(t, z,w) — up(t, x,w)|P dt dz
[OvT]X[_R7R] n>0
< 2RTeAR sup sup e Elu, 1 (¢, 2, w) — un (t, z,w)|P

n>0 te[0,7] zeR

1
KIT™\ 3
< 2RTe™D " a,(T) < C(A,T,R)Z( 3 )3 < 00

n>0 n>0 n!
where the convergence of the series can be seen for example from n”/n! < e".
From
Eltini1(t, ) — up(t, x)| < eAl71/Pq, (1)
we deduce

EZ]unH(t,x,w) — up(t, z,w)| < oo,
n>0

from which is follows that

Y (t,x) : Z|un+1(t,x,w) — Up(t, z,w)| < oo for P-a.e. w.
n>0

Consequently there exists a limit function u(¢, z,w) such that
(9.69) V(t,z) : up(t,z,w) — u(t,r,w) P-a.s.

In particular, u is measurable and adapted to {G;}.

By (9.66) and the triangle inequality, for t € [0,T], x € R, and n < m <
Oo?

lun(t 2) — i (t, @) | pogpy < P Y ap(T)7 = AHPEYP < o0,

k=n
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The last equality above defines the constant K),, that vanishes as n — oo
by the convergence of the series. Since un,(t,x) — u(t,x) a.s., we can let
m — oo on the left and apply Fatou’s lemma to get

(9.70) [un(t, ) = u(t, z)|| o(py < VPR,

Recall that the iteration preserved the LP bound (9.64) for each w,, with a
fixed A but K that changed with n. The estimate above extends this bound
to u and thereby verifies (9.51).

To summarize, we have a measurable, adapted limit process u with mo-
ment bound (9.51). From Lemma 9.16 we know that the stochastic integral
on the right-hand side of (9.44) is well-defined. To conclude the proof that
this process satisfies the definition of the mild solution, it only remains to
show that the iterative scheme (9.53) turns, in the limit, into the definition
(9.44) of the mild solution. It is enough to show L? convergence of the
right-hand side of (9.53) to the right-hand side of (9.44), since we already
know the a.s. convergence of the left-hand side. Utilizing the isometry, the
Lipschitz assumption (9.47), and estimate (9.70),

E\ [ o= s.5.0) otunls.) — o(uts, )] W s.)

[0,t]xR
—E / Pt — 5,2,9)2 |0 (un(s, ) — o (u(s, y))? ds dy
[0,t]xR
<C / p(t —s,2,y)* Elun(s,y) — u(s,y)* ds dy
[0,t]xR
< CKZ,n / p(t — 5, y)2 6A|y‘ ds dy
[0,t]xR

— 0 asn — oo.

This completes the existence proof.
We turn to uniqueness. Same steps as above, with the isometry and the
Lipschitz assumption (9.47). Define

a(t) = sup sup e W Eju(s, 2) — v(s, z)?

s€l0,t] zeR

Elu(t,x) — v(t,m)|2
2
_ E] [ ot s.00) foluts,) — oG5, W 5.9

[0,t]xR
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=5 [ plt = s lolus.p) - olv(s.0) P dsdy
[0,f]xR

<C / p(t —s,2,9)* Elu(s,y) — v(s,y)[* dsdy
[0,t]xR

<c [ bt smaPatetisdy
[0,t]xR

As above, we develop this into

alt) < C/Ot j% ds < C</Ota(s)3ds> v

where we used again the Holder trick of (9.68) and restricted to t € [0,T] to
have a constant C' independent of ¢. Gronwall’s inequality (Lemma A.20)
implies that «(t) = 0. This completes the proof of Theorem 9.12.

Exercises

In Exercises 9.2-9.3, W is a white noise based on a o-finite measure space
(X,B,\).

Exercise 9.1. Let (X, B, \) be a o-finite measure space. Show that on some
probability space there exists a mean zero Gaussian process {W(A) : A €
B, A(A) < oo} with covariance E[W (A)W(B)] = A(AN B). In other words,
white noise exists. This can be viewed as an application of Exercise 1.19.

Exercise 9.2. (a) Compute E[(W (AU B) — W(A) — W(B))?] and deduce
the finite additivity of W.
(b) Show that E[(W(A) — W(B))?] = A(AAB).
(¢) Show the a.s. countable additivity (9.3).
Exercise 9.3. For a set U € A define the o-algebra
Gu=0{W(A): Ac A, ACU,\NA) < oo}

Show that the o-algebras Gy and Gye are independent. Hints. By a w-\ ar-
gument it suffices to show the independence of any two vectors (W (A1),..., W(A4n))
and (W(By),...,W(By)) where each A; C U and each B; C U°. Then use

either the fact that the full vector (W (A1),...,W(An), W(B1),...,W(By))

is jointly Gaussian, or decompose W (A;)’s and W (B;)’s into sums of inde-
pendent pieces.

Exercise 9.4. In this exercise you show that white noise W(-,w) is not a
signed measure for a.e. fixed w. Let W be a white noise on R% based on
Lebesgue measure m. Fix positive numbers {cx}ren such that > c2 = 1
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but 3" ¢ = oo. (For example, ¢, = v/6/(k).) Let A =J, Ak be a disjoint
union of Borel sets with m(Ay) = ci. Show that > |W (Ag)| = co a.s. Thus
> W(Ag) does not converge absolutely and consequently W(-,w) cannot
be a signed measure.

Exercise 9.5. Let T be white noise on R? with respect to Lebesgue mea-
sure. For ¢ > 0 show that W(9(A4,w) = ¢ ¥?W(cA,w) is another white
noise on RY,

Exercise 9.6. This exercise contains some of the details of the construction
of the isonormal process {W(h) : h € L?>()\)}.

(a) Show linearity W (ag + Bh) = aW(g) + W (h) for a, f € R and
simple functions g,h € L2()).

(b) Show that W (h) is well-defined: that is, if {g,} and {h,} are two
sequences of simple functions such that g, — h and h,, — h in L?()), then
a3t 1V on) = 1, Whn).

(c) Show that {W(h) : h € L%(\)} is a mean zero Gaussian process with
covariance E[W (g)W (h)] = [ ghd\. Note that you need to show that for

any choice hy, ..., h, € L*(\), the vector (W(hy),..., W (hy)) has a normal
distribution.

Exercise 9.7. Let {B; : t € R%} be Brownian sheet with index set R<.
Show that for each compact set K C R% there exists a constant C = C(K) <
oo such that E[(Bs — By)?] < C’Zgzllsi — t;| for s,t € K. Use Theorem
B.19 to show that Brownian sheet has a continuous version. (Exercise 1.12
points the way to finding bounds on high moments of Bs — B;.)

Exercise 9.8. Expand the calculation in (9.9) to prove that for any A and
B with m(A) +m(B) < 0o, Zy = W (A)W(B) —tm(AN B) is a martingale.
You will need Exercise 9.3.

Exercise 9.9. Let A be a ring of subsets of a space X. Show that (i) ) € A,
(ii) A is closed under intersections, and (iii) A is an algebra iff X € A.

Exercise 9.10. Fill in the details of the proof of Lemma 9.4.

Exercise 9.11. (Fubini’s theorem for stochastic integrals) Let (U,U, i) be
a finite measure space, and Y (¢,z,u,w) a jointly measurable function on
R, x R% x Q x U. Prove the statement

() Y (s, 2, 0) dW (s, )
U (0,t]xB
:/(07t]XB</UY($,:U,u)/L(du)) AW (s, )

under some natural assumptions.

(9.71)
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Exercise 9.12. Check that if process u(t,z) satisfies definition (1.41) of
a mild solution then it also satisfies the weak form (1.37). You will need
(9.71).

Exercise 9.13. Since the existence proof of Theorem 9.12 is technical, a
valuable way to understand the issues would be to rework parts of the proof

with stronger assumptions. For example, reprove Lemma 9.16 to show that,
if we assume

(9.72) sup El|ug(z)P] < o0
zeR
for some p > 8, then

(9.73) VT < o0 : sup  El|u(t,z)P] < oc.
te[0,T], zeR






Appendix A
Analysis

Definition A.1. Let X be a space. A function d : X x X — [0,00) is a
metric if for all x,y,z € X,

(i) d(z,y) =0 if and only if z =y,

(i) d(z,y) = d(y, z), and
(iil) d(z,y) < d(z,z) + d(z,vy).
)

The pair (X, d), or X alone, is called a metric space.

Convergence of a sequence {z,,} to a point x in X means that the dis-
tance vanishes in the limit: z,, — =z if d(z,,z) — 0. {x,} is a Cauchy
sequence if sup,,~,, d(Tm,zn) — 0 as n — oo. Completeness of a metric
space means that every Cauchy sequence in the space has a limit in the
space. A countable set {yx} is dense in X if for every x € X and every
e > 0, there exists a k such that d(x,yx) < e. X is a separable metric space
if it has a countable dense set. A complete, separable metric space is called
a Polish space.

The Cartesian product X" = X x X x --- x X is a metric space with
metric d(x,y) = >, d(x;,y;) defined for vectors x = (z1,...,2,) and y =
(Y1,---,Yn) in X™

A wector space (also linear space) is a space X on which addition z + y
(x,y € X) and scalar multiplication az (o € R, x € X) are defined, and
satisfy the usual algebraic properties that familiar vector spaces such as R"
have. For example, there must exist a zero vector 0 € X, and each x € X
has an additive inverse —x such that = + (—z) = 0.

Definition A.2. Let X be a vector space. A function ||-|| : X — [0,00) is
a norm if for all z,y € X and a € R,

347
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(i) ||z]| = 0 if and only if 2z = 0,
(i) [loz]] = |ef - [[z]], and
(i) [lz +yll < [lzll + [yl

X is a normed space if it has a norm. A metric on a normed space is defined
by d(z,y) = ||z — y||. A normed space that is complete as a metric space is
called a Banach Space.

A basic extension result says that a uniformly continuous map (a syn-
onym for “function”) into a complete space can be extended to the closure
of its domain.

Lemma A.3. Let (X,d) and (Y,r) be metric spaces, and assume (Y,r) is
complete. Let S be a subset of X, and f : S — Y a map that is uniformly
continuous. Then there exists a unique continuous map g : S — Y such that
g(z) = f(x) for x € S. Furthermore g is also uniformly continuous.

Proof. Fix z € S. There exists a sequence z,, € S that converges to z.
We claim that {f(z)} is a Cauchy sequence in Y. Let ¢ > 0. By uniform
continuity, there exists n > 0 such that for all z,w € S, if d(z,w) < 7§
then r(f(2), f(w)) < &/2. Since z, — =, there exists N < oo such that
d(xy, ) < n/2 whenever n > N. Now if m,n > N,

ATy, Tn) < d(Tm, ) + d(x,zy) < 1/24+ < /2 =1,
so by choice of 7,
(A.1) r(f(zm), f(zn)) <e/2<e form,n> N.

By completeness of Y, the Cauchy sequence {f(zy)} converges to some
point y € Y. Let us check that for any other sequence S 3 z;, — x, the limit
of f(zm,) is again y. Let again ¢ > 0, choose n and N as above, and choose
K so that d(zx,z) < n/2 whenever k > K. Let n > N and k > K. By the
triangle inequality

r(y, f(2r)) < r(y, flan)) +r(f(zn), f(21))-
We can let m — oo in (A.1), and since f(x,,) — y and the metric is itself a
continuous funcion of each of its arguments, in the limit r(y, f (mn)) <e/2.
Also,
d(zg, xpn) < d(zg,x) +d(z,z,) <n/2+ <n/2=n,
so 7(f(xn), f(zr)) < /2. We have shown that r(y, f(zx)) < e for k > K.
In other words f(zr) — .

The above development shows that, given € S, we can unambigously
define g(x) = lim f(x,) by using any sequence z,, in S that converges to x.
By the continuity of f, if  happens to lie in S, then g(x) = lim f(z,) = f(x),
so g is an extension of f to S.
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To show the continuity of g, let € > 0, pick n as above, and suppose
d(x,z) < n/2 for x,z € S. Pick sequences x, — x and z, — z from S.
Pick n large enough so that r(f(zn), f(z)) < €/4, r(f(zn), f(2)) < €/4,
d(zp,x) <n/4 and d(zy,z) < n/4. Then

d(xn, 2n) < d(xn, z) +d(z, 2) + d(2n, 2) <7
which implies 7(f(zn), f(2n)) < /2. Then

r(f(@), f(2)) < r(f(@), f(zn) +7(f(@n), f(zn) +7(f(20), £(2))

<e.

This shows the uniform continuity of g.

Uniqueness of g follows from above because any continuous extension h
of f must satisfy h(z) = lim f(z,) = g(x) whenever a sequence z,, from S
converges to x. O

Without uniform continuity the extension might not be possible, as ev-
idenced by a simple example such as S =[0,1) U (1,2], f=1on [0,1), and
f=2on (1,2

One key application of the extension is the following situation.

Lemma A.4. Let X, Y and S be as in the previous lemma. Assume in ad-
dition that they are all linear spaces, and that the metrics satisfy d(xo,x1) =
d(xo + z,21 + 2) for all xg,x1,2 € X and r(yo,y1) = r(yo + w,y1 + w) for
all yo,y1,w € Y. Let I : S =Y be a continuous linear map. Then there
exists a linear map T : S — Y which agrees with I on S.

A.1. Continuous, cadlag and BV functions

Fix an interval [a, b]. The uniform norm and the uniform metric on functions
on [a,b] are defined by

(A.2) [flloo = sup [f(t)] and doo(f,g) = sup [f(t) — g(t)].
t€(a,b] t€la,b]

One needs to distinguish these from the L* norms defined in (1.8).

We can impose this norm and metric on different spaces of functions on
[a, b]. Continuous functions are the most familiar. Studying stochastic pro-
cesses leads us also to consider cadlag functions, which are right-continuous
and have left limits at each point in [a,b]. Both cadlag functions and con-
tinuous functions form a complete metric space under the uniform metric.
This is proved in the next lemma.

Lemma A.5. (a) Suppose {fn} is a Cauchy sequence of functions in the
metric doo on [a,b]. Then there exists a function f on [a,b] such that

doo(fn, f) — 0.
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(b) If all the functions f, are cadlag on |a,b], then so is the limit f.

(¢c) If all the functions f, are continuous on [a,b], then so is the limit f.

Proof. As an instance of the general definition, a sequence of functions { f,, }
on [a,b] is a Cauchy sequence in the metric d if for each € > 0 there exists
a finite N such that doo(fn, fin) < € for all m,n > N. For a fixed ¢, the
sequence of numbers { f,,(¢)} is a Cauchy sequence, and by the completeness
of the real number system f,(t) converges as n — oo. These pointwise limits
define the function

ft) = nh_{rolo fa(t).

It remains to show uniform convergence f, — f. Fix ¢ > 0, and use the
uniform Cauchy property to pick N so that

|fn(t) — fm(t)] <e for all m,n > N and t € [a, b].
With n and ¢ fixed, let m — oco. In the limit we get
|fn(t) — f(t)| <e foralln >N and t € [a,b].
This shows the uniform convergence.

(b) Fix t € [a,b]. We first show f(s) — f(¢t) as s \(t. (If t = b no
approach from the right is possible and there is nothing to prove.) Let
e > 0. Pick n so that

sup |fn(z) = f(z)] < /4.

By assumption f, is cadlag so we may pick § > 0 so that t < s < t+ 9
implies | f,(t) — fn(s)| < /4. The triangle inequality then shows that

[f() — f(s)[ <e
for s € [t,t + 6]. We have shown that f is right-continuous.

To show that left limits exist for f, use the left limit of f,, to find n > 0
so that |fn(r) — fu(s)| < e/4 for r,s € [t —n,t). Then again by the triangle
inequality, | f(r) — f(s)| < e for r,s € [t —n,t). This implies that

0 < limsup f(s) — liminf f(s) <e¢
s/t s/t

and that both limsup and liminf are finite. Since ¢ > 0 was arbitrary, the
existence of the limit f(t—) = limg ~ f(s) follows.

(c¢) Right continuity of f follows from part (b), and left continuity is
proved by the same argument. O
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A function f defined on R? (or some subset of it) is locally Lipschitz if
for every compact set K there exists a constant L such that

[f(2) = fF(Y)l < Lz -yl

for all z,y € K in the domain of f. In particular, a locally Lipschitz function
on R is Lipschitz continuous on any compact interval [a,b]. A weaker form
of continuity is local Holder continuity with exponent v € (0, 1]:

[f(@) = fW)| < Lilz —y”
for z,y € K in the domain of f. If v = 1 then we are back in Lipschitz
continuity. Values v > 1 are not of interest. (Why?)

Lemma A.6. Suppose g € BV[0,T] and f is locally Lipschitz on R, or
some subset of it that contains the range of g. Then f o g is BV.

Proof. A BV function on [0, 7] is bounded because

lg(2)| < g(0)] + Vy(T).

Hence f is Lipschitz continuous on the range of g. With L denoting the
Lipschitz constant of f on the range of g, for any partition {t;} of [0, 7],

Z!f(g(tiﬂ)) = flg(t:)] < LZ’Q(tHl) —g(t:)| < LV,y(T). O

Lemma A.7. Suppose f has left and right limits at all points in [0,T]. Let
a > 0. Define the set of jumps of magnitude at least « by

(A.3) U={tel0,T]:[f(t+) = ft=)] = a}
with the interpretations f(0—) = f(0) and f(T'+) = f(T). Then U is finite.

Consequently f can have at most countably many jumps in [0,T)].

Proof. If U were infinite, it would have a limit point s € [0,7]. This means
that every interval (s — d,s 4 ) contains a point of U, other than s itself.
But since the limits f(s£) both exist, we can pick ¢ small enough so that
|f(r)— f(t)| < a/2 for all pairs r,t € (s —d,s), and all pairs r,t € (s,s+6).
Then also | f(t+) — f(t—)| < a/2for allt € (s—0,s)U(s,s+0), and so these
intervals cannot contain any point from U. (]

The lemma applies to monotone functions, BV functions, cadlag and
caglad functions.

Lemma A.8. Let f be a cadlag function on [0,T] and define U as in (A.3).
Then

(@JSup{\f(v)—f(u)|:O§u<v§T,U—u§5,(u,v]ﬂU:®}§a.
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Proof. This is proved by contradiction. Assume there exists a sequence
dn \¢ 0 and points uy,, v, € [0,T] such that 0 < v,—u, < Oy, (U, v,|NU = 0,
and

(A.4) [f(vn) = flun)| > a+e

for some ¢ > 0. By compactness of [0, 7], we may pass to a subsequence
(denoted by u,, v, again) such that u, — s and v,, — s for some s € [0, T].
One of the three cases below has to happen for infinitely many n.

Case 1. u, < v, < s. Passing to the limit along a subsequence for which
this happens gives

f(on) = f(un) = f(s=) = f(s=) =0
by the existence of left limits for f. This contradicts (A.4).
Case 2. u, < s < v,. By the cadlag property,

[f(on) = flun)| = [f(s) = f(s=)I-
(A.4) is again contradicted because s € (uy, vy,] implies s cannot lie in U, so
the jump at s must have magnitude strictly less than a.

Case 3. s < up < v,. This is like Case 1. Cadlag property gives
f(vn)_f(un)ﬁf(s)_f(s)zo' U

In Section 1.1.9 we defined the total variation V() of a function defined
on [0,t]. Let us also define the quadratic cross variation of two functions f
and g by

m(m)—1
[f,9](t) = mes%li(lgrl)ﬁo > (fsien) = £(s0) (9(siz1) — g(s4))
i=0

if the limit exists as the mesh of the partition m = {0 = 5o < -+ < sy () = t}
tends to zero. The quadratic variation of f is [f] = [f, f]-

In the next development we write down sums of the type > ., z(a)
where A is an arbitrary set and z : A — R a function. Such a sum can be

defined as follows: the sum has a finite value c if for every € > 0 there exists
a finite set B C A such that if F is a finite set with B C E C A then

Zw(a) —c

aclE

(A.5) <e.

If > 4 () has a finite value, z(c) # 0 for at most countably many a-values.
In the above condition, the set B must contain all a such that |z(«a)| > 2,
for otherwise adding on one such term violates the inequality. In other
words, the set {« : |z(«)| > n} is finite for any n > 0.
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If x(a) > 0 always, then

Z z(a) = sup{ Z z(a) : B is a finite subset of .A}

acA a€EB

gives a value in [0, oo] which agrees with the definition above if it is finite.
As for familiar series, absolute convergence implies convergence. In other

words if
3 lafa)] < .
acA

then the sum ) 4 z(a) has a finite value.

Lemma A.9. Let f be a function with left and right limits on [0, T]. Then
Y 1 (s+) = f(s=) < VR(T),

s€[0,7
where we interpret f(0—) = f(0) and f(T+) = f(T). The sum is actually
over a countable set because f has at most countably many jumps.

Proof. If f has unbounded variation there is nothing to prove because the
right-hand side of the inequality is infinite. Suppose V(T') < oco. If the
conclusion of the lemma fails, there exists a finite set {s1 < s2 < -+ < $;»}
of jumps such that

D I (sit) = fsi=)| > Vi(T).
=1

Pick disjoint intervals (a;,b;) 3 s; for each . (If s; = 0 take a; = 0, and if
$m = T take b,, = T.) Then

VR(T) =) If(b) — flai)
=1

Let a; ' s; and b; \ s; for each i, except a1 in case s; = 0 and b, in case
Sm = T. Then the right-hand side above converges to

Z|f(5i+) — f(si—)l,
i=1

contradicting the earlier inequality. ([l

Lemma A.10. Let f and g be a real-valued cadlag functions on [0,T], and
assume f € BV[0,T]. Then

(A.6) [F,9)(T) = > (f(s) = f(5=)) (9(s) — g(s—))
s€(0,T

and the sum above converges absolutely.
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Proof. As a cadlag function g is bounded. (If it were not, we could pick s,
so that |g(sn)| /* c0. By compactness, a subsequence s, — t € [0,7]. But
g(t%) exist and are finite.) Then by the previous lemma

Y () = Fs) - lg(s) —g(s) < 2lglles D 1£(s) = f(57)]

s€(0,T] 5€(0,T)
< 2] glloV4(T) < oo,

This checks that the sum in (A.6) converges absolutely. Hence it has a finite
value, and we can approximate it with finite sums. Let ¢ > 0. Let U, be
the set defined in (A.3) for g. For small enough « > 0,

s€(0,T

Shrink a further so that 2aV¢(T) < e.

For such a > 0, let Uy, = {u1 <ug < --- < wup}. Let § = %min{ukﬂ —
ug} be half the minimum distance between two of these jumps. Consider
partitions 7 = {0 = s9 < -++ < Spy(r) = t} with mesh(r) < J. Let i(k)
be the index such that uy € (sj), Si(k)+1), 1 < k < n. By the choice of 4,
a partition interval (s;, s;+1] can contain at most one wug. Fach wuy lies in
some (s;, s;+1] because these intervals cover (0,7] and for a cadlag function
0 is not a discontinuity. Let I = {0,...,m(7) — 1} \ {i(1),...,i(n)} be the
complementary set of indices.

By Lemma A.8 we can further shrink § so that if mesh(w) < ¢ then
lg(sit1) — g(si)| < 2a for i € I. Then

1

(f(six1) = f(s0)) (g(si1) — 9(s0))

3

s. ,\
i3
° |

(f(sigmy+1) — f(si)) (9(simy+1) — 9(siw)))

I
bl
[ 3
o

+ D (F(sin) = F(s0)) (9(si01) — g(s:)

el

<D (f(sigy+1) — F(sir) (9(sim 1) — 9(siwy)) + 2aVe(T).

3

B
Il
,_.
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As mesh(m) — 0, s;z) < ug and 8;()+1 > ug, while both converge to uy.
By the cadlag property the sum on the last line above converges to

n

> (flur) = flur—)) (g(ur) — glux—)).

k=1
Combining this with the choice of & made above gives

m(m)—1
meﬁ%_}o ; (f(siv1) = f(50)) (9(si41) — g(s0))
< D (f(9) = (=) (9(s) — g(s—)) +2=.
s€(0,7T

Reversing inequalities in the argument gives
m(m)—1
lim > (f(siv1) = £(s)) (9(sir1) — g(si))

mesh(m)—0 ;o

> > (f(s) = f(s=)) (g(s) = g(s—)) —2e.

s€(0,7T

Since £ > 0 was arbitrary the proof is complete. ([l

Corollary A.11. If f is a cadlag BV-function on [0,T], then [f|r is finite
and given by

s€(0,T7

Lemma A.12. Let f,, f, gn and g be cadlag functions on [0,T] such that
fn = f uniformly and g, — g uniformly on [0,T]. Suppose f, € BVI]0,T]
for each n, and Cy = sup,, Vy, (T') < co. Then [fn, gnlr — [f, glT asn — .

Proof. The function f is also BV, because for any partition,
Z|f(5i+1) = f(si)] = lim Z|fn(5i+1) — fa(si)| < Co.
Consequently by Lemma A.10 we have
[fglr = > (£(s) = f(s=)) (9(s) — g(s-))

s€(0,T

and

[fnagn]T = Z (fn(s) - fn(s_)) (gn(s) - gn(s_))
s€(0,T
and all these sums converge absolutely. Pick § > 0. Let

Un(8) = {s € (0,17 : |gn(s) — gn(s—)| = 0}
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be the set of jumps of g of magnitude at least ¢, and U(J) the same for g.
By the absolute convergence of the sum for [f, g] we can pick § > 0 so that

Foalr— 3 (f(3) — Fs—) (als) - g(s—>)] <.

seU(90)

Shrink § further so that § < €/Cy. Then for any finite H 2 U, (9),

‘ [fmgn]T - Z(fn(s) - fn(s_)) (gn(s) - gn(s_))

seH
< Z’fn n )| ’ ‘gn(s) - gn(s_)’
s¢H
<5 > |fals) s—)| < 0C) <e.
s€(0,T)

We claim that for large enough n, U,(6) C U(d). Since a cadlag
function has only finitely many jumps with magnitude above any given
positive quantity, there exists a small &« > 0 such that g has no jumps
s such that |g(s) — g(s—)| € (0 — «,0). If n is large enough so that
sup,|gn(s) — g(s)| < a/4, then for each s

|(9n(5) = gn(5-)) = (9(s) — g(s—))| < a/2.
Now if s € Up(9), |gn(s) — gn(s—)| > d and the above inequality imply
lg(s) — g(s—)| > 6 — a/2. This jump cannot fall in the forbidden range
(6 — @, 0), so in fact it must satisfy |g(s) — g(s—)| > ¢ and then s € U(9).

Now we can complete the argument. Take n large enough so that U(J) D
Un(d), and take H = U(0) in the estimate above. Putting the estimates
together gives

Hf».g] - [fn,gn] | < 2e

3 (£5) = £(5-) (9(s5) — 9(5-))
seU(d)
= 37 (fal) = Fal5)) (9n(5) = gn(s-)) .
seU(9)

As U(0) is a fixed finite set, the difference of two sums over U tends to zero
as n — 00. Since € > 0 was arbitrary, the proof is complete. (|

We regard vectors as column vectors. T denotes transposition. So if
x = [z1,...,24)7 andy = [y1,...,ya]T are elements of R? and A = (a; ;) is

a d X d matrix, then
XTAy = Z TiQg Y-
1<i,j<d
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The Euclidean norm is [x| = (22 + --- + 22)"/2, and we apply this also to

matrices in the form
1/2
a={ > @

1<i,j<d

The Schwarz inequality says |x”y| < |x| - |y|. This extends to
(A7) [x" Ay| < [x] - [A] - [y].

Lemma A.13. Let g1,...,9q4 be cadlag functions on [0,T], and form the
R?-valued cadlag function g = (g1,...,94)" with coordinates g1,...,g4. A
cadlag function on a bounded interval is bounded, so there exists a closed,
bounded set K C RY such that g(s) € K for all s € [0, T].

Let ¢ be a continuous function on [0,T)? x K? such that the function
¢(S7 t’ X7 Y)

, t
(A8) sty = sty —xpt ST XTI
0, s=tandx=y

is also continuous on [0, T)> x K2, Letm’ = {0 =t{ < t{ <--- < tﬁl@) =T}
be a sequence of partitions of [0, T] such that mesh(r’) — 0 as £ — oo, and

m(l)—
(A.9) Co = sup Z |g terl g(tf)‘2 < 00.
=0
Then
m(f)—1
(A.10) 15& Zo o (15, 541, 8(), 8(ti1)) = (ZT](b(S?sag(s_)vg(s))'
i s€(0,

The limit on the right is a finite, absolutely convergent sum.

Proof. To begin, note that [0, 7] x K2 is a compact set, so any continuous
function on [0, T)? x K? is bounded and uniformly continuous.

We claim that
(A.11) 37 Jsls) —g(s-)[* < Co
s€(0,T]

where Cj is the constant defined in (A.9). This follows the reasoning of
Lemma A.9. Consider any finite set of points 81 < -+ < 8y in (0,T]. For
each ¢, pick indices i(k) such that s; € (¢! ik z( n +1)s 1 <k < n. For large
enough ¢ all the i(k)’s are distinct, and then by (A.9)

Z‘g(tf(k)Jrl) - g(tf(k))|2 < Co.
k=1
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As £ — oo the inequality above becomes
2 2
> lelsk) — glsk—)|” < Co
k=1

by the cadlag property, because for each £, tf(k) < s < tf(k) 41> while both
extremes converge to si. The sum on the left-hand side of (A.11) is by

definition the supremum of sums over finite sets, hence the inequality in
(A.11) follows.

By continuity of + there exists a constant C such that
(A12) [6(s,t.%,¥)] < Cr (|t = 5[ + |y — x[*)
for all s,t € [0,T] and x,y € K. From (A.12) and (A.11) we get the bound
Z |¢(8787g(5_)7g(3))‘ < COCl < 0.
s€(0,7T

This absolute convergence implies that the sum on the right-hand side of
(A.10) can be approximated by finite sums. Given £ > 0, pick « > 0 small
enough so that

Z ¢(5737g(3_)7g(5)) - Z ¢(5737g(8_)7g(5)) Se€

s€Uq s€(0,T7]

where
Uo ={s € (0,T] : [g(s) — g(s—)| = a}
is the set of jumps of magnitude at least «.

Since v is uniformly continuous on [0, 7]? x K? and vanishes on the set
{(u,u,2z,2) :uw e [0,T],z € K}, we can shrink o« further so that

(A.13) |v(s, t,x,y)| <e/(T+ Cop)

whenever |t — s| < 2a and |y — x| < 2a. Given this «, let I¢ be the set of
indices 0 < ¢ < m(¢)—1 such that (¢{, ¢/ ,]NU, = 0. By Lemma A.8 and the
assumption mesh(7’) — 0 we can fix £y so that for £ > ¢y, mesh(n’) < 2«
and

Al4 g(tt ) —g(th)] < 2a for all i € I
i+1 %

Note that the proof of Lemma A.8 applies to vector-valued functions.

Let J¢ = {0,...,m(f) — 1} \ I* be the complementary set of indices i
such that (t{, ¢ 1) contains a point of U,. Now we can bound the difference
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in (A.10). Consider ¢ > 4.

m(£)—1
‘ ¢ tzvtz—l-l’g ) g(tf—i-l)) - Z QS(S’Sag(S_)ag(S)) ‘
i=0 s€(0,T7]
< ZW titie(t), gtiy))]
i€rt
Zﬁb 754 i, 8(th), 8 tz—f—l Z (s, 5,8(s—),8(s)) ’""5'
ieJt s€Uq

The first sum after the inequality above is bounded above by ¢, by (A.8),
(A.9), (A.13) and (A.14). The difference of two sums in absolute values
vanishes as ¢ — oo, because for large enough ¢ each interval (t{,tf,,] for
i € J¢ contains a unique s € Uy, and as £ — oo,

th—s, thy—s, gt —gs—) and g(th,,) —g(s)

by the cadlag property. (Note that U, is finite by Lemma A.7 and for large
enough ¢ index set Jy has exactly one term for each s € U,.) We conclude

m(£)—1
limsup‘ Z ¢ te tz+17g ) tz+1 Z ¢) S Sag ) ( )) S 25'
=00 1=0 s€(0,T7]
Since £ > 0 was arbitrary, the proof is complete. [l

A.2. Differentiation and integration

For an open set G C R?, C?(G) is the space of functions f : G — R whose
partial derivatives up to second order exist and are continuous. We use
subscript notation for partial derivatives, as in

af o0 f

o0xy 021012 '

These will always be applied to functions with continuous partial derivatives

so the order of differentiation does not matter. The gradient Df is the
column vector of first-order partial derivatives:

Df(x) = [for (), foa (%), foa ()]

The Hessian matriz D?f is the d x d matrix of second-order partial deriva-
tives:

f:rl =

and  fy, 2, =

frhxl(x) fﬂcl,ffz(x) f:m,xd(x)

Dgf(x): frzﬂﬁ'l(x) f902,w'2(x) fivz,ﬂc'd(x)

Fromr () Fromn®) - Frama(X)
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We prove a version of Taylor’s theorem. Let us write f € C12([0, 7] x G)
if the partial derivatives fi, fr, and fs, ., exist and are continuous on (0,T)x
G, and they extend as continuous functions to [0,7] x G. The continuity of
f+ is actually not needed for the next theorem. But this hypothesis will be
present in the application to the proof of It6’s formula, so we assume it here
already.

Theorem A.14. (a) Let (a,b) be an open interval in R, f € C12([0,T] x
(a,b)), s,t € [0,T] and x,y € (a,b). Then there exists a point T between s
and t and a point 0 between x and y such that

f(ty) = f(s,@) + fals, @) (y — @) + fi7,y)(t — 5)
+ %fm(S, 0)(y — x)Q-
(b) Let G be an open convex set in R, f € CY2([0,T] x G), s,t € [0,T]

and x,y € G. Then there exists a point T between s and t and 0 € [0, 1]
such that, with £ = 0x + (1 —0)y,

fty) = f(s,x) + Df(s,x) (y = %) + fu(r,y)(t — s)
+ 3y = x)"D*f(s,9)(y — x).

(A.15)

(A.16)

Proof. Part (a). Check by integration by parts that

visa) = [ "y = ) faals, 2) dz

satisfies
1/)(8,1‘,:(/) = f(S,y) - f(‘S?‘T) - faﬂ(svx)(y - ‘T)

By the mean value theorem there exists a point 7 between s and t such that

f(tvy) - f(37y> = ft(7_7y)(t - 3)'

By the intermediate value theorem there exists a point 6 between x and y
such that

y
¢(57$7y) :fxm(sae)/ (y—Z) dz = %fm(s,e)(y—x)Q
The application of the intermediate value theorem goes like this. Let fz.(s,a)
and fy;(s,b) be the minimum and maximum of f,,(s,-) in [z,y] (or [y, x| if
y < z). Then
v(z,y

fur(s,0) < 12702 (s ).

7(y — =)

The intermediate value theorem gives a point 6 between a and b such that

faz(s,0) = ——=.
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The continuity of f,, is needed here. Now

f(ta y) = f(s,av) + fx(s,x)(y - $) + ft(Tay)(t - S) + w(svxay)
= f(s,2) + fa(s,2)(y — x) + fr(r,y)(t — s) + %fm(s,ﬁ)(y — x)Q.

Part (b). Apply part (a) to the function g(¢,7) = f(t,x +r(y — x)) for
(t,r) € [0,T] x (—&,14¢) for a small enough £ > 0 so that x+r(y —x) € G
for —e <r<1+e. O

The following generalization of the dominated convergence theorem is
sometimes useful. It is proved by applying Fatou’s lemma to g, £ f,.

Theorem A.15. Let f,, f, gn, and g be measurable functions such that
fo = [ | fnl < gn € LNp) and [ gndp — [gdp < co. Then

/fdu—nlgroloffndu.

Lemma A.16. Let (X,B,v) be a general measure space. Assume gp, — ¢
in LP(v) for some 1 < p < oo. Then for any measurable set B € B,

/ gulP dv — / lglP dv.
B B

Proof. Let v denote the measure restricted to the subspace B, and g, and
g denote functions restricted to this space. Since

/rgn—awpdﬁ:/rgn—g\pdvs/rgn—gpdv
B B X

we have LP(V) convergence g, — ¢g. LP norms (as all norms) are subject to
the triangle inequality, and so

| gnllze @y — 191l e 3 ‘ <||gn = gllr@ — 0.

Consequently

[ 9a @0 =Gl )~ 185y = [ lol?
B B

O

A common technical tool is approximation of general functions by func-
tions of some convenient type. Here is one such result that we shall use
later.
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Lemma A.17. Let u be a o-finite Borel measure on R, 1 < p < oo, and
f € LP(u). Let € > 0. Then there is a continuous function g supported on
a bounded interval, and a step function h of the form

m—1
(A17) h(t) = Z Qi]—(si,si+1}(t)
i=1
for some points —0o < 51 < s9 < -+ < 8y < 00 and reals o, such that

/’f—g\pdﬂ<€ and /!f—h|pd,u<a.
R R

If there exists a constant C' such that |f| < C, then g and h can also be
selected so that |g| < C and |h| < C.

When the underlying measure is Lebesgue measure, one often writes
LP(R) for the function spaces.

Proposition A.18 (L? continuity). Let f € LP(R). Then

h—0

lim /R|f(t)f(t+h)\pdtzo.

Proof. Check that the property is true for a step function of the type (A.17).
Then approximate an arbitrary f € LP(R) with a step function. O

Proposition A.19. Let T be an invertible linear transformation on R™ and
f a Borel or Lebesgue measurable function on R™. Then if f is either in
LY(R™) or nonnegative,

(A.18) f(x)dx = |det T f(T(x))dz.
Rn R"

The next inequality is a basic tool for deriving estimates. We use it in
the chapter on SDEs.

Lemma A.20. (Gronwall’s inequality) Let g be an integrable Borel function
on [a,b], f a nondecreasing function on |a,b], and assume that there exists
a constant B such that

g(t)gf(t)qLB/tg(s)ds, a<t<b.

Then
g(t) < f(1)eB, a<t <.
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Proof. The integral fj g(s) ds of an integrable function ¢ is an absolutely
continuous (AC) function of the upper limit ¢. At Lebesgue-almost every ¢
it is differentiable and the derivative equals g(t). Consequently the equation

% <e_Bt / tg(s) ds> = —Be B! / tg(s) ds + ¢~ Pg(t)

is valid for Lebesgue-almost every ¢. Hence by the hypothesis

i(em /atg(s) dS) =e P (g(t) - B/atg(s) ds)

< f(t)e™ B! for almost every t.

An absolutely continuous function is the integral of its almost everywhere
existing derivative. Integrating above and using the monotonicity of f give

Bt [ ' B f#) B B
e t/ g(s)dsg/ f(s)e™ SdSS?(ff @ —e P
from which

/atg(s) ds < fg)(eB(ta) -1).

Using the assumption once more,

g(t) < f(t)+ B - fét)(eB(ta) _ 1) _ f(t)eB(tfa). 0

Exercises

Exercise A.1. Let f be a cadlag function on [a, b]. Show that f is bounded,
that is, sup;e(q 4| f(t)| < 0o. Hint. Suppose |f(t;)| — oo for some sequence
t; € [a,b]. By compactness some subsequence converges: t;, — t € [a,b].
But cadlag says that f(t—) exists as a limit among real numbers and f(t+) =
1),

Exercise A.2. Let A be a set and = : A — R a function. Suppose

= sup{zm(a)\ : B is a finite subset of A} < 0.
a€EB
Show that then the sum ) . 4 x(a) has a finite value in the sense of the
definition stated around equation (A.5).
Hint. Pick finite sets By such that 3 p [z(a)| > ¢1 — 1/k. Show that
the sequence a; = > B, z(«) is a Cauchy sequence. Show that ¢ = lim ay, is
the value of the sum.






Appendix B

Probability

B.1. General matters

B.1.1. Measures and o-algebras. It is sometimes convenient to work
with classes of sets that are simpler than o-algebras. A collection A of
subsets of a space 2 is an algebra if

(i) Q € A.
(ii)) A° € A whenever A € A.
(ii) AU B € A whenever A € A and B € A.

A collection S of subsets of € is a semialgebra if it has these properties:

(i) 0 es.
(ii) If A, B € S then also AN B € S.
(iii) If A € S, then A€ is a finite disjoint union of elements of S.

In applications, one sometimes needs to generate an algebra with a semial-
gebra, which is particularly simple.

Lemma B.1. Let S be a semialgebra, and A the algebra generated by S, in
other words the intersection of all algebras that contain S. Then A is the
collection of all finite disjoint unions of members of S.

Proof. Let B be the collection of all finite disjoint unions of members of
S. Since any algebra containing & must contain B, it suffices to verify
that B is an algebra. By hypothesis ) € S and Q = ()° is a finite disjoint
union of members of S, hence a member of B. Since AU B = (A°N B°)*¢
(deMorgan’s law), it suffices to show that B is closed under intersections
and complements.

365
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Let A = U<, Si and B = U<, T; be finite disjoint unions of
members of S. Then AN B = U” A; N B; is again a finite disjoint union
of members of §. By the properties of a semialgebra, we can write S; =
Ulgkgp(i) R; ). as a finite disjoint union of members of S. Then

a= () si= U ] Rk
1<i<m (k(1),....k(m)) 1<i<m
The last union above is over m-tuples (k(1),...,k(m)) such that 1 < k(i) <
p(i). Each M <;<,, Rik(i) is an element of S, and for distinct m-tuples these

are disjoint because k # ¢ implies R; ; N R; ; = (). Thus A® € B too. O

Algebras are sufficiently rich to provide approximation with error of
arbitrarily small measure. The operation A is the symmetric difference
defined by AAB = (A\ B)U(B\ A). The next lemma is proved by showing
that the collection of sets that can be approximated as claimed form a o-
algebra.

Lemma B.2. Suppose u is a finite measure on the o-algebra o(A) generated
by an algebra A. Show that for every B € o(A) and e > 0 there exists A € A
such that (AAB) < €.

A particularly useful tool for basic work in measure theory is Dynkin’s
m-A theorem. Let £ and R be collections of subsets of a space 2. R is a
m-system if it is closed under intersections, in other words if A, B € R, then
ANBeR. Lis a Asystem if it has the following three properties:

(1) Qe L.
(2) If A,Be€ L and AC B then B\ A€ L.
B)If{A,:1<n<oc} CLand 4, / Athen A€ L.

Theorem B.3 (Dynkin’s -\ theorem). If R is a m-system and L is a \-
system that contains R, then L contains the o-algebra o(R) generated by
R.

For a proof, see the Appendix in [5]. The m-A theorem has the following
version for functions.

Theorem B.4. Let R be a m-system on a space X such that X = |J B; for
some pairwise disjoint sequence B; € R. Let H be a linear space of bounded
functions on X. Assume that 1 € H for all B € R, and assume that H
is closed under bounded, increasing pointwise limits. The second statement
means that if fi < fo < f3 < - are elements of H and sup,,, fu(x) < c
for some constant ¢, then f(x) = limy,_ o0 fn(z) is a function in H. It
follows from these assumptions that H contains all bounded o(R)-measurable
functions.



B.1. General matters 367

Proof. £ ={A:14 € H}is a A-system containing R. Note that X € L fol-
lows because by assumption 1x = lim, Z?:l 1p, is an increasing limit
of functions in H. By the m-\ theorem indicator functions of all o(R)-
measurable sets lie in H. By linearity all o(R)-measurable simple functions
lie in H. A bounded, nonnegative o(R)-measurable function is an increas-
ing limit of nonnegative simple functions, and hence in H. And again by
linearity, all bounded ¢(R)-measurable functions lie in H. O

Lemma B.5. Let R be a w-system on a space X. Let u and v be two
(possibly infinite) measures on o(R), the o-algebra generated by R. Assume
that p and v agree on R. Assume further that there is a countable collection
of pairwise disjoint sets {R;} C R such that X = J R; and u(R;) = v(R;) <
00. Then p=v on o(R).

Proof. It suffices to check that pu(A) = v(A) for all A € ¢(R) that lie inside
some R;. Then for a general B € 0(R),
i) =

ZM (BN R; Z (BN R;) = v(B).

Inside a fixed R;, le
D= {A €o(R): ACRj, u(A) =v(A)}.

D is a A-system. Checking property (2) uses the fact that R; has finite
measure under u and v so we can subtract: if A C B and both lie in D, then
B\ A) = u(B) — u(A) = v(B) —v(A) =v(B\ A),
so B\ A € D. By hypothesis D contains the 7-system {A € R : A C R;}. By
the m-A-theorem D contains all the o(R)-sets that are contained in R;. 0O

Lemma B.6. Let v and p be two finite Borel measures on a metric space

(S,d). Assume that

(B.1) /Sfdu:/sfdy

for all bounded continuous functions f on S. Then u = v.

Proof. Given a closed set F' C S,
1

(B.2) fulz) = 1+ ndist(z, F)

defines a bounded continuous function which converges to 1x(x) as n — co.
The quantity in the denominator is the distance from the point = to the set
F', defined by

dist(z, F') = inf{d(x,y) : y € F'}.
For a closed set F, dist(x, F') = 0 iff x € F. Letting n — oo in (B.1) with
f = fn gives u(F) = v(F). Apply Lemma B.5 to the class of closed sets. [
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B.1.2. Inequalities and limits. There is a handful of inequalities that are
used constantly in probability. We already stated the conditional version of
Jensen’s inequality in Theorem 1.27. Of course the reader should realize
that as a special case we get the unconditioned version: f(EX) < Ef(X)
for convex f for which the expectations are well-defined.

Proposition B.7. (i) (Markov’s inequality) For a random variable X > 0
and a real number b > 0,

(B.3) P{X >b} <b 'EX.

(ii) (Chebyshev’s inequality) For a random variable X with finite mean and
variance and a real b > 0,

(B.4) P{|X — EX| > b} < b2 Var(X).
Proof. Chebyshev’s is a special case of Markov’s, and Markov’s is quickly
proved:
P{X >b}=FE1{X > b} < b_lE(Xl{X > b}) <b 'EX. O
Let {A,} be a sequence of events in a probability space (2, F, P). We

say A, happens infinitely often at w if w € A, for infinitely many n. Equiv-
alently,

o0 [e.9]
{w : A,, happens infinitely often} = m U A,.
m=1n=m
The complementary event is

o0 [0.9]
{w : A, happens only finitely many times} = U ﬂ AL
m=1n=m

Often it is convenient to use the random variable

No(w) = inf{m twE ﬁ A%}

n=m

with No(w) = oo if A,, happens infinitely often at w.

Lemma B.8. (Borel-Cantelli Lemma) Let {A,} be a sequence of events in
a probability space (2, F, P) such that ), P(A,) < oco. Then

P{A,, happens infinitely often} = 0,
or equivalently, P{Ny < oo} = 1.

Proof. Since the tail of a convergent series can be made arbitrarily small,

we have o w -
P(ﬂ UAn>§ZP(An)—>O as m — oo. O

m=1n=m
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The typical application of the Borel-Cantelli lemma is some variant of
this idea.

Lemma B.9. Let {X,} be a sequence of random variables on (Q, F, P).
Suppose
ZP{|Xn\ >ce} <oo for everye > 0.

n

Then X,, — 0 almost surely.

Proof. Translating the familiar e-definition of convergence into an event
gives
{w: Xnw) = 0= J ({w: | Xn(w)| < 1/k}.
k>1m>1n>m
For each k£ > 1, the hypothesis and the Borel-Cantelli lemma give

p( U N {Ixal < 1/k}> = 1—P< M U (Xl > 1/k}> = 1.

m>1n>m m>1n>m

A countable intesection of events of probability one has also probability
one. (]

Here is an example of the so-called diagonal trick for constructing a
single subsequence that satisfies countably many requirements.

Lemma B.10. For each j € N let Y9 and {X}} be random variables such
that X3 — Y7 in probability as n — oo. Then there exists a single sub-
sequence {ny} such that, simultaneously for all j € N, Xy, — Y7 almost
surely as k — oo.

Proof. Applying part (iii) of Theorem 1.21 as it stands gives for each j
separately a subsequence ny ; such that Xﬂlk’j — Y7 almost surely as k — o0o.
To get one subsequence that works for all j we need a further argument.

Begin by choosing for j = 1 a subsequence {n(k,1)}ren such that
X%(k By Y'! almost surely as k — oo. Along the subsequence n(k,1) the
variables Xz(k’l) still converge to Y2 in probability. Consequently we can
choose a further subsequence {n(k,2)} C {n(k,1)} such that X? — Y?
almost surely as k — oo.

(k,2)

Continue inductively, producing nested subsequences
{n(k, 1)} 2 {n(k,2)} 2 --- 2{n(k,j)} 2{n(k,j+1)} 2 -
such that for each j, Xi ) Y7 almost surely as k — oco. Now set

nk = n(k,k). Then for each j, from k = j onwards ny is a subsequence of
n(k,j). Consequently X}, — Y7 almost surely as k — oc. O

Here is a convergence theorem for random series.
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Theorem B.11. Let {X;}ren be independent random variables such that
E(Xy) = 0 and ) Var(Xy) < co. Then the random series Y ,_, Xy con-
verges almost surely to a finite limit as n — oo.

The basic convergence theorems of integration theory often work if al-
most everywhere convergence is replaced by the weaker types of convergence
that are common in probability. As an example, here is the dominated con-
vergence theorem under convergence in probability.

Theorem B.12. Let X, be random wvariables on (2, F,P), and assume
X, — X in probability. Assume there exists a random variable Y > 0 such
that | X,| <Y almost surely for each n, and EY < co. Then EX, — EX.

Proof. It suffices to show that every subsequence {nj} has a further sub-
subsequence {nj;} such that E’Xnkj — EX as j — oo. So let {n;} be
given. Convergence in probability X,, — X implies almost sure conver-
gence Xnkj — X along some subsubsequence {ny,}. The standard domi-
nated convergence theorem now gives EXnkj — EX. (]

B.1.3. More about conditional expectations. Conditional expecta-
tions satisfy some of the same convergence theorems as ordinary expec-
tations.

Theorem B.13. Let A be a sub-o-field of F on the probability space (2, F, P).
Let {X,} and X be integrable random variables. The hypotheses and con-
clusions below are all “almost surely.”

(i) (Monotone Convergence Theorem) Suppose X,11 > X, > 0 and
X, /' X. Then E(X,|A) " E(X|A).
(ii) (Fatou’s Lemma) If X, > 0 for all n, then

E(lim X, |A) < lim E(X,|A).

(iii) (Dominated Convergence Theorem) Suppose X, — X, |X,| <Y
for allm, and Y € LY(P). Then E(X,|A) — E(X|A).

Proof. Part (i). By the monotonicity of the sequence E(X,|A) and the
ordinary monotone convergence theorem, for A € A,
E[14- lim E(X,|A)] = lim E[14 E(X,|A)| = lim E[14X,| = E[14 X]
n—oo n—oo n—oo
= E[14 E(X|A)].

Since A € A is arbitrary, this implies the almost sure equality of the A-
measurable random variables lim,,_,~ E(X,|A) and E(X|A).
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Part (ii). The sequence Y}, = inf,, > X, increases up to lim X,,. Thus
by part (i)
E(lim X,|A) = lim E(inf X3|A) < lim E(X,|A).
n—o00 k>n

n—oo
Part (iii). Usig part (ii),
E(X|A)+ E(Y|A) = E(lim{X, + Y}|A) <lim E(X, + Y|A)
=lim E(X,|A) + E(Y|A).

This gives lim F(X,|A) > E(X|A). Apply this to —X,, to get lim E(X,,|A) <
E(X|A). O

We defined uniform integrability for a sequence in Section 1.2.2. The
idea is the same for a more general collection of random variables.

Definition B.14. Let {X, : a € A} be a collection of random variables
defined on a probability space (2, F, P). They are uniformly integrable if

lim sup E[|X4|-1{|Xa| > M}] =0.
M—oo qcA

Equivalently, the following two conditions are satisfied. (i) sup,, £|Xa| < o0.
(ii) Given € > 0, there exists a § > 0 such that for every event B such that
P(B) <4,

sup/ | Xo|dP < e.
acAJB

Proof of the equivalence of the two formulations of uniform integrability
can be found for example in [4]. The next lemma is a great exercise, or a
proof can be looked up in Section 4.5 of [5].

Lemma B.15. Let X be an integrable random wvariable on a probability
space (2, F, P). Then the collection of random variables
{E(X|A): Ais a sub-o-field of F}

is uniformly integrable.

Lemma B.16. Suppose X,, — X in L' on a probability space (Q,F,P).
Let A be a sub-o-field of F. Then there exists a subsequence {n;} such that
E[Xp,;|Al = E[X|A] a.s.

Proof. We have
lim E{E[|X, ~ X||A]} = lm B{|X, - X|} =0,

n—00

and since
| E[Xu|A] = E[X|A]| < E[|X,, — X[ |A],
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we conclude that E[X,|A] — E[X|A] in L'. L' convergence implies a.s.
convergence along some subsequence. ([

Lemma B.17. Let X be a random d-vector and A a sub-o-field on the
probability space (U, F, P). Let

6(6) = /R X u(dx) (0 e R

be the characteristic function (Fourier transform) of a probability distribu-
tion u on R, Assume

Elexp{ifT X}14] = ¢(0)P(A)

for all ® € R* and A € A. Then X has distribution p and is independent
of A.

Proof. Taking A = Q above shows that X has distribution u. Fix A such
that P(A) > 0, and define the probability measure v4 on R? by

1
P(4)

By hypothesis, the characteristic function of v4 is ¢. Hence v4 = u, which
is the same as saying that

P({X € B} N A) = va(B)P(A) = u(B)P(A).

va(B) = E[15(X)14], B € Bga.

Since B € Bra and A € A are arbitrary, the independence of X and A
follows. u

In Chapter 1, page 27, we defined conditional probabilities P(B|A) as
special cases of conditional expectations: P(B|A))(w) = E(1p]A)(w). The
question we address here is whether this definition can give us actual con-
ditional measures so that conditional expectations could then be defined by
integration. This point is not needed often in this text, but does appear in
the proof of Theorem 7.15.

It turns out that when the underlying spaces are complete, separable
metric spaces (such spaces are called Polish spaces), this can be arranged.
This is good news because all the spaces we usually work with are Polish,
such as R? with its usual metric, Cgra[0, 7] with the uniform metric, and
CRra|0, 00) with the metric of uniform convergence on compact time intervals.

Theorem B.18. (a) Let (2, F, P) consist of a Polish space Q with its Borel
o-algebra F and a Borel probability measure P. Let A be a sub-c-algebra
of F. Then there exists a mapping w — P from € into the space of Borel
probability measures on Q such that, for each B € F, w — P¥(B) is A-
measurable and P¥(B) is a version of P(B|A)(w).
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The last statement means that P¥(B) satisfies the definition of P(B|A)(w).
The term “version” is used because a conditional expectation is only defined
up to events of measure zero.

P% is called the conditional measure or conditional distribution of P,
given A. It can be used to define conditional expectations by integration:
for any X € L(P),

E(X|A)(w) = /Q X (@) P (di)

defines a version of the conditional expectation.

When 2 is Polish, the space of probability measures M;(€2) with its
so-called weak topology is also Polish. Hence M;(Q2) has its own Borel
o-algebra. The mapping w — P“ from Q into M (2) is Borel measurable.

B.1.4. Continuity of stochastic processes. The extremely useful Kolmogorov-
Centsov criterion establishes path-level continuity of a stochastic process

from moment estimates on increments. We prove the result for a process X
indexed by the d-dimensional unit cube [0, 1]? and with values in a general
complete separable metric space (S, p). The unit cube can be replaced by

any bounded rectangle in R? by a simple affine transformation s — As + h

of the index.

Define
D, = {(kl,...,kd)Qin cki,.. . kg € {0,1,...,2”}}

and then the set D = |J,,~q D» of dyadic rational points in [0, 1]%. The trick
for getting a continuous version of a process is to use Lemma A.3 to rebuild
the process from its values on D.

Theorem B.19. Let (S, p) be a complete separable metric space.

(a) Suppose {Xs : s € D} is an S-valued stochastic process defined
on some probability space (2, F, P) with the following property: there exist
constants K < oo and o, 8 > 0 such that

(B.5) E[p(Xs, X,)?] < K|s — "™ for all r,s € D.

Then there exists an S-valued process {Yy : s € [0,1]%} on (Q,F, P) such
that the path s — Ys(w) is continuous for each w € Q and P{Y; = X} =1
for each s € D. Furthermore, Y is Hélder continuous with index v for each
v € (0,a/B): for each w € Q there exists a constant C(y,w) < oo such that

(B6)  p(Valw) V() < Clrw)ls — " for all s € 0, 1)
(b) Suppose { X : s € [0,1]%} is an S-valued stochastic process that sat-

isfies the moment bound (B.5) for allr,s € [0,1]%. Then X has a continuous
version that is Hélder continuous with exponent ~y for each vy € (0,a/f3).
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Proof. For n > 0 let n, = max{p(X,, Xs) : 7, s € Dy, |s—r| =2""} denote
the maximal nearest-neighbor increment among points in D,,. The idea of
the proof is to use nearest-neighbor increments to control all increments
by building paths through dyadic points. Pick v € (0,«/3). First, noting
that D,, has (2" 4+ 1)? points and each point in D,, has at most 2d nearest
neighbors,

E(Wﬁ) < Z E[p(XS, X,,,)ﬁ] < 2d(2" + 1)dK2—n(d+oz)
r,8€Dp:|s—r|=2""
< C(d)27".
Consequently
E [2(2"”%)5} =320l < 0(@) Y 207 < oo,
n>0 n>0 n>0

A nonnegative random variable with finite expectation must be finite almost
surely. So there exists an event Qg such that P(Q) = 1 and 3, (2"n,,)" <
oo for w € Qy. In particular, for each w € €y there exists a constant
C(w) < oo such that

(B.7) M(w) < Cw)2™  for alln > 0.

This constant depends on v we ignore that in the notation.

Now we construct the paths. Suppose first d = 1 so our dyadic rationals
are points in the interval [0, 1]. The simple but key observation is that given
r < s in D such that s —r < 27 the interval (7, s] can be partitioned as
r =59 <81 <--- <8y = sso that each pair (s;_1, s;) is a nearest-neighbor
pair in a particular D,, for some n > m, and no D,, contributes more than
two such pairs .

To see this, start by finding the smallest mg > m such that (r, s] contains
an interval of the type (k27™0, (k + 1)27™°]. At most two such intervals fit
inside (r, s] because otherwise we could have taken my — 1. Remove these
level my intervals from (r,s]. What remains are two intervals (r, k27|
and (£p27™0 s] both of length strictly less than 27"°. Now the process
continues separately on the left and right piece. On the left, next look for
the smallest m; > mg such that for some k;

(]Cl — 1)2—m1 <7 < k127™ < k2™,

This choice ensures that (k127™1, kg2~ ") is a nearest-neighbor pair in D, .
Remove the interval (k127™1, kg27"], be left with (r, k127™1], and continue
in this manner. Note that if r < k127™* then r cannot lie in D,,,,. Since r lies
in some D,,, eventually this process stops. The same process is performed
on the right.
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Extend this to d dimensions by connecting each coordinate in turn. In
conclusion, if r,s € D satisfy |s —r| < 27 we can write a finite sum
s—r =Y (s;—s;—1) such that each (s;_1, s;) is a nearest-neighbor pair from
a particular D,, for some n > m, and no D,, contributes more than 2d such
pairs. By the triangle inequality and by (B.7), for w € Qg

p( X, (w), Xs(w)) < Z 2dC(w)2™™ < C(w)2™™7.
n>m
We utilized above the common convention of letting a constant change from
one step to the next when its precise value is of no consequence.
Now given any r,s € D pick m > 0 so that 27! < |r — 5| <27™, and
use the previous display to write, still for w € Qg,
p(Xr (W), Xs(w)) < C(w)27™ < C(w)27 (2771

(B.8) < C(w)ls —r|".

This shows that for w € g, X,(w) is Holder continuous with exponent -, and
so in particular uniformly continuous. To define Y fix some point zg € 5,
given s € [0,1]¢ find D 3 s; — s and define

Y( ) lim]’_)OO ij (w), w € Qg
s\wW) =
o, w ¢ QO'

The proof of Lemma A.3 shows that the definition of Y;(w) does not depend
on the sequence s; chosen and s — Y;(w) is continuous for w € €. For
w ¢ Qo this path is continuous by virtue of being a constant. Also, Ys(w) =
Xs(w) for w € Qg and s € D. The Holder continuity of Y follows from (B.8)
by letting s and r converge to points in [0, 1]d. This completes the proof of
part (a) of the theorem.

For part (b) construct Y as in part (a) from the restriction {X; : s €
D}. To see that P{Ys; = Xs} = 1 also for s ¢ D, pick again a sequence
D > s; —+ s, >0 and write

P{p(Xs,Ys) 2 e} < P{p(Xs, Xs;) 2 €/3} + P{p(Xs;,Ys;) > ¢/3}
As j — oo, on the right the first probability vanishes by the moment as-
sumption and Chebyshev’s inequality:
P{p(Xs, Xy,;) > ¢/3} <3P PK|s — 55| — 0.

The last probability vanishes as j — oo because p(Ys;(w), Ys(w)) — 0 for
all w by the continuity of Y. The middle probability equals zero because
P{Y, = X, } = 1.

In conclusion, P{p(Xs,Ys) > e} = 0 for every ¢ > 0. This implies that
with probability 1, p(Xs,Ys) = 0 or equivalently Xg = Y. O
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B.2. Construction of Brownian motion

We construct here a one-dimensional standard Brownian motion by con-
structing its probability distribution on the “canonical” path space C' =
Crl0,00). Let Bi(w) = w(t) be the coordinate projections on C, and
FB = o{Bs : 0 < s < t} the filtration generated by the coordinate pro-
cess.

Theorem B.20. There exists a Borel probability measure P° on C =
CRr[0,00) such that the process B = {B; : 0 < t < oo} on the probabil-
ity space (C,Bc, P%) is a standard one-dimensional Brownian motion with
respect to the filtration {FFP}.

The construction gives us the following regularity property of paths. Fix
0<y< % For PY-almost every w € C,
| Bi(w) — Bs(w)|

(B.9) sup < oo forall T < oo.
0<s<t<T [t —s[7

The proof relies on the Kolmogorov Extension Theorem 1.29. We do not
directly construct the measure on C. Instead, we first construct the process
on positive dyadic rational time points

ng{%:k,nEN}.

Then we apply an important theorem, the Kolmogorov-Centsov criterion, to
show that the process has a unique continuous extension from Qg to [0, c0)
that satisfies the Holder property. The distribution of this extension will be
the Wiener measure on C.

Let

(B.10) pi(x) = \/%exp{_;j}

be the density of the normal distribution with mean zero and variance ¢.
This function is also called the Gaussian kernel. For an increasing n-tuple of
positive times 0 < t; < tg < -+ < ty, let t = (t1,t2,...,t,). We shall write
x = (x1,...,oy) for vectors in R™, and abbreviate dx = dxydxy---dz,
to denote integration with respect to Lebesgue measure on R™. Define a
probability measure py on R™ by

(B.11) p(A) = /n 14(x) pry (1) [ [ prietiy (0 — 2i1) dx
i=2

for A € Brn. Before proceeding further, we check that this definition is
the right one, namely that ug is the distribution we want for the vector
(Bty, Btyy ..., By,).
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Lemma B.21. If a one-dimensional standard Brownian motion B exists,
then for A € Brn

P{(By,,B,,...,By,) € A} = e (A).

Proof. Define the nonsingular linear map
T(y1,y2:y35 - Un) = (W11 + Y201+ Y2+ 43, Y1+ Y2+ + Yn)
with inverse
Tﬁl(ml,xg,:z:g, cosy) = (T1,22 — T1,T3 — T2y ..., Ty — Tp—1)-

In the next calculation, use the fact that the Brownian increments are inde-
pendent and B, — By, | has density py, ¢, ;-

P{(B4,, By, By, ..., By,) € A}
= P{T(Btl,Bt2 — BtlaBtg — BtQ, C 7Btn — Btn—l) € A}
= P{(B,,Bi, — By,, By, — By, ..., By, — By, ) € T 1A}

= / 1A(Ty)pt1 (yl)ptz—h (y2) o Ptp—tn-1 (yn) dy.

Now change variables through # = Ty < y = T~ '2z. T has determinant
one, so by (A.18) the integral above becomes

/ LA(X)py (21)Pry—t1 (2 = 1) -+ Pyt (Tn — Tn1) dx = 1 (A).

O

To apply Kolmogorov’s Extension Theorem we need to define consistent
finite-dimensional distributions. For an n-tuple s = (s1, s2,...,s,) of dis-
tinct elements from Qg let 7 be the permutation that orders it. In other
words, 7 is the bijection on {1,2,...,n} determined by

Sr1) < Sp@) < < Spn)-

(In this section all n-tuples of time points have distinct entries.) Define the
probability measure Qs on R™ by Qg = pzs © 7, or in terms of integrals of
bounded Borel functions,

fdQs = f(ﬂﬁl(x)) dirs.
R" R”

Let us convince ourselves again that this definition is the one we want.
Qs should represent the distribution of the vector (Bs,, Bs,, ..., Bs, ), and
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indeed this follows from Lemma B.21:

o f(ﬁ_l(x)) Apirs = E[(f o W_l)(Bsﬁu) ) Bsﬂ(z))a cee :Bsﬁ(n))]

= E[f(levBSw- . 'aBSn)]'
For the second equality above, apply to y; = Bs, the identity

Tr_l(yw(l)ayw(Q)a s ayw(n)) = (yla Y2,. .. 7yn)

which is a consequence of the way we defined the action of a permutation
on a vector in Section 1.2.4.

Let us check the consistency properties (i) and (ii) required for the Ex-
tension Theorem 1.29. Suppose t = ps for two distinct n-tuples s and t
from Q2 and a permutation p. If m orders t then 7 o p orders s, because
tr(1) < lr(2) iImplies s,(r(1)) < Sp(x(2))- One must avoid confusion over how
the action of permutations is composed:

m(p8) = (Sp(r(1))> Sp(a(2))> - - Sp(n(n)))

because (w(ps))i = (PS)r(i) = Sp(x(i))- Then

Qsop™" = (pgsy 0 (T0p)) 0 p~ = pimg o = Qs
This checks (i). Property (ii) will follow from this lemma.

Lemma B.22. Let t = (t1,...,t,) be an ordered n-tuple , and let t =
(t1,.. ., tj—1,tjt1,. .., tn) be the (n — 1)-tuple obtained by removing t; from
t. Then for A € Bri-1 and B € Brn-j,

(A xR x B) = p;:(A x B).

Proof. A basic analytic property of Gaussian densities is the convolution
identity

(B.12) (ps * pe) (@) = ps+e(T),

where the convolution of two densities f and ¢ is in general defined by

(f % g)(x) = /R fw)g(z - y) dy.

We leave checking this to the reader. The corresponding probabilistic prop-
erty is that the sum of independent normal variables is again normal, and
the means and variances add.

The conclusion of the lemma follows from a calculation. Abbreviate x’' =
(1,...,xj—1), X" = (zj41,...,2p) and X = (x/,x”). It is also convenient to
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use to = 0 and x¢ = 0.
n
(A xR x B) = / dx’ / dx; / dx" Hpti—ti,l(fl‘i — Zi—1)
A R B i1
= / dx H Pty—t, 1 (Ti — Tiz1)
AXB i
X /Rda:j ptj_tj71($j — $j—1)ptj+1—tj (Tj+1 — x5).

After a change of variables y = z; — z;_1, the interior integral becomes

/Rdyptj—tjl(y)ptjﬂ—tj (l‘j+1 —Zj-1— y) = Ptj—t;_1 * Ptji1—t; ($j+1 - 96]'—1)
= Ptji1—tj_1 (xj—i-l - xj—1>'

Substituting this back up gives

n
/ dx H Pti—t;—1 (ml - xi—l) “Ptip—ti1 (xj-i-l - xj—l)
AXB gt
= ,U,E(A X B) O

As A € Brj-1 and B € Bgn—; range over these g-algebras, the class of
product sets A x B generates Brn-1 and is also closed under intersections.
Consequently by Lemma B.5, the conclusion of the above lemma generalizes
to

(B.13) mi{x e R":x€ G} = 3(G) for all G € Brn-1.

We are ready to check requirement (ii) of Theorem 1.29. Let t =
(t1,t2,...,tn—1,t,) be an n-tuple, s = (t1,t2,...,t,—1) and A € Bgn-1.
We need to show Qs(A) = Qt(A x R). Suppose 7 orders t. Let j be the
index such that 7(j) = n. Then s is ordered by the permutation

] =1,...,5—1
sy =T T
m(i+1), i=4,...,n—1

A few observations before we compute: o is a bijection on {1,2,...,n — 1}
as it should. Also

O(Ta=1(1)s Tr=1(2)s - -+ » Tr=1(n=1)) = (Tr=1(0(1))s Tr-1(c(2))> - -+ » L= ((n—1)))

= (xlw"7xj—1>xj+1a"'7xn) =X
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where the notation X is used as in the proof of the previous lemma. And
lastly, using 7t to denote the omission of the jth coordinate,

t = (tr(1)s -+ s tr(i=1)s trn(j+1)s - - - Er(n))
= (to(1)r > to(=1) to(j)s - - » to(n—1))
= O8S.

Equation (B.13) says that the distribution of X under fi ¢ is p1—. From these
ingredients we get

Qu(A X R) = e (n(A x R))
= prt{xX € R™ 1 (Tr1(1), Ta-1(2)5 - -+ » Tr1(n—1)) € A}
=urn{xeR": x € 0A}
= p(0A) = lis(0 A) = Qs(A).
We have checked the hypotheses of Kolmogorov’s Extension Theorem for
the family {Q¢}.
Let Qy = RQ2 with its product g-algebra Go = B(R)®Q2. Write £ = (& :

t € Q2) for a generic element of 2. By Theorem 1.29 there is a probability
measure @ on (22, Gs) with marginals

Q{§ €y (gtngtza"'vgtn) € B} :Qt(B)

for n-tuples t = (t1,t2,...,t,) of distinct elements from Qg and B € Brn.
We write E€ for expectation under the measure Q.

So far we have not included the time origin in the index set Q3. This
was for reasons of convenience. Because By has no density, to include g = 0
would have required two formulas for p in (B.11), one for n-tuples with
zero, the other for n-tuples without zero. Now define Q) = Qo U {0}. On
Qs define random variables {X, : ¢ € Q3} by

(B.14) Xo(§) =0, and X,(§) =&, for ¢ € Qa.

The second step of our construction of Brownian motion is the proof
that the process {X,} is uniformly continuous on bounded index sets. This
comes from an application of the Kolmogorov-Centsov criterion, Theorem
B.19.

Lemma B.23. Let {X,} be the process defined by (B.14) on the probability
space (22,Ga, Q), where Q is the probability measure whose ezistence came
from Kolmogorov’s Extension Theorem. Let 0 < v < % Then there is an
event I' such that Q(T') = 1 with this property: for all{ € ' and T' < oo,
there exists a finite constant Cr(§) such that

(B.15) [Xs(6) = X (&) < Cr(©)ls —r[" for allr,s € Q3N [0, T].
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In particular, for & € T' the function q — X4(&) is uniformly continuous on
QI N[0, T] for every T < oo.

Proof. We apply Theorem B.19 to an interval [0,7]. Though Theorem
B.19 was written for the unit cube [0,1]? it applies obviously to any closed
bounded interval or rectangle, via a suitable transformation of the index s.

We need to check the hypothesis (B.5). Due to the definition of the
finite-dimensional distributions of (), this reduces to computing a moment
of the Gaussian distribution. Fix an integer m > 2 large enough so that
% - ﬁ > . Let 0 < ¢ < r be indices in Qg. In the next calculation, note
that after changing variables in the dys-integral it no longer depends on y;,

and the y;-variable can be integrated away.

EQ[(X, — X)*"] = //Rz (Y2 — 41)*"Pg(y1)Pr—q(y2 — v1) dy1 dys
=/ dy1 pe(y1) / dya (y2 — y1)*"pr—q(y2 — 1)
R R
= /R dy1 pq(y1) /R dx 2"y () = /R dx 2" pp (1)

2
m
e J—
Xp{ 9

1 T
eI A e =i

2
(=" [ Prep{-F}dz=Cur—a,

where Cp, =1-3-5---(2m — 1), the product of the odd integers less than
2m. We have verified the hypothesis (B.5) for the values a = m — 1 and
B = 2m, and by choice of m,

O<7<a/ﬁ=%—i

2m”
Theorem B.19 now implies the following. For each T' < oo there exists an

event I'r C Qg such that Q(I'r) = 1 and for every £ € I'p there exists a
finite constant C(§) such that

(B.16) X0 () = Xq(§) < C(Q)Ir —ql
for any ¢,r € [0,7] N QY. Take

o0
I'=()Tr.
T=1
Then Q(I') = 1 and each ¢ € I" has the required property. O

With the local Hélder property (B.15) in hand, we can now extend the
definition of the process X to the entire time line [0, 00) while preserving



382 B. Probability

the local Holder property, as was done for part (b) in Theorem B.19. The
value X;(¢) for any t ¢ QY can be defined by

Xi(€) = lim X4, (€)

for any sequence {g;} from QY such that ¢; — t. This tells us that the
random variables {X; : 0 < t < oo} are measurable on I". To have a
continuous process X; defined on all of (s set

Xi(&§) =0 for& ¢TI andallt>0.

The process {X;} is a one-dimensional standard Brownian motion. The
initial value Xg = 0 has been built into the definition, and we have the
path continuity. It remains to check finite-dimensional distributions. Fix
0 <t <ty <--- <ty Pick points 0 < qi“ < q’g < - < q’ng from Qg SO
that ¢¥ — t; as k — oo, for 1 < i < n. Pick them so that for some § > 0,
0 < qf — qf_l < 67! for all i and k. Let ¢ be a bounded continuous function
on R™. Then by the path-continuity (use again ¢ty = 0 and zo = 0)

O(Xey, Xigs -, X0,)dQ = Tim [ $(X o, X, Xp) dQ
Qo k—oo J, 1 2 n

= lim ¢() [ [ pgr—gr (@i — i) dx
=1

k—o0 Rn

= | o) [[pn-t(@i—wi)dx= | ¢(x)pe(dx).
R" i=1 R"

The second-last equality above is a consequence of dominated convergence.
An L'(R™) integrable bound can be gotten by

e 2 2
i ) A b

om(gk —gb ) v2md

Pt —gr (Ti — Ti1) =

Comparison with Lemma B.21 shows that (X, X4,,...,Xy,) has the dis-
tribution that Brownian motion should have. An application of Lemma
B.6 is also needed here, to guarantee that it is enough to check continuous
functions ¢. It follows that {X;} has independent increments, because this
property is built into the definition of the distribution py.

To complete the construction of Brownian motion and finish the proof
of Theorem 2.27, we define the measure PY on C as the distribution of the
process X = {X;}:

PYB)=Q{¢cQy: X(¢) € A} for A€ Be.

For this, X has to be a measurable map from )y into C. This follows
from Exercise 1.8(b) because B¢ is generated by the projections 7y : w —
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w(t). The compositions of projections with X are precisely the coordinates
m; 0 X = X; which are measurable functions on 5. The coordinate process
B = {B;} on C has the same distribution as X by the definition of P

P{Bec H}=P°H)=Q{X € H} for H € Bc.

We also need to check that B has the correct relationship with the
filtration {FF}, as required by Definition 2.26. B is adapted to {F?} by
construction. The independence of B; — B, and F2 follows from two facts:
B inherits independent increments from X (independence of increments is a
property of finite-dimensional distributions), and the increments { B, — B, :
0 <u < v < s} generate FZ. This completes the proof of Theorem 2.27.

Holder continuity (2.31) follows from the equality in distribution of the

processes B and X, and because the Holder property of X was built into
the construction through the Kolmogorov-Centsov theorem.
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Notation and
Conventions

Mathematicians tend to use parentheses ( ), braces { } and square brackets
[ ] interchangeably in many places. But there are situations where the de-
limiters have specific technical meanings and they cannot be used carelessly.
One example is (a,b) for an ordered pair or an open interval, and [a, b] for a
closed interval. Then there are situations where one type is conventionally
preferred and deviations are discouraged: for example f(x) for a function
value and {z : f(x) € B} for sets. An example were all three forms are
acceptable is the probability of the event X € B: P(X € B), P[X € B] or
P{X € B}.

The time variable of a stochastic process can be in two places: X; or
X(t). No distinction is meant between the two. For example B; and B(t)
both denote Brownian motion at time t.

With expectations there is the question of the meaning of EX?2. Does
the square come before or after the expectation? The notation in this book
follows these conventions:

EX? = E(X?) while E[X]?=E(X)?=(E[X])%

When integrating a function of time and space over [0,t] x B, there is a
choice between

// f(s,x)dsdx and / f(s,x)dsdx.
[0,t]xB [0,t]xB

387
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While the former is more familiar from calculus, we opt for the latter to
avoid proliferating integral signs. Since dsdx can be taken to mean product
measure on [0,¢] x B (Fubini’s theorem), [ makes just as much sense as [/.

Vectors are sometimes boldface: u = (uy,ug,...,u,). In multivariate
integrals we can abbreviate du = duy , = du; dus - - - duy,.

A dot can be a placeholder for a variable. For example, a stochastic pro-
cess {X;} indexed by time can be abbreviated as X = {X;} or as X, = {X;}.
The latter will be used when omission of the dot may lead to ambiguity.

B, (x) is the open ball of radius r centered at point z in a metric space. C*(D) is a functi

CY2([0,T] x D) is a function space introduced on page 212.

1 ifz=
dij=1i=j} = 1 =Y s sometimes called the Dirac delta.
’ 0 ifx#y
1 if A
0 (A) = 1 ve is the point mass at x, or the probability
0 ifegA

measure that puts all its mass on the point x.

A denotes the symmetric difference of two sets:

AAB =(A\B)U(B\ A)=(ANB°) U (BN A°).

Af(z) = fo,2.(x) + -+ fo,2,(x) is the Laplace operator.

AZ(t) = Z(t) — Z(t—) is the jump at ¢ of the cadlag process Z.

iff is short for if and only if.

Lo = Lo(M,P) is the space of predictable processes locally L? under pupr.

L(M,P) is the space of predictable processes locally in Lo(M,P), Definition 5.21.

Lo(W) is the space of locally square-integrable adapted processes that can be
integrated by white noise, page 318.

m is Lebesgue measure, Section 1.1.2.

M1(9Q) is the space of Borel probability measures on the metric space §.
My is the space of cadlag L*-martingales.

Mo 1oc is the space of cadlag, local L2-martingales.

up(A) = E/ 14(t,w)d[M]i(w) is the Doléans measure
[0,00)

of a square-integrable cadlag martingale M.

N ={1,2,3,...} is the set of positive integers.
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1 o 2
p(t,x,y) =p(y —x) = exp{—u} is the Gaussian kernel;

V2t 2t
if z,y € R% then p(t,z,y) = (27rt)_% exp{—%t]y — ZL‘|2}
P is the predictable o-field.
Ry = [0,00) is the set of nonnegative real numbers.

S5 is the space of simple predictable processes.

Vr is the total variation of a function F', Section 1.1.9.
X7(Ww) = sup [Xi(w)].

0<t<T
X[ = X;a+ defines the stopped process X.

Z_ is the left limit process Z_(t) = Z(t—).
Z, ={0,1,2,...} is the set of nonnegative integers.






Index

L? valued measure
o-finite, 316

L(M,P), 161

par-equivalence, 137

-\ theorem, 366

o-algebra, 2
as information, 24
augmented, 35
Borel, 3
generated by a class of functions, 3
generated by a class of sets, 2
product, 4, 35

o-field, 2

o-finite
L? valued measure, 316
measure, 4

absolute continuity of measure, 17
abuse of notation, 81, 232

algebra of sets, 2, 315, 344, 365
augmented filtration, 40

Bessel process, 223
beta distribution, 22
Blumenthal’s 0—1 law, 70
Borel o-algebra, 3
Borel-Cantelli lemma, 368
bounded set, 315
bounded variation, 14
Brownian bridge, 234, 308
Brownian motion
Blumenthal’s 0—1 law, 70
construction, 376
definition, 64
Doléans measure, 136
Gaussian process, 83

geometric, 233

geometric Brownian motion, 237

Holder continuity, 65, 73

hitting time, 226

Lévy’s characterization, 222

martingale property, 65

modulus of continuity, 75

multidimensional, 64

non-differentiability, 74

quadratic cross-variation, 84

quadratic variation, 75

reflected, 293

reflection principle, 71, 293

running maximum, 71, 293

standard, 64

transition probability density, 68

unbounded variation, 75, 76
Brownian sheet, 315
Burkholder-Davis-Gundy inequalities, 224
BV function, 14

cadlag, 44
caglad, 44
Cameron-Martin-Girsanov theorem, 298
change of variables, 9
characteristic function, 22, 232
characteristic function (of a set), 6
Chebyshev’s inequality, 368
complete measure, 11
complete, separable metric space, 372
conditional distribution, 250, 309, 373
conditional expectation, 309
convergence theorems, 370
definition, 26
Jensen’s inequality, 29
convex function, 29
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Index

cumulative distribution function, 21
cylinder function, 309

diagonal trick, 369
discrete space, 80
distribution function, 21
distributional derivative, 291
Doléans measure, 136
dominated convergence theorem, 8
for conditional expectations, 370
generalized, 361
stochastic integral, 181
under convergence in probability, 370
Doob’s inequality, 94

equality
almost sure, 22
in distribution, 22
equality in distribution
stochastic processes, 41
exponential distribution, 21
memoryless property, 28, 36

Fatou’s lemma, 8
for conditional expectations, 370
Feller process, 60
Feynman-Kac formula, 226
filtration, 39
augmented, 40
complete, 40
left-continuous, 45
right-continuous, 45
usual conditions, 45, 49, 98
Fubini’s theorem, 12
fundamental theorem of local martingales,
98
FV process, 44

gamma distribution, 22
gamma function, 22
Gaussian (normal) distribution, 22, 376
moments, 36
Gaussian kernel, 68, 309, 326, 376
Gaussian process, 37, 83
isonormal process, 314
geometric Brownian motion, 233, 237
Girsanov theorem, 298
Gronwall’s inequality, 362
for SDEs, 262

Holder continuity, 351
Brownian motion, 65, 381
stochastic integral, 228

Hahn decomposition, 14

heat equation, 68, 326

hitting time, 46
is a stopping time, 49

iff, 388
increasing process, 52
natural, 106
independence, 25
pairwise, 36
indicator function, 6
integral, 6
Lebesgue-Stieltjes, 15
Riemann, 9
Riemann-Stieltjes, 15
integral sign, 387
integrating factor, 230
integration by parts, 199
invariant distribution, 233
isonormal process, 314
It6 equation, 230
strong Markov property, 249
strong solution, 238
uniqueness in distribution, 247, 306
weak solution, 306
1t6’s formula, 208
bounded variation case, 211
continuous process, 211
for Brownian motion, 211
vector-valued, 213
weak derivative, 291

Jensen’s inequality, 29, 368
Jordan decomposition

of a function, 15

of a signed measure, 14

Kolmogorov’s extension theorem, 31
Kolmogorov-Centsov criterion, 373
Kunita-Watanabe inequality, 54

Lévy’s 0-1 law, 96
Lévy’s characterization of Brownian
motion, 222, 298
Laplace operator, 216
Laplace transform, 226
law (probability distribution) of a random
variable, 21
Lebesgue integral, 6
Lebesgue measure, 6
Lebesgue-Stieltjes measure, 5, 15
point of increase, 33
Lipschitz continuity, 351
local L? martingale, 97
local function, 309
local martingale, 97
fundamental theorem, 98
quadratic variation, 100

Markov process, 57, 58
from It6 equation, 249
transition probability, 59
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Markov’s inequality, 368
martingale
convergence theorem, 96
Doob’s inequality, 94
local L? martingale, 97
local martingale, 97
is a martingale, 112, 299
quadratic variation, 100
semimartingale, 99
spaces of martingales, 107
martingale measure, 316
covariance functional, 317
orthogonal, 317
worthy, 317
measurable
function, 2
set, 2
space, 2
measurable rectangle, 12
measure, 4
L? valued, 316
o-finite, 4
absolute continuity, 17
complete, 11
Lebesgue, 6
Lebesgue-Stieltjes, 5
product, 12
signed, 13
memoryless property, 36
mesh of a partition, 9
metric
uniform convergence on compacts, 56
monotone convergence theorem, 8
for conditional expectations, 370

normal (Gaussian) distribution, 22, 376
Novikov’s condition, 299
null set, 8, 11, 22

ordinary differential equation (ODE), 230,
238

Ornstein-Uhlenbeck process, 231, 310

orthogonal martingale measure, 317

pairwise independence, 36

partition, 9, 14

path space, 56
C—space, 56
D-space, 56

point of increase, 33

Poisson process
compensated, 80, 85
Doléans measure, 137
homogeneous, 79
Markov property, 79
martingale characterization, 227
martingales, 85

not predictable, 202
on an abstract space, 77
semigroup, 80
strong Markov property, 79
Poisson random measure, 78
space-time, 205
Polish space, 250, 372
positive definite function, 37
power set, 2
predictable
o-field, 134
process, 134, 202
rectangle, 134
predictable covariation, 105
predictable quadratic variation, 104
probability density, 21
probability distribution, 21
beta, 22
exponential, 21
gamma, 22
normal (Gaussian), 22
standard normal, 22
uniform, 22
product o-algebra, 4
product measure, 12
progressive measurability, 40, 43, 44, 49

quadratic covariation, 50

quadratic variation, 49
local martingales, 100
predictable, 104
semimartingales, 103

Radon-Nikodym derivative
conditional expectation, 26
existence, 17
local time, 283
probability density, 21

Radon-Nikodym theorem, 17

random series, 370

reflection problem, 293

Riemann integral, 9

Riemann sum, 9

ring of sets, 315, 344

semialgebra of sets, 365
semigroup property, 59
semimartingale, 99
separable metric space, 13
simple function, 6
simple predictable process, 118, 138
spaces of martingales, 107
standard normal distribution, 22
step function

approximation by, 361
stochastic differential, 216
stochastic differential equation (SDE), 229



394

Index

Brownian bridge, 234
It6 equation, 230
Ornstein-Uhlenbeck process, 231
stochastic exponential, 234
strong solution, 238
uniqueness in distribution, 247, 306
weak existence, 306
weak solution, 307
stochastic exponential, 234
stochastic integral
cadlag integrand, 168
characterization in terms of quadratic
covariation, 195
continuous local martingale integrator,
165
dominated convergence theorem, 181
Fubini’s theorem, 345
FV martingale intergator, 173
Holder continuity, 228
integration by parts, 199
irrelevance of time origin, 163
jumps, 178
limit of Riemann sums, 168, 175
local L? martingale integrator, 162
quadratic (co)variation of, 193
semimartingale integrator, 172
substitution, 196, 197
stochastic interval, 153
stochastic partial differential equation
(SPDE)
mild solution, 329
weak form, 327
stochastic process, 40
cadlag, 44
caglad, 44
continuous, 44
equality in distribution, 41
finite variation (FV), 44
Gaussian, 83
increasing, 52
indistinguishability, 41
modification, 41
progressively measurable, 40
version, 41, 338
stopping time, 41
hitting time, 46, 49
maximum, 42
minimum, 42
strong Markov property, 60
for Itd equation, 249

Tanaka’s formula, 291
Taylor’s theorem, 360
Tonelli’s theorem, 12
total variation

of a function, 14

of a measure, 14

transition probability, 59
transition probability density of Brownian
motion, 68

uniform convergence in probability, 110
uniform distribution, 22

uniform integrability, 23, 371
uniqueness in distribution, 247, 306
usual conditions, 45, 49, 98

weak derivative, 291

weak uniqueness, 247, 306

white noise, 313
covariance measure, 317

Wiener measure, 65
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