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Preface

Undergraduate mathematics syllabi vary considerably in their cover-
age of measure-theoretic probability theory, so beginning graduates
often find substantial gaps in their background when attending mod-
ules in advanced analysis, stochastic processes and applications. This
text seeks to fill some of these gaps concisely. The exercises form an
integral part of the text. The material arose from my experience of teach-
ing AIMS students between 2004 and 2007, of which I retain many
fond memories. The AIMS series format allows few explorations of
byways; and the objective of arriving at a reasonably honest but concise
account of the It integral decided most of the material. With moti-
vation from elementary probability we discuss measures and integrals,
leading via L?-theory and conditional expectation to discrete martin-
gales and an outline proof of the Radon—Nikodym Theorem. The last
two chapters introduce Brownian Motion and It6 integrals, with a brief
look at martingale calculus. Here proofs of several key results are only
sketched briefly or omitted. The Black—Scholes option pricing model
provides the main application. None of the results presented are new;
any remaining errors are mine.

Three happy, lively AIMS student cohorts suffered my attempts to intro-
duce them to mathematical finance. My sincere thanks go to them, to the
AIMS team for their support, to Alan Beardon for his encouragement,
to two helpful reviewers, to Marek Capinski for wise advice and above
all to my wife Margaret for her patient, loving support.
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Probability and measure

1.1 Do probabilists need measure theory?

Measure theory provides the theoretical framework essential for the
development of modern probability theory. Much of elementary prob-
ability theory can be carried through with only passing reference to
underlying sample spaces, but the modern theory relies heavily on mea-
sure theory, following Kolmogorov’s axiomatic framework (1932) for
probability spaces. The applications of stochastic processes, in partic-
ular, are now fundamental in physics, electronics, engineering, biology
and finance, and within mathematics itself. For example, It6’s stochas-
tic calculus for Brownian Motion (BM) and its extensions rely wholly
on a thorough understanding of basic measure and integration the-
ory. But even in much more elementary settings, effective choices of
sample spaces and o-fields bring advantages — good examples are the
study of random walks and branching processes. (See [S], [W] for nice
examples.)

1.2 Continuity of additive set functions

What do we mean by saying that we pick the number = € [0, 1] at ran-
dom? ‘Random’ plausibly means that in each trial with uncertain out-
comes, each outcome is ‘equally likely’ to be picked. Thus we seek to
impose the uniform probability distribution on the set (or sample space)
Q) of possible outcomes of an experiment. If €2 has n elements, this is
trivial: for each outcome w, the probability that w occurs is % But when
Q = [0,1] the ‘number’ of possible choices of z € [0, 1] is infinite,
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even uncountable. (Recall that the set QQ of rational numbers is count-
able, while the set R of real numbers is uncountable.) We cannot define
the ‘uniform probability’ on [0, 1] as a function of points x or singletons
{z}; however, we can first define our probability function or (Lebesgue)
measure m just for intervals: if 0 < a < b < 1, we set m([a, b]) = b—a.
Thus measure, or ‘probability’, is a function of sets, not of points. The
challenge is to extend this idea to more general sets in [0, 1].

With such an extension we can determine m({z}) for fixed
z € [0,1): fore > 0, {z} C [z — 5,2+ 5], soif we assume m to
be monotone (i.e. A C B implies m(A) < m(B)), then we must con-
clude that m({z}) = 0. On the other hand, since some number between
0 and 1 is chosen, it is not impossible that it could be our z. Thus a
non-empty set A can have m(A) = 0.

The probability that any one of a countable set of reals A =
{z1,z9,...,x,,...} is selected should also be 0, since for any £ >0
we can cover each x,, by an interval I,, = [wn — 2%, T, + 2%] SO
that A C U2, I,, with total length 52 ,m(I,,) < . We just need the
‘obvious’ property that m(A) = >, m({x,}) for our conclusion.

We generalise this to demand the countable additivity property
of any probability function A — P(A), ie. if (A,),>1 are dis-
joint, then P (U2 A,) = Y07, P(A,). We shall formalise this in
Definition 1.9.

This demand looks very reasonable, and is an essential feature of
the calculus of probabilities. It implies finite additivity: if Aq,..., A,
(n € N) are disjoint, then P (U} ,A;) = X ,P(4;). Simply
let A; = ) for i > n (see Proposition 1.3).

Remark 1.1 Our example suggests a useful description of the ‘negli-
gible’ (or null) sets in [0, 1] (and by the same token in R) for Lebesgue
measure m: the set A is m-null if for every € > 0 there is a sequence
(I,)n>1 of intervals of total length >°>°  m(l,) < e, so that A C
U, I,,. (Note that the I,, need not be disjoint.) This requirement will
characterise sets A C R with Lebesgue measure m(A) = 0.

Example 1.2 The Cantor set provides an uncountable m-null set in
[0, 1]. Start with the interval [0, 1], remove the interval (£, 2), obtaining

the set C, which consists of the two intervals [0, 3] and [2,1]. Next
remove the “middle thirds’ (&, 2), (%, §) of these two intervals, leaving
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(5, consisting of four intervals each of length é, etc. At the nth stage we
have a set C,,, consisting of 2™ disjoint closed intervals, each of length
. Thus the total length of C,, is ()", which goes to 0 as n — oo.

We call C' = ﬂflo:l C,, the Cantor set, which is contained in each C,,
hence is m-null. Using ternary expansions, you may now show that C
is uncountable (just as with decimal expansions for [0, 1]).

We develop some abstract probability theory. Any given set () can
serve as sample space, and we consider (‘future’) events A, B from a
given class A of subsets of 2. We wish to define the probability P(A)
(resp. P(B)) as numbers in [0, 1]. Clearly, we would then also wish to
know P(A U B), P(A°), P(A N B), etc. Thus the class A of sets on
which P is defined should contain 2 (and P(Q2) = 1) and together with
A, B it should also contain A U B and A°. This ensures that 4 also
contains AN B: A°U B® = (AN B)°is in A, hence also A N B.
Such a class A is a field. (This, now standard, use of the term ‘field’ in
probability theory is somewhat unfortunate, and invites confusion with
its usual algebraic meaning. Some authors seek to avoid this by using
the term ‘algebra’ instead. We shall not do so.)

We demand that P is additive, i.e. for disjoint A, B € A we have
P(AU B) = P(A) + P(B). This suffices for our first result.

Proposition 1.3 If AB € A and A C B, then we have
P(B\A) = P(B)—P(A). Hence P() = 0. Moreover, P is monotone:
A C B implies P(A) < P(B).

Proof B\A = BN A° so B\Aisin A. But B = AU (B\A) and
these sets are disjoint. Hence P(B) = P(A)+ P(B\A). For the second
claim, use B = A. The final claim follows as P is non-negative.

Exercise 1.4 Show that for any A, B in A (disjoint or not)
P(AUB)+ P(ANnB)=P(A)+ P(B).

Given any probability P (see Definition 1.9 below), we call an event
A P-null if P(A) = 0. An event B is called almost sure (or full) if
P(B) = 1 (so that B¢ is P-null, since P(B) + P(B°) = P(Q)). A
property (e.g. of some function) holds almost surely if it holds on a full
set (i.e. except possibly on some null set).
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Example 1.5 (i) Let Q = {1,2,...,n} (or any finite set) A = 2 its
power set (the class of all subsets) and P(A) = #TA, where # A is the
number of points in A.
(i) Let Q be any set, A = 29, 0,(A) = 1for z € A, else 0. Then
P = ¢, is the point mass at x (also called a Dirac §-measure). Of
course, the power set is always a field.
(iii) For finite or countable sample spaces, probability distributions can
be built from Dirac measures: call a probability P on R discrete if there
is a countable full subset C' (i.e. P(C') = 1). This is obviously equiv-
alent to P having the form P = "’ p;d,, for some real sequences
(%3)i>1, (pi)i>1 withp; > 0and >_° p; = 1.

The following distributions should be familiar:
(a) Bernoulli: P = pdy + (1 — p)dp, 0 < p < 1.
(b) Binomial Bi(n,p): P = Y_""_, p;d;,
where p; = (1)p'(1 —p)"",0<i<n,0<p<l.
(c) Geometric Geo(p): P =", p;di,
where p; = p(1 —p)"=1i>1,0<p< 1.
(d) Negative binomial NegB(n,p): P = Z;’in Dili,
Wherepl-f(n 1) (1—p)mi>n0<p<l.
(e) Poisson Po()\): P =32 p;d;,
where A > 0 and p; = e‘k’\i—!,z > 0.
You may know these better as distributions of well-known classes of
random variables.

Example 1.6 For a different example, we consider a field that enables
us to generate Lebesgue measure on R.

Let Q@ = IR. Consider left-open, right-closed intervals, i.e.
of the form (a,b] for a,b € [—o0,00] (the set of extended reals,
which consists of R U {—00,00}) and where by convention we set
(a,00] = (a,00) for —oo < a < oo. We then define

Ao ={UL (ai,bi] a1 <by <ax <...<b,, n>1},

so that Ay is the class of all finite disjoint unions of such intervals. We
define the measure of such a union as

m (Ui (ai, bi]) = Z(bz —a;).
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This fits with our earlier informal definition for closed intervals, since
we showed that m({z}) = 0 for any « and m is finitely additive.

Exercise 1.7 Verify that Ay is a field. Would this remain true if we had
used open (or closed) intervals instead?

In practice, as can already be seen from examples (d) and (e) above,
we are driven to considering unions and intersections of an infinite
sequence of events. As another example, in an infinite sequence of coin
tosses, what is the probability that ‘heads’ will occur infinitely often?
We shall see that this depends crucially on our assumptions about the
probability of success at each stage.

The Borel-Cantelli (BC) Lemmas are the archetype of this sort of
result. To formulate the first lemma, suppose that Ay, As, ..., A,, ...
is a sequence in A with "7 | P(A,,) < co. How should we find the
probability of the event

Aio. = {w:w e A, for infinitely many n}?

(As with A; ., we shall use ‘i.0.” as an abbreviation for ‘infinitely often’
throughout.) We must ensure that P(A; .. ) makes sense. If w belongs to
infinitely many A,,, then for each m > 1 there is at least one n > m
withw € A,,. Sow € Up>nm A, for all m. Thus we need to define the
probability of the union of infinitely many A,, if we are to get further.
This leads first to:

Definition 1.8 A class JF of subsets of a given set €2 is a o-field (use of
the term o-algebra is also common) of subsets of (2 if:
Qe F.
(i) A € F implies A€ € F.
(iii) {A,, : n € N} C Fimplies | J,—, 4, € F.
Thus F is closed under complements and countable unions.

A field, and indeed any family A of subsets of (), generates a minimal
o-field o(A): we define

o(A)=n{G : Gisao-field, A C G}.

It is easily verified that o(.A) satisfies (1)—(iii) of Definition 1.8 A key
example is given by the Borel o-field B = o(Ap) with the field Ay
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defined as in Example 1.6 above. In what follows, the pair (R, B) plays
a central role.

For w € Aj,., we need to have w € Up>ym A, for each m > 1, so
that we write

ALO. = mle(UnzmAn) = lim SuPy, 00 An

To see that A; .. belongs to the o-field F, we show that F is also closed
under countable intersections. Since F is closed under complements,
if (Bn)n21 C F then each B;, € F, and by de Morgan’s laws we have
(Ny>1Bp)¢ = Up>1B¢, so that N,,>1 B, is the complement of a set in
F,hence is itself in F. Thus we see that A; . is well-defined as soon as
the sets A,, belong to a o-field of sets in 2.

But this still does not tell us how to find its probability.

Definition 1.9 A triple (€2, F, P) is a probability space if €2 is any set,
F is a o-field of subsets of €2 and the function P : F — [0, 1] satisfies:
1 PQ) =1

(i) {A, : n € N} C Fand A, N A,,, = () for n # m imply that

P(U’?LozlAn) = i P(An)~

We say that the probability P is a o-additive (also called countably
additive) set function.

We may equally define liminf, ..o A,, = Up>1(NA,,>,). This set
contains all points that eventually belong to sets in the sequence (A, ).
We also write A, for this set.

Exercise 1.10  Check: (liminf, .. A,)¢ = limsup,,_,. AS.
Compare this with a similar result for the upper and lower limits
of a sequence of real numbers — recall that for a real sequence (a,)
we define limsup, a, as inf,>i(sup,,>, @) and liminf, a, as
sup,,>1 (inf,;, > @, ). You should prove that (a,,) converges if and only
if (iff) these quantities coincide! We use this fact in later chapters.

Any countable union | J;- ; Aj can be written as a disjoint union: let
B, = A \U;:ll A;, then clearly B, C Ay foreach k and B;N By, = ()
when j # k. You should verify that | J;— | Br = U, ; Ak.
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Exercise 1.11 Prove that a finitely additive set function P : F — [0, 1]
is o-additive iff the following statement holds: whenever (B,,),>1 in F
decreases to the empty set (N, >1 B, = 0), then lim,,_.o, P(B,,) = 0.
(This is often called ‘continuity’ of P at {).)

To find P(limsup,, ., A,), we first need some more simple conse-
quences of the definitions:

Proposition 1.12 Let (Q, F, P) be a probability space.

(i) If (A;)i>1 in F, then P(U;>1 A;) < 370, P(A;).

(ii) If A; C Aiy, (i > 1), then P(Ujs1A) = limy, oo P(Ay).
(iii) If Ais1 C Ay, (i > 1), then P(Nis1A;) = limyoe P(Ay).

Exercise 1.13 Prove Proposition 1.12 and show that (ii) and (iii) are
equivalent ways of formulating o-additivity of additive P. (Here (i) says
that P is countably subadditive.)

We introduce notation for the convergence of sets: write A, — A if
limsup,, 4, = liminf,, A,, = A (alternatively, A;,, = Ao, = A).
Note the analogy with convergent sequences! As a special case, we
write A, T Aif A, C A4 forall n and A = US2 | A,,. Similarly,
A, | Aif A,y C Ay forallnand A =N, A,.

Proposition 1.14 If A, — A, then P(A,,) — P(A).

Proof If A, — A, then A = A;, = Aev, s0 P(A) = P(A;,.) =
P(Aey). We need to show that

limsup,, P(4,,) = liminf, P(4,) = P(A).

But liminf,, P(A,) < limsup,, P(A4,,) always holds, so we just need
to show that P(liminf,,(A,)) < liminf, P(A,,). Now for each k > 1

ngkAn C Ay, hence P(mnzkAn) < P(Ak)

and the result follows by Proposition 1.12 (ii) on letting k¥ — oo, since
ngkAn T liminf, Ay = A.

Exercise 1.15 Show that limsup,, P(4,,) < P(limsup,, A,).
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For the first BC Lemma, let B,,, = U, > A, so that (B,,) decreases,
hence by 1.12(ii) and 1.12(i)

< limp (P(Ap) + P(Aps) +...) =0

since the series (of real numbers!) 7 | P(A,,) converges.
We have proved:

Lemma 1.16 (First Borel-Cantelli (BC) Lemma): If (A,), is a
sequence of events with y -, P(A,,) < oo, then P(limsup,, A,,) =0.

Thus, if we have a sequence of events whose probabilities decrease
quickly enough to keep their sum finite (for example, if P(4,,+1) =
0.999P(A,,) for each n), then it is certain (i.e. the probability is 1)
that only finitely many of them will occur. This may not be unduly
surprising, but it did need a proof.

1.3 Independent events

The first BC Lemma is immediate from our definitions. Matters are very
different, however, when the series Y~ ; P(A,,) diverges. Then we do
have a second BC Lemma, but this applies only when the sequence of
events (A, ), is independent. Recall some basic definitions:

Definition 1.17 Let (2, F, P) be a probability space. For A, B ¢ F
with P(B) > 0, define

P(AN B)

P(AIB) = — 5

as the conditional probability of A, given B.
Exercise 1.18 Verify that the function P : A — P(A|B) is again a

probability. (Hint: if (A,,),, are pairwise disjoint sets in F, then (A, N
B),, are also pairwise disjoint.)
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Exercise 1.19 Suppose that A, B,, € F with (B,,),, pairwise disjoint,
P(By,) # 0 for all n and U2, B,, = Q. Prove that

Z (A|B,)P(B,).

This is often called the Theorem of Total Probability.

Definition 1.20 Events A, B in F are independent if
P(ANB)=P(A)P(B).

When P(B) > 0, this is the same as the more natural requirement that
B should ‘have no influence’ on A; i.e. P(A|B) = P(A). However,
our definition still makes sense if P(B) = 0.

Care must be taken when generalising this definition to three or
more sets (e.g. A, B,C): it is not enough simply to require that
P(AnBNC)=P(A)P(B)P(C).

Exercise 1.21 Find examples of sets in R to justify this claim.

As our general definition of independence of events, we therefore
require:

Definition 1.22 Let (2, F,P) be a probability space. Events
Ay, Ag, ... A, in F are independent if for each choice of indices
1< <ig<...<ixz <n

k
P (N1 4i,,) = P(Ai, ) P(As,) .. =[] P4:.)

m=1

A sequence (A,,),>1 of events (or any family (A, ).) is independent if

every finite subset 4;,, A;,, ..., 4;, of events is independent.

With this machinery we formulate:

Lemma 1.23 (Second Borel-Cantelli (BC) Lemma): If the
sequence (Ap)n>1 is independent and % .. | P(A,) = oo, then

P(limsup,, A4,) = 1.

n=1



10 Probability and measure

Proof To prove that P (N2, (US, A,)) = 1 it will suffice to show
that for each & > 1, P (U , A,,) = 1. This follows from Proposition
1.12 (iii): U2, A,, decreases as k increases, so that

limg o P (UpZiAn) = P (N2 (UpZgAn)) -

Now consider N*_, A¢ for a fixed m > k. By de Morgan’s laws, we
have (U™, A,)° = N™_, A%. The (AS) are also independent (check
this yourself!), so for k > 1

m m

P(npeAy) = [T Pan) = [T - P4l

n==k n=k
For x > 0, we have 1 — x < e™” (use the Taylor series, or simply the
derivative), so

m m

[T - P < JJ e P@) = e Zame P,

n==k n==k

Now recall that we have assumed that the series ) |, P(A,) diverges.
Hence for fixed k the partial sums ., P(A,) grow beyond all
bounds as m — oo. So, as m — oo the right-hand side (RHS) of
the inequality becomes arbitrarily small.

This proves that
1—-P(U A, =P(N AS) — 0 as m — oc.

Now write B,,, = U"_, A,,. The sequence (B,,), is increasing in m
and its union is U, A,,. Applying Proposition 1.12 (ii), we have

P Uy Ap) = limy, oo P(Bp,) =1

and the proof is complete.

1.4 Simple random walk

The following famous example illustrates the power of the BC Lemmas.
(1) On the line, imagine a drunkard describing a symmetric random walk
from 0, i.e. who at each step is equally likely to go left or right. How
often does such a walk return to the starting point? The position reached
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after n steps is given by S, = > ; X;, where the X; are independent
Bernoulli random variables with
1

P(X; =1) = 5 = P(X, = -1).

Note that P(S2,—1 = 0) = 0 for all n (Why?).
To find P(Ss, = 0) we use the well-known approximation of n!
given by Stirling’s formula

n! (E)n vV 2mn for large n.
e

To get back to 0 in 2n steps, the drunkard has to have taken n steps to
the right and n to the left. Thus the probability of return to 0 is (for
large n)

m 1 n 1 2n—n (Qn)' 1 2n
0= (5)() () =G ()
()™ /2020 (1)2" !
[(2)" V2 2 \2 NG
Now take A, = (S2, = 0) in the second BC Lemma: the series
S0 P(A,) diverges, as for large n we have P(4,) =~ \/% and
don ﬁ is divergent. Thus we have shown that P(Ss, = 0 infinitely
often) = 1.
(ii) In two dimensions, a similar ‘walk’ would take place on a grid, so
there are four choices at each step, and we can regard the path as the
composition of two one-dimensional excursions similar to the above.
We can also take them as independent (this needs justification, which
we omit), so that P(S, = 0) ~ -L. The series >, | P(A,) also
diverges, since ) % diverges. Thus we again find that P(Ss, = 0
io.) =1
(iii) In three dimensions, similarly, P(Ss, =0) ~ W But now

the series ) - | P(A,,) converges by comparison with the convergent
series ), —5. Thus the first BC Lemma shows that P(Sa, = 01i.0.) =
0 for each n.
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Measures and distribution functions

The next definition is motivated by Lebesgue measure, and extends that
of probability spaces by relaxing the condition that (2) = 1. We now
stipulate as part of the definition that the empty set has measure 0.

Definition 2.1 A measurable space (2, F) consists of a set 2 and a
o-field F of its subsets. The sets in F are called measurable. A measure
on (2, F) is a function p : F —[0, 00| such that x()) = 0 and for
any disjoint sequence (A,,), in F, p(UZ 1 Ay,) = > o0 1(Ay). (This
identity is expressed by saying that y is countably additive.)

However, if there is a measurable set A with p(A) < oo, we can employ
additivity: with B = A in Proposition 1.3 (and the same proof) we
see again that 1()) = pu(A) — u(A) = 0. Most of Proposition 1.12 also
remains true with P replaced by p: the only change is that in 1.12(iii) we
need to demand that ;1(A;) < oo for the arguments to make sense.

2.1 o-finite measures

There are measure spaces where no non-empty set has finite measure!
Setting p(A) = +oo for each non-empty set in the field Ay, described
in Example 1.6, and using Theorem 2.8 below yield such a measure on
the Borel o-field BB. To avoid such examples, we restrict our attention to:

Definition 2.2 A measure p on a measurable space (0, F) is finite
if u(Q) < oo. It is o-finite if there is a sequence (F,), in F with
w(Fp) < oo forall nand U, F,, = Q.

12
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Recall that in a probability space (02, F, P) we say that a certain
property (e.g. of functions) holds almost surely (abbreviated as a.s.(P),
or simply a.s.) if it holds on a full set (i.e. one whose comple-
ment is null). For a general measure y, the term ‘almost everywhere’
(abbreviated as a.e.(j1), sometimes as p-a.e., or just a.e.) is commonly
used for the same concept — ‘a.s.” will indicate that the measure in
question is a probability measure.

Example 2.3 For A = U ;(a;,b;] € Ap (see Example 1.6), length
was given in an obvious way: m(A4) = > (b; — a;). Clearly, the
sequence F,, = (—n, n| shows that m is o-finite. To extend this measure
to more general sets, the first step is very natural: for £ C R, define
Lebesgue outer measure m* by

oo

m*(E) = inf {Z(bl — ai) B C Ufil(a,»,bi]} .

i=1

Note that by its definition, m™* is monotone: A C B implies that

m*(A) < m*(B). We leave another property as an exercise: show that
m* is countably subadditive, i.e. that for any (F;);

m* (U2, E;) <Y m*(Ey).
i=1

However, it is too much to expect that m* is o-additive on all
subsets of R; at least if we accept the Axiom of Choice. Informally, this
axiom says that, given any collection of non-empty sets, we can form a
new set by choosing one element from each set in the collection. The
axiom is independent of the axioms of (Zermelo—Fraenkel) set theory,
and we shall (like most mathematicians) accept its validity. With it we
can construct a sequence of sets in R on which m* is not o-additive.
First, we need a simple fact about m* whose proof is left to you. Write
E+4+xz={e+x:e€ E}for E C Randz € R. Show that m* is
translation-invariant: m*(E + x) = m*(E) for E C Rand z € R.

Example 2.4 Define an equivalence relation on [0, 1] by saying that
x ~y iff r —y € Q. From each equivalence class (how many classes are
there?), pick one element and call the set formed by these elements A.
By the above, m*(A4 4+ ¢) = m*(A) for any rational ¢. Also, if ¢ # r,
then A + ¢ and A + r are disjoint, as is easily seen.
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Suppose m* is o-additive. With B = Ugeci—1,1jn0(A + q), we
have m*(B) = 3 c_11nom (A + ¢). But we have [0,1] C
B C[-1,2], so, by subadditivity of m*, the first inclusion gives 1 <
> ge-1,11n0 ™ (A + ¢), hence m*(A) > 0. On the other hand,
the second inclusion tells us that 37 .y yjngm" (4 +¢) < 2 and
hence m*(A) = 0. The contradiction shows that m* is not o-additive
over 2.

On the other hand, we will see shortly that m™* is a measure on the Borel
o-field B = o(Ap), Since (a,b) = U2, (a,b— L] (when + < b—a),
it follows that every open interval (and hence every open set, as it can be
written as a countable union of open intervals) belongs to 5. So every
closed set also belongs to B.

Thus B could equally well be defined as the smallest o-field
containing all open sets (or all closed sets, or all intervals), since,
conversely, any interval of the form (a,b] = N5, (a,b+ 1) would
then also belong to this o-field. The flexibility we have in the type of
interval we use is helpful in many situations. We started with half-open
intervals because we want their lengths to add up correctly, with no
gaps or overlaps: to ensure that length m is additive, we need in
particular for ¢ € (a,b) that m((a,b]) =b—a = (b—c)+ (c—a) =
m((c,b]) + m((a, ).

We extend things a little further. A set N is m*-null if m*(N) = 0
(cf. also Remark 1.1). We write \V for the collection of all m*-null
sets (note that subsets of null sets are null as m* is monotone). The
o-field L is the o-field generated by B U A. Sets in £ will be called
Lebesgue-measurable.

To show that m extends to a measure on (R, 5), we quote without
proof a key general result on the extension of measures. First we need
some more definitions:

Definition 2.5 (i) ;1*:2% — [0, oc] is an outer measure if it is countably
subadditive, monotone and p* () = 0.

(ii) Let p* be an outer measure. A C ) is p*-measurable if
1) = p*(E 0 A) + p* (B\A)

foreach £ C Q.



2.2 Generated o-fields and m-systems 15

It is easy to see that m* : 28 — [0, o], defined in Example 2.3, is an
outer measure, as is u*, defined in the Key Extension Theorem, which
we state without proof:

Theorem 2.6 (Caratheodory) Suppose Fy is a field of subsets of
a set Q and p : Fy — [0,00] is a measure. Define p*(E) =
inf {d°7°, w(A;) : A; € Fo, E C U2 A;} for EC Q. Then p* and p
agree on JFy, every set in JFy is p*-measurable, and if p is o-finite, then
w* is the unique extension of 1 to a measure on the o-field F = o(Fp).

This reduces the proof of the existence of Lebesgue measure m : £ —
[0, o0] to two steps, which are also given without proof. The first applies
to outer measures in general; the second ensures that real intervals are
m*-measurable:

(1) For any outer measure p*, the collection M (u*) of p*-measurable
sets is a o-field containing all p*-null sets, and the restriction of
@ to M(p*) is a measure.

(2) If for a disjoint sequence (A;);>1 in Ag their union A = U2, A;
also belongs to Ag, then m(A) = 5.2 m(A4;).

Thus Carathedory’s Theorem ensures that sets in Ay are m*-
measurable, and that m* : £ — [0, o0] is the unique measure extend-
ing m, since L C M(m*). We write m instead of m* for Lebesgue
measure on R. This measure is complete, i.e. subsets of m-null sets are
measurable.

Finally, note that Example 2.4 provides us with a set A which is not
in L: if A were Lebesgue-measurable, then m* would be o-additive
over the sequence A 4 ¢ : ¢ € Q. Thus we are justified in calling A a
non-measurable set for Lebesgue measure.

2.2 Generated o-fields and 7-systems

Although a measure needs to be defined on a o-field, we rarely have
situations where these are given in advance. For example, in building
Lebesgue measure we started with intervals, or, more precisely, with the
field Ay, and generated the Borel o-field 53 from it. The question arises:
under which conditions on a class C will the extension of a measure
from C to o(C) be unique? It turns out, remarkably, that all we need
is that our generating class should contain ) and be closed under finite
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intersections, i.e. if A, B € C,then AN B € C. We call such a class a
m-system. Clearly, any field is a 7-system. For the field Ay, we have: if
a <b<c<d,then (a,c] N (b,d] = (b,c].

We need one further notion: a system D of subsets of € is a d-system
(sometimes called a monotone class) if it contains €2 and is closed under
(proper) difference (if A C B in D, then B\A € D) and increas-
ing countable unions (if A; C A;y1,A; € D for all i > 1, then
U2, A; € D). Itis usually easier to check these requirements than those
for o-fields. As for o-fields, we write d(C) for the smallest d-system
containing C — note that this is again the intersection of all d-systems
containing C — and call it the d-system generated by C. The link with
o-fields is clear from:

Exercise 2.7 Show that a collection C of subsets of € is a o-field iff it
is both a 7-system and a d-system.

Theorem 2.8 Monotone Class Theorem for m-systems. For any
m-system C on ), we have: d(C) = o(C).

Proof Define C; = {B € d(C) : BN C € d(C) for all C in C}.
This condition holds whenever B € C as C is a w-system. We verify
that C; is a d-system: first, Q € C;. If A C B are in C;, then for
CelC (B\A)NC = (BNC)\(ANC)is in d(C) by the definition
of d-systems. Thus B\ A € C;. Finally, let B,, T B with B,, € C; for
all n. Thus forany C € C, B,NC 1 BNC andso BNC € d(C).
Hence B € Cy, as required. But C; contains C and hence it equals d(C).
Next, define C; = {A € d(C) : AN B € d(C) for all B inC;}. We have
just seen that this collection contains C. But it is again a d-system (just
as for Cy) and thus equals d(C). This means that d(C) is a w-system.
Hence by Exercise 2.7 it must equal o (C).

Thus, if we begin with an 7-system of subsets of {2 on which a certain
property is true, then we only need to establish that the class C of subsets
on which the property holds is a d-system. For then the property holds
on d(C) = o(C). Our first application is to show how this applies to
o-finite measures.
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Theorem 2.9 Suppose F is a o-field on ), C is a w-system with
o(C) =F, and the o-finite measures P, Q agree on C. Then they agree
on F.

Proof Let G be the class of subsets G = {4 € F : P(A) = Q(A)}. We
are given that P = Q on C so C C G. Thus by Theorem 2.8 we just need
to verify that G is a d-system. This is trivial: 2 is in G by hypothesis;
for AC Bin G, we have P(B\A)=P(B)— P(A)=Q(B) —Q(A) =
Q(B\A), again using Proposition 1.3 (which applies to o-finite
measures). Finally, for an increasing sequence in G with 4, T A we
have P(A) = lim,, P(A,,) = lim,, Q(A,) = Q(A).

2.3 Distribution functions

Theorem 2.9 shows in particular that Lebesgue measure m is the unique
extension of m from Aq to 5. More generally, any o-finite measure, and
so every probability P, on (R, BB) is determined by its values on inter-
vals of the form (a, b]; in fact, by intervals of the form (—oo, z]. This
enables us to define the distribution function of the probability P as the
function Fp : R — [0,1] given for z € R by Fp(x) = P((—o0, z]).
The most natural examples are distribution functions of random vari-
ables (see Chapter 3): for X : 2 — R we define the probability
Px : B — [0,1] by Px(A) = P(X € A) = POXﬁl(A). Px is
often called the law of the random variable X. Then we write I’y for
Fp,,sothat Fx(z) = P(X < x).

Exercise 2.10 Check that Px is a measure on (R, B(R)).

The probability P on (R, B) determines the distribution function Fp.
The converse also holds:

Proposition 2.11 If Fp = Fy, then P = Q. In particular, for random
variables X,Y, if Fx = Fy, then Px = Py.

Proof By the previous theorem, we only need to show that P = ) on
intervals (a, b]. Since (a,b] = (—o00,b)\(—00, a
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P((a,b]) = P((—00,b]) = P((=00,a]) = Fp(b) — Fp(a)
= Fo(b) — Fo(a) = Q((—00,b)) — Q((—00,a])
= Q((a,b]).

The main properties of distribution functions are left as

Exercise 2.12 If P is a probability on R, verify that its distribution
function F'p is increasing, has right and left limits at all points and is
right-continuous.

In fact, any finite, non-decreasing and right-continuous function real
F' (also called a distribution function) will determine a measure pp
on (R, B) by first setting pup((a,b]) = F(b) — F(a) for intervals
of this form, and then extending to the Borel o-field 5. Clearly,
two such functions differing by a constant define the same measure.
Such Lebesgue—Stieltjes measures jip assign finite values to all finite
intervals. It can be shown (see e.g. [L]) that there is a one—one
correspondence between (equivalence classes of) distribution functions
and Lebesgue—Stieltjes measures.
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Measurable functions/random variables

A function between measurable spaces, f : (Q,F) — (0, F') is
measurable if f~'(E') € F for all E' in F'. (Recall that a map
f (X, T) — (X',7') between topological spaces is continuous if
f7Y(E'") € T for all E' in T".) The inverse image of a set A under a
function f is very well-behaved with regard to operations on sets:

Exercise 3.1 Suppose 2, are sets and [ : Q — Q is a function.
Write f~1(A) = {w € Q: f( ) € A} forany A C Q. Show that:
()if A C B, then f~1(A) C f~1(B);
(ii) for any family (Ay)aca of subsets of )/
(

f ! UaGAA ) = UaGAfil(Aa)a
fﬁl( aEAAa) = maEAfil(Aa);
(i) f1(A) = (f7H(A)%
(iv)if AN B =0,then f~Y(A)Nf1(B)=0
Which, if any, of statements (i)—(iv) hold with f ! replaced by f?
For measurable f : (2, F) — (£, F’), the collection of inverse images

{f~Y(F') : F’ € F'} is thus again a o-field, and is obviously contained
in F. This is the o-field generated by f, denoted by f~1(F").

3.1 Measurable real-valued functions

We work with real-valued functions, where the range space is (R, ).
Because the Borel o-field B is generated by the intervals in R, we can
rephrase our definition in this case as follows:

19
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Definition 3.2 A real-valued function f : 0 — R on the measurable
space (€2, F) is F-measurable if

FHI) ={weQ: f(w) € I} € F foreach real interval I.

We use the flexibility of the Borel o-field to express Definition 3.2 in
different equivalent forms.

Exercise 3.3 Show that f : Q@ — R is measurable iff any of the
following hold:

() f~1((a,00)) € F for all real a;

@ii) f~*([a,00)) € F for all real a;

@iii) f~'((—o0,a)) € F for all real a;

(iv) f~1((—o0,a]) € F for all real a.

By convention, when (€, F, P) is a probability space, measurable
functions Q0 — R are called random variables (often abbreviated to r.v.)
and are usually denoted by X, Y, Z, instead of f, g, h.

Exercise 3.4 Let (£, F, P) be a probability space and let X : 2 — R be
arandom variable. Describe the o-field X ~1(B) generated by X when:
(1) X is constant;

(i1)) X = 1p for some Borel set B;

(iii) X takes finitely many different values.

3.2 Lebesgue- and Borel-measurable functions

We take a brief look at the special case of functions f : R — R. We
say that f is Lebesgue-measurable if f~1(B) € L for every Borel set
B. A stronger demand is that it is Borel-measurable, which means that
f~1(B) € B for every Borel set B. There are many Borel-measurable
functions as the next Exercise shows.

Exercise 3.5

(i) Suppose f : R — R is continuous. Show that f is Borel-measurable.
Extend the definitions and this result to the case f : {2 — R where 2 is a
metric space and the o-field F contains all open sets.

(ii) Show that any monotone real function is Borel-measurable.
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It can be shown that, writing ¢ for the cardinality of the reals, there
are ¢ Borel subsets of R, but 2¢ Lebesgue-measurable subsets of R.
Since A C R belongs to £ (resp. B) iff 14 is Lebesgue (resp.
Borel-)measurable, it follows that there are many Lebesgue-measurable
functions that are not Borel-measurable. Nonetheless, it turns out that
for any Lebesgue-measurable f there is a Borel-measurable function
agreeing with f up to an m-null set.

3.3 Stability properties

Recall that we defined the Borel o-field B = B(R) by means
of intervals of the form (a,b]. In exactly the same way we can
use rectangles of the form J=T[",_,(a;,b;] consisting of vectors
x=(21,%2,...,2,) ER"witha; < x; < b; for all i < n, to define the
Borel o-field on R™ : the collection [J of such rectangles is a 7-system,
and we take B(R™) = o(J). Clearly, this produces the same o-field if
we start with products of open sets, or even Borel sets, on the line.

Now fix a o-finite measure space (€2, F, 11). The following result pro-
vides a large class of ‘new’ measurable sets from ‘old’, again using the
Monotone Class Theorem:

Theorem 3.6 If f1,..., f, are measurable functions, f; : Q@ — R and
if G : R"® — R is Borel-measurable (i.e. G™1(B) € B(R") for all B
inB), then g = G(f1,..., fn) : Q — R is measurable.

Proof Apply Exercise 3.1to f =(f1,..., fn): Q—=R". If B B(R")
is a ‘rectangle’ B = [["_, B; with B; € B, then
f1B)={weQ: (fi(),..., fulw)) € B}
={we: filw) €By,..., fn(w) € B}
=N {we: fi(w) € B} € F.
By Exercise 3.1, the class C = {A € B(R") : f71(A) € F}isa

o-field. It contains the 7-system of rectangles. Hence it equals B(R")
by the Monotone Class Theorem. But then for any B € B we have

g7 (B)={w e Q: (fi (W),.... fulw)) € GTH(B)},
and G~1(B) € B(R"),s0 g~ *(B) € F.
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Exercise 3.7 Suppose that f, g are measurable real-valued functions
defined on (€2, F). Show that:

(i) the set L(F) of measurable real-valued functions is a vector space
and is closed under multiplication (i.e. f.g is measurable);

(ii) for any a, the truncation of f given by f*(w) = aif f(w) > a, and
f%(w) = f(w) if f(w) < a, is measurable;

(iii) f is measurable iff its positive part f+ = J-1{y>0y and its negative
part f~ = — f1;;<¢yare both measurable;

(iv) if f is measurable, then so is | f| = f* + f~, but not conversely.

We formulate our next results for real-valued functions defined on an
arbitrary measurable F subset of (2 the restricted space (E, Fg, ug) is
of course again a measure space!

Passage to the limit does not destroy measurability — we just need the
stability properties of F.

Theorem 3.8 If {f,} is a sequence of measurable functions defined on
the set E in (), then the following are measurable functions also

maxn<g f'm minngk f’m SUP,, eN fnv infneN fna

limsup,, . fn, liminf, - fn.

Proof (Sketch) It is sufficient to note that the following are measurable
sets:

{w: (max, < f)(w) > a} = Us_ {w: fulw) > a},

{w: (min,< f) (W) > a} =NF_{w: fulw) > a},

{w: (supyog f) @) > a} = U {w : fulw) > a},

{w: (nfuop fo) (@) = a} = S fw : fulw) > a).

The upper limit is limsup,, .., fr = inf,>1{sup,,>, fm} and the
above relations show that h,, = sup,,~, fm 18 measurable; hence
inf,,>1 hp () is measurable. The lower limit is done similarly.

Corollary 3.9 If a sequence f,, of measurable functions converges
(pointwise), then the limit is also measurable.

This is immediate since lim, .~ f, = limsup,,_, ., fn, Which is
measurable.
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Remark 3.10 Note that for functions f : R — R, Theorems 3.6 and
3.8 have counterparts for Borel functions, i.e. they remain valid upon
replacing ‘measurable’ by ‘Borel’ throughout. However, things are
slightly more complicated when we consider the role of null sets. On
the one hand, changing a function on a null set cannot destroy its
measurability, i.e. any measurable function which is altered on a null
set remains measurable. However, as not all null sets are necessarily
Borel sets, we cannot conclude similarly for Borel sets, and thus, in
the case 2 = R, E € L, the following results have no natural ‘Borel’
counterparts.

Proposition 3.11 If f : E — R is measurable, E € F, g: E—R
is arbitrary, and the set {w : f(w) = g(w)} is p-null, then g is
measurable.

Proof Consider the difference d(w) = g(w) — f(w). Itis 0 except on a
null set, so {w : d(w) > a} is anull set if ¢ > 0, and its complement is
anull setif a < 0. Both sets are measurable and hence d is a measurable
function. Thus g = f + d is measurable.

Corollary 3.12 If (f.) is a sequence of measurable functions and
fn(w) — f(w) a.e. forwin E, then f is measurable.

Proof Let A be the p-null set such that f,,(w) converges for all
weC=F\ A. Then 1¢ f,, converges everywhere to g = 1¢ f, which
is therefore measurable. But f = g a.e., so f is also measurable.

Exercise 3.13 Let f, be a sequence of measurable functions. Show that
the set E = {w : f,(w) converges} is measurable.

Since we are able to adjust a function f at will on a null set without
altering its measurability properties, the following definition is a useful
means of concentrating on the values of f that ‘really matter’ for
integration theory, by identifying its bounds ‘outside null sets’:

Definition 3.14 Suppose f : E — R is measurable. The essential
supremum esssup f isinf{z : f < z p-a.e.} and the essential infimum
essinfissup{z: f > z p-a.e.}.
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The following is then straightforward:

Exercise 3.15 (i) Show that if f, g are measurable functions, then
esssup(f + g) < esssup f + esssupg.
(ii) Show that for measurable f, esssup f < sup f. Show that these
quantities coincide when f is continuous.

Although the class of measurable functions is very large, we can
always approximate any positive measurable function ‘from below’
by simple functions. We call ¢ : 2 — R simple if its range (i.e. the
set of its values) is finite. As seen in Exercise 3.4, such func-
tions partition ) as the union of finitely many disjoint sets in F;
if ¢ takes the distinct values {ai,...,a,} and A;=¢ *({a;})=
{w € Q: ¢(w) =a;} fori=1,2,...,n, then we can represent ¢ as
¢=>"1 aila,.

The vector space S(F) of simple functions contains the basic
building blocks from which other measurable functions can be built.

Proposition 3.16 Suppose f : Q — [0,00) is measurable. Then the
simple functions

k—1
Sp = Z on 1Ak +nlp,,
k=1

where Ay, = k;nl <f< 2%} and B,, = {f > n} form an increasing

sequence converging pointwise to f.

Figure 3.1 illustrates this proposition. Use it to provide a formal proof.

v

Fig. 3.1 Approximation by step functions



3.4 Random variables and independence 25

3.4 Random variables and independence

From now on let (2, F, P) be a fixed probability space, and X : Q@ — R
a random variable. Recall that the o-field generated by X is given by
o(X)={X"1(B): Be B}

In Exercise 3.4 we examined a number of special cases. This showed
that what matters is ‘how many distinct values’ X takes, rather than
what these values are. Note also that if G is any o-field, then X is
G-measurable iff 0(X) C G.

We can similarly define the o-field generated by a sequence,
or indeed any family (Xq)aca, of random variables. Denote by
o((Xa)aea) the smallest o-field containing the family (X *(B):
a € A, B € B). A family of random variables indexed by some index
set A is called a stochastic process. The main examples are when A = N
or A = [0, 00). We usually think of the index set as representing ‘time’.
In the first case we call the sequence (X, ),,>1 a discrete-time process,
in the second, (X,)¢>0 is a continuous-time process. Stochastic pro-
cesses are used to model the dynamic behaviour of random phenomena.
We examine several key processes in later chapters.

Recall the definition of the distribution (or law) of a random vari-
able X : € — RR: this is the probability measure Px on (R, B)
defined by Px(B) = P(X~Y(B)) = P(X € B)forall B € B.In
Exercise 2.10 we showed that this defines a probability measure on R.
We saw that Px is determined by the (cumulative) distribution function
Fx :R —[0,1] given by F'x(z) = Px((—o0,z]) = P(X < x).

Its elementary properties were discussed in Exercise 2.12.

Definition 3.17 We say that two random variables X, Y are identically
distributed if Fx = Fy (this is of course equivalent to Py = Py).

Write X 4 Y for this.

Thus, in applications, we often do not specify the probability space
on which X is defined: we prove results about particular distribution
functions, and these then apply to any random variable with this distri-
bution. X and Y need not have any values in common if X 4 Y all
that matters is that the probabilities of them being no greater than x
should be equal for all real x. Clearly, however, if X (w) = Y (w) for
almost all w € Q, ie. if {w € O : X(w) # Y(w)} is P-null, then
xLy.
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We can extend the definitions to random vectors: for a finite number
of random variables, let X = (X7, X, ..., X,,) be a measurable func-
tion from €2 to R", then the distribution of X (also called its law) is the
probability Px on (R™, B(R™)) defined by Px(B) = P(X € B) for
B in B(R™), and the joint distribution of (X1, ..., X,) is then simply
the distribution function Fx : R™ — [0, 1] given by

Fx(z1,...,2,) = P(X5 <21,..., X, <zp).

We come to the key concept of independence of random variables:

Definition 3.18 Random variables X1, X, ..., X,, are independent if
for every choice of Borel sets By, Bs, ..., B,
P(Xy € By, X3 € By,..., Xy € By) = [ [ P(Xi € By).
i=1
Any family of random variables is independent iff every finite subset is
independent.

If the random variables are independent and all have the same distri-
bution, then we call them an independent and identically distributed
(i.i.d.) family. An example is given by the Bernoulli random vari-
ables making up our random walk in Section 1. Both this definition
and independence of events (Definition 1.22) are special cases of the
following:

Definition 3.19 Sub-o-fields (Fj), of F are independent if for all
choices of distinct indices {i1,...,4,} and F;, in F;, (kK < n) we

haveP(ﬁ’,’gleik) = H P(sz)
k=1

By a sub-o-field we mean a o-field G C F, which contains 2. We now
show that Definitions 3.19 and 1.22 are equivalent to the following (we
go from the general to the particular here!):
(i) Random variables (X})r>1 are independent iff their generated
o-fields (o(X}))r>1 are independent.
(ii) Events (F})r>1 in F are independent iff the o-fields (Fy)x>1 are
independent, where Fj, = {0, Ff, F,Q} .

These definitions ensure that events (F}),>1 are independent iff their
indicators (1p, ),>1 are independent. To see that they are equivalent to
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the earlier versions, we again use m-systems to simplify matters — we
can restrict attention to the case n = 2, as induction would do the rest:

Lemma 3.20 Suppose the sub-o-fields F1,Fo in F are generated by
w-systems C1,Co. Then Fy and F5 are independent iff

P(C1NC2) = P(C1)P(C2)

for all choices of C1 in Cy and Cy in Cs.

Proof If P(Cy N Cy)=P(Cy)P(Cy) for fixed C; in Cy, the non-
negative finite set functions Co — P(C7 N Cy) and Cy — P(C1)P(Cy),
defined on (€2, F3), are clearly countably additive and both equal P(C)
if Cy = €. Thus they are measures that agree on the w-system Cs,
hence by Theorem 2.9 they agree on o(C2) = Fo. This means that
P(Cy N Fy) = P(Cy)P(Fy) for all F» in F,. Repeating the above
argument with fixed F5, we see that the measures agree on o(Cy) = Fy,
so that P(Fy N Fy) = P(F,)P(Fy) for all F} € Fy, Fy € Fa, hence
the o-fields are independent.

For any random variable X, 7(X) = ({w € Q : X(w) < a})zer is
a m-system, so if X, Y are independent in the above sense, then 7(X)
and 7(Y") are independent, hence so are o(X) and o(Y"). This proves
(i), and (ii) follows at once. Induction on n provides the proof for the
general case.

The main result we need is that random variables are independent iff
their joint distribution function is the product of their individual distri-
bution functions — in other words, we need only check Definition 3.18
for intervals B; = (—o0, x;), 1 < n.

Theorem 3.21 Xy, Xo,..., X,, are independent iff, for the random
vector X = (X1, Xa,...,X,), the joint distribution function satisfies

n

Fx(z1,...,2,) = HFXi(xi)forall (x1,...,2,) € R™

i=1

Proof The necessity is clear, as intervals are Borel sets. For the suffi-
ciency, let C; be the family of Borel sets B; € B such that for all real
T9, X3, ..., T, We have
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n
P(X,€B,X; <x;,i=2,...,n) = P(X, € Bl)HFXZ(xi).
i=2

Then C; contains every interval of the form (—oo, z] so it contains the
m-system that generates 3. If we can show that C; is a d-system, the
Monotone Class Theorem implies that our identity holds for all Borel
sets B1 on the line.

Assume for a moment that this has been done. We can then iterate the
procedure for each index: for example, we let Cy be the class of Borel
sets By for which

P(Xl GBl,XQ GBQ,Xi gac“z:?),,n)

= P(Xy € B1)P(X3 € By) [ | Fx, ()
i=3
for all By € B and choices z3, ..., x, in R. This class again contains
all intervals of the form (—oo, 2] and will be a d-system just like C;.
This will complete the proof after n steps.
So it remains to show that C; is a d-system. This is entirely routine
and is left as an exercise.

Examples of the basic discrete probability distributions were given
earlier. At the other extreme are the absolutely continuous distributions:
then

P(X <) = Fx(z) = [ et

for some positive function fx (the density of X).

In the examples below, fx is piecewise continuous, therefore the
Riemann-integral is well-defined — in general we use the Lebesgue
integral described in Chapter 1 and defined formally in the next chapter.

Example 3.22 Let X be a random variable.

(1) X is uniformly distributed on [a,b] if it has the constant density
fx(@) = 525 1o (@).

(ii) X is normally distributed with parameters i € R, 02 > 0 when
fx(x) = \/ﬁ exp (—% (T;“)Q) . We say X ~ N(u,0?). Itis eas-
ily checked that fx is a density (fx > 0, ffooo fx(t)dt = 1) and that

Xt N(0,1) (standard normal) iff X ~ N (1, 02).
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(iii) X > 0 is exponentially distributed with parameter A > 0 if
fx(x) = Xe ™1 o) (). Just as for geometric distributions, this
describes a ‘waiting time’, in this case the interarrival times of a Poisson
process.

The next example is analogous to the negative binomial distribution.
(iv) X > 0 is gamma distributed with parameters o« > 0, A\ > 0 if
fx(x) = ﬁ/\ae_”xa_ll[o’oo)(x). Here (o) = [y~ le vdy
is the gamma function. Note that T'(1) = 1, so (iii) is the special case
a = 1. The chi-squared distributions (X ~ x?(k)) are the special case
A= %, o= g

The sum of k independent exponentially distributed random variables
with the parameter \ is gamma-distributed, and the sum of the squares

of k independent standard normal random variables is x? (k).
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Integration and expectation

The abstractly defined integral fQ fdu of a function f : Q@ — R,
relative to a measure 4 defined on a given measurable space (2, F),
follows a pattern first established for the Lebesgue measure m on
(R, B). We begin with indicator functions, extend to simple functions
by linearity, and then by limits to arbitrary positive measurable func-
tions. Since we will allow the value +oo for the integral, however,
we need a little care when extending further to real-valued measurable
functions. The natural extension is to use Exercise 3.7 (iii): writing
f = fT — f~ we know that f is measurable iff both the positive
functions on the right are measurable. Having defined their integrals
as elements of [0, cc], we must avoid the expression oo — oo in defin-
ing the integral of f. Thus we restrict attention to functions f where
Jo Ifldp < oo. We call this space £'(€2, F, ;1); when the context
is clear, we shorten this to £1(2), £L}(F) or L£!(u) (depending on
which aspect we wish to emphasise), or even just to £'. We will
show that £' is a vector space and that the map f — fQ fdu is
linear. Thus we shall also write p(f) = fQ fdu. For a probability
space (Q, F, P) the integral of the random variable X : Q@ — R
is called the expectation of X and written E[X] = [, XdP. Note
that sums are a special case of integrals: pu({n}) = 1 for each n
defines a (o-finite!) measure on (N,2Y) for real (a,),>1 Wwith
io: |a,| < oco. In that case the map f : n — a,, is p-integrable (see
n=1

below), and we set [ fdu = > ay.
n=1

30
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4.1 Integrals of positive measurable functions

Definition 4.1 Fix a o-finite measure space (2, F,u). For A € F,
define the p-integral of its indicator 1 4 by

j(1a) = /Q 14dpt = p(A).

n

For a positive simple function, ¢ = Y a;14,, where a¢; > 0 and
i=1

(Ai)i<n € F are pairwise disjoint; we extend by linearity

u(g) = /Q b =D aan(Ay)

Since we allow infinite values, we need to extend arithmetic to [0, oo].
For this, we need only add, for a € [0, o]

a+ 00 =00+ a = 00,

a.00o =00 =o0.aifa>0,0.00=0=00.0

to normal arithmetic in order to to remain consistent.

Exercise 4.2 Check that p(¢) is well-defined, i.e. independent of the
representation of ¢.

Example 4.3 For Lebesgue measure m and a real function f, we shall
write the integral as [~ f(2)m(dxz). For example:

@) [ Lodm = 1.m(Q) + 0.m(R\Q) = 0.
(ii) If [z] is the integer part of z, then f02 [2]m(dz) =5 — /3 — V2.
([z%] changes at 1,v/2, /3, 2!).

We write ST(F) for the cone of positive simple functions
and M(F) (resp. MT(F)) for the vector space (resp. cone)
of F-measurable (resp. positive JF-measurable) functions. Clearly,
ST(F) c M*(F).

It is helpful to allow integrals to be taken over arbitrary sets £ € F:
simply define [}, fdu as p(f1p) = [, flpdp. The following basic
facts are now easy to check for ST (F).
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Exercise 4.4 Let ¢, € ST(F) and E, F € F be given. Show:
(i) ST(F) is a cone and a lattice, i.e. ¢ + t and c¢ are in ST (F) for
c¢>0and ¢ V1Y =max(p,1), ¢ At = min(¢,v) are in ST (F).

(i) If ¢ = vy a.e.(u), then [, ¢dp = [, Ydpu.
(iii) The map ¢ — [, ¢dy is positive-linear, i.e.

[+ vdn= [ odur [ van.
E E E
/ (co)dp = c/ ¢odp for ¢ > 0.
E E
(iv) The map ¢ — [, ¢dp is monotone, i.e.
ifp < a.e.(u), then/ odp < / dp.
E E
WIFENF =0, then [, . ¢du = [, ddu+ [ ddp.
We extend the integral to f € M™(F).

Definition 4.5 Let
Y(f):{/ﬂ(édu:¢€8(}"):0§¢§f}

and define

u(f) = /Q fdu = sup Y (f).

Exercise 4.6 For ¢ € ST(F), we now have two definitions of the inte-
gral [, ¢dp, since ST(F) € M™(F). Show that the two definitions
coincide.

For E € F, we write [}, fdu = pu(f1g). Clearly, we could equally
well define [, fdp = p(f1g) assup Y (E, f), where

Y(E,f){/E¢du:¢e«9<f>,0§¢gfonE}.

Elementary properties of the integral, proved in Exercise 4.4 for simple
functions, extend easily to M (F):

Proposition 4.7 Let f,g € MT(F) and E, F € F be given. Then:
(i) f < g on E implies [}, fdu < [}, gdp.
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(ii) F C E implies [, fdu < [ fdpu.

(iii) a > 0 implies [, (af)dp = a [, fdpu.

(iv) W(E) = 0 implies [, fdp = 0, and [}, fdp = 0 implies [ = 0
a.e.(u) on E.

(v) ENF = implies [, . fdu= [ fdu+ [, fdu.

Proof (i) and (iii) are obvious. For (ii), note that if ¢ € ST(F) and
¢ < fon F, we can extend it to a simple function ¢ < f on E by
setting ) = 0 on E\F € F. Clearly, [, ¢dp = [}, hdp.

To prove (iv), let ¢ = > a;14, € ST(F) and ¢ < f on E. Then
i=1

/ odp = Zai,u(E NA4;)=0,
E i=1

so that Y (E, f) = {0}. Hence [, fdu = 0.

On the other hand, restricting to E, let A = {f > 0} and A,, =
{f > %} for eachn > 1. Then A, T A.If u(A) > 0, we can find n
with p1(A4,) > 0.Now ¢ = 21, < f,and ¢ € ST(F), so that

1
0=iju3émm=QMAu>m

a contradiction. Hence [ g fdp = 0implies f = 0 a.e. ().
To prove (v), note that by Exercise 4.4 we obtain Y(E U F, f) =
Y(E, f) + Y(F, f) when E and F are disjoint. Taking suprema, we

have
f@é/fw+/fw-
FUF E F

For the opposite inequality, take simple functions ¢ < f on E and
1 < f on F to construct a simple function § = ¢1p + ¢¥1p < f on
FEUF, sothat

/@w+/ww=/ o< [ fdu.
E F FUF EFEUF

The RHS is an upper bound independent of the choices of ¢, . Fix
¢ and take the sup over Y (FE, f) then take the sup over Y (F, f) to

conclude that
fau= [ g [ s,
EUF E F
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Example 4.8 On [0, 1] with Lebesgue measure m, define the func-
tion f by setting f = 0 on the Cantor set C' and for each k£ > 1, let
f(z) = k on each of the intervals of length 3= removed from [0, 1] in

the construction of C. To find fol f(z)m(dx), we write g = > kla,,
k=1

where Aj, is the union of the 2¥~! disjoint intervals removed at the
kth stage. We have g = f a.e.(m), so their integrals are equal. To find

fol g(z)m(dx), note that for eachn > 1, ¢, = > kla, € ST(F)
k=1
and 0 < ¢, < g. The integrals fol on(x)m(dz) = > km(Ay) have
k=1

o0
> km(Ay) as their supremum, and ¢,, | g pointwise; hence
k=1

1 00 00
/ glx)m(de) = km(Ag) =  k2F 137
0 k=1 =1
1 o0 2 k—1
=52k(5) =3

The key property of the integral is its stability under limits, as
Example 4.8 suggests. The first convergence theorems belong in the
space M ™ (F).

Theorem 4.9 Monotone Convergence Theorem (MCT)
If (fa)n>1in MY (F)and f, 1 fonE € F, then fE fndu 1 jE fdu.

Proof Note that [ g Jdp is well-defined, since f = lim, f, is in
M (F).

We first prove the theorem for £ = (. By Proposition 4.7, the
sequence ([, fndpt)yn>1 increases to L = lim, [, fndp < [, fdp.
We need to show that [, fdu < L. Take ¢ € (0,1), choose a simple

function ¢ = > a;1p, < f, and let A,, = {f,, > cé}. The (4,)n
i=1
increase with n and have union 2. For each n > 1

/ fndp > / fndu > c/ odp = cZaiu(An NE;).
Q An An =1
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As n — oo, the sum on the right converges to ¢ > a;u(E;) =
i=1

¢ [qddp. So L > ¢ [, pdp. But ¢ < 1 was arbitrary, so L > [, ¢dp,

and as ¢ < f was arbitrary, it follows that L > [, fdu. For gen-

eral £ € F, the result follows on applying the above to g, = f,1g,

g = f1p instead.

Apply this to the partial sums of > g, in M1 (F):
n>1

Corollary 4.10 If g, € M (F) and > g,(w) converges a.e.(j1) on

n>1

E, then [, (21 gn> dp = 21 I gndp.

Example 4.11 The MCT fails without the requirement that (f,,) is
increasing. For an example on R, let f,(z) = nl(o i)(x) Clearly,

fn(z) — 0forall z,but [ f,(z)dx =1.

Our next Corollary generalises what we proved for indicator functions
in Proposition 1.14 and Exercise 1.15:

Corollary 4.12 (The Fatou Lemmas)

For any sequence (f,) in M (F) and E € F:

(i) [ (liminf,, fn)dp < liminf, [, fodu.

(ii) If there is g € M™(F) with finite integral and f, < g for all n,
then lim,, sup,, [ fadp < [ (limsup,, f,)dp.

Proof (i) Let g, = inf, >, f,,, then
gk T SUPg>1 inf,>x fn = lim inf,, fn,

and forn > k, fn > gr. So [}, fudp > [}, grdp for every n > k.
Hence [}, gpdp < inf,>p [} fndp for each k > 1. Now apply MCT
to (g ), so that

/(Hminfn fn)du = limk/ grdu
E E

< supk>1infn2k/ fndp = liminfn/ fndu.
- E E
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(i) Since h,, = g — fp, is in M™(F) for each n, and the integrals are
finite, we can apply (i) to (hn)n

/gdu—limsupn/fndu:liminfn/ hpdu

E E

> [ (imint, ho)dp = [ g~ [ imsup, £,)dn
E E E

Example 4.13 It is easy to find examples where these inequalities
are strict: on R let f,, = 1(; 41, so that f, — 0 pointwise, but
Jg fndm = 1 for every n.

Remark 4.14 We observed that when ¢ = P and f,, = 14, , then,
since liminf,, 14, = 1iiminf, A, , the Fatou Lemmas reduce to inequal-
ities we found in the proof of Proposition 1.14 and in Exercise 1.15.
Note similarly that, when A, T A, the MCT applied to their indi-
cators says that P(A,) 1 P(A), as was shown in Lemma 1.12(ii).
Finally, Corollary 4.10 then reduces to a re-statement of the countable
additivity of P.

Exercise 4.15 Verify that the integral is positive-linear on M™(F):
when a,b > 0 and f,g € M™(F) then for F in F

[ +ayn=a [ sano [ i

(Hint: use the MCT on sequences in S+ (F) that approximate f, g from
below, having applied Exercise 4.4 (iii).)

4.2 The vector space L' of integrable functions

To define the integral for general real-valued functions, we simply
employ the identity f = fT — f~, recalling that f € M (F) iff both
its positive part f* and negative part f~ belong to M™(F). Thus also
|f| € MT(F), so that [, |f|dp is well-defined. We now require it to
be finite, in order to avoid situations where both right-hand terms in the
definition below are +o0:
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Definition 4.16 The function f € M(F) is u-integrable over E in F
if [ |f|dp < oo and its (yu)-integral over E is defined as

/E fp = /E frdu - /E fdp.

Denote the set of u-integrable functions £ — R by LY(E, Fg, ug) or
simply by £ (p).

Since f < |f|and —f < |f], we see that

‘/Efdu|</Ef|du.

Theorem 4.17 L'(p) is a vector space and the map [ — [, fdu is
linear on L*.

Proof Ifa,b € Rand f,g € L1, then |af + bg| < |a||f| + || |g], so
that [}, |af + bg| dyu is finite. Hence L is a vector space.

To prove the linearity of the integral, note that by Exercise 4.15 the
integral is positive-linear on M™(F), and consider the difference of
hi, hy in M (F): we have

hy+ (hy = ha)™ = (h1 — ha) " + hy

and both sides are in M (F), so that we can apply the additivity of the
integral on M ™ (F) to conclude that

/hldu—}—/(hl—hg)*du:/(hl—h2)+du+/ hgdu.
E E E E

Rearrange to obtain

/(hl—hg)dﬂz/ hld,u—/ th/U’
E E E

Now for f,g € L' weset hy = ft + g%, hy = f~ 4+ g, so that
hi1 — ho = f 4 g and thus that

J o= [ man— [ maau= [ s+ [ gin.
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Finally, Exercise 4.15 shows that a [, fdu = [ (af)dp for a > 0 if
f € L' Fora < 0, we have

[ @nau= [ @pran= [ @p-a
= [ (—a)fdu— | (—a)ffdu=a | fdpu.
/. /. /,

The integral determines the integrand almost everywhere:

Theorem 4.18 Let f,g in L(Q,F, ). If [, fdu < [, gdu for all
A€ F, then f < gae. (). In particular, if [, fdu = [, gdp for all
A€ F, then f = gae. (1)

Proof By additivity of the integral, it is sufficient to show that
fAhd,u > 0 for all A € F implies h > 0 and then take h = g — f.
Write A = {h < 0}; then A = |J A,,, where A,, = {h < —%} By
monotonicity of the integral

os/ hdué/ (—1) dp = —p(Ay).
A, A, n n

This can only happen if (A, ) = 0. The sequence of sets A4,, increases
with n, hence j1(A) = 0, and so h > 0 a.e. (1).

A similar argument shows that if f A h dp < 0forall A, then h <0
a.e. (1). This implies the second claim of the theorem: if h = g — f and
J .4 I dp is both non-negative and non-positive, then h > 0 and h < 0
a.e.,thus h =0 a.e.

We can construct many interesting measures, especially probability
distributions, with the next simple result.

Proposition 4.19 A — fA f du is a measure if f > 0isin L.

Proof Letv(A) = [, f du. To prove v(|J; E;) = >, v(E;) for pair-
wise disjoint Ej, consider the sequence g, = f1» g, and note that
(gn) increases to g, where g = f1j g,.Now [ gdu=v (U2, Ei),
and

/gn dv:/i_lEi fdu =§2/E fdp = v(E;)

i=1
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so the Monotone Convergence Theorem (MCT) completes the proof.

The limit theorem which turns out to be the most useful in practice
states that the integrals converge for an a.e. convergent sequence which
is dominated by an integrable function. Fatou’s Lemma holds the key to
the proof.

Theorem 4.20 Dominated Convergence Theorem (DCT)
Suppose E € F. Let (f,) be a sequence of measurable functions
such that |f,| < g a.e.(u) on E for all n > 1, where g is inte-

grable over E. If [ = lim,_. fn a.e., then f is integrable over E
and limy, oo [ |fn — f| dp=0.
In particular, limy, .o [ fn(z)dp = [, f dp.

Proof |fn — f| <2gand [, 2gdp < o0, so the second Fatou Lemma
yields

limsupnéo@/ [frn— fldu < / limsup,,_,o |fn — fldu = 0.
E E

This proves the first claim. The second follows since

’/Efndu fdu‘ ‘/ du’ [ 182 sl

Example 4.21 Example 4.11 also applies here: for f, = nl[o 1

n

no integrable g can dominate f,,. The least upper bound is g(z) =
sup, () ) = kon (g ] 0

f ot :E (m) i 1

A typical use of the DCT yields the following:

Exercise 4.22 If f : R — R is integrable, define g, = f1[_, ) and
hy, = min(f,n) (both truncate f in some way: the g,, vanish outside a
bounded interval, the h,, are bounded). Show that [ |f — g,,| dm — 0,
f|f—hn|dm—>0.
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Another very useful consequence of the DCT allows us to integrate
infinite sums:

Theorem 4.23 (Beppo-Levi) Suppose > o, [ |frldu < oo Then the
series Y poy fi(w) converges for almost all w, its sum is integrable,

and [ 3707 frdp =302, [ frdp.

Proof  Apply Corollary 4.10 with g, = |fx| to conclude that if
o) = i [fuw)] then [y odp = S22, [ |fuld is finite.
Thus ¢ is a.e.(u) finite-valued, and so the series ), ., fi converges
absolutely (and therefore converges) a.e.(u). Denote the sum by f(w)
wherever the series converges, and put f(w) = 0 otherwise.

The partial sums (3_,_; fx),, are bounded by the integrable function
¢, so the DCT applies and we have

| fin=1im, [ <kz_1 fk> dyi = im, ; | fudn

which proves the theorem.

4.3 Riemann v. Lebesgue integrals
To calculate the Lebesgue integral f[a ] fdm of the real function

f ¢ [a,b] — R we must relate it to the Riemann integral fab f(z)dx
familiar from calculus. There are many Lebegue-integrable functions —
i.e. elements of the vector space £!(R, £, m) — that are not Riemann-
integrable. To begin with, Riemann integrals are computed over inter-
vals and deal only with bounded functions (for unbounded functions
we seek ‘improper’ integrals by means of a second limit procedure).
Lebesgue integrals can be found over any Borel set and can handle many
unbounded functions. But even for bounded functions on intervals, the
Lebesgue integral has wider scope. As we show below, a bounded
function f : [a,b] — R is Riemann-integrable iff it is a.e.(m) con-
tinuous. However, f = 1gno,1], is nowhere continuous, but is clearly
in £1(]0, 1]), with integral m(Q) = 0.

Nonetheless, we need the 'recipe’ provided by the Fundamental The-
orem of Calculus to calculate actual integrals for many real functions.
To use it, we need to know that the Lebesgue and Riemann integrals of
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a function f coincide whenever they both exist. But this follows from
the fact that for any partition P of [a, b] the upper (Up ) and lower (Lp)
Riemann sums are just the integrals of simple functions up resp. Ip: let
P divide [a, b] into n subintervals [a;_1, a;], write A; = a; — a;—1 and

M; = sup,, ,<y<q, f(x), thenup = > M;1(,,_, 4,1 provides Up =
- i=1

4n1 M;A; = | (a,b] updm, and similarly for the lower sums. Hence for
;ny refining sequence (P,) of partitions (i.e. where P,, C P, for
each n) with mesh p(") = max;<, A; — 0, we obtain lp, < f <up,.
Thus on the measure space ([a, b], L[a, b], m) —i.e., with Lebesgue mea-
sure restricted to the Lebesgue-measurable subsets of [a, b]— we have
a monotone decreasing sequence (up, ), with u = inf,, up, > f and
a monotone increasing sequence (Ip, ), with [ = sup,, lp, < f. Both
w and [ are pointwise limits of their respective sequences, and all the
functions in question are bounded by M = sup,c(, 4 [ (x), which
is in £!([a,b]). So by the DCT we have lim,, Up, = Jia 5y dm and

limy, Lp, = [, ldm and the limit functions u, ! are in LY ([a,b]).

Exercise 4.24 Prove that if x is not an endpoint of a partition inter-
val (this excludes countably many points), then f is continuous at x iff

u(z) = f(z) = I(x).
Now if f is Riemann-integrable, we have f[a b udm = f[mb] ldm and

then fab f(x)dz is their common value. But I < f < u so f[a,b] fdm
also equals this common value, hence v = f = [ a.e.(m). Thus f is
continuous a.e. (m) by the above Exercise. Conversely, if f is a.e.(m)
continuous on [a, b], then uw = f = [ a.e.(m) and since u is measurable,
sois f (this holds as m is a complete measure), and f is bounded, hence
in £!([a, b]). For the Lebesgue integrals, we have

/ ldm = / fdm = udm.
[a,b] [a,b] [a,b]

The outer two are limits of Riemann sums, so f is also Riemann-
integrable. To summarise: f is Riemann-integrable iff it is a.e.(m)
continuous. In this event, its Riemann and Lebesgue integrals are equal.

Exercise 4.25 The Dirichlet function f : [0,1] — [0,1] has f(z) = 1
whenever r = % for some m < n in N, and is 0 otherwise. Show that
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f is continuous at each irrational point, hence Riemann-integrable. (The
last claim also follows from Riemann’s integrability criterion, i.e. for all
€ > 0 we can find a partition whose upper and lower sums are less than
€ apart. Try proving this directly!)

Exercise 4.26

(i) Use the DCT to show that lim,, o [ o %dm = 0 when
a > 0. What is this limit when ¢ = 07

2
(ii) Use the Beppo-Levi Theorem to calculate fol (k’f;”) dx. (Hint:

1
recall that > 7 | 5 = %2.)

4.4 Product measures

We briefly consider the construction of product measures and integrals
with respect to these. The first step is trivial: given two measurable
spaces (€, F;), i = 1,2, define the product o-field F = Fi X Fo
on the Cartesian product @ = Q1 x Qo as o(R) where R =
{Fy x Fy : F; € F;,;i = 1,2}. (Think of sets in R as ‘rectan-
gles’ by analogy with R? = R x R and Lebesgue measure!) As
Fy x Fy = (F; x Q) N (Q; x Fy), we can generate F from the
class of ‘cylinders’ of the form {F; x Q5 : F} € F;} together with
{Qy x Fy : Fy € F>}. Hence F is the smallest o-field for which the
two projection maps p; : 01 X Qg — ;, given by p;(w1,ws) = w;
(i = 1,2) are measurable. We have p; '(F}) = Fy x Q5 and similarly
for po.

Now R is clearly a 7-system, and to extend results from rectangles
to arbitrary sets in F we need a version of Theorem 2.8. Since we
wish to integrate functions, we look to extend results that hold for indi-
cators to general (bounded) measurable functions, so it will be useful to
have this result in ‘functional’ form:

Theorem 4.27 (Monotone Class Theorem) Suppose H is a vector space
of bounded functions Q0 — R with 1 € H and such that if (f,)n, are
non-negative elements of H such that f = sup,, [, is bounded, then
f € H. If H contains all indicators of sets in a mw-system C, then H
contains all bounded o (C)-measurable functions.
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Proof The collection D = {A C Q:14 € H} is a d-system (because
of the properties of ) and contains C, hence also contains o (C). Given
a o(C)-measurable function f with 0 < f(w) < K forall w € Q
and some integer K approximate f from below by simple functions
pn(w) = K2 4 7=1p, , where F,; = {5t < f < 55} for each n.
(Compare with Proposition 3.16.) Each F), ; € ¢(C), hence 1p, ., and
therefore each ¢,,, is in 4. But then so is f = sup,, ¢,,. For general
bounded o (C)-measurable f, apply this separately to f* and f~.

Corollary 4.28 Let H be class of bounded JF-measurable
Sunctions [ : Q1 X Qg — R such that the map wy — f(w1,ws) (resp.
wo — f(w1,ws)) is Fa- (resp. F1)-measurable for each wy € Qg (resp.
w1 € Q). Then 'H contains every bounded F-measurable function.

Proof Apply the above Monotone Class Theorem to the 7-system R
of rectangles. For F' = F; x F, € R, we have 1 € H and the condi-
tions of the theorem are easily checked. Since F = ¢(C), the Corollary
follows.

Now suppose that (€2;, F;, P;), (i = 1,2) are probability spaces. We
wish to define the product measure P = Py x Py on (2, F) such that
P(A; xAy) = P(A1)P(Ay) for A; € F;,i = 1,2. With the Monotone
Class Theorem to hand, it is convenient to construct P directly via inte-
grals relative to P; and P,: with f € H as in the Corollary (i.e. the class
of bounded F-measurable functions on £2) we can form the integrals
If w1 fQ wl,wng(dwg) and If LUQ fQ wl,wgPl(dwl)
and another monotone class argument shows that I,if is F;-measurable
(i = 1,2) and [, I{dP, = [, I{dP,. This allows us to define
P = P, x P, for F' € F as the common value of these integrals when
f = 1 (which clearly belongs to H):

Theorem 4.29 (Fubini) The map P : F — [0, 1] defined for F € F by

P(F):/Q I}FdPlz/Q " dP,
1 2

is the unique probability measure on (2, F) such that for A; in F;
(i = 1,2), P(A1 x Ag) = P(A1)P(As). For every non-negative F-
measurable function f : @ — R, we have
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/ fdp :/ |: f(w1,w2)P2(dw2):| Pl(dwl)
Q Q Qo
:/ |: f(wl,wQ)Pl(dwl)} PQ(deQ).
Q. L/,
The same holds if f is F-measurable and ¢, | f|dP < oc.

Proof Linearity and monotone convergence ensure that P is a measure.
This is clearly a probability on €. For a rectangle F' = A; x As, we

have
P(F) :/ (/ lAleQdP2> dP,
0 \JQ,
:/A P(As)dP, = P(A1)P(As).
1
Hence the iterated integrals are equal when f = 14,x4,. Again

using the Monotone Class Theorem it follows that they are equal for
all bounded F-measurable f. This includes non-negative simple func-
tions, and by the MCT also their increasing limits. Finally, if |f] is
P-integrable, we apply this separately to f, f~. If another probabil-
ity measure () agrees with P on the 7-system R of rectangles, then
they agree on o(R) = F. So P is the unique measure satisfying the
requirement P(A; x Ay) = P(A;)P(As).

The product measure space is now written as
(Q, F, P)=(, F1, P1) x (Qa, F2, P»).

The extension of this construction to n factors is clear. We may sim-
ilarly define products of a sequence of probability spaces; however,
when there are uncountably many factors things become markedly more
complicated, as we shall see in Chapter 7.

4.5 Calculating expectations

When (Q, F, P) is a probability space, the integral [, XdP of a ran-
dom variable X : Q — R is its expectation, denoted by E[X]. The map
X +— E(X) is linear, monotone and preserves constants (E[X] = ¢
if X(w) = cis constant). It is continuous under the restrictions given
in the MCT and DCT. Note that P(A) = E[14] for A in F and that
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J4 XdP = E[X1,]. Moreover, Proposition 1.14, which showed that
A, — A implies P(A,) — P(A), is now a special case of the
DCT, applied to 14, — 14, since the (14, ), are bounded by the
(integrable!) constant function 1 = 1g.

The distribution function Fx of X relates the abstract integral
fQ X dP to an integral on the line, and more generally:

Theorem 4.30 If X : Q2 — R is a random variable and g a real Borel
function, then the random variable Y = g(X) has expectation

E[Y] = / g(2)dFx ()

provided at least one of these quantities is finite. In particular,
Y € £1(Q) iﬁ‘fR lg(x)|dFx (z) < oo.

Proof If ¢ = 1p for B in B(R), both sides of the equation are
P(X~Y(B)) = P(X € B). By linearity, they remain equal for any
simple real function g, and since any positive Borel function g can
be approximated from below by simple functions g, T ¢ , and thus
gn(X) T g(X), the MCT (applied in (£2, F, P) and then in (R, B, Px),
where [, g(x)dFx(z) = [; gdPx), ensures that

Blg(X)] = lim, Elg, (X)) = lim, | g, (2)dFx ()

R
= / g(z)dFx (z).
R

For arbitrary Borel functions g, apply the above to g, g~ separately
and subtract to conclude the proof.

In particular, we have E[g(X)] = [; g(x)fx(x)dm(z) if Fx(t) =
fjoo fx (u)dm(u) is an absolutely continuous distribution function (so
that X has density fx), and, at the other extreme

Elg(X)] =Y g(ti)p:
when X is discrete, with p; = P(X =t;),4 > 1.

Example 431 With g(x) = 2z, we obtain the mean of X,
E[X] = [;xdFx(z), and similarly for the kth moment: E[X*] =
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Jg #¥dFx (). The variance of X is the second moment of the centred
random variable (X — E[X]), i.e.
Var(X) = (X - ELX)?] = [ (« - ELX] *dFx (o)
R

and the standard deviation of X, ox = /Var(X), measures the
dispersion of X about its mean.

Recall, from Example 3.22(ii), the normal distribution: we say that
X ~ N (u,0?) if it has the density

2
1 1iz—p
fx(x) = exp | —= { } .
(@) \V2ro? 2 o
In this case, the distribution F'x is determined by the parameters p, o,
and it is routine to check that . is the mean and o2 the variance of X.

You may similarly compute the mean and variance of the other random
variables described in Examples 1.5 and 3.22.

The next proposition compares the densities of X and Y when Y =
g(X) for a wide class of functions:

Proposition 4.32 If g : R — R is increasing and differentiable (thus
invertible), then

d

focoy(y) = fx(g’l(y))@g’l(y)-

A similar result holds if g is decreasing.

Proof Consider the distribution function

Fyx)(y) = P(g(X) <y)=P(X < g () = Fx(g ' (v))

Differentiate with respect to y to get the result. When g is decreasing
the RHS is multiplied by (—1).

Example 4.33 If X is standard normal (i.e. with mean 0 and variance
1), then Y = p+ o0X is Y ~ N(u,0?). This follows at once: with
g 'y) = £, the derivative is *. Similarly, when g(z) = e® we
obtain the log-normal distribution, which is widely used in financial
applications.
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Exercise 4.34 The random variable X measures the distance from
points in the unit square [0, 1]? to the nearest edge. Find its distribution
and expectation.

The following two inequalities involving E[g(X)] for different classes
of real functions g have applications in many varied settings. For the
first, recall that a real function g, defined on a open interval I, is con-
vex on [ if its graph lies below any of its chords, i.e. for all z, y in
glcx + (1 = )y) < cg(x) + (1 — ¢)g(y) whenever 0 < ¢ < 1.

Proposition 4.35 (Jensen’s inequality) If g is convex and X and g(X)
are in L*(Q), then g(E[X]) < E[g(X)].

Proof To prove this, note that for convex g the tangent to a point of its
graph lies below the graph. Thus for x < y the slope of the tangent at y
exceeds that of the corresponding chord, i.e. with a = ¢’(y) (or a one-
sided derivative if necessary) we obtain g(x) > g(y) + a(x —y). Using
this with y = E[X] and z = X (w) for w € § and taking expectations
yields Jensen’s inequality.

As g(x) = |z| is convex, we again have |[E[X]| < E[|X]].

Proposition 4.36 (Markov’s inequality) If X > 0 and g is positive and
increasing on [0, 00), then for any a > 0
Elg(X
P(X > a) < 2O
9(a)
Proof Now g(X) > g(X)l{x>a} >
expectations.

g(a)lix>q) and we take

The inequality provides a quantitative refinement of the obvious fact
that an integrable random variable can only become large with small
probability. In particular, with g(x) = 2P for p > 1 and | X| yields

p
_ E[X])

P(|X|>a)

aP
With p = 2, this is known as Chebychev’s inequality. In particular, if X
has mean g and variance o2, weuse X — 1, p = 2and a = ko to obtain
P(|X —p| > ko) < k% Thus a random variable with small variance
remains close to its mean with high probability.
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Example 4.37 We close with two further useful formulae for the
calculation of expectations:

() If X € £1(Q) —so that X > 0 a.e.(P) — then with . = myg ) as
the Lebesgue measure restricted to [0, c0)

EX] = /0Oo P(X > x)dm(z) = /000[1 — Fx (z)]dm(z).

MEX] =" nP(X=n)=>"7" PX>n)for X:Q—N.

n=1

To prove (i), use Fubini’s Theorem on the product measure space
(2 x [0,00),F x B[0,00) P x m) and consider FF = {(w,z) : 0 <
x < X(w)} — this is just the region in the product space ‘lying under
the graph’ of X. We have

17@) = [ e, aima) = X()
while
L (x) = /Q 1p(w,2)P(dw) = P(X > x).

By Fubini
[ee]
E[X] :/I}dez/ L7 (x)dm(x)
Q 0

= /000 P(X > z)dm(z).

For the final identity, note that F'x is monotone, and hence has only
countably many discontinuities, so that P(X = z) > 0 at only count-
ably many © > 0, ie. P(X > z) = P(X > x) as.(m). For (ii),
simply consider F'x on each [n — 1, n].
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LP-spaces and conditional expectation

Let (2, F, P) be a probability space and X a random variable (we
restrict attention to this situation from now on). We adopt a slightly
different point of view and examine X as a point in a normed vector
space of functions. To do this, we shall need to identify (i.e. treat as the
same) functions which are equal a.s.(P), since the integral cannot dis-
tinguish between them. We then examine the inner product structure of
the space of square-integrable random variables, which will enable us
to generalise the idea of the conditional expectation of X: for B € F
with P(B) > 0 this is defined by E[X|B] = ﬁ Jo XdP. However,
in trying to define E[X |Y], where Y is another random variable, we hit
a problem: the events (Y = ¢) need not have positive probability for
any real ¢ (e.g. when Y has a density). We develop a different, more
general, approach to resolve the matter.

5.1 LP as a Banach space

For any p > 1, define £P(Q2) = {X : Q — R : E[| X|"] < co}. We use
the map [|-[[, : X — (E[|X[F])}/? to define a norm. To achieve this,
we must identify random variables that are equal a.s. (P), as || X —
Y[, = 0iff X = Y as.(P). Now define X ~ Y iff X =Y
a.s.(P): this is an equivalence relation on £P(Q2) and we denote the
quotient space LP(§2)/ ~ by LP(Q2). We call representatives of the
same class versions of each other, and continue to write X, Y for mem-
bers of LP(), i.e. we identify an equivalence class with any of its
representatives.

To see that (LP(€2), ||-||) is a normed vector space, note first that if
X,Y are random variables, then so are X + Y, ¢X for real c. Since

49
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leX|P = |c[’ |X]P and | X + Y |" < 2P max{| X", |[V|"}, it follows
that LP() is a vector space and ||c X[, = [c| | X]], . Now [|X[|, =0
iff X = 0 (as an element of L?(Q)!). So all that remains is to prove the
triangle inequality for this norm.

First, we need an important consequence of Jensen’s inequality:

Proposition 5.1 (Holder inequality) Let p > 1,
XeLP(Q)andY € LY(Q), then XY € L' (Q) and

+1 =1y

1 1
P q

EXY] < [IXY], < [1XT], (Y]], -

Proof We may assume without loss that X, Y are non-negative and
[1X | » > 0. From Jensen’s inequality applied to the convex function
x — x9, we obtain for any W € LI(Q, F, Q)

(/Q WdQ)qg/QquQ.

Define a new probability ) on F by

Q(A) = ||X||p / XPdP (informally: XPdP = [| X[} dQ).
Now let Z(w) = X ()“;) ron A ={w: X(w) > 0} and 0 on Q\A4,
so that on A, Y = ZXP ' and Z9 = X—Z since p + ¢ = pq. Thus

Jo29dQ = gy [, YdQ is finite. Now use the above inequality
with W = [|X[[2 Z14 € L1(Q, F, Q)

1/q
/(XY)dP:/X”ZdP: wdQ@ < [ quQ}
Q A Q Q

V" 5l () 1 TR Pr/q

1/q
X1, [ / Y‘flAdP} <111, [I¥1],

A familiar special case occurs when p = ¢ = 2.

Corollary 5.2 (Schwarz inequality) When X,Y € L*(S), then
XY € L' (Q) and [EIXY]| < [|[XY[], < [IX][, Y]],
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We can now prove the triangle inequality for the norm X' — [|X||  on
LP whenever p > 1.

Corollary 5.3 (Minkowski’s inequality) If p > 1 and X,Y € LP(Q),
then || X + Y|, < [ X[, + [[Y]],-

Proof The case p = 1 is trivial, so assume p > 1. Now
X +Y[P < |X|[X+YP 4+ |Y][X+Y[P!

and with % + % = 1 we have [ X + Y|P P = |X +Y?, so that
| X +Y|” ~! ¢ L4, Apply Holder’s inequality to each product

[ X11X + P ap < X,
Q

where C' = [[,,(|X +Y|'"H2dP]V/4 = ||X + Y||£/q7 and the same
remains true with X, Y interchanged. Hence

X + Y5 < CAIXIl, +[1Y1])-

Dividing both sides by C' completes the proof, as p — g =1

Remark 5.4 Note that the above proofs do not use the finiteness of
P: the Jensen inequality was used for (), which is a probability by its
definition. Thus the above inequalities are valid for any measure space.
For our next result, however, the finiteness of P is essential.

Proposition 5.5 The LP-norm is monotone in p when P(Q) is finite:
when 1 < p < q < oo, then LY C LP and for any X € L% we have
X1, < 11X, -

Proof We use the Holder inequality, which holds for » > 1 and
14+ 1=1toyield E[|YZ]] < (E[|Y["])"(E[|Z|"])"/*. In particular,
for Z = 1 (constant, hence integrable, as P () is finite!) this reads:
E[[Y]] < (E[[Y]")!/". Now, for 1 < p < ¢ < cosetr = £ and let
Y = |X|”. We obtain E[| X |"] < (E[|X|"")'/") = (E[|X|?])?/? and
taking pth roots on both sides gives the result.

Exercise 5.6 Use the Jensen inequality, with g(x) = z%/?, to prove
this inequality directly.
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Example 5.7 Proposition 5.5 shows in particular that if the random
variable has finite kth moment (E[| X |¥] < oc), then for all n < k the
nth moment is also finite; while if the kth moment is infinite, so are all
higher moments.

Remark 5.8 The vector space L°(£2) of essentially bounded ran-
dom variables (see Definition 3.14) — where we again identify
random variables that are equal a.s.(P) — has the norm || X|| =
esssup,,cq | X (w)| (check that it is a norm!). The (much simpler) proof
for the case p = oo is left for you.

Remark 5.9 The vector space of all (a.s. finite) random variables
X :Q—R is sometimes denoted by £°(F) and if we again identify
X and Y when X = Y as.(P), we obtain the complete metric space
LO(F) via the metric d(X,Y) = [, min(1,|X — Y|)dP. The metric is
not, however, induced by a norm on this space.

Recall that a normed space (E,||-||) is complete (alternatively, is a
Banach space) if every Cauchy sequence in E converges to an ele-
ment of E, ie. ||z, —xy|| — 0 when m,n — oo implies that
[|zn, — x|| — O for some € E as n — oo. The LP-spaces provide
important examples of Banach spaces; again we state the result for any
EinF:

Theorem 5.10 The normed vector space LP(E) is complete for
1<p<oc

Proof (Sketch) For a Cauchy sequence X, find a subsequence X,

with || X4, ., — X, [, < 3¢ for all n > 1 and note that by
Proposition 5.5

n

E[| Xk, = Xbo ] < || Xk — Xi

n+1 n—+1

oy < 5w
for each n. Hence E [Y 07 | | X, ., — X, |] is finite, so the series
> Xk, ., — Xy, ) converges absolutely, so that the sequence (X, )n
converges a.s.(P). Let X = limsup,, X}, , which is measurable, and
take 7 > ky,. For all m > n, E[| X, — Xj,,|[P] < 5=, andas m T oo
Fatou’s Lemma yields E[| X, — X |P] < 7% . Thus (X, — X) and X are
in L? and || X, — X[, — O as 7 — oo.

n
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Exercise 5.11 Show that the space L°°(F) is complete with the norm
1X|loo = ess5up,eq [X(w)]-

For later reference, we derive a useful consequence of Holder’s inequal-
ity, coupled with Fubini’s Theorem:

Proposition 5.12 Suppose p > 1, £ + 1 = 1, and X,Y are non-
(

q
negative random variables with Y € LP(Q), and

1
V4
L
AP(X > )\) < / YdP
{X2x}

forall X > 0.Then X € LP and || X||, < q||Y]|, .

Proof Fixn > 0andlet X,, = X A n. Then X, is bounded, hence
in L?. If we have proved our inequality for Y and X,,, the MCT shows
that it also holds for Y and X = lim,,1o X,,. We can thus take X € L?
without loss.

Since for any z > 0, pf{ >z }xpfldx =pfyaP " dx = 2P, we
have, integrating z = X (w), over {2 and using Fubini

X(w)
/X”dP / / P e
= p/ |:/ l{X(w)zw}P(dw)] JL‘pildI
0 Q

:p/ PTIP(X > 2)da.
0

P(dw)

But zP(X > z) < f{X>$} Y dP by hypothesis, so (using Fubini
again) the RHS is no greater than

p/ xp72/ Ydea::p/ Y/ mp721{x>w}dzdp.
0 {X>z} Q 0 N

With % + % =1, p=gq(p— 1) the RHS equals

Q/QY(w) /()X(W)(p—l):vPQd;v

Since XP~! € L4, Holder’s inequality now provides that E[Y XP~1] <
HX”‘lHqHYHp. The result follows, as (p — 1)¢ = p, so that
[ = (], xrapye

P(dw) = qE[Y X?P71].
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5.2 Orthogonal projections in L?

When p = 2, the norm X — || X||, = (E[X?])'/? (we omit the modu-
lus as X is real-valued) is given by the inner product (X,Y) = E[XY].
First, note that the Schwarz inequality yields XY € L' if X, Y € L2,
so that the inner product is well-defined. We check that it is an inner
product: it is linear since (a X +bY, Z) = a(X, Z)+b(Y, Z), symmetric
as (Y, X) = (X,Y) and positive-definite since (X, X) > 0 and = 0
iff X = Y a.s.(P). Thus by Theorem 5.10, (L?(Q2), (-, -)) is complete
inner product space, i.e. a Hilbert space.

The covariance of random variables X, Y in L? with means ., 1y
is the inner product of their centred versions: Cov(X,Y) = E[X.Y,] =
E[XY]— pxpy. (We write Z. = Z — juy for any Z.) The variance o%
of X is the special case when Y = X.

If Cou(X,Y) = 0, we say that X,Y are uncorrelated. This just
expresses the orthogonality of X, and Y, in L?. For X ,Y we then
have E[XY] = E[X]E[Y]. More generally, the correlation coefficient
px.y between non-zero X and Y in L? is given by pxy = cosf =
%. px.y is therefore the cosine of the angle between X and
Y. By Schwarz, |px y| < 1. Also |px,y| = 1 iff equality holds in
Schwarz iff the vectors X, Y, are linearly dependent (for some real
a,b, P(aX.+bY,=0)=1.)

Proposition 5.13 For random variables X1, Xo, ..., X,, in L*(Q) and

real numbers ay, as, ..., a, we have
Var (Z aiXi> = Z a?Var(X;) + 2 Z a;a;Cov(X;, X;).
i=1 i=1 i#j

If the (X;) are uncorrelated, Var (31, X;) = >0, Var(X;).

This follows at once from the definitions, and is left as an easy exercise.
Independent random variables are always uncorrelated, as the next
Exercise shows.

Exercise 5.14 Prove carefully that X,Y are independent iff
E[f(X)g(Y)] = E[f(X)]E[g(Y)] for all bounded Borel functions
f, g. (Hint: begin with indicators and use linearity and dominated con-
vergence.) Use this result to show that if X, Y are independent, then
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E[XY] = E[X]E[Y]. (Caution! The function f(x) = x is not bounded,
so you need truncation and limit arguments here!)

Remark 5.15 However, uncorrelated random variables need not be
independent. You may check that if X = cos# and Y = sin 6 with 6
uniformly distributed on [0, 27|, then X,Y are uncorrelated but not
independent. On the other hand, normally distributed random variables
are independent iff they are uncorrelated — this follows at once from the
form of the normal density.

Geometrically, the bilinearity of the inner product in L? has the
following familiar consequences — their easy proofs are left for you!
(i) Pythagoras’ Theorem: If (X,Y) = 0, then

2 2
X + Y115 = [1X15 + Y]] -
(i) Parallelogram Law: For any X, Y in L2
2 2 2
X+ Y1+ 11X = Y15 =2 (IIX153 + Y113

Less obvious is that the parallelogram law characterises inner product
norms: if it fails, there is no inner product that can induce the given
norm. We shall not prove this, but note the following exercise:

Exercise 5.16 Show that the parallelogram law fails for the
normed space L'([0,1],B[0,1],m). (Hint: Consider the functions

X(@)=3-2,Y(@@)=2-1)

A vector subspace H of L?(Q)) is complete if any norm-Cauchy
sequence in H converges to an element of 7{ (we know that it must
converge to some vector in L2, since L? is complete — the additional
requirement is that the limit is also in ). For such subspaces, there are
well-defined orthogonal projections:

Theorem 5.17 Let X € L?(2) and suppose K is a complete subspace
of L*(Y). Then we can find a unique (a.s.(P)) Y in K such that X —Y
is orthogonal to K, i.e. (X =Y, Z) = 0forall Z in K).

Proof We shall exhibit Y as the point of K ‘nearest’ to X in that
g = || X Y|, =inf{||X - Z||,: Z € £}
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First, choose a sequence (Y},) in K such that || X — Y[, — dx.
The parallelogram law, applied to Z = X — 1(Y,, + Y,,) and W =
3(Y, = Y,,), noting that 1(Y,, +Y,,,) € K, gives

1X = Youl 3+ 11X = Yall} =2 (1213 + IW13)

Now, as m,n — oo, both terms on the left and the first on right
converge to &%, and hence HWH% — 0. This shows that (Y,), is
Cauchy, and so converges to a unique element Y of IC. Thus we have
[|X — Y|, = dx and the same holds for any random variable Y’ with
Y’ = Y as.(P). Now note that for any real ¢t and Z € K we have
Y+tZ € K,sothat || X — (Y +tZ)||2 > || X — Y||5, and multiplying
out the inner products yields t?||Z||3 > 2¢(X — Y,Z). By taking
t > 0 small enough, we see that this can only remain true for all ¢ if
(X-Y,Z)=0.

Remark 5.18 Pythagoras’ Theorem shows that, conversely, if we have
Y in K with (X — Y) orthogonal to K, then || X — Y||, = 0. The
details are left to you.

5.3 Properties of conditional expectation

The simple definition of conditional expectation applies to conditioning
on discrete random variables: if Y € L!((2) takes values (y;);>1 with
B; = (Y = y;) and P(B;) > 0 for each i, then these (disjoint)
events partition ) and for any integrable X we can define the random
variable E[X|Y] by E[X|Y](w) = E[X|B;] forw € B;. Now the par-
tition (B;); generates the o-field o(Y") (see Section 3.3) — in fact, any
Aeo(Y) is a countable union of sets B;. But E[X|Y] is constant on
each By, so itis o(Y)-measurable (i.e. E[X|Y]~(B) € o(Y) for each
Borel set B in R). Fori > 1, [, E[X|Y]dP = [, E[X|B;|dP =
[, XdP. Summing over the i such that B; C A we have, for all A in
o(Y), [ E[X|Y]dP = [, XdP.

These two properties characterise the conditional expectation
E[X|Y] when Y is discrete. For general Y, we use them as the
definition:

Definition 5.19 If X € L'(Q) and Y is any random variable (a version
of), the conditional expectation of X given Y is a o(Y )-measurable
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random variable E[X|Y] such that [, E[X|Y]dP = [, XdP forall A
ino(Y).

We have not yet shown that such a thing always exists; but if it does, it
must be unique a.s.(P); in fact:

Lemma 5.20 If G is a sub-o-field of F and Z is G-measurable with
Jo ZdP =0 for all G in G, then Z = 0 a.s.(P).

Proof For any n > 1, the event GG,, = (Z > %) € G is P-null,
since 0 < %P(Gn) < fGn ZdP = 0. Similarly, for (Z < —%) , SO
that P(B,) = 1 when B, = (|Z| < 1).But B, | (Z = 0), so
P(Z=0) = lim, P(B,) = 1.

Hence if X; = X5 a.s.(P), so that for all G in o(Y")
0= [ (Xu - Xa)dp = [ (ELX|Y] - BLX V)P,
G G

then E[X,|Y] = E[X;|Y] a.s. (P).

The lemma shows that what really matters here is o(Y") rather than
the values of Y. In fact, what we showed was that if random variables
Y71,Y5 generate the same o-field (o(Y;) = o(Y3)), then E[X Y] =
E[X|Y2] for any integrable X. This motivates our final definition:

Definition 5.21 If X € L'(Q,F,P) and G is a sub-o-field of F,
the conditional expectation of X given G is the G-measurable random
variable E[X |G] such that [, E[X|G]dP = [, XdP forall G € G.

For the conditional probability, we have P(F'|G) = E[1r|G].

The existence of E[X|G] for any X € L?(F) is now clear — it is the
orthogonal projection Xg of X onto the complete subspace L?(G) — to
see that it satisfies our definition, note that Xg is G-measurable and that
(X — Xg,Z) = Oforall Z € L*(G). But this says that [, XdP =
J XgdP forall G in G. So we write E[X|G] for X¢ from now on.

Remark 5.22 It is possible to extend the construction of E[X|G] to all
X in L' () by a careful limit argument (see [W], [C-K]), but we shall
take this for granted now and return to it in the next chapter (Theorem
6.36) in a more general setting. Our proof of the uniqueness holds in
L' also.
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Assuming existence, we derive the main properties of conditional
expectation for integrable random variables.

Proposition 5.23 Suppose X,Y € LY(Q,F,P),a,b e Rand H C G
are sub-o-fields of F. Then we have:

(i) (Linearity) E[(aX + bY)|G] = «E[X|G] + bE[Y|G] (more pre-
cisely: a linear combination of versions of E[X|G] and E[Y|G] is a
version of the conditional expectation of the same linear combination
of X andY).

(ii) E[E[X|G]] = E[X] (thus any version of E[X|G] has the same
expectation as X).

(iii) If X is G-measurable, E[X|G] = X a.s.(P) (more precisely: X is
a version of E[X|G)).

(iv) (Independence) If o(X) and G are independent, then E[X|G] =
E[X] (i.e. it is a.s. constant).

(v) (Positivity) If X > 0 a.s.(P), the same holds for any version of
E[X|G].

(vi) (Monotone convergence) If X, T X in L., then E[X,,|G] T E[X|]]
(both hold a.s.(P).

(vii) (Tower property) E[(E[X|G])|H] = E[X|H] a.s.(P).

(viii) (‘Taking out what is known’) If Y is G-measurable and
XY € LY(Q, F, P), then E[(XY)|G] = YE[X|G] a.s. (P).

(ix) (Jensen’s inequality) If g is a convex real function and g(X) € L*,
then g(E[X|G]) < Elg(X)|G].

(x) The map X — E[X|G] contracts the LP-norm for each p > 1 :
IELXIG)], < IIX1],.

Proof (1)-(iv) follow immediately from the definitions and are left
as exercises. For (v), G, = (E[X|G] <—1) is in G, so from
0 < [ XdP = [, E[X|GldP < - +P(Gy,) we conclude that
PE[X|G] <0) = (Uka) = 0. So any version of E[X|G] is a.s.(P)
non-negative.

For (vi), let Y,, be a version of E[X,,|G]. These are non-negative and
increase to E[X |G] a.s.(P), since ( [, X,,dP), is increasing for each G
in G. Take Y = limsup,, Y;, , which is the G-measurable a.s(P)-limit
of (Y)n, so that for G in G, [, X, dP = [,Y,dP 1 [,YdP. But
the LHS (left-hand side) increases to |, ¢ XdP by the MCT, so Y is a
version of E[X|G].
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(vii) is a consequence of the definition: [, E[X|G]dP = [, XdP
holds on G hence on H. Now for H € H we have [, E[X|H]dP =
Jy XdP, so also [, E[X|G|dP = [,, E[X|H]dP. In other words, the
‘H-measurable E[X |H] is a version of E[(E[X |G])|H].

For (viii), we restrict to X > 0 and then use (i) applied to X ™ — X .
WhenY = 1g and G, E € G, then

/1E]E[X\g]dP: XdP:/ 1pXdP.
G ENG G

So 15E[X|G] is a version of E[(XY")|G]. Linearity and (vi) applied to
a sequence of G-simple functions increasing to Y does the rest.

To prove (ix), we use without proof (see [W]) that a convex func-
tion g is the supremum of a sequence of affine functions, i.e. g(z) =
sup(a,x + b, ) for some real sequences (a,,), (b, ). Now for each fixed
n, (X (w)) dominates a,, X (w) + b, a.s.(P), and by (v) the same holds
with X replaced by any version Y of E[X|G]. The union of the sets
A,, where this fails is P-null, so E[g(X)|G] > sup,, a,E[X|G] + b, =
g(E[X|G]) holds a.s. (P).

(x) follows from (ix) and (i), as the map x — |z|P is convex for
p=>1

Exercise 5.24 Let Q = [0, 1] with Lebesgue measure and suppose
X(w) =w.If0 < a < 1, compute E[X |G when G is generated by the
Borel subsets of [0, a].
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Discrete-time martingales

Fix a probability space (€2, F, P). Observation of the values of some
random variable Y : Q2 — R is often used to estimate (‘predict’) the
behaviour of some unknown variable X. Examples include economic
data used to estimate future stock prices and weather data used in fore-
casting. At its simplest, prediction involves finding some function f(Y")
which takes us ‘closest’ to X; we call X= F(Y) an estimator of X.
If X minimises the distance from X in the L?-norm (i.e. [| X — X l|2
is minimised by X among o (Y )-measurable random variables), then
statisticians call it the least-mean-square estimator of X. In other words,
X is the element of L?(o(Y)) closest to X € L2(F), i.e. the orthogo-
nal projection of X onto this complete subspace. So the best predictor
of X given Y (hence given o(Y)) is simply the conditional expectation
E[X|o(Y)].

This suggests, more generally, that we can regard any sub-o-field G of
F as providing partial information about a random variable X € L' (F)
and that our best estimate of X, given G, is a version of E[X |G|, which
was defined in Chapter 5 when X € L2. Theorem 6.36 will complete
the picture for X € L.

6.1 Discrete filtrations and martingales

If X is itself G-measurable, we have E[X|G] = X a.s.(P) and our best
estimate is perfect up to P-null sets.

Example 6.1 At the other extreme, suppose that (Y})x>1 is a sequence
of independent integrable random variables with E[Y}] = 0 for all ,

60
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and Xg = 0, X,, = V1 + Yo+ ... +Y,. Weset Fp = {0,Q)},
Frn=0Y1,Ys,...,Y,) forn > 1, so that F,, represents the ‘history’
of the (discrete-time) stochastic process (Y%)r>1 up to time n. (For
example, the Y}, could be daily fluctuations of a stock price that starts at
some known value on day 0.) The best predictor of X, given F,,_1 is
given for n > 0 by

E[Xn|.7:n_1} = E[Xn—lw'—n—l] + E[Yn‘fn_l]
= X,_1+ ]E[Yn} =X,_1as (P)7

as o(Y,,) and F,,_; are independent, and X,,_; € L*(F,_1). Thus our
best estimate of X, at time (n — 1) is simply the current value X,, 1.
This expresses the intuitive idea that if the Y; are independent, then
we have no better means of predicting future behaviour of their sums
than to work with our current knowledge of X,,_1, i.e. the sums (X,,)
change in a ‘completely random’ manner as n increases.

We capture these ideas in the next definition:

Definition 6.2 (i) An increasing sequence F = (F,,),,>o of sub-o-
fields of F is a filtration. A sequence (X,,),>0 of random variables is
adapted to F if for each n, X, is F,,-measurable. We call (2, F,TF, P)
a filtered space.

(ii) An adapted sequence (X,,,F,), is an (IF, P)-martingale (often
simply a martingale) if each X, is integrable and

E[X,|Fn-1] = X,_1 as.(P) foreach n > 1.

If = above is replaced by <, we call (X,,,F,)n, a supermartingale;
if we have > instead, it is a submartingale. If the X,, are in LP for
p > 1, we call (X,,, F,,), an LP-martingale. We write X (or (X, F))
for (X, F,)n when the context is clear.

Remark 6.3 Clearly, X is a submartingale iff — X is a supermartingale,
and is a martingale iff it is both a sub- and a supermartingale. Also,
changing the random variable X, in the sequence (X, ),>0 does not
change these properties: the sequence is martingale (resp. super-, sub-)
iff the same holds for (X,, — X¢),>0. So we frequently assume X = 0
a.s.(P) without loss. The set of (IF, P)-martingales is a vector space by
Proposition 5.23(i).
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Remark 6.4 The properties of conditional expectation in Proposi-
tion 5.23 imply many important facts about martingales. By the tower
property (5.23(vi)), E[X,,,|F,] = X, a.s.(P) when m > n, and simi-
larly for super- and submartingales. Also, by 5.23(ii) the expectation of
a martingale is constant (E[X,,] = E(E[X,,|F,]) =E[X,,]), while the
expectations of supermartingales decrease and those of submartingales
increase as n increases. The Jensen inequality, applied to g(z) = a2
shows that when (X, F,,),, is an L?-martingale then (X2, F,) isa
submartingale.

Exercise 6.5 Suppose that (X,,, F},), is a martingale and G = (G, ) >0
with Gy = {0,Q}, G, = o(X4,...,X,,) for each n > 1. Show that
(X1, Gn)rn is a martingale. (Hint: first verify that G is the smallest
filtration to which (X, ),, is adapted.)

The partial sums (X,,),,>1 of Example 6.1 form a martingale on the fil-
tered space (2, F,F, P) with F,, = o(Y1,...,Y,) and F = (F,,)p>1.
At each stage, the o-field F,, represents what is known about the
(Y;)i<n, and this ‘information’ increases with n. ‘Full’ information
about the random behaviour in question resides in the larger o-field
F, and we shall frequently assume that F = F ., where we define
Foo=0(U,,~,Fn) — note that, unlike the intersection, a union of
o-fields need not be a o-field!

Example 6.6 An example where the ‘limiting’ random variable
in a martingale seems ‘given’ is the following: fix a filtered space
(Q,F,F,P)and X € L'(Q,F,P). Let M,, = E[X|F,] for each n.
Then M,, is our best estimate of X given the information contained
in F,,. Again by the tower property (M,,, F,,) is a martingale

E[M,|Fn-1] = E[E[X|F,]|Fn-1] = E[X|Fp_1] = Mp_1.

Our ‘best ever’ estimate of X is lim,, E[X|F,] if this a.s. limit exists.
Logically, it should be E[X|F.] and if Fo, = F we recover ‘full
knowledge’ of X. These limit theorems, however, require proof, and
are discussed below.

Martingales represent fair gambling games, as our best guess at time
n is that winnings and losses in the next game cancel out on average — as
in Example 6.1, assuming X, = 0, the martingale difference AX,, =
X, — Xp—1 has E[AX,|F,—1] = 0 for all n > 1. (Equality



6.2 The Doob decomposition 63

is replaced by > for a submartingale, and by < for a supermartin-
gale, so these games are favourable to the gambler and the casino
respectively!)

Example 6.7 (‘Betting the martingale’) The name ‘martingale’ (which
is shared with a type of bridle used in horse racing) has a long his-
tory in gambling. In a simple coin-tossing game with a fair coin,
the martingale strategy is to bet $1 on the first toss and double the
stake for the next if we lose, etc. Suppose our first win is at the Nth

game. Our net winnings are then 2V — ( 27:_01 2’“) =1. The ran-

dom variable N has P(N =k)= 5 since we win or lose each toss
with probability %, and we have lost k£ — 1 times before winning
at game k. (We assume the outcomes of tosses are independent.) So
P(N <00)=P(Up>1(N=k))= Y 7o, P(N =k)=1. Although we
are almost sure of winning eventually, we must be willing to risk a
very large fortune before this occurs! The total amount X we would
have lost before winning has expectation E[X]= >"7 | X, P(N =k),
where X, =2F—1 — 1 is the total wagered (and lost!) before winning
game k. Thus E[X] = lim,, — o (371 (3 — 5¢)) = oo. The dangers
of this strategy were obvious to gamblers three hundred years ago,
and most casinos now refuse bets from players seen to be using such

‘doubling strategies’.

Exercise 6.8 Where is the martingale in Example 6.7? Our betting
strategy depends at time n on the random outcomes of the previ-
ous games, given by Bernoulli random variables Z; taking each of
the values +1, —1 with probability % All the previous games must
result in losses (i.e. Z; = —1) if we are to reach game n. Thus
our net winnings are given by the process S = (S,)n>1, Sn =
Sn1+Znf(Z1,Za,...,Zn_1), where f takes the value 2"~ ! if
Z;= —1forall i < n and 0 otherwise. Show that S is a martingale for
the filtration (F,,)n>1, Where F,, = 0{Z, : i < n}.

6.2 The Doob decomposition

Fix a filtered space (€2, F,F, P) and an adapted sequence (Y},),>0 (we
shall call this a process from now on). The difference process AY with
AY, =Y, —Y,_1 can be written for n > 1 as a sum of two such
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processes AM, AA via
AY, = (AY,, — E[AY,|F,.—1]) + E[AY,|F.—1] = AM, + AA,,

where we also define My, = Ay = 0 as.(P) and then let
Mn = 22:1 AMk and An = EZ:l AA;C

Then we see that:
(i) for n > 1, E[AM,|F,-1] = 0. In other words, (M,F) is a
martingale.
(ii) A, is F,_1-measurable for each n > 1. This important property
deserves a name.

Definition 6.9 We call a process Z = (Z,,),>1 predictable if, for each
n > 1, Z, is measurable with respect to F,, 1.

Predictability means that Z,, is ‘known’ completely by time n — 1. This
is the opposite of the ‘completely random’ behaviour of a martingale:

Exercise 6.10 Show that any predictable martingale is a.s. constant.

The adapted process Y has now been decomposed as the sum of a
martingale and a predictable process

Y, = Yo+ M, + A,.

We call this the Doob decomposition of Y. It is unique, for if we also
have Y,, = Yo+ M + A}, for some other martingale M’ and predictable
process A’ with M|} = A{, = 0, then for each n, M,, — M| = A], — A,
which shows that M — M’ is a predictable martingale beginning at 0,
and so stays constant there by Exercise 6.10. We call M the martingale
partof Y and A =Y — M the compensator.

This decomposition takes on particular importance when we begin
with a martingale X. In the decomposition X? = Xg + M + A of
the submartingale X2 (cf. Remark 6.4), the predictable process A has
difference process

AA, =E[X2|Foa] — X7

n—1

>0

and thus is increasing, i.e. A, < A, 41 as. forevery n. If Xy = 0 (as
we can assume without loss), we have written X2 = M + A as the sum
of a martingale M and a predictable increasing process A.



6.3 Discrete stochastic integrals 65

We come to a very useful property of L2-martingales:

Lemma 6.11 Let X be an L?-martingale. Note that
(AX,)? = (X, — Xpo1)? and AX? = (X2 — X2 ).
We have
E [(AX,)?] |Fae1] =E [AX 2| Fn-1] -

Proof (AX,)? = X2 —2X,X,_1 + X2_,, s0o E[(AX,,)?|F,._1]

equals E [X2[F,_1] — 2X,, 1E[AX,|F,_1] + X2_,, which reduces
to E[(X2 — X2_,)]|F,—1] as claimed.

n—1

Given a martingale X with Xy = 0, the decomposition X? = M + A
implies AM,, = AX2 — AA,. But M is also a martingale, so the
lemma yields

0 =E[AM,|Fn._1] = E[(AX,)?|Fn_1] — E[AA,|Fn_1].

Since A is predictable, E[(AX,,)?|F,_1] = AA,, which exhibits the
process A as a ‘conditional quadratic variation” process of the original
martingale X. Taking expectations, E[(AX,,)?] = E[AA,,].

Also, E [X?] = E[M,]+E[A,] = E[A,], so both sides are bounded
for all n iff the martingale X is bounded in £%(Q2, F, P). Since (4,,)
is increasing, the a.s. limit Ao (w) = lim, o Ay (w) exists, and the
boundedness of the integrals ensures in that case that E[A] < co.

Exercise 6.12 Suppose (Z,),>1 is a sequence of Bernoulli random
variables, with each Z,, taking the values 1 and —1, with equal proba-
bility. Let Xg =0, X,, = Z1 + Zo+ - -+ Z,, forn > 1, and let (F,,),,
be the natural filtration generated by the (Z,,). Show that the compen-
sator (A,,) in the Doob decomposition of the submartingale (X,QL)” is
deterministic (i.e. non-random).

6.3 Discrete stochastic integrals

In discrete time, we easily construct ‘stochastic integrals’ and show that
they preserve the martingale property. We wish to use a martingale
X as an integrator, in the same sense as we form an integral with
the distribution function of a random variable. Of course, for discrete
distributions the ‘integral’ is simply an appropriate linear combination
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of increments of the distribution function. Thus the key components are
linear combinations of the increments AX,, = X,, — X,,_1. However,
here we deal with stochastic processes (i.e. functions of both n and
w) rather than real functions, so measurability conditions are needed
to determine what constitutes an ‘appropriate’ linear combination. For
w € Q we set Iy(w) = 0 and forn > 1 let

w):ch(w JAXE) (w ch = Xj-1(w)),
k=1

choosing (¢, ), to ensure that the new process (I,,),, has useful prop-
erties. When (c,), is a bounded predictable process and X is a
martingale, both for the same filtration (F,),, the process (I,)n
is called a discrete stochastic integral (also known as a martingale
transform). We show that I = (I,,),, is again a martingale

E[In|]:n—1] - E[(In—l + anXn)|]:n—1]
=ln1+ CnE[AXnLanl} = In—-1.

So the discrete stochastic integral preserves the martingale property.
We write the stochastic integral as ¢ - X, meaning that for all n > 0,
I, =(c- X),. We record this as a theorem:

Theorem 6.13 Let (2, F, (Fy)n>0, P) be a filtered probability space.
If X is a martingale and c is a bounded predictable process, then the
discrete stochastic integral c - X is again a martingale.

We use the boundedness assumption in order to ensure that ¢y A Xy
is integrable, so that its conditional expectation makes sense.
For L2?-martingales, the Schwarz inequality ensures we only need
¢ € L%(F,_1) for each n.

Remark 6.14 All this is bad news for gamblers: the fact that ¢ - X
is again a martingale means that ‘clever’ gambling strategies will be
of no avail when the game is fair. It remains fair whatever strategy the
gambler employs! If it starts out unfavourable to the gambler, so that
X is a supermartingale (E[X,,|F,—1] < X,,_1), the above calculation
shows that, as long as ¢,, > 0 for each n , then E[I,,|F,,—1] < I,,—1, s0
that the game remains unfavourable whatever non-negative stakes the
gambler places.
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Combining the definition of (I,,),, with the Doob decomposition of the
submartingale X2 we obtain the key identity which illustrates why mar-
tingales make useful ‘integrators’. We calculate the expected value of
the square of (¢ - X),, when ¢ = (¢,,) with ¢, € L? (F,,_1) for each n
and X = (X,,) is an L?- martingale

n 2

E[(c- X)2] =E [Z crAX),

k=1

=E Z CjCkAXjAXk .
J,k=1

Consider terms in the double sum separately: if j < k
Elcjcr AX;AXE]) = E[E[cjcr AXjAX | Fre—1]]
= Elc;jcr AXGE[AX | Fr—1]] =0
since the first three factors are all F._ ;- measurable, while
E[AXy|Fr—1] =0

since X is a martingale. With j, k interchanged this also shows that
these terms are O when k < j. The remaining terms have the form

E [z (AXk)?] =E [GE[(AXk)*|Fr-1]] = E [RAAL].

By linearity, we obtain a fundamental identity for discrete stochastic
integrals relative to martingales (also called the [76 isometry)

n 2 n
E (Z CkAXk> =K ZCiAAk:
k=1

k=1
The sum inside the expectation sign on the right is a ‘Stieltjes sum’ for
the increasing process, so that it is now at least plausible that this iden-
tity should allow us to define martingale integrals in the continuous-time
setting, using approximation of processes by simple processes. The Itd
isometry is of critical importance in the definition of stochastic integrals
relative to processes such as Brownian Motion, as we shall see.

6.4 Doob’s inequalities

J.L. Doob proved two simple but powerful inequalities for submartin-
gales that explore the relationship between a process and its maximum
values up to a fixed time. They will be used frequently in the
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sequel. Given any process M = (M,),>0 on (Q,F, P), we define
M} = max, <) M, for each k > 0.

Theorem 6.15 (Doob’s submartingale inequality)
If M is a non-negative submartingale and \ > 0, then for all k

AP (M > \) < / M dP < E[My).
{M; 22}

Proof Let A= {M; > \},then A =UF_,A,, where
Ag ={My > A}, Ap = (Mo {Mp < A}) N {M,, > A}

and the union is disjoint. For 0 < n < k, A,, € F,,, so as M is a sub-
martingale and M,, > Aon A, fAn M dP > fAn M,dP > \P(A,).
Now sum over n = 0, 1,..., k to obtain the first inequality; the second
is trivial since My, > 0 a.s.(P).

Corollary 6.16 Foranyp > 1, \’P (M} > \) < E [M}].

For the proof, simply apply Theorem 6.15 to the submartingale
MP —recall Jensen’s inequality!

We combine Theorem 6.15 with Proposition 5.12 to compare the
LP-norms of the sequences (M,,) and (M) .

Theorem 6.17 (Doob’s L? inequality)

Suppose that p > 1 and 1% + % = 1. If M is a non-negative sub-
martingale, then ||My|, < q|[Myl||, for all n > 0. Hence if M is
LP-bounded, we have ||supn20 Mn||p < gsup, g || Myl], -

Proof Fix n>0. Theorem 6.15 allows us to apply Proposition 5.12
with X = M,,,Y = My, so that [[M}]|, <q||My]], <gsup, |[M,]|,
for each n > 0. But M 1 sup,, M, so by the MCT the second claim
follows at once.

6.5 Martingale convergence

Recall Example 6.6: when M, = E[X|F,] for some fixed X in
LY(Q, F, P) and filtration F = (F,,),>o0, it is natural to ask whether
M,, — X in some sense when n — oo. The two modes of convergence
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of interest are M,, — X a.s.(P) and [|M,, — X|[, — 0, forp > 1,i.e.
almost sure and convergence in LP-norm. We give only a brief overview
of this theory. More detail can be found in [BZ],[K], [N] or [W].

If a real sequence (xz,)ndiverges, liminf, x, < limsup, z,.
As Q is dense in R, we can find rationals a < b such that
liminf, =, <a <b< limsup,, z,. So for a sequence (X,), of ran-
dom variables we can express the set of w € €2, where (X,,(w)),, has
no limit as a countable union of sets D = U ab<lf@ D, p, where

a,be

Dy p = {w: liminf,, X,,(w) < a < b < limsup,, X,,(w)}.

The task of proving a.s. (P)-convergence of (X,,) now consists of
showing that each D,, j, is P-null. For supermartingales bounded in L',
i.e., such thatsup,, || X,||; < oo, this is guaranteed by the famous Doob
Upcrossing Lemma. We need some notation.

Definition 6.18 Let (X,,, ,,)n>0 be adapted and let a, b be real num-
bers with a < b. Define a gambling strategy ¢ = (¢, ), >1 for (X,,) and
[a, b] by setting ¢; = 0 and, for each n > 1, let ¢,41 = 1 if either
¢, =0and X,, <a,orc, =1and X, <b.Otherwise, set ¢,11 = 0.
We see inductively that c is predictable.

Then define an upcrossing of [a, ] as an integer w such that ¢, = 1
and ¢, 11 = 0. The number Unla,b] of upcrossings of [a,b] by
n— X, (w) by time N is then the largest & such that the upcrossings
satisfy ug =0 < u1 < ug < ...up < N.

The strategy ¢ = (¢, )n>1 represents a peculiar gambling strategy
for a game where AX, = X, — X,,_; denotes the winnings per
unit stake in each round. We do not enter the game until X,, < a,
then bet a unit stake in each round until X,, > b, and wait until
X, < a before making the next unit bet, and so on. This is a
bounded predictable process, so Theorem 6.13 applies to ¥ = ¢ -
X. The process ¥ = ¢ - X describes our winnings using this
strategy.

Exercise 6.19 Figure 6.1 shows an example with three upcrossings of
[a, b], marked by bold line segments. Sketch the dynamics of the process
Y corresponding to the sketched process X.
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I

A
\V4 \V N \/\(XN—a)’

Fig. 6.1 Upcrossings of [a, b] by X

Lemma 6.20 (Doob’s Upcrossing Lemma) If (X,,) is a supermartin-
gale and a < b, then for any N

(b— a)E[Un[a,b]] < E[(Xy — a)7].

Proof Yy = 0 as. by definition and Yy = SV ¢;AX;. The
number of upcrossings is Uy[a,b] = k, where up, < N < wupiq
by definition. Each upcrossing increases Y by at least b — a, so we
have Y, (w) — Yy, ,(w) > b — a for i < k. Moreover, we have
Yn(w) — Y, (w) > —(Xn — a)”, since the ‘loss’ in the periods
of play after the last upcrossing cannot exceed (Xny — a)~. Hence
Yn(w) > (b — a)Uyn[a,b] — (Xn — a)~. By Theorem 6.13, Y is a
supermartingale null at 0, so E[Yy] < 0.

For p>1, a family S in LP is LP-bounded if there is a B with
[|X|l,<B for all X in S. Our first convergence theorem
applies to L'-bounded supermartingales. This includes non-negative
supermartingales:

Exercise 6.21 Show that if the supermartingale X has X,, > 0 a.s. for
all n, then X is L'-bounded.
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Theorem 6.22 Let (X,,),, be an L*-bounded supermartingale. Then
(Xn)n converges a.s. (P) to the Fo.-measurable random variable
Xoo = limsup,, X,,.

Proof We show that Un|a, b] is a.s. finite for each N. By Lemma 6.20
(b — a)E[Unla,b]] <E[Xn[] + |a] < sup, || Xnll, + lal-

Hence P(Un[a,b] = oo) = 0 for all N. This proves the a.s.
convergence. The limit X, is a.s. finite: by Fatou

E[|X|] = Elliminf, | X, |] < liminf, E[|X,|]
< limsup,, E[|X,]| < .

However, L'-boundedness of a supermartingale (X, ),, is not sufficient
for convergence to X, in L'-norm. To see what is needed, note that
if Z € L', then for any given £ > 0 we can find K > 0 such that
Joz15xy 1Z1dP < et take Z > 0 and write E[Z] = [, 4y ZdP +
f{Z>K} ZdP.Now Z, = Z1;7<ny 1 Z asn | oo, hence by the MCT
E[Z,] 1 E[Z] and so, for given ¢ > 0, by taking n large enough we
have E[Z] — f{Zgn} ZdP < e. Take any K > n.

Exercise 6.23 Prove, conversely, that if given ¢ > 0, there is K > 0

1 .. .
such that f{\ZI?K} |Z|dP < e, then Z € L'. Thus Z is integrable iff
the above condition holds.

We now extend the condition to families (e.g. sequences) of random
variables.

Definition 6.24 S C L'(Q) is uniformly integrable (u.i.) if given & > 0
there is K > 0 such that f{IX\>K} |X|dP < e for every X in S.
(Equivalently: supxcs f{|X‘>K} |X|dP — 0as K — cc.)

Exercise 6.25 Show that if a family of random variables is L”-bounded

for some p > 1, then it is u.i. (Hint: y > K > 0 implies y < K%:
1

Show that f{\X|>K} ‘X‘dp < Kr—1 f{|X\>K} |X|pdp)

Example 6.26 S = {E[X|G]: G is a sub-o-field of F} is uni-
formly integrable when X € L!. To see this, fix K > 0 and set
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A ={E[X|G] > K} € G. We have [E[X|G]| < E[|X]|F] a.s. by
Jensen, so KP(Ag)< [, [E[X|G]ldP < [, |X|dP < ||X]],.
This means that P(A ), and therefore [, |X|dP, goes to 0 indepen-
dently of the choice of G C F as K | oo.

Example 6.27 In particular, given X € L!, the martingale (M),
with M,, = E[X|F,] for n > 0 is u.i. We show below that all u.i.
martingales have this form. In preparation, note that any u.i. sequence
(Zy)n in L* is L*-bounded, i.e. sup,, ||Z,||, < oo. To see this, choose
K >0with [;, ey Zn|dP < 1. Then

E[|Z,| =/ |zn\czp+/ Z,|dP < K +1.
{IZn|<K} {1Zn|>K}

Thus a u.i. supermartingale (X, ),, converges a.s. to X .

To arrive at convergence in LP-norm, we need another mode of
convergence which is useful in many contexts:

Definition 6.28 (Y,), converges to Y in probability
if lim,, P(|Y,,— Y| >¢) =0foralle > 0.

The next exercise shows that this convergence in weaker than LP-norm
or a.s. convergence:

Exercise 6.29

(i) Show thatif Y;, — Y in LP-norm or a.s. (P), then Y,, — Y in proba-
bility. (Hint: Assume the limit is 0. For the first claim, use Chebychev’s
inequality.)

(i) Show that if Y,, — Y in probability, then some subsequence
converges to Y a.s.

(iii) Use the sequence Y1 = 1(g y), Y2 = 1[0’%},)/3 = 1[%,1},

Y, = 1[0, 1] to show that convergence in probability does not imply
a.s. convergence.

However, convergence in probability implies L'-convergence for u.i.
sequences:

Proposition 6.30 Let (Y,,),, be a w.i. L'-sequence such that Y,, — 0
in probability. Then ||Y,||; — 0 asn — oc.
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Proof As the sequence is u.i., given € > 0 we can find K > £ such
that [(y o ey Yol dP < 5. But lim, P(|Y,] > €) = 0 for every
e > 0, as Y, — 0 in probability. So, given ¢ > 0, find N > 0 with
P(|Y,] > §) < 5% if n> N.Forn > 1, set

A, =Yy > K}, By, = {K > Y| > g}cn - {\Yn\ < %}

B|vl= [ Walap+ [ vlap+ [ [v.lap
A, B, Ch
13 g 13 13
<< KP(Yn 7) 7P(Yn<7).
<3+ Yal > 5 ) + 3P (Yal < 3
Hence ||Y,,||; — 0asn — oo.

Exercise 6.31 Show that the converse of this proposition also holds, so
that these two conditions characterise L'-convergence. (See [W], Ch. 13
if you get stuck.)

Theorem 6.32 Every u.i. supermartingale (X,,)n>0 converges a.s.(P)
and in L -norm to a limit X, € L.

Proof By Theorem 6.22, X,, — X, a.s., and using Y,, = X,, — X
instead we have Y,, — 0 as.(P). This means that Y,, — 0 in
probability, and is u.i., so Proposition 6.30 yields [|Y},||; — 0.

Corollary 6.33 Every w.i. (F,)-martingale M = (My,)n>0 has the
form M,, = E[Y|F,] for some Y € L' and all n.

Proof Let k > n, then by the martingale property, for any A € F,,,
we have [, MdP = [, M,dP. So with Y = M, the a.s. limit of
(M,,)y,, we obtain for such A and k > n

/(Mk—mdp\ < [ 1= v|ap < |35~ V1],
A A

By Theorem 6.32, ||[M; —Y||; — 0 as k — oo, so [, M,dP =
[, YdP forall A € F,. Thus M, = E[Y|F,] for each n.

Remark 6.34 Given X in L' and a filtration F = (F,,),,>0, We can
construct a u.i. martingale by setting M,, = E[X|F,]. The a.s. limit
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M of this sequence can now be identified as M., = E[X|F], where
Foo = o(UpFy) as in Example 6.6. To do this assume X > 0 with—
out loss. Now P(A) = [, MoodP and Py(A) = [, E[X|F.]

are measures on ({2, F,) and they agree on every Ae F, (check
this carefully!). Since U,,>¢7F,, is a field, it is a 7-system, so these
measures agree on Fo.. Both M., = limsup,, M,, and E[X|F] are
Fso-measurable, hence so is the set {E[X|F] > M.} = A. But
Pi(A) = Py(A), so [,(E[X|Fs] — My)dP = 0. Thus P(A) = 0
and similarly with roles reversed, so that M, = E[X|F] a.s.(P).

6.6 The Radon—Nikodym Theorem

As an application of Theorem 6.32, we prove the key structure
theorem in measure theory, which also shows that conditional expec-
tations exist for any integrable random variables, with properties as
proved in Proposition 5.23 and extending our earlier construction for
L2-functions.

Definition 6.35 Suppose P, are probabilities on (£2, F) and that
P(F) = 0 implies Q(F) = 0 when F' € F. We write Q < P and
say that ) is absolutely continuous with respect to P.

This implies (and is in fact equivalent to) the following continuity con-
dition: given € > 0, we can find 6 > 0 such that P(F') < ¢ implies
Q(F) < e. (Sketch of proof: if this condition fails, we can find ¢ > 0
and (A,), with P(4,) < 5= for each n but Q(A,) > e. But then
P(limsup,, A,) =0 < e < Q(limsup,, 4,.)

When @QQ < P we want to demonstrate the existence of X € L' such
that for ' € F, Q(F) = [, XdP. We then write X = 9% and call it
the Radon—Nikodym derlvatzve of @ w.r.t. P. (Note that Proposition 4.19
tells us that, conversely, ) defined via X in this way is a measure, and
obviously @ < P.)

We construct X in a special case. If the o-field G is gener-
ated by a sequence (G,), of sets in F, we call it separable. Let
Gn,=0(Gy,...,G,) for each n > 1. These o-fields are generated
by finite partitions of  (dividing €2 into atoms, i.e. finite intersec-
tions N;<, F;, where each Fj is either G; or G¢, so that no non-empty
proper subset of this intersection belongs to G,, ). Let P,, be the smallest
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partition generating G,,; clearly, P, 41 refines P, so each set in P,
is a disjoint union of sets in P, 1. Define X,, = ZAGP” %1,4
if P(A) > 0 and 0 otherwise. To see that (X,,) is a martingale for
G =(Gn)n, we note that for A € P,
/ XppdP = ) @P(B) =Q(A) = / X, dP.
A BEPn11,BCA P(B) A

(If P(B) = 0, then Q(B) = 0, so the finite sum counts all B C A with
Q(B) > 0.) Moreover, (X,,),, is u.i.: given € > 0 choose § > 0 by the
continuity condition and K > . Then with A = (X,, > K), we have
KP(A) <||X,n]|; = Q(Q) < Ké. Hence [, X,,dP = Q(A) <e.

Thus X,, — X as. and in L'-norm, by Theorem 6.32, and
X, =E[X4|G,] for all n. So for all A in the m-system U,G,,
J4XoodP = [, XpdP = Q(A), and the measures @ and
A | 4 XoodP agree, hence they agree on G.

The final step is to remove the separability assumption. This can
be done in various ways (see [K], [W] for two different proofs), but
will be omitted here as it really belongs to functional analysis. Thus
we have:

Theorem 6.36 (Radon—Nikodym) Let P, Q) be probability measures on
(Q,F).When Q < P, we can find a unique X € L' such that for
FeF QF)= [, XdP.

Corollary 6.37 If G is a sub-o-field of F and X € L'(F), then
there is a unique Y € L'(G) such that [, XdP = [,YdP for all
AingG.

Proof Assume X > 0 without loss. Qx(A) = [, XdP is abso-
lutely continuous w.r.t P, hence the same holds for their restrictions to
G. So the Radon-Nikodym derivative Y = dggg‘g satisfies, for G € G,
Jo XdP = Qx(G) = Qxg(G) = [, YdP.

Defining E[X|G] = Y a.s. (P), this coincides with the orthogonal pro-
jection of X onto L?(G) when X € L?(F). We have thus extended the
definition of conditional expectation given in Chapter 5 to all integrable
random variables. All the properties derived there extend to this setting,
with the same proofs.
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Exercise 6.38 Radon—Nikodym derivatives obey a simple and natural
‘arithmetic’, which will be familiar from integration techniques in
elementary calculus. Prove the following:

(1) Given probabilities @1 < P and Q2 < P and setting Q = Q1 + Q2,
we have ¢ dP = dQl + 5 dQ2

() If, further, Q2 < Ql, then 922 — 982 421

Remark 6.39 We call finite measures P and @) equivalent (written
P ~ Q) if they have the same null sets. In other words, () < P and
P < @ both hold. From (2) above, we conclude that for equivalent mea-
sures the Radon—Nikodym derivatives are strictly positive and satisfy:

aP _ (@)_1
ao — \ap .

At the other extreme, two measures P, Q) on (2, F) are mutually sin-
gular if their ‘mass’ is concentrated on disjoint sets: in other words,
there are disjoint sets Ep, Eq such that P(F) = P(Ep N F) and
Q(F) = Q(Eg N F) for every F in F. (So P is concentrated on Ep
and @ on Eg.) We write Q L P for this. For any F' disjoint from
Ep, we have P(F) = 0, and similarly for Eg. This idea, together with
the Radon—Nikodym Theorem, provides insight into the structure of the
vector space of all (probability) measures on (€2, F):

Theorem 6.40 (Lebesgue Decomposition Theorem) If P, Q) are prob-
abilities on (Q, F), then Q can be expressed uniquely as a sum of two
measures, Qg << P and Q4 1 P. Hence there is a unique X € L'(P)
such that Q(F) = [, XdP + Q,(F) for every F in F.

Proof Write R = P+ @, sothat 0 < @ < R and we can find a
measurable / with values in [0, 1] such that Q(F) = [, hdR for all F
in F. The event A = (h < 1) and its complement partition €2 and we
set Qu(F) = QAN F), Qs(F) = Q(A° N F) for each F. We show
that O, << P and QQ, L P: for the first note that if ' C A is P-null,
then Q(F) = [ hdR = [, hdQ. So [,.(1 —h)dQ = 0.Buth < 1
on A, so Q( ) = 0, hence also Q,(F) = Q(AN F) = 0. For the
second, F' N A = () means that ¥ C A°, h = 1 on F. Hence Q(F) =
JphdR = P(F)+ Q(F),ie. P(F) = 0. Thus P is concentrated on A
and Q) on A, which shows that Q; | P. The uniqueness claim follows
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by Exercise 6.41(iii) below, while the final statement is clear from the
Radon—Nikodym theorem.

Exercise 6.41 Verify the following claims for probabilities P, ()1, Q2
defined on (9, F):

1) ifQ; L Pfori=1,2,thenalso (Q1 + Q2) L P.

(i) if @y < Pand Q2 L P, then Q1 L Q5.

(i) if Q1 < P and Q1 L P, then Q1 = 0.

Exercise 6.42 Let random variables X,Y have densities fx, fy.
Describe under what conditions on the densities we have Py < Py
and find the Radon—Nikodym derivative.
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Brownian Motion

Stochastic processes become an especially powerful modelling tool
when the time set is T = [0, o) since we intuitively experience time as
a continuous phenomenon. At its simplest, a (stochastic) process X is
a family (X, : ¢ > 0) of random variables defined on the same prob-
ability space (€2, F, P). But it is instructive to look at X from several
different angles.

7.1 Processes, paths and martingales

Recall the metric space L°(F) of (equivalence classes of) all ran-
dom variables {2 — R. A stochastic process X can be viewed as a
map t — X; from T to L°(F) provided we identify X with any of its
versions Y, in the following sense:

Definition 7.1 Processes X and Y are versions (or modifications) of
each other if P({w € 2 : X;(w) =Y;(w)}) = 1 foreach ¢t > 0.

So for each ¢ > 0, the random variables X; and Y; are versions of
each other as defined in Chapter 5. Unlike in the discrete case, this does
not always ensure that the paths t — X;(w) and t — Yi(w) traced
out by the processes X,Y will coincide for almost all w € Q. If
E,=P(X,;#Y;)=0 for each ¢, the set E = U;>oFE, where X and
Y differ need no longer be P-null, as the time set is uncountable. We
need a stronger condition.

Definition 7.2 Processes X and Y are indistinguishable if almost all
their paths coincide, i.e. if

78
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PHw e Q: Xy(w) =Y (w) forallt > 0}) = 1.

Indistinguishable processes are clearly versions of each other, but not
conversely. However, matters simplify greatly when almost all paths are
continuous (we then say X, Y are continuous processes).

Exercise 7.3 Show that the above two definitions coincide when X and
Y are continuous processes. (Hint: the positive rationals are dense in
[0,00).)

As in Chapter 6, the filtration (G;);>¢ generated by X, where G; =
o(Xs : s < t), models information about the history of the process
X = (Xt)¢>0. More generally, a family F = (F;);>¢ of sub-o-fields of
F is a filtration if it is increasing (F, C JF; C F for s < tin T), and
satisfies two technical conditions (the ‘usual’ conditions):

(i) Fo contains all P-null sets.

(ii) [ is right-continuous, in that F; = Ny~ F, foreach tin T.

The family (G;)+>o describing the history of a process X will thus be
augmented by adding the collection N of all subsets of P-null sets in
G0 (setting P(N) = 0 for each N € N) and defining F; = (G UN)
for each ¢ > 0. The augmented filtration (F); ensures that no ‘extra’
null sets appear suddenly as the history of the process evolves, and (ii)
regulates the occurrence of ‘jumps’ in our information up to time ¢, just
as for jumps in distribution functions.

Definition 7.4 The process X is adapted to a given filtration F if X,
is F;-measurable for each ¢ in T.

In particular, for a process X = (X¢);>0, its augmented filtration
(Ft)e>0 is the smallest filtration to which X is adapted.

The stochastic process X = (X;);>0 can also be viewed as a sin-
gle map (t,w) — Xi(w) from T x Q to R. This map is measurable
if X~1(B) is in the product o-field By x F for every Borel set B
in R, where By consists of the Borel sets contained in [0, 00). It is
progressive if for each ¢ > 0 the map (s,w) — X (w), defined on
[0,t] x Q, is B, x F;-measurable. This is a stronger condition than
‘measurable and adapted’, but it is not difficult to show (see [K]) that for
path-continuous processes the two concepts coincide. It can be shown
(though the proof is long and demanding) that every measurable adapted
process has a progressive version.
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Martingales in continuous time are defined just as their discrete
counterparts and have many similar properties:

Definition 7.5 A stochastic process Xon T x  is an F-martingale if
X; € LY(F,) forall t > 0 and E[X,|F,] = X, forall s < t.

Remark 7.6 Super- and submartingales are defined by replacing equal-
ity by <, >, respectively. The set of (F—) martingales is a vector space
and by Jensen’s inequality, if X is a martingale and ¢ a convex real
function, then ¢(X) is a submartingale. For any L?-martingale M and

0 < s < t, we can argue exactly as in Lemma 6.11 to prove the useful
identity E [(Mt2 — MSQ) |.7-"s] = E[(M; — M,)?|F,).

A key feature of martingales are their simple path properties. In fact,
under the conditions we impose on filtrations it can be shown (see [K])
that any supermartingale has a version with (a.s.) right-continuous paths
(and that the limits on the left exist) iff the map ¢ — E[X;] is right-
continuous. But for a martingale this map is a constant, so we can
always assume that we are working with martingales almost all of
whose paths are right-continuous and have left limits. This is usually
abbreviated from the French: cadlag (continu a droite et limites a
gauche).

We concentrate on continuous L*-martingales. The convergence
results for martingales proved in Chapter 6 extend easily, since we can
restrict attention to what happens at (dyadic) rational indices. Similarly,
the continuous-time versions of the two Doob inequalities follow upon
applying the discrete-time inequalities to dyadic dissections of the finite
interval [0, T']. We sketch the proofs briefly.

Proposition 7.7  Suppose (M;);>o is a continuous non-negative
submartingale and A > 0. If p > 1, M} = supyeo,r) M, then
AP(M3y > N) < E[Mry], and if My € LP(QQ, F, P) for some p > 1,
then || M7||, < q||Mr||, , where [l) + % =1

Proof  For each n, apply Theorem 6.15 to the finite index sets
Dpp = {£:0<i<2"}, 50 AP(supycp, , My > ) < E[My].
Now limy, (sup;ep, , Mi(w)) = Mz(w) as.(P) by continuity. If
Ap={w:supiep, , Mi(w) > A} and A = {w: Mj(w) > A}, then



7.2 Convergence of scaled random walks 81

14, 1 14 as.(P). The MCT now yields: AP (M7 > X\) < E[Mry].
The second part follows similarly from Theorem 6.17.

The main convergence result for LP-bounded martingales is:

Theorem 7.8 If the martingale M = (M,);>q is LP-bounded for some
p > 1, then there exists Mo, € LP such that My — M a.s.(P) and in
LP-norm ast — oo.

Proof We may assume that M has right-continuous paths a.s.(P).
Doob’s LP-inequality, Exercise 6.25 and Theorem 6.32 show that
the discrete martingale (M,,),>¢ has as. limit M, € L” and
[[Mp — M|, — 0 asn — oo. For fixed k and real t > £k,
|My — M| is bounded above by the sum of |M,, — M| and
supy>x | My — My . Thus

limsup, _, o [M; — Moo| < limy— oo (sup,>y, [My — Mg|)

since |M,, — M| — 0. To estimate the RHS, apply Proposition 7.7
to the submartingale (|M; — M} |?);>0 and AP instead of M,, and A to
obtain P(sup;s, |M; — My| > A) < S E[| M, — My|?).

Letting ¢ — oo on the right replaces M; by M., while letting &k — oo
shows that both quantities converge to 0. By Exercise 1.15, we then have
P(limy, sup,~;, | My — My| > A)=0 for all A>0, so that M; — M,
as t — oo. The LP -convergence follows since the submartingale
| M — My is bounded in L” norm by |M,, — Mj,| whenever n > ¢, so

limsup, o [|M; — Macll, < [[Mi — Muoll, +5up,s 1M, — M,

Il

and both terms on the right go to 0 as k£ — oc.

7.2 Convergence of scaled random walks

Recall the symmetric random walk described in Example 6.12: the inde-
pendent Bernoulli random variables (X;);>o can be taken as defined
on the ‘path’ space = {—1,1}" (whose elements are functions
w: N — {—1,1}) via coordinates: X;(w) = w(i). Now (X;);<,, cre-
ates a partition P,, of (2, which fixes the first n coordinates of each w in
Pn, so that X1, ..., X, are constant on P,,. Write F,, = o(P,,). The
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symmetric random walk Y = (Y,,),, with Y5 = 0,Y,, = > | X, then
has the properties:

(a) Y is centered, i.e. E[Y,] = 0 for all n.

(b) VarY, = > | VarX; = n (by independence of the (X;)).

(c) Since for i < j < k < [ the random vectors (X;41,...,X;)
and (Xg41,...,X;) are independent, the increments (Y; — Y}) and
(Y; —Y;) of Y are independent.

(d) Y is an (F,),-martingale (special case of Example 6.1).

To obtain a continuous-time process with similar properties, we pro-
ceed in two steps: first, fix N € N, let 7 = % and reduce the step
length of the random walk to 7 by setting BYY = 0, BY = /7Y,
for n > 0. This defines a process BY : [0,00) — R with domain
{nT : n = 0,1,...}. This scaled random walk inherits the above
properties of Y, except that VarBY = tn = + - The variance of the
increment (BY — B ) is thus 7(n — m).

Fix s = 37, t = . For p > 0, define the pth variation of the random
walk BY in the interval [s, ] C [0, 0] by

[s t Z ‘BZJrl

We compare the variation Vi (B™) and the quadratic variation
Vi (BY):

Exercise 7.9 Show that Vj, (B Ny - oo as N — oo, but that
VZ2 (BN) =t —s. (Hint: | B, = BN|" = 77/21)

When s = 0, V[o t]( NY = t is usually denoted by [B"]; and
we can study the quadratic variation process [BY], which reveals
itself in the next proposition as the compensator of the submartingale
(BY )2 , in the Doob decomposition described in Chapter 6. Remark-
ably, the ‘increasing process’ [B”] is non-random in this example. (See
Exercise 6.12.)

Proposition 7.10 The process X = (X,,)n>0, Xpn = (B{LV)2 —nTisa
martingale for the discrete filtration (Fpr)n>0-
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Proof E[(BY)* = (BY)?|Fnr] = E[(BY — BY)? | Fyr] form <,
by Lemma 6.11. This is just E[(BL — B,JX)Z] = (n — m)T, since

the increment (B,]:f - BY ) is independent of F,,,, and its variance is
(n—m)T, as observed above. Hence

E[(BY)" = n7lFr| = (BY)" = mr.

As we let N — oo, the domain {n7 : n < N} increases, so we hope to
develop a process defined on [0, 1] which mimics the properties of B™.
To thisend, fix ¢t > 0O and 7 = % For mm = s <t = N7, we write the
value of the scaled random walk BN at s as

BN(s) =By =7y _ X
i=1

In particular, BN(t) = /7 Zfil X;. Consider the sequence
(BM (t)) nen, keeping t fixed. The well-known Central Limit Theorem
states that the limit of a sequence of normalised binomial random vari-
ables has N[0, 1] distribution: if Y,, = >_1" | X;, where the (X;) are
Bernoulli, then, setting T;,, = ﬁYn, we obtain

n—oo

R A
lim Pla<T, <b)=— [ e 2% dzforreala <b.
V2 /a

Now BY(t) = /7Yn = /T, so after a simple change of variable
we conclude that

1 b
limy oo Pla < BN(t) <b) = — [ e 2% du.
Vot Ja

Applying this argument to the increments BN (t)—B™ (s), with s = %t
provides a normally distributed limit with mean 0 and variance (¢ — s).
Of course, we only have convergence in distribution, and we still need to
specify a probability space (2, F.P) on which the limit can be defined,
but we now know what we might demand of the limit process B = (B;);
with By = 0, as defined in the next section.

7.3 BM: construction and properties

Definition 7.11 Let (2, F, P) be a probability space. The stochastic
process B : [0,00) x Q — R is a Brownian Motion (BM) if:
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(a) By = 0as.(P);

(b)for 0 < s <t < oo, (B — Bs) ~ N(0,t — s);

(c)form € Nand 0 < t; < ty < ... < t,,, the increments
(Bi,., — By,), (i < m), are independent;

(d) the paths t — B; (w) are continuous for (P)-almost all w € €.

The standard Brownian filtration F = (F;)¢>0 is the augmented fil-
tration (see the discussion preceding Definition 7.4) generated by the
process B.

Note that the distribution of the increment (B; — B;) depends only on
the distance (¢ — s), so that for any « > 0, (B4 — Bs) has the same
distribution as (B; — Bs); in other words, the increments are stationary.

Remark 7.12 We have not yet shown that such a process exists, nor
specified on what sort of probability space it can be constructed. There
are several possible choices for 2 (see e.g. [K-S],[S]), but we only
sketch the construction of the ‘canonical’ BM on ‘path space’. We also
focus on the properties of increments, rather than of B itself, for a good
reason: we might look instead for a centred process W such that for all
m > 1 and (strictly increasing) distinct (¢;); <, the random variables
(W4, )i<m are independent, with joint distribution of (W, 1 : i < m)
independent of ¢ > 0. But then it turns out that no such process can
have a.s. continuous paths! It can be made sense of by means of tem-
pered distributions and is known as ‘white noise’; but this is beyond our
scope.

By Theorem 3.21, the independence of the increments of B means that

for t; < %9 the joint density of B;, = By, — By and B;, — By, is the
product of their individual densities. Writing

for ¢t > 0 and real z, y, and with Borel sets A7, Ao, the joint distribution
P(Xy, € Ay, Xy, € Ay) equals

/ / p(tl,O,xl)p(tQ 7t17l’1,172)d1’1d172.
A1 A2

The idea now is to treat B as a map {2 — R[O"X’), i.e. into the vector
space of all real functions on [0, c0), and seek to build a measure v on
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this product space by specifying its projections onto cylinder sets. These
are sets in the product space whose form is determined by finitely many
coordinates, i.e. for n > 1 and a Borel set B in R" we consider the set

C(B) = {(w(t))i0 € RO : (w(ty),w(ta), ..., w(t,)) € B}.

This class of sets is generated by taking n-fold products [] [a;, b;] of
i=1
closed intervals for the Borel sets B, in which case we have simply

specified that w(t;) lies between a; and b; for each ¢ < n. In other
words, if we think of B as the describing the continuous motion of a
particle on the line, our observations place the particle in the interval

[a;,b;] at time ¢; for ¢ < n, where t; < ... < t,. The measure we
n

assign to C ( I [as, bz]> is defined via its projection v, _,, onto R"

1=

1
by ba

/ . / p(t1,0,21) ... p(tn — tn1, Tn_1, Tp)dr1drs . .. dT,.
aq Anp

We call the family of these probability measures (where n ranges over
N) the family of finite-dimensional (fi-di) distributions of B.

Exercise 7.13 Verify that B = (B,),>¢ is a BM iff By = 0, almost all
paths of B are continuous and the fi-di distributions are given as above.

To extend v from cylinders to the o-field B1%>°) generated by the cylin-
ders will require that the fi-di distributions should be consistent: for
n € N, real Borel sets A;,7 <nandt; <...<t,in[0,00) we need:
D) veyoa, (AL X oo X Ap) = vyt it (A1 X0 X Ay X R) for any
GD) Ve, 1t ) (A1 x ... xXAp) = vy 1, (Asn) X ... X Ay () for any
permutation o of the indices {1,2...n}.

These conditions are easily seen to be satisfied by our densities. More
generally, suppose that for every n € N and each finite set of indices
(t;)i<n we have a family of probability measures J,, = v, ., defined
on (R™, B(R™)). If the collection J =(J, )nen satisfies (i) and (ii), we
call it a consistent family of fi-di distributions.

Our measure and process are then given by Kolmogorov’s Con-
sistency Theorem — its proof, based on the Caratheodory Extension
Theorem, is omitted. (See e.g. [KS].)
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Theorem 7.14 Let J be a consistent family of fi-di distributions. Then
there is a probability measure v on (R1%°) B1%°)Y and a coordinate
process X on this space with Xi(w) = w(t) such that

I/(th € Al,. . .,th € An) = th...tn(Al X ... X An)

This provides a candidate for BM, but we have no information about its
paths.

First, we derive some familiar properties of the BM defined in
Definition 7.11. Recall that the characteristic function of a ran-
dom variable X is given by ¢(\) = E[e*X] for real \ (i is the
imaginary unit). ¢ determines the moments of X via the formula
i"E[X"] = %‘/\:OW(A)) — i.e. where the derivatives are computed
at A = 0.

Proposition 7.15 BM B = (B;);>0 has the following properties for
s, t>0:

(i) By ~ N(0,1);

(ii) Cov(Bs, By) = min(s, t);

(iii) By has characteristic function p(\) = 6_%/\%, A ER;

(iv) E [B}] = 3¢2,

Proof (i) is immediate, as the density of B, = By — By is fp,(z) =

\/éﬁ exp (7%) For (ii), we have, with s <t

Cov(By, By) =E[(B; — Bs + Bs)B| =0+ E [BI] =5

since (B; — Bs) and B, are independent, hence uncorrelated
(Exercise 5.14). For (iii) complete the square in the exponent

i i\ _ a2 12 > _l(‘l’*'ikt)Q 12
eeTdr =e"2 e 2\ Vi) dx =+ 2mte” 2
— 00 —0o0

since ffooo e*%dey = /27, so that E[e?X] = e~ 37\t Now @iv)
follows on applying the above moment formula.

Recall: a random vector is a measurable map X = (X;);<q from Q
to R?, with mean vector p = (E[X;])i=1,...,a and covariance matrix
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V = [0i5lii<da; 0ij = Cov(X;, X;). We call X multivariate Gaussian
N (i, V) if its joint density is given by

et V) exp |- )TV e p)

for x € R%. (Here T denotes the transpose.) If V is diagonal (i.e.
Cov(X;, X;) = 0fori # j), then the form of the density shows that the
(X;) are independent (and the converse holds trivially). Now (ii) above
leads at once to a further characterisation of BM. We call a stochastic
process X = (X;);>0 a Gaussian process if all its fi-di distributions are
multivariate Gaussian. It is centred if E[X;] = 0 for all ¢.

Exercise 7.16 Show that a centred Gaussian process X on [0, T] with
Xo = 0as.isaBM on [0, T] iff (i) it has a continuous version and (ii)
Cov(X,, Xy) = min(s,t) forall 0 < s,¢ < T. (Hint: use (ii) to show
that the increments are uncorrelated.)

Use this characterisation to verify the following symmetry properties
of BM; if B is BM, so are:
(i) —B (reflection),
(i) (£Be2¢), for ¢ > 0 (scaling),
(iii) (Byyy — Bu )t for u > 0 (stationarity),
(iv) (Z¢ = tBy) if t > 0,Zy = 0) (inversion) (Warning: Proving
continuity at O is rather more challenging than the rest, and may be
safely omitted here! The brave student should consult [S, p. 59] for a
nice approach.)

Return to consider the paths of B: a first thought might be that the set
C'[0,00) of continuous functions [0,c0) — R might be a full set for
P, but this is hopeless, as C[0,0) is not even in the o-field BI0:>).
(All sets in this o-field are determined by countably many coordinates.)
However, we can use Proposition 7.15(iv) to show that B has a version
with a.s. continuous paths; for this, Kolmogorov’s Continuity Theorem —
whose proof is also omitted, see [K-S] — does the trick:

Theorem 7.17 Let X = (X,);>0 be a stochastic process and
T > 0. If there exist positive «,(3,C such that for all s,t in
[0,T), B[|X; — X.|%] < C|t—s|"", then X has a version with a.s
continuous paths.
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This version can be taken as locally Hélder-continuous in that for
v € (07 %) we have | X; — Xs| < C|t —s|7.

For BM B, we take C' = 3,3 = 4 and o = 1 to conclude that B
has a continuous version BT on [0, 7] for any 7" > 0. Now define
Qr = {w: BT (w) = B,(w),r € [0, 7] N Q}, then Qr is in B>,
since B, (w) = w,., so that O is determined by countably many coor-
dinates. Also, v(€27) = 1 since BT is a version of B. On the set
Q= Nren Qr, which has v(Q) = 1, the random variables B2, B
coincide at each rational < min(S, T") and both are continuous, hence
they coincide on [0, min(S, T')] for every w € ). For each fixed ¢t > 0,
denote this common value by B;(w) if w € € and set By(w) = 0
if w ¢ Q. The process (By);>o satisfies the definition of BM. For
simplicity, we write B = (By);>0 for (B;);>0 and P instead of v,
and refer simply to a BM B defined on a probability space (2, F, P)
without specifying the construction. With the standard Brownian filtra-
tion F = (F;):>0 (see Definition 7.11), we obtain the filtered space
(Q,F,F,P).

7.4 Martingale properties of BM

BM gives rise to some fundamental F-martingales:

Proposition 7.18 Let B = (By)icjo,1) be a BM on the filtered space
(Q, F,F, P). The following are (F, P)-martingales:

(i) B;

(ii) X = (X¢)t>0, where Xy, = B —t (hence t — t is the compensator
of the submartingale B?);

(iii) Y = (Y})1>0, where Y, = exp (th - %CQt), where ¢ € R.

Proof For(0 < r < s < t,the increments (B;— Bs) and B,.— By = B,
are independent. But G, , hence Fj, is generated by {B, : r < s} so
(B: — Bs) is independent of any F-measurable function, hence of F.
So E[(B, — By)|Fs] = 0. For (ii), we know from Remark 7.6 that for
s<t

E [(Bf — B?) |F,] = E[(B; — B,)?|Fs] = E[(B; — B,)*] =t — s.
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Finally, (iii) follows from Definition 7.11(c)
1
E[Y;|Fs] = exp <ch - 202t> Elexp(c(B; — Bs))|F)

B, ;t> Elexp(¢(B: — By))]

—on
= exp (ch - 102t> exp (; (t — s)> =Y,

2

since ¢(By — Bs) ~ N(0,c2(t — s)).

Remark 7.19 Paul Lévy proved a remarkable ‘converse’ to Proposition
7.18, which characterises BM among path-continuous martingales:

Lévy’s Theorem: Given a path-continuous martingale M = (M),
with My = 0 and such that N = (N,);, where Ny = M? — t, is again
a martingale, then M is a Brownian Motion.

We do not have all the machinery to prove this, but the following
computation illustrates the idea behind the proof.

Recall from the discussion preceding Proposition 7.15 that the char-
acteristic function ¢(\) = E[e**X] determines the distribution of the
random variable X, so that to prove that for s < ¢ the increment
My — Mg ~ N(0,t — s), it will suffice to show that

E(eiu(M"_Ms) _ e—%uz(t—s).
Being normally distributed, the increments of M are independent iff
they are uncorrelated, and the latter follows at once from the martingale
property of M. Thus Lévy’s Theorem will follow if we show that the
characteristic function of M has the above form.
Using Taylor’s formula, we can write
. , 1
et Me=Me) — 4y (M, — M) — §u2(Mt — M)? +e.
Take expectations, and recall that E[M; — M;] = 0
1
E |1+ du(M; — M) — §u2(Mt —M,)? +e¢

1
=1- iqu[Mt — M) +¢.
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Now E[(M; — M,)?] = EM2 — 2E[M,M,] + EM2, and E (M2) = t
since Ny = M? — t is a martingale null at 0, while

E[M;M,] = E[E(M;M;|Fs)] = E[ME(M;|Fs)]
=E[M?] =s,
which shows that E[M; — M,]> =t — s.
For a complete proof, we would have to show that the remainder &’
can be recast suitably to yield

1
1-— §u2(t —s)+e = emzu(t=s)

which may seem plausible, but is rather technical. We discuss an
alternative approach to Lévy’s result at the end of Chapter 8.

The exponential martingale Y; = exp (th — %0215) of Proposition
7.18(iii) plays a fundamental role in applications, as we will confirm
in Chapter 8. We shall use it (following [S]) to arrive at a change of the
underlying probability measure which turns a ‘Brownian Motion with
drift’, i.e. X; = By + ct for t € [0, T}, into a genuine BM.

First compute expectations of the form E[f(X:,, X¢,, ..., Xt, )],

where f : R"— R is a bounded Borel function, and 0 = to < t; <
... <ty ="T. Since we can always find g such that

flar,xo,. . xy) = g(x1, @0 — 21, ..., Ty — Tp1),
it suffices to consider the density of the random vector
X == (Xt17Xt2 — th,. .. ,th - th—1)7

which will allow us to exploit the independence of Brownian incre-
ments. To ease the notation, write A; = t; — t,_1, Ajx = @, — @y, _,
(with zg = 0), and similarly for A; X and A;B. The density of X

has the form k [ exp 7 (—A;z — ¢A;)?, with normalising constant
i=1 ’

k = N lA ~ Expanding the square, the density can be
)" t1 A1 Ag. Ay

written as

n (Ail‘)z n 1 2
kil;[lexp (— A, il;[lexp cA;x — 3¢ A
- n (Azit)z 1 2
= kJ:I1 exp <— A, exp | cry, — ic tn
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n n
since [T exp (cA;z — 3¢?A;) = exp [c S Az — 13T AL
i=1 i=1

iz)?

But & J] exp (f(AzT) expresses the joint density of the Brownian
i=1 ‘

incremgnts, so that (independently of the choice of the (ti)ign) we
obtain

]E[f(Xthth? ey th)] = ]E[f(Btl 5 Btza sy Btn)]YT7

where Y; = exp (cBy — 1¢*t) is the martingale defined in Proposition
7.18 (iii). This is known as the tilting formula, since it ‘tilts’ the proba-
bilities of the Brownian paths towards those of a BM with ‘drift’ c. (To
go the other way, replace c by —c.)

To use this formula to effect a useful change of measure, we must
return to the abstract point of view described in Section 7.1, under
which a (path-)continuous stochastic process is regarded as a point in
the space C[0, T (with its sup norm). This led to the canonical con-
struction of BM as a process defined on C[0, T'], equipped with its Borel
o-field B0, and B;(w) = w(t) for w € C[0,T] with w(0) = 0.
Any continuous stochastic process X = (X;);<r, defined on some
(unspecified) probability space (€', 7', 1) induces a probability mea-
sure on (C[0, 7], B) by setting u(A) = p'(X1(A)). We say that x
corresponds to the process X.

In particular, let P be the probability corresponding to the standard
BM B on (C[0,T],B) and suppose that Q) corresponds to the process
X above, with X; = B; + ct. We claim that, for any bounded Borel
function Z defined on C[0,T] we have (with expectations under P, @)
denoted via subscripts)

Eq[Z] = Ep[ZY7].

The proof employs a standard monotone class argument: first, since
bounded Borel functions are a.e. limits of simple functions and inte-
gration is linear, we only need to check the identity for Z = 1 4, where
A € B. First let A have the form A = {w : a; < w(t;) < b;,i < n} for
a partition (¢;);<,, as above and real a; < b;, 7 < n. The tilting formula
shows that the desired identity holds for 1 4 if A is such a set. The class
S of these sets is a w-system and if C is the collection of sets A for which
7 = 14 satisfies the identity, then C is a d-system containing S. Thus
the identity holds for all A in o(S), and therefore for all Borel sets.
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What all this amounts to is summarised in the following result. Note
that our arguments require the processes to be defined on C|0,T]. In
Chapter 8 we outline a proof, based on Lévy’s Theorem and martingale
calculus, which avoids this restriction. We state the result in the general
form.

Lemma 7.20 (Girsanov’s Theorem — special case) Suppose that B is
Brownian Motion on the filtered space (2, F,F, P) and that the proba-
bility measure @ is defined by ‘;—P = exp (—cBT — %T) on F = Fr.
Then the process B* defined by B; = ct + B, is a Brownian Motion on
(Q,F,F Q).

7.5 Variation of BM

In Chapter 6 we showed how linear combinations of discrete-time pre-
dictable processes and martingale differences provide new martingales
which we described as analogous to ‘stochastic integrals’. To explore
this idea for BM, we must first examine how ‘wild’ typical paths of BM

2
can be. First, observe that [E {(B‘“;?_Bt> } = % for h > 0. Hence

if h — 0, the ‘differential ratios’ diverge in L?-norm at each ¢. In fact
(although our argument does not prove it!), it can also be shown that
almost all paths are nowhere differentiable. (See [K-S] for the rather
technical proof.) So we begin by examining the variability of the paths,
guided by the special case of the scaled random walk BY discussed in
Section 7.2.

Definition 7.21 Fix T > 0, a process X = (X¢)cjo,77,t < T,n € N.
Letm, = {t; : 0 =ty < t; < .. < t, = t} be a partition of [0, ¢].
Write A?X = (Xy,,, — X,), and set

it+1
n—1

VP X) =) |APX]P
i=0

for p > 0. Now let Vﬁt]

of VP(t,X) for a sequence of partitions 7, whose mesh p(™) =

max |11 — t;] goes to 0. V[10’7t] (X) is the pth variation of X on [0, ].

(X), be the limit in probability (if it exists)
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Our interest is in the cases p = 1 and p = 2. We again denote the
quadratic variation V[0 4(X) by [X];. When X = BN, we recover the
results of Exercise 7.9. For X = B, fix a sequence of partitions 7,, with
mesh going to 0 and for the subintervals of 7,, write A} = (ﬁlJrl — t?’).
Now A”B ~ N (0, A?), so that E[(A”B)?*] = A”, and by Proposi-
tion 7.15(iv), E[(A7B)*] = 3(A")’. Using the independent centred
random variables X" = (A”B)*> — A", we have

E[(X}")*] = Var ((A7B)) = E[(A7B)'] - (A7) = 2(A7)%.

This leads to:

Proposition 7.22 Brownian Motion B has infinite variation, but finite
quadratic variation, on [0, T). In fact, [B], =t (t € [0,T]).

Proof Write

E [(v (t, B) ] [nl ( (ATB)? — AT 21.

=0

N—

By definition of X7, the RHS equals E| (1 X") | =

n—1 —
SUE [+ Y EXNE (X)) =2 (A7) <25,
i=0 i#£j i=0
and this goes to 0 with the mesh size of 7,,. Convergence in L?-norm
implies convergence in probability, so the quadratic variation of B on
[0,t] is [B]: = t.
Note that V2(t,B) < (maxi<y |By,,, — By,|).Va(t, B), and by
continuity of t — B, the first term on the right goes to 0 as p(™) — 0.
Since the LHS goes to ¢ > 0, it follows that V,, (¢, B) — oc.

This result illustrates our problem, but also suggests a possible solution.
The problem is that the only ‘integrators” F' : [0,7] — R for which
Stieltjes integrals fOT gdF' can be defined for all (bounded) continuous
real functions on [0, 7] are functions of bounded variation, i.e. such
that Tjo 71 (F') = sup V,, (T, F') is finite, where the sup is taken over all
partitions. This results from an application of the uniform boundedness
principle in Functional Analysis, which states that, given a family (T,)
of bounded linear maps from a Banach space E' to a normed space and
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such that for each © € E, sup,, ||Tnx|| is finite, then sup,, ||T,|| < oo,
i.e. the family is uniformly bounded. (See e.g. [R] for a proof.) In par-
ticular, for the Banach space C[0, T'] of continuous functions on [0, T,
with [| f[| = sup,c(o,77 [ f(2)|, and any sequence of partitions (7, ), of
[0, T, the linear functionals (L,, ),, defined by

n—1
Ln(g9) =Y _ g(t:) |A}F|
i=0
for g € C[0, T are therefore uniformly bounded. Now the function with
h(t;) = 1, when ATF > 0, h(t;) = —1 otherwise, can be extended by
linear interpolation to h € C[0,T7, so that sup,, ||L,|| < oo implies
T[O,T] (F ) < 0.

One consequence is that an ‘integral’ fol gs(w)dB(w) cannot be
defined pathwise for all ¢ € C0,1]. However, finiteness of the
quadratic variation suggests an alternative approach as long as we are
content with L?-norm convergence, and allow only adapted integrands.
Note that the definition of h(t) above depends on the ‘future’ value of
F att; 4 forany t € [t;,t;1]; if we restrict to adapted integrands, we
can still hope to define their integral against Brownian Motion.
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Stochastic integrals

Observation of dynamic phenomena, such as population growth,
weather changes, electronic signals, stock market values, etc., invari-
ably suffers from inaccuracy caused by limitations in measurement
precision or external disturbances. Mathematically we can treat these
as ‘random errors’ which limit our information of the behaviour of
the observed phenomenon. In developing predictive models we seek
to introduce the random error term into the dynamic equations of our
model. For exponential population growth models, this could take the
form dNy = Ny(pedt + 04dBy), Ny = a, where N; represents popula-
tion size at time ¢, 1, is the average growth rate and o;d B, represents the
effect of random fluctuations about the average. In all that follows we
assume given a BM B on some filtered space (2, F,F, P). We exploit
the finiteness of its quadratic variation to make mathematical sense of
the dB term. Only an outline of the theory of It processes and their
calculus can be given here: [B-Z] is a good basic reference, while [S]
provides many of the details we omit, as well as describing the con-
text of our main application — the Black—Scholes model in finance —
in detail. For the general martingale calculus, touched on in the final
section, the compendious [D-M] remains the indispensable bible, well
complemented by e.g. [R-W], [R-Y].

8.1 The It6 integral

As for random variables, so for processes:

95
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Definition 8.1 An F-adapted process h on [0,T] x Q is simple if for
a partition 7 = {0 = tp < t; < ... < t, = T} and F;,-measurable
random variables (h;);<n, hy satisfies

n—1
hi(w) = Z hi(w)1g, p,,,)(t) for0 <t < T, w € Q.
i=0

Definition 8.2 The /16 integral of the simple process h is defined as

T n—1 n—1
/ hedBs =Y hiATB = hi(Bi,,, — B,)
0

i=0 i=0

whenever h; € L?(F;,) foralli < n.

We shall follow convention in using ‘forward’ increments ATB =
(Bi,., — By,;) of BM, whereas in Chapter 6 we used ‘backward’
increments, again in line with common usage. As long as we remain
consistent in a specific context, this apparent contrast causes no diffi-
culty: note that in Chapter 6 the ‘integrand’ was, as here, measurable
with respect to the ‘earlier’ o-field.

The above stochastic integral is simply a transform of the (finite)
discrete martingale (By,)i=0.1,....n—1 and is therefore automatically
an (F, P)-martingale for each simple L2-process h. The vector space
H[20’T] of simple L2-processes is a subset the following vector space of

measurable processes f = (f¢)ic[o,7]
T
/ fhdt| < oo} .
0

Note that M7, 7, is a closed subspace of L*(dP x dt). One of our
main tasks will be to show that M[ZO 7] is the closure of H[QO_T] in the

M[QO)T] = {f : F-adapted, E

L2-norm. First we note some elementary properties of the integral on
2
Hio.r)

Proposition 8.3 For h € H[QO’T] :
D E ][ hedBe] = 0;

(ii) (Ito isometry) E {( foT htdBt)Q} —F { foT hgdt] .
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Proof (i) follows as the integral is a martingale transform. The proof of
(ii) is identical to the calculation in Section 6.3, but is repeated briefly
for emphasis

T 2 M 1 2
E (/ htdBt> =E (ZhA?B)
0 i=0
_nfl
=E | > hih;ATBATB].
[7.7=0

As in Section 6.3, the cross terms vanish, since for ¢ < j

E [hih;ATBATB] = E[(hih;ATB) E [ATB|F,] =0

E [(foT htdBt)2] = > i 'E {h2E {( ) | Ft, H But this is
SIS E (B3t — 1)) =E [ J h2dt].

The It6 isometry (ii) is key to the extension of the integral from H[QO,T] to
M[2O,T]‘ On the right we have the square of the L?([0, 7] x Q)-norm of
the function h : [0, T] x Q — R, while on the left the integral I7-(h) =
fOT h¢dBy is shown to be an element of L?(f2). As an element of

T 1/2
L2(dP x db). f € M3, 7y has norm |||y = (E {fo ffdt]) :
so that (ii) displays the integral operator Iy : h — fOT hidBy; as an
isometry from (H[QO’T], H-HMQ[O’T]) into (L(2),]]],), as it implies
that || I7(h)||, = ||R]| My 1 Since the map is continuous, the integral

I7(f) can now be defined uniquely for any f in the closure of H[QO’T]in
the M[QO j-horm, by defining

Ir(f) = limp oo I7(hn), where hy, € H 7y, [|n f||M2 — 0.

[0,T]

Exercise 8.4 Verify that the integral on H[20 ] Preserves inner products
as a map between the Hilbert spaces M[20 7y and L2(Q).

It remains to identify M[QO’T] as the closure of H[zo,T]. We do this in
stages:



98 Stochastic integrals

Lemma 8.5 Lett — f(t) be continuous as a map [0,T] — L?(£2)
and 7, = (t;)i<n a refining sequence of partitions of [0,T] (recall
that this means that m,, C m,41 for each n). Assume that the mesh
pn = max;|tiv1 — t;| of T, goes to 0 and n — oo. Set hy,(t,w) =
E?:_[)l J(ti,w)L, ¢, 01(t) on [0,T] x Q. Then h, € H[207T] and
I|f = hull g2 — Oasn — oc.

0,7)

Proof Since t — f(t) is continuous, it is uniformly continuous on
(0,71, so E[{f(t) — hn(t)}?] can be made less than = uniformly in ¢:
take n such that E[f(t,w) — f(t;,w)?] < & ift € (ti,tiy1],i < n.
Hence fOT E[{f(t) — hy(t)}?]dt < & for such n.

To prepare for the second step, we show that for bounded f in M[20,T]’
= [0e " f (t— % w)dx (where we set f(s,) = 0 if
s ¢ [0,T]) is again in M[07T]. For this, note that the integrand
glz, t,w) = e *f (t — £,w) is B[0,00) x B[0,T] x F-measurable,
so that by Fubini’s Theorem the integral f,, is B[0, T'] x F-measurable.
Similarly, for fixed ¢ < T the integrand is B[0, c0) x F;-measurable, so
w — fn(t,w) is Fi-measurable, hence f, is F-adapted. Finally, since
fni ||M2 is finite.
We need a further result about real functions:

Lemma 8.6 If g € L([R, B, m) and g,(t) = g(t — s) for real s, t, then
s — gs is bounded and uniformly continuous as a map R — L?.

Proof The Lebesgue measure m is translation-invariant, therefore
Jelg(t = $)]2dm(t) = [,[g(t)]2dm(t), so g, is L*-bounded. The con-
tinuity claim is that given e > 0 we can find 6 > 0 such that [s —t| < §
implies ||gs — g¢||5 < €. To prove this, recall (see e.g. [C-K, Theorem
4.39]) that there is a continuous function h with A = 0 off some interval
(=K, K) such that [|g — hl|, < §. But h is uniformly continuous on
[-K,K],sowecan find 0 < 6 < K with |h(s) — h(t)| <
whenever |s — t| < ¢. For such s, ¢

2 5
[ =) = hu = au < (5)" 2

e __
3(3K)1/2
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hence

g5 = gelly <1195 = hslly + llhs = helly + [[Pe = g2l
<|[hs = helly +2[lg = hll; <,

where the final inequality again results from translation-invariance of m.

Now we can prove the key lemma.

Lemma 8.7 The ||-|| M2 closure of H[20,T] includes all bounded

Sfunctions in M[QO’T] .

Proof 1If f is bounded and in M[20,T] and f, is as above, then by
Jensen’s inequality and with y = z/n
21

[l sl )
gE[/ja-f f(t+s—z)—f(t—2)‘2dx}

<[ [T 1+ s -l - 1o pPa

— 0 as s — 0 (by uniform continuity).

E

So fy, is continuous and thus in the closure of H[QO 7~ To prove that f is
also in the closure, we need to show that

1f = falliez,, =E l/OT £(t) —Amezf (t-2)da

as n — oo. But since fooo e *dx = 1, we need only estimate, using
Jensen, and writing F'(t,z) = [f(t) — f(t — 2)]

El/OT /OooezF(t,Z)dxzdt]
<E /OT/OOOe—z F(t,Z)‘dedt]
/Ome—z{/OT)F(t,z)fdt}d:c]

2
dt] —0

=E
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and the inner integral in the last expression goes to 0 as n — oo, by

Lemma 8.6, and by the DCT so does the expression itself. Thus we have:

Theorem 8.8 M[QO’T] is the ||| |M[20,T] -norm closure ofH[QO’T].

Proof Let [ € M%O’T] be given and truncate it at n, so that f,, = f
when |f| < n and 0 otherwise. We know from Exercise 3.7 that this
does not destroy any measurability. As f;, is bounded it is in the closure
of H[QO’T]. Also, by Fubini and the DCT

T
=Tl = [ Bl = £

T
_ / / (fu(t) — £(£)2dPdt — 0 as n — oo.
o Juswisn

We summarise all this in the following definition:

Definition 8.9 The 116 integral IT(f) = foT f+dBy is defined for f in
M[20’T] as the unique extension of I (h,,), via the Itd isometry: if (hy, ),
in H[QO 7] satisfies

limy, oo [|An — f||M2 =0,

[0,T]

then IT(f) := lim,, IT(hn)-

The uniqueness of the limit is clear: for, if (h,,) and (g,,) are sequences
in H[QQT] converging to f € M[207T], then so does the sequence
g1, h1,92, ho . ... Hence the sequence

Ir(g1), I7(h1), IT(92), I (h2), - . .

of its integrals has an L2-limit, and thus all its subsequences have the
same limit; in particular, lim,, (I (g,)) = lim,, It (hn).
The main properties of the integral extend easily:

Theorem 8.10 For f in M[QO,T] :
WE[f fidB.] =0;

2
(i) E [(fOT ftdBt) } —E {fOT ffdt].
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Proof For simple functions, (h,,), (i) holds by Proposition 8.3. More-
over, E KfoT hn(t)dBt] - fOT ftdBtD ’ converges to 0 for some
sequence of simple functions (h(n)),. But L?-convergence implies
L'-convergence, so E { fOT ftdBt} =0.

(i) Isometry is preserved in the limit: ||I7(hy)||, = ||hn||M[207T] for
al 50 |72 (F)lly = 11l ags, , i€ ho — 1.

8.2 The integral as a martingale
We consider the integral over [0,¢] for any ¢ < T and seek to con-
struct a stochastic process (t,w) — I(f)(w) = (fot fudBu) (w) on
[0,T] x Q, for any fixed f € M[QO 7)- But now we have to contend
with the fact that I;(f), as in Definition 8.9, is defined a.s.(P) for each
t, and the union of the exceptional sets need not be 0. So we do not
yet have a definition of a viable process (/:(f))¢c[o,7).- Path-continuity
properties will help to overcome this, as we can then restrict attention
to a countable dense set of indices in [0, T] (e.g. rationals). Note that
liogf @ (8,w) — Ly g(s)fs(w) is in M[207T], since the measurabil-
ity properties of f remain intact, and ||1[07t]f’|M[201T] < HfHMﬁ),T]'
Thus I7 (1o f) = fOT 1j0,4(s) fdBs is well-defined. We now show
that I (1o 7 f) has a version M = (M}).c[o, 1) (see Definition 7.1) that

is a continuous [F-martingale. It is then natural to write M; = fg fsdBg
fort € [0,T7].

Theorem 8.11 If f € M[207T], there is a continuous martingale M such
that for each t € [0,T], P (Mt = fOT 1[0715](5)de5) =1.

Proof Take (h(™),, in H[zo_’T] converging to f in norm, then for each n

=g [ o < .

so that Mt(") = fOT(l[Oﬂh(”))(s)st is well-defined. On the other
hand, 1[0’t]h(”) is a simple function. More precisely, if the partition
= {0 =ty < t; < ... < tg, = T} defines h(" =
S L 4s 12y oy P With By in L2(F,) and £ € (tmy, 1], then

E l /0 (Lj0.9(8)h\™ (s))%ds
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(1 [Oth( m)( Z Lt t0401(8)hi(w) + 1t (8) him (w).

The It6 integral of 1[0’t]h(”) is, by Definition 8.1

T
My = / (Lo.gh™)(s)dB, = Y~ hi($)A] B + hyu(s)(By — By,)
i=0

and this is (a.s.(P)) continuous in ¢ since t — By is. To obtain our
M; as a limit of Mt(”), we need uniform continuity. We first check that
each (Mt(n))t o is a martingale — the easy calculation is left as an
exercise. AppI; [tﬁe ]strengthened Doob inequality (see Theorem 7.8) to
the positive submartingale ‘Mf(") - Mf(k)‘ with p = 2

AP (supte[m ‘Mt(") - Mt(k)‘ > /\) <E {(M%”) - Mﬁ))z} .

Using the It6 isometry, the RHS becomes

T
) (g} — ) (g
E {/ (h™(s) — h <>>dBS}

[ 0 - h(’f)<s>>2ds] ,
0

which is just |[(") — h(F)]|| 42

0,1
But the sequence (h(™), converges to f in L? norm, so it is

Cauchy in this norm. Hence we can find a subsequence (n;);>1 with
[[h(7) — p(k HMz < (%) forall k > ny, j = 1,2... So for

2

=E

2 .
eachj > 1, E {(M}m) _ Mék)) ] < (%)j whenever k£ > n;. Take

1 - 1
> 27 < 27
Let 4; = {W supyejo.ry | M (w) — Mt(nj+1)(w)) < 2%}, so that
Yis1 P(A5) < Y5197 < oo, and the first BC Lemma yields

P (limsup; AS) = 0, and by Exercise 1.10 P(liminf; A;) =
1. So for P-almost all w we find L(w) € N such that

A\ = 277; the Doob inequality gives

P sup ‘M Mt(nj“)
te[0,T]
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SUDye0.7] ‘Mt("j)(w) — M ()| < L forall j > L(w). So
(Mt("j )(w)) ~is Cauchy in the norm of C'[0,T7], hence converges to
J
an element of this Banach space, for a full set of w. Denote the limit by
M;(w) and put M;(w) = 0 on the exceptional null set.

Our estimates also show that for each fixed ¢t € [0,7], the ran-
dom variables (Mt("j )) ~converge in L2-norm, and since each M (™)
J

is a martingale, so is M: we have E {Mt(nj)\]:s} = Ms(nj) for all
7 when s < ¢, and we need to show that this also holds in the
limit. On the right, for each s, the random variables Mg"j) con-
verge in L?-norm, so some subsequence converges a.s., so in the
limit we obtain M. On the left we have E[M;|F;] in the limit
since X — E[X]|G] does not increase the L?-norm (Proposition
5.23(x)), hence we can again argue as on the right. Finally, we
check that the continuous martingale M equals fOT(l[O’t] f)(s)dBs

110,92 = Lo fllae < [0 = flise, , — 0. so that
‘| I Agh™) =104 f(s))st‘ s — 0 by the Itd isometry. But by
’foT(]-[O,t]h(nj)(S)st - Mt

fOT(1[07t]f) (s)dBs P-a.s. This completes the proof.

construction of My,

—)O.SOMt:
2

Example 8.12 Since we do not distinguish between different versions
of a process, this result displays the Itd integral on [0, T'] as a linear map
I from M[20,T] into M2[0, T, the vector space of continuous square-
integrable martingales. But BM B on [0,77] is a member of M%O,T]:
(B) is a measurable adapted process and, using Fubini

T T T T2
/det :/ ]E[Bf]dt:/ tdt = — < oo.
0 0 0 2

So it is natural to ask what the random variable I;(B) = fot B.dBy
looks like. The normal rules of calculus would lead to the guess
%Bf, but the normal rules do not apply! The correct value is
fot BydB;, = iB? — 1t. (You may verify this directly: use the

identity a(b — a) = %(b* — a?) — (b — a)? for successive val-

E

1

2

ues a = B,m,b = B,u for partitions (tg»")) of [0,77,
J J+1

Jj<n
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then show that Z;.L;Ol Bt;n) (Bt§.1>] — Btﬁn)) converges in L?-norm
to %(B% fT). With a little effort this leads to our claim. See
[B-Z] if you get stuck.) As further evidence, we compare means
and variances on the two sides: on the left, E [fg BSdBS} = 0 as
the integral is a centred martingale, and on the right the mean is

0 since E 32 = t. The variances on the two sides also agree:
2
[ i B.aB,) ] - | fo Bds| = J{(E[B2])ds = 4#* and
E [(i 2] B4 _ tQ) _ (3t2 _ t2) — %t?

8.3 Ito processes and the Ito formula

Thus the stochastic integral leads to a different calculus from the normal
one, due to the presence of a non-vanishing quadratic variation in the
integrator: with f(x) = 22 we obtained f(B;) = fo ds +2 fo B,dB,,
3 we have g(B;) = 3 fo Byds +
3 f(f BSQdBS (see e.g. [B-Z]). The processes on the right deserve a name:

and similarly with g(z) = =

Definition 8.13 An 116 process X = (X¢)¢c|o,1 is a stochastic process
of the form X, = Xo + [y Kods + [5 HedBs, where Xq is Fo-
measurable, H, K are adapted processes, and fOT | K| ds and fOT H2ds
are finite a.s.(P).

For convenience, we often write this in differential form: dX; =
Kydt + HydB, although strictly this is meaningless. If H € M[QO_T],
the stochastic integral is well-defined by Definition 8.9.

Remark 8.14 The extension of the integral to all H with a.s. finite
integral fo (w)dBs(w) requires some effort, and we briefly sketch
the main elements of the localisation technique by which this can
be done.

The idea is to approximate a path-continuous process X by bounded
processes X () with ‘Xt(") (w)‘ < n for all ¢ and almost all w. One
way of doing this is to wait till X hits an endpoint of [—n, n] and then
keep it constant. However, the ‘instant’ ¢ at which this occurs depends
on the chosen path, so is a random variable with values in [0, 0o, called
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a stopping time. Since we work within the finite interval [0, T'], we spe-
cialise to this case: a random variable 7 : @ — [0, T is a stopping time
if {w: 7(w) < t} € F; for every t < T. This ensures that the deci-
sion on ‘when to stop’ X is taken on the basis of our knowledge of the
paths to X up to time ¢. We use stopping times to make sense of the
stochastic integral for a general It6 process by bringing integrands back
to M[QQT]: an increasing sequence (7,), of stopping times is called
M[207T]-localisingfor X if X1g<ry € M[goyT] and 7, T T as.(P),
ie. P(Up{w : mp(w) =T} = 1.

Denote by £3, [0, T the set of measurable adapted processes H such

loc

that P (fOT H2ds < oo) = 1. Then M[207T] C £? [0,T] and for any
continuous real function g we have g(B;) € £7 [0,T], as B is path-
continuous. We can now define the Itd integral when H; = ¢(B;), since
the sequence (7,)rn, where 7, = inf {s: [ H2du >n}, is M[QOJ,]_
localising for H: writing X; = [ H2du we see that Hlj<, ) €
M[207T], since |Xt1{t57n}| < n as.(P), while {fOT H2ds < oo} =
Un{m =T}.

Fix H in £} [0,7T]. For the above localising sequence (7;)n,
denote by Mt(")the continuous martingale version of the Itd integral of
H1y<;,; and define the 1t6 integral I;(H) of H as the a.s. limit of the
sequence (M (”))n. More precisely, take M as the unique continuous
process on [0, 7] with P (Mt = lim,, Mt(")) = 1 for each ¢ in [0, 7).
We again write M, = I,(H).

We must check that the martingales Mt(") match up correctly, that
the extension of the integral is independent of the localising sequence
chosen and that the limit is a continuous process. (See [S] for a nice
exposition.) However, the limit process M = I(H) need no longer be
a martingale — it is only a local martingale in the following sense: a
process M adapted to a filtration F = (F}),c(0,7 is a local martingale
if there is an increasing sequence of stopping times (7,) with 7, T T
a.s. and such that each M (™) defined by Mt(") = Mip-, is an (F, P)-
martingale.

Having described the ‘natural home’ of the Itd integral, we return to Itd
processes and outline the main elements of the resulting It6 calculus.
By Theorem 8.11, any Itd process X with H in M[QO’T] has a path-
continuous version, and if K = 0, then X — X, is a centred martingale.
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Soif dX; = K,dt + H,dB, and [} E[|K,[|ds = [fot K, |ds} < o0,

then E[X, — Xo] = [, E[K.]ds, since E | [y H,dB,| =0

Recall from Sect1on 6.2 that the Doob decomposition splits a dis-
crete adapted process Y uniquely (up to constants) into a martingale
and a predictable process (its compensator). With Y = M? = N + A
for martingales M, N, we found that the compensator A is increasing.
The decomposition has a counterpart for continuous-time martingales,
where a key issue is the definition of ‘predictable’ processes (see
Section 8.5 and [K]). For our present purposes, it suffices to com-
pute the (continuous-time) compensator of any Itd process M of the
form M, = fot HdB;. First, we note that for s < t in [0, 7],

E [( J! HudBu>2 |]—'S] = E K J! Hgdu) |fs] . This conditional ver-

sion of the It isometry is similar to Proposition 8.3: for s < ¢ in
[0, 7], begin with a simple process H = Y " ' hiA; B, and assume
without loss that s = t;,¢ = t; for some j,k < n. The LHS is then

2
E [(Zfzjl niAB) |]—'t_7} , and equals Y5V E [h2(A;B)2| 7, ] just

as before. Since L2-limits preserve this identity, the result follows for
arbitrary H in ./\/1[2O 7)- Now we have:

Theorem 8.15 If H < M2 and M; = fo HdBs, then the process

— A, where Ay = fo H2d5 fort € (0,7, is also a martingale. We
call A the compensator of M.

Proof We obtain
E[(M} — M?) | 7] =E[(M; - M)*|F,

t
=E [/ szu|};} ,

from Remark 7.6 and the above conditional form of the It6 isometry.
But then E [(Mf — fof Hgdu) |.7-'5} = M2 — [ H2du, as required.

=E (/t HudBu)2 fs]

As for B, the compensator of the martingale M can be identified with
its quadratic variation: i.e. [M], = fg H2ds for all t € [0,7T] — the
proof of this needs some effort (see [S, Th.8.6]) and we omit it. On the
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other hand, it is easily seen that if X; = X + fg Kds, then [X]; =0
for all ¢: P — almost all paths are uniformly continuous on [0, 77, so for
any sequence (7,,) of partitions of [0, 7'] with mesh going to 0 we have
(using the notation of Definition 7.21) 3 (A7 X)? < p(™) ST AT X | <
ptm) fot K,ds| and the RHS goes to 0 with p(™).

Corollary 8.16 The decomposition dX; = K.dt + H;dB; of an Itd
process is unique: if also dXy; = K{dt+ H|dBy, then for all t, K; = K}
and Hy = H] a.s.(P).

For then fo (Ks— K!)ds = fo (H! — H) dB; and on the left the
quadratic variation is 0, while on the right it is fot (H. - H 5.)2 ds. Thus
H' = Handso K = K’ as.(P).

The two examples at the beginning of this section provide a brief
glimpse of the /16 formula, which is the key to the new calculus we have
worked towards. In its simplest form, as above with f(z) = 22 or 22,
this states that if f € C%(R) (i.e. is twice continuously differentiable),

then for ¢ € [0, T

1(B, /f dB+/f”

This breaks up f(B;) into the sum of a martingale term and one of
bounded variation. The proof of this result is rather technical and will
be omitted, but we have already gathered all its essential elements (see
[B-Z], Theorem 7.5 for a nicely explicit proof). The same analysis (with
more effort) yields an Ité6 formula for 1t6 processes, if dX; = Kdt +
HdB; and f € C%2([0,00) x R) (so that f = f(¢,x) has continuous
partial derivatives f, fu, for for t € [0,T7), f(t, X;) is again an It6
process with unique decomposition

f(t,Xt):f(O,())+/0 fw(s,Xs)Hsst—&—/O Y (s, X2)ds,

where Y (s, X;) = fi(s, Xs) + fo(s, Xo)Ks + %fm(&XS)HSQ. With
this formula we can solve stochastic differential equations (SDEs) of the
form dX; = a(t, X¢)dt + b(t, Xt)dB;, Xo = xo. The solution X we
seek is an Itd process with a.s. continuous paths. As for ODEs, an argu-
ment using the Contraction Mapping Theorem will provide a unique
solution X when f, g are Lipschitz continuous and Xy € L*(Fp);
again, see e.g. [B-Z] for a proof.
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We illustrate the impact of the Brownian term by considering equa-
tions of the form dX; = X;(vdt + odB;), where the functions
a,b above become a(t,z) = vz, b(t,x) = oz, (¢ > 0), so that
the t-derivative f; vanishes. If instead of B we had a non-random
C!-function h(t) with A(0) = 0 and xo > 0, then the ODE dX; =
X (vdt + odh(t)) has solution log (f—é) = vt + oh(t), so we would

have X; = x0e’*T7"Y) . However, if we apply the Itd formula with
X; = XoeVtToBe ie. f(t,1) = zoe”*t7%, we obtain

2

d(Xoet 7B = (u + ‘;) Xoe"ttoBedt + o Xoe" B dB, .

So X; = Xope’' 98¢ solves a linear SDE with an adjusted dt-term.
2

We can exploit this, setting 4 = v + %-, so the above SDE becomes

dX; = X;[(pdt + odBy), and has unique solution X; = Xge"!+toB: =

Xoe(lha;) t+o By .

8.4 The Black—Scholes model in finance

Our choice of this equation comes from finance. When o >0,
ds—stt = udt + odBy, Sy constant, describes the stock price dynamics
of the famous (even infamous?) Black—Scholes (BS) model of mathe-
matical finance; this SDE describes proportional changes in the values
(S;) of an asset (e.g. a stock) in terms of its average drift p and its

volatility o, which governs the size of random changes. We see that

S, = Soe(“_§>t+03‘ is then the value of the asset S at any time
t € [0,T]. This asset pricing model forms the basis of the theory of
derivative securities. The risky asset (‘stock’) S is assumed to have the
above BS dynamics, while an accompanying bank account (or riskless
bond) 3 simply satisfies d3; = r3:dt, By = 1, so that 3; = e"* accrues
at a constant interest rate .

Our aim is to derive a ‘rational price’ at time t < T for financial
instruments whose value at time 7 is a function of the final stock price
St @ Zr = ®(Sr). These are European derivative securities; the sim-
plest is the call option, where Zr = (Sy — K)™ for a constant K. The
call option allows its buyer the right (but not the obligation) to buy a
share of the asset S at time T at the strike price K, which is determined
at time 0. If S < K, the option is not exercised, but otherwise the
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buyer profits by S — K. Thus the buyer will never lose money at time
T, and should therefore have to make some payment to the seller at time
0 to purchase the option, else he would have a chance of a riskless profit
(arbitrage or ‘free lunch’), which an efficient market should not allow.
Thus we take as axiomatic that markets do not allow arbitrage, which
can be expressed as follows: for ¢ € [0, T, let Vi = a+S; + b:3; denote
the value of a portfolio of bonds and stocks. An arbitrage opportunity
is a portfolio which starts with 0 a.s.(P), is never negative and has pos-
itive probability of being strictly positive at time 7', so that E[V] > 0.
Our axiom excludes such portfolios.

By continuously adjusting our portfolio, we now seek to replicate
(mimic) the random cashflow process of the call option. It should be
done in a self-financing manner, so that no cash flows into or out of the
total holdings during (0, T'). This condition can be expressed in terms of
(stochastic) differentials as dV; = a;dS; + byd ;. The trading strategy
process (ar, bt )iefo,r) can make use, at time ¢, only of knowledge of
the stock movements up to that point, i.e. it should be adapted to the
Brownian filtration IF. Hence the differential equation can be made sense
of by Ito integrals, and we add the terminal condition V; = Zp. In
this (idealised) mathematical market model we can determine the initial
price Cj of the option (indeed, its price C for any ¢ in [0, T]) as well as
the strategy (a¢, b;) uniquely in advance.

The solution of this problem relies on a simple, but beautiful, appli-
cation of martingale theory. To see this, first express all prices in
discounted terms by introducing the discounted prices S, = S, /Bt
which express the value of our stock in ‘time 0’ terms. The discounted
value of our holdings at time ¢ is, similarly, XN/t = V;/B:, so that
XN/t = atgt + b;.

In the BS model a self-financing trading strategy is a pair of
measurable adapted processes (a, b) with value process

t t
m:%+/ audBu+/ budf.
0 0

Exercise 8.17 Use the It6 formula to show that the discounted price
satisfies dV; = a+dS;; in other words, that for t € [0, T]

t
Vi :Vb—i-/ Gy dSy,-
0
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In the present context we can safely assume that a = (a¢); is in M[QO’T]
and b = (b;); in L*(m). Thus the exercise shows that, if the dis-
counted price is a martingale, then so is the discounted value process.
From d‘~/t = atdgt, it follows that changes in discounted value depend
only on our stock holdings — the bond plays no role in these. Recall
that we are working in some (unspecified) filtered probability space
(Q2, F,F, P) such that B is a Brownian Motion under F — in fact, we
shall assume that F' = (F4);¢[o,7) is the augmented Brownian filtration,
and that Fy is trivial (consists just of P-null sets and their comple-
ments). The key idea now is to change the probability measure P to
a risk-neutral measure (), i.e. a probability measure () equivalent to P
such that the discounted price process Sisan (F, Q) -martingale. If this
can be done, there can be no arbitrage in the market, as we now show.
Suppose that we have a risk-neutral measure () ~ P and consider a
portfolio V with initial value Vo = 0 a.s. (P), hence a.s.(Q). Since S is

a (Q-martingale, so is the stochastic integral (VO + fot audgu) o011’
te[0,T

hence Eq [Vip|Fi] = V; for each ¢ < T, and in particular EQ[VT] =

Vo = 0. But the value process is non-negative, so ‘N/T =0 a.5.(Q),

hence also a.s.(P). Thus the market does not allow arbitrage.
Moreover, if (V;);e[0,77 replicates the option, Vp = (S — K)™, and

the discounted value of the option at time ¢ must be V; at all times, so
that its fair (or rational) price at time 0 is

Vo = Eq[e™"" (St — K)*|Fo] = Eqle™"" (S — K)*].

The problem of pricing the option has been reduced to that of finding
a risk-neutral measure () and computing the above expectation. To do
this, we shall employ Lemma 7.20, which is a special case of the famous
Girsanov Theorem.

Since we wish to work with discounted prices, consider the SDE for
S: we have S, = 5%, = Soe(”_T_%U2)t+(’Bt, satisfying the SDE dgj: =
(= 7)t + 0B;. Using Lemma 7.20 with ¢ = £=*, so that B} =

(E=%) t + By, we obtain dS; = 05,dB; . In terms of this new BM, the
7‘—%0’2)t+0'3t*-

stock price S'is S; = Soe(
Under @, Lemma 7.20 says that the discounted price process is a
stochastic integral of the BM B*, hence a martingale. The discounted
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value process is a stochastic integral, hence also a martingale: ‘775 =
eV, =V + fot atagtdB;‘.

Thus if a replicating strategy exists in the model, the initial value of
the call option should equal the initial investment 1/, in that strategy, so
we can compute the rational price of the call option as

Vo = Eq[Vr] = ¢ ""Eq[Vr] = ¢ " Eq[(Sr — K)7]

_ EQ |:6TT <506TT7%UQT+UB; - K)+:|

and, denoting 0 B}, — ‘TZTT by Y

oo o212
_ efrT/ (Soe’ T+ — K) 1 Gy dy
log<sﬁo)7TT oV 2T

= SN (d+) — Ke "' N(d—).

Exercise 8.18 Verify the final step (calculus!) showing that

_log($) + (r£ 30%)7
oVT ’

The final line yields the Black—Scholes fair price for the European call
option, which now forms the starting point for an extensive literature on
derivative securities (see e.g. [E-K], [S]), which makes essential use of
martingales and stochastic integration.

d=+

8.5 Martingale calculus

Our brief analysis of the Black—Scholes model has not been entirely
‘honest’: we have not checked that a replicating strategy actually exists
for the call option. To gain understanding of why and how the model
provides a unique fair price, it is instructive to approach this question
more generally.

The ‘Brownian’ calculus is the prime example of a much more wide-
ranging martingale calculus, based on a deep result which extends the
Doob decomposition to continuous time. This allows us to define the
compensator (and hence quadratic variation) [M] for a path-continuous
L2-martingale (and indeed more widely): this process ensures that
N = M? — [M] is a martingale. The process [M] now turns out



112 Stochastic integrals

to be of bounded variation and — crucially — it is predictable: for
continuous-time processes, this concept lies deeper than in the discrete
case. As maps on the product space T x €2, any family of stochas-
tic processes generates a o-sub-field of By x F, and we can define
the predictable o-field X, as that generated by the family of all con-
tinuous adapted processes. A predictable process is then one which is
measurable with respect to this o-field.

As in the discrete case, predictable martingales are constant, so that
the decomposition M? = N + [M] is unique. Thus we can construct
stochastic integrals of the form fot fsdM; via simple processes and

2
using the isometry E [(fot fdes> ] =E [fg ffd[M]s} , where on

the right we have a Lebesgue—Stieltjes integral.
The Itd6 formula extends to this setting. In its simplest form, with
r — F(zx) in C?), it reads

1
dF (M) = F'(M;)dM; + iF”(Mt)d[M]t.
The analogy with Hilbert-space techniques can be taken further:
define the cross-variation of two martingales M, N as
1
4

then we have the following integration-by-parts formula

[M,N] = Z([X +Y] - [X -Y]),

d(M,N,) = M,;dN, + N,dM, + [M, N],.

(The ‘extra’ term again derives from the fact that the quadratic varia-
tions are not 0.)

These ideas were developed much further by the ‘Strassbourg
School’ led by the late Paul-André Méyer and have found varied appli-
cations. The wide scope of stochastic integration techniques is illus-
trated by the use of semimartingales as integrators: if X = Xo+M+V,
where M is a (local) martingale and V' a process (locally) of bounded
variation, then we can again define fot fsd X in much the same way as
for Itd processes. (The localisation technique, which applies generally,
was outlined for It processes in Remark 8.14.)

In fact, semimartingales are the most general stochastic integra-
tors: if we demand that fg fn(s)dX, — fg f(s)dX, in probability
whenever f,,(s) — f(s) uniformly on [0,¢], then X can be shown
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to be a semimartingale. In [P], this characterisation is used to define
semimartingales and their extensive theory is developed from this
perspective.

However, Brownian Motion is never too far away, and plays a central
role in the space of continuous martingales. To illustrate this, we outline
the proof of Lévy’s Theorem. With the above notation we can rephrase
the result discussed in Remark 7.19:

Theorem 8.19 (Lévy’s Theorem) Any continuous martingale M with
My = 0 and [M]; = t is Brownian Motion.

As indicated in Remark 7.19, to prove this it suffices to check that the
characteristic function of the increments M;— M has the right form, i.e.
E[eMMi=M.:] — =33 (1=5) for 0 < s < t < T and all real A. So apply
the above It6 formula to the real and imaginary parts of the complex-
valued function f(z) = ¢***. We obtain (as you should check!)

t t
F(My) = MM = f(M;) + / ieMMedM, — 5 / A2 MMy
since we are given that d[M], = du. The integrands are bounded by
1, so that the real and imaginary parts of f; ixe*Mud M, are square-
integrable martingales, and hence E U; ixe M u dMu\]-'s} = 0. Thus

—iAM,

for fixed A in Fs; we multiply the above equation by 14e and

take expectations

) 1 1 .
/ MM 4P = P(A) — 132 / B[ MM gy,
A s
This integral equation has the form g(t) = P(A) — ) j:g(u)du,
with g as the deterministic function t — [, e?*(M:=M:) P, Tts solution
isg(t) = P(A)e‘%’\z(t_s). This completes the proof, as A = €2 yields
E[eirMi=M.)] = =373 (1=5) a5 required.

The alternative proof of the Girsanov Theorem, which we announced
in Chapter 7, follows from this result and further use of the Itd for-
mula for martingales. First, we note that, given a probability space
(Q,F,P), [0,T] and a probability measure @) < P on (2, F), then
M, = E [%\ft} (t € [0,T]) defines a martingale M with the
following property:
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Lemma 8.20 The product process (X: M) is a P-martingale iff (X;)
is a Q-martingale.

For the proof, simply note that for s < ¢ and A in F, we have by
definition, if X M is a P-martingale

/XtdQ:/XtMth:/XSMSdP:/XsdQ,
A A A A

so that X is a (Q-martingale, while the inner identity shows conversely
that X M is a P-martingale.

For our special case of the Girsanov Theorem, we use the martingale
M; = exp (—th — %CQt) to define the measure () (see Lemma 7.20).

The process M solves the SDE M; = 1 — fot cMdBy, as is easily
verified, and it is strictly positive, so that () ~ P. Being a P-martingale,
Ep[M;] = Ep[My] = 1. So Q(Q) = Ep[Mr1] = 1, and Q is a
probability measure.

To show that X; = ct + B; defines a Q-BM, we use the Lévy
Theorem. Clearly, Xy = 0 and X is path-continuous, so we only need
to check that (X;) and (X7 — t) are Q-martingales.

The first of these holds iff XM is a P-martingale, by Lemma
8.18. To show that it is, we apply the integration-by-parts formula
to X M, noting that dX; = dB; + cdt, dM; = —cM;dB,, so that
d([X, M]; = —cMy(dB)? = —cM,dt

d(XtMt) = Mtht + Xtht + d[X, M]t
= Mt(dBt + Cdt) — CXtMtdBt — CMtdt
= Mt(l - CXt)dBt.
In other words, X, M; = XqMj + fot M (1 — ¢X;)dBg is a stochastic

integral, hence a martingale, under P.
For the final condition, apply the It6 formula to f(x) = «

d(X;)* = 2X,dX; + d[X]; = 2X,dX, + dt.

2

In other words, X? —t = 2 fg X,dX,, and since X is a (Q-martingale,
so is this stochastic integral. This completes the alternative proof of
Lemma 7.20.

The Lévy Theorem shows that BM B plays a central role in the set
of continuous F-martingales on the filtered space (2, F,F, P) when
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F is the Brownian filtration (i.e. that induced by B). We now outline
briefly (following [O]) a key representation theorem for L2-bounded F-
martingales which shows them to be stochastic integrals of B. This, in
turn, enables us to fill the remaining gap in our discussion of the Black—
Scholes model (Section 8.4) by describing a unique replicating strategy
for a European call option in this model. (In fact, the method supplies
such strategies for any European derivative security: this confirms that
the BS model is complete.)

First, we state without proof a lemma which highlights the impor-
tance of exponentials already encountered (as the special case where
h is constant ) in the tilting formula (Section 7.4) and the martingale
M used for the Girsanov measure transformation. It shows how It
integrals of deterministic integrands can create a dense subspace in
L?(Fr, P).

Lemma 8.21 The linear span of the set E of random variables

h— ex ' w 1 ! 2
Y = p(/0 h(t)dBi(w) 2/0 h(t)dt)

for h € L*([0,T],m) is dense in L*(Fr, P).

For a proof (using analytic extensions and Fourier transforms), see [O].

Theorem 8.22 (It6 Representation Theorem) If X € L?(F, P), then
there is a unique H € ./\/l[20 7] such that

T
X(w) =E[X] —|—/0 Hi(w)dB(w) a.s.(P).

Proof Suppose Y}'(w) = exp {fOT h(s)dBs(w) — fOT hQ(S)dS} for
some A in L2[0, 7). Set Y}*(w) = exp { I h(s)dBy(w) — L ! h?(s)ds}
for t € [0, T] Applying It&’s formula to Y we obtain

1 1
Ay =vh [h(t)dBt — 2h2(t)dt} + §Ythh2(t)dt =Y/ h(t)dB;,

which means that Y}* = 1+ [] Y/h(s)dB; for each  in [0, T]. This
shows that the theorem holds when X = Y and thus for any Z in the
subspace F generated by the Y. For general X in L?(F, P), we use
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approximation by functlons in thls dense subspace' suppose Z,, — X
in L?-norm and Z,, (w) )+ fo (s,w)dBg(w) for some h,, in
./\/l[0 )" The 1t6 isometry ylelds for any m,n

11Zm — Zal3=E |E[(Zn (/ (o n(s)}dB>

—E[(Zon — 7)) + / E[(hn(s) — hin(s))?]ds.

The LHS goes to 0 as m,n — oo, hence we see that (h,, ), is Cauchy,
hence convergent, in L?([0, 7] x ). The limit H is again in M? 07"
since we have a.s.(P)-convergence for a subsequence, hence H (¢, -) is
JFi-measurable for almost all ¢, so that H has an adapted version. Using
the It6 isometry again, we see that

T
X = lim,, Z, = lim, (E[Zn] 4 / hn(s)st>
0
T
+/ H(s)dB
0

where the limit is taken in L?(F, P). Uniqueness follows from yet
another application of the It6 isometry.

Corollary 8.23 If M is an L*(F, P)-martingale, then there exists a
unique H in ./\/1[20 7 such that a.s.(P) for all t in [0,T]

t
M, = E[M,) +/ H,dB,.
0

This follows at once from the fact that M is u.i., so that for each ¢t < T,
M, = E[My|F;]) and My € L%(F, P), while the stochastic integral is
a martingale.

Example 8.24 Finally, let us return to the Black—Scholes option pricing
model. Under the risk-neutral measure (), the process B* with B} =
B, S, = oa,dB{, so that for a replicating strategy
(at, bt)te[O,T] the discounted value process Vis given by the stochastic
integral

t
Vi=Wy —|—/ 0a,,S,dB;.
0
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The payoff of a European call with strike K is fr = (Sp — K)*.
The discounted final value VT = aTST + br of such a strategy must
equal the discounted payoff, i.e. Vi = e "7 (Sp — K)*. But V is a
wi. martingale, so that V; = Eqle~"T fr|F;]. This is an L(F,Q)-
martingale, so by Corollary 8.22 we can find H in M [2O,T] such that for
each t, V, = E[eT fr] + f(f H,dB;. Equate the two expressions for
V; and recall that V = Ele="T fr]. We see that H; = case”"S;, as
the integrand in the Martingale Representation Theorem is unique (as a
element of M[o T]) In other words, the unique stock holding strategy,
which replicates the call option, is given by a; = ;%;Ht. The bond
holding is then given by b, = 17t — atg't = ‘Z — o~ 'H,. We have
verified the existence of a unique replicating strategy, whose values are
determined fully by the integrand H in the martingale representation of
the discounted value process. This justifies the assumption we made in
deriving the Black—Scholes formula.
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